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SUMMARY

Mogrosides are widely served as natural zero-calorie sweeteners. To date, the
biosynthesis of high-intensity sweetness mogrosides V from mogrol has not
been achieved because of inefficient and uncontrollable multi-glycosylation pro-
cess. To address this challenge, we reported three UDP-glycosyltransferases
(UGTs) catalyzing the primary and branched glycosylation of mogrosides and
increased the catalytic efficiency by 74–400-folds toward branched glycosylation
using an activity-based sequence conservative analysis engineering strategy. The
computational studies provided insights into the origin of improved catalytic
activity. By virtue of UGT mutants, we provided regio- and bond-controllable
multi-glycosylation routes, successfully facilitating sequential glycosylation of
mogrol to three kinds of mogroside V in excellent yield of 91–99%. Meanwhile,
the feasibility of the routes was confirmed in engineered yeasts. It suggested
that the multi-glycosylation routes would be combined with mogrol synthetic
pathway to de novo produce mogrosides from glucose by aid of metabolic
engineering and synthetic biology strategies in the future.

INTRODUCTION

Nowadays, excessive consumption of sucrose and high-fructose corn syrup leads to the disease risk of

dental caries, diabetes mellitus, and obesity. Consumers came to focus on replacing sucrose in food

with natural low-calorie sweeteners, such as mogrosides, steviosides, glycyrrhizin and so on (Kinghorn

and Soejarto, 2002; Pawar et al., 2013). Mogrosides are usually extracted from Siraitia grosvenorii, a

traditional Chinese medicine and tea in China (Gong et al., 2019); they exhibit high sweetness and various

pharmacological activities and have been approved as ‘‘generally recognized as safe’’ substances by the

US Food and Drug Administration. To date, the manufacture of mogrosides mainly depends on the

extraction from S. grosvenorii, but the low content limits their large-scale commercial application. In addi-

tion, such extraction processes suffer from low yield, high production cost, and loss and destruction of

some value components. A great interest focuses on the de novo biosynthesis of mogrosides via metabolic

engineering and synthetic biology strategies. Although several attempts have been made to synthesize

mogrol using such approaches, the multi-glycosylation of mogrol to high-intensity sweetener mogrosides

has never been achieved.

Mogrosides are a group of cucurbitane-type triterpenoid glycosides (Li et al., 2014) and possess different

numbers of sugar moieties attached to mogrol (as aglycone) with b-bond linkage (Chiu et al., 2013). The

number and locations of sugar moieties and type of glycosidic bond can influence the sweetness of mogro-

sides (Figure 1) (Matsumoto et al., 1990). For example, mogroside V (V), Siamenoside I (Sia I) andmogroside

IV (IV) owing more than four glucose moieties at different location are over 300–500-times sweeter than su-

crose (Matsumoto et al., 1990; Wang et al., 2019), whereas mogrosides with less than three glucose moi-

eties, such as mogroside III and IIE, are tasteless or bitter (Li et al., 2007). The glycosylation location at

11-hydroxy of mogroside IIIE results in a bitter taste compared with the substrate (Li et al., 2014). The

b-glycosidic bond may contribute to the enhancement of the sweet taste experience, but the a-glycosidic

bond does not have this capability in all cases (Wang et al., 2014). Therefore, toward biosynthesis of natural

and high-density sweetness mogrosides V, how to precisely control the glycosyl numbers, types, location,

and bond type is indeed a major challenge.
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In plant, multi-glycosylation process mainly relies on uridine diphosphate-dependent glycosyltransferases

(UGTs; EC 2.4.x.y), which catalyze the transfer of glucose residues from UDP-glucose to acceptor (Itkin

et al., 2016; Cantarel et al., 2009). Several candidate UGTs, including UGT74AC1, UGT74-345-2, UGT75-

281-2, UGT-720-269-1, UGT720-269-4, UGT94-289-3, 289-2, and 289-1, were functionally characterized to

show activity on mogrol and/or mogrosides (Dai et al., 2015; Itkin et al., 2016). UGT-720-269-1 and

UGT94-289-3 have been predicted involved in the proposed pathway of mogrosides biosynthesis pathway

in plant (Itkin et al., 2016). However, to date, the feasibility of the direct conversion of mogrol to mogroside

V either in vitro or in vivo has not been confirmed. In addition, nowadays, because of deficient information

of natural product synthesis pathway, multi-glycosylation of many flavonoid and triterpene aglycones were

uneasy to achieved in vitro. Therefore, the development of UGTs for efficiently catalyzing primary and

branched glycosylation is in urgence for manufacturing glycosides possessing multi-glycosyl units.

To date, enzyme engineering of UGTs for improved catalytic properties have been achieved. For example,

we have engineered a UGT74AC1 from S. grosvenorii and delivered a mutant with 104-fold improvement in

catalytic efficiency bymeans of directed evolution and sequence/structure based engineering strategies (Li

et al., 2020). Another UGT94-289-2 from S. grosvenoriiwas engineered to enhance its activity toward partic-

ular substrate IIIE (Xu et al., 2022a, 2022b). The engineering of UGTs for improved regiospecificity and

increased substrate spectrum of sugar donor have also been mentioned (Zhang et al., 2021a, 2021b; Xu

et al., 2022a, 2022b). The success of UGT engineering encourages us to improve primary and branched

glycosylation activity of mogrol with aid of structure/sequence-based enzyme engineering methods.

In this study, we presented the artificial multi-glycosylation routes for manufacturing sweeter mogroside V

from mogrol in a controllable procedure as follows: (1) Primary glycosylation, in which sugar moieties were

transferred from active UDP-sugar to mogrol at 3-OH and 24-OH sites; (2) branched glycosylation, in which

the glycosylation process was carried out to elongate the sugar chain with b (1–6) bond and b (1–2) bond

types. Three UGTs catalyzing the primary and branched glycosylation reactions were confirmed, and their

catalytic efficiency was significantly improved through protein engineering. We successfully synthesized

Figure 1. The chemical structure of mogroside. In the cartoon representation, the aglycone is represented by a black skeleton

The glucose residues are marked by individually colored spheres. Glucose residues showing b (1–6) and b (1–2) glycolic bonds are marked in green and

yellow. And glucose directly attached to aglycone are labeled in blue.
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several natural and unnatural sweet mogroside V from aglycone mogrol with high conversion yield through

in vitro cascade reactions. And the feasibility of designed multi-glycosylation routes was further confirmed

in vivo through strain engineering.

RESULTS

Characterization of glycosyltransferases for primary glycosylation

The saponin mogrol has four potential glycosylated hydroxyl groups at C3, C11, C24, and C25. To proceed

with the primary glycosylation at C3 and C24, desirable UGTs with high regioselectivity and activity were

needed. The mutant UGT74AC1T79Y/L48M/R28H/L109I/S15A/M76L/H47R (UGTMG1) mentioned in our previous

study exhibited high catalytic efficiency in glycosylation at the 3-OH of mogrol (Li et al., 2020). Here, we

discovered that this enzyme could further convert the generated IE to IIE, which having two glucose moi-

eties at C3 and C24 sites of mogrol. (Figures 2 and S2). The results indicated that enzyme UGTMG1 can be

used for primary glycosylation in our designed multi-glycosylation routes. The two glucose moieties of IIE

denoted as glucose 1-C3 (glucose attached to the C3 end of aglycone) and glucose 1-C24 (glucose

attached to the C24 end of the aglycone) will provide acceptor sites for all subsequent glucose additions

in branched glycosylation process.

Identification of glycosyltransferases for branched glycosylation

Enzyme UGT94-289-3 has been demonstrated with the branched glycosylation to mogrosides (Itkin et al.,

2016). We initially cloned its gene from genome S. grosvenorii and expressed in Escherichia coli BL21 (DE3).

The results showed that the enzyme activity of UGT94-289-3 to mogroside IIE were extremely low, and only

trace products were detected by high-performance liquid chromatography (HPLC) (Figure S3). To obtain

UGTs with a high enzymatic capability in catalyzing branched glycosylation, we performed transcriptomic

analysis of the sample of S. grosvenorii under different growth phases (data no shown), and �40 candidate

SgUGT genes were discovered. The candidate UGTs were clustered into UGT74-94 family which involved in

the UGTs from plant (Carbohydrate Active Enzyme database, http://www.cazy.org/). Sequence alignment

showed that MS1 is clustered with UGT94-289-3, UGT94-289-1, and PgUGT94Q2 into UGT94 families (Fig-

ure 3A), indicating that they may possess similar activity in the glycosylation. MS2 was clustered into UGT91

family.

The catalytic capability of these UGTs was tested with mogroside IIE as sugar acceptors and UDP-glucose

(UDPG) as the sugar donor. Among all candidate UGTs from S. grosvenorii, only enzyme UGTMS1 could

convert IIE to IIIA by forming a b (1–6) glycosidic bond with the 6-hydroxyl of glucose 1-C24 of IIE.

Compared with UGT94-289-3 (0.021 mU/mg), this enzyme misses 21 amino acids in N-terminal, but ex-

hibited higher catalytic ability to IIE (12.42mU/mg). When IIE was used as substrate for UGTMS1, the gener-

ated intermediate product IIIA was subsequently glycosylated at glucose 1-C3 to form IVA with b (1–6)

glycosidic bond (Figures 3B and 3C). The conversion rate of this reaction was 82%. Of interest, this enzyme

also presented catalytic ability in branched glycosylation of other substrates, such as mogroside III (IIIE and

Figure 2. HPLC analysis of UGTMG1 enzymatic reaction products using mogrol and UDPG as substrates
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IIIA) and mogroside IV (IVA, IVE), with a conversion rate of 51–82% (Figures S4 and S5). Typically, it con-

verted IIIE to sweetness and pleasant taste Sia I and IVE, the latter further could be glycosylated to mogro-

side V. According to the bond type and glycosylation site, this enzyme has application potential in elon-

gating the sugar chain at glucose 1-C3 and-C24 of mogrosides by solely forming b (1–6) glycosidic bond.

Given that natural mogrosides have both b (1–6) glycolic and b (1–2) glycolic bonds (Figure 1), the UGTs

catalyzing the branched glycosylation by forming b (1–2) glycolic bond was also required. Enzyme

UGTMS2 from Oryza sativa, namely OsUGT91C1, undergo b (1–2) glycosylation of the C2 of the 13-O-

glucose of a steviol glycoside in vivo and has been applied to producing Reb E and Reb D (Zhang et al.,

2021a, 2021b). Here, we measured its catalytic capability with mogroside IIE as sugar acceptor and

UDPG as the sugar donor and discovered that this enzyme converted IIE to several mogrosides including

two mogroside IIIs (IIIE and IIIA), two mogroside IVs (Sia I and IVX), and one mogroside VX with the total

conversion rate of 85% (Figures 3B and 3C). The obtained IIIA bonded a new glucose at 6-hydroxyl of

glucose 1-C24 by forming b (1–6) glycosidic bond; whereas with b (1–2) glycosidic bond for product IIIE

at the same site. Meanwhile, this enzyme exhibited branched glycosylation to other mogrosides such as

IIIE, IIIA, IVA, IVE, Sia I, and V (Figures S4 and S5). Surprisingly, it converted mogroside V to VI possessing

three glucoses by b (1–6) and b (1–2) bonds at each C3 and C24 sites of mogrol saponin. These findings

demonstrated that UGTMS2 was not only capable of catalyzing b (1–6) glycosylation but also b (1–2) glyco-

sylation of mogrosides.

We then measured the enzyme kinetic value of UGTMS1 and UGTMS2 and discovered that the Km value of

UGTMS1 was 0.034 mM, indicating its high affinity to substrate (Table S1). However, the catalytic effi-

ciencies of UGTMS1 and UGTMS2 were extremely low, which influenced the branched glycosylation reac-

tion rate. Based on the performance concerning affinity for branched glycosylation, UGTMS1 was selected

for further engineering.

Figure 3. Identification of UGTs for branched glycosylation of mogrosides

(A) Phylogenetic tree of UGTs studied in this research with previously characterized flavonoid/triterpenoid UGTs. Different UGT families were shown in

different background color. MEGA6 software was used to align amino acid sequences of UGTs and draw the Neighbor–Joining tree. Accession numbers are

shown in the Materials and Methods.

(B and C) Enzymatic products using mogroside IIE as substrates catalyzed by UGTMS1 and UGTMS2.
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Enzyme engineering to improve the catalytic efficiency of UGTMS1

With the development of genome sequence and bioinformatic tools, more enzymatic functions were

predicted and characterized by experimental data. Enzymes presenting catalytic activity to one class of

substrates usually have the conservative amino acid sites or catalytic region (Liu et al., 2016). However,

the catalytic efficiency of the same class enzymes from different organisms varies greatly, resulting from

the amino acid sequence difference within or surrounding the catalytic region. It demonstrated that the

catalytic capability can be evolved based on consensus sequence analysis (Porebski and Buckle, 2016).

Activity-based sequence conservative analysis (ASCA) strategy has showed potential in the improvement

of the enzyme activity (Li et al., 2020). Here, to improve accuracy of ASCA strategy and screen UGTMS1mu-

tants with improved activity to IIE, eight UGT sequences (UGT73P12 from Licorice (Nomura et al., 2019),

OleD from Streptomyces antibioticus (Zhang et al., 2020), Pn3-31 and 32 from Ginseng (Wang et al.,

2020a, 2020b), UGT91G16 from Oat (Orme et al., 2019), HV1 from Human (Matsumoto et al., 2011),

UGT91D2 from Stevia rebaudiana (Zhang et al., 2021a, 2021b), and UGTMS2 from O. sativa (Wang

et al., 2020a, 2020b)) exhibiting the branched glycosylation activity toward triterpenes were

collected and aligned with UGTMS1 (Figures 4 and S6). Considering that the N-terminal domain of

UGTs interacts with the sugar-acceptor, conservative degrees of amino acid from 1 to 233 of UGTMS1

were analyzed, and 19 mutants were identified based on ASCA method and verified by experiment

(Figure 4B). The results showed that the mutation of S34A, F77L, and V146A increased the enzyme

activity by 1.3-, 1.5-, and 9.0-folds relative to that of wild type (WT), respectively (Table 1, Figures S7 and

S8). Then, the three mutations were sequentially combined, and the resulting mutant MS1V146A/S34A/F77L

(M3) increased the catalytic efficiency (kcat/Km) to 14.03mM�1s�1, which was 34-folds higher than

that of WT and meanwhile maintained the similar substrate affinity compared with WT (Figure 4C and

Table 1).

The C-terminal domain of UGTs generally possesses the highly conserved motif which determines

the recognition and binding of the UDP-sugar donor. Considering the high effectiveness of ASCA

method in the identification of key amino acid sites in N-terminal domain related to catalytic

efficiency, we analyzed the C-terminal domain using the similar method. A total of 24 sites were selected

for site mutagenesis with mutant M3 as the template (Figures 4E and S6). Among them, four variants,

namely, A313V, T344V, M360L, and A391V, exhibited 2.0-, 2.7-, 1.4-, and 2.1-fold increase in activity

compared with that of mutant M3, respectively (Figure 4F). The kcat/Km value of resulting mutant

MS1S34A/F77L/V146A/T344V (M4) increased to 37.94mM�1s�1, which was 92-fold higher than that of WT (Ta-

ble 1 and Figure S8). Then, three positive mutations (A313V, M360L, and A391V) were combined with M4

(Figure 4G), resulting in mutants MS1S34A/F77L/V146A/T344V/A313V (M5-1), MS1S34A/F77L/V146A/T344V/M360L

(M5-2), and MS1S34A/F77L/V146A/T344V/A391V (M5-3), respectively. The catalytic efficiency of mutant M5-3

further increased, and its Km value decreased compared with that of WT, indicating the improved sub-

strate affinity. When mutation A313V and M360L were further introduced into mutant M5-3, the resulting

mutant MS1S34A/F77L/V146A/T344V/A313V/M360L/A391V (M7) presented a 351-fold increase in the catalytic effi-

ciency compared with WT, and still maintained a higher substrate affinity relative to M5-3.

We further measured the catalytic properties of mutant M7 to other mogrosides, such as IIIA, IIIE, IVA, IVE,

Sia I, and V. To our surprise, mutant M7 enzyme activity displayed 73- to 400-fold increase in the measured

substrates (Figures 5, S9, S10, S11, S12, S13, S14, S15, and Table S2). In addition, mutant M7 transferred

glucose to glucose 1-C3 of mogroside IIIA and Sia I by forming b (1–2) glycolic bonds, which had not

been achieved by WT. Mutant M7 also displayed catalytic activity toward IVA and V, which were not

glycosylated by WT. The results showed that mutant M7 was more promiscuous than the WT in the

branched glycosylation of mogrosides.

Molecular basis of enhanced branched glycosylation activity

To gain insights into the source of increased catalytic efficiency of M7 to IIE, we in silico built homology

models for M7 and WT by means of Schrödinger with multiple known crystal structure as templates and

refined them by molecular dynamics (MD) simulations. The representative structures of complexes M7-

UDPG-IIE and WT-UDPG-IIE were generated from 3*5000 docking trajectories. According to the UGT re-

action mechanism, glycosylation occurred when the distance between the O6 atom of glucose 1-C24 and

the N22 atom of catalytic residue His22 was less than 3.6 Å, and the angle of HO6-O6-N22 was larger than

135� (Li et al., 2020). The catalytic conformation result showed that the distance in the structure complex

M7-UDPG-IIE was 2.5 Å (Figure 6B), which was less than that in complex WT-UDPG-IIE (3.5 Å) (Figure 6A),
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Figure 4. Enzyme engineering for improvement of catalytic efficiency of UGTMS1

The sequence conservation analysis of N-terminal (A) and C-terminal (E) of based on 9 known UGTs showing branched glycosylation activity to triterpenes.

(B and C) The effect of single and combinational mutation in N-terminal domain on relative activities.

(F and G) The effect of single and combinational mutation in C-terminal domain on relative activities.

(D and H) The location of the activity-enhanced amino acid residues in structure of UGTMS1. M2-1:S34A/F77L; M2-2:S34A/V146A; M2-3:F77L/V146A; M3:

S34A/F77L/V146A; M4: S34A/F77L/V146A/T344V; M5-1: S34A/F77L/V146A/T344V/A313V; M5-2: S34A/F77L/V146A/T344V/M360L; M5-3: S34A/F77L/

V146A/T344V/A391V; M6-1: S34A/F77L/V146A/T344V/A313V/A391V; M6-2: S34A/F77L/V146A/T344V/M360L/A391V; M7: S34A/F77L/V146A/T344V/A313V/

M360L/A391V.
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indicating that proton transfer between HO6 and N22 occurred more easily. The emerging frequency of

catalytic conformations for each complex was calculated by analyzing the MD trajectories. The frequency

value in complex M7-UDPG-IIE was 57.8%, approximately nine times than that observed in WT-UDPG-IIE

(6.2%) (Figures 6A, 6B, and S16). This finding revealed that IIE was bonded in a favorable orientation for

reaction in M7-UDPG-IIE compared with WT-UDPG-IIE.

To better understand the substrate-enzyme interaction of high-energy intermediate in WT and M7, the

proton and glycosyl moiety transfer process were calculated for M7-UDPG-IIE and WT-UDPG-IIE by

means of quantum mechanical/molecular mechanical (QM/MM) simulations. The proton HO6 of glucose

1-C24 was transferred to N22 and generated nucleophile attacks on the anomeric C1 carbon of glucose in

UDPG using SN2-like mechanism (Figure 6C) (Li et al., 2020). The transition state like (TS-like) structure of

M7-UDPG-IIE showed that the C24 sugar of IIE was tightly fixed by His372 and Asp374 with hydrogen

bonds (Figure 6F). However, only one hydrogen bond formed with Thr144 in WT-UDPG-IIE (Figure 6D).

In addition, the substitutions of phenylalanine to leucine at residue 77 triggered a large loop movement

and enabled the side chain of IIE to extend into the active pocket (Figures 6E and 6G). The hydrogen

bond network around the acceptor binding pocket in M7-UDPG-IIE contributed to a stronger pocket

compactness than WT-UDPG-IIE, leading to tight bonding to acceptor IIE. Furthermore, the binding

free energy was calculated using the QM molecular mechanics generalized born surface area (QM/

MMGBSA) method. The binding affinity of TS-like structure in M7-UDPG-IIE was 26.8 kcal/mol lower

than that in WT-UDPG-IIE. The finding further confirmed that the high-energy intermediate in the TS-

like structure of M7-UDPG-IIE was effectively stabilized, leading to a high catalytic efficiency. Overall,

although the mutation sites in M7 were far from the active center (Figures 4D and 4H), they contributed

to position IIE in favorable orientation for glycosylation reaction, and then increased the frequency of

catalytic conformations and stabilized the TS-like configuration during the reaction process, which en-

dowed M7 with a high catalytic efficiency.

In vitro multi-glycosylation of mogrol to high-intensity sweetener mogrosides

In this study, we attempted to perform the multi-glycosylation of mogrol to mogroside V in an oriented

manner as follows: Enzyme UGTMG1 catalyzed the subsequent glycosylation of mogrol at 3-OH and

24-OH sites resulting in IIE. Then, the glucose 1-C3 and 1-C24 of IIE served as the glucose acceptor sites

for branched glycosylation catalyzed by mutants UGTMS1-M7 and UGTMS2 along with the formation of b

(1–6) bond and b (1–2) bond types. In the designed routes, mogroside VA can be synthesized using enzyme

UGTMG1 and UGTMS1-M7; mogroside VX was produced using UGTMG1 and UGTMS2. If UGTMG1,

UGTMS1-M7, and UGTMS2 were combined together, three kinds of mogroside Vs would be obtained

(Figure 7A).

To verify the feasibility of this designed multi-glycosylation route, we initially measured the optimal reac-

tion conditions for UGTMG1, UGTMS1-M7, and UGTMS2. The optimal pH for UGTMG1, UGTMS1-M7, and

UGTMS2 were 7.0, 8.0, and 8.0, respectively, and the optimal temperatures were 50�C, 45�C, and 45�C,

Table 1. Kinetic parameters of UGTMS1 and its mutants toward mogroside IIE

Enzyme Km (mM) kcat (s
�1) kcat/Km (mM�1$s�1) Folda

WT 34.31 G 0.5 0.014 G 0.002 0.41 G 0.01 1

M1 34.19 G 0.8 0.13 G 0.01 3.83 G 0.12 9

M2 35.20 G 0.7 0.42 G 0.02 12.11 G 0.26 29

M3 38.76 G 1.1 0.54 G 0.02 14.03 G 0.18 34

M4 30.85 G 0.4 1.17 G 0.06 37.94 G 0.47 92

M5 15.82 G 0.3 1.90 G 0.09 118.75 G 2.45 293

M6 14.70 G 0.5 1.85 G 0.05 132.14 G 3.26 307

M7 13.08 G 0.2 1.87 G 0.06 143.85 G 4.02 351

WT: wild type; M1: V146A; M2: F77L/V146A; M3: S34A/F77L/V146A.

M4: S34A/F77L/V146A/T344V; M5: S34A/F77L/V146A/T344V/A391V.

M6: S34A/F77L/V146A/A313V/T344V/A391V.

M7: S34A/F77L/V146A/A313V/T344V/M360L/A391V.
aFold change over catalytic efficiency (kcat/Km) of WT.
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respectively. Moreover, the addition ofMg2+ contributed to increase enzymatic activity of all three enzymes

(Figure S17). Then, the one-pot cascade reaction based on UGTMG1, UGTMS1-M7, and UGTMS2 was per-

formed in vitro under the reaction pH and temperature of 8.0 and 45�C, respectively. The results showed

that substrate mogrol was rapidly depleted in the initial 10 min, and I (monoglycoside, IE) and II (diglyco-

side, IIE) accumulated accordingly (Figure 7C). By virtue of the enhanced catalytic activity of UGTMS1-M7,

intermediate products III (including IIIE and IIIA) reached highest conversion within 0.5 h, and then were

converted into IV and V eventually. After the reaction for 2 h, three mogrosides V (VA, VX, and V) were syn-

thesized with a total conversion rate of >99%. The molar ratio of VA, VX, and V was 2:1:1.5. When enzymes

UGTMG1 and UGTMS2 were used, a single mogroside VX was obtained with the total conversion rate of

91%; the combination of UGTMG1 and UGTMS1-M7 led to mogroside VA with a conversion rate of 96%

(Figure 7B). To our best knowledge, our results presented the first report for in vitro biosynthesis of sweet

mogrosides V directly from mogrol.

Biosynthesis of high-intensity sweetener mogrosides using engineered yeast

Althoughmogrol can be effectively converted tomogrosides V by in vitro cascade reaction in our study, the

high cost of UDPG limits its large-scale application. Here, the feasibility of our designedmulti-glycosylation

routes in vivo was further measured (Figure 8A). We initially introduced gene of MS1M7 into Saccharomyces

cerevisiae, which has been widely used as a host for biosynthesis of natural products such as triterpene sa-

ponins (Sun et al., 2019). The resulting strain Mog1 converted IIE to IIIA with a conversion rate of 50% but

did not generate IV and V (Figure 8B). Given that glucosidase EXG1 in S. cerevisiae hydrolyses glycosyl units

from mogroside V (Wang et al., 2015), the corresponding gene EXG1 was further deleted in strain Mog1.

The resulting strain Mog2 successfully produced IV and V from IIE. To further enhance the gene expression

of UGTMS1-M7, we introduced double copies of UGTMS1-M7 into glucosidase EXG1 inactive strain result-

ing strain Mog3. It led to two-fold higher amount of IV and V from IIE compared with strain Mog2. The total

amount of sweetness mogrosides IV and V reached to 49.21 mg/L, with a conversion yield of 62%. When IIIA

was used as the substrate, strain Mog3 produced IV and V with total amount of 114.45 mg/L and a conver-

sion rate of >99%.

To measure the efficiency of our designed routes in multi-glycosylation of mogrol, we introduced both

genes of UGTMG1 and UGTMS1-M7 into glucosidase EXG1 inactive S. cerevisiae resulting in strain

Mog4 and then cultured with mogrol and glucose. After fermentation for 94 h, mogrol was completely

consumed, and product mogrosides IE, IIE, IIIA, and IVA (total 79.30 mg/L) were detected (Figure 8C).

The results confirmed the feasibility of multi-glycosylation of mogrol in vivo.

Figure 5. The comparison of enzymatic activity and product composition for MS1 and mutant M7 under different

mogroside substrates

To detect the product types and composition glycosylated by MS1 and its mutants, the glycosylation processes were

controlled, in which one glucose residue was transferred to substrates. Error bars represent the standard deviation from

three repeats.
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Figure 6. Structural comparison between MS1 and its mutant

The representative structures of complex WT-UDPG-IIE (A) and M7-UDPG-IIE (B).

(C) The catalytic mechanism of UGTMS1. His22 deprotonates the 6-hydroxyl of IIE andmakes it a nucleophile to attack the

sugar donor UDPG. Geometrical representation of the TS-like structure for WT-UDPG-IIE (D) and M7-UDPG-IIE

(F) obtained from the QM/MM simulations and their corresponding binding pocket (E) and (G). Distances are depicted by

gray dot lines. Hydrogen bond interactions are shown in yellow dot lines. Notes: Freq.: The emerging frequency of

catalytic conformations for complex WT-UDPG-IIE and M7-UDPG-IIE.6G: The binding affinity of catalytic conformations

for each the TS-like complex structure.
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DISCUSSION

De novo biosynthesis of mogrosides via metabolic engineering and synthetic biology strategies has been

gaining great interest. Although several attempts have been made to synthesize mogrol using such

approaches, the multi-glycosylation of mogrol to high-intensity sweetener mogrosides has never been

achieved (Wang et al., 2022). A key obstacle was the inefficient and uncontrollable multi-glycosylation

process, particularly for deficiency of UGTs in catalyzing branched glycosylation of two primary glycosyl

moieties (Itkin et al., 2016). In this work, we presented three UGTs (MG1, MS1-M7, and MS2) which ex-

hibited primary and branched glycosylation activity to several mogrosides by forming desired b (1–6)

and b (1–2) bonds. For the primary glycosylation of mogrol to mogrosides IIE, UGT720-269-1 has been

confirmed with such catalytic ability (Itkin et al., 2016), but suffered low enzymatic activity (Figure S3).

Compared to the UGT720-269-1, the enzyme component UGTMG1 in this work was more effective

(Table S3).

For branched glycosylation of IIE to mogrosides V, we found that the WT UGTMS1 has 21 amino acids defi-

ciency in N-terminal compared with the reported UGT94-289-3. UGTMS1 can sequentially converted IIE to

IVA with a conversion yield of 80%; however, the catalytic ability of UGT94-289-3 to mogroside IIE was

scarcely detected under the same reaction conditions. The 21 amino acids protein tag N-terminal may in-

fluence the UGT enzyme acitvity. Furthermore, we engineered UGTMS1 using activity-based sequence

conservative analysis engineering strategy (ASCA) (Li et al., 2020), and obtained mutant UGTMS1-M7

with remarkable increase (74–400-folds) in catalytic efficiency, broad substrate promiscuity, and new glyco-

sylic bond formation compared with WT. The origins of improved catalytic activity of these UGT mutants

were revealed using MD and QM/MM simulations method. Our results showed that the sequence-based

ASCA enzyme engineering strategy proved to be an effective approach for engineering other UGTs to

obtain high catalytic efficiency. Enzyme UGTMS2, previously reported as OsUGT91C1, has been character-

ized with the catalytic ability in branched glycosylation of steviol glycosides (Zhang et al., 2021a, 2021b);

however, its activity to mogrosides has never been reported. In this study, we discovered that this enzyme

displayed catalytic ability to various glycosides from II to V by forming b (1–6) and b (1–2) bonds. The com-

bination of UGTMS1-M7 and UGTMS2 would create a library of structural diversity mogrosides available for

food and pharmaceutical area.

Figure 7. In vitro multi-glycosylation of mogrol to mogrosides

(A) The designed multi-glycosylation routes for conversion of mogrol to mogrosides through combination of MG1, MS1-

M7, and MS2; (B) The glycosylated products obtained from different combination of three UGTs; (C) Time-course of one-

pot cascade reaction for mogrosides production using MG1, MS1-M7, and MS2 as substrates.
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By virtue of efficient enzyme components UGTMG1, UGTMS1-M7, and UGTMS2, we designed an artificial

multi-glycosylation pathway in an oriented manner and successfully converted mogrol to three kinds of

mogroside V in excellent yield under in vitro processes, which has not been achieved before. Although

natural mogroside biosynthesis pathway in the fruit of S. grosvenorii has been proposed, its feasibility

has not been confirmed in studies (Itkin et al., 2016). We performed the one-pot cascade reaction based

on the UGT720-269-1 and UGT94-289-3 predicted in natural mogroside biosynthesis pathway. However,

mogrosides IV and V have not been detected probably because of the low catalytic property of

UGT720-269-1 in the sequential glycosylation of mogrol to IIE (Figure S3). By contrast, our designed

multi-glycosylation pathway provided a highly efficient method for manufacturing mogrosides V. In addi-

tion, this unnatural multi-glycosylation process would be combined with the in situ UDPG recycling

methods (Dai et al., 2018) to provide a low-cost way for manufacturing high-intensity sweetness

mogrosides.

Here, the feasibility of artificial multi-glycosylation pathway was also confirmed in yeast. Typically, the en-

gineered yeast converted mogrosides IIE and IIIA to IV and V in high yield. Given that immature

S. grosvenorii fruits contain high amounts of bitter mogrosides IIIA and IIE (Li et al., 2004), which influ-

ence the commercial value of natural mogroside extracts, our engineered strain demonstrated the

high application potential in improving the sweetness property of immature S. grosvenorii fruits extracts.

We also tested the synthetic efficiency of the engineered strain with mogrol as substrate of which the

conversion rate was nearly 100% and successfully obtained sweetness IVA with a concentration of

19.26 mg/L. However, the concentration ratio of IVA and V was low, which was probably because of

the limited amount of intracellular UDPG in yeast (Zhuang et al., 2017). In this work, we only provided

the elementary strain for multi-glycosylation. In future work, the synthesis of intracellular UDPG can be

enhanced (Wang et al., 2020a, 2020b) and the fermentation conditions can be optimized to increase

the amount ratio of mogroside V. In addition, the multi-glycosylation routes would be combined with

Figure 8. Biosynthesis of sweet mogrosides using engineered S. cerevisiae

(A) A schematic diagram for the sweet mogrosides producing yeast.

(B) Summary of mogrosides production by five engineered yeast strains (Mog1: S. cerevisiaewith one copy of UGTMS1-M7,Mog2: S. cerevisiaewith one copy

of UGTMS1-M7 and knockout of gene Exg, Mog3: S. cerevisiae with two copies of UGTMS1-M7 and knockout of gene Exg) using IIE or IIIA as substrates.

(C) HPLC analysis of mogrosides production by engineered strain Mog-4 (S. cerevisiae with UGTMG1 and UGTMS1-M7 and knockout of gene Exg) with

mogrol as substrate.
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mogrol synthetic pathway to de novo produce series of high-density sweetness mogrosides IVA and V

from glucose by aid of metabolic engineering and synthetic biology strategies in future. Our study sug-

gests that the multi-glycosylation approach based on UGT engineering and artificial synthetic pathway

construction allow access to glycosylation of more flavonoid and triterpene aglycones for manufacturing

valuable glycosides.

Limitations of the study

Our study provided efficient multi-glycosylation pathways to biosynthesis different kinds of mogroside V.

One of the key weaknesses for the in vitro multi-glycosylation is the utilization of expensive UDPG. There-

fore, an economic in situ UDPG recycling system should be constructed and developed by coupling

UGTs with sucrose synthase. On the other hand, although we tested and confirmed the feasibility of

multi-glycosylation pathway in yeast, the titer of mogrosides IV and V was low. In future work, more

complicated and detailed metabolic regulations should be executed to improve the yield of mogrosides

IV and V.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Professor Yuanxia Sun (sun_yx@tib.cas.cn).

Materials availability

This study did not generate new reagents.

Data and code availability

All data reported in this article are available within the paper and the Supplementary Information files. The

UGT protein sequences used in this work were downloaded from NCBI database (www.ncbi.nlm.nih.gov/).

Multiple sequence alignments of MS1, MS2 with seven characterized UGTs was performed using the Clus-

tal W program in MEGA 6 and the conserved motif is presented using WebLogo 3 (http://weblogo.

threeplusone.com/create.cgi). Three crystal structures of UGTs (PDB ID: 5V2K, 6LZX, and 3HBF) down-

loaded from PDB database (www.rcsb.org) was used as a template for modeling of MS1. Data will be

shared by the lead contact on request.

This article does not report original code.

Any additional information required to reanalyze the data reported in this article is available from the lead

contact on request.

EXPERIMENTAL MODEL AND SUBJECT DETAIL

Expression and purification of glycosyltransferases

The genes of UGTs from S. grosvenorii were amplified from the cDNA of S. grosvenorii using a specific

primer pair (Table S4). The gene of MS2 (EUGT11, GenBank accession no. AK121682.1) was synthesized

by GenScript (Nanjing) Co., Ltd and inserted into the expression plasmid pET32. Then, the recombinant

plasmids were transformed into Escherichia coli BL21 (DE3), respectively. The E. coli BL21 harboring

UGTs plasmid was cultivated in LB medium containing 100 mg/mL ampicillin at 37�C and 200 rpm. When

OD600 reached 0.6–0.8, the recombinants were induced with 0.4 mM isopropyl-b-D-thiogalactopyranoside

(IPTG, final concentration) at 16�C and 200 rpm for 20 h. The cell pellets were harvested by centrifugation at

6,000 rpm for 10 min at 4�C and suspended in lysis buffer (50 mM Tris-HCl, 50 mM NaCl, and 25 mM imid-

azole, pH 7.0). After sonication, the crude UGT enzymes were obtained by centrifugation at 20,000 rpm and

4�C. To obtain pure recombinant proteins, we applied the supernatant to Ni-NTA agarose affinity column

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Escherichia coli DH5a Tsingke TSC-C01

Escherichia coli BL21 AngYuBio G6030

Recombinant DNA

pET32-MS1 This paper N/A

pET32-MS2 This paper GenBank: XP_015629141

Software and algorithms

WebLogo 3 N/A http://weblogo.threeplusone.com/create.cgi

Schrödinger N/A https://www.schrodinger.com/

Amber 16 N/A http://ambermd.org/index.php

Rosetta N/A https://www.rosettacommons.org/software
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as before (Dai et al., 2015). Enzyme purity and concentration were assessed by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and a NanoDrop 2000 (Thermo Scientific, USA).

METHOD DETAILS

Sequence alignment and phylogenetic analysis

A neighbor-joining tree was constructed using the MEGA 6 software. The following UGTs were used in this

analysis: UGT85C2 (GenBank: AAR06916.1), UGT720-269-1, UGT94-MS1, UGT94-289-1, PgUGT94Q2 (Gen-

Bank: AGR44632.1), UGT79B1 (GenBank:OAO90958.1), UGT91A1 (GenBank: RDX99130.1), UGT91C1 (Gen-

Bank: AAO63454.1), UGT91D2 (GenBank: ACE87855.1), UGT78D2 (GenBank: OAO89857.1), UGT89C1

(GenBank: AHL38967.1), UGT74F2 (GenBank: OAP07463.1), UGT72B1 (GenBank: KAF5519386.1), Os79

(GenBank: CAE01609.2), UGT78K6 (GenBank: BAF49297.1), VvGT1 (GenBank: AAB81682.1), UGT78G1

(GenBank: ABI94025.1), UGT85H2 (GenBank: ABI94024.1), TcCGT1 (GenBank: QCZ42162.1), PtUGT1 (Gen-

Bank: AUO17147.1), and MS2 (GenBank: XP_015629141).

Site-directed mutagenesis of glycosyltransferases

Sequence conservative analysis was performed to identify candidate mutation residues. Eight UGTs, which

showed branched glycosylation activity toward triterpenoids, were searched and obtained from the Na-

tional Center for Biotechnology Information database (NCBI), and sequential conservative analysis was

conducted using WebLogo 3 (http://weblogo.threeplusone.com/create.cgi). Multiple sequence align-

ments of MS1, MS2, and the above characterized UGTs were performed by using the Clustal W program

in MEGA 6 (Li et al., 2020). The plasmids pET32-MS2 and pET32-MS1 were used as templates to perform

site-directed mutagenesis. Table S4 provides all the primers used.

Enzyme characterization

To preliminarily verify the activity of candidate UGTs towards mogrol and mogroside IIE, 300 mL reactions,

including 0.2 mM mogrol or IIE, 1 mM UDPG, 10 mM MgCl2 and 300 mL crude UGT enzymes, were incu-

bated at 40�C overnight. To detect the primary glycosylation of MG1 towards mogrol, the UGT activity

assay was conducted in 300 mL of the reaction buffer (0.2 mM mogrol, 10 mM UDPG, 10 mM MgCl2,

50 mM Tris�HCl (pH 8.0), and 300 mg of the purified enzyme) at 40�C for 1 h, and the sample was detected

at 10, 30, and 60 min. To measure the enzyme activity of UGTs towards different mogroside substrates, re-

actions (300 mL) containing 50 mM Tris�HCl (pH 8.0), 0.2 mM mogrosides, 1 mM UDPG, 10 mM MgCl2 and

100 mg of MS2, or 100 mgMS1 enzyme were performed at 40�C. Substrates were dissolved by dimethyl sulf-

oxide for mogrol and mogrosides I to III, and mogrosides IV and V were dissolved in ddH2O. Then, the re-

actions were analyzed by HPLC with a reverse-phase Ultimate C18 column (4.6 3 250 mm2, 5 mm particle,

Welch, Shanghai, China) and an ultraviolet detector at 210 nm. Solvent A (H2O with 0.1% formic acid) and

solvent B (acetonitrile with 0.1% formic acid) were utilized as the mobile phase at a flow rate of 1 mL/min

using the following gradients:0–30 min, 25%–80% B.

The kinetic parameters of UGT and their variants were determined in 300 mL reaction buffer (including 1mM

UDPG, 10 mMMgCl2, 50 mM Tris�HCl, pH 8.0, and appropriate of the purified enzyme) at 40�C for 30 min,

with the concentration of mogrol or mogroside IIE varied from 0.01 to 0.4 mM. The reaction was stopped by

adding 300 mL of methanol. The substrate consumptions were then measured using HPLC method. To

identify the effects of pH and temperature on the activity of UGTs, we carried out reactions under various

pH (from pH 5.0 to pH 10.0; CH3COOH-CH3COONa: 5.0 and 6.0; Tris-HCl: 6.0, 7.0, 8.0 and 9.0; Glycine-

NaOH: 9.0 and 10.0) and temperatures (from 20 to 55�C). Furthermore, the effect of metal ions (MnCl2,

ZnCl2, CaCl2, CoCl2, CuCl2, MgCl2, and EDTA) on enzyme activity was tested.

To detect the product types and composition glycosylated by MS1 and its mutants, the glycosylation pro-

cesses were controlled, in which one glucose residue was transferred to substrates. The UGT activity assay

was as follow: 1 mM UDPG, 10 mMMgCl2, 50 mM Tris�HCl (pH 8.0), 0.2 mMmogrosides and 10–100 mg of

the purified enzyme at 40�C for 15–30 min (depending on the activity of mutants).

Cascade reaction for multi-glycosylation of mogrol

The in vitro cascade reaction was conducted in the reaction medium (10 mL) containing 1 mM mogrol,

10 mM UDPG, 10 mM MgCl2, 50 mM Tris�HCl (pH 8.0), 600 mg/mL MG1, 600 mg/mL MS1-M7 and/or

MS2 at 40�C. Samples at different reaction times were collected and analyzed by HPLC.
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Biosynthesis of sweet mogrosides by engineered S. cerevisiae

The gene sequences of MG1 andMS1-M7 were synthesized by GenScript (Nanjing, China) with codon opti-

mization based on that of S. cerevisiae (Figure S24). Then, the gene of MS1-M7 was constructed in plasmid

pYZ290 with GPD1 as the promoter and ADH1 as the terminator, resulting in plasmid pYZ291-MS1. The

gene of MG1 was inserted into plasmid pYZ291 with TEF1 as the promoter and ACT1 as the terminator,

resulting in plasmid pYZ291-MG1. To construct the recombinant plasmid containing the genes of MG1

and MS1-M7, we inserted the expression cassette of PTEF1-MS1-TACT1 amplified from plasmid pYZ291-

MG1 into plasmid pYZ291-MS1, resulting in plasmid pYZ291-MS1-MG1. Similarly, the cassette PTEF1-

MS1-TACT1 gene was further cloned into plasmid pYZ291-MS1, resulting in plasmid pYZ291-MS1-MS1

with two copies of MS1-M7 gene. To delete the EXG1 gene encoding glucosidase in yeast, we integrated

gene G418 into the EXG1 gene sites. Then, the recombinant plasmid pYZ-MS1-1 was introduced into

S. cerevisiae resulting in strains Mog1. The recombinant plasmids pYZ291-MS1, pYZ291-MS1-MS1,

pYZ291-MS1-MG1 were introduced into EXG1 knockout strain Saccharomyces cerevisiae6EXG1, respec-

tively, resulting in strains Mog2, Mog3, and Mog4. (Table S4). The engineered yeast strains were cultivated

in SD-URA media (100 mL medium in 250 mL flasks) at 30�C and 220 rpm. Then, the cells were harvested

after incubation for 60 h and resuspended in 5mL PB buffer (20 mM, pH 7.0, with 5% glucose) with a final

OD600 100. Then, 0.1 mM mogrol or mogroside IIE/IIIA was added to the medium. The cell transformation

was performed at 40�C and 150 rpm for 72 h, and the samples were collected and analyzed by HPLC.

NMR spectroscopic characterization and structural analysis of products

The reactions were performed in 100 mL reaction buffer (50 mM Tris-HCl pH 8.0), containing 50 mg

acceptor, 200 mg UDPG, 1 mM MgCl2, concentrates of 2 L cell lysates of MS2, at 40�C for 10 h and the re-

action was stopped by adding same volume of Methanol. Then, the reaction mixture was evaporated to

5 mL. To identify the structure of products, glycosides were purified by a preparative HPLC system using

reverse-phase Ultimate C18 column2 and re-dissolved in dimethylsulfoxide-d6. And finally, purified glyco-

sylated products were subjected to AVANCE III 600MHz spectrometer and characterized by 1H NMR, 13C

NMR, COSY, TOCSY, HSQC and HMBC.

In silico model generation and preparations

To obtain the three-dimensional structuremodels of MS1-WT andMS1-M7, we used three protein structure

homology-modeling and prediction servers, including Phyre2 sever (Kelley et al., 2015), trRosetta server

(Du et al., 2021), SWISS-MODEL server (Waterhouse et al., 2018), prime module of Schrödinger (Friesner

et al., 2004) and Amber 16 molecular dynamics package (Salomon-Ferrer et al., 2013), to find suitable tem-

plates for model generation. Three reported crystal structure PDB 5V2K, 6LZX, and 3HBF were obtained to

build a chimera model. The pose of cofactor UDPG in PDB 2ACW was superimposed into this chimera

model to obtain the conformation of the protein–cofactor complex. Then, the protein–cofactor complexes

for MS1-WT and MS1-M7 were refined by Amber 16 MD program for side-chain refinement and overall

structure relaxation. Each systemwas solvated in TIP3P water box with a buffer distance of 10 Å and neutral-

ized by adding Na+ counter-ions. Total 2000 steps of steepest descent and 1000 steps of conjugate

gradient minimizations were carried out to remove poor contacts in the system. The system was slowly

heated up to 300 K in 25,000 steps and underwent 50 ps density simulation with 50 kcal/mol restraint force

on the backbone. Afterward, 2 ns constant pressure equilibration MD run was performed at 10 kcal/mol

restraint force on the backbone. Finally, 3*50 ns unconstrained production MD was performed for each

system at 300 K and 1 atm with 2 fs integration time step. The frames in the last 30 ns were aligned and

clustered based on the backbone atoms of the protein using average linkage algorithm. The most repre-

sentative conformation from each trajectory was selected for further use.

Molecule docking and MD simulations

Three parallel MD simulations led to three different representative conformations for each system. The

dockings of MS1-WT and MS1-M7 with ligand IIE were performed using the RosettaLigand protocol in

the Rosetta software suite (Meiler and Baker, 2006). The preparations of ligand structures were carried

out in Schrödinger Maestro software, and the ligand conformer library generation was performed using

MacroModel module. In this study, we used transformmover to perform aMonte Carlo search of the ligand

binding site. Themaximum rotation angle per step in theMonte Carlo search was set to 20 degrees and the

maximum translation per step was set to 0.25 angstroms. A total of 500 steps of a Monte Carlo simulation

was performed. Total 5000 docking trajectories were computed for each conformation to generate a
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comprehensive ensemble of complex conformations. To determine the possible substrate binding mode,

we first filtered the final docked conformations based on the distance of N atom of catalytic residue His and

O atoms of the substrate in accordance with the reactionmechanism. All configurations in the 3*5000 dock-

ing trajectories with a distance shorter than 4 Å were selected and clustered based on the backbone atoms

of the substrate with RMS threshold of 3 Å. Then, the representative conformations for each complex were

obtained. To further evaluate the conformation bias for MS1-WT and MS1-M7, their representative confor-

mation was submitted to 3*50 ns unconstrained MD simulation as described above, and the emerging fre-

quency of catalytic conformations was calculated for each system.

QM/MM simulations

QM/MM simulations were applied to describe the reaction process of glycosyl moiety transfer from UDPG

to the O6 group of IIE for MS1-WT and MS1-M7. The initial structures came from the representative confor-

mation of ensemble docking. Co-factor UDPG, the catalytic residue His22, and substrate IIE were treated

by QM and the rest of the system was treated by MM. At first, 10000 steps (0.001 ps/step) of QM/MM equil-

ibration were performed with the distance between the O6 atom of IIE and N22 atom of His22, and the O6

atom of IIE and C1 atom of UDPG restrained. Then, we selected the last structure from the ensemble and

performed 50,000 steps (0.001 ps/step) of steered molecular dynamics (SMD) simulation. Two adaptively

biased MD (ABMD) collective variables (CV, also referred to as reaction coordinates) were used to describe

the reaction. The linear combination of r(N22.HO6) and r(HO6 .O6 ) [RC1 = r(N22 . HO6)-r(HO6 .O6 )] was

used to describe the proton transfer process, and the linear combination of r(O6 . C1) and r(C1 . Op)

[RC2 = r(O6.C1)-r(C1.Op)] was used to depict the glycosyl moiety transfer process. To study the binding

mode of transition state like (TS-like) structures, we selected PM3 semi-empirical quantum chemical Hamil-

tonian for QM atoms and performed the two-dimensional reaction process search to find the structure

close to the TS (TS-like structure). To evaluate the corresponding binding free energies of the TS-like struc-

tures, we performed the QM/MMGBSA calculation using the self-consistence charge density functional

tight binding (SCC-DFTB) Hamiltonian (Seabra et al., 2007). All simulations were carried out using

AMBER package. TIP3P water model was employed for the solvent. The non-bonded cutoff was set as

8 Å for QM and MM regions, and the harmonic restraint force constant used to force the steered CV along

its defined path was 1000kcalmol�1 Å�2.
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