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Gamma-Carboxylation and Fragmentation of
Osteocalcin in Human Serum Defined by Mass

Spectrometry*s
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Serum osteocalcin (Oc) concentration is a highly specific
measure of bone turnover, but its circulating proteo-
form(s) have not been well defined. Based on immunolog-
ical methods, the major forms are thought to be the intact
polypeptide and a large N-terminal-mid molecule frag-
ment for which there is no consensus on the precise
sequence. Vitamin K-dependent gamma (y)-carboxylated
variants of Oc are also found in circulation but there have
been no methods that can define how many of the three
potential y-carboxyglutamic acid (Gla) residues are y-car-
boxylated or provide their relative abundances. Recent
reports that uncarboxylated and partially y-carboxylated
Oc forms have hormonal function underscore the need for
precise evaluation of Oc at all three potential y-carboxyl-
ation sites. Herein, mass spectrometric immunoassay
(MSIA) was used to provide qualitative and semiquantita-
tive (relative percent abundance) information on Oc mo-
lecular variants as they exist in individual plasma and
serum samples. Following verification that observable Oc
proteoforms were accurately assigned and not simply ex
vivo artifacts, MALDI-MSIA and ESI-MSIA were used to
assess the relative abundance of Oc truncation and y-car-
boxylation, respectively, in plasma from 130 patients en-
rolled in vitamin K supplementation trials. Human Oc was
found to circulate in over a dozen truncated forms with
each of these displaying anywhere from 0-3 Gla residues.
The relative abundance of truncated forms was consist-
ent and unaffected by vitamin K supplementation. In
contrast, when compared with placebo, vitamin K supple-
mentation dramatically increased the fractional abundance
of Oc with three Gla residues, corresponding to a decrease
in the fractional abundance of Oc with zero Gla residues.
These findings unequivocally document that increased vi-
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tamin K intake reduces the uncarboxylated form of Oc.
Several reports of a positive effect of vitamin K intake on
insulin sensitivity in humans have shown that un- or
undercarboxylation of Oc, unlike in mice, is not associ-
ated with insulin resistance. Analyses similar to those
described here will be useful to understand the func-
tional significance of Oc <y-carboxylation in human
health and disease. Molecular & Cellular Proteomics
14: 10.1074/mcp.M114.047621, 1546-1555, 2015.

Osteocalcin (Oc)' is a member of the family of vitamin
K-dependent gamma (y)-carboxylated proteins. The forma-
tion of y-carboxyglutamic acid (Gla) occurs via the carboxyl-
ation of three specific glutamic acid residues in the mid-
molecular region of Oc (E17, E21, and E24) and results in the
binding of Oc to hydroxyapatite in bone (1). In circulation Oc
is a highly specific bone marker that has been used for as-
sessing relative degrees of bone turnover in clinical studies
(2). Based on immunological methods, a general notion has
been that the major forms of circulating Oc are the intact
molecule and a large N-terminal-mid molecule fragment en-
compassing residues 1-43, thought to be the result of tryp-
sin-like activity in serum or poor sample handling (3). How-
ever, the precise sequence has never been clearly defined
and considerable inconsistency is evident when comparing
values from different laboratories or commercial kits because
of differences in antibody specificity.

Carboxylated variants of Oc are also found both in human
bone and in circulation. Initial observational studies that re-
ported an association between poor vitamin K status and
bone loss attributed the finding to an increased proportion of
Oc in circulation that was not carboxylated, reflecting a non-
functional protein in bone (4-6). However, assays for total Oc
are indifferent to carboxylation status, and methods used to
measure the carboxylation state of circulating Oc do not
distinguish among the fully, partially, or uncarboxylated forms
(7, 8). Therefore, even though the amount of undercarbox-
ylated Oc relative to the total in circulation (%ucOC) is a

" The abbreviations used are: Oc, Osteocalcin; BMD, bone mineral
density; Gia, y-carboxyglutamic acid; MSIA, mass spectrometric im-
munoassay; HBS, HEPES-buffered saline; ADW, aspirate and dis-
pense to waste; pE, pyroglutamic acid.
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biomarker of vitamin K status in bone, there is no consensus
on the precise amount in circulation or how many of the three
potential Gla residues are carboxylated.

Recently, mouse models have indicated that circulating Oc
also serves as an endocrine hormone with a positive role in
glucose metabolism (9). Paradoxically, the active form is un-
or undercarboxylated, whereas the carboxylated form is in-
active (10). A growing number of human studies have exam-
ined associations between total Oc and baseline or changing
levels of fasting glucose, insulin, or HOMA-IR (11). However,
few have directly measured the putative active form of the
protein or taken into account that the carboxylation of Oc is
very sensitive to daily fluctuations in intakes of vitamin K
provided in such food sources as plant oils such as olive,
canola and soybean, and green vegetables, such as broccoli,
spinach, and kale (12, 13).

Based on results provided by mass spectrometric immuno-
assay (MSIA), we herein report new qualitative and semiquan-
titative (relative percent abundance) information on Oc mo-
lecular variants as they exist in individual blood plasma and
serum samples. We further present molecular details on the
responses of specific carboxylated forms and fragments of
Oc in plasma of free-living older adults who received different
amounts of vitamin K under controlled conditions. Such de-
terminations of Oc y-carboxylation in individual serum sam-
ples will ultimately be necessary to translate the functional
significance of fluctuating levels of Oc in human health and
disease.

EXPERIMENTAL PROCEDURES

Meaterials — Carboxy-dextran functionalized mass spectrometric im-
munoassay (MSIA) pipette tips were purchased from Molecular Bio-
Products (Tempe, AZ), a division of ThermoFisher Scientific (Cat. No.
990CUS01, Waltham, MA). An anti-human Oc monoclonal antibody
(clone 2H9F11F8) that recognizes the y-carboxylated and uncarboxy-
lated forms of human Oc in the C-mid-molecular region from residues
24-32 (14) was from AbD Serotec (Kidlington, United Kingdom).
Additional antibodies tested during development work, included: a
polyclonal rabbit anti-human Oc antibody raised against C-terminal
residues 37-49, and two monoclonals (clone numbers 8H12F9H10
and 6F9G4E10), but their affinities were too low and therefore they
were unable to provide adequate detection limits for this assay rela-
tive to circulating concentrations of human Oc. Rabbit anti-human
albumin and anti-human vitamin-D binding protein IgG was pur-
chased from DAKO. Native carboxylated Oc was extracted and pu-
rified from cow bone as previously described (15). Decarboxylation of
the protein was achieved by heating the dry acidified protein at
110 °C for 280 min in vacuo (16). Peptide captraps for the LC-MS
system were purchased from Michrom (now a part of Bruker, Billerica,
MA). Other chemicals were of the highest purity available and were
purchased from Fisher Scientific or Sigma-Aldrich.

Human Blood Plasma Samples—It should be noted that serum
collected in serum separator tubes containing a gel plug for automatic
separation of serum and red cells upon centrifugation contains inter-
ferents that render it incompatible with the analytical procedures
described below. Study A: Matched EDTA plasma and serum sam-
ples from nonoverweight, nonsmoking healthy volunteers ages 21-40
(two female and two male; n = 4 plasma and n = 4 serum samples)
were collected at Arizona State University. Plasma samples were

processed at room temperature, aliquoted and (with the exception of
samples analyzed immediately) placed in a —80 °C freezer within 30
min of collection; serum samples were placed at —80 °C within 90
min of collection. Samples that were not analyzed immediately were
analyzed within 3 months of collection. Study B: In a 3-year, double-
blind, controlled trial, study participants (60-80 years) came to the
research site at Tufts University every 6-12 months for measure-
ments of bone mineral density (BMD), biochemical assays, and other
measurements, as described elsewhere (17). Participants were ran-
domized to either the treatment or nontreatment group, with stratifi-
cation according to sex. The subjects were advised to maintain their
usual diets and to avoid taking dietary supplements, including cal-
cium, vitamin D, or vitamin K, throughout the study. The treatment
group (n = 30) received 500 ug phylloquinone as part of a daily
effervescent multivitamin formulation (one tablet), whereas the non-
treatment group (n = 29) received the multivitamin formulation with-
out phylloquinone (one tablet). All blood samples were drawn be-
tween 7 and 10 h after a minimum 10 h fast, processed within 30 min
of collection, and dedicated aliquots of plasma and serum were
stored immediately at —80 °C and protected from light until the time
of analysis. For the purpose of this study, archived aliquots of EDTA
plasma collected at 24 months of supplementation that had been
stored for approximately four years were used. The total concentra-
tion of Oc in these samples (as the sum of all molecular forms) was
determined by RIA according to the method of Gundberg (18). Study
C: In a nonrandomized, nonmasked study conducted at Tufts Univer-
sity, 21 younger (18-40 years) and 21 older (55-80 years) men and
women consumed a baseline diet (200 ng phylloquinone/day) for 5
days, followed by a phylloquinone-restricted diet (10 ug phylloqui-
none/day) for 28 days and then a phylloquinone supplementation
diet (500 wg phylloguinone/day) for 28 days, as described else-
where (19). All blood samples were drawn between 7 and 10 am
after a 12 h fast and processed within 30 min of collection. Dedicated
aliquots were stored immediately after processing at —80 °C and
protected from light until the time of analysis. For the purpose of this
study, archived citrated plasma samples collected following 7 days
of vitamin K depletion (d13; n = 35) and 7 days of vitamin K
supplementation (d41; n = 35) from the same study participants
and that had been stored for less than two years were used. All three
studies were approved by their respective Institutional Review Boards
(Study A- Arizona State University and Studies B and C at Tufts
University. Studies B and C were registered with ClinicalTrials.gov
(NCT00183001 - Study B; NCT0036232 - Study C).

Mass Spectrometric Immunoassay—Anti-human Oc was immobi-
lized to MSIA pipette tips via 1,1’—carbonyldiimidazole coupling
chemistry as previously described (20). The derivatized pipette tips
were mounted onto a Beckman Multimek 96-channel automated
pipetting robot and prerinsed (400 ul/well; 150 ul aspirate and dis-
pense cycles; 10 cycles) with HEPES buffered saline (HBS). Affinity
purification of human Oc from plasma samples was performed at
room temperature (750 ul of plasma diluted with 750 uL of HBS; 150
wl aspirate and dispense cycles; 1500 cycles). MSIA pipette tips were
subsequently rinsed (in situ) with eight cycles of 200 ul of 100 mm Tris,
pH 7.6, another eight cycles of 200 ul of fresh 100 mm Tris, pH 7.6
(aspirate and dispense to waste, ADW), eight cycles of 200 ul distilled
water (ADW), eight cycles 200ul of 2 M ammonium acetate/acetoni-
trile (3:1 v/v) (ADW), and eight cycles of 200l of distilled water (ADW).
Elution of samples for analysis by MALDI-MS was accomplished by
briefly air-drying the pipette frits then aspirating 4 ul of a solution of
MALDI matrix solution (33% acetonitrile in 0.4% trifluoroacetic acid
(TFA) saturated with «a-cyano-4-hydroxycinnamic acid), mixing the
solution over the affinity capture frit for 30 s, and dispensing onto a
96-well MALDI target. Elution of samples for analysis by ESI-MS
analysis was accomplished by briefly air-drying the pipette frits then
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aspirating 12 ul of a solution of 1 um anti-human serum albumin IgG
(to serve as an antiadsorption agent) and 1 mm methionine-serine
dipeptide (to serve as an antioxidant) in 0.4% TFA, mixing over the
pipette affinity capture frit for 30 s, and dispensing into a 96-conical
well polypropylene autosampler tray.

MALDI-TOF Mass Spectrometry—Linear MALDI-TOF mass spec-
trometry (MS) was carried out on a Bruker Autoflex MALDI-TOF
instrument operating in positive-ion mode with 50 ns delayed-extrac-
tion. lon source 1 was set at 20.00 kV, ion source 2 at 18.55 kV, and
the focusing lens at 8.50 kV. To ensure good ion-counting statistics at
least five thousand laser shots were averaged per sample. Spectra
were externally calibrated with a mixture of four proteins supplied by
Bruker Daltonics (Billerica, MA) (Protein Standard I; Cat. No. 208241),
ranging from m/z 5734.52 (bovine insulin [M+H]") to m/z 12,360.97
(cytochrome C [M+H]"). Individual mass spectra were baseline sub-
tracted (Tophat algorithm) and smoothed (SavitzkyGolay algorithm;
width = 0.2 m/z; cycles = 1) before peak integration by use of Zebra
1.0 (Beavis Informatics (Winnipeg, Canada)).

ESI-TOF Mass Spectrometry—The reversed phase liquid chroma-
tography of human Oc was performed on an Eksigent nanoLC*1D LC
system in a simple trap-and-elute format using a polymeric peptide
captrap. Pre-isolated human Oc samples were injected onto the
peptide captrap (polymeric/reversed phase sorbent) under isocratic
conditions of 80% water, 20% acetronitrile, and 0.1% formic acid
(Loading Solvent) at a flow rate of 10 ul per minute. After 2 min, the
6-port divert valve position was automatically toggled and flow rate
over the captrap cartridge was changed to 1 ul/min of 80% Solvent A
(98/2 water/acetonitrile with 0.1% formic acid) and 20% Solvent B
(100% acetonitrile). The mobile phase composition was then ramped
linearly over 7.2 min from 20% to 90% Solvent B. The captrap eluate
was directed to a Bruker MicrOTOF-Q (Q-TOF) mass spectrometer
operating in positive ion, TOF-only mode, acquiring spectra in the m/z
range of 50 to 3000 Th. ESI settings for the Agilent G1385A capillary
nebulizer ion source were as follows: End Plate Offset —500 V,
Capillary —4500 V, Nebulizer nitrogen 2 Bar, Dry Gas nitrogen 3.0
L/min at 225 °C. No in-source collision-induced dissociation (CID)
energy was employed and the minimum amount of energy necessary
to maintain effective ion transmission was added at the quadrupole (5
V) and the collision cell (10 V). At these settings, there was no
significant loss of Gla during analysis of intact Oc by ESI-MS. This
statement is based on the observation of only minor quantities (<
10% relative MS abundance) of uncarboxylated, singly carboxylated,
and doubly carboxylated Oc when the ESI-MSIA assay was applied to
bovine plasma — which apparently is almost completely y-carboxy-
lated with three Gla residues on nearly all Oc protein molecules
(supplemental Fig. S1). Data were acquired in profile mode at a
digitizer sampling rate of 2 GHz. Spectra rate control was by sum-
mation at 1 Hz. Approximately 1 min of recorded spectra were aver-
aged across the chromatographic peak apex of Oc elution. The ESI
charge-state envelope was deconvoluted with Bruker DataAnalysis
v3.4 software to a mass range of 1000 Da on either side of any
identified peak. Deconvoluted spectra were baseline subtracted and
all peaks were integrated. Tabulated mass spectral peak areas were
exported to a spreadsheet for further calculation and determination of
the peak areas of interest that provided an estimate of fractional
abundance compared with all other variants of Oc present in the mass
spectrum.

The detection limits of the ESI-MSIA assay for Oc in terms of the
minimum EDTA plasma concentration of Oc needed to determine
the relative degree of Oc y-carboxylation was assessed via a plot of
the signal/noise (S/N) ratio of the mass spectral base peak (most
intense peak) versus total Oc concentration in plasma (supplemental
Fig. S2). Total Oc concentration in plasma was determined by RIA
using the method of Gundberg (18). A minimum base peak S/N ratio

of 15 was designated as acceptable in that, in general, it allowed the
major forms of Oc contributing to each y-carboxylation state to be
detected with a S/N ratio of greater than three. Given this requirement
the limit of quantification for determination of the degree of Oc y-car-
boxylation in terms of total Oc concentration was 1 ng/ml (supple-
mental Fig. S2). A similar estimation of the limit of quantification of the
MALDI-MSIA assay was not carried out because it was clearly well
below the Oc concentration of all 130 plasma and serum samples
analyzed in Studies A-C.

RESULTS

Molecular Heterogeneity of Oc in Circulation—Oc was an-
alyzed by MSIA in a total of 130 samples from Studies A-C.
Circulating Oc was found in differentially truncated and dif-
ferentially y-carboxylated forms. Most of the truncated forms
had not previously been identified (Table 1), and the molecular
delineation of differentially y-carboxylated forms of Oc within
individual human plasma samples was also without prece-
dent. In order to capture the full spectrum of Oc molecular
heterogeneity, samples were analyzed by both MALDI-MSIA
and ESI-MSIA. MALDI-MS has the advantage of better sen-
sitivity, which facilitates the identification of low abundance
Oc fragments. But MALDI-MS is blind to y-carboxylation be-
cause vy-carboxyl groups are instantly lost as CO, when the
laser strikes the sample (21-23). Oc +y-carboxyl groups are
retained during ESI-MS, allowing for relative quantification of
Oc with 0, 1, 2, or 3 y-carboxyl groups.

Oc Truncation—Human Oc was found to circulate in over a
dozen differentially truncated forms (Fig. 1). Immunoaffinity
captured Oc fragments were identified on the basis of both
MALDI- and ESI-based mass mapping analysis to within 2
and 0.2 Da, respectively (Table |, supplemental Fig. S3). Neg-
ative control MALDI-MSIA spectra obtained from the analysis
of plasma and serum using a MSIA tip derivatized with an
antibody against human vitamin D binding protein confirmed
the Oc-specificity of the mass mapping assignments (supple-
mental Fig. S4). MALDI peaks less than m/z 4750 (not shown)
were of low relative abundance (< 10% peak intensity of
intact Oc) and could not be confirmed as Oc because they
were also present in negative control MALDI-MSIA spectra.
Vitamin K supplementation did not have a significant impact
on Oc truncation (Table | and supplemental Fig. S5). Using
repeated measures ANOVA with Tukey HSD post-hoc testing,
no significant differences in any of the 13 truncated Oc pro-
teoforms were noted between: (1) the placebo and vitamin K
treated groups in Study B, (2) the vitamin K restricted versus
vitamin K fortified stages in Study C, or (3) any combination of
the four groups from these two separate studies. Several
studies have suggested that proteolysis of Oc occurs during
sample handling. To control for this possibility, and to deter-
mine if there are differences in Oc truncation between plasma
and serum, a series of experiments were conducted on blood
collected from healthy volunteers (two male and two female
from Study A). Samples were immediately processed after
venipuncture, Oc extracted from matched EDTA plasma and
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TABLE |
Circulating human Oc fragments observed by MSIA in 130 samples from studies A-C

Truncated Peptide Designation in ZMALDI Calc. 2ESI Calc. bFractional

(Descending MW) Fig. 1 Obs. MH" 4 MH" aq Obs. MH" \iono MH" Mono Abundance (S.D.)
Y[1-49]V A 5798.4 5798.5 5794.65 5794.75 48.9 (9.9
Y[1-48]P B 5699.7 5699.3 5695.48 5695.68 4.6 (1.1)
L[2-49]v C 5635.4 5635.3 5631.50 5631.68 3.6 (0.9)
Y[3-49]V D 5522.5 5522.1 5518.46 5518.60 17.1 (4.2)
Y[3-48]P E 5423.8 5423 5419.46 5419.53 4.7 (1.5)
°pE[4-49]V F 5342.4 5342 5338.53 5338.52 11.4 (3.9)
pE[4-48]P G 5242.3 5242.8 5239.35 5239.47 1.1(0.5)
9 W[5-49)V H 5230.6 5230.8 5227.48 5227.48 1.6 (0.7)
W[5-48]P | 5131.4 5131.7 5128.36 5128.41 1.7 (0.8)
G[7-49]V J 4930.6 4931.5 °N.O. 4928.31 1.2(1.0)
Y[1-42]Y K 4921.4 4922 .4 N.O. 4919.27 0.3 (0.5)
"A[8-491V L 4873.5 4874.4 N.O. 4871.29 2.3 (2.4)
Y[1-41]A or L[2-42]Y M 4758.1 4759.3 N.O. 4756.21 1.5(1.3)

@ For MALDI spectra MH™" designates the intact, protonated gas phase ion analyzed by the mass spectrometer. For ESI spectra it represents
the charge state-deconvoluted mass of the protonated molecule. Since protein isotopes are not resolved by MALDI-MS, MH™ , , refers to the
average molecular mass (in Da). Since protein isotopes are resolved by ESI-MS, MH* .., refers to the monoisotopic molecular mass (in Da).
Observed mass values were taken from representative individual spectra. Multiple y-carboxylated forms of each species were also observed
by ESI.

® Fractional abundance as determined by MALDI-MSIA (which includes, but does not discriminate between all Gla-containing proteoforms);

expressed as average percentage * S.D. for all samples in Supplemental Fig. 5b (n = 130).
¢ pE = Pyroglutamic acid, formed spontaneously when Q was at the N-terminus.
9 Previously observed as a product of MMP -1, -2, and -8 digestion of human Oc (41).

¢ N.O. indicates fragment not observed.

" Previously observed in bovine serum (42) and as a product of cathepsin digest (43).

serum and analyzed by MALDI-MSIA. A few minor, but sta-
tistically significant increases in low abundant fragments were
evident in serum compared with plasma, resulting in a con-
comitant 2-3% decrease in intact Oc in serum (supplemental
Fig. S6).

To determine whether sample handling at room tempera-
ture might affect the relative abundance of the different trun-
cated forms of Oc, once-frozen aliquots of matched plasma
and serum samples (from Study A) were thawed and allowed
to sit overnight at room temperature then re-analyzed. Statis-
tically significant changes of over 1% relative abundance
were observed for variants Y[1-49]V (intact), pyroglutamate
pE[4-49]V, and Y[1-41]A or L[2-42]Y (supplemental Fig. S7).
Pyroglutamate (pE) forms from N-terminal GIn4, which spon-
taneously cyclizes to pyroglutamic acid with concurrent loss
of ammonia — a well-documented spontaneous phenomenon
in proteomics work (24, 25). These changes were not signifi-
cantly different in plasma versus serum in the former two
variants but the latter variant was increased by a statistically
significant 6.7 = 1.0% in serum versus 1.3 = 0.54% in plasma
(p = 0.0032).

To further search for evidence that ex vivo proteolytic ac-
tivity might have been responsible for the fragments of Oc
evident in plasma and serum, full length bovine Oc (which has
92% sequence homology to human Oc and is identical from
residues 20-49) was fortified into freshly collected, never-
frozen human plasma and serum from Study A and allowed to
incubate at room temperature for 4 h. Both fully y-carboxy-

lated and uncarboxylated forms of bovine Oc were tested
separately by MALDI-MSIA. Minimal cleavage of bovine Oc
was observed in both instances (Fig. 2); the only significant
change was an increase in the relative abundance of L[2-
49]V, likely a product of a serum aminopeptidase. For both
y-carboxylated and uncarboxylated bovine Oc, this fragment
increased from less than 1% to between 1 and 2% relative
abundance.

Differential y-Carboxylation—When individual plasma and
serum samples were analyzed by ESI-MSIA, human Oc was
found not only in differentially truncated forms, but each frag-
ment was also differentially y-carboxylated as well (Fig. 3).
Within a given sample the percentage of Oc that contains 3
Gla, 2 Gla, 1 Gla, and 0 Gla residues does not vary signifi-
cantly across the different truncated Oc fragments observed
by ESI-MSIA. Following confirmation of quantitative repro-
ducibility (supplemental Table S1), we assessed the differ-
ences in y-carboxylation between freshly drawn plasma and
serum in two healthy males and two healthy females (Study A).
No significant differences between plasma and serum were
observed for all four y-carboxylation states (supplemental Fig.
S8). The approximate limit of detection of this assay for the
relative quantification of Oc molecules with 0, 1, 2, or 3 Gla
residues was found to be 1 ng/ml total Oc (supplemental
Fig. S2).

Effect of Vitamin K Supplementation on the Molecular Het-
erogeneity of Oc—To gain a detailed molecular view of the
effects of vitamin K supplementation on human Oc y-carbox-
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Fic. 1. Oc from a single human blood plasma sample analyzed by MALDI-MSIA. The intact, full length protein is the most abundant form,
but several previously undocumented N- and C-terminally truncated forms are also evident (Table I). Evidence described in the text indicates
that these did not appear to form artifactually ex vivo. Because of prompt fragmentation induced by the laser (21-23), y-carboxyl post-
translational modifications could not be observed by MALDI-MS. The spectrum shown is a single representative of spectra from 130 specimens
analyzed (supplemental Fig. S5). Lower mass shoulder peaks as observed on peaks A, D, and F correspond to in-source neutral loss of water
or ammonia. Higher mass shoulder peaks correspond to sodium adducts [M + Na]*.

ylation, the ESI-MSIA assay was applied to human plasma
samples that were collected as part of Studies B and C.
Specimens were analyzed by MALDI-MSIA to reveal any po-
tential effects of vitamin K supplementation on circulating Oc
truncation, and by ESI-MSIA to reveal the effects of vitamin K
supplementation on Oc <y-carboxylation. Neither vitamin K
supplementation nor depletion altered the degree to which
circulating Oc was truncated (supplemental Fig. S5). As ex-
pected, however, vitamin K supplementation dramatically in-
creased the fractional abundance of Oc with three Gla resi-
dues and decreased the fractional abundance of Oc with zero
Gla residues relative to nontreatment (Fig. 4). Less drastic, but
statistically significant decreases were also noted in the frac-
tional abundance of Oc with one and two Gla residues. Like-
wise, vitamin K supplementation for 7 days following a 28-day
period of deficiency resulted in dramatic increases in the
fractional abundance of Oc with three Gla residues (Fig. 5).
This shift was accompanied by a proportionate decrease in
completely uncarboxylated Oc and less pronounced de-
creases in Oc with one and two Gla residues.

DISCUSSION

The evidence provided here shows that circulating human
Oc is present in over a dozen N- and/or C-terminally truncated

forms. Notably, the relative abundances of the circulating Oc
variants were found to be consistent in 130 samples analyzed
(Table | and supplemental Fig. S5).

Herein we have provided precise molecular definitions for
the circulating forms of Oc in human serum, the majority of
which were previously undocumented. The antibody em-
ployed here recognizes a region encompassing approxi-
mately amino acids 24-32 (14). Any larger species that in-
cludes this region would be identified. Although the
anticipated trypsin-like fragment Y[1-43]R was not detected
in either the plasma or serum samples analyzed Y[1-42]Y
(Fragment K) was identified by MALDI-MSIA, albeit at very low
abundance. Notably, however, an increase in pE[4-49]V
(Fragment F) was the most significant change in Oc after
samples were left out at room temperature overnight (supple-
mental Fig. S7), suggesting at least a partial role for circulating
proteases in the production of this fragment. Sequential exo-
peptidase activity may also be responsible for the production
of other observed fragments.

Because Y[1-43]R was not detected in freshly obtained
plasma and serum (or in plasma and serum samples allow to
sit overnight at room temperature), it most likely is not pro-
duced in any significant quantity either in vivo or ex vivo. This
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Fic. 2. Carboxylated (COOH) and uncarboxylated (unCOOH) bovine Oc fortified into human serum and plasma at 120 ng/ml and
incubated at 25 °C for up to 4 h followed by analysis by MALDI-MSIA. Cleavage of bovine Oc was minimal; the most striking change was
a slight increase in L[2-49]V after 4 h incubation in serum or plasma as shown in the inset. The adjacent small peak at m/z 5620 is Y[1-48]P
and did not increase in relative abundance over time. a) Pure COOH Oc standard, b) COOH Oc fortified into plasma then immediately extracted,
c) COOH Oc fortified into plasma and incubated for 4 h, d) COOH Oc fortified into serum then immediately extracted, ) COOH Oc fortified into
serum and incubated for 4 h, f) Pure unCOOH Oc standard, g) unCOOH Oc fortified into plasma then immediately extracted, h) unCOOH Oc
fortified into plasma and incubated for 4 h, i) uynCOOH Oc fortified into serum then immediately extracted, and j) unCOOH Oc fortified into serum

and incubated for 4 h.

notion is in conflict with previous studies (3), but, as pointed
out in the Introduction, the precise sequence has never been
clearly defined. Although intact Oc derives from osteoblastic
synthesis, there are data that suggest that smaller fragments
come from bone resorption and can be measured in urine (26).
However, these are smaller than those we find here. The
larger fragments we detect encompass amino acids 8—-42 and
are likely the result of proteolysis of the intact form in the
serum (in vivo). All of these could contain 0-3 Gla residues. An
assay that measures these mid-molecular forms, along with
the intact, would be the most clinically relevant. However,
definitive identification of the origin of such fragments could
be gained from studies such as ours investigating potential
changes in circulating fragments before and after antiresorp-
tive therapy. Hence, this study underscores the value of the
unparalleled molecular specificity provided by targeted mass
spectrometric analysis. Nevertheless, our data confirm that an
assay capable of measuring the intact and large mid-molec-
ular forms of the protein would provide the most clinically

relevant information. That stated, the stability data indicate
that care must be taken to avoid ex vivo proteolysis if intact
Oc is to be accurately quantified.

Because of the specificity of the antibody used, we cannot
rule out the possibility of smaller fragments encompassing the
first 23 residues. However, this seems unlikely because we do
not observe any mid-molecular species that would result from
such cleavages, such as one that would be derived from
trypsin-like activity or plasmin activity at residue 19. Other
antibodies, specific for the C- or N terminus, and capable of
providing sufficient mass spectral signal, may provide addi-
tional insights into the nature of circulating human Oc beyond
what we were able to show here.

In contrast to other species, human dietary intake of vitamin
K'is suboptimal and, as a consequence, both bone and serum
Oc are undercarboxylated (27). As such, the assessment of
the degree of circulating undercarboxylated Oc has been
shown to be a sensitive measure of vitamin K nutrition in
humans. The importance of vitamin K to the function of Oc in
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Fic. 3. ESI-MSIA mass spectrum of Oc extracted from human blood plasma donated by a 24-yr old female. This sample was
purchased from a commercial biobank for the purposes of initial assay development and was not part of Studies A-C described in the text.
y-carboxyl post-translational modifications were readily detected and mass mapped - revealing the precise number of y-carboxyl groups
present on each protein molecule. Nine differentially truncated forms of Oc were detected by ESI-MSIA (Table I). Magnesium and chromium
adducts (which have previously been documented (39, 40) are likely derived from the metal electrospray needle. All mass spectral peak area
integrals were calculated and used to determine the relative percent abundance of Oc with 0, 1, 2, and 3 y-carboxyl groups. Peaks appear as
solid black because protein ions are monoisotopically resolved (inset). * Indicates nonspecific detection of a multiply charged form of
apolipoprotein A-l. Qualitatively, the lack of spacing between the isotopes indicates that the peak does not arise from Oc.

bone led to an interest in the potential that vitamin K could
have a protective effect against age-related bone loss (28).
However, several controlled studies suggest that vitamin K
supplementation is not effective in preventing bone loss and
vitamin K does not add to the beneficial effects of those who
are also receiving calcium and vitamin D supplementation (17,
29-31). Nevertheless, the evaluation of efficacy of supple-
mentation relied on methods that only approximated the de-
gree of Oc carboxylation, and the amount of vitamin K re-
quired to maximally carboxylate the protein could not reliably
be evaluated. Although we show in this study that vitamin K
supplementation at daily doses of 500 ng, which is approxi-
mately five times higher than the current dietary recommen-
dations for U.S. adults (12) reduced the degree of uncarboxy-
lated Oc, complete vy-carboxylation was not achieved.
Perhaps a more important question is whether complete
y-carboxylation of Oc is necessary for optimal function in

human bone. The work described here provides a solid foun-
dation to begin to address this critical gap in our understand-
ing of this bone-derived protein.

The recent findings that Oc acts as a hormone to affect
glucose homeostasis (9) suggested that not only the fully
uncarboxylated form was active, but decarboxylation of just
one Gla residue during bone resorption would activate the
protein (10). Although evidence does not support the notion
that bone resorption is associated with glucose metabolism in
humans (32), direct measurement of the carboxylation status
of osteocalcin before and after antiresorption therapy could
provide more definitive data. Furthermore, in recent years
many studies have examined associations between total Oc
and glucose metabolism, but because of the inherent difficulty
in the methods to measure them, few have quantified the un-
or undercarboxylated osteocalcin forms (8, 11). These obser-
vations underscored the need for a precise evaluation of Oc at
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Circulating Osteocalcin Carboxylation in Patients Given
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Fic. 4. Detailed molecular comparison provided by ESI-MSIA of circulating Oc y-carboxylation in volunteers receiving a vitamin K
supplement or placebo (Study B). The relative percent abundance of circulating Oc molecules bearing 0, 1, 2, and 3 Gla residues is shown
for each group. Samples were collected after 24 months of treatment. Error bars represent 95% confidence intervals. * Indicates statistical

significance as determined by a t test (p < 0.001).

Circulating Osteocalcin Carboxylation in Patients Depleted and
then Supplemented with Vitamin K
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Fic. 5. Circulating Oc vy-carboxylation in volunteers from Study C after vitamin K depletion (d13) and vitamin K supplementation
(d41). The relative percent abundance of circulating Oc molecules bearing 0, 1, 2, and 3 Gla residues is shown for each group. Specimens
analyzed were collected 7 days after initiation of each treatment. Error bars represent 95% confidence intervals. * Indicates statistical
significance as determined by a paired t test (* for p < 0.001; T for p < 0.01).

all three potential y-carboxylation sites. Herein, we have
shown the capacity to routinely carry out such evaluations of
the y-carboxylation status of human Oc within individual sam-
ples with unprecedented molecular detail.

Our studies revealed that relative to the general population,
individuals supplemented with vitamin K experienced a shift

wherein about 20% of their circulating Oc transitions from a
completely uncarboxylated state to a fully carboxylated state
rendering that fraction of the protein inactive as a putative
bone-derived hormone — in effect reducing the concentration
of the hormone by ~50% (Figs. 4-5). This occurred with
significant but smaller changes in the relative abundance of
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Oc carrying one or two Gla residues, which would both remain
active. This finding can be explained by the fact that carbox-
ylation of Oc is an ordered process with Glu-24 being carbox-
ylated first, followed by Glu21, then Glu17 in humans (27). As
more vitamin K becomes available, the major effect is the
elimination of a portion of the uncarboxylated forms and the
formation of a fully carboxylated protein. In mice, only fully
carboxylated osteocalcin has no hormonal activity. Insulin
sensitivity is affected by less than a 5% change of either un-
or under-carboxylated osteocalcin in these animals (10, 33),
considerably less than the fluctuation that would be observed
in humans during daily intakes of green vegetables.

We have previously shown that vitamin K supplementation
(from study B) reduced insulin resistance in older men, the
opposite of what is proposed in the mouse model (34). In
observational studies of free-living adults, we, and others,
have also reported an inverse relationship between vitamin K
intake and risk of insulin resistance and diabetes (35-37). Our
findings here unequivocally document that increased vitamin
K intake reduces the uncarboxylated form of Oc. These data
lend further support to our earlier findings from Study B that in
older adults, circulating uncarboxylated Oc was not associ-
ated with insulin resistance (38).

In conclusion, we present herein the identities and relative
abundances of previously uncharacterized circulating Oc
fragments — verified in over 100 individual human plasma
samples. We also show the capacity to routinely quantify the
relative abundance of circulating Oc molecules with 0, 1, 2, or
3 Gla residues. These results open up a new avenue by which
to explore the functional properties of the varied molecular
forms of human Oc and emphasize the need to control vitamin
K intake when studying metabolic changes.
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