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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 Viivo
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ABSTRACT: The vitamin K-dependent (VKD) carboxylase binds VKD proteins via their propeptide and
converts Glu’s toy-carboxylated Glu’s, or Gla’s, in the Gla domain. Multiple carboxylation is required

for activity, which could be achieved if the carboxylase is processive. In the only previous study to test
for this capability, an indirect assay was used which suggested processivity; however, the efficiency was
poor and raised questions regarding how full carboxylation is accomplished. To unequivocally determine
if the carboxylase is processive and if it can account for comprehensive carboxylation in vivo, as well as
to elucidate the enzyme mechanism, we developed a direct test for processivity. The in vitro carboxylation
of a complex containing carboxylase and full-length factor IX (fIX) was challenged with an excess amount
of a distinguishable fIX variant. Remarkably, carboxylation of fIX in the complex was completely unaffected
by the challenge protein, and comprehensive carboxylation was achieved, showing conclusively that the
carboxylase is processive and highly efficient. These studies also showed that carboxylation of individual
fIX/carboxylase complexes was nonsynchronous and implicated a driving force for the reaction which
requires the carboxylase to distinguish Glu’s from Gla’s. We found that the Gla domain is tightly associated
with the carboxylase during carboxylation, blocking the access of a small peptide substrate (EEL). The
studies describe the first analysis of preformed complexes, and the rate for full-length, native fIX in the
complex was equivalent to that of the substrate EEL. Thus, intramolecular movement within the Gla
domain to reposition new Glu’s for catalysis is as rapid as diffusion-limited positioning of a small substrate,
and the Gla domain is not sterically constrained by the rest of the fIX molecule during carboxylation. The
rate of carboxylation of fIX in the preformed complex was 24-fold higher than for fIX modified by free
carboxylase, which supports carboxylase processivity and which indicates that binding and/or release is
the rate-limiting step in protein carboxylation. These data indicate a model of tethered processivity, in
which the VKD proteins remain bound to the carboxylase throughout the reaction via their propeptide,
while the Gla domain undergoes intramolecular movement to reposition new Glu’s for catalysis to ultimately
achieve comprehensive carboxylation.

All vitamin K-dependent (VKD) proteins undergo an  carboxylation occur and indicated a regulatory mechanism
unusual posttranslational modification, the conversion of in which the Glu substrate coordinates an active site thiol to
glutamyl residues tg-carboxyglutamyl residues (or Gla’s), initiate oxygenation of KH (7).

required for their activities in hemostasis, growth control, KD proteins are targeted to the carboxylase via a homo-
Ca&* homeostasis, and possibly signal transductibnd). logous sequence, which in most instances is a propeptide
This modification is carried out by the VKD gr-carboxy-  cleaved after carboxylations). Modification occurs in a
lase, a 95 kDa endoplasmic reticulum integral membrane region immediately adjacent to the propeptide, the Gla
enzyme §, 6). The carboxylase transduces energy from the gomain. Small peptides derived from the Gla domain exhibit
oxygenation of vitamin K hydroquinone (Kgito abstracta  poor affinity for the carboxylase, in the millimolar range.
hydrogen from ther-glutamyl carbon to generate a carbanion  covalent attachment of the propeptide confers high-affinity
intermediate which subsequently undergoes nucleophilic pinding, reducing théy's of such peptides £8-10* fold.

attack of CQ to produce Gla. Recent studies have identified A recent study shows that the affinities of different VKD
the active site of the carboxylase where epoxidation and propeptides vary substantiallg)(

t Supported by NIH Grant HL55666. ~ All VKD proteins undergo multiple (312) carboxylations
* To whom correspondence should be addressed. Phone: (216) 4454n the Gla domain. Since partially carboxylated VKD proteins
9760. Fax: (216) 444-9263. E-mail: berknek@ccf.org. exhibit poor activity, understanding the mechanism by which

1 Abbreviations: VKD, vitamin K dependent; fIX, factor IX; Gla, ; ; ; ; et
J-carboxylated Glu; Ki vitamin K hydroguinone: fIX[180], factor comprehensive carboxylation is achieved is important. One

IX truncated after amino acid 180; fIX[456], full-length fIX; pro, possible _meChanism is a quality control system that filters
propeptide. out proteins that are not fully carboxylated, analogous to the
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process for secreting glycoproteir®),(and there is some  as a mixture of propeptide-containing and mature protein.
evidence for cellular regulationl(—12). Comprehensive  Spent media from cells cultured without serum or vitamin
carboxylation could also be achieved by a completely K was chromatographed on a column of anti-fIX propeptide
different mechanism based on carboxylase processivity, i.e.,Ab coupled to CNBr-activated Sepharose (2 mg/mL). The
in which all Glu to Gla conversions in a Gla domain are Ab was rabbit Ab prepared against the human fIX propeptide
effected as a consequence of a single binding event. In the(amino acids-18 to—1) (21), affinity purified over a column
only previous study to test for carboxylase processivity, the of immobilized fIX propeptide. Purified fIXs were sequenced
products of an in vitro reaction between the carboxylase andby Edman degradation, which detected only the propeptide-
a factor IX (fIX) peptide comprising the propeptide and Gla containing forms (data not shown). Gla quantitation showed
domain were analyzed by mass spectromei8y. Some fully that the proteins were uncarboxylated((3 mol of Gla/
carboxylated peptide (12 mol of Gla/molecule) was observed mol of fIX) (17).

among a much larger population of undercarboxylated Antibodies Used in the Challenge Assdahe anti-fIX
peptide. A probability argument, i.e., that alternative mech- MAbs used in the processivity assay, ESN1 (American
anisms would be unlikely to generate fully carboxylated Diagnostica) and anti-HFIX-40 (generously provided by
product, was used to suggest processivity. The fact that mosiwilliam Church), were tested for their ability to immunoreact
of the observed product was undercarboxylated peptide raisesvith fIX[456] but not fIX[180]. One test was an ELISA0)

the question of whether carboxylase processivity can accountusing the MAbs as the capturing Abs and affinity-purified
for comprehensive carboxylation in vivo. While the authors polyclonal anti-fIX Ab for detection. fIX[456] quantitation
attributed the partial products to being an in vitro artifact, by ELISA gave a value identical to that obtained by BCA
there are other potentially interesting explanations, such as(0.6 ug/uL), while fIX[180] (1.6 «g/uL by BCA) could not

the requirement for an auxiliary factor or the possibility that be detected in the ELISA{10 ng/mL). The second test was
some VKD proteins (like fIX) are not as efficiently proces- chromatography on columns of immobilized ESN1 or anti-
sive substrates as others. The inefficient in vitro carboxylation HFIX-40. Spent media from cells expressing either
is similar to the poor carboxylation often observed when fIX[180] or fIX[456] was passaged over each column (1 mg

r-VKD proteins are expressed in mammalian cellé«17), of Ab/mL of resin, 2 mL of resin); the columns were washed
and an obvious question is whether both observations resultwith 20 mL of TNEN (20 mM Tris-HCI, pH 8, 100 mM
from inefficient carboxylase processivity. NaCl, 1 mM EDTA, 0.5% NP40) and then with PBS (20

To investigate the mechanism of carboxylation, we mL) and then eluted with 50 mM triethylamine, pH 11.
developed a direct method for testing processivity: the in Starting material and eluant were then analyzed in a western
vitro carboxylation of full-length, native fIX in a fIX/  using anti-fIX propeptide Ab: while fIX[180] and fIX[456]
carboxylase complex was challenged using an excess amounivere both observed in the spent media, only fIX[456] was
of a distinguishable fIX variant to determine if the fIX variant detected in eluant.
disrupted carboxylation. We found that carboxylation of fIX  Challenge Assay for Carboxylase Procegtgi The pre-
in the complex was unaffected by the challenge protein, formed flX/carboxylase complex was isolated from a
showing unequivocally that the carboxylase is processive. r-human fIX[456], r-human carboxylase expressing BHK cell
These studies also showed that the carboxylase was capabline (22) cultured in media lacking vitamin K. Solubilized
of comprehensively modifying fIX, that carboxylation of microsomes were prepare2l, and aliquots (50@L) were
individual fIX/carboxylase complexes was nonsynchronous, adsorbed to ESN1 or anti-HFIX-40 (10 of resin, 2 mg
and that the carboxylase has a mechanism to drive theof Ab/mL) by overnight nutation at 4C. The resin was
conversion of Glu's to Gla’s within the Gla domain. This centrifuged (1000 rpm, 1 min) to remove unbound material
direct method for proving carboxylase processivity now and then washed five times by the addition of 1 mL of
provides a powerful system for defining the processive TNCPD (50 mM Tris, pH 7.4, 500 mM NaCl, 0.25%
mechanism. CHAPS, 0.25% phosphatidylcholine, and 5 mM DTT)

followed by centrifugation at 1000 rpm, 1 min, and removal
MATERIALS AND METHODS of TNCPD. All manipulations were at 4C. Aliquots (10

Generation of Cell Lines Expressing Full-Length or ul) of the slurry (110QuL) were removed on the final wash
Truncated fIX.A BanHl fragment containing a cDNA  to quantitate the amount of carboxylase by a peptide assay
encoding full-length fIX {8) was subcloned into thBanHl| (7). The resins (10@L) were then incubated in 400L of
site of ZEM229 (9), which includes a cassette expressing reaction cocktail [50 mM BES, pH 6.9, 0.06% CHAPS,
dihydrofolate reductase. A cDNA encoding truncated fIX 0.06% phosphatidylcholine, 0.06% sodium cholate, 0.6 M
(amino acids—46 to 180) was constructed by ligating the ammonium sulfate, 2 mM Na¥CO; (Amersham, 55 cpm/
oligonucleotides TCG GTA ACC CGG GG and GAT CCC pmol), 5 mM DTT] containing fIX[180] (3«M). A parallel
CCG GGT TA to the 675 bBanHI—Aval fragment from control lacking fIX[180] was also assayed, and both sets were
the full-length fIX cDNA, which introduced a termination  performed in duplicate. Samples were incubated at@1
codon after amino acid 180. The truncated cDNA was for 10 min, and carboxylation was then initiated by the
inserted into theBanH| site of ZEM229. Plasmids were  addition of vitamin K hydroquinone [KKH to 150 uM,
transfected into BHK cells and amplified by selection to 1 prepared as describe®3)]. Reaction mixtures were continu-
uM (truncated fIX) or 5uM (full-length fIX) methotrexate. ously rocked, and at timed intervals, aliquots (40 were
Clones were screened by ELISRQ) to isolate a high- removed and transferred to tubes containingd@f SDS—
producing line. PAGE loading buffer, which quenched the reaction. The

Isolation of Propeptide-Containing fIXzull-length fIX samples were incubated at 2C for 20 min and then
(fIX[456]) and truncated fIX (flX[180]) were both secreted centrifuged at 4000 rpm for 5 min, and GQ was subjected
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to SDS-PAGE. A “C-methylated bovine serum albumin A. B.
(BSA) standard curve (82Ci/mg, Amersham, passaged over M fx X X fIX
a G-50 column to remove any noncovalently bolft@) was kD [456]  [180] [456] [180]
included on each gel. Following electrophoresis, gels were 200 —
washed at least five times in 40% methanol and 5% acetic 97 =
acid, then dried, and quantitated by Phosphorlmager analysis. 68 — . '
Both protein bands and triplicate blank regions (from the
same lanes as the bands) were selected using the same sized |- -
box, and the average blank value was subtracted from that - '
of each protein band. Because of the low gel background 20 —
and long exposures used4 months), signal-to-noise ratios
of 2—50 could be obtained.

To assess the validity of the assay, the recovery of fIX
from the resin was measured. The fIX[456]/carboxylase 8

complex adsorbed to ESN1 or anti-HFIX-40 was in vitro
carboxylated for 30 min, quenched with cold NaH{(@ 14 —
50 mM), then incubated in SDSPAGE loading buffer, and - sl . Isis of f
ifuged as above. The samples were gassed Witt€O Ficure 1: Silver stain and western analysis of fIX substrates.
centrifug ' P /ere g  WIFQ Purified propeptide-containing fIX[456] and fIX[180] were analyzed
remove free NaMCO; and then quantitated by scintillation by SDS-PAGE and silver staining (part A), using 1@ due to
counting. Comparison of cpm before and after centrifugation weak reactivity of fIX[180] in silver (and also in Coomassie)
showed reproducible, quantitative recovery of radiolabeled Staining. Aliquots (50 ng) were also analyzed by a western (part
: B) using anti-fIX propeptide Ab.
protein.
Gla Quantitation of Carboxylated fIX[456]In vitro
carboxylated fIX[456] from the fIX[456]/carboxylase com-

Table 1: Kinetic Analysis of fIX Substrates

plex was purified and subjected to Gla analysis. Carboxy- . (Cp\r/n"‘/‘”‘;,]in) (!m) (cpmvrrr1n?r)1/‘|§mM‘1)
lation of the complex was as above, except that the complex IX[456] 01 045 224”
was immobilized on anti-carboxylase Ab (100 of resin, fIX[180] 47 0.37 127

2 mg/mL). The Ab was rabbit Ab against the C-terminus of
human carboxylase (amino acids 74#58), affinity purified ; . X e

L - . concentrations (0.153 uM) in 250 uL of reaction cocktail with
using 'mmOb'llzeq peptide. The fIX[456_]/ca_rboxyIase COM- y_carhoxylase (50 nM). The carboxylase was a pure preparation
plex bound to anti-carboxylase Ab was in vitro carboxylated fractionated over Q-Sepharose to remove free propepfjdegliowing
with or without fIX[180] (3 uM) as in the challenge assay the addition of KH (to 150xM), aliquots (50uL) were removed (at
described above and then analyzed by SP8GE/Phos- 10, 20, and 30 min) and quantitated by SEFAGE and Phosphor-
phorimager. A separate sample was in vitro carboxylated Imager using“C-BSA standard curves run on each gel as a reference.
for 30 min, and the entire reaction mix (4@Q of cocktail ) ) )
and 100uL of resin) was diluted 10-fold into 1% Triton ~COomprise the leader sequence, propeptide, Gla domain,
X-100, which disrupted the fIX[456]/carboxylase complex. 9rowth factor domain, and activation peptide. The propep-
After centrifugation (2000 rpm, 5 min, 2C) to remove the tide-containing form of fIX[180] was used, and was obtained
resin, the sample was chromatographed on an anti-fIX Ab by exploiting the f_act that propeptide processing is s_aturated
column (ESN1, 20@L, 2 mg/mL), followed by washes with when VKD proteins are expressed at high levels in BHK
TNEN (2 mL) and then PBS (2 mL) and elution with 50 cells 7). This approach allowed us to use a challenge
mM triethylamine, pH 11 (50QuL). The fIX[456] was protein that contained all of the Gla domain and avoided
precipitated with trichloroacetic acid (to 30%), and the having to introduce mutations into the_;ubstra}te. Both fIX—
precipitate was processed for base hydrolysis and HPLC tol[180] and a fIX[456] control were purified using an anti-

a Purified fIX[180] and fIX[456] (Figure 1) were incubated at varying

guantitate Gla residues, as previously descril&). ( fiX propeptide Ab column, and N-terminal sequencing
confirmed the presence of the propeptide. Both proteins were
RESULTS isolated from cell lines cultured without vitamin K and so

were uncarboxylated, as verified by Gla quantitation. When

Establishing a Model System To Assess Carboxylaseanalyzed by SDSPAGE, both purified proteins exhibited
Processiity. A direct test for carboxylase processivity was a doublet, presumably due to heterogeneous glycosylation
developed by using a fIX variant (fIX[180]) to challenge (Figure 1). For simplicity, the propeptide-containing forms
the carboxylation of full-length fIX (fIX[456]) in a preformed  of fIX[180] and fIX[456] will be referred to as fIX[180] or
complex with carboxylase. In a fully processive mechanism, f|X[456] throughout, since only the propeptide forms were
the kinetics of fIX[456] carboxylation would be unaffected ysed in these studies.
by the challenge protein. In a distributive mechanism, the  To assess the suitability of fIX[180] as a substrate for
presence of excess challenge protein would compete withchallenging processivity, carboxylation of fIX[180] and fIX-
fIX[456] released from the complex, thereby decreasing the [456] was compared (Table 1). Both proteins exhibited
rate and extent of fIX[456] carboxylation. similar kinetics: theK,’s were the same and théax for

The fIX[180] challenge protein was a truncated variant fIX[180] was only slightly lower than for fIX[456].
deleted in the serine protease domain so that it would be The fIX[456]/carboxylase complex being challenged was
distinguishable from fIX[456] on SDSPAGE. The two an in vivo preformed complex isolated from BHK cells
proteins were identical in amino acids46 to 180, which coexpressing human r-carboxylase and human r-fIX[456].
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Table 2: Isolation of the r-fIX[456]/r-Carboxylase Compiex - T T T T
total activity %_ 100 [ . .
(cpm/h) x 8 &L ;
fraction 10+ % 8 X
(A) r-fIX[456])/r-carboxylase microsomes 1200 100 ger ]
unbound material 150 13 S b
aflX Ab resin 1080 90 g F E
(B) r-carboxylase microsomes 600 100 & ,of E
unbound material 610 102
aflX Ab resin 0.1 0.02 0 N R I | L L

0 5 10 15 20 25 30
Reaction time (min)

a Solubilized microsomes (1 mL) from BHK cells expressing
r-fIX[456] and r-carboxylase (part A) or just r-carboxylase (part B)
(22) were adsorbed to anti-HFIX-40 resin (200)) overnight at 4°C FIGURE 2: In vitro carboxylation of the free versus immobilized
and then centrifuged (1000 rpm, 1 min,°@) to remove unbound — fy1456)/carboxylase complexes. The fIX[456]/carboxylase com-
material. TheT resins were washed five times with 1 mL of TNCPD, plex from solubilized microsomes [10., 14 pmol of carboxylase
and on the final wash aliquots (1L of the 1200uL slurry) were [as quantitated by peptide activity){, open circles] or immobilized

removed and assayed for carboxylase peptide activjtyafong with to anti-HFI1X-40 (100uL of resin, 54 pmol of carboxylase, closed
aliquots (1QuL) of the starting slurry and unbound material. An ELISA diamonds) was i(ncuql:[;ated at 20; for Emin in 400/tL)C/Jf reaiction

on the solubilized microsomes and unbound sample showed that all ; : P ;
(>99%) of the fIX_[456] was adsorbed to the resin (in part A). Similar zﬂgﬁtgg \?v?tﬂé?aev;ﬁaa?ttﬁgm%sictgfe%Igmifsvg;hgﬁggelsi%@g%}ough
results were obtained using ESN1 resin (not shown). SDS-PAGE and Phosphorimager, along wiC-BSA, to quan-
_tjtate 1“C incorporation into fIX[456]. The 100% value for the
These cells overexpressed carboxylase 70-fold, as determinedolubilized complex or immobilized complex corresponded to 9000
both by an activity assay and by a quantitative western, andor 32 000 cpm of4C-fIX[456], respectively.
S0 99% of the complexes contained human (versus hamster)
carboxylase. The cells were cultured without vitamin K so site of Ab binding and the Gla domain, and so immobilization
the complex was uncarboxylated. The fIX[456] in the would not be expected to interfere with carboxylation. None-
complex was shown by western analysis with anti-flX theless, to assess the effect of immobilization on carboxy-
propeptide Ab to contain the propeptide (data not shown), lation, immobilized complex was compared to free complex
as expected. An important component of the isolation was (Figure 2). The extent of fIX[456] carboxylation was un-
the removal of free carboxylase. We initially screened cell affected by immobilization, and the rate for the immobilized
lines with different ratios of r-fIX to r-carboxylas@{20) complex was only slightly lower than for the free complex.
and found that all isolations yielded similar amounts of free It should be noted that because fIX[180] is not immobilized
carboxylase. The optimal cell line used in these studies like fIX[456] in the challenge assay, if carboxylase is released
contained r-fIX in~2-fold excess of r-carboxylase, and 13% from partially carboxylated fIX[456] in a distributive mech-
free carboxylase was observed (Table 2). Because freeanism, the fIX[180] would have a kinetic advantage over
carboxylase would complicate analyses, the fIX[456]/car- fIX[456].
boxylase complex was adsorbed to anti-flX Ab resin and  Carboxylation of the fIX[456]/Carboxylase Complex in the
in vitro carboxylation reactions were performed using the Absence of Challenge ProteiSDS-PAGE analysis of the
immobilized complex. Immobilization of the complex did in vitro carboxylation reaction provided important informa-
not yield detectable free carboxylase (see below), indicating tion because fIX[456] underwent a shift in mobility upon
tight fIX[456]/carboxylase binding and an extremely slow carboxylation of the 12 Glu’s (Figure 3). While a homoge-
off rate for carboxylase dissociation. Antibodies against the neous (i.e., uncarboxylated) population of the fIX[456]/
serine protease of fIX[456] were used so that the challenge carboxylase complex was used to start the reaction, within
fIX[180], which lacks this domain and is not recognized by a minute after the addition of Kiithe fIX[456] forms were
these Abs (Materials and Methods), would be fully accessible heterogeneous in extent of carboxylation. By the end of the
to carboxylase in the assay. Two different MAbs were used, reaction (30 min, Figure 3), only a discrete fIX[456] band
which gave indistinguishable results. was observed, which was shown to be fully carboxylated
We showed that immobilization of the fIX[456]/carboxy- (described below).
lase complex on the resin was specific for fIX. Thus, while  Quantitation of the time course (Figure 4A) showed that
90% of the carboxylase from a cell line expressing both r-fIX carboxylation of fIX[456] was linear over most of the
and r-carboxylase was adsorbed to anti-fIX Ab resin, only reaction. Linearity was observed untib min, a time point
0.02% carboxylase adsorption was observed when a cell linewhich corresponded to 70% carboxylation of fIX[456]
expressing only r-carboxylase was used (Table 2). We also(Figure 4A), and at later times the rate slowed. In the
validated the assay by showing that radiolabeled fIX could experiments presented here, the next time point sampled was
be quantitatively recovered from the resin (Materials and 15 min. However, we initially tested several different
Methods). A final test showed that the concentration of the reactions with varying time points to determine the best
complex on the resin did not affect the kinetics: a linear conditions for monitoring the entire reaction, and in all cases
response was obtained when the ratio of complex to resinthe rate was linear only for70% of the reaction.
was varied over a 20-fold range (data not shown). Therefore, *“C incorporation into fIX[456] at the end of the reaction
immobilization of the complex on resin did not introduce suggested that it was fully carboxylated. It also indicated
unexpected artifacts into the assay. that the free fIX[456] immobilized along with the fIX[456]/
Immobilization of fIX[456] via the serine protease pro- carboxylase complex on the anti-fIX Ab resin was not
vided a several hundred amino acid “spacer” between theefficiently carboxylated, which was consistent with studies
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Ficure 3: In vitro carboxylation of the fIX[456]/carboxylase

complex. The fIX[456]/carboxylase complex (75 nM) isolated from
a cell line coexpressing r-fIX[456] and r-carboxylase (Table 2) was
immobilized on anti-HFIX-40 resin and incubated for 10 min in
reaction cocktail (40QuL). Carboxylation was initiated by the
addition of KH,, and aliquots removed at the indicated times were
electrophoresed on an 8% gel, along wit6-BSA and molecular
weight markers (M). The gel was dried and exposed for 2 months
to quantitate“C incorporation into fIX[456] and the carboxylase
(labeled C).
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Ficure 4: Quantitation of in vitro fIX[456]/carboxylase complex

carboxylation. (A) Duplicate gels (Figure 3) were quantitated by

Phosphorimager for fIX[456] (diamond symbols) and carboxylase

(circles) carboxylation. (B) Carboxylase carboxylation of free

carboxylase (square symbols) versus fIX[456]-bound carboxylase
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Table 3: Rates of Peptide, Protein, and Complex Carboxyfation

substrate carboxylase source Glu turnover (H)in
a fIX[456] pure 0.2
b fIX[180] pure 0.3
c EEL pure 4.4
d fIX[456] complex 4.8
e EEL complex 5.1
f fIX[456] immobilized complex 2.2
g EEL immobilized complex 5.0

a (a—c) fIX[456] and fIX[180] (both at 2.1uM, or 5 times ovelKy,
Table 1) and EEL [1.5 mM, or 8 times ové&, (7)] were incubated
with 35 nM r-carboxylase (purified as described in the legend to Table
1) in 200uL of reaction cocktail. Propeptide (M) was included in
the EEL assay (c). Following the addition of Ko 150uM), aliquots
(50 uL) were withdrawn (over 1630 min) and quenched by dilution
into 2 mL of 0.1% CHAPS. Samples were boiled and quantitated by
scintillation counting. (e-g) Solubilized microsomes containing 90%
of the carboxylase complexed to fIX[456] (Table 2) were either
incubated in reaction cocktail (2Q0., 35 nM carboxylase/fIX[456])

(d) or were immobilized on anti-HFIX-40 resin (5.) and then in
vitro carboxylated in reaction cocktail (200L, 90 nM fIX[456]/
carboxylase) (f). Duplicate aliquots were incubated with propeptide
(to disrupt the complex) and 3 mM EEL (e, g), and EEL carboxyla-
tion was quantitated (over 515 min) as TCA nonprecipitable
counts. fIX[456] carboxylation in the complex (d, f) was quantitated
both by SDS-PAGE/Phosphorimager, so that the small amount of
carboxylase carboxylation did not contribute to total cpm, and by
scintillation counting (which gave values10% higher), so that EEL
and fIX[456] cpm could be compared using the same assay. The
numbers shown (d, f) are from the gel assay. AliquotsgbQtaken
over 1-3 min) were quenched with SBSAGE loading buffer or
with CHAPS, as above.

ment, the fIX[456]/carboxylase complex was immobilized
on anti-carboxylase Ab instead of anti-fIX Ab (Materials and
Methods), so that the only fIX[456] present was in a fIX-
[456]/carboxylase complex. The time course of carboxylation
was identical to that shown in Figure 4A, and quantitation
of purified fIX[456] from the end of the reaction (30 min)
by Gla analysis showed comprehensive conversion of Glu’s
to Gla’s (11.6+ 0.3 mol of Gla/mol of fIX).

Carboxylase in the fIX[456]/carboxylase complex was also
carboxylated, occurring after fIX[456] carboxylation (Figure
4A). We had previously reported the fact that the carboxylase
is carboxylated both in vitro and in viva2®). The much
longer exposure times used in the present studies (2 months)
increased the sensitivity of detection and permitted a better
analysis of the temporal appearance of carboxylase versus
fIX[456] carboxylation. Carboxylase carboxylation was not
detected until 90 s after the addition of KHat a time when
22% of the fIX[456] was carboxylated (Figure 4A). In
contrast, carboxylation of free carboxylase did not exhibit
such a delay (Figure 4B).

The rate of carboxylation of fIX[456] in the complex was
similar to the rate for a small peptide (EEL). The fIX[456]/

(circles) was compared. Free carboxylase was immobilized on resincarboxylase complex was incubated with or without EEL,
by adsorbing carboxylase from cells expressing only r-carboxylase and carboxylation of both fIX[456] and EEL was monitored

(Table 2) on anti-C-terminal carboxylase Ab (100 of resin).
Immobilized fIX[456]-bound carboxylase was prepared as in Figure
3. Resins (10@L) were incubated in 40@L of reaction cocktail
with KH; (150uM), and aliquots withdrawn at the indicated times
were quantitated by SDSPAGE and Phosphorimager.

(Table 3d-g). Both the immobilized and nonimmobilized
fIX[456]/carboxylase complexes were tested. The rate of
fIX[456] carboxylation in the nonimmobilized complex was
~2-fold higher than for the immobilized complex, as ex-
pected (Figure 2), and the rate of the nonimmobilized com-

showing a large difference in rates for free versus carboxy- plex was equivalent to the rate of EEL carboxylation (Table
lase-bound fIX[456] (discussed below). To independently 3, d and e). The rate of EEL carboxylation by the complex
guantitate the extent of fIX[456] carboxylation, the protein was similar to the value obtained using pure carboxylase
was purified and subjected to Gla analysis. For this experi- (Table 3, ¢ and d).
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) . . Ficure 6: The fIX[180] challenge substrate does not disrupt
FIGURE 5: In vitro carboxylation of the fIX[456]/carboxylase  carpoxylation of fIX[456] in the fIX[456]/carboxylase complex.
complex in the presence of the fIX[180] challenge protein. The g fx[456)/carboxylase complex in vitro carboxylated in the
fIX[456]/carboxylase complex was in vitro carboxylated as de- presence (open diamonds) or absence (closed diamonds) of fIX-
scribed in the legend to Figure 3, except that fIX[180}48) was [180] was subjected to SBFPAGE (Figures 3 and 5), and duplicate
included in the reaction cocktail and the proteins were analyzed gels were quantitated by Phosphorimager. The entire experiment
on a 12% gel. was performed twice.

The rate of fIX[456] carboxylation in the preformed A B
complex was 24-fold higher than the rate for pure carboxy- " s " 20 prrerrreey rrrrreg 4
lase reacted with free fIX[456] (Table 3, a and d). This
difference most likely reflected the different number of fIX-
[456] turnovers that occurred in each reaction. With free
carboxylase and free fIX[456], the fIX[456] was in excess
and underwent multiple turnovers, while with the preformed
complex the carboxylase and fIX[456] were stoichiometric
and so fIX[456] could only undergo one turnover. In a
processive mechanism, binding and release would be re-
flected in the rate of carboxylation of free carboxylase and °s e phaani——
fIX[456] but not of complex. In a distributive mechanism, Reaction time (min) Reaction time (min)
binding and release would be reflected in the rate for both ggyre 7: Quantitation of fiX[456], fIX[180], and carboxylase
reactions. The 24-fold difference in rates (Table 3, a and d) carboxylation in the challenge reaction. Duplicate gels of the fIX-
therefore suggests a processive reaction with binding and/[456]/carboxylase complex carboxylated in the presence of fIX-
or release being the rate-limiting step in carboxylation. [180] (Figure 5) were quantitated by Phosphorimager for fIX[456]

: . (closed diamonds), fIX[180] (open circles), and carboxylase (open
Carboxylation of the fX[456]/Carboxylase Complex in the diamonds). Part A is the entire time course of fIX[456] and fIX-

Presence of Challenge Proteiiihe fIX[456]/carboxylase  [180] carboxylation, and part B is the initial portion of the reaction
complex was in vitro carboxylated in the presence of fIX- showing fIX[456], fIX[180], and carboxylase carboxylation.

[180], and the products were analyzed by SBPFAGE and
Phosphorimager (Figure 5). The concentration of fIX[180]  Detection of fIX[180] carboxylation correlated with the
was 3uM, which was 8-fold above thK, for this substrate =~ appearance of free carboxylase, which could be monitored
(Table 1) and 40-fold in excess of the complex. As with the because the fIX[456]/carboxylase complex was immobilized
complex carboxylated in the absence of fIX[180], a hetero- on anti-fIX MAb resin (Table 4). At a time soon after the
geneous population of fIX[456] forms was observed shortly addition of KH, (one min) when neither carboxylase nor fIX-
after the addition of Kl and the temporal profile of fIX-  [180] carboxylation was detected, only 2% free carboxylase
[456] forms was similar for the complex incubated with or was observed. With time, an increasing amount of carboxy-
without challenge protein (Figures 3 and 5). The presencelase was released from the anti-fIX MAb resin, and the time
of fIX[180] did not affect either the rate or the extent of course for appearance of free carboxylase paralleled that of
fIX[456] carboxylation (Figure 6). The plateau represented fIX[180] and carboxylase carboxylation (Figure 7B). These
full carboxylation, as shown by purifying the fIX[456] and results, and the observed heterogeneity in fIX[456] forms
performing Gla quantitation (Materials and Methods). Thus, (Figures 3 and 5), suggest a nonsynchronous reaction, i.e.,
comprehensive fIX[456] carboxylation was achieved even in which repositioning within the Gla domain for sequential
in the presence of excess fIX[180] challenge protein. carboxylation of Glu’s is not identical among individual
Efficient fIX[180] carboxylation was observed at later complexes. Nonsynchronicity would lead to complexes
times in the reaction (Figure 7A), consistent with the data completing fIX[456] carboxylation at different times, and
showing that fIX[180] was suitable as a challenge protein the free carboxylase generated would therefore account for
(Table 1). The onset of fIX[180] carboxylation was concur- the observed fIX[180] and carboxylase carboxylation.
rent with that of carboxylase carboxylation, at 90 s (Figure  Carboxylation of a Small Gla Domain-Deed Peptide
7B). Interestingly, fIX[180] carboxylation began at a time by the fIX[456]/Carboxylase CompleX.o determine if a
when fIX[456] carboxylation was only 23% completed small peptide can access the carboxylase active site during
(Figure 7). Thus, carboxylation of the two fIX forms occurred fIX[456]/carboxylase complex carboxylation, the peptide
without fIX[180] disrupting fIX[456] carboxylation (Fig- EEL was reacted with the fIX[456]/carboxylase complex,
ure 6). and both EEL and fIX[456] carboxylation were monitored.
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Table 4: Release of Carboxylase from fIX[456]/Anti-fIX MAb [456] Gla domain with the carboxylase which blocks EEL

Resin during in Vitro Carboxylatich access during fIX[456] carboxylation.
time unbound time unbound
(min) carboxylase (%) (min) carboxylase (%) DISCUSSION
0 0 7 20 All VKD proteins require multiple carboxylations for their
é g 12 gg biological activity. To determine how multiple carboxylation
5 13 is accomplished, we developed a model system to directly

aThe fIX[456]/carboxylase complex immobilized on anti-HFIX-40 and conclusively Fe.St for carboxylase processwlty: The reS.UItS
resin (1004L, 60 nM complex) was incubated for 10 min in 400 show tha_lt_the efficiency of carboxylase processivity is hl_gh
of reaction cocktail with fIX[180] (3uM). KH; (to 150 uM) was and sufficient to account for comprehensive carboxylation
added, and two aliquots were removed at the times indicated. One setin vivo and provide several new insights into the mechanism
(20 uL) was analyzed by SDSPAGE and Phosphorimager, which  hy \which processive carboxylation is accomplished.

showed the same kinetics as in Figure 5. The other seul4Gvas B

centrifuged (2000 rpm, 20 s), 20 ofgthe supernatant wasltlrg)nsferred Tethered Processity of the CarboxylaseThe fIX[456]/

to a new tube, and the remaining supernatant was discarded. Supernatar@arboxylase complex showed identical kinetics in the pres-
and resin were assayed for carboxylase peptide activjtyaphd the ence or absence of excess challenge fIX[180] (Figure 6),
“"bountﬂ Carbox¥'ase was d?tergqi”e,d ?y aC“Vitty Ii” the ,S”pirpatk"’?”t and both reactions resulted in comprehensive carboxylation
versus the sum of supernatant and resin. In a control experiment lackin . :

KH,, the percent unt?ound carboxylase at 15 min was t%e same as at %Of fIX[456]. The Obser\(at'ons that nelther, the rat? nor extent
min, showing that carboxylase release over time was specific to Of fIX[456] carboxylation was affected is consistent only
carboxylation. The experiment was performed at °ZL twice, in with a processive mechanism in which fIX[456] release does
duplicate. not occur during the multiple Glu carboxylations. A distribu-
tive mechanism would result in the observed data only if

the fIX[180] was a poor substrate; however, fIX[180] was

. " 1200

8000 efficiently carboxylated (Table 1, Figure 7). A partially
7000 ¢ ] 1000 distributive mechanism, i.e., in which release occurs after
. e f 18 several carboxylations, can also be ruled out. Such a

£E s | Y e mechanism would prevent full fIX[456] carboxylation, which
B2 o0 | ] ;; 600 was not observed (Figure 6). The only other alternative is
‘E:E so00 | ] g:;s s one in which partially carboxylated forms released from the
8% ok ERY carboxylase outcompete uncarboxylated protein for binding.
" w00 | 12 However, this possibility is also _ruled out since carbox_ylated
o fIX[180] was generated early in the reaction but did not

°9 2 4 6 ®s 2 A o disrupt fIX[456] carboxylation (Figures 6 and 7).
Reaction time (min) Reaction time (min) Carboxylation of VKD proteins, then, occurs by a mech-

Ficure 8: Carboxylation of EEL by the fIX[456]/carboxylase anism of tethered processivity in which the proteins are

°°T)p|e)i- t('?‘j) TheFf_lX[45§]/carbo>t<>t/rl1ast?hcomplﬁx was in \f/itro 4oound to the carboxylase throughout the reaction via the
carboxylated as in Figure 3, except that the reaction was performe . . . S
in the absence (closed triangles) or presence (open triangles) Ofpropepnde, with the Gla domain undergoing intramolecular

EEL. Carboxylation of EEL by free carboxylase was also measured Movement to reposition Glu’s for catalysis (Figure 9). The
(x symbols) using solubilized microsomes from baculovirus- (- Gla domain is tightly associated with the carboxylase during
carboxylase-) infected insect cel34j adsorbed to anti-C-terminal  the multiple modifications, since the presence of fIX in the

carboxylase Ab resin. Resins (120Q) were incubated in 40@L ; ; : ;
of reaction cocktail and 150M KH ; with or without 3 mM EEL. gir)boxylase active site blocked EEL carboxylation (Figure

All three reactions were performed in duplicate, and aliquots ) o
removed at the indicated times were quantitated for EEL by  Carboxylation of individual fIX[456]/carboxylase com-

measuring TCA nonprecipitable counts. (B) The initial part of the p|exes was nonsynchronous_ A fa|r|y homogeneous popu|a_

time course is shown for carboxylase in the fIX[456]/carboxylase ; ; : ;
complex carboxylated in the absence (closed circles) or presencet'on cif Jlxb fto rTIS tWE}{.S obsbe r;/he d f? tt the first time polln:_
(open circles) of EEL as monitored in duplicate time courses by S@mpled, but at later imes both a heterogeneous population

SDS-PAGE and Phosphorimager. of partially and fully carboxylated fIX[456] forms and free
carboxylase were observed (Figures 3 and 5 and Table 4).
The peptide, which lacks a propeptide and should therefore The reaction was initiated using complexes lacking vitamin
not displace fIX[456] from carboxylase, was present at 3 K. However, it is unlikely that the lack of cofactor during
mM, which was 15-fold over th&,, (7) and 40 000-fold in in vivo complex formation was responsible for nonsynchro-
excess of the complex. The rate of fIX[456] carboxylation nicity, since the population was so homogeneous at the first
was identical to that observed in the absence of peptidetime point of the reaction, after vitamin K binding and
(Figure 3 and data not shown). However, EEL carboxylation carboxylation corresponding te-1 mol of Gla/fIX. The
was not detected until 90 s after the addition of }{Higure nonsynchronicity is more likely due to nonidentical intramo-
8A), which was not due to limitations in detection and which lecular movement within the Gla domain. The average rate
contrasted the much earlier onset obtained with free car- of carboxylation of Glu’s within the Gla domains occurred
boxylase. The delayed onset of EEL and carboxylase at the same rate as carboxylation of the peptide EEL (Table
carboxylation was identical (90 s, Figure 8B) and paralleled 3), showing that intramolecular movement to reposition Glu’s
the delay observed for fIX[180] carboxylation (Figure 7B). for catalysis is very rapid, equivalent to peptide access by
The delayed onset and lack of effect of EEL on fIX[456] diffusion. This result is also significant because the fIX[456]
carboxylation together indicate a tight association of the fIX- substrate was the full-length molecule. Thus, the efficient
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Ficure 9: Tethered processivity of the carboxylase. VKD proteins remain tethered to the carboxylase via the propeptide (PRO), while the
Gla domain undergoes intramolecular movement to reposition Glu’s for catalysis. Efficient movement is not constrained by the remainder
of the VKD protein. Distinction of Glu’s from Gla’s drives the reaction, and comprehensive carboxylation is ultimately achieved.

rate shows that the Gla domain, which represents e1§% lase released fIX only at the end of all modifications. Other
of the fIX molecule, is not sterically constrained by the rest processive enzymes have been shown to contain multiple,
of the protein during carboxylation. related binding sites which facilitate interaction with their

Determination of the rate of Glu carboxylation in a VKD  repetitive substrate27). Given the differences between these
protein/carboxylase complex allows the determination of the enzymes and the carboxylase, however, it is unlikely that
catalytic rate independent of VKD protein binding and the carboxylase uses a similar mechanism.
release, because the reaction is processive. The rate for Implications for Comprehens CarboxylationOne of the
complex carboxylation, which is the first such reported value, most striking observations in these studies was the linearity
was 24-fold higher than for free carboxylase incubated with in rate over most of the reaction (Figure 4). Processive
free fIX (Table 3), showing that the rate-limiting step in VKD  carboxylation limits the modification of Glu’s within each
protein carboxylation is protein binding and/or release. The complex to a single Gla domain, so the ratio of Glu’'s to
rate of complex carboxylation is also of interest with respect Gla's will change as the reaction proceeds (from 12:0 to
to the previous study on carboxylase processivitg).(In 0:12). The probability of binding a Glu for catalysis will
that work, the carboxylation products isolated after a 27 h therefore decrease over time with a concomitant decrease in
reaction were shown to be mostly undercarboxylated peptide.rate if Glu's and Gla’s are bound by the carboxylase with
However, our data show that fIX[456] in the complex turned equal affinity. A linear rate for most of the reaction therefore
over in ~10 min (Figure 4), and s&99% of the product  suggests that the Gla domain continuously undergoes rapid
would be predicted to be fully carboxylated by 27 h. The intramolecular movement with the carboxylase sampling
difference indicates poor processivity in those studies, which amino acids within the domain, and when a Glu is exposed,
may have been due to the use of a peptide substrate and/oit is bound tightly to initiate catalysis. Conversion of Glu to
the fact that the peptide contained mutations in both the a Gla would eliminate the preferential binding, resulting in
propeptide and Gla domains, in contrast to our use of full- release from the binding site. Thus, we propose that the
length native protein. carboxylase distinguishes Glu’s from Gla’s, e.g., by charge

While the challenge fIX[180] did not perturb carboxylation or size, to provide a driving force for the reaction.
of the fIX[456]/carboxylase complex (Figure 6), its carboxy- A mechanism for distinguishing Glu’s from Gla’s could
lation was detected early in the course of the reaction (Figure explain how the carboxylase achieves comprehensive car-
7). These results can be explained by nonsynchronous fIX-boxylation. Only Glu’s in the Gla domain are carboxylated,
[456]/carboxylase carboxylation. The onset of fIX[180] and plausible explanations for such restriction include
carboxylation (90 s) was identical to that observed for distance requirements between the propeptide and Gla
carboxylase and EEL carboxylation (Figures 4, 7, and 8). domain or structural barriers adjacent to the Gla domain (e.g.,
At this time, 23% of the fIX[456] was carboxylated and a the highly folded growth factor domain) that inhibit down-
small amount of free carboxylase was detectable (Table 4).stream carboxylation. What is unknown, however, is how
As the reaction proceeded, the amount of free carboxylasecomprehensive carboxylation is obtained. Both fully and
increased, along with the appearance of the slow-migrating partially carboxylated fIX have the propeptide, yet processive
fIX[456] form which comigrated with fully carboxylated fIX-  carboxylation resulted in the preferential release of only fully
[456] (Figure 5). The simplest interpretation of the data, then, carboxylated fIX. The ability of the carboxylase to distin-
is that nonsynchronous carboxylation generates a subpopuguish partially versus fully carboxylated fIX could be based
lation of fully carboxylated fIX[456] and free carboxylase, on its ability to distinguish Glu's from Gla’s. Thus, com-
which is now available for fIX[180], EEL, and self- prehensive carboxylation would lead to consequent loss of

carboxylation. Glu residues in the Gla domain, which may weaken
The carboxylase mechanism is unusual with respect to propeptide binding and result in release of the VKD product.
other known processive enzymezid{-26). The substrates The importance of Glu binding to carboxylation has

for most of those enzymes are quite repetitive versus the support in previous studies. Asp-containing substrates are
nonrepetitive Gla domain. Most of the enzymes move along very poorly carboxylated, indicating specificity of the
the substrate, binding at the actual site of catalysis. In carboxylase for Glu residueg®). In addition, a small Glu-
contrast, the carboxylase remains bound to the same site ortontaining substrate stimulated KEpoxidation, indicating

the substrate (the VKD propeptide), and a separate regionpotential regulation by Glu's2Q). Finally, mutation of either
being catalyzed, the Gla domain, undergoes conformationalof the two active site Cys which effect epoxidation and
changes to effect multiple modifications. Many processive carboxylation resulted in an increaselp for the substrate
enzymes move a finite distance along the substrate and ar€EEL (7), suggesting that these two Cys's participate in
then released. With the carboxylase, however, comprehensiveoordinating Glu’s. These data thus support the proposal that
fIX carboxylation was achieved, showing that the carboxy- distinction of Gla’s from Glu’s drives the reaction and acts
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as a sensor for comprehensive carboxylation and consequent 6.

VKD protein release.

At present, there are conflicting results as to whether the
Gla domain affects processive carboxylation or whether the
propeptide alone is sufficient for efficiently processive and
comprehensive carboxylation. Analysis of in vitro carboxy-
lated bone Gla protein indicates some order to carboxylation,
showing that Glu selection within the Gla domain is not
random 80). Mutations of Asp for Glu at individual positions
within the Gla domain impair overall carboxylation, which
could be due to an effect of the Gla domain upon processivity
(31). However, a prothrombin mutant with the propeptide
fused to a non-Gla domain sequence (and deleted in the
natural Gla domain) was secreted as multiply carboxylated
protein B2), and a synthetic propeptid@on-Gla domain
sequence with 5 Glu’'s gave products with2 mol of Gla/
mol of peptide upon in vitro carboxylation38). The
propeptide therefore appears to be sufficient for directing
multiple carboxylations. It is important to note that multiple
carboxylation is significantly different than comprehensive
carboxylation, which is required for VKD protein activity
and which we showed could be achieved using a natural fIX
substrate. A role for the Gla domain in processive and
comprehensive carboxylation cannot therefore be ruled out.

Determining how full carboxylation is obtained in vivo
will require a detailed understanding of the processive
mechanism. Important questions will include whether indi-
vidual VKD proteins exhibit differential processivity, how
release of fully carboxylated product is accomplished, and
whether carboxylase carboxylation affects processivity. The
carboxylase mechanism is unlike that of other processive

7.

8.

9.
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enzymes which have been described, and the model system 5

we have developed will be a powerful tool in addressing
questions about carboxylase processivity and defining the
mechanism.
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