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Abstract

:

This contribution presents the effect of two ortholog enzymes from marine sponges called silicateins on the formation of silica carbonate biomorphs of alkaline metals (Ca, Ba, Sr). In vivo, these enzymes participate in the polymerization of silica. Silicateins from Tethya aurantia and Suberitis domuncula were produced recombinantly and presented different degrees of activity, as evidenced by their ability to cleave silyl ether-like bonds in a model compound. Biomorphs are typically inorganic structures that show characteristic shapes resembling those of biological structures such as helices, leaves, flowers, disks or spheres. Irrespective of the concentration or the enzyme used, the presence of silicateins inhibited the formation of classic morphologies of biomorphs, albeit to different extents. Thus, not only the silica condensation activity of the enzyme but also its ability to bind silica compounds is implicated in the inhibition process. The largest effect was observed for the strontium and barium biomorphs, leading to the formation of spheres similar to those observed in diatoms and Radiolaria rather than the classical non-symmetrical forms. Characterization of the samples using Raman spectroscopy showed that silicatein did not affect the crystalline structure of the alkaline earth metal carbonate but did modify the crystalline habit.
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1. Introduction


Humans have always been fascinated by the variety of natural shapes and forms adopted in life. The perfect and regular shapes of gems, such as diamonds, rubies and sapphires, or minerals, such as quartz, galena and calcite, among others, have made them highly valuable in our society. Exquisite architectures are also found in biological structures resulting from the interplay between inorganic material and organic molecules, such as those found in diatoms and marine sponge skeletons or abalone shells [1]. Everything in nature has a curvature, a hallmark of most living organisms, and understanding the underlying physical phenomena that produce such stunning structures has not been as simple as appreciating them. Here, we studied a type of fascinating complex microstructure called biomorphs, which are formed by the co-precipitation of alkaline earth metal carbonates and amorphous silica in alkaline conditions. Biomorphs were discovered at the beginning of the twentieth century and display a variety of life-like shapes [2,3], such as cardioid leaves, helical filaments, wavy sheets and conical funnels [4,5,6]. These biomorphs are synthesized by neutralizing sodium metasilicate with an acidic solution containing carbon dioxide from the environment under the presence of alkaline earth metals [7]. In the past fifty years, several techniques have been developed for the synthesis and characterization of these biomorphs [8]. Several studies published elsewhere have evaluated the impact of physical parameters including temperature [8], electric fields [9], UV light [10], pH, CO2 content and growth in solution or gels on the formation of biomorphs [11,12,13,14]. In addition, the influence of cationic additives [15] and biomolecules such as nucleic acids and amino acids in the synthesis of these biomorphs has also been recently reviewed [16,17]. During the synthesis of biomorphs, carbonate ions supplied either in situ or dissolved from the CO2 in the environment react with the alkaline earth metal salt to precipitate the corresponding crystalline carbonate. The crystallites adsorb to the surface of the silica present as silicic acid, [Si(OH)4], poisoning their crystal growth and causing bifurcation of the crystal, which results in the characteristic curvy shapes observed in the biomorphs [7]. Thus, biomorphs are dual composite nanocrystals consisting of the corresponding alkaline earth metal carbonate and amorphous silica (SiO2). In nature, marine organisms such as sponges and diatoms use proteins to make their silica skeletons by polymerizing silicic acid. Diatoms use small polypeptides called silaffins [18], while sponges mainly employ an enzyme named silicatein [19]; other organic biomolecules, such as hexosamine-containing small molecules, and proteins with large amounts of aspartic acid, glutamic acid, glycine and histidine, such as Glassin [20], have also been described.



Poriferans, commonly referred to as sponges, are among the oldest animal fossils ever recorded, dating back to the Ediacaran period (600 Ma) [21,22]. This fossil evidence is considered as the divergent point between the sponge and eumetazoan lineages and thus they have great significance in the reconstruction of early metazoan evolution. Phylogenomic analyses have shown that these two lineages, derived from a common ancestor [23], are predicted to have existed in the Cryogenian—the geological period at the end of the Snowball Earth glaciations of 635 Ma. The phylum Porifera is composed of four distinct classes: Hexactinellida, Demospongia, Calcarea and Homoscleromorpha [24]. The Hexactinellida or glass sponges are remarkably different from other sponges in many aspects of their biology. Of particular interest is their ability to form inorganic silica structures known as spicules, which constitute their skeleton. Silica is deposited in the form of opaline silica, SiO2·nH2O, together with small amounts of other minerals including sulfur, aluminum, potassium, calcium and sodium. Spicules grow in a radiate incremental manner along a central axial canal which contains an organic filament composed mainly of an enzyme named silicatein [19,25]. This enzyme is also found in the extraspicular space, where it contributes to the appositional growth of the skeletal elements, acting not only in the enzymatic polycondensation reaction of poly(silicate) but also as a template for silica deposition [26]. Silicateins are members of the proteinases cathepsin subfamily, with a similar Xaa–His–Asn catalytic triad at their active site, although silicateins have a Ser residue in the Xaa position rather than Cys as in cathepsin L. Silicateins have a large tendency to self-assemble and form organized condensed fibers of 70–100 nm. They also associate with silintaphin-1 to form oligomers which interact with each other, creating fractal intermediate structures through a diffusion-limited process [27,28]. Besides the physiological role of silicatein, in vitro, it is able to hydrolyze and condensate Si–O bonds [29] of diverse organosilanols and silyl ethers and also to catalyze transetherifications, where the silyl group from one silyl ether is transferred to a recipient alcohol [30]. Furthermore, silicateins can also act on related metal oxides such as gallium nitrate, leading to the deposition of gallium oxyhydroxide [31,32], or form nanoparticles of zirconia and titania using appropriate precursors [33]. These properties place silicateins as key tools to study organosiloxane chemistry and develop efficient and selective biocatalysts. The biological deposition of silica is a fascinating phenomenon, not only from the visual perspective of the intricate and exquisite structures present in the skeleton of glass sponges and diatoms but also by the fact that it occurs under physiological conditions at neutral pH, ambient pressure and temperatures between 5 and 37 °C.



In this study, the impact of silicateins on the synthesis of silica carbonate biomorphs using different alkaline metals (Ca, Ba, Sr) was investigated. We used two silicatein orthologs with different degrees of activity as judged by their ability to cleave an ether-like bond from a silicon model compound. The morphology of the resulting biomorphs was assessed by scanning electron microscopy (SEM), while their chemical composition and crystalline structure were determined using micro-Raman spectroscopy. Irrespective of the presence of silicatein, silica carbonate biomorphs obtained from calcium, barium and strontium carbonate corresponded to the calcite, witherite aragonite-type and strontianite crystalline structures, respectively. The presence of silicateins inhibited the formation of classic biomorph morphologies regardless of the tested concentration or their activity, resulting in sphere-like shapes.




2. Materials and Methods


2.1. Protein Expression and Purification


Silicatein-α orthologues were recombinantly expressed in E. coli C41 (DE3) encoding residues 115–330 of the silicatein isoform α of T. aurantia and S. domuncula, hereby referred to as Ta_Silα and Sd_Silα, respectively. Ta_Silα was expressed and purified as described in [34]. The expression vector for Sd_Silα was a kind gift from Lu Shin Wong, Manchester Institute of Biotechnology, University of Manchester. Protein expression and purification was adapted from [30]. Briefly, the protein was expressed in LB media supplemented with 100 µg/mL ampicillin for 18 h at 16 °C after induction with 0.5 mM IPTG using the pColdTF vector (Takara Bio). The expressed protein corresponds to a construct comprising a 6xHistidine tag, the E. coli Trigger Factor followed by the catalytic domain of S. domuncula silicatein-α fused to a C-terminal strep-tag. Cells were lysed by sonication and the clarified lysate loaded onto a 1 mL Strep-Tactin column (QIAGEN) equilibrated with 50 mM phosphate buffer pH 7.4, 150 mM NaCl. Bound protein was eluted using the same buffer supplemented with 2.5 mM desthiobiotin. Fractions containing the protein were collected and dialyzed against 50 mM phosphate buffer pH 7.4, 150 mM NaCl, concentrated, stored at 4 °C and used within 3 days. Protein concentration was measured using the Bradford method.




2.2. Silicatein Activity Assay


Silicatein substrate bis(p-aminophenoxy)-dimethylsilane (BAPD-silane) was obtained from Alfa-Chemistry (USA). The silyl ether hydrolysis activity of recombinant silicatein-α was monitored as described in [29] following the increase in the absorbance signal at 300 nm of the p-aminophenol produced from the hydrolysis of BAPD-silane. Reactions were studied at 20 °C in the absorbance range of 230–450 nm using a Cary 60 UV–Vis spectrophotometer (Agilent Technologies). Reaction mixtures contained 230 µM BADP-silane in 50 mM phosphate buffer pH 8.4, 150 mM NaCl and 0.4 µg/mL silicatein, which corresponds to 11 nM and 5 nM of the recombinant T. aurantia and S. domuncula orthologs, respectively.




2.3. Biomorph Synthesis


The synthesis of silica carbonate biomorphs of calcium, barium and strontium was carried out by the gas-diffusion procedure published elsewhere [8]. The synthesis was performed using glass plates with dimensions of 5 mm length, 2.5 mm width and 1 mm thickness. The synthesis of biomorphs proceeded by immersing the glass pieces in the top cover (stopper) of a 1.5 mL Eppendorf tube used as a reservoir cell. Each reservoir contained 200 µL of reaction mixture consisting of 1000 ppm of sodium metasilicate, 20 mM of calcium, barium or strontium chloride, at a pH of 10.5 adjusted with sodium hydroxide. Chemical reagents were obtained from Sigma-Aldrich. As appropriate, different concentrations of each silicatein were used to evaluate their impact on biomorph formation. Experiments were performed in duplicate for each concentration of enzyme. All experiments were performed at 25 °C using a CO2 incubator with 5% carbon dioxide saturation. Formation of biomorphs proceeded for 48 h. Figure 1 shows the schematic diagram of the different steps involved in the synthesis of biomorphs.




2.4. Characterization of Biomorphs


The morphology and composition of the biomorphs were characterized according to the methodology published elsewhere [16]. Morphology of the biomorphs was assessed by scanning electron microscopy using a VEGA3 microscope (TESCAN, Brno, Czech Republic) and the crystalline habit was studied using micro-Raman spectroscopy at room temperature. Raman spectra were recorded with a WITec Alpha 300 Series Raman-AFM (WITec GmbH, Ulm, Germany) using a 672-lines/mm grating with a 100× Zeiss objective (0.9 NA). The Nb:YVO4 green laser at 532 nm wavelength was used as excitation source with 14.4 mW of laser power and a spectral resolution of 1.0 cm−1. Punctual Raman spectra were obtained with 0.5 s of integration time and 10 accumulations, and the Raman map using 0.03 s of integration time.





3. Results and Discussion


3.1. Silicatein-α Production


It is well known that the mature form of silicatein is highly hydrophobic, hampering their soluble recombinant expression [35]. Protein overexpression tends to form aggregates in the form of inclusion bodies, which are difficult to refold. Several attempts have been made to improve the solubility of these proteins, such as fusion to proteins, the use of different orthologs or varying the expression time and temperature, as well as using different host cells. In this work, we used two different silicatein orthologs that have already been expressed soluble recombinantly. The silicatein from S. domuncula was expressed as a fusion protein to a streptavidin tag and the Trigger Factor similarly to a previous report that used the same protein partner with a histidine tag instead [30]. On the other hand, the ortholog form T. aurantia was expressed as previously reported in [34], fused to residues 1–85 of the Bacillus stearothermophilus dihydrolipoyl acetyltransferase protein. To confirm the functionality of the two silicatein orthologs used in this study, we measured their ability to hydrolyze silyl ether bonds. Both enzymes were active, as evidenced by increasing the signal at 300 nm, resulting from the release of p-aminophenol after cleavage of the silyl ether-like bonds of the BADP-silane substrate (Figure 2). However, the presence of twice the amount of the T. aurantia silicatein resulted in the release of less product after 5 min reaction in comparison with that produced by the S. domuncula protein, suggesting that the former is slightly less active. This is better observed from the calculated specific activity of 16.5 nmol min−1 µg protein−1 and 54 nmol min−1 µg protein−1, respectively. This activity agrees well with the value of 13.5 nmol min−1 µg protein−1 previously reported for the native S. domuncula silicatein-α using the same substrate [29]. The recombinant silicateins were used in subsequent studies to test their influence on the formation of silica carbonate biomorphs.




3.2. Calcium Silica Carbonate Biomorphs in the Presence of Silicatein-α


We evaluated the influence of different concentrations of silicatein-α from T. aurantia (Ta_silα) and S. domuncula (Sd_silα) in the morphology of calcium, barium and strontium silico-carbonate biomorphs by scanning electron microscopy. Figure 3 shows the effect of these enzymes when calcium was used for the synthesis of biomorphs. In the absence of enzyme, the typical rhombohedral shapes of calcium silica carbonate biomorphs were observed. In the presence of Sd_Silα at the two lower concentrations tested (10 µM and 18 µM), dendrite-like and bone-like morphologies were observed while shapes resembling flowers were obtained at the highest tested concentration. In contrast to the small effect of the S. domuncula silicatein, that of T. aurantia had a profound effect on the morphology of the biomorphs, resulting in circular druse shapes. This effect was noticeable even at lower concentrations similar to those that had no effect when tested for the Sd_Silα. At higher concentrations of Ta_Silα, sphere-like structures ranging from 4 to 10 microns were observed. This result is of particular interest as it could explain why diatoms, Radiolaria, sponges, superior plants and molluscs present different morphologies in their mineral skeletons (made either of silica or calcium carbonate). This shape control shown for the silica-carbonate biomorphs might be related to the silicatein specificity selected through evolution for each organism [19,36,37]. Similarly, calcite spherical shapes have been obtained in the presence of the intramineral proteins called struthiocalcins purified from ostrich eggshells [38].



Raman spectroscopy was used to characterize the chemical composition of the most representative calcium silico-carbonate biomorph shapes. The Raman spectra for the control calcium silico-carbonate samples consisted of rhombohedral-type structures made of calcite, as evidenced by the characteristic signal at 1089 cm−1 (Figure 4A). The rest of the five active modes of calcite are also present at frequencies close to theoretical values of 155, 276, 711, 1433 cm−1 [39]. The Raman signals for the calcium biomorphs obtained in the presence of silicatein also corresponded to those of calcite, irrespective of the enzyme tested or biomorph shape (Figure 4B,C). Although calcite is the most stable calcium carbonate polymorph and thus the most abundant in nature, commonly found in mollusc skeletons or avian eggshells [38,40], biogenic aragonite has also been described, such as that found in nacre [41]. In agreement with this, the presence of silicatein does not affect the crystalline structure of the calcium carbonate biomorphs, such that all of the evaluated ones comprise the calcite polymorph but do alter their morphologies.




3.3. Barium and Strontiun Silica Carbonate Biomorphs in the Presence of Silicatein-α


These kinds of aggregates with peculiar shapes were observed for the first time by García-Ruiz and Amorós in 1981 [42]. These structures, currently called biomorphs, are self-assembled crystalline materials that display a variety of biomimetic morphologies. These biomorphs are mainly obtained when synthesized using barium and strontium salts and consist of witherite or strontianite silica carbonate, respectively. They display the characteristic curvatures far from the restrictions of the classic crystallographic symmetry. Silica biomorphs of calcium, barium or strontium have been of great interest for several decades because their morphology and shapes are reminiscent of those found in the Precambrian cherts [11,14,42,43]. Analysis of the scanning electron microscopy images of the barium and strontium silica carbonate biomorphs depicted the classic sheets, flowers, curly- and worm-like structures (Figure 5 and Figure 6). In contrast, incorporation of the silicateins Sd_Silα and Ta_Silα in the synthesis reaction had a remarkable effect on the resulting morphologies, which was more noticeable at higher concentrations of the enzymes (Figure 5 and Figure 6). The shapes of the biomorphs obtained in the presence of the S. domuncula silicatein resembled those of the Radiolaria and diatoms of the gender Campyloneis [44]. The effect, however, was more pronounced for the strontium variants in the presence of the T. aurantium protein. Lower protein concentrations produced spherulite and sphere structures that, in some cases, grew, fusing to adjacent nucleation sites.



Silicateins are not found in diatoms; instead, they contain lysine- and serine-rich proteins named silaffins that participate in the biosilification process. Silaffins undergo considerable post-translational modifications, such as O-phosphorylation of serine residues, hydroxyprolines and hydroxylysines, making them highly hydrophilic molecules [45]. Similarly, silicateins have a unique arrangement of serine residues, rich in hydroxyl groups, that promotes the condensation of silica and polysiloxanes [19,25]. The presence of hydroxyl and charged groups is vital for the binding of silicic acid and subsequent deposition of amorphous condensed silica during biosilification. This seems an important conserved trait, not only in vivo but also in vitro, as similar spherulite biomorphs have been reported in the presence of nucleic acids which are also charged molecules [16].



Raman spectroscopy was also used to elucidate the chemical composition of the silica carbonates of barium and strontium [46]. The Raman spectra of the control barium silica carbonate (Figure 7A) show the classical frequency between 1059 and 1061 cm−1 corresponding to BaCO3 (I), identified as the aragonite-like crystalline structure usually called witherite. Other signals close to the reported bands at 227 and 690 cm−1 are also present. These same signals are present in the Raman spectra of barium silica carbonate biomorphs obtained in the presence of silicateins (Figure 7B,C), suggesting that the enzymes do not modify the crystal structure. On the other hand, the Raman spectra of control strontium silica carbonate biomorphs (Figure 8A) depict an intense band at 1068 cm−1, which corresponds to the signal described between 1069 and 1075 cm−1 and that present at 855 cm−1, characteristic of the strontianite. Similar vibrations are observed in the strontium biomorphs obtained in the presence of silicateins (Figure 8B,C). In all, the presence of silicateins did not affect the crystalline structure of any of the alkaline metal carbonates but prevented the classical shape of barium and strontium silica carbonate biomorphs.



During the synthesis of silica carbonate biomorphs under alkaline conditions, carbonate ions provided from dissolved CO2 present in the environment react with the metal and precipitate in the corresponding salt form. The nanocrystals are then coated with a “skin” of amorphous silica, forming a composite material that prevents nuclei form growing larger. The characteristic shapes of biomorphs arise from disruption of the crystallographic symmetry arrangement of the crystal carbonate core. Transition towards a rotational symmetry produces smoothly curved surfaces, such as those resembling leaves, while a dilation route results in the fractal flower-like morphologies [7]. Because the precipitation of amorphous silica due to the formation of siloxane bonds is crucial for the formation of biomorphs, and this is coincidentally the main activity of silicateins, it was expected that their presence would aid the process and favor biomorph formation. In contrast, silicateins prevented the formation of biomorphs, irrespective of the concentration of enzyme used or the alkaline metal used. Silicatein also has the ability to direct the polymerization process in an ordered manner and, during biosilification, the protein itself ends up surrounded by silica molecules that occupy the space between the protein units in the axial filament [47]. In the scenario studied here, silicateins most likely also precipitate together with the silica in the growing front of the carbonate crystal, preventing the formation of biomorphs.





4. Conclusions


Silicateins are multifunctional enzymes that catalyze the synthesis of biogenic silica. In this contribution, we used its ability to condensate siloxane bonds and direct the assembly of the resulting polymer to study its influence in the formation of Ca, Ba and Sr silica carbonate biomorphs. Two silicatein-α orthologs from the marine sponges S. domuncula and T. aurantia were used. The presence of any of the two enzymes affected the morphology of the biomorphs without altering their crystalline structure, which corresponded to calcite, witherite and strontianite as judged by Raman spectroscopy. The concentration of silicatein used in the assays was determinant to obtain particular shapes as it was the protein under consideration. Silicateins reshaped the classical biomorph morphologies into globular (sphere-like) structures similar to those observed in diatoms and Radiolaria. However, the precise mechanism leading to the formation of the specific forms observed and the chemical interactions happening between the silicateins and the inorganic phase of the biomorph await further investigation.
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Figure 1. Schematic representation of the procedure involved in the synthesis of silica carbonate biomorphs in solution using a gas-diffusion system. The structure of the T. aurantia silicatein-α corresponds to that deposited in the Protein Data Bank code 6zq3. 
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Figure 2. Silyl ether hydrolysis activity of recombinant silicatein-α from Tethya aurantia (A) and Suberitis domuncula (B). Course change in the absorption spectra upon release of p-aminophenol from the substrate bis(p-aminophenoxy)-dimethylsilane. Black—1 min, blue—2 min, red—3 min, green—4 min, yellow—5 min. 
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Figure 3. Selection of SEM micrographs from calcium silica carbonate biomorphs obtained at 25 °C in the presence of different concentrations of silicatein-α. Sd_Silα—Suberitis domuncula silicatein-α, Ta_Silα—Tethya aurantia silicatein-α. 
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Figure 4. Raman spectroscopic analysis of calcite silica carbonate biomorphs obtained in different conditions. (A) Control in the absence of enzyme. (B) Suberitis domuncula silicatein-α. (C) Tethya aurantia silicatein-α. Left panels correspond to the Raman spectra. Right panels correspond to the optical image and mapping at the most intense Raman signal. 
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Figure 5. Selection of SEM micrographs from barium silica carbonate biomorphs obtained at 25 °C in the presence of different concentrations of silicatein-α. Sd_Silα—Suberitis domuncula silicatein-α, Ta_Silα—Tethya aurantia silicatein-α. 
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Figure 6. Selection of SEM micrographs from strontium silica carbonate biomorphs obtained at 25 °C in the presence of different concentrations of silicatein-α. Sd_Silα—Suberitis domuncula silicatein-α, Ta_Silα—Tethya aurantia silicatein-α. 
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Figure 7. Raman spectroscopic analysis of witherite silica carbonate biomorphs obtained in different conditions. (A) Control in the absence of enzyme. (B) Suberitis domuncula silicatein-α. (C) Tethya aurantia silicatein-α. Left panels correspond to the Raman spectra. Right panels correspond to the optical image and mapping at the most intense Raman signal. 
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Figure 8. Raman spectroscopic analysis of strontianite silica carbonate biomorphs obtained in different conditions. (A) Control in the absence of enzyme. (B) Suberitis domuncula silicatein-α. (C) Tethya aurantia silicatein-α. Left panels correspond to the Raman spectra. Right panels correspond to the optical image and mapping at the most intense Raman signal. 
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