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Abstract

:

Proteins can form crystals spontaneously without crystallization experiments. These crystals can be used to determine three-dimensional structures. However, when X-ray diffraction is poor, crystal optimization is required to obtain a high-resolution crystal structure. Endo-1,4-β-xylanase from the fungus Hypocrea virens (HviGH11) spontaneously formed microcrystals after affinity purification and concentration; however, most HviGH11 microcrystals showed poor diffraction in the synchrotron X-ray and X-ray free-electron laser, so a complete three-dimensional structure could not be obtained. This study presents a method to improve the crystal quality of spontaneously grown HviGH11 microcrystals. The crystallization screening results revealed that temperature, pH, and salt were not crucial factors in increasing the solubility or preventing the spontaneous crystal growth of HviGH11. Conversely, the addition of polyethylene glycols (PEGs) as a precipitant facilitated the growth of larger HviGH11 crystals. The improved large HviGH11 crystal showed a diffraction of up to 1.95 Å when exposed to synchrotron X-rays, providing a complete three-dimensional structural dataset. Based on the nucleation rate equation, it was suggested that PEG increases the viscosity of the protein solution rather than promoting nucleation. This increase in viscosity reduced nucleation and facilitated the growth of larger HviGH11 crystals. These results provide valuable insights for future experiments aimed at increasing the size of spontaneously grown crystals.
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1. Introduction


In macromolecular crystallography (MX), high-quality crystals are essential for obtaining diffraction data to determine three-dimensional structures [1]. In the general experimental procedure, recombinant or naturally derived proteins are purified and crystallization experiments are performed to obtain crystal samples [2,3]. In contrast, the spontaneous crystallization of various proteins has been reported in nature [4,5]. A prime example is the spontaneous growth of myoglobin crystals, which marked the beginning of protein crystallography [4]. Furthermore, proteins such as Bt toxins [6], calcineurin [7], pea legumin A [8], human immunoglobulin G2 [9], cathepsin B [10], neuraminidase [10], polyhedrin [11], fusolin [12], luciferase [13], BinAB [14], and granulin [15] naturally form crystals in cells. These spontaneously grown crystals are used to collect diffraction data to determine protein structures. Most previous studies have used a synchrotron X-ray source to obtain diffraction data from spontaneously grown crystals [4,10,11,12], but when the crystals are small or the diffraction intensity is weak, diffraction data have been collected using an intense X-ray free-electron laser (XFEL) [14,15,16]. If these spontaneously generated crystals do not have the sufficient diffraction limit to determine the crystal structure, even under intense X-rays, crystal optimization experiments must be carried out.



Endo-1,4-β-xylanase GH11 hydrolyzes the β-1,4 bonds in plant   x y l a n   and decomposes the linear polysaccharide xylan into xylose [17,18,19,20]. Because it can break down the second most naturally occurring renewable polysaccharide on Earth, it is a very important enzyme from the perspective of alternative energy sources [19,21]. Moreover, this enzyme is used in various industries such as pulp and paper bleaching, food, feed, and pharmaceuticals [22,23]. The expression, crystallization, and preliminary XFEL diffraction of GH11 from the fungus Hypocrea virens (HviGH11) have been reported [24]. HviGH11 spontaneously crystallized into microcrystals in the microtube after Ni-NTA affinity chromatography and protein concentration. The dimensions of the spontaneously crystallized HviGH11 were approximately 5 × 5 × 25 μm3 [24]. However, these microcrystals exhibited poor diffraction when exposed to synchrotron X-rays, making it impossible to collect three-dimensional structural information. Furthermore, when HviGH11 microcrystals were exposed to an intense X-ray free-electron laser (XFEL) to collect diffraction data, crystals were diffracted with a resolution of up to 2.3 Å, but most crystals showed poor or no diffraction. The phase problem was solved using 956 diffraction patterns of HviGH11; however, a complete dataset to determine the crystal structure was not collected. Therefore, improving the crystal quality and size is essential for determining the three-dimensional crystal structure of HviGH11.



To collect the complete diffraction dataset, crystal optimization was performed for spontaneously growing HviGH11 crystals. It was found that the temperature, pH, and salt conditions were not critical factors in preventing spontaneous crystal growth and optimizing crystal size. By adding the polyethylene glycol solution, suitable large HviGH11 crystals for X-ray diffraction were obtained. Using these optimized crystals, the complete three-dimensional structural datasets were acquired at a resolution of 1.95–2.40 Å. The possible crystallization mechanism to increase the size of spontaneously grown HviGH11 crystals using PEG agents was discussed. The results of this study will provide useful information for the crystal optimization of spontaneously growing protein crystals.




2. Materials and Methods


2.1. Protein Preparation


The protein expression and purification of HviGH11 have been previously reported [24]. Briefly, the recombinant DNA containing the N-terminal hexahistidine-tagged HviGH11 was transformed into E. coli BL21(DE3). The cells were grown in LB broth containing 50 μg/mL ampicillin at 37 °C. When the OD600 reached 0.6–0.8, protein expression was induced by adding 0.5 mM isopropyl β-D-thiogalactopyranoside (IPTG) and conducting further incubation at 18 °C overnight. After cell lysis by sonication, cell debris was removed by centrifugation at 18,000× g for 1 h. The supernatant was loaded onto the Ni-NTA resin and washed with a buffer containing 50 mM Tris-HCl, pH 8.0, 200 mM NaCl, and 20 mM imidazole. HviGH11 was eluted using a buffer containing 50 mM Tris-HCl, pH 8.0, 200 mM NaCl, and 300 mM imidazole. The protein elution fractions were concentrated to 30 mg/mL using a protein concentrator (cutoff: 10,000 MW, Merck, Rahway, NJ, USA) for crystallization. The white aggregates generated during protein concentration were filtered using a 0.2 μm syringe filter (Korea Ace Scientific, Seoul, Republic of Korea). Protein concentration was measured by UV absorption at 280 nm using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).




2.2. Crystallization and Crystal Optimization


In crystallization and crystal optimization experiments involving temperature, pH, salt, and PEG, the concentrated protein solution was centrifuged at 14,000 rpm and 4 °C for 15 min before crystallization experiments, and the supernatant was used for all crystallization experiments. To verify the reproducibility of the spontaneous crystallization of HviGH11, the protein solution (~30 mg/mL) was incubated at 4 °C overnight. To investigate the temperature effect, concentrated HviGH11 solution (~30 mg/mL) was incubated at room temperature (22–24 °C). For pH screening, the eluted HviGH11 solution after Ni-NTA purification was immediately diluted with 10 times the volume of acid (0.1 M MES, pH 6.0, and 200 mM NaCl) or alkaline (0.1 M CHES, pH 9.5, and 200 mM NaCl) solution. Each protein solution was concentrated using a concentrator and re-diluted 100 times with the same acidic and alkaline solution for a complete buffer change. The concentrated HviGH11 solution (~30 mg/mL) in acidic or alkaline solution was incubated at 4 °C overnight. To examine the salt effect, protein purification was performed with buffers containing 20 mM, 500 mM, and 1 M NaCl during cell lysis and protein purification. After Ni-NTA purification, the protein solution was concentrated to ~30 mg/mL in different NaCl concentrations and incubated at 4 °C overnight. For the PEG effect, the high protein concentration solution (~30 mg/mL) was mixed with an equivalent volume of different PEGs (5–30% (v/v) PEG 400, 5–30% (w/v) PEG 4000 and PEG 8000) and incubated at 4 °C overnight. Protein solution and crystal screen solution mixtures were stored in 1.5 mL microcentrifuge tubes. After overnight incubation, the crystal suspension in a 1.5 mL microcentrifuge tube was pipetted very gently about 10 times using a micropipette and then transferred to a cover glass, and the HviGH11 crystallization drops were observed using an optical microscope.




2.3. X-ray Diffraction Data Collection


X-ray diffraction data were collected at beamline 11C at the Pohang Accelerator Laboratory (Pohang, Republic of Korea) [25]. The X-ray energy and photon flux were 12.658 keV (0.9794 Å) and ~5 × 1011 photons per second. The beam size of the X-ray at the sample position was approximately 4 µm (vertical) × 8.5 µm (horizontal) full width at half maximum. For crystals obtained through a temperature, pH, and salt concentration screen, multiple microcrystals or relatively large crystals were soaked in a crystallization solution supplemented with 10–30% (v/v) glycerol or 10–30% (v/v) ethylene glycol for 5 s. Subsequently, the crystals were retrieved using a nylon loop, and they were mounted on a goniometer and subjected to X-ray diffraction experiments. For crystals obtained through the PEG screen, HviGH11 crystals were soaked for 5 s in a cryoprotectant solution containing a crystallization solution plus 30% (v/v) ethylene glycol. Data were collected in a cryogenic environment with a nitrogen gas stream at 100 K. The crystal-to-detector distance was 400 mm. X-ray diffractions were recorded with a PILATUS 6M detector (Dectris, Baden-Dättwil, Switzerland). Diffraction images were indexed, integrated, and scaled using the HKL2000 program [26]. Diffraction images were visualized using ALBULA (Dectris, Baden-Dättwil, Switzerland).




2.4. Structure Determination


The phase problem was solved with the molecular replacement method using MolREP (version 11.2.08) [27]. The search model structure was generated using Alphafold2 [28]. Initial structure refinement was performed using REFMAC5 (version 5.8.0267) [29]. The model structure and electron density map of HviGH11 were visualized using PyMOL (version 2.4.1, DeLano Scientific LLC, San Carlos, CA, USA).





3. Results


3.1. Screening the Solubility of HviGH11


HviGH11 spontaneously grew into microcrystals after Ni-NTA affinity purification and concentration [24]. To verify whether the spontaneous crystallization process of HviGH11 was reproducible, the protein obtained after purification using Ni-NTA affinity chromatography was concentrated and stored at 4 °C. As shown in a previous study, a large number of HviGH11 microcrystals grew spontaneously in microtubes after overnight incubation (Figure 1A). The dimensions of these HviGH11 microcrystals were approximately 5 × 5 × 20 μm3. To reduce spontaneous crystal growth, the protein was diluted after Ni-NTA purification. However, when the concentration of HviGH11 was >3 mg/mL, the microcrystals grew overnight, and this trend was the same as before [24]. At low HviGH11 solution concentrations <3 mg/mL, no spontaneous crystal growth was observed, but some precipitation occurred after centrifugation. In addition, crystallization screening was performed with low protein concentrations (<1 mg/mL) after removal of the precipitate by centrifugation; however, only a few microcrystals were obtained, indicating that the protein concentration was insufficient to grow large crystals. Next, as with the crystal-seeding method, spontaneously grown microcrystals were added to the purified HviGH11 solution, but the crystal size did not increase significantly.



In general protein crystallization, temperature, pH, and salt concentration are important factors involved in nucleation and crystal growth [30]. Moreover, temperature, pH, and salt influence protein solubility [31]. Therefore, these factors can potentially hinder spontaneous crystal growth, allowing subsequent crystallization experiments to improve crystal size or quality.



To determine whether the temperature effect resulted in the prevention of spontaneous crystal growth and improvement of crystal size, purified HviGH11 was stored at room temperature. After overnight incubation at room temperature, HviGH11 microcrystals grew spontaneously (Figure 1A), suggesting that temperature changes are not a critical factor in preventing spontaneous crystal growth. The size of HviGH11 crystals spontaneously grown at room temperature was approximately 5 × 5 × 20 μm3, similar to incubation at 4 °C.



pH is an important factor in protein solubility and can prevent protein aggregation by altering the net charge of the protein surface [32]. The pI of HviGH11 is 8.5. To investigate the influence of pH on protein solubility, HviGH11 was stored in acidic (pH 6.0) or alkaline (pH 9.5) solution. To check the pH effect of preventing spontaneous crystal growth, concentrated HviGH11 solution was incubated at pH 6.0 and pH 9.5 at 4 °C. However, HviGH11 also spontaneously formed microcrystals with dimensions of approximately 5 × 5 × 20 − 10 × 10 × 20 μm3 at pH 6.0 and pH 9.5 (Figure 1B). This result indicates that pH is not a critical factor preventing the spontaneous crystallization of HviGH11 and increasing the solubility.



Salt can disrupt protein–protein interactions in solutions and affect protein solubility [33]. However, high salt concentrations can reduce the electrostatic interactions between protein and solvent, leading to the aggregation or precipitation of less soluble or insoluble proteins [34]. To investigate the salt effect on solubility, HviGH11 was stored in buffer containing 20 mM, 500 mM, and 1 M NaCl during cell lysis and protein purification. After Ni-NTA purification, the HviGH11 solution was concentrated in different NaCl concentrations and incubated at 4 °C to examine where salt prevented spontaneous crystal growth. All HviGH11 solutions in different NaCl concentrations spontaneously crystallized (Figure 1C), suggesting that NaCl is not a crucial factor in preventing spontaneous crystallization; however, some HviGH11 crystal sizes slightly increased in 0.5 M and 1 M NaCl conditions, with dimensions of approximately 15 × 15 × 30 μm3 (Figure 1C). These results indicate that NaCl can affect the size and thickness of HviGH11 crystals. Overall, the temperature, pH, and NaCl concentration used in this experiment were not crucial factors in increasing the solubility of HviGH11 to prevent spontaneous crystal growth.



Under the crystallization conditions obtained through the temperature, pH, and salt concentration screen, most HviGH11 crystals did not grow significantly. However, the quality of a crystal cannot be solely judged by its size observed under a microscope. Even if the crystals are not large enough, they have grown in a new crystallization screen environment, which can often affect protein packing and result in high diffraction intensities. Accordingly, small-sized HviGH11 crystals from various crystallization conditions were also exposed to X-rays to test the diffraction pattern, but the diffraction peaks were observed at low resolution in the range of 10–20 Å. Moreover, some relatively larger HviGH11 crystals (approximately 15 × 15 × 40 μm3) were often observed in this experiment compared with crystals (5 × 5 × 25 μm3) used in previous crystallographic studies [24]. Using these relatively large crystals, an X-ray diffraction experiment was performed using synchrotron X-rays to test whether the relatively large crystal was suitable for collecting the three-dimensional diffraction dataset. However, the results showed that the highest diffraction peaks were observed at up to 7 Å with a low signal-to-noise ratio of < 3. All of these results indicate that spontaneously growing HviGH11 crystals obtained from the temperature, pH, and salt concentration screens are not suitable for X-ray diffraction experiments.




3.2. Improvement of HviGH11 Crystal by the Addition of PEGs


The spontaneous growth of HviGH11 crystals did not occur immediately after the protein was purified and took a long time. To identify the timing of HviGH11 microcrystal growth, crystal growth was monitored. Under a microscope, it was confirmed that a large number of HviGH11 microcrystals grew after approximately 2 h, but the size of the microcrystals stopped increasing after 5 h. The growth of a large number of microcrystals indicated that many crystal nuclei grew at a certain time in the concentrated HviGH11 solution. Accordingly, it was predicted that larger crystals would form if a small number of nucleation events were first induced by performing a crystallization experiment before generating many spontaneous nucleation events.



In previous solubility experiments, HviGH11 grew spontaneously without the influence of temperature, pH, or salt concentration. In particular, HviGH11 crystals grew spontaneously under the elution buffer composition of Ni-NTA purification, indicating that this buffer condition is suitable for HviGH11 nucleation. Accordingly, it was hypothesized that adding a precipitant before the spontaneous crystal growth process of HviGH11 could affect the amount of crystal nucleation or the nucleation rate, which could be a factor influencing the crystal size. To verify this hypothesis, concentrated HviGH11 solution was mixed with PEG precipitant (10–30% (v/v) PEG 400 and 10–30% (w/v) PEG 4000 and PEG 8000) and incubated at 4 °C. As a result, larger HviGH11 crystals were obtained under all PEG conditions (Figure 2). These crystals had similar rod shapes regardless of PEG type and PEG concentration. The crystal size varied in the range of 5 × 5 × 20 − 50 × 50 × 300 μm3. As a result, the largest HviGH11 crystal size obtained in this experiment was approximately ten times larger than that of the previous spontaneously grown crystals.




3.3. Verification of the Crystal Quality


To verify the quality of the large crystal size of HviGH11 obtained in this study, synchrotron X-ray diffraction experiments were performed (Figure 3A). All HviGH11 crystals grown by adding PEG 400, PEG 4000, and PEG 8000 showed good diffraction in the range of a 1.95–2.40 Å resolution (Figure 3B). The data processing results showed that all HviGH11 crystals belonged to orthorhombic P212121 space groups with similar unit cell dimensions (Table 1). This result showed that PEG precipitants were only involved in the nucleation of HviGH11 crystals and not in crystal packing.



The phase problem was successfully solved using the molecular replacement method, and a high-quality electron density map was obtained (Figure 3C). Model refinement is currently underway, and the crystal structure will be published separately.





4. Discussion


HviGH11 microcrystals grew spontaneously after protein purification and concentration but showed poor X-ray diffraction at the synchrotron and XFEL facilities [24]. To prevent the spontaneous crystal growth of HviGH11, various crystallization factors such as temperature, pH, and salt concentration were examined to improve protein solubility and prevent spontaneous crystallization. However, these factors did not significantly improve the solubility of HviGH11 protein under different buffer conditions. Microcrystals formed spontaneously in all different protein solutions at 4 °C or room temperature. These results suggest that temperature, pH, and salt concentration do not play a significant role in preventing the protein–protein interactions of HviGH11 in solution or in crystal packing during the spontaneous crystal growth process. Furthermore, HviGH11 consistently produced numerous microcrystals of similar size under different spontaneous crystal growth conditions. These crystal screening studies often yielded relatively larger crystals than in previous experiments, but the diffraction intensities of all crystals did not reach a sufficient resolution to determine the protein structure.



Temperature, pH, and salt concentration did not affect protein solubility sufficiently to prevent the spontaneous crystal growth of HviGH11, but each of these factors clearly has the potential to affect solubility prior to spontaneous protein crystallization. Accordingly, to further understand the control of spontaneous growth crystallization, solubility experiments should be performed to understand how each factor affected the protein solution before crystal growth.



Meanwhile, in this study, the protein solution was filtered or centrifuged to remove aggregation or the presence of the nucleus before the protein crystallization process. However, it is possible that the nucleus was not completely removed and may remain in the protein solution used for crystallization.



In general, a precipitant promotes nucleation by inducing protein aggregation, and the number of crystals increases with an increasing concentration of the precipitant [35]. In contrast, when PEG was added as a precipitate to the concentrated HviGH11 solution, the number of crystals decreased and large crystals formed. This experimental result can be explained by considering the three-dimensional nucleation rate in the crystallization equation [36,37,38].


  I =   c o n s t   η   × C ×   −   16 π   γ   3     3 k T       Δ μ  ¯      2        








where η is the viscosity, C is the solution concentration, γ is the surface tension, and Δμ is the chemical potential difference between the crystal and the solution of a unit volume. According to this equation, the rate of three-dimensional nucleation increases at high protein concentration (C), low viscosity (η), low interfacial tension (γ), and high chemical potential (Δμ). With highly viscous crystallization reagents such as PEG, the number of crystals decreases significantly with increasing viscosity (η). Based on the results of this experiment, it was concluded that the addition of PEG reagent to the HviGH11 solution resulted in the formation of larger crystals. It is believed that the PEG reagent increases the viscosity of the solution rather than promoting nucleation, resulting in the suppression of nucleation. This conclusion is supported by the fact that higher viscosity is often associated with reduced nucleation rates in crystallization processes [38,39]. For example, a previous lysozyme crystallization study showed that a small number of large lysozyme crystals were obtained in a crystallization solution containing 5% PEG 4000 and 0.2 M NaCl. However, when the concentration of PEG 4000 was increased to 15%, cluster crystals were observed. When grown in 20% PEG 4000 and 0.1 M NaCl, clustered crystals initially formed, but significantly larger crystals were obtained. Crystals grown at higher concentrations of PEG 4000 show higher-resolution diffraction [39]. Viscosity can affect the nucleation rate and number of HviGH11 crystals. Other viscous glycerols were also used to optimize HviGH11 crystal size, but no suitable crystals were obtained, even in the presence of microcrystals. These results indicate that the type of viscous precipitation solution is also an important factor in controlling the nucleation rate and number of HviGH11 crystals.



In these experiments, different weights and concentrations of PEG produced crystals of similar quality, indicating that the properties of the various PEGs did not play a significant role in the saturation of the protein. This indicated the influence on the number and size of crystals may be linked to the reduction of convection mass transport due to the increase in viscosity.



Based on the experimental crystallization results, the following crystallization process was proposed for HviGH11 (Figure 4). First, HviGH11 spontaneously undergoes a large number of nucleations within a certain period of time, and then the surrounding proteins are packed into the nucleation to grow crystals. In this case, the proteins were packed into multiple nuclei in solution and grew into many microcrystals that did not undergo X-ray diffraction (Figure 4). However, when the PEG precipitant was added, the effect of slowing the nucleation rate by increasing the viscosity of the crystallization solution was greater than promoting nucleation due to HviGH11 protein aggregation (Figure 4). This slow nucleation rate reduced the number of nucleations while simultaneously causing the growth of large crystals. Meanwhile, it was clearly observed that the number of nucleations was reduced due to the viscosity of PEG, resulting in large crystals. However, it is also possible that PEG contributed to the growth of large crystals by inducing nucleation faster than spontaneous crystal growth. To conclusively prove this, further studies are required to observe crystal growth through real-time monitoring.




5. Conclusions


Here, factors that can improve the quality of spontaneously growing protein crystals that are of poor quality for acquiring complete diffraction data were investigated. By adding PEG reagent to the HviGH11 protein, which can spontaneously form crystals, the size of the crystals was improved, and complete high-resolution diffraction data were collected. Rather than contributing to increased protein crystal nucleation, PEG may have reduced crystal nucleation by increasing viscosity. These results will help advance our knowledge in protein crystallography and spontaneous crystal growth studies.
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Figure 1. Solubility and crystal screening of HviGH11. Microscopic views of spontaneously grown HviGH11 microcrystals at different (A) temperatures, (B) pH values, and (C) NaCl concentrations. A close-up view of the small blue box displayed in the crystallization drop is shown at the top right of each figure. The relatively large crystals were indicated by yellow arrows. The scale bar indicates 500 μm. 
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Figure 2. Photos of the crystal optimization of HviGH11 by adding PEG 400, PEG 4000, and PEG 8000. A close-up view of the small blue box displayed in the crystallization drop is shown at the top right of each figure. The relatively large crystals are indicated by yellow arrows. The scale bar indicates 500 μm. 
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Figure 3. X-ray diffraction experiment and electron density map of HviGH11. (A) A photograph of the HviGH1 crystal mounted on a nylon loop during data collection. The X-ray exposure position is at the center of the red dot circle. (B) The diffraction pattern of an HviGH11 crystal optimized by adding PEG 4000. (C) 2mFo-DFc (blue mesh, 1.0 σ) and mFo-DFc (green mesh, 3 σ; red mesh, −3 σ) electron density map of HviGH11. 
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Figure 4. The proposed crystallization method to increase the size of spontaneously grown HviGH11 crystals using PEG agents. (Top) The crystallization process of spontaneously grown HviGH11. Multiple nucleations occur at a specific time, and microcrystals form around multiple nucleations. (Bottom) Large crystal growth process of HviGH11 by adding PEG agents. The PEG precipitant increases the viscosity of the crystallization solution, reduces the number of nucleations, and grows large HviGH11 crystals with a low number of nucleations. 
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Table 1. Data collection statistics.
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	Data
	PEG 400
	PEG 4000
	PEG 8000





	Temperature (K)
	100
	100
	100



	Wavelength (Å)
	0.9864
	0.9864
	0.9864



	Space group
	P212121
	P212121
	P212121



	Unit cell (Å)
	
	
	



	a
	42.967
	43.333
	43.367



	b
	51.301
	51.278
	51.437



	c
	94.665
	94.443
	95.774



	Resolution (Å)
	50.00–2.10

(2.14–2.10)
	50.00–1.95

(1.98–1.95)
	50.00–2.40

(2.44–2.40)



	Unique reflections
	11,677 (517)
	15,684 (778)
	8283 (405)



	Completeness (%)
	91.2 (81.7)
	97.6 (97.7)
	97.1 (97.4)



	Redundancy
	5.0 (4.2)
	5.0 (4.7)
	3.8 (3.7)



	Mean I/σ (I)
	11.04 (2.04)
	9.00 (1.90)
	9.34 (1.94)



	Rmerge
	0.134 (0.506)
	0.130 (0.595)
	0.180 (0.582)



	CC1/2
	0.997 (0.829)
	0.993 (0.811)
	0.956 (0.717)



	CC*
	0.952 (0.952)
	0.998 (0.946)
	0.989 (0.914)







Values in parentheses are for the outer shells.
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