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ABSTRACT. Osteocalcin is a small (45 amino acids) secreted protein found to accumulate in bone and
dentin of many organisms by interacting with calcium and hydroxyapatite, through the presence of three
y-carboxylated residues. In this work, we describe the first X-ray crystal structure for a nonmammalian
osteocalcin, obtained at 1.4 A resolution, purified from the marine teleosifigfrosomus regiusThe
three-dimensional fit between thfe regiusstructure and that of the only other known X-ray structure,

the porcine osteocalcin, revealed a superposition of thet®ms of their metal chelating residues, Gla
and Asp, showing that their spatial distribution is consistent with the interatomic distances of calcium
cations in the hydroxyapatite crystals. In both structures, the protein forms a tight globular arrangement
of their threea-helices while the remaining residues, at N- and C-terminal regions, have essentially no
secondary structure characteristics. This study revealed the presence of afoarboxylation at GIgp,

not previously detected in the structure of the porcine osteocalcin or in any other of the sequentially
characterized mammalian osteocalcins (human, cow, and rat). A confirmation of the fourth Gla residue in
A. regiusosteocalcin was achieved via E®AS analysis. These four doubly charged residues are, together
with Asp?4, concentrated in a common surface region located on the same side of the molecule. This
further suggests that the known high affinity of osteocalcin for bone mineral may be derived from the

clustering of calcium binding sites on this surface

Osteocalcin, also called bone Gla protein or BGRas
the first member of the calcium binding and vitamin
K-dependent protein family not associated with blood

of the molecules.

apatite (0, 14, 15) and are located in the central, conserved
portion of the molecule. In contrast, its N-terminal part
exhibits considerable sequence variatidn§, 9, 13).

coagulation to be described, sequenced, and characterized |njial studies showed that osteocalcin binds strongly to

(2, 3). This small protein of 4650 amino acid residues
(depending on the speciesd, (5) is secreted mainly by
osteoblasts. It is also one of the most abundant-@b)
noncollagenous proteins in bones of most vertebrates exam
ined to date, from bony fish to mammals (depending on
species, age, and site), 6—9).

Conserved elements in all osteocalcin sequences examine
to date include a single disulfide bond (C€%sCys>) using
Argyrosomus regiusmino acid sequence numbering, and
three y-carboxyglutamic acid residues (Gla) located at
positions 11, 15, and 18(9—13). These Gla residues are
thought to facilitate adsorption of osteocalcin to hydroxy-
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hydroxyapatite crystals’f and affects mineral formation and
mineral crystal growth in solutionl@, 17). Several studies
also suggested a role for osteocalcin as a matrix signal for
the recruitment and differentiation of osteoclast8-21).
However, the understanding of the physiological function

f osteocalcin was substantially advanced when a model for
(Esteocalcin gene deficient mice was generated through mouse
genetics 22). The osteocalcin “knockout” mice were char-
acterized by a progressive increase in bone mass and
accelerated rate of bone formatio22). Studies with this
animal model provided evidence for osteocalcin as a negative
regulator of bone formation without altering bone resorption
or mineralization, although the precise mechanism by which
osteocalcin exerted its control remained unclear. Subsequent
studies on the osteocalcin knockout mice using Fourier
transform infrared microspectroscopy (FT-IRM) indicated an
apparent impaired bone maturation in these animals, implying
a role for osteocalcin in stimulating bone mineral maturation
(23). Despite this growing block of information, much
remained to be understood concerning the molecular mech-
anism of action of this protein and the way it could interact
in vivo with mineral ions and in particular with calcium.

Circular dichroism (CD) 15, 24, 25) and'H NMR (24,
26) studies were performed to elucidate the structure of avian
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and mammalian osteocalcins in solution. They all agreed thatproteins was performed on the basis of previously described
the metal-free osteocalcin was essentially in a random coil procedures4, 5, 31). Briefly, the mineralized material was
conformation, but upon addition of millimolar levels of €a ground in a mortar with liquid nitrogen to less than 1 mm in

it shifted into ana-helical structure. diameter, extensively washed wi6é M guanidine-HCI and
The predicted secondary structure, calculated accordingwater, and dried with acetone; 63 g of clean and dry bone
to the definitions of Chou and Fasma@7] of chicken, powder was demineralized with 10% formic acid, dialyzed

several mammalian, and swordfish osteocalcit®,(gave  (SpectraPor 3) against 50 mM HCl, freeze-dried, resuspended
common features since these species share extensive séd 6 M guanidine-HCI, 0.1 M Tris-HCI (pH 9), and 10 mM

quence identity. The model predicted two antiparatiieli- EDTA, and further dialyzed (SpectraPor 3; Spectrum,
cal domains for the mammalian and chicken osteocalcins, Gardena, CA) against 5 mM ammonium bicarbonate.
several 3-turns, and aB-sheet structure at the carboxyl The resulting soluble desalted protein extract, obtained

terminus in all these species, and also at the amino terminusafter 5 mM ammonium bicarbonate dialysis, was separated
of mammalian osteocalcins. In swordfish, osteocalcin was in 5 mL aliquots and size fractionated af@ over a 2 cm
predicted as a single long-helix that probably occupied x 160 cm Sephacryl S-100 HR (Amersham-Pharmacia)
positions 13-33 (15). In this model, all Gla side chains were equilibrated with the same buffer. The fractions containing
placed on the same face of onehelix, spaced at intervals ~ osteocalcin were identified by SB$AGE analysis, pooled,
of ~5.4 A, closely paralleling the interatomic distance of and further purified by ion exchange chromatography in a 4
Ca&* atoms in the hydroxyapatite lattic&5). cm x 20 cm DEAE-A25 Sephadex column (Amersham-

Several other conformational studies of mammalian os- Pharmacia) with a continuous gradient of 0.1 M Tris-HCl
teocalcins were directed toward the elucidation of the major (PH 8) and 0.75 M NaCl. The peak fractions containing
structural elements of the protein in solution and its metal OSteocalcin were desalted by dialysis (SpectraPor 3) over 2
complexes. These were performed by using one-dimensionad@ys against 5 mM ammonium bicarbonate and 10 mM
(1D) M, 113Cd, and®*P NMR (bovine) 28), 1D 'H NMR E.DTA (pH 8) and furthgrdlalyzed against 5 _mM ammonium
(dog) @9), and 1D and two-dimensional (20H NMR bicarbonate. The purity of the osteopalcm samples was
(rabbit) @4), but the structural information obtained was very analyzed by SDSPAGE, and the protein was freeze-dried
limited. More recently, the three-dimensional structure of and stored at-20 °C. _ _ _
calcium-bound bovine osteocalcin was obtained using 2D Protein Crystal_llzatlon, D|ffra_ct|on Data CoIIecnon, Struc-
1H NMR techniques that calculated a family of 13 structures ture Determination, and Refinemer@rystals of fishA.
(26). The tertiary structure of the protein consisted of an €9ius osteocalcin were obtained by the vapor diffusion
unstructured N-terminus, a C-terminal loop, and several Method using sitting drops in VDX Plates (Hampton
elements of secondary structure, including type IIl turns and Résearch). Drops of 14 of protein solution, 10 mg/mL
two a-helical regions. Also in this model, the three Gla ©steocalcin, 5 mM Cagland 30 mM Tris-HCI (pH 8), in
residues were surface-exposed on the same side of the helicgtddition to 1.5 of well solution, 0.2 M MgC}, 30% PEG
turns. The NMR-derived structure was proposed to bind three 4K, and 0.1 M Tris-HCI (pH 8.5), were equilibrated against
calcium atoms coordinated by oxygen atoms from its three 900 mL of well solution at 2I'C over the course of 23
Gla side chain COOH groups and one COOH Asp side chain.Weeks. Heavy atom crystal d_erlvatlves were tentatively
More recently, the X-ray crystal structure of the porcine Produced by soaking osteocalcin crystals in drops of 5 mM
osteocalcin at 2.0 A resolutior8Q) showed a negatively metal salt (salts of_Au, Br, I, Pb, Pt, and Sm were tried), 0.1
charged protein surface that coordinated five calcium ions M MgClz, 0.1 M Tris-HCI (pH 8.5), 10% PEG 4K, and 25%
in a spatial orientation similar to the calcium ion distribution 9lycerol. This solution without the heavy metal was used to
in hydroxyapatite crystal lattice. In this work, the protein wash out excess metal \_/v_lthln crystal solvent channels and
was also shown to form a tight globular structure comprising Was necessary for stabilizing the crystals for X-ray cryo
threea-helices and a short extended strand. measurements. . S

In this report, we present the first X-ray crystal structure Native and several putative hea\(y atom derivative dif-
from a non-mammalian osteocalcin and the identification of raction data sets were collected in-house and at ESRF

a fourth Gla residue in fish osteocalcin, never before detected(Grenogtle.’ F:jafnce). The i:lglhest-resoldutl?n tdt'.ﬁratlzg(ﬂ (Ij_:?_t"’i
in any other osteocalcin molecule, by either X-ray diffraction, were obtained Irom a crystal measured at station )

NMR, or amino acid sequence analysis. Similarities with the E}ESRF) that .r;‘:]‘d beerétentgtlvely s.c;_akeii n a?*Ssllblutlon_; |
previously published mammalian structures include the OWEVEr, neitner produced a significant anomalous signal,

confirmation of osteocalcins being rather globular proteins hor was any heavy atom site found in the structure. These

and presenting a patch of negatively charged residues in thedata were therefore used as native for structure solution and

same face of the molecule. This feature should be responsibler efinement purposes. They resulted from the mergmg.of three
for the high affinity of this protein, in mammals as in fish, data sets measured at different crystal to detector distances,

for bone mineral content through clustering of the calcium porrespondlng to low-, medlum-, and h|gh—r¢solutlon passes,

binding sites. mterleaved_by crystal translatlons_so that in each pass the
beam illuminated fresh crystal regions.

MATERIALS AND METHODS Diffraction intensities (Table 1) were examined with
XdisplayF, processed with DENZO, and scaled with

Extraction and Purification of Osteocalcin from Fish Bony SCALEPACK from the HKL suite32). Using the HKL2MAP

TissuesFishA. regiusvertebra and jaw obtained from five  graphics user interface (T. Pape and T. Schneider, personal

specimens~4 kg wet weight per fish) were cleaned from communication), native and putative derivative data sets were

adhering soft tissues, and the extraction of the Gla-containingscaled together and analyzed with SHELXC (G. M. Sheld-
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obtained structural models were checked against sigmaA

Table 1: Crystallographic Data Statistics . . .
Fourier maps and completed on a graphics workstation,

crystal dimensions (m#h 1x0.16x0.14 . : . . . . :
erystal form colorless prisms alternating with atomic  anisotropic refl_nem_ent using
space group P3,21 REFMAC (38) until the convergence of reliability factors
cell dimensions (A) a=b=48.70c=119.1 (Riree = 24.1% andR = 21.5%). The occupancy refinement
no. of m°|ECU|ESOBef au 534 X of side chains with multiple conformers was further improved
solvent content (%) : with SHELXL (39) leading to the following:Ryee = 23.0%
native Pt derivative andR = 18.8%. _
synchrotron station ESRF. ESRF, Mass Spectrometry Analyglﬁhrpmatography was per-
ID14-EH1 ID14-EH1 formed on 10ug of osteocalcin using a 1.0 mx 15 mm
wavelength (1_&) 0.934 0.934 Vydac C4 reserve phase HPLC column and separated using
resolution limits (A) (outer shell) 3(91-1551040) 42'(336722000) a gradient of 0.05% TFA in 2% acetonitrile and 0.0475%
global completeness (%) (outer shell) 98.5 (96.1) 99 2 (93'2) TFA_m 90% acetonitrile. Fracuon_s were analyzed using an
no. of measured intensities 719298 156588 Applied Biosystems Qstar Hybrid quadrupole TOF mass
no. of unique intensities 32430 21465 spectrometer. The approximate percent of the three- and four-
data rfidundancy 22.2 7.3 Gla species of osteocalcin was calculated on the basis of
R"'e'geg/") (outer shell _ _ 5.6 (30.9) 5.4 (8%) the relative intensities of the [M+ 3H]** ions. These
® Friedel mates considered as independent measurements. percentages correlated with the relative UV absorbance of

the two peaks obtained in the HPLC chromatogram of

rick, personal communication), the heavy atom substructure 0steocalcin.
was determined with SHELXD3@) and the phase problem RESULTS
solved with SHELXE 84). ARPWARP 85), as implemented
in CCP4i @36, 37), was used to automatically trace the three  Structure Content and Model Validatiofihe quality of
polypeptide chains in the experimental maps. The structurethe osteocalcin models to 1.4 A resolution was assessed with
was anisotropically refined with REFMAG®) and SHELXL PROCHECK #3), revealing that the overall stereochemistry
(39), using a thin shellRe set of 893 reflections (2.75% s similar or better than that of the set of reference proteins
of the total) defined by SHELXPRQO30). The fit of the of PROCHECK at the same resolution, with only one amino
molecular model against sigmaAmE, — DF. electron acid localized in the additional allowed and none in the
density maps40) was checked and optimized on a graphics disallowed regions of the Ramachandran diagram (other
workstation using XFIT from the XtalView packagél). refinement statistics in Table 2).

The structure was determined by the single isomorphous The asymmetric unit contains three crystallographically
replacement with anomalous scattering method (SIRAS), independent osteocalcin molecules, termed\(Figure 2),
using a crystal that had been soaked in a potassiumin a total of 126 amino acid residues (the first two to four
tetrachloroplatinate solution, the only salt solution, among N-terminal residues are missing, because they are not visible
all others that were tested, that delivered a clear heavy atomin the electron density maps). Globally, 17 residues were
substructure. The heavy atom substructure comprised fourmodeled with alternating side chains, and five residues have
sites with relative occupancies of 1.0, 0.8, 0.7, and 0.5 their side chains not totally insides1(0.07 e/&) electron
arbitrary unit 83). The maps obtained with the electron density maps. In addition to the protein moiety and the 191
density modification program SHELXE4) clearly showed  solvent molecules that could be satisfactorily refined as
polypeptide motifs (Figure 1) with well-defined side chains waters, the electron density maps also show a set of blobs
where amino acids could be recognized (e.g., Phe, Tyr, andwithin bonding distances of protein carboxylic groups and
His side chain rings with respective holes). The automatically other water molecules. As the crystallization conditions

Ficure 1. Electron density maps avland 3 (blue and pink, respectively) and refined model in stick and anisotropic ellipsoids at 20%
probability. (a) Experimental SHELXE3#) SIRAS map around residues Phand Tyr® of molecule B. (b) Final refined SHELXL3Q)
sigmaA 2nF, — DF. map @0) around the same residues. (c) Final refined SHELXL sigma2— DF. map around residues Cysand

Cys of molecule B, showing their partially broken thioether bridge, with two alternating positions for the SG atom?# dbykthree
positions of the SG atom in C¥s including y; conformationstrans and gauché—). This figure was produced using XFI®Y) and
RASTER3D ¢2).
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Table 2: Refinement and Model Statistics

Reree (%) 23.0
RWork (%) 188
no. of amino acid residues 126
no. of discrete alternating side chains 17
no. of whole residues not visible a1 4
no. of other side chains not visible at 1 5
no. of protein atoms 890
no. of fully occupied Mg ions 7
no. of partially occupied Mg ions 1
no. of solvent waters 191
Wilson B (A?) 20
averageB for buried atoms (& 24
rms deviations from target value$4)
bond lengths (A) 0.011
angle distances (A) 0.030

involved a 40-fold relative excess of Migover C&", those
positions were assigned as seven fully occupied*Mg
cations, an assumption confirmed by their 6-fold coordina-
tion, refined atomic displacement parameters (average of 20.9
A?), and bond distances. Examination of difference Fourier
maps suggested an eighth Mgsite, which refined to a
partial occupancy of 0.2. The metabxygen coordination
involves a total of 27 MgO bonds to carboxylic groups
with an average distance of 2.05(7) A, in the range of £.75 5 ce 2. Cartoon of the threa. regiusosteocalcin molecules in
2.15 A, and in the case of the 21 waters completing the Mg their relative positions in the asymmetric unit. Molecules @ are
coordination an average distance of 2.12(9) A, in the range represented with their N-terminus to C-terminus colored from blue
of 1.84-2.35 A. These values are equivalent to those t0 red, respectively; the side chains of Gla residues 11, 15, 18, and

; . ; . 25 and of Asp* are shown as sticks, and attached?Mgations
obtained from high-resolution structures: 2.11(9) A (average) are represented as orange spheres with metal coordinations as dotted

in the range of 2.032.34 A and 2.07(3) A (average) inthe e lines. The side chains of Gla residues and?Asgsidues in
range of 2.06-2.15 A, respectively46). It should also be  helicesal anda2 are localized on an external surface region of
noted that although the refinement included standard proteinthe molecule where metal binding occurs, while heland the
stereochemical restraintd4), the metat-donor distances N- and C-terminal regions project away from this area. The first

: . . - two Gla residues (11 and 15) coordinate one?Mign in each of
reported in this work were refined without any target value. the molecules. Mglecules B)and C are relatedgz)y a local 2-fold

_ Mg ions are smaller than Ca ions ar_ld therefore impose arotation axis, approximately perpendicular to the plane of the paper.
tighter coordination: the metabxygen distances around Mg  Their Gla®8, Asp?4, and GI&® residues share the coordination of

are ca. 0.3 A shorter than around @&)( and the octahedral ~ two pairs of Mg* ions. In molecule A, these residues face the

geometry of oxygen ligands around Mg deviates on averagesowem without any visible metal bound. @af molecule B further
. . coordinates a partially occupied cation. Water molecules (not
1.7 from ideal values, while Ca has a much looser represented) complete in all cases for a 6-fold Mg coordination.

coordination geometry with an average deviation of frdm This figure was produced using MOLSCRIPA5{ and RASTER3D
ideality (47). As the Mg ions in our structure are either (42).
partially facing the solvent or intercalated between two
osteocalcin molecules, it is feasible to envisage that in its SG atom of this residue refined in two alternating positions
natural physiological environment these positions can be and the SG atom of Cy5refined up to three positions
occupied by the slightly bulkier Ca ions with a similar, (Figure 1c). Both alternating positions of the SG atom of
eventually looser, geometric arrangement. Cy<? correspond to dihedra); in the trans conformation,
The N-terminal region is always visible from Lseupward, one in bonding position (occupancies of 0.70, 0.56, and 0.54
because its side chain folds into the interior part of an elbow for molecules A-C, respectively) and the other as nonbonded
built by the third helix and the C-terminal region. Molecule and pulled away from the-SS bond (occupancies of 0.30,
A could be easily modeled from Lysipward, in contrastto  0.44, and 0.46, respectively). Gyslso has the SG atom in
molecule B or C that was modeled beginning at‘GiuLetp, S—S bonding position withy; in the trans conformation
respectively, because in molecule A the conformational space(occupancies of 0.70, 0.56, and 0.54, respectively), but shows
of Lys® and GId is confined, due to packing contacts with up to two different unbonded positions, with eitharstill
Asr?%, Met?!, and GI&°® of a neighboring molecule C. In the in the trans conformation but pulled away (occupancies of
three molecules, the first two alanines of the N-terminus were 0.30, 0.28, and 0.25, respectively) or with in the
not visible in the electron density maps, probably due to gauché—) conformation (occupancies of 0.16 and 0.21 in
disordered conformations in the surrounding solvent. In molecules B and C, respectively). The doubled nonbonded
contrast, the C-terminal region is always well defined as the conformations of CyS are only apparent for molecules B
large side chain of PHemay function as a hydrophobic and C, where the percentage of brokenSSbonds is close
“anchor” and is preceded by chain-rigidifying prolines in to 50%.
positions 42 and 44. To assess if the cleavage of the disulfide bond was a
The three refined molecules show a partially broken consequence of the crystal irradiation by X-rays, a known
disulfide bridge (S-S) between Cy< and Cys3, with the feature in synchrotron datat®), another refinement was
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performed using only the initial 60of diffraction data,

corresponding to a completeness of 98% and a redundancy

of 6.4. Such an initial data set should be less affected by
radiation damage. Refinement with this data subset l&l to
factors that were-1% higher than for the refinement using
all data Rred” = 24.0% andR?” = 20.0%). The obtained
bonded and unbonded occupancies of SG atoms weré4
and~0.26, respectively, both witpy in thetrans conforma-
tion. The higher bonded/unbonded ratio in the refinement
using only initial data confirmed that crystal exposure to
X-rays induced further SS splitting and the appearance of
thegauché—) conformation in molecules B and C, although
it did not lead to a conclusive exclusion of the unbonded
Cys—Cys bridge in the native protein. Another difference

between the two refinements concerns the partial occupancy

of a metal site. The refinement using only the first &

data led to a partial occupancy of 0.56, almost 3 times higher

than that using all the diffraction data, indicating that this
metal coordination tends to disappear with the X-ray irradia-
tion. The final model is an average of the structure in the
space of the crystal and during the time of irradiation with

X-rays, a structure that changes during the X-ray experiment

due to X-ray damage. The finRIfactors reflect such a model
inaccuracy, and although they show values in usually

accepted ranges, they are not as low as those found in other

structures at similar resolution. However, the difference and
ratio betweenR and Ry (3.8% and 1.2, respectively),
considered more reliable validation parameters, fall well
within acceptable range49).

Overall Structure Description. A. regiussteocalcin is an
a-helix protein (ca. 70%-helix), comprising three-helices
that pack tightly together, with the first and second helices
arranged in a V-shaped form and the third helix nestling
between them (Figure 2). Helix1 involves residues-619,
helix o2 residues 2631, and helixx3 residues 3t41. The
remaining residues, at the N- and C-terminal regions, show
no secondary structure characteristics, with the last five
C-terminal essentially hydrophobic residues forming an
extended chain running almost antiparallel to heli

Interhelix contacts are mainly hydrophobic in nature
(hydrogen bonds are found mainly within each helix) in
addition to a disulfide bridge, between conserved'Csrd
Cys® residues, which connects the end of helik to the
beginning of helixa2. Osteocalcin is largely formed by
noncharged residues, of which the majority are apolar (62%)
with their side chains folded into the molecule hydrophobic

FraZa et al.
Table 3: Superposition of Osteocalcins
arg_A arg_B arg_C porc bovi
arg_A 43 0.6 0.6 0.8 15
arg_B 100 42 0.3 0.9 1.5
arg_C 100 100 41 1.0 1.7
porc 49 49 49 37 1.6
bovi 32 32 32 44 34

a L east-squares multibody fit of CA positions (to a cutoff of 3.5 A)
from available osteocalcin 3D models: arg_A, arg_B, and arg_C refer
to A. regiusmolecules A-C, respectively; porc refers to the porcine
model @0), and bovi refers to the best representative conformer from
the bovine ensemble of structures (with a rmsd of 1.092%).(From
the top left to the bottom right: number of residues. From the top right
to diagonal: @ rmsd values (A). Diagonal to the bottom left:
overlapping levels of sequence identity (%).

Ficure 3: y-Carboxylation of the glutamic acid residue at position
25. Detail of the electron density map at (blue) and & (red),
around residues (stick) Adpand GI&° of molecules C and B,
respectively, which coordinate two magnesium ions (cyan spheres)
together with water molecules (red spheres) and residu®® Gila
molecule B (not shown).

crystal than the other two molecules that otherwise are
interacting closely with each other.

Identification of Modified Glutamic Acids (Gla residues).
A. regiusosteocalcin contains five Glu residues, and our
crystal structure of the native protein shows clearly their side
chains. In contrast with previously studied osteocalcins, four
of the five Glu residues (residues 11, 15, 18, and 25) in the
A. regiusosteocalcin are modified to Gla residues, while all
other osteocalcins studied to date have only three Gla
residues. The extra Gla site was unambiguously identified
in the electron density maps (Figure 3) for the three
independent molecules of the structure. Those four doubly

core, while the remaining polar and charged residues arecharged residues together with Aspnd Asg3® are concen-

localized on the surface. Such a distribution together with

trated in a common surface region, located on the same side

the compact helical arrangement makes osteocalcin a rathepof the molecular surface, as depicted in Figure 4. This

globular protein despite its relatively small size.

The three molecules are very similar to each other (Table
3) with molecule A deviating slightly from the other two.
The few differences are located in the terminal regions, at
helical ends (THP and Al&?), or at side chains involved in
packing interactions. Molecule A has average atomic dis-
placement parameters of 36.2, Aignificantly higher than
the corresponding values in molecules B and C (23.4 and
22.2 R respectively). This main difference between the three
molecules reflects their different number of packing con-
tacts: while A-B and A—C contacts nhumber 18 and 48 to
3.8 A, respectively, B-C contacts number 72. This shows

suggests that the high affinity of osteocalcin for bone mineral
may derive from the clustering of calcium binding sites on
this face of the protein.

To cross validate the X-ray analysis showing a fourth Gla
residue not previously described in other species, aLC
MS analysis ofA. regiusosteocalcin was performed and
showed that the bulk of the sample is full-length osteocalcin
(residues 1£45), with four Gla (79.1%) or three Gla (20.5%)
residues, with no evidence of noncarboxylated osteocalcin.
The crystallographic analysis is not able to resolve the
distribution of y-carboxylation among the available Glu
residues, as the final models are the averaged structures

that molecule A has a less constrained environment in thethroughout the entire crystal contents.
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N-term
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Ficure 5: Cartoon representation of the superposition of osteo-
calcins.A. regiusmolecules A (cyan), B (medium blue), and C
(dark blue), withy-carboxyglutamic acid & positions represented

as spheres, superpose clearly with the porcine structure (yellow)
(30), while the bovine structure (red)2@) shows much less
secondary structure and a poor match of Gla residues. This figure
was produced using MOLSCRIPES) and RASTER3D 42).

Data Bank. GléP is a solvent accessible, highly conserved
w residue, localized in the central turn of hel?2. It is in
FIGURE 4: Surface electrostatic distribution on osteocalcin. Rep- 9eneral preceded by an acidic residue in position 24 (Asp
resentation of the charge distribution on the surface of molecule or Glu) and is followed by a hydrophobic residue (Met or
A, with an orientation similar to that of Figure 2. The concentration Leu) in position 26 (Figure 6). Those osteocalcins are both
of acidic residues near the convergence of helieésand a2 mammalian in origin, a 2D'H NMR study of bovine

produces a localized, highly negative surface region (in red) suited . ) : .
for coupling with cations. This suggests that in bone the protein osteocalcin26) and an X-ray model of porcine osteocalcin

may associate with calcium atoms on the bone mineral surface.(30). The superposition of the .osteocalcin models u§ing
This figure was produced using GRASEO]. MODELLER (51) (Table 3 and Figure 5) shows that while

the X-ray structures have rather similar secondary structure
topologies, the bovine model has a much lower level of
DISCUSSION sequence identity and has almost no secondary structure and

Molecules B and C are related by a noncrystallographic the 3D distribution of their Gla residues bears no similarity

2-fold axis, have the largest number of contacts among With that of the other two osteocalcins.
packing neighbors, and share the coordination of fouttMg  The 3D fit of osteocalcin models (Table 3 and Figure 5)
ions from the crystallization buffer. The arrangement of Shows that they consistently superpose thea@®ms of their
osteocalcin molecules in pairs sharing coordinated metals ismetal chelating residues, Gla and Asp, in particular, for the
also described in the porcine Structum)( However, a two X-ray structures. The Spatial distribution of these residues
comparison of the interactions between molecules B and Chas been recognized to be consistent with the interatomic
and those in the porcine structure reveals that these “dimers”distances of calcium sites in hydroxyapatite crystat 26,
bear only residual similarities. In the porcine structure, a 30), confirming the proposed biological role for osteocalcin
crystallographic 2-fold axis relates two neighboring copies as a controlling agent in bone.
of the unique molecule. Their acidic surface regions, involv-  Molecule A of our structure only shows one ffig
ing helicesd anda2, face each other with the entire content coordination (using Gla residues 11 and 15), with its?6la
of cations interleaving them. IA. regius the two pairs of side chain well defined in the electron density but with'&la
shared Mg" ions are localized between a part of the disordered inthe solvent. The existence of a Gla residue with
negatively localized charged region, involving only heti¥, a flexible side chain together with the different way in which
with the remaining metal sites being coordinated by each of molecule A compared with molecules B and C shares metal
the molecules alone. Furthermore, our structure frhm  coordination suggests a possible adaptability of osteocalcin
regiusshows an asymmetric unit that also contains molecule molecules for chelating variable calcium distributions.
A, which has the negatively charged region surrounded only A BLAST (52) search of protein sequences using ghe
by solvent with a Single localized metal site, visible in the regiussequence as a temp|ate retrieved a group of five h|gh|y
electron density. These crystallographic dimers seem there-homologous fish I(epomis macrochirys Tetraodon ni-
fore to be mainly artifacts of the crystal packing. groviridis, Sparus aurata Fugu rubripes and Xiphias
Although y-carboxylation of three Glu residues is a well- gladiug osteocalcins, withe scoring values (representating
documented characteristic among osteocalcins, the observathe number of hits one can “expect” to find by chance for a
tion of the fourth carboxylation at Gliin A. regiusis, to given database; the lower tlievalue, the more significant
our knowledge, an as yet undescribed feature in any of thethe score) of less than 240, followed by other osteocalcins,
other characterized osteocalcins, in particular for the otherincluding those of mammalian origin, with scoring values
two three-dimensional (3D) models present in the Protein ranging from l1le-4 to 8. Multiple-sequence alignment
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0 1 2 3 4
Acrvegius: ||| ||[||[||||| == ssesaa AAKELTLAQTEISLRElV TNMABDEMADAQGIVAAYQ-AFYGPIPF
S qurata @ 002- - - - - - AAGQLSLTQLESLREV LNLABEHMMDTEGI IAAY -TAYYGPIPY
L. macrochirus - - - - - - AAGELTLTQLESLREV ANLACGEDMMDAQGI IAAY -TAYYGPIPY
X gladius ----ATRAGDLTPLQLESLRElV LNVABDEMADTAGIVAAY - 1AYYGPIQF
T. nigroviridis - - - - - - AAGEPTLQQLESLREYV LNIAGDEMADPAGIVAAY -AAYYGPPTF
Tirubripes | || || | =eneieie S APGEPTPQQLEISLREV LNIAGBDEMADTAGIVAAY -AAYYGPPPF
X laevis SYGNNVGQGAAVGSPLEISQREV LNPDEDELADHIGFQEAY-RRFYGPV

D. Novaehollandiae =~ S FAVGS - SYGAAPDPLEAQREV LNPDEDELADHIGFQEAY -RRFYGPV

G. gallus HYAQDSGVAGAPPNP IEAQREV LSPDENELADELGFQEAYQRRFYGPV
M. musculus YL----GASVPSPDPLEPTREQ LNPABDELSDQYGLKTAY -KRIYGITI
R. norvergicus YLNNGLGAPAPYPDPLEIPHREV LNPNEBDELADHIGFQDAY-KRIYGTTV
O. cuniculus ELINGQGAPAPYPDPLEIPKREV LNPDEDELADQVGLQDAYQ-RFYGPV
Setonix sp. YLYQTLGFXAPYPDPQEINKRX YV LNPDEDELADHIGFQEAY -RRFYGTA

M. fascicularis YLYQWLGAPAPYPDPLEIPKREV LNPDEDELADHIGFQEAY -RRFYGPV

F. catus YLAPGLGAPAPYPDPLEPKRE I LNPDEDELADHIGFQDAY -RRFYGTV

O. aries YLDPGLGAXAPYPDPLKPRRXYV LNPDEDELADHIGFQEAY -RRFYGPV

E. caballus YLDHWLGAPAPYPDPLEIPRREV LNPDEDELADHIGFQEAY -RRFYGPV

C. hircus YLDPGLGAXAPYPDPLXPKRXY LNPDEDELADHIGFQEAY -RRFYGIA

C. familiaris YLDSGLGAPVPYPDPLEIPKREV LNPNEDELADHIGFQEAYQ-RFYGPV

8. scrofa YLDHGLGAPAPYPDPLEIPRREV LNPDEDELADHIGFQEAY-RRFYGIA

B. taurus YLDHWLGAPAPYPDPLEIPKREIV LNPDEDELADHIGFQEAY -RRFYGPV

H. sapiens YLYQWLGAPVPYPDPLEIPRREV LNPDEDELADHIGFQEAY -RRFYGPV

L] LN L L] L L] LN .o

Ficure 6: Amino acid sequences of all known mature osteocalcins. The sequences are aligned to give maximal homology. Residues are
numbered according to residue 1 of matdraegiusosteocalciny-Carboxyglutamate residues are denoted with E*. Dashes indicate gaps

in the sequence introduced to increase the level of homology. The conserved residues in the EXXXEXCEXXXXC motif are highlighted
in gray. X in bold corresponds to an undetermined amino acid residue from N-terminal sequence data. Identical residues are marked with
a dot. The GenBank accession numbers are AF459030..foegius AF048703 forS. aurata(seabream), A42794 fdr. macrochirus

(bluegill), P02823 forX. gladius(swordfish), AF055576 foiXenopus lagis, P15504 for emuromaius neaehollandiag¢, U10578 for

chicken Gallus gallu3, NM_007541 for mouseMus musculus X04141 for rat Rattus noregicug, P39056 for rabbit Qryctolagus
cuniculug, 1005180C for wallabySetonixsp.), P0283005 for monkeyiacaca fascilulariy, P02821 for catKelis catu$, 1010264A for

sheep Quis arieg, P83005 for horseHguus caballus 1005180A for goat@apra hircu3, AAB27444 and P81455 for dogénis familiarig,

1005180B for pig $us scrofg X53699 for bovine Bos tauruy, and X53698 for humanHomo sapiens The sequences of freshwater

puffer (Tetraodon nigreiridis) and fugu Takifugu rubripey were obtained from re$3.

provided evidence for a homologous region among osteo- osteocalcin is known to be due to defective post-translational
calcins, residues H41 in A. regiusnumbering (Figure 6),  carboxylation prior to secretion, not to decarboxylation of
that includes position 25 and its neighbors, and suggestedthe mature protein after secretion.

that the osteocalcin in these fish species also contains four Carboxylation of multiple Glu residues is proposed to be
Gla residues, a possibility that will require further investiga- accomplished via an integrative mechanism, i.e., affecting
tion. Mammalian osteocalcins also have a Glu residue which all modifications as a result of a single binding event, which
corresponds to G in A. regius yet no Gla has been occurs with at least some order and involves carboxylation
identified in the mammalian proteins at this position. The of the enzyme itself§6—58). The carboxylase has a high-
intrinsically lower precision of the 2BH NMR structure affinity binding site for the sequence contained in the
for bovine osteocalcin 26) and the relaxed refinement propeptide of all VKD proteins, which in the case of matrix
statistics of the X-ray study of porcine osteocalca®)(do Gla proteins is part of the mature form. Mutations in any of
not preclude entirely the possibility of a furthgrcarboxy- the three highly conserved positions (Phe at positidrb,
lation in those mammalian structures. However, this is very Ala at position—9, and Leu at position-6; Figure 7) have
unlikely, at least for the bovine and human proteins, given been shown to decrease the affinity of the carboxylase for
the fact that they were sequenced using the generation ofthe coagulation-related VKD proteinS9). The fact that all
peptides, and amino acid analysis was carried out to supportMGPs have two of the three residues conserved could be
the sequence data, which implies that any furthearboxy- related to the fact that they have fewgrcarboxylated
lation would have been detected. It is therefore intriguing to residues than the coagulation-related VKDs. The same could
wonder why Gl is modified inA. regiusbut has not been  be argued when all osteocalcins are compared since the only
seen in the mammalian structures, although it is also possibleosteocalcin known to have a fourth Gla residée regiug

that this arises from differences in their particular post- has two of the three conserved residues (Phe at positidn
translational modification catalyzed by the vitamin K- and Ala at position—9). Since osteocalcin fror8. aurata
dependent (VKD)/-glutamyl carboxylase. It is worth noting  also has the same two conserved residues.azgius it

that partial carboxylation of glutamic acid has been observed would be interesting to investigate if it also has a fourth Gla
at residue 17 of human osteocalch¥) and at residue 2 of  residue at position 24.

the matrix Gla protein from a variety of speciés §5). The It also appears that the carboxylase enzyme has high
partial carboxylation of the matrix Gla protein and of human affinity for the osteocalcin Gla domain. This was suggested
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| | el

A. regius GLIFIMEKDQ A|- SAVV---RQT|R

S. aurata GMLEIVERDQA|- SAVV---RQK|R

T. nigroviridis Q V.V MKRDL[A[A -V LL---RRR|R

T. rubripes OV MK R B ICLAL A= TS =l R R R LR
Osteocalcin  X. laevis B LA AT IS RSN ST S| S SRl (1O e el o TR TSRS
G.gallus KA[F|I SHRQRGEMVR---RQK|R

M. musculus K A|]FIMSKQE G NKV VN---RLR|R

R norvegicus K Al FIMS KQE G SKV VN-- -RLR|R

B. taurus AAFIVSKQE G SEVVK---RLR|R

H. sapiens KALFLY S K OFE S ENM VUK _ L - P RIR

A. regius D | P 2 ) O AU TINS5 el MR G TR

S. aurata D L B2 B N Oy A N S TR = =l = A L= TR

G. galeus LT N G IR R Al N SR R IR = =il e i R

Matrix Gla X /aevis DPIFILNSRKIAINSFMNSQAKN QR
Protein  G. gallus IN R TSN R R Nl R U A Gl IR
MGP) M musculus S P/ F[I NRRNAINTFMS---PQQR
R.onorvegicus | S|IB]E DM R ORINY AN GTE S| = sili= 2 o) CF IR

O eunterdus||INPY B TN R NE A E T TS S S P O e TR

B. taurus o = A g A -0 » s | M N0 o ST NSl i @, )+

H. sapiens o 0 ] W ) T 0 < < 75 o S S VO S R

Other VKD
proteins

Ficure 7: Conservation of the putativecarboxylase recognition site sequenceirregiusosteocalcin propeptide and comparison with

other available VKD proteins. The amino acids in the propeptide region (except for MGPs that do not have a propeptide, this region being
part of the mature protein) of known VKD proteins are aligned to give a maximum degree of homology. Amino acid sequence positions
are numbered according to residad of A. regiusosteocalcin propeptide sequence, deduced on the basis of comparison between the
mature protein and the entire cDNA sequen8ge The conserved residues at positions (Arg), —9 (Ala), and—15 (Phe) are boxed.
Osteocalcin sequence GenBank accession numbers are AF459080rémius AF048703 for seabreans( auratg, AF055576 forXe.

laevis, U10578 for chicken@. gallug, NM007541 for mouseM. musculuy (OG1, osteocalcin), X04141 for raR( noregicug, X53699

for bovine B. taurug, and X53698 for humarH. sapien}. The sequences of freshwater puffér qigroviridis) and fugu Ta. rubriped

were obtained from re53. MGP sequence GenBank accession numbers are AF3344A3 fegius AY065652 for seabreans( aurata,

P56620 for sharkG. galeuy, AF055588 forX. laevis, Y13903 for chicken G. gallug, NM012862.1 for ratR. nowegicug, AF210379

for bovine B. taurug, NM000900 for humanH. sapieny, NM008597 for mouseN. musculuy and D21265 for rabbit@. cuniculu$. All

other VKD protein sequences presented here are from human unless otherwise stated. The respective sequences were obtained: TMG3 and
TMG4 from ref61, PRP1 and PRP2 from r&?2, prothrombin, factor IX, and factor X from red3, factor VII from ref 64, hProtein S

(human Protein S) from re85, bProtein S (bovine Protein S) from réB6, Protein C from ref67, Protein Z from GenBank accession
number P22891, and Gas6 from GS8.

by studies with mammalian osteocalcin carboxylation which determinants that contribute to the recognition of osteocalcin
support the concept of a Glu-binding si&0). However, to and vitamin K by the carboxylase, still not completely
date, nothing is known concerning this type of affinity in known, should provide the necessary basic information for
fish osteocalcins or the possible reason for the presence ofus to begin exploring the reasons for the presence of this
this fourth Gla residue. The elucidation of the structural additional residue irAA. regiusosteocalcin.
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