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ABSTRACT Matrix Gla protein (MGP), a low molecular
weight protein found in bone, dentin, and cartilage, contains §
residues of the vitamin K-dependent amino acid y-carboxy-
glutamic acid (Gla). We have used antibodies raised against
MGP and oligonucleotide probes to screen a Agtll cDNA
library constructed from the rat osteosarcoma cells (line ROS
17/2) that had been pretreated with 1a,25-dihydroxyvitamin
D;. By sequencing several cloned cDNAs, we established a
523-base-pair sequence that predicts an 84-residue mature
MGP and a 19-residue hydrophobic signal peptide. The 84-
residue mature rat MGP predicted from the cDNA sequence
has an additional 5 residues at its C terminus (-Arg-Arg-Gly-
Ala-Lys) not seen in the sequence of MGP isolated from bovine
bone. The structure of rat MGP provides insight into the
mechanisms by which the vitamin K-dej::ndent y-carboxylase
recognizes substrate. The present stud :s show that MGP,
unlike other vitamin K-dependent proteins, lacks a propeptide.
The absence of an MGP propeptide demonstrates that y-
carboxylation and secretion of vitamin K-dependent proteins
need not be linked to the presence of a propeptide or to its
proteolytic removal. The propeptides of other vitamin K-
dependent proteins are structurally homologous, and there is
evidence that this homologous propeptide domain is important
to substrate recognition by the y-carboxylase. Mature MGP
has a sequence segment (residues 15-30) that is homologous to
the propeptide of other vitamin K-dependent proteins and
probably serves “he same role in y-carboxylase recognition. Rat
MGP also has a second sequence that has recently been
identified in all known vitamin K-dependent vertebrate pro-
teins, the invariant unit Glu-Xaa-Xaa-Xaa-Glu-Xaa-Cys
(EXXXEXC). Since the glutamic residues in this unit are sites
of y-carboxylation, it has been suggested that the EXXXEXC
unit could allow the y-carboxylase to discriminate bétween
substrate and product. The demonstration that two structures
common to vitamin K-dépendent proteins, the homologous
propeptide domain and the invariant EXXXEXC unit, are in
mature MGP indicates that des-y-carboxy-MGP should be an
excellent in vitro y-carboxylase substrate for analysis of mech-
anisms involved in substrate recognition arid product dissocia-
tion.

Matrix Gla protein (MGP) is a 79-residue protein, found in
bone, dentin, and cartllage, that contains 5 residues of the
vitamin K-dependent amino acid, y-carboxyglutamiic acid
(Gla) (1-3). The C-terminal domain of bovine MGP (residues
31-79) has 20% sequence identity to the 49-residue structure
of bone Gla protein (BGP), the only other vitamin K-
dependent protein isolated from bone. Although this degree
of sequence identity is at the threshold of statistical signifi-
cance, the fact that specific amino acid residues conserved in
BGP from all species examined to date are also found in MGP
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indicates that the C-terminal domain of MGP and the secreted
form of BGP arose from a common ancestor by gene
duplication and subsequent divergent evolution (2). MGP
associates with the organic matrix of cartilage and bone and
is virtually water-insoluble (<10 pg/ml) in the absence of
denaturants, a property that is noteworthy given its high
percentage of hydrophilic amino acids and:its small size
(1-4). Although the function of MGP is unknown, vitamin
K-deficient rats develop excessive mineralization of growth-
plate cartilage, which indicates that a yitamin K-dependent
cartilage protein, possibly MGP, normally prevents cartilage
mineralization (5). In clonal osteoblastic cells, MGP pro-
duction is regulated by la,25-dihydroxyvitamin D, [1,25-
(OH),Ds] (6, 7). In the present study, we have undertaken the
molecular cloning of rat MGP in order to generate probes for
further investigation of its biosynthesis and hormonal regu-
lation and in order to obtain the complete amino acid
sequence of the initial translation product.t The results
identified the probable structures involved in substrate rec-
ognition by the y-carboxylase and the relationship between
the y-carboxylase binding site and the location of glutamic
residues that are modified.

EXPERIMENTAL PROCEDURES

Antlbody Screenmg Antibodies raised in rabbits against
bovine MGP (4) were purified by affinity adsorption to rat
MGP-Sepharose 4B, ehition with 4 M guanidine hydrochlo-
ride, and dialysis against phosphate-buffered- saline at 4°C.
This antibody preparation, which crossreacts with rat MGP
(4), was used at a protein concentration of 1.5 ug/m’ to screen
our rat osteosarcoma (ROS) 17/2 Agt11 cDNA library (8) with
the ProtoBlot immunoscreening system (Promega Biotec,
Madison, WI). This library was prepared with mRNA from
ROS 17/2 cells that had been treated with 1,25-(OH);Ds at 1
nig/ml for 54 hr (8), a treatment time that we have shown is
sufficient to induce MGP expression by ROS 17/2 célls (7).
Positive clones were plaque-purified, subcloned into plasmid
pUCS, -and sequenced by the dideoxynucleotide chain-
termination method on double-stranded DNA (9).

Screening with Labeled Probes. Additional MGP clones
were obtairied by screening (8) our ROS 17/2 library with
MGP-1 DNA, the largest insert identified by screening with
antibody; labeling by nick-translation, nitroceliulose filter
preparation, hybridization, and washing have been described
(8, 10, 11). In a separate approach to MGP cloning, we also
probed our ROS 17/2 Agtll cDNA library with oligonucle-
otidés corresponding to segments of the N-terminal sequence
of rat MGP. MGP was isolated from rat bone (1; 4) and

Abbreviations: MGP, matrix Gla protein; BGP, bone Gla protein;
1,25-(OH),D;, 1a,25-dihydroxyvitamin Ds. -

*To whom reprint requests should be addressed. .
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subjected to N-terminal sequence analysis for 33 steps as
described (2). The N-terminal sequence of rat MGP is
Tyr-Gla-Ser-His-Glu-Ser-Met-Glu-Ser-Tyr-Glu-Val-Ser-
Pro-Phe-Thr-Asn-Arg-Arg-Asn-Ala-Asn-Thr-Phe-Ile-Ser-
Pro-GlIn-GlIn-Arg-Trp-His-Ala-. The following oligonucleo-
tide probes were synthesized by the University of California
at San Diego Oligonucleotide Synthesis Facility and end-
labeled (11): 17A, d(GTYGTYGCNACCGTRCG); 17B,
d(GTYGTYTCYACCGTRCG); 14C, d(GTRCTYTCRTAC-
CT); and 14D, d(GTRCTYAGNTACCT). Probes 17A and B
correspond to residues 28-33 in rat MGP, and probes 14A and
B correspond to residues 4-8. Y refers to Cand T, R to G and
A, and N to all four bases, each at equimolar levels. Clone
AMGP-6 was purified based on its hybridization with 17B and
14C. The hybridization of these prabes rather than 17A and
14D is in agreement with the final cDNA sequence (Fig. 3).

RNA Blot Hybridization. RNA was isolated from rat
calvaria and from ROS 17/2 cells treated for 6 days with
1,25-(OH),D; at 1 ng/ml (7) by the guanidinium isothio-
cyanate/CsCl method (8, 11). Poly(A)* RNA selection,
deadenylylation of mRNA, and blot hybridization of
electrophoretically fractionated RNA were carried ot as
described (8, 11, 12).

RESULTS

Isolation of cDNA Clones by Antibody Screening. The initial
screening of 5 X 10° recombinants from our ROS 17/2 cDNA
library with rat MGP antibodies yielded 3 positive plaques.
After plaque purification, the clone containing the largest
insert, designated A\MGP-1, was excised with restriction en-
donuclease EcoRlI, subcloned into pUC8, and sequenced. To
better estéblish the sequence in the middle of this insert,
MGP-1 was also cleaved with Stu I and the two fragments
were subcloned into pUC8 and sequenced. The 495-base-pair
insert of AMGP-1 contains one long open reading frame
coding for a polypeptide that exactly corresponds to the 33
N-terminal residues of rat bone MGP, which had been
determined by amino acid sequence analysis (see Experimen-
tal Procedures) and matches the amino acid sequence of
MGTP purified from bovine bone (2) in 66 out of 79 positions.
The open reading frame extends to the 5’ end without
revealing any ATG triplet that might act as a translational
start site. In the 3’ direction, the open reading frame contains
a TAA termination codon followed by 197 nucleotides.

Analysis of MGP mRNA. In order to estimate the size of the
full-length MGP mRNA, RNAs from rat calvaria (Fig. 1, lane
A) and ROS 17/2 cells treated for 6 days with 1,25- (OH)2D3
(lane B) were analyzed by gel electrophoresis followed by
blot hybridization with **P-labeled MGP-1 DNA. The probe
recognized a single broad band at 660-740 nucleotides in both
RNA samples, indicating that the MGP cDNA we had cldned
from ROS 17/2 was indeed representative of MGP message
in normal bone but was not full-length. Analysis of deade-
nylylated ROS 17/2 RNA yielded a single discrete band at
570-580 nucleotides (Fig. 1, lane C). No hybridization was
detected to RNA from ROS 17/2 cells that had not been
treated with 1,25-(OH),D; (data not shown) a finding con-
sistent with the absolute dependence of MGP synthesis in
these cells on treatment with l 25-(OH),D; for at least 48 hr
.

Nucleotide Sequence of Complete MGP cDNA. Since none
of the original 3 clones contained a full-length cDNA insert,
32p.labeled MGP-1 DN A was used to identify additional MGP
clones in the library by plaque hybridization. This screening
yielded 11 positive clones, none of which proved longer than
MGP-1. Most inserts were subcloned into pUCS8 and se-
quenced; one of these, designated A\MGP10, is shown in Fig.
2. Independent screening of 3 X 10° recombinants from our
ROS 17/2 c¢DNA library with two oligonucleotide probes
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FiGc. 1. Blot hybridization analysis of MGP mRNA. All mRNA
samples were purified by a single round of oligo(dT)-cellulose
chromatography. Lanes: A, 10 ug of rat calvarial mRNA; B, 2 ug of
mRNA from ROS 17/2 cells treated for 6 days with 1,25-(QH),D; at
1 ng/ml; C, 2 pg of deadenylylated ROS 17/2 mRNA [sam¢
I, 25-(OH),D; treatment as lane B]. A'96-hr autoradiographic expo-
sure was used for all lanes. Positions and sizes [in kilobases (kb)] of
RNA standards are indicated.

based on the N-terminal sequence of rat MGP identified 1
plaque positive for both probes; this plaque also hybridized
with 32P-labeled MGP-1. The insert from this clone, desig-
nated AMGP-6, was excised with EcoRI, subcloned into
pUCS, and sequenced. The cDNA inserts whose sequences
were used to obtain the ¢cDNA structure of MGP are
diagrammed in Fig. 2. The sequences of all other clones
examined agreed with this structure.

Overlapping sequences were consolidated into the 521-
nucleotide sequence shown in Fig. 3. The first ATG triplet
(nucleotide positions 1-3) in the longest open reading frame
has been designated the translational start site because the
sequence surrounding this triplet matches the proposed
consensus seéquence for initiation of eukaryotic translation at
6 of 7 bases (13). The C-terminal region -of the 103-residue-
predicted polypeptide (corresponding to nucleotide positions
58-309) has 83% sequence identity with the amino acid
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FI1G.2. Strategy for determining the nucleotide sequence of MGP
cDNA. Inserts of the Agt1l cDNA clones that were sequenced are
depicted by heavy lines. Horizontal arrows show the direction and
extent of sequencmg Vertical arrows indicate Stu I restriction site.
bp, Base pairs.
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ACACCCGAGACATC
-1
10 -1 1
Met Lys Ser Leu Leu Pro Leu Ala lle Leu Ala Ala Leu Ala Val Ala Ala Leu Cys Tyr Glu Ser His Glu
ATG AAG AGC CTG CTC CCT CTG GCC ATC CTG GCT GCG CTG GCC GTG GCA GCC CTG TGC TAT GAA TCT CAC GAA
20 40 60
+10 +20
Ser Met Glu Ser Tyr Glu Val Ser Pro Phe Thr Asn Arg Arg Asn Ala Asn Thr Phe lle Ser Pro GIn GlIn
AGC ATG GAA TCC TAT GAA GTC AGT CCC TTC ACCAAC CGG AGA AAT GCC AAC ACC TTT ATA TCC CCT CAG CAG
80 100 120 140

+30 +40 +50

Arg Trp His Ala Lys Ala GIn Glu Arg Val Arg Glu Leu Asn Lys Pro Ala Gin Glu lle Asn Arg Glu Ala
AGA TGG CAC GCT AAA GCC CAG GAA AGA GTC CGG GAA CTC AAC AAG CCT GCC CAG GAG ATC AAC AGG GAG GCC

160 180 200
+60 +70
Cys Asp Asp Tyr Lys Leu Cys Glu Arg Tyr Ala Leu Ille Tyr Gly Tyr Asn Ala Ala Tyr Asn Arg Tyr Phe
TGT GAT GAC TAC AAG CTG TGT GAG CGC TAC GCC CTG ATC TAC GGG TAC AAC GCC GCC TAC AAC CGC TAC TTC
220 240 260 280
+80
Arg GIn Arg Arg Gly Ala Lys Stop
AGG CAG CGC CGA GGA GCC AAA TAA GAGCGCAAGGAAACAGTCGCTTTGTTACGGAGTCTGGTTTCATATTCCCCTGCAGT
300 320 340 360

AGCATTACCGATACACAGATTCGTGTTCGTTGCTTGTTCCTCACATGATCTCCTGTCGGCTGGGCCACTCCTTCCTTCCGCGGG
380 400 420 440
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TTGAAAGTAATGAAAGAGCAGTATTAAGAAATGTGTTTATATATAATAAAATTCTGG

460 480

FiG. 3.

500

Complete nucleotide sequence of MGP cDNA and sequence of its predicted polypeptide. The nucleotide sequence is numbered below

each line, with position 1 corresponding to the start of the protein-coding region. The amino acid sequence is numbered above each line, with
position 1 corresponding to the N-terminal residue of the protein isolated from bone. The polyadenylylation signal is underlined.

sequence of bovine MGP (2) and, in the first 33 amino acid
residues of this region, is identical to the N-terminal sequence
of MGP purified from rat bone. The coding region is termi-
nated by a single TAA triplet (positions 310-312). An
AATAAA polyadenylylation signal (14) is found beginning at
position 497.

DISCUSSION

Processing of the Predicted Polypeptide. An unusual feature
of the 103-residue primary translation product predicted from
the MGP cDNA is the absence of a propeptide. To our
knowledge, MGP is the only known example of a vitamin
K-dependent protein that lacks a propeptide. The first ATG
triplet in MGP is followed by codons for lysine, serine, and
a stretch of 16 hydrophobic residues that presumably form
the transmembrane core of a signal peptide (15). Signal-

1 5 10

peptide cleavage is predicted to occur after the cysteine
residue at position —1 (16), and tyrosine at position +1 is the
first residue in the N-terminal sequence of mature rat and
bovine MGP (Fig. 4).

The primary translation product predicts an 84-residue rat
MGP that has an additional 5§ amino acids at the C terminus
that are not present in the MGP previously isolated from
bovine bone and sequenced (Fig. 4). The first two residues of
this C-terminal pentapeptide are Arg-Arg, a dibasic sequence
that is often a site of proteolytic cleavage in the processing of
proteins (17). Although it is not known whether proteolytic
cleavage to remove the C-terminal pentapeptide precedes
secretion from the cell, a closely spaced doublet has been
noted in the protein blot analysis of MGP in guanidine
extracts of bone and cartilage from rat and calf (3). If this
doublet represents the 84-residue protein predicted from the

15 20

Rat:
Bovine:

Tyr Gla Ser His Glu Ser|Met

Tyr Gla Ser His Glu Ser|Leu|Glu Ser

Glu Ser Tyr Glu
Tyr Glu

Val Ser
lle Asn

Pro Phe[Thr(Asn Arg Arg Asn Ala Asn
Pro Phe| lle [Asn Arg Arg Asn Ala Asn

25 30

35 40

Rat:
Bovine:

Thr
Ser

Phe lle Ser Pro GIn GIn Arg Trp
Phe lle Ser Pro Gin GIn Arg Trp

His
Arg

Ala Lys Ala
Ala Lys Ala

Gin Gla Arg|Val
GIn Gla Arg| lle

Arg Gla Leu Asn Lys
Arg Gla Leu Asn Lys

45 50

55 60 65

Rat:
Bovine:

Asn
Asn

Pro
Pro

Arg Gla Ala
Arg Gla Ala

Ala GIn|Glaf lle
GIn Tyr|Gla|Leu

Cys Asp Asp
Cys Asp Asp

Leu lle
Met Val

Tyr
Phe

Lys Leu Cys Glu Arg Tyr Ala
Lys Leu Cys Glu Arg Tyr Ala

70 75

80

Rat:
Bovine:

Tyr Gly Tyr Asn Ala Ala Tyr|Asn
Tyr Gly Tyr Asn Ala Ala Tyr|Asp

Arg

Arg Tyr Phe Arg Gin
Tyr Phe Arg Gin

Arg Arg Gly Ala Lys

Fic. 4. Comparison of bovine and rat MGP sequences. The bovine MGP sequence was determined by direct amino acid sequence analysis;
the position of each y-carboxyglutamic (Gla) residue in this sequence is therefore known (2). The rat MGP sequence was deduced from the cDNA
sequence and the position of the 5 Gla residues in rat MGP is assumed to be the same as in the bovine protein.
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cDNA and the 79-residue protein sequenced from bone, the y-carboxyglutamic acid. The consistent finding of a y-
two proteins must be present at comparable levels in the carboxyglutamic residue on the N-terminal side of the y-
extracellular matrix and proteolytic processing probably carboxylase binding site demonstrates that glutamic residues
occurs after secretion. It will clearly be of great interest to on either side of the binding site have access to the active site
know the function of proteolytic processing at the C terminus of the y-carboxylase. It follows from these observations that

of MGP and, in particular, whether the extraordinary water-
insolubility of the 79-residue MGP isolated from bone, an
unusual feature of the protein given its high percentage of
hydrophilic amino acids and small size (1-4), is also a
property of the 84-residue protein.

Mechanisms by Which Substrates Are Recognized by the
y-Carboxylase. Previous work showed that the propeptide of
BGP is homologous to the propeptide of other vitamin

the y-carboxylase binding site in as-yet-uncharacterized
vitamin K-dependent proteins can be anywhere in the mature
protein and that y-carboxylation of glutamic residues can
occur to either side of the propeptide component of the
binding site.

A previously unrecognized invariant structure in the y-
carboxyglutamic acid-containing region of vitamin K-depen-

K-dependent proteins (8), and it was postulated that the geint)\(/ertecbrateEp)Ec;(t)e(lgsxlé the s;tguenc%Gzh;-X;_a-Xasla-XTas-
homologous propeptide domain is a recognition site for the u-Aaa- %s ( he first positions 17-23, Fig. 5). The
y-carboxylase (8, 18). Although MGP has no propeptide, separation between the first glutgmlc residue in this invariant
there is a region of the mature protein, residues +15 to +30 structure (at +17) and the previously recognized invariant
in Fig. 4, that is homologous to the propeptide of other |  arginine in the homologous propeptide domain (at 1) is
vitamin K-dependent proteins. The absence of a propeptide 15-17 residues in all cases except mouse BGP, where the
in MGP demonstrates that the y-carboxylation and secretion separation is 12 residues. If the sequences of the homologous
of a vitamin K-dependent protein need not be linked to the propeptide domain and the y-carboxyglutamic acid-contain-
presence of a propeptide or to its proteolytic removal. ing region of known vitamin K-dependent vertebrate proteins
If residues 15-30 in MGP correspond to the propeptide are compared (—16 to +30, Fig. 5), the two vitamin K-
component of the binding site for the y-carboxylase, MGP is dependent bone proteins, BGP and MGP, are each as closely
the first example of a vitamin K-dependent protein in which related to coagulation proteins as to each other. There are 2
a glutamic residue on the N-terminal side of this y-carbox- additional residues that are invariant in MGP and in all
ylase binding site is known to be y-carboxylated. Previous coagulation proteins but not in BGP (alanine at —10 and
N-terminal sequence analysis of bovine MGP revealed ap- glutamic acid at +30), and 1 additional residue that is
proximately 80% vy-carboxyglutamic acid and 20% glutamic invariant in BGP and in all coagulation proteins but not in
acid at position 2 (2). The other three glutamic residues on the MGP (leucine at +6). There are, for comparison, only 2
N-terminal side of this y-carboxylase binding site were not residues that are invariant in BGP and MGP but are not found
vy-carboxylated. In the course of the present studies, we in coagulation proteins (arginine at +20 and cysteine at +29).
carried out N-terminal sequence analysis of rat MGP. The These sequence relationships are consistent with the hypoth-
results support the presence of partial y-carboxylation at esis that the propeptide and y-carboxyglutamic acid domain
position 2 and no y-carboxylation at positions 5, 8, and 11. units of known vitamin K-dependent proteins evolved from
Based on extrapolated repetitive yields in the N-terminal a common ancestor by gene duplication and subsequent
sequence of rat MGP, position 2 is 20% glutamic acid and 80% divergent evolution and indicate that the two bone proteins
-10 -1 1 10 20 30
hBGP KA?VSKOEGSEVVKRPRR lYLYQWLGAPVPYPDPLéPRRéVCéLNPDCD
rBGP K AIFIMSKQEGSKVVNRLRIR lYLNNGLGAPAPYPDPLéPHRéVCéLNPNCD
mBGP K AIFIMS KQEGNK V VNRLR|R| Y LGASVPSPDPLéPTREQCELNPACD
bMGP N P|F[I NRRNANSF I SPQQRWRAKAQERIRELNKPQY|E[LNRIE|AlclDDFKLCE
'MGP S PIF[TNRRNANTF I SPQQRWHAKAQERVRELNKPAQIE[I NRIEJAlclDDYKLCE
hPT HV|FlLAPQQARSLLQRVRIR| IANTF LEEVRKGNLER|E[CVE|E|T[C|SYEEAFE
bPT HV|F|[LAHQQASSLLQRARIR| LANKGFLEEVRKGNLERI|E[CLE|E|P|c|SREEAFE
hFX SLIF/IRREQANNILARVTIR| IANS FLEEMKKGHL ER|E|CMEIE|T|c|SYEEARE
bFX SV|F[LPRDQAHRVLQRAR|IR| IANS FLEEVKQGNLER|E|CLE|E|A[c|SLEEARE
hFIX T V|F[LDHENANKILNRPKIR| IYNSGKLEEFVQGNLER|E[CME|E|K|c|SFEEARE
hFVIL RV|F[VTQEEAHGVLHRRRIR| AN AFLEELRPGSLER|E[CKE|E|Qc/]sFEEARE
hPS ANLLSKQQASQVLVRKR|IR| IANS LLEETKQGNLER|E[CIE|E|LICINKEEARE
bPS AN[FILSRQHASQVLIRRRIRl JANT LLEETKKGNLERI|E/CIE|E|LICINKEEARE
hPC SV|FlSSSERAHQVLRIRK|IR| tANS FLEELRHSSLER|E|cIE|E/I|cilDFEEAKE
bPC S V|F/]SSSQRAHQVLRIRKR IANS FLEELRPGNVER|E[CSE|E|V|CIEFEEARE
bPZ IAGSYLLEELFEGHLEKI|EJcWE[E/I[clvYEEARE

Fic.5. Conserved amino acids in the propeptide and y-carboxyglutamic acid-containing domains of known vertebrate vitamin K-dependent
proteins. Amino acid sequence positions are numbered so that 1 corresponds to the first residue of mature BGP. All other sequences have been
aligned to give maximum homology. Arrows preceding residue 1 indicate the site of propeptide cleavage; the absence of an arrow in the MGP
structure is due to the absence of a propeptide in this protein. Sequences are given in standard one-letter symbols [E represents -
carboxyglutamic acid (Gla)]. Sequences (from top to bottom): hBGP, human BGP (19); rBGP, rat BGP (8); mBGP, mouse BGP (19); bMGP,
bovine MGP (2); rMGP, rat MGP (Fig. 3); hPT, human prothrombin (20); bPT, bovine prothrombin (21); hFX, human factor X (22); bFX, bovine
factor X (23); hFIX, human factor IX (24); hFVII, human factor VII (25); hPS, human protein S (26); bPS, bovine protein S (27); hPC, human
protein C (28); bPC, bovine protein C (29); bPZ, bovine protein Z (30).
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probably diverged from this common ancestor at about the
same time as coagulation proteins.

There is evidence that the homologous propeptide and
invariant EXXXEXC structures of vitamin K-dependent
proteins both play a role in substrate recognition by the
y-carboxylase. Site-directed mutagenesis studies (31)
showed that two conserved amino acids in the propeptide
region of factor IX (phenylalanine at —16 and alanine at —10;
Fig. 5) are indeed critical to recognition by the y-carboxylase.
Although the importance of the EXXXEXC unit has not yet
been tested by site-directed mutagenesis, there is indirect
evidence to support a role for this unit in y-carboxylase
binding to substrate. A variety of peptides have been syn-
thesized that correspond to the sequences of vitamin K-
dependent proteins in y-carboxyglutamic acid-containing
regions but that lack the invariant EXXXEXC unit (32). None
of these peptide substrates proved to have K, values lower
than a few millimolar (32-34). In contrast, both intact BGP
and the peptide corresponding to residues 13-29 in prothrom-
bin proved to be excellent y-carboxylase substrates (33, 34)
after y-carboxyglutamic residues were converted to glutamic
residues by decarboxylation (35). For both decarboxylated
polypeptides, K, values are 2-3 orders of magnitude lower
than for the best known synthetic peptide substrate, Phe-
Leu-Glu-Glu-Leu (33, 34). Since both decarboxylated BGP
and decarboxylated prothron}bin-(13—29)-peptidc lack the
homologous propeptide domain yet retain the EXXXEXC
invariant structure, the excellent substrate activities of these
decarboxylated polypeptides is strong evidence for a role of
the EXXXEXC structure in y-carboxylase binding to sub-
strate.

We thank Matthew K. Williamson for carrying out the N-terminal
sequence analysis of rat MGP. This work was supported by U.S.
Public Health Service Grant AM25921.
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