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Short summary  1 

UDP-glycosyltransferase (UGT) encoding genes catalyzing the glycosylation of 2 

protopanaxatriol were cloned and characterized. Some key amino acid residues of the 3 

UGTs responsible for the activities and substrate regio-specificities were identified. 4 

The construction of yeast cell factories producing the bioactive ginsenosides F1 and 5 

Rh1 paved the way to manufacture these two high-value natural compounds through 6 

microbial fermentation in the future.  7 

8 
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Abstract 1 

Ginsenosides, the main pharmacological active natural compounds in ginseng (Panax 2 

ginseng), are mostly the glycosylated products of protopanaxadiol (PPD) and 3 

protopanaxatriol (PPT). No uridine diphosphate glycosyltransferase (UGT) that 4 

catalyzes PPT to produce PPT-type ginsenosides has yet been reported. Here, we show 5 

that UGTPg1, which was previously demonstrated to regio-specifically glycosylate the 6 

C20-OH of PPD, also specifically glycosylates the C20-OH of PPT to produce 7 

bioactive ginsenoside F1. We report the characterizations of four novel UGT genes 8 

isolated from P. ginseng, sharing high deduced amino acid identities (>84 %) with 9 

UGTPg1. We demonstrate that UGTPg100 specifically glycosylates the C6-OH of PPT 10 

to produce bioactive ginsenoside Rh1, and UGTPg101 catalyzes PPT to produce F1, 11 

followed by the generation of ginsenoside Rg1 from F1. However, UGTPg102 and 12 

UGTPg103 are found to have no detectable activity on PPT. Through structural 13 

modeling and site-directed mutagenesis, we identified several key amino acids of these 14 

UGTs which may play important roles in determining their activities and substrate 15 

regio-specificities. Moreover, we constructed yeast recombinants to biosynthesize F1 16 

and Rh1, respectively, by introducing the genetically engineered PPT-producing 17 

pathway and UGTPg1 or UGTPg100. Our study reveals the possible biosynthetic 18 

pathways of PPT-type ginsenosides in Panax plants, and provides a sound 19 

manufacturing approach for bioactive PPT-type ginsenosides in yeast via synthetic 20 

biology strategies. 21 

 22 

Key words: UDP-glycosyltransferase; triterpenoids; protopanaxatriol; ginsenoside F1; 23 

ginsenoside Rh1; Panax ginseng 24 

 25 
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Introduction 1 

Ginsenosides, a group of triterpene saponins, are the main pharmacologically active 2 

constituents of ginseng (Panax ginseng) roots (Shibata, 2001). Ginseng has been used 3 

in Asia for approximately 5000 years, as traditional medicine and dietary supplements 4 

(Yun, 2001). More than 150 naturally occurring ginsenosides have been identified from 5 

Panax spp. (Christensen, 2009). Most ginsenosides are glycosylated products of the 6 

tetracyclic triterpenoid aglyones, protopanaxadiol (PPD) and protopanaxatriol (PPT) 7 

(Supplementary Figure 1). Glycosylation of natural products in plants is catalyzed by 8 

glycosyltransferases (GTs), leading to alteration of the hydrophilicity, stability, and 9 

subcellular localization, and thus the chemical properties and bioactivity, of the natural 10 

products (Bowles et al., 2006).  11 

GTs are members of a multigene superfamily that catalyzes the transfer of a sugar 12 

moiety to a specific acceptor. The GTs that use uridine-diphosphate (UDP)-activated 13 

sugar molecules as donors are referred to as UDP-glycosyltransferases (UGTs). The 14 

diversity of plant UGTs has been demonstrated by comparing genomic and 15 

complementary DNA (cDNA) sequences from different plant species. More than 100 16 

UGT-encoding genes are thought to exist in each plant genome, according to plant 17 

genomic or cDNA data. For example, the Carbohydrate Active enZyme database 18 

(CAZy) contains 122 UGT genes from Arabidopsis thaliana. However, only a limited 19 

number of UGTs characterized to glycosylate triterpenoid aglycones were uncovered 20 

from plants, such as Medicago truncatula (Achnine et al., 2005), Saponaria vaccaria 21 

(Meesapyodsuk et al., 2007), Barbarea vulgaris (Augustin et al., 2012), Glycine max 22 
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(Shibuya et al., 2010) and P. ginseng (Jung et al., 2014; Wang et al., 2015; Yan et al., 1 

2014). 2 

More than 100 unique UGT-encoding cDNA sequences were identified in each of 3 

the transcriptomes of P. ginseng, P. notoginseng and P. quinguefolium (Chen et al., 2011; 4 

Li et al., 2013; Luo et al., 2011; Sun et al., 2010), which may contribute to the diversity 5 

of ginsenosides in Panax plants. Although only EST data are available for P. ginseng, 6 

42 full-length UGTs from P. ginseng were assembled in our previous study (Yan et al., 7 

2014). UGTPg1 from P. ginseng was characterized to regio-specifically glycosylate the 8 

C20-OH of PPD and its derived ginsenosides (Yan et al., 2014). More recently, two 9 

UGTs from P. ginseng were characterized to catalyze the glycosylation of C3-OH of 10 

PPD to yield Rh2 and to elongate a glucose moiety of Rh2 to generate Rg3, respectively 11 

(Jung et al., 2014; Wang et al., 2015). However, until now no UGT which could 12 

glycosylate PPT to produce PPT-derived ginsenosides has been reported. 13 

Some characterized plant UGTs are promiscuous and can act on substrates 14 

belonging to various classes. For example, UGT71G1 from M. truncatula can 15 

glycosylate flavonoid (quercetin) and triterpenoid (medicagenic acid, hederagenin) 16 

(Shao et al., 2005). UGT73C5 of A. thaliana can catalyze 13-O-glucosylation of the 17 

brassinosteriods brassinolide and castasterone, but it also transfers a glucose moiety to 18 

the C3-OH of deoxynivalenol (Poppenberger et al., 2003; Poppenberger et al., 2005). 19 

Some UGTs, however, are regio-specific or substrate specific. The three characterized 20 

Stevia rebaudiana UGTs (UGT74G1, UGT76G1 and UGT85C2) catalyze the 21 

glycosylation of steviol in a regio-selective manner (Richman et al., 2005). UGT73A14, 22 
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a UGT from Gentiana triflora, glycosylates C3’-OH of delphinidin 3,5-diglucoside, but 1 

it has no activity on other anthocyanins such as pelargonidin 3,5-diglucosides or 2 

cyanidin 3,5-diglucosides (Fukuchi-Mizutani et al., 2003).  3 

Results from some studies suggest that a change in key amino acid residues of an 4 

UGT might alter its sugar donor specificity or substrate regio-specificity. Mutation of 5 

the last amino acid in the PSPG box (from H to Q) of a UDP-galactosyltransferase, 6 

ACGaT, confers glucosyltransferase activity, in addition to its inherent 7 

galactosyltransferase activity (Kubo et al., 2004). The F148V and Y02A mutants of 8 

UGT71G1 drastically changed the regio-selectivity for quercetin glycosylation from 9 

predominantly the C3’-OH of the B-ring to the C3-OH of the C ring (He et al., 2006). 10 

In this study, four novel UGT-encoding genes (UGTPg100, UGTPg101, 11 

UGTPg102 and UGTPg103) were isolated from P. ginseng. Catalytic activities of the 12 

four novel UGTs and our previously identified UGTPg1 (Yan et al., 2014) on PPT were 13 

evaluated and compared. UGTPg1 could only glycosylate the C20-OH of PPT. 14 

UGTPg100 could catalyze the glycosylation of C6-OH of PPT and its derived 15 

ginsenosides in a regio-specific manner. UGTPg101 could transform PPT to F1 and 16 

Rg1 sequentially. However, UGTPg102 and UGTPg103 possessed no detected activity. 17 

Through protein structure modeling, site-directed mutagenesis and enzyme assays, the 18 

key amino acid residues affecting the catalytic function of these UGTs were identified. 19 

The genetically engineered yeasts to produce PPT-type ginsenosides F1 and Rh1 were 20 

constructed and in vivo functions of UGTPg1 and UGTPg100 were further confirmed 21 

in these genetically engineered yeasts.  22 

23 
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Results 1 

Cloning of novel UDP-glycosyltransferase genes involved in the biosynthesis of 2 

ginsenosides  3 

By functionally screening the ORFs from our constructed database, we were able to 4 

report the identification of the first tetracyclic triterpenoid UGT (UGTPg1), which was 5 

characterized to glycosylate the C20-OH of PPD and its derived ginsenosides (Yan et 6 

al., 2014). We re-assembled the cDNA contigs in the database and focused on the 7 

candidates belonging to the UGT71 subfamily, of which UGTPg1 is a member. We 8 

obtained another UGT-encoding gene, UGTPg100, which showed high deduced amino 9 

acid identity (84.1%) to UGTPg1 (Supplemental Table 1). An additional three UGT 10 

ORFs were amplified from mRNAs of P. ginseng by RT-PCR, using primer pairs 11 

against UGTPg1- and UGTPg100-encoding genes and identified as UGTPg101, 12 

UGTPg102 and UGTPg103. The deduced amino acid sequences of the five cloned 13 

UGT genes were aligned (Figure 1). The amino acid sequences of UGTPg101 and 14 

UGTPg102 were mostly identical to that of UGTPg1, with identities up to 98.1% and 15 

95.4%, respectively (Supplemental Table 1). The deduced amino acid sequence of 16 

UGTPg103 was highly identical to that of UGTPg100, with an amino acid identity up 17 

to 98.7% (Supplemental Table 1). Besides, phylogenetic analysis of the five UGTPgs 18 

and other characterized plant UGTs belonging to UGT71 subfamily demonstrated that 19 

the five UGTPgs were divided into two branches and phylogenetically far from 20 

UGT71G1 (Shao et al., 2005), which was characterized to glycosylate triterpenoid 21 

substrates (Supplemental Figure 2). 22 

 23 

Enzymatic characterizations of the five UGTs towards PPT and PPT-type 24 

ginsenosides 25 
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ORFs of the four UGT (UGTPg100, UGTPg101, UGTPg102 and UGTPg103) 1 

encoding genes were cloned into pET28a and heterologously expressed in Escherichia 2 

coli BL21 (DE3) individually. Western blotting was employed to verify successful 3 

expression of the recombinant C-terminally 6×His-tagged proteins as soluble products 4 

(Figure 2A). The activities and substrate specificities of the four newly expressed UGTs 5 

as well as UGTPg1 towards PPT and PPT-type ginsenosides were examined. Crude cell 6 

extracts containing each of the recombinant UGTs were incubated with UDP-glucose as 7 

a sugar donor and PPT or different PPT-type ginsenosides (F1, Rh1, Rg1 and Rg2) as 8 

putative sugar acceptors (Supplemental Figure 3A). As UGTPg1 was demonstrated to 9 

transfer a glucosyl moiety to the C20-OH of dammarenediol-II, PPD and PPD-type 10 

ginsenosides (Rh2 and Rg3), the activities of the four newly expressed UGTs were also 11 

tested against PPD or PPD-type ginsenosides (CK, Rh2, F2 and Rg3; Supplemental 12 

Figure 3B). 13 

The crude UGTPg100 preparation could readily convert PPT into Rh1, and F1 into 14 

Rg1, respectively, as monitored by thin layer chromatography (TLC; Supplemental 15 

Figure 3A), high-performance liquid chromatography (HPLC; Figure 2B and 16 

Supplemental Figure 4) and high-performance liquid chromatography/electrospray 17 

ionization mass spectroscopy (HPLC/ESIMS; Figure 2C) analyses. After purification, 18 

the structure of Rh1 was confirmed by 13C nuclear magnetic resonance (NMR; 19 

Supplemental Table 2). The above results indicated that UGTPg100 transferred a 20 

glucosyl moiety to the free C6-OH of PPT or PPT-type ginsenosides in vitro. 21 

UGTPg100 had no detected activity towards PPD or any of the tested PPD-type 22 

ginsenosides (Supplemental Figure 3B). UGTPg100 also could not glycosylate Rh1, 23 

Rg1, Rg2, the PPT-type ginsenosides without a free hydroxyl at C6 (Supplemental 24 

Figure 3A and Supplemental Figure 4). Namely, UGTPg100 neither catalyzed the 25 
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glycosylation of the C3and/or C20 hydroxyls of ginsenosides (PPT/PPD/CK/Rh2/Rh1) 1 

nor transferred a glucosyl moiety to extend the sugar chain at C6 of Rh1, Rg1 or Rg2. 2 

These findings indicate that UGTPg100 catalyzes the C6-OH glycosylation of PPT and 3 

the derived ginsenoside F1 in a regio-selective manner. 4 

UGTPg101 had catalytic activities towards PPD and PPD-type ginsenosides, similar 5 

to the activities of UGTPg1 (Yan et al., 2014). Both UGTPg101 and UGTPg1 catalyzed 6 

C20-OH glycosylation of PPD, Rh2 and Rg3 to produce the ginsenosides CK, F2 and 7 

Rd, respectively (Supplemental Figure 3B). When incubated with PPT, UGTPg101 8 

glycosylated the C20-OH of PPT to produce F1, as monitored by TLC (Supplemental 9 

Figure 3A) and HPLC (Figure 2B). After incubating UGTPg101 with PPT for a longer 10 

period, an additional glycosylated product could be detected in the TLC profile 11 

(Supplemental Figure 3A), which was confirmed by HPLC to be Rg1 (Figure 2B). 12 

These results suggest that UGTPg101 is a bifunctional UGT. UGTPg101 could 13 

glycosylate the C6-OH of F1, but it could not glycosylate the C20-OH of Rh1 or Rg2 14 

(Figure 2B; Supplemental Figure 3A). Rh1 was not detected when UGTPg101 was 15 

incubated with PPT (Figure 2B), indicating that it could not glycosylate the C6-OH of 16 

PPT. All the above data indicates that UGTPg101 has the capability to glycosylate 17 

sequentially the C20-OH of PPT to produce F1 and then the C6-OH of F1 to produce 18 

Rg1. 19 

When incubated with PPT, UGTPg1 glycosylated the C20-OH of PPT to produce F1, 20 

as monitored by TLC (Supplemental Figure 3A), HPLC (Figure 2B) and HPLC/ESIMS 21 

(Figure 2C) analyses. After purification, the structure of F1 was confirmed by 13C NMR 22 

(Supplemental Table 2). As was observed for UGTPg101, UGTPg1 could not 23 

glycosylate the C20-OH of Rh1or Rg2 and the C6-OH of PPT (Supplemental Figure 24 

3A). Unlike UGTPg101, UGTPg1 was unable to glycosylate the C6-OH of F1, either 25 
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(Supplemental Figure 3A and Supplemental Figure 4). These results demonstrate that 1 

UGTPg1 can only glycosylate the C20-OH of PPT. By contrast, UGTPg102 and 2 

UGTPg103 had no activity towards any of the aglycones or ginsenosides evaluated 3 

when UDP-glucose was used as the sugar donor (Supplemental Figure 3 and Figure 4 

2B). 5 

The kinetic parameters of UGTPg1 and UGTPg100 towards the substrate PPT were 6 

assessed (Table 1). Their activities and catalytic efficiencies were similar. In addition, 7 

the proposed biosynthetic pathway of ginsenoside Rg1 in Panax plants based on the 8 

functions of UGTPg1, UGTPg100 and UGTPg101 was illustrated in Figure 2D. 9 

 10 

The substitutions between H144 of UGTPg1 and Y144 of UGTPg102 shifts their 11 

functions  12 

UGTPg1 and UGTPg102 shared a 95.4% amino acid sequence identity, with only 17 13 

amino acid substitutions. UGTPg1 glycosylated the C20-OH of PPT (Figure 2B); 14 

however, UGTPg102 had no detectable activity towards the substrates evaluated 15 

(Supplemental Figure 3). SWISS-MODEL was employed to conduct structural 16 

modeling, using UGT71G1 from M. truncatula (PDB: 2ACW) as the template. When 17 

the locations of the amino acid substitutions were mapped to the protein 3D structure, 18 

six residues located around the substrate binding pocket and the presumed catalytic 19 

residues were noted (Figure 3A).  20 

The amino acid residues L38, A40, F85, T134, H144 and Q388 of UGTPg1 21 

corresponded to F38, S40, L85, I134, Y144 and H388 of UGTPg102, respectively. 22 

These amino acid residues of UGTPg1 were independently converted into the 23 
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corresponding ones of UGTPg102 by site-directed mutagenesis, yielding six UGTPg1 1 

mutated proteins: UGTPg1-L38F, UGTPg1-A40S, UGTPg1-F85L, UGTPg1-T143I, 2 

UGTPg1-H144Y and UGTPg1-Q388H. All crude cell extracts of the recombinant E. 3 

coli expressing these proteins were subjected to Western blotting analysis to confirm 4 

expression (Figure 3B). 5 

The functions of these mutated proteins were assayed. UGTPg1-L38F, 6 

UGTPg1-A40S, UGTPg1-F85L, UGTPg1-T134I and UGTPg1-Q388H retained the 7 

ability to transfer a glucose residue to the C20-OH of PPT in a manner similar to the 8 

wild-type UGTPg1 (Figure 3C). However, the mutant UGTPg1-H144Y could not 9 

catalyze the glycosylation of PPT (Figure 3C). Meanwhile, when Y144 of UGTPg102 10 

was converted into H144, the mutated protein UGTPg102-Y144H gained the ability to 11 

transfer a glucose residue to the C20-OH of PPT. UGTPg102-Y144H still contained 16 12 

amino acid residues not present in UGTPg1 (Figure 3C). These results suggest that 13 

H144 may be vital for the glycosylation activity of UGTPg1 towards the C20-OH of 14 

PPT. 15 

 16 

A142, L186 and G338 are the key amino acid residues determining the function of 17 

UGTPg100  18 

UGTPg100 and UGTPg103 were found to share a very high (98.7%) amino acid 19 

sequence identity, differing in only six amino acids. The six different residues lead to 20 

completely different activities, suggesting that some of them played critical roles in the 21 

function of UGTPg100.  22 
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Structural modeling of UGTPg100 was conducted using UGT71G1 from M. 1 

truncatula (PDB: 2ACW) as the template. We started by investigating four amino acid 2 

substitutions in detail: A142 and L186 located around the substrate binding pocket and 3 

the catalytic center and W205 and G338 located in the N- and C- terminal Rossmamn 4 

fold domains, respectively (Figure 4A). Amino acid residues A142, L186, W205 and 5 

G338 of UGTPg100 corresponded to T142, S186, R205 and R338 of UGTPg103, 6 

respectively. These four amino acids in UGTPg100 were independently converted to 7 

the corresponding ones in UGTPg103 by site-directed mutagenesis, yielding four 8 

mutated proteins: UGTPg100-A142T, UGTPg100-L186S, UGTPg100-W205R and 9 

UGTPg100-G338R, respectively. All crude cell extracts of recombinant E. coli 10 

expressing these proteins were subjected to Western blotting analysis to confirm 11 

expression (Figure 4B).  12 

The activity of these mutated proteins towards PPT was investigated. 13 

UGTPg100-A142T, UGTPg100-L186S and UGTPg100-G338R showed no activity 14 

towards PPT, but UGTPg100-W205R retained the ability to transfer a glucose residue 15 

to the C6-OH of PPT, similarly to the wild-type UGTPg100 (Figure 4C). It is suggested 16 

that one of the three substitutions (A142T, L186S and G338R) leads to complete loss of 17 

UGTPg100 activity and that the three amino acids are critical for the catalytic 18 

architecture. 19 

  The single-site mutated proteins of UGTPg103, UGTPg103-T142A, as well as the 20 

double-site mutated protein UGTPg103-T142A/S186L, were not activated to transfer a 21 

glucose residue to the C6-OH of PPT. Only the triple-site mutant of UGTPg103, 22 
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T142A/S186L/R338G, could obtain an activity to glycosylate the C6-OH of PPT 1 

(Figure 4C), which was weaker than that of UGTPg100. The other two amino acid 2 

residues, V111 and I349 in UGTPg100, corresponding to I111 and V349 in UGTPg103, 3 

respectively, may also contribute to this activity, even if these amino acids bear 4 

structurally and characteristically similar side chains. 5 

 6 

Mutated proteins UGTPg1-H82C and UGTPg1-H144F as well as a chimeric 7 

protein of UGTPg1 and UGTPg100 alter their substrate regio-specificity towards 8 

PPT  9 

UGTPg1 and UGTPg100 showed relatively low amino acid identity (84.1%), sharing 10 

more than 70 amino acid substitutions, insertions and deletions. They were observed to 11 

be regio-specific UGTs, preferring different hydroxyls on PPT. Four amino acid 12 

residues around the substrate binding pocket and the catalytic center were selected for 13 

further investigation, based on structural modeling (Figure 5A). These amino acids of 14 

UGTPg1 were independently converted into the corresponding ones in UGTPg100. All 15 

crude cell extracts of recombinant E. coli expressing these proteins were subjected to 16 

Western blotting analysis to confirm expression (Figure 5B).  17 

Activities of the mutated proteins UGTPg1-A10V and UGTPg1-I13F responsible for 18 

glycosylation of the C20-OH of PPT were decreased significantly compared with the 19 

wild-type UGTPg1 (Figure 5C). The mutated protein UGTPg1-H82C could not only 20 

glycosylate the C20-OH of PPT to produce F1, but also C6-OH of PPT to produce Rh1 21 

(Figure 5C). UGTPg1-H82C altered the substrate regio-specificity, concurrently 22 
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glycosylating the two hydroxyls on PPT. Similarly, UGTPg1-H144F showed a weak 1 

activity towards the C6-OH of PPT, without compromising its activity towards the 2 

C20-OH of PPT (Figure 5C). By contrast, the mutated proteins UGTPg100-F144Y, 3 

UGTPg100-F144H and UGTPg100-C82H did not show activity towards PPT (Figure 4 

4C and Figure 5C). 5 

To evaluate the sequence-based functional differences, six chimeric proteins of 6 

UGTPg1 and UGTPg100 were constructed (Figure 6A). As illustrated in Figure 6B and 7 

6C, although all the chimeric proteins were successfully expressed in E. coli BL21 8 

(DE3), Chi_1, Chi_2, Chi_3, Chi_4 and Chi_5 did not show activity towards PPT. 9 

Chi_6, which was closely matched to a cloned UGT gene from P. ginseng (Jung et al., 10 

2014) and fell into the cluster of UGTPg1, UGTPg101 and UGTPg102 in the 11 

phylogenetic tree (supplementary Figure 2), possessed a strong glucose transfer 12 

activity toward the C20-OH of PPT to produce F1 and a weak glycosylation activity 13 

toward the C6-OH of PPT to produce Rh1 (Figure 6C). Based on these results, it seems 14 

that the C-terminal domain, including the PSPG box of UGTPg100, was critical for the 15 

transfer of a glucose moiety to the C6-OH of PPT. These results indicated that the PSPG 16 

box with the C-terminal sequence of UGTPg100 must be compatible to ensure the 17 

glycosylation of the C6-OH of PPT. 18 

The above results demonstrated that the mutated proteins UGTPg1-H82C, 19 

UGTPg1-H144F and Chi_6 altered the substrate regio-specificity, catalyzing the 20 

C20-OH and C6-OH of PPT at the same time to produce F1 and Rh1, respectively. 21 

Besides, UGTPg1-H144F and Chi_6 could produce a small amount of Rg1 as well as 22 

F1 and Rh1 when they were separately incubated with PPT (Figure 5C and Figure 6C). 23 

However, no Rg1 was detected when UGTPg1-H82C was incubated with PPT (Figure 24 

5C).  25 
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 1 

The in vivo syntheses of ginsenoside Rh1 and F1 in genetically engineered yeasts 2 

The reconstruction of PPT biosynthetic pathway in yeast was achieved via 3 

co-expressing the encoding genes of a dammarenediol synthase (PgDDS) (Han et al., 4 

2006; Tansakul et al., 2006), two cytochrome P450 (CYP716A47 and CYP716A53v2) 5 

(Han et al., 2011; Han et al., 2012), and an NADPH-cytochrome P450 reductase 6 

(PgCPR1) (Yan et al., 2014) isolated from P. ginseng. The recombinants to produce 7 

Rh1 and F1 were constructed by introducing UGTPg100 and UGTPg1 into the PPT 8 

producing yeast strain, respectively. Twenty Rh1 and F1 producing transformants 9 

were individually selected and their ginsenoside yields in n-butanol extract of 10 

fermentation supernatant and yeast cells were measured independently by HPLC 11 

(Supplementary Figure 5), which represents the intracellular and secreted 12 

ginsenosides, respectively. For all of the selected transformants, most of the produced 13 

Rh1 or F1 could be secreted to the fermentation supernatant (Supplementary Figure 5). 14 

Transformants ZW-F1-17 and ZW-Rh1-20 produced the highest total amount of F1 15 

and Rh1, which were measured as 42.1 mg/L and 92.8 mg/L, respectively 16 

(Supplementary Figure 5 and Figure 7A; Table 2). The ginsenoside Rh1 produced in 17 

ZW-Rh1-20 and F1 in ZW-F1-17 were further confirmed by HPLC (Figure 7B) and 18 

HPLC/ESIMS (Figure 7C). The yields of other ginsenoside intermediates produced in 19 

the recombinant yeast cells ZW-F1-17 and ZW-Rh1-20, such as dammarenediol II 20 

(DM), PPD, PPT, compound K (CK) and 20(S)-O-β-(D-glucosyl)-dammarenediol II 21 

(DMG) (Yan et al. 2014), were also listed in Table 2. The successful biosyntheses of 22 

ginsenoside Rh1 and F1 in the genetically engineered yeasts further confirm that 23 

UGTPg1 and UGTPg100 catalyze the glycosylation of C20-OH and C6-OH of PPT, 24 

respectively, both in vitro and in vivo. De novo production of Rh1 and F1 via 25 
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metabolically engineered yeast strains ZW-Rh1-20 and ZW-F1-17 would pave the 1 

way to produce these two high-value natural compounds through microbial 2 

fermentation in the future. 3 

 4 

Discussion 5 

Diversity and similarity among UGTPg genes 6 

All of the five UGTPg genes investigated in this study were cloned from the cDNA 7 

sample from a P. ginseng plant. It means the five UGTPg genes with high similarity 8 

but with different functions or activities coexist in the same genome. The similar 9 

phenomena have also been observed in other plants. Three UGTs with the 10 

similarities >91%, VvGT5, VvGT6 and VvGT3, were cloned from Vitis vinifera. 11 

VvGT3 showed no activity to the tested substrates while VvGT5 and VvGT6 were 12 

characterized to glycosylate flavonoid using UDP-glucuronic acid and 13 

UDP-glucose/UDP-galactose as sugar donors, respectively (Ono et al., 2010). VvGT5, 14 

VvGT6 and VvGT3 were found to be located in tandem on chromosome 11, suggesting 15 

that one of them may have arisen from the other by gene duplication (Jaillon et al., 2007; 16 

Ono et al., 2010). It was possible that VvGT3 might result from the gene duplication 17 

followed by a nonfunctionalization event. Augustin et al. (2012) cloned and 18 

characterized five UGTs belonging to the UGT73C gene subfamily in B. vulgaris with 19 

varied substrate specificities. All five UGT sequences were mapped to an existing 20 

linkage map of B. vulgaris and were found to be located within a region that 21 

corresponded to the genome sequences ranged from 13.5 Mb to 19.6 Mb of A. thaliana 22 

chromosome 2 containing a tandem repeat cluster of UGT73C genes (Augustin et al., 23 

2012; Kuzina et al., 2011). These facts not only supported the speculation that some 24 

UGT genes with high sequence identity, but different functions, might have evolved by 25 
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gene duplication from a common ancestor, but also suggested that these clustered UGT 1 

genes might be co-regulated in secondary metabolic processes.  2 

The process of gene duplication to generate multiplicity in gene copy number results 3 

in the common genetic redundancy in plants. The five UGT genes from P. ginseng that 4 

we have cloned and characterized shared high amino acid identity and might have also 5 

undergone similar gene duplication events followed by neofunctionalization or 6 

nonfunctionalization. The bifunctional gene UGTPg101, which could catalyze 7 

C20-OH glycosylation of PPT and C6-OH glycosylation of F1, might be regarded to be 8 

in a promiscuous state, serving as a starting point in evolution (Aharoni et al., 2005; 9 

O'Brien and Herschlag, 1999; Weng et al., 2012). This evolutionary intermediate might 10 

undergo functional specialization to become UGTPg1 and UGTPg100, which 11 

specifically catalyzed the glycosylation of C20-OH and C6-OH, respectively. 12 

UGTPg102 and UGTPg103 might evolve to nonfunctionalization or other specialized 13 

functions to use acceptors and/or sugar donors which we have not tested in this study. 14 

However, the possibility that some of the five UGT genes merely represent allelic 15 

variation could not be excluded because P. ginseng is a tetraploid plant. Genome 16 

sequencing of P. ginseng would truly elucidate the chromosomal locations and genetic 17 

relationship of the five UGT genes. 18 

 19 

Complex substrate regio-specificities of UGTPgs and their key amino acid 20 

residues 21 

Glycosylation is the main modification in the complex plant secondary metabolism. 22 

Some UGTs were shown to use structurally different compounds as substrates, and 23 

some UGTs recognized their substrate in a regio-selective manner. UGTPg1 24 

regio-specifically glycosylated the C20-OH of PPD and its derived ginsenosides (Yan 25 
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et al., 2014), and it was also found to regio-specifically glycosylate the C20-OH of PPT 1 

in this study. However, it could not catalyze the C20-OH of Rh1 or Rg2, which are 2 

PPT-derived ginsenosides with the C6-OH glucosylated (Supplementary Figure 3A). 3 

These results indicated that glucose or other sugar moiety at the C6 of PPT might 4 

interfere with the glycosylation at C20-OH. By contrast, glucose or other sugar moiety 5 

at the C3 of PPD did not interfere with glycosylation of C20-OH (Yan et al., 2014). It 6 

seemed that the substrate-binding pocket of UGTPg1 could flexibly accommodate 7 

PPD-derived ginsenosides with the C3-OH glycosylated but could not flexibly 8 

accommodate PPT-derived ginsenosides with the C6-OH glycosylated. UGTPg100 9 

regio-selectively catalyzed the C6-OH glycosylation of PPT and its derived 10 

ginsenoside F1 (Figure 2 and Supplementary Figure 4). The glucose moiety at C20-OH 11 

did not seem to interfere with the glycosylation of C6-OH, and UGTPg100 could 12 

flexibly accommodate PPT-derived ginsenoside with C20-OH glycosylated. However, 13 

the bifunctional UGTPg101 could not catalyze the C6-OH of PPT directly. It initially 14 

catalyzed the C20-OH glycosylation of PPT to generate F1 and then catalyzed the 15 

C6-OH glycosylation of F1 to produce Rg1. The glycosylation of C20-OH might make 16 

UGTPg101 accommodate the C6-OH of F1. Similar sequential glycosylations have 17 

also been reported in other plants (Kogawa et al., 2007; Ogata et al., 2005). 18 

The mechanism underlying the varying degrees of flexibility and regio-specificities 19 

of UGTPgs to PPD- and PPT-type ginsenosides could be elucidated by combining the 20 

resolution of the UGTPgs crystal structure with different substrates and the 21 

investigation of the key amino acid residues responsible for their activities and 22 

substrate regio-specificities. At present, only six plant UGTs, namely, UGT71G1 (Shao 23 

et al., 2005), UGT85H2 (Li et al., 2007) and UGT78G1 (Modolo et al., 2009) from M. 24 

truncatula, VvGT1 (Offen et al., 2006) from V. vinifera, UGT72B1 (Brazier-Hicks et 25 
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al., 2007) from A. thaliana, and Ct3GT-A (Hiromoto et al., 2013) from Clitoria ternatea, 1 

have been structurally analyzed. The five UGTPgs in our present study share the 2 

highest amino acid identity (43%) with UGT71G1 from M. truncatula, among the six 3 

reported plant UGTs with available 3D crystal structure information. It has been 4 

demonstrated that H22 and D121 are the key catalytic residues of UGT71G1 (Shao et 5 

al., 2005). These two residues corresponded to the highly conserved H15 and D117 6 

residues within the five UGTPgs. Three amino acid residues located in the PSPG box, 7 

W360, E381 and Q382, were proposed to interact directly with the glucose residue on 8 

the sugar donor (Osmani et al., 2009). These three residues were also conserved 9 

among the five UGTPgs, corresponding to W364/365, E385/386 and Q386/387, 10 

respectively. Moreover, the conserved residues P11, F42, L78, L/F85 and L119 of the 11 

five UGTPgs corresponded to P18, F49, L85, I82 and F113 of UGT71G1, which were 12 

reported to provide hydrophobic environment for the acceptor binding pocket and to 13 

facilitate the accommodation of triterpenoid substrates, such as medicagenic acid and 14 

hederagenin (Shao et al., 2005). The above conserved amino acid residues in UGTPg1, 15 

UGTPg100 and UGTPg101 may contribute to their ability to catalyze PPT. 16 

Some different amino acid residues between the five UGTPgs were also testified to 17 

be critical for their activities or substrate regio-specificities to PPT based on the 18 

site-directed mutagenesis results in this study. For example, amino acid residues H144, 19 

A10 and I13 were believed to be critical for the UGTPg1’s activity towards the 20 

C20-OH of PPT (Figure 3 and Figure 5). Besides, amino acid residues H144 and H82 21 

affected the substrate regio-specificity of the UGTs to catalyze PPT (Figure 5C). 22 

Similarly, the mutated proteins UGTPg100-C82H, UGTPg100-F144H, 23 

UGTPg100-F144Y, UGTPg100-A142T, UGTPg100-L186S and UGTPg100-G338R, 24 

showed no activity toward PPT. It seems that amino acid residues F144, C82, A142, 25 
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L186 and G338, are also critical for the activities of UGTPg100 to glycosylate the 1 

C6-OH of PPT (Figure 4C and Figure 5C).  2 

F148 of UGT71G1, being corresponded to H/F/Y144 of the five UGTPgs, was 3 

located at one end of the substrate-binding pocket together with Y202 accommodating 4 

the sugar acceptor quercetin (Shao et al., 2005). The mutated protein 5 

UGT71G1-F148V switched the glycosylation preference from C3’-OH to C3-OH (He 6 

et al., 2006). The mutated protein UGTPg1-H144F was able to glycosylate both the 7 

C20-OH and C6-OH of PPT (Figure 5C). These results suggest that the amino acid at 8 

this site might determine the substrate regio-specificity of the UGTs in UGT71 9 

subfamily, although other amino acid residues were also detected to exist at the 10 

corresponding site of these characterized UGTs in UGT71 subfamily besides H/F144 11 

(Supplementary Figure 6). The difference of UGTPg100 G338 and UGPg103 R338 12 

played a critical role in determining their different activities (Figure 4C). G338/339, 13 

located close to the PSPG box, was highly conserved among the characterized UGTs 14 

in UGT71 subfamily (Supplementary Figure 6). These results suggest the substitution 15 

of the glycine (G), a neutral and small amino acid, to an arginine (R), a positive 16 

charged and large one, might disturb the structure of the nearby PSPG box, and thus 17 

affect the binding of sugar donor. Besides, the amino acid residues A142 and 18 

L186/187 are also relatively conserved in these characterized plant UGTs of UGT71 19 

subfamily (Supplementary Figure 6). By contrast, several amino acid types were 20 

detected at the residue sites 10, 13 and 82 of these members from UGT71 subfamily. 21 

More case studies are required to make sure whether these conserved amino acid 22 

residues, such as G338/339, A142 and L186/187, could also be critical for the activity 23 

of other plant UGTs or whether the diverse amino acid types at the sites 10, 13 and 82 24 

represent the diverse substrate selectivities. 25 
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The site-directed mutagenesis results from this study give us clues to understand 1 

the key amino acid residues which are responsible not only for the activities and 2 

substrate regio-specificities of UGTPgs for PPT glycosylation but also for those 3 

characteristics of other UGTs in UGT71 subfamily. However, because neither the five 4 

UGTPgs was crystallized nor their closely related UGT71G1 was crystallized with 5 

triterpenoid substrates, it is still hard to predict the interaction between UGTPgs and 6 

their substrates PPT or PPT-type ginsenosides through homologous modeling. In 7 

future studies, it is necessary to uncover the crystal structures of UGTPg1, UGTPg100 8 

and UGTPg101 and then to further elucidate the mechanisms for their 9 

regio-selectivity or substrate specificity based on systems biology and protein 10 

engineering approaches. These studies would accumulate more knowledge to 11 

understand the relations between the structure and characterizations of plant UGTs, 12 

which may give clues to design and rebuild UGTs by protein engineering to increase 13 

enzyme catalytic efficiencies or expand their substrate selectivities to create 14 

non-natural therapeutic compounds. 15 

 16 

The possible biosynthetic pathways of PPT-type ginsenosides in vivo  17 

UGTPg1 and UGTPg100 were characterized to specifically catalyze the glucosylation 18 

of C20-OH and C6-OH of PPT to produce F1and Rh1in in vitro reactions, 19 

respectively (Figure 2B). The successful biosyntheses of ginsenoside Rh1 and F1 in 20 

the genetically engineered yeasts further referred that UGTPg1 and UGTPg100 21 

should be the key enzymes to produce F1 and Rh1 from PPT in Panax plants, 22 

respectively. In Panax plants, being possibly like in yeast recombinant ZW-F1-17, 23 

UGTPg1 have three potential substrates, DM, PPD and PPT. According to the Vmax, 24 

Km, kcat and kcat/Km for UGTPg1 to catalyze the glycosylation of PPT (Table 1), PPD 25 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

22 
 

and DM (Yan et al. 2014), UGTPg1 is found to prefer PPT over DM or PPD as its 1 

substrate, because both its affinity and the turn-over number towards PPT are higher 2 

than those of DM or PPD. That is why the yield of F1 is much higher than that of CK 3 

in ZW-F1-17 (Table 2). The UGTs with higher affinity and the turn-over number 4 

towards PPT, such as UGTPg1 and UGTPg100, together with the relatively high 5 

activity of CYP716A53v2 catalyzing PPD to produce PPT, make sure there is a 6 

certain ratio of PPT-type ginsenosides in Panax plants (Shibata, 2001). In our 7 

previous study, UGTPg1 could glycosylate the C20-OH of DM to produce DMG, 8 

however, DMG was not detected in ZW-F1-17. This is possibly due to that (i) the DM 9 

production is too low and (ii) DMG can be subsequently converted into CK by 10 

CYP716A47 as proved by our previous work (Yan et al. 2014). DMG has also never 11 

been identified in Panax plants.  12 

Rg1 and Re are the main PPT-type ginsenosides in Panax plants (Shibata, 2001). 13 

According to the substrate specificities of the cloned UGTs toward PPT from P. 14 

ginseng in this study, it is possible that the biosynthetic pathway of ginsenoside Rg1 is 15 

an orderly sequential transfer of glucose moieties to the aglycone PPT in Panax plants 16 

(Figure 2D): (i) UGTPg1 initially glycosylates the C20-OH of PPT to produce F1, 17 

then UGTPg100 glycosylates the C6-OH of F1 to produce Rg1; (ii) UGTPg101 18 

initially glycosylates the C20-OH of PPT to produce F1, then glycosylates the C6-OH 19 

of F1 to produce Rg1 alone. Re is supposed to be produced from Rg1 by transferring a 20 

rhamnose moiety to its C6-O-Glc or be produced from Rg2 by transferring a glucosyl 21 

moiety to its C20-OH. However, because UGTPg1 and UGTPg101 could not 22 

glycosylate the C20-OH of Rg2 (Supplemental Figure 3A), it is mostly possible that 23 

Re is produced from Rg1. 24 

Compared with PPD and PPD-type ginsenosides, PPT and PPT-type ginsenosides 25 
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have an extra free hydroxyl, which may alter their hydrophilicity and thus subcellular 1 

localization. It is not surprised that the PPT-type ginsenosides, F1 and Rh1, can be 2 

more efficiently secreted to the fermentation supernatant compared with CK, a 3 

PPD-type ginsenoside (Supplementary Figure 5; Yan et al. 2014). The biosynthetic 4 

pathways of Rh1 and F1 and intermediate metabolites present in yeast cell as well as 5 

their subcellular localization may also reflect their biosyntheses and hydrophilicity in 6 

Panax plants.  7 

The results in this study provide not only the scientific bases for understanding the 8 

biosynthetic pathways of PPT-type ginsenosides within Panax plants, but also the 9 

potential approach to biosynthesize the bioactive PPT-type ginsenosides Rh1, F1 and 10 

Rg1 in yeast or in plants outside Panax genus with well-established genetic 11 

manipulation systems, such as in tobacco (Nicotiana benthamiana), rice (Oryza sativa) 12 

or tomato (Lycopersicon esculentum Mill). The transgenic plants producing these 13 

ginsenosides may act as plant bioreactors or dietary supplements. 14 

15 
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Methods 1 

Cloning of UDP-glycosyltransferase encoding cDNAs 2 

The RNA was extracted from P. ginseng callus using Trizol (Invitrogen, Carlsbad, CA, 3 

USA) following the manufacturer’s instruction and then converted into cDNA using the 4 

PrimeScript RT reagent Kit with gDNA eraser (Takara, Dalian, China). The cDNAs 5 

potentially encoding UDP-glycosyltransferase with long ORFs (likely to be full-length) 6 

were PCR amplified using the P. ginseng cDNA as the template and cloned into the 7 

pMD18T vector (Takara, Dalian, China).  8 

 9 

Site-directed mutagenesis and construction of chimeric UGT-encoding genes 10 

The UGT genes UGTPg1, UGTPg100, UGTPg101, UGTPg102 and UGTPg103, with a 11 

C-terminal 6×His-tag, were ligated into the pET28a vector using T4 ligase (NEB, 12 

Ipswich, MA, USA). Site-directed mutagenesis was conducted using the Hieff Mut™ 13 

Site-Directed Mutagenesis Kit (Yeasen Biotech, Shanghai, China), and the primers are 14 

listed in Supplemental Table 3.  15 

To construct the chimeric UGT-encoding genes of UGTPg1 and UGTPg100, four 16 

splitting points not located in the protein secondary structures, such as α-helices and 17 

β-sheets, were identified according to structural modeling. Primers C1-F/C1-R, 18 

C2-F/C2-R, C3-F/C3-R and C4-F/C4-R were designed to amplify the four split DNA 19 

fragments of UGTPg1 and UGTPg100. To construct Chi_1, DNA fragment Chi_1_up 20 

was amplified with the primers C1-F/C1-R using UGTPg100-pMD18T as the template. 21 

DNA fragment Chi_1_down was amplified with primers C2-F/C4-R using 22 

UGTPg1-pMD18T as the template. A linearized vector was prepared by PCR using 23 

primers pet-F/pet-R and template pET28a. Then, the Chi_1 expressing vector, 24 

Chi_1-pET28a, was constructed by in vitro recombination of linearized vector, 25 
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Chi_1_up and Chi_1_down using the ClonExpress® MultiS One Step Cloning Kit 1 

(Vazyme, Nanjing, China). The other chimeric UGT genes were constructed similarly.  2 

 3 

Heterologous expression of the UGT genes in E. coli BL21 (DE3) 4 

Heterologous expression of the UGT genes in E.coli BL21 (DE3) was carried out as 5 

described previously (Yan et al., 2014). Briefly, UGT genes with a C-terminally 6 

6×His-tag was ligated into the pET28a vector and expressed in E. coli BL21 (DE3) 7 

under 100 µM IPTG induction. The cells were collected by centrifugation and 8 

suspended in 100 mM phosphate buffer (pH 8.0) supplemented with 1 mM PMSF and 9 

then disrupted with a French Press (25 kpsi). The cell debris was removed by 10 

centrifugation at 12000 g for 20 min, and the supernatant was used for enzymatic assays 11 

and Western blot. The pET28a-transformed E. coli BL21 (DE3) cells were treated in 12 

parallel as a control. Western blotting was conducted using an anti-6×His primary 13 

antibody and HRP-conjugated secondary antibody (Abmart, Shanghai, China). Blots 14 

were visualized by chemiluminescence with ECL Western Blot Substrate (Pierce, 15 

Rockford, IL, USA) according to the manufacturer’s protocol. 16 

Quantification of the UGTPg1 and UGTPg100 in the crude cell extract was carried 17 

out as described previously (Yan et al., 2014). Serially diluted samples (0, 2, 4, 6, 8, 10 18 

ng/µL) of a C-terminal 6×His-tagged xylanase (53 kDa) were used to generate a 19 

standard curve for quantitative reference. 20 

 21 

Enzymatic assays for UGTPgs 22 

Enzymatic assays for glycosyltransferases were performed as described by (Yan et al., 23 

2014). The reaction was performed in a 100-µL volume containing 100 mM phosphate 24 

buffer (pH 8.0), 1% Tween-20, 5 mM UDP-glucose, 0.5 mM acceptor substrate and 25 
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recombinant E. coli extract in a 35°C water bath overnight and was terminated by 1 

adding 100 µL n-butanol. The product was extracted into the organic phase, which was 2 

then evaporated. The residue was dissolved in methanol for TLC and HPLC analyses. 3 

For the kinetic analysis of UGTPg1 and UGTPg100, the reaction mixture contained 4 

100 mM phosphate buffer (pH 8.0), 1% Tween-20, 5 mM UDP-glucose, acceptor 5 

substrate (40-500 µM PPD) and 100 ng UGTPg1 or UGTPg100 in a final volume of 6 

100 µL. The reaction was incubated at 40°C for 20 min. HPLC analysis was used to 7 

quantify the target product in each reaction. The Michaelis-Menten parameters were 8 

calculated by least-squares fitting of the kinetic model using Prism 5 (GraphPad, San 9 

Diego, CA, USA). All data are presented as means ± SD of three independent 10 

experiments. 11 

 12 

Construction of yeast strains to produce ginsenoside Rh1 and F1 13 

Ginsenoside Rh1 and F1 producing yeasts were constructed based on the PPD 14 

producing chassis yeast ZW-PPD-B constructed in our previous study (Wang et al., 15 

2015). Ginsenoside Rh1 producing strains, namely ZW-Rh1 transformants, were 16 

constructed by introducing CYP716A53v2 (Han et al. 2012), PgCPR1 (Yan et al. 2014) 17 

and UGTPg100 genes (under the control of constitutive promoter TEF1, TDH3 and 18 

PGK1 and followed by the terminator FBA1, ADH1 and TPI1, respectively) into the δ 19 

DNA site of ZW-PPD-B. Similarly, ginsenoside F1 producing strains, namely ZW-F1 20 

transformants, was constructed by introducing CYP716A53v2, PgCPR1 and UGTPg1 21 

genes (under the control of constitutive TEF1, TDH3 and PGK1 promoter and 22 

followed by the terminator FBA1, ADH1 and TPI1, respectively) into the δ DNA site 23 

of ZW-PPD-B. Twenty transformants of ZW-Rh1 and ZW-F1 were selected to be 24 

cultured in flasks for 6 days and the concentrations of their ginsenosides and 25 
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intermediates in the n-butanol extract of culture supernatant and yeast cells were 1 

analyzed individually by HPLC, just as described in our previous study (Yan, et al. 2 

2014) 3 

 4 

TLC and HPLC analysis 5 

TLC analysis was performed using silica gel 60 F254 plates (Merck KGaA, Darmstadt, 6 

Germany) as described previously (Yan et al., 2014). A mixture of PPD-type 7 

ginsenoside authentic samples (PPD, CK, Rh2, F2, Rg3, Rd,) or a mixture of PPT-type 8 

ginsenoside authentic samples (PPT, F1, Rh1, Rg1), 1 mg/mL of each dissolved in 9 

methanol, was included as a marker. Ginsenoside authentic samples were purchased 10 

from Nanjing Zelang Medical Technology Co., Ltd. (Nanjing, China). 11 

A Shimadzu LC-20A prominence system (Shimadzu, Kyoto, Japan) was used for the 12 

HPLC analysis. Chromatographic separations were carried out at 35°C on a Shodex 13 

C18-120-5 4E column (5 µm, 4.6 mm × 250 mm). The gradient elution system 14 

consisted of water (A) and acetonitrile (B). The HPLC program for the extracted yeast 15 

fermentation was similar as described previously (Yan et al., 2014). The HPLC 16 

program for the extracted compounds from the in vitro reactions by incubating 17 

UGTPgs with PPT or PPT-type ginsenosides as substrates was: 0 min (22.5% B), 0-55 18 

min (62.5% B), and 55-60min(22.5% B). The flow rate was kept at 0.8 mL/min. 19 

 20 

HPLC/ESIMS analysis 21 

The chromatographic analysis was performed using an Agilent 1200 Series LC system 22 

(Agilent Technologies, Waldbronn, Germany) equipped with a Shodex C18-120-5 4E 23 

column. ESIMS data were acquired using a Bruker Daltonics Esquire 3000plus (Bruker 24 

Daltonics, MA, USA) in the positive ionization mode. 25 
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 1 

NMR analysis 2 

13C NMR experiments were performed in pyridine-d5 for F1 and Rh1 on Bruker Avance 3 

III 500 (Bruker, Billerica, MA, USA) with reference to the solvent peaks. 4 

 5 
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Table 1. The kinetic parameters of UGTPg1 and UGTPg100 towards PPT. 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

  10 

 11 

12 

Enzyme  
Vmax 

(nmol/min/mg) 

Km 

(µM) 

kcat 

(s-1) 

kcat/Km 

(µM-1 s-1) 

UGTPg1 386±14 104±12 17.9 0.17 

UGTPg100 426±20 153±10 9.1 0.06 
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Table 2. The yields of the ginsenosides and the intermediates in yeast cell factories. 1 

 2 

Strains 
Rh1 

mg/L 

F1 

mg/L 

PPT 

mg/L 

CK 

mg/L 

PPD 

mg/L 

DMG 

mg/L 

DM 

mg/L 

Total 

mg/L 

ZW-Rh1-20 92.8±12.5 - 3.5±0.5 - 43.4±2.7 - 8.8±0.3 148.5 

ZW-F1-17 - 42.1±3.2 13.9±1.5 7.5±1.7 49.2±1.4 ND 3.5±0.4 116.2 

ND represents no detected. 3 

 4 

5 
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Figure legend 1 

 2 

Figure 1. The amino acid alignment of the five UGTs. ClustalW was used to do the 3 

alignment. Identical amino acids are shaded in black and similar ones are in gray. 4 

Dashes represents the gaps introduced to improve the alignment. 5 

 6 

Figure 2. Characterizations of the five UGTPgs from P. ginseng to catalyze 7 

protopanaxatriol (PPT) and PPT-type ginsenosides. A, Western blotting of the five 8 

UGTs heterologously expressed in E. coli BL21 (DE3). The cell extract of recombinant 9 

E. coli BL21 harboring empty vector pET28a was used as a negative control. B, HPLC 10 

analyses of the in vitro reactions of UGTs catalyzing the substrates PPT, F1 and Rh1. C, 11 

the MS spectrum of F1 and Rh1 produced by an in vitro reaction catalyzed by UGTPg1 12 

and UGTPg100, respectively. D, the proposed pathway for Rg1 biosynthesis based on 13 

the functions of the three UGTs, UGTPg1, UGTPg100 and UGTPg101. Solid arrows 14 

represent characterized steps, dashed arrow represents unidentified step. 15 

 16 

Figure 3. Characterizations of the UGTPg1 and UGTPg102 mutated proteins 17 

catalyzing the substrate PPT. A, structural modeling of UGTPg1 based on UGT71G1 18 

from M. truncatula. The two conserved catalytic residues, H15 and D117, were marked 19 

in red. The six amino acid residues of UGTPg1 that differed from those of UGTPg102 20 

located around the substrate binding pocket and catalytic center were labeled in purple. 21 

B, Western blotting of the UGTs and the mutated proteins heterologously expressed in 22 

E. coli BL21 (DE3). The cell extract of recombinant E. coli BL21 harboring empty 23 

vector pET28a was used as a negative control. C, HPLC analyses of the in vitro 24 

reactions of the UGTs and the mutated proteins catalyzing the substrate PPT. 25 

 26 

Figure 4. Characterizations of UGTPg100 and UGTPg103 mutated proteins catalyzing 27 

the substrate PPT. A, structural modeling of UGTPg100 based on UGT71G1 from M. 28 

truncatula. The two conserved catalytic residues, H15 and D117, were labeled in red. 29 

The six amino acid residues of UGTPg100 differing from those of UGTPg103 were 30 
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labeled in purple and blue. B, Western blotting of the UGTs and the mutated proteins 1 

heterologously expressed in E. coli BL21 (DE3). The cell extract of recombinant E. coli 2 

BL21 harboring empty vector pET28a was used as a negative control. 3 

UGTPg103-double mutation and UGTPg103-triple mutation represent 4 

UGTPg103-T142A/S186L and UGTPg103-T142A/S186L/R338G, respectively. C, 5 

HPLC analyses of the in vitro reactions of UGTs and the mutated proteins catalyzing 6 

PPT.  7 

 8 

Figure 5. Characterizations of the UGTPg1 and UGTPg100 mutated proteins 9 

catalyzing the substrate PPT. A, structural modeling of UGTPg1 based on UGT71G1 10 

from M. truncatula. The two conserved catalytic residues, H15 and D117, were labeled 11 

in red. The four amino acid residues of UGTPg1 differing from those of UGTPg102 12 

located around the substrates binding pocket and catalytic center were labeled in purple. 13 

B, Western blotting of the UGTs and the mutated proteins heterologously expressed in 14 

E. coli BL21 (DE3). The cell extract of recombinant E. coli BL21 harboring empty 15 

vector pET28a was used as a negative control. C, HPLC analyses of the in vitro 16 

reactions of the UGTs and the mutated proteins catalyzing the substrate PPT. 17 

 18 

Figure 6. Construction and characterizations of chimeric proteins of UGTPg1 and 19 

UGTPg100 catalyzing the substrate PPT. A, schematic representation of the six 20 

chimeric proteins with the key amino acid residues labeled. B, Western blotting of the 21 

UGTs and the chimeric proteins heterologously expressed in E. coli BL21 (DE3). The 22 

cell extract of recombinant E. coli BL21 harboring empty vector pET28a was used as a 23 

negative control. C, HPLC analyses of the in vitro reactions of the UGTs and chimeric 24 

proteins catalyzing the substrate PPT. 25 

 26 

Figure 7. Productions of F1 and Rh1 in genetically engineered yeasts. A, the 27 

production of ginsenosides and the intermediates in ZW-F1-17 (up panel) and 28 

ZW-Rh1-20 (down panel). Blue and red bars represent intracellular and extracellular 29 

production of the corresponding metabolites, respectively. B, HPLC analyses of the 30 
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n-butanol extract of yeast strains producing ginsenoside F1 or Rh1. 1, authentic 1 

samples of DM, PPD, DMG and PPD-type ginsenoside; 2, authentic samples of PPT 2 

and PPT-type ginsenoside; 3, the strain ZW-F1-17; 4, the strain ZW-Rh1-20; 5, the 3 

wild-type strain BY4742 as a control. C, the MS spectrum of F1 and Rh1 produced by 4 

ZW-F1-17 (up panel) and ZW-Rh1-20 (down panel). 5 

 6 
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