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KEY WORDS Abstract  C-Glycosides are important natural products with various bioactivities. In plant biosynthetic

pathways, the C-glycosylation step is usually catalyzed by C-glycosyltransferases (CGTs), and most of

them prefer to accept uridine 5’-diphosphate glucose (UDP-Glc) as sugar donor. No CGTs favoring

Biosynthesis; UDP-rhamnose (UDP-Rha) as sugar donor has been reported, thus far. Herein, we report the first selective

Catalytic mechanisms; C-rhamnosyltransferase VtCGTc from the medicinal plant Viola tricolor. VtCGTc could efficiently cata-

Sugar donor selectivity lyze C-rhamnosylation of 2-hydroxynaringenin 3-C-glucoside, and exhibited high selectivity towards
UDP-Rha. Mechanisms for the sugar donor selectivity of VtCGTc were investigated by molecular dy-
namics (MD) simulations and molecular mechanics with generalized Born and surface area solvation
(MM/GBSA) binding free energy calculations. Vall44 played a vital role in recognizing UDP-Rha,
and the V144T mutant could efficiently utilize UDP-Glc. This work provides a new and efficient
approach to prepare flavonoid C-rhamnosides such as violanthin and iso-violanthin.
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1. Introduction

C-Glycosides are an important class of bioactive natural products in
plants' . Due to the presence of C—C glycosidic bonds, C-gly-
cosides are generally stable and can resist chemical and enzymatic
degradation, which bring distinctive pharmacokinetic properties
compared to O-glycosides™. The formation of C-glycosidic bonds
is catalyzed by C-glycosyltransferases (CGTs). Up to now, a range
of CGTs have been reported, most of which prefer uridine 5'-
diphosphate glucose (UDP-Glc) as sugar donor®, including
AbCGT’, MiCGT®, GgCGT’ and TcCGT1'’. In our previous study,
a series of CGTs were discovered to catalyze the arabinosylation of
mono-C-glucosides of 2-hydroxyflavanone, which led to the
biosynthesis of (iso)schaftosides in higher plants''.

L-Rhamnose is a popular sugar unit of plant glycosides. Thus
far, several O-rhamnosyltransferases have been identified'> %,
such as a highly specific saponin 2”-O-rhamnosyltransferase
GuRhaGT from Glycyrrhiza uralensis'>. However, no CGTs with
high selectivity towards UDP-Rha have been reported, thus far,
though flavonoid C-rhamnosides have been reported in many plant
species'© 1%,

Viola tricolor is a heat-clearing and detoxifying Chinese herbal
medicine'®. Tt contains abundant violanthin (3a) and minor iso-
violanthin (3b), which are di-C-glycosides with glucosyl and
rhamnosyl substitutions at C-6 and C-8 (Fig. 1A)*°. (Iso)viola-
nthin could inhibit acetylcholinesterase (AchE)*! and the SARS-
CoV-2 virus main protease 3CLP**. However, the CGTs
involved in their biosynthesis are still unknown.

Here, we report the first selective C-glycosyltransferase
VtCGTc from V. tricolor. It shows high sugar donor selectivity
towards UDP-Rha, and could efficiently catalyze 5-C-rhamnosy-
lation of 2-hydroxynaringenin 3-C-glucoside. The catalytic
mechanisms were also investigated by theoretical calculations.

2. Materials and methods

2.1.  Chemical reagents

Compounds 1 and 2 were prepared in our previous work''. The
other substrate compounds were purchased from Chengdu Must
Biotechnology Co., Ltd. (Chengdu, China), Chengdu Dexter
Technology Co., Ltd. (Chengdu, China), and Shanghai Titan
Scientific Co., Ltd. (Shanghai, China). The UDP-sugar donors
were purchased from Guangzhou Angfei Biological Technology
Co., Ltd. (Guangzhou, China). Methanol and acetonitrile (Fisher
Scientific, USA) were of HPLC grade. All other chemicals and
reagents were purchased from Sigma—Aldrich (St. Louis, MO,
USA) and Beijing Chemical Corporation (Beijing, China) unless
otherwise specified.

2.2.  Plant materials and transcriptome analysis

The seeds of V. tricolor were purchased from Shanghai (China)
and were sown in our laboratory under natural conditions. One
month after sowing, the seedlings were collected and washed, then
immediately frozen in liquid nitrogen for RNA extraction. The
transcriptome of fresh seedling was sequenced and assembled by
Shanghai Majorbio Bio-pharm Technology Co., Ltd. (China). The
original data have been uploaded onto NCBI (BioProject ID:
PRINA946018). For BLAST analysis, the gene sequences of 12
plant C-glycosyltransferases were used as templates, and 2 CGT

candidate genes (VtCGTa and VtCGTc) were obtained (Support-
ing Information Fig. S1)"'.

2.3.  Molecular cloning, heterologous expression, and protein
purification

The total RNA of V. tricolor was extracted from the seedlings
using the TranZol™ kit (Tiangen Biotech, Beijing, China) and
was reverse-transcribed to cDNA by TransScript supermix
(Transgen Biotech) following the manufacturer’s instructions.
TransScript KD Plus and Fast-Pfu DNA polymerases (Transgen
Biotech) were used to amplify candidate genes. The primer se-
quences are given in Supporting Information Table S1. The
candidate CGTs were cloned into pET-28a (4) vectors (Invi-
trogen, USA) by homologous recombination method at the BamHI
site. After verification of the sequences, the recombinant plasmids
pET-28a (+)-VtCGTa and pET-28a (+4)-VtCGTc were trans-
formed into Escherichia coli BL21 (DE3) (TransGen Biotech,
China) for heterologous expression. The E. coli cells were grown
in 500 mL Luria—Bertani (LB) medium containing 50 pg/mL
kanamycin at 37 °C with shaking (200 rpm). After ODgg( reached
0.6, the cells were induced with 0.1 mmol/L Isopropyl §-p-thio-
galactoside (IPTG) for 18 h at 18 °C (200 rpm). The cells were
then collected by centrifugation (7500 rpm at 4 °C for 3 min) and
resuspended in 15 mL of lysis buffer (pH 7.4, 20 mmol/L Tris,
200 mmol/L. NaCl, 2% glycerol). Then the suspensions were
ruptured by sonication on ice for 15 min. The cell debris was
removed by centrifugation at 12,000 rpm for 45 min at 4 °C. The
supernatant including crude protein was applied to a nickel-
affinity chromatographic column (GE HealthCare) which was
pre-equilibrated with 30 mmol/L imidazole elution buffer (pH 7.4,
20 mmol/L Tris, 200 mmol/L NaCl, 2% glycerol, 30 mmol/L
imidazole). The miscellaneous proteins were eluted by 30 mmol/L
imidazole elution buffer, and the target proteins were purified by
300 mmol/L imidazole elution buffer (pH 7.4, 20 mmol/L Tris,
200 mmol/LL NaCl, 2% glycerol, 300 mmol/L imidazole). The
purified proteins were analyzed by SDS-PAGE (Supporting In-
formation Fig. S2), and stored in a storage buffer (pH 7.4,
20 mmol/L Tris, 200 mmol/L NaCl, 20% glycerol) at —80 °C.

2.4.  Phylogenetic analysis

Molecular phylogenetic analysis was conducted using MEGAG6
software with the maximum likelihood method (Fig. S1). The
bootstrap consensus tree inferred from 1000 replicates was taken
to represent the evolutionary history of the taxa analyzed.

2.5.  Enzyme activity assay

To characterize the catalytic function of VtCGTa and VtCGTc, the
reaction mixtures contained 10 pg purified protein, 0.1 mmol/L
sugar acceptor, and 0.5 mmol/L sugar donor in 100 pL buffer
(37 °C, 1 h). 50 mmol/L Tris-HCI buffer (pH 8.0) and 50 mmol/L
NaH,P0O,/Na,HPO, buffer (pH 7.0) were used for VtCGTc and
VtCGTa, respectively. To probe the sugar donor promiscuity of
VtCGTa and VtCGTc, UDP-rhamnose (UDP-Rha), UDP-glucose
(UDP-Glc), UDP-xylose (UDP-Xyl), UDP-galactose (UDP-Gal),
UDP-arabinose (UDP-Ara), UDP-N-acetylglucosamine (UDP-
GlcNAc), UDP-aminoglucose (UDP-GIcN), UDP-N-acetylga-
lactosamine (UDP-GalNAc) and UDP-galactosamine (UDP-
GalN) were tested using 2-hydroxynaringenin 3-C-glucoside (2)
and 2-hydroxynaringenin (1) as acceptor, respectively. 5 pg of
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Stepwise di-C-glycosylation for the biosynthesis of (iso)violanthin by VtCGTa and VtCGTb. (A) The catalytic reactions. (B)

UHPLC/UV chromatograms for the enzymatic reaction mixtures and reference standards (300 nm). (C) (-)-ESI-MS and MS/MS spectra of 3.

purified enzyme was used (37 °C for 0.5 h). The other reaction
parameters were the same as described above. All reactions were
terminated with 200 pL ice cold MeOH and then centrifuged at
15,000 rpm for 20 min. The glycosylated products were analyzed
by a Vanquish UHPLC system (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). Samples were separated on an Agilent
Zorbax Eclipse Plus C18 column (Rapid Resolution HT 4.6
mm X 100 mm, 1.8 pm) protected with an Agilent 1290 Infinity
in-line filter. The mobile phase consisted of methanol (A) and
water containing 0.1% formic acid (v/v, B). The mobile phase
gradient was as follows: 0—1.5 min, 20%—30% A; 1.5—5 min,
30% A; 5—8 min, 30%—40% A; 8—14 min, 40% A; 14—16 min,
40%—80% A; 16—19 min, 80% A. The flow rate was 0.3 mL/min.
The column temperature was 50 °C. The detection wavelength
was 300 nm. MS analysis was performed on an UHPLC-Q-
Exactive HRMS instrument. The MS parameters were as fol-
lows: negative ion mode, sheath gas pressure 45 arb, aux gas
pressure 10 arb, discharge voltage 4.5 kV, capillary temperature
350 °C. MS resolution was set as 70,000 FWHM, AGC target
I*Eﬁ, maximum injection time 50 ms, and scan range mi/z

100—1000. MS? resolution was set as 17,500 FWHM, AGC target
I*ED, maximum injection time 100 ms, NCE 35.

2.6.  Effects of reaction time, pH, temperature, and divalent
metal ions on enzyme activity

To characterize the enzymatic properties of VtCGTa and VtCGTc,
the optimal reaction time was determined to be 30 min for
VtCGTa and 20 min for VtCGTc, respectively. To optimize the
reaction pH, the enzymatic reactions were carried out in various
buffers with pH 4.0—6.0 (citric acid-sodium citrate buffer),
6.0—8.0 (Na,HPO,—NaH,PO, buffer), 7.0—9.0 (Tirs-HCI buffer),
and 9.0—11.0 (Na,CO3;—NaHCO; buffer). To investigate the
optimal reaction temperature, the enzymatic reactions were
incubated at different temperatures (4—60 °C). To test the
dependence of divalent metal ions for VtCGTa and VtCGTc ac-
tivity, different divalent cations Mg2+, Ba2+, Fe2+, C02+, Cu2+,
Zn>*, Mn>", Ca®>", Ni>" and EDTA in a final concentration of
5 mmol/L. were added individually. Enzymatic reactions of
VtCGTc were conducted with UDP-Rha as sugar donor and 2-
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hydroxynaringenin 3-C-glucoside (2) as sugar acceptor, while
enzymatic reactions of VtCGTa were conducted with UDP-Glc as
sugar donor and 2-hydroxynaringenin (1) as acceptor. All exper-
iments were performed in triplicate and the mean value was used.
The reactions were terminated with pre-cooled methanol and
centrifuged at 12,000 rpm for 20 min for LC analysis. The con-
version rates were calculated from UHPLC peak areas of glyco-
sylated products and substrates.

2.7.  Kinetic parameters of glycosyltransferases

For kinetic studies of VtCGTc and VtCGTc-V144T, enzymatic
assays were performed in a final volume of 50 pL containing
50 mmol/L Tris-HCI (pH 8.0). The reactions were conducted at
37 °C for 10 min, and then quenched with 100 pL ice cold
methanol. Samples were centrifuged at 12,000 rpm for 20 min and
analyzed by HPLC. All experiments were performed in triplicate.
Michaelis—Menten method was used (mean + SEM) with
GraphPad Prism software.

For the kinetic study of VtCGTc, 2-hydroxynaringenin 3-C-
glucoside (2) and UDP-Rha, 0.08333 pg of purified VtCGTc,
2 mmol/L of saturated UDP-Rha, and varying concentrations
(2—200 pmol/L) of 2 were added. For the kinetic study of VtCGTc,
2 and UDP-Glc, 1.25 pg of purified VtCGTc, 2 mmol/L of saturated
UDP-Glc, and varying concentrations (2—200 umol/L) of 2 were
added. For the kinetic study of VtCGTc, 2 and UDP-Xyl, 0.8333 pg
of purified VtCGTc, 2 mmol/L of saturated UDP-Xyl, and varying
concentrations (2—200 pmol/L) of 2 were added. For the kinetic
study of VtCGTc-V144T, 2 and UDP-Rha, 0.3125 pg of purified
VtCGTc-V144T, 2 mmol/L of saturated UDP-Rha, and varying
concentrations (2—600 pmol/L) of 2 were added. For the kinetic
study of VtCGTc-V144T, 2 and UDP-Glc, 0.1667 ng of purified
VtCGTc-V144T, 2 mmol/L of saturated UDP-Glc, and varying
concentrations (2—200 pmol/L) of 2 were added.

2.8.  QC calculations

The QC (quantum chemistry) calculations were performed using
Gaussian 16, rev C.01. Dispersion corrected density functional
with Beck-Johnson damping”>* and the implicit polarizable
continuums model (PCM)25 26 solvent environment were used for
all calculations. Two levels of theory were applied, levels 1 and 2,
corresponding to B3LYP-D3(BJ)/6-314+G (d,p)/PCM and B3LYP-
D3(BJ)/6-311++G (2d,2p)/PCM, respectively. Geometry opti-
mizations for ground state, flexible coordinate scan, transition
state (TS), and intrinsic reaction coordinates (IRC)>’, as well as
vibrational frequency calculations, were carried out at level 1 of
theory, while all the single point energies were calculated at level
2 of theory. The flexible coordinate scan was performed to locate
an initial guess of TS structure, followed by a full TS optimization
procedure implemented in Gaussian 16 and validated by the ex-
istence of a unique imaginary frequency corresponding to the max
vibrational mode along the reaction path. IRC calculations were
further carried out to verify the reactant and product of a TS
structure. The bond dissociation energies of the interested O—H
bonds in compound 3 were estimated by the difference of en-
ergies between the compound and corresponding radical species.

2.9.  Molecular modeling

The crystal structure of GgCGT was used as a template for ho-
mology modeling, which has a high sequence identity of 46.7%

from the BLAST search. The sequences of GgCGT and VtCGTc/
VtCGTa were aligned using ClustalX2.0°®, UDP-Glc and UDP-
Rha were modeled into the active site of the template structure
(PDB 6L5S)’ using the positions from the structures of GgCGT
(PDB 6L5P) and UGT89C1 (PDB 61JA)”, respectively. The ho-
mology structures of VtCGTa and VtCGTc were modeled using
MODELLER 9.10% with the UDP-sugar moiety and prepared
using the protein-preparation wizard module implemented in
Schrodinger suite (version 2021-4)*!. All the side-chain atoms of
Asn and Gln residues were not flipped. The protonation state of
His24 (VtCGTc)/His22 (VtCGTa) was assigned at -nitrogen. For
the other histidine residues, the protonation states were deter-
mined by PROPKA 3.0 at pH=7 and the surrounding environ-
ment’>. Compounds 2 and 3 were prepared using the Ligprep
module in Schrodinger suite, followed by the induced fit docking
(IFD) module® to dock into the active sites of VtCGTa and
VtCGTc, respectively. In the IFD procedure, the binding sites
were defined as the geometrical center of residues 24/22, 90/91,
93/94, 390/386, and 391/387 for VtCGTc/VtCGTa, with the
dimension of inner and outer boxes assigned to 10 and 32 A for
grid generation, respectively. The default values of other param-
eters were retained for IFD.

2.10. MD simulations

Molecular dynamics (MD) simulations were performed for the
optimal complexes of VtCGTc/2/UDP-Rha, VtCGTc/2/UDP-Gle,
VtCGTc-V144T/2/UDP-Rha, VtCGTc-V144T/2/UDP-Glc,
VtCGTa/1/UDP-Rha, and VtCGTa-T145V/1/UDP-Rha. All the
MD simulations were carried out for 100-ns production with
OPLS-4 force field** by the Desmond module. In each simulation,
the protein—ligand complex was centered into an orthorhombic
box with the boundary buffer of 12 A and added with ~ 19,000
TIP3P water molecules and counter ions to neutralize the sys-
tem’”. Additional Na* and Cl~ were added to reach a 0.15 mol/L
salt concentration. Before the production simulations, the system
is energy minimized and equilibrated with Nose-Hoover chain
thermostat (300.0 K)*® and Martyna-Bobias-Klein barostat
(1.0 atm)’’ using the default protocol implemented in Desmond.
In our trialed simulations, the conformations and positions of
compounds 1 and 2 were highly flexible and unstable. In order to
seek an ensemble of conformations close to the reactant complex
of enzyme and substrate, we applied 4 distance restraints to
maintain the position of 1/2 in the active site of VtCGTa/VtCGTec.
The harmony constraints were defined for the following atom
pairs for VtCGTec:

{CG@Asp120—ND1 @His24, force_constant = 20.0 ref = 3.4
sigma = 0.2}

{NE2@His24—04@2, force_constant =
sigma = 0.2}

20.0 ref = 28

{CS@Z—CII@UDP-Rha/Glc, force_constant = 20.0 ref = 3.5
sigma = 1.0}

{04’@UDP-Rha/Glc—CG@Asp390, force_constant = 20.0
ref = 3.9 sigma = 0.2}

and added into the configuration file for Desmond simulation. The
equilibrium length of distance was assigned by the keyword ref for
each distance, with the deviation assigned by the keyword sigma.
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For the VtCGTa systems, the atoms in the corresponding residues
listed above were used for restraints with the same sets of force
constants, reference distances and deviations. With a small force
constant of 20, we were able to adequately sample the confor-
mations of substates without leaving the active site of enzymes.

2.11.  MM/GBSA binding free energy calculations

The MM/GBSA (molecular mechanics, the generalized Born
model and solvent accessibility) binding free energies of sub-
strates and UDP-GIc/Rha in the active sites of VtCGTa and
VtCGTc were calculated from the above sampled conformational
ensemble (400 snapshots for each system) by the Prime module in
Schrodinger Suite. The calculations were performed in the im-
plicit VSGB 2.0 solvent model™®.

2.12.  Site-directed mutagenesis

Site-directed mutagenesis of VtCGTc, VtCGTa, and 4 CGTa en-
zymes reported in our previous work'' (Supporting Information
Table S2) were constructed using Fast Mutagenesis System kit
(Transgen, China) according to the manufacturer’s instructions.
The primer pairs designed to construct the site-directed mutants
are showed in Supporting Information Table S1. The enzyme
activity assays of the mutants were performed and analyzed as
described above.

3. Results

3.1.  Molecular cloning and functional characterization of
VtCGTa and ViCGTc

To analyze the transcriptome data of V. tricolor, 12 CGT se-
quences were used as templates for BLAST search (Fig. S1). Two
putative glycosyltransferases VtCGTa (UGT708TS5, accession
number: OQ787068) and VtCGTc (UGT708T6, accession num-
ber: OQ787069) were screened out. They contain 1404 and 1431
base pairs, encoding 467 and 476 amino acids, respectively
(Supporting Information Table S3). The candidate genes were
cloned from cDNA using specific primers, and were then cloned
into the pET-28a (4) vector. The enzymes were expressed and
purified in E. coli BL21 (DE3) and were analyzed by SDS-PAGE
(Fig. S2).

To characterize the catalytic function of VtCGTa and VtCGTec,
in vitro catalytic reactions were carried out. Considering that the
precursors of (iso)violanthin could be 2-hydroxyflavavone or
139 we selected 2-hydroxynaringenin (1), apigenin (1a),
2-hydroxynaringenin 3-C-glucoside (2), vitexin (2a), and iso-
vitexin (2b) as sugar acceptors. UDP-Rha and UDP-Glc were
used as sugar donor. The reaction products were then analyzed by
UHPLC and LC/MS.

The results revealed that VtCGTa and VtCGTc could not
catalyze the C-glycosylation of 1a, 2a or 2b (Fig. 1A, Supporting
Information Fig. S3). However, VtCGTc could efficiently convert
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Mechanisms for the dehydration of 3 based on QC calculations. The complete pathway of 3b is shown. The process of INT1_H,0,

INT1_H,O_TS and INT1_H,O_PC is under natural environment, and the process of INT1_HCI, INT1_HCI_TS and INT1_HCI_PC is upon HCI
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2 into 3, with a conversion rate of up to 100% by UHPLC analysis
(Fig. 1B). Its [M-H]™ ion appeared at m/z 595, which was 146
amu greater than 2. The MS/MS spectrum showed fragment ions
at m/z 209 [M-H-224-162]", m/z 239 [M-H-194-162]", and
m/z 269 [M-H-164-162]", indicating that 3 was a glucose/
rhamnose di-C-glycoside (Fig. 1C). With the addition of hydro-
chloric acid (150 mmol/L), 3 could be converted into violanthin
(3a) and iso-violanthin (3b)''**°. These results indicated VtCGTc
as a C-rhamnosyltransferase. To our best knowledge, VtCGTc is
the first specific plant C-rhamnosyltransferase.

Likewise, VtCGTa was identified as a C-glucosyltransferase
catalyzing 3-C-glucosylation of 2-hydroxynaringenin (1)
(Fig. S3). Then we incubated 2-hydroxynaringenin (1), UDP-Glc,
UDP-Rha, VtCGTa and VtCGTc together, and obtained violanthin
(3a) and iso-violanthin (3b) after acidic dehydration (Supporting
Information Fig. S4). Thus, VtCGTa and VtCGTc may be
involved in the biosynthesis of (iso)violanthin in V. tricolor
(Fig. 1A).

The biochemical properties of VtCGTc were investigated using
2 as acceptor and UDP-Rha as sugar donor. VtCGTc showed a
maximal activity at pH 8.0 (50 mmol/L Tris-HCl) and 37 °C. The
activity was independent of divalent metal ions (Supporting In-
formation Fig. S5). Kinetic analysis demonstrated that VtCGTc
exhibited K, and k., /K, values of 18.05 pmol/L and 0.06100 pL/
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(mol-s), respectively (Fig. 4B). VtCGTa showed its maximal ac-
tivity at pH 7.0 (NaH,PO4/Na,HPO,) and 37 °C (Fig. S5).

3.2.  Mechanisms for the dehydration of 3

The dehydration and cyclization of 2-hydroxyflavanone basic
skeleton is popular in the biosynthesis of flavonoid C-glycosides.
In this work, 2-hydroxynaringenin 3-C-glucoside (2) could be
converted into 2a and 2b in a ratio of around 1:1 after the addition
of HCl (Supporting Information Fig. S6). This result was
consistent with previous reports'"**. However, the ratio of 3a:3b
was around 1:4 after dehydration of 3 (2-hydroxynaringenin 3,5-
di-C-glucoside-rhamnoside) (Fig. 1B). In order to interpret this
special observation, we performed quantum chemistry (QC)
calculations.

Through QC calculations, we obtained the hexatomic ring
transition state (TS1). The activation barrier for 3a and 3b is 20.5
and 18.4 kcal/mol, respectively (Fig. 2, Supporting Information
Fig. S7). The relatively low barrier for transition state 1 (TS1) of
3b explained why 3b was the major dehydration product. On the
other hand, dissociation of an O—H bonds on the phenoic ring of 3
is required to form the dehydration products. The bond dissocia-
tion energy (BDE) for 2/-OH is lower than 6-OH (92.0 vs.

VtCGTc

Rha
HO OH OH
o X )
Ry
OH O O

R4 = sugar moiety

(Y

00

Conversion rate /%
B [=2] [
o o o

N
o

2 4a 5a 6a 7a 8a 9a

Substrate promiscuity of VtCGTc. (A) Substrates that cannot be recognized by VtCGTc. (B) Screening of C-glucosides.
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95.1 kcal/mol), and thus 3b was relatively easy to be formed
(Supporting Information Fig. S8).

Interestingly, the addition of HCI could speed up the dehy-
dration process. The process includes INT1_H,0, INT1_H,O_TS
and INT1_H,O_PC under natural environment, but includes
INT1_HCI, INT1_HCL_TS and INT1_HCI_PC upon the addition
of HCl (Fig. 2). These two conditions exhibited remarkably
different energy barriers. The barrier for INT1_HCI_TS of 3b is
13.0 kcal/mol lower than INT1_H,O_TS, and explains why the
dehydration reaction could be speeded up with the addition of
HClL.

3.3.  Substrate promiscuity and sugar donor selectivity of
VtCGTc

To explore the substrate promiscuity of VtCGTc, 17 substrates
were screened by enzymatic assay, including phenolics, flavones,
dihydrochalcones, 2-hydroxyflavanones, and their C-glycosides.
UDP-Rha was used as sugar donor. Neither compounds 1a, 2a and
2b (flavones and flavone C-glycosides) nor 1 and 4—9 (2-
hydroxyflavanones and phloroglucin derivatives) could be rham-
nosylated by VtCGTc. VtCGTc could not accept flavonoid C-
arabinoside, C-galactoside, or C-xyloside, either (Fig. 3A). The C-
rhamnosylated products can only be observed for the C-glucosides
of 2-hydroxyflavanones (2, 4a, 5a) or phloroglucin derivatives (6a
and 7a) (Fig. 3B, Supporting Information Figs. S9-S13). Com-
pounds 8a and 9a could not be converted by VtCGTec.

On the other hand, VtCGTa could efficiently catalyze the C-
glucosylation of 2-hydroxyflavanones and phloroglucin de-
rivatives, including 1—2 and 4—9 to form mono-C-glucosides or
di-C-glucosides (Supporting Information Fig. S14). We also tested
a number of flavanones, including pinocembrin (10), naringenin
(11), eriodictyol (12), pinocembrin-6-C-glucoside (10a), pino-
cembrin-8-C-glucoside (10b), and naringenin-8-C-glucoside
(11a). None of these substrates could be catalyzed by VtCGTa or
VtCGTc (Supporting Information Fig. S15).

Furthermore, we evaluated the sugar donor selectivity of
VtCGTc. UDP-Rha, UDP-Glc, UDP-xylose (UDP-Xyl), UDP-
galactose (UDP-Gal), UDP-Ara, UDP-N-acetylglucosamine
(UDP-GIcNAc), UDP-aminoglucose (UDP-GIcN), UDP-N-ace-
tylgalactosamine (UDP-GalNAc), and UDP-galactosamine (UDP-
GalN) were tested. VtCGTc showed potent catalytic activity to-
wards UDP-Rha, with a conversion rate of around 100%. VtCGTc
showed weak activities towards UDP-Xyl (conversion rate 45%),
UDP-Glc (10%), and UDP-Ara and UDP-GIcN (<5%). No cata-
Iytic activities were observed for the other sugar donors (Fig. 4A,
Supporting Information Fig. S16). Thus, VtCGTc showed a strong
preference to UDP-Rha. Given that it could also accept UDP-Xyl,
VtCGTc may also be involved in the biosynthesis of apigenin C-
glucoside-C-xyloside in V. tricolor (Supporting Information
Fig. S18).

The apparent kinetic parameters for VtCGTc with 2 and
different sugar donors were measured. VtCGTc showed similar
K., values (10—20 pmol/L) for 2 with saturated UDP-Rha, UDP-
Glc and UDP-Xyl, respectively. Consistent with the functional
characterization results, the k.,/K,, value (0.06100 pL/(mol-s))
for VtCGTc with 2 and UDP-Rha was 28 times higher than that
with 2 and UDP-Glc, and 19 times higher than 2 and UDP-Xyl
(Fig. 4B, Supporting Information Fig. S17).

In contrast, VtCGTa showed high preference to UDP-Glc
(conversion rate 100%), and could also accept UDP-Xyl (60%)

and UDP-Gal (25%). However, it could not accept UDP-Rha
(Fig. S16).

3.4.  Mechanisms for sugar donor selectivity of VtCGTa and
VtCGTc

To understand mechanisms for the remarkably different sugar
donor selectivity of VtCGTa and VtCGTc, we conducted molec-
ular modelling and site-directed mutagenesis. The structural
models for VtCGTa and VtCGTc were constructed by homology
modeling using MODELLER 9.10°°. The models of VtCGTa/
UDP-Glc and VtCGTc/UDP-Rha were established according to
the crystal structures of GgCGT/UDP-Glc and UGT89C1/UDP-
Rha, respectively””’. The two CGTs showed significant differ-
ence in 6 amino acids around the active pocket, including Ile22
(Met20), Vall44 (Thr145), Asn365 (Ser361), Ser367 (Cys363),
Asp388 (Ser384), Ala389 (Gly385) in VtCGTc (VtCGTa)
(Fig. 4C). V144 of VtCGTc and T145 of VtCGTa could form
hydrophobic interaction and hydrogen bond with the sugar moi-
eties of UDP-Rha and UDP-Glc, respectively (Fig. 4C, Supporting
Information Fig. S19). Thus, we performed complementary
mutagenesis for VtCGTa and VtCGTec. Interestingly, VtCGTc-
V144T mutant could completely convert 2 to its 3,5-di-C-gluco-
side. It only showed a conversion rate of 60% with UDP-Rha
(Fig. 4D). Consistently, the k.,/K, value (catalytic efficiency)
of the V144T mutant for UDP-Glc was even higher than that for
UDP-Rha (0.0166 vs 0.0033 puL/(mol-s)) (Fig. 4B). On the other
hand, VtCGTa T145V mutant could accept UDP-Rha as sugar
donor, though the conversion rate was low (Fig. 4D, Supporting
Information Fig. S20). The above data indicated that Val played an
important role in recognizing UDP-Rha.

Then we analyzed the same loci for the sequences of a series of
rhamnosyltransferases (RhaGTs) and 2-hydroxyflavanone C-glu-
cosyltransferases (GlcGTs) (Table S2). The threonine of GlcGTs
was mapped to Pro, Val or Ile of RhaGTs (Fig. 4E). Then we
selected VtCGTa, AeCGTa, LpCGTa, PsCGTa, and SbCGTa, and
mutated the Thr residue to Val, Pro, or Ile, respectively. When Thr
was mutated to Val or Pro, all the mutants gained C-rhamnosy-
lation activity and showed medium to high conversion rates with 1
and UDP-Rha as substrates (Fig. 4F, Supporting Information
Fig. S21). The Pro mutants even showed higher conversion rates
than the Val mutants. The Ile mutants only showed weak activities.

We also found that H22, T145, S146, D386, Q387 in VtCGTa
and H24, V144, S145, R287, D390 in VtCGTc were important for
the C-glucosylation and rhamnosylation of VtCGTa and VtCGTc,
respectively. The S146A mutant of VtCGTa even showed
improved C-glucosylation activity (Supporting Information
Fig. S22).

We further conducted molecular docking, followed by MD
(molecular dynamics) simulations and MM/GBSA (molecular
mechanics with generalized Born and surface area solvation)
binding free energy calculations. Firstly, we established the
complex structure models of VtCGTc/UDP-Rha/2, VtCGTc/UDP-
Glc/2, VtCGTc V144T/UDP-Rha/2, VtCGTc V144T/UDP-Glc/2,
VtCGTa/UDP-Rha/l, and VtCGTa T145V/UDP-Rha/l. During
the 100-ns MD simulations, we found the overall structures of
homology modeling derived VtCGTa and VtCGTc were well
maintained, while the side chain atoms of the substrate binding
domain as well as the substrates varied remarkably (Supporting
Information Fig. S23). By applying knowledge-based distance
restraints (see Section 2.10 for details) to keep the sugar donor and
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Representative snapshots were extracted from each

receptor in their binding domains, we obtained reasonable binding

modes favoring 5-C-glycosylation.

As shown in Supporting Information Table S4 and Fig. 4G1-
G2, the binding free energies for UDP-Glc and UDP-Rha in wild-
type VtCGTc are similar. However, the binding free energy for 2
in VtCGTc/UDP-Rha/2 is 5.1 kcal/mol lower than in VtCGTc/

simulation.

UDP-Glc/2. This result indicates the 5-C-glucosylation favoring

binding mode is not stable in VtCGTc. Structural analysis in-

dicates the CH,OH moiety of Glc could form a stable hydrogen
bond with Thr144 of the VtCGTc V144T mutant. Binding free
energy calculations showed the single site mutagenesis could
change binding stability for different substrates (Fig. 4G3-G4).



C-rhamnosyltransferase (VtCGTc) from Viola tricolor and its mechanisms 3543

Moreover, the conformation of 2 in VtCGTc with UDP-Glc is
bended, but stretchy in VtCGTc V144T mutant. The latter
conformation exhibits better binding with the protein by providing
more contacts. Thus, the VtCGTc V144T mutant showed
improved C-glucosylation activity. On the other hand, both the
sugar donor and receptor exhibit lower binding free energies
(more stable) in the VtCGTa T145V mutant than in the wild type
(Fig. 4G5-G6, Table S4). The above results interpret why Val/Thr
is the key residue in recognizing UDP-Rha/Glc, respectively, and
preliminarily unravel mechanisms for the selective C-rhamnosy-
lation and C-glucosylation of VtCGTc and VtCGTa.

4. Discussion

VtCGTec is the first C-rhamnosyltransferase that has been reported.
It exhibits high selectivity towards UDP-Rha, and could efficiently
catalyze C-rhamnosylation of 2-hydroxyflavanone C-glucosides.
We also discovered VtCGTa, which could catalyze C-glucosyla-
tion of 2-hydroxyflavanones. VtCGTa and VtCGTc may be
involved in the biosynthesis of violanthin and iso-violanthin in V.
tricolor. In our previous study, we have discovered a series of
CGTa and CGTb enzymes from plants, which sequentially cata-
lyze  C-glucosylation and  C-arabinosylation of  2-
hydroxyflavanones to produce schaftoside and isoschaftoside.
VtCGTa shows the same function as CGTa enzymes. VtCGTc
shows high selectivity towards UDP-Rha, while the CGTb en-
zymes prefer to accept UDP-Ara. Thus, this enzyme was named as
VtCGTec instead of VtCGTb.

Structural analysis and site-directed mutagenesis indicated that
V144 was a key amino acid of VtCGTec in recognizing UDP-Rha,
and was interpreted by theoretical calculations. While VtCGTa
shares 61.44% sequence similarity with VtCGTc, it showed
selectivity towards UDP-Glc. By mutating T145 into valine, the
obtained T145V mutants of VtCGTa and congenerous UDP-Glc-
preferring CGTs gained C-rhamnosylation activity.

The dehydration of 2-hydroxyflavanone C-glycosides is a
common step in the biosynthesis of many flavonoid C-glycosides.
In previous reports, this reaction usually produces a pair of iso-
mers at a ratio of around 1:1. In the present work, the dehydration
products violanthin (3a) and iso-violanthin (3b) were produced at
aratio of 1:4. QC calculations indicated the energy barriers for the
transition state of 3a was higher than that of 3b, and interpreted
why 3b was the major product. However, violanthin instead of iso-
violanthin is the major compound in V. tricolor’®. Therefore, this
dehydration reaction may not happen spontaneously in nature. A
specific dehydration enzyme may participate in this final step of
violanthin biosynthesis in the plant. This dehydratase deserves to
be investigated in the future.

Notes

The other data needed to evaluate the conclusions are presented in
the paper and/or Supporting Information. Any additional data
related to this paper may be requested from Min Ye (yemin@
bjmu.edu.cn).

5. Conclusions

In this work, we identified the first C-rhamnosyltransferase
VtCGTc from the medicinal plant V. tricolor. VtCGTc showed
high selectivity towards UDP-Rha. Through homology modeling,
structural analysis, and site-directed mutagenesis, we found that

Vall44 was a key amino acid residue in recognizing UDP-Rha.
Mechanisms for the sugar donor selectivity was interpreted by
molecular docking, MD simulations, and MM/GBSA calculations.
This work provides a novel and efficient approach to prepare
bioactive flavonoid C-rhamnosides.
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