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ABSTRACT. The vitamin K-dependent gamma-glutamyl carboxylase catalyzes the posttranslational modifica-
tion of select glutamate residues of its vitamin K-dependent substrates to gamma-carboxyglutamate. In
this report, we describe a new fluorescence assay that is sensitive and specific for the propeptide binding
site of active carboxylase. We employed the assay to make three important observations: (1) A tight
binding fluorescein-labeled consensus propeptide can be used to quantify the active fraction of the enzyme.
(2) The off-rate for a fluorescein-labeled factor 1X propeptide was 3000-fold slower than the rate of
carboxylation, a difference that may explain how carboxylase can carry out multiple carboxylations of a
substrate during the same binding event. (3) We show evidence that substrate binding to the active site
modifies the propeptide binding site of carboxylase. The significant (9-fold) differences in off-rates for
the propeptide in the presence and absence of its co-substrates may represent a release mechanism for
macromolecular substrates from the enzyme. Additionally, sedimentation velocity and equilibrium
experiments indicate a monomeric association of enzyme with propeptide. Furthermore, the carboxylase
preparation is monodisperse in the buffer used for our studies.

The vitamin K-dependeng-glutamyl carboxylase is an

Carboxylase is thought to recognize most protein substrates

integral membrane enzyme located in the endoplasmic at the propeptide binding site, which is spatially distinct from
reticulum. It catalyzes the posttranslational modification of the site of catalysis. Recognition usually occurs viaxd8
selected glutamate residues of vitamin K-dependent proteinsamino acid “propeptide” found on all protein substrates to
to y-carboxyglutamate (Gld)In addition to carbon dioxide  date @). Possible exceptions to this occur for two sub-
and a glutamate-containing substrate, carboxylase utilizesstrates: matrix gla protein, where the recognition sequence
vitamin K hydroquinone and oxygen as cosubstrates. Theis found in the middle of the mature protein sequence, and
products of the reaction are Gla, vitamin K 2,3-epoxide, and osteocalcin, whose propeptide has a very poor affinity for

H,O (1—3). The oxidation of vitamin K hydroquinone to
epoxide is closely coupled to thecarboxylation reaction

carboxylase &, 9). The strength of the interaction between
the propeptide and carboxylase depends on the specific amino

during substrate turnover; however, the mechanism of this acid sequence of the propeptide; affinities have been found

coupling is still poorly understoodl{ 4). y-Carboxylation
was first found to be an essential modification for the
function of prothrombin, a crucial hemostatic protehn §).
The list of vitamin K-dependent proteins, however, is rapidly
expanding to include those of diverse functi@ 7).
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to vary more than 100-foldLQ). The propeptide of a protein
substrate also acts as an allosteric modulator of the active
site. Suttie and co-workers demonstrated that saturating
concentrations of synthetic human factor X propeptide caused
a 9-fold decrease of thk,, of the carboxylase toward the
substrate BocMeEEL1(, 12). It has been reported that a
free propeptide does not affect th€, of vitamin K
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1 Abbreviations: Gla,y-carboxyglutamic acid; BocMeEEL, the
peptidetert-butoxycarbonyl-Glu-Glu-Leu methyl ester; CHAPS, 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate; MOP$-3-(
morpholino)propanesulfonic acid; FLEEL, the pentapeptide Phe-Leu-
Glu-Glu-Leu; FLDDL, the pentapeptide Phe-Leu-Asp-Asp-Leu; dioleoyl-
PC, 1,2-dioleoylsnglycero-3-phosphocholine; Ki vitamin K; hy-
droquinone; BSA, bovine serum albumin; Cbx, human vitamin K-
dependeng-glutamyl carboxylase; FpCon, the 19mer peptide modified
with 5(6)-carboxyfluorescein at the N terminus (fluorescein-GAV-
FLSREQANQVLQRRRR); FpFIX, the 18mer peptide modified with
5(6)-carboxyfluorescein at the N terminus (fluorescein-TVFLD-
HENANKILNRPKR); pCon, the 18mer peptide AVFLSREQANQV-
LQRRRR; pFIX, the 18mer peptide TVFLDHENANKILNRPKR.
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FLEEL-based reactiorl@, 13). However, when a glutamate-
containing substrate with a covalently attached propeptide
is utilized, theK, of vitamin K hydroquinone for carboxylase
decreases-720-fold compared to a FLEEL-based reaction
(9, 13).

In this report, we describe a new fluorometric assay that
is sensitive and specific for the propeptide binding site of
active forms of the/-glutamyl carboxylase. The assay allows
measurement of the number of propeptide binding sites, the
equilibrium dissociation constant for a propeptiaerboxy-
lase interaction, and the off-rate of a propeptide from the
enzyme. Interestingly, the off-rate for a labeled factor IX
propeptide was found to be 3000-fold slower than the rate
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of turnover of FLEEL. This rate difference provides compel- Corp.) in the buffer (described below, total 3.0 mM H{O
ling evidence that carboxylase carries out processive catalysisncorporation of'CQO, into FLEEL was measured as pre-
of the factor IX substrate. This report also provides the first viously described 15).
evidence that binding of substrates to the active site modifies Fluorescence Condition§tandard buffer was the follow-
the propeptide binding site of carboxylase. This form of ing: 100 mM MOPS, 180 mM NacCl, 3.3% glycerol, 6.3
regulation may provide, at least in part, a release mechanismmM DTT, 66uM EDTA, 0.1% dioleoyl-PC, 0.28% CHAPS,
for macromolecular substrates from the enzyme. and 0.4% BSA, pH 7.3. BSA (which was found neither to
act as a substrate nor to inhibit FLEEL carboxylation) was
MATERIALS AND METHODS added to this buffer because it greatly reduced the standard
Materials Peptides labeled with 5(6)-carboxyfluorescein deviation of fluorescence measurements. Turnover buffer was
at the amino terminus and unlabeled peptides (FpCon, FpFIX,the same but included 25 mM sodium benzoate, 5.0 mM
pCon, and pFIX) with sequences based on the human FLEEL, 130uM KH; in Alkamuls detergent solution (final
propeptide sequences were synthesized by Chiron Mimotopesconcentration of Alkamuls in turnover buffer 1.4 mg/mL),
(Clayton, Victoria, Australia) and characterized as described and 3.0 mM NaHC@ Excessive addition of Alkamuls to
(10). FLEEL was from Bachem (Philadelphia, PA). FLDDL the final titration solution was found to destabilize carboxy-
was chemically synthesized and purified by RP-HPLC by lase, so the highest usable concentration of, Kiths 130
the UNC Protein Chemistry Laboratory (UN&hapel Hill). uM. This concentration was optimal but nonsaturating; the
The purity of all peptides was approximately 95%, and stock concentrations of Kkl FLEEL, and NaHC@ utilized cor-
concentrations were determined € 4, SD = 3—4% of respond to approximately 60%, 80%, and 100% saturation
concentration determination) by amino acid analysis per- of carboxylase, respectively, as determined by the carboxy-
formed by the Keck Microchemical Facility at Yale Uni- lation assay. Control buffer conditions were the same as
versity. 1,2-Dioleoylsn-glycero-3-phosphocholine (dioleoyl-  standard buffer but included 25 mM sodium benzoate, 5.0
PC) was from Avanti Polar Lipids (Alabaster, AL). Vitamin mM FLDDL, 1.4 mg/mL Alkamuls, and 3.0 mM NaHGO
K; (250 mg; Sigma, St. Louis, MO) was dissolved in 300  Fluorescence Data Collectio®amples of carboxylase and
uL of 100% benzyl alcohol (Aldrich, Milwaukee, WI),  propeptide were preincubated in 300 of buffer for 1.5 h
diluted to a final concentration of 10 mg/mL in 70 mg/mL at the desired temperature to allow the mixture to reach
Alkamuls EL-620 [a nonionic surfactant composed of 99% equilibrium. A sample was then added to a microcuvette,
castor oil ethoxylates (Rhodia, Spartanburg, SC)], and and its fluorescence was measured using an SLM-Aminco
sonicated briefly to clarify the solution. The concentration 8100 spectrofluorometerl®) with the sample chamber
of the oxidized vitamin was confirmed by UV absorbance cooled to either 4.5 or 10.8C (accuracy of+0.1 °C).
[€248 = 18900 Mt cm™ (14)] and was reduced to the Excitation and emission wavelengths were set to 495 and

hydroquinone (KH) as previously describedl®). BSA 525 nm, respectively. Foanisotropy titrations excitation

(fraction V, heat shock) was from Boehringer Mannheim. and emission slits were at 8 nm band-pass. For each sample,

All other materials were from Sigma. the plane-polarized fluorescence at four Glan-Thompson
Preparation and Characterization of Carboxylagepres- polarizer settingsl{v, lvu, lnv, Inn (19)] was measured. Each

sion of recombinant human carboxylase in insect cells and measurement ofre8 s duration was repeated six times. The
purification of the enzyme to apparent homogeneity (purity fluorescence of the buffer alone was subtracted from each
>98%) were performed essentially as describ&d).(To measurement, and the anisotropy of the sample was calcu-
concentrate the enzyme (k2 mg/mL), it was batch bound lated (9). For intensity titrations the polarizers were

to SP-Sepharose (Pharmacia) Zoh at 4°C. The resinwas  removed, and the slits were set at 2 and 8 nm, respectively.
then loaded into a glass column, thoroughly washed with Three intensity measurements for each sample were made
buffer (25 mM MOPS, 75 mM NaCl, 10% glycerol, 1 mM (Fa, Fgs, andFc, whereF, = buffer + propeptide+ Cbx,
DTT, 0.1% dioleoyl-PC, 0.28% CHAPS, 1QiM EDTA, Fg = buffer + propeptide, andc = buffer only), and~/F,

pH 7.0), and eluted with the same buffer, but including 500 was calculated1®). Each data point represents an indepen-
mM NacCl (at pH 7.4), at £C. The concentration of the dent sample in all titration figures. For @me course
purified protein was determined from absorbance measure-experiment, all data were collected from a single sample.
ments of samples at 280 nm using a calculated extinction Slits were at 2 and 32 nm, respectively (polarizers present).
coefficient [152 640 M! cm™! (16)] for recombinant car-  After carboxylase and labeled propeptide reached equilib-
boxylase+ tags. The NH' tag sequence is DYKDDDDK;  rium, a 350-fold excess of the unlabeled propeptide was
the COO tag sequence is EDQVDPRLIDGK1(Q). An added, and the time course was begig. and Iy were
extinction coefficient calculated from the amino acid se- measured immediately to determine tBefactor. At 30 s
quence of a protein has been shown to be nearly the samentervals, measurements &fy and lyy were made (13 s

as the true value for the protein. This conclusion was based duration each); these values were corrected for buffer
on the observation that the average deviation of the calculatedfluorescence; and the anisotropy was calculated for that time
e value from the ane value based on the most reliable point. The carboxylase was stable for up to 18 h under the
measurements of protein concentration for 80 sample pro-conditions of the experiment (including excess propeptide),
teins was found to be at 3.8%6). The mass of glycosylation ~ and no noticeable photobleaching of fluorescein occurred
of the recombinant enzyme product (12800 Da) was during the time course.

determined with Endo H digestion of enzyme samples as Sedimentation Data CollectioAll experiments were done
previously describedl(?). The rate of turnover of FLEEL  at the Macromolecular Interactions Facility (UNChapel

in turnover buffer at 10.8C was measured by including 5 Hill) using a Beckman XL-A analytical ultracentrifuge
uCi of NaH"CO; (specific activity, 54 mCi/mmol; ICN equipped with absorbance optics. For velocity studies, two
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Table 1: Fitted Equilibrum Parameters for the Interaction of Fluorescein-Labeled Propeptides with Recombinant Human Carboxylase

temp stoichiometry

peptide buffer (°C) observable propeptide-Chx Kg (nM) ArorR
FpCon standard 4.5 anisotropy 045®.01 nd 0.179+ 0.008
FpFIX standard 45 anisotropy 0.330.0P 44402 0.165+ 0.00P
FpCon control 10.5 anisotropy 050 nd 0.180

FpCon turnover 105 anisotropy 0%49 nd 0.177

FpFIX control 10.5 anisotropy 0.62 0.02>¢ 3.9+0.2 0.1574+ 0.00F
FpFIX turnover 105 anisotropy 0.710.02>4 1.24+0.1° 0.147+ 0.00P
FpFIX control 10.5 intensity 0.5@ 0.02de 4.74+0.7 0.820+ 0.002
FpFIX turnover 10.5 intensity 0.56 0.02.de 1.5+ 0.4 0.866+ 0.002

aUncertainty is the standard deviation of three independent experintastsertainties are standard error based on the data of two titrations
fitted simultaneously¢ Average of two independent experimerit3he apparent increase of stoichiometry of the FpFIX-Cbx interaction as measured
by anisotropy £0.70) beyond that seen for that measured by intensity (0.50) is statistically significant. The increase was found to be solely surfactant
dependent; it is likely that the surfactant affects the tumbling of (a) species involved in the-FgBRequilibrium (which would affect anisotropy)
without affecting the intensity? For intensity data, the stoichiometric parameter was fitted to both control and turnover data sets simultaneously to
allow a more accurate estimation of binding parameters from these data, based on the assumption that FpFIX binds Cbx in control and turnover

buffer with the same stoichiometry (explained in detail in Materials and Methods).

1.6 uM samples of carboxylase were pre-equilibrated with f, = {(i[C] + [F] + Ky) —

or without a 5-fold excess (8M) of pCon propeptide in
standard buffer (without BSA but including 10% glycerol)
at pH 7.3. Samples (410L) were loaded into two-sector
cells and centrifuged at 40 000 rpm for 18 h at 435 with

JAIC] + [F] + K — 4i[CJIF}/2IF] (2B)

and [R] and [C] are the total concentrations of FpFIX and

280 nm absorbance scans recorded every 20 min. Forcarboxylase, respectivelKy is the dissociation constant

equilibrium studies, enzyme at three concentrations (4.1, 2.7,

describing the equilibrium, anidis the number of moles of

and 1.4uM) was preequilibrated with either a 5-fold excess Propeptide combining per mole of carboxylage. is the
of pCon or a 1.5-fold excess of FpCon for each enzyme total anisotropy changeax — ro), andrens ro, andR are as

concentration. Samples (120Q) were centrifuged at 18 000

defined aboveR for FpFIX was 0.85, 0.82, and 0.865 in

rpm at 4.5°C, and absorbance scans were recorded every ostandard, control, and turnover buffers, respectively. The

h, until equilibrium was reached.

DATA ANALYSIS

Analysis of Binding of FpCon to Carboxylageisotropy
data were converted to the fraction of the ligand (FpCon)
bound using the equatioi9):

f = Fobs ™~ To
b (robs_ ro) + R(rmax_ robs)

wheref, is the fraction of the ligand bound amghs ro, and

(1)

derivation and assumptions of equations analogous to eq 2B
are described in detail in previous referenc@q, (22).
Equation 2A accounts for the fluorescence intensity change
observed for FpFIX upon binding to carboxylase. The
parameters, Ky, andAr were fitted simultaneously to data
sets determined at two different propeptide concentrations.
This (nonlinear and unweighted) regression and all other
regressions (except Figure 3) were implemented by Sigma
Plot version 5.0 (SPSS Software, Chicago, IL).

Analysis of Competition of pFI%s FpFIX for Binding to
Carboxylase.The equations used to model propeptide
competition for a binding site are analogous to the equations

rmax are the observed anisotropy, the anisotropy of the free yseq 1o describe a similar model developed by Olson et al.

ligand, and the anisotropy of the ligand when bound to
saturating amounts of carboxylase, respectiv&yis the

fluorescence intensity of the fluorophore saturated with
carboxylase divided by the intensity of the free fluorophore

(23). In our model, the labeled (FpFIX) and unlabeled (pFIX)
propeptides can reversibly bind carboxylase at the same
multiple, identical, independent, and noninteracting sites:

(0.70, 0.68, and 0.70 for FpCon in standard, control, and IC+F==CF (3)

turnover buffer, respectively) and is included to properly Ka

weight the anisotropy of the different speci€0)( This nC+P==CP (4)
Kz 1

correction, while of marginal significance for modeling of
the FpFIX data (described below), affects the determination
of stoichiometry Ai = 0.08) from the FpCon data beyond
the uncertainty of this parameter (SD0.01, Table 1).
Analysis of Binding of FpFIX to Carboxylase Using
Anisotropy as an Obseable. Our model assumed that
FpFIX peptide binds reversibly to carboxylase at multiple,

identical, independent, and noninteracting sites. Titration data

were fitted to an equation (eq 2) which describes this model:

fo(ro — Rrp — RAr) — 1y
fb(l-R—1

(2A)

robs:

where

wherel andn moles of carboxylaseQ) combine per mole

of FpFIX (F) and pFIX @), respectivelyKq is as defined
above, anKgy; is the dissociation constant describing the
equilibrium between pFIX and carboxylase. This model can
be described by a trinomial equation:

D,[f,]° + D,{f,]* + Da[f,] + D, =0 (5)

where

D, = I[F (KdT_dK")
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Ka — Kaz Ka — 2Ky M(1 — 7p)?(r? — 2
D2=[Ct](T)+I[Ft](T + ¢, = G,y €X (0= o)~ Iy +base (8)

2RT
Kg — Kgz — [P

wherec; andcy, are the concentrations of the complex at a
2Ky — Ky Kgo radial position ) from the center of rotation and at the
Dy =[Cll—— | T IIRd{ | T Koz + NP meniscus I(), M is the molecular mass; is the partial
d d specific volume of the complex is the solvent density,
Ko base is the absorbance due to nonsedimenting material, and
D,=—[C] (K_) o, R, andT are previously defined26). Data were fitted to
d the model usingc,, M(1 — 7p) and base as adjustable
parameteravl was calculated fronvi(1 — 7p) using a value
and where [@, [F], and f, are defined as described of 3 (0.718 cnd-g~%) calculated for the 1:1 propeptide
previously and [R is the total concentration of unlabeled enzyme complex at 4. 7 was calculated from the amino
propeptide (pFIX). The derivation and assumptions of acid composition of the comple2§) and was adjusted to
equations analogous to eq 5 are described in detail inaccount for the 12.1% glycosylation (by weight) of the
previous reference®8, 24). The collected anisotropy data  recombinant carboxylase [using/aalue for a carbohydrate
were first converted to the fraction bound using eq 1, setting resjdue of 0.63 cig™* (26)] and for the temperature of the
ro = 0.092,rmax = 0.257 [determined via FpFIX titration of experiment 27). The buffer density (1.043-gm™3) was
carboxylase (Figure 2)], arl®= 0.85. This model assumes  determined by repeated & 15, SD= 0.005) weighing of
that the receptor (carboxylase) is univalent. For this reason, g ice-chilled 1.0 mL of buffer volume samples dispensed
[C] was set to the active enzyme concentration [for example, from a calibrated pipetman. Velocity data were analyzed

65 nM total carboxylase is 34.7 nM (65 0.53) active  ysing the Beckman XL-A/XL-l Data Analysis Software,
carboxylase], andl was set to 1.0 in the parameter fit. The v/ersion 4.0.

parametersy, Kqz, andn were fitted simultaneously to the
three data sets using SCIENTIST (MicroMath Software, Salt RESULTS
Lake City, UT).

Analysis of Binding of FpFIX to Carboxylase Using
Intensity as an Obseable Intensity data were modeled with
the equation:

Binding of FpCon to Carboxylasale first sought to
develop an assay to determine the number of propeptide
binding sites in our purified carboxylase preparation. Previ-
ous work from our laboratory indicated that a “consensus”
= propeptide binds very tightly to purified carboxylase in vitro
—=fR (6) [Ki < 430 pM (28)], so we titrated our enzyme preparation
against fluorescein-labeled consensus propeptide (FpCon) at
i i 4.5°C (Figure 1). FpCon appeared to bind stoichiometrically
wher_efb andR_are d(_aflned aboye. Anisotropy data are more carboxylase up to 0.70 fraction bound (Figure 1). The
precise than intensity data (Figures 6 and 7); therefdie,  equivalence point of carboxylase concentration was deter-
andR for both turnover and control conditions were fitted ined from the intersection of a line determined from the
simultaneously to two data sets, whilevas fitted simulta- linear regression of the data points up to Ofy@ith a line
neously to all four data sets. This is based on the assumptiongrawn atf, = 1. An apparent FpConCbx stoichiometry of
that FpFIX binds carboxylase with identical stoichiometry g 504 0.01 was determined for the carboxylase preparation
in both turnover and control buffers, which is well supported |,sed in these studies.
by the anisotropy results for FpFEXCbx and FpCon Cbx Binding of FpFIX to CarboxylaseTo confirm that

equilibriums (Table 1). , different propeptides bind with the same stoichiometry, we
Analysis of Time Course Datanisotropy measured at  peyt titrated carboxylase against a fluorescein-labeled factor
each time po_lnt was converted_to the fra(_:tl_on of FpFIX bound |y propeptide (FpFIX) at 4.5C. Two titration data sets
(eq 1) and fitted to an equation describing a single expo- jlizing different propeptide concentrations were adequately
nential decay: fit to a binding model of multiple, identical, independent,
and noninteracting sites (Figure 2). TKgfor the FpFIX—
for = (foi — fo) eXPEK*Y) (7) Cbx interaction was 4.4 0.3 nM, while the value for (0.53
+ 0.01, Figure 2, Table 1) is very close to the value
wherefy, f,i, andfy: are the fraction bound at time initial determined for the FpCerCbx interaction (0.50+ 0.01,
time, and final (infinite) time, respectivelk is the first- Figure 1, Table 1). From these results we conclude that
order rate constant, ant is time. For control buffer  FpFIX and FpCon bind carboxylase with the same stoichi-
experiments, data were fitted to eq 7 by minimizing the ometry. To determine if FpFIX binding to carboxylase was
parameter$,, fir, andk. For turnover buffer, data were fitted  reversible and specific for the propeptide binding site, we
to fsi and k, while fx was set to the optimized value competed FpFIX against increasing concentrations of pFIX
determined from the control buffer. for carboxylase binding (Figure 3). Tl value determined
Analysis of Analytical Centrifugation Dat&or sedimenta-  for the FpFIX—Cbx interaction in this assay (547 0.6 nM)
tion equilibrium experiments, absorbance profiles taken at is nearly the same as tig value determined for the pFEX
three protein concentrations were individually fitted to a Cbx interaction (7.8t 1.0 nM, Figure 3). This indicates that
model describing the exponential concentration distribution addition of fluorescein to the amino terminus of the factor
of a single, homogeneous species at equilibri@®):( IX propeptide has little effect on its affinity for the
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Ficure 1: Titration of purified carboxylase against a constant 0 100 200 300 400 500
concentration of a fluorescein-labeled consensus propeptide (FpCon)
in standard buffer at 4.8C. The fraction of FpCon bound was pFIX (nM)

calculated from anisotropy of samples using eq 1 as described in
Materials and Methods. The points represent samples containingFIGURE 3: Competition of the unlabeled factor IX propeptide (pFIX)
varying concentrations of purified carboxylase and eitl®ri3.8 against FpFIX for the propeptide binding site on carboxylase in
or (® 27.7 nM FpCon. Sloped solid lines represent linear standard buffer at 4.8C. Samples were preincubated # h at
regressions of data points up to 0.70 fraction bound. Dashed lines4.5 °C before anisotropy measurements were taken. The points
indicate the equivalence point of the total carboxylase concentration represent samples containing varying concentrations of pFIX, 17.1
binding to the entire concentration of FpCon. The FpEGhx nM FpFIX, and either®@) 34.7, (0) 68.8, or () 102.4 nM active
stoichiometry was determined to be 0.500.01 ( = 3). Inset: carboxylase. The lines represent a binding model of labeled and
Anisotropy data for the 27.7 nM titration. unlabeled peptides competing reversibly for the same site on
carboxylase (eq 5) fitted simultaneously to the three data sets, with

o the following optimized parameterd{yq (FpFIX—Cbx interaction)

g 0.006 = 5.7 + 0.6 nM; K4 (pFIX—Cbx interaction)= 7.8 & 1.0 nM, n

2 0.000 = 1.11+ 0.10.| (stoichiometry of FpFIX%-active Cbx interaction)

@ ~0.006 was set to 1.00 in the model fit (see Materials and Methods).

0.25 | Uncertainties are 95% confidence limits.
temperature, especially in the absence of propeptide (Figure
5A inset and refl2). Nevertheless, we determined if the
propeptide induces oligomerization of the carboxylase. First,
we carried out sedimentation velocity studies on our prepara-
tion in the absence and presence of saturating amounts of
the unlabeled consensus propeptide (pCon) in conditions
[ ] similar to those of the standard buffer at 4@. Data from
0.10 | . both samples were adequately fitted to a model of a single
S S T S SR S species sedimenting at 4.5QaWithout propeptide and 4.7
106 200 300 400 500 SowatWith propeptideil = 2, Table 2); hence, the propeptide
Carboxylase (nM) appears not to alter the aggregation state of carboxylase.
Ficure 2: Titration of purified carboxylase against a constant Next, we carried out sedimentation equilibrium studies to
concentration of fluorescein-labeled factor IX propeptide (FpFIX) determine the molecular weight of the carboxylase in
in standard buffer at 4.5C. The points represent samples containing complex with either pCon or FpCon. The data for either

varying concentrations of purified carboxylase and eitl®ri(7.1 . e ; :
or (®) 68.4 M FpFIX. Solid lines represent a binding model of complex fit a model describing a single homogeneous species

reversible association of propeptide with carboxylase (eq 2) fitted (Figure 4) with a molecular mass 6109 300+ 3000 Da
simultaneously to both data sets, with optimized parameli&rs=( (Table 2). The mass predicted for a 1:1 propeptide
4.4+ 0.3 nM,i = 0.53+ 0.01) fully listed in Table 1. carboxylase complex is105 100 Da, a value that includes
the mass for the enzyme based on its amino acid sequence
carboxylase. Additionally, the former value agrees very well + tags (89 904 Da}- glycosylation (12 800 Da)+ one
(within 1.3-fold) with theKy value of 4.4 nM for the FpFIX bound propeptide [either 2643 Da (FpCon) or 2227 Da

anisotropy
o
nN
[=)
T
1

©

-

o
T
1

o

Cbx interaction determined by titration. (pCon)]. The experimentally determined molecular mass is
Evidence for a Monomeric Association of Carboxylase very close (withinx~4200 Da) to the mass expected for a
with Propeptide The apparent propeptidearboxylase stoi-  monomeric association of carboxylase with propeptide. The

chiometry (of about 0.5:1) as determined via the fluorescencesmall amount of additional mass could be due to a small
assay could indicate that two enzymes bind per molecule of number of bound detergent and/or phospholipid molecules
propeptide. A more likely possibility is that the stoichiometry in the complex [phospholipid has been shown to be required
of the propeptide carboxylase interaction is 1:1 and that for carboxylase activity 29)]. The determined mass is,
approximately half of our enzyme preparation is comprised however, inconsistent with the mass predicted for a dimeric
of a form (or forms) that cannot bind propeptide. This carboxylase assembly on the propeptig@7 800 Da). A
possibility is reasonable, as the stability of carboxylase (an concentration determination from the absorbance profiles of
integral membrane protein) is known to be very sensitive to the samples at equilibrium indicates that greater than 95%
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Table 2: Sedimentation Analysis of Recombinant Human

Carboxylase

Svedberg
constant

Velocity Data

complex

pCorChbx

Cbx

Sl,bufi
S20,wal

1.9
4.7

1.8
4.5

[Cbx]
parameter (uM)

Equilibrium Data
FpCon-Cbx
(Da)

[Cbx]
(uM)

pCon-Chbx
(Da)

M(L — 7p)° 1.4
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M(1 — vp), wherew is set to 0.718 cfig™. ¢ Average of the three
molecular mass determinatiods SD. ¢ Predicted molecular mass is
that for a 1:1 propeptideenzyme complex, based on the sequence and
the weight of glycosylation of the recombinant carboxylase complex.
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of the enzyme preparation was found in solution. This

indicates that the buffer conditions utilized to study car-

boxylase contained minimal amounts of large soluble ag-
gregates (e.g., large micelles) or insoluble precipitates of
enzyme. From this result, we conclude that our preparation
is monodisperse in the buffer conditions utilized in this study.

In sum, the sedimentation velocity and equilibrium data are
consistent with a monomeric association of enzyme with

propeptide, and we conclude that the apparent substoichio-
metric value of this interaction is due to the presence of forms
of carboxylase that cannot bind propeptide. This model is
further supported by the considerable variability of the

fraction of enzyme that contains propeptide sites found

between different enzyme preparations; three additional
preparations were titrated against FpCon and found to contain
62%, 45%, and 30% binding sites.

Specificity of the Assay for Acgé Forms of the Carboxy-
lase To determine if labeled propeptides bound specifically
to active forms of the enzyme, we studied the relationship
between catalytic activity and the number of propeptide ggyre 4: Determination of the buoyant molecular weight of the
binding sites of a carboxylase preparation. We incubated carboxylase in complex with either FpCon or pCon by sedimenta-
enzyme at 20C for over 5 h toinduce activity loss (Figure  tion equilibrium. For all panels, carboxylase &)(4.1, ) 2.7,
5A inset). Aliquots of enzyme removed during the time and () 1.4 uM was preequilibrated with either a 1.5-fold excess

. - . of FpCon (panel A) or a 5-fold excess of pCon (panel B) for each
course were tested for carboxylation activity and were titrated enzyme concentration. Samples were centrifuged at 18 000 rpm at

against FpCon to determine the number of binding sites, as4.5°C, and absorbance scans for theuMlsamples at 20 h are
described in Materials and MethodSigure 5A shows the  presented here, after equilibrium was reached. Residuals for all

excellent correlationrg = 1.00) between the number of samples are shown [first tick on abscissa is 6.50 cm ft)rgnd
propeptide binding sites and the catalytic activity of a 6.96 cm for @), respectively, with succeeding ticks every 0.02

L cm]. The model lines describe a single homogeneous species fitted
carboxylase sample. The plot also indicates that carboxylasey ihe data shown with a buoyant molecular mad&l— #p)] of

that does not bind propeptide has only 1.5% of the original 27 100+ 570 Da (panel A) and 27 46@ 400 Da (panel B).
catalytic activity (Figure 5A). Similar results were obtained

with a duplicate experiment but using a fluorescein-labeled catalytically active fraction of the carboxylase preparation.
human factor X propeptide to titrate binding sites (data not Thus, the preparation used in this study contained about 50%
shown). The nearly perfect correlation between the existenceactive carboxylase. There is no reason to expect that inactive
of a functional propeptide binding site and carboxylase carboxylase will affect the apparent stoichiometry of the
activity (Figure 5A) suggests that a determination of the propeptide-active carboxylase interaction (Figure 5A). How-
propeptide-carboxylase stoichiometry also determines the ever, to confirm that inactive forms of the enzyme do not

residuals

Absorbance at 280 nm (AU)
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radius (cm)
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0.20 | o} 4 and control buffer conditions at 10.8C using fluorescence

i o o 1 anisotropy as an observable. The light points represent samples

] containing varying carboxylase concentrations and either3)6 (

| or 34.2 nM ©) FpFIX in turnover buffer, which included 13aM
5 vitamin KH,, 5 mM FLEEL, and 3 mM NaHC@ The dark points
represent samples containing varying carboxylase concentrations
and either 8.6M) or 34.2 nM @) FpFIX in control buffer, which
included 5 mM FLDDL and 3 mM NaHC® For each condition,
] a pair of lines represent the binding model (eq 2) fitted simulta-
\ . ! . ! N M neously to both data sets, with optimized parameters (control buffer,
] 100 200 300 400 Kg = 3.9 £ 0.3 nM; turnover bufferKg = 1.2 + 0.1 nM) fully

active carboxylase (nM) listed in Table 1.

Ficure 5: Specificity of fluorescence assay for active forms of ~sjte (1)], NaHCO;, KH,, and a surfactant to solubilize the

the carboxylase. (A) A stock of purified carboxylase was incubated : w :
at 20.0°C for 5 h instandard buffer, during which time samples reduced naphthoquinone ( turnO\_/er_ butfer”; se(_a M_aterlals
were removed for determination of carboxylation activity and and Methods for complete description). Next, titrations of

number of propeptide sites via titration against 13.8 nM FpCon carboxylase against FpFIX were done in “control buffer”
(carried out as seen in Figure 1). The plot shows the correlation that included FLDDL (a peptide that is not turned over by
between carboxylation activity and the number of propeptide carhoxylase nor inhibits FLEEL carboxylation and was added

binding sites. The correlation constant of linear regression is 1.00. t trol f if ffects d to ELEEL
The inset shows the time course of the loss of carboxylation activity 0 control for any nonspeciiic effects due 1o ),

of carboxylase upon incubation at 20°G. (B) Comparison of ~ NaHCQ;, and the surfactant, but KHwas omitted. The
carboxylase binding to FpFIX in standard buffer at 4Gin the  ftitrations were done at 10, a temperature that allowed
absence and presence of excess denatured enzyme. The pointsignificant carboxylase catalysis without detectable desta-

represent samples containing varying concentrations of active bilization of the enzyme during the incubation (Figure 5A

carboxylase preparation, 8.6 nM FpFIX, and either the absdice (. . -
or presenced) of a concentration of denatured carboxylase 8-fold 1NS€t). The two data sets collected in each buffer utilized
greater than the active carboxylase in the sample. propeptide concentrations reasonably near Kheof the

interaction (e.g., 2- and 8-fold greater thKg for control

affect the Ky of the interaction, we performed a full buffer). The optimizedKy for the FpFIX—Cbx interaction
carboxylase titration against 8.6 nM FpFIX ([FpFIXJ2- in control buffer was 3.9t 0.3 nM. In turnover buffer, the
fold aboveKy) in the absence and presence of a 4-fold excessoptimized Ky for the interaction was 1.2t 0.1 nM, an
of denatured enzyme (thermally inactivated in excess CHAPS).apparent 3.3-fold affinity increase compared to control buffer
We found that excess inactive carboxylase has no effect on(Figure 6, Table 1).
the FpFIX-=Cbx equilibrium (Figure 5B). Because FpCon bhinds very tightly to carboxylase, an

Binding of FpFIX to Carboxylase during Turper and accurate determination &y for the interaction cannot be
Control ConditionsPrevious work from several laboratories made. However, using this peptide, we confirmed that there
indicates linkage between the propeptide and active sites ofwas no change of stoichiometry of the propeptidarboxy-
y-glutamyl carboxylased; 11, 30, 31). For example, early  lase interaction in the presence of substrates compared to
studies have indicated that saturating amounts of the propep-control conditions. The apparent stoichiometry of Fp€on
tide allosterically modify the active sitel{, 12). We hy- Cbx was determined to be 0.48 € 2) in turnover buffer,
pothesized that the reciprocal effect would occur; that is, and 0.50 § = 2) in control buffer, by titrating carboxylase
substrates binding to the active site would modify the against 13.8 nM FpCon in the buffers described above (Table
propeptide binding site of carboxylase. To test our hypoth- 1, data not shown).
esis, we first titrated carboxylase against FpFIX in the Binding of FpFIX to Carboxylase during Turper and
presence of substrates (Figure 6). The buffer utilized in this Control Conditions As Measured by Fluorescence Intensity
experiment included FLEEL [a peptide that is turned over We performed independent titrations of carboxylase against
by carboxylase and does not occupy the propeptide bindingFpFIX but monitored changes of fluorescence intensity of
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Ficure 8: Comparison of the off-rate of FpFIX from carboxylase

in turnover and control buffer conditions at 10°€. Carbox-
gylase (13 nM) was preincubated with 6.8 nM FpFIX for 90 min
at 10.5°C in the appropriate buffer. pFIX (2.2M) was then
added, and the sample was mixed and returned to the fluorometer
for time course anisotropy readings, which were taken every
30 s. Lower black points represent observations in control buf-

represents the binding model (eq 6) fitted as described in Ma- fer, and upper black points represent observations in turnover

terials and Methods, with optimized parameters (control buRer, ~ Puffer. Gray lines represent single exponential best fits (eq 7) to
= 0.820+ 0.003; turnover bufferk = 0.865-+ 0.003) fully listed the data. The minimized parameters kdn the fitted models (trial

Ficure 7: Comparison of carboxylase binding of FpFIX in turn-
over and control buffer conditions at 10°& using fluorescence
intensity as an observable. The light points represent sample
containing varying carboxylase and either 89 ¢r 34.2 nM ©)
FpFIX in turnover buffer. The dark points represent samples
containing varying carboxylase and either 88 ¢r 34.2 nM @)
FpFIX in control buffer. For each condition, a pair of lines

in Table 1. 3) shown in this figure are as follows: control buffér= 3.7 x
104+ 0.2 x 1074 s7%; turnover bufferk = 3.7 x 1075 4+ 0.3 x
05s

FpFIX to (1) confirm the modedfy change identified using
amSOtrOp_y and (2) identify any change of intensity of th_e Table 3: Fitted Parameters for Determination of Off-Rates of the
fluorescein chromophore that may occur when substrates bind=prix Propeptide from Recombinant Human Carboxylase in

to the active site of saturating amounts of carboxylase. The Control and Turnover ConditioAs

conditions chosen in these experiments were identical t0 pyffer triaP K x 10° i, for

those of the anisotropy titrations. The differenceRrbe-

. . . control 1 3.9+0.3 0.514+0.003 0.02H 0.006
tween turnover and control conditions is 450.3% (Fig- 2 3.4+ 0.2 0.53+ 0.003 0.029 0.006
ure 7, Table 1). This suggests that the environment sur- 3 3.7+£02 0.55+ 0.002 0.026+ 0.008
rounding the fluorescein chromophore at the propeptide avtsSD 3.6+£0.2  0.53+002  0.025:0.004
binding site changes when substrates bind to the active site. Urnover 21 oof:& 8'8% 8'2% 8'881 g
In addition, an apparent 3.1-fold affinity increase for the 3 0.37+ 003 070+ 0001 c
FpFIX—Cbx interaction in turnover buffeKg = 1.5+ 0.4) av+SD 0.39+0.04 0.69+0.02 c
compared to control condition&¢ = 4.7 + 0.7, Figure 7, a All experiments were carried out at 10S. f,; andfy are the fitted
Table 1) was observed, confirming our observation made values of the fraction of FpFIX bound to carboxylase at time 0 and
by anisotropy. infinite time, respectivelyk is the first-order rate constant describing

the release of FpFIX from carboxylagencertainties of the individual
trials are standard errot Parameter not minimized but set to 0.025
(minimized value in control conditions).

Off-Rates of FpFIX from Carboxylase during Tuteo
and Control ConditionsTo test if carboxylase turnover of
FLEEL and KH, affects the rate of FpFIX release from the
propeptide-enzyme complex, the off-rate of FpFIX from
carboxylase was determined in both turnover and contro
conditions at 10.8C as described in Materials and Methods
The time course of anisotropy loss due to FpFIX release from i 2)e T . S -
the propeptideenzyme complex in control and turnover numb(_er of propept_|d_e binding sites. This dlffe_renqe is due
buffers was adequately fit by a single exponential decay {0 @n improved affinity of enzyme for propeptide in these
model (Figure 8). The fitted first-order rate constant found €Onditions, leading to increased formation of the complex
for FpFIX release from carboxylase in turnover buffier (Figure 6).
3.9x 105+ 0.4 x 10°°s1) is 9.2-fold less than that found To compare the rate of release of the FpFIX propeptide
in control buffer k= 3.6 x 104 + 0.2 x 104 s %, Figure to the rate of carboxylation, we also measured the rate of
8, Table 3). The difference in off-rate we observe is not due turnover of FLEEL in turnover buffer at 10°&. This rate
to differences in the stability of the carboxylase in the was 0.12£0.01 s* (n= 3), 3000-fold greater than the rate
conditions used. We carried out studies that indicated thatfound for propeptide release under identical conditions.
the enzyme is stable through the entire time course of each The previous results (3-fold and 9-fold change&irand
experiment (in the presence of excess propeptide) and thabff-rate, respectively) suggest that the on-rates of the FpFIX
carboxylation activity was linear through the time course. peptide for carboxylase under turnover and control conditions

| Also, the initial number of propeptideenzyme complexes
is significantly higher in the presence of substrates than in
their absencefg, Table 3). Both conditions have an equal
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are not the same. Using very low concentrations of enzyme + 0.3 nM, Figure 3) differs 45-fold from that determined
and propeptide and with the use of anisotropy or intensity, by a kinetic assayl; = 33 nM (10)]. Our earlier study,
we observe that the time course of propeptide binding to however, used a higher temperature () to measuré
carboxylase is approximately-3-fold slower for enzyme  values for propeptides. We have observed thatkhdor
in turnover buffer compared to enzyme in control buffer. FpFIX—Cbx interaction is sensitive to temperature changes;
This observation supports the results described above. for example, raising the temperature from 4.5 to 1035
increased this value:3-fold in standard buffet This effect
DISCUSSION could account for the difference in affinity constants
Tdetermined in our study and the earlier kinetic study.

Our carboxylase preparations contain a measurable fraction
of an inactive form (or forms) of the enzyme. The inactive
form of carboxylase appears not to affect the binding
parameters determined for the propeptide’s interaction with
the active carboxylase, however (Figure 5). Moreover, the
fact that our preparation was monodisperse in the buffer
conditions utilized in this study indicates that the inactive
form does not aggregate or induce aggregation of the active
enzyme. All sedimentation data were well fitted by models
describing a single homogeneous species (Figure 4), so the
inactive form has hydrodynamic properties similar to those
of the active form. Furthermore, the loss of activity is not
due to proteolysis because, even for preparations with no
activity, samples still run as a single species on PAGE.
Because the inactive carboxylase is well-behaved in sedi-
mentation studies, the denaturation is subtle and could be
due to oxidation. The important point is that there is a strict
correlation between enzyme activity and propeptide binding
(Figure 5A), and the active fraction of a carboxylase
reparation (wild type or mutant) can be rapidly determined

We developed an assay that allows the measurement o
the number of propeptide binding sites, the equilibrium
dissociation constant for a propeptidearboxylase interac-
tion, and the off-rate of a propeptide from the enzyme, with-
out the use of steady-state kinetics. We employed these
assays to make three significant observations. First, we
showed that a tight-binding fluorescein-labeled consensus
propeptide (FpCon) can be used to quantify the active frac-
tion in a carboxylase preparation. This is important because
our preparations of carboxylase (and presumably those of
other laboratories) contain variable quantities of inactive en-
zyme. Second, we have determined the off-rate of a propep-
tide (FpFIX) from carboxylase and found that this rate is
3000-fold slower than the rate of turnover for FLEEL. This
result could explain how carboxylase accomplishes multiple
carboxylations of a macromolecular substrate during a single
binding event. Third, our results provide evidence that sub-
strates binding to the active site modify the propeptide
binding site of the carboxylase. The difference in off-rate of
FpFIX from carboxylase in turnover conditions (compared

1 convo Suggeets  mechanin o carbolase s reiea%hy irating he prepartion against the FpCan propepie
P y pietely (Figure 1). This technique should allow comparison of kinetic

:)nuc;dégfg(') )f‘?ggéonr""e"yéroal:igiid;le;ﬁggiSdaet‘;"szuig%ﬁ:tgggérresults (e.g ket Of carboxylation) of the carboxylase prepared
arboxy prep OdISp by different laboratories and between mutant and wild-type
conditions we utilize, a property that will allow the enzyme

X . ; X enzyme preparations.
to be studied by other bioanalytical techniques, such as The off-rate for FpFIX from carboxylase as the enzyme
surface plasmon resonance.

. ) undergoes turnover at 10°& was found to bex0.00004
Most of our work utilized fluorescence anisotropy, al-

) ) > s 1 (Figure 8). To compare this rate to the rate of vitamin
though changes of intensity were also used (Figure 7). TheK—dependent carboxylation, we determined the rate of

large range of anisotropy, coupled with a low standard g gg| tymover in identical conditions and found it to be
deviation of sample measurement, allows a more preciseq 154 0,01 s. We assume that this rate is comparable to
determlnano_n (_)f binding parameters from these data (COM- o rate of vitamin K-dependent carboxylation, because
pare uncertainties for FpFIX data, Table 1). We demonstratedyiion of CQ to the first of the adjacent Glu residues of
that .the assay is sensitive and specific to the propeptider| g [the second is not carboxylatedd] is likely to be
binding site on native forms of the carboxylase enzyme o rate limiting step in the turnover of this weakly binding
(Figures 1, 2, 3, and 5). The FpCon peptide, because ithinds . 1.5 mM) substrate. The approximately 3000-fold
carboxylase with high affinity, is a sensitive fitrant of gittarence between these two rates indicates that propeptide
propeptide binding sites (Figure 1) and can be used 10 gjaage js probably the rate-limiting step in the turnover of
dgtermme the active fraction o_f a.carboxylase prepel_re}tlon factor IX from carboxylase in vitro; this hypothesis is
(Figure 5A). The FpFIX propeptide is useful for determining supported by previous in vitro work from our laboratoBy(

the Ky of Te interaction (Figures 2, 6, and 7) because its 35) The |arge difference between the rate of carboxylation
affinity is ~80-fold less than the consensus propeptit®.( and the off-rate of the propeptide provides compelling

Previous reports have relied on kinetic methods to determineg,ijence that carboxylase can convert the 12 amino-terminal
affinity constants for propeptieecarboxylase interactior10, glutamates of factor IX to Gla during a single binding event
30, 32). Our binding assay (titration against FpFIX) should j, these conditions. A similar rate difference in vivo may
be useful for measuring structurglinctional relationships  gngre that all vitamin K-dependent substrates are fully
in carboxylase studies. For example, it will be possible 10 oo p6xylated in the normal physiological state. The patho-
compare propeptide binding of mutant and wild-type car- |o4ica| consequences of diminishing this rate difference in
boxylase in the absence of substrates. The affinity constant, ;. may be demonstrated by a patient with a factor IX
determined for pFIX in the present study for wild-type rqpentide mutation (A-10 T) (36). When the patient was
carboxylase in the competitive equilibrium assiy € 7.8 placed on warfarin therapy, the factor IX activity levels
dropped to 1% of normal, while the activity of the other
2S. R. Presnell and D. W. Stafford, unpublished observations. vitamin K-dependent coagulation factors were reduced to the
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expected 3640% of normal. The mutant propeptide binds
with 600-fold weaker affinity in vitro compared to the wild-
type propeptide 48); this would substantially increase the
off-rate of factor IX from carboxylase. Warfarin therapy
reduces vitamin Kkllevels, consequently reducing the rate
of carboxylation. As a result, the rate of carboxylation in
the patient may no longer be sufficiently different from the
off-rate of factor IX to allow full carboxylation of this
substrate. This could lead to the production of an incom-
pletely carboxylated factor IX product, rendering the very
low levels of factor IX activity.

Our studies provide evidence that substrates binding to
the active site modify the propeptide binding site of car-
boxylase. The strongest evidence for this is a 9-fold slower
off-rate for the release of FpFIX from carboxylase under
turnover conditions compared to control (no FLEEL or KH
Figure 8). The 3-fold higher affinity of FpFIX for carboxy-
lase (measured using either anisotropy or intensity as

observables in independent experiments, Figures 6 and 7) 3:

and the~5% change of fluorescence intensity of carboxy-
lase-bound FpFIX (Figure 7) under turnover conditions
compared to control also support this conclusion. The fact
that the off-rate of the FpFIX propeptide from carboxylase

is dependent on the occupancy of the active site suggests a 6.
mechanism that carboxylase uses to regulate the release of

factor IX (and other vitamin K-dependent substrates) in vivo.
The off-rate of FpFIX from carboxylase in the absence of
substrates is significantly (9-fold) faster than this rate

measured in the presence of substrates in vitro. This suggests 9.

that the off-rate of the entire factor IX substrate from
carboxylase with no Glu or vitamin Kipresent in the active
site may be significantly faster compared to when the enzyme
is carrying out posttranslational processing in vivo. Hence,
after all 12 Glu’s on factor IX are converted to Gla, the off-
rate of the substrate could be substantially increased.
Additional work will be necessary to understand the regula-
tion of carboxylase turnover. It is not clear whether the off-
rate difference we observe in vitro can act as a significant
release mechanism of factor IX from carboxylase in vivo.
However, the difference may be more pronounced at a
physiological temperature or in a physiological setting (such
as when integrated into the lipid bilayer of the endoplasmic
reticulum). Nevertheless, this work provides the first evidence
for the regulation of the propeptide binding site by the active
site of y-glutamyl carboxylase.

In sum, the fluorescence and sedimentation techniques
described in this report should allow additional structural
and functional characterization of wild-type and mutant forms
of carboxylase. Our work shows that titration of preparations
against FpCon will be useful to quantify the active fraction
of the enzyme. Additionally, the off-rate for a fluorescein-
labeled factor IX propeptide was found to be 3000-fold
slower than the rate of carboxylation, a difference that many
explain how carboxylase can carry out multiple carboxyla-
tions of a substrate during the same binding event. Finally,
we show evidence that substrate binding to the active site
modifies the propeptide binding site of carboxylase. It will
be important to measure off-rates of vitamin K-dependent
substrates in vivo using cell culture techniques to better
understand how complete carboxylation of macromolecular
substrates occurs in humans.

Presnell et al.
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