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The evolution of calcified tissues is a defining feature
in vertebrate evolution. Investigating the evolution of
proteins involved in tissue calcification should help elu-
cidate how calcified tissues have evolved. The purpose
of this study was to collect and compare sequences of
matrix and bone y-carboxyglutamic acid proteins (MGP
and BGP, respectively) to identify common features and
determine the evolutionary relationship between MGP
and BGP. Thirteen cDNAs and genes were cloned using
standard methods or reconstructed through the use of
comparative genomics and data mining. These sequences
were compared with available annotated sequences (a
total of 48 complete or nearly complete sequences, 28
BGPs and 20 MGPs) have been identified across 32 dif-
ferent species (representing most classes of verte-
brates), and evolutionarily conserved features in both
MGP and BGP were analyzed using bioinformatic tools
and the Tree-Puzzle software. We propose that: 1) MGP
and BGP genes originated from two genome duplica-
tions that occurred around 500 and 400 million years ago
before jawless and jawed fish evolved, respectively; 2)
MGP appeared first concomitantly with the emergence
of cartilaginous structures, and BGP appeared thereaf-
ter along with bony structures; and 3) BGP derives from
MGP. We also propose a highly specific pattern defini-
tion for the Gla domain of BGP and MGP.

BGP! (bone Gla protein or osteocalcin) and MGP (matrix Gla
protein) belong to the growing family of vitamin K-dependent
(VKD) proteins, the members of which are involved in a broad
range of biological functions such as skeletogenesis and bone
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maintenance (BGP and MGP), hemostasis (prothrombin, clot-
ting factors VII, IX, and X, and proteins C, S, and Z), growth
control (gas6), and potentially signal transduction (proline-rich
Gla proteins 1 and 2). VKD proteins are characterized by the
presence of several Gla residues resulting from the post-trans-
lational vitamin K-dependent y-carboxylation of specific gluta-
mates, through which they can bind to calcium-containing min-
eral such as hydroxyapatite. To date, VKD proteins have only
been clearly identified in vertebrates (1) although the presence
of a y-glutamyl carboxylase has been reported in the fruit fly
Drosophila melanogaster (2) and in marine snails belonging to
the genus Conus (3). Gla residues have also been found in
neuropeptides from Conus venoms (4), suggesting a wider prev-
alence of y-carboxylation.

Bone and matrix Gla proteins have essential roles in con-
trolling tissue mineralization and form a subgroup within the
VKD family. BGP and MGP have low similarity with blood
coagulation factors, although they are believed to have di-
verged from a common ancestor (5-7). Although a number of
questions still remain concerning their mode of action at the
molecular level, a large number of studies (Refs. 15-18, 26,
27, 31, and references therein) have clearly shown that BGP
and MGP are central to the control of tissue mineralization
mechanisms.

MGP is a 10-kDa protein produced and secreted by vascular
smooth muscle cells (8) and chondrocytes (9) and significantly
accumulated in bone, cartilage, and dentin from mammals,
amphibians, and cartilaginous and bony fishes (10-14). MGP
gene expression is confined to proliferative and late hyper-
throphic chondrocytes within the mammalian growth plate
during endochondral bone formation and has been therefore
described as a marker of the chondrogenesis cell lineage (15). A
signal peptide, a phosphorylation domain, a y-carboxylase rec-
ognition site, and 4-5 Gla residues are the conserved features
among MGPs. The spontaneous calcification of arteries and
cartilage in mouse lacking MGP or the abnormal cartilage and
artery calcification in patients affected by the Keutel syndrome
(autosomal recessive disorder caused by mutations in the MGP
gene) indicates that this protein is a physiological inhibitor of
mineralization (16—18). Additional data suggest that MGP is
involved in protecting tissues from ectopic calcification in mam-
mals (17, 19) and controlling cartilage cell differentiation and
mineralization during early development of chicken limbs (9).
In vitro cell culture experiments have shown that MGP gene
expression can be regulated by 1,25-(OH), vitamin D4 (20),
retinoic acid (21, 22), extracellular calcium (23, 24), growth
factors, and cell proliferation events (25), but the mechanisms
responsible for the transcriptional regulation of MGP still re-
main largely unknown.
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Rodentia

Evolution of MGP and BGP in Vertebrates

Scientific name :) Acronym

RnMGP
(Norway rat) p nep

NM_012862

Rattus norvegicus M25490

Bovidae

Actiodactyla

Caprinae

Bovinae

“

Capra hircus (goat) ChBGP  1005180A°

BtMGP  NM_174707

Bos taurus (domestic cattle)

Suidae

BtBGP  NM_174249

Caniformia

Camivora I

Feliformia

Canis familiaris (domestic dog) CIBGP  AF205942"

Eutheria

Perissodactyla

P83005"

Hominidae

Equus caball (horse) EcBGP

Primates I

Cercopithecidae

A, P

is (crab-eating macaque) MIBGP P02819°

Lagomorpha

Metatheria

1005180C *

Galliformes

Setonix sp. (wallaby) SeBGP

Aves I
1

Struthioniformes

Vertebrates Amphibia

Dromaius novachollandiae (emu) DnBGP P15504"

Chondrichthyes

Slluriformes

Galeorhinus galeus (soupfin shark) GgaMGP P56620"

Ostariophysi

Cypriniformes

Paracanthopterygii

Rasborinae

L__Cyprininae

DrMGP  AY072811

Danio rerio DrBGP  AY178836*

(zebrafish)

Halobatrachus didactylus HAMGP . AY230015

Protacanthopterygii

(toadfish) G  AF144707 %

Osteichthyes

Pleuronectiformes

—
| -

Salmo salar (Atlantic salmon) SsaMGP AY182239*°

Tetraodontidae | Takifugu rubripes
Acanthopterygil | Tetraodontiformes

TrMGP  AY112747°
(torafuguw) 7.pcp (5o

l

i

Dlodontdae - iomycterus schoepfii  (striped burrfish) CsMGP  AY298910 **
= Niphiasgodies - (wordtis) Xgpor ot

Perciformes Sciaenidae ArMGP  AF334473

hnl: i (meagre)  , BGP  AF459030
T, e S S A

i
Contrarchidse Lepomi hirus (bluegill) LmBGP P28317"
Labroidei

Fic. 1. BGP and MGP sequences used in this study and taxonomy of represented species. Taxonomic data were retrieved September
14, 2004 from the Integrated Taxonomic Information System at www.itis.usda.gov. a, this study; b, partial sequence; ¢, Protein Information

Resource accession number.

BGP is a 5.6-kDa secreted protein that, unlike MGP, has
proven to be specific for vertebrate calcified tissues, with the
exception of cartilaginous fishes, and represents 1-2% of the
total bone protein. BGP is synthesized by osteoblasts and odon-
toblasts. All known BGPs are synthesized as pre-pro-proteins
and contain 3 Gla residues located within a conserved domain
in the central part of the mature protein. Previous studies have
failed to reveal a critical role for BGP in mammalian bone
formation. BGP-deficient mice exhibit a higher bone mass
when compared with control (26), and IR microspectroscopy
has shown that BGP is required for the correct maturation of
the hydroxyapatite in mammalian bone (27). The tertiary
structures of bovine (28), porcine (29), and meagre (30) BGP
have recently been determined by x-ray crystallography (por-
cine and meagre) and NMR (bovine). Despite some differences,
the three structures are very similar, with a novel fold com-

prising a C-terminal region with the 3 helices and a small
hydrophobic core and a short, unstructured N-terminal se-
quence. The 3 Gla residues (4 in meagre) are on the outer face
of helix 2, coordinating the Ca2" ions present in the structures
and suggesting a mechanism for attachment to the surface of
the hydroxyapatite crystals in bone (29). In the absence of
Ca2*, the apoprotein form of BGP is in a disorganized state, as
indicated by NMR studies (28). Interestingly, re-expression of
MGP in arteries of MGP—/— mice can reverse the arterial
mineralization, a result that cannot be mimicked by BGP in-
dicating that these evolutionarily related proteins do not work
in a similar way (31).

Understanding more clearly the evolution of BGP and MGP
will contribute to better evaluation of the various hypotheses
about their role and function in tissue mineralization. It should
also help illuminate how calcified tissues have evolved and
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TABLE 1
List of PCR primers used in this study

Hd, Halobatrachus didactylus; Cs, Chilomycterus schoepfii; On, Oreochromis niloticus; Dr, Danio rerio.

Primers (5" to 3%)

DNA amplified

cDNA
3'end® SBG5F - TGCGAGCACATGATGGACACTGAGGGAATC (7) 70°C
HABGP SBG4R - GTTAGGGGAAATGATCGAATCACAGTGGG (7) 65°C
Send AP 1 - GTAATACGACTCACTATAGGGC (Clontech) 45°C
HdBGPIR - GCGGTCTAAAAGGGAATCGGCCCGT 68°C
3'end ArMGP3F - AGGCGTGCAGAGACCTGCGAG (12) 61°C
Universal adapter - ACGCGTCGACCTCGAGATCGATG 64°C
HAMGP Internal HAMGPIF - GGTCTCGGTCTGCCTCTGCTATGA 61°C
ArMGP2R — GCNAAYWSNTTYATGACNCCNCA® (12) 58°C
S'end AP 1 - GTAATACGACTCACTATAGGGC (Clontech) 45°C
ArMGPIR - CGCTGGAGACTTCACCGTCCTCATC (12) 64°C
CsMGP Pend DsMGP-03F - TTGTGTCTGCTATGATGACTCTGATGA 57°C
DsMGP-04R - TGGAAAGTAATCCTCACACGTCTCTGC 61°C
Pend TilBGP-01F - GCTTGTGAGCACATGATGGACATAAA 59°C
OnBGP Universal adapter - ACGCGTCGACCTCGAGATCGATG 64°C
Internal SBG13F - CCAGCCTGCCAGTGACAACCC (7) 61°C
TilBGP-03R - TTTATGTCCATCATGTGCTCACAAGC 59°C
DIBGP Exons ZBGP8F — ATCTTCTGCTGCCTGATGACT 51°C
1to3 zBGP2R — CCACGTCACGCTTCACAAACA 57°C
¢ J. P. Pinto, personal communication.
®Y,CorT; W,AorT,;S, GorC.
A African clawed frog =‘ EF’ i ﬁ_
Human & F ] iz
MNorway rat 5:‘ -'E3 7.5 142
House mouse 51 2 ZE L3
Fic. 2. Structural organization of Gilthead seabream & % .'Ub' -W
MGP (A) and BGP (B) coding se- S
quences at the gene level. Black boxes Creenpufferfish o ¥ & W
indicate exons (or parts of exons) repre- Torafugu 64 30 15 145
senting the coding sequence, starting i
from the translation initiation codon and Zebrafish ¥ e - -
ending at the translation termination
codon. Numbers above the boxes indicate
their length. Dashed line in zebrafish B Aficanclawedfrog & o 5 -
MGP sequence indicates incomplete data Human & w70 130
on intron size, although total length of the ———.
genomic fragment is known. Data on each Norway rat i
gfsnoep(;i:l;ﬁtgaouse BGP gene cluster are House mouse 64 33 58 13 B4 33 58 133 g4 33 58 133
Gilthead seabream 28 2 g i3
Green pufferfish é=‘ ‘:5 H
Torafugu E’ ':3 ﬂ
Zebrafish 58 &0 o4 103 500 bp

provide key insights into vertebrate evolution. Specific goals of
this work were: (i) to identify new MGP and BGP homologues
using standard cloning methods or comparative genomics and
data mining of available genomic and EST (expressed sequence
tag) libraries, (ii) to provide insight into MGP and BGP com-
mon features by looking at similarities among gene and protein
sequences, and (iii) to infer particular trends in BGP and MGP
evolutionary history through a phylogenetic analysis of all
available amino acid sequences. Finally, we propose a model for
the early origin and evolution of BGP and MGP on the basis of
results presented here and in previous studies (Refs. 7, 12-14,
and references therein).

EXPERIMENTAL PROCEDURES

BGP and MGP Sequence Collection—Previously characterized se-
quences were obtained from the GenBank™ (www.ncbi.nlm.nih.gov)
and Swiss-Prot (us.expasy.org) data bases. Additional sequences were
either cloned using standard PCR techniques or reconstructed from
EST and whole genome shotgun sequences obtained from public se-
quence data bases. dbEST and Trace Archive were extensively searched

using the BLAST facilities at NCBI for sequences showing similarities
to known BGP and MGP transcripts or genes. Species-specific se-
quences were first clustered, and elements of each cluster were assem-
bled using Clustal X (32) to generate, after manual correction, highly
accurate consensus sequences. Virtual transcripts and genes were de-
duced from joined consensus sequences using stringent overlap criteria.
Virtual gene structure was predicted using comparative methods (ho-
mology to previously annotated genes) and electronic splicing as pre-
dicted by GenScan. Genomic DNA (prepared with Qiagen DNeasy tis-
sue kit), cDNA libraries (prepared with Clontech Marathon ¢cDNA
amplification kit), or reverse transcribed RNA (prepared using Invitro-
gen Moloney murine leukemia virus reverse transcriptase) were used
for PCR amplification. Genomic and cDNA fragments were amplified in
a GeneAmp 2400 thermal cycler (PerkinElmer Life Sciences) using Taq
DNA polymerase (Invitrogen) and the primer sets described in Table 1.
Following an initial denaturation step of 5 min at 95 °C, specific DNAs
were amplified with 30 cycles (one cycle is 30 s at 95 °C, 45 s at T, (see
Table I), and 1 min at 72 °C) and a final elongation step of 10 min at
72 °C. The resulting PCR products were size-fractionated by agarose gel
electrophoresis, purified, and ligated into pGEM-T Easy vector (Pro-
mega). Final identification was achieved by DNA sequence analysis.
Determination of Sparus aurata Genome Size—Blood was collected
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from a healthy specimen of gilthead seabream (S. aurata), smeared on
a microscope slide, and subjected to genome sizing according to Hardie
et al. (33).

Sequence Alignment and Analysis—Separate alignments for MGP
and BGP sequences were created using Clustal X and the Gonnet250
mutation matrix, a gap-opening penalty of 10, and a gap penalty of 0.2.
Clustal X alignments were fed to the more rigorous T-Coffee multiple
sequence alignment software (34) with parameters set to the default.
Manual adjustments were made in a few cases to improve alignments.
An alignment of the whole set of MGP and BGP sequences was pro-
duced using a similar procedure. Because there was no recognizable
similarity between the MGP and the BGP sequences outside the con-
served Gla region, only the latter part of the alignment was kept.
Sequence logos presented in Fig. 3 were created from the T-Coffee
multiple sequence alignments using the WebLogo facilities (35). The
sequence logos are presented as a graphical display where the height of
each letter is made proportional to its frequency. This shows the con-
served residues as larger characters. Putative signal peptide and phos-
phorylation sites were identified in protein sequences using the SignalP
and NetPhos facilities, respectively (29, 30).

Sequence Identity—Pairwise sequence identity values were com-
puted as percent of identical residues over the total number of aligned
residues using alignments generated with T-Coffee.

Phylogenetic Analysis—All maximum likelihood phylogenetic trees
were built from T-Coffee amino acid alignments using the Quartet
puzzling algorithm of the Tree-Puzzle software (36). The PAM250
mutation data matrix was chosen because it produced the smallest
number of unresolved quartets in all cases. A total number of 100,000
puzzling steps was used, 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). Test runs
were also performed with Proml from the Phylip suite of programs
(37). Constraint phylogenetic trees were generated using TreeView
(38), where the internal branch labels, which are an estimate of
branch assignment reliability, are Tree-Puzzle branch support values
and must not be confused with the bootstrap values produced by other
programs, e.g. Phylip.

Calculation of Evolutionary Rates—If a clock-like behavior for evo-
lution is assumed, approximate rates of evolution for molecular se-
quences can be calculated from sequence distances, provided that di-
vergence times between taxa are known from the fossil record (39).
Distances between groups were calculated from the T-Coffee BGP and
MGP multiple sequence alignments using the Grishin formula to cor-
rect for multiple substitutions and rate variation among sites (40). The
mammalian-avian split (310 Myr ago), tetrapod-fish split (405 Myr
ago), mammalian-amphibian split (200 Myr ago), radiation of teleosts
(430 Myr ago), and radiation of mammals (100 Myr ago) (41-43) were
used to convert evolutionary distances in PAM (point accepted muta-
tions per 100 aa) per Myr. The final rates were averages of the values
obtained with the above times. The clock-like assumption was checked
with the Tajima test (44) and accepted at the 95% level for all triplets
of sequences.

RESULTS

Cloning and Identification of New BGP and MGP Sequenc-
es—To increase the likelihood of identifying all available BGP
and MGP sequences from the vast amount of sequence data,
various homologues were used as query sequences to search
public sequence data bases. Positive search results were con-
sidered to be members of the BGP/MGP family if they showed
significant sequence similarity to any of the previously identi-
fied members and if this similarity extended throughout the
protein. Numerous sequences previously identified as BGP or
MGP were collected, and their accession numbers or reference
number (59) in the literature is indicated in Fig. 1. Our search
within public data bases also identified many ESTs and whole
genome shotgun sequences with similarities to previously char-
acterized sequences from which we could reconstruct 6 cDNAs
(pig BGP and MGP, rainbow trout BGP and MGP, Atlantic
salmon MGP, and channel catfish MGP) and 2 genes (Torafugu
MGP and green pufferfish MGP). Finally, 4 cDNAs (toadfish
BGP and MGP, striped burrfish MGP, and Nile tilapia BGP)
and 1 gene (zebrafish BGP) were amplified by reverse tran-
scription-PCR from RNAs prepared from calcified tissues or by

Evolution of MGP and BGP in Vertebrates

TaBLE IT
Phase and length of introns present in BGP and MGP coding region
Phase of intron is defined according to Patthy (46) and is indicated in
parentheses (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). Intron sizes are in base pairs.

BGP Intron 1 Intron 2 Intron 3
African clawed frog 318 (ii) 827 (ii) 1165 (iii)
Human 257 (ii) 170 (ii) 201 (iii)
Norway rat 148 (ii) 143 (ii) 200 (iii)
House mouse 144 (i) 141-142 (ii) 206 (iii)
Gilthead seabream 197 (ii) 1713 (ii) 221 (iii)
Green pufferfish 390 (ii) 77 (ii) 96 (iii)
Torafugu 467 (ii) 96 (ii) 88 (iii)
Zebrafish 257 (ii 2152 (ii 105 (iii

African clawed frog 986 (ii) 1985 (ii) 1490 (iii)
Human 1485 (ii) 1165 (ii) 691 (iii)
Norway rat 1409 (ii) 984 (ii) 406 (iii)
House mouse 1375 (ii) 1023 (ii) 390 (iii)
Gilthead seabream 114 (ii) 219 (ii) 283 (iii)
Green pufferfish 91 (ii) 133 (ii) 142 (iii)
Torafugu 98 (ii) 617 (ii) 179 (iii)
Zebrafish 112 (ii) >194 (ii) >677 (iii)

TaBLE III

Comparison of genome and total intron size

Intron total size
(pg) BGP MGP

Haploid C-value

Species

African clawed frog 3.30+0.31*° 2310 4461
Human 3.50° 628 3341
Norway rat 3.36 +0.40*® 491 2799
House mouse 3.28+038 491-492 2788
Gilthead seabream 1.36 2131 616
Green pufferfish 035¢ 563 366
Torafugu 040" 651 894
Zebrafish 1.86+0.24 ** 2514 >983

“ Mean value = S.D.

® From www.genomesize.com.
¢ This study.

< From Lamatsch et al. (58).
¢ In base pairs.

PCR from genomic DNA using the oligonucleotides listed in
Table I. The identity of the amplified fragments was confirmed
by sequence comparison with previously annotated sequences.
Rhesus macaque MGP (Macaca mulatta, GenBank™ accession
number AF162477) and steppe bison BGP (Bison priscus,
Swiss-Prot accession number P83489) were not included in this
study because the sequences were too small or identical to
domestic cattle BGP, respectively. No evidence for the presence
of any pseudogenes or alternatively spliced transcripts was
found. The GenBank™/Swiss-Prot accession numbers of all
osteocalcin and matrix Gla protein sequences used in this study
are listed in Fig. 1.

Taxa Represented—A total of 48 complete or nearly com-
plete sequences (28 BGPs and 20 MGPs) have been identified
from 32 different species representing most classes of verte-
brates (and only in vertebrates). These include mammals,
birds, amphibians, bony fish, and cartilaginous fish (Fig. 1).
Only one homologue of MGP and BGP was identified per
species with one exception (the mouse, with a cluster of three
BGP-related genes (45)). No homologues were found in ar-
chaea, bacteria, viruses, fungi, plants, arthropods, nema-
todes, and chordates, especially in the complete genomes of
Saccharomyces cerevisiae, Drosophila melanogaster, Arabi-
dopsis thaliana, Caenorhabditis elegans and Ciona intestina-
lis, the closest non-vertebrate ancestor of vertebrates with its
genome completely sequenced.
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TaBLE IV
Pairwise percent identities among BGP (lower triangle) and MGP (upper triangle) protein sequences

Diagonal bold values are sequence lengths, and shaded areas indicate identities within different groups of organisms (black, birds and
amphibians; dark gray, mammals; light gray, fish). The identity values are calculated from alignments described in the text.

Dr| 104 Gga Dr Ip Tr Tn Cs Ar Sa Sse Hd Om Ssa XI Gg Hs Bt Ss Oc Mm Rn |[MGP*
Cc| 79 48 102730 32 26 30 29 "33 32 35 33 30 31 37 32 28 26 27 27 27 26 |Gga
Tr| 56 58 90 105 48 39 40 38 47 44 48 44 49 50 40 35 28 29 29 27 28 27 |Dr
Tn| 52 54 87 B89 105 37 41 38 47 44 49 44 46 45 39 37 32 33 35 33 34 33 |lp
Arl 49 58 49 54 97 110 60 50 65 54 53 54 49 48 236 231 32 32 36 35 32 22 |Tr
Sa| 59 73 48 52 69 97 117766 56 55 64 51 S0 53 33 36 33 32 36 35 31 32 |Tn
Lm| 73 80 67 69 73 87 45 90 62 71 68 70 S50 50 31 29 28 27 29 27 27 28 |Cs
On| 69 73 49 51 63 86 84 65 117 83 76 79 56 59 44 36 36 37 38 39 38 37 |Ar
Xg| 70 60 74 72 66 64 64 62 47 117 81 91 56 59 43 37 39 39 40 40 38 39 |Sa
Sse| 60 71 48 47 63 73 80 78 60 97 144 79 61 64 38 38 37 38 39 38 37 38 [Sse
Hdf 54 60 44 47 63 65 71 77 62 71 97 117 58 58 42 39 41 41 42 42 3% 41 |Hd
Om( 61 69 46 45 49 59 71 63 60 59 57 74 114 96 41 38 35 36 37 36 34 36 [Om
Gg| 28 29 28 29 32 28 31 28 38 28 28 27 98 112 42 38 35 36 37 36 34 36 [Ssa
Dn| 38 33 44 42 40 35 36 33 45 35 40 35 48 1ws il 50 51 52 47 49 50 X
Xl 27 33 32 34 31 31 40 32 47 34 31 28 101 103 55 55 55 52 50 53 |Gga
Hs| 28 31 37 37 37 34 38 35 47 34 34 32 49 73 49 103 | { 1 84
Mfl 35 31 45 45 41 37 38 35 47 35 41 37 63 73 T1
Ec| 35 31 45 45 41 37 38 35 47 35 41 Iy 61 73 T
Ss| 35 31 43 43 39 35 36 33 45 33 39 35 57 71 67
Bt| 2r 31 34 35 37 34 38 35 47 35 35 32 47 73 H1
Ch| 29 25 37 37 33 29 29 27 38 27 33 29 51 65 61
Oal 31 27 39 39 35 31 31 29 40 29 35 31 55 69 65
Fc| 33 29 41 41 37 33 33 31 43 31 37 35 57 71 65
Cfl 3r 33 45 45 43 37 38 35 47 35 41 3y 51 71 65
Sel 2r 23 37 35 33 27 ¥ 24 3/ 27 31 29 55 B3 61
Oc| 37 33 45 45 43 37 38 35 47 35 41 37 55 65 63
Mm| 32 29 36 36 37 34 36 32 40 34 34 26 39 48 40
Rn| 30 31 37 37 36 31 36 32 45 31 32 27 43 63 45 N 7e. 73 ‘82 -
BGP*| Dr Cc Tr Tn Ar Sa Lm On Xg Sse Hd Om Gg Dn XI Hs Mf Ec & Ch Oa Fc Cf Se Oc Mm Rn

* Ar, Argyrosomus regius (meagre); Bt, Bos taurus (domestic cattle); Cc, Cyprinus carpio (common carp); Cf, Canis famillaris (domestic dog); Ch,
Capra hircus (goat); Cs, Chilomycterus schoepfi (stripped burrfish); Dn, Dromaius novaeholiandiae (emu); Dr, Danio rerio (zebrafish); Ec, Equus
caballus (horse); Fe, Felis catus (domestic cat); Gg, Gallus gallus (chicken); Gga, Galeorhinus galeus (soupfin shark); Hd, Halobatrachus didactylus
(toadfish); Hs, Homo sapiens (human); Ip, Ictalurus punctatus (channel catfish); Lm, Lepomis macrochirus (bluegill); Mf, Macaca fascicularis
(crab-eating macaque); Mm, Mus musculus (house mouse); Oa, Ovis aries (sheep); Oc, Oryctolagus cuniculus (European rabbit); Om, Oncorhynchus
mykiss (rainbow trout); On, Oreochromis niloticus (Nile tilapia); Rn, Rattus norvegicus (Norway rat); Sa, Sparus aurata (gilthead seabream); Se,
Setonix sp. (wallaby); Ss, Sus scrofa (pig); Ssa, Salmo salar (Atlantic salmon); Sse, Solea senegalensis (Senegalese sole); Tn, Tetraodon nigroviridis
(green pufferfish); Tr, Takifugu rubripes (torafugu); Xg, Xiphias gladius (swordfish); XI, Xenopus laevis (African clawed frog).

Structure of MGP and BGP Genes—BGP and MGP gene
structure organization was determined from 16 genes repre-
senting 8 different species (non-fish species: African clawed
frog, human, Norway rat, and house mouse; fish species: gilt-
head seabream, green pufferfish, torafugu, and zebrafish). For
each new gene, putative splice sites and potential coding re-
gions were predicted using GenScan. Predictions were verified
by aligning the predicted amino acid sequences with those
already characterized in other species and further confirmed by
comparison with known gene structures. Results presented in
Fig. 2 showed that BGP and MGP genes shared the same
simple gene organization with four coding exons and three
introns splitting the coding region. The phase of introns posi-
tioned in the coding sequence is also rigorously conserved not
only among all BGP and all MGP genes but also between BGP
and MGP genes (Table II). The intron phases, as defined by
Patthy (46), in both BGP and MGP genes are: phase 1 for the
first intron, phase 1 for the second intron, and phase 2 for the
third intron. Although the lengths of exons are well conserved
within as well as between BGP and MGP genes (exon 4 > exon
3 > exon 1 > exon 2), the total size of introns varies from 491
to 2514 bp in BGP genes and from 366 to 4461 bp in MGP genes
(Table II). These variations are not related to the size of the
genome (species with long introns are not necessarily those
with big genomes; Table III), to a subset of sequences (fish
versus non-fish sequences; Fig. 2) or to the compactness of the
chromosome region to which they belong. Altogether, these
results suggest an overall conservation of gene structure be-
tween MGP and BGP.

Conserved Features of MGP and BGP—In pairwise compar-
isons of all BGP or MGP protein sequences (Table IV), overall

sequence identity was 63 = 11 (fish BGP), 65 = 15 (amphibian
and bird BGP), 79 + 11 (mammalian BGP), 52 * 15 (fish MGP),
50 = 0 (amphibian and bird MGP), and 84 * 3 (mammalian
MGP) indicating more constrained sequences in mammals, es-
pecially for MGP. Protein size was found to be significantly
different between BGPs and MGPs, the latter being the larger,
for which it contributed the absence of a propeptide. Accord-
ingly, BGPs were 97 + 4 aa (unprocessed protein) and 48 = 2
aa (mature protein), whereas MGPs were 110 = 10 aa (unproc-
essed protein) and 92 + 10 aa (mature protein). Higher varia-
tion in length within MGPs can be attributed to a larger pro-
tein in fish (116 = 11 aa (unprocessed protein) and 97 + 10 aa
(mature protein) in fish versus 103 *= 0 aa (unprocessed pro-
tein) and 84 *= 0 aa (mature protein) in non-fish sequences)
resulting mainly from an extended C terminus.

Analysis of MGP and BGP logos (Fig. 3) generated from
T-Coffee multiple sequence alignments identified highly con-
served residues (23 in MGP and 20 in BGP) that have been
further analyzed using bibliographical data and tools available
through the Internet. The following conserved domains were
identified. 1) A transmembrane signal peptide was found in
both BGP and MGP to control protein entry into the secretory
pathway. Signal peptides were predicted to be 16—21 and
18-25 aa long in MGP and BGP, respectively. 2) A propeptide
was found in BGP but not in MGP. The propeptide is cleaved by
furin at the RX(K/R)R polybasic cleavage site that is present in
all BGPs with one exception (meagre BGP, where the cleavage
site is RXXR). This is a common feature for proteins known to
require post-translational proteolytic processing such as clot-
ting factors (47). 3) A phosphorylation domain was found in
MGP (48) as well as 4) a y-glutamyl carboxylation recognition
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Fic. 3. Conserved features among vertebrate MGP (A) and
BGP (B) proteins. Sequence logos reveal the conservation of residues
at particular positions in the protein sequence. Highly conserved resi-
dues are in black. *, Gla residues; 1, tyrosine at position 22 in MGPs,
except in Ictalurus punctatus MGP; 2, serine at position 32 in
MGPs, except in G. galeus MGP; 3, glutamic acid at position 88 in
MGPs, except in mammals; 4, aspartic acid at position 89 in MGPs,
except in G. galeus MGP; 5, proline at position 74 in BGPs, except in
fish; 6, leucine at position 91 in BGPs, except in fish; 7, only in fish.
CP, carboxypeptidase.

site, which targets the VKD proteins to the y-glutamyl carbox-
ylase (GGCX). It is most likely that this region docks with the
membrane-bound GGCX, bringing the active site of the enzyme
in close proximity to the substrate glutamate residues on the
precursor form of VKD proteins. 5) An ANXF domain was
found in MGP, which is likely to be a proteolytic cleavage site
involved in post-translational processing. 6) Two invariable

Evolution of MGP and BGP in Vertebrates

cysteine residues required for intramolecular disulfide bridge
were also identified. 7) A C-terminal Gla domain was found in
both BGP and MGP, where the majority of the Glu residues are
carboxylated. This domain is responsible for the high affinity
binding of calcium ions. A conserved motif is found in the
middle of the domain, which seems to be important for sub-
strate recognition by the carboxylase. 8) A C-terminal car-
boxypeptidase processing site was found removing the exposed
C-terminal basic residues. Interestingly, when rating the gene
structure with the protein domains of MGP/BGP it is clear that
each coding exon always encodes the same protein domain(s)
(Fig. 4). Exon 1 encodes the complete transmembrane signal
peptide and its cleavage site; exon 3 encodes the carboxylase
recognition site, a proteolytic cleavage site (ANXF in MGP and
RXXR in BGP) and part of the Gla domain; and exon 4 encodes
the major part of the Gla domain including the canonical cys-
teine residues. Exon 2, the smallest exon in both genes, encodes
a domain exhibiting less conservation; it is a highly conserved
phosphorylation domain in MGP and a poorly conserved region
of the BGP propeptide with no function assigned yet (Figs. 3
and 4). Altogether, these results suggest an overall conserva-
tion of protein structure between MGP and BGP.

Putative serine, tyrosine, and threonine phosphorylation
sites were identified for each sequence using NetPhos. No
conserved phosphorylation site was identified in BGP,
whereas three highly conserved serine phosphorylation sites
(positions 25, 28, and 31 in the consensus sequence) were
found in MGP (Fig. 3A). Interestingly, a serine phosphoryla-
tion site (position 78) and two tyrosine phosphorylation sites
(positions 90 and 96) were also highly conserved but only in
fish and amphibians (Ser-78), in mammals (Tyr-90) or in
mammals and amphibians (Tyr-96).

Domains identified through the T-Coffee/Logo analysis were
converted to PROSITE-like domain definition (Table V) and
used to scan Swiss-Prot (release 45.0) and TrEMBL (release
28.0) vertebrate entries using the ScanPROSITE facilities at
us.expasy.org. MGP phosphorylation domain definition identi-
fied most MGPs (only one exception, Galeorhinus galeus MGP),
other matrix- or bone-related proteins (dentin matrix protein 1
and osteopontin-like protein), and proteins apparently unre-
lated to mineralization mechanisms. The ANXF domain defi-
nition identified all MGPs, the VKD TMG4 protein, osteomodu-
lin (extracellular matrix protein produced by osteoblasts), and
many other proteins including protein kinases and membrane
receptors. GlaMGP and GlaBGP domain definitions identified
all and only MGPs and BGPs, respectively. Similarly the
GlaXGP domain definition identified all and only XGPs (bone
and matrix Gla proteins). Therefore the BGP/MGP Gla domain
can be considered the core family domain. The efficiency of the
GlaXGP pattern in identifying BGPs and MGPs was evaluated
using Swiss-Prot release 45.0 and TrEMBL release 28.0 (con-
taining 25 BGPs and 16 MGPs) and compared with similar
published pattern definitions including (i) PROSITE PS00011,
(i1) Pfam PF00594, (iii) Smart SMO00069, and (iv) InterPro
IPR000294 and IPR002384. Published pattern definitions
never identified the whole set of BGP/MGP sequences and
always picked up other sequences, mostly other members of the
VKD protein family (Table VI). On the contrary, the GlaXGP
pattern definition identified all and only reference sequences
demonstrating its specificity and its suitability to identify bone
and matrix Gla proteins.

Evolutionary Aspects—Maximum likelihood Quartet puz-
zling phylogenetic trees were generated from BGP, MGP, and
Gla domain T-Coffee multiple sequence alignments (28, 20, and
48 sequences, respectively) excluding poorly conserved regions
(Fig. 5). Phylogenetic trees were rooted with either the se-
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y-glutamyl carboxylase recognition site; P, phosphorylation; C, conserved cysteine residues; ANXF, RXXR, and RR indicate proteolytic cleavage

sites; E, exon.

TABLE V
List of conserved motifs identified in BGP and MGP

Domain name PROSITE-like definition
Matrix Gla protein
Phosphorylation [ED]-8-x-E-8-x-E-S-x-[ED]
ANXF cleavage site A-N-[TSGAI]}-F-[MI]
GlaMGP E-x(3)-E-x-C-[ED]-[ED]-x(3)-C-x(3)-A-x(3)-G-x(3)-A-Y
Bone Gla protein _ ;
Propeptide cleavage site R-X-[KR]-R * or R-X-X-R
GlaBGP E-x(3)-E-x-C-E-x(4)-C-[ED]-x(3)-D-x(2)-G-x(3)-A-Y
Bone and matrix Gla proteins i
GlaXGP E-x(3)-E-x-C-[ED]-x(4)-C-x(7)-G-x(3)-A-Y

GGCX" recognition site  [APVL]-[FVL]-{MVL]-x(4)-A ©

“ Preferred site.
b y-Glutamyl carboxylase.
¢ Poorly conserved site.

TABLE VI
Efficiency of selected pattern definitions to identify MGP and BGP
reference sequences (containing at least the mature protein) searching
Swiss-Prot (release 45.0) and TrEMBL (release 28.0) data bases

Motif BGP* MGP" Other hits
PROSITE PS00011 25/25 11/16 142
PFAM PF00594 24/25 15/16 144
SMART SM00069 17/25 10/16 173
INTERPRO IPRO00294 22125 11/16 131
INTERPRO IPR0O02384 20/25 9/16 34
Thisstudy  GlaXGP 25125 16/16 0

“ 25 BGP reference sequences.
® 16 MGP reference sequences.
¢ Vertebrate entries, including other members of the VKD family.

quence of the more ancient species (G. galeus MGP (GgaMGP))
for the MGP and Gla domain trees; Fig. 5, A and C) or the more
ancient taxa (bony fish for the BGP tree; Fig. 5B). In agreement
with the generally accepted phylogeny of vertebrates, our anal-
ysis clustered amphibian, avian, and mammalian sequences
separately from that of fish. The unexpected position of the
toadfish MGP (Halobatrachus didactylus MGP) in the MGP
tree (toadfish is part of the Paracanthopterygii superorder, and
H. didactylus MGP is therefore not expected to cluster together
with proteins from Acanthopterygii) was confirmed by the clon-
ing and the sequencing of a 194-bp MGP ¢cDNA fragment from
a closely related species, the oyster toadfish Opsanus tau (Gen-
Bank™ accession number AY383483).2 The peptide encoded
(including 65% of the mature protein and most of the Gla
domain) was 100% identical to H. didactylus MGP. This result

may be due to the lack of a sufficient phylogenetic signal,
caused by both short sequence length and high conservation of
fish MGP sequences. Phylogenetic analysis of the Gla domain
supports the notion that MGP and BGP represent distinct
evolutionary groups (Fig. 5C), as indicated by the relatively
high branching support values.

Based on the calibration points described under “Experimen-
tal Procedures,” both BGP and MGP averaged evolutionary
rates that were close to 1.00 X 102 changes/site/Myr. These
rates place BGP and MGP in the class of slowly evolving
proteins (49), indicating a strong evolutionary pressure to con-
serve the sequence and likewise the structure.

Time Scale for BGP and MGP Origin—To estimate approx-
imate times for the emergence of the MGP and BGP se-
quences, average intragroup evolutionary distances were es-
timated for the BGP and MGP sequences using the Grishin
formula and the Gla region alignment of the 48 sequences.
These average distances were then converted in time units
using the previously estimated evolutionary rate of 0.1 PAM/
Myr. Based on this estimate, the origin of MGP is placed at
480 = 133 Myr ago and that of BGP at 381 = 102 Myr ago.
Although these values are only indicative, they agree well
with our hypothesis for the origin of MGP and BGP in rela-
tion to the phylogeny of animal species (see “Discussion” and
Fig. 7).

DISCUSSION

This work identified 13 new sequences (8 MGPs and 5
BGPs) through ¢cDNA cloning or sequence reconstruction,
increasing the number of available sequences to 48 (20 MGPs
and 28 BGPs). Taking advantage of the resulting large
amount of data, we have compared MGP and BGP genes and
proteins, created multiple sequence alignments to identify
conserved features likely to be important for protein struc-
ture, function, and regulation, and performed a phylogenetic
analysis of both proteins.

MGP and BGP Are Vertebrate-specific Proteins—This work
identified sequences across 32 different species representing
most classes of vertebrates (including mammals, birds, am-
phibians, bony fish, and cartilaginous fish) but none in other
organisms (including archaea, bacteria, viruses, fungi, plants,
arthropods, nematodes, and chordates). An extensive in silico
analysis of public data bases available through the Internet
failed to identify a Gla domain within non-vertebrate genomes
already complete. However, the fruit fly D. melanogaster pro-
tein Msp-300 (muscle-specific protein 300) (50) has shown some
homology with the MGP Gla domain.? The homologous region

2C.S. B. Viegas, V. Laizé, and M. L. Cancela, unpublished results.

3P. A. Price and M. K. Williamson, unpublished data.
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Fic. 6. Msp-300 pseudo-Gla domain. MGP sequence is presented
as sequence logos, where highly conserved residues are displayed as
large black characters and an asterisk indicates Gla residues found in
vertebrate proteins. Disulfide bond linking invariant cysteine residues
is also indicated.

is located at the C terminus of Msp-300 and is only 18 aa long
(Fig. 6). Despite being short, this region contains important
MGP-conserved features like the invariant cysteine residues
involved in intramolecular disulfide bridge and 3 Glu resi-
dues shown to be y-carboxylated in vertebrates. A vitamin
K-dependent y-glutamyl carboxylase has also been described

in D. melanogaster (51) suggesting that Glu residues present
within the pseudo-Gla domain of Msp-300 could be y-carbox-
ylated and play a role in calcium binding. Despite similarities
in both sequence and tissue distribution (i.e. both proteins
are expressed in muscle cells), Msp-300 is clearly not a ma-
trix Gla protein, and similarities observed in protein se-
quences may only indicate that MGP and Msp-300 ancestors
have shared at some point the same Gla-like domain that
evolved differently, but have retained some characteristic
features.

MGP- and BGP-conserved Features—Many invariant resi-
dues (shared or not between MGP and BGP) have been identi-
fied in consensus sequences obtained from multiple align-
ments. Their conservation over more than 450 million years of
evolution strongly suggests that these residues are required for
correct protein structure or to preserve a critical function or
interaction (e.g. MGP with BMP2). It has been possible to
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Fic. 7. MGP and BGP emergence
during vertebrate evolution as a re-
sult of genome duplication events.
Evolution time is in millions of years
(Myr). Breaks in arrows indicate that
lines of evidence of the existence of MGP

and BGP are from preliminary unpub- N.D.

lished results, i.e. MGP- and BGP-like im-
munoreactive proteins have been ob-
served in lamprey and in shark,
respectively (Footnote 7). Cartilag., carti- N.D.
laginous; N.D., not detected.

cluster these conserved residues into various functional do-
mains and post-translational processing sites. Some of them
have been identified in previous studies (48, 52, 53), but one is
described for the first time in this work (the ANXF putative
peptide cleavage site) although it has already been observed in
the past.? This site is present in MGP and would cleave what is
considered the core of the protein (the C terminus containing
the Gla domain) from the N terminus containing the phospho-
rylation and the GGCX domains. The purification of low mo-
lecular weight MGP fragments identifying a cleavage site after
the asparagine (N) residue of the ANXF domain further con-
firmed the post-translational proteolytic processing of MGP at
this site (12).5

In silico analyses of available sequences have predicted three
highly conserved serine phosphorylation sites within the N-
terminal domain of MGP and none in BGP in agreement with
previous in vitro studies (48).° It has been proposed recently
that the Golgi casein kinase could be responsible for MGP
phosphorylation at these sites (54), a post-translational modi-
fication that would serve as a sorting signal for MGP.

MGP and BGP Phylogeny—Vertebrate phylogeny estimated
from the BGP and MGP set of sequences is consistent with the
generally accepted phylogeny of vertebrates estimated from
morphological and palaeontological data and is also in agree-
ment with previous studies (7, 13, 55) even though a rather
more extensive set of sequences is used. A number of branches
display low support values, indicating poor agreement between
the multiple solutions produced by the Quartet puzzling algo-
rithm (36). This is more clearly seen in the case of BGP, where
most branches have values below 90% (support values below
50% were omitted, producing multifurcated branching). The
shorter length of the BGP sequences and the greater degree of
conservation may contribute to the low support values because
they result in a weak phylogenetic signal. Despite these re-
sults, separation between BGP sequences of fish and land
animals is strongly supported. The Quartet puzzling tree for
MGP is much better defined, with only one support value lower
than 50% and many greater than 90%. Clustering of the vari-
ous species agrees exactly with the accepted phylogeny of ver-
tebrates except for the clustering of H. didactylus MGP and
S. aurata MGP. As described previously, the H. didactylus
MGP sequence is known with a high degree of certitude, so the
unexpected high similarity between the two sequences must
come from random mutation noise obliterating the phyloge-
netic signal. Molecular trees obtained from the analysis of the
BGP and MGP set of sequences are not species trees, and a
number of evolutionary processes can introduce differences
between a correctly estimated gene phylogeny and the correct

4P. A. Price and M. K. Williamson, unpublished data.
5P. A. Price personal communication.
6 P. A. Price, unpublished laboratory data.
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species phylogeny. These processes are horizontal transfer,
duplication and loss, and deep coalescence (56).

Overall phylogenetic analysis based exclusively on the Gla
motif region of both MGP and BGP is able to differentiate the
two proteins and the land/sea taxon but beyond that, all
branching is very poorly defined. This is obviously because of
the small number of aligned residues and high amount of
sequence conservation. However, it must be stressed that the
Gla motif region contains enough information to tell BGP and
MGP apart and their sea/land taxa. When more structural
information is available, it may be possible to correlate these
differences with adaptation to the different environments.

Origin and Evolution of BGP and MGP—It is quite clear that
BGP and MGP have a common origin and that they are more
closely related to each other than to any other VKD protein.
This is well supported by the data base searching, the exon
patterns, and protein sequence alignments showing that 1)
BGP and MGP genes share the same simple gene organization
and protein structure and 2) the C-terminal domain signature
is similar in MGP and BGP. It is also clear that BGP and MGP
are nearly if not completely absent in most non-vertebrate
taxa. Levels of sequence similarity between BGP and MGP are
much higher than one would expect to occur by convergence,
suggesting that this gene group originated through gene dupli-
cation followed by subsequent sequence divergence. This dupli-
cation (gene, chromosome, or genome duplication) probably
occurred very early in vertebrate evolution, being almost cer-
tainly an ancient event. Strong evidence for whole genome
duplication has been shown for vertebrates (57). After the
divergence of the cephalochordates from the chordate line, a
genomic duplication occurred before jawless fish evolved
around 500 Myr ago (Fig. 7). Another genomic duplication
event probably led to the evolution of jawed fish around 400
Myr ago (Fig. 7). These two duplications led to the development
of many distinctive vertebrate features, such as cartilage and
bone. We hypothesize that the first genome duplication (before
the branching of jawless fish) originated the ancestor gene of
MGP, and the second genome duplication (before the branching
of cartilaginous fish) would have produced the BGP ancestor
gene. The BGP (380 Myr ago) and MGP (480 Myr ago) emer-
gence times estimated from the evolutionary rate agree well
with this conjecture. The appearance of MGP would be followed
by cartilage formation and that of BGP by bone formation.
After duplication, gene duplicates (BGP in this case) often
experience relaxed evolutionary constraints. This promotes
functional diversification of duplicates and biochemical inno-
vation through mutations and recombination. In other words,
duplicates evolve to acquire new functions. Several more spec-
ulative lines of evidence for BGP being a duplicate of MGP have
been collected: 1) the presence of a MGP-like immunoreactive
protein has been observed in lamprey (the more ancient species
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tested), whereas BGP was not detected”; 2) MGP is associated
with cartilage, which appeared with the first vertebrates,
whereas BGP is only associated with bone, a structure that
appeared later in evolution; and 3) BGP seems to be better
conserved than MGP.

Although the existence of BGP and MGP paralogues and/or
pseudogenes cannot be ruled out, the absence of genes identified
during both our survey and our various cloning events in differ-
ent species that could have resulted from vertebrate genome
duplication tends to confirm this hypothesis. The only exception
identified so far, the mouse BGP gene cluster (45), is likely to be
a recent duplication event after the rodent branching.

Conclusions—Our results support the hypothesis that: 1)
bone and matrix Gla protein genes originated from two genome
duplications that occurred around 500 and 400 Myr ago before
jawless and jawed fish evolved, respectively; 2) cartilage and
bone tissues arose concomitantly with the appearance of MGP
and BGP, respectively; and 3) BGP is a duplicate of MGP.
Finally we propose highly specific pattern definitions for the
BGP and MGP Gla domain that should help to reliably identify
bone and matrix Gla proteins in the growing family of non-
annotated sequences originating from the numerous sequenc-
ing projects.
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