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Abstract

Protein phosphorylation is a nearly universal post-translation modification involved in a plethora
of cellular events. Even though phosphorylation of extracellular proteins had been observed, the
identity of the kinases that phosphorylate secreted proteins remained a mystery until recently.
Advances in genome sequencing and genetic studies have paved the way for the discovery of a
new class of kinases that localize within the endoplasmic reticulum, Golgi apparatus and the
extracellular space. These novel kinases phosphorylate proteins and proteoglycans in the secretory
pathway and appear to regulate various extracellular processes. Mutations in these kinases cause
human disease, thus underscoring the biological importance of phosphorylation within the
secretory pathway.

Protein phosphorylation, catalyzed by protein kinases, is a post-translational modification
that regulates various intracellular and extracellular processes. In the late nineteenth century,
Olof Hammarsten detected phosphorous in the secreted milk protein, casein [1]. Despite its
identification as the first phosphoprotein, the kinase responsible for phosphorylating casein
had remained unknown until only recently [2]. In addition to casein, numerous secreted
proteins, proteoglycans and peptide hormones are phosphorylated. However, the molecular
identities of the kinases responsible for these modifications were unknown as well. As a
consequence, research on extracellular protein phosphorylation has been largely
undeveloped.

In the early days of protein kinase research, casein was used as an effective model substrate
for the detection of protein kinase activity. In fact, casein was used by George Burnett and
Eugene Kennedy in 1954 when they detected a novel enzyme activity from rat liver
mitochondrial extracts that was capable of transferring the terminal phosphate of ATP to a
proteinaceous substrate [3]. They called this enzyme “protein phosphokinase.” Today, we
know of more than 540 such enzymes in humans that constitute the human “kinome” [4].
Following Burnett and Kennedy’s discovery, the enzymes responsible for the
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phosphorylation of casein in vitro were ultimately identified and named casein kinase 1 and
casein kinase 2 (for a review of the casein kinases see [5]). However, these kinases localize
in the nucleus and cytoplasm and would be unlikely to encounter casein within the secretory
pathway. Therefore, to avoid confusion with the physiological casein kinase, which had
been partially purified and biochemically characterized from highly enriched Golgi
fractions, these enzymes were renamed protein kinase CK1 and protein kinase CK2 [6]. The
molecular identity of the physiological casein kinase, however, remained elusive. Recently,
a new family of atypical kinases, which localize within the secretory pathway and are
secreted, was discovered (Figure 1) [7-10]. These enzymes are so different from canonical
protein kinases that they were not included in the human kinome [4]. This family includes
the Fam20C protein kinase, which is the physiological casein kinase; the xylose kinase,
Fam20B; and the atypical cadherin kinase four-jointed (Fj). Furthermore, recent work has
identified additional secretory pathway kinases, including the protein O-mannosyl kinase
(Sgk196) and the secreted tyrosine kinase vertebrate lonesome kinase (VLK). Collectively,
these enzymes comprise the secretory pathway kinases and they phosphorylate a diverse
array of substrates that play important roles in many fundamental physiological processes.
This review focuses on kinases within the secretory pathway and the extracellular space,
with particular emphasis on their catalytic properties, structural features, and their
importance in human physiology and disease.

Four jointed

Four-jointed (Fj) was first identified in Drosophila genetic studies in 1943 [11]. Mutations
in Fj lead to the formation of only four of the five tarsal joints, hence giving rise to the name
“four-jointed”. Drosophila Fj is a type Il transmembrane protein, and its kinase domain
faces the lumen of the secretory pathway [9]. Mutational studies implicated a role for Fj in
the regulation of planar cell polarity in eye and wing development [12, 13]. One of the main
regulators of planar cell polarity is the Fat signaling pathway [14]. Fat is a transmembrane
protein receptor with multiple cadherin domains that form heterodimers with Dachsous (Ds),
a transmembrane protein ligand with multiple cadherin domains [15, 16]. Early studies
suggested that Fj regulates this interaction by acting as a ligand or modifier of the Fat-Ds
signaling pathway. Golgi-retained Fj is still able to regulate cell polarity, suggesting it
functions as a modifier rather than as an extracellular ligand [17]. In order to test if Fj
modifies Fat or Ds, Ishikawa et al. coexpressed Ds and Fj to identify post-translational
modifications [9]. These studies surprisingly revealed that Fj phosphorylates Ds and
identified Fj as the first Golgi localized kinase. The carboxy terminus of Fj contains a
Fam20C-like domain that is distantly related to canonical protein kinases [2]. Mutation of a
conserved Fj ‘DNE’ motif, which corresponds to the canonical kinase ‘DFG’ activation
segment motif, abolishes the phosphorylation activity on Fat and Ds without changing
expression or localization of Fj [9]. Fj phosphorylates serine residues on the extracellular
cadherin domains of Ds and decreases its binding affinity to Fat [9, 12, 18]. Conversely,
phosphorylation of Fat by Fj increases its binding affinity to Ds [12]. These opposing forces
dictate intercellular signaling to control polarization. The Drosophila studies shed light on a
new class of kinases that function in the secretory pathway and phosphorylate extracellular
substrates.
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The mammalian orthologue of Fj, Fjx1, is less well studied, yet the regulation of planar cell
polarity by Fjx1 may be conserved in mammals [19, 20]. However, Fjx1 does not appear to
phosphorylate the vertebrate Fatl cadherin in human cells [21]. Fjx1 is highly expressed in
mouse brain, is a negative regulator of dendrite growth, and appears to be required for
proper brain development [20, 22, 23]. Future studies are required to understand how Fjx1 is
regulated and if there are additional substrates for Fjx1.

Studies in zebrafish identified Fam20B and xylosyltransferase-1 (Xylt-1) loss-of-function
mutants as having decreased cartilage matrix and increased perichondral bone formation
[24]. These genetic studies established that Fam20B and Xylt-1 operated in a common
pathway to control proteoglycan biosynthesis. Subsequent biochemical work demonstrated
that Fam20B phosphorylates the 2-OH on a xylose residue within the conserved
tetrasaccharide linkage region of proteoglycans [10]. Xylose phosphorylation markedly
stimulates the galactosyltransferase activity of galactosyltransferase 1l (GalT-I1, B3GalT6),
an enzyme that adds galactose to the growing tetrasaccharide linkage [25]. Furthermore,
xylose phosphorylation appears to be necessary for EXTL2, a polymerase involved in the
biosynthesis of heparin sulfate, to transfer a GIcNAc residue to the tetrasaccharide linkage
region, which subsequently terminates chain elongation [26]. Thus, xylose phosphorylation
may act as a quality control system for proteoglycan biosynthesis.

Genetic depletion of Fam20B in mice results in embryonic lethality at E13.5 and an analysis
of the embryos revealed severe stunting, multisystem organ hypoplasia, and delayed
development in the lung, eyes, liver, gastrointestinal tract and skeletal system [27]. Human
FAM20B mutations have not been identified.

Fam20C is the physiological Golgi casein kinase and phosphorylates S-x-E/pS motifs on
secreted proteins [2, 28]. The first 22 resides of Fam20C encode a predicted signal sequence
that targets Fam20C to the secretory pathway where it encounters its substrates [29].
Removal of the signal sequence prevents Fam20C secretion and its ability to phosphorylate
secreted proteins [2]. Fam20C has several unique characteristics for a protein kinase,
including a preference for Mn2* over Mg2* as the metal ion cofactor and remarkable
insensitivity to the broad-spectrum protein kinase inhibitor staurosporine [2, 28, 30].
Furthermore, Fam20C co-elutes with casein kinase activity when non-homogenized, non-
pasteurized bovine milk is fractionated by ion exchange chromatography [2]. These
biochemical characteristics, as well as the fact that Fam20C protein is enriched in crude
Golgi casein kinase preparations [31], provide strong evidence that Fam20C is the
physiological Golgi casein kinase.

In addition to casein, Fam20C phosphorylates several members of the small integrin binding
ligand — N-linked glycoproteins (SIBLINGS) [2, 28]. The SIBLINGs consist of 5 identically
oriented tandem genes that cluster within ~375Kbp on human chromosome 4. The genes
encode osteopontin (OPN), dentin matrix protein-1 (DMP1), matrix extracellular
phosphoglycoprotein (MEPE), bone sialoprotein (BSP), and dentin sialophosphoprotein
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(DSPP). The SIBLINGs comprise a subfamily of the secretory calcium-binding
phosphoproteins (SCPP) that regulate tooth and bone formation [32, 33]. Analysis of
secreted phosphoproteomes suggest that Fam20C may not be restricted to the
phosphorylation of proteins involved in calcium binding because more than two-thirds of
human serum [34], plasma [35] and cerebrospinal fluid [36] phosphoproteins contain
phosphate within the S-x-E/pS motif. These data, as well as the fact that Fam20C is found in
organism that do not have mineralized tissues [8, 37], suggest that Fam20C may have many
physiological functions beyond biomineralization.

While Fam20C phosphorylates serine residues of extracellular proteins, vertebrate lonesome
kinase (VLK) phosphorylates tyrosine residues [38]. VLK was previously identified as a
protein necessary for tissue morphogenesis and organogenesis during embryonic
development [39-41]. VLK harbors an N-terminal signal sequence and a divergent C-
terminal catalytic protein kinase-like domain that replaces the canonical kinase ‘DFG’ and
‘HRD’ motifs with alternate, yet functional residues. The VLK sequence belongs to a larger
family of kinases (PKDCC) that are distantly related to a protein kinase family consisting of
Fam69A/B/C and Deleted in Autism-1 (DIA1) and DIA1-Related. These proteins have not
been functionally characterized; however, several of them have been genetically linked to
neurological disorders and also are likely to function in the secretory pathway [42-46].

Bordoli et al. demonstrated that VLK is glycosylated and undergoes autophosphorylation in
the secretory pathway [38]. Upon release from the cell, VLK phosphorylates proteins using
extracellular ATP. Alternatively, VLK could use intracellular ATP sources to phosphorylate
substrates in the Golgi. In contrast to Fjx1 and Fam20C, Mg2* and Ca2* rather than Mn2*
enhances VLK kinase activity. Furthermore, VLK phosphorylates a wide range of
extracellular proteins with no recognizable consensus sequence. Matrix metalloproteinase 1
(MMP1), also known as collagenase 1, is one such substrate of VLK. MMP1 is an enzyme
that breaks down collagen in the extracellular matrix to promote cell migration and wound
healing [47]. VLK phosphorylates MMP1 on tyrosine 360 of the hemopexin domain that
dictates collagen binding; however, the functional consequences of MMP1 phosphorylation
are currently unknown.

Several modes of VLK regulation have been proposed. VLK is primarily expressed in
platelets and stimulation of platelets increases VLK secretion, suggesting a mode of
regulation [38]. Additionally, deletion of the signal sequence or mutation of the catalytic
residues result in a reduction of VLK secretion, suggesting that secretion may be regulated
by kinase activity. Secretion of VLK could be regulated by autophosphorylation or by one of
the substrates that are phosphorylated by VLK such as ERP29. ERP29 is an ER chaperone
involved in proper folding and secretion of proteins involved in the secretory pathway [48].
VLK phosphorylates ERP29 on tyrosine 66 and this may, in turn, regulate VLK folding and
secretion.
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SGK196 was identified in a haploid screen as a gene involved in the post-translational
modification of a-dystroglycan [49]. Human mutations in SGK196 lead to a-dystroglycan-
related diseases such as congenital muscular dystrophy [49] (Table 1). Dystroglycan is
composed of two subunits that serve as a link between the extracellular matrix and the
cytoskeleton. The extracellular a-dystroglycan binds to ligands such as laminin, while the
transmembrane B-dystroglycan indirectly binds to the actin cytoskeleton. a-dystroglycan is
synthesized in the ER and glycosylated by the sequential actions of POMT1/2, POMGNT2/
GTDC2, and B3GALNT2 to form a GalNAc-3-GlcNAc-pf4-mannose structure. The
trisaccharide is then phosphorylated to allow glycan extension by enzymes including
BA4GALT1 and like-acetylglucosaminyltransferase (LARGE) [50-53]. SGK196, originally
annotated as a pseudokinase [4], phosphorylates a sugar residue, O-mannose of N-
acetlygalactosamine (GalNACc)- 3-N acetylglucosamine (GIcNAC)- f4-mannose, of a-
dystroglycan [54]. Glycosylation and phosphorylation are required for a-dystroglycan to
function as a receptor in intercellular signaling as well as in pathogen invasion. Defects in
modifying enzymes lead to disorders collectively known as dystroglycanopathy
characterized by brain and eye defects.

Secretory kinases in human disease

Raine Syndrome/FGF23-related hypophosphatemia

Loss of function mutations in Fam20C cause Raine Syndrome, a disorder first described in
1989 as a lethal osteosclerotic bone dysplasia [55] (Table 1). The original patient had
microcephaly, a hypoplastic nose, exophthalmos, gum hyperplasia, cleft palate, and low set
ears and died shortly after birth. In 2007, Simpson and colleagues identified mutations in the
FAM20C gene as the cause of Raine Syndrome [56]. Raine Syndrome is extremely rare,
with a prevalence estimated to be <1/1,000,000 [57]. Because of the limited number of cases
(~35), a comprehensive phenotype is still not completely defined. Indeed, there appears to
be significant clinical heterogeneity in patients, and not all FAM20C mutations are lethal.
Notably, exome sequencing identified compound heterozygous mutations in Fam20C in two
Norwegian brothers referred for fibroblast-growth factor-23 (FGF23)-related
hypophosphatemia and dental defects. Likewise, FGF23-related hypophosphatemia was
reported in a 61-year-old man with a homozygous Fam20C R408W mutation [58], and in a
Brazilian family with a P496L mutation (Acevedo et al. BMC Med Genet; 2015).

Prior to these reports, Fam20C had been proposed to be a novel regulator of FGF23 because
Fam20C null mice also develop hypophosphatemia due to an increase in circulating FGF23
[27, 59]. FGF23 is an endocrine hormone, secreted from osteoblasts and osteocytes, which
primarily targets the kidney to regulate the re-absorption of phosphate and the production
and catabolism of 1,25-dihydroxyvitamin D3 [60]. Genetic and biochemical evidence have
provided insight into the complex regulation of FGF23 processing and activity [61]. FGF23
is inactivated in the Golgi by proteolysis within a highly conserved subtilisin-like proprotein
convertase (SPC) site, 1" RHTR|SAE182 generating the N and C terminal fragments.
Activating missense mutations in FGF23 (R176Q, R179W, and R179Q) cause autosomal
dominant hypophosphatemic rickets (HR) [62]. These mutations substitute the Arg residues
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within the SPC cleavage site and render the protein resistant to proteolysis [63]. Conversely,
inactivating mutations in FGF23 cause HFTC, a hyperphosphatemic disorder characterized
by ectopic calcifications in many tissues [64]. HFTC is also caused by loss-of-function
mutations in polypeptide N-acetylgalactosaminyltransferase (GalNAc-T3), which prevent
FGF23 O-glycosylation at Thrl78 within the SPC cleavage site and render the hormone more
susceptible to proteolysis [65, 66]. Fam20C phosphorylates FGF23 within the SPC site in
vitro and in cells [67, 68]. This phosphorylation event inhibits O-glycosylation by GalNAc-
T3, which then allows for proteolytic inactivation by furin (Figure 2). A missense mutation
in Fam20C identified in the Norwegian brothers described above (T268M), has
approximately 10% of the activity of the wildtype kinase (Cozza G...Pinna L et al. this
issue). Furthermore, when expressed as a Flag-tagged fusion protein in the osteosarcoma
cell line U20S, Fam20C T268M is unable to completely inhibit O-glycosylation of secreted
FGF23 [67]. These observations provide a plausible mechanism for the marked elevation of
serum FGF23 protein observed in patients with FAM20C mutations and in Fam20C
knockout mice [27, 59, 69].

In addition to direct interactions between Fam20C and FGF23, Fam20C likely also regulates
FGF23 expression indirectly via the SIBLING and Fam20C substrate DMP1 (Figure 2).
DMP1 is mutated in patients with an autosomal recessive form of hypophosphataemic
rickets, and Dmp1 knockout mice have a similar phenotype to the Fam20C knockout mice
[59, 70]. While the molecular mechanisms by which DMP1 regulates FGF23 levels are
unknown, it appears that phosphorylation of DMP1 by Fam20C is necessary for the
regulation of FGF23 expression. Consistent with this, overexpression of DMP1 in Fam20C
knockout mice does not rescue the hypophosphatemia [71].

Amelogenesis Imperfecta with gingival fibromatosis syndrome (AIGFS) and Enamel Renal

Syndrome

Using whole-exome sequencing, O’Sullivan and colleagues identified FAM20A mutations as
a cause of AIGFS [72]. Amelogenesis Imperfecta (Al) refers to a group of disorders of
improper enamel formation, and patients display genetic and clinical heterogeneity [73]. All
of the enamel defects in patients with AIGFS, in addition to renal calcifications, are present
in patients with Enamel-renal syndrome (ERS, OMIM 204690). Recently, Fam20A
mutations were also identified in patients with ERS [27, 74, 75]. Consistently, Fam20A
knockout mice have severe ectopic calcifications in the kidneys as well as pronounced
enamel defects [27, 74]. Most human FAM20A mutations are inactivating and result in
truncated versions of the protein. However, there have been missense mutations reported,
and they are predicted to affect protein folding/stability (Table 1). For example, the G331D
mutation would likely affect the local hydrophobic environment and produce an unstable/
unfolded protein. Notably, Gly331 in Fam20A corresponds to Gly379 in Fam20C, a residue
that is also mutated in Raine Syndrome (Table 1). Based on the high degree of sequence
similarity between Fam20A and Fam20C, it is tempting to hypothesize that Fam20A is also
a protein kinase that phosphorylates secreted proteins important for tooth enamel formation.
Indeed, secretory ameloblasts secrete several phosphoproteins, some of which also cause Al
when mutated [73]. However, structural-guided mutagenesis of Fam20C revealed several
key catalytic residues that are important for phosphotransfer [76]. All of these residues
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appear to be conserved in Fam20A except Glu306, which is a GIn in Fam20A (Q258).
Glu306 is located in a loop preceding the aC helix and has a dual function: it coordinates the
ion pair and the metal ion within the active site and is required for Fam20C kinase activity
[76]. The presence of a Gln at this position in Fam20A suggests that Fam20A may not be an
active kinase. In support of this, all of our attempts to demonstrate Fam20A kinase activity
have yielded negative results. How Fam20A regulates enamel formation is currently
unknown.

Structural Insights into Secretory Pathway Kinases

Crystal structures of the Caenorhabditis elegans Fam20C ortholog (ceFam20) were solved
in the nucleotide free form, as well as in complex with ADP and Mn2* [76]. As predicted by
sequence analysis [2], the structure revealed an atypical protein kinase-like fold most similar
to that of bacterial high persistence factor A (HipA), cell translocating kinase A (CtkA), and
the slime mold actin-fragmin kinase (AFK). The ceFam20 structures highlight features
specific to Fam20C, as well as provide insight into activities dictated by conserved
canonical residues from the protein kinase-like core fold. Experimental data suggests that
ceFam?20 shares several characteristics with human Fam20C such as phosphorylation of S-x-
E consensus motifs, preference of Mn2* as a metal ion cofactor, and comparable kinetic
constants. The crystal structure reveals important Fam20C residues that dictate these
functions, including binding ATP, coordinating the metal ion cofactor, and catalyzing
phosphate transfer. The structure also provides insight into Raine Syndrome and AIGFS
disease causing mutations.

Fam20 from C. elegans exhibits a characteristic protein kinase-like core fold forming an
active site at the interface of two lobes (Figure 3A). The fold is elaborated with several
Fam20-specific features, including a unique N-terminal extension wrapped around the
kinase core (residues 62-149), a Cys-rich subdomain inserted in the N-lobe (residues 243-
288), a Fam20-specific loop (residues 194-213) preceding the aC helix common to all
protein kinases, and a Fam20-specific loop (residues 311 — 323), that might dictate substrate
specificity. Nucleotide binding is mediated in part by a glycine-containing loop (Gly-loop)
located between the first and second N-lobe p-strands (Figure 3B). A conserved Gly-loop
lysine (K178) binds the a- and B-phosphate of ADP. The a-phosphate is also coordinated by
a conserved lysine (K192) that forms a salt bridge with a glutamic acid (E218) in the N-lobe
aC helix. This ion pair is conserved in almost all protein kinases and provides a hallmark for
the activation state [77]. The ion pair lysine also forms a unique salt bridge with a Fam20-
specific insertion loop glutamic acid (E213) that coordinates Mn2* together with the aspartic
acid from the canonical kinase DFG motif (D387xG in Fam20). The catalytic aspartic acid
from the kinase DRH (D366) motif forms a salt bridge with a neighboring arginine (R390).
All of the same salt bridges are present in the absence of nucleotide, suggesting that the
Fam20C apo kinase is competent for catalysis and need not be activated. The absence of an
activation loop as well as the limited mobility of the N-lobe helix in Fam20C supports this
conjecture [76].

The ceFam20 structure provides insight into disease-causing mutations found in Raine
Syndrome and AIGFS. Three Fam20C mutations discovered in Raine patients (R408W,
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P496L and T268M) occur in highly conserved positions and are predicted to effect substrate
binding (Figure 3C). The R408W mutation (R314 in ceFam20C) replaces a positively
charged side chain from a loop that abuts the catalytic segment. The corresponding loop
from the related HipA structure (3fbr) helps form the peptide substrate binding site [78]. The
nature of the Fam20C substrate motif (S-x-E/pS) suggests the selectivity might involve a
basic residue, and the Raine Syndrome position R408 (ceFam20 R314) was proposed to play
this role [76]. Mutation of this residue to a large hydrophobic side chain like tryptophan
would likely impair the specificity of the binding pocket. The Raine Syndrome P496L
mutation substitutes a helix-breaking proline (P405 in ceFam20C) that kinks oF adjacent to
the proposed substrate specificity loop. The kink allows a Fam20 conserved aspartic acid
(D399) from the following kinked turn to form a salt bridge with an arginine (R315)
adjacent to the Raine Syndrome mutation position R408 (ceFam20 R314). This salt bridge is
conserved in all Fam20 sequences and probably helps position the substrate specificity loop.
Mutation of the helix-breaking proline to a larger leucine causes steric problems with the
substrate specificity loop and may not allow the stabilizing salt bridge to form. The Raine
Syndrome mutation T268M is in the nucleotide binding Gly-loop. The T175 side chain
points towards R408 (ceFam20 R314) on the opposite side of the presumed substrate-
binding groove. Mutation to a methionine might impair substrate binding. The AIGFS
mutation G331D alters a small side chain from the Cys-rich cap. The same residue is
mutated in Raine Syndrome G379E/R (G285 in ceFam20) (Table 1). Mutation of this
residue to a larger hydrophobic side chain would destabilize the cap subdomain structure. In
summary, the crystal structure of ceFam20 has revealed not only a unique architecture, but
also has provided important mechanistic insight into several human disorders of
biomineralization.

Conclusion

Phosphorylation is one of many post-translational modifications that increase the functional
diversity of proteins inside and outside the cell. In the past decade, a new class of kinases
that function in the secretory pathway and the extracellular space has been identified.
Several of these kinases play critical roles in cell biology, and mutations lead to human
disease. Understanding how these kinases are regulated and the identification of their
substrates will help provide a better understanding of human physiology.
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Figure 1. Evolution of Secretory Pathway Kinases
Fam20 sequences (Fam20A, Fam20B, Fam20C, Fjx, Fam198A, and Fam198B) were

aligned using PROMALS [79]. Alignments of Fam20 sequences to the closest kinase
structures (HipA, CtkA, and AFK) were guided by ceFam?20 structure superpositions. Trees
were built using Tree-Puzzle [80] using aligned superimposable sequence regions from
Human (Hs), Fish (Dr), and Fly (Dm) representatives, as well as the structures.
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Figure 2. Regulation of FGF23 by Fam20C
Fam20C phosphorylates FGF23 at Ser80 within an important regulatory motif. This

phosphorylation event prevents O-glycosylation of FGF23 at Thrl78 by GalNAc-T3, which
results in furin-dependent proteolysis and inactivation of FGF23. Fam20C may also regulate
FGF23 expression indirectly, via phosphorylation of the SIBLING, DMP1. Phosphorylated
DMP1 appears to negatively regulate FGF23 expression. However, the mechanism by which
this occurs is currently unknown.
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Figure 3. C. elegans Fam20 Kinase Structure
A) ceFam20C structure bound to Mn2* (purple sphere) and ADP (black stick) [PDB: 4kgb]

depicts canonical kinase domain (cyan) as well as Fam20-specific components: N-terminal
extension (white), gly-loop (magenta), Cys-cap (yellow), Fam20-specific loop (green), and
substrate-loop (blue). The ceFam20 kinase domain was superimposed with a peptide-bound
HipA kinase [PDB:3fbr], and the HipA peptide substrate is displayed in cartoon (gray). B)
ceFam20C active site colored as above displays conserved canonical active site residues
(cyan stick), along with a conserved gly-loop residue (magenta stick) that binds phosphate,
and a Fam20C-specific residue that orients Mn2* (green stick). C) ceFam20C active site
with disease related mutations depicted in spheres is colored as above. Mutations surround
the superimposed peptide substrate (T175 and R314), help orient the substrate-loop (P405)
through a Fam20 conserved salt-bridge (R315 and D399), or allow proper folding of the
Cys-cap (G285).
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Table 1
Secreted kinases in disease

Kinase Substrate Mutation Disease Reference

Fam20A | Unknown G331D Amelogenesis imperfecta Gingival hyperplasia (1—4)
D403N Enamel Renal Syndrome
L173R

Fam20C | SIBLING 1258N;P496L ; G280R;R408W; Raine syndrome Hypophosphatemia (5—6)

FGF23 T268M;P328S; G379R; L388R; D451N; 7-8

R549W:1246N; G266R:R558W; G379Q; ()
1244N; P314S;G365Q; L374R;D437N;
R535W

SGK196 | a-dystroglycan | Q258R Congenital muscular dystrophy (9—10)
L137R
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