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Proteins Are Well-Preserved in Shells Toasted at 300°C Revealed by Proteomics
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The development of protein anti-degradation strategies is important for storage at ambient conditions, for example in vaccine storage. Despite that it is known that biominerals, typical inorganic-organic composites, can preserve proteins at room temperature for a long time, it is unclear the extent of protein degradation under high temperatures. In this study, we examined remaining proteins in the toasted abalone shell under high temperatures (200 and 300°C) by biomineral proteomics method. Surprisingly, 21 proteins including carbonic anhydrase, hemocyanin, actin can still be identified from shells even after toasting under 300°C, not much decreased compared to that in the 200°C-treated and the native shell. However, the microstructure and composition (both mineral and organic matrix) of shells were altered significantly revealed by scanning electron microscopy, infrared spectroscopy, and X-ray diffraction. The well-preserved proteins may be partially due to the sacrifice of mineral/organic interfaces and the formation of nanopores in the shell at high temperatures. Moreover, the extracted proteins from both groups were able to affect calcium carbonate in vitro, indicating certain remaining bioactivities of proteins. This study has potential implications in various fields such as protein storage at high temperatures and palaeoproteomics.
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INTRODUCTION

Proteins are usually prone to be degraded under ambient temperatures let alone high temperatures (Bischof and He, 2006). The development of anti-degradation strategies is important for protein storage at ambient conditions, for example in vaccine storage (Zhang et al., 2012). Chemical modification of proteins such as crosslinking (Collins et al., 1992) and converting to polymers (Wiemann et al., 2018) may help to preserve proteins for a long time but these approaches will change the nature of proteins. Alternatively, proteins can be stabilized by organic macromolecules [e.g., glycerol (Vagenende et al., 2009) and arginine (Baynes et al., 2005)] that results from molecular interaction. In addition, minerals can also offer protection against degradation because of the isolation and stabilization effects (Demarchi et al., 2016).

Biominerals, typical inorganic-organic composite, are minerals formed by organisms (Addadi et al., 2006). In nature, commonly seen biominerals include bone, dental enamel, mollusk shell. Nacre, a typical mollusk shell biomineral, is composed of 95% calcium carbonate and 5% organics (proteins, polysaccharides, and lipids) (Addadi et al., 2006). In particular, proteins are found to be key players in the formation of biominerals and they are occluded in the biominerals (Marin et al., 2007). In recent past two decades, by proteomic methods, dozens of proteins were identified in various mollusk biominerals (Marie et al., 2012; Liao et al., 2015; Liu et al., 2015; Marin, 2020; Liu and Zhang, 2021). Proteins associated with the minerals have high stability (Demarchi et al., 2016). In fact, proteins in bone or dental enamel fossils, which have been preserved for as long as thousands of years or even millions of years (Weiner et al., 1976), are employed to perform phylogenetic analysis (Welker et al., 2015) of humans or to reconstruct people’s life in the past (Hendy et al., 2018; Cappellini et al., 2019; Sakalauskaite et al., 2019; Welker et al., 2019).

Despite that it is known that biominerals can preserve proteins at room temperature for a long time, it is unclear that the extent of protein degradation under high temperature. A recent study found that the shell proteins of the thorny oyster, Spondylus gaederopus can still be identified after heating the shell at 140°C (Sakalauskaite et al., 2021). In this study, to find out if proteins can be extracted and identified from seashells heated at even higher temperatures, we extracted proteins from toasted abalone shells (200, 300°C) and used liquid chromatography tandem-mass spectrometry (LC-MS/MS) to analyze their proteome. Scanning electron microscopy (SEM), fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and thermogravimetric analysis (TGA) were complimentarily used for the characterization of mineral morphology, mineral composition, mineral crystallography, and thermal behavior, respectively (Figure 1).
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FIGURE 1. The experimental process of toasting abalone shells. Shells were heated at 200 and 300°C for 10 min and native shells as the control. Then the shells were decalcified by EDTA and the remaining proteins were analyzed by LC-MS/MS. Additionally, the microstructure and composition of shells were examined by SEM, FTIR, and XRD.




MATERIALS AND METHODS


Materials

Native abalone (Haliotis discus hannai) were purchased from local markets from Fuzhou, Fujiang province, China. The shell was obtained by sacrificing the abalone and cleaned with deionized (DI) water. Toasted shells were obtained by toasting the whole abalone shell in an oven at 200°C, 300°C for 10 min and then cleaned with DI water. Untoasted shells were used as the control. Two replicates were performed. It is assumed that the temperature reached up to the same degree in all layers of shells.



Extraction of Shell Matrix Proteins From the Toasted Abalone Shells

The experiment was based on a well-established protocol for the extraction of SMPs in the pearl oyster shell (Liu et al., 2015). Two cleaned toasted abalone shells were immersed in 5% sodium hydroxide for 24 h and were subsequently rinsed in DI water to avoid possible contamination from soft tissues adhering to the shell. The fragments were pulverized (∼50 g) and were decalcified with 50 mL of 0.8 M ethylenediaminetetraacetic acid (EDTA, pH 8.0) for 48 h at 4 °C with continuous agitation. AEBSF (Sangon Biotech, Shanghai, China), an irreversible serine protease inhibitor, was added to prevent protein degradation. For the extraction of EDTA-soluble matrix, the supernatant was collected by centrifugation at 10,000 rpm for 30 min at 4 °C and was then desalted by dialysis and ultrafiltration (cutoff 3 K). For the extraction of EDTA-insoluble matrix, the above insoluble pellet was thoroughly rinsed with water and boiled with a denaturing solution (pH 8.0, 30 mM Tris-HCl, 1% sodium dodecyl sulfate, 10 mM dithiothreitol) for 10 min. The EDTA-insoluble matrix was desalted by dialysis against DI water and then was concentrated by Millipore tubes (cutoff 3 kDa). The samples were applied on 12% precast SDS-polyacrylamide gels (Sangon Biotech, Shanghai, China). The protein concentration was quantified by a BCA assay kit (Pierce).



Liquid Chromatography Tandem-Mass Spectrometry Analysis and Bioinformatic Analysis

This process was based on a previously established protocol for the pearl oyster shell (Liu et al., 2015) and was performed in the Biomedical Analysis Center of Tsinghua University. Proteins were stained with Coomassie Blue and the entire protein lane was excised in two pieces, which were completely destained by washing with 50 μL of 50 mM NH4HCO3/acetonitrile (50/50) mixture for 30 min at 37 °C. Reduction was conducted with 50 μL of 10 mM DTT in 50 mM NH4HCO3 for 1 h at 57 °C, followed by alkylation with 50 μL of 100 mM iodoacetamide for 30 min at room temperature in the dark. The cut gels were dried in acetonitrile and then treated with 0.4 μg trypsin (Proteomics Grade, Sigma) in 10 μL of 50 mM NH4HCO3 for 12 h at 37 °C. The suspension was treated with 50 μL of 1% formic acid at 30 °C for 30 min under agitation. The digests were then lyophilized and suspended in 30 μL of 0.1% trifluoroacetic acid and 4% acetonitrile for LC-MS/MS analysis. Five microliter of the samples were injected into the LTQ Orbitrap Velos mass spectrometer with Dionex U-3000 Rapid Separation nano-LC system (Thermo Fisher Scientific) for analysis. MS data were acquired automatically using Analyst QS 1.1 software (Applied Biosystems) following an MS survey scan over m/z 350–1,500 at a resolution of 60,000 for full scan and 2, 000 for MS/MS measurements.

The LC-MS/MS data were searched against the protein database downloaded from Mollusca category in the Uniprot database using a Mascot 2.1 search engine with oxidized methionine and tryptophan as variable modifications. No other post-translation modification has been performed. The peptide MS and MS/MS tolerances were set to 0.5 Da. Finally, sequences with mascot scores of at least 5.0 and with at least two matched peptide fragments were considered valid. Conserved domains of proteins were predicted using SMART.1



In vitro Calcium Carbonate Crystallization

Calcium carbonate crystallization experiment was performed by the slow diffusion of CO2 vapor into six cell-culture dishes (Nest, China) from ∼10 g solid ammonium carbonate in a closed desiccator for about 24 h at room temperature. Each well contained 180 μL of 20 mM CaCl2 and 20 μL of EDTA-soluble proteins (free of SDS) with a final concentration of 150 μg mL–1 on a silica cover glass. For the control, no proteins were added. The final samples were rinsed twice with DI water and air-dried before further evaluation.



Characterization

The shells were fractured and the cross-sections were spurred with gold and then examined by SEM (Hitachi S4800, 5 kV). XRD of powdered shells was recorded on Bruker D8 ADVANCE diffractometer using CuKα radiation (λ = 0.154 nm) in the 2θ range 20–80°. FTIR of powdered shells was recorded at a resolution of 4 cm–1 with 64 scans with attenuated total reflectance (ATR) on a Thermo Scientific Nicolet IN10 instrument. TGA analysis of powdered shells (∼3 mg) was carried out using a TAQ 600 (TA Instruments, Inc., United States) in an air atmosphere with a temperature range from room temperature to 800°C.



Data Availability

Critical raw data of proteomics have been deposited into PRIDE, project accession: PXD030901.




RESULTS AND DISCUSSION


Shell Microstructural Change After Toasting

In the native abalone shell, the classical “brick-and-motor” structure composed of stacking nanoscale tablets (thickness, ∼350 nm) was observed by SEM (Figures 2A,B). Macroscopically, the inner shell surfaces were similar after the toasting treatment at 200°C (inset of Figure 2C). By contrast, the inner shell surfaces lost the iridescence after the toasting treatment at 300°C (inset of Figure 2E), indicating microstructural changes of nacre tablets. Microscopically, although the thickness of tablets remained almost unchanged in both conditions, broken pieces of tablets were observed (Figures 2C–F) and nanoscale holes (diameters of ca. 50 nm) were generated (Figures 2D,F) after toasting. In addition, the surfaces of tablets appeared rougher (Figures 2D,F), indicating altered mineral/organic matrices. The nanoscale pores may be due to the collapse of organics inside the minerals after toasting since organics were known to form nanoscale ellipse-shaped forms inside biominerals and synthetic CaCO3 (Li et al., 2011; Rae Cho et al., 2016; Liu et al., 2017). Interestingly, these nanopores were also observed when sea urchin skeleton made of calcium carbonate was treated at high temperatures, in which the authors ascribed the pore formation to the transformation of amorphous calcium carbonate (ACC) to crystalline calcite (Albéric et al., 2018). It is also proposed that relatively thin ACC layers are adjacent to organic/inorganic interfaces, serving as buffer layers between intra-crystalline organics and crystalline calcite (Albéric et al., 2018). Given that ACC has been found in the abalone nacre tablets (Nassif et al., 2005) and other gastropod nacre (Macías-Sánchez et al., 2017), it is possible that ACC in the nacre tablets collapsed and pores formed when temperatures reached up to above 200°C, which might help to dissipate energy from the heat treatment.
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FIGURE 2. Microstructure of the native and toasted abalone shell by SEM. (A) Native abalone shell and its magnification (B); toasted abalone shells at 200°C (C) and 300°C (E) and their magnification (D,F) respectively. Red arrows indicate the nanoscale holes in the nacre tablets. The insets in (A,C,E) are the optical images of shells.




Extraction and Proteomics Analysis of Shell Matrix Proteins From Toasted Shells

Next, we sought to check whether proteins can be preserved in the toasted shells. In agreement with previous studies, smear protein bands appeared in both the EDTA-soluble and EDTA-insoluble matrix. Interestingly, when shells were toasted at 200°C, protein bands from both matrices appeared in the entire gel lane, indicating the existence of proteins (Figure 3A). When shells were toasted at 300°C, very weak protein bands from both matrices appeared in the entire gel lane (Figure 3A). To analyze the SMP proteome, the entire gels of both matrices were cut and subjected to LC-MS/MS. To our surprise, many proteins can still be identified in both toasted groups, compared to the native shell. 49 and 21 proteins (Table 1 and Supplementary Files) were found at the 200 and 300°C group, respectively, and in the control group, 38 proteins were identified. The three groups of abalone shells (200°C, 300°C, Control) shared 13 proteins, including Hemocyanin, Carbonic anhydrase, Lustrin A, Actin, and others (Figure 3B). In toasted shells at 300°C, there were three unique proteins, including proline-rich, Alpha-amylase, and Beta-catenin (Figure 3B and Table 1). Interestingly, the number of proteins in shells toasted at 200°C increased compared with the control group, which we speculated that it might be caused by the improved destabilization of proteins and/or the disruption of the peptide chains when the temperature increased.
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FIGURE 3. Proteomic analysis of shell matrix proteins from the toasted shell. (A) SDS-PAGE of EDTA-soluble matrix and EDTA-insoluble matrix of toasted shells at 200, 300°C and the native shell (as the control). S: EDTA-soluble matrix; I: EDTA-insoluble matrix. (B) Venn diagram of identified proteins in the three groups by proteomics.



TABLE 1. Proteomic analysis of shell matrix proteins extracted from toasted abalone shells at 300°C for 10 min.

[image: Table 1]
One of the most abundant proteins was hemocyanin, which contains tyrosinase domains. Tyrosinase was commonly found in shells and was thought to be involved in the cross-linking of organic matrix (Liu and Zhang, 2021). Interestingly, hemocyanin has been found in cuttlebone before (Liu et al., 2021). Another abundant protein found was a secreted carbonic anhydrase (CA), which can converse CO2 into HCO3– and therefore plays an important role in biomineralization (Cardoso et al., 2019). CA or proteins with similar functions have been found in various biominerals such as the skeleton of sponges, corals and shells of pearl oysters, abalones, oysters, clams, etc. (Le Roy et al., 2014). CA is also homologous to nacrein, one of the first identified matrix proteins in the seashell (Miyamoto et al., 1996). Lustrin A was a known shell matrix protein found in the abalone shell, which contained cysteine-rich repeat interspersed by proline-rich domains (Shen et al., 1997). Together with other known SMPs such as LIM protein, Fasciclin domain-containing protein, Proline-rich protein, Thioredoxin domain-containing protein, Alpha-amylase, Alginate lyase 2, they indicated the well-preserved proteins in the shell after 300°C treatment. In addition to the above proteins, others are cellular proteins including actin, tubulin, ubiquitin, histone, transcription factor, and GAPDH. It has been proposed that exosomes or some other vesicles carrying these cellular proteins participated in the shell formation and finally occluded inside the minerals (Song et al., 2019).

Previously, in the native abalone (Haliotis asinine) shell proteome, 51 SMPs were found including Lustrin A, Perlucin, Perlustrin, AP24, Perlwapin, Ependymin related proteins, Kunitz domain-containing protein, glutamine-rich protein (Mann et al., 2018). Partially in agreement with their results, we found 38 proteins in our control. The difference in terms of protein number might be due to the species difference, treatment methods, or instrument sensitivity. In our study, compared with unroasted abalone shells, the number of proteins increased by around 30% at 200°C and decreased by around 45% at 300°C. CA and other proteins might be occluded inside the mineral crystals and therefore can withstand high temperatures. In contrast, other intercrystalline proteins or proteins located between nacreous building blocks (e.g., BPTI/Kunitz domain-containing protein, Calponin) may be susceptible to high temperatures.



The Compositional Analysis of Shell by Thermogravimetric Analysis, X-Ray Diffraction, and Fourier Transform Infrared Spectroscopy

To better understand the underlying mineral and matrix change after toasting treatment, materials characterization was conducted. First, TGA was employed to examine the thermal behavior of the native shells (Figure 4A). Particularly, the loss of organics and structural water occurred in samples below 300°C (Figure 4B). The weight percent of organics was around 2 wt.% and 3.7 wt.% if calculated until 300 and 550°C, respectively, close to the amount of organics in biominerals measured by TGA (Albéric et al., 2018). This result seems to indicate that some organics can withstand high temperatures at even above 300°C. At about 600°C, the weight percent dropped dramatically, which is caused by the transformation process of CaCO3 to CaO (Balmain et al., 1999; Figure 4A). Further, to examine the potential compositional change during toasting treatment, XRD (for mineral crystallography) and FTIR (for mineral and organic matrix) were used. XRD showed similar peaks between the three samples (Figure 4C), which had all the characteristic diffraction lines of aragonite according to RRUFF ID R040078.1. In addition, the (104) peak of calcite was observed in all the group including the native shell. This indicates some prismatic layers made of calcite were in the samples. A close examination of (012) peaks at 33.2° of the toasted shell (200°C) indicated the left shift compared to the standard aragonite and native shell, but the (012) peak of toasted shells (300°C) just had a small shift and was close to the standard aragonite (Figure 4D). Previously, it is known that organics inside many biominerals cause the distortion of crystal lattice and heat treatment can eliminate this effect (Pokroy et al., 2004, 2006). The lattice distortion originates from strong atomic interactions at organic/inorganic interfaces (Pokroy et al., 2004). Thereby, it is possible that when proteins degraded with the increase of temperature to 300°C, some of the crystal deformation caused by occluded proteins disappeared. This assumption is supported by the above proteomics data, in which only 40% of proteins were lost. It is not hard to assume that when all proteins are degraded, the crystal lattice distortion caused by occluded proteins will disappear. The XRD results showed overall no change of crystal phase but suggested microscale changes of crystal domains caused by heat treatment. While XRD only reflected mineral phase, FTIR provides information on both the inorganic and organic compositional change between the two samples. Indeed, FTIR showed that the characteristic peaks of 700, 713, 864, 1,090, 1,490 cm–1 from aragonite (Balmain et al., 1999), 3,380 cm–1 from -OH bands of water, and 1,490–1,550 cm–1 from proteins and chitin in the native shell, however, with the increase of toasting temperature, many peaks were diminished. The right (blue) shift of wide bands around 1,490–1,550 cm–1 could be a result of changed interaction among chitin-proteins-CaCO3 composite. After treatment at 200 and 300°C, the peak at 2,520 cm–1 from HCO3– at the mineral/organic interfaces (Balmain et al., 1999) and the peak at 3,500 cm–1 from OH– of water (Balmain et al., 1999) were greatly diminished (Figures 4E,F), indicating the destruction of the mineral/organic interfaces and the loss of structural water, respectively. The destruction of the mineral/organic interfaces supports the observation of nanopores formation by SEM (Figures 2C–F). It is speculated that heat energy was partially dissipated by the sacrifice of mineral/organic interfaces, and thereby protected the occluded proteins from high temperatures.
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FIGURE 4. Compositional analysis of native and toasted abalone shell. (A) TGA analysis of native shells and a close look at room temperature to 300°C (B). XRD patterns (C) and a close exanimation of (012) peaks (D); FTIR spectroscopy (E) and a close examination from wavenumbers at 650–1,300 cm– 1 (F).




The Bioactivity of Remaining Proteins

To test whether the extracted SMPs still have certain bioactive abilities, the effects of SMPs on the crystallization of calcium carbonate in vitro were examined. In the control, when no proteins were added to the system, typical rhombohedral calcium carbonate crystals were formed (Figures 5A,B). In contrast, when proteins (150 μg/mL) extracted from native shells were added, dumbbell-shaped crystals with diameters of 2–5 μm were formed and small crystal units (diameters of ca. 30 nm) were found on the crystal surfaces (Figures 5C,D). Interestingly, in the 200°C-treated group, no dramatic change of crystal morphology has been observed although the small crystal units on the surfaces appeared to be slightly larger (diameters of ca. 90 nm) than that in the control group (Figures 5E,F). Moreover, in the 300°C-treated group, no dumbbell-shaped crystals but small crystals with diameters of 30–90 nm were formed (Figures 5G,H). It seems that crystal number and nucleation in the 200°C-treated group were similar to that in the native shell group. By contrast, the crystal number was higher in the 300°C-treated group compared to the 200°C-treated group and the native shell group. The crystal phase seems not affected by the proteins (data not shown). This data suggested that compared with untoasted shells, proteins in the 200°C-treated group still affect the crystallization of calcium carbonate in vitro and maintain similar bioactivities with that of control. Proteins in the 300°C-treated group lost certain abilities of control on crystal morphology but still can affect the calcium carbonate formation such as crystal nucleation and growth. This is also in agreement with our proteomic data.
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FIGURE 5. Effects of SMPs of toasted shell on calcium carbonate crystallization. Representative SEM images of calcium carbonate crystals formed at different conditions. (A,B) Control condition without proteins; (C,D) SMPs extracted from native shells; (E,F) SMPs extracted from 200°C-toasted shells; (G,H) SMPs extracted from 300°C-toasted shells. All proteins are in the final concentration of 150 μg/mL.




Possible Indications, Limitations, and Outlook

The indications of this study are in four aspects:


1)Proteins or peptide-based drugs are growing drastically over the past few decades; however, they have low stability and high susceptibility to degradation during processing, storage, and distribution. The establishment and maintenance of a cold temperature environment from manufacturers to patients are therefore required, representing a significant economic burden and sometimes unrealistic in low-developed regions (Moreira et al., 2021). This study shows that proteins can be preserved in toasted seashells, indicating the potential application of protein storage in mineralized materials. In addition, it points out that proteins occluded inside the crystals are possibly more resistant to high temperatures, in agreement with previous concepts that amino acids are well preserved in shells or fossils (Abelson, 1957). Coincident with this idea, the encapsulation of organisms such as viruses, bacteria, yeast, and cells by biomineralized structures has been explored in the past 15 years (Liu et al., 2016; Wang et al., 2018). These studies have shown enhanced stability for preserving the encapsulated organisms (Liu et al., 2016; Wang et al., 2018).

2)Proteins can be preserved for a long time in biominerals such as teeth, bones, and shells. Extracting proteins and analyzing proteome from them (i.e., palaeoproteomics) are increasingly used as a powerful method in archeology and anthropology for the phylogenetic reconstruction of extinct species to the investigation of past human diets and ancient diseases (Hendy et al., 2018). Our study may inform that proteins can be identified in some fossils that are preserved in high-temperature regions, in agreement with previous studies that well-preserved protein sequences were found in ostrich (Struthionidae) eggshell, including from the paleontological sites of Laetoli (3.8 Ma) and Olduvai Gorge (1.3 Ma) in Tanzania (Demarchi et al., 2016).

3)Although shells of Mollusca are not commonly edible, this study indicated that the use of heated/cooked seashells as a food source may have some biomedical effects since the remaining proteins are inside the minerals. In fact, adding heated oyster shells to the diet of elderly patients appears to increase the bone quality (Fujita et al., 1996).

4)The temperature on Earth’s surface ranges from -98.6 to 495°C (Merino et al., 2019) and the upper temperature limit for life is 130°C (microorganism Geogemma barossii 121) (Kashefi and Lovley, 2003). Current environmental and theoretical studies suggest that the upper limit of life might lay near 150°C, due primarily to the instability of macromolecules above this temperature (Merino et al., 2019). This study raises a hypothesis that proteins may sustain even higher temperatures when in certain local environment such as minerals. Further experiment is needed to test this hypothesis.



At last, several interesting questions remain to be explored. Are the proteins such as enzymes extracted from the biominerals still be active to catalyze reactions after the heat treatment? How extreme is the extent of proteins can be preserved in biominerals? Can this preservation effect be applied to other biominerals such as bone and teeth? What is the mechanism of protein protection in biominerals?




CONCLUSION

Although toasted abalone shells (200°C, 300°C for 10 min) have altered microstructure and composition in the nacre tablets, many proteins can still be extracted and identified from shells and maintain certain bioactivities. Nearly 60% of proteins (e.g., hemocyanin, carbonic anhydrase, Lustrin A, actin, tubulin) can still be identified from shells after 300°C treatment revealed by proteomics analysis. The well-preserved proteins may be due to the incorporation of proteins inside the crystal lattices of nacre tablets. This study has some implications in several aspects such as protein storage at high temperatures, palaeoproteomics in archeology, and food nutrients.
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The 3rd column is the mascot score, which is the cumulative protein score based on summing the ion scores of the unique peptides identified for that protein. The 4th
column is the peptide coverage found in the MS. The 5th column is PSMs (peptide spectrum matches), which display the total number of identified peptide sequences
for the protein, including those redundantly identified.





