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A B S T R A C T   

Natural products synthesized by plants have substantial industrial and medicinal values and are therefore 
attracting increasing interest in various related industries. Among the key enzyme families involved in the 
biosynthesis of natural products, uridine diphosphate-dependent glycosyltransferases (UGTs) play a crucial role 
in plants. In recent years, significant efforts have been made to elucidate the catalytic mechanisms and substrate 
recognition of plant UGTs and to improve them for desired functions. In this review, we presented a compre-
hensive overview of all currently published structures of plant UGTs, along with in-depth analyses of the cor-
responding catalytic and substrate recognition mechanisms. In addition, we summarized and evaluated the 
protein engineering strategies applied to improve the catalytic activities of plant UGTs, with a particular focus on 
high-throughput screening methods. The primary objective of this review is to provide readers with a compre-
hensive understanding of plant UGTs and to serve as a valuable reference for the latest techniques used to 
improve their activities.   

1. Introduction 

Natural products derived from plants have significant values in both 
industrial and pharmaceutical applications. These products are synthe-
sized through diverse metabolic pathways that include various modifi-
cations such as glycosylation, phosphorylation, acetylation, and 
methylation. Among these modifications, glycosylation is a ubiquitous 
and vital processes [1]. Glycosylation reactions are catalyzed by glyco-
syltransferases, which transfer sugar moieties from active sugar donor 
molecules to acceptor substrates. Depending on how the sugar binds to 
the acceptor, glycosylation is typically categorized into four types, i.e., 
O-glycosylation, C-glycosylation, N-glycosylation and S-glycosylation. 
These reactions play a crucial role in the biosynthesis of natural prod-
ucts, e.g., in facilitating their storage and accumulation in plant cells, as 
well as in modulating their chemical properties and biological activities 
[1–3]. Glycosyltransferases have been classified into 116 different 
families based on the sequence similarity (CAZy, http://www.cazy. 
org/GlycosylTransferase-family), and this number continues to in-
crease as new members are identified. 

Uridine diphosphate glycosyltransferases (UDP-glycosyltransferase, 

UGTs), belonging to the family 1 of the glycosyltransferase superfamily, 
catalyze sugar transfer from UDP-activated sugar donors to various 
substrates. Plant genomes contain a large number of UGTs. For example, 
122 UGT genes have been identified in Arabidopsis, and a total of 339 
putative UGT genes have been identified in the genome of Eupatorium 
pubescens, which contains the largest known family of UGT genes [4,5]. 
Plant UGTs are widely involved in the biosynthesis of natural com-
pounds such as flavonoids, terpenoids, etc. Flavonoids, which affect the 
growth and development of plant organs [6,7], have significant phar-
maceutical potential for human health. For instance, the catalytic 
product of Arabidopsis thaliana UGT78D1 (AtUGT78D1), quercetin 
3-O-glycoside, showed therapeutic effects against various diseases 
including e.g. cardiovascular diseases, diabetes and cancer [8–11]. Sil-
ibinin glycosides synthesized by Zea mays UGT706F8 (ZmUGT706F8) 
showed hepatoprotective and anticancer activities [12,13]. In addition, 
terpenoids, the largest group of natural products with more than 40,000 
members [14], can be widely used as industrial raw materials such as 
toners, flavorings and spices [15]. Certain terpenoids, similar to flavo-
noids, have shown anti-tumor, anti-malarial, sterilizing and insecticidal 
effects [16]. 
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Plant UGTs are not only involved in the biosynthesis of compounds 
for industrial and pharmaceutical applications, but also play a crucial 
role in regulating protective responses to environmental stresses. For 
instance, Camellia sinensis UGT78A14 (CsUGT78A14) was highly upre-
gulated under cold stress in tea plants. Suppression of the expression of 
CsUGT78A14 led to decreased levels of flavonols and reactive oxygen 
species, which subsequently weakened the cold stress tolerance of tea 
plants [17]. Another representative example is Arabidopsis thaliana 
UGT89C1 (AtUGT89C1), which catalyzes the biosynthesis of flavonoid 
substrates that protect cells from UV damage [18]. In addition, plant 
UGTs are involved in maintaining the homeostasis of auxins, which are 
essential plant hormones and are tightly regulated for plant growth. For 
example, Arabidopsis thaliana UGT76F1 (AtUGT76F1) regulates auxin 
homeostasis through glycosylating the growth hormone 
indole-3-pyruvic acid in response to environmental factors such as light 
intensity and temperature [19]. 

The production of natural products from plants is often costly, pri-
marily due to the low natural yields and the long lifespan of the plants. 
Moreover, chemical synthesis as an alternative approach faces major 
challenges because of the typically complex molecular structures and 
chemical-physical properties of these compounds. Reactions suffer from 
poor regioselectivity and often require intense effort and aggressive 
solvents or conditions, etc. As a result, in the last decade, there has been 
a growing interest in developing biosynthetic processes of natural 
products using microorganisms. 

Advances in biotechnologies such as gene mining, synthetic biology, 
microbiology and protein engineering have contributed significantly to 
the field of natural product biosynthesis [20–22]. For example, the rare 
ginsenoside Rh2 was successfully synthesized with yeast cells in 2013 by 
introducing the UGTPg45 gene into a yeast chassis that produced pro-
topanaxadiol [23]. The product yield was later significantly improved 
after a number of optimizations, including increasing the copy number 
of UGTPg45, engineering its promoter for high-level expression, 
substituting UGTPg45 with more efficient homologs from other plants or 
mutants obtained through directed evolution, and overexpressing the 
metabolic precursors [24]. In a 10- L fed-batch fermentation, the yeast 
factory achieved an impressive Rh2 titer of 2.25 g/L. However, the 
production of natural products with microbes still faces major chal-
lenges. One critical factor is the limited catalytic activity or poor 
regioselectivity of the key enzyme(s), resulting in a low yield of the 
desired product [20,25]. The development of efficient enzymes and 
protein engineering are essential to overcome this bottleneck. 

As key enzymes involved in the biosynthesis of many natural prod-
ucts, plant UGTs have been extensively studied and used in the estab-
lishment of microbial cell factories [20–22]. In this review, we provided 
a comprehensive analysis of the recent structures of plant UGTs and 
addressed the relationship between their structures and biological ac-
tivities. Additionally, we systematically discussed the approaches for 
engineering and optimizing plant UGTs to enhance their performance or 
achieve new features. 

2. Structural insights into plant UGTs 

2.1. Structures of plant UGTs 

The substrate recognition and catalytic activity of plant UGTs depend 
on their three-dimensional structures. Currently, structures of 30 plant 
UGTs have been released in the Protein Data Bank (PDB, https://www. 
rcsb.org/; accessed in May 2023), all of which were resolved using X-ray 
crystallography (Table 1). These structures shared a conserved GT-B 
fold, consisting of two Rossmann-like domains. Each domain com-
prises a central β-sheet flanked by α-helices, forming a substrate-binding 
pocket. The C-terminal tail forms an elongated helix that curves and 
extends back into the N-terminal domain (NTD) to stabilize the bi-lobed 
structure. Structures that were co-crystallized with ligands have shown 
that the NTD and C-terminal domain (CTD) are responsible for the 

recognition and binding of the acceptor and donor, respectively. The 
NTD and CTD are connected by an extended linker, which typically 
consists of 14–30 amino acids. In some UGTs such as Sorghum bicolor 
UGT85B1, this linker contains a small helical structure. However, in 
most UGTs, this region forms a flexible loop, and a portion of it cannot 
be modeled. 

The typical plant UGT structure can be exemplified by the UDP- 
Glucose:flavonoid 3-O-glycosyltransferase (VvGT1) of Vitis vinifera, 
which represents a plant UGT structure in its ‘Michaelis’ complex with 
both a non-hydrolysable UDP-2-deoxy-2-fluoro glucose donor (UDP- 
2FGlc) and the acceptor kaempferol (Fig. 1) [52]. 

The similarity of amino acid sequence among plant UGTs is typically 
less than 30%, even though they have similar overall structures. For 
instance, when comparing Medicago truncatula UGT85H2 (MtUGT85H2) 
and VvGT1, the root-mean-square deviation (R.M.S.D.) for 382 Cα atoms 
was just 1.7 Å, even though only ~25% of their amino acid sequences 
were identical [50]. These results strongly suggest that a structure-based 
mechanism underlies the biological functions of plant UGTs. 

2.2. Mechanism of glycosylation by plant UGTs 

Plant UGTs are glycosyltransferases that use an inverting mecha-
nism. It typically utilizes SN2-like direct displacement to catalyze 
glycosyl transfer and reverse the configuration at the anomeric carbon of 
the UDP-sugar. This process led to the formation of glycoside products. 
Extensive structural, docking and simulation studies have developed a 
model for the catalytic mechanism of plant UGTs [16,58,59], which 
consists of two steps: i) deprotonation of the catalytic atom of the 
acceptor molecule results in nucleophilic properties; and subsequently 
ii) the nucleophilic catalytic atom initiates a direct displacement reac-
tion by attacking the C1 anomeric carbon of the UDP-sugar. While all 
plant UGTs follow to a common mechanism for the second step, they 
exhibit variations in the first step, as the deprotonation process is 
influenced by the different physicochemical properties of acceptor 
molecules involved in O-, C-, N-, and/or S-glycosylation. 

O-Glycosylation is the predominant type of glycosylation catalyzed 
by plant UGTs, and its catalytic mechanism has been studied exten-
sively. In most cases of O-glycosylation, deprotonation of the catalytic 
hydroxyl group of the acceptor molecule is initiated by a highly 
conserved histidine located at the N-terminus (Fig. 2A). A conserved 
aspartate residue (Fig. 2A) in the immediate vicinity of the histidine 
residue further stabilizes the deprotonated state of the acceptor by 
balancing the charge on histidine and forming a catalytic Acceptor- 
Histidine-Aspartate triad (Fig. 2B). After deprotonation, the acceptor 
molecule directly performs a nucleophilic attack on the anomeric carbon 
of the glucose moiety, replacing the UDP moiety and leading to the 
formation of the final glycoside product [39]. This model mechanism 
was demonstrated experimentally, as mutations of the histidine or 
aspartate residue to alanine or asparagine eliminated or significant 
decreased the catalytic activity of O-glycosylation [28,43]. 

However, there are exceptions to this model, including the catalytic 
mechanisms for the Ziziphus jujuba flavonoid 7,4′-di-O-glycosyl-
transferase (ZjOGT3) [57], Trollius chinensis O-/C-glycosyltransferase 
(TcCGT1) [37], Phytolacca americana polyphenol glycosyltransferase 
(PaGT2) [32], Zea mays silibinin glucosyltransferase UGT706F8 [13], 
and AtUGT89C1 [53]. In the O-glycosylation reactions catalyzed by 
ZjOGT3 and TcCGT1, spontaneous deprotonation of the catalytic hy-
droxyl group under physiological conditions was proposed [37,57]. The 
conserved histidine residue in these two glycosyltransferases probably 
facilitated the reaction by forming (and thus stabilizing) hydrogen 
bonds with the deprotonated substrates or glycoside products. In the 
case of PaGT2, His81, in addition to the canonical Histidine-Aspartate 
dyad, was able to independently deprotonate the acceptor molecule 
[32]. In contrast, both ZmUGT706F8 and AtUGT89C1 lack the 
conserved aspartate residue, and the histidine residue was able to 
deprotonate the acceptor molecule to create a nucleophile itself [13,53]. 

M. Wang et al.                                                                                                                                                                                                                                  



Computational and Structural Biotechnology Journal 21 (2023) 5358–5371

5360

Table 1 
The Plant UGTs with solved structures. The sources of these structures were retrieved from the Protein Data Bank in May 2023. Abbreviations: UDP, uridine 
diphosphate; UDP-2FGlc, UDP-2-deoxy-2-fluoro glucose; DCA, 3,4-dichloroaniline; TCP, 2,4,5-trichlorophenol; DTX, digitoxigenin; SA, salicylic acid; 2-BA, 2-bro-
mobenzoic acid (an SA analogue); UDP-Glc, UDP-glucose; UDP-Gal, UDP-galactose; UDP-GlcA, UDP-glucuronic acid; UDP-Xyl, UDP-xylose; UDP-Arap, UDP- arabi-
nopyranose; UDP-Rha, UDP-rhamnose; UDP-GlcNAc, UDP-N-acetylglucosamine; D3G, deoxynivalenol 3-O-glucoside; DCP,3,4-dichlorophenol; DCT,3,4- 
dichlorothiophenol;Sm, steviolmonoside; Reb E (D), rebaudioside E (D); ST, steviol; STB, a glycoside of steviol.  

UGT (Species) Subfamily Sugar donor* Acceptor# Apo/complex (PDB ID) Reference 

LpCGTb 
(Landoltia punctata) 

UGT71 UDP-Arap 
UDP-Xyl 
UDP-Gal (20%)* * 

2-hydroxyflavanone Apo (6LFN) [26] 

SbCGTb 
(Scutellaria baicalensis) 

UGT71 UDP-Arap 
UDP-Xyl 
UDP-Glc 

2-hydroxyflavanone UDP-Glc (6LFZ) [26] 

GgCGT 
(Glycyrrhiza glabra) 

UGT71 UDP-Glc 
UDP-Xyl 
UDP-Gal 
UDP-Arap 

Phenolic compounds 
(flavonoids, simple aromatic compound) 

UDP-Glc (6L5P) 
UDP-Gal (6L5Q) 
UDP, phloretin (6L5R，6L5S) 
UDP, nothofagin (6L7H) 

[27] 

LpCGTa 
(Landoltia punctata) 

UGT71 UDP-Glc 
UDP-Arap 
UDP-Gal 
UDP-Xyl 

2-hydroxyflavanone UDP (6LG1) [26] 

MiCGT## 

(Tetranychus Urticae) 
UGT71 UDP-Glc 

UDP-Xyl 
Flavonoids 
(quercetin, maclurin) 
Acetophenones 
(2,4,6-trihydroxyacetophenone) 
DCA 

UDP-Glc (7VA8) [28,29] 

Os79## 

(Oryza sativa Japonica 
Group) 

UGT74 UDP-Glc Tricyclic sesquiterpenoid epoxides 
(deoxynivalenol nivalenol, isotrichodermol, HT- 
2 toxin） 

UDP (5TMB, 5TME) 
UDP-2FGlc, trichothecene (5TMD) 
UDP, D3G (6BK3) 

[30,31] 

PaGT2 
(Phytolacca americana) 

UGT72 UDP-Glc Polyphenols 
(flavonoids, stilbenoids) 

Apo (6JEL) 
UDP-2FGlc, resveratrol (6JEM) 
UDP-2FGlc, pterostilbene (6JEN) 

[32] 

PaGT3 
(Phytolacca americana) 

UGT73 UDP-Glc Polyphenols 
(flavonoids, anthocyanins, stilbenoids) 

15-crown-5 ether (6LZX) 
18-crown-6 ether (6LZY) 
UDP-2FGlc (7VEL) 
UDP-2FGlc, capsaicin (7VEK) 
UDP-2FGlc, kaempferol (7VEJ) 

[33,34] 

PtUGT1 
(Persicaria tinctoria) 

UGT72 UDP-Glc Indoxyl 
DCP 
DCA 
DCT 

Indoxyl sulfate (5NLM) 
UDP-Glc (6SU6) 
DCA (6SU7) 

[35,36] 

SbCGTa 
(Scutellaria baicalensis) 

UHT71 UDP-Glc 
UDP-Arap 
UDP-Gal 
UDP-Xyl 

2-hydroxyflavanone UDP (6LG0) [26] 

TcCGT1 
(Trollius chinensis) 

UGT72 UDP-Glc 
UDP-Xyl 
UDP-Gal 
UDP-Arap 

Aromatic compounds 
(flavonoids, hydroxynaphthalenes, stilbenes) 

UDP (6JTD) [37] 

UGT706F8 
(Zea mays) 

UGT71 UDP-Glc Flavonoids 
(silybin） 

UDP (7Q3S) [13] 

UGT708C1 
(Fagopyrum esculentum) 

UGT71 UDP-Glc 
UDP-Gal 

Flavonoids 
(phloretin) 
Acetophenones 
(2′,4′,6′-trihydroxyacetophenone) 

Apo (6LLG) 
UDP (6LLW) 
UDP-Glc (6LLZ) 
BrUTP (7CYW) 

[38] 

UGT71G1 
(Medicago truncatula) 

UGT71 UDP-Glc Triterpenoids 
(medicagenic acid, hederagenin） 
Flavonoids 
(quercetin） 
Isoflavonoids 
(genistein, biochanin A） 

UDP (2ACV) 
UDP-Glc (2ACW) 

[39] 

UGT72B1 
(Arabidopsis thaliana) 

UGT72 UDP-Glc 
UDP-Xyl 
UDP-Gal (weak)* 
* 

DCA 
TCP 

UDP-2FGlc, TCP (2VCE) 
UDP (2VCH) 
UDP-Tris (2VG8) 

[40] 

UGT74AC1## 

(Siraitia grosvenorii) 
UGT74 UDP-Glc Triterpenoids 

(mogrol） 
Flavonoids 
(quercetin) 

Apo (6L90) 
UDP-Glc (6L8Z) 

[41] 

UGT74AC2 
(Siraitia grosvenorii) 

UGT74 UDP-Glc Flavonoids 
(silybin） 

UDP (7BV3) [42] 

UGT74AN2 
(Calotropis gigantea) 

UGT74 UDP-Glc 
UDP-GlcNAc 
(13%)* * 
UDP-Gal (6%)* * 

Aromatic compound 
(flavonoids, stilbenes) 
Steroids 
Terpenoids 

Apo (7W09) 
UDP (7W0K) 
UDP-Glc (7W1H) 
UDP, sibufogenin (7W0Z) 
UDP, bufalin (7W10) 

[43] 

(continued on next page) 
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Unlike that of the O-glycosylation, the catalytic mechanism of C- 
glycosylation is controversial. Recently, a relatively generally accepted 
mechanistic model based on the structures of several plant C-glycosyl-
transferases (CGTs) has been proposed (Fig. 2B) [27,38,60]. The typical 
acceptor substrates for C-glycosylation are flavonoids, benzophenone, 
trihydroxyacetophenone, and other phenolic compounds. The catalytic 
aromatic carbon is normally in an ortho-position to a hydroxyl group. 

According to the proposed model, the highly conserved 
Histidine-Aspartate dyad facilitates the deprotonation of the phenolic 
hydroxyl group of the acceptor. Through resonance, the ortho-aromatic 
carbon is deprotonated, allowing it to carry out a nucleophilic attack on 
the anomeric carbon of the sugar donor, ultimately leading to the for-
mation of the C-glycoside products. An exception to this model is the 
multifunctional glycosyltransferase TcCGT1 [37]. Similar to the 

Table 1 (continued ) 

UGT (Species) Subfamily Sugar donor* Acceptor# Apo/complex (PDB ID) Reference 

UDP, DTX (7W1B) 
UDP, DTXG (7W11) 

UGT74F2## 

(Arabidopsis thaliana) 
UGT74 UDP-Glc Benzoic acid and derivatives 

(benzoic acid, SA) 
UDP, SA (5U6M) 
UDP, 2-BA (5U6S) 

[44] 

UGT78G1 
(Medicago truncatula) 

UGT78 UDP-Glc Flavonoids 
(kaempferol, myricetin) 
Isoflavonoids 
(formononetin) 
Anthocyanidins 
(pelargonidin, cyanidin) 

UDP (3HBJ) 
UDP, myricetin (3HBF) 

[45] 

UGT78K6 
(Clitoria ternatea) 

UGT78 UDP-Glc Anthocyanidins 
(delphinidin, petunidin) 
Flavonoids 
(kaempferol) 

Apo (3WC4) 
UDP (4WHM) 
Kaempferol (4REL) 
Delphinidin (4REM) 
Petunidin (4REN) 

[46,47] 

UGT85B1 
(Sorghum bicolor) 

UGT85 UDP-Glc Cyanohydrins 
(P-hydroxymandelonitrile) 
Terpenoids 
(geraniol) 
Aromatic compound 
(mandelonitrile, benzyl alcohol) 
Hexanol derivatives 
(1-hexanol) 

UDP (7ZER) 
UDP, p-hydroxmandelonitrile (7ZF0) 

[48,49] 

UGT85H2 
(Medicago truncatula) 

UGT85 UDP-Glc Flavonoids 
(kaempferol) 
Isoflavonoids 
(biochanin A) 
Chalcones 
(isoliquiritigenin) 

Apo (2PQ6) [50] 

UGT91C1 
(Oryza sativa Japonica 
Group) 

UGT91 UDP-Glc Diterpenoids 
(Steviol glycosides） 

Apo (7ERY) 
UDP, Reb E (7ES0) 
UDP, ST (7ES1) 
UDP, STB (7ERX) 
UDP, Reb D (7ES2) 

[51] 

VvGT1 
(Vitis vinifera) 

UGT78 UDP-Glc 
UDP-GlcNAc 
(weak) 
UDP-Gal (weak) * 
* 
UDP-Xyl (weak) * 
* 

Flavonoids 
(quercetin, kaempferol) 
Anthocyanidins 
(cyanidin) 

UDP (2C1X) 
UDP-2FGlc, kaempferol (2C1Z) 
UDP, quercetin (2C9Z) 

[52] 

ZmCGTa 
(Zea mays) 

UGT71 UDP-Glc 
UDP-Arap 
UDP-Gal 
UDP-Xyl 

2-hydroxyflavanone UDP (6LF6) [26] 

UGT73P12 
(Glycyrrhiza uralensis) 

UGT73 UDP-GlcA 
UDP-Glc (14%)* * 
UDP-gal (1.3%)* * 

Triterpenoids 
(glycyrrhetinic acid 3-O-monoglucuronide) 

UDP, glycyrrhetinic acid 3-O- 
monoglucuronide (7C2X) 

- 

UGT89C1 
(Arabidopsis thaliana) 

UGT89 UDP-Rha Flavonoids 
(quercetin, kaempferol) 

Apo (6IJ7) 
UDP (6IJ9) 
UDP-Rha (6IJA) 
Quercetin (6IJD) 

[53] 

UGT76G1## 

(Stevia rebaudiana) 
UGT76 UDP-Xyl 

UDP-Glc 
Diterpenoids 
(steviol glycosides） 

UDP (6INF, 6KVI, 6O87) 
UDP-Xyl (6KVJ) 
UDP, Sm (6KVK) 
UDP, Reb B (6KVL,6INI,6O88) 

[54–56] 

ZjOGT3 
(Ziziphus jujuba var. 
spinosa.) 

UGT84 UDP-Glc 
UDP-Xyl 
UDP-GlcNAc 
(22%)* * 
UDP-Arap (19%)* 
* 

Flavonoids 
Isoflavonoids 
Chalcones 

UDP (8INH) [57] 

*The sugar donors are listed in order of preference. 
* * Percentage represents the conversion rate, whereas “weak” represents low catalytic activity. 
# Specific compounds are listed in parentheses. 
## Mutant structures are not listed. 
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O-glycosylation reaction catalyzed by TcCGT1, the acceptor substrate 
flavone performed spontaneous deprotonation to facilitate the 
C-glycosylation. In this case, deprotonation occurred at the hydroxyl 
group in the ortho-position, resulting in a negatively-charged catalytic 
aromatic carbon due to the electron rearrangement in the aryl ring. The 
negatively-charged catalytic carbon then attacked the anomeric carbon 
of the sugar donor, completing the C-glycosylation reaction [37]. Since 
both C- and O-glycosylation activities of TcCGT1 shared a common 
catalytic mechanism, the binding orientation of the substrate deter-
mined whether TcCGT1 acts as a CGT or OGT. In particular, the prox-
imity of the negatively-charged catalytic atoms to the anomeric carbon 
of the sugar donor was critical for the mode of glycosylation [37]. 

In contrast to C- and O-glycosylation, which require the Histidine- 
Aspartate catalytic dyad for the deprotonation of the acceptor sub-
strate, N- and S-glycosylation are normally initiated through sponta-
neous deprotonation (Fig. 2B) [36,40]. The catalytic reactions of N- and 
S-glycosylation depend on the relative positioning from the acceptor 
substrate to the donor molecule. However, the conserved histidine res-
idue may still play a role in the control and orientation of the nucleo-
philic attack from the acceptor substrates [36,40]. For the Arabidopsis 
thaliana bifunctional O-/N-glycosyltransferase UGT72B1 (AtUGT72B1), 
mutation of the histidine residue to alanine (His19Asn) only led to a 
slight decrease in N-glycosyltransfer activity compared to the wildtype 
enzyme [40]. Furthermore, the multifunctional enzyme PtUGT1 from 
Polygonum tinctorium showed comparable kinetics of O-, N-, and 
S-glycosylation. However, acceptor specificity can be significantly 
altered by a mutation of the histidine residue (His26). Noteworthy, 
PtUGT1-His26Ala reached exclusively N-glycosylation selectivity, while 

PtUGT1-Asp122Asn exclusively for S-glycosylation. The PtUGT1-H-
is26Glu performed improved N-glycosylation activity, likely due to the 
changes in the positioning and orientation of the acceptor molecules in 
the mutant enzyme [36]. 

2.3. Sugar donor recognition and specificity 

Sugar donors of UGTs mainly include UDP-glucose (UDP-Glc), UDP- 
glucuronic acid (UDP-GlcA), UDP-galactose (UDP-Gal), UDP-xylose 
(UDP-Xyl), UDP-arabinose (UDP-Ara), UDP-rhamnose (UDP-Rha) and 
UDP-N-acetylglucosamine (UDP-GlcNAc) (Fig. 3A). They all share a 
common UDP base but differ in their sugar ligands, including hexose, 
pentose and their derivatives. Among them, UDP-Glc is the most 
commonly used sugar donor for plant UGTs, while UDP-Gal, UDP-Ara 
and UDP-Xyl are also frequently observed. 

2.3.1. Sugar donor recognition 
The CTD of plant UGTs includes the sugar donor binding pocket and 

plays a critical role in the recognition and binding of sugar donors. 
Sequence alignment analysis of CTDs has revealed certain sequence and 
structural variations, particularly in the loops connecting the α-helices 
and β-strands (e.g. the Cβ2-Cα2 and Cβ6-Cα7 linkers) (Fig. S1). Never-
theless, the CTDs are generally highly conserved in all UGTs (Fig. S1), 
likely due to the similarity of chemical structures of the sugar donors 
they recognize. Within the CTD, the most conserved region is known as 
the plant secondary product glycosyltransferase (PSPG) motif, which 
spans 44 amino acids and is located in the center of the CTD [1] (Fig. 3B 
and Fig. S1). The PSPG motif forms one side of the sugar donor binding 

Fig. 1. Structure of Vitis vinifera UDP-Glucose:flavonoid 3-O-glycosyltransferase (VvGT1) in Michaelis complex with UDP-2-deoxy-2-fluoro glucose (UDP- 
2FGlc, non-hydrolysable donor) and kaempferol (acceptor) (PDB ID: 2C1Z). The cartoon shows the overall structure of VvGT1, with the ligands displayed in 
‘ball-and-stick’ representation. The β-sheets in both N-terminal domain (NTD, residues 1–242) and C-terminal domain (CTD, residues 260–456) are shown in yellow, 
while the α-helices in the NTD and CTD are depicted in blue and green, respectively. Loops and the linker connecting the NTD and CTD are presented in gray and 
pink, respectively. The ligand atoms are color-coded using the CPK scheme, with oxygen in red, nitrogen in blue, fluorine in green and phosphorus in orange. All 
α-helices and β-strands are labeled to facilitate subsequent analysis. This figure was generated using UCSF Chimera. 
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pocket and primarily contributes to the interaction with the sugar donor 
(Fig. 3B). 

Multiple amino acids within the PSPG motif play a crucial role in the 
recognition of sugar donors. The first amino acid in the PSPG motif, 
tryptophan (Trp352 in Figs. 3B and 3C), forms a parallel π-stacking 
interaction with the uracil ring of the UDP-sugar molecule via its indole 
ring. The glutamine at the 4th position (Gln355 in Figs. 3B and 3C) and 
the glutamate at the 27th position (Glu378 in Figs. 3B and 3C) of the 
PSPG motif form hydrogen bonds with the ribose-hydroxyl groups. In 
addition, the histidine at the 19th position (His370 in Figs. 3B and 3C) 
and the serine at the 24th position (Ser375 in Figs. 3B and 3C) interact 
with the phosphoric acid of the sugar donor [61]. Experimental evidence 
has shown that mutations at these specific positions led to the loss of 
glycosyl transfer activities in plant UGTs [36,43,51]. 

Apart from the highly conserved amino acids, other residues within 
the PSPG motif, which may have less conservation or even lack con-
servation, could also be essential for the substrate recognition. This is 
exemplified by the residue that is located at the 30th position of the 
PSPG motif in the curcumin glucosyltransferase CaUGT2 from Cathar-
anthus roseus (Fig. 3C) [62]. Replacing the PSPG motif of CaUGT2 with 
that of NtGT1b (a phenolic glucosyltransferase from tobacco) led to a 
complete loss of activity, although only 14 out of 44 residues differ 
between the two motifs [62]. However, when Arg378 (the 30th residue 
in the PSPG motif of NtGT1b) was replaced with cysteine (the corre-
sponding amino acid in the PSPG motif of CaUGT2), the catalytic ac-
tivity of the chimeric enzyme was restored. Further site-directed 
mutagenesis experiments indicated that the size of the amino acid side 
chain at this particular position was critical for the catalytic activity of 
CaUGT2 [62]. 

2.3.2. Sugar donor specificity 
Plant UGTs generally have broad specificity. Of the 30 plant UGTs 

with known structures, half were observed to accept two or more sugar 
donors (Table 1). Nevertheless, they also show specific preferences for 
particular sugar donors, as supported by their common preference for 
UDP-Glc over UDP-Gal. 

The last two residues of the PSPG motif are critical in the selectivity 
of UGTs towards different sugar donors. The side chains of these residues 
interact directly with the sugar moiety of the donor molecules [39]. For 
instance, the 43rd residue of the PSPG motif is typically aspartate or 
glutamate (Fig. 3C), which can form hydrogen bonds with the hydroxyl 
group of the sugar moiety of the sugar donors. These hydrogen bonds 
contribute to the preference of UDP-Glc over UDP-Gal: the aspartate or 
glutamate can form hydrogen bonds with both 3-OH and 4-OH of the 
glucose moiety of UDP-Glc [27,30,39,40,52]; however, the spatial 
orientation of the galactose moiety in UDP-Gal prevents the access to its 
4-OH group. Mutations of this residue to other amino acids could lead to 
the loss of catalytic activity [27,38]. However, replacing it with the 
other conserved residue can have varied effects on different UGTs. For 
instance, the mutation of Asp382 (the 43rd residue in the PSPG motif) to 
glutamate decreased the catalytic efficiency of Fagopyrum esculentum 
UGT708C1 (FeUGT708C1) towards UDP-Glc [38]. However, the same 
mutation in Glycyrrhiza glabra di-C-glycosyltransferase (GgCGT) did not 
cause any detectable loss of enzyme activity [27]. 

The 44th amino acid of the PSPG motif in almost all plant UGTs with 
known structures is glutamine, except for AtUGT89C1 that has histidine 
at this site (Fig. S1). The histidine residue is crucial for AtUGT89C1 to 
specifically recognize the sugar donor UDP-Rha. The mutation to 
glutamine (His357Gln) allowed AtUGT89C1 to accept both UDP-Rha 

Fig. 2. Proposed catalytic mechanisms of plant UGTs. A. The Histidine-Aspartate dyad of VvGT1 (PDB ID: 2C1Z). The NTD and CTD are represented in pink and 
tan, respectively. Proposed hydrogen bonds are depicted as dashed lines. B. Schematic diagram illustrating the SN2-like direct displacement catalytic mechanisms of 
plant UGTs. In O- and C-glycosylation, the Histidine-Aspartate dyad deprotonates the hydroxyl group and the ortho-aromatic carbon of the acceptor molecules, 
respectively. In S- and N-glycosylation, the deprotonation of acceptor molecules occurs spontaneously. Subsequently, the deprotonated acceptor molecules undergo 
nucleophilic attack on the anomeric carbon of the sugar donors, ultimately forming the inverted glycoside products. 
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and UDP-Glc as sugar donors [53]. However, the substitution of histi-
dine for glutamine allowed FeUGT708C1 to recognize UDP-Glc and 
UDP-Gal as the donors but not to accept UDP-Rha as a sugar donor [38]. 
Moreover, Landoltia punctata C-glycosyltransferase (lpCGTb) does not 
recognize UDP-Glc as a sugar donor, although it does contain the 
conserved glutamine at this site [26]. Interestingly, the apiosyl-
transferase UGT94 AX1 of Apium graveolens (AgUGT94AX1), which had 
strict substrate specificity for the sugar donor UDP-apiose, had a leucine 
at the 44th position (Leu356). Mutations in this residue led to a signif-
icant reduction or even complete loss of the catalytic activity of AgUG-
T94AX1 for UDP-apiose, demonstrating the critical role of Leu356 in the 
recognition of UDP-apiose [63]. 

Furthermore, additional residues beyond the PSPG motif also 
contribute to the specificity of sugar donor. For instance, the Calotropis 
gigantea steroid glycosyltransferase UGT74AN2 (CgUGT74AN2) showed 
the ability to convert up to 98% of UDP-Glc, while only 13% for UDP- 
GlcNAc and 6% for UDP-Gal [43]. Structural analysis revealed that in 
CgUGT74AN2, Asp392/Gln393 (the last two residues of the PSPG 

motif), Trp371 (the 22nd residue of the PSPG motif) and 
Thr141/Gln142 (outside the PSPG motif) form hydrogen bonds with the 
3-OH, 4-OH and 6-OH of the glucose moiety of UDP-Glc, respectively. 
However, the 4-OH of galactose points away from Trp371, inhibiting the 
formation of hydrogen bonds, and the N-acetyl group of UDP-GlcNAc 
causes significant steric obstruction with CgUGT74AN2 [43]. Another 
example was the specific recognition of UDP-GlcA by Glycyrrhiza ura-
lensis UGT73P12 (GuUGT73P12) [64]. GuUGT73P12 showed a high 
affinity for UDP-GlcA, the only sugar donor with a negatively charged 
carboxyl group in its sugar moiety. The Arg32 residue of GuUGT73P12 
can form an electrostatic interaction with the carboxyl group of 
UDP-GlcA, thereby stabilizing its binding. The mutation of the arginine 
residue to serine increased the conversion efficiencies of GuUGT73P12 
to UDP-Glc and UDP-Gal by 7-fold and 73-fold, respectively, while the 
utilization of UDP-GlcA was reduced by 11-fold [64]. 

Homology modeling in combination with biochemical analysis have 
highlighted the central role of an isoleucine residue around position 140 
in pentosyltransferases in the recognition of UDP-pentose (including 

Fig. 3. Sugar donor recognition and specificity of plant UGTs. A. Structures of common sugar donors utilized by plant UGTs. B. The sugar donor-binding site for 
the structure of Phytolacca americana Glycosyltransferase 3 (PaGT3, a flavonoid/triterpene glycosyltransferase, PDB ID: 7VEJ) in Michaelis complex with UDP-2FGlc. 
The plant secondary product glycosyltransferase (PSPG) motif is highlighted in pink. Proposed hydrogen bonds are indicated by dashed lines. C. Consensus of the 
PSPG motif generated by WebLogo (https://weblogo.berkeley.edu/) from the alignment of the 30 plant UGTs (Table 1). The height of symbols within the stack 
represents the relative frequency of each amino acid at that position. 
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UDP-xylose, UDP-arabinofranose, UDP-apiose) [63,65,66]. This can be 
attributed to a steric hindrance resulting from the side chain of isoleu-
cine, which prevents the entry of larger UDP-hexose into the donor 
recognition pocket. Remarkably, the mutation of Ile141 to Ser in 
Camellia sinensis UGT94P1 (CsUGT94P1) transformed it from a xylo-
syltransferase into a highly specific glucosyltransferase [65]. 

2.4. Acceptor recognition and specificity 

The plant UGTs possess the ability to transfer sugar moieties to a 
diverse range of acceptor molecules, including phenols, flavonoids, 
terpenoids, saponins, sterols and alkaloids (Fig. 4A). Certain UGTs can 
specifically glycosylate glycosides, which are called glycoside-specific 
glycosyltransferases, as represented by Oryza sativa UGT91C1 
(OsUGT91C1) and Stevia rebaudiana UGT76G1 (SrUGT76G1). Unlike 
sugar donors that share a common UDP base, the acceptors exhibit 
significant heterogeneity in terms of size, shape, hydrophobicity and 
other properties. Some plant UGTs show a pronounced substrate speci-
ficity that directs glycosylation reactions to specific acceptor molecules 
and their derivatives, thereby yielding distinct glycosylated products. 
Conversely, some UGTs exhibit specificity for specific acceptor 

molecules while facilitating the generation of different products through 
glycosylation at multiple sites of the same acceptor molecule. Moreover, 
a significant cohort of UGTs exhibits broad substrate promiscuity, 
allowing them to recognize and modify different acceptor molecules 
from different chemical groups. 

2.4.1. Acceptor binding pocket 
The acceptor binding pocket is primarily located within the NTD of 

plant UGTs. Unlike the highly conserved CTD, NTD has a significant 
variety of amino acid sequences (Fig. S2). This heterogeneity reflects the 
NTD’s ability to recognize and bind acceptors with different structures 
and physiochemical properties. Despite the sequence diversity, howev-
er, the NTDs do share a common Rossmann fold in their three- 
dimensional structures (Fig. 1). Through sequence alignment of the 30 
plant UGTs (Table 1), it can be observed that the β-strands in the center 
have a higher conservation compared to the surrounding helices 
(Fig. S2). The best-conserved region of the NTD is the N-terminus of 
Nα1, which hosts the histidine residue in the catalytic center. 

The acceptor binding pocket consists of mainly the N-terminus of 
Nα1 and Nα3, the small loop that connects Nβ4 and Nα4, and the N- and 
C-termini of Nα5 (Fig. S2). The N-terminus of Cα6, which includes the 

Fig. 4. Acceptor recognition and specificity of plant UGTs. A. Structures of representative acceptor molecules catalyzed by plant UGTs. TCP: 2,4,5-chlorophenol. 
B. Variations in the N3α and N5α among different UGTs. The structures of nine UGTs are aligned and displayed in the same orientation. The Nα3 and Nα5 of different 
UGTs are highlighted in distinct color. UGTs in the first row are able to catalyze terpenoids, those in the second row exhibit high sugar acceptor promiscuity, and 
those in the third row can catalyze flavonoids. C. The representative sugar acceptor binding pockets of plant UGTs. The binding substrates of AtUGT72B1, VvGT1, 
GgCGT (i.e. Glycyrrhiza glabra CGT), PaGT3 and SrUGT76G1 are TCP, kaempferol, phloretin, capsaicin and Rebaudioside B, respectively. All substrates are shown in 
stick representation. 
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last two residues of the PSPG motif, also contributes to the formation of 
the acceptor binding pocket. Among these structural elements, Nα3 and 
Nα5 show greater diversity and comprise the main part (i.e. the top) of 
the acceptor binding pocket (Fig. 4B). In most plant UGT structures, 
these two regions are highly flexible, as supported by their high B-fac-
tors. This indicates their potential mobility during the catalytic process. 
This mobility implies a putative role as a gate that controls the entry of 
the acceptor and the exit of the catalytic products. This hypothesis was 
supported by the structural variation observed in two copies of TcCGT1 
within an asymmetric unit of its crystal [37]. Although the two struc-
tures were highly similar overall, they showed significant differences in 
the Nα3 region, indicating conformational changes of Nα3 during 
glycosylation that may be involved in substrate entry and product exit. 

2.4.2. Acceptor recognition and specificity 
The size of the acceptor binding pocket plays a crucial role in the 

recognition and specificity of the substrate. SrUGT76G1, GgCGT and 
PaGT3, which can catalyze large substrates, have significantly larger 
acceptor binding pockets compared to VvGT1 and AtUGT72B1, which 
prefer smaller molecules (Fig. 4C). Certain UGTs, such as AtUGT89C1 
and Arabidopsis thaliana UGT74F2 (At UGT74F2), have a shorter Nα5 
region and can only glycosylate specific small substrates (Fig. S2). This 
suggests a correlation between the length of Nα5 and the size of the 
acceptor binding pocket, thereby influencing substrate specificity. A 
shorter Nα5 region can result in a smaller binding pocket that is only 
suitable for specific small substrates. In addition, the composition of 
Nα5, especially the residues at its N-terminus, also influences the size of 
the acceptor binding pocket and thus the acceptor selectivity. Sequence 
analysis indicates that plant UGTs involved in the glycosylation of small 
substrates often have large hydrophobic residues such as phenylalanine 
and tyrosine at the 8th position of Nα5 (marked by a red triangle in 
Fig. S2). This position is located at the back of the acceptor binding 
pocket. In contrast, UGTs that catalyze complex molecules tend to 
contain smaller residues (e.g. methionine, valine, etc) at this position. 
Apart from Nα5, Nα3 forms the other side of the acceptor binding pocket 
and shows a higher frequency of phenylalanine (marked by dot in 
Fig. S2) in flavonoid-favored UGTs compared to UGTs that catalyze 
larger compounds like triterpenes (Fig. S2). 

In addition to the size, the shape of the acceptor binding pocket also 
influences substrate specificity. For example, the acceptor binding 
pocket of FeUGT708C1 has a curved "L" shape that allows the open-chain 
form of phloretin to enter while excluding the rigid kaempferol molecule 
[38] (Fig. 4A). 

Furthermore, hydrogen bonds and hydrophobic interactions are also 
important for acceptor recognition and stabilization. In PaGT2, Glu82 
forms a hydrogen bond with piceatannol, and Tyr102 of FeUGT708C1 
forms a hydrogen bond with phloretin. Disruption of these hydrogen 
bonds decreased or even eliminated the enzymatic activities of PaGT2 
and FeUGT708C1 to their respective substrates [32,38]. In addition, the 
activity of PaGT3 toward capsaicin or kaempferol was higher than that 
toward smaller substrates like salicylic acid due to the formation of more 
hydrogen bonds [67]. In the case of CgUGT74AN2, its interaction with 
digitoxigenin was primarily mediated by hydrophobic interactions [43]. 

The size and shape of the acceptor binding pocket also play a crucial 
role in determining the regioselectivity of UGTs. The influence of size on 
the regioselectivity of the substrate is well-represented by Medicago 
truncatula UGT71G1 (MtUGT71G1) and VvGT1 [39,52]. They both 
glycosylate quercetin. MtUGT71G1 with a larger acceptor binding 
pocket can catalyze the glycosylation of all five hydroxyl groups of 
quercetin, resulting in the formation of five isomeric quercetin gluco-
sides. In contrast, VvGT1 is limited to producing only the 3-O-glucoside 
of quercetin. The impact of shape on regioselectivity can be illustrated 
by the example of CgUGT74AN2. CgUGT74AN2 has a considerable hy-
drophobic pocket and exhibits significant substrate promiscuity. How-
ever, the V-shaped structure of its acceptor binding pocket restricts the 
orientation of the acceptor digitoxigenin and aligns its C3-OH group 

with the catalytic histidine residue. Consequently, CgUGT74AN2 selec-
tively produces produced cardiotonic steroid 3-O-glycoside [43]. 

3. Engineering of plant UGTs 

The efficiency of native enzymes is often insufficient to meet the 
industrial requirements. Protein engineering has demonstrated its 
unique ability to enhance catalytic efficiency and create novel enzymes 
for specific purposes [68]. This approach has proven to be very suc-
cessful in various industrial cases, including the production of Ator-
vastatin (Pfizer, Lipitor™) and Sitagliptin (Merck, Januvia™) [69,70]. 
Over the past decades, protein engineering efforts targeting plant UGTs 
have experienced exponential growth. Based on the rationale of the 
methodology, these approaches can generally be categorized into three 
groups: rational design, directed evolution, and semi-rational design. 

3.1. Rational design 

Rational design is an effective strategy when comprehensive 
knowledge of the structure and functional mechanism of a protein is 
available. Recent advances in structural biology, exemplified by break-
throughs such as AlphaFold 2, a deep learning-based system known for 
its highly reliable predictions of protein structures, have significantly 
advanced this field. Rational design involves minimal screening, 
focusing on generating a small number of variants. Common techniques 
for rational design include structure-guided site-directed mutagenesis, 
activity-based sequence conservative analysis (ASCA) and domain 
swapping. 

Structure-guided site-directed mutagenesis is a commonly used 
rational design method in protein engineering. Structural analysis of 
plant UGT-substrate complexes can identify essential residues respon-
sible for substrate binding and catalytic activity. Based on these findings, 
targeted mutations can be developed to refine the properties of enzymes 
for specific purposes. Numerous studies have focused on modulating the 
substrate specificity and regioselectivity of plant UGTs using this 
approach. For example, the terpenoid-favored SrUGT76G1 was suc-
cessfully engineered to accept flavonoid as substrates by introducing 
three mutations (Gly87, lle199 and Leu204 to phenylalanine) [56]. 
Similarly, a triple mutation (H122A/L123A/Q202L) in the Oryza sativa 
deoxynivalenol:UDP-glucosyltransferase Os79 was developed to in-
crease the volume of the acceptor binding pocket, leading to increased 
catalytic activity towards C4-acetylated compounds [31]. In addition, 
the L369/H373Q mutation led to a transformation of Glycyrrhiza ura-
lensis UGT79B74, making it from an exclusive catalytic activity of 
UDP-apiose to a near-100% activity towards UDP-Xyl [[71]. The 
improvement of regioselectivity by structure-guided site-directed 
mutagenesis is exemplified by Siraitia grosvenorii UGT74AC2 (SgUG-
T74AC2). By introducing a single mutation (L200W), the size of the 
acceptor binding pocket was reduced, preventing the approach of the 
C3-OH group of silybin A to the catalytic center. This change signifi-
cantly improved the regioselectivity of SgUGT74AC2 and increased its 
preference for the C7-OH from 39% to 92% [42]. Although 
structure-guided site-directed mutagenesis is an effective method in 
protein engineering, it often leads to only moderate improvements in 
catalytic efficiency. This limitation is likely due to the influence of other 
residues in the binding pocket, which remains to be further investigated. 
In addition, this approach heavily relies on the availability of a resolved 
structure of UGT-substrate complexes, which currently limits its wider 
application. 

ASCA is the method that utilizes consensus residues to replace non- 
consensus residues at each position after multiple sequence alignment 
has been performed [41]. The rationale of this method is that amino 
acids which promote the protein functions are conserved during evo-
lution, as suggested by the Darwinian theory of evolution. This was 
further supported by the fact that conserved amino acids surrounding 
the catalytic center and the substrate binding pocket have been observed 
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in enzymes with similar substrate spectra [72]. Therefore, performing 
multiple sequence alignment on these enzymes can provide valuable 
insights into the crucial residue positions and guide mutation design. 
The ASCA approach has been shown to be successful in enhancing 
protein thermostability [73], and shows promising potential in modi-
fying the activity of plant UGTs. By implementing the ASCA method, 19 
and 24 mutations were identified for the NTD and CTD of Siraitia gros-
venorii UGTMS1 (SgUGTMS1), respectively [72]. Among the 19 muta-
tions in the NTD, three have been shown to increase enzyme activity. 
Remarkably, the combination of these three mutations (SgUGTMS1-M3) 
resulted in a 34-fold increase in catalytic efficiency. Sequential incor-
poration of the effective CTD mutations into SgUGTMS1-M3 led to the 
development of an optimal mutant, exhibiting a remarkable 351-fold 
improvement in catalytic efficiency compared to the wild-type 
enzyme. Another example is the application of ASCA to engineer the 
activity of Siraitia grosvenorii UGT74AC1 (SgUGT74AC1) [41]. Using the 
ASCA approach, eight mutations were designed, two of which resulted 
in a two-fold and three-fold increase in enzyme activity, respectively. 
Combining these two effective mutations further improved the enzy-
matic activity by over seven times. 

Domain swapping is a widely utilized protein engineering strategy 
when two enzymes exhibit high sequence similarity but different func-
tions [40,74]. In this technique, domains or structural motifs/variations 
are exchanged between the enzymes, resulting in chimeric or mutated 
enzymes with altered functionalities. For instance, pteridine glycosyl-
transferases (PGTs) from Arthrospira platensis CY-007 and Arthrospira 
maxima CY-049 catalyzed glucose transfer and xylose transfer, respec-
tively. By swapping the CTDs of the two enzymes, the sugar donor 
specificity of the resulting chimeric enzymes was also altered [75]. 
Similar phenomenon was also reported for the case of Arabidopsis 
thaliana UGT78D2 (AtUGT78D2) (which exclusively accepts 
UDP-glucose) and Arabidopsis thaliana UGT78D3 (AtUGT78D3) (that 
specifically recognizes UDP-arabinose). Various chimeric proteins were 
constructed by swapping different domains between the two enzymes. 
Five of these chimeras were capable of utilizing both UDP-glucose and 
UDP-arabinose as sugar donors [76]. Another successful example of 
domain swapping is Scutellaria baicalensis C-glycosyltransferases 
SbCGTa and SbCGTb enzymes involved in the di-C-glycosylation for the 
biosynthesis of (iso)schaftosides. SbCGTa catalyzes glucose transfer to 
2-hydroxynaringenin, while SbCGTb transfers arabinose to the 
mono-C-glucoside of 2-hydroxynaringenin. By swapping 11 amino acids 
around the substrate pocket, the resulting SbCGTb-11aa mutant showed 
functions similar to SbCGTa while losing its native ability to catalyze 
mono-C-glycosides [26]. 

Overall, rational design approaches, including structure-guided site- 
directed mutagenesis, ASCA, and domain swapping, provide effective 
tools for the development of plant UGTs to achieve desired modifica-
tions in enzyme properties, if the mechanistic knowledges of the protein 
functions were (even partially) available. 

3.2. Directed evolution 

Directed evolution is a powerful tool for enzyme engineering that 
requires minimal knowledge beyond the enzyme’s function. It involves 
iterative cycles of engineering and screening until a desired protein 
variant is obtained. However, compared to rational design, directed 
evolution often proves to be labor-intensive, as mutant libraries must be 
generated and subsequently screened for the biological functions of the 
target protein. The mutation of the protein in the desired direction and 
the efficient screening of the large number of candidate mutants are two 
crucial aspects of directed evolution. Various random mutagenesis 
methods, such as error-prone PCR and DNA shuffling, have been 
developed and tailored to generate mutant libraries of plant UGTs. 
However, the establishment of high-throughput screening methods re-
mains a challenging step to facilitate the targeted evolution of plant 
UGTs. Recent advances in screening methods of plant UGTs are 

summarized in Table 2. Typically, substrates (i.e. sugar donors and ac-
ceptors) as well as glycosylation products and by-products (i.e. UDP and 
proton) have been used as markers to evaluate the performance of plant 
UGTs. Among these, UDP is the most widely used and serves as a uni-
versal reference compound for screening, although other markers might 
be better solutions in certain scenarios. 

Rapid measurement of UDP is usually achieved by developing a UDP- 
dependent response that can be tracked using spectrophotometry ap-
proaches. These analytical methods were normally based on fluorescent, 
luminescent, or colorimetric signals (Table 2). Some of the reported 
methods, such as the UDP-Glo™ assay [80] and the NADP-resazurin 
assay [81], require purified UGT protein as they are sensitive to back-
ground signals from living cells or cell lysates. While these methods are 
suitable for screening chemical inhibitors targeting specific UGT pro-
teins, they do not meet the high-throughput requirements for the se-
lection of novel UGTs from mutation libraries. 

Two UDP-targeting assays designed for high-throughput screening of 
UGT mutation libraries are the Oled-coupled colorimetric assay and the 
UDP chemosensor-based fluorescent assay [83]. The Oled-coupled 
colorimetric assay involves the coupling of UDP with the production 
of 2-chloro-4-nitrophenolate, a compound that can be quantitatively 
measured at 410 nm. This method was successfully used to screen an 
SgUGT74AC1 mutation library containing ~5000 mutants generated by 
error-prone PCR [41]. Several derivatives with single-point mutations 
showed 2- to 8-fold increases in catalytic activity compared to the wild 
type. Further optimization by combining these mutations resulted in a 
mutant with a catalytic efficiency of 200-times higher than that of the 
wild type. Another highly specific and sensitive method for direct 
detection of UDP is the use of tailor-made chemosensors. These che-
mosensors, which are based on binuclear zinc complexes, show fluo-
rescence after binding to the diphosphate moiety of UDP [92]. The cost 
of chemosensors is currently the limiting factor for the widespread use of 
this method and needs to be drastically decreased. Both approaches can 
be performed in microplates to enable high-throughput testing. Some of 
the most time-consuming steps include picking up colonies, amplifying 
and harvesting biomass, and preparing cell lysates for testing. Auto-
mated pipelines are available on the market (e.g. automated colony 
pickers from Kbiosystems) to replace human labor for these tedious tasks 
and enable the screening of large libraries (>104 mutants). However, the 
costs associated with these automated systems are still unaffordable for 
most laboratories. Therefore, these methods are often used for screening 
small to medium-sized libraries (<104 mutants). 

In addition to UDP, protons can also be used as targets for screening 
UGT mutant libraries. The production of protons can be easily detected 
by measuring the pH drop using optodes or color-change reagents. The 
pH change was used as a selection marker for screening a domain- 
swapping library containing 106-107 colonies [98]. To screen such a 
large library, colonies were replicated on LB agar plates and transferred 
to filter papers by stamping. The filters were then immersed in a 
glycosylation reaction solution containing the pH-indicator cresol red 
and incubated for 5 h at 37 ◦C. Colonies containing functional glyco-
syltransferase displayed a yellow color, while negative controls turned 
purple. By this method, a chimeric glycosyltransferase was obtained 
with approximately 4-fold increased catalytic activity toward 2-deoxy-
streptamine compared to the chimera generated via rational design. 
Furthermore, the new mutant was able to act on seven other NDP-sugars 
in addition to dTDP-glucose [98]. However, the use of proton as an in-
dicator for screening tests has the disadvantage of untargeted pH 
changes in the glycosylation reaction systems, resulting in high back-
ground noise when using whole cells or cell lysates. Furthermore, due to 
the labor-intensive process of handling colonies, this method is mostly 
suitable for screening small to medium-sized libraries. 

Fluorescently labeled sugar donors and acceptors were used for the 
screening of specific UGTs. An example of this method was the 
fluorescence-activated cell sorter (FACS)-based screening system for the 
directed evolution of sialyltransferases [78]. In this system, the acceptor 
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molecule was labeled with a fluorophore, while its permeability through 
the cell membrane was not affected. However, the fluorescent product 
could not be secreted out of the cells after glycosylation. As a result, 
colonies containing active enzymes were labeled with fluorescence and 
could be sorted using FACS. In a follow-up study from the same group, a 
two-color screening protocol was established to minimize false-positive 
signals. The optimized method enabled the rapid identification of a CgtB 
variant from a library of over 107 mutants. This variant had a broader 
substrate tolerance and 300-fold higher activity than the wild-type 
enzyme [79]. Alternatively, fluorescence quenching has also been 
employed in screening tests. For instance, after glycosylation, 4-methyl-
umbelliferone loses its fluorescence signal, which was used to screen and 
obtain a target Oled enzyme from a library of ~1000 colonies generated 
by error-prone PCR [99]. These fluorescence-based screening methods 
are efficient and sensitive, but they are typically applicable to only 
specific UGTs. The selection and design of fluorescent molecules is 
required on a case-by-case basis. Nevertheless, they still provide a good 
alternative strategy for the development of new high-throughput 
screening protocols for plant UGTs engineering. 

3.3. Semi-rational design 

Semi-rational design, also known as focused directed evolution, is an 
approach that combines rational design and directed evolution to in-
crease efficiency in UGT engineering. Instead of performing mutagenesis 
for the entire sequence, this method selectively targets potential key 
residues to generate a mutation library. As a result, the screening efforts 
for the identification of the target variants of interest could be signifi-
cantly reduced. In this context, even low-throughput analytic methods 
such as HPLC and mass spectrometry might be sufficient for the 
screening tasks [85,100,101]. 

The first step in semi-rational design is the identification of putative 
functional residues. This can be achieved by sequence or structure 
analysis followed by alanine screening. Typically, solved or predicted 
structures of desired UGTs are used as templates. Substrates (sugar do-
nors or acceptors) are docked into the structure using software such as 
Autodock Vina or Glide in Schrödinger. Residues that interact with the 
docked molecules or are located at a certain distance from them are 
selected as candidates for further mutation. Another in silico approach 
for selecting key residues is to use software like HotSpot and 
SEARCHGTr [85,96,102]. These tools predict substrate binding residues 
based on comprehensive sequence/structure alignment with reported 
crystal structures of glycosyltransferase-acceptor complexes. In addi-
tion, important residues reported and identified in previous studies can 
be used to concentrate the research focus on specific residues [41,97]. 
After the initial selection of potential key residues, each residue is 
individually mutated to alanine, and the resulting variants are examined 
for changes in catalytic activity compared to the wild type. Residues that 
have at least 60% activity of the wild-type enzyme after alanine muta-
tion are then selected as targets for generation of mutagenesis library 
and further screening [103]. 

Once the initial selection is complete, the mutagenesis library can be 
constructed using iterative saturation mutation (ISM). In the saturation 
mutation, each residue is mutated into the other nineteen residues using 
degenerative NNK genetic codons. However, the exponential increase in 
library size and screening efforts can be overwhelming. To address this 

Table 2 
Summary of high-throughput screening methods for plant UGTs.  

Screening 
target 

Method Application 
scenarios 

Screening 
sample 

Reference 

Products Transfer a radiolabeled 
sugar to the acceptor, 
and then remove the 
unreacted sugar donors 
and detect the labeled 
products 

All UGTs Purified 
protein, 
cell lysate 

[77] 

Products Utilize cell-permeable 
fluorescence-labeled 
acceptors to generate 
cell-impermeable 
fluorescence-labeled 
product, and then screen 
by FACS. 

Specific 
UGTs 

Whole cell [78,79] 

UDP Synthesize ATP with 
UDP, then transfer ATP 
into bioluminescence 
signal with UDP-Glo™ 

All UGTs Purified 
protein 

[80] 

UDP Synthesize Glucose-6- 
phospate with UDP step 
by step, then measure 
Glucose-6-phospate 
with NADP and 
resazurin. 

All UGTs Purified 
protein 

[81,82] 

UDP Utilize OleD to catalyze 
production of 
colorimetric 2-chloro-4- 
nitrophenolate with 
UDP 

All UGTs Purified 
protein, 
cell lysate 

[41, 
83–85] 

UDP Use rYND1 to hydrolyze 
UDP into UMP and Pi, 
then use a phosphorus 
molybdenum blue 
chromogenic reaction to 
detect Pi. 

All UGTs Purified 
protein 

[86] 

UDP Release Pi from UDP 
with ectonucleoside 
triphosphate 
diphosphohydrolase, 
and then detect Pi with 
colorimetric malachite- 
based reagents 

All UGTs Purified 
protein 

[87] 

UDP Utilize a xanthene-based 
Zn(II) complex 
fluorescent 
chemosensor to detect 
UDP 

All UGTs Purified 
protein, 
cell lysate 

[88–90] 

UDP Utilize a binuclear zinc 
complex fluorescent 
chemosensor to detect 
UDP 

All UGTs Purified 
protein, 
cell lysate 

[91] 

UDP Utilize an anthracene- 
based Zn(II) complex 
fluorescent 
chemosensor to detect 
UDP 

All UGTs Purified 
protein, 
cell lysate 

[92] 

UDP Conduct reactions on an 
immobilized acceptor 
array, and detect 
production of UDP with 
mass spectrometry 

All UGTs Purified 
protein 

[93] 

UDP Establish a UDP- 
antibody based FRET 
system, and detect UDP 
via FRET signal decrease 
caused by UDP 
displacement of the 
UDP-tracer 

All UGTs Purified 
protein 

[94] 

Proton Utilize pH to detect 
proton release during 
glycosylation reaction 

All UGTs Purified 
protein, 
cell lysate, 
whole cell 

[95–98]  

Table 2 (continued ) 

Screening 
target 

Method Application 
scenarios 

Screening 
sample 

Reference 

Acceptor Detect the fluorescence 
of the acceptor 4-meth-
ylumbelliferone, which 
is non-fluorescent after 
glycosylation 

Specific 
UGTs 

Purified 
protein, 
cell lysate 

[99]  
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challenge, researchers have developed ISM methods that can be per-
formed sequentially or in clusters. In sequential ISM, saturation muta-
tion is performed one position at a time in a specific order, while the 
mutation with best performance at one position serves as the template 
for the next mutation [85,104]. Clustered ISM is a faster approach where 
candidate residues are divided into several groups based on neighbor-
hood or location on the same secondary structure element, with 2–4 
residues in each group. Sequential ISM is then performed in parallel for 
each group, and the mutations with the most significant effects from 
each group are combined for further testing [96]. 

Limiting the size of the mutation library helps to increase the 
screening efficiency, making the semi-rational design an attractive and 
effective approach in plant UGT engineering. It has been successfully 
applied to improve catalytic efficiency, substrate recognition, and 
regioselectivity of numerous plant UGTs. For example, ISM was per-
formed on nine important residues of ScUGT51, resulting in a library of 
~2800 colonies [85]. Screening of the library led to the identification of 
a variant that outperformed the wild-type enzyme by about 1800-fold in 
the conversion of protopanaxadiol to ginsenoside Rh2. Similar ap-
proaches have been applied to enhance the regioselectivity of UGTBL1 
[100] and MiCGT [28]. 

However, the semi-rational design also faces some challenges due to 
the effort required for screening. To address this problem and further 
reduce the number of mutations, a remarkable protocol called focused 
rational iterative site-specific mutagenesis (FRISM) has recently been 
developed [101]. Instead of performing saturated mutagenesis, FRISM 
uses multiple approaches to minimize the number of rational mutations 
for each functional residue. These approaches include phylogenetic 
analysis, structural information, Rosetta design, and other techniques 
commonly used in rational design. This approach has been successfully 
demonstrated in several studies. For instance, SgUGT74AC2 variants 
with high regioselectivity for different hydroxyl groups of silybin A were 
obtained [35]. By combining ASCA, acceptor binding pocket analysis, 
Rosseta design, and iterative mutagenesis, a small library consisting of 
~115 mutations was built and analyzed. Ultimately, three variants were 
identified that had a regioselectivity of 94%, > 99%, and > 99% on the 
C3-OH, C7-OH and C3,7-O-diglycoside of silybin A, respectively, while 
the original SgUGT74AC2 yielded a mixture of 22%:39%:39% of the 
three products. 

4. Conclusions 

Plant UGTs are essential for the biosynthesis of natural products. The 
reconstitution of biosynthesis pathways of natural products from plants 
into microorganism offers a more sustainable production alternative to 
these high-value compounds. This includes the expression of key en-
zymes including UGTs. Recent advances in molecular biology, 
biochemistry, plant biology, and structural biology have led to the dis-
covery and characterization of numerous plant UGTs in terms of struc-
tures and biological functions. These findings pave the way for protein 
engineering of UGTs for better and/or desired performance, e.g. cata-
lytic efficiency, substrate promiscuity and regioselectivity. 

The efficient manipulation of plant UGTs requires a deep under-
standing of their functional mechanisms. So far, the crystal structures of 
30 plant UGTs have been elucidated in their apo- or substrate-bound 
forms. These structures, integrated into structure analysis and muta-
genesis studies, have provided significant insights into the catalytic 
mechanism, the recognition of sugar donor and acceptor of plant UGTs. 
This knowledge enabled the development of various UGTs through 
rational design and semi-rational design approaches. However, the 
knowledge obtained so far is still too limited to fully uncover the sub-
strate recognition mechanisms of many key enzymes involved in the 
biosynthesis of important natural products, considering the high sub-
strate diversity among different plant UGTs. Since some of the solved 
structures are in the apo form and most acceptors in complex structures 
are small molecules, it is crucial to resolve more structures of plant UGTs 

that bind complex substrates like ginsenosides, anthocyanins and mog-
rosides, which are natural products of therapeutic or industrial interests. 

Various strategies have been developed for the development of plant 
UGTs. Semi-rational design, which combines the benefits of rational 
design and directed evolution, has emerged as the most widely utilized 
approach in plant UGTs engineering. It has proven itself with great 
potential in various applications. To facilitate the engineering efficiency, 
smaller mutation libraries are usually preferred because of the less 
screening effort. But this requires good knowledge of substrate binding 
obtained from structural studies. In addition, certain residues located far 
from the substrate binding pocket can affect catalytic efficiency and 
substrate recognition. In this case, directed evolution becomes crucial to 
screen these sites. However, efficient screening methods for large mu-
tation libraries of plant UGTs remains a critical challenge, and the 
development of (high-throughput) screening methods is essential in the 
near future. 
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