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 13 

Abstract 14 

Background β-Glucuronidase can catalyze the hydrolysis of glycyrrhizic acid to produce high-value derivatives 15 

including glycyrrhetic acid monoglucuronide and glycyrrhetic acid, which possess broad application prospects. 16 

Nevertheless, the currently reported enzymes generally exhibit low activity, weak hydrolysis efficiency and poor 17 

thermostability, which greatly restrict their industrial applications. This study aimed to screen recombinant 18 

β-glucuronidase with high activity and high hydrolysis efficiency, and further explore its enzymatic 19 

characteristics, catalytic conversion performance on glycyrrhizic acid, and molecular mechanism. This research 20 

provides a theoretical basis for the efficient biological preparation of glycyrrhizic acid derivatives and the 21 

molecular modification of enzyme. 22 

Results Four recombinant expression strains of E. coli Rosetta (DE3)/pET-28a-GUS were constructed in this 23 

study to realize the heterologous expression and enzymatic property characterization of four β-glucuronidases. 24 

The results showed that the enzyme from E. coli Rosetta (DE3)/pET-28a-DthGUS possessed the highest activity 25 

of 123 U/μL, with optimal reaction conditions at pH 5.0 and 85°C. The enzyme tended to be inactivated under pH 26 

conditions lower than 4.5. K⁺, Zn²⁺, Cu²⁺ and Ca²⁺ were able to enhance enzyme activity, whereas Fe²⁺ and Fe³⁺ 27 

completely inactivated the enzyme. After 8 h of hydrolysis under optimal conditions, the hydrolysis rate of 28 

glycyrrhizic acid catalyzed by this enzyme reached 98.7%. Molecular dynamics simulation analysis revealed that 29 

Tyr153-mediated π-π stacking and amide-π interaction served as the core forces for DthGUS catalysis toward 30 
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pNPG, and Trp351-mediated π-alkyl interaction acted as the key mechanism for its catalytic hydrolysis of 31 

glycyrrhizic acid. The total binding free energies of DthGUS with pNPG and glycyrrhizic acid were −73.410 ± 32 

12.935 kJ/mol and −88.144 ± 20.512 kJ/mol, respectively, which confirmed its favorable binding capacity and 33 

catalytic hydrolysis ability for both substrates. 34 

Conclusion In conclusion, DthGUS presents prominent advantages of high enzymatic activity, excellent 35 

thermostability and efficient glycyrrhizic acid hydrolysis capacity, and can efficiently convert glycyrrhizic acid 36 

into target derivatives. This study clarified the core catalytic amino acid residues and molecular mechanism of 37 

DthGUS, providing theoretical support and modification targets for the biological preparation of glycyrrhizic acid 38 

derivatives and the directed molecular modification of DthGUS. 39 

Keywords: β-glucuronidase; glycyrrhizic acid; molecular dynamics simulation  40 

 41 

Introduction 42 

β-Glucuronidase (β-glucuronidase, GUS, EC 3.2.1.31) is a key glycosyl hydrolase [1]. This enzyme cleaves the 43 

β-glucuronic acid glycosidic bond at the non-reducing end of sugar substrates, hydrolyzes β-glucuronic acid 44 

(GlcA) residues, and releases glucuronic acid and corresponding products [2]. GUS is widely present in bacteria, 45 

animals and higher plants, but is rare in fungi, with enzymatic activity detected in only five fungal species [3]. 46 

β-Glucuronidase serves as a critical catalyst in biotransformation. Xu [4], Kim [5], and Akao [6] identified 47 

β-glucuronidase capable of catalyzing glycyrrhizic acid in fungal and intestinal bacterial systems of 48 

animals.β-glucuronidase from Paenibacillus polymyxa [7] can be employed for bilirubin transformation. 49 

In general, GUS falls into glycoside hydrolase family 2 (GH2). A small proportion of GUS is distributed in 50 

the GH1 and GH79 families [8]. Notably, GH1 and GH79 families belong to the glycoside hydrolase GH-A 51 

superfamily. GUS possesses extensive application values. Domestic and international studies have explored its 52 

use as a reporter gene [9] and a regulator [10] of human diseases, as well as its applications in drug development 53 

guidance, pharmaceutical analysis and detection, glycyrrhizic acid bioconversion, and natural product 54 

modification [11]. In recent years, research has focused particularly on the glycosyl modification function of GUS. 55 

This function enables GUS to remove sugar moieties from natural compounds (e.g., triterpenes, flavonoids, 56 

alkaloids and steroids). On that basis, the solubility, biological activity and bioavailability of substrates can be 57 

regulated. Thus, GUS becomes a major research hotspot in relevant fields. 58 

Glycyrrhizic acid (GL) belongs to triterpenoid saponins [12] and is the main water-soluble component of 59 

licorice. It binds two glucuronic acid moieties at the C3 position. Removal of these two glucuronic acids yields 60 
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glycyrrhetic acid (GA). Glycyrrhetic acid monoglucuronide (GAMG) is the product of glycyrrhizic acid 61 

hydrolysis, in which one terminal glucuronic acid group is cleaved. Glycyrrhizic acid exhibits multiple 62 

pharmacological activities and favorable sweetening properties. It exerts antibacterial, anti-inflammatory [13], 63 

antiviral [14], anti-allergic and anti-ulcer effects [15]. Its sweetness is 50–170 times that of sucrose. Notably, it 64 

acts as a high-quality natural sweetener. However, its application has notable limitations. Excessive intake can 65 

result in mineralocorticoid-like reactions. Consequently, adverse effects (e.g., hypertension, edema, and abnormal 66 

heart function) can be generated. Furthermore, its low bioavailability restricts its applications in various fields. 67 

Hydrolysis modification can generate two high-quality derivatives, which effectively remedy these drawbacks 68 

[16]. GAMG shares a similar molecular structure with GL. Their pharmacological activities show certain 69 

similarities [17]. GAMG has moderate polarity. Its absorption, solubility, pharmacological activity and taste are 70 

all superior to those of glycyrrhizic acid [18]. As an important natural product, GAMG also possesses numerous 71 

prominent physiological activities such as anti-inflammatory, antiviral, and anti-ulcer effects. It has unique 72 

properties compared with glycyrrhizic acid. As a natural functional sweetener, monoglucuronic acid glycyrrhizic 73 

acid has extremely high sweetness. The sweetness of glycyrrhizic acid is 0.2 times that of GAMG, and the 74 

sweetness of sucrose is 1/1000 of that of GAMG. Glycyrrhetic acid (GA) is the complete hydrolysis product of 75 

glycyrrhizic acid and is a lipid-soluble substance. This component has abundant biological activity and extremely 76 

high application value. It exerts potent anti-inflammatory, antioxidant and cytoprotective effects [19], and it can 77 

be applied in skin care, pigmentation fading, and amelioration of various cutaneous inflammatory disorders [20], 78 

but also effectively inhibits fat formation and regulates in vivo metabolic disorders [21]. Meanwhile, glycyrrhetic 79 

acid also presents favorable anti-tumor activity, specifically suppressing the proliferation of pancreatic ductal 80 

adenocarcinoma cells [22, 23], and holds extremely high research value and broad application prospects in both 81 

skin care and biomedical research. 82 

 83 

Fig. 1 Chemical structures of glycyrrhizic acid (GL), glycyrrhetinic acid monoglucuronide (GAMG), and 84 

glycyrrhetinic acid (GA) 85 
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 86 

In biotransformation, enzymes serve as core biological catalysts. They have advantages (e.g., greenness, high 87 

efficiency, and strong specificity) over traditional chemical catalysis. However, natural enzymes exhibit limited 88 

catalytic performance and narrow temperature and pH tolerance ranges. As a result, they are difficult to meet 89 

industrial production requirements. Accordingly, enzyme molecular engineering has been used as a key strategy 90 

for improving enzymatic activity and promoting the industrialization of biocatalysis [24]. Bioinformatics and 91 

enzyme engineering support one another. To be specific, based on computational biology, enzyme structure and 92 

function can be analyzed, and active sites and catalytic properties can be predicted. Thus, theoretical foundations 93 

can be laid for rational enzyme modification, and development cycles can be shortened [25]. Moreover, 94 

experimental data from enzymatic catalysis can be used to refine predictive models continuously. On that basis, 95 

the accuracy of intelligent enzyme design and engineering can be enhanced [26]. 96 

In this study, four β-glucuronidase target genes were obtained from the genomes of thermophilic archaea. 97 

They were heterologously expressed in E. coli Rosetta (DE3). Enzymatic and bioinformatics analyses were 98 

conducted on the purified β-glucuronidase. For the production of monoglucuronide glycyrrhizin and glycyrrhizin, 99 

the enzyme was used to hydrolyze glycyrrhizic acid. This study aims to explore an efficient and environmentally 100 

friendly approach for preparing the above-mentioned compounds. 101 

 102 

Materials and Methods 103 

Strains and Plasmids 104 

Four codon-optimized β-glucuronidase GUS genes (DthGUS, ACI18585.1; DbGUS, HOJ92112.1; DspGUS, 105 

MFN3698646.1; DtuGUS, PNV80980.1) were synthesized by Shanghai Sangon Biotech Co., Ltd. The expression 106 

plasmid vector adopted was pET-28a(+), and the four distinct recombinant pET-28a(+) plasmids were 107 

transformed into competent E. coli Rosetta(DE3) cells. The media used in this experiment are listed below: 108 

LB solid medium (g/L): Yeast extract 5, Sodium chloride 10, Peptone 10, Agar 20. 109 

LB liquid medium (g/L): Yeast extract 5, Sodium chloride 10, Peptone 10. 110 

Main Reagents and Instruments 111 

Kanamycin, chloramphenicol, sodium carbonate, imidazole, Tris, SDS, DTT, and pNPG were obtained from 112 

Shanghai Sangon Biotech Co., Ltd.; p-nitrophenyl and IPTG were purchased from Aladdin; tryptone, methanol, 113 

sodium chloride, and agar were supplied by Sinopharm Chemical Reagent Co., Ltd.; yeast extract was provided 114 
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by OXOID; the UV-Vis spectrophotometer was sourced from Yipu Instrument Manufacturing Co., Ltd.; and the 115 

high-performance liquid chromatograph was obtained from Huapu Keli Technology Co., Ltd. 116 

Multiple sequence alignment analysis of amino acid sequences of four recombinant β-glucuronidases  117 

The homology among the amino acid sequences of four β-glucuronidases, i.e., DthGUS, DtuGUS, DspGUS, and 118 

DbGUS, was analyzed through Multiple Sequence Alignment (MSA). Global alignment was conducted using 119 

sequence alignment software. The comparison results were colored according to conservation. To be specific, red 120 

areas represent highly conserved amino acid sites. Pink areas represent partially conserved sites. White areas are 121 

different sites. Sequence alignment visualization was performed. The amino acid lengths, conserved domains, and 122 

amino acid mutation sites of the respective sequence were compared for analyzing sequence differences between 123 

DthGUS and other homologous GUS enzymes and identifying key amino acid residues [27]. 124 

Expression and Purification of Four Recombinant β-Glucuronidase Proteins  125 

Four different GUS gene coding sequences were used as target fragments to construct four recombinant 126 

expression vectors based on the pET28a(+) system. The target fragments with specific primers were amplified, 127 

and corresponding restriction enzyme sites were introduced. Next, the fragments were digested with two 128 

restriction enzymes along with linearized pET28a(+) vector. Following this step, gel purification was carried out. 129 

Using T4 DNA ligase, we ligated the purified fragments to the vector. The ligation products were transformed into 130 

competent DH5α cells. On LB plates containing kanamycin and chloramphenicol, colonies were selected. For 131 

colony PCR screening, single colonies were selected. Plasmid DNA from positive clones was extracted. For 132 

electrophoretic verification, the extracted clones were subjected to double digestion with restriction enzymes. 133 

Recombinant plasmids were validated through restriction analysis. They were subjected to sequencing to confirm 134 

that all four inserted GUS sequences were mutation-free and maintained intact reading frames. Subsequently, the 135 

four correctly sequenced recombinant plasmids were transformed into E. coli Rosetta(DE3) competent cells and 136 

plated on LB agar containing kanamycin and chloramphenicol. Four engineered expression strains, i.e., 137 

Rosetta(DE3)/pET28a-DthGUS, Rosetta(DE3)/pET28a-DbGUS, Rosetta(DE3)/pET28a-DspGUS, and 138 

Rosetta(DE3)/pET28a-DtuGUS, were obtained. The recombinant strains were activated on kanamycin- and 139 

chloramphenicol-supplemented LB plates and incubated overnight at 37°C. After colony formation, single 140 

colonies were picked and inoculated into 5 mL of liquid LB medium containing the two antibiotics for overnight 141 

cultivation. The cultures were then transferred at a 1% inoculum to 500 mL of liquid LB medium containing 142 

kanamycin and chloramphenicol and grown at 37°C and 220 rpm until the optical density reached 0.6–0.8. IPTG 143 
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was added to the cultures at a final concentration of 0.5 mM, and protein expression was induced at 16°C and 220 144 

rpm for 16–18 h. Upon induction completion, the cultures were centrifuged at 8,000 rpm for 10 min; the 145 

supernatants were discarded, and the cell pellets were harvested and stored at -80°C for subsequent experiments. 146 

The four cell precipitates were resuspended in lysis buffer [20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 5 mM 147 

imidazole] at a ratio of 1 g: 10 mL. The mixtures were thoroughly vortexed until no visible clumps remained. Next, 148 

disruption was carried out using an ultrasonic homogenizer. The lysates were centrifuged at 8,000 rpm for 10 min 149 

at 4°C. The supernatants were collected as crude enzyme solutions. The four recombinant β-glucuronidases were 150 

purified through Ni-NTA affinity chromatography. The nickel column was equilibrated with five column volumes 151 

of equilibration buffer [20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 5 mM imidazole]. The crude enzyme solution 152 

was filtered through a 0.22 μm membrane. The filtered crude enzyme was loaded onto the purification column. 153 

After sample loading, the column was washed with five column volumes of wash buffer [20 mM Tris-HCl (pH 154 

8.0), 500 mM NaCl, 100 mM imidazole] to remove non-specifically bound impurities. Target proteins were eluted 155 

sequentially using five column volumes of elution buffers with gradient imidazole concentrations [20 mM 156 

Tris-HCl (pH 8.0), 500 mM NaCl, 150 mM imidazole; 200 mM imidazole; 500 mM imidazole], with each elution 157 

fraction collected separately. All collected fractions were transferred into dialysis bags and dialyzed against 158 

dialysis buffer 1 [20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 1 mM DTT] with continuous stirring overnight using 159 

a magnetic stirrer. The next day, the buffer was replaced with dialysis buffer 2 [20 mM Tris-HCl (pH 8.0), 150 160 

mM NaCl, 1 mM DTT], and dialysis was continued for another 6–8 h to obtain purified enzymes [28]. SDS-PAGE 161 

analysis was performed to identify the optimal imidazole concentration for target protein elution. All the 162 

aforementioned buffers consist of Tris-HCl, NaCl and imidazole, with differences only in solute concentrations. 163 

Tris stabilizes pH, NaCl reduces electrostatic non-specific binding, and imidazole competes for nickel binding 164 

sites. On that basis, immobilization, impurity removal and gradient elution can be achieved. 165 

Fermentation Optimization and Enzymatic Properties of Four Recombinant β-Glucuronidases 166 

Optimization of Fermentation Process Parameters  167 

In this study, the fermentation and induction parameters in E. coli were optimized to enhance the solubility and 168 

enzymatic activity of recombinant GUS protein. First, the effect exerted by IPTG induction concentration on 169 

bacterial growth and GUS expression was investigated. IPTG induced the expression of the target gene in the host 170 

strain. The IPTG concentration was optimized and combined with low temperature and appropriate induction 171 

duration. On that basis, the proper folding of the recombinant protein was promoted, incorrect aggregation was 172 
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reduced, and the proportion of soluble active protein was elevated. Accordingly, optimal conditions for GUS 173 

enzyme activity expression were achieved. 174 

In this experiment, ten IPTG concentration gradients were established, i.e., 0.1 mM, 0.2 mM, 0.3 mM, 0.4 175 

mM, 0.5 mM, 0.6 mM, 0.7 mM, 0.8 mM, 0.9 mM, and 1.0 mM, to investigate their effects on bacterial growth and 176 

GUS enzyme production. Bacterial cultures were grown at 37 °C with shaking at 220 rpm until the OD600 reached 177 

0.6–0.8. Subsequently, different concentrations of IPTG were added. Induction was carried out at 16°C and 220 178 

rpm for 16–18 h. Three biological replicates were covered in the respective group. 179 

Induction temperature serves as a critical factor affecting the soluble expression of foreign proteins in 180 

Escherichia coli. High temperatures accelerate protein synthesis but may result in insufficient folding of newly 181 

synthesized proteins. Consequently, aggregation into inclusion bodies can be triggered, and the yield of soluble, 182 

active protein can be reduced. Moderately lowering the induction temperature slows down protein synthesis, 183 

which can provide sufficient time for proper protein folding, reduce inclusion body formation, and upregulate the 184 

soluble expression level of GUS. Based on the optimal IPTG concentration, the effects of induction temperature 185 

on bacterial growth and GUS expression were investigated using five temperature gradients, i.e., 16 °C, 20 °C, 186 

25 °C, 30 °C, and 37 °C. Bacterial cultures were initially grown at 37°C and 220 rpm until reaching an OD600 of 187 

0.6–0.8. IPTG was then added, and the cultures were transferred to respective pre-set induction temperatures for 188 

constant-temperature induction at 220 rpm for 16–18 h. 189 

Optimal Conditions and Stability Determination 190 

β-glucuronidase is capable of hydrolyzing the substrate 4-nitrophenyl-β-D-glucuronide (pNPG) for the 191 

production of p-nitrophenol. We determined the enzymatic activity of β-glucuronidase by hydrolyzing substrate 192 

pNPG using a standard curve of varying concentrations of p-nitrophenol dissolved in 50 mM acetic acid-acetate 193 

sodium buffer. p-nitrophenol was quantitatively detected at 405 nm with a spectrophotometer. The enzyme 194 

activity was calculated [29]. 195 

With the same cell concentration and pNPG as substrate, the optimal reaction pH of GUS was determined at 196 

85 °C. 10 μL of the enzyme solution was accurately transferred and added to 40 μL of buffer containing 1.25 mM 197 

pNPG at different pH values (pH 4.0, 4.5, 5.0, 5.5, 6.0; 50 mM acetic acid-acetic acid sodium buffer and pH 6.5, 198 

7.0, 7.5, 8.0; 50 mM Tris-HCl buffer) at 85 °C. After 10 min of reaction, 200 μL of 0.4 M Na2CO3 solution was 199 

added to stop the reaction. For pH stability measurement, the above method was used. A certain volume of 200 

enzyme solution was accurately taken and added to different pH buffers for even mixing. The sample was 201 

incubated at 4 °C for 30 min. The residual activity of the enzyme solution was tested. 202 
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A temperature gradient was set as 30 °C, 35 °C, 40 °C, 45 °C, 50 °C, 55 °C, 60 °C, 65 °C, 70 °C, 75 °C, 80 °C, 203 

85 °C, and 90 °C for determining the optimal reaction temperature of GUS. Ten microliters of enzyme solution 204 

were added to 40 μL of optimal pH buffer and incubated at the respective temperature for 10 min. We mixed a 205 

certain amount of enzyme solution thoroughly with optimal pH buffer for assessing thermal stability. The mixture 206 

was incubated at different temperatures for 30 min. After the incubation, the mixture was cooled on ice. Next, the 207 

residual enzyme activity was measured.  208 

Prepare ionic solutions of required concentrations, mix enzyme solution with each ionic solution evenly so 209 

that the final concentration of each ion reaches 2 mM. Incubate at 4 °C for 30 min. Detect residual enzyme activity 210 

under optimal pH and temperature. All experiments used inactivated enzyme solution as the control group (CK), 211 

and three parallel tests were set up [30]. 212 

To screen the enzyme with the best catalytic activity, we compared and evaluated the enzymatic activities of 213 

four recombinant β-glucuronidases, examined the catalytic performance of different enzymes, and selected the 214 

β-glucuronidase with the highest enzymatic activity. 215 

 Conversion of glycyrrhizic acid into glycyrrhetinic acid monoglucuronide and glycyrrhetinic acid by four 216 

recombinant β-glucuronidases  217 

Dissolve glycyrrhizic acid in pH 5.0, 50 mM acetic acid - sodium acetate buffer, and prepare the substrate solution 218 

(with a glycyrrhizic acid concentration of 10 mg/mL). According to the volume ratio of enzyme solution to 219 

substrate liquid of 1:4, add the four recombinant β-glucuronidase solutions respectively to the glycyrrhizic acid 220 

substrate solution, and carry out the biotransformation reaction under an oscillating condition at 85 ℃. Take 221 

samples at 8 hours, add methanol to terminate the enzymatic reaction. The samples are centrifuged (12,000 × g, 10 222 

min), and the supernatant is passed through a 0.22 μm organic filter membrane. Use HPLC to simultaneously 223 

detect GL, GAMG and GA, and calculate the glycyrrhizic acid hydrolysis conversion rate based on the HPLC 224 

quantitative data. A C₁₈ reversed-phase chromatography column (250 mm × 4.6 mm, 5 μm) was applied, with 225 

detection wavelength of 254 nm, flow rate of 1.0 mL/min, column temperature of 30 °C, and injection volume of 226 

10 μL; methanol served as mobile phase B and 0.5% aqueous acetic acid as mobile phase A for gradient elution: 227 

0–15 min, keep 75% phase B; 15–16 min, 75%–85% phase B; 16–31 min, keep 85% phase B; 31–32 min, 85%–228 

95% phase B; 32–40 min, keep 95% phase B. 229 

Enzyme Kinetic Parameter Determination 230 

Based on the above results, the recombinant β-glucuronidase with the highest enzyme activity and hydrolysis rate 231 

was selected. Prepare pNPG solutions at concentrations of 1 mM, 2 mM, 3 mM, 4 mM, 5 mM, and 6 mM using 50 232 
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mM acetate-sodium acetate buffer (pH 5.0) as the substrate. Add 10 μL of enzyme solution to 40 μL of buffer, 233 

incubate for 10 min at the optimal reaction temperature, then measure the concentration of p-nitrophenol. The 234 

Lineweaver-Burk plot method was used to calculate the enzyme kinetic parameters.  235 

Catalytic Mechanism of Recombinant β-Glucuronidase in Hydrolyzing pNPG and Glycyrrhizic Acid  236 

Based on the above results, the recombinant β-glucuronidase with the highest enzyme activity and hydrolysis rate 237 

was selected. Since no resolved protein crystal structure of GUS is available in the PDB database, we adopted the 238 

GUS structure predicted by AlphaFold2 software [31]. The GUS amino acid sequence was processed using 239 

python3 to execute the run_docker.py script, and the three-dimensional structure model of GUS built by 240 

AlphaFold2 was obtained. pNPG and glycyrrhizic acid were separately docked with the GUS protein system via 241 

the online SWISSDOCK docking platform (https://www.swissdock.ch/). The best binding conformation was 242 

chosen for molecular dynamics simulation to reach a stable equilibrium state. The binding stability, kinetic 243 

characteristics, and thermodynamic properties derived from simulation trajectories were analyzed to clarify the 244 

intrinsic mechanism underlying its catalysis toward pNPG and glycyrrhizic acid. 245 

 246 

Results 247 

Multiple sequence alignment analysis of amino acid sequences of four recombinant β-glucuronidases  248 

 249 

Fig. 2 Comparison of amino acid sequence conservation and differential sites of four β-glucuronidase enzymes 250 

 251 

The multiple sequence alignment results are presented in the figure. The overall amino acid sequence 252 

homology among the four β-glucuronidases is relatively high, and numerous amino acid positions are highly 253 

conserved (red regions are distributed across the whole peptide chain), suggesting that the core domain and 254 

catalytic-related sites of this enzyme family are highly conserved. Meanwhile, multiple amino acid residue 255 
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variation sites exist between these sequences. Such differences may constitute the molecular basis for variations in 256 

enzymatic properties including catalytic activity and substrate selectivity (hydrolysis of glycyrrhizic acid to 257 

produce GAMG and GA) among different β-glucuronidases. Amino acid conservation slightly decreases in the 258 

terminal regions of the sequences, and minor differences are observed in sequence length. The full length of 259 

DthGUS is 578 aa, DbGUS is 576 aa, DspGUS is 569 aa, and DtuGUS is 577 aa. 260 

Construction and Expression of Recombinant Plasmid  261 

SDS-PAGE results indicated that all four recombinant proteins were successfully expressed in E. coli Rosetta 262 

(DE3), and the target proteins were detected in both the soluble supernatant and pellet fractions. However, target 263 

protein of DspGUS could not be recovered under this purification condition, whereas the other three recombinant 264 

proteins could be eluted using 150 mM imidazole to obtain target products. By comparison with protein molecular 265 

weight markers, the molecular weights of these three recombinant β-glucuronidases were approximately 60 kDa. 266 

 267 

Fig. 3 SDS-PAGE analysis of four recombinant β-glucuronidase variants. (a) DthGUS; (b) DspGUS; (c) DbGUS; 268 

(d) DtuGUS. In each figure, M represents the protein Marker, and Channels 1–9 have the same treatment 269 

conditions. M: protein Marker; Channel 1: total protein after lysis; Channel 2: supernatant after lysis; Channel 3: 270 

precipitate after lysis; Channel 4: flow through fluid; Channel 5: 50 mM imidazole elution; Channel 6: 100 mM 271 

imidazole elution; Channel 7: 150 mM imidazole elution; Channel 8: 200 mM imidazole elution; Channel 9: 500 272 

mM imidazole elution; Arrow: target protein 273 

 274 
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Fermentation Optimization and Enzymatic Properties of Four Recombinant β-Glucuronidases 275 

Optimization of Fermentation Process Parameters 276 

Fig. 4(a) shows that different IPTG concentrations exert a notable effect on the soluble expression of 277 

β-glucuronidase. When the inducer concentration ranges from 0.1 mM to 1.0 mM, the enzyme activity shows an 278 

upward trend as the induction concentration increases. When the IPTG concentration reaches 0.5 mM, the enzyme 279 

activity reaches the highest. However, if the inducer concentration increases further, the enzyme activity value 280 

displays a downward trend. The experimental result shown in Fig. 4(b) reveals that among the five tested 281 

temperature gradients, enzyme activity peaks at 16 °C and reaches the lowest value at 37 °C. Enzyme activity of 282 

β-glucuronidase gradually decreases as temperature rises; thus, 16 °C was selected as the induction temperature. 283 

 284 

Fig. 4 Parameter optimization of the fermentation process for four recombinant β-glucuronidases. (a) effect of 285 

inducer concentration on enzyme activity; (b) effect of induction temperature on enzyme activity 286 

 287 

Optimal Conditions and Stability Determination  288 

Temperature serves as a vital factor affectingβ-glucuronidase’s activity and structural stability. As depicted in Fig. 289 

5(a), the optimal reaction temperature for DthGUS is 85 °C. At this temperature, the enzyme activity reaches its 290 

peak. As indicated by the thermal stability results (Fig. 5(b)), this enzyme exhibits high thermal stability in the 291 

range of 30–95 °C. It can maintain high catalytic activity over extended periods. However, when the temperature 292 

rises to 100 °C, enzyme activity significantly declines, nearly losing all catalytic function. DbGUS, DspGUS, as 293 

well as DtuGUS have an optimal reaction temperature of 75 °C. At this optimal temperature, their activities can 294 

reach maximum levels. As indicated by thermal stability tests, the above-mentioned three enzymes remain stable 295 

between 30–75 °C, sustaining high enzymatic activity for prolonged durations. When temperatures increase to the 296 

range of 80–100 °C, their activities decrease significantly until complete inactivation occurs. 297 
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Significant differences can be found in the optimal pH and pH stability of GUS enzymes from different 298 

sources. Enzymes exhibit their optimal catalytic performance at their optimal pH values. However, fluctuations in 299 

environmental pH can alter the enzyme protein’s spatial conformation. Thus, the activity, structural stability, and 300 

catalytic function of the protein can be significantly affected. As depicted in Fig. 5(c), DthGUS achieves an 301 

optimal pH of 5.0, and its maximum enzyme activity reaches 98.4 U/μL. Enzyme activity tends to increase with 302 

rising pH in the range of 4.0–5.0 and displays an overall declining trend between pH 5.5 and 8.0. As presented in 303 

Fig. 5(d), this enzyme maintains stable activity over a long period within the pH range of 4.0–8.0. DbGUS, 304 

DspGUS, and DtuGUS all have an optimal pH of 5.5, with peak activities of 27.6 U/μL, 4.1 U/μL, and 31 U/μL, 305 

respectively. The activity profiles of these three enzymes are similar: activity increases progressively in the pH 306 

range of 4.0–5.0 and then steadily declines from pH 5.5 to 8.0. To be specific, DbGUS exhibits relatively low 307 

activity under strongly acidic conditions but retains high activity for extended periods in the pH range of 5.0–8.0. 308 

DtuGUS demonstrates good pH stability across the pH range of 4.0–8.0, maintaining relatively consistent enzyme 309 

activity. 310 

The catalytic activity of enzymes can be influenced by metal ions, which may either inhibit or enhance 311 

activity. Taking DthGUS as an example, according to the results shown in Fig. 5(e), compared with the control 312 

group, Fe2+ and Fe3+ significantly inhibit ACI185,while Mn2+ and Mg2+ have no significant effect on enzyme 313 

activity. Zn2+, Ga2+, Cu2+,Na+, and K+ promote ACI185. For the other three GUS enzymes, metal ions exerted no 314 

notable activating effect and even inhibited enzyme activity. 315 
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 316 

Fig. 5 Enzymatic properties of four recombinant β-glucuronidase variants. (a) optimal reaction temperature of 317 

GUS; (b) temperature stability of GUS; (c) optimal reaction pH of GUS; (d) pH stability of GUS; (e) effects of 318 

metal ions on GUS activity; (f) comparison chart of enzymatic activity of four recombinant β-Glucuronidase 319 

enzymes 320 

 321 

Based on the aforementioned results, the enzymatic activities of the four recombinant enzymes were 322 

determined under the optimal temperature and pH conditions. The enzymatic activities of the four recombinant 323 

enzymes were significantly different (Fig. 5(f)). To be specific, DthGUS exhibited the highest enzymatic activity, 324 

approximately 123 U/μL. DbGUS and DtuGUS were second, approximately 26 U/μL and 16 U/μL respectively. 325 

DspGUS showed almost no enzymatic activity. This result also corroborates the protein purification results. In 326 

conclusion, DthGUS exhibited the optimal catalytic activity and can be considered a more ideal candidate enzyme 327 

for subsequent catalytic application research. 328 
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Four recombinant β-glucuronidases for the conversion of glycyrrhizic acid into monoglucuronide glycyrrhizin 329 

and glycyrrhizin  330 

 331 

Fig. 6 Analysis of the hydrolysis of glycyrrhizic acid catalyzed by four recombinant β-glucuronidase enzymes. (a) 332 

HPLC chromatogram of mixed reference standards; (b) HPLC diagram of the reaction at 0 h using DthGUS as an 333 

example; (c) HPLC diagram of the reaction at 8 h using DthGUS as an example; (d) hydrolysis rate, yield of 334 

GAMG, and yield of GA catalyzed by the four recombinant β-glucuronidase enzymes 335 

 336 

As shown in Fig. 6, DthGUS exhibits the maximal catalytic rate for the hydrolysis of glycyrrhizic acid 337 

(98.7%). Compared with the traditional hydrolysis process, the glycyrrhizic acid hydrolysis rate of the traditional 338 

chemical acidolysis method reaches merely about 80.24%. Besides, it requires high temperature, strong acid, as 339 
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well as a long reaction time, which is prone to excessive hydrolysis and difficult to achieve targeted enrichment of 340 

GAMG. Although a part of microbial fermentation methods have been found to achieve a relatively high GAMG 341 

conversion level, they generally have disadvantages such as long fermentation cycle, complex process, and 342 

difficult control of by-products. In this study, DthGUS can achieve a high substrate hydrolysis rate of 98.7% under 343 

mild reaction conditions, which is significantly superior to the traditional acidolysis process. The yield of the 344 

target product GAMG can reach 39.5%, and the yield of glycyrrhetic acid is 58%. GAMG can efficiently convert 345 

the substrate and obtain two types of hydrolysis products step by step, avoiding the drawback of harsh reaction 346 

conditions of the chemical method. It shows good application potential in the rapid and mild preparation of 347 

GAMG and glycyrrhetic acid. 348 

As revealed by the above enzymatic property characterization and the results of glycyrrhizic acid hydrolysis 349 

effect, the DthGUS protein expressed by the E. coli Rosetta (DE3)/pET-28a-DthGUS recombinant strain has 350 

excellent catalytic properties. Under experimental conditions, it can achieve high conversion efficiency for 351 

glycyrrhizic acid substrate hydrolysis. Compared with the other recombinant β-glucuronidases, this enzyme has 352 

obvious advantages in catalytic activity and stability, and has the best overall catalytic performance. Therefore, in 353 

this study, DthGUS was selected as the research object, and subsequent bioinformatics analysis was carried out. 354 

Based on molecular docking and molecular dynamics simulation methods, we further explained the molecular 355 

mechanism underlying its efficient catalysis of glycyrrhizic acid hydrolysis. 356 

Enzyme Kinetics Assay 357 

The DthGUS kinetic parameters were calculated using the double reciprocal plot method, and the results are as 358 

follows:  359 

 360 

Fig. 7 Enzyme kinetics of DthGUS 361 
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 362 

Table 1 Enzyme kinetic parameters of DthGUS 363 

Concentration/mM OD405 Enzyme Activity(U/μL) 1/[S] 1/V 

0.4 0.643 82.25 2.5 0.0121 

0.6 0.871 110.75 1.667 0.0090 

0.8 0.994 126.125 1.25 0.0079 

1 1.079 136.75 1 0.007 

1.2 1.194 151.125 0.833 0.0066 

1.4 1.318 166.625 0.714 0.0060 

 364 

As shown in Fig. 7, the kinetic parameters of E. coli Rosetta(DE3)/pET-28a-DthGUS are:Vmax = 263 U/μL, 365 

Km = 0.87 mM.  366 

 367 

Catalytic Mechanism of Recombinant β-Glucuronidase in Hydrolyzing pNPG and Glycyrrhizic Acid 368 

Recombinant β-glucuronidase hydrolyzes pNPG  369 

In this study, the static binding mode of DthGUS with the substrate pNPG through molecular docking was 370 

analyzed (Fig. 8a, 8b). As indicated by the results, pNPG could precisely fit into the active cavity of DthGUS. The 371 

above binding pocket was composed of key residues (e.g., Tyr152, Tyr153, Phe154, Asp155, His321, Trp351, 372 

Asn395, Glu396, and Arg543). This result demonstrates that DthGUS has a tight and high-affinity binding with 373 

pNPG and possesses a good substrate binding foundation. 374 
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 375 

Fig. 8 Binding mode of DthGUS with pNPG and molecular dynamics simulation results of the DthGUS-pNPG 376 

complex. (a) the docking binding mode of DthGUS and pNPG; (b) the structure of pNPG; (c) the RMSD (root 377 

mean square deviation) change curves of the DthGUS monomer, the pNPG ligand, and the DthGUS-pNPG 378 

complex during the 500 ns molecular dynamics simulation process; (d-f) the contribution of each amino acid 379 

residue to the binding free energy of the DthGUS-pNPG complex in the simulation time periods of 170–220 ns, 380 

300–320 ns, and 350–500 ns. The red dotted lines mark the key residues with significant contributions 381 

 382 

However, molecular docking can merely present static binding characteristics and cannot indicate the 383 

dynamic conformational stability and kinetic change patterns of the complex in the solution system. Therefore, the 384 

optimal conformation of the molecular docking complex was screened in this study. Moreover, to systematically 385 

explore the dynamic binding characteristics and conformational evolution features of the DthGUS-pNPG 386 

complex, a 500 ns molecular dynamics (MD) simulation was performed based on the RSFF2C force field. 387 

As depicted in Fig. 8(c), the DthGUS-pNPG complex and DthGUS show a slight increase at the initial stage 388 

and then maintain a stable trend. From 0 to 30 ns, it is a slight increase. From 30 to 220 ns, it remains stable, 389 
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stabilizing at 2.4 Å and 2.1 Å, respectively. During the period of 220-240 ns, it slightly decreases. From 240 to 500 390 

ns, it remains in a stable state, respectively stabilizing at 2.2 Å and 1.9 Å. This indicates that the complex is in a 391 

balanced state after 30 ns. The ligand pNPG in the complex system underwent multiple fluctuations, stabilizing at 392 

approximately 0.7 Å from 323 to 500 ns. This result indicates that after 323 ns, the complex system is in a highly 393 

stable conformational state, which can be used as the conformational basis for subsequent analysis of binding free 394 

energy calculation and thermodynamic feature analysis. 395 

The stable equilibrium process of the DthGUS and pNPG complex can be analyzed to acquire information 396 

(e.g., the thermodynamic properties of the enzyme catalytic mechanism). The MM/PBSA method was employed 397 

for calculating the binding free energy (∆Gbind) value of the GUS-pNPG complex system based on the equilibrium 398 

trajectory of the MD simulation in the time period of 170-500 ns. Table 2 lists the energy contribution values of 399 

the four components, i.e., van der Waals energy (∆Gvdw), coulombic electrostatic interaction energy (∆Gele), and 400 

polar and non-polar solvation free energy (∆GPB and ∆GSA). As indicated by the table, the ∆Gbind value of the 401 

DthGUS-pNPG complex system at 300-500 ns is -73.410 ± 12.935 kJ/mol, which has the most stable range. The 402 

calculated ∆Gvdw value and ∆Gele value are as high as -124.006 ± 13.26 kJ/mol and -160.789 ± 13.529 kJ/mol 403 

respectively, while the ∆GSA free energy value is quite low, with a value of -13.976 ± 0.557 kJ/mol. The calculated 404 

∆GPB free energy value of the complex is 225.361 ± 13.752 kJ/mol. The above-mentioned findings reveal that van 405 

der Waals interaction, Coulombic electrostatic interaction, and non-polar solvation interaction are of great 406 

significance in the GUS catalyzing the pNPG molecule process, while the strong polar solvation interaction 407 

energy exerts an adverse effect on the catalytic process of the DthGUS-pNPG complex. As indicated by these 408 

results, there is a strong and stable binding interaction force between DthGUS and pNPG molecules, promoting 409 

the recognition and binding of GUS and pNPG molecules and their hydrolytic catalytic action. 410 

In order to further explore which residues in the DthGUS molecule recognition and catalysis process play a 411 

significant role in catalyzing the pNPG molecule, we conducted a residue-specific free energy decomposition 412 

calculation on the binding free energy of the aforementioned complex. The results are shown in Fig. 8(d-f). 413 

Table 2 Simulated binding free energy of the DthGUS-pNPG complex (unit: kJ/mol) 414 

System 

Time 

scope 

(ns) 

∆Gvdw ∆Gele  ∆GPB ∆GSA ∆Gbind 

DthGUS-pN

PG 

170-22

0 

-172.913 ± 

11.697 

-112.534 ± 

16.259 

242.404 ± 

15.340 

-17.078 ± 

0.760 

-60.121 ± 

9.730 
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 415 

 416 

Fig. 9 Analysis of Key Interactions in Molecular Dynamics Simulation of the DthGUS-pNPG System. (a) key 417 

interactions representing the conformational active site of the DthGUS-pNPG system at equilibrium; (b) 418 

interaction pattern diagram of the conformation represented by the MD simulation of the DthGUS-pNPG system 419 

under the RSFF2C force field. The key residues of DthGUS and the structure of the pNPG molecule are all 420 

represented by stick models; (c) distance visualization graph of the interaction between the key residues and the 421 

pNPG molecule (unit: Å); (d) distance variation of the hydrogen bond formed between the key residue Asp155 422 

and the pNPG molecule over time; (e) distance variation of the π-π stacking interaction formed between the key 423 

residue Tyr153 and the pNPG molecule over time; (f) distance variation of the amide stacking interaction formed 424 

between the key residue Tyr153 and the pNPG molecule over time 425 

 426 

The residue energy decomposition analysis further screened out the core functional residues of the catalytic 427 

process (Table 3). In the stable 350-500 ns system interval, the energy contributions of Asp155, Tyr153, and 428 

Phe154 were reported as the most significant. To be specific, Asp155 contributed the most. The binding free 429 

energy of Tyr153 and Phe154 was -6.498 kJ/mol and -5.743 kJ/mol respectively, which were the key residues 430 

maintaining the stable conformation of the complex and ensuring the catalytic activity of DthGUS. The 431 

interaction analysis of the active site (Fig. 9) showed that pNPG was stably localized in the active cavity formed 432 

300-32

0 

-145.974 ± 

10.813 

-143.984 ± 

32.907 

240.187 ± 

25.073 

-15.074 ± 

0.673 

-64.845 ± 

10.511 

350-50

0 

-124.006 ± 

13.626 

-160.789 ± 

13.529 

225.361 ± 

13.752 

-13.976 ± 

0.557 

-73.410 ± 

12.935 
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by both polar and non-polar residues. The key residues are capable of forming multiple specific intermolecular 433 

interactions: Tyr153 has dual functions; its aromatic ring forms π-π stacking with pNPG, and the amide group can 434 

form amide-π interaction with the substrate; Asp155 forms a stable hydrogen bond with pNPG through the amide 435 

hydrogen of the peptide bond. Multiple weak interactions cooperate to maintain the complex structure and enable 436 

DthGUS to precisely recognize pNPG and efficiently catalyze hydrolysis. 437 

Table 3 Hot spot residue energy decomposition of DthGUS-pNPG(unit: kJ/mol) 438 

 439 

Recombinant β-glucuronidase hydrolyzes glycyrrhizic acid  440 

Molecular docking was employed to clarify the static binding mode of DthGUS and glycyrrhizic acid in the 441 

preliminary stage of this study. It was confirmed that glycyrrhizic acid could precisely fit into the active cavity of 442 

DthGUS. This binding pocket is composed of multiple key amino acid residues (e.g., Arg543, Tyr449, His321, 443 

Asp155, and Trp351), which can lay a structural basis for the specific binding of the enzyme and the substrate. 444 

 

System 
Time 

scope (ns) 
Residues ∆GMM ∆GPB ∆GSA ∆Gbind 

DthGUS-pNPG 

170-220 
Tyr153 -12.186 8.888 -1.169 -4.480 

Phe154 -11.388 4.011 -0.396 -7.774 

300-320 

Tyr153 -12.156 8.500 -0.683 -4.344 

Phe154 -13.556 8.769 -0.510 -5.284 

Asp155 -8.007 -0.232 -0.774 -9.020 

His321 -8.394 4.359 -0.553 -4.577 

Glu342 -7.308 2.226 0 -5.095 

350-500 

Tyr153 -13.424 7.645 -0.721 -6.498 

Phe154 -15.002 9.865 -0.611 -5.743 

Asp155 -7.653 -7.382 -0.807 -15.835 

His321 -7.527 3.535 -0.501 -4.494 

Glu342 -7.715 2.169 0 -5.546 
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 445 

Fig. 10 DthGUS-glycyrrhizic acid binding and MD simulation (a) binding mode of DthGUS and glycyrrhizic acid; 446 

(b) structure of glycyrrhizic acid; (c) RMSD (root mean square deviation) curves of the DthGUS monomer, 447 

glycyrrhizic acid ligand, and DthGUS-glycyrrhizic acid complex during the 500 ns molecular dynamics 448 

simulation process; (d-e) contribution of each amino acid residue to the binding free energy of the DthGUS-pNPG 449 

complex in the simulation time periods of 200–270 ns and 350–500 ns, respectively. Red dotted lines mark the key 450 

residues with significant contributions 451 

 452 

With the aim of exploring the molecular mechanism of β-glucuronidase DthGUS catalyzing the hydrolysis of 453 

glycyrrhizic acid, based on the previous molecular docking, a 500 ns MD simulation was also performed under the 454 

RSFF2C potential field to obtain the conformational movement details of GUS and glycyrrhizic acid during the 455 

binding process. The RMSD curves of the DthGUS-Glycyrrhizin complex and DthGUS displayed a slow increase 456 

at the beginning, reaching 2.1 Å and 1.6 Å respectively at 300 ns. These curves remained relatively stable in the 457 

subsequent MD simulation time. The RMSD curve of the ligand glycyrrhizic acid rose from 0.8 Å to 2.1 Å from 458 

59 to 82 ns, then remained stable from 82 ns to 300 ns, and decreased to 1.7 Å at 300 ns, remaining stable in the 459 

300-500 ns period. 460 

Table 6 Binding free energy of DthGUS-glycyrrhizic acid complex(unit: kJ/mol) 461 

System 

Time 

scope 

(ns) 

∆Gvdw ∆Gele ∆GPB ∆GSA  ∆Gbind 
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 462 

Table 7 Residue energy decomposition of the DthGUS-glycyrrhizic acid(unit: kJ/mol) 463 

 464 

Table 6 lists the binding free energy (∆Gbind) values of DthGUS and glycyrrhizic acid obtained based on the 465 

MD simulation trajectories at different time periods. As indicated by the table, the ∆Gbind value of the complex 466 

tends to increase from -36.801 ± 31.426 kJ/mol to -88.144 ± 20.512 kJ/mol. The van der Waals energy (∆Gvdw), 467 

Coulombic electrostatic interaction energy (∆Gele), and non-polar solvation free energy (∆GSA) are dominant in the 468 

MD simulation process and significantly affect the binding affinity of the complex system. This interaction 469 

continuously drives the binding process of GUS and glycyrrhizic acid, ultimately manifested as GUS having the 470 

activity to catalyze the hydrolysis of glycyrrhizic acid molecules. 471 

DthGUS 

-Glycyrrhizin 

200-2

70 

-229.595 ± 

24.781 

-181.306 ± 

27.608 

401.117 ± 

26.682 

-27.017 ± 

1.841 

-36.801 ± 

31.426 

350-5

00 

-250.133 ± 

16.588 

-122.761 ± 

19.064 

311.174 ± 

22.513 

-26.425 ± 

1.337 

-88.144 ± 

20.512 

System 
Time scope 

(ns) 
Residues ∆GMM ∆GPB  ∆GSA ∆Gbind 

DthGUS - 

Glycyrrhizin 

200-270 

Asp155 -7.435 -3.215 -0.761 -11.41 

Arg318 3.162 -12.264 0 -9.107 

Trp351 -14.558 5.217 -1.510 -10.839 

Asn447 1.453 -6.631 -0.006 -5.175 

Tyr449 -11.590 -2.765 -1.093 -15.438 

Trp452 -7.788 4.083 -0.513 -4.232 

Asp489 -0.725 -8.762 -0.038 -9.518 

350-500 

Tyr153 -13.910 8.815 -1.178 -6.269 

Asp155 -9.723 1.716 -0.735 -8.736 

Trp351 -19.302 8.201 -2.422 -13.525 

Tyr449 -0.273 -4.497 -0.066 -4.833 

Tyr453 -6.765 3.313 -1.058 -4.519 

Asp489 -2.654 -5.627 0 -8.293 
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As indicated by the results of the free energy decomposition calculation in Table 7, the binding affinity of the 472 

key residues exceeding -4.18 kJ/mol was Asp155, Arg318, Trp351, Asn447, Tyr449, Trp452, and Asp489 in the 473 

200-200ns simulation period of the DthGUS and glycyrrhizic acid complex system. Their ∆Gbind values in the 474 

150-200ns period reached -11.41 kJ/mol, -9.107 kJ/mol, -10.839 kJ/mol, -5.175 kJ/mol, -15.438 kJ/mol, -4.232 475 

kJ/mol, and -9.518 kJ/mol, respectively. In the 350-500ns simulation period, the key residues with binding affinity 476 

exceeding -4.18 kJ/mol included Tyr153, Asp155, Trp351, Tyr449, Tyr453, and Asp489. Their ∆Gbind values in 477 

the 350-500ns period were -6.269 kJ/mol, -8.736 kJ/mol, -13.525 kJ/mol, -4.833 kJ/mol, -4.519 kJ/mol, and 478 

-8.293 kJ/mol, respectively. The above-mentioned residues are of critical significance in the binding process of 479 

GUS and the glycyrrhizic acid complex, especially residue 155 and residue 351, which contribute to the binding 480 

catalysis of GUS and the glycyrrhizic acid complex in different time periods. 481 

As depicted in Fig. 11, apart from the alkyl-π interaction formed between the side chains of GUS residues 482 

Asp155, Trp351 and Tyr153 and the benzene ring of the glycyrrhizic acid molecule, which significantly 483 

contributes to the binding ability of the GUS and glycyrrhizic acid complex system, the van der Waals energy and 484 

hydrogen bond interactions present in the complex system significantly affect the stability of the binding. 485 

Although the structure of glycyrrhizic acid undergoes a small movement within the DthGUS cavity in the MD 486 

dynamic equilibrium process, the stable alkyl-π interaction forces between Trp351 and other residues in DthGUS 487 

and the glycyrrhizic acid in the dominant conformation significantly contribute to the complex’s stability. Thus, 488 

glycyrrhizic acid can stably bind in the GUS binding pocket, and it can be catalytically hydrolyzed by GUS into 489 

monoglucose glycyrrhizic acid and glycyrrhizic acid. 490 

 491 

 492 
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Fig. 11 Analysis of Key Interactions in the DthGUS-Glycyrrhizic Acid System for Molecular Dynamics 493 

Simulation. (a) key interactions of the DthGUS-glycyrrhizic acid system at equilibrium representing the 494 

conformational active site; (b) interaction pattern diagram of the conformation of the DthGUS-glycyrrhizic acid 495 

system from the MD simulation under the RSFF2C force field. The key residues of DthGUS and the molecular 496 

structure of glycyrrhizic acid are all represented by stick models; (c) distance visualization graph of the 497 

interactions between key residues and the glycyrrhizic acid molecule (unit: Å); (d-f) distance changes of the three 498 

π-alkyl interactions formed between the key residue Trp351 and the glycyrrhizic acid molecule over time 499 

 500 

Discussion 501 

This study successfully achieved heterologous recombinant expression and purification of β-glucuronidase from 502 

four thermophilic archaea, and systematically characterized the enzymatic properties of these recombinant 503 

enzymes, including the effects of pH, temperature, and metal ions on enzyme activity, as well as enzyme 504 

conversion efficiency. It was clarified that this archaeal glucuronidase possesses typical hyperthermophilic 505 

enzyme catalytic advantages and excellent environmental adaptability. The research results indicate that 506 

thermophilic archaeal β-glucuronidase shows significant advantages over most homologous enzymes from 507 

mesophilic microorganisms in high-temperature catalysis, structural stability, and tolerance to complex industrial 508 

environments. This provides high-quality archaeal enzyme resources and a theoretical basis for exploring extreme 509 

enzyme resources, biotransformation of glucuronide compounds, and applications of high-temperature industrial 510 

enzymes. 511 

The research results show that E. coli Rosetta(DE3)/pET-28a-DthGUS has the highest enzyme activity. Its 512 

optimal pH is 5.0, and the optimal reaction temperature is 85 °C. This enzyme tends to lose activity upon 513 

prolonged exposure to strongly acidic conditions, while it exhibits good heat resistance. It has been reported that 514 

Mn²⁺ and Mg²⁺ exert no significant effect on DthGUS activity, whereas Zn²⁺, Ga²⁺, Cu²⁺, Na⁺, and K⁺ promote 515 

DthGUS activity. Among these ions, Fe²⁺ and Fe³⁺ produce a strong inhibitory effect on the enzyme, nearly 516 

abolishing its enzymatic activity. These results offer theoretical references for the subsequent application of this 517 

enzyme in glycyrrhizic acid hydrolysis to prepare monoglucuronic acid glycyrrhetic acid; namely, Fe³⁺ and other 518 

inhibitory metal ions should be prevented from contaminating and interfering with the hydrolysis conversion 519 

system, and low-temperature and weakly acidic environments favor the enzymatic reaction and storage of enzyme 520 

preparations. 521 
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As indicated by the experimental results of glycyrrhizic acid hydrolysis transformation, DthGUS exhibited 522 

excellent catalytic hydrolytic activity toward glycyrrhizic acid. DthGUS achieved a hydrolysis rate of 98.7% 523 

under the given conditions. It efficiently generated GAMG and glycyrrhetic acid in a targeted manner. GAMG can 524 

retain one glucuronic acid group and remove only one terminal glucuronic acid unit from the glycyrrhizic acid 525 

molecule. In general, chemical synthesis methods are subjected to poor selectivity, numerous by-products, and 526 

difficulties in separation and purification. Thus, it is challenging to efficiently produce this compound. In contrast, 527 

enzymatic hydrolysis, with its superior substrate regioselectivity, can specifically cleave the glycosidic bond in 528 

glycyrrhizic acid. On that basis, the efficient synthesis of GAMG can be achieved, and a strong support can be 529 

provided for the green bioproduction of GAMG. 530 

Using E. coli Rosetta(DE3)/pET-28a-DthGUS, we performed an in-depth investigation into the hydrolysis 531 

mechanism by which GUS catalyzes pNPG and glycyrrhizic acid. First, based on the amino acid sequence of 532 

β-glucuronidase, we predicted the protein structural model and conducted molecular docking with pNPG and 533 

glycyrrhizic acid to obtain the optimal binding conformation of the complex systems. Subsequently, a 500 ns 534 

molecular dynamics simulation was performed under the RSFF2C force field. Results indicate that key residues 535 

Tyr153 and Trp351 play crucial roles in the binding and catalytic processes of DthGUS toward pNPG and 536 

glycyrrhizic acid. Alkyl-π interactions formed between the aromatic rings of side chains at this active site and 537 

those of pNPG and glycyrrhizic acid, together with strong hydrogen bonds and hydrophobic interactions, stabilize 538 

the complex systems and facilitate anchoring of pNPG and glycyrrhizic acid within the active cavity of DthGUS. 539 

The total binding free energy (∆Gbind) values calculated via thermodynamic analysis for the two complex systems 540 

were -73.410 ± 12.935 kJ/mol and -88.144 ± 20.512 kJ/mol, respectively, indicating high binding affinities of 541 

DthGUS for both ligands and demonstrating its hydrolytic catalytic activity. 542 

Currently, industrialized β-glucuronidase is mostly obtained from fermentation of mesophilic bacteria. Such 543 

enzymes have drawbacks including long fermentation cycles, low yields, poor stability and high production costs, 544 

which restrict the large-scale preparation of glycyrrhetic acid. Traditional chemical synthesis processes readily 545 

generate by-products, lowering product yield and purity, and produce substantial waste liquid that causes severe 546 

pollution. These issues bring heavy environmental burdens and high environmental costs. In contrast, 547 

thermophilic enzyme catalysis is green and efficient with fewer by-products; thermophilic enzymes feature 548 

high-temperature resistance and strong tolerance, rendering them better suited for large-scale industrial 549 

production and endowing them with broad application prospects. This study adopted thermophilic 550 

β-glucuronidase as the catalyst and glycyrrhetic acid as the substrate to prepare GAMG and glycyrrhetic acid. The 551 
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yields of both products from this process satisfy the basic industrialization requirements. In future work, catalytic 552 

process parameters will be further optimized, and the reaction system will be scaled up to advance the 553 

industrialization of this process. Moreover, through bioinformatics, the molecular modification of thermophilic 554 

enzymes will be performed to improve the enzyme yield and catalytic activity via directed evolution. Thus, 555 

technical support can be provided for the green and low-cost large-scale preparation. 556 

 557 

Conclusion 558 

The research results show that E. coli Rosetta (DE3)/pET-28a-DthGUS exhibits the highest enzyme activity at 559 

123 U/μL. Its optimal reaction conditions are pH 5.0 and 85 °C. The enzyme tends to undergo inactivation under 560 

conditions of pH < 4.5. K⁺, Zn²⁺, Cu²⁺, and Ca²⁺ can activate enzyme activity, whereas Fe²⁺ and Fe³⁺ will cause the 561 

enzyme to lose activity. After an 8 h reaction under optimal conditions, the hydrolysis rate of glycyrrhizic acid 562 

reaches 98.7%. Molecular dynamics simulation results indicate that Tyr153 and Trp351 serve as key residues for 563 

catalysis of pNPG and glycyrrhizic acid, respectively. The binding free energies of DthGUS with pNPG and 564 

glycyrrhizic acid respectively reach -73.410 ± 12.935 kJ/mol and -88.144 ± 20.512 kJ/mol. As revealed by the 565 

above findings, this enzyme has good binding and catalytic hydrolysis capabilities for both substrates. 566 
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