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ABSTRACT The liver microsomal vitamin K-dependent
carboxylase catalyzes the posttranslational conversion of spe-
cific glutamate residues to y-carboxyglutamate residues in a
limited number of proteins. A number of these proteins have
been shown to contain a homologous basic amino acid-rich
"propeptide" between the leader sequence and the amino
terminus of the mature protein. Plasmids encoding protein C,
a vitamin K-dependent protein, containing or lacking a pro-
peptide region were constructed and the protein was expressed
in Escherichia coli. The protein products were assayed as
substrates in an in vitro vitamin K-dependent carboxylase
system. Only proteins containing a propeptide region were
substrates for the enzyme. These data support the hypothesis
that this sequence of the primary gene product is an important
recognition site for this processing enzyme.

The liver microsomal vitamin K-dependent carboxylase
catalyzes the posttranslational conversion of glutamate to
y-carboxyglutamate residues in intracellular precursors of a
limited number of proteins (1). These proteins include the
classical vitamin K-dependent clotting factors (II, VII, IX,
and X) as well as two more recently discovered antithrom-
botic plasma proteins, protein C and protein S (2, 3). The
interactions by which this enzyme recognizes its substrate
have not been identified. Although studies with low molec-
ular weight peptide substrates have revealed some aspects of
the specificity of the glutamate binding site (4), it is likely that
the specificity needed to limit carboxylation to a selected
group of proteins is a function of other, non-active-site,
interactions.
The intracellular, precursor, form of prothrombin (factor

II) has been shown (5) to be larger and more basic than the
secreted plasma form. Structural information obtained
through cDNA sequencing has revealed that the intracellular
precursors of prothrombin (6, 7), factor X (8), factor IX
(9-11), and protein C (12-14) all contain a basic amino
acid-rich "propeptide" between the signal peptide region and
the amino terminus of the plasma form of the protein. A
homologous amino-terminal extension has also been ob-
served (15, 16) in the precursor form of a vitamin K-
dependent bone protein that shows no other sequence ho-
mology to the plasma vitamin K-dependent proteins. These
observations suggest that this amino-terminal extension,
which was observed earlier in proalbumin (17, 18), might be
an important recognition site for this carboxylation system.

MATERIALS AND METHODS
Preparation of Bovine Prothrombin Precursor and Abnor-

mal (Des-ycarboxy) Prothrombin. Bovine prothrombin was

purified as described by Mann (19) and injected into 8-week-
old New Zealand White rabbits to obtain an antiserum to
bovine prothrombin. A crude IgG fraction of this serum was
used to prepare a calcium-independent anti-prothrombin
agarose column as described by Swanson and Suttie (20). A
1-month-old calf was given 2.0 mg of dicumarol per kg of
body weight at 0, 2, and 4 days and killed on day 6. The liver
was homogenized in 2 ml of SI buffer (250 mM sucrose/25
mM imidazole HCl, pH 7,3) per g and centrifuged at 10,000
x g for 20 min. The supernate was centrifuged at 105,000 x
g for 60 min to obtain a crude microsomal pellet and the pellet
was suspended (1 ml/g of liver) in SIK buffer (SI buffer plus
0.5 M KCl) containing 2% Triton X-100 and 1 mM phenyl-
methylsulfonyl fluoride by using a loose-fitting Dounce
homogenizer. The partially solubilized suspension was cen-
trifuged at 105,000 x g for 60 min to remove nonsolubilized
material and the supernatant was applied to the anti-pro-
thrombin agarose. After incubation overnight at 40C, un-
bound protein was washed off the gel with SIK buffer until
the absorbance at 280 nm and the thrombin generated with
Echis carinatus venom (20) was zero. The gel was then
washed with water and the prothrombin precursor was eluted
from the agarose with 8 M urea, pH 3.5. The urea eluate was
dialyzed against 0.02 M Tris HCl, pH 7.0/0.1 M NaCl
overnight in the cold room and concentrated using a Diaflo
XM 50 ultrafiltration membrane. Plasma from the same calf
was treated with BaSO4, and plasma des-y-carboxyprothrom-
bin was isolated from the supernate in the same manner.

Bacterial Strains, Plasmids, and Enzymes. Escherichia coli
K-12 RV308 (37) (su-, Alac-X74, gal IS II: :OP308, strA) was the
host strain for plasmid constructions and protein expression.
The structure of the, starting plasmid, pCZ460, containing DNA
encoding human protein C is shown in Fig. 1. A more detailed
description of its construction is published elsewhere (23).
Restriction enzymes were purchased from Bethesda Research
Laboratories or New England Biolabs and were used under
conditions recommended by the suppliers.

Kinase Treatment, Annealing, and Cloning. Deoxyribonu-
cleotide oligomers were synthesized by using a DNA syn-
thesizer (Applied Biosystems model 380A; Foster City, CA)
according to the procedure recommended by the manufac-
turer. The oligonucleotides were purified by acrylamide gel
electrophoresis using standard procedures. Fifty picomoles
ofeach single-stranded deoxyribonucleotide was treated with
10 units of polynucleotide kinase (New England Nuclear) in
50 mM Tris HCl, pH 7.6/10 mM MgCl2/5 mM dithiothreitol/
0.1 mM spermidine/0.1 mM EDTA containing 1 ,Ci (1 Ci =
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FIG. 1. Structure of pCZ460. The darkened area represents the
constitutive E. coli lpp promoter, the striped region corresponds to
the human protein C gene (beginning with the 10-residue propeptide
sequence). The arrows represent the position and direction of
transcription for the kanamycin phosphotransferase gene, which
confers resistance to kanamycin, and the temperature-sensitive copB
gene (21), which assists in controlling plasmid copy number. The
vector is derived from the plasmid pIMIA (21), which contains the
thermoinducible runaway replicon from pKN402 (22).

37 GBq) of [a-32P]ATP for 30 min at 370C. The linkers were

annealed by mixing equal-molar amounts of single-stranded
complementary deoxyribonucleotides and heating at 90'C for
10 min, then cooling slowly to 40C. A 10-fold molar excess of
the annealed linkers was ligated to the appropriate restriction
fragment (shown in Fig. 2) at 4TC overnight by using T4 DNA
ligase (Bethesda Research Laboratories).

Construction of Plasmids pCZ464 and pCZ465 and Isolation
of Plasmid DNA. The starting plasmid, pCZ460, was digested
to completion with Nde I to produce a linear molecule. As
pCZ460 contains two Sst I sites (Fig. 1), it was necessary to
digest the DNA with Sst I under conditions that would give
only partial digestion. The digested DNA was treated with
phenol to stop the enzyme reaction, precipitated in ethanol,
and collected by centrifugation. The DNA was ligated as
described above. Similar conditions were used for the con-
struction ofpCZ465: pCZ460 was digested to completion with
Nde I, then treated with Sal I in such a way as to result in only
partial digestion (pCZ460 contains four Sal I restriction sites).
After extraction with phenol and precipitation with ethanol
the DNA was ligated as described above. Ligated DNA was

used to transform E. coli RV308 by the standard CaCl2
procedure (24). Transformed cells were selected by growth
on TY medium [10 g Bacto-tryptone (Difco)/5 g Bacto-yeast
extract (Difco)/5 g NaCl/15 g agar (Difco) per 1 liter of
distilled H20] containing 50 ,g of kanamycin per ml at 25°C
for 2 days. Isolated colonies were inoculated into 1.5 ml ofTY
broth (with kanamycin) and grown overnight, with shaking,
at room temperature. Plasmid DNA was isolated by using the
technique of Birnboim and Doly (25). Correct constructions
were identified by restriction enzyme analysis and confirmed
by DNA sequencing (26) across the junction regions.

Expression of Protein Products and Isolation of Granules.
An aliquot of transformed cells from a 50% (vol/vol) glycerol
stock was diluted into TY broth containing kanamycin and
allowed to grow overnight at room temperature with vigorous
shaking. To amplify the synthesis of protein C this stationary-
phase culture was diluted 1:50 into TY broth containing
kanamycin at 50 ,ug/ml and cysteine at 40 mg/ml and shifted to

370C. The regulation ofthe plasmid copy number is temperature
sensitive. At room temperature only about 10 copies are present
per cell; at 370C the plasmid replication becomes uncontrolled
and about 2000 copies of the plasmid accumulate per cell. The
lpp promoter is constitutive, so the amount of protein produced
per cell depends directly upon the number ofplasmid molecules
present. Certain proteins, including protein C, when overpro-
duced in E. coli will accumulate in the cell in the form of
granules. After 6-8 hr at 370C granules were visible within the
cell cytoplasm when a phase-contrast microscope (x970) was
used. These granules were isolated by using the technique of
Schoner et al. (27).

Refolding of Human Protein C. The granule suspension, in
distilled water, was chilled to 40C and the pH was quickly
raised to 12.5 by dropwise addition of 2.5 M NaOH. The
samples were stirred at 40C for 15 min and dithiothreitol was
added to 2.5 mM and the pH was brought to 10.2 by the
dropwise addition of 1.2 M HCl. The solubilized protein was
stirred rapidly overnight at 40C in an open tube to allow air
oxidation and intramolecular disulfide bond formation. Re-
maining free cysteine side chains were blocked by the
addition of sodium tetrathionate to 10 mM (28), and the
sample was dialyzed at 40C over a period of 24 hr against 20
mM Tris-HCl/20 mM NaCl/4 mM CaCl2, pH 7.4. Any
precipitates formed during the dialysis were removed by
slow-speed centrifugation and the soluble protein C was
adsorbed and concentrated on a murine monoclonal IgG
antibody to the heavy chain of human protein C coupled to
Affi-Gel 10 (Bio-Rad) (29). Protein C was eluted from the
column by washing with 20mM Tris HCl/20mM NaCl/4 mM
EDTA, pH 7.4; the elution was monitored by measuring
absorbance at 260 and 280 nm.
Vitamin K-Dependent Carboxylase Assays. A crude micro-

somal fraction was obtained from vitamin K-deficient rats
that had been given 1 mg of vitamin K intracardially 15 min
prior to sacrifice as previously described (30). The micro-
somal pellet was suspended in SIK buffer containing 1.5%
Triton X-100 and 2 mM phenylmethylsulfonyl fluoride so that
1 ml of microsomal suspension was equivalent to 0.5 g of
liver. Incubation mixtures consisted of 400 Al of microsomal
suspension, 100 Al of buffer or protein substrate, and 10 ,Ci
of NaH'4CO3 (55 mCi/mmol) in 10 Al, and reactions were
started by the addition of 10 Al of vitamin KH2 at 50 ,g/ml
in ethanol. Samples were incubated for the times indicated
and the reactions were stopped by adding 150 ,u of incubation
mixture to 2 ml of cold trichloroacetic acid in a scintillation
vial. Free 14CO2 was removed by gentle boiling for 2 min
before 15 ml of Aquasol (New England Nuclear) was added
and radioactivity was determined in a liquid scintillation
spectrometer.

RESULTS
When the intracellular bovine prothrombin precursor isolat-
ed from a coumarin anticoagulant-treated calf was compared
to the des-y-carboxy form of prothrombin that was circulat-
ing in the plasma of the same animal, only the intracellular
form was found to be a significant substrate for the rat liver
vitamin K-dependent microsomal carboxylase (Table 1).
These data suggested that there are some structural differ-
ences in these two potential substrates for the enzyme. The
basic amino acid-rich propeptide of the intracellular form is
lacking in the plasma form, and it is possible that this
structural element provides an important interaction needed
for efficient carboxylation. To directly test this hypothesis
the protein C gene was cloned and expressed in E. coli, where
the y-carboxylation of glutamate residues is not known to
occur.
Three plasmids that differ only in the amino-terminal

sequences they encode were constructed for the expression
of protein C derivatives. These sequences were based on the

Biochemistry: Suttie et al.



Proc. Natl. Acad. Sci. USA 84 (1987)

Table 1. Substrate activity of microsomal prothrombin precursor
and abnormal plasma prothrombin

14CO2 fixed, dpm

Addition Exp. A Exp. B

None 2230 1300
Prothrombin precursor 4990 3670
Abnormal prothrombin 2200 1260

Incubations were for 55 min and the values are means of duplicate
150-AI aliquots taken from 530-AI incubation mixtures for two
separate experiments. Prothrombin precursor or abnormal prothrom-
bin was added to give 10 National Institutes of Health units.

A. pCZ460
-10 + 1

M A H O v L k I R K R A N S F L E
5 CATATGGCTCATCAGGTTCTGCGGATCCGCAAACGTGCCAACTCCTTCCTGGA

Ndel

+10 +20
E L R H S S L E R E C E E C D F E

GGAGCTCCGTCACAGCAGCTTGGAGCGGGAGTGCATAGAGGAGATCTGTGACTTCGA
Ssl

+30 +40
E A L E F Q N V D D T L T F W S L

GGAGGCCAAGGAAATTTTCCAAAATGTGGATGACACACTGACCTTCTGGTCCAAGC

known amino acid sequence deduced from the published
cDNA sequences. Plasmid pCZ460 codes for a protein
molecule containing a presumed 10-amino acid residue pro-
peptide (Ala-His-Gln-Val-Leu-Arg-Ile-Arg-Lys-Arg) at-
tached to the amino terminus of a sequence that is otherwise
identical to that of single-chain protein C (Fig. 2). Similarly,
plasmids encoding molecules lacking the propeptide and
corresponding to single-chain protein C (pCZ464) and mol-
ecules lacking the 41-residue -carboxyglutamate region
(pCZ465) were constructed (Fig. 2). These plasmids were
used to transform E. coli RV308 and were allowed to amplify
at 37°C for maximal synthesis of protein C, resulting in the
formation of visible intracellular protein granules. When the
crude protein obtained from the granules by alkaline extrac-
tion was used as a substrate for the carboxylase, only the
protein from the cells containing the pCZ460 plasmid was
able to act as a substrate for the enzyme (Table 2). Because
of the presence of small amounts of endogenous substrates,
some increase in fixed 14C02 with time above that seen in the
absence of vitamin K was observed even in incubation
mixtures containing no added protein. However, only protein
extracted from granules obtained from cells containing the
pCZ460 plasmid was able to stimulate this activity.
A portion of the crude granular protein extract was

adsorbed to a monoclonal IgG antibody, and when protein
purified in this manner was used as a substrate similar results
were obtained (Table 3). Only the material containing the
basic amino acid-rich amino-terminal extension (pCZ460)
exhibited a carboxylase substrate activity significantly above
background.

DISCUSSION
Isolated plasma abnormal (des-y-carboxy) prothrombin has
been found not (31) to be a good substrate for the vitamin
K-dependent carboxylase. The data presented here confirm
previous reports (32, 33), which demonstrated that a rat liver

Table 2.
E. coli

Substrate activity of granular protein C expressed in

Granular Protein 14O2 fixed, dpm
extract added,

Exp. source Ag 0 min 20 min 60 min

A Control 0 1200 1530 1750
pCZ460 59 1120 1960 2820
pCZ464 61 1010 1270 1670
pCZ465 43 980 1230 1600

B Control 0 1120 1650 1870
pCZ460 22 1160 2100 2630
pCZ464 23 1090 1450 1640
pCZ465 16 1153 1500 1540

Values are means of duplicate 150-IAI aliquots taken from a single
530-,l incubation mixture containing each extract at the times
indicated. Controls incubated for 60 min with no vitamin K added had
1240 dpm in Exp. A and 1230 dpm in Exp. B. Different granular
extracts were used in Exps. A and B.

'50
H V D O D O C
ACGTCGACGGTGACCAGTGC ....

3
Sall

B. pCZ464

ORIGINAL SEQUENCE:
+ I

M A N S F L E E A
5 ..CAIAiOCTCATCAOOTTCTTOTCNaCAMCOTGCCAACTCCTTCCTGGAGGAGCTC...3

Ndel Ssal
+I

SYNTHESIZED M A N S F L E E
LINKER: CA 5STATGGCCAACTCCTTCCTGGAGGAGCT3 C
C. GTAT 3ACCGGTTGAGAAG5ACCTCC' ICGA

( Ndel ) ( Sstl )

C. pCZ465

ORIGINAL SEQJENCE:
+42

H S K H
5. CAIAMOCTCATCAcAG .. 135 bp.. ACCTTCTGTCAGCLACGLAMTCGAC. 3

Ndel Sall
442

SYNTHESIZED M S K H

LINKER: CA 5 TATGTCCAAGCACG 3 TCGAC
OTAT 3ACAGGTTCGTGCAGCT5' 0
(NdeW) (Sell)

Plasmid Vector

FIG. 2. Structure of the amino terminus of the human protein C
mutants, pCZ464 and pCZ465. (A) DNA sequence of the 5' end of the
human protein C-encoding region found in pCZ460 along with the
corresponding amino acid sequence (shown in one-letter code). The
numbers refer to the amino acid sequence, with number 1 corre-
sponding to the first amino acid present in the mature plasma protein
light chain. The recognition sequences of the restriction enzymes are
underlined. The nine glutamate residues (E) shown in this sequence
are modified to -carboxyglutamate residues in the mature plasma
protein. (B and C) Chemically synthesized linkers used in the
construction of the two deletion mutants. bp, Base pairs. The linkers
replaced the region between the Nde I and Sst I site (to create
pCZ464) or between the Nde I and Sal I site (to create pCZ465) in
pCZ460. The resulting DNA and amino acid sequence for each
mutant are shown in relationship to the plasmid vector fragment into
which it was ligated. The small letters represent nucleotides deleted
in the final constructions. The regions of the precursor plasmid
(pCZ460) that were incorporated into the synthesized linkers are
underlined.

microsomal prothrombin precursor was a better substrate for
the carboxylase than isolated bovine abnormal prothrombin.
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Table 3. Substrate activity of protein C expressed in E. coli and
then purified with antibody

Protein "'CO2 fixed,
Protein added, dpm Specific activity,
source ,ug Total Net dpm/mg
Control 0 10,240
pCZ460 40 17,320 7080 177,000
pCZ464 60 10,640 400 6,670

Values are means of assays of duplicate aliquots from a 60-min
incubation and are calculated on the basis of the total volume of the
incubation mixture. A control incubated for 60 min with no vitamin
K added had 6910 dpm.

Similar results were seen in this study when both prepara-
tions were obtained from the same species. As there are
differences in carbohydrate content of these two proteins (5),
and since it is possible that the plasma abnormal prothrombin
is partially carboxylated, there may be more than one
structural difference in these two potential carboxylase
substrates. The E. coli-expressed proteins therefore repre-
sent a clearer test of the importance of a basic amino acid-rich
terminal region for efficient carboxylation. Although the total
vitamin K-dependent incorporation of 14CO2 in these incu-
bations was low, the data clearly indicate that only the
protein preparation containing this region (pCZ460) was able
to act as a substrate for the enzyme. Because of the extensive
disulfide bond interactions in protein C (34) it is unlikely that
more than a minor fraction of the granule extract protein is in
the native protein C conformation after alkaline extraction,
reduction, and reoxidation. In spite of this, a fraction of the
crude granule material could be antibody purified, and
substrate activity was again shown to be dependent on a basic
amino terminal extension.

Direct protein sequencing of the vitamin K-dependent
bone y-carboxyglutamate protein intracellular precursor (15)
has now shown that its propeptide contains 26 residues. The
characterization of two different mutations of factor IX (35,
36) indicates that the propeptide protein is 18 residues long,
and it has been suggested (36) that the protein C propeptide
should consist of 21 residues. The partial propeptide se-
quence utilized in this study did, however, appear to impart
substrate activity to a molecule that contained the appropri-
ate glutamate sites for carboxylation but was not carboxyl-
ated. These data provide no indication of whether the
influence of this region is to alter the conformation of the
'y-carboxyglutamate region of the substrate to increase its
interaction with the enzyme or if there is a non-substrate-
binding site on the enzyme that interacts with this basic
region of the molecule, resulting in an increase in inherent
catalytic activity or stability. These in vitro probes of the
importance of this region of the primary gene product to the
intracellular processing of these proteins cannot, of course,
provide a clear explanation of the in vivo necessity of this
portion of the molecule. These questions will best be an-
swered by appropriate mutagenesis and expression of altered
protein in a mammalian cell system.

Note Added in Proof. Amino acid sequencing of the antibody-purified
material from the cells containing the pCZ460 plasmid confirmed the
presence of the anticipated propeptide region.
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