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ABSTRACT 

 

Osteocalcin (Oc) is the most abundant non-collagen protein found in the bone, but its 

precise function is still not completely understood. Three glutamic acid (Glu) residues 

within its sequence are sites for vitamin K-dependent post-translational modification, 

replacing a hydrogen with a carboxylate located at the γ-carbon position, converting these 

to γ-carboxyglutamic acid (Gla) residues. This modification confers increased binding of 

Oc to Ca2+ and hydroxyapatite matrix. Presented here, novel metal binding partners Mn2+, 

Fe3+, and Cr3+ of human Oc were determined, while the previously identified binders to 

(generally) non-human Oc, Ca2+, Mg2+, Pb2+ and Al3+ were validated as binders to human 

Oc by direct infusion mass spectrometry with all metals binding with higher affinity to the 

post-translationally modified form (Gla-Oc) compared to the unmodified form (Glu-Oc). 

Oc was also found to form pentamer (Gla-Oc) and pentamer and tetramer (Glu-Oc) 

homomeric self-assemblies in the absence of NaCl, which disassembled to monomers in 

the presence of near physiological Na+ concentrations. Additionally, Oc was found to form 

filamentous structures in vitro by negative stain TEM in the presence of increased Ca2+ 

titrations in a Gla- and pH-dependent manner. Finally, by combining circular dichroism 

spectroscopy to determine the fraction of Gla-Oc bound, and inductively-coupled plasma 

mass spectrometry to quantify total Al concentrations, the data were fit to a single-site 

binding model and the equilibrium dissociation constant for Al3+ binding to human Gla-Oc 

was determined (Kd = 1.0 ± 0.12 nM). Including citrate, a known competitive binder of 

Al3+, maintained Al in solution and enabled calculation of free Al3+ concentrations using a 

Matlab script to solve the complex set of linear equations. To further improve Al solubility 

limits, the pH of the system was lowered to 4.5, the pH during bone resorption. 

Complementary binding experiments with Glu-Oc were not possible due to the observed 

precipitation of Glu-Oc at pH 4.5, although qualitatively if Glu-Oc binds Al3+, it is with 
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much lower affinity compared to Gla-Oc. Taken together, the results presented here 

further support the importance of post-translational modification, and thus adequate 

nutritional intake of vitamin K, on the binding and self-assembly properties of human Oc.   
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CHAPTER 1 

 

INTRODUCTION 

 

Osteocalcin (Oc) is the most abundant non-collagen protein found in the bone, making up 

2 – 5 % of the total protein mass in bones [1]. It is found primarily on the outer surface of 

the bone, the periosteum and endosteum, where it binds to hydroxyapatite matrix in a 

γ-carboxyglutamic acid (Gla)-dependent fashion. The following sections will focus on the 

sequence, post-translational modification, structure, and function of Oc.  

1.1. Sequence & Post-Translational Modification of Osteocalcin 

Osteocalcin (Oc) is encoded by the single BGLAP gene in humans, and Bglap, Bglap2, and 

Bglap3 genes in mice. Bglap and Bglap2 gene expression occurs exclusively in osteoblasts 

within the bone, while the Bglap3 gene expression occurs in tissues outside of the bone, 

including the kidneys, lungs, and male gonadal tissues [2, 3]. Oc is expressed by 

osteoblasts in the bone as a 100 amino acid pre-pro-osteocalcin protein that includes a 23 

amino acid residue signal peptide that is cleaved after translocation to the endoplasmic 

reticulum. The 28 amino acid residues that comprise the pro-peptide include the 

recognition sequence for the vitamin K-dependent γ-glutamyl carboxylase, an enzyme 

present in the endoplasmic reticulum of osteoblasts that converts glutamic acid (Glu) 

residues to γ-carboxyglutamic acid (Gla) residues by replacing one of the hydrogens at the 

γ-carbon position with a carboxylate. The pro-peptide sequence is cleaved by the 

proprotein convertase furin in the trans-Golgi network [4], and the mature Oc protein is 

released into the extracellular matrix. The mature protein is 46 – 50 amino acids in length, 

depending on the species, and ~ 6 kDa in size. The sequence is highly conserved among 

vertebrates (Figure 1.1), in particular the region of the sequence that includes the three 

Glu residues that are sites for post-translational modification to Gla residues, positions 

Glu-17, Glu-21, and Glu-24 in the human Oc sequence. The amino acid sequence of the 
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mature protein is also identical in humans and Neanderthals, as determined by a 

combination of Edman sequencing and MALDI-TOF/TOF of Oc samples from 

Neanderthal specimens dating to approximately 75, 000 years old [5]. Although most 

mammals almost fully γ-carboxylate their Oc, human Oc circulating in the blood is only 

~ 50 % γ-carboxylated, with circulating Oc detected as the uncarboxylated form, Glu-Oc, 

and with 1 – 3 of the Glu residues that are sites for modification being converted to Gla 

residues (1-, 2-, and 3-Gla-Oc, or collectively referred to herein as Gla-Oc) [6]. 

Modification of these Glu residues to Gla residues confers increased binding of Oc to Ca2+ 

and hydroxyapatite bone matrix [7].  

 In most mammal species, one of the prolines in the mature Oc sequence, Pro-9, is 

also a site for hydroxylation by prolyl-4-hydroxylase to form 4-hydroxyproline [5]. This 

reaction is vitamin C-dependent, with the enzyme requiring sufficient vitamin C, O2, Fe2+, 

and 2-oxoglutarate for Pro-9 modification to occur [5]. The recognition sequence for 

prolyl-4-hydroxylase is Leu-Gly-Ala-Pro-9-Ala-Pro-Tyr, and five species have the 

Pro-9-Val-10 sequence modification that prevents, or reduces in the case of gorillas, 

hydroxylation. The species that do not hydroxylate their Pro-9 are modern humans, 

Neanderthals, chimpanzees, and orangutan [5], and this is hypothesized by the authors to 

have occurred as a result of selective pressure due to a shift from an herbivorous to a more 

omnivorous diet that resulted in periods of low vitamin C intake.  

 Mouse Oc is unique because it includes a serine residue, Ser-8, that is a site for 

O-glycosylation, with primary mouse osteoblasts found to express several 

N-acetylgalactosaminyltransferases, with highest expression of Galnt1 and Galnt2 [8]. 

Glycosylation of Ser-8 was not found to be affected by furin activity or γ-carboxylation of 

mouse Oc. Additionally, disruption of O-glycosylation by GalNAc-bn treatment, which 

inhibits incorporation of glucosamine into O-glycans, or by introducing a Ser-8-Ala 



3 
 

mutation, did not prevent pro-osteocalcin protein processing by furin or the ability of 

mouse Oc to be γ-carboxylated in primary osteoblasts and HEK293 cells [8]. HCD MS/MS 

of Oc purified from mouse bone homogenate revealed the Ser-8 on 3-Gla-Oc to be 

modified with an N-acetylglucosamine-hexose-N-acetylneuraminic acid 

(HexNAc-Hex-NANA) glycan [8]. Glycosylation of Ser-8 was found to confer an increased 

half-life of mouse Oc in plasma ex vivo by preventing plasmin-mediated proteolytic 

degradation, with the half-life of non-glycosylated Glu-Oc being ~ 1.8 hrs and the 

glycosylated Glu-Oc half-life increased to ~ 3 hrs [8]. Although human Oc is not 

glycosylated, Al Rifai, et al [8] created a single Tyr-12-Ser mutation in human Oc and 

found that this mutation conferred human Oc’s ability to be glycosylated, and that this 

glycosylation of human Glu-Oc increased the protein’s stability, with the non-glycosylated 

human Glu-Oc found to have a half-life of ~ 3 hrs, and the glycosylated human Glu-Oc to 

remain stable throughout the course of the 5 hr experiment [8]. Thus, the authors 

concluded that the 5 – 10 times higher levels of circulating Oc found in 1- to 6-month old 

mice, when serum Oc concentrations are highest in mice, compared to young or adult 

humans may be explained by the unique ability of mouse Oc to be glycosylated, and thus 

reduce proteolytic degradation [8]. 

 Although human Oc is not normally glycated, the elevated levels of glucose present 

in patients with Type-2 diabetes can result in non-enzymatic glycation of extracellular 

matrix proteins, resulting in the formation of advanced glycation end products (AGEs) [9-

11]. Glycated forms of Oc have been observed in human and bovine bones with increased 

levels of glycation reported with increased age [12]. In vitro glycation of Oc identified the 

N-terminus of Oc as the site for glycation and this modification, being far from the Gla 

residues, was not thought to affect binding of Gla-Oc to hydroxyapatite matrix but was 

thought to affect the binding of Oc to type I collagen and osteopontin (Opn) [13]. However, 
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molecular dynamics simulations have suggested that glycation of the N-terminus of Oc 

results in reduced α-helical structure and reduced binding affinity of Oc for hydroxyapatite 

matrix, suggesting that glycation of Oc may play a role in the increased fragility of bones 

in patients with Type-2 diabetes [14].      

1.2. Vitamin K, Bone Mineral Density & Fracture Risk 

There are three main types of vitamin K, all sharing the 2-methyl-1,4-naphthoquinone 

(menadione) structure, and containing a variable side chain located at the 3-position [15, 

16]. Based on the differences between the variable side chain, vitamin K compounds can 

be further subdivided into three groups: vitamin K1, vitamin K2, and vitamin K3, also 

referred to as phylloquinone, menaquinone, and menadione, respectively. Vitamin K1, 

primarily found in green leafy vegetables, is the major source of vitamin K in Western diets 

[17], while vitamin K2, except the MK-4 subtype, is synthesized by bacteria present in the 

human gut [18] and fermented foods [19]. The role of vitamin K in bone mineral density 

(BMD) is still controversial, with inconsistent results demonstrating no effect [20, 21], an 

age-independent association in women only [22], or an association in both men and 

women, with low dietary intake of vitamin K associated with decreased BMD in the 

femoral neck of men and in the spine of women without estrogen therapy [23]. In these 

studies, vitamin K intake was monitored by food questionnaires, which may not accurately 

reflect dietary levels of vitamin K consumed. Additionally, dietary consumption may not 

accurately reflect serum concentrations of vitamin K. All studies focused only on vitamin 

K1, and although this is the primary vitamin K source in our diet, vitamin K2 intake may 

also have affected the results and therefore should have been accounted for [19]. The 

studies also did not take into account confounding variables, such as the increase in other 

nutrients acquired from consumption of vitamin K rich foods, such as calcium and 

magnesium, that may also have an impact on BMD [19]. In contrast, the link between 
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vitamin K and fracture risk is well documented, with higher levels of vitamin K intake 

associated with reduced risk of hip fracture [24, 25]. Although BMD was once used as a 

measure for bone strength, other factors are now also considered as determinants of bone 

quality, including bone morphology, composition, and biophysical properties, such as 

hydroxyapatite crystal size [26]. Thus, other factors may be involved in the improvement 

in bone mineral quality than just increased mineralization.      

1.3. Structure of Osteocalcin 

The structure of Oc has been studied using circular dichroism (CD) spectroscopy, nuclear 

magnetic resonance (NMR), and X-ray crystallography. CD analysis of the secondary 

structure of chicken Oc found that increased titrations of Ca2+ caused a shift in the 

secondary structure from primarily random coil in the absence of Ca2+ (8 % α-helix, 14 % 

β-sheet, and 78 % random coil), to 38 % α-helical structure with a 5 mM Ca2+ titration 

(8 % β-sheet and 45 % random coil) [27]. Decarboxylated chicken Oc was found to adopt 

higher α-helical structure compared to the native chicken Oc in the absence of Ca2+, with 

18 % α-helical structure in the absence of Ca2+ and elicited a similar, yet more modest, 

shift to 26 % α-helical structure in the presence of 5 mM Ca2+ [27]. Similar results were 

observed with Oc derived from other species, with murine Glu-Oc, and human Gla-Oc, 

having an increase in α-helical structure with increased titrations of Ca2+ [28]. From these 

titration data, equilibrium dissociation constants were determined for murine Glu-Oc 

binding to Ca2+ (Kd = 3.64 mM) and human Gla-Oc binding to Ca2+ (Kd = 115 μM) [28]. 

Other metals that are present in the bone have been found to bind to Oc, with a similar 

α-helical structural shift in Oc observed with Pb2+ [29] and Mg2+ [30] binding. Thermal 

denaturation studies show an increase in stability of murine Glu-Oc in the presence of the 

saturating concentration of 30 mM Ca2+, compared to stability of murine Glu-Oc in the 

absence of added Ca2+ [28]. The melting temperature for Glu-Oc in the absence of Ca2+ is 
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Tm = 34 °C, which is below the normal physiological temperature of 37 °C, while the 

melting temperature increases by approximately 12 °C in the presence of 30 mM Ca2+ to 

Tm = 45.4 °C [28]. For human Gla-Oc, the melting temperature in the absence of Ca2+ was 

determined to be Tm = 48 °C and to increase by 12 °C in the presence of saturating 

concentrations of Ca2+, 5 mM, to give a melting temperature of Tm = 60 °C [28]. Since the 

Glu-Oc and Gla-Oc used in these studies were acquired from different source species, 

comparison between the stability of Glu-Oc and Gla-Oc is not possible from this data. 

Since physiological levels of free Ca2+ in the extracellular fluid (ECF) are between 1.1 – 

1.4 mM [31], and based on the binding affinity of Glu-Oc and Gla-Oc for Ca2+, these results 

suggest that Glu-Oc is largely unbound to Ca2+, while Gla-Oc is primarily bound to Ca2+ 

under these conditions [28]. 

 The X-ray crystal structure of porcine Gla-Oc bound to 5 Ca2+ was solved at 2.0 Å 

resolution [32]. The structure revealed the protein to adopt a tight, globular structure, with 

the presence of three α-helices, with Gla-17, Gla-21, and Gla-24 present on the first α-helix, 

and a disulfide bridge between Cys-23 and Cys-29 [32]. The tightly packed core of the 

protein is highly hydrophobic and includes the conserved residues Leu-16, Leu-32, 

Phe-38, Ala-41, Tyr-42, Phe-45, and Tyr-46 [32]. Together with the Gla residues, and the 

Asp-30 residue present on the second α-helix, coordination of up to 5 Ca2+ is stabilized 

with coordination occurring with a spatial arrangement of Ca2+ that closely matches that 

within the structure of crystalline hydroxyapatite matrix [32]. A similar structure was 

obtained from bovine Gla-Oc using 1H 2D NMR, depicting three α-helices, with all Gla 

residues present on the first α-helix, with 3 Ca2+ projected onto the structure using the 

genetic algorithm-molecular dynamics simulation approach [33]. The X-ray crystal 

structure of bovine Glu-Oc was identified at 1.88 Å in the absence of bound Ca2+ and 

depicts a similarly structured globular protein with three α-helices [34]. Amino acid 
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positions 1 – 15 were found to be largely unstructured for all the identified structures of 

Oc. 

 The structure of porcine Gla-Oc was solved with the 5 Ca2+ sandwiched between 

two monomers of Gla-Oc coordinating with the Ca2+ ions [32]. Similar dimeric species 

were observed for bovine Gla-Oc, with the dimer interface occurring at the location of the 

Gla residues [33]. Sedimentation equilibrium experiments further confirmed the presence 

of the dimer species, with increased affinity for porcine Gla-Oc dimer formation in the 

presence of 10 mM Ca2+ (Kd = 200 μM) compared to porcine Gla-Oc dimer formation in 

the absence of Ca2+ (Kd = 800 μM) [32]. Sedimentation equilibrium experiments of bovine 

Gla-Oc with 6 mM Ca2+ were used to determine the equilibrium dissociation constant for 

dimerization in the presence of Ca2+ to be Kd = 160 μM [33]. Although the bovine Glu-Oc 

crystal structure was solved with two Glu-Oc per asymmetric unit, Glu-Oc was not 

predicted to support dimer formation based on analysis of the limited subunit interface 

[34], and complementary sedimentation experiments were not conducted to confirm this 

prediction.  

1.4. Localization in the Bone 

As mentioned previously, Oc is found primarily on the outer surface of the bone, on the 

periosteum and endosteum. Immunohistochemistry studies have shown Oc to be found 

located in regions of turkey leg tendons that had, or were currently, undergoing 

mineralization [35] and stronger labelling was observed in rat dentin than in the 

predentin-dentin junction of rat teeth, with an absence of immunoreactivity in osteoid or 

predentin [36, 37]. Similarly, only weak immunolabelling was observed in chicken tibiae 

in the unmineralized osteoid regions [38]. Mineralization on collagen fibrils occurs with 

an initial amorphous calcium phosphate (ACP) phase that localizes at the gap zones within 

the a-band region of the collagen fibril [39]. Studies in vitro with polyaspartic acid (pAsp) 
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and fetuin revealed their co-localization with ACP, forming a highly negatively charged 

complex [39]. Localization of the pAsp-ACP complex at the gap zones of collagen is highly 

favourable due to the high positive net charge of this region of the collagen fibril, thus 

offering the site with the lowest electrostatic potential energy for interaction with the 

negatively charged pAsp-ACP complex [39]. Similar results were observed for Oc in turkey 

leg tendons, where Oc was found to localize primarily at the interfaces between the overlap 

and gap zones of collagen fibrils, including the a4 – a1 bands [35]. Osteocalcin monomer, 

being just under 6 kDa in size, was also found in the intrafibrillar collagen spaces [35], 

where only molecules under 6 kDa in size can fit within the spaces in the collagen fibril 

[40].  

1.5. Circulation in Blood Plasma and Serum and Disease 

Oc has also been found in blood circulation and was used as a biomarker for bone turnover 

due to the observed increase in serum concentrations during periods of increased bone 

resorption [41] and mineralization [42]. Normal circulating Oc concentrations range from 

11.3 – 25.6 ng/mL (~ 2 – 4 nM) [43] and include Glu-Oc, 1-, 2-, and 3-Gla-Oc, and over a 

dozen forms of Oc fragments [6]. Increased vitamin K intake was shown to result in the 

increased fractional abundance of 3-Gla-Oc and a reduced fractional abundance of Glu-Oc 

[6]. Excretion of Oc is primarily accomplished by glomerular filtration in the kidneys, with 

the half-life of Oc in the blood of rats being only 4 minutes [44], and increased human 

plasma total Oc concentrations observed in patients with chronic kidney disease (CKD) 

compared to normal healthy controls [45]. During a 4-week study, participants were either 

selected to consume a diet rich in vitamin K leafy green vegetables, a diet with low vitamin 

K vegetables, or a diet without added vegetables with an energy matched control [46]. 

Participants who ate the diet including vegetables rich in vitamin K had lower total 

circulating Oc and under carboxylated Oc (Glu-Oc & 1- & 2-Gla-Oc), and higher absolute 
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3-Gla-Oc concentrations compared to the start of the study and the energy matched 

control group after the 4-week period [46]. The decrease in total circulating Oc 

concentrations was hypothesized to be due to an increase in the binding of Oc to the bone 

due to increased affinity of 3-Gla-Oc for hydroxyapatite matrix [46].  

 Some results have demonstrated that circulating total Oc levels are higher in 

women more than two years into menopause [47] and elevated serum total Oc levels were 

associated with lower BMD in postmenopausal women with osteoporosis compared to 

non-osteoporotic postmenopausal women [48]. However, conflicting results from a 

meta-analysis found no difference in the serum total Oc levels in postmenopausal women 

with osteoporosis compared to postmenopausal women without osteoporosis [49], and 

thus further work should be conducted before assigning serum total Oc levels as a marker 

for bone turnover in postmenopausal women with osteoporosis. In patients with 

metabolic syndrome, lower levels of under carboxylated Oc was shown to be a marker for 

increased risk of cardiovascular disease and Type-2 diabetes [50].  

1.6. Function of Osteocalcin 

1.6.1. Function of Osteocalcin in the Bone 

Oc was first discovered by two independent groups in the mid 1970’s [51, 52] as a 

γ-carboxyglutamic acid (Gla) containing bone protein and was referred to as Bone Gla 

Protein (BGP). Although many decades have passed since its first discovery, the function 

of Oc is still not completely understood. Initial studies with Oc-/- mouse models revealed 

that Oc-/- mice had higher BMD compared to wild type controls [53]. Additionally, Oc 

caused dose-dependent chemotaxis, adhesion, and spreading of human osteoclast-like 

cells, and caused the release of bone sialoprotein, Opn, and fibronectin in vitro [54]. 

Combined with the findings that human and rat osteoclasts caused release of both intact 

and fragmented Oc from bovine bone slices during bone resorption in vitro [55] and that 
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patients with uremia [56] or induced hypocalcemia [57] had increased serum Oc 

concentrations, this led to the conclusion that Oc functions in bone resorption.  

Although the results mentioned above suggest Oc functions in bone resorption, 

conflicting results emerged demonstrating Oc may play a role in bone 

mineralization/remodeling processes. Analysis of cortical and trabecular bones from Oc-/- 

mice by Fourier transform infrared microspectroscopy (FT-IRM) revealed their cortical 

bones to have impaired maturation compared to WT control mice, with WT mice having 

higher carbonate:phosphate ratios and larger, more perfect crystals in their cortical bones 

compared to the Oc-/- mice [58]. There was no observed difference in the trabecular bones 

of Oc-/- compared to WT mice [58], which is consistent with the finding that Oc is localized 

in higher abundance in cortical bone compared to trabecular bone [59, 60]. Differences in 

the mechanical and chemical properties were found in cortical bones of Oc-/- mice 

compared to WT mice, with a decrease in the hardness and type-B carbonate substitutions 

(when CO3
2- substitutes for the PO4

3- ion in the hydroxyapatite crystal) in Oc-/- mice [61], 

further suggesting Oc plays a role in the maturation of cortical bones. To study the effects 

of Oc on bone healing, cylindrical hydroxyapatite/collagen implants were inserted into the 

tibial head of adult rats, with one group of rats also getting 10 μg/g Oc, which was added 

to the implant during the setting process, and the healing process was monitored [62]. 

Rats that also had Oc added to their implants had higher numbers of phagocytosing cells 

and osteoclasts in early stages of bone healing, and earlier and higher expression of Opn, 

bone sialoprotein, and CD44 at the sites of the implants compared with rats that did not 

receive Oc in their implants [62]. Newly formed woven bone appeared at the implant 

surface and was partially replaced by lamellar bone faster in rats with implants with, 

compared to those without, Oc added, further suggesting that Oc plays a role in bone 

remodelling [62].       
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Oc has also been shown to interact with Opn [63, 64], with formation of a 

dilatational band complex shown to help with energy dissipation during microfractures in 

the bone [65]. Double knockout Oc-/- Opn-/- mice have bones that are shorter, have larger 

cross-sectional areas, and larger cortical areas than single knockout Oc-/-, Opn-/-, or WT 

mice [66]. Using small angle X-ray scattering and wavelength dispersive spectroscopy, the 

physical structure and mineral composition of bones was analyzed in more depth, 

revealing that both Oc and Opn are involved in regulating crystal size and the organization 

of the crystals, with Oc-/-, Opn-/-, and Oc-/- Opn-/- mice displaying reduced crystal thickness 

and a higher degree of misalignment of the crystals compared to WT mice [67]. Studies 

conducted by Moriishi, et al [68] found that Oc-/- mice had normal mineralization 

hydroxyapatite crystal size compared to WT mice, but that the orientation of 

hydroxyapatite on the collagen fibrils in the Oc-/- mice was altered, with the orientation of 

the crystals no longer running parallel to the collagen fibers. This suggested that Oc plays 

a role in the proper alignment of hydroxyapatite crystals onto collagen fibrils.  

The formation of hydroxyapatite matrix requires stabilization of several different 

mineral species during osteogenic differentiation, some of which can be monitored using 

Raman spectroscopy [69]. The initial mineral species present in osteoblasts and the 

extracellular matrix is ACP, as observed by IR analysis of rat bone [70]. Other species that 

have been observed are dicalcium hydrogen phosphate dehydrate (DCPD), octacalcium 

phosphate (OCP), β-tricalcium phosphate (β-TCP), all of which can be monitored by 

Raman spectroscopy [69]. Using siRNA to knockdown Oc gene expression in human 

mesenchymal stromal cells, the role of Oc in the mineralization process was examined by 

monitoring the presence of the different mineral species over time and comparing these 

results to human mesenchymal stromal cells in the sham control group [71]. From these 

experiments it was determined that Oc knockdown resulted in postponed observation of 
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OCP, then the β-TCP species was prolonged, and less hydroxyapatite species was formed 

and appeared later than the control group [71]. In line with these findings, Oc was found 

to stabilize OCP in the vertebrae of rats and human femur, as well as in vitro, using 

high-resolution TEM, and was found to form “pearl necklace strings” that are used as 

nucleation sites for OCP on the collagen fibrils [72]. A low molecular weight polyacrylic 

acid was used to simulate Oc and cross-linked to collagen to study intrafibrillar 

mineralization in an in vitro system [73]. Combined with molecular dynamics simulations, 

it was found that the cross-linked polyacrylic acid formed chain-like aggregates on the 

surface of the collagen fibril as a mechanism to increase mineral species that were 

available for intrafibrillar mineralization [73]. Taken together with the previous 

knowledge that Oc can localize in the intrafibrillar collagen spaces [34], and form “pearl 

necklace strings” [72], these results are highly suggestive that Oc may function to collect 

mineralization components and stabilize precursor mineral species in a site-specific 

fashion.  

1.6.2. Endocrine Function of Osteocalcin 

Much of the research focused on Oc, specifically Glu-Oc, functioning as an endocrine 

hormone was conducted by the Karsenty group using Oc-/- mice derived from the 

129Sv;C57BL/6J strain, with key findings of increased blood glucose, impaired glucose 

and insulin tolerance, reduced β cell mass in the pancreas and increased fat mass 

compared to wild type mice [74]. Additionally, Glu-Oc was reported to be a ligand for the 

G protein-coupled receptor family C group 6 member A (GPRC6A) in β cells in the 

pancreas and Leydig cells in the testes [75, 76]. Mouse models with the GPRC6A-/- 

phenotype were shown to have impaired glucose metabolism and reduced testosterone 

levels compared to the wild type mice [77]. However, attempts by other groups to replicate 

these findings have been unsuccessful, demonstrating no difference in the blood glucose 
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levels, glucose tolerance, and fat mass in Oc-/- mice [78], Oc-/- rats [79], and glucose 

metabolism, fertility, and BMD in GPRC6A-/- mice [80-82] compared to wild type 

controls. Inspection of the mouse strain used by the Karsenty group revealed there to be a 

mutation in the nicotinamide nucleotide transhydrogenase (Nnt) gene that was absent in 

the mouse strains used by others [83]. Nnt is known to influence β cell insulin secretion 

in the pancreas [84, 85], and thus loss of expression of Nnt is more likely to be the 

explanation for the observed effects on glucose metabolism. As expected, transgenic 

expression of Nnt resulted in reversal of the observed decrease in insulin secretion and 

glucose intolerance [84-88], further supporting this notion. A few studies have been 

conducted in human cell lines in vitro, with one demonstrating that in MG-63 human 

osteoblast-like cells, insulin and low glucose resulted in increased Oc gene expression, 

while insulin resistance and increased glucose concentrations caused a decrease in Oc 

gene expression [89]. However, the low reproducibility of the results supporting Oc’s role 

in glucose metabolism conducted using the 129Sv;C57BL/6J mouse strain suggests, at the 

very least, that further work should be conducted before Oc’s role can be confirmed. It is 

also for this reason that, although studies have not yet, to the best of our knowledge, 

confirmed or denied a possible role for Oc in brain function, since this work was also 

conducted by the Karsenty group utilizing this same 129Sv;C57BL/6J mouse strain [90], 

the relevance of Oc’s role in these functions should be taken with caution. Recently, Oc-/- 

mice were found to have abnormally aligned hydroxyapatite crystals on the collagen fibers 

and reduced bone strength, but no difference in glucose metabolism, serum testosterone 

levels, or muscle mass compared to WT controls [68]. For this reason, as well as its 

minimal relevance to the remainder of this dissertation, discussion of Oc functioning as 

an endocrine hormone, and the breadth of literature published on this topic, will not be 

discussed further here. 
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1.7. Research Scope 

To this end, the goal of the work discussed in the proceeding chapters was to assess the 

metal binding capabilities and structural properties of human Oc, parsing between Gla-Oc 

and Glu-Oc forms. The work presented improves the knowledge on the vitamin K 

dependent specificity of Oc binding metals and demonstrated the in vitro capability of 

human Gla-Oc to form filaments in the presence of increased Ca2+ concentrations. Finally, 

a method to quantify the equilibrium dissociation constant for Al3+ binding to 3-Gla-Oc 

was developed. Taken together, the work discussed here improves the knowledge of the 

structural and binding properties of Oc and, ultimately, will aid in further understanding 

of the physiological function of this highly abundant protein in humans.   
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Figure 1.1. Sequence and Structure of Osteocalcin. a) Amino acid sequence of 
modern human, Neanderthal, porcine, bovine, rat, and murine osteocalcin (Oc). The 
glutamic acid (Glu, E) residues that are sites for post-translational modification to 
γ-carboxyglutamic acid (Gla) resides are highlighted in orange in each sequence. Residues 
that differ from the human sequence are highlighted in red in the other species’ sequences. 
Species that have Pro-9 that can be post-translationally modified to 4-hydroxyproline are 
highlighted in blue. Ser-8 (highlighted in green) in the murine sequence can be 
O-glycosylated, with the N-acetylglucosamine-hexose-N-acetylneuraminic acid 
(HexNAc-Hex-NANA) glycan depicted. b) The X-ray crystal structure of bovine Glu-Oc 
(left, PDB 4MZZ) depicts Glu-17 (E17), Glu-21 (E21), and Glu-24 (E24) on the first α-helix, 
and a disulfide bridge between Cys-23 and Cys-29 depicted in yellow. The X-ray crystal 
structure of porcine 3-Gla-Oc (right, PDB 1Q8H) depicts Gla-17 (X17), Gla-21 (X21), and 
Gla-24 (X24) on the first α-helix together with Asp-30 (D30) coordinating with 5 Ca2+ 
(green spheres), and a disulfide bridge between Cys-23 and Cys-29. Reprinted (adapted) 
with permission from Malashkevich V N, Almo S C & Dowd T L. (2013). X-ray crystal 
structure of bovine 3 Glu-Osteocalcin. Biochemistry. 52, 8387-92 [34]. Copyright 2013 
American Chemical Society. See Appendix A for full copy of permission.  
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CHAPTER 2 

 

ASSESSMENT OF OSTEOCALCIN’S POST-TRANSLATIONAL MODIFICATION 

DEPENDENT METAL-BINDING BY NATIVE MASS SPECTROMETRY 

 

2.1 Introduction 

 

Metals play important roles in both biochemical and biophysical processes throughout the 

body, with the selection of these metals taking place over billions of years of evolution. The 

driving force behind selection of each metal depends on both the physicochemical 

properties and the bioavailability of the metals. These metals often coordinate with 

proteins, with metal-binding proteins performing several structural and functional roles 

throughout the body. A unique function of some protein-metal complexes is in the 

formation of mineral crystals, known as biomineralization. Ferritin is one example in this 

class of metal-binding proteins, where the biomineralization of hydrated ferric oxides is 

tightly controlled by the nanocage structure of the protein complex. Osteocalcin (Oc) is 

another protein that may function in the process of biomineralization of hydroxyapatite, 

as recent literature suggests osteocalcin stabilizes octacalcium phosphate (OCP), a calcium 

phosphate crystal structure precursor to hydroxyapatite bone matrix [72]. 

Oc was discovered in the 1970s [51, 52] as a bone protein and was referred to as 

bone Gla-protein (BGP) due to the presence of γ-carboxyglutamic acid (Gla) residues 

within its amino acid sequence, a rare post-translational modification that confers binding 

of up to 5 Ca2+ per Oc monomer [32]. Binding of Ca2+ by Oc occurs by coordination of the 

Ca2+ ions with the carboxyl groups of three glutamic acid residues, located at positions 

Glu-17, Glu-21, and Glu-24 in the human Oc sequence, with increased binding affinity 

when these Glu residues are converted to Gla residues (Figure 1.1b). These Glu residues 

are converted to Gla residues in a post-translational modification dependent fashion via a 

γ-glutamyl carboxylase that modifies these Glu residues by replacing one of the hydrogens 
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at the γ-carbon position with a carboxylate. This modification is dependent on the reduced 

form of vitamin-K, and unlike most mammals who almost fully γ-carboxylate their Oc, 

only about 50 % of Oc in the blood circulation of humans has been found to be fully 

γ-carboxylated [6]. Purification of Oc from a cohort of human patient plasma samples has 

shown that Oc circulates in patients’ blood with fractions of the Oc uncarboxylated 

(Glu-Oc), or containing one (1-Gla-Oc), two (2-Gla-Oc), or all three (3-Gla-Oc) glutamic 

acid residues γ-carboxylated [6]. The degree of γ-carboxylation of Oc was found to be 

dependent on the individual’s vitamin K status, with vitamin K supplementation shifting 

about 20 % of the Glu-Oc to 3-Gla-Oc [6], highlighting the potential importance of 

adequate nutritional intake of this vitamin on bone health.  

 Post-translational modification of these sites confers increased affinity for Ca2+, 

with human 3-Gla-Oc binding with a dissociation constant of ~ 0.1 mM, compared to 

~ 3.6 mM for mouse Glu-Oc [28]. Although this study did not compare Gla-Oc and Glu-Oc 

binding within the same species, this, to the best of our knowledge, is the best comparison 

that has been made to date comparing binding of Ca2+ to the different γ-carboxylation 

states of Oc. There are multiple characteristics of a metal that govern metal-ligand binding 

including the metal’s valence state, ionic radius, charge-accepting ability, and the number 

of metal-bound atoms present in a ligand [91]. Thus, when Oc is post-translationally 

modified to contain these rare Gla residues, this increases the number of atoms that can 

bind Ca2+ within each Gla residue compared to Glu residues, known as denticity [91].  

Since it is more favourable for Ca2+ to bind to one of the oxygen atoms of each carboxyl 

group in Gla residues than with a pair of Glu residues [91], this modification is critical for 

effective coordination of Oc with Ca2+, and therefore the protein’s function within the 

bone. This is known as chelation bidentate mode, where both carboxylates from the same 

Gla residue are monodentately bound [91].  
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 Although Oc’s main target binder is thought to be Ca2+, several other metals have 

also been reported to bind to the protein, including two toxic metals, Pb2+ and Al3+. Bone 

is the primary storage site for these toxic metals, with approximately 95 % and 50 % of 

Pb2+ [92] and Al3+ [93] found within the body stored there, respectively. Binding of Pb2+ 

to bovine Oc can displace Ca2+ [94], with an equilibrium dissociation constant for Pb2+ 

binding bovine Oc being Kd = 85 nM [29]. Similarly, Al3+ binding to bovine Oc has been 

reported to have an equilibrium dissociation constant of Kd = 83 nM [95]. When Pb2+ was 

titrated with Oc, this resulted in the same increase in α-helical secondary structure as 

observed with increased titrations of Ca2+ with Oc and did not affect the protein’s ability 

to associate with hydroxyapatite crystal [29]. The Ca2+ sites within hydroxyapatite crystal 

can be substituted with Pb2+ [96], resulting in decreased bone mineral density (BMD) and 

fracture resistance [97]. Similar studies assessing the secondary structural effects and 

hydroxyapatite binding capability of Al3+ bound Oc have not been completed. 

Hydroxyapatite crystal growth has been shown to be altered in low doses and inhibited in 

high doses of Al3+ in vitro, with resultant incorporation of Al3+ causing structural changes 

to the growing mineral deposits compared to Al3+ free controls [98]. Acute Al3+ exposure 

due to its presence as a contaminant in dialysis solution presented as osteomalacia and 

dialysis encephalopathy in hemodialysis patients in the 1970’s and 1980’s [99]. 

 Other metals that have been studied as they relate to bone health and Oc are 

essential metal cations that are found within the bone, including Mn2+, Mg2+, Fe3+, and 

Cr3+. Optimal levels of these metals are vital for bone growth, oxygen transport, and 

carbohydrate and lipid metabolism [100], however toxicity and/or deficiency can result in 

abnormalities in bone physiology. With about 25 g of magnesium present in the average 

human body, half of that is stored within the bone and has been shown to be essential for 

bone health, with Mg2+ deficiency being associated with decreased bone mineralization 
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and bone fracture resistance, resulting in osteopenia and osteoporosis [100]. In contrast 

to Pb2+, binding of Mg2+ to Oc inhibits Oc’s ability to bind to hydroxyapatite matrix, 

although the shift to increased α-helical structure was still observed [30]. 

Supplementation of Mn2+ in the diet of rats was shown to improve BMD and increase their 

serum levels of Oc compared to controls [101]. Deficiency of Mn2+, although rare, can cause 

skeletal abnormalities, whereas toxicity leads to a breadth of effects on proper bone 

development including osteogenesis, bone resorption, and osteoporosis [100]. Although, 

to the best of our knowledge, the effects of Fe3+ on Oc have not been studied in the past, 

Fe3+ toxicity is associated with decreased BMD, decreased bone fracture resistance, 

osteoporosis and osteopenia, as well as changes in bone microarchitecture [102], and 

inhibition of hydroxyapatite crystal formation [103]. Present in metal implants used 

during surgery, Cr3+ can leach out over time due to corrosion, leading to toxicity [100]. 

Rats fed a diet that contained added chromium were found to have increased bone 

resorption and reduced bone formation [100]. 

 With all of these metals being found at least to some degree within the bone, and 

evidence to support their negative effect on bone health when toxic and/or deficient levels 

are present, the goal of this research was two-fold: i) To determine metal binding 

capability of human Oc for Mn2+, Fe3+ and Cr3+, and validate binding of previously 

identified binders Ca2+ (shown previously to bind to bovine [29] and human Oc [28]) and 

Pb2+ [29], Al3+ [95], and Mg2+ [30] (shown previously to bind to bovine Oc); and ii) To 

perform a qualitative assessment of the Gla-dependency of metal binding by comparing 

binding of each metal to 1-, 2-, and 3-Gla-Oc to its binding capability to Glu-Oc. The 

novelty of this research lies in the fact that up to this point, most research has focused on 

metal binding to Oc purified from species other than humans, and the majority of these 

studies have not parsed Gla-Oc and Glu-Oc binding. This distinction is important when 
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studying human Oc because the health status (vitamin K intake) of an individual dictates 

the levels of Gla-Oc and Glu-Oc present at any given time [6]. The results presented here 

are valuable pilot-study data that may be used to initiate future, more in-depth research 

on the Gla-dependent binding of Oc to metals. 

2.2 Materials and Methods 

2.2.1 Materials 

Both the Des-Gla synthetic human osteocalcin (Glu-Oc), Cat # AS-65307-025, and 

[Gla 17, 21, 24] – synthetic human osteocalcin (Gla-Oc), Cat # AS-22830, were purchased 

from AnaSpec, Co. Ammonium acetate (≥ 98 % purity), ammonium hydroxide, iron(III) 

chloride, chromium(III) chloride hexahydrate (≥ 98 % purity), human insulin, 

magnesium chloride hexahydrate (99.995 % trace metals basis), manganese chloride 

tetrahydrate, lead(II) nitrate (99.999 % trace metals basis), aluminum chloride 

hexahydrate (99 % purity), and calcium chloride desiccant (96+ %, ACS reagent) were 

purchased from Sigma-Aldrich, Co. HPLC grade methanol was purchased from Fisher 

Scientific, Co. 

2.2.2 Preparation of Osteocalcin Stocks 

For the Gla-Oc vial, the lyophilized powder was reconstituted by first adding 40 μL of 1 % 

ammonium hydroxide and the vial was swirled gently to ensure all powder was fully 

reconstituted prior to adding 5 mM ammonium acetate, pH 7.4, to 1 mL final volume. The 

pH was verified prior to dilution using short range pH paper. For the Glu-Oc vial, the 

reconstitution technique was identical except the volume of ammonium hydroxide and 

final volume were half that of the Gla-Oc vial to account for there being half the weight of 

lyophilized protein. Stock Oc sample concentrations were then measured at A280 using a 

Thermo Scientific Multiskan Go UV-vis spectrophotometer, with Oc’s extinction 

coefficient known, ε = 1.33 (mg/mL)-1cm-1 [104].  
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2.2.3 Preparation of Samples 

All samples were prepared with 4 μM Gla-Oc, or Glu-Oc, and 4 μM insulin, in 5 mM 

ammonium acetate, pH 7.4. Metal was titrated into the sample at concentrations of 0, 0.8, 

2, 4, 12, 20 and 40 μM and the samples were incubated at room temperature overnight. 

After initial sample infusion onto the MS, samples were again incubated for an additional 

day and re-run to verify protein-metal binding had reached equilibrium. If not, the 

samples were further incubated at room temperature for up to one week. Samples were 

centrifuged at 17, 000 x g for 5 minutes prior to infusions. 

2.2.4 Direct Infusion ESI-MS 

Samples described above were infused directly onto a Bruker MaXis 4G qTOF mass 

spectrometer at 5 μL/min using a syringe and PEEK tubing line. The syringe and line were 

rinsed several times in between each sample infusion with 100 % acetonitrile, followed by 

5 mM ammonium acetate, pH 7.4. Then the same rinsing process was completed for the 

ESI spray needle by infusing 50/50 acetonitrile/5 mM ammonium acetate, pH 7.4, 

followed by 5 mM ammonium acetate, pH 7.4, onto the MS at 10 μL/min. The MS was 

operated in positive ion mode with a capillary voltage set to 4500 V, end plate offset set to 

500 V, nebulizer gas at 3.0 bar, dry gas set to 4.0 L/min, and the source temperature set 

to 225 °C. Sample data were acquired for 2 minutes for each sample, deconvoluted, 

baseline subtracted, and analyzed using Bruker Compass 1.7 DataAnalysis 4.2.383.1 

software.   

2.2.5 Non-Specific Dimer Interactions Calculations 

The fractional abundance of insulin, 1-, 2-, and 3-Gla-Oc monomers was calculated based 

on the intensity counts of each protein monomer’s ‘x + 1’ isotope peak divided by the total 
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intensity counts for all protein monomers in the charge deconvoluted mass spectral data. 

These monomer fractional abundance values were then used to calculate the fractional 

abundance of each possible dimer combination using the binomial expansion described 

by Equation 2.1:  

(I + G1 + G2 + G3)2 = 1  

Which can be expanded to the give: 

I2 + G1
2 + G2

2 + G3
2 + 2 ∗ (I ∗ G1 + I ∗ G2 + I ∗ G3 + G1 ∗ G2 + G1 ∗ G3 + G2 ∗ G3) = 1  

          Equation 2.1 

Where I is the insulin, G1 is the 1-Gla-Oc, G2 is the 2-Gla-Oc, and G3 is the 3-Gla-Oc 

monomer fractional abundance. The use of binomial expansion to predict the fractional 

abundance of dimers relative to each other in mass spectra if the dimers are non-specific 

and driven by probabilities based on the fractional abundance of their monomer 

counterparts has been used previously [105] to predict the fractional abundance of 

oligonucleotide dimers. This work demonstrated that for samples where only nonspecific 

oligonucleotide dimer formation is expected, the fractional abundance of these dimers 

determined experimentally closely matched the predicted values. As an example, in a 

system with A and B proteins with equal fractional abundance of the monomers, A:B is 

0.5:0.5, the possible dimers that could form would be AA, AB, and BB, with the fractional 

abundance of these dimers due to non-specific interaction for AA:AB:BB calculated to be 

0.25:0.5:0.25. In contrast, the fractional abundance of dimers determined experimentally 

for samples containing oligonucleotides known to form specific dimer interactions did not 

closely match the predicted fractional abundance values calculated for nonspecific 
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interactions using this binomial expansion calculation approach [105]. Therefore, this 

approach may be used to distinguish between dimer formation observed in mass spectral 

data that originates completely from non-specific interactions from dimer formation that 

is not completely non-specific in origin. Note that this approach cannot decipher dimer 

interactions in mass spectral data that have mixed dimer origins, meaning data with mixed 

specific and non-specific interactions from those that are purely specific, and thus can only 

be used to determine whether all dimerization observed is non-specific, or not. To 

accommodate these more complex sample compositions, a reference protein should be 

used to quantitatively account for non-specific interactions in more complex situations 

[106].   

Since three of the possible dimer combinations, 2x 1-Gla-Oc, insulin + 1-Gla-Oc, 

and 1-Gla-Oc + 2-Gla-Oc, were not observed in the actual mass spectral data, the fractional 

abundance of the remaining observed dimers was normalized to accommodate for this 

discrepancy. These calculated fractional abundances were then compared to the measured 

values based on the mass spectral data, and the difference between the calculated and 

measured fractional abundance values was evaluated for statistical significance using a 

paired student t-test, with p-values < 0.01 considered statistically significantly different, 

implying the assumption that all dimers observed in the spectra are non-specific is invalid.   

2.2.6 Insulin Control Experiment 

Insulin control samples were prepared at 4 μM, 10 μM, 50 μM, and 100 μM in 5 mM 

ammonium acetate, pH 7.4, or pH 3.3, and centrifuged, infused onto the mass 

spectrometer, and analyzed following the same protocol as described in 2.2.4. For the 

100 μM insulin sample in 5 mM ammonium acetate, pH 3.3, all buffer washes described 
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above were completed at this pH. The fraction of insulin as a dimer was determined by 

summing the peak intensities for all mass spectral peaks associated with Ins-Ins dimer, 

including Ins-Ins and Ins-Ins bound to metal adducts, and dividing by the total peak 

counts for all insulin mass spectral peaks found in the spectra. The experimental data were 

plotted with the fraction bound (fraction of total insulin that was Ins-Ins dimer) against 

the free concentrations of insulin. Free insulin concentrations were calculated by summing 

the peak intensities for all mass spectral peaks associated with insulin monomer, dividing 

by the total insulin peak counts found in the mass spectra to obtain the fraction of insulin 

as monomer species, and multiplying by the known concentration of total insulin to obtain 

the concentration of free insulin. To evaluate whether the data fit well to the previously 

determined dissociation constant for the Ins-Ins dimer, a binding curve was plotted 

alongside the experimentally determined data, with the equation for the binding curve 

described by Equation 2.3 below, where the dissociation constant for Ins-Ins dimer 

formation is described by: 

𝐾𝑑 =
Ins∗Ins

Ins Ins
          

Which can be rearranged to: 

Ins Ins =
Ins2

𝐾𝑑
         Equation 2.2 

The fraction of total insulin bound as dimer is described by: 

Fraction bound =  
2∗Ins Ins

Ins+2∗Ins Ins
  

Therefore, Equation 2.2 can be used to substitute for Ins-Ins in Equation 2.3: 
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Fraction bound =
2∗

Ins2

𝐾𝑑

Ins+2∗
Ins2

𝐾𝑑

  

Which can be further simplified to give: 

Fraction bound =  
2∗Ins2

2∗Ins2+𝐾𝑑∗Ins
      Equation 2.3 

Where Kd = 100 μM is the dissociation constant for the Ins-Ins dimer [107] and Ins is the 

concentration of free insulin. The data were plotted in Matlab using the Matlab script 

found in Appendix A.  

2.3 Results  

2.3.1 Analysis of Metals Binding to Gla-Oc, Glu-Oc, and Insulin 

Direct infusion MS of 4 μM Gla-Oc (Figure 2.1a), or 4 μM Glu-Oc (Figure 2.1b), with 

4 μM insulin (used as a reference protein that was not expected to bind the metal) in the 

absence of added metal, or with 40 μM of the divalent cations Ca2+, Mg2+, Mn2+, or Pb2+ 

was completed to qualitatively evaluate Oc’s ability to bind these metals, and to compare 

metal binding between the post-translationally modified Gla-Oc to the unmodified form 

of Oc, Glu-Oc. The fraction of Glu-Oc and 3-Gla-Oc bound to each respective metal is 

summarized in Figure 2.1c. The Gla-Oc sample without metal added contains mass 

spectral peaks associated with Na+ and K+ adducts of 3-Gla-Oc (Figure 2.1a), which are 

common protein salt adducts in ESI-MS. Mass spectral peaks associated with 3-Gla-Oc 

bound singly to either Ni2+ or Zn2+ are also observed and labeled in the spectra, and are 

acquired from Oc interacting with nickel and zinc that are electrochemically oxidized and 

released from the spray needle assembly during the infusion process. The mass spectrum 

associated with Gla-Oc with Ca2+ added was found to include mass spectral peaks 
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associated with up to five Ca2+ bound to 3-Gla-Oc. With Mg2+ or Mn2+ added to Gla-Oc, 

mass spectral peaks associated with up to four Mg2+, or Mn2+, bound to 3-Gla-Oc were 

observed. The mass spectrum associated with Pb2+ added to Gla-Oc shows no mass 

spectral peaks associated with Pb2+ bound to 3-Gla-Oc, however, increased titrations of 

Pb2+ with Gla-Oc resulted in a decrease in Gla-Oc peak signals (Figure 2.2). The 

metal-bound 3-Gla-Oc mass spectral peaks are indicated by red asterisks (*), with the 

number of asterisks corresponding to the number of the indicated divalent metal cation 

bound. At lower Pb2+ concentrations, mass spectral peaks associated with Pb2+-bound 

Gla-Oc adducts were observed, but did not exceed ~ 0.2 fraction of 3-Gla-Oc bound to Pb2+ 

in the spectrum, with the 4 μM Pb2+ sample spectrum depicted in Figure 2.3.  

Infusion of the Glu-Oc sample with no metal added onto the MS revealed mass 

spectral peaks associated with unbound Glu-Oc and insulin monomers, as well as Na+ and 

K+ adducts for each of the proteins (Figure 2.1b). The Glu-Oc sample containing Ca2+ 

was found to include up to three Ca2+ bound to Glu-Oc, while the Mg2+ sample included 

mass spectral peaks associated with up to two Mg2+ bound to Glu-Oc. The samples with 

either Mn2+ or Pb2+ added did not contain mass spectral peaks associated with Glu-Oc 

bound to either of these divalent cations. The location in the mass spectra where these 

peaks would be found are indicated by an arrow with a red ‘x’ (x). Mass spectral peaks 

associated with insulin bound to up to three Ca2+ and two Mg2+ were observed and are 

indicated by the blue asterisks (*). At this 40 μM metal concentration, no peaks associated 

with insulin bound to either Mn2+ or Pb2+ were observed, with the location in the mass 

spectra where these peaks would be found if present indicated by an arrow with a blue ‘x’ 

(x). The insulin peaks associated with the Gla-Oc samples, however, demonstrated up to 

three Mg2+ and up to two Mn2+ bound to insulin (Figure 2.4). Titrations of Glu-Oc with 
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increased concentrations of either Ca2+, Mg2+, or Mn2+ showed metal-bound Glu-Oc mass 

spectral peaks (Figure 2.5). 

 Identical infusion data were acquired to assess the binding capability of the 

trivalent metal cations Fe3+, Cr3+, and Al3+ to Gla-Oc, Glu-Oc, and insulin (Figure 2.6). 

Consistent with the Gla-Oc control sample for the divalent metal cation data, the Gla-Oc 

control sample with no metal added for the trivalent metal cation sample was also found 

to contain mass spectral peaks associated with Na+, K+, Ni2+, and Zn2+ bound to Gla-Oc 

(Figure 2.6a). Each of the Gla-Oc sample spectra obtained from infusion MS of Gla-Oc 

samples incubated with Fe3+, Cr3+, or Al3+ show a mass spectral peak associated with the 

unbound 3-Gla-Oc, and the singly-bound 3-Gla-Oc metal adduct indicated by a red 

asterisk (*). The Glu-Oc sample with no metal added shows a spectrum that includes mass 

spectral peaks associated with unbound Glu-Oc and insulin, as well as peaks 

corresponding to both protein’s bound to either Na+ or K+ (Figure 2.6b). The spectra 

corresponding to Glu-Oc and insulin incubated with either Fe3+, Cr3+, or Al3+ indicate no 

observed mass spectral peaks corresponding to the mass associated with the tested metal 

binding to either protein. The expected locations of the metal-bound Glu-Oc (x) and 

insulin (x) peaks are indicated by an arrow and an ‘x’. Mass spectra of Gla-Oc, or Glu-Oc, 

incubated with 0 μM (Figure 2.7a), and up to 40 μM Cr3+ are shown in Figure 2.7. The 

measured and calculated size (m/z) of each singly-bound protein-metal adduct, and their 

m/z difference, are shown in Table 2.1, with the mass difference not exceeding 

0.0705 m/z. 

 To further assess the effect of γ-carboxylation of Oc on metal binding, the mass 

spectral data acquired from infusing 4 μM Gla-Oc, or 4 μM Glu-Oc, with 4 μM insulin and 

40 μM of either Ca2+, Mg2+, Mn2+, Pb2+, Fe3+, Cr3+, or Al3+ were used to calculate the 
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fraction of insulin, Glu-Oc, 1-, 2-, and 3-Gla-Oc bound to each metal (Table 2.2). At this 

specific metal concentration, 0.33 of insulin was bound to Ca2+, 0.40 was bound to Mg2+, 

0.21 was bound to Mn2+, and 0 was bound to Pb2+, Fe3+, Cr3+, and Al3+. The fractions of 

Glu-Oc bound to each metal were 0.42 Ca2+, 0.24 Mg2+, 0.05 Mn2+, 0 Fe3+, Al3+ and Cr3+, 

while the peak associated with Pb2+ was not detected (ND). The Gla-Oc sample containing 

Ca2+ showed 1-Gla-Oc bound to Ca2+ ND, and 0.52 of 2-Gla-Oc, and 0.65 of 3-Gla-Oc 

bound to Ca2+. Similar to the Ca2+ sample, no 1-Gla-Oc mass spectral peaks were observed 

in the Gla-Oc sample containing Mg2+, and thus the fraction bound to Mg2+ could not be 

determined, however 0.55 of 2-Gla-Oc, and 0.86 of 3-Gla-Oc was bound to Mg2+. The 

Gla-Oc sample containing Mn2+ showed 0.4 of 1-Gla-Oc was bound to Mn2+, 0.75 of 

2-Gla-Oc, and 0.97 of 3-Gla-Oc. Fractions of Gla-Oc bound to Pb2+ could not be 

determined. For the Gla-Oc sample containing Fe3+, none of the 1-Gla-Oc, 0.35 of the 

2-Gla-Oc, and 0.72 of the 3-Gla-Oc were bound to Fe3+. All the 1-, 2-, and 3-Gla-Oc were 

found to be bound to Cr3+. Finally, no mass spectral peaks associated with 1-Gla-Oc were 

detected in the Gla-Oc sample containing Al3+, while 0.55 of the 2-Gla-Oc, and all of the 

3-Gla-Oc were found to be bound to Al3+.   

2.3.2 Qualitative Binding Affinity Comparison of 1-, 2-, and 3-Gla-Oc to Ca2+, 

Fe3+ and Al3+ 

To further determine the Gla-dependency of metal binding to Oc, 4 μM Gla-Oc, and 

Glu-Oc, samples were incubated with 0, 40, 120, 200, and 500 μM Ca2+ and infused on 

the MS. The mass spectral peaks associated with unbound 3-Gla-Oc, and up to 5 Ca2+ 

bound to 3-Gla-Oc are shown in Figure 2.8a. The fractions of total Gla-Oc that were 

either 1-, 2-, or 3-Gla-Oc are shown in Figure 2.8b, with over 70 % of the Gla-Oc infused 

in the fully γ-carboxylated 3-Gla-Oc form. Fractions of 1-, 2-, and 3-Gla-Oc bound to up to 



29 
 

5 Ca2+ at each metal concentration tested were calculated, with results plotted against total 

Ca concentrations in Figure 2.8c. The fractions of Gla-Oc bound to one to five Ca2+ were 

summed to simplify the data to compare bound to unbound Gla-Oc fractions more clearly. 

The data depict an increase in the fraction of Oc bound to Ca2+ with increased 

γ-carboxylation of Oc. 

Similarly, 4 μM Gla-Oc samples were incubated with 0, 4, 12, 20, and 40 μM Fe3+ 

and infused on the MS. The mass spectral peaks associated with unbound 3-Gla-Oc and 

singly-bound to Fe3+ are shown in Figure 2.9a. The fractions of total Gla-Oc that were 1-

, 2-, or 3-Gla-Oc were determined (Figure 2.9b), with the majority of Gla-Oc being fully 

γ-carboxylated 3-Gla-Oc. The fraction of 1-, 2-, and 3-Gla-Oc bound to Fe3+ at each metal 

concentration were calculated and results were plotted against total Fe concentrations 

(Figure 2.9c). In the case of 1-Gla-Oc, no Fe3+ binding was observed at the tested metal 

concentrations. Although the binding curves for all forms of Gla-Oc did not reach 

saturation at the tested Fe concentrations, there is a clear qualitative trend present in the 

data, with increased γ-carboxylation of Oc associated with higher affinity of Oc for Fe3+.  

 Complementary experiments to test the binding of Al3+ to the various forms of 

Gla-Oc were also conducted, with Al3+ concentrations of 4, 8, 12, 20, and 40 μM. Mass 

spectral peaks associated with unbound 3-Gla-Oc and 3-Gla-Oc bound singly to Al3+ are 

shown in Figure 2.10a. Determination of the fraction of Gla-Oc that was either 1-, 2-, or 

3-Gla-Oc demonstrated that the majority of the sample was in the fully γ-carboxylated 

3-Gla-Oc form (Figure 2.10b). As completed with the Ca2+ and Fe3+ samples, the fraction 

of 1-, 2-, and 3-Gla-Oc bound to Al3+ was calculated and plotted against each total 

concentration of Al (Figure 2.10c). Similar to the results presented for Ca2+ and Fe3+ 

binding Oc, increased γ-carboxylation of Oc increased the affinity of Al3+ for Oc.  
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2.3.3 Insulin and Oc Dimers 

When analyzing the direct infusion MS data described above, dimers of insulin and Oc 

were observed (Figure 2.11). The monomer and dimer charge states of the 4 μM Gla-Oc 

with 4 μM insulin sample (Figure 2.11a) and the 4 μM Glu-Oc with 4 μM insulin sample 

(Figure 2.11c) demonstrate that both samples’ base peak is the +5 charge state of the 

monomers. A small proportion of the samples was found to be in the +7 charge state 

associated with dimers of the proteins. Deconvoluted mass spectra focusing on the mass 

spectral peaks associated with various insulin and Gla-Oc dimers (Figure 2.11b) and 

insulin and Glu-Oc dimers (Figure 2.11d) are also shown. The measured and calculated 

monoisotopic masses of all possible tested dimer combinations (Table 2.3) shows the 

difference between the two values does not exceed 0.1445 Da. The dimers that were not 

detected (ND) in the experimental mass spectral data could not be compared to the 

calculated monoisotopic masses of the species, and thus the difference (Δ) between these 

values is left blank (-).  

 To assess whether all the dimer interactions observed in the mass spectra were a 

non-specific occurrence, the fractional abundance of each observed dimer was compared 

to their calculated fractional abundance due to probability alone. The non-specific 

interaction calculations were completed following the method described in Methods 

2.2.5. using the binomial expansion that describes the sum of the fractional abundance of 

all possible dimer species in Equation 2.1. This method has been used previously by Ding 

& Anderegg [105] to assess specific and non-specific dimer formation of oligonucleotides 

in ESI-MS, where use of the binomial expansion to calculate the fractional abundance of 

each dimer closely matched the experimentally determined fractional abundance of the 

dimers in mass spectra from samples with dimers expected only to originate from 
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non-specific binding during the ionization process. Experimentally determined fractional 

abundances of dimers from samples where oligonucleotides had some degree of specificity 

in binding did not closely match to the predicted fractional abundance values calculated 

using the binomial expansion, suggesting that the dimer formation was not completely 

non-specific [105]. The motivation of these calculations was to assess whether all the 

observed dimers in the mass spectra were non-specific in origin, or not. Although this 

approach has a clear limitation, where it can only determine whether all dimers are 

non-specifically formed or not, this analysis was conducted to evaluate whether to pursue 

more meticulous studies in the future. The overall workflow is depicted in Figure 2.12, 

where the fractional abundance of the monomeric species is determined based on the 

deconvoluted mass spectra. Since three of the possible dimer combinations, 2x 1-Gla-Oc, 

insulin + 1-Gla-Oc, and 1-Gla-Oc + 2-Gla-Oc, were not observed in the actual mass spectral 

data, the calculated fractional abundance of the remaining observed dimers was adjusted 

to accommodate for this discrepancy. These calculated fractional abundances were then 

compared to the measured values based on the mass spectral data (Table 2.4) and 

evaluated whether they were statistically significantly different from one another, based 

on three replicate measurements. The p-values < 0.01 are highlighted in red and signify 

the dimers that have measured fractional abundances that are statistically significantly 

different from the predicted values that assume their occurrence is based on non-specific 

interaction alone. The dimers that match this criterion are the insulin + 2-Gla-Oc, insulin 

+ 3-Gla-Oc, 2x 2-Gla-Oc/1-Gla-Oc + 3-Gla-Oc, and the 2x 3-Gla-Oc dimers. This implies 

that the experimentally observed dimers are not all non-specific in origin. 

 To assess whether the conditions used for native MS were soft enough to maintain 

protein-protein interactions, a series of insulin concentrations were infused onto the mass 

spectrometer (Figure 2.13a-e), and the fractional abundance of the monomer and dimer 
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were calculated from the charge deconvoluted mass spectra by summing the peak 

intensities for mass spectral peaks associated with monomer, or dimer, and dividing by 

the sum of the total peak intensities for both species observed in the mass spectra. The 

fractional abundance of the Ins-Ins dimer observed experimentally was plotted against the 

concentration of insulin monomer, determined based on the known total insulin 

concentrations and the fractional abundance of the monomer in each mass spectrum. The 

data were plotted (Figure 2.13f) with the line defined by the equation that describes the 

fraction of insulin as Ins-Ins dimer, based on the known Kd = 100 μM for Ins-Ins dimer 

formation [107]. The fraction of insulin that was determined experimentally to be the 

Ins-Ins dimer did not match with the equation defined by the known Kd for Ins-Ins dimer 

formation. The results obtained in this control experiment suggest the mass spectra 

obtained here do not accurately reflect true native (i.e., true in-solution) conditions, with 

the fractional abundance of dimer when 100 μM insulin was infused onto the mass 

spectrometer not exceeding 0.052 when buffered at pH 7.4, and 0.073 when buffered at 

pH 3.3, compared to the expected fractional abundance of 0.5.  

2.3.4 Monomer and Dimer Metal-Binding Comparison 

To compare the metal-binding capability of the insulin, Glu-Oc, 1-, 2-, and 3-Gla-Oc 

monomers to the various combinations of observed protein dimers, heat maps were 

created to summarize the data (Figure 2.14), with the dimers not tested (dark grey) being 

the Glu-Oc + Gla-Oc dimers, not detected (light grey) being the 2x 1-Gla-Oc, insulin + 

1-Gla-Oc, and 1-Gla-Oc + 2-Gla-Oc, and observed being the insulin-insulin, insulin + 

Glu-Oc, insulin + 2-Gla-Oc, insulin + 3-Gla-Oc, 2x Glu-Oc, 2-Gla-Oc + 3-Gla-Oc, 

2x 3-Gla-Oc, and 2x 2-Gla-Oc/1-Gla-Oc + 3-Gla-Oc dimers (Figure 2.14a). The protein 

monomer and dimer metal-binding capability was then compared in Figure 2.14b, with 
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the Ca2+, Mg2+, Mn2+, Pb2+, Fe3+, and Al3+ data separated. Monomers, and dimer 

combinations, not tested are labeled in dark grey, not observed in light grey, followed by 

the maximum number of the specific metal bound to the monomer/dimer coloured with 

an increasing blue coloured gradient for no metal bound (lightest blue) to up to five metals 

bound (darkest blue).  

The deconvoluted monomer mass spectra of insulin with Gla-Oc and Ca2+ 

titrations (Figure 2.15a,c,e) depict mass spectral peaks associated with insulin and 

Gla-Oc monomers, and the monomers bound to Ca2+. Their respective deconvoluted dimer 

mass spectra (Figure 2.15b,d,f) illustrate the presence of insulin-insulin dimer and Ca2+ 

adducts, and insulin + Gla-Oc dimers and Ca2+ adducts. The 2x Gla-Oc dimers, or 

Ca2+-bound 2x Gla-Oc dimers, are not observed in the mass spectra, with increasing Ca2+ 

concentrations causing increased Ca2+ adducts of the insulin-insulin dimer, and the 

insulin + Gla-Oc dimers, but not resulting in observed 2x Gla-Oc dimers. 

Similarly, deconvoluted monomer mass spectra of insulin with Glu-Oc and Ca2+ 

titrations (Figure 2.16a,c,e) depict mass spectral peaks associated with insulin and 

Glu-Oc monomers, and the monomers bound to Ca2+. The deconvoluted dimer mass 

spectra (Figure 2.16b,d,f) include mass spectral peaks associated with insulin-insulin 

dimer and Ca2+ adducts, insulin + Glu-Oc dimer and Ca2+ adducts, and low abundance of 

2x Glu-Oc + Ca2+ adducts, with the peaks only confidently identified in Figure 2.16b and 

d.  
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2.4 Discussion 

2.4.1 Analysis of Metals Binding to Gla-Oc, Glu-Oc, and Insulin 

Based on the results presented in Figure 2.1, it is clear all divalent metals tested are 

capable of coordinating with Gla-Oc. Whether these are the true maximum numbers of 

each divalent metal cation that Gla-Oc can bind in solution needs to be assessed further, 

as these maxima could also be explained by the sensitivity limits of this technique at these 

particular protein and metal concentrations. It has been shown elsewhere [32] that 

porcine Oc can coordinate with up to five Ca2+ in the X-ray crystal structure obtained, 

which matches the maximum number of Ca2+ bound to Gla-Oc in the mass spectral data 

presented here. It should also be highlighted that the mass shift for Ca2+ (∆ 37.947 Da) 

cannot be confidently distinguished from that for K+ (∆ 37.9559 Da), and therefore, 

although increasing titrations of Ca2+ with each protein can confidently determine the 

protein’s ability to bind Ca2+ (as seen from increased peak intensities for the Ca2+-protein 

adducts), one should proceed with caution when making definitive conclusions about the 

stoichiometry of this interaction. A similar case is also observed with Mg2+, where the mass 

shift (∆ 21.9694 Da) is close to the mass shift seen for Na+ adducts (21.9819 Da). Since 

increased metal titrations were found to result in protein and metal precipitation (data not 

shown), this eliminated the possibility of evaluating these maxima further using direct 

infusion MS.  

In contrast, Gla-Oc was found to bind only singly to the trivalent metal cations 

Fe3+, Cr3+, and Al3+ (Figure 2.6). A possible explanation for this phenomenon is that 

trivalent metal coordination with the Gla residues of Oc requires the use of multiple Gla 

residues, and thus may require a slight conformational shift of the protein to 
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accommodate binding such metals. This would need to be evaluated further to make such 

definitive conclusions however, and thus this is purely speculation at this time.  

Each metal was also tested for binding capabilities to Glu-Oc (Figures 2.1 and 

2.6), and all were found to either bind to a lesser degree than to Gla-Oc, or not found to 

bind in solution to any detectable degree when 4 μM Glu-Oc was incubated with 40 μM of 

the metal. When comparing the fraction of each protein bound to the metal cation (Figure 

2.1c, Figure 2.6c & Table 2.2), it is clear that increasing the number of Gla residues 

present in Oc also increases the protein’s affinity for the metals, with the fraction of Oc 

bound to each metal increasing with increased Gla residues. These data match what is 

expected, since Gla residue ligands are known to be important for protein coordination 

with metal cations, as they have increased net charge and denticity compared to Glu 

residue ligands [91]. Therefore, it is expected that inclusion of Gla residues in a protein’s 

structure will increase the protein’s binding affinity for metal cations. However, whether 

or not Glu-Oc can bind to Fe3+ or Al3+ to any detectable degree would need to be evaluated 

further, since this data only suggests that Gla-Oc has a higher affinity for the metals than 

Glu-Oc, but does not definitively demonstrate whether or not Glu-Oc is capable of 

coordinating with these metal cations at higher metal concentrations.  

Further studies would need to be completed to successfully analyze binding of Pb2+ 

to Glu-Oc and Gla-Oc. This most likely would need to be completed at a lower pH, since 

lead hydroxide is not very soluble at pH 7.4 (Ksp = 1.43 x 10-20 for Pb(OH)2 [108]). Attempts 

to infuse samples at pH 4.5, with and without insulin, resulted in complete loss of signal 

in the MS spectra due to protein precipitation (data not shown). This is suspected to be 

due to slight acidification of samples, which is known to occur during the infusion process, 

even in the presence of ammonium acetate [109] and may have resulted in sample pH 
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decreasing below the isoelectric point of the proteins (pI = 4.6 for Glu-Oc, pI = 4.0 for 

Gla-Oc [110], and pI = 5.3 for insulin [111]). For this reason, a technique where the pH of 

the solution can be carefully controlled, such as the circular dichroism (CD) and ICP-MS 

technique described in Chapter 5, should be employed to alleviate these issues while 

studying Pb2+ binding to proteins. It should also be mentioned that although Al3+ has a 

lower solubility limit than that of Pb2+ (Ksp = 1.3 x 10-33 for Al(OH)3), Al3+-bound Gla-Oc 

adducts were observed in the mass spectra presented here, suggesting the challenge with 

detecting Pb2+-bound Gla-Oc at higher than ~ 0.2 fraction bound cannot be completely 

explained by the low solubility limit of Pb(OH)2.  

The quaternary structure of proteins is often stabilized by the coordination of 

metals at the protein-protein interfaces. An example is insulin, which functions in its 

monomer form, but is stored in the pancreas as a hexamer stabilized by two Zn2+ ions 

located at each of the protein-protein interfaces of the complex. For an in-depth review of 

the role of metals in protein-protein interfaces, see [112]. Hexameric insulin was not 

observed in these native MS data. Insulin binding to Ca2+ or Pb2+ has been shown 

previously to induce dimerization [113], and insulin has been shown previously to bind to 

Mg2+ [114], however the physiological relevance of insulin binding to the divalent metal 

cations Ca2+, Mg2+, Mn2+, and Pb2+ is unknown. Indirect interactions have been shown, 

including the observation that Ca2+ influx from the extracellular space, or release from 

cytosolic stores, causes exocytosis of insulin granules from pancreatic β-cells [115, 116]. 

Intracellular Mg2+ in pancreatic β-cells is involved in regulation of insulin secretion, 

phosphorylation of the insulin receptor and other downstream kinases, with deficiency 

associated with type 2 diabetes mellitus [117]. The presence of Mn2+ has been shown to be 

important to enhance insulin/Insulin-like growth factor receptor (IGFR) activity, 
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resulting in increased induction of phosphorylated AKT, while deficiency impairs insulin 

release and glucose tolerance [118]. 

Due to the known binding of insulin to many of the tested divalent cations, the use 

of insulin as a reference protein to account for non-specific protein-metal adducts that 

occur during the infusion process was not possible. The absence of trivalent metal 

cation-bound insulin in the mass spectra suggested that non-specific metal binding did 

not occur for the trivalent metal cations tested here, and that insulin was a successful 

reference protein for these samples.   

2.4.2 Qualitative Binding Affinity Comparison of 1-, 2-, and 3-Gla-Oc to Ca2+, 

Fe3+ and Al3+ 

Direct infusions of Gla-Oc with titrations of Ca2+ (Figure 2.8), Fe3+ (Figure 2.9) and 

Al3+ (Figure 2.10) further demonstrate the Gla-dependence of metal binding, with 

increased binding affinity found with increased Gla residues in Oc. One limitation in the 

work described here, as mentioned previously, is the inability to distinguish between Ca2+ 

and K+ adducts, which will inevitably result in overestimations during calculation of the 

fraction of Oc bound to Ca2+. Since Gla-Oc is known to bind up to five Ca2+, the previously 

reported dissociation constants [28, 119] are also inaccurate, as they assume a 1:1 binding 

mode for Oc to Ca2+, which at least for porcine and human Oc appears to be an invalid 

assumption. 

Completion of the binding curve for Gla-Oc binding to Fe3+ was limited by the 

protein precipitation observed when exceeding 40 μM Fe3+ concentrations, likely due to 

the low solubility of Fe(OH)3 at pH 7.4. An additional challenge when studying Fe3+ 

binding to Gla-Oc was the presence of contaminating Mn2+ in the ESI spray needle. The 

mass shift for Fe3+ binding (Δ 52.9115 Da) and Mn2+ binding (Δ 52.9224 Da) cannot be 
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differentiated in the mass spectra, and thus any variation in Mn2+ present cannot be 

confidently identified based on the limitations of this technique.  

Although the curve reached binding saturation for the Al3+ data, precipitation of 

Gla-Oc was also a challenge here. With the Al3+ data, this precipitation can at least in part 

be explained by its low solubility limit at pH 7.4 (Ksp = 1.3 x 10-33 [108]), where Al3+ readily 

forms Al(OH)3(s), with a calculated solubility limit of ~ 82 fM in pure water at pH 7.4. The 

presence of acetate, chloride, and Gla-Oc, all binders of Al3+, likely enabled the increased 

solubility of total Al, allowing for observation of in-solution Al3+ bound to Gla-Oc in the 

infusion MS data. As shown in Chapter 5, increased solubility of Al3+ was accomplished 

by decreasing solution pH to 4.5. With the inclusion of citrate, an Al3+ binder with known 

affinity constants, it was possible to increase the solubility limit for total Al. The fraction 

of Gla-Oc bound was determined using CD spectroscopy. Free Al3+ concentrations were 

calculated using a Matlab script to solve the complex system of linear equations, with 

experimentally determined total Al concentrations, determined by ICP-MS, known total 

Oc and total citrate concentrations, solution pH, and the calculated concentrations of 

Al3+-bound Gla-Oc using the CD data input into the Matlab script. These data are shown 

in Chapter 5 and provide an example of an optimized method that can both alleviate 

metal solubility challenges and provide more precise binding affinity calculations for this 

exceptional case of Gla-Oc binding to Al3+. 

 Regardless of the qualitative nature of the binding affinity experiments conducted 

for Ca2+, Fe3+ and Al3+ binding to 1-, 2-, and 3-Gla-Oc, these data still demonstrate the 

importance of Gla residues for increased affinity of Oc to metals, and thus the purity of 

Gla-Oc samples when used for quantitative studies in the future.      
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2.4.3 Insulin and Oc Dimers 

Protein dimerization is a common occurrence in biology and is important for many 

proteins that function as enzymes, ion channels, receptors, and transcription factors. 

Insulin readily forms a homomeric dimer, with dimerization acting as a precursor in the 

self-assembly of insulin into a hexamer [120]. Although the function of insulin lies in its 

monomeric state, hexamer formation is an important quaternary structure of the protein 

as it acts as the structure for storage of the protein in Zn2+-rich, and Ca2+-rich, vesicles in 

pancreatic β cells [121], controlled release of the monomer, Zn2+ homeostasis [122], and 

prevention of protein degradation and fibrillation [123]. Insulin hexamer coordinates with 

two Zn2+, with Zn2+ binding increasing the assembly of Ins-Ins dimers to form hexamer 

[124] following the monomer-dimer-tetramer-hexamer model [125]. Although less 

studied, osteocalcin dimerization has also been shown previously [32], with the Kd = 

8oo μM for Gla-Oc homodimer (2x Gla-Oc) formation in the absence of Ca2+, and 200 μM 

in the presence of Ca2+, and the X-ray crystal structure of porcine 2x Gla-Oc dimer 

complexed with five Ca2+ [32]. The biological significance of 2x Gla-Oc dimer is unknown, 

and this interaction is unlikely to be relevant in the blood, where Oc concentrations are 

between 11.3 – 25.6 ng/mL (~ 2 – 4 nM) [43]. The concentration of Oc in the bone, 

however, was estimated to be between ~ 430 μM and 9.85 mM, as described in Chapter 

3, and therefore it is reasonable to hypothesize 2x Gla-Oc dimerization is a biologically 

significant occurrence in the bone.  

 When completing the native MS infusions of insulin with Oc and various metals 

described in this chapter, mass spectral peaks associated with protein-protein 

dimerization were observed in both the samples without metal added, and the samples 

including Ca2+, Mg2+, Mn2+, Pb2+, Fe3+, and Al3+. Ins-Ins [107] and 2x Gla-Oc [126] dimers 

have been seen in mass spectral data in the past, both in metal-free forms, and bound to 
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Zn2+ (Ins-Ins) and Ca2+ (2x Gla-Oc). Unexpectedly, mass spectral data presented here 

demonstrate the presence of both homomeric dimers reported previously, and insulin and 

Oc heterodimers.  

Non-specific protein-metal, and protein-protein, interactions are common in 

native MS and can alter the gas phase, compared to in-solution, stoichiometry of the 

complex [106] as solvent evaporation inherently concentrates the protein and ligand 

during the ESI process. Therefore, it is usually crucial to either prepare samples with a 

negative control/reference protein known not to bind the protein or ligand specifically 

[128], employ a mathematical model to deconvolute the binding data [129, 130], or follow 

up with a secondary technique for validation purposes. Since our initial goal for these 

direct infusion data was to simply evaluate monomer Oc binding to various metals, a 

proper reference protein for dimer formation was not included in these samples. Based on 

the infusion data, it was determined that nearly all possible dimer combinations of insulin, 

1-, 2-, and 3-Gla-Oc were present in the mass spectra (Figure 2.11). Insulin + 1-Gla-Oc, 

2 x 1-Gla-Oc, and 1-Gla-Oc + 2-Gla-Oc dimers were not observed. The reason for the lack 

of observation of these three dimers is likely because of the low abundance of 1-Gla-Oc in 

the monomer spectra. This is due to the clear observation of both 2 x Glu-Oc, and insulin 

+ Glu-Oc, suggesting this interaction is not Gla-specific.  

Non-specific interactions, by definition, should not depend on a protein’s affinity 

for a given ligand, but rather only depend on the relative abundance of the protein and 

ligand. In fact, non-specific binding in native MS has also been shown to be independent 

of protein shape and size [131]. For an initial assessment on the likelihood of these dimers 

being a non-specific interaction, the predicted fractional abundance of each dimer was 

calculated based on the fractional abundance of the insulin, 1-, 2-, and 3-Gla-Oc 

monomers. When all observed dimers were included in the measured and predicted 
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fractional abundance calculations, all measured and predicted values were statistically 

significantly different (p < 0.01), except for the insulin-insulin, and 2-Gla-Oc + 3-Gla-Oc 

dimers. However, it has been shown by others [107] that insulin can form Ins-Ins dimers 

that are observed during native MS, and that these dimers are precursors for 

concentration-dependent multimeric homomers of insulin that give rise to insulin 

filamentation. The presence of Gla-Oc dimers has been observed previously, with the 

porcine Gla-Oc crystal structure showing this interaction occurs with increased affinity 

with coordination of both Gla-Oc with Ca2+ at the metal-binding Gla residue face of the 

proteins [32]. This suggests the Gla-Oc dimers are a specific interaction and leaves the 

insulin + Oc dimers as the sole dimer combinations that may be explained by non-specific 

interactions. Due to the lower fractional abundance of the insulin + Oc heterodimers 

observed compared to the prediction based on non-specific interaction, this interaction is 

most likely non-specific in nature. 

The control experiment utilizing increased concentrations of insulin is suggestive 

that the conditions employed here do not reflect true native MS conditions. This is likely 

a result of the higher ion source voltages, source temperature, and the dimensions of the 

ESI tip [128]. Although this does not confidently exclude the possibility of non-specific 

protein-protein interactions, it is at least suggestive that the data presented here does not 

reflect true in-solution levels of protein dimer, with at least the Ins-Ins dimer formation 

disrupted in these conditions.  

2.4.4 Monomer and Dimer Metal-Binding Comparison 

Comparing the binding of metal cations to insulin monomer and insulin dimers, the 

insulin monomer and Ins-Ins dimer bind to the same number of metals, up to three Ca2+, 

four Mg2+, two Mn2+, and zero Pb2+, Fe3+ and Al3+. These results suggest that the 
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metal-binding in Ins-Ins dimers is also a specific interaction, and that dimerization does 

not inhibit metal binding to take place. Whether these results match those found with Zn2+ 

would need to be assessed further, as Zn2+ binding was not tested in these experiments.  

 The decrease in the maximum stoichiometry of metal bound to insulin and Oc 

homo- and hetero-dimers compared to the monomeric proteins is likely due to the low 

fractional abundance of these dimers and combined sensitivity limitations of the 

technique resulting in the higher metal-bound protein dimer adducts being absent from 

the spectra. For two of the metals tested, Ca2+ and Al3+, many of the Gla-Oc dimers were 

completely absent (all 2x Gla-Oc dimers with Ca2+ and all 2x Gla-Oc dimers except 

2-Gla-Oc + 3-Gla-Oc with Al3+ data) from the mass spectra. In contrast to the 2x Gla-Oc 

dimers, the 2x Glu-Oc dimer was observed in the Ca2+ samples, with up to one Ca2+ bound 

visible in the 40 μM Ca2+ sample. Increased concentrations of Ca2+ increased the number 

of Ca2+ bound to Ins-Ins and Insulin + Glu-Oc dimers, with the 2x Glu-Oc dimers not 

confidently assigned in the 500 μM Ca2+ sample due to low signal intensity (Figure 

2.16f). When combining this information for Ca2+ with the precipitation data discussed in 

Chapter 4, a possible explanation emerges: The metal-induced Oc precipitation is 

Gla-dependent and Gla-Oc dimers complexed with increasing numbers of metal are less 

soluble than their non-metal bound counterparts. Whether the Gla-Oc dimers are 

intermediates for filamentation would need to be assessed further. The reason for the 

Gla-Oc dimers absent in the Al3+ data is more likely to be explained by the low solubility 

of Al3+ at pH 7.4, resulting in Al(OH)3 and Gla-Oc precipitation, and is discussed in 

Chapter 5.   
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2.5 Conclusions 

Based on the data presented here, Oc binds metals in a Gla-dependent fashion and an 

increased number of Gla residues further increases its metal-binding affinity and 

stoichiometry. The ability of these metals to bind Gla-Oc can in part be explained by the 

metal-binding Gla residues being located on the protein’s surface. Often proteins evolve a 

metal-binding pocket buried deep within the interior of the protein, enabling high 

specificity of metal binding due to the pocket’s intolerance for coordination with metals 

that do not closely match the valence state and ionic radius of the target metal. The reason 

for this lack of specificity of metal binding to Oc is not fully understood, but could be 

attributed to lack of an evolutionary strain on Oc to do so, due to high Ca2+ concentrations 

and the low relative abundance of other competing metal cations in the bone. In addition, 

some metals were not bioavailable until the last few thousand years, as is the case with the 

toxic metal Al3+, providing insufficient time for evolutionary adaptation. Binding of Gla-Oc 

to the hydroxyapatite surface has also been shown [7, 29], and may be involved in the 

protein’s function, thus eliminating Oc’s ability to evolve a metal-binding pocket buried 

deep within the protein’s tertiary structure. Alternative hydroxyapatite structures, for 

example where Ca2+ is replaced by Mg2+ [132], are also found in low levels in human bone, 

and thus Gla-Oc’s lack of metal-binding specificity may be important to accommodate for 

differences in crystal lattice structure of hydroxyapatite when these other metals are 

incorporated. Whatever the case, systematic studies on the mechanism by which Gla-Oc 

functions in the bone, and the effects of competitive metal binding, are necessary before 

conclusions can be drawn. 
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Figure 2.1. Qualitative Assessment of Divalent Metal Cations Binding to 
Gla-Oc and Glu-Oc. Deconvoluted mass spectra of direct infusions of 4 μM insulin 
(blue) with 4 μM of either a) Gla-Oc or b) Glu-Oc (red) that was incubated with 0 μM (no 
metal), or 40 μM of Ca2+, Mg2+, Mn2+, or Pb2+. The mass spectral peaks associated with the 
metal-bound Oc (*) and insulin (*) are denoted with asterisks, where the number of 
asterisks corresponds to the number of the specified metal that is bound to the protein. 
An “x” with an arrow demonstrates that the metal-bound Oc (x) or insulin (x) mass 
spectral peak is not present in the spectrum, and points to the location where it would be 
found if present. c) Summary graphs displaying the fraction of Glu-Oc and 3-Gla-Oc bound 
by the specified metal.  
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Figure 2.2. Analysis of Samples of Gla-Oc with Titrations of Pb2+ by Direct 
Infusion MS. Deconvoluted mass spectra of direct infusions of 4 μM Gla-Oc (red) + 4 μM 
insulin (blue) and 0, 40, or 80 μM Pb2+. Insulin adducts (blue) and Gla-Oc adducts (red) 
are also specified, with the expected location of Pb2+-bound insulin (x) and 3-Gla-Oc (x) 
marked with an arrow and an “x”.  
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Figure 2.3. Gla-Oc Binding of Pb2+ at Lower Pb2+ Concentrations. a) 4 μM 
Gla-Oc and 4 μM insulin incubated with 4 μM Pb2+, with 2-Gla-Oc bound singly to Pb2+ 
(2-Gla + *) and 3-Gla-Oc bound singly to Pb2+ (*), as well as Al3+ and Ni2+ adducts labeled 
in the spectrum. b) 4 μM Glu-Oc and 4 μM insulin incubated with 40 μM Pb2+, with no 
observable Pb2+-bound adducts observed (x for Glu-Oc and x for insulin in spectrum where 
Pb2+ adducts would be observed if present). c) The fraction of 3-Gla-Oc (0.17) and Glu-Oc 
(0) bound to Pb2+.  
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Figure 2.4. Analysis of Samples of Gla-Oc with Titrations of Mg2+ or Mn2+ by 
Direct Infusion MS. Deconvoluted mass spectra of direct infusions of 4 μM Gla-Oc 
(red) + 4 μM insulin (blue) with no metal (top), or 40 μM Mg2+ (middle) or Mn2+ 
(bottom). Mass spectral peaks associated with insulin bound to one (*) or two (**) Mg2+ 
or Mn2+, and three (***) Mg2+ are found. 2-Gla-Oc bound to one Mg2+ (*) is also visible in 
the spectrum. 
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Figure 2.5. Analysis of Samples of Glu-Oc with Titrations of Ca2+, Mg2+ or Mn2+ 
by Direct Infusion MS. Deconvoluted mass spectra of direct infusions of 4 μM Glu-Oc 
(red) + 4 μM insulin (blue) with 500 μM Ca2+ (top), Mg2+ (middle), or Mn2+ (bottom). 
Mass spectral peaks associated with insulin binding the respective metal are indicated by 
the blue asterisks (‘*’), whereas Glu-Oc metal-bound adducts are indicated by the red 
asterisks (‘*’), with the number of asterisks corresponding to the number of the specified 
metal bound. 
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Figure 2.6. Qualitative Assessment of Trivalent Metal Cations Binding to 
Gla-Oc and Glu-Oc. Deconvoluted mass spectra of direct infusions of 4 μM insulin 
(blue) with 4 μM of either a) Gla-Oc or b) Glu-Oc (red) that was incubated with 0 μM (no 
metal), or 40 μM of Fe3+, Al3+, or 12 μM Cr3+. The mass spectral peaks associated with the 
metal-bound Oc are denoted with asterisks “*”, where the number of asterisks corresponds 
to the number of the specified metal that is bound. An “x” with an arrow demonstrates 
that the metal-bound protein peak is not present in the spectrum, and points to the 
location where it would be found if present for Oc (x) and insulin (x). 
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Figure 2.7. Analysis of Samples of Gla-Oc, or Glu-Oc, with Titrations of Cr3+ 
by Direct Infusion MS. Deconvoluted mass spectra of 4 μM Gla-Oc incubated with a) 
0 μM, b) 4 μM, c) 12 μM, d) 40 μM, or 4 μM Glu-Oc incubated with e) 0 μM, or f) 40 μM 
Cr3+. Full spectra include insulin labeled as a reference. Zoom-in regions of the spectra 
that are boxed off with dashes include 2-Gla-Oc (black), 2-Gla-Oc bound singly to Cr3+ (*) 
in c), 3-Gla-Oc (red) and bound to Cr3+ (*), with the number of asterisks corresponding to 
the number of Cr3+ bound. All other adducts that are classified include arrows from the 
mass spectral peak corresponding to the species of interest, with “+” indicating the 
additional adduct involved in the mass spectral shift. The species were not identified in d) 
and f) and thus the monoisotopic mass (m/z) is indicated for the x + 4 isotope peak.   
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Figure 2.8. Qualitative Effect of Under Carboxylation of Gla-Oc on Binding to 
Ca2+. Direct infusions of 4 μM Gla-Oc with 4 μM insulin and 0, 40, 120, 200, and 500 μM 
total Ca titrations with the deconvoluted mass spectra in a) focusing on the peaks 
associated with 3-Gla-Oc (red and labeled) and 3-Gla-Oc coordinating with one (*), two 
(**), three (***), four (****), and five (*****) Ca2+. b) Fraction of total Gla-Oc that is either 
1-Gla-Oc (green), 2-Gla-Oc (purple), or 3-Gla-Oc (blue), n = 3 with error bars depicted 
based on SD. Binding curves are plotted in c) that distinguish between the fractions of 
Glu-Oc (red), 2-Gla-Oc (purple), and 3-Gla-Oc (blue) bound to Ca2+, plotted against the 
total Ca at the concentrations discussed above. The effect of combined peak intensities 
from all forms of Gla-Oc on the fraction bound by Ca2+ is shown in the “Total Gla-Oc” data 
set (orange). Insufficient levels of 1-Gla-Oc were present in the mass spectra to obtain a 
binding curve for this sample set. n = 1.   
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Figure 2.9. Qualitative Effect of Under Carboxylation of Gla-Oc on Binding to 
Fe3+. Direct infusions of 4 μM Gla-Oc with 4 μM insulin and 0, 4, 12, 20, and 40 μM total 
Fe titrations with the deconvoluted mass spectra in a) focusing on the peaks associated 
with 3-Gla-Oc (red and labeled) and 3-Gla-Oc coordinating with one Fe3+ (*). b) Fraction 
of total Gla-Oc that is either 1-Gla-Oc (green), 2-Gla-Oc (purple), or 3-Gla-Oc (blue), n = 3 
with error bars depicted based on SD. Binding curves are plotted in c) that distinguish 
between the fractions of 1-Gla-Oc (green), 2-Gla-Oc (purple), and 3-Gla-Oc (blue) bound 
to Fe3+ at the total Fe concentrations discussed above. The effect of combined peak 
intensities from all forms of Gla-Oc on the fraction bound by Fe3+ is shown in the “Total 
Gla-Oc” data set (orange). n = 1.   
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Figure 2.10. Qualitative Effect of Under Carboxylation of Gla-Oc on Binding 
to Al3+. Direct infusions of 4 μM Gla-Oc with 4 μM insulin and 4, 8, 12, 20, and 40 μM 
total Al titrations with the deconvoluted mass spectra in a) focusing on the peaks 
associated with 3-Gla-Oc (red and labeled) and 3-Gla-Oc coordinating with one Al3+ (*). 
b) Fraction of total Gla-Oc that is either 1-Gla-Oc (green), 2-Gla-Oc (purple), or 3-Gla-Oc 
(blue), n = 3 with error bars depicted based on SD. Binding curves are plotted in c) that 
distinguish between the fractions of 1-Gla-Oc (green), 2-Gla-Oc (purple), and 3-Gla-Oc 
(blue) bound to Al3+ at the total Al concentrations discussed above. The effect of combined 
peak intensities from all forms of Gla-Oc on the fraction bound by Al3+ is shown in the 
“Total Gla-Oc” data set (orange). n = 1.   
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Figure 2.11. Insulin and Oc Monomer and Homo- and Hetero-Dimers Present 
in Direct Infusion MS. Monomer and dimer charge states for a) 4 μM Gla-Oc, and b) 
4 μM Glu-Oc, incubated with 4 μM insulin. The mass spectral peaks associated with 
monomers (M) and dimers (D) are indicated in the spectra, with the charge state of each 
peak cluster also specified. The deconvoluted mass spectrum for c) the Gla-Oc sample, and 
d) the Glu-Oc sample, depict the combinations of dimers observed in each spectrum. 
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Figure 2.12. Binomial Expansion to Predict Fractional Abundance of Protein 
Dimers Based on Non-Specific Interaction. Prediction of the fractional abundance 
of each dimer due to non-specific interactions is dependent on the fractional abundance 
of each protein’s monomer, determined using the deconvoluted mass spectra, and the 
probability of each protein to interact based on this abundance alone. First, each mass 
spectral peak for the monomers is classified as either a peak associated with insulin, or 1-
, 2-, or 3-Gla-Oc. The intensity of each peak (counts) is recorded, the peaks associated with 
each protein are summed, followed by dividing by the total counts recorded for all proteins 
present. These fractions are then used to calculate the fraction of each dimer that should 
be present if the interactions are solely based on non-specific binding, as shown in the 
table on the far right. The dimers absent from the spectra, Insulin + 1-Gla-Oc, 2x 1-Gla-Oc, 
and 1-Gla-Oc + 2-Gla-Oc, are excluded and the fractional abundance of the remaining 
dimers is normalized so the sum of the final fractional abundance values is adjusted to 1. 
In this example, this is done by dividing by 0.9768, which is the sum of the fractional 
abundance values once the unobserved dimers are excluded. 
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Figure 2.13. Insulin Control Experiment to Evaluate Dimer Formation in 
Tested Native MS Conditions. Monomer and dimer charge states for a) 4 μM, b) 
10 μM, c) 50 μM, and d) 100 μM insulin in 5 mM ammonium acetate, pH 7.4. d) 100 μM 
insulin in 5 mM ammonium acetate, pH 3.3. All mass spectra include monomer 5+ (M5+), 
4+ (M4+), 3+ (M3+), and dimer 7+ (D7+) charge states clearly labelled. f) Fraction of 
infused insulin in dimer form is plotted against the concentration of insulin monomer in 
each infusion sample at pH 7.4 (black circle data points) and the sample infused at pH 3.3 
(red circle data point). The data were plotted alongside the binding curve based on the 
known Kd = 100 μM for monomer to dimer formation and is represented by the blue trace. 
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Figure 2.14. Stoichiometry of Metal Binding to Monomer and Homo- and 
Hetero-Dimers of Oc and Insulin. a) The possible dimer combinations are found in 
the histogram, with observed, not observed, and not tested clearly shown. A comparison 
of the monomer and dimer metal binding capacity is depicted in b), with the maximum 
number of each metal bound denoted by the colour coding shown, with dimers not tested 
in dark grey, monomers or dimers not detected in the mass spectra in light grey, and 
observed but no metal binding detected, or maximum of one to five of the specified metal 
bound depicted by the blue coloured gradient shown in the legend. The results depicted 
here are derived from 4 μM insulin with 4 μM Oc and 40 μM of the specified metal. 
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Figure 2.15. Ca2+ Binding to Insulin and Gla-Oc Monomer and Dimers. 
Monomer (a, c, e) and dimer (b, d, f) mass spectra of insulin with Gla-Oc and 40 μM (a & 
b), 120 μM (c & d), or 500 μM (e & f) Ca2+. Monomer mass spectra include mass spectral 
peaks for insulin labelled in blue, 2-Gla-Oc (2γ) and 3-Gla-Oc (3γ) in red, and up to five 
Ca2+ bound, indicated by the asterisks (‘*’) in the appropriate colour, with the number of 
asterisks corresponding to the number of Ca2+ bound. Dimer mass spectra include mass 
spectral peaks for the insulin-insulin dimer (Ins-Ins) and Ca2+ bound dimers (‘*’), and 
insulin + 2-Gla-Oc (Ins-2γ) and insulin + 3-Gla-Oc (Ins-3γ), and Ca2+ bound dimers (‘*’). 
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Figure 2.16. Ca2+ Binding to Insulin and Glu-Oc Monomer and Dimers. 
Monomer (a, c, e) and dimer (b, d, f) mass spectra of insulin with Glu-Oc and 40 μM (a & 
b), 120 μM (c & d), or 500 μM (e & f) Ca2+. Monomer mass spectra include mass spectral 
peaks for insulin labelled in blue, Glu-Oc in red, and up to five Ca2+ bound, indicated by 
the asterisks (‘*’) in the appropriate colour, with the number of asterisks corresponding to 
the number of Ca2+ bound. Dimer mass spectra include mass spectral peaks for the Glu-Oc 
+ Glu-Oc (2xGlu), insulin-insulin dimer (Ins-Ins), and insulin + Glu-Oc (Ins-Glu) and Ca2+ 
bound dimers (‘*’) in the appropriate colour. 
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1 

Table 2.1. Comparison of Measured and Calculated Monoisotopic Masses of Metal-Free and Metal-Bound Insulin 
and Oc Monomers. Measured and calculated monoisotopic mass (Da) of insulin, Glu-Oc, 1-, 2-, and 3-Gla-Oc monomers and each 
singly-bound protein-metal adduct, with the difference between these values (Δ) calculated. ND, not detected. 
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Table 2.2. Fraction of Protein Monomers Bound to Metal. Fraction of protein 
(4 μM) monomers that were bound to the specified metal (40 μM). Calculations completed 
using peak intensities (counts) for each protein peak and metal-bound protein adduct. 
Maximum number of each metal bound to the specified protein observed at the given 
metal concentration is shown in brackets. ND, not detected. 
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Table 2.3. Measured and Calculated Monoisotopic Masses of Insulin and Oc 
Dimers. Measured and calculated monoisotopic mass of all possible insulin, Glu-Oc, 1-, 
2-, and 3-Gla-Oc dimers, with the difference between these values (Δ) calculated. 
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Table 2.4. Comparison of the Measured and Predicted Fractional Abundance 
of Each Insulin and Oc Dimer Observed. P-value < 0.05 indicated by an asterisk (*). 
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CHAPTER 3 

 

PENTAMERIC HUMAN OSTEOCALCIN DESTABILIZATION IN THE PRESENCE OF 

SODIUM CHLORIDE 

 

3.1 Introduction 

 

The quaternary structure of proteins is described as how different protein chains, or 

subunits, assemble with one another. These protein complexes can be homomeric – made 

up of multiple copies of a single protein subunit – or heteromeric – made up of protein 

subunits that are distinct from one another. Typically, the subunits that make up 

heteromeric complexes are encoded on separate genes, although they can also be formed 

by proteolytic cleavage of single chains [133]. Approximately 45 % of eukaryotic proteins 

can form homomeric complexes [134], with the majority of these complexes displaying 

structural symmetry. There are six different classes of homomeric protein complexes that 

are categorized based on their symmetry, extensively reviewed by Marsh & Teichmann 

[133] and Bergendahl & Marsh [134]. Each symmetry class has distinct protein functions 

and demonstrates the interconnectedness of structure and function in protein 

complexation. The formation of homomeric complexes is beneficial because it allows for 

regulation of complex assembly by monomer concentration and reduces error during DNA 

replication, transcription, and translation due to decreased genetic space encoding the 

assembly. Although many proteins adopt highly uniform homomeric complex states, some 

proteins assemble into two or more quaternary structural states that exist in equilibrium 

with one another. For example, the small heat-shock protein αB-crystallin self-assembles 

into multiple homomeric complex states that involve between approximately 10 to 40 

monomer subunits [135-137]. Insulin, as mentioned previously, is another example 

protein that can function in monomer, dimer, and hexamer states [120]. 
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 As mentioned in previous chapters, the function of Oc is still not completely 

understood. Since the structure of a protein is often linked to its function, understanding 

the quaternary structure of Oc may assist to uncover the mechanisms by which it 

functions. Presented here, it was found that Oc can form multiple different homomeric 

complexes with the number of monomers involved in the assemblies governed by NaCl 

concentration. At 50 μM Oc concentrations and in the absence of NaCl, Gla-Oc was found 

to form a pentamer, while Glu-Oc formed both pentamer and tetramer structures, with 

both complexes formed by Oc destabilized with increasing concentrations of NaCl, with 

Oc in the monomeric state at roughly the normal concentration of sodium in extracellular 

fluid (ECF), ~ 136 mM [138]. Estimation of the concentration of Oc within the human 

bone revealed Oc to be within the hundreds of micromolar to even millimolar 

concentration range, suggesting the self-assemblies observed here in an in vitro setting 

may be relevant biologically. Although additional experiments are required for confident 

complex size characterizations and to better understand the significance of complexation 

of Oc, these preliminary experiments set the framework for potential future research on 

Oc homomeric complexation.  

3.2 Materials and Methods 

3.2.1 Materials 

Both the Des-Gla synthetic human osteocalcin (Glu-Oc), Cat # AS-65307-025, and 

[Gla 17, 21, 24] – synthetic human osteocalcin (Gla-Oc), Cat # AS-22830, were purchased 

from AnaSpec, Co. Ammonium hydroxide, bovine serum albumin (BSA) heat shock 

fraction, protease free, pH 7 (≥ 98 %), Coomassie brilliant blue R-250 dye, formaldehyde, 

glacial acetic acid, recombinant human insulin expressed in yeast (≥ 98 %), silver (I) 

nitrate (99.9999 % trace metals basis), sodium carbonate (≥ 90.0 % purity), sodium 

chloride (trace metal grade, 99.999 % purity), sodium hydroxide (minimum 98 % purity), 
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sodium thiosulphate, Tris base (≥ 99.9 %), Tris hydrochloride (≥ 99.0 % purity), and 

uridine (> 99 % purity) were purchased from Sigma-Aldrich, Co. The small-volume 

0.2 μm filters were purchased from Pall, Corp. Mini-PROTEAN TGX precast 4 – 20 % 

native PAGE gels, precision plus protein standards, and gel filtration standard were 

purchased from Bio-Rad Laboratories, Co. The 0.2 μm filters used to filter SEC running 

buffers were purchased from Corning, Inc.  

3.2.2 Preparation of Osteocalcin Stocks 

When preparing Oc stock solutions in 20 mM Tris + 150 mM NaCl, pH 7.4, the Gla-Oc 

lyophilized powder was reconstituted initially with 40 μL of 1 % ammonium hydroxide in 

dIH2O, swirled gently to ensure full reconstitution of the protein powder, and then the 

final volume was brought to 500 μL with 20 mM Tris, pH 7.4. The pH was verified using 

short range pH paper and adjusted with small volumes of HCl if necessary. For the Glu-Oc 

vials, the reconstitution technique was identical as described for Gla-Oc vials above, except 

the volume of 1 % ammonium hydroxide and final volume were half that of the Gla-Oc 

vials (20 μL, 250 μL) to account for there being half the weight of lyophilized protein 

(~ 0.25 mg vs. ~ 0.5 mg). Stock Oc sample concentrations were then determined by 

measuring absorbance at 280 nm using a Thermo Scientific Multiskan Go UV-vis 

spectrophotometer, with Oc’s extinction coefficient known, ε = 1.33 (mg/mL)-1cm-1 [104]. 

3.2.3 Size Exclusion Chromatography 

Size exclusion chromatography (SEC) was completed by injecting 100 μL of 35 – 50 μM 

Oc using a syringe onto either a Superdex 200 Increase, 10 x 300 mm, or Superdex 75 

Increase, 10 x 300 mm, connected to a Bio-Rad NGC Chromatography System FPLC. 

Samples were centrifuged for 5 minutes at 17, 000 x g immediately prior to injection. A 

100 μL injection loop was used for sample injections and was rinsed with 2 – 4 mL of 
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18.2 Ω-cm dIH2O, followed by 2 – 4 mL of the running buffer prior to each sample 

injection. Running buffer was 100 % of the specified buffer also used to prepare each 

individual sample, 20 mM Tris, pH 7.4, with either 0, 50, or 150 mM trace metal grade 

NaCl in 18.2 Ω-cm dIH2O and 0.2 μm filtered prior to use. Columns were pre-equilibrated 

with > 1 column volume of the running buffer. Flow rate was set to 0.75 mL/min during 

sample runs, with total run volumes of 26 mL. Prior to storage, columns were cleaned 

overnight using a rinsing method with a 4 hr rinse with 18.2 Ω-cm dIH2O, followed by a 

4 hr rinse with 20 % ethanol in 18.2 Ω-cm dIH2O. Prior to use of columns after long-term 

storage, running buffer was used to pre-equilibrate the columns using a flow rate of 

0.5 mL/min for > 2 hrs.   

3.2.4 Native PAGE 

Precast native PAGE gels were used, with 20 μL of 50 μM Gla-Oc in 20 mM Tris, pH 7.4, 

with 12.5 % glycerol (or percentage specified in Figure 3.3) and 0.005 % bromophenol 

blue. Each gel included a lane that was loaded with 10 μL of protein standard. Gels were 

run with 120 V for 1 hr in a 4 °C cold room with 25 mM Tris base in 200 mM glycine 

running buffer, stained overnight using 0.05 % (w/v) Coomassie dye in 30 % methanol 

and 10 % acetic acid, and de-stained with 18.2 Ω-cm dIH2O overnight, or until sufficient 

destaining had taken place, prior to imaging using a Gel Doc EZ Imager, Bio-Rad. 

 To better observe the low-abundance protein bands, gels were silver stained 

following the protocol described below. First, the gels were fixed by incubating the gels on 

a plate rocker using 50 % (v/v) ethanol in 7.5 % (v/v) glacial acetic acid in 18.2 Ω-cm 

dIH2O for 30 min. Gels were washed 3 times for 2 min each using 18.2 Ω-cm dIH2O, and 

then pre-treated using 50 mL of freshly prepared, room temperature 15 % (v/v) 

formaldehyde in 18.2 Ω-cm dIH2O for 30 min. Gels were impregnated with 50 mL of 
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freshly prepared 1 mg/mL silver (I) nitrate in 18.2 Ω-cm dIH2O for 20 min. Then, gels 

were rinsed with 100 mL of 18.2 Ω-cm dIH2O twice for 5-10 seconds each. Gels were 

developed for less than 30 seconds using 100 mL of freshly prepared 30 mg/mL sodium 

carbonate with 0.002 mg/mL sodium thiosulphate in 18.2 Ω-cm dIH2O that had been 

pre-chilled in an ice bath. Gels were quickly rinsed with 50 mL of pre-chilled 18.2 Ω-cm 

dIH2O, followed by a 10 min incubation with pre-chilled 7.5 % (v/v) glacial acetic acid in 

18.2 Ω-cm dIH2O to stop the reaction. Finally, gels were quickly rinsed with 50 mL of 

18.2 Ω-cm dIH2O prior to imaging. 

 For analysis, the protein standard lanes were used to prepare a standard curve, 

plotting the migration distance (pixels) against the log(kDa) for each molecular weight 

marker. The y = mx + b trendline generated was then used to estimate the size of the 

protein bands in the Gla-Oc sample lanes on the gel.   

3.2.5 Estimation of Concentration of Oc in Bone 

The concentration of Oc in human bones will be approximated for a 65 kg individual 

below. First, the mass of bone is ~ 15 % of the total body mass [139], which means that the 

individual’s bone mass is ~ 9.75 kg. Approximately 1/3 of total bone mass is made up of 

proteins [140], which means the total mass of protein in the bone is ~ 3.25 kg. Since Oc 

makes up 2 – 5 % of protein mass in the bones [1], this means that the mass of Oc is 0.065 

– 0.1625 kg for this 65 kg individual. From these numbers, we first need to calculate the 

range of bone volumes for the 65 kg individual by solving for v in the density equation 

described by Equation 3.1. 

d =  
m

v
          Equation 3.1 
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Where d is the density, m is the mass, and v is the bone volume. The volume bone mineral 

density (vBMD) ranges from 135 – 467 g/L [141] and 2 – 5.34 % of total body weight is 

bone mineral [142]. Thus, the bone volume ranges from 2.78 – 25.7 L. 

 Next, the density of Oc in the bone will be calculated, assuming a homogeneous 

distribution of Oc throughout the bone. Note that this is known not to be the case, with Oc 

primarily found on the outer surface of bone (periosteum and endosteum) but this 

assumption is made for simplicity purposes. Using Equation 3.1, along with the range of 

masses calculated for Oc, and the range of bone volumes calculated above, the density of 

Oc is calculated to be 2.53 – 58.45 g/L. Using the molecular weight of 5929.5 g/mol for 

human Gla-Oc, the densities of Oc can be converted to molarity, with the concentration of 

Oc calculated to be 427 – 9857 μM.   

3.3 Results 

3.3.1 Oc Complexation and Quaternary Structure Destabilization by NaCl 

To evaluate the heterogeneity of the Gla-Oc quaternary structures, and purify Gla-Oc 

complex states if necessary, 35 μM Gla-Oc in 20 mM Tris, pH 7.4, was injected onto an 

FPLC with a Superdex 200 column used to separate Gla-Oc complexes based on size. As 

shown in Figure 3.1a, the Gla-Oc sample was highly homogenous in complex size, with 

the size calculated to be approximately 30 kDa, corresponding to a pentamer of Gla-Oc. 

The reproducibility of these findings is shown by the overlay of the chromatograms from 

two separate Gla-Oc injections (dark blue chromatographic traces). Unexpectedly, when 

Gla-Oc samples were prepared in the 20 mM Tris, pH 7.4, buffer containing 150 mM NaCl 

the chromatographic peak shifted to elute at a volume corresponding to a size of 

approximately 2 kDa, which again was reproducible (light blue chromatographic traces). 

The size was determined using the standard calibrant protein mix SEC data (Figure 3.1b) 
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to prepare a standard curve (Figure 3.1c), with the trendline used to estimate the Gla-Oc 

complex size. Note that the size of Gla-Oc monomer is outside of the range of the standard 

curve, with the lowest molecular weight species used to generate the trendline being 

myoglobulin at 17 kDa, and outside of the linear range of molecular weights that can be 

separated by this column.  

The larger complex of Gla-Oc was visualized by native PAGE with a faint band 

observed at about 30 kDa (Band 1), and a more prominent band observed at about 7 kDa 

(Band 2) (Figure 3.2a). The 30 kDa band was more clearly visible after silver staining of 

the native gel (Figure 3.2b). Molecular weights of each band were determined using the 

standard curve shown in Figure 3.2c, generated using the ladder/molecular weight 

marker loaded alongside the sample lanes (L). Altering sample conditions with either 0 – 

500 mM NaCl, or 0 – 0.5 mM CaCl2, did not appear qualitatively to result in any 

substantial difference in the fraction of Gla-Oc found in Band 1 or Band 2. Stabilization of 

the ~ 30 kDa complex was attempted by altering the percentage of glycerol in solution. 

Glycerol is known to stabilize native protein structures into more compact states and 

prevent protein unfolding and aggregation [143] via a glycerol exclusion model that 

reduces the solvent volume available for water, forcing increased hydration at the protein 

surface [144]. Changes in glycerol percentage between 7.5 – 25 % (v/v) in the samples did 

not qualitatively affect the stability of the complex (Figure 3.3), although they 

demonstrated the reproducibility of the native gel results, with Band 1 corresponding to a 

29 kDa complex of Gla-Oc, and Band 2 a 10 kDa species of Gla-Oc. Note that since the 

standard curve was generated with a lowest molecular weight species of 20 kDa, the 

accuracy of the size estimation for the species at Band 2 is low. The species present at Band 

2 in both native gels is assumed to be monomeric Gla-Oc. 
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Since the Superdex 200 column separates molecular weight species between 10 

and 600 kDa linearly, the size estimate for the lower molecular weight Gla-Oc species 

described above is unlikely to be accurate because it is outside of the linear range of species 

separated by the column. To improve the accuracy of Oc size estimates, a Superdex 75 

column was used. Molecular weight estimates of Oc species described below were 

completed by preparing a standard curve including the data for the ovalbumin (44 kDa) 

and myoglobulin (17 kDa) chromatographic peaks (Figure 3.4a). Since the Superdex 75 

column separates globular proteins and protein complexes between 3 and 70 kDa linearly, 

all remaining species in the standard calibrant mix could not be used to prepare a standard 

curve. For this reason, an in-house calibrant mixture was prepared including bovine 

serum albumin (BSA, 66 kDa), human insulin (5.8 kDa), and uridine (0.244 kDa) (Figure 

3.4b). Each species was also run with individual injections to confirm proper 

chromatographic peak assignment (Figure 3.4c-e). Human insulin eluted at a volume 

that is suggestive of dimer formation, based on the elution volumes for ovalbumin and 

myoglobulin, and has been shown previously to form dimer species [107]. Therefore, the 

human insulin chromatographic peak was set to have a molecular weight twice that of the 

monomer species (11.6 kDa). Using the BSA, ovalbumin, myoglobulin, and human insulin 

dimer data, a standard curve was generated (Figure 3.4f) and used to estimate the size 

of the Gla-Oc species with different NaCl concentrations. 

To further evaluate the effects of NaCl on Oc complexation, 50 μM Gla-Oc (Figure 

3.5a), or 50 μM Glu-Oc (Figure 3.5b) samples in 20 mM Tris, pH 7.4, with 0, 50, or 

150 mM NaCl, and complementary running buffer conditions, were injected onto the 

FPLC with a Superdex 75 column. The chromatographic traces for Gla-Oc sample runs 

with different NaCl conditions were overlaid in the figures to help with ease of 

interpretation, with the chromatographic peak for the 0 mM NaCl samples corresponding 
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to 28 kDa molecular weight, the 50 mM NaCl samples corresponding to 10 kDa molecular 

weight, and the 150 mM NaCl sample corresponding to 6 kDa molecular weight. Similar 

results were observed with Glu-Oc, with the 0 mM NaCl samples having two major peaks, 

one at 27 kDa, and the second at 21 kDa. The 50 mM NaCl samples included a 

chromatographic peak that corresponds to a 7 kDa molecular weight species, and the 

150 mM NaCl sample includes a chromatographic peak that corresponds to a 4 kDa 

molecular weight species. 

3.4 Discussion 

3.4.1 Oc Complexation and Quaternary Structure Destabilization by NaCl 

The Gla-Oc pentamer shown here is reproducibly observed with SEC and with native 

PAGE. This is highly suggestive that the chromatographic peak eluting at a volume 

associated with ~ 30 kDa molecular weight species is in fact the pentamer structure, and 

not an artifact caused by Gla-Oc interacting with the solid phase of the column. The two 

bands observed in the native gels, with a weak band corresponding to the pentamer, 

suggests that this pentamer structure is destabilized during native PAGE. The lower 

molecular weight species is likely the Gla-Oc monomer. Since the size of Gla-Oc monomer 

is outside the range of molecular weights used to generate the standard curve, this likely 

explains the inaccuracy of this size estimation. Similarly, the Gla-Oc samples run on the 

Superdex 200 column with 150 mM NaCl had inaccurate size estimates most likely for this 

same reason, as well as the fact that Gla-Oc monomer is outside the linear range of 

molecular weights that can be separated by this column. The use of the Superdex 75 

column should more accurately estimate both the pentamer and monomer Gla-Oc, and 

Glu-Oc molecular weights since both species lie within the linear range of separation for 

this column. However, since the lowest molecular weight species used to generate the 
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standard curve was the insulin dimer at 11.6 kDa, the size of Oc monomers were still 

extrapolated outside the range used to generate the standard curve, and thus error is still 

expected. This is a limitation of the techniques used here, and thus further research should 

be conducted for conclusive data on the complex sizes to be achieved.   

 Based on the SEC runs using the Superdex 75 column, Gla-Oc appears to be a 

pentamer in the absence of NaCl, and destabilizes first to approximately dimer species, 

and finally to monomer with increasing concentrations of NaCl. Glu-Oc is found in both 

the pentameric and tetrameric states in the absence of NaCl, suggesting there may be a 

γ-carboxylation dependency for improved pentamer stabilization. Similar to Gla-Oc, with 

increasing concentrations of NaCl, Glu-Oc is destabilized to dimer and monomer species. 

This suggests that higher order complexation of Oc is dependent on NaCl concentration.   

3.5 Conclusions 

Although the precise size and structure of the Oc self-assemblies were not well 

characterized here, the reproducible observation of larger Oc complexes is shown. The 

concentrations of Oc in the bone were estimated here to range from roughly 400 μM to 

nearly 10 mM. This is highly suggestive that Oc will adopt higher-order structures in vivo, 

although since experiments were conducted in an in vitro setting here, these structures 

have yet to be confirmed in bone samples. The destabilization of Gla-Oc pentamer, and 

Glu-Oc pentamer and tetramer, with increasing NaCl concentrations is an unusual 

occurrence. Much of the sodium content of bone is inaccessible at neutral pH, with 

decreased pH causing resolubilization of Na+, suggesting Na+ present in the bone is 

incorporated in the hydroxyapatite matrix rather than free in the ECF [145]. However, 

ECF normally contains on average 136 mM Na+ with normal physiological conditions 

resulting in only 1 – 2 % variation in concentration [138], which is thought to be tightly 
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regulated using Na+ stores in the bone [138]. Thus, although the pentameric structure of 

Gla-Oc is observed here in an in vitro setting, it is unlikely to be biologically relevant in 

the ECF within the bone. It does highlight the importance of use of near physiological Na+ 

concentrations on maintenance of proper monomeric Oc structure, and thus these 

findings were of importance when designing experiments for Chapter 5.  
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Figure 3.1. Initial SEC Runs Using a Superdex 200 Column. a) Overlaid 
individual 35 μM Gla-Oc sample injections with either 0 mM or 150 mM NaCl, pH 7.4, in 
both the samples and the running buffers. Injections of samples with either condition 
completed in duplicate. b) Injection of commercial standard calibrant mix containing 
thyroglobulin (670 kDa), immunoglobulin G (158 kDa), ovalbumin (44 kDa), myoglobulin 
(17 kDa), and vitamin B12 (1.35 kDa). Chromatographic peaks are labelled by the 
molecular weight (kDa) of the species that corresponds to each peak separation. c) 
Standard curve generated by plotting the elution volume versus the log(kDa) for each 
species found in b). The trendline was made based on the species that separate in the linear 
range limits of the column and include the 17 – 670 kDa species (black data points), while 
the 1 kDa species, vitamin B12, was omitted from the trendline for this reason (grey point). 
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Figure 3.2. Native PAGE of Gla-Oc with Changes in NaCl and CaCl2 
Concentrations in the Samples. a) Native PAGE of 20 μL of 50 μM Gla-Oc samples 
stained with Coomassie dye for initial visualization of the protein bands reveals a faint 
band (Band 1), and a primary band (Band 2). Samples were prepared in 20 mM Tris, pH 
7.4, with the specified concentrations of NaCl or CaCl2. L = protein ladder, with the 
molecular weights specified in kDa. The silver-stained gel shown in b) confirms the 
presence of Band 1 in all samples loaded onto the gel. c) The standard curve generated 
from the protein ladder, with migration distance measured in pixels plotted against the 
log(kDa), and a trendline generated as shown in the figure. The trendline was used to 
estimate the size of Band 1 = 30 kDa, and Band 2 = 7 kDa.    
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Figure 3.3. Silver-Stained Native PAGE of Gla-Oc Samples with Different 
Percentages of Glycerol. a) Samples prepared in 7.5 – 25 % glycerol did not 
significantly improve the stability of the pentameric Gla-Oc species. L = protein ladder, 
with the molecular weights specified in kDa. Based on the standard curve shown in b), 
Band 1 = 29 kDa, and Band 2 = 10 kDa. 
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Figure 3.4. SEC Runs Using a Superdex 75 Column. a) Chromatogram of the 
standard calibrant mix including thyroglobulin (670 kDa), immunoglobulin G (158 kDa), 
ovalbumin (44 kDa), myoglobulin (17 kDa), and vitamin B12 (1.35 kDa), with the 
molecular weight species within the linear separation range of the column labelled with 
their molecular weights (kDa). b) In-house calibrant mix containing BSA (66 kDa), human 
insulin dimer (11.6 kDa), and uridine (0.224 kDa). Elution volumes for each species were 
confirmed by individual injections, as shown in c)-e). f) Standard curve generated using 
ovalbumin, myoglobulin, and insulin dimer data points determined from a) and b) (black 
data points), with the data points for vitamin B12 and uridine excluding due to the known 
linear separation limits of the column (grey data points).  
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Figure 3.5. Oc Complexation States with Varying NaCl Concentrations. a) 
Overlaid individual SEC injections of 50 μM Gla-Oc in 20 mM Tris, pH 7.4, with 0, 50, or 
150 mM NaCl in samples and in the running buffers. Complex size determined based on 
the standard curve in Figure 3.4f and specified above each corresponding 
chromatographic peak. Complementary experiments completed with 50 μM Glu-Oc SEC 
injections shown in b). 
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CHAPTER 4 

 

CALCIUM-INDUCED LOSS OF OSTEOCALCIN FROM SOLUTION AND 

FILAMENTATION IS BOTH POST-TRANSLATIONAL MODIFACTION- AND 

pH-DEPENDENT 

 

4.1 Introduction 

 

Protein filamentation is a valuable biological mechanism for regulating both structural 

and enzymatic functions of proteins. In addition to their ability to form structural 

frameworks within cells, as is the case with actin and tubulin filaments, non-cytoskeletal 

proteins also form filaments both during normal physiological conditions, and in response 

to cellular stress. Cytoskeletal actin and tubulin filaments are involved in cell structure 

and cell movement and have been extensively studied [146], with “treadmilling” [147] and 

“dynamic instability” [148] controlled movement mechanisms dependent on the binding 

and hydrolysis of nucleotides by individual subunits. Although less studied, enzymatic 

filaments have been observed for over the past 50 years in vitro using techniques such as 

electron microscopy (EM) [149-164], with over 20 different enzymes now confirmed to 

form filaments with structures resolved, and another 91 enzymes with suspected 

filamentation capability [165]. Due to the surge in interest in X-ray crystallography, much 

of the work on protein filaments came to a halt due to the vast majority being incapable of 

forming well-ordered protein crystals. Recently, however, many have shown enzyme 

filamentation in vivo using fluorescently-labelled proteins or detection antibodies [166-

173], resulting in the revival of interest in the topic.  

Filament forming proteins span a wide array of cellular and extracellular 

processes, including metabolic pathways (glycolysis, and H2O2, nitrogen, glutamate, and 

nucleotide metabolism), biosynthetic pathways (fatty acid, pyrimidine, nucleotide, amino 

acid, and protein synthesis), host defense, cellular detoxification, fermentation, cellular 

stress response and unfolded protein response, homologous recombination, DNA 
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replication, cell cycle control, differentiation and proliferation, apoptosis, gene 

expression, and the innate immune response [165]. These are just some of the processes 

filament-forming proteins take part in, and exemplify the commonality of this 

phenomenon in biology.  

Formation of protein filaments has been found to be regulated by several different 

factors, including substrate binding, product formation, binding to allosteric effectors, 

ligands, post-translational modification, and buffer conditions. Glucokinase is a kinase 

that initiates glycolysis in fungi by an ATP-dependent reaction that results in 

phosphorylation of glucose to form glucose-6-phosphate. In the presence of substrates 

ATP and glucose, glucokinase filaments form when the protein concentration is above the 

critical concentration of 2 μM, resulting in inactivation of the enzyme, and self-regulation 

of rate of catalysis [174]. Casein kinase 2 is a serine/threonine kinase that can form 

oligomeric species including heterotetramers, ring structures, and linear polymers. The 

oligomeric states of the enzyme are affected by ionic strength, Mg2+ concentration, pH, 

and temperature [175-177], with the ring structures associated with increased enzyme 

activity [176]. In the case of acetyl-CoA carboxylase, filamentation is induced by high 

citrate concentrations, resulting in increased activity of the enzyme [161, 164]. However, 

another filament structure can occur when the BRCT domains of BRCA1 bind to 

phosphorylated acetyl-CoA carboxylase, which is thought to result in enzyme inactivation 

[178]. Of the filament-forming enzymes that are confirmed to modulate enzyme activity, 

13 have been demonstrated to be activated in the filament state, while 6 are catalytically 

inactive when in the filament state [165]. 

Filamentation is a diverse tool used by biology with structural, storage, and 

regulatory purposes. In the case of the hydrogen-dependent CO2 reductase, filamentation 

occurs in the presence of MgSO4 and appears to be used to protect against enzyme 
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degradation and oxidation [179]. In homologous recombination, recombinase A 

filamentation occurs when bound to single-stranded DNA and ATP and increases activity, 

while ATP hydrolysis causes dissociation of the filaments and reduced enzyme activity 

[180, 181]. In the bone, the self-assembly of type I collagen forms extended protein fibers 

used as a scaffold for bone mineralization [182]. With diversity in the processes proteins 

involved in filament formation take part in, the method used to regulate filamentation, 

and the ultimate function of protein filamentation, this field of research offers an exciting 

opportunity to better understand the interplay between protein structure and function. 

 Although osteocalcin (Oc) is one of the ten most abundant proteins in the human 

body, and the second most abundant protein in the bone, its precise function is still not 

well characterized. Presented here, we found that Ca2+-dependent loss of in-solution Oc 

concentrations is associated with protein filamentation. The aims of this chapter were to 

i) assess the effect of increased Ca2+ titrations on the loss of Oc from solution, ii) evaluate 

the effect of changes in solution pH and post-translational modification of Oc on 

Ca2+-dependent Oc loss from solution, iii) visualize Oc filaments using transmission 

electron microscopy (TEM), and iv) evaluate the reversibility of Oc filamentation. To the 

best of our knowledge, this is the first time Oc has been shown to form filaments and may 

offer a starting point to better understanding the function and/or possible mechanism of 

regulation of function of this protein in bone. 

4.2 Materials and Methods 

4.2.1 Materials 

Both the Des-Gla synthetic human osteocalcin (Glu-Oc), Cat # AS-65307-025, and 

[Gla 17, 21, 24] – synthetic human osteocalcin (Gla-Oc), Cat # AS-22830, were purchased 

from AnaSpec, Co. Ammonium acetate (≥ 98 % purity), ammonium hydroxide, calcium 

chloride desiccant (96+ %, ACS reagent), guanidine hydrochloride, sodium chloride 
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(≥ 99.5 % purity), sodium hydroxide (minimum 98 % purity), Tris base (≥ 99.9 %), and 

Tris hydrochloride (≥ 99.0 % purity) were purchased from Sigma-Aldrich, Co. A 1 mm 

pathlength quartz cuvette with a 10 mm thick base, to reduce sample volume, and 

concentrated cuvette cleaner solution were purchased from Starna Cells, Inc. The 

small-volume 0.2 μm filters were purchased from Pall, Corp. Formvar, carbon-coated 

copper, 400 mesh grids and uranyl acetate dihydrate were purchased from Ted Pella, Inc. 

LC-MS grade acetonitrile was purchased from Fisher Scientific. Uranyl formate, hydrate, 

was purchased from Electron Microscopy Sciences, Inc.   

4.2.2 Preparation of Osteocalcin Stocks 

When preparing Oc stock solutions in 20 mM Tris + 150 mM NaCl, pH 7.4, the Gla-Oc 

lyophilized powder was reconstituted initially with 40 μL of 100 mM NaOH, swirled gently 

to ensure full reconstitution of the protein powder, and then the final volume was brought 

to 500 μL with 20 mM Tris + 150 mM NaCl, pH 7.4. The pH was verified using short range 

pH paper and adjusted with small volumes of HCl if necessary. For the Oc stock solutions 

in 5 mM ammonium acetate + 150 mM NaCl, pH 4.5, Gla-Oc vials were reconstituted by 

first adding 40 μL of 1 % ammonium hydroxide, the vial was swirled gently to ensure all 

powder was fully reconstituted, and the final volume was brought to 500 μL with 5 mM 

ammonium acetate + 150 mM NaCl, pH 7.4. The pH was verified prior to dilution using 

short range pH paper, ensuring pH did not exceed 7.4. Note that the Oc stock solutions 

prepared in ammonium acetate buffer were stored at higher pH (~ 6 – 7.4) due to observed 

decreased shelf-life of Oc stocks prepared at pH 4.5 (data not shown). For the Glu-Oc vials, 

the reconstitution technique was identical as described for Gla-Oc vials above, except the 

volume of NaOH/ammonium hydroxide and final volume were half that of the Gla-Oc vials 

(20 μL, 250 μL) to account for there being half the weight of lyophilized protein. Stock Oc 
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sample concentrations were then determined by measuring absorbance at 280 nm using 

a Thermo Scientific Multiskan Go UV-vis spectrophotometer, with Oc’s extinction 

coefficient known, ε = 1.33 (mg/mL)-1cm-1 [104].  

4.2.3 Absorbance Spectrophotometry 

For the Ca2+ titration experiments, all Oc samples were prepared at roughly 20 μM starting 

protein concentration in 300 μL sample volume in 20 mM Tris + 150 mM NaCl, pH 7.4, 

or 5 mM ammonium acetate + 150 mM NaCl, pH 4.5, in triplicate. Corresponding 

triplicate buffer blank samples were also aliquoted with starting volumes of 300 μL. 

Samples were centrifuged for 5 minutes at 17, 000 x g in a tabletop microcentrifuge, and 

the top 200 μL of sample volume was aliquoted into a UV 96-well microplate. Absorbance 

at 280 nm was measured for each sample using a Thermo Scientific Multiskan Go UV-vis 

spectrophotometer, with Oc’s extinction coefficient known, ε = 1.33 (mg/mL)-1cm-1 [104], 

to determine total starting concentrations of Oc in each sample prior to CaCl2 titrations. 

Samples were all carefully transferred back to their respective microcentrifuge tubes using 

gel loading pipette tips. CaCl2 stocks prepared at 30.5 – 2500 mM were used to titrate 5 – 

40 μL of CaCl2 stock into the Oc sample to arrive at final CaCl2 concentrations ranging 

from 0.5 – 500 mM in the samples. After each CaCl2 titration, samples were centrifuged 

for 5 minutes at 17, 000 x g to separate in-solution Oc from precipitated Oc, and the top 

200 μL of sample volume was aliquoted into the UV 96-well microplate. No incubation 

between CaCl2 titrations was required, as increased incubation times did not affect the 

amount of protein precipitated (data not shown). To reduce protein loss due to adsorption 

to surfaces, the same gel loading pipette tips were used throughout the entire experiment, 

labelled for each specific sample. Samples were also added to the same well in the 

microplate, specific for each sample, during each CaCl2 titration. To account for reduced 
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in-solution Oc concentrations due to dilution alone, side-by-side sample titrations were 

completed with buffer without CaCl2 added, with corresponding buffer blanks. These 

samples were used to determine the total concentration of Oc during each sample titration, 

and to calculate the fraction of Oc precipitated when compared to concentrations of Oc in 

the CaCl2 titrated samples. 

 To further test the effect of pH on the loss of Oc from solution, 20 μM Gla-Oc, and 

Glu-Oc, samples with 500 mM CaCl2 were prepared in i) 5 mM ammonium acetate + 

150 mM NaCl at pH 4.5, 5.0, 5.5, 6.0, and 6.5, or ii) 20 mM Tris + 150 mM NaCl at pH 6.0, 

6.5, 7.0, and 7.4. Control samples without CaCl2 added were used to calculate the total 

concentration of in-solution Oc at each pH condition. All samples were incubated 

overnight at room temperature, followed by centrifugation for 5 minutes at 17, 000 x g, 

and measurement of absorbance at 280 nm. To ensure samples reached equilibrium they 

were incubated for an additional 24 hours, centrifuged, and measurements were re-taken. 

The fraction of Oc precipitated was calculated by subtracting the concentration of 

in-solution Oc in the samples containing excess CaCl2 from the total concentration of Oc, 

determined using the control samples without CaCl2 added, and then dividing this value 

by the total concentration of Oc.   

4.2.4 Circular Dichroism 

In-solution Oc secondary structure in the presence and absence of Ca2+ was evaluated by 

preparing 50 μM Gla-Oc, or Glu-Oc, in 20 mM Tris + 150 mM NaCl, pH 7.4. Gla-Oc was 

titrated with 0, 0.05, 0.1, 1, 5, and 10 mM CaCl2, and centrifuged for 5 minutes at 

17, 000 x g prior to analysis by circular dichroism (CD). Glu-Oc was titrated with 0, 0.05, 

0.1, 1, 3, 5, 10, 25, and 50 mM CaCl2 and followed identical preparation and analysis 

procedures.  
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For the reconstituted Oc precipitate samples, initial in-solution Oc CD analyses 

were completed using i) 50 μM Gla-Oc in 20 mM Tris + 150 mM NaCl, pH 7.4, ii) 75 μM 

Gla-Oc in 5 mM ammonium acetate + 150 mM NaCl, pH 4.5, and iii) 125 μM Glu-Oc in 

20 mM Tris + 150 mM NaCl, pH 7.4. Samples were then titrated with CaCl2 to a final 

concentration of 500 mM, centrifuged for 5 minutes at 17, 000 x g to remove the 

supernatant, and the precipitates were reconstituted in the appropriate buffer without 

CaCl2 added.  

All sample runs were completed on a Jasco J-815 circular dichroism spectrometer 

after a 15 minute N2 purge, followed by 30 minutes lamp warm-up. Instrument parameters 

were optimized to be a 1 nm bandwidth, 5 nm/min scanning speed, and 8 s time constant, 

with a single acquisition per sample replicate. Sample data were acquired every 0.5 nm 

from 190 – 260 nm wavelengths in a 1 mm pathlength quartz cuvette. Buffer blank runs 

were completed in between each sample run and included the appropriate CaCl2 

concentrations. After completion of each sample run, the cuvette was washed 3 times with 

deionized H2O, followed by 2 drops of cuvette cleaning solution in 400 μL of water, 3 times 

with deionized H2O, 3 times with 6 M guanidine-HCl, 3 times with deionized H2O, and 3 

times with 100 % acetonitrile and air dried prior to running the next buffer blank. In 

between each sample run, the Oc samples were centrifuged for 5 minutes at 17, 000 x g 

and absorbance at 280 nm was measured to determine the in-solution Oc concentrations 

to convert instrument mdeg units to mean residue ellipticity (MRE = degcm2dmol-1res-1). 

Data were smoothed using an 11-point moving average smoothing technique and plotted 

in GraphPad Prism 7.  

 

 



 

88 
 

4.2.5 Transmission Electron Microscopy 

Samples of precipitated Gla-Oc were prepared as described in 4.2.4, using 500 mM CaCl2, 

in 20 mM Tris, pH 7.4, centrifuged for 5 minutes at 17, 000 x g, the supernatant was 

removed, and precipitated Gla-Oc filaments were mixed with 20 μL of buffer containing 

500 mM CaCl2. Then, 3.8 μL aliquots of the sample were spotted on the carbon-coated 

formvar grid, incubated for 1 minute, followed by 4 wash steps with 18.2 Ω-cm dIH2O, 

once with the staining solution, followed by a 1 minute incubation with the negative stain. 

The negative stain used was either 0.75 % uranyl formate (w/v), or 2 % uranyl acetate 

(w/v), prepared fresh daily and filtered using a 0.2 μm syringe filter prior to use. Grids 

were analyzed using a Philips CM-12 TEM, with a tungsten filament and high-tension 

voltage set to 80 kV.  

4.3 Results  

4.3.1 Effect of Ca2+ Titrations, pH, and γ-Carboxylation Status on Oc Solubility 

The effect of increased Ca2+ concentrations on Oc solubility was evaluated using 

absorbance spectrophotometry at 280 nm wavelength, with the results depicted in Figure 

4.1. Gla-Oc at pH 7.4 (Figure 4.1a, p-value < 0.0001), Gla-Oc at pH 4.5 (Figure 4.1b, 

p-value = 0.0001), and Glu-Oc at pH 7.4 (Figure 4.1c, p-value = 0.0002) were all found 

to have a statistically significant difference in in-solution Oc concentrations for samples 

titrated with Ca2+, compared to those titrated with buffer only when comparing the average 

difference between the series using a two-tailed Wilcoxon matched-pairs signed rank test. 

In contrast, Glu-Oc at pH 4.5 (Figure 4.1d) titrated with Ca2+ did not have a statistically 

significantly different in-solution concentration compared to Glu-Oc titrated with buffer 

in the absence of Ca2+ (p-value = 0.1324). All sample data were also compared to the 
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expected Oc concentrations due to dilution alone, as determined using the average 

concentration of Oc prior to Ca2+ titrations in each condition. 

 To further evaluate the effect of pH on loss of Oc from solution, Gla-Oc, and 

Glu-Oc, samples were prepared in buffers at pH values between 4.5 – 7.4 with excess Ca2+. 

In-solution protein concentrations were evaluated by measuring absorbance at 280 nm 

and demonstrate the increased Ca2+-dependent loss of in-solution Oc with increased pH 

(Figure 4.2). The fraction of Gla-Oc compared to Glu-Oc precipitated was statistically 

significantly different at pH 6.5, 7.0, and 7.4 for samples in 20 mM Tris with 150 mM NaCl 

(paired t test, p < 0.05, Table 4.1). 

 The secondary structure of in-solution Gla-Oc (Figure 4.3a) and Glu-Oc (Figure 

4.3b) was evaluated by circular dichroism (CD) spectroscopy and demonstrates a clear 

increase in α-helical content with increased titrations of Ca2+. This finding is in good 

accordance with previously published literature [28, 29]. 

4.3.2 Visualization of Precipitated Oc Filamentation by TEM 

To visualize the Ca2+-dependent precipitated Oc, a sample was prepared by precipitating 

Gla-Oc with excess Ca2+ at pH 7.4, spotted on a carbon-coated formvar grid, and imaged 

using negative stain TEM. The Gla-Oc sample contained higher-order filamentous 

structures that appeared like pearls on a string (Figure 4.4a-c), with the individual pearls 

ranging in diameter from approximately 15 to 30 nm. A grid spotted with a sample 

prepared with excess Ca2+ in the absence of Gla-Oc did not display any observable 

filamentous structures (Figure 4.4d). Replicates of the Ca2+-dependent Gla-Oc filaments 

prepared at pH 7.4 demonstrated the reproducibility of filamentation, but the 

heterogeneity of the number of connected strings of pearls that may be formed (Figure 

4.5a), with one, two, or four adjacent strings observed in the replicate samples. At lower 
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magnification, Gla-Oc filaments can be seen to extend for several μm, involving an 

intricate meshwork of strands of filaments (Figure 4.5b). 

4.3.3 Resolubilization of Oc Filaments 

To assess the reversibility of Oc precipitates, Gla-Oc at pH 7.4 and 4.5, and Glu-Oc at pH 

7.4 precipitates were prepared by titrating samples with excess Ca2+. Buffer with or 

without excess Ca2+ was then added to the precipitate and mixed thoroughly by pipetting. 

After separation of any remaining precipitate from resolubilized Oc by centrifugation, the 

nanomoles of in-solution Oc was determined and compared to the nanomoles prior to 

addition of excess Ca2+, and after generation of precipitated Oc with excess Ca2+. The 

methods described here are also depicted in Figure 4.6. The amount of Oc at each step 

is depicted in Figure 4.7a, with the initial amount, precipitated amount, and 

reconstituted amount of Oc for each sample condition shown. The data are then 

re-expressed in Figure 4.7b to depict the fraction of precipitated Oc that was 

reconstituted in buffer containing excess Ca2+ compared to buffer without Ca2+ added. The 

difference between fractions of precipitated Oc that were reconstituted in buffer with or 

without excess Ca2+ added was evaluated for statistical significance using the Welch’s 

unpaired t test and it was determined that Gla-Oc at both pH 7.4 (p = 0.0007) and 4.5 

(p = 0.014) had statistically significantly higher reconstitution of precipitate using the 

buffers without Ca2+ added when compared to the samples reconstituted using buffers that 

included excess Ca2+. 

 Samples reconstituted in buffer without Ca2+ added were analyzed by CD to 

determine the secondary structure of reconstituted Oc. All the reconstituted Oc samples 

were found to have increased α-helical content compared to Oc prior to precipitation with 

excess Ca2+ (Figure 4.7c). 
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4.4 Discussion 

4.4.1 Effect of Ca2+ Titrations, pH, and γ-Carboxylation Status on Oc Solubility 

From the data presented here, it is clear that loss of in-solution Oc occurs in a 

Ca2+-dependent fashion, and that this event is further affected by solution pH and the 

γ-carboxylation status of Oc, with increased Ca2+-dependent precipitation observed with 

increased pH and with Gla-Oc compared to Glu-Oc. The control samples where Oc is 

titrated with buffer without Ca2+ added accounted for any protein loss due to adsorption, 

as well as precipitation of Oc due to other factors, such as any Oc denaturation during the 

experimental procedure. Since the isoelectric point (pI) for Glu-Oc is 4.6 [110], the 

observation of significant precipitation of Glu-Oc at pH 4.5 with buffer titrations is 

suspected to be due to disruption of proper secondary and/or tertiary Glu-Oc structure at 

this pH due to loss of surface charge of the protein. In contrast, the pI for Gla-Oc is 4.0 

[110], which may be the reason for the maintenance of in-solution Gla-Oc concentrations 

at pH 4.5, although this would need to be evaluated further before any conclusions may be 

drawn.  

 The maximum fraction of Oc precipitated in the presence of excess Ca2+ is both pH 

and Oc γ-carboxylation status dependent, with increased precipitation at higher pH and 

with Gla-Oc compared to Glu-Oc. The reason for this plateau in loss of in-solution Oc with 

excess Ca2+ is likely due to an equilibrium state between in-solution and precipitated Oc 

under each experimental condition. The precipitation maxima presented here may not be 

a true reflection of biological maxima, although the experimental set-up enables 

comparison between experimental conditions tested. As was discussed extensively in 

Chapter 2, the binding affinity of Ca2+ by Oc is improved with increased γ-carboxylation 

of Oc, as this increases the ability of Oc to coordinate with metal ions in a bidentate 



 

92 
 

fashion. In addition, the charge state of the Gla residues is highly dependent on the pH, 

and thus the ability of these residues to coordinate with metal ions is also affected by pH. 

Taken together, this data is highly suggestive of the importance of Ca2+ coordination with 

Oc on Oc’s propensity for precipitation and lends to the hypothesis that precipitation of 

Oc with Ca2+ is biologically relevant. The observation that in-solution Gla-Oc and Glu-Oc 

consists of increased α-helical secondary structure with increased Ca2+ titrations, which 

matches previously published literature [28, 29], suggests that the results presented here 

are not due to improperly folded protein and thus supports the biological relevance of 

these findings.   

4.4.2 Visualization of Precipitated Oc Filamentation by TEM 

Based on the negative stain TEM images obtained of the Gla-Oc filaments, there are 

multiple conclusions that can be drawn. First, these filamentous structures are Oc specific, 

since they are only visualized in the presence of Gla-Oc, but not in the sample prepared 

with CaCl2 alone. Next, the formation of these filaments involves hundreds of Gla-Oc 

monomers. With the diameter of the individual pearl-like structures ranging from 15 to 30 

nm, this corresponds to roughly 240 to 2000 homomeric complex structures of Gla-Oc. 

This implies that Ca2+ binding to Gla-Oc may induce higher-order complexation to form 

these filamentous structures. In fact, Gla-Oc dimerization has already been shown to occur 

with increased affinity in the presence of Ca2+ [32] and taken together with the observation 

that in the presence of Ca2+, Gla-Oc dimers are absent from the mass spectra shown in 

Chapter 2 this is suggestive that these Gla-Oc dimers may be building blocks for the 

filaments observed here. The mechanism of monomer to filament transition was not 

addressed here, although it would be an interesting potential future direction of the work. 

Finally, the heterogenous nature of the filaments observed is suspected to be due to sample 
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preparation on the grid, with the uranyl formate and uranyl acetate stains having low pH 

(~ 4) to prevent precipitation of the stain, but this would have to be validated through the 

use of stains compatible with neutral pH prior to making any definitive conclusions.  

4.4.3 Resolubilization of Oc Filaments 

The observation that proteins can form filaments, and that these structures are important 

for regulation of protein and enzymatic function is becoming a rapidly evolving field in 

part due to improvements in TEM and cryo-EM techniques, which, unlike X-ray 

crystallography and NMR, enables one to solve less ordered protein structures. To 

demonstrate the biological relevance of these protein filament structures, it is important 

to either show their formation and dissolution in an in vivo setting, or at the very least, 

demonstrate their ability to disassemble in vitro. Similar to Narayanaswamy, et al [166], 

we test here the ability of the Oc filaments, which precipitate out of solution, to 

disassemble and resolubilize when excess Ca2+ is removed from solution in vitro. Since Oc 

is an extracellular protein, testing filament formation in a cell-based in vivo system was 

not evaluated. Based on the results presented here, all Oc precipitates were able to be 

resolubilized in buffer without excess Ca2+. The fractions of precipitated Oc resolubilized 

with buffer without Ca2+ added were statistically significantly higher compared to the 

fractions resolubilized using buffer with excess Ca2+ for the Gla-Oc samples at pH 7.4 and 

4.5. This further exemplifies the importance of solution Ca2+ levels on the equilibrium 

between in-solution Oc and Oc precipitation and filamentation. The re-solubilization of 

Glu-Oc precipitated samples at pH 7.4 with buffer without excess Ca2+ was not statistically 

significantly different from the fraction of precipitated Glu-Oc resolubilized with buffer 

with excess Ca2+. This is likely due to the low abundance of the precipitate in these 

samples, resulting in increased overall error in the experimental measurements. 
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 To further test the biological relevance of precipitated Oc, the secondary structure 

of Oc resolubilized from precipitates using buffer without excess Ca2+ was evaluated to 

determine whether these Oc samples maintained similar secondary structure as observed 

with in-solution Oc. All resolubilized Oc precipitate samples were found to contain 

increased α-helical structure, suggestive of Ca2+ binding, and maintenance of normal 

secondary structural behaviour. It should be noted that comparison of the degree of 

secondary structural components between different conditions tested cannot be made 

here, as these variances likely arise from differences in quantities of Oc precipitate, Oc 

concentration during resolubilization, and in-solution Ca2+ concentrations. It will, 

however, be noted that all conditions tested resulted in consistent maintenance of some 

degree of increased α-helical structure compared to Oc’s degree of α-helical structure prior 

to addition of excess Ca2+ and Oc precipitation. This suggests that with all conditions 

tested here, the resulting resolubilized Oc precipitates maintain their binding capability 

with Ca2+ and proper secondary structure.  

4.5 Conclusions 

Osteocalcin filamentation is ligand (Ca2+), post-translational (γ-carboxylation), and buffer 

(pH) dependent. The observation that these filaments are reversible suggests they may 

have a biological role, although the function of these filaments was not addressed here. 

Since the function of osteocalcin is still not completely understood, the full significance of 

this finding is unfortunately not realized, although a hypothesis can be developed, as 

discussed below. Free Ca2+ in the extracellular fluid (ECF) is tightly maintained between 

1.1 – 1.4 mM to maintain normal physiological functions [31]. This is regulated by 

parathyroid hormone (PTH), where hydroxyapatite matrix is used as a storage system for 

Ca2+ that can be accessed during times of need. The challenge with this system is the fact 
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that hydroxyapatite has low solubility at neutral pH. Based on the reported solubility 

product constant for hydroxyapatite (Ca5OH(PO4)3, Ksp = 3.73 x 10-58 [183]), at pH 7.4, the 

solubility limit for free Ca2+ is only ~ 0.54 μM. This suggests that hydroxyapatite alone 

cannot regulate free Ca2+ in the ECF at normal physiological levels and that other factors 

must be present in the bone that shift the free Ca2+ solubility limit to 1.1 – 1.4 mM. The 

rate of calcium influx into the bone has been quantified previously as 15 pMcm-2s-1 [184] 

and is suggestive that the use of osteoclast-based bone resorption as a method to access 

Ca2+ reserves only accounts for a small percentage of the total Ca2+ resorption that takes 

place, since the maximum amount of Ca2+ resorption by osteoclasts is ~ 500 mg/day in 

humans [31]. The rapid, almost instantaneous, correction of plasma Ca2+ concentration is 

primarily adjusted using bone Ca2+ stores without the use of bone remodeling [184, 185]. 

Additionally, parathyroid hormone (PTH) was not found to be involved in the rapid 

correction of Ca2+ concentrations in the ECF by Dedic, et al [186], and the authors 

suggested that for this rapid correction of free Ca2+ concentrations in the ECF to take place, 

there may be a protein present in the osteocyte lacunae forming “coastal crystals” of Ca2+ 

linked to a protein template. In line with this hypothesis, Talmage & Mobley [31], 

suggested Oc may play a role in the process of maintaining physiological Ca2+ in the ECF 

by improving the solubility limits of free Ca2+ through its binding to the surface of 

hydroxyapatite. Due to the Ca2+-dependency of filamentation observed here, and the 

reversibility of this process, it can be hypothesized that Oc filamentation is used as an 

easily accessible storage method of bone Ca2+ that can be rapidly tapped into when ECF 

free Ca2+ concentrations are depleted. Of course, this is purely speculation at this time, 

and would require further studies for conclusions to be drawn, but this offers a potential 

biological role for this filamentation process. Whatever the case, the finding that Oc can 

form protein filaments adds yet another protein to the list of hundreds of proteins already 
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found to form filaments that span structural and enzymatic functions throughout the 

body. 
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Figure 4.1. In-Solution Oc Concentrations with Increased Calcium Titrations. 
In-solution concentrations of Gla-Oc in a) 20 mM Tris + 150 mM NaCl, pH 7.4, or b) 5 mM 
ammonium acetate + 150 mM NaCl, pH 4.5, and Glu-Oc in c) 20 mM Tris + 150 mM NaCl, 
pH 7.4, or d) 5 mM ammonium acetate + 150 mM NaCl, pH 4.5. Each sample set includes 
a data set depicting the expected concentration (μM) of Oc due to dilution alone (black 
triangles), the experimental concentration of Oc when titrated with buffer (circle 
datasets), and the experimental concentration of Oc when titrated with Ca2+ in the 
specified buffer (square datasets). Total Ca2+ concentrations were between 0 – 500 mM. 
n = 3. Error bars represent SD. Significant differences between the average difference 
between the the buffer titrated and Ca2+ titrated data series were found for Gla-Oc at pH 
7.4 (p-value < 0.0001) and 4.5 (p-value = 0.0001) and Glu-Oc at pH 7.4 (p-value = 
0.0002) but not for Glu-Oc at pH 4.5 (p-value = 0.1324) using a two-tailed Wilcoxon 
matched-pairs signed rank test. 
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Figure 4.2. Fraction of Oc Precipitated at Various pH Values Between pH 4.5 
– 7.4. Glu-Oc (green traces), or Gla-Oc (blue traces) tested between pH 4.5 – 6.5 were 
prepared in 5 mM ammonium acetate + 150 mM NaCl (AA), while samples tested between 
pH 6.5 – 7.4 were prepared in 20 mM Tris + 150 mM NaCl (Tris). Control samples were 
prepared in the absence of Ca2+ to determine the total concentration of Oc at each pH 
value. All samples with added Ca2+ were completed with excess Ca2+ (500 mM). The 
Gla-Oc fraction precipitated in Tris at pH 6.5, 7.0, and 7.4 were statistically significantly 
different from the fractions of Glu-Oc precipitated from complementary pH samples 
(student paired t-test; p-value < 0.05), as indicated in Table 4.1. n = 3 and error bars 
represent SD. 
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Figure 4.3. CD Spectroscopy of In-Solution Oc with Calcium Titrations. 
Ellipticity (Θ, degcm2dmol-1res-1) of in-solution a) Gla-Oc, or b) Glu-Oc, with 0 – 50 mM 
Ca2+ between 200 – 260 nm. n = 1. 
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Figure 4.4. Negative Stain TEM Images of Ca2+-Dependent Gla-Oc Filaments. 
Gla-Oc precipitated in the presence of 500 mM CaCl2 at pH 7.4 was spotted on a 
carbon-coated formvar grid and stained using 0.75 % uranyl formate. Filaments are 
imaged in a)-c) at 110,000 x magnification. Image of grid shown in d) was obtained from 
the negative control sample containing 500 mM CaCl2 only. Scale bars are 60 nm.  
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Figure 4.5. Replicates of Ca2+-Dependent Gla-Oc Filamentation. Separate 
replicates of Gla-Oc precipitated with 500 mM CaCl2 at pH 7.4 were imaged by negative 
stain TEM, with a) at 110,000 x magnification and a 60 nm scale bar, and b) at 25,000 x 
magnification and a 200 nm scale bar shown.  

 

 

 

 

 

 

 



 

102 
 

 

Figure 4.6. Schematic Diagram of the Procedure Used to Evaluate the 
Reversibility of Oc Precipitation. First, Oc samples were prepared in the appropriate 
buffer, centrifuged, and initial in-solution protein concentrations were determined by 
measuring absorbance of the supernatant at 280 nm (1). All samples were then titrated 
with a final concentration of 500 mM CaCl2 and centrifuged to separate in-solution Oc 
from the precipitate. The in-solution Oc concentration was again determined by 
measuring absorbance at 280 nm (2), allowing for the nanomoles of Oc precipitated to be 
calculated. The remaining in-solution Oc and buffer solution was removed from the 
samples, and then either i) buffer, or ii) buffer containing 500 mM CaCl2 was added, and 
the samples were mixed thoroughly by pipetting. Finally, the samples were centrifuged 
again to separate in-solution Oc from precipitate, and the concentration of in-solution Oc 
was determined by measuring absorbance at 280 nm (3). The Oc samples reconstituted in 
buffer without CaCl2 added were used for further downstream analysis using CD 
spectroscopy.   
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Figure 4.7. Reversibility of Oc Filamentation. a) Nanomoles (nmol) of in-solution 
Oc prior to addition of 500 mM Ca2+ (Total), precipitated Oc after addition of 500 mM 
Ca2+ and centrifugation of sample (Precipitated), and in-solution Oc after mixing the 
precipitate thoroughly and centrifuging again (Reconstituted) with either 500 mM Ca2+ in 
buffer (black bars) or buffer without Ca2+ added (coloured bars). b) Fraction of Oc 
reconstituted with 500 mM Ca2+ in buffer, or buffer only, with the difference being 
statistically significantly different for Gla-Oc at pH 7.4 and 4.5 (Welch’s unpaired t-test; 
p-value < 0.05). c) CD spectra of Oc prior to addition of 500 mM Ca2+ (Initial), and after 
reconstitution of Oc samples with buffer without Ca2+ added (Reconstituted). Experiment 
completed for Gla-Oc at pH 7.4 (dark blue data sets), Gla-Oc at pH 4.5 (light blue data 
sets), and Glu-Oc at pH 7.4 (green data sets). n = 3 and error bars represent SD.  
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Table 4.1. Fraction of Oc Precipitated with 500 mM Ca2+ at Various pH Values. 
The data presented in Figure 4.2 is presented here, with the average fraction of 
precipitated Gla-Oc, or Glu-Oc, in 5 mM ammonium acetate + 150 mM NaCl (AA), pH 4.5 
– 6.5, and 20 mM Tris + 150 mM NaCl (Tris), pH 6.0 – 7.4, presented. SD = standard 
deviation, n = 3. P-values < 0.05 are indicated by the asterisk (*). 
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CHAPTER 5 

 

DETERMINATION OF THE GLA-OC : ALUMINUM EQUILIBRIUM BINDING 

CONSTANT 

 

5.1 Introduction 

 

Aluminum (Al) is the most abundant metal in the Earth’s crust and was made accessible 

primarily due to mining during the industrial revolution and bioavailable during acid rain. 

Al is ubiquitous throughout the environment, found in soil, dust particles, plants, and 

natural water systems [187]. However, natural forms of Al in the soil, for example 

aluminosilicates, are poorly soluble at neutral pH, and therefore are not readily absorbed. 

The use of Al as a clarifying agent in drinking water (~ 70 μg/L), in many foods including 

processed grains, salt, where it is used as an anti-clumping agent, tea, and processed 

cheese (≤ 50 mg/slice), and as a packing agent has dramatically increased human 

exposure to Al [93]. Of the Al humans are exposed to, about 0.1 % is absorbed by the 

gastrointestinal (GI) tract and 0.012 % is absorbed transdermally (e.g., 50-75 mg/day 

exposure due to aluminum chlorohydrate present in antiperspirants). Sources of citrate, 

for example in orange juice, increase Al bioavailability, whereas silicates and phosphates, 

for example phosphates present in dairy products, decrease bioavailability due to their low 

solubility and thus decreased absorption by the GI tract. The vast majority of Al, 95 %, is 

filtered out of the body through the kidneys by glomerular filtration, with the remaining 

5 % distributed throughout the body with half of this being stored in the bones with a 

half-life of 7 years [93].  

Although there is no known biological function of Al, the effects of Al on normal 

brain function span over 200 biological processes. Al affects protein phosphorylation and 

dephosphorylation, causes abnormal protein aggregation and oligomerization, which 
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affects the normal protein degradation process, and alters gene expression [188]. These 

perturbations induce apoptosis of neurons and glial cells, ultimately resulting in neuronal 

signaling imbalances [189]. Chronic low dose Al exposure is also suspected to be linked to 

neurodegeneration and Alzheimer’s disease [189]. Additionally, acute exposure to Al is 

widely accepted as toxic, with chronic kidney disease (CKD) patients undergoing dialysis 

in the 1970’s and 1980’s experiencing dialysis-induced encephalopathy due to Al 

contamination in dialysis solutions from tap water [93, 99, 190].  

In patients with CKD, Al has also been shown to cause osteodystrophy presented 

as osteomalacia and adynamic bone disease due to reduced osteoblast activity and bone 

mineralization [191]. In vivo studies demonstrate Al reduces bone mineral density and 

mineral and trace element content in rats [192]. Studies in vitro revealed Al causes 

osteoblast apoptosis by increasing phosphorylation, and thus activity, of the oxidative 

stress-mediated c-Jun N-terminal kinase (JNK), increasing mRNA and protein expression 

of c-Jun, increasing expression of the pro-apoptotic caspase 3, caspase 9, bax, and 

factor-related apoptosis ligand genes and decreasing the anti-apoptotic Bcl-2 gene 

expression [193]. In addition, Al inhibits hydroxyapatite crystal growth in vitro and is 

incorporated into the bone matrix resulting in structural changes to the mineral deposits 

[98]. Al3+ has also been shown to bind to Oc, with the Kd for single-site binding to bovine 

Oc being approximately 83 nM [95].  

Rather unexpectedly, during analysis of a cohort of non-diabetic CKD patient 

plasma samples to evaluate the correlation between CKD and glucose homeostasis and 

circulating osteocalcin carboxylation and fragmentation status described by Kratz, et al 

[45], it was discovered that these purified Oc samples were complexed with Al3+ with about 

5 to 50 % of 3-Gla-Oc bound by Al3+ (Figure 5.1). After completion of follow-up control 
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experiments, it was determined here that the Al3+-bound Oc observed in these patient 

samples was, at least to some degree, due to Al contamination in the buffers used during 

the Oc purification procedure (Figure 5.2). Thus, whether the Oc bound to Al3+ in these 

patient samples was indicative of circulating Oc bound to Al3+ within the patients’ blood 

could not be confidently determined here.  

Based on the previously reported equilibrium dissociation constant for bovine Oc 

binding to Al3+, this suggested that Oc would be significantly bound by Al3+ during in vitro 

studies. Thus, the main motivation for this work was to determine the dissociation 

constant for Al3+ binding to the human unmodified form of Oc, Glu-Oc, and the vitamin K 

dependent post-translationally modified form, 3-Gla-Oc. Due to the low solubility of Al3+, 

and the high level of total Al (cAl) present in the environment, a novel approach to 

quantitatively assess metal binding to Oc was developed here. The inclusion of citrate, a 

known competitive binder of Al3+, was crucial to improve overall Al solubility, and to 

overcome experimental limits of detection and Al contamination issues in the system. 

Therefore, the method described here was developed to indirectly quantify the free 

concentration of Al3+ at equilibrium using circular dichroism (CD) spectroscopy to 

measure the concentration of Al3+-bound 3-Gla-Oc (AlOc) and inductively-coupled plasma 

mass spectrometry (ICP-MS) to quantify cAl for each Al sample titration. Using the 

experimentally determined AlOc and cAl values, known total citrate (cCit) and total 

osteocalcin (cOc) concentrations, the pH of the system, and the association constants (Kas) 

for all Al-citrate, and Al-OH, complexes it was possible to solve a complex system of twenty 

linear equilibrium and mass balance equations to calculate the concentration of free Al3+ 

for each individual Al titration. Quantitative knowledge of free Al3+ values was necessary 

for proper non-linear regression curve fitting using a single-site binding model and 

estimation of the dissociation constant for Al3+ coordination with monomeric 3-Gla-Oc to 
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be KdAlOc = 1.0 ± 0.12 nM at pH 4.5. A pH of 4.5 is relevant to Oc physiologically due to the 

decrease in pH down to pH 4.5 at the osteoclast resorption lacunae and increased Oc 

release into blood plasma during bone resorption [41]. Due to the qualitatively assessed 

lower affinity of Al3+ binding to Glu-Oc, along with the challenges faced with Al solubility 

at higher pH, and Glu-Oc solubility challenges at lower pH, complimentary KdAlOc values 

for Gla-Oc binding Al3+ at pH 7.4 and for Glu-Oc binding Al3+ at pH 4.5 and 7.4 could not 

be determined. 

The work presented here not only relates to the biological implications of Al3+ 

binding to Oc but is also suggestive that caution should be taken when performing in vitro 

studies of Oc, due to the ability of naturally occurring background concentration of Al3+ to 

act as a competitive binder to Oc.  

5.2 Materials and Methods 

5.2.1 Materials 

Both the Des-Gla synthetic human osteocalcin (Glu-Oc), Cat # AS-65307-025, and 

[Gla 17, 21, 24] – synthetic human osteocalcin (Gla-Oc), Cat # AS-22830, were purchased 

from AnaSpec, Co. Aluminum chloride hexahydrate (99 % purity), ammonium acetate 

(≥ 98 % purity), ammonium hydroxide, citric acid monohydrate (≥ 99.5 % purity), 

guanidine hydrochloride, HEPES, lead(II) nitrate (99.999 % trace metals basis), sodium 

chloride (≥ 99.5 % purity), sodium hydroxide (minimum 98 % purity), trifluoroacetic acid 

(≥ 99 % purity), Tris base (≥ 99.9 %), and Tris hydrochloride (≥ 99.0 % purity) were 

purchased from Sigma-Aldrich, Co. Nitric acid (67-70 %), ARISTAR PLUS for trace metal 

analysis, was purchased from VWR. A 1 mm pathlength quartz cuvette with a 10 mm thick 

base, to reduce sample volume, and concentrated cuvette cleaner solution were purchased 

from Starna Cells, Inc. The 0.2 μm filters were purchased from Pall, Corp. Slide-A-Lyzer 

MINI dialysis chambers, 3.5 K MWCO, LC-MS grade acetonitrile, and MSIA tips, 
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underivatized, were purchased from Thermo Scientific. Mouse anti-human osteocalcin 

monoclonal antibody (clone # 2H9F111F8) was purchased from Bio-Rad. UV 96-well 

microplates were purchased from Greiner.  

5.2.2 Preparation of Osteocalcin Stocks 

When preparing Oc stock solutions in 20 mM Tris + 150 mM NaCl, pH 7.4, the Gla-Oc 

lyophilized powder was reconstituted initially with 40 μL of 100 mM NaOH, swirled gently 

to ensure full reconstitution of the protein powder, and then the final volume was brought 

to 500 μL with 20 mM Tris + 150 mM NaCl, pH 7.4. The pH was verified using short range 

pH paper and adjusted with small volumes of HCl if necessary. For the Oc stock solutions 

in 5 mM ammonium acetate, or 20 μM citrate, pH 4.5, Gla-Oc vials were reconstituted by 

first adding 40 μL of 1 % ammonium hydroxide, the vials were swirled gently to ensure all 

powder was fully reconstituted, and the final volume was brought to 500 μL with the 

appropriate buffer. The pH was verified prior to dilution using short range pH paper. For 

the Glu-Oc vials, the reconstitution technique was identical as described for Gla-Oc vials 

above, except the volume of NaOH/ammonium hydroxide and final volume were half that 

of the Gla-Oc vials (20 μL, 250 μL) to account for there being half the weight of lyophilized 

protein (~ 0.25 mg vs. ~ 0.5 mg). Stock Oc sample concentrations were then determined 

by measuring absorbance at 280 nm using a Thermo Scientific Multiskan Go UV-vis 

spectrophotometer, with Oc’s extinction coefficient known, ε = 1.33 (mg/mL)-1cm-1 [104].  

5.2.3 Mass Spectral Analysis by Infusion, MSIA Tip Extraction & LC-MS 

Infusion samples contained Gla-Oc (4 μM), human insulin (4 μM), and Al in 5 mM 

ammonium acetate, pH 7.4, with molar ratios of Al:osteocalcin ranging from 0.2:1 to 10:1. 

Human insulin was included as an internal standard to help differentiate between 

osteocalcin-specific and non-specific metal binding. Each sample was incubated at 25 ºC 
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in the dark until binding equilibrium had taken place, and directly infused onto a Bruker 

maXis 4G (Q-TOF) MS at 5 μL/min using electrospray ionization to detect Al-bound 

Gla-Oc. 

Synthetic serum was made using 40 mg/mL human serum albumin (HSA), 30 μM 

transferrin, 99 μM citrate, and 37.5 nM AlCl3•6H2O in 1 x phosphate buffered saline (PBS) 

with 1 mM CaCl2 and 0.5 mM MgCl2, pH 7.4. Synthetic serum was also prepared omitting 

AlCl3•6H2O. Synthetic serum (750 μL) was spiked with either Gla-Oc or Al-bound Gla-Oc 

(2.5 nM) and the resultant samples were purified by MSIA tip extraction. 

A cohort of CKD patient plasma samples were obtained for the SUGAR study 

published elsewhere by Kratz, et al [45], where full details on sample collection, storage, 

and analysis are described. Briefly, 87 participant samples were analyzed, 50 of which 

were in the CKD group, while the remaining samples were obtained from 37 age, gender, 

and race matched healthy controls. Samples were collected in tubes containing 

ethylenediaminetetraacetic acid (EDTA), plasma separated within 60 minutes, and stored 

at -70 ºC until MSIA tip experiments were completed.  

Mouse anti-human Oc antibody was coupled to MSIA tips following the protocol 

published previously [194] and stored at 4 °C until use. The tips were mounted on a 

Beckman Multimek 96-channel automated pipetting robot and pre-rinsed with 150 μL of 

HEPES buffered saline (HBS) 50 times, 150 μL of 50 mM HCl 50 times, and 150 μL HBS 

50 times. Osteocalcin capture (from plasma samples or the synthetic Gla-Oc control 

samples) was completed by pipetting 150 μL of the samples 1500 times. The MSIA tips 

were washed 10 times with 150 μL of 100 mM Tris, pH 7.0, 150 μL of distilled water 10 

times, 150 μL of 25 % acetonitrile in 1.5 M ammonium acetate 10 times, and 150 μL of 

distilled water 10 times. Samples were eluted in 12 μL of 0.4 % (v/v) TFA and dispensed 
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into a 96-conical well polypropylene autosampler tray immediately prior to LC-ESI-MS 

injection. A Dionex Ultimate 3000 HPLC (Thermo Scientific) was used to load samples 

onto a peptide concentration-and-desalting trap. Osteocalcin was eluted off the trap using 

20 % aqueous solvent (0.1 % formic acid in water) and 80 % acetonitrile. The Bruker 

maXis 4G (Q-TOF) MS was operated in positive ion TOF-only mode. Spectra were 

deconvoluted and baseline subtracted using Bruker DataAnalysis v4.2 software and peak 

intensities were tabulated to analyze relative abundance of the mass spectral peaks. 

5.2.4 Circular Dichroism Spectroscopy 

In-solution Gla-Oc secondary structure in the presence and absence of Al, or Pb, was 

evaluated by preparing 20 μM Gla-Oc in 20 mM Tris + 150 mM NaCl, pH 7.4. Gla-Oc was 

titrated with either 0 – 45 μM AlCl3, or 0 – 16.67 μM PbCl2, and centrifuged for 5 minutes 

at 17, 000 x g prior to analysis by circular dichroism (CD). Absorbance at 280 nm was 

measured to determine the in-solution Oc concentrations to convert instrument mdeg 

units to mean residue ellipticity (MRE = degcm2dmol-1res-1). The general operation and 

cuvette cleaning procedures follow the same protocol described in 4.2.4. 

 Final CD spectra used to generate binding curve data were generated by preparing 

100 μL final samples containing 50 μM Gla-Oc in 5 mM citrate + 150 mM NaCl, pH 4.5, 

with targeted cAl values of 0, 0.015, 0.025, 0.035, 0.05, 0.1, 0.13, 0.175, 0.25, 0.35, 0.5, 

0.75, 1, 1.25, 1.5, 2, 2.5, 3, 3.5, and 3.96 mM. Al stocks were prepared at 2 x the targeted 

final concentrations using a 5 mM Al stock in 5 mM citrate + 150 mM NaCl, pH 4.5, to 

prepare serial dilutions using the buffer. All samples, buffers, and Al stocks were prepared 

in falcon tubes and microcentrifuge tubes that had been pre-washed with 2 % HNO3 in 

18.2 Ω-cm dIH2O, and air dried overnight prior to use. All Al stocks and buffers were 

further prepared in freshly obtained 18.2 Ω-cm dIH2O, stored in a Teflon bottle, using 
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trace metal grade reagents. All Gla-Oc samples had a corresponding 400 μL blank sample 

that was prepared with cAl and buffer to match the final cAl concentrations found in the 

Gla-Oc samples. Final Gla-Oc and Al samples were incubated at room temperature for 

18 hrs using a plate shaker set to 250 rpm. Prior to CD analysis, samples were centrifuged 

for 5 min at 13, 300 rpm. Blank measurements were obtained using 100 μL aliquots of the 

corresponding cAl sample prior to each Gla-Oc with cAl titration sample analysis. 

Absorbance was measured at 280 nm, followed by a CD wavelength scan from 195 – 

265 nm.  

 The cAl in the blank samples were then measured by ICP-MS by diluting 200 μL 

of these samples in 1.8 mL for a final 2 % HNO3. Al standards were run prior to sample 

injections, with a rinse, blank check, and check standard run in between every 5 sample 

injections.  

Sample spectra were blank subtracted and converted to MRE using the 50 μM 

Gla-Oc concentration and the number of residues being 49. To determine the fraction of 

Gla-Oc bound by Al3+, the change in ellipticity at 222 nm (∆Θ) was calculated by 

subtracting the ellipticity value at 222 nm of the 0 mM cAl sample from the ellipticity value 

at 222 nm obtained for each subsequent Gla-Oc sample titrated with Al. These ∆Θ values 

were plotted against the cAl values measured by ICP-MS and the data were fit to 

Equation 5.1, which was described by Dowd, et al [29], to estimate the maximum change 

in ellipticity (∆Θmax) using the Matlab script in Appendix B. The fraction of Gla-Oc bound 

for each sample was then calculated using Equation 5.2. The concentration of AlOc was 

determined by multiplying the fraction of Gla-Oc bound by the cOc, and this value, along 

with the ICP-MS measured cAl values, were input into the Matlab script to solve for Al3+ 
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and estimate the KdAlOc for each individual sample run. The data were fit using non-linear 

regression (NLR) curve fitting, as described in 5.2.8. 

∆Θ =  ∆Θmax ∗
cAl

cAl+𝐾𝐴𝑝𝑝
       Equation 5.1 

Fraction Oc Bound =  
∆Θ

∆Θmax
       Equation 5.2 

 

5.2.5 Absorbance Spectrophotometry 

The methods used here follow nearly an identical protocol as described in 4.2.3, and 

therefore will not be described in full here, although the few changes are mentioned below. 

For the Oc precipitation with Al titration experiments, Oc samples were prepared at 

roughly 20 μM starting protein concentration in 300 μL sample volume in 20 mM Tris + 

150 mM NaCl, pH 7.4, or 50 μM Gla-Oc in 20 μM citrate, pH 4.5. All samples were 

completed in triplicate. Samples were titrated with Al to arrive at final Al concentrations 

ranging from 0 – 6.5 mM in the samples prepared in 20 mM Tris + 150 mM NaCl, pH 7.4, 

or 0 – 30 μM Al for samples prepared in 20 μM citrate, pH 4.5. Control samples to account 

for reduced in-solution Oc concentrations due to dilution alone were completed with 

titrations of buffer without Al added, with corresponding buffer blanks. These samples 

were used to determine the total concentration of Oc during each sample titration, and to 

calculate the fraction of Oc precipitated when compared to concentrations of Oc in the Al 

titrated samples. 

5.2.6 Dialysis 

To optimize the dialysis incubation time and ensure equilibrium binding was achieved, 

75 μL aliquots of 50 μM Gla-Oc in 20 μM citrate, pH 4.5, were added to the sample 
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chamber compartment of 3 kDa molecular weight cut-off microdialysis chambers, and 

1.225 mL aliquots of 8 μM Al in 20 μM citrate, pH 4.5, were added to the dialysate 

compartment in a 2 mL 96-well plate that had been acid washed with 2 % HNO3 overnight 

and air dried prior to use. Samples were completed in quadruplicate and incubated for 0, 

1, 2, 4, 6, 8, 12, 18, 24, or 48 hours at room temperature using a plate shaker. 

Complementary control samples where the sample chambers were filled with 75 μL of 

20 μM citrate, pH 4.5, without Gla-Oc added, were prepared to measure cAl, and 

incubated for 48 hrs. The results were plotted with AlICP values against time to determine 

the time to reach equilibrium in the current experimental set-up, with all future 

experiments completed with an 18-hour incubation period. 

5.2.7 ICP-MS 

Prior to any dialysis and ICP-MS sample runs, all falcon tubes, microcentrifuge tubes, and 

2 mL 96-well plates were soaked in 2 % HNO3 prepared in ultra-pure 18.2 Ω dIH2O 

overnight. Any tubes, and the 2 mL 96-well plates, that were to be used for buffer and 

sample preparation and dialysis incubation then had the 2 % HNO3 discarded and were 

air dried prior to use, to ensure complete vaporization of the HNO3 before proceeding. 

Falcon tubes used to hold final ICP-MS samples could be stored in 2 % HNO3 until use. 

Once samples had undergone the dialysis procedure, each sample’s dialysate was 

aliquoted into acid washed microcentrifuge tubes for storage during transport of samples 

to the ICP-MS core facility. Once at the core facility, the 2 % HNO3 in the acid washed 

falcon tubes used for final storage of ICP-MS samples was discarded, and 1 mL of 4 % 

HNO3 was added to each tube, along with 1 mL of the samples. These samples were then 

stored at room temperature until ICP-MS injection.  
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As a quality control verification, 1 mL Al samples were prepared at 0, 0.94, 1.88, 

17.9, 22.6, and 27.8 μM, and mixed 1:1 with 4 % HNO3 to make final 2 % HNO3 solutions. 

Samples were completed in triplicate and injected onto a Thermo Scientific Quadrupole 

ICP-MS (iCAP-Q), where the experimental Al concentrations (AlICP) were determined 

based on an Al standard curve prepared separately by the core facility. 

5.2.8 Matlab Simulations  

To generate data for non-linear regression curve fitting and to simulate data to assist with 

optimization of ICP-MS sample conditions, Matlab scripts were prepared that, given 

several experimentally determined parameters as input, output the speciation of Al in 

citrate buffer (including the concentration of free Al3+) as well as the Kd for Oc:Al3+ 

binding. These Matlab scripts are based on multiple equilibrium chemistry and include 

equations that describe equilibrium association/dissociation for all known acid/base and 

metal-ligand binding reactions as well as mass balance equations for all solution 

components. Acid/base and metal-ligand association equilibrium constants along with the 

references from which they were obtained are listed in Table 5.1. The equations for 

association constants for citrate-H complexes are listed below: 

𝐾𝐻𝐶𝑖𝑡2− =  
HCit2−

Cit3−∗H+       Equation 5.3 

𝐾𝐻2𝐶𝑖𝑡− =  
H2Cit−

HCit2−∗H+       Equation 5.4 

𝐾𝐻3𝐶𝑖𝑡 =  
H3Cit

H2Cit−∗H+       Equation 5.5 

The equations for association constants for citrate-Al complexes are: 

𝐾𝐴𝑙𝐶𝑖𝑡 =  
AlCit

Al3+∗Cit3−       Equation 5.6 
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𝐾𝐴𝑙𝐶𝑖𝑡𝐻+ =  
AlCitH+

AlCit∗H+       Equation 5.7 

𝐾𝐴𝑙𝐶𝑖𝑡𝐻− =  
AlCit

AlCitH−∗H+       Equation 5.8 

𝐾𝐴𝑙𝐶𝑖𝑡23− =  
AlCit2

3−

AlCit∗Cit3−       Equation 5.9 

𝐾𝐴𝑙(𝑂𝐻)𝐶𝑖𝑡𝐻−2− =  
AlCit−H−

Al(OH)(CitH−)2−∗H+ 
     Equation 5.10 

𝛽𝐴𝑙3(𝑂𝐻)4𝐶𝑖𝑡34− =  
Al3(OH)4Cit3

4−∗[H+]4

[Al3+]3∗[Cit3−]3      Equation 5.11 

𝛽𝐴𝑙3(𝑂𝐻)4(𝐶𝑖𝑡𝐻−)37− =  
Al3(OH)4(CitH−)3

7−∗[H+]7

[Al3+]3∗[Cit3−]3     Equation 5.12 

 

The equations for association constants for Al-OH complexes are: 

𝐾𝐴𝑙(𝑂𝐻)^2+ =  
Al(OH)2+

Al3+∗OH−       Equation 5.13 

𝐾𝐴𝑙(𝑂𝐻)2^+ =  
Al(OH)2

+

Al(OH)2+∗OH−      Equation 5.14 

𝐾𝐴𝑙(𝑂𝐻)3 =  
Al(OH)3

Al(OH)2
+∗OH−      Equation 5.15 

𝐾𝐴𝑙(𝑂𝐻)4^− =  
Al(OH)4

−

Al(OH)3∗OH−      Equation 5.16 

𝛽𝐴𝑙2(𝑂𝐻)24^+ =  
Al2(OH)2

4+

[Al3+]2∗[OH−]2 
      Equation 5.17 

𝛽𝐴𝑙3(𝑂𝐻)45+ =  
Al3(OH)4

5+

[Al3+]3∗[OH−]4      Equation 5.18 

The equations for dissociation constants for Al-Oc complexes are: 
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𝐾𝑑𝐴𝑙𝑂𝑐 =  
Al3+∗Oc

AlOc
       Equation 5.19 

𝐾𝑑𝐴𝑙𝑂𝑐2 =  
AlOc∗Oc

AlOc2
       Equation 5.20 

The mass balance equation for citrate is given by the following equation, where cCit is the 

total concentration of all citrate species: 

cCit = Cit3− + HCit2− + H2Cit− +  H3Cit + AlCit + AlCitH+ + AlCitH− + (2 ∗ AlCit2
3−) +

Al(OH)(CitH−)2− + (3 ∗ Al3(OH)4Cit3
4−) + (3 ∗ Al3(OH)4(CitH−)3

7−)   

Equation 5.21 

For single-site binding of Al to Oc, the mass balance equation for aluminum is given by 

the following equation, where cAl is the total concentration of all Al species: 

cAl =  Al3+ + AlCit + AlCitH+ + AlCitH− + AlCit2
3− + Al(OH)2+ + Al(OH)2

+ + Al(OH)3 +

Al(OH)4
− + (2 ∗ Al2(OH)2

4+) + (3 ∗ Al3(OH)4
5+) + Al(OH)(CitH−)2− + (3 ∗ Al3(OH)4Cit3

4−) +

(3 ∗ Al3(OH)4(CitH−)3
7− +  AlOc  

         Equation 5.22 

For two-site binding of Al to Oc, the mass balance equation for aluminum is given by the 

following equation, where cAl is the total concentration of all Al species: 

cAl =  Al3+ + AlCit + AlCitH+ + AlCitH− + AlCit2
3− + Al(OH)2+ + Al(OH)2

+ + Al(OH)3 +

Al(OH)4
− + (2 ∗ Al2(OH)2

4+) + (3 ∗ Al3(OH)4
5+) + Al(OH)(CitH−)2− + (3 ∗ Al3(OH)4Cit3

4−) +

(3 ∗ Al3(OH)4(CitH−)3
7− + AlOc + AlOc2  

         Equation 5.23 

The mass balance equation for osteocalcin is given by the following equation, where cOc 

is the total concentration of all Oc species: 

cOc =  Oc + AlOc       Equation 5.24 
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And finally, for the two-site binding system, the mass balance equation for osteocalcin is 

given by the following equation, where cOc is the total concentration of all Oc species: 

cOc =  Oc + AlOc + (2 ∗ AlOc2)     Equation 5.25 

For the Matlab script used to simulate data during optimization of the protocol and 

validation of the non-linear regression technique (Appendix C), the constants in the 

system include the association constants listed in Table 5.1, which cannot be modified, 

the concentration of H+ and OH-, which depends on the pH, the total concentration of Al 

(cAl), citrate (cCit), and osteocalcin (cOc), as well as the dissociation constants for Al 

binding to Oc (KdAlOc and KdAlOc2). During the generation of simulated data for the 

single-site binding model, these parameters may be set to generate an output of data 

including the free concentration of Al3+ in the system (Al3+), fraction of Oc bound by Al3+, 

and the concentration of Al not bound by Oc (AlICP), which can be described by Equation 

5.26 below: 

AlICP =  Al3+ + AlCit + AlCitH+ + AlCitH− + AlCit2
3− + Al(OH)2+ + Al(OH)2

+ + Al(OH)3 +

Al(OH)4
− + (2 ∗ Al2(OH)2

4+) + (3 ∗ Al3(OH)4
5+) + Al(OH)(CitH−)2− + (3 ∗ Al3(OH)4Cit3

4−) +

(3 ∗ Al3(OH)4(CitH−)3
7−  

         Equation 5.26 

Note that AlICP would be the concentration measured by ICP-MS during actual 

experiments, since all forms of Al that are not bound by Oc would be present in the 

dialysate (see Figure 5.5 for illustration).  

For the single-site binding system, Equations 5.3 – 5.19, and Equations 5.21, 

5.22, and 5.24 are solved by Matlab simultaneously. For the two-site binding system, 

Equations 5.3 – 5.21 and Equations 5.23 and 5.25 are solved by Matlab 

simultaneously. When using these equations to solve for free Al3+ concentrations in the 
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single-site binding system, experimentally determined cAl, AlOc, and known pH, cCit, and 

cOc values are input, while the KdAlOc is unknown, and a calculated value can be output 

with each individual data set (see Appendix D for the Matlab script). For the two-site 

binding system, which was not used for the final data set since it was determined 

experimentally that Al3+ binding followed a single-site binding model, it is also necessary 

to output the free concentration of osteocalcin (Oc), as these values are necessary for 

downstream non-linear regression analysis.  

5.2.9 Non-Linear Regression Analysis 

Non-linear regression (NLR) curve fitting analysis of all data was completed using 

APMonitor [195], following tutorials found on their website for use of their software within 

Matlab. During initial validation of the NLR technique, data were simulated following the 

method described in 5.2.8 to generate data for both single-site binding and two-site 

binding systems. These data were fit using NLR using either the model derived for 

single-site binding, where the fraction of Oc bound by Al3+ is described by: 

Fraction Oc Bound = y =  
AlOc

Oc+AlOc
      

Substituting AlOc using the equation used to describe the dissociation constant for Al3+ 

binding to Oc (Equation 5.19) into the equation used to describe the fraction of Oc 

bound: 

y =  

Al3+∗Oc

𝐾𝑑𝐴𝑙𝑂𝑐

Oc+
Al3+∗Oc

𝐾𝑑𝐴𝑙𝑂𝑐

  

Which can be simplified to give the equation used for NLR curve fitting for the single-site 

binding model: 
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y =  
Al3+

𝐾𝑑𝐴𝑙𝑂𝑐+Al3+        Equation 5.27 

For the two-site binding situation, the fraction of Oc bound by Al3+ is described by: 

Fraction Oc Bound = z =  
AlOc+(2∗AlOc2)

Oc+AlOc+(2∗AlOc2)
  

The dissociation constant equations that describe the formation of AlOc (Equation 5.19) 

and AlOc2 (Equation 5.20) are used to substitute the AlOc and AlOc2 terms in the 

fraction Oc equation described above to give: 

z =  

Al3+∗Oc

𝐾𝑑𝐴𝑙𝑂𝑐
+2∗

Al3+∗Oc
𝐾𝑑𝐴𝑙𝑂𝑐

∗Oc

𝐾𝑑𝐴𝑙𝑂𝑐2

Oc+
Al3+∗Oc

𝐾𝑑𝐴𝑙𝑂𝑐
+2∗

Al3+∗Oc
𝐾𝑑𝐴𝑙𝑂𝑐

∗Oc

𝐾𝑑𝐴𝑙𝑂𝑐2

  

Which can be simplified to give the equation used for NLR curve fitting for the two-site 

binding model: 

z =  
(Al3+∗𝐾𝑑𝐴𝑙𝑂𝑐2)+(2∗Al3+∗Oc)

(𝐾𝑑𝐴𝑙𝑂𝑐∗𝐾𝑑𝐴𝑙𝑂𝑐2)+(Al3+∗𝐾𝑑𝐴𝑙𝑂𝑐2)+(2∗Al3+∗Oc)
    Equation 5.28 

Note that KdAlOc and KdAlOc2 must be specified to be ≥ 0, to eliminate negative solutions. All 

measured, or simulated, values for fraction of Oc bound by Al3+, Al3+, and Oc in the two-site 

binding model, must be provided for successful fitting of the data to take place, with output 

values for predicted fraction of Oc bound by Al3+, KdAlOc and KdAlOc2. The Matlab script used 

to fit data using APMonitor is found in Appendix E. To further validate the final fitted 

Kd values, data were also fit using cftool in Matlab (Appendix F), as well as the NLR curve 

fitting option in GraphPad Prism 7 software, which was used for final figure generation.  
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5.2.10. Chrome Azurol S Experiments 

To qualitatively monitor for the formation of large, unaccounted-for polymeric forms of 

Al over time, 2 mL samples containing 187.5 μM chrome azurol S (CAS) were incubated 

with 0, 0.05, 0.1, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2, 2.5, 3, 3.5, or 3.96 mM cAl in 5 mM citrate 

+ 150 mM NaCl, pH 4.5, at room temperature for 0.5, 1, 2, 4, 8, 18, 24, 48, 72, and 168 hrs. 

At each time point, samples were vortexed, and 200 μL aliquots of each sample were 

added to a 96-well microplate, with absorbance measured at 568 nm. Note that the desired 

567.5 nm wavelength could not be achieved due to spectrophotometer limitations. 

Absorbance measurements were blank subtracted using the average of 3 replicates of the 

0 cAl samples. n = 3. The time point at which absorbance readings were no longer stable 

(i.e., flat over time) were used for each cAl sample to evaluate which data points in the 

final Gla-Oc with Al incubation samples to exclude from the ∆Θ versus cAl plot, as well as 

the final binding curve and NLR analysis.  

5.3 Results  

5.3.1 Determination of the Source of Al3+-bound Gla-Oc in Patient Plasma 

Samples 

During analysis of a cohort of clinical plasma samples by mass spectrometric 

immunoassay (MSIA) tip extraction and LC-MS (Figure 5.1a), a significant fraction of 

Gla-Oc was observed to bind to Al3+. A representative mass spectrum obtained from MSIA 

tip extraction of Oc from a patient plasma sample is shown in Figure 5.1b, highlighting 

the isotopically resolved mass spectral peaks associated with free 3-Gla-Oc, 3-Gla-Oc 

bound to Al3+, and 3-Gla-Oc bound to Mn2+. In this sample, Al3+-bound 3-Gla-Oc 

constitutes ~ 40 % of the total 3-Gla-Oc present within the sample. The mass spectrum 

presented here is not a unique finding within the cohort, with the 87 patient plasma 
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samples presenting 5-50 % of 3-Gla-Oc bound to Al3+ (Figure 5.1c). To verify that the 

LC-MS system did not serve as a source of Al3+, synthetic 3-Gla-Oc was directly injected 

onto the LC-MS system and no Al3+ adducts were observed. In contrast, the relative 

abundance of the Mn2+ adduct varied depending on the concentration of osteocalcin 

flowing through the spray needle at any given instant. This suggested that the Mn2+ ions 

were likely derived from the stainless steel spray needle due to oxidative electrochemical 

processes that naturally arise when the ion source is operated in positive ion mode [196]. 

The spray needle was made from 316L stainless steel, which may contain up to 2.0 % Mn 

by mass [197]. 

 Although the LC-MS was determined not to be the source of Al3+-bound 3-Gla-Oc, 

whether the MSIA tip extraction process affected observed Al3+-bound 3-Gla-Oc levels was 

still uncertain. To address this question, synthetic Gla-Oc was spiked into HBS-N buffer, 

synthetic serum, or 2 M ammonium acetate buffer (used as a wash buffer during the MSIA 

extraction procedure) and purified by MSIA tip extraction. The HBS-N buffer contributed 

more Al3+ than the 2 M ammonium acetate buffer, with about 30 % of Gla-Oc bound to 

Al3+ after MSIA tip extraction of Gla-Oc spiked into HBS-N buffer (Figure 5.2a). When 

Gla-Oc was spiked into synthetic serum without Al3+ added, the percentage of Gla-Oc 

bound to Al3+ was about 3 %. This stark difference in Al3+-bound Gla-Oc levels obtained 

from different sample conditions suggested Al3+ was present in the buffers, but also raised 

the question whether other components in the synthetic serum were sequestering Al3+, 

and therefore reducing the levels bound to Gla-Oc. To further support this finding, 

Al3+-bound Gla-Oc (i.e., Gla-Oc pre-fortified to be nearly saturated with Al3+) was spiked 

into HBS-N buffer and synthetic serum (without added Al3+) and purified by MSIA tip 

extraction. Approximately 76 % of Gla-Oc was in the Al3+-bound form after injection onto 

the LC-MS (Figure 5.2b). Similarly, the Al3+-bound Gla-Oc spiked into HBS-N samples 
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was not depleted after sample processing. The Al3+-bound Gla-Oc levels from the synthetic 

serum spiked sample were depleted to 24 % of the total Gla-Oc, suggesting components in 

the synthetic serum sequester Al3+ and limit its binding to Gla-Oc. This is expected since, 

at equilibrium, transferrin binds ~ 90 % and citrate binds ~ 10 % of the Al3+ in plasma, 

with only trace quantities bound to other Al3+ binders or free in solution [93]. 

5.3.2 Circular Dichroism & Oc Precipitation Studies 

The generation of binding affinity data for Gla-Oc binding to Al3+ was first attempted using 

the previously described CD technique [29], which was used to determine the binding 

affinity for bovine Oc binding to Ca2+ (Kd = 1.25 mM) and to Pb2+ (Kd = 85 nM), by 

monitoring the change in ellipticity at 222 nm. The initial attempt to obtain similar CD 

spectra for human Gla-Oc binding to Al3+ (Figure 5.3a) was unsuccessful, as the 

ellipticity values at 222 nm did not change in the presence of increasing titrations of Al. 

Attempts at replicating Pb titration CD spectra with Gla-Oc were also unsuccessful and 

absorbance measurements at 280 nm after each Pb titration revealed significant loss of 

in-solution Gla-Oc compared to the expected change in concentration due to dilution 

alone (Figure 5.3b & 5.3c). 

 The results presented in Figure 5.3 alluded to the possibility that Gla-Oc was 

precipitating out of solution with increasing titrations of Al or Pb. To further validate this 

hypothesis for Al, Gla-Oc (Figure 5.4a) and Glu-Oc (Figure 5.4b) were titrated with 

increasing Al concentrations, samples were centrifuged, and the absorbance at 280 nm of 

the supernatants were measured. The results demonstrate the stark difference between 

the in-solution Oc concentrations when titrated with Al, compared to the expected 

concentrations due to dilution alone, and when samples were titrated with buffer only. 

The fractions of Oc precipitated with increasing Al titrations were then plotted for Gla-Oc 
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(Figure 5.4c) and Glu-Oc (Figure 5.4d), and may reflect the binding affinity of Oc for 

precipitated Al in the form of Al(OH)3(s). 

5.3.3 Initial Citrate Concentration Optimization and Titration Data 

Since both CD and direct infusion MS, discussed in Chapter 2, did not provide adequate 

results to accurately determine the binding affinity of Gla-Oc for Al3+, the next approach 

tested aimed to quantitate the unbound concentration of Al3+ with each Al titration using 

dialysis and inductively-coupled plasma mass spectrometry (ICP-MS). With a 1:1 binding 

model for Gla-Oc binding to Al3+, this would enable calculation of the fraction of Gla-Oc 

bound by Al3+, allowing for calculation of KdAlOc for the binding interaction. The dialysis 

set-up is illustrated in Figure 5.5 and shows the components of the system that are found 

in the sample chamber, where Oc is added, and in the dialysate, which includes free Al3+ 

and all Al-citrate and Al-OH complexes, present in both the sample chamber and dialysate 

at equal concentrations once equilibrium has been achieved. 

Loss of in-solution Oc concentrations is likely a reflection of Oc adsorption to 

precipitated Al(OH)3, due to the low solubility of Al3+ at pH 7.4 (~ 19 – 82.21 fM, 

depending on the Ksp = 3 x 10-34 [198] or Ksp = 1.3 x 10-33 [108]). The low solubility of Al3+ 

could be improved by reducing the pH of solution to 4.5, with the calculated solubility 

limit of Al3+ being approximately 9.5 – 41.2 μM. If the lowest solubility limit is assumed, 

using the solubility product constant described by Skoog, et al [198], then considering the 

affinity constants for Al-OH complexes, this sets the maximum cAl in the system to be 

about 10.4 μM to ensure total maintenance of Al in solution. To further improve solubility 

of Al within the biologically relevant pH range for Oc within the bone, a competitive binder 

for Al3+, citrate, was included in solution. The affinity constants for Al-citrate complexes 

are known [199, 200], enabling the calculation of the dissociation constant for Oc binding 
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to Al3+ in the presence of this competitive binder. Inclusion of citrate in the system does 

not affect the solubility limit for free Al3+, but rather increased total citrate concentrations, 

cCit, affect the cAl at which point this Al3+ solubility limit is achieved. This approach 

creates a reservoir of soluble but “releasable” Al3+ in which citrate-bound Al3+ can be 

released as free Al3+ when the existing pool of free Al3+ is depleted due to binding to Oc. 

These maximum cAl values were calculated for 0 – 500 μM cCit for each reported Ksp value 

(Figure 5.6a). With just 20 μM citrate, pH 4.5, the calculated maximum cAl where Al3+ 

reaches the solubility limit was determined to be approximately 30.1 μM. Prior to Gla-Oc 

and Al titration sample preparation, an initial set of samples with cAl ranging from 0 – 

27.8 μM were prepared and injected onto the ICP-MS and demonstrated both the 

precision and accuracy of measurements obtained (Figure 5.6b). These results are 

suggestive that cAl remained soluble at the concentrations tested here, resulting in 

accurate serial dilution of the stocks to prepare these samples. The samples where no Al 

was added revealed there to be ~ 1 μM cAl present as a contaminant, even after extensive 

acid washing procedures took place, revealing a lower limit for cAl in the system. In 

addition, Gla-Oc did not precipitate to any significant degree during Al titrations when the 

solution contained 20 μM citrate, pH 4.5, further supporting the maintenance of 

in-solution cAl and cOc in the experimental set-up (Figure 5.6c).  

Next, the dialysis incubation time was optimized with Gla-Oc samples incubated 

for 0 – 48 hours, with equilibrium taking place after 8 hours (Figure 5.7a). All future 

samples were incubated for 18 hours to ensure equilibrium had taken place. An initial set 

of Gla-Oc titrations with Al were completed to yield the binding curve depicted in Figure 

5.7b, where the fraction of Gla-Oc bound is plotted against the AlICP values. To convert 

AlICP values to Al3+, the equations discussed in 5.2.8 for the single-site binding model were 

used to solve for Al3+ using experimentally determined cAl and AlOc concentrations 
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(where the AlOc values were determined by subtracting the AlICP values from the cAl 

values) and the known cOc and pH. Inclusion of all data points yields the binding curve 

depicted in Figure 5.7c, where the data points highlighted in grey were excluded from 

the final binding curve due to the high variability found between replicate data points in 

Figure 5.7d, with these data shown not to fit to the single-site binding model. Along with 

the individual KdAlOc estimates presented in Table 5.2, these results are suggestive that 

the data do not fit to the single-binding model in Equation 5.27. Thus, both the 

experimental design and the non-linear regression model had to be modified for successful 

binding affinity constant characterization to take place. Since the data appeared to plateau 

at ~ 0.5 fraction bound, as seen in Figure 5.7b, this led to the hypothesis that the 

single-site binding assumption may be invalid, with the concentration of Al3+ bound to 

Gla-Oc not equal to the concentration of Gla-Oc bound to Al3+ (ie, not a 1:1 binding 

system). Since multiplying the concentration of Al3+ bound by a factor of 2 when 

calculating the concentration of Gla-Oc bound seemed to result in the fraction of Gla-Oc 

bound reaching a plateau at ~ 1, this led to the hypothesis that binding may follow a 2:1 

Gla-Oc:Al3+ binding model. As discussed in the methods section, the development of 

Matlab simulations and NLR curve fitting analysis was developed successfully for this 

scenario. However, as will be seen in section 5.3.5, since AlOc2 (2:1 Gla-Oc:Al3+ complex) 

was not observed experimentally, this suggested that this plateau of the binding data at 

~ 0.5 fraction of Gla-Oc bound by Al3+ was not caused by the presence of an AlOc2 dimer. 

5.3.4 Binding Simulations & Non-linear Regression Validation 

Due to the challenges faced with initial attempts at obtaining binding data using the 

dialysis and ICP-MS technique, it was necessary to use the Matlab scripts to produce 

simulated binding data to assist in further experimental plans (Appendix C), and to 
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validate the downstream NLR curve fitting technique (Appendix D) prior to use with 

experimental data. The equations used in both the single-site, and two-site, binding 

models are described in the methods section 5.2.8, and used along with defined values 

for cAl, cOc, cCit, and dissociation (KAlOc and KAlOc2) and citrate and hydroxide association 

(Table 5.1) constant parameters, it was possible to generate simulated single-site 

(Figure 5.8a) and 2:1 Gla-Oc:Al3+ (Figure 5.9a) binding data.  

 To fit the data using the single-site (Equation 5.27) and 2:1 Gla-Oc:Al3+ 

(Equation 5.28) binding models, the data must be plotted with free Al3+ concentrations 

on the x-axis, rather than AlICP values. To test the ability to calculate Al3+ values with these 

simulated data sets, the values that would be known in an experimental setting were used 

to solve for Al3+ and estimate Kd values using the Matlab scripts (Appendix D). For the 

single-site binding simulated data, values that would be experimentally known are cAl, 

cOc, cCit, H+, OH-, and AlICP. For the single-site binding situation, the concentration of 

Al3+-bound Oc (AlOc), and the fraction of Oc bound, were then calculated and these values 

were used along with the same equations used to simulate the data to determine the free 

Al3+ concentrations and to estimate KdAlOc for each Al titration (Table 5.3). The data were 

then fit using the NLR equation, Equation 5.27, to obtain predicted fraction of Oc bound 

values (Table 5.4) and to estimate a single KdAlOc value for the given data set (Figure 

5.8b). 

 Since the initial experimental data did not fit the single-site binding model, the 

data simulated using a 2:1 Gla-Oc:Al3+ binding model were used to validate the ability to 

successfully solve for free Al3+ concentrations using experimentally known values cAl, cOc, 

cCit, H+, OH-, AlICP. Due to the additional unknown parameter KdAlOc2, another parameter 

must be input into the Matlab script to successfully solve for Al3+ and to estimate both 
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KdAlOc and KdAlOc2. The free concentration of Oc (Oc) must also be calculated for successful 

non-linear regression curve fitting of the data. This can be done in an experimental 

situation by measuring the concentration of AlOc2 (eg, by SEC), since knowledge of the 

concentrations of this additional parameter allows for an additional parameter to be 

solved by the script successfully. Therefore, the AlOc2 values were taken from the 

simulated data and, along with the other parameters previously listed, were input into the 

Matlab script to solve for Al3+, free Oc, KdAlOc and KdAlOc2 for each cAl titration (Table 5.5). 

The free Al3+, free Oc, and fraction of Oc bound values were then used to fit the data using 

Equation 5.28 to solve for predicted fraction of Oc bound values (Table 5.6) and single 

KdAlOc and KdAlOc2 values for the given data set (Figure 5.9b).  

To make an initial estimate for KdAlOc and KdAlOc2 from the initial experimental data 

shown in Figure 5.7b, the assumption that the concentration of Oc bound is equal to 

twice the concentration of Al bound was made, since AlOc2 measurements were not made 

on this data set. This is, of course, an unvalidated assumption, and was purely made to 

assist with cCit optimizations prior to proceeding with experimental data acquisition. With 

this assumption, the dissociation constants were determined to be KdAlOc = 0.0051789 μM 

and KdAlOc2 = 1.3686 μM (Figure 5.10a) and were successfully predicted by the two-site 

binding non-linear regression model when simulated data were generated with these 

defined Kd values (Figure 5.10b). Due to the lower limit of ~ 1 μM cAl, the initial 

experimental data started with a minimum of ~ 0.56 fraction of Gla-Oc bound by Al3+. To 

obtain a more complete binding curve, free Al3+ concentrations must reach low enough 

quantities for the fraction of Gla-Oc bound by Al3+ to be minimized. For high affinity 

binders, such is the case with Gla-Oc for Al3+, this poses a challenge due to limits of 

detection of instrumentation. This issue was resolved using citrate in solution, due to the 

μM concentrations of AlICP measured in the system, compared to the pM to nM 
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concentrations of free Al3+ that would otherwise need to be measured to obtain relevant 

binding curve data. Simulated data where the initial cAl is 1 μM resulted in reduced Al3+ 

and fraction of Oc bound values when cCit was increased (Figure 5.10c), with values 

below 0.2 fraction of Gla-Oc bound when cCit was set to 500 μM (Figure 5.10d). This 

demonstrated that the ~ 1 μM cAl limit effects on Al3+ and fraction Oc bound values could 

be overcome with increased cCit values and gave a starting point for the experimental 

design going forward. Knowledge of the concentrations of free Al3+ and free Oc with each 

cAl titration eliminated the “titration effect” (Figure 5.11), which is described in the 

review by Jarmoskaite, et al. [201], where the assumption of total ligand is equivalent to 

the free concentration of ligand is no longer valid as the concentration of protein is 

increased well above its binding affinity for the ligand. Calculation of these parameters 

(free Al3+ and free Oc) enabled the use of concentrations of cAl and cOc within limits of 

detection in the system, and overcame the titration effect. 

Since it was later found that Al3+ binding to 3-Gla-Oc follows the single-site binding 

model, the two-site binding model will not be discussed further, but may be used in the 

future for more complex binding systems. For both the single-site and two-site binding 

models, the NLR curve fitting technique proved to be successful at calculating the free Al3+ 

and Kd values, as they closely matched the simulated data used when optimizing the 

Matlab scripts. 

5.3.5 AlOc2 was not Observed by Direct Infusion MS 

To experimentally validate the presence of the AlOc2 dimer, 8 μM Gla-Oc in 20 μM citrate, 

pH 4.5, was titrated with 80 μM cAl and incubated for 18 hrs at room temperature, 

followed by direct infusion onto the MS. The mass spectrum revealed low abundance of 

Oc dimers (Figure 5.12a), with a 7+ charge state, which matches the results presented in 
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Chapter 2. The charge deconvoluted mass spectrum for the monomeric Gla-Oc (Figure 

5.12b) showed the base peak to be the 3-Gla-Oc bound to one Al3+. The charge 

deconvoluted mass spectrum for the dimeric Gla-Oc species (Figure 5.12c) did not show 

the isotope peak cluster associated with the 2x3-Gla-Oc dimer or the Al3++2x3-Gla-Oc 

(AlOc2) dimer. However, isotope peaks corresponding to 2Al3++2x2-Gla-Oc, 

2Al3++2-Gla+3-Gla, and 2Al3++2x3-Gla-Oc (collectively referred to as Al2Oc2) were 

observed. The low abundance of these dimers, however, was suggestive that the primary 

binding event is the formation of monomeric Gla-Oc bound to a single Al3+, with the 

calculated fractional abundance of the Al2Oc2 of 0.012, determined by dividing the sum of 

the mass spectral peak counts associated with Al2Oc2 species by the sum of the total mass 

spectral peak counts for all Gla-Oc species across all charge states. Attempts at further 

validation of this Al2Oc2 dimer, or any other Oc2 dimer, by size exclusion chromatography 

(SEC) revealed no detectable dimer present in the chromatogram (data not shown). Due 

to the low fractional abundance of the observed Al2Oc2 dimer species, all future 

experiments were performed with the single-site binding assumption.  

5.3.6 Final CD & ICP-MS Experiments 

With the single-site binding assumption, it was possible to re-visit the use of CD 

spectroscopy as a technique to quantify the fraction of Oc bound by Al3+ now that the Al 

and Oc precipitation issues had been resolved. Thus, Gla-Oc samples were prepared in 

5 mM citrate + 150 mM NaCl, pH 4.5, and titrated with 0 – 3.96 mM cAl. The change in 

ellipticity (∆Θ) at 222 nm for each sample was plotted against the cAl values 

experimentally determined by ICP-MS and the data were fit to Equation 5.1 to estimate 

the ∆Θmax = -2213 (Figure 5.13b) using the Matlab script shown in Appendix B. 

Measured cAl values closely matched the expected cAl values, as shown in Figure 5.14. 
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At pH values greater than or equal to ~ 4.5 and at concentrations greater than or equal to 

high micromolar/low millimolar, Al in aqueous solution can slowly (over periods of hours 

to days) form large, undefined soluble polymeric species that are not accounted for by the 

species in Equation 5.22 [202]. If this were to occur it would become impossible to 

accurately calculate Al speciation and the Oc:Al3+ equilibrium binding constant (Kd) using 

the multiple equilibrium chemistry approach described above. Fortunately, the formation 

of these large polymeric species can be monitored using a spectrophotometric technique. 

Chrome azurol S (CAS) is a dye that absorbs in the 500-600 nm region when it binds to 

free Al3+ and its small polymeric forms (Table 5.1) that occur upon the initial dissolution 

of Al salts in water [203, 204]. Values excluded from the NLR curve fit are in grey and 

were excluded based on the time Al stocks were incubated prior to CD sample titration 

and analysis, and the cAl values that were found not to maintain linear absorbance 

readings at that particular time point, as determined by the CAS experiments (Figure 

5.15). The final binding curve data were then plotted in Figure 5.13c and fit to the 

single-site binding model in Equation 5.27 to calculate KdAlOc = 1.0 ± 0.12 nM with R2 = 

0.855. Individual KdAlOc estimates for each sample are shown in Table 5.7. The CD spectra 

for Gla-Oc incubated with 0 – 0.75 mM cAl were overlayed in Figure 5.13d, depicting an 

increase in α-helical content with increased cAl titrations. Due to the slow (days long) 

formation of polymeric Al species that could not be quantitatively accounted for, further 

increases in cAl titrations resulted in an unaccountable loss in free Al3+ and therefore a 

decrease in α-helical structure from 0.75 – 3.96 mM cAl, with the 3.96 mM cAl titrated 

Gla-Oc sample closely matching the sample titrated with 0 mM cAl (Figure 5.13e).     

5.4 Discussion 

Initial attempts at quantifying the binding affinity of Al3+ for Gla-Oc and Glu-Oc using 

direct infusion native MS (Chapter 2) proved unsuccessful due to i) the harsh ESI source, 



 

132 
 

ii) the presence of competitive binding metals in the spray needle, and iii) spray needle 

clogging due to protein/metal precipitation during the infusion process. The challenges 

faced when seeking to quantify the binding affinity of Al3+ for human Gla-Oc and Glu-Oc 

were again brought to attention when the CD results for Pb2+ binding Oc obtained by 

Dowd, et al [29] were not able to be reproduced here. The solubility of Pb2+ in water at pH 

7.4 is roughly 0.23 μM (Ksp = 1.43 x 10-20 [108] for Pb(OH)2), suggesting that Pb2+ should 

precipitate as Pb(OH)2 at the μM concentrations tested here.  

 As mentioned previously, the precipitation of Oc with increased Al titrations was 

likely a reflection of the low solubility limit of Al3+ at pH 7.4. For this reason, all future 

experiments were conducted at pH 4.5, and with the inclusion of citrate in the system this 

enabled successful binding curve data to be obtained for Gla-Oc binding to Al3+. Since Oc 

functions in vivo within the pH range of 4.5 – 7.4, the values reported here are considered 

biologically relevant. The use of a higher citrate concentration (5 mM) allowed for proper 

buffering conditions. Additionally, CD spectroscopy can tolerate physiological salt 

concentrations (150 mM NaCl), which was thus a far more physiologically ideal 

experimental design than the dialysis and ICP-MS technique. Use of this technique also 

enabled confirmation of increased α-helical secondary structure induced by Al3+ binding, 

matching previously published literature for Ca2+ and Pb2+ binding to Oc.  

 In contrast to Ca2+ and Pb2+ binding reported in the literature, an apparent 

decrease in the affinity of Al3+ binding to Gla-Oc with further increased cAl titrations was 

observed. This could be explained by the increase in higher-order Al complexation and 

polymer formation [202], and thus untrackable sequestration of Al from the pool available 

to interact with Gla-Oc in solution. This posed a challenge when estimating the ∆Θmax, as 

it could not be further validated experimentally. Attempts at validating the ∆Θmax at pH 

4.0 where Al is more soluble, revealed that Gla-Oc precipitates (Figure 5.16a), and is 
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thus unstable, at this lower pH, which is the same pH as its known pI of 4.0 [110]. 

Due to the observation that Glu-Oc precipitates below pH 5.0 (Figure 5.16b), 

complementary binding experiments for Glu-Oc binding Al3+ at pH 4.5 were not possible. 

This, along with the challenges faced with Al when increasing the pH, both low solubility 

and increased higher-order Al complexation [95, 203-205], and the qualitative knowledge 

of lower affinity binding of Glu-Oc to Al3+ compared to Gla-Oc (Chapter 2), made 

determination of the KdAlOc for Glu-Oc binding Al3+ not feasible. Precipitation of Oc at, and 

below, the pI is expected due to the loss of surface charge of the protein (Figure 5.17), 

and since the overall charge of the Glu/Gla residues involved in metal binding will depend 

on the pH of the solution, a dissociation constant for Glu-Oc binding to Al3+ at pH 5.0 

would not be directly comparable to the value obtained for Gla-Oc binding to Al3+ at pH 

4.5.    

The KdAlOc for human Gla-Oc binding to Al3+ reported here is significantly lower 

than the value reported in the literature, KdAlOc = 83 nM for bovine Oc at pH 5, likely for 

the following reasons: i) human Oc may bind with higher affinity compared to bovine Oc, 

ii) Gla-Oc binding is parsed here (Rowatt, et al [95] did not parse Gla-Oc and Glu-Oc 

binding), with qualitative evidence supporting a higher affinity compared to Glu-Oc, and 

iii) the effect of competitive binders, including the formation of Al-OH complexes (both 

soluble and insoluble), was accounted for here, while this was not taken into account 

previously in the literature. Taken together, the results presented here are expected to 

better reflect the true affinity of human Gla-Oc for Al3+. 

Since calculation of these Kd values depends on the accuracy of the previously 

reported association constants, the values presented here are reported with errors 

calculated based on the reported Ka values exhibiting 0 and ±10 % error in the published 

values. Based on these error propagation calculations, the calculated KdAlOc value is not 
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greatly affected by this error propagation (Figure 5.18).  

The overall success of this method to quantify Al3+ binding to Gla-Oc is in large 

part due to the inclusion of a competitive binder, citrate, in the system. This enabled the 

increase in the solubility limit of cAl, overcoming issues related to high limits of detection, 

and preventing precipitation of Al(OH)3 and Gla-Oc during binding studies. With 

previously reported Ka values for Al-OH and Al-citrate complexes, it was possible to parse 

between true free Al3+ and the remaining Al in various complexed species. The use of 

citrate also alleviated challenges faced with obtaining data points associated with the lower 

fraction of Gla-Oc bound in the binding curve data that would otherwise be impossible to 

obtain due to Al contamination in the system. Finally, the concentration of citrate, and 

therefore cAl, was increased to include millimolar quantities for improved buffer capacity 

in the system.  

5.5 Conclusions 

Through the use of a competitive binder, decreased pH in the system, and a complex 

system of linear equations, the binding affinity of Al3+ for Gla-Oc was successfully 

estimated here. This method could be adopted to determine the binding affinity of Gla-Oc 

for other metals, including more complicated systems, as exemplified in the two-site 

binding system discussed in the methods section. The nanomolar dissociation constant 

calculated for Al3+ binding to Gla-Oc suggests that the Al3+ that accumulates in bone may 

compete for Oc binding, and suggests it is important to consider Al as a potential 

contaminant during in vitro studies of Oc. Since Oc functions to assist with proper 

formation of hydroxyapatite within the bone, but when bound to bone also serves as a 

chemoattractant from bone-resorbing osteoclast precursor cells [54, 206-209], the 

binding of Al3+ to Gla-Oc offers a possible explanation for the fact that animal and tissue 

culture models have shown that Al can impact bone mineralization, leading to osteoblast 
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apoptosis and reduced bone mineral density [191-193]. As mentioned previously, the 

distribution of Al3+ at equilibrium in plasma is such that the majority is bound to 

transferrin (~ 90 %) and citrate (~ 10 %), with only trace quantities available to bind to 

other components [93]. However, with the high affinity binding of Al3+ to 3-Gla-Oc 

presented here, it can be hypothesized that Al3+ found within the bone may bind to 

3-Gla-Oc, and, following bone dissolution/resorption, potentially remain bound in blood 

plasma to be excreted by glomerular filtration. In fact, the ability of much of the Al3+ to 

remain bound to 3-Gla-Oc during the several hours long MSIA purification procedure 

suggests that the rapid (several minutes [44]) excretion rate of Oc from plasma into urine 

should limit the degree of Al3+ transfer from 3-Gla-Oc to transferrin and citrate, and thus 

prevent this toxic metal’s redistribution to other tissues throughout the body. Taken 

together with the γ-carboxylation dependency of increased binding affinity of Oc for Al3+, 

this suggests that this process of removal of toxic metals from the body also has a 

nutritional dependence (vitamin K intake). Since binding kinetics for the Al3+ and 

3-Gla-Oc interaction were not studied quantitatively here, and the effect of 

γ-carboxylation status of Oc on Al3+ excretion was not tested in vivo, this is an important 

avenue of future research to evaluate the validity of this hypothesis. If this is validated in 

the future, the significance of adequate nutritional intake of vitamin K on the regulation 

of toxic metal deposition to more sensitive tissues throughout the body will be bolstered 

by these findings.   
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Figure 5.1. Al3+ Bound to Osteocalcin in Patient Plasma Samples. a) MSIA tip 
purification using anti-Oc antibody (Ab) and LC-MS injection workflow. b) Deconvoluted 
mass spectrum of an LC-MS injected purified patient plasma sample showing 3-Gla-Oc, 
3-Gla-Oc bound to one Al3+, and 3-Gla-Oc bound to one Mn2+. c) Fraction of 3-Gla-Oc 
bound to Al3+ after purification and LC-MS sample injection of patient plasma samples. 
Mean shown by black line with error bars corresponding to one standard deviation from 
the mean.  
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Figure 5.2. Synthetic Gla-Oc Control Experiments to Assess the Degree of 
Gain and Loss of Al3+-Bound Gla-Oc Obtained During MSIA Tip Purification 
and LC-MS Injection Procedures. a) Synthetic Gla-Oc, or b) synthetic Gla-Oc 
pre-incubated with Al, was directly infused onto the MS, injected onto the LC-MS, or 
spiked into HBS-N buffer, synthetic serum, or ammonium acetate buffer (used as a rinse 
buffer during MSIA tip procedure), and purified by MSIA tip extraction, followed by 
LC-MS injection. The fraction of 3-Gla-Oc bound by Al3+ was quantified, with n = 2 
replicates and error bars representing SD.  
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Figure 5.3. Circular Dichroism to Obtain the Dissociation Constant for Gla-Oc 
Binding Al3+ and Pb2+ Reveals Protein Precipitation. CD spectra of Gla-Oc with a) 
0 – 45 μM Al and b) 0 – 16.67 μM Pb titrations from 200 – 260 nm wavelengths. MRE = 
molar residue ellipticity, degcm2dmol-1res-1. c) Expected sample Gla-Oc concentrations 
due to dilution (black) versus measured concentrations (green) with increasing titrations 
of Pb. 
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Figure 5.4. Loss of In-Solution Osteocalcin in the Presence of Increased Al 
Titrations. a) Comparison between the expected concentration of Gla-Oc due to dilution 
alone (black triangles), the concentration of Gla-Oc in samples titrated with 20 mM Tris 
+ 150 mM NaCl, pH 7.4 buffer (dark orange circles), and the concentration of Gla-Oc in 
samples titrated with increasing concentrations of Al in buffer (light orange squares). b) 
Complementary experiments testing in-solution Glu-Oc concentrations. The fraction of c) 
Gla-Oc or d) Glu-Oc precipitated was then plotted against the total concentration of Al in 
the samples. n = 3. 
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Figure 5.5. Dialysis Set-up Used for Binding Affinity Studies of Osteocalcin 
Binding to Al3+. On the left is a simplified depiction of the set-up, where the Oc is placed 
in the sample chamber compartment and the Al is added to the dialysate and capable of 
passing through the dialysis membrane. The right-hand side of the figure further specifies 
the components of the system that are found in the sample chamber, which includes all 
forms of Oc, free Al3+, Al bound citrate complexes, and Al hydroxide complexes. The 
molecular weight cut-off of 3 kDa of the dialysis membrane prevents all forms of Oc to 
diffuse into the dialysate, while the free Al3+, Al bound citrate complexes, and the Al 
hydroxide complexes can pass freely through the membrane. Once sufficient sample 
incubation time is completed such that equilibrium may be achieved between the 
concentration of free Al3+, Al bound citrate complexes, and the Al hydroxide complexes in 
the dialysate matches the concentration in the sample chamber, an aliquot of the dialysate 
solution is prepared for ICP-MS to determine [Al]ICP. 
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Figure 5.6. Citrate Assists in Maintaining Both Al and Gla-Oc in Solution. a) 
The upper (Ksp = 1.3 x 10-33) and lower (Ksp = 3 x 10-34) dashed lines represent the 
calculated maximum cAl that remain soluble at increasing concentrations of citrate, with 
the purple region representing the cAl values between these limits. Below the lower dashed 
line represents points where cAl and cCit values result in maintenance of Al in solution 
(blue gradient), whereas the region above the dashed lines represents cAl and cCit 
combinations that result in Al precipitation (red gradient). b) Quality control experiment 
to verify the precision and accuracy of Al concentrations (μM) between the expected and 
ICP-MS-measured values in 20 μM citrate, pH 4.5. c) Expected in-solution Gla-Oc 
concentrations (black triangles) due to dilution alone compared to the in-solution Gla-Oc 
concentrations experimentally measured for samples titrated with 20 μM citrate (dark 
orange circles) and 20 μM citrate containing 0 – 30 μM Al (light orange squares). n = 3. 
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Figure 5.7. Sample Time Course Equilibrium, and Initial Dialysis and ICP-MS 
Experiment with Single-Site Binding Assumption. a) Time course to establish time 
to reach equilibrium with Gla-Oc binding Al3+ following the dialysis and ICP-MS 
procedure. n = 4. b) Initial binding curve, where the fraction of Gla-Oc bound was plotted 
against the Al concentrations measured by ICP-MS (AlICP), with n = 3. c) Fraction of 
Gla-Oc bound was plotted against the Al3+ concentrations calculated for each individual 
data point, with the data points in black shown not to fit to the single-site binding equation 
in d). Greyed data points are the individual replicates for cAl concentrations of 17.8, 22.3, 
and 27.4 μM. 
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Figure 5.8. Single-site Binding Simulated Data and Non-Linear Regression 
Curve Fitting Validation. a) Simulated data when KdAlOc = 1 μM for Gla-Oc binding to 
Al3+, with the fraction of Gla-Oc bound plotted against the concentration of Al measured 
by ICP-MS (AlICP). b) The concentration of free Al3+ was calculated and plotted on the 
x-axis, enabling non-linear regression (NLR) curve fitting of the simulated data using the 
single-site binding model described in Equation 5.27. The fraction of Gla-Oc bound 
determined when developing simulated data (measured) was plotted with the fraction of 
Gla-Oc bound determined during the NLR curve fitting analysis (predicted). The actual 
dissociation constant assigned to the system when simulating the data (KdAlOc = 1 μM) was 
then compared to the dissociation constant determined by NLR (KdAlOc = 1 μM) to validate 
the approach before proceeding to the more complex 2:1 Gla-Oc: Al3+ binding system.  
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Figure 5.9. 2:1 Gla-Oc:Al3+ Binding Simulated Data and Non-Linear 
Regression Curve Fitting Validation. a) Simulated data when KdAlOc = 1 μM and 
KdAlOc2 = 0.2 μM for two Gla-Oc binding to one Al3+, with the fraction of Gla-Oc bound 
plotted against the concentration of Al measured by ICP-MS ([Al]ICP). b) The 
concentration of free Al3+ was calculated and plotted on the x-axis, enabling non-linear 
regression (NLR) curve fitting of the simulated data using the two-site binding model 
described in Equation 5.28. The fraction of Gla-Oc bound determined when developing 
simulated data (measured) was plotted with the fraction of Gla-Oc bound determined 
during the NLR curve fitting analysis (predicted). The actual dissociation constants 
assigned to the system when simulating the data (KdAlOc = 1 μM & KdAlOc2 = 0.2 μM) were 
then compared to the dissociation constants determined by NLR (KdAlOc = 1.0001 μM & 
KdAlOc2 = 0.19997 μM) to validate the approach. 
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Figure 5.10. Initial Dialysis and ICP-MS Experiment and Citrate 
Concentration Optimization. a) Initial dialysis and ICP-MS data plotted with the 
assumption that the concentration of Oc bound is equal to 2 x the concentration of Al3+ 
bound and fit using NLR with the two-site binding model described in Equation 5.28. 
This was completed to make initial estimates of the binding affinities and to assist with 
further protocol optimization. b) Simulated data generated with KdAlOc and KdAlOc2 defined 
based on the initial estimates determined in a) demonstrate the capability of the NLR 
technique to accurately predict the binding affinities. c) Simulated data generated using 
the estimated KdAlOc and KdAlOc2 values, cAl = 1 μM, cOc = 2.885 μM, and cCit = 1 x 10-6 – 
500 μM demonstrating the effect of increased cCit concentrations on Al3+ concentration 
and the fraction of Oc bound. d) Simulated data with the same KdAlOc and KdAlOc2 values, 
minimum cAl = 1 μM, cOc = 2.885 μM, and cCit = 20 μM (black circles) or 500 μM (blue 
circles). Data were verified to fit using NLR curve fitting using the two-site binding model.  
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Figure 5.11. Overcoming the Titration Effect by Determining Al3+ and Oc 
Concentrations. The titration effect is exemplified in a), where increasing cOc 
concentrations, combined with the assumption that cAl ≈ Al3+ dramatically affects the 
binding curve observed, and thus also the calculated Kd. Plotting the fraction of Oc bound 
versus free Al3+ in b) at first glance does not appear to alleviate the titration effect issues, 
although taken together with known free Oc concentrations in c), each cOc data set is 
found to lie on the surface defined by the two-site binding equation described by 
Equation 5.28, along with the assigned KdAlOc = 0.0051789 μM and KdAlOc2 = 1.3686 μM. 
Data sets were generated using cCit = 20 μM, cAl = 0.05 – 7.7945 μM, cOc = 0.005, 2.885, 
5, 10, 15, and 25 μM, and the Kd values described above. 
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Figure 5.12. Direct Infusion MS of Gla-Oc Sample Incubated with Al Reveals 
Low-Abundance Al2Oc2 Dimer. a) Full direct infusion MS spectrum of monomer (M) 
and dimer (D) charge states. Charge deconvoluted spectrum in a) focusing on the b) 
monomer, or c) dimer, Gla-Oc mass spectral peaks. 
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Figure 5.13. Binding Data for Al3+ Binding to Gla-Oc Using CD and ICP-MS. a) 
Experimental set-up consisted of side-by-side samples containing 5 mM citrate + 150 mM 
NaCl, pH 4.5, cAl titrations, without (Sample A), or with (Sample B), 50 μM Gla-Oc. 
Sample A was used as both a buffer blank during CD spectroscopy, and to quantify cAl by 
ICP-MS. Sample B was analyzed by CD spectroscopy. b) The change in mean residue 
ellipticity (∆Θ) was plotted against measured cAl values to estimate the maximum change 
in mean residue ellipticity (∆Θmax), with black data points included in the estimate. Grey 
data points were excluded based on results from the CAS experiment. c) Binding curve 
based on data points included in b), and single-site binding assumption. Overlayed CD 
spectra for Gla-Oc titrated with d) 0, 0.05, 0.1, 0.25, 0.5, and 0.75 mM cAl, and e) 0, 0.75, 
1.25, 2, and 3.96 mM cAl, from 200 – 260 nm.  
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Figure 5.14. Comparison of Expected and Measured cAl Values by ICP-MS. 
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Figure 5.15. Chrome Azurol S Timecourse to Evaluate Changes in Al3+ 
Concentrations Over Time. Total cAl concentrations of 0.05 – 3.96 mM (a – m) were 
incubated with 187.5 μM chrome azurol S (CAS) at room temperature for 0.5, 1, 2, 4, 8, 18, 
24, 48, 72, and 168 hr, with absorbance of sample aliquots measured at 568 nm and blank 
subtracted using 0 mM cAl samples containing 187.5 μM CAS. n = 3 replicates per time 
point.  
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Figure 5.16. In-Solution Oc Concentrations Change Due to Changes in pH. a) 
Gla-Oc in-solution concentrations at pH 3.0, 3.5, 4.0, and 4.5, and b) Glu-Oc in-solution 
concentrations at pH 4.0, 4.5, and 5.0 after 18 hrs incubation at room temperature. All 
Gla-Oc and Glu-Oc comparison pH samples were prepared from the same stock solution, 
with a 50 μM target concentration in the diluted samples. Samples were centrifuged for 5 
min at 13, 300 rpm, with white precipitates observed in Gla-Oc pH 3.0, 3.5, and 4.0, and 
Glu-Oc pH 4.0 and 4.5 samples. n = 2 and error bars represent SD. 
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Figure 5.17. Surface Charge Plot of Gla-Oc at pH 7.4. Rotations of the porcine 
Gla-Oc crystal structure, depicting negative surface charge (red) and positive surface 
charge (blue), with the Gla residues shown in rotation III. Crystal structure obtained from 
PDB 1q8h. 
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Figure 5.18. Error Propagation with 10 % Error in Literature Ka Values. The 
calculated KdAlOc = 1.021 ± 0.1225 nM (black data set), based on solving for Al3+ using the 
Al-OH and Al-citrate complex Ka values reported previously [199, 200], and the effect of 
introducing -10 % (light blue data set), and +10 % (light green data set) error to the 
reported Ka values on the calculated KdAlOc = 0.9135 ± 0.1094 nM (-10 % error), and KdAlOc 
= 1.134 ± 0.1364 nM (+10 % error).  
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Table 5.1. Known Association Constants (Ka) and Their References. 
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Table 5.2. Individually Calculated KdAlOc Values for Dialysis & ICP-MS Data. 
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Table 5.3. Simulated and Solved Values for Single-Site Binding with Kd = 
1 μM. The simulated total concentration of Al (cAl), concentration of Al not bound by Oc 
([Al]ICP), and concentration of free Al3+ ([Al3+]s) using Equations 5.3 -5.19, 5.21, 5.22, 
and 5.24 and Kd = 1 μM are depicted in the left set of columns. From these data, it is 
possible to calculate the concentration of Oc bound by Al3+ ([AlOc]) and the fraction of Oc 
bound by Al3+, which is shown in the middle set of columns. The simulated cAl, [Al]ICP, 
and calculated [AlOc], along with the defined cCit = 20 μM, cOc = 2.885 μM, [H+] = 
31.6 μM, [OH-] = 0.000316 μM, and these same equations are used to verify the ability to 
accurately calculate the concentration of free Al3+ in the system, and to estimate Kd for 
each cAl tested. Concentrations in μM.  
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Table 5.4. Comparison of Simulated Fraction Bound, and Fraction Bound 
Estimated by Non-Linear Regression, for Single-Site Binding with Kd = 1 μM. 
The simulated concentration of free Al3+ values ([Al3+]s) were plotted against the simulated 
fraction bound values and subjected to non-linear regression curve fitting using a 
single-site binding model. The fraction bound estimated by non-linear regression (NLR) 
curve fitting were not statistically significantly different from the simulated data 
(p > 0.05), and the dissociation constant determined from NLR was Kd = 1 μM. 
Concentrations in μM.  
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Table 5.5. Simulated and Solved Values for 2:1 Gla-Oc:Al3+ Binding with Kd1 = 
1 μM and Kd2 = 0.2 μM. The simulated total concentration of Al (cAl), concentration of 
Al not bound by Oc ([Al]ICP), concentration of Oc dimer bound to one Al3+ ([AlOc2]), 
concentration of free Al3+ ([Al3+]s), and concentration of free Oc ([Oc]s) using Equations 
5.3 – 5.21, 5.23, and 5.25 and Kd = 1 μM are depicted in the left set of columns. The 
simulated cAl, [Al]ICP, and [AlOc2], and these same equations are used to verify the ability 
to accurately calculate the concentration of free Al3+ ([Al3+]), free Oc ([Oc]free), and the 
fraction of Oc bound in the system, and to estimate Kd1 and Kd2 for each cAl tested, which 
are depicted in the right set of columns. Concentrations in μM. 
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Table 5.6. Comparison of Simulated Fraction Bound, and Fraction Bound 
Estimated by Non-Linear Regression, for 2:1 Gla-Oc:Al3+ Binding with Kd1 = 
1 μM and Kd2 = 0.2 μM. The simulated concentration of free Al3+ values ([Al3+]s) and 
free Oc values ([Oc]s) were plotted against the simulated fraction bound values and 
subjected to non-linear regression curve fitting using a single-site binding model. 
Concentrations in μM. 
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Table 5.7. Individually Calculated KdAlOc Values for CD & ICP-MS Data.  
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CHAPTER 6 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

The work presented in this dissertation offers new insights into the qualitative binding 

properties of human Oc binding to various divalent and trivalent metal cations that are 

present in the bone. Novel metal binding partners described here include Mn2+, Fe3+, and 

Cr3+, while the previously determined binding of Ca2+, Mg2+, Pb2+, and Al3+ to Oc were 

reproduced here. More importantly, all metal cation binding was found qualitatively to be 

Gla-dependent, and thus vitamin K dependent. Future studies should focus on the 

biological significance of Oc binding metals other than Ca2+ to gain a better understanding 

of both the function of Oc in the bone, and potentially in circulation, and how normal Oc 

function may be disrupted by abnormal quantities of these competitive binding metals in 

bone. Quantitative equilibrium binding studies of Oc, parsing between Glu-Oc and Gla-Oc, 

with these metals will reveal the extent to which these metals may compete with Ca2+ for 

binding to Oc, and thus, combined with in vivo studies, the degree to which each metal 

may affect normal physiological function in a manner that depends on vitamin K intake. 

 The observation of higher-order homomeric complexes of Gla-Oc and Glu-Oc in 

the absence of NaCl in vitro, as mentioned previously, is unlikely to be of any biological 

significance due to the tight control of physiological levels of Na+ at approximately 136 mM 

in the ECF [138]. These studies did, however, highlight the importance of use of near 

physiological NaCl concentrations during in vitro work to maintain proper protein 

quaternary structure.  

 The ability of human Oc to form filaments in the presence of increased titrations 

of Ca2+ was shown to be Gla- and pH-dependent, offering an explanation for the conditions 

that govern filamentation. Additionally, the reversibility of filamentation was 

demonstrated here, further supporting the potential physiological relevance of 



 

162 
 

filamentation. Based on these findings, it was hypothesized that Oc filamentation may act 

as a storage mechanism for Oc and/or Ca2+ in the bone. Future work addressing this 

hypothesis should focus on in vivo studies to confirm Oc filament structures occur within 

the bone. Additional work to obtain cryo-EM 3-D reconstructions of the filaments would 

also be beneficial to understand the mechanism by which filamentation occurs.   

 Finally, through the use of a combination of CD spectroscopy and ICP-MS, it was 

possible to quantify the equilibrium dissociation constant for Al3+ binding to human 

3-Gla-Oc (Kd = 1.0 ± 0.12 nM) in the presence of the competitive binder, citrate, with 

known association constants for Al-citrate, and Al-OH, complexes [199, 200]. Generation 

of a Matlab script to solve the complex system of twenty linear equilibrium and mass 

balance equations enabled non-linear regression curve fitting of the data to a single-site 

binding model. Analyzing Gla-Oc binding at pH 4.5 is physiologically relevant since this is 

the pH of the osteoclast resorption lacunae during bone resorption [41]. Complementary 

experiments to obtain the equilibrium dissociation constant for Al3+ binding human 

Glu-Oc were not possible due to Glu-Oc precipitation at pH 4.5, which is just below its 

known pI = 4.6 [110]. Qualitatively, the binding of Gla-Oc to Al3+ occurs with higher 

affinity than Glu-Oc, reinforcing the vitamin K dependence of this interaction. The high 

affinity of Al3+ binding to human Gla-Oc is highly suggestive of this toxic metal’s capability 

to compete with Ca2+ for binding to Gla-Oc in the bone. Due to the known deposition of Al 

in the bone, the Gla-dependent nature of this binding interaction, and the ability of Oc to 

be released from the bone into circulation and excreted by glomerular filtration in the 

kidneys, future studies on this interaction should focus on the kinetics of this binding 

interaction and evaluate in vivo the effect of suppression of γ-carboxylation of Oc on 

excretion of Al3+ into the urine.  
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 Together, the work presented here offered further insight into the binding and 

structural properties of Oc. It is through gradual, systematic studies that discoveries are 

made, and the work presented here improves the understanding of this highly abundant 

bone protein to build on past research, and act as a steppingstone for future, research in 

this field. 
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APPENDIX A 

 

PERMISSION TO REPRINT FIGURE 1.1B 
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Figure 1b and c from Malashkevich V N, Almo S C & Dowd T L. (2013). X-ray crystal 

structure of bovine 3 Glu-Osteocalcin. Biochemistry. 52, 8387-92 (reference [34]). 
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APPENDIX B 

 

MATLAB SCRIPT FOR PLOTTING EXPERIMENTAL DATA WITH AN EQUATION 
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Below is the Matlab script that was used to generate Figure 2.12f. 

 

%load your data file 
load Insdimer.csv %this data file includes free insulin concentrations 

in the first column, and the fraction of total insulin that is Ins-Ins 

dimer in the second column 

 
%define each column of data present in the data file 
Ins = Insdimer(:,1); %free insulin concentrations 
FB = Insdimer(:,2); %fraction of total insulin as Ins-Ins dimer 

 
%define the Kd value, as determined when fitting the data using cftool 
Kd = 100; %From reference [107] 
%generate a set of x values (free insulin concentrations) within the 

range of interest 
x = linspace(0,500); 
%define the Kd equation 
y = @(x) ((2*x^2)/((2*x^2)+(Kd*x)));  

  
%generate a figure 
figure 
%fplot will plot the Kd equation over the specified x range 
fplot(y,[0,500]) 
hold on 
%plot your data points as a scatterplot overlayed on the Kd equation 
plot(Ins,FB,'ko') 
%label your axes 
xlabel('Insulin monomer (\muM)') 
ylabel('Fraction Bound') 
%tada! :) 
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APPENDIX C 
 

MATLAB SCRIPT USED FOR NONLINEAR REGRESSION CURVE FITTING USING 
CFTOOL TO CALCULATE THE DELTA THETA MAXIMUM FOR CD DATA 
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%load your data file 
load dtmax_estimate.csv 
%define each column of data present in the data file 
cAl = dtmax_estimate(:,1); 
dt = dtmax_estimate(:,2); 

 
cftool 

 

This will result in the data being opened in Matlab’s curve fitting tool, cftool: 
 

 
 
Select X data: cAl 
Select Y data: dt 
Select Custom Equation and type ‘m*(x/(Kd+x))’ (equation described by Dowd, et al [29]) 
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APPENDIX D 
 

MATLAB SCRIPT USED TO SIMULATE DATA DURING PROTOCOL OPTIMIZATION 
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Below is the Matlab script used to generate single-site binding simulated data in Figure 
5.8. 
 
%Aluminum, Citrate and Osteocalcin Equilibrium simulation: Equilibrium 

constants from 
%Martell 1996 [199] (all but KAlCit23m) and Martin 1986 [200] for 

KAlCit23m). 

  
%This simulation will run a user-designated series of total aluminum 
%concentrations and output a plot of Fraction of Oc Bound vs. 

Concentration 
%of Al that is not bound to Oc. The main parameters adjusted by users 

are 
%KdAlOc (which is the equilibrium dissociation constant for Al binding 

to 
%Oc), OrigcAl (which is the starting concentration of total Al), 
%cCit (which is the total concentration of citric acid), MaxxcOc (which 

is 
%the maximum level of total aluminum that will be simulated based on 

this 
%designated multiple of the total osteocalcin concentration, cOc), and 
%increments (which is the number of data points that are calculated and 
%show in the final plot). 

  
%IMPORTANT NOTE: For Al to stay soluble, the final "AlOH3 
%Solubility Product" value must be < 3e-34. 

  
function BindingSim = 

AlCitrateOc2Arrays_Activities(FractionAlBound,ConcAlUnbound) 
syms Cit HCit H2Cit H3Cit Al AlCit AlCitHp AlCitHm AlCit23m AlOH12p 

AlOH21p AlOH3 AlOH41m Oc AlOc real 
assumeAlso(Cit, 'positive') 
assumeAlso(HCit, 'positive') 
assumeAlso(H2Cit, 'positive') 
assumeAlso(H3Cit, 'positive') 
assumeAlso(Al, 'positive') 
assumeAlso(AlCit, 'positive') 
assumeAlso(AlCitHp, 'positive') 
assumeAlso(AlCitHm, 'positive') 
assumeAlso(AlCit23m, 'positive') 
assumeAlso(AlOH12p, 'positive') 
assumeAlso(AlOH21p, 'positive') 
assumeAlso(AlOH3, 'positive') 
assumeAlso(AlOH41m, 'positive') 
assumeAlso(Oc, 'positive') 
assumeAlso(AlOc, 'positive') 
KCit3 = 5.012e5; %All equilibrium constant values from the literature 

are for ionic strength u = 0.1M and 25 C 
KCit2 = 2.239e4; 
KCit1 = 7.943e2; 
KAlCit = 9.55e7; 
KAlCitHp = 8.71e2; 
KAlCitHm = 2.042e3; 
KAlCit23m = 1e5; 
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KAlOH12p = 2.951e8; 
KAlOH21p = 2.138e8; %Note that Q values in Martell 1996 [199] for 

ligands 2 and 3 are Beta values. Individual K values and their 

equations are used here. 
KAlOH3 = 7.943e7; 
KAlOH41m = 6.309e6; 
KdAlOc = 1e-9; %User specified value for Kd of Al binding to Oc. 

  
OrigcAl = 0.8e-6; %Initial total Al concentration. 
cAl = OrigcAl; 
cCit = 5e-3; %Total citrate concentration. 
cOc = 50e-6; %Total osteocalcin concentration. 

  
%Define the pH for the system 
pH = 4.5; 
H = 10^-pH; %H+ concentration at specified pH. 
OH = 10^-14/H; %OH- concentration at specified pH. 

  
MaxxcOc = 20.0; %This value helps to define the range of cAl values 

used for the simulation. 
increments = 10; %How many cAl titrations you want to test. 
FractionAlBound = zeros(increments,1); 
ConcAlUnbound = zeros(increments,1); 
n = 1; 

 
while cAl <= MaxxcOc*cOc  
    eq1 = (HCit/(Cit*H)) - KCit3; 
    eq2 = (H2Cit/(HCit*H)) - KCit2; 
    eq3 = (H3Cit/(H2Cit*H)) - KCit1; 
    eq4 = (AlCit/(Al*Cit)) - KAlCit; 
    eq5 = (AlCitHp/(AlCit*H)) - KAlCitHp; 
    eq6 = (AlCit/(AlCitHm*H)) - KAlCitHm; 
    eq7 = (AlCit23m/(AlCit*Cit)) - KAlCit23m; 
    eq8 = (AlOH12p/(Al*OH)) - KAlOH12p; 
    eq9 = (AlOH21p/(AlOH12p*OH)) - KAlOH21p; 
    eq10 = (AlOH3/(AlOH21p*OH)) - KAlOH3; 
    eq11 = (AlOH41m/(AlOH3*OH)) - KAlOH41m; 
    eq12 = Cit + HCit + H2Cit + H3Cit + AlCit + AlCitHp + AlCitHm + 

2*AlCit23m - cCit; 
    eq13 = Al + AlCit + AlCitHp + AlCitHm + AlOc + AlCit23m + AlOH12p + 

AlOH21p + AlOH3 + AlOH41m - cAl; 
    eq14 = Oc + AlOc - cOc; 
    eq15 = ((Al*Oc)/AlOc) - KdAlOc; 
    sol = 

vpasolve(eq1,eq2,eq3,eq4,eq5,eq6,eq7,eq8,eq9,eq10,eq11,eq12,eq13,eq14,e

q15); 

    ConcAlUnbound(n) = double(sol.Al) + double(sol.AlCit) + 

double(sol.AlCitHp) + double(sol.AlCitHm) + double(sol.AlCit23m) + 

double(sol.AlOH12p) + double(sol.AlOH21p) + double(sol.AlOH3) + 

double(sol.AlOH41m); 
    %ConcAlUnbound(n) = double(sol.Al); 
    FractionAlBound(n) = double(sol.AlOc)/cOc; 
    cAl = cAl + ((MaxxcOc*cOc - OrigcAl))/increments; 
    n = n + 1; 
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    disp(['AlOH3 Solubility Product = ' 

num2str(double(sol.Al)*double(OH^3))]); 
    disp(['Alfree = ' num2str(double(sol.Al))]); 
    disp(['Alicp = ' num2str(double(sol.Al) + double(sol.AlCit) + 

double(sol.AlCitHp) + double(sol.AlCitHm) + double(sol.AlCit23m) + 

double(sol.AlOH12p) + double(sol.AlOH21p) + double(sol.AlOH3) + 

double(sol.AlOH41m))]); 
    disp(['Fraction Oc Bound = ' num2str(double(sol.AlOc)/cOc)]); 
    disp(['cAl = ' num2str(double(sol.AlOc) + double(sol.Al) + 

double(sol.AlCit) + double(sol.AlCitHp) + double(sol.AlCitHm) + 

double(sol.AlCit23m) + double(sol.AlOH12p) + double(sol.AlOH21p) + 

double(sol.AlOH3) + double(sol.AlOH41m))]); 
end 

 

format long g 
ConcAlUnbound 
format long g 
FractionAlBound 

 

figure 
plot(10^9*ConcAlUnbound,FractionAlBound,'ko') 
xlabel('Al_{ICP} (nM)') 
ylabel('Fraction Gla-Oc Bound') 

 

 

OUTPUT 
 
>> AlCitrateOc2Arrays_Activities 

Warning: Solution '[Al = 0.000000000001280318805085261716281844838863, 

AlCit = 

0.000000021557301145262946361843708288161, AlCit23m = 

0.00000038007322971750459279386311398237, AlCitHm = 

0.0000003338402146189384417494546690926, 

AlCitHp = 0.00000000059376219659738084593714379045307, AlOH12p = 

0.00000000000011947783211438273761426382613723, AlOH21p = 

0.0000000000000080778360571585247897865362569325, AlOH3 = 

0.00000000000000020289885549959505578505025494766, AlOH41m = 

0.00000000000000000040479964661888203090092646498311, AlOc = 

0.000000063934084243919690098198201844268, Cit = 

0.00017630835472232701360733091275802, 

H2Cit = 0.0019785090839911306472266424399441, H3Cit = 

0.000049696134694588366786064352039408, HCit = 

0.0027943702888545581644254173335093, Oc = 

0.000049936065915756080309901801798156]' seems to be affected by some 

numeric instability. 

Inserting this solution into equation 'AlCit - 95500000*Al*Cit = 0' 

produces the residue 

'8.6659731033968073557562176389182e-37'.  

> In symengine 

In mupadengine/evalin_internal 

In mupadengine/feval_internal 

In sym/vpasolve (line 172) 

In AlCitrateOc2Arrays_Activities (line 79)  
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AlOH3 Solubility Product = 4.0487e-41 

Alfree = 1.2803e-12 

Alicp = 7.3607e-07 

Fraction Oc Bound = 0.0012787 

cAl = 8e-07 

AlOH3 Solubility Product = 5.3667e-39 

Alfree = 1.6971e-10 

Alicp = 9.3466e-05 

Fraction Oc Bound = 0.14509 

cAl = 0.00010072 

AlOH3 Solubility Product = 1.1254e-38 

Alfree = 3.5587e-10 

Alicp = 0.00018752 

Fraction Oc Bound = 0.26247 

cAl = 0.00020064 

AlOH3 Solubility Product = 1.7746e-38 

Alfree = 5.6117e-10 

Alicp = 0.00028259 

Fraction Oc Bound = 0.35946 

cAl = 0.00030056 

AlOH3 Solubility Product = 2.4895e-38 

Alfree = 7.8725e-10 

Alicp = 0.00037846 

Fraction Oc Bound = 0.44048 

cAl = 0.00040048 

AlOH3 Solubility Product = 3.276e-38 

Alfree = 1.036e-09 

Alicp = 0.00047496 

Fraction Oc Bound = 0.50883 

cAl = 0.0005004 

AlOH3 Solubility Product = 4.1407e-38 

Alfree = 1.3094e-09 

Alicp = 0.00057197 

Fraction Oc Bound = 0.56699 

cAl = 0.00060032 

Warning: Solution '[Al = 0.0000000016099740303873825936468342718771, 

AlCit = 

0.000021806735269972297380913881849326, AlCit23m = 

0.00030928514435910940171130845891886, 

AlCitHm = 0.00033770299601096603343714403544227, AlCitHp = 

0.0000006006324700511760648763121797035, AlOH12p = 

0.00000000015024086668658282760883890380194, AlOH21p = 

0.00000000001015770933153322687972616756334, AlOH3 = 

0.00000000000025514105303476850529117862164382, AlOH41m = 

0.00000000000000050902706105530426348710463382027, AlOc = 

0.00003084272126164458284854254833372, Cit = 

0.00014183009998062048663315541647485, H2Cit = 

0.001591598660409325858346412212365, H3Cit = 

0.000039977729719527961190098969902361, HCit = 

0.0022479128574213173835247822539487, Oc = 

0.00001915727873835541715145745166628]' seems to 

be affected by some numeric instability. Inserting this solution into 

equation 'AlCit - 
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95500000*Al*Cit = 0' produces the residue 

'3.8385217653518248821891132689885e-33'.  

> In symengine 

In mupadengine/evalin_internal 

In mupadengine/feval_internal 

In sym/vpasolve (line 172) 

In AlCitrateOc2Arrays_Activities (line 79)  

AlOH3 Solubility Product = 5.0912e-38 

Alfree = 1.61e-09 

Alicp = 0.0006694 

Fraction Oc Bound = 0.61685 

cAl = 0.00070024 

Warning: Solution '[Al = 0.0000000019402852548335276470265978383565, 

AlCit = 

0.000025389499087655917850052535328329, AlCit23m = 

0.00034788788949730990611535468470206, 

AlCitHm = 0.00039318631619862758400825568885358, AlCitHp = 

0.00000069931410463718753316820568940983, AlOH12p = 

0.00000000018106511832072529828416229950067, AlOH21p = 

0.00000000001224172146063537377304097109448, AlOH3 = 

0.00000000000030748721020484113567575569633991, AlOH41m = 

0.00000000000000061346188338156498953826567907571, AlOc = 

0.000032994847211574073006953376469231, Cit = 

0.00013702038322861162424211876461519, H2Cit = 

0.0015376246539008936630069899400024, H3Cit = 

0.000038622012164752428061261048999423, HCit = 

0.0021716820423202017830674444471076, Oc = 

0.000017005152788425926993046623530769]' seems to 

be affected by some numeric instability. Inserting this solution into 

equation 'AlCit - 

95500000*Al*Cit = 0' produces the residue 

'0.00000000000000000000000000000017898044391329867857527314317742'.  

> In symengine 

In mupadengine/evalin_internal 

In mupadengine/feval_internal 

In sym/vpasolve (line 172) 

In AlCitrateOc2Arrays_Activities (line 79)  

AlOH3 Solubility Product = 6.1357e-38 

Alfree = 1.9403e-09 

Alicp = 0.00076717 

Fraction Oc Bound = 0.6599 

cAl = 0.00080016 

AlOH3 Solubility Product = 7.2837e-38 

Alfree = 2.3033e-09 

Alicp = 0.00086522 

Fraction Oc Bound = 0.69727 

cAl = 0.00090008 

Warning: Solution '[Al = 0.0000000027023155434024159332038303217707, 

AlCit = 

0.00003291850451195568724472460862246, AlCit23m = 

0.00041989505794373436452877179579117, 

AlCitHm = 0.00050978183851277895185136114608278, AlCitHp = 

0.00000090668880190573552725071894871618, AlOH12p = 

0.00000000025217688089273966052687824509539, AlOH21p = 
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0.000000000017049551914425168371669475215302, AlOH3 = 

0.0000000000004282501583022543656545996641018, AlOH41m = 

0.00000000000000085439374371226474328971498640025, AlOc = 

0.000036494938258544499221162997778951, Cit = 

0.00012755593371236912647759586703127, H2Cit = 

0.0014314158507369564838068626650303, H3Cit = 

0.000035954262478640950816140458017949, HCit = 

0.0020216768053579243352185209446842, Oc = 

0.000013505061741455500778837002221049]' seems to 

be affected by some numeric instability. Inserting this solution into 

equation 'AlCit - 

95500000*Al*Cit = 0' produces the residue 

'8.3812525043250670598577603064642e-33'.  

> In symengine 

In mupadengine/evalin_internal 

In mupadengine/feval_internal 

In sym/vpasolve (line 172) 

In AlCitrateOc2Arrays_Activities (line 79)  

AlOH3 Solubility Product = 8.5455e-38 

Alfree = 2.7023e-09 

Alicp = 0.00096351 

Fraction Oc Bound = 0.7299 

cAl = 0.001 

 

ConcAlUnbound = 

 

       7.3606591575608e-07 

      9.34656146796667e-05 

      0.000187516658054692 

      0.000282587235699669 

      0.000378456014162454 

      0.000474958469163085 

      0.000571970525348299 

      0.000669397278738355 

      0.000767165152788426 

      0.000865216378774048 

      0.000963505061741456 

 

 

FractionAlBound = 

 

       0.00127868168487839 

         0.145087706406666 

          0.26246683890617 

         0.359455286006616 

         0.440479716750929 

         0.508830616738306 

         0.566989493034015 

         0.616854425232892 

         0.659896944231481 

         0.697272424519033 

          0.72989876517089 
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And generates the following figure: 
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APPENDIX E 
 

MATLAB SCRIPT USED TO CALCULATE FREE AL CONCENTRATIONS FROM 
EXPERIMENTALLY DETERMINED PARAMETERS 
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Below is the Matlab script used to solve for free Al and KdAlOc for each experimental set 
of data. 
 
%Aluminum and Citrate Equilibrium simulation: Equilibrium constants 

from 
%Martell 1996 [199] (all but KAlCit23m) and Martin 1986 [200] for 

KAlCit23m) 
%Aluminum and Citrate Equilibrium simulation: 
syms Cit HCit H2Cit H3Cit cAl Al AlCit AlCitHp AlCitHm AlCit23m AlOH12p 

AlOH21p AlOH3 AlOH41m Oc KdAlOc Al2OH24p Al3OH45p AlOHCitHm2m 

Al3OH4Cit34m Al3OH4CitHm37m real 
assumeAlso(Cit, 'positive') 
assumeAlso(HCit, 'positive') 
assumeAlso(H2Cit, 'positive') 
assumeAlso(H3Cit, 'positive') 
assumeAlso(Al, 'positive') 
assumeAlso(AlCit, 'positive') 
assumeAlso(AlCitHp, 'positive') 
assumeAlso(AlCitHm, 'positive') 
assumeAlso(AlCit23m, 'positive') 
assumeAlso(AlOH12p, 'positive') 
assumeAlso(AlOH21p, 'positive') 
assumeAlso(AlOH3, 'positive') 
assumeAlso(AlOH41m, 'positive') 
assumeAlso(Oc, 'positive') 
assumeAlso(KdAlOc, 'positive') 
assumeAlso(Al2OH24p, 'positive') 
assumeAlso(Al3OH45p, 'positive') 
assumeAlso(AlOHCitHm2m, 'positive') 
assumeAlso(Al3OH4Cit34m, 'positive') 
assumeAlso(Al3OH4CitHm37m, 'positive') 
assumeAlso(cAl, 'positive') 
KCit3 = 5.012e5; %All equilibrium constant values from the literature 

are for ionic strength u = 0.1M and 25 C 
KCit2 = 2.239e4; 
KCit1 = 7.943e2; 
KAlCit = 9.55e7; 
KAlCitHp = 8.71e2; 
KAlCitHm = 2.042e3; 
KAlCit23m = 1e5; 
KAlOH12p = 2.951e8; 
KAlOH21p = 2.138e8; %Note that Q values in Martell 1996 [199] for 

ligands 2 and 3 are Beta values. Individual K values and their 

equations are used here. 
KAlOH3 = 7.943e7; 
KAlOH41m = 6.309e6; 
KAl2OH24p = 1e20; 
KAl3OH45p = 1e42; 
KAlOHCitHm2m = 1.698e6; 
KAl3OH4Cit34m = 2.692e14; 
KAl3OH4CitHm37m = 1.23e-11; 
cAl = 346.455e-6; %Total Al concentrations measured by ICP-MS. 
cCit = 5e-3; %Total citrate concentration in the system. 
cOc = 50e-6; %Total osteocalcin in the system. 
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AlOc = 11.812e-6; %Concentration of Al bound Oc, determined by 

multiplying the total Oc concentration by the fraction of Oc bound, 

which is determined from the change in delta theta at 222 nm in CD 

data, divided by the maximum delta theta value at 222 nm.  

  
pH = 4.5; 
H = 10^-pH; 
OH = 10^-14/H; 

  
    eq1 = ((HCit)/(Cit*H)) - KCit3; 
    eq2 = ((H2Cit)/(HCit*H)) - KCit2; 
    eq3 = (H3Cit/(H2Cit*H)) - KCit1; 
    eq4 = (AlCit/(Al*Cit)) - KAlCit; 
    eq5 = ((AlCitHp)/(AlCit*H)) - KAlCitHp; 
    eq6 = (AlCit/(AlCitHm*H)) - KAlCitHm; 
    eq7 = ((AlCit23m)/(AlCit*Cit)) - KAlCit23m; 
    eq8 = ((AlOH12p)/(Al*OH)) - KAlOH12p; 
    eq9 = ((AlOH21p)/(AlOH12p*OH)) - KAlOH21p; 
    eq10 = (AlOH3/(AlOH21p*OH)) - KAlOH3; 
    eq11 = ((AlOH41m)/(AlOH3*OH)) - KAlOH41m; 
    eq12 = (Al2OH24p/((Al^2)*(OH^2))) - KAl2OH24p; 
    eq13 = (Al3OH45p/((Al^3)*(OH^4))) - KAl3OH45p; 
    eq14 = (AlCitHm/(AlOHCitHm2m*H)) - KAlOHCitHm2m; 
    eq15 = ((Al3OH4Cit34m*(H^4))/((Al^3)*(Cit^3))) - KAl3OH4Cit34m; 
    eq16 = ((Al3OH4CitHm37m*(H^7))/((Al^3)*(Cit^3))) - KAl3OH4CitHm37m; 
    eq17 = Cit + HCit + H2Cit + H3Cit + AlCit + AlCitHp + AlCitHm + 

2*AlCit23m + AlOHCitHm2m + 3*Al3OH4Cit34m + 3*Al3OH4CitHm37m - cCit; 
    eq18 = Al + AlCit + AlCitHp + AlCitHm + AlOc + AlCit23m + AlOH12p + 

AlOH21p + AlOH3 + AlOH41m + 2*Al2OH24p + 3*Al3OH45p + AlOHCitHm2m + 

3*Al3OH4Cit34m + 3*Al3OH4CitHm37m - cAl; 
    eq19 = Oc + AlOc - cOc; 
    eq20 = ((Al*Oc)/AlOc) - KdAlOc; 
    sol = 

vpasolve(eq1,eq2,eq3,eq4,eq5,eq6,eq7,eq8,eq9,eq10,eq11,eq12,eq13,eq14,e

q15,eq16,eq17,eq18,eq19,eq20); 

  
disp(['Cit3- = ' num2str(double(sol.Cit)) ' out of ' num2str(cCit) ' 

total Citrate']); 
disp(['HCit2- = ' num2str(double(sol.HCit)) ' out of ' num2str(cCit) ' 

total Citrate']); 
disp(['H2Cit- = ' num2str(double(sol.H2Cit)) ' out of ' num2str(cCit) ' 

total Citrate']); 
disp(['H3Cit = ' num2str(double(sol.H3Cit)) ' out of ' num2str(cCit) ' 

total Citrate']); 
disp(['Al3+ = ' num2str(double(sol.Al)) ' out of ' num2str(cAl) ' total 

Al']); 
disp(['AlCit = ' num2str(double(sol.AlCit)) ' out of ' num2str(cAl) ' 

total Al and ' num2str(cCit) ' total Citrate']); 
disp(['AlHCit+ = ' num2str(double(sol.AlCitHp)) ' out of ' num2str(cAl) 

' total Al and ' num2str(cCit) ' total Citrate']); 
disp(['AlCit-H- = ' num2str(double(sol.AlCitHm)) ' out of ' 

num2str(cAl) ' total Al and ' num2str(cCit) ' total Citrate']); 
disp(['Al(Cit)2 3- = ' num2str(double(sol.AlCit23m)) ' out of ' 

num2str(cAl) ' total Al and ' num2str(cCit) ' total Citrate']); 
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disp(['Al(OH)Cit-H 2- = ' num2str(double(sol.AlOHCitHm2m)) ' out of ' 

num2str(cAl) ' total Al and ' num2str(cCit) ' total Citrate']); 
disp(['Al3(OH)4Cit3 4- = ' num2str(double(sol.Al3OH4Cit34m)) ' out of ' 

num2str(cAl) ' total Al and ' num2str(cCit) ' total Citrate']); 
disp(['Al3(OH)4CitHm3 7- = ' num2str(double(sol.Al3OH4CitHm37m)) ' out 

of ' num2str(cAl) ' total Al and ' num2str(cCit) ' total Citrate']); 
disp(['AlOH 2+ = ' num2str(double(sol.AlOH12p)) ' out of ' num2str(cAl) 

' total Al']); 
disp(['Al(OH)2 + = ' num2str(double(sol.AlOH21p)) ' out of ' 

num2str(cAl) ' total Al']); 
disp(['Al(OH)3 = ' num2str(double(sol.AlOH3)) ' out of ' num2str(cAl) ' 

total Al']); 
disp(['Al(OH)4 - = ' num2str(double(sol.AlOH41m)) ' out of ' 

num2str(cAl) ' total Al']); 
disp(['Al2OH2_4+ = ' num2str(double(sol.Al2OH24p)) ' out of ' 

num2str(cAl) ' total Al']); 
disp(['Al3OH4_5+ = ' num2str(double(sol.Al3OH45p)) ' out of ' 

num2str(cAl) ' total Al']); 
disp(['Oc = ' num2str(double(sol.Oc)) ' out of ' num2str(cOc) ' total 

Oc']); 
disp(['KdAlOc = ' num2str(double(sol.KdAlOc))]); 
disp(['cAl = ' num2str(double(sol.cAl))]); 
disp(['Solubility Product = ' num2str(double(sol.Al)*double(OH^3))]); 

 

 
OUTPUT 
>> AlCitOc_SolveForKd_Verbose_210514 

Cit3- = 0.00015883 out of 0.005 total Citrate 

HCit2- = 0.0025173 out of 0.005 total Citrate 

H2Cit- = 0.0017823 out of 0.005 total Citrate 

H3Cit = 4.4769e-05 out of 0.005 total Citrate 

Al3+ = 6.7302e-10 out of 0.00034646 total Al 

AlCit = 1.0208e-05 out of 0.00034646 total Al and 0.005 total Citrate 

AlHCit+ = 2.8117e-07 out of 0.00034646 total Al and 0.005 total Citrate 

AlCit-H- = 0.00015809 out of 0.00034646 total Al and 0.005 total 

Citrate 

Al(Cit)2 3- = 0.00016213 out of 0.00034646 total Al and 0.005 total 

Citrate 

Al(OH)Cit-H 2- = 2.9441e-06 out of 0.00034646 total Al and 0.005 total 

Citrate 

Al3(OH)4Cit3 4- = 3.2879e-07 out of 0.00034646 total Al and 0.005 total 

Citrate 

Al3(OH)4CitHm3 7- = 4.7507e-19 out of 0.00034646 total Al and 0.005 

total Citrate 

AlOH 2+ = 6.2805e-11 out of 0.00034646 total Al 

Al(OH)2 + = 4.2462e-12 out of 0.00034646 total Al 

Al(OH)3 = 1.0666e-13 out of 0.00034646 total Al 

Al(OH)4 - = 2.1279e-16 out of 0.00034646 total Al 

Al2OH2_4+ = 4.5295e-18 out of 0.00034646 total Al 

Al3OH4_5+ = 3.0485e-24 out of 0.00034646 total Al 

Oc = 3.8188e-05 out of 5e-05 total Oc 

KdAlOc = 2.1759e-09 

Solubility Product = 2.1283e-38 
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APPENDIX F 
 

MATLAB SCRIPT USED FOR NONLINEAR REGRESSION CURVE FITTING USING 
APMONITOR 
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%This model uses free Al values determined by substituting experimental 
%values into 'AlCitOc_SolveForKd.m' script, and fraction Oc bound 

values 
%(ym)determined experimentally, to minimize the difference between 

experimental 
%ym and predicted values, y, to generate an estimated Kd value.  

  
%Parameters with experimentally determined values 
%------------------------------------------------ 
%ym  
%Alm 

  
%Nonlinear regression equation 
%------------------------------ 
%y = Alm/(Kd + Alm) 

  
%Type clear all; close all; clc before starting. 
addpath('apm') %Must download prior to use from apmonitor.com 

  
%select the server 
s = 'http://byu.apmonitor.com'; 
%name the application 
a = 'data_regression'; 

  
%Clear any prior applications 
apm(s,a,'clear all'); 

  
%Load the model file 
apm_load(s,a,'model18.apm.txt'); 
%Load the data file 
csv_load(s,a,'GlaAlrep1.csv'); 

  
%Specify parameters with fixed values, ie, one solution 
apm_info(s,a,'FV','Kd'); 
apm_option(s,a,'Kd.status',1); 
apm_option(s,a,'nlc.imode',2); 

  
%Solve the optimization problem 
output = apm(s,a,'solve'); 
disp(output) 

  
%Retrieve the results into Matlab 
y = apm_sol(s,a); 
z = y.x; 

  
%Display the results 
disp('Solution') 

  
for i=1:length(z.y) 
    disp(['y = ' num2str(z.y(i))]) 
end 
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for i=1:length(z.alm) 
    disp(['Alm = ' num2str(z.alm(i))]) 
end 

  
disp(['Kd = ' num2str(z.kd(1))]) 

  
%Generate a figure 
figure(1) 
plot(z.alm,z.ym,'o') 
hold on 
plot(z.alm,z.y,'-'); 
xlabel('Al^{3+} (nM)') 
ylabel('Fraction Gla-Oc Bound') 
legend('Measured','Predicted') 

 

The model must be specified in a notepad document, as shown below: 
 
Model 
 
 Parameters 
  Alm 
  ym 
  Kd >= 0 
 End Parameters 
 
 Variables 
  y >= 0 
 End Variables 
 
 Equations 
  y = Alm/(Kd + Alm) 
 
  minimize ((ym-y)/ym)^2 
 End Equations 
End Model 
 
 
APMonitor reference [195]. 
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APPENDIX G 
 

MATLAB SCRIPT USED FOR NONLINEAR REGRESSION CURVE FITTING USING 
CFTOOL TO CALCULATE KD OF AL BINDING TO GLA-OC 
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%load your data file 
load GlaAlKd.csv 
%define each column of data present in the data file 
Al = GlaAlKd(:,1); 
FB = GlaAlKd(:,2); 

 
cftool 

 

This will result in the data being opened in Matlab’s curve fitting tool, cftool: 
 
 

 
 

Select X data: Al 
Select Y data: FB 
Select Custom Equation and type ‘x/(Kd+x)’


