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The complete amino acid sequence of bovine bone
matrix Gla protein (MGP) was determined by auto-
matic sequence analysis of the intact protein and of
peptides isolated from tryptic and BNPS-skatole di-
gests. This 79-residue, vitamin K-dependent protein
contains a single disulfide bond and 4.8 y-carboxyglu-
tamate (Gla) residues, one each at positions 37, 41, 48,
and 52, and 0.8 Gla and 0.2 Glu at position 2. There is
sufficient sequence homology between MGP and bone
Gla protein (BGP) to indicate that these two bovine
bone proteins arose by gene duplication and subsequent
divergent evolution. Although MGP has a very low
solubility in water compared to BGP, there is no hy-
drophobic domain in MGP which could account for its
insolubility, and the overall fraction of hydrophobic
residues is 32% for MGP compared to 43% for BGP.

MGP is the first vitamin K-dependent protein to be
discovered which has several non-y-carboxylated res-
idues to the NH,-terminal side of its Gla residues. The
presence of NH,-terminal Glu residues between the
putative targeting domain for the y-carboxylase in the
MGP leader sequence and the mid-molecule Gla resi-
dues suggests that the y-carboxylase may have addi-
tional, as yet unrecognized, specificity requirements
which determine the susceptibility of Glu residues for
vy-carboxylation.

Matrix Gla protein (MGP?) is the second vitamin K-de-
pendent protein to be discovered in bone (1). It was initially
isolated from urea extracts of demineralized bovine bone by
virtue of its reversible precipitation upon removal of denatur-
ant. Bone morphogenetic protein, the objective of the urea
extraction procedure (2), co-precipitates with MGP. This co-
precipitation has led to the suggestion that bone morphoge-
netic protein may be normally associated with MGP in vivo
1, 2).

MGP is physically and chemically distinct from the better
characterized bone Gla protein (BGP). While both proteins
contain one disulfide bond, MGP has 5 residues of the vitamin

* This work was supported in part by United States Public Health
Service Grant AM 27029. The protein sequencing facility used in
these studies was obtained with the aid of a National Institutes of
Health Shared Instrumentation Grant RR01483. The costs of publi-
cation of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertise-
ment” in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

! The abbreviations and trivial names are: MGP, matrix Gla pro-
tein; BGP, bone Gla protein, vitamin K-dependent bone protein,
osteocalcin; BNPS-skatole, 2-(2-nitrophenylsulfenyl)-3-methyl-3’-
bromoindolenine; PTH, phenylthiohydantoin; HPLC, high-perform-
ance liquid chromatography; TPCK, tosylphenylalanyl chloromethyl
ketone; TFA, trifluoroacetic acid.

K-dependent Ca** binding amino acid y-carboxyglutamic acid
(Gla) compared to 3 for BGP (1, 3). The apparent molecular
weight of MGP on sodium dodecyl sulfate-urea gel electro-
phoresis is also larger, M, = 15,000 compared to M, = 11,000
for BGP (1, 4). Finally bovine MGP contains no hydroxypro-
line, an amino acid found at position 9 in bovine BGP (1, 3),
and antibodies raised against the respective purified bovine
proteins do not cross-react (1).

The times at which significant levels of MGP and BGP are
first detected in calcifying bone extracts are strikingly differ-
ent, as is the relative level of the two proteins in tissues which
have a calcified collagenous matrix. While MGP is found at
comparable levels in bone and dentine (each 0.4 mg/g), BGP
levels are high in bone (2 mg/g) and relatively low in dentine
(0.4 mg/g) (5). In the rapidly calcifying bone of newborn rats,
MGRP levels are about 130% of those in adult rats® while BGP
levels are only 1-2% of those in the adult animal (6). Thus
MGP is deposited in bone at an earlier stage of bone devel-
opment than BGP and is present in calcified collagenous
tissues at a more constant weight fraction than is BGP.
Together with the evidence for its association with bone
morphogenetic protein, these observations suggest that MGP
may play a critical role in an early stage of calcified tissue
formation.

The primary structure of bovine BGP was established 9
years ago (3) and still remains the only primary structure
available for a vitamin K-dependent vertebrate protein which
is not involved in blood coagulation. The primary structure
of BGP proved to be markedly different from the primary
structures of the closely related, Gla-containing proteins in-
volved in coagulation, a result which indicates that BGP arose
independently from the coagulation factors during evolution.
In order to establish the relationship between MGP and these
other classes of vitamin K-dependent vertebrate proteins, we
have determined the complete primary structure of this pro-
tein.

MATERIALS AND METHODS AND RESULTS®

The complete sequence of matrix Gla protein, shown in Fig.
1, was deduced from automatic sequence analysis of the intact
protein and of peptides produced from the intact protein by
tryptic digestion and by BNPS-skatole cleavage. The protein
has 79 amino acid residues in a single polypeptide chain and

2Y. Otawara and P. A. Price, manuscript in preparation.

3 Portions of this paper (including “Materials and Methods,” part
of “Results,” Tables II and III, and Figs. A-C) are presented in
miniprint at the end of this paper. Miniprint is easily read with the
aid of a standard magnifying glass. Full size photocopies are available
from the Journal of Biological Chemistry, 9650 Rockville Pike, Be-
thesda, MD 20814. Request Document No. 856M-1807, cite the au-
thors, and include a check or money order for $4.80 per set of
photocopies. Full size photocopies are also included in the microfilm
edition of the Journal that is available from Waverly Press.
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FiG. 1. Amino acid sequence of bovine matrix Gla protein.
Tryptic peptides are labeled T1 to T9 and peptides generated by
BNPS-skatole cleavage are labeled Bl to B7. Residues which were
identified by automatic sequence analysis are marked with —.

has a calculated molecular weight of 9961. The single disulfide
bond previously identified in MGP (1) joins half-cystine res-
idues at sequence positions 54 and 60.

The assignment of Gla residues to sequence positions 37,
41, 48, and 52 in MGP was established in two ways. From the
composition of tryptic peptide T2 it was evident that the
peptide contained 3 Gla residues. In two sequenator runs on
T2 and in one sequenator run on T3, no PTH derivative of
glutamic acid, or of any other amino acid, was detected for
positions 37, 41, 48, and 52. This is consistent with the fact
that the PTH derivative of Gla is not recovered in automatic
sequenator analysis (7). Since the expected yield was obtained
for PTH Glu at position 61 and for PTH GIn at positions 36
and 46, the only positions for the 4 Gla residues consistent
with the sequenator data are 37, 41, 48, and 52. The second
way Gla positions were identified was by BNPS-skatole cleav-
age. It has been established that reagents which generate
electrophilic bromine, such as cyanogen bromide and BNPS-
skatole, can produce cleavages at the COOH-terminal side of
Gla residues (8, 9). As can be seen in Fig. 1, each putative Gla
residue indeed proved to be a BNPS-skatole cleavage site. In
addition, the acid hydrolysates of each peptide contained a
single residue of y-hydroxyglutamic acid, the expected prod-
uct of the cleavage reaction (8). The one anomalous BNPS-
skatole peptide, B3, must have arisen from incomplete cleav-
age at the Gla-48 rather than from the presence of non-y-
carboxylated glutamic acid at this position, since no PTH Glu
could be detected at this step in the B3 sequenator run.

The assignment of Gla to position 2 in the sequence of
MGP was also supported by the recovery of the expected
peptide, B7, in the BNPS-skatole cleavage digest (Fig. 1).
Automatic sequenator analysis of the intact protein and of
tryptic peptide T5, however, revealed some PTH glutamic
acid at this site. The recovery of PTH glutamic acid at
position 2 was 13-23% of that predicted from the extrapolated
repetitive yield of PTH Glu at positions 5, 8, and 11, which
indicates that position 2 has a mixture of approximately 20%
Glu and 80% Gla. The amino acid composition of MGP
deduced from sequence analysis is in good agreement with the
composition determined from acid and alkaline hydrolysates
of the purified protein (Table I).

Sequence of Bovine Bone Matrix Gla Protein

DISCUSSION

The bovine MGP sequence is strikingly homologous to the
previously determined sequences of bovine and swordfish
BGP (Fig. 2). This sequence homology indicates that MGP
and BGP must have arisen by gene duplication and subse-
quent divergent evolution. Since the sequence homology is
greater between bovine MGP and swordfish BGP (14 identical
residues) than between the two bovine proteins (10 identical
residues), it is likely that the gene duplication event preceded
the divergence of swordfish from other vertebrates.

Among the conserved structures in MGP and BGP are 2
Gla residues and the nearby disulfide bond. In BGP, specific
chemical modifications of the Gla residues and the disulfide
bond have shown that these groups are required for several
in vitro interactions with hydroxyapatite (10). In vivo, the

TABLE 1
Amino acid composition of the calf bone matrix Gla protein
Amino acid Calculated® Found®
y-Carboxyglutamic acid 3.5 48
Aspartic acid 9.3 10
Threonine 0.3 0
Serine 4.6 5
Glutamic acid 8.3 9.2
Proline 3.2 3
Glycine 2.3 1
Alanine 6.9 7
Half-cystine® 1.6 2
Valine 0.5 1
Methionine 1.0 1
Isoleucine 38 4
Leucine 3.5 4
Tyrosine 6.8 8
Phenylalanine 3.6 4
Histidine 0.8 1
Lysine 3.0 3
Tryptophan ND? 1
Arginine 10.2 10
Total residues 79

¢ Composition based on amino acid analysis of the purified protein
and a 9961-dalton molecular size.

b Values represent data obtained from sequence analysis.

¢ Determined as carboxymethylcysteine after reduction and car-
boxymethylation.

4ND, not determined.

3) 3» 40 *45
Bovine BGP Tyr Leu Asp His Trp Leu Gly Ala Hyp Al Pro Tyr Pro Asp
Bovine MGP ...Trp Arg Ala Lys Ala Gin Gla[Arg|Tie Arg Gio[Leu! Asn Lys Pro
Swordfish BGP Ala Thr|Arg|Ala Gly Asp|leu| Thr Pro Leu
50 55 60
Bovine BGP Pro LeujGla|Pro LysjArg Gia| Val |Cys|Gla Leu Asn Pro Asp|Cys
Bovine MGP Tyr Gla | Leu Asn| Arg Gla | Ala | Cys| Asp Asp Phe Lys Leu
Swordfish- BGP Leu|Glo| Ser Leu| Arg Gia|Val {Cys|Gla Leu Asn Vol Ala |[Cys
65 1w 75
Bovine BGP Asp Glu Leuﬂ Asp His Tle { Gly th Gln Giu|Ala Tyr Arg
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79
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Fic. 2. Sequence homology between bovine and swordfish
bone Gla proteins and bovine matrix Gla protein.
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abnormal non-y-carboxylated BGP synthesized by animals
treated with the vitamin K antagonist warfarin can neither
bind to hydroxyapatite strongly (11) nor accumulate in bone
(12). It is tempting to speculate that the homologous Gla
residues and disulfide bond elements of MGP likewise form a
part of the MGP structure which binds to hydroxyapatite, but
this remains to be studied.

There are two interesting internal homologies within the
Gla-containing region of MGP which could be important to
its possible interaction with hydroxyapatite. One is the occur-
rence of the 4 Gla residues in this region in two homologous
pentapeptide domains, Gla-Arg-Ile-Arg-Gla (positions 37-41)
and Gla-Leu-Asn-Arg-Gla (positions 48-52). The Chou-Fas-
man (23) and Garnier (24) algorithms do not consistently
predict «-helical structure for these pentapeptide domains.
However, if these domains proved to be a-helical, the spacing
of Gla residues within them would cause the Gla side chains
to lie on the same side of the helix. The other intriguing
homology in the Gla-containing region of MGP is the recur-
ring tripeptide Gla-Leu-Asn, which is found at sequence po-
sitions 41-43 and 48-50. While it is unclear what significance
such internal structural motifs in MGP may have in hydrox-
yapatite binding, it is worth noting that the second pentapep-
tide Gla domain in MGP has a counterpart in the Gla-X-X-
Arg-Gla domain of BGP (positions 48-52 in MGP numbering,
Fig. 2) and that the Gla-Leu-Asn tripeptide is found at posi-
tions 55-57 in both swordfish and bovine BGP (MGP num-
bering, Fig. 2).

An interesting aspect of the two homologous pentapeptide
domains in MGP is the presence of adjacent Arg residues
within the Gla domains. Chemical modification of arginine
residues inactivates numerous enzymes which act on phos-
phate, phosphomonoesters, and phosphodiesters, an obser-
vation which has led to the suggestion that the side chain of
arginine may provide a phosphate anion binding site in such
proteins (13). It is worth noting in this context that the
guanidino group of arginine can form a bidentate hydrogen-
bonded complex with phosphate (Fig. 3) while the e-amino
group of lysine cannot. Such bidentate association between
arginine and surface phosphate groups in hydroxyapatite
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FiG. 3. Schematic representation for the postulated biden-
tate complexes between the side chains of arginine and v-
carboxyglutamate in MGP and surface phosphate and calcium
ions in hydroxyapatite. Note that linear hydrogen bonds can be
found between both oxygen atoms of a surface phosphate in hydrox-
yapatite and adjacent N-H hydrogens of the guanidino group of
arginine.
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could complement the previously postulated (10-12) bidentate
association between the malonate side chain of Gla and sur-
face Ca®* atoms on bone mineral. This additional interaction
would increase binding strength and could promote selectivity
for given hydroxyapatite crystal faces.

The amino acid sequence of MGP provides no explanation
for why the protein is insoluble in the absence of denaturants
(1). Although only 32% of the amino acids in MGP are
hydrophobic, the solubility limit of the protein at neutral pH
is less than 0.2 mg/ml. In contrast, BGP has 43% hydrophobic
amino acids, yet its water solubility is over 100 mg/ml. There
is also no cluster of hydrophobic amino acids within the MGP
sequence which could provide a rationale for its water insol-
ubility. Since nonspecific hydrophobic associations do not
appear to account for the extreme water insolubility of the
protein, one must consider the possibility that insolubility
reflects specific aggregation of MGP monomers to form a
partially ordered complex in vitro which mirrors a possible
structure in bone. In this regard, it is interesting to note that
MGP was initially isolated by virtue of its co-precipitation
with the otherwise water-soluble bone morphogenetic protein
upon removal of denaturants (1, 2). The association between
the MGP aggregate and the bone morphogenetic protein has
been suggested as the mechanism by which the bone morpho-
genetic protein is attached to the organic matrix of bone (1,
2). :

MGRP is the first example of a vitamin K-dependent protein
which has several glutamic acid residues to the NH,-terminal
side of most of its y-carboxyglutamic acid residues. In BGP,
as well as in such serum proteins as prothrombin, factors VII,
IX, and X and proteins C, S, and Z, all glutamie acid residues
in the NH;-terminal first 30-40 residues are y-carboxylated
(8, 14). In contrast, the glutamic acid residues at positions 5,
8, and 11 of MGP are not vy-carboxylated while those at 2, 37,
41, 48, and 52 are. It has been suggested that vitamin K-
dependent proteins may contain within their leader sequence
a region which targets them for the y-carboxylase reaction
(15). This hypothesis has recently been supported by the
discovery that there is in fact a segment of the leader sequence
of BGP which is highly homologous to the leader sequences
of prothrombin, factors IX and X, and protein CB (25).

There are two possible mechanisms by which the v-carbox-
ylase could, after first binding to the target portion of the
leader sequence, subsequently vy-carboxylate glutamice acid
residues in the NH,-terminal region of a protein. One mech-
anism would be for the ~y-carboxylase to travel down the
polypeptide, y-carboxylating each glutamic acid residue it
encountered until it reaches some detachment signal. This
mechanism is clearly incompatible with the presence of 3 non-
y-carboxylated glutamic acid residues so close to the NH,-
terminal end of MGP. The other mechanism would be for the
y-carboxylase to have two sites, one site which binds the
enzyme to the target domain in the leader sequence, and the
other the enzymatic active site which y-carboxylates all ac-
cessible glutamic acid residues in the vitamin K-dependent
protein. This latter mechanism provides a simple explanation
for the failure of the y-carboxylase complex to y-carboxylate
glutamic acid residues at the NH,-terminus of MGP, since
secondary and tertiary structure of a given sequence segment
could easily limit access of the y-carboxylase active site to a
subset of the NH,-terminal glutamic acid residues even
though the v-carboxylase complex is anchored to a nearby
segment of the leader sequence.

The present investigation represents the first extensive use
of BNPS-skatole cleavage at y-carboxyglutamic acid in the
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sequencing of a vitamin K-dependent protein. The conditions
used for cleavage at vy-carboxyglutamic acid are identical to
those employed for cleavage at tryptophan (20). An advantage
of cleavage at Gla residues in protein sequencing is that the
product of the cleavage reaction yields, after acid hydrolysis,
y-hydroxyglutamic acid (8). Since this modified amino acid
can be quantified during amino acid analysis, one can deter-
mine which peptides have arisen as a result of cleavage at Gla
and thereby locate Gla residues within the structure of the
protein.

Acknowledgment—We would like to thank Dr. Russell Doolittle
for providing the secondary structure predictions for MGP.
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Primary Structure of Bovine Matrix Gla Protein,
a New Vitamin K-dependent Bone Protein
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MATERIALS AND METHODS

Msteriuls

Calf bome was obtained from Vista Meat Packers, Vists, California. Distilled im glass
chemicals for HPLC were obtained from Burdick and Jackson or J.T, Baker. Sequencer reagemts
were purchased from Applied Biosystems. TPCE-Trypsin was from Worthington Chemicals, BNPS~
skatole (2~(2-nitrophenylsul fenyl)-3-methyl-3'~bromoindolenine)  was  from  Pierce,
Carboxypeptidase—Y was from CalBiochem/Behring. and Dowex AGSO was from BioRad. ALl other
teagents employed were amalytical reagest grade or better. HOP was purified from CaCl, urea
extracts of demimeralized, gelatinized calf cortical bome as previously deseribed (1,2)%

Methods

Amine acid gnalysis: Protein or peptide samples were hydrolyzed for 24h at 110°C in 6 M
HCL in evacuated, sealed tubes. Analysis for y-carboxyglutamic acid was accomplished follow—
ing alkaline hydrolysis im 2.5 M KOB at 1109C for 24h (16). Amino acid amalyses were per—
formed on a Beckman 119C amino acid analyzer equipped with a Spectra Physics 4000 data reduc—
tion system.

Reduction and Alkvlation: Protein wss reduced and S-carboxymethylsted using the pro-
sedure of Hugli, ct al (17,

Tryptic gigestion: In a typical digestion, 5.6 A280 units of S-carborymectbylated MGP
was dissolved in 0.3 ml of 1% NH HCO,, 8M urea. The sample was diluted 1:5 with 1% NH,HCO,
and the pl was spot checked with pff indicator paper. Sufficiemt TPCR-trypsin (a 1% soldtioh
in 1% NELHCO,) was added to schieve an enzyme to substrate ratio (by weight) of 1:100 and
digestion was farried out at 259C with magnetic stirring. After 2h an additional aliquot of
trypsin, equal to the first, was added and the digestion proceeded zu additional 5 h at which
time the reaction was terminated by freeze-drying.

Carboxypeptidase ¥ digestion: Carboxypeptidase Y digestion of 200 mmol of protein was
perforned as described by Martin, et al. (18) in 0.5% sodium dodecyl sulfate (w/w), 0.1~
2[N-morpholinolethane sulfonic acid, pH 6.3 for 10 h at 25°C. The ratio of emiyme to suwb—
strate psed was _1:500 om a molar basis and the resction was temminated by the addition of
Dowex AG 50W-X4 (H' form, 200-400 mesh) mccording to the procedure of Ambler (19).

Chemical Digestion by BNPS—skatole: Digestion of MGP with BNPS~skatole was performed as
described by Fontama (20). Im a typical digestion 3.6 A280 nnits of MGP was dissolved with
400 p1 of 60% acetic acid. 66 pg of tyrosime, in 60% mcetic acid, was added and digestion
was initiated by the addition of 8 mg of BNPS-skatole. The vizl was wrapped with aluminum
foil and stirred st room temperature. After 7.5 h, a second aliguot of tyrosine, equal to
the first, was added, The reaction was them allowed to proceed overmight and was teminated
the next morming by extracting the BNPS-skatole reagent with diethyl ether. The aqueows
phase, which contained the gemerated peptides, was thenm freeze~dried.

Peptide isolstion: Peptides of MGP were purified msing s Waters Associates HPLC system
comsisting of a WISP autosampler, two model 6000A solvenmt delivery systems, a 660 solvent
programmer, and a 450 variable wavelength detector. Peptides were detected by their absor-
bance at 220 or 230 mm asd peptides were purified usimg cither a Waters semipreparative C-18
(7.8 ™m x 30 cm), or an Altex analytical C-3 (4.6 mm x 7.5 cm) reverse phase HPLC column
employing 0.1% TFA to 0.1% TFA in CH,CN:E,0 (60:40) gradients.
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Edman Degradation: Avtomatic Edman degradations were performed on the intact, 5§-
carfioxymethylated protein and on purified peptides using an Applied Biosystems Model 470A Gas
Phase Sequencer employing the standard "NoVac” program as supplied by the manufacturer
(21), In all cases, the emd of a peptide was established by the absence of amy PTH deriva-
tive in 3 or more sequential cycles. PIH-smino scid derivatives were identificd by HPLC on &
Perkin Elmer HS-3 C-18 column or methylated with 1K methanolic HCL and idemtified on an IBM

. Cyamo column (22). The BPLC system employed comsisted of a Perkin Elmer Series 4 liguid
chromatograph, a LC-85B spectrophotometric detector ecquipped with a 1.4 pl flow cell, am
IS5-100 sutomatic sample imjector, a LCI 100 computing integrator, and a model 7500 computer
employing Chrom T1I software.

RESULTS ~

Sequence Anslysis of the Whole Protein

Direct automaztic sequence amalysis on 10 nmoles of the calf matrix Gla protein provided
sequence informationm on 33 of the first 39 residues of the molecule. The residues which
could not be identified were Trp at position 31, Arg at position 32, Ala at position 35, Gln
at position 36, Gla at position 37, and Arg at position 38, Nevertheless, the data allow for
aligment of several peptides and vnambiguously place 3 Glu residues at the N-terminal por—
tion of the molecule.

Isolation and Charscterization of Peptides derived from MGP

Iryptic digest: The tryptic digest of S—carboxymethylated MGP was redissolved in 4 ml
of 0.1% triflvoroacetic acid and purified by HPLC as shown in Figure A using the analytical
€3 reverse phase columm. Aliquots from each peak were subjected to amino acid analysis as
well as automatic sequence analysis., The peaks which cloted between 111 and 120 minntes were
found to be impure and were further purified using a shallower gradient and the same analyti-
cal C3 column. This purification resulted in 4 peaks which eluted between 30 and 55 minutes
after injection and are identified as T2, T3, T5', and T5 in Figure B. T5' differs from T5
in the presence of 2 Arg residues rather than 1 in its amino acid composition, and, there-
fore, corresponds to residues 1-19 of the intact MGP molecule {Figuze 1). The amino =ncid
compositions for tryptic peptides T1-TB sre givem in Table II. The composition of T9 was not
obtained because there was insufficient material present in the purifications already om
hand, and because its sequence only supported dets obtaimed from the sequence ammlyses of
other tryptic peptides (see Figure 1),

BNES — skatple digest: The BNPS-skatole digest of S~carboxymethylsted MGP was redis—
solved im 1 ml of 0.1% trifluorcacetic acid and purified using a semi-preparative C-18
zeverse phase HPLC colmmn as shown in Figure C. Five peptides weze purified to homogeneity in
this first step: B2, B3, B4, BS, and B7. The peak which eluted in fractions 48 through 52
was found to be impure and was subscquenmtly fractionated imto B7, B6, and Bl by rechromatog—
raphy ou the seme C18 column nsing s shallower gradiemt (data mot shown). Mobile phases were
the same as described im Figure C, and the limear gradient was from 55 to 708 B in 2 h. The
amino scid compositions supporting the sequences of the BNPS-skatole peptides are given im
table TII. It mey be noted that B2 and BS have anomalously high levels of tyrosime. This is
attributable to the additiom of & large excess of tyrosine to act as a scavenger inm order to
prevent the modification of tyrosime in the intact molecule during treatment with BNPS—
skatole.

CPY digestion: Carboxypeptidase ¥ digestion confirmed that the C-termimal of the
molecule was Tyr—Phe-Arg-Gln, After 10 h of digestion at 25°C, the molar ratio of
Tyr:Phe:Arg:6ln was 1.0:1.2:1.2:1.0.

Complete Seanence of Bovine Matriy Gla Protein: The cowplete sequence of the bovine
matriz Gla protein, as dednced from the above studies on the whole protein and peptides, is
presented in Figure 1. The criteria employed for the identification of Gla at positions 2,
37, 41, 48, and 52 are described under Results. The presence of some glutamic acid at posi-
tion 2 was established from the presence of PTH 6lu at the second sequencer step in the
sutomatic sequencer analysis of the imtact proteinm and of peptide T5. The recovery of PTH
Glu at position 2 was 13% (peptide T5) to 23% (intact protein) of that predicted from the
extrapolated repetitive yield of PTH Glu st positions 5, 8, and 11,



Figure A,

Sequence of Bovine Bone Mairix Gla Protein
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High performance liquid chromatography of tryptic digest of S-carbozymethylated

MGP on an Altex ultrapore C3 column (4.6 mm x 7.5 cm). Mobile phase, Buffer A — 0.1% TFA;
Buffer B -0.1% TFA ia CﬂsﬂN:HZO (60:40, v/v). Flow rate,

The
equilibra

digested MNGP was

dissdlved
ted in 100% Buffer A, At injectiom, a limear gr

1.0 ml/min. Temperature, 25°C.

in 4 mi of 0.1% TFA and 0.4 ml was applied to the colmmp

adient from 0-35% B was begun and

14975

TABLE I1

Amino Acid Composition of

Tryptic Peptides €rom Matrix Gla Protein”

developed over 2 h.

T T T
S 0.30} T2 5' 4
S "
N T3
— T5
<25 4
Ly
O
Z
@ o020 |
(o]
n
[as]
<
0.I15 L L L
30 40 50 60
RETENTION TIME (min)
Figure B. High 1iguid aphy of tryptic digest of S-carboxymethylated
MGP on an Altex ultrapore €3 column (4.6 mm x 7.5 cm). Mobile phases, flow rate, and tem—

perature were the ssme as described im Figure A.
in 100% Buifer A.

colmmn equilibrated

0.4 ml of the digest was applied to the

At injection, a linear gradient from 0-25% B was run

over 15 min, followed by a linear gradient from 25-35% B in 2 h.
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ABSORBANCE AT 220 nm

L

BI+B6+B7

0.0

Amino Acid Ti T2 13 T4 15 T6 17 T8
y~Carboxyglutamic acid” 2.8(3) N.D.(&) 0.2¢1)

S-carboxynethyl cysteine 1.4(2) 1.6(2)
Aspartic acid 2.1(2)  4.0(8) 5.3(8) 2.0(2) 2.0(2)
Threonine
Serine 0.8 2,5(3) 1.6(2)
Glutamic acid 2.2(2)  7.0%(3) 3.6(3) 2.1(2)  1.0(1)
Proline 1.0¢2) N.D.(1) 0.8(1) 1.0(L
Glyeine 1.1
Alanine 3.1(3)  L.4(1) 2.2(2) 1.0
Valine 1.3(1)
Methionine 0.9
Isoleucine 1.0(1) 1.2(1) 1.6(2) 1.0(1)
Levcine 2.9(3) 3.1(3) 1.0(1)
Tyrosine 3.0(4)  L.1(1) 1.6(1) 1.6¢2) 0.7¢(1) 0.3(1)
Phenylalanine L1 1.3(D) LB L) Lo 1.0(1)
Histidine 0.7 0.9(1)
Lysine 2.7(2)  2.4(2)

Tryptophan 0.8(1)

Arginine 0.8(1)  2.9(3) 4.2(3) L.0(1) L.1(1) L4¢) L0 1.0(1)
Total Residues 13 2 28 2 18 1 4 3
Amino Terminus Tyr Ile sla Trp Tyr Asn Tyr Tyr
Residue Number 63-75  39-62 35-62  31-32 1-18  20-30  76-79 76~78
 The values in the table are molar ratios (those 0.3 or lower are omitzed) without

correction for destruction during hydrolysis, incomplete hydrolysis, or impurities.

Within parentheses are given the number of residues deduced from sequence analysis.
b Determined by amino acid analysis of slkaline hydrolysate (16).
€ Gla + Glu

TABLE IIL
Anino Acid Composition of
BNPS-Skatole Peptides from Matrix Gla Protein®

Avino Actd Bl B2 B3 B4 BS B7
DL-y-Hydroxyglutanic acid” 1301 L3 L) L) 0.9(D)
Aspartic acid 4.3(4) 2.1(2) LI Lol 3.9(4)
Threonine
Serine 3.9(5)
Glutamic acid 1.6(2) 1.001) 1.0(1) 5.4(6)
Proline 0.5(1) 10D 1.8(2)
Glycine 1.6(1)
Alanine 3.7(4) 2.8(3)
Half-cystine 0.8(2)
Valine 1.0(1)
Mechionine 0.7¢1)

Isoleucine 1.0¢1) 2.7¢(3)
Lescine 1.3(1) 1.5(2)  0.9(1)  0.7(1)  1.1(1)
Tyrosine 3.9(5) 4.5 0.9(1)  0.6(1) 0.7 Lo
Phenylalanine 2.2(2) 1.0(2)
Histidine 0.8(1)
Lysine 0.7¢1) L1 1.0¢1)
Tryptophan N.D.(1)
Arginine 4003 2.2 L2 0.9(1)  4.4(4)
Total Residues 27 4 11 7 4 35
Auino Terminus Ala Arg Leu Leu Leu Ser
Residue Number 53-79 38-41  42-52 42-48  49-52 3-37

? The values in the table are molar ratios (those 0.3 or lower are omitted) without
correction for destruction during hydrolysis, incomplete hydrolysis, or impurities.
Within parentheses are given the number of residues deduced from sequence analysis.

® Quantification is based on the color factor for glutamic acid.
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Figure €, High liquid kb of  BNPS-skatole
caxboxymethylated MGP on a Waters semiprep C-18 colunn (7.8 mm x 30 cm). Mobile phase,
Baffer A — 0.1% TFA; Buffer B ~ 0,1% TFA in mam;azo (60:40, v/v}. Flow rate, 1.0 ml/min,
Temperature, 25°C. The digested MGP was dissolved in 1 ml of 0.1% TFA and 0.2 ml applied to
the column equilbirated in 100% Buffer A. At imjection, a linesr gradient from 0-100% B was
begun and developed over 1 h.

digest of S-




