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The vitamin K-dependent carboxylase uses vitamin K oxygenation to drive carboxylation of multiple glutamates in vitamin K-dependent
proteins, rendering them active in a variety of physiologies. Multiple carboxylations of proteins are required for their activity, and the carboxylase
is processive, so that premature dissociation of proteins from the carboxylase does not occur. The carboxylase is unique, with no known

homology to other enzyme families, and structural determinations have not been made, rendering an understanding of catalysis elusive.

Although a model explaining the relationship of oxygenation to carboxylation had been developed, until recently almost nothing was known of
the function of the carboxylase itself in catalysis. In the past decade, discovery and analysis of naturally occurring carboxylase mutants has led to
identification of functionally relevant residues and domains. Further, identification of nonmammalian carboxylase orthologs has provided a basis
for bioinformatic analysis to identify candidates for critical functional residues. Biochemical analysis of rationally chosen carboxylase mutants has
led to breakthroughs in understanding vitamin K oxygenation, glutamate carboxylation, and maintenance of processivity by the carboxylase.
Protein carboxylation has also been assessed in vivo, and the intracellular environment strongly affects carboxylase function. The carboxylase is
an integral membrane protein, and topological analysis, coupled with biochemical determinations, suggests that interaction of the carboxylase
with the membrane is an important facet of function. Carboxylase homologs, likely acquired by horizontal transfer, have been discovered in

some bacteria, and functional analysis of these homologs has the potential to lead to the discovery of new roles of vitamin K in biology. Adv.

Nutr. 3: 135-148, 2012.

Introduction

The vitamin K-dependent (VKD)? carboxylase is a bifunc-
tional enzyme that catalyzes the oxygenation of vitamin K
hydroquinone, resulting in formation of vitamin K epoxide,
in parallel with the carboxylation of multiple glutamate
(Glu) residues in vitamin K-dependent proteins, with re-
sulting formation of y-carboxyglutamate (Gla) (Fig. 1A4).
The carboxylase, an integral membrane protein, is localized
at the endoplasmic reticulum (ER) membrane, where lu-
menal VKD protein carboxylation takes place as part of
the protein secretion pathway. For some time, the only
known VKD proteins were involved in coagulation,
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undergoing carboxylation primarily in the liver. However,
the carboxylase appears to be ubiquitous, and a growing
number of VKD proteins have been discovered with involve-
ment in an array of physiologies beyond hemostasis such as
apoptosis, calcium homeostasis, signal transduction, and
growth control. Currently, known VKD proteins comprise
a family of 16 members (Table 1), and the carboxylase is ca-
pable of recognizing this family of proteins and no others.
The carboxylase is autosomal and has no homology to any
known enzyme families, so that functional comparisons
with related enzymes are not possible. The reactions cata-
lyzed by the carboxylase are also each unique in biochemis-
try, making an understanding of this enzyme both critical
and rewarding.

Multiple Glu carboxylations are required for the activity
of VKD proteins. Gla formation results in creation of a clus-
ter of bidentate ligands with calcium binding affinity. In the
presence of calcium, Gla clusters form a binding network in-
volving multiple calcium ions with a number of different
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Figure 1 The vitamin K cycle supports vitamin K-dependent

(VKD) protein carboxylation. A, The carboxylase uses
oxygenation of vitamin K hydroguinone (KH,) to drive multiple
carboxylation of VKD proteins in the endoplasmic reticulum (ER)
lumen, conferring activity on them. B, The vitamin K epoxide
produced by the carboxylase is reduced by vitamin K epoxide
reductase (VKOR) to regenerate vitamin K hydroquinone, which
is required for continual carboxylase activity. VKOR is inhibited
by warfarin, so that vitamin K hydroquinone levels are
decreased, impairing carboxylase activity and in turn decreasing
the levels of active VKD proteins including those involved in
hemostasis. Gla, y-carboxyglutamate; Glu, glutamate.

ultimate functional consequences. Many VKD proteins in-
volved in coagulation undergo a conformational change
on calcium binding, exposing a membrane-insertion do-
main that targets the proteins to sites of vascular injury.
Other VKD proteins are involved in the regulation of tissue
calcification or are part of a structural lattice involving cal-
cium, and in some cases the ultimate functional conse-
quence of VKD protein carboxylation is not yet understood.

The importance of VKD protein carboxylation to func-
tion is the basis for anticoagulation therapy with warfarin.
Carboxylase activity requires vitamin K hydroquinone, and
continued supply of this substrate in vivo is provided by re-
cycling of the vitamin K epoxide product by vitamin K epox-
ide reductase (VKOR) (Fig. 1B). Warfarin targets and
inactivates VKOR, resulting in a decrease in vitamin K hy-
droquinone available to the carboxylase. Carboxylase activ-
ity is thus indirectly decreased during warfarin therapy, and
VKD proteins, including those involved in coagulation, are
not carboxylated to the required extent, impairing their pro-
coagulant activity. However, the effects of warfarin therapy
on other physiologies affected by VKD protein carboxyla-
tion are unclear, highlighting the importance of understand-
ing the details of the function of the carboxylase.

Although the significance of the Glu carboxylation activity
has always been understood, that of vitamin K oxygenation
was initially unclear. However, analysis of Glu carboxylation
led to a proposed role for vitamin K oxygenation and a major
breakthrough in understanding the carboxylase. Use of short
Glu-containing peptide substrate analogs established that
Glu underwent deprotonation at the y carbon, leading to re-
action of CO, at that site to form Gla (Fig. 2A), as opposed to
a mechanism involving abstraction of a hydrogen radical
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(1,2). y Carbon deprotonation would be extremely difficult,
however, requiring action of a base far stronger than any pos-
sible enzyme active site residue. In a series of elegant, al-
though nonenzymatic, experiments using a vitamin K
model compound and '*O-labeled oxygen, Dowd et al.
(3,4) established a pathway for formation of the observed vi-
tamin K epoxide product and showed that an intermediate
on this pathway was a powerful base that could perform
Glu deprotonation (Fig. 2B). Dowd et al. (3) then went on
to perform similar experiments with the carboxylase, and
the results of the analysis of the '®*O-labeled vitamin K epox-
ide that was produced were consistent with their mechanism.
Their proposed pathway, wherein the enzyme uses energy
available from the oxygenation of vitamin K to perform a
very difficult deprotonation and thus drive carboxylation is
known as the Dowd model, and essentially all subsequent
work on the mechanism of the carboxylase has been inter-
preted in light of this mechanism.

Although the Dowd model established the significance of
vitamin K oxygenation, nothing was yet known about how
the carboxylase itself contributes to catalysis. However, the
studies of Dowd et al. (3,4) established that vitamin K hy-
droquinone must be deprotonated for reaction with oxygen.
Thus, the Dowd model requires that the carboxylase furnish
aweak base residue in the active site to initiate vitamin K ox-
ygenation. Subsequent steps on the oxygenation pathway do
not appear to require catalysis, so that no further role of the
enzyme before formation of the strong vitamin K base spe-
cies is suggested by the Dowd model.

The carboxylase is a complex enzyme with a number of
additional requirements beyond deprotonation of vitamin
K hydroquinone. The carboxylase must provide an appro-
priate active site environment, ensuring that the strong vita-
min K base is not protonated by water instead of Glu by
exclusion of water from the active site. The carboxylase
can also promote Glu deprotonation in a number of ways
to support the action of the strong vitamin K base. Finally,
as discussed previously, multiple Glu residues must be car-
boxylated on a single VKD protein for activity, and the car-
boxylase must provide a mechanism to ensure that VKD
protein carboxylation achieves the threshold required for

Table 1. Known VKD proteins are involved in many
physiologies'

VKD proteins VKD proteins

involved in with nonhemostatic
hemostasis function
Prothrombin Matrix Gla protein
Factor VII Osteocalcin
Factor IX TMG 1
Factor X TMG 2
Protein Z T™MG 3
Protein S T™MG 4
Protein C Gla-rich protein
Gasb
Periostin

! Proteins C and S have both hemostatic and nonhemostatic function. Gla, y-carbox-
yglutamate; TMG, transmembrane Gla protein; VKD, vitamin K-dependent.
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Figure 2  Glutamate (Glu) deprotonation and carboxylation is
accomplished by formation of a strong vitamin K base. A, Glu
deprotonation, as opposed to radical formation, was established
by experiments with Glu peptide analogs. Carboxylation could
either occur in a stepwise process as shown, in which formation
of a fully negatively charged carbanion is followed by reaction
with CO, to form <y-carboxyglutamate (Gla), or in a concerted
process in which deprotonation and carboxylation are
simultaneous and a free, high-energy carbanion is not formed. B,
Deprotonation of vitamin K hydroquinone (KH,) by a weak
active site base activates the quinone ring for reaction with
oxygen, leading to formation of a very strong base species such
as K™ as shown. This strong base deprotonates Glu, resulting in
formation of the vitamin K epoxide product (KO).

activity. Ultimately, proper control of the extent of VKD
protein carboxylation is therefore as critical as oxygenation
and carboxylation activity to VKD protein function.
Understanding the role of the carboxylase in catalysis has
been especially challenging because the difficulties associ-
ated with large, integral membrane proteins have precluded
direct structural determinations. In the absence of structural
information, 2 approaches involving biochemical analysis
have each led to major advances in understanding carboxyl-
ase function. The first source of information has been the
discovery of several naturally occurring carboxylase mu-
tants, which has in some cases led to defining the role of
the mutated residues and to mapping of functional domains
in the carboxylase. The second source of information has
been rational creation and analysis of mutants. The discov-
ery of carboxylase orthologs in nonmammalian organisms
in recent years has been crucial in this regard. Functionally
important amino acids must be conserved in active ortho-
logs, and combining biochemical information with bioinfor-
matics has been highly successful at identifying critical
amino acids and demonstrating their role in catalysis.
Thus, in recent years, understanding of the enzymology of
the carboxylase has progressed from knowing only the
chemical transformations undergone by the substrates to

identifying regions of the carboxylase that interact with sub-
strates, identifying residues that are involved in catalysis, and
establishing the mechanism by which the carboxylase facil-
itates both of the linked reactions and maintains processive
VKD protein carboxylation.

Current status

VKD protein—carboxylase interaction. Understanding the
interaction of the carboxylase with its substrates is especially
important because of the requirement for complete carbox-
ylation of multiple Glu residues in VKD proteins and the
flexible yet specific nature of protein interaction in which
16 known VKD proteins must be carboxylated while all
other proteins are excluded (Table 1). Specific protein bind-
ing is accomplished by carboxylase interaction with a VKD
protein sequence, which is usually an 18-residue N-terminal
propeptide that is removed in the Golgi apparatus after car-
boxylation and transit from the ER. Propeptides do not
themselves undergo carboxylation and are thus bound at
an exosite rather than the carboxylation active site. VKD
protein propeptides show significant sequence variation;
however, 3 residues are highly conserved, and substitution
of any of these strongly impairs carboxylase binding (5).
The affinities of the propeptide sequences alone, lacking
the remainder of the VKD protein, for the carboxylase
have been studied by direct measurement of the associa-
tion/dissociation rates of fluorescently labeled peptides by
anisotropy (6) and by determination of inhibition constants
of propeptides for substrates containing a propeptide-linked
Glu-containing sequence (7). Interestingly, the affinity of the
propeptides for the carboxylase, except osteocalcin, varies
from ~3 to 300 nmol/L, a range of 2 orders of magnitude
that reveals highly distinct interaction of VKD proteins
with the carboxylase. The propeptide from osteocalcin con-
tains a substitution for 2 of the 3 conserved residues and has
a binding affinity of >0.5 mmol/L, and such poor propeptide
binding affinity raises the question of how osteocalcin bind-
ing is accomplished.

The presence of a high-affinity carboxylase-binding pro-
peptide sequence has implications for how extensive carbox-
ylation of VKD proteins is accomplished. Two potential
mechanisms for multiple Glu residue carboxylations exist:
a distributive mechanism in which each VKD protein binds
and dissociates from the carboxylase many times before Glu
carboxylation is complete, or a processive mechanism in
which all Glu residues are carboxylated as a result of 1 bind-
ing event. The carboxylase was shown to be processive in a
challenge assay in which carboxylation of a preformed car-
boxylase/VKD complex was complete before carboxylation
of an exogenous truncated VKD protein was initiated (8)
and also by mass spectral analysis of peptide products (9).
The tight binding conferred by propeptide sequences is
likely to be critical to enforcing processivity.

Although the interaction of VKD protein propeptides
and the carboxylase has been the subject of much study, an-
other binding determinant was discovered when a region of
the carboxylase was found to exhibit binding affinity for the
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mature forms (i.e., lacking propeptide) of prothrombin and
factor IX (10). The existence of a second propeptide-inde-
pendent VKD protein binding site, denoted vitamin K pro-
tein—interacting sequence (VKS), has manifold implications.
Because propeptide binding varies widely among VKD pro-
teins, a second site could allow proteins with weakly inter-
acting propeptides to compete for carboxylase binding
with other proteins exhibiting strongly bound propeptides.
This could be especially important for osteocalcin because
its propeptide binds only very weakly. VKD propeptides
are found adjacent to Glu residues that undergo carboxyla-
tion, and propeptide binding thus holds these Glu residues
in close proximity to the carboxylase. A second site of inter-
action could increase the rate of carboxylation by further re-
stricting the mobility of Glu residues so that they are held
near the active site, whereas regions of VKD proteins that
do not undergo Glu residue carboxylation are not localized
to the active site. The VKS motif is conserved in vertebrate
carboxylases, and mutation of several conserved residues re-
sults in impairment of carboxylase activity with a small Glu-
containing substrate. However, mutation of a conserved
lysine-arginine dyad in this region did not affect the activity
of either vitamin K oxygenation or Glu carboxylation in
short peptides, raising the question of whether this dibasic
pair contributes to processivity, the remaining critical prop-
erty of the carboxylase. This hypothesis is particularly attrac-
tive because Glu carboxylation results in an increasing
negative charge on protein substrates, and subsequent inter-
action with positively charged amino acids could neutralize
the resulting charge density and/or contribute to triggering
an active protein release mechanism.

The interactions of Glu at the carboxylation active site do
not appear to contribute strongly to binding but are critical
to carboxylase function. Short Glu-containing peptides that
lack a linked propeptide exhibit Michaelis constants of ~3
mmol/L, several orders of magnitude higher than propep-
tide dissociation constants (11). Weak Glu binding has
been considered to be indicative of the lack of importance
of interactions between the carboxylase and Glu undergoing
carboxylation. However, short peptide inhibitors that differ
only by the replacement of a methyl group for the labile pro-
ton have inhibition constants of ~ 50 wmol/L, 100-fold lower
than the Michaelis constants of the corresponding substrates
(12). Inhibition constants are superior to Michaelis constants
as a measurement of true binding affinity, especially for an
enzyme as kinetically complex as the carboxylase. Thus, sig-
nificant binding energy is present between Glu and the car-
boxylase active site.

An important property of the carboxylase is that it ex-
hibits tight coupling or a 1:1 stoichiometry of vitamin K ox-
ygenation and Glu carboxylation (13). Although the Dowd
model clearly explains the dependence of Glu carboxylation
on vitamin K oxygenation, it cannot explain the observation
that the carboxylase is regulated such that oxygenation does
not occur in the absence of Glu-containing substrates. Both
free propeptides alone and short Glu-containing peptides
can potentiate vitamin K oxygenation, so that interactions
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at the propeptide binding site and carboxylation active site
each regulate coupling (13). Thus, enforcement of coupling
is one example of the importance of interactions of Glu at
the carboxylase active site.

Vitamin K-carboxylase interaction. The issue of vitamin
K interaction with the carboxylase is of especial interest be-
cause vitamin K exists as a family of vitamers with identical
quinone cores but with variation in the length and satura-
tion of the long hydrophobic isoprenoid tail (Fig. 3). Al-
though the carboxylase appears to be ubiquitous in tissue,
the relative levels of vitamin K family members in different
tissues vary widely (14,15). Additionally, expression of VKD
proteins varies in different tissues, so that although carbox-
ylation takes place in all tissues, the set of VKD proteins to
be carboxylated is distinct. The conserved quinone nucleus
confers catalytic competence for oxygenation on all family
members, so that the variable tails might effect differential
anchoring of vitamin K forms in the ER membrane where
the carboxylase is bound and/or differential binding of vita-
min K forms to the carboxylase. Cooperativity of vitamin K
binding and truncated VKD proteins has been observed in
vitro (16), as has similar catalytic activity with phylloqui-
none and various menaquinone forms (17). Thus, although
all phylloquinone and menaquinone forms are competent
for carboxylation, they may have differential cooperativity
with VKD proteins. These observations raise the question
of whether altered levels of vitamin K forms in different tis-
sues is related to the requirement of carboxylation of distinct
sets of VKD proteins in different tissues.

CO, and O, interaction with the carboxylase. Interac-
tions of the carboxylase with CO, and O, have generally
not been studied, and almost nothing is known about the
sites of binding of or functional interactions with these sub-
strates. It is known that the presence of CO, is not required
for vitamin K oxygenation to take place; thus, CO, is not a

A OH
Phylloquinone
OH L ‘Y3 (vitamin K1)
B

OH
Menaquinone
OH *

n (vitamin K2)

Figure 3 Vitamin K exists as a family of vitamers. A,
Phylloguinone (or vitamin K-1) consists of a quinone ring that
confers vitamin K oxygenation activity and a long hydrophobic
tail consisting of 4 isoprenoid units with a single double bond. 8,
Menaguinone (or vitamin K-2) retains the same quinone ring
functionality but varies in the composition of the hydrophobic
tail. Several menaquinone forms are known with different
numbers of isoprenoid units, and each unit contains a double
bond. The isoprenoid tails are not involved in oxygenation
chemistry but could serve to bind the vitamers to the
endoplasmic reticulum membrane where the carboxylase and
VKOR are localized.



determinant of the coupling that is enforced by the carbox-
ylase (18). An issue that has received little recent attention is
that the carboxylase is almost unique among enzymes in ex-
hibiting dioxygenase activity while having no known cofac-
tors or metals that are required for activity (19). The lack of
such a requirement raises the question of whether vitamin K
oxygenation takes place with the triplet ground state of mo-
lecular oxygen, which is symmetry forbidden and therefore a
high-energy process, or whether the carboxylase uses an un-
known mechanism to provide the singlet excited state of
oxygen. This issue has only been addressed computationally;
Davis et al. (20) found that the Dowd pathway was energet-
ically feasible but assumed that singlet oxygen was available,
whereas Silva and Ramos (21) calculated that the Dowd
pathway was feasible even with triplet oxygen. Dowd himself
never addressed this question, and his oxygenation experi-
ments with a model of vitamin K did not require inclusion
of a provider of singlet oxygen. If the carboxylase is in fact a
dioxygenase that uses triplet oxygen, it is almost alone
among enzymes in doing so.

Naturally occurring carboxylase mutants. The known im-
portance of the carboxylase to hemostasis has led to the
screening of patients with coagulation disorders for carbox-
ylase variation and to the discovery of a number of naturally
occurring carboxylase mutations, and these findings have
been of great value in breaking ground for understanding
carboxylase function. The first such mutant to be character-
ized was L394R, which was discovered in a patient homozy-
gous for this variant and exhibited impaired substrate
interaction at the Glu carboxylation active site (22,23).
Leu394 is located in a highly conserved region of the carbox-
ylase, and further site-directed mutagenesis experiments led
to the definition of this region as a Glu binding site (24) that
is critical to function. A second recently discovered naturally
occurring mutant is W501S, again discovered in a patient
homozygous for this variant, which exhibited impaired
binding to free propeptides in an in vitro assay (25,26). In
contrast, osteocalcin binding to W501S is not impaired, fur-
ther supporting that the role of Trp501 is propeptide binding
because the propeptide of osteocalcin is bound very weakly.
In wild-type carboxylase, the presence of a propeptide se-
quence enhances the binding of both vitamin K and short
Glu-containing peptides (27,28). This effect was reduced in

H404P W493C 1632T
L394R

\ R485P\

D31N P80L W157R M174R

WS? T591K

the W501S mutant, even when sufficiently high levels of pro-
peptide were present to ensure that every mutant carboxylase
was bound by propeptide. The observation of an effect on vi-
tamin K binding is of interest because Trp501 is 1 of 3 known
naturally occurring tryptophan mutations, a suspiciously
high occurrence that raises the question of the importance
of tryptophan motifs in vitamin K binding such as aromatic
stacking interactions.

A further set of 3 carboxylase mutations was discovered in
a patient with impaired hemostasis. The patient exhibited
compound heterozygosity for the single mutant W157R
and double mutant D31N/T591K, and each of the 3 single
mutants were created and analyzed (29). The D31N muta-
tion appeared to have no functional effect; however, the
W157R variant exhibited only 10% of wild-type vitamin K
oxygenation (and therefore carboxylation) activity, whereas
the T591K mutant was completely inactive. Deficits of this
magnitude implicate these residues as being critical to catal-
ysis of vitamin K oxygenation, but their roles have not been
elucidated in detail. Several naturally occurring mutants dis-
covered in subjects with impaired hemostasis have not yet
been analyzed (Fig. 4A4) (30-32).

Recently, a new class of carboxylase mutants was discov-
ered in patients whose primary phenotype is not impaired
hemostasis, but rather abnormal skin folding along with
other manifestations resulting from abnormal calcification
of soft tissue (33,34). This condition is nearly identical to
that found in patients with pseudoxanthoma elasticum
(PXE), which is caused by mutation of the abcc6 receptor,
whose function is not known. The abcc6 receptor is primar-
ily present in the liver, also the primary site of production of
hemostatic VKD proteins. Knockout of the abec6 gene in
mice results in undercarboxylation of the VKD matrix Gla
protein as well as tissue calcification (35). Because matrix
Gla protein has been implicated in regulation of tissue cal-
cification, these combined findings raise the question of
whether the function of abcc6 is directly linked to VKD pro-
tein carboxylation. The finding of a similar phenotype re-
sulting from carboxylase mutation represents a second
genetic determinant for this disease. Elucidating the mech-
anism by which mutations in 2 seemingly unrelated pro-
teins result in similar phenotypes has great potential to
add to our understanding of the carboxylase and vitamin
K biology.

Figure 4 Naturally occurring carboxylase
mutants. A, Mutants discovered due to
impaired hemostasis. The P80L, M174R, H404P,

R704STOP

/

carboxylase

R485P, W493C, 1532T, and R704STOP mutants
have not yet been characterized. The D31N

V255M F299S S300F R476C | G537Y  G558R
W493S

mutation appears to have no functional effect.
The remaining mutants exhibit a variety of
functional defects that have advanced

understanding of the carboxylase. B, Mutants discovered due to the PXE-like phenotype. Only V255M and S300F have been
characterized. Although the PXE-like phenotype is most prominent, mildly impaired hemostasis is generally also associated with these
mutants. Interestingly, although W493C was identified due to impaired hemostasis, W493S was independently discovered due to PXE-

like symptoms.

Mechanism of the vitamin K-dependent carboxylase 139



Several carboxylase mutants have been identified in patients
with PXE-like symptoms (Fig. 4B). An interesting observation
is that, although the W493C mutant was discovered due to im-
paired hemostasis, the W493S mutant was discovered due to
the PXE-like phenotype (Fig. 4A,B). The different phenotypes
observed with the 2 Trp493 mutants must be manifested by
differential effects on carboxylation of classes of VKD proteins
and is therefore evidence of the exquisite nature and impor-
tance of carboxylase~VKD protein interaction.

Of the mutants identified in patients with the PXE-like
phenotype, only V255M and S300F have been characterized
(34). A patient exhibiting compound heterozygosity for these
2 mutants presented because of PXE-like symptoms and was
then also found to have moderately impaired VKD coagula-
tion factor function. Although the S300F variant has vitamin
K oxygenation activity equivalent to that of wild-type, no car-
boxylation activity has been observed with any short peptide
or VKD protein substrate. Thus, the V255M mutant must
perform all VKD protein carboxylation in the affected pa-
tient. Analysis of the V255M mutant revealed that catalytic
activity for both oxygenation and carboxylation was equiva-
lent to wild type with short Glu-containing peptides in the
presence of a VKD propeptide. However, removal of the
VKD propeptide reduced carboxylation activity by 97% for
the V255M mutant but only by 64% for wild-type (34). Sub-
sequently, a decrease in the binding affinity for free factor X
propeptide of ~ 5-fold was observed (M. A. Rishavy, unpub-
lished results). These observed differential propeptide inter-
actions suggested that the V255M mutation might result in
weakened VKD protein binding and thus in impaired proc-
essivity, so that the observed phenotype results from incom-
plete carboxylation of VKD proteins.

Processivity of the carboxylase. To assess processivity, as-
says with short Glu-containing peptides in the presence of
VKD propeptides are not valid because the Glu-containing
peptides are not tethered to the high-affinity binding deter-
minant that promotes processivity and contain only 1 reac-
tive Glu so that multiple carboxylation cannot be assessed.
Indeed, short Glu-containing peptides undergo carboxyla-
tion ~1-2 orders of magnitude faster than propeptide-
linked Glu-containing peptides (9) because the former can
freely exit the active site on carboxylation, whereas the latter
remain bound to the carboxylase for as long as 2 h in vitro
(36), blocking access of the active site to uncarboxylated
peptides and decreasing the rate (Fig. 5) by preventing mul-
tiple turnovers. Accordingly, to assess processivity, the
V255M mutant was assayed with 3 propeptide-linked Glu-
containing substrates: the factor IX propeptide linked to
the first 10 amino acids of the factor IX Gla domain, factor
IX propeptide linked to the entire factor IX Gla domain, and
the first 64 amino acids of matrix Gla protein (comprising
all Glu residues that undergo carboxylation as well as the
internal region homologous to propeptides). With each of
these substrates, the carboxylase activity of V255M is
~4-fold greater than that of wild-type (Fig. 6) (M. A.
Rishavy, unpublished results), indicating that release of
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substrates from V255M is faster than from wild-type, allow-
ing more cycles of binding, carboxylation, and release to oc-
cur. However, although total activity is greater with V255M,
each individual substrate may be incompletely carboxylated
as a result of the fast release, so that the endproduct is a VKD
protein with impaired activity.

The suggestion of impaired processivity with the V255M
mutant has potential to reveal the functional defect of the
mutant and implicate Val255 as promoting processivity,
while also raising the question of why the primary observed
phenotype is PXE-like tissue calcification and not a severe
hemostasis defect. One possible explanation is that the effect
on processivity is differential, so that carboxylase interaction
with matrix Gla protein, which has been implicated in the
regulation of tissue calcification (37), is more strongly af-
fected than interaction with VKD proteins involved in he-
mostasis. However, the nearly identical increase in the
overall carboxylation rate with the truncated forms of factor
IX and matrix Gla protein with the mutant do not support
this hypothesis and instead suggest that the presence of a
certain percentage of undercarboxylated VKD proteins of
all types may be less harmful to hemostasis than to regula-
tion of tissue calcification.

carboxylase

FL(Gla)EL FHEREL

FL(Gla)EL

FLEEL
FLEEL FLEEL

Glu
<:::33m

propeptide

carboxylase Gla

Figure 5 Carboxylase turnover is limited by dissociation of
propeptide-containing substrates. A, Short glutamate (Glu)-
containing peptides [such as the pentapeptide Phe-Leu-Glu-Glu-
Leu (FLEEL) shown] that lack a propeptide have binding affinity
several orders of magnitude weaker than substrates with a
linked propeptide. However, in the presence of high levels of
short peptides, high rates of carboxylation are observed as the
peptides quickly dissociate from the carboxylase after reaction.
B, Substrates containing a propeptide (in gray) are tightly bound
to the carboxylase at an exosite, and thus only slowly dissociate
from the carboxylase. Uncarboxylated substrate is thus unable to
access the carboxylase, reducing the overall rate of
carboxylation. However, lengthy residency of substrates on the
carboxylase could promote processivity, providing time to
complete Glu carboxylation before dissociation. Gla,
y-carboxyglutamate.
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Figure 6 The overall carboxylation rate of a peptide consisting
of amino acids 1-64 of matrix y-carboxyglutamate protein
(MGP) is faster with the V255M mutant than with wild type.
Almost identical results were observed with substrates
containing the propeptide of factor IX linked to either the first
10 Gla domain residues of factor IX or to the entire Gla domain
(data not shown). An increased carboxylation rate likely results
from faster release of these substrates from V255M, which could
lead to impaired processivity. Although overall turnover is faster
with V255M, potentially incomplete carboxylation of vitamin K-
dependent proteins would be detrimental due to loss of
function. MGP, matrix gamma-carboxyglutamate protein.

The carboxylase sequence contains a number of occur-
rences of basic amino acids in close proximity, and interac-
tion of these charged patches with VKD proteins, which
contain patches of Glu that become carboxylated, was inves-
tigated by site-directed mutagenesis of individual patches to
alanine (38). Interestingly, several of the mutants, including
R234A/H235A, R406A/H408A, and R513A/K515A, exhibited
identical carboxylation of a short Glu-containing peptide as a
wild type, but when a substrate consisting of the propeptide
and first 10 Gla domain amino acids of prothrombin was
used, each of these mutants exhibited 3-fold faster carboxyl-
ation and 3- to 7-fold weakened binding versus wild type
(38). These results are strikingly similar to those observed
with the V255M mutant and suggest a role for the charged
patches in maintaining processivity.

Processivity can be accomplished by either a passive
mechanism, in which VKD proteins are simply bound so
tightly that the release rate is much slower than the carbox-
ylation rate, or by an active mechanism, in which carboxyl-
ation of VKD proteins is a trigger that promotes release. The
disadvantage of a passive mechanism is that to ensure suffi-
cient carboxylation, release of proteins would have to be
slow enough so as to actually limit the production of VKD
proteins. An active mechanism would allow release to occur
on and only on carboxylation to the extent required, pro-
moting overall production while ensuring VKD protein ac-
tivity. The existence of both a propeptide binding site and a
second VKD protein interacting site, as described previously,
suggests that the VKD protein region undergoing carboxyl-
ation is tightly tethered near the carboxylase active site and

has restricted mobility; carboxylation of several Glu residues
would therefore lead to a buildup of negative-charge density
that would have limited ability to delocalize. However, inter-
action of Gla residues with the numerous positively charged
patches on the carboxylase could neutralize the developing
density of negative charge, avoiding destabilization of the
carboxylase—-VKD protein complex. Release could then be
accomplished in an active manner in at least 2 ways: interac-
tions with sufficient numbers of carboxylase basic residues
by Gla residues could trigger a conformational change that
greatly reduces VKD propeptide binding or, alternatively,
the number of carboxylase basic amino acids could be limited
such that on complete carboxylation of a VKD protein, the
last several Gla residues are not paired, resulting in a destabi-
lizing concentration of negative charge and promoting disso-
ciation. This hypothesis is further supported by the finding
that one such carboxylase basic patch, Lys346/Arg347, is
found within the region that interacts with the mature forms
of VKD proteins and not with VKD protein propeptides, as
discussed previously (10). Mutation of this basic pair does
not affect carboxylation of short peptides, but activity with
propeptide-linked substrates has not been assessed.

Autocarboxylation of the carboxylase. An intriguing yet
unexplained property of the carboxylase is that it is capable
of autocarboxylation (39). Carboxylase carboxylation occurs
both in vitro and in vivo, and kinetic data suggest that auto-
carboxylation occurs in cis. A potential role of autocarboxy-
lation would be involvement in modulating processivity.
Thus, autocarboxylation results in accumulation of negative
charge on the carboxylase, which, if proximal to VKD pro-
teins undergoing carboxylation, would destabilize the com-
plex, promoting release. However, such a motif would likely
require decarboxylase activity to regenerate the carboxylase
with the requisite VKD binding affinity, and no such activity
has been identified. An understanding of these phenomena
has great potential for breaking new ground in the under-
standing of the carboxylase.

Nonmammalian carboxylases. The carboxylase was for
some time thought to occur only in vertebrates and is in-
volved in physiologies such as hemostasis that are not rele-
vant for many lower organisms. It has been of great
interest, then, that carboxylase orthologs have been discov-
ered in Conus and Drosophila (40,41). The Conus and Dro-
sophila carboxylases are fully active for both vitamin K
oxygenation and carboxylation of small Glu-containing pep-
tide substrates, and known functional regions such as the
Glu-interacting region around Leu394 are conserved (al-
though the Drosophila carboxylase lacks VKS) (10). How-
ever, the VKD substrates for Conus are distinct from
mammalian VKD proteins: they are relatively short peptides
with few Glu residues and their propeptides are not highly
homologous, although they clearly target the peptides to
the carboxylase (42). The Drosophila VKD substrates have
not yet been identified and the function of protein carbox-
ylation is therefore not known.
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Carboxylase homologs have also recently been identified in
a small number of bacteria, and the absence of the carboxylase
in organisms on the evolutionary pathway between bacteria
and mammals strongly suggests that these homologs were ac-
quired by horizontal transfer from the genome of a host or-
ganism (43,44). In contrast to the Conus and Drosophila
carboxylases, functional regions such as the Glu binding do-
main are not highly conserved in bacterial homologs. Only
1 bacterial carboxylase, from Leptospira borgpetersenii, has
been characterized, and it was found to have vitamin K oxy-
genation activity equivalent to that of human carboxylase, but
no detectable carboxylation activity, consistent with the loss
of known Glu-interacting regions (45). The bacterial homo-
logs therefore may use vitamin K oxygenation for another un-
known purpose rather than to effect Glu carboxylation.
However, because the Leptospira homolog is an active oxygen-
ase, it must retain amino acids that are required for this activ-
ity, and sequence alignment of the Leptospira homolog with
mammalian carboxylases has been of great value for the iden-
tification of functional amino acids.

Catalysis of vitamin K oxygenation by the carboxylase.
The body of knowledge presented here has provided a basis
for rational creation of carboxylase mutants, and analysis of
these mutants has led to major advances in understanding
the carboxylase in the past several years. The most critical
advance has been the identification of the active site base
that deprotonates vitamin K hydroquinone. Inactivation of
the carboxylase by amino acid—specific reagents such as N-
ethylmaleimide had suggested that the base might be a cys-
teine (11), and experiments had been performed in attempts
to identify such a cysteine (46). However, subsequent muta-
genesis experiments established that even mutation of all 10
carboxylase cysteines did not eliminate vitamin K oxygena-
tion activity, overturning a long-held hypothesis that a cys-
teine acted as the base (47). This finding, in conjunction
with further chemical inactivation experiments, suggested
lysine or histidine as a candidate for the base. Alignment
of the active Leptospira homolog with mammalian orthologs
revealed only 3 histidines, including His160, and 1 lysine,
Lys218, that were conserved. A series of mutants were cre-
ated with replacement of the candidate amino acids with
alanine, which has no ability to act as a base, so that replace-
ment of the active site base should completely inactivate the
carboxylase. Although all 3 histidine mutants retained wild-
type vitamin K oxygenation activity, the K218 A mutant was
found to be completely inactive for vitamin K oxygenation
and thus also for carboxylation (48).

Inactivation of the carboxylase by the K218A mutation re-
vealed that Lys218 was critical, but did not alone establish
that Lys218 deprotonates vitamin K hydroquinone. To estab-
lish that the role of Lys218 was in fact to act as a base, the
K218A mutant was rescued with small amines, which can en-
ter the active site and fill the gap created by replacement of a
lysine with alanine. The ability of the amines to rescue en-
zyme activity could then be correlated with their properties,
and it was found that rescue was dependent on the basicity of
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the amines, with a correction factor applied for their size
(48). This result demonstrated not only that Lys218 is indis-
pensable for catalysis, but that its role is to act as a base, and
the necessity for application of a molecular volume correc-
tion revealed that the rescuing amines are indeed filling the
active site gap present in the K218A mutant.

The use of a lysine as a base requires a mechanism to
maintain deprotonated lysine, which would otherwise be
protonated at physiological pH and unable to act as a
base. Several relevant motifs are known in enzymology,
but the most attractive for the carboxylase is that used by ac-
etoacetate decarboxylase, which places another lysine imme-
diately adjacent to the basic lysine (49). The localization of
another positive charge reduces the affinity of lysine for a
proton, allowing it to remain unprotonated. The carboxylase
also contains a conserved lysine, Lys217, immediately adja-
cent to the basic lysine. Use of a lysine dyad is especially at-
tractive for the carboxylase because it potentially explains
the observation that many of the Glu residues in VKD pro-
teins that are carboxylated form sequential pairs, whereas
short peptides also show markedly higher activity when
Glu pairs are present. Thus, on active site entrance, 1 Glu
could interact with the positively charged Lys217, which
would neutralize its charge and therefore its influence on
Lys218 (Fig. 7). The carboxylase active site, which must ex-
clude water for several reasons, would now protect Lys218
from protonation by solvent, and so instead it removes a
proton from vitamin K hydroquinone. Vitamin K oxygena-
tion would then also be impaired in the absence of Glu-
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Figure 7 The basicity of Lys218 can be modulated by the
active site environment. A, The influence of the adjacent Lys217
prevents Lys218 from becoming protonated by solvent when
the active site is vacant and also prevents Lys218 from
deprotonating KH,. B, When a glutamate (Glu) substrate enters
the active site, any water present is displaced and excluded, and
Glu interacts with Lys217, removing its influence on Lys218. The
inherent basicity of Lys218 is then restored so that KH,
deprotonation takes place.



containing substrates, which has been repeatedly observed
(13), contributing to enforcement of coupling of oxygena-
tion to carboxylation. Lys217 is not conserved in the Lepto-
spira homolog, which is consistent with the loss of Glu
carboxylation activity; a different mechanism must be pre-
sent for modulating the basicity of Lys218 because Glu inter-
action does not occur.

Catalysis of Glu carboxylation by the carboxylase. Al-
though assay of the H160A mutant revealed no effect on vita-
min K oxygenation, a 10-fold decrease in Glu carboxylation
along with a 5-fold weakening of CO, binding was observed
(50). This mutant was the first known example of an un-
coupled carboxylase variant, in which the ratio of oxygenation
to carboxylation was significantly higher than unity. His160
thus promotes catalysis of Glu carboxylation, and analysis
of this mutant had great promise for shedding light on the
role of the carboxylase in this reaction.

Examination of the potential mechanisms of Glu carbox-
ylation suggested several possible catalytic roles for His160.
Deprotonation of Glu by the strong vitamin K base (Fig. 2)
could result in carboxylation either in a concerted manner,
in which CO, addition occurs simultaneously with deproto-
nation, or by a 2-step process in which a Glu carbanion in-
termediate is formed that then reacts with CO,. Previous
experiments established that Glu deprotonation was inde-
pendent of the presence of CO, (51), which is inconsistent
with a concerted mechanism and indicates a 2-step process.
Additionally, in the absence of CO,, tritium incorporation
from tritiated water into Glu was observed, indicating that
a carbanion forms that is reprotonated by solvent when
CO, is unavailable (Fig. 84) (2). These combined data re-
sulted in acceptance of a 2-step mechanism of Glu carboxyl-
ation, and His160 could thus contribute to catalysis by
promoting either Glu deprotonation to form a carbanion
or the addition of CO, to the carbanion.

To identify the specific step in Glu carboxylation catalyzed
by His160, short Glu-containing peptides with tritium at the
v carbon were synthesized and assayed for tritium release.
Glu deprotonation results in labilization of tritium from
the peptide (Fig. 8B), so that deprotonation can be deter-
mined directly and independently of whether the resulting
carbanion undergoes carboxylation or reprotonation (Fig.
8A). His160 exhibited a 10-fold reduction in the release of
tritium from Glu peptides versus wild type, indicating that
His160 contributes to deprotonation of Glu by the strong vi-
tamin K base (50). Glu deprotonation results in a negative
charge appearing on the y carbon, which can be delocalized
into the ‘y-carboxyl group to form an aci-carboxylate reso-
nance structure. Interaction of neutral histidines with aci-
carboxylates in a number of enzymes results in the formation
of a low-barrier hydrogen bond, an especially energetic inter-
action that can occur when the hydrogen bond donor and ac-
ceptor have closely matched pK, values. Thus, an attractive
possibility for His160 catalysis of Glu deprotonation is the
formation of a strong interaction with the y-carboxyl group
as a negative charge develops on Glu deprotonation.
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Figure 8 Tritium incorporation and tritium release
experiments provide tools for analysis of catalysis of glutamate
(Glu) carboxylation. A, Tritium incorporation experiments. In a 2-
step process for carboxylation, a carbanion is formed
independent of the presence of CO,. The carbanion can either
then react with CO,, resulting in y-carboxyglutamate (Gla)
formation, or with tritiated water, resulting in re-formation of Glu
with an incorporated tritium. In a concerted process, however, a
discrete carbanion is never formed, and either carboxylation or
tritium incorporation takes place simultaneously with Glu
deprotonation. In this case, tritium incorporation will not be
observed if water is excluded from the CO, active site. B, Tritium
release experiments. Peptides are synthesized with a tritium at
the y-carbon position, and loss of tritium from the peptide is
then a direct determination of Glu deprotonation, regardless of
whether a 2-step process involving a carbanion is used (as
shown) or deprotonation is concerted. Thus, if a 2-step process
is used, then tritium release experiments provide an assay of the
first step in isolation.

Involvement of His160 in Glu deprotonation raised the
question of the significance of the weakened CO, binding
observed with H160A. In a 2-step process, CO, is not in-
volved in Glu deprotonation, so that catalysis of deprotona-
tion by His160 is inconsistent with the binding of CO..
These apparent contradictory findings prompted a re-exam-
ination of whether Glu carboxylation is in fact a concerted
process, which could reconcile the conflicting observations
regarding the specific role of His160. Although the previous
experiments leading to acceptance of the 2-step mechanism
had used microsomal preparations of the carboxylase, more
recent experiments used affinity-purified carboxylase. Re-
examination of the dependence of Glu deprotonation on
CO, using tritiated peptides (Fig. 83) and wild-type enzyme
revealed that with purified carboxylase, deprotonation has a
profound dependence on CO,, which closely paralleled the
formation of Gla (52). Further, as Glu deprotonation did not
occur in the absence of CO,, tritium incorporation from trit-
iated water was barely detected (Fig. 8A). Thus, the accepted
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view of Glu carboxylation as a 2-step process has been over-
turned; Glu deprotonation in fact acts in concert with car-
boxylation and does not take place in the absence of CO,.

The conflicting determinations of the nature of the
mechanism of Glu carboxylation can be reconciled by con-
sidering that the results with microsomal carboxylase are
consistent with a concerted mechanism involving Glu repro-
tonation by water. Thus, Glu deprotonation must be sup-
ported by a species in the CO, binding site that is capable
of accepting the developing negative charge on the vy carbon,
which could either be CO,, resulting in Gla formation, or
water, resulting in reprotonation. However, for reasons that
are not known, the purified carboxylase excludes water
from the active site more completely, so that water-supported
deprotonation is not observed. In contrast, with microsomal
carboxylase, the CO, site is accessible to water, so that con-
certed reprotonation by water can support Glu deprotona-
tion. This interpretation is supported by the observation
that cyanide, a known competitive inhibitor of CO, (53),
can support Glu deprotonation in affinity-purified carboxyl-
ase (50), acting in a manner similar to water in microsomal
carboxylase.

Use of a concerted mechanism for Glu deprotonation
contributes to catalysis by avoidance of a full negative
charge, instead dispersing the charge into the incoming
CO, moiety as it develops. The catalytic role of His160 could
then involve supporting Glu deprotonation by interaction
with CO,, acting to neutralize the negative charge that ap-
pears as Glu is deprotonated (Fig. 9). Alternatively, in a con-
certed mechanism, His160 interaction with the original y
carboxyl group results in indirect binding of CO,, which is
part of the transition state of the reaction, so that the exact
site of interaction of His160 remains an open question.

Analysis of VKD protein carboxylation in vivo. Most of
our understanding of the carboxylase has been obtained
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Figure 9 Concerted deprotonation and carboxylation
catalyzes the reaction by dispersing negative charge. As CO,
interaction is simultaneous with deprotonation, some of the
negative charge developing on the y carbon initiates bond
formation with CO,, which in turn results in the appearance of
negative charge on the CO, oxygens. Additionally, the original
glutamate carboxyl group can accept some negative charge
from the +y carbon by formation of an aci-carboxylate structure.
His160 could interact with either the aci-carboxylate moiety via a
low-barrier hydrogen bond or with the negative charge on the
incoming CO, via an electrostatic interaction to effect catalysis.
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through in vitro experiments; however, the carboxylase
acts in vivo during protein secretion, a complex process
that involves a tremendous number of factors, many of
which could affect the catalytic activity of the carboxylase.
A critical factor is that protein carboxylation in cells is af-
fected by the supply of vitamin K hydroquinone to the car-
boxylase by VKOR (Fig. 1B). Thus, an understanding of how
carboxylase activity is modulated in vivo is especially critical
because of the fact that the ultimate effect of warfarin is to
impair VKD protein carboxylation, leading to undercarbox-
ylation and thus inactivity of a portion of the secreted VKD
proteins. Additionally, there is interest in overexpression of
VKD proteins in cells for use as therapeutic agents, but
such cells must be capable of properly carboxylating these
proteins. A striking example of the potential importance
of the in vivo environment is that VKD protein release after
carboxylation in vitro required >2 h for turnover of a single
molecule in 1 case (36), a rate that is far too slow to be phys-
iologically relevant. In contrast, the total time for carboxyl-
ation and release of factor IX in cells is ~4 min, almost 2
orders of magnitude faster (54). This observation alone
strongly suggests that intracellular factors or environment
contribute to VKD protein release and are therefore inti-
mately related to regulating processivity.

The overexpression of VKD proteins in mammalian cells
by itself does not result in increased secretion of carboxyl-
ated VKD proteins, which could be due to limitation of
the activity of any step of the protein carboxylation pathway
(55-57). To investigate this issue, coexpression of VKD pro-
teins with either the carboxylase or VKOR has been studied
(36,54). Coexpression of recombinant carboxylase had the
interesting effect of actually decreasing secretion of carbox-
ylated VKD protein; instead, carboxylase-VKD protein
complexes accumulated in baby hamster kidney (BHK) cells
(36). Saturation of intracellular factors that promote release
could explain this phenomenon, and one such factor could
be the presence of free, uncarboxylated VKD proteins them-
selves because release of VKD proteins from the carboxylase
is enhanced by VKD proteins as well as their propeptide se-
quences alone (36). Coexpression of VKOR and VKD protein
did enhance secretion of carboxylated VKD protein, but only
by 2-fold, even though the expression of active VKOR was in-
creased 14-fold (54). This result indicates that the supply of
hydroquinone does contribute to limiting VKD protein car-
boxylation, but another step must be almost as slow and limit
carboxylation when VKOR activity is enhanced. Limitation in
the presence of recombinant VKOR could result from slow
regeneration of VKOR, which itself must undergo reduction
after each recycling of vitamin K, or from carboxylated pro-
tein release becoming the slowest step.

An interesting contrast to the observations in BHK cells
was recently presented involving overexpression of human
factor IX in Drosophila cells, which contain a carboxylase or-
tholog of unknown function that lacks the region that inter-
acts with mature VKD proteins (58). In these cells, the
secretion of factor IX was about 10-fold higher than that ob-
tained from Chinese hamster ovary cells, which have been



used in attempts to prepare VKD proteins for therapeutic use.
The secreted factor IX was found to be highly active in a coag-
ulation assay, so that processivity in the Drosophila cells under
these conditions is apparently not severely impaired. Addition-
ally, coexpression of human carboxylase slightly increased the
secretion of active factor IX. It is not clear why Drosophila cells
were not limited in the same manner as BHK cells, but these
findings have the potential to uncover the factors that affect
VKD protein carboxylation in vivo, which add further layers
to the complexities of carboxylase function.

Topology of the membrane-bound carboxylase. Although
the structure of the carboxylase is not known, bioinfor-
matics and biochemical experiments have been performed
to determine what regions of the carboxylase contribute to
membrane binding. Identifying membrane-spanning regions
would determine the topology of the carboxylase and reveal
what regions of the carboxylase are present in the ER lumen,
where they can interact with VKD proteins. Thus, carboxyl-
ase residues that are implicated in function would be expected
to be present in the ER lumen, especially those engaging in
direct substrate binding, although complex mechanisms
such as those involving global conformational changes could
make cytoplasmic residues functionally relevant.

Computer analysis of the carboxylase has identified a
number of candidate membrane-interacting regions in the
carboxylase, which are concentrated in the N-terminal half
of the enzyme (Fig. 104). The ability of 7 candidate regions
to confer membrane-binding in isolation was tested in vitro
with a series of peptides containing a leader peptidase re-
porter tag linked to a sequence with 1 or 2 of the proposed
transmembrane domains (59). Five of the 7 candidate do-
mains were found to result in membrane association under
these conditions, and, additionally, analysis of tagged full-
length carboxylase established that the N-terminus is cyto-
plasmic, whereas the C-terminus is lumenal (which requires
an odd number of transmembrane domains) (Fig. 10B). The
membrane interaction of the seventh domain, in particular,
is supported by the observation that expression of the C-ter-
minal half of the carboxylase, which contains only this can-
didate domain, results in expression of a microsomal protein
(60). However, this model places a putative transmembrane
domain squarely between the conserved Glu binding region
(which was established by creation of a number of site-di-
rected mutants) and the VKS motif (which interacts directly
with mature VKD proteins) (Fig. 10B). In this construct, the
VKS motif is localized to the cytoplasm, across the mem-
brane from the VKD proteins undergoing carboxylation.
This apparent contradiction raises the question of whether
some of the membrane-interacting regions are monotopic,
i.e., they interact by shallow insertion into just 1 face of the
ER membrane, instead of being transmembrane domains.
Because monotopic regions do not span the membrane, car-
boxylase sequences immediately flanking the domain are on
the same side of the membrane, allowing both of the 2 prox-
imal carboxylase regions that interact with VKD protein sub-
strates to be lumenal (Fig. 10C).

The position of a number of naturally occurring mutants
and residues known to be critical for catalysis with respect to
potential membrane-interacting regions suggest that the
membrane surface itself is important to carboxylase func-
tion. His160, which contributes to catalysis of Glu deproto-
nation (50), and Trpl57, whose mutation results in
impaired hemostasis (29), are both found at the end of a re-
gion predicted by computer models to interact with the
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Figure 10 Topological analysis of the carboxylase. A,
Hydropathy analysis of the carboxylase identified 7 candidate
transmembrane regions in the carboxylase sequence.
Interestingly, several catalytic residues (His160, Lys218, and
Val255) are found near the end of these regions. One of the
candidate domains is between the vitamin K protein-interacting
sequence (VKS) and the glutamate (Glu) binding region. B, An in
vitro membrane insertion assay analyzed each domain in
isolation and found that 5 of the candidate regions (in red)
interacted with membranes, whereas 2 (in blue) did not. Analysis
of full-length carboxylase found that the carboxylase N-terminus
was cytoplasmic, whereas the C-terminus was lumenal, so that
an odd number of transmembrane domains are required. The
resulting model, however, places the VKS on the cytoplasmic
side of the membrane, whereas the proteins with which this
region interacts are lumenal. C, Several of the candidate
transmembrane domains (e.g., those in blue) may instead be
monotopic, so that they interact with membranes by shallow
association with 1 face of the endoplasmic reticulum (ER)
membrane. If the most C-terminal candidate region is a
monotopic binding domain, then VKS and the Glu-binding
region could both be present in the ER lumen for vitamin K-
dependent (VKD) protein interaction. The model shown also
places 3 residues known to be critical to function in the lumen
at the end of membrane-binding regions, suggesting the
importance of the membrane surface itself to carboxylase
function.
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membrane and found to bind to membranes by in vitro as-
say. Lys218, which deprotonates vitamin K hydroquinone
and is indispensable to function, is located at the very end
of a region predicted by several computer models to interact
with membrane, although the candidate region alone did
not result in membrane binding in the in vitro assay (59).
This finding is of particular interest because active vitamin
K forms all contain a long isoprenoid tail that could insert
into the ER membrane (Fig. 3), resulting in an effective in-
crease in the availability of vitamin K to the carboxylase as a
result of this localization. Furthermore, vitamin K binding
and Lys218 localization to the membrane surface would pro-
mote this required interaction, and the use of a hydrophobic
membrane environment would help to exclude water from
the vitamin K oxygenation site, avoiding protonation of
both the Lys218 weak base and vitamin K strong base. The
importance of the proposed electrostatic interactions be-
tween Lys218, Lys217, and Glu substrate are also enhanced
in a hydrophobic environment. It is of interest to consider
the possibility that membrane-interacting regions near the
vitamin K binding site are also monotopic domains. Such
a motif could result in the creation of a channel between do-
mains, allowing entry of vitamin K, anchored in the ER
membrane, to the active site while effectively excluding wa-
ter. Additionally, the failure of the candidate membrane do-
main containing Lys218 to bind to membrane in the in vitro
assay could then be due to the requirement that it interact
with an adjacent monotopic domain for stable membrane
binding.

The majority of naturally occurring carboxylase mutants,
especially those discovered due to impaired hemostasis, are
found beyond the most C-terminal proposed membrane
binding domain, and almost no functionally important res-
idues have yet been discovered in the most N-terminal 150
amino acids by any means, although several proposed mem-
brane-interacting domains are found there. This may be an
indication that the most N-terminal portion of the carbox-
ylase does not contribute to catalysis, but rather to ER mem-
brane localization. The lack of a known carboxylase
structure greatly obscures understanding of the carboxylase,
but highlights the importance of biochemical experiments
as a critical source of information.

Conclusions

The advance of knowledge about carboxylase function in the
past several years has seen critical findings that have for the
first time begun to identify functional residues and regions
and have detailed catalysis of Glu carboxylation. Equally ex-
citing is that biochemical experiments have begun to address
the issue of processivity, which is of paramount importance
to the carboxylase because of the requirement for extensive
carboxylation of VKD protein substrates. Although in vitro
experiments have uncovered numerous aspects of function,
factors that contribute to activity in vivo are not well-
known, and differences between in vivo and in vitro exper-
iments indicate that these factors are significant, especially
with regard to VKD protein release. An especially interesting
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consideration of in vivo function is the mechanism of the
exchange of vitamin K between the carboxylase and
VKOR, which recycles the active form of vitamin K after ox-
ygenation by the carboxylase. Because both enzymes and
likely vitamin K as well are bound in the ER membrane,
an attractive hypothesis is that the carboxylase and VKOR
directly interact, perhaps by formation of a stable dimeric
complex, to facilitate exchange of vitamin K forms. Direct
interaction of the carboxylase with VKOR is supported by
the observation that the presence of the carboxylase poten-
tiates the ability of VKOR to interact with thioredoxin, re-
sulting in regeneration of the VKOR vitamin K recycling
activity (61). The question of carboxylase-VKOR interaction
is an intriguing one that could revolutionize understanding
of the vitamin K cycle.

The presence of carboxylase homologs in a number of
bacteria is an open question that has not yet been addressed;
indeed, it is not known whether any of these homologs have
Glu carboxylation activity. The only bacterial homolog to be
characterized, from Leptospira, performed vitamin K oxy-
genation but not carboxylation, raising the question of the
function of this enzyme. The retention of His160, which
contributes to stabilization of developing negative charge
in mammalian carboxylases, by Leptospira suggests that
this homolog uses vitamin K oxygenation to drive a different
reaction involving negatively charged intermediates, and this
issue has yet to be addressed. Alternatively, oxygenation of
quinones that are chemically similar to vitamin K but struc-
turally different has been observed in 2 different settings: in
1 case, the oxygenated quinone is an active antibiotic (62),
whereas in the other, oxygenation is part of a biosynthetic
pathway (63). Thus, bacterial carboxylase homologs may
have adapted vitamin K oxygenation to other uses than to
drive a second reaction. Determining the function of the
bacterial carboxylase orthologs, as well as that from Dro-
sophila, has the potential to open more new frontiers in
both enzymology and vitamin K biology.
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