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Summary 

Certain organisms exhibit intricate mineral architectures that are produced under strict biological 

control. Of these, the sea urchin spicule (Strongylocentrotus purpuratus) is a model system to 

decipher the mechanisms underlying the formation of such biominerals. In Nature, growth of the 

Mg-calcite spicules is achieved by controlled deposition of an amorphous form of calcium 

carbonate. Thus, a mesocrystalline structure of iso-oriented Mg-calcite nanoparticles units 

integrated within a cement of amorphous mineral and an organic matrix is formed. This structure 

endows the spicule with unique properties such as single crystal-like diffraction and 

birefringence, conchoidal fracture behavior as well as better flexibility and toughness in 

comparison to pure calcite. The primary aim of this research is to understand the interactions 

between SM50, the most abundant spicule matrix protein, and the phases of calcium carbonate 

during mineralization processes. For this purpose, techniques such as potentiometric titration, 

analytical ultracentrifugation, transmission electron microscopy, infrared and circular dichroism 

spectroscopy are employed to investigate mineralization in the presence of recombinant fusion 

proteins based on SM50 domains. Analyses of the titration products show that the N-terminal C-

type lectin domains mediate the formation of mesocrystalline calcitic composites whereas the 

glycine-rich low-complexity region of SM50 exhibits confinement-mediated stabilization of an 

amorphous form of calcium carbonate. Such stabilization effects are also induced by the full-

length SM50 and other low complexity, putatively disordered proteins associated with 

biominerals. Moreover, the role of matrix metalloproteases in the transformation of vesicle-

enclosed amorphous calcium carbonate to mesocrystalline composites is suggested. Thus, in 

addition to its previously known function in stabilization of amorphous calcium carbonate, SM50 

is a multifunctional protein also involved in the formation of calcitic mesocrystalline structures. 

Due to the prevalence of spicule matrix proteins with C-type lectin domains, systematic titrations 

assays are performed with diverse carbohydrates. Their effects of properties such as charge, 

stereochemistry, constitutive sugar residues and glycosidic linkage are found to be diverse and 

influence different early stages of calcium carbonate mineralization. Thus, by utilizing techniques 

in biochemistry as well as analytical and physical chemistry, the functional and structural 

significance of biomolecules in the regulation of calcium carbonate mineralization is addressed.  

 

 

 



2 

 

Zusammenfassung 

Einige Organismen sind in der Lage, komplexe mineralische Strukturen zu bilden, deren Aufbau durch 

biologische Prozesse gesteuert wird.. Die Spicula des Seeigels Strongylocentrotus purpuratus sind ein 

geeignetes Modellsystem, um den Bildungsmechanismus von Biomineralien zu untersuchen. In der Natur 

wird das Wachstum der Magnesiumcalcit-Nadeln durch kontrolliertes Abscheiden von amorphem 

Calciumcarbonat erreicht. Dabei wird eine mesokristalline Struktur aus Magnesium-Calcit-Nanopartiklen 

gleicher Ausrichtung erzeugt. Diese Struktur wird in einer Matrix aus amorphem Mineral und Protein 

gebildet wird. Diese Struktur verleiht dem Spiculum einzigartige Eigenschaften wie einkristallähnliche 

Beugungsmuster, Doppelbrechung, Bruchverhalten, sowie eine verbesserte Flexibilität und Zähigkeit im 

Vergleich zu reinem Calcit. Ziel der Arbeit war es, den Einfluss von SM50, dem am häufigsten 

vorkommenden Matrixprotein in den Seeigelspicula, auf die Kristallisation von Calciumcarbonat zu 

verstehen. Hierbei kamen unter Anderem potentiometrische Titration, Analytische Ultrazentrifugation, 

Transmissionselektronenmokroskopie, Infrarotspektroskopie und Zirkulardichroismus zum Einsatz. Der 

Einfluss von SM50 auf die Bildung von Komplexen, welche die mineralische Phase stabilisieren oder 

strukturieren, wurde in der Arbeit erforscht. Zudem wurde die Rolle von Zuckern in den frühen Stufen der 

Mineralisation von Calciumcarbonat untersucht. Analysen des Titrationsproduktes zeigen, dass die N-

terminalen C-Typ-Lektin-Domänen mesokristalline Calcit-Kompositmaterialien vorliegen.  In den 

glycinreichen Regionen niedrigerer linguistischer Sequenzkomplexität findet sich hingegen amorphes, 

flüssigartiges Calciumcarbonat. Diese Stabilisierungseffekte werden ebenfalls durch SM50, aber auch von 

anderen Proteinen niedriger Sequenzkomplexität mit vermutlich etwas höherer (metrischer) Entropie 

hervorgerufen. Der Einfluss von Matrix-Metalloproteasen bei der Transformation von in Vesikeln 

eingeschlossenem, amorphem Calciumcarbonat zu mesokristallinen Protein-Calcit-Kompositmaterialien 

wird ebenfalls vorgestellt. Daher scheint es sich bei SM50  um ein multifunktionales Protein zu handeln, 

das, neben der bereits zuvor bekannten Stabilisierungsfunktion von amorphes Calciumcarbonat auch die 

Bildung mesokrisalliner Calcit-Strukturen beeinflusst. Aufgrund der Anwesenheit von C-Typ-Lektin-

Domänen in der organischen Matrix der Spicula des Seeigels wurde durch systematische Titrationsassays 

mit verschiedenen Zuckermolekülen die Effekte dieser Additive auf die Wachstumsphase von 

Calciumcarbonat untersucht. Somit konnte durch Techniken der Biochemie sowie analytischer und 

physikalischer Chemie der Einfluss von Biomolekülen auf die Mineralisation von Calciumcarbonat 

beschrieben werden. 
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In Aristotle's parable, the house is there that men may live in it; but it is also there 

because the builders have laid one stone upon another....  

-D’Arcy Thompson, On Growth and Form 
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Natural materials have been utilized by humankind since the emergence of complex 

cognition. Archeological records provide several examples for the use of mineralized 

hard tissue as ornaments, currency and weapons, possibly on account of their macro-

structural beauty and durability. Coming to present times, the study of biominerals has 

gained particular significance on account of its relevance to animal physiology, 

evolutionary biology, biochemistry and material science. Investigations have been 

motivated by (i) the fascinating physical properties that emerge from certain structure-

property-function relationships, (ii) the need for materials synthesis via green routes as 

well as (iii) the inspiration for new practical materials based on designs optimized by 

evolution. Thus the body of knowledge on the structure-property relations and formation 

of biominerals is rapidly growing, supported by advances in high resolution analytical 

techniques such as electron microscopy, solid state NMR and analytical 

ultracentrifugation as well as breakthroughs in sequencing technologies and high 

throughput tools for proteomics analysis. Fueled by the participation of research groups 

from diverse disciplines, there has been a recent development of intriguing concepts 

pertaining to biomineralization such as (a) the complex hierarchical structures of 

biominerals (b) the early stages of biomineralization involving prenucleation clusters, 

amorphous precursors and mineral polyamorphism as well as (c) the role of water and 

biomolecules in the mineralization processes. Thus our fascination with biomaterials has 

evolved from making crude efforts in harnessing biomaterials to present times in which 

we use sophisticated techniques to discover how out these wonderful organisms ‘have 

laid stone upon another’. 

Biominerals are a diverse group of structures found in living systems, consisting of both 

inorganic and organic components, and can sequester several elements essential for life 

(Lowenstam & Weiner, 1989). On account of the stability conferred by lower solubility 

and higher lattice energy, most invertebrate biominerals utilize calcium carbonate as the 

fundamental building block. It is thus the most abundant biogenic mineral. Of its 

prevalent polymorphs, namely- calcite, aragonite, vaterite, monohydrocalcite 

(CaCO3·H2O), ikaite (CaCO3·6H2O) and amorphous calcium carbonate (ACC), calcite 

and aragonite are frequently found in Nature especially in marine organisms (Lowenstam 

& Weiner, 1989; Mann, 2001; Cartwright et al., 2012). However, due to the complex 
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chemical and structural interactions between the organic and inorganic constituents of 

biominerals, the mechanisms underlying biomineralization at the nanoscale still remain 

largely unexplored. Moreover, Nature is adept at the manipulation of amorphous 

precursors to produce specific crystal phases, morphologies and orientations by utilizing 

biomolecules (Addadi et al., 2003). An understanding of these processes would help 

create bio-inspired materials for the biological and technological applications. 

Of the recent discoveries in the field of biomineralization, mesocrystals, a class of novel 

materials, is particularly interesting due to the explanation it provides for unusual natural 

phenomenon such as non-facetted crystalline biominerals as well as the seemingly bizarre 

properties of the sea urchin spine (Cölfen & Antonietti, 2008). Among organisms 

exhibiting intricate mineral architectures, the sea urchin (Strongylocentrotus purpuratus) 

spine has been a model system to understand mechanisms underlying the 

biomineralization (Wilt, 2005). Techniques such as polarization microscopy, X-ray 

diffraction and EBSD indicate that the spine is single crystal-like. However, the spine 

morphology is typical of amorphous materials displaying porous and curved surfaces as 

well as conchoidal fractures after cleavage. Recent studies probing the structure of the sea 

urchin spine have provided answers to this conundrum (Seto et al., 2012).  The sea urchin 

spine exhibits a complex porous construction at the macroscale whereas at a smaller 

length scale, this structure is composed of mesocrystalline Mg-calcite nanoparticles 

integrated with a cement of amorphous calcium carbonate and biomolecules (Seto et al., 

2012). Hence the spicule is endowed with special properties such as single crystal-like 

diffraction and birefringence, conchoidal fracture behavior as well as better flexibility 

and toughness in comparison to pure calcite. Initial indications of a superstructure of 

nanoparticles in the sea urchin spine were provided by synchrotron X-ray diffraction 

studies wherein the calcitic units display coherence lengths of 50-200 nm (Aizenberg et 

al., 1997) as well as by the incorporation of dye molecules in sea urchin skeletal elements 

(Oaki & Imai, 2006). Further investigation using TEM confirms that this substructure 

consists of nanoparticles which seem to be ordered in a space filling manner (Yang et al., 

2011; Seto et al., 2012). This nanoparticle assembly diffracts like a single crystal 

indicating co-orientation of the calcitic subunits. Moreover, the nanoparticle interspaces 

of the mesocrystalline sea urchin spine can be used to template hierarchical morphologies 
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of organic crystals (Munekawa et al., 2015). Thus the sea urchin spine is a magnesium 

calcite mesocrystal, a product of sophisticated biological processes involving the 

transport of amorphous precursors (Beniash et al., 1997). Unlike classical crystallization, 

spicule growth occurs via the transport of vesicle enclosed amorphous calcium carbonate 

(ACC) (Vidavsky et al., 2014). However, in aqueous solution, this metastable phase 

undergoes a rapid transformation to the crystalline phase.  

Having elucidated the structural properties of the sea urchin spine, the present challenge 

is to understand the biochemical and physical processes involved in the formation of such 

intriguing biominerals. Spatio-temporal regulation over spine growth is achieved by 

certain proteins that are secreted by mesenchymal cells. These proteins are collectively 

known as ‘spicule matrix (SM) proteins’ (Wilt, 2005). The organic content of the spicule 

(0.1% by mass) is contributed mainly by SM proteins among which SM50, a non-

glycosylated and basic protein is the most abundant. Recently, the ability of recombinant 

SM50 to stabilize hydrated ACC was demonstrated by X-ray absorption near-edge 

structure (XANES) spectroscopy combined with photoelectron emission microscopy 

(Gong et al., 2012).  However, the mechanism of ACC stabilization is yet to be 

elucidated.  

This thesis presents the functional significance of the protein SM50 based on in vitro 

mineralization and solution studies. By using recombinant fusion proteins, the role of 

SM50 domains in ACC stabilization and mesocrystal formation is elucidated. 

Furthermore, on account of the C-type lectin domain at the N-terminal of SM50, the 

effects of carbohydrates on the early stages of calcium carbonate mineralization are also 

investigated.  
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The core methods applied in the present work are: 

1. Potentiometric Titration 

In comparison to the routinely applied gas diffusion technique, potentiometric titration is 

a powerful tool to quantitatively assess the effect of additives on mineralization (Gebauer 

et al., 2009a). Monitoring of the titration assay with a Ca2+-selective electrode, along with 

the known added volumes of CaCl2 and NaOH, allows for the in situ quantitative 

assessment of Ca2+ and CO3
2- ions that occur in free and bound states in solution 

(Gebauer & Cölfen, 2011; Gebauer et al., 2008; Gebauer et al., 2009a; Gebauer et al., 

2009b; Picker et al., 2012; Verch et al., 2011). A scheme illustrating the typical 

development of the amount of free Ca2+ upon addition of CaCl2 to dilute carbonate 

buffer, as well as possible changes induced by a hypothetical additive, is shown in Figure 

1. Thus additives can be systematically classified based on their individual effects on 

early stages of mineralization (Gebauer et al., 2009b Rao et al. 2014). 

 

 

Figure 1. Illustration of free Ca2+ development versus time during addition of calcium chloride solution 

into dilute carbonate buffer in the absence (black) and presence (red) of a additive showing the following 

effects: complexation of calcium ions (Type I), stabilization of ion clusters in solution (Type II), inhibition 

of nucleation (Type III), and change in solubility of the initially nucleated phase (Type V).  
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2. Analytical Ultracentrifugation (AUC) 

The AUC is a powerful analytical technique invented by Theodor Svedberg (Nobel prize, 

1926) that is used for the detection and characterization of diverse solute species such as 

ion clusters to larger biomacromolecules. Considering mineralization processes, the AUC 

can provide relevant information such as the sedimentation coefficient distribution, 

density of mineral species, equilibrium constants as well as morphologies of self-

assembly intermediates. Thus this technique is useful for investigating the dynamic 

organic and inorganic phases as well as their interactions that occur during 

mineralization. 

During AUC experiments, the samples are loaded in sector shaped cell and rotated with 

angular velocity, ω.  

 
Figure 2. Forces acting on a particle in a gravitational field. 

 

The forces that act on a particle are 

1. The gravitational or sedimentation force 

�� � ���� 
 where � is the distance of the particle from the axis of rotation and � is the angular 

velocity (radians per second) and � is the mass of a particle (gm). Considering molecular 

weight of the solute (�) in gm/mol and Avogadro’s number (	) 

�� � �	 ��� 
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2. The buoyant force 

�
 � −���� 
Where �� is the fluid displaced by the particle and is expressed in terms of partial 

specific volume of solute (�) and the solvent density (�) 

�� � ��� � 	�� ��	  
3. A frictional force due to viscous drag which is proportional to the velocity (�) 

�� � −�� 

Where � is the frictional co-efficient. 

 

Under equilibrium of these three forces, 

�� + �
 + �� � 0 

Which can be used to define sedimentation coefficient (�) as 

�	(���	�)�� �	 � !" � �                       (1) 

Thus sedimentation coefficient is the velocity of the particle per unit gravitational 

acceleration and is independent of operating conditions. It depends on buoyant effective 

molar weight of the particle and is inversely proportional to the frictional coefficient. 

Thus particles with different molar masses, shapes and sizes generally can be 

distinguished using the AUC. However due to complex relationship of the frictional 

coefficient with particle properties, is it easier to use the equation of diffusion coefficient  

# � $%	&� 

And equation (1) can be expressed as the Svedberg equation: 

�# � �(1 − ��)$%  

This replaces the frictional coefficient by the diffusion coefficient, which can be 

experimentally estimated. 
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Introduction 

 

Biomineralization encompasses diverse and widespread processes wherein organisms 

form composite, hierarchical materials by controlling organic-inorganic interactions at 

different length scales (Lowenstam & Weiner, 1989; Mann, 2001; Fratzl & Weinkamer, 

2007). The interactions between proteins and the mineral phase are crucial for the 

formation of biominerals such as bones, spicules and shells (Wilt, 1999; Fratzl & 

Weinkamer, 2007; Evans, 2008). Such interactions contribute to several functions such as 

stabilization of amorphous mineral precursors, mineral polymorph selection as well as 

regulation of crystal growth and morphology (Belcher et al., 1996; Evans, 2008; Feng et 

al., 2000; Gong et al., 2012; Raz et al., 2003; Seto et al., 2012). However a better 

understanding of the different processes associated with biomineral formation entails 

functional and structural characterization of the proteins involved.  

The sea urchin spicule is a model system for investigating the processes of calcium 

carbonate biomineralization (Wilt, 2002). The spicule has a mesocrystalline architecture 

composed of crystallographically co-oriented calcite particles (50-200 nm) organized in a 

matrix of proteins and amorphous calcium carbonate (Seto et al., 2012). On account of 

this structure, the spicule has unique properties such as a single crystal-like diffraction 

and a conchoidal fracture surface typical of amorphous materials. Hence the mechanisms 

underlying spicule formation have attracted interest from multiple disciplines such as 

material design, physical chemistry and biochemistry (Knapp et al., 2012; Rao et al., 

2013; Tester et al., 2013; Wilt, 1999).  

Among the proteins regulating spicule formation, SM50 is a 48.5 kDa non-glycosylated, 

secreted protein with an alkaline pI (Benson et al., 1987; Killian & Wilt, 1996). The N-

terminal region of SM50 harbors a C-type lectin-like domain (13.6 kDa), that potentially 

affects calcium carbonate mineralization (Killian and Wilt, 2008; Rao et al., 2013). 

Although their functions are yet unknown, C-type lectin-like (CTL) domains are 

commonly present in proteins associated with the sea urchin spicule such as the SM30 

family (Livingston et al., 2006). A recent study shows that certain fluorescent labeled 

lectins are taken up by primary mesenchymal cells and incorporated in the growing 

spicule (Mozingo, 2014). Thus the CTL domains appear to have important roles in 



13 

 

spicule development. Moreover, a fusion protein based on perlucin, a CTL protein from 

nacre can modulate calcium carbonate mineralization in vitro and is occluded within 

calcite crystals by introducing lattice distortions (Weiss et al. 2000; Weber et al. 2014). In 

Nature, proteins with the CTL fold such as the Type II antifreeze proteins, phospholipase 

receptors and coagulation factor binding proteins carry diverse functions (Drickamer, 

1999). Such proteins can also bind to carbohydrate ligands, Ca2+ ions and form oligomers 

(Drickamer, 1993). To elucidate their role in sea urchin spine biomineralization, the 

structural and functional understanding of the CTL domain with respect to calcium 

carbonate mineralization is necessary. In this chapter, the mineralization effects as well as 

the self-assembly and solution properties of the SM50 derived SUMO fusion CTL protein 

are described. 

 

Materials and Methods  

Cloning and protein purification 

Phusion Hi-Fidelity Taq polymerase, T4 DNA ligase, restriction enzymes (New England 

Biolabs) and NTA agarose (Qiagen) are used for cloning and protein purification. Based 

on SMART domain prediction (Schultz et al. 1998), a 13.6 kDa C-type lectin domain 

(CTL) is identified at the N-terminal of the spicule matrix protein SM50 

(Strongylocentrotus purpuratus, NM_214610.2). This domain is expressed as a 6XHis-

SUMO-fusion intracellular product using Escherichia coli. The primary sequence is 

given in the Appendix section (2.1). Standard molecular biology procedures are followed 

(Sambrook et al., 1989). For the purification of the SUMO-CTL protein, cell lysis is done 

by lysozyme treatment in a HEPES buffer (20 mM) with NaCl (50 mM) buffer with and 

without β-ME (10 mM). The lysis buffer contains pepstatinA (10 pg/ml) and 

phenylmethylsulfonyl fluoride (0.5 mM) to inhibit proteolysis. The lysate is centrifuged 

at 16,000 rpm (30,000 g) for 30 min and the supernatant was loaded on a Ni2+ charged 

NTA agarose column for immobilized metal affinity chromatography (IMAC). After an 

initial wash with 0.5 mM imidazole, the protein of interest is eluted by using 100 mM 

imidazole prepared in the lysis buffer. Final purification is done by size exclusion 

chromatography using a Superdex 75 column (HiLoad 16/60, Amersham Biosciences) on 

an Akta FPLC system. Screening for sugar ligands is done using affinity matrices 
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prepared by covalent immobilization of different sugars on Sepharose beads as described 

earlier (Fornstedt and Porath, 1975). Western blots are performed by using a primary 

anti-SM50 antiserum (Killian and Wilt, 1996). 

Circular Dichroism 

CD spectra are measured using a Jasco 715 spectropolarimeter with a Peltier temperature 

control unit (Jasco Hachioji, Tokyo, Japan). Using quartz cuvettes, the spectra are 

recorded at 0.5 nm intervals between 190 and 240 nm at 20°C at a 20 nm/sec scan rate. 

Secondary structure compositions are predicted from the spectra by using K2D3 (Louis-

Jeune et al., 2012).  

Potentiometric titration  

Potentiometric titration experiments are performed by using a computer-controlled 

titration system (Metrohm GmbH, Filderstadt, Germany), operated with the supplied 

software (Tiamov2.2, Metrohm GmbH, Filderstadt Germany). During titration, the pH 

and free Ca2+ concentration is monitored by utilizing a flat-membrane glass electrode and 

a polymer-based ion-selective electrode respectively. Details of the experimental set-up 

have been described in previous reports (Gebauer et al., 2008; Picker et al., 2012). In a 

single titration run, CaCl2 (10 mM) solution is added at a constant rate of 0.01 mL/min to 

10 mL of the protein solution in carbonate buffer (10 mM), which was under constant 

stirring at 900 rpm.  A constant pH is maintained by counter-titration of NaOH (10 mM). 

Calibration and reference experiments are performed by dosing CaCl2 (10 mM) into 

water and carbonate buffer (10 mM), respectively.  

Electron microscopy 

A desktop scanning electron microscope (Hitachi TM-3000 SEM) is used for 

examination of titration products. For transmission electron microscopy (TEM), the 

sample is spotted on a TEM grid (Ted Pella Inc.) and the excess liquid is blotted. Imaging 

was performed using a Libra120 (Zeiss SMT, Jena Germany) TEM at 120 kV with a 

beam current of about 4 µA. Cryo-TEM is performed by blotting the sample as a thin film 

on a lacey carbon film covered copper grid. This is vitrified by liquid ethane by means of 

a cryo-box (Carl Zeiss Microscopy, Germany). The specimens are loaded into a cryo-

holder and examined in a cryogenic-temperature transmission electron microscope LEO 

EM922Omega EFTEM instrument (Carl Zeiss Microscopy, Germany). Images are 
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recorded with a high-resolution, cooled CCD camera using a Gatan Digital Micrograph 

software package. 

To elucidate the structure of titration products, samples are prepared using three different 

procedures. Micro-cut samples are prepared using ethanol dehydrated samples embedded 

in LR white Resin (Medium Grade) and cut with a Leica EM Trim. The titration products 

are also briefly sonicated before sample preparation for TEM. To understand the role of 

the organic matrix, a drop of proteinase K (0.01mg/ml in NaCl (10mM) and CaCl2 (5 

mM)) is placed on TEM grids with deposited samples. After incubation for 20 min at 

37°C, the excess liquid is blotted, followed by microscopy. 

Light microscopy 

Titration products are analyzed using a Zeiss Axio Imager-M2m polarization microscope 

in transmission mode. Quantitative birefringence microscopy is also performed 

(AbrioCRi). 

Dynamic light scattering (DLS) 

DLS measurements are performed with a custom-built setup equipped with a goniometer 

with temperature control (0.05 K step control), an attached single-photon detector ALV 

6000/E, and a multiple tau digital correlator ALV 5000/FAST from ALV (Langen, 

Germany) (Cölfen and Qi, 2001). Particle sizes are estimated for samples prepared by 

mixing protein (0.1 mg/ml) containing carbonate buffer (10 mM) and calcium chloride 

(10 mM) at different pH values. 

Analytical Ultracentrifugation (AUC) 

Solution properties of SUMO-CTL are investigated by sedimentation velocity 

experiments performed in a Beckman XL-I AUC (Beckman Coulter). Samples with 1 

mg/ml protein in either carbonate (pH 9.0, 10 mM) or HEPES (pH 7.5, 10 mM) buffer 

with different Ca2+ concentrations are analyzed. The moving boundary is monitored by 

repetitive radial scans at 280 nm with a UV absorption optical system. The data are 

analyzed by using SEDFIT (P. Schuck, NIH) to generate distributions of sedimentation 

coefficient and molar mass (Schuck, 2000). To determine frictional coefficients (f/f0), 2-

dimensional spectrum analysis (2-DSA, Monte Carlo) was performed with 20 iterations 

and grid resolution of 3600 by using Ultrascan III (Demeler, 2005; Brookes et al., 2010). 

Axial ratios for given frictional ratios f/f0 are simulated. 
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Partial demineralization of sea urchin spine 

Spines of adult Strongylocentrotus purpuratus specimens (MBL, University of Chicago) 

are cleaned with cold hypochlorite (2%), followed by several rinses with distilled water. 

The biomineral is demineralized for 1 hr using acetic acid (5 %). The reaction is 

quenched using Tris buffer (200 mM, pH 7.8) followed by prolonged dialysis of the 

mixture. The mineral particles thus obtained are investigated by techniques described 

above. 
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Results and Discussion 

Protein purification and secondary structure 

The CTL domain derived from the spicule matrix protein SM50 is expressed with a N-

terminal 6X(His)-SUMO tag and purified. As displayed in Figure 1A, a single band is 

observed at about 27 kDa corresponding to the fusion product of the CTL domain (13.6 

kDa) and SUMO tag (12 kDa). To ascertain correct protein folding, sugar binding assays 

and circular dichroism measurements are performed in presence and absence of β-

mercaptoethanol (β-ME). Western blots analysis of elutes from affinity chromatography 

(Figure 1B) indicates that the SUMO-CTL domain binds to GlcNAc. Two bands 

corresponding to monomeric and dimeric protein species are observed. In other 

biomineralization systems, chitin, a biopolymer of GlcNAc plays an important role as a 

scaffold for modulators of calcium carbonate mineralization (Arias and Fernández, 2008). 

In presence of β-ME however, there is no observable binding to sugar ligands. Thus the 

protein structure is compromised under reducing conditions indicating that the four 

cysteine residues are involved in disulfide bridges under native conditions. 

 

 

Figure 1 (A) Representative SDS-PAGE profile of purified SUMO-CTL: Lane 1 standard molecular 

weight marker Lane 2 SUMO-CTL (B) Determination of SUMO-CTL sugar ligand by Western blot 

representing elutes from affinity matrices immobilized with (1,6) Ara, (2,7) Glc, (3,8) GlcNAc, (4,9) Gal 

and (5,10) Man in (1-5) absence and (6-10) presence  of β-ME. 
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Circular dichroism (CD) spectroscopy is performed to qualitatively investigate the effect 

of Ca2+ ions on protein secondary structure. The far-UV CD spectra of the proteins are 

shown in the Appendix (2.2). Using K2D3, the secondary structure contents are predicted 

for SUMO-CTL in the presence and absence of β-ME (Table 1). In presence of β-ME, 

increase in Ca2+ concentration leads to a decrease in ɑ helix content of SUMO-CTL from 

33.5 to 25.8 %, while the β strand content increases from 19 to 27.4 %. Thus, the Ca2+ 

ions induce a change in the secondary structure marked by an increase in the β strand 

content (Rao et al., 2013). However the protein secondary structure appears to be more 

stable in absence of β-ME, exhibiting relatively invariable ɑ helix and β strand contents 

of about 47 and 15%, respectively. Considering the presence of four cysteine residues in 

the CTL domain, disulfide bridges appear to confer conformational stability. The ɑ 

helical content is higher in absence of β-ME at pH 7.0 and 9.0. Minor differences are 

observed for secondary structures estimated for SUMO-CTL at pH 9.0 and 7.0 in absence 

of β-ME. 

 

 

Ca2+ 

(mM) 

With β-ME (pH 9.0) 

 

Without β-ME (pH 9.0) Without β-ME (pH 7.0) 

 ɑ helix β strand ɑ helix β strand ɑ helix β strand 

0 33.5 19 48.1 16.4 48.7 15.7 

1 28.9 21.4 47.7 17.2 49.6 15.3 

10 25.8 27.4 45.8 15.2 46.4 17.4 

Table 1. Estimated percentages of secondary structure contents of SUMO-CTL 
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Potentiometric titration 

The effects of the SUMO-CTL (purified in absence of β-ME) on early stages of calcium 

carbonate mineralization is investigated by using potentiometric titration assays at pH 9.0 

and 9.75 (Figure 2). The time required for nucleation of a solid calcium carbonate phase 

is affected in presence of this protein. The time required for nucleation can be expressed 

in terms of normalized nucleation time F (Picker et al., 2012), 

� � 	�()*+,-./	,-�*	-/	0�*�*/(*	.�	+11-,�*	(�*()	�()*+,-./	,-�*	�.�	�*�*�*/(*	(�*()  

At pH 9.0, the protein promotes nucleation, leading the F values of 0.85 and 0.75 at 

protein concentrations of 0.1 and 1 mg/ml, respectively. F values of 1.38 and 1.22 are 

observed at pH 9.75 at the corresponding protein concentrations. The nucleation 

inhibition or promotion activity of the protein appears to be pH dependent. This suggests 

that certain additives can interact specifically with proto-calcite or proto-vaterite forms of 

calcium carbonate (Gebauer et al., 2010). Secondly, the protein exhibits a stabilizing 

effect towards prenucleation clusters wherein slopes of the pre-nucleation regime 

decrease by about 20 and 50% at pH 9.0 and 9.75 with regard to that of the corresponding 

reference experiments. Furthermore, a slight offset is observed in the prenucleation stages 

indicating that the protein can complex with Ca2+ ions. This could be related to the 

characteristic Ca2+ binding properties of C-type lectins (Drickamer and Dodd, 1999). 

Such complexation properties are discussed in a further section. Considering the initially 

nucleated phase of calcium carbonate, at pH 9.0, the protein nucleates a phase with a 

solubility product of about 8×10-8 M2. This value is higher than 3.1×10-8 M2 which 

corresponds to the reference experiment wherein the proto-calcite form of amorphous 

calcium carbonate is formed (Gebauer et al., 2010). This indicates that a liquid-like phase 

of calcium carbonate (Cartwright et al., 2012) is initially generated in presence of this 

protein because the values of solubility products for Polymer Induced Liquid Precursors 

(PILP) are usually  higher, in the range of 40×10-8 M2 and 20×10-8 M2 (Verch et al., 

2011). At pH 9.75, the effect on solubility product of the initially nucleated calcium 

carbonate phase is less pronounced wherein values of 3.3×10-8 and 2.8×10-8 M2 are 

observed in presence of 0.1 and 1 mg/ml additive, respectively. Solubility products lower 

than 3.0×10-8 M2 indicate formation of vaterite, a crystalline polymorph. Note that the 
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solubility products discussed here represent the phase with the highest solubility product 

formed after nucleation in titration assays. 

 

Figure 2. Plots represent development of (A,B) free Ca2+ concentration and (C, D) solubility products with 

respect to time for reference (black) as well as protein containing (blue 0.1 mg/ml; red 1 mg/ml) titrations. 

 

Titration assays are also performed for protein purified in presence of β-ME i.e. with 

cleaved disulfide bonds (Rao et al., 2013). At 0.1 mg/mL protein concentrations, the pre-

nucleation slope is not affected significantly. However, at higher concentrations of 

SUMO-CTL, the prenucleation regime displays a minor increase in the slope that 

suggests a destabilizing effect on prenucleation clusters. At 0.1 mg/ml, there is no 

significant difference for the time points of nucleation however, at 1 mg/ml, the F value 

is about 2.55. With regard to solubility of the initially nucleated phase, values of 6.43×10-

8 and 11.60×10-8 M2 are observed for low and high protein concentrations, respectively. 

These observations are different in comparison to those of the titration assays performed 

using the SUMO-CTL purified in absence of β-ME. This suggest that protein 



21 

 

conformation can play a significant role during the nascent stages of mineralization 

thereby affecting subsequent processes such as time required nucleation and type of 

phase initially nucleation. The protein purified in absence of β-ME is functional as 

indicated by affinity chromatography; hence it is used for further experiments. Turbidity 

measurements through the course of the titration experiments show different profiles for 

additive containing titrations (Appendix 2.3). This indicates that SUMO-CTL possibly 

interacts with mineral precursors. Hence products of titration are further analyzed using 

electron microscopy. 

 

 

Figure 3. Plots represent development of (A) free Ca2+ concentration and (B) solubility products with 

respect to time for reference (black) as well as protein (β-ME treated) containing (blue 0.1 mg/ml; red 1 

mg/ml) titrations. 

 

Microscopy 

SEM is performed on samples drawn from titration mixtures after nucleation at pH 9.0 

(Figure 4). During early stages of nucleation, sheet-like assemblies about 20-50 µm in 

size are observed at low magnification for samples. Higher magnification indicates that 

the assemblies may have a stack-like arrangement. SEM observations of samples drawn 

at later regimes after nucleation exhibit assemblies with certain structuring (Figure 4C, 

D). This indicates that a composite material is formed after the nucleation of calcium 

carbonate. The structure of these composites is further investigated by TEM. 
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Figure 4. Representative SEM images for composite structures formed in post-nucleation stages of titration 

experiments in presence of SUMO-CTL at pH 9.0. Scale bars represent 20 µm. 

 

TEM indicates the formation of sheet-like structures in samples corresponding to the 

nucleated products of titrations performed at pH 9.0 and 9.75 in presence of the SUMO-

CTL additive (Figure 5). Amorphous sheets are present in samples directly after 

nucleation (Figure 5A). Curling effects at the edge of certain sheets grown at pH 9.0 

indicate an organic composition (Figure 5B). Sheets with stacking arrangements are 

observed for samples from the later stages of the titration experiment (Figure 5D). The 

associated SAED patterns indicate a transition from amorphous single sheets to single 

crystal-like stacks of sheets. This confirms a composite material with diffraction 

properties typical of mono-crystalline calcite is formed. The reflections are indexed to the 

{104}, {110} and {113} faces of calcite. During nucleation of calcium carbonate, certain 

spherical crystalline structures are observed associated with the sheets (Figure 5C). 

Although the diffraction pattern is suggestive of calcite, such spherical particles might 

play a role in the process of mineralization. TEM observations for post-nucleation 

titration products at pH 9.75 indicate formation of smaller vaterite sheets with single 
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crystal-like diffraction patterns (Figure 5E, F). Analysis at higher magnification shows 

that these structures are composed of smaller particles. Similar structures are reported in 

presence of biological and synthetic polymers that display self-assembly (Xu et al., 2006; 

Leng et al., 2010). This suggests that the protein mediates the formation of crystalline 

structures with complex hierarchical organization.  

 

 

 

Figure 5.TEM micrographs of titration samples from (A, B, C) during and (D) after nucleation regimes at 

pH 9.0 in presence of SUMO-CTL. (E, F) Post-nucleation products from corresponding titrations 

performed at pH 9.75. 
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To circumvent TEM related drying artifacts, cryo-TEM analysis is performed on samples 

taken during the course of titration experiments at pH 9.0. At early stages (~1000 s), 

aggregates with low contrast are observed about 100-200 nm (Figure 6A). These appear 

to become denser with progression of the titration experiments (Figure 6B, C). Around 

the time of nucleation, sheet-like structures grow from these aggregates. This indicates 

that concentration of calcium ions and the nucleation event are factors that drive protein 

assembly and sheet formation. The corresponding diffraction pattern indicates that the 

sheets are initially amorphous (Figure 6E). Vesicle-like particles are seen in association 

with the sheets (Figure 6F). This validates the TEM results. Samples from the later stages 

of the titration show presence of mineralized sheets arranged in stacks. This indicates that 

the vesicles possibly have a role in the mineralization of initially amorphous sheets. 

SAED patterns that correspond to the mineralized composites can be indexed to {104} 

and {116} faces of calcite. Moreover, the diffraction patterns of mineralized sheets depict 

certain co-orientation of crystalline phase (Figure 6E, F), suggesting that the sheets are 

composed of smaller calcite particles.  
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Figure 6. Representative Cryo-TEM micrographs of titration samples corresponding to prenucleation 

stages (A-D) and post nucleation (E-H) stages at pH 9.0 with 0.1 mg/ml SUMO-CTL. 
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Figure 7. TEM images of mineralized sheets for (A) micro-cut, (B) sonicated and (C, D) proteinase K 

treated samples. 

To elucidate the structure of these calcitic composites, TEM samples are prepared using 

different procedures. Electron micrographs of thin sample sections exhibit a stack-like 

architecture of mineralized sheets (Figure 7A). The sheets appear to be about 20-40 nm in 

thickness. However this apparent thickness is highly dependent on the cut angle, which is 

not controlled in this study. The associated SAED pattern is indicative of the {006} and 

{110} calcite faces. The arc-like diffraction arrangement indicates limited 

crystallographic co-orientation of the constitutive particles. SAXS measurements 

performed to determine the sheet thickness reveal a single major peak corresponding to 

1.68±0.3 nm (Appendix 2.4). This corresponds to the thickness of a single mineral sheet. 
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After sonication of the composites, the architecture of the sheets is disrupted and 

individual sheets are distinguishable (Figure 7B). The SAED pattern reflects poly-

crystallinity after sonication. Comparison with intact structures (Figure 5D) indicates that 

the stacking arrangement is related to crystallographic properties of the individual sheets. 

Thus the crystalline domains of adjacent sheets are perfectly co-oriented (single-crystal-

like diffraction) and disruption of this architecture leads to SAED patterns typical of 

polycrystalline calcite. This reflects the first level of structural hierarchy in this 

composite material. To investigate the role of SUMO-CTL in structural organization of 

the sheets, proteinase K (a protease with broad specificity) is used to cleave away the 

protein matrix. The residual inorganic particles are irregular, calcite particles that have a 

jigsaw-like appearance. The smaller particles represent a structural organization at the 

nanoscale i.e. the second level of structural hierarchy. The mosaic morphology is 

suggestive of a mineralization mechanism involving liquid precursors similar to that 

reported for cermet composites (Humenik and Parikh, 1956). Considering the post-

nucleation solubility products from titration assays (Figure 2) and the vesicle-like 

particles observed in TEM experiments (Figure 5C, 6F), it appears that a liquid-like 

phase of calcium carbonate is involved in mineralization of the organic sheets. 

To better understand the mineralization process, polarization light microscopy is 

performed on post-nucleation titration samples. Observations of samples immediately 

after nucleation shows birefringent particles co-localized in certain areas, indicating their 

association with protein sheets (Figure 8A). At higher magnification, these particles 

exhibit a black Maltese cross consisting of two isogyrses (inset Figure 8B). This 

conoscopic figure is indicative of an optically inactive material (Rudoi et al., 2003). 

Similar observations are reported for biological vesicles (Regev et al., 1999) as well as 

mineralization via PILPs of calcium carbonate and calcium phosphate (Cheng et al., 

2007, Amos et al., 2009). For samples corresponding to about 1 h after nucleation, 

birefringent sheets are observed (Figure 8C, D). These are representative of the calcitic 

sheets observed during TEM analysis. Moreover quantitative birefringence microscopy is 

performed that reveals orientational distribution of the crystalline domains in the 

composite material. The color map shows that the particles are crystallographically co-

oriented at a scale of 100-200 µm (Figure 9).  
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Figure 8. Representative dark field polarization microscopy images for samples (A, B) drawn immediately 

after nucleation and (C, D) after 1 h of incubation. Scale bars represent (A) 100, (B) 50 and (C, D) 500 µm. 

Inset in (B) shows Maltese cross appearance of a single particle.  

 

 

Figure 9. (A) Normal optical and (B) quantitative birefringence microscopy images of the composites. 

Scale bars represent 50 µm. 
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Partial demineralization of sea urchin spicule 

To investigate similarities between the composite materials formed during titration and 

the sea urchin spine, the natural mineral is partially deconstructed using acidic solutions. 

The products thus formed are analyzed by microscopy-based techniques (Figure 10). 

Observations in bright field mode show diverse structures including ribbons and smaller 

fibrils. Under polarized light, the ribbons display birefringence and therefore indicate 

crystallinity of the structures (Figure 10B). In addition, these ribbons exhibit twisting 

behaviour, thus suggesting the presence of associated organic content. This is similar to 

TEM observations for the composite samples discussed above (Figure 5B). Analysis 

using quantitative birefringence microscopy indicates a stack-like architecture as well as 

crystallographic co-orientation at the micron scale (Figure 5C, D). TEM analysis 

validates the structural organization of mineralized sheets (Figure 10E). At higher 

magnification, the surfaces of the sheets exhibit certain nano-porosity suggesting limited 

dissolution of the mineral particles. The associated SAED pattern is typical of the calcite 

{104} face. Based on the morphological and crystallographical similarities between the 

titration products formed in vitro and the biomineral organization present in the Nature, 

the CTL domain appears to play an important role in calcium carbonate mineralization. 

To understand the biochemical properties that are involved in the self-assembly process, 

solution properties are studied in different chemical environments.  
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Figure 10. Sea urchin spine components analyzed using (A) bright field and (B) polarization light 

microscopy, (C) normal optical and (D) quantitative birefringence microscopy as well as (E, F) 

transmission electron microscopy. Scale bars represent (A, B) 100 and (C, D) 20 µm. 
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Solution properties of SUMO-CTL 

Potentiometric titration experiments at pH 9.0 and 9.75 indicate complexation of Ca2+ 

ions by SUMO-CTL (Figure 2A, B). To further elucidate these effects, titrations are 

performed in absence of carbonate buffer (Figure 11A). At pH 7.0, there is negligible 

Ca2+ binding. The offset is pronounced at pH 8 and 9 indicating that protein conformation 

is more conducible for Ca2+ binding at alkaline pH. From the X-axis intercept, 

complexation effects are quantified. About 1.2 and 2.6 Ca2+ ions are bound to a protein 

molecule at pH 8.0 and 9.0, respectively. Considering the primary protein sequence, this 

corresponds to less than 1 Ca2+ ion per carboxylate group. Previous studies indicate that 

CTL proteins usually have conserved Ca2+ binding sites (Drickamer, 1999). However 

these results show that  interactions of such proteins and Ca2+ ions can be pH dependent. 

This can be attributed to minor pH-dependent changes in protein secondary structure 

discussed above in context of CD spectra measurements. 

 

Figure 11. (A) Time development of free Ca2+ ion in absence of protein (black) and in presence of SUMO-

CTL (1 mg/ml) at different pH values. (B) Particle size distributions of protein samples with varying Ca2+ 

contents at different pH values. 

 

During these complexation experiments, precipitation is observed at pH 9.0. Therefore 

DLS measurements are performed to investigate the dependence of protein aggregation 

on pH and Ca2+ concentration. In absence of Ca2+ ions, particle sizes are about 0.5±0.2, 

1.2±0.2 and 2.3±1.1 nm at pH 7.0, 8.0 and 9.0, respectively. At these pH values, there is 

an increase in particle sizes proportional to Ca2+ contents. This effect is most pronounced 

at pH 9.0, wherein the size of the protein aggregates is about 93.5±53 nm in presence of 
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10 mM Ca2+. Thus protein aggregation is promoted by high Ca2+ concentration at pH 9.0. 

Since conformational changes appear to be negligible in presence of Ca2+ ions (Table 1) 

and less than 1 Ca2+ ion bind per carboxylate group (Figure 11A), it appears that factors 

such as charge shielding and equilibrium protein solubility play a role in Ca2+ induced 

protein self-assembly (Chi et al., 2003). To further understand the process of protein self-

assembly, protein samples are analyzed by AUC experiments. 

 

To investigate the effect of pH on protein assembly, samples are prepared in HEPES (pH 

7.4) and carbonate (pH 9.0) buffers. The sedimentation coefficient and molar mass 

distributions of SUMO-CTL are obtained by fitting the experimental data to the Lamm 

equation model using SEDFIT, assuming a partial specific volume of 0.718 ml/g 

(Appendix 2.5). The bars in Figure 12 represent individual species identified in 

sedimentation coefficient distributions. In absence of Ca2+ ions, single peaks 

corresponding to 2.8 S are observed for both buffer systems. These correspond to 

monomeric species with molar masses of about 26 kDa. Hence the buffer constituents 

have no effect on protein aggregation or assembly in absence of Ca2+. In HEPES buffer, 2 

mM Ca2+ leads to formation of protein species corresponding to 3.8±0.5 and 5.8±2.0 S. 

These species have molar masses of 32±5 and 70±39 kDa, respectively. The species with 

molar mass between monomeric (27 kDa) and dimeric (54 kDa) aggregation states 

indicate reversible interaction on a time scale faster than the duration of the 

ultracentrifuge experiment generally resulting in a single peak comprising the time 

average of the different oligomers. Protein species with a molar mass of 70±39 kDa 

correspond to trimeric protein. With Ca2+ concentrations up to 10 mM, similar trends are 

observed for samples in HEPES buffer. In carbonate buffer however, protein aggregation 

is more pronounced and proportionate to Ca2+ concentration. At 10 mM ion 

concentration, four species are observed corresponding to 3.6±1.9, 7±1.9, 9±1.9 and 13±2 

S. These indicate molar masses of 43±35, 111±55, 175±65 and 292±65 kDa, respectively. 

In comparison to the aggregation states observed for the protein in HEPES buffer, 

aggregation is enhanced under conditions of calcium carbonate nucleation. 
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Figure 12. Bar plot representing distribution of sedimentation coefficients for SUMO-CTL species for 

different Ca2+ concentrations in presence of HEPES (red, pH 7.4) and carbonate (blue, pH 9.0) buffer. Each 

bar represents an individual species.  

 

 

Figure 13. Pseudo 3-dimensional plots for 2-DSA analysis for SUMO-CTL with (A) 0 mM  and (B) 10 

mM Ca2+ in carbonate buffer (pH 9.0). 
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To determine the solution structure of these protein assemblies, the frictional ratio (f/f0) is 

determined by the 2-DSA Monte Carlo method (Figure 13). As SUMO is known to have 

a well-folded, globular structure (Mueller et al., 2001), a f/f0 value close to unity can be 

assumed for the fusion tag. In absence of Ca2+ ions, the SUMO-CTL protein in carbonate 

buffer displays a peak at about 27 kDa corresponding to the monomer species. This 

species has a f/f0 value of 1.1 indicating that the SUMO-CTL protein has a spherical 

hydrodynamic shape and globular structure with a = 1.94 nm. This is in reasonable 

agreement with a corresponding size of 2.3 nm ascertained by DLS (Figure 11). In 

presence of 10 mM Ca2+ however, multiple species are observed from 2-DSA analysis. 

Along with the monomeric species, larger assemblies (360 and 600 kDa) with f/f0 values 

of 4.0 indicate a highly asymmetric structure. In light of cryo-TEM observations (Figure 

6), this might indicate the formation of sheet-like structures. Intermediate protein 

assemblies with molar masses of about 120 and 160 kDa are also observed with 1.8 and 

2.1 f/f0 values, respectively. By approximating the hydrodynamic shape to a prolate 

ellipsoid of revolution, the axial ratios a/b are estimated. The 120 kDa protein species has 

axial dimensions of 44 and 0.8 nm whereas the species at 160 kDa exhibits axial 

dimensions of 22 and 1.4 nm (a and b values, respectively). This indicates an extended 

conformation of the intermediate assemblies towards sheet formation which is in good 

agreement with cryo-TEM analysis. 
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Summary 

 

 

Figure 14. Schematic representation of protein-calcite composite formation with associated temporal 

changes with respect to organic and inorganic components. (1) Initially ions and ion clusters induce protein 

assembly to sheets. (2) The sheets, in turn serve as templates for controlled growth of a crystalline phase 

from mineral precursors. (3) The sheets assemble to form a hybrid material. 

 

A fusion protein based on the CTL domain of SM50 mediates the formation of composite 

structure with single crystal-like diffraction and scattering properties. This composite 

structure is morphologically and crystallographically similar to mineral components of 

the mesocrystalline sea urchin spine. Given the prevalence of CTL domains among 

proteins involved in formation of the sea urchin spine, this chapter indicates that such 

domains are potentially involved in organizing inorganic components at the nanoscale. 

Complex hierarchical composites of calcite are formed after nucleation of calcium 

carbonate in presence of the SUMO-CTL protein at pH 9.0. These structures exhibit two 

levels of structural organization. At a higher length scale, micron-sized mineralized 

sheets are stacked in crystallographically co-oriented manner, each sheet about 1.7 nm in 

thickness as estimated from SAXS measurements. Morphologically and 
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crystallographically similar structures are also present in the sea urchin spine. At the 

nanoscale, the sheets are composed of irregularly shaped, polydisperse calcite 

nanoparticles about 10-100 nm in size. This size range is in good agreement with reports 

investigating the structure of calcite nanoparticles in the sea urchin spine (Aizenberg et 

al., 1997; Seto et al., 2012). 

Based on experimental observations, a mechanism of formation for these composites is 

proposed (Figure 14). The formation mechanism involves the pre-nucleation regime of 

calcium carbonate mineralization wherein the SUMO-CTL protein promotes nucleation 

and induces a minor destabilizing effect towards prenucleation clusters. During the 

prenucleation stage, the protein binds to Ca2+ ions and thus potentially also to mineral 

precursors such as ion clusters and liquid condensed phases. The presence of vesicle-like 

structures revealed by TEM suggests that the protein can associate with mineral 

precursors such as liquid condensed phase or amorphous calcium carbonate. However, 

the solubility products after nucleation are much higher than that of ACC and thus may 

correspond to the former phase. Concurrently the increase in Ca2+ concentration induces 

assembly of the protein to sheets as indicated by cryo-TEM and AUC investigations. 

Mineralization of the sheets appears to be via interactions of vesicles enclosing a liquid 

condensed phase of calcium carbonate and the protein sheets. The space filling 

organization of the nanoparticles is similar to that of materials formed via densification of 

liquid precursors (Humenik and Parikh, 1956; Kim et al., 2007). The crystallographic co-

orientation between adjacent mineral sheets may be related to the presence of a uniform 

array of Ca2+ binding sites on the protein film inducing epitaxial effects (Travaille et al., 

2003) or a phase transformation that involves forces related to oriented attachment (Li et 

al., 2012). To elucidate the former, studies on protein crystal structure are in progress 

(Juneja et al., 2014). In summary, interactions during biomineralization appear to be 

dynamic with the organic and inorganic components influencing each other. Such 

interactions are often perceived as unidirectional however in context of the calcite-protein 

composite reported here, a complex interplay between the SUMO-CTL and different 

mineral precursors is revealed. 
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Chapter 3 

 

Effects of Carbohydrates on  

Early Stages of Calcium Carbonate Mineralization 
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Introduction 

In the recent years, several studies have focused on the role of proteins in 

biomineralization processes (Belcher et al., 1996; Michenfelder et al., 2003; Delak et al., 

2009; Fang et al., 2011; Politi et al., 2004). However, as the crystallization mechanisms 

in different organisms are being deciphered, carbohydrates have emerged as important 

players in growth of certain biological and geological minerals (Arias & Fernandez, 

2008; Zhang et al., 2012). According to the IUPAC definition, carbohydrates include 

monosaccharides, disaccharides and polysaccharides, as well as their derivatives. These 

ubiquitous biomolecules – which are important with respect to nutrition, photosynthesis, 

signal transduction, geological carbon cycles as well as chemical industries (Asp, 1996; 

Pakulski & Benner, 1994; Smeekens, 2000; Lichtenthaler & Peters, 2004) – thus appear 

to be also involved in the organic-inorganic interactions during formation of minerals.  

Given the prevalence of the C-type lectin domain among proteins in the sea urchin spine, 

carbohydrate moieties seem to be involved in biomineralization phenomena. Moreover, 

some proteins such as certain members of the SM30 protein family are glycosylated 

(Wilt, 2002). Studies on the acidic glycoproteins from the sea urchin Evechinus 

chloroticus indicate that their glycan residues are important for the generation of the 

hierarchical calcite structures (MacKenzie et al., 2004). Considering calcium carbonate 

based otoconia, simulation studies have shown the glycan residues on otolin-1 can 

associate with calcium carbonate agglomerates. This does not affect the protein’s triple 

helical structure, thereby constituting an organic–inorganic interface for the nucleating 

biomineral (Duchstein et al., 2013). Glycan derivatives and glycosylation play a role in 

mineralization in other organisms as well. Bone collagen has a glycan composition rich in 

galactose and glucose, which likely are relevant for the formation of disease-related 

advanced glycation end products (Viguet-Carrin et al., 2006). In the crayfish gastrolith, 

proteoglycans such as dermatan-, chondroitin- and keratin-sulfate glycosaminoglycans 

closely associate with the inorganic calcium carbonate phase (Fernandez et al., 2012). 

Chitin and chitosan, two naturally abundant biopolymers, regulate the assembly of 

mineral frameworks in crustacean shells, carapaces, and mollusk shells (Arias and 

Fernandez, 2008). In coccolithophorids, polysaccharides consisting of galacturonic, 

glucuronic and mannuronic acid residues (Kayano & Shiraiwa, 2009; Ozaki et al., 2007) 
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are strong inhibitors of CaCO3 precipitation (Marsh & Dickinson, 1997; Marsh et al., 

1992; Ozaki N., 2004) and modulate the morphology of corresponding crystals (Borman 

et al., 1982; Dejong et al., 1976; Young et al., 1999). Precipitation of calcium carbonate 

on the cell wall surface of brown algae appears to be directed by alginates, linear 

polysaccharides composed of mannuronate and guluronate monomer units (Kloareg & 

Quatrano, 1988). These strongly interact with divalent cations such as Ca2+ by a so-called 

‘egg-box’ binding motif leading to stable hydrogels at sufficiently high concentrations 

(Fang et al., 2007). Given the several examples of carbohydrates modulating 

biomineralization processes, their roles in the formation of the composite materials are 

still far from being understood. 

From the crystal structures of simple, uncharged monosaccharides, it is known that 

calcium ions can coordinate with sugar hydroxyl groups and water molecules, as 

demonstrated for fructose, galactose and lactose (Bugg, 1973; Bugg & Cook, 1972; Cook 

& Bugg, 1976). Recently, Nielson et al. (2012) showed that polysaccharide properties 

such as position of functional groups and degree of branching can affect the growth and 

morphology of calcite crystals. However systematic investigations providing fundamental 

molecular-scale information on the nucleation and growth of inorganic phases in 

presence of carbohydrates are lacking. Hence, in this part of the work, the effects of 

various carbohydrates on the early stages of calcium carbonate precipitation from 

solution are investigated. We apply a titration-based methodology that is a powerful 

means to quantitatively evaluate ion clustering in the pre-nucleation regime, as well as to 

monitor the nucleation process and early growth phases in presence of carbohydrate 

additives (Gebauer & Cölfen, 2011; Gebauer et al., 2008; Gebauer et al., 2009a; Gebauer 

et al., 2009b; Picker et al., 2012; Verch et al., 2011).  Gas diffusion experiments are also 

performed to qualitatively evaluate the influence of such additives on the morphology of 

calcium carbonate particles. 

The additives tested include simple monosaccharides and their chemical derivatives, 

oligosaccharides, and polysaccharides. These are characterized concerning their influence 

on the a) formation and stability of pre-nucleation clusters, b) time of nucleation, and c) 

solubility of the initially formed solid phase. Following a systematic approach, the 
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carbohydrates examined here are divided into four classes: (i) monosaccharides, (ii) 

glucose derivatives, (iii) oligosaccharides, and (iv) polysaccharides. 

 The carbohydrates studied herein include  

1. Eight simple uncharged sugars. D-fructose belongs to the ketohexose family whereas the 

other monosaccharides are aldoses. D-arabinose, D-ribose and D-xylose are aldopentoses 

and D-glucose, D-mannose and D-galactose are aldohexoses. D-fucose is the structural 

equivalent of 2-deoxy D-galactose. These sugars differ with respect to the carbon chain 

length, aldo/keto functionality and configuration of the hydroxyl groups.  

2. Glucose derivatives: In order to investigate the effect of specific properties of 

carbohydrate additives such as stereochemistry and charge on the early stages of calcium 

carbonate mineralization, seven derivatives of glucose are selected. These include L-

glucose which is the stereoisomer of D-glucose and 2-deoxy D-glucose which lacks the 

2-hydroxy group of D-glucose. The anionic derivatives of D-glucose investigated are D-

glucuronic acid, D-glucurono-γ-lactone and D-glucose 6-phosphate which have a 

carboxylic acid group, a lactone ring and a phosphate group respectively. For their 

relevance in crustacean and molluscan biomineralization, N-acetyl D-glucosamine and D-

glucosamine were also studied.  

3. Oligosaccharides: Glycosidic linkages and glycan chain residues also determine the 

chemical nature of these biomolecules. Therefore the effect of different oligosaccharides 

namely lactose, lactulose, maltose, raffinose, sucrose and trehalose are studied. Maltose 

and trehalose consist of two glucose residues that differ in the glycosidic linkage, being 

α(1→4) and α(1→1) respectively. Lactulose, sucrose and raffinose have different 

constituents and glycosidic linkages; however these contain fructose as a common glycan 

chain residue.  

4. Polysaccharides: Among the polysaccharides assayed, agar, arabinogalactan and dextran 

are uncharged whereas alginate, carboxymethyl cellulose, dextran sulfate, esterified 

pectin and heparin are negatively charged.  

Thus by classifying carbohydrates based on charge, nature of glycosidic linkage, 

stereochemistry and chain residues, the effects of structural and chemical properties of 

carbohydrates on the calcium carbonate mineralization are studied. 
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Experimental Section 

Materials 

The following chemicals are used as received from the suppliers. 

General chemicals: calcium chloride (Fluka, 1 M standard solution), sodium hydroxide 

(Alfa Aesar, 0.01 M and Merck, 1 M solutions), hydrochloric acid (Merck, 1 M solution), 

sodium bicarbonate (Riedel de-Haën, ACS reagent), sodium carbonate (Aldrich, 

anhydrous, ACS reagent), and sodium chloride (VWR Prolabo, 99.9%). 

Additives: Monosaccharides: D-(-)-arabinose (Sigma-Aldrich, ≥ 98%), D-(-)-fructose 

(Merck), D-(+)-fucose (Sigma-Aldrich, ≥ 98%), D-galactose (Merck, ≥ 97%), α-D-(+)-

glucose (Sigma-Aldrich, ACS reagent), D-mannose (Merck, ≥ 98%), D-(-)-ribose 

(Sigma-Aldrich, ≥ 99%), and D-xylose (Merck). 

Glucose derivatives: D-glucuronic acid sodium salt (Fluka, ≥ 95%), D-glucurono-γ-

lactone (Merck, ≥ 99%), D-(+)-glucosamine (Sigma-Aldrich, ≥ 99%), N-acetyl D-

glucosamine (Sigma-Aldrich, ≥ 99%), L-(-)-Glucose (Sigma-Aldrich, ≥ 99%), D-glucose 

6-phosphate sodium salt (Sigma Aldrich, Sigma grade), and 2-deoxy D-glucose (Sigma-

Aldrich, ≥ 98%). 

Oligosaccharides: lactose monohydrate (Merck), lactulose (Sigma-Aldrich, ≥ 98%), 

maltose monohydrate (Merck, ≥ 98%), D-(+)-raffinose (Sigma-Aldrich, ≥ 98%), sucrose 

(Merck), and D-(+)-trehalose from Saccharomyces cerevisiae (Sigma-Aldrich, ≥99%). 

Polysaccharides: agar (Sigma-Aldrich), sodium alginate (Novamatrix FMC BioPolymer, 

Pronova UP LVG, ultrapure, MW = 75,000 Da, glucuronic acid content: > 60%), (+)-

arabinogalactan (Aldrich), carboxymethyl cellulose sodium salt (Sigma-Aldrich, MW = 

90,000 Da), dextran from the bacterium Leuconostoc spp. (Fluka, MW = 110,000 Da), 

dextran sulfate sodium salt (Sigma-Aldrich, MW = 5,000 Da, ≥ 96%), esterified pectin 

from citrus fruit (Sigma-Aldrich), and heparin lithium salt from porcine intestinal mucosa 

(Fluka). 

 

Sample Preparation 

Stock solutions of the various sugars are prepared by dissolution in Milli-Q water to 

reach the desired concentration (20 mM for mono- and oligosaccharides and 0.02 g/L for 

polysaccharides) and subsequent adjustment of the pH to 9.75 by adding aliquots of 
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either NaOH or HCl (1 M). Calcium chloride solution (10 mM) is obtained by 1:100 

dilution of the 1 M standard with water, while suitable carbonate buffers (20 mM, pH 

9.75) are prepared by mixing appropriate volumes of sodium bicarbonate and sodium 

carbonate solutions (both 20 mM) to achieve the targeted pH value. For the titration 

assays, equal volumes of carbonate buffer and sugar solutions are combined, giving 

samples (20 mL) containing 10 mM NaHCO3/Na2CO3 and either 10 mM (mono- and 

oligosaccharides) or 0.01 g/L (polysaccharides) additive at pH 9.75. Reference titrations 

are performed in neat carbonate buffer and in the presence of 10 mM NaCl, so as to 

assess effects related to changes in ionic strength. 

 

Titrations 

Crystallization assays are performed with a commercially available titration system from 

Metrohm (Filderstadt, Germany). A titration device (Titrando 905) operates two dosing 

units (Dosino 800), controlled by a customized software (Tiamo v2.2). During the 

experiments, CaCl2 (10 mM) is added at a rate of 0.01 mL/min into 20 mL sample 

solution while stirring at 900 rpm. Concurrently, the pH is kept constant at 9.75 by 

automatic counter-titration of NaOH (0.01 M). The pH and free calcium concentration in 

the samples are monitored by a glass electrode (Metrohm, No. 6.0256.100) and a Ca2+ 

selective electrode (ISE, Metrohm, No. 6.0508.110), respectively. Between experiments, 

the beaker, electrodes, and burette tips are cleaned with acetic acid to remove precipitated 

CaCO3, followed by multiple rinses with water. The Ca2+-SE is calibrated by titrating 

CaCl2 into 20 mL water (pH 9.75). All titrations are performed at room temperature with 

a minimum of three repetitions. 

 

Gas diffusion 

Calcium carbonate is precipitated from mixtures of CaCl2 (10 mM) and carbohydrates 

[10 mM (mono- and oligosaccharides) or 0.01 g/L (polysaccharides)] in 6 well plates 

using a gas diffusion set-up. The wells are exposed to CO2 generated by decomposition 

of ammonium carbonate [(NH4)2CO3] in a sealed desiccator. A parafilm sealed glass vial 

with (NH4)2CO3 is placed in a desiccator and four holes are punched in the film. After 48 

h of incubation, the particles are washed with ethanol (100%) and analyzed by a Hitachi 
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TM-3000 scanning electron microscope (Hitachi High-Technologies Europe GmbH, 

Krefeld Germany). During gas diffusion experiments, the final pH values were about 9.4. 

 

Results and Discussion 

In titration experiments with carbonate buffers containing the sugar additives, the time-

dependent development of detected Ca2+ is monitored for three distinct features: a) the 

slope of the linear increase before nucleation, b) the time of nucleation, and c) the level of 

free Ca2+ after nucleation. Through these aspects, the carbohydrates can be classified into 

the following categories of action (Gebauer et al., 2009b; Verch et al., 2011): Type I – 

complexation of calcium ions (evident from a delayed initial increase in free Ca2+); Type 

II – influence on the pre-nucleation cluster equilibria in solution (apparent from a change 

in the slope of the curve prior to nucleation); Type III, hitherto associated only with 

inhibition of nucleation (i.e. a shift in the maximum of the curves towards longer times), 

now needs to be subdivided into Type IIIa – inhibition, and Type IIIb – promotion of 

nucleation (shift to shorter times, reported for the first time in present study); Type IV – 

adsorption onto nucleated particles (potentially resulting in a secondary increase in free 

Ca2+ after nucleation due to growth inhibition; not observed in this work); and Type V – 

modification of the structure and stability of the initially precipitated phase, giving liquid-

like, amorphous, or crystalline polymorphs (indicated by distinct solubility products 

measured after nucleation).  

For clarity, the results obtained for these additives and their discussions are classified into 

the additive categories already described. The features of the titration curves are 

illustrated as bar plots for easy comparison. Plots representing development of free Ca2+ 

concentration versus time are compiled in the appendix section. 

Monosaccharides 

To shed light on the possible role of simple monosaccharides during the early stages of 

CaCO3 crystallization, the following well-known hexoses and pentoses are assayed: D-

galactose (D-Gal), D-glucose (D-Glc), D-fructose (D-Fru), D-fucose (D-Fuc) and D-

mannose (D-Man) (hexoses), as well as D-ribose (D-Rib), D-arabinose (D-Ara), and D-

xylose (D-Xyl) (pentoses).  
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Pre-nucleation slope 

In the pre-nucleation stage, the slope of the increase in free Ca2+ provides information on 

the interactions between additive molecules and solute ion associates (Gebauer et al., 

2008; Gebauer et al., 2009b). The destabilization of pre-nucleation clusters is indicated 

by a steeper slope of the linear regime, as the equilibrium is shifted towards the free ions 

and hence, less calcium is bound to carbonate ions on average. In turn, a decreased slope 

indicates additive-mediated cluster stabilization (Gebauer et al., 2009b). The effect of the 

different monosaccharides on the cluster stability is illustrated by bar plots of average 

pre-nucleation slopes in Figure 1B (with corresponding standard deviations). Hereinafter, 

analytical values obtained for the distinct parameters are compared to reference 

measurements performed in neat carbonate buffer or in the presence of added sodium 

chloride, depending on whether the carbohydrates are uncharged (no NaCl) or carry 

negative charge (10 mM NaCl) under the given conditions. In this way, potential effects 

caused by changes in the ionic strength of the system (rather than the action of the sugar 

additives) can be identified. 

Of the eight monosaccharides investigated in this work, D-Glc, D-Fuc, D-Man, D-Rib 

and D-Xyl do not affect the pre-nucleation slope to a significant extent and, therefore, can 

be regarded inactive with respect to the stability of prenucleation clusters (Figure 1B). 

Furthermore, none of the monosaccharide additives has a destabilizing effect on pre-

nucleation clusters. On the other hand, three monosaccharides, namely D-Ara, D-Gal and 

D-Fru, induce a marked lowering of the prenucleation titration curve slope. Thus these 

are capable of stabilizing the CaCO3 clusters. D-Ara is the most effective sugar in this 

context. It lowers the prenucleation slope by about 44% relative to the reference 

experiment in neat carbonate buffer.  
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Figure 1. Bar plots represent the effects of eight different monosaccharides [10 mM, structures shown in 

(A)] on the early stages of CaCO3 mineralization at pH 9.75 in terms of (B) the pre-nucleation slope, (C) 

the time of nucleation, and (D) the solubility of the initially precipitated phase. Results are compared to 

corresponding values obtained in respective neat carbonate buffer.  
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The remaining monosaccharides, D-Gal and D-Fru, show less pronounced effects and 

display nucleation slopes about 25% lower than that of the reference (Figure 1B). From 

these results, it is evident that detailed structural configurations of additive molecules are 

important factors in determining their influence on pre-nucleation cluster stability, given 

that the monosaccharides are all uncharged and carry the similar functional groups. In 

particular, it seems that sugar stereochemistry plays a vital role in their interaction with 

CaCO3 ion associates (D-Gal, D-Glc and D-Man, for example, are isomers and 

nonetheless show quite dissimilar behavior). Similar observations were recently made for 

amino acids (Picker et al., 2012). It is worth mentioning that the flattened pre-nucleation 

slopes determined for D-Ara, D-Gal, and D-Fru correlate with the enhanced apparent 

stabilities found for the solid phase nucleated under the influence of these sugars. Note, 

however, that the lower fractions of free calcium ions detected in carbohydrate-

containing solutions prior to nucleation could also be due to weak binding of Ca2+ by the 

additives (i.e. low equilibrium constant for association, but relatively high additive 

concentration), which cannot be excluded on the basis of the existing data. This is also 

true for the glucose derivatives and oligosaccharides discussed in the following sections; 

however the used concentrations of polysaccharides appear too low to account for 

pronounced Ca2+ complexation. 

 

Time of nucleation 

The average nucleation times for the reference experiment and titrations in the presence 

of monosaccharides are illustrated in Figure 1C. In order to compare these values for the 

different sugars, a scaling factor, F, is introduced which is defined as the quotient of the 

mean nucleation time in presence of an additive and that of the corresponding reference 

(Picker et al., 2012). Except for D-Fru (F = 0.96), the monosaccharides can be divided 

into promoters and inhibitors of calcium carbonate nucleation. While certain sugar 

molecules shift the point of nucleation to somewhat earlier times (in the order D-Glc < D-

Xyl < D-Ara < D-Gal, although the average values are actually too close to allow for 

definite trends to be predicted), others like D-Man (F = 1.09) and especially D-Rib (F = 

1.33) delay the onset of phase separation significantly. The inhibitory effects towards 

nucleation appear to be significant, since corresponding differences were beyond the 
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limits of uncertainty and the measurements generally proved to be well reproducible (as 

reflected by small error bars).  

It is quite surprising that D-Rib, an uncharged aldopentose, is an inhibitor of calcium 

carbonate nucleation and clearly surpasses its monosaccharide homologues in this 

respect. This suggests that subtle changes in molecular configuration, i.e. stereochemistry 

and/or the nature and number of functionalities, can lead to substantial differences in the 

interaction of sugar molecules with crystallization precursors. Certain monosaccharides 

delay nucleation by possible colloidal stabilization of pre-nucleation clusters (i.e. 

prevention of cluster aggregation and coalescence), as reported also for other low 

molecular weight additives (Kellermeier et al., 2012; Picker et al., 2012; Raiteri et al., 

2012). Perhaps, the structure of D-Rib is particularly suitable for binding onto pre-

nucleation clusters, which may occur through distinct hydrogen bonding between 

hydroxyl groups of the sugar and certain H-bond acceptor moieties in the hydrated 

CaCO3 complex (Demichelis et al., 2011; Raiteri et al., 2012). 

Solubility products 

The solubility products (Ksp) determined for the phases precipitated initially in presence 

of the various monosaccharides are presented in Figure 1D. In the reference experiment, 

the ion product measured after nucleation is about 3.4·10-8 M2. This is slightly lower, but 

still in good agreement (considering the range of error) with solubility values reported 

previously for the proto-vaterite (pv-)ACC formed at this pH level (Gebauer et al., 2008; 

Gebauer et al., 2010; Picker et al., 2012). None of the assayed monosaccharides causes a 

significant increase in the solubility of the nucleated particles (which would indicate the 

formation of a less stable phase). However, we observe that D-Fru, D-Gal and D-Ara 

reduce the level of free Ca2+ after nucleation to a significant degree, as compared to the 

reference. Solubility products determined in the presence of D-Ara, D-Gal, and D-Fru 

were 1.4·10-8, 2.6·10-8, and 2.9·10-8 M2, corresponding to a relative decrease of 58, 27 

and 15%, respectively. As mentioned above, these three sugars were also found to lower 

the slope in the pre-nucleation stage and thus stabilize ion clusters (D-Ara showing the 

most pronounced effects). This supports the notion that more stable pre-nucleation 

clusters yield more stable phases of calcium carbonate after nucleation (Cartwright et al., 

2012; Gebauer & Cölfen, 2011). Note that the average solubility product measured in the 



48 

 

experiments with D-arabinose (1.4·10-8 M2) is close to the reported literature value for 

vaterite, which is ca. 1.7·10-8 M2 (Gebauer et al., 2008).  

Glucose derivatives 

To investigate the role of stereochemistry and specific chemical functionalities in 

carbohydrate additives with respect to the early stages of CaCO3 mineralization, the 

following derivatives of D-glucose are also examined: L-glucose (L-Glc), 2-deoxy-D-

glucose (D-Glc 2-d), D-glucosamine (D-Glc Am), N-acetyl D-glucosamine (D-Glc Nac), 

D-glucose 6-phosphate (D-Glc P), D-glucuronic acid (D-Glr), and D-glucuronic acid γ-

lactone (D-Glr Lc) (see Figure 2A for molecular structures).  

Pre-nucleation slope 

Changes in the pre-nucleation slopes observed upon addition of D-glucose derivatives are 

depicted in Figure 2B. All additives – except for D-Glc itself – flatten the increase in free 

Ca2+ before nucleation, and thus stabilize pre-nucleation clusters, according to the order 

D-Glr Lc < D-Glc Nac ≈ D-Glr ≈ D-Glc Am < D-Glc 2-d < L-Glc < D-Glc P. While the 

correlation of pre-nucleation stabilization and solubility (i.e. decrease in both slope and 

solubility) is seen for L-Glc, D-Glc 2-d and D-Glc Nac, it is not obvious for the other 

sugars. This may suggest that in the latter cases, the flattened slope originates from weak 

Ca2+ complexation rather than cluster stabilization, that is, a Type I interaction which 

does not result in Langmuir-type saturation curves as observed for strong complexing 

agents (Verch et al., 2011). Based on the present data, Type I and Type II effects cannot 

be clearly distinguished. In any case, the influence of D-Glc P is clearly most 

pronounced, inducing a 63% decrease in the slope. Here, it is important to note that D-

Glc P, as well as D-Glr, are negatively charged at pH 9.75 (Figure 2A). Control 

experiments in the presence of 10 mM NaCl indicate that an increase in salinity actually 

leads to a steeper slope in the pre-nucleation regime (by about 7%, cf. Figure 2B). This 

can be ascribed to enhanced dissociation of ion complexes under increasingly non-ideal 

conditions (i.e. decreasing activity coefficients) (Kellermeier et al., 2013). Consequently, 

changes in the ionic strength cannot explain the observed trends in the presence of the 

glucose derivatives, which are opposite to those seen in the measurements with added 

NaCl. Therefore, the stabilizing/chelating effect of the charged sugars is even stronger, as 
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the observations are compensated with respect to ionic strength-related changes in the 

pre-nucleation slope. Note that there is a minor time-offset in the increase of free Ca2+ at 

the beginning of the titration with D-Glc P, which reflects Langmuir-type binding of 

calcium ions by this negatively charged sugar additive (i.e. typical of Type I additives) 

(Verch et al., 2011). Another very interesting observation is the 54% decrease in slope 

(relative to the reference) observed in the presence of L-Glc, which indeed is about 32% 

lower than the value found for D-Glc. These differences are clearly evident from a 

comparison of the titration profiles of the two enantiomers. This finding emphasizes the 

role of sugar stereochemistry and demonstrates that two enantiomers can show 

fundamentally distinct behavior as additives in crystallization processes. 
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Figure 2. Influence of different D-glucose derivatives (10 mM, shown in (A)) on (B) the pre-nucleation 

slope, (C) the nucleation time, and (D) the solubility of nucleated particles during CaCO3 crystallization at 

pH 9.75. Those sugars that are to be referred to the buffer at increased ionic strength are marked with 

asterisks. 
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Time of nucleation 

Figure 2C represents the time required for the nucleation of calcium carbonate in 

presence of the different glucose derivatives in titration assays. Significant inhibition of 

nucleation is found for D-Glr acid (F = 1.35), D-Glr Lc (F = 1.43), and D-Glc P (F = 

2.80), whereas all other derivatives do not significantly affect the nucleation time. 

Moreover, the effects traced for these three additives clearly exceed those seen in 

reference experiments with NaCl, where only a minor delay of nucleation was detected in 

the given range of concentrations (cf. Figure 2C), in line with previous studies (Picker et 

al., 2012; Raiteri et al., 2012).  

D-Glr contains a carboxylate group, which in principle can complex Ca2+ ions under 

alkaline conditions. D-Glr Lc – though being uncharged with respect to the structure 

shown in Figure 3A – could in turn hydrolyze at the given basic pH and open the lactone 

ring (Fassberg & Stella, 1992), resulting in a free carboxylate function. Hence D-Glr Lc 

could perform similar functions as in the case of D-Glr. Recently, carboxylate-based 

additives such as poly(acrylic acid) or poly(aspartic acid) were found to effectively 

impede CaCO3 nucleation far below stoichiometric concentrations (with respect to Ca2+) 

(Gebauer et al., 2009b; Verch et al., 2011). These effects were attributed to colloidal 

stabilization of the solutions against nucleation. D-Glr and its lactone analogue might act 

in a related way or, alternatively, become incorporated into pre-nucleation clusters and 

thus alter their structure and stability (Finney & Rodger, 2012). 

With D-glucose 6-phosphate, changes in terms of the time required for nucleation are 

most pronounced, and a delay of about 5700 s is detected with respect to the NaCl 

reference titration (Figure 2C). Earlier work has shown that phosphate-containing 

additives can inhibit calcium carbonate crystallization, and it was suggested that this is 

due to blockage of growth sites on the calcite surface (Reddy, 1977). Our results indicate 

that D-Glc P can a play a role prior to nucleation and stabilize ion clusters in solution (in 

addition to possible Langmuir-type ion complexation phenomena). Moreover, as the 

point of nucleation is approached, the additive appears to act as a colloidal stabilizer, 

inhibiting cluster aggregation and their nucleation into solid mineral particles. Similar 

observations were made in the presence of trace amounts of sodium triphosphate, under 
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conditions where effects due to sheer ion complexation can be excluded (Verch et al., 

2011). 

Solubility products 

The solubility levels of calcium carbonate measured after nucleation in presence of 

individual glucose derivatives are plotted in Figure 2D. At increased ionic strength (10 

mM NaCl), the apparent solubility product of the nucleated phase increases by about 3% 

(Ksp = 3.5·10-8 M2), in line with previous observations for the solubilities of different 

calcium carbonate polymorphs as a function of growing salinity (Gledhill & Morse, 

2006; He & Morse, 1993; Picker et al., 2012). D-Glc 2-d, D-Glc Nac, D-Glc P and D-Glr 

do not alter the free ion product significantly in comparison to values determined for the 

respective reference. D-Glc Am and D-Glr Lc cause an increase in solubility of about 11 

and 28%, respectively, relative to the neat carbonate buffer reference. By contrast, the 

presence of L-glucose results in a markedly lower solubility level (Ksp ≈ 2·10-8 M2), 

which is close to the literature value for vaterite (Gebauer et al., 2008) and thus hints at 

direct nucleation of a crystalline polymorph under these conditions or, alternatively, the 

occurrence of a very short-lived, hence kinetically destabilized, amorphous intermediate. 

Even more interesting, though, is that L-Glc shows an opposite effect as its D-

enantiomer, for which similar solubility values are determined than in the reference 

experiment. In fact, the solubility of the particles nucleated under the influence of L-Glc 

is about 39 % lower than for the phase formed in the presence of D-Glc. This supports the 

notion that precise stereochemistry is an essential factor for the efficiency of an additive 

molecule. 

N-acetyl-D-glucosamine is the primary constituent of chitin and therefore is relevant for 

biomineralization processes (Falini et al., 2003; Manoli et al., 1997). Chitosan is the 

industrially important N-deacetylated derivative of chitin, of which D-glucosamine is the 

building unit (Ravi Kumar, 2000). The amino groups on D-glucosamine and N-acetyl D-

glucosamine have pKa values of about 6.5 and 10.7, respectively. This indicates that at 

the experimental pH (9.75), D-glucosamine is positively charged and N-acetyl D-

glucosamine is uncharged. Interestingly, D-Glc Nac shows no effect and D-Glc Am 

displays only a minor effect on the solubility of the initially nucleated CaCO3 phase. This 

suggests that in addition to its constituent monomeric residues, the structuring and gel 
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formation properties of certain polysaccharides also play a vital role in regulating the 

growth of biominerals (Arias & Fernandez, 2003).  

Oligosaccharides 

In Nature, especially in glycosylated proteins, carbohydrates can be present as oligomers 

(Varki, 1993). These glycan chains are of relevance in biochemical and physiological 

processes such as biomineralization, protein function, disease and ageing (Brownlee, 

1995; MacKenzie et al., 2004; Roth et al., 2010). Therefore, to elucidate the role of such 

oligosaccharides in mineralization, we have evaluated the effect of lactose (Lac), 

lactulose (Lal), maltose (Mal), raffinose (Raf), sucrose (Suc) and trehalose (Tre) on the 

early stages of calcium carbonate crystallization. 

Pre-nucleation slope 

The influence of various oligosaccharides on the pre-nucleation slopes is presented in 

Figure 3B. Certain oligosaccharides stabilize ion associates in solution, although the 

degree of stabilization differs considerably and follows the order Tre < Raf < Lal < Suc. 

An interesting observation is that maltose and trehalose, both dimers of glucose, behave 

quite differently: Mal does not affect stability of pre-nucleation clusters significantly, 

whereas Tre causes a decrease in slope of about 15% relative to the reference. Maltose 

and trehalose are distinguished by the nature of their glycosidic bonds, with Mal having 

an α(1→4) linkage and the units in Tre being connected by an α(1→1) linkage. This 

indicates that oligosaccharides with similar compositions can exhibit dissimilar 

interactions with pre-nucleation clusters on account of their distinct glycosidic linkages. 

These differences might originate from changes in the proximity of binding sites like the 

hydroxyl groups. A second remarkable finding is that Raf, Lac, and Suc have a 

significant stabilizing effect towards the clusters, decreasing the pre-nucleation slope by 

about 37, 47, and 54%, respectively. A common feature of these oligosaccharides is they 

contain D-Fru as a monosaccharide constituent, and indeed, D-Fru has a similar influence 

on the pre-nucleation slope (cf. Figure 1). This reflects the importance of glycan chain 

residues for the interaction of oligosaccharides with solute ion clusters.  

Previous studies on cement hydration in the presence of high Suc concentrations have 

pointed out that this sugar can effectively inhibit the uptake of water (Smith et al., 2012; 
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Thomas & Birchall, 1983). As CaCO3 pre-nucleation clusters are assumed to contain less 

hydration water than the free ions in solution (Demichelis et al., 2011; Gebauer & Cölfen, 

2011), it is possible that similar interactions contribute to cluster stabilization in the 

calcium carbonate system (i.e. suppression of ion/ion associate hydration by the sugar 

and a shift towards the less hydrated species). Taken together, these results indicate that 

in complex carbohydrates, the nature of the monomeric residues as well as the type of 

glycosidic bonds can direct their interactions with CaCO3 crystallization precursors. 
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Figure 3. Effects of the six oligosaccharides (10 mM) on the early stages of CaCO3 precipitation at pH 

9.75, with respect to (B) the pre-nucleation slope, (C) the nucleation time, and (D) the solubility of 

nucleated particles. Data for the monosaccharides D-Gal, D-Glc and D-Fru, which constitute some of the 

oligosaccharides, are reproduced (light grey bars). The horizontal bands represent one standard deviation of 

the reference, as a means of comparison. 
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Time of nucleation 

Nucleation times determined from titrations in the presence of the different 

oligosaccharides are compiled in Figure 3C. None of the additives screened here display 

a significant inhibition of nucleation. However, Suc and Tre promote nucleation to a 

certain extent, leading to a 12 % (F = 0.87) and 6% (F = 0.94) reduction in nucleation 

time, respectively, relative to the reference experiment. Considering the errors bars, the 

effect of trehalose on the nucleation time may not be statistically relevant. Moreover, 

unlike the trends observed with regard to the stabilization of pre-nucleation clusters (see 

above), there is no obvious correlation between the influence of Suc and its constituent 

monosaccharide D-Fru. Note, however, that the apparent dehydrating ability of sucrose 

(Smith et al., 2012; Thomas & Birchall, 1983) may favor the formation of a (less 

hydrated) solid phase, and thereby promoting nucleation of certain cluster species. 

Solubility products 

The effect of the oligosaccharides on the solubility of the nucleated phase is illustrated by 

Figure 3D. Two additives, namely Lal and Suc, considerably lower the level of free Ca2+ 

after nucleation, reducing the ion products by about 31 and 48%, respectively, compared 

to the neat buffer reference. This corresponds to solubility products of ca. 2.3·10-8 and 

1.8·10-8 M2 for the particles formed in the presence of Lal and Suc, respectively. These 

values (in particular the latter one) approximate the reported solubility of vaterite (1.7·10-

8 M2) and, once again, suggest that certain carbohydrate additives can induce the 

immediate precipitation of this metastable crystalline polymorph. In the case of sucrose, 

it might be speculated that the sugar helps in the dehydration of the solute precursors and 

thus promotes their direct transformation into an anhydrous phase (rather than hydrated 

ACC), as discussed above. D-Fru, the monomer building unit of lactulose and sucrose, 

does show similar effects, however to a less significant extent. 
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Polysaccharides 

It is well known that polymeric carbohydrates like chitin, hyaluronic acid, keratan or 

dermatan sulfate play important roles in biomineralization processes (Arias & Fernandez, 

2008). To assess the influence of these complex biomolecules on the initiation of CaCO3 

crystallization, we selected the following polysaccharides as model additives (see Figure 

4A for molecular structures): agar, alginate (Alg), arabinogalactan (Arb), carboxymethyl 

cellulose (CMC), dextran (Dex), dextran sulfate (Dex S), esterified pectin (Pec Es), and 

heparin (Hep). At pH 9.75 of the titration experiments, the acidic groups namely 

carboxyls and sulfates are primarily dissociated and polysaccharides such as alginate, 

carboxymethyl cellulose, dextran sulfate, esterified pectin and heparin are negatively 

charged. 

Pre-nucleation slope 

Figure 4B shows the average slopes of the linear pre-nucleation regime from titration 

experiments with carbonate buffers containing different polysaccharides. Except for 

esterified pectin and heparin, all examined polymers exhibit a relatively strong stabilizing 

effect on pre-nucleation species (Alg ≈ CMC ≈ Dex S ≈ Arb < Agar < Dex). It is worth 

emphasizing that the additive concentrations used for these polysaccharides (0.01 g/L, 

corresponding to effective monomer concentrations in the range of tens of µM) are much 

lower than in the experiments with mono- and oligosaccharides (10 mM). This suggests 

that polymeric sugars are drastically more potent at stabilizing solute ion clusters. 

Moreover, due to the comparatively low additive contents, changes in the overall ionic 

strength of the samples on account of the polysaccharides be neglected. A surprising 

result is that uncharged polymers, i.e. arabinogalactan, agar and dextran appear to be 

more potent stabilizers for CaCO3 pre-nucleation clusters than charged ones such as 

heparin or alginate. Pec Es represents an exception to this trend, as it was found to 

actually destabilize ion associates in solution (cf. Figure 4B). Although the detailed 

mechanisms underlying these (de)stabilization effects are not yet clear, it possibly relies 

on properties like charge, chain length, branching and conformation of the 

polysaccharides. It is furthermore interesting to note that arabinogalactan, a polymer of 

D-arabinose and D-galactose, has a comparable influence on the pre-nucleation slope as 

its monomeric building units (cf. Figure 1B), albeit already at much lower additive 
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concentrations. Regarding ion complexation, our data suggest that only heparin is capable 

of binding Ca2+ to a noticeable extent, as is evident from a parallel offset (or respectively 

a curved initial increase) in the time development of free calcium ions detected in the 

presence of Hep (see Figure 5). Such Type I additive behavior has also been observed for 

other charged polyelectrolytes, like for example poly(acrylic acid) (Gebauer et al., 

2009b). 
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Figure 4. Plots representing changes in (B) the pre-nucleation slope, (C) the time of nucleation, and (D) the 

solubility of initially precipitated phase, observed upon addition of different polysaccharides (0.01 g/L, 

structures shown in (A)) to CaCO3 crystallization assays at pH 9.75. Effective molar concentrations of the 

sugars in the experiments – with respect to the dimeric units drawn in (A) – were 28 (Agar), 24 (Alg), 34 

(Arb), 19 (CMC), 27 (Dex), 15 (Dex S), 24 (Pec Es), and 17 µM (Hep). The horizontal bands represent one 

standard deviation of the reference, as a means of comparison for the various polysaccharides. 
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Time of nucleation 

The polysaccharides show different effects in terms of the nucleation times detected in 

the titration experiments (Figure 4C). Two additives, namely Arb and Dex S, did not alter 

the nucleation time to measurable extents with respect to the reference, while Agar and 

Dex seem to weakly promote nucleation, decreasing the required period by about 7 and 

8%, respectively. In turn, the remaining polysaccharides were all found to inhibit 

nucleation, in the order Pec Es (F = 1.16) < CMC (F = 1.32) < Alg (F = 1.66) << Hep (F 

= 4.35), as illustrated in Figures 4. Although carboxymethyl cellulose, alginate, and 

heparin contain acidic functional groups capable of metal ion complexation, the 

concentrations utilized in the present study (0.01 g/L) are too low for the observed delay 

in nucleation to be attributed solely to calcium binding. Rather, the polymeric 

carbohydrates appear to impede nucleation via colloidal stabilization of pre-nucleation 

clusters (Gebauer et al., 2009b; Kellermeier et al., 2012). In any case, it is obvious that 

heparin is a much more powerful inhibitor of nucleation than all other investigated 

polysaccharides (as well as any mono- and oligosaccharides), and even approaches the 

efficiency of common antiscalants like polyacrylate (Gebauer et al., 2009b). 

Evidently, the influence of carbohydrates on pre-nucleation clusters and corresponding 

implications for the nucleation process require further investigation. However, it is 

possible that the additive-cluster interactions are related to those between the additives 

and Ca2+ ions. For example, the calcium binding ability of esterified pectin has been 

ascribed to cation-induced association of poly-D-galacturonate residues into dimers, and 

subsequent formation of an ‘egg-box’-like structure that harbors the Ca2+ binding site 

(Powell et al., 1982). The mechanism for Ca2+ binding by alginate is similar to that of 

esterified pectin and proceeds through three successive steps: complexation, 

dimerization, and lateral association of the polysaccharide units (Fang et al., 2008). 

Likewise, the carboxylic acid groups in CMC are known to be involved in Ca2+ 

complexation (Backfolk et al., 2002). Heparin, in turn, is a sulfated glycosaminoglycan 

composed of disaccharide units of D-glucosamine and uronic acid. The 2-sulfamino 

group of heparin was shown to play a central role in calcium binding (Ayotte and Perlin, 

1986), during which a conformational change of Hep occurs due to rotations around the 

glycosidic linkages (Boyd et al., 1980). Perhaps, the polysaccharides bind to CaCO3 ion 
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clusters in similar motifs and thus potentially facilitate their colloidal stabilization against 

nucleation, leading to drastic inhibition phenomena. 

 
Figure 5. Time-dependent progression of free Ca2+ detected during addition of CaCl2 into carbonate buffer 

(pH 9.75) containing 0.01 g/L heparin (red curve), as compared to the reference without additives (black 

curve).  

Solubility products 

Concerning the solubility of the initially precipitated solid phase (Figure 4D), Arb and 

Dex do not show distinct influences, while agar and dextran sulfate lead to slightly lower 

levels of free Ca2+ after nucleation. Specifically, the latter two additives yield particles 

with solubility products of 2.8·10-8 and 3.1·10-8 M2, corresponding to a decrease of about 

21 and 15%, respectively, relative to the reference experiment. Other investigated 

polysaccharides, i.e. alginate, carboxymethyl cellulose, esterified pectin and heparin, 

seem to favor phases with higher solubility. While changes observed with Pec Es do 

hardly exceed the limits of experimental error, this effect is clearly significant for the 

charged polymers in this group (Alg < Hep < CMC). It may be argued that these 

polysaccharides (in particular CMC) stabilize liquid CaCO3 precursor phases, in analogy 

to the well-known PILP (polymer-induced liquid precursor) droplets formed in the 

presence of other polyelectrolytes, such as poly(aspartic acid) (Bewernitz et al., 2012; 

Gower & Odom, 2000; Verch et al., 2011). 
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Effect of carbohydrate additives on crystal morphology 

In order to investigate the effects of sugar additives on the morphology of calcium 

carbonate particles, gas diffusion experiments were performed using certain sugars that 

differed in stereochemistry, glycosidic linkage and charge. Although gas diffusion 

provides information on crystal morphology, this technique is qualitative and does not 

provide information on nucleation and supersaturation conditions (Gebauer et al., 2009a). 

In the present study, uncharged sugars such as arabinose, galactose, raffinose, sucrose, 

trehalose, D-glucose and L-glucose, have no significant effect on crystal morphology 

(Figure 6, 7). Typical rhombohedral calcite crystals are observed similar to the reference 

experiments. Charged derivatives of D-glucose, namely D-glucosamine and D-glucose 6-

phosphate lead to crystals with splayed faces and highly stepped crystals with rounded 

edges, respectively (Figure 7D, F). N-acetyl D-glucosamine does not affect significantly 

crystal morphology. Comparison of the latter two sugars indicates that although the 

charge of additives is vital towards the modulation of crystal shape, the nature of the 

chemical functionality is also an important factor.  

 

 
Figure 6. Representative SEM images of calcium carbonate particles from gas diffusion assays using (A) 

only 10 mM CaCl2 and also in the presence of 10 mM (B) arabinose, (C) galactose, (D) raffinose, (E) 

sucrose and (F) trehalose. 
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 Figure 7. Representative SEM images of calcium carbonate particles from gas diffusion assays using (A) 

neat 10 mM CaCl2 and also in the presence of 10 mM (B) D-glucose, (C) L-glucose, (D) D-glucosamine, 

(E) N-acetyl D-glucosamine and (F) D-glucose 6-phosphate.  

 

 
Figure 8. SEM images of calcium carbonate particles from gas diffusion assays using (A) only 10 mM 

CaCl2 and in the presence of 0.01 g/L (B) CMC, (C) dextran, (D) heparin, (E) citrus pectin and (F) 

esterified pectin.  
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The polysaccharides tested have a more substantial effect on crystal morphology. For 

instance, calcium carbonate particles obtained in presence of carboxymethyl cellulose 

have a droplet-like appearance (Figure 6B), reminiscent of polymer induced liquid 

precursors (Gower et al. 2000). This observation is consistent with higher solubility 

product observed for calcium carbonate by using CMC as an additive in titration 

experiments. This observed value of solubility product (5.4·10-8 M2) is higher than that of 

amorphous calcium carbonate (3.4·10-8 M2). The particles obtained from gas diffusion 

also validate the presence of a liquid-like calcium carbonate phase with CMC. In 

presence of dextran, the crystals have a highly stepped, irregular surface. Heparin yields 

crystals with rounded edges (Figure 6D) whereas with citrus and esterified pectin, the 

crystals are highly faceted and are rounded along certain edges (Figure 6E, F). The 

deviation in crystal morphology from the typical rhombohedral shape of calcite is more 

pronounced for citrus pectin. In esterified pectin, about >85% of the galacturonates are 

esterified to form methyl ester and hence possibly are recalcitrant towards crystal growth 

modulation. This suggests that the carboxyl groups of the constituting galacturonic 

residues may be involved in regulating crystal shape. Taken together, these observations 

suggest that crystal morphology can vary significantly with the polysaccharide additive 

used. Moreover, considering the low concentrations used in this study, polysaccharides 

appear to be more potent towards controlling crystal formation and growth.  
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Summary 

Based on the titration study, we can assign the different sugar additives into distinct 

categories according to their mode of action (Verch et al., 2011), as summarized in Table 

1. D-Glucose 6-phosphate and heparin are the only two carbohydrates showing 

significant complexation of Ca2+ ions (Type I), evident from a parallel time offset in the 

increase of detected free calcium in the titration experiments. An obvious prerequisite for 

calcium complexation is that the additive molecules contain (charged) functional groups 

able to coordinate with the ion species. However, this criterion is clearly not sufficient, as 

other charged mono- (e.g. D-Glr) and polysaccharides (e.g. Dex S or CMC) do not 

display this effect. 

Carbohydrates influencing the equilibrium between pre-nucleation clusters and free 

Ca2+/CO3
2- ions (Type II) include the monosaccharides D-arabinose, D-galactose and D-

fructose, which decrease the slope in the linear pre-nucleation regime and, hence, 

apparently stabilize ion associates in solution. The same effect is observed essentially for 

all studied glucose derivatives, with D-glucose 6-phosphate inducing the most 

pronounced changes. Among the oligosaccharides, lactulose, raffinose, sucrose and 

trehalose affect the formation (and structure) of pre-nucleation clusters, shifting the 

equilibrium towards the bound state. Finally, polysaccharides such as heparin, alginate, 

carboxymethyl cellulose, dextran sulfate, arabinogalactan, agar and dextran also 

exhibited a cluster-stabilizing influence. 

When comparing the time required for nucleation, certain additives can be identified as 

inhibitors (Type IIIa) or promoters (Type IIIb) of nucleation. Monosaccharides like D-

mannose and D-ribose tend to slightly delay nucleation, whereas the glucose derivatives 

D-glucuronic acid, D-glucuronic acid γ-lactone and especially D-glucose 6-phosphate can 

considerably retard phase separation. Nucleation-inhibiting polysaccharides include 

alginate, carboxymethyl cellulose and heparin; notably, these polymeric sugars are active 

at much lower concentrations than their low molecular weight analogues. On the other 

hand, nucleation is found to be “catalyzed” by the carbohydrates D-arabinose, D-

galactose, lactulose, sucrose, agar and dextran. We speculate that these sugars are 

somehow able to bridge pre-nucleation clusters, thus promote their aggregation and, with 
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it, induce nucleation of calcium carbonate particles (in analogy to bridging flocculation in 

colloidal systems, Biggs et al., 2000). 

Several carbohydrates affect the level of free Ca2+ ions after nucleation and, thus, alter 

the solubility of the initially formed solid phase (Type V). For instance, more soluble 

(and hence less stable) particles are nucleated under the influence of D-glucosamine, D-

glucuronic acid γ-lactone, trehalose, alginate, carboxymethyl cellulose and heparin, 

possibly indicating temporary stabilization of liquid precursor phases (Bewernitz et al., 

2012; Gower & Odom, 2000; Verch et al., 2011; Wallace et al., 2013). In turn, other 

sugars induced the precipitation of CaCO3 polymorphs with lower solubility, in some 

cases potentially vaterite. This applies for the monosaccharides D-arabinose, D-galactose 

and D-fructose, the oligosaccharides lactulose and sucrose, as well as to some extent for 

the polysaccharides agar and dextran sulfate. In addition, L-glucose seems to promote the 

nucleation of a phase with distinctly lower solubility product than observed for particles 

formed in the presence of the D-enantiomer. D-Glucose is a very fundamental 

biomolecule that is involved in several biochemical pathways. Thus the dissimilar results 

in terms of the calcium carbonate phase nucleated in presence of L-glucose is quite 

significance. The underlying explanation for this observation is presently not understood, 

however this might be related to the effect of certain additives on the hydration 

environments of the cluster species (Wiggins, 2003). 
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Additive Class Effect Group Members 

I 
Complexation of Ca2+ 

ions 

D-Glc P 
 

Hep 

II 

Influence on the stability 

of  

solute pre-nucleation 

clusters 

D-Ara, D-Fru, D-Gal 
 

L-Glc, D-Glc Am, D-Glc Nac, D-Glc 2-d, 
D-Glc P , D-Glr, D-Glr Lc 

 
Lal, Raf, Suc, Tre 

 
Agar, Alg, Arb, CMC, Dex 

IIIa Inhibition of nucleation 

D-Man, D-Rib 
 

D-Glc P, D-Glr, D-Glr Lc 
 

Alg, CMC, Hep 

IIIb Promotion of nucleation 

D-Ara, D-Gal, D-Glc, D-Xyl  
 

Suc 
 

Agar, Dex S 

V 

Change in the solubility 

and  

structure of the nucleated 

phase 

D-Ara, D-Gal, D-Fru 
 

L-Glc, D-Glr Lc 
 

Lal, Suc 
 

Alg, CMC, Hep, Agar 
 

Table 1. Classification of the investigated carbohydrate additives with respect to their effects during the 
early stages of calcium carbonate precipitation. For each category, the respective most efficient additives 
are highlighted in bold characters. 
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Carbohydrates have multiple effects on early stages of CaCO3 crystallization and these 

effects seem to rely on various factors such as stereochemistry, functional moieties, 

charge as well as the nature of glycosidic linkages. Regarding the data obtained for the 

monosaccharides, some sugars (e.g. Ara and Gal) can stabilize ion clusters in solution 

(Type II) and induce the formation of a phase with lower solubility (Type V; cf. Figure 

9A) – possibly even leading to the direct nucleation of a crystalline phase such as vaterite 

– whereas others such as D-Glc do not show any related effects. Differences in the 

chemical structures of the monosaccharides alone can, however, hardly explain such 

distinct behavior. Likewise, a simple switch in carbohydrate stereochemistry can 

obviously have a considerable influence (D-Glc – no significant effect, vs. L-Glc – Type 

II/V additive, cf. Figure 9B). It is not yet clear how the saccharide stereochemistry affects 

either ion associates or their aggregation and nucleation into a solid phase, although it 

could be due to changes in the hydration or local water structure. Among the 

oligosaccharides, one of the most interesting observations is that the nature of the 

constituent monomeric units can be important for the degree of influence in certain stages 

of crystallization, whereas it is seemingly irrelevant for others. This has been exemplified 

for the case of fructose and its oligomers raffinose, sucrose and trehalose (Figure 9C), 

where similar trends were discerned for both the mono- and oligomers with regard to 

their interactions with pre-nucleation clusters, while they differed with respect to their 

influence on the nucleation process and the solubility of the nucleated phase. Moreover, 

these measurements have – for the first time – evidenced that nucleation can actually be 

promoted by additives. This feature appears to be most significant for sucrose, and may 

be related to its dehydrating properties. Based on this finding, we have refined the 

previously introduced Type III mode of additive action (denoting only nucleation 

inhibition) (Gebauer et al., 2009b; Verch et al., 2011) into Types IIIa (inhibition of 

nucleation) and Type IIIb (promotion of nucleation).  
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Figure 9. Temporal development of the amount of free Ca2+ upon titration of  CaCl2 (10 mM) into 

carbonate buffer (10 mM) containing different carbohydrates as indicated (10 mM for mono- and 

oligosaccharides in (A-C), and 0.01 g/L for polysaccharides in (D-E)). Black curves represent the reference 

titration performed with neat carbonate buffers. 
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Last but not least, the investigated polysaccharides induce remarkable changes in the 

progress of precipitation, which is not surprising when considering that most 

contemporary strategies for crystallization control rely on polymeric additives (Meldrum 

& Cölfen, 2008; Rieger et al., 2007), and that other polymers investigated previously by 

the same methodology had a strong influence as well (Gebauer et al., 2009b; Verch et al., 

2011). The effects observed for the polysaccharides screened in this study are manifold 

and range from the stabilization of more soluble (and thus less stable) solid phases (Pec 

Es) over changes in the equilibria of solute ion associates prior to nucleation (Dex, Alg 

and CMC) to partially intense inhibition of nucleation (Alg, CMC, and Hep), all at 

relatively low additive concentrations (Figure 9D, E). The formation of liquid-like phases 

of calcium carbonate in presence of CMC is validated by results of potentiometric 

titration and gas diffusion experiments. Of the sulfated polysaccharides tested, heparin 

induces a greater inhibition of nucleation in comparison to dextran sulfate. This could be 

on account of the additional carboxyl groups in heparin, that in conjugation with the 

sulfate groups, lead to better stabilization of the prenucleation clusters.  

Although the present study primarily addresses the early stages of mineralization, the 

findings correlate with an earlier report wherein glycosyl residue configuration, charge, 

degree of branching and position of functional groups were found to affect the later 

stages of mineral growth (Nielson et al., 2012). In addition, other properties such as the 

nature of the glycosyl linkages and sugar stereochemistry also determine the early stages 

of calcium carbonate mineralization.  In summary, the present experiments reveal a 

variety of possible interactions between carbohydrate additives and mineralizing calcium 

carbonate species. There are no evident patterns of effects that would allow for a certain 

correlation between the chemistry and constitution of the sugars and their actual influence 

on the crystallization process. Therefore, potential underlying molecular principles, 

especially because the detailed structures of CaCO3 precursors, solute and solid, as well 

as the state of the carbohydrates themselves in solution cannot be speculated upon. 

Further computer simulations and modeling approaches (Demichelis et al., 2011) appear 

to be urgently required to improve our understanding of the influence of additives on the 

early stages of crystallization. 
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Low-Complexity Intrinsically Disordered Proteins modulate  

Mineralization 
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Introduction 

  

In the past, protein function was associated with a specific 3-D structure based on the 

lock and key model proposed by Fischer (1894). Protein function and structural rigidity 

were thought to be intimately linked. However in recent decades, experiments in protein 

crystallography and nuclear magnetic resonance spectroscopy revealed that certain 

biologically active proteins or protein domains do not possess stable, defined 3-D 

structures (Bloomer et al., 1978; Bode et al., 1978; Huber, 1979). These are referred to as 

natively denatured, natively unfolded, intrinsically unstructured or disordered proteins 

(IDPs) (Schweers et al., 1994; Weinreb et al., 1996; Wright et al., 1999; Dunker et al., 

2001). The prevalence of IDPs in eukaryotic genomes is significantly higher in 

comparison to bacteria and archaea (Dunker et al., 2000). Furthermore, a recent study on 

the potential intrinsic disorder of the human extracellular proteome indicates that the 

prevalence of IDPs among extracellular proteins is more than 50% compared to that of 

the whole proteome (Peysselon et al., 2011). This is quite intriguing with respect to 

eukaryotic biomineralization because the critical steps during formation of several 

biominerals are generally regulated by extracellular processes. This is reflected from the 

formation mechanisms of biominerals such as bone, nacre and egg shells (Ducy et al., 

2000; Arias and Fernandez, 2001; Fischer et al., 2001; Cuif et al., 2008; Checa et al., 

2009). The association of disorder propensity and extracellular proteins indicates that the 

role of IDPs in regulating biomineralization is potentially significant. Indeed a 

bioinformatics based analysis has shown that several biomineral-associated proteins are 

IDPs susceptible to aggregation/assembly (Evans, 2012; Wojtas et al., 2012). However 

despite the growing indications about the role of IDPs in biomineralization, the function 

of disorder propensity in protein function requires further elucidation. 

Recent studies on nacre associated IDPs proteins show that such proteins can not only 

modulate crystal growth in vitro but also affect the early stages of mineralization 

(Michenfelder et al., 2003; Chang et al., 2014; Seto et al., 2014; Perovic et al., 2014). 

Secondly, mineralization components such as ions and membrane lipids can induce 

structural changes in certain IDPs. For example, β-casein partially folds in presence of 

Ca2+ ions whereas amelogenin undergoes a disorder to order transition in lipid membrane 
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environments (Lokkapa et al., 2014; Perticaroli et al., 2014). It appears that among the 

ensemble of IDP conformations, spatio-temporally dynamic mineralization conditions 

can lead to selection of protein conformations conducive for concomitant processes 

(Okazaki and Takada, 2008). Taken together, these investigations reflect the complexity 

of the biophysical and biochemical interactions of IDPs in mineralization processes. 

Based on a mass spectrometry approach, the proteome of the sea urchin spicule has been 

revealed to contain at least 200 proteins (Mann et al., 2010).  Of these, several proteins 

possess low complexity regions, rich in glycine and proline (Livingston et al., 2006). 

Similar domains are present in association with the calcitic sea urchin tooth (Mann et al., 

2008). Bioinformatics based secondary structure analysis assigns random coil structures 

for such domains, however their role in mineralization processes requires elucidation 

(Livingstone et al., 2006; Mann et al., 2008; Mann et al., 2010; Rao et al., 2013). 

Preliminary investigations suggest that such glycine rich IDP domains are aggregation 

prone and may be involved in stabilization of amorphous CaCO3 (Rao et al., 2013). In 

order to investigate the effects of IDPs on calcium carbonate mineralization and the 

underlying mechanisms of ACC stabilization, regions of biomineral-associated low 

complexity IDPs are expressed as SUMO-fusion products. These proteins include three 

from the sea urchin spicule namely SM50, LSM34 and MSP130 as well as one protein 

from the prismatic layer i.e. prisilkin (Anstrom et al., 1987; Sucov et al., 1987; 

Livingstone et al., 1991; Kong et al., 2009). As a reference protein, the N-terminal 

transactivation domain (TAD) of tumor suppressor p53 protein is also investigated (Wells 

et al., 2008). Hence the effect of IDPs (with presence/absence of low complexity regions) 

on calcium carbonate mineralization is elucidated. The five recombinant IDP domains are 

studied with respect to their effects on early stages of calcium carbonate mineralization, 

solution properties as well as secondary structure. 
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Experimental Section 

Bioinformatics analysis  

Members of the sea urchin spicule proteome (Mann et al. 2010) are analyzed for low 

complexity regions and IDP domains. Putative low complexity and disordered regions are 

identified using the SMART and DISOPRED servers, respectively (Schultz et al., 1998; 

Jones, 1999). SignalP4.1 is used to exclude signal peptide sequences (Petersen et al., 

2011). Biochemical properties such as isoelectric point and amino acid composition are 

calculated using PROTPARAM (Gasteiger et al., 2005). Charge-hydropathy analysis is 

done using PONDR (Obradovic et al., 2003). Prediction of disorder regions from SM50 

(Strongylocentrotus purpuratus,NM_214610.2), LSM34 (Lytechinus pictus, Q05904), 

MSP130 (Strongylocentrotus purpuratus,P08472), prisilkin (Pinctada fucata,C0J7L8) 

and p53 TAD (Homo sapiens, CAJ28924) is done using DISOPRED, IUPRED and 

RONN algorithms (Dosztányi et al., 2005; Yang et al., 2005; Jones, 1999).  

Cloning and protein expression 

Phusion Hi-Fidelity Taq polymerase, T4 DNA ligase, restriction enzymes (New England 

Biolabs) and NTA Agarose (Qiagen) are used for cloning and protein purification 

experiments. L-arginine (reagent grade, ≥98%) is purchased from Sigma-Aldrich. Based 

on bioinformatics analysis, proteins regions, namely glycine rich domains from SM50, 

LSM34, MSP130 and prisilkin were identified. The TAD of p53 is selected for reference 

experiments. The primary sequences of these proteins are given in the Appendix (4.1). 

These are expressed intracellularly with N-terminal 6XHis-SUMO-tags using 

Escherichia coli CodonPlusRIL (Stratagene, Agilent Technologies Inc.). Standard 

molecular biology procedures were followed (Sambrook et al., 1989). After attaining an 

absorbance of 0.6 O.D., induction of cell culture is done by using isopropyl-β- D-

thiogalactopyranoside (IPTG, 0.5 mM) at 20°C.  

For the purification of the soluble SUMO-p53TAD, cell lysis is achieved by lysozyme 

treatment in HEPES (20 mM) buffer containing sodium chloride (50 mM). The lysis 

buffer also contains phenylmethylsulfonyl fluoride (0.5 mM) to inhibit proteolysis. The 

lysate is centrifuged at 30,000 g for 20 min and the supernatant was loaded on a Ni2+ 

charged NTA agarose column for immobilized metal affinity chromatography (IMAC). 

After initial washes with imidazole (0.5 mM), the protein of interest is eluted by using 
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imidazole (150 mM) prepared in the lysis buffer. Final purification is done by size 

exclusion chromatography using a Superdex 75 column (HiLoad 16/60, Amersham 

Biosciences) on an Akta FPLC system. 

The low complexity IDPs are insoluble and present in the lysate pellet. The pellet is 

dispersed in Triton X-PBS (phosphate saline buffer) and the mixture is centrifuged at 

30,000 g for 20 min. This procedure is repeated three times with the pellet to remove 

residual soluble proteins. The resulting pellet is dispersed in arginine (500 mM) solution 

and incubated for 10 h at 4°C. Arginine is an inhibitor of protein aggregation (Golovanov 

et al., 2004; Tsumoto, 2004). The protein mixture is then centrifuged at 5,000 rpm (3,000 

g) for 15 min and the solubilized protein is further purified by IMAC. SDS 

polyacrylamide gel electrophoresis (SDS-PAGE) of the protein fractions are performed 

using 14% resolution gels followed by the Coomassie Blue staining method.  

For further experiments, the protein samples are concentrated using 3,000 MWCO 

Vivaspin centrifugal concentrators (Sartorius Stedim Biotech). This is followed by 

solvent exchange by prolonged dialysis in either water or arginine solution (500 mM) to 

obtain insoluble or soluble fractions respectively.  

Mineralization experiments 

Calcium chloride (Fluka, 1 M volumetric solution), sodium hydroxide (Alfa Aesar, 0.01 

M standard solution), hydrochloric acid (Merck, 1 M standard solution) are used for 

potentiometric titration assays. For titration assays, carbonate buffer is prepared by 

mixing sodium carbonate (20 mM) and sodium bicarbonate (20 mM) to attain particular 

pH values. Protein samples were used at final concentrations of 0.1 or 1 mg/mL in 10 mL 

carbonate buffer (10 mM). Reference titrations were performed in neat carbonate buffer. 

Titration assays are performed with a commercially available system from Metrohm 

(Filderstadt, Germany). A titration apparatus (Titrando 905) that operates two dosing 

units (Dosino 800) is controlled by customized software (Tiamo v2.2). During the 

experiments, 10 mM CaCl2 was added at a rate of 0.01 mL/min into 10 mL sample 

solution while stirring at 800 rpm. Concurrently, the pH is kept constant at 9.0 or 9.75 by 

automatic counter-titration of 0.01 M NaOH. The pH and free calcium concentration in 

the samples are monitored by a glass electrode (Metrohm, No. 6.0256.100) and a Ca2+ 

ion-selective electrode (ISE, Metrohm, No. 6.0508.110). The Ca2+ ISE is calibrated 
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regularly by titrating CaCl2 into 10 mL water using the aforementioned procedure. All 

titrations are performed at room temperature (~20°C). Details of the experimental set-up 

and data analysis are described in previous publications (Gebauer et al., 2008; Picker et 

al., 2012). 

Dynamic light scattering (DLS) 

DLS measurements are performed with a custom-built setup equipped with a goniometer 

with temperature control (0.05 K step control), an attached single-photon detector ALV 

6000/E, and a multiple tau digital correlator ALV 5000/FAST from ALV (Langen, 

Germany) as described earlier (Cölfen and Qi, 2001). Thus particle sizes are estimated 

for samples which are drawn at different stages of the titration experiments. 

Transmission electron microscopy (TEM) 

For sample preparation, the solution is spotted on a TEM grid (Ted Pella Inc.). Excess 

liquid was blotted and the grid was air dried. Imaging was performed using a Libra120 

(Zeiss SMT, Jena Germany) TEM at 120 kV with a beam current of about 4 µA. 

Cryo-Transmission electron microscopy (Cryo-TEM) 

For samples drawn from titration experiments, cryo-TEM is performed by blotting the 

drop into a thin film on a lacey carbon film covered copper grid and vitrified by liquid 

ethane by means of a cryo-box (Carl Zeiss Microscopy, Germany). The vitrified 

specimens are loaded into a cryo-holder and examined in a cryogenic-temperature 

transmission electron microscope LEO EM922Omega EFTEM instrument (Carl Zeiss 

Microscopy, Germany). Images are recorded with a high-resolution, cooled CCD camera 

using a Gatan Digital Micrograph software package. 

Fourier Transformed Infrared Spectroscopy (FTIR) 

Calcium carbonate is precipitated by mixing calcium chloride (1 ml, 20 mM) and 

carbonate buffer (1 ml, 20 mM, pH 9) in presence of the individual proteins (1 mg/mL). 

After 20 min of incubation at 25°C, the samples are centrifuged at 5,000 g for 15 min. 

FTIR analysis of the vacuum-dried pellets was done using a Perkin Elmer Spectrum 100 

spectrometer using an attenuated total reflection (ATR) configuration. For structural 

investigations, protein samples are lyophilized and dispersed in D2O. Protein pellets are 

collected by centrifugation and their spectra are collected in ATR mode. Peak assignment 

for amide bands is done for spectra representing an average of 10 scans. 
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Thioflavin T (ThT) fluorescence assay 

Using a standard protocol (Levine, 1993), samples (200 uL) containing protein (50 ug) 

and ThT (10 µM) with varying arginine contents are incubated in 96-microwell black 

plates at 25°C for 1 h. The ThT fluorescence intensities are detected using an Infinite 

microplate reader (Tecan) with a 440 nm excitation and an emission scan of 460 to 529 

nm. 

Congo red and ThT staining assays 

Protein samples are stained using congo red and ThT, followed by observations using a 

Zeiss Axio Imager-M2m polarization microscope and a fluorescence microscope (Leica 

EC3 camera, LAS EZ software), respectively. Staining procedures are performed on wet 

samples by previously described protocols (Puchtler et al., 1962; Picken & Herrera, 

2012). 

Circular dichroism (CD) 

CD experiments are performed using a Jasco 715 spectropolarimeter with a Peltier 

temperature control unit (Jasco Hachioji, Tokyo, Japan). Using quartz cuvettes, the 

spectra are recorded at 0.5 nm intervals between 190 and 240 nm at 20°C at a 20 nm/sec 

scan rate. Secondary structure compositions are predicted from the spectra by using 

K2D3 (Louis-Jeune et al., 2012).  

Analytical Ultracentrifugation (AUC) 

Sedimentation velocity experiments are performed in an XL-I AUC (Beckman Coulter) 

to investigate the solution properties of the SM50 derived SUMO-GRR. The moving 

boundary is monitored by radial scans at 280 nm with a UV absorption optical system. 

The data were analyzed  to generate distributions of sedimentation coefficient and molar 

mass by using SEDFIT (Schuck, 2000). To determine frictional coefficients (f/f0), 2-

dimensional spectrum analysis (2-DSA, Monte Carlo) is performed with 20 iterations and 

grid resolution of 3600 by using Ultrascan III (Demeler, 2005; Brookes et al., 2010). 

Axial ratios for resulting frictional ratios f/f0 are also simulated. 

Density gradient experiments are performed in a sucrose gradient using a Beckman XL-I 

ultracentrifuge. After nucleation, the particles from titration experiments are dispersed in 

sucrose solution (63%, density ϱ= 1.304 gm/cc).  The sample and reference solutions are 

injected in a two-sector titanium centerpiece sandwiched between quartz windows. The 
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AUC is operated for 16 h at 25°C to ensure equilibrium and absorption scans were taken 

at 280 nm. Protein partial specific volume was calculated from the amino acid 

compositions using Ultrascan III. Calibration experiments were performed using 

polystyrene nanoparticles (Duke Scientific, 1 µm, ϱ= 1.05 gm/cc) under similar 

conditions. The following equation was applied to determine the buoyant density (23	) of 

protein vesicles (Vinograd and Hearst, 1962). 

23 � 24	 +	���45 	(�3 − �4)						 
The 5 value for 63% sucrose is determined using calibration measurements and iso-

concentration/hinge point that is estimated using the equation below. 

�4 � 6�
� + �7�2  

 

Thermogravimetric Analysis (TGA) 

The mineral, protein and water content of the titration samples are determined by means 

of TGA (Netzsch, Selb, Germany). Measurements from 293 K to 1273 K are carried out 

at a heating rate of 5 K/min under a constant oxygen flow.  

Ellipsometry 

Thickness of SUMO-SM50GRR protein films are measured using a Nanofilm EP3sw 

ellipsometer. Protein films are prepared on Si100 substrates by drop casting, followed by 

several MilliQ water rinses. SiO2 thickness is measured using blank Si100 substrates. 

Linear polarized light from a semiconductor laser is used to detect ellipticity of the thin 

films with the crossed polarized configuration in minimum reflection mode. Ψ and ∆ 

values are estimated from the change in intensity and phase of the incident and reflected 

light at five different angles of incidence. Refractive index of the protein film is assumed 

to be 1.3 (Vörös, 2004) and the film thickness is calculated by fitting the measured values 

to model data. 
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Results and Discussion 

Bioinformatics analysis 

To explore the association of low complexity regions and IDPs, spicule associated 

proteins are analyzed for the presence of disordered regions and low sequence 

complexity. Of about 200 proteins, a surprisingly high number (103) contain disordered 

regions (stretches>10 amino acids) as well as low complexity sequences (Figure 1A). 

Low complexity regions have been reported for spicule matrix proteins such as collagen-

like proteins and other proline/glycine rich proteins (Livingstone et al., 2006; Killian & 

Wilt, 2008). Other studies have indicated disorder tendencies for spicule associated 

proteins such as SM50 and PM27 (Mann et al., 2010; Wojtas et al,. 2012; Rao et al., 

2014). However it appears that the prevalence of IDPs with low complexity regions 

among spicule associated proteins is high. In Nature, such IDPs are frequent among 

extracellular proteins such as collagen and silk that exhibit self-assembly (Romero, 2001; 

Peysselon et al., 2011). Properties of self-assembly seem advantageous with respect to 

biomineralization processes that necessitate precise mineral deposition over several 

length scales as well as transport of mineralization precursors to extracellular growth sites 

(Seto et al., 2012; Vidavsky et al., 2014). 

To investigate the role of low complexity IDPs in biomineralization, four mineral 

associated low complexity IDPs and a reference IDP are expressed with N-terminal 

SUMO tags using recombinant techniques. The glycine rich low complexity regions from 

SM50 and its homologue LSM34 are selected because these proteins are vital for 

spiculogenesis (Peled-Kamar et al., 2002, Wilt et al., 2008). Furthermore SM50 plays a 

role in ACC stabilization and the underlying biochemical mechanism is possibly related 

to its GRR domain (Gong et al., 2012; Rao et al., 2013). The third protein, MSP130 is 

expressed exclusively by primary mesenchymal cells that are responsible for spicule 

formation (Illies et al., 2002). Prisilkin-39 is a mollusk prismatic layer-associated IDP 

with a low complexity sequence (Kong et al., 2009). Unlike the sea urchin spicule 

associated IDPs that are rich in glycine and proline, prisilkin is rich in glycine, serine and 

tyrosine. The TAD domain of p53 is used as a reference IDP because it lacks low 

complexity regions and not directly involved in mineralization processes.  
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Figure 1 (A) Venn diagram representing proteins containing putative low complexity or disordered regions 

from the spicule proteome. (B) Charge-hydropathy plot of proteins analyzed (blue dots) and those from the 

sea urchin spicule (empty circles). (C) Local disorder in (1) SM50, domains of (2) MSP130, (3) LSM34, 

(4) prisilkin and (5) p53 TAD predicted using DISOPRED (green), IUPRED (red) and RONN (blue) 

algorithms. (D) Representative SDS-PAGE of purified proteins: Lane 1 standard molecular weight marker 

Lane 2 SUMO-SM50GRR Lane 3 SUMO-LSM34GRR Lane 4 SUMO-MSP130 proteins, Lane 5 SUMO-

prisilkin and Lane 6 SUMO-p53TAD. 

 

Figure 1B illustrates the charge-hydropathy distribution for proteins from the spicule 

proteome (Mann et al., 2010). Although this plot is based on only two biophysical 

properties and disregards other factors such as amino acid propensity, all the proteins 

investigated in the present study are represented as IDPs having similar mean 

hydrophobicities but different mean net charge values. In validation of the charge-

hydropathy analysis, all the domains exhibit high disorder propensities using other 

prediction algorithms (Figure 1C). These low complexity IDPs were expressed with N-

terminal SUMO fusions and purified (Figure 1D) because this tag is known to enhance 

protein solubility and expression levels (Butt et al., 2005). Moreover it does not have a 
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significant effect on in vitro mineralization experiments (Rao et al., 2013). Arg is used to 

improve protein solubility because it can bind to methylene groups of certain amino acids 

and hydrophobic surfaces on the protein, thereby inhibiting protein aggregation by 

masking solvent exposed surfaces (Tsumoto et al., 2004).  

 

Potentiometric titration assays and DLS 

The effects of the recombinant proteins on early stages of calcium carbonate 

mineralization are investigated using potentiometric titration assays conducted at pH 9.0 

and 9.75. Plots representing development of free Ca2+ and solubility products are 

presented in the Appendix (4.2A, B). The time required for nucleation, slope of the pre-

nucleation regime and solubility of the initially nucleated phase are illustrated in Figure 

2. At both pH values, there is inhibition of nucleation for certain proteins at low 

concentrations (0.01 mg/ml). This effect is pronounced at higher concentrations (1 

mg/ml). The time required for nucleation can be expressed in terms of normalized 

nucleation time F (Picker et al. 2012), 

 

� � 	�()*+,-./	,-�*	-/	0�*�*/(*	.�	+11-,�*	(�*()	�()*+,-./	,-�*	�.�	�*�*�*/(*	(�*()  

 

Thus additives can be classified as inhibitors or promoters of nucleation based on F 

values being greater or less than 1, respectively (Rao et al. 2014). At pH 9.75, SM50GRR 

and prisilkin domains are effective inhibitors of nucleation inhibitors (F values of 3.7 and 

4.01, respectively). At lower pH (9.0), SM50GRR and LSM34GRR domains 

significantly inhibit nucleation with corresponding F values of 3.1 and 2.3. These pH 

dependent effects could be attributed to variations in protein structure or charge. 

Nevertheless, at high concentrations, most low complexity IDP domains display effective 

inhibition of calcium carbonate nucleation in comparison to the p53TAD reference. The 

IDPs studied here are rather rich in glycine, proline, glutamine, serine and tyrosine (Table 

1). These proteins lack the presence of acidic residues such as aspartate and glutamate 

which are known inhibitors of nucleation (Picker et al., 2012). Moreover, the pI values of 

the low complexity IDPs are different and in the alkaline range (8.5 to 12.3) suggesting 
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the role of additional properties for this inhibitory effect. As inhibitory effects are 

significant for such basic proteins and complexation of Ca2+ is negligible, colloidal 

stabilization of mineralization species such as prenucleation clusters and amorphous 

forms of calcium carbonate by other mechanisms is possible. 

Slopes of the pre-nucleation regime elucidate the interactions between additive molecules 

and solute ion clusters (Gebauer et al., 2009ab). The influence of the different IDPs on 

the cluster stability is illustrated by bar plots in Figure 2. Except for SM50-GRR for 

which a insignificant (possibly minor) decrease in the pre-nucleation slope is observed, 

most proteins exhibit a stabilizing effect towards pre-nucleation clusters at pH 9.0 and 

9.75. At high protein concentrations, the cluster stabilization effect is in the order 

prisilkin>MSP130>p53TAD~SM50GGR~LSM34GRR~reference at pH 9 and for 

prisilkin>MSP130>LSM34GRR>p53TAD>SM50GRR~reference at pH 9.75. The 

decreases in slope are critical for prisilkin and MSP130 (~35, 45% respectively) at pH 

9.0 and prisilkin, MSP130 and LSM34GRR (~69, 60, 57% respectively) at higher pH. 

Note that these proteins do not exhibit strong ion complexation, often indicated by an 

offset in the detected free Ca2+ (Gebauer et al. 2009b). This reflects that certain proteins 

devoid of acidic amino acid residues (Table 1) can associate with ion clusters, thereby 

affecting their structure and formation.  

The solubility products are determined for solid calcium carbonate phases precipitated 

under the influence of the various IDPs (Figure 2). The reference measurements yield 

solubility products of 3.1×10-8 and 3.7×10-8 M2 at pH 9.0 and 9.75 after nucleation, 

respectively. These values correspond to proto-calcite and proto-vaterite forms of 

amorphous calcium carbonate consistent with previous studies (Gebauer et al., 2010). At 

both pH values, most IDPs affect the solubility of the initially nucleated phases. IDPs 

such as SM50GRR, LSM34GRR, MSP130 and prisilkin cause an increase in post-

nucleation solubility products relative to the neat buffer experiments. These values range 

between 4×10-8 and 7.2× 10-8 M2. Considering the polyamorphous nature of calcium 

carbonate as well as the occurrence of liquid condensed phases (Bewernitz et al., 2012; 

Cartwright et al., 2012), these values suggests the formation of a more soluble phase of 

calcium carbonate after nucleation. Polarization microscopy based analysis of samples 



83 

 

drawn after nucleation confirms the amorphous nature of the calcium carbonate particles 

produced in presence of the protein additives (Appendix 4.3). 

Higher solubilities are reported for a Polymer Induced Liquid Precursor (PILP) phases in 

case of additives such as sodium triphosphate (40×10-8 M2 at 0.1 mg/mL) and 20×10-8 M2 

for poly-(aspartic acid) (Verch et al. 2011). This indicates that such proteins might 

modulate the formation of a dense liquid phase (Bewernitz et al., 2012) or PILP-like 

phase (Gower, 2008) after the nucleation event. The solubility products reported here are 

about an order of magnitude lower than that of PILP phase but higher than that of 

amorphous calcium carbonate. This possibly reflects a dynamic precursor of amorphous 

calcium carbonate gradually transforms as reported in earlier studies (Dai et al. 2008; 

Verch et al., 2011). The formation of a liquid-like CaCO3 phase has also been reported in 

presence of ovalbumin (Wolf et al., 2011). Note that higher solubility products were 

reported for titration with SM50GRR at pH 9.75 (Rao et al., 2012). At high prisilkin 

concentration however, the solubility product of the initial phase decreases by about 20% 

with respect to the reference. The corresponding value (2.3×10-8 M2) indicates the 

formation of crystalline polymorphs such as vaterite (Gebauer et al., 2008). This suggests 

that more stable phases of calcium carbonate can nucleate from more stable prenucleation 

clusters (Cartwright et al., 2012). Titration experiments at pH 9.0 and 9.75 using p53TAD 

as an additive do not exhibit significant changes with respect to solubility products of the 

initially nucleated phase. 

 

Protein pI Amino acid propensity (%) 

p53TAD 3.47 Ala (13.0), Pro (23.0) 

Prisilkin 8.51 Gly (30.7), Ser (21.4), Tyr (27.7) 

MSP130 9.21 Gln (16.4), Gly (34.4) 

LSM34GRR 11.88 Gln (20.6), Gly (34.0), Phe (10.6), Pro (15.6) 

SM50GRR 12.37 Gln (15.4), Gly (32.0), Pro (15.1) 

Table 1. Isoelectric points (pI) and composition (%) of major amino acids of protein domains studied. 
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Figure 2. Bar plots representing the effects of IDPs on the nucleation of CaCO3 in terms of (1) the time of 

nucleation, (2) the pre-nucleation slope, and (3) the solubility of the initially precipitated phase at pH 9.0 and 

9.75. Plots indicate reference experiments (black) and titrations with 0.1 mg/ml protein (striped, blue) and 1 

mg/ml protein (white). 
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Thus results of potentiometric titration assays indicate that IDPs can affect the nascent 

stages of mineralization by affecting the formation of prenucleation clusters, time needed 

for nucleation as well as the solubility product of the nucleated phases. For further 

investigation, the hydrodynamic radii of the protein-cluster complexes/nucleated species 

are analyzed for samples drawn from titration mixtures at pH 9.0 using DLS. From the 

size distributions (Figure 3), it is apparent that during the early pre-nucleation stages 

(i.e.<1000 s), particle sizes are in the range of 1.5 to 4 nm. In view of resolution 

limitations, it is difficult to discern protein and cluster species in this regime. Following 

this stage, there is an increase in particle size corresponding to a regime slightly before 

nucleation of a solid phase. This may be on account of cluster aggregates or liquid 

condensed phases associated with proteins (Wolf et al., 2011, Bewernitz et al., 2012). 

During the post-nucleation stages of titrations, certain IDPs namely SM50GRR, 

LSM34GRR and MSP130 lead to formation of particles with sizes in the range of about 

420±202 to 790±320 nm. However in case of prisilkin-, p53TAD-containing and 

reference titrations, the mean particle sizes are higher, in the range of 1350±350 and 

1800±700 nm. These experiments suggest that the interactions between certain proteins 

studied herein and the species formed in titration-based mineralization could be variable. 
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Figure 3. Temporal developments of particle hydrodynamic radii from titration experiments at pH 9.0. 
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Electron microscopy & FTIR analysis 

TEM analysis of the nucleated products from titration experiments in presence of 

different IDPs at pH 9.0 are depicted in Figure 4. Intriguing crystalline particles 

surrounded by ring-like structures are observed in presence of SM50GRR, LSM34GRR 

and MSP130 (Figure 4C, D). These are suggestive of vesicle-like structures in solution 

that possibly burst on air-drying during sample preparation or under high vacuum 

conditions during TEM. Other proteins namely prisilkin and p53TAD lead to formation 

of irregular spherical electron dense particles that are enveloped with an organic layer 

(Figure 4E, F). For all samples, the SAED patterns of the mineral particles could be 

indexed to the {104} face of calcite and are indicative of mono-crystallinity. Attempts at 

staining the protein-mineral composites with phosphotungstic acid produce porous 

protein sheets associated with calcite crystals (Figure 4B). The acidic nature of the 

solvent during the staining procedure possibly leads to dissolution of amorphous 

particles.  

 
Figure 4. Representative TEM images of particles formed after nucleation in presence of (A,B) SUMO-

SM50GRR, (C) SUMO-LSM34GRR, (D) SUMO-MSP130, (E) SUMO-prisilkin and (F) SUMO-p53TAD. 

(B) Sample stained with phosphotungstic acid. 
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In order to circumvent drying artifacts and also monitor stages of particle growth, cryo-

TEM is performed on titration samples drawn in a time-dependent manner in presence of 

protein additives (Figure 5). The time points corresponding to the samples are presented 

in Appendix (4.2B). The early stages of the pre-nucleation regime exhibit cloud- or sheet-

like structures with a relatively low electron contrast. The formation of such 

morphologies is more pronounced for low complexity IDPs. Such proteins appear to be 

more aggregation prone under mineralization conditions in comparison to p53TAD. 

Around the point of nucleation, protein aggregation is significantly greater. For 

SM50GRR, LSM34GRR, MSP130 and prisilkin, a remarkable self-assembly process is 

observed wherein the proteins form vesicles (100-300 nm in diameter) consistent with the 

DLS analysis. These vesicles are not observed during the initial stages of titration 

indicating that the mechanism of protein self-assembly is driven by mineralization 

conditions. The SAED of these vesicles is typical of amorphous materials.  
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Figure 5. Cryo-TEM micrographs of titration samples representing (1, 2) pre- and (3, 4) post-nucleation stages 

of calcium carbonate mineralization in presence of different IDPs (1 mg/ml) at pH 9.75. 
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The post-nucleation solubility products from titration and TEM observations indicate that 

the vesicles enclose an amorphous form of calcium carbonate. This suggests a common 

confinement-based mechanism of stabilization similar to those reported for ACC 

enclosed by silica layers or liposomes (Kellermeier et al., 2010; Tester et al., 2011). This 

spherical shape of the particles is suggestive of a liquid-like condensed phase. On drying, 

the vesicles erupt and this causes the transformation of the amorphous phase to 

crystalline calcium carbonate. Although the TAD domain of p53 shows enhanced 

aggregation through the development of the titration experiment, no vesicles were 

observed. Thus certain low complexity IDPs appear to be biologically designed for the 

stabilization of amorphous materials. Another interesting observation is the presence of 

vaterite in post-nucleation samples using prisilkin as a titration additive (Figure 6). At 

certain grid locations, several electron dense crystalline particles are observed. The 

SAED pattern can be indexed to the {300} face of vaterite.  The lens-like morphology is 

similar to that obtained in presence of alginate, which also shows properties of self-

assembly (Leng et al., 2010). The association of lysed vesicles with the vaterite structures 

suggests that although prisilkin can self-assemble to form vesicles, the structural integrity 

of the protein shell may not be optimum for stabilization of these amorphous precursors. 

These observations are in good agreement with the lower solubility products observed for 

titrations using prisilkin as an additive (Figure 2). 

 

 
Figure 6. Representative cryo-TEM micrographs of post-nucleation stages of calcium carbonate 

mineralization in presence of SUMO-prisilkin (1 mg/ml) at pH 9.75 
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To probe the amorphous nature of calcium carbonate formed in presence of these 

proteins, ATR-FTIR spectra are measured. Vacuum dried precipitates from direct mixing 

experiments are preferred here because quenching of titration samples with ethanol 

usually yields a mixture of amorphous and crystalline phase (Rao et al., 2013). Moreover, 

protein structure is generally compromised under these solvent conditions (Brandts & 

Hunt, 1967). Figure 7 illustrates the FTIR absorbance spectra of the calcium carbonate 

precipitates. IR band frequencies could be assigned to different phases of calcium 

carbonate (Gebauer et al., 2010). The in-plane carbonate bending peak (ν4) at 712 cm-1 

typical for calcite are observed for p53TAD containing and reference samples. For other 

IDP additives, this ν4 peak was absent; however there is an increase in the intensity of a 

ν2 peak at around 865 cm-1 suggesting amorphous calcium carbonate. The water (~ 3200 

cm-1, OH-stretching) present in protein containing samples is possibly biomolecule 

associated. 

 
Figure 7. (A) ATR-FTIR spectra of calcium carbonate prepared in presence of different IDPs by direct 

mixing experiments at pH 9.0. (B) Magnified of inset indicated in Figure A. 

 

To investigate the relative contents of amorphous and crystalline calcium carbonate 

phases, the ratio of intensities of the ν2 (854 cm-1) and ν4 (712 cm-1) peaks of amorphous 

calcium carbonate and calcite (Politi et al., 2004), respectively are depicted in Table 2. 

For the reference spectra, peaks corresponding to amorphous calcium carbonate are 

absent because the samples are not quenched (Gebauer et al., 2010). The values are 3.8 
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and 3.3 for the reference and p53TAD containing samples, respectively. Due to the 

broadening of the calcite ν2 peak (872 cm-1), this value is higher for the reference sample. 

Therefore an intensity ratio >3.8 suggests a higher content of amorphous calcium 

carbonate with respect to the composition of reference samples. For the low complexity 

IDPs, the ratio of peak intensities is in the range of 5.0 and 6.0. Thus FTIR analysis 

indicates that such low complexity IDPs can potentially stabilize amorphous form of 

calcium carbonate, consistent with results of TEM analysis. Note that distinguishing 

liquid-like phases from amorphous calcium carbonate using IR spectroscopy is a 

challenge (Dai et al., 2008). 

 

No Additive I ν2 ACC/ I ν4 Calcite 

1 Reference 3.8 

2 p53TAD 3.3 

3 Prisilkin 6.0 

4 MSP130 5.7 

5 LSM34GRR 5.1 

6 SM50GRR 5.7 

Table 2. FTIR analysis of calcium carbonate samples prepared in presence of protein additives. 

 

Given the high insolubility of the purified low complexity IDPs in carbonate buffer, 

certain peaks typical of protein amide bands were also observed during IR measurements. 

To resolve these IR bands, the protein pellets hydrated with D2O are analyzed using ATR 

FTIR (Figure 8A). In the amide I region, the four spectra display a peak at 1609 cm-1. 

This peak is suggestive of characteristic β structures usually reported for amorphous 

protein aggregates or amyloid fibrils (Zurdo et al., 2001; Zandomeneghi et al., 2004). An 

amide II band at 1577 cm-1 can be assigned to the N-H bending vibration. Given the 

remarkable ability of these proteins to stabilize amorphous calcium carbonate via 

confinement mechanisms, secondary structures of these proteins are further investigated 

using standard assays to detect amyloids. 
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Amyloid-ThT/ Congo red assays  

ThT binding assay is a standard method to detect β-sheet amyloid structures (LeVine III, 

1999). Since arginine can enhance protein solubility, fluorospectrometric assays are 

performed using ThT at different arginine concentrations i.e. varying the content of 

soluble protein (Figure 8B). The spectra are presented in the Appendix section (4.4). 

Reference experiments performed with arginine show a minor increase in the intensity of 

fluorescence emission at 490 nm. In absence of arginine, ThT treated SM50GRR, 

LSM34GRR, prisilkin and MSP130 samples display high fluorescence emission which 

decreases proportionally with increasing arginine contents. Prisilkin exhibits lower 

emission intensity in comparison to other proteins. This could be on account of bulky 

tyrosine residues of prisilkin that hinder the binding of ThT to β sheet ‘channels’ (Krebs 

et al., 2005). At 200 µM arginine, the fluorescence intensity decreases by 72, 72, 38 and 

45% for SM50GRR, LSM34GRR, prisilkin and MSP130, respectively with regard to 

corresponding values in absence of arginine. Considering the protein solubilizing effect 

of arginine, these results suggest that amyloid-like β structures are dominant for insoluble 

forms of low complexity IDPs studied here.  

Figure 8. (A) IR spectra of insoluble proteins in D2O illustrating the amide I and II regions. (B) Changes in 

intensities of fluorescence emission at 490 nm at different arginine concentrations. 
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To validate these results, tinctorial assays are performed with ThT and Congo red using 

the insoluble proteins. Representative microscopy images are presented in Figure 9. All 

ThT stained protein samples exhibit fluorescent sheet-like morphologies consistent with 

results of the fluorospectrometric assays. Congo red staining is also employed to validate 

these observations. Larger sheet-like assemblies are stained red. Apple green 

birefringence patterns typical of Congo red stained amyloid are observed for smaller 

fibril-like structures. Absence of birefringence for larger sheets is possible due to their 

high thickness (Wolman & Bubis, 1965). Thus low complexity IDPs studied here may 

not be amorphous precipitates but exhibit certain arrangement of β-strands within these 

amyloid-like fibrils. Previous studies show that peptides based on the SM50GRR region 

exhibit β-turn conformations and the SM50GRR region has a β-sheet rich structure (Xu 

and Evans, 1999, Rao et al., 2013). Thus protein assembly is via intermolecular β-sheets 

conformations for such low complexity IDPs. To elucidate such interactions, solution 

properties of SUMO-SM50GRR are investigated using AUC experiments. 
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Figure 9. Fluorescence and polarization microscopy of (A) SUMO-SM50GRR, (B) SUMO-LSM34GRR, 

(C) SUMO-MSP130 and (D) SUMO-prisilkin stained with thioflavin T (left panel) and congo red (right 

panel). Scale bars represent 50 µm. 
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Solution properties of SUMO-SM50GRR: AUC velocity experiments 

The sedimentation coefficient and molar mass distributions of the protein are obtained by 

fitting the experimental data to the Lamm equation model using SEDFIT (Figure 10). A 

partial specific volume of 0.714 ml/g is assumed for SUMO-SM50GRR as calculated 

from its amino acid composition. The distribution for SUMO-SM50GRR presents a peak 

at 3.9±0.2 S (39.0±4.1 kDa, corresponding to the monomeric species) as well as peaks at 

7.7±3.2 S, 10.7±2.7 S, 13.4±2.9 S, 17.6±2.5 S, 21.6±3.1 S, 29.5±3.2 S and 35.7±3.8 S 

(Errors are given as standard deviations of a Gaussian fit of the distribution). Gaussian 

multiple peak fitting yields relative concentrations of 22.1, 21.3, 11.7, 10.1, 9.9, 6.6, 5.3 

and 4.6 % for the monomer and oligomers, respectively (see inset Figure 10). The data 

indicates that this glycine rich protein can oligomerize and form large protein assemblies. 

The assemblies exhibit molar masses of 130±55 kDa, 214±57 kDa, 300±62 kDa, 460±57 

kDa; 601±107 kDa, 975±103 kDa and 1282±214 kDa. The defined molar mass of the 

assemblies indicates an irreversible interaction because a reversible interaction on a time 

scale faster than the duration of the ultracentrifugation experiment of a few hours would 

result in a single peak comprising the time average of the different oligomers. Note that 

the AUC data confirm the SDS PAGE results for the SUMO-SM50GRR monomer. 

 

 
Figure 10. Continuous (A) sedimentation coefficient and (B) molar mass distribution from sedimentation 

velocity experiments of SUMO-SM50GRR.  
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To determine the solution structure via the frictional ratio (f/f0) of these protein species, 

the velocity data is analyzed by the 2-DSA Monte Carlo method (Figure 11A). The 2-

DSA analysis shows that SUMO-SM50GRR monomer sediment as single species, which 

has a f/f0 value of 1.1, respectively. This indicates that SUMO-GRR monomers have a 

spherical structure with a = 2.1 nm. Relatively large oligomers (120, 240 and 840 kDa) 

are observed corresponding to f/f0 values of 1.6, 1.7 and 3.6, respectively. The aggregates 

at 120 and 240 kDa have rod-like shapes corresponding to axial ratio of 12.3 and 15.3, 

respectively. Thus while the smaller oligomers have an extended shape, larger oligomers 

are highly asymmetric and possibly sheet-like. This is investigated by TEM analysis of 

SUMO-SM50GRR samples for arginine solubilized and insoluble samples (Figure 11B, 

C). Fibril-like and larger sheet-like structures are observed in presence and absence of 

arginine, respectively. Therefore, self-assembly of SUMO-SM50GRR involves the 

association of rod-like assemblies into β content rich sheets (Figure 8).  Thus in absence 

of mineralization condition, the protein molecules assemble to form fibrils that can 

further associate to larger sheets. 
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Figure 11. (A) Pseudo 3-dimensional plots for the 2-DSA analysis of SUMO-SM50GRR. Representative 

TEM micrographs for SUMO-SM50GRR protein samples from (B) arginine solution (50 mM) and (C) 

carbonate buffer (20 mM). 
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Core-shell properties of SM50GRR vesicles 

To investigate the core-shell structure of the protein vesicles, AUC density gradient 

experiments are performed in sucrose and thermogravimetric analysis are performed on 

the post-nucleation titration products at pH 9.0. The corresponding sedimentation profiles 

are presented in Figure 12A.The buoyant density of the vesicles calculated by the AUC 

experiments (Vinograd & Hearst, 1962) is about 1.4±0.085 gm/cc (Appendix 4.5). 

Transformation of the amorphous core material would yield density values in the range of 

2.71 and 1.77 gm/cc corresponding to the crystal-protein associates. However the vesicles 

are stable during the course of the AUC equilibrium run.  

TGA profiles exhibit three phases of weight loss indicating the vesicles are composed of 

water, organic molecules and calcium carbonate (Figure 12B). Thus the relative content 

of water, protein and calcium carbonate is determined as 2.3, 18.6 and 79.1%. This 

corresponds to a relative stoichiometry of (CaCO3)1(protein)0.14(H2O)63.9 for the vesicles. 

The water molecules associated with calcium carbonate and protein molecules cannot be 

distinguished from TGA experiments. The thickness of SUMO-SM50GRR films is 

determined to be 2.8 nm using ellipsometry based on a three layer model of silicon, 

silicon dioxide and an uppermost protein monolayer. 

 
Figure 12. (A) Density gradient profiles of polystyrene nanoparticles and titration products in presence of 

SUMO-SM50GRR after 16 h. (B) TGA curve for products nucleated in presence of SUMO-SM50GRR. 
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Using information provided by the above experiments, the density of the amorphous core 

and the protein shell thickness is determined. To estimate these values, the following 

equations were applied. 

Assuming that the spherical core-shell particles are 100 nm in radius and have a shell 

with 9 nm thickness, volume of core (:3) and shell (:�) can be expressed as: 

:3 � 43=(100 − 9)> 
:� � 43=[(100)> − (100 − 9)>] 

Ratio of the core and shell masses can be written as �+��3A"B�+���CBDD � :323:�2� 																																																											(1) 
where 23 is the density of the core. The shell density, 2� � 	1.40052	G�/(�>  
determined from protein sequence. 

Using mass ratio deduced from TGA analysis, equation (1) can be expressed as 

23 � 5.92	 × 	10��� 		× 		 (100)> − (100 − 9)>(100 − 9)> 							G�//�>																										(2) 
 

Secondly, applying a mass balance for an individual core-shell particle, 

�+��3A"B +�+���CBDD � �+��KAKLD 																																																(3) 
 

From isopycnic gradient AUC experiments, the total density of a particle is 1.4	 ±
0.085	G�/(�>. Hence �+��KAKLD is determined. Thus equation (3) can be expressed as 

23 � 		5.86	 × 10��P −
4=3 ∙ 	1.40052	 × 10��� ∙ [(100)> − (100 − 9)>]4=3 (100 − 9)> 									(4) 
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Figure 13. Plot of equations (2) and (4) to determine the density of the amorphous core and the protein 

shell thickness 

The solution of equations (2) and (4) yield values of 4.67±1.9 nm and 1.32±0.06 gm/cc 

corresponding to the shell thickness and core density, respectively (Figure 13). 

Considering the thickness of a protein monolayer film as estimated by ellipsometry (i.e. 

2.8 nm), the protein shell of the vesicles appears to be about two layers thick and suggests 

a bilayer arrangement structure in the shell. This is also reflected by an amphiphilic 

structure of the protein presented by the N-terminal SUMO domain being globular and 

the SM50GRR region behaving like a hydrophobic chain. The formation of such 

assemblies may be similar to that of vesicles and micelles formed using amphiphilic 

block copolymers composed of low complexity regions (Holowka et al., 2005; Kim et al., 

2011). The density of the amorphous core is 1.32±0.06 gm/cc. The literature values for 

amorphous calcium carbonate are about 1.49 gm/cc as determined by SAXS and AUC 

(Bolze et al., 2002; Cölfen & Völkel, 2006).  Therefore the phase enclosed by the protein 

shell appears to be a more hydrated form of amorphous calcium carbonate or a dense 

liquid-like phase.  
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The water content of the core is therefore calculated using the following equation 

23 � + ∙ 2&RR +	(1 − +) ∙ 2S!T	 
where 23 � 	1.32		G�/(�>, 2&RR � 1.49		G�/(�>and 2S!T � 1		G�/(�>. The mass 

fractions of amorphous calcium carbonate (+) and water (1 − +) are 0.8 and 0.2, 

respectively. Hence the core composition appears to be about 25% more hydrated that the 

amorphous calcium carbonate analyzed in previous studies (Bolze et al., 2002; Cölfen & 

Völkel, 2006). This reflects that the amorphous core of the vesicles is composed of a 

liquid-like amorphous phase of calcium carbonate (Bewernitz et al., 2012; Rodriguez-

Navarro et al., 2015).  Note that these calculations are valid for a homogenous core. 

Distinct regions corresponding to amorphous calcium carbonate are not observed within 

these particles using cryo-TEM as reported for ACC containing liposomes (Tester et al., 

2011).  
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Summary 

Given the prevalence of low complexity IDPs in sea urchin spicule proteome, their 

effects on calcium carbonate mineralization have been explored. Titration based 

mineralization experiments using such protein additives lead to formation of protein 

vesicles containing a liquid-like condensed phase as shown by solubility products, cryo-

TEM and AUC experiments. It is difficult to discern liquid condensed phases from 

amorphous calcium carbonate especially at the nanoscale (Dai et al., 2008). However, 

based on the high solubility products of the initially nucleated phase (4×10-8 to 7.2× 10-8 

M2) as well as the low density of the core material (1.32±0.06 gm/cc) in comparison to 

ACC (1.49 gm/cc), the encapsulated amorphous phase appears to be a very hydrated form 

of amorphous calcium carbonate. This indicates that a liquid condensed phase of calcium 

carbonate is stabilized by the protein shell. Such liquid condensed phases are potential 

precursors to amorphous calcium carbonate (Gebauer et al., 2014). Therefore the 

biochemical properties of such proteins appear to be tuned by Nature to achieve 

stabilization of this recalcitrant phase during mineralization. 

The low complexity IDPs studied here exhibit a β-sheet rich secondary structure as 

shown by the FTIR amide I band. The staining assays indicate that β amyloid-like fibrils 

are formed during the self-assembly process to sheet-like architectures rich in β-sheet 

content (Rao et al., 2013). During the nucleation of calcium carbonate, the process of 

protein self-assembly is augmented and the protein molecules appear to form a bi-layered 

skin on a liquid-like phase, thereby having stabilizing effect. Such confinement based 

stabilization mechanisms have been reported for pre-nucleation clusters and amorphous 

calcium carbonate using silica shells and liposomes (Kellermeier et al., 2010; Tester et 

al., 2011; Kellermeier et al., 2012). This study indicates that proteinaceous shells can 

mediate such stabilizing effects towards liquid–like phases of calcium carbonate as well. 

Such effects are observed for four low complexity IDPs involved in biomineralization, 

whereas the reference IDP (p53TAD) does not exhibit vesicle formation under 

mineralization conditions. 

The spicule matrix protein SM50 has been shown to stabilize ACC (Gong et al., 2012) 

and this effect is specific for the glycine rich region of SM50 (Rao et al., 2013). The 

present study elucidates the mechanisms of this stabilization effect. Secondly, this effect 
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is also observed in presence of the glycine rich region of LSM34, a homologue of SM50. 

Similar structures are observed in vivo during the formation of the sea urchin spicule 

(Vidavsky et al., 2014) wherein vesicles (0.5 to 1.5 µm) enclose granular amorphous 

calcium carbonate (20-30 nm). The membrane composition of these vesicles is at present 

unknown. However the morphological and compositional similarities suggest that low 

complexity IDPs are involved in the stabilization of such recalcitrant phases. This is 

supported by previous studies wherein suppression of SM50 production leads to 

inhibition of spicule formation or elongation indicating their role in early stages of 

mineral formation and deposition (Wilt et al., 2008).  

In the present study, other low complexity IDPs, MSP130 and prisilkin also mediate the 

formation of vesicles containing an amorphous form of calcium carbonate. The 

expression of MSP130 is highest in cells associated with the growing spicule tips 

(Harkey et al., 1992) and prisilkin is involved in the initial stages of mineral deposition in 

the prismatic layer of a bivalve oyster (Kong et al., 2009). Thus considering the 

abundance of low complexity IDPs in biomineralization processes, this study reflects that 

such aggregation-prone proteins are utilized by Nature for the stabilization of amorphous 

mineralization precursors. 
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Chapter 5 

 

Role of SM50 in Calcium Carbonate Mineralization 
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Introduction 

 

The most abundant matrix protein in the organic matrix of the sea urchin spine is SM50, 

a non-glycosylated protein with an N-terminal CTL domain and a proline-rich, putatively 

disordered region (Wilt et al., 2002; Killian & Wilt, 2008). Results presented in Chapter 2 

indicate that the recombinant fusion CTL domain modulates the early stages of 

mineralization, thereby inducing formation of a hybrid material with mesocrystalline 

properties. The crystallographical and structural properties of this composite are similar 

to those associated with the sea urchin spine (Seto et al., 2012). On the other hand, the 

glycine-proline rich, disordered region of SM50 forms vesicles that play a role in 

confinement-mediated stabilization of an amorphous phase of calcium carbonate. From 

Chapter 4, low complexity regions from other biomineral-associated proteins LSM34, 

prisilkin, MSP130 have similar effects. Given that the CTL domain of SM50 interacts 

with the mineral phase to form calcite mesocrystals and the disordered domain stabilizes 

ACC, the function of the full length protein requires elucidation in order to reconcile 

these seemingly opposing functions.  

Proteolytic processing is involved in extracellular process involving matrix modeling 

such as tissue development and repair (Larsen et al., 2006). This indicates that proteolytic 

activity is possibly significant in regulating biomineralization. Investigations on enamel 

formation indicate that matrix proteins such as amelogenin, ameloblastin and enamelin 

are cleaved by proteases after secretion (Barlett & Simmer, 1999). Furthermore, 

nucleation of crystals in osteoblast cultures is also regulated by certain proteolytic events 

(Huffman et al., 2007). During magnetosome formation in bacteria, proteolytic events 

serve as regulative mechanisms for tuning crystal growth (Quinlan et al., 2011). Thus 

recent studies provide instances wherein such mechanisms are gradually being 

elucidated. 

The role of the matrix metalloproteases (MMPs) in sea urchin spicule formation is also 

emerging. Arrested spicule growth in presence of different MMP inhibitors including 

Zn2+ chelator, active site inhibitor and dipeptide substrate has been demonstrated earlier 

(Roe et al., 1989). In a subsequent study, inhibition of spicule growth led to abnormal 

accumulation of certain vesicles in the cytoplasm of primary mesenchymal cells (PMCs) 
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(Ingersoll & Wilt, 1998). Hence the association of proteolytic events with the transport of 

mineral precursors and matrix proteins was suggested (Ingersoll et al., 2003). Secondly, 

certain spicule matrix proteins could be MMP substrates indicated by a reproducible 

proteolysis pattern for SM30B during extraction procedures (Wilt et al., 2008). 

Moreover, a recent proteomic analysis of the sea urchin spicule indicates an abundance of 

proteases as well as few protease inhibitors (Mann et al., 2010).  

Given the lack of knowledge on the structural role of SM50 in ACC stabilization, the 

effect of the full-length protein on mineralization has been investigated using 

potentiometric titration, TEM and cryo-TEM techniques. To assess the potential of SM50 

being a substrate for MMPs, similar mineralization experiments are performed in 

presence of collagenase type IV and the results are supported by biochemical methods. 

 

Materials and Methods 

Cloning and protein expression 

Coding sequence of full length is intracellularly expressed with an N-terminal 6XHis-

SUMO-tags using Escherichia coli CodonPlusRIL (Stratagene, Agilent Technologies 

Inc.). Standard molecular biology procedures were followed (Sambrook et al., 1989). 

After induction, the insoluble protein is purified using the protocols described for the low 

complexity, disordered proteins (Chapter 3).  

Potentiometric titration 

Collagenase type IV (Worthington Biochemical Corp.) is used as a titration additive. 

Details of the titration experiments are described in previous chapters. SM50 is used at 

0.1 or 1 mg/ml in 10 ml carbonate buffer (10 mM). Reference titrations are performed in 

neat carbonate buffer. Experimental set-up and data analysis are described in previous 

publications (Gebauer et al., 2008; Picker et al., 2012). Titrations are also performed 

using dual additives i.e. SM50 (1mg/ml) and collagenase IV (10 and 100 µg/ml) at pH 

9.0. 

Microscopy 

For TEM sample preparation, the solution is spotted on a grid (Ted Pella Inc.). The liquid 

is blotted and imaging is performed using a Libra120 (Zeiss SMT, Jena Germany) TEM 

at 120 kV with a beam current of about 4 µA. Samples drawn from titration experiments 
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are analyzed with cryo-TEM. The drop is blotted into a thin film on a lacey carbon film 

covered copper grid and vitrified by liquid ethane in a cryo-box (Carl Zeiss Microscopy, 

Germany). The vitrified specimens loaded into a cryo-holder are examined in a 

cryogenic-temperature LEO EM922 Omega EFTEM instrument (Carl Zeiss Microscopy, 

Germany). Images are recorded with a high-resolution, cooled CCD camera and a Gatan 

Digital Micrograph software package.  

Polarized light and quantitative birefringence microscopy are also performed on the 

titration products using Axio imager M2m and Abrio Cri, respectively. 

Proteolysis assays in mineralization conditions 

Samples (50 µl) containing SUMO-SM50 (50 µg) and collagenase IV or thermolysin 

with Ca2+ (0.05 mM) in carbonate buffer (10 mM) were incubated for 10 min, followed 

by SDS-PAGE and Western blot analysis. Incubation temperatures are 30 and 65°C for 

collagenase IV or thermolysin, respectively. Blots are developed using primary rabbit-

derived polyclonal anti-SM50 antibodies. 

Western blot for native SM50 

Sea urchin spines are completely demineralized using acetic acid (5 %), followed by 

prolonged dialysis against water. After centrifugation at 10,000 g for 20 min, the organic 

pellet is dissolved in arginine solution (7 M). The arginine soluble fraction is checked for 

potential SM50 fragments with antibodies specific for the CTL domain of SM50 (purified 

using affinity chromatography, Appendix 5.3). 

 

Results and Discussion 

Potentiometric Titrations 

Representative SDS-PAGE profile and sedimentation coefficient/molar mass 

distributions of the purified SUMO-SM50 (~57 kDa) protein are presented in Appendix 

5.1. Distribution of sedimentation coefficients as calculated from AUC velocity 

experiments presents a single major peak at 4.9±0.8 S corresponding to a molar mass of 

70±20 kDa. The AUC derived molar mass is slightly higher than the mass observed 

under denaturing conditions. This might indicate certain reversible self-assembly 

interactions. Results of titration assays performed at pH 9.0 and 9.75 using SM50 as an 

additive are presented in Figure 1. At pH 9.0, the inhibitory effect is reflected by F values 
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of 2 and 6.1 at 0.1 and 1 mg/ml protein concentrations, respectively. F values of 1.7 and 

5.8 are observed at pH 9.75 at the corresponding protein contents. Thus the protein 

significantly inhibits the nucleation of calcium carbonate at both pH values in a 

concentration dependent manner. Slopes of the prenucleation regime are not significantly 

affected at pH 9.0. At pH 9.75, a minor destabilization of prenucleation clusters is evident 

by 12 and 12.4 % decrease in slope at 0.01 and 1 mg/ml protein concentrations, 

respectively. The post-nucleation solubility products are also analyzed (Appendix 5.2). 

After nucleation at pH 9.0, the solubility products are 4.4×10-8 and 5.7×10-8 M2, whereas 

at pH 9.75 the values are 4.1×10-8 and 4.4×10-8 M2 at low and high additive 

concentrations, respectively. These are higher in comparison to solubility products after 

nucleation in corresponding reference experiments wherein solubility products of 3.2×10-

8 and 3.7×10-8 M2 are observed at pH 9.0 and 9.75, respectively. The reference values are 

consistent with previous studies (Gebauer et al., 2010). At both pH values and protein 

concentrations, these values are higher than that of amorphous calcium carbonate. 

Considering the polyamorphous nature of calcium carbonate, the existence of liquid 

condensed phases and high values of post-nucleation solubility products (Bewernitz et 

al., 2012; Cartwright et al., 2012), the formation of a more soluble phase of calcium 

carbonate after nucleation is evident. The inhibitory effects towards the time needed for 

nucleation and high solubilities of initially nucleated calcium carbonate are also observed 

for titration containing SUMO-SM50GRR (Chapter 4). Thus it appears that 

mineralization processes in presence of full length SM50 are dominated by the influence 

of the glycine rich region in the early regime of calcium carbonate mineralization. 
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Figure 1. Development of free Ca2+ concentration with time for potentiometric titrations without SM50 
(black) and with SM50 at 0.1 (red) and 1 (blue) mg/ml containing carbonate buffers at pH (A) 9.0 and (B) 
9.75. 

 

Microscopy 

Figure 2 represents light microscopy images of post-nucleation products from titrations in 

presence of SM50 at pH 9.0. The corresponding image in polarization mode shows that 

most of the nucleated particles are amorphous. Therefore electron microscopy is 

performed to investigate particle morphology at the nanoscale. 

 

 

Figure 2. (A) Bright field and (B) polarized light microscopy images of titration products at pH 9.0 in 
presence of SM50. Scale bar represents 100 µm. 
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Representative TEM images of post-nucleation products from titration experiments are 

presented in Figure 3. Irregular particles about 200 nm in size associated with the protein 

layers are observed. The SAED patterns reflect monocrystallinity of the particles. The 

diffraction spots are indexed to {110} face of vaterite (Figure 3A) and {110} and {300} 

face of calcite (Figure 3B) for post-nucleation products from titrations conducted at pH 

9.75 and 9.0, respectively. The particle morphology resembles that of products from 

titration experiments with low complexity, disordered protein shown in Chapter 3. This 

validates observations from titration experiments that the effect of the glycine rich region 

is prominent when full-length SM50 is used as a titration additive. To prevent formation 

of drying artifacts and validate the results of light microcopy, cryo-TEM observations 

during the course of titration experiments are presented (Figure 3C-F). During the initial 

pre-nucleation stages, protein aggregation is observed which is augmented with 

increasing Ca2+ concentration. Around the time of nucleation, formation of spherical 

particles is observed (Figure 3E, F). Such vesicle-like particle morphologies are also 

observed for products of titration containing SUMO-SM50GRR. From results presented 

in Chapter 3, these vesicles enclose an amorphous phase of calcium carbonate stabilized 

by a confinement mechanism.  
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Figure 3. Representative TEM images of titration products at (A) pH 9.0 and (B) 9.75. Cryo-TEM of the 
(C, D) prenucleation and (E, F) post-nucleation regimes of titrations conducted at pH 9.75. 
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Figure 4. Western blots of (A) SUMO-SM50 treated with collagenase and thermolysin probed with 
polyclonal anti-SM50 antibodies. Lanes represent samples with 1, 0.1, 0.5and 1 µg/ml protease (left to 
right). Lane 1 represents samples without incubation. (B) Arginine solubilized fraction of the sea urchin 
spine extract developed with SUMO-CTL specific antibodies. 

 

SM50 proteolysis assays 

The proteolysis of SUMO-SM50 in presence of collagenase and thermolysin is 

investigated using Western blots (Figure 4A). In presence of type IV collagenase, 

SUMO-SM50 is gradually degraded and bands at 25-35 kDa appear. Thermolysin also 

mediates proteolysis of SUMO-SM50, however no bands are observed corresponding to 

products at lower molecular weights. Thus type IV collagenase seems to specifically 

cleave certain regions of SUMO-SM50. Since cleavage sites for this protease usually 

contain glycine and proline (Seltzer et al., 1990) and disordered regions can be more 

susceptible to proteolysis (Tompa et al., 2008), the glycine rich region of SM50 appears 

to be a target for proteolysis in presence of type IV collagenase. To investigate whether 

the glycine rich region of SM50 is a target of proteolytic processing in vivo i.e. during 

spine formation, proteins from the sea urchin spine are extracted and analyzed using 

Western blots. For development of the blots, CTL specific antibodies are purified using 

affinity chromatography. Two bands are observed at about 40 and 15 kDa. The band at 

high molecular weight corresponds to the full length SM50 whereas the band at 15 kDa 

indicates the presence of a SM50 fragment corresponding to the CTL domain. To check 

the effect of such proteolytic events on mineralization, titration assays are performed with 

two additives i.e. SM50 and collagenase.  
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Figure 5. Development of (A) free Ca2+ concentration and (B) solubility products for titrations performed 
at pH 9.0 with SUMO-SM50 (1 mg/ml) and collagenase contents of 0 (continuous line), 10 (dashed line) 
and 100 (dotted line) µg/ml. Reference curves are display in black lines. 

 

Titration experiments are performed using SM50 as an additive in presence of type IV 

collagenase at pH 9.0 (Figure 5). In absence of collagenase, the F value is 6.1 with 1 

mg/ml SM50 at pH 9.0. The nucleation time however decreases in presence of the 

protease wherein F values of 1.6 and 3.5 are observed with type IV collagenase at 100 

and 10 µg/ml, respectively. Thus the inhibitory effect of SM50 towards calcium 

carbonate nucleation is diminished in presence of type IV collagenase. SM50 and type IV 

collagenase do not affect the prenucleation regime of mineralization significantly with 

respect to interactions of these additives and prenucleation clusters. A minor destabilizing 

effect is evident in presence of high type IV collagenase (i.e. at 100 µg/ml) reflected by a 

4.7 % decrease in the prenucleation slope. However this effect may be within the limits 

of experimental error. Considering the solubility products of the phases formed 

immediately after nucleation, these values are similar for titrations with and without type 

IV collagenase and in the range of 5.8×10-8 and 5.38×10-8 M2. Thus these dual additives 

do not seem to affect the phase of post-nucleation products. The products of titration 

experiments are analyzed by quantitative birefringence light microscopy (Figure 6). A 

uniform color distribution up to about 20 µm indicates crystallographic co-orientation of 

the crystalline domains in the sheet-like material. Thus the titration products appear 

similar to those obtained in presence of the SUMO-CTL protein described in Chapter 2. 
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Figure 6. Quantitative birefringence microscopy images of titration products with SM50 (1 mg/ml) and 
collagenase (100 µg/ml). Scale bar represents 20 µm. 

  



116 

 

TEM is performed to further investigate the structure of the products from titrations 

conducted presence of SM50 and Type IV collagenase. Mineralized sheet-like structures 

are observed with morphologies similar to mesocrystalline composites formed in 

presence of the SM50 derived SUMO-CTL protein (Figure 7A, B). The SAED pattern is 

single crystal-like and can be indexed to the {104} and {012} faces of calcite. Moreover, 

spherical structures seen in proximity of the sheet-like assemblies might resemble the 

protein vesicles observed in presence of SM50 alone (Figure 3). Cryo-TEM performed 

for titration with SM50 and type IV collagenase at pH 9.75 reveals mineralized sheets. 

For samples after nucleation, structures reminiscent of lysed vesicle are observed (Figure 

7C), in comparison to vesicles observed in presence of SM50 alone (Figure 3F). The 

particles are likely amorphous because the corresponding SAED has very weak 

reflections that may correspond to crystalline ice. At later stages, mineralized sheets are 

observed that present a single-crystal like diffraction pattern corresponding to the {300} 

and {121} faces of vaterite. Thus in agreement with the proteolytic assays, it appears that 

type IV collagenase plays a role in proteolytic degradation of the low complexity, glycine 

rich domain of SM50 thereby promoting interaction of the CTL domain with the mineral 

precursor and subsequent formation of mineralized sheets. Thus the mechanism of SM50 

mediated mineralization can be modulated in vitro by type IV collagenase, a MMP. 



117 

 

 

Figure 7.  (A, B) TEM and (C, D) Cryo-TEM micrographs for post-nucleation products in presence of 
SM50 (1 mg/ml) and collagenase (100 µg/ml).   
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Summary 

Based on the effects of the recombinant SM50 domains on mineralization as well as their 

solution properties, a model for SM50 function is proposed. As a titration additive, SM50 

forms a shell around the amorphous phase and thereby stabilizes an amorphous form of 

calcium carbonate via confinement. Thus the effect of SM50 on calcium carbonate 

mineralization is dominated by the glycine rich domain (Chapter 4). However, in 

presence of an MMP, type IV collagenase, the titration products are sheet-like and exhibit 

a single crystal-like diffraction pattern. There structures are similar to those formed in 

presence of the SUMO-CTL protein (Chapter 2). Thus proteolytic assays indicate that 

certain matrix metalloproteases are possibly involved in switching protein function from 

ACC stabilization to regulation of mineral nanoparticles. Hence a model for SM50 

function is proposed (Figure 8). In this model, the disordered domain of SM50 is cleaved 

by MMPs at the site of mineral growth. This leads to the destabilization of the amorphous 

phase that subsequently interacts with the CTL domain to form calcite mesocrystals. 

Under conditions of mineralization, the CTL domain assembles to sheet-like structures 

that promote the formation of calcite mesocrystals. Western blots of the sea urchin spine 

extract with CTL-specific primary antibodies support this hypothesis. Considering that 

SM50 and its constitutive glycine rich domain have similar stabilizing effects towards 

amorphous calcium carbonate and the CTL domain is involved in control of mineral 

growth, this protein seems to have multiple functions in sea urchin spine mineralization. 
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Figure 8. Schematic representation of proposed SM50 function: (1) SM50 vesicles enclosing an 
amorphous form of calcium carbonate (yellow) are involved in transport. (2) At site of mineral deposition, 
MMPs cleave the disordered domain of SM50 which leads to transformation of the amorphous phase to 
calcite. The C-type lectin domain is intact and assembles to sheets (violet). (3) The amorphous phase 
transforms to calcite mesocrystals (pink) in presence of the C-type lectin assemblies. 
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Conclusions 
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Identified by the team of Fred Wilt and Eric Davidson in 1987, SM50 is a unique spicule 

matrix protein from the purple sea urchin (Strongylocentrotus purpuratus) with an 

alkaline isoelectric point and lacks glycosylation (Sucov et al., 1987; Wilt, 1999). By 

using antisense oligonucleotides, this protein and its homologue from Lytechinus pictus 

(LSM34) were found to be essential for formation of the embryonic spicule (Peled-

Kamar et al., 2002). In contrast, inhibition of another spicule matrix protein (SM30) does 

not affect spicule formation significantly (Wilt, 2005). Given the importance of SM50 in 

formation of the calcitic spicule, the role of this protein in mineralization i.e. interactions 

between the organic and inorganic components requires elucidation. Based on 

bioinformatics prediction, the N-terminal of SM50 harbors a CTL domain while the C-

terminal region has a proline-glycine rich low complexity sequence (Killian & Wilt, 

2008; Rao et al., 2013). Given the complex secondary structure of the protein and the 

inherent insolubility of native SM50, the present work describes the influence of 

recombinant fusion proteins based on SM50 with an inert SUMO domain to increase 

water solubility on mineralization processes. Secondly, considering the prevalence of 

CTL domains among spicule matrix proteins, the effects of carbohydrate additives on 

early stages of calcium carbonate mineralization have also been investigated. 

The function of CTL domains with respect to biomineralization processes in sea urchin 

skeletal elements is of particular interest because similar CTL domains are prevalent in 

other matrix proteins such as the SM30 family (Livingston et al., 2006). As described in 

Chapter 2, a recombinant fusion protein based on the SM50 CTL domain is investigated 

as a mineralization additive in potentiometric titration experiments. Analysis of 

corresponding titration products indicates that this protein leads to the formation of a 

unique composite material that exhibits mesocrystalline properties such as single crystal-

like diffraction and scattering properties. The hierarchical composites formed in presence 

of the SUMO-CTL protein exhibit two levels of structural organization. At the nanoscale, 

the sheets are composed of irregularly shaped, polydisperse calcite nanoparticles about 

10-100 nm in size. This size range is in good agreement with those described by 

structural investigation on the sea urchin spine (Aizenberg et al. 1997; Seto et al., 2011). 

After these composites are treated with a protease, a jig-saw like arrangement of these 

nanoparticles is observed. This indicates that the in vitro mineralization process results in 
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a space-filling organization of the inorganic components. These results are indicative of 

the mesocrystalline structure of the sea urchin spine (Oaki & Imai, 2006; Seto et al. 2012) 

and are also suggestive of liquid precursors in mineralization, having similarities to the 

formation mechanisms of cermet composites (Humenik & Parikh, 1956). At a higher 

length scale, the composites are made of micron-sized mineralized sheets, which are 

stacked in crystallographically co-oriented manner. Each sheet is about 1.7 nm in 

thickness and consists of calcite nanoparticles described above. Partial demineralization 

of the sea urchin spine shows the presence of mineralized sheets with a similar stacking 

arrangement that exhibit a single crystal-like SAED pattern. Such structures have so far 

not been reported in literature. The morphological and crystallographical properties of 

this calcitic composite are similar to mineral components of the sea urchin spine. Given 

the mesocrystalline properties of the sea urchin spine and the composite material, CTL 

domains appear important in organizing the inorganic components of biominerals at the 

nanoscale in Nature.  

The mechanisms underlying the formation of calcite-protein composites are investigated. 

During the pre-nucleation regime of calcium carbonate mineralization, the SUMO-CTL 

protein binds to Ca2+ ions and also to mineral precursors such as ion clusters and liquid 

condensed phases. The concurrent increase in Ca2+ concentration induces assembly of the 

protein to sheets as indicated by cryo-TEM and AUC investigations. Thus the organic 

and inorganic components can influence each other during mineralization processes. 

After nucleation of calcium carbonate, vesicle-like structures are observed. This suggests 

that the protein associates with mineral precursors such as liquid condensed phase or 

amorphous calcium carbonate. However considering that the post-nucleation solubility 

product is higher than that of ACC, this may correspond to the former phase. Therefore, 

the process of mineralization appears to be via a liquid condensed phase of calcium 

carbonate and this may explain the space filling organization of the nanoparticles 

associated with the protein sheets (Humenik et al., 1956; Kim et al., 2007). Although the 

crystallographic co-orientation of adjacent mineral sheets has not been elucidated, this 

may be related to a uniform array of Ca2+ binding sites on the protein film inducing 

epitaxial effects (Travaille et al., 2003) and/or a phase transformation involving forces 

related to oriented attachment (Li et al., 2012). Considering the complex interplay 
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between the SUMO-CTL and mineral precursors, the interactions between the organic 

and inorganic constituents in biomineralization appears to be dynamic and bidirectional. 

Such interactions are, however, often described in an unidirectional manner. 

Since saccharides are important components of the organic matrix in the sea urchin spine 

(Ameye et al., 2001) and CTL proteins can bind to sugar ligands, the effects of diverse 

carbohydrates on the early stages of mineralization are investigated using potentiometric 

titration. Based on the study described in Chapter 3, the different sugar additives are 

assigned into distinct categories according to their mode of action (Verch et al., 2011). 

Additive molecules with (charged) functional groups that potentially complex with Ca2+ 

ions namely D-Glucose 6-phosphate and heparin show significant complexation of Ca2+ 

ions (Type I). This is seen from a parallel time offset in the increase of detected free 

calcium in the titration experiments. However, as other charged mono- and 

polysaccharides do not display this effect indicating the additives properties that mediate 

the association of ion and ion clusters are intricate. Type II additives influence the 

equilibrium between pre-nucleation clusters and free Ca2+/CO3
2- ions. Such additives 

include the monosaccharides D-arabinose, D-galactose and D-fructose, which decrease 

the slope in the linear pre-nucleation regime and, hence, apparently stabilize ion 

associates in solution. A similar effect is induced by the studied glucose derivatives, with 

D-glucose 6-phosphate inducing the most pronounced changes. Among the 

oligosaccharides, lactulose, raffinose, sucrose and trehalose affect the formation (and 

structure) of pre-nucleation clusters, shifting the equilibrium towards the bound state. 

Polysaccharides induce remarkable changes in the progress of precipitation, which is not 

surprising when considering that most contemporary strategies for crystallization control 

rely on polymeric additives (Meldrum & Cölfen, 2008; Rieger et al., 2007; Gebauer et 

al., 2009b; Verch et al., 2011). 

The time required for nucleation can also be used to classify additives. These 

measurements – for the first time – show that nucleation can be promoted by additives. 

Therefore the previously introduced Type III mode of additive action (denoting only 

nucleation inhibition) (Gebauer et al., 2009b; Verch et al., 2011) has been categorized 

into Types IIIa (inhibition of nucleation) and Type IIIb (promotion of nucleation). Type 

IIIa additives include monosaccharides such as D-mannose and D-ribose as well as 
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glucose derivatives D-glucuronic acid, D-glucuronic acid γ-lactone and D-glucose 6-

phosphate. Nucleation-inhibiting polysaccharides include alginate, carboxymethyl 

cellulose and heparin; notably, these polymeric sugars are active at much lower 

concentrations than their low molecular weight analogues. On the other hand, nucleation 

was found to be promoted by D-arabinose, D-galactose, lactulose, sucrose, agar and 

dextran. These sugars are possibly bridge pre-nucleation clusters, thus promote their 

aggregation and induce nucleation of calcium carbonate particles (analogous to bridging 

flocculation in colloidal systems, Biggs et al., 2000).  

Certain carbohydrates also affect the level of free Ca2+ ions and, thus, alter the solubility 

of the initially formed solid phase after nucleation (Type V). Some additives induce the 

precipitation of CaCO3 polymorphs with lower solubility, in some cases potentially 

vaterite. This applies for the monosaccharides D-arabinose, D-galactose and D-fructose, 

the oligosaccharides lactulose and sucrose, as well as to some extent for the 

polysaccharides agar and dextran sulfate. Interestingly, L-glucose seems to promote the 

nucleation of a phase with distinctly lower solubility product than observed for products 

formed in the presence of the D-enantiomer. D-Glucose is a very fundamental 

biomolecule that is biochemically important. Thus the dissimilar results in terms of the 

calcium carbonate phase nucleated in presence of L-glucose are significant. The 

underlying explanation for this observation is presently not understood. Other sugars lead 

to nucleation products that are more soluble (and hence less stable). Such particles are 

nucleated under the influence of D-glucosamine, D-glucuronic acid γ-lactone, trehalose, 

alginate, carboxymethyl cellulose and heparin, possibly indicating temporary stabilization 

of liquid precursor phases (Bewernitz et al., 2012; Gower & Odom, 2000; Verch et al., 

2011; Wallace et al., 2013).  

The results of this systematic titration-based study indicate that  

1. Carbohydrate additives have multiple effects on early stages of CaCO3 crystallization and 

these effects seem to rely on various factors such as stereochemistry, functional moieties, 

charge as well as the nature of glycosidic linkages. These effects cannot be explained by 

the chemical structures of the monosaccharides alone. For example, a simple switch in 

carbohydrate stereochemistry has a considerable influence (D-Glc – no significant effect, 

vs. L-Glc – Type II/V additive).  
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2. Among the oligosaccharides, the nature of the constituent monomeric units is important 

for the degree of influence in certain stages of crystallization, whereas it is seemingly 

irrelevant for others. This is exemplified for the case of fructose and its oligomers 

raffinose, sucrose and trehalose, where similar trends were discerned for both the mono- 

and oligomers with regard to their interactions with pre-nucleation clusters.  

3. The effects observed for the polysaccharides screened in this study are manifold and 

range from the stabilization of more soluble  solid phases (Pec Es) over changes in the 

equilibria of solute ion associates prior to nucleation (Dex, Alg and CMC) to partially 

intense inhibition of nucleation (Alg, CMC, and Hep), all at relatively low additive 

concentrations.  

Hence the Chapter 3 shows that glycosyl residue configuration, charge, degree of 

branching and positions of functional groups in carbohydrates affect the early stages of 

mineralization. These findings correlate with an earlier study that also reflects the 

complex effects of carbohydrates over the later stages of mineral growth (Nielson et al., 

2012). In addition, properties such as the nature of the glycosyl linkages and sugar 

stereochemistry also determine the early stages of calcium carbonate mineralization. 

Furthermore, the sugar ligand of SUMO-CTL domain (GlcNAc) does not have a major 

effect on early stages of calcium carbonate mineralization. Nevertheless protein 

glycosylation is vital for spicule formation and such lectin-sugar interactions may be 

associated with the regulation of the organic scaffolds for mineralization (Benson et al., 

1983; Kabakoff & Lennarz, 1990; Bertozzi & Kiessling, 2001). 

Considering the abundance of low complexity IDPs in the sea urchin spicule proteome, 

their role in calcium carbonate mineralization has been explored by experiments 

described in Chapter 4. Titration based mineralization using such IDP additives leads to 

formation of protein vesicles containing a liquid-like condensed phase as shown by cryo-

TEM and AUC experiments. Thus a liquid condensed phase of calcium carbonate is 

stabilized by the protein shell. Such phases are potential precursors to amorphous calcium 

carbonate (Gebauer et al., 2014). Similar structures are observed in vivo during the 

formation of the sea urchin spicule (Vidavsky et al., 2014) wherein vesicles (0.5 to 1.5 

µm) enclose granular amorphous calcium carbonate. This stabilizing effect is observed 

for four low complexity IDP domains involved in biomineralization namely SM50GRR, 



126 

 

LSM34GRR, MSP130 and prisilkin. The reference IDP (p53TAD) does not exhibit 

vesicle formation under similar mineralization conditions. Despite a composition low in 

acidic amino acid residues, such proteins have a major effect on mineralization and can 

stabilize an amorphous phase of calcium carbonate via confinement processes. This is 

related to their self-assembly properties as well as disposition towards β sheet structures. 

Investigations of the protein structure shows that the low complexity IDPs studied here 

exhibit a β-sheet rich secondary structure as shown by the FTIR analysis. In 

confirmation, staining assays indicate that β amyloid-like fibrils are formed initially that 

self-assemble to sheet-like architectures rich in β-sheet content. Furthermore, DLS and 

density gradient AUC results show that during nucleation of calcium carbonate, protein 

self-assembly is augmented and the protein forms a bi-layered skin on a liquid-like phase, 

thereby having stabilizing effect. Such confinement based stabilization mechanisms have 

been reported for pre-nucleation clusters and amorphous calcium carbonate using silica 

shells and liposomes (Kellermeier et al., 2010; Tester et al., 2011; Kellermeier et al., 

2012). The present results show for the first time that proteinaceous shells can also 

mediate such stabilizing effects towards amorphous phases of calcium carbonate. 

Therefore the biochemical properties of such low complexity IDPs appear to be tuned by 

Nature to achieve stabilization of this transient phase. 

In a previous study, the spicule matrix protein SM50 has been shown to stabilize ACC 

(Gong et al., 2012). Later this effect was found to be induced specifically by the glycine 

rich region of SM50 (Rao et al., 2013). In this work, the N-terminal CTL domain of 

SM50 interacts with the mineral phase to form calcite mesocrystals and the disordered 

domain stabilizes ACC. To reconcile these seemingly opposing functions, the effect of 

the recombinant SUMO tagged full length protein on mineralization is investigated using 

potentiometric titration (Chapter 5). Full length SUMO-SM50 leads to the stabilization 

of an amorphous form of calcium carbonate by a confinement mechanism. This effect is 

similar to that of low complexity IDPs such as SUMO-SM50GRR in titration-based 

mineralization experiments. Thus the low complexity, glycine rich domain of SM50 has a 

dominant role during mineralization in context of the full length protein. From 

investigations on biominerals, the role of proteases in the regulation of biomineralization 

processes is emerging (Barlett & Simmer, 1999; Huffman et al., 2007; Quinlan et al., 
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2011). To investigate whether SM50 is a substrate of matrix metalloproteases (MMPs), 

the effect of SM50 on calcium carbonate mineralization in presence of collagenase IV is 

also investigated. Proteolytic assays indicate that matrix metalloproteases are possibly 

involved in switching protein function from confinement mediated ACC stabilization to 

the organization of calcite nanoparticles. Thus the disordered glycine rich domain of 

SM50 is possibly cleaved by MMPs leading to the destabilization of the amorphous 

phase that subsequently interacts with the CTL domain to form calcite mesocrystals. 

Preliminary evidence for in vivo proteolytic processing of SM50 in extracts of the sea 

urchin spine is also shown by Western blot assays.  

In conclusion, this work reveals that a variety of interactions between additives and 

mineralizing calcium carbonate species are possible. There are no evident patterns of the 

effects that would allow for a direct correlation between the chemistry of biological 

additives and the influence on the crystallization process. In context of proteins, 

properties such as secondary structure, Ca2+ complexation and self-assembly are 

important factors in governing mineralization. The effects of carbohydrates on 

mineralization is also complex and affected by multiple properties such as glycosyl 

residue configuration, charge, positions of functional groups, nature of the glycosyl 

linkages and sugar stereochemistry. Therefore, potential underlying interaction 

principles, especially because the detailed structures and dynamic nature of CaCO3 

precursors, solute and solid as well as the complex solution structures of biomolecules 

cannot be speculated upon. Nonetheless, certain biochemical additives have fascinating 

effects ranging from modulation of the early stages of mineralization to the formation of 

composite structure after nucleation. It is evident that the multi-step pathway of 

nucleation, involving pre-nucleation clusters and amorphous intermediates gives rise to 

higher levels of complexity in the presence of biomolecules.  
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2.1 Primary sequence of (6XHis) SUMO-CTL. The tag is underscored 

MGHHHHHHGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTP
LRRLMEAFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQI
GGTGQDCPAYYVRSQSGQSCYRYFNMRVPYRMASEFCEMVTPCGNGPAKM
GALASVSSPQENMEIYQLVAGFSQDNQLENEVWLGWNSQSPFFWEDGTPAY
PNGFAAFSSSPASPPRPGMPPTRSWP  
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2.2 Representative CD spectra of SUMO-CTL in the (A) presence (pH 9.0) as well as absence of β-ME 
with different Ca2+ concentrations at (B) pH 7.0 and (C) 9.0. 
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2.3 Plot of turbidity and volume of NaOH (10 mM) dosed during titration measurements in (A) absence 
and (B) presence of SUMO-CTL (0.1 mg/ml). Turbidity is measured using a Metrohm Optrode 
(6.1115.000) operated at 660 nm 

 

. 
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2.4 SAXS profile for calcite-protein composites formed at pH 9.0. 
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2.5 Continuous molar mass distributions for SUMO-CTL in (A) HEPES (pH 7.4, 10 mM) and (B) 
carbonate buffer (pH 9.0, 10 mM) at Ca2+ concentrations of 0 (black), 2 (red), 5 (blue) and 10 mM (green). 
Sedimentation co-efficient and molar masses of species identified from AUC velocity experiments 
represented the table. 

 

 Ca
2+

 (mM) Sedimentation 
coefficient 

Molar mass  
(kDa) 

Relative 
abundance 

HEPES buffer  
(pH 7.0) 

    
0 2.8±0.7 27±3 100% 
2 3.8±0.5 

5.8±2 
32±5 
70±39 

64% 
26% 

5 3.5±1.0 
4.5±2.5 

33±8  
75±20 

53% 
47% 

10 3.1±0.6 
5.6±1.3 

36±10 
75±20 

13% 
87% 

Carbonate 
buffer  
(pH 9.0) 

    
0 2.9±0.5 26±2 100% 
2 3±0.8; 

8.6±1.9 
32±15  

107±50 
71% 
29% 

5 4.14±0.36 
6.8±1.86 

32±10  
169±25 

83% 
17% 

10 3.6±1.9 
7±1.9 
9±1.9 
13±2 

43±35  
111±55  
175±65  
292±65 

27%  
27%  
27%  
19% 
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3.1 Results of titration assays at pH 9.75 for different monosaccharides (10 mM, red curves): (A) D-
arabinose, (B) D-galactose, (C) D-glucose, (D) D-fructose, (E) D-fucose, (F) D-mannose, (G) D-ribose, and 
(H) D-xylose. The reference experiment is shown in black. 
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3.2 Results of titration assays at pH 9.75 for different derivatives of glucose (10 mM, red curves): (A) D-
glucose, (B) 2-deoxy-D-glucose, (C) D-glucosamine, (D) N-acetyl-D-glucosamine, (E) D-glucose-6-
phosphate, (F) L-glucose, (G) D-glucoronic, and (H) D-glucurono-γ-lactone. The reference experiment is 
shown in black. 
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3.3 Results of titration assays at pH 9.75 for different oligosaccharides (10 mM, red curves): (A) lactose, 
(B) lactulose, (C) maltose, (D) raffinose, (E) sucrose, and (F) trehalose. The reference experiment is shown 
in black. 
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3.4 Results of titration assays at pH 9.75 for different polysaccharides (0.01 g/L, red curves): (A) agar, (B) 
alginate, (C) arabinogalactan, (D) carboxymethyl cellulose, (E) dextran, (F) dextran sulfate, (G) esterified 
pectin, and (H) heparin. The reference experiment is shown in black. 
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4.1 Primary sequences of recombinant proteins. The (6XHis)-SUMO tag is underscored.   

 

SUMO-SM50GRR MGHHHHHHGSDSEVNQEAKPEVKPEVKPETHINLKVSD
GSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDG
IRIQADQTPEDLDMEDNDIIEAHREQIGGWPVNPQNPMS
GPPGRAPVMKRQNPPVRPGQGGRQIPQGVGPQWEAVE
VTAMRAFVCEVPAGRNIPIGQQPGMGQGGFGNQQPGM
GGRQPGFGNQPGMGGRQPGFGNQPGMGGRQPGWGN
QPGVGGRQPGMGGQQPGWGNQPGVGGRQPGMGGQP
GVGGRQPGFGNQPGMVDNNQAWWTTTRLGNQPGVGG
RQPGMGGQPGVGGRQPGVGGRQPGFGNQPGVGGRQP
GMGGQQPGMGGQPGVGGRQPGMGGRQPGFGNQPGV
GGRQPGMGGQQ 

SUMO-LSM34GRR MGHHHHHHGSDSEVNQEAKPEVKPEVKPETHINLKVSD
GSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDG
IRIQADQTPEDLDMEDNDIIEAHREQIGGVAAGQNIPPG
QQPGFGGQQPGFGGRQPGFGGQQPGFGQQPGFGGRQP
GFGGRQPGFGGQQPGFGGQQPGFGGQQPGFGGQQPGF
GGQQPGFGGQQPGFGGQQPGFGGGPQRPGMGGQPNSP
NPRFNRPRMLQEAETDVTGS 

SUMO-MSP130 MGHHHHHHGSDSEVNQEAKPEVKPEVKPETHINLKVSD
GSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDG
IRIQADQTPEDLDMEDNDIIEAHREQIGGQIVNTTFGAG
GPMMTTPMAGFPRGTTWSPNAGAGGQGGQGQYPGQG
GQGGQGGQGGQGQYPGQGGQGGQGGQGGQGGQGGY
PGQGGQGGPGYYPGQGGQGGQGGQGGWGQGGGQGG
QGGGNNPQYPMIPTTPLPGTICNGTSTMSYVVSQINFHK
FNAPAEVQRLKALHVRQPYTGQLGDPGP 

SUMO-Prisilkin MGHHHHHHGSDSEVNQEAKPEVKPEVKPETHINLKVSD
GSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDG
IRIQADQTPEDLDMEDNDIIEAHREQIGGYSYGYPTGGY
GGYSYGYPTGGYGGYSYGYPTGGYGGYSYGYPTGGYS
GYSYGYPTGGYSGYSYGYPTGGYSGYSYGYPTGGYSGY
SYGYPTGGYSGYSYGYPTGGYSGYSYPTGGYSGYSYSST
PGYGYYGSGSGMGGMRSGYSYYSSPAPSYYSSGSMTPG
YGYYSSGSGIGGGMGSGYSYYSSPAPSYYSSSVSPGYGY
YGSGSGMRGYGYYSSSTPMYYGSRSTGYGPFSSGLGG 

SUMO-p53TAD MGHHHHHHGSDSEVNQEAKPEVKPEVKPETHINLKVSD
GSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDG
IRIQADQTPEDLDMEDNDIIEAHREQIGGMEEPQSDPSVE
PPLSQETFSDLWKLLPENNVLSPLPSQAMDDLMLSPDDI
EQWFTEDPGPDEAPRMPEAAPPVAPAPAAPTPAAPAPAP
SWP 

  



139 

 

4.2A. Development of free Ca2+ (left) and solubility products (right) of calcium carbonate in presence of 
SUMO fusion proteins (A) SM50GRR, (B) LSM34GRR, (C) MSP130, (D) prisilkin and (E) p53TAD at 
pH 9.0 with 0 (black), 0.1 (blue) and 1 (red) mg/mL protein concentrations.  

 



140 

 

4.2B Development of free Ca2+ (left) and solubility products (right) of calcium carbonate in presence of 
SUMO fusion proteins (A) SM50GRR, (B) LSM34GRR, (C) MSP130, (D) prisilkin and (E) p53TAD at 
pH 9.75 with 0 (black), 0.1 (blue) and 1 (red) mg/mL protein concentrations. Time points for sample taken 
for cryo-TEM analysis are indicated in green font. 
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Figure 4.3 Representative bright field and polarization microscopy images of particles nucleated in 
presence of (1) SM50GRR, (2) LSM34GRR, (3) MSP130, (4) prisilkin and (5) p53TAD fusion proteins at 
pH 9.0. 
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Figure 4.4 Fluorescence emission spectra (λex 440 nm, λem 480–525 nm) for (A) SUMO-SM50GRR, (B) 
SUMO-LSM34GRR, (C) SUMO-MSP130 and (D) SUMO-prisilkin in presence of ThT and different 
concentrations of arginine. 
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4.5 AUC density gradient 

 

Equation (1) is used to determine the buoyant density of particles 

23 � 24	 +	 !"UV 	(�3 − �4)						                                            (1) 

Where the density (�W) corresponds to a radial distance �W, ω is the angular velocity and 

�4 is the radial distance corresponding to the hinge point. The 5 value for 63% sucrose is 

determined using calibration measurements and calculated iso-concentration/hinge point 

as described below. 

 

 Calibration measurements 

The estimated radial distance for polystyrene nanoparticles in 63% sucrose gradient is 

6.739 cm and this distance corresponds to a density of 1.05 gm/cc. 

 

Iso-concentration/hinge point 

Density of sucrose (63 %), �� � 1.3043	G�/(( 
The hinge point (��) is estimated to be 6.88 cm using the following equation,  

�� � 6�7� + �
�2  

 

Where �7 and �
 are radial distances of the meniscus and cell bottom respectively. 

 

Thus by using equation (1), the β value is calculated to be 4.22 × 107 rad2 cm5 sec-2 gm-1 

and for the SUMO-SM50GRR vesicles, the observed radial distance (7.08 cm) thus 

corresponds to a buoyant density of 1.4±0.085 gm/cc. 
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5.1 (A) SDS-PAGE of purified SUMO-SM50 protein. Observed molar mass agrees well with the 
theoretical mass of 57 kDa. (B) Sedimentation and (C) molar mass distributions for SUMO-SM50 derived 
from AUC velocity experiments. 
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5.2 Development of solubility product with time for potentiometric titrations without SM50 (black) and 

with SM50 at 0.1 (red) and 1 (blue) mg/ml containing carbonate buffers at pH (A) 9.0 and (B) 9.75. 
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5.3 Western blot using SUMO-CTL specific primary antibodies prepared by using SUMO-CTL 

immobilized on an affinity matrix using divinylsulfone based conjugation. Lane 1 SUMO-SM50, Lane 2 

SUMO-CTL and Lane 3 SUMO-SM50GRR.  
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