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a b s t r a c t

C-Oligosaccharides are rare in nature and possess diverse bioactivities. However, their chemical synthesis

faces many challenges. In this work, enzymatic introduction of C-linked sugar chains to target aglycones

was successfully achieved by multi-enzymatic cascade reactions. A C-glycosyltransferase from Aloe bar-

badensis was employed to introduce the first C-linked glucose and then a cyclomaltodextrin glucanotrans-

ferase from Bacillus licheniformis was used to extend the sugar chain. A total of twenty C-oligosaccharides

with 2–6 sugars were synthesized from scale-up reactions and exhibited good water solubility and

sodium-dependent glucose transporter 2 (SGLT2) inhibitory activity. Furthermore, a glucoamylase was

used to control the length of the sugar chain and the C-maltosides were efficiently synthesized. These

findings not only expanded the structural diversity of C-oligosaccharides, but also provided a strategy for

the modification of C-glycoside drugs to improve the druggability.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The aryl C-glycoside structure is a distinct motif among the

plenty of biologically active natural products. C-Glycosides have

attracted considerable interest due to their potential bioactivi-

ties, stable glycosidic bonds and synthetic challenges [1,2]. Most

of the natural C-glycosides are C-monosaccharides which of-

ten face the challenge of insufficient druggability due to the

poor solubility. C-Oligosaccharides are O-linked sugar derivatives

of C-monosaccharides at the primary C-sugar moiety, and usu-

ally exhibit good water solubility and pharmacological activity

(Scheme 1) [2–6]. Nonetheless, C-oligosaccharides are rare in na-

ture and chemical synthesis of oligosaccharides faces challenges

such as regio- and stereo-selectivity and protection and depro-

tection of functional groups, which limit their application in

drug discovery [7–9]. Therefore, the shortage of C-oligosaccharides

with different skeletons greatly limited the research of this

type of compounds. It is necessary to develop an approach

that can efficiently and economically generate diverse types of

C-oligosaccharides.

Combinatorial biosynthesis is considered to be an effective ap-

proach in synthesizing target compounds with complex structures.

According to the structures of C-oligosaccharides, enzymes are
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needed to introduce the first C-sugar moiety, extend the length of

C-sugar moiety and control the length of C-oligosaccharides to a

designed length. Therefore, to construct the combinatorial biosyn-

thesis approach of C-oligosaccharides, in this work, a promiscuous

C-glycosyltransferase (CGT), a cyclomaltodextrin glucanotransferase

(CGTase) and a glucoamylase were combined together. This tandem

reaction achieved the efficient synthesis of diverse bioactive new

C-oligosaccharides.

In our previous work, we reported a new C-glycosyltransferase

AbCGT which could introduce C-sugar moiety to the aglycon 1 to

synthesize a sodium-dependent glucose transporter 2 (SGLT2) in-

hibitor 1a with the potential in curing diabetes (Fig. 1) [10]. How-

ever, the aglycon part brought C-monosaccharide 1a a poor wa-

ter solubility, which limited its development in further drug dis-

covery. The aglycon part of 1a has been previously optimized to

enhance the bioactivity and in this work, we aimed to modify

the sugar part to obtain C-oligosaccharides with better drugga-

bility. Firstly, we attempt to extend the length of C-sugar moi-

ety to improve the water solubility and maintain or enhance the

bioactivity. Thus, the C-glycosyltransferase (AbCGT) combined with

a cyclomaltodextrin glucanotransferase (CGTase) [1,4-α-d-glucan:

4-α-d-(1,4-α-d-glucano)-transferase (cyclizing), EC 2.4.1.19] from

Bacillus licheniformis were employed to introduce the first C-sugar

and further extend its length, respectively [11,12]. Recombinant

AbCGT and CGTase were expressed in E. coli and purified to >90%
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Scheme 1. Representative natural C-oligosaccharides.

Fig. 1. Combining AbCGT and CGTase to produce C-oligosaccharides with different

lengths of C-sugar chains. (A) Tandem reactions catalyzed by AbCGT and CGTase in

vitro. UDP-Glc and β-CD were used as sugar donors. (B, C) HPLC-UV/MS analysis of

the reactions.

homogeneity (Fig. S1 in Supporting information). Reaction mixture

containing substrate 1, UDP-α-d-glucose (UDPG), β-cyclodextrin

(β-CD), AbCGT and CGTase was incubated at 30 °C for 12 h. In-

triguingly, according to the results of high performance liquid

chromatography-ultraviolet/mass spectroscopy (HPLC-UV/MS) anal-

ysis of the reaction mixture, combinatorial enzyme-catalyzing sys-

tem successfully synthesized C-oligosaccharides with 2–6 glucosyl

substituents (1b–1f) (Fig. 1). According to the results, the agly-

con 1 was firstly C-glycosylated with a 100% conversion rate by

AbCGT and then the C-glycosylated product 1a was subsequently

O-glycosylated with 66% conversion rate for one to five times

generating the corresponding C-oligosaccharides with two to six

sugars. As the sugars were added one by one, the yields of C-

oligosaccharides with different numbers of sugars decreased with

the increasing numbers of sugars. Although CGTase has been used

for synthesis of bioactive natural products in some cases [12–17],

the application of CGTase in the modification of unnatural products

and clinical drugs has not been reported.

To further apply the CGTase in the modification of struc-

turally diverse C-monosaccharides and synthesis of target C-

oligosaccharides, different types of C-monosaccharides including

bioactive unnatural products (1a–5a), natural products (6–9) and

clinical drugs (10–15) were selected as substrates (Fig. 2). Sub-

strates 1a–5a are SGLT2 inhibitors, substrates 6–9 are bioactive

natural products and substrates 10–15 are famous diabetic drugs.

For some substrates, the poor water solubility greatly limited the

development of these compounds in further drug discovery [18–

22]. For example, puerarin (9), an isoflavone glycoside derived from

Pueraria lobata (Willd.) Ohwi, has been identified as a pharma-

cologically active component with diverse benefits [23]. However,

puerarin (9) cannot be given by injection due to its low solubility

in water [18]. In order to modify these bioactive C-glycosides and

improve their water solubility and bioavailability, sugars were at-

tempted to be introduced. However, the modification of C-linked

sugar is rarely reported and difficult to be achieved. What is

more, as for the clinical drugs dapagliflozin (10), ipragliflozin (11),

empagliflozin (12), canagliflozin (13), ertugliflozin (14) and so-

tagliflozin (15), there are no proper glycosylated sites except the

C-linked sugar. Therefore, the CGTase, which possesses a large sub-

strate binding pocket might be a proper catalyst in the extension

of diverse C-linked sugars. Surprisingly, recombinant CGTase was

able to recognize all the prepared C-glycosides and generated C-

oligosaccharides with α-1,4-glycosidic bonds and the sugar num-

bers of two to six. With this approach, twenty C-oligosaccharides

(1b, 1c, 7a, 7b, 9a, 10a, 10b, 10c, 10d, 11a, 11b, 12a, 12b, 13a, 13b,

14a, 14b, 14c, 15a and 15b) were enzymatically synthesized from

the scale-up reactions and the structures were confirmed by MS

and nuclear magnetic resonance (NMR) (Fig. 2 and Figs. S2–S47 in

Supporting information). Among these twenty C-oligosaccharides,

nineteen (1b, 1c, 7a, 7b, 10a, 10b, 10c, 10d, 11a, 11b, 12a, 12b, 13a,

13b, 14a, 14b, 14c, 15a and 15b) are new compounds.

The SGLT2 inhibitory activity of the derivatives of compounds

1 and 10–15 was investigated. Interestingly, all the prepared C-

oligosaccharides exhibited SGLT2 inhibitory activity. With the sugar

number increasing, the inhibitory activity of C-oligosaccharides

was slightly decreased except the derivative (14c) of ertugliflozin

(14) (Table S1 in Supporting information). The architecture of

the SGLT2 protein binding with empagliflozin (12) has been ob-

tained and the inhibitory mechanism of SGLT2 inhibitors was also

elucidated [24]. Empagliflozin (12) occupies both the substrate

sugar-binding site and the external vestibule of SGLT2 resulting

in blocking the function of SGLT2. Therefore, to explore the in-

hibitory mechanism of the C-oligosaccharides with various sugars

such as derivatives (12a and 12b) of empagliflozin (12), molecu-

lar docking was performed (Fig. S48 in Supporting information). C-

Oligosaccharides 12a and 12b showed similar binding mode with

12. However, the different lengths of sugar-chains could lead to

the differences in the substrates binding with SGLT2, which might

affect the inhibitory activity of the C-oligosaccharides with vari-

ous sugars. Reasonably, the water solubility of C-oligosaccharides

is greatly improved due to the introduction of hydrophilic groups.

The water solubility of the representative C-oligosaccharides was

further investigated and the water solubilities of C-oligosaccharides

(9a and 10a) of puerarin and dapagliflozin were increased by

32 and 57 times (Table S2 in Supporting information). Therefore,
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Fig. 2. The application of promiscuous CGTase in synthesizing diverse C-oligosaccharides. (A) The conversion rates and the product distributions of the CGTase catalyzing

reactions with the substrates shown in B. 2G–6G represent the sugar numbers of the glycosylated products are 2–6, respectively. (B, C) The structures of the substrates and

the isolated products of the CGTase catalyzing reactions.

comparing with the aglycons, the C-sugar chain improved both

SGLT2 inhibitory activity and water solubility.

In this tandem enzyme reaction, UDPG is expensive in the mar-

ket and cannot be used as easily available raw material and en-

zymes in this mixture need to be purified, which brings great in-

convenience and high cost. Thus, to get rid of the limitation of

high cost and complex protein purification process, an engineered

E. coli strain harboring its native biosynthetic pathway of UDPG

and pCDFDuet-AbCGT-CGTa was developed as a catalyst. As shown

in Fig. 3, the whole-cell catalytic system successfully produced C-

monoglycoside 1a and C-maltoside 1b with the total conversion

rate of only 51%. Then to enhance the catalytic efficiency of whole-

cell catalyst for large-scale preparation, the system including the

cell density, substrate concentrations, and incubation time was op-

timized. This engineered E. coli exhibited the highest conversion

rate at the OD600 of 6.0 (Fig. 3A). When the mole ratio of sugar

donor (β-CD) and acceptor (1) reached five, the conversion rate

only slightly increased (Fig. 3B). According to the time course as-

says, five hours is an efficient incubation time (Fig. 3C). Therefore,

at the optimized conditions, the conversion rate of acceptor 1 was

greatly improved and reached more than 90% (Fig. 3D). Thus, an

efficient and economical method for generating C-oligosaccharides

was developed and optimized, which will be further applied

for the scale-up reactions to produce diverse bioactive C-

oligosaccharides due to the high promiscuity of AbCGT and CGTase.

The successful establishment of the low-cost combinatorial

whole-cell method brings tremendous potential to the application

of the enzymatic tandem reactions in industrial production. It not

only solves the problem of insufficient structural diversity of C-

oligosaccharides, but also has important significance for efficient,

large-scale, low-cost production of C-oligosaccharides, greatly pro-

moting the practical application of combinatorial enzyme cata-

lysts in industrial production. In addition, the whole-cell cataly-

sis method showed great optimization potential. We believe that

the yield and productivity of target molecules could be greatly

improved, through further systemic optimization and the use of

scaled-up fermentation for cultivation.

In the catalysis, the CGTase seems to keep adding glycosyl moi-

eties to its previous products as long as there are enough initial

substrates and sugar donors. Although the introduction of sug-

ars could greatly improve the water solubility, the bioactivity of

some C-oligosaccharides is gradually decreased with the increasing

number of sugars (Table S1). Therefore, there is a balance point

between bioactivity and water solubility, which means that the

length of the sugar chain should be under control. In order to con-

trol the extension of C-oligosaccharide chains, commercially avail-

able glucoamylase was employed.

Glucoamylase, which exhibits high hydrolytic specificity toward

α-(1→4)-glucosidic linkages, is an important industrial enzyme

and is widely used in starch saccharification, brewing and distill-

ing industry [25,26]. In this present case, glucoamylase was ap-

plied to hydrolyze redundant sugars in C-oligosaccharides to pro-

duce C-maltosides, which can keep the balance between maintain-

ing bioactivity and enhancing water solubility.
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Fig. 3. Constructing and optimizing the whole cell-AbCGT-CGTa catalyzed reactions.

Optimization of OD600 of the cultured cells (A), mole ratio of donor and acceptor

(B), and reaction time (C). (D) HPLC analysis of the initial reaction and optimized

reaction of the whole cell-AbCGT-CGTa catalytic reactions.

Therefore, after the glycosylation reaction catalyzed by CGTase,

different concentrations of the glucoamylase were added to the re-

action mixtures and incubated for 10 min. According to the HPLC

analysis as shown in Fig. 4, when 1 U/μL of glucoamylase was

added to the reaction mixtures, the C-oligosaccharides with sugar

numbers of four (1d), five (1e), and six (1f) were transformed to

those with sugar numbers of one (1a), two (1b) and three (1c).

And when the concentration of glucoamylase was increased to

1.5 U/μL, all the glycosylated products were transformed and the

C-maltoside (1b) was generated with the conversion rate of 41%.

So, with the glycosylation enzyme CGTase and the deglycosylation

enzyme glucoamylase and their proper concentrations and reac-

tion times, an enzymatic C-maltosylation system was constructed.

In addition, the glucoamylase showed broad substrate spectra and

was also able to catalyze all the other C-oligosaccharides with dif-

ferent structures. Given the substrate promiscuity of these two en-

zymes, this enzymatic C-maltosylation system could be broadly ap-

plied in natural and unnatural products and even drug modifica-

tion.

Fig. 4. Enzymatic C-maltosylation system. (A) Combining AbCGT, CGTase and Glu-

coamylase to produce target C-maltosides 1b. (B) HPLC analysis of reactions cat-

alyzed by AbCGT and CGTase (I), AbCGT, CGTase and glucoamylase with the con-

centrations of 1 U/μL (II) and 1.5 U/μL (III), respectively. (C) The conversion rates of

the C-oligosaccharides with different lengths of sugar chains corresponding to the

reaction I, II and III.

In summary, enzymatic introduction of C-linked sugar chains to

target aglycones was successfully achieved by tandem reactions. A

C-glycosyltransferase was employed to introduce the first C-linked

glucose and then a CGTase was used to extend the sugar chain.

With this method, C-oligosaccharides were introduced to bioac-

tive natural products, SGLT2 inhibitors and clinical anti-diabetes

drugs to improve their water solubility and druggability. With this

method, nineteen representative new C-oligosaccharides with dif-

ferent skeletal structures were successfully generated and some of

the derivatives exhibited better druggability. Finally, a glucoamy-

lase was also successfully used to control the length of the sugar

chain and target C-maltosides were efficiently synthesized. The

control of the length of the sugar chain under accurate numbers is

vital for the further application of this method. These findings ex-

panded the diversity of C-oligosaccharides and provided a strategy

for modifying C-glycoside drugs to improve their druggability. In

further study, engineering of the glucoamylase in molecular level

to produce mutants with the ability of accurately hydrolyzing C-

oligosaccharides will be very necessary. Our work will be helpful to

solve the problem of the shortage of bioactive C-oligosaccharides,

which can be further used in drug discovery.
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