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Summary

The vitamin K-dependent amino acid, y-carboxyglutamic acid, is essen-
tial for calcium binding by prothrombin and blood clotting factor X. The
studies reported here demonstrate that while y-carboxyglutamic acid-containing
peptides will bind calcium, a secondary/tertiary protein structure is also
necessary to form the tight calcium binding sites which are required for
binding these proteins to phospholipid surfaces.

Introduction

It has recently been demonstrated that the modified amino acid, vy-
carboxyglutamic acid, is found in the vitamin K-dependent blood-clotting
proteins (1-3) and is necessary for calcium and phospholipid binding by
these proteins (4-7). Studies have demonstrated that there are 10 y-
carboxyglutamic acid residues in the amino terminal region of prothrombin
and a similar number in the amino terminal region of factor X (3,8,9).
Sequence analyses have indicated that these residues are found primarily
in pairs (3,7,10,11) and it has been proposed that the cluster of 4 car-
boxyl groups provided by this structure is responsible for calcium binding
by these proteins. Other proposals based on model building involve calcium-
binding through a complex arrangement of the carboxyl groups (3). The
present study supplements the previous reports of calcium binding by
these proteins (12-16) by providing some limitations for the role of vy-
carboxyglutamic acid residues in calcium binding and in the subsequent

binding of these proteins to phospholipid.
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Materials and Methods

The preparation of bovine prothrombin (4), fragment 1 (17), bovine
factor X (3), and the vitamin K-dependent peptides of prothrombin1 (4% and
factor X (3), as well as the method of disulfide bond reduction and 1ac-
carboxamidomethylation (4), are described previously. [3H]Sialyl-fragment
1 was produced by the method of Van Lenten and Ashwell (18) and tritium-
labelled vitamin K-dependent peptide was generated by the Wilzboch pro-
cedure performed by the Amersham/Searle Corp. on 30 mg of peptide. The
repurified peptide contained 0.1 mCi/mg and was added in tracer amounts to
untreated peptide in order to quantitate the vitamin K-dependent peptide
in the calcium binding studies.

Calcium binding studies were performed by gel-filtration using a
Sephadex G-25 column (0.6 x 20 om) equilibrated with the appropriate 45CaC12
(25,000 cpm/umole) concentration in 0.05 M Tris buffer (pH 7.5)-0.1 M NaCl
at 25 + 2°. Protein concentration was determined using an e%ﬁ = 10.1 for
fragment 1 (molecular weight 25,000) (17) and an e%§0 = 16.5" “for prothrom-
bin (molecular weight = 72,000) (19). Calcium was guantitated by radio-
active scintillation counting. A small amount of [~H]peptide (above) was
added to the vitamin K-dependent peptides to obtain a known specific radio-
activity allowing 45Ca2* and peptide concentrations to be determined by
dual-label counting. The quantities of material applied to the column for
individual determinations were: prothrombin, 7 mg, fragment 1, 2-4 mg,
prothrombin vitamin K-dependent peptide, 0.2-1.0 umoles or factor X vitamin
K-dependent peptide, 0.1 umoles.

Adsorption of proteins and peptides to phospholipid vessicles was
performed according to Esmon et al. (5) using cephalin obtained from Sigma
Chemical Co. as the phospholipid. The 1.2 x 50 cm Sephadex G-100 column
was equilibrated with 0.05 M Tris buffer (pH 7.5)-0.1 M NaCl containing
either Z mM CaCly or 2 mM EDTA. Other conditions for binding are as
described by Esmon et al. (5).

Results and Discussion

The vitamin K-dependent structures of prothrombin, y-carboxyglutamic
acid residues, are essential for the calcium binding and barium citrate
adsorbing properties of that protein. The barium citrate adsorption pro-
perty apparently requires a specific arrangement of some of the y-carboxy-
glutamic acid residues as evidenced by the fact that only one tryptic
peptide from prothrombin, which contains eight y-carboxyglutamic acid resi-
dues, will adsorb to barium citrate (4) whereas a second peptide with two
y-carboxyglutamic acid residues (2) is not isolated by barium citrate

adsorption. Furthermore, the barium citrate-adsorbing property is asso-

IThe tryptic peptides from prothrombin and factor X which adsorb quantita-
tively onto barium citrate and contain most of the y-carboxyglutamic acid
residues are referred to as '"vitamin K-dependent peptides'. The products
of thrombin action on prothrombin are referred to as fragment 1 and inter-
mediate 1 (5).
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ciated with a nonapeptide (8) which contains only four of the y-carboxy-
glutamic acid residues.

Determination of the structure necessary for calcium binding was
examined by evaluation of calcium binding by the vitamin K-dependent pep-
tide. The methods previously used for studying calcium binding by this
peptide (12) subsequently have been reported to give erroneocus results (21).
The results obtained by the gel filtration procedure used here are shown
in Figure la. The important aspects of calcium binding by the peptide are:
1) the affinity of the peptide is lower than that observed for prothrombin
(Figure 1b), 2) although the peptide contains éight of the 10 y-carboxy-
glutamic acid residues found in prothrombin, the maximum calcium bound by
the peptide is about three moles/mole whereas prothrombin will bind about
10 moles of calcium per mole (13-16), 3) there is no apparent cooperativity

of calcium binding to the peptide as there is for prothrombin (Figure 1b)

Moles CaZ2* bound /mole peptide or protein X 1073

2
Moles Ca?* bound 7/ mole peplide or protein

Figure 1. Scatchard plots of calcium bound by various proteins and
peptides which contain y-carboxyglutamic acid. Figure la gives the calcium
binding observed for the vitamin K-dependent peptide with disulfide bonds
intact (-e-) and with carboxamidomethylcysteine (-o-). The calcium-binding
by the vitamin K-dependent peptide of factor X with disulfide bonds intact
is also given (~4-). Figure 1b illustrates the calcium binding observed for
prothrombin (-x-~), for native fragment 1 (-® -) and for fragment 1 which
contains carboxamidomethylcysteine (-0 -).
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and 4) the calcium binding by the peptide is not affected by disulfide bond
reduction and derivatization which is identical to the observations with
respect to barium citrate adsorption (4). Calcium-binding by the vitamin
K-dependent peptide from factor X was also examined and is qualitatively
the same as for the prothrombin peptide (Figure la, A). This comparison
establishes that the low calcium binding observed for the prothrombin pep-
tide is not due to the fact that the prothrombin peptide contains only
eight of 10 y-carboxyglutamic acid residues since the factor X peptide con-
tains all of the y-carboxyglutamic acid residues found in factor X (3).

The results of calcium-binding by prothrombin and fragment 1 using
several techniques have been reported (12-16). The calcium-binding charac-
teristics of prothrombin and fragment 1 observed in the present study are
given in Figure 1b. The upward slope of the Scatchard plot observed at low
calcium did not appear to be dependent on protein concentration as deter-
mined by other studies using one mg of prothrombin per determination instead
of the seven mg used in Figure 1b. This apparent cooperativity of calcium
binding has been observed by others (13,15) with some exception (14).
Fragment 1 appears to bind less calcium than prothrombin (Figure 1b) which
agrees with the results of Bajaj et al. (15) but not with those of Benson
et al. (14). The observation important to the present study is that re-
duction and carboxamidomethylation of fragment 1 causes a substantial
decrease in calcium binding affinity (Figure 1b, compare -® -, and -0 -)
such that the reduced carboxamidomethylated protein binds calcium substan-
tially the same as the vitamin K-dependent peptide. For comparison, the
line drawn for reduced carboxamidomethylated fragment 1 (Figure 1b, -uo-)
is the same as that drawn for the prothrombin vitamin K-dependent peptide
(Figure la, - e -). Air oxidation of reduced fragment 1 did not regenerate
the tight calcium-binding sites.

Previous reports indicated that disulfide bonding had only a small

effect on the calcium binding by prothrombin (12) but those studies involved
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a calcium binding method (20) which has subsequently been reported to give
erroneous binding data (21). The failure to observe an effect of disulfide
bond reduction on calcium binding in the previous studies (12) could be
explained if one source of difficulty with that method were a dematuration
of the protein during the procedure. In fact, the binding affinity observed
in the earlier studies approximates that observed here for reduced, carbox-
amidomethylated fragment 1 (Figure 1b, -o -).

A second important consideration concerning the role of y-carboxyglu-
tamic acid is associated with its lipid-binding function. Calcium binding
by the vitamin K-dependent proteins is important in blood coagulation from
the standpoint of binding the proteins to a phospholipid surface where
zymogen activation occurs (3,5,22,23) and it is not clear whether the calcium
binding properties of the protein in solution will correlate with the role
of calcium binding in the attachment of the proteins to a phospholipid
surface. Therefore, the binding of fragment 1 and vitamin K-dependent
peptide to phospholipid was studied to determine if the factors which are
important to tight calcium binding by the protein in solution are also
important for binding the protein to phospholipid. Intact fragment 1 binds
to phospholipid vessicles in the presence of calcium but not in the presence
of EDTA (Figure 2a and b respectively) which agrees with other studies on
fragment 1 and prothrombin (5). In contrast, the vitamin K-dependent pep-
tide (Figure 2c) does not bind to phospholipid in the presence of calcium
ions. Studies using the prothrombin or factor X vitamin K-dependent pep-
tides with intact disulfide bonds gave identical results, i.e., no binding
to phospholipid. In addition, fragment 1 with reduced and derivatized
disulfide bonds did not bind to phospholipid using the conditions given in
Figure 2a. This establishes that secondary/tertiary protein structure is
required for binding these proteins to phospholipid. The present studies
demonstrate that, while y-carboxyglutamic acid residues are involved in

calcium binding, they are insufficient simply by virtue of their location in
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Figure 2. Binding of fragment 1 and vitamin K-dependent peptide to
phosphoTipid. A 1.2 x 55 cm columm of Sephadex G-100 was equilibrated with
0.05 M Tris buffer (pH 7.5)-0.1 M NaCl containing either 2 mM Cas* (figures
2a and 2c) or 2 mM EDTA (figure 2b). Phospholipid (0.5 ml of 6 mg/ml) in
the appropriate colum buffer was mixed with either fragment 1 or vitamin K-
dependent peptide and incubated for 30 min. at room temperature before
loading onto the column. Radioactivity (-e-), phospholipid measured as
phosphate (-o-}, and Aygy (not shown) were monitored. Figure 2a shows the
elution profile of [3H]sialyl-fragment 1 (0.4 mg) in 2 mM CaZ*; figure 2b
is the same except with 2 mM EDTA substituted for CaZ*; and figure 2c gives
the profile of the vitamin K-dependent peptide from prothrombin labelled
with 14C-carboxamidomethylcysteine (0.5 mCi/mmole) from a column eluted
with buffer containing 2 mM CaZ*,

a peptide sequence to provide the tight calcium-binding sites which are
important in blood coagulation. These results do not eliminate the possi-
bility that groups in fragment 1 other than the carboxyl groups of y-car-
boxyglutamic acid are involved in tight calcium binding and the determination
of the detailed calcium-binding structure will require x-ray crystallographic
studies on fragment 1 or prothrombin.

Present evidence on the characteristics of proteins containing vy-
carboxyglutamic acid and their functions indicate that this structure is not
widely distributed in nature. First of all, the presence of these residues

does not provide particularly tight calcium binding sites. The sites re-
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quire several y-carboxyglutamic acid residues and a specific secondary/
tertiary protein structure for arrangement of these residues. The obser-
vation that most of these residues occur in pairs in the peptide sequence
may have a further significance which is not yet known. Secondly, binding
of protein to phospholipid through calcium ions, a function ascribed to y-
carboxyglutamic acid, can be fulfilled by other structures as evidenced by
the S-100 protein from brain which binds to phospholipid through calcium
ions (24) but contains no y-carboxyglutamic acid (T. H. Zytkovicz and G. L.
Nelsestuen, unpublished data). The protein-phospholipid interaction which

occurs in the blood-clotting reactions and requires y-carboxyglutamic acid

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

even may be found to be characteristic of those reactions alone.
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