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Abstract

:

Cellulosome is a highly efficient multi-enzyme self-assembly system and is found on the extracellular surface or in the free environment of microorganisms. However, with a lack of Ca2+ in vivo, cellulosome assembly is challenging. In this study, a novel design method was used to directionally modify the Ca2+-binding site, and four double-site dockerin A (DocA) mutants were obtained. At a Ca2+ concentration between 1.00 × 10−7 and 1.00 × 10−4 M, the mutant DocA-D3 had the strongest binding capacity to cohesion (Coh), which was 8.01 times that of DocA. The fluorescence signal intensity of the fusion proteins assembled using mutants was up to 1.26 × 107 in Escherichia coli, which indicated that these mutants could interact with Coh in vivo. The molecular dynamics simulation results showed that DocA-D3 could maintain a stable angle structure without Ca2+, and when applied to L-lysine fermentation, the yield was increased by 24.1%; when applied to β-alanine fermentation, the product accumulation was increased by 2.13–2.63 times. These findings lay the foundation for assembly design in cells.
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1. Introduction


L-lysine is currently mainly used in the feed industry to supplement the missing L-lysine components in animal feed, which can effectively improve the utilization of protein components in feed, save costs, and reduce pollution. In addition to the application of L-lysine in the feed industry, it is also widely used in food, medicine, and other industries, and has important application value. Further increasing the fermentation intensity of L-lysine has been an important direction for the breeding of L-lysine industrial production strains in recent years.



Recent studies have found that the cascade of biocatalytic reactions can lead to complex, efficient, and selective intracellular transformation [1]. Using multi-enzyme fusion, self-assembly, and other methods to construct a multi-enzyme complex in the cell, the transfer and processing distance of intermediate metabolites between the catalytic active centers of different enzymes can be shortened [2,3,4]. In addition, the catalytic rate of each enzyme can indirectly increase, thereby improving the product synthesis efficiency [5]. By introducing exogenous gene modules into the chassis cells to achieve new functions, an effective multi-enzyme assembly system can be provided, thereby improving its synergistic catalytic function, which is conducive to the regionalized design of multi-enzyme catalysis in synthetic biology.



A natural multi-enzyme complex, cellulosome, has been discovered in various anaerobic microorganisms [6]. Compared with other bacterial intracellular multi-enzyme complex systems, cellulosomes have the advantages of a small molecular weight, their scaffoldins have multiple binding sites, they are rich in dockerin (Doc) types of proteins, and they have strong designability. Research has shown that the efficient degradation of different substrates by cellulosomes requires different enzyme compositions, and the diversity of cellulases is equally important, so different cellulosome structures are also required [7]. Cellulosomes are mainly composed of two parts: Doc proteins containing enzymes or other auxiliary proteins and cohesin (Coh)-containing structural proteins. The latter are also called scaffolding proteins (Sca). Each enzyme of the cellulosome has a single dockerin module and at least one non-enzyme scaffolding component. Cellulosome formation by Clostridium thermocellum is mediated by two specific interactions: one interaction is between the type-I dockerin module at the C-terminus of cellulosomal components and the internal nine type-I cohesin modules of the primary scaffoldin protein, CipA, and the other is mediated between the type-II dockerin module at the C-terminus of CipA and the internal type-II cohesin modules of the cell-surface-displayed and unbound secondary scaffoldin proteins. The cellulosome in C. thermocellum is the most widely studied and the most typical cellulosome model. It mainly consists of three parts: the enzyme-containing type I Doc protein, the primary scaffold protein, and the anchor scaffold protein [8]. Cellulosomes have been successfully displayed on the extracellular surface of bacteria, yeast, and other microorganisms as a natural and highly efficient multi-enzyme self-assembly system [9,10,11]. At the same time, they provide a new idea for the intracellular self-assembly of multiple enzymes.



Doc and Coh proteins are key elements in cellulosomes in C. thermocellum. Doc is a protein module without a catalytic function in the enzyme complex and is generally composed of about 70 amino acid residues, which contain two roughly repeated fragments, each fragment containing about 22 amino acid residues [12,13]. Doc proteins can specifically bind to Coh, that is, type I Doc proteins can only bind to type I Coh and one Doc protein can only bind to one Coh; the structure does not change before and after binding. Both the formation of a stable Doc protein structure and the binding of Doc and Coh require the participation of Ca2+. One Ca2+-binding site is close to the N-terminus, and the other Ca2+-binding site can stabilize the connection of the loop region [14].



For anaerobic bacteria, Ca2+ plays an important role in the structural stability and functional integrity of Doc proteins. Previous studies have found that after chelating Ca2+ with EDTA, the Doc of anaerobic bacteria can no longer interact with Coh [15,16]. The interaction between extracellular Doc and Coh for efficient self-assembly requires the presence of Ca2+ at a certain concentration (0.50–2.00 × 10−3 M) [17,18]. However, due to the strict control of components, such as Ca2+ channels [19], Ca2+ concentration in microbial cells at rest is generally only 1.00 × 10−7 M, which is much lower than the extracellular concentration (1.00 × 10−3 M). This limits the interaction and self-assembly of Doc and Coh in the cell.



In this study, to resolve the problem of strong extracellular Ca2+ dependency in Doc and Coh protein assembly, the Ca2+-binding region of Doc was studied. Doc mutants that do not depend on Ca2+ were designed. The self-assembly of the key components of cellulosomes without Ca2+ dependency was achieved, thus solving the problem of intracellular self-assembly of Doc and Coh. This laid the foundation for the successful construction of an intracellular self-assembly system based on the cellulosome as a model.




2. Materials and Methods


2.1. Strains and Media


E. coli BL21(DE3), as an expression host, was cultured in Luria Broth (LB) medium at 37 °C. The pET-28a(+) and pETDuet-1 vectors (Sangon, Shanghai, China) were used for gene cloning. The enzymes used for DNA amplification and restriction and the plasmid extraction kit were obtained from Vazyme (Nanjing, China). The primers were synthesized by Qingke (Beijing, China). The partial molecular fragments applied to bimolecular fluorescence complementation coupled with flow cytometry (BiFC-FC) were synthesized using GenScript (Nanjing, China). All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). The strains and plasmids used are shown in Table 1.



The genes corresponding to Coh and DocA were codon-optimized according to the E. coli BL21(DE3) genome and synthesized using GenScript (Nanjing, China). The pET-28a(+) plasmid with an inducible T7 promoter was used for heterologous expression of Coh and DocA with a His-Tag. The construction process and the schematic diagram of the recombinant plasmid are shown in Figure S1. The obtained pET-28a(+)-Coh and pET-28a(+)-DocA vectors were transformed into E. coli BL21(DE3) via electroporation.




2.2. Selection of Key Components of Cellulosomes


The research model of the intracellular self-assembly system was the natural multi-enzyme complex, i.e., the cellulosome. The focus was on the study of the intracellular assembly of Doc and Coh. Using the National Center for Biotechnology Information (NCBI; https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 6 March 2021) and Protein Data Bank (PDB; http://www.rcsb.org, accessed on 6 March 2021) databases, we downloaded the amino acid sequence and crystal structure, and then preliminary analysis was performed using PyMOL 2.3.2 software. DocA (PDB DOI: 10.2210/pdb2CCL/pdb; ID: 2CCL-B) [20] and Coh (PDB DOI: 10.2210/pdb1OHZ/pdb; ID: 1OHZ) [14] with the existing crystal structure as the original intracellular self-assembly system were selected. Both proteins were derived from C. thermocellum.




2.3. Expression and Purification of DocA and Coh


The verified strain was first cultured overnight in 50 mL of liquid LB medium containing kanamycin (50 μg/mL) and then inoculated into fresh liquid LB medium at 1% inoculum. After culturing for 10 h, when the culture reached an optical density of 1.0 at 600 nm (OD600), isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 0.2 mmol/L at 22 °C for protein induction. After collecting the induced bacterial cells, we resuspended them in 2× phosphate-buffered saline (PBS) buffer, added an appropriate amount of protease inhibitors, and broke them down using an ultrasonic disintegrator (Scientz-650E, Xinzhi, Ningbo, China). A cobalt column with higher specificity was used for protein purification, and the entire operation was performed in a 4 °C chromatography cabinet.



The purified protein was detected via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and the protein purity was ascertained. The proteins that met the requirements were collected, and desalting/concentration treatments were separately performed. DocA was dialyzed to remove salt using PBS-EP+ buffer, and Coh was dialyzed to remove salt using acetic acid–sodium acetate buffer at different pH values (pH 3.6–4.6).




2.4. Mutation and Verification of DocA


Molecular dynamics (MD) simulation and molecular biology were used in combination to mutate DocA. Mutation points were selected using PyMOL 2.3.2. Amino acids within 4 Å from the Ca2+ in the Ca2+-binding site of DocA were selected as key amino acids for Ca2+ binding.



For the two key Ca2+-binding sections, D5VN7GD9GTINSTD16 and D39VD41KN43GSINAAD50, there were 16 possibilities in total, with Thr and Ser having similar hydrophilic side chains but uncharged and hydrophobic amino acids that facilitated folding. Based on this, the combination of Ca2+ and key amino acids was designed for mutation primers, and the protein sequence was submitted to the Rosetta website (http://rosettadesign.med.unc.edu/register.php, accessed on 12 March 2021) for protein structure prediction, protein-protein docking, and protein design; four double-site DocA mutants were obtained. Based on the calculation, the amino acid sequence was optimized according to the E. coli expression system, and a combination of mutant primers with Ca2+ and key amino acids was designed (forward and reverse primers, respectively, covered the two Ca2+-binding sites of DocA). The primer sequences used for the mutant amino acids are shown in Table 2, and the verification primers are shown in Table S1. Rapid site-directed mutagenesis was used to obtain the mutants.




2.5. Detection of DocA and Coh Binding


Using the Biacore T200 molecular interaction analyzer to explore the binding mechanism of DocA and Coh, Coh was anchored on a suitable chip, and DocA mixed with different concentrations of CaCl2 was allowed to flow through [21].



Next, we gradually diluted the acetic acid–sodium acetate buffers at different pH values according to the approximate protein concentration. As the proteins had to be anchored, the optimal anchoring concentration and pH were determined according to the anchoring situation, and then protein anchoring was performed using the capture method in the Biacore Small Molecule Application Manual.



Using standard protocols, the purified Coh was immobilized on the entire surface of a CM5 sensor, and the anchored chip was loaded into the analyzer. The channel containing the DocA mutant sample was set as the detection channel and that of the original DocA as the reference channel. 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-buffered saline was used as the mobile phase, the flow rate of the flow pool was 10 µL/min, the temperature ranged between 20 °C and 23 °C, and the pH ranged between 7.0 and 7.4. DocA was diluted to almost the same concentration as the Coh anchor, and CaCl2 was serially diluted to 1.00 × 10−2, 1.00 × 10−3, 1.00 × 10−4, 1.00 × 10−5, 1.00 × 10−6, and 1.00 × 10−7 M, and placed at 4 °C for at least 30 min for detection. Each experiment for each concentration was performed in triplicate. After centrifugation, the ligand was injected into the detection and reference channels at the rate of 10 µL/min and the binding status was determined according to the AbsResp value. The kinetic/affinity method in Bicaore T200 was used to analyze the interaction between ligand and receptor.




2.6. BiFC-FC


BiFC-FC was used to verify the effects of the interaction of different Doc mutants and Coh in vivo. The enhanced yellow fluorescent protein (eYFP) was chosen and divided into two fragments: eYFP-N (1–155) and eYFP-C (156–238). These two fragments were then connected to DocA and Coh, respectively, with a longer connecting peptide SGGGSGGGSGGS. The N-terminal (such as Gly-5) of Coh was closer to the N- and C-terminal of DocA. The C-terminal (Ile-59) of DocA has no calcium-binding site; therefore, we selected the N-terminal of Coh and the C-terminal of DocA for eYFP fusion. After ligation, it was simultaneously expressed on the dual-promoter expression plasmid pETDuet-1 (see Figure S1), and the transformation was verified. The verification primers are shown in Table S1. If there was an interaction between the DocA mutant and Coh, the N- and C-terminal fragments of the fluorescent protein were drawn close to each other through the linker, forming a fluorescent protein chromophore to re-fluorescence. The MoFlo XDP system of the flow cytometer with an Xcess control panel was selected for FC analysis, and a 488 nm blue laser was selected as the excitation wavelength. The application of FC technology to quantitatively analyze the BiFC signal in a single cell has become a standard method for living-cell BiFC experiments [22,23,24].




2.7. MD Simulation


The molecular docking software Rostta DOCK 3.4 was used to construct the DocA–Coh complex. MD simulation was performed using Gromacs 4.5.4 with a GROMOS 96 force field and an SPC/E explicit water model. Each system was minimized and equilibrated until the maximum force reached 10 kJ/mol/nm, as previously described [25]. Then, we gradually equilibrated the equilibration systems at 300 K for 100 ps with the restrained protein and ligands. After applying periodic boundary conditions, electrostatic interactions were treated using the Particle Mesh Ewald method. The integration step was set to 0.002 ps, and bonds were constrained using the LINCS algorithm. After the first equilibration, a 10 ns full equilibration was adopted without restraint, and then the g_rms tool was used to analyze the root-mean-square deviation (RMSD) values of the interacting enzymes.




2.8. Assembly and Detection of Key Enzymes in L-Lysine Fermentation


The key components of cellulosomes, DocA-D3 and Coh, were connected to the key enzymes of L-lysine fermentation aspartate aminotransferase (AspC) and aspartate kinase (LysC) in E. coli through the linking peptide SGGGSGGGSGGS, respectively, and were cloned into the pETDuet-1 plasmid for co-expression (see Figure S1). Then, the recombinant plasmid was transferred to the L-lysine-producing E. coli QDE to obtain E. coli QDE-DocA-D3 engineering bacteria. The bacteria were inoculated into 50 mL of seed culture medium and cultured at 37 °C and 220 r/min for 16 h as the seed solution. The seed liquid was inoculated into a 5 L fermenter at 15% inoculum [26]. The filling volume was 3 L. Fermentation conditions were as follows: 37 °C; pH 6.7; 300 r/min; glucose concentration = 2.0%; dissolved oxygen = 20–35%; and 25% ammonia water in a continuous flow. After induction, the fermentation time was less than 40 h with sampling and testing every 4 h. The concentration of bacterial cells was determined using an ultraviolet spectrophotometer (UV-6100, METASH, Shanghai, China) to detect the absorbance of the sample at 600 nm after dilution. The glucose and L-lysine content were measured using a biosensor (BSA-90, Jinan Yanke Co., Ltd., Jinan, China).




2.9. Assembly and Detection of Key Enzymes in β-Alanine Fermentation


DocA-D3 and Coh were linked to two key enzymes of β-alanine fermentation in E. coli, L-aspartase (AspA), and L-aspartate α-decarboxylase (PanD), respectively, through the linker peptide SGGGSGGGSGGS and cloned into the co-expression plasmid pETDuet-1. Then, the recombinant plasmid was transferred into E. coli QD01 to obtain E. coli QD01-DocA-D3-Ala engineered bacteria. The strains were inoculated into 50 mL of seed medium, cultured at 37 °C at 220 r/min until an OD600 of 1.0, induced with IPTG at a final concentration of 0.2 mmol/L, and placed at 28 °C to allow expression for 15 h. Then, 50 mL of bacterial liquid was collected via centrifugation, resuspended in buffer, and adjusted to pH 7.0. Sodium glutamate (10 g/L) and oxaloacetic acid (10 g/L) were added, and the culture was placed in a constant-temperature water bath shaker at 37 °C, 200 rpm, with samples taken every 2 h.



β-alanine was detected via pre-column derivatization with 2,4-dinitrofluorobenzene (DNFB). Exactly 100 μL of the sample was taken and 100 μL of 0.5 mol/L sodium bicarbonate solution (PH9.0), as well as 100 μL of 1% 2,4-dinitrofluorobenzeneacetonitrile, were added. The sample was mixed well and placed in a water bath at 60 °C for 1 h in the dark. After cooling at 20–25 °C, 700 μL of 0.05 mol/L phosphate buffer (pH 7.0) was added; the supernatant was collected via centrifugation, filtered through a 0.22 μm microporous membrane, and then injected for analysis.



Mobile phase A was sodium acetate (2.5 g/L sodium acetate, 1.5 mL acetic acid, made up to 1 L with ultrapure water); mobile phase B was pure methanol. Liquid chromatography conditions were as follows: A:B = 1:1, flow rate = 1 mL/min, C18 column temperature was 40 °C, the injection volume was 10 μL, UV wavelength was 360 nm, and the detection time was 20 min.





3. Results and Discussion


3.1. Selection of The Self-Assembly System


In order to improve the efficiency of intracellular catalytic synthesis, we focused on the formation mechanism of the bacterial intracellular multienzyme complexes. Research on the formation of a bacterial intracellular multi-enzyme complex system has mainly focused on the multi-enzyme complex in the bacterial microcompartment and artificial self-assembled proteins [27,28,29]. Rae and Kerfeld et al. found two types of capsid proteins, α and β, that could form a spherical carboxylase body in Cyanobacteria. With the help of the carboxylase body, different assembly methods were used to combine carbonic anhydrase and ribulose-1,5-bisphosphate carboxylase/oxygenase, which was encapsulated in it and assembled into a multi-enzyme complex [30,31]. Similarly, the SpyTag/SpyCatcher system derived from the CnaB2 domain has usually been used for the assembly between two proteins by forming a stable isopeptide bond [32,33,34] and has been widely used in biological coupling, vaccine synthesis, and heat-resistant enzyme preparation [35,36,37,38]. However, as most synthetic pathways are considered relatively lengthy, especially in synthetic biology [39,40,41], a more concise and efficient intracellular self-assembly system for complex enzymes is still lacking [42,43].



However, when learning the ways to achieve extracellular assembly of cellulosome, things appear to have changed. This structure allows for different enzymes to be assembled by scaffolding proteins in a certain proportion to flexibly regulate the types of enzyme proteins and improve the catalytic efficiency of enzymes [44]. The efficiency of cellulosomes to hydrolyze cellulose is six times that of free enzymes [45,46,47]. Cellulosome is used to self-assemble multiple enzymes that degrade lignocellulose on the extracellular surface. It gives full play to the proximity effect between the assembled enzymes, improving lignocellulose-hydrolytic efficiency [48]. Cellulosomes are also used in biomass degradation, ethanol and 2,3-butanediol synthesis [49], and biosensors; other fields, too, have realized the applications of cellulosomes [50,51,52,53].




3.2. Selection and Expression of Key Components of Cellulosomes


To evaluate the self-assembly properties of cellulosome elements in cells, the DocA [20] and Coh [14] from the existing crystal structure pool were selected as two typical cellulosome elements for self-assembly analysis. Both proteins were derived from C. thermocellum, which has been studied in depth and can interact stably. After IPTG-induced heterologous expression and purification, Coh and DocA were obtained and detected via SDS-PAGE. The size of Coh was 16 KDa, and that of DocA was 7 KDa (Figure S2).



However, because of metabolic needs, the Ca2+ concentration in microbial cells is much lower than the extracellular concentration, limiting the self-assembly of cellulosomes and their components in the cell. The concentration of Ca2+ affects the self-assembly of cellulosomes [54].



In this study, the binding affinities of Coh and DocA were measured on the Biacore T200 molecular interaction system (GE Healthcare, Chicago, IL, USA). The results showed that stable binding of unmutated DocA (Figure 1A,B) and Coh required a certain Ca2+ concentration (Figure 2C). When the Ca2+ concentration was 5.00 × 10−3–1.00 × 10−2 M, the binding capacity of the two proteins decreased with an increase in the Ca2+ concentration; the higher the Ca2+ concentration, the more unstable the measured data. When the concentration was less than 1.00 × 10−4 M, the binding capacity of the two proteins was close to the binding capacity without Ca2+. Therefore, preliminarily, the Ca2+ concentration required for Doc and Coh to form a stable structure was 5.00 × 10−3 M. The electrostatic interactions in the calcium-binding pocket may modulate the mechanostability of the cellulose-binding module [55]. MD simulation in explicit water was also performed to study the stability of DocA (with or without Ca2+) under a GROMOS 96 force field (protein portion) and SPC/E (water model) using Gromacs 4.5.4 [56]. The detailed analysis and comparison of MD simulation results showed that the RMSD was 0.18 with Ca2+ and 0.36 when the DocA lacked Ca2+.




3.3. Mutation of Coh and DocA


Using MD simulation and 3D structure analysis, we found that Ca2+ maintained the stability of the loop region in DocA, the key element of cellulosomes, and ensured that the double α-helix was connected to the loop region. DocA can interact with Coh at a certain angle for the autonomous assembly of cellulosomes. There are two Ca2+-binding sites for Doc, one of which is used to stabilize its structure and the other for stable binding to Coh [14,20]. Based on this, the Ca2+-binding site of DocA was designed. After analyzing the 3D structure of the Coh–DocA complex using PyMOL 2.3.2, eight amino acids within 4 Å of Ca2+ in the Ca2+-binding site of DocA were selected as the potential target (Figure 1A). A 3D structure of DocA without Ca2+ was constructed using PyMOL 2.3.2 and then submitted to the Rosetta website (http://rosettadesi gn.med.unc.edu, accessed on 12 March 2021) for stable protein structure prediction. After the prediction, the four most stable double-site DocA mutants without Ca2+ (DocA-D1, DocA-D2, DocA-D3, and DocA-D4) were obtained. The protein sequence alignment is shown in Figure 1B. After using site-directed mutagenesis technology to complete the mutants as predicted, the heterologous expression vectors of DocA-D1, DocA-D2, DocA-D3, and DocA-D4 were successfully constructed and expressed in E. coli BL21(DE3). The construction verification of mutant protein engineering strains is shown in Figure 2A,B. The mutants were also purified using affinity chromatography.




3.4. In Vitro Verification of DocA Mutant Binding to Coh


The binding of the four successfully expressed DocA double-site mutants and Coh was tested at different Ca2+ concentrations. Then, the corresponding AbsResp value was obtained using the Biacore T200 molecular interaction analyzer (GE Healthcare). From the data analysis shown in Figure 2C, when the Ca2+ concentration was 1.00 × 10−7–1.00 × 10−3 M, the binding of the mutants to Coh greatly improved. When the lowest Ca2+ concentration was 1.00 × 10−7 M, the binding capacity of the mutants to Coh was in the following decreasing order: DocA-D3 > DocA-D1 > DocA-D2 > DocA-D4. The binding capacity was 8.01, 7.32, 6.25, and 5.41 times higher, respectively, compared to wild-type DocA binding to Coh. When the Ca2+ concentration was 1.00 × 10−7–1.00 × 10−4 M, the binding capacity of the mutants to Coh was in the following decreasing order: DocA-D3 > DocA-D1 > DocA-D2 > DocA-D4. When the Ca2+ concentration was 1.00 × 10−7–1.00 × 10−5 M, the binding of the mutants to Coh did not change much with the change in Ca2+ concentration. The gap between DocA and Coh remained stable. When the Ca2+ concentration was 1.00 × 10−5–1.00 × 10−4 M, the binding of the four mutants to Coh began to significantly increase with an increase in the Ca2+ concentration. When the Ca2+ concentration was 10−4 M, the binding of the four mutants to Coh was the same, i.e., 5.5 times that of wild-type DocA. When the Ca2+ concentration was 5.00 × 10−4 M, the binding of the mutants to Coh was the strongest, with DocA-D3 and DocA-D2 having the best binding affinity, i.e., 5.9 times that of DocA. The binding affinity of DocA-D4 to Coh was slightly worse than that of DocA-D3 and DocA-D2 to Coh, which was 5.71 times that of DocA. DocA-D1 was weaker, with a binding affinity 4.83 times that of DocA. When the Ca2+ concentration was 1.00 × 10−3–5.00 × 10−3 M, the binding of the four mutants to Coh was first enhanced and then weakened compared with DocA. When the Ca2+ concentration was 5.00 × 10−3 M, the binding capacity of the mutants to Coh, except for DocA-D3, was lower than that of DocA (Figure 2C). The higher the Ca2+ concentration, the larger the standard deviation of the AbsResp value representing the binding capacity. In summary, all the double-site mutants could interact with Coh at low Ca2+ concentrations; however, the binding affinity of DocA-D3 was higher than that of other mutations.




3.5. In Vivo Verification of DocA Mutant Binding to Coh


To further analyze the assembly of the mutants and Coh in cells, BiFC-FC was used. Then, the real-time detection of the protein–protein interaction of DocA mutants and Coh in the cell was performed. To verify the interaction of different DocA mutants and Coh in vivo, eYFP was selected for BiFC-FC analysis. eYFP was divided into two fragments, eYFP(N) and eYFP(C), which were, respectively, connected to the DocA mutant and Coh through a connecting peptide (SGGGSGGGSGGS). The fusion proteins were heterologously expressed in E. coli BL21(DE3) and verified via fermentation; simultaneously, the interaction peptide pair SpyCatcher/SpyTag-fusion proteins were designed for comparative analysis. The verification of the fusion proteins used in BiFC-FC is shown in Figure 3A,B. Using a flow cytometer, the number of positive cells and the average fluorescence intensity of the fluorescent signal could be quantitatively analyzed. As shown in Figure 3C,D, the fluorescence intensities of DocA-D1, DocA-D2, DocA-D3, and DocA-D4 were 1.22 × 107, 1.26 × 107, 1.03 × 107, and 8.32 × 106 (the fluorescence intensity of DocA being 1.00 × 106), respectively. These results indicated that DocA-D1, DocA-D2, and DocA-D3 had a significantly improved ability to bind to the Coh in cells. Considering that DocA mutants and Coh are mainly bonded via hydrogen bonds, the bonding strength was less than that of SpyCatcher/SpyTag composed of isopeptide bonds (Figure 3C).




3.6. MD Simulation and Structural Analysis of DocA Mutants


For the four DocA mutants, different DocA–Coh complexes were constructed using PyMOL 2.3.2 and then GROMACS 4.5 software was used to perform a 10 ns MD simulation in explicit water. The changes in the simulated structure of the mutant protein under a GROMOS 96 force field are shown in Figure 4. The detailed analysis and comparison of the MD simulation showed that the mutant protein body and the original protein had a large or a small gap, and the changes were mainly concentrated in the loop section. According to the comparative analysis, as shown in Figure 4(A1,A2), in the presence of Ca2+, the α1 and α3 helices of the original DocA existed stably at a fixed angle; without Ca2+, the α1 and α3 helices were looser and the displacement was obvious. The comparative analysis of the mutant proteins is shown in Figure 4(B1–B4). The α1 and α3 helices of mutant DocA-D3 and DocA-D4 could form a stable bond with Coh at a certain angle (without Ca2+). For the changes in the amino acid position (Figure S3 and Figure 4), the mutation of Asp9 of the original DocA to Ser9 made the loop region of the calcium-binding site more compact, as observed with the mutants DocA-D2, DocA-D3, and DocA-D4; among them, DocA-D3 combined the two mutations on Asp7 and Arg11, which made the interaction with Coh more stable.



Using the g_rms tool in the Gromacs 4.5 software, we analyzed the different parameters (RMSD) between the mutant structure and the wild-type DocA structure (with/without Ca2+) and plotted them onto a scatter plot, as shown in Figure 5A,B. The results showed that the RMSD data of mutants DocA-D3 and DocA-D4 were lower than the RMSD data of the original DocA (without Ca2+), i.e., the structure of DocA-D3 and DocA-D4 was more stable than that of DocA (without Ca2+). To further evaluate the structural similarity of the four mutants to DocA, the frequency counts of the RMSD values of the mutants were calculated, as shown in Figure 5C,D. In the 10 ns simulation, in the absence of Ca2+, the DocA structure was extremely unstable, and the RMSD frequency was the highest (0.35). The mutants (without Ca2+) tended to be stable, and the highest RMSD frequency of DocA-D3 and DocA-D4 was 0.29, which was even lower than the theoretical most stable state value without a mutation (0.31). The highest RMSD frequency of the interaction between Coh and DocA-D3 was slightly high, reaching 0.21, indicating that this section of Coh needed to undergo further changes to adapt to the stabilizing effect of the mutant.




3.7. Efficient Assembly and Detection of Key Enzymes for L-Lysine Production


AspC and LysC are the two initial key enzymes in the L-lysine synthesis pathway. They were assembled using the cellulosome complex model to optimize the fermentation efficiency of the strain. After the above-mentioned in vitro and in vivo interaction experiments and MD simulations, the mutant DocA-D3 was selected as the optimal mutant. In the absence of Ca2+ in the cell, it could stably interact with Coh. The fermentation result of the intracellular cellulosomes element assembly complex is shown in Figure 6A. During 8–24 h of fermentation, the OD600 value of the assembled engineering bacteria E. coli QDE-DocA-D3 increased rapidly, which was 2.2–3.4 times that of E. coli QDE. At the same time, as shown in Figure 6B, when the amount of residual sugar was ensured, the carbon source was quickly consumed at this stage, and the efficiency of L-lysine synthesis was significantly improved. At the end of the fermentation, the concentration of L-lysine obtained from the assembly engineering strain QDE-DocA-D3 accumulated to 60.3 g/L, which was 24.1% higher than that of the starting strain QDE.




3.8. Efficient Assembly and Detection of Key Enzymes for β-Alanine Production


β-Alanine was prepared through enzymatic conversion by the double-enzymatic coupling of AspA and PanD. The reaction conditions were mild, and the conversion rate was high. Using sodium glutamate and oxaloacetate as substrates, the intermediate product L-aspartic acid was accumulated by the action of AspA, and β-alanine was synthesized under the further action of PanD. DocA-D3 and Coh were co-expressed with two key enzymes, AspA and PanD, respectively, for assembly and fermentation in E. coli cells. Through the intraregional interaction of DocA-D3 and Coh, the efficiency of both AspA and PanD enzymes was promoted. The results of intracellular assembly and fermentation of the engineered strain E. coli QD01-DocA-D3-Ala are shown in Figure 7. Within 0–8 h, the β-alanine accumulation of the assembled engineered bacteria E. coli QD01-DocA-D3-Ala and the starting bacteria E. coli QD01 increased simultaneously. During the 8–22 h fermentation, the yield from E. coli QD01 increased to 7.51 g/L, while that from E. coli QD01-DocA-D3-Ala increased rapidly to 18.65 g/L, which was a 2.48-fold increase. This indicated that the intracellular assembly of the key cellulosome components DocA-D3/Coh brought the key enzymes closer together and promoted fermentation efficiency. During the 22–30 h fermentation, the β-alanine accumulation of E. coli QD01-DocA-D3-Ala strain could be maintained at a high level, which was 2.13–2.63 times that of E. coli QD01, and the synthesis efficiency was significantly improved.



Through the above verification, it was evident that the use of DocA-D3 components significantly improved the fermentation efficiency of the production strains. Thus, DocA-D3 could be used to assemble intracellular cellulosomes, shorten the working distance and time, and improve the synthesis efficiency.





4. Conclusions


A novel design method was used to directionally modify the Ca2+-binding site of the key components of cellulosome, and four double-site DocA mutants were obtained. At a Ca2+ concentration between 10−7 and 10−4 M, DocA-D3 had the strongest binding affinity, which was 8.01 times that of DocA. The self-assembly fluorescence intensity of the four mutants in E. coli reached up to 1.26 × 107, indicating that they could interact with Coh in vivo. Moreover, DocA-D3 was applied to the intracellular assembly of key enzymes in L-lysine and β-alanine fermentation, laying the foundation for improving the efficiency of intracellular assembly and fermentation.
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Figure 1. Coh and DocA mutation strategy. (A) The structure of the Coh–DocA complex and the mutation design of Ca2+ binding key amino acid. (B) Alignment of protein sequence of docking protein DocA mutants. 
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Figure 2. In vitro verification of the binding of DocA mutants to Coh. (A) Validation of recombinant plasmids for mutant proteins. M: marker DL15000; 1: 5369 bp DNA of pET-28a(+); 2: 5425 bp DNA of pET-28a(+)-DocA; 3: 5425 bp DNA of pET-28a(+)-DocA-D1; 4: 5425 bp DNA of pET-28a(+)-DocA-D2; 5: 5425 bp DNA of pET-28a(+)-DocA-D3; 6: 5425 bp DNA of pET-28a(+)-DocA-D4; 7: 5692 bp DNA of pET-28a(+)-Coh. (B) Verification of the mutant proteins engineering strains. PCR product of the mutant gene. M: marker DL2000; 1: 186 bp DNA fragment of DocA gene; 2: 186 bp DNA fragment of DocA-D1 gene; 3: 186 bp DNA fragment of DocA-D2 gene; 4: 186 bp DNA fragment of DocA-D3 gene; 5: 186 bp DNA fragment of DocA-D4 gene; 7: 456 bp DNA fragment of Coh gene. (C) Changes in the binding of DocA mutants and Coh under different Ca2+ concentrations. 
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Figure 3. In vivo fluorescence verification of the binding of DocA mutants to Coh. (A) Verification of the recombinant plasmids for the fusion protein eYFP-DocA mutants/Coh. M: marker DL15000; 1: 5420 bp DNA of pETDuet-1; 2: 6765 bp DNA of pETDuet-1-eYFP(N)-Coh/DocA-eYFP(C); 3: 6765 bp DNA of pETDuet-1-eYFP(N)-Coh/DocA-D1-eYFP(C); 4: 6765 bp DNA of pETDuet-1-eYFP(N)-Coh/DocA-D2-eYFP(C); 5: 6765 bp DNA of pETDuet-1-eYFP(N)-Coh/DocA-D3-eYFP(C); 6: 6765 bp DNA of pETDuet-1-eYFP(N)-Coh/DocA-D4-eYFP(C); 7: 6579 bp DNA of pETDuet-1-eYFP(N)-SpyCatcher/SpyTag-eYFP(C). (B) Verification of the mutant protein engineering strains. PCR product of the mutant gene. (b1) M: marker DL2000; 1: 957 bp DNA fragment of fusion eYFP(N)-Coh gene; 2: 456 bp DNA fragment of Coh gene; 3: 474 bp DNA fragment of fusion DocA-eYFP(C) gene; 4: 186 bp DNA fragment of DocA gene. (b2) M: marker DL2000; 1: 957 bp DNA fragment of fusion eYFP(N)-Coh gene; 2: 456 bp DNA fragment of Coh gene; 3: 474 bp DNA fragment of fusion DocA-D1-eYFP(C) gene; 4: 186 bp DNA fragment of DocA-D1 gene. (b3) M: marker DL2000; 1: 957 bp DNA fragment of fusion eYFP(N)-Coh gene; 2: 456 bp DNA fragment of Coh gene; 3: 474 bp DNA fragment of fusion DocA-D2-eYFP(C) gene; 4: 186 bp DNA fragment of DocA-D2 gene. (b4) M: marker DL2000; 1: 957 bp DNA fragment of fusion eYFP(N)-Coh gene; 2: 456 bp DNA fragment of Coh gene; 3: 474 bp DNA fragment of fusion DocA-D3-eYFP(C) gene; 4: 186 bp DNA fragment of DocA-D3 gene. (b5) M: marker DL2000; 1: 957 bp DNA fragment of fusion eYFP(N)-Coh gene; 2: 456 bp DNA fragment of Coh gene; 3: 474 bp DNA fragment of fusion DocA-D4-eYFP(C) gene; 4: 186 bp DNA fragment of DocA-D4 gene. (b6) M: marker DL2000; 1: 930 bp DNA fragment of fusion eYFP(N)-SpyCatcher gene; 2: 423 bp DNA fragment of SpyCatcher gene; 3: 330 bp DNA fragment of fusion SpyTag-eYFP(C) gene; 4: 39 bp DNA fragment of SpyTag gene. (C) Fluorescence signal intensity changes in eYFP-DocA mutants/Coh expressed via BiFC-FC fusion. (D) Median value of fluorescence signal intensity of eYFP-DocA mutants/Coh. 
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Figure 4. Comparison of DocA mutants and Coh simulation structures. (A1) The structure of original DocA and Coh in the presence of Ca2+. (A2) The structure of original DocA and Coh in the absence Ca2+. (B1) The structure of DocA-D1 and Coh in the absence of Ca2+. (B2) The structure of DocA-D2 and Coh in the absence of Ca2+. (B3) The structure of DocA-D3 and Coh in the absence of Ca2+. (B4) The structure of DocA-D4 and Coh in the absence of Ca2+. 
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Figure 5. RMSD scatter plots of DocA mutants/Coh in molecular dynamics simulation. (A) Scatter plots of RMSD values of DocA mutants. (B) Scatter plots of the RMSD value of Coh interacting with the DocA mutants. (C) The total frequency chart of the RMSD value of the DocA mutants. (D) The total frequency chart of the RMSD value of Coh interacting with DocA mutants. 
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Figure 6. Assembly efficiency of cellulosome elements combined with key enzymes in L-lysine fermentation. (A) The changes in OD600 during fermentation and growth of bacterial cells. (B) The changes in carbon source consumption and L-lysine accumulation during bacterial growth and fermentation. 
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Figure 7. Assembly efficiency of cellulosome elements combined with key enzymes in β-alanine fermentation. Changes in β-alanine accumulation during bacterial fermentation. 
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Table 1. List of strains and plasmids used in this study.
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	Strains/Plasmids
	Relevant Genotype
	Source





	Strains
	
	



	E. coli DH5α
	Amplification and extraction of plasmids
	Vazyme



	E. coli BL21(DE3)
	Protein expression and extraction
	Vazyme



	E. coli QDE
	L-lysine fermentation; ΔldcC, ΔamiD, ΔLYP1, icd-D410E, pykA-G168D
	This study



	Plasmids
	
	



	pET-28a(+)-DocA
	Expression of dockerin protein DocA
	This study



	pET-28a(+)-Coh
	Expression of adhesin protein Coh
	This study



	pET-28a(+)-DocA-D1
	Expression of protein DocA-D1
	This study



	pET-28a(+)-DocA-D2
	Expression of protein DocA-D2
	This study



	pET-28a(+)-DocA-D3
	Expression of protein DocA-D3
	This study



	pET-28a(+)-DocA-D4
	Expression of protein DocA-D4
	This study



	pETDuet-1-eYFP(N)-Coh/DocA-eYFP(C)
	BiFC expression protein DocA
	This study



	pETDuet-1-eYFP(N)-Coh/DocA-D1-eYFP(C)
	BiFC expression protein DocA-D1
	This study



	pETDuet-1-eYFP(N)-Coh/DocA-D2-eYFP(C)
	BiFC expression protein DocA-D2
	This study



	pETDuet-1-eYFP(N)-Coh/DocA-D3-eYFP(C)
	BiFC expression protein DocA-D3
	This study



	pETDuet-1-eYFP(N)-Coh/DocA-D4-eYFP(C)
	BiFC expression protein DocA-D4
	This study



	pETDuet-1-eYFP(N)-Scat/Stag-eYFP(C)
	BiFC expression protein SpyCatcher/SpyTag
	This study



	pETDuet-1-aspC-Coh/DocA-D3-lysC
	Intracellular assembly fermented L-lysine
	This study
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Table 2. The list of double-site mutation primers used in this study.
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Protein

	
Primer Name

	
Sequence (5′→3′)






	
DocA-D1

	
D1-F1

	
TGGGTGACGTG tct GGTGACGGT cgt ATTAATA




	
D1-R1

	
AGATCGGTGCTATTAAT acg ACCGTCACC aga CAC




	
D1-F2

	
AAAGCCCGTGCCGAT accagcaat AATGGC acc ATTAATG




	
D1-R2

	
AGAACATCGGCGGCATTAAT ggt GCCATT attgctggt ATCG




	
DocA-D2

	
D2-F1

	
AATGGT agc GGTACCATTAATAGCA




	
D2-R1

	
TACC gct ACCATTCACGTCACCCAGCA




	
D2-F2

	
CGAT accagcaat AATGGC acc ATTAATGCCGCCGATGTTCT




	
D2-R2

	
ATTAAT ggt GCCATT attgctggt ATCGGCACGGGCTTTGGCA




	
DocA-D3

	
D3-F1

	
GTG gat GGT agc GGT cgt ATTAATAGCACCGAT




	
D3-R1

	
TTAAT acg ACC gct ACC atc CACGTCACCCAGCA




	
D3-F2

	
CGAT accagcaat AATGGC acc ATTAATGCCGCCGATGTTCT




	
D3-R2

	
ATTAAT ggt GCCATT attgctggt ATCGGCACGGGCTTTGGCA




	
DocA-D4

	
D4-F1

	
AATGGT agc GGTACCATTAATAGCA




	
D4-R1

	
GTACC gct ACCATTCACGTCACCCAG




	
D4-F2

	
ATGTG agc AAA gat GGCAGCATTAATGCCGCCGAT




	
D4-R2

	
TGCC atc TTT gct CACATCGGCACGGGCTTTGGCA








Note: lowercase letters are mutation sites.
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