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ABSTRACT

In many normal and pathologic calcified tissues, osteopontin (OPN) is a prominent
protein intimately associated with biominerals. This work aims to elucidate how OPN
regulates crystal growth in two biosystems: calcitic avian eggshell during growth and
resorption, and in vitro calcium oxalate dihydrate (COD) growth related to pathologic

urolithiasis (kidney stones).

To understand how OPN and other proteins participate in calcite growth and
organization in avian eggshell, ultrastructural matrix-mineral relationships of unfertilized,
unincubated chicken eggshell were examined using scanning and transmission electron
microscopy (SEM and TEM). OPN was localized in situ in eggshell with high
resolution colloidal-gold immunolabeling, and the effects of this protein on calcite
growth were assessed in vitro. The detailed ultrastructures described here reconcile, for
the first time, how an extensive organic matrix coexists with the calcitic mineral phase in
eggshell. OPN preferentially binds to the {104} crystallographic face and subsequently
occludes into the mineral, and thus directs calcite orientation by influencing crystal
growth and morphology in eggshell. Moreover, OPN accumulates at interfacial
boundaries between various eggshell compartments, maintaining the structure of
eggshell compartments and the patency of eggshell pores by inhibition of mineralization

at these interfaces.

Once constructed, the eggshell can serve as a calcium source for skeletal mineralization
in the growing embryonic chick. Ultrastructural changes within the eggshell mammillae
during shell resorption by chick embryo were examined systematically by SEM. The
results suggest that the extensive mineral-occluded matrix network in mammillae may

regulate dissolution of shell mineral by providing channels facilitating calcium release.

To investigate OPN related to COD formation common in urolithiasis, the effects of full-

length OPN, and a poly-aspartic acid-rich peptide of OPN (DDLDDDDD, poly-Aspss.93),
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were examined in COD crystal growth studies. By combining SEM, light and confocal
microscopy using fluorescently tagged poly-Aspssos, together with computational
modeling, it was observed that OPN and poly-Aspse.os similarly inhibit (and thus
enhance) the {110} faces of COD, and that the peptide is occluded into the COD crystals
— this identifies an important motif involved in OPN binding to COD.

Collectively, these data provide new insights into how OPN and its peptides (and likely
other proteins) bind to, and are occluded within, various biominerals to regulate crystal

growth, and in some cases, to facilitate mineral dissolution.
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RESUME

Dans beaucoup de tissus calcifiés normaux et pathologiques, 1’ostéopontine est une
protéine de premier plan qui est intimement associée aux biominéraux. Cette étude vise a
déterminer comment [’ostéopontine régule la croissance cristalline dans deux
biosystémes : la calcite de coquilles d’ceuf aviaire durant sa croissance et sa résorption,
et la formation in vitro d’oxalate de calcium dihydraté associé¢ a I’urolithiase (calculs

rénaux) pathologique.

Pour comprendre comment 1’ostéopontine et d’autres protéines participent a la
croissance et a I’organisation de la calcite dans la coquille d’ceuf aviaire, on a étudié, a
I’aide d’un microscope é€lectronique a balayage (MEB) et d’un microscope électronique
a transmission (MET), les relations ultrastructuralles entre les matrices organique et
minérale de coquilles d’ceuf de poule non fertilisé et non incubé. L’ostéopontine a été
localisée in situ dans la coquille d’ceuf par immunomarquage a haute résolution a I’aide
d’or colloidal et les effets de cette protéine sur la croissance de la calcite ont été évalués

in vitro.

Les ultrastructures détaillées décrites ici montrent pour la premiére fois la coexistence
d’une matrice organique étendue et de la phase calcitique minérale dans la coquille
d’ceuf. L’ostéopontine se lie de préférence a la face cristallographique {104}, pour
ensuite s’occlure dans le minéral et diriger ainsi I’orientation des cristaux de calcite en
influengant la croissance et la morphologie cristalline dans la coquille d’ceuf. Qui plus
est, ’ostéopontine s’accumule au niveau des joints interfaciaux entre les différents
compartiments de la coquille d’ceuf, maintenant la structure de ces compartiments et la
perméabilité des pores de la coquille en inhibant la minéralisation sur ces joints

interfaciaux.

Une fois construite, la coquille d’ceuf peut servir de source de calcium pour la

minéralisation du squelette de I’embryon lors de son développement. Les changements
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ultrastructuraux dans les mamelons qui se forment sur la coquille lors de sa résorption
par I’embryon ont €été systématiquement examinés au microscope €lectronique a
balayage. Les résultats permettent de penser que I’important réseau matriciel minéral
occlus présent dans ces mamelons pourrait réguler la dissolution des minéraux de la

coquille en fournissant des voies favorisant la libération du calcium.

Pour étudier 1’ostéopontine associée a la formation d’oxalate de calcium dihydraté lors
de I’urolithiase, on s’est penché sur les effets de 1’ostéopontine pleine longueur et d’un
peptide d’ostéopontine riche en acide polyaspartique (DDLDDDDD, poly-Aspse.93) dans
des études de la croissance de cristaux d’oxalate de calcium dihydraté. En combinant la
microscopie ¢lectronique a balayage, la microscopie optique et la microscopie confocale
utilisant du poly-Aspse.93 marqué par fluorescence, ainsi que la modélisation assistée par
ordinateur, on a observé que I’ostéopontine et le poly-Aspss.93 inhibent de fagon similaire
(et donc renforcent) les faces {110} de I’oxalate de calcium dihydraté et que le peptide
est occlus dans les cristaux de ce dernier — ce qui identifie un important motif impliqué

dans la liaison de I’ostéopontine a 1’oxalate de calcium dihydraté.

Collectivement, ces résultats donnent un nouvel aper¢u de la facon dont se lient
I’ostéopontine et ses peptides (de méme que d’autres protéines, probablement) et leur
occlusion desein divers biominéraux afin de réguler la croissance cristalline et, dans

certains cas, de faciliter la dissolution minérale.



ACKNOWLEDGEMENTS

I am grateful to all those who helped me in the pursuit and achievement of my education

at the Ph.D. level, and I extend my appreciation to the following individuals:

Professor Marc D. McKee, who patiently supervised, supported and guided me through
the completion of my thesis and introduced me to the disciplines of biology and
biomineralization, and, who encouraged me to be independent and gave me the freedom
to pursue my own goals, and without whom, this thesis would never have been

completed.

Professor Hojatollah Vali, co-supervisor, who generously shared his knowledge and
expertise in the field of transmission electron microscopy, for contributing constructive
criticisms and valuable comments for improving my research and being a supportive

friend during a difficult time in my life.

Special and sincere thanks to Ms. Lydia Malynowsky, Senior Technician of Professor
McKee’s Laboratories, Faculty of Dentistry, for all her help, favors and friendship. Ms.
Sandra Lally and Ms. Glenna Keating, Senior Technician of the Geochemical
Laboratories for training me to carry out atomic absorption analyses. Ms. Archana
Srivastava, Technician of the Department of Anatomy and Cell Biology, for training me

on Laser Confocal Microscopy.

The staff and support personnel of the McGill Facility for Electron Microscopy Research
for their technical and professional assistance, friendship, encouragement and
enthusiasm, particularly, Dr. S. Kelly Sears (Manager, FEMR), a colleague and friend,
who cheerfully helped out with the proofreading of the thesis; Ms. Line Mongeon
(Technician), who is always kind and friendly, for training and many technical helps on
SEM. Ms. Jeannie Mui (Senior Technician) and Lee Ann Monaghan (Technician), for

their technical help on TEM, for their insightful advice on sample preparation, and for



vi

their kindness and long-term friendship. Ms. Lenora Naimark (Administrative Assistant),

for her sincere advice and friendship.

Dr. Claudio Pedraza and Mr. William Addison, for their friendship, insightful

discussions and encouragement.

I am deeply grateful to my family for their support, especially my parents, my wife, my
sister and brothers, and my son and daughter for their enduring love, patience, and

encouragement.



Table of Contents

Abstract

Resume
Acknowledgements
Table of Contents
List of Figures

List of Tables

Contribution of authors

1 Introduction
1.1  Biomineralization
1.2 Crystal Growth
1.3 Protein effects on crystal growth
1.4  Examples of acidic, mineral-binding proteins in vertebrate
biological systems
1.5  Osteopontin

1.6  Avian eggshell structure, composition, formation

2 Colloidal-gold immunocytochemical localization of osteopontin in avian
eggshell gland and eggshell
2.1  Preface
2.2 Abstract
2.3 Introduction
2.4  Materials and methods
2.5 Results
2.6 Discussion

2.7  Acknowledgements

3 Ultrastructural matrix-mineral relationships in avian eggshell, and

effects of osteopontin on calcite growth in vitro

vii

i1

vii

Xiii

X1V

20
27

39
40
41
43
45
47
49



3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

4 Avian eggshell structure and osteopontin

4.1
4.2
43
4.4
4.5
4.6

5 Ultrastructure of avian eggshell during resorption following egg

Preface

Abstract

Introduction

Materials and methods
Results

Discussion
Conclusions

Acknowledgements

Preface

Abstract

Introduction

Materials and methods
Results and discussions

Acknowledgements

fertilization
5.1  Preface
5.2 Abstract
5.3  Introduction
5.4  Materials and methods
5.5 Results
5.6  Discussion
5.7  Acknowledgements

6 Modulation of calcium oxalate dihydrate growth by selective crystal-
face binding of phosphorylated osteopontin and poly-aspartate peptide

showing occlusion by sectoral (compositional) zoning

57
58
59
62
68
75
84
84

103
104
104
105
106
109

113
114
115
118
120
126
133

viii



6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9

Preface

Abstract

Introduction

Materials and methods
Results

Discussion
Conclusions
Acknowledgements

Supporting data

Conclusions

Bibliography

Appendix

145
146
147
150
156
159
166
166
167

176

179

228

X



Figure
1.1
1.2
1.3
1.4
2.1

2.2
23

24

2.5

2.6
3.1
3.2
33

3.4

3.5
3.6

3.7

List of Figures

Title

Schematic illustration of the growing surface of a crystal.................
Structural model of osteopontin..............c.ccooiiiiiiiiiiiiiiii
The reproductive system of domestic chicken..............................
The ectodermal epithelium of chorioallantoic membrane of avian egg.
Western blotting of osteopontin extracted from eggshell and bone
00 13 0 D Pt
Shell gland mucosal histology by light and electron microscopy......
Scanning electron micrographs of calcified eggshell structure .........
Matrix architecture in eggshell. Micrographs of a chemically fixed,
fully decalcified eggshell preparation sectioned for histology...........
Immunogold labeling for OPN, followed by transmission electron
microscopy of the eggshell matrix in the palisades region in a
decalcified eggshell sample............ccoooiiiiiiii
Scanning electron micrographs of OPN on the surface of the cleaved
calcite along the {104} crystallographic faces of fractured eggshell....
Cross-sectional profile of avian eggshell..........................on
Ultrastructure of mammillary bodies in eggshell observed by SEM....
Scanning electron micrographs of an eggshell fractured to provide an
en face view of the internal structure of the mamillary bodies...........
Colloidal-gold immunolabeling for OPN of eggshell mammillary
structure viewed by SEM and TEM...............oooiii,
Ultrastructure of the palisade layer in eggshell by SEM..................
Colloidal-gold immunolabeling for OPN in eggshell palisade
structure viewed by SEM and TEM................coooiiiiiiiiien,
SEM imaging of typical calcite crystallographic cleavage faces from
cross-fractured  eggshell in the palisades region, and

immunolocalization Of OPN. ...,

51
52
53

54-55

56

86

87-88

&9

90-91

92-93
94-95

96-97



3.8

3.9

3.10
4.1

4.2

5.1

52

53

54

5.5

5.6

5.7

6.1

Ultrastructure of the vertical crystal layer and cuticle in eggshell, and
immunolocalization of OPN..............ooiiiiii,
Ultrastructure by SEM secondary electron imaging (SEI) and OPN
immunolocalization in the pore system of the eggshell....................
Effect of OPN on calcite growth in vitro...................cooooiiiiiill
Scanning electron micrographs of fractured avian eggshell and
eggshell membranes..............cooviiiiiiiiii
Scanning and transmission electron micrographs of undecalcified and
decalcified eggshell and epithelial cells of the shell gland...............
Cross-sectional profiles by light microscopy of ground sections of
eggshell and by SEM of fractured eggshell from an unfertilized egg

and from eggshells of fertilized eggs incubated for various periods of

SEM of a calcium reserve body (CRB) sac and its contents in a
fertilized eggshell at day 12 of incubation corresponding to the onset
of eggshell resorption...........oooiiiiiiii e
Energy dispersive x-ray spectroscopy (EDS) obtained by SEM on the
contents and periphery of the CRBsac.................oooeiiiiiiiiiinnn,
Morphological changes in the peripheral regions of the CRB sac
attributable to mineral dissolution in 12-day incubated fertilized eggs
viewed by SEM.....oii
Dissolution of mineral in the shell mammillary bodies of fertilized
eggs incubated for 12 days, and exposure of organic matrix by this
process, as viewed by SEM...........cooiiiiiii
SEM of resorbed eggshell mammillae and the CRB from fertilized
eggs incubated for 16 days..........oooiiiiiiiiii i
SEM of resorbed eggshell mammillae and the CRB from fertilized
eggs incubated for 19 days.........coooiiiiiiiiiii
Immunohistochemical localization, colloidal-gold immunolabeling
for OPN in human kidney stone; COD crystals precipitated from

normal male human urine; Western blots for OPN of normal human

xi

98-99

100-101

102
110

111-112

134-135

136

137-138

139-140

141-142

143

144

168



6.2

6.3

6.4

6.5

6.6

Table
6.1

urine and the protein extract of COD crystals.............c..coeveene
Scanning electron micrographs of COD grown in solution in the
presence of full-length, phosphorylated OPN at the indicated
(0] 113111 110§ PP
Scanning electron micrographs of COD grown in solution in the
presence of synthetic aspartic-acid rich peptides at the indicated
(0] T 11 ¢ 1101 S
Conventional fluorescence micrographs, and laser confocal
micrographs, of COD crystals grown in the presence of fluorescently-
tagged poly-Aspse.o3 at the indicated concentrations......................
Summary of data using SHAPE software renditions of effects of full-
length OPN and poly-Aspgeo3 peptide on COD crystal growth
MOTPhOIOZY ...
Molecular modeling of poly-Aspss.9s peptide binding to {110} and
{101} crystallographic faces of COD............ccooiiiiiiiiiiiiiien.

List of Tables

Title

Adsorption energies of Poly-Aspseos peptide-COD interaction in
kcal/mol (estimated by RosettaSurface)......................oooii

Xii

169

170

171

172-173

174-175

Page
167



Xiil

CONTRIBUTIONS OF AUTHORS

The thesis is a collection of manuscripts written by the candidate as primary author with
the collaboration of the co-authors. Copyright waivers from the publishers are included

in the appendix.

1. Maxwell T. Hincke, Yung-Ching Chien, Louis C. Gerstenfeld and Marc D.

McKee; Colloidal-gold immunocytochemical localization of osteopontin in avian
eggshell gland and eggshell; Journal of Histochemistry and Cytochemistry, (2008),
56(5):467-76

The ultrastructure of avian eggshell imaged by SEM and the immunogold labeling for
OPN in avian eggshell were contributed by YCC (Figures 3-6 in the manuscript; this
represents the majority of the data presented in this paper). Western blotting of eggshell
extract for OPN was provided by MTH (Figure 1). Shell gland mucosal histology by
light and electron microscopy were contributed by MDM (Figure 2). The polyclonal
antibody against avian OPN was provided by LCG. MTH, YCC, and MDM discussed
and interpreted the experimental data. The manuscript was written by MDM, and to
some extent by YCC, and edited by MTH. All authors reviewed and agreed on the

content of the manuscript.

2. Yung-Ching Chien, Maxwell T. Hincke, Hojatollah Vali, Marc D. McKee;

Ultrastructural matrix-mineral relationships in avian eggshell, and effects of
osteopontin on calcite growth in vitro; Journal of Structural Biology, (2008), 163(1):84-
99.

All experiments were designed and performed by YCC, under the supervision of MDM
and the advice of MTH and HV. Preparation and organization of experimental data were
done following discussions between YCC and MDM. The writing of manuscript draft
was done by YCC, and corrected by MDM. MTH and HV were involved in manuscript
editing and data interpretation. All authors reviewed the manuscript and agreed on the

content.



X1V

3. Yung-Ching Chien, Maxwell T. Hincke, and Marc D. McKee; Avian eggshell
structure and osteopontin; Cells, Tissues, Organs, (2009), 189(1-4):38-43.

YCC designed and carried out all the experiments, except the immuno-gold labeling for OPN of
the epithelial cells of shell gland (Figure 2c in manuscript), which was provided by MDM. As a
brief review manuscript of avian eggshell ultrastructure, the manuscript was written by MDM

and YCC, and all authors reviewed and agreed to its content.

4. Yung-Ching Chien, Maxwell T. Hincke, and Marc D. McKee; Ultrastructure of

avian eggshell during resorption following egg fertilization; J. Struct. Biol. [July 10;
DOI: 10.1016/j.jsb.2009.07.005. Epub ahead of print].

All experiments were designed by MDM and YCC, and carried out by YCC. MTH was
involved in discussion and interpretation. The manuscript was written by YCC, corrected

by MDM, and edited by MTH. All authors reviewed and agreed on its content.

5. Yung-Ching Chien, David L. Masica, Jeffrey J. Gray, Sarah Nguyen, Hojatollah

Vali, and Marc D. McKee; Modulation of calcium oxalate dihydrate growth by
selective crystal-face binding of phosphorylated osteopontin and poly-aspartate
peptide showing occlusion by sectoral (compositional) zoning; J. Biol. Chem. [July
6; DOI: 10.1074/jbc.M109.021899. Epub ahead of print].

YCC designed and performed most of the crystal growth experiments and the
microscopic observations (SEM of crystal morphology and fluorescent light and
confocal microscope observations), except the calcium oxalate precipitated from normal
human urine and the in vitro crystal growth with the addition of commercial poly-
aspartic acids, which were performed by SN. Immunohistochemical localization of OPN
in human kidney stones and Western blotting of normal human urine for OPN were
performed by SN. DLM carried out the computational modeling to simulate the OPN
peptide-calcium oxalate mineral surface interactions. JJG and HV were involved in
discussion and interpretation of data. The manuscript was written by YCC, with sections

contributed by DLM. The whole project was conducted and supervised by MDM.



39

Chapter 2
Manuscript 1

2.1 Preface

This chapter presents new data about osteopontin secreted from the avian eggshell gland
and its ultrastructural localization in the eggshell. Substantial new information on the
architecture of the proteinaceous shell matrix is provided. In addition, osteopontin is
localized within this matrix and at a specific crystallographic face of calcite — the

mineral phase of eggshell.
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Reproduced with permission from J. Histochem. Cytochem. (2008), 56(5):467-76

Colloidal-gold immunocytochemical localization
of osteopontin in avian eggshell gland and

eggshell

Maxwell T. Hincke', Yung-Ching Chien®, Louis C. Gerstenfeld® and Marc D.
McKee*

1Department of Cellular and Molecular Medicine, University of Ottawa, Ottawa,
Ontario, Canada, 2Faculty of Dentistry, McGill University, Montreal, Quebec, Canada,
‘Department of Orthopaedic Surgery, Boston University, Boston, MA, USA,
*Department of Anatomy and Cell Biology, McGill University, Montreal, Quebec,

Canada

2.2  Abstract

During mineralization of the avian eggshell there is a sequential and orderly deposition
of both matrix and mineral phases. Therefore, the eggshell is an excellent model for
studying matrix-mineral relationships and the regulation of mineralization. Osteopontin,
as an inhibitor of crystal growth, potently influences the formation of calcium phosphate
and calcium carbonate biominerals. The purpose of this study was to characterize
matrix-mineral relationships, specifically for osteopontin, in the avian eggshell using
high-resolution transmission (TEM) and scanning (SEM) electron microscopy in order
to gain insight into how calcite crystal growth is structured and compartmentalized
during eggshell mineralization. Osteopontin was localized at the ultrastructural level by
colloidal-gold immunocytochemistry. In EDTA-decalcified eggshell, an extensive
matrix network was observed by TEM and SEM throughout all regions and included
interconnected fibrous sheets, irregularly shaped aggregates, vesicular structures, protein
films and isolated protein fibres. Osteopontin was associated with protein sheets in the
highly mineralized palisades region; some of these features defined boundaries which
compartmentalized different eggshell structural units. In fractured and undecalcified

eggshell, osteopontin was immunolocalized on the {104} crystallographic faces of
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calcite — its natural cleavage plane. The specific occlusion of osteopontin into calcite
during mineralization may influence eggshell structure to modify its fracture resistance.

Keywords: Osteopontin, calcite, biomineralization, eggshell, eggshell matrix, chicken.

2.3 Introduction

Mineralized (calcified) matrices in most biological systems typically contain
collagenous and noncollagenous proteins, and proteoglycans, in intimate contact with
mineral (Robey, 1996). The avian eggshell is an example where these matrix-mineral
relationships produce a complex and highly structured calcitic bioceramic where there is
a spatial separation between its collagenous and mineralized compartments (Arias et al.
1992, Dennis et al. 1996, Nys et al. 2004). Thus, the eggshell represents an attractive
model for studying the principles by which noncollagenous proteins regulate
mineralization. The avian egg sequentially acquires all of its components as it traverses
specialized regions of the oviduct. The innermost structure associated with the eggshell
1s a meshwork of interwoven fibres known as the shell membranes. This structure,
organized into inner and outer layers of differing fibre sizes, contains collagens (type I,
V and X)) which are deposited on the surface of the forming egg as it enters the proximal
(white) isthmus (Wong et al. 1984; Arias et al. 1991; Fernandez et al. 1997). Eggshell
mineralization is subsequently initiated in the distal (red) isthmus where organic
aggregates are deposited on the surface of the outer eggshell membranes at quasi-
periodic, but seemingly randomly located sites; nucleation of polycrystalline aggregates
of calcium carbonate occur at these positions. The egg, now with its membranes and
initial mineral deposits, then enters the uterus (shell gland) where calcium carbonate
deposition continues outward to give rise to the inner mammillary (cone) layer and the
outer palisade (calcitic prism) layer during approximately 15 hours of shell formation
(Parsons, 1982; Hamilton, 1986; Burley and Vadehra, 1989; Nys et al. 2004).
Mineralization occurs while the egg is bathed in uterine fluid — an acellular milieu
containing high levels of ionized calcium and bicarbonate greatly in excess of the
solubility product of calcite (Nys et al. 1991). Lastly, a hydroxyapatite-containing cuticle

is deposited upon the outermost surface of the shell (Dennis et al. 1996).
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The eggshell is approximately 96% calcium carbonate mineral, while the remaining
organic material is distributed throughout the shell as a proteinaceous matrix (3.5%, with
the remainder as water) of which approximately half can be readily solubilized by
decalcification of the shell. The native and soluble precursors of the eggshell matrix are
present in the uterine fluid, where the protein composition varies during the initial,
calcification and terminal phases of eggshell deposition (Gautron et al. 1997). Proteomic
analysis has identified more that 500 eggshell matrix proteins (Mann et al. 2006), with
the most abundant corresponding to those previously identified and categorized as
follows. Eggshell-specific proteins, such as the ovocleidins and ovocalyxins, were
originally identified by N-terminal amino acid sequencing and immunochemistry. One
of these, ovocleidin-116, has been cloned and found to correspond to the protein core of
a novel dermatan sulfate proteoglycan (Hincke et al. 1999). Another ovocleidin,
ovocleidin-17, is a C-type lectin-like phosphoprotein related to pancreatic stone protein
which occurs in glycosylated and nonglycosylated forms in the shell matrix (Hincke et
al. 1995; Mann, 1999; Mann and Siedler, 1999). Ovocalyxin-32 is a 32 kDa protein with
similarity to the mammalian carboxypeptidase inhibitor latexin and the human skin
protein RAR-TIG1 (retinoic acid receptor-responsive, tazarotene-induced gene
1)(Gautron et al. 2001a). The sequence of another ovocalyxin, ovocalyxin-36, has
homology to proteins associated with the innate immune response, such as
lipopolysaccharide-binding proteins (LBP), bactericidal permeability-increasing proteins
(BPI) and palate, lung and nasal epithelium clone (Plunc) family proteins (Gautron et al.,
2007). The egg white proteins — ovalbumin, lysozyme and ovotransferrin — are also
present in the uterine fluid, and are primarily localized in the shell membranes and in the
mammillary cone layer of the eggshell (Hincke 1995; Hincke et al. 2000; Gautron et al.
2000b). Lastly, osteopontin, a mineralized tissue protein found in bone, teeth and
cartilage, is also a prominent phosphoprotein of the eggshell matrix (Pines et al. 1994;
Fernandez et a. 2003; Mann et al. 2007). Sequential incorporation of matrix proteins into
the mineralizing eggshell results in their differential localization between the inner
(mammillary) and outer (palisade) layers of the mineralized shell (Hincke et al. 1992).

We hypothesize that the incorporation of shell matrix proteins into specific eggshell

compartments regulates calcite mineral growth and provides eggshell with its requisite
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structure and functional properties to afford protection to the embryo from potentially
harmful environmental factors. The soluble proteins of calcitic matrices modify crystal
growth, and thus regulate the macroscopic structure and biomechanical properties of the
resulting bioceramic. In mollusk shells, specific proteins control mineral phase switching
between the calcite and aragonite forms (Belcher et al. 1996). Partially purified eggshell
matrix proteins inhibit calcium carbonate precipitation and alter patterns of calcite
crystal growth; however, the role of individual matrix proteins is unknown (reviewed in
Nys et al. 2004).

Osteopontin is associated with mineralization in all mammalian hard tissues (McKee
and Nanci, 1996). In the chicken, uterine expression of the osteopontin gene is
temporally associated with eggshell mineralization via a coupling of physical distension
of the uterus with osteopontin gene expression (Lavelin et al. 1998). Partially purified
chicken eggshell osteopontin strongly inhibits calcium carbonate precipitation in a
phosphorylation-dependent manner (Hincke and St. Maurice, 2000), suggesting that it
could potentially have significant influence over eggshell mineralization in vivo. In order
to learn more about how eggshell osteopontin affects mineralization in biological
systems, we have investigated its ultrastructural localization pattern in the shell gland

and within the eggshell matrix of the domestic chicken.

2.4 Materials and methods

Gel electrophoresis and Western blotting. White Leghorn hens were individually
caged and maintained under conditions approved by the animal care committee of the
Animal Research Centre, Agriculture Canada, Ottawa Canada, as previously described
(Tsang et al. 1990). Unfertilized eggs laid by white leghorn hens were obtained from
commercial sources. Powdered tibial bone (from 18-day chicken embryos), eggshell and
uterine tissue from the mid-uterus of domestic White Leghorn chickens (Gallus gallus)
were selectively extracted with 4 M guanidine HCI, 0.3 M HCI, 0.5 M NacCl at pH 7, and
4 M guanidine HCI, pH 7.4 (Gotoh et al. 1995). Preferential solubilization of osteopontin
under these conditions was examined by SDS-PAGE and Western blotting. Lyophilized
protein was solubilized in Laemmli sample buffer for separation by SDS-PAGE on 15%

gels. Protein concentration of such samples was determined by a microplate
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modification of the Micro BCA™ protein assay kit (Pierce, Rockford, IL) using bovine
serum albumin (BSA) as a standard (Hincke and Nairn 1992). Western blotting was
performed following electrotransfer to PVDF membranes (Bio-Rad Laboratories Canada
Ltd., Mississauga, Canada). Membranes were blocked with 3% BSA and probed with
primary antibodies to osteopontin (1/2000 dilution), which were raised to chicken bone
osteopontin as described previously (Gerstenfeld at al. 1990). Following incubation with
secondary antibody-HRP conjugate (1/5000) (Amersham, GE Healthcare, Baie d’Urfe,
Canada), immunoreactive bands were visualized with the enhanced chemiluminescence
procedure using Enhanced Luminol reagent (Perkin-Elmer, Boston, MA).

Light microscopy, transmission electron microscopy and immunocytochemistry.
Eggshell (as above) and shell gland (uterus) taken from a laying hen with an egg in mid-
calcification within the shell gland were fixed and processed in LR White acrylic resin
(London Resin Company, Berkshire, UK) as previously described (McKee and Nanci,
1995). Survey sections (0.5 um) of embedded tissue cut with a diamond knife on an
ultramicrotome (model Reichert Ultracut E, Leica, Wetzlar, Germany) were stained with
toluidine blue and coverslipped. Light micrographs were obtained using a Sony DXC-
950 3-CCD camera (Sony, Tokyo, Japan) mounted on an optical microscope (model
Leitz DMRBE, Leica, Wetzlar, Germany). For transmission electron microscopy (TEM),
selected regions were trimmed, and ultrathin sections (80 nm) were placed on
Formvar™- and carbon-coated nickel grids. Grid-mounted tissue sections were
processed for colloidal-gold immunocytochemistry by incubation of the sections with
primary antibody (1/10 dilution), after which immunolabeling patterns were visualized
by incubation with protein A-colloidal gold complex (14 nm gold particles; Dr. G.
Posthuma, University of Utrecht, The Netherlands) followed by conventional staining
with uranyl acetate and lead citrate, as described previously (McKee and Nanci, 1995).
Incubated grids were examined in a JEOL JEM 2000FXII transmission electron
microscope (JEOL Ltd, Tokyo, Japan) operated at 80 kV.

Scanning electron microscopy and immunocytochemistry. For morphological
imaging of undecalcified eggshell, freshly fractured eggshell fragments were dried in air
and mounted with conductive carbon cement onto metallic SEM stubs to provide a

transverse cross-section view of eggshell/membrane. Fractured eggshell fragments were
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also decalcified in an 8% EDTA solution with 1% glutaraldehyde, and then sequentially
dehydrated with ethyl alcohol and hexamethyldisilazane, or dehydrated by critical-point
drying for imaging of eggshell matrix organization. Samples were then sputter-coated
with a 20-25 nm thick Au-Pd thin film and imaged using a Hitachi field-emission gun
scanning electron microscope (FE-SEM) operating at an accelerating voltage of 5 kV
(model S-4700, Hitachi High Technologies America, Pleasanton, CA). To localize
osteopontin in eggshell matrix and to investigate eggshell ultrastructure and matrix-
mineral relationships, we used SEM coupled with immunogold labeling for osteopontin.
Briefly, undecalcified and aldehyde-fixed, or EDTA-decalcified and fixed, eggshell
fragments were incubated with primary antibody against osteopontin and protein A-
colloidal gold complex as above. The samples were coated with a 40-60 nm-thick carbon
layer and examined by FE-SEM using both secondary and backscattered electron

imaging modes while operating at an accelerating voltage of 9 kV.

2.5 Results

In these studies we utilized a well-characterized antibody raised against chicken bone
osteopontin (Gotoh et al. 1995). Powdered eggshell and chicken bone were sequentially
extracted to obtain 1) extra-mineral proteins soluble in 4 M guanidine HCI, 1i) mineral-
bound proteins soluble in dilute acid, iii) mineral-bound proteins that are acid insoluble
but soluble in neutral high salt conditions, and iv) mineral-bound proteins that are finally
solubilized in 4 M guanidine HCl. Western blotting of these extracts revealed that
eggshell osteopontin is only present in the dilute acid mineral-bound extract; the
majority of bone osteopontin was extractable under the same conditions. Osteopontin
exists as 2-3 predominant forms in both eggshell and bone, with an apparent size ranging
between 46-54 kDa (Fig. 1). Slight differences in molecular weight and proportions of
each form indicate that bone and eggshell osteopontin differ in their post-translational
modifications. We have previously demonstrated, by microsequencing of partially

purified eggshell osteopontin, that serine residues 12, 14 and 15 are phosphorylated

32
(Hincke and St. Maurice, 2000). Metabolic P labeling studies on osteopontin secreted
by cultured chicken osteoblasts also identified the same phosphorylated residues (Salih

et al. 1997). In addition to phosphorylation, mammalian osteopontins have been found to
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exhibit various degrees of glycosylation, glycanation and/or sulfation (Prince et al. 1987,
Nagata et al. 1989, Sodek et al. 1995, Masuda et al. 2000). These post-translational
modifications alter the apparent molecular weight of osteopontin as determined by SDS-
PAGE (Kazanecki et al. 2007).

The cellular source of eggshell osteopontin was investigated within the uterine
mucous membrane by immunogold labeling and TEM. Ciliated (clear) and granular
(non-ciliated) cells constitute the surface epithelium which lines the lumen, as
demonstrated in Figure 2A by light microscopy. Colloidal-gold immunocytochemistry
revealed that secretion granules in the granular cells were intensely immunopositive
(Figs. 2B,C). Ciliated cells and cells of the subjacent tubular glands of the shell gland
mucosa were not immunolabeled (data not shown). These results indicate that
osteopontin is synthesized and secreted by the granular epithelial cells of the shell gland,
a finding in agreement with conclusions previously drawn from in sifu hybridization and
immunohistochemical studies performed at the light microscopic level (Pines et al. 1994;
Fernandez et al. 2003). The granular cells also synthesize and secrete the novel dermatan
sulfate proteoglycan of the eggshell matrix, ovocleidin-116 (Hincke et al. 1999),
suggesting that this epithelial cell type is a key player in the secretion of the eggshell
matrix.

Examination of cross-fractured eggshell by SEM demonstrated the overall structure
of the calcified eggshell which forms upon the shell membranes (Fig. 3A). The
mammillary layer is composed of a regular array of cones or knobs; at higher
magnification the individual fibres of the outer eggshell membrane are seen to penetrate
the tips of these structures (see also Hincke et al. 2000). The palisade layer consists of
groups of aligned calcitic columns (or prisms) that are perpendicular to the eggshell
surface and extend outwards from the mammillary cones. This layer ends at the vertical
crystal layer having a mineral texture differing from that of the palisade region. At
higher magnification, the palisades show extensive planes of cleaved calcite and
abundant spherical voids (Figs. 3B,C). The overall architecture of the strikingly
abundant matrix that co-exists with the mineral phase in all regions of the eggshell was
revealed in decalcified shell prepared for histology (Fig. 4A). At higher magnification of

the palisades region, SEM reveals details of the matrix presenting as an extensive
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network of protein sheets and fibres, and also as small spherical granules/vesicles
dispersed within this matrix (Fig. 4B).

Osteopontin immunogold labeling and TEM of thin sections of decalcified eggshell
was performed in order to determine its localization within the organic matrix. This
approach revealed a prominent concentration of osteopontin in the palisades region (Fig.
5), where osteopontin immunolabeling was associated with flocculent and diffuse sheets
of organic material (Figs. SA-C). Gold particles were predominantly associated with the
planar sheets of matrix that aligned generally parallel or slightly angled to the eggshell
surface (Figs. SA-C). Unlabeled spherical granules ranging in size from 200-300 nm,
and having electron-lucent centres, were dispersed between and along the sheets of
matrix. These structural features of the matrix architecture were also readily apparent by
SEM (Fig. 4B). SEM performed in the secondary (Fig. 5D) or backscattered (Fig. 5E)
electron imaging mode, for morphology and enhanced gold particle detection
respectively, confirmed osteopontin immunogold labeling along the sheets of matrix.
Osteopontin imaging in the palisades of cross-fractured eggshell that was not decalcified
was obtained by SEM analysis in both secondary and backscattered electron imaging
modes (Figs. 6A,B), and showed specific gold-particle labeling for osteopontin at the
surface of the cleaved calcite along the {104} crystallographic faces.

2.6 Discussion

In this study, we have characterized matrix-mineral relationships in avian eggshell
using ultrastructural approaches that included TEM, SEM and high-resolution
immunogold labeling that associated osteopontin with specific structures of the eggshell
matrix, and with specific crystallographic faces of the calcitic mineral. We have also
identified the granular epithelial cells of the shell gland mucosa as the source of this
osteopontin.

Following decalcification and processing of the eggshell for TEM and SEM, the
organic matrix of the palisades region of the avian eggshell exhibited two structural
features; vesicular structures with electron-lucent cores dispersed along and between
flocculent sheets of organic material that aligned generally parallel, or slightly angled, to

the eggshell surface. Previous observations on this matrix have led to the proposal that
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its properties and organization might inhibit crack propagation and add to the overall
strength of the shell (Simons and Wiertz, 1963; Silyn-Roberts and Sharp, 1986; Nys et
al. 2004). We observed that osteopontin immunoreactivity was concentrated in the
palisades region, where it was almost exclusively associated with the planar sheets of
matrix, while being absent from the dispersed spherical vesicles. Notably, in other
mineralized tissues there is likewise a striking accumulation of osteopontin at planar
matrix-matrix / mineral interfaces in bones and teeth where osteopontin accumulates at
cement lines (reversal and resting lines, actually planes in three dimensions) and is
thought to serve in matrix adhesion at these sites, or in limiting micro-crack propagation
(McKee and Nanci, 1996). Alternatively, layered osteopontin-containing matrix sheets
may reflect a self-assembly mechanism by which calcite growth rates are periodically
limited (regulated) in this rapidly mineralizing system — one of the fastest known in
biology. Cyclical variations in osteopontin secretion into the uterine fluid, or cyclical
phases of accelerated calcite growth, might each contribute to this layered matrix
structure. In contrast to the localization of osteopontin in these planar matrix
accumulations, previously we have shown that the eggshell-specific matrix protein
ovocleidin-116 immunolocalizes to the vesicular structures in the palisades region
(Hincke et al. 1999).

The relationship of osteopontin to the calcitic mineral phase was determined by
immunolabeling of undecalcified shell followed by visualization of colloidal-gold
detection sites using the secondary and backscattered electron imaging modes of SEM.
These imaging modalities revealed that occluded osteopontin is present on the surface of
cleaved calcite along the {104} crystallographic faces. The elongated calcite crystals in
the palisades region tend to be preferentially orientated with their (001) planes parallel
(c-axis perpendicular) to the shell surface, which would orient the {104} plane at 44
degrees from a plane tangential to the surface (Silyn-Roberts and Sharp, 1986;
Rodriguez-Navarro et al. 2002). The {104} calcite face is the natural cleavage plane and
specific osteopontin binding to this growing crystal face during mineralization could
modify the resistance of the shell to fracture along this plane. In support of this
hypothesis, we note that in sea urchin calcitic adult exoskeletons (test plates, spines) and

larval endoskeletal spicules, occluded acidic glycoproteins are specifically adsorbed on
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the {110} planes and improve the fracture properties of calcite crystals by interfering
with the {104} natural cleavage planes (Emlet, 1982; Berman et al. 1988; Seto et al.
2004). While the primary function of osteopontin may be to regulate crystal growth
patterns and speed by binding to mineral in the eggshell, its incorporation into calcite as
an occluded crystal protein might serve the secondary function of also providing some
resistance to {104} cleavage.

The relationship of occluded osteopontin observed in undecalcified preparations, to
that found in the matrix sheets of fully decalcified samples, has yet to be determined,
although experiments are currently underway using gentle mineral- and protein-etching
procedures to decipher their respective contributions. While it is generally difficult to
simultaneously observe both matrix and mineral, we have made some progress in this
regard as reported in the present study. Further work using etching approaches should
provide insight into the co-existence of these phases in eggshell. Likewise, it will be
important to study the interaction of osteopontin and other purified eggshell matrix
proteins with growing calcite crystals, and to investigate binding partners of osteopontin
and self-assembly into a matrix, in order to fully understand these interactions. Finally,
we are currently examining whether osteopontin incorporation into the eggshell may also
serve some role in the dissolution of the shell to provide calcium to the skeleton of the

growing embryo.
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Figure 1. Western blotting of osteopontin extracted from eggshell and bone matrix. Acid extract of
mineral-bound proteins from tibial bone (lane 1) and eggshell (lane 2), prepared as described in Materials
and Methods. Bone extract, 25 u g; Shell extract, 25 (¢ g.
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Figure 2. Shell gland mucosal histology by light and electron microscopy. (A) In the avian shell gland,
epithelial cells (Epith) line the lumen through which the egg and forming eggshell pass. Coiled tubular
glands are located in the mucosa just below the epithelium, and both the surface epithelial cells and the
cells of the mucosal glands secrete directly into the uterine fluid. (B) By transmission electron microscopy,
two major cell types can be distinguished in the epithelium of the shell gland — granular cells (GC) and
ciliated cells (CC). (C) Granular cells show numerous supranuclear secretory granules (SG), just distal to
abundant rough endoplasmic reticulum (rER), that label intensely after immunogold staining for
osteopontin. Nu, nucleus.



Figure 3. Calcified eggshell structure. (A) Scanning electron micrographs of avian eggshell showing
overall structure and regions of the calcified eggshell which form on the shell membranes during the egg-
laying cycle. At this low magnification, and starting adjacent to the shell membranes, eggshell consists of
mammillae, palisades, vertical crystal layer and cuticle. (B,C) Higher magnification of the palisades region
shows extensive planes of cleaved calcite, and numerous small, spherical voids.
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Figure 4. Matrix architecture in eggshell. Micrographs of a chemically fixed, fully decalcified eggshell
preparation sectioned for histology (A), or viewed by scanning electron microscopy (B), to visualize the
organic matrix of the eggshell. Abundant matrix coexists with calcitic mineral as an extensive network of
protein sheets and fibres, and also with small spherical vesicules dispersed within this matrix.






55

Figure 5. Osteopontin as a constituent of the eggshell matrix in the palisades region in a
decalcified eggshell sample. (A-C) Immunogold Ilabeling for osteopontin, followed by
transmission electron microscopy, revealed a prominent concentration of this protein in the
palisades region. Gold particles were predominantly associated with planar sheets of matrix that
aligned generally parallel to the eggshell surface or at an angle (see also Fig. 2B). Spherical
vesicles ranging in size from 200-300 nm and having electron-lucent centres were dispersed
between and along the sheets of matrix (see also Fig. 2B). By scanning electron microscopy
performed in the secondary (D) or backscattered (E) electron imaging mode, for morphology and
enhanced gold particle detection respectively, immunogold labeling for osteopontin appears
along the sheets of matrix. Roughly globular structures associated with the gold particles
represent the totality of the probe structure which includes the gold particle, its shell of protein A,
and the primary anti-osteopontin antibody.
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Figure 6. Osteopontin as a constituent of the eggshell matrix in the palisades region in an undecalcified and
fractured eggshell sample. Scanning electron microscopy performed in the (A) secondary or (B)
backscattered electron imaging mode show gold-particle labeling for osteopontin at the surface of the
cleaved calcite along the {104} crystallographic faces.
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Chapter 3
Manuscript 2

3.1 Preface

This study reports on a reconciliation of matrix protein (OPN) localization with
actual mineral structure and crystallographic faces using a variety of direct and
indirect ultrastructural approaches, including scanning and transmission electron
microscopy, and immunogold localization of OPN, after eggshell fracture and partial
etching of mineral or organic matrix structure. More specifically, ultrastructural
localization of OPN in eggshell is demonstrated showing an association of this
protein with particular crystallographic faces. The effects of this protein on calcite
crystal growth in vitro are also shown. To date, prior to this study, no reports exist
with this amount of novel ultrastructural detail on matrix organization and
matrix-mineral relationships in the eggshell, and with high-resolution localization of
OPN in different eggshell compartments. These data provide new insight into the
regulation of eggshell and calcite biomineralization by proteins, and more broadly
contribute to the current understanding of the effects of protein binding to, and

occlusion within, the minerals found in different biomineralizing systems.
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Reproduced with permission from J. Struct. Biol. (2008), 163(1):84-99

Ultrastructural matrix-mineral relationships in
avian eggshell, and effects of osteopontin on

calcite growth in vitro
Yung-Ching Chien !, Maxwell T. Hincke 2, Hojatollah Vali 3 and
Marc D. McKee '?
! Faculty of Dentistry, McGill University, Montreal, QC, Canada, * Department of
Cellular and Molecular Medicine, Faculty of Medicine, University of Ottawa, ON,
Canada, * Department of Anatomy and Cell Biology, Faculty of Medicine, McGill

University, = Montreal, QC, Canada

3.2 Abstract

We investigated matrix-mineral relationships in the avian eggshell at the
ultrastructural level using scanning and transmission electron microscopy combined
with surface-etching techniques to selectively increase topography at the
matrix-mineral interface. Moreover, we investigated the distribution of osteopontin
(OPN) in the eggshell by colloidal-gold immunolabeling for OPN, and assessed the
effects of this protein on calcite crystal growth in vitro. An extensive organic
matrix network was observed within the calcitic structure of the eggshell that showed
variable, region-specific organization including lamellar sheets of matrix,
interconnected fine filamentous threads, thin film-like surface coatings of proteins,
granules, vesicles and isolated proteins residing preferentially on internal {104}
crystallographic faces of fractured eggshell calcite. With the exception of the
vesicles and granules, these matrix structures all were immunolabeled for OPN, as

were occluded proteins on the {104} calcite faces. OPN inhibited calcite growth in
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vitro at the {104} crystallographic faces producing altered crystal morphology and
circular growth step topography at the crystal surface resembling spherical voids in
mineral continuity prominent in the palisades region of the eggshell. In conclusion,
calcite-occluded and interfacial proteins such as OPN likely regulate eggshell growth
by inhibiting calcite growth at specific crystallographic faces and compartmental
boundaries to create a biomineralized architecture whose structure provides for the
properties and functions of the eggshell.

Keywords: Eggshell, calcite, calcium carbonate, biomineralization, calcification,

osteopontin, extracellular matrix, chicken, ultrastructure

3.3 Introduction

The hard, calcareous avian eggshell serves multiple purposes, primarily acting in
fertilized eggs to protect the growing embryo from physical trauma and invasion of
microorganisms, to control gas and water exchange, to dampen temperature
fluctuations between its contents and the external environment, and finally to provide a
source of calcium for the embryonic skeleton (Burley and Vadehra, 1989; Arias,
1993). Like most mineralized structures in biology, there is an abundant organic
component to eggshells in addition to the mineral phase, and constituent proteins and
proteoglycans are widely thought to regulate mineral deposition and growth, and to
determine the final form and properties of the eggshell in the laid egg. Understanding
matrix-mineral relationships in such a model system may provide not only a better
understanding of the biology behind eggshell formation in birds, but may also provide
insight into general principles of biomineralization with relevance to other biological
systems. Moreover, eggs and chickens are a nourishing food source ingested
worldwide, and economically and nutritionally it is of significant importance to

identify the molecular determinants leading to protective shell strength and its other
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properties described above. Indeed, eggshell quality is a major concern to the poultry
industry since the percentage of broken or cracked (with possible microorganism
invasion) eggshells can range from 13 to 20 percent (Roland, 1988; Hincke et al.,
2000a).

Avian eggshell consists of mostly inorganic calcite (ca. 96%) — the most stable
polymorph amongst the calcium carbonate minerals — and an organic matrix (ca. 4%)
with water (Romanoff and Romanoff, 1949; Erben, 1970; Simons, 1971). The
formation of an avian eggshell includes a series of spatio-temporally distinct events
that occur within specific regions along the oviduct in the female reproductive system
(Arias et al., 1993; Fernandez et al., 1997, 2001, 2003). The assembly and calcitic
mineralization of different eggshell compartments are thought to be guided by organic
molecules, including noncollagenous proteins and proteoglycans (e.g., Burley and
Vadehra, 1989; Lavelin et al., 2000). A large number of egg white proteins,
eggshell-specific proteins and other proteins and proteoglycans have been identified
and studied in attempts to understand their contribution to eggshell mineralization
(e.g., Hincke et al., 1992; Arias et al., 1993; Hincke et al., 1995; Gautron et al., 1996;
Fernandez et al., 1997; Gautron et al., 1998; Hincke et al., 1999; Nys et al., 1999;
Panheleux et al., 1999; Hincke et al., 2000a, b; Nys et al., 2001, 2004). Indeed,
Mann and colleagues (2006, 2007) have recently used a proteomics approach to
identify more than 500 proteins associated with the avian eggshell.

Amongst the diverse mixture of proteins found in the avian eggshell matrix,
osteopontin (OPN) secreted by oviductal cells has been identified as a prominent
protein constituent (Pines et al., 1995; Panheleux et al., 1999). OPN is a highly
phosphorylated, acidic, mineral-binding glycoprotein rich in many vertebrate
mineralized tissues (including chicken bone), and also abundant in many soft tissue

pathologies where ectopic calcification has occurred. OPN is highly
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post-translationally modified, particularly by phosphorylation, and has many
different peptide domains with different, well-established functions — including
mineral-binding domains (Kazanecki et al., 2007). More specifically relevant to the
present study, OPN is a potent inhibitor of crystal growth, with significant inhibitory
effects on hydroxyapatite, calcium oxalate and calcium carbonate (e.g.,
hydroxyapatite: Goldberg and Hunter, 1995; McKee and Nanci; 1996; calcium
oxalate: McKee et al., 1995; Qiu et al., 2004; calcium carbonate: Hincke and St.
Maurice, 2000) Accordingly, in normal vertebrate mineralized tissues having
apatite as their main mineral component, OPN is thought to regulate crystal growth
physiologically such that crystals attain a form, size and orientation appropriate to
their respective tissue (Sodek et al.,, 2000).  Acting together with other
mineral-binding proteins, such a protein-guided, hardening strategy for bones and
teeth serves multiple important functions in the skeleton and dentition, including
meeting many of the biomechanical demands unique to these tissues. Eggshell
mineralization, while calcitic, likewise provides some similar functions, and thus we
have examined how OPN might be involved in this mineralization process.

With respect to the avian eggshell, OPN is thought to play an important role in
regulating its mineralization — initially proposed because OPN gene expression
correlates with the daily egg production cycle and reaches its maximal expression
during the period of eggshell calcification (Pines et al., 1995). OPN is synthesized
and secreted by nonciliated granular cells of the surface epithelium lining the lumen
of uterus (shell gland) (Pines et al., 1995; Hincke et al., 2008), and its production is
stimulated by entry of the egg into the uterus and the associated mechanical strain
due to distension of the uterine wall (Lavelin et al., 1998, 2000). This egg-induced
expression of OPN leads to release of OPN into the uterine fluid whereupon it

subsequently accumulates as part of the eggshell matrix (Pines et al., 1995; Hincke et
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al., 2008). While several reports show OPN expression by cells and localization in
eggshell matrix (Pines et al., 1995; Fernandez et al., 2003), data is limited with
respect to the ultrastructural distribution of OPN, and its relationship with eggshell
structure — both in terms of its organization into the shell matrix, and its association
with the crystallographic faces of the calcitic mineral. Localization of shell matrix
constituents after decalcification (as is commonly done) of a tissue that is only ~4%
organic material is fraught with possible artifacts. Thus, in the present study we
report on a reconciliation of matrix protein (OPN) localization with actual mineral
structure using a variety of direct and indirect ultrastructural approaches including
scanning and transmission electron microscopy, and immunogold localization of
OPN, after eggshell fracture and partial etching of mineral or organic matrix structure.
More specifically, we describe the ultrastructural localization of OPN in eggshell,
demonstrating its association with particular crystallographic faces. We also show
the effects of this protein on calcite crystal growth in vitro. These data provide new
insight into the regulation of eggshell and calcite biomineralization by proteins, and
more broadly contribute to our understanding of the effects of protein binding to, and

occlusion within, the minerals found in different biomineralizing systems.

3.4 Materials and methods

Eggshells. Laid, unfertilized eggs were obtained from domesticated White
Leghorn chickens (Gallus gallus). Eggshells were fractured open at the obtuse end,
and all egg white and yolk contents discarded. The empty eggshells were rinsed
briefly with physiologic saline (150 mM sodium chloride solution) and then with
de-ionized water (resistivity >18€Q). Eggshell samples destined for morphological
observations received limited exposure to aqueous solutions to prevent mineral

dissolution, and they were immediately dried in air at ambient temperature after
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rinsing. To preserve matrix structure for microscopy, some eggshell samples were
fixed immediately after rinsing by overnight immersion in a 0.1-5% glutaraldehyde
solutions (in 0.1 M sodium cacodylate buffer, pH 7.3), with subsequent storage in the
same buffer alone prior to use or further treatment as described below. All shell
fragments used in this study were taken from the equatorial region of the eggshell.

Eggshell decalcification, acid etching and bleaching. For eggshell matrix
observations, fractured eggshell fragments fixed in glutaraldehyde solution as above
were decalcified in 8% EDTA containing 0.1-1% glutaraldehyde (added at this stage to
further retain eggshell matrix constituents during mineral dissolution) for 5-7 days
under continuous, gentle solution agitation at 4°C. They were then sequentially
dehydrated in graded solutions of ethyl alcohol and hexamethyldisilazane (HMDS;
Electron Microscopy Sciences), or dehydration was achieved using a critical-point
dryer (LADD Research Industries, Burlington, Vermont).

To visualize in three dimensions the association of matrix with mineral, and to
create additional surface topography for critical morphological and compositional
analysis, aldehyde-fixed and unfixed eggshell samples were either briefly etched
(usually for 1 minute, with some samples being etched for longer periods up to 1
hour) with 1 mM hydrochloric acid (HCI, pH 3; Fisher Scientific) to remove surface
mineral, or were bleached with 14% sodium hypochlorite (NaOCIl, pH >14; Fisher
Scientific) for 3, 6, or 12 hours to remove surface organics. Samples were
dehydrated by either the critical-point or HMDS drying method (as above) prior to
observation.

Light microscopy, immunocytochemistry for OPN, and transmission electron
microscopy (TEM). Decalcified eggshell fragments processed as above were
embedded after ethyl alcohol dehydration in LR White acrylic resin (London Resin

Company, Berkshire, UK) as previously described (McKee and Nanci, 1995).
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Survey sections (0.5 pm) of embedded tissue cut with a diamond knife on an
ultramicrotome (model Reichert Ultracut E, Leica, Wetzlar, Germany) were stained
with toluidine blue and coverslipped. Light micrographs were obtained using a Sony
DXC-950 3-CCD camera (Sony, Tokyo, Japan) mounted on an optical microscope
(model Leitz DMRBE, Leica, Wetzlar, Germany). For transmission electron
microscopy (TEM), selected regions were trimmed, and ultrathin sections (80 nm)
were placed on Formvar™ and carbon-coated nickel grids. Grid-mounted tissue
sections were processed for colloidal-gold immunocytochemistry by incubation of
the sections with primary rabbit anti-chicken OPN polyclonal antibody at a 1:10
dilution (antibody courtesy of Dr. Louis C. Gerstenfeld, Department of Orthopaedic
Surgery, Boston University, MA, USA; Gerstenfeld et al., 1990), after which
immunolabeling patterns were visualized by incubation with protein A-colloidal gold
complex (14 nm gold particles; Dr. G. Posthuma, University of Utrecht, The
Netherlands) followed by conventional staining with uranyl acetate and lead citrate,
as described previously (McKee and Nanci, 1995). Control incubations consisted of
exactly the same incubation steps with the same reagents, except that the OPN
antibody was omitted. Incubated grids were examined in a JEOL JEM 2000FXII
transmission electron microscope (JEOL Ltd, Tokyo, Japan) operated at an
accelerating voltage of 80 kV. Images were recorded using a CCD camera (model
792 Bioscan 1k x 1k wide-angle multi-scan CCD camera, Gatan Inc., Pleasanton,
CA).

Immunocytochemistry —and scanning electron microscopy (SEM). For
morphological imaging of both decalcified and undecalcified eggshell (either fixed
with aldehyde solution or left unfixed) and calcite crystals grown in vitro (see below),
samples were mounted with conductive carbon cement onto metallic SEM stubs.

Eggshell samples were oriented to provide a transverse, cross-sectional view of the
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eggshell/membrane; in other cases decalcified eggshell was gently split open in a plane
parallel with the eggshell surface to view internal structure in an en face
manner. Samples were then sputter-coated with a 20-25 nm thick Au-Pd thin film
using a Hummer VI Sputter System (Anatech Ltd., Hayward, CA) and imaged using a
Hitachi field-emission gun scanning electron microscope (FE-SEM) operating at an
accelerating voltage of 3-5 kV (model S-4700, Hitachi High Technologies America,
Pleasanton, CA) and using working distances of <12 mm. To localize OPN in
eggshell matrix and to investigate eggshell ultrastructure and matrix-mineral
relationships, we used SEM coupled with immunogold labeling for OPN. Briefly,
undecalcified and aldehyde-fixed, or EDTA-decalcified and fixed, eggshell fragments
were incubated by sequentially placing small fragments of eggshell directly into 50
pl drops of incubation solutions with intervening multiple rinses using this drop
method and gentle jet washing. After an initial blocking step using 1% bovine
serum albumin in phosphate-buffered saline, eggshell fragments were incubated with
primary antibody against OPN followed by protein A-colloidal gold complex as
above. When etched or fully decalcified samples were incubated, a final 1%
glutaraldehyde fixation step was performed  to stabilize  the
antigen-antibody-colloidal gold complexes. For SEM, the samples were coated with
a 40-60 nm-thick carbon layer and examined by FE-SEM using both secondary and
backscattered electron imaging modes (Robinson YAG backscattered electron
detector, ETP Semra Pty., Canterbury, Australia).

Effect of OPN on calcite crystal growth in vitro. To examine potential effects of
OPN on calcite crystal growth, calcite crystals with directed crystallographic
orientation were grown on carboxylated, alkane-thiolate self-assembled monolayer
(SAM) substrates. The rationale for using SAMs for crystal growth studies is to

provide a specific crystallographic plane for oriented crystal growth (Aizenberg et al.,
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1999) such that all crystals under experimental conditions have the same
crystallographic orientation, thus generally mimicking the patterned crystal growth
orientation commonly found in biomineralization processes including the eggshell.
The charged crystallographic surface also attracts and accumulates ions in a manner
that facilitates the formation of stable mineral nuclei that reach a critical radius (rc)
enabling further crystal growth. The crystals grown on the SAMs can be easily
analyzed by various high-resolution microscopies, such as atomic force microscopy
(AFM) and SEM. SAM substrates were prepared according to Finklea and
Hanshew (1992). Briefly, commercially available gold substrates (Evaporated
Metal Films, Inc., Ithaca, NY) were immersed in dilute thiol-ethanol solutions
(11-mercaptoundecanoic acid, 95%, Sigma; ~1.0 mM) for 24-36 hours. The gold
substrates modified by the SAM were rinsed with copious amounts of absolute
ethanol followed by rinsing with distilled, deionized water (resistance >18 MQ).
The SAM substrates were dried using a stream of pure, dry N, gas and used
immediately for the calcite crystal growth experiments as outlined below.

Calcite crystals were nucleated and grown from aqueous calcium chloride and
OPN solutions exposed to gaseous carbon dioxide. The OPN used for these
experiments was full-length, phosphorylated bovine milk OPN (0.15 - 0.78 puM) as
characterized (Serensen and Peterson, 1993) and supplied by Esben Serensen (Dept.
of Molecular and Structural Biology, University of Aarhus, Denmark) and Arla Foods
(Denmark). The growth experiments were performed in a free-drift system at room
temperature for various periods of time. The initial calcium concentration in the
reactant solutions was fixed at 10 mM. Freshly prepared SAMs substrates were
immersed vertically or upside-down in CaCl, solution and placed in a closed

desiccator containing vials of ammonium carbonate. Growth of calcite is generated
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by the diffusion of carbon dioxide vapor into the CaCl, solution, according to the

following reactions:

(NH,),COs(s) — 2NH;s(g) + CO,(g) + H,0 (g)
COx(g) — COx(aq)

COs(aq) + Ca*" + H,0 (aq)— CaCOs(s) + 2H"
NH;(g) — NHs(aq)

2NH;(aq) + 2H" — 2NH,"

The concentration of solution calcium continuously decreases once the
nucleation of calcite starts; thus, monitoring the temporal changes of solution
calcium level under different conditions can provide a measure of the inhibitory
activity of protein on crystal growth. The reactant solution was likewise collected
and filtered through a 0.22 pum hydrophilic Durapore (PVDF) low-protein binding
membrane filter (Millex-GV4, Millipore). Solution calcium concentrations were
measured by atomic absorption spectrophotometry (model AAnalyst 100 flame atomic
adsorption spectrometer, Perkin Elmer, Waltham, MA). For SEM analysis of the
crystals formed under the different experimental conditions, SAM substrates with
calcite crystals were briefly and gently rinsed using a few drops of deionized water to
remove residual solution salts, and then crystal samples were dehydrated in ethyl
alcohol and the crystals were examined by SEM. Surface topography of some of the
crystals was imaged using thin-film Pt-C surface replicas (viewed by TEM after
underlying crystal dissolution with acid) prepared using a freeze-fracture/metal

shadowing unit (model Balzers 301, BAL-TEC AG, Balzers, Liechtenstein).
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3.5 Results

Eggshells form by oriented calcite growth on the eggshell membranes, producing
a structure that has well-established regions which are compartmentalized as follows
from the inside (egg white side) to the outside (external surface): i) the mammillae
(or mammillary bodies / layer), ii) the palisades region comprising the thickest layer
of the shell, iii) the transitional vertical crystal layer, and iv) a thin, surface cuticle
(Figs. 1a,b) (Dennis et al., 1996). Whereas cross-fractured eggshell viewed by SEM
demonstrates mostly its calcitic mineral phase and structure (Fig. 1a), after complete
decalcification of the eggshell, an extensive organic matrix network that varied in
morphological texture from region to region was observed throughout the full
thickness of the shell as viewed by light microscopy after microtome sectioning (Fig.
1b). The distribution of this abundant organic matrix throughout all eggshell
regions suggests not only a mineral-compartmentalizing role, but also that a
substantial amount of this matrix could well be occluded within the mineral phase
(see further observations below).
Mammillae region

Figure 2a illustrates, by SEM, surface and internal detail of a mammillary body.

Each mammillae is comprised of a sequentially assembled base plate, a calcium
reserve body (CRB) with a centrally located CRB sac, and a CRB cover and crown
(Dieckert et al., 1989; Dennis et al., 1996). Several previous studies have given
excellent descriptions of the development and structure of these mammillae (Terepka
1963a, 1963b; Wyburn et al., 1973; Dieckert et al., 1989; Dennis et al., 1996). The
base plate is the calcified foundation of eggshell, rich in organic matrix. The base
plate directly attaches to the outer portion of the shell membranes by incorporating
mineralized fibres of the outer shell membrane, and it is generally believed that

mineralization of eggshell initiates at the base plate (Schmidt, 1960; Terepka 1963a,
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1963b; Tyler, 1969; Wyburn et al., 1973; Dieckert et al., 1989). The overlying CRB
is considered to be crucial to embryo development in that this structure is thought to
be the main source of calcium required for skeletal growth in the chick embryo
(Schmidt, 1960; Dieckert et al., 1989; Dennis et al., 1996). The CRB extends
directly above the base plate and includes a centrally located CRB sac rich in
spherical-shaped granules (Dennis et al., 1996) (and see below). The CRB is
capped by a CRB cover having a different matrix and mineral texture, which in turn
sits below a CRB crown that serves as the base for development of the columnar
palisades above (Dieckert et al., 1989; Dennis et al., 1996). The conical shape and
lateral growth of the mammillae — with fluid-filled and/or air spaces between
mammillae — is likely determined by a delimiting layer of protein that resides at the
surface of each mammillae (see below) to prevent the merging of neighboring
mammillae during mineralization.

At higher magnification, individual sub-compartments of the mammillae
showed distinct morphological features. Of note, the periphery of the CRB sac
showed a membrane-like protein film directly and intimately covering calcitic
mineral (Fig. 2b). As is evident from this plane of fracture, the CRB sac is a
distinct, centrally located chamber within mammillae whose boundary is defined by
this protein layer which is in turn connected to outwardly projecting matrix fibres and
sheets (Figs. 2c,d). At the boundary between the CRB sac and the CRB, numerous
proteinaceous vesicular profiles were present, representing most likely the protein
that circumferentially surrounds spherical voids (filled with fluid or gas) that are
widely dispersed throughout the mammillary and palisades region (Fig. 2d) (see also
Fig. 5 and Fig. 7a, as described below). When these vesicular structures and the
surrounding fibrous and membranous matrix sheets were digested by NaOCI

treatment, the mineral phase is exclusively visualized and here it appeared highly
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porous with the spherical voids being readily apparent in the bulk of the CRB at the
margins of the CRB sac (Figs. 2e,f).

Based on SEM observations suggesting that the contents of the CRB sac were
loosely packed and had been displaced during the fracturing procedure used during
sample preparation, we used a combination of mild acid etching and gentle en face
fracturing of the eggshell in that particular region; abundant granules were indeed
preserved inside the CRB sac following this procedure (Figs. 3a-c) as viewed from
the shell side. Granules were 200-300 um in diameter, with thin, fibrous threads of
matrix linking the granules (Fig. 3¢, and inset).

Colloidal-gold immunolabeling for OPN, detected by SEM in secondary and
backscattered imaging modes, and by TEM, was carried out to investigate whether
this protein was associated with any of these mammillary structures. All
immunoreactions reported in this manuscript are considered as being specific given
that control incubations, where primary antibody (Gerstenfeld et al., 1990) was
omitted but all other incubation steps remained identical, showed only background
labeling (data not shown). Within the CRB sac, the fibre threads between granules
were strongly labeled for OPN, whereas the granules themselves were not labeled
(Figs. 4a-c). The membranous, protein film delimiting the CRB sac was also not
labeled for OPN (data not shown). Beyond the CRB sac and into the body of the
calcified CRB proper, moderate immunolabeling for OPN was observed within the
interior of the CRB, whereas strong immunolabeling was seen as part of a coating of
protein at the surface of the mammillae (Figs. 4d-f).

Palisades region

The palisades of the avian eggshell — constituting roughly 80% of the shell (Fig.

la) — determine most of the mechanical properties required to protect the growing

embryo. Aligned columns (prisms) of calcitic mineral, with regular pores at
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specific interfacial sites between these columns, provide the bulk of the eggshell. In
addition to the calcite mineral in the palisades (Fig. 5a), an extensive network of
organic matrix permeates this mineralized structure (Fig. 5b, and also refer to Fig.
1b). After full decalcification of aldehyde-fixed (included during the decalcification
process) eggshell to reveal this organic matrix (Fig. 5b), or after brief etching of the
mineral phase with acid of otherwise intact fractured eggshell fragments to likewise
reveal surface organics (Figs. 5c,d), prominent structures include aligned sheets of
matrix and abundant vesicles, and an interconnecting fibrous network. The sheets
(lamellae) of matrix run parallel to each other and often to the surface of the eggshell
(Fig. 5b), or they may be at an oblique angle that seems to vary from region to region,
and they are connected to each other by thin fibres extending to neighboring lamellae
(Figs. 5c,d). After NaOCI treatment used conversely to remove surface organics —
rather than remove mineral with acid as above — from the fractured eggshell surface
to highlight surface mineral, a subtle streaked appearance was observed as generated
by the surface relief caused by linear voids digested into the “raised” mineral surface
(Figs. 5 e,f).

After colloidal-gold immunolabeling for OPN in the palisades region, followed
by TEM, the lamellar sheets of matrix were strongly labeled for OPN (Fig. 6a). The
prominent vesicular structures in the palisades, typically ranging in size from
200-500 um and being seemingly randomly distributed throughout the palisades
region (Fig. 5a) in fractured undecalcified eggshell samples, but aligned along the
lamellar matrix sheets in artifactually collapsed fully decalcified samples (Fig. 5b),
were not labeled for OPN (Fig. 6a). This localization pattern for OPN was
confirmed by SEM and backscattered electron imaging for the vesicles (Figs. 6b,c)
and for the matrix lamellae (Figs. 6d.e).

Whereas geologic calcite preferentially cleaves along the {104} faces, fractured
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eggshell typically shows cleavage not only at the {104} faces but also at {110}
crystallographic faces (Fig. 7a), exposing internal structural planes as smooth or
stepped (single orientation) surfaces, respectively. Light etching with acid of these
internal crystal planes leads to partial removal of the inorganic mineral phase by
dissolution, and here produced a characteristic surface microtopography typical for
each crystallographic face (Fig. 7b). The {104} faces contained irregularly
arranged (“zigzag”), cascading etch steps with a significant number of straight edges
parallel to the <441> direction. Frequently observed between etched steps were
narrow {104} terraces with small residual bumps / particles (Fig. 7b). In contrast,
the {110} faces showed arrays of steps or multiple, short etch pits (Fig. 7b) that ran
parallel to the <4 41> direction. Upon etching for slightly longer times, the {104}
faces showed increased topography with abundant and pronounced residual peaks
reflecting focal areas protected (by organic material) from the acid (Fig. 7c), whereas
the {110} faces remained essentially unaltered and retained their stepped appearance.
Conversely, after partial removal of organic matrix by digestion using NaOCI, the
{104} faces became significantly pitted while the {110} faces again remained largely
unaltered (Fig. 7d). Following colloidal-gold immunocytochemical localization of
OPN on similarly fractured, unetched samples, most gold particles were associated
with the {104} faces, with more minor labeling being observed on the {110} faces
(Figs. 7e,1).
Vertical crystal layer and cuticle

Just external to the palisades region of the eggshell lies the vertical crystal layer
(Tyler, 1969) — also called the vertical matrix layer (Dennis et al., 1996). Fractured
eggshell in this region when viewed in cross section, whether left undecalcified (Fig.
8a) or decalcified (Fig. 8b), shows that both the mineral and the matrix have a texture

and orientation that changes from being either parallel or at an acute angle to the
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shell surface in the palisades region to being nearly perpendicular at the outer surface
of the eggshell. Brief acid etching revealed a fibrous and vertically oriented matrix
laterally interconnected by short matrix struts (Figs. 8b,c). Partial removal of
matrix by bleaching increased surface topography to reveal mineral components
likewise oriented vertically (Fig. 8d).  Spherical voids similar in size and
protein-coating structure to those in the palisades region were also observed in the
vertical crystal layer, but were much fewer in number (data not shown). While no
obvious structural boundary was observed between the palisades and vertical crystal
layer compartments, on occasion some parallel sheets of matrix appeared to form an
indistinct interface in this region (data not shown). Moderate levels of OPN
immunolabeling were observed by SEM (Fig. 8¢) and TEM (Fig. 8f) for the matrix
found in the vertical crystal layer.

The cuticle is the outermost layer of the eggshell and its thickness varies
considerably over the eggshell surface. Dennis et al. (1996) have characterized the
cuticle as having a mineral-rich inner cuticle, containing spherulitically arranged
hydroxyapatite crystals, and a mostly organic outer cuticle. Post-embedding
colloidal-gold immunolabeling for OPN on sections of the cuticle, viewed by TEM,
showed a moderate and homogeneous distribution of gold particles across the organic
matrix of the cuticle (Fig. 8f).

Eggshell pores

The pore system of the avian eggshell is located at specific locations between the
eggshell cones (columns, prisms) to provide for gas and humidity exchange. In
chicken eggs, a typical pore (Fig. 9a) has a funnel-shaped orifice opening at the outer
shell surface at the level of the cuticle, and a single channel passing through the
vertical crystal layer and the palisades region to open at the inner surface of the

eggshell between neighboring mammillae. Brief acid etching demonstrates that the
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surfaces of each pore are lined by a thin layer of protein (Fig. 9b) connected by struts
to the underlying matrix (Fig. 9c). This pore-coating layer of protein showed an
abundance of gold particles after immunolabeling for OPN (Fig. 9c¢).
Effect of OPN on calcite growth in vitro

Calcite crystal growth experiments were conducted in the absence and presence
of OPN protein; changes in calcium concentration in reactant solutions were
measured by atomic adsorption spectrophotometry, and crystal morphology was
assessed by SEM. Without protein, solution calcium decreased after 30 minutes
(Fig. 10a), and sizable calcite crystals were observed by SEM after 1 hour of reaction
time (Fig. 10b). With OPN added to the CaCl, solution, crystal nucleation and
growth were delayed by approximately 30 minutes, with solution calcium decreasing
significantly only after 1 hour, and with roughly similarly sized (as without protein)
crystals forming at about 1.5 hours of reaction time. At relatively low
concentrations of OPN (0.15 uM), calcite crystal morphology appear as {104}
rhombohedra (Fig. 10c). A 2-fold increase in OPN concentration (0.31 uM)
produced significant morphological change in the crystals via modulation of growth
mechanisms at the crystal faces (Figs. 10d,g). At this OPN concentration, the
calcite crystals formed aggregates of {104} rhombohedra and their “patchy” irregular
surfaces were comprised of layers of spreading and merging growth islands. The
edges and corners of the larger growth islands retained angles corresponding to the
crystallographic symmetry of calcite {104} (Fig. 10g). When the concentration of
OPN was increased about 5-fold to 0.78 uM and crystal growth was allowed to
proceed for 1.5 hours (Figs. 10e,h), the majority of the crystals developed as
aggregates and the calcite {104} rhombohedra grew small, new facets at the
equatorial edges and corners of the crystals (as shown previously for magnesium

addition by Chien et al., 2006). On the larger {104} crystal faces, circular voids in
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mineral continuity were observed (Fig. 10h) with an appearance similar to those seen
in fractured eggshell in the palisades layer (Fig. 10f, and also Figs. 5a and 7a).
Attempts to immunolocalize OPN on these synthetically grown crystals were not
successful given the significant dissolution of the crystals during the aqueous

immunolabeling procedures.

3.6 Discussion
Matrix-mineral ultrastructural relationships in the avian eggshell

Although there are excellent reports on the structure of avian eggshell and, to
some extent, its organic matrix (for example, Schmidt, 1960; Terepka 1963a, 1963b;
Tyler, 1969; Wyburn et al., 1973; Dieckert et al., 1989; Dennis et al., 1996), little is
known about the ultrastructural relationship between matrix constituents and the
calcitic mineral phase. The details and implications of these relationships are
important to know for understanding eggshell formation; indeed, significant progress
has been made in recent years in identifying and explaining how proteins and their
peptide motifs interact with minerals (e.g., Hoang et al., 2003; Qiu et al., 2004; De
Yoreo et al., 2006). Importantly, these interactions can result in modifications to
mineral type, form and function (Berman et al., 1990; Berman et al., 1993). The
influence of proteins on biomineralization results not only from interactions of
proteins with crystal surfaces, but also from their subsequent occlusion within
mineral structure. In the present study, using several high-resolution ultrastructural
approaches, we report on heretofore undescribed organic matrix structures within the
eggshell, relate them to crystallographic features of the mineral phase by
surface-etching techniques, and identify the location of OPN within previously
known, and new, matrix structures. We also provide data from in vitro crystal

growth studies performed in the presence of OPN that demonstrate the ability of this
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protein to act as an inhibitor of calcite growth and modify crystal morphology.
Taken together, these data provide new insight into how proteins, and particularly
OPN, might function in the formation of eggshells, and perhaps even in other
biomineralizing systems. Considered below, following our interpretation of the in
vitro calcite growth studies, is a region-by-region discussion of the eggshell in the
context of matrix (OPN)-mineral relationships.

Effects of OPN on calcite crystal growth in vitro: Implications for eggshell
formation

Our free-drift, calcite growth experiments, with or without OPN, demonstrate the
inhibitory effect of purified, phosphorylated OPN on calcite growth at both the
micro- (crystal morphology) and nano- (growth step) scales. A similar inhibitory
activity for phosphorylated OPN on calcite growth has been shown using a pH stat
assay. However, OPN dephosphorylated by alkaline phosphatase was relatively
inactive, thus emphasizing the role of the phosphate groups in this inhibitory activity
(Hincke and St Maurice, 2000).

In all cases in our present study, the morphology of the crystals were {104}
rhombohedra within the times and range of the OPN concentrations used in the
growth studies. Modifications in overall crystal morphology, and examination of
growth steps at higher magnification, revealed that OPN interacts preferentially with
the {104} crystallographic faces of calcite, which in turn inhibits and stabilizes these
faces. This in vitro result is consistent with the in vivo immunolabeling data
showing OPN preferentially residing on internal, cleaved {104} faces — existing
presumably in situ as a mineral-occluded protein. Indeed, studies of synthetic or
natural calcite commonly show that in the presence of either inorganic (Ba*" in
Astillero et al., 2000; Mg*" in Davis et al., 2000) or organic (aspartic acids in Teng et

al., 1998; chiral aspartic acids in Orme et al., 2001) impurities, or even when grown
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at near-equilibrium growth conditions (Chien et al., 2006), new faces will develop on
the crystals at the equatorial corners and edges (e.g., Mann et al., 1990; Albeck, et al.,
1993; Aizenberg et al., 1994; Temmam et al., 2000; Orme et al., 2001; Chien et al.,
2006). This occurs because the propagation of growth layers is generally slower
toward the equatorial edges and corners than toward the polar edges and corner
layers of the {104} faces; edges of growth layers pile up, coalesce, and eventually
form new faces at the equatorial corners (Chien et al., 2006). In the present study,
the development of new faces on the calcite crystals occurred when OPN was added
at a concentration of 0.78 UM in solution and after 1.5 hours of crystal growth.

With increasing OPN concentration, the calcite crystals grown in vitro tended to
aggregate, with the c-axis of each {104} rhombohedron slightly mismatched to that
of its neighbors (Figs. 10d,e). Furthermore, the higher concentrations of OPN
produced rougher (increased topography) {104} calcite surfaces having abundant
growth islands and step edges (macrosteps), thus revealing alterations in the growth
mechanism on the {104} faces caused by the added OPN (Figs. 10g,h). However,
the growth process at this {104} face was still controlled by the surface structure of
the underlying calcite {104}, as indicated by the symmetry-related straight edges of
growth islands. At the highest concentration of added OPN (0.78 uM), calcite
growth was modulated by OPN at the {104} face to produce a circular growth step
pattern (Fig. 10h) that strikingly resembles the vesicular voids — interruptions in
mineral continuity — seen in the palisades region of fractured eggshell. While this
observation implicates OPN in the process by which these voids are created in vivo,
the lack of an immunogold labeling reaction on the vesicular proteins that
encapsulate these voids indicates that the influence of OPN may be indirect.

The finding of an interaction between OPN and the {104} eggshell calcite faces

is remarkable and noteworthy, and is confirmed by our in vitro studies of synthetic
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calcite inhibition by the added OPN at the {104} faces (Figs. 10c-h). The inhibition
of other calcite crystallographic faces by the components of uterine fluid indeed has
been previously reported (for example, Fernandez et al., 2004). However, those
studies involving uterine fluid obviously contain an extensive mixture of organics
and other ions able to affect calcite growth, whereas our study uses a single purified
protein — OPN. While in some cases it would be considered desirable to use whole
uterine fluid for calcite growth studies, the purpose of our study was to focus on the
role of OPN. Our results not only show this nanoscale OPN-{104} face interaction,
but also demonstrate more macroscale changes as observed in vitro by the creation of
the documented spherical voids by OPN and overall morphologic changes to crystal
shape (Fig. 10).
Ultrastructure and OPN localization in the mammillae of the eggshell

Eggshell is sequentially formed on the shell membranes by a spatio-temporal
deposition of organic matrix and inorganic minerals (Fernandez et al., 1997, 2001,
2003). When the egg enters the tubular shell gland portion of the oviduct (red
isthmus), and before calcification begins, mammillary matrix is synthesized and
deposited at quasi-periodic, discrete locations on the shell membranes (Wyburn et al.,
1973; Fernandez et al., 1997). The egg then enters the shell gland pouch (uterus),
where mineralization first begins within these initial mammillary base plates (also
called knobs, or mammillary tips) located on the outer shell membrane (Wyburn et al.,
1973; Fernandez et al., 1997). Granular epithelial cells of the uterus secrete OPN
into the uterine fluid which then accumulates in the forming eggshell (Pines et al.,
1995; Lavelin et al., 1998, 2000; Hincke et al., 2008). At this time of early
calcification, the CRB and the CRB sac are not yet fully developed (Wyburn et al.,
1973).

Our observations from fully mature laid eggshell, and from forming eggshells
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removed at different stages of development from the uterus (data not shown),
indicate that little or no OPN resides within, or on, the shell membrane fibres.
These observations differ from those of Fernandez et al. (2003), who describe OPN
within the fibres — perhaps attributable to differences in fixation protocols and/or the
use of different antibodies. Our negative reaction for OPN associated with the shell
membrane fibres does not necessarily preclude its presence there, since in some cases
epitopes may be masked and thus not exposed for antibody labeling. As the
mammillae develop and calcify, OPN accumulates within base plate and the CRB
and at the external surface of the mammillae, where in the latter case OPN organized
as a protein coating may serve to inhibit mineralization and define the outermost
boundary of each mammillary body. = The CRB sac is a unique compartmental unit
with unknown function (Dieckert et al., 1989; Dennis et al., 1996). It develops as a
chamber-like structure that is bounded by a membranous protein coating (free of
OPN) and which contains abundant small granules also lacking OPN.
Interconnecting, fine filamentous fibres containing OPN form an interlacing network
between the granules. Although additional work is necessary to understand the
assembly, organization and function of this complex eggshell compartment, it has
been described that spherulitically arranged calcite microcrystals exist in association
with these protein granules (Nys et al., 2004), providing a structure whose crystalline
architecture and dissolution during embryonic skeletal growth facilitates breaking the
weakened shell by the beak of the chick during hatching.
Ultrastructure and OPN localization in the palisades of the eggshell

The aligned matrix lamellae with associated vesicles found in the palisades
region of the eggshell demonstrate not only an abundant matrix that intermingles
with the calcitic mineral phase, but also a periodic structure most obviously apparent

after full decalcification of the eggshell. While some of this arrangement is likely
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artifactual, arising from partial collapse of the matrix when the mineral phase is
removed by decalcification, our inclusion of aldehyde (crosslinking) fixative in the
decalcification solution to stabilize as best as possible this organization, together with
observations of the matrix on briefly acid-etched samples, indicates that much of this
organization is real. Indeed, it appears that most of this OPN-containing matrix, and
the vesicular protein structures, is likely occluded within the calcitic mineral. Since
the columnar palisade layer is established sequentially in a vertical manner towards
the surface of the eggshell, it would seem reasonable to consider that alternating
cycles of OPN-containing matrix deposition (and consequently mineral growth
inhibition) and calcite growth regulate eggshell formation rates and oriented structure
in this region. The alternative possibility — that OPN / matrix deposition and
mineral inhibition is a continuous process — cannot be excluded. In any event,
regulation of calcite growth by OPN and likely other matrix constituents in some
manner produces elongated, matrix-rich calcitic columns in the palisades region that
have well-defined forms which provide the bulk of the eggshell important to its
functions.

It is interesting to compare how calcite growth in the geologic setting, which is
not regulated by such a matrix, produces calcite crystal habits seen as scalenohedrons,
also known as “dog tooth spar.”” Competitive growth of calcite crystals clearly
plays a role in the formation of the eggshell (Garcia-Ruiz et al., 1995), as does the
constituents and organization of the organic matrix in modifying what would
otherwise be unrestricted, geologic-type growth of calcite. The most obvious
difference between geologic calcite scalenohedrons and eggshell calcite is that the
eggshell has a repetitive and organized structure. Although competitive growth
surely explains significant features of the eggshell pattern, the refined, repetitive and

organized structure of eggshell can only come about from additional influences, such
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as those provided by an organic matrix. In contrast to the geologic growth pattern
having acute, angular ends and more disorganized structure, eggshell structure is
characterized by its repetitive, architectural pattern.

The absence of an association of OPN with the palisade vesicles, which correlate
with the peripheries of the voids in mineral continuity observed in fractured
undecalcified eggshell, is noteworthy. The mineral inhibition activity presumably
creating these voids therefore likely resides with other matrix components; indeed,
the eggshell-specific proteins ovocleidin-116 (Hincke et al., 1999) and ovocalyxin-32
(Gautron et al., 2001) have been identified previously by us in these structures.

Of particular interest is our localization of OPN to the {104} crystallographic
face of calcite in fractured eggshell. Fracturing of the eggshell during sample
preparation characteristically followed the {104} and {110} cleavage planes of
calcite. After brief acid-etching of these faces, a characteristic surface
microtopography was obtained along the Periodic Bond Chain (PBC) orientation — a
theory developed by Hartman and Perdok (1955) and Hartman (1987). Briefly,
when considering an elementary growth slice (i.e. a slice of crystal whose thickness
is equal to the interplanar distance of the corresponding crystallographic faces), a
PBC is defined as an uninterrupted stoichiometric linkage of the strongest bonds in
the first coordination sphere of the molecular units of the crystal; thus, the
detachment energy of the molecular units is higher and probability for molecular
units to attach is lower along the PBC directions than along any other
crystallographic directions. Upon exposure to acid and dissolution, crystal face
etching (dissolution) therefore proceeds rapidly along the PBC directions to give
characteristic, etched topographic features. For calcite, Heijnen (1985)
demonstrated three non-equivalent PBCs (<4_1 41>, <010> and <22 1>) where the

{104} face contains two or more PBCs in their elementary crystal slices enabling
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crystal dissolution / growth by a layer-spreading mechanism, whereas the {110} face
has only one PBC, and etching on these faces occurs rapidly only along the PBC
direction in one-dimension. Experimental observations on inorganic calcite have
shown that the crystal morphology and the surface microtopography on different
crystallographic faces are generally consistent with the PBC analysis of Heijnen
(Heijnen, 1985; Staudt et al., 1994; Astilleros et al., 2000). Relating this to our
observations in the present study where eggshell calcite was lightly etched with acid
to dissolve mineral (Figs. 7b,c), or was “etched” with sodium hypochlorite to remove
organic material (Fig. 7d), we noted that {104} cleavage faces contained abundant
matrix proteins, and typical irregular (“zigzag”) etching steps with straight edges
normally parallel to the <4 41> PBC direction on the surfaces, while the {110} faces
display elongated etched pits aligned in only one direction and the amount of organic
matrix on this surfaces was limited. OPN bound to the {104} face provides an
explanation for the acid-resistant, residual peaks of mineral observed after brief acid
etching (Fig. 7c) where each peak is likely capped by one or more organic matrix
molecules that could include OPN.  The occlusion of proteins such as OPN (and
likely other organics) into the calcitic structure of the eggshell likely modifies the
propagation of cleavage planes when an eggshell is fractured (relative to pure calcite
which preferentially fractures along the {104} cleavage planes); this has been shown
previously for sea urchin calcite (Berman et al., 1990; Seto et al., 2004). The
alternating cleavage pattern observed here in fractured eggshell occurring between
the {104} and {110} cleavage planes can now be explained by the preferential
localization of protein (including OPN) to the {104} face. This interpretation is
consistent with discussions of the quality and mechanical strength of eggshells being
largely determined by the micro-structural organization of calcite crystals in the

palisades region (Rodriguez-Navarro et al., 2002).
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Ultrastructure and OPN localization in the vertical crystal layer and cuticle of
the eggshell

In the vertical crystal / matrix layer there is a change in the alignment and texture
of the eggshell matrix and mineral from that of the palisades region; the matrix has a
general vertical orientation, with interconnecting horizontal struts. While OPN does
not appear to be preferentially associated with either of these matrix structures, there
is moderate immunolabeling for this protein in this region. In the cuticle, OPN was
likewise moderately distributed throughout its full thickness. These observations
are consistent with those reported by Lavelin et al. (1998), where a reduction in OPN
gene expression prior to laying of the egg was described for the shell gland.
Although the terminal phases of eggshell construction occur in a uterine fluid which
is supersaturated in calcium and bicarbonate with respect to calcite (Gautron et al.,
1997), the role of inhibitory phosphoprotein(s) such as OPN on cessation of calcite
deposition has not yet been elucidated.
Ultrastructure and OPN localization in pore walls of the eggshell

The remarkably strong association of OPN with proteinaceous limiting
membrane coating the calcite column surface and defining the pore space suggests a
crucial role for OPN in developing and maintaining eggshell pores. The avian
eggshell contains a large numbers of pores, up to several tens of thousands as
reported by Rahn et al. (1987), Peebles and Brake (1985) and Tullet et al. (1975).
These pores form a shell-traversing channel network that allows water and gas
exchange necessary for the growing embryo, while at the same time not significantly
diminishing the mechanical properties of eggshell required to protect the embryo.
The pore systems must also need to be capable of resisting micro-organism invasion,
and it has been reported that embryo mortality is inversely related to the density of

pores existing in eggshell (Peebles and Brake, 1985; Board et al., 1977; Tullet et al.,
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1975). In the present study, our description of OPN as a prominent component of a
distinct, delimiting protein layer at the margins of the calcitic columns and defining
the pore space may be a means by which calcification is not only inhibited and/or
terminated at the calcite column boundary, but is done so in a definitive way that
preserves the patency of the pore channel.  Such an inhibitory, compartmental
boundary function for OPN would define pore structure and dimensions, and prevent

calcification of the pore system during eggshell formation.

3.7 Conclusions

In summary, we have documented many features of matrix ultrastructure in the
avian eggshell, and have related them to eggshell compartments and mineral
structure and organization. We have described an extensive matrix network
co-existing with a calcitic mineral phase, have localized the mineral-binding,
inhibitory protein OPN (as determined in vitro by a crystal growth inhibition assay
and SEM of crystal morphology) within this network, and have shown a preferential
binding of OPN to the {104} crystallographic faces of eggshell calcite — whose
appearance at fractured surfaces suggest that it resides as an occluded protein. In
the eggshell, OPN likely functions to guide calcite orientation by influencing crystal
growth and morphology. OPN is also a prominent interfacial protein, accumulating
at the boundaries of various eggshell structures where we propose it terminates
calcification at those margins to maintain different eggshell compartments and the

patency of the eggshell pores.
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Figure 1. Cross-sectional profile of avian eggshell. (a) Scanning electron micrograph of a cross-fractured
eggshell without decalcification showing the major eggshell compartments (as indicated) and the shell
membranes. The major mineral phase of the eggshell is calcite. Detailed observations for each
compartment are described in subsequent figures (as indicated). (b) Light micrograph of cross-sectioned
eggshell stained with toluidine blue after complete decalcification, plastic embedding and microtome
sectioning. An abundant matrix is present throughout all compartments of the eggshell.
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Figure 2. Ultrastructure of mammillary bodies in eggshell observed by SEM. (a) Constituting the
mammillary body starting from the membrane side (asterisk) are the base plate and calcium reserve body
(CRB) sac (dashed line), cover and crown. (b) A membranous film lines the margins of the CRB sac
defining a space within the calcified mammillae. (c) Slight acid etching with hydrochloric acid (1 mM HCI
for 1 minute) in aldehyde fixative reveals that the membrane of the CRB sac is continuous with the
surrounding matrix of the mammillae. (d) Located within the CRB sac membrane are abundant hemi-
vesicular structures (arrows). Sample was slightly acid-etched (1 mM HCI for 1 minute in fixative). (e,f)
After digestion of the CRB sac membrane and subjacent matrix with sodium hypochlorite (14% NaOCI for
6 hours), the surrounding mineral phase is revealed showing cleaved calcite and abundant spherical voids.
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Figure 3. Scanning electron micrographs of an eggshell mildly acid-etched (I mM HCI for 1 minute in
fixative) and split in a plane parallel with the eggshell surface at the level of the mamillae to provide an en
face view of the internal structure of the mamillary bodies. (a) Mammillae are patterned on the shell
membranes in a pseudo-periodic manner. (b,c) Abundant granules (not seen in Fig. 2) inside the CRB sac
are preserved by this sample preparation method. The granules are typically 200-300 nm in diameter and
are linked by thin, fibrous threads (arrows).
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Figure 4. Colloidal-gold immunolabeling for OPN of eggshell mammillary structure viewed by SEM and
TEM. (a) SEM secondary electron imaging (SEI), (b) SEM backscattered electron imaging (BEI) of
slightly acid-etched eggshell (1 mM HCI for 1 minute in fixative), and (c) TEM viewing of decalcified
ultrathin sections, all labeled for OPN by application of primary antibody followed by protein A-colloidal
gold conjugate, show OPN associated with the network of thin, fibrous matrix (solid black arrows), but not
with granules (brackets), within the CRB sac. (d) SEM secondary electron imaging (SEI), (¢) SEM
backscattered electron imaging (BEI) (1 mM HCI for 1 minute in fixative), and (f) TEM viewing of fully
decalcified ultrathin sections, all labeled for OPN, show abundant gold particles associated with an organic
layer coating the surface of the mammillae (open arrows), and with matrix inside the mamillary body (f).
The halo structure surrounding each gold particle viewed by SEM SEI (inset, d) represents the protein A
shell of the colloidal-gold conjugate bound to the surface of the gold particle. Gold particles appear white
by SEM, and black (electron-dense) by TEM.
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Figure 5. Ultrastructure of the palisade layer in eggshell by SEM. (a) Cross-fractured eggshell displays
irregular cleaved calcite profiles in which are found numerous spherical voids. (b) After initial fixation
with aldehyde, followed by simultaneous fixation and complete decalcification with EDTA, an extensive
network of organic matrix is revealed permeating the previously highly-mineralized eggshell structure.
This matrix consists of lamellar sheets (arrows) coated with abundant vesicles (inset). (c,d) After brief
hydrochloric acid (1 mM HCI for 1 minute) etching of fixed, native eggshell fragments to partially remove
surface mineral, additional prominent structures in this region include vertically aligned, fine fibrous
matrix (asterisks) interconnecting the parallel lamellar sheets of matrix (arrows). (e,f) After sodium
hypochlorite treatment (14% NaOCI for 6 hours) to remove surface organics from fractured eggshell
fragments, a fine, depressed surface texture is noted on the cleaved calcite faces.
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Figure 6. Colloidal-gold immunolabeling for OPN in eggshell palisade structure viewed by SEM and TEM.
(a) Ultrathin section of fixed and decalcified eggshell in the palisades region observed by TEM after
immunolabeling for OPN. Strong immunolabeling for OPN is associated with the lamellar sheets of
matrix (arrows), with some moderate labeling of the interconnecting fibrous matrix between the vesicles,
whereas the vesicles themselves are not labeled for OPN (brackets). The absence of OPN labeling of the
vesicular structures (brackets) was confirmed by (b) secondary electron imaging (SEI) SEM and (c)
backscattered electron imaging (BEI) (immunolabeling for OPN on a freshly cleaved eggshell without
decalcification). (d) SEI and (e) BEI SEM imaging, in an en face view, after immunogold labeling for
OPN on a fresh-fractured eggshell showing strong labeling of a matrix lamellae (e).
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Figure 7. SEM imaging of typical calcite crystallographic cleavage faces from cross-fractured eggshell in
the palisades region, and immunolocalization of OPN. (a) The {104} and {110} crystallographic faces (as
indicated) exhibit smooth or stepped (single orientation) surfaces, respectively. (b) A characteristic surface
microtopography typical for each crystallographic face is produced by light acid etching with hydrochloric
acid (1 mM HCI for 1 minute in fixative) to remove surface mineral. The {104} faces contained
“zigzagging,” cascading etch steps frequently with straight edges parallel to the < 41> direction (two of
the step orientations are labeled with thin white lines just to the left of the denotation). Small, residual
bumps / particles (arrowheads), possibly representing protein molecules, remain after acid etching on the
narrow {104} terraces between etch steps. The {110} faces display arrays of parallel steps or multiple,
short etch pits (arrows). (c¢) Acid etching for slightly longer times (1 hour) produces abundant and
pronounced residual peaks (arrowheads) on the {104} faces, whereas the {110} faces still show generally
the same topography as in (b). (d) After partial removal of organic matrix using sodium hypochlorite (14%
NaOCI for 3 hours), the {104} faces became highly pitted as would be expected from removal of protein
(and/or proteoglycans or other matrix constituents), while the {110} faces remained largely stepped as in
native specimens without NaOCl treatment. (e) Secondary electron imaging (SEI) SEM and (f)
backscattered electron imaging (BEI) SEM of fractured surfaces (freshly fractured and not etched) after
colloidal-gold immunolabeling for OPN show abundant gold particles residing on the {104} faces, with
smaller amounts of labeling seen on the {110} faces.
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Figure 8. Ultrastructure of the vertical crystal layer and cuticle in eggshell, and immunolocalization of
OPN. (a) Freshly fractured undecalcified, and (b,c) hydrochloric acid-etched (1 mM HCI for 1 minute)
eggshell at the surface of the shell showing that the mineral and matrix organization change (from the
palisades layer) to having a vertically oriented (perpendicular to the eggshell surface) texture (open arrows)
in the so-called vertical crystal layer. Vertically oriented matrix and mineral are interconnected laterally by
short matrix struts (solid arrows), as revealed by brief acid etching (c). (d) As shown by partial removal of
organic matrix by sodium hypochlorite treatment (14% NaOCI for 3 hours), mineral components are
likewise generally oriented vertically. (e) Secondary electron imaging (SEI) SEM (samples slightly etched
with 1 mM HCI for 1 minutes before immunolabeling) shows OPN immunolocalization (gold particles
indicated by arrows) associated with the matrix in this region. (f) TEM of thin sections after full
decalcification and post-embedding colloidal-gold labeling for OPN shows moderate immunolabeling over
the matrix of both the vertical crystal layer and the cuticle.
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Figure 9. Ultrastructure by SEM secondary electron imaging (SEI) and OPN immunolocalization in the
pore system of the eggshell. (a) Pores consists of a funnel-shaped orifice opening at the cuticle, and a
single channel passing through the vertical crystal layer and the palisades to open between neighboring
mammillae. (b) Pores are lined on their walls by a thin layer of protein (open arrows). (c) Higher
magnification of the protein coating delimiting the pore space and defining the outermost boundary of a
palisades column (dashed line) shows that it is connected by matrix struts (asterisks) to the underlying
palisades matrix. After immunogold labeling for OPN, abundant gold particles (arrows) are associated with
this pore-coating layer of protein. Panels b and ¢ are from samples lightly etched with hydrochloric acid (1
mM HCI for 1 minute in fixative).
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Figure 10. Effect of OPN on calcite growth in vitro. (a) With a fixed initial concentration, solution calcium
[Ca?"] decreased when the nucleation and then growth of calcite occurred on a carboxylated self-
assembling monolayer substrate. When compared to no added protein, the addition of OPN to the growth
solution significantly delays crystal nucleation and growth by approximately 30 minutes. [Ca®'] decreases
significantly only after 1 hour, and sizeable crystals form at about 1.5 hours of reaction time. (b) TEM of
Pt-C replica, and SEM (inset), of pure calcite (grown without protein) consisting of {104} rhombohedron
(as inset), grows mainly by the propagation of step arrays (arrows). Schematic drawing of a calcite {104}
rhombohedron (inset) prepared by SHAPE computer software (SHAPE Windows V 6.0 Professional,
Copyright 2002 by Eric Dowty). (¢) 0.15 mM, (d) 0.31 mM, and (e) 0.78 mM addition of OPN. (c-e¢) With
increasing addition of OPN in the growth solutions, calcite crystals grown for 1.5 hours retain the {104}
rhombohedron shape, but often form as aggregates (d,e). (f) Fractured eggshell in the palisades region for
comparison with panel h. (gh) Higher magnification SEM views of the boxed areas in panels d and e
showing that the surface topography of the {104} face loses its calcite symmetry with increasing OPN
levels. At the higher concentration of OPN (0.78 mM), a circular growth step pattern (arrows, in panel h) is
produced that is remarkably similar to the vesicular voids seen in the palisades region of fractured eggshell
(arrows, in panel f).
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Chapter 4

Manuscript 3

4.1 Preface
This report presents a brief review of avian eggshell ultrastructure in terms of mineral,

organic matrix (and more specifically OPN) and matrix-mineral relationships.
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Reproduced with permission from Cells, Tissues, Organs (2009), 189(1-4):38-43
Avian eggshell structure and osteopontin

Yung-Ching Chien', Maxwell T. Hincke?, and Marc D. McKee'”
'Faculty of Dentistry, McGill University, Montreal, QC, Canada, “Department of
Cellular and Molecular Medicine, University of Ottawa, ON, Canada, 3Department of
Anatomy and Cell Biology, McGill University, Montreal, QC, Canada

4.2 Abstract

The avian eggshell primarily consists of calcium carbonate mineral (calcite) and
matrix proteins. Here we review matrix-mineral relationships in the eggshell at the
ultrastructural level using scanning and transmission electron microscopy, and describe
the distribution of osteopontin (OPN) as determined by colloidal-gold immunolabeling
for OPN. A rich protein network integrated within the calcitic structure of the eggshell
shows variable, region-specific organization that included layered fibrous planar sheets
of matrix, thin filamentous threads, thin film-like surface coatings, vesicular structures
and isolated proteins residing on cleaved {104} crystallographic faces of the eggshell
calcite. Except for the vesicular structures, these matrix structures all immunolabeled
strongly for OPN. Given the potent mineralization-inhibiting function of OPN, we
discuss how this protein might regulate eggshell growth rate, and inhibit calcification at
specific compartmental boundaries to provide eggshell form.

Key Words: Osteopontin, avian eggshell, calcite, biomineralization.

Abbreviations: EDTA — ethylenediamine tetra-acetic acid; OPN — osteopontin

4.3 Introduction

The avian eggshell is composed mainly of inorganic calcite and an organic matrix
(Romanoff and Romanoff, 1949). Its structure and composition serve in physical
protection, prevention of dessication and allowing for gaseous exchange for the growing
embryo. Eggshell calcification is one of the fastest known mineralizing biosystems, with

gram amounts of calcitic mineral being deposited within a matter of hours. The
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structural organization of the eggshell is thought to be directed by organic molecules
assembled as a matrix and interacting with calcite during the mineralization process
(Burley and Vadehra, 1989; Lavelin et al., 2000). Amongst many organic matrix
components of the eggshell, osteopontin (OPN) is a highly phosphorylated, acidic
glycoprotein suggested to play an important role in regulating mineralization of the
eggshell (Panheleux et al., 1999; Pines et al., 1995). Localization of OPN by microscopy
in decalcified eggshell has been reported (Fernandez et al., 2003; Pines et al., 1995), and
some details of the structure and mineral phase in the different eggshell compartments
have been described by Dennis et al. (Dennis et al., 1996), but sites of OPN
incorporation into the extracellular matrix at the ultrastructural level have not yet been
determined. Knowledge of the distribution of OPN in these compartments is important
given the potent effects of this protein on inhibiting and regulating crystal growth in a
wide variety of mineralizing biological systems. Our objective here was to provide
information on the distribution of OPN as it relates to extracellular matrix ultrastructure
in the eggshell, and to determine whether OPN associates with any specific
crystallographic faces of its calcitic mineral phase. Moreover, an improved
understanding of how OPN and other matrix molecules interact with calcite will provide
insight into how regulatory proteins interact with crystallographic faces to define crystal
growth, and will allow insight into the fate and final function of these proteins once

incorporated into fully formed eggshell.

4.4 Materials and methods

Eggshells from white leghorn chickens (Gallus gallus) were fractured at their
equatorial region and air-dried, or were chemically fixed with aldehyde to preserve the
structural organization of the organic matrix followed by partial or full decalcification
with hydrochloric acid or EDTA. We used a combination of transmission electron
microscopy (TEM), field-emission scanning electron microscopy (SEM), and colloidal-
gold immunolabeling methods to investigate matrix-mineral relationships in the eggshell
and to observe OPN localization at the ultrastructural level. Eggshell fragments where
calcitic columns were intentionally fractured along different planes were observed by

SEM and after incubation with rabbit anti-chicken OPN antibody (from Dr. L.C.
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Gerstenfeld, Boston University, MA) followed by protein A-colloidal gold conjugate.
Some samples were briefly etched with hydrochloric acid or sodium hypochlorite to
observe structure after partial removal of mineral or matrix, respectively. For microtome
sectioning of eggshells, aldehyde-fixed, decalcified eggshell samples were embedded in
LR White resin.

4.5 Results and Discussion
Morphology and ultrastructural matrix-mineral relationships in avian eggshell

Eggshell structure first develops as a periodically spaced array of rounded, cone-
shaped mammillae (or mammillary bodies) on the outer surface of the fibrous shell
membrane, which then grow in length and width and extend outwards to form the
palisade layer, ending with a thin transitional vertical crystal layer which is then finally
covered with a cuticle (Fig. 1a). Sub-compartments exist within each of these regions,
with the most noticeable being the calcium reserve body (with accompanying calcium
reserve body base plate, calcium reserve body cover, and calcium reserve body crown)
(Dennis et al., 1996; Dieckert et al., 1989; Terepka, 1963a; Terepka, 1963b; Wyburn et
al., 1973) in the mammillae. Calcite is present as the major mineral phase in all regions
except the cuticle, the latter also containing calcium-phosphate mineral (apatite) (Dennis
et al., 1996). Following initial formation of the tips of the mammillary bodies on the
shell membrane, eggshell is sequentially constructed via a precise spatio-temporal
deposition of organic matrix and inorganic mineral (Fernandez et al., 1997; Fernandez et
al., 2003).
Mammillae

After ovulation, the forming egg receives each of its layers as it traverses a
specialized region of the oviduct. The shell membranes are deposited in the proximal
(white) isthmus, followed by entry of the egg into the distal (red) isthmus where the
initial early mammillary matrix molecules are synthesized by isthmal cells and deposited
onto the membrane in a discrete, periodic array with a spacing of about 50-200 um
between mammillae (Figs. 1b,c) (Fernandez et al., 1997; Wyburn et al., 1973). The
immature egg then enters the shell gland (uterus) where calcification commences within

the tips of the mammillae (also called mammillary knobs) (Fernandez et al., 1997;
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Wyburn et al., 1973). Calcified mammillae serve as the foundation for the elongated
calcitic prisms (also called cones or columns) of the final eggshell (Fig. 1a), each of
which shows a generally coherent X-ray diffraction pattern (Nys et al., 2004). The base
plates of the mammillae are rich in organic matrix and are penetrated by membrane
fibres of the outer shell membrane. It is generally thought that mineralization of the
eggshell is initiated within the base plate (Dieckert et al., 1989; Schmidt, 1960; Terepka,
1963a; Terepka, 1963b; Wyburn et al., 1973). The calcium reserve body refers to an
important region of the mammillae where microcrystals of calcite are spherulitically
arranged and whose dissolution serve as a source of calcium to nourish the embryo (Nys
et al., 2004) and to provide calcium for initial embryonic skeletal development (Fig. 1d)
(Dennis et al., 1996; Dieckert et al., 1989; Schmidt, 1960). The calcium reserve body
connects directly to the base plate and includes a calcium reserve body sac located at its
centre. The calcium reserve body sac is a chamber-like structure (Dennis et al., 1996)
that is demarcated at its periphery by a thin protein matrix sheet and encloses numerous
granules interconnected by thin threads of protein (Chien et al., 2008). The calcium
reserve body is capped by a cover that has a different matrix structure, and a highly
mineralized crown that serves as the base for the columns of calcite in the palisades
above. Each mammillae as a whole is enclosed by a thin organic film at its surface that
presumably functions to limit mineralization from extending beyond these margins and
prevents the merging of neighboring mammillae.
Palisades

The palisades region constitutes the thickest part of a mature eggshell, and is
represented by the region where the calcitic columns become fully formed and abut
extensively against one another, leaving only narrow pores that traverse the eggshell. A
prominent feature observed within fractured calcite prisms in the palisades are numerous
spherical voids, presumably filled with either gas or fluid, that measure between 200-500
um (Fig. 2a). When examined in decalcified specimens, the voids are circumscribed by
an organic halo (Fig. 2b). Also in this region, extended, layered and interconnected
sheets of matrix run roughly parallel to the eggshell surface (Fig. 2b). These matrix
sheets have a finer substructure consisting of thinner, more flocculent filaments radiating

in different directions from this layered matrix organization. The generally parallel
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arrays of matrix sheets and spherical structures was confirmed by brief acid-etching of
the samples, which partly removes surface minerals and exposes the underlying
structural arrangement of matrix underneath (Chien et al., 2008). It is not clear whether
this matrix architecture represents occlusion of organic material within large calcite
crystals, or rather reflects intervening layers of matrix alternating with a coherently
oriented arrangement of multiple calcite crystals. When eggshells are fractured, calcite
cleavage commonly occurs at the {104} crystallographic faces (Fig. 2a) (Berman et al.,
1988). Characteristic surface microtopography can be accentuated on crystallographic
faces by slight acid etching, which is useful for face identification, and on these cleaved
faces we observed proteins, such as OPN, in isolated forms distinct from that seen as the
layered matrix structures described above (Chien et al., 2008).

Association of OPN with eggshell ultrastructure

Mammillae and OPN.

OPN is synthesized by granular cells in the surface epithelium of the shell gland
(uterus) (Fernandez et al., 2003; Pines et al., 1995). It is secreted into the uterine fluid
along with other matrix proteins where it then accumulates within the mineralizing
eggshell. Colloidal-gold immunolabeling of OPN in epithelial cells shows intense
labeling for OPN in secretory granules (Fig. 2c). In the bulk of the mammillae, OPN
accumulates to a moderate degree, whereas the prominent granules contained within the
calcium reserve body sac do not contain OPN. At the surface of the mammillae, intense
OPN immunolabeling is associated with a thin coating of protein which, given the
inhibitory properties of OPN on calcite growth (Hincke and St Maurice, 2000), may
serve to restrict further calcite growth at this boundary in order to delineate the final
form of the mammillae. This accumulation of OPN at the boundary of the eggshell
mammillae may be analogous to its mineralization-inhibiting function within the OPN-
rich protein layer (laminae limitantes) seen at the surface of mineralized bone covered
with quiescent bone-lining cells and surrounding osteocyte lacunae and associated
canaliculi (McKee and Nanci, 1996).

Palisades and OPN.

In the palisades region of the eggshell, OPN is strongly associated with sheets of
matrix generally parallel to the shell surface (Fig. 2d). The association of OPN with
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parallel sheets of matrix, and more diffusely with the {104} crystallographic faces of
eggshell calcite (Figs. 2e and f), may function in regulating palisade growth by orienting
calcite crystals and by regulating the speed of mineralization. Inappropriately rapid
mineralization in this biological context might otherwise result in crystal morphologies
commonly seen in geological settings where crystal habits not regulated by organics
appear as large, radiating and angular scalenohedrons also known as “dogtooth spar.”
The vesicular structures found in the palisades layer that are rich in protein and are
dispersed along the matrix sheets lack OPN (Fig. 2d). While the biological function of
these protein-circumscribed, non-mineralized voids in the calcite prisms is not well
understood, we have observed that the eggshell-specific matrix proteins, ovocleidin-116
and ovocalyxin-32, are prominent components of the vesicle walls (Gautron et al., 2001;
Hincke et al., 1999). Further investigation is required to determine their function /

significance in the forming and mature eggshell.
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Fig. 1. Scanning electron micrographs of fractured avian eggshell and eggshell membranes. (a) Full-
thickness view of cross-fractured eggshell attached to its shell membrane and with major structural
compartments indicated. (b) En face view (eggshell/outer side) of the fibrous shell membrane (mb) after
removal of the eggshell. (¢) En face view of shell membrane (mb) with portions of mammillae (arrows)
remaining attached after fracturing the eggshell parallel to the membrane surface and after a slight acid
etching. (d) Cross-fractured eggshell at the level of the calcium reserve body (CRB) of a mammillae, in
whose center normally resides the CRB sac and its constituent granules, whose space is indicated here by
the asterisk. These structures have been lost in this sample during the fracture preparation, but this region
was intentionally selected to show the outline of this compartment.
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Fig. 2. Scanning and transmission electron micrographs of undecalcified and decalcified eggshell and
epithelial cells of the shell gland. (a) Cross-fractured eggshell in the palisades region showing cleaved
calcite faces (asterisks) and spherical voids (arrows). (b) Fully decalcified eggshell palisade layer showing
arrayed sheets of matrix (open arrows) with many spherical vesicles (closed arrow, inset) aligned along
and between these matrix sheets. (c) Non-ciliated granular epithelial cells of the shell gland after
immunogold labeling for OPN followed by TEM showing abundant gold particles associated with
secretory granules (SG). rER, rough endoplasmic reticulum; Nu, nucleus. (d) Immunogold labeling for
OPN followed by TEM on decalcified palisades region showing gold-particle labeling associated with
flocculent sheets of matrix (open arrows) whereas the palisades vesicles (closed arrows) are not labeled for
OPN. (e, f) SEM image in secondary (e) and backscattered (f) electron imaging mode of fractured eggshell
without decalcification showing gold particle complexes (small white spots) labeling OPN at the {104}
crystallographic faces.
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Chapter 5
Manuscript 4

5.1 Preface

As shown in the previous chapters, the avian eggshell is a highly structured and
compartmentalized calcitic architecture constructed by sequential and orderly
deposition of both matrix and mineral phases. Once built for the protection of the
developing embryo from the exterior environment, dissolution of mineral from its inner
surface (shell resorption) accounts for more than 80% of the calcium required by the
avian embryo for skeletal mineralization. As a follow-up to the previous report where
ultrastructural details of unincubated (unresorbed) eggshell were described (Chapter 3),
this study presents a detailed systematic (over time) ultrastructural study of how the
inner surface (mammillary layer) of the shell dissolves to release calcium. Major
changes occur in the structure and mineralization status of the so-called calcium reserve
body located centrally within individual mammillae comprising the mammillary layer.
Significantly, the protein-rich organic matrix described previously in Chapter 3 —
involved in the construction of the shell — slowly becomes exposed as part of the
calcite/shell dissolution process and might then serve as a conduit that facilitates further
resorption to provide calcium for the embryo and then to weaken the shell for chick
hatching (pipping). These data are consistent with the notion that a possible
dissolution mechanism for biominerals in general may involve an extensive and
occluded organic matrix within the mineral phase that facilitates and guides dissolution

patterns where loss of mineral occurs as part of a biologic process.
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Reproduced with permission from J. Struct. Biol. (2009) as doi:
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Ultrastructure of avian eggshell during

resorption following egg fertilization
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5.2 Abstract

For skeletal mineralization, the avian embryo mobilizes calcium from its calcitic
eggshell. This occurs through dissolution of specific interior regions of the shell in
a process that also weakens the shell to allow hatching. Here, we have examined
eggshell ultrastructure during dissolution occurring between laying of a fertilized egg
(with incubation) and hatching of the chick (Gallus gallus). We have focused on
changes in shell mammillae where the majority of dissolution takes place. Using
scanning electron microscopy, we describe differences in matrix-mineral structure
and relationships not observed in unfertilized eggs (unresorbed eggshell). We
document changes in the calcium reserve body — an essential sub-compartment of
mammillae — consistent with it being an early, primary source of calcium essential
for embryonic skeletal growth. Dissolution events occurring in the calcium reserve
sac and in the base plate of the calcium reserve body, and similar changes in
surrounding bulk mammillae structure, all correlate with advancing skeletal

embryonic calcification. The changes in mammillae sub-structures can generally be
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characterized as mineral dissolutions revealing fine surface topographies on
remaining mineral surfaces and the exposure of an extensive, intracrystalline
(occluded) organic matrix network. We propose that this mineral-occluded network
regulates how shell mineral is dissolved by providing dissolution channels
facilitating calcium release for the embryonic skeleton.

Keywords: Eggshell, eggshell resorption, calcite, calcification, chicken,

ultrastructure

5.3 Introduction

The avian eggshell is a unique mineralized structure produced by birds to isolate
and protect the developing embryo from the exterior environment. This hard,
calcareous shell protects the growing embryo from physical trauma, invasion by
microorganisms and dehydration, and it allows gaseous exchange while buffering
against temperature fluctuations to maintain an appropriate growing temperature for
the embryo. In addition to these functions, the eggshell provides, via its physiologic
dissolution, a primary source of calcium for the developing embryonic skeleton of the
chick (Burley and Vadehra, 1989; Arias, 1993) and a possible means to prevent
respiratory acidosis in the embryo (Dawes and Simkiss, 1971), although the latter
hypothesis remains unproven (Crooks and Simkiss, 1974; Gabrielli, 2004; Everaert et
al., 2008).

During the second half of avian embryonic development (for the domestic
chicken, starting at day 11 of egg incubation until hatching of the chick from the shell
at day 21; (Hamburger and Hamilton, 1951), the avian embryo receives a large amount
of calcium from extra-embryonic sources to fulfill the metabolic/anabolic needs of
skeletal growth, neuromuscular activity and other physiologic functions. In fertilized

eggs of the domestic chicken, the extra-embryonic sources of calcium come from the
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yolk and the eggshell (Simkiss, 1961). More specifically, the eggshell is the major
source of calcium and provides more than 80% of this key ion for the chick embryo
(Johnston and Comar, 1955; Romanoff, 1960; Simkiss, 1967; Crooks and Simkiss,
1974). During embryonic development, calcium is successively mobilized first from
the yolk at the earliest stages (from laying until the 11th day of incubation), and then
from the eggshell for the remainder of the incubation period, as clearly demonstrated
in a **Ca tracer study performed by Johnston and Comar (1955). Resorption of the
eggshell to release calcium for the growing embryo is initiated at approximately day
11-12 of incubation, and continues until hatching at 21 days. While the majority of
the shell calcium is used by the embryo to mineralize its skeleton, a significant amount
is also transferred into phosvitin-rich platelets residing in the yolk sac (Moran, 2007).
The storage of this latter calcium in the form of high-density, calcium-phosphate
lipoprotein platelets is particularly important for newborn hatchlings to continue their
skeletal development and mineralization uninterruptedly after loss of chorioallantoic
membrane attachment to the shell causing aborted access to shell calcium near the time
of hatching (Cheville and Coignoul, 1984). As a final point, the net loss of mineral
from the eggshell during the resorption process also weakens the shell for the pipping
process allowing emergence of the chick from the shell.

During eggshell resorption, the calcitic mineral phase is dissolved by the acidic
conditions generated by H' release occurring during the conversion of carbon dioxide
(CO») to bicarbonate ion (HCOj3") via the actions of carbonic anhydrase (Narbaitz,
1974; Tuan and Zrike, 1978; Anderson et al., 1981; Tuan, 1984; Tuan and Ono, 1986;
Tuan, 1987). Calcium is transported into the embryonic bloodstream by
uni-directionally traversing the ectodermal cells of the chorioallantoic membrane
(Terepka et al., 1976; Clark and Simkiss, 1980; Tuan, 1987). The chorioallantoic

membrane is an extra-embryonic, placenta-like tissue important for developmental
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functions, where it is particularly important for the transport of Ca®* ions (Garrison and
Terepka, 1972b; Garrison and Terepka, 1972a; Terepka et al., 1976). The region of the
chorioallantoic membrane in contact with the eggshell contains two distinct cell types:
villus-cavity cells specifically engaged in eggshell dissolution and calcium transport
(Narbaitz et al., 1981; Narbaitz, 1987), and supporting capillary-covering cells which
constitute most of the chorioallantoic membrane surface. As calcium transport
activity increases, the villus-cavity cells specifically undergo morphologic changes
and secrete enzymes involved in calcite dissolution and calcium transport (Narbaitz,
1977; Anderson et al., 1981; Narbaitz et al., 1981; Gabrielli, 2004). A number of
proteins are expressed by villus-cavity cells of the chorioallantoic membrane
concomitant with the onset of resorption activity — an apical vacuolar H'-ATPase
which secretes protons towards the shell, carbonic anhydrase which partakes in the
acidification process resulting in dissolution of the shell mineral, and a
calcium-binding protein involved in the uptake and transportation of calcium (Tuan et
al., 1978; Tuan and Zrike, 1978; Narbaitz et al., 1995).

Although a reasonable amount of information is available concerning the cellular
and biochemical mechanisms underlying avian eggshell resorption, few systematic
studies describing morphologic changes (especially ultrastructural changes) have been
reported, and little is known of the evolution of matrix-mineral relationships during
this process. In a recent study we detailed unincubated eggshell ultrastructure using a
variety of sample preparation etching techniques and electron microscopy. In the
present study, we use similar approaches to describe changes in eggshell structure
during resorption following fertilization, incubation and embryonic growth.
Particularly, we examine in detail a sub-compartment of eggshell mammillae, the
calcium reserve body (CRB) sac, in terms of its role as a source of calcium for the

growing chick. We also demonstrate delicate dissolution features on the bulk of the
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mineral in mammillary bodies — likewise a rich calcium source — and describe an
occluded and interlacing organic matrix network contained therein. These data
support the suggestion that a possible dissolution mechanism for biominerals may
involve an extensive and occluded organic matrix within the mineral phase that

facilitates and guides dissolution patterns.

5.4 Materials and methods

Eggshells. Eggshells from fertilized, laid and incubator-warmed and turned
eggs from domesticated White Leghorn chickens (Gallus gallus) were examined at
different days after laying until hatching of the chicks at 21 days. Eggshells were
fractured open from their obtuse ends, and carefully detached from the
chorioallantoic membrane and the developing embryo. Eggshell fragments from
each sample were rinsed briefly with physiologic saline and de-ionized water, and
then they were immediately dried in air at room temperature. To assess the
preserving effects of fixative on matrix structure for microscopy, some eggshell
samples were fixed immediately after rinsing by overnight immersion in a 5%
glutaraldehyde solution (in 0.1 M sodium cacodylate buffer, pH 7.3) with subsequent
short-term storage in the same buffer alone prior to use. All shell fragments used in
this study were taken from the equatorial region of the eggshell.

Eggshell acid etching. To compare fertilized and incubated eggshell dissolution
after physiologic resorption with an experimental resorption of an unincubated shell
by acid etching, both aldehyde-fixed and unfixed eggshell samples were exposed for
12-24 hours on their inner surface to 1 mM hydrochloric acid (HCI, pH 3; Fisher
Scientific, Ottawa, Ontario); shell membranes were left in place during the
dissolution. Eggshell samples were then briefly washed in distilled water and

sequentially dehydrated in graded solutions of ethyl alcohol and hexamethyldisilazane
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(Electron Microscopy Sciences, Hatfield, Pennsylvania), or dehydration was
achieved using a critical-point dryer (model 29000, LADD Research Industries,
Burlington, Vermont) prior to observation as described below.

Light microscopy. Undecalcified, air-dried eggshells at different stages of
resorption were embedded after ethyl alcohol dehydration in LR White acrylic resin
(London Resin Company, Berkshire, UK) as described previously (Chien et al., 2008;
Hincke et al., 2008a), and then sections approximately 100 pum thick were cut
perpendicular to the surface of the eggshell using a diamond saw rotating disc (model
VC-50 Precision Diamond Saw, LECO, St. Joseph, Michigan). The sections were
mechanically polished by hand using 2500A abrasive paper (Imperial ™ Wetordry ™
401Q, 3M, London, Ontario) to a thickness of approximately 10-20 um suitable for
light microscopy. Light micrographs were obtained using a Sony DXC-950 3-CCD
camera (Sony, Tokyo, Japan) mounted onto an optical microscope (model Leitz
DMRBE, Leica, Wetzlar, Germany).

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS). For morphological imaging of fertilized, incubated and resorbed eggshell
(either fixed with aldehyde solution or left unfixed), samples were mounted with
conductive carbon cement onto metallic stubs prior to viewing by scanning electron
microscopy (SEM). Eggshell samples were oriented to provide a transverse,
cross-sectional view of the eggshell and its membranes. In cases where the eggshell
and shell membrane were fortuitously detached during the rinsing and fracturing, these
samples were used to provide both shell and membrane viewing in an en face
orientation. Samples were then sputter-coated with a 20-25 nm thick Au-Pd thin film
using a Hummer Sputter System (model VI, Anatech Ltd., Hayward, CA) and imaged
using a field-emission gun scanning electron microscope operating at an accelerating

voltage of 3-5 kV (model S-4700, Hitachi High Technologies America, Pleasanton,
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CA) and using working distances of <12 mm. For energy-dispersive X-ray
spectroscopy (EDS) analysis, samples were coated with a 10-15 nm-thick carbon
layer and examined by SEM using the secondary electron imaging mode. The EDS
analyses were performed using an Oxford INCA microanalysis system (model

D-7200) with its installed software INCA Microanalysis Suite (Version 4.04).

5.5 Results

Prior to calcium release from a resorbing eggshell of a fertilized and incubated
egg, the intact eggshell has a well-established structure with compartmentalized
regions (Dennis et al., 1996; Chien et al., 2008; Chien et al., 2009), as illustrated here
by light microscopy of ground sections and by SEM of cross-sections of freshly
fractured shell as seen in unfertilized eggs (Fig. la and b). The calcified shell
attaches to the shell membranes via conical-shaped mammillae (also called
mammillary bodies) — with each consisting of an outer crown and inner base plate
between which is found the calcium reserve body (CRB) with a CRB sac at its centre
(Terepka, 1963b; Terepka, 1963a; Wyburn et al., 1973; Dieckert et al., 1989; Dennis
et al., 1996; Chien et al., 2008; Chien et al., 2009). As the resorption of calcium
from the eggshell has been reported to be most extensive at its equatorial region, with
less resorption towards the acute end and almost no resorption at the obtuse end
(Doskocil et al., 1985), incubated eggs were fractured open from the obtuse end to
preserve the equatorial region where the resorption of calcium is known to be most
pronounced; these resorbing regions of the shell also match areas of chorioallantoic
membrane apposition to the innermost surface of the eggshell membranes.
Eggshells became perceptibly fragile starting at day 15 of incubation, especially at
the equatorial regions, where the tips of the base plates of the mammillary bodies had

noticeably disintegrated/resorbed such that the shell membranes began to detach
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from the remaining eggshell (Fig. 1c and d). This innermost shell resorption was
clearly responsible for releasing shell membrane fibres embedded in the tips of the
mammillae. At day 20-21, when the fetal chick was fully grown and ready to hatch,
the shell membrane had completely detached from the shell (Fig. le and f), being
drawn inwards with displacement of the chorioallantoic membrane caused by
shrinkage of the membrane and/or by movements of the chick.
Calcium reserve body (CRB) sac granules and associated fibrous matrix

Since the CRB is considered to be a crucial structural unit serving as an early
source of calcium required for skeletal growth in the chick embryo (Schmidt, 1960;
Dieckert et al., 1989; Dennis et al., 1996), we carefully investigated CRB structure in
eggshell samples at different days of incubation of fertilized eggs. The CRB
structural contents, predominantly consisting of spherical granules interconnected by
thin matrix fibres (Chien et al., 2008), have been proposed to contain calcite
microcrystals (Nys et al., 2004), but this has yet to be shown, and the possibility that
they include amorphous calcium carbonate cannot be excluded. From our study, SEM
viewing of cross-sections of fractured shell from 12-day incubated eggs showed
well-developed CRB sacs containing abundant and loosely packed granules, and an
interconnecting fibrous network of matrix, all distinctively different from the
surrounding mammillary body structure (Fig. 2a-d). As observed at higher
magnification, spherulitic granules within the CRB sac commonly had a
nano-granular texture at their surface (Fig. 2b and c). The size of these granules in
undecalcified specimens, roughly 250-300 pum in diameter, is similar to that reported
in the literature (Dennis et al., 1996; Chien et al., 2008), and is also the size observed
in fully decalcified (with HCl) samples (inset of Fig. 2b), thus indicating that the
organic matrix of these granules is abundant and pervasive throughout the granules.

When partially resorbed physiologically (Fig. 2, excluding inset), the grainy-surfaced



122

granules appeared to be coated or filled with nanometre-sized minerals (Fig. 2b and
¢). The granules and thickened fibrous matrix varied in abundance and density
from region to region within a single CRB sac, possibly because at this early time of
resorption there was only partial or uneven dissolution of mineral. Some regions
showed thickened interconnecting fibrous matrices between granules (Fig. 2c), and
occasionally some rhombic crystallites were observed resembling typical calcite
rhombohedra (Fig. 2d).

To examine more closely the calcification status of the CRB sac structures, we
performed energy dispersive x-ray microanalysis (EDS) on both the granules and the
fibrous matrix in fertilized resorbing eggshells, and compared this to analyses from
experimentally acid-etched unfertilized eggshells. EDS on day 13-incubated eggshell
CRB revealed abundant calcium and a small amount of sulfur within both the granules
(Fig. 3a) and the fibres (data not shown) (the oxygen peaks are from the carbonate
content of the mineral, and the carbon peaks arise from the carbon coating applied
during specimen preparation). While mineral phase identification is not possible by
EDS, our acid-etching approach to decalcify the samples was used to verify the
calcium content; calcium was not detected after HCI acid treatment, although the
sulfur peak was still discernible (Fig. 3b). Sulfur was not detected in the regions of
the mammillary body immediately surrounding the CRB sac (Fig. 3¢). While our
acid-etching treatment removed entirely the calcium from the CRB sac structures,
EDS of these same structures from physiologically resorbing shell of fertilized eggs
up to about 16 days of incubation showed a calcium peak (data not shown), after
which they were lost as part of the resorption process.

Changes in the structure of eggshell mammillary bodies induced by calcium
resorption

In an intact eggshell, either without fertilization of the egg or immediately after
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laying of a fertilized egg, the CRB sac is distinctly bounded by a continuous,
membrane-like protein film directly apposed to the surrounding calcitic mineral of
the encasing mammillary body. Fractures through this site viewed by SEM show
cleaved calcite mineral with smooth and clean fracture faces (Fig. 4a; Chien et al.,
2008). At the initial stages of eggshell resorption associated with embryonic growth
(i.e. on day 12 of incubation), these same interfacial areas just adjacent to the CRB
sac (particularly the base plate region) showed noticeable signs of dissolution. This
caused shrinking, detachment and perforation of the delimiting membranous protein
film circumscribing the CRB sac as it lost its subjacent mineral support (Fig. 4b);
from this, tiny struts of matrix fibres connecting the residual CRB sac membrane to
the mammillary matrix were exposed (Fig. 4c and d). Mineral in the base plate
directly adjacent to the disintegrating CRB sac membrane was partially dissolved and
appeared as nano-granular crystallites interwoven with an exposed matrix network
(Fig. 4d). Mineral at other sites surrounding the CRB sac showed substantially less
dissolution than the base plate at this stage of egg incubation.

Throughout mammillary bodies and the palisades layer of intact eggshells,
vesicular/void structures typically ranging in diameter from 200-300 nm are widely
dispersed within the solid calcite crystals, and they are lined by protein (Fig. 4e;
(Chien et al., 2008). During day 11-12 of fertilized egg incubation (i.e. early chick
skeletal mineralization; (Bellairs and Osmond, 2005), the calcitic mineral dissolved
peripherally around these vesicular structures exposing the circumscribing protein,
which then collapsed centrally (without supporting mineral) but maintained fine
matrix struts connecting it with underlying connecting matrix fibres surrounding the
voids (Fig. 41).

Early in the eggshell resorption process there was a subtle and orderly

dissolution of mineral throughout the densely mineralized regions constituting the
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bulk of the mammillary bodies. Unresorbed mammillary bodies after fracture
typically show stepped (single orientation fracture steps) (inset in Fig. 5a), smooth
cleavage or conchoidal surfaces. However, on day 12 of incubation with resorption,
these previously highly mineralized regions were furrowed and pitted, and the
fractured surfaces appeared to be tiled by crystallites or dissolution islands with
many straight edges roughly parallel to the <4 41> step orientations of calcite —
something typical for pure calcite — but modified here (presumably as a result of
occluded protein) with irregular pits and grooves (Fig. 5a and b). At higher
magnification on the terraces of dissolution islands, fibrous matrices previously
embedded/occluded within the mineral were either exposed and slightly raised above
the surrounding flat mineral surfaces (Fig. 5b), or were removed by the fracturing
and remained as small channels (Fig. 5b). With  progression of
dissolution/resorption at this and slightly later times of incubation, layer by layer of
mineral was removed to expose an extensive interconnected matrix network
previously occluded within the mineral phase (Fig. 5c). Disintegration of
once-solid calcite mineral into clusters of nano-granular crystallite-containing faces
revealed an underlying permeating network of organic matrix (Fig. 5d), which in turn
could accelerate dissolution by providing porous channels and increasing the surface
area of mineral exposed for dissolution. This implies that protein-rich regions may
resorb preferentially, leaving behind "residual” crystallites lingering “interstitially”
within the organic matrix (Fig. 5e). The intricate network of organic matrix remains
well-exposed and appears insoluble (Fig. 51).

From days 12-15 of incubation, the eggshell becomes the principal supply of
calcium for the chick embryo and the intake of calcium from the shell escalates to
provide for the extensive mineralization needs of widespread intramembranous and

endochondral ossification (Bellairs and Osmond, 2005). After day 15 of incubation,
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when the base plate of the eggshell becomes frail and readily detaches from the shell
membranes, the CRB structures were frequently disintegrated as well. Figure 6
shows en face (Fig. 6a) and cross-sectional views (Figs. 6b and c¢) of mammillary
bodies of eggshells after incubation for 16 days. At this stage, where significant
dissolution has occurred, most of the CRB contents were lost; either these delicate
structures were dislodged during fracturing/detachment of the shell membrane during
sample preparation, or they were removed by resorption, leaving behind essentially
empty CRB sacs appearing as central hollow cavities. On occasion, a complete
CRB sac appeared undisturbed with its modified contents preserved (Fig. 6¢-¢); the
contents being a relatively loosely packed, flocculent fibrous matrix (Fig. 6d and e)
and a few remaining granules (Fig. 6¢).

From day 17 of egg incubation until the chick hatches on day 21, the high
demand for calcium release persists while the skeleton continues to develop (Bellairs
and Osmond, 2005). During this time, from day 17 onwards, entire mammillary
bodies showed morphologic features consistent with extensive dissolution and
removal of the inner part of the shell (Fig. 7a-c) with the shell membrane being
barely attached or completely separated from the eggshell at the time of sample
harvesting. The CRB structures were not present in all these late-stage samples,
occasionally leaving behind empty dissolved centres within each partial mammillae
(Fig. 7d). The remaining portions of the upper mammillary bodies showed heavy
uni-directional etching/resorption leaving behind a jagged mineral profile (Fig. 7e).
At all times of egg incubation, no apparent changes were observed in the palisades or

other regions of the shell.
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5.6 Discussion

The chick embryo relies solely on yolk calcium for development from around day
7-10 of egg incubation (Johnston and Comar, 1955). To provide for future calcium
requirements, the chorioallantoic membrane first makes contact with the shell
membranes on about day 9-10 of incubation (Simkiss, 1967), but the cells in this
membrane responsible for enzyme expression are not fully differentiated until day
12-14 (Coleman and Terepka, 1972; Narbaitz, 1977; Narbaitz et al., 1981; Gabrielli,
2004). The total calcium of the embryo and the yolk starts to rise thanks to the influx
of calcium from eggshell into the incubated egg on the 12th day of incubation (Crooks
and Simkiss, 1974; Packard and Packard, 1984; Moran, 2007). Our observations
describing ultrastructural changes in the eggshell, which are coordinated by the
chorioallantoic membrane, match well with these metabolic changes of calcium in
the egg and chick embryo (Johnston and Comar, 1955; Crooks and Simkiss, 1974;
Packard and Packard, 1984; Moran, 2007) generally correlating with the skeletal
growth of the chick (Bellairs and Osmond, 2005).

Despite many excellent studies describing avian eggshell resorption (Sajner,
1955; Tyler, 1958; Tyler and Simkiss, 1959; Terepka, 1963b; Terepka, 1963a;
Schmidt, 1965; Bellairs and Boyde, 1969; Erben, 1970; Simons, 1971; Bond et al.,
1988; Dennis et al., 1996), little has been done in terms of a systematic analysis of
changes in shell ultrastructure over time (i.e. after different days of incubation
spanning the resorption period). In the present study, we build on our previous
report describing ultrastructural details of unincubated eggshell ultrastructure and
composition (Chien et al., 2008; Chien et al., 2009) by here using SEM and other
methods to visualize loss of mineral, and to characterize matrix-mineral
ultrastructural relationships, as they progress over time during the resorption

(thinning and weakening) of the eggshell that occurs in the mammillae of fertilized,
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incubated eggs. In particular, we have analyzed changes in the components of a
structural sub-compartment of the mammillae — the CRB sac (described in detail in
Dennis et al., 1996; Chien et al., 2008) — long thought to be an important calcium
source for the growing embryo. Significantly, we have verified for the first time
that the granules and fibrous matrix in the CRB sac are indeed calcified — not with
well-crystallized euhedral calcite crystals — but with aggregations of nano-crystallites.
The CRB contents are subsequently physiologically depleted of calcium and
ultimately lost during the period of days 11-16 of egg incubation, and thus this
location is not likely (as is conventionally considered) to be the major source of
calcium for embryonic skeletal growth. For this, our observations of mammillary
body dissolution from day 11 onwards points to the mammillae as being the major
source of calcium for skeletal growth, especially starting at day 16 when the CRB
calcium has been depleted. Finally, we make the key observation that a rich
proteinaceous network is exposed in the mammillary bodies during
resorption/dissolution of shell calcite; this organic network important initially for
shell construction (Chien et al., 2008) might then serve as a conduit increasing
internal surface area and acid diffusion — in turn affecting surfaces energies and
dissolution kinetics — to facilitate resorption to provide calcium for the embryo and to
thin the shell for chick hatching (pipping). This unique matrix-facilitated
dissolution of biomineral composites may be widespread across different phyla and
conserved in evolutionary history, and for the first time here is being proposed for
avian eggshell.
Calcification of CRB granules and associated fibrous matrix

The CRB sac is a unique compartmental sub-unit within each mammillae that
has drawn considerable attention for its potential role as a source of calcium for the

growing chick embryo (Dieckert et al., 1989; Dennis et al., 1996; Chien et al., 2008;
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Chien et al., 2009). Its chamber-like structure is bounded by a delimiting,
membrane-like thin film, and centrally it contains abundant small granules
interconnected by filamentous fibres (Dennis et al., 1996; Chien et al., 2008). The
distinctive contents of the CRB are believed to be composed of proteins and mineral,
although this is only recently beginning to be elucidated, and thus their detailed
characterization was part of the present study. Osteopontin — a noncollagenous,
acidic phosphoprotein intimately associated with biominerals in many tissues (Sodek
et al., 2000) — is present throughout eggshell matrix (Pines et al., 1995) with an
additional specific localization to the thin filamentous fibres in the CRB sac (Chien et
al., 2008). It has been described that the CRB matrices are associated with
spherulitically arranged calcite microcrystals (Nys et al., 2004), which may have
greater solubility as compared to pure inorganic rhombohedral calcite, but no data for
this was provided. Wyburn et al. (1973) reported that a fully developed CRB could
only be observed at the middle stage of eggshell formation when mammillary body
formation was essentially completed and the palisades layer was beginning its
construction.

In the present study, we definitively show that the granules and associated thin
fibrous threads in the CRB sac are mineralized (presumably as amorphous calcium
carbonate or calcite nano-crystals), as clearly indicated by comparative
morphological observations and by microanalytical (EDS) analyses of loss of
calcium from fertilized eggs incubated for different times — experimental
decalcification with hydrochloric acid confirmed the calcium loss. The fact that
these granules and interconnecting fibres showed variable degrees of calcification,
with the mineral phase ranging from nano-granular mineral to rhombic crystallites,
may reflect the transformation of an amorphous calcium carbonate (ACC) precursor

(Addadi et al., 2003) into variably crystalline calcite — all in close association with an
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organic “matrix” phase. ACC phases are widespread among plant and animal tissues
(Simkiss, 1994; Weiner et al., 2003), and they have recently garnered significant
attention as an important precursor phase apparently central to many biomineralization
mechanisms (e.g., Addadi et al., 2003; Gago-Duport et al., 2008; Nebel et al., 2008;
Neira-Carrillo et al., 2008; Pipich et al., 2008; Politi et al., 2008; Pouget et al., 2009).
Biogenic ACC may be permanently stabilized by organic substances for structural
strengthening purposes, or may transform into crystalline forms with time (Aizenberg
et al., 1996; Aizenberg et al., 2002; Addadi et al., 2003; Aizenberg et al., 2003;
Sethmann et al., 2005). In this context, it is possible that the calcification of the
granules and associated fibres in the CRB sac initially began as ACC stabilized by
mineral-regulating proteins such as the osteopontin found there (Chien et al., 2008),
and that subsequently all (or a portion of) the ACC gradually transformed into fine
crystals of calcite. As such, this form of a calcified composite in the CRB sacs,
relatively unstable and soluble if exposed to enzyme and/or acid, would be a rapidly
mobilizable source of calcium for the chick embryo, particularly for early stages of
extensive skeletal growth. However, although difficult to detect experimentally,
current experimental data do not support the existence of ACC in avian eggshells.
Mineral textural analyses of avian eggshell using X-ray analysis and polarized light
show no evidence that ACC is present in completed, laid calcitic eggshell
(Rodriguez-Navarro et al., 2007). More recently, this same group found no ACC
phase in crystal growth studies in vitro (Hemandez-Hemandez et al., 2008), although
others growing calcium carbonate in vitro observed its transient presence when quail
eggshell proteins were present (Lakshminarayanan et al., 2006). Despite this for
avian eggshell, in the case of calcium carbonate sea urchin spine and larval skeleton,
for example, higher resolution studies show that the “single crystal” biominerals are

actually a mosaic of domains delimited by distinct or occluded organic proteinaceous
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layers (Berman et al., 1988; Berman et al., 1990) and contain transient ACC (Wilt,
1999; Wilt, 2002).  Further investigation with high resolution methods is required to
establish whether ACC is present in avian eggshell, and if so, whether it occurs only
at a specific stage of eggshell formation (or resorption).

Ultrastructure of resorbed eggshell mammillae

While likely important as a source of calcium for the embryo during early stages
of shell resorption, we show here that the physiologic decalcification and ultimate loss
of the CRB sac contents occurring by day 16 of egg incubation. This leaves behind
empty CRB sacs as centrally located hollows within the mammillae, and precludes
their functioning similarly at later stages of embryonic growth. The timing of the
appearance of these empty CRB sacs in our study corresponds well with observations
in previous studies describing that naturally detached shell membrane was associated
with a distinctive "hole" region in the centre of each eroded mammillae that was
surrounded by some remaining calcite minerals (Tyler and Simkiss, 1959; Terepka,
1963b; Terepka, 1963a). Without knowledge of the existence of the CRB, this
non-uniform dissolution of the mammillary bodies was taken to represent a
preferential central dissolution during resorption of an otherwise generally
homogeneous mammillary body (e.g., (Bond et al., 1988).

Dieckert et al. (1989) first suggested that the calcium resorbed from the eggshell
for embryonic skeletal development derives mostly from the mineral of the CRB and
the underlying base plate of the mammillary body. Our data are consistent with this,
where we show ultrastructural details of extensive resorption in these specific
structures/regions. Additionally, and not reported previously, we document subtle
dissolution features appearing in the mineral phase throughout the mammillary
bodies, particularly surrounding the CRB and in the base plates at the early

resorption stage. Our previous work has characterized in detail the extensive
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protein matrix of eggshells (Chien et al., 2008), and our data here show that
widespread calcite dissolution during physiologic shell resorption was influenced
extensively by this mineral-occluded matrix — whether this was present peripherally
at structural interfaces, or was “guided” internally by the matrix.

In fully decalcified eggshell (experimentally decalcified, using acid or calcium
chelation), mammillary bodies appear as the shell region with the highest density of
matrix (Dieckert et al., 1989; Dennis et al., 1996; Chien et al., 2008). This
protein-rich calcified region, located on the inner side of the shell where the vast
majority of the mineral dissolution (resorption) takes place, is consistent with the
view that protein-loaded mineral of the mammillae may be more susceptible to
dissolution than the palisades region which contains less protein. Such regions,
varying in structure and in protein-to-mineral ratios, might reflect a “graded
structure” where gradual changes in the matrix and mineral interphases, or sudden
changes at interfaces, would variably alter the physicochemical and functional
properties of the composite material at those sites (Weiner et al., 2006).

Mineral-occluded macromolecules/matrices have been known to produce and
accelerate unusual internal etching/dissolution of biominerals (references and
examples below), as opposed to organic-crystal surface interactions inhibiting
dissolution exclusively at mineral surfaces (Weiner and Dove, 2003). For teeth, it is
recognized that the enamel of deciduous teeth is more susceptible to acid attack, and
more frequently show caries, than that of permanent teeth (Hunter et al., 2000;
Angker et al., 2004) — attributable to their higher organic content (Mortimer, 1970;
Miiller and Schmitz-Feuerhake, 1996), and this has recently been confirmed in vitro
(Wang et al., 2006). In a calcite system, (Estroff et al., 2004) reported on the
growth and dissolution of calcite crystals grown in an organic hydrogel rich in

carboxylate groups; gel aggregates nonspecifically intercalated into the crystals
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during growth, and dissolution was accelerated with irregular etched crevasses
(compared to pure, nonorganic-containing calcite crystals) when exposed to various
etchants. In addition, intracrystalline proteins have been shown to be situated within
the structure of biominerals such that distortion of the crystal lattice occurs (Pokroy et
al., 2006) which also modulates their thermodynamic properties (De Yoreo and
Vekilov, 2003) — rendering them more unstable and soluble. In particular examples
most closely related to our work here, Ryall and colleagues (Fleming et al., 2003) have
shown that the inclusion of urinary proteins into calcium oxalate crystals (as
commonly seen in kidney stones) increase lattice strains and reduce crystallite size
because of intracrystalline defects and discontinuities, all of which increase solubility
of the crystals. Moreover, proteolytic degradation of the occluded proteins created
channels within the crystals facilitating the dissolution of the mineral phase (Ryall et
al., 2001; Ryall et al., 2005; Ryall et al., 2007; Grover et al., 2008).

Indeed, we hypothesize that such an occluded protein network within the avian
eggshell — as we have demonstrated previously (Chien et al., 2008) and here — may
exactly serve such a purpose; namely, to facilitate calcium release required to satisfy
the dynamic skeletal growth needs of the embryo. Moreover, shell dissolution may
solubilize anti-microbial eggshell matrix proteins to upregulate antimicrobial
protection as the eggshell becomes progressively weaker to facilitate hatching as we
have previously proposed (Hincke et al.,, 2008b). Our view is that eggshell
resorption is modulated and guided by an intracrystalline matrix network in the
eggshell of the domestic chicken, and this may likewise function universally in other
avian species, in some reptilian eggs (Erben, 1970; Packard and Packard, 1980;
Packard et al., 1984), and possibly even previously in dinosaur eggs (e.g., from

theropod dinosaurs) whose eggshells contain internal knob-like elements (Zelenitsky
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et al., 1996; Zelenitsky et al., 2002) similar to the mammillary structure of the

chicken eggshell.
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Figure 1. Cross-sectional profiles by light microscopy of ground sections of eggshell (left panels) and by
SEM of fractured eggshell (right panels) from an unfertilized egg and from eggshells of fertilized eggs
incubated for various periods of time. (a,b) Eggshell from an unfertilized egg showing the intact major
shell compartments and the shell membranes (as labeled). The white dotted circle in panel (b) indicates the
approximate location of the interior calcium reserve body described in subsequent figures. (c,d) Fertilized
eggshells incubated for 15 days showing disintegration of a portion of the base plate at the tips of the
mammillae (arrows) with detachment or partial detachment of the shell membranes (brackets). (e,f) After
20 days of incubation (just prior to hatching), the shell membrane detaches completely from the eggshell,
whose irregular, porous and dissolved appearance reflect a loss of material and cohesion in this inner part
of the eggshell.
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Figure 2. SEM of a calcium reserve body (CRB) sac and its contents in a fertilized eggshell at day 12 of
incubation corresponding to the onset of eggshell resorption. (a) Ultrastructure of a CRB sac (partially
outlined with dashed line) surrounded by the bulk calcitic mineral phase of the mammillae. (b) Within the
CRB sac, abundant granules (asterisks) with a grainy-textured surface are interconnected by a network of
extended matrix fibres (open arrows). The size of these granules, typically 250-300 nm in diameter, are
comparable to the spherical granules as reported in the literature and as observed after complete
experimental decalcification (inset). (c) Interconnecting matrix fibres (open arrows) vary in thickness as
they connect the granules (asterisks) in the CRB sac. (d) Isolated rhombic crystallites (arrow), with
distinct edges and angular corners resembling classic calcite rhombohedrons grown in the absence of
protein, can sometimes be found within the CRB sac and show a layered appearance.
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Figure 3. Energy dispersive x-ray spectroscopy (EDS) obtained by SEM on the contents and periphery of
the CRB sac. (a) Prominent calcium (Ca) and sulfur (S) Ka peaks are detected from both the granules and
matrix fibres in the CRB sac from a fertilized egg incubated for 13 days. (b) As a control, EDS on
fragments of intact eggshells (unincubated), immersed in 1 mM HCI for 12 hours in fixative to
intentionally remove mineral, show granules and matrix fibres but no calcium signal (dashed outline); the
persistent sulfur (S) peak presumably derives from the organic matrix. (c¢) EDS of the mammillary body
near the periphery of a CRB sac (same sample as panel a) shows a strong calcium (Ca) signal but no sulfur
peak, indicating less sulfur-containing organic matrix in this region. A trace amount of magnesium (Mg) is
also detected. Smaller inset boxes demarcate areas of EDS analysis.
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Figure 4. Morphological changes in the peripheral regions of the CRB sac attributable to mineral
dissolution in 12-day incubated fertilized eggs (excluding panels a and e, which are from an intact and
unincubated egg) viewed by SEM. (a) In an intact eggshell, the CRB sac is delimited by a continuous,
membranous protein film, which closely approximates the calcitic mineral of the surrounding mammillary
body. (b) With the onset of shell resorption starting at about 12 days of incubation, this membrane
becomes perforated (arrowheads) coincident with loss of structural support caused by mineral dissolution.
(c,d) More pronounced dissolution is observed on the peripheral mineral beneath the CRB sac (bracket in d,
from boxed area in panel c) than in the rest of the base plate of the mamillae. The dissolution of peripheral
calcite discloses minute struts of matrix (open arrows) attaching the CRB sac to the peripheral mammillary
matrix. Calcite mineral directly in contact with the CRB sac membrane appear disintegrated as nano-
granular crystallites (solid arrows). (e) In an intact eggshell, vesicles/voids (brackets) are common
throughout the mammillae, where they range in size from about 200-300 nm, where their margins appear
to be coated by a thin film of protein. (f) In 12-day incubated and resorbed eggshell, dissolution occurs in
the peripheral calcitic mineral surrounding these vesicular structures such that the circumscribing protein
film contracts toward the centre of the voids leaving extended tiny matrix struts delicately attached to the
margin of spherical voids (brackets) .






142

Figure 5. Dissolution of mineral in the shell mammillary bodies of fertilized eggs incubated for 12 days,
and exposure of organic matrix by this process, as viewed by SEM. (a) Cross-fractured eggshell disl)lays
surfaces covered by irregular dissolution islands and crystallites, with many straight < 41> edges of calcite
(aligned in the direction of double-headed arrow) and some evident irregular pits and grooves (white solid
arrows), in contrast to the stepped and continuous cleavage surface from intact eggshell (inset). (b) On the
terrace of a dissolution island, loss of mineral reveals a fibrous network (open arrows) that was previously
embedded within the mineral and which is now slightly raised above the surface. Where similar organic
structures were removed during the fracturing, small surface channels remain (white solid arrows). An
irregular dissolution pit (asterisk) reveals matrix deep within the mineral bulk. (c) In other regions,
extended sheets of similar matrix (open arrows) formerly occluded within the mineral phases are exposed
as more mineral is removed. (d) At earlier stages of this dissolution process, as seen in other regions, bulk
mineral starts to dissolve to form a nano-granulated textured mineral (left side of dashed line), while
immediately adjacent regions show greater dissolution revealing the permeating organic matrix network
(open arrows, and right side of dashed line). (e) In some areas, nano-crystals (bracket) reside in the
interstices of the organic matrix (open arrows). (f) High magnification of the protein network exposed by
shell dissolution during resorption.



Figure 6. SEM of resorbed eggshell mammillae and the CRB from fertilized eggs incubated for 16 days.
(a) As detected in en face views of mammillary bodies at this stage of resorption, CRB contents are mostly
removed during fracturing/detachment of the shell membrane, and appear as central hollows (arrows). (b)
Cross-fractured view of an empty CRB sac (arrow). (c-¢) In an instance where a CRB sac retains some of
its contents, examination at successively higher magnifications (subsequent panels indicated by white
boxes) reveal details of these modified contents. A porous, loosely packed flocculent matrix comprises the
majority of remaining structural elements, with an occasional granule being observed (arrowhead).
Compare with Figure 2 (12 days of incubation).



Figure 7. SEM of resorbed eggshell mammillae and the CRB from fertilized eggs incubated for 19 days.
(a-c) The shell membrane is separated from the shell, and pronounced morphological changes are evident
in comparison to earlier times of incubation/resorption. Mammillae are truncated and shortened (a), and
resorption and loss of shell structure has advanced within each mamillae to a level generally above the
CRB. In en face views of the resorbed mammillae (b,c), CRBs are generally missing, and the porous
mammillae show eroded mineral and matrix (brackets). (d) On occasion, hollows can be found where
CRBs previously resided (dashed oval). (e) High magnification view of remaining mineral profiles show
uni-directional spikes of calcite, linked laterally by thin films or fibres of organic matrix (arrows).
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Chapter 6

Manuscript 5

6.1 Preface

This study continues to elucidate how OPN regulates crystal growth, this time in a
pathologic biosystem related to urolithiasis (kidney stone formation) and focuses on a
mineral phase commonly found in human kidney stones — calcium oxalate dihydrate
(COD). The data presented here demonstrate specific, non-equilibrated actions of
phosphorylated full-length OPN and a short acidic peptide sequence of OPN in
modulating COD growth and crystal morphologies. Furthermore, the OPN peptide
preferentially binds and uniquely occludes into a specific crystallographic face of COD.
Using Monte Carlo-based computational simulations, a possible adsorption mechanism
is proposed to clarify the binding and intracrystalline occlusion of protein into COD —
something that might also be relevant to many biomineralizing systems involving other

mineral phases.
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Reproduced with permission from J. Biol. Chem. (2009) as
doi:10.1074/jbc.M109.021899

Modulation of calcium oxalate dihydrate growth
by selective crystal-face binding of
phosphorylated osteopontin and poly-aspartate
peptide showing occlusion by sectoral

(compositional) zoning

Yung-Ching Chien', David L. Masica,? Jeffrey J. Gray,2’3, Sarah Nguyenl,
Hojatollah Vali'* and Marc D. McKee'*
From the 'F aculty of Dentistry, McGill University, Montreal, QC, Canada, 2Program in
Molecular Biophysics, The Johns Hopkins University, Baltimore, Maryland, USA,
*Department of Chemical and Biomolecular Engineering, The Johns Hopkins University,
Baltimore, Maryland, USA, “Department of Anatomy and Cell Biology, Faculty of
Medicine, McGill University, Montreal, QC, Canada

6.2 Abstract

Calcium oxalate dihydrate (COD) mineral and the wurinary protein
osteopontin/uropontin (OPN) are commonly found in kidney stones. To investigate the
effects of OPN on COD growth, COD crystals were grown with phosphorylated OPN or
a poly-aspartic acid-rich peptide of OPN (DDLDDDDD, poly-Aspss.93). Crystals grown
with OPN showed increased dimensions of the {110} prismatic faces attributable to
selective inhibition at this crystallographic face. At high concentrations of OPN,
elongated crystals with dominant {110} faces were produced, often with intergrown,
interpenetrating twin crystals.  Poly-Aspse.93 dose-dependently elongated crystal
morphology along the {110} faces in a manner similar to OPN. In crystal growth studies
using fluorescently tagged poly-Aspseo; followed by imaging of crystal interiors using
confocal microscopy, sectoral (compositional) zoning in COD was observed resulting

from selective binding and incorporation (occlusion) of peptide exclusively into {110}
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crystal sectors. Computational modeling of poly-Aspsgs.93 adsorption to COD {110} and
{101} surfaces also suggests increased stabilization of the COD {110} surface and
negligible change to the natively stable {101} surface. Ultrastructural, colloidal-gold
immunolocalization of OPN by transmission electron microscopy in human stones
confirmed an intracrystalline distribution of OPN. In summary, OPN and its poly-Aspss-
93 sequence similarly affect COD mineral growth — the {110} crystallographic faces
become enhanced and dominant attributable to {110} face inhibition by the
protein/peptide, and peptides can incorporate into the mineral phase. We thus conclude
that the poly-Aspss93 domain is central to OPN’s ability to interact with the {110} faces
of COD, where it binds to inhibit crystal growth with subsequent intracrystalline

incorporation (occlusion).

6.3 Introduction

Calcium oxalate is the major mineral phase of human renal calculi, constituting
roughly 70% by weight of the stones (Wesson et al., 1998). Two polymorphs of calcium
oxalate — calcium oxalate monohydrate (COM) and calcium oxalate dihydrate (COD) —
are the most abundant mineral types, but others may exist in smaller amounts, including
calcium-phosphate minerals. It has been reported that the occurrence of COM, the more
thermodynamically stable polymorph of calcium oxalate, is often at the core of most
kidney stones, and is approximately twice as frequent as COD (Mandel and Mandel,
1989), although both crystal types typically exist to some degree in most stones
(Durrbaum et al., 2001; Mandel et al., 1987). COM is commonly found in the urine of
‘stone formers,” but seldom is seen in healthy urine; on the other hand, COD crystals are
typically found in the urine of both healthy people and stone formers and are routinely
excreted during urination (Cerini et al., 1999; Dyer and Nordin, 1967; Elliot and
Rabinowitz, 1980). Importantly, in patients with severe uremia and hypercalciuria,
elongated, large rod-shaped COD crystals are not only often observed, but are the sole
mineral phase present in the kidneys in these pathologies (Daudon, 2008; Lewis et al.,
1974).

In comparing physiologic differences between calcium oxalate polymorphs, one

study has shown that for a given amount of added crystals, approximately 50% more
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COM than COD crystals bound to inner medullary collecting duct cells in vitro (Wesson
and Worcester, 1996). Other studies have reported that COD crystals are less prone than
COM crystals to adhere to cell surfaces, suggesting that COD might thus contribute to a
lesser degree than COM to the retention of mineral in the renal collecting ducts leading
to kidney stone formation (Cerini et al., 1999; Mandel, 1994). This is supported by the
fact that COM crystals are large cationic particulates, presenting more calcium ions than
COD crystals at their surface that would have a stronger affinity for anionic molecules
on renal epithelial cell membranes (Verkoelen et al., 2000; Wesson and Worcester,
1996). Further to this, COM and COD crystals bind to cultured renal cells with different
face-selective affinities (Lieske et al., 1996; Lieske et al., 1997; Sheng et al., 2005;
Wesson and Ward, 2006), and COM crystals are known to be more injurious to cell
membranes than COD crystals (Wiessner et al., 1986). In this regard, Wesson et al.
(Wesson et al., 1998) proposed that the preferential formation of COD crystals in vivo
protects against urolithiasis because they are less likely to adhere to renal tubular cells
and are thus more readily excreted. This notion is supported by direct experimental
measurements of the macromolecular adhesion force on specific crystal faces of COM or
COD at the near-molecular level (Sheng et al., 2005; Wesson and Ward, 2006). Given
this, conversely, inhibition of the formation of COD crystals could lead to preferential
COM deposition and the formation of kidney stones.

Although calcium and oxalate ionic concentrations are frequently supersaturated with
respect to both COM and COD mineral polymorphs, normal human urine likely contains
factors that can modulate calcium oxalate crystallization into COD (Wesson and
Worcester, 1996). In this context, the presence of urinary macromolecular inhibitors of
crystal growth can cause preferential crystallization of COD, rather than COM, from a
supersaturated solution of calcium chloride and sodium oxalate (Wesson and Worcester,
1996). Substantial elegant work has been performed on COM growth and the effect of
citrate and peptides/proteins as crystal growth modifiers. Some macromolecules,
including urinary osteopontin (OPN), contain poly-anionic regions and net negative
charges that have been shown to inhibit calcium oxalate crystallization (Grohe et al.,
2007; Langdon et al., 2009; Qiu et al., 2004; Sheng et al., 2005; Taller et al., 2007) and

influence calcium oxalate growth in favor of COD (Durrbaum et al., 2001; Pedraza et al.,
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2008; Ryall et al., 2005; Wesson and Worcester, 1996). Although there appears to be
preferential inhibition of COM, several studies present evidence for higher affinity of
OPN binding to COD, and here we investigate this further to show effects of OPN (and a
peptide of OPN) on COD crystal growth and provide information on peptide/protein
occlusion that might facilitate crystal dissolution as originally proposed by Ryall and
colleagues (see below) (Grover et al., 2008; Ryall et al., 2005).

OPN is a highly acidic, glycosylated phosphoprotein produced by many types of
epithelial cells and can be found in normal plasma and in various body fluids such as
bile, urine and milk (Brown et al., 1992; Rittling and Denhardt, 1999). In normal
kidneys, OPN is secreted by the thin and thick ascending limbs of the loop of Henle and
distal nephrons (Asplin et al., 1998; Khan, 1997; Lopez et al., 1993; Shiraga et al., 1992;
Tawada et al., 1999; Xie et al., 2001). OPN contains a 15-20% aspartic acid residue
content, and the mineral-binding and inhibitory properties of OPN have often been partly
attributed to an aspartic acid-rich sequence within this protein (Fisher et al., 2001; Hoyer
et al., 2001; Rittling and Denhardt, 1999; Wesson and Worcester, 1996). Likewise, post-
translational phosphorylation of OPN has been shown to markedly enhance the mineral-
binding and inhibitory ability of this protein (Hoyer et al., 2001; Kazanecki et al., 2007).
Furthermore, OPN also contains sialic acid (Rittling and Denhardt, 1999; Shiraga et al.,
1992), which may play an indirect role in crystal binding by forming a bridge between
transiently expressed crystal-binding molecules and the cell surface (Verkoelen et al.,
2000). Several studies have shown that OPN has a higher affinity for COD than COM in
normal urinal precipitates, with some evidence given for the incorporation of protein into
calcium oxalate crystals (Ryall et al., 2005; Ryall et al., 2001; Wesson et al., 1998).

OPN consistently localizes to kidney stones (Kohri et al., 1993), and at
physiologically relevant concentrations applied in vitro, acts as a potent inhibitor of the
nucleation, growth and aggregation of calcium oxalate crystals (Asplin et al., 1998;
Hoyer et al., 2001; Shiraga et al., 1992). In a rat model of urolithiasis, although increased
OPN mRNA expression was associated with increased renal calculi formation, the
urinary excretion level of OPN was less than in controls, discussed as being attributable
to incorporation of OPN into stones (Kohri et al., 1993; Yasui et al., 2001). In general,

the inclusion of OPN, plus other urinary macromolecules, into renal calculi has been
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suggested to be part of a cellular defense mechanism designed to inhibit crystal growth
and limit the growth of kidney stones, to interrupt inorganic crystal structure of the
calcium oxalate minerals, and to provide an organic volume whose degradation by
permeating proteases creates channels facilitating dissolution of the mineral phase
(Grover et al., 2008; Ryall et al., 2005). Given these possibilities, our aim was to
determine whether full-length phosphorylated OPN, and a poly-Asp peptide of OPN,
affect COD crystal growth and morphology, and if so, we further aimed to identify the
contribution of face-specific binding and intracrystalline incorporation (occlusion) of
OPN peptide into COD. Combining experimental and computational approaches, we
have identified preferential binding and unique occlusion of a peptide of OPN at a
specific crystallographic face of COD. Furthermore, we present a possible adsorption
mechanism in a model where multiple peptide carboxylate groups bind calcium atoms at
the COD {110} surface. Taken together, our findings provide new information on the
pathogenesis of renal calculi by describing specific actions of phosphorylated full-length
OPN and a short peptide sequence of OPN (not having post-translational modifications)
on specific COD crystal faces that modulate calcium oxalate growth and crystal

morphologies.

6.4 Materials and methods

Kidney stones and immunolocalization of OPN by light and electron microscopy.
Kidney stones from two female patients (age 66 and 69) obtained from the Kidney Stone
Clinic of the Royal Victoria Hospital, McGill University Hospital Centre, were
characterized as being calcium oxalate-containing stones by routine x-ray diffraction
performed by a commercial service on a fragment of each stone. The bulk of the stones
were washed briefly multiple times with tap water, and fixed in 1% glutaraldehyde and
1% paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) for 2 days. Stones
were decalcified in a 4.13% EDTA solution containing 1% glutaraldehyde.

For light microscopy immunohistochemistry, the decalcified kidney stone samples
were embedded in paraffin and 5-pm sections were immunostained for OPN using rabbit
anti-human OPN (LF-123) polyclonal antibodies (antibodies courtesy of Dr. Larry W.
Fisher, National Institutes of Health, Bethesda, MD, USA). Briefly, deparaffinized
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sections were treated with 1% bovine testicular hyaluronidase (Sigma, St. Louis, MO) at
37°C for 30 minutes, followed by incubation with anti-OPN LF-123 antibody diluted
1:200 in 5% normal goat serum/0.2% BSA in Tris-buffered saline (TBS) with 0.01%
Tween-20 (TBST) (50 mM Tris-HCI, 150 mM NaCl, 0.01% Tween-20, pH 7.6).
Sections were washed with TBST, and secondary biotinylated goat anti-rabbit I1gG
(Caltag Laboratories, InVitrogen, Carlsbad, CA, USA) antibody incubation was
followed by TBST washing and application of the Vectastain ABC-AP kit (Vector
Laboratories, Burlingame, CA, USA) for an additional 45 minutes at room temperature.
Colour development was achieved by treatment with Fast Red TR/Naphthol AS-MX
phosphate (Sigma) containing 1 mM levamisole to inhibit endogenous alkaline
phosphatase activity.  Sections were counterstained with methyl green (Vector
Laboratories, Burlingame, CA, USA) and mounted with coverslips using Kaiser’s
glycerol jelly. Light micrographs were obtained using a DXC-950 3-CCD camera (Sony,
Tokyo, Japan) mounted on an optical microscope (model Leitz DMRBE, Leica Wetzlar,
Germany).

For ultrastructural immunolocalization of OPN in the kidney stones, aldehyde-fixed
samples were fully decalcified with EDTA (also containing aldehyde), dehydrated, and
then embedded in LR White acrylic resin (London Resin Company, Berkshire, UK) as
previously described (McKee and Nanci, 1995). Survey sections (0.5 um) of embedded
tissue were cut with a diamond knife on an ultramicrotome (model Reichert Ultracut E,
Leica), stained for light microscopy with toluidine blue, and coverslipped. For
transmission electron microscopy (TEM), selected regions were trimmed, and ultrathin
sections (80 nm) were placed on polyvinyl formvar- and carbon-coated nickel grids.
Grid-mounted tissue sections were processed for colloidal-gold immunocytochemistry
by incubation of the sections with primary anti-OPN LF-123 antibody (1:10 dilution),
after which immunolabeling patterns were visualized by incubation with protein A-
colloidal gold complex (14 nm). Contrasting of the sections was performed using
conventional uranyl acetate and lead citrate staining, and this was followed by their
examination using a JEM 2000FXII transmission electron microscope (JEOL, Tokyo,

Japan) operated at 80 kV.
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Precipitation of calcium oxalate crystals from human urine. The metastable limit of
human urine with respect to oxalate — slightly below 4 mM sodium oxalate final
concentration — was determined as described by Ryall et al. (Ryall et al., 1985), and the
protocol to precipitate calcium oxalate crystals from human urine was adapted from
Doyle et al (Doyle et al., 1991). Briefly, fresh morning urine (200-500 ml volume) was
collected without added anti-bacterial agents from 6 males between the ages of 23 and
45, with each having no history of kidney stones. The pH of each sample was taken and
urine analysis was performed, to identify and discard abnormal samples, using
ChemStrip 5L (Roche, Basel, Switzerland), which identifies the presence of leukocytes,
glucose, ketones, or red blood cells in the samples. Urinary protein concentrations were
quantified by the Micro BCA Protein Assay Reagent Kit (Pierce Biotechnology, Thermo
Fisher Scientific, Rockford, IL, USA) as well as by the mini-Lowry method. A 200 mM
solution of sodium oxalate was added to the urine samples to get a final concentration of
4 mM sodium oxalate, and the samples were left at room temperature for intervals of one
to 3 hours. Crystals precipitated in the samples were collected by centrifugation at 8,200
rpm for 30 minutes, followed by filtration harvesting through a hydrophilic
polypropylene membrane (0.2-0.8 mm pore size, Gelman Sciences, Pall Corporation,
East Hills, NY, USA) and washing with distilled and de-ionized water. To
obtain/release crystal-bound proteins, 30 mg of crystals were demineralized with 7 ml of
0.25 M EDTA at pH 8.0 and 4°C, for a period of 3 days with gentle agitation (Doyle et
al., 1991). Dialysis was done against distilled, de-ionized water, to remove EDTA, using
cellulose membranes with a 12 kDa molecular-weight cutoff (Sigma) for over 24 hours
at 4°C. The extracts were collected in 15 ml conical tubes and concentrated 5-fold with
the appropriate volume of distilled, de-ionized water.

Western blotting for OPN from urine-precipitated crystal extracts. Twenty ul of total
protein extract from the precipitated crystals were separated by SDS-PAGE. The
proteins were electrophoretically transferred to an Immobilon-P transfer membrane
(Millipore). The membranes were blocked with 3% bovine serum albumin (BSA)
(Sigma) in PBS and then probed with the following primary antibodies: 1) monoclonal
mouse anti-human OPN Mb53 antibody (1:5,000 dilution, kindly provided by Dr. A.

Chambers, University of Western Ontario, Canada), 2) polyclonal rabbit anti-human
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OPN LF-124 (anti-N-terminal) or polyclonal rabbit anti-human LF-123 (anti-C-terminal)
antibodies (LF-124 used at 1:2,000 dilution; LF-123 used at 1:10,000 dilution; kindly
provided by Dr. Larry W. Fisher, National Institutes of Health, Bethesda, MD, USA).
This was followed by the appropriate horseradish peroxidase (HRP)-conjugated
secondary anti-bodies that included: 1) goat anti-mouse-HRP/1:2,000 (Dupont
Biotechnology, Johnston, IA, USA) for the monoclonal antibody, 2) goat anti-
rabbit/1:2,000 (Pierce Biotechnology, Thermo Fisher Scientific, Rockford, IL, USA) for
the polyclonal antibodies. The blots were visualized by chemiluminesence using ECL
Plus (Amersham Biosciences, GE Healthcare, Buckinghamshire, UK).

OPN, poly-Asp peptide of OPN, and calcium oxalate dihydrate (Weddelite) crystal
growth in vitro. To investigate the effects of full-length OPN and an acidic OPN peptide
on COD growth, COD crystals were grown from aqueous CaCl,-Na,C,04 solutions in
the presence of OPN or the synthetic poly-Asp peptide. The OPN used for these
experiments was full-length, phosphorylated bovine milk OPN as characterized
(Sorensen and Petersen, 1993) and supplied by Esben Serensen (Department of
Molecular and Structural Biology, University of Aarhus, Denmark) and Arla Foods
(Denmark). Synthetic, linear poly-aspartic acid-rich (poly-Asp) peptide, with or without
a fluorescein (FAM) tag, was constructed according to the sequence of the aspartate-rich
domain of bovine OPN (poly-Aspss.o3, residues 86-93, DDLDDDDD) at the Sheldon
Biotechnology Centre of McGill University, and peptide was purified by HPLC.
Commercial poly-aspartic acid (MW range 5,000-15,000 daltons, range of 37-113
residues, Sigma), was also used to compare effects with the linear synthesized poly-
Aspse03. OPN, poly-Aspse93 or commercial poly-aspartic acid were added to the sodium
oxalate solution prior to the crystal growth experiments, with various final
concentrations ranging from 0.15 - 5 uM which span the physiologic range (Thurgood et
al., 2008), and extend beyond.

The detailed procedure for the growth of COD crystals was essentially that described
by Lepage and Tawashi (Lepage and Tawashi, 1982). The growth experiments were
performed in a free-drift system at 4°C. In brief, 3 ml of 0.005 M sodium oxalate
(NayC,0q4, Fisher Scientific, room temperature), with or without added protein or peptide,

was added to 5 ml of 1 M calcium chloride solution at 4°C (CaCl,, Fisher Scientific) in
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15 ml conical polypropylene tubes (Sarstedt). The Na,C,O4 solution was added to the
centre of the air-liquid interface of the CaCl, solution using a micropipette. The mixture
was left without agitation for 24 hours at 4°C. The COD crystals that formed were
collected by centrifugation at 10,000 g for 10 minutes at 4°C. COD crystals are stable in
air at 4°C for 2 weeks; however, when these crystals are kept in normal saline at 37°C,
they are stable only for 24 hours. This is attributable to the gradual transformation of the
dihydrate form of calcium oxalate to the monohydrate form, which is more stable in
normal saline at 37°C (Lepage and Tawashi, 1982). As COD is insoluble in alcohol
(Bartholomew and Rebello, 1979), the crystals were washed briefly with distilled, de-
ionized water (resistance >18 MQ) and dehydrated sequentially in gradient 50%, 70%
and 100% ethyl alcohol solutions; the 100% ethyl alcohol was changed three times to
ensure that the dehydration was complete. The crystals were kept at 4°C and rehydrated
sequentially as needed.

Morphological imaging of COD crystals by scanning electron microscopy (SEM).
COD crystals grown in vitro were mounted with conductive carbon cement onto metallic
SEM stubs. Samples were then sputter-coated with a 20-25 nm thick Au-Pd thin film
using a Hummer VI Sputter System (Anatech Ltd., Hayward, CA) and imaged using a
Hitachi field-emission gun scanning electron microscope (FE-SEM) operating at an
accelerating voltage of 3-5 kV (model S-4700, Hitachi High Technologies America,
Pleasanton, CA) and using working distances of <12 mm.

Fluorescence microscopy and laser confocal microscopy of crystals grown with poly-
Aspss.93. COD crystals grown in the presence of fluorescein-tagged poly-Aspssos (as
above) were suspended in absolute alcohol and deposited on microscope glass slides.
Samples were viewed as whole mounts by immunofluorescence microscopy and pictures
were taken with Leica model DC300F camera mounted on a phase contrast/fluorescence
microscope (Leica DM IL). For imaging of fluorescent peptide in the interior of the
grown crystals using laser confocal microscopy, glass slides with COD containing
fluorescein-tagged poly-Aspse.93 were coverslipped using Geltol mounting medium
(Thermo Electron Corporation, Pittsburgh, PA, USA). Imaging at different focal planes
was acquired using a Zeiss 510-META confocal microscope (Carl Zeiss GmbH, Jena,

Germany) and fluorescein was visualized using 488-nm excitation (argon laser) and a
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505-530-nm band-pass emission filter. All images were acquired at Nyquist resolution
(70 nm/pixel) as recommended by the manufacturer, using a X63 numerical aperture
(NA) 1.4 oil-immersion Plan-Apochromat objective lens (Zeiss). Line averaging (16X)
was used to minimize noise. Optical sectioning was carried out using an interval of 0.5
um, and stacks of image slices were analyzed using LSM Image Browser Release v4.2.

SHAPE computer modeling and software identification of crystallographic faces.
The morphologies of COD crystals were identified and indexed by comparing an
observed morphology and the angles of its polar-type corners of faces (i.e., crystal
corners intersecting the c-axis of the COD crystal) to graphic renditions prepared by the
computer software SHAPE (Dowty, 2002), with reference to unit cell parameters, d-
spacing, and X-ray powder diffraction file data for COD. SHAPE software renditions
based on entered crystallographic parameters for COD matched exactly the observed
SEM morphologies, validating differences in relative inhibition of specific faces. Two-
dimensional schematic drawings of compositional sectoral zoning were prepared and
calculated by re-orienting the 3-D morphological SHAPE drawings to match the
orientations of selected crystals in light micrographs.

RosettaSurface energy calculations and structure predictions for poly-Aspss.oz. All
simulations were performed using the RosettaSurface Monte Carlo plus-minimization
structure-prediction program (Masica and Gray, 2009). Each execution of the program
folds a peptide from a fully extended conformation and results in one energy-minimized
candidate solution- and adsorbed-state structure. Large structural ensembles of 10°
candidate solution- and adsorbed-state structures were generated from which the 100
lowest-energy structures, from each state, were chosen for further analysis.
RosettaSurface accounts for solvent and solvent entropy via the Effective Energy
Function-1 (EEF-1) implicit solvent model (Lazaridis and Karplus, 1999).

COD crystal coordinates were constructed for simulation using CrystalMaker™
(Palmer, 2005) starting from the COD unit cell (Tazzoli and Domeneghetti, 1980). Lattice
plane terminations were chosen based on exposure of positively charged atoms (calcium)
expected to interact with our negatively charged poly-Aspseos peptide, and based on
reasonable estimates of relative stability for individual crystallographic faces. While

multiple lattice plane terminations were run in the simulations, we present here the data
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for simulations of the {110} face during growth of an atomic plane terminating in high-
calcium density potentially available for extensive electrostatic peptide/protein binding
which could in turn stabilize this termination. For the {101} face modeled here, we
chose the normally stable termination leading to charge neutrality with the uppermost
calcium-containing layer being partly buried under oxalate or lattice-incorporated H,O

groups.

6.5 Results

Immunohistochemical staining of human calcium oxalate kidney stones for
osteopontin (Figure la, a rhombic-shaped crystal at its centre) often show
layers/lamellae of concentrically deposited organic matrix surrounding apparent niduses
of calcification; the layered appearance of the stones reflects the alternating cycles of
crystal and matrix protein deposition at the growing stone surface (McKee et al., 1995).
OPN is most abundantly localized within the lamellae as reported on previously using
colloidal-gold immunolabeling (McKee et al., 1995). In addition to the strong
immunolabeling of the lamellae, moderate OPN labeling was detected within the mineral
compartment of the kidney stones (here intentionally decalcified during sample
preparation to allow ultrathin sectioning and colloidal-gold immunolocalization of OPN
by TEM; Figures 1b,c). In addition to immunogold labeling for OPN of the thin protein
layer circumscribing individual crystals in decalcified samples of the stones (Figure 1b),
generally vacant, more central areas often had some residual matrix retained by the
aldehyde (added to the decalcifying solution specifically for this purpose of retaining
protein) that had clearly angular profiles reflecting the previously existing crystalline
mineral phase (Figure 1c).

In the urine calcium oxalate precipitation experiments, crystals formed by increasing
the calcium concentration and examined by SEM showed the typical di-pyramidal
shapes characteristic of COD (Figure 1d). Western blotting of urine was positive for
OPN, and the total protein extract obtained from precipitated, washed and subsequently
decalcified crystals revealed particularly abundant OPN released from the COD crystals
(Figure 1e). Taken together, these results confirm previous reports describing that OPN

is a major protein component of urine in healthy persons, that OPN is abundant in
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human kidney stones, and that OPN binds to COD crystals. More specifically, the
intracrystalline immunogold localization data provide supporting evidence that a portion
of the OPN likely resides within the mineral phase.

To elucidate how OPN might modify crystal chemistry and habit, and whether OPN
and OPN peptides might incorporate into COD crystals, COD precipitation experiments
were carried out in aqueous CaCl,-Na,C,04 solutions in the presence of full-length
purified OPN or a synthesized 8-amino acid poly-Asp peptide of OPN. In these crystal
growth experiments, more than 90% of the crystals precipitated as COD having
characteristic tetragonal symmetry. Figure 2 shows that upon addition of OPN to the
growth solution, the COD was more cuboidal in its crystal habit with the formation of
extensive {110} prismatic faces (Figure 2a), in contrast to having a {101} more di-
pyramidal structure in the pure (control) system without protein/peptide (lower inset in
Figure 2a). The {110} prismatic faces of COD gained in morphologic importance (in
their dimension) with increasing OPN, a result indicating that OPN interacts and
modifies particularly these faces (Figures 2b-d). At an OPN concentration of 0.93 mM,
elongated crystals started to appear attributable to {110} face-inhibition by OPN (Figure
2c¢). At higher OPN concentrations, practically all COD crystals exhibited the elongated
shape, often intergrown as penetration twins (Figure 2d).

Given the high content of negatively charged aspartic acid residues in OPN and the
presence of a contiguous stretch of these amino acids (residues 86-93) proposed to bind
to calcium at the positively charged surface of COD, we performed COD precipitation
experiments in which synthetic linear poly-Aspss93 was used in the same crystal growth
conditions to compare the effects of this peptide with full-length OPN. Increases in
poly-Aspss.93 concentration, although less effective than full-length OPN (crystals
showed delayed and less elongation), likewise enhanced the {110} prismatic face
dimensions (Figure 3a). Similar experiments using commercially purchased poly-Asp
(Sigma), a large polymer of aspartic acid, exerted the most significant modification of
COD morphology (Figure 3b), not altogether surprising given the relatively high-
molecular weight (5-15 kDa) linear repeats of high unit charge.

To examine possible incorporation of the poly-Aspss.o3 linear peptide into the COD

crystal interior, conventional and confocal fluorescence microscopy were used to
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examine the localization of fluorescently tagged poly-Aspss-93 (FAM-poly-Aspse.93). By
conventional fluorescence light microscopy, COD crystals grown in the presence of
FAM-poly-Aspss.o3 displayed various polygonal fluorescence patterns (Figure 4a)
indicating incorporation (occlusion) of the peptide into COD crystals. The pattern of
incorporation was that of sectoral compositional zoning crystallographically related to
the elongated {110} face, and thus could be indexed as {110} zoning (insets in Figure
4a) using SHAPE crystal analysis software. The incorporation of FAM-poly-Aspse.o3 at
the {110} prismatic faces of COD crystals led not only to its inclusion but to the dose-
dependent effect on the area and shape of these prismatic faces (Figure 4b). The
formation of these compositional zoning patterns in COD crystals was confirmed by
laser scanning confocal microscopy (Figure 4c), which enables “optical sectioning” to
exclude out-of-focus flare and thus allows direct imaging of crystal interiors.(Grohe et
al., 2007) These two-dimensional zoning patterns vary in appearance with the “depth” of
the optical focus and allowing confirmation of the sectoral zoning through different focal
planes (Figure 4c). Figure 5 summarizes how increasing OPN and poly-Aspse.o3
concentrations inhibit the {110} faces of COD leading to their increased relative
prominence and resulting in elongated COD crystal morphology and specific {110}
sectoral zoning within these crystals.

To investigate the mechanism underlying this face-specific interaction of poly-Aspss.
93 with COD, we modeled poly-Aspse.93 adsorption to {110} and {101} crystal faces of
COD (Figures 6a,b) using a Monte Carlo plus-minimization structure-prediction
algorithm. In previous studies we have shown that this approach successfully predicted
the binding of the salivary protein statherin to hydroxyapatite, in agreement with
experimental solid-state NMR data (Makrodimitris et al., 2007; Masica and Gray, 2009).
Our calculations predict considerably stronger poly-Aspse.o3 binding at the COD {110}
surface relative to that of the COD {101} surface (Table 1). This prediction suggests
stronger inhibition (higher relative stabilization) of the COD {110} surface compared to
the {101} surface — a prediction consistent with our experimental observations
demonstrating a gain in relative prominence of the {110} faces on COD crystals grown

in the presence of protein/peptide (Figure 3).
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In the majority of the top-scoring configurations for poly-Aspse.o3 adsorbed to the
high-calcium density {110} surface, the carboxylate residues of the peptide bind to
calcium very strongly (Figures 6¢ and e). This strong, electrostatic binding of poly-
Aspseo3 to the {110} face typically occurs through four or five aspartate carboxylate
groups linked with crystal-surface calcium atoms such that a high degree of lattice
matching can be observed between the peptide and {110} face (Figures 6c,e). The
binding between carboxylate residues and calcium on the {110} face of COD yielded an
average distance of 0.47 nanometres for the top-100 scoring decoys. In contrast, in the
case of poly-Aspss.93 binding to the {101} face, the aspartate and leucine residues
contribute only moderate hydrogen bonding with the {101} crystal surface upon peptide
adsorption (Figures 6d,f; hydrogen bonds shown as yellow dashed lines represent
degenerated, resonant donor-acceptor pairs) (Kortemme et al., 2003; Morozov et al.,
2004). This significant binding of the peptide by hydrogen bonds to the COD {101}
face is frequently balanced by desolvation penalties, thus rendering a binding energy
near zero.

Modeling also indicates that the poly-Aspseos peptide is mostly linear and
unstructured in solution, but becomes slightly more structured (less dispersed) upon
adsorption to the {101} face, and less structured (more dispersed) upon adsorption to the

high-calcium {110} face (data not shown).

6.6 Discussion

Normal human urine is supersaturated with respect to calcium oxalate minerals, and
it has been estimated that 1x10” calcium oxalate crystals can be produced and excreted
daily in a healthy (non-stone forming) individual (Koul et al., 1999). In the face of these
high ionic concentrations, inhibitory mechanisms must be in place to prevent pathologic
calcification in the kidney and urine. In addition to small-molecule inhibitors like citrate,
currently available in vifro and in vivo evidence suggest that urinary proteins such as
OPN and trefoil factor 1 (TFF1) present in urine likewise serve as inhibitors of
calcification (Chutipongtanate et al., 2005; Kleinman et al., 2004; McKee et al., 1995;
Wesson et al., 2003; Worcester, 1996), and moreover, may potentially decrease crystal

retention and aggregation (Koul et al., 1999; Wesson et al., 2003). In addition, emerging
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data show that OPN may potentially direct the formation of COD, and in the process
incorporate (occlude) into the crystal structure (Ryall et al., 2005; Ryall et al., 2001;
Wesson et al.,, 1998). Interesting proposals for this occlusion include facilitating
dissolution of the crystals from the inside-out by providing intracrystalline channels for
fluid movement, and facilitating phagocytosis of crystals by renal tubular cells for
clearance of crystals from the urine (Chauvet and Ryall, 2005; Fleming et al., 2003;
Grover et al., 2008; Ryall et al., 2001).

In the present study, our objective was to examine how full-length OPN and one of
its acidic peptides affected COD crystal growth and morphology, and where small
biologically relevant peptides might incorporate into COD. Such information would
provide insight into when, where and how biological molecules affect crystal growth and
subsequent “maturation” or dissolution/clearance within the kidney and urine. Our data,
deriving from several different experimental approaches, i) confirm the presence and
binding of OPN in kidney stones and in COD crystals precipitated from healthy human
urine, ii) show immunogold localization at the ultrastructural level consistent with the
notion that OPN epitopes can be found at the surface of, and within, crystal interiors, iii)
demonstrate OPN peptide occlusion into COD in a sectoral compositional zoning pattern,
and iv) show that both full-length OPN and its poly-Aspsge.o3 peptide have significant and
similar effects on COD crystal morphology — effects that ultimately might modify the
fate of these crystalline particles in the context of this modification either reducing or
promoting stone formation.

The concentric, lamellar immunohistochemical staining pattern for OPN commonly
seen in kidney stones confirms that the protein is deposited in cyclical episodes that
represent “growth rings” over time as the calcified mass grows within the urine/kidney.
Both the concentric lamellae of matrix and perpendicularly arranged interlamellar
organic structures (radial striations) all immunolabel intensely for OPN (Khan, 1997;
McKee et al., 1995). We extend these findings by showing that in addition to a surface
coating of protein, a fine, flocculent organic material is frequently present in decalcified
samples within the boundaries of profiles that clearly reflect crystalline structures
present prior to the decalcification procedure (Figure 1c). More specifically, we show

that the crystal-coating layer and the internal flocculent material label strongly for OPN.
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Collectively, these localization studies at the light and electron microscopic levels
suggest extensive incorporation of organics (and OPN) into all compartments of kidney
stones.

A better temporal appreciation of organic inclusion into kidney stones can be
obtained by intentionally and controllably inducing COD precipitation in urine which
contains proteins that would likely be present and sequestered (more slowly) into kidney
stones because of their mineral-binding potential. The morphology of such precipitated
COD shows {101} tetragonal di-pyramidal shapes typically seen in human urinary
calculi (Berg et al., 1979; Berg et al., 1976; Gibson, 1974; Werness et al., 1981) (our
Figure 1d). The {101} tetragonal di-pyramid COD is the “equilibrium morphology” of
COD generally equilibrated with growth medium, and this form often can be found in
either pure growth solutions (as discussed below) or in impurity-loaded complex fluids
where reactions have a propensity to reach an equilibrium state. Different growth
conditions frequently used for the study of calcium oxalate commonly show at least
some crystals of both the monohydrate and dihydrate forms. In an example of an
equilibrated state, calcium oxalate crystals found in the major sources of commercially
available fetal bovine serum (FBS) routinely supplied as a growth- and differentiation-
inducing supplement for cells in culture have been reported to sequester numerous
proteins from the serum, and most of the COD crystals adopted the {101} tetragonal di-
pyramidal shape (Pedraza et al., 2008). In this same study, Western blotting for OPN
from protein extracts derived from the crystals separated from the FBS confirmed
likewise in this case the presence of abundant OPN bound by the crystals.

To assess the inhibitory potentials of OPN and its poly-Aspseos peptide on COD
crystals, we performed COD growth experiments in the absence or presence of these
organic molecules at physiologically relevant (or higher) concentrations (Thurgood et al.,
2008). With increasing protein/peptide, the COD crystals become elongated along the c-
axis to form rod-shaped morphologies as the {110} tetragonal prismatic faces became
dominant; these were capped with small {101} pyramids and other diminishing faces
({121} and {001}). This rod-shaped COD morphology — identified and referred to as
the dodecahedral form of COD by Daudon and colleagues (Daudon, 2008) based on in

vivo observations at optical-microscopic resolution — rapidly became the predominant
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shape, with penetration twins of these crystals becoming frequent at relatively high
concentrations of OPN, linear poly-Aspge.o3 or commercial poly-Asp. The rod-shaped
COD morphology is commonly seen in plant tissues where calcium oxalates are a
common mineral phase. Interestingly, this form of COD has also been reported in
patients having severe uremia (Lewis et al., 1974) or severe hypercalciuria (Daudon et
al., 2004; Daudon, 2008). Calcium oxalate crystalluria particles experimentally induced
in the urine of rats often showed elongated, dumbbell-shaped morphologies that were
similarly reflected by the organic component of these particles following their
decalcification (McKee et al., 1995). It is very likely that the elongated, rod-shaped COD
represents a severe pathologic form of calcium oxalate commonly seen in both human
stone disease and in a variety of animal models. To the best of our knowledge, this
comprises the first in vitro report describing how a urinary protein or its peptide
fragments facilitate the formation of rod-shaped COD crystals to resemble those
observed in some severe renal stone diseases. Thus, our work here provides mechanistic
insight into the lithogenic conditions and etiology that lead to the formation of various
forms of COD in patients, and thus may be useful in clinical diagnosis (Daudon, 2008).
The development and preponderance of the {110} prismatic faces of COD observed
in the present study reflect a kinetic response to increasing OPN/peptide concentration in
solution, suggesting that these organic molecules inhibit growth through direct inhibitory
binding of OPN/peptide to these crystallographic faces. Such face-specific binding
inhibits crystal growth perpendicular to that face, as discussed for biologic calcification
systems (Addadi and Weiner, 1985). The more OPN/peptide molecules present in a
solution, the farther the COD morphology deviates from the equilibrium state, and more
elongated crystals are formed (Figures 5a, b). Conserved among many mammalian and
avian species, our selected poly-Aspse.o3 peptide is a linear, contiguous stretch of amino
acids rich in aspartic acid as found in the primary sequence of OPN (Oldberg et al.,
1986) — and proposed to be one of the potent mineral-binding motifs of this protein
(Hoyer et al., 2001; Sodek et al., 2000). It has been shown that small, linear acidic poly-
peptides, some artificially constructed and others reflecting real protein sequence, can

potently regulate the kinetics of biomineral growth (inhibition (Elhadj et al., 2006b;
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Hoyer et al., 2001; Wang et al., 2006) or acceleration (Elhadj et al., 2006a; Kim et al.,
2006)) and impurity-mineral interactions (Stephenson et al., 2008).

To provide information on a possible mechanism for binding, inhibition and
occlusion of poly-Aspseos related to COD crystal growth, we have used a
modeling/simulation method (to our knowledge, the only one available) capable of
accurately predicting the folding of a protein/peptide onto a solid-state (here mineral)
surface (Makrodimitris et al., 2007; Masica and Gray, 2009). This method allows for
structural visualization and calculation of comparative adsorption energies of peptides to
different mineral faces. The computational modeling predicts that the small, highly
charged poly-Aspsge.o3 peptide is unstructured in solution, without specific orientation of
functional side chains. Upon adsorption to COD crystals, the peptide may bind the
crystal surface in one or more of many configurations. The binding energy of poly-
Aspseoz at the {101} face is approximately zero because the peptide-COD hydrogen
bonding is frequently balanced by desolvation. Also, this face is stable and facilitates
minimal electrostatic interaction. Therefore, polyAspse.o3 adsorption at the COD {101}
face is weak and minimally disruptive to the peptide intramolecular interactions (i.e.,
transient binding). Conversely, the strong binding predicted at the high-calcium
terminated {110} COD surface is disruptive to peptide intra-molecular contacts.
Binding of poly-Aspse.os to the {110} surface is mostly electrostatic, with minimal
hydrogen bond contributions to the binding energy.

That poly-Aspse.o3 peptide was less inhibitory than full-length OPN is not surprising
given the large number of acidic amino acid stretches found in OPN, and given that the
protein is extensively post-translationally modified by phosphorylation. All these
features of OPN, in its full-length form, would provide additional negative charges
potentially clustered as groups and available for inhibitory crystal binding (Gericke et al.,
2005; Kazanecki et al., 2007; Pampena et al., 2004). In all scenarios, charge density may
be a critical factor in determining the binding of OPN peptides. In addition to charge
density, other characteristics of OPN and poly-Aspseo; peptide in solution, such as
hydrophilicity, may also account for abilities to influence growth of calcium oxalate

minerals (Elhadj et al., 2006a; Stephenson et al., 2008).
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Fluorescent molecules and fluorescently-tagged proteins have been previously and
effectively used to study protein-mineral interactions (in COM studies (Grohe et al.,
2007; Hunter et al., 2009; O'Young et al., 2009; Taller et al., 2007; Touryan et al.,
2001)). Extending this approach to COD and using a poly-Aspgs.93 peptide not
previously examined by others, we have visualized by light and confocal microscopy the
incorporation behavior of this peptide into the crystal structure of COD and revealed
distinctive and informative 3-dimensional sectoral (compositional) zoning patterns
(Hunter et al., 2009; O'Young et al., 2009; Reeder and Grams, 1987; Touryan et al.,
2001) that provide significant new insight into protein occlusion into biominerals. A
promising scenario is that the selective, specific incorporation and segregation of
fluorescent FAM-poly-Aspseo3 into pyramidal regions of a COD crystal, reflecting
continuous binding to the {110} prismatic faces during COD growth, thus provides an
example of creating an experimental visual record of the temporal and spatial occlusion
of organics within a biomineral. The fluorescently labeled pyramidal growth sectors
begin their formation at the centre of the COD crystal and extend to the bases of the
pyramids reflecting continuous and gradual enlargement of the {110} faces attributable
to peptide inhibition at these sites. Different pyramidal growth sectors within the same
crystal meet centrally at their apices, and changes in fluorescence across adjacent growth
sectors are abrupt — no fluorescence is seen in adjacent growth sectors that are not {110}
sectors. This abrupt change in fluorescent peptide incorporation corresponds to sector
boundaries reflecting interfacial compositional changes in COD crystal structure. Taken
together, these results demonstrate that poly-Aspseco; (and very likely other acidic
peptides of OPN generated by proteolytic cleavage) binds to COD, inhibits growth
normal to the {110} face, and exclusively occludes into its {110} growth sectors. These
results are consistent with a variety of other in vitfro studies suggesting intracrystalline
OPN in urinary COD crystals (Grover et al., 2008; Ryall et al., 2005; Ryall et al., 2001;
Wesson et al., 1998).

Of interest here, as deduced from simulation, is a possible scenario where the
majority of polyAspseos-carboxylate groups bind the {110} COD surface, but leave
remaining carboxylate groups available (or partially available) for binding of initially

non-lattice calcium in solution. Strong peptide binding at the {110} crystal surface,
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followed by the chelation of free calcium ions by solvent-exposed peptide carboxylate
groups, might participate in the observed occlusion of peptide during further slow
mineralization at that face.

The concept of protein inclusion (occlusion) into the crystal structure of biominerals
has been commonly accepted as a strategy adapted by organisms to attain control over
mineralization (Albeck et al., 1996). In regulating biomineralization, intracrystalline
proteins likely simultaneously (or uniquely) impart additional functional properties to
the final structure of the biomineral, such as, amongst others, mechanical strength,
optical characteristics, or varying textures (Aizenberg et al., 1995; Berman et al., 1988).
In calcitic avian eggshell, for example, an extremely abundant organic matrix network
occludes into the mineral phase, and OPN is a prominent protein of this matrix (Chien et
al., 2008). Intracrystalline organics can also be components of biominerals that dislocate
the mineral structure, distorting crystal lattice (Pokroy et al., 2006) and modifying their
thermodynamic properties (De Yoreo, 2003), thus rendering them more unstable and
dissolvable. In this regard, recent studies have shown that urinary proteins situated
within the bulk mineral phase of calcium oxalate raise lattice strains and reduce
crystallite size because of intracrystalline defects and discontinuities, which in turn allow
proteolytic invasion and crystal dissolution (Fleming et al., 2003; Ryall et al., 2001;
Ryall et al., 2007).

In our in vitro crystal growth experiments, the selective and nonequilibrated
incorporation of peptide within COD crystals results in the formation of compositional
zoning. The consequent sectoral intracrystalline heterogeneity suggests that the sectors
containing occluded peptides may have different functional properties from neighboring
sectors within the same crystal. In the context of the discussion above relating largely to
the work done by Ryall and colleagues, and in linking this to physiologic defenses
designed to decrease detrimental pathologic calcification as seen in uro/nephrolithiasis,
one consequence of this may be that COD sectors with occluded peptide are susceptible
to proteolytic, degradative “attack” by proteases, whose removal of occluded organics
would increase the dissolution rate of the mineral phase or increase the urinary clearance
of these particles. Moreover, in this scenario, these {110} sectors become dominant

with increases in peptide concentration, and more intracrystalline peptides are
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sequestered within the COD, which in turn might ultimately promote their dissolution
and/or clearance fate. Additional information about the surface and internal structure of
the {110} faces and sectors is required to clarify whether this preferential interaction of
peptides of OPN may favor the binding of COD crystals to renal epithelial cells, and
whether it is involved in the internalization of COD crystals via the

phagocytic/endosomal pathway (Grover et al., 2008; Lieske and Deganello, 1999).

6.7 Conclusions

The data reported here are consistent with an increasing number of reports describing
protein/peptide occlusion in the “inorganic” phase of biomineralizing systems, and they
provide an explanation for the presence and intracrystalline localization of abundant
OPN and other proteins in kidney stones and in COD crystals artificially precipitated
from urine. Intracrystalline proteins in biominerals can modify internal structure and
physical properties of the mineral in which they reside. Proteins found in urine that
incorporate into calcium oxalate crystals may perform a role in forming or inhibiting
calcium oxalate urolithiasis. Our results show that with increasing OPN or poly-Aspse.93
concentrations in growth solutions, the {110} faces are greatly increased and eventually
dominate the crystal morphology. The poly-Aspss.o3 peptide of OPN may be central to
OPN’s effects on the {110} faces of COD, since its actions were similar on these faces.
Finally, mineral-binding peptides of OPN may incorporate into {110} faces to develop
{110} sectoral compositional zones in the crystals which may serve additional purposes

related to crystal dissolution at later times.
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6.9 Supporting Data

Coordinate files in Protein Data Bank format for the ten lowest-scoring models of the

OPN peptide bound to the {101} and {110} faces of COD.

Table 1. Poly-Aspseos peptide-COD adsorption energies in kcal/mol (estimated by

RosettaSurface)

COD Crystal Surface {101} {110} high calcium
Adsorption Ener
P & -2.545.7 -23.4+6.2
(kcal/mol)

“Binding energy (kcal/mol) is the difference between the mean energies of 100 lowest-
energy adsorbed- and solution-state candidate structures (error given is standard

deviation).
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Lane1 Lane 2

Figure 1. (a) Immunohistochemical localization of OPN in human kidney stone by light microscopy.
Concentric layers/lamellae of organic matrix, rich in OPN, radiate from apparent niduses of calcification.
(b,c) At the ultrastructural level, colloidal-gold immunolabeling for OPN viewed by transmission electron
microscopy shows OPN variably concentrated either at crystallite surfaces (b), here seen as voids after
sample decalcification, or within the crystallites (within the void) and associated with a flocculent organic
material evident after decalcification (¢). (d) Scanning electron micrograph of calcium oxalate dihydrate
(COD) crystals precipitated from normal male human urine by oxalate addition. Typical di-pyramidal
COD crystals show prominent {101} crystallographic faces. (¢) Western blots for OPN of normal human
urine (Lane 1) and the protein extract of COD crystals precipitated from normal human urine (Lane 2).
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10 ug/mi (0.31°uM) 20 pg/ml (0.62 uM)
“

{110}

Figure 2. (a-d) Scanning electron micrographs of COD grown in solution in the presence of full-length,
phosphorylated OPN at the indicated concentrations. With increasing amounts of OPN, the {110}
prismatic crystallographic faces of COD grow in dimension and become predominant at the expense of the
{101} faces, the latter being the predominant crystal face formed in the absence of added protein (lower
inset in panel a). At the highest concentration of OPN used (d), most COD crystals are elongated and often
intergrown as penetration twins. Schematic insets show SHAPE software-derived renditions of the crystals
used for face identification and c-axis determination (blue extension bars). Scale bars equal 5 pm.
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Figure 3. Scanning electron micrographs of COD grown in solution in the presence of synthetic, low- (a)
and high- (b) molecular weight aspartic-acid rich peptides at the indicated concentrations. (a) Increases in
linear poly-Aspy, o; concentration (sequence from OPN bovine sequence), while not as effective as full-
length OPN, induced a similar elongating effect on COD crystal morphology — increasing the {110} faces
at the expense of the {101} faces. (b) High-molecular weight and poly-Asp (Sigma) was more potent in
similarly generating rod-shaped crystal morphologies, with some additional “rounding” effect at the poles
of the elongated crystals. Schematic insets show SHAPE software-derived renditions of the crystals used
for face identification and c-axis determination (blue extension bars). Scale bars equal 5 um.
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Figure 4. Conventional fluorescence micrographs, and laser confocal micrographs, of COD crystals grown
in the presence of fluorescently-tagged poly-Aspg, o, at the indicated concentrations. (a,b) Pyramidal,
compositional (sectoral) zoning is observed in COD crystals reflecting selective incorporation during
growth of fluorescently-tagged poly-Aspy, o, specifically into {110} crystal sectors. Because of differences
in orientation, the zoning pattern changes in appearance despite the crystals having similar morphology.
Concentration of peptide affects the relative dimensions of the sectors, as well as the area and shape of
{110} prismatic faces (as in Figure 3a). In this non-confocal image, fluorescence may originate from the
interior of the crystal as well as from exterior faces. (c) Laser scanning confocal microscopy with focal
plane imaging performed within crystal interiors (here shown for a crystal at a scanning depth of 5, 10 and
15 ym from the top of the crystal) confirms sectoral compositional zoning within COD crystals, revealing
the boundaries of {110} crystal sectors. The overall morphology of the imaged crystal is shown by
transmitted light in the left-most panel. Schematic insets show SHAPE software-derived renditions of the
crystals used for face identification and c-axis determination (blue extension bars).
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Figure 5. Summary of data using SHAPE software renditions of effects of full-length OPN and poly-
Aspg o5 peptide on COD crystal growth morphology (a,b), and of occlusion of poly-Aspy, o, into COD in a
sectoral compositional zoning pattern arising from {110} face binding of this peptide (c). Increases in
OPN or poly-Aspg, o, concentrations in growth solution kinetically result in similar effects on COD crystal
morphology — the same faces {110} are significantly inhibited and become predominant, and COD crystals
elongate along their c-axis. {110} sectoral zones become dominant with increases in poly-Aspg o,
concentration, and the 3 schematics in the bottom row represent 2-dimensional planes taken from the
center of COD crystals where poly-Aspg, o, incorporation (in increasing solution concentration from left-
to-right) is shown by green triangles in two (of four) apposing pyramidal sectors. The {110} sectors
(green) gain in proportion relative to other crystal-face sectors (black) as poly-Aspg o; concentration
increases.
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Figure 6. Molecular modeling of poly-Aspg 4, peptide binding to {110} and {101} crystallographic faces
of COD. Atomic configurations used for modeling at the surfaces of the {110} face (a) and {101} face (b)
of COD. (c-f) Representative, top-scoring (low-energy) models of poly-Aspg, 4; adsorbed onto COD.
(c,e) Two lateral views (approximately 90° to each other) of poly-Aspg, o, bound to a high-calcium density
plane in the {110} face of COD (with the N-terminal of the peptide extending beyond the image plane in
panel (c), and with the N-terminal of the peptide to the right in panel (¢). Some degree of lattice matching
for five carboxylate (COO) side chains aligned with calcium (Ca) atoms occurs on the {110} face in this
profile. (d,f) Two lateral views (approximately 90° to each other) of poly-Asp, , bound to the {101} face
of COD (with the N-terminal of the peptide extending beyond the image plane in panel (d), and with the N-
terminal of the peptide to the right in panel (f). Hydrogen bonding is schematically illustrated by dashed
yellow lines connecting donor-acceptor pairs. (Ca, green; C, grey; O, red; H, white).
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Chapter 7

Conclusions

Construction of the avian eggshell is one of the fastest known mineralizing systems in
biology, with gram amounts of calcium carbonate mineral (calcite) and matrix proteins
being deposited within hours. Yet, despite this rapid construction, the architecture of the
avian eggshell is remarkably ordered and compartmentalized for achieving its
biologically functionalized purposes. The studies presented in this thesis provide
substantial new information describing the detailed ultrastructure of a hardened
composite material consisting of a protein network and calcite mineral — the avian
eggshell. An extensive matrix network with variable, region-specific ultrastructure and
highly systematic organization co-exists with a calcitic mineral phase within the

eggshell, and this is described across the thickness of this biological structure.

Within the matrix network in the eggshell, the inhibitory protein OPN is intimately
associated with most of the matrix found throughout the thickness of the shell except for
the vesicular structures in the palisades layer and the membrane structures of the calcium
reserve body sac. This protein is secreted from the epithelial cells of the eggshell gland
during shell formation. Both in vivo and in vitro, OPN preferentially interacts with the
{104} face of calcite where it likely functions to guide calcite orientation by
inhibiting/stabilizing this specific face and modifying calcite morphology in the
eggshell. In addition, OPN appears at eggshell {104} fractured surfaces, suggesting that
it resides as an occluded protein. OPN 1is also a prominent interfacial protein,
accumulating at the boundaries of various eggshell compartments where it may inhibit or
terminate calcification at those margins to delimit different eggshell structural units and
retain the patency of the eggshell pores (used for gaseous exchange). In this way, OPN
might also regulate eggshell growth to establish the characteristic cone / columnar
architecture to assure normal biologic functions of the eggshell. Definitive studies on

OPN function in eggshell will require in vitro crystal growth systems that more faithfully
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reflect the total composition of eggshell. Alternatively, transgenesis in chickens while
not on the immediate horizon, would allow for in vivo assessment of the role of OPN if

mutations and/or deletions in the OPN gene could be established in this animal.

As a primary source of calcium essential for chick embryonic skeletal growth, avian
eggshell releases calcium ions through physiologic dissolution of specific interior regions
in a process that serves multiple functional purposes, including shell-weakening for
hatching and serum acid-base balance in chick embryo. Following the detailed
ultrastructural investigations of unincubated eggshell, my systematic (over time) study of
eggshell ultrastructure during dissolution of a fertilized, incubated egg clearly
demonstrates that the inner surface (mammillary layer) of the shell is where the majority
of dissolution takes place to release calcium and bears major morphological changes.
Essentially, dissolution events occurring in the mammillary layer of the shell — the
calcium reserve body sac, the base plate of the calcium reserve body, and the surrounding
bulk mammillae structure in particular — all can be correlated with developing embryonic
skeletal calcification. The calcium reserve body — an essential sub-compartment of
mammillae — functions as an early source of calcium; eventually it is lost, perhaps
resorbed, during embryonic development and the bulk mammillae take over the calcium-
supplying task. My ultrastructural results provide clear, direct visualization of eggshell
resorption — which previously was only shown partially or inconclusively mostly from
chemically treated samples — and thus lays a foundation for further mechanistic
investigations. Importantly, the proteinaceous organic matrix — previously occluded in
calcitic mineral phase of avian eggshell and involved in the construction of the shell — is
slowly exposed during the shell dissolution process and could function as a channel that

assists in the release of calcium for the embryo.

The internal structure and physical properties of biominerals can be modified by
intracrystalline proteins incorporated within the mineral bulk. An increasing number of
studies have led to the acceptance of the occlusion of peptides, proteins or even larger
matrix structures in the mineral phase of biominerals. Urinary proteins that incorporate
within calcium oxalate crystals can play a key role in forming or inhibiting calcium

oxalate urolithiasis. The study presented in Chapter 6 provides a detailed, protein/peptide
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concentration-dependent reporting of the alterations in crystal morphology occurring
during COD growth with OPN and one of its peptides, with resulting morphologies
being commonly observed in the etiology of severe human kidney stone diseases. The
selected aspartic acid-rich peptide of OPN plays a key part on the morphological
modification of COD, as it exerts similar effects as full-length OPN on these particular
faces of COD. OPN or the selected peptide binds to specific {110} faces of COD and
inhibits crystal growth with subsequent site/face specific intracrystalline incorporation.
This preferential incorporation of OPN and its peptide develops {110} sectoral
compositional zones, which are dose-dependent, and may convert COD crystals into a
more dissolvable structure. The binding and occlusion of urinary proteins/peptides to
calcium oxalate mineral is thought to serve as a defense mechanism protecting against
further mineralization and the enlargement of renal calculi. These findings provide
important insights on kidney stone formation and biomineralization processes adopted as

a natural protective mechanism against pathologic calcification.

In summary, I have examined the interaction of OPN and one of its peptides with two
different mineral phases — calcite and calcium oxalate dihydrate — using in vitro cell-free
growth assays and by examining in detail the formation and dissolution/resorption
structures of the avian eggshell. In doing so, I have provided new information on how

proteins interact with mineral phases relevant to biomineralizing systems.
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