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Crystal structure of the Golgi casein kinase
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The family with sequence similarity 20 (Fam20) kinases phosphor-
ylate extracellular substrates and play important roles in biominer-
alization. Fam20C is the Golgi casein kinase that phosphorylates
secretory pathway proteins within Ser-x-Glu/pSer motifs. Muta-
tions in Fam20C cause Raine syndrome, an osteosclerotic bone
dysplasia. Here we report the crystal structure of the Fam20C
ortholog from Caenorhabditis elegans. The nucleotide-free and Mn/
ADP-bound structures unveil an atypical protein kinase-like fold and
highlight residues critical for activity. The position of the regulatory
«C helix and the lack of an activation loop indicate an architecture
primed for efficient catalysis. Furthermore, several distinct ele-
ments, including the presence of disulfide bonds, suggest that the
Fam20 family diverged early in the evolution of the protein kinase
superfamily. Our results reinforce the structural diversity of protein
kinases and have important implications for patients with disorders
of biomineralization.

amelogenesis imperfecta | Fam20A | hypophosphatemia | Fam20B |
enamel renal syndrome

Protein phosphorylation is a fundamental mechanism that reg-
ulates numerous physiological processes (1, 2). Protein kinases
have evolved to function as dynamic switches relaying signals in
response to various stimuli by transferring a phosphate from ATP
to target proteins (3-5). Most phosphoproteins are found within
the cell, residing in the nuclei and cytosol; however, secreted pro-
teins, including casein and other members of the secretory calcium-
binding phosphoprotein family, are phosphorylated as well (6). We
recently identified a family of kinases that reside in the secretory
pathway and function to phosphorylate extracellular substrates (7,
8). One member of this family, Fam20C (family with sequence
similarity 20, member C), is the physiological casein kinase that
phosphorylates multiple secreted proteins within a Ser-x-Glu/pSer
motif (7, 9, 10). The importance of this discovery is underscored by
the fact that some 75% of the phosphoproteins identified in human
serum and cerebrospinal fluid contain phosphate within this motif
(11-13). Furthermore, mutations in FAM20C cause Raine syn-
drome, a deadly osteosclerotic bone dysplasia characterized by
generalized osteosclerosis, ectopic calcifications, and characteristic
facial features (14-16). Most individuals with Raine syndrome die
within a few weeks after birth; however, nonlethal cases with dental
abnormalities and clinical features of hypophosphatemia have been
reported (17, 18). Loss of Fam20C in mice also results in severe
bone and tooth anomalies, as well as hypophosphatemia (19-21).

Two other closely related Fam20C paralogs, Fam20A and
Fam20B, are present in humans (22). Fam20B is ubiquitously
expressed and phosphorylates xylose within the tetrasaccharide
linkage region of proteoglycans (23). This phosphorylation event
may influence glycosaminoglycan biosynthesis (24). Genetic de-
letion of Fam20B in mice results in embryonic lethality at E13.5,
and mutations in Danio rerio result in reduced cartilage matrix
production and skeletal defects (19, 25). The substrates for
Fam20A are unknown; however, mutations in FAM20A are known
to cause amelogenesis imperfecta (AI) and enamel renal syn-
drome (ERS) in humans (26-29). Al is a clinically and genetically
heterogeneous group of disorders characterized by improper
formation of enamel, a highly mineralized tissue comprising the
outer surface of the vertebrate tooth (30). Patients with ERS
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have clinical features of Al along with renal calcifications (31).
Fam20A expression in mice is apparently restricted to secretory
ameloblasts and the parathyroid gland, the latter of which is
important for calcium homeostasis. Loss of Fam20A in mice
leads to AI and ectopic calcifications (19).

Here we report the crystal structure of the Fam20C ortholog
from Caenorhabditis elegans. C. elegans Fam20 exhibits a protein
kinase-like fold contained within a shell-like structure, formed by
an N-terminal segment and a novel insertion domain. The Mn/
ADP-bound structure reveals critical residues important for nu-
cleotide binding and catalysis. The unique architecture of the ki-
nase suggests that Fam20C is an efficient catalyst as opposed to
a dynamically regulated enzyme. Our results highlight the struc-
tural diversity of the protein kinase superfamily and have impor-
tant implications for several human diseases.

Results and Discussion

Overall Structure of C. elegans Fam20. We determined the crystal
structure of the single Fam20 ortholog in C. elegans (ceFam20,
residues 60-512) at 2.6-A resolution (Fig. 14 and Table S1). The
asymmetric unit contains four ceFam20 molecules that are highly
similar (rmsd 0.4-0.5 A for the Ca atoms). The C-terminal 25
residues are missing from all four molecules and are presumably
disordered. Residues 120-129 have poor electron densities and
are built in only one molecule.

ceFam20 displays a relatively large kinase domain, consisting of
18 a-helices and 9 B-strands (Fig. 1.4 and B). The kinase core has
a two-lobe structure (N-lobe and C-lobe), which is characteristic
of all protein kinases. A database search using Dali suggested that
ceFam20 is more similar to several atypical kinases, including the
bacterial kinases high persistence factor A (HipA) and cell
translocating kinase A (CtkA), the slime mold actin-fragmin ki-
nase (AFK), and the phosphatidylinositol 3-kinase-related kinase
family (32, 33) (Fig. S1). ceFam20 is contained in a shell-like
structure formed by an N-terminal segment (a0-a5) and a novel
insertion domain («7-a8, p5-p6) (Fig. 1 4 and B). The N-terminal
segment is wrapped around the lower half of the molecule and
forms the base for the C-lobe. The Pro-rich N-terminal region,
present in all Fam20 family members, has a well-ordered structure
containing a helical turn (a0) and a long loop that covers one side
of the molecule. The insertion domain has a novel fold and forms
a cap-like structure that covers the N-lobe. Primary sequence
analyses likely failed to identify the Fam20 family as kinases be-
cause this domain lies between p4 and 7 of the N-lobe, disrupting
its sequence continuity.
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Fig. 1.

C. elegans Fam20 exhibits a protein kinase-like fold contained in a shell-like structure. (A) Ribbon representation of ceFam20. The N- and C-lobes are

shown in magenta and teal, respectively. The a6 helix (PKA aC equivalent) is highlighted in orange. The N-terminal segment and the insertion domain are in
white and pink, respectively. (B) The amino acid sequence of ceFam20 is shown depicting the secondary structural elements, color-coded as in A. The disulfide
bonds are indicated with green lines, and the N-linked glycosylation sites are highlighted in red.

ceFam?20 contains five disulfide bonds (Cys110-Cys144, Cys268-
Cys284, Cys273-Cys277, Cys333-Cys409, and Cys410-Cys479; Fig.
1B). All but Cys110-Cys144 are evolutionarily conserved among
all Fam20 family members. Furthermore, Asn113 and 242 are
N-linked glycosylated, a common posttranslational modification
in secretory pathway proteins (Fig. 1B and Fig. S2). Notably, two
pairs of conserved disulfide bonds (Cys268-Cys284 and Cys273-
Cys277) and an N-linked glycosylated Asn (Asn242) are present
in the insertion domain (Fig. 1B).
N-lobe. The N-lobe is composed of a five-stranded f-sheet in-
cluding f1-p4 and B7. It shows some resemblance to other pro-
tein kinases and can be superimposed onto the N-lobe of protein
kinase A (PKA) with an rmsd of 3.3 A over 70 Ca atoms (Fig.
S3A). A long loop present between f1 and p2 functions as the lid
for the ATP-binding pocket, similar to the Gly-rich loop in other
kinases (3). An a-helix, known as aC, is universally present in the
N-lobe of eukaryotic protein kinases. It is highly dynamic in
nature and plays a critical role in regulating kinase activity. In-
terestingly, the equivalent helix in ceFam20 (a6) is located pre-
dominantly in the C-lobe (Fig. 14). It occupies a position in the
center of the molecule and intimately interacts with several he-
lices in the C-lobe. Many interactions must be broken for this
helix to move; thus, this helix is unlikely to play a similar regu-
latory role as that in canonical protein kinases.
C-lobe. The C-lobe has a very different organization than that of
most kinases (Fig. S3B). Structural superposition of ceFam20 and
PKA reveals only two common secondary structural elements, a12
(ceFam20)/aE (PKA) and B9 (ceFam20)/p7 (PKA). The oF helix,
which is present in all protein kinases, is displaced in ceFam?20.
This helix functions as a central scaffold to maintain the kinase
structure (3). In ceFam?20, a13 corresponds most closely to oF and
contains a conserved Pro (Pro405) in the middle, which bends the
helix 45 degrees downward compared with the position of oF in
PKA. A long loop between p8 and o9 partially occupies the place
of aF, and this loop may be involved in substrate recognition (see
below). Furthermore, the GHI subdomain (helices aG, aH, and oI
in PKA), a hallmark of eukaryotic protein kinases involved in
protein—protein interactions and/or allosteric regulation, is absent
in ceFam20 (3). Thus, the unique structural features specific to
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ceFam20 suggest that the Fam20 family diverged from canonical
eukaryotic protein kinases at an early stage of evolution.

Fam20C Activity and Specificity Are Evolutionarily Conserved.
Fam20C and Fam20B have a high degree of sequence similarity,
but drastically different substrate specificities. Because ceFam20
shares comparable sequence similarity with both Fam20C (63%)
and Fam20B (57%) within their kinase domains, we asked whether
ceFam20 was a protein kinase or a xylosyl kinase (Fig. S4). ceFam20
efficiently phosphorylated the Fam20C-specific peptide sub-
strate, KKIEKFQSEEQQQ (28-40), but not a model Fam20B
substrate containing the tetrasaccharide proteoglycan linkage
glucuronic acid-p1-3-galactose-p1-3-galactose-f1-4-xylose-benzene
(GlcAB1-3Galp1-3Galp1-4Xylp1-O-benzyl) (Fig. 2.4 and B).
Similar to human Fam20C, ceFam20 phosphorylated Ser more
efficiently than either Thr or Tyr and required Glu at the n+2
position (Fig. 2C). Steady-state kinetic analyses found K, values
for Mn/ATP of 0.8 pM for Fam20C and 1.2 pM, for ceFam20 (Fig.
S5 4 and C). The K,, values of both kinases for Mg/ATP were
~100-fold higher, indicating a strong preference for Mn/ATP (Fig.
S5 B and D). It is not uncommon for Golgi-localized enzymes to
prefer Mn>* as a cofactor (34). The remarkably low Ky, values are
consistent with the idea that these kinases have evolved to func-
tion in the lumen of the secretory pathway and/or in the extra-
cellular space, where ATP concentrations are likely to be much
lower compared with the cytosol.

Nucleotide-Binding Site. We determined the crystal structure of
ceFam20 in complex with Mn/ADP at 3.05 A resolution (Fig. S6
A and B and Table S1). The Mn/ADP-bound structure is highly
similar to the nucleotide-free (apo) structure, with an rmsd of
0.5 A for the Ca atoms. The adenine nucleotide is located in the
cleft between the N-lobe and C-lobe. In-depth analysis revealed
a common, yet intricately distinct mechanism of nucleotide binding
that highlights the structural diversity of the protein kinase family
(Fig. 34).

p1-p2 loop. On nucleotide binding, the p1-p2 loop moves slightly
toward the ADP molecule to shelter the nucleotide-binding
pocket (Fig. S64). The p1-p2 loop is not as rich in Gly residues as
canonical protein kinases and features a highly conserved Gxx(L/
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Fig. 2. Fam20C activity and specificity are evolutionarily conserved. (A) Human Fam20C and ceFam20 phosphorylated the Fam20C model peptide substrate
p28-40, whereas Fam20B did not. (B) Fam20B phosphorylated a model substrate representing the tetrasaccharide core linkage region in proteoglycans
(GlcAp1-3Galp1-3Galp1-4Xylp1-O-benzyl), whereas Fam20C and ceFam20 did not. (C) Peptides containing variants of the Ser-x-Glu Fam20C consensus motif
were synthesized to assess the specificity of ceFam20. The Ser was changed to Thr or Tyr, and the n+2 residue was changed to Asp. Incorporation of phosphate

was monitored by autoradiography.

V)K motif (Fig. S4). The L/V residue (Vall77 in ceFam20)
anchors the C-terminal end of the loop to the insertion domain
through hydrophobic interactions. We hypothesize that the in-
sertion domain might impact the conformation of the f1-p2 loop
and function to regulate nucleotide binding. The highly conserved
Lys (Lys178 in ceFam20) forms hydrogen bonds with both ADP
and the main chain atoms of the p1-p2 loop in the ADP-bound
structure (Fig. 34). Mutation of this Lys impairs kinase activity,
consistent with its critical role in the structural organization of this
region (Fig. 3B). This Lys is not commonly present in canonical
kinases but is found in HipA and CtkA, two bacterial kinases that
are remotely related to the Fam20 family (7, 35, 36).

The p1-B2 loop is different in the Fam20A subfamily, con-
taining an extra segment comprising 17 residues that include
a pair of invariant cysteines (Fig. S4). This extension appears to
be exclusive to Fam20A, because BLAST searches using this
sequence as a query only detected Fam20A homologs. How this

segment may affect the conformation of the p1-p2 loop and
nucleotide binding in Fam20A is unclear.

lon pair. Almost all protein kinases contain a conserved Lys in 3
and a Glu in «C (Lys72 and Glu91 in PKA). Formation of the
ion pair between these two residues is considered a hallmark of
an active kinase. The Lys coordinates the a- and p-phosphates of
ATP, and the Glu stabilizes the conformation of the Lys. In
ceFam20, Lys192 and Glu218 form the corresponding ion pair,
and mutations in these residues impair kinase activity (Fig. 3
A and B). Interestingly, Lys192 also forms a salt bridge with
Glu213, which coordinates a Mn”* ion (Fig. 34). Consistent with
Glu213’s dual function, its mutation has a more drastic effect on
kinase activity compared with Glu218 mutation (Fig. 3B). The
coordination between Lys192 (nucleotide binding) and Glu213
(metal binding) reflects another unique property of the Fam20
family of kinases. Importantly, the configuration of the active site
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Fig. 3. The Mn/ADP-bound structure of ceFam20 reveals critical residues required for catalysis. (A) Enlarged image of the nucleotide-binding pocket showing
the detailed molecular interactions important for catalysis. The ADP molecule and the two Mn?* ions are shown as sticks and spheres, respectively. Salt bridge
and hydrogen bond interactions are shown as dashed lines. (B) Human Fam20C mutants display reduced kinase activity. Mutant Fam20C proteins were
assayed against 28-40 peptide, and their activity relative to that of the WT enzyme is depicted graphically. The amino acids in brackets indicate the cor-
responding residues in ceFam20.
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Fig. 4. Insights into substrate specificity. (A) Structural representation of
the active site of ceFam20, highlighting residues potentially involved in
substrate recognition. The Mn/ADP, the catalytic Asp (D366), and three
Fam20C-specific basic residues (R314, K319, and K320) are shown. (B) Se-
quence alignment of the p8-a9 loop within the Fam20 family members. The
three Fam20C-specific basic residues are highlighted.

in both the Apo- and Mn/ADP-bound structures suggest that the
kinase adopts an active conformation.
DFG motif. In canonical protein kinases, the DFG motif plays an
important role in metal binding and catalysis. A variant of this
motif, D(N/H)(A/G), is present in the Fam20 family members
and is located between p9 and al3 in ceFam?20. In the Mn/ADP-
bound structure, the Asp in this motif (Asp387) has an altered
side chain conformation to engage both Mn>* ions (Fig. 34).
Mutation of the corresponding Asp abolishes the kinase activity
of human Fam20C in vitro and in vivo (7). His388 and Gly389
play important structural roles in establishing the position of
Asp387. The conserved Leu (Leu386) preceding Asp387 is part
of the hydrophobic pocket that accommodates the adenosine
moiety of the adenine nucleotide.
Adenine-binding pocket and gatekeeper. A network of residues, in-
cluding Met171, Val190, Ile234, GIn295, Phe297, Leu298, Glu371,
and Leu386, participate in binding to the adenosine group, mainly
through hydrophobic interactions (Fig. 34). Metl71 lies at the
beginning of the p1-p2 loop. A Lys often occupies this position in
other Fam20 homologs and likely interacts with the adenine ring
through a cation—r interaction. Val190, Ile234, Phe297, Leu298,
and Leu386 are conserved or substituted by similar hydrophobic
residues in the Fam20 family members (Fig. S4).

Most protein kinases contain a bulky hydrophobic residue in the
adenine-binding pocket, known as the “gatekeeper” (37). This

Fam20

residue dictates the selectivity for nucleotides and small-molecule
inhibitors. Chemical genetic studies have shown that substitution of
this residue to a smaller amino acid, such as Gly or Ala, permits the
use of bulky ATP analogs as substrates (38). In ceFam20, a Gln
(GIn295) occupies the gatekeeper position and forms a hydrogen
bond with the adenine ring (Fig. 34); however, this residue is not
a typical hydrophobic gatekeeper and is not highly conserved (Fig.
S4). An Ala is often present in Fam20C and may provide a unique
opportunity to design compounds that can modulate kinase activity.
Fam20C is remarkably insensitive to the broad-spectrum ATP-
competitive kinase inhibitor staurosporine (7, 39). Close exami-
nation of the nucleotide-binding pocket of ceFam20 suggests that
staurosporine likely will not be accommodated (Fig. S7). The long
p1-p2 loop (Gly-rich loop) will impede entry of the compound.
Furthermore, several residues, including Lys178 and Lys192,
would be expected to clash with the aromatic regions of staur-
osporine. Thus, the structure of ceFam20 provides molecular in-
sight into this unusual insensitivity.
Catalytic segment. The catalytic segment includes the putative cata-
lytic Asp (Asp366) and is located between «12 and B9 in ceFam?20.
Mutation of this Asp completely abolishes kinase activity (Fig. 3B).
Interestingly, in both the Apo- and Mn/ADP-bound structures, a salt
bridge is formed between Asp366 and a conserved Arg (Arg390)
that immediately follows the DFG motif (Fig. 34). This interaction
likely prevents Asp366 from acting as a general base to activate the
serine hydroxyl in the protein substrate. We anticipate that this ion
pair will be broken once the protein substrate and/or ATP bind, and
that Arg390 may engage the y-phosphate of ATP. In any event, the
ion pair between this conserved Arg and the catalytic Asp may
represent a unique mechanism for regulating Fam20 kinases.
Arg367 following the catalytic Asp forms bidentate interactions
with another invariant Asp (Asp359) (Fig. 34). The importance of
this interaction is underscored by the fact that mutation of this
Asp to Asn causes Raine syndrome (Table S2) (17). This sub-
stitution is predicted to destabilize the conformation of the cat-
alytic segment and alter both the stability and activity of the
kinase. Indeed, this mutation was found to prevent Fam20C se-
cretion and diminish its ability to phosphorylate osteopontin (7).
A conserved Phe (Phe370) is also part of the catalytic segment
and interacts with a12 although hydrophobic interactions, thereby
stabilizing the conformation of the segment (Fig. 34). Further-
more, Glu371 forms two hydrogen bonds with the ribose group of

i la¥=)
C-spine

PKA

Fig. 5. ceFam20 has unique spine structures. The N-lobe, C-lobe, and aC helix of PKA are colored in magenta, teal, and orange, respectively. Corresponding
regions in ceFam20 are highlighted in the same color scheme. The regulatory and catalytic spines are depicted in red and green, respectively. Residues in-

volved in the formation of the spines are indicated.
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Fig. 6. Structure modeling provides insights into Fam20C-related human
disorders. The homology structure model of human Fam20C is shown as
a ribbon diagram. The model was generated using Swiss-Model (44). Disease
mutations are highlighted in red.

ADP, and its conformation is stabilized by salt bridge interactions
from Arg306 and His308 in p8. Thus, extensive molecular inter-
actions are present to stabilize the catalytic segment and co-
ordinate nucleotide binding.

Insights into Substrate Selectivity. The Fam20C subfamily phos-
phorylates Ser-x-Glu/pSer motifs in secreted proteins. In addition,
Fam20C can phosphorylate peptides from proline-rich phospho-
protein-1 (PRP-1) within a related motif, Ser-x-Gln-x-x-Asp-Glu-
Glu (40). Lacking a structure with peptide bound, we cannot de-
scribe the exact molecular basis for these specificities; however, it is
interesting that three basic residues (Arg314, Lys319, and Lys320)
were present near the active site within the $8-a9 loop (Fig. 44).
Importantly, these residues were not present in Fam20A and
Fam20B yet, are highly conserved in Fam20C (Fig. 4B). Mutation
of Arg314 (Arg408 in human Fam20C) diminished the activity of
Fam20C, consistent with an important role in substrate binding
(Fig. 3B). Based on the location of Arg314 relative to the catalytic
Asp (Asp366), we anticipate that Arg314 may interact with the Glu
or pSer residues at the n+2 position in the peptide substrate. In the
PRP1 peptide, a Gln at the n+2 position would still be able to form
a hydrogen bond with Arg314; however, additional interactions in
the distal region of the peptide would be required for efficient
binding (n+5, 6, and 7 positions). Lys319 and Lys320 are optimally
positioned to facilitate such interactions (Fig. 44). This idea is
consistent with the fact that Ser-x-Gln-x-x-Asp-Glu-Glu is phos-
phorylated and requires the Gln at the n+2 position and the three
acidic residues at the n+5, 6, and 7 positions (40). Substitution of
these residues with alanines prevented phosphorylation by Fam20C.

Regulatory and Catalytic Spines. Two hydrophobic “spine” struc-
tures exist in the active conformation of protein kinases: a regula-
tory spine (R-spine) and a catalytic spine (C-spine) (41) (Fig. 5).
The dynamic nature of the R-spine plays a critical role in the reg-
ulation of protein kinases. In PKA, the R-spine consists of four
hydrophobic residues, two from each lobe, including the Phe in the
DFG motif. Two N-lobe residues are present in ceFam20, Thr236
from 4 and Phe222 from a6 (aC equivalent); however, Fam20
family members contain a His or Asn instead of a Phe in the DFG
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motif. These hydrophilic residues do not contribute to formation
of the R-spine. The a6 helix appears to function as the C-terminal
portion of the spine. This unique architecture likely restrains
ceFam?20 from undergoing highly dynamic conformational changes.
To the best of our knowledge, the sole active protein kinase with
a hydrophilic residue (Ser) at the Phe position in the DFG motif
is AFK from slime mold (42). Of note, the aC in AFK is situated
at a similar position as the a6 in ceFam20 (Fig. S1).

Most protein kinases are activated by a phosphorylation event
within an activation loop following the DFG motif (43). The
analogous loop in ceFam20 is not phosphorylated, however (Fig.
S8). Furthermore, this loop interacts with several regions of the
protein and does not have the flexibility to transiently regulate
kinase activity. Collectively, these features suggest that Fam20C
is constitutively active and does not require phosphorylation or
significant conformational changes for catalysis.

The C-spine in ceFam20 also displays some unique features
(Fig. 5). In canonical protein kinases, the C-spine contains a gap
that is filled by the adenine ring of ATP on nucleotide binding. In
ceFam?20 this gap is absent, and the C-spine is continuous in the
absence of nucleotide. A cradle-like structure accommodates the
adenosine group of the adenine nucleotide, as described above
(Fig. 34).

Implications for Human Diseases. Mutations in Fam20C cause Raine
syndrome, an autosomal recessive osteosclerotic bone dysplasia.
Most individuals with Raine syndrome succumb within the first few
weeks of life; however, mutations associated with nonlethal forms
of the disease have been documented, and some of these patients
present with dental anomalies and hypophosphatemia. To un-
derstand how these mutations lead to disease, we modeled the
structure of human Fam20C using the ceFam20 structure (Fig. 6
and Table S2). We mapped the eight known missense mutations to
the structure model and examined their potential impacts.

11e258, Gly280, Pro328, Gly379, and Leu388 all reside in hy-
drophobic environments. Our ceFam20 structures suggest that
introduction of a hydrophilic residue at any of these positions
would disrupt the local region and have a detrimental effect on
protein folding/stability. Indeed, the mutant proteins were not
secreted from the osteosarcoma cell line U20S (7). As described
above, mutation of Asp451 to an Asn likely would destabilize the
catalytic segment by disrupting the Asp-Arg salt bridge present in
the WT protein. Arg549 is located in a16 and has multiple inter-
actions within the molecule. Mutation to a Trp would severely
interfere with packing of the C-lobe and disrupt protein integrity.
Recently, Rafaelsen et al. (18) identified compound heterozygous
mutations in FAM20C in siblings with clinical presentation of
dental abnormalities, ectopic calcifications, and fibroblast growth
factor 23-related hypophosphatemia. A novel missense mutation,
Thr268Met, was reported in this study. This Thr is highly con-
served and located in the p1-p2 loop (Gly-rich loop). Mutation of
this residue likely would inhibit ATP binding and lead to impaired
kinase activity.

Mutations in Fam20A are linked to the human disorders Al and
ERS. Most mutations are inactivating and result in truncated ver-
sions of the protein; however, two missense mutations, Gly331Asp
and Leul73Arg, have been reported in patients with ERS (Fig. S9).
Interestingly, Gly331 corresponds to Gly379 in Fam20C, a residue
that is also mutated in Raine syndrome (Fig. 6 and Table S2).
Similar to the situation in Fam20C, mutation of this residue in
Fam20A to an Asp would affect the local hydrophobic environ-
ment and result in formation of an unstable/unfolded protein.
Structural modeling suggests that Leu173 is part of the N-terminal
segment and has extensive interactions with the kinase core. An
Arg substitution at this position would disrupt this interaction
and perturb the kinase. Collectively, these observations provide a
molecular explanation of how Fam20C and Fam20A mutations
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can negatively impact kinase structure and/or activity, leading
to disorders of biomineralization.

Conclusion

We have demonstrated that Fam20C activity and specificity are
evolutionarily conserved. The crystal structure of the Fam20C
ortholog from C. elegans reveals the unique architecture of
a secretory pathway-specific kinase. The distinctive structural
features of the Fam20 family suggest that this family diverged
early from canonical protein kinases and is constitutively
active. Our results expand the repertoire of the structural
kinome and have important implications for human disorders
of biomineralization.

Methods

Protein Expression and Purification. C. elegans Fam20 (residues 60-512) was
cloned into a modified pl-secSUMOstar vector (LifeSensors) containing a to-
bacco etch virus (TEV) protease cleavage site. The protein was expressed and
purified using recombinant baculovirus (20). More details on the protein
purification procedure are presented in S/ Methods.

Enzyme Assays. Fam20C, Fam20B, and ceFam20 activity was monitored
against the peptide KKIEKFQSEEQQQ ($28-40) as described previously (7)
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