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ABSTRACT: Prothrombin contains 10 v-carboxyglutamyl (Gla) residues in the N-terminal (fragment 1) domain
of the protein. Following anticoagulant administration, a spectrum of undercarboxylated, physiologically
less active forms of prothrombin is secreted into bovine or human plasma. The sites of undercarboxylation
in these prothrombin species have now been investigated. Plasma containing a mixture of partially car-
boxylated forms of prothombin was obtained from a dicoumarol-treated bovine, and three pools of partially
carboxylated (four, six, or eight Gla) species were purified by adsorption onto barium citrate and barium
oxalate, ammonium sulfate fractionation, and chromatography. Fragment 1 obtained from these variants
was equilibrated with 3H,O and heated in a dry state to decarboxylate Gla and incorporate 3H into the
resulting Glu residues. This peptide was then sequenced by Edman degradation, and the specific radioactivity
of PTH-Glu was determined for each potential Gla-containing site. Data obtained from normal prothrombin
fragment 1 fit a linear model when the log of specific activity of PTH-Glu was plotted against the cycle
number. Analysis of the 80% variant showed a decrease in carboxylation only in the last two Gla residues,
while data obtained from the 60% variant indicated a general decrease in carboxylation from the most amino-
to the more carboxyl-terminal Gla residues. In the 40% Gla variant, all but the most amino-terminal of
the Gla residues appeared to be undercarboxylated. These data indicate that the y-carboxylation of glutamyl
residues in prothrombin does not occur randomly but instead with preferential carboxylation of the most
amino-terminal Gla residues. When carboxylation is limited, the impairment of carboxylation is more severe

at the more carboxyl-terminal residues.

’]:le posttranslational carboxylation of specific glutamyl
residues to y-carboxyglutamyl (Gla)! residues in a limited
number of proteins is a vitamin K dependent event required
for their normal physiological function (Suttie & Jackson,
1977). These Gla-containing proteins include the well-char-
acterized plasma coagulation factors, prothrombin (factor II),
factors VII, IX, and X, and proteins of the anticoagulant
system, protein C and protein S (Walz et al., 1986; Davie,
1987). The most abundant of the vitamin K dependent co-
agulation factors in plasma, prothrombin, is present as a sin-
gle-chain glycoprotein of 72 000 molecular weight containing
10 Gla residues in its most amino-terminal (fragment 1) do-
main.

The enzyme responsible for y-carboxylation requires the
reduced form of vitamin K as a substrate, and the vitamin is
converted to vitamin K 2,3-epoxide by the enzyme (Suttie,
1988). Oral anticoagulants such as warfarin and dicoumarol
inhibit vitamin K action in vivo by inhibiting the recycling of
vitamin K 2,3-epoxide to the enzymatically active hydro-
quinone form of the vitamin (Matschiner et al., 1970; Bell &
Matschiner, 1972). This antagonism results in the secretion
of biologically inactive, undercarboxylated forms of pro-
thrombin into the plasma of the human and bovine (Ganrot
& Nilehn, 1968; Josso ett al., 1968; Stenflo, 1970). Although
early studies of these proteins concentrated on species lacking
any Gla residues (Nelsestuen & Suttie, 1973; Stenflo, 1974),
it has been shown that the functionally abnormal prothrombin
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secreted in the presence of coumarin anticoagulants consists
of a pool of partially carboxylated prothrombin as well as some
completely des-y-carboxyprothrombin (Prowse et al., 1976,
Friedman et al., 1979). These multiple forms of partially
carboxylated prothrombin have been extensively investigated
by Malhotra (1981). By utilizing a technique of differential
adsorption to barium citrate, barium oxalate, and alumina C-y
gel, it has been possible to isolate plasma prothrombin prep-
arations which contain seven, five, two, or one Gla residue per
mole (Malhotra, 1979a,b,c, 1982). Neither the degree of
heterogeneity within these fractions nor the location of the
carboxylated residues within each fraction has been deter-
mined.

We have now investigated the specific location of Gla res-
idues present in preparations of partially carboxylated pro-
thrombin obtained from the plasma of an anticoagulant-treated
bovine. These partially carboxylated prothrombins were
studied to determine if specific residues are undercarboxylated
or if the effect of vitamin K antagonism on the carboxylase
is nonspecific, resulting in a random carboxylation of the 10
potential Gla sites.

EXPERIMENTAL PROCEDURES

Prothrombin Activity Assays. Prothrombin assays utilizing
the chromogenic substrate S-2238 (Kabi Diagnostics, Stock-
holm, Sweden) were performed essentially as described by
Shah et al. (1984). Calcium-dependent (physiological) pro-
thrombin activity was assayed by measuring the thrombin
generated from normal or variant prothrombin using a Sigma

! Abbreviations: Gla, vy-carboxyglutamic acid; PTH, phenylthio-
hydantoin; HPLC, high-performance liquid chromatography.
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(St. Louis, MO) thromboplastin preparation to initiate the
reaction. Total prothrombin was quantitated by monitoring
the thrombin formed upon incubation of normal or variant
prothrombin with Echis carinatus (Sigma) snake venom. The
buffer used for both assays was 0.1 M Tris-HCI, pH 7.2.

Purification of Normal and Partially Carboxylated Pro-
thrombins. Normal prothrombin was purified from normal
bovine plasma as described by Ingwall and Scheraga (1969),
and partially carboxylated prothrombin was purified from
plasma obtained from a female calf administered 1.85 mg/kg
dicoumarol on days one, three, and five, fasted for 24 h, and
then sacrificed. This protocol resulted in a decrease in the ratio
of physiologically active prothrombin to total prothrombin of
from 98%, as seen in normal plasma, to 25-35% at the end
of 7 days. Blood was collected into 0.1 volume of 3.8% sodium
citrate containing 50 mM benzamidine. Plasma was obtained
and was fractionated with barium citrate and barium oxalate
as described by Malhotra (1979a,b). After removal of the
barium salts, alumina C-vy gel was added at one-tenth the
volume of plasma, the solution was stirred overnight at 4 °C,
and the gel was collected by centrifugation (4000g, 20 min).
The various salt precipitates were washed, and prothrombin
was eluted from them as described by Malhotra (1979a,b,¢)
and the eluate fractionated by ammonium sulfate precipitation
from 0-30%, 30-50%, 50-67%, and 67—-80% saturation. The
ammonium sulfate precipitates were dialyzed extensively
against water and assayed for the presence of prothrombin.
The fractions from the 0-30% and 67-80% precipitations did
not contain prothrombin and were discarded. The 30-50%
and 50-67% ammonium sulfate fractions were concentrated
with poly(ethylene glycol) 20000, dialyzed against 2 mM
sodium phosphate, and subjected to isoelectric precipitation
of prothrombin by the dropwise addition of cold 0.025% HCI
until the pH of the solution was 4.7. After 20 min, the sus-
pension was centrifuged (10000g, 30 min), and the pellets were
redissolved in 0.02 M sodium citrate, pH 7.5, and stored frozen
at =4 °C. The prothrombin was further purified by chro-
matography on a heparin—-Sepharose column as described by
Bajaj et al. (1981). The Gla content of prothrombin prepa-
rations was quantitated as described by Kuwada and Kata-
yama (1983) and protein concentration determined by the
method of Lowry et al. (1951).

Preparation of Fragment I. The amino-terminal, Gla-
containing region of prothrombin fragment 1 was prepared
from the variant prothrombins by incubation of the pro-
thrombin preparation with thrombin (1:40 wt/wt) in 0.02 M
Tris-HC1/0.1 M NaCl, pH 7.4, at 37 °C for 12 h. Fragment
1 from the barium citrate adsorbable variant prothrombins
was purified by chromatography on a DEAE-Sephadex A-25
column as described by Mann et al. (1981). Fragment 1 from
the barium oxalate and alumina C-+ variant prothrombins was
purified by preparative disc gel electrophoresis in a 1.4 cm X
6.5 cm gel. The stacking gel contained 3.7% acrylamide and
0.09% bis(acrylamide), and the resolving gel contained 8.5%
acrylamide and 0.2% bis(acrylamide). Gels and buffers
contained 0.1 M, pH 8.3, Tris-borate/3 mM EDTA. The
fragment 1 was eluted with 0.1 M, pH 8.0, Tris-HCI, and the
eluate was monitored by the absorbance at 280 nm.

Tritium Labeling of Gla Residue Sites. Cysteine residues
of the fragment 1 peptides were carboxymethylated as de-
scribed by Allen (1981) followed by extensive dialysis against
0.1 M ammonium bicarbonate and lyophilization. Tritiated
water (20 uL, 5 Ci/ml) was added to the lyophilized peptide,
the sample was evacuated for 10 min at room temperature and
then sealed in vacuo. A series of traps containing a dry
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ice/ethanol bath, phosphorus pentoxide, and Dririte were used
as an interface between the lyophilizer and the sample con-
taining tritiated water. The sample was heated at 110 °C for
4 h to facilitate decarboxylation of Gla to Glu residues and
to incorporate 3H into the resulting Glu residues (Tuhy et al.,
1979; Poser & Price, 1979; Hauschka, 1979). After being
heated, the sample was dissolved in 6 M guanidine hydro-
chloride/0.1 M ammonium bicarbonate and dialyzed against
25 mL of the guanidine/ammonium bicarbonate for 2 h. The
sample was then dialyzed extensively against 0.1 M ammonium
bicarbonate and lyophilized. Samples were redissolved in
ammonium bicarbonate for sequence analysis.

Sequence Analysis. Automated Edman degradation was
performed on a Beckman Model 890C spinning cup sequen-
ator. Fragment 1 (20~200 nmol) was loaded with 4 mg of
Polybrene added as carrier. A standard precycle program
which omitted the addition of the phenyl isothiocyanate was
used to condition the peptide. The peptide was double-coupled
in the first degradation cycle and then degraded for an ad-
ditional 34 cycles using a 0.1 M Quadrol program. Conversion
of removed residues to PTH derivatives was performed in
methanolic HCI as described by Tarr (1975), and PTH de-
rivatives were identified and quantitated on a HPLC
uBondapak column as described by Bhown et al. (1978). The
HPLC column effluent was collected in 0.75-mL fractions,
and the fractions containing PTH-Glu were mixed with 4.5
mL of Aquasol (New England Nuclear, Boston, MA), and
the amount of H was determined by liquid scintillation
spectrometry. Specific activity, *H/PTH-Glu, was determined
from these values and the amount of PTH-Glu in each frac-
tion.

RESULTS

Isolation and Characterization of Partially Carboxylated
Variant Prothrombins. Treatment of a calf with dicoumarol
for 7 days resulted in a decrease of physiologically active
prothrombin to about 25% of normal with a very small de-
crease in total prothrombin concentration. Fractionation of
this dicoumarol-treated bovine plasma by sequential adsorption
to barium citrate, barium oxalate, and alumina C-+ gel re-
moved all of the prothrombin from the plasma. Almost all
of the physiologically activatable prothrombin was associated
with the barium citrate adsorbable prothrombin fraction
(Table I). Prothrombin was purified from the various frac-
tions as described under Experimental Procedures. The barium
citrate adsorbable prothrombin was fractionated into two pools
of variant prothrombins, one of which precipitated at 50-67%
ammonium sulfate and was fully active under physiological
conditions and one which precipitated at 30-50% ammonium
sulfate and was 57% active under physiological conditions. The
Gla content of these prothrombin fractions, the barium oxalate
and alumina C-y adsorbable prothrombin variants, and also
the fragment 1 peptides derived from these preparations is also
presented in Table I. The two pools of barium citrate ad-
sorbable prothrombin variants and the barium oxalate variant
were subsequently designated as 80%, 60%, and 40% variant
prothrombin and were used for the determination of the dis-
tribution of Gla residues. The combined recovery of total
plasma prothrombin in these three fractions following puri-
fication was 30%.

Localization of Gla Residue in Fragment 1 Obtained from
Normal Prothrombin. The 10 Gla residues in bovine pro-
thrombin are located at residues 7, 8, 15, 17, 20, 21, 26, 27,
30, and 33. Standard Edman degradation techniques cannot
be used to quantitate Gla residues due to irreproducible de-
carboxylation to Glu during the sequencing procedure and poor
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Table I: Characterization of Undercarboxylated Prothrombins in Dicoumarol-Treated Bovine Plasma®

% of plasma Gla residue/mol
adsorbed to (NH,),SO, fraction (%) prothrombin physiological act. (%) prothrombin fragment 1
barium citrate 50-60 28 98 77+ 1.7 8.0%20
barium citrate 30-50 22 57 5.8%1.3 6.5+ 0.6
barium oxalate 30-50 20 16 35+£1.3 4.6 £ 0.6
alumina C-y 30-50 30 14 0.3+ 0.1 ND*

9The fraction of the total plasma prothrombin pool in each fraction was determined by activation with E. carinatus venom. No prothrombin was
detectable in the alumina C-v supernate. The physiological activity is expressed as a ratio of the activity obtained following physiological activation
to that obtained following activatin with E. carinatus venom. The Gla contents of prothrombin and fragment 1 are means £ SD for analysis of four
preparations. The normal prothrombin used as a contro] had a physiological activity of 98% and 10 & 2.7 and 10 % 1.5 residues of Gla per mole of

prothrombin and fragment 1. ®ND, not determined.
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FIGURE 1: Specific activity of PTH-Glu derivatives obtained from
the Gla sites of normal bovine prothrombin fragment 1. Preparations
were subjected to *H equilibration and thermal decarboxylation as
described under Experimental Procedures. Values plotted are mean
+ SD for eight independent determinations.

recovery of the phenylthiohydantoin derivative of Gla (Nel-
sestuen, 1984; Fernlund et al., 1975). Decarboxylation of Gla
proteins in the presence of *H,0 (see Experimental Proce-
dures) results in *H incorporation into the resulting Glu res-
idues, and Gla residues in the partially carboxylated pro-
thrombin preparations were, therefore, located by an assess-
ment of the specific radioactivity of PTH-Glu residues fol-
lowing thermal decarboxylation of Gla in the presence of
tritium. Specificity of *H incorporation for the identification
of Gla residues was verified by subjecting a protein which does
not contain Gla, myoglobin, and a previously thermal decar-
boxylated sample of fragment 1 to the same procedure. The
specific activity (*H/PTH-Glu) of the Glu residues from both
of these control samples was less than 1% that of the specific
activity of Glu residues resulting from the decarboxylation of
fully carboxylated fragment 1 obtained from normal pro-
thrombin.

Fragment 1 from normal prothrombin was used as a control
to determine the specificity of labeling and recovery of label
in each Gla residue. Eight samples of normal, fully carbox-
ylated fragment | were independently decarboxylated in the
presence of tritium and sequenced. Sequencing of thermally
decarboxylated bovine fragment 1 resulted in repetitive yields
of 88-94% with an average repetitive yield of 92% and lag of
3%. The specific activity of PTH-Glu from each Gla site was
not equivalent, but the data (Figure 1) could be fitted to a
linear semilog model with very little nonlinear component (p
< 0.001). This first-order loss of *H suggested that some *H
was lost from the y-position of Glu at each cycle under the
conditions of peptide sequencing. The specific activity of cycle
7, the first Gla residue, ranged from 4420 to 9590 cpm/nmol
of PTH-Glu, in the eight samples analyzed, indicating that
the specific activity of the equilibrated *H was not the same
in all samples. This most likely occurred because of traces
of water still associated with the protein even after extensive
lyophilization. To decrease the variation in the data, the
relative specific activity of PTH-Glu from each Gla site was
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FIGURE 2: Relative specific activity of PTH-Glu derivatives obtained
from the Gla sites of prothrombin preparations. The specific activity
at each site was divided by the mean of the specific activity at all 10
sites. Preparations used were fragment 1 obtained from normal
prothrombin [(®) » = 8] or from partially heat-decarboxylated
preparations (see text) of normal prothrombin [(O) n = 4]. Values
plotted are mean £ SD. For many points, the SD did not exceed 10%
of the mean, and the plotted range is smaller than the plotted data
point.

obtained by normalizing the data to the average specific ac-
tivity of all PTH-Glu derivatives for that sequence run (Figure
2).

Quantitative sequence analysis demonstrated that thermally
decarboxylated bovine fragment 1 could be sequenced by
Edman degradation through cycle 35. To determine if some
of the Gla residues in prothrombin were more stable to thermal
decarboxylation than others, samples of normal prothrombin
were decarboxylated for 1-3 h prior to 3H equilibration.
Tritiated water was then added; the sample was evacuated and
sealed and heated for the remainder of the 4 h. The com-
plementary experiment was also performed. A tritium-
equilibrated prothrombin preparation was decarboxylated for
2 h, the remaining *H removed by dialysis, and decarboxylation
continued for a total of 4 h. Data from the sequence analysis
of these samples are also presented in Figure 2. Whether the
tritium was present initially or at the end of the decarbox-
ylation procedure, the results were the same. The slope was
not significantly different from that of the normal, control
fragment 1. These data indicate that there is no significant
difference in the thermal stability of the Gla residues located
at different sites of carboxymethylated prothrombin fragment
1.

Localization of Gla Residues in Fragment 1 Obtained from
Partially Carboxylated Variant Prothrombins. The 40%, 60%,
and 80% variant prothrombins constituted approximately 70%
of the total pool of dicoumarol-induced prothrombin recovered
from bovine plasma. The remainder of the prothrombin re-
covered (Table I) appeared to be almost completely devoid
of carboxylation and contained an average of less than one Gla
per mole. The distribution of Gla residues in the three pools
of partially carboxylated prothrombins was determined. If
undercarboxylation were random, the deficiency of Gla at each
of the 10 Gla sites in prothrombin should be equivalent, and
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FIGURE 3: Relative specific activity of PTH-Glu derivatives obtained
from the Gla sites of prothrombin variants. Preparations used were
fragment 1 obtained from normal prothrombin (n = 8), from the 60%
Gla variant (n = 4), or from the 40% Gla variant (n = 4). Values
plotted are mean x SD.

the specific activity of PTH-Glu would show a first-order
decrease with the same slope as that seen with normal frag-
ment 1. Four samples of 60% Gla variant fragment 1 were
decarboxylated in the presence of tritium and analyzed as
described for the normal prothrombin fragment 1 (Figure 3).
As was seen with the normal prothrombin preparation, the data
from the 60% variant fragment 1 could be approximated by
a first-order decrease. However, the slopes were found to be
significantly different by a F test (p < 0.001), suggesting that
the Gla sites more distant from the amino terminus in this
variant were carboxylated to a lesser extent than those closer
to the amino terminus. In the 80% Gla variant fragment 1,
only the last two Gla sites (30 and 33) were significantly
undercarboxylated (data not shown).

Four samples of the 40% Gla variant fragment 1 also showed
a significant decrease in Gla content as the sequence progressed
from the amino terminus (Figure 3). However, in contrast
to the data obtained from the 60% Gla variant, the decrease
in Gla content of the 40% variant fragment 1 was not linear
on a semilog graph. Except for cycle 7, the most amino-ter-
minal Gla site, all of the Gla residues in this variant appear
to be undercarboxylated with cycles 15 and 33 having the
lowest Gla content. Also in contrast to the 60% and 80%
variants, the Gla content at cycle 26 was higher than at res-
idues 15, 17, 20, and 21.

The extent of undercarboxylation at each Gla site of the
variant prothrombins was quantitated by correcting the data
for the decrease in specific activity of PTH-Glu observed in
normal prothrombin over the course of the sequence. This
correction assumes that the Glu residues at each Gla site in
decarboxylated normal fragment 1 have the same specific
activity and that the first-order decrease of PTH-Glu specific
activity is due to nonspecific “wash-out” of tritium during
sequencing. The correction was performed by dividing the
relative specific activity from each cycle of the variant pro-
thrombins by the average relative specific activity from the
corresponding cycle of normal fragment 1. The first Glu
residue (cycle 7) in the variant fragment 1 preparations con-
tained the highest specific activity and was assumed for the
purpose of this calculation to by 100% carboxylated. The
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FIGURE 4: Extent of vy-carboxylation of Glu residues in the 60% Gla
variant prothrombin. The fraction of carboxylation of each potential
Gla residue is shown. This variant prothrombin adsorbed to barium
citrate and was only 57% active under physiological conditions. The
data were calculated as described in the text from the four independent
sequence analyses of this variant shown in Figure 3.
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FIGURE 5: Extent of «y-carboxylation of Glu residues in the 40% Gla
variant prothrombin. This variant prothrombin adsorbed to barium
oxalate and was only minimally active under physiological conditions.
The data were calculated from the four independent sequence analyses
of this variant shown in Figure 3.

fraction of carboxylation at each potential Gla site in the 60%
and 40% Gla variants is shown in Figures 4 and 5. In the
80% Gla variant, the fraction of carboxylation at the first eight
Gla sites averaged 93% while residues 30 and 33 were 48 and
50% carboxylated. On the basis of the assumptions used in
these calculations, the amount of Gla per molecule of the three
variants, as determined from the sequence data, is 8.6, 6.2,
and 4.0 which is consistent with the values obtained from Gla
analysis of the base hydrolysates, 8.0 = 2.0, 6.5 + 0.6, and
4.6 % 0.6, respectively. The similarity of Gla content calcu-
lated by this method and the results of direct analysis suggest
that the first residue in the partially carboxylated prothrombins
is nearly or fully carboxylated and that in the 40% variant this
is the only residue which is substantially fully carboxylated.

DiIscussION

This study has provided additional information on the nature
of the partially carboxylated forms of prothrombin previously
studied by other investigators (Esnouf & Prowse, 1977,
Friedman et al., 1979; Malhotra, 1981). The data in this study
have clearly indicated that the carboxylation of partially
carboxylated prothrombin is not random but that the extent
of carboxylation is greatest at the most amino-terminal residue.
A mildly undercarboxylated preparation (80% Gla content)
appeared to be deficient in Gla residues only at the more
carboxy-terminal sites. This preparation has nearly normal
physiological activity (Table I). Malhotra et al. (1985) have
demonstrated that a seven-Gla variant is activated very poorly,
and this preparation appears to be similar to the 60% Gla
content preparation studied here. In this moderately un-
dercarboxylated preparation, the most amino-terminal site was
nearly completely carboxylated, the next five sites 60-70%
carboxylated, and the last four about 50% carboxylated. In
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a more severely undercarboxylated preparation (40% Gla
content) which has very low physiological activity, there was
a sharp decrease in carboxylation following the most amino-
terminal residue, and an indication of enhanced carboxylation
at residues 26 and 27,

Borowski et al. (1986) have reported the distribution of Gla
residues in three pools (four, six, or eight Gla) of un-
dercarboxylated prothrombin variants from a human patient
with an apparent hereditary defect in the vitamin K dependent
carboxylation. The nature of the defect has not been defined,
but, in contrast to the effects of vitamin K antagonism, the
undercarboxylation is largely limited to prothrombin and factor
X. The spectrum of barium citrate adsorbable un-
dercarboxylated prothrombins in this patient’s plasma also
appears to differ immunoelectrophoretically from that seen
in warfarin-treated patients (Goldsmith et al., 1982). All three
variants analyzed by Borowski et al. (1986) showed Gla sites
6, 14, 19, and 20 (7, 15, 20, and 21 of bovine prothrombin)
to be mostly, if not fully, carboxylated. These were the only
sites substantially carboxylated in a four-Gla variant, and
residue 16 was fully carboxylated in an eight-Gla variant but
almost completely undercarboxylated in a six- or four-Gla
variant. Residue 29 was near fully carboxylated in the six-Gla
variant but poorly carboxylated in the other two. These data
are in contrast to the general decrease in carboxylation from
the amino-terminal residue noted in the dicoumarol-induced
variants studied here. One common feature is the nearly
complete carboxylation of the most amino-terminal Gla site
noted in both studies. The basis for the different carboxylation
patterns cannot be determined without a better understanding
of the molecular defect in the patient studied by Borowski et
al. (1986). Bovill et al. (1985) have presented preliminary data
on the specificity of carboxylation of anticoagulant-induced
prothrombin variants containing five or seven Gla residues.
The results of that study appear to differ from both the data
presented here and the Borowski et al. (1986) data, but little
experimental data have been made available.

It is clear from both in vivo (Jorgensen et al., 1987; Foster
et al., 1987) and in vitro (Knobloch & Suttie, 1987) studies
that an amino-terminal propeptide region of vitamin K de-
pendent proteins is an important element in recognition of these
proteins by the carboxylase, but the order of carboxylation of
the various Gla sites is not known. The carboxylase requires
the reduced form of vitamin K as a cosubstrate, and coumarin
anticoagulants inhibit the carboxylation in vivo. The available
data indicate that the enzyme(s) sensitive to the presence of
these anticoagulants is (are) the vitamin K epoxide reductase
and quinone activities rather than the carboxylase itself (Suttie,
1987). The result of oral anticoagulation would therefore be
a deficiency in the cellular concentration of reduced vitamin
K, and identification of the sites of «y-carboxylation in the
undercarboxylated protein products might then reflect the in
vivo order of carboxylation.

Three general models for the order of carboxylation of the
substrate glutamyl residues in prothrombin can be outlined:
(1) the carboxylation of the 10 glutamyl residues proceeds
randomly, and all sites have equal affinity for the enzyme; (2)
the carboxylation proceeds randomly, but some sites have a
higher affinity for the enzyme; (3) the carboxylation proceeds
sequentially in a definite order. The data presented in this
paper show that the most amino-terminal Gla site in all of the
variants studied was the most completely carboxylated. The
distribution of Gla in human genetic variants (Borowski et al.,
1986) also showed the first residue to be fully carboxylated.
These data suggest that carboxylation of glutamyl residues
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is not random but occurs with preferential carboxylation of
the first Glu residue. The data are also consistent with an
increased impairment of carboxylation of residues more
carboxy terminal. Although a sequential mechanism is sug-
gested from the data obtained with the 60% Gla variant, a
more random pattern was apparent with the 40% Gla variant.
A more detailed understanding of the properties of the enzyme
will be required to fully understand the mechanism of its
multisite action.

Registry No. Gla, 53861-57-7; prothrombin, 9001-26-7.
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Differential Accessibility of the Carbohydrate Moieties of C1s-Clr-Cl1r-Cls,
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ABSTRACT: The catalytic subunit of human C1, CIs—C1r—C1r—ClTs, is a Ca?*-dependent tetrameric association
of two serine proteases, CIr and Cls, which are glycoproteins containing asparagine-linked carbohydrates.
With a view to investigate the accessibility and the possible functional role of these carbohydrates, the isolated
proteases and their Ca?*-dependent complexes were submitted to deglycosylation by peptide: N-glycosidase
F, an endoglycosidase that specifically hydrolyzes all classes of N-linked glycans. Treatment of isolated
C1r and Cls led to the removal of the carbohydrate moieties attached to their N-terminal « region, whereas
those located in the C-terminal v-B catalytic domains were resistant to hydrolysis. Formation of the
Ca?*.dependent C1s—CTs dimer and C1s—CIr—C1r-CTs tetramer induced specific protection of the single
carbohydrate attached to the « region of C1s and of one of the two carbohydrates located in the corresponding
region of CIr. Sequence studies indicated that the carbohydrates protected upon homologous (C1s—Cls)
or heterologous (CIr—C1s) interactions are attached to asparagine residues 159 of CIs and 204 of CITr,
at the C-terminal end of the EGF-like domain of both proteases. These data bring further evidence that
Ca?*-dependent interactions between C1r and Cls are mediated by their N-terminal « regions and strongly

suggest that, inside these regions, the EGF-like domains play an essential role in these interactions.

’I;e first component of the classical complement pathway
is a macromolecular protease assembled from Clq, the rec-
ognition unit, and from C1s—C1r—-C1r—Cls, the catalytic unit,
a Ca?*-dependent tetrameric association of two serine pro-
teases, Clr and Cls, that are sequentially activated upon C1
activation [reviewed by Cooper (1985), Arlaud et al. (1987a),
and Schumaker et al. (1987)]. In both cases, activation occurs
through cleavage of a single Arg-Ile bond (Arlaud et al., 1985;
Spycher et al., 1986), converting the single-chain proenzymes
(C1r, Cls) into active proteases (CIr, CIs)! comprising two
disulfide-linked chains. Complete sequences of the N-terminal
A chain and of the C-terminal B chain of each protein have
been determined, indicating that the B chains are homologous
to the catalytic chains of other mammalian serine proteases,

t A preliminary report of this work was presented at the XIIth In-
ternational Complement Workshop in Chamonix, France, September
1987.
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whereas the A chains are subdivided into five structural units,
referred to as I-V and including one EGF-like segment and
two pairs of internal repeats (Arlaud & Gagnon, 1983; Journet
& Tosi, 1986; Leytus et al., 1986; Arlaud et al., 1987b;
Mackinnon et al., 1987; Tosi et al., 1987). Each monomeric
protease is organized in at least two independent domains: a
catalytic domain, which includes the B chain, associated to
v, the C-terminal portion of the A chain, and an interaction
region «, derived from the N-terminal half of the A chain
(Villiers et al., 1985; Weiss et al., 1986; Busby & Ingham,
1987). The former is considered a true globular domain
(Arlaud et al., 1986), whereas the latter is more likely divided
into a series of small subdomains responsible for specific in-
teractions (Arlaud et al., 1987a; Tosi et al., 1987). These

! Abbreviations: EDTA, ethylenediaminetetraacetic acid; HPLC,
high-pressure liquid chromatography; iPr,P-F, diisopropyl phosphoro-
fluoridate; PNGase F, peptide:N-glycosidase F; SDS-PAGE, sodium
dodecyl sulfate—polyacrylamide gel electrophoresis; Tos-Phe-CH,Cl,
1-chloro-4-phenyl-3-(L-tosylamino)butan-2-one; Tris-HCI, tris(hydroxy-
methyl)aminomethane hydrochloride; EGF, epidermal growth factor; the
nomenclature of complement components is that recommended by the
World Health Organization; activated components are indicated by a
superscript bar, e.g., CIr.
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