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ABSTRACT: Factor Xa is the serine protease component of prothrombinase, the enzymatic complex
responsible for thrombin generation. Production of recombinant factor X/Xa has proven to be difficult
because of inefficient-carboxylation, a critical post-translational modification. The affinities of the vitamin
K-dependent propeptides for thyecarboxylase vary over 2 logs, with the propeptide of factor X having
the highest affinity followed by the propeptides of factor VII, protein S, factor IX, protein C, and
prothrombin [Stanley, T. B. (1999). Biol. Chem. 27416940-16944]. On the basis of this observation,

it was hypothesized that exchanging the propeptide of factor X with one that bindsdaoxylase

with a reduced affinity would enhangecarboxylation by allowing greater substrate turnover. A chimeric
cDNA consisting of the human prothrombin signal sequence and propeptide followed by mature human
factor X was generated and stably transfected into HEK 293 cells, and modified factor X was purified
from conditioned medium. The results indicate that on average 85% of the total factor X produced with
the prothrombin propeptide was fuljycarboxylated, representing a substantial improvement over a system
that employs the native factor X propeptide, with which on average only 32% of the protein is fully
y-carboxylated. These results indicate that the affinity of thearboxylase for the propeptide greatly
influences the extent gf-carboxylation. It was also observed that regardless of which propeptide sequence
is directing y-carboxylation (factor X or prothrombin), two pools of factor X are secreted; one is
uncarboxylated and a second is fullycarboxylated, supporting the notion that tirearboxylase is a
processive enzyme.

Human factor X (FX), a vitamin K-dependent two-chain  the presence of Caions ). Although FXa alone catalyzes
glycoprotein, is a substrate for both the extrinsic (tissue prothrombin activation, the macromolecular interactions
factor/FVlla) and intrinsic (FVIlla/FIXa) tenase complexes, which stabilize prothrombinase lead to a substantial enhance-
thus linking these two pathway4)( The activated form of ~ ment in catalytic efficiency3), indicating that assembly of
FX (FXa) is the serine protease component of the enzymaticthis complex is an important step for rapid and localized
complex termed prothrombinase, the only known physi- thrombin generation. Because FX/FXa occupies a central
ological activator of prothrombin. Prothrombinase assemblesposition in the coagulation pathway, there is considerable
through reversible interactions between FXa and the cofactorinterest in its therapeutic modulatiod)( highlighting the
FVa on an appropriate membrane (i.e., platelet) surface inneed to better understand structural determinants of function

on FX/FXa.
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onic kidney; PACE, paired basic amino acid cleaving enzyme; Gla, of an internal tripeptide, and removal of the propeptide.
y-carboxyglutamic acid; RVV-X, FX activator from Russell's viper Studies f d other laboratories indicate that rEX
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A8 -6 A0 % 4 Ki(nW) In an effort to optimize the expression of fulycarboxy-
Factor X SLFI RREQANNILARVTR 28 lated rFX and to better understand the significance of the
Factor VII RVFVTEEE AHGVLHRRRR 111 differential binding affinities of propeptide sequences for the
l':;ztti'r"li O AN A y-carboxylase, a chimeric FX cDNA harboring the pro-
Protein C SVFSSSERAHQVLRI RKR 230 thrombin propeptide was generated and stably transfected
Prothrombin HVFLAPQQARSLLQRVRR 277 into HEK 293 cells. Expressed rFX was purified and

Ficure 1: Sequence alignment of the vitamin K-dependent analyzed fory-carboxyglutamic acid content. Our data
coagulation factor propeptides. The 18 amino acid propeptide indicate that expression of rFX using the prothrombin

sequence of the vitamin K-dependent coagulation factors constitutespropeptide results in much higher yields of fujtycarboxy-

the primary binding site for the carboxylase. TKe values of ; ; ; ;
propeptide/gla domain peptides (determined by inhibition of a FIX lated material and is thus superior to FX constructs bearing

propeptide/gla domain substrate) are a relative measure of thelN® sequence for the native FX propeptide expressed in
affinity of the propeptide for the carboxylasg9j. heterologous systems. In addition, we provide further

evidence that the/-carboxylase is a processive enzyme:

with respect to removal of the internal tripeptide, propeptide regardless of which propeptide sequence is directitar-
cleavage, andy-carboxylation. The efficiency of these boxylation (FX or prothrombin), two pools of mature rFX
required post-translational modifications appears to be lessare secreted, one that is completafyarboxylated and one
in CHO and COS-1 cells compared to HEK 293 cells-( that is fully y-carboxylated. Results from this paper will
11). Studies indicate that some of the inefficiencies in post- facilitate the large-scale production of functional rEX/FXa
translational modification can be overcome by modifying the for detailed structure/function studies and may also be
FX propeptide at positior-2 (Thr—Arg; henceforth referred  adapted for the production of other vitamin K-dependent
to as native rwtFX) and by expressing rFX in HEK 293 cells proteins.
that have been cotransfected with PACE/furin. However,
inefficienty-carboxylation remains a major proble® L1). MATERIALS AND METHODS
Although separation of uncarboxylated and fylhcarboxy- Materials. All restriction enzymes were obtained from
lated rFX can be readily accomplished, the relatively low New England Biolabs, Beverly, MA?fu DNA polymerase
yield of fully y-carboxylated material means that most of was obtained from Stratagene, La Jolla, CA. HEK 293 cells
the secreted protein is of little use for functional studies. The were obtained from ATCC, Rockville, MD. Lipofectamine,
heterogeneity iry-carboxylation can be overcome completely G418 (Geneticin), penicilliastreptomycin, trypsin EDTA,
by expressing Gla-domainless rFXL2j; however, this L-glutamine, and DMEM F-12 were obtained from GIBCO-
modification of the full-length molecule precludes the study BRL, Gaithersburg, MD. Hydroxyapatite Bio-Gel HT was
of the assembly of macromolecular complexes involving FX/ obtained from Bio-Rad Laboratories, Hercules, CA. Q-
FXa because these uniformly require binding to a membrane Sepharose and benzamidine-Sepharose were obtained from
surface. Thus, an ideal expression system would direct high-Pharmacia Biotech, Uppsala, Sweden. Rabbit polyclonal FX
level protein productionX2—5 ug of rEX/1® cells/24 h) and FX—horseradish peroxidase antibodies for ELISA were
while still allowing efficient execution of post-translational obtained from Dako, Carpinteria, CA. The prothrombin
modifications essential to FX/FXa function. cDNA was a generous gift from Dr. Sriram Krishnaswamy,

The enzyme responsible for modification of glutamic acid The Joseph Stokes Jr. Research Institute, Philadelphia, PA.
residues toy-carboxyglutamic acid in the amino-terminal The calcium-dependent monoclonal human FX antibody
portion of a number of blood coagulation proteins is the [MoAb, 4G3 (0)] was obtained from Dr. Harold James,
vitamin K-dependenty-glutamyl carboxylase 13). The University of Texas, Tyler, TX. The factor X activator from
mechanism by which they-carboxylase recognizes its Russell’s viper venom (RVV-X) was isolated as described
substrate is thought to be through initial binding to an 18 (21). Plasma-derived human prothrombin, FIX, FX, and
amino acid propeptide sequence on the vitamin K-dependentthrombin were obtained from Haematologic Technologies
protein (for review see refl4). The importance of the Inc., Essex Junction, VT.
propeptide sequence fgrcarboxylation is demonstrated by Construction of Expression Vectdro exchange the signal
studies which show that disruption of this site in FIX, protein sequence and propeptide of FX with that of prothrombin,
C, or prothrombin yields a mature protein either lacking or the following specific oligonucleotide primers were con-
deficient iny-carboxylation {4—16). This observation and  structed: primer A 5-GATCCAGATCTCCACCATGGCG-
analysis of naturally occurring mutations in this region CACGTCCGA-3, in which the underlined portion isBglll
support the conclusion that the propeptide is required for restriction site and the last 15 bases correspond to prothrom-

y-carboxylation 17, 18). bin gene sequence coding for amino acid residud8 to
Although the vitamin K-dependent propeptides share —39;primer B 5-AAGAAAGGAATTGGCTCGCCGGAC-
sequence homology, their relative affinities for thear- CCGCTG-3, in which the first 15 bases correspond to FX

boxylase vary considerably, with the propeptide of FX gene sequence coding for residdesto +1 and the last 15
binding with the highest affinity followed by the propeptides bases correspond to prothrombin gene sequence coding for
of FVII, protein S, FIX, protein C, and prothrombin [Figure residues—1 to —5; primer C, 5-GCCAATTCCTTTCT-

1 (19)]. Recent studies indicate that specific amino acids TGAAGAGATG-3, in which the 24 bases correspond to
within these propeptide sequences are responsible for dif-FX gene sequence coding for residdekto +8; andprimer
ferences in affinity for the/-carboxylase 18). In the case D, 5-GAAACCCTCGTTTTCCTCATT-3, in which the 21

of the protein C and prothrombin propeptides, a single amino bases correspond to FX gene sequence coding for residues
acid change within this region substantially increases their +220 to+214. The prothrombin DNA sequence encoding
affinity for the y-carboxylase 18). the signal sequence and propeptide was ligated to the DNA
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sequence of FX starting at positiaril by the technique of  accomplished by transferring these fragments to PVDF
splicing by overlap extension or “geneSOEing”, where membranes29) followed by automatic Edman degradation
primers B and C are the SOEing primers and primers A and on an Applied Biosystems 475A protein sequencing system
D are the outside primer2%). The resulting 819 bp fragment  in the laboratory of Dr. Alex Kurosky (University of Texas,
was digested witlBglll and Sadl, gel purified, and sub- Medical Branch at Galveston3().

cloned into pCMV4wt-FX, generating pCMV4-ss-pro-1I-FX.

To confirm the presence of the prothrombin signal sequenceRESULTS

and propeptide and to ensure the absence of polymerase-

induced errors, we carried out DNA sequencing of the entire
chimeric prothrombin/FX insert.

Expression of rFXHEK 293 cells were transfected with
pCMV4-ss-pro-1I-FX using Lipofectamine according to the
manufacturer’s instructions. Cotransfection with a plasmid
containing the neomycin resistance gene and the PACE/furin
gene (pcDNA3-PACE; pcDNA3 was obtained from Invit-
rogen and the PACE cDNA was a generous gift from
Genetics Institute, Boston, MA) was performed at a 1:10
molar ratio (pcDNA3-PACE/pCMV4-ss-pro-II-FX). Trans-
fectants were selected with the neomycin analogue G418,
and resistant colonies were screened for FX production by
sandwich ELISA as described). Expression levels of the
clones varied but ranged from 0.5 to 4@ of rEX/1C cells/

24 h, which approximately corresponds to-640 ug/mL

of rFX in a confluent T25 flask with 8 mL of medium.
Selected clones were expanded into NUNC cell factories
(1264 or 6320 crhy Nalge Nunc Int., Naperville, IL), and a
total of 6-15 L of conditioned medium was collected over
14—21 days. Conditioned medium was filtered, and benz-
amidine was added to a final concentration of 10 mM prior
to storage at-20 °C.

Purification of rFX. Recombinant FX was purified from
conditioned media using a three-step chromatographic ap-
proach (Q-Sepharose, FX immunoaffinity, and hydroxy-
apatite chromatography) as describéd)( The fully y-car-
boxylated rFX eluting from the hydroxyapatite column was
precipitated with ammonium sulfate, and the protein was

stored at-20°C in 50% glyceroliwater. The concentration Each clone expressed rFX at levels comparable to that seen
of rFX Vﬁs determined by absorbance at 280 vh € with native rwtFX (B5, 4.0ug/1® cells/24 h; A1, 2.3ug/
59000;E;g00m = 11.6) €3). 10° cells/24 h; D3, 4.Qug/1® cells/24 h), indicating that
Activation of FX to FXa and Purification on Benzamidine- the prothrombin pre-pro sequence did not alter expression
SepharosePlasma-derived FX or rEX was activated using of rFX in this cell system. Following expansion into cell
purified RVV-X (24) and subsequently purified using benz- factories and collection of conditioned media over-24
amidine-Sepharose as describ28 @6). The concentrations  days, rFX was purified as described1]. Specifically,
of plasma-derived FXa and rFXa were determined by following Q-Sepharose chromatography for initial capture,
absorbance at 280 nnVi{ = 46000;Ejp, = 11.6) @3). rFX was purified by immunoaffinity chromatography using
Characterization of rEX/XaProtein purity was assessed @ monoclonal antibody [MoAb, 4G20)] that binds rFX
using NUPAGE 4-12% Bis-Tris gels (Novex, San Diego, but does not discriminate between uncarboxylated and fully
CA) followed by staining with Coomassie Brilliant Blue -carboxylated protein. To separate these two forms of rFX,
R-250.y-Carboxyglutamic acid analysis was carried out in Phosphate elution from hydroxyapatite was employed. We
our laboratory according to the modified method of Price have previously demonstrated that at low phosphate con-
(27) for alkaline hydrolysis, and separation of amino acids centrations {150 mM; peak 1) uncarboxylated rFX elutes,
was accomplished using a DC-4A cation exchange columnWhereas at high phosphate concentratior815 mM; peak
on a Waters LC-1 Plus HPLC as described by Przysiecki 2) fully y-carboxylated material eluted). Thus, elution
(28). Known amounts ofiL-y-carboxyglutamic acid (250 ©0f rFX from hydroxyapatite not only provides a useful
pmol) andL-aspartic acid (500 pmol) were used as standards Mmethod for isolating fullyy-carboxylated protein but also
for peak areas as well as retention times. The Gla and Asp/Permits quantitation of the fraction of total rFX that is fully
Asn peak areas of the base-hydrolyzed plasma-derived and’-carboxylated for any given clone.
rFX samples were compared to the peak areas of the Gla The detailed purification table for clone B5 (rFX with the
and Asp standards; moles of Gla per mole of protein were prothrombin pre-pro sequence) is presented in Table 1.
calculated from these values. Amino-terminal sequence Similar results were obtained with clone A1. Chromatograms
analysis of both the heavy and light chains of rFX was of the hydroxyapatite eluates for both of the prothrombin

Construction of a Prothrombin/FX Chimer@n the basis
of the observations that (1) high-level expression of pro-
thrombin (in CHO cells) and protein C (in HEK 293 cells)
yields fully y-carboxylated protein31—33) and (2) the
affinity of the FX propeptide for the-carboxylase is much
higher than that of other vitamin K-dependent protet8),(
we set out to determine if we could enhaneearboxylation
of rFX by exchanging the FX propeptide with one that binds
the y-carboxylase with a reduced affinity. We hypothesized
that having a propeptide sequence which bindsjthear-
boxylase with a very high affinity may reduce that rate of
y-carboxylation by decreasing substrate turnover. Because
it has the most reduced affinity for thecarboxylase, we
chose to exchange the propeptide of FX with that of
prothrombin. The signal sequence and propeptide of pro-
thrombin were substituted for the native sequence in the FX
cDNA starting at positiont1 (pCMV4-ss-pro-II-wtFX). It
should be noted that the signal sequence of prothrombin was
included simply to facilitate PCR and subcloning of the
prothrombin propeptide; its substitution should not influence
the extent ofy-carboxylation.

Expression, Purification, and Characterization of a Re-
combinant Prothrombin Propeptide/FX Chimeric Protein.
The chimeric expression vector, pCMV4-ss-pro-ll-wtFX, was
used to transfect HEK 293 cells, and clones positive for rEX
by ELISA were selected and subsequently expanded to
establish cell lines. Two clones bearing the prothrombin pre-
pro sequence, B5 and Al, as well as native rwtFX (clone
D3; described previously in refl)) are described in detail.
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Table 1: Purification of rwtFX Clone B5

vol rEX total FX %

purification step (mL) (mg/mL) (mg) recovery
conditioned medi 9660 0.003 275 100
Q-Sepharose 150 0.18 27.0 98.2
immunoaffinity (4G3Y 46.0 0.49 225 82.0
hydroxyapatite peakl 30.0 0.09 2.7 9.8
hydroxyapatite peak®2 52.0 0.34 17.7 64.3
final rFX uncarboxylate® 0.6 3.25 2.0 7.1
final rFX carboxylate8i 20 862 17.2 62.7

2 As determined by FX specific ELISA.As determined by absor-
bance at 280 nnt.Final purified material following ammonium sulfate
precipitation.

propeptide/rFX chimeras, clones B5 and Al (panels B and
C of Figure 2, respectively), show that90% of the total
rFX applied to the column eluted in peak 2. This indicates
that the majority of the starting material is fuljycarboxy-
lated. This finding is in marked contrast to the results
observed with native rwtFX (Figure 2A), with which only
~20% of the rFX is fully y-carboxylated. We have now
expressed and purified a total of seven rFX clones with the

prothrombin pre-pro sequence and seven clones containing

the native FX pre-pro sequence. Collectively, our results
indicate that~85% of the total rFX expressed with the
prothrombin pre-pro sequence is fullycarboxylated, com-
pared to~32% of rFX that is expressed from constructs
containing the native pre-pro sequence (Table 2). In addition,
rEX expressed from clone B5 has been purified on three
separate occasions, with similar levels of fyligarboxylated
rFX (~90% of total rFX protein) obtained each time. These
results demonstrate that in this system, expression of rFX
from a cDNA bearing the sequence for a propeptide with a
reduced affinity for they-carboxylase markedly improves
y-carboxylation when compared to constructs bearing the
native FX propeptide sequence.

As shown in Table 2, the protein expression levels varied
for each of the FX clonesH FX propeptide and+
prothrombin propeptide) and ranged from 0.5 to 4dg0of
FX/1( cells/24 h. There was no apparent correlation between
the expression levels of pre-pro-prothrombin-rFX and the
percent of fully y-carboxylated protein, indicating that
expression of pre-pro-prothrombin rFX at levels up to 4.0
ug of rIEX/1C cells/24 h in HEK 293 cells does not saturate
the endogenoug-carboxylation machinery. However, when
the native FX propeptide is employed, the percentage of fully
y-carboxylated protein is substantially reduced even at
expression levels comparable to that of rFX expressed with
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FIGURE 2: Separation of-carboxylated and uncarboxylated rFX
by hydroxyapatite chromatography. Hydroxyapatite (HA) chroma-
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the prothrombin propeptide. These results indicate that thetography was used to separate uncarboxylated andftdiyrboxy-

native FX propeptide is far less efficient in this expression
system in directing the-carboxylation reaction and may in
some way retard this reaction.

To determine the-carboxylation state of the recombinant
proteins eluting from the hydroxyapatite column, direct
chemical y-carboxyglutamic acid analysis of the alkaline
hydrolysate of both clones (B5 and Al) harboring the
prothrombin pre-pro sequence was performed (Table 3). rFX
eluting in peak 1 from the hydroxyapatite column is
essentially uncarboxylated, and material eluting in peak 2 is
fully y-carboxylated.y-Carboxyglutamic acid analysis of

lated rFX. Approximately 80% of the rwtFX eluted in the first peak
and represents uncarboxylated protein, and the remaining 20%
eluted in the second peak and represents fultarboxylated protein

(A). rFX expressed with the prothrombin pre-pro sequence (B, clone
B5; C, clone Al) also separated on HA into two peaks, wit0%

of the protein eluting in peak 1 (uncarboxylated protein) and the
remaining 90% of the protein eluting in peak p-¢arboxylated
protein). Elution of each protein was monitored by absorbance at
280 nm (left axis).

strated that rFX synthesized with the native FX propeptide
results in secreted protein which is either uncarboxylated or
fully y-carboxylated11). Results presented in Tables 2 and

plasma-derived coagulation factors (used as controls) were3 support this observation and also demonstrate that rFX

consistent with known values. We have previously demon-

synthesized with the prothrombin propeptide also yields
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Table 2: Characterization of Various rFX Clones

+ FX propeptidé + prothrombin propeptide
expression % of total rFX expression % of total rFX
FX clone (ug/10 cells/24 h) fully y-carboxylateél FX clone (ug/10 cells/24 h) fully y-carboxylateél
rFX-1 D3 4.0 20 rFX-1 B5 4.0 90
rFX-2 B5 3.0 30 rFX-2 Al 2.3 91
rFX-3 D1 4.0 40 rFX-3 C5 4.0 89
rFX-4 C4 24 30 rFX-4 E2 2.3 82
rFX-5 A3 4.0 25 rFX-5 A4 1.0 81
rFX-6 B2 3.2 35 rFX-6 A6 1.2 73
rFX-7 C3 3.0 45 rFX-7 C1 0.5 91

aThe FX propeptide is modified at positier2 (Thr—Arg) to allow for efficient propeptide cleavage in HEK 293 celldhe FX clones presented
represent wtrFX or rFX with various mutations in the catalytic domain. No mutations were introduced in the Gla ddrhaipercentage of total
rFX fully y-carboxylated is calculated as follows: the total amount of rFX eluting in peak 2 from hydroxyapatite chromatography is divided by the
total amount of rFX loaded on the columnCarboxyglutamic acid analysis was performed on each sample listed above to confjrrédtliioxylation
(10.0-11.2 mol of Gla/mol of rFX).

Table 3: y-Carboxyglutamic Acid Analysis Table 4: Amino-Terminal Sequence Analysis of the rwtFX Clone
av+ SD, mol of B5 Light Chain
sample Gla/mol of protein theoretical peak 1 from peak 2 from
PD-h prothrombia 101+ 06 10.0 hydroxyapatite column hydroxyapatite column
PD-h factor 1% 12.3+0.3 12.0 cycle amino acid pmol cycle amino acid pmol
PD-h factor X 10681 0.1 11.0 1 Ala 85.8 1 Ala 752
PD-h thrombif ND 0 > Asn 36.5 5 Asn 38.0
rwtFX-ss-pro-Il (B5) peak 1 0.+ 0.02 0 3 Ser 5.7 3 Ser 21.8
rwtFX-ss-pro-1l (B5) peak 2 10.£0.10 11.0 2 Phe 69.0 2 Phe 52‘ 6
rwtFX-ss-pro-1l (A1) peak 1 0.2 0.04 0 5 Leu 69.4 5 Leu 43 4
rwtFX-ss-pro-1l (A1) peak 2 10.% 0.10 11.0 6 Glu 303 6 (Gla)
a Plasma-derived human coagulation factors used as standards. See 7 Glu 51.4 7 (Gla)
Methods for determination of Gla values. Values are the average of 8 Met 54.6 8 Met 34.3
three separate determinatichsSD. ° ND, no Gla peak was detectable. 9 Lys 51.8 9 Lys 154
10 Lys 86.1 10 Lys 50.9
11 Gly 52.3 11 Gly 24.8
) S 12 His 5.8 12 His 9.90
protein which is either uncarboxylated or fuljycarboxy- 13 Leu 34.9 13 Leu 17.8
lated, although the percentage of fujlycarboxylated rFX 14 Glu 4.8 14 (Gla)
synthesized with the prothrombin pre-pro sequence is much ig érlg igg i‘g ?é?a) 138
higher. These results are cpnsistent with the notion that the 17 Cys 101 17 Cys 10.1
y-carboxylase is a processive enzyme. 18 Met 10.2 18 Met 6.70

Amino-terminal sequence analysis of clone B5 (similar
results obtained with clone A1, data not shown) indicate that DISCUSSION
the prothrombin pre-pro sequence was removed from the rFX
light chain irrespective of itg-carboxyglutamic acid content
(Table 4). In addition, blanks were observed at positions 6
7, 14, and 16 for rFX eluting in peak 2, suggesting the

The development of highly potent and selective inhibitors
of FXa (4) and the elucidation of its structure by X-ray
' crystallography §4—36) have led to an increasing interest
in the modulation of this serine protease as a therapeutic

presence of-carboxyglutamic acid, which is not resolved  gyateqy to reduce thrombin generation in order to accomplish
by Edman degradation. Glutamic acid was observed at these, yiicoagulation. However, identification of the structural

sites for yncarquylated rFX eluting in_ pea_k 1. These results yaterminants important for FX/FXa function has been
are consistent with the-carboxyglutamic acid analyses. The  jificult, due to the limited number of naturally occurring
rEX _heavy chain from both peaks was als_o sequenced a”dhomozygous FX mutations available for stud) and the
confirmed the proper cleavage at amino acids'®rgArg**? o |ative difficulty in expressing recombinant FX/FXa. A
generating the heavy and light chains from single-chain aior obstacle to the production of large quantities of
precursor (data not shown). recombinant FX/FXa has been the inefficigatarboxylation
Following purification of fullyy-carboxylated protein from  of the first 11 glutamic acid residues of FX by heterologous
hydroxyapatite chromatography, rFX derived from clone B5 mammalian expression systems.
and plasma-derived FX were subjected to SIPAGE. Each In this paper we present a successful strategy to overcome
protein was judged to be 95% pure and migrated at the the problem of inefficieny-carboxylation in the production
expected molecular weight under both reducing and nonre-of fully functional rFX. Our data indicate that by using a
ducing conditions (Figure 3). The amount of single-chain propeptide sequence that binds thearboxylase with a
rFX was minimal, indicating almost complete removal of relatively weak affinity, enhanceg-carboxylation of rFX
the internal tripeptide. Following activation by RVV-X and can be achieved in HEK 293 cells. The rationale for the use
purification on benzamidine-Sepharose, rFXa migrated in an of the prothrombin propeptide was based on two observa-
identical fashion to its plasma-derived counterpart on both tions. First, recent studies indicate that the relative affinities
reducing and nonreducing SBAGE. of the vitamin K-dependent propeptides for thearboxylase
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A results (8, 19) and the results presented in this paper suggest
MW 1 2 3 a that the relative affinities of these proteins for thecar-
boxylase dictate the efficiency gtcarboxylation, especially
188- (U in heterologous expression systems (i.e., CHO, HEK 293)

that may have limitingy-carboxylation machinery and are

not thought to perform this post-translational modification

49 or synthesize vitamin K-dependent proteins to any significant
- - degree in the basal (untransfected) state.

At first glance, our observation that a high-affinity binding
propeptide sequence (i.e., FX) is less efficient than a weaker
- affinity propeptide sequence (i.e., prothrombin) in directing

the y-carboxylation reaction appears to be puzzling. This
6- .- apparently paradoxical effect may be related to, in part, low
o substrate turnover as a result of the very high affinity of the
FX propeptide for they-carboxylase. The notion that the
FX propeptide has a high affinity for the-carboxylase is
MW 1 2 3 4 supported by several studies. In vitro studies using a
188- competitive inhibition assay with propeptide/Gla domain
? substrates demonstrate thatarboxylase binding of a FX

62 | propeptide/Gla domain substrate exceeds that of the pro-

FTa— R thrombin and protein C propeptide/Gla domain substrates
3g. | o by 2 orders of magnitude. ). In addition, others have shown
28 b i —3—1 that warfarin treatment of cultured human or rat primary
— s S a0 hepatocytes, or the 'hepatocell'ular carcinoma derjved HepG2
18/14- g cells, causes an increase in the prothrombin and FX

concentrations in the ER. In these experiments, an increase
in the level of FX associated with the ER membrane fractions
(presumably FX bound to the-carboxylase) was observed
Ficure 3: SDS-PAGE of plasma-derived and recombinant wild- Wltt?] Warfarlnttr?atmehnt alg_ng with a codncc.)rﬁltk?nt decrbease
type factor X/Xa. Plasma-derived and recombinant wild-type FX/ in eamoun of prothrombin a_lsso_(:late with the membrane
Xa (5ug of protein/lane) were analyzed by-42% linear gradient ~ fraction @8-40). Although this difference could be ac-
NOVEX NuPAGE Bis-Tris gels using the MES buffer system counted for by a higher turnover rate of prothrombin
followed by Staining with Coomassie Brilliant Blue R-250. The Compared to FX in the ER’ the authors attributed their

molecular weight markers are indicated at the left of the gel. In ¢ s ;
panel A, samples were nonreduced and in panel B samples Wereflndlngs to a reduced affinity of the prothrombin precursor

reduced with DTT: lanes 1, plasma-derived factor X; lanes 2, cOmpared to the FX precursor, resulting in competition for
recombinant wild-type FX (derived from clone B5); lanes 3, plasma- the y-carboxylase. In addition, analysis of purified bovine
derived FXa; lanes 4, recombinant wild-type FXa (derived from carboxylase from cattle that had been pretreated with warfarin
clone B5). In panels A and B, lanes 3 and 4, the doublet representsshowed that the majority of the bovine hepatocyte-derived
the a- andf-forms of FX and FXa, respectively. y-carboxylase was complexed with the FX precursor rather
vary by >2 orders of magnitude, with the propeptide of factor than with prothrombin or FIX precursors4). Taken
X having the highest affinity and prothrombin having the together, these observations suggest that vitamin K-dependent
lowest [Figure 1 19)]. Second, in contrast to the production precursors with high affinities for the-carboxylase ef-
of rFX, the expression of vitamin K-dependent proteins with fectively compete with other precursors fprcarboxylase
a reduced affinity for the'-carboxylase, such as recombinant binding during warfarin-induced accumulation of vitamin
prothrombin (CHO cells) and protein C (HEK 293 cells), K-dependent precursors in the ER. It remains unclear,
results in fullyy-carboxylated protein3l—33). On the basis ~ however, whether this high affinity translates into greater
of these observations, we hypothesized that the rate ofsubstrate turnover and subsequently higher levels @dr-
substrate turnover by the-carboxylase may be influenced boxylated product. Support for the notion that high-affinity
by the affinity of the propeptide, with high-affinity binding  propeptide binding to the-carboxylase does not translate
propeptides having a decreased off-rate compared to moderinto greater substrate turnover comes from in vitro studies
ate to low affinity propeptides. of liver microsomes derived from the ER and which contain
Early experience with the expression of recombinant membrane-associatgdcarboxylase. Wallin et al. found that
prothrombin and FIX showed that a greater percentage ofalthough both prothrombin and FX precursors were tightly
prothrombin was fullyy-carboxylated when compared to the bound to microsomal membrane fragments, in vitroar-
synthesis of recombinant factor IX when both proteins were boxylation of these substrates resulted in the release of
expressed at comparable levels in CHO celi$).(When prothrombin precursors from the membrane fragments, but
the amounts of these proteins were amplified, the levels of not FX precursors3g). These observations strongly suggest
fully y-carboxylated prothrombin are5-fold higher than that although the FX precursor binds with high affinity to
the levels of fullyy-carboxylated factor 1X31, 37). It was the y-carboxylase, turnover of this substrate by this enzyme
hypothesized that pre-pro-prothrombin was a better substrates greatly diminished.
for y-carboxylation than pre-pro-factor IX due to elements  Using purifiedy-carboxylase and a FIX peptide substrate
present in the prothrombin propeptide. Data from previous (residues—18 to 41), Morris et al. have demonstrated that

6-
3.

N |
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vitamin K-dependent carboxylation is a processive post- K-dependent proteins, especially in a cellular setting or in
translational modification42). In that study, it was shown  expression systems wheyecarboxylation of such proteins
that purified y-carboxylase can convert as many as 12 is not optimal. For example, the use of the prothrombin
glutamate residues in the substrate peptide. Results from thgropeptide in gene therapy strategies for FIX deficiency that
current study demonstrate that regardless of which propeptiderely on expression of the transgene in cell types other than
sequence is directing the-carboxylation reaction (FX or  the hepatocyte4) may result in a higher yield of fully
prothrombin), two pools of rEX are secreted, one which is functional protein.
uncarboxylated and one which is fuljycarboxylated. This
confirms our earlier experience that production of rFX in ACKNOWLEDGMENT
HEK 293 cells does not result in partially-carboxylated
material ((1). These results are consistent with the notion
that the y-carboxylase is a processive enzyme; that is,
multiple modifications of the substrate molecule occur during
a single association between enzyme and substrate.
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