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Abstract

:

This study aimed to explore the effects of nucleate agent sizes on lysozyme crystallization. Silica nanoparticles (SNP) with four different particle sizes of 5 nm, 15 nm, 50 nm, and 100 nm were chosen for investigation. Studies were carried out both microscopically and macroscopically. After adding SNP, the morphological defects of lysozyme crystals decreased, and the number of crystals increases with the size of the SNP. The interaction between SNP and lysozyme was further explored using UV spectroscopy, fluorescence spectroscopy, and Zeta potential. It was found that the interaction between SNP and lysozyme was mainly electrostatic interaction, which increased with the size of SNP. As a result, lysozyme could be attracted to the surface of SNP and aggregated to form the nucleus. Finally, the activity test and circular dichroism showed that SNP had little effect on protein secondary structure.
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1. Introduction


Single crystal X-ray diffraction technology [1] is a primary technical means to analyze the atomic-level structure of biological macromolecules. The successful application of X-ray [2] crystallography in determining the 3-D structure of proteins relies on the cultivation of high-quality protein crystals [3,4,5]. However, protein crystallization is more complicated than small molecules due to the complexity and instability of protein molecules. Therefore, conducting in-depth research on the crystallization process of proteins is necessary.



Similar to small molecules, the nucleation process of protein crystallization [6,7] goes in two ways: homogeneous nucleation and heterogeneous nucleation [8]. Kordonskaya et al. [9,10,11] studied the growth of tetragonal crystals under homogeneous nucleation. It was found that lysozyme forms oligomers prior to crystal formation, which may be intermediates and can serve as growth units in crystal growth. Due to a high potential barrier of oligomer formation, homogeneous nucleation can only occur when the supersaturation in protein solution is high enough, which easily causes precipitates and is limited in low protein concentration systems. In contrast, when foreign substances exist as nucleating agents in the crystallization solution, the nucleation potential barrier will be significantly reduced due to protein adherence to the nucleating agent. As a result, heterogeneous nucleation could occur at relatively low protein concentrations. Therefore, it is beneficial for improving the quality of protein crystals and obtaining better diffraction data.



Nanomaterials refer to materials that have at least one dimension of nanometer size (1–100 nm) in three-dimensional space. Due to their excellent biocompatibility, nanomaterials have attracted much attention in studying the heterogeneous nucleation of proteins. Gold nanoparticles [12], platinum nanoparticles [13] and functionalized carbon nanoparticles [14] were proven to be effective in promoting protein crystallization and increasing crystal quality. Another commonly studied nanomaterial was silica nanoparticles (SNP), which were also confirmed to assist protein crystallization. Compared with other nanomaterials, SNP is cheaper and easier to synthesize. Therefore, SNP has better application potential for the research and industrialization of protein crystallization.



The size of nanoparticles is an important factor affecting its properties. Peukert et al. carried out lysozyme crystallization using silica nanoparticles (SNP) ranging from 10 to 200 nm. The addition of SNP brought about a clear extension in the crystallization window, especially when larger seed particles were used [12]. Interestingly, the work of Delmas investigated the effect of silica particles with sizes from 230 nm to 698 nm and found that the optimal nucleation occurred when particles sizes were 432 nm [15]. Up to now, the mechanism of SNP size on inducing an effect on protein crystallization is still unclear. In addition, the different preparation methods of SNP [16,17] will also lead to differences in their surface properties, affecting the interaction between SNP and proteins. Therefore, it is necessary to deeply explore the effect of silica with different particle sizes on protein crystallization.



In this work, SNP with sizes of 5 nm, 15 nm, 50 nm, and 100 nm were utilized as the nucleating agent, and lysozyme was chosen as the model protein. The influences of SNP sizes on lysozyme crystallization were studied using crystal morphology in the first place. To further reveal the intermolecular interactions between SNP and lysozyme, UV spectroscopy, fluorescence spectroscopy, and Zeta potential were applied. Finally, activity tests and circular dichroism were carried out to determine the effect of SNP on the secondary structure and function of proteins.




2. Materials and Methods


2.1. Materials


Hen egg white lysozyme (HEWL) with a purity of 99% was purchased from Beijing Solarbio Technology of China (Beijing, China) and used directly without further purification. Micrococcus lysodeikticus (ATCC No. 4698, Manassas, VA, USA), used for the lysozyme activity assay, was purchased from Sigma-Aldrich. Analytical grade reagents, such as acetic acid, sodium hydrate, sodium chloride, and anhydrous sodium acetate, were purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). SNP of different sizes were purchased from Shanghai Jiute Nano Material Technology Co. Ltd. (Shanghai, China). The sizes of SNP were evaluated using transmission electron microscopy (See Supplementary Materials Figure S1). The information of SNP is shown in Table 1. Ultrapure water was used in all experiments.




2.2. Lysozyme Crystallization


Lysozyme crystallization experiments were carried out in 96-well plates. The concentration of each crystallization solution contained: 15 or 20 mg/mL lysozyme and 3 wt.% sodium chloride. SNP with four different sizes were used as the nucleating agent, respectively, and the concentration was kept at 1 mg/mL. All materials were dissolved in a pH = 4.5, 0.05 M sodium acetate buffer. After gentle mixing, the 96-well plates were sealed with parafilm to prevent evaporation and placed in a refrigerator at T = 4 °C. After every 24 h, the plates were taken out and analyzed using a microscope.




2.3. UV Spectroscopy Experiment


UV spectroscopy was carried out using a lysozyme and SNP solution mixture. The UV spectrophotometer was preheated for 30 min before measuring. At ambient temperature, a UV cell with a 1 cm light path was selected to measure the UV absorption spectrum of the prepared solution in the 200–800 nm band. Sodium acetate buffer was used for calibration before measuring.




2.4. Fluorescence Spectroscopy Experiment


The samples containing 10 mg/mL lysozyme and SNP with different sizes were incubated for 24 h. Afterward, the solution was added to a 1 cm light path cuvette. The scan mode was set to Emission, and the data mode was selected as Fluorescence [18]. The fluorescence emission spectrum of lysozyme was carried out with an excitation wavelength of 280 nm and a slit of 3 nm.




2.5. Zeta Potentials of Lysozyme and SNP


Zeta potential was measured for both lysozyme and SNP solutions. The concentrations were all 5 mg/mL. A DTS1060 sample cell was used for the measurement. The measurement parameters were the Zeta interface and manual measurement, respectively. The measurements were repeated several times until the data became stable.




2.6. Enzyme Activity Experiment


Lysozyme activity was measured using Micrococcus lysodeikticus as the substrate. A cuvette with an optical path length of 1 cm and a volume of 4 mL was used. A 2.5 mL bacterial suspension with an absorbance value (at 450 nm) of about 1.3 was added to the cuvette. Then, 200 μL of lysozyme solution (0.1 mg/mL) was added to the cuvette and mixed immediately. The absorbance values A1 and A2 at 450 nm at 1 min and 2 min were recorded at 25 °C. The activity of lysozyme (0.1 mg/mL) and SNP solutions with different particle sizes was also evaluated.



The enzymatic activity EA was calculated by the following formula [19]:


   E A  =   ∆  E  450 nm     0.001 ×  E W     



(1)




where   ∆  E  450 nm     is the change of absorbance per minute at 450 nm, namely |A1 − A2|; EW is the mass of the original enzyme contained in the 0.5 mL detection enzyme solution, mg; 0.001 is a unit in which the absorbance drops; and EA is the specific activity of the enzyme, with a unit of U/mg.





3. Results and Discussion


3.1. Effect of SNP Sizes on Lysozyme Crystal Morphology


The microscopy images of the lysozyme crystals obtained are shown in Figure 1. Lysozyme crystals were analyzed at different times. Within 24 h, the solution without SNP did not form crystals (Figure 1a). While in crystallization solutions with SNP, tiny crystals formed (Figure 1b–e). When the crystallization time was extended to 48 h and 72 h, the crystals in solutions containing SNP continued to grow (Figure 1g–j,l–o). No crystals could be observed under homogeneous nucleation conditions until 72 h (Figure 1k).



It can be further seen from Figure 1 that the number of crystals changed regularly with the SNP sizes. The numbers of crystals were estimated by image processing and are displayed in Figure 2. The number of crystals increased rapidly within 48 h. The addition of SNP could promote lysozyme nucleation, which agrees with the work of Yamazaki et al. [20]. After 48 h, the increase in the number of crystals slowed down due to the decrease in supersaturation. During the crystallization time investigated, the number of crystals increased with the size of SNP. The size distribution of lysozyme crystals after 48 h and 72 h was estimated and is shown in Figures S2 and S3. It can be found that the particle size of SNP showed no significant effect on the size of lysozyme crystals within 48 h. After 72 h, the crystal size of lysozyme decreased with the increase in SNP size, due to the larger supersaturation consumed. Lysozyme crystallization was further carried out at protein concentrations of 20 mg/mL with SNP of different sizes. A similar phenomenon was observed, as shown in Figure 3.



In this work, lysozyme crystallization was carried out at 4 °C, in sodium acetate buffer solution near pH = 4.5 with 3 wt.% NaCl. The crystal formed at such conditions is considered to exhibit a tetragonal morphology [21,22,23,24]. As stated in other works, no significant effect on the structure of lysozyme crystals was discovered when nanoparticles such as gold particles or carbon quantum dots (GQDs) were used as nucleating agents [12,25]. Therefore, it is speculated here that the addition of nanoparticles may not alter the lysozyme crystal assembly process and that the lysozyme crystals obtained belong to a tetragonal morphology.



As shown in Figure 1 and Figure 3, the crystals obtained with SNP are longer in the 110-face. Forsythe et al. [26] have experimentally demonstrated that the growth of different faces in lysozyme crystals is strongly dependent on the supersaturation of the protein, resulting in changes in the shape of the crystals. The 110-face of the lysozyme crystal grows faster with the increase in supersaturation. As further discovered in Figure S4, some agglomerates could be observed in solutions containing SNP of larger particle sizes and lysozyme. Sun et al. [27] found out that lysozyme could adsorb on SNP and the adsorption was related to the surface curvature of SNP. The adsorption experiments of lysozyme on SNP with different particle sizes proved that the saturated adsorption capacity of lysozyme increased with SNP sizes [28]. Therefore, it can be assumed that the addition of SNP plays a key role in protein aggregation, which improves the local concentration of lysozyme, and is beneficial to the growth of the 110-face.



In addition, as reported in previous work [28], lysozyme crystals could only be observed when the size of SNP reached 100 nm at a supersaturation of 4. Here in this work, lysozyme crystals were obtained with all sizes of SNP used at the same supersaturation, proving that the different properties of SNP could cause the difference in protein crystallization. Therefore, the mechanism of SNP inducing lysozyme crystallization needs to be further explored.




3.2. Zeta Potential of Lysozyme and SNP


Zeta potential measurements of SNP with different particle sizes and lysozyme were further performed. Figure 4a shows that SNP with different particle sizes was negatively charged. With the increase in the SNP size, the absolute value of the potential increased. Figure 4b shows that lysozyme was positively charged. Therefore, there should be an electrostatic interaction between SNP and lysozyme, increasing with the size of the SNP.




3.3. Effect of SNP Sizes on the UV Spectroscopy of Lysozyme


The UV spectra of lysozyme and SNP with different particle sizes were measured. As shown in Figure 5A, the spectrum exhibited absorbance peaks at 220 nm and 280 nm, respectively, which were caused by the presence of lysozyme. The UV spectrum of SNP was measured and showed no absorbance in the measured wavelength range (Figure S5). For the convenience of observation and discussion, the spectrum from 200 to 350 nm was intercepted (Figure 5B). An apparent increase in absorbance occurred with the addition of SNP at the same lysozyme concentration. According to the Lambert–Beer law, the absorbance value protein is in positive correlation with its concentration. Hence, it is assumed here that the increase in absorbance was mainly caused by an increase in local concentration of lysozyme. Due to the electrostatic interaction between lysozyme and SNP, lysozyme could be attracted and gathered at the surface of SNP, leading to an increase in local lysozyme concentration in solution. With the increase in SNP sizes, the interaction between lysozyme and SNP was enhanced, and the amount of lysozyme absorbed was further increased, resulting in a higher UV intensity.



To verify the assumption above, the UV spectrum of pure lysozyme with different concentrations was measured (Figure S6). As shown in Figure S6, the UV absorbance increased with lysozyme concentration. The increasing trend and shape of the spectrum were consistent with Figure 5B. Hence, the presence of SNP can induce lysozyme aggregation and increase the local lysozyme concentration, which is more conducive to lysozyme crystallization.




3.4. Effect of SNP Sizes on the Fluorescence Spectroscopy Experiment of Lysozyme


Fluorescence experiments were carried out to further reveal the interaction between SNP and lysozyme. As shown in Figure 6, the fluorescence intensity of lysozyme increased after adding SNP of different sizes. For the same SNP size, the fluorescence intensity of lysozyme increased with the increase in SNP concentration. When the concentration of SNP was the same, the fluorescence intensity of lysozyme was higher after adding larger SNP.



There may be two possible reasons for the enhancement in fluorescence intensity [29,30]. Due to the aggregation of lysozyme caused by SNP, the probability of non-radiative relaxation of the excited state was reduced. Meanwhile, the contact probability between oxygen molecules with a quenching effect in water and chromogenic groups was reduced. As a result, the fluorescence intensity was enhanced.




3.5. Effect of SNP on Lysozyme Activity


In order to clarify the influence of the SNP–lysozyme interaction on lysozyme structure and function, the lysozyme activity and secondary structure were further determined. The activity test results are shown in Figure 7, and the results from circular dichroism are displayed in Figure S7. It can be found that the addition of SNP had almost no effect on the secondary structure and function of lysozyme.




3.6. Mechanism of SNP-Induced Lysozyme Crystallization


Based on the results shown above, a mechanism of SNP-induced lysozyme crystallization is proposed and shown in Figure 8.



Driven by electrostatic attraction, lysozyme adsorbs and aggregates on the surface of SNP, leading to an increase in lysozyme local concentration. As a result, the nucleation of lysozyme is easier when SNP is present. Moreover, the space occupied by each lysozyme molecule (asymmetric unit) in the crystal is a rectangular block with a size of 28.0 Å × 28.0 Å× 37 Å [31], which is smaller than the SNP sizes used here. It can be assumed that SNP only play the role of gathering lysozyme and do not participate in protein assembly. The initial nucleation conditions of lysozyme will not change by the addition of SNP. With the increase in SNP size, the adsorption capacity of lysozyme increases, leading to a rise in the number of crystals.





4. Conclusions


The effects of SNP size on lysozyme crystallization were investigated. It was found that the morphological defects of lysozyme crystals were reduced after SNP addition. Further investigations showed that SNP can induce lysozyme aggregation and increase local supersaturation by electrostatic interaction, which increased with SNP size. As a result, lysozyme crystallizes easier with the addition of SNP, especially with SNP of larger size. Furthermore, the addition of SNP does not affect the secondary structure and function of lysozyme.
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Figure 1. Microscopy photos of crystals obtained with SNP of different sizes. Conditions: 0.05 M, pH 4.5 sodium acetate buffer solution, 3 wt.% sodium chloride, 15 mg/mL lysozyme at 4 °C. Scale bar: 200 μm. (a): Crystal micrograph obtained under 24 h without SiO2; (b): Crystal micrograph obtained at 24 h with 1 mg/mL 5 nm SiO2; (c): Crystal micrograph obtained at 24 h with 1 mg/mL 15 nm SiO2; (d): Crystal micrograph obtained at 24 h with 1 mg/mL 50 nm SiO2; (e): Crystal micrograph obtained at 24 h with 1 mg/mL 100 nm SiO2; (f): Crystal micrograph obtained under 48 h without SiO2; (g): Crystal micrograph obtained at 48 h with 1 mg/mL 5 nm SiO2; (h): Crystal micrograph obtained at 48 h with 1 mg/mL 15 nm SiO2; (i): Crystal micrograph obtained at 48 h with 1 mg/mL 50 nm SiO2; (j): Crystal micrograph obtained at 48 h with 1 mg/mL 100 nm SiO2; (k): Crystal micrograph obtained under 72 h without SiO2; (l): Crystal micrograph obtained at 72 h with 1 mg/mL 5 nm SiO2; (m): Crystal micrograph obtained at 72 h with 1 mg/mL 15 nm SiO2; (n): Crystal micrograph obtained at 72 h with 1 mg/mL 50 nm SiO2; (o): Crystal micrograph obtained at 72 h with 1 mg/mL 100 nm SiO2. 
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Figure 2. Histogram of the number of crystals with SNP of different sizes as a function of time. Conditions: 0.05 M, pH 4.5 sodium acetate buffer solution, 3 wt.% sodium chloride, 15 mg/mL lysozyme at 4 °C. 
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Figure 3. Microscopy photos of crystals obtained with SNP of different sizes. Conditions: 0.05 M, pH 4.5 sodium acetate buffer solution, 3 wt.% sodium chloride, 20 mg/mL lysozyme at 4 °C. Scale bar: 200 μm. (a): Crystal micrograph obtained under 24 h without SiO2; (b): Crystal micrograph obtained at 24 h with 1 mg/mL 5 nm SiO2; (c): Crystal micrograph obtained at 24 h with 1 mg/mL 15 nm SiO2; (d): Crystal micrograph obtained at 24 h with 1 mg/mL 50 nm SiO2; (e): Crystal micrograph obtained at 24 h with 1 mg/mL 100 nm SiO2; (f): Crystal micrograph obtained under 48 h without SiO2; (g): Crystal micrograph obtained at 48 h with 1 mg/mL 5 nm SiO2; (h): Crystal micrograph obtained at 48 h with 1 mg/mL 15 nm SiO2; (i): Crystal micrograph obtained at 48 h with 1 mg/mL 50 nm SiO2; (j): Crystal micrograph obtained at 48 h with 1 mg/mL 100 nm SiO2; (k): Crystal micrograph obtained under 72 h without SiO2; (l): Crystal micrograph obtained at 72 h with 1 mg/mL 5 nm SiO2; (m): Crystal micrograph obtained at 72 h with 1 mg/mL 15 nm SiO2; (n): Crystal micrograph obtained at 72 h with 1 mg/mL 50 nm SiO2; (o): Crystal micrograph obtained at 72 h with 1 mg/mL 100 nm SiO2. 






Figure 3. Microscopy photos of crystals obtained with SNP of different sizes. Conditions: 0.05 M, pH 4.5 sodium acetate buffer solution, 3 wt.% sodium chloride, 20 mg/mL lysozyme at 4 °C. Scale bar: 200 μm. (a): Crystal micrograph obtained under 24 h without SiO2; (b): Crystal micrograph obtained at 24 h with 1 mg/mL 5 nm SiO2; (c): Crystal micrograph obtained at 24 h with 1 mg/mL 15 nm SiO2; (d): Crystal micrograph obtained at 24 h with 1 mg/mL 50 nm SiO2; (e): Crystal micrograph obtained at 24 h with 1 mg/mL 100 nm SiO2; (f): Crystal micrograph obtained under 48 h without SiO2; (g): Crystal micrograph obtained at 48 h with 1 mg/mL 5 nm SiO2; (h): Crystal micrograph obtained at 48 h with 1 mg/mL 15 nm SiO2; (i): Crystal micrograph obtained at 48 h with 1 mg/mL 50 nm SiO2; (j): Crystal micrograph obtained at 48 h with 1 mg/mL 100 nm SiO2; (k): Crystal micrograph obtained under 72 h without SiO2; (l): Crystal micrograph obtained at 72 h with 1 mg/mL 5 nm SiO2; (m): Crystal micrograph obtained at 72 h with 1 mg/mL 15 nm SiO2; (n): Crystal micrograph obtained at 72 h with 1 mg/mL 50 nm SiO2; (o): Crystal micrograph obtained at 72 h with 1 mg/mL 100 nm SiO2.
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Figure 4. (a) Zeta potential of SNP with different particle sizes. (b) Zeta potential of lysozyme. 






Figure 4. (a) Zeta potential of SNP with different particle sizes. (b) Zeta potential of lysozyme.



[image: Crystals 12 01623 g004]







[image: Crystals 12 01623 g005 550] 





Figure 5. (A) UV spectrum from 200 nm to 800 nm. (B) UV spectrum from 200 nm to 350 nm. UV spectra of lysozyme solutions with and without SNP. From bottom to top: a, without SNP; b, 0.025 mg/mL 5 nm SNP; c, 0.025 mg/mL 15 nm SNP; d, 0.025 mg/mL 50 nm SNP; e, 0.025 mg/mL 100 nm SNP. 
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Figure 6. Fluorescence spectra of lysozyme solutions with and without SNP. (A) 5 nm SiO2; (B) 15 nm SiO2; (C) 50 nm SiO2; (D) 100 nm SiO2. From bottom to top: a, no SNP; b, 1 mg/mL; c, 2 mg/mL; d, 3 mg/mL. 
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Figure 7. Effect of SNP on lysozyme activity. A: without SNP; B: 0.005 mg/mL 5 nm SiO2; C: 0.005 mg/mL 15 nm SiO2; D: 0.005 mg/mL 50 nm SiO2; E: 0.005 mg/mL 100 nm SiO2. 
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Figure 8. Mechanism of interaction between SNP with different particle sizes and lysozyme. (Note: the figure only shows the mechanism of a single SNP and lysozyme. There are multiple SNP and lysozymes in the specific crystallization process.). 
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Table 1. Properties of the SNP used in this investigation.
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	Particle Size, nm
	CSiO2, mg/mL
	ρ, g/mL
	wt, %
	pH





	5
	10
	1.13
	20
	3–5



	15
	10
	1.21
	30
	9–10



	50
	10
	1.13
	20
	9–10



	100
	10
	1.13
	20
	9–10
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