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Abstract

Carboxylation of vitamin K-dependent (VKD) proteins is required for their activity and depends
upon reduced vitamin K generated by vitamin K oxidoreductase (VKOR) and a redox protein that
regenerates VKOR activity. VKD protein carboxylation is inefficient in mammalian cells, and to
understand why carboxylation becomes saturated we developed an approach that directly measures
intracellular VKD protein carboxylation. Analysis of factor IX (f1X)-expressing BHK cells indicated
that slow fIX egress from the endoplasmic reticulum and preferential secretion of the carboxylated
form contribute to secreted fIX being more fully-carboxylated. The analysis also revealed the first
reported in vivo VKD protein turnover, which was 14-fold faster than occurs in vitro, suggesting
facilitation of this process in vivo. r-VKORC1 expression increased the rate of fIX carboxylation
and extent of carboxylated fI1X ~2-fold, which shows that carboxylation is the rate-limiting step in
fIX turnover and which was surprising because turnover in vitro is limited by release of carboxylated
fIX. Interestingly, the increases were significantly less than the amount of VKOR overexpression
(15-fold). However, when cell extracts were tested in single turnover experiments in vitro, where
redox protein is functionally substituted by dithiothreitol, VKOR overexpression increased the fIX
carboxylation rate 14-fold, showing r-VKORC1 is functional for supporting fIX carboxylation. These
data indicate that the effect of VKOR overexpression is limited in vivo, possibly because a
carboxylation component like the redox protein becomes saturated or because another step is now
rate-limiting. The studies illustrate the complexity of carboxylation and potential importance of
component stoichiometry to overall efficiency.

INTRODUCTION

Vitamin K-dependent (VKD) proteins require carboxylation of Glus to carboxylated Glus
(Glas) to become active in different physiologies that include hemostasis, apoptosis, calcium
homeostasis, bone development, signal transduction and growth control (1). Multiple Glus are
modified, and full carboxylation results in calcium coordination and consequent interaction of
the VKD proteins with either anionic phospholipids exposed on cell surfaces or with
hydroxyapatite in the extracellular matrix. Efficient carboxylation of the multiple Glus is due
in part to the fact that the VKD carboxylase that modifies these proteins is processive: VKD
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proteins contain a high-affinity domain, usually a propeptide, that tethers them to the
carboxylase so that the multiple modifications occur as a consequence of a single binding event
(2.3).

The vitamin K cofactor form used by the carboxylase to drive Glu to Gla conversion is reduced
vitamin K (i.e. vitamin K hydroquinone or KH5), and the generation of this form involves
reductive reactions intissue. Thus, vitamin K in the diet exists in the quinone form and therefore
requires reduction to KH,. Most KH,, however, comes from the recycling of the vitamin K
product of carboxylation, i.e. vitamin K epoxide (KO) (Fig. 1). Recycling is accomplished by
vitamin K oxidoreductase (VKOR) which, like the carboxylase, is located in the endoplasmic
reticulum (ER) where VKD proteins are modified during their secretion (4). The gene for
VKORC1 was recently identified (5,6), and currently it is unknown whether VKORCL1 is the
only functional isoform. The carboxylation of a single VKD protein requires multiple KO
reductions by VKOR (e.g. 12 for factor IX (fIX)), and so the efficiency of VKOR reduction
in supplying KH> to the carboxylase has the potential to regulate carboxylation. VKOR itself
must also be continually reduced to be active because each cycle of KO reduction results in
the oxidation of active site thiols and consequent inactivation (7)(Fig. 1). Active VKOR is
regenerated by a redox protein whose identity is currently unknown.

VKD protein carboxylation is disrupted during therapy with coumarins like availability lowers
the rate warfarin that inhibit VKOR. The consequent decrease in KH, of catalysis of VKD
protein-carboxylase complexes undergoing carboxylation. This slower rate increases the
probability of dissociation of incompletely carboxylated VKD proteins from the carboxylase,
and warfarin leads to the secretion of inactive un- and undercarboxylated VKD proteins, as
shown for prothrombin (8,9). Warfarin inhibition also results in the buildup of a precursor pool
of VKD proteins because the proteins are still synthesized but not turned over as rapidly by
the carboxylase. Vitamin K coadministration during warfarin therapy counteracts the effect of
warfarin due to a second pathway for generating KH: liver contains a high Ky, quinone
reductase that converts the quinone (but not epoxide) form of vitamin K to KH, and that
therefore can support VKD protein carboxylation when vitamin K concentrations are high (Fig.

1) (7).

A limitation in the supply of KH, may explain why mammalian cells are not efficient for the
carboxylation of VKD proteins. Thus, the VKD proteins are fully carboxylated when their
expression levels are low but carboxylation becomes saturated with higher levels of expression
(10-12). This response presents a major impediment for producing recombinant VKD proteins,
several of which have therapeutic potential, for example in hemophilia and sepsis (13,14).
Coexpression of r-carboxylase with VKD proteins does not improve carboxylation even though
overexpression of carboxylase protein results in a proportional increase in activity (15,16), and
the change in VKD protein/carboxylase stoichiometry due to carboxylase overexpression
actually results in decreased secretion of the VKD protein (i.e. fIX)(16). Intracellular analysis
of fIX BHK and fIX 293 cells that contain endogenous carboxylase or that also express r-
carboxylase suggested that the availability of KH, cofactor may limit carboxylation (16). We
therefore initiated studies to directly analyze the intracellular events in fIX carboxylation in
mammalian cells. Our results indicate that KH, availability regulates the rate of carboxylation
and that r-VKORC1 expression increases this rate but that the effect of r-VKORCL is limited,
possibly due to saturation of at least one additional factor that is also required for VKD protein
carboxylation.
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EXPERIMENTAL PROCEDURES

Construction of the r-VKORC1 expressing plasmid

The human VKORC1 ORF was amplified from the EST clone BC000828 (Open Biosystems)
using the primers VKRC1S (AGATCTACCATGGGCAGCACCTGGGGG) and VKRC1AS1
(TCTAGATCTTCAGTGCCTCTTAGCCTTG) with Hot Master Tagq DNA polymerase
(Fisher). The resulting 510 bp PCR product was cloned into the vector pCR2.1-Topo
(Invitrogen) and the entire VKORC1 ORF was sequenced on both strands, which showed that
it was identical to BC000828. The Bgl Il fragment containing the VKORC1 ORF was then
isolated and ligated to Bam HI-digested ZEM229, which is a vector containing a cassette for
dihydrofolate reductase expression (17), to generate r-VKORC1/ZEM229.

Generation of BHK cell lines stably-expressing fIX or fIX and VKORC1

BHK cell lines that secrete low (i.e. 10 pmol/d/10° cells) or high (200 pmol/d/10° cells) levels
of fIX were used in these studies. The low-producing fIX BHK cells were generated by
transfecting BHK cells with a human fIX cDNA (18) in the expression vector ZEM228, which
contains a cassette conferring resistance to G418 (19), as previously described (20). The high-
producing fIX BHK cells were generated by transfecting BHK cells with the fIX cDNA in the
expression vector ZEM229. Transfected cells were selected in methotrexate (1 uM) and clonal
isolates were screened for fIX by a western (ECL, Amersham) using polyclonal anti-fIX
antibody. VKOR-fIX cells were generated by transfecting the low-producing fIX BHK cells
with VKORC1/ZEM229, followed by selection in methotrexate (1 pM), or by cotransfecting
the high-producing fIX BHK cells with VKORC1/ZEM229 and pPUR (Becton Dickinson),
followed by selection in puromycin (5 pg/ml). Clonal isolates (two dozen from each
transfection) were screened for VKORCL1 expression in a western using antibody generated
against a peptide from the C-terminus of VKORC1 (FRKVQEPQGKAKRH). The antibody
was affinity-purified on a column containing the peptide covalently-coupled to Sepharose.
Those isolates showing the highest levels of expression by western analysis were then tested
for VKOR activity by measuring KO reduction (as described in the following section). Two
independent isolates from each r-VKORCL1 transfection were used in subsequent analysis.

Analysis of VKOR, carboxylase and fIX in fIX BHK and VKOR-fIX BHK cell lines

VKOR activity was determined by measuring KO reduction. KO was prepared by oxidation
of phylloquinone (Sigma), as described (21), and then purified by HPLC using a preparative
C18 column (Vydac) and isocratic elution with methanol. Lysates (400 pl, ~1-2 mg) prepared
as before (22) were incubated with this KO preparation (giving a final concentration of 15
uM KO and 1% methanol) for 1 min, followed by the addition of DTT (to 5 mM) and incubation
for an additional 20 min, all at 20°C. The reaction was quenched by the addition of 800 ul of
isopropanol and hexane (3:2 vol:vol), followed by vortexing and centrifugation for 5 min at
3000 rpm. Most (75%) of the organic phase was transferred to a new tube and the sample was
taken to dryness under nitrogen. Samples were resuspended in ethanol and vitamin K was
analyzed by HPLC as before (23), along with vitamin K standards (250 ng), to determine the
per cent conversion of vitamin K epoxide to quinone. A control reaction with heat-treated
extracts showed that KO reduction was not simply due to DTT. The specific activity of VKOR
in the lysates was determined after quantitation of protein concentrations by BCA (Pierce). For
those experiments that compared the specific activity in cells containing endogenous- or
recombinant VKOR, all relevant lysates were analyzed in a single experiment.

Carboxylase levels were quantitated by an assay that measures [14C]-CO, incorporation into
a peptide substrate (Boc-Glu-Glu-Leu-OMe, Bachem), as previously described (22). A similar
measurement performed on pure carboxylase quantitated by amino acid analysis (23) allowed
this assay to be used for determining the concentration of carboxylase.
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Secreted and intracellular fIX levels were measured using a quantitative western, which gave
values similar to our previously-established ELISA (16). Samples were gel-electrophoresed
along with a standard curve of pure plasma fIX (5-50 ng, Enzyme Research Laboratories).
Protein was transferred to nitrocellulose and the membranes were probed with affinity-purified
polyclonal anti-fIX antibody (0.4 ug/ml), which we previously showed recognizes both
carboxylated and uncarboxylated fIX (16), and goat anti-rabbit antibody conjugated to alkaline
phosphatase (Biorad). Substrate development was with Attophos (Promega), used according
to the manufacturer’s instructions. In those experiments comparing f1X and carboxylase levels
in cell lines expressing endogenous- versus recombinant VKOR, all relevant lysates were
analyzed in a single experiment.

Secreted fIX was also analyzed for Gla content. FIX was isolated from fIX BHK and
VKOR-fIX BHK cells as before (22) but with an additional step that was introduced because
of our observation that fIX secretion is slow (described in the Results). Cells, which were
cultured in the absence of vitamin K, were fluid-changed into vitamin K (2 uM)-containing
serum free media and then fluid-changed again into the same media 8 hr later to remove
uncarboxylated fIX. The cells were then maintained in this media for 3 days, and media was
collected and fIX affinity-purified using a monoclonal antibody (ESN1, American
Diagnostica) that we previously found is capable of recognizing both carboxylated and
uncarboxylated fIX (16). The samples were first analyzed by SDS-PAGE and silver-staining
to verify purity, and then quantitated for Gla content by base hydrolysis followed by resolution
of the amino acids by HPLC on a C18 column and fluorimetric detection, as previously
described (22).

In vitro carboxylation of fIX

Microsomes were prepared from fIX BHK or VKOR-fIX BHK cells cultured in the absence
of vitamin K as previously described (24) except that after the 100,000xg centrifugation step,
the pellets were resuspended in 25 mM Tris-HCI pH 7.4, 250 mM sucrose and 2 mM
phenylmethylsulfonyl fluoride (PMSF) before storage at —80°C. The preparations were
assayed for carboxylase activity and for the amount of fIX-carboxylase complex prior to being
tested for fIX carboxylation. A microsomal aliquot (500 pl) was adjusted to 0.5 M NaCl and
then solubilized with CHAPS (0.5% final concentration), followed by centrifugation at
100,000xg for 1 hr. All steps were at 4°C. The supernatant was incubated with anti-fIX
Sepharose (100 pl, 2 mg/ml affinity-purified polyclonal anti-fIX coupled to CNBr-activated
Sepharose) by overnight nutation. Aliquots (2x10 pl) of this starting slurry were reserved and
the remaining sample was centrifuged (1000xg, 1 min) and aliquots (2x10 pl) of the unbound
material were saved. The resin was then washed by four successive rounds of centrifugation
(1000xg, 1 min) and incubation for 1 min in 1 ml of 50 mM Tris-HCI pH 7.4, 500 mM NacCl,
0.25% CHAPS, 0.25% phosphatidyl choline and 5 mM dithiothreitol. Aliquots (2x10 pl) of
the 1.1 ml slurry were removed on the final wash. Starting slurry, unbound material and washed
resin were then assayed for carboxylase activity, which showed that 88-90% of the carboxylase
was present as a fIX-carboxylase complex and which is similar to values previously obtained
for cell lines (25). This characterization allowed a determination of the amount of [14C]-CO,
incorporation into fIX (using a specific activity of 50 cpm/pmol for 14C0O,).

In vitro carboxylation of fIX was then performed by incubating the microsomes (11 mg) in a
reaction mixture (2.9 ml) containing 0.5 M ammonium sulfate, 0.06% phosphatidyl choling,
0.06% sodium cholate, 0.14% CHAPS, 2 mM [14C]-CO,, 12 mM DTT and 100 mM Tris-HCI
pH 7.4. These optimal reaction conditions for VKOR-supported carboxylation were
established by permuting the pH (over the range 6.6-7.4), type of salt (KCI, NaCl and
ammonium sulfate) and salt concentration (0.1-1 M), type of detergent (Triton X, CHAPS and
sodium cholate) and ratio of phospholipid to detergent (from 1:2 to 2:1). The samples were
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incubated at 20°C for 5 min, an aliquot (450 pul) was removed (the zero time point) and the
reaction was then initiated by the addition of KO or KH, (both at a final concentration of 16
uM; the KH, was generated as described (26) and dissolved in the same solvent (methanol) as
KO). Aliquots (450 pl) were removed at varying times, as indicated in the Results, and were
quenched by the addition of 50 ul of 10% Triton X and stored on ice. The fIX in the samples
was then immunoprecipitated prior to gel electrophoresis. The immunoprecipitation method
was validated in pilot experiments: microsomes from fIX BHK and r-carboxylase-fIX cells
((24); used because they gave a much higher signal) were in vitro carboxylated using KH, and
duplicate aliquots were then either gassed with CO, (to remove [14C]-CO,) and directly
analyzed on SDS-PAGE followed by Phosphorimager quantitation or were first
immunoprecipitated, using a range (5-20 pg) of affinity-purified polyclonal anti-fIX antibody,
before gel electrophoresis. This test showed that fIX was quantitatively recovered in the
immunoprecipitation, even at the lowest antibody concentration used, and that both methods
gave the same results. Immunoprecipitation was therefore used in subsequent experiments
because more sample could be analyzed, affording a substantial increase in signal.

For the immunoprecipitation of the in vitro carboxylation time course, the samples were
centrifuged (15,000xg, 15 min, 4°C) and 450 pl of the supernatant was diluted with 450 pl of
1% Triton X, followed by the addition of anti-fIX antibody (20 pg) and protein A agarose (50
ul, Sigma). After overnight incubation, the resins were washed by four successive rounds of
centrifugation (1000xg, 1 min) and resuspension in 1 ml of buffer A (300 mM NacCl, 0.05%
Tween 20, 0.1% SDS, and 20 mM Tris-HCI pH 7.4). All of the immunoprecipitation steps
were performed at 4°C. After the final centrifugation, SDS-PAGE loading dye (100 pl) was
added to the resins, followed by boiling and centrifugation for 5 min at 5000xg. Aliquots (75
ul) were then gel-electrophoresed along with 14C-BSA standards used for quantitating the
amount of [14C]-CO, incorporation into fIX. Protein was transferred to nitrocellulose (to
increase the sensitivity of detection) and the membranes were then exposed to Phosphorimager
screens for approximately one month, followed by quantitation using ImageQuant software
(Amersham).

Pulse-chase analyses of fIX BHK and VKOR-fIX BHK cell lines

Cell lines were analyzed in pulse-chase studies to follow the fate of newly-synthesized fIX.
Cells cultured without vitamin K (at 50% confluence) were fluid changed 24 hr prior to the
pulse into culturing media that either lacked or contained vitamin K (2 puM). Both the quinone
form (i.e. phylloquinone, Sigma) and epoxide form (prepared as described above) were tested,
as indicated in the Results, and both forms were dissolved in the same solvent (methanol).
Control BHK cells were processed in parallel. One hr before the pulse the cells were rinsed
with prewarmed PBS and then starved in media that lacked Met and Cys (GibcoBRL) and
contained 1 mM pyr, 2 mM GIn and 0 or 2 uM vitamin K. Cells were then fluid changed with
prewarmed PBS and pulsed for 10 min in the same media except for the addition of fetal calf
serum (charcoal-treated (Atlanta Biologicals) and present at a final concentration of 1%)

and 3°S-Cys/Met (20 uCi/ml, ICN). Cells were then fluid changed and incubated in
nonradiolabeled chase media (DMEM/F12 (Sigma), 1% fetal calf serum, 1 mM pyr, 2 mM GIn
and 0 or 2 uM vitamin K) for varying lengths of time, as indicated in the Results. Media was
harvested and adjusted to 1 mM PMSF. Cell lysates were prepared by rinsing the cells with
cold PBS, followed by the addition of lysis buffer (1% Triton X100, 0.15 M NaCl, 10 pg/ml
aprotinin, 40 pg/ml bestatin, 10 ug/ml leupeptin, 0.8 ug/ml pepstatin, 2 mM PMSF, 10 mM
iodoacetamide, and 50 mM Tris-HCI pH 7.4; all inhibitors were from Roche) and incubation
on ice for 20 min. The lysates were then centrifuged at 14,000xg, 10 min, 4°C and the pellet
was discarded. FIX was immunoprecipitated from cell lysates and media (using 20-50% of
the sample) with affinity-purified polyclonal anti-fIX antibody. Control experiments were first
performed with increasing concentrations of anti-fIX antibody (2—-20 pg), which showed that
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the amount (i.e. 10 pg) used in subsequent analyses resulted in quantitative recovery of fIX.
Samples were incubated with anti-f1X antibody and protein A agarose (50 pl, Sigma) overnight
at 4°C and then washed by four successive rounds of centrifugation (1 min, 1000xg) and
incubation for 1 min in 1 ml buffer A, all at 4°C. After the last centrifugation, 100 pl of SDS-
PAGE loading buffer was added and the samples were boiled and then recentrifuged for 5 min
at 5000xg. Aliquots (75 ul) were then gel-electrophoresed and the gel was dried and processed
by Phosphorimager (Amersham).

To compare the effect of different vitamin K forms on fIX carboxylation, cells were analyzed
as above except that vitamin K was not added to the cells until the time of the chase. During

the chase, cells were incubated in either the quinone or epoxide form of vitamin K, both at final
concentrations of 2 uM. Pulse-chase analysis was also performed in the presence or absence

of warfarin. Cells were pulsed and chased as above except that all of the media (i.e. for starving,
pulsing and chasing the cells) contained varying concentrations of warfarin (0-2 uM).

Analysis of fIX carboxylation and secretion in fIX BHK cells

We previously found that pulse-chase analysis could detect fIX carboxylation in vivo because
the conversion of Glus to Glas caused a shift in fIX migration on SDS-PAGE (16). In that
study, the cells were pulsed in the absence of vitamin K and then chased in the presence of
vitamin K. The lack of vitamin K had the potential to cause precursor pool buildup, as observed
during warfarin treatment (27), and we therefore adapted the pulse-chase approach in the
present studies for analysis under steady state conditions of vitamin K. A BHK cell line
secreting relatively low levels of fIX (10 pmol/d/106 cells) was incubated for 24 hr in vitamin
K and then radiolabeled for a time sufficiently short (10 min) so that most of the fIX was
uncarboxylated by the end of the pulse. The cells were then chased in nonradiolabeled media
for varying times to follow the fate of the newly-synthesized fIX (Fig. 2). A parallel pulse-
chase was performed in the absence of vitamin K. FIX carboxylation was observed only in
cells containing vitamin K, as evidenced by the characteristic shift in intracellular fIX migration
on SDS-PAGE that occurs upon carboxylation (Fig. 2B). Subsequent secretion of fIX was
observed both in cells that contained or lacked vitamin K, showing that carboxylation was not
obligatory for secretion (Fig. 2A). Quantitation showed that by 5 hr, 70% of the newly-
synthesized fIX in the vitamin K-containing BHK cells was secreted (Fig. 3A), similar to results
previously obtained with this cell line (16). That pulse-chase study also included a 22 hr time
point, which showed that 100% of the fIX is ultimately secreted into media (16).

The rate of fIX secretion was significantly slower than the rate of carboxylation over the course
of the experiment. By the 90 min chase time over half (56%) of the fIX in vitamin K containing
cells was carboxylated but only a small fraction (7%) was secreted from the cell (Fig. 3A). By
the time fIX secretion was substantial (180 min), 80% of the uncarboxylated fIX had
disappeared (Fig. 2B). The intracellular fIX was endoglycosidase H sensitive (data not shown)
as previously observed (16)), indicating its localization to either the ER or cis Golgi. Transit
to the medial and trans Golgi results in subsequent processing of the N-glycosyl groups as well
as O-glycosylation of fIX, which together generate a secreted fIX with a molecular weight that
is larger than that of the intracellular form (Fig. 2A versus B). The medial/trans Golgi forms
are present in trace amounts that can only be detected with longer exposures (data not shown).
Thus, both carboxylated and uncarboxylated fIX reside for an unusually long time in the ER/
cis Golgi, followed by rapid translocation through the Golgi and exit from the cell.

Interestingly, the fIX BHK cells contained a precursor pool of fIX even under steady state
conditions of vitamin K. Thus, western analysis revealed uncarboxylated fIX (Fig. 4), and a
quantitative western showed that the amount of uncarboxylated fIX represented 65% of the
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intracellular population and corresponded to 7.04 pmol/mg lysate. The intracellular
carboxylase concentration could also be quantitated because the specific activity of the
carboxylase is known (determined by comparing carboxylase activity of pure enzyme to the
amount of protein quantitated by amino acid analysis, (23)). An activity assay on the lysates
indicated a value of 0.16 pmol/mg, showing that the intracellular stoichiometry of the
carboxylase to uncarboxylated fIX was 1:44.

Gla quantitation showed that fIX secreted from the fIX BHK cells was extensively
carboxylated. Thus, when quantitation was performed on fIX purified from the media of cells
cultured in vitamin K, the secreted fIX was found to have a Gla content of 11.2 +/— mol Gla
per mol fIX (versus <0.2 mol Gla per mol f1X for fIX secreted from cells cultured in the absence
of vitamin K). The value for the carboxylated fIX is slightly higher than previously reported
(11) due to the use of steady-state vitamin K conditions in the present study (see Experimental
Procedures). The observations that most (93%) of the fIX secreted from the cells is
carboxylated even though uncarboxylated fIX can be secreted (Fig. 2A) indicates that the
events that occur during fIX secretion impact the extent of carboxylation of secreted VKD
protein. As presented in more depth in the Discussion, this impact is likely due to the slower
rate of secretion compared to carboxylation (described above) as well as preferential secretion
of carboxylated fIX. Thus, in the presence of vitamin K almost all of the newly-synthesized
fIX in this low-producing fIX BHK cell line was ultimately carboxylated and secreted. These
data indicate that carboxylation and the processes preceding and following carboxylation are
not saturated in these cells.

The intracellular analysis allows a determination of the rate of in vivo fIX turnover

The combined pulse-chase analysis and quantitation of intracellular fIX and carboxylase levels
allowed a determination of the rate of in vivo fIX turnover. The turnover was measured using
early chase times (0-60 min), when the rate was linear. Turnover was determined by using
either the rate of disappearance of uncarboxylated fIX (Fig. 3C) or the rate of appearance of
carboxylated fIX (not shown), which was possible because all of the fIX was intracellular over
this time frame. Both measurements gave equivalent values and indicated that 32% of the fIX
was turned over in the first 60 min. This per cent corresponded to 14 fIX molecules/hr/
carboxylase based on the 44:1 stoichiometry of carboxylase and fIX (previous section).

Two other factors that might affect the turnover determination were considered. The possibility
that synthesis of nonradiolabeled fIX that occurs during the chase might significantly change
the pool size was tested by performing pulse-chase analyses with cells chased in the presence
or absence of cycloheximide. We found that the rate of radiolabeled fIX turnover was the same
under both conditions (data not shown). Presumably, the pool size is much larger than the
amount of fIX synthesized during the chase, which indicates that fIX synthesized during the
chase did not affect the rate determination. A second consideration was the amount of vitamin
K used in the pulse-chase analyses. The fIX BHK cells analyzed in Fig. 2 were maintained in
2 uM vitamin K; however, analysis performed with vitamin K concentrations as high as 50
uM gave similar amounts of fIX carboxylation (Supplemental Figure 1).

VKOR supports most if not all fIX carboxylation in BHK cells

The vitamin K used in cell culture media is the quinone rather than reduced (i.e. KHy) form
because KH, is rapidly oxidized in media, and intracellular reduction is therefore required. As
discussed in the Introduction (Fig. 1), in liver the quinone form of vitamin K can be reduced
either by VKOR or by a warfarin-resistant high K, quinone reductase that can support VKD
protein carboxylation when vitamin K concentrations are high (28). The identity of the
warfarin-resistant quinone reductase is not known, nor is it known whether it is present in other
tissues. Kidney, from which BHK cells are derived, contains at least one known warfarin-
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resistant quinone reductase, i.e. the flavoprotein QR2 (29), which has been implicated in
metabolism of the vitamin K isoform menadione (30). Kidney also contains the warfarin-
sensitive QR1 (or DT-diaphorase) (31), which was originally proposed to be important to
carboxylation but more recently is thought to have a role in quinone detoxification (32). A high
Km quinone reductase could be functionally significant in cultured cells because of the high
concentrations of vitamin K that are typically used; however, whether quinone reductases other
than VKOR contribute to VKD protein carboxylation in mammalian cells has not been
investigated.

To determine whether the BHK cells contain a warfarin-resistant quinone reductase that can
support carboxylation, pulse-chase analysis was performed on fIX BHK cells treated with
increasing amounts of warfarin. As shown in Fig. 5, warfarin totally inhibited fIX carboxylation
at concentrations as low as 0.1 uM, indicating that in BHK cells a warfarin-resistant quinone
reductase does not contribute significantly to generation of KH,. This interpretation was
consistent with results obtained from a second experiment, in which the quinone and epoxide
forms of vitamin K were compared for their ability to support fIX carboxylation. FIX BHK
cells were pulsed in the absence of vitamin K and then chased in either KO, which can be
reduced only by VKOR, or K, which can be reduced by both VKOR and quinone reductase(s)
(that are either warfarin sensitive or resistant). This analysis showed that the rate of fIX
carboxylation was the same for both vitamin K forms (Fig. 6). As presented below, the
availability of KH> limits carboxylation, and so the observation that the rate was not any faster
in the K-containing cells indicates that quinone reductase(s) did not significantly contribute to
carboxylation and supports the conclusion that VKOR is responsible for generating most or
all of the KH,, that drives VKD protein carboxylation in the fIX BHK cells.

VKOR limits the rate of in vitro fIX carboxylation

The ability of VKOR to support VKD protein carboxylation in vitro was tested by comparing
the dependence of fIX carboxylation on KHo, the cofactor form used directly by the
carboxylase, to that of KO which requires VKOR reduction. Microsomes were prepared from
fIX BHK cells (i.e. those analyzed in Figs. 2-6), which were cultured in the absence of vitamin
K so that all of the fIX was uncarboxylated. Carboxylation was initiated by the addition of
vitamin K (KH, or KO) and [*4C]-CO, incorporation into fIX was monitored by SDS-PAGE
and Phosphorlmager, which showed that both vitamin K forms effected multiple Glu to Gla
conversions in fIX as evidenced by the retarded migration of fIX (Fig. 7). KO-, but not KHy-,
supported fIX carboxylation was inhibited by warfarin, as would be expected for a
carboxylation reaction mediated by VKOR. The reaction mixtures with KO also contained
DTT, which functionally substitutes for the reductant product of the redox protein that
regenerates VKOR activity (33), and in the absence of DTT fIX carboxylation was substantially
decreased (Fig. 7, lanes 5 vs. 8). The extent of fIX carboxylation was significantly higher with
KH, than KO, suggesting large rate differences between the two cofactor forms, and so the
rate of fIX carboxylation was determined using shorter incubation times.

KH,-dependent fIX carboxylation was nonlinear (Fig. 8A), which is likely due to rapid
carboxylation and slow VKD product release. Thus, previous analyses showed that most of
the carboxylase in the fIX BHK cells exists in a complex with fIX (2,16,25). In the experiment
shown in Fig. 8, a single turnover of fIX-carboxylase complex would be predicted to yield
3.1x107 counts of [14C]-CO, incorporated into fIX based on the amount of fIX-carboxylase
complex used in the assay (1.2 pmol per time point), which is similar to the value that was
observed. Quantitation of the amounts of fIX and carboxylase in microsomes showed that the
stoichiometry of f1X to carboxylase was 50:1, indicating that free fIX was available for multiple
turnovers. The combined data, then, indicate that the kinetics of carboxylation of the preexisting
fIX-carboxylase complex in microsomes is similar to that of purified f1X-carboxylase complex,
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which undergoes rapid fIX carboxylation (i.e. min) but slow release (i.e. hrs) of the
carboxylated fIX product (2,16).

In contrast to KH»-dependent carboxylation, KO-dependent fIX carboxylation was linear and
substantially slower (Fig. 8B). The amount of [14C]-CO, incorporation at the end of the reaction
(4x106 counts) was less than would be predicted for a single fIX turnover, suggesting that the
fIX-carboxylase complexes did not result in full carboxylation. The most likely explanation
for the linearity is therefore that the observed rate of carboxylation measures only a single
turnover, i.e. of the preexisting fIX-carboxylase complex. The early phase of KH»-dependent
carboxylation was ~400-fold faster than the rate of KO-dependent carboxylation (Fig. 8), and
may be even greater because the KH,-mediated reaction was rapid and consequently nonlinear
with the time points measured. One possible explanation for the large difference in KO versus
KH,-dependent rates of carboxylation is that the in vitro conditions were more optimal for
carboxylase than VKOR, and we therefore repeated these experiments under varying
conditions of pH (6.6—7.4) and ionic strength (0.1-1M KCI, NaCl orammonium sulfate). These
analyses all showed much lower KO than KH,-dependent fIX carboxylation, suggesting that
VKOR reduction of KO to KH, limits the rate of fIX carboxylation. We therefore tested
whether VKOR might also be limiting in vivo.

VKOR overexpression causes a small increase in the rate of in vivo fIX carboxylation

The characteristics of the fIX BHK cell line analyzed in Figs. 2—6 made it an excellent candidate
for testing whether VKOR overexpression improves carboxylation in vivo. First, the fact that
these cells contain a fIX precursor pool reveals that fIX turnover by the carboxylase is rate-
limiting rather than protein synthesis and other processes preceding carboxylation, and offers
the opportunity to test whether VKOR overexpression increases the ability of the carboxylase
to turnover this fIX precursor pool more rapidly. Second, an important feature is that almost
all of the newly-synthesized fIX is ultimately carboxylated and secreted, which means that the
cellular components required for carboxylation and the secretory processes following
carboxylation are not saturated and that the only variable introduced into the overall process
is VKOR overexpression. We therefore established fIX BHK cells stably-transfected with the
cDNA encoding a catalytic subunit of VKOR, r-VKORC1. Western analysis using an antibody
against the C terminus of VKORCL1 identified a protein (Supplemental Figure 2A) with a mass
consistent with the 17 kD size predicted by the VKORCL1 sequence (5,6). The r-VKORCL1 was
functional, as the VKOR-fIX BHK cells showed 14-15-fold increases over the progenitor fIX
BHK cells in ability to reduce KO (Table 1). Intracellular fIX and carboxylase levels were also
measured in these cell lines, which showed that the concentrations were the same for fIX BHK
and VKOR-fIX BHK cells. Thus, the stoichiometry of fIX and carboxylase, which had the
potential to affect the carboxylation process (16), was unchanged by VKOR overexpression.

FIX turnover in BHK and VKOR-fIX BHK cells was analyzed by pulsing the cells for a short
time (10 min) and then chasing for up to 30 min, all in the presence of vitamin K. This analysis
showed that fIX turnover was faster in cells overexpressing VKOR (Fig. 9). FIX turnover could
be quantitated by measuring either the rate of disappearance of uncarboxylated fIX or the rate
of appearance of carboxylated fIX, which was possible because all of the fIX was intracellular
during the short chase time used. Both determinations gave a rate that was 2.2-fold faster in
cells overexpressing VKOR (shown for the rate of disappearance of uncarboxylated fIX in Fig.
10). The difference in rates was small but reproducible, as it was observed in four separate
experiments like that shown in Fig. 9. This pulse-chase analysis was performed with the
quinone form of vitamin K, which was used because it is the normal dietary and therefore
physiological form. The rate of fIX carboxylation in fIX BHK and VKOR-fIX BHK cells was
also tested using the epoxide form of vitamin K, which gave similar results to that of the quinone
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form (Fig. 11). These analyses indicate, then, that carboxylation is rate limiting in the fIX BHK
cells and that VKOR activity regulates fIX turnover.

VKOR overexpression causes a large increase in the rate of in vitro fIX carboxylation

In vitro carboxylation was performed because it allowed a test of the effect of VKOR
overexpression on fIX carboxylation that is independent of the redox protein required for
VKOR activity. Microsomes prepared from fIX BHK and VKOR-fIX BHK-2 cells were
incubated in a reaction mixture containing [1#C]-CO, and either KH, or KO and DTT, which
functionally substitutes for the redox protein. KH,-dependent in vitro carboxylation of the
VKOR-fIX BHK-2 microsomes gave similar kinetics to that observed with fIX BHK
microsomes (i.e. as in Fig. 8). Both reactions started to plateau at a value (3.3x107 counts) that
indicated only a single turnover of fIX (data not shown), consistent with the fact that the
carboxylase levels (and therefore the amount of fIX-carboxylase complex) were the same in
both of the cell lines (Table 1). In contrast, KO-dependent in vitro fIX carboxylation did not
plateau (Fig. 12), consistent with the amount of carboxylation observed by the final time point
(i.e. 2.5x107 counts for the VKOR:fIX BHK-2 microsomes) being less than that predicted for
a single turnover. The rate of fIX carboxylation was 14-fold higher in the microsomes from
BHK cells overexpressing VKOR. This increase was similar to the increase in KO reduction
caused by VKOR overexpression (Table 1) and was significantly higher than the fold-increase
in rate of fIX carboxylation observed in the pulse-chase analysis (Fig. 10).

VKOR overexpression increases the extent of carboxylation of fIX secreted from high-
producing fIX BHK cells

The acceleration in rate of fIX carboxylation caused by r-VKORCL1 expression (Fig. 10) raised
the possibility that similar overexpression in cells that are saturated for carboxylation might
increase the extent of carboxylation of the secreted fIX. To test this possibility, -VKORC1
was stably-transfected into a high-producing fIX BHK cell line that secretes fIX with a Gla
content of 2.4 mol Gla per mol fIX (Table 2). This value was determined by purifying the
secreted fIX using a MADb that recognizes both carboxylated and uncarboxylated forms (16),
and performing Gla quantitation on the purified protein. r-VKORC1 expression in the high-
producing fIX BHK cells (Supplemental Figure 2B) resulted in a 15-fold increase in VKOR
activity but no change in the levels of carboxylase or intracellular fIX (data not shown). The
amount of secreted fIX in the fIX BHK and VKOR-fIX BHK cell lines was also quantitatively
similar but showed qualitative differences, with r-VKORC1 expression resulting in a 2.6-fold
increase in Gla content, from 2.4 to 6-6.2 (Table 2). Thus, VKOR overexpression partially
corrected the saturation in fIX carboxylation in the high-producing fIX BHK cells.

DISCUSSION

Our previous studies (16) suggested that the availability of reduced vitamin K is limiting and
is the reason why carboxylation of VKD proteins becomes saturated when their expression
levels are high, and we therefore analyzed the effect of VKOR overexpression in fIX BHK
cells. Pulse-chase analyses in the presence or absence of warfarin or using different forms of
vitamin K indicated that VKOR accomplishes most, if not all, vitamin K reduction that supports
fIX carboxylation in BHK cells. This cell line contained endogenous VKOR activity (Table
1) that can account for KO-dependent in vivo fIX carboxylation (Figs. 6 and 11). The rate of
carboxylation was not any faster when the quinone form of vitamin K was used (Fig. 6),
indicating that quinone reductases other than VKOR do not augment carboxylation. VKOR is
inhibited by warfarin, which totally abolished fIX carboxylation (Fig. 5) and which
demonstrates that the alternative pathway present in liver which uses a warfarin-resistant
quinone reductase to generate reduced vitamin K is not operational in the kidney-derived cells.
This observation suggests that during warfarin therapy, kidney may respond similarly to that

Biochemistry. Author manuscript; available in PMC 2008 August 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hallgren et al.

Page 11

of bone, which does not show restored carboxylation of the VKD protein osteocalcin when
vitamin K is coadministered with warfarin (34). This difference in response between liver and
bone (and possible kidney) could be due to either the lack of the quinone reductase or to the
accumulation of sufficiently high amounts of intracellular vitamin K for activity.

To analyze fIX carboxylation we used both low- and high-producing fIX BHK cell lines. We
found that the low-producing fIX BHK cells contained a fIX precursor pool (Fig. 4) that was
ultimately almost all carboxylated (93%) and secreted (Fig. 3 and (16)). This cell line was
therefore used to test the effect of VKOR overexpression on intracellular fIX turnover because
it provided the advantage that the components that facilitate carboxylation and secretion are
not saturated and so the only variable introduced into the system is VKOR overexpression.
The effect of r-VKORCL1 on a high-producing fIX BHK cell line that inefficiently carboxylates
fIX was also tested to determine whether VKOR overexpression improved the extent of
carboxylation of secreted fIX. Combined in vitro and in vivo analyses showed that vitamin K
reduction regulates the rate of fIX carboxylation. Thus, the rate of in vitro fIX carboxylation
was at least 400-fold faster when driven by chemically reduced KH, than by KO that requires
VKOR reduction (Fig. 8) and was substantially increased by VKOR overexpression (Fig. 12).
r-VKORC1 expression resulted in a 2.2-fold increase in rate of fIX carboxylation in low-
producing fIX BHK cells (Figs. 9—-11) and a similar increase in extent of carboxylation of
secreted fIX in high-producing fIX BHK cells (Table 2). Notably, these increases were small
compared to the amount of VKOR activity overexpression (15-fold, Table 1). When
microsomes from the fIX BHK and VKOR-fIX BHK cells were tested for fIX carboxylation
in vitro, r-VKORC1 caused a much larger increase (14-fold, Fig. 12) in the rate of fIX
carboxylation that was nearly equivalent to the amount of VKOR activity overexpression
(Table 1). Thus, r-VKORCL1 is fully functional for supporting VKD protein carboxylation but
its effect is limited in vivo.

One explanation for the limited effect of r-VKOR is that VKOR overexpression saturates
another component of the carboxylation system, and a likely saturable component is the redox
protein required for VKOR activity. VKOR is oxidized and inactivated during each conversion
of KO to KH5 and active enzyme is regenerated by a redox protein (Fig. 1). DTT that
functionally substitutes for the reductant generated by the redox protein (33) was used in the
in vitro fIX carboxylation assay, which may explain why the increase in rate of f1X
carboxylation in vitro was proportional to the amount of VKOR overexpression. In cultured
cells, then, VKOR overexpression and consequent change in stoichiometry of VKOR to redox
protein may saturate VKOR activity regeneration. The identity of the redox protein is currently
unknown. Also unknown is whether other cell lines contain similar amounts of this protein,
which could impact the ability of r-VKORCL1 to increase carboxylation in these lines. Two
recent papers (35,36), which examined the effect of r-VKORC1 on VKD proteins secreted
from BHK or 293 cells, also reported only 2—-3-fold increases in the extent of carboxylated,
secreted protein. Our determinations of the rates of in vitro and in vivo carboxylation suggest
the possibility that the redox protein is critical to efficiency of carboxylation and that larger
increases in carboxylation may not be possible until it is identified and coexpressed with
VKORCI1.

The effect of r-VKORCL1 could also be limiting, however, if the increase in rate of carboxylation
results in another step becoming rate limiting. As discussed in the Results, the in vitro
carboxylation assays (Figs. 8, 12) likely measure the rate of f1X carboxylation in only a single
turnover of fIX. In contrast, the in vivo rate determinations (Figs. 3, 10) measure multiple fIX
turnovers and therefore the rate is the sum of fIX binding, multiple Glu carboxylations, and
product release. If the rate of Glu carboxylation is only marginally slower than that of another
step, then VKORC1 expression may cause a large increase in carboxylation but the contribution
of this other step could result in there being only a small increase in overall turnover.
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The observation that carboxylation was the rate limiting step in fIX turnover was surprising
because previous in vitro studies indicated that release was rate limiting. Thus, in vitro
carboxylation of a preformed flX-carboxylase complex results in full carboxylation of the fIX
within ~2 min but release of this fIX product takes hrs (2,16). Likewise, the off-rate of a fully-
carboxylated propeptide-containing fIX peptide is 50-fold slower than the rate of Glu
carboxylation (37). The combined results indicate, then, that there is something different about
release in vivo. This difference may account for the contrast in rates of f1X turnover observed
in vivo and in vitro. Thus, our determination of the in vivo rate of fIX turnover (14/hr/
carboxylase), which is the first such reported value, showed that the turnover is 14-28-fold
faster than that observed in vitro with propeptide-containing fIX and purified carboxylase (2,
3). The fold difference may be even greater because the in vitro assays are performed using
saturating amounts of KH, while in the fIX BHK cells the generation of KH is rate limiting.
The more rapid turnover of f1X in vivo suggests that fIX release from the carboxylase is more
efficient in the fIX BHK cells, possibly because the interaction of VKD proteins and
carboxylase is facilitated as observed with other multiprotein complexes assembled in the ER
(38).

The intracellular analyses were revealing with regard to how the extent of carboxylation of
secreted VKD proteins can be impacted by the events that occur during VKD protein secretion.
The studies showed that low-producing fIX BHK cells contain a precursor pool of
uncarboxylated fIX (Fig. 4) present in 44-fold excess over the carboxylase, which pulse-chase
analysis showed is ultimately all secreted (Fig. 3 and (16)). Gla quantitation showed that almost
all (93%) of the fIX secreted from the cells is carboxylated, which is of interest because pulse-
chase analysis in the absence of vitamin K showed that carboxylation is not obligatory for
secretion (Fig. 2A). One mechanism that can reconcile these observations was revealed by
pulse-chase analysis which showed that ER egress of fIX was slow: 93% of the fIX was still
present in the ER after 90 min (Figs. 2,3), and this residence time is much longer than typically
observed with other secreted proteins (39). During this time, 56% of the fIX was carboxylated
(Fig. 3). Thus, the slow exit of f1X from the ER allowed more time for multiple fIX turnovers.
A second mechanism that can help explain the extent of carboxylation of the secreted fIX is
preferential secretion of carboxylated fIX. Thus, the population of uncarboxylated to
carboxylated fIX was ~2:1 (Fig. 4), which would predict a value of 4 mol Gla per mol of
secreted fIX rather than the observed value (11.2) in the absence of any selection. One possible
step where preferential secretion of carboxylated fIX may occur is during exit from the ER:
egress is mediated by cargo receptors (not yet identified for fIX) that may show specificity for
carboxylated over uncarboxylated protein. An interesting question, then, is how/whether these
mechanisms are affected by high production of VKD proteins, where the extent of
carboxylation of secreted protein is decreased (e.g. Table 2). Presumably, the balance between
secretion and carboxylation is disrupted, resulting in a secreted VKD protein population that
comprises a mixture of fully carboxylated and uncarboxylated (and possibly
undercarboxylated) protein.

The observation of a VKD protein precursor pool in a cell line raises the question of whether
such pools normally exist in tissue. Precursor pool buildup is known to occur when vitamin K
is limiting, e.g. during warfarin treatment, however whether such pools exist when vitamin K
is plentiful is unknown. This issue is important because tissues express multiple VKD proteins
(e.g. atleast seven in liver) and the VKD proteins exhibit wide differences in propeptide affinity
(40). Consequently, the presence of precursor pools could potentially result in competition
between different VKD proteins for the carboxylase.

Secretory events can also impact the carboxylation status of secreted VKD proteins by a
filtering mechanism which our results indicate is not the same for all VKD proteins. Thus,
substantially less protein C and protein Z are secreted in the absence than presence of vitamin
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K (41,42). For protein C, this difference has been shown to be due to preferential degradation
of the poorly carboxylated protein via the proteasomal pathway (42). FIX did not show such
a response: pulse-chase analysis showed that the newly-synthesized fIX was ultimately all
secreted even in the absence of vitamin K (Fig. 2 and (16)). This difference was not cell line
specific because all three of these VKD proteins were analyzed in BHK cells. These
observations indicate, then, that secretory processing is not necessarily the same for all VKD
proteins.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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vitamin K-dependent
VKOR

vitamin K oxidoreductase
VKORC1

vitamin K oxidoreductase component 1
fIX

factor IX
KH>

vitamin K hydroquinone
KO

vitamin K epoxide
ER

endoplasmic reticulum
K

vitamin K quinone
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Figure 1. Vitamin K reduction is required for VKD protein carboxylation

The carboxylase (Carb) converts 12 Glus to Glas (y) and 12 vitamin K hydroguinones (KH,)
to vitamin K epoxide (KO) in the carboxylation of a single molecule of factor 1X (fIX). The
vitamin K oxidoreductase (VKOR) recycles KO to KHy, which results in oxidation of active
site thiols and inactivation of this enzyme. Reduction by an unknown redox protein regenerates
VKOR activity. The dashed arrow shows a second route for KH, generation, via one or more
quinone reductase(s) (QR) that convert vitamin K quinone (K) to KHo.
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Figure 2. Analysis of fIX carboxylation and secretion in a low-producing fIX BHK cell line

FIX BHK cells were radiolabeled (10 min) in media containing 3°S-Met/Cys and then chased
for the indicated times in unlabeled media, all in the absence or presence of vitamin K (2 uM).
FIX in media (A) or cell lysates (B) was then immunoprecipitated with saturating amounts of
anti-fIX antibody, followed by SDS-PAGE and Phosphorimager analysis. The filled and
hollow arrows indicate uncarboxylated or carboxylated fIX, respectively, as previously shown
by Gla quantitation of the two forms (16). Undercarboxylated (i.e. 1-11 mol Gla/mol fIX) fIX
migrates as a smear of forms. M indicates molecular weight markers and BHK the untransfected
progenitor cell line, which was radiolabeled for 10 min and then immediately harvested. The
intracellular fIX is located in the ER whereas the secreted fIX has undergone modifications in
the Golgi, which accounts for the difference in molecular weights between the intracellular
and secreted fIX.
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Figure 3. Quantitation of fIX carboxylation and secretion in a low-producing fIX BHK cell line
The gels shown in Fig. 2 were quantitated by Phosphorlmager to determine the amount of
intracellular (A, A) or secreted (e, o) fIX present in cells containing (A) or lacking (B) vitamin
K. The amount of intracellular carboxylated fIX (i.e. both partially and fully carboxylated fIX,
m, 0) was also quantitated. Part C shows the rate of disappearance of uncarboxylated fIX over
the first hr, when all of the fIX was still intracellular, in cells containing (@) or lacking (<)
vitamin K. The entire experiment was performed twice and gave nearly identical results.
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Figure 4. Low-producing fIX BHK cells contain an intracellular precursor pool of uncarboxylated
fIX

Lysates were prepared from fIX BHK cells cultured in the absence (—K) or presence (+K) of
vitamin K and equivalent amounts of protein (50 pg) were analyzed in a western using
polyclonal anti-fIX antibody that detects both carboxylated and uncarboxylated fIX.
Quantitative western analysis (not shown) confirmed the larger amount of uncarboxylated f1X
(lower band) in cells cultured without vitamin K, which presumably is due to precursor pool
buildup (as occurs with warfarin treatment).
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Figure 5. FIX carboxylation in fIX BHK cells is abolished by warfarin

FIX BHK cells were pulsed (1 hr) in media lacking vitamin K and then chased (3 hr) in media
containing the quinone (A) form of vitamin K (2 uM), all in the presence of increasing
concentrations of warfarin. A control pulse-chase with KO (2 uM, m), which can only be
reduced by VKOR, was processed in parallel. FIX immunoprecipitated from cell lysates and
subjected to SDS-PAGE was quantitated for the amount of carboxylated fIX by
Phosphorlimager analysis. The amount of carboxylation in the absence of warfarin is defined
as 100%.
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Figure 6. Vitamin K quinone and epoxide forms effect similar rates of fIX carboxylation in fIX
BHK cells

FIX BHK cells were radiolabeled (1 hr) in media lacking vitamin K and then chased for the
indicated times in media containing either the epoxide (KO) or quinone (K) form of vitamin
K (2 uM). FIX immunoprecipitated from media or cell lysates was then subjected to SDS-
PAGE and Phosphorimager analysis. The hollow and filled arrows indicate, respectively,
carboxylated and uncarboxylated fIX. Cells lacking vitamin K contain a larger fIX precursor
pool (Fig. 4), which accounts for the different 3°S-fIX turnover in this experiment than that
shown in Fig. 2. M indicates molecular weight markers and BHK is the untransfected cell line,
which was pulsed for 1 hr and then immediately harvested.
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Figure 7. KO versus KH»-dependent in vitro fIX carboxylation

Microsomes prepared from fIX BHK cells cultured in the absence of vitamin K were incubated
for 30 min in the absence (—K) or presence of the hydroquinone (KH,) or epoxide (KO) form
of vitamin K, followed by SDS-PAGE and Phosphorlmager analysis to measure 14CO,
incorporation into fIX. The reaction mixtures either lacked (lanes 2, 5, 8) or contained warfarin
(warf) at final concentrations of 10 uM (lanes 3, 6) or 50 uM (lanes 4, 7). The reactions with
KO also contained DTT, with the exception of the sample shown in lane 8. The residual activity
in the —K sample is due to trace amounts of vitamin K present in the fIX BHK cells.
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Figure 8. VKOR activity limits in vitro fIX carboxylation

Microsomes prepared from fIX BHK cells cultured in the absence of vitamin K, so that fIX
was uncarboxylated, were incubated in reaction mixtures containing [14C]-CO, and either
KH, (A) (panel A) or KO (m) and DTT (panel B), and aliquots withdrawn at the indicated
times were subjected to fIX immunoprecipitation, followed by SDS-PAGE and
Phosphorlmager quantitation (after a 30 day exposure) to analyze [14C]-CO, incorporation
into fIX. The reactions were performed in duplicate and the values varied < 10%.
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Figure 9. VKOR overexpression causes a 2.2-fold increase in the rate of in vivo fIX carboxylation
BHK cells expressing r-fIX (fIX BHK) or also expressing r-VKORC1 (VKOR-fIX BHK; two
clonal isolates were analyzed) were tested for fIX turnover in pulse-chase studies. The pulse-
chase was as described in the legend to Fig. 2 except that it was performed only in the presence
of vitamin K quinone. All three cell lines were analyzed in a single experiment, using an
equivalent number of cells for each cell line. FIX was not detected in the media (data not
shown), indicating that all of the fIX was intracellular throughout the chase time used. BHK
is a control untransfected cell line.
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Figure 10. Quantitation of fIX turnover in fIX BHK and VKOR-fIX BHK cell lines

Duplicate gels that included the ones shown in Fig. 9 were quantitated by Phosphorlmager and
averaged (giving a 2% standard deviation as indicated by the error bars) to determine the rate
of disappearance of uncarboxylated fIX in fIX BHK cells (o) or in two different VKOR-fIX
BHK cell lines (A, V).
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Figure 11. The epoxide and quinone forms of vitamin K both give the same effect of VKOR
overexpression on the rate of fIX carboxylation

Pulse-chase analysis on fIX BHK cells or VKOR-fIX BHK cells was performed as described
in the legend to Figure 9 except for the use of the epoxide rather than quinone form of vitamin
K.
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Figure 12. VKOR overexpression in fIX BHK cells causes a 14-fold increase in the rate of KO-
dependent in vitro fIX carboxylation

Microsomes were prepared from fIX BHK (m) and VKOR-fIX-2 BHK () cells (i.e. those
analyzed in Figs. 9-11) cultured in the absence of vitamin K, so that fIX was uncarboxylated.
As described in the Experimental Procedures, an aliquot of the microsomes was quantitated to
determine the amount of flX-carboxylase complex, which showed equivalent amounts in the
two preparations (i.e. 1.2 pmol per time point). The microsomes were incubated in a reaction
mixture containing KO, DTT and [14C]-CO, and aliquots were withdrawn at the indicated
times, followed by fIX immunoprecipitation and SDS-PAGE and Phosphorimager quantitation
(after a 32 day exposure) to measure [14C]-CO, incorporation into fIX.
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Table 1
Levels of fIX, carboxylase and VKOR in fIX BHK and VKOR fIX BHK cells
Lysates were prepared from BHK cells, cultured in the absence of vitamin K, that express low levels of fIX (fIX BHK)
or that also express r-VKORC1 (VKOR-fIX BHK). FIX levels were measured in a quantitative western and carboxylase
levels were determined by an activity assay and reference to the known specific activity (23). VKOR levels were
quantitated by an activity assay that measures KO reduction. The values shown are for 1 mg of lysate.

Cell line Factor 1X (pmol) Carboxylase (pmol) VKOR activity VKOR Activity
(pmol KO reduced/ Fold Increase
hr)
fIX BHK 19.2 0.16 0.08 1
VKOR-fIX BHK-1 17.8 0.20 1.12 14
VKOR-fIX BHK-2 20.1 0.14 1.20 15
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Table 2
VKOR overexpression increases the extent of carboxylation in fIX secreted from high-producing fIX BHK cells
A fIX BHK cell line secreting fIX at 200 pmol/d/108 was stably-transfected with r-VKORC1 and clones expressing
the highest VKOR levels were chosen for further analysis. FIX secreted from cells cultured in vitamin K was purified
and Gla quantitation was performed by base hydrolysis and amino acid analysis, as before (22).

Protein source Gla content (mol Gla/mol factor 1X)
fIX BHK 2.4+/-0.2
VKORfIX BHK-A 6.0+/-0.3
VKOR-fIX BHK-B 6.2+/-0.3
Plasma factor 1X 11.8+/-0.3
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