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Abstract

Protein kinases constitute one of the largest gene families and they control many aspects of
cellular life. In retrospect, the first indication for their existence was reported 130 years ago when
the secreted protein, casein, was shown to contain phosphate. Despite its identification as the first
phosphoprotein, the responsible kinase has remained obscure. This conundrum was solved with
the discovery of a novel family of atypical protein kinases that are secreted and appear to
phosphorylate numerous extracellular proteins, including casein. Fam20C, the archetypical
member, phosphorylates secreted proteins within Ser-x-Glu/pSer motifs. This discovery has
solved a 130-year-old mystery and has shed light on several human disorders of biomineralization.
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The casein paradox

The first phosphoprotein was reported in 1883 by Olof Hammarsten when he detected
phosphorous in the secreted protein casein (Glossary) [1]. In hindsight this was the first
indication for the existence of protein kinases. Ironically, it would take nearly 130 years for
the molecular identification of the kinase that phosphorylates casein [2]. In the meantime,
the use of casein as a model substrate in protein phosphorylation research was flourishing
and contributed significantly to what we know today about protein kinases (Table 1).
Hammarsten detected stoichiometric amounts of phosphate in the casein he had prepared;
however, covalently bound protein phosphate was not detected until the early 1930°s when
Fritz Lipmann and Phoebus Levene demonstrated that casein and the secreted protein egg
yolk phosvitin contained phosphoserine [3, 4]. Some 70 years after Hammarsten’s
discovery, Burnett and Kennedy detected a novel activity from rat liver mitochondrial
extracts that was capable of transferring the terminal phosphate of ATP onto Ser residues
within casein [5]. This was the first detection of a protein kinase activity. Soon afterwards,
Krebs and Fischer found that the interconversion of phosphorylase b to phosphorylase a (the
enzyme that catalyses the rate-limiting step of glycogenolysis) involved a phosphorylation/
dephosphorylation mechanism [6]. A few years later, Rabinowitz and Lipmann
demonstrated that casein kinase activity, which could also phosphorylate phosvitin, (Box 1)
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was present in brain and yeast and was distinct from the phosphorylase kinase described by
Krebs and Fischer [7].

Box 1
The genuine “phosvitin kinase”: a persisting mystery

In the infancy of studies on protein kinases, egg yolk phosvitin (previously known as
“vitellinic acid”) was also widely used, in addition to casein, as an excellent artificial
substrate. Therefore, protein kinases that could phosphorylate casein and phosvitin were
often referred to as “phosvitin kinases”. For decades, phosvitin was the only other known
phosphoprotein available in large amounts and it was the substrate Rabinowitz and
Lipmann used to show that the protein kinase activity detected by Burnett and Kennedy
was different from the only protein kinase known at that time, phosphorylase kinase [6,
7]. Later, phosvitin was used to demonstrate that phosphoserine can replace carboxylic
side chains as specificity determinants [72]. Phosvitin is composed of long stretches of up
to 14 entirely phosphorylated serines, which in a few instances are located adjacent to the
C terminus of a non-phosphorylated threonine. Unlike casein, in which the triplets of
phosphoserines are adjacent to Glu-Glu doublets, phosvitin lacks this motif and cannot
sustain non-primed phosphorylation by both CK2 and G-CK. Indeed, phosvitin is almost
entirely lacking in acidic residues; apart from its huge content of phosphate, it is a fairly
basic protein in its unphosphorylated form. In conclusion, none of the acidophilic kinases
known to date can be responsible for the initiation of phosvitin phosphorylation based on
their specificity determinants. The discovery that Fam20C is the same entity as G-CK has
solved the “very cold case” of casein dating back to 1883, but not that of phosvitin,
dating back to 1900 [73].

Over the next 10 years the “casein kinases” were characterized and shown to be distinct
from the metabolic or second messenger dependent protein kinases involved in glycogen
metabolism [6, 8]. These studies, along with many others, established the existence of two
distinct, ubiquitous protein kinases termed casein kinase-1 and casein kinase-2, named
because they were capable of phosphorylating casein /n vitro[9, 10]. These enzymes are
mainly nuclear and cytosolic and would be highly unlikely to encounter casein in the
secretory pathway. As a result, they were later renamed protein kinase CK1 and protein
kinase CK2 to avoid confusion with the genuine casein kinase(s) responsible for
phosphorylating casein /n vivo [11]. Genuine casein kinase(s) were less well understood and
most studies utilized extracts of mammary gland particulate fractions to investigate their
properties.

One such kinase was biochemically characterized and named Golgi enriched fraction casein
kinase (GEF-CK, later shortened into G-CK). Its activity was initially detected in lactating
mammary glands, from which it was further characterized and partially purified as an ~70
kDa enzyme [12, 13]. However, it was never purified to homogeneity or identified
molecularly. Scrutinizing the sequences of casein fractions revealed the presence of several
phosphoserines that were often clustered in triplets and invariably displayed an S-x-E/pS
motif [14, 15]. These sites are similar but not identical to those recognized by CK1 (pS-x-x-
S/T) and CK2 (S/T-x-x-E/D/pS). An important advancement in the studies of G-CK was the
development of a synthetic peptide substrate corresponding to a phosphorylation site in
bovine B-casein, p (28-40). This peptide could be phosphorylated by G-CK but was an
extremely poor substrate for CK1 and CK2 [16-18]. Therefore, this peptide was used to
assay G-CK and subsequently used to follow its partial purification from many tissues [19,
20]. The G-CK also has unusual biochemical properties for a protein kinase such as
insensitivity to staurosporine, a protein kinase inhibitor [19]. The G-CK prefers Mn?* (and
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to a lesser extent Co?*) over MgZ* and GTP cannot substitute ATP as the phosphate donor
[19]. In addition to casein, subsequent studies identified a number of secreted proteins that
were substrates for the G-CK, further necessitating the need to determine the primary amino
acid sequence of this elusive protein kinase.

The real casein kinase

Virtually all proteins that enter the secretory pathway, including the caseins, have a short
sequence of hydrophobic amino acids at the N-terminus commonly referred to as the signal
peptide (SP). Numerous secreted proteins are phosphorylated by unidentified protein kinases
present within the lumen of the Golgi apparatus and/or in the extracellular space (Box 2).
However, these enzymes are poorly characterized and their activities have been ascribed to
the category of orphan enzymes (enzymes that have not been molecularly identified [21]). It
seemed likely that the kinase(s) responsible for phosphorylating secreted proteins would be
present within the secretory pathway and therefore would contain a SP. Therefore, to
identify possible candidates for the G-CK, the known protein kinases were searched for
those that contained an N-terminal SP, a C-terminal kinase like domain and no predicted
transmembrane helix [2](Figure 1A). This structural design would orient the kinase like
domain in the lumen of the ER/Golgi, in close proximity to proteins destined for secretion.
Four-jointed (fj) is one such kinase that localizes to the Golgi in Drosophila and
phosphorylates the extracellular domain of atypical cadherins during transit through the
secretory pathway [22]. Using the human four-jointed (fjx1) amino acid sequence, a family
of related proteins was identified by PSI-BLAST (Figure 1B). These proteins are distantly
related to the mammalian lipid kinase phosphatidylinositol 4-kinase-I1 (P14KII) and the
bacterial kinase HipA and are predicted to have a SP [23, 24]. The C-terminal domain shows
only weak sequence similarity to canonical protein kinases yet several conserved residues
essential for protein kinase activity are present. The identified family includes members of
the family with sequence similarity 20 (Fam20) include Fam20A, Fam20B and Fam20C and
have been genetically implicated in mineralized tissue homeostasis. Also in the family of
fix1-related proteins are members of the family with sequence similarity 198 (Fam198),
which include Fam198A and Fam198B and have yet to be functionally characterized. These
proteins were expressed in mammalian cells, immunopurified, then assayed to
phosphorylate casein. Fam20C phosphorylated casein and possessed all the biochemical
properties of the G-CK including Golgi localization, ability to phosphorylate the casein
peptide B(28-40), preference for Mn2* and Co?* over Mg2*, and extreme insensitivity to
staurosporine [2, 25] Fam20C co-elutes with casein kinase activity when bovine whey is
fractionated by Q-Sepharose and Mono Q chromatography [2, 20]. Furthermore, Fam20C is
present in highly purified preparations of G-CK from lactating mammary gland, thus
providing incontrovertible evidence that G-CK and Fam20C are one and the same [26].

Box 2
Where is the phosphorylation occuring?

The phosphorylation of secreted proteins can occur in the lumen of the Golgi and/or
extracellularly [74] [75] (Figure I). The rate of phosphate transfer will depend not only
on the local concentrations of kinase and protein substrate but also on the amount of
ATP. The Fam20C K, for ATP is ~78M as reported by Irvine and colleagues [25].
Indeed, extracellular ATP concentrations above 100i.M have been documented,
suggesting that Fam20C may function extracellularly [75]. Although this awaits
confirmation, it is clear that Fam20C catalyzes phosphorylation within the cell because
coexpression of Fam20C with OPN results in the phosphorylation of both intracellular
and secreted OPN [2]. Intracellular phosphorylation of secreted proteins requires ATP to
be accessible to protein kinases present in the Golgi lumen and therefore must cross the
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Golgi membrane. The transporters that facilitate ATP entry from the cytosol into the
lumen of the Golgi are poorly understood. The Golgi membrane ATP transporter was
purified ~70,000-fold from crude rat liver Golgi membranes but the molecular identity of
the transporter was never determined [76]. The Golgi pH Regulator (GPHR) was
identified by Maeda et al. to be a novel anion channel that is essential for the
acidification and functions of the Golgi [77]. This channel showed a striking resemblance
to two anion channels that were shown to mediate ATP transport into the Golgi lumen
[78], GOLAC-1 and GOLAC-2, and may be the transporter responsible for facilitating
ATP entry into the Golgi lumen [79].

ATP in the lumen also provides the ATP present in the exocytotic vesicles that mediate
extracellular ATP secretion and the subsequent activation of purinergic receptors [80].
The release of ATP into extracellular fluids is well established in several physiological
processes and signaling by extracellular ATP was described as early as 1929 [81]. All
eukaryotic cells release ATP and most, if not all, contain plasma membrane localized
nucleotide activated P2 receptors [82]. Since ATP is present in the cytosol of cells at
concentrations up to 5mM, any physical damage to cells will result in the release of
significant amounts of ATP. Whether or not extracellular ATP could act as a co-substrate
for protein kinases present in the extracellular space is still a matter of debate but will
most likely occur under some physiological conditions. Several reports have described
“ectokinase” activity on the surface of a number of cells including fibroblasts, neurons,
myoblasts and immune cells (Reviewed in [75]).
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specific membrane bound transporters. Catalysis may occur within the Golgi lumen or in
the extracellular space.

A new branch on the kinome tree

Four-jointed

Fam20A

Members of the four-jointed family of proteins were shown to have weak sequence
similarity to P14KII using P14KII as the starting point for PSI-BLAST analysis [23].
However, not one of the family members shown in Figure 1B were present in the protein
kinase complement of the human genome [27]. Genetic studies in Drosophila identified four
jointed (fj), as a regulator of the Hippo signaling pathway [28]. Hippo signaling controls
organ size by regulating cell proliferation and apoptosis, influences planar cell polarity and
is an important regulator of tumorigenesis [29]. In Drosophila, the transmembrane receptor
Fat initiates the Hippo pathway in response to Dachous (Ds) binding. Both Fat and Ds are
large transmembrane proteins with multiple extracellular cadherins domains. Several studies
suggest that fj regulates Fat signaling control of planar cell polarity by acting non-cell
autonomously and genetically upstream of Fat [28, 30]. Therefore, Irvine and colleagues
tested and found that fj could promote phosphorylation of several extracellular cadherin
repeats of Fat and Ds in Drosophila S2 cells. In vitro experiments also suggested that fj was
a protein kinase. Moreover, overexpression of a kinase dead version of fj in Drosophila
abolished its biological activity [22].

Fj is conserved but restricted to higher vertebrates and only a limited range of invertebrates,
including Drosophilaand Angpheles [31]. Drosophilafj is a single pass type-II
transmembrane protein whose kinase domain faces the lumen of the Golgi. Rodent and
human fj (fjx1) are predicted to be secreted proteins and have been detected in the
conditioned medium of several cell lines when expressed as epitope-tagged fusion proteins
[2, 31, 32]. In mice, fjx1 is expressed in the brain, the peripheral nervous system and the
epithelial cells of multiple organs and its expression may be regulated by Notch signaling
[31, 33]. Fjx1 may also act as a ligand for an unknown receptor [31]. Knockout studies in
mice suggest that Fjx1 is required for the normal development of dendritic arbors in the
hippocampus [34].

Fam20A is secreted and is differentially expressed during hematopoietic differentiation [35].
In mice, Fam20A expression is restricted to the parathyroid gland and cells comprising the
tooth such as ameloblasts and odontoblasts [36]. Mutations in Fam20A cause amelogenesis
imperfecta (Al) and gingival hyperplasia syndrome in humans [37, 38]. Al is a clinically and
genetically heterogeneous group of disorders of biomineralization resulting from failure of
normal tooth enamel formation. Al is quite common, with incidence rates as high as 1 in 700
live births reported [39]. Enamel is the hardest and most highly mineralized tissue in the
human body, consisting of ~95-99% mineral content, the majority of which is
hydroxyapatite (HA), and ~1% organic material [40]. The formation of enamel
(amelogenesis) is a complex process carried out by secretory ameloblasts. These specialized
cells secrete several phosphoproteins that are essential for proper enamel formation and
mutations in many of these proteins causes Al [41].

Several genetic studies have implicated a role for Fam20A in Al. Using whole-exome
sequencing, O’Sullivan et al. identified a homozygous nonsense mutation in exon 2 of
FAMZ20A in a large, consanguineous family affected by severe dental anomalies and
gingival hyperplasia [37]. Resulting from this work, an additional nine Al families
displaying similar phenotypes were analyzed for mutations within the FAMZ0A gene. Cho
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et. al., identified three homozygous mutations in three families and a compound
heterozygous mutation in one family, all of which were predicted to be loss of function
mutations [38]. Fam20A knockout mice display severe Al and develop disseminated
calcifications of muscular arteries and intrapulmonary calcifications without any aberrations
in dentin, bone, serum calcium or serum phosphate [36]. The molecular mechanisms by
which mutations in Fam20A cause Al are currently unknown but are likely due to the loss of
phosphorylation of enamel-specific secreted phosphoproteins.

Fam20B is not a protein kinase per se; instead it phosphorylates xylose within the
glycosaminoglycan-protein linkage region [42] (Figure 2). The glycosaminoglycans (GAGS)
heparin sulfate (HS) and chondroitin sulfate (CS) are linear polysaccharides consisting of a
repetition of [(-4GIcAP1-4GIcNAcal-)n] and [(-4GIcAR1-3GalNACP 1-)7] disaccharide
units, respectively. GAGs are assembled on secreted and membrane bound core proteins
through the sequential addition of monosaccharides to specific Ser residues, forming a
tetrasaccharide linkage (GIcApP1-3Galp1-3Galp1-4Xylp1-O-Ser-Core Protein) [43](Figure
2). Several modifications of the tetrasaccharide linkage have been described, including
phosphorylation at the 2prime;-OH of xylose [43]. Phosphorylation appears to take place
after transfer of the first galactose residue and before the addition of glucuronic acid within
the lumen of the Golgi [44, 45]. Gain and loss of function studies in HeLa cells suggest that
Fam20B is a positive regulator of HS and CS formation [42]. Furthermore, a mutagenesis
screen in zebrafish identified Fam20B and xylosyltransferase-1 (Xylt-1) loss-of-function
mutants as having decreased cartilage matrix and increased perichondral bone formation.
Genetic studies demonstrated that Fam20B and Xylt-1 operate in a linear pathway for
proteoglycan production since the mutants failed to produce wild-type levels of CS [46]. In
mice, deletion of the Fam20B gene results in embryonic lethality at E13.5. Analysis of
embryos revealed severe stunting with multisystem organ hypoplasia and delayed
development in the skeletal system, eyes, lung, gastrointestinal tract and liver [36].

Fam20C (also known as dentin matrix protein-4, DMP4) is a secreted protein and appears to
be the Golgi casein kinase that phosphorylates S-x-E/pS motifs within secretory pathway
proteins [2, 25]. Fam20C is ubiquitously expressed with notably high levels in mineralized
tissues [35, 47, 48]. Overexpression of mouse Fam20C promoted odontoblast differentiation
and mineralized nodule formation [48]. Furthermore, treatment with Fam20C promoted the
differentiation and mineralization of MC3T3-EL1 cells [49]. Whether or not this was
dependent on kinase activity was never resolved. Mutations in Fam20C in humans cause
Raine Syndrome, an autosomal recessive osteosclerotic bone dysplasia first described in
1989 [50]. Raine syndrome is extremely rare with fewer than 100 cases described
worldwide. Raine patients rarely survive longer than a few weeks after birth; however, a few
non-lethal cases have been reported [51, 52]. Patients generally manifest with generalized
osteosclerosis, ectopic calcifications, and characteristic skull and facial features including
craniosynostosis, microcephaly, proptosis, exophthalmos, depressed nasal bridge, and
midface hypoplasia [53]. New bone formation is also characteristic of this disorder and
differentiates it from osteopetrosis (another genetic form of osteosclerosis) and other lethal
and nonlethal sclerosing bone dysplasias. Loss of Fam20C in these patients’ likely leads to
hypophosphorylation of several secreted phosphoproteins including members of the
secretory calcium binding phosphoproteins (SCPP, Figure 3) and interferes with the proper
formation of HA.

In mice, global and mineralized-tissue-specific knock out of Fam20C results in notable bone
lesions and hypophosphatemic rickets, but no osteosclerosis as in humans [36, 49]. The
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underlying mechanisms for the apparent discrepancies between species are unknown;
however, some non-lethal cases of Raine syndrome have biochemical characteristics
consistent with hypophosphatemic rickets [53]. Notably, the Fam20C null mice displayed a
significant down regulation of osteoblast differentiation markers and a dramatic elevation of
the phosphaturic hormone fibroblast growth factor-23 (FGF23) in serum and bone, which is
likely the underlying cause of the hypophosphatemia [36, 49]. In addition to bone lesions,
loss of Fam20C in mice results in several dental abnormalities and severe Al [36, 54].
Several genes involved in odontogenesis and amelogenesis were downregulated including
dentin matrix protein-1 (DMP1), dentin sialophosphoprotein (DSPP), ameloblastin and
amelotin [54]. Since most Raine patients do not survive long enough to develop teeth, dental
abnormalities are not characteristic of the disorder. Nonetheless, dental dysplasias, including
enamel defects, are present in patients with the non-lethal form of the disease [52].

Fam198A and Fam198B

Fam198A and Fam198B are found in all vertebrates but have not been functionally
characterized. Mouse Fam198A localizes within the secretory pathway (ER/Golgi) and is
secreted when ectopically expressed in the osteosarcoma cell line U20S [2]. Human
Fam198B (also known as Expressed in Nerve and Epithelium during Development; ENED)
is a single pass Type-2 transmembrane protein and when expressed in U20S cells localizes
within the secretory pathway but is not secreted [2]. Fam198B expression has been analyzed
during development in mice and Xenopus and was also downregulated by expression of a
dominant negative fibroblast growth factor [55].

A laundry list of secreted phosphoproteins

The Fam20C consensus motif, S-x-E/pS, is also phosphorylated in several proteins that are
secreted by tissues other than the lactating mammary gland. Thus, Fam20C is not a
mammary gland specific kinase devoted to the phosphorylation of casein, but rather a
ubiquitous protein kinase dedicated to the phosphorylation of many secreted proteins within
S-x-E/pS motifs. In human serum and cerebrospinal fluid, some 75% of secreted
phosphoproteins contain phosphate within the Fam20C consensus motif [56-58]. Indeed, G-
CK activity has been detected in Golgi fractions from liver, brain, and kidney [19]. The
kinase can phosphorylate secreted proteins that are not exclusively found in milk including
osteopontin [59] and other members of the SCPP family. In addition, Fam20C will
phosphorylate many salivary-, enamel-, dentin- and bone-specific secreted phosphoproteins
(Figure 3). It appears that this family of secreted phosphoproteins descended from a
common ancestor by tandem gene duplication and 23 of the 24 genes cluster on
chromosome 4g13-g21 in humans (Amelogenin X is on the X chromosome)[60] As the
name suggests, members of the SCPP family are secreted phosphoproteins (phosphorylated
on multiple S-x-E/S motifs), have a high affinity for calcium ions and regulate
biomineralization. The small integrin-binding ligand, N-linked glycoproteins (SIBLINGS)
comprise a subfamily of the SCPPs consisting of five identically oriented tandem genes
clustered within an ~375 kb span of nucleotides on human chromosome 4. The genes encode
DMP1, DSPP, osteopontin (OPN), matrix extracellular phosphoglycoprotein (MEPE) and
bone sialoprotein (BSP), all of which contain multiple phosphorylated S-x-E/S motifs and
are phosphorylated by Fam20C [2, 25]. The SIBLINGs have well-documented roles in
regulating HA formation in bone and dentin and in many instances, regulation is known to
be dependent upon phosphorylation [61]. These results suggest an important role for
Fam20C in biomineralization.

Many secreted proteins without any apparent link to biomineralization are also
phosphorylated within S-x-E/S motifs (Table 2). The stoichiometry of phosphorylation and
the physiological functions of these phosphorylation events are — in most cases —
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unknown. The oocyte secreted factor bone morphogenetic protein-15 (BMP-15) is a
substrate for G-CK and the phosphorylation of BMP-15 is essential for its bioactivity [62,
63]. Insulin-like growth factor binding protein-1 (IGFBP-1) in human amniotic fluid is
phosphorylated on five serines, all of which conform to the Fam20C consensus site [64].
Phosphorylation of IGFBP-1 enhances its binding to insulin-like growth factor-1 (IGF-1),
which reduces the availability of free IGF-1 to interact with its receptor [65]. Coagulation
factor 1X is phosphorylated in human plasma within an S-x-E motif, which is likely
important for its biological activity as the nonphosphorylated form rapidly disappears from
plasma [66]. Several neuropeptide hormones, cytokines, proteases and extracellular matrix
components are also putative Fam20C substrates (Table 2). Furthermore, proteins in the
secretory pathway that are not secreted may also serve as substrates for Fam20C, including
ER and Golgi resident proteins, and extracellular domains of cell surface receptors. Indeed,
some 10% of the human phosphoproteome contains phosphate within the Fam20C
consensus motif (Figure 4). This percentage may over-represent the number of substrates for
Fam20C because not all proteins containing phosphate on S-x-E motifs will localize within
the secretory pathway. In any event, these observations suggest that Fam20C will likely
have many substrates in addition to proteins involved in biomineralization.

Secreted kinases and human disease

To date, the only secreted kinases that have been associated with human disease are
Fam20A ad Fam20C. Mutations in Fam20C cause Raine Syndrome in humans and
hypophosphatemic rickets in mice. We propose that loss of Fam20C leads to these disorders
of biomineralization by interfering with proper HA formation as a result of the loss of
phosphorylation of SCPPs and possibly other secreted proteins. One mechanism may be that
loss of phosphorylation of the SCPPs prevents the sequestration of calcium, thereby
allowing free calcium to bind inorganic phosphate, reach supersaturation and precipitate as
HA. A somewhat similar situation exists in milk where the casein micelle acts to fluidize the
casein molecules and solubilize the calcium and inorganic phosphate. When the
concentration of these two ions are quantified in milk containing > 2% protein, the levels are
supersaturated and would, by themselves, yield insoluble precipitates [67]. However, not all
SCPPs inhibit the calcification process since many members play important roles in
promoting tissue mineralization. Thus, the SCPPs appear to differentially regulate growth
kinetics and crystal size in a manner that is highly dependent on phosphorylation [61].
Furthermore, the SCPPs are proteolytically processed and phosphorylation may regulate this
process. Additionally, phosphorylation of the SIBLINGs may influence binding to cell
surface integrin receptors. The SIBLINGs have conserved Arg-Gly-Asp (RGD) integrin
binding motifs and function as signal transducers to promote cell adhesion, motility and
survival.

As for the detailed molecular events that contribute to the pathogenesis of Raine Syndrome
and Al, further work is needed to establish which SCPP members are most sensitive to the
loss of phosphorylation by Fam20C and which sites of phosphorylation are most important.
Unquestionably, the most informative example of SCPP phosphorylation-dependent
regulation of biomineralization comes from genetic studies of a family with Al. Several
family members had a novel missense mutation (g.12573C>T) that substituted Ser for Leu
(p-S216L) in the 32-kDa enamelin cleavage product. Curiously, this Ser lies within the
Fam20C consensus, S-x-E, and is phosphorylated in native enamelin. Thus, loss of
phosphorylation of enamelin by Fam20C is sufficient to cause abnormal enamel
mineralization and the human disease Al [68]. Furthermore, mutations in the SCPP
amelogenin-X (AMELX) also cause Al [41]. AMELX has one phospho-Ser within the
Fam20C consensus motif that plays an important role in regulating mineralization by
inhibiting calcium phosphate precipitation [69]. As discussed above, loss of Fam20C or
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Fam20A causes Al in mice and humans [36-38]. How loss of Fam20A results in Al is not
known but may also be due to the lack of phosphorylation of secreted substrates important
for proper enamel formation. However, the substrates for Fam20A are unknown and may be
distinct from Fam20C substrates. In any event, both kinases appear to be essential for proper
enamel formation and may have non-redundant roles and/or operate in a linear pathway
crucial for proper enamel formation. Clearly, Fam20A and Fam20C are involved in a
previously unrecognized aspect of enamel formation. Future work in this area may lead to
novel therapeutics for patients with Al and will certainly advance our understanding of the
molecular events underlying enamel formation.

Concluding remarks

The four-jointed family of secreted protein kinases has expanded the repertoire of the human
kinome and solved a perplexing mystery that dates back to the nineteeth century when
Hammarsten detected phosphorous in casein. Importantly, this discovery has established
functions for two genes, Fam20A and Fam20C, which are implicated in the human diseases
Amelogenesis Imperfecta and Raine Syndrome, respectively. Much remains to be learned,
including how phosphorylation affects the function of secreted proteins and how these
phosphorylation events contribute to human physiology and/or pathophysiology. Moreover,
what are the substrates for Fam20A, Fam198A, and Fam198B (Box 3)? Does human fjx1
phosphorylate the extracellular domains of cadherins in mammals? The physiological
significance of secreted protein phosphorylation of substrates that are not involved in
biomineralization also warrants further investigation. It will be imperative to determine the
stoichiometry and ultimately the physiological consequence of phosphorylation within these
secreted phosphoproteins. As mentioned above, a small number of secreted phosphoproteins
have defined functions that are dependent on phosphorylation. However, for the majority of
secreted phosphoproteins, established functions for phosphorylation have not been
elucidated.

Box 3
What about the other secreted kinases?

An important question moving forward is: What are the substrates for the other secreted
protein kinases? As a first step it will be important to determine if the kinases are
catalytically active. If so, determining a consensus motif that they phosphorylate will
facilitate the search for physiological substrates. Since the generation of ~75% of the
CSF and serum phosphoproteome may be attributed to Fam20C, the obvious next step
will be to test if the remaining 25% of secreted phosphoproteins are substrates for other
secreted protein kinases. DSPP, for example, contains ~200 phosphoserines and is quite
possibly the most highly phosphorylated protein in humans. The motif surrounding these
phosphoserines rarely conforms to the Fam20C consensus motif (196 are S-D-S motifs in
human DSPP). Unless however phosphorylation by an additional protein kinase “primes”
DSPP by creating a S-x-pS Fam20C recognition motif. Phosphorylation of DSPP would
therefore occur in a hierarchal manner [83]. Furthermore, there may be other specificity
determinants for Fam20C in addition to the S-x-E/pS motif. Indeed, the GEF-CK can
phosphorylate proline-rich phosphoprotein (PRP-1) on a Ser residue within the S-E-Q-F-
I-E-D-D sequence. Using a series of peptides, it was shown that its kinase activity was
dependent on the Gln at the N+2 position and on three acidic residues at the N+5, N+6
and N+7 positions, thus defining a novel consensus sequence for Fam20C: S-x-Q-x-x-E/
D-E/D-E/D [84].
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The phosphorylation of secreted S-x-E/pS containing proteins, including the SCPPs, by
Fam20C; phosphorylation of xylose within the glycosaminoglycan-protein linkage region by
Fam20B; and phosphorylation of atypical cadherins by four-jointed has set the stage for the
emerging new field of extracellular protein phosphorylation by secreted protein kinases.
Nearly 130 years of protein phosphorylation research have uncovered many functions for
intracellular phosphorylation, such as altering enzyme activity, modifying binding affinity,
and altering stability. There is no reason to believe that the fundamental mechanisms
governing intracellular protein phosphorylation will be any different for extracellular protein
phosphorylation. Future work will undoubtedly uncover unappreciated aspects of
extracellular protein phosphorylation.
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Glossary

Protein kinase
Casein
Signal peptide (SP)

Golgi Casein Kinase
(G-CK, recently
identified as
Fam20C)

B(28-40)

Hydroxyapatite (HA)

Osteosclerosis

Odontoblasts

Ameloblasts

Raine Syndrome

Amelogenesis
imperfecta (Al)

an enzyme that transfers phosphate (usually from ATP) to
protein substrates

An abundant phosphoprotein found in milk that, in 1883, was the
first protein shown to contain phosphate

a short sequence of hydrophobic amino acids that directs newly
synthesized proteins to the secretory pathway

A protein kinase detected in highly enriched Golgi fractions from
lactating mammary glands and other tissues that phosphorylates
casein and many secreted proteins within S-x-E/pS maotifs. The
kinase activity was detected in 1972; however the discovery that
the G-CK was Fam20C would take nearly 40 years

a synthetic peptide corresponding to a sequence in bovine p-
casein that is used to assay Fam20C/G-CK activity with absolute
specificity

a naturally occurring calcium-phosphate complex with the
formula Cag(PO4)3(OH). HA is the main structural component of
vertebrate bone

An increase in the density of bone

a specialized cell found on the outer surface of the dental pulp
that functions to produce dentin, a major component of teeth

specialized cells that are present during tooth development and
deposit enamel

A rare, usually fatal, autosomal recessive osteosclerotic bone
dysplasia. Raine Syndrome is caused by mutations in Fam20C

a heterogeneous group of tooth development disorders in which
the teeth are covered with thin, abnormally formed enamel.
Mutations in several genes, including Fam20A, cause Al
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N E Kinase Domain I C
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Fix1

—— Fam198B

—— Fam198A

Figure 1. Four-jointed family of protein kinases

(A) The architecture of a secreted protein kinase consists of an N-terminal SP, a C-terminal
kinase domain and no transmembrane domain. (B) A phylogenetic tree depicting the human
four-jointed family of protein kinases (Fjx1, Fam20A, Fam20B, Fam20C, Fam198A and
Fam198B). The bacterial kinase, HipA shows weak sequence similarity to the four-jointed
family of protein kinases.
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Figure 2. Fam20B phosphorylates xylose within the glycosaminoglycan-protein linkage region
Glycosaminoglycans are synthesized by the attachment of a tetrasaccharide linkage to
specific Ser residues within core proteins during transit through the secretory pathway. The
tetrasaccharide consists of the monosaccharides xylose (Xyl), galactose (Gal), and
glucuronic acid (GlcA) linked by glucosidic bonds in a GIcAp1-3Galp1-3Galp1-4Xylpl
orientation. Fam20B transfers a phosphate from ATP to the 2"-OH of xylose (B-Xyl), which
may regulate heparin and chondroitin sulfate formation.
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Figure 3. The secretory calcium binding phosphoprotein (SCPP) family

Shown is the small region on human chromosome 4 in which 23 of the 24 SCPP family
members are located. Amelogenin X is on the X chromosome. The SCPPs are secreted
phosphoproteins (phosphorylated on multiple S-x-E/S motifs), have a high affinity for
calcium ions and regulate biomineralization. The Pro/Gln rich SCPPs and the acidic
SIBLING SCPPs are shown in blue and red, respectively Adapted from [60].
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Figure 4. Relevant contribution of Fam20C to the generation of the human phosphoproteome
Data have been extrapolated from 35679 Ser/Thr phosphosites available in the
PhosphoSitePlus by performing a two sample logo (“ice-logo™) analysis [70] for each kinase
as described by Salvi et al. [71]. In the case of Fam20C, only phosphosites conforming to
the consensus S-x-E/pS but not to that of CK2 (S/T-x-x-E/D/pS) have been considered.
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Table 1

Casein phosphorylation through the years.
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Year Event Ref
1883 Casein is a phosphoprotein [1]
1900 Vitellinic acid/phosvitin is a phosphoprotein [73]
1932 Phosphoserine in vitellinic acid phosvitin [4]
1933 Phosphoserine in casein [3]
1954 Casein is used as a model substrate for the detection of the first protein kinase activity [5]
1960 Casein/phosvitin kinases are distinct from phosphorylase kinase [7]
1969 Two distinct casein kinases, CK1 and CK2 [9]
1971 Complete amino acid sequence of ag; casein is determined [15]
1972 Casein kinase activity detected in Golgi fractions of lactating rat mammary gland [12]
1988-89 | “Genuine/Golgi” casein kinase (G-CK) consensus is different from those of CK2 and CK1; [17,18]
1995 Casein kinase-1 and casein kinase-2 renamed protein kinase CK1 and CK2 [11]
1996 Specificity determinants for G-CK and the development of a synthetic peptide to detect G-CK activity with absolute [16]
specificity
2012 G-CK is identified as Fam20C [2]
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