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■ Abstract The vitamin K–dependent (VKD) carboxylase uses the oxygenation of
vitamin K to convert glutamyl residues (Glus) to carboxylated Glus (Glas) in VKD
proteins, rendering them active in a broad range of physiologies that include hemosta-
sis, apoptosis, bone development, arterial calcification, signal transduction, and growth
control. The carboxylase has a high-affinity site that selectively binds VKD proteins,
usually through their propeptide, and also has a second low-affinity site of VKD protein
interaction. Propeptide binding increases carboxylase affinity for the Glu substrate, and
the coordinated binding of the VKD propeptide and Glu substrate increases carboxylase
affinity for vitamin K and activity, possibly through a mechanism of substrate-assisted
catalysis. Tethering of VKD proteins to the carboxylase allows clusters of Glus to
be modified to Glas by a processive mechanism that becomes disrupted during war-
farin therapy. Warfarin inhibits a vitamin K oxidoreductase that generates the reduced
vitamin K cofactor required for continuous carboxylation and causes decreased car-
boxylase catalysis and increased dissociation of partially carboxylated, inactive VKD
proteins. The availability of reduced vitamin K may also control carboxylation in r-
VKD protein-expressing cells, where the amounts of reduced vitamin K are sufficient
for full carboxylation of low, but not high, expression levels of VKD proteins, and
where carboxylation is not improved by overexpression of r-carboxylase. This review
discusses these recent advances in understanding the mechanism of carboxylation. Also
covered is the identification of functional carboxylase residues, a brief description of
the role of VKD proteins in mammalian and lower organisms, and the potential im-
pact of quality control components on carboxylation, which occurs in the endoplasmic
reticulum during the secretion of VKD proteins.
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INTRODUCTION

Vitamin K was discovered in the 1930s as a consequence of experiments showing
that chicks fed a lipid-free diet were hemorrhagic (17). Major advances toward
understanding vitamin K function were made in the 1970s by the discoveries that
vitamin K–dependent (VKD) proteins contain glutamyl residues (Glus) that are
gamma-carboxylated (i.e., Glas), and that the carboxylase generates Glas from
Glus using reduced vitamin K as a cofactor (73). The carboxylase is an integral
membrane enzyme localized in the endoplasmic reticulum (ER), where VKD pro-
teins are carboxylated during their secretion. Multiple Glus in the Gla domains
of VKD proteins are converted to Glas. Full carboxylation, which is required for
VKD protein function, results in calcium coordination and consequent binding
either to anionic phospholipids exposed on the surfaces of cells or to hydroxy-
apatite in the extracellular matrix. The expression of the human carboxylase was
originally thought to be restricted to a limited number of tissues, based on activity
assays; however, broader expression is indicated by RNA analysis made possible
by the isolation of the carboxylase cDNA (39, 82). The expression analysis of hu-
man VKD proteins has actually been more informative with regard to carboxylase
distribution, because a much larger number of tissues have been analyzed. These
studies show a broad tissue distribution for several of the VKD proteins (e.g., the
family of transmembrane Gla proteins, Gas 6, and matrix Gla protein) (20, 30, 31,
41). They also show that while the major site of hemostatic VKD protein synthesis
is liver, at least some of these proteins are also synthesized elsewhere [e.g., pro-
tein S, which is expressed in several tissues (53)]. Thus, carboxylase expression is
indicated in virtually all human tissues.

In humans, one carboxylase is responsible for modifying all VKD proteins and is
the product of an autosomal gene (32). Carboxylase expression is developmentally
regulated, occurring in skeletal and neural tissue during early rat embryogenesis
and in hepatocytes at later stages (56), and the rat carboxylase gene has a novel
promoter element that may regulate developmental expression (55). To date, car-
boxylase activity has only been detected in multicellular organisms, i.e., mammals,
Drosophila, and the marine snail Conus (2, 16, 35, 78), which suggests the im-
portance of VKD proteins to intercellular interactions. Recent homology searches
have also revealed carboxylase orthologs in bacteria, which are presumed to have
been acquired by horizontal transfer (60, 77), but whether they have activity is
unknown.
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VKD PROTEIN FUNCTION

Our understanding of the biological relevance of VKD proteins to human physi-
ology has undergone a substantial revision in the past two decades (reviewed in
7). Thus, until the 1980s, vitamin K was thought to be important only to hemosta-
sis, with VKD protein identification being limited to hemostatic proteins (factors
IX, VII, and X, prothrombin, and proteins C, S, and Z). However, vitamin K and
carboxylation are now known to have a much broader physiological impact, and
nonhemostatic proteins that have been identified include matrix Gla protein (48),
an inhibitor of calcification, osteocalcin (46), a bone protein of unknown function,
and Gas6 (41), which has several functions that include inhibition of apoptosis
and proliferation. The transmembrane Gla proteins, a group of four VKD proteins,
were discovered by virtue of their homology to known VKD proteins (30, 31), and
their sequences predict functions in signal transduction. In addition, novel func-
tions are being revealed for known hemostatic proteins, such as protein S, which
facilitates phagocytosis as well as functioning as an anticoagulant (79). Finally,
the carboxylase itself is also a VKD protein (6), and carboxylase carboxylation
may be important in regulating the overall process of VKD protein carboxylation.

The only nonmammalian species in which the function of carboxylation is
known is the marine snail Conus (2, 16), which uses small VKD peptides to
paralyze prey by antagonizing neurotransmission. Carboxylase activity has also
been observed in Drosophila (35, 78), but the function of carboxylation is unknown,
as VKD proteins have not yet been identified in this organism.

THE CARBOXYLASE REACTION

The carboxylase uses the energy of vitamin K hydroquinone (KH2) oxygenation
to convert Glus to Glas in VKD proteins (Figure 1). During carboxylation, the
KH2 cofactor is oxidized to a vitamin K epoxide product, and the carboxylase is
also an epoxidase. An explanation for how epoxidation drives carboxylation was
indicated by chemical modeling studies in an enzyme-free system, which showed
that KH2 and O2 react to form a strong vitamin K base intermediate that collapses
to the vitamin K epoxide product upon protonation (19). The strong vitamin K base
was of interest because studies with the carboxylase suggested that it converts the
Glu substrate to a carbanion intermediate that then forms Gla by CO2 addition
(Figure 1); however, how the carbanion was generated was unknown because its
formation would require a much stronger base (i.e., with a pKa of ∼25) than could
be provided by carboxylase residues. Therefore, the strong vitamin K base could
explain the role of vitamin K in carboxylation. Formation of the strong vitamin K
base would first require KH2 deprotonation for reaction with O2, which led to the
proposal of a “base amplification” model in which a weak carboxylase catalytic
base deprotonates KH2 to generate a strong vitamin K base that converts Glu to
the carbanion intermediate and then to Gla (Figure 1) (19).
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The base amplification model invoked a Cys as the carboxylase catalytic base
that deprotonates KH2; however, recent studies indicate that the base must instead
be an activated amine (54). Cys was originally implicated by inhibitor studies
with thiol-specific reagents like N-ethylmaleimide (NEM) (73), and biochemical
mapping of native carboxylase revealed 14C-NEM modification of Cys99 and
Cys450 (51). These two residues also have been proposed to form a disulfide bond
(75), but those studies did not use native protein and a double mutant lacking
these two residues shows decreased 14C-NEM reactivity (54) that indicates they
are free thiols. However, the substitution of these two residues or even all of the
ten Cys residues in the carboxylase by an amino acid (Ala) that cannot ionize to
function as the catalytic base results in carboxylase mutants that are active (54).
The decamutant shows unusual NEM reactivity that suggests the catalytic base
is an activated amine, and one intriguing possibility is that Glu residues in the
VKD substrate provide this activation (51, 54). Glu substrate causes an increase
in carboxylase epoxidation (72), which may be due to a mechanism of substrate-
assisted catalysis (Figure 2). Such a mechanism would regulate coupling between
epoxidation and carboxylation, i.e., in the absence of substrate, the catalytic base
would not be activated for KH2 deprotonation, preventing the unfettered production
of an undesirable highly reactive vitamin K base.

VKD PROTEIN-CARBOXYLASE INTERACTION

All mammalian VKD proteins contain a carboxylase recognition signal which is
usually a high-affinity ∼18 amino acid propeptide adjacent to the Gla domain
(Figure 2) that is cleaved subsequent to carboxylation. Covalent attachment of the
propeptide to small Glu-containing peptides lowers their Km’s ∼1000-fold (to the
lowµM range) by increasing the local concentration of the Glu substrate. The mam-
malian VKD propeptides are homologous, and residues -16Phe, -10Ala, and -6Leu
are the most highly conserved and have been shown to be functionally important

←
Figure 1 The carboxylase reaction. (A) The carboxylase uses vitamin K hydro-
quinone (KH2) oxygenation to drive the conversion of glutamyl residues (Glu) to
carboxylated glutamyl residues (Gla). The active site catalytic base (B:) is a weak
base that deprotonates KH2 to form a strong base (e.g., the dialkoxide shown, K−),
which then generates a Glu carbanion that reacts with CO2 to form Gla while the K− is
converted to the vitamin K epoxide product (KO). (B) Vitamin K is a family of forms
that includes phylloquinone and menaquinones. The menaquinones are more unsatu-
rated and have a variable number of isoprenyl groups (e.g., one with four is shown).
(C) Vitamin K in the diet exists in the quinone form (K), the form shown in B, and
requires reduction to serve as a carboxylase cofactor. At least two pathways exist for
reducing vitamin K quinone (discussed in the text), one of which also reduces the
vitamin K epoxide product.
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Figure 2 The carboxylase active site. The carboxylase binds vitamin K–dependent
(VKD) proteins through their propeptide (PRO), a high-affinity domain in most VKD
proteins that is cleaved after carboxylation. Propeptide binding increases the affinity of
the carboxylase for the Glu substrate, and propeptide and Glu binding together increase
the affinity of carboxylase for the vitamin K cofactor. Osteocalcin is unusual among
VKD proteins in having a low-affinity propeptide and high-affinity sequence in the
mature protein that binds a different site in the carboxylase (which is undefined and
not indicated here). Carboxylation is initiated when the catalytic base deprotonates
reduced vitamin K (described in Figure 1), and the Glu substrate may regulate car-
boxylation by activating the catalytic base, i.e., to increase its reactivity, as indicated
by the dashed arrow. The Glu and vitamin K binding sites and catalytic base are drawn
as spatially distinct entities for the purpose of illustration and almost certainly exist
in a tightly coordinated complex during catalysis. Multiple Glus in the Gla domain of
VKD substrates are carboxylated, which is accomplished by a processive mechanism.
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by mutagenesis experiments (21). Nonetheless, the propeptides show substantial
differences in carboxylase affinity when tested for their ability to compete with
a truncated factor IX substrate that contains the propeptide and Gla domain (66).
The osteocalcin propeptide shows the lowest affinity (Ki > 500 µM), consistent
with the divergence of two of the three highly conserved propeptide residues (at
positions –10 and –6). However, even VKD propeptides that have all three of
the conserved residues show up to a 100-fold difference in carboxylase affinity,
with the factor X propeptide showing the highest and prothrombin and protein C
propeptides the lowest affinities [Ki’s of 3 nM or ∼200 nM, respectively (66)].
Thus, other propeptide residues are also important to VKD protein-carboxylase in-
teraction, and residues -18, -17, -15, and -9 have been functionally implicated (21).

Interestingly, the carboxylase has high affinity for mature osteocalcin, i.e., os-
teocalcin that does not contain the propeptide. Thus, the Km for mature osteocalcin
(∼2 µM) is ∼100- to 1000-fold lower than small Glu-containing peptides lack-
ing the propeptide domain (26) and at least 70-fold lower than the factor IX Gla
domain (68). Competition experiments indicate that mature osteocalcin does not
bind the carboxylase through its propeptide binding site (26) nor is the high affinity
simply due to osteocalcin Glu residue interaction with the carboxylase Glu binding
site (27). Thus, the carboxylase has at least two sites for mediating high-affinity
binding of VKD proteins: the propeptide binding site (Figure 2) that confers tight
interaction with most of the VKD proteins and a second site that has not yet been
identified that mediates high-affinity binding to mature osteocalcin.

Substrate binding causes allosteric changes that regulate carboxylation. Thus,
free propeptide stimulates carboxylase activity on noncovalently attached Glu-
containing substrates through a decrease in their Km (14, 28). In addition, substrates
in which the propeptide and Glu-containing sequences are covalently attached in-
crease the affinity of the carboxylase for the vitamin K cofactor (63). Covalent
attachment introduces a conformational constraint because the carboxylase Glu-
and propeptide-binding sites are physically linked by the substrate (Figure 2), and
this linkage may cause a structural change in the carboxylase that increases vita-
min K binding. Alternatively, covalent attachment may generate a specific VKD
structure that activates the carboxylase at a site distinct from Glu or propeptide
binding, leading to increased vitamin K affinity. Regardless of the mechanism, the
consequence of VKD protein binding regulating vitamin K affinity is increased
efficiency of vitamin K utilization, which is important because the availability of
vitamin K appears to control carboxylation in vivo (discussed below). Mutations in
the carboxylase that decrease its affinity for the Glu or propeptide domain of VKD
proteins might then be predicted to affect vitamin K binding, which is in fact the
case: Patients with such mutations (described in more detail below) show at least
partial correction for carboxylase function when administered supraphysiological
doses of vitamin K (11, 64).

The vitamin K cofactor required by the carboxylase is the reduced form, KH2

(Figure 1), which is generated largely by recycling of the vitamin K epoxide
product (KO, Figure 1C). Recycling is accomplished by the combined actions of

A
nn

u.
 R

ev
. N

ut
r.

 2
00

5.
25

:1
27

-1
49

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 S
t. 

M
ar

y'
s 

U
ni

ve
rs

ity
 -

 S
an

 A
nt

on
io

, T
X

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



3 Jul 2005 10:54 AR AR249-NU25-07.tex XMLPublishSM(2004/02/24) P1: KUV

134 BERKNER

VKOR (vitamin K oxidoreductase), whose gene was recently identified (34, 57),
and a redox protein that supplies the electrons to VKOR (Figure 3), whose identity
is not yet known. VKOR is an integral membrane enzyme in the ER, like the
carboxylase, and is the target of anticoagulant therapy with coumarin inhibitors
such as warfarin (73). VKOR exhibits broad tissue distribution (57), consistent
with the widespread expression of carboxylase and VKD proteins. At least one
tissue also has an alternative pathway for supporting carboxylation: Liver contains
a high Km quinone reductase that reduces the quinone (but not epoxide) form of
vitamin K to KH2 and therefore sustains carboxylation when dietary concentrations
of vitamin K are high (Figure 1C).

The mechanism by which VKOR supplies KH2 to the carboxylase is unknown.
Each Glu to Gla conversion requires one molecule of KH2 (Figure 1), and so the
carboxylation of an individual VKD protein depends upon VKOR recycling of
several vitamin K molecules (e.g., nine for protein C and the example shown in
Figure 3). VKOR may provide KH2 to the carboxylase through a direct interac-
tion between the active sites of the two enzymes. Alternatively, 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.

A practical note on carboxylase interaction with cofactors and substrates is that
a major advance in defining such interactions has been the production of active
carboxylase in Spodoptera frugiperda cells, which do not express either endoge-
nous carboxylase or VKD proteins (59). Older studies used tissue microsomes,
where interpretation of results is complicated by the fact that the carboxylase is
bound to VKD protein. Even carboxylase purified from tissue can have limited
use because the preparations contain propeptide, used in the purification to sepa-
rate carboxylase from VKD protein. A second area in which method development
could significantly advance our understanding of VKD protein-carboxylase inter-
action is the generation and analysis of more natural VKD substrates. Studies have
largely used small peptides derived from the Gla domain in combination with free
or covalently attached propeptide, and a substrate that contains both propeptide
and the entire Gla domain has been developed for only one VKD protein, factor
IX (68). The natural (i.e., propeptide-containing, full-length) VKD substrates are
difficult to prepare because they are large macromolecules. However, the develop-
ment of these substrates will be valuable in addressing important questions, such
as whether the carboxylase exhibits as wide a range in affinities for the propeptide-
containing, full-length VKD substrates as it does for the propeptides.

CARBOXYLATION OCCURS DURING THE SECRETION
OF VKD PROTEINS

VKD proteins engage the carboxylase in the ER during their secretion (Figure 3),
and components of the quality control machinery therefore affect carboxylation.
Assembly of VKD protein-carboxylase complexes is likely to be mediated by
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chaperones, as demonstrated for other multisubunit complexes (24), but with the
unusual twist that assembly forms a productive enzyme-substrate complex. The
identity of the specific chaperones, and whether all VKD proteins use the same
chaperones for assembly with the carboxylase, is not known. Also unknown is
which cargo receptors, a class of proteins that mediate the exit of proteins out of
the ER, facilitate the exit of VKD proteins released from the carboxylase (Figure 3).
Translocation of the VKD proteins to the Golgi compartment results in additional
posttranslational modifications that include proteolytic removal of the propeptide
and, for various VKD proteins, N- and O-glycosylation, sulfation, phosphorylation,
and aspartyl beta-hydroxylation.

THE CARBOXYLASE IS A PROCESSIVE ENZYME

All VKD proteins contain multiple Glus that undergo carboxylation (Figure 2),
which is accomplished by a processive mechanism. Carboxylase processivity was
initially suggested by the observation that a propeptide-Gla domain substrate is
multiply carboxylated (42), and was unequivocally demonstrated by studies show-
ing that factor IX-carboxylase complex incubated in the presence of “challenge”
VKD protein results in full carboxylation of the factor IX before its release and
replacement by the challenge protein (70). Thus, a single binding event between
carboxylase and VKD protein can give rise to all of the Glu to Gla conversions
in the VKD protein. Carboxylation is limited to the Glus residing within the Gla
domain, which may be due to a minimum/maximum distance requirement (of
∼5–40 amino acids) between the carboxylatable Glus and the propeptide and/or
to a restriction imposed by a second site of VKD protein-carboxylase interaction
(discussed below).

Processive carboxylation results from a slower rate of dissociation than catal-
ysis (Figure 3), raising the question of how VKD proteins remain tethered to the
carboxylase to maintain a slow rate of dissociation. For most VKD proteins, the
high-affinity propeptide must be important to tethering, whereas in osteocalcin the
high-affinity binding site in the mature protein (discussed above) may be more
important. However, osteocalcin also contains a low-affinity propeptide that con-
fers a second site of carboxylase interaction. In addition, the carboxylase contains
a second, low-affinity site of interaction with VKD proteins like factor IX and
prothrombin (50). Thus, all VKD proteins may bind carboxylase through two con-
tact sites, one low-affinity and one high-affinity, with osteocalcin having reversed
affinities to that of the other VKD proteins (Figure 4). Two sites of VKD protein-
carboxylase interaction could increase the efficiency of carboxylation by clamping
the Gla domain near the carboxylase active site to facilitate translocation of the
multiple Glus and Glas, and studies do in fact suggest that propeptide-containing
osteocalcin is more efficiently carboxylated than osteocalcin lacking the propep-
tide (4). A mechanism that involves two contact sites is also of interest with regard
to whether there are differences in the efficiency of processivity among individ-
ual VKD proteins. As discussed above, the carboxylase affinity at one of the sites,
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Figure 4 Two sites of vitamin K–dependent (VKD) protein-carboxylase interaction.
Most VKD proteins (e.g., factor IX) have a high-affinity propeptide (PRO) and a second
sequence (the shaded oval) of unknown identity that mediates low-affinity binding to
the carboxylase. Osteocalcin has a low-affinity propeptide and a high-affinity domain
of unknown identity. Whether the high-affinity osteocalcin and low-affinity factor IX
sequences bind the same carboxylase site is also unknown. Two sites of VKD protein-
carboxylase interaction can facilitate efficient carboxylation by juxtaposing the Gla
domain near the carboxylase active site and can explain why carboxylation is restricted
to the Gla domain.

i.e., the propeptide binding site, varies widely for different VKD proteins. However,
the second site of VKD protein-carboxylase interaction could significantly impact
the overall affinity, especially if there are differences in affinity at this second site.

Both partially carboxylated intermediates and fully carboxylated VKD product
have the propeptide that mediates carboxylase interaction, raising the question of
whether there is some change at the end of the reaction that effects preferential
release of the fully carboxylated product. One change that marks when carboxyla-
tion is finished is the loss of Glu binding, and propeptide binding has been shown
to be weaker in the absence of Glu substrate (47), which indicates that the effect of
propeptide on Glu binding (discussed above) is reciprocated. However, loss of Glu
binding is probably not the only factor that facilitates release because carboxy-
lase isolated from r-carboxylase, factor IX–expressing cells remains associated
with fully carboxylated factor IX (23), which indicates a dissociation rate far too
slow to reconcile with normal in vivo turnover. This study also suggested that
r-carboxylase overexpression titrates out a factor (e.g., excess VKD protein or a
quality control component) that facilitates carboxylated VKD protein release.

DISRUPTION OF PROCESSIVITY

Carboxylase processivity is disrupted when vitamin K is limiting, for example
during therapy with warfarin, which inhibits VKOR to cause a decreased rate
of catalysis and premature dissociation of partially carboxylated VKD proteins
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(Figure 3). The importance of the relative rates of catalysis versus dissociation
to processivity was dramatically revealed by the phenotype of hemophiliacs who
show an unusual sensitivity to warfarin (15, 45, 65). These patients exhibited nor-
mal hemostasis until they underwent warfarin therapy, which caused a selective
decrease in factor IX activity, i.e., to ∼1% of normal levels, which was well below
the activities of other hemostatic VKD proteins (∼30%–40%). Sequence analysis
identified two independent mutations in the factor IX propeptide at either position
–9 or at the highly conserved –10 position, and functional analysis showed sub-
stantial decreases in the affinity of these factor IX mutants for the carboxylase (15,
65). The weakened affinity of the mutant propeptides, then, caused an increased
rate of dissociation that only became significant when the rate of catalysis was
slowed by warfarin treatment.

Interestingly, the carboxylase affinity of the factor IX propeptide with the mu-
tation at the –9 position is almost identical to that of the propeptides for pro-
tein C and prothrombin (66), yet neither of these VKD proteins shows a se-
lective decrease in activity during warfarin anticoagulation (11, 38, 64). Thus,
protein C and prothrombin, like factor X, are reduced to the 30%–40% activity
level despite the fact that the carboxylase affinity for the factor X propeptide is
about 100-fold higher than for that of the protein C and prothrombin propep-
tides (66). If the propeptide alone determines the rate of dissociation of VKD
proteins from the carboxylase, then protein C and prothrombin would be pre-
dicted to behave like the factor IX mutant, i.e., showing a selectively larger de-
crease during warfarin therapy. The similarity in response of prothrombin, protein
C, and factor X to warfarin therefore suggests that while there may be differ-
ences in carboxylase interaction and processivity among individual VKD pro-
teins, they may not be as vast as suggested by the differences in propeptide
affinities. Modulation of carboxylase interaction and processivity could be due
to intrinsic effects, e.g., from the second site of VKD protein-carboxylase in-
teraction, or extrinsic effects, i.e., from quality control components (discussed
below).

The factor IX propeptide mutants were well carboxylated when vitamin K was
available (i.e., in the absence of warfarin), which indicates that normally the rate
of catalysis is so much faster than dissociation that processive carboxylation is not
disrupted even by weakened affinity. This observation is of interest with respect
to a separate study that analyzed a prothrombin mutant in which the Gla domain
was deleted and the propeptide was fused to an unrelated Glu-rich portion of the
molecule (22). Expression of this mutant in cultured cells produced a secreted
protein that was multiply carboxylated. Thus, so long as vitamin K in the cul-
tured cells supports a high rate of catalysis, propeptide tethering confers a rate
of dissociation sufficiently slow to result in multiple carboxylations, even of an
irrelevant sequence that may not have a second site of VKD protein-carboxylase
interaction. It would be of interest to see whether the mutant prothrombin shows
decreased processivity compared with normal prothrombin when tested at low vi-
tamin K concentrations, where low rates of catalysis can reveal differences in the
efficiency of carboxylation.
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QUALITY CONTROL AND CARBOXYLATION

A full understanding of VKD protein carboxylation must consider how the secre-
tory process affects carboxylation. One example is whether VKD proteins compete
for carboxylase binding: Thus, multiple VKD proteins are expressed in some tis-
sues [e.g., osteocalcin, Gas 6, protein S and matrix Gla protein in bone, and seven
hemostatic VKD proteins in liver (7)] and these proteins may not bind equivalently
to the carboxylase if there are large differences in affinities. However, as discussed
above, the association of VKD proteins and carboxylase almost certainly is me-
diated by chaperones (Figure 3), and the increase in local concentration of VKD
proteins and carboxylase due to the chaperones could override the differences in
VKD protein affinities. Cargo receptors also have the potential to influence car-
boxylation by translocating VKD proteins to a different compartment, the Golgi,
where the VKD proteins no longer have the opportunity to bind carboxylase. Con-
sequently, under normal conditions, i.e., when reduced vitamin K is available to
confer a high rate of catalysis, there may not be competition between VKD pro-
teins. In contrast, during warfarin therapy the decreased rate of catalysis results
in the accumulation of a precursor pool (because carboxylase turnover is slower
but VKD protein synthesis still occurs) that disrupts the normal process. Precur-
sor pool buildup may disrupt carboxylation directly, through competition between
VKD proteins for the carboxylase, or indirectly, by saturating quality control com-
ponents necessary for facilitating carboxylation. Studies in warfarin-treated tissue
and cultured cells show a higher proportion of factor X than prothrombin com-
plexed to carboxylase (18, 69), but it is unknown whether this result is due to
differences in competition between prothrombin and factor X for initial binding
to the carboxylase and/or to differences in the dissociation of prothrombin and
factor X and/or to differences in quality control regulation. Thus, the multiple
mechanisms involved in VKD protein carboxylation complicate interpretation of
in vivo studies. Interpretation is even more difficult when the analysis is performed
on secreted VKD proteins, e.g., those present in blood or secreted from cultured
cells, because of an additional component of quality control: Undercarboxylated
and uncarboxylated VKD proteins are preferentially degraded (i.e., versus fully
carboxylated protein) by the proteasome pathway (76, 84). Consequently, this
filtering can generate a secreted VKD protein subpopulation different from the
original carboxylation product population. In summary, then, secreted VKD pro-
teins represent the endpoint of a complex process that must be considered when
extrapolating in vitro results to what actually occurs in vivo.

CELL LINES AS MODEL SYSTEMS FOR ANALYZING
CARBOXYLATION

Many of the r-VKD proteins have been expressed in mammalian cells, where
inefficient carboxylation often occurs. Thus, fully carboxylated VKD proteins are
secreted when expression levels are low but uncarboxylated and undercarboxylated
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forms are observed when the levels are high. Individual VKD proteins do not all
respond the same; for example, secreted factor X is a mixture of uncarboxylated and
fully carboxylated, but not partially carboxylated, protein, whereas secreted factor
IX comprises all of these forms (5, 33). Variation among individual VKD proteins
could be due to differences in their affinities for the carboxylase and/or how they
are processed by quality control mechanisms (e.g., the efficiency of degradation of
undercarboxylated forms by the proteosome pathway may not be the same for all
VKD proteins). Overexpression of r-carboxylase does not improve the efficiency of
VKD protein carboxylation even though the recombinant carboxylase is functional,
i.e., showing an increase in activity proportional to the amount of overexpressed
protein (23, 52). Inefficient carboxylation has confounded the functional analysis
of r-VKD proteins, and has been a major impediment in producing large amounts
of therapeutic VKD proteins for applications like treatment of hemophilia and
sepsis.

Intracellular analyses of cell lines that express r-factor IX and either endoge-
nous or r-carboxylase suggest that the reason r-carboxylase does not improve
carboxylation efficiency is because it saturates the supply of reduced vitamin
K. Thus, r-carboxylase overexpression results in a proportional increase in the
number of intracellular factor IX-carboxylase complexes but not in the total rate
of factor IX carboxylation (23). Pulse-chase analysis indicates that there is a
threshold amount of reduced vitamin K sufficient for rapid catalysis of factor
IX-carboxylase complexes in cells expressing endogenous carboxylase but not
in cells overexpressing r-carboxylase (23). r-Carboxylase overexpression may
saturate VKOR capacity in supplying reduced vitamin K (Figure 3), and stud-
ies that test the ability of r-VKOR to improve carboxylation will be of
interest.

Although vitamin K availability can explain why r-carboxylase does not im-
prove carboxylation, it cannot explain why high-level VKD protein expression
causes the secretion of undercarboxylated protein. Thus, stably transfected clones
isolated from the same progenitor cell line that express either high or low levels of
an r-VKD protein have the same amount of endogenous carboxylase and reduced
vitamin K, and therefore the rate of carboxylation of VKD protein-carboxylase
complexes should be the same in both cell lines. The secretion of undercarboxy-
lated protein must therefore be due to an increase in the rate of dissociation rather
than a decrease in the rate of catalysis, which indicates that high-level VKD protein
expression somehow perturbs the VKD protein-carboxylase complex. High-level
expression leads to a large VKD precursor pool (Figure 3) that may perturb the
complex by saturating the normal process of carboxylation facilitated by quality
control components.

The events resulting from high-level expression are similar to those caused
by warfarin, which also results in a large precursor pool (discussed above) and
the secretion of undercarboxylated protein [shown for prothrombin (40)]. These
similarities raise the question of whether the increased dissociation of partially
carboxylated VKD proteins during warfarin therapy is actually due to two
different effects: (a) a slow catalytic rate that increases the probability of
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dissociation and (b) a large precursor pool that disrupts the complexes through
an unknown mechanism. In reconsidering the factor IX mutants that show se-
lective decreases in activity during warfarin therapy (discussed above), then, the
preferential dissociation of the mutants may be due not only to a decrease in the
rate of catalysis but also to precursor pool buildup that increases dissociation,
with the mutants being more susceptible because of their weakened affinity for the
carboxylase.

IS CARBOXYLATION EFFICIENCY THE SAME
IN ALL TISSUES?

Vitamin K availability and consequent effect on the rate of catalysis impacts the
efficiency of processive carboxylation, but whether this efficiency is the same
in all tissues is unknown. Vitamin K is a family of forms comprising phyllo-
quinone and menaquinones (Figure 1B), which share a common 2-methyl 1,4-
naphthoquinone nucleus and differ by the polyisoprenoid at the 3-position (the
“R” in Figure 1A). The main source of phylloquinone is green, leafy vegeta-
bles, whereas menaquinones, in the American diet, are obtained primarily from
animal products. Phylloquinone and menaquinones show differences in tissue dis-
tribution and in lability (reviewed in 7, 9), which could impact their intracel-
lular concentrations, and the functional contribution of these forms to in vivo
carboxylation is not well understood. The quality of the diet therefore has the
potential to vary the form and concentration of vitamin K in different tissues,
which may impact the efficiency of processive carboxylation. This efficiency
has important physiological consequences since full carboxylation is required
for activity, as shown by the extensive characterization of hemostatic VKD
proteins.

The carboxylation status in the general population has been assessed for only a
subset of VKD proteins, i.e., hemostatic VKD proteins and osteocalcin. The hemo-
static proteins are well carboxylated, and their main site of synthesis is liver, which
is well vascularized to receive dietary vitamin K absorbed from the gut into blood.
Whether dietary vitamin K is as equally available to other tissues is unknown.
Undercarboxylated osteocalcin is frequently observed in the general population
(8), which indicates that incomplete carboxylation occurs in bone where osteo-
calcin is synthesized. The extent of undercarboxylation is unknown because the
analysis is indirect, i.e., on blood samples rather than bone tissue. Osteocalcin
undercarboxylation could be due to decreased processivity that results from in-
efficient vitamin K delivery to bone and a consequent slow rate of catalysis, or
could be due to a less processive mechanism because of the unique way osteocal-
cin interacts with the carboxylase (Figure 4). Evaluating other VKD proteins will
clearly be of interest, given the number of additional physiologies also impacted by
vitamin K.
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STRUCTURE-FUNCTION ANALYSIS
OF THE CARBOXYLASE

Identifying functional residues in the carboxylase has been difficult because it is
an integral membrane enzyme without an available crystal structure or homology
to other proteins that might provide clues to function. The general approaches
used to identify functional carboxylase residues have included mutagenesis, bio-
chemical mapping, interspecies homology comparison, and analysis of naturally
occurring variants. The natural mutations are very rare: Only three have been re-
ported so far, which is not surprising since carboxylation is required for a broad
range of functions. The mutations are autosomal recessive and cause a combined
defect in VKD hemostatic protein functions (11, 58, 64). The first carboxylase
mutant identified, L394R (11), resides within a region (amino acids 374–418)
that is evolutionarily highly conserved (2, 3, 16, 35, 78). L394R is impaired in
both Glu and propeptide interaction (44), which is likely due to their recipro-
cal effects on carboxylase binding (discussed above) and which demonstrates
the difficulties in designating residues as part of the Glu- or propeptide-binding
site. Mutagenesis of neighboring residues revealed a mutant, Y395A, with normal
propeptide but defective Glu binding (43), supporting the identification of this
region as part of the Glu-binding site (Figure 5). L394R and Y395A show small
decreases in vitamin K affinity (43), consistent with the observed effect of VKD
protein binding on vitamin K affinity discussed above, and high concentrations of
vitamin K partially correct hemostasis in the patients with the L394R mutation
(11).

A second natural variant, W501S (64), appears to be important to propeptide
interaction, as this mutant is associated with decreased propeptide binding but
normal carboxylation of a small Glu substrate lacking the propeptide (62). W501
resides within a region (amino acids 495–518) that, interestingly, shares homology
with VKD propeptides, and this similarity led to an initial proposal that this region
is an autoregulatory domain that restricts carboxylation to propeptide-containing
substrates (49). However, mutational analysis of W501S (62), and of mutants
substituted at neighboring residues (36), suggests that this region may instead be
the propeptide binding site (Figure 5). Like L394R, the W501S mutant shows a
decrease in vitamin K affinity (62), and hemostasis can be partially corrected in
patients by vitamin K supplementation (64). W501 is located in one of the two
regions cross-linked by propeptide in vitro (83, 85; Figure 5) and is near R513,
which also has been proposed to have a role in propeptide binding (71). R513 was
identified by scanning mutagenesis, which also implicated the charged residue
clusters R234/H235 and R406/H408 as important for propeptide interaction.

Other mutants that implicate functionally important residues are R485P, a third
naturally occurring variant, which has not yet been characterized (58), K218A,
which appears to be completely inactive (61), and C99A and C450A, which show
decreases in activity that are propeptide dependent (54). Other relevant regions
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include the N-terminus (i.e., amino acids 1–218; Figure 5), which has been func-
tionally implicated by covalent modification with a suicide substrate (29), and the
site of low-affinity VKD protein-carboxylase interaction (discussed above), which
includes residues C343 and Y345 (50) and may also include R359 and H360
(61, 71). Sequences not yet identified include the catalytic base, the high-affinity
osteocalcin binding site, and the vitamin K–binding domain.

One additional unknown is the membrane topology of the carboxylase. A key
question regarding topology is how the carboxylase active site accesses both hy-
drophobic vitamin K and hydrophilic VKD proteins (that contain a basic propep-
tide and acidic Gla domain). The carboxylase sequence predicts seven hydropho-
bic regions (Figure 5), five of which act as signal anchor sequences in an in
vitro assay (74), and the assumption that the hydrophobic regions are transmem-
brane in nature has led to a model in which the carboxylase resembles a seven-
transmembrane receptor (Figure 6A). However, hydrophobic sequences can also
form a different type of structural motif, observed in a new class of integral mem-
brane enzymes whose crystal structures have recently been determined (reviewed
in 10). These hydrophobic sequences run parallel to the lipid bilayer and insert
into only one leaflet of the membrane (i.e., they are monotopic), thereby form-
ing a tight interface between the membrane and aqueous environment (Figure
6B). A commonality of these enzymes, which are all structurally unrelated, is
that they utilize hydrophobic substrates. Thus, the monotopic domains form an
entrance that allows the hydrophobic substrates to move from the phospholipid
bilayer into the active site, located in the cytoplasm or ER lumen. With the car-
boxylase, then, some of the hydrophobic sequences may form an entryway that
allows vitamin K in the membrane to access the lumenal active site. At present,
it is not possible to extrapolate broad generalities from this new class of enzymes
to the carboxylase: Only a handful of crystal structures are known and they re-
veal significant diversity (e.g., some have both monotopic and transmembrane
sequences while others are only monotopic). Their characterization demonstrates
the uncertainty in predicting membrane topology; for example, the cytochrome
P450 sequence predicts a transmembrane domain (shown in Figure 6B) (80) that
is not supported by nuclear magnetic resonance analysis (10). The carboxylase
must have at least one transmembrane sequence because it has a lumenal active
site (13) but no leader sequence (82); however, the complexities described here
indicate a need for further studies to define the actual topology. Given this lim-
ited understanding, designating residues as lumenal or cytoplasmic simply on the
basis of the proposed topological structure (Figure 6A), as recently done (37), is
premature.

NONMAMMALIAN CARBOXYLASES

The Conus carboxylase, like the mammalian ortholog, has epoxidase and carboxy-
lase activities that are dependent upon vitamin K (2, 16). Conus VKD substrates
have the same organization as that of mammals, i.e., with a propeptide adjacent to
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the Glus undergoing carboxylation. However, there are differences: Carboxylation
and subsequent propeptide cleavage in Conus results in small (10–20 amino acid)
peptides that are not homologous to the larger mammalian VKD Gla domains
(∼40 amino acids) and that contain fewer Glas (2–5 in Conus versus up to 13
for the mammalian VKD proteins). The mammalian and Conus propeptides are
not homologous, which likely reflects the fact that while the mammalian propep-
tide is restricted to carboxylated proteins, the Conus propeptide is also present in
peptides that are not carboxylated. Thus, the Conus propeptide has an additional
function unrelated to carboxylation, which is proposed to be directing the proper
disulfide bond formation and folding of these highly disulfide-bonded and confor-
mationally constrained peptides (81). In Conus peptides that are carboxylated, the
propeptide is also a carboxylase recognition signal: The propeptide increases car-
boxylase affinity for the Glu substrate (1, 12), although the effect is much smaller
than observed in the mammalian system (i.e., ∼10-fold versus 1000-fold affinity
increases). The specific residues in the Conus propeptide that mediate carboxylase
binding have been difficult to identify. Early studies suggested the importance of
hydrophobic residues (12) that were later ruled out, and basic residues have been
proposed both to be (25) and to not be (1) important to carboxylase recognition. The
Conus carboxylase can modify a mammalian propeptide-containing Glu substrate
(16): Carboxylation is observed with Conus carboxylase isolated from Spodoptera
frugiperda cells (16) but not from tissue (67), and the difference is probably due
to the presence of interfering VKD substrates in the tissue.

Drosophila VKD proteins have not been isolated nor have orthologs been re-
vealed by homology searches with mammalian proteins, and so the role of carboxy-
lation in this organism is unknown. Carboxylase activity that depends on vitamin
K has been demonstrated for the Drosophila carboxylase on small Glu-containing
substrates (35, 78), and this ortholog contains the conserved sequences thought to
be part of the Glu binding site (Figure 5) in mammalian carboxylases. Thus, the
conversion of Glus to Glas is a likely function for the Drosophila carboxylase.

In contrast to Conus and Drosophila, bacterial orthologs of the carboxylase are
divergent in the Glu binding region. As discussed above, these orthologs are thought
to have been acquired by horizontal transfer of metazoan sequences, which may not
have included transfer of VKD substrates. One intriguing possibility, then, is that
the bacterial orthologs have adapted the ability to generate the strong vitamin K
base (Figure 1) for some other metabolic use. Determining whether these orthologs
even have epoxidase activity, then, will clearly be of interest.

FUTURE PERSPECTIVES

The carboxylase field is in an exciting phase, with recent significant advances
having been made toward understanding the mechanism of carboxylation but with
multiple areas yet to explore. Important goals include determining how processive
carboxylation is accomplished, defining the carboxylase active site, and obtaining
structural information. Determining how VKOR supplies reduced vitamin K to
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the carboxylase and how quality control components affect carboxylation also
will be critical to understanding the overall process. Finally, the function of the
carboxylase in invertebrates and bacteria should be an interesting area of discovery.
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Figure 3 Vitamin K–dependent (VKD) protein carboxylation in the endoplasmic
reticulum. VKD proteins contain propeptides with different affinities (indicated by the
blue shading) for the carboxylase (CARB), and binding results in the conversion of
multiple Glus to Glas (the red “Y’s”; a VKD protein undergoing nine modifications is
shown as an example). The carboxylase is also carboxylated, subsequent to the car-
boxylation of the VKD substrate. Each Glu to Gla conversion requires one reduced
vitamin K (KH2), which is recycled from the epoxide (KO) product of carboxylation
by a vitamin K oxidoreductase (VKOR) and a redox protein of unknown identity. KH2
availability supports a high rate of catalysis and low rate of dissociation that results in
processive carboxylation, and warfarin disrupts normal carboxylation by blocking the
supply of KH2. Quality control components that affect carboxylation are chaperones,
which mediate VKD protein-carboxylase assembly, and cargo receptors, which trans-
port fully and partially carboxylated VKD proteins out of the endoplasmic reticulum.
The quality control components specific to carboxylation have not yet been identified.

HI-RES-NU25-07-Berkner.qxd  7/3/05  11:34 AM  Page 1

A
nn

u.
 R

ev
. N

ut
r.

 2
00

5.
25

:1
27

-1
49

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 S
t. 

M
ar

y'
s 

U
ni

ve
rs

ity
 -

 S
an

 A
nt

on
io

, T
X

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



C-2 BERKNER

Figure 5 Functional human carboxylase residues. Residues proposed to be part of the
propeptide- or Glu-binding site are shown in blue and red, respectively. The regions indi-
cated above the carboxylase were identified by cross-linking with propeptide, or with a sui-
cide substrate that could be mapping the Glu-binding site or the catalytic base. Residues in
green are part of a region that binds vitamin K–dependent (VKD) proteins with low affin-
ity. Some of the functional residues were identified in bovine carboxylase but are indicat-
ed here because these residues are identical in human and bovine carboxylases. Natural
variants that impair carboxylation have been identified for residues L394, R485, and W501,
shown in larger font. The arrows below the carboxylase indicate the exon/intron junctions
and the intron number (I#), and the amino acids indicate the codons just
before or interrupted by the intron. The gray boxes indicate hydrophobic domains in the
carboxylase.
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VITAMIN K–DEPENDENT CARBOXYLASE C-3

Figure 6 Uncertainties in carboxylase topology. The carboxylase gene predicts
seven hydrophobic regions, and five act as signal anchor sequences in vitro, which
has led to the proposed structure shown in A. Some of the hydrophobic sequences
may instead be monotopic, i.e., inserting into only one leaflet of the membrane, as
observed with other integral membrane enzymes with known crystal structures (e.g.,
cytochrome P450, shown in B). This topology allows hydrophobic substrates or
cofactors (like vitamin K) to move from the membrane into the active site (which is
cytoplasmic for the P450 shown and lumenal for the carboxylase).
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