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Abstract

Osteocalcin is an important extracellular matrix bone protein that contributes to the structural
properties of bone through its interactions with hydroxyapatite mineral and with collagen I. This
role may be affected by glycation, a labile modification the levels of which has been shown to
correlate with bone fragility. Glycation starts with the spontaneous addition of a sugar onto a free
amine group on a protein, forming an Amadori product, and then proceeds through several
environment-dependent stages resulting in the formation of an advanced glycation end product.
Here, we induce the first step of this modification on synthetic osteocalcin, and then use multiple
mass spectrometry fragmentation techniques to determine the location of this modification.
Collision-induced dissociation resulted in spectra dominated by neutral loss, and was unable to
identify Amadori products. Electron-transfer dissociation showed that the Amadori product
formed solely on osteocalcin’s N-terminus. This suggests that the glycation of osteocalcin is
unlikely to interfere with osteocalcin’s interaction with hydroxyapatite. Instead, glycation may
interfere with its interaction with collagen | or another bone protein, osteopontin. Potentially, the
levels of glycated osteocalcin fragments released from bone during bone resorption could be used
to assess bone quality, should the N-terminal fragments be targeted.
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1. Introduction

Osteocalcin (OC) is the most abundant non-collagenous protein found in the extracellular
matrix of bone [1]. In humans, it is a 49 amino acid protein with three carboxylated residues
(Figure 1) that enable it to bind calcium, giving it a strong affinity for the hydroxyapatite in
bone [2]. Osteocalcin is known to influence the morphology of bone mineral and contribute
to bone fracture resistance [3; 4; 5]. Studies have shown that osteocalcin localizes in areas
where microcracks form in bone, suggesting it is one of the first elements to fail in the
production of a bone fracture [4; 5; 6]. Because of the implied physical interaction between
the osteocalcin molecule and bone mineral, alterations to the structure of the molecule may
interfere with the molecule’s ability to dissipate energy during microcracking and therefore
contribute to the deterioration of bone quality. When bone is resorbed, the osteocalcin
embedded in bone is released primarily as fragments into circulation [7; 8].

In many long-lived proteins, exposure to sugar results in a non-enzymatic glycation. This
process occurs when the open chain form of various sugars (e.g., glucose, ribose) interact
with a free amino group on the protein, such as those on lysines, arginines, and the protein n-
terminus [9]. The interaction between the amino group and the carboxyl group of the sugar
links the two, losing a water molecule and forming a Schiff base. The complex then
undergoes a rearrangement to form an Amadori product (Figure 2). From this point, multiple
different reactions can occur to the attached sugar to form an advanced glycation end-
product (AGE), such as pentosidine, glucosepane, or carboxymethyl lysine [10]. AGEs have
been implicated in the deterioration of tissue properties in many different tissues, including
bone.[11] AGE crosslinking in collagen has been demonstrated to increase bone fragility [12;
13; 14; 15; 16; 17].

OC from both humans and cows has been shown to be glycated in bone, with increases
noted in the amount of glycated protein with age [18]. There are potentially five sites that
can be glycated on osteocalcin, including any of four arginines and the n-terminus of the
protein. Gundberg et al [18]. hypothesized that osteocalcin was glycated at the N-terminus
of the protein because the Edman degradation reaction was inhibited for glycated
osteocalcin. This result implied that the N-terminal end of glycated osteocalcin was
chemically modified, preventing the reaction from occurring. The Edman degradation
proceeded uninhibited after glycated osteocalcin was treated with periodate to remove the
sugar. Since this landmark study, there have been no further efforts to characterize the
modification of OC and determine the potential glycation sites.

Recent advances in mass spectrometry have led to more definitive identifications of AGEs
associated with proteins [19; 20; 21; 22; 23; 24]. However, limited application of mass
spectrometry to localize the precursors to AGEs, the Amadori products, have been reported
[22; 25]. In this study, we glycated osteocalcin /n vitroto localize the modification and
evaluated the potential sites of glycation.
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2. Materials and Methods

2.1 Glycation

To glycate osteocalcin /in vitro, synthetic intact human osteocalcin 1-49 (Sigma Aldrich,
05761) was incubated either with Hanks buffered saline (HBS) alone or HBS with 1.43 M
ribose or glucose at 60°C for 2 or 4 hours. After incubation, osteocalcin was buffer
exchanged to 50 mM ammonium bicarbonate using 5,000 MWCO spin columns (3x washes
with 13000 rpm centrifugation) to remove excess sugar and HBS.

1.2 Mass Spectrometry

After incubation and buffer exchange, an aliquot was removed for analysis of intact protein
and the remainder was subjected to trypsin digestion at a ratio of 1:100. The intact samples
were defrosted and all of the samples were reduced with 10 mM dithiothreitol thenalkylated
with 30 mM iodoacetamide for 45 minutes each. For the digested peptides, ribosylated and
control osteocalcin was digested overnight at 37°C using Promega Trypsin Gold at a ratio of
1:100.

In preparation for analysis by mass spectrometry, all intact and digested OC were desalted
by stage tip [26]. Using a pipet tip loaded with C18 media from a 3M Empore Extraction
disk, after binding, protein or peptides were washed with 0.1% formic acid, and then eluted
with 80% acetonitrile and 0.1% formic acid.

Intact mass spectrometry analysis was performed on a Thermo Scientific LTQ Orbitrap XL
in positive mode with a spray voltage of 4.5 kV and a source temperature of 275 °C. The
sheath and auxiliary gas were set to 45 and 20, the FTMS Full AGC target was 200,000, and
the lon Trap MSn AGC target was 10,000 for CID and the FTMS MSn AGC Target for HCD
was 100,000. The samples were separated using an Agilent 1200 Series HPLC (high-
performance liquid chromatography) system with a BioBasic-18 150 x 2.1 mm column with
a particle size of 5 um (Thermo Scientific). Using a flow rate of 250 uL/min, the samples
were eluted using the gradient detailed in Table 1. The instrument was set to fragment the
top five most abundant precursor ions using CID for the intact peptides and the top three
most abundant precursor ions using HCD for the digested peptides, both using 35%
normalized collision energy. Both MS1 and MS2 data had a resolution of 30,000.

The spectra were analyzed manually using Thermo Xcalibur 2.2.38 software specifically for
evidence of glycation. Mass shifts of 132.11 for ribose and 162.14 for glucose were used to
confirm the presence of /n vitro formed glycation. Higher-energy collisional dissociation
(HCD) fragmentation was performed concurrently with the above protocol.

Electron-transfer dissociation (ETD) mass spectrometry was performed at the Cornell
Biotechnology Resource Center (BRC). The nanoLC-MS/MS analysis was carried out using
an Orbitrap Fusion (Thermo-Fisher Scientific, San Jose, CA) mass spectrometer containing
a nanospray Flex lon Source, which is coupled with the UltiMate3000 RSLCnano (Dionex,
Sunnyvale, CA). Each reconstituted sample was injected onto a PepMap C-18 RP nano trap
column (3 um, 75 um x 20 mm, Dionex) with nanoViper Fittings at 20 uL/min flow rate for
on-line desalting and then separated on a PepMap C-18 RP nano column (2 pm, 75um x
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15cm), and eluted in a 30 min gradient of 5% to 35% acetonitrile (ACN) in 0.1% formic
acid at 300 nL/min, followed by a 5-min ramping to 95% ACN-0.1% FA and a 5-min hold at
95% ACN-0.1% FA. The column was re-equilibrated with 2% ACN-0.1% FA for 20 min
prior to the next run.

The Orbitrap Fusion is operated in positive ion mode with nano spray voltage set at 1.6 kV
and source temperature at 275 °C. All data are acquired under Xcalibur 3.0 operation
software (Thermo-Fisher Scientific) in data-dependent acquisition (DDA) mode using FT
mass analyzer for one survey MS scan for selecting precursor ions followed by Top 3 second
data-dependent CID-MS/MS and ETD-MS/MS toggle scans for precursor peptides with
multiple charged ions (>2 for CID and >3 for ETD) above a threshold ion count of 5000
with normalized collision energy of 30% for CID and 150ms reaction time for ETD.

MS survey scans at a resolution of 120,000 (fwhm at m/z 200), for the mass range of m/z
375-1575, and Q isolation window (m/z) at 1.6 was used for CID-based MS/MS scans in
ion trap. Dynamic exclusion parameters were set at 1 and a 40 s exclusion duration with £10
ppm exclusion mass tolerance. The rapid ion trap scan with 70 ms for maximal injection
time and 10,000 AGC target was applied for CID and ETD analysis. Fragmentation data was
adapted into graphical form using ProSight Lite.

3.1 In vitro Glycation of Osteocalcin

Preliminary studies attempting to replicate /7 vivo glycation in bone used longer incubation
times of up to three weeks at 37°C, but using this technique on osteocalcin alone showed
that osteocalcin in solution quickly degrades, making it unusable for mass spectrometry
analysis (data not shown). Thus, a shorter incubation time at a higher temperature was
chosen. After incubation at 60°C for both two and four hours, a measureable increase in
glycated protein was detected although the unmodified protein still dominated the signal
from both intact and digested proteins (Figures 3 and 4).

3.2 Intact Synthetic Osteocalcin

Analysis of intact unmodified osteocalcin identified the synthetic osteocalcin as having a
mass of 5978.63, which corresponds to the mass of the unmodified protein plus three
gamma-carboxylated Glu residues. After incubation with ribose or glucose, we found a
distinct mass shift of 132.05 Da for ribose and 163.05 Da for glucose showing formation of
the Amadori products (Figure 3). Ribose had a greater relative amount of Amadori
formation (20% ribosylated) compared to glucose (2% glycated) (Figure 3). The shifts
observed for ribose and glucose corresponded to the weight of the additional sugar, less a
water molecule.

3.3 Digested Synthetic Osteocalcin

Digested OC shows similar shifts as the intact protein. Upon digestion, osteocalcin was
digested into two pieces: fragment 1-19, or the N-terminal peptide
(YLYQWLGAPVPYPDPLEPR), and fragment 2043
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(REVCELNPDCDELADHIGFQEAYR). The fragments that might form from residues 44—
49 is are too small to be observed within the range of the instrument. OC 20-43 contains two
gamma-carboxylated residues at amino acids 21 and 24, making it difficult to analyze due to
its acidity.[27] Spectra from digested control osteocalcin showed a dominant peak of the N-
terminal peptide that was carboxylated but unglycated. Furthermore, smaller peaks,
corresponding to the peptide with the added carbamidomethyl group on the n-terminus from
over-alkylation with iodoacetamide, were also present (Figure 4). The second peptide, OC
20-43, appeared in very low abundance in both singly carboxylated and doubly carboxylated
forms; this peptide also retains one of the arginine residues that are typically cleaved by
trypsin. The fragmentation of this peptide showed a sequence consistent with a missed
trypsin cleavage at arginine 20, a pattern that is sometimes observed in cases of paired
arginines and is also shown in the digestion of bovine osteocalcin.[27:28] There was no mass
shift on either the singly or doubly carboxylated peptide, suggesting that ribosylation does
not occur on any amino acid within the peptide (Figure 5).

The spectrum from the digested ribosylated sample showed that, similar to the intact protein,
an N-terminal peptide peak appeared on the spectrum with a shift corresponding to the
weight of a ribosylation (Figure 4). HCD MS/MS analysis of the digested sample peaks,
corresponding to the added sugar, were attempted to further localize the Amadori
modification on the N-terminal peptide. However, the resulting spectra showed that before
the peptide itself was fragmented, the Amadori product was removed by the high energy
collision. ETD analysis of the same peak was successful in keeping the modification intact.
The associated fragmentation pattern showed an added mass of 132.04 on all c-series ions,
including the peak corresponding to the n-terminal tyrosine alone (Figure 6). The mass
shifted tyrosine peak was absent in control osteocalcin and fragmentations of non-
ribosylated peptides in the same sample.

4. Discussion

Here we show directly the location of glycation on osteocalcin through /n vitro processes. In
particular, we saw mass shifts on all c-series fragments including C1, placing the glycation
at the n-terminus of the peptide. Additionally, ETD allows for localization of the
carboxyglutamic acid without neutral loss [27].

Results from the intact and digested ribosylated and glycated OC showed the occurrence of a
smaller percent glycation than ribosylation. Thus, to strike a balance between the time spent
in incubation to obtain a higher yield but minimizing the amount of osteocalcin permitted to
fragment in solution, ribose was chosen for final experiments because of its higher reactivity.

While the LC/MS spectrum without fragmentation cannot show the exact location of a
modification, it is capable of identifying that a glycation is present (Figure 4). In this study,
the presence of the shifted N-terminal peptide in the digested ribose spectrum demonstrates
that the Amadori product must be located on this peptide, on either the n-terminal tyrosine
or the arginine residue at position 19. In particular our data alone imply that the protein was
glycated at the n-terminus; because it has been shown that glycation can prevent the action
of trypsin, the presence of glycated arginine would have prevented the action of the trypsin,
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preventing the formation of that peptide [23]. The HCD fragmentation of the N-terminal
peptide failed to localize the modification; the sugar contains labile bonds that break
preferentially to the amino acid backbone, leading to a spectrum dominated by peaks
reflecting multiple instances of neutral water losses and making it difficult to obtain site
specific glycation information [23; 29; 30]. These results confirm the unsuitability of
collision-based fragmentation techniques for localization of Amadori products. While
alternative methods like ETD are not necessary to identify the presence of a modified
peptide, they are indeed necessary to show a modification’s precise location.

The relative abundances of the peaks for ribosylated, glycated, and control peptides suggest
that identification of this modification from a more complex sample would most likely be
unfeasible without further purification of the Amadori products (e.g., through boronate
chromatography) [18; 31]. Even with /n vitro glycation in a simple system with no
competing interactions, we found that the relative abundances of the modified peptides are
small relative to the amount of unmodified peptide. The /n vitro modification results in
glycation at the same location as observed in situ by Gundberg et al [18]. Thus, our method
is applicable for modeling the glycation of other proteins, and evaluating how their function
is impaired over time. The yield of glycated osteocalcin is limited by osteocalcin’s poor
stability in solution; however, proteins that are more stable in solution may be capable of
longer incubation periods, increasing the relative amount of glycated protein to be analyzed.
Previous assessments on the role of glycation on bone health have tended to focus on AGEs
rather than Amadori products. Measuring the levels of early glycation/Amadori products, in
addition to AGEs, may more comprehensively explain bone fragility associated with this
common non-enzymatic process.

Information regarding the site of Amadori product addition to osteocalcin can be used to
understand which functions of osteocalcin that are susceptible to modification. Because the
N-terminus is distant from the carboxylated residues that make up the binding site of
osteocalcin to hydroxyapatite, alteration of the N-terminus is unlikely to interfere with the
osteocalcin’s binding affinity. However, the N-terminal end of osteocalcin may factor in its
interactions with collagen I or with osteopontin, both of which are involved in the formation
of dilatational bands in fracture as shown in Poundarik et al.’s proposed model of the role of
osteocalcin in bone fragility fractures [5].

Osteocalcin released from bone during resorption has been shown to exist in intact and
fragmented form in circulation [7; 8; 32; 33]. It is present solely in fragmented form in
urine, typically consisting of the middle section with truncated C- and N- termini, although
some of these fragments do include the N-terminus that was identified as a glycation target
in this study. Small fragments containing the N-terminus would also be present that would
contain a percentage of glycated peptide [8; 32]. Should N-terminal OC fragments be
purified from serum or urine, the level of glycation in those fragments may be useful as an
indication of bone fragility.

In conclusion, this study has shown the exact location of the post-translational modification
of osteocalcin by glucose and ribose. These results were produced under controlled
conditions /n vitro and successfully replicated /n vivo results. Because osteocalcin has been
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Figure 1.
Osteocalcin sequence annotating areas of interest to this study, highlighting in boxes the

potential glycation sites, the trypsin digestion sites by arrows. A shaded “E” signifies a
carboxylation site, or a “Gla” residue.
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Schematic of the formation of Amadori Products on a protein
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Figure 3.
Spectra 3A—-C show the areas of interest from LC/MS runs of osteocalcin incubated with

buffer alone, glucose, and ribose.
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Figure 4.
Spectra 4A-B show areas of interest from the LC/MS spectra of digested osteocalcin control

and incubated with ribose.
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Spectrum showing the presence of the OC 20-42 peptide present in both single and double
carboxylations. Empty boxes show areas in the spectrum where peaks would be expected
should the peptide possess an Amadori product, which are absent.
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Figure 6.

Spectrum (a) shows the fragmentation of the 773.7233 peak, which corresponds to the
unmodified OC N-terminal peptide. (b) Shows the annotated spectrum of the 817.7371 peak
fragmentation, which corresponds to the weight of the OC N-terminal peptide with a
ribosylation. The fragmentation shows c- and z- ions indicating the presence of the
ribosylation on the n-terminus of the peptide. Both spectra shown are derived from the
ribosylated OC sample.
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Elution through LC column over time, using a flow rate of 250 pL/min through the column.

Table 1

Time (minutes)

Percent 0.01% Formic Acid

Percent 70% Acetonitrile + 0.01% Formic Acid

0-5 98 2
5-35 70 30
35-60 40 60
60-64 5 95
64-75 98 2
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