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Osteocalcin is a small, secreted bone protein whose gene consists
of four exons. In the course of analyzing the structure of fish osteo-
calcin genes, we recently found that the spotted green pufferfish has
two possible exon 2 structures, one of 15 bp and the other of 324 bp.
Subsequent analysis of the pufferfish cDNA showed that only the
transcript with a large exon 2 exists. Exon 2 codes for the osteocalcin
propeptide, and exon 2 of pufferfish osteocalcin is ~3.4-fold larger
than exon 2 previously found in other vertebrate species. We have
termed this new pufferfish osteocalcin isoform OC2. Additional
studies showed that the OC2 isoform is restricted to a unique fish
taxonomic group, the Osteichthyes; OC2 is the only osteocalcin iso-
form found so far in six Osteichthyes species, whereas both OC1 and
OC2 isoforms coexist in zebrafish and rainbow trout. The larger size
of the OC2 propeptide is due to an acidic region that is likely to be
highly phosphorylated and has no counterpart in the OC1 propep-
tide. We propose 1) that OC1 and OC2 are encoded by distinct
genes that originated from a duplication event that probably
occurred in the teleost fish lineage soon after divergence from tet-
rapods and 2) that the novel OC2 propeptide could be, if secreted, a
phosphoprotein that participates in the regulation of biomineral-
ization through its large acidic and phosphorylated propeptide.

Osteocalcin (OC),” also known as bone Gla protein (or BGP), is a
small secreted protein, specific for vertebrate-calcified tissues, that
belongs to the vitamin K-dependent (VKD) protein family. VKD pro-
teins are characterized by the presence of several Gla residues resulting
from the post-translational vitamin K-dependent vy-carboxylation of
specific glutamates and through which they can bind to a calcium-
containing mineral such as hydroxyapatite (1, 2). Osteocalcin is synthe-
sized by osteoblasts and odontoblasts as a pre-pro-protein (3) and con-
tains 3—4 Gla residues located within a conserved domain in the central
part of the mature protein (4, 5). Although a number of questions still
remain concerning its mode of action at the molecular level, it has been
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proposed that osteocalcin is central to the control of tissue mineraliza-
tion mechanisms (6—8).

Nishimoto and colleagues (9) have recently reported osteocalcin gene
and cDNA structures for two pufferfish (Takifugu rubripes and Tetra-
odon nigroviridis) based on computer analysis of the genomic sequences
retrieved from public data bases. Surprisingly, the size of putative exon
2 in these species was much smaller than those observed for other spe-
cies (including fish; Fig. 1A4), raising the question of the correctness of
the computer prediction, in particular because manual analysis of both
genomic sequences revealed that exon 2 could be longer, predicting a far
larger osteocalcin peptide (Fig. 1B). However, experimental data were
missing to confirm or refute one prediction or the other. The present
study brings experimental data and new insights into the structure of
the osteocalcin gene from T. nigroviridis with the identification of a
large exon 2 coding for a prodomain containing multiple possible phos-
phorylation sites. We also present in silico evidence for the presence of
this osteocalcin isoform in more fish species but not in mammals, birds,
or amphibians.

EXPERIMENTAL PROCEDURES

Fish Culture—Specimens of tropical fish T. nigroviridis (spotted
green pufferfish) were obtained from a local pet shop (Picango, Faro,
Portugal) and kept until used at 22—24 °C in a closed recirculating sys-
tem with water salinity at 8—12 parts/million and a natural photo
period. Fish were fed once a day with frozen mollusks.

RNA Preparation and cDNA Amplification—Total RNA was
extracted from the head and bones as described by Chomczynski and
Sacchi (10). One microgram of total RNA was reverse-transcribed for
1 h at 37 °C using Moloney-murine leukemia virus (M-MLV) reverse
transcriptase (Invitrogen), RNase Out (Invitrogen), and an oligo(dT)
adapter  (5'-ACGCGTCGACCTCGAGATCGATG(T),5-3'). PCR
amplifications of osteocalcin ¢cDNA fragments were achieved in a
PerkinElmer Life Sciences GeneAmp 2400 thermal cycler (Applied Bio-
systems) using 5 ul of the reverse-transcribed RNA, Tag DNA polym-
erase (Invitrogen), and primers designed according to T. rubripes and
T. nigroviridis putative OC exon 1 (PufOC-FW, 5'-CATGAAGAC-
CCTGACTCTCCTCT-3') and exon 4 (PufOC-RV, 5'-CTA-
GAAGGGTGGGGGGCCGTAGTA-3'). PCR reactions were per-
formed as follows consisting of an initial denaturation step at 95 °C for 5
min, 30 cycles of amplification (one cycle is 30 s at 95 °C, 45 s at 55 °C,
and 1 min at 72 °C) and a final elongation step of 10 min at 72 °C. All
PCR products were size-separated on a 2% (w/v) agarose gel, and
selected PCR fragments were purified using the GFX Gel Band Purifi-
cation kit (Amersham Biosciences). Purified PCR products were subse-
quently cloned into pGEM-T Easy vector (Promega) and sequenced
(Macrogen, Seoul, South Korea).

Genomic DNA Preparation and Gene Amplification—Genomic
DNA was extracted from a mixture of tissues using the DNeasy Tissue
kit (Qiagen). Osteocalcin gene fragments were amplified from 50 ng of
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genomic DNA by PCR using Advantage DNA polymerase mix (Clon-
tech) and primers designed according to T. rubripes and T. nigroviridis
putative OC exons 1 and 4 (see above). PCR reactions were performed as
follows consisting of an initial denaturation step at 95 °C for 5 min, 30
cycles of amplification (one cycle is 30 s at 95 °C, 45 s at 60 °C, and 4 min
at 72 °C) and a final elongation step of 10 min at 72 °C. PCR products
were processed as described in the previous section.

Sequence Reconstruction—The GenBank™ expressed sequence tag
data base and Trace archive were extensively searched using BLAST
facilities at NCBI (www.ncbi.nlm.nih.gov) for sequences showing simi-
larities to known osteocalcin transcripts or genes. Species-specific
sequences were first clustered, and elements of each cluster were assem-
bled using ClustalX (11) to generate, after manual correction, highly
accurate consensus sequences. Virtual transcripts and genes were
deduced from the joined consensus sequence using stringent overlap
criteria. Virtual gene structure and splicing sites were predicted using
comparative methods (homology to previously annotated genes) and
GenScan facilities at the Massachusetts Institute of Technology.

Sequence Alignment and Analysis—Separate alignments for
sequences of OC1 and OC2 mature protein were created using T-Cof-
fee multiple sequence alignment software (12) with parameters set to
the default. Manual adjustments were made in a few cases to improve
alignments. An alignment of the whole set of sequences was produced
using a similar procedure. Sequence logos presented in Fig. 6 were cre-
ated from T-Coffee multiple sequence alignments using WebLogo (13).
The sequence logos are presented as graphical displays, where the
height of each letter is made proportional to its frequency. This shows
the conserved residues as larger characters. Pairwise sequence identity
values were computed as the percent of identical residues over the total
number of aligned residues using alignments generated with T-Coffee
and the Sequence Manipulation Suite (14).

Phylogenetic Analysis—The neighbor-joining tree was built from
T-Coffee alignments of fish osteocalcin mature peptides using MEGA
version 3.0 (15). The PAM (percent accepted mutation) mutation data
matrix was chosen, and the rate of change was taken as site-independent
(the use of a y-distributed variable rate of change among sites was tried
and produced worse results in all cases). The phylogenetic tree was
generated using MEGA, where the internal branch labels, which are an
estimate of branch assignment reliability, are branch support values and
must not be confused with the bootstrap values produced by other
programs, e.g. Phylip.

RESULTS

Cloning of Spotted Green Pufferfish Osteocalcin ¢cDNA and Gene—
PCRs performed on head/bone reverse-transcribed RNA or genomic
DNA using the PufOC-FW/RV primer set amplified a cDNA fragment
of 579 bp and a gene fragment of 833 bp. The sequence of both frag-
ments was determined from three independent clones, compared with
annotated sequences available in GenBank ™ using the BLAST facilities
at NCBI and identified as the T. nigroviridis osteocalcin partial cDNA
and gene. The comparison of cDNA and gene sequences using the Spi-
dey mRNA-to-genomic alignment tool at NCBI identified four exons
and three introns (supplemental Fig. 1), as in other osteocalcin genes.
Analysis of exon size revealed an exon 2 in the T. nigroviridis osteocalcin
gene ~280 bp longer than those of other osteocalcin genes and 300 bp
longer than the recent predictions of Nishimoto and colleagues (9) but
in total agreement with the alternative prediction proposed in Fig. 1.
The phase of intron insertion, as defined by Patthy (16), was found to be
identical to those in other osteocalcin genes (Fig. 1). Analysis of the
amino acid sequence deduced from cDNA revealed a protein with 1) a
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FIGURE 1. A, structural organization of osteocalcin coding sequence at the gene level. B,
alternative organization of pufferfish osteocalcin genes. Black boxes indicate exons (or
part of exons) representing the coding sequence, starting from the translation initiation
codon and ending at the translation termination codon. Phase of intron insertion is
indicated in gray triangles and is defined according to Patthy (16). ii, intron lying between
the first and second nucleotides of a codon (phase 1 intron); iii, intron lying between the
second and third nucleotides of a codon (phase 2 intron). a, mouse osteocalcin genes
form a cluster where each gene has the same pattern. b, gene structure predicted from in
silico analysis (9).

signal peptide, 2) a large propeptide (129 amino acids) containing 40
putative phosphoserine residues (phosphorylated by the Golgi appara-
tus casein kinase (17) at the SX(E/D/S(P)) recognition site), a y-glutamyl
carboxylase recognition site, a furin cleavage site, and 3) a mature pep-
tide containing the osteocalcin signature (18) (Fig. 2).

Searching Tetraodon Assembly Release 7 using a partial 7. nigroviri-
dis osteocalcin gene sequence and BLAST facilities at Ensembl identi-
fied a genomic fragment (chr.Un_random) containing the complete
gene sequence (supplemental Fig. 1). Only one nucleotide (positioned in
intron 3) of 786 was found to be different in both sequences. The exist-
ence of a second osteocalcin transcript that would exhibit a structure
similar to those already published (i.e. with a short exon 2) was investi-
gated. Various attempts to clone it through PCR only amplified the same
long transcript with no evidence for a shorter one.

Reconstruction of New Osteocalcin Sequences—The following
nomenclature was adopted to designate osteocalcin isoforms, OC1 for
osteocalcin short isoform (i.e. short exon 2) and OC2 for osteocalcin
long isoform (i.e. long exon 2). Public sequence data bases were searched
for osteocalcin sequences using the spotted green pufferfish osteocalcin
sequence. Positive search results were clustered, and six cDNAs (red tail
sheller OC2, three spined stickleback OC2, rainbow trout OC1 and
OC2, zebrafish OC2, and channel catfish OC2) and two genes (torafugu
OC2 and zebrafish OC2) could be reconstructed (Fig. 3 and supplemen-
tal Fig. 2). The phase of intron insertion in the newly identified genes
was found to be identical to those in other osteocalcin genes. Interest-
ingly, all OC2 sequences belong to a unique taxonomic group, the
Osteichthyes or bony fish. No evidence for the presence of any OC2
sequences in mammalian, avian, or amphibian taxa was found.

Coexistence of Two Osteocalcins in Teleost Fish— Analysis of the iso-
form distribution in Osteichthyes (16 species represented) provided evi-
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FIGURE 2. Spotted green pufferfish (T. nigroviri-
dis) osteocalcin cDNA and deduced amino acid
sequence. Black arrows below the nucleotide
sequence indicate exon (E) limits. Black box indi-
cates signal peptide (partial). Gray boxes indicate
propeptide. White boxes indicate mature peptide
(partial). Osteocalcin canonical cysteine residues
are circled and predicted Gla residues are double-
circled. Solid black triangles indicate the furin pro-
teolytic cleavage site. Black line indicates putative
y-glutamyl carboxylase binding site. Asterisks indi-
cate putative phosphorylated serine residues at
SX(E/D/S)(P) sites.

Second Osteocalcin Isoform in Fish

TCATCTIGTTCICTTTTGTICAGTGTGCTGGTCCATGGGAGCTGTGGAGCCAGAGGTCATC
E1 4mmp E2

00T b e B AD T VN EAAAADGPAAAD

6l ACTGACCCTGAAGCTGATACGGTTAATGAAGCTGCCGCCGCCGACCCTGCGGCTGCTGAT

0 s s Eadzdo i adidaiodowid

121 TCATCCTICCTCAGCCTICTGAGTCGGACTCAGCCTCCTCCTCTGAATCCGACTCCAACTCA

60 F t J ) : ] ] J
181 TCCTICTGCGTCTGAATCCAACTCCGATTCATCCTCCTCCTCTGAATCTITCTGAAGCTTCC

241 GAATCTTCCGAATCTTCCGAGTCCTCCGAGTCCTCCGAGTCCTCCGAGTCCTICTGAGTCT

301 TCTGAGTCTGACTCCGCTGCTTCCGACTCTTCTTCATCCTCACCTGAAGCCGCCAGCACT

L} L

361 GAGGCACCTCAGGTAGTGATGAAAAGAGACTTGGCGGCTGTTCTCCTGAGGAGAAGAAGG
E24mwp E3
140/ A A G E P T L Q Q L S L R v ©O@® . ~ |
421 GCTGCAGGAGAACCCACCCTICAACAGCIGGAGAGCCTCAGAGAGGIGIGIGAGCTAAAC
E34mmp E4
160/ 1 A ©@ D E M A D T A G I V A A Y T |
481 ATTGCCIGCGACGAGATGGCTGACACCGCAGGCATCGTTGCTGCCTACACTGC

Scientific name (common name) Acronym Source
dicolivd Siuormes Tétalurus purctitus (channel catfish) IpOC2  ESTs™
stariophys
Rasborinae . DrOC1  AY078413
Cypriniformes  E— Danio rerio (zebrafish) DrOC2  ESTs™
___Cyprininae . 3 i
Cyprinus carpio (common carp)  CcOC AS59458
h ii
Paracanthopteryg Halobatrachus didactylus (toadfish) HAOC1  AF144707
Osteichthyes | Prc thopterygii ; OmOC1  ESTs**
oo ” Oncorhynchus mykiss (rainbow trout) OmOC2  ESTs ™
ronectiformes
Solea senegalensis (Senegalese sole)  SseOC1  AF059349
Tetraodontiformes [— Takifugu rubripes (torafugu) TrOC2  Ensembl **
; 3 AY840551 *°
— Tetraodon nigroviridis (spotted green pufferfish)  TnOC2 o 0o
Scombroidei L . i
Xiphias gladius (swordfish) XgOC P02823
Acantho i | Perciformes Sciaenid )
pleryg iaenidae = ¢ ) ArOCI AF
Percoidei Sparid
coce parce Sparus aurata (gilthead seabream)  SaOC1 AF289506
Centrarchidae L . OO (bluegill) LmOC P28317"
Mavonides Di; archus labrax (European seabass)  DIOC1 AY663813 "
Labroidei [— Oreochromis niloticus (Nile tilapia) OnOC  AY294644"°
- Haplochromis sp. (red tail sheller) HspOC2 ESTs ™
it Gasterosteus aculeatus (three spined stickleback) ~GaOC2  ESTs*

FIGURE 3. Osteocalcin sequences used in this study and t

tad

y of repr species. Taxonomic data were retrieved (11-23-2004) from the Integrated Taxonomic

Information System at www.itis.usda.gov. g, this study; b, partial sequence; ¢, reconstructed sequence presented in supplementary material.

dence for the presence of at least one isoform in 14 different species (five
with OC]1, five with OC2, and four with an undetermined OC) and of both
isoforms in two fish (zebrafish and rainbow trout) belonging to distinct
taxonomic groups (Fig. 3). Pairwise comparison of sequences outside the
prodomain revealed that OC1 and OC2 are 65 and 54% identical in
zebrafish and rainbow trout, respectively, suggesting that both isoforms are

JUNE 2, 2006+ VOLUME 281+NUMBER 22

most probably coded by different genes. Reconstruction of both zebrafish
genes from genomic fragments obtained in the laboratory of M. L. Cancela
(DrOC1, results not shown) and available from GenBank™/Ensembl data
bases (DrOC2, supplemental Fig. 2) confirmed the existence of two genes in
zebrafish. The DrOC2 gene was found to exhibit the same phase of intron
insertion as other known osteocalcin genes.
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FIGURE 4. A, amino acid composition of OC1 and OC2 prodomains. Values are the mean
of seven sequences for each isoform (see Fig. 3). B, pairwise percent identities among
0C2 prodomain sequences. Diagonal bold values are sequence lengths and vertical bold
values, putative phosphorylated serine residues. Dr, Danio rerio; Ip, Ictalurus punctatus;
Om, Oncorhynchus mykiss; Tr, T. rubripes; Tn, T. nigroviridis; Hsp, Haplochromis sp.; Ga,
Gasterosteus aculeatus.

Prodomain of OC2 Is Large, Acidic, and Contains Numerous Phos-
phorylation Sites—In osteocalcin genes, the entire exon 2 codes for
the N-terminal part of the prodomain, a region quite variable and
with no associated function. The analysis of osteocalcin prodomains
from signal peptide cleavage, as predicted by SignalP (19), to propep-
tide cleavage at RXXR (18) revealed that 1) OC2 prodomain is more
than three times longer than that of OC1 and 2) OC2 prodomain
exhibits higher acidic/basic and polar/non-polar residue ratios,
mainly as a result of an enrichment in aspartate and glutamate
(acidic) and serine (polar) residues (Fig. 4A and Table 1). Conse-
quently, the OC2 prodomain is highly negatively charged and has a
low isoelectric point, whereas hydropathy remains unchanged
(Table 1). Another consequence of the selective enrichment in Asp,
Glu, Ser, and also Ala is the low complexity of OC2 prodomain.

A T-Coffee alignment of OC2 prodomain sequences was used to
evaluate interspecies sequence homology and identify conserved resi-
dues. Calculated pairwise sequence identity revealed that OC2 prodo-
main sequences are moderately conserved (Fig. 4B) with an average
identity of 44.6% (values from closely related species, i.e. spotted green
pufferfish and torafugu, were excluded). As a comparison, OC2 mature
peptide has an average sequence identity of 80.9%. Similarly, only 30
residue positions of 172 were totally conserved among OC2 prodomains
(supplemental Fig. 3). A detailed search for conserved domain/motif in
OC2 prodomain only identified the RXXR signature for the furin cleav-
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TABLE 1
Physicochemical analysis of OC1 and OC2 prodomain
Properties ocC1” oc2” t Test

Length (amino acids)? 35*+1 120 *+ 14 » <0.001
Molecular mass (kDa)” 3.7+02 11.9* 15 p <0.001
Charge® +0.2 + 24 -192* 7.1 p < 0.001
Isoelectric point” 6.7 =27 3.6 0.2 p=0.01
Hydropathy® —0.70 = 0.22 -0.72 £ 0.15 NS

“Mean = S.D.,n=7.

? Calculated using Peptide Statistic Tool.
¢ Calculated using ProtParam.

4 NS, difference is not significant.

age site. Interestingly, this signature was found to be isoform-specific;
RQ(K/T)R and R(R/H/S)(R/K)R for OC1 and OC2, respectively.

Analysis of osteocalcin prodomains for phosphorylation revealed,
depending on the species, 19-51 residues, mostly serines, possibly
phosphorylated at the (S/T)X(E/D/S)(P) motif in OC2 prodomains (Fig.
4B). No evidence for the presence of similar phosphorylation sites was
found in OC1 prodomains.

Prodomain of OC2 Is Similar to Phosphoproteins—Public
sequence data bases were searched for proteins with similarity to
OC2 propeptide using the BLAST facilities at NCBI. OC2 propeptide
was found to have significant homology to 1) dentin phosphoprotein
(a cleavage product of dentin sialophosphoprotein) and 2) phosvitin
(a cleavage product of the egg yolk protein vitellogenin). Both pro-
teins have been reported to be highly phosphorylated, and their sim-
ilarity with OC2 prodomain is restricted to their phosphorylated
domain.

Mature Peptide Is Isoform-specific— All mature peptides were aligned
using T-Coffee and their relationship analyzed in a phylogenetic tree
using the neighbor-joining method. OC1 and OC2 mature peptides
were found to cluster in separate groups (Fig. 5) demonstrating their
specificity. It is therefore possible to distinguish osteocalcin isoforms
not only by their prodomain but also by their mature peptide. Following
this idea, osteocalcin from the common carp (CcOC), the swordfish
(XgOC), the bluegill (LmOC), and the Nile tilapia (OnOC), where
sequence information for the propeptide is missing, were included in
this analysis. CcOC, LmOC, and OnOC were found to cluster with OC1
isoforms, whereas XgOC clustered with OC2 sequences (Fig. 5). To
further validate this observation, the furin cleavage site of OnOC, avail-
able with mature peptide, was found to be R-Q-K-R, fitting the signature
of the OCI1 proteolytic site.

Mature peptides of each osteocalcin isoform (10 sequences for OC1
and 8 sequences for OC2; see Fig. 3) were separately aligned using
T-Coffee and alignments displayed as Logo sequences (Fig. 6). Analysis
of each consensus sequence revealed 21 and 22 fully conserved residues
(Fig. 6, black lettering) in mature peptide of OC1 and OC2, respectively,
and 15 of those were found to be conserved in both proteins, indicating
the presence of isoform-specific conserved residues (six in OC1 and
seven in OC2). These residues are likely to be responsible for the clus-
tering of OC1 and OC2 in Fig. 5. As expected, the recently published
signature of osteocalcin Gla domain (18) is in total agreement with the
reported OC1 consensus sequence, whereas it differs from those of OC2
at a single position (Asp in OC1 and Asp or Glu in OC2).

DISCUSSION

We present here for the first time evidence for two different osteo-
calcin isoforms in vertebrates. A second osteocalcin (OC2) has been
identified in teleost fish and coexists in two species with the previously
identified osteocalcin (OC1). The main difference between OC1 and
OC2 is in the prodomain, which is large, acidic and most probably
highly phosphorylated in OC2.
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FIGURE 5. Phylogenetic analysis of fish osteo-

calcin mature peptide using MEGA version 3.0
(15).
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Computer Predictions Must Be Experimentally Confirmed—Al-
though invaluable and quite reliable, computer predictions have to
be confirmed whenever possible by biological experiments. Nishi-
moto and colleagues (9) recently published a gene-based prediction
of T. nigroviridis osteocalcin that was shown here to be erroneous
with the cloning of the complementary DNA. Our work emphasizes
the importance of biological support for any computer prediction.

Two Osteocalcins in Teleost Fish—Although its presence in higher
vertebrates (especially in mammals) cannot be ruled out, our data pro-
vide strong indications that OC2 may be restricted to teleost fish, which
represent ancient vertebrates (bony fishes diverged from tetrapod line-
age approximately 450 million years ago). The analysis of isoform dis-
tribution using available genome sequence information has shown that
most fishes exhibit one isoform or the other, whereas both isoforms
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signature”

FIGURE 6. Sequence logos of fish 0C1 and 0C2
mature peptides. Sequence logos reveal the con-
servation of residues at particular positions in the
protein sequence. Highly conserved residues are
in black. *, Gla residues; #, signature of osteocalcin
Gla domain (including non-fish sequences) as
determined by Laizé et al. (18). Black triangle indi-
cates variable position in OC2 when compared
with signature of osteocalcin Gla domain.

were found to coexist only in two species, zebrafish and rainbow trout.
Comparison of osteocalcin isoforms from these species clearly showed
that they share a common origin and are likely to have emerged from a
gene duplication event (at a gene, chromosome, or genome level).
Because both fish belong to distinct and distant taxonomic groups, this
duplication event must be ancient and in fact is likely to have affected
most bony fish (Fig. 7). Our hypothesis is strongly supported by recent
studies analyzing zebrafish, medaka, and green pufferfish genomes,
which have suggested that a whole-genome duplication event occurred
in the teleost fish lineage after divergence from tetrapods (20, 21). After
this event, osteocalcin duplicates have diverged and were either lost or
retained. It seems from the data presented here that one of the dupli-
cates, either OC1 or OC2, was lost in most fish species analyzed,
whereas both were retained in zebrafish and rainbow trout. This is in
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total agreement with recent evidence suggesting a massive elimination
of DNA after the duplication resulting in the retention of only a subset
of the duplicates in most modern teleost genomes (22, 23). Interestingly,
it was found that more duplicates have been retained in the zebrafish
genome than in those of the spotted green pufferfish (21). The apparent
presence of only one isoform (and always OC1) in amphibians, birds,
and mammals is also in total agreement with the scenario developed in
Fig. 7.

Driving Force behind Isoform Selection— After the duplication of their
genome, some fish species have retained both isoforms, whereas others
retained either OC1 or OC2. The careful analysis of fish species pre-
sented in this study has not yet permitted us to connect the observed
distribution of fish osteocalcins with their adaptation to a particular
habitat (e.g. fresh water versus marine fish, deep-sea versus surface fish,
tropical versus temperate fish), improved performances, faster embry-
onic development, or a specific evolutionary trait (cellular bone versus
acellular bone). Similarly, analysis of data provided with each expressed
sequence tag did not permit us to identify any tissue or developmental
stage specific for OC2 gene expression. OC2 expressed sequence tags
were found in embryo, fry, juvenile, and adult stages and in jaw, eye, and

OC+ andor 0C2

Amphibia Aves

Mammalia

Class

Osteicthyes

----- 0C2 duplicate of OC1

---------------- OC1 duplicate of MGP

FIGURE 7. Emergence of osteocalcin isoforms 1 and 2 (OC1 and OC2) during verte-
brate evolution as a result of duplication events (represented as [] and )l Taxo-
nomic groups (at the class level) and osteocalcin isoforms are indicated in the top panels.
OC is for osteocalcin; MGP is for matrix Gla protein.

heart tissue. Additional studies aiming at the characterization of osteo-
calcin isoform distribution in more fish species, as well as the determi-
nation of sites of gene expression and protein accumulation for both
isoforms, will be required to better understand the driving force behind
osteocalcin isoform selection. Another important question to be
answered in future studies is whether both proteins retain their original
function. The analysis of both mature peptides has revealed differences
in amino acid composition, but key positions, as well as the peptide
architecture/structure, have been conserved, suggesting conservation
of the function.

Function of proOC2—The propeptide of OC1 is small (average size is
35 amino acids) and would only serve as a high affinity recognition site
for vitamin K-dependent y-glutamyl carboxylase (24). Despite exhibit-
ing a similar carboxylase recognition site, OC2 propeptide is quite dif-
ferent from that of OC1, which is much longer (average size is 120
amino acids), more acidic, and serine-rich. Whether these serine resi-
dues, if any, are phosphorylated remains to be demonstrated, but the
presence of phosphate groups would clearly confer a new dimension to
proOC2. Numerous phosphorylated and acid residues would provide a
protein with the ability to bind high amounts of calcium or calcium-
containing crystals, suggesting an active role in biomineralization (25,
26). Various secreted proteins shown to contain clusters of multiple
phosphoryl residues have been associated with tissue mineralization
(teeth and bone) or involved in soluble calcium phosphate stabilization
to prevent spontaneous precipitation (see Ref. 27 for review). Several of
these proteins share some similarity with OC2, essentially within the
phosphorylation domain. They are 1) the dentin phosphoprotein (a pos-
sible nucleator/promoter of crystal growth in dentin), 2) the extracellu-
lar phosphoglycoprotein osteopontin (an inhibitor of biomineraliza-
tion), 3) the phosvitin (a nucleator of crystal formation), and 4) the
matrix Gla protein (a potent inhibitor of ectopic mineralization). How-
ever, the theory of proOC2 being involved in calcium binding or nucle-
ation and growth of the inorganic calcium/phosphorus crystals
becomes valid only if OC2 propeptide is found in the extracellular com-
partment at the proximity of the mineral. ProOC2 must be therefore
secreted. Osteocalcin propeptide has been shown to be cleaved from the
mature peptide by the furin, an endoprotease localized in the trans-
Golgi network (28). Thereafter, the fate of OC1 propeptide is contro-
versial. Some studies have suggested that proOC1 remains in the cell
and is not co-secreted with osteocalcin (29), others have shown that

RxxR @
_u-'éé'&iimp (C){(C) ]
oc1
* E1 . E2 . E3 . E4 .
P.P.P.P.P.P.P. PP
SP IFP
oc2

ot E1 » E2 . E3 . E4 "

] MGP

&
-

E1 E2 E3

E4

FIGURE 8. Structural organization of osteocalcin isoforms OC1 and OC2 and matrix Gla protein. Exonic structure of OC1, 0C2, and MGP coding sequencesiis indicated below each
protein structure. Dashed line represents intramolecular disulfide bond. SP, signal peptide; PP, propeptide; MM, mature peptide; Gla, y-carboxyglutamic acid residue; GGCX, y-glu-
tamyl carboxylase recognition site; P, phosphorylation; C, conserved cysteine residues; E, exon; ANXF, RXXR, and RR indicate proteolytic cleavage sites.
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proOCl1 is present in blood serum and have even proposed that it could
be used as a marker of osteoblastic function (30). The signature of the
furin cleavage site was found to be isoform-specific, raising the possibil-
ity of differential cleavage efficiency. Whether OC2 propeptide is indeed
cleaved and/or secreted remains uncertain and will need to be investi-
gated in another study.

Evolutionary Relationship between OC and MGP—It has been
recently proposed that osteocalcin and matrix Gla protein could be
closely related, OC resulting from MGP duplication during a genome
duplication, which would have occurred around 400 million years ago
(18). Comparison of OC1, OC2, and MGP protein structure shows that
MGP and OC2 are closer to each other than to OC1 due to the presence
in MGP and OC2 of a serine phosphorylation domain located within the
prodomain and entirely encoded by exon 2 (Fig. 8). A glutamic acid
residue, located at the end of the putative phosphorylation domain, was
found to be conserved in all OC2 prodomains (Fig. 8 and supplemental
Fig. 3); could this conserved Glu residue be y-carboxylated, as reported
in prodomain-like MGP (31), reinforcing the similarity between MGP
and OC2? Following this idea, could OC2 (thanks to its specific furin
cleavage) be secreted as a propeptide and be, in suitable conditions,
cleaved extracellularly, as it occurs for MGP at the ANXF cleavage site?
In this case, both proteins would have a N-terminal phosphorylated
domain capable of being cleaved, which could represent an additional
step for their functional regulation. Finally, could an unprocessed OC2
(no furin cleavage) have a role similar to that of MGP (i.e. inhibitor of
tissue calcification)? Additional studies aiming at the characterization
of OC2 processing (y-carboxylation, phosphorylation, and proteolytic
cleavage of prodomain), as well as the determination of protein func-
tion, will be required to better understand the relationship between OC
and MGP.

CONCLUSIONS

Our results support the hypothesis that 1) there exists in teleost fish a
second osteocalcin gene (OC2), which originated from a duplication
event (genome, chromosome, or gene duplication) that probably
occurred in the teleost fish lineage soon after divergence from tetrapods;
2) this gene codes for a protein with a large acidic prodomain rich in
phosphorylated residues that may be involved in the binding of calcium
or calcium-containing crystals; and 3) OC2 could be involved as a
secreted matrix-associated phosphoprotein in the regulation of biomin-
eralization. Finally, our work emphasizes the importance for biological
support of any computer prediction.
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