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Impaired processivity in a carboxylase mutant causes partial carboxylation that
explains reduced vitamin K-dependent protein function.

The results suggest that incomplete carboxylation may also occur under other
conditions, e.g. low vitamin K or during warfarin therapy.



The gamma-glutamyl carboxylase (GGCX) generates multiple carboxylated Glus
(Glas) in vitamin K-dependent (VKD) proteins that are required for their functions.
GGCX is processive, remaining bound to VKD proteins throughout the multiple Glu
carboxylations, and this study reveals the essentiality of processivity to VKD protein
function. GGCX mutants (V255M, S300F) whose combined heterozygosity causes
defective clotting and calcification were studied using a novel assay that mimics in
vivo carboxylation: complexes between variant carboxylases and VKD proteins
important to hemostasis (factor IX (fIX)) or calcification (Matrix Gla Protein (MGP))
were reacted in the presence of a challenge VKD protein that could potentially
interfere with carboxylation of VKD protein in the complex. The VKD protein in the
complex with wild type carboxylase was carboxylated before challenge protein
carboxylation occurred, and became fully carboxylated. In contrast, the V255M
mutant carboxylated both forms at the same time, and did not completely
carboxylate fIX in the complex. S300F carboxylation was poor with both fIX and
MGP. Additional studies analyzed fIX and MGP-derived peptides containing the Gla
domain linked to sequences that mediate carboxylase binding. The V255M mutant
generated more carboxylated peptide than wild type GGCX, however the peptides
were partially carboxylated. Analysis of the V255M mutant in fIX-HEK293 cells
lacking endogenous GGCX revealed poor fIX clotting activity. The studies show that
disrupted processivity causes disease, and explain the defect in the patient. The
kinetic analyses also suggest that disrupted processivity may occur in wild type

carboxylase under some conditions, e.g. warfarin therapy or vitamin K deficiency.



INTRODUCTION

Vitamin K-dependent (VKD) proteins are essential to hemostasis, as several of these
proteins function in coagulation and platelet activation!-3. The major site of
synthesis of VKD hemostatic factors is liver; however, many of these proteins are
also expressed in extrahepatic tissues where they have roles beyond coagulation,
e.g. inflammation, barrier function, and phagocytosis#-¢. Nonhemostatic VKD
proteins have also been identified, which have diverse roles that include regulation
of calcification’. VKD proteins contain carboxylated Glu (Gla) residues required for
activity, which are generated by a single gamma-glutamyl carboxylase8. The
importance of VKD proteins to human health makes it essential to understand how
they become activated by the carboxylase, and how disruption of normal VKD

protein carboxylation leads to disease.

The carboxylase uses vitamin K epoxidation to drive Glu carboxylation to Gla (Fig.
1A). The vitamin K epoxide product must be recycled for continuous carboxylation,
which is accomplished by the vitamin K epoxide reductase (VKORC1)%10. VKORC1
and the carboxylase reside in the endoplasmic reticulum, where VKD proteins are
modified during their secretion. The VKD proteins are selectively modified because
they contain a sequence that mediates high affinity binding to an exosite in the
carboxylase (Fig. 1B). In most cases, this exosite-binding domain (EBD) is a
propeptide that is adjacent to the Gla domain and is cleaved after carboxylation.

The mechanism by which the carboxylase modifies VKD proteins is only partly



understood. Functional regions important for catalysis and VKD protein interaction
have been identified (Fig. 1C)11-23; however, carboxylase residues that regulate VKD

protein carboxylation are essentially unknown.

Several regulatory mechanisms impact the efficiency of VKD protein carboxylation.
For example, binding of the EBD in VKD proteins to the carboxylase stimulates Glu
catalysis (Fig. 1B)24, and binding of both the EBD and Glu increases the affinity of the
carboxylase for vitamin K25. The carboxylase is also regulated by substrate-assisted
catalysis, where vitamin K epoxidation only occurs in the presence of Glu
residues?226, which is important in preventing a highly reactive vitamin K
intermediate from modifying other molecules when Glu is not present. Finally,
carboxylation is regulated through carboxylase processivity, in which VKD proteins
remain bound to the carboxylase throughout the multiple Glu to Gla
conversions27.28, Processivity is indispensable for the function of other enzymes
that perform repetitive reactions, e.g. DNA polymerases2®. While other processive
enzymes have been extensively studied, the processive mechanism for the

carboxylase is poorly understood.

Disruption of VKD protein carboxylation causes disease. Naturally occurring
mutations in VKORC1 or the carboxylase cause bleeding defects30-32, and mice
lacking either gene die around birth from hemorrhaging3334. Some patients with
carboxylase mutations also show defects in skin, i.e. excessive calcification of elastic

fibers in the dermis associated with significant folding and sagging of skin3>-39. The



phenotype is due at least in part to defective carboxylation of Matrix Gla Protein
(MGP), an inhibitor of calcification, and is referred to as pseudoxanthoma elasticum
(PXE)-like because of similarity to the PXE disease caused by mutations in a
different gene, ABCC640. The mechanisms by which carboxylase mutations cause

the PXE-like phenotype are not well understood.

We studied the consequence of two carboxylase mutants, V255M and S300F,
identified in a PXE-like patient with defective clotting and aberrant calcification3®.
Both mutations are in regions of unknown function in the carboxylase (Fig. 1C), and
analysis using small peptides derived from VKD proteins did not explain the PXE-
like phenotype3t. We therefore developed approaches to study the mutants using
more natural VKD substrates that can assess the complex carboxylase reaction.
These biochemical assays revealed impaired processivity that resulted in partially
carboxylated VKD product. Cellular analysis showed defective factor IX activity.
This study linking impaired carboxylase processivity with disease explains the
patient phenotype, and reveals the essentiality of carboxylase processivity to

normal physiology.

METHODS

Functional assays. FLAG-tagged V255M and S300F mutants were generated and

subcloned into a vector for insect cell expression (Supplemental Fig. 1), and then

expressed in SF21 cells and purified and quantitated as previously reported41.42,



Mutant and wild type carboxylases were tested in three different assays. One assay
monitored the overall reaction, i.e. binding of VKD protein to the carboxylase,
catalysis of Glus to Glas, and VKD protein release. Carboxylase variants were
reacted with fIX or MGP-derived peptides that contained the EBD and Gla domains
(fIX 18/+a1and MGP1.64, respectively, Supplemental Table). Individual peptides (1
uM) were incubated at 25°C in a reaction cocktail (160 pl) containing 500 mM Na(l,
50 mM BES pH 6.9, 2.5 mM DTT, 0.16% CHAPS, 0.16 phosphatidyl choline, 200 uM
reduced vitamin K (KHz), and 1.3 mM [14C]-CO;. Aliquots withdrawn at timed
intervals were quenched in SDS-PAGE loading dye, followed by gel electrophoresis
and Phosphorlmager analysis. [14C]-BSA and [14C]-peptide standards were analyzed
in parallel to quantitate [14C]-CO2 counts, which were converted to pmol Gla as
previously described?0. The [14C]-peptide standard was generated by carboxylation
of fIX.18/+41 with wild type carboxylase, followed by precipitation with
chloroform/methanol??, HPLC purification, and quantitation by scintillation

counting.

A second assay studied the specific Glu to Gla catalytic reaction by monitoring the
carboxylation of VKD protein-carboxylase complexes. Complexes were generated in
SF21 cells coexpressing full-length VKD protein and carboxylase variants as
previously described?8, followed by immunopurification. The fIX-carboxylaser.ac
complex was isolated using an antibody against the fIX heavy chain (ESN1, American
Diagnostica) immobilized to Sepharose. MGPrrag-carboxylase complexes were

isolated from cells coexpressing MGPrLac and untagged carboxylase variants, using



anti-FLAG agarose (Sigma). MGPrrac was generated using an MGP cDNA (Open
Biosystems) and overlap PCR, which added an Alaz-FLAG epitope at the C-terminus.
The amount of complex bound to resin was quantitated by assaying aliquots for
epoxidation of reduced vitamin K, as before20. Aliquots were also analyzed in a
Western using anti-carboxylase antibody!¢, after elution from resin in SDS-PAGE
loading buffer. Complex on the remaining resin was monitored for carboxylation by
incubation in the reaction cocktail described above, followed by quenching of timed
aliquots with SDS loading dye. After heating at 70°C and centrifugation to pellet
resin, the samples were subjected to gel electrophoresis and PhosphorImager

analysis.

The third assay monitored carboxylase processivity by using a challenge assay in
which VKD protein-carboxylase complexes were reacted in the presence of a second
VKD substrate?8. FIX-carboxylaseri.ac and MGPrrag-carboxylase complexes isolated
as described above were reacted in the presence of fIX.1g/+41 or MGP1.64 peptides,
respectively. The reaction cocktail was the same as described above except for the
addition of peptide (1pM) and less KHz (10 uM), which was used to mimic low
vitamin K levels that exist in vivo*3. [14C]-CO2 incorporation into challenge VKD
substrate and VKD protein in the complexes was quantitated using SDS-PAGE and

Phosphorlmager analysis.

RESULTS



Analysis of an EBD-Gla domain linked substrate reveals surprisingly higher levels of

carboxylation by V255M than wild type carboxylase. S300F and V255M mutants

identified in a patient with defective clotting and aberrant calcification were initially
analyzed in an activation assay. A Glu-containing peptide derived from the Gla
domain was coincubated with a separate peptide containing an EBD, which
stimulates Glu catalysis## (Fig. 1). When a range of EBD peptide concentrations was
tested, half-maximal activity required higher peptide concentrations for the V255M
mutant than wild type carboxylase (Supplemental Fig. 1). The results suggested
mildly weakened EBD interaction with the V255M carboxylase. S300F carboxylase

was essentially inactive.

Subsequent analysis used a fIX-derived substrate (fIX.18/+41) containing the EBD
covalently linked to the Gla domain (Fig. 2A, Supplemental Table). Linkage of the
two domains is significant because carboxylase affinity for the Gla domain is orders
of magnitude lower than for the EBD; however, linkage of the EBD to the Gla
domain results in a high local concentration of Glu residues for efficient
carboxylation. FIX.1g/+41 was incubated in reactions containing [14C]-CO2, KHz and
equivalent amounts of purified carboxylase variants. Aliquots withdrawn at timed
intervals were quenched by SDS-PAGE loading dye, followed by gel electrophoresis
and Phosphorlmager analysis. [14C]-CO2 incorporation into the peptides was
quantitated by comparison to [14C]-standards, and [14C]-CO; counts were converted
to pmol Gla as previously described?0. The results revealed surprisingly higher

levels of carboxylated fIX.18/+41 generated by V255M than wild type carboxylase



(400%, Fig. 2B). In contrast, S300F activity was low, i.e. ~10% that of wild type

carboxylase.

The assay in Fig. 2B monitors multiple steps in carboxylation (i.e. binding, catalysis
and release, Fig. 2A), and further analysis specifically monitored catalysis (Figs. 2C-
E). This assay is possible because fIX remains bound to wild type carboxylase long
after it becomes fully carboxylated*>. Preformed complexes between carboxylase
variants and full-length fIX were generated in cells, which were cultured in the
absence of vitamin K so that fIX was uncarboxylated. The complexes were isolated
on anti-fIX antibody resin to remove free carboxylase that would interfere with
analysis, using anti-fIX antibody that reacts to a region of fIX several hundred amino
acids away from the Gla domain. Some fIX not in a complex with the carboxylase
was also captured on the resin, which control experiments showed did not interfere
with the assay (Supplemental Fig. 2). Specifically, the uncomplexed fIX was not
carboxylated, presumably because its concentration was far below the Ky, for fIX
binding by the carboxylase, and because immobilization prevented interaction with

carboxylase in the fIX-carboxylase complexes.

To monitor carboxylation, equivalent amounts of complex containing mutant or
wild type carboxylase and fIX were incubated in reactions containing KH> and [14C]-
CO2, and timed aliquots quenched with SDS gel loading buffer were subjected to gel
electrophoresis and PhosphorImager analysis to monitor [14C]-CO; incorporation

into fIX. [14C]-CO; standards analyzed in parallel allowed the conversion of [14C]-
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CO2 counts to pmol Gla, as previously described20. The values were compared to the
amount of complex as quantitated in anti-carboxylase Westerns (Fig. 2D) and by an
epoxidase assay that gave similar carboxylase levels. The results indicated full
carboxylation of fIX by wild type carboxylase, consistent with previous studies?2é.
Gla production by the V255M and S300F mutants was lower than with wild type
carboxylase (Fig. 2E). Higher V255M activity in the overall reaction (Fig. 2B) was

therefore not due to the catalytic step.

A comparison of the rates of catalysis versus the overall reaction was of interest to
the V255M carboxylase defect. Wild type carboxylase catalysis was complete in ~15
min (Fig. 2E, F), and this rate for fIX-carboxylase complexes immobilized on resin
was similar to that observed with free complex (Supplemental Fig. 3). The overall
reaction for X 1g/+41 carboxylation took 75 min (Fig. 2F), similar to the value
previously determined for full-length propeptide-containing fIX28. FIX catalysis was
therefore ~5 times faster than the overall reaction with wild type carboxylase. In
contrast, the overall reaction with V255M carboxylase was faster than wild type
carboxylase, while catalysis was slower (Figs. 2B, E). These differences raised the

question of whether the V255 mutant fully carboxylates fIX.

[soelectric focusing was performed to assess the fIX.1g/+41 carboxylation products.
This approach separates proteins based on charge, and the conversion of Glus to
Glas adds negative charge to VKD proteins. FIX.1g/+41 was carboxylated, precipitated

to remove [14C]-CO2, and an aliquot of resuspended sample was subjected to
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scintillation counting. The S300F sample did not show detectable carboxylation,
and was not processed any further. Isoelectric focusing revealed a more basic
product generated by V255M than wild type carboxylase (Fig. 2G), indicating
undercarboxylation. Thus, the V255M mutant generates more Gla in peptides than
wild type carboxylase (Fig. 2B); however, the individual peptides are not
completely carboxylated (Fig. 2G). The results suggested impaired processivity in

the V255M mutant, which was subsequently tested.

Processive f1X carboxylation is impaired in the V255M mutant. Carboxylase

processivity was tested using a challenge assay in which carboxylase-VKD protein
complexes are reacted in the presence of excess challenge VKD substrate, and
carboxylation of both VKD forms is monitored (Fig. 3A). Our previous development
of this assay showed that wild type carboxylase is processive, resulting in full
carboxylation of fIX in the complex in the presence of the challenge VKD proteinZ28.
The challenge substrate used in the current studies was fIX 1g/+41, which has kinetic
parameters (i.e. Km, Kcat) similar to propeptide-containing full-length fIX28 and

therefore could potentially compete with fIX in the complex for carboxylation.

Preformed fIX-carboxylase complexes generated in cells were isolated on anti-fIX
antibody resin to remove free carboxylase. The anti-fIX antibody reacts to a region
distinct from the fIX 1g/+41 sequences, and did not cross-react with the fIX 1g/+41
peptide (data not shown). Equivalent amounts of fIX-carboxylase complexes were

incubated in reactions containing [14C]-CO, and fIX.1g/+41 at a concentration (1 uM)
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50-fold in excess over the complex (0.02 uM). The fIX.1g/+41 peptide concentration
was 100-fold higher than uncomplexed fIX also captured on the anti-fIX resin, which
as described in the previous section is not carboxylated. Carboxylation was initiated
by the addition of KHz, and timed aliquots were quenched with SDS loading buffer
and subjected to gel electrophoresis and Phosphorlmager analysis. [14C]-standards
were processed in parallel to quantitate [14C]-CO; incorporation into fIX in the
complex and fIX.1g/+41, which was converted to pmol Gla as previously described?°.
FIX in the complex with wild type carboxylase showed a mobility shift as the 12 Glus
underwent conversion to Glas (Fig. 3B). [1#C]-CO; incorporation into the discrete
slower-migrating fIX form observed at the end of the reaction was compared to the
amount of complex determined by an anti-carboxylase Western and an epoxidase
assay, which indicated full fIX carboxylation, similar to previous results+>.
Carboxylation of fIX.18/+41 occurred subsequent to that of fIX in the complex (Fig.
3F). Some carboxylated fIX 1g/+41 was observed before the carboxylation of fIX in the
complex was complete, possibly due to nonsynchronous carboxylation of individual
complexes. A control experiment analyzing carboxylation with free carboxylase
showed simultaneous carboxylation of both proteins (Supplemental Fig. 4),
indicating that the delay in fIX 1g/+41 carboxylation was specific to the fIX-

carboxylase complex.

The results with V255M-fIX complexes were strikingly different. FIX 1g/+41
carboxylation occurred at the same time as fIX in the complex (Figs. 3D,E,G).

Carboxylation of fIX in the V255M-fIX complex was 8-fold lower than observed with

13



wild type carboxylase (Figs. 3F,G), and the heterogeneous mixture of carboxylated
fIX forms did not transition into the slow migrating form observed with wild type
carboxylase (Figs. 3B,D). A similar pattern of fIX carboxylation was observed even
in the absence of fIX.1g/+41 (Supplemental Fig. 5). Decreased V255M carboxylation of
fIX was not due to inactivation, as indicated by fIX.18/+41 carboxylation (Fig. 3G) and
an epoxidase assay (data not shown). By the end of the reaction, V255M
carboxylase produced significantly more carboxylated challenge protein that
carboxylated fIX compared with wild type carboxylase. The results indicate

impaired processivity in the V255M carboxylase.

Carboxylation of fIX in the S300F-fIX complex was barely detectable (Fig. 3H).
Carboxylation was lower than observed in the assay for catalysis (Fig. 2E), possibly
because of the lower vitamin K concentration used in the processivity assay. FIX.
18/+41 carboxylation by the S300F mutant was also poor, and low levels precluded

quantitation.

Cellular V255M carboxylation results in decreased fIX clotting activity. cDNAs

encoding V255M and wild type carboxylases were subcloned into pCMV6-AC
(Origene) and then stably expressed in fIX 293 cells (Fig. 4A), which were previously
edited to eliminate endogenous carboxylasel8. To assess multiple fIX turnovers (i.e.
the overall reaction) by the carboxylase as in the biochemical studies, a pool of
uncarboxylated fIX was generated in cells lacking vitamin K, and secreted fIX was

analyzed after exchanging the cells into media containing vitamin K (Fig. 4B).
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Serum free media was used throughout so that bovine serum VKD proteins did not
interfere with analysis. Carboxylation of secreted fIX was monitored in a Western
using a pan-specific anti-Gla antibody generated against a consensus sequence in
VKD proteins#t. Antibody reactivity was observed in fIX 293 cells but not the
progenitor 293 cells (Fig. 4C), which allowed the specific analysis of fIX
carboxylation. FIX secreted from the fIX 293 cells migrated differently from the
purified plasma control (Fig. 4C, D) due to differences in post-translational

modifications that do not impact activity4748,

The anti-Gla signal was 5-fold higher in V255M 293 cells versus cells expressing
wild type carboxylase (Fig. 4D, E), consistent with the higher levels of modified fIX
observed in the biochemical assay (Fig. 2B). Media was also analyzed using an anti-
fIX antibody that detects both carboxylated and uncarboxylated fIX18. The anti-fIX
signal in V255M 293 cells was only slightly higher than that observed in wild type
carboxylase expressing cells, due to only some of the fIX pool undergoing
carboxylation. Thus, FIX was secreted from cells lacking vitamin K or the
carboxylase (Fig. 4D), indicating that fIX carboxylation was not obligatory for
secretion and that fIX in cells containing vitamin K can therefore be a mixture of
carboxylated and uncarboxylated forms. The anti-Gla and anti-fIX signals were
converted to pmol using fIX standards, and adjusted for 12 Gla residues in fIX (Fig.
4E), which indicated that 6% of the fIX was carboxylated in cells expressing wild

type carboxylase.
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FIX activity was determined by monitoring the ability of samples to restore clotting
in fIX-deficient serum. The same media samples analyzed in the Westerns were
tested for activity, which revealed 2-fold lower clotting activity for fIX carboxylated
by V255M than wild type carboxylase (Fig. 4E). A comparison of the amount of
clotting activity versus Gla in secreted fIX indicated a 10-fold lower level in cells
expressing V255M carboxylase (Fig. 4F). The V255M mutant therefore generates
defective fIX, consistent with decreased fIX activity in the patient36. Analysis of
carboxylation by isoelectric focusing as in the biochemical studies was not possible,
because fIX undergoes other modifications that impact charge (e.g. sulfation and Asp

B-hydroxylation).

Processive MGP carboxylation by the V255M and S300F carboxylases is impaired. The

patient with the V255M and S300F mutations shows aberrant calcification, and MGP
that regulates calcification was therefore also studied. Processivity was tested in
the challenge assay using complexes between MGPrrac and variant carboxylases and
a challenge substrate (MGP1-64) that contains the EBD and Gla domain (Fig. 54,
Supplemental Table). The organization of the EBD and Gla domains in MGP is
distinct from most VKD proteins, as the EBD is part of the mature protein. MGPrrac-
carboxylase complexes were separated from free carboxylase by isolation on anti-
FLAG resin, and equivalent amounts of complexes containing variant carboxylases
were then incubated with [14C]-CO2, and MGP1.64 in 50-fold excess over the
complexes. After the addition of KH3, timed aliquots were subjected to gel

electrophoreses and Phosphorlmager analysis, along with a [14C]-standard that
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allowed [14C]-CO2 quantitation and conversion to pmol Gla, as before2?. MGPrrac in
the complex with wild type carboxylase was carboxylated before MGP1.64, while
V255M carboxylase modified both MGP forms at the same time (Figs. 5E,F). The
V255M mutant also differed from wild type carboxylase in producing substantially
more carboxylated MGP1.64 than MGPrrac in the complex (Figs. C,F). The results
indicate impaired processivity. MGPrLac carboxylation by the S300F mutant was

poor, but produced significant amounts of carboxylated MGP1.¢4 (Figs. 5D,G).

MGP carboxylation was also tested in the assay that monitors the overall reaction
(Fig. 6A), using the MGP1.¢4 peptide. Purified carboxylase variants were incubated
with peptide in reactions containing KH> and [14C]-CO2, and timed aliquots were
subjected to gel electrophoresis and PhosphorImager analysis. A [14C]-standard was
included to quantitate [14C]-CO2 incorporation into the peptide and consequent
pmol Gla. MGP1.64 reacted with wild type carboxylase at a rate similar to that of fIX
18/+41 despite their having different EBD-Gla domain organizations (Fig. 6B). V255M
carboxylation of MGP1.64 was higher than that of wild type carboxylase (Fig. 6C),
similar to the results with fIX.1g/+41 (Fig. 2B), while S300F turnover was poor. MGP
catalysis was also analyzed (Fig. 6D-F), revealing slower MGPrpac catalysis by the
V255M mutant than wild type carboxylase (Fig. 6F). A comparison of the rates for
the overall reaction versus catalysis showed that the time for wild type carboxylase
to modify the MGP Gla domain (10 min) was 6-fold faster than the time for the
overall reaction (60 min). A faster overall reaction and slower catalysis with V255M

carboxylase suggested the potential for undercarboxylation of MGPrrac. Several
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attempts were made to analyze MGP carboxylation by isoelectric focusing, which

were unsuccessful due to solubility issues (as observed by others+9-52),

DISCUSSION

This study reveals the importance of processive carboxylation in generating the
multiple Gla residues in VKD proteins that form a calcium-binding module required
for activity. Processivity was studied with V255M and S300F carboxylase mutants
present in a patient with defective clotting and aberrant calcification36. VKD
proteins important to hemostasis (fIX) or calcification (MGP) were investigated
using a novel challenge assay in which a VKD protein-carboxylase complex is
reacted in the presence of exogenous VKD substrate that is in large excess over the
complex. FIX and MGP in a complex with wild type carboxylase were carboxylated
before the challenge substrates, and became fully carboxylated (Figs. 3, 5). S300F
activity was poor with MGP, and barely detectable with fIX. In the case of the
V255M mutant, fIX and MGP in the complexes were carboxylated at the same time
as challenge protein, the challenge VKD protein was carboxylated at higher levels
than VKD protein in the complex, and fIX carboxylation in the complex was poor.
Wild type and V255M carboxylases also showed significant differences in the
relative rates of catalysis versus the overall reaction. Processive, complete
carboxylation results from the Gla domain becoming fully carboxylated before VKD
proteins are released from the carboxylase (Fig. 7A). Wild type carboxylase

completed carboxylation of the fIX and MGP Gla domains at rates 5 and 6-fold faster
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than the overall reaction, respectively. In contrast, the two rates were similar for
the V255M mutant, which generated partially carboxylated fIX (Fig. 2). When
V255M carboxylase was expressed in fIX 293 cells edited by CRISPR/Cas9 to
eliminate endogenous carboxylase, fIX with defective clotting activity was produced
(Fig. 4), as in the patient36. Impaired processivity can therefore explain the

phenotype of the patient.

Multiple defects could explain partial VKD protein carboxylation by the V255M
mutant. The affinity of the V255M mutant for the EBD of VKD proteins is weaker
than that of wild type carboxylase (Supplemental Fig. 1), and VKD proteins may not
remain bound to the mutant for a sufficient time to achieve full carboxylation.
Alternatively, a conformational change in the V255M mutant could impact the
normal process by which carboxylated proteins are released. During wild type
carboxylation, VKD proteins are maintained in a closed carboxylase conformation
that blocks the access of exogenous substrate and allow the carboxylation of
multiple Glu residues (Fig. 7B). The model is consistent with the delay in
carboxylation of challenge peptide reacted with complexes between VKD proteins
and wild type carboxylase (Figs. 3, 5), which was not observed with free carboxylase
(Supplemental Fig. 4). The model is also supported by previous studies showing
that even a small Glu-peptide derived from the Gla domain is not carboxylated until
after carboxylation of fIX in a fIX-carboxylase complex28. The results implicate a
transition at the end of the catalytic reaction, i.e. from a closed to an open

carboxylase conformation that allows the exit of carboxylated VKD protein and

19



entrance of new uncarboxylated protein (Fig. 7B). Carboxylation alone is not
sufficient for the release of VKD proteins, as we found that fully carboxylated fIX
either isolated from mammalian cells or generated in vitro remained bound to the
carboxylase#>. Interestingly, the presence of exogenous VKD protein accelerates
release of carboxylated VKD protein, indicating a release mechanism more
complicated than previously appreciated. The V255M mutant, then, may disrupt the

normal process of release.

The observation that wild type carboxylase only shows a small difference in the time
to fully carboxylate the Gla domain versus the length of time the carboxylase
remains bound to VKD proteins is significant because it suggests that wild type
carboxylase may sometimes generate partially carboxylated VKD proteins. The
overall reaction was only 5-6 fold slower than full carboxylation of the Gla domain
(Fig. 2); however the relative rates may vary in vivo. For example, vitamin K levels
that control the catalytic rate are low in vivo and vary significantly with diet>3,
which could impact processivity. Warfarin therapy that targets VKORC1 to decrease
reduced vitamin K levels could also disrupt processivity, explaining previous studies
suggesting undercarboxylation with warfarin treatment>4°>, Partially carboxylated
VKD forms may therefore be present more frequently than previously appreciated.
We note that previous studies reported a much larger difference between the rates
of Glu catalysis and release (3000-fold)>6>7, which should result in full
carboxylation. However, the 3000-fold value was obtained studying small, unlinked

peptides, i.e. release of an EBD peptide from the carboxylase was compared to
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catalysis of a separate peptide containing a few Glus. Our results with more natural
VKD substrates provide a substantially revised view of carboxylase processivity and

consequent extent of VKD protein carboxylation in vivo.

This study illustrates the value of using both biochemical and cellular approaches to
understand how carboxylase mutations cause disease. Biochemical studies are
important because some analyses are not possible in cells (e.g. studying
processivity). In addition, biochemical analyses are direct, while the cellular
approach that analyzes the carboxylation status of secreted VKD proteins is indirect
and impacted by the secretory process, e.g. quality control mechanisms that
eliminate poorly-carboxylated VKD proteins>8-60, While the biochemical analyses
have a potential limitation, i.e. high salt conditions used in the assays as required for
activity, the results predicted consequences consistent with what was observed in
the cellular studies. The value of biochemical approaches is underscored by two
recent cellular studies on carboxylase mutations that included V255M¢1.62, Both
studies assessed carboxylation using antibodies that did not reveal partial
carboxylation and indicated wild type levels of carboxylation by V255M. One of the
studies also performed functional analysis, which showed that factor VII modified
by the mutant had activity (85%) within the normal range®l. We observed
decreased fIX clotting activity in cells expressing V255M carboxylase, similar to the
patient36, whose phenotype can be explained by biochemical analyses that revealed
impaired processivity. Combined biochemical and cellular approaches are therefore

highly informative for determining how carboxylase mutations cause disease.
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The V255M mutant generated fIX that retained some clotting activity (Fig. 4E), and
future studies that define the type of partially carboxylated fIX generated by V255M
carboxylase will be of interest. The number of Gla residues required for VKD
protein function is unknown. In addition, some Glas are likely to be more important
than others, as indicated by previous mutagenesis studies where Glu to Asp
substitutions in the Gla domains of protein C, factor X and prothrombin showed that
individual Gla residues contribute differently to function®3-66. A second area of
interest will be to determine whether processive carboxylation is the same for all
VKD proteins. Widely different affinities have been reported for the EBDs that
mediate VKD protein binding to the carboxylase®’, which could impact the length of
time a VKD protein remains bound to the carboxylase and consequent processivity.
Interestingly, the patient with the V255M and S300F mutations showed 33% and
64% clotting activities for factor X and prothrombin, respectively3¢, despite 100-fold
reported differences in their EBD affinities®’. The patient phenotype suggests that
processivity is not solely due to EBD affinity and likely involves additional
mechanisms, e.g. the transition after Glu carboxylation that allows the exchange of

carboxylated and uncarboxylated VKD proteins (Fig. 7B).

ACKNOWLEDGEMENTS
This work was supported by National Institutes of Health grants RO1HL158007 and
RO1HL152678 (to KLB and KWR), and National Institutes of Health grant

RO1AG051601 and National Science Foundation grant 1908875 to KWR.

22



AUTHORSHIP AND CONFLICT-OF-INTEREST STATEMENTS

Contribution: MAR, KWH, LAW, and JMH performed the experiments. MAR and KLB
designed the research and analyzed the results. MAR, KLB and KWR prepared the

manuscript.

Conflict-of-interest disclosure: The authors declare no competing financial interests.

Correspondence: Kathleen L. Berkner, Lerner Research Institute, Cleveland Clinic

Foundation, Cleveland, Ohio 44195; email: berknek@ccf.org

REFERENCES

1. Berkner KL. The vitamin K-dependent carboxylase. Annu Rev Nutr.
2005;25:127-149.

2. Berkner KL, Runge KW. The physiology of vitamin K nutriture and vitamin K-
dependent protein function in atherosclerosis. ] Thromb Haemost.
2004;2(12):2118-2132.

3. Law LA, Graham DK, Di Paola |, Branchford BR. GAS6/TAM Pathway Signaling in
Hemostasis and Thrombosis. Front Med (Lausanne). 2018;5:137.

4. Dahlback B. Vitamin K-Dependent Protein S: Beyond the Protein C Pathway.
Semin Thromb Hemost. 2018;44(2):176-184.

5. Mosnier LO, Zlokovic BV, Griffin JH. The cytoprotective protein C pathway.
Blood. 2007;109(8):3161-3172.

6. van der Meer JH, van der Poll T, van 't Veer C. TAM receptors, Gas6, and protein
S: roles in inflammation and hemostasis. Blood. 2014;123(16):2460-2469.

7. Shearer MJ], Newman P. Metabolism and cell biology of vitamin K. Thromb
Haemost. 2008;100(4):530-547.

23



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Berkner KL. Vitamin K-dependent carboxylation. Vitam Horm. 2008;78:131-
156.

Li T, Chang CY, Jin DY, Lin P], Khvorova A, Stafford DW. Identification of the
gene for vitamin K epoxide reductase. Nature. 2004;427(6974):541-544.

Rost S, Fregin A, Ivaskevicius V, et al. Mutations in VKORC1 cause warfarin
resistance and multiple coagulation factor deficiency type 2. Nature.
2004;427(6974):537-541.

Begley GS, Furie BC, Czerwiec E, et al. A conserved motif within the vitamin K-
dependent carboxylase gene is widely distributed across animal phyla. J Biol
Chem. 2000;275(46):36245-36249.

Lin PJ, Jin DY, Tie JK, Presnell SR, Straight DL, Stafford DW. The putative vitamin
K-dependent gamma-glutamyl carboxylase internal propeptide appears to be
the propeptide binding site. ] Biol Chem. 2002;277(32):28584-28591.
Mutucumarana VP, Acher F, Straight DL, Jin DY, Stafford DW. A conserved
region of human vitamin K-dependent carboxylase between residues 393 and
404 is important for its interaction with the glutamate substrate. | Biol Chem.
2003;278(47):46488-46493.

Soute BA, Jin DY, Spronk HM, et al. Characteristics of recombinant W501S
mutated human gamma-glutamyl carboxylase. ] Thromb Haemost.
2004;2(4):597-604.

Wu SM, Mutucumarana VP, Geromanos S, Stafford DW. The propeptide binding
site of the bovine g-glutamyl carboxylase. ] Biol Chem. 1997;272(18):11718-
11722.

Berkner KL, Pudota BN. Vitamin K-dependent carboxylation of the carboxylase.
Proc Natl Acad Sci USA. 1998;95(2):466-471.

Hallgren KW, Zhang D, Kinter M, Willard B, Berkner KL. Methylation of gamma-
carboxylated Glu (Gla) allows detection by liquid chromatography-mass
spectrometry and the identification of Gla residues in the gamma-glutamy!l
carboxylase. ] Proteome Res. 2013;12(6):2365-2374.

Rishavy MA, Hallgren KW, Zhang H, Runge KW, Berkner KL. Exon 2 Skipping
Eliminates Gamma-Glutamyl Carboxylase Activity, Indicating a Partial Splicing
Defect in a Patient with Vitamin K Clotting Factor Deficiency. ] Thromb Haemost.
2019;17(7):1053-1063.

Pudota BN, Hommema EL, Hallgren KW, McNally BA, Lee S, Berkner KL.
Identification of sequences within the g-carboxylase that represent a novel
contact site with vitamin K-dependent proteins and that are required for
activity. J Biol Chem. 2001;276(50):46878-46886.

Rishavy MA, Berkner KL. Insight into the coupling mechanism of the vitamin K-
dependent carboxylase: mutation of histidine 160 disrupts glutamic acid
carbanion formation and efficient coupling of vitamin K epoxidation to glutamic
acid carboxylation. Biochemistry. 2008;47(37):9836-9846.

Rishavy MA, Hallgren KW, Yakubenko AV, Zuerner RL, Runge KW, Berkner KL.
The vitamin K-dependent carboxylase has been acquired by Leptospira
pathogens and shows altered activity that suggests a role other than protein
carboxylation. J Biol Chem. 2005;280(41):34870-34877.

24



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Rishavy MA, Pudota BN, Hallgren KW, et al. A new model for vitamin K-
dependent carboxylation: the catalytic base that deprotonates vitamin K
hydroquinone is not Cys but an activated amine. Proc Natl Acad Sci U S A.
2004;101(38):13732-13737.

Rishavy MA, Berkner KL. Vitamin K oxygenation, glutamate carboxylation, and
processivity: defining the three critical facets of catalysis by the vitamin K-
dependent carboxylase. Adv Nutr. 2012;3(2):135-148.

Knobloch JE, Suttie JW. Vitamin K-dependent carboxylase. Control of enzyme
activity by the "propeptide: region of factor X. ] Biol Chem.
1987;262(32):15334-15337.

Soute BA, Ulrich MM, Watson AD, Maddison JE, Ebberink RH, Vermeer C.
Congenital deficiency of all vitamin K-dependent blood coagulation factors due
to a defective vitamin K-dependent carboxylase in Devon Rex cats. Thromb
Haemost. 1992;68(5):521-525.

Rishavy MA, Hallgren KW, Yakubenko AV, Shtofman RL, Runge KW, Berkner KL.
Brgnsted analysis reveals Lys218 as the carboxylase active site base that
deprotonates vitamin K hydroquinone to initiate vitamin K-dependent protein
carboxylation. Biochemistry. 2006;45(44):13239-13248.

Morris DP, Stevens RD, Wright D], Stafford DW. Processive post-translational
modification. Vitamin K-dependent carboxylation of a peptide substrate. J Biol
Chem. 1995;270(51):30491-30498.

Stenina O, Pudota BN, McNally BA, Hommema EL, Berkner KL. Tethered
processivity of the vitamin K-dependent carboxylase: factor IX is efficiently
modified in a mechanism which distinguishes Gla's from Glu's and which
accounts for comprehensive carboxylation in vivo. Biochemistry.
2001;40(34):10301-103009.

Madru C, Henneke G, Raia P, et al. Structural basis for the increased processivity
of D-family DNA polymerases in complex with PCNA. Nat Commun.
2020;11(1):1591.

Watzka M, Geisen C, Bevans CG, et al. Thirteen novel VKORC1 mutations
associated with oral anticoagulant resistance: insights into improved patient
diagnosis and treatment. ] Thromb Haemost. 2011;9(1):109-118.

Watzka M, Geisen C, Scheer M, et al. Bleeding and non-bleeding phenotypes in
patients with GGCX gene mutations. Thromb Res. 2014;134(4):856-865.
Zhang B, Ginsburg D. Familial multiple coagulation factor deficiencies: new
biologic insight from rare genetic bleeding disorders. ] Thromb Haemost.
2004;2(9):1564-1572.

Spohn G, Kleinridders A, Wunderlich FT, et al. VKORC1 deficiency in mice
causes early postnatal lethality due to severe bleeding. Thromb Haemost.
2009;101(6):1044-1050.

Zhu A, Sun H, Raymond RM, Jr,, et al. Fatal hemorrhage in mice lacking
{gamma}-glutamyl carboxylase. Blood. 2007;109(12):5270-5275.

De Vilder EY, Debacker ], Vanakker OM. GGCX-Associated Phenotypes: An
Overview in Search of Genotype-Phenotype Correlations. Int ] Mol Sci.
2017;18(2):34.

25



36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49,

50.

Li Q, Grange DK, Armstrong NL, et al. Mutations in the GGCX and ABCC6 genes in
a family with pseudoxanthoma elasticum-like phenotypes. ] Invest Dermatol.
2009;129(3):553-563.

Li Q, Schurgers L], Smith AC, Tsokos M, Uitto ], Cowen EW. Co-existent
pseudoxanthoma elasticum and vitamin K-dependent coagulation factor
deficiency: compound heterozygosity for mutations in the GGCX gene. Am J
Pathol. 2009;174(2):534-540.

Tie JK, Carneiro ]D, Jin DY, Martinhago CD, Vermeer C, Stafford DW.
Characterization of vitamin K-dependent carboxylase mutations that cause
bleeding and nonbleeding disorders. Blood. 2016;127(15):1847-1855.
Vanakker OM, Martin L, Gheduzzi D, et al. Pseudoxanthoma elasticum-like
phenotype with cutis laxa and multiple coagulation factor deficiency represents
a separate genetic entity. ] Invest Dermatol. 2007;127(3):581-587.

Li Q, van de Wetering K, Uitto ]. Pseudoxanthoma Elasticum as a Paradigm of
Heritable Ectopic Mineralization Disorders: Pathomechanisms and Treatment
Development. Am J Pathol. 2019;189(2):216-225.

Berkner KL, McNally BA. Purification of vitamin K-dependent carboxylase from
cultured cells. Methods Enzymol. 1997;282:313-333.

Rishavy MA, Hallgren KW, Wilson LA, Usubalieva A, Runge KW, Berkner KL. The
vitamin K oxidoreductase is a multimer that efficiently reduces vitamin K
epoxide to hydroquinone to allow vitamin K-dependent protein carboxylation. J
Biol Chem. 2013;288(44):31556-31566.

Thijssen HH, Drittij-Reijnders M]. Vitamin K status in human tissues: tissue-
specific accumulation of phylloquinone and menaquinone-4. Br ] Nutr.
1996;75(1):121-127.

Knobloch JE, Suttie JW. Vitamin K-dependent carboxylase. Control of enzyme
activity by the "propeptide" region of factor X. J Biol Chem.
1987;262(32):15334-15337.

Hallgren KW, Hommema EL, McNally BA, Berkner KL. Carboxylase
overexpression impairs factor IX secretion: implications for the release of
vitamin K-dependent proteins. Biochemistry. 2002;41(50):15045-15055.
Brown MA, Stenberg LM, Persson U, Stenflo ]. Identification and purification of
vitamin K-dependent proteins and peptides with monoclonal antibodies specific
for gamma -carboxyglutamyl (Gla) residues. J Biol Chem. 2000;275(26):19795-
19802.

Berkner KL. Expression of recombinant vitamin K-dependent proteins in
mammalian cells: Factors IX and VII. Methods Enzymol. 1993;222:450-477.

Yan SC, Razzano P, Chao YB, et al. Characterization and novel purification of
recombinant human protein C from three mammalian cell lines. Biotechnology
(NY). 1990;8(7):655-661.

Braam LA, Dissel P, Gijsbers BL, et al. Assay for human matrix gla protein in
serum: potential applications in the cardiovascular field. Arterioscler Thromb
Vasc Biol. 2000;20(5):1257-1261.

Hackeng TM, Rosing ], Spronk HM, Vermeer C. Total chemical synthesis of
human matrix Gla protein. Protein Sci. 2001;10(4):864-870.

26



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Price PA, Williamson MK. Primary structure of bovine matrix Gla protein, a new
vitamin K-dependent bone protein. J Biol Chem. 1985;260(28):14971-14975.
Zebboudj AF, Imura M, Bostrom K. Matrix GLA protein, a regulatory protein for
bone morphogenetic protein-2. J Biol Chem. 2002;277(6):4388-4394.

Shearer M]J, Fu X, Booth SL. Vitamin K nutrition, metabolism, and requirements:
current concepts and future research. Adv Nutr. 2012;3(2):182-195.

Liska D], Suttie JW. Location of gamma-carboxyglutamyl residues in partially
carboxylated prothrombin preparations. Biochemistry. 1988;27(23):8636-8641.
Malhotra OP. Partially carboxylated prothrombins. II. Effect of gamma-
carboxyglutamyl residues on the properties of prothrombin fragment 1.
Biochim Biophys Acta. 1982;702(2):185-192.

Presnell SR, Stafford DW. The vitamin K-dependent carboxylase. Thromb
Haemost. 2002;87(6):937-946.

Presnell SR, Tripathy A, Lentz BR, Jin DY, Stafford DW. A novel fluorescence
assay to study propeptide interaction with gamma- glutamyl carboxylase.
Biochemistry. 2001;40(39):11723-11733.

Souri M, Iwata H, Zhang WG, Ichinose A. Unique secretion mode of human
protein Z: its Gla domain is responsible for inefficient, vitamin K-dependent and
warfarin-sensitive secretion. Blood. 2009;113(16):3857-3864.

Tokunaga F, Wakabayashi S, Koide T. Warfarin causes the degradation of
protein C precursor in the endoplasmic reticulum. Biochemistry.
1995;34(4):1163-1170.

Wu W, Bancroft ]D, Suttie JW. Structural features of the kringle domain
determine the intracellular degradation of under-g-carboxylated prothrombin:
studies of chimeric rat/human prothrombin. Proc Natl Acad Sci USA.
1997;94(25):13654-13660.

Ghosh S, Kraus K, Biswas A, et al. GGCX mutations show different responses to
vitamin K thereby determining the severity of the hemorrhagic phenotype in
VKCFD1 patients. ] Thromb Haemost. 2021;19(6):1412-1424.

Hao Z, Jin D, Chen X, Schurgers L], Stafford DW, Tie JK. Gamma-glutamyl
carboxylase mutations differentially affect the biological function of vitamin K-
dependent proteins. Blood. 2021;137(4):533-543.

Larson PJ, Camire RM, Wong D, et al. Structure/function analyses of
recombinant variants of human factor Xa: factor Xa incorporation into
prothrombinase on the thrombin-activated platelet surface is not mimicked by
synthetic phospholipid vesicles. Biochemistry. 1998;37(14):5029-5038.
Ratcliffe ]V, Furie B, Furie BC. The importance of specific gamma-
carboxyglutamic acid residues in prothrombin. Evaluation by site-specific
mutagenesis. ] Biol Chem. 1993;268(32):24339-24345.

Zhang L, Castellino F]. The contributions of individual gamma-carboxyglutamic
acid residues in the calcium-dependent binding of recombinant human protein
C to acidic phospholipid vesicles. ] Biol Chem. 1993;268(16):12040-12045.
Zhang L, Jhingan A, Castellino F]. Role of individual gamma-carboxyglutamic
acid residues of activated human protein C in defining its in vitro anticoagulant
activity. Blood. 1992;80(4):942-952.

27



67.

68.

Stanley TB, Jin DY, Lin PJ, Stafford DW. The propeptides of the vitamin K-
dependent proteins possess different affinities for the vitamin K-dependent
carboxylase. | Biol Chem. 1999;274(24):16940-16944.

Rishavy MA, Hallgren KW, Wilson L, Singh S, Runge KW, Berkner KL. Warfarin
alters vitamin K metabolism: a surprising mechanism of VKORC1 uncoupling
necessitates an additional reductase. Blood. 2018;131(25):2826-2835.

28



FIGURE LEGENDS

Figure 1. Carboxylase function and disruption in the pseudoxanthoma
elasticum-like disease. A. The carboxylase performs two reactions: epoxidation
of reduced vitamin K (KH3) to vitamin K epoxide (KO), and carboxylation where CO>
addition to Glu generates carboxylated Glu (Gla). B. Vitamin K-dependent (VKD)
proteins contain an exosite-binding domain (EBD) that mediates high affinity
binding through the carboxylase exosite, and also activates Glu catalysis (red
arrow). Multiple Glu residues are converted to Gla by a processive mechanism in
which VKD proteins remain bound to the carboxylase until the Gla domain is fully
carboxylated?7.28, C. Known functional regions of the carboxylase include those
facilitating catalysis (CAT), VKD protein binding (VKS, EXO0), Glu binding (Glu), and
the carboxylase Gla domain (Gla). Most of the residues whose mutations cause
disease reside in regions where the function of the carboxylase is unknown. This
study shows that impaired processivity in the V255M mutant results in the

pseudoxanthoma elasticum-like disease.

Figure 2. V255M carboxylase generates higher levels of modified fIX than wild
type carboxylase. A. Carboxylation of Glu (E) to Gla (Y) residues in factor IX (fIX)
occurs in three steps, i.e. binding, catalysis and release. The overall reaction was
studied using fIX.18/+41, which contains the 18 amino acid exosite binding domain
(EBD) covalently linked to the 41 amino acid Gla domain with 12 Glu residues. The

EBD in fIX is a propeptide that is cleaved subsequent to carboxylation. B. FLAG-
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tagged wild type and mutant carboxylases were immunopurified using anti-FLAG
antibody, and quantitated in Westerns with anti-FLAG and anti-carboxylase
antibodies. Equivalent amounts of variant carboxylases were then reacted with fIX.
18/+41, followed by SDS-PAGE and Phosphorlmager analysis. C-E. The specific
catalytic step was monitored using fIX-carboxylase complexes generated in cells
expressing fIX and individual variant carboxylases. After isolation on anti-fIX resin,
aliquots were monitored for the amount of fIX-carboxylase complex by an
epoxidation assay2?, which was confirmed by Western analysis. Equivalent amounts
of complex (6 pmol) were then monitored for pmol Gla incorporation into fIX using
gel electrophoresis and Phosphorlmager analysis. F. The amounts of carboxylated
fIX.18/+41 or fIX in the complex in panels B and E were compared to the amount of
wild type carboxylaserLac to determine the times to complete the reactions. The
time for an individual fIX-carboxylase complex to become fully carboxylated was
~15 min (lower panel), while fIX.18/+41 was carboxylated in ~75 min (as indicated
by a ratio of 1 for fIX.1g/+41: carboxylase levels in the upper panel). G. FIX 1g/+41 was
reacted with wild type (WT) or mutant carboxylases as in panel B, and the products
were precipitated with chloroform/methanoll? and resuspended in 25 mM
ammonium bicarbonate. Aliquots were quantitated by scintillation counting, and
similar levels of counts were subjected to isoelectric focusing using a pH 3-10
Criterion IEF gel (Bio-Rad) and the buffers recommended by the manufacturer. This
analysis revealed a more basic fIX 1g/+41 product with V255M than wild type

carboxylase, indicating partial carboxylation.
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Figure 3. Processive carboxylation of factor IX is impaired in the V255M
mutant. A. A complex between the carboxylase and factor IX (fIX) was reacted in
the presence of a challenge fIX (fIX.18/+41), and carboxylation of both fIX forms was
monitored. B-E. Independent gels were used to monitor fIX 1g/+41 and fIX in the wild
type (WT) or V255M complexes because of differences in fIX size, and [1*C]-
standards were included on the gels to allow quantitation of carboxylation products.
F-G. FIX.18/+41 was carboxylated after fIX in the complex with wild type carboxylase,
but occurred simultaneously with fIX in the complex with V255M carboxylase. FIX
carboxylation was much lower in the complex with V255M than wild type
carboxylase. It was also lower than observed in the reaction monitoring catalysis
(Fig. 2E), which may be due to the lower KH; concentrations used in the processivity

assay. H. S300F carboxylation of both fIX in the complex and fIX.1g/+41 was poor.

Figure 4. V255M carboxylation in cells generates factor IX with decreased
clotting activity. A. FLAG-tagged wild type (WT) and V255M carboxylases were
individually expressed in factor IX (fIX) 293 cells edited to eliminate endogenous
carboxylase (-). M indicates molecular weight markers. B. Cells cultured in the
absence of vitamin K resulted in an uncarboxylated intracellular pool of fIX in ~50-
fold excess over the carboxylase, as determined by Western analysis with anti-fIX
and anti-FLAG antibodies and fIX and FLAG standards. Cells were then exchanged
into serum free media containing vitamin K (5 ng/ml), and harvested after 18 hr.
During secretion, fIX is carboxylated in the endoplasmic reticulum (ER), and

additional modifications occur in the Golgi (e.g. propeptide processing, sulfation,
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and aspartyl B-hydroxylation). Carboxylation is not obligatory for secretion, and
secreted fIX can therefore be a mixture of forms with different degrees of
carboxylation. C. A pan-specific anti-Gla antibody*¢ detects VKD protein in cell-
spent media from fIX 293 cells but not the progenitor 293 cells, allowing the
carboxylation of fIX expressed in 293 cells to be specifically analyzed. The fIX
control is purified human plasma fIX (Enzyme Research Laboratories). D. Media
from cells cultured in the presence or absence of vitamin K (vit K) were analyzed in
Westerns using antibody against Gla¢, or anti-fIX antibody that detects both
carboxylated and uncarboxylated fIX18. Lysates analyzed with anti-GAPDH antibody
indicated similar amounts of cellular material. E. Media was quantitated for Gla and
fIX content by comparison with purified plasma fIX (shown in panel D). Aliquots
from the same media samples analyzed in the Westerns were assayed for fIX activity
in a clotting assay, as previously described*”.68. F. Clotting activity and Gla content
were compared and normalized to a ratio of one for fIX secreted from 293 cells
expressing wild type carboxylase. The ratio of clotting activity to Gla content

reveals defective clotting in fIX carboxylated by the V255M mutant.

Figure 5. Processive MGP carboxylation is impaired in the V255M and S300F
mutants. A. Complexes between MGPrrac and variant carboxylases were reacted in
the presence of a challenge peptide (MGP1.64) that contains both the exosite binding
domain (EBD) and the entire Gla domain. B-D. MGPrLag-carboxylase complexes
were isolated on anti-FLAG resin, and the amount of complex was determined by an

epoxidase assay, as before20. Equivalent amounts of complex were then analyzed in
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the challenge assay. Carboxylation of MGPrLag in the complexes and MGP1.64 was
quantitated by monitoring [14C]-CO; incorporation into each form, using gel
electrophoresis and Phosphorlmager analysis. E-G. MGP1.¢4 carboxylation occurred
after MGPrLac in the complex with wild type carboxylase. Both MGP forms were
carboxylated at the same time by mutant carboxylases, which produced higher

levels of MGP1.64 than MGPrrac in the complex.

Figure 6. The V255M mutant shows higher levels of modified MGP than wild
type carboxylase. A. The overall reaction for MGP carboxylation comprises
binding, catalysis and release, which produces MGP containing 5 Glas (indicated by
Ys). B. MGP1.64 and fIX.18/+41 were incubated with the same amount of wild type
carboxylase, followed by SDS-PAGE and PhosphorImager analysis to quantitate
[14C]-CO2 incorporation into the peptides. C. The same assay was used to measure
MGP1.64 carboxylation by wild type and mutant carboxylases, using equivalent
amounts of enzyme as determined by Western analysis with an anti-carboxylase
antibody. Higher carboxylase concentrations were used than in panel B, and the
duplicate samples that were assayed gave almost identical results and consequent
small error bars. The overall reaction for wild type carboxylase took 60 minutes, as
determined by comparing pmol Gla in MGP to the amount of carboxylase. D-F. The
specific catalytic step was monitored using preformed MGPrrag-carboxylase
complexes generated in cells, which were adsorbed to anti-FLAG resin to remove
free carboxylase. The amount of carboxylase was quantitated by an epoxidase

assay29, and equivalent amounts of complex were then incubated in reaction
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containing KHz and [1*C]-CO3, followed by gel electrophoresis and PhosphorImager

analysis to monitor [14C]-COz incorporation into MGPrrag.

Figure 7. Carboxylase processivity and disruption in disease. A. Processivity
depends upon the relative rates of catalysis and release. Wild type (WT)
carboxylase completed carboxylation of the factor IX Gla domain at a rate 5-fold
faster than the overall reaction. The rates of catalysis and the overall reaction were
similar with the V255M mutant, which generated partially carboxylated factor IX. B.
Wild type carboxylase shields a VKD protein undergoing carboxylation from
external VKD proteins, which allows full carboxylation. Shielding implicates a
transition after Glu carboxylation to an open conformation that allows exit of the
carboxylated VKD protein and entrance of an uncarboxylated substrate. A
conformational change in the V255M mutant may disrupt this normal process to
result in partially carboxylated VKD proteins. Alternatively, weakened interaction
between the V255M mutant and VKD proteins could lead to premature release that

accounts for partial carboxylation.
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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