High production of glutathione by in vitro enzymatic cascade after thermostability enhancement
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Abstract 
The cell free system has been paid more attention due to its potential of facilitating more eﬃcient catalysis of multistep reactions. In this study, an efficient enzymatic cascade of GSH production was developed through the evolution of bifunctional glutathione synthetase (GshF), coupled with polyphosphate kinase (PPK). First, the stability and activity of GshF were enhanced by loop interchange and site-directed mutagenesis. As a result, the GshF half-value period increased 163.3-fold, and its activity raised 18 %. PPK from Jhaorihella thermophile (PPKJT) was characterized and used to regenerate ATP in the GSH synthesis, with hexametaphosphate (PolyP(6)) as the phosphate donor. After the process optimization, 99.9 mM GSH and 7.6 mM oxidized glutathione (GSSG) were produced within 2 h. The molar yield was 95.9 mol/mol based on the amino acid added, while the productivities of GSH achieved 49.95 mM/h, which was the highest yield and productivity ever reported about GSH synthesis.
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Introduction 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Glutathione (γ-glutamyl-L-cysteinyl-glycine, GSH), which is a tripeptides containing sulfhydryl (SH) group, has already attracted attention from food and beverage industries that used it as the aroma stabilizer, flavor enhancer, antioxidants and baking agent.1, 2 GSH can change the protein network of wheat dough by influencing the disulfide bonds and modifying the baking properties.3 Compared with cysteine (E920), inactivated enriched-GSH yeasts don’t need declaration of E-number. Therefore, it is possible for GSH to obtain a “clean lable”.4
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]GSH can be synthesized by enzymatic catalysis from L-glutamate, L-cysteine and glycine with 2 mol ATP consumption for one mol of GSH.5, 6 Bifunctional glutathione-synthesizing enzymes (GshFs) have the activities of both γ- glutamy-L-cysteine synthetase (γ-GCS) and glutathione synthetase (GS) simultaneously, and have already been discovered in Listeria monocytogenes, Pasteurella multocida and Streptococcus agalactiae etc.7-9 GshFs mainly contain three parts: N- terminal γ-GCS domain, C-terminal GS domain, and an extended linker region.7 Fascinatingly, the C terminal domain of GshF is structurally dissimilar to the GS proteins, while it is similar to the ATP-grasp-like domains of Cyanophycin synthetase and D-Ala–D-Ala ligase.10, 11 Meanwhile, the extended linker region is a special domain that influences the feedback suppression of γ-GCS domain by GSH, L-glutamate binding, and integrity of the GS domain.12
Enzymatic catalysis is always accompanied by higher productivity and easier purification of final products. Compared with microbial fermentation by genetically modified organisms (GMOs), enzymatic catalysis is safer and more suitable for the production of food additives. However, the thermostability, enzyme activity, and ATP availability are the crucial factors affecting the efficiency of GSH biosynthesis. 
[bookmark: OLE_LINK19][bookmark: OLE_LINK17][bookmark: OLE_LINK18]Structure-based protein engineering and site-directed mutagenesis have been proven to be available methods for enhancing the enzymatic properties. Although the structure of GshF, derived from Streptococcus sanguinis (GshFSS) and Streptococcus thermophiles (GshFST), has not been elucidated, the crystal structure of GshF from Streptococcus agalactiae (GshFSA) (PDB ID: 3LN6), which has approximate 65 % similarity with GshFSS and GshFST, has been reported.7 There are similar extended linker regions in GshFSS and GshFST when comparing their structure with the model structure of GshFSA. We speculated that replacement of the extended linker might change the performances of GshFs. For instance, substituting a putative “lid” loop of trans-proline 4-hydroxylases from uncultured bacterium esnapd13 with the corresponding fragment from other trans-proline 4-hydroxylases has resulted in a significant improvement of enzymatic activity.13 Dong et al. replaced a loop of 5β-mannanase from Aspergillus usamii with other loops, and discovered a significant improvement of half-life and Tm.14 Site-directed mutagenesis is another alternative strategy for changing the features of enzymes. A series of enzymes have been engineered with flexible sites as targets in order to improve thermostability15. The B-FIT approach, folding free energy calculations and proline rule, has also been developed to guide the selection of mutation sites.16-18 Thus, sequence- or structure-guided site-directed mutagenesis seems to be a promising way of altering the properties of GshF.
Since adenosine triphosphate (ATP) was also required for the GSH biosynthesis, a cheap and efficient ATP regeneration method is critical for the industrial synthesis of GSH. Polyphosphate (PolyP), which is an inorganic linear polymer with thousands of phosphate residues, contains several energy-rich phosphoanhydride bonds and is an energy storage material.19, 20 In nature, PolyP is synthesized and degraded by polyphosphate kinases (PPKs). PPKs can be divided into two large and structurally unrelated families depending on PPKs’ functions: PPK1 and PPK2.21, 22 PPK2s favor inexpensive and stable polyphosphate as phosphate donors and contribute to nucleotide phosphorylation, which makes the application of PPK2s rather popular in ATP regeneration systems. 
However, the poor thermostability of GshF and low efficiency of ATP regeneration limited the industrialization of GSH via enzyme catalysis. In this study, the thermostability and activity of GshF were enhanced significantly by DNA-shuffling and site-directed mutagenesis. At the same time, an enzyme cascade was also constructed with GshF and a family-2 PPK-based ATP regeneration system for GSH synthesis in vitro. The performance of enzyme cascade was measured with 120 mM precursors, and the high-efficiency production of GSH was realized.
Materials and methods
Strains and culture medium
E. coli DH5α was used for the plasmids propagating. E. coli BL21(DE3) and plasmid pET28a(+) were used for protein expression. Strains containing expression plasmids were cultured at 37 °C in Luria Bertani (LB) medium, which contained tryptone 10 g/L), NaCl 10 g/L, and yeast extract 5 g/L, in the presence of 50 μg/mL of kanamycin.
Construction of plasmids
The plasmid pET28a-GshF containing gshF from S. sanguinis and S. thermophiles were constructed previously.23, 24 Protein structure model of GshF was obtained from SWISS-MODEL using GshF (PDB, 3LN6), which was from S. agalactiae, as a template (identity 65 %).7 The extended linker sequences of GshFSS and GshFST were predicted by multiple sequence alignment that used GshFSA as template. The linker of GshFSS was replaced by the linker of GshFST to build SS-L-ST, while the linker of GshFST was also replaced by that of GshFSS to build ST-L-SS. Primers used in this work are listed in Table S1. For the site-directed mutations, all mutants with single substitutions were constructed with the template of pET28a-SS-L-ST. All the primers used to generate mutations are listed in Table S2. 
Protein overexpression and purification
The recombinant strains were cultured in 50 mL of LB medium in 250mL shake flask for 7 h. Then, 2 mL of the cultures were transformed into 100 mL LB in 500 mL shake flask. When OD600 arrived at 0.6-0.8, 0.2 mM of isopropyl-β-D, thiogalactopyranoside (IPTG) was added for GshF or PPKJT overexpression. Strains were cultured at 18 °C for another 16 h. After the cultivation and induction, cells were collected through centrifugation at 6000 rpm and 4 °C for 20 mins. They were washed once with 20 mM Tris-HCl buffer (pH 8.0) and lysed by high-pressure homogenizer supplied by Shanghai Litu Mechanical Equipment Engineering Co. Ltd (Shanghai, China). Debris was removed through centrifugation at 8000 rpm for 20 mins and the supernatant was purified via a pre-equilibrated Ni-chelating afﬁnity chromatography. The effect of purification was detected by SDS-PAGE, and the protein was quantiﬁed by the BCA Protein Assay Kit from Tiangen (Beijing, China).
GshF activity and thermostability assay
The crude enzyme activity was assayed according to the method of Cui et al. 25 For the purified enzymes activity assay, the reaction mixture contained 100 μl of enzyme solution (40 μg) and 100 μl of substrate solution, which consists of 100 mM Tris-HCl buffer (pH 8.0) containing 20 mM L-glutamate, 20 mM L-cysteine, 20 mM glycine, 20 mM MgCl2, and 40 mM ATP. After reacting at 45 °C for 10 mins, the reaction was terminated by the addition of 10 % (w/v) trichloroacetic acid, and the mixture was centrifuged at 12,000 rpm for 20 mins at 4 °C. The thermal inactivation half-life (t1/2) was defined as the time at which the residual activity of GshF retained at 50 % of its original activity. One unit of enzyme activity was defined as the amount of enzyme that produced 1 μmol of GSH per minute.
Effects of temperature and pH on the GshF activity 
The optimal temperature for GshF was determined via measurement of GshF activity in Tris-HCl buffer (pH 8.0) for 10 mins in the temperature range of 37-50 °C. To determine the optimal pH, the GshF activity was detected through incubation at 45 °C for 10 mins both in citrate-phosphate buﬀer from pH 6.0 to 7.5 and in Tris-HCl buﬀer from pH 7.5 to 9.0. The enzyme activity of GshF at the conditions of 45 °C, pH 8.0 was defined as 100 % of relative activity.
Characterization of PPKJT
The optimal temperature for PPKJT was determined by measuring the PPKJT activity in PBS buffer (pH 7.0) for 2 mins in the temperature range of 25-55 °C. To determine the optimal pH, the PPKJT activity was detected by incubation at 45 °C for 2 mins in PBS buﬀer from pH 6.0 to 8.5. The reaction was terminated by adding 0.5 M HCl, and the mixture was centrifuged at 12,000 rpm for 20 mins at 4 °C. To determine the stability of PPKJT, it was incubated at 45 °C for different time periods to analyze its thermal stability through assessment of residual activities. The enzyme activity of PPKJT at the condition of 45 °C, pH 7.0 was defined as 100 % of relative activity. One unit of enzyme activity was defined as the amount of enzyme that produced 1 μmol of ATP per minute.
3D structural modelling and analysis of GshF and its variants
3D model of positive variants was built on the basis of the crystal structure of GshFSA (PDB ID: 3LN6) by Swiss-model Automatic Modelling Mode.26 The intramolecular interactions of different mutants were analyzed by Discovery Studio 4.5.
One-pot synthesis GSH with ATP regeneration
GSH synthesis was carried out in 1mL reaction mixture, composed of 100 mM Tris-HCl (pH 8.0), 30 mM or 120 mM L-glutamate, 30 mM or 120 mM L-cysteine, 30 mM or 120 mM glycine, 30 mM or 120 mM MgCl2, 30 mM or 120 mM PolyP, 1 mM ADP, 0.2 g/L or 0.4 g/L GshF, and 0.05 g/L or 0.1 g/L PPKJT, and performed at 45 °C, while pH was controlled at 8.0 with 4 M NaOH. Samples were terminated by adding 10 % (w/v) trichloroacetic acids, and centrifuged at 12,000 rpm for 20 min at 4 °C. 
Analytical methods
Cell density was measured by determination of the optical density of culture sample at 600 nm. The concentration of GSH was detected through high performance liquid chromatography (HPLC) equipped with a C18 column (4.6 × 150 mm, Wondasil, Shimadzu-GL) (Cui et al., 2019). 
Results and discussion
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]Screening of DNA-Shuffling mutants with improvement of stability 
[bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK15][bookmark: OLE_LINK16]GshFs contain three significant sections, in which the extended linker region may form an important structural entity and affect the properties of GshFs.7, 12 In our previous study, we had screened two kinds of GshF (GshFSS and GshFST) for GSH synthesis. The specific activities of GshFSS and GshFST were 2.69 U/mg and 1.21 U/mg respectively. Their half-lives were only 10.61 mins and 0 min at 45 °C, demonstrating poor thermostability and activity (Table 1). Taking into consideration the numerous functions of the extended linker region of GshF,12 we hypothesized that linker swaps between GshFSS and GshFST might alter the features of GshF. 
[bookmark: OLE_LINK35]The crystal structures concerning GshFSS and GshFST have not been reported yet. The dimeric structure of GshFSA (PDB ID: 3LN6), which has 65 % similarity with GshFSS and GshFST, was used as the template to construct a three-dimensional model of wild-type GshFSS and GshFST. Extended linker regions G441-R521 of GshFSS and G440-K520 of GshFST, corresponding to the extended linker region of GshFSA based on the multiple sequence alignment, were predicted to affect the catalytic performance of GshF.12 Consequently, SS-L-ST and ST-L-SS were constructed by interchanging the linkers between GshFSS and GshFST to optimize the catalytic performance of GshFs. As shown in Table1, the specific enzyme activity and half-life of SS-L-ST were improved from 2.69 U/mg and 10.61 mins of GshFSS to 2.86 U/mg and 99.9 mins at 45 °C (ST-L-SS was not discussed because of its lower specific enzyme activity). The improvement in thermostability might be ascribed to alteration of intramolecular interactions caused by the interchange of linkers. The results from analysis of intramolecular interactions by DS showed that the number of hydrogen and hydrophobic bonds, which were well known as the major structural factors responsible for protein thermal stability, increased by three in the linker region of SS-L-ST.
Rational design and modification of GshF single variants
Targeted mutagenesis, guided by structure and folding free energy calculation, is also an alternative to engineer enzymes. Compared with random and site-directed saturation mutagenesis, this method is nichetargeting.27 Fold X and Rosetta ddg_monomer, both of which had higher accuracy for prediction of thermal stability sites, were combined to predict stabilizing substitutions (folding free energy change ΔΔG < −1.0 kcal/mol or approaching).28, 29 The amino acids, which were on or near the loop, were intentially selected due to higher flexibility.30 Consequently, 10 single variants were selected by taking folding free energy calculation and structural aspects into consideration on the basis of SS-L-ST. 
[bookmark: OLE_LINK23][bookmark: OLE_LINK24]The selected variants were overexpressed in BL21(DE3), and their residual activity was compared after incubating the corresponding crude enzymes at 45 °C for 1h. Three mutants (T54Y, T54F, G511A) maintained higher activities, and D93P exhibited similar residual activities compared with control (Fig.1B). In addition, the initial activities of D93P and L137K increased 0.29 and 0.4 folds respectively (Fig 1A). T54Y, T54F, D93P, L137K, and G511A were then purified for detailed work. Firstly, the stability of T54Y and T54F were compared. The residual specific enzyme activities of T54Y was higher than that of T54F (86 % VS 75.4 %) after incubation at 45 °C for 2 hours (Fig.S1). As shown in Fig.2, the half-lives of mutated enzymes T54Y, D93P, and G511A were raised to about 6.3, 1.8, and 2.2 times longer than that of SS-L-ST respectively. As described earlier, hydrogen bonds, salt bridges and surface loops are important factors that affect the thermostability of proteins.17 T54 was positioned at flexible loop, the intramolecular force analysis of T54Y showed that a new hydrophobic bond between Tyr54-Pro69 and a new hydrogen bond Phe444-Tyr54 were introduced when the hydrogen bond His52-Thr54 disappeared (FigS2 A). Similarly, D93 and G511 were positioned adjacent to loop, the analysis of the intramolecular interactions in D93P and G511A showed that new hydrophobic bond Pro43-Pro93 replaced the original hydrogen bond Asn95-Asp93, and two hydrophobic bond Ala511-Leu508, Ala511-Leu552 were formed (FigS2 B, C). The change in intramolecular force reduced flexibility of structure and efficiency of the catalyst, and ultimately increased the thermostability of mutants.31 Moreover, L137K revealed a 1.4-fold increase in initial activity while its half-life decreased to 31.4 mins from 99.9 mins of SS-L-ST. The intramolecular force of L137K only displayed a hydrogen bond Lys137-Asn223, when others (hydrogen bond Ile140-Leu137 and hydrophobic bond Tyr221-Leu137) were broken (FigS2 D). At the same time, L137, as a hydrophobic residue, was located at the catalytic pocket of glutamate. The substitution leucine with lysine could strengthen the binding of glutamate by eliminating or weakening the interaction, and increaing the catalytic efficiency.32
Characterization of different combined mutants
[bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK36][bookmark: OLE_LINK29][bookmark: OLE_LINK30]Since the single mutants T54Y, D93P, and G511A showed higher thermostability, and L137K showed higher activity, any random combination amongst them could result in a better mutant. As shown in Table 2, among all these mutants, the half-lives of D93P/L137K and D93P/L137K/G511A were 34.8 % and 27.75 % higher than that of control (362 mins and 291 mins respectively). Although the specific enzyme activities of T54Y/D93P/L137K was just 18.1 % higher than that of SS-L-ST, the half-life of this mutant was improved to 1732.8 mins from 99.9 mins of SS-L-ST at 45 °C, which was about 17.3 times the half-life of SS-L-ST. These results demonstrated that the combined mutations contributed to the improvement of thermostability and activity simultaneously. 
[bookmark: OLE_LINK31][bookmark: OLE_LINK32]After exploring the thermostability and activity of combined mutants, the effects of pH and temperature on engineered GshFs activity were also assessed. The influences of pH on SS-L-ST and other mutants’ activity were similar, with the optimal pH was controlled at 8.0-8.5 (Table 2). Four combined mutants showed improved activity at high temperature, among which T54Y/D93P/L137K displayed the optimal performance. These results proved that mutation at 54 with tyrosine and 137 with lysine played a key role in the improvement of thermal tolerance and activity. Among all the tested variants, T54Y/D93P/L137K (M3) was the most promising candidate for GSH synthesis. 
GSH synthesis by coupled enzymatic cascade in vitro
Considering the better performance of mutant on thermostability and activity, we set up an enzymatic cascade in vitro for GSH production. Polyp(6) acted as an energy storage and substitution for ATP in this study because it had higher stability, lower cost, and numerous important physiological functions.33, 34 PPK2 has attracted much attention because it can realize the effective regeneration of ATP with polyp as substrate. In this study, the polyphosphate kinase (PPKJT), which belonged to PPK2s, was selected and applied to ATP regeneration in GSH synthesis. Compared with other PPKs, PPKJT had higher specific enzyme activity (289 U/mg) (Fig. 3A). The temperature of PPKJT were detected from 25 °C to 55 °C, and the pH from 6.0 to 8.5. The optimum pH and temperature was 7.0 and 45 °C (Fig. 3B and Fig. 3C), respectively. Fortunately, PPKJT could also keep 61 % of the maximal activity at pH 8.0, and the specific enzyme activity of PPKJT could still maintain 90 % after 2 h incubation at 45 °C (Fig.3D). PPKJT showed better specific enzyme activity and thermostability, with an optimum temperature of 45 °C, corresponded with M3. Thus, it was suitable for the ATP regeneration during GSH synthesis.
Two enzymatic cascades were constructed to perform fed-batch production of GSH in vitro. One contained M3 and PPKJT, whereas another included GshFSS and PPKJT as control system. As shown in Fig.S3, there was no obvious difference between these two systems within 1 h (22.6 mM VS 24 mM). Compared with new system, the productivity in control decreased with the development of reactions, the final GSH production in new system reached 51.4 mM, which was about 37.9 % more than that in control. This indicated that M3 was more suitable for GSH production due to the increased stability and catalytic activity. In order to enhance production and productivity of GSH furthermore, the substrates concentrations were improved to 120 mM, and protein concentrations of M3 and PPKJT were improved to 0.4 g/L and 0.1 g/L respectively. Finally, the production of GSH and GSSG reached 99.9 mM and 7.6 mM within 2 h, resulting in a molar yield of 95.9 mol/mol based on the addition of amino acids (Fig.4). The productivity was 49.95 mM/h, which was the highest production and productivity ever reported in GSH synthesis.
Conclusions
In this system, the thermostability and activity of GshF were enhanced by rational design and only a slight amount of ADP was needed for ATP regeneration. The final two-enzyme cascade with M3 and PPKJT could achieve 99.9 mM GSH and 7.6 mM GSSG within 2 h. The total yield was 95.9 mol/mol based on the amino acid added. These results proved that GSH could realize efficient synthesis with GshF evolution and PPK2-based ATP regeneration. In addition, cheap and stable inorganic polyphosphate (PolyP(6)) as a phosphate donor was more suitable for ATP regeneration in GSH synthesis rather than other ATP regeneration systems.35 
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Figure captions:
Fig.1 Screening mutants with enhanced stability and activity by crude enzyme catalysis, SS-L-ST was control , A: comparison of specific enzyme activities; B: comparison of residual activity after Incubation at 45°C for 1h
Fig.2 Comparison of specific enzyme activities (A), t1/2 (B) among different single mutations with SS-L-ST as control
Fig.3 Characterization of PPKJT. A: specific enzyme activity of PPKJT at pH7.0, 45°C ; B effect of pH on the activity of PPKJT; C effect of temperature on the activity of PPKJT; D the changes of specific enzyme activity of PKKJT at 45 °C with different times.
Fig.4 GSH and GSSG synthesis by enzymatic transformation with PPKJT and M3, the pH was controlled at 7.5-8.0 with 4M NaOH.
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Tables:
Table 1 The comparison of different DNA-Shuffling mutations of specific enzyme activity and half-life period.

	
	Specific enzyme activity U/mg
	t 1/2 (min)

	SS
ST
	2.69±0.062
1.21±0.065
	10.61
0

	SS-L-ST
ST-L-SS
	2.86±0.083
0
	99.9
0





Table 2 Comparison of specific enzyme activities, t1/2, temperature and pH among different combined variants with SS-L-ST as control.
	GshF
	Relative activity (%)
	Temperature (℃)
	pH
	t1/2(min)

	SS-L-ST
	100 
	45
	8.0
	99.9

	T54Y/D93P
	65.1
	50
	8.5
	1094.5

	T54Y/L137K
	105.6
	50
	8.5
	1052

	T54Y/G511A
	73.2
	50
	8.5
	734

	D93P/L137K
D93P/G511A
L137K/G511A
T54Y/D93P/L137K(M3)
T54Y/D93P/G511A
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Relative activity (%)
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Relative activity (%)
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Relative activity %
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