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Pretreatment Affects Profits From Xylanase During Enzymatic Saccharification of Corn Stover Through Changing the Interaction Between Lignin and Xylanase Protein
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Effective pretreatment is vital to improve the biomass conversion efficiency, which often requires the addition of xylanase as an accessory enzyme to enhance enzymatic saccharification of corn stover. In this study, we investigated the effect of two sophisticated pretreatment methods including ammonium sulfite (AS) and steam explosion (SE) on the xylanase profits involved in enzymatic hydrolysis of corn stover. We further explored the interactions between lignin and xylanase Xyn10A protein. Our results showed that the conversion rates of glucan and xylan in corn stover by AS pretreatment were higher by Xyn10A supplementation than that by SE pretreatment. Compared with the lignin from SE pretreated corn stover, the lignin from AS pretreated corn stover had a lower Xyn10A initial adsorption velocity (13.56 vs. 10.89 mg g−1 min−1) and adsorption capacity (49.46 vs. 27.42 mg g−1 of lignin) and weakened binding strength (310.6 vs. 215.9 L g−1). Our study demonstrated the low absolute zeta potential and strong hydrophilicity of the lignin may partly account for relative weak interaction between xylanase protein and lignin from AS pretreated corn stover. In conclusion, our results suggested that AS pretreatment weakened the inhibition of lignin to enzyme, promoted the enzymatic hydrolysis of corn stover, and decreased the cost of enzyme in bioconversion.
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INTRODUCTION

The bioconversion process of lignocellulosic biomass to bioethanol under environmentally friendly, low-energy consumption and mild process conditions has been widely studied in the past decades (Kumar et al., 2008; Bilal et al., 2017). However, the low substrate saccharification efficiency limit its industrial application because of the recalcitrance of native lignocellulose and the high cost of lignocellulose-degrading enzymes (cellulase and hemicellulase) (Berlin et al., 2005). Pretreatment is an indispensable step in the bioconversion of lignocellulosic materials, which efficiently destroyed the tight lignocellulose structure and improved enzymatic digestibility (Tan et al., 2013; Karimi and Taherzadeh, 2016). Several pretreatment methods have been attempted including dilute acid pretreatment, alkali pretreatment, steam explosion (SE) pretreatment, and ionic liquid pretreatment (Zhu and Pan, 2010). The different pretreatments improve the enzymatic digestibility of lignocellulosic materials through different mechanisms involved in the part removal of chemical components (mainly hemicellulose or lignin), increased surface area of substrate, and decreased crystallinity of cellulose (Liu et al., 2017; Ying et al., 2018). Among them, the mechanisms in the SE pretreatment and bisulfite pretreatment are extensively studied because both of them are popular and potential practical pretreatment methods (Rahikainen et al., 2013a; Tan et al., 2015). After the SE and bisulfite pretreatment, a relatively high conversion of cellulose into glucose could be reached with the assistance of enzymatic hydrolysis (Tan et al., 2015; Siddhu et al., 2019). On the other hand, different changes in chemical components of lignocellulose and lignin properties occurred during SE and ammonium sulfite (AS) pretreatment. For example, SE pretreatment hydrolyzed hemicellulose and solubilized a small portion of lignin while causing lignin degradation and condensation, which increased the hydrophobicity of lignin and its adsorption affinity to cellulases (Rahikainen et al., 2013a). During bisulfite pretreatment, hemicellulose is relatively modest degradation, and part of the lignin is converted to lignosulfonate, which increased hydrophilicity of lignin (Wang et al., 2013; Tan et al., 2015).

However, the residue lignin in the pretreated lignocellulose could hinder the enzymatic hydrolysis of lignocellulose to fermentable sugars to act as a physical barrier, causing non-productive adsorption of enzymes (Li et al., 2018; Xu et al., 2019). It has been reported that lignin content is negative related to the enzymatic digestibility of lignocellulose (Dos Santos et al., 2018; Xu et al., 2020); moreover, lignin characteristics affected the non-productive enzyme adsorption onto lignin (Huang et al., 2016). The pretreatment process often changed the residual lignin characteristics; for example, these residual lignins have different molecular weights, structures, and functional groups after different pretreatments. Thus, it is very necessary to investigate the effect of different pretreatment processes on enzymatic hydrolysis and non-productive adsorption of enzyme(s) onto lignin.

Xylanase, as a major hemicellulase component (Li Y. et al., 2015), has been reported to play an important role in enzymatic hydrolysis of hemicellulose and cellulose (Inoue et al., 2015; Miao et al., 2017). However, xylanase can be non-productively adsorbed onto lignin. For example, both the ethanol organosolv dissolved lignin (DL) and the enzymatic residual lignin (ERL) prepared from Douglas-fir exhibited much strong adsorption ability for Multifect xylanase preparation (Berlin et al., 2006). Further, the acid insoluble lignin (AIL) with high hydrophobicity and low zeta potential had higher adsorption capacity toward xylanase than the enzymatic hydrolysis lignin (EHL) did (Chen et al., 2020). In these studies, however, researchers just used the crude xylanase preparations or lignin samples from unpretreated raw materials to simply evaluate the adsorption ability of lignin (mainly total protein decreased). So far, the interactions between lignin from different-methods-pretreated lignocellulose and pure xylanase (e.g., adsorption kinetics and isotherms, and combining features between enzyme and lignin) and their differential interaction mechanism are not clearly understood. The understanding on the adsorption behavior of pure xylanase onto different lignins will contribute to generate “weak-lignin-adsorbed” enzymes. For example, one can modify enzyme structures or change lignin properties to weaken and/or eliminate xylanase absorption to the lignin, which will enhance enzymatic degradation of hemicellulose and reduce cost of enzyme in enzymatic hydrolysis process.

Penicillium oxalicum JU-A10-T is a cellulase and hemicellulase producer, and the enzyme from the strain has high commercial potential in the bioconversion of agricultural wastes such as corn stover (CS; Liu et al., 2013). In this study, we first investigated the effects of a purified xylanase (Xyn10A) from the P. oxalicum JU-A10-T on the enzymatic hydrolysis efficiency of CS pretreated by SE and AS. We further compared the adsorption isotherms and adsorption kinetics, and the binding stability between the protein and lignin using milled wood lignin (MWL) extracted from SE- and AS-pretreated corn stover and unpretreated corn stover. This study explained the reason why pretreatment methods affect xylanase profits involved in enzymatic hydrolysis of CS from the point of the interactions between lignin and xylanase, and provided a reference for looking for ways to improve the enzymatic hydrolysis efficiency of lignocellulose and decrease enzyme cost.



MATERIALS AND METHODS


Materials

Corn stover was obtained from a local farm in Qingdao, Shandong Province, China. It was cut into ∼3-cm-length segments for further experiments. AS pretreatment of CS was conducted in a rotary electrothermal pressure digester under the conditions of AS dosage of 20% (on dry weight of CS), solid/liquid ratio of 1:5, and 160°C for 30 min. The pretreated solid residues were collected by filtration, rinsed with tap water (till neutral pH was obtained), and stored at 4°C for subsequent experiments. SE-pretreated corn stover was provided by COFCO Shandong Peanut Products Co., Ltd, Qingdao, China. Chemical components of unpretreated and pretreated corn stover were determined according to the protocol established by the National Renewable Energy Laboratory (Sluiter et al., 2011).

Xyn10A (PDE_08094) is the most predominant endo-beta-1,4-xylanase in crude enzyme preparation from P. oxalicum JU-A-10T (accounting for 15.21% of total extracellular proteins) (Liu et al., 2013). The Xyn10A was produced in an engineered P. oxalicum A11Δ strain (the amylase gene amy15A was deleted) (Lu et al., 2018). The purified Xyn10A (as shown in Supplementary Figure 1) was obtained after running through the HisTrap TMFF column.

The commercial cellulase powder SP was provided by Sino Biotechnology Co., Ltd. (Gansu, China) with a filter paper activity of 150 FPU/g.



Enzymatic Hydrolysis

Enzymatic hydrolysis of unpretreated and pretreated corn stover was conducted in a 50-ml flask in a constant temperature bath shaker. The cellulosic substrate, commercial cellulase SP, and sodium acetate buffer (0.2 M, pH 4.8) were rotated at 150 rpm at 48°C for 72 h. The substrate consistency was 5%, and cellulase dosage was 5 FPU/g substrate [dry matter (DM)]. To assess the effect of xylanase on enzymatic hydrolysis, Xyn10A at the concentration of 0.26 mg protein/g substrate (DM) was added to the hydrolysis system; the sample without Xyn10A addition was used as the control. At different intervals, 0.2 ml of samples was taken out; the glucose and xylose contents were measured using a high-performance liquid chromatography (HPLC) with Aminex HPX-87P column (Shimadzu, Kyoto, Japan).

The conversions of glucan and xylan were calculated according to Eqs (1, 2), respectively:
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where M1 and M2 are the glucose and xylose released from hydrolysis, respectively (mg); and G and X are the theoretical content of cellulose and xylose in substrate, respectively (mg).



Lignin Preparation

The cellulolytic enzyme lignin (CEL) was prepared according to the method reported by Yoo et al. (2017). Firstly, the CS sample was Soxhlet-extracted with ethanol/toluene (1:2, v/v) for 24 h, and then it was treated for three times using the cellulase (100 FPU/g dry substrate). Subsequently, the solid residue was incubated in 50 mM of phosphate buffer (pH 7.4) containing 1 U/ml of Pronase (Sigma Chemical Company, St. Louis, MO, United States) to remove residual enzyme at 37°C for 24 h; it was next incubated at 90°C for 2 h in order to inactivate the Pronase. The solid residue was extensively washed and freeze-dried and as CEL.

Then CEL was refined by the MWL method described by Yao et al. (2017). Briefly, the CEL is dissolved in a solution of acetic acid–water (9:1, v/v) at a solid–liquid ratio of 1:10, precipitated in 100 ml of deionized water, and centrifuged to separate the solid. The solid was further dissolved with 1,2-dichloroethane-ethanol mixture (2:1, v/v), precipitated in diethyl ether, and centrifuged for recovering solid fraction. After that, the solid was washed with diethyl ether and vacuum dried at 40°C to obtain MWL. The MWL isolated from SE pretreated corn stover (SEPCS), AS pretreated corn stover (ASPCS), and unpretreated corn stover (UPCS) were designated as SE-MWL, AS-MWL, and UP-MWL, respectively.



The Adsorption of Xyn10A Onto Different Milled Wood Lignins

The adsorption experiment was conducted at 48°C for 24 h. The reaction system contains 0.01 g of lignin (SE-MWL, AS-MWL, or UP-MWL), 0.2 mg of Xyn10A protein, and acetate buffer (pH 4.8, 50 mM), and the total working volume of the system was 1 ml. To investigate the interaction force between lignin and protein, 200 mM of NaCl and 2.5 mg/g lignin of bovine serum albumin (BSA) were added to the reaction system, respectively. After adsorption, the supernatant was collected by centrifugation (13,000 g, 10 min) for protein determination as described by Bradford (1976). All experiments were performed in triplicate, and the result shown in the paper was the mean value.



Adsorption Kinetics and Isotherms

For the kinetic study, adsorption of Xyn10A onto lignin was conducted in 1 ml of reaction system with 0.01 g of lignin in acetate buffer (50 mM, pH 4.8). After adsorption at different times, the supernatant was collected by centrifugation (13,000 g, 10 min) for measuring free protein content by Bradford method with BSA (Sigma Aldrich) as the standard (Bradford, 1976).

The adsorption isotherms were performed at 48°C for 24 h. In detail, various concentrations of xylanase (0.2–2 mg/ml) were mixed with 1 ml of suspension containing 0.01 g of lignin in acetate buffer (50 mM, pH 4.8). After incubation, the supernatant was separated as described above, and the protein concentration was measured by Bradford method mentioned above.



Analysis of Binding Stability of Xyn10A With Lignin

Firstly, the Xyn10A and different MWL samples were incubated in acetate buffer (50 mM, pH 4.8) at 48°C for 24 h, the lignin concentration was 1% (w/v), and total working volume was 1 ml. After adsorption, the solid fraction with adsorbed Xyn10A was separated by centrifugation (13,000 g, 10 min) and termed as lignin–Xyn10A complex. To investigate the binding stability of xylanase Xyn10A with lignin, the lignin–Xyn10A complex was washed three times using an equal volume of fresh buffer (50 mM, pH 4.8) at room temperature, and supernatants were obtained by centrifugation (13,000 g, 10 min) after each washing to determine free protein content and xylanase activity. The schematic is shown in Supplementary Figure 2.

The adsorption rate of protein and percentage of residual xylanase activity (Pt) in the supernatant after adsorption were calculated according to Eq. (3), and the elution rate (Et) of protein in the complex of lignin–protein after each washing was calculated according to Eq. (4):
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where At is the content of the adsorbed protein or the xylanase activity of the residual protein in supernature after adsorption at different time t, and C0 is the initial protein content or initial xylanase activity before adsorption. Mt is the content of the protein eluted from the complex of “lignin–Xyn10A” prepared at different adsorption time (t) after washing with fresh buffer. The protein adsorbed on the lignin was calculated by subtracting the protein content in the supernatant after adsorption from initial protein content before adsorption. The activity of xylanase was assayed using a DNS reagent as described by Li Z. et al. (2015).



The Physicochemical Properties of Milled Wood Lignins

The lignin was incubated in 50 ml of sodium acetate buffer solutions (0.05 M, pH 4.8) at 48°C, 200 rpm for 30 min, and the lignin concentration was 0.033% (w/w). Then the lignin solution was left to stand for 60 min, and the supernatant was used for measuring zeta potential of lignin sample using a Zeta Potential Analyzer (ZetaPlus) (Lou et al., 2013). All experiments were performed in triplicate with seven readings to ensure experimental repeatability. The surface hydrophobicity of lignin was estimated by measuring the distribution of the hydrophobic dye Rose Bengal in solution and lignin as described previously (Gessner et al., 2000). Briefly, different concentrations of lignin (2–10 g/L) were incubated with a constant concentration of Rose Bengal (40 mg/L) in 50 mM of citrate buffer (pH 4.8) at 48°C, 150 rpm for 2 h, and then the free dye content in the supernatant was determined at 543 nm using a UV–Vis spectrometer (UV-2550, Shimadzu, Kyoto, Japan). The partition quotient (PQ) is calculated from the ratio of the adsorbed dye (Adye) over the free dye (Fdye) in solution and was plotted against lignin content. The slope in the linear plotting was defined as the surface hydrophobicity of lignin (L/g).




RESULTS AND DISCUSSION


Effect of Pretreatments on Chemical Compositions of Corn Stover

The contents of cellulose, lignin, and hemicellulose of native CS were 32.66, 22.32, and 19.56%, respectively (Table 1). Compared with the untreated CS, SE pretreatment led to more degradation of hemicellulose, and the hemicellulose contents of pretreated corn stover were reduced from 19.56 to 5.72%. The cellulose contents increased from 32.66 to 45.51%; under the same conditions, lignin contents increased from 22.32 to 26.18%. Previous studies indicated that SE pretreatment effectively degraded hemicellulose with little lignin elimination and resulted in an increase in the lignin content of the pretreated corn stover (Brownell et al., 1986; Rahikainen et al., 2013a). But AS pretreatment exhibited a good delignification performance, and the lignin content significantly decreased from 22.32 to 12.94% after AS pretreatment. However, the contents of cellulose and hemicellulose increased (from 32.66 to 51.11% and from 19.56 to 22.84%, respectively). The partial removal of lignin may weaken the negative effect of lignin on enzymatic hydrolysis and increase the contents of cellulose and hemicellulose in pretreated corn stover after AS pretreatment. Collectively, our observations here were consistent with previous ones (Wang et al., 2018; Xu et al., 2019).


TABLE 1. Chemical compositions of corn stover samples with/without pretreatment (% W/W).
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Importance of Xylanase Xyn10A During Enzymatic Hydrolysis of Corn Stover

Figure 1 illustrates the enzymatic digestibility of pretreated and untreated CS using cellulase SP with/without Xyn10A supplementing as enzyme source. For any one lignocellulosic substrate, the conversions of both glucan and xylan were promoted by adding enzyme Xyn10A to reaction system when compared with that without the addition of Xyn10A (Figures 1A,B). This result indicated that Xyn10A was a necessary component for cellulase system used in enzymatic hydrolysis of the cellulosic substrates to obtain a high conversion of glucan and xylan into fermentable sugars. The enhanced conversion of xylan by adding xylanase to hydrolysis system was reported in previous literatures (Rakotoarivonina et al., 2015; Miao et al., 2018), but the conversion of glucan is also significantly improved by supplementing the pure xylanase Xyn10A (Figure 1B). It is attributed to the synergism between xylanases and cellulases (Inoue et al., 2015). The addition of xylanase into the reaction system during enzymatic hydrolysis resulted in the removal of more hemicellulose in lignocellulosic substrates, which increased the accessibility of cellulase to cellulose.
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FIGURE 1. Effect of Xyn10A addition on xylan conversion (A) and glucan conversion (B) during enzymatic hydrolysis of different-methods-pretreated corn stover. Note: UPCS, unpretreated corn stover; ASPCS, ammonium sulfite pretreated corn stover; SEPCS, steam explosion pretreated corn stover.


The conversions of both glucan and xylan of the pretreated corn stover were significantly higher than those of unpretreated substrate (Figure 1), which may be explained by the destruction of the lignocellulose cell structure by pretreatment as well as increase of the accessibility of enzyme to biomass substrate. For example, Tan et al. reported that, after bisulfite pretreatment, specific surface area (both external and internal) of oil palm empty fruit bunch and the pore with larger size increased, which improved the penetration of enzymes into the substrate and the accessibility of enzyme to biomass substrate and led to the improvement of the enzymatic hydrolysis (Tan et al., 2015). Furthermore, it is worth noting that the effect of xylanase supplementing on enzymatic hydrolysis of ASPCS was slightly greater than that of SEPCS (50 and 39% for Xylan conversion, and 55 and 46% for glucan conversion). The possible reasons may account for the above observations: (1) xylan content in the two substrates and distribution of hemicellulose in cell wall were different, leading to the difference on the efficiency of interaction between xylanase and xylan in substrate; for example, more xylan in AS-pretreated corn stover physically hindered the cellulase contacting with cellulose, and xylanase supplementation promotes the hydrolysis of the xylan, thus more effectively improving enzymatic hydrolysis compared with the no adding xylanase. (2) Different pretreatments led to the differences in contents and characteristics of residue lignin in ASPCS and SEPCS (Table 1), affecting non-productive adsorption of enzyme onto lignin.



Effect of Pretreatments on Interaction Between Lignin With Xyn10A


Effect on Adsorption Ability of Lignin to Xylanase

Figure 2 shows the changes of adsorption rates of Xyn10A onto different lignin samples and the changes of residual activities of xylanase in supernature after adsorption over adsorption time.
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FIGURE 2. The changes of adsorption rates of Xyn10A during adsorption with different lignins and residual activities of Xyn10A in supernatant after adsorption.


There was a significantly difference in the adsorption behavior of Xyn10A onto different lignins (Figure 2). Compared with UP-MWL (MWL from unpretreated corn stover), the SE-MWL (MWL from SE-pretreated corn stover) and AS-MWL (MWL from AS-pretreated corn stover) showed higher adsorption rates, indicating that SE and AS pretreatment enhanced the adsorption capacity of lignin. It was unfavorable for enzymatic hydrolysis of lignocellulosic substrate. During the 24-h adsorption process, with the increase of time, the adsorption rates of three lignin increased. At 24 h, about 90% of protein in enzyme solution was adsorbed onto SE-MWL, significantly higher than AS-MWL (about 60%), indicating that the SE-MWL has greater adsorption capacity for Xyn10A than AS-MWL. Similar to the change of protein in the supernatant, the residual activity of xylanase in the supernatant by SE-MWL adsorption was the lowest when compared with that by AS-MWL and UP-MWL, showing that SE-MWL had greater effect on enzyme activity. The difference in the adsorption behaviors of SE-MWL and AS-MWL may be due to the different characteristics of the two lignin samples from different pretreatment processes.



Interaction Forces Between Xyn10A and Lignin

It was reported that BSA and NaCl were competitively bound to lignin with enzyme by hydrophobic force and electrostatic interaction, respectively (Yang and Wyman, 2006; Lu X. Q. et al., 2017). To investigate the interaction forces between Xyn10A and MWLs, NaCl, and BSA were, respectively, added to adsorption system and their effect on adsorption of Xyn10A onto different lignins (shown in Figure 3).
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FIGURE 3. Effect of adding NaCl or BSA to reaction system on the adsorption of Xyn10A onto different lignin samples, i.e. UP-MWL (A), SE-MWL (B), AS-MWL (C), in which control is the sample without addition of NaCl and BSA. BSA, bovine serum albumin.


The addition of both BSA and NaCl reduced the adsorption capacity of lignin (Figure 3). For all the lignin samples, both hydrophobic interaction and electrostatic interaction drove the adsorption of Xyn10A onto lignin. The addition of NaCl resulted in more decrease in adsorption rate of protein than addition of BSA, indicating that electrostatic interaction was relatively the main force for the non-productive adsorption of Xyn10A to the lignin samples, especially for AS-MWL (decreased by 99%, Figure 3C). Compared with UP-MWL, we observed that there was a bigger drop-in adsorption rate of protein after adding NaCl. The AS and SE pretreatment enhanced the electrostatic interaction between Xyn10A and lignin due to the differences of lignin characteristics.



Adsorption Kinetics

The pseudo-first-order and pseudo-second-order kinetic models were used for the study of adsorption kinetics.

The pseudo-first-order kinetic model equation:
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The pseudo-second-order kinetic model equation:

[image: image]

The initial adsorption velocity H (mgg−1min−1) was calculated from K2 and Qe by the following equation:
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where Qe(mgg−1) is the adsorption capacity at equilibrium, Qt (mgg−1) is the adsorption capacity at time t, t is the adsorption time, and K1(min−1) and K2 (gmg−1min−1) are adsorption rate constants of pseudo-first-order and pseudo second-order kinetics, respectively.

The fitting curves of the experimental data to pseudo-second-order kinetic model are shown in Figure 4, and the various parameters obtained by the models are listed in Table 2. The adsorbed protein amounts increased rapidly with the increase of adsorption time and then reached the adsorption equilibrium (Figure 4). The adsorption process of Xyn10A onto lignin conformed to the pseudo-second-order kinetic model because the correlation coefficient R2 was closest to 1. There was different initial adsorption velocity (H) and different adsorption capacity (Qe) for Xyn10A onto three lignin samples, and the values of H and Qe for the lignin isolated from SEPCS were greater than those from ASPCS, and the Qe value was the smallest for lignin from unpretreated corn stover. The results suggested that lignin from SEPCS has stronger and faster adsorption capacity than that from ASPCS and unpretreated corn stover, which could also be seen from the change curves of t/Qt over time.
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FIGURE 4. The pseudo-second-order kinetic model of adsorption of Xyn10A onto lignins from unpretreated (A) and different pretreated corn stover by SE (B) or AS (C). AS, ammonium sulfite; SE, steam explosion.



TABLE 2. Adsorption kinetics model parameters.
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Adsorption Isotherms

Adsorption isotherms were indispensable for understanding the adsorption characteristics. In this study, five related adsorption isotherm models, i.e., Langmuir model, Hill model, Dubinin–Radushkevich (D-R) model, Freundlich model, and Temkin isotherm model, were constructed to compare the binding affinity of MWLs from different pretreated corn stover with Xyn10A.

The Langmuir adsorption isotherm model equation is shown as follows:
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The Hill adsorption isotherm model equation is shown as follows:
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The D-R adsorption isotherm model equation is shown as follows:
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The Temkin adsorption isotherm model of commonly used equation is as follows:
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The Freundlich adsorption isotherm equation is shown as follows:
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where Qe (mgg−1) and Ce (mgL−1) are adsorption capacity and concentration of Xyn10A in the supernatant at equilibrium, respectively. Qm,L (mgg−1), Qm,H(mgg−1), and Qm,D−R(mgg−1) are the maximum adsorption capacity of the Langmuir, Hill, and D-R adsorption isotherm models, respectively. KL (Lmg−1) and Kp(Lg−1) are adsorption affinity and binding strength of the Langmuir model, respectively. [image: image], n, and Kd are the apparent association constant, cooperative parameter, and dissociation constant of the Hill model, respectively. β(mol2KJ−2) and ε are the adsorption energy and Polanyi adsorption potential energy of the D-R model, respectively. R is the gas constant 8.314 (Jmol−1K−1); T (K) is the thermodynamic temperature, and E(KJmol−1) is the average free energy. A (mgL−1) and B are the equilibrium constant and adsorption heat of the Temkin model, respectively. KF (Lg−1) is the adsorption capacity of the Freundlich model.

The parameters obtained by the five adsorption isotherm models are summarized in Table 3. The correlation coefficient R2 of the Langmuir, Hill, and D-R isotherm models were much higher than that of the Freundlich and Temkin models, and the Qe values calculated by the three models were almost consistent with those of the experimental values. It was illustrated that the three models were more suitable for simulating the adsorption process of Xyn10A onto the lignin samples from different pretreated corn stover, which was similar to cellobiohydrolase (CBH; Lu X. et al., 2017).


TABLE 3. Parameters from different adsorption isotherm models.
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 The fitting curve of three adsorption isotherm models is shown in Figure 5. There are significant differences on adsorption capacity of Xyn10A onto SE-MWL, AS-MWL, and UP-MWL. Among them, SE-MWL had the highest adsorption capacity for Xyn10A (49.46 mg g–1), and then AS-MWL (27.42 mg g–1) and UP-MWL were the lowest (12.00 mg g–1). This may be due to the acidic environment during SE pretreatment. Yuan et al. reported that the maximum enzyme adsorption capacity of CEL isolated from the dilute alkali pretreated corn stover was lower than that of CEL isolated from the dilute acid pretreated corn stover (Yuan et al., 2018). Interestingly, the effect of pretreatment methods on adsorption affinity of AS-MWL and SE-MWL for Xyn10A (AS-MWL > SE-MWL) was not consistent with the effect on maximum adsorption capacity of the two lignin (SE-MWL > AS-MWL) (Table 3). As the maximum adsorption capacity and adsorption affinity cannot accurately reflect the adsorption characteristics of enzyme onto lignin, the binding strength was introduced to estimate the comprehensive effects of lignin on enzyme (Ying et al., 2018). In general, the higher the binding strength, the more chance to adsorb enzymes (Jiang et al., 2019). The binding strength constant KP of SE-MWL was the highest (310.6 L g–1), about 1.4- and 7.7-fold higher than that of AS-MWL (215.9 L g–1) and UP-MWL (40.76 L g–1), respectively. These results were consistent with the change trends of adsorption capacity of the different lignin samples (Table 3).
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FIGURE 5. Adsorption isotherm model of Langmuir (A,D,G), Hill (B,E,H), and Dubinin–Radushkevich (C,F,I) for the adsorption of Xyn10A onto lignin isolated from AS- and SE-pretreated corn stover and unpretreated corn stover. AS, ammonium sulfite; SE, steam explosion.


The dissociation constant Kd of Hill model represented the free protein concentration in the supernatant affording 1/2Qm,H (Sugimoto et al., 2012). The value of Kd for SE-MWL was apparently lower than that for AS-MWL and UP-MWL, indicating that Xyn10A could be more quickly bound to the surface of SE-WML compared with the AS-MWL and the UP-MWL (Table 3). n is the cooperative parameter, n < 1 presents negatively cooperative adsorption, and n > 1 stands for positively cooperative adsorption and is substrate dependent (Sugimoto et al., 2012). The n > 1 for SE-MWL showed that the adsorption process of enzyme Xyn10A onto the SE-MWL conformed to positively cooperative adsorption and is substrate dependent, which was interpreted as the phenomenon that the first bound protein induced a conformational change of neighboring binding site, thus having more binding affinity to the second protein molecule. In contrast, n < 1 for AS-MWL and UP-MWL, suggesting that adsorption of Xyn10A onto the two lignins was the negatively cooperative adsorption. Furthermore, n also presented the numbers of enzyme molecule occupied by a single lignin molecule surface (Lu X. Q. et al., 2017); the higher n value indicates that there was lower steric exclusion among protein molecules (Sugimoto et al., 2012). For SE-MWL, AS-MWL, and UP-MWL, the n values were 1.623, 0.776, and 0.565, respectively, indicating that more Xyn10A protein was bound on the surface of SE-MWL lignin molecule. This may be caused by the lower steric exclusion between Xyn10A enzyme molecules. However, the higher steric repulsion between Xyn10A molecules on surface of AS-MWL led to lower capability to attach on the lignin surface, which was consistent with the above result that the AS-MWL had lower adsorption capacity for Xyn10A than SE-MWL.

The D-R model was generally used to evaluate the nature of the interaction between the protein and the binding site (Onyango et al., 2004), which mainly depended on the magnitude of parameter E (average free energy). When the value of E was between 8 and 16, the adsorption process of Xyn10A onto lignin proceeded by chemical adsorption; if E was less than 8, then the adsorption process was controlled by physical adsorption. In this study, the E for all the lignin samples was less than 8, indicating that for all the adsorption processes of Xyn10A onto the different lignin samples were controlled by physical adsorption.

In conclusion, the adsorption isotherms between xylanase and different lignins, the Langmuir, Hill, and D-R isotherm models could be used for exploring and comparing the adsorption behavior of xylanase Xyn10A onto lignin from SE- and AS-pretreated corn stover and unpretreated corn stover. After AS and SE pretreatment, residual lignin in CS, AS-MWL, and SE-MWL showed different adsorption characteristics for xylanase compared with UP-MWL. Compared with the AS-MWL, the SE-MWL showed more and faster binding capacity with Xyn10A molecule because of higher binding strength with Xyn10A and lower steric exclusion between Xyn10A enzyme molecules. The adsorption process of Xyn10A onto the SE-MWL was positively cooperative adsorption and substrate dependent, but it was negatively cooperative and substrate independent for the adsorption process of AS-MWL. However, all the adsorption processes of Xyn10A onto lignin, whether SE-MWL or AS-MWL, were proceeded by physical adsorption.




Effect of Pretreatments on Binding Stability Between Lignin and Enzyme

Several studies showed that the interaction between enzyme and lignin was completely reversible, and enzyme could be desorbed from substrate by dilution (Kumar and Wyman, 2009; Djajadi et al., 2018). The desorption of enzyme from substrate was beneficial for the recycling of enzyme during hydrolysis. We checked the binding stability of lignin–protein complex formed by the adsorption of enzyme Xyn10A onto lignin samples from different pretreated corn stover using a washing method.

With the increase of adsorption time, the elution rates decreased after the first washing, which showed that the combination of protein with lignin became more and more stable (Table 4). For example, for UP-MWL, AS-MWL, and SE-MWL, when adsorption time was 2 h, 81.15, 19.25, and 16.46% of protein could be eluted from “lignin–enzyme complex” after the first washing, respectively. But they were drastically reduced to 15.20, 5.07, and 2.30%, respectively, after adsorption of 24 h. These results illustrated that after the adsorption for 24 h, almost no protein was released from the “lignin–enzyme complex” during the second and third washing. Kumar and Wyman (2009) reported that after adsorption reached equilibrium, when the buffer containing unbound proteins was replaced by an equal amount of fresh buffer, the desorption of enzyme from lignin from various pretreated poplar was detected (Kumar and Wyman, 2009). But our results show that the just very limited protein-adsorbed-by-lignin may be released by fresh buffer washing (24 h of adsorption time as shown in Table 4). The possible reasons for the differences may be as follows: in Kumar’s research, a commercial mixed enzyme (Spezyme CP cellulase) containing multiple enzyme components was used, but only pure Xyn10A was used in our study. The binding force between enzyme molecules and lignin varies with the types of enzyme molecules; after adsorption, when eluted with fresh buffer, some proteins with weak binding force could be desorbed easily. On the other hand, the adsorption and desorption experiments were conducted under low temperature conditions (4°C) in Kumar’s study, and it was proved that temperature influenced the adsorption and desorption behaviors of enzymes onto lignin (Rahikainen et al., 2013b; Lu X. et al., 2017). Furthermore, Kumar and Wyman (2009) used the Enzyme lignin (EnzL), which contains some carbohydrates and proteins, but in our research, MWL was prepared. The structure of the isolated lignin differs with the different separation methods, different sources of lignin, and enzymes that retain unique characteristics that render different interactions between lignin and enzymes (Li and Zheng, 2017). Our research showing that the “lignin–enzyme complex” formed by adsorption of Xyn10A onto lignin was relatively stable and difficult to be disintegrated to release free xylanase molecule during enzymatic hydrolysis.


TABLE 4. The elution rate* of protein adsorbed in the lignin after different washing of lignin–Xyn10A complex by buffer.

[image: Table 4]
 Furthermore, the Xyn10A protein adsorbed onto SE-MWL was more difficult to be desorbed than that onto AS-MWL, indicating that the “lignin–enzyme complex” formed by adsorption of Xyn10A onto SE-MWL was more stable. It was previously reported that irreversible binding of cellulase to lignin varied with pretreatment types (Kumar and Wyman, 2009). The adsorption isotherms showed that SE-MWL had higher binding strength with Xyn10A than AS-MWL did. It seemed that the “lignin–enzyme complex” formed by SE-MWL had higher stability than AS-MWL. The stable “lignin–enzyme” complex formed by the SE-MWL adsorption was hard to be dissociated to free enzyme molecules by washing, thus hindering enzymatic hydrolysis of lignocellulose.



Effect of Pretreatments on Lignin Characteristics

Due to many active groups in the lignin structure, the physicochemical properties and structure of lignin were usually changed during chemical pretreatment (Kellock et al., 2019; Xu et al., 2019). The lignin characteristics could significantly affect the non-productive adsorption of enzymes onto lignin (Nakagame et al., 2011; Xu et al., 2020). The hydrophobic interaction and electrostatic interaction were the main driving forces for the adsorption of Xyn10A onto the lignin as in the above discussion. Therefore, the surface charge and hydrophobicity of different lignin samples were characterized (Table 5).


TABLE 5. The zeta potential and hydrophobicity of lignin samples.
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 The zeta potential values of three MWLs were −9.66 mV for UP-MWL, −14.83 mV for AS-MWL, and −34.75 mV for SE-MWL. SE-MWL and AS-MWL exhibited 3.6 times and 1.5 times higher negative surface charges than UP-MWL did. As Xyn10A enzyme molecule was positive under the experiment conditions, the higher negative zeta potential caused stronger electrostatic attraction between lignin and Xyn10A molecules. This might partly explain why SE-MWL had higher adsorption ability and binding strength with Xyn10A than AS-MWL and UP-MWL did.

Many studies reported that lignin with greater hydrophobicity exhibited a stronger inhibitory effect on enzyme activities (Li et al., 2016; Kellock et al., 2019). The hydrophobicity of SE-MWL was 0.6097 L/g, which was also higher than that of AS-MWL (0.5048 L/g) and UP-MWL (0.3961 L/g) (Table 5). The higher surface hydrophobicity of lignin enhanced the hydrophobic binding between lignin with Xyn10A molecule. Table 3 also indicates that there was higher binding strength (high Kp value) and higher adsorption affinity (high Qm value) between the SE-MWL with higher hydrophobicity and Xyn10A. Previous studies reported that the hydrophobicity of lignin was positively correlated with its inhibitory effect on the enzymatic hydrolysis efficiency of cellulase (Huang et al., 2019; Lin et al., 2019). Compared with the SE-MWL, lower electrostatic attraction and hydrophobic interaction between AS-MWL with Xyn10A weakened the unproductive adsorption of Xyn10A onto the lignin, which was in favor of enzymatic hydrolysis.




CONCLUSION

In summary, xylanase was important for enzymatic hydrolysis of CS pretreated by SE and AS, especially AS pretreated corn stover. However, pretreatment methods affected the action efficiency and absorption behaviors of xylanase in the enzymatic hydrolysis. Compared with SE pretreatment, AS pretreatment gave lower absolute zeta potential and stronger hydrophilicity in residual lignin, which led to lower initial adsorption velocity and lower adsorption capacity of xylanase onto residual lignin. AS such, lower binding strength between lignin and Xyn10A and the weak interaction between xylanase and lignin after AS pretreatment was beneficial to the action of xylanase on substrate, thus enhancing enzymatic hydrolysis.
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