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ABSTRACT

Vitamin K is the blood-clotting vitamin. The mechanism of action of vitamin
K is discussed in terms of a new carbanion model that mimics the proton
abstraction from the y position of protein-bound glutamate. This is the essential
step leading to carboxylation and activation of the blood-clotting proteins. The
model comprises an oxygenation that is coupled to carbon-carbon bond for-
mation, as is the oxygenation of vitamin K hydroquinone to vitamin K oxide.
The model hypothesis is also supported by the mechanism of inhibition of the
carboxylase by HCN, which acts as an acid-base inhibitor rather than a met-
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al-complexing inhibitor. The new model postulates a dioxetane intermediate
that explains the presence of a second atom of 80 (from 30,) incorporated
into vitamin K oxide in the course of the enzymatic carboxylation, Finally, the
chemistry developed here has been used to define the active site of vitamin K
hydroquinone as the carbon-carbon bond adjacent to the methyl group.

INTRODUCTION

Vitamin K, discovered by Henrik Dam in 1929, is essential for the clotting of
blood (16-21). It is now known that vitamin K serves as an obligatory cofactor
for an essential carboxylase that activates seven protein components of the
blood-clotting cascade. Moreover, vitamin K is required for the carboxylation
of two proteins essential for normal bone metabolism, osteocalcin and matrix
Gla protein (41).

In 1939, Dam and his colleagues in Copenhagen (19-21) and Doisy and his
colleagues (8) in St. Louis isolated vitamin K; from alfalfa (8, 21) and deter-
mined its structure to be 2-methyl-3-phytyl-1,4-naphthoquinone (45, 56). Vi-
tamin K; was synthesized simultaneously in three laboratories (1, 7, 30). This
compound, now known as phylloquinone, is the only vitamin K homologue
present in plants. Subsequently, putrefied fish meal was shown to form a
different but closely related form of vitamin K originally called vitamin K,
and now known as menaquinone (9, 61). The menaquinone family forms a
large series of vitamins K,, principally of bacterial origin, that contain unsatu-
rated isoprenyl side chains of varying length designated MK-n (n = number
of isoprenyl groups in the hydrophobic side chain at position 3 of the naptho-
quinone nucleus). The history of the discovery of vitamin K as well as more
recent developments in the field have been extensively reviewed (65, 79, 80,
84).

BIOCHEMICAL ROLE OF VITAMIN K IN BLOOD
CLOTTING

Because of its chemical structure, vitamin K was initially believed to be
involved in mitochondrial electron transport and oxidative phosphorylation
(13, 14, 58), but the uncoupling of oxidative phosphorylation in vitamin K-
deficient animals and birds could not be demonstrated (15). Nonetheless,
vitamin K was later shown to be involved in electron transport in mycobacterial
(12, 75, 76, 82) and plant photosynthesis (6, 12, 43).

The independent discovery of the novel amino acid y-carboxyglutamic acid
(Gla) in prothrombin by Stenflo (78), Nelsestuen (64), and Magnusson (57) in
1974, together with the critical observation that Gla was absent from bovine
prothrombin circulating in the blood of animals anticoagulated by dicumarol,
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led to the hypothesis that vitamin K is involved in the carboxylation of pro-
tein-bound glutamate to Gla in prothrombin and other vitamin K—-dependent
factors. Indeed, in modern medicine the presence of uncarboxylated prothrom-
bin is a valuable marker for hepatocellular carcinoma (11, 54, S5, 77, 83).

Carboxylation of Glutamate

Prior to the carboxylation of Glu, vitamin K is reduced to its biologically active
hydroquinone form, vitamin KH,, by a sulfhydryl-dependent reductase (Figure
1) (29). Under the agency of vitamin KH, and the carboxylase, protein-bound
glutamate is carboxylated to Gla at the same time that vitamin KH, is trans-
formed to vitamin K epoxide (35, 59, 88). Molecular oxygen is essential for
the transformation of vitamin KH, to vitamin K epoxide and Gla. An epoxide
reductase then returns vitamin K epoxide to vitamin K, completing the catalytic
cycle (5, 68, 74). The anticoagulant action of the coumarin drugs, dicumarol
and warfarin, is accomplished by inhibiting the reduction of both vitamin K
epoxide and vitamin K (10, 60, 87, 91). By blocking the thiol-dependent
reductions in the vitamin K cycle, the coumarin-based drugs exert their anti-
clotting action by inducing a vitamin K deficiency at the cellular level.
Much prior work has been devoted to determining whether the formation
of vitamin K epoxide occurs in concert with carboxylation. In broken cells,
the rate of epoxidation generally exceeds that of carboxylation. In the absence
of added CO, as HCOj3 epoxidation greatly exceeds carboxylation. Nonethe-
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Figure 1 Phylloquinone oxygenation with concurrent carboxylation of Glu.
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less, Matschiner (88), Suttie (50, 73, 85, 90), Friedman (33, 34), and Vermeer
(22) demonstrated that vitamin K epoxide formation parallels carboxylation
under physiological circumstances, indicating that the two events are very
probably linked. The mechanism by which carboxylation and oxidation might
be joined is addressed below and supports this hypothesis.

Carboxylation of protein-bound glutamate by the vitamin K—dependent car-
boxylase requires cleavage of a y-CH bond and replacement of the proton with
a carboxyl group at the y position of Glu. Arguments favoring free-radical (22,
36)and anionic (39, 51, 67, 81, 89) reactive intermediates have been presented.
Free-radical carboxylation is ordinarily an energetically unfavorable process
(27, 86). By contrast, carboxylation of a carbanion & to a carboxyl group will
be favored by ~19-20 pK, units. The carbanion hypothesis is supported by the
exchange of tritium from tritiated water at the y carbon of Glu. Tritium incor-
poration is accentuated when the carboxylase is depleted of CO, (2, 62). The
difficulty in chemical terms lies in producing the carbanion intermediate. The
base must be strong enough to remove a proton with a pK, of ~23-28 (38, 70,
71) adjacent to an ionized carboxyl group in order to effect abstraction of the
Y proton of Glu.

Facilitation of Calcium Binding

Carboxylation of Glu in the vitamin K—dependent zymogen precursors to the
enzymes of the blood-clotting cascade is a posttranslational event that occurs
at the N-terminus of the nascent chain. In prothrombin, all 10 glutamates in
residues 7-33 are carboxylated. After residue 33, none of the remaining 33
glutamic acid residues in prothrombin undergoes carboxylation.

Carboxylation converts the selected glutamates in the clotting-cascade pro-
teins to Gla residues to enable the proteins to bind calcium. The bound calcium
forms ion bridges between the blood-clotting enzymes and phospholipids on
the membrane surfaces of blood platelets and endothelial and vascular cells.
Calcium binding also plays an essential role in controlling coagulation protein
conformation by enabling internal Gla-Gla binding (14a, 52a, 67a, 77a). In
addition to prothrombin (factor II), blood-clotting factors VII, IX, and X, and
proteins C, S, and Z also depend on vitamin K for carboxylation to enable
calcium binding. All of these factors are highly homologous to prothrombin
in residues 1-40.

Calcium binding also provides the rationale for carboxylation of glutamate
residues in the bone proteins osteocalcin (41, 42) and matrix Gla protein (42,
69), although the precise function of these substances in bone is not yet certain.
Pathological calcifications in renal stones, soft-tissue deposits, and arterioscle-
rotic plaques may also be related to vitamin K--dependent carboxylase activity
(37, 53). Moreover, developing bones in the human fetus occasionally exhibit
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hypoplastic morphology and abnormal punctate calcifications, which have
been strongly correlated with maternal ingestion of anticoagulants during the
first trimester of pregnancy (37, 53). In early pregnancy, the clotting system
is probably not yet sensitive to the action of coumarin drugs, whereas the bone
mineralization system may already be vitamin K dependent. Transport of Ca?*
by the chick chorioallantoic membrane from the egg shell to the embryo was
recently shown to be vitamin K dependent. This transport capacity develops
in parallel with bone mineralization, further implicating vitamin K in the
mineralization process (37, 53). An important study is under way in the
Netherlands in which the diets of middle-aged women are being supplemented
with vitamin K in an effort to forestall the onset of osteoporosis (46).

Inhibition of y-Carboxylation by Cyanide

Support for a carbanionic intermediate in y-glutamyl carboxylation is strength-
ened by a new interpretation of the effect of cyanide on carboxylation (23).
Cyanide is an inhibitor of the carboxylase (52, 66). Although cyanide is
competitive with CO,, 1¥CN- is not incorporated in place of CO, (22a). Since
cyanide forms complexes with heme and with metals, it was not unreasonable
to suppose that the carboxylase might have a metal cofactor requirement, and
that led to the hypothesis that free radicals might be involved in the carboxy-
lation sequence. A metal cofactor could interact with a hydroperoxide inter-
mediate to generate alkoxy or hydroxy radicals following Fenton pathways.
However, efforts to detect a heme prosthetic group in partially purified car-
boxylase preparations have yielded negative results (22a).

We approached the inhibition of the carboxylase by cyanide from a novel
standpoint (23). The enzyme-catalyzed carboxylation is carried out at pH 7.3,
and the pK, of cyanide is 9.2. Therefore, most of the cyanide will be present
as HCN, with a small fraction available in the form of CN-. HCN is a neutral,
linear, triatomic molecule that can slide into the active site of the enzyme in
place of CO, (Figure 2). Once at the active site, HCN will act as an acid with
respect to the reactive glutamate carbanion. Instead of undergoing the normal
carboxylation leading to Gla, the glutamate carbanion will be protonated by
HCN, and the starting glutamate will be regenerated (23). Addition of cyanide
to the carboxylation system in tritiated water results in an average 20% increase
in the incorporation of tritium into the glutamate (62), an outcome entirely
consistent with the acid-base hypothesis for inhibition by cyanide (23). An
acid-base role for cyanide serves to demystify its function and to diminish the
probability that a metal cofactor is associated with its inhibitory action. This
approach to the mechanism of inhibition by cyanide supports the intermediacy
of a carbanion and underscores the need for a powerful base to produce this
reactive intermediate.
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Figure 2 Inhibition of y-carboxylation of glutamate by HCN.

A NEW MECHANISM FOR VITAMIN K FUNCTION:
BASE-STRENGTH AMPLIFICATION

The question next addressed was, how does vitamin K generate a strong base?
We approached the problem by developing a model reaction patterned after
that carried out by vitamin K (25, 40). At the time, there were no models of
vitamin K action that effected carbon-carbon bond formation to mimic the key
vitamin K—dependent carboxylation. Moreover, there was no working rationale
for the coupling of carbon-carbon bond formation with the production of
vitamin K oxide (89).

The carboxylase requires molecular oxygen. In our hypothesis (25, 40),
oxygen is used to transform the weak phenoxide base resulting from ionization
of vitamin KH, (pK, 9.3 and 10.6) (21a) to a strong alkoxide base. The key
mechanistic feature of this approach is the proposed involvement of the di-
oxetane intermediate in the rearrangement (25, 40).

Carboxylation Model

To explore this idea, we devised a model (Figure 3) in which oxygenation of
a potassium o-naphthoxide (a) through a dioxetane intermediate leads to a
strong tertiary alkoxide base (25, 40). The base effects the Dieckmann con-
densation of diethyl adipate (c) to the potassium salt of ethyl cyclopentanone-
carboxylate (d) (25, 40). The oxygenation of the potassium a-naphthoxide (a)
to the tertiary alcohol (b) is energetically coupled to the Dieckmann conden-
sation of diethyl adipate (c) to the potassium salt of ethyl cyclopentanonecar-
boxylate (d) and drives the carbon-carbon bond formation of the latter.
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Figure 3 Oxygenation of naphthoxide driving the Dieckmann condensation of diethyl adipate. See
text for details, Note that the chemical structures a—d in this figure are labeled as such in subsequent
figures as well.

The vitamin K—-dependent carboxylase can hold CO, in the right place at the
right time; the Dieckmann reaction of (c) to (d) was used to mimic this aspect of
the carboxylation. In the context of the model, the Dieckmann condensation can
be viewed as an “intramolecular carboxylation.” Moreover, the Dieckmann
reaction demands a base of strength only marginally lower than that required for
the glutamate proton abstraction. In sum, this inquiry has led us to a new
principle—base-strength amplification—in which a weak naphthoxide base is
transformed into a strong tertiary alkoxide using the energy provided by
oxidation of the naphthoxide with molecularoxygen (5, 25, 31, 68, 74).

The naphthoxide (a) is not sufficiently strong as abase to effect the Dieckmann
condensation of diethyl adipate (c). Nocyclopentanone product (d) was observed
in a control reaction conducted under an oxygen-free argon atmosphere. More
than 1% of ethyl cyclopentanonecarboxylate (d) would have been detected in the
total crude product by nuclear magnetic resonance (NMR) spectroscopy. Indeed,
it was important to conduct the control reaction under scrupulously oxygen-free
conditions else trace amounts of cyclized product (d) would have been observed.
Control reactions conducted with potassium f-butylperoxide and potassium
superoxide yielded no condensation product; these reagents are not sufficiently
basic to effect the desired condensation reaction.

Our current understanding of the model oxygenation leads to the following
mechanistic scheme (Figure 4). Spontaneous reaction of molecular oxygen
with the naphthoxide anion (a) results in the peroxy-anion adduct (e¢). The
negatively-charged peroxide can undergo internal nucleophilic addition to the
unsaturated carbonyl system yielding the dioxetane enolate anion (f). Internal
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Figure 4 Mechanism of oxygenation leading to diethyl adipate cyclization. See text for details.

nucleophilic displacement by the enolate anion on the dioxetane ring yields
the epoxy alkoxide (g), a strong base that effects condensation of diethyl
adipate (c) to ethyl cyclopentanonecarboxylate (d).

The phenolic hydroxyl group is sufficiently acidic (pK, 9.3) (21a) to ionize
under mild conditions. Trapping of the ionized phenol by molecular oxygen,
according to the sequence outlined in Figure 4, can then lead to strong-base
formation sufficient for carbon-carbon bond—forming condensation. Produc-
tion of a base of the strength of alkoxide (g) would not otherwise be feasible
in a biological milieu. We propose that the vitamin K-dependent carboxylation
uses oxidative base-strength amplification to effect the removal of the y proton
of Glu. Various approaches to test this model have involved thermochemistry,
stereochemistry, and isotopic labeling.

Thermochemistry of the Model Reaction and of the
Oxygenation of Vitamin K Hydroquinone

To raise the effective pK, by 11 units through base-strength amplification
requires ~15 kcal mol-! at 25°C. Thermochemical analysis of the oxidation of
the potassium c-naphthoxide (a) to the epoxy alkoxide (g) reveals that a large
amount of energy is made available to enhance the strength of the reactant
base (25).

The change in enthalpy for the model reaction can be approximated by
considering the thermodynamic requirements for the oxidation of 1 mole of
a-naphthol (Figure 54) to the keto epoxy alcohol (Figure 5i), with consumption
of 1 mole of oxygen. Such analysis predicts that the model reaction should be
exothermic by ~52 kcal mol™! (25). This is more than ample energy to raise
the pK, from the naphoxide level, pK, 9.3, to that of the tertiary alkoxide, pK,
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Figure 5 Thermochemistry of the oxygenation of a-napthol. AH:(e,l) = -52 keal/mol™". See text
for details.

20. The heat of reaction of the oxygenation model was examined in collabo-
ration with Professor EM Amett and Dr. Robert Flowers of Duke University
(3). Calorimetric determination of the heat of oxygenation of potassium 2,4-
dimethylnaphthoxide (1) in tetrahydrofuran (THF) in the presence of 18-
crown-6 yielded a value of —54.41 kcal mol™ (3). To compare this value with
that predicted for the oxygenation of a-naphthol (-52 kcal mol™), the heat of
deprotonation of the starting naphthol and of the product tertiary alcohol are
also needed. Determined calorimetrically, using as base the hexamethyldisi-
lazane anion (HMDS"), values of —20.58 and —15.05 kcal mol~! were obtained.
These values were then combined in a thermochemical cycle to yield -59.94
kcal/mol™! for the heat of oxygenation of 2,4-dimethyl-a-naphthol (3). That
the experimental heat of reaction is even greater than the estimated value (-52
kcal mol-!) demonstrates that a large amount of energy, made available by the
oxygenation, is to be channeled into the production of the strong base.

The thermochemistry of the vitamin K system can in turn be modeled by
the oxidation of naphthohydroquinone to the corresponding naphthoquinone
epoxide (25). The enthalpy estimated for this transformation is A H® = —62.4
kcal mol~'. The experimental value for the oxidation of vitamin K hydroqui-
none to vitamin K oxide was found to be A, H® = -58 kcal mol~! by calorimetric
experiment (31a). Again, reaction with oxygen, which leads to vitamin K
oxide, provides energy for the base-strength enhancement that in our hypothe-
sis drives the carboxylation of Glu.

Stereochemistry

If the oxygenation leading to epoxide formation proceeds through a dioxetane
intermediate, then the hydroxyl group in Figure 6b should be cis with respect
to the epoxide. The stereochemical prediction of the model was confirmed by
X-ray crystallographic determination of the structure of the epoxide (b), which
showed the hydroxyl and epoxy groups to be cis (Figure 6) (25).

Molecular models demonstrate that the dioxetane ring is in a favorable
orientation for stereoelectronic overlap, with backside attack (4, 48), by the
adjacent enolate anion on the peroxide bond in the transition state leading to
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epoxide formation. To explore the behavior of the peroxide intermediate ()
in our vitamin K model sequence (Figure 4), we prepared the corresponding
trimethyl hydroperoxide by treatment of 2,3,4-trimethyl-1-naphthol with oxy-
gen in chloroform (25). The trimethyl-substituted hydroperoxide is more stable
than its dimethy! analogue and can be isolated and crystallized (25). When the
latter was treated with potassium hydride in THF at 25°C, rearrangement to
the corresponding keto-epoxy alcohol occurred in 95% isolated yield (25). The
structure of the trimethyl hydroperoxide was established by single-crystal
X-ray crystallography, confirming the assignment of the 4-hydroperoxy adduct
(25).

Intramolecular Oxygenation

Does the oxygenation of naphthol proceed by an intramolecular pathway
involving the dioxetane (f) or by an intermolecular pathway in which one
hydroperoxy anion (e) might epoxidize another enone? This question was
examined by carrying out the oxygenation sequence under an atmosphere
consisting of an approximately 1:1 mixture of %0, and '30, (24). If the
oxygenation is intermolecular, the product should consist only of unlabeled
and doubly labeled product (Figure 7). By contrast, an intermolecular oxy-
genation would yield a 1:2:1 mixture of unlabeled, monolabeled, and doubly
labeled products (Figure 7). This problem was readily addressed by mass
spectrometric analysis of the product resulting from oxygenation with a 55:45
mixture of 160, and 180,. We observed only unlabeled and doubly labeled
products, demonstrating that the oxygenation is strictly intramolecular and
must proceed through a dioxetane intermediate (24).

BIOCHEMICAL STUDIES OF VITAMIN K
Action of Vitamin K and the y-Glutamyl Carboxylase

Glutamate carboxylation in vivo occurs on the luminal side of the rough
endoplasmic reticulum, whereas the model reaction (Figure 3) was carried out
in tetrahydrofuran. To duplicate the reaction medium for the biological car-
boxylation is difficult at this early stage. Since tritium exchange from tritiated

Figure 6 Stereochemistry of oxygenation of 2,4-dimethyl-a-naphthoxide. See text for details.



Annu. Rev. Nutr. 1995.15:419-440. Downloaded from www.annualreviews.org

by Central College on 01/04/12. For personal use only.

MECHANISM OF ACTION OF VITAMINK 429

m/e 204 : 208
Iutramalecular 1 1
I!OH

m/e 204
Intermolecular

G m/e 204 : 206 : 208
1 : 2: 1
[L

oH o

m/e 204

Figure 7 Intermolecular oxygenation.

water (62) into glutamate in the presence of CO, is slow, the glutamate
Y-carbanion may be protected against protonation by water as a consequence
of its hydrophobic environment at the enzyme active site. Thus, the tetrahy-
drofuran medium for the model in Figure 3 may not be entirely inappropriate.
The model of Figure 3 differs from the enzymic system in that it uses the
intramolecular Dieckmann condensation instead of the glutamate condensation
with CO,, an intermolecular reaction. This difference clearly is a subject to be
addressed in future model research. However, it is widely appreciated that an
intermolecular reaction in an enzymic context will often possess the charac-
teristics of an intramolecular reaction in solution.

The third and most important difference between the model of Figure 3 and
the vitamin K-dependent carboxylase lies in the structure of vitamin K. Vita-
min K is a 1,4-dioxygenated naphthalene, whereas the model a-naphthoxide
(a) carries only one oxygen atom. How can this difference be reconciled?

A sequence of oxygenation events parallel to those postulated for our model
system might proceed as shown in Figure 8, starting from the readily produced
anion (vitamin KH") or dianion (vitamin K2-). The reaction of molecular oxygen
with vitamin KH- yields a peroxy anion adduct (j) that can rearrange to the ke-
tone hydrate anion (/) through the dioxetane (k). Alkoxide (J) is a base. It could
also eject hydroxide ion that, in the proper hydrophobic environment, might be
a sufficiently strong base to remove a proton from Glu. Alternatively, if the
doubly ionized form, vitamin K-, is oxygenated and follows the path through
the peroxy intermediate (m) and dioxetane (n), the result will be the geminal
dialkoxide (0). Although geminal dialkoxides have not been explored to a great
extent, they might also be expected to be strong bases capable of removing a
proton from the y position of glutamate (36a, 36b).

Figure 8 shows that oxygenation at the 4-position of vitamin K2~ can lead
to generation of the strong base (0). This mechanistic hypothesis is flexible;
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Figure 8 Vitamin K hydroguinone oxygenation. See text for details.

oxygenation in the 2-position also can lead to the necessary dioxetane inter-
mediate.

I 8O-Labeling Experiments

The mechanism depicted in Figure 8 predicts that carboxylation catalyzed by
the carboxylase under an atmosphere of 80, might yield vitamin K oxide with
130 incorporated into the carbonyl group of vitamin K, in addition to the '80
incorporated at the epoxide oxygen. This conjecture is stated in tentative
fashion because the two oxygens of the dioxygenated intermediate (0) are
diastereotopic, and the oxygen lost could be that carrying the 80 label (cis to
the epoxide) or the unlabeled oxygen (¢rans to the epoxide). The outcome will
depend on both enzymic preference and the direction of the competing uncata-
lyzed dehydration.

In 1977, Sadowski et al (77) accomplished the carboxylation of prothrombin
in postmitochondrial supernatants under an atmosphere of '80, (73). The
purpose of their experiment was to establish the origin of the epoxide oxygen
in vitamin K oxide; incorporation of an atom of '30 was indeed observed. We
approached this transformation from a different perspective, with the mecha-
nism depicted in Figure 8 in mind. Sadowski et al (73) had thoughtfully
published their mass spectra, which enabled us to examine the 130 labeling
result, and particularly to examine their spectrum for the presence of a second
atom of !80 in vitamin K epoxide (25).

The mass spectrum of vitamin K oxide shows its molecular ion at m/e 466
(Figure 94), with prominent fragments at m/e 423 and 306. The M* — 43 peak
at m/e 423 (Figure 9) arises from cleavage of the epoxide and loss of the
CH,CO fragment (25). This fragmentation mode was established by determi-
nation of the exact mass of the m/e 423 fragment (25) and confirmed by the
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mass spectral behavior of 80-labeled vitamin K oxide. The m/e 306 fragment
corresponds to fragmentation of the epoxide in the alternative sense and can
be rationalized as being composed of the isoprenoid side chain plus CO and
minus H (25).

As noted above, these assignments were confirmed by '80 labeling of
vitamin K oxide (26). Thus, exchange of vitamin K oxide with H,'80 under
acid catalysis places the label in the carbonyl oxygens (26, 27). Epoxidation
of vitamin K with H,!80, places the label at the epoxide position (26, 27).
The mass spectra of these two substances are shown in Figure 9B and Figure
9C. Placing 30 in the carbonyl oxygen results in a shift of the m/e 423 peak
to m/e 425, with no change of the m/e 306 peak. Placing '#0 at the epoxide
oxygen causes the m/e 306 peak to shift to m/e 308, and the m/e 423 peak
remains unchanged (Figure 9C). These labeled mass spectra fix the identity
of the fragments. The aromatic oxygens are found in the m/e 423 fragment,
whereas the epoxide oxygen is located in the m/e 306 fragment.

When vitamin K is treated under an atmosphere of 80, with rat liver
microsomes, a convenient source of vitamin K-dependent carboxylase, the
vitamin K oxide product exhibits the spectrum shown in Figure 10 (26).
Examination of the mass spectrum of the labeled vitamin K oxide from this
130, experiment reveals that an atom of 130 has been incorporated into the
vitamin K oxide, since the molecular ion peak moves from m/e 466 to m/e
468 (26). The '20 label could, in principle, be located at any of the three
oxygen positions, but the mass spectrum is most consistent with location of
the 180 at the epoxide position. Thus, the m/e 423 peak is not changed in
comparing the unlabeled with the labeled spectrum; the 130 label has departed
with the m/e 43 acetyl fragment. By contrast, the m/e 306 peak becomes m/e
308 in the '80, experiment, indicating retention of the !0 label in the side-
chain fragment that carries the epoxide oxygen (26).

An extremely interesting feature emerges from analysis of the spectrum in
Figure 10. As expected, the M* + 1 peak at m/e 469 is 36% as intense as the
m/e 468 peak. By contrast, the intensity of the M* + 2 peak at m/e 470 is 24%
of that of the parent peak at m/e 468. The M* + 2 peak is four times larger
than expected on the basis of natural abundance '3C (25, 26). After correcting
for natural abundance !3C, the presence of 17% of a second atom of !80 in
the vitamin K oxide from the labeling experiment is indicated (26).

The same degree of incorporation of a second atom of !80, can also be
discerned (25, 26) in the mass spectrum published by Sadowski et al (73). In
our experiments (26, 63), we have consistently observed 17 + 1% incorporation
of a second atom of 130 into vitamin K oxide. Recently, Kuliopulos et al (47)
reported incorporation of a second atom of 30 into the oxide, but with an
incorporation level averaging only 5%. Both laboratories (26, 47, 63) agree
that a fractional amount of a second atom of !80 is incorporated into vitamin
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Figure 10 Mass spectrum of the vitamin K oxide product from treatment of vitamin K with rat
liver microsomes under an atmosphere of 180,. This spectrum shows the increased intensity of the
M* + 2 peak at m/e 470, indicating the presence of a fractional amount of a second atom of 180 in
the vitamin K oxide.

K oxide. We view the carboxylase as a dioxygenase that adds two oxygens to
the anion of vitamin K hydroquinone in each turnover. In subsequent steps,
partition occurs and part of the second !80 is lost. We found that vitamin K
and, especially, vitamin K oxide are susceptible to exchange of the carbonyl
oxygens upon chromatography, by the well-known hydration-dehydration
mechanism. In fact, Kuliopulos et al (47) neglected to run a control isolation
of vitamin K oxide synthetically labeled with !0 to determine whether ex-
change occurs during isolation. We observed significant loss of '30 label from
vitamin K oxide upon attempted isolation by reverse-phase high-performance
liquid chromography (HPLC). Since Kuliopulos et al (47) used reverse-phase
HPLC to isolate vitamin K oxide, on-column washout of the '80 label is the
likely source of the difference in the extent of '#0 incorporation found in the
two laboratories (63).

A key experiment in this series is the control reaction with H,!80. We
suggest that the presence of a second atom of 80 is a significant mechanistic
marker, indicating the intermediacy of the dioxetane (Figure 8) (25, 26, 63).
On this account, it is essential to determine whether the second atom of '80
arises as a consequence of the intervention of a dioxetane intermediate or by
exchange with H,'30. Accordingly, we conducted the liver microsome car-
boxylation reaction in 95% H,'80 (78% enriched in H,'80 after mixing with
liver microsomes) under an atmosphere of '°0, (26). The vitamin K oxide
product was isolated as a mixture with vitamin K and analyzed by gas chro-
motography—mass spectrometry (GC-MS), which showed an ~1% exchange
of 180 into vitamin K oxide (26). This level of exchange does not approach
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the ~17% incorporation observed in the 80, experiments (25, 26, 63). Ac-
cordingly, we concluded that the second atom of !80 does not arise by adven-
titious exchange with water and that the dioxetane mechanism is operative in
the oxygenation of vitamin KH,.

The Active Site of Vitamin K

The '80-labeling result has the potential to provide the answer to an important
question: What is the active site of vitamin K? That is, which carbonyl group
participates in the oxygenation of this compound (63)? The design of active
site-directed inhibitors of the carboxylase will depend on a knowledge of the
active carbonyl and may help explain why some derivatives of vitamin K are
active promoters, while others are potent inhibitors of carboxylation (44).

In our experiment, we specifically labeled vitamin K with 130 to determine
which oxygen undergoes exchange in the course of the carboxylase reaction
(63). To this end, one needs to identify the carbonyl groups in vitamin K,
which has been done using a combination of 13C NMR spectroscopy and '80
labeling (63).

When vitamin K oxide is treated with H,!80 under acid catalysis, carbonyl
oxygen exchange occurs by the hydration-dehydration path (26, 63). The
carbonyl group next to methyl is the less hindered of the two groups and
undergoes exchange at a faster rate than the carbonyl next to the phytyl group.
The incorporation of '80 perturbs the chemical shift of the carbonyl carbon
peaks in the }3C NMR spectrum, a shift readily discerned at 75 or 125 MHz
(63). Selective decoupling of the aromatic protons in vitamin K reveals the
low-field carbonyl carbon as a 1:3:3:1 quartet (}Jcy = 2.5 Hz), while the
high-field carbonyl is a 1:2:1 triplet (3Joi = 2.7 Hz) (63). This finding clearly
establishes the identity of the two carbonyl groups in vitamin K, namely that
the low-field carbonyl is adjacent to methyl and that the high-field carbonyl
is adjacent to the phytyl side chain (63). When '30 is incorporated into vitamin
K oxide during acid-catalyzed exchange, the low-field carbonyl group is en-
riched. Moreover, when that sample is reduced with zinc in acetic acid, the
vitamin K obtained is enriched with 30 in the low-field carbonyl (63). Since
the NMR coupling experiments demonstrate that the low-field carbonyl in
vitamin K is adjacent to the methyl group, it follows that the low-field carbonyl
group in vitamin K oxide is also adjacent to methyl (63). In vitamin K oxide,
the carbonyl group adjacent to the methyl is observed at 8 193.13, while that
next to the phytyl is at 6 192.19 (63).

Attention was then turned to the synthesis of specifically labeled vitamin
K. Although the acid-catalyzed exchange reaction could be used to obtain
partially labeled vitamin K, that reaction was not sufficiently specific; while
still favoring the carbonyl next to the methyl group, 180 was incorporated into
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both carbonyls. This problem was solved with the discovery that treatment of
the vitamin K hydroquinone half-ether adjacent to the methyl group with 180,
yielded specifically labeled vitamin K with '#0 in the carbonyl group next to
the methyl group (Figure 11) (63). The mechanism of this interesting trans-
formation is under investigation. The specificity of the labeling result was
established using 13C NMR spectroscopy.

With this sample in hand, labeled vitamin KH, was prepared and submitted
to the liver microsome system containing the vitamin K-dependent carboxy-
lase. An 18% loss of 80 was observed (63). Since this is the same level of
incorporation observed in our experiments conducted under an 80, atmosphere
(26), we concluded that reaction specifically occurs at the carbonyl group next
to methyl and that this is the active site of vitamin K, (63). This conclusion
was confirmed using vitamin K labeled in the carbonyl group adjacent to the
phytyl. When this substance was treated with the microsomal carboxylase
under an O, atmosphere, no exchange occurred, demonstrating that there is no
action at the carbonyl group next to the phytyl.

How does the vitamin K model account for these results? Two competing
courses for the 180-labeled hydrate intermediate are possible. The major path-
way could be enzyme-catalyzed loss of the ®0-labeled hydroxyl group, cis to
the epoxide, yielding [!80] vitamin K oxide (25). Because the vitamin K oxide
hydrate is a reactive intermediate and will undergo spontaneous loss of water,
a nonenzymic pathway can compete with the catalyzed path, resulting in the
loss of either oxygen (25). This is the minor pathway. Overall, the cis hydroxyl
group is lost with a 5:1 preference over the trans hydroxyl.

A useful comparison may be drawn between the vitamin K labeling pattern
and the coenzyme Bj,-dependent dioldehydrase experiments of Rétey &
Arigoni (72). Enzyme-controlled dehydration of the intermediate aldehyde
hydrate from (2S)-[-!80]propan-1,2-diol leads to 88% stereospecific retention
of label accompanied by 12% of product in which the 30 label is lost,
presumably in a nonenzymic reaction. Rearrangement of (2R)-[1-'80]propan-
1,2-diol results in a 92% loss of '80 and 8% retention of the label. In both

UH | a |
L
# : e
CH, CH,

110, Ty

88% enrichment

Figure 11 Regiospecific labeling of vitamin K with 180,
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instances, the aldehyde hydrate is a reactive intermediate with a rapid rate of
decomposition competitive with that catalyzed by the enzyme.

SUMMARY

We have discovered a novel, spontaneous model oxidation leading to a pow-
erful base that can conduct a carbon-carbon bond-forming condensation reac-
tion analogous to that observed in the vitamin K-mediated carboxylation of
glutamate (25). The model incorporates a novel base-strength enhancement
sequence and implicates molecular oxygen as the initiating factor in the vitamin
K—dependent carboxylation (25). Parallel studies with vitamin K demonstrate
that similar chemical changes occur during the enzymatic carboxylation of
peptide-bound Glu. When the enzymatic oxygenation is carried out under an
atmosphere of '80,, two atoms of '80 are incorporated into the vitamin K
oxide product (26). Selective '80 labeling defines the carbonyl group next to
methyl group as the active site of the vitamin K (63).

ACKNOWLEDGMENTS

This research was generously supported by grants from the National Science
Foundation and the NHLBI of the National Institutes of Health. It is a pleasure
to acknowledge the editorial assistance of Dr. Robert E. Olson.

Any Annual Review chapter, as well as any article cited in an Annual Review chapter,
may be purchased from the Annual Reviews Preprints and Reprints service.
1-800-347-8007; 415-259-5017; email: arpr@class.org

Literature Cited

1. Almquist HJ, Klose AA. 1939. Isolation K activity of phylloquinone oxide. Arch.
of vitamin K as a choleic acid. J. Am. Biochem. Biophys. 141:473-76
Chem. Soc. 61:745-46 6. Biggins J, Mathis P. 1988. Functional
2. Anton DA, Friedman PA. 1983. Fate of role of vitamin K, in photosystem I of
the activated -carbon-hydrogen bond in the cyanobacterium synechocystis 6803.
the uncoupled vitamin K-dependent - Biochemistry 27:1494-500
glutamy! carboxylation reaction. J. Biol. 7. Binkley SB, Cheney LC, Holcomb WF,
Chem. 258:14084-87 McKee RW, Thayer SA, et al. 1939.
3. Amett EM, Dowd P, Flowers II RA, The synthesis of vitamin K. J. Am.
Ham S-W, Naganathan S. 1992. Ther- Chem. Soc. 61:2558-59
mochemical confirmation of the mecha- 8. Binkley SB, MacCorquodale DW,
nism of action of vitamin K. J. Am. Thayer SA, Doisy EA. 1939. The iso-
Chem. Soc. 114:9209-10 lation of vitamin K,. J. Biol. Chem.
4. Beak P. 1992. Determination of transi- 130:219-34
tion-state geometries by the endocyclic 9. Binkley SB, McKee RW, Thayer SA,
restriction test: mechanisms of substitu- Doisy EA. 1940. The constitution of
tion at nonstereogenic atoms. Acc. vitamin K,. J. Biol. Chem. 133:721-29
Chem. Res. 25:215-22 10. Bjomsson TD, Meffin PJ, Swezey SE,

5. Bell RG, Matschiner JT. 1970. Vitamin Blaschke TF. 1980. Disposition and



12.
o 13.
o
@
8
g 14.
- B
% g
-
5 14a.
52
B
QL
o
C -
83
o3 15.
c
§s5
L O
9%
3_8 15a.
8T
—
g-é 16.
z2
&3 17.
2
< 18.
19.
20.
21.
21a.
22.

MECHANISM OF ACTION OF VITAMIN K

turnover of vitamin K, in man. In Vi-
tamin K Metabolism and Vitamin K-
Dependent Proteins, ed. JW Suttie, pp.
328-32. Baltimore: Univ. Park Press
Blanchard RA, Furie BC, Jorgensen M,
Kruger SF, Furie B. 1981. Acquired
vitamin K-dependent carboxylation de-
ficiency in liver disease. New Engl. J.
Med. 305:242-50

Brettel K, Setif P, Mathis P. 1986. Flash
induced absorption changes in photo-
system I at low temperature: evidence
that the electron acceptor A1l is vitamin
K, FEBS Lett. 203:220-24

Brodie AF, Ballantine J. 1960. Phos-
phorylation in fractionated bacterial sys-
tems II. The role of vitamin K. J. Biol.
Chem. 235:226-31

Brodie AF, Ballantine J. 1960. Oxida-
tive phosphorylation in fractional bac-
terial systems. III. Specificity of vitamin
K reactivation. J. Biol. Chem. 235:232-

Cain JD, Deerfield DW II, Hiskey RG,
Pedersen LG. 1990. Divalent metal ion
mediated interaction of proteins with
negatively charged membranes. A
model study employing molecular me-
chanics. Int. J. Pept. Protein Res. 35:
111-16

Colpa-Boonstra JP, Slater EC. 1958.
Enzymic oxidation of reduced vitamin
K, (menadione). Biochim. Biophys. Acta
23:222-24

Conner Johnson B, ed. 1983. Posttrans-
lational Covalent Modification of Pro-
teins. New York: Academic

Dam H. 1929. Cholesterinstoffwechsel
in Hiihnereiern und Hiihnchen. Bio-
chem. 2. 215:475-92

Dam H. 1930. Cholesterol synthesis in
the animal body. Biochem. Z. 220:158-
63

Dam. H. 1934. Hemorrhages in chicks
reared on artificial diets. A new defi-
ciency disease. Nature 133:909-10
Dam H. 1935. Antihaemorrhagic vita-
min of chick. Biochem. J. 29:1273-85
Dam H. 1935. The antihemmorhagic
vitamin of the chick: occurrence and
chemical nature. Nature 135.652-53
Dam H, Geiger A, Glavind J, Karrer P,
Karrer W, et al. 1939. Isolierung des
Vitamins K in hochgereinigter Form.
Helv. Chim. Acta 22:310-13

Dean JA, ed. Langes Handbook of
Chemistry, pp. 5-26. New York:
McGraw-Hill. 13th ed.

DeMetz M, Soute BA, Hemker HC,
Fokkens R, Lugtenburg J, Vermeer C.
1982. Studies on the mechanism of the

22a.

23.

24,

25.

26.

27.

28.

29.

30.

3L

3la.

32

33.

34.

437

vitamin K—dependent carboxylation re-
action. Carboxylation without the con-
current formation of vitamin K 2,3-
epoxide. J. Biol. Chem. 257:5326-29
DeMetz M, Soute BAM, Hemker HC,
Vermeer C. 1982. The inhibition of
vitamin K carboxylase by . cyanide.
FEBS Lett. 137:253-56

Dowd P, Ham S-W. 1991, Mechanism
of cyanide inhibition of the blood-clot-
ting, vitamin K-dependent carboxylase.
Proc.Natl. Acad. Sci. USA 88:10583-85
Dowd P, Ham S-W. 1991. On the in-
tramolecularity of the vitamin K model
oxidation. J. Am. Chem. Soc. 113:9403-
4

Dowd P, Ham S-W, Geib SJ. 1991.
Mechanism of action of vitamin K. J.
Am. Chem. Soc. 113:7734-43

Dowd P, Ham S-W, Hershline R. 1992.
Role of oxygen in the vitamin K-de-
pendent carboxylation reaction: incor-
poration of a second atom of '*O from
molecular oxygen-*0, into vitamin K
oxide during carboxylase activity. J.
Am. Chem. Soc. 114:7613-17

Dowd P, Ham S-W, Marchand AP, Ra-
japaksa D. 1992. Mechanism of epoxi-
dation of vitamin K with basic hydrogen
peroxide. J. Org. Chem. 57:3514-16
Deleted in proof

Emnster L, Danielson L, Ljunggren M.
1962. DT diaphorase. 1. Purification
from the soluble fraction of rat-liver
cytoplasm and properties. Biochem. Bio-
phys. Acta 58:171-88

Fieser LF. 1939. Synthesis of vitamin
K. J. Am. Chem. Soc. 61:3467-15
Fieser LF, Tishler M, Sampson WL.
1941. Vitamin K activity and structure.
J. Biol. Chem. 137:659-92

Flowers RA II, Naganathan S, Dowd P,
Amett EM, Ham S-W. 1993. Thermo-
chemical investigation of the oxygena-
tion of vitamin K. J. Am. Chem. Soc.
115:9409-16

Friedman PA, Anton DL, Kwan SK.
1983. Utilizing substrates with modified
glutamyl residues to elucidate the reac-
tion mechanism of the vitamin K-de-
pendent -glutamyl carboxylase. See Ref.
15a, pp. 281-94

Friedman PA, Shia M. 1976. Some char-
acteristics of a vitamin K-dependent
carboxylating system from rat liver mi-
crosomes. Biochem. Biophys. Res. Com-
mun. 70:647-57

Friedman PA, Smith MW. 1977. A sur-
vey of rat tissues for phylloguinone
epoxidase activity. Biochem. Pharma-
col. 26:804-5



Annu. Rev. Nutr. 1995.15:419-440. Downloaded from www.annualreviews.org

by Central College on 01/04/12. For personal use only.

438

35.

36.

36a.

36b.

3.

38.

39.

40.

41.

42.

43.

44,

45.

46.

DOWDET AL

Friedman PA, Smith MW, 1979. Epoxi-
dation of several vitamins K by rat liver
microsomes. Biochem. Pharmacol. 28:
937-38

Gallop PM, Friedman PA, Henson E.
1980. A radical-radical C-carboxylation
reaction as a model related to the vita-
min K-dependent carboxylation. See
Ref. 78a, pp. 408-12

Gassman PG, Lumb JT, Zalar FU. 1967.
The cleavage of nonenolizable ketones.
J. Am. Chem. Soc. 89:946-52
Gassman PG, Schenk WN. 1977. A
general procedure for the base-pro-
moted hydrolysis of hindered esters at
ambient temperatures. J. Org. Chem.
42:918-20

Gijsbers BL, van Haarlem L], Soute
BA, Ebbeink RH, Vermeer C. 1990.
Characterization of a Gla-containing
protein from calcified human atheros-
clerotic plaques. Arteriosclerosis 10:
991-95

Gronert S, Streitwieser A. 1988. The
remarkably low second pKa of 1-naph-
thylacetic acid. Lithium ion pair acidity
in tetrahydrofuran. J. Am. Chem. Soc.
110:4418-19

Hall AL, Kloepper R, Zee-Cheng RK-Y,
Lee FC, Olson RE. 1982. Mechanism of
action of t-butyl hydroperoxide in the
inhibition of vitamin K-dependent car-
boxylation. Arch. Biochem. Biophys.
214:45-50

Ham S-W, Dowd P. 1990. On the
mechanism of action of vitamin K. A
new nonenzymic model. J. Am. Chem.
Soc. 112:1660-61

Hauschka PV, Lian JB, Gallop PM.
1975. Direct identification of the cal-
cium-binding amino acid, y-carboxyglu-
tamate, in mineralized tissue. Proc. Natl.
Acad. Sci. USA 72:3925-29

Hauschka PV, Lian JB, Gallop PM.
1978. Vitamin K and mineralization.
Trends Biochem. Sci. 5:75-178
Interschick-Niebler E, Lichtenthaller
HK. 1981. Partition of phylloquinone
K. between digitonin particles and chlo-
rophyll-proteins of chloroplast mem-
branes from nicotiana tabacum. Z.
Naturforscher. C:Biosci. 36:276-83
Johnson BC, Mack DO, Delaney R,
Wolfensberger MR, Esmon C, et al.
1980. Vitamin K analogs in the study
of vitamin K-dependent carboxylation.
See Ref. 78a, pp. 455-70

Karrer P, Geiger A, Ruegger A, Salo-
man H. 1939. Uber nor-a:-phyllochinon
(nor Vitamin K) und &hnlich Verbin-
dungen. Helv. Chim. Acta 22:1513-16
Knapen MH, Hamulyak K, Vermeer C.
1989. The effect of vitamin K supple-

47.

48,

49,
50.

Sl

52

S2a.

53.

54.

S5.

56.

5.

58.

mentation on circulating osteocalcin
(bone Gla protein) and urinary calcium
excretion. Ann. Intern. Med. 111:1001-8
Kuliopulos A, Hubbard BR, Lam Z,
Koski 13, Furie B, et al. 1992. Dioxygen
transfer during vitamin K dependent
carboxylase catalysis. Biochemistry 31:
7722-28

Kurtzwell ML, Loo D, Beak P. 1993.
The endocyclic restriction test: Deter-
mination of the transition-structure ge-
ometry for the transfer of oxygen from
N,N-dialkylhydroxylamines to triaryl-
phosphines. J. Am. Chem. Soc. 115:421-
27

Deleted in proof

Larson AE, Friedman PA, Suttie JW.
1981. Vitamin K-dependent carboxy-
lase. Stoichiometry of carboxylation and
vitamin K 2,3-epoxide formation. J.
Biol. Chem. 256:11032-35

Larson AE, Suttie JW. 1978. Vitamin
K—dependent carboxylase: evidence for
a hydroperoxide intermediate in the re-
action. Proc. Natl. Acad. Sci. USA 75:
5413-16

Larson AE, Whitlon DS, Suttie JW.
1979. Factors affecting the vitamin K-
dependent microsomal carboxylation
system. Fed. Proc. Am. Soc. Exp. Biol.
38:876

Lewis MR, Deerfield DWW II, Hoke
RA, Koehler KA, Pedersen LG, Hiskey
RG. 1988, Studies on Ca(II) binding to
probe metal ion/y-carboxyglutamic acid.
Use of thermal decarboxylation to probe
metal ion/-carboxyglutamic acid inter-
actions. J. Biol. Chem. 263:1358-63
Lian JB, Friedman PA. 1978. The vita-
min K-dependent synthesis of -carboxy-
glutamic acid by bone microsomes. J.
Biol. Chem. 253:6623-26

Liebman HA. 1989. Isolation and char-
acterization of a hepatoma-associated
abnormal (des-y-carboxy)prothrombin.
Cancer Res. 49:6493-97

Liebman HA, Furie BC, Blanchard RA,
Tong MJ, Lo JJ, et al. 1984. Des-y-car-
boxy (abnormal) prothrombin: a new
serum marker of primary hepatocellular
carcinoma. New Engl. J. Med. 310:
1427-31

MacCoquodale DW, Cheney LC,
Binkley SB, Holcomb WF, McKee RW,
et al. 1939. The constitution and syn-
thesis of vitamin K. J. Biol. Chem.
131:357-70

Magnusson S, Sottrup-Jensen L, Pe-
tersen TE, Morris HR, Dell A. 1974,
Primary structure of the vitamin K-de-
pendent part of prothrombin. FEBS Lett.
44:189-93

Martius C, Nitz-Litzow D. 1955. Zum



59.
60.
61.
o
a 62.
8
8
T
£5
- 8 63.
T
5§27
B
ge 6
O 3
S
83
a3
d c
38 65.
3T
938
98 66.
S
=0
ER
3 67.
[hd
S
IS
<C
67a.
68.
69.
70.
7.

MECHANISM OF ACTION OF VITAMIN K

Wirkungsmechanismus des Vitamin K.
Biochem. Z. 327:1-5

Matschiner JT, Bell RG, Amelotti JM,
Knauer TE. 1970. Isolation and charac-
terization of a new metabolite of phyl-
loquinone in the rat. Biochim. Biophys.
Acta 201:309-15

Matschiner JT, Zimmerman A, Bell RG.
1974. Influence of warfarin on vitamin
K epoxide reductase. Thromb. Diath.
Haemorrh. Suppl. 57:45-52

McKee RW, Binkley SB, Thayer SA,
MacCorquodale DW, Doisy EA. 1939.
The isolation of vitamin K.. J. Biol.
Chem. 131:327-44

McTigue JJ, Suttic JW. 1983. Vitamin
K-dependent carboxylase. Demonstra-
tion of a vitamin K- and O,-dependent
exchange of *H from *H,0 into glutamic
acid residues. J. Biol. Chem. 258:
12129-31

Naganathan S, Hershline R, Ham S-W,
DowdP. 1993. The active site of vitamin
K. Regiospecific oxygenation of vitamin
K hydroquinone in its role as carboxy-
lase cofactor. J. Am. Chem. Soc. 115:
583940

Nelsetuen GL, Zytokovicz TH, Howard
JB. 1974. The mode of action of vitamin
K, isolation of a peptide containing the
vitamin K-dependent portion of pro-
thrombin. J. Biol. Chem. 249:6347-50
Olson RE. 1984. The function and me-
tabolism of vitamin K. Annu. Rev. Nutr.
4:281-337

Olson RE, Hall AL, Lee FC, Kappel
WK. 1987. Properties of the vitamin
K-dependent y-glutamyl transferase
carboxylase from rat liver. Chem. Scr.
27:187-92

Olson RE, Hall AL, Lee FC, Kappel
WK, Meyer RG, Bettger WIJ. 1983.
Vitamin K-dependent carboxylase: a
heme protein? See Ref. 15a, pp. 295-
319

Pollock JS, Sheperd AJ, Weber DJ,
Olson DL, Klapper DG, et al. 1988.
Phospholipid binding properties of bo-
vine prothrombin peptide residues 1-45.
J. Biol. Chem. 263:14216-23

Preusch PC, Suttie JW. 1983, Stereospe-
cificity of vitamin K-epoxide reductase.
J. Biol. Chem. 258:714-16

Price PA, Otsuka AS, Poser JW, Kir-
staponis J, Raman N. 1975. Charac-
terization of a y-carboxyglutamic acid—
containing protein from bone. Proc.
Natl. Acad. Sci. USA 73:1447-51
Renaud P, Fox MA. 1988. Reaction of
dilithiated carboxylic acids with iodine:
evidence of a radical anion intermediate.
J. Org. Chem. 534:3745-52

Renaud P, Fox MA. 1988. An electro-

73.

74.

75.

76.

7.

1a.

78.

78a.

79.

80.

81.

82.

83.

439

chemical characterization of dianions:
dilithiated carboxylic acids. J. Am.
Chem. Soc. 110:5705-9

Rétey J, Umani-Rochi A, Seibl J,
Arigoni D. 1966. Zum Mechanismus
der Propandioldehydrase-Reaktion. Ex-
perientia 22:502~3

Sadowski JA, Schnoes HK, Suttie JW.
1977. Vitamin K epoxidase: properties
and relationship to prothrombin. Bio-
chemistry 16:3856-63

Sadowski JA, Suttie JW. 1974. Mecha-
nism of action of coumarins. Signifi-
cance of vitamin K epoxide. Bio-
chemistry 13:3696-99

Schroeder HU, Lockau W. 1986. Phyl-
loquinone copurifies with the large
subunit of photosystem. FEBS Lett.
199:23--27

Setif P, Ikegami I, Biggins J. 1987.
Light induced charge separation in pho-
tosystem I at low temperature is not
influenced by vitamin K-1. Biochim.
Biophys. Acta 894:146-56

Shah DV, Engelke JA, Suttie JW. 1987.
Abnormal prothrombin in the plasma of
rats carrying hepatic tumors. Blood 69:
850-54

Soriano-Garcia M, Park CH, Tulinsky
A, Ravichandran KG, Skrzpczak-Jan-
kun E. 1989. Structure of calcium pro-
thrombin fragment 1 including the
conformation of the Gla domain. Bio-
chemistry 28:6805-10

Stenflo J. 1974. Vitamin K and the
biosynthesis of prothrombin. IV. Isola-
tion of peptides containing prosthetic
groups from normal prothrombin and
the corresponding peptides from dicu-
marol-induced prothrombin. J. Biol.
Chem. 249:5527-35

Suttie JW, ed. 1980. Vitamin K Meta-
bolism and Vitamin K-Dependent Pro-
teins. Baltimore: Univ. Park Press
Suttie JW. 198S. Vitamin K-dependent
carboxylase. Annu. Rev. Biochem. 54:
459-71

Suttie JW. 1988. Vitamin K—dependent
carboxylation of glutamyl residues in
proteins. Biofactors 1:55-60

Suttie JW, Larson AE, Canfield LM,
Carlisle TL. 1978. Relationshipbetween
vitamin K-dependent carboxylation and
vitamin K epoxidation. Fed. Proc. Am.
Soc. Exp. Biol. 37:2605-9

Takahashi Y, Hirota K, Kotoh S. 198S5.
Multiple forms of P700-chlorophyll a-
protein complexes from Synechococ-
cus sp.: the iron quinone and car-
otenoid contents. Photosynth. Res. 6:
183-92

Tsai S-L, Huang G-T, Yang P-M, Sheu
J-C, Sung J-L, Chen D-S. 1990. Plasma



Annu. Rev. Nutr. 1995.15:419-440. Downloaded from www.annualreviews.org

by Central College on 01/04/12. For personal use only.

440

85.

86.

87.

DOWDET AL

des-Y-carboxyprothrombin in the early
stage of hepatocellular carcinoma.
Hepatology 11:481-87

Wagner AF, Folkers K. 1964. Vitamins
and Co-Enzymes, pp. 407-434. New
York: Interscience

Wallin R, Suttie JW. 1982. Vitamin
K—dependent carboxylase: evidence for
cofractionation of carboxylase and
epoxidase activities, and for carboxyla-
tion of a high-molecular-weight mi-
crosomal protein. Arch. Biochem. Bio-
phys. 214:155-63

Wheelan P, Kirsch WM, Koch TH.
1989. Free-radical carboxylation of pep-
tide- and protein-bound glycine to form
peptide- and protein-bound aminomalo-
nic acid (ame). J. Org. Chem. 54:4360-
64

Whitlon DS, Sadowski SA, Suttie JW.
1978. Mechanism of coumarin action:
significance of vitamin E epoxide re-

88.

89.

91

ductase inhibition. Biochemistry 171:
1371-77

Willingham AK, Matschiner JT. 1974.
Changes in phylloquinone epoxidase ac-
tivity related to prothrombin synthesis
and microsomal clotting activity in the
rat. Biochem. J. 140:435-41

Wilson RM, Tharp G. 198S. o-Hydrop-
eroxynaphthoquinols. Chemical trans-
ducers for coupling oxidation with
acylation: a vitamin K model. J. Am.
Chem. Soc. 107:4100-201

Wood GM, Suttie JW. 1988. Vitamin
K-dependent carboxylase. Stoichio-
metry of vitamin K epoxide formation,
y-carboxyglutamyl formation, and y-glu-
tamyl-*H cleavage. J. Biol. Chem. 263:
3234-39

Zimmerman A, Matschiner JT. 1974.
Biochemical basis of hereditary resis-
tance to warfarin in the rat. Biochem.
Pharnacol. 23:1033—40



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Nutrition Online
	Most Downloaded Nutrition Reviews
	Most Cited Nutrition Reviews
	Annual Review of Nutrition Errata
	View Current Editorial Committee


	ar: 
	logo: 



