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Abstract
Vitamin K-dependent coagulation factors (VKD) have an important role in the treatment of bleeding disorders. Any disturbance in
production, processing, or post-translational modifications (PTM) of these factors inhibitsthe production of functional coagulation
proteins. Among the required PTMs, γ -carboxylation is a unique PTM which presents a major challenge in obtaining high expression
of fully functional recombinant proteins. Studies have shown that the rate of γ -carboxylation directly relates to the amount of
produced functional proteins and that it can be influenced by several factors. Here, we investigate the effects of influencing factors
on γ -carboxylation and expression of VKD recombinant proteins in expression systems.
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1. Context
The vitamin K-dependent (VKD) blood coagulation proteins are components of the calcium-binding proteins
family, which includes prothrombin, factors VII, IX, and X,
and proteins C, S and Z. These seven proteins have an essential role in the initiation and regulation of blood coagulation. The VKD plasma proteins are primarily synthesized
as preproprotein in hepatocytes, and for functional activity, they require extensive post-translational modifications
(PTMs), including the removal of the signal peptide and
propeptide, γ -carboxylation of N-terminal glutamic acid
residues, β -hydroxylation, N- and O-linked glycosylation,
and in some cases, cleavage at internal basic residues (1).
Among the required PTMs, γ -carboxylation of glutamate
residues is a necessary PTM for VKDs (2). γ -carboxylation
happens primarily in the liver by the γ -glutamyl carboxylase enzyme (3), and γ -carboxylase converts multiple glutamic acid residues (Glu) to γ -carboxylated glutamic acid
(Gla) in a progressive manner in the Gla domains of VKD
proteins (4, 5). The following are the two essential enzymes
of the system: 1) the VKD γ -carboxylase, which requires reduced vitamin K (Vit.K1H2) as a cofactor and 2) the warfarinsensitive enzyme vitamin K 2,3-epoxide reductase (VKOR),
which produces the cofactor (6, 7). Recycling is accomplished by the combined actions of VKOR (8, 9) and a redox
protein that supplies the electrons to VKOR (10). In the absence of vitamin K or in the presence of vitamin K antagonists, the synthesis of active VKD proteins is reduced (11).
In the ER, VKD precursors are targeted to γ -carboxylase

by their γ -carboxylase-recognition site, which is a propeptide cleaved by the paired basic in most cases. Propeptide
intervenes between the signal sequence (prepeptide) and
the amino terminal end of the mature protein. Following
the cleavage of prepeptide and γ -carboxylation in the ER,
propeptide sequence is cleaved by the paired basic amino
acid cleaving enzyme (PACE/furin) in the Golgi apparatus
(11, 12).
2. Evidence Acquisition
A major problem with the production of recombinant
VKD coagulation factors has been the poor yield of functional γ -carboxylated proteins produced by and isolated
from the transfected cells (13, 14). Here we review strategies
to increase γ -carboxylation and expression of functional
VKD coagulation factors in expression systems.
3. Results
3.1. The γ -carboxylase
The γ -carboxylase is an integral membrane enzyme
measuring 92 kDa and is localized in the ER, where VKD
proteins are γ -carboxylated during their secretion (10). To
date, γ -carboxylase activity has only been detected in multicellular organisms, i.e., mammals, drosophila, and the
marine snail conus (15, 16); which suggests the importance
of VKD proteins to intercellular interactions. In humans,
one γ -carboxylase is responsible for modifying all VKD proteins and is the product of an autosomal gene (17). The VKD
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γ -carboxylase is a bi-functional enzyme that catalyzes the
oxygenation of vitamin K hydroquinone to vitamin K epoxide and carboxylation of multiple Glu in VKD proteins to
Gla (18).
Since poor carboxylation has been observed in mammalian cell lines expressing recombinant VKD proteins
(19), it has been suggested that increase of γ -carboxylase
level may improve VKD protein γ -carboxylation. Wajih
et al. in 2002 engineered recombinant human factor
IX (r-hFIX), producing BHK cells to stably overexpress γ carboxylase. They indicated that overexpression of γ carboxylase inhibits production of functional r-hFIX (6).
Rehemtulla et al. in 1993 also showed that overexpression
of γ -carboxylase in cells stably expressing recombinant human factor IX (r-hFIX), inhibits synthesis of functional rhFIX (20). The same results have been observed by Hallgren
et al., in 2002, and have shown that cells overexpressing
recombinant γ -carboxylase produce less functional r-hFIX
(19). Hallgren et al. in 2002 have suggested that an excess of
γ -carboxylase in the ER inhibits release of γ -carboxylated
proteins by forming intracellular complexes with the VKD
protein precursors (19). γ -carboxylation of FIX-carboxylase
complexes leads to full γ -carboxylation of FIX but not to
release of FIX from the complex unless excess substrateand VKD product release require binding of a second VKD
protein. Since most of the γ -carboxylase enzymes bind to
FIX and result in full FIX carboxylation, so overexpressed
γ -carboxylase is functional. On the other hand, low vitamin K level may then explain why overexpression of γ carboxylase did not improve γ -carboxylation and secretion of FIX that was expressed at high level (20). If vitamin
K is limiting, then the total rate of Glu-to-Gla conversion
would not increase with increased γ -carboxylase expression (19). Therefore, because γ -carboxylase turnover is limited by dissociation of propeptide-containing substrates,
high-level expression often leads to the secretion of poorly
γ -carboxylated VKD proteins (13, 21). It appears from this
data that overexpression of γ -carboxylase alone is not sufficient for increased production of recombinant VKD proteins.
Because of requirements of VKD proteins to the γ carboxylation in the Gla domain, mammalian expression
systems have been previously reported to be the most suitable host for the production of VKD and several other recombinant therapeutics (13). However, high-level expression of biologically active VKD proteins by these cells is
hard to achieve due to inefficient c-carboxylation (20). This
is exemplified by theobservation that FIX expressed by
CHO cells was incompletely γ -carboxylated (22). Vatandoost et al. demonstrated the ability of Drosophilia S2 cells
in recognition and γ -carboxylation of coagulation factor
IX (23). They also showed that γ -carboxylation in this sys2

tem is much more efficient compared to CHO mammalian
cells. Moreover, Bandyopadhyay et al. showed that, using
equivalent amounts of dγ C and hγ C in vitro, the yield of ccarboxylated products was about five-fold higher for dγ C
as relative to hγ C (24). Consequently, alternative expression systems with an efficient γ -carboxylation system may
be exploited to increase the production of fully active VKD.
3.2. Propeptide
Evidence from a number of different approaches has
now clearly demonstrated that the primary gene product
of VKD proteins contains a “propeptide” region between
the signal peptide and the amino terminus of the mature
protein that is involved in the interaction of these proteins with the γ -carboxylase (25). Propeptide is a signal
for the correct γ -carboxylation of the adjacent γ -carboxyl
region (Gla domain) (26). Since propeptide sequences of
the VKD coagulation factors serve as a recognition site for
the enzyme γ -carboxylase (2), many investigators have suggested that the propeptide must be a specific structural
requirement for γ -carboxylase (26). Other studies indicated that propeptide contains two recognition elements:
γ -carboxylase recognition site (CRS) located towards the
N-terminus, and pro-peptidase recognition elements located near the C-terminus (27). This suggested that γ carboxylase binds directly to amino acids of the CRS and
this site (28) is required for γ -carboxylation (29).
Disruption of CRS in coagulation factors yields a mature protein that either lacks or is deficient in, γ -carboxyl
glutamic acids (7). Deletion of the propeptide (residues 18 to -1) inhibited factor IX γ -carboxylation (2). Mutation
in the propeptide of factor IX results in reduced affinity
of γ -carboxylase to the factor IX precursor (2). A series
of experiments involving deletion of parts of the propeptide within the precursor form of protein C also demonstrated the requirement of the protein C propeptide for
γ -carboxylation (30). Meanwhile, extensive conservation
of sequence was not seen in the propeptide sequences of
the VKD proteins. Two highly conserved residues, Phe -16
and Ala -10, have been proven critical for γ -carboxylation
(2). Substitution of Ala for Phe -16, or Glu for Ala -10 almost
completely inhibited γ -carboxylation (11). Mutation of His
to Gly at residue -18, Val to Ser at residue -17, Leu to Gly or
Asp at residue - 15, and Ala to Asp at residue -10 resulted in
partial inhibition of γ -carboxylation of prothrombin. Substitution of Ala for Ser -14 or Ser for Val -8 also did not inhibit γ -carboxylation (31). Handford et al. (1991) have introduced two novel mutations into the propeptide of human
factor IX at positions -17 (Val-Asp) and - 6 (Leu-Asp) to study
the effect of these changes on γ -carboxylation and proteolysis processing (27). Both mutations reduce the expression
J Biomed. 2016; 1(2):e6077.
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of a calcium-dependent epitope in the Gla domain; however, only - 6 (Leu-Asp) shows reduced binding to barium
sulfate (27). These results indicate that residues -18, -17, -16,
-15 and -10 define the γ -carboxylation recognition site (27).
Since the affinity of γ -carboxylase for propeptides of
VKD proteins varies with the lowest affinity for prothrombin,this can explain a high efficient carboxylation of the
human prothrombin (hProt) (3, 32). So, replacement of the
prepro-leader peptide of VKD proteins with those of the
hProt, or mutation in specific residues, was thought to be
worth examining. Exchanging the propeptide of the hFX,
expressed in the HEK293T cell line, with that of the hProt
substantially enhanced γ -carboxylation (33). In addition,
replacement of the hFIX prepro sequence with the porcine
prothrombins led to increased levels of transcription of
the chimeric transgenes, as compared to the native clone
(34). Vatandoost et al. (2015) mutated the factor IX cDNA
in specific residue -13 (H to P) and -14 (D to A) on the basis of prothrombin propeptide. The results showed that
the concentrations and activity of factor IX and so of γ carboxylation in mutant factor IX, are more than native factor IX (35).
Studies have shown that some C-terminal propeptide
residues are required for proteolysis of the propeptide
from the mature protein. Mutations of the Arg at positions
-1 or -4 inhibit propeptide processing and the result in nonfunctional factor IX. In addition, change of Ala to Glu at position -10 does not prevent propeptide cleavage. It also was
confirmed that Arg -4 is required for correct propeptide
processing. Galeffi et al. (1987), after expression of mutant
factor IX in dog kidney cells, found that it is secreted into
the medium in a precursor form containing the propeptide and is inefficiently γ -carboxylated compared to wildtype recombinant factor IX as control (26). This result supports the hypothesis that the propeptide region is required
for efficient γ -carboxylation of VKD proteins.
3.3. VKOR
Vitamin K is essential for blood coagulation but must
be enzymatically activated. This enzymatically-activated
form of vitamin K is a reduced form required for γ carboxylation of glutamic acid residues in VKD coagulation proteins. The vitamin K epoxide reductase (VKOR) as
an integral membrane enzyme in the ER is responsible for
reducing vitamin K to the activated form. Its C1 subunit
(VKORC1) is sensitive to warfarin and is the target of anticoagulant therapy with coumarin inhibitors such as warfarin (36). Fatal bleeding may be caused by vitamin-K deficiency and by the vitamin K antagonist warfarin. Mutation
in the VKOR gene can be associated with γ -carboxylation
deficiencies in the VKD coagulation factors.
J Biomed. 2016; 1(2):e6077.

Since γ -carboxylase requires reduced vitamin K (K1H2)
as a cofactor (37), this warfarin-sensitive enzyme recycles
vitamin K to support the activation of VKD proteins. Concomitant with γ -carboxylation, vitamin K1H2 is converted
to vitamin K 2,3-epoxide (7), and this epoxide is reduced
by VKORC1 (37, 38) to the vitamin K1H2 cofactor (7). In a
functional γ -carboxylation system, it is necessary to VKOR
preserve reduced Vit.KH2 cofactor for γ -carboxylase. In
this case, VKOR and γ -carboxylase must reside close together in the ER membrane so that VKOR can provide
K1H2 to the γ -carboxylase through a direct interaction between the active sites of the two enzymes. Alternatively,
γ -carboxylase and VKOR may be physically distinct, with
vitamin K shuttling between the enzymes by migration
through the membrane, analogous to how the structurally
similar ubiquinone functions in mitochondrial respiration (38).
There are two sensitive cysteines in the active site of the
γ -carboxylase enzyme with catalytic activity. One cysteine
in thiol form is a weak base and catalyzes deprotonization of KH2, and with binding oxygen to anionic KH2, it
creates the intermediate epoxide vitamin K. Another cysteine makes binding CO2 to Glu and forms Gla. This suggested that the presence of VKOR is essential for providing
γ -carboxylase cofactor.
The γ -carboxylase converts VKD proteins to Glacontaining proteins by adding CO2 to Glu residues in
newly synthesized proteins (7). Each Glu to Gla conversion
requires one molecule of K1H2, and so γ -carboxylation of
an individual VKD protein depends upon VKOR recycling
of several vitamin K molecules (38). This modification
generates a calcium-binding module required for the
activities of VKD proteins (18).
It was shown that r-hFIX-producing BHK cells, stably
transfected with a VKORC1 cDNA construct, produce 2.9fold more fully γ -carboxylated functional r-hFIX than rhFIX-producing BHK cells using the endogenous system
to γ -carboxylate the protein (6). Hallgren et al. (2006)
have shown that r-VKORC1 expression resulted in a 2.2-fold
increase in the rate of factor IX γ -carboxylation in lowproducing FIX BHK cells, and a similar increase in extent of
γ -carboxylation of secreted FIX in high-producing FIX BHK
cells (39).
On the other hand, it has been suggested that the redox protein is critical to efficiency of γ -carboxylation and
increases in γ -carboxylation may not be possible unless
it is co-expressed with VKORC1 (39). In addition, Wajih et
al. (2005) stably double transfected BHK cells with VKORC1
and γ -carboxylase cDNA constructs in a bicistronic vector
and indicate that activities of VKOR and γ -carboxylase significantly enhanced all transfected cell lines with the highest activities (14).
3
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This data suggest that overexpression of VKORC1 can
be utilized for increased cellular production of recombinant VKD proteins (6). Moreover, consistent with the notion that VKORC1 is the rate limiting step in the system and
is a key regulatory protein in synthesis of active VKD proteins.
3.4. Calumenin
Calumenin is a water-soluble acidic protein (40) and
belongs to the Ca-reticulocalbin calumenin (CREC) subfamily of Ca-binding proteins, where an EF-hand motif
binds to metal (41, 42). The CREC proteins are found in the
secretary pathway and have been shown to have chaperone
functions (42). Consistent with electron microscopy studies of the ER membrane (43), it was demonstrated that calumenin is strongly associated with lipid-detergent micelles
derived from the ER membrane (40). This result showed
that calumenin, despite being a hydrophilic protein, is associated with ER membrane proteins. Since calumenin
is physically associated with γ -carboxylase in ER (43), it
is proposed that calumenin has an important regulatory
function in the γ -carboxylation system and may inhibit γ carboxylase activity (41).
The expression of calumenin in COS-1 cells has been
shown to inhibit VKOR activity and confer warfarin resistance to the VKOR enzyme complex (40). Stable cell
lines transfected with only factor VII cDNA had a 9% production of functional rFVII, but in rFVII-producing cells
that calumenin stably suppressed by shRNA, functional
rFVII produced up to 68% (44). So, calumenin appears to
be a chaperone that regulates the capacity of the VKD γ carboxylation system in production of functional VKD proteins. Moreover, this regulatory role puts calumenin in a
central position regarding the maintenance of a normal
blood-coagulation system.
3.5. PACE/Furin
VKD proteins are synthesized as a precursor polypeptide which requires proteolytic cleavage of the N-terminal
pre-propeptide for functional activity (1). The prepeptide
or signal sequence is cleaved by a signal peptidase cotranslationally during entrance to ER. In the Golgi apparatus and prior to secretion from the cell, the propeptide sequence is cleaved by the PACE/furin enzyme (11, 12). Furin
is a protein that is encoded by the FUR gene in humans. It
was named FUR because it is in the upstream region of FES
oncogene. Furin is also known as paired basic amino acid
cleaving enzyme (PACE) (1).
The protein encoded by this gene is an enzyme which
belongs to the subtilisin-like proprotein convertase family. The members of this family are proprotein convertases
4

that process latent precursor proteins into their biologically active products. This encoded protein is a calciumdependent serine endoprotease that can efficiently cleave
precursor proteins at their paired basic amino acid processing sites. Furin is enriched in the Golgi apparatus,
where it functions to cleave other proteins into their mature/active forms (45). Furin cleaves proteins just downstream of a basic amino acid target sequence (Arg-X(Arg/Lys)-Arg’).
A strategy to improve production of VKD proteins is to
co-transfect its gene with the PACE/furin gene. Studies have
shown that overexpression of PACE improved specific activity of rhFIX approximately two to three-fold, an increase
expected from the two to three-fold increase in propeptide
cleavage (1). So cleavage of the prepropeptide has been
known as one of the biochemical limitations in the production of γ -carboxylated proteins (3, 46).
3.6. Gla Domain
Gla domain in VKD proteins contains many glutamate
residues to form Gla. Proteins with this domain are known
informally as Gla proteins. Human proteins containing
this domain include the blood coagulation factors II (prothrombin), VII, IX, and X, the anticoagulant proteins C, S,
and the factor-X targeting protein Z. Other Gla proteins
include the bone Gla protein osteocalcin (BGLAP), matrix
Gla protein (MGP), GAS6, Transthyretin (TTR), inter-alphatrypsin inhibitor heavy chain H2 (ITIH2), Periostin and 4
Proline rich Gla (PRRG1-4) (47). The Gla domains in the VKD
proteins contain 9 - 12 Gla residues; of these, the nine Nterminal Gla residues are fully conserved and the tenth is
highly conserved (48).
Multiple Glu carboxylation is required for the activity
of VKD proteins. Gla formation results in creation of a cluster of bidentate ligands with calcium binding affinity. In
the presence of calcium, Gla clusters form a binding network involving multiple calcium ions with a number of different proteins (18). Calcium ions induce conformational
changes in the Gla domain and are necessary for the Gla
domain to fold properly. A common structural feature of
functional Gla domains is the clustering of N-terminal hydrophobic residues into a hydrophobic patch that mediates interaction with the cell surface membrane (49).
The Gla domain binds calcium ions by chelating them
between two carboxylic acid residues. These residues are
part of a region that starts at the N-terminal extremity of
the mature form of Gla proteins, and that ends with a conserved aromatic residue (49). This results in a conserved
Gla-x(3)-Gla-x-Cys motif (50) that is found in the middle
of the domain, and which seems to be important for substrate recognition by the carboxylase.
J Biomed. 2016; 1(2):e6077.
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Since the discovery of Gla in 1974, several different approaches have been used to study the importance of individual Gla residues in the function of the VKD proteins (48).
Studies with VKD proteins that lack the CRS/propeptide
show that it defines a new tethering site on the carboxylase
distinct from the CRS/propeptide-binding site (51).
A consensus sequence within the Gla domain of the
VKD proteins was identified by Price et al. which suggested
that this domain may play a role in the binding of the substrate to the carboxylase (50). Mutational analysis showed
that this region is important for carboxylation and epoxidation (11). Mutation of Gla at residue 33 in prothrombin to aspartic acid yielded a protein with reduced coagulant activity (52). In addition, earlier studies have shown
that γ -carboxylation at Glu-36 and Glu-40 was not important for FIX function, suggesting that the γ -carboxylation
of rhFIX may be sufficient for high clotting activity (48,
53). The studies also show that the importance of some homologous Gla residues differs among these proteins. For
instance, disruption of Gla at residue 14 and 19 in prothrombin decreases functional activity, but has no effect
on the activity of protein C. Likewise, disruption of Gla at
residue 7 and 20 in protein C eliminates activity, but the
same mutations in prothrombin inhibit function only partially (48). So mutation effects are dependent on mutant
position and protein type. The replacement of FX Gla with
other VKDs Gla domain revealed implicated in the assembly to FVIIa/ TF. Thus Gla mediates protein-protein interactions and may consequently be implicated in the assembly
of the protein complexes of blood coagulation.

4. Conclusions
A major problem in production of recombinant coagulation proteins is low expression and weak functional activity of produced proteins. Expression and activity of recombinant coagulation proteins are affected by PTMs such
as γ -carboxylation of N-terminal glutamic acid residues,
removal of the signal peptide and propeptide, N- and Olinked glycosylation and in some cases, cleavage at internal basic residues. Some efforts have been made for change
in the affecting factors on PTMs to improve expression and
activity of recombinant coagulation factors. These studies have demonstrated that influence of some factors are
significant and sometimes have the opposite effect. Therefore, it seems to be necessary to check these factors for production of recombinant VKDs.
An essential PTM for the expression and activity of
coagulation factors is γ -carboxylation of glutamic acid
residues. It has been shown that γ -carboxylation has a
direct correlation with functional protein expression and
J Biomed. 2016; 1(2):e6077.

can be increased by different factors. Studies on different VKDs have shown the effect of different factors on γ carboxylation, so that overexpression of γ -carboxylation
enzyme in VKD-producing cell lines has been associated
with decrease of γ -carboxylation level and expression reduction. On the other hand, increase of VKORC1 enzyme as
a γ -carboxylation cofactor has been effective in enhancement of γ -carboxylation speed and secretion of VKDs. At
the same time increase of these two factors also increases
γ -carboxylation in the balance of substrate and enzyme.
Moreover, Calumenin reduction, as an inhibitor, caused
significant increase of recombinant coagulation factors expression.
Overexpression of only the prepeptide-processing enzymes called PACE/furin in cells producing recombinant
coagulation factors has been shown to increase the expression of coagulation factors but co-expression with γ carboxylase does not cause improvement in carboxylation rate. Mutation or replacement of the prepeptide and
propeptide has different effects on the γ -carboxylation, expression and activity of clotting factors. Although replacement of factors X and IX with the prothrombin propeptide was associated with expression increase of these factors, mutation in this domain has different effects on carboxylation and expression of clotting factors. Alteration of
the expression system also caused higher increases in posttranslational modifications in HEK293 cells than CHO and
COS1, and increase of expression and activity in Drosophila
S2 cells compared to mammalian cells.
Considering the above mentioned, it appears that coexpression of factors that increase full γ -carboxylation of
coagulation factors is an effective method for efficient production of recombinant coagulation factors, however, the
ability of used expression systems must be considered in
amount and number tolerance of expressed external factors.

5
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Figure 1. The γ -carboxylation System

Figure 2. The Carboxylase Active Site, most vitamin K-dependent (VKD) proteins bind to the carboxylase through the propeptide (PRO), and there may also be a second point
of contact for the glutamyl (glu; E) residues, as illustrated by the pocket.
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