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Chapter 1 Introduction

1.1 General	
  Concepts	
  of	
  Biomineralization	
  	
  
	
  
Biomineralization refers to the process by which organisms produce minerals. It is
a widespread phenomenon among living systems - a total of 55 phyla, across all 3
domains of life, produce mineralized structures, the so-called biominerals [1].
Among the most common forms of biominerals are calcium phosphates (in the
form of hydroxyapatite, Ca10(PO4)6(OH)2 e.g. in bones and teeth, Figure 1.1 A, and
linguliform brachiopods), calcium carbonates (CaCO3, e.g. in several protists,
shells and coral skeletons, Figure 1.1 B, D and E) and silica (SiO2, e.g. in skeletons
of sponges and cell walls of diatoms, Figure 1.1 C and F). All these three main
forms are broadly, yet irregularly, represented in the tree of life [2], letting
numerous unsolved questions about the evolutionary origins of biomineralization.


























Figure 1.1: Scanning electron microscope (SEM) images showing the diversity of biomineral
morphologies and microstructures. (A) human bone of calcium phosphate [3,4] (no scale
attributed); (B) mineralized alveolar plates of calcium carbonate in the ciliate protist Coleps hirtus
[5]; (C) siliceous skeleton of the sponge Euplectella aspergillum [6]; (D) the shell of the tropical
abalone Haliotis asinina before (top) and after (lower) the mechanical removal of upper layers, and a
closer view of the nacreous layer composed of superimposed tablets of CaCO3 [7]; (E) the CaCO3
skeleton microstructure (left) and morphology (right) of the scleractinian coral Goniastrea favulus
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Figure 1.1 (cont.) [8]; (F) details of the silica cell walls microstructure in diatoms [9]. All pictures
were adapted from the references indicated above.

Any living organism producing its mineralized tissue requires energy that incurs in
a metabolic cost, which must be somehow compensated by the benefits given by
the final product itself. In this matter biominerals provide a wide range of essential
properties [10], which include – but are not limited to:
i.

Support (e.g. skeleton produced by sessile organisms like corals and
sponges);

ii. Mechanical strength (e.g. endoskeleton (bone) in vertebrates);
iii. Protection (e.g. molluskan shell protecting from damage and predators);
iv. Motion (e.g. endoskeleton (bone) in vertebrates);
v. Cutting and grinding (e.g. teeth);
vi. Optical, magnetic and gravity sensing (e.g. optical imaging in trilobites and
gravity sense by fish otoliths in the inner ear and statoliths in jellyfishes);
vii. Detoxification (e.g. intracellular deposits to remove excess of Ca2+ or
heavy metals in the cells);
viii. Storage (e.g. in amorphous CaCO3 concretions in plants and in some
crustaceans).
While we can easily recognize the diversity of functions, forms and compositions
of biominerals, among different taxa and environmental circumstances,
understanding the molecular mechanisms underlying their formation remains much
more challenging. Indeed, at the molecular level, biomineralization can be studied
from chemical, physical and biological perspectives. In the present case, however,
we will mostly focus on the biological aspects of the process.
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All biominerals consist in organo-mineral assemblages where the mineral, the
major component, is embedded in a minor organic matrix. This latter is often a
complex mixture of macromolecules: proteins, glycoproteins, polysaccharides
and lipids - which are produced by the organisms and directly involved in the
formation of their skeletons, in a more or less controlled way. In most cases the
macromolecules are embedded within the mineral during its growth, constituting
the “organic fraction” of the biomineral or the more generally called organic
matrix (OM). Despite this common feature among biominerals, the processes by
which they are made are extremely diverse, in particular at the level of the control
exerted by the organism, cells and ultimately by the OM. As a result
biomineralization can be differentiated in two main types, first defined by
Lowestam in 1981 [11]. The first type is the biologically induced, which refers to
the unintentional precipitation of minerals as a consequence of ion deposits,
resulting from the metabolic activities of the organism itself, or resulting from the
environmental conditions. In this case, no special “molecular machinery” is
generated for the purpose, the mineral deposition is mostly random, though the cell
wall components (i.e. lipids, proteins and polysaccharides etc.) can influence the
mineralization process by acting as generic surface for precipitation [10]. Several
examples of this type of biomineralizations occur in bacteria. An interesting case is
that of cyanobacteria participating in stromatolite constructions: they precipitate
CaCO3 from the supersaturated environment [12,13], contributing to the sediment
accretion of these rocky structures occurring in shallow waters. Another example
comes from several bacteria, which induce precipitation of a wide spectrum of salts
(sulfates, carbonates, silicates) as a mechanism for extrusion of their metabolic
products [14].
The second type is the biologically controlled mineralization, which contrasts with
the induced mineralization, in the sense that it is a highly regulated process at all
stages of biomineral formation [1] requiring: (1) delineation of the mineralizing
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Section 1.2 Biocalcification in Scleractinian Corals and Mollusks
space by cell membranes or polymers; (2) formation of an array of
macromolecules, i.e. the OM, and its subsequent targeting to the site of
mineralization; (3) pumping of ion precursors to set up a saturated environment;
and finally (4), the control of the OM over crystal nucleation, growth and
inhibition, providing a scaffold for mineral deposition. Although biologically
controlled mineralization occurs in bacteria (magnetotactic [15]) and also in algae
(diatoms [16] - Figure 1.1 F, coccolithophores [17]) or protozoa (ciliates - Figure
1.1 B), the process is undeniably more broadly represented in animals. Indeed,
vertebrates produce mineralized endoskeletons made of bone and cartilage to
provide support and other essential functions, while non-vertebrates can produce a
wide-range of external biominerals such as shells (in mollusks – Figure 1.1 D, and
in brachiopods), carapaces (in crustaceans) and skeletons (in corals – Figure 1.1 E,
and in sponges) and calcified tubes (in serpulid annelids), but also internal ones
like spicules (sponges and echinoderms). The focus of this dissertation is centered
in this group of aquatic calcifying organisms - especially mollusks and
scleractinian corals. In both organisms exoskeletons of CaCO3 are produced
through a process of biologically controlled calcification involving a specific OM
in an extracellular environment, i.e. outside the cells.

1.2 Biocalcification	
  in	
  Scleractinian	
  Corals	
  and	
  Mollusks	
  	
  
Biotic carbonate calcification typically involves the precipitation of at least two
ions according to the following equation: Ca2+ + CO32-  CaCO3. This reaction is
favored to the right, when concentrations of both ions attain the saturation state
higher than 1 (or Ω > 1) at the site of calcification according to: Ω = [Ca2+] x [CO32] / Ksp, where Ksp is the solubility of the calcium carbonate phase precipitated,
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which usually corresponds to one of two forms: calcite and/or aragonite, by far the
most thermodynamically stable polymorphs.
It has been shown for mollusks [18] and corals [19] that the sources of carbon used
for calcification come mainly from bicarbonate ions (HCO3-) or hydrated CO2,
according to the equations: Ca2+ + HCO3-  CaCO3 + H+ and CO2 + H2O + Ca2+
 CaCO3 + 2H+.
In both groups of organisms these reactions do not take place in direct contact with
the aquatic environment but rather at specific sites, i.e. microenvironments
specially delineated for calcification, as it will be detailed below.
When considering the physiology of shell calcification in adult specimens, there
are at least four elements to take into account in the anatomy of mollusks [18]
(Figure 1.2 B). The key element is the mantle, a thin tissue that coats the inner side
of the shell and is divided in several regions including the outer and the inner
epithelia. The outer epithelium produces the organic matrix and pumps the
necessary ions (HCO3-, Ca2+) to the extrapallial space where biocalcification takes
place. The mantle, the periostracum and the shell enclose the latter. The
periostracum is the outer layer covering the shell and consists of an organic sheet
synthesized by the periostracal groove; it is formed along with the shell, providing
support and delineation of the extrapallial space. It is worth noting that shells grow
by increments, more in length than in thickness, and so does the periostracum [20]
(for a review on the proposed mechanisms of shell mineralization see [21]). Shell
microstructures from adult mollusks are very diverse (for a review see [22]).
However, the physiological model described here generically represents that of a
bivalve with two shell layers (Figure 1.2 B). The outer layer is made of calcitic
prisms, while the inner one is the nacreous layer made of aragonitic nacre tablets.
The outer ephitelium specifically secretes the OM components to form each of
these layers from distinct areas as drawn in Figure 1.2 B.
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Calcium and bicarbonate ions are taken up from the body surface, inner epithelium
of the mantle, from the gills or from the gut [18]. They are actively transported via
the haemolymph to the outer epithelium, and then pumped to the extrapallial space,
by calcium and bicarbonate channels located in the cells of the outer epithelium.
This creates a supersaturated extrapallial fluid where precipitation occurs. Protons
released from crystallization of CaCO3 are absorbed by proton ATPases (Figure 1.2
C). The extrapallial space localizes the transition from the liquid state – the
supersaturated extrapallial fluid – to the solid state, the biomineral. This classical
view is commonly accepted without being firmly established from an experimental
viewpoint.
This process is done in a controlled way through self-assembling of the organic
matrix components (mainly (glyco)proteins (Figure 1.2 E) and polysaccharides)
with the mineral phase.

	
  

7	
  

Chapter 1 Introduction

 ! 

 "

# $

#



! 

" #  $  #

 " *#*+ & $  #  








% 
& #



 


 "
$ '#(

%   "
& $ '#()  #&


  

 
 



 
 
   

  
  
 



Figure 1.2: Overview of the multi-scale shell calcification process in a bivalve producing two
distinct shell layers (nacre and prisms), highlighting the main compartments and scales
involved in shell-formation. (A) An opened pearl oyster (left) and an oyster removed of a visceral
mass (right). Adapted from Awaji & Machii [23]. (B) Tissue morphology in a bivalve (e.g. pearl
oyster). Calcification takes place in the extrapallial space. In the outer epithelium, the cells
responsible for the deposition of nacre are in a different area from those responsible for the
production of prisms. The prisms and nacre tablets are not drawn to scale. Extracted from Marin et al.
[21]. (C) Schematic physiological model of calcification for bivalve shells with ion fluxes of Ca2+, H+
and HCO3-. Scheme adapted from Hippler et al. [24]. (D) and (E) Schematic representation of
mollusk (eukaryotic) cells and molecules. Adapted from [25,26].
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As for the physiological model of calcification in corals, there are also several
versions but our focus is mainly on scleractinian corals (i.e. corals that generate a
hard exoskeleton) living in a mutualistic relationship with zooxanthellae photosynthetic algae that also contribute to the calcification process [27,28].
Symbiotic corals live in colony and are very common in warm shallow waters,
being the major contributors of tropical reefs. Therefore they are also called
hermatypic (or reef-building) corals.
  !"#    $ #




  

  



 !#"#  $ #% 

  

   

    









      

      

Figure 1.3: Overview of the multi-scale calcification process in the hermatypic coral. (A)
Schematic view of two polyps in a colony linked by the coenosarc. Adapted from Tambutté et al.
[29], (B) Diagram of the calcium pathway through the calicoblastic epithelium during calcification.
Adapted from Allemand et al. [30], (C) Diagram of the bicarbonate pathways from the seawater
through the different layers of the coenosarcs, reaching the mineral deposition front. ECM =
extracellular calcifying medium. Adapted from Allemand et al. [30]. (D) and (E) Schematic
representation of coral (eukaryotic) cells and molecules. Adapted from [25,26].
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Scleractinian corals produce an external skeleton that provides support and is
covered by the colony soft tissue. The individual units of the colony are the polyps,
which are linked together by the coenosarc (Figure 1.3 A). The polyps and
coenosarcs are organized in aboral and oral tissues (Figure 1.3 C) separated by the
body cavity (the coelenteron). The oral tissue is divided in oral ectoderm (in
contact with the seawater) and oral endoderm (containing the zooxanthellae) while
the aboral tissue is divided into aboral endoderm and aboral ectoderm (facing the
skeleton). The latter is relatively thin (0.5 to 3 µm) [30] and contains the
calicoblastic cells, which are responsible for the formation of the aragonitic
skeleton, by controlling the transport of ions and the secretion of the organic matrix
to the mineralizing space - the extracellular-calcifying medium (ECM). Although
this space is present, it is not always visible and has varied thickness (< 1 µm).
Moreover the ECM does not extend through the entire gap between the skeleton
and the soft tissues since both remain attached by specialized anchoring cells, the
desmocytes [31,32].
Similarly to mollusks, there is transport of Ca2+ and HCO3- from the seawater
through the epithelial layers in order to reach the ECM (Figure 1.3 B), which is the
thin space delineated by the skeleton and the calicoblastic epithelium and where
calcification takes place. Ion transport may occur by diffusion/seawater flow or by
active/facilitated transport. At the level of the calicoblastic epithelium however
there are evidences suggesting that a combination of both ways is involved in the
transport of calcium: by diffusion in the septate junctions between calicoblastic
cells and by active transport through pumps [33] (Figure 1.3 B). Concerning
inorganic carbon, a large part of it comes from metabolic CO2 [34] and the
remaining part should come from inorganic carbon in the seawater (Figure 1.3 C).
Altogether these mechanisms and recent studies at the level of the ECM [35]
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confirm that the ionic composition in the calcifying medium is different from the
seawater.
While there is control in the supply of ions to the mineralizing space in both
mollusks and coral examples, the extent of the control exerted by the organic
matrix over the morphology and microstructure of coral skeletons is still a matter
of debate. Barnes (1970) and Constantz (1986) stated that coral skeleton is formed
by a physicochemical dominated process, and that only competitive crystal growth
determines the morphology of the skeleton [36,37]. From another perspective,
Johnston (1980) sustained the idea of a biologically controlled process [38] and,
later on, Lowenstam and Weiner (1989) [1] and, for example the work of
Gladfelder (1983) [39], considered corals as an intermediate case, were both
physicochemical and biologically-driven mechanisms control the mineral
deposition. More recently, Veis (2005) also referred corals has an example of
biologically induced mineralization, arguing that the biominerals “adopt crystal
shapes similar to those formed by inorganic processes and have essentially random
crystal orientations” [40]. Nevertheless there are many evidences in support of a
biologically controlled skeletogenesis in corals. Works on the microstructure of
scleractinian corals have shown a great variation among coral species [41].
Moreover structural units differ in composition [41–45], mostly due to the presence
of the organic matrix, suggesting a strong biological control of skeletogenesis. In
view of these results, new biomineralization models have been proposed [33,45–
47], that take into account the organic matrix in the control of skeleton formation.
In both corals and mollusks, biocalcification is a physiological process that can be
approached in many scales, from the final macromorphology to the underlying
genetics of calcification (Figure 1.2 and 1.3). Although there is still much to study
about the exact mechanisms by which the components of the organic matrix, in
particular the proteins, control the formation of their mineralized tissues, some key
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features of these proteins are recognized as functionally important, since they are
generally common to corals and mollusks. The first common trait is the high
content in aspartic acid and, in less degree, glutamic acid. This feature indicates
that the most abundant proteins in shells and skeletons are acidic. Moreover, they
are recognized to have strong inhibitory function on the crystal growth and control
on the morphology, due to their polyanionic character [48–50]. Another interesting
feature of the OM proteins are the post-translational modifications, in particular,
glycosylations and phosphorylations, that can greatly contribute to the
polyanionicity of the proteins [51,52]. Besides glycoproteins, the OM contains
polysaccharides which are important at providing structure [32] to the organicmineral framework but also at interacting directly with the crystals [52]. The
enzyme carbonic anhydrase has also been identified often in organic matrices. The
function of this metalloenzyme is to catalyze the reversible hydration of CO2,
forming one bicarbonate ion and one proton, according to the following reaction:
H2O + CO2 ⇔ H2CO3 ⇔ HCO3+ H+. A famous example is Nacrein, a modular
protein with two carbonic anhydrase domains intercalated by an acidic domain [53]
which was first identified in the shell of the pearl oyster Pinctada fucata.
Modularity is indeed another common feature of OM proteins, pleading for the
idea of multifunctional molecules. Among these modules were recognized other
enzymatic domains in mollusks [54] and regions of biased compositions in a few
amino acids (i.e. low complexity regions) - or tandem repeats [55,56].

1.3 Why	
  to	
  Study	
  Biomineralization	
  Proteins	
  of	
  Aquatic	
  Calcifiers	
  
Biocalcification is the most common form of biomineralization in the freshwater
and marine environments. Mollusks and scleractinian corals do biologically
controlled calcifications to produce their external shells and skeletons, the primary
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function of which is to provide support and protection of their soft tissues.
Moreover, as biomaterials, these composites exhibit complex microstructures and
are source of particular interest in the material science and medical fields due to
their exceptional mechanical and osteogenic properties. For example nacre, also
known as mother of pearl, has been the subject of multiple biomimetic studies [57].
This calcified layer is present in several mollusk shells, including bivalves (pearl
oyster, freshwater mussel) and gastropods (abalone, top and turban snails). As an
inorganic-organic nanocomposite material, nacre has excellent strength, toughness
and stability, appealing many material scientists in the creation of nacre-inspired
materials. Although material scientists have been successful in obtaining a layered
nanostructure, they do not achieve the same impressive mechanical properties as
the original nacre [58,59], which can show an ultimate strength ten times higher
than pure mineral [60]. Nacre is not only considered an inspiring biomaterial, for
example for bone and dental support [61], but also as an osteoinductor with
capacity for cell differentiation [62] and bone regeneration [63]. Altogether, nacre
properties are related to its hierarchical microstructural organization where
superimposed flat aragonitic tablets with 0.5-1.0 µm of thickness are surrounded
by an organic matrix with approximately 5% of the total mineral weight [21].
As for coral skeletons, they were reported to have lower values of strength (stress
and fracture) than most other carbonate skeletal materials [64]. Still scleractinian
skeletons are considered biocompatible, osteoconductive and biodegradable. They
have been used with contrasted success as implants, e.g., bone grafts substitutes
[65].
Coral skeletons and molluskan shells are also useful source of fossil records [66]
and are frequently used to study the impact of environmental changes in the marine
environment [67]. Indeed, a significant decrease in the biocalcification rates of
some mollusks and reef-building corals has been observed [68–71], among other
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marine calcifiers. The decline of calcification is a direct effect of ocean
acidification, i.e. the decrease of pH in the seawater due to the higher diffusion of
CO2 that is released in excess into the atmosphere.
Thus, a full identification of the organic matrix components and a complete
elucidation of their interactions with minerals and cells will contribute to many
open questions on:

•

the mechanical, biocompatible and inductive properties of mineralized
structures, that are of interest for biotechnology applications;

•

the calcifying mechanisms of marine organisms, that ultimately help to
predict the impacts on calcification in a global changing environment;

•

the evolutionary paths of calcifying systems.

The study of the organic matrix, in particular the proteins composing it, is the main
subject of this thesis. The protein repertoire is also considered as the
“biomineralization toolkit”, i.e. the key element of organic matrix-mediated
processes, which bares the genetic background involved in the process (Figure 1.2
and 1.3 D-E).
With the research described here, we aimed at characterizing several biomineraloccluded proteins by integrating molecular biology, biochemistry, proteomics and
bioinformatics’ methods and focusing mainly in two species: the first one belongs
to the phylum Mollusca – the freshwater mussel Unio pictorum (Bivalvia class),
and the second belongs to the Cnidaria - the reef-building coral Acropora
millepora (Scleractinia class).
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1.4 Outline	
  of	
  the	
  Thesis	
  
The research described in this thesis was supported by the EU Seventh Framework
Programme (FP7) within the Marie Curie Initial Training Network BIOMINTEC
entitled: “Biomineralization: Understanding of basic mechanisms for the design of
novel strategies in nanobiotechnology”, in the period 2009-2012. The
BIOMINTEC project gathered together a consortium of 10 teams (8 universities
and 2 private companies) from Germany, France, Italy, UK, Greece, The
Netherlands, Austria and China, and was coordinated by Prof. Dr. Dr. Heinz C.
Schroder from the University Medical Center of the Johannes Gutenberg
University Mainz (UMC), Germany. The goal was to build a multidisciplinary and
international network of researchers and biotechnology companies in the EU,
dedicated to the study of basic mechanisms of biomineralization (biocalcification
and biosilification) and ultimately translate this knowledge into novel strategies to
apply in bio- and nanotechnology. This project also offered the opportunity to
young researchers to receive their PhD training in the field of biomineralization,
and conduct their research activities in more than one host institution.
Concerning the research training that contributed to this thesis, it was conducted
first at the University of Burgundy (France) and supervised by Dr. Frédéric Marin
over a period of 18 months between 2009-2010. Subsequently, the project
continued at the University of Amsterdam (The Netherlands) under the supervision
of Dr. Jaap Kaandorp, for an equal period between 2010-2012, which included
some short-term stays back in France to perform experiments. Finally the
BIOMINTEC program was followed by a 1-year extension supported by the EU
FP7 Knowledge Based Bio- Economy project BioPreDyn.
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In this thesis, we aim to present a comprehensive understanding of the molecular
processes of biocalcification in mollusks and corals, by identifying new proteins
directly involved in biocalcification, and by obtaining, whenever possible, the
complete repertoire of skeletal proteins. To this end, we made use of highthroughput technologies, such as proteomics, combined with other molecular and
bioinformatics approaches. This goal was largely achieved. Our work has
contributed to a deepened knowledge of organic matrix–mediated mechanisms
underlying the process of skeletogenesis (in corals) and shell formation (in
mollusks), as well as to shed light on the macroevolution of metazoan
biocalcification.
Following the introductory chapter, Chapter 2 describes the identification and
molecular characterization of Upsalin, a novel protein associated to the nacreous
layer of the freshwater bivalve Unio pictorum. Upsalin is a small protein of
unknown function that does not exhibit the classical features of other shellassociated proteins. The discovery of Upsalin highlights the diversity of proteins
associated to calcified tissues and the need to invest on new experimental methods
to unveil their functions.
Chapter 3 describes the proteomic study applied to the skeleton of the
scleractinian coral Acropora millepora. After extraction of the organic matrix, the
proteome was analyzed by liquid chromatography-tandem mass spectrometry,
which, combined with the coral transcriptome, enabled the identification of 36
skeletal matrix proteins. This dataset comprises proteins exhibiting important and
recognized domains in biomineralization: acidic, extracellular matrix and
enzymatic, but also novel signatures. In addition, we show that some proteins have
signal peptides being directed to the extracellular calcifying space, whereas others
may act in the calcifying space while attached to the cell membranes. The 36
skeletal proteins were then compared with three cnidarian genomes and other

	
  

16	
  

Section 1.4 Outline of the Thesis
organic matrix proteomes from calcifying metazoans owing to bioinformatics
tools. The results suggest a two-sided scenario for the evolution of coral
calcification: by mechanisms of cooption and domain shuffling.
Chapter 4 is a small report that deals with the challenges faced by us and other
scientists when using proteomics to determine organic matrix proteins directly
involved in biomineralization. Since part of these proteins are embedded in the
mineralized tissues, they can easily be identified by liquid chromatography-tandem
mass spectrometry combined with the nucleic acid dataset of the corresponding
species, after decalcification and purification of the organic fraction as described in
Chapters 2 and 3. However, the diversity of protein hits that has been resulting
from some of the works applying these methods is worrying. Many protein datasets
published in the recent years include intracellular proteins and other contaminants
that hamper the interpretation of the results and the conception of new models, in
particular those of biocalcification occurring in an extracellular medium.
Therefore, we discuss the importance of a thorough cleaning of biomineral samples
prior to highly sensitive coverage by proteomics.
Chapter 5 is a structural description of the skeleton of A. millepora, together with
an overall biochemical, compositional and functional characterization of the
skeleton organic matrix. The skeleton of A. millepora is fully aragonitic but
incorporates some minor elements such as sodium, strontium, sulfur and
magnesium. The organic matrix is not only composed of the proteins described in
Chapter 3, but also by a large amount of sugars, among which arabinose is by far
the most abundant monosaccharide. This unusual biochemical signature has not
been found in other biominerals besides Acroporid skeletons and mucus.
Additionally, new evidences are provided to strengthen the hypothesis developed
in Chapter 3, in such a way that some proteins of the organic matrix are
transmembrane, and their extracellular parts are the ones acting in the mineralizing
space, being subsequently occluded in the skeleton. At last, the OM was
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characterized for its CaCO3-mineralization activity in vitro showing strong control
on the morphology of the crystals.
Chapter 6 summarizes the thesis, with a general discussion and conclusion of the
previous chapters, and brings new perspectives for the study of biomineralization
proteins.
In brief, each chapter has been adapted from the published [72–75] and submitted
work. Chapters 2, 3 and 5 are organized in the form: Introduction, Background,
Materials and Methods, Results, Discussion and Conclusions (the latter only in
Chapter 3). Chapter 4 was adjusted to include the work described in one editorial
letter and viewpoint articles and is only divided in two sections. All figures are
numbered according to the number of the corresponding chapter and all references
are numbered in the order they are found along the dissertation.
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The work presented in this chapter was published in ChemBioChem, 2010, 13(7),
1067–78. doi:10.1002/cbic.201100708
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2.1 Introduction	
  
The formation of the molluskan shell is regulated by an array of extracellular
proteins secreted by the calcifying epithelial cells of the mantle. These proteins
remain occluded within the recently formed biominerals. To date, many shell
proteins have been retrieved, but only a few of them, such as nacreins, have clear
identified functions. In the present case, by combining molecular biology and
biochemical approaches, we performed the molecular characterization of a novel
protein, named Upsalin, associated with the nacreous shell of the freshwater mussel
Unio pictorum. The full sequence of the upsalin transcript was obtained by RTPCR and 5’/3’ RACE, and the expression pattern of the transcript was studied by
PCR and qPCR. Upsalin is a 12 kDa protein with a basic theoretical pI. The
presence of Upsalin in the shell was demonstrated by extraction of the acetic-acidsoluble nacre matrix (ASM), purification of a shell protein fraction by monodimensional preparative SDS-PAGE, and by submitting this fraction, after trypsic
digestion, to nano-LC-MS/MS. In vitro experiments with the purified protein
showed that it interferes poorly with the precipitation of calcium carbonate.
Homology searches also could not affiliate Upsalin to any other protein of known
function, leaving open the question of its exact role in shell formation. An antibody
raised against an immunogenic peptide of Upsalin was found to be specific and
was subsequently assayed for immunogold localization of the target protein in the
shell, revealing the ubiquitous presence of Upsalin in the nacreous and prismatic
layers. Recently, with the increasing request of high-throughput proteomic studies
to the organic fractions composing the shells, the number of candidate proteins
without clear functions has been increasing exponentially.
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The Upsalin example highlights the crucial need for the scientific community
dealing with biomineralization in general, to dedicate the coming years in
exploring new experimental approaches, such as gene silencing and functional
assays, that focus specifically on the functions of mineral-associated proteins.

2.2 Background	
  	
  
Mollusks are known for their ability to synthesize the shell, a calcified structure
formed outside their living tissues. The mollusk shell, which is mainly composed
of CaCO3 crystals, plays an essential role in supporting the soft body and in
protecting it against predation and desiccation. The shell formation process is
initiated at the early stage of larval development (trochophore) and the shell
continues to grow after metamorphosis, throughout the entire life of the animal
[21].
Like other biomineralization processes, the shell formation is regulated by an
extracellular organic matrix (OM), which is a complex mixture of proteins,
glycoproteins, polysaccharides, pigments and presumably lipids, all secreted by the
mantle tissue [21]. This matrix controls crystal formation, nucleation and growth
and gets occluded within the mineral during its growth. This process results in a
stable and well-packed organo-mineral assembly [20], in which proteins were early
recognized as key components for shell formation [76], and for modulating
calcium carbonate crystal shapes [48]. Consequently, a lot of efforts have been put
on their identification and the characterization of their primary structure [1, 5–7],
in order to elucidate the mechanisms by which proteins interact in shell formation
[79] and to use these proteins to generate tailored composite biomaterials [80].
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Classically, shell proteins are retrieved by dissolving the mineral phase of the shell
with weak acid [81]. This extraction gives rise to two organic fractions, the soluble
matrix and the insoluble one [21,81]. Proteins of the soluble matrix can be further
fractionated by electrophoresis or HPLC, and submitted to sequence analysis via
mass spectrometry [82] or Edman degradation [83]. In order to obtain the fulllength primary structures, degenerate primers are designed from partial protein
sequences for amplifying shell protein-encoding transcripts, extracted from mantle
tissues. This one-per-one protein approach enriched the information on primary
structures of many shell proteins in the last decade [21]. Today, not all shell
proteins have the same status: some of them have been fully characterized at both
transcriptional and protein levels, and are firmly established as shell proteins:
typical examples include Prismalin-14 [84] or Pearlin [85]. Some proteins are true
shell proteins, but because they have been sequenced directly, information at the
transcript level is missing [82,83]. Reversely, some proteins have been
characterized only at the transcript level but the demonstration of their presence in
the shell remains to be done [86].
Lately, the introduction of high-throughput approaches on mollusks is changing
this picture. Although genomic resources on mollusks are still scarce [87], the last
three years have seen the development of molluskan mantle transcriptome projects.
The generated EST datasets were recently combined with proteomic data from
shell extracts [88], enabling the identification of biomineralization-related proteins
at record rate. So far, this methodology has been applied to some molluskan
groups: clams [89], mussels [90], oysters [17, 20] and the abalone [7].
Owing to proteomics, it was possible to identify new homologous proteins
belonging to the set of sequences that exhibit conserved domains such as N66 and
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Nacrein-like homologous sequences with carbonic anhydrase domains [88,90].
Papilin homologues with Kunitz-like domains [7] or even Perlucin, with a C-type
lectin domain [90], are just a few examples. Also proteins characterized by the
predominance of one or two amino acids or by repeated short motifs in a domain
were identified, corroborating earlier studies on single proteins. Among the most
popular examples are the aspartic acid-rich proteins, such as Aspein [88], which
strongly interact in vitro with calcium carbonate crystals [92] and are usually
considered as high capacity, low affinity calcium binding proteins [93]. Proteins
with basic domains constitute another example, such as the KRMP and the glycinerich shematrins [88], which may play a role by interacting with the negatively
charged bicarbonate ions, or by anchoring the acidic proteins [15, 24]. In addition
to the identification of homologous proteins, proteomics on shell extracts has
revealed a set of novel unknown proteins for which structure-function relations are
far from being elucidated. Such examples include MUSP-2 and 3 (edible mussel)
[90], MRNP34 (pearl oyster) [95] or IMSP-1,-2,-3 (manila clam) [89]. The
growing number of these shell proteins ‘orphan of function’ points out the need of
their

complete

characterization,

in

order

biomineralization.
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In this scope, we report the characterization – both at transcriptional and protein
level - of a novel biomineralization protein, which does not exhibit any homology
with previous known shell proteins. This protein, called Upsalin, is 125 residues
long (~ 12 kDa) and was retrieved from mantle tissues of the freshwater mussel
Unio pictorum. The cDNA from Upsalin was identified by a classical molecular
biology approach based on degenerate primers derived from sequences of peptides
described in earlier proteomic work [96]. The effective occurrence of Upsalin in
the shell was confirmed by proteomics, while a specific antibody showed that
Upsalin was associated to the two shell layers of U. pictorum: prisms and nacre. In
spite of several in vitro and functional characterizations, we could not assign a
clear function to Upsalin, in relation to shell biomineralization and homology
searches only revealed the tip of the veil.
The Upsalin example emphasizes the need of studying ‘orphan proteins’ in order to
identify novel functions in biomineralization that have not yet been listed in
previous works.

2.3 Materials	
  and	
  Methods	
  
2.3.1

	
  Sample	
  collection	
  and	
  characterization	
  	
  

Living adult Unio pictorum specimens with shells between 30–80 mm in length
were collected in the stream of La Varaude (Izeure, Cote d’Or, France). The soft
tissues were removed from the shell. The mantle, foot, gills, and muscles were
sampled under RNAse-free conditions and transferred to liquid nitrogen, and were
stored at -80 ºC until further experiments.
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The fresh shells were cleaned, fragmented, and etched with EDTA (1 %, w/v) for
direct microscopic observations with a Hitachi TM-1000 table-top scanning
electron microscope (SEM) with an acceleration voltage of 15 kV, under a backscattered electron mode.

2.3.2

General	
  strategy	
  for	
  the	
  identification	
  of	
  Upsalin	
  	
  

A previous proteomic study on the bulk nacre shell matrix of U. pictorum and on
SDS-fractionated protein bands allowed the identification of several peptides [96].
Twenty-six of them were identified from a 12 kDa and 16 kDa bands by de novo
sequencing. They were used for the design of degenerate primers (Figure 2.1), in
order to obtain the full sequence of the corresponding transcripts. By using this
approach we could identify one full transcript corresponding to the 12 kDa band.
Based on the sequence, we designed a polyclonal antibody from an immunogenic
peptide in order to purify the protein from nacre extracts and to localize it in shell
tissues. The predicted protein sequence was confirmed by proteomic analysis of the
purified extract and subsequently used for in vitro functional assays.
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3’ caytcrtanacrtangcrtanggrca 5’
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5’ gartgywsngayccngargt 3’
3’ acytcnggrtcnwsrcaytc 5’
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Degenerate primers
Sense
Antisense

MYYFDETSGR
CPYAYPFFC..
TGGSTEFYGVCCPLR

5’ cargargarytntggaa 3’
3’ ttccanarytcytcytg 5’
5’ atgtaytayttygaygarac 3’
3’ gtytcrtcraartartacat 5’
5’ tgyccntaygcntayccnttyttytg 3’
3’ caraaraanggrtangcrtanggrca 5’
5’ garttytayggngtntgytgycc 3’
3’ ggrcarcanacnccrtaraaytc 5’

Figure 2.1: SDS-PAGE fractionation of nacre ASM. After migration, the gel was stained with CBB.
MM=molecular mass markers [kDa]. Approximately 30 µg of ASM were loaded onto the lane. The
peptides used to build degenerated primers - obtained from the de novo sequencing of the MS/MS
analysis on the excised bands of 12 kDa and 16 kDa - are indicated on the right, followed by the
corresponding degenerated primers.

2.3.3

Identification	
  of	
  a	
  cDNA	
  fragment	
  	
  

The cDNA from the mantle was first screened by PCR with the degenerate
primers. Amplification of cDNA was performed with GoTaq Flexi DNA
Polymerase (1.25 U, Promega, USA) and an automated MJ Mini Gradient Thermal
Thermocycler (USA, BioRad) by the following program: 5 min of initial
denaturation at 95 ºC, 1 min of denaturation at 95 ºC (35x), 1 min of annealing at
55 ºC (35x), 5 min of extension at 72 ºC (35x) and a final extension of 5 min at 72
ºC. A set of 16 degenerate primers based on eight peptide sequences (sense and
antisense) obtained from our previous study was designed (Figure 2.1).
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The peptides were chosen because of their presence in the protein bands of 12
and 16 kDa obtained by SDS-PAGE analysis of the ASM. From the set of
degenerate primers, one pair gave a highly specific PCR product of 250 bp (sense,
5’-GARTG YWSNG AYCCN GARGT-3’ and antisense, 5’-GGRCA RCANA
CNCCR TARAA YTC-3’).

2.3.4

Rapid	
  amplification	
  of	
  cDNA	
  ends	
  (5’-‐	
  and	
  3’-‐RACE)	
  	
  

The cDNA ends were identified by use of the 3’-RACE (ref. 18373–019) and 5’RACE (ref. 18374–058) Systems for Rapid Amplification of cDNA ends
(Invitrogen). The procedure was carried out according to the manufacturer’s
instructions with gene-specific primers based on the nucleotide sequence of the
Upsalin cDNA fragment. The 3’-end product was obtained by PCR amplification
of the reverse transcribed cDNA sequence with the gene-specific primer (GSP) 5’CGTCC GTATG CGTGC CCTAG-3’, with an annealing temperature of 52 ºC. To
obtain the 5’-end product, the total RNA was reverse-transcribed by use of a first
antisense gene-specific primer (GSP1) 5’-AATGG ATATG CATAA GGAC-3’
and amplification of the cDNA was performed by use of a nested antisense specific
primer (GSP2) 5’-GTGGC GGAAA ACCTT CAGGA-3’ with an annealing
temperature of 50.4 ºC.
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2.3.5

Purification,	
  amplification	
  and	
  sequencing	
  

All PCR products were run on agarose gel (1.5%, TBE 1.0x), purified with the
Wizard SV gel and PCR clean-up system (Promega, ref. A9281, USA) then cloned
in a pGEM®-T Easy vector system I (Promega, USA) using JM109 Competent
Cells (Promega, USA). Transformed colonies, which contain the cloning vector,
were selected on LB agar plates with ampicillin (100 μg/mL), at 37 ºC for 12 h.
From each single colony, a small portion was sampled and scattered in new
numbered Petri dishes and grown in the same previously described conditions for
20 h. For selection of the positive clones, a small portion of each grown colony was
taken and put in nuclease free water (10 μL). The solution was heated at 99ºC for
20 min to release the plasmids and a PCR reaction was performed by using the
pGEM(R)-T

Easy

vector

specific

primers:

T7

5'-

TAATACGACTCACTATAGGG-3' and SP6 5'-CATTTAGGTGACACTATAG3'. This allowed identifying the positive recombinant plasmids, which were
subsequently purified using the QIAprep(R) miniprep kit (Qiagen, ref. 27106,
USA) and sequenced by Eurofins MWG Operon sequencing service (Eurofins
MWG Operon sequencing service, Ebersberg, Germany).
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2.3.6

Amplification	
  of	
  the	
  full	
  nucleotide	
  sequence	
  and	
  quantitative	
  real-‐time	
  
PCR	
  	
  

To confirm that the overlap of the sequences obtained by RACE corresponded to
the predicted complete nucleotide sequence, the full-length cDNA was amplified
using two specific primers based on the 5' and 3'-ends. In order to check its
presence in different tissues, RNA was extracted from mantle, gills, foot and
adductor muscles. RNA was treated with DNAse (Invitrogen, USA) to remove
DNA contaminants then converted into cDNA. PCR and quantitative PCR were
performed

with

the

primers

sense

5'-GCCGGATAGGACACCTTGAG-3',

upstream the coding region, and anti-sense 5'-ACCCGACCCTTAATGGGCAA-3',
coding for the C-terminal of the predicted protein. Standard PCR was performed
with the following program: 2 min of initial denaturation at 95 ºC, 1 min of
denaturation at 95 ºC (35x), 1 min of annealing at 60 ºC (35x), 1 min of extension
at 72 ºC (35x) and a final extension of 4 min at 72 ºC. Quantitative PCR was
carried out using a iQTM SYBR® Green Supermix kit (BioRad, USA) with an
iCycler iQ Real Time PCR Detection System (Bio-Rad, USA). First, fusion curve
and primers efficiency were tested by using sequentially diluted cDNAs (1, 1:10,
1:100, 1:1000) from the four tissues. Consequently, each real-time PCR reaction
was performed in triplicate with non-diluted cDNA (1 µL) and the mean of three
independent biological replicates was calculated. All results were normalized to the
β-actin mRNA levels and calculated using the 2-ΔΔCt method [97].
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2.3.7

In	
  silico	
  analysis	
  of	
  the	
  deduced	
  amino	
  acid	
  sequence	
  

Homology searches with Upsalin nucleotide sequence were performed with the
program tblastx available from NCBI, against the nucleotide databases nr and est.
The default algorithm parameters were used with exception of the e-value, which
was set to 10-3. The predicted amino acid sequence was also used as query against
UniprotKB using the blastp program. The putative presence of a signal peptide was
determined using SignalIP 3.0 (http://www.cbs.dtu.dk/services/SignalP/) [98]. The
theoretical molecular weight (Mw), isoelectric point (pI) and amino acid
composition were determined with the tools available from the Expasy website
(http://web.expasy.org/protparam/)
glycosylation

sites

were

[99].

checked

Putative
with

the

phosphorylation
NetPhos

2.0

and
server

(http://www.cbs.dtu.dk/services/NetPhos/) [100] and the YinOYang 1.2 server
(http://www.cbs.dtu.dk/services/YinOYang/) [101,102], respectively. In order to
identify potential protein domains and functional sites, protein sequences were
queried against the InterPro database (http://www.ebi.ac.uk/Tools/pfa/iprscan/)
[103] and the SMART tool (http://smart.embl-heidelberg.de/) [104] Sequence
alignments

were

performed

with

EMBOSS

(http://www.ebi.ac.uk/Tools/psa/emboss_needle/)
(http://www.ebi.ac.uk/Tools/msa/tcoffee/)[106]

[105],
and

Needle
T-Coffee

EsPript

2.2

(http://espript.ibcp.fr/ESPript/ESPript/) [107].

2.3.8

Extraction	
  of	
  the	
  shell	
  organic	
  matrix	
  	
  

Shells were rinsed in tap water and brushed, then immersed 24 h in a solution of
sodium hypochlorite (dilution 1:20, 0.13% active chlorine) to remove the organic
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contaminants. They were subsequently rinsed in milli-Q water and dried. The
external prismatic layer was removed by mechanical polishing. The internal
nacreous layer was crushed and sieved (< 200 µm) to obtain a fine calcium
carbonate powder, which was decalcified overnight with cold dilute acetic acid (5
% v/v), according to the standard procedure [81]. The resulting solution was
centrifuged (30 min/ 3900 G / 4 °C) to separate the acetic acid-soluble fraction
(ASM = supernatant) from the acetic acid-insoluble one (AIM = pellet). The ASM
was filtered on cellulose membrane (5 µm), then ultrafiltered on a 10 kDa-cutoff
membrane (Amicon) to concentrate the macromolecules, which were subsequently
dialysed at 4 °C for few days against milli-Q water (with several water changes).
The solution was finally lyophilized. The AIM was resuspended in milli-Q water,
the suspension, centrifuged, and the supernatant put aside. After several
suspension/centrifugation cycles, the final pellet was freeze-dried, while the pooled
supernatants were added to the ASM. Both ASM and AIM were quantified, by
direct weighing of the lyophilisates on a precision balance.

2.3.9

Protein	
  purification	
  and	
  characterization	
  on	
  mono-‐dimensional	
  gel	
  and	
  
on	
  Western	
  blots	
  	
  

The ASM was tested by conventional mono-dimensional SDS-PAGE (Bio-Rad,
mini-Protean III). After a complete denaturation with Laemmli buffer [108], gels
were stained with silver nitrate [109]. Alternately, gels were electro-transferred on
PVDF membranes, and the membranes were subsequently exposed to a specific
antibody elicited against the target protein, according to a standard ‘Western blot’
procedure [110]. For detecting the antigen-antibody complex, we used a secondary
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antibody coupled to alkaline phosphatase (Sigma A3687, 1:30000), and the
complex was stained with NBT/BCIP (Sigma B5655). The ASM was used to
purify the protein of interest, according to the procedure described in [81]. In brief,
this implies a blind fractionation of the ASM on a preparative SDS-PAGE (Bio
Rad, Prep Cell model 491) equipped downstream with a fraction collector,
followed by a test of the eighty collected fractions on dot-blot, with an antibody
elicited against a peptide of the protein deduced from the DNA sequence (see
below). The purity of the protein fraction was checked on a 16% acrylamide gel,
which was stained with silver nitrate.

2.3.10 Proteomic	
  analysis	
  of	
  the	
  purified	
  fraction	
  	
  
A proteomic analysis was performed in order to check the identity of the protein
fraction purified by preparative electrophoresis. Briefly, the fraction was
enzymatically digested with trypsin [111], then purified on Vivapure C18 micro
membrane (Vivascience). The purified samples were analyzed by nano-LCMS/MS using a nano-Liquid Chromatography system (LC Packings, Dionex) and a
nano-ESI-qQ-TOF mass spectrometry system (QSTAR XL, AB Sciex). Mass
spectrometry data were acquired using Analyst QS 1.1 software (AB Sciex)
operated in IDA mode as previously described [111]. Protein identification was
performed with ProteinPilot 3.0 software (Applied Biosystems) using the Paragon
database search algorithm with the sequence determined from the DNA
sequencing.
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2.3.11 	
  Antibody	
  production	
  and	
  ELISA	
  testing	
  	
  
A peptide, corresponding to the sequence ACPRGSSNRYDDPEGF, was designed,
synthesized and coupled with a carrier (KLH) for eliciting polyclonal antibodies in
two white rabbits, according to the 28 days Speedy program developed by
Eurogentec: immunizations at days 0, 7, 10, and 18, and blood sampling at days 0
(pre-immune serum), 21 (intermediate) and 28 (last bleeding). Polyclonal
antibodies were tested by ELISA, according to a standard procedure [112]. This
experimental procedure allowed determining the reactivity and the titre of the
antibody elicited against its target peptide. In this case, the tested antigen was the
nacre ASM of Unio pictorum.

2.3.12 	
  Glycosylation	
  studies	
  	
  
The qualitative and quantitative characterization of post-translational modifications
(PTMs), i.e., glycosylation, of the purified protein was investigated by two
techniques: FTIR and monosaccharide analysis. FTIR spectra were recorded from
dry lyophilized purified protein samples on a Bruker Vector 22 equipped with a
Specac Golden GateTM ATR device (Specac Ltd., Orpington, UK) in the wave
number range of 4000–500 cm-1 (ten scans at a spectral resolution of 2 cm-1). The
assignment of absorption bands was performed by comparison with previous
spectra descriptions available in the bibliography. For quantifying the
monosaccharide content of the purified protein, lyophilized samples were
hydrolyzed in trifluoroacetic acid (TFA) (100 µL, 2 M) at 105 °C for 4 h. These
hydrolytic conditions do not allow the quantification of GalNAc and GlcNac,
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which are converted into GalN (galactosamine) and GlcN (glucosamine),
respectively. Sialic acids, such as N-acetylneuraminic acid, are destroyed during
the hydrolytic procedure. Samples were evaporated to dryness before being
dissolved with NaOH (100 µL, 20 mM). The sugar contents of the hydrolysates
were determined by high performance anion exchange with pulsed amperometric
detection (HPAE-PAD) on a CarboPac PA100 column (Dionex Corp., Sunnyvale,
CA, USA). Carbohydrate standard (Sigma, St Louis, MO, USA) was injected at 16,
8 and 4 ppm. Non-hydrolyzed samples were analyzed similarly to detect free
monosaccharides that could have contaminated the sample during dialysis. For the
reasons indicated above, this technique does not allow quantifying sialic acids.

2.3.13 In	
  vitro	
  interaction	
  of	
  the	
  purified	
  protein	
  with	
  calcium	
  carbonate	
  	
  
CaCO3 precipitation was performed in vitro by slow diffusion of ammonium
carbonate vapor in calcium chloride solution [48]. The test was adapted as follows:
solutions of CaCl2 (200 µL, 10 mM) containing different amounts of the purified
protein (0 to 20 µg/mL) were introduced in 16-well culture slides (BD Falcon;
Becton Dickinson, Franklin Lakes, NJ, USA). Blank controls were performed
without any sample. They were incubated for 48 or 72 h at room temperature or at
4°C in a closed desiccator containing crystals of ammonium bicarbonate. They
were dried and directly observed with a tabletop scanning electron microscope
Hitachi TM1000.
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2.3.14 	
  Immunogold	
  localization	
  of	
  the	
  purified	
  protein	
  on	
  shell	
  fragments	
  
Immunogold labeling was performed on shell fragments as described previously
[113], using the antibody raised against the purified protein (diluted 1:5000), and a
secondary antibody (goat anti-rabbit, dilution 1:400), coupled with 5 nm gold
particles (British Biocell International, Cardiff, UK, ref. EM.GAR5). The size of
the gold particles was increased further, by incubating the shell fragments in a
silver-enhancing solution (BBI, ref. EKL15) for 15 minutes. The samples were
then rinsed, dried and directly observed with a Hitachi TM1000 SEM. Control
experiments were performed similarly without the first antibody step (but with the
secondary antibody and the silver enhancement incubations) or with the preimmune serum (with all the incubation steps), or with silver enhancement step
alone.

2.4 	
  Results	
  	
  
2.4.1

Characterization	
  of	
  Unio	
  pictorum	
  shell	
  	
  

Unio pictorum belongs to the order Unionoida, one of the two orders of the
subclass Palaeoheterodonta, in the Bivalvia class. The shell of U. pictorum is made
of two fully mineralized layers of calcium carbonate (Figure 2.2 B). The outer
mineralized layer is composed of prisms that develop perpendicularly to the outer
shell surface. The internal layer is based on superimpositions of extremely thin flat
tablets, which typifies the nacreous layer (Figure 2.2 C). The tablets are arranged in
the “brickwall microstructure” pattern, a feature shared by most bivalvian nacres.
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Unlike in pteriomorphid bivalves, both nacre and prismatic layers of U. pictorum
are fully aragonitic. On the external surface, a leathery olive-greenish thin organic
sheet, the periostracum, covers the prismatic layer (Figure 2.1 A).

Figure 2.2: Scanning electron microscopy images showing the microstructure of the shell of U.
pictorum. (A) Inner and outer views of the shell. (B) Shell broken in the transversal plane. (C) Closer
view of the nacreous layer when broken in the transversal plane. P = prismatic layer, N = nacreous
layer.

2.4.2

Identification	
  of	
  a	
  nucleotide	
  sequence	
  coding	
  for	
  a	
  12	
  kDa	
  protein	
  	
  

In order to amplify a short sequence from the nacre of U. pictorum, a set of 16
degenerate primers was designed based on 8 peptide sequences corresponding to
the 12 and 16 kDa protein bands previously analyzed by mass spectrometry [96].
One pair of primers corresponding to the peptides (ECSDPEV-fwd and
EFYGVCCPLR-rev) gave a specific amplification product of 250 base pairs (bp)
(Figure 2.3).
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Since the translation product of the sequenced fragment was consistent with 4 of
the peptides identified for the 12 kDa protein band, the full-length sequence coding
for this protein was further investigated. To this end, specific primers were
designed from the amplified fragment, to obtain the 5’ and 3’-ends by RACE PCR.
The overlapping of the two amplified sides corresponded to a transcript sequence
of 524 bp, which was confirmed by amplifying the full transcript with two primers
situated at the 5’ and 3’-ends. This sequence comprises a start codon, a coding
sequence of 375 bp, a TAA stop codon, the polyadenylation signal AATAAA and
the poly-A tail, 127 bp downstream the stop codon (Figure 2.4 A).

A

T

P

+C

-C

B

…ECSDPEVHCYRKPGHPYGRCCVKRPYACPRGSSNRYDDPEGFPPL!
DP fwd!
450 bp!

VQRCPYAYPFFCRPGYYCRTKTGGSTEFYGVCCPLR…!

250 bp!

DP rev!

	
  
Figure 2.3: Amplification of a DNA fragment encoding for a shell protein. (A) Electrophoresis in
agarose gel (1.5 %). T: DNA markers, P: 250 bp Upsalin amplified fragment, +C: positive control
[amplified cDNA of U. pictorum β-actin (450 bp)], -C: negative control. (B) Predicted amino acid
sequence for the 250 bp nucleotide sequence. Amino acids in bold were used as references to design
the two degenerate primers: forward (DP fwd) and reverse (DP rev). Amino acids inside boxes
correspond to the peptides previously identified from MS/MS spectra [26].
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A
GCCGGATAGGACACCTTGAGAAGC ATG TTT CCA ACA CAC GTA TTG CTC ATC GTA ATT GCT!
qPCR fwd!

TGT GTA ACG GCC TTT GTT TAC GGA GGT GGA GGC AAG CGT CCG AGA GTG TGT AGA !
TAC TCA TCA GAC GGT CCT GTG TGC AGA ACT AAC ATT GAA TGC AGT GAT CCA GAG !
GTG CAT TGT TAT CGG AAG CCT GGT CAT CCA TAT GGA AGA TGC TGC GTG AAG CGT !
CCG TAT GCG TGC CCT AGG GGT AGT AGT AAT CGG TAC GAT GAT CCT GAA GGT TTT !
3ʼ RACE!

CCG CCA CTT GTT CAG CGG TGT CCT TAT GCA TAT CCA TTT TTC TGT CGC CCG GGA !
5ʼ RACE!

TAC TAC TGT CGC ACC AAA ACA GGA GGG TCA ACA GAG TTT TAT GGA GTT TGT TGC !
CCA TTA AGG GTCGGGTAAACAACGCTTTCAGTAAATGTCTTACTGAGCATTTTTTCCGATTGACAAGT!
qPCR rev!

TCTCGTCTACAAATCCCACTGTTTGTGGCAGTATGTATGTATATATATATATATATGCAATAAACGTTTAA!
CAGTAAAAAAAAAAAAAAAAA!

B
1

M F P T H V L L I V I A C V T A F V Y G G G G K R P R V C R!

31

Y S S D G P V C R T N I E C S D P E V H C Y R K P G H P Y G!

61

R C C V K R P Y A C P R G S S N R Y D D P E G F P P L V Q R!

91

C P Y A Y P F F C R P G Y Y C R T K T G G S T E F Y G V C C!

121

*! G!

*G! *!

*!

*! *!

	
  

P L R V G!

Figure 2.4: Nucleotide and predicted amino acid sequences of Upsalin precursor. (A) Nucleotide
sequence with the forward and reverse primers in bold and the polyadenylation signal boxed. (B)
Translated coding sequence region of Upsalin. The putative peptide signal is underlined and PTMs
are highlighted with (*) for phosphorylations and (G) for glycosylations.

2.4.3

Primary	
  structure	
  and	
  molecular	
  features	
  of	
  Upsalin	
  

The open reading frame encodes a protein of 125 residues that was named Upsalin
(Figure 2.4 B). Upsalin has a predicted signal peptide with a cleavage site between
the positions 16 and 17 and a putative transmembrane region (pos. 5 to 23). The
mature form of the protein comprises 109 aa and exhibits a theoretical molecular
weight of 12.3 kDa. This value is in conformity with the 12 kDa band analyzed by
MS-MS spectra analysis and from which the 16 degenerate primers were designed
[96]. Five amino acid residues, respectively Gly, Pro, Arg, Cys and Tyr, constitute
59% of Upsalin sequence, with an individual percentage comprised between 10
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and 13% (Table 2.1). The frequency of acidic amino acids (Asp, Glu) is low,
corresponding in sum to less than 8% (Table 2.1). Consequently, Upsalin has a
theoretical pI of 9.07. A computer search for putative post-translational
modifications (PTMs) was performed, based on the NetPhos and YinOYang
algorithms. Six putative phosphorylation sites were found, among which four on
Ser (positions 32, 74, 75, 112), one on Thr (position 109) and one on Tyr (position
78) (Figure 2.4 B). Two putative glycosylation sites, involving Ser residues were
also detected at positions 33 and 74 (Figure 2.4 B). All these potential PTMs are
located on the five peptides that were previously identified by tandem massspectrometry, but which did not exhibit PTMs. This finding implies two things:
first, at least one Upsalin isoform does not bear PTMs in the nacre extract that was
used for acquiring mass-spectrometry data; secondly, one cannot exclude that other
PTMs-bearing Upsalin-peptides exist as well, but that they were not identified by
our former proteomic analysis.
Table 2.1: Computed parameters for the mature Upsalin protein sequence (after the removal of
the signal peptide): amino acid composition (%), isoelectric point (pI) and molecular weight (Mw).
Amino acid
Ala
Arg
Asn
Asp
Cys
Gln
Glu
Gly
His
Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val
pI
Mw (kDa)
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%
1.8
11.9
1.8
3.7
11.0
0.9
3.7
12.8
1.8
0.9
1.8
3.7
0.0
4.6
12.8
5.5
3.7
0.0
10.1
7.3
9.07
12.3
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2.4.4

Tissue	
  specific	
  gene	
  expression	
  of	
  Upsalin	
  	
  

In order to confirm Upsalin full sequence predicted by the RACE approach and to
analyze its expression in other tissues, two specific primers from the 3’ and 5’-ends
were synthesized and tested on cDNA produced from the mantle, gills, foot and
adductor muscles. Figure 2.5 A shows the results from one of the two specimens
tested, after RNA extraction and DNase treatment in reproducible conditions. After
PCR reaction, all four products were purified, cloned and sequenced. In the four
amplifications, the nucleotide sequence was coincident with a size of 400 bp,
confirming the presence of Upsalin in the four tested tissues of the freshwater
mussel. However, much stronger bands appeared for the mantle and the adductor
muscles while the corresponding bands from gills and foot were fainter, suggesting
lower expression levels of Upsalin in these tissues. A quantitative analysis of the
transcription levels was carried out on three specimens using the same set of
primers, as shown on Figure 2.5 B. Upsalin expression ratios were normalized with
ß-actin and the expression in the mantle was used as the control condition by
having the relative expression of 1. The qPCR results confirmed what was
observed on gel with standard PCR: transcript levels were the highest in the mantle
of the three tested samples, slightly lower in the adductor muscles but negligible in
the gills and foot (Figure 2.5 B). These results suggest that Upsalin is not mantlespecific but might be also involved in other functions outside shell formation.
However, one should keep in mind that adductor muscles are firmly attached to the
shell internal side, which in other words, means that they are located closely to
calcification sites.
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Mantle

Gills

Muscle

! – actin
(450 bp)

Upsalin
(400 bp)

Negative
control

Foot

B

Relative Expression Ratio

A

3

2

1.000

1

0.793

0.004

0
Mantle

Gills

0.002

Muscle

Foot

Tissue

Figure 2.5: Analysis of the expression of upsalin transcript in four different tissues: mantle, gills,
adductor muscles, and foot. (A) Electrophoresis (agarose, 1.5%) of the PCR products resulting from a
standard PCR carried out with specific primers designed from the 5’- and 3’-ends. The positive
control was performed by amplification of a housekeeping gene and the negative control was
prepared without addition of cDNA. (B) Histogram of the real-time PCR. Each column represents the
relative expression ratio of upsalin in one specific tissue by a mean expression ratio (n=6). The
transcription of upsalin in the mantle is used as reference.

2.4.5

Homology	
  search	
  	
  

In order to check whether the sequence of Upsalin was unique or whether it could
be affiliated to other proteins or protein families, homology searches were
performed with Upsalin nucleotide sequence, using the tblastx program from
NCBI. The most significant result (e-value of 2E-40) was obtained against the ‘est’
database of all organisms with a sequence encoding a putative protein of the mantle
of the Chinese pearl mussel Hyriopsis cumingii (GI: 312832200). Figure 2.6 shows
the optimal alignment for the two sequences with 94 identities (in black).
Interestingly, both U. pictorum and H. cumingii belong to the same small family of
freshwater mussels Unionidae, within the Palaeoheterodonta subclass. At a lower
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taxonomic level, U. pictorum and H. cumingii are classified into different
subfamilies, Unioninae and Ambleminae, respectively.
This clearly suggests that Upsalin or related proteins may be present in the mantle
tissues of other members of the Unionidae family, in particular genera that are
closely related to Unio.

Figure 2.6: Pairwise alignment of the predicted amino acid sequences of Upsalin from Unio
pictorum and the corresponding orthologous from Hyriopsis cumingii (produced by EMBOSS
Needle): “|”- identical residues, “:”- conserved substitution, and “·” - semi-conserved substitution.

Blast searches were also performed with the predicted amino acid sequence of
Upsalin against the UniprotKB. The best matches with an e-value < 1 were
obtained with proteins from the fruit flies and the yellow fever mosquito. The
former proteins are predicted to be on the extracellular region (GO:0005576) and
to have a serine-type endopeptidase inhibitor activity (GO:0004867), including
several annotated domains along their sequence.
We decided to select the non-redundant protein segments of the best blastp hits and
align them with Upsalin sequence from U. pictorum and its homolog from H.
cumingii. The optimal alignment was obtained with the tool T-Coffee and the
visualization was performed with EsPript 2.2. Figure 2.7 shows several similar
groups along the alignment that ends at a highly conserved motif of six residues
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(YGVCCP). This motif is located at the C-terminal side of Upsalin, while
positioned more upstream for all the insect sequences. All the selected protein
segments that gave high scoring pairs with Upsalin constitute part of an EGF-like
(Epidermal Growth Factor) domain (IPR003645) and of one cysteine-rich repeat
(IPR006150). However, when performing SMART or InterPro searches with
Upsalin, no domains within the query were found aside from the signal peptide.
The domains mentioned above were still detected but with a score above the
required threshold.

Figure 2.7: Multiple sequence alignment of Upsalin with segments of proteins from nine
different species of fruit fly and from one mosquito. UniprotKB accession numbers are listed on
the left and species name on the right. A: strict identity, A: similarity, A: similarity across groups.

2.4.6

Purification	
  and	
  characterization	
  of	
  Upsalin	
  by	
  SDS-‐PAGE	
  from	
  shell	
  
extracts	
  	
  

Although peptide fragments of Upsalin were obtained by proteomics in a
previousstudy [96], a thorough demonstration of the effective presence of Upsalin
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in the shell of U. pictorum was required. To this end, we purified directly
the protein from U. pictorum shell extracts. We first extracted the acetic acidsoluble matrix (ASM) of the nacre of U. pictorum. A quantification of both ASM
and AIM (acetic acid-insoluble matrix) indicated that ASM represents about 0.04%
of the weight of the nacre shell powder, while AIM, 0.5%. In subsequent analyses,
ASM only was used, and tested on 1D gels, as shown in Figure 2.8 A (lane 2).
ASM is characterized by the abundance of polydisperse and discrete
macromolecules. A polyclonal antibody was prepared from a peptide of Upsalin,
and, when tested against the nacre ASM on ELISA (Figure 2.8 E), showed a strong
reactivity, suggesting the presence of the protein in the extract. In subsequent
experiments using this antibody, the second bleed (and not the last one) was used,
because of its highest reactivity. ASM was fractionated by preparative SDS-PAGE
coupled to a fraction collector, and the Upsalin fraction was detected by dotblotting each fraction and incubating the membrane with the antibody, as shown on
Figure 2.8 B. A pure fraction, eluted between tubes 17 and 21, was obtained, tested
on gel (Figure 2.8 A, lane 3) and on Western blot (Figure 2.8 D, lane 3), together
with ASM (Figure 2.8 A, lane 2 and Figure 2.8 D, lane 2). The purified fraction
exhibits an apparent molecular weight of 12 kDa, which is consistent with the
calculated molecular weight of the mature Upsalin. Furthermore, the Western blot
results unambiguously show that the antibody is specific of the purified fraction,
and does not cross-react with other macromolecules of the ASM (Figure 2.8 D,
lane 2). In parallel, the purified fraction of Figure 2.8 A (lane 3) was analyzed by
nano-LC-MS-MS, after trypsic digestion. Three peptides of 31, 25 and 15 aa,
covering 65% of the sequence of mature Upsalin, were obtained (Figure 2.8 C).
These peptides, flanked by the basic residues R and K upstream and R
downstream, completely match with the sequence of Upsalin.
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This result proved that the purified fraction is Upsalin, which, in other words,
means that Upsalin is a protein from the ASM fraction associated to the shell of U.
pictorum.

Figure 2.8: Purification of Upsalin, proteomic analysis of the purified protein fraction, and
testing of the specificity of the Upsalin antibody. (A) SDS-PAGE stained with silver nitrate of the
ASM (lane 2) and of the purified Upsalin (lane 3) (lane 1: molecular weight marker). (B) Nacre ASM
fractions generated by preparative electrophoresis, tested on dot-blot with the antibody elicited
against the Upsalin peptide. Upsalin was eluted between tubes 17 and 22 and tested (lane 3).
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(Figure 2.8 cont.) The sequences of the three peptides identified by nano-LC-MS/MS of the purified
protein fraction are indicated on the right. This analysis confirms that the sequence obtained by PCR
and 3’-/5’-RACE corresponds to the purified protein fraction (lane 3). (C) Western blot of the ASM
(lane 2) and of the purified Upsalin (lane 3); the signal is specific of Upsalin (lane 1: molecular
weight markers). (D) ELISA of the polyclonal anti-Upsalin peptide antibody against the nacre ASM
of U. pictorum. PPI: preimmune serum, SB: second bleed, LB: last bleed. SB was used in the
subsequent experiments.

2.4.7

Glycosylation	
  of	
  Upsalin	
  	
  

We investigated the glycosylation patterns of the purified Upsalin fraction. FTIR
(ATR) spectra were acquired from Upsalin lyophilisates, as shown on Figure 2.9
A. The characteristic protein peaks are observed at 1653 cm-1 (Amide I), at 1522
and 1472 cm-1 (Amide II), and at 1212 cm-1 (Amide III) [114]. In the range of
4000-2500 cm-1, the broad band absorption at 3271 cm-1 and the sharp bands
located at 2956, 2918, and 2850 cm-1 are assigned to the presence of N-H and
aliphatic C-H groups, respectively [115]. Characteristic peaks of sugar moieties are
observed in the range of 1200-900 cm-1, at 1105, 1060, 1001 and 965 cm-1, and can
be attributed in particular to C-C-O and C-O-C stretchings [78,116]. Furthermore,
the weak absorption at 1243 cm-1 may reflect the presence of sulphated groups
[52].
The monosaccharide composition of Upsalin was determined after hydrolysis and
is shown on Figure 2.9 B. On a list of eleven classical monosaccharides, including
acidic (GlcA, GalA), neutral (Fuc, Rha, Ara, Xyl, Gal, Man, Glc) and amino sugars
(GlcN, GalN), only seven were detected, representing a total of 5 ng per µg of
Upsalin lyophilisate. This indicates that Upsalin is only weakly glycosylated (0.5
wt-% glycosylation). The two amino sugars, GlcN and GalN, represent together
more than 60% of the composition, and Glc, Gal and Man, 14, 9 and 8%
respectively. Interestingly, the acetylated forms of GlcN and GalN (which convert
to GlcN and GalN upon hydrolysis) are mostly the monomers, which link the
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saccharidic moieties to Ser or Thr (O-linked sugars), or to Asn (N-linked sugars).
No trace of Fuc, Rha, and of the acidic sugars GalA and GlcA were detected. We
cannot exclude the possibility that the monosaccharide analysis after hydrolysis
underestimates the amount of covalently linked sugars, if these sugars are mainly
of the sialic acids-type. If so, the FTIR spectrum does not bring a conclusive
evidence on the presence of sialic acids since they are characterized by a FTIRpeak at 1608 cm-1 [117], which, in the present case, may be completely masked by
the Amide I peak at 1653 cm-1.

Figure 2.9: Qualitative and quantitative analysis of saccharidic moieties of purified Upsalin. (A)
FTIR (ATR) spectrum of Upsalin showing in particular the amide I and II vibration modes of the
protein, located at 1653 and 1522 cm-1, respectively, and, in the 1200–1000 cm-1 range, the
characteristic absorptions of sugar moieties (C-C-O and C-O-C stretchings) resulting from
glycosylation. (B) Monosaccharide composition of purified Upsalin, as determined by HPAE-PAD
chromatography.

2.4.8

In	
  vitro	
  crystallization	
  assay	
  with	
  purified	
  Upsalin	
  

The purified Upsalin was assayed to check its ability to interact with the formation
of calcium carbonate in vitro, owing to the diffusion method. The results are shown
on Figure 2.10. Increasing concentrations of Upsalin were tested, from 0 µg/mL
(control experiments) to 20 µg/mL.
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For the blank experiment, typical rhomboedrons of calcite were produced. Upsalin,
even at high concentrations, did not modify the shape of the crystals. In particular,
we did not observe polycrystalline aggregates, as often observed when intermediate
concentrations are tested (5 – 10 µg/mL). We did not record inhibition of the
crystal formation, even at higher concentrations.
It seems that Upsalin has no interference effect on the precipitation of calcium
carbonate. By opposition, the ASM of U. pictorum exhibits a dose-dependent
effect, as it has been shown in earlier publication [78].

Figure 2.10: In vitro crystallization of calcium carbonate in the presence of Upsalin. (A) Blank
experiment (no Upsalin). (B) [Upsalin]=5 µgmL-1. (C) [Upsalin]=10 µgmL-1. (D) [Upsalin]=20
µgmL-1. Almost no effect is recorded. (E–G) Effect of the ASM at similar concentrations [7]. (E)
[ASM]=1 µgmL-1. (F) [ASM]=5 µgmL-1. (G) [ASM]=20 µgmL-1.
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2.4.9

In	
  situ	
  localization	
  of	
  Upsalin	
  in	
  the	
  shell	
  

The localization of Upsalin directly in the shell was performed, owing to the
antibody raised against the Upsalin peptide. Six experiments were conducted, and
the results shown in Figure 2.11 are the best obtained from the six experiments. All
the experiments were performed on cross-sections of shell fresh fractures, in order
to see the distribution of the signal in the shell thickness. We observed that Upsalin
is localized in the nacreous shell layer. The signal seems to be concentrated in the
interlamellar interface, but it is mostly discontinuous. In addition, a clear signal
was also obtained in the outer prismatic layer of the shell. In this case, the signal
was localized along the periprismatic sheaths that surround individual prisms.
These results suggest that Upsalin is localized in both mineralized layers of the
shell of U. pictorum.

Figure 2.11: Immunogold staining of U. pictorum shell fragments with the polyclonal antiUpsalin peptide antibody. (A) Negative control. Scale bar: 50 µm. (B) Results for the prismatic
layer. Scale bar: 15 µm. (C) Results for the nacreous layer. Upsalin is present in both layers.
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2.5 Discussion	
  
In this manuscript we describe the identification of a new protein, associated to the
shell biomineralization process of the freshwater mussel Unio pictorum. We
characterized Upsalin both at the transcriptional and protein levels. To this end, we
used the data set of peptides previously published [96] on the same species, to
design degenerate primers that were subsequently tested on mantle cDNAs. The
full sequence of the transcript was obtained by 5’ and 3’ RACE. This sequence
encodes a 125 residue-long basic soluble protein, Upsalin, which possesses a
signal-peptide. In addition of being secreted, Upsalin is incorporated to the shell:
Upsalin was indeed purified from the ASM of the nacreous layer, and the sequence
of the purified protein, confirmed by proteomics. Upsalin is weakly glycosylated.
An antibody elicited against an immunogenic peptide of Upsalin showed that it is
present in both layers (nacreous and prismatic) of the shell of U. pictorum. Thus
Upsalin, together with Prismalin-14 [84], Mucoperlin [51], N14/N16/Pearlin [118–
120] and BMSP represents one of the few examples of a shell protein, which is
characterized both at the transcriptional and protein levels, and for which in vitro
characterization was performed after purification from the shell.
As opposed to other biomineralization transcripts that are exclusively expressed in
the mantle [13, 36], the expression of Upsalin is particularly high in the mantle and
adductor muscles and it is also faintly detected in the gills and foot. A similar
situation was observed before with some members of the shematrin family and
with the methionine-rich protein MRNP-34 [95], which are thought to provide a
framework for calcification. Shematrin-1, -2, -5 and -6 showed expression levels
not restricted to the mantle but also present in other tissues such as the adductor
muscles [94].
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What could be the function of Upsalin in biomineralization? Firstly, a blast search
at the nucleotide level indicates that the highest similarity found so far is with a
hypothetical mantle protein of the Chinese freshwater pearl mussel Hyriopsis
cumingii, the function of which is totally unknown. Upsalin and this protein may
be considered as true homologs. This suggests that Upsalin or Upsalin-like proteins
may also be found in other genera of the Unionidae, but further experimental RTPCR investigations are required, in different representatives of this family, and,
beyond, of the whole Palaeoheterodonta subclass. At present day, because of the
scarcity of molecular data in NCBI or SwissProt databases for this bivalve group,
in silico analyses for retrieving Upsalin homologs are irrelevant. Additionally, we
were not able to detect any Upsalin homolog even in the large 270,000 EST
database from Pinctada margaritifera mantle cDNA library [88], suggesting that
Upsalin is not present in some other mollusks with a nacreous shell, and could be
taxon specific. In addition, Upsalin shows similarity with a group of proteins of
insect origin (Diptera). The similarity region concerns about 80 residues located in
the first half of the sequence of extracellular proteins with serine-type endopetidase
inhibitor activity (GO: 0004867). The best hits include proteins from nine species
of Drosophila. The alignment of Upsalin and of its Hyriopsis homolog with these
proteins revealed a high degree of sequence conservation with 10 conserved
cysteine residues and 11 other residues, 8 of which are hydrophobic (G, L, V, P,
Y). Moreover a short fully conserved motif YGVCCP is present at the C-terminal
side of the alignment. It is known that cysteine residues play a key-role on the 3Dstructure of a protein, as they form intra- and intermolecular disulfide bridges,
constraining the protein to proper folding and stabilization in the extracellular
domain. In the dipterian proteins, the aligned regions are part of one EGF-like
domain and of one cysteine-rich-like domain. According to InterPro resources on
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the domain organization of the cysteine-rich repeat IPR006150, it is commonly
associated with Kunitz domains that may function as serine peptidase inhibitors.
This fact is coherent with our former proteomic analysis on the ASM of U.
pictorum and of its 12/16 kDa SDS-PAGE bands, which also showed peptides with
similar putative serine protease inhibitor domains [96].
Finally, the amino-acid sequence of Upsalin does not exhibit any homology with
previously discovered shell-matrix proteins, in particular with proteins associated
to nacre microstructures, whatever their origin: abalone [7], pearl oysters [17, 20]
or blue mussel [90]. This finding is striking, not to say remarkable, and it points
out once more the unexpected diversity of molluskan shell proteins, a fact among
others that suggests that mollusks have ‘invented’ more than one single
‘biochemical’ pathway for synthesizing nacre [19, 37].
Unlike many other molluskan shell-associated proteins [13, 38] no internal repeats
or low complexity regions are observed in Upsalin primary sequence. Furthermore,
Upsalin is only weakly glycosylated, and it is very unlikely that its sugar moieties
exert a role in concentrating calcium ions at the vicinity of the nucleation sites
[123] as it has been proposed for other proteins [11, 32]. Previous calcium-binding
studies on the ASM of Unio pictorum by staining with Stains All and by
autoradiography with

45

Ca suggest weak calcium binding ability at molecular

weights below 14 kDa [78]. In conformity, Upsalin does not interfere in vitro with
the precipitation of calcium carbonate. These considerations suggest that Upsalin
does not display a direct interaction with calcium or calcium carbonate crystals.
Furthermore, Upsalin does not exhibit any chitin-binding capacity (data not
shown). Taken together, these data suggest that Upsalin is involved in other
functions, which are indirectly related to biomineralization. Protecting the matrix
against enzymatic degradation, organizing the spatial arrangement
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matrix macromolecules, or signaling activity towards the epithelial cells of the
calcifying mantle represent putative roles, among others, but these hypotheses need
to be tested experimentally. Also the fact that Upsalin has a considerable amount of
prolines (12.8 %) in its sequence, confer a solid backbone with good potential for
binding other proteins [124].
Eight years ago, Gotliv and co-workers [49] published a paper that pointed out the
fact that several proteins retrieved from shell tissues did not have a clear function
in mineralization. Since that publication, although our knowledge about shell
proteins has immensely progressed, we are compelled to note that this observation
is still valid. Upsalin, like several other proteins, enters the growing collection of
orphan proteins with no association to known functional traits or protein families.
This clearly indicates that the next coming years should be urgently dedicated to
set up approaches such as gene knock–down, as it has recently been performed on
the pearl oyster P. fucata [125] or the use of two-hybrid systems, that will be
extremely useful for deciphering the functions of molluskan shell proteins in
biomineral deposition.
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The work presented in this chapter was published in Molecular Biology and
Evolution, 2013, 30(9), 2099–2112. doi: 10.1093/molbev/mst109
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3.1 Introduction	
  
In corals, biocalcification is a major function that may be drastically affected by
Ocean Acidification (OA). Scleractinian corals grow by building up aragonitic
exoskeletons that provide support and protection for soft tissues. Although this
process has been extensively studied, the molecular basis of biocalcification is
poorly understood. Notably lacking is a comprehensive catalogue of the skeletonoccluded proteins - the skeletal organic matrix proteins (SOMPs) that are thought
to regulate the mineral deposition.
Using a combination of proteomics and transcriptomics, we report the first survey
of such proteins in the staghorn coral Acropora millepora. The organic matrix
extracted from the coral skeleton was analyzed by mass spectrometry and
bioinformatics, enabling the identification of 36 SOMPs. These results provide
novel insights into the molecular basis of coral calcification and the
macroevolution of metazoan calcifying systems, while establishing a platform for
studying the impact of OA at molecular level. Besides secreted proteins,
extracellular regions of transmembrane proteins are also present, suggesting a close
control of aragonite deposition by the calicoblastic epithelium. In addition to the
expected SOMPs (Asp/Glu-rich, Galaxins), the skeletal repertoire included several
proteins containing known extracellular matrix domains.
From an evolutionary perspective, the number of coral-specific proteins is low,
many SOMPs having counterparts in the non-calcifying cnidarians. Extending the
comparison to the skeletal organic matrix proteomes of other metazoans allowed
the identification of a pool of functional domains shared between phyla. The data
suggest that cooption and domain shuffling may be general mechanisms by which
the trait of calcification has evolved.
57	
  

Chapter 3 The Skeletal Proteome of the Coral Acropora millepora: the Evolution
of Calcification by Co-option and Domain Shuffling

	
  
	
  
Data deposition: The protein sequence data reported in this paper was submitted to the UniProt
Knowledgebase under the accession numbers B3EWY[6-9], B3EWZ[0-9], B3EX0[0-2], B7W112,
B7W114, B7WFQ1, B8RJM0, B8UU51, B8UU59, G8HTB6 B8UU74, D9IQ16, B8UU78, B8V7P3,
B8V7Q1, B8V7R6, B8V7S0, B7T7N1, B8VIV4, B8VIU6, B8VIW9, B8VIX3, B8WI85.
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3.2 Background	
  	
  
It is generally accepted that anthropogenic CO2 emissions cause deleterious effects,
not only on the atmosphere (i.e. global warming), but also on seawater chemistry.
Since pre-industrial times, the average pH of seawater has fallen from 8.2 to 8.1,
and this ocean acidification (OA) is thought to have significantly affected marine
organisms in a variety of ways, including impacts on important physiological
functions such as calcification [128–130]. This process is essential for a wide range
of marine metazoans and fulfils a diverse array of important physiological and
ecological roles [131]. In the neritic domain of tropical and sub-tropical regions,
the most prominent calcium carbonate producers are cnidarians, in particular
scleractinians (stony corals), where coral reefs have an annual net production
ranging from 5 to 126 mol CaCO3 m-2 year-1 [132,133]. Recent studies have shown
that OA and increasing sea surface temperatures decrease coral calcification rates
[70,128,134–138]. However, most of the data supporting these negative effects are
obtained at the organism/colony level and only few studies have considered the
underlying molecular and cellular mechanisms. Of particular significance is the
fact that the molecular machinery of coral biomineralization (the ‘calcification
toolkit’) is, as yet, poorly characterized. Thus a better understanding of the process
is required, in particular at the level of the mineralizing space, where CaCO3
crystals are formed and shaped [33]. A number of candidate genes for roles in coral
calcification have been identified for being expressed in the calicoblastic ectoderm
[139–141]. This number was recently increased with high-throughput analyses
[142–144], while microarray studies led to the identification of the SCRiPs, a
family of Small Cysteine-Rich proteins showing molecular features suggestive of
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an involvement in calcification processes [145]. Amongst the most obvious
candidates for roles in coral calcification are the genes that encode skeletal organic
matrix proteins (SOMPs), i.e., proteins secreted by the calcifying tissues – the
calicoblastic ectoderm in corals – which are occluded in the skeleton during its
formation [28]. These proteins are the main components of the skeletal organic
matrix (OM), which in corals contains also polyssacharides [32], glycoproteins
[146] and lipids [147].
The SOMPs have been characterized biochemically ‘in bulk’ (i.e. without
fractionation) in different coral species [148–151], the compositional analyses have
shown that it is enriched in aspartic acid and, in lesser extent, in glutamic acid and
glycine. This feature, together with the presence of saccharidic moieties, makes the
OM unusually acidic. Moreover, its interaction with calcium carbonate was
observed experimentally in the scleractinians Balanophyllia europaea [152],
Acropora digitifera, Lophelia pertusa, Montipora caliculata [153] as well as by
OM produced by coral cells of Stylophora pistillata [154], suggesting an important
role of the OM in coral calcification.
While several organic matrix proteins have been extensively studied in other
calcifying metazoans, such as mollusks [22] and sea urchins [155], their
characterization is still in its infancy for corals. Only recently an approach
combining proteomics with genomics was applied unveiling a set of partial and
complete sequences of proteins in the skeleton of the hexacoral Stylophora
pistillata [156]. Prior to this study, only the full sequence of two SOMPs, Galaxin
from the scleractinian Galaxea fascicularis [56], and Scleritin from the octocoral
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Corallium rubrum [157] were published and a number of other partial sequences
from octocorals [158–161] and scleractinians [151].
One prerequisite for understanding the process of coral calcification is a
comprehensive survey of the skeletal matrix proteins. In the present paper, we
address this requirement, by describing 36 extracellular proteins that constitute the
SOMP repertoire, or ‘skeletome’, of the scleractinian coral Acropora millepora.
This is the first large-scale survey of the proteins present in the skeleton of a
member of the acroporid family and the second in cnidarians. These proteins give
new insights on the molecular tools required for controlling the deposition of the
calcium carbonate and provide a platform for investigating the impact of
environmental factors on calcification at the molecular level. In addition, they open
novel perspectives on the mechanisms of evolution of SOMPs within the Cnidaria
and, more broadly, within other calcifying metazoans.

3.3 Materials	
  and	
  Methods	
  
3.3.1

	
  Skeletal	
  collection	
  and	
  SEM	
  observations	
  	
  

Acropora millepora colonies were collected at the Great Barrier Reef in Australia
(Pioneer Bay, Orpheus Island) in November 2010, prior to the annual spawning
event. Mother colonies that died after spawning were used to collect the skeletal
material; animal tissue, symbionts and other microorganisms were removed by
immersion in NaOCl (5%, vol/vol) for 72 h. The skeletal material was then rinsed
with purified water, dried and mechanically fragmented. The skeleton
microstructure was observed with a tabletop Scanning Electron Microscope (SEM,
Hitachi TM-1000) under an acceleration voltage of 15 keV. Mirror polished
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transverse and longitudinal sections were observed after etching in EDTA (1%
w/vol, 3 min.), rinsed with water and dried. The skeletal fragments were then split
in two batches. The first one was not submitted to further treatment before mineral
dissolution for matrix extraction while the second batch was treated further (see
below).

3.3.2

Organic	
  matrix	
  extraction	
  	
  

Skeletal fragments of the second batch were reduced to powder (Fritsch
Pulverisette 14), which was subsequently sieved (particle size below 200 µm). The
powder was bleached in NaOCl solution (10 times dilution, 0.26% active chlorine)
for 5 h and washed with milli-Q water several times until no trace of NaOCl was
left. This treatment allows removing organic exogenous or endogenous
contaminants that can be entrapped in the highly porous skeleton (Figure 3.1),
while keeping intact the most tightly bound skeletal matrix components [162]. The
extraction was performed according to a published procedure [81].
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Figure 3.1: SEM images from skeleton macro and microstructure. (A) Radial corallites
arrangement with separate walls and internal septa, (B) Closer view into corallites showing different
vestigial and complete septa. Polished and EDTA-etched sections from a longitudinal cut: (C) Fibrous
microstructure, (D) Close-up showing evidence of crystalline fibers. The skeleton of Acropora
millepora is composed exclusively of aragonite. Macroscopic views of the skeleton surface reveal
cup-like rounded corallites separated by distinct walls and the highly porous coenosteum. The radial
corallites are evenly distributed and of approximately equal size, with complete and incomplete septa.
In longitudinal sections, a rather uniform microstructure is evident, but with unevenly distributed
porosity. At higher magnification, individual needle-like fibers, constituting the basic units of the
coral microstructure [8], are observed. These exhibit a discrete size with trabecular orientation (white
arrows) [163].

In brief, the dried powder put in suspension in cold water was decalcified overnight
in acetic acid (10% vol/vol) at 4 ºC with an electronic burette (Titronic Universal,
Schott, Mainz, Germany). The solution was centrifuged: the organic pellet (acidinsoluble matrix, AIM) was rinsed several times with Milli-Q water and freezedried. The supernatant (acid-soluble matrix, ASM) was treated on an ultrafiltration
cell (Amicon 400 mL, 10 kDa cutoff membrane) for volume reduction, then once
concentrated, dialyzed several days against water at 4 °C and freeze-dried.
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The extraction was performed in duplicate (2 x 30g of skeletal powder under the
same NaOCl treatment) in order to check the reproducibility of the results.

3.3.3

ASM/AIM	
  analysis	
  on	
  1D	
  and	
  2D	
  gel	
  electrophoresis	
  

The skeletal matrix – both ASM and AIM fractions - was analyzed on 1D
electrophoresis and stained with silver nitrate [109]. The ASM was directly
denatured with Laemmli buffer [108] according to standard conditions while the
AIM was only partly solubilized by Laemmli buffer. The solubilized fraction is
defined as the Laemmli-soluble/acetic acid insoluble fraction (LS/AIM).
Electrophoresis was performed on discontinuous 12% acrylamide mini-gels at 100
V for 15 min and 150 V for 1 h. For the 2-D electrophoresis, IPG strips
(ReadyStripTM, BioRad) were loaded with 180 μg of ASM dissolved in 180 μL of
re-hydratation buffer (6 M urea, 2 M thiourea, 4% (w/v) Chaps, 20 mM
dithiothreitol, 0.1% ampholytes, 0.001% bromophenol blue) and re-hydrated
overnight at 50 V (25 °C) in a PROTEAN® IEF cell (BioRad). Focusing was
carried out at 250 V for 15 min, followed by 4000 V for 2 h and 4000 V until
10000 Vh. Subsequently the IPG strips were equilibrated by transfer for 10 min
into 1 mL of equilibration buffer I (6 M urea, 2% SDS, 375 mM Tris ⁄HCl pH 8.8,
20% glycerol) with 2% (w/vol) dithiothreitol, followed by 10 min in equilibration
buffer II, with 2.5% (w/vol) iodoacetamide instead. Strips were rinsed in 25 mM
Tris, 192 mM glycine and 0.1% SDS (TGS) and placed on the top of precast
NuPAGE(R) BisTris Novex SDS-polyacrylamide gels (4-10%) (Invitrogen,
Carlsbad, CA, USA) with an overlay solution of 0.5% agarose/TGS (w/v).
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Electrophoresis was performed at 200 V for 35 min. Both 1D and 2D gels were
stained with silver nitrate [109].

3.3.4

Proteomic	
  analysis	
  	
  

The AIM and ASM were prepared for proteomic analysis according to a routine
procedure including reduction, alkylation, trypsin digestion, drying and
solubilization in TFA [49, 50]. MS analyses were performed in duplicate on a LTQ
Velos (ThermoScientific, France) instrument in the positive ion mode. The ion
source was equipped with a picoTip emitter as nanospray needle (FS360-75-30CE-5-C10.5, NewObjective, USA) operating at 1.5 kV. The acquisition was done
with the Excalibur 2.1 software (ThermoScientific). Typically two scan events
were used: at first, m/z 400-1600 survey scan MS with enhanced resolution;
secondly, data dependent scans MS/MS on the twenty most intense ions from the
previous event. The spectra were recorded using dynamic exclusion of previously
analyzed ions for 0.6 min. The MS/MS normalized collision energy was set to
35eV. LC was performed on an Ultimate 3000 nano-LC system (Dionex, Voisins
Le Bretonneux, France). Chromatographic separation of peptides was obtained
with a C18 PepMap micro-precolumn (5 μm; 0.3 mm x 5 mm) for a 3 min desalting
and a C18 PepMap nano-column (3 μm; 100 Å; 75 μm × 150 mm) with a gradient
elution at a flow rate of 300 nL/min. Eluent A was a mixture of 95% H2O, 5%
CH3CN and 0.1% formic acid (vol/vol). Eluent B was a mixture of 20% H2O, 80%
CH3CN and 0.1% formic acid (vol/vol). The gradient program was from 0% B to
50% B over 120 min and 100% B for 10 min.

65	
  

Chapter 3 The Skeletal Proteome of the Coral Acropora millepora: the Evolution
of Calcification by Co-option and Domain Shuffling

3.3.5

In	
  silico	
  analysis	
  of	
  the	
  SOMPs	
  

The data obtained with the LTQ-velos system was used for protein identification
with the MASCOT search engine (version 2.1, Matrix Science, London, UK).
MS/MS raw data were searched with carbamidomethylation as fixed modification,
and methionine oxidation, asparagine and glutamine de-amidation as variable
modifications. The tolerance of the precursor and fragment masses was set to 0.4
Da. Proteins identified with at least two distinct peptides were considered valid
assignments. The corresponding peptide sequences were validated by manually
inspection of the MS/MS spectra (Appendix A). The subject of MASCOT searches
was a pooled protein database comprising the 6-frame translated nucleotide
sequences from different publicly available sources in April 2012: Acropora
millepora sequences were downloaded from NCBI including 101,380 plus 15,389
sequences from the nucleotide and EST databases, respectively. EST (7.964) and
nucleotide (5.112) data from the genus Symbiodinium were also included together
with the assembled EST of two Symbiodinium strains (Mf104b - clade B (76,284
EST) and KB8 - clade A (72,152 EST)) [164] from http://medinalab.org/zoox. The
proteins identified through MASCOT were used in similarity searches against the
UniprotKB/Swissprot database. Subsequently protein sequences were analyzed for
the

presence

of

signal

peptides

with

Signal

IP

4.0

(http://www.cbs.dtu.dk/services/SignalP/), transmembrane domains with TMHMM v.
2.0

(http://www.cbs.dtu.dk/services/TMHMM/) and further characterized for

homologous

domains

and

regions

(http://www.ebi.ac.uk/Tools/pfa/iprscan/).

using
In

the

addition,

InterproScan
the

platform

proteins

with

transmembrane domains were also analyzed for potential cleavage sites cleaved by
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proteases with PeptideCutter (http://web.expasy.org/peptide_cutter/).

3.3.6

Homology	
  analysis	
  and	
  protein	
  comparisons	
  at	
  the	
  domain	
  level	
  	
  

Homology analysis were performed using the 36 A. millepora sequences involved
in biomineralization (transcripts and proteins) against the predicted coding genes of
Acropora digitifera (http://marinegenomics.oist.jp/genomes/gallery), Nematostella
vectensis

(http://www.uniprot.org/)

and

Hydra

magnipapillata

(ftp://ftp.jgi-

psf.org/pub/JGI_data/Hydra_magnipapillata/). First, searches with a local BLAST

(version 2.2.25+) [165] were performed using the transcripts (and protein
sequences) of the 36 SOMPs from A. millepora against:
i.

the coding genes of Acropora digitifera (TBLASTN), with default
parameters;

ii. the coding genes from N. vectensis and H. magnipapillata (TBLASTX),
with default parameters;
iii. the predicted proteins of the 3 cnidarian genomes (BLASTP), with and
without SEG (i.e. low complexity filter on query sequence) [166].
The best hit for each SOMP (E value threshold < 10-4) was selected and the
sequences globally aligned using Needleman-Wunsch algorithm for pairwise
alignment (cutoff: 30% identity, expect for mosaic proteins) (Appendix B, Table
3). The best matches were also manually compared for their domain architecture.
Second, the Neighborhood Correlation (NC) method
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(http://www.neighborhoodcorrelation.org/) [167] was implemented for homology
identification between the 3 genomes (A. digitifera vs. N. vectensis and A.
digitifera vs. H. magnipapillata). Multidomain proteins with high confidence NC
coefficients (> 0.8) were considered strictly homologues [168]. Orthologues of
SOMPs in A. digitifera genome were selected and subsequently analyzed for the
presence of the homologues in N. vectensis and H. magnipapillata. The SOMPs
and corresponding best matches in the 3 genomes that were not complete
sequences but showed significant blast scores (E value < 10-4), were not assessed
for their homology and just considered similar. High-throughput proteomic
datasets obtained from OMs occluded in CaCO3 structures were collected from the
literature

and

their

primary

sequences

analyzed

with

InterProScan:

Strongylocentrotus purpuratus (tooth [169], spicules [170], test and spine [171]),
Gallus gallus (eggshell [172,173]), Lottia gigantea (shell [174]), Crassostrea gigas
(shell [175]) and Pinctada (shell [54]). The complete set of signatures obtained in
these proteomes (InterPro entries - domains and repeats) was compared with those
present in the SOMPs.

3.4 	
  Results	
  and	
  Discussion	
  	
  
3.4.1

Analysis	
  of	
  the	
  matrix	
  on	
  gel	
  

Coral skeleton was treated with bleach twice to remove contaminating tissue,
symbionts and bacteria, that can be entrapped in the highly porous skeleton (Figure
3.1), the second treatment being conducted after the skeleton had been reduced to
fine powder (granulometry < 200 µm). The residual powder was then extracted
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with 10% acetic acid, yielding acid-soluble (ASM) and acid-insoluble (AIM)
matrix fractions, assumed to be contaminant-free and closely associated with the
aragonite skeleton. This extraction process yielded approximately 0.034±0.01% of
ASM and 0.23±0.03% (w/w) of AIM relative to the skeleton weight. 1D-gel
electrophoresis of the ASM extract (Figure 3.2 A) showed 3 main discrete bands at
around 120, 90 and 64 kDa embedded in a diffuse background of more dispersed
‘smearing’ macromolecules, while the AIM was characterized by a smear lacking
discrete bands. On the 2D gel (Figure 3.2 B), the 90 and 64 kDa fractions, and, to a
lesser extent, the 120 kDa fraction, in the ASM are characterized by large spots
circa pI 3, suggesting that these macromolecules are very acidic.

69	
  

Chapter 3 The Skeletal Proteome of the Coral Acropora millepora: the Evolution
of Calcification by Co-option and Domain Shuffling

	
  
Figure 3.2: Electrophoretic profiles of the ASM and AIM after AgNO3 staining on (A) 12%
polyacrylamide SDS-PAGE gel. (B) 4-10% precast poly-acrylamide gel using an immobilized pH
gradient (3-10) (IPG) strip in the first dimension, under denaturing conditions.

3.4.2

Identification	
  and	
  characterization	
  of	
  SOMPs	
  	
  

Raw data generated by LC-MS/MS on the ASM and AIM were analyzed with the
software MASCOT to search against a pooled database consisting of transcripts
and predicted proteins of Acropora millepora and the genus Symbiodinium.
This procedure was initially made on the AIM and ASM prepared after only a
single (whole skeleton) bleach treatment (‘first batch’), but was then repeated on
organic matrix fractions (‘second batch’) after the second bleaching step (i.e. on
skeleton reduced to fine powder) outlined above. This enabled to analyze the effect
of extended bleaching on removal of contaminants (Figure 3.3). Whereas the
proteomic analyses of the ‘first batch’ revealed intracellular coral proteins and
proteins of symbiont origin (Chapter 4) the second batch was free of such
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contaminants, enabling the detection of 43 unique Acropora millepora proteins
likely to constitute the SOMP repertoire i.e., proteins that are strongly associated to
the skeleton.

	
  

Figure 3.3: Comparison of the proteins identified by proteomics on the acid-soluble (ASM) and
acid-insoluble matrices (AIM) in two different conditions, batch 1 and batch 2. Batch 1 consisted
of treating the skeletal fragments with sodium hypochlorite once, while batch 2 consisted of batch 1
followed by a subsequent similar treatment on the skeletal sieved powder (< 200 µm). Extracts from
batch 1 showed evidence of contamination with the identification of specific intracellular proteins
from A. millepora (tubulins, histones, ATP- synthase) and proteins from zooxanthellae: 2
contaminants of 23 identifications in the ASM and 28 contaminants of 38 identifications in the AIM.
In contrast no contaminants were identified in batch 2, indicating that a second bleach treatment on
powder is effective in removing potential sources of contamination and is required for obtaining
exclusively SOMPs. The 22 SOMPs identified in batch 1 were also present in batch 2.

Of these 43 proteins, 36 assignments could be made with high confidence (i.e. with
more than one unique peptide matching the sequence, see Appendix B - Table 1),
while 7 sequences each with only a single peptide match were dropped from the
list (Appendix B - Table 2) despite their properties being generally consistent with
those of the high-confidence dataset. Figure 3.4 provides a schematic overview of
the domain structure and general properties of the Acropora SOMPs that were
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classified based on the in silico sequence analyses. From the 36 SOMPs identified,
22 proteins were common to both ASM and AIM. Similar ASM and AIM protein
repertoires have also been observed in the case of mollusk shell matrices [111]. On
the other hand, 12 SOMPs were exclusively associated with the insoluble organic
fraction of the skeleton, and only 2 with the soluble matrix. Possible causes for this
apparent bias (Figure 3.3) between matrices include the over/under representation
of certain peptides that is inherent to the proteomic approach, and the fact that
some proteins from the acid-soluble fraction may bind acid-insoluble components.
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Figure 3.4: List of SOMPs identified by proteomics in the acid soluble and insoluble matrices
extracted from Acropora millepora skeleton. Proteins were named according to the characterization
of their primary structure.
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Acidic proteins
In both ASM and AIM the most abundant proteins (high emPAI values [176],
Appendix B - Table1) were acidic (Figure 3.2 B), i.e, with pI < 4.5 [92] and rich in
negatively charged residues (Asp, Glu).
Asp and Glu-rich proteins are supposed to interact directly with calcium carbonate
crystals promoting crystal nucleation, determining the growth axes and inhibiting
the crystal growth [123,177]. Due to their polyanionic character, Asp and Glu-rich
proteins usually have high-capacity, but low-affinity, calcium binding properties
[93]. Among the A. millepora SOMPs, 6 acidic proteins were identified (Figure
3.4), including two similar (48.8% identity; Figure 3.5) proteins each containing
~20% of Asp residues and named as SAARP1 and 2 (Secreted Acidic Asp-Rich
Protein).

Figure 3.5: Pairwise sequence alignment of the secreted acidic Asp-rich proteins: SAARPs 1 and
2 (UniprotKB Ac. Nos.: B3EWY6, B3EWY8). Identical residues are dyed in blue. Sequence
alignments were performed and visualized with Jalview [178].

	
  
These proteins are likely to belong to a family of highly acidic proteins conserved
across scleractinians. Indeed two Asp-rich proteins, named coral acid-rich proteins
(CARPs), were recently identified in Stylophora pistillata skeleton [156]. Similarly
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to CARPs, SAARPs contain two Asp-rich regions intercalated by two non-acidic
regions (Figure 3.4). In particular CARP 4 exhibits the highest identity percentage
with the two SAARPs, 60.6 and 45.2%, for SAARP 1 and 2 respectively. However,
the predicted protein sequences of CARP4 and CARP5 are shorter than SAARPs
and lack a putative peptide signal required for targeting these proteins to the
secretory pathway. Interestingly the 4 acidic proteins also show significant identity,
in the non-acidic regions, with the protein fragment P27 identified in the skeleton
of S. pistillata [156] (Figure 3.6), however this similarity is not understood from a
functional viewpoint.

Figure 3.6: Multiple sequence alignment of Asp-rich proteins: SAARPs 1 and 2 (UniprotKB Ac.
Nos.: B3EWY6, B3EWY8), CARPs 4 and 5 (UniprotKB Ac. Nos.: M1SN56, M1RYM2) and P27
(M1TA76). Identical residues are dyed in blue. Sequence alignments were performed with MUSCLE
[179] and visualized with Jalview [178].

The 2 SAARPs together with a third protein, Acidic SOMP, corresponded to the
identifications with the highest emPAI scores (Appendix B – Table 1). The Acidic
SOMP has lower Asp content (9.9%) and its sequence does not contain two Asprich regions as in SAARPs (Figure 3.4). Still, it shows significant similarities in the
non–acidic region with both SAARPs (Figure 3.7).
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Figure 3.7: Multiple sequence alignment of the C-terminal from the Secreted Acidic Asp-rich
Proteins, SAARP1 and 2 with two related sequences, Uncharacterized SOMP-4 and Acidic SOMP
(UniprotKB Ac. Nos.: B8UU74, B3EWY7). Conservation of residues is dyed by shades of blue: the
darker the color, the more conserved the residue. Sequence alignments were performed with
MUSCLE [179] and visualized with Jalview [178].

The three other skeletal proteins included the secreted acidic proteins Amil-SAP1,
Amil-SAP2 (19 and 21.6% of Asp and Glu, respectively) and one Glu-rich protein.
Amil-SAP1 and Amil-SAP2 are the counterparts of Adi-SAP1 (Figure 3.8) and
Adi-SAP2, respectively, which have been hypothesized to have roles in
calcification along with seven other proteins, Adi-SAP3 to -SAP9, in Acropora
digitifera, on the basis of their high Asp plus Glu content [143]. Of these acidic
proteins, only SAP1 and 2 exhibit a predicted signal peptide, and are confirmed
here to be true SOMPs. BLASTP searches with the 6 acidic SOMPs retrieved
significant matches (E value < 10-4) with proteins in the UniprotKB database.
Interestingly, among the best matches for Amil-SAP1 and the SAARPs were shell
matrix proteins (aspeins) from Pinctada fucata, Pinctada maxima and Isognomon
perna. However, in these cases, similarity scores might be largely misleading due
to the relatively low complexity of the sequences, dominated by acidic residues;
note also that none of these SOMPs had significant similarity to annotated domains
from the InterPro database. Moreover, these data confirm the direct involvement of
acidic proteins in skeletal formation in Acropora millepora.
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Figure 3.8: Mapping of the two protein fragments from Amil-sap1 (UniprotKB Ac. Nos.:
B3EWZ0 (N-terminal) and B3EWZ1 (C-terminal)) with corresponding ortholog from A. digitifera
(Adi-sap1). Mapping was visualized with Jalview [178]. Identical residues are shaded in blue.

Unique uncharacterized proteins
High-throughput approaches such as proteomics and transcriptomics have often
revealed completely novel proteins that lack conserved domains or significant
database matches that would allow to classify them into families and to
hypothesize about their functions [72]. Galaxin exemplifies the case of such
‘orphans’ since its function remains unknown [180]. In A. millepora skeleton we
identified two distinct galaxins along with further 8 uncharacterized ‘orphan’
SOMPs (Figure 3.4) referred here as USOMPs. These proteins do not constitute a
single group and, with the exception of three proteins, exhibit no significant
similarities. Two of these exceptions are galaxin proteins, and the third is provided
by USOMP-4, with a region near the C-terminus that has similarity to three of the
acidic proteins discussed above (Figure 3.7). The presence of multiple galaxinrelated genes has previously been reported [143,180]; one of the galaxins identified
here corresponds to GenBank ADI50283.1, a previously known gene from A.
millepora [180]. The second sequence (Galaxin 2) is orthologous with Galaxin 2
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from A. digitifera [143].

The two A. millepora galaxins have 31.5% identity

overall, the di-Cys repeat region being most similar. Note that the di-Cys pattern
might indicate a role in the assembly and support of the macromolecular
framework [56]. Indeed a multiple alignment with 5 galaxins and similar sequences
from

Nematostella

vectensis

(GIs:

156374951,

156377965)

and

Hydra

magnipapillata (GI: 221103149) shows the conservation of at least nine double
Cys motifs (Figure 3.9). Similarly in S. pistillata skeleton, three proteins were
identified, P12, P16 and P22 [156], which can fit in our description of
uncharacterized proteins. From these, P16 and P22 are completely unique while
P12 shows similarities with USOMP8 (Appendix B - Table 5).
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Figure 3.9: Multiple sequence alignment showing the sequence similarities between galaxins
from Acropora millepora (Amil), Acropora digitifera (Adi), Galaxea fascicularis (Gfas) and the
detected homologues from Nematostella vectensis (Nemve) and Hydra magnipapillata (Hmag).
Amil-Galaxin (Uniprot Ac. No.: D9IQ16), and Gfas-Galaxin (Uniprot Ac. No.: Q8I6S1) correspond
to the same form of galaxin and are grouped together with Adi-Galaxin1 (predicted from Adi
transcriptome: EST_assem_14006). Subsequentely the Amil-Galaxin 2 (Uniprot Ac. No.: B8UU51)
and Adi-Galaxin 2 (predicted from Adi transcriptome: EST_assem_8935) are shorter lacking the
segments in the positions 60-77, 93-120 and 181-206 of the alignment. Finally the distantly related
sequences from Nematostella (Nemve_ 211144 (GI:156374951); Nemve_1957 (GI: 156377965)) and
Hydra (GI:221103149) show the conservation of nine double-Cys residues and the presence of other
identical residues dyed in red (A). Regions with high frequency of semi-conserved substitutions are
also indicated (A). Sequence alignments were performed with MUSCLE [179] and visualized with
Espript 2.2 [107].
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Extracellular matrix-like proteins
Other SOMPs, although in some cases lacking clear overall matches, contain
conserved regions or domains. The largest group comprises those with one or more
domains usually associated with extracellular matrix (ECM) or cell-adhesion
proteins from other metazoans. Amongst the fifteen ECM-related proteins
identified in the skeletal organic matrix of A. millepora most contained multiple
domains (Figure 3.4). Several of these ECM-related SOMPs resembled human
cell-adhesion proteins such as Mucin-4 (Mucin-like SOMP, B3EWY9) and
Hemicentin-1 (Coadhesin, B3EWZ3), which are heavily glycosylated and rich in
cysteine residues, thereby forming disulfide bridges involved in modulating their
adhesive properties. SOMPs that exhibit mucin-like or coadhesin signatures have
previously been reported in the mineralizing matrices of mollusks [51,88,125],
such as thrombospondin type 1 repeats, von Willebrand factor type A and
epidermal growth factor-like domains, which are typical of

ECM proteins

involved in cell-cell and cell-substrate adhesion and in the binding of other
macromolecules

[181,182].

Moreover,

many

ECM

domains

present

in Acropora’s skeletal proteome have been detected in previous high-throughput
proteomic studies on the OM of mollusks, sea urchin, chicken eggshell and coral
(Appendix B - Table 4) but only the Polycystic Kidney Disease 1 (PKD1)-related
protein (B8UU59) contains domains (lipoxygenase, egg-jelly receptor and
PKD/chitinase) not previously found in proteomic analyses of other skeletal
organic matrices. On the other hand some of the datasets used in these comparisons
consist of broader lists of proteins, including some of intracellular origin that may
be derived from cell debris and are most likely not involved in biomineralization
[170,175]. Thus comparisons were interpreted carefully and taking into account
other evidences such as the expression in skeleton secreting-tissues [54,175,183],
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the direct interaction with CaCO3 or the detection in the calcifying mediums [184]
(Appendix B – Table 4).
From the fifteen ECM-related SOMPs, 8 have homology domains with proteins
from the S. pistillata skeletal proteome (Appendix B - Table 4 and Table 5):
Mucin-like, Coadhesin, Ectin (B3EWZ8), EGF and Laminin G domain-containing
protein (B8UU78), MAM and LDL-receptor domain-containing protein 1
(B3EWZ5) and 2 (B3EWZ6), Zona pellucida domain-containing protein
(G8HTB6) and Protocaherin-like (B8V7Q1). Still, apart from Protocadherin-like,
we could not confirm candidate orthologous for these SOMPs in S. pistillata since
most sequences correspond to fragments. Four ECM-related SOMPs were
exclusively detected in the AIM, two of them having homologues usually found in
the central nervous system in metazoans [185,186] - Protocadherin-like and
Neuroglian-like protein (B8VIW9), also the EGF and Laminin G domaincontaining protein and finally Collagen (B8V7R6). The latter is homologous to the
human Alpha-2 type I Collagen (P08123) which is found in bone [187,188]. Fibrils
of collagen are generally in close contact with the mineral phase and remain as an
insoluble component of the organic fraction throughout the extraction process.
While collagen has been detected in the spicules of gorgonian [189,190] and
scleractinian corals [156] this is the first report of the occurrence of collagen type I
in the OM of a coral skeleton.
Enzymes
Four of the SOMPs identified correspond to three types of enzymes (Figure 3.4).
The first enzyme corresponds to a 148 AA fragment (B8V7P3) of an Alpha-type
Carbonic anhydrase (CA), a zinc metalloenzyme that catalyzes the reversible
hydration of carbon dioxide. CA activity has been detected in the skeletal organic
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matrix of both zooxanthellate (Acropora hebes [191]) and azooxanthellate
(Tubastrea aurea [192]) scleractinians.
In the case of the CA identified here, its best BLAST hit in UniprotKB is the α-CA
from Stylophora pistillata, STPCA-2 (C0IX24). This enzyme was previously
shown to be highly active compared to other CAs and was localized in the oral
endoderm and aboral tissue [193]. Despite its high similarity with the cytosolic
human Carbonic anhydrase II, STPCA-2 has unusual features such as a putative
signal peptide and an insert of 30 amino acids between positions 212 and 243.
Moreover the same protein was also identified in the skeleton of S. pistillata by
proteomics [156].

These results, together with the data presented here for

Acropora, directly link one specific CA to skeleton formation. Similarly to a
mechanism proposed for some mollusks [53], the CA found here may display its
enzymatic function in the extracellular calcifying medium, and be subsequently
occluded in the growing skeleton.
The second SOMP (B3EWZ9), Hephaestin-like, is a secreted member of the
copper oxidase family with 1114 AA length, containing a copper-binding site and a
cupredoxin

domain.

Hephaestin

proteins

function

as

copper-dependent

ferroxidases, mainly involved in iron and copper metabolism at membranes
[194,195]. Although to date there is no experimental evidence of activity of this
type in mineralizing matrices, it is reasonable to propose that the Hephaestin-like
protein catalyzes the oxidation of iron (from Fe2+ to Fe3+) in the compartment
where aragonite precipitation occurs. It was previously suggested that corals may
entrap iron in the skeleton as a detoxification mechanism when high concentrations
of the metal are present in the reef [196]. Alternatively, the incorporation of iron in
the skeleton of A. millepora may be a normal process, regulated by Hephaestin.
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Interestingly, cupredoxin domains have also been identified in the shell of the
mollusk Crassostrea gigas (in the L-ascorbate oxidase, K1PLZ9; Laccase-15,
K1QQA2 and Laccase-18, K1PMS4) and in the tooth and spicules of the
echinoderm S. purpuratus (in a protein similar to Hephaestin, H3JMP5) (Appendix
B - Table 4). Finally, the third enzymatic function assigned is observed in two
SOMPs (B8V7S0, B8VIV4), exclusive to the AIM. It corresponds to proteases
containing peptidase S1/S6, chymotrypsin/Hap and CUB domains.
Even though they are present at relatively lower abundance (Appendix B – Table
1), the enzymes detected here may play crucial roles in the supply of bicarbonate
ions at the site of calcification (CA), in the regulation of iron and copper
metabolism (hephaestin), and in the assembly/cleavage of the organic matrix
(proteases).
Toxin-like
One SOMP (B7W114) corresponds to a secreted protein that has high similarity
(50%) with the N-terminus of a toxin (of 1052 aa long) from the cephalopod Sepia
esculenta (SE-cephalotoxin) (B2DCR8; BLASTP E value = 8-43). While a number
of toxins have been characterized from cubozoans (box jellyfish) [197] and
anthozoans (sea anemones) [198]. However very little is known about toxins in
scleractinian corals, though studies have demonstrated antibacterial activity of the
mucus [199,200]. The level of identity between B7W114 and the cephalotoxin
(Figure 3.10) is suggestive of conserved function. If the toxic character of the
Cephalotoxin-like SOMP is later confirmed, we may hypothesize that this protein
acts in the coral skeleton in a similar way to the lysozyme in the chicken eggshell
[184], which due to its well-known anti-microbial properties was suggested to have
a protective function in the eggshell in addition to its ability to interact with
calcium carbonate.
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Figure 3.10: Pairwise sequence alignment between the Cephalotoxin-like SOMP (Uniprot Ac.
No.: B7W114) and the SE-cephalotoxin from Sepia esculenta (Uniprot Ac. No.: B2DCR8).
Identical residues are dyed in blue. Conserved and semi-conserved substitutions are dyed in shades of
grey. Sequence alignments were performed and visualized with Jalview [178].

3.4.3

Proteins	
  with	
  transmembrane	
  domains	
  	
  

The occurrence of transmembrane proteins associated to calcium carbonate
biominerals has been explained as contamination by soft tissues [175]. However,
with the double-bleaching procedure used in the present case, this hypothesis is
very unlikely and we suggest another explanation. Eleven SOMPs identified
among the different groups described above contain putative transmembrane (TM)
domains. Ten of these SOMPs have a single TM domain located at their Cterminus (Figure 3.4) the exception being the PKD1-related protein, which is
predicted to contain eleven TM helices, four of which are part of the polycystin
cation channel domain. SOMPs with TM domains represent about one half of the
ECM group, one protein (Hephaestin-like) in the enzyme group, one protein
(Uncharacterized SOMP-3) of the ‘orphan’ group and two in the acidic group
(SAARP 2 and SAP-1). We propose that the TM proteins detected here are cleaved
in their extracellular region, becoming subsequently occluded in the forming
biomineral.
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Three lines of evidence support this hypothesis. First, without exception, the 75
peptides detected by LC-MS/MS that correspond to the eleven TM domaincontaining SOMPs belong to the extracellular region located at the N-terminal side
of the proteins (Appendix B - Table 1). Second two proteases were detected
amongst the SOMPs having chymotrypsin/Hap domains that may constitute the
required tool for cleaving the extracellular region of the TM domain-containing
SOMPs. Third, the eleven TM-containing SOMPs possess predicted chymotrypsin
cleavage sites in their extracellular regions (Appendix B - Table 1). Specific
cleavage sites for chymotrypsin and TM domains are illustrated in Figure 3.4 for
two SOMPs: SAARP2 and Zona pellucida domain-containing protein. These lines
of evidence are congruent with the recent data on the spicule matrix proteins of the
sea urchin S. purpuratus [170], so the mechanism proposed here may apply more
generally.
If this hypothesis is later confirmed by other approaches, this may call for a
complete change of paradigm in the biomineralization field, whatever the
biological model studied. Until now, the ‘molecular tools’ controlling the
mineralization process were all supposed to be secreted outside the calcifying
epithelial cells in order to interact with the inorganic precursors of mineralization.
The data presented here suggest that membrane-bound proteins may also contribute
to the process via their extracellular domains, which are subsequently incorporated
in the biomineral after being cleaved by peptidases. Furthermore, it suggests that
there is a true connection between the epithelium and the mineral front, and that the
mineral deposition is accomplished under the direct guidance of the cell surfaces,
rather than remotely, as ‘classical’ views tend to show, in particular in mollusk
shell models [18].

85	
  

Chapter 3 The Skeletal Proteome of the Coral Acropora millepora: the Evolution
of Calcification by Co-option and Domain Shuffling
   



 

1 HCLPLESIAL FLVCLADEER KDDDNTKTIR GKNVSAKIFG RSGKIMIVRV DDDEDDTKDT
61 VDRVSDKKDN VDDRRDNDDR EESIDKKDTV DKKNPIDDKD DKDDKDDVDN DNDKDDDFRD
121 DDEDLLSFEL DELKEVDADG DEVDDKHSVD SFDDVEFQLS HVRTASRFKG LAVISVNLST
181 HLQNNKANVG IMVYLFLEPG SVTFGNETFN VKAGTVKFNI EVNNWDFCEG SSPACSSRKE
241 GKFLDLTMKI KSKDSPTEVE DDDRKKAVCN DKDDDNDDDD VDDDDDDDDD DDCPIIYSMG
301 GDSEMLLNRG VMLDDDEYTA MPVGFPKLEI EDETRKFVFR IPKFSKRALV DPSVTPGERT
361 PKLAISAGTW LQLNFLVTVL VQIAVMFVFH *
    



1 MFLYSFVFLM LLGLSSAQTE SATSPDEVET EPTMSTDQPE TSPSMSTETE PTTETPPVTT
61 PPPPDSLSVI CTNEKMEVFL DHAKHDNLDL DKVTLKDANC KASGTLNATH LWMDVPFDSC
121 MTNHSTDGDT ITYQNSLVAE TRASAGSSLI SREFQAEFPF KCTYPRSAVL SVVAFSPRER
181 IVYTKTAEFG NFTFTMDMYK TDKYETPYDS FPVRLDLDDP MFLEVKVSSN DSKLVLIPLK
241 CWATPSSDLQ DDKYYTFIEN GCGKADDPSL VFNYGESNVQ RFKIGAFRFI GESLNSNVYL
301 HCDVEACRKG DSDSRCAKGC ETSRRRRRSS LASSAGTEQT VTLGPMKISE KAEVGAQEAV
361 SSLTIFAAVA GVLGVIVLFL AVALVMLYKR YRSPQSATRV VYTKTANEEG KLLV*

Figure 3.11: Primary structures of transmembrane SAARP2 and Zona pellucida domaincontaining protein, including: putative peptide signals (underlined), codon stop (*), TM domains
(rectangle), peptides identified by MSMS (red) and chymotrypsin high specificity cleavage sites
(residues [FYW] not before P highlighted in green) with more than 80% of cleavage probability.
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The availability of transcriptome data derived from Acropora millepora primary
polyps [144] permitted investigation of the impact of elevated CO2 on expression
of the SOMPs identified here. Comparisons with the datasets submitted to the
NCBI Gene Expression Omnibus database (GEO) under the accession number
GSE33016 confirmed that genes corresponding to all of the SOMPs are expressed
during the early stages of calcification and at least 26 of these were up regulated
while 4 were down regulated in polyps exposed to higher concentrations of CO2
(Table 3.1). SOMPs are therefore appropriate molecular markers for the
investigation of the impacts of elevated CO2 on Acropora calcification.
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Table 3.1: Differential expression of genes involved in Acropora millepora biomineralization
according to a previous experiment on primary polyps [144]: up-regulated genes (green), downregulated genes (red), not available (-). Fold-changes (P value > 0.05) were obtained through the
analysis of the count data available on the NCBI Gene Expression Omnibus database (GEO) under
accession number GSE33016, using the edgeR package [201]. Transcript levels were originated from
Acropora millepora primary polyps at 380 (control), 750 and 1000 ppm CO2 after 3 days exposure.
Fold Change
Protein Groups

Acidic

Cluster

Protein Names

Cluster009205

JT001945

SAARP 1

Cluster008253

JR972076

Acidic SOMP

Cluster017392

JR991407

SAARP2

Cluster018838

JT006291

Cluster037255

JT018094

Cluster022029

JR983041

Cluster014254

CO2
750 ppm (vs.
control)

CO2
1000 ppm
(vs. control)

1.41

2.32

-

-1.79

-

-2.29

2.01

3.23

3.77

5.85

SAP2

1.81

2.05

JR983175

Glu-rich protein

1.93

1.51

Cluster001173
Cluster001025

JR987773
JT016638

1.90

2.08
1.95

Cluster000033

JT011118

3.81

3.94

Cluster000006

JR994474

2.29

2.51

Cluster014354
Cluster010848

JT013896
JR978035

Mucin-like
Coadhesin
MAM and LDLreceptor domaincontaining
protein 1
MAM and LDLreceptor domaincontaining
protein 2
Thr-rich protein
Ectin
MAM and
fibronectincontaining
protein
MAM and
fibronectin
containing
protein (isoform)
PKD1-related
protein
Zona pellucida
domaincontaining
protein
EGF and laminin
G domaincontaining
protein
Protocadherinlike
Collagen
Neuroglian-like
CUB domaincontaining
protein

1.87
-

1.80
3.24

6.70

8.95

-

1.77

1.98

2.15

-1.42

-1.86

-

1.44

Cluster012957

Extracellular
matrix proteins

NCBI Ac.
No.

SAP1

JT013217

Cluster007429

JT016410

Cluster000133

JR991141

Cluster011245

JR973492
(JN631095)

Cluster001085

JR980881

Cluster000035

JT011093

Cluster050343
Cluster000565m

JR991083
JR993827

Cluster015162

JR989025

Cluster002345

JT019463

Hephaestin-like

Cluster020494

JR998014

Carbonic
anhydrase

JR970990

CUB and Ser
protease domaincontaining
protein 1

Enzymes
Cluster023283
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1.62

-

8.07
2.60

11.68
1.88

1.87

2.87

2.23

3.52

-

-

7.24

9.54
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Table 3.1 (cont.)
Cluster005989

Cluster015317
Cluster013623
Cluster008498
Cluster017073
Cluster026302
Cluster020453
Cluster012833
Cluster001446p
Cluster006620

JR993391
(HM163215)
JR976690
JT021412
JR982706
JR997000
JT004498
JR973117
JR971508
JR998260
JT014391

Cluster001924

JR986059

Cluster013356

Uncharacterized
proteins

Toxin

3.4.5

CUB and Ser
protease domaincontaining
protein 2

JT008002

-

-

Galaxin

1.69

2.81

Galaxin 2
USOMP-1
USOMP-2
USOMP-3
USOMP-4
USOMP-5
USOMP-6
USOMP-7
USOMP-8

2.03
-3.14
1.53
3.96
4.16
-

-2.29
1.96
5.03
6.67
-

-

-

Protein similar to
cephalotoxin

Homology	
  comparison	
  between	
  Acropora,	
  Nematostella	
  vectensis	
  and	
  
Hydra	
  magnipapillata	
  

In an attempt to unravel the origins of the A. millepora ‘skeletome’, homologues of
the 36 biomineralization proteins were searched amongst the predicted proteins
(using BLASTP) and corresponding transcripts (BLASTN, TBLASTX) from the
three cnidarians for which whole genome sequence data are presently available Acropora digitifera, a scleractinian coral which diverged from A. millepora in the
Mio-Pliocene [202], the sea anemone Nematostella vectensis, and Hydra
magnipapillata. Sea anemones are classified as a distinct Order (Actinaria) from
corals (Scleractinia) but in the same sub-class (Zoantharia = Hexacorallia) within
Class Anthozoa. Whereas sea anemones are considered to be “close”, but skeletonless, relatives of corals, Hydra is a phylogenetically remote cnidarian belonging to
Class Hydrozoa [203–205]. This approach enabled proteins that are involved in
Acropora biomineralization but have ancient cnidarian origins (i.e. are present in
Hydra as well as Acropora) to be resolved from those that may be anthozoan-
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specific but not restricted to calcifying anthozoans (i.e. present in Nematostella as
well as Acropora) and those that are so far unique to stony corals. Clear orthologs
of each of the 36 A. millepora SOMPs could be identified in A. digitifera
(Appendix B - Table 1 and Table 3), confirming that all the sequences assigned to
A. millepora are of coral origin and are not derived from zooxanthellae.
BLAST comparisons against the predicted proteins of Nematostella vectensis and
Hydra magnipapillata, indicate that eight of the SOMPs do not have counterparts
in the two non-calcifying cnidarians: five “orphan” proteins (USOMPs), SAP-1,
SAP-2 and the SOMP similar to cephalotoxin – (outer circle, Figure 3.12). Indeed
SAPs were previously suggested to be restricted to members of the genus Acropora
[143].
To date a BLAST search against the cnidarian sequence data on NCBI with these
proteins only retrieved orthologous sequences in other Acropora species (Appendix
B - Table 3) and low sequence similarities (E value < 10-5) in Porites astreoides
(USOMP-2), Montastrea faveolata (USOMP-2, USOMP-4), Aiptasia pallida
(USOMP-1, USOMP-3), Anemonia viridis (USOMP-3) and Clytia hemisphaerica
(Similar to cephalotoxin). In particular, the apparent absence of homologues of the
Cephalotoxin-like sequence in other cnidarians is surprising given the similarity
between the Acropora and cuttlefish (Sepia) proteins. Note that the SEcephalotoxin (Uniprot Ac: B2DCR8) identified in the salivary glands of the
cuttlefish Sepia esculenta (Cephalopoda, Mollusca) does not exhibit any significant
similarity to known proteins [206]. In turn the striking similarity (50%) between
the Acropora and Sepia sequences (Figure 3.10) suggests that the ancestor of these
proteins predates the divergence of mollusks and corals (i.e. 550-600 million years
ago (MYA) or more) but could have been lost in most of the other eumetazoan
lineages. Such a genome restructuring, i.e. massive loss, has been recently
documented via large-scale comparisons of distantly related genomes: for example,
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the gastropod Lottia and Nematostella share exclusively 89 gene families that are
not retrieved in other phyla investigated [207]. Amongst the other SOMPs, we
have distinguished similar (white circle area, Figure 3.12) from homologous
(green, blue circles, Figure 3.12) proteins taking into account the statistical
significance of BLAST searches, the percentage of identity (cutoff 30%) in the
pairwise global alignment, the common domain architecture and the fact that many
of the SOMPs are mosaic proteins, i.e. proteins with multiple domains [208,209]
(Appendix B Table 3). In particular for those proteins from the ECM-like group
and enzymes, it is difficult to infer homology merely on the basis of BLAST
searches (generally highly significant within a certain domain) together with
identity percentages and alignment coverage (generally low). To overcome this
difficulty the Neighborhood Correlation method was applied to the 3 genomes.
This method has been developed and used to accurately identify homologues in
complex multidomain families [167,168], enabling the prediction of similar
proteins (due to domain insertion) from homologous proteins (due to common
ancestor).
This combined analysis implied that at least three SOMPs have homologues in the
anthozoan but not in H. magnipapillata (middle circle, Figure 3.12): USOMP-7,
Neuroglian-like and Zona pellucida domain-containing protein, while other 9
SOMPs, all from the ECM-like group, have homologues in the three genomes
(inner circle, Figure 3.12). Several of these conserved ECM-like SOMPs are also
found in vertebrates, such as the Protocadherin-like, Collagen, and PKD1-related
proteins. Whether these proteins function in similar ways in the skeletal matrix and
in the ECM remains to be clarified. However, these results strongly corroborate the
idea of a modern skeletal matrix derived from the recruitment of non-calcifying
ECM-components.
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Conversely, homologues for 16 of the SOMPS could not be confidently identified
in the non-calcifying cnidarians due to specific factors: incompleteness of at least
one of the sequences in study (Carbonic anhydrase, Peptidase, Glu-rich, USOMP5), low identity percentages (cutoff 30%) (Hephaestin-like, Galaxins, SAARPs,
Acidic SOMP, USOMP-8) and different combination of domain architectures and
neighborhood coefficients above the threshold (Mucin-like, Coadhesin, Threoninerich, CUB domain-containing protein, Peptidase) (Appendix B - Table 3). In
consequence these SOMPs were considered as ‘similar to’ and not confirmed as
homologous or non-homologous (white circle area, Figure 3.12). Interestingly,
homologues of hephaestin are present in both chordates and the symbiotic sea
anemone Anemonia viridis whereas only low similarity matches were identified in
N. vectensis and H. magnipapillata (Figure 3.13). Also the SOMP Mucin-like has
similar domain architecture in the C-terminus side (extracellular nidogen, AMOP,
vWD, EGF) to the human Mucin-4 found in chordates, however the same domain
combination was not identified in the genomes of Nematostella and Hydra
(Appendix B - Table 3).
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Figure 3.12: Resume of the results of similarity searches with BLAST and homology detection
(by global alignment, domain architecture comparison and the Neighborhood Correlation
method) using the 36 SOMPs (and corresponding transcripts) from Acropora millepora and the
genomes of Acropora digitifera, Nematostella vectensis and Hydra magnipapillata. Proteins in the
outer circle (red) do not have similarities (and homologues) in the predicted proteins of Nematostella
or Hydra. Proteins in the middle circle (green) have homologues in Acropora and Nematostella.
Proteins from the inner circle (blue) have homologues in Acropora, Nematostella and Hydra. SOMPs
in the white region of the circle show considerable similarity with proteins from Nematostella and
Hydra but their homology is not certain. The phylogenetic tree on the upright side represents the
relationships previously purposed between Cnidaria [205]. dcp = domain containing protein.
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Figure 3.13: Multiple sequence alignment showing the sequence similarities between hephaestinlike proteins from Acropora millepora (Uniprot Ac. No.: B3EWZ9), Aiptasia pallida (NCBI GI:
387005847), Homo sapiens (Uniprot Ac. No.: Q6MZM0), Mus musculus (Uniprot Ac. No.: Q3V1H3)
and the cupredoxin-domain containing protein from Hydra magnipapillata (NCBI GI: 221113181).
Conservation of residues is dyed by shades of blue: the darker the color, the more conserved the
residue among the five species. Sequence alignments were performed with MUSCLE [179] and
visualized with Jalview [178].
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3.5 Conclusions	
  
The work described here represents the first comprehensive survey of the skeletal
molecular toolkit of the scleractinian coral Acropora millepora. In total, 36
proteins were identified from the acid soluble and insoluble skeletal organic
matrices. The proteins of these two fractions overlapped significantly, only 2
proteins being exclusively associated with the soluble fraction and 12 with the
insoluble fraction. It is unclear how complete this survey is; trypsin-resistant
skeletal proteins, in particular those that do not possess suitable trypsin cleavage
sites, may not have been detected. It is also possible that the calicoblastic cells
secrete proteins that guide the calcification process but are not occluded in the
skeleton and would therefore not be detectable by the approach used here.
One tenet of our analyses is that the classical view of a coral skeletal matrix
composed primarily or exclusively of acidic proteins [210,211] is eclipsed by the
idea of a more complex matrix consisting of a diverse range of proteins with a
larger spectrum of different potential functions. Whilst acidic proteins remain
quantitatively key players in calcification (as aptly illustrated by the 2D gel), other
SOMPs, some present in lower amount, are also likely to fulfill important roles in
the deposition of the skeleton. The second tenet of our analysis is that the SOMPs
are not exclusively secreted. Some SOMPs are membrane-bound proteins, the
extracellular domains of which are subsequently cleaved in the mineralizing space
and occluded in the growing biomineral.
What kind of information on the macroevolution of calcifying matrices can be
inferred from this analysis? The evolutionary picture that emerges from our
analysis is multifaceted. Whilst all of the SOMPs identified in A. millepora have
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homologues encoded in the genome of Acropora digitifera, surprising few of these
are actually unique to the scleractinians, i.e. present in the two acroporids but
absent from non-calcifying cnidarians (N. vectensis, H. magnipapillata). These
coral-restricted proteins may be ‘novelties’ in the calcification repertoire. The
timing of this innovation might have occurred deep in the Paleozoic when
scleractinian corals emerged (ca. 450 MYA) [212]. In contrast, a considerable
proportion of the ECM-like SOMPs identified here have homologous proteins in N.
vectensis and H. magnipapillata suggesting that their origins predate the
divergence of the classes Anthozoa and Hydrozoa [204], which occurred in the
Cambrian or earlier. Each of these proteins, and a number of others subsequently
lost from N. vectensis and H. magnipapillata (typified by the proteins similar to
Cephalotoxin, Hephaestin-like and Mucin-like), was presumably co-opted to
function in calcification when this trait arose in the scleractinian lineage.
Broadening the comparison to include other OM proteomes from metazoans
revealed that most of the domains represented in the A. millepora skeletal proteome
also occur in other OM (Appendix B – Table 4), pleading for the concept of a pool
of ‘shared domains’ potentially involved in biomineralization. However, only few
of the proteins containing these common domains are predicted to be homologous,
suggesting that they have been independently recruited to roles in calcification at
different times across the various taxa with this trait. Beyond macro-evolutionary
considerations, the dataset presented here constitutes an important tool for
understanding the molecular bases of calcification in stony corals, and for
quantifying the impact of environmental changes (such as OA), on this process.
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Section 4.1 Concerning Coral Skeletal Proteomes

To kill an error is as good a service as, and sometimes even better than, the
establishing of a new truth or fact.
Charles Darwin

4.1 Concerning	
  Coral	
  Skeletal	
  Proteomes	
  
In an interesting work published in PNAS [156], Drake et al. present a proteomic
study of the skeleton from the stony coral Stylophora pistillata. This study
identifies proteins associated to the mineral phase that reputedly contribute to the
building of the coral skeleton. In other words, this set of proteins is supposed to
represent the so-called “biomineralization toolkit” of the coral. Although some of
the 36 proteins described in Drake et al. appear to be genuine extracellular matrix
(ECM) proteins related to biomineralization, such as coral acid-rich proteins
(CARPs) or carbonic anhydrase, some others are obvious intracellular
contaminants that should not be considered as skeletal organic matrix proteins
(SOMPs).
Drake et al. observed indeed proteins from the cytoskeleton such as actins, tubulins
and myosin. These proteins are obviously intracellular and should not be named
SOMPs: as far as we know, there is no scientific evidence that they interact directly
with the growing biomineral. We consider that the integration of intracellular
components to the growing list of SOMPs is misleading and detrimental to our
understanding of biocalcification mechanisms as well as to the elaboration of
molecular models, and this problem aims at being carefully appreciated.
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In our hands, when similarly investigating SOMPs from the coral Acropora
millepora (see Chapter 3), we observed that cytoskeletal proteins were
contaminants from cellular debris together with other intracellular proteins (Table
4.1). These contaminants could be simply removed by extensive and appropriate
cleaning of the biomineral (Figure 4.1).

	
  
Figure 4.1: Comparison of the proteins identified by proteomics on the skeletal organic matrix
of Acropora millepora in two different conditions. “Simple bleaching” consisted in treating the
skeletal fragments with NaOCl once (5% v/v, 72 h), while “Extended bleaching” consisted in the
“simple bleaching” followed by cleaning with a NaOCl solution (10% v/v, 5 h) on skeletal sieved
powder (< 200 µm). * - Proteins that were reported as SOMPs in Drake et al.’s study.

By using two types of sample treatment (see Sections 3.3.1 and 3.3.2), we
demonstrated convincingly that the presence of cytoskeletal and, more generally,
intracellular proteins, is indicative of an inadequate cleaning of the coral skeleton
(Table 4.1), which typically holds superficial contamination from soft tissues
(Figure 4.2), symbionts and other boring organisms.
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Table 4.1: List of the 30 proteins identified in the samples from coral skeleton treated by
“Simple bleaching”, which were removed by “extended bleaching”. * - similar proteins to those
reported as ECM proteins in Drake et al.’s study.
Transcript references

BLASTP SwissProt reference

E value

1*

>gi|379118176|gb|JT015846.1|

0.0

2

>gi|379125045|gb|JT022715.1|

3*

>gi|379099717|gb|JR997386.1|

4

>gi|379084254|gb|JR981923.1|

5

>gi|379076599|gb|JR974268.1|

6

>gi|379089391|gb|JR987060.1|

Actin
sp|P12716.1|ACTC_PISOC
Tubulin alpha-1C chain
sp|P68365.1|TBA1C_CRIGR
Tubulin beta-4
sp|P30883.1|TBB4_XENLA
Tubulin alpha-1C
sp|Q9BQE3.1|TBA1C_HUMAN
Tubulin alpha
sp|P10872.1|TBA_TETPY
Tubulin alpha
sp|P41351.1|TBA_TETTH

7*

>gi|379122351|gb|JT020021.1|

0.0

8

>mf105_rep_c206

9

>gi|379098186|gb|JR995855.1|

10*

>gi|379075456|gb|JR973125.1|

11

>gi|379082904|gb|JR980573.1|

12

>gi|222798399|gb|EZ026787.1|

13

>gi|379114242|gb|JT011912.1|

14

>gi|379095792|gb|JR993461.1|

15

>kb8_rep_c51392

16

>kb8_rep_c29387

17

>gi|379104815|gb|JT002485.1|

18

>kb8_rep_c63048

19

>gi|379073448|gb|JR971117.1|

20

>kb8_c48899

21

>gi|379105500|gb|JT003170.1|

22

>gi|379096620|gb|JR994289.1|

23

>gi|379108785|gb|JT006455.1|

24

>gi|222803727|gb|EZ032115.1|

25

>gi|379104892|gb|JT002562.1|

26

>gi|222782586|gb|EZ011257.1|

27

>gi|379122454|gb|JT020124.1|

28*

>gi|379079965|gb|JR977634.1|

29

>gi|222799407|gb|EZ027795.1|

30

>kb8_c30860_frame-3

Tubulin beta-4B
sp|P68371.1|TBB4B_HUMAN
ATP synthase beta
sp|Q4FP38.1|ATPB_PELUB
ATP synthase alpha
sp|Q5R546.1|ATPA_PONAB
Myosin heavy chain
sp|P24733.1|MYS_AEQIR
Myocilin
sp|O70624.1|MYOC_MOUSE
Histone H2A
sp|P35061.2|H2A_ACRFO
Histone H2B
sp|P35067.1|H2B_ACRFO
Histone H4;
sp|P35059.2|H4_ACRFO
Heat shock protein 90
sp|O44001.1|HSP90_EIMTE
Heat shock protein 90
sp|O44001.1|HSP90_EIMTE
Heat shock protein 90
sp|O57521.2|HS90B_DANRE
Heat shock protein 70
sp|Q9S9N1.1|HSP7E_ARATH
Heat shock protein 70
sp|P63018.1|HSP7C_RAT
Heat shock protein 70
sp|P11144.2|HSP70_PLAFA
Zinc transporter ZIP14
sp|Q75N73.1|S39AE_MOUSE
Calpain-9
sp|O35920.1|CAN9_RAT
Photosystem II precursor
sp|P49472.1|PSBC_ODOSI
Voltage-dep. channel protein 2
sp|P81004.1|VDAC2_XENLA
Peroxiredoxin-1
sp|P0CB50.1|PRDX1_CHICK
Succinate Dehydrogenase
sp|Q7ZVF3.2|DHSA_DANRE
Endoplasmin
sp|Q66HD0.2|ENPL_RAT
Integrin
sp|P16144.5|ITB4_HUMAN
Transaldolase
sp|B6JNZ3.1|TAL_HELP2
No hit
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0.0
0.0
0.0
6e-85
4e-161

0.0
0.0
4e-06
7e-29
1e-26
2e-76
2e-65
0.0
0.0
0.0
3e-66
0.0
0.0
1e-75
0.0
0.0
5e-122
9e-100
2e-65
0.0
0.49
5.4
-
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Figure 4.2: SEM images from polished transversal sections of Acropora millepora skeleton. Both
surfaces (A-B) focus on two distinct pores covered with residual soft tissue that remained after
cleaning the fragments by “Simple bleaching”.

4.2 Concerning	
  Proteomes	
  Associated	
  to	
  Calcium	
  Carbonate	
  
Structures	
  in	
  Other	
  Metazoans	
  
According to the most commonly accepted view, the formation of metazoans
calcified skeletons results from the secretion of an acellular matrix that remains
occluded within the biomineral phase once precipitated [28]. During this
extracellular process, cellular contaminants can be entrapped in void structures
(such as the microcavities present all inside the aragonitic skeleton of stony corals,
Figure 4.2), and need to be removed by thorough incubation of skeleton fine
powder (< 200 µm) in concentrated sodium hypochlorite, before extraction and
further proteomic analysis of the skeletal organic matrix. This simple treatment
removes most – if not all – cellular debris, leaving intact the skeleton-associated
proteins, the true SOMPs that are part of the ‘biomineralization toolkit’.
The crucial need of a thorough cleaning of the coral skeleton, prior to any
proteomic characterization, can also be extended to other biomineral structures that
are made extracellularly, such as nacre in mollusks [213,214] and the spicules in
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sea urchin embryos [215,216]. Indeed, several discrepancies regarding the number
and nature of SOMPs identified by recent proteomic approaches have been
observed, not only in corals but also in other calcifying metazoans. When
comparing the results of high-throughput approaches - generally MS-based
proteomics combined with genomics and/or transcriptomics, applied to the skeletal
organic matrices of different metazoan species – we are faced with completely
distinct datasets that must be interpreted carefully.
Recent works have led to the identification of a few dozens of proteins
[7,54,74,88,174] that only exhibit signatures targeting to the extracellular space,
such as signal peptide, transmembrane and ECM domains, and may also include
singular primary structures like repetitive low-complexity domains (RLCDs) or
completely novel domains. In addition, to corroborate their involvement in
biomineralization, these SOMPs can also be analyzed for their expression in
skeleton-secreting tissues, either by PCR [54] or in-situ hybridization [95], or be
localized in calcifying/calcified tissues by western-blot or immunolocalization
[184].
On the other hand, other studies using similar approaches have published much
larger lists of biomineral-associated proteins (up to 200-300 proteins per model
depending on the taxa [172,175,217]). These datasets contain, besides extracellular
proteins, several proteins targeted to intracellular locations. The latter are obvious
cell constituent proteins whose presence should not be expected when biomineral
structures are adequately cleaned prior OM extraction. Hence we assert that these
proteins should be considered as contaminants and not assigned as true SOMPs
without further investigation.
To analyze this matter in more detail we made a review of the proteomic studies
published until present (2005-2013) on calcium carbonate mineralized structures
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known to be produced in an extracellular environment, and which have been
combined with transcriptome and/or genome data to deduce from dozens to
hundreds of protein sequences. The data is summarized on Table 2 for four
metazoan phyla and includes the cleaning procedure, demineralization and
extraction steps together with the corresponding tools used for protein
identification based on the MS/MS spectra. For each study the number of identified
proteins and corresponding sequences were collected to infer their subcellular
localization according to a standard protocol [218]. This latter is mainly based on
web bioinformatics tools used for targeting proteins in the cells according to their
sequence properties (see column Protein Localization, Table 4.2)
From this comparative analysis it is clear that the cleaning step may strongly
influence the number of hits, in particular, it can increase the number of
identifications corresponding to intracellular constituents and other ubiquitous
proteins. However it must be noted that there is no standard protocol to extract
skeletal organic matrices, as it should be adapted depending on the species, i.e. by
taking into account the morphology and microstructure of each biomineral. Still,
some key aspects of the proteomic approach may require special attention [75], in
particular during the cleaning step. In order to avoid protein hits of intracellular
localization it is important to use a cleaning agent such as concentrated sodium
hypochlorite in preference to acetone, sodium hydroxide or hydrogen peroxide
since it offers the compromise between being a very effective bleaching agent
without dissolving the mineral phase [162]. Equally important are the size of the
mineral fragments (preferably reduced to thin powder) and the duration of
cleaning.
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One drawback of the cleaning step is the potential to discard proteins of interest
that are weakly bound to the mineral phase but may have important functions in
biomineralization. Although, our analysis on the skeleton of Acropora millepora
indicates that mostly cytoskeletal and intracellular components are removed by
NaOCl treatment (Figure 3.3).
Furthermore, it is possible that comparative approaches with even harsher cleaning
procedures than the ones compared here, would enable to distinguish different
levels of association to the mineral phase by the biomineral-associated proteins, by
discriminating those that are slightly bound to the mineral phase, without being
trapped, from those that are embedded in the calcium carbonate nanocrystals.
In this regard we can also distinguish among the list of SOMPs [7,54,74,174],
proteins that may not be skeleton-specific and have possible roles in other
processes occurring extracellularly such as enzymes and proteins with domains of
the extracellular matrix. For instance osteopontin was detected in bone, teeth,
kidneys, epithelial lining tissues, blood plasma, egg white and eggshell. It is
therefore a ubiquitous protein that cannot be considered bone specific, although it
performs important functions in bone and eggshell formation [219]. Also clusterin
was detected in eggshell but it is present in many other tissues and is suggested to
be important in prevention of the aggregation and precipitation of eggshell matrix
components [220]. And finally calmodulin, which is a multifunctional calciumbinding protein expressed in all eukaryotic cells. In fact a member of this protein
family was identified in the prismatic layer of Pinctada margaritifera [54], which
is highly expressed in the mantle edge indicating that it might be a specific form of
calmodulin, with a role in the formation of the prismatic layer.
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Therefore these proteins, as other non skeleton-specific SOMPs, may have a direct
function in the biomineral formation such as adhesion or formation and
maintenance of the organic matrix framework.
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Table 4.2: Resume of the main MS-based proteomic approaches applied in the recent years (2005-2013) to mineralized structures of
calcium carbonate from metazoan origin. Accession numbers of identified proteins were collected from the literature and corresponding
sequence data resources. The subcellular location was predicted by means of bioinformatics tools (http://www.cbs.dtu.dk/services) according to
the protocol described in [218]. In brief, protein sequences were analyzed with TargetP, TMHMM for transmembrane domains, SignalP for the
presence of peptide signals, GPI for the presence of GPI anchors and SecretomeP for non-classical secretion. Complete protein sequences without
potential secretory and/or membrane signatures were considered intracellular without further characterization of their predicted location inside the
cell. As for protein fragments localization was predicted by gene ontology when available or considered unknown otherwise.

Cnidaria

Species

Acropora
millepora
[74]

Key cleaning steps
1. Washed fragments in
NaOCl 5% (v/v), 72h
2. Powder (<200 µm) in
NaOCl 1% (v/v), 5h

Skeleton

Demineralization

Acetic acid 10%
(v/v) overnight at
4ºC until pH 4

Organic
fractions

Extraction
procedure

ASM

- Centrifugation
- Ultrafiltration
- Dialysis

AIM

- 6X centrifugation
with milliQ water

ASM

- Centrifugation
- Ultrafiltration
- Dialysis

1. Washed fragments in
NaOCl 5% (v/v), 72h

Stylophora
pistillata
[156]

	
  

Calcified
tissue

Skeleton

1. Washed fragments in
NaOCl 3% (wt/v), 4h
2. Powder (<150 µm) NaOCl
3% (wt/v), 4 h

1 N HCl at room
temperature pH 7

AIM

- 6X centrifugation
with milliQ water

ASM
AIM

- Centrifugation
- Acetone 90%
- Centrifugations
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LC-MS/MS/
interrogation

LTQ –FT/
MASCOT

LTQ –FT/
X! Tandem

Data source

Proteins

Protein localization

36

ECM – 15
ECM/Membrane – 13
Membrane - 3
Intracellular - 0
Unknown – 5

52

ECM – 12
ECM/Membrane – 7
Membrane - 5
Intracellular - 14
Unknown – 14

36

ECM – 7
ECM/Membrane – 0
Membrane - 8
Intracellular - 7
Unknown – 14

NCBI
nucleotides
(101,380)
EST (15,389)

Draft genome
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Ehinodermata

Spicules

Strongylocentrotus
purpuratus
[169–171]

Test

Spine

Mollusca

Tooth

	
  

Pinctada
margaritifera
& Pinctada
maxima [54]

Shell:
Nacre
Prisms

Haliotis
asinina [7]

Shell:
Nacre
Prisms

Isolation of spicules followed
by centrifugation interspersed
by successive re-suspensions
in:
1. NaOCl 2.3% (v/v) for 1-2
min,
2. CaCO3-saturated water
3. Ethanol, then acetone
(100%)
1. Tests cut into 2 halves and
washed
2. 3 X 200 ml NaOCl (6–14%
active chlorine), 0.5 h

Acetic acid 50%
(v/v) for 5 h at 4ºC

1. Intact shells in NaOCl 1%
(v/v) for 24 h.
2. Separated shell layers
thoroughly rinsed with water,
crushed into ∼1-mm2
fragments and subsequently
into fine powder (>200 μm).
1. Intact shells in NaOCl 1%
(v/v) for 24 h.

- Dialysis

ASM

- Dialysis

Acetic acid 50%
(v/v) overnight at
4ºC

1. Washed in water, 0.5 h
2. 3X 200 ml NaOCl (6–14%
active chlorine), 0.5 h
1. 4 × 200 ml NaOCl (6–14%
active chlorine), 1 h, with
changes after 15 min with a 2min sonication interval after
every change
2. Reduced to powder and
washed again as in 1.

ASM

ASM

Acetic acid 50%
(v/v) overnight at
4ºC

Acetic acid 5%
(v/v) overnight at
4ºC until pH 4.2

Acetic acid 5%
(v/v) overnight at
4ºC until pH 4.2

110

ECM – 35
ECM/Membrane – 23
Membrane – 20
Intracellular - 28
Unknown – 4

LTQ-FT/
MASCOT

Predicted
annotated
protein models
(Glean3)

138

ECM – 49
ECM/ Membrane –
24
Membrane - 40
Intracellular - 21
Unknown - 4

Q-TOF/
MASCOT &
Protein-Pilot

NCBI
EST (76,790) P. margaritifera
EST +
nucleotide
(7,272) - P.
maxima

80

ECM – 51
ECM/ Membrane – 4
Membrane - 6
Intracellular - 0
Unknown – 19

Q-TOF/
MASCOT

NCBI
Nucleotides+ES
T (9.167)

14

ECM – 11
ECM/ Membrane – 0
TM - 0

Predicted
annotated
protein models
(Glean3)

LTQ-FT/
MASCOT

Predicted
annotated
protein models
(Glean3)

- Dialysis

ASM

- Dialysis

ASM

- Centrifugation
- Ultrafiltration
- Dialysis

AIM

- 6 centrifugation
with milliQ water

ASM

- Centrifugation
- Ultrafiltration
- Dialysis
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231

ECM – 72
ECM/Membrane – 40
Membrane - 51
Intracellular - 66
Unknown – 2

LTQ –FT/
MaxQuant

Section 4.2 Concerning Proteomes Associated to Calcium Carbonate Structures in Other Metazoans
2. Separated shell layers
thoroughly rinsed with water,
crushed into ∼1-mm2
fragments and subsequently
into fine powder (>200 μm).

Acetic acid 5%
(v/v) overnight at
4ºC until pH 4.2

Crassostrea
gigas [175]

Shell:
Nacre
Prisms

1. Intact shells in NaOCl, 24
h.

30 mL of acetic
acid solution 5%
until pH 4.0,
stirred overnight.

Not
specified

Lottia
gigantea
[217]

Shell:
Spherulitic
Prismatic
Crosslamellar

1. Intact shells in NaOCl (6–
14% active chlorine) for (A) 2
h at RT, (B) 2 h with
ultrasound, (C) 24 h with
ultrasound

Acetic acid 50%
(v/v) overnight at
4-6ºC

Lottia
gigantea
[174]

Shell:
Spherulitic
Prismatic
Crosslamellar

1. M+2, M+1, M and M-1
layers were crushed into
approximately 1-mm2
fragments
2. Shell fragments in NaOCl
1% (v/v), 24 h

Eggshell

1. Isolated eggshells in 5%
EDTA and then washed with
water

Otolith

1. Isolated otolith in 0,65%
sodium hypochlorite, then
sonicated and washed with
water

Chordata

Mollusca (cont.)

Haliotis
asinina [7]

	
  

Gallus gallus
[172]

Danio rerio
& Oncorhynchus mykiss
[221]

Shell:
Nacre
Prisms

Acetic acid 5%
(v/v) overnight at
4ºC until pH 4.2

ASM

Q-TOF/
MASCOT

NCBI
Nucleotides+ES
T (9.167)

-TCA 20%, 2h
- Centrifugation
- (3x) Acetone
and
centrifugation

LTQ-FT/
MASCOT

NCBI
Annotated
protein models
(26,086)

ASM
AIM

- 2X Dialysis

LTQ-FT/
MaxQuant

ASM

- Centrifugation
- Ultrafiltration
- Dialysis

Q-TOF/
MASCOT

AIM

AIM

Acetic acid 10%
(v/v)

- Centrifugation
- Ultrafiltration
- Dialysis
- 6 centrifugation
with milliQ
water

ASM

- 6X centrifugation
with milliQ water

- Centrifugation
- Dialysis

LTQ-FT/
MASCOT

14

Intracellular - 0
Unknown – 3

259

ECM – 75
ECM/ Membrane –
10
Membrane - 30
Intracellular - 135
Unknown -9

genome.jgi-psf.
org/
Annotated
protein models
(23,851)

311

ECM – 141
ECM/ Membrane –
20
TM - 31
Intracellular - 89
Unknown – 30

NCBI
Nucleotides+ES
T (252,091)
genome.jgi-psf.
org/
Annotated
protein models
(23,851)

39

ECM – 31
ECM/ Membrane – 3
Membrane - 3
Intracellular - 0
Unknown - 2

EBI
chicken IPI
protein sequence
database
(~ 25,772)

520

	
  

EDTA excess

ESM and
EISM
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- Centrifugation
- Ultrafiltration

Q-TOF/
MASCOT

NCBI, Ensembl
Fish genomes
(~ 2,106,626)

	
  

8

ECM – 226
ECM/ Membrane –
43
Membrane - 75
Intracellular - 140
Unknown - 36
ECM – 7
ECM/ Membrane –0
Membrane - 1
Intracellular - 0
Unknown - 0
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Section 5.1 Introduction

5.1 	
  Introduction	
  	
  
The scleractinian coral Acropora millepora is one of the most studied species from
the Great Barrier Reef. This coral has been used to understand evolutionary,
immune and developmental processes in cnidarians. It has also been subject of
several ecological studies in order to elucidate reef responses to environmental
changes such as ocean acidification. In these contexts, several nucleic acid
resources were made available. The latter, combined with a recent proteomic
analysis of the coral skeleton organic matrix (SOM), enabled the identification of
several skeletal matrix proteins, making A. millepora into an emerging model for
biomineralization studies.
Here we describe the structure of A. millepora skeleton, together with a functional
and biochemical characterization of its embedded SOM, focusing on the protein
and sugar moieties.
The skeletal matrix proteins show a diverse range of isoelectric points,
compositional patterns and signatures. Besides secreted proteins, there are a
considerable number of proteins with membrane attachment sites such as
transmembrane domains and GPI anchors as well as proteins with integrin binding
sites. These features show that the skeletal proteins must have strong adhesion
properties in order to function in the calcifying space. Moreover this data suggest a
strong connection between the calcifying epithelium and the skeletal tissue during
biocalcification. In terms of sugar moieties of the SOM, the enrichment in
arabinose is striking, and the monosaccharide composition exhibits the same
signature as that of mucus of acroporid corals, suggesting a shared origin of the
two secretions. Finally, we observe that the interaction of the acetic acid soluble
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SOM on the morphology of in vitro grown CaCO3 crystals is very strong when
compared with the calcifying matrices of mollusks.
In light of these results, we wish to establish Acropora millepora as a model for
biocalcification studies in scleractinians, from molecular and structural viewpoints.

5.2 Background	
  
In scleractinian corals, the formation of skeletal tissues (i.e. skeletogenesis), occurs
through a process of biomineralization where the final product – the skeleton – is
mainly composed of calcium carbonate in the form of aragonite and of a minor
occluded organic fraction (0.07 – 0.3 wt%) [152,211] – the skeletal organic matrix
(SOM). Although the complete s
et of mechanisms and pathways involved in coral calcification is yet to be clarified
[28–30,33,134], it is well-established that skeletogenesis in scleractinian occurs
externally to the living tissues but is regulated at cellular and molecular levels: at
the cellular level, by specialized mineralizing cells, the calicoblastic cells that form
a thin ectodermic epithelium covering the skeleton; at the molecular level, by the
secretion by this epithelium of the SOM together with the inorganic ionic
precursors of mineralization (calcium, bicarbonate) [38,151,222–226], in the
extracellular space comprised between the calicoblastic epithelium and the growing
skeleton, the subcalicoblastic space [33,227].
The SOM - a complex amalgamate of proteins, glycoproteins and polysaccharides is thought to play a major role in the biomineralization process at different levels,
by favoring mineral nucleation and growth, by stopping crystal growth and by
spatially organizing the elementary crystallites in well-defined microstructures
[33,227].
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Contrarily to mollusks, the degree of control exerted by corals to produce their
skeleton has long been debated. At the macroscopic level, corals indeed exhibit a
certain plasticity of their skeletal tissues, in relation to environmental parameters
[228], while, at the microstructural level, the biominerals secreted by corals
resemble more that produced abiotically [40]. It has been suggested that the
mechanism of formation of skeletons in corals is a physiochemically dominated
process [37]. This view is however challenged by the complex hierarchical
organization of skeletal crystallites observed in all scleractinians [41,46,229]. At a
first level, the skeleton is mainly composed of vertical (epitheca, septotheca, septa)
and transverse elements (basal plate, dissepiments) [163] built from the skeleton
microstructural units - aragonitic fibers that exude from centers of calcification
(COC) [230,231] in a clinogal orientation (sclerodermites) [37,42,44,232,233].
Both fibers and COC were shown to vary in position and proportion among several
coral species [41]. Moreover these structural units differ chemically and
biochemically [41–45], a finding that pleads in favor of a strong biological control
during skeletogenesis. In view of these results, new biomineralization models were
proposed [33,45–47], which diverge from earlier models of skeleton growth
[36,37,230]. Another point in case is the characterization of the skeletal matrix: old
biochemical analyses of the bulk – i.e. non-fractioned - SOM have shown that the
amino acid composition varies from species to species with the most abundant
amino acids being aspartic acid, followed by glutamic acid and glycine
[148,149,210,211,234–236]. This trend was confirmed by more recent analyses
([150–152,156]) that are in agreement with classical models that attribute to Asp
and Glu-rich proteins key-functions in calcium carbonate biomineralization
because of their ability to bind reversibly free calcium ions and to interact with a
high affinity to calcium carbonate crystal surfaces [123,177].
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Another important characteristic of the SOM is the presence of saccharidic
moieties, associated or not to the protein fraction [151,234,236–239]. The few
analyses of the monosaccharides in coral skeletons performed so far suggest that
sugar contents can vary considerably and that the monosaccharide composition
might be taxon-specific [148,149,236]. Generally speaking, saccharidic fractions
are considered, together with the acidic proteins, as key elements in the control of
biomineral growth [52], although this remains to be demonstrated for corals. In
addition, the presence of lipids has also been reported [147,150,240,241].
Until recently only two coral skeletal proteins had their primary structure fully
characterized – Galaxin [56], from the scleractinian Galaxea fascicularis, and
Scleritin [157], from the octocoral Corallium rubrum. These proteins were isolated
by electrophoresis or chromatography, and partially sequenced through mass
spectrometry or Edman degradation. Subsequently the partial protein sequences
were either used to build degenerate primers for amplification of protein-encoding
transcripts or to parse EST libraries, in order to obtain the full-length sequences.
These one-per-one protein approaches are nowadays being challenged by highthroughput techniques, such as mass spectrometry techniques in combination with
transcriptome or genome data, allowing the identification of biomineral-associated
proteins. These ‘omic’ approaches reveal not only expected proteins (acidic,
galaxins) but also a large repertoire of novel sequences [33,227]. This recent
wealth of information should be the starting point for generating more accurate
molecular models of coral skeletal biomineralization.
In the present chapter we make a structural, compositional and functional
characterization of the skeleton from the staghorn hermatypic coral Acropora
millepora together with a molecular characterization of the SOM. Acropora
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millepora is a model for coral development [242] with substantial sequence data
(genes and transcripts) available. In particular this specie has been used to study
the stages of settlement and metamorphosis upon the initiation of calcification
[144,243] and is now an emerging model for biomineralization [74].

5.3 Materials	
  and	
  Methods	
  	
  
5.3.1 	
   Sample	
  collection	
  and	
  cleaning	
  	
  
Acropora millepora colonies were collected at the Great Barrier Reef in Australia
(Pioneer Bay, Orpheus Island) in November 2010, prior to the annual spawning
event. Mother colonies that died after spawning were used to collect the skeletal
material; animal tissue, symbionts and other microorganisms were removed by
immersion in NaOCl (5%, vol/vol) for 72 h. The skeletal material was then rinsed
with milli-Q water, dried and mechanically fragmented, before being reduced in
powder in a grinding mill (Fritsch Pulverisette 14). The resulting powder was
subsequently sieved (200 µm cutoff). The powder was resuspended and bleached
again in NaOCl diluted 10 times (0.26% active chlorine) for 5 h and washed
several times with Milli-Q water until no trace of NaOCl was left. The clean
powder was dried at 37 °C. This treatment allows removing organic exogenous or
endogenous contaminants [73], while keeping intact the most tightly bound skeletal
matrix components [162].
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5.3.2

Microstructural	
  analysis	
  	
  

The skeleton was observed with a Hitachi TM-1000 tabletop scanning electron
microscope (SEM) under a fixed acceleration voltage of 15 kV, in back-scattered
electron mode, without carbon sputtering. More detailed microstructural
observations were performed with a Field Emission Scanning Electron Microscope
(FE-SEM, JSM-7600 F) under an acceleration voltage of 15 kV. To this end,
transverse and longitudinal sections were prepared and mirror polished (alumina
0.05 µm). Some were slightly etched with EDTA (1% w/vol, 3 min.), rinsed with
distilled water and dried while others were kept polished. Samples were coated
with carbon (16 nm), or alternately with gold (15-20 nm). To ensure that the
skeletal parts were homogeneous from a crystallographic viewpoint, X-ray energy
dispersive spectrometry (EDS) was performed using a OXFORD INSTRUMENTS
"INCA ENERGY 350" with XMAX 80 mm2 detector connected to a Field
Emission Scanning Electron Microscope (FE-SEM) JEOL JSM 7600F operating at
15 kV.

5.3.3

Skeletal	
  organic	
  matrix	
  extraction	
  	
  

The extraction was performed according to a published procedure [81] at 4 °C. In
brief, the dried powder put in suspension in cold water was decalcified overnight
by progressively adding cold dilute acetic acid (10% v/v, 100 µL every 5 sec.) with
an electronic burette (Titronic Universal, Schott, Mainz, Germany). The solution
was centrifuged: the organic pellet (acid-insoluble matrix, AIM) was rinsed several
times with Milli-Q water and freeze-dried. The volume of the supernatant (acid-
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soluble matrix, ASM) was reduced by ultrafiltration (Amicon cell 400 mL, 10 kDa
cutoff membrane) to about 10 mL, and this solution was dialyzed several days
against 1 L water (6 changes) at 4 °C and freeze-dried. The extraction was
performed in duplicate (2 x 30 g of skeletal powder under the same NaOCl
treatment) in order to check the reproducibility of the results.

5.3.4

Organic	
   matrix	
   characterization	
   on	
   mono-‐dimensional	
   gels	
   and	
   Ca-‐
overlay	
  test	
  	
  

The skeletal matrix – both ASM and AIM fractions - was analyzed by conventional
mono-dimensional SDS-PAGE (Bio-Rad, miniProtean III). The ASM was directly
denatured with Laemmli buffer [108] according to standard conditions while the
AIM was only partly solubilized by the Laemmli buffer, giving a LS-AIM fraction
(Laemmli-Soluble-Acid-Insoluble Matrix). Gels were stained with silver nitrate
[109]. Calcium-binding capacity of both fractions was investigated via the

45

Ca

overlay test [244]: the 1D-gel was transferred on a PVDF Immobilon-P membrane
(Millipore Corp.) with a mini-Trans Blot module (Bio-Rad) for 90 min at 120 mA.
Subsequently the membrane was incubated 3 times 20 min in an overlay buffer (60
mM KCl, 5 mM MgCl2, 10 mM imidazole-HCl, pH 6.8), then 30 min in the same
buffer containing

45

CaCl2 (40 MBq/liter, 1.4 µM). After a brief washing (50%

ethanol, 2 x 2 min), the membrane was air-dried and exposed to a film (X-Omat,
Kodak) for 1 week. The calcium-binding protein calmodulin (CaM) (catalog
number P2277; Sigma) was used as a positive control.
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5.3.5

Analysis	
  of	
  the	
  protein	
  content	
  of	
  the	
  SOM	
  by	
  proteomics	
  	
  

Preparation of the ASM and AIM for MS/MS analysis, and protein identification
are described in Chapter 3, sections 3.3.4 and 3.3.5, respectively.
Further characterization of the mature proteins was performed with the tool
ProtParam (http://web.expasy.org/protparam/) to predict theoretical molecular
weights, AA composition and isoelectric point. Putative post-translational
modifications (PTMs) and other functional sites were identified with the ELM
server

(http://elm.eu.org/),

peptide

signals

with

SignalP

(http://www.cbs.dtu.dk/services/SignalP/), transmembrane helices with TMHMM
(http://www.cbs.dtu.dk/services/TMHMM/)

and

GPI

anchor

sites

with

http://mendel.imp.ac.at/gpi/cgi-bin/gpi_pred.cgi.

5.3.6

Analysis	
  by	
  Fourier	
  Transform	
  Infrared	
  Spectrometry	
  (FTIR-‐ATR)	
  and	
  by	
  
Raman	
  spectroscopy	
  	
  

FTIR spectra were recorded on a Fourier Transform IR spectrometer Bruker Vector
22 (Karlsruhe, Germany) equipped with a Golden Gate Attenuated Total
Reflectance (ATR) device (Specac Ltd., Orpington, UK) in the 4000–500 cm-1
wavenumber range (ten scans with a spectral resolution of 2 cm-1). Analyses were
carried out on the cleaned skeletal powder, on the lyophilized samples from AIM
and ASM (< 1 mg) and on the dried samples from in vitro crystallization tests (see
below). Assignment of absorption bands was performed by comparison with
descriptions of previous spectra available in the literature.
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In addition to FTIR characterization, Raman spectroscopy was used, in particular
for checking the mineralogy of the skeletal powder and of the crystals produced in
vitro (see below). Samples were placed under the binocular of a Renishaw inVia
Raman microscope and carefully centered. Spectra were then recorded using a 633
nm He-Ne laser. The samples were scanned for 1000 ms in a scan range of 1015
cm-1.

5.3.7 	
   Sugar	
  analysis	
  	
  
The saccharidic moieties were analyzed by two complementary techniques: FTIR
(see above), and monosaccharide analysis by high performance anion exchange
with pulsed amperometric detection (HPAE-PAD). For quantifying the
monosaccharide content, lyophilized samples of ASM and AIM were hydrolyzed
in trifluoroacetic acid (TFA) (2M) at 105 °C for 4 h. Evaporation for complete
dryness of the samples (1h) was performed, before dissolving and homogenizing in
NaOH (100 µL, 20 mM). The samples were then centrifuged and the supernatant
(10 µL) injected on a CarboPac PA100 column (Dionex Corp., Sunnyvale, CA,
USA) at 5, 25 and 50 mg/L. Carbohydrate standard (Sigma, St Louis, MO, USA)
was injected at 16, 8, and 4 ppm. The same method was applied to non-hydrolyzed
samples in order to detect free monosaccharides that could have contaminated the
sample during dialysis.
Note that the hydrolytic conditions do not allow the quantification of GalNAc and
GlcNac, which are converted into GalN (galactosamine) and GlcN (glucosamine),
respectively. Moreover sialic acids are destroyed during the hydrolytic procedure
and were not quantified here.
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5.3.8

In	
  vitro	
  crystallization	
  tests	
  in	
  the	
  presence	
  of	
  ASM	
  

The interaction of the ASM with CaCO3 was tested in vitro. Several dilutions of a
concentrated solution of ASM (4 μg/μL) were prepared on a 10 mM CaCl2 solution
(pH 7) in a range of concentrations from 0.1 to 20 μg/mL. A volume of 0.2 mL
from each dilution was introduced in eight-well culture slide (BD Falcon; Becton
Dickinson, Franklin Lakes, NJ, USA). Controls were made on a 10 mM CaCl2
solution without ASM. The samples were incubated at 4 °C in a closed desiccator
containing crystals of ammonium bicarbonate. After 46 h the wells were dried,
carbon-sputtered and observed at 15 keV on a Hitachi TM-1000 Table-top
Scanning Electron Microscope (SEM). The nature of the crystals was checked by
FTIR and Raman spectroscopy (see above).
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5.4 Results	
  	
  
5.4.1

Skeletal	
  morphology	
  and	
  microstructure	
  	
  

Prior to further characterizations, the aragonitic nature of the skeleton of Acropora
millepora was confirmed by Raman and FTIR spectra (Appendix C, Figure 1) in
order to ensure the absence of recrystallization in calcite. In addition, EDS spot
analyses were performed on different points (transects, and points taken randomly,
data not shown) for checking the elemental homogeneity of the skeleton (Appendix
C, Figure 2). They confirmed that the atomic percentages of minor elements (Mg,
Na, Sr, S) did not vary significantly, demonstrating that the skeletal parts were
fresh from top to bottom and also in their diameter (see Figure 5.1 A). We
concluded that the skeletal parts used for the subsequent matrix extraction were not
submitted to early diagenetic processes.
From a morphological viewpoint, the A. millepora skeleton has cup-like corallites
with separate walls and a highly porous coenosteum. At the top, the axial corallite
shows six complete radiating septa (Figure 5.1 B). The corallites are evenly
distributed and sized along the skeletal surface (Figure 5.1 C) with complete and
incomplete septa (Figure 5.1 D). A first view of a polished and etched transverse
section (Figure 5.1 E) reveals a shingle-like microstructure with unevenly
distributed porosity. A closer look at the same surface highlights a layer of “centers
of calcification” that have been later termed as early mineralization zones, EMZ
[46] (Figure 1 F) and from which fibers diverge in trabecular orientation (Figure 1
G) [231]. These two skeletal components, i.e. EMZ and fibers, account for the
basic units of the coral skeletal microstructure.
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Closer views of polished and etched longitudinal sections show the crystalline
needle-like fibers (Figure 5.1 H and I). In Figure 5.1 H it is possible to observe
different clusters of fibers in distinct layers and directions. Each cluster diverges
from its EMZ, which in turn nucleates at random positions in the growing skeleton
causing the multiple directions of clusters of fibers observed.
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Figure 5.1: Skeleton morphology and microstructure. (A) Skeletal fragments after treatment in
NaOCl (5%, vol/vol) for 72 h prior to longitudinal and transversal cuts. Scanning electron microscopy
images from the skeleton morphology: (B) Axial corallite, (C) Radial corallites, (D) Closer view into
a radial corallite showing different septa. Polished and EDTA-etched sections from a transversal cut
(E-G) and longitudinal cut (H-I). EMZ – early mineralization zone.
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5.4.2

Skeletal	
  organic	
  matrix	
  on	
  gel	
  	
  

The extraction of the skeletal organic matrix from fine skeleton powder yielded
0.034±0.01% of ASM and 0.23±0.03% of AIM (w/w of the dry powder),
corresponding to a AIM/ASM ratio between 6 and 7. The analysis of the ASM on
mono-dimensional gel (Figure 5.2 A) stained with AgNO3 revealed a profile
comprising 3 main diffuse bands at approximately 120, 90 and 64 kDa in a smear
of polydisperse macromolecules that is more stained around high molecular
weights. Between 20 and 40 kDa, the ASM is hardly stained or tends to stain
negatively. On AgNO3-stained gel, the profile of the AIM is exclusively
constituted of polydisperse molecules. Both fractions exhibit a calcium-binding
ability, when labeled with 45Ca (Figure 5.2 B). In the ASM, the 64 kDa band shows
a strong Ca-binding signal while two other non discrete signals are detected for
high (above 170 kDa) and low (below 17 kDa) molecular weights components. In
addition, the two other discrete bands (at 120 and 90 kDa respectively) exhibit
fainter Ca-binding signals. In the AIM, only a significant signal is observed at high
molecular weights (above ~172 kDa). This signal is concentrated in a short smear
and in two distinct discrete bands, which in turn are not stained with silver nitrate.

5.4.3

Fourier	
  transform	
  IR	
  of	
  the	
  ASM	
  and	
  AIM	
  	
  

FTIR (ATR) spectra were acquired for both skeletal organic matrix fractions, ASM
and AIM (Figure 5.2 C). Characteristic absorption bands corresponding to the
protein backbone bonds [114,245] are observed at 3270 and 3374 cm-1 (amide A,
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νN-H), at 1645 and 1654 cm-1 (amide I, νC=O), at 1543 and 1560 cm-1 (amide II,
νC-N) and also at 1376-1343 and 1379-1203 cm-1 (amide III, several modes in the
region of 1400-1200 cm-1), for the ASM and AIM respectively. The weaker
absorptions at 2923 (ASM) and 2924 cm-1 (AIM) are consistent with νC-H
stretching vibrations [116]. In the ASM spectrum a distinct band appears at 1229
cm-1, which usually relates to the presence of sulfate groups (S=O), suggesting that
the polysaccharides are sulfated [52]. The bands located in the range of 1140-1000
cm-1 can be indicative of saccharidic moieties and attributed to C-C-O and C-O-C
stretching elongations [116]. Note that these absorptions are extremely intense in
the both spectra, but in particular for the ASM, being considerably higher than the
peaks corresponding to the peptide bonds.
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Figure 5.2: Molecular composition of the skeletal organic matrix from A. millepora. (A) Analysis
of electrophoresis on gel after AgNO3 staining. (B) PVDF membrane revealed by autoradiography
with 45Ca, calmodulin (CaM) was used as positive control. (C) Infrared absorption spectra of ASM
and AIM fractions with assignment of the main peaks. MM – Molecular marker, ASM – Acid soluble
matrix, AIM – Acid insoluble matrix.

	
  
	
  

128	
  

Section 5.4 Results

	
  
5.4.4

Monosaccharide	
  composition	
  of	
  the	
  ASM	
  and	
  AIM	
  	
  

The quantification of the monosaccharide fraction in the ASM and AIM confirms
the results of the FTIR spectra, i.e. that both matrices are glycosylated (Figure 5.3)
and comprise neutral, amino and acidic monosaccharides.
In the ASM, the absolute quantification of the monosaccharide content indicates
that the glycosyl moieties constitute more than half of this fraction, 52.8% (w/w).
The proportion of monosaccharides in the AIM is, by contrast, considerably less
and represents only 5.8% (w/w) of this fraction. However, for this fraction, we
cannot exclude that this percentage is underestimated. Indeed, the extraction
procedure by mild standard hydrolysis (TFA 2M, 105 °C, 4 h) left an insoluble
residue at the end of the procedure that might still contain high amount of
carbohydrates.
In both matrices, we observed that the compositional profiles (w/w %) could be
almost superimposed for each monosaccharide (Figure 5.3 B). In particular, the
most abundant monosaccharide was by far arabinose, constituting 62% and 65.3%
w/w of the total sugar moiety, in the ASM and AIM respectively.
Far behind, galactose represents the second most abundant monosaccharide (12.9%
in the ASM and 9.7% in the AIM), followed by glucosamine (7.3% in the ASM
and 7.2% in the AIM), fucose (5.1% in the ASM and 3.2% in the AIM) and
galactosamine (4.1% in the ASM and 3.3% in the AIM). The amount of these
sugars in the total weight of SOM was nine times higher (527.9 ng/µg versus 58.3
ng/µg) in the ASM than in the AIM (Figure 5.3, histogram and Table). Rhamnose,
glucose, mannose and xylose represent extremely minor sugars in both fractions.
The proportion of glucose is higher in the AIM (4.9%, against 1.2% in the ASM).
On the contrary, the ASM exhibits an appreciable proportion of glucuronic acid
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(3.9%), while this sugar is depleted in the AIM. Galacturonic acid is detected in
none of the two extracts. 	
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Figure 5.3: Quantification of neutral, aminated and acidic monosaccharides in the ASM (blue)
and in the AIM (red) of A. millepora. Samples were hydrolyzed with 2M trifluoroacetic acid at 110
ºC (4 h). (A) Total Wt. % in the skeletal organic matrix (SOM, either ASM or AIM) are indicated in
the graph (bars). (B) Concentrations (ng/µg) and relative molar percentages are shown in the table for
both matrices.

5.4.5

Characterization	
  of	
  skeletal	
  organic	
  matrix	
  proteins	
  (SOMPs)	
  	
  

By combining MS-based proteomic data obtained on the ASM and AIM with the
transcriptomic data publicly available for A. millepora, a total of 36 SOMPs were
identified (Table 5.1). These proteins enter in few groups, which have been
described previously, according to their primary structure [74]: acidic proteins,
proteins
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transmembrane domains, ‘orphan’ proteins, i.e., proteins that cannot be simply
affiliated to a specific group or function, and finally, one toxin.
The overall parameters deduced from the mature primary structure of 17 complete
proteins indicate that their theoretical pI varies between very acidic (3.92) and
basic (9.26). Indeed, 4 proteins exhibit a basic pI (superior to 8), 9 proteins are
moderately acidic (pI close or above 5) and 4 are acidic (pI close or below 4). The
latter proteins are predominantly enriched in aspartic acid residues; only one Glurich protein (B7W112), exhibits high proportion (22.3%) of glutamic acid residues.
Interestingly, the Uncharacterized skeletal organic matrix protein-6 (USOMP-6,
B8V1X3) has also glutamic acid as major component (14.4%), while exhibiting a
basic pI. This is mainly due to its high proportion of positively charged residues
(Arg + Lys + His = 18.9%), which is superior to that of the acidic ones (Asp + Glu
= 17.3%). The theoretical molecular weights vary between 20 and 140 kDa; only in
one case, a high molecular weight protein (Protocadherin-like = 486 kDa) was
detected.
As indicated in Table 5.1 (column 7), all these proteins (full-length or fragments)
exhibit putative post-translational modifications, in particular N-glycosylations and
phosphorylations on Ser, Thr and Tyr residues. In addition most of the proteins
exhibit attachment sites for glycosaminoglycans (Ser-Gly-X-Gly-), from 1 site (eg.
Galaxin and Carbonic anhydrase) up to 45 sites (PKD1-related protein), and fewer
SOMPs have also putative O-fucosylation sites. However, the reality of these
PTMs remains to be demonstrated experimentally.
Other important properties in the 36 sequences include the presence of signal
peptides, transmembrane domains, GPI anchors, short motifs – typically three to
six amino acid residues - repeated along the sequence, and at last by low
complexity regions (LCR) typified by the Asp-rich domains in aspartic acid-rich
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proteins. Furthermore, functional short motifs have been found which are
indicative of cell adhesion properties in many proteins [246,247], in particular
RGD (Arg-Gly-Asp, detected in four proteins) and NGR (Asn-Gly-Arg, detected in
three proteins). Both motifs constitute attachment sites for a large number of
integrins [248] and consequently support cell-cell and protein-cell interaction in the
extracellular matrix.
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Table 5.1: Characterization of the 36 skeletal organic matrix proteins (SOMPs). Computed
parameters: molecular weight (Mw), isoelectric point (pI), most abundant amino acid (Major aa%),
post-translational modifications (PTM) and other sequence features: signal peptide (SP),
transmembrane domain (TM), glycosylphosphatidylinositol (GPI anchor), complexity regions (LCR),
regions of biased composition, motifs and repeats.* Properties calculated based on the primary
sequence of the mature protein, i.e. without peptide signal.
Uniprot
Ac

Name
(Abbrev.)

Mw *
(KDa)

pI *

Major
*
aa (%)

B3EWY6

Skeletal acidic Asp-rich
Protein 1 (SAARP 1)

386

40.1

3.92

Asp
(20.4)

B3EWY7

Acidic skeletal organic
matrix protein (Acidic
SOMP)

359

36.1

4.13

Asp
(9.9)

B3EWY8

Skeletal acidic Asp-rich
Protein 2 (SAARP2)

390
(Fragment)

B3EWY9

Mucin-like

1594
(Fragment)

B3EWZ0
Secreted acidic protein 1
(Amil-SAP1)
B3EWZ1

	
  

Nr of aa
(Status)

42.4

4.24

Asp
(21.1)

-

-

-

168
(Fragment
NT)

-

-

-

142
(Fragment
CT)

-

-

-

B3EWZ2

Uncharacterized skeletal
organic matrix protein-8
(USOMP-8)

214

20.9

5.26

Ser
(8.9)

B3EWZ3

Coadhesin

1675
(Fragment)

-

-

-

B3EWZ4

Secreted acidic protein 2
(Amil-SAP2)

168
(Fragment)

-

-

-
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Putative PTM

Glycosaminoglycan site (2),
N-glycosylation (3),
Phosphorylation: Ser (22),
Thr (5), Tyr (3)

Glycosaminoglycan site (6),
N-glycosylation (5), OFucosylation (1),
Phosphorylation: Ser (18),
Thr (5), Tyr (2)

Glycosaminoglycan site (2),
N-glycosylation (3),
Phosphorylation: Ser (15),
Thr (6), Tyr (1)
ASX hydroxylation (3),
Glycosaminoglycan site (7),
N-glycosylation (12), OFucosylation (1),
Phosphorylation: Ser (47),
Thr (25), Tyr (9)
Glycosaminoglycan site (4)
N-glycosylation (1)
Phosphorylation: Ser (7), Thr
(4), Tyr (0)
Glycosaminoglycan site (2)
N-glycosylation (1)
Phosphorylation: Ser (4), Thr
(0), Tyr (2)
Glycosaminoglycan site (2)
N-glycosylation (3)
Peptide C-terminal amidation
(1) Glycosaminoglycan site
(5)
Phosphorylation: Ser (60),
Thr (30), Tyr (13)
Glycosaminoglycan site (6),
Phosphorylation: Ser (11),
Thr (2), Tyr (3)

Other sequence
properties
SP [1-24], GPI
anchor (S, 359)
Asp-rich [60108, 260-288]
ND repeat [67103]
SP [1-26], GPI
anchor (N, 333)
Asp-rich [61-86,
246-262, 341355]
SP [1-16], TM
[367-389]
Asp-rich [48-83,
91-124, 271-292]
DDK repeat [97107]

TM [1531-1553]

SP [1-20], GPI
anchor (G, 119)
RGD motif [119121]
TM [124-141]
G[D,7]S repeat
[139-168]
SP [1-24],
LCR [119-133]

TM [1361-1383]

SG[D,6]GD
repeat [4-33]
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Table 5.1 (cont.)

B3EWZ5

B3EWZ6

MAM and LDLreceptor
domain- containing
protein 1
MAM and LDLreceptor
domain- containing
protein 2

5145
(Fragment)

-

-

-

7311
(Fragment)

-

-

-

B3EWZ7

Threonine-rich protein

288
(Fragment)

-

-

-

B3EWZ8

Ectin

400
(Fragment)

-

-

-

B3EWZ9

Hephaestin-like

1114

122.0

5.83

Gly
(8.5)

B3EX00

Uncharacterized skeletal
organic matrix protein-1
(USOMP-1)

448
(Fragment)

-

-

-

B3EX01

CUB domain-containing
protein

409

42.8

5.05

Thr
(13.6)

B3EX02

MAM and fibronectincontaining protein

422
(Fragment)

-

-

-

B7W112

Glu-rich protein

522

58.3

3.96

Glu
(22.3)

B7W114

Cephalotoxin-like
protein

473
(Fragment)

-

-

-

B7WFQ1

Uncharacterized skeletal
organic matrix protein-2
(USOMP-2)

52.9

5.90

Cys
(10.5)

B8RJM0

Uncharacterized skeletal
organic matrix protein-3
(USOMP-3)

-

-

-

505

433
(Fragment)
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Glycosaminoglycan site (3),
N-glycosylation (1),
Phosphorylation: ?

Glycosaminoglycan site (6),
N-glycosylation (2), OFucosylation site (1),
Phosphorylation: ?
Glycosaminoglycan site (2),
N-glycosylation (10),
Phosphorylation: Ser (9), Thr
(30), Tyr (0)
Glycosaminoglycan site (4),
N-glycosylation (1),
Phosphorylation: Ser (17),
Thr (7), Tyr (5)

RGD motif [4749]
P[T,2] repeat
[1099-1110]
[P,2][T,2] repeat
[2512-2522]
P[T,2] repeat
[178-189]
[P,2][T,2] repeat
[2261-2271]
SP [1-21], Thrrich [151-262]
TEAP[T,2]
repeat [168-261]

SP [1-21]

Peptide C-terminal amidation
(3), Glycosaminoglycan site
(5), N-glycosylation (2),
Phosphorylation: Ser (28),
Thr (17), Tyr (14)

SP [1-26], TM
[1090-1112],
GPI anchor (A,
1090)

Glycosaminoglycan site (5),
N-glycosylation (8),
Phosphorylation: Ser (19),
Thr (6), Tyr (0)

LCR [101-120,
318-344, 428448]

Glycosaminoglycan site (3),
N-glycosylation (6),
Phosphorylation: Ser (17),
Thr (17), Tyr (5)

SP [1-18]
LCR
[91-104, 150229, 349-359,
392-409]

Peptide C-terminal amidation
(1), Glycosaminoglycan site
(3), N-glycosylation (6),
Phosphorylation: Ser (18),
Thr (4), Tyr (5)

Glycosaminoglycan site (1),
Phosphorylation: Ser (35),
Thr (5), Tyr (10)

Glycosaminoglycan site (5),
N-glycosylation (1),
Phosphorylation: Ser (16),
Thr (3), Tyr (8)
Peptide C-terminal amidation
(1), Glycosaminoglycan site
(7), N-glycosylation (7),
Phosphorylation: Ser (12),
Thr (6), Tyr (3)
Glycosaminoglycan site (6),
N-glycosylation (2),
Phosphorylation: Ser (22),
Thr (8), Tyr (5)

SP [1-16]
Glu-rich [107134, 152-201,
227-262]
DEAE repeat
[358-425]

SP [1-21]

SP [1-19]

SP [1-28], TM
[275-297]
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B8UU51

	
  

Galaxin 2

B8UU59

Polycystic kidney
disease 1-related
skeletal organic
matrix protein
(PKD1-related
protein)

G8HTB6

275

26.8

8.18

Cys
(11.8)

Glycosaminoglycan site (2),
N-glycosylation (2),
Phosphorylation: Ser (4), Thr
(2), Tyr (3)

Peptide C-terminal amidation
(2), Glycosaminoglycan site
(45), N-glycosylation (46),
O-Fucosylation site (2),
Phosphorylation: Ser (130),
Thr (37), Tyr (31)

SP [1-20]
5 di-Cys repeats
SP [1-21], TM
[1684-1706,
1896-1913,
1933-1955,
2103-2125,
2140-2162,
2250-2272,
2457-2479,
2491-2513,
2545-2564,
2585-2607,
2651-2673]
RGD motif
[2852-2854]

3029
(Fragment)

-

-

-

Zona pellucida
domain-containing
protein

414

43.8

4.92

Ser (10.3)

Glycosaminoglycan site (3),
Phosphorylation: Ser (18),
Thr (7), Tyr (7)

SP [1-17], TM
[366-388]
LCR [39-64]

B8UU74

Uncharacterized
skeletal organic
matrix protein-4
(USOMP-4)

204
(Fragment)

-

-

-

Phosphorylation: Ser (3), Thr
(3), Tyr (1)

LCR [17-34]

D9IQ16

Galaxin

338

32.7

5.15

Cys
(12.7)

Glycosaminoglycan site (1),
N-glycosylation (1),
Phosphorylation: Ser (7), Thr
(1), Tyr (3)

SP [1-23]
9 di-Cys repeats

B8UU78

EGF and laminin
G domaincontaining protein

1124

123.8

6.38

Gly (8.5)
Ser (8.5)

B8V7P3

Putative carbonic
anhydrase

148
(Fragment)

-

-

-

B8V7Q1

Protocadherin-like

4467

486.1

4.98

Val (9.7)

B8V7R6

Collagen alpha-1
chain

888
(Fragment)

-

-

-
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ASX hydroxylation (1),
Glycosaminoglycan site (16),
N-glycosylation (3),
Phosphorylation: Ser (42),
Thr (14), Tyr (17)

TM [1056-1078]
LCR [423-434,
1110-1121]

Glycosaminoglycan site (1),
Phosphorylation: Ser (2), Thr
(2), Tyr (0)

Peptide C-terminal amidation
(1), Glycosaminoglycan site
(27), Phosphorylation: ?

Peptide C-terminal amidation
(3), Glycosaminoglycan sites
(17), N-glycosylation (3),
Phosphorylation: Ser (36),
Thr (9), Tyr (7)

SP [1-22], TM
[4257-4279]
NGR motif
[1515-1517,
3798-3800]
[S,2][G,2]SVGV
[S[G,2],2]ASV[
G,2]SI[G,2]ASG
repeat [40924136]
ILV[I,2]GA
repeat [42634276]
LCR [98-114,
225-279, 302331, 422-441,
459-489]
G[P,2] repeat
[609-621]
NGR motif [413415, 452-454]
RGD [221-223]
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Table 5.1 (cont.)

B8V7S0

B7T7N1

B8VIV4

CUB and
peptidase domaincontaining protein
1
MAM and
fibronectin
containing protein
2
CUB and
peptidase domaincontaining protein
2

435
(Fragment)

-

-

-

N-glycosylation(2),
Phosphorylation: Ser (11),
Thr (11), Tyr (6)

112
(Fragment)

-

-

-

Glycosaminoglycan site (4),
N-glycosylations (3),
Phosphorylation: Ser (3), Thr
(1), Tyr (1)

389
(Fragment)

-

-

-

B8VIU6

Uncharacterized
skeletal organic
matrix protein-5
(USOMP-5)

256

25.2

8.92

Ser (11.9)

B8VIW9

Neuroglian-like

1280

140.4

5.65

Ser (8.0)

B8VIX3

Uncharacterized
skeletal organic
matrix protein-6
(USOMP6)

436

48.1

9.04

Glu
(14.4)

B8WI85

Uncharacterized
skeletal organic
matrix protein-7
(USOMP7)

422

44.3

9.26

Val (9.0)

LCR [384-405]

Phosphorylation: Ser (4), Thr
(3), Tyr (5)
Glycosaminoglycan site (3),
N-glycosylations (6),
Phosphorylation: Ser (10),
Thr (6), Tyr (1)
Peptide C-terminal amidation
(2), Glycosaminoglycan site
(2), Phosphorylation: Ser
(58), Thr (29), Tyr (17)
Peptide C-terminal amidation
(1), N-glycosylations (4),
Phosphorylation: Ser (19),
Thr (9), Tyr (1)
Glycosaminoglycan site (7),
N-glycosylation (1),
Phosphorylation: Ser (11),
Thr (1), Tyr (10)

SP [1-21]

SP [1-19], TM
[4257-4279]
NGR motif
[1196-1198]

SP [1-20]
LCR [316-326,
414-427]

SP [1-23]

	
  
5.4.6

In	
  vitro	
  interaction	
  of	
  the	
  acid	
  soluble	
  matrix	
  with	
  CaCO3	
  	
  

Increasing concentrations of ASM were used in interaction with growing CaCO3
crystals in order to measure to which extent the skeletal organic matrix is able to
interfere on the morphologies of the produced crystals, in 46-hours incubation
experiments (Figure 5.4). The negative control – crystals grown in the absence of
ASM – is shown on Figure 5.4 A. It reveals the typical rhombohedral calcite,
accompanied with few vaterite crystals that exhibit the hexagonal symmetry. The
compositional mixture of these two CaCO3 polymorphs was confirmed by the
FTIR absorption spectra (Figure 5.4 G), where it was possible to identify the
characteristic calcite peaks (c1 -1793, c3 - 868, c4 - 712 cm-1) as well as peaks
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corresponding to vaterite (v2 - 1092, v3 - 868, v4 - 776, v5 - 685 cm-1) [249,250].
Calcite peaks showed higher intensity since this polymorph was more abundant
than vaterite in the control.
The effect of adding low concentrations of ASM was immediately evident in the
polymorphs shape. In the same growing conditions as the control, the addition of
skeletal organic matrix at 0.1 μg.ml-1 produced several crystals with multiple faces
instead of regular ones (Figure 5.4 B) whereas the addition of ASM at 1 μg.ml-1
(Figure 5.4 C) affected all the crystals observed, which developed multilayered
faces and rounder edges. Similarly to the control, the FTIR spectra obtained for the
crystals grown with 0.1 and 1 μg.ml-1 of ASM showed that the polymorph mixture
obtained was composed of calcite (peaks c1 - 1793, 1793; c3 - 870, 868; c4 - 712,
712 cm-1) and vaterite (peaks v2 - 1092, 1091; v4 - 779, 779; v5 - 685, 685)
(Figure 5.4 G). At ASM concentrations of 5 μg.ml-1 (Figure 5.4 D) not only crystals
with multilayered faces and round edges appeared but also completely roundshaped crystals were observed, i.e. without any defined faces. When increasing the
ASM content to 10 μg.ml-1, the round crystals were larger and exhibited complete
smooth surfaces (Figure 5.4 E). Some crystals with multilayered faces were still
present but in much less number than for 5 μg.ml-1. In the infrared spectrum some
of the characteristic calcite (c1, c4) and vaterite (v4) absorbance peaks were less
intense. At 20 μg.ml-1 the samples were characterized by the sole presence of round
and smooth crystals (Figure 5.4 F) and the complete reduction of characteristic
calcite (c1, c4) and vaterite (v4) absorbance peaks. Only peaks corresponding to c2
and v1 (1385, 1395 cm-1), v2 (1088, 1085 cm-1), c3 and v3 (870, 871 cm-1) were
significant at 10 and 20 μg.ml-1. The preservation of these peaks as well as the
emergence of two other ones (* - 1259, 742 cm-1) may be biased due to the higher
concentrations of ASM (Figure 5.4 G, 20 μg.ml-1).
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Vaterite
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Figure 5.4: SEM images of CaCO3 crystals grown in vitro with the addition of different
concentrations of ASM: (A) 0 μg.ml-1, (B) 0.1 μg.ml-1, (C) 1 μg.ml-1, (E) 5 μg.ml-1, (E) 10 μg.ml-1
and (F) 20 μg.ml-1. (G) Corresponding FTIR(ATR) absorbance spectra on the whole precipitated for
the following ASM concentrations: 0, 0.1, 1, 10 and 20 μg.ml-1.

In order to double-check to which polymorph the in vitro synthesized minerals
belong, control experiments were performed, by using Raman spectroscopy.
Spectra were acquired directly on several isolated crystals, and few results were
selected for Figure 5.5. Spectra from crystals of Figure 5.5 A, B, C, E are typically
that of calcite with three peaks at 281, 711 and 1086 cm-1, while those shown in
Figure 5.5 D and F are characteristic of vaterite, in particular the peak at 301 cm-1
and the double peak at 1075-1090 cm-1. Therefore, the polymorphs formed
remained calcite and vaterite throughout the experiment, regardless of the
concentration of ASM used.
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Figure 5.5: Raman spectra obtained from different crystals grown in vitro with the addition of
different concentrations of ASM: (A) 0 μg.ml-1, (B) 0.1 μg.ml-1, (C) 1 μg.ml-1, (E) 5 μg.ml-1, (E) 20
μg.ml-1 and (F) 20 μg.ml-1. The visible bands clearly distinguish calcite and vaterite.

	
  

5.5 Discussion	
  	
  
The skeleton of the hermatypic scleractinian coral Acropora millepora is fully
aragonitic. At the microstructural level the skeleton reveals compacted early
mineralization zones randomly disposed that concur with its higher calcification
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rates in their natural habitat [136]. The A. millepora skeleton contains an embedded
organic matrix, which is here extracted and biochemically characterized for the
first time. Similarly to other matrices associated with calcified skeletons, the matrix
of A. millepora comprises two fractions, according to their solubility in a
decalcifying solution of dilute acetic acid. The acid soluble matrix is a minor
fraction that represents about 1/6 of the insoluble one. In total, the SOM accounts
for 0.26% of the skeleton weight. This value can be compared with those recently
obtained from different scleractinians [152,153] that vary between 0.1-0.3% (w/w),
and in particular with Acropora digitifera, for which the SOM concentration is
about 0.2% of the skeleton weight. The influence of the ASM in the in vitro
crystallization of calcium carbonate was tested in similar manner as the one used
with other calcifying matrices in bulk [82,152,160,251]. The A. millepora ASM
has a strong effect on the shape of the crystals when compared with other species.
For high concentrations of organic (10, 20 µg/mL) the morphologies of the
produced crystals are drastically changed (completely round edges) but the nature
of the polymorphs remains calcite and vaterite throughout the experiment.
On gel, the ASM and the Laemmli-soluble fraction of the AIM are mainly
polydisperse with only few discrete bands observed for the ASM, while Ca-binding
experiments reveal few more bands that are not stained with silver nitrate. The
SDS-PAGE pattern obtained with A. millepora resemble those obtained with the
scleractinians Stylophora pistillata [151] and A. digitifera [153]. Polydispersity, the
visualization of only a few discrete bands and the difficulty to stain gels with silver
nitrate (‘negative staining’) are three common features encountered within skeletal
matrices associated to calcium carbonate biominerals, and the skeletal matrix of A.
millepora does not escape this rule. We assume that these drawbacks may be
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explained by the combination of few factors, among others, polyanionicity,
glycosylation [20] and early degradation of the skeletal proteins.
One of the most striking findings on the biochemistry of A. millepora skeletal
matrix concerns its sugar moieties. The remarkably high sugar content of the ASM
is indeed confirmed by two techniques: FTIR and monosaccharide analysis after
mild hydrolysis. In the first case, the FTIR spectra show that the amplitude of the
sugar peaks is higher than that of proteins for the ASM and the AIM. In the second
case, the analysis indicates that monosaccharides represent 52% (w/w) of the ASM.
In that respect, this fraction exhibits a rather unusual biochemical signature: most
of the data published so far on matrices associated to calcium carbonate
biominerals in metazoans show that the sugar moieties, although essential from a
functional viewpoint [78] are quantitatively minor in comparison to the protein
moiety [78,83,252]. High amounts of monosaccharides may also be the reason why
this matrix stains poorly with silver nitrate and why it appears smeary. In
comparison with the ASM, the sugar content of the AIM is ten times reduced (in
%). However, its compositional pattern follows the same trend as the ASM; in
particular, both matrices are extremely rich in arabinose, by far the most dominant
monosaccharide that represents about two thirds of the total monosaccharides in
each of these fractions. To our knowledge, this signature is unique, since arabinose
tends to be a minor monosaccharide in most of the calcium carbonate-associated
matrices analyzed so far in mollusks [78,111,251]. These data are consistent –
although more precise - with analyses previously published on the sugar contents
of Acropora spp. from French Polynesia (ARA - 60.0%) and Acropora danae
(ARA - 59.99%) [148,149,236]. This strongly suggests that a high content of
arabinose in the ASM is a biochemical trait of the genus Acropora. Even the
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scleractinian Montipora, the second richest in arabinose after Acropora, exhibits
‘only’ a percentage of this sugar slightly above 30% [39].
Moreover, it is interesting to notice that a high level of arabinose has also been
detected in the liquid mucus released by Acropora millepora (63.2% mol of the
total content in monosaccharides versus 65.8 and 68.8% mol in the ASM and AIM,
respectively) [253]. By comparing the monosaccharide composition of the mucus
and the SOM, the similarity observed between these two secretory products is
remarkable. Since the skeleton was thoroughly cleaned prior to any biochemical
analysis, we assert that the extracted ASM and AIM constitute the accurate SOM
and its contamination by the mucus as a reason for the resemblance between the
two monosaccharidic moieties may be excluded. This calls back to an old finding
showing that mucus and skeletal matrix from mollusks and corals may be after all
not so different from each other from a biochemical viewpoint [254]. At last, a
brief overview in the literature indicates that arabinose-rich glycoproteins and
polysaccharides are mainly found in plant cell walls, in particular in potatoe-lectins
[255] and pectins [256,257]. Data indicate that arabinose-rich pectins might play a
role in intercellular attachment [256] and in the protection of cell walls of certain
plants from desiccation [258]. However, in the present case, it is difficult to infer
these functions without any further experimental characterization.
Another feature related to the saccharidic composition of the A. millepora skeletal
matrix concerns the presence of chitin. In old studies, chitin – an insoluble polymer
of N-acetyl-glucosamine and one of the key-macromolecules in metazoans, in
particular arthropods and fungi - has been found to be an important constituent of
the organic matrix of the scleractinian coral Pocillopora damicornis [237]. In our
hands, glucosamine is a minor monosaccharide component of both ASM and AIM
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(7.3 and 7.2%, respectively) of A. millepora but it should not be excluded that a
part of the glucosamine identified here may result from the conversion of the
unstable N-acetyl-glucosamine residues during hydrolysis, and may consequently
indicate the presence of chitin, in particular in the AIM. However, this will need to
be tested further by crossing different methods.
The proteomics investigations on the SOM of A. millepora indicate that the
proteins are extremely diversified in terms of their primary structures, ranging from
acidic to basic proteins. This finding challenges the classical molecular model of
the skeletal matrix based almost exclusively on acidic proteins of the Asp-rich type
[211]. We agree that Asp-rich proteins are essential components of the skeletal
matrix and believe that, from a quantitative viewpoint, they are dominant in the
mixture of the skeletal matrix [74]. Previous amino-acid analyses on the bulk
matrix of Acropora sp. have shown indeed that it is polyanionic and enriched in
aspartic acid residues. Thus, the overall composition of the matrix may be
dominated by SAARP 1 (20.4% Asp), SAARP 2 (21.1% Asp) and Acidic SOMP
(9.9% Asp) that exhibit pIs of 3.92, 4.13 and 4.24, respectively. However, these
proteins are not solely in the matrix, the mucin-like proteins, coadhesin and MAM
and LDL-receptors, all having ECM signatures in their structure, appear to be wellrepresented in the SOM based on their emPAI values [74]. In addition there are
two other Asp-rich proteins, SAP1 and SAP2, and two proteins rich in glutamic
acid: the Glu-rich protein (22.3%) and the USOMP6 (14.4%), though the Glu-rich
protein has a very low pI (3.96) in contrast with USOMP6 (9.06).
In the recent proteomic study on the Acropora skeleton [74], there is evidence that
some skeletal matrix proteins are initially membrane proteins, the extracellular part
of which would be enzymatically cleaved and integrated in the matrix during the
calcification process. This mechanism suggests the existence of a ‘physical’
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molecular link at the interface between the calcifying epithelium and the end
product, the skeleton itself. Our assertion is supported not only by the presence of
the transmembrane domains included in the SOMP primary structures but also by
the fact that all the MS/MS matching peptides are located in the predicted
extracellular parts of the identified proteins. Moreover, the sequences of the SOM
proteins with transmembrane domains contain cleavage sites on their extracellular
side [59] that may be cleaved by peptidases, which have been firmly identified as
macromolecular components of the SOMPs. All these elements taken together
strongly suggest that the extracellular domains of TM-containing proteins are
cleaved then occluded in the growing mineral phase during skeletogenesis.
In the present study, additional elements contribute to reassert this hypothesis. First
of all, three of the acidic SOMPs (SAARP1, Acidic SOMP 1, SAP1), as well as the
Hephaestin-like protein, contain predicted GPI-anchoring sites that enable these
proteins to be anchored to the cell membrane facing the extracellular side [259].
Here too, these proteins are attached to the membrane before being subsequently
released in the extracellular calcifying space.
Secondly, four SOMPs possess integrin-binding sites (3 residues-motifs) of the
RGD type - Amil-Sap1, MAM and LDL-receptor domain-containing protein 1,
collagen alpha-1 and PKD-1 related protein, while Collagen alpha-1 chain,
Protocadherin-like and Neuroglian-like proteins exhibit the ones of the NGR type
[248]. Integrins are cell surface receptors that form a recognition system for cell
migration, cell to extracellular matrix adhesion, and cell-to-cell adhesion
[246,248], when linked to proteins containing attachment sites such as RGD and
NGR. Based on the presence of these integrin binding-sites, we can assume that the
physical link between some of the skeletal matrix proteins and the cells of the
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calicoblastic epithelium is maintained in a certain way during the biomineralization
process. That means that some SOMPs may be active in the subcalicoblastic space
while remaining attached to the calicoblastic cells, until their release and
subsequent occlusion in the growing skeleton. However, the exact mechanisms of
adhesion and their effects on the biocalcification process would need to be tested
more accurately.
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The research described in this thesis is focused on biominerals of calcium
carbonate, in particular the organic matrix embedded in the mineral phase of
mollusk shells and corals skeletons, which directly controls the biocalcification
process in these organisms. In particular, the organic matrix proteins are considered
as key components of the biological control over mineralization. Since the first
report by Miyamoto and co-workers of a protein (Nacrein) from the mollusk shell
of the pearl oyster in 1996 [53], many proteins in shells and other structures were
identified by a one-per-one approach using classical molecular biology and
biochemistry techniques. Until recently, the existing information was manageable
and consisting of some proteins with very specific signatures: secretion signals,
acidic domains, carbonic anhydrases, low complexity regions, and not much else.
With the entrance in the post-‘omic’ era, the fields of genomics, proteomics and
transcriptomics also reached the biomineralization field and have allowed the
scientific community to discover a much wider range of proteins taking part in the
control of biocalcification mechanisms. These large newly identified protein
datasets, are often difficult to interpret in light of the current models of
calcification. The main goal of this dissertation is to give a contribution in this
context. Apart from identifying several new proteins by means of high-throughput
technologies, we present a careful analysis of the results and further interpretation
from functional and evolutionary perspectives.
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In Chapter 2 we made use of a previous proteomic experiment on the nacre of the
freshwater mussel Unio pictorum to discover a novel shell protein. Upsalin is a 12
kDa protein that has a complete new primary structure without similarities with
any previous protein found in shells or other mineralized structures. Moreover, the
purified Upsalin did not interfere with the morphology of calcite crystals in vitro,
in spite of being present in the nacre and prismatic layers. These findings call the
attention to two main aspects of organic matrix proteins. Firstly, the existence of
many

new

proteins,

“orphan

proteins”,

retrieved

from

high-throughput

technologies and needing to be characterized by new methods. Secondly, the fact
that not all the proteins of the organic matrix are there to interact directly with the
mineral phase but rather to interact with the other macromolecules in the
extrapallial space.
In Chapter 3 we gave a significant contribution to the study of coral calcification
by identifying thirty-six skeletal organic matrix proteins from the staghorn coral
Acropora millepora - a species from the Great Barrier Reef. Unlike mollusks that
have seen their lists of calcifying proteins growing significantly in the post-‘omic’
era, the discovery of organic matrix proteins in corals is still in its infancy. This
work is one of the first combining proteomics with nucleic acid datasets to identify
the “biomineralization toolkit” in corals. It is the first to give attention to a careful
cleaning of the skeleton samples, retrieving exclusively extracellular regions of
proteins. Among the 36 skeletal proteins we identified not only acidic molecules
but also proteins from the extracellular matrix, enzymes, galaxins, orphan proteins
and one toxin. This confirms what has already been shown for mollusks, in that the
organic matrix proteome consists of an amalgamate of proteins with diverse
functions. Substantial evidence is given to support the hypothesis that the proteins
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may act in the extracellular calcifying medium either by being secreted or by
remaining attached to the cell membrane. In the latter case, their extracellular
region would actively participate in the biomineralization process, being
subsequently cleaved by proteases and occluded within the newly formed skeleton.
This proposed mechanism is new to coral calcification and it challenges the
concept of an organic matrix formed only by secreted proteins and the hypothesis
that biomineralization is occurs far from the cells.
Finally, we compared the Acropora skeletal proteome with three cnidarian
genomes (Nematostella vectensis, Hydra magnipapillata, Acropora digitifera) and
other skeletal proteomes by making use of several bioinformatic tools for sequence
comparison. The results suggest a complex scenario for the evolution of
skeletogenesis in scleractinian corals: we give evidences that the skeletal organic
matrix proteins evolved multiple times within Cnidaria, by mechanisms of cooption and more broadly within metazoan, by domain shuffling. Evolutionary
aspects of coral calcification have been poorly addressed mainly due to the lack of
molecular markers. In this chapter we contributed with a set of proteins that can be
used for further functional, evolutionary and environmental studies on coral
calcification.
In Chapter 4 we dealt with the reliability of proteomic approaches applied to coral
skeletons and other mineralized structures in metazoans. This is a very delicate
issue that needed to be addressed sooner or later. Several high-throughput
approaches applied to mineralized tissues in the recent years have retrieved a large
number of unexpected proteins that, in light of the current knowledge on
biomineralization mechanisms, should be considered as contaminants but are not
treated as such. Thus our contribution in this context is to alert scientists studying
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biomineralization, in particular the proteins, about the need of a careful cleaning of
biomineral samples.
In Chapter 5 we went back to the model Acropora millepora to characterize the
morphology and microstructure of its skeleton and to provide an overall
biochemical and functional characterization of the organic matrix. This study
complements the proteomic approach described in Chapter 3 and strengthens the
specie Acropora millepora as a new emergent model to study biomineralization.
Moreover we provide more evidences that part of the organic matrix proteins
remain attached to the calicoblastic cell membranes, we show that the organic
matrix of this coral has several specific features relative to other biomineral
matrices and we observe that it has a strong interaction with calcite crystals in
vitro.
To summarize, this thesis describes the characterization of 37 proteins involved in
CaCO3-biomineralization and sheds light on the mechanisms by which they govern
biomineral formation. In addition, we provide new molecular markers for
calcification studies. We show that there is a great variety of proteins composing
the organic matrix having a strong acidic character, enzymatic domains, and
adhesion or even putative antibacterial properties. On the other hand there are also
novel proteins, for which the primary sequence or even further experimental
characterization, like in the case of Upsalin, are not sufficient to affiliate them to a
specific role in biomineralization. In order to elucidate their functions, a promising
approach is to develop different gene silencing strategies applied to calcifying
organisms. This can be indeed a very good tool to understand the functions of
biomineralization proteins at organismal level. Such methods have been used by
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Suzuki and collaborators to elucidate the role of Pif in the formation of ordered
nacre tablets [125] whereas in a more recent article Wilt et al. show that inhibiting
the gene of the spicule matrix protein SM30 - an abundant protein found occluded
and surrounding sea urchin spicules - has no effect on larval spicule formation
[260]. Therefore, simply preventing the expression of a certain gene may also not
give definite answers on the function of novel biomineralization proteins.
Promising technologies such as genome editing in which targeted gene(s) can be
inserted, replaced or removed from the chromosomes are being applied in models
such as human cells [261,262] or zebrafish [263,264], and can provide in the near
future a powerful tool to explore the role of many proteins in other animals
[265,266].
Beyond the unknown putative role of orphan proteins, other questions raise up
from this dissertation. A central question is “how important and specific are each
one of the organic matrix proteins for biocalcification”. Indeed some of the
proteins occluded in biominerals may be important but having redundant functions,
i.e. easily replaceable by other organic matrix proteins. On the other hand we have
identified proteins that are ubiquitously present in other tissues of the organisms
and are therefore not biomineral-specific. Even though, an essential function in the
biomineralization process should not be dismissed.
Another question emerging from Chapter 4 is “in which extent are the proteins of
the organic matrix bound to the mineral phase”. In fact, it is possible that more
proteins could be removed with even harsher cleaning procedures than the ones
carried out throughout the thesis. This hypothesis should be verified in the future
by comparing multiple cleaning methods on the same biomineral (either by
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extending the exposure of the cleaning agent or reducing the grain size of the
mineral powder), followed by a proteomic analysis.
Finally, a central question that prevails is “how these proteins interact with each
other in the calcifying organic matrix and with the biomineral itself”. Indeed, the
ongoing discovery of new proteins provides the basis to speculate about their
interactions based on their sequences. However, this is not sufficient to uncover all
possible scenarios of protein-protein and protein-mineral interactions. One would
have to use either experimental or numerical methods to determine their 3D
structures, and thus take advantage of these data to develop molecular dynamics or
particle based simulations to fully predict those organic-mineral interactions.
Our aim in the near future is to be able to answer these and many other questions.
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Examples of the MS/MS spectra assigned to the protein SAARP 1 with the LTQvelos system and the corresponding de novo sequencing of the peptide sequences.
1.
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Table 1: List of 36 candidate biomineralization proteins identified in the skeletal organic matrix extracted from the skeleton powder of Acropora
millepora. Resume of the MASCOT hits. For sequences longer than 2000 residues only the MS/MS observed peptides are given.
Short name

SAARP 1

Acidic SOMP

SAARP 2

Mucin-like

	
  

Uniprot
Acc Nr

B3EWY6

B3EWY7

B3EWY8

B3EWY9

Protein sequence (* = Stop codon, MS/MS observed peptides)
>Skeletal acidic Asp-rich protein 1; JT001945
MAFVSCFHLRLLFLCLALFMAAECRPDELNKKVDSDETISDDDVSARVQPNGGKIMIVRD
NDYDASDDNDNDNDDDDNNDNDNDNDDDNDVDRDNDNDDDDFDDSNDDMLSFELDSIEEK
DSDGNDVGSTEGHSVESFEDRPFSLSSVDRNSNALGVAAINVNLSTKLEDSNADVDIMLY
LFREDGTISFGNETFDVQAGTVKFNIKISNWDFCDGSAQDCSEAKAGEYLDVNIKFKSKD
TPIEVTDEERKSQNKPAVCKDKDTPDTDSDPDDSSDNANDGDDDDDDDCPHIYNMGGDSE
MLLNRGVMNGDTYTAMPFGFPKVEIEDGEKKIKFRVPKFDDNVNIDPSVTPGRVPKNASP
SPALCLKIHILFIALLQAVTLFINSW*
>Acidic skeletal organic matrix protein; JR972076
MLAPRLAFVLLLSSYFGSILITSVESSDEVDMEKKTVKMRGSNTSVLVEGDGGKISTLYF
EEDDDDDDDEDNEESENEVEDFDDENALSFQVESLQEVDESGKPVKASKSSEIQHSVSSV
GSLAFTVSALQNSTTYQNLSAKTVTLQAQLPNMATLELMVVLFLEDGTIKFGNETFKVLS
GTMKFNINVTGWQYCDGATVSCLSDSNQPAAVGDNLDLALTVKSEAEDPEEVDDAKRAET
GKDPICVDPDDPNEEDDDCPVVYDMGGNSEMVLNKGVLVNNMDYVAMPQGFPNLEKTGMM
QKKLTFRLPKTPGSVIIDPSVNIGVPPKKQSGNSGTSIKASSLCFFTLTLLLSVLIAHF*
>Skeletal acidic Asp-rich protein 2; JR991407
HCLPLESIALFLVCLADEERKDDDNTKTIRGKNVSAKIFGRSGKIMIVRVDDDEDDTKDT
VDRVSDKKDNVDDRRDNDDREESIDKKDTVDKKNPIDDKDDKDDKDDVDNDNDKDDDFRD
DDEDLLSFELDELKEVDADGDEVDDKHSVDSFDDVEFQLSHVRTASRFKGLAVISVNLST
HLQNNKANVGIMVYLFLEPGSVTFGNETFNVKAGTVKFNIEVNNWDFCEGSSPACSSRKE
GKFLDLTMKIKSKDSPTEVEDDDRKKAVCNDKDDDNDDDDVDDDDDDDDDDDCPIIYSMG
GDSEMLLNRGVMLDDDEYTAMPVGFPKLEIEDETRKFVFRIPKFSKRALVDPSVTPGERT
PKLAISAGTWLQLNFLVTVLVQIAVMFVFH*
>Mucin-like; JR987773
DTTAGPDTTSAPQPTTPTGLCGFIRRQPLPEDNLNALNFTLSNFTVERWCAREPEFKQFL
AQSVSDRCFGNGSCGVESGIPEVFIFPGFPVVNSPLLVRFYVRLQVNSSVSVVLERTVLT
SILDRVLENLTAEFGVQFSVDGGFTEWSPFGPCSTSCGPGIQVRFRNCTNPPPINNGSDC
VGPRNETRPCNNGSCPIDGNFTQWEIWSGCSVTCGKGVQRRFRSCTKPPPSNGGQDCIGD
RLETRECLKPPCPVDGNFTEWGAWSKCSQTCENGTQVRFRSCTNPPPAFGGRDCMGPTNE
TRACNDGPCPGRLYPHGLLANDNLLPNRDAFSNFCGRINLFNQEIPFFIRRHRRVYICRN
GMLKFRRSAIIRYPQRFPGPRNEDFLFRFRNSYIIAPYWLTISDDAFEQPINTSKVFYRI
YSKFSRRDRDVLDRANHDVRRFQTSVPQFEAQWVLVVTWLQLYPPTFPGVRLSNSFQVVL
ITDGQHTFSLFNYPENGIQWSTPTGRLFPNLYPPGSGLPVAGYNAGDRNLPFFNLPNSGT
VNIQNIDQMMGNTNLTGVWFFRLEMNSILSLAGKKCNEWSRQRTSRISPTLPPCPCLFGQ

159	
  

%
Cov.

emPAI

Total
Mascot
Score

4.12 - ASM

3854

4.12 - AIM

5306

1.08 - ASM

1104

1.52 - AIM

1148

1.75 - ASM

595

0.66 - AIM

515

0.39 - ASM

517

0.65 - AIM

1091

Cleavage
sites for
chymotryps
in*
-

57

-

41.2

11

30.8

76
10.6
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Amil-SAP1

Amil-SAP1

B3EWZ0

USOMP-8

B3EWZ2

Coadhesin

	
  

B3EWZ1

B3EWZ3

ATLDKRYFVDYNQTVSKRGNGTICAYSLPSGSRRWVQQCCYTDLPSGGKVLSSSPPESGG
PYLIALPGSPVISDADGHEFCCSSSQCSLYYRLRPPRSCFGYTLRRRGLIFGDPHFTTLD
NTTYTFNGLGEYTIVAIDDEAFEMQARTARTSGRGLGTAFSAAVAKERGTATVEARINQK
AGDLEVLIAGKPFNISTITTTGTNIPDGNITLVRDSNGSITALFPSNIAFTFTDVEGTLA
IAFEAPDDFKNRTKGLLGTWNDDPSDDFVTPDGTLVPADAAPRRIHYEFGLKWQINASQS
LFTYSDLESPSTFVDLSYIPMFIDNITWVNDSFRYEAVKACGNNTQCLFDAAVTEDTSYG
INTKKLEDNNNEINKELANFPPKILGPKVINATIGQAIEVKITAEHNSSDFFVFTVNNLP
DVIILANTSRYLLIRWTPTSLQKVEPVFIVTDSHNSSSELRPLILLCPCANGSRCIDDEE
VSNQRNKGFSFLLLSCTCPAGLTGQYCQHKIDACVENNQPCFPGVKCTDVSSSSNGTRYQ
CDPCPKGYSGNGSICEDIDECSDANVSKCDHSCINLPGSYVCDCNQGFSLEGDGTSCKDI
NECLISNDCMQNCTNLPGGRTCSCLDGFQIDPKDQTACVPISRCDTFKVGCQQVCVMDRG
QPKCACHKGYSLNADGRTCDDINECTTHRHKCSQICHNLDGSYTCSCQPGFNLSPDQTTC
EDIDECGLINEAHCEGSLEICINTMGSFRCECQDGFHRVNDTCQESLPSTNGPTGTTGIV
ASSVSIALTIKDADLHEWQARLSRMFMDAVAKVVVDYCKGNANGNCYGNAVIAKRYTRSI
SGTSLVARVHILNDFPETRDANLLVAFYVMLSTNQGEVYVMNKDSLLRALQESQTELSWA
IKKEISEIRALKVDDESPTPYETREDGLEMIWLLVGVSVAVAVPLMIVIVILYREYRRIA
KQRRKTNNFDLRQWSGARERTIYSGFTNSKSARL
>Secreted acidic protein 1; JT018094
MARDLLLVVFFACLLQSFWGLPLPLKNENAIVDGDGTSVVTTKEDASTIFERDPNPANQV
SAMVTGVILDENGDPGESDESVENVDNDGEGGDKDDDKNGEDNDLDNKEHEEEKGDDDRG
DDEEEDDAEGDNDSNDNEGDDDDDDDSGDDDDVDESGADEDDDDDSGD
>Secreted acidic protein 1; JT006291
SDDESGDDENGDDKDGDDDDKEEDGEDVSEEDEKADVGDDGDDDDNETGGNSDTNDDVDY
GDGNDEAREIGDHSIQDIRDLILDAIHNKDGGEMDADNPLQNLPYGPDKLKELYLRSGGS
HFKGQLLNITLGLGFCILFLLL*
>USOMP-8; JT014391
MVTPHGILLLTITAAASLLWITFAEITIPNDAKSFENFLKEHGPGKPGPLGYFNSIYMAF
TREEAENFPNLVSVHTRMKRIKTQNSTIPDKYVILGIQAPNDTQEQNSTRNKRDSESYTA
TTQSGTCSTTIGGLQRLCEVCPARTDLGPDITPRFINEVLCDVPGLDCGVGQVGGKCRSA
SVFQDFLRFSSSDSNLEVYSQEIRVCCECALALS*
>Coadhesin; JT016638
QGNYYSYGGTTPGTPIGCTNLITLSNVKFFASSSSDGPDIPVLNSTDYWCSEFNWKNQSL
TVDLGFVTFFDRLLVQGEPFTSRSVSEYFVLTSIDGINYTYILGTNGQSMKFVGPLFNGD
QTRDTNLTAPVQARYVQFNPQEPMIAEDDSICMRVGVESCQLVPAAVNGAWSHWSPYGPC
THACLGTAKRTRTCADPAPVFGGSPCEGVNEEEKICNDCVGTVNGGWSPWGLWSRCSTTC
NPGQRSRQRTCTNPSPKNGGTDCSGPSTQSEPCQVQFCPVDGGWSAWSGLSRCTRACGGG
RQYQSRTCSNPFPGHGGRDCVGVRSLSFTCNTQCCPVHGGWSPWGSFSSCTRTCGGGQKS
RTRVCNSPAPSCNGITCPGGNQDIQPCNQQTCPTSPSTSFPINGNYSNWGQWTACSVTCG
QGTRERTRLCDNPAPAQGGSQCQGPSSELVGCTEIPCPVNGNWSSWGDWSNCSSGCGPGK
SYRYRDCDNPAPANNGLNCTGPDQESKDCNSTACPVDGGWSAWSSTPCSATCGQGTLKRT
RECNNPKPQYGGASCFGNETEQEVACNKGPCPTSPPTISPPTTGSPADSNIPELDLVFAV
SATSSNRLATYNSMRDTINRFITTYGSNKVHYSIIVYGKAVQRVISFNHTFPPSVGELQE
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0.71 - ASM

341

0.60 - AIM

343

0.43 - ASM

95

0.23 - ASM

333

0.36 - AIM

674

0.18 - ASM

271

0.37 - AIM

733

59.2

16.7

47.7

5

-

-

19.4
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Amil-SAP2

B3EWZ4

MAM and LDLreceptor
domaincontaining
protein 1

	
  

MAM and LDLreceptor
domaincontaining
protein 2

B3EWZ6

Thr-rich

B3EWZ7

AISRHAPISGPTVLKNALQETQTIFQEIPSRPNAKKVLVVFTDSNSPSDGNLVQAVRPLE
NNKILVVSVGVGDVNRTELLTISPNPLDVLSVQPTAGPGALSKRIMDRILRRDIPLIDIG
FALSATSSDFQDIFVKMKNVIRTIVERYGVERVKFSLIVYGQNVTTVLGDFNRNLTQADL
VNYVNNLQRVPQNKNLDSALLEAESLFRQRARPNSKKVFVVLTDGVSTLSNANSLLINTA
ELRKSDVLILSVGFGSQTNQVGNQMNSVVFAPRDYIAVPNYPAERDVVIAETIMFKALEV
NLPLIDLTFALSSSSILSQETFKLMKETVQSLVHTYGIDRIHYGVIVFGSVATRSFDFAT
NFPDQNELIRKVSQLTRSGGSPDLVAALKEARKVFQLKEVRPYARKVLVVMIDDESSANK
NDLNEEVRALRNRSVLVIGVGIGTQTLPKDLGIITDDKRNTLKAGINKNRDELAREIISI
ILRPSGLSKWSSWSACSKTCRYLGKAGTQIRTRDCKIPELGCDGMRIDTVECNKMDCEGC
GQRGPLNESAYTASSNSESPAFLAALNTSDPTAWCLINNENGGYVQLDLGELTRVYKVAT
KGEQQGDRWVTSYYLTLSEDGETFFDYKAAQRLSGNTDSTSVAFNVVNTTRPYRYVRFHP
VNFKGEPCMQAAVFGCNEEKILPPPETIADQADAAKGILIVLWILAGILTFLLLMACCYY
CCWHVCCGRGKKRKGLVYRERSIEDDGYLINDEKRWTLGSAPMTPVPRVREDEIQEVTIE
MKEDNEQPLGVIQFGIETDETKEKHVTAEDVKSEKPKYSEEASSGTIKSGSTMMRMKAND
GSDRRKRTKSEGDAIDAVDGDLDWSYLSDEQGTAFTNEAFVKSQEQFLEPPGSASFRGNK
VDMRRSLSADELATLDYDLFEDRQGPLHTATLGRDGYMRMHKANQGSLPPSDGGREMGTV
DVAIGGIRVPNSPKDDPIYDTAGQEIHLAVEQAGRSVYPLEDGGYRGEEWYSRWG*
>Secreted acidic protein 2; JR983041
WSXSGDDDDDDGDSGDDDDDDGDDDSDDDNDADDDSGAEDDNDDDSGDENEDDTDDSGDD
VKMIKPTTVMTGWMMTIADESSDDDNERDDTSDDSVGDDAYNDDSQAGELNSDSTYYDQL
RSQGDVQSQQGFKNLQSYSNGFKVSSGLVATVVSTLACLFLTNLH*
>MAM and LDL-receptor domain-containing protein 1; JR994474
K.VGLTYTR.L, K.VVFEGIR.G, R.AEIALMSR.V
R.LGQVAVSSR.A, R.GDIAIDDLK.L
R.SDDNFDWR.L,
R.SVGSLNVYIK.K, K.YQVVFEGIR.G, K.VYQVVFEGVR.G
R.VPFQVIIESVR.G, R.SYTGDIAIDDVK.I, R.APFQFVFQGIR.G
R.IESVTIPATQQK.C, R.TPFTIEFEALR.G, R.FTSQQFSPVSVR.G
K.AQLLSPSYPSTSGK.C, R.SGSQFQVVFEGIR.G, R.SANVYQVIFEGVR.G
R.LMSEDFNPTTSSGR.C, K.IMSGSCPAPGDCSFEK.G
K.VPVSNLNAYQIVFEGVR.G, R.QSGGSPSIGTGPTSDHTTGSLR.G,
R.QSGATSSSGTGPTFDHTLGTAR.G, R.FAQVNLLSNQPFYVIFEGVR.G
>MAM and LDL-receptor domain-containing protein 2; JT011118
K.VGLTYTR.L, K.VVFEGIR.G, R.VPIVSGNR.Y, R.LGQVAVSSR.A,
R.GDIAIDDLK.L, R.SVGSLNVYIK.K, K.YQVVFEGIR.G, K.VYQVVFEGVR.G
R.QFSVVFEAIR.G, K.FVDCALPPVAR.S, R.YYQIILEGVR.G,
R.VPFQVIIESVR.G, R.VPFQVIIESVR.G, R.SYTGDIAIDDVK.I,
R.APFQFVFQGIR.G, R.IESVTIPATQQK.C, R.TPFTIEFEALR.G
R.SNAFQIIFLGIR.G, K.AQLLSPSYPSTSGK.C, R.SGSQFQVVFEGIR.G
R.SANVYQVIFEGVR.G, R.LMSEDFNPTTSSGR.C, K.IMSGSCPAPGDCSFEK.G
R.QSGGSPSIGTGPTSDHTTGSLR.G, R.QSGATSSSGTGPTFDHTLGTAR.G
R.FAQVNLLSNQPFYVIFEGVR.G
>Threonine-rich protein; JT013896
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57

0.59 - ASM

245

0.08 - AIM

88

0.07 - ASM

198

0.13 - AIM

331

28.5

6

0.04 - ASM

17

0.18 - ASM

-

182
-

3.7
0.02 - AIM

-

285

131
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protein

Ectin

Hephaestinlike

USOMP-1

	
  

B3EWZ8

B3EWZ9

B3EX00

MKAFLLSLATLLACIVLTESAPHSADVREEAFDALVRSYLQAVQRDSHMENLTCAECQGV
TERNCTLGERQVQCNPGEVCTTLEAFNLDTGTTTVTRGCFNITGLNCGDNPGCGALNTTG
NIQSCDQFCCNTSLCNAGTLTTVTPQTTDGNTTTEAPTSTEPPTNASTEAPTSTEPPTNA
STEAPTSTEPPTNASTEAPTTTEAPTTTEAPTTTEAPTTTETPTTTETPTTTAAPTTTET
PTTTAAPTTTPAPTTTPAPTTPFFCNATLAGLSGTFTSPNFQLITQTG
>Ectin; JR978035
MMQASFSICILSFYLLSFCHGAPLPAFLRSVLSGNGMKEESRVLKRSAPVMQDEIPVCAQ
NQTDRYSSSSRLCRLVKDLGFCDFDDLYQTVLQSCPIGCGFCRVEDGNWSVWGAWSPCSA
TCGDGQRSRSRSCTNPPPSGGGADCLGVSQEIEDCNRRSCEGIGGWSNWGQWSACSESCN
IGIQARTRTCTNPPPTIPEGACEGFSFETQICSTSGCNVSASVSTAAATTSPVSSTAQTQ
IGPTVVSLTAKQQACLDAHNAKRAIHGSPPLEWDFTLAMNADEWANELAVTRQLEHDPNI
MNEGENLFKSAGALECVDAVERWFLEGKDYDYEDDNKLDDDTSNFTQLVWRNTTRVGVAT
VVEVVSEGSVETYIVARYTPPGNIEGKFEENVIKPSAEAL
>Hephaestin-like; JT019463
MMDRSNAAFVLTACFIFSQLICHVAAITRTYYIAAVEKEWDYAPSGYNKIKGVKLEDDSD
ATVFATKGAHRIGRIYDKVLYREYEDASFTKEKPHPKYLGFLGPILKGEIGDTIVVHFKN
NGSRVYSMHPHGVFYSKDSEGALYEDNTKGKFKKDDKVPPGGTHTYSWHLTQSHAPADQE
DKCITWIYHSHVVPSKDINTGLLGIMLICRKGALNQGQQSGVDKEFVALFTVLDENESWL
LSKNIERCSDPTRVNPDDEDFKESNKMHAINGYFYGNLPGLDMCYGDSVKWHLAGIGNEV
DIHTAYFHGQSFTIDGHRKDVASLLPATFVTASMKALNPGKWMLNCLVNDHYNAGMYTLF
NVTKCPGKVGVAPSVSGGKKRTYFIAANEVEWNYGPTGVNGMDGQSLIAPGSDSAVFFAQ
NAQRIGGTYLKAIYEQYTDARFSTKVPKPEHLGFLGPVIRAEVNDIIEVVFKNNARFNFS
IQPHGVFFNKSNEGALYEDGTSRAQKADDNVQPGQTFTYRWTVPEEVGPTKSDAACITWV
YHSSVDPVKDTYSGLFGPLLTCKKGTLNNDNTRKDTDKEFVLLFTVTDESESWYHEKNKE
MKANAILINDDDEDYKESNKMHGINGFLYANLPGLEMCLGDTISWHVIGLGNEVDMHTAY
FYGNTFTHQGSVKDTVSLLPGVFGTLTMTPDNAGDWALVCRTNDHYSAGMQAKYKVNTCN
RNPELKTSGKTRDYYIAAFEMEWDYAPTGLDALDGKKLDQSEEAKVFTVTSDKRIGRKYV
KAVYREFTNDQFNQQKLRTPAEEHLGILGPMLHAEVGDTIKVVFKNNANRNYSVHPHGLY
YSKAHEGSDYNDGTSGADKLDNAIQPGKTYTYIWKVPERAGPGKDGPACATWAYYSDVNP
IKDTNSGLIGPLIICKKGKLKEGTEERSDVDREFVLMFTVLDENESWYLDENIKKYCKNP
GDKETLKADDDFMESNKMHGINGFVFGNLKGLKMYQDEKVDWLLLGIGNEVDMHTVHFHG
QSFLRKQVSYHREDVYDLFPGVFATVEMVPDSTGDWLLHCHVNDHMVAGMETLYSVLDKS
LKTTPKPITAASSFVTSSIFIYLSFPVLAMLLKA*
>Uncharacterized skeletal organic matrix protein-1; JT021412
KSNGMVSEGHAYFSQQLNFETPIRTENGTEISMIKMTVKSRVLLXGTVALIYPSPESIDF
QGLFVKLFLSKPSPPVLSLNETTDAGQFSLNDTNEDPFAPLSRSRRAVSNSXNANASLVS
EILERIGPVCLFFDRQFQLYSLNVNSVNLTLSASVSVQIDGPHTSRIDVSLVLSVGQNLT
SVVIQKFVRMVSLQELSDVNLNFPPIFRFLRGSTSFLESNTDVRGRLVVLARFRLSLPLQ
NNSVDPPRLNLKIEPYAVIVVRRLIVAMSVBXIQQXVXARXVVXXSGPKVTLSFNDDQLC
VTVSDRVIGPDVPVTFFRRLRVCRRIPRVGRLWVRTRRGWRLRRIFTFSRRCFWVIISGF
RGRLSPTVTQEGFVRVCNITKAANPSILLPTPTSQIAQSISTAQMVSSTSASIFATPVLA
LQSSSLRISPASTAPTSATVSSPVASIS
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0.18 - AIM
111

0.09 - ASM

113

14.2
0.14 - AIM

0.11 - ASM

98

101

15.2
1.08 - AIM

0.11 - ASM

-

75
180

96
-

8.9
0.17 - AIM

111
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CUB domaincontaining
protein

B3EX01

MAM and
fibronectincontaining
protein

B3EX02

MAM and
fibronectin
containing
protein 2

	
  

B7T7N1

Glu-rich
protein

B7W112

Protein
similar to
cephalotoxin

B7W114

USOMP-2

B7WFQ1

>CUB domain-containing protein; JR989025
MFLFSLTVLSALVLITESIPSVATDFPFFEITKKFDDIETYNNDYGILKFQEQEPMENLT
CASCEAPSERECTLNQTAVVCDQDPNIACLTFEAFNNFTMTTTFRRGCFLSGILCENACR
SFNASQDGNLTSCVQDCCNSSLCNAGSLPTEVTTEASTTAQETTATSTTTKQSTGASTTA
EPSTTAAPSTTTKQTTVASTTATTTKPTTAPQTRATTLPTTAPTTAPAPIACGGVLRGRG
TFTSPGFPGNYPNNVRCEWRVFLPRRQAIVFRIVSLDLADPGDSLEFFDSGRVIRTFRGL
SRRKRSPSHRQTTNEKVLGEGEDGYYDDQEYVDYYYYDGRRKREPYFYQRRKKRRQQDRI
VIQGRNQVAGAIFQSDAAGNAAGFSTQFVQGAADSESEASASSESSDED*
>MAM and fibronectin-containing protein; JT013217
KFYYHMYGATINRLNVFNGNCTVFTKLGHQGNMWMYAEVTVFVQNNITFEGIRGYSYTGD
IAIDDVSLMEGICAGCKENLTDSFGHLHITYSAKFSPDCTWTIRNSSISEPVAIISIEEV
QFAYCRGYIKVFDGSGAQIFTRRGCNENHTSNTFLEITFQESQNVTIQVSLENNQSYARF
GYGILEGGLESALLLPGWNASLENKTSTSLQLRWMDISSWLRDGLRFFVVTAKSSYSNLT
VKGLFSSNTTFAEISGLDPYMAYDVSVVAVDGDGSQFKSTVLQARTDEWVPSRAPSVFVT
SVTSTSVTVQWNPLPQQYHNGRLLGYRVFIRKTANSPFPLDESNVAVYNTSWVTLNNLKP
GQPYEVNVSAFTSKGDGPRSTHYIVTTAVCGKRPTHSTLNCRRHSSTHQRLALASNATDA
RW
>MAM and fibronectin-containing protein (isoform); JT016410
FSPDCTWTIRNSGISQPVAIVSIEEVQFGYCRGYIKVFDGSGAQIFTREGCHENHSSNAF
LEIAFQESQNVTIQVSLQNNQSYARVGYGILEDDLESASLLPAWNVAIENKT
>Glutamic acid-rich protein; JR983175.1
MKVFVYLLVTFSLTNASPLRNRFNEDHDEFSKDDMARESFDTEEMYNAFLNRRDSSESQL
EDHLLSHAKPLYDDFFPKDTSPDDDEDSYWLESRNDDGYDLAKRKRGYDDEEAYDDFDEV
DDRADDEGARDVDESDFEEDDKLPAEEESKNDMDEETFEDEPEEDKEEAREEFAEDERAD
EREDDDADFDFNDEEDEDEVDNKAESDIFTPEDFAGVSDEAMDNFRDDNEEEYADESDDE
AEEDSEETADDFEDDPEDESDETFRDEVEDESEENYQDDTEEGSEIKQNDETEEQPEKKF
DADKEHEDAPEPLKEKLSDESKARAEDESDKSEDAAKEIKEPEDAVEDFEDGAKVSEDEA
ELLDDEAELSDDEAELSKDEAEQSSDEAEKSEDKAEKSEDEAELSEDEAKQSEDEAEKAE
DAAGKESNDEGKKREDEAVKSKGIARDESEFAKAKKSNLALKRDENRPLAKGLRESAAHL
RDFPSEKKSKDAAQGNIENELDYFKRNAFADSKDAEPYEFDK*
>Protein similar to cephalotoxin; JR986059
RWLGWQKFCWISCLFSSISSGLDPGEQAKVTTALDTAQFAINAINEEYIAQAKAIEEALK
VSTQARSADLLRRQTELAKFGSKVGKALKAVQAASAIASFVFTFFMPSELDVITSLINER
FNEVNAKLDRIDEKLDEMEKSIKADTAFNVFLSAWIKWEYKVRNGAKKLSDIRKAMGTKT
QRIDQVKLAEEYVKYYETNNLDGNVLSLYRMAALPESITQRNIFDRFIAQFGCDITKLSE
LMILVQNIMTSAGQQKLTYYYFKGDQSRANSSFKDIQMYFFKIRQGFDDRVWHCRRNSLD
YAKRDANKILKNMRGSSRESIVRAIFNELKVKYPWYTWAVAAVKSDRPRIRGLELRGSTY
FRLEDRSDAKKVKGYFVVYEDTRSSASCSDITQAKTLLVFKKCDGCNSDYIYAADNILSK
KRCGESTLERLVDFKQQCPVCHRWPYSITCYCANRVKQDSQNMGLYCISSQHH
>Uncharacterized skeletal organic matrix protein-2; JR982706
MILFTAIILVASVVHVVVSSPQQCYYCVEDDCETMSLWINQTCATSQRSLGTSHCGTAAV
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USOMP-3

Galaxin 2

PKD1-related
protein

Zona
pellucida
domaincontaining
protein

	
  

B8RJM0

B8UU51

B8UU59

G8HTB6

USOMP-4

B8UU74

Galaxin

D9IQ16

RYHEGYLGGVPLETTVKGCFDCTDKSAACFALAGLLKSSLGWVVQQCDINCCNDTNCNTN
VTILSQNATNVLRRDAFGTTSCYECEESDNYTCILKQQSQTCRTSRAALGITHCSSAKVK
TRNVLTGTVDVSFIRGCISCEDKKSACALLAGSFKFRKHATMLECDIECCNGSYCNDGAA
SLSKCFHCMEDDGLSCSARQQRQICSLDPESLGTTHCGSAVGRKRNQNGAIQNYFYRGCF
DCSKKKEACFTLGGYWKGDVNAPGATTLLECELQCCDPNVINGSYCNVETPILKPAAITV
FTPTVTGPAQCNVCLEKDETSCSENQQTQVCGIDPYSLGTTHCGSAVGRYRQSNGDMVYG
FYRGCINCADKMAACAAVGGFRKNVQKWTQLQCEIECCTEDNCNTHTPRLVEVEQPNSAP
RGEIHQLFRCTFVAVFIVFACFIVC*
>Uncharacterized skeletal organic matrix protein-3; JR997000
MKICGLEKFRVFLSLISMVSLLCNGVNGFTIVRSMAVNGESVPDRFSNPSCRPSDCALKR
ASTTNGCSTTRDCCSCQCSKTRATYLTSPFNRCTTSEYIDEDCSSFFVLPDDSPPPVADI
TKPGHINFFSETRCHKGLRTRSWSHSVDATSWTTGKPNGFSVELVEGSSSSWKWRLSWQN
GMDAKFSGLIIKLEFSCQNTRSGCFLMKSKGNYTIPNSEQWPSIIPTDVSFNLTGENANP
TANSGTSARSNRNEQNKMEEPARNQAELEPKKTGVVVAGVTVSLAAGFVLALATLLLMKK
KQTSLAVNAKARPNSYLGYEEPVDSAGRPEQTATESPSFDNEFYTTDCVLSLSGNNVGGK
VTRMGPLPPLPGEESIYAEPMIKRSVAYQGLAEKNKQQDAGTACNVQPQPECKVIEKTSN
ENSHDKGTDEDKG
>Galaxin 2; JR976690
MTRFTSIGLCAVLLFNVCSCATLQKDTIASMLKKGNSPRVTRQRRQLPSPCGSLQPGQLC
CDSYKYNPVTHLCCNDNPAVKPASPTAIPGCCDQSAYDRNTHLCCDATLSPHPPATTLPA
CCGPVVYDSSVNSTQLCCAGAVLNKPVGVPRALCCGTATYNPATQVCCMGFPVPKAGGPN
ATSLCCGPFSYDISTQMCCNGNIALKSATHTHCCGMFSFNPATHLCCNGYPYPKLGFISP
SCCGSLVYDTLTMRCCDGSHVVLITPNQDPCANLA*
>Polycystic kidney disease 1-related protein; JR991141
K.VASQVLYNVIK.N, R.SSTAFQILYVR.E, K.GGQTYLATFDVR.D
K.SGLASGSGDGTGNEIK.Y
>Zona pellucida domain-containing protein; JN631095
MFLYSFVFLMLLGLSSAQTESATSPDEVETEPTMSTDQPETSPSMSTETEPTTETPPVTT
PPPPDSLSVICTNEKMEVFLDHAKHDNLDLDKVTLKDANCKASGTLNATHLWMDVPFDSC
MTNHSTDGDTITYQNSLVAETRASAGSSLISREFQAEFPFKCTYPRSAVLSVVAFSPRER
IVYTKTAEFGNFTFTMDMYKTDKYETPYDSFPVRLDLDDPMFLEVKVSSNDSKLVLIPLK
CWATPSSDLQDDKYYTFIENGCGKADDPSLVFNYGESNVQRFKIGAFRFIGESLNSNVYL
HCDVEACRKGDSDSRCAKGCETSRRRRRSSLASSAGTEQTVTLGPMKISEKAEVGAQEAV
SSLTIFAAVAGVLGVIVLFLAVALVMLYKRYRSPQSATRVVYTKTANEEGKLLV*
>Uncharacterized skeletal organic matrix protein-4; JT004498
SYGHGAATRAKQLLVQAAQPPPAARKHPAAAMIPTGPVTAPKGRHTVEAEAQALPQQAKM
QATVAAGPLSTGGVLLRLIKTMIDTKMTKEFNEIIFIISRCQLTRNCRMNSVDAIKLILP
SIRGKLFGFLKARIPMXXXHGVMLDDDEYTAMPVGFPKLEIEDETRKFVFRIPKFSKRAL
VDPSVTPGERTPKLGNKCWNMAAA*
>Galaxin; HM163215
MKPSGAFLSLCVVLLSLATHCFSFPSDSLRRDAHSDTNALKSRDRRQAPAPQLSCGGVLY
NPAAEMCCHGNVEPRVGASPMCCESSSYDPSTQMCCEGTVSNKPPGIAMCCGSEAYDANS
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EGF and
laminin G
domaincontaining
protein

B8UU78

Carbonic
anhydrase

B8V7P3

Protocadheri
n-like

B8V7Q1

Collagen

B8V7R6

QICCNGNINTKATGPTAQPGCCGEFSYDAASQLCCDSHPVLMVGSLPSCCGRNGYDANTS
LCCGDNNVAFVSGPQAACCGDMGYNRNTHLCCDSNVLPMPAMGACCGSWTYSQQTHLCCE
GVQLYKGMNTGCCGAVGYNQVNSLCCEGTVVPKSPSKPVCCGTTSYNPLTELCCDGIAFF
KTGFIRPTCCGGAIYDATVARCCDGVPTYNVASCAGLA*
>EGF and laminin G domain-containing protein; JR980881
RTFVKKYSASRQFTGEGYLEYRTTSGNIIDSDKDELRVEFSTVQPSGLLFYARNSGGPFA
DYVALELVGGRLRFSIRYGRSSHSTENLHETLLGKNLNDAKSHSVEILHDKDVTTIYLDK
TSDQEKAEHSFKTKYTKLDIDVAMYVGGAFDFKALLSVKSNALFMGCIFQAEFKKILPGP
EKVIDFLKDDKVTTYPRTMNQKCVAQTYEPFTFSSDDSSFVCSVGGLSSANSLSGSFVFR
TYKPSGVLLKQVDGGNGFELSYMEMDVQLKVIIRNSETLLNINYQNELTKINKGNWHYVT
FNISQTSFELSVGSKRETRTPAVTLPSNFFKDGLTAGGFVGCMNELIINKQKCQPNAGSR
IKNVEWSGCNITDFCIFSPCLHGGECTQTGKTFSCGCSGTGYDKGPNSLSVCQFSESEST
CESLKKNNPSLSLSDRSYALDFDDSGPIRTYKAFCNFSADPPTTRVESRDFKIKLTPSKQ
PISQRISYEPSLDAAKALARRSEWCYQFVDFGCKKAKLHTGSNNEKLGFWVSSNGVYQSY
WGGAKQGSRSCACGETNPNSCIDSSKKCNCDAGLDKWHNDEGYLNSTTLLPVVEVMFKGV
TSGTEANFTVGHLYCAGEISNTATFVNEDGFIKLEKWSPPSNGVISLFFKTPYEKGVLLY
NGMPEKDFFQVEIINETSVGLSYNIGNGVRKIELSLGDKQVNDRSWHHVMIYHNMKVFGF
RLDNQEGKHENPLFLKRELNLNNELYVAGYPYDVSKGFVGCIRGLDVNGEVQDLSKLAGE
AVFVKSGCGAACENNSCKNHAKCLDNYNVYFCDCSKTPYYGYFCHEENGASFKDPGSQLV
YEYPSASDVFRFDIVVGFKLGEGKPCIGDIIRLGSSDKSQFYRLSLTNRKLQFDFKGPRG
QGSITIDPPSVGDFCRDVHTFALSRRYKVVNYTIDGVKKPKEEIERLDGLFTSMKKVTIG
KEGDGGFKGCITGVKVTREAVGQKPETVEPIKEYLYDDKNTDLVTSKHVSRATCGPEPKV
PEIPTPRPVGQRADVSTPQGITTNPKLQAEDDDKTAIIVVVVLILVLLLVVLILVIYWYW
ARHKGEYHTHEDDEELKATDPYIEPAAPRKLKGEEPEKKKEWYI
>Carbonic anhydrase; JR998014
CLKRLQPGEMSLQLLLSGCRLRLEQETGVLGRFADLTRKIIQPDSDETVRFSDGIFIRGL
IPQRCNTRFSRLAILNCYYTYKGSLTTPICSENVTWLIVKPRLPATNNMMRKFRRLETPA
GKNPPLMCDNFRPVQPLNGRTVFEVHRI*
>Protocadherin-like; JT011093
R.FEGIAANGR.V, K.AELEALSLK.I, K.FAVDIDSGR.F, R.TVYTFEVR.E,
R.AETGVIVTAR.V, K.FSADSYVTK.V, R.ITFMEAQPK.N, R.EDITINTQVK.L
R.LLSYCILDVK.V, R.QSQYDLIVEAR.D, R.DTFVTVIHATDR.D,
R.GTAVSYSIASAAVGK.F, R.VIATDPDTGAAAAIK.Y, R.ISGLVTTVETMEK.E
R.AYDGANSATTGITVK.I, K.IDNLLCIAAYGVR.G, K.NAPYSVTVPENLGK.I
R.VSDGNDQAPVFNPR.E, R.FFPGGTLSIIFPQK.A, K.NIAIEDFSPPGSPVIR.V
R.MKILKIPQLNVTDDK.Y
>Collagen, type I, alpha 1, JR991083
APGPDGLTGTKGSMGEPGTDGEPGSPGPQGAKGETGLAGRRGLTGIPGKQGRQGERGEPG
TAGSQGQQGQPGTQGPPGLPGKQGETGEPGESGEDGTPGPRGERGAQGERGATGMMGPSG
DPGEAGIPGADGKAGERGVPGAPGPVGTPGLPGMPGQQGPMGPIGAKGSKGDVGPTGERG
YDGKDGEPGRDGSPGPIGQPGIPGEKGEDGVPGSDGTPGSRGDSGPRGLPGNPGPPGRPG
ALGPSGPPGPQGPRGPRGEPGMKGPAGPPGRPGATGALGQLGKTGLKGEPGNQGRRGPPG
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CUB and
Ser protease
domaincontaining
protein 1

B8V7S0

CUB and
Ser protease
domaincontaining
protein 2

B8VIV4

USOMP-5

B8VIU6

Neuroglianlike

B8VIW9

LQGDPGKPGQSGPPGPPGPSGPSGRDGSDGQKGSSGEPGRPGKDGIPGQPGSNGKDGEPG
TPGSDGRAGEIGPSGPIGPKGERGTPGATGPMGNSGPPGVQGSKGEKGPPGTNGRNGSPG
ISGSRGAQGPPGAPGSSGQNGVDGGTGENGTNGRPGLKGESGAPGDPGASGSAGPAGPPG
PKGDTGPPGIQGEKGRRGADGIPGKTGEPGPQGDQGPKGQKGEVGPVGEKGDKGWTGTPG
DPGPQGDRGEPGPPGRDGVDGPPGPRGAPGEMGAVGDPGLNGSMGEPGNKGPDGDLGESG
AKGPDGIKGPPGPPGPPGPPGQPGMSEIASYLSVGNLEKGPGFRLYSSSGEEMPKQKIKA
ENVLKDLDEKDKEMDSLIAPDGSRKFPAKTCYDLFLDHGNFESGEYWIDPNGGTVKDAIK
VYCDKKKNSSCVYPTNPKISDLVLKSGFESKEDKWLSKAFKKSEEVEYDAHYTQINFLRT
LSNYANQNVTYACRNSKAWEDGQHSIKLMGSNDMEYHASSKISLRPTVIMNECANGGKLD
KWGKTVLEIDTRERSRLPIVDVSAFDVGREGQDFKLEIGPACFHHIKY*
>CUB and serine protease domain-containing protein 1; JR970990
SGFHLSFSFFRRAVCGIRPTLSGFIVGGTVAPINSWPWQAKLRIAGNFLCGGSLIQPEWV
LTAAHCVEGESPSIIKVTLGAHYLSTAQVVGTEQYFDVVQIIQHENYKMPKRFSNDVALL
KLSRPAALRNGVGLVCLSDDQFQRPFNGTSCWTTGWGRLSWPGPVAKELMQVDLPLVSPQ
NCLSSYPNGYDPNTMICAGRSQGGTGACRGDSGGPLVCEFKGKWYLEGVTSWGQLPCDLP
NKPTVYADVRKLKSWITGKISRSPALKVATNCSSVLNNTLKSPGYPDSYPINMFCVYRVP
IPCDTELVIHFNSFHLENHVFCWYDRLRITDGSNRVIGTYCGQQTGRSVLVNDTVAVLTF
KTDRSLNSSGFHLSFSFFPRGNATLLPFTTPTQTTTQRPTTTPTPGCGVVQNNTLRSPGY
PSNYPRNTHCVYRVF
>CUB and Serine protease domain-containing protein 2; JT008002
QPKELMQVDLPLVSTQNCSLLYANYDPSTMICAGTRQGGTGACNGDSGGPLVCEFKGKWY
LEGVTSWAGVPCASPSKPTVYADVRKLKSWIAAKITGVPVLRVATNCNSVINNTLKSPGY
PNSYPINMFCVYRVPIPCDTELVIHFNSFHLENHVFCWYDRLRITDGSNRVIGTYCGQQT
GRSVLVNDTVAVLTFKTDRSLNSSGFHLSFSFFRRAVCGIRPTLSGFIVGGTVAPINSWP
WQAKLRIAGNFLCGGSLIQPEWVLTAAHCVEGESPSIIKVTLGAHYLSTAQVVGTEQYFD
VVQIIQHENYKMPKPFSNDVALLKLSRPAVLRNGVGLVCLSDEQFQRPFNKTTKSCWTTG
WGTLFYRGSQPKELMQVDLPLVSTQNCSL
>Uncharacterized skeletal organic matrix protein-5; JR973117
MGAARFLVQVAIFLLVKPARSAPAPMWKGNSTARKSCSQASINNCSCRCELSPASTTANA
VSALEDKIDQVIALANRTTPRHSAPVASISSCKEQFDKNNSSPSQVYELTFGSQVVPVYC
HMGNFGCGNGGWTLAMKMDGTKTTFHYDSLVWSAQSSYNPAAGKTGFDMLETKLPTYWST
PFDKVCLGMRLGQQLNFVVLNMTANSLFSLIADGLYRATSLGRNTWKSLIGAQASLQRNS
IEKGSTPGLVVIGMPG*
>Neuroglian-like; JR993827
MWQILLAISIFSLSKLSNAQQQPKVAPPQITNFLAEDKVAPEEVKFRDTDVWQLVLPCRA
TGSNPLKWVWKHNNAEINKNKFIFDRDWELLSDGTLRARGLNISDRGTYQCFVEDTVTKV
STFSRKLRVEVTAVGDFKSHKDFTSSVKLGEPLNVECPPRGPSFGVTFAWTSKKARSIQF
PISNRVAIDPSTGNLHIMYITEEDVSTFNDLEGIRCTISAANTFYSSGALTLQIIPGKEI
KLSSPSFTSSTSSPNENAVEGRRKDLYCEATARPPPKLVWKKNGVELKSGIDFIEIPEAF
EGRLLSITSVKESLHETTFTCEASNNQTIASGPAQQNFVLNVEVAPRWASKPPDSLKEIP
ISSNGNLSCDVYAQPEPEIKWYRDGREITQSSSKVEVSGSKLLFKDTTLDEAGIYQCSAE
NVHGMIVSSTYVKVLAIAPSFKNGFGPFYLFQDSEGRLKCDPEAAPRPSTFKWFDENGAE
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USOMP-6

B8VIX3

USOMP-7

B8WI85

IKSGNGYTIEEDGTLVITKVERSQHAGKFSCYAKNFLGNATAEGTATVYDRTRIVRGPSD
LSVNEGTRVDLRCEAVADSSLELHYTWKRDDATIEYNRRVQWLKDQNVLTIADLTVEDAG
IYTCVAYTPQPKYSEAKASAIVNIAGAPFPPTNLMLSSECQNRNTTLSWVTGESNNASIL
YFLIERKSQYADDFWQVIANVTNPNATSHPLVKLAGNADLAFRIRAVNRFGPSRPSEPTG
SFCRTIRAVPEKWPDNFRGVPGKAEELTIAWTAMRRVEWNGPGLYYKLWYRRVNSGDALV
EVRREASSDSFVVPDAGYYRQWEFQIQAINEVGEGPKSPLVKQFSGQDPPTGKPEDVTVG
TITARSVELSWKKVTFTRGSVDGYRIYFWGESRVSAKRRRRAIPGYASVTNVTGVNTERY
TVTGLKPYTNYKFVITAYNSGGNGPESDQVAADTDEAEPGPPSDVQVFVFAKYILVTWQP
PSEPNGVITNYRVGTETYTGSQPTDVTVNMEETGVEARRKLLRDLVPETNYVVEMQAATS
KGWGTSFRKTEKTVAWAAPAKPEKPIVEGTAVDEVRVDYKFGLGGGYTHDFLVMFRKKIE
GQEFQNTSWVDHFQQQSIIIGNLDPELYQFKTVARNDYPSQENPQESPASDITEARPRPG
ISNVGKRVSTPIYQSAWFIALLVLIALLLLVLLTFVLYTRHQGAKYLVGKREKKRAAALI
DREHFDEEEGSFSNNGRADHPPPYPSQGSLPRGADSDRDSLDDYGEGPQFNEDGSFIEEY
GDEKKAPPEEKDPSSLATFV
>Uncharacterized skeletal organic matrix protein-6; JR971508
MKCAVAILLVCLTLQQAAYGFLYNEEVKTEFQRRKQSLEEAGESLKQMGQNLQDNMQRSL
AEGQEALQKHIKNLQQSMLSQKEALRNRGEALRETVGERLESMQNQGKDWMKKMQEGRET
LQKKLGEQVETFNQTFQAGRLAIAKKVLEGSETMRKTIQNTTQSLQDKAEKVQETAGKNV
EALKLIARKNALSLKESLDTLRENSVEENMQALRNFLPSQSEAMDLPKEKLQELMASIQN
NTGLFQESWGQEKEKMKEMLRGLKRKVGERTEDMKRKMKARKEELEAEFQSRGDEAVQTV
MEIRNVTIKHLREAGKKIKEIEEKIASLLPNSCLDFLRSKALKMGVKIVVQDLKSVFRMG
WLRVPETFEKEEEIAPSTEEDGSEELEADSYDSKVGGESPISQRTEERQGAEERSRLRRR
RAAVLRRMFGQWSRKS*
> Uncharacterized skeletal organic matrix protein-7; JR998260
MLSLIPFTVCAFLALITSKGGSATPSTISLECSENDVCAALETLTRRQDRLQKTLNLCTD
DESQFTLTAVVKCTSVIQVPFPNRHFKMAALDLSSGICRALAQPVVASQAYTVSAEILNE
AGWKGVNSGHPGLLFNAIDENNFDFVYLRPHSVSGCYQTGYMSAGVNKFVESKRCPNGPP
KGGEWFPFSVTVNGQYATVYRSGVLVTTFKTHFASSRARGGVFIFNGYKNVILFRKFKTA
PKHFFSKRCKEVVEFPAGYVKMDAGIGSWPKDAFCQVEFGSDGRIASYELKVDLYNFIGR
DKANLGHPGVFFNAEDEDNYDFVYFRPHSVGGCFQTGYLLKGKPRFDGAKSASCPKGPPK
GKTWFNVKLTVSNATPAGEVRVYLDDTLVTSFNPRYPIKRRGGVLVANGYKNVIYLRNFK
IL
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Table 2: MASCOT hits identified solely with one peptide. These 7 sequences were not included in the list of biomineralization proteins. 	
  
GenBank
Accession
Number
JT000026
(JR989881)

emPAI

Total
Mascot
Score

R.QVQCNPGEVCTTLEAFNLDTLTTTVTR.G

0.23

88

R.VGLSDAFVILQR.D

0.12

71

R.SAMVSQDVIR.A

0.07

70

JR977100
(EZ012413)

R.ASVTDLTDAENR.L

0.04

69

JT021931

K.IISQLCALCQGTSR.S

0.26

62

JT002294
(EZ012364)

K.TCLQIEPGSLEEEIEK.C

0.08

61

EZ012413
(JT002295)

K.IVTESITSEAQK.T

JR981801
(JT020142)
(GQ228826)
(EZ012961)
JT004105

	
  

Unique Peptides

0.05

168	
  

59

BlastX Hit
Q9TU53.1
RecName:
Full=Cubilin;
[Canis lupus
familiaris]
Q9DC11.1 RecName:
Full=Plexin domaincontaining protein 2;
[Mus musculus]
P49614.2
RecName: Full=Betahexosaminidase
subunit beta;
[Felis catus]
P27425.1
RecName:
Full=Serotransferrin;
[Equus caballus]
Q96RW7.2 RecName:
Full=Hemicentin-1
[Homo sapiens]
Q4R4T8.1 RecName:
Full=Legumain;
[Macaca fascicularis
]

E value

3.00E-04

1.00E-48
6.00E-161

4.00E-22

3.00E-51

5.00E-130

Appendix B
Table 3: Results from the similarity and homology comparisons between the 36 SOMPs and the proteome of Acropora digitifera, Nematostella
vectensis and Hydra magnipapillata . Grey scale: dark - Similarity (with no conclusive evidence to infer homology); medium - Homologues in N.
vectensis; light - No homologues in N. vectensis and H. Magnipapillata; white - Homologues in N. vectensis and H. magnipapillata.
Acropora digitifera
Source: http://marinegenomics.oist.jp/acropora_digitifera

Acropora millepora
Protein name

BLASTP (SEG)

Hit (Protein No.)

	
  

E value

BLASTN

BLASTP

Hit (Protein No.)

E value

Hit (Transcript No.)

InterPro domains

E value

from NT to CT

SAARP1

adi_v1.11068

2.00E-153

adi_v1.11068

5.00E-174

adi_EST_assem_12928

0

SP

Acidic SOMP

adi_v1.06327

5.00E-64

adi_v1.06327

5.00E-67

adi_EST_assem_995

0

SP

SAARP2

adi_v1.01441

8.00E-69

adi_v1.01441

7.00E-81

adi_EST_assem_6252

0

SP

Mucin-like

adi_v1.09809

0

adi_v1.09809

0

adi_EST_assem_5353

0

SP, Thrombospondin, type 1 repeat, Nidogen,
AMOP, vWD, EGF

SAP1

sap1

5.00E-42

sap1

1.00E-43

adi_EST_assem_34783

0

SP

SAP1

sap1

7.00E-28

adi_v1.06593

2.00E-34

adi_EST_assem_31408

0

SP

Uncharacterized SOMP-8

adi_v1.01189

7.00E-78

adi_v1.01189

8.00E-97

adi_EST_assem_8846

0

SP

Coadhesin

adi_v1.05945

0

adi_v1.05945

0

adi_EST_assem_1538

0

SP, Coagulation factor 5/8 CT type,
Thrombospondin type 1 repeat, vWA

SAP2

sap2

1.00E-31

sap2

2.00E-42

adi_EST_assem_16174

0

SP

MAM and LDL-receptor
domain- containing
protein 1

adi_v1.09968

0

adi_v1.09968

0

adi_EST_assem_1163

0

SP ,MAM, Fibronectin type II collagen
binding, Ricin Blectin domain, P-type trefoil,
Low density lipoprotein receptor
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MAM and LDL-receptor
domain- containing
protein 2

adi_v1.09969

0

adi_v1.09969

0

adi_EST_assem_4944

0

MAM, Low density lipoprotein receptor, EGFlike

Thr-rich protein

adi_v1.04566

3.00E-68

adi_v1.10941

4.00E-74

adi_EST_assem_9510

0

CUB

Ectin

adi_v1.13233

9.00E-154

adi_v1.13233

7.00E-166

adi_EST_assem_19083

0

SP, Thrombospondin type 1 repeat, CAP, Zinc
finger, RING-type

Hephaestin-like

adi_v1.16742

0

adi_v1.24015

0

adi_EST_assem_13507

0

SP, Cupredoxin

Uncharacterized SOMP-1

adi_v1.21723

6.00E-126

adi_v1.21723

2.00E-138

adi_EST_assem_114

0

SP

CUB domain-containing
protein

adi_v1.14283

adi_v1.14283

3.00E-173

adi_EST_assem_21039

0

SP, CUB

MAM and fibronectincontaining protein

adi_v1.01383

9.00E-150

adi_v1.01383

6.00E-162

adi_EST_assem_14016

0

MAM, Fibronectin type III, Petidase
cysteine/serine trypsin-like, Metridin-like
SHK toxin

Glu-rich protein

adi_v1.04188

5.00E-113

adi_v1.04188

6.00E-142

adi_EST_assem_1759

0

SP

Cephalotoxin-like protein

adi_v1.09855

0

adi_v1.09855

0

adi_EST_assem_33327

4.00E136

SP, EGF-like, Thrombospondin type 1 repeat,
Low density lipoprotein receptor

Uncharacterized SOMP-2

adi_v1.15064

0

adi_v1.15064

0

adi_EST_assem_1253

0

SP
No

Uncharacterized SOMP-3

adi_v1.14490

5.00E-98

adi_v1.14490

8.00E-114

adi_EST_assem_6836

5.00E170

Galaxin 2

adi_v1.15065

2.00E-135

adi_v1.15065

2.00E-135

adi_EST_assem_8935

0

SP

PKD1-related protein

adi_v1.02830

0

adi_v1.02830

0

adi_EST_assem_6849

0

SP, Carbohydrate-binding, PKD/Chitinase
domain, PKD/REJ-like, GPS, Lipoxygenase
LH2, Polycystin cation channel PKD1/PKD2

Zona pellucida domaincontaining protein

adi_v1.07627

0

adi_v1.07627

0

adi_EST_assem_2269

0

SP, ZP

adi_EST_assem_13773

5.00E112

No

Uncharacterized SOMP-4

	
  

adi_v1.01440

7.00E-27

adi_v1.01440

6.00E-27
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Galaxin

adi_v1.18631

6.00E-103

adi_v1.18631

6.00E-103

adi_EST_assem_14006

0

SP

EGF and laminin G domaincontaining protein

adi_v1.06122

0

adi_v1.06122

0

adi_EST_assem_51

0

SP, LamG, EGF-like

Putative carbonic anhydrase

adi_v1.22702

8.00E-39

adi_v1.22702

1.00E-39

No hit

No hit

Alpha-CA

Protocadherin-like

adi_v1.19518

0

adi_v1.19518

0

adi_EST_assem_2804

0

Collagen alpha-1 chain

adi_v1.00434

5.00E-62

adi_v1.09052

4.00E-64

adi_EST_assem_818

0

CUB and peptidase domaincontaining protein 1

adi_v1.08323

0

adi_v1.08323

0

adi_EST_assem_9461

0

MAM, Fibronectin type III, CUB, Petidase
cysteine/serine trypsin-like

CUB and peptidase domaincontaining protein 2

adi_v1.16372

6.00E-115

adi_v1.16372

6.00E-115

adi_EST_assem_9127

0

Fibronectin type III, Petidase cysteine/serine
trypsin-like, CUB

Uncharacterized SOMP-5

adi_v1.22918

1.00E-116

adi_v1.22918

1.00E-116

adi_EST_assem_8248

0

SP

Neuroglian-like

adi_v1.16442

0

adi_v1.16442

0

adi_EST_assem_1371

0

SP, Immunoglobulin-like, Fibronectin type III,
Fibronectin type III C-terminal domain

Uncharacterized SOMP-6

adi_v1.05151

0

adi_v1.05151

0

adi_EST_assem_360

0

SP

Uncharacterized SOMP-7

adi_v1.08326

8.00E-153

adi_v1.08326

8.00E-153

adi_EST_assem_2396

0

No
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SP, Cadherin, EGF, LamG, Cadherin
cytoplasmatic
Collagen triple helix repeat, Fibrillar collagen,
C-terminal
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Table 3 (cont.): Results from the similarity and homology comparisons between the 36 SOMPs and the proteome of Nematostella vectensis .
Nematostella vectensis
Source: http://www.ncbi.nlm.nih.gov/

Acropora millepora
Protein name

BLASTP

TBLASTX

InterPro domains

Global sequence alignment*

% Identity

%
Similarity

Neighborhood
Correlation
Coefficient

Uniprot Ac.
No.

E value

Uniprot Ac.
No.

E value

Uniprot Ac.
No.

E value

Annotated
from NT to CT

SAARP1

A7RRP3

7.00E-15

A7RRP3

3.00E-14

A7RRP3

2.00E-11

SP

20

33.3

0.647675963

Acidic SOMP

A7RRP3

2.00E-13

A7SQ27

2.00E-15

A7RRP3

5.00E-07

SP

22

39.2

0.634254745

SAARP2

A7SQ27

2.00E-18

A7SQ27

2.00E-19

A7SQ27

5.00E-13

SP

18.8

30

< 0.6

Mucin-like

A7S664

2.00E-48

A7S664

2.00E-48

A7S664

1.00E-60

SP, Thrombospondin type
1 repeat

13.5

22.4

0.735211996

SAP1

No hit

No hit

No hit

No hit

No hit

No hit

Uncharacterized
SOMP-8

A7RLD3

9.00E-07

A7RLD3

2.00E-08

A7RLD3

1.30E-02

Coadhesin

A7RLL2
(fragment)

3.00E-78

A7RLL2
(fragment)

1.00E-78

A7S9H7

No hit

No hit

No hit

No hit

A7RL30

0

A7RL30

0

SAP2
MAM and LDLreceptor domaincontaining
protein 1
MAM and LDLreceptor domaincontaining
protein 2

	
  

BLASTP (SEG)

A7RL31

0

A7RL31

0

-

-

No

SP

26.2

39.2

< 0.6

1.00E103

Thrombospondin type 1
repeat

9.4

11.9

0.778148606

No hit

No hit

-

A7RL30

0

P-type trefoil, MAM, Low
density lipoprotein receptor
class A repeat, EGF

37.2

46.2

0.948425179

0

Fibronectin type II collagen
binding, Kringle like-fold
Carbohydrate-binding
WSC, MAM, Ricin B
lectin domain

-

-

-

A7RL31
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-

No
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Thr-rich protein
Ectin

A7S664

No hit
3.00E-26

A7RGF1
A7S664

2.00E-07

No hit

8.00E-27

A7S664

No hit

EGF-like, Zona pellucida

-

-

-

8.00E-35

SP, Thrombospondin, type
1 repeat

14

22

0.849871768

-

-

Hephaestin-like

No hit

No hit

No hit

No hit

A7SVQ9
(fragment)

0.044

Cupredoxin

-

Uncharacterized
SOMP-1

No hit

No hit

No hit

No hit

No hit

No hit

-

-

A7S3J5

2.00E-07

A7S3J5

3.00E-07

A7S3J5

3.00E-06

Peptidase M12A astacin,
CUB, EGF-like

7.4

10.6

< 0.6

P-type trefoil, MAM, Low
density lipoprotein receptor
class A repeat, EGF

6.6

9.9

0.83411391

CUB domaincontaining protein
MAM and
fibronectincontaining protein

-

A7RL30

2.00E-17

A7RL30

2.00E-17

A7RL30

2.00E-13

Glu-rich protein

No hit

No hit

A7S5Q6
(fragment)

2.00E-04

No hit

No hit

No

-

-

-

Cephalotoxin-like
protein

No hit

No hit

No hit

No hit

No hit

No hit

-

-

-

-

Uncharacterized
SOMP-2

No hit

No hit

No hit

No hit

No hit

No hit

-

-

-

-

Uncharacterized
SOMP-3

A7SZS2

5.00E-05

A7SZS2

6.00E-05

No hit

No hit

SP

8.1

13

No

Galaxin 2

A7SES0

4.00E-21

A7SES0

4.00E-21

A7SES0

1.00E-20

SP

26.2

37.4

0.76502779

SP, Carbohydrate-binding,
PKD/Chitinase domain,
PKD/REJ-like, GPS,
Lipoxygenase LH2,
Polycystin cation channel
PKD1/PKD2

24.3

39

0.898049115

SP, ZP

36.5

51.6

0.975282219

-

-

-

PKD1-related protein

Zona pellucida
domain-containing
protein
Uncharacterized
SOMP-4

	
  

No hit

A7RGF9

1.00E-97

A7RGF9

7.00E-111

A7RGF9

1.00E179

A7SIJ9

5.00E-57

A7S0C8

1.00E-69

A7SIJ9

6.00E-53

No hit

No hit

No hit

No hit

No hit

No hit
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Galaxin
EGF and laminin G
domain-containing
protein
Putative carbonic
anhydrase
Protocadherin-like
Collagen alpha-1
chain
CUB and peptidase
domain-containing
protein 1
CUB and peptidase
domain-containing
protein 2
Uncharacterized
SOMP-5

7.00E-23

A7RRW5

2.00E174

A7SES0
A7RRW5

A7SHS9

5.00E-14

A7SAP5

0

7.00E-23

A7SES0

3.00E-24

0

A7RRW5

9.00E134

A7SHS9

5.00E-14

A7SHS9

3.00E-16

A7SAP5

0

A7SAP5

0

SP

22

33.3

0.764475978

34.9

52.9

0.917005544

-

-

-

SP, Cadherin, EGF, LamG,
Cadherin cytoplasmatic

42.6

58.1

0.973760893

51.7

60.8

0.976769774

SP, LamG, EGF-like
Alpha-CA

A7S046

1.00E-87

A7S046

3.00E-179

A7S046

2.00E122

SP, Whey acidic protein,
Collagen triple helix repeat,
fibrillar collagen CT

A7RGS8

7.00E-67

A7RGS8

4.00E-67

A7RGS8

4.00E-71

SP, Petidase cysteine/serine
trypsin-like

6

7.9

0.761518309

A7RGS8

6.00E-47

A7RGS8

6.00E-47

A7RGS8

5.00E-53

SP, Petidase cysteine/serine
trypsin-like

-

-

-

22

33.9

-

37

52.5

0.915141387

-

-

-

23

31.4

0.896210923

A7RHX3

2.00E-37

A7RHX3

2.00E-37

A7RHX3

2.00E-40

Neuroglian-like

A7RT95

0

A7RT95

0

A7RT95

4.00E171

Uncharacterized
SOMP-6

No hit

No hit

No hit

No hit

No hit

No hit

Uncharacterized
SOMP-7

	
  

A7SES0

A7SQ30

2.00E-79

A7SQ30

2.00E-79

A7SQ30

174	
  

2.00E-78

SP, PAN-1 domain, EGFlike
Immunoglobulin-like,
Fibronectin type III,
Fibronectin type III Cterminal domain
SP, Concavalin A-like
lectin/glucanase, subgroup
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Table 3 (cont.): Results from the similarity and homology comparisons between the 36 SOMPs and the proteome of Hydra magnipapillata .
Acropora millepora

Source:

Protein name

BLASTP (SEG)
Compagen No.

BLASTP
Compagen No.

TBLASTX
E value

Compagen No.

InterPro domains
Annotated
from NT to CT

E value

Global sequence
alignment*
%
Identity

%
Similarity

Neighborhood
Correlation
Coefficient

SAARP1

Hma2.232959

1.00E-13

Hma2.232959

9.00E-16

Hma2.232959

2.00E-07

SP

15.3

26.1

Hma2.232959

Acidic SOMP

Hma2.232959

2.00E-08

Hma2.232959

2.00E-10

Hma2.232959

0.006

SP

15.1

24.7

Hma2.232959

SAARP2

Hma2.232959

2.00E-16

Hma2.232959

6.00E-17

Hma2.232959

2.00E-13

SP

15.1

28.8

Hma2.232959

Mucin-like

Hma2.205838

1.00E-41

Hma2.205838

1.00E-41

Hma2.205838

3.00E-60

16.5

23.6

Hma2.205838

SAP1
Uncharacterized
SOMP-8

No hit

No hit

No hit

No hit

No hit

No hit

Thrombospondin, type 1
repeat
-

-

-

Hma2.228261

4.00E-03

Hma2.228261

8.00E-04

Hma2.228261

9.00E-05

SP

19.1

29.8

Hma2.228261

Coadhesin

Hma2.220156

1.00E-89

Hma2.220156

1.00E-89

Hma2.205838

2.00E-124

19.1

27.5

Hma2.220156

SAP2

No hit

No hit

No hit

No hit

No hit

No hit

SP, Thrombospondin,
type 1 repeat
-

MAM and LDLreceptor domaincontaining
protein 1

Hma2.217613

0

Hma2.217613

0

Hma2.217614

0

MAM, P-type trefoil

19.9

27

Hma2.217613

Hma2.217613

0

Hma2.217613

0

Hma2.217614

0

MAM, P-type trefoil

-

-

Hma2.217613

Thrombospondin, type 1
repeat, vWA

No hit

MAM and LDLreceptor domaincontaining
protein 2
Thr-rich protein

	
  

E value

Hydra magnipapillata
http://compagen.zoologie.uni-kiel.de/seqret.html

No hit

No hit

Hma2.229982

2.00E-05

No hit

No hit

Ectin

Hma2.214763

2.00E-22

Hma2.214763

3.00E-23

Hma2.220156

1.00E-31

Hephaestin-like

Hma2.212999

8.00E-03

Hma2.212999

8.00E-03

Hma2.212999

7.00E-04

SP, Cupredoxin

Uncharacterized
SOMP-1

No hit

No hit

No hit

No hit

No hit

No hit

-
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-

No hit

No hit

-

-

10.4

15.4

Hma2.214763

11.9

20.8

Hma2.212999

-

No hit
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CUB domaincontaining protein
MAM and
fibronectincontaining protein

2.00E-06

Hma2.231497

8.00E-07

Hma2.231497

1.00E-06

SP

10.8

19.8

Hma2.231497

Hma2.217613

2.00E-12

Hma2.217613

1.00E-12

Hma2.233869

2.00E-06

MAM, P-type trefoil

13.7

22.8

Hma2.217613

4.00E-07

Hma2.230913

1.00E-04

-

-

-

No hit

Glu-rich protein

No hit

No hit

Hma2.222848
(fragment)

Cephalotoxin-like
protein

No hit

No hit

No hit

No hit

No hit

No hit

-

-

-

No hit

Uncharacterized
SOMP-2

No hit

No hit

No hit

No hit

No hit

No hit

-

-

-

No hit

No hit

No hit

No hit

No hit

No hit

No hit

-

-

-

No hit

Hma2.228867

2.00E-12

Hma2.228867

2.00E-12

Hma2.228867

1.00E-17

19.9

26.5

Hma2.228867

Hma2.221316

2.00E-40

Hma2.221316

6.00E-44

Hma2.221316

4.00E-28

SP
GPS, Lipoxygenase
LH2, Polycystin cation
channel PKD1/PKD2

12.3

19.8

Hma2.221316

Hma2.216869

6.00E-13

Hma2.216869

3.00E-13

Hma2.216869

2.00E-05

SP, ZP

12.2

22.2

Hma2.216869

No hit

No hit

No hit

No hit

No hit

No hit

-

-

-

Hma2.228867

5.00E-21

Hma2.228867

5.00E-21

Hma2.228867

3.00E-23

SP

22.4

35.1

Hma2.228867

Hma2.230285

3.00E-63

Hma2.230285

3.00E-69

Hma2.230276

1.00E-31

SP, LamG, EGF-like

24.3

40.7

Hma2.230285

Hma2.218404

3.00E-11

Hma2.218404

2.00E-11

Hma2.218404

5.00E-11

alpha-CA

-

-

Hma2.218404

Protocadherin-like

Hma2.217969

1.00E179

Hma2.217969

0

Hma2.217969

0

SP, Cadherin

19

30.2

Hma2.217969

Collagen alpha-1
chain

Hma2.232959

1.00E-13

Hma2.232959

9.00E-16

Hma2.232959

2.00E-07

SP

15.3

26.1

Hma2.232959

CUB and peptidase
domain-containing
protein 1

Hma2.232959

2.00E-08

Hma2.232959

2.00E-10

Hma2.232959

0.006

SP

15.1

24.7

Hma2.232959

Uncharacterized
SOMP-3
Galaxin 2
PKD1-related protein
Zona pellucida
domain-containing
protein
Uncharacterized
SOMP-4
Galaxin
EGF and laminin G
domain-containing
protein
Putative carbonic
anhydrase

	
  

Hma2.231497
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No hit
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CUB and peptidase
domain-containing
protein 2
Uncharacterized
SOMP-5
Neuroglian-like
Uncharacterized
SOMP-6
Uncharacterized
SOMP-7

Hma2.232959

2.00E-16

Hma2.232959

6.00E-17

Hma2.232959

2.00E-13

SP

Hma2.205838

1.00E-41

Hma2.205838

1.00E-41

Hma2.205838

3.00E-60

No hit

No hit

No hit

No hit

No hit

No hit

Thrombospondin, type 1
repeat
-

No hit

No hit

No hit

No hit

No hit

No hit

-

Hma2.228261

4.00E-03

Hma2.228261

8.00E-04

Hma2.228261

9.00E-05

SP

15.1

28.8

Hma2.232959

16.5

23.6

Hma2.205838

-

-

No hit

-

-

No hit

19.1

29.8

Hma2.228261

	
  
Table 4: Results from the comparison of the domains from Acropora millepora SOMPs versus those identified in other skeletal proteomes from
Strongylocentrotus purpuratus (tooth, spicules, test and spine) [169,171], Gallus gallus (eggshell) [172,173,183], Lottia gigantea (shell) [174],
Pinctada margaritifera and P. maxima (shell) [54], Stylophora pistillata [156] and Crassostrea gigas (shell) [175]. + indicates domains from
proteins that were identified through proteomics and are expressed in skeleton secreting-tissues, or have further experimental evidence of
involvement in biomineralization, (+) indicates domains from proteins identified in the organic matrix only by proteomics but for which no other
evidence related to biomineralization is currently available. * Domains corresponding to more than one InterPro entry (i.e. with parent/child
relationship), a Domains identified only in corals and b Databases containing intracellular proteins.

Thrombospondin, type 1 repeat
Nidogen, extracellular domain
AMOP

IPR000884
IPR003886
IPR005533

S.
purpuratusb
Tooth,
spicules,
test and
spine
(+)
(+)
(+)

von Willebrand factor, type D domain

IPR001846

(+)

(+)

-

-

(+)

(+)

von Willebrand factor, type A

IPR002035

(+)

(+)

+

+

(+)

+

Epidermal growth factor-like domain
EGF-like calcium-binding

IPR000742
IPR001881

(+)
(+)

+
+

+
-

+
-

(+)
(+)

+
(+)

Acropora millepora
Key domains
(as in Figure 4)
Thrombospondin
Nidogen
AMOP
von Willebrand
factor, type D
von Willebrand
factor, type A
Epidermal growth
factor*

	
  

Versus species:
Structure:
InterPro entries identified in the SOMPs
Interpro no:
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G. gallusb

L. gigantea

P. margaritifera
P. maxima

S. pistillatab

C.
gigasb

Eggshell

Shell

Shell

Skeleton

Shell

+
(+)
-

-

-

(+)
(+)

(+)
(+)
(+)
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Coagulation factor 5/8 C-terminal type domain

IPR000421

+

(+)

-

-

Galactose-binding domain-like
CAP domain
MAM domain
Concanavalin A-like lectin/glucanase
Ricin B lectin domain
Fibronectin, type III

IPR008979
IPR014044
IPR000998
IPR008985
IPR000772
IPR003961

+
(+)
(+)
(+)
+

(+)
(+)
(+)
(+)
+

+
-

+
+
+

(+)
(+)
(+)
(+)
-

Fibronectin type III*

Fibronectin type III C-terminal domaina

IPR026966

-

-

-

-

-

-

ZP sperm-binding
CUB

Zona pellucida sperm-binding protein
CUB
Laminin G domain
Concanavalin A-like lectin/glucanase,
subgroup
Carbohydrate-binding WSC
Carbohydrate-binding WSC, subgroupa
PKD domain
PKD/Chitinase domaina
PKD/REJ-like protein

IPR001507
IPR000859
IPR001791

(+)
(+)

(+)
+
(+)

+
+
-

+
-

(+)
(+)

+
(+)
(+)

IPR013320

(+)

+

-

+

(+)

+

IPR002889
IPR013994
IPR000601
IPR022409
IPR002859

(+)
-

(+)
-

-

-

-

(+)
(+)

Egg jelly receptor, REJ-likea

IPR014010

-

-

-

-

-

-

GPS domain
Cadherin
Cadherin-like
P-type trefoila
Fibrillar collagen, C-terminal

IPR000203
IPR002126
IPR015919
IPR000519
IPR000885

(+)
+
(+)
+

+
+
+

-

-

(+)
(+)
(+)
-

(+)
(+)
-

Collagen triple helix repeat

IPR008160

+

+

-

-

-

(+)

Immunoglobulin subtype 2
Immunoglobulin subtype
Immunoglobulin-like
Immunoglobulin I-set
Immunoglobulin-like fold
Low-density lipoprotein (LDL) receptor class
A repeat
Lipoxygenase, LH2 a
Lipase/lipooxygenase, PLAT/LH2 a
Cupredoxin

IPR003598
IPR003599
IPR007110
IPR013098
IPR013783

+
+
+
+
+

(+)
(+)
+
(+)
+

-

+

-

+
+
+
+
+

IPR002172

(+)

(+)

-

-

(+)

-

IPR001024
IPR008976
IPR008972

(+)

-

-

-

-

+

Coagulation factor
5/8 CT type domain*
CAP
MAM domain*
Ricin B lectin domain

Laminin G*
Carbohydrate-binding
WSC*
PKD/Chitinase
domain*
PKD/REJ-like
protein*
GPS
Cadherin*
P-type trefoila
Fibrillar collagen, CT
Collagen triple helix
repeat
Immunoglobulinlike*
Low-density
lipoprotein receptor
Lipoxigenase*
Cupredoxin*
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Alpha carbonic
anhydrase
Peptidase
cysteine/serine,
trypsin-like*
Polycystin cation
channel,
PKD1/PKD2
Neurexin/syndecan/gl
ycophorin C
Cadherin,
cytoplasmic domain

Multicopper oxidase, type 2
Multicopper oxidase, type 3

IPR011706
IPR011707

(+)

-

-

-

-

+
+

Alpha carbonic anhydrase
Peptidase S1/S6, chymotrypsin/Hap

IPR001148

+

+

+

+

+

+

IPR001254

(+)

+

-

-

-

+

Peptidase cysteine/serine, trypsin-like

IPR009003

(+)

(+)

-

-

-

+

Polycystin cation channel, PKD1/PKD2

IPR013122

-

-

-

-

-

(+)

Neurexin/syndecan/glycophorin C

IPR003585

(+)

-

-

-

-

-

Cadherin, cytoplasmic domain

IPR000233

-

(+)

-

-

-

(+)
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SP

AM

Coadhesin*
MAM and
LDLreceptor
domaincontaining
protein 1*
MAM and

	
  
Mucin-like*

x
x
x
x
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SAARP 1

X
x
x

Acidic
SOMP
SAARP2*

X
x
x

X
x
x

Zonadhesion-like precursor (P36)*

Carbonic anhydrase (STPCA2) (P35)*

MAM/LDL receptor domain containing
protein (P34)*

Flagellar associated protein (P33)*

Kielin/Chordin like (P32)*

Neurexin (P31)*

Myosin regulatory light chain (P30)*

Tubulin-beta (P29)*

Late embryogenesis protein (P28)*

Integrin-alpha (P27)*

Vitellogenin (P26)*

Ubiquitin (P25)*

Vitellogenin (P24)*

Protocadherin (P23)*

Unknown protein (P22)

Zona pellucida (P21)*

MAM domain anchor protein (P20)*

Contactin-associated protein (P19)*

Collagen alpha (P18)*

Glyceraldehyde 3-phosphatase
dehydrogenase (P17)*

Unknown protein (P16)*

CARP5 (P15)*

Collagen-alpha (P14)*

Sushi domain-containing (P13)*

Unknown protein (P12)

Actin (P11)*

Cadherin (P10)*

Protocadherin fat-like (P9)*

Major yolk protein (P8)*

Actin (P7)*

Actin (P6)

Hemicentin (P5)*

Viral inclusion protein (P4)

Thrombospondin (P3)*

CARP4 (P2)

Protocadherin fat-like (P1)
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Table 5: Comparison between Acropora millepora (AM) SOMPs and the proteins identified in the skeletal organic matrix from Stylophora
pistillata (SP) [156]. Pairs of related proteins are indicated by x – for more than 35% of identity (min. 100 aa) and by X – for homologous pairs.
Homology could not be determined for protein fragments (*).

SAP1*

SAP2*

Glu-rich
protein

x
x
x
x
x

x
x
x

Appendix B
LDLreceptor
domaincontaining
protein 2*
Thr-rich
protein*
Ectin*
MAM and
fibronectincontaining
protein*
MAM and
fibronectin
containing
protein
(isoform)*
PKD1related
protein*
Zona
pellucida
domaincontaining
protein
EGF and
laminin G
domaincontaining
protein
Protocadheri
n-like
Collagen*
Neuroglianlike
CUB
domaincontaining
protein
Hephaestinlike
Carbonic
anhydrase*
CUB and Ser
protease
domaincontaining

	
  

x

x

x

X

x

x

x

x
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protein 1*
CUB and Ser
protease
domaincontaining
protein 2*
Galaxin
Galaxin 2
USOMP-1*
USOMP-2
USOMP-3*
USOMP-4*
USOMP-5
USOMP-6
USOMP-7
USOMP-8
Protein
similar to
cephalotoxin
*
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Appendix C

Figure 1: Spectra of the aragonitic skeleton with assignment of the main peaks. (A) FTIR. (B) Raman.
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Appendix C









Figure 2: EDS elemental spot composition in the direction of skeleton growth: (A-B) transversal
section, (C-D) longitudinal section.
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Dit proefschrift presenteert ons huidige inzicht in de moleculaire processen die een
rol spelen bij biocalcificatie in schelpdieren en koralen. We hebben nieuwe
eiwitten geïdentificeerd die direct betrokken zijn bij biocalcificatie en, indien
mogelijk, de complete verzameling skeleteiwitten onderzocht. Hiervoor hebben we
high-throughput technieken gebruikt zoals proteomics, en dit gecombineerd met
andere moleculaire methoden en bioinformatica. Dit doel is grotendeels bereikt:
ons werk heeft de kennis uitgebreid van mechanismen voor skeletgroei (in koralen)
en schelpvorming (in schelpdieren).
Volgend op het inleidende hoofdstuk, beschrijft Hoofdstuk 2 de identificatie en
moleculaire opheldering van Upsalin, een nieuw eiwit dat verbonden is met de
binnenlaag van de zoetwaterdubbelschelp Unio pictorum. Upsalin is een klein
eiwit, waarvan de functie onbekend is, dat niet de onderscheidende kenmerken
vertoont van andere schelpeiwitten. De ontdekking van Upsalin benadrukt de
diversiteit aan eiwitten die verbonden zijn aan gecalcificeerde weefsels, en de
nodige investering in nieuwe experimentele methoden om hun functies te
ontrafelen.
Hoofdstuk 3 beschrijft hoe het skelet van de steenkoraal Acropora millepora is
bestudeerd met proteomics. Nadat de organische matrix geïsoleerd was, is het
proteoom geanalyseerd met vloeistofchromatochrafie-tandem massaspectrometrie.
In combinatie met het koraaltranscriptoom werden hiermee 36 eiwitten in de
skeletmatrix geïdentificeerd. Deze dataset omvat eiwitten met bekende patronen
die relevant zijn voor biomineralisatie (zuurgroepen, extracellulaire matrix en
enzymreacties), maar ook nieuwe kenmerken. Daarnaast tonen
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sommige eiwitten signaalpeptiden hebben die hen sturen naar de extracellulair
ruimte waar calcificatie plaatsvindt, terwijl anderen die in de calcificatieruimte
werken vastzitten aan de celmembranen. De 36 skeleteiwitten zijn toen vergeleken
met het genoom van drie neteldieren en met het proteoom van de organische matrix
van andere calcificerende dieren, met behulp van bioinformatica. De resultaten
stellen een tweevoudige ontwikkeling voor voor de evolutie van calcificatie in
koralen: door mechanismen van co-optie en patroonwisseling.
Hoofdstuk 4 is een kort verslag dat de uitdagingen behandelt waar wij en andere
wetenschappers tegenaan lopen, als we met proteomics bepalen welke eiwitten in
de organische matrix direct betrokken zijn bij biomineralisatie. Omdat deze
eiwitten gedeeltelijk zijn ingebouwd in de gemineraliseerde weefsels, kunnen ze
gemakkelijk

geïdentificeerd

worden

(met

vloeistofchromatochrafie-tandem

massaspectrometrie in combinatie met de nucleïnezuurdataset van de bijbehorende
soort), nadat de organische fractie gedecalcificeerd en gezuiverd is, zoals
beschreven staat in Hoofdstukken 2 en 3. De diversiteit aan eiwitten die gevonden
is met deze methodes, is echter zorgelijk. Veel eiwitdatasets die in de afgelopen
jaren

gepubliceerd

zijn,

bevatten

intracellulaire

eiwitten

en

andere

verontreinigingen. Deze belemmeren de interpretatie van de resultaten en de
ontwikkeling van nieuwe modellen voor de biocalcificatie die buiten de cellen
plaatsvindt. Daarom bespreken we het belang van een grondige reiniging van
biomineraalsamples voorafgaand aan een zeer gevoelige bewerking met
proteomics.
Hoofdstuk 5 is een beschrijving van de skeletstructuur van A. millepora, samen
met een globale schets van de biochemie, compositie en functie van de organische
skeletmatrix. Het skelet van A. millepora is aragoniet met ingebouwde
sporenelementen zoals natrium, strontium, zwavel en magnesium. De organische
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matrix bestaat niet alleen uit de eiwitten die in Hoofdstuk 3 staan beschreven, maar
ook uit een grote hoeveelheid suikers, waarvan het monosacharide arabinose
verreweg het meest voorkomt. Dit ongebruikelijke kenmerk wordt niet gevonden in
andere biomineralen buiten skeletten en mucus in Acropora. Bovendien versterken
nieuwe bewijzen de hypothese uit Hoofdstuk 3: sommige eiwitten van de
organische matrix zijn transmembraan - hun extracellulaire delen werken in de
mineralisatieruimte en komen vervolgens vast te zitten in het skelet. Ten slotte
werd in vitro de snelheid van CaCO3-mineralisatie in de OM bepaald, die in grote
mate de morfologie van de kristallen beheerst.
Hoofdstuk 6 vat het proefschrift samen, met een algemene discussie en conclusie
van de voorgaande hoofdstukken, en stelt nieuwe perspectieven voor de
bestudering van biomineralisatie-eiwitten.
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