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Abstract
C-glycosides are an important class of bioactive natural products, and the C-glycosidic bonds are usually catalyzed by C-glycosyltransferases. In

this work, an efficient and rare CGT, LaCGT1, was discovered from the aquatic plant Lemna aequinoctialis. LaCGT1 could accept five sugar donors

(UDP-Glc/-Xyl/-Gal/-GlcNAc/-Ara) to catalyze C-glycosylation, and showed strong preference to uridine 5′-diphosphate xylose (UDP-Xyl). LaCGT1

catalyzed  at  least  six  substrates  using  UDP-Xyl  as  sugar  donor,  with  conversion  rates  of  >  95%.  Three  xylosides  were  obtained  by  scaled-up

enzymatic catalysis, and their structures were identified by 1D NMR, 2D NMR, and HR-ESIMS data analyses. Molecular modeling and site-directed

mutagenesis  indicated that  R271,  W357,  D378,  and Q379 residues were key amino acids contributing to sugar  donor recognition of  UDP-Xyl.

LaCGT1 could be a promising catalyst to prepare bioactive flavonoid C-xylosides.
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 INTRODUCTION

In  plants, C-glycosylation  is  catalyzed  by C-glycosyltrans-
ferases  (CGTs).  These  enzymes  could  condense  an  activated
sugar  moiety  (for  instance,  UDP-sugar)  with  an  acceptor
molecule (for instance, a 2-hydroxyflavanone or a flavonoid) to
produce diverse C-glycosylated natural products (C-glycosides).
The C-glycosidic  linkage  has  strong  stability  against  gastroin-
testinal  hydrolysis  metabolism[1]. Accordingly, C-glycosides  ex-
hibit  remarkable  bioactivities,  and  the  sugar  moieties  contri-
bute  to  their  structural  diversity  and  bioactivity.  For  instance,
apigenin  6,8-di-C-β-D-xylopyranoside  showed  strong  anti-
inflammatory  activities  by  reducing  TNF-α and  NO[2]. C-β-D-
xylopyranoside-2-hydroxy-propane  could  enhance  epithelial
repair  by  serving  as  an  initiator  of  Dermatan  sulfate  (DS)
synthesis[3]. Vicenin-2  (apigenin  6,8-di-C-glucoside)  could  inhi-
bit  diabetic  vascular  inflammation[4].  Besides,  aspalathin,  a
dihydrochalcone C-glucoside,  exhibits  beneficial  effects  on
glucose  homeostasis  in  type  II  diabetes  through  stimulating
glucose  uptake  in  muscle  tissues  and  insulin  secretion  from
pancreatic β-cells  and  thus  could  potentially  be  used  to  treat
diabetes[5]. Furthermore,  (iso)schaftosides  (containing  glucose
and  arabinose  residues  at  C-6  and  C-8)  are  important  plant
defense  compounds,  and  their  production  is  related  with
drought tolerance of wheat leaves and ultraviolet resistance of
rice seeds[6].

Thus  far,  around  70  CGTs  have  been  characterized  from
plants  (Supplemental  Fig.  S1)[7]. They  exhibit  promiscuous
selectivity  for  sugar  donors,  and  most  of  them  could  accept
uridine  5′-diphosphate  glucose  (UDP-Glc),  including  GgCGT[8],
TcCGT1[9],  MiCGT[10],  FeCGTa[11],  SbCGTa[12] and  SbCGTb,
though it shows obvious preference order. For instance, GgCGT
showed the preference order of UDP-Glc > UDP-Xyl > UDP-Gal
> UDP-Ara. SbCGTb showed the preference order of UDP-Ara >

UDP-Xyl  >  UDP-Glc.  These  CGTs  could  not  highly  convert
substrates  to C-xylosides  when  the  content  of  enzyme  is  low.
However, no CGTs with high preference to UDP-Xyl have been
reported,  thus  far.  In  this  work,  we  report  an  efficient C-
glycosyltransferase,  LaCGT1,  from  the  aquatic  plant Lemna
aequinoctialis.  LaCGT1 showed remarkable  preference to UDP-
Xyl  and  could  catalyze  at  least  six  substrates  with  high  con-
version rates (> 95%).

 RESULTS

 Molecular cloning and functional characterization of
LaCGT1

Lemna  aequinoctialis is  a  tiny  aquatic  plant  (monocotyledo-
nous)  widely  distributed  in  tropical  and  subtropical  regions
(Supplemental  Fig.  S2).  It  contains  abundant C-glycosides
including (iso)schaftosides and (iso)vitexins[13]. Thus, we mined
the  transcriptome  data  (SRR5688503,  and  SRR5688504)  of L.
aequinoctialis.  A total of 11 known plant CGT genes were used
as templates in BLAST search and the cutoff e-value was set as
1e−41.  Finally,  five  putative  genes  with  open  reading  frames
(ORF) were screened out. Among them, LaCGT1 was tentatively
identified as C-glycosyltransferases according to the PSPG box
and  DPF  conservative  motif  (Supplemental  Fig.  S3).  LaCGT1
(UGT708P3, Accession number: ON165544) contains a 1383-bp
ORF encoding 460 amino acid polypeptides. The coding region
was  cloned  into  pET-32a(+)  vector  and  the  protein  was  ex-
pressed in an E. coli BL21(DE3) strain. The recombinant protein
was purified by Ni-NTA affinity chromatography (Supplemental
Fig. S4).

The  function  of  LaCGT1  was  characterized  by  coincubating
20 µg purified protein,  0.1 mM phloretin (1)  and 0.5 mM UDP-
glucose (UDP-Glc) in 100 µL of 50 mM PBS (Na2HPO4-NaH2PO4)
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buffer (pH 8.0, 25 °C, 2 h). As shown in Supplemental Fig. S5, at
the  presence  of  UDP-Glc,  LaCGT1  could  completely  convert 1
into 1b,  and  could  partially  convert 1b into  a  more  polar
product 1c.  The mass spectrum of 1b showed an [M-H]− ion at
m/z 434.9, which could produce fragments at m/z 314.9 ([M-H-
120]−),  indicating 1b as  a  mono-C-glucoside.  The  product 1c
showed  an  [M-H]− ion  at m/z 597.1,  which  could  produce
fragments  at m/z 477.1  ([M-H-120]−)  and m/z 357.1  ([M-H-
240]−),  indicating 1c as  a  di-C-glucoside.  Interestingly,  LaCGT1
also showed preference to UDP-Xyl. With the presence of UDP-
Xyl,  LaCGT1  could  completely  convert 1 into  one  single
glycosylated product 1a.  The mass spectrum of 1a showed an
[M-H]− ion  at m/z 405.0  (Fig.  1a−c),  which  could  produce
fragments at m/z 345.2 ([M-H-60]−),  and m/z 315.3 ([M-H-90]−),
indicating 1a as C-xylosyl  phloretin.  The  product 1a was
subsequently  prepared  via  a  preparative-scale  reaction  for
structural  characterization.  The  heteronuclear  multiple  bond
correlation  (HMBC)  spectrum  of 1a showed  a  long-range
correlation from H-1′′ (δH 4.74) to C-3′ (δC 104.1),  indicating the
sugar moiety was linked to C-3′ (Fig. 1d). Thus, 1a was identified
as  phloretin  3′-C-β-D-xyloside.  Then  we  tested  the  effects  of
reaction  temperature,  reaction  time,  reaction  buffer,  and
divalent  metal  ions  on  the  activities  of  LaCGT1.  Phloretin  (1)
was used as the acceptor and UDP-Xyl as the sugar donor, and
an  optimized  reaction  time  of  60  min  was  used.  LaCGT1
exhibited  its  maximum  activity  at  pH  8.0  (50  mM  Na2HPO4-
NaH2PO4) and 25 °C (Supplemental Fig. S6). Then, we measured
the Km and kcat/Km values (catalytic  efficiency)  for  LaCGT1 with
phloretin.  The Km was  23.4 µM, kcat/Km value  was  0.0399 µM−1

s−1 (Supplemental Fig. S7).

 Substrate specificity of LaCGT1
To  explore  the  substrate  specificity  and  promiscuity  of

LaCGT1, seven substrates and 17 compounds of different types
were tested using UDP-Xyl as sugar donor (Fig. 2, Supplemental

Fig.  S8).  The  reaction  mixtures  were  analyzed  by  liquid
chromatography  coupled  with  mass  spectrometry  (LC/MS)
(Supplemental  Fig.  S9−S15).  LaCGT1  showed  high  conversion
rates  (>  95%)  for 2−6,  and  a  relatively  low  conversion  rate  (>
40%)  for 7.  LaCGT1  could  catalyze  substrates  with  a  2′,4′,6′-
trihydroxyacetophenone  unit.  These  results  indicated  2′,4′,6′-
trihydroxyacetophenone  as  the  minimum  unit  required  for C-
xylosylation  of  LaCGT1.  In  the  meantime,  substrate  binding
region  of  LaCGT1  could  recognize  2′,4′,6′-trihydroxyacetophe-
none  as  minimum  unit,  otherwise  the  substrate  could  not  be
stable  in  the  active  pocket  and  the C-xylosylation  could  not
happen.  Among them, 1a, 5a and 6a were  purified by scaled-
up  enzymatic  reactions,  and  their  structures  were  unambi-
guously  identified  by  NMR  spectroscopic  analyses  (Table  1,
Supplemental  Fig.  S16−S23)[8].  The  other  types  of  substrates
could not be recognized by LaCGT1.

 Sugar donor preference of LaCGT1
To  further  explore  the  sugar  donor  preference  of  LaCGT1,

five  other  sugar  donors  were  tested,  i.e.,  UDP-Glc,  UDP-Ara,
UDP-Gal,  UDP-GlcNAc,  and  UDP-GlcA.  When  phloretin  (1)  was
used  as  the  substrate,  LaCGT1  could  utilize  all  the  donors
except from UDP-GlcA to generate C-glycosides at high enzyme
concentrations.  Their  products  were  characterized  by  LC/MS
(Supplemental Fig. S5). When the protein amount was reduced
to 10 µg and the reaction time was reduced to 30 min, LaCGT1
showed  the  preference  order  of  UDP-Xyl  >  UDP-Glc  >  UDP-
GlcNAc  >  UDP-Gal  >  UDP-Ara  (Fig.  3).  This  result  indicated
significance of the stereo-configuration (α or β) of sugar 4-OH in
catalytic  efficiency,  which  is  consistent  with  our  previous
report[8].

 Molecular modeling study
To  further  investigate  mechanisms  for  the  sugar  donor

selectivity of LaCGT1, molecular modeling was conducted. The
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Fig. 1    C-xylosylation of phloretin (1) by LaCGT1. (a) Glycosylation of 1 by recombinant LaCGT1 to produce 1a using UDP-Xyl as sugar donor.
(b)  HPLC  chromatograms  of  the  enzymatic  reaction  mixture  and  the  control.  (c)  LC/MS  analysis  of 1a in  the  negative  ion  mode.  (d)  HMBC
spectrum of 1a (methanol-d4, 400 MHz).
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protein  model  for  LaCGT1  was  established  by  homologous
molecular  modeling  using  SWISS-MODEL[14].  The  crystal
structure of GgCGT with UDP-Glc (PDB ID:6L5P), which exhibits

reliability with a GMQE (global model quality estimation) value
of  0.73,  was  used  as  the  modeling  template.  It  shares  amino
acid sequence identity of 45.83% with LaCGT1, with root-mean-
square deviation (RMSD) of < 1.4 Å for the backbone.

We  simulated  UDP-Xyl  to  the  LaCGT1  model  according  to
reported complex structures (Fig. 4a). The simulated struture of
LaCGT1/UDP-Xyl  indicated  that  2-OH,  3-OH,  and  4-OH  of  the
xylosyl  moiety  could  form  hydrogen  bonds  with  R271,  W357,
D378,  and  Q379.  Particularly,  the  residues  of  D378  and  Q379
could  interact  with  2-OH  (one  interaction),  3-OH  (two  inter-
actions),  and  4-OH  (one  interaction)  through  four  hydrogen
bonds. In addition, the nitrogen atoms of R271 and W357 could
also interact  with 2-OH (one interaction),  and 4-OH (one inter-
action),  respectively  (Fig.  4b).  Thus,  we  constructed  mutants
R271A,  W357A,  D378A,  and  Q379A.  All  the  mutants  showed
virtually no catalytic activities, indicating R271, W357, D378 and
Q379  as  key  amino  acids  contributing  to  sugar  donor  recog-
nition of UDP-Xyl (Fig. 4c, d).

 DISCUSSION

LaCGT1  showed  preference  to  UDP-xylose,  which  is  remar-
kably  different  from  previously  reported  CGTs  in  sugar  donor
selectivity.  Our  experiments  indicated  that  R271,  W357,  D378
and  Q379  in  LaCGT1  could  be  key  amino  acids  for  the  selec-
tivity.  However,  these  residues  are  highly  conserved  in  almost
all  CGTs  by  sequence  alignment  (Supplemental  Fig.  S3).  Thus,
we specluate that  other key amino acids remain undiscovered
to determine the recognition and preference of UDP-Xyl. In our
previous studies, we have reported a series of O-glycosyltrans-
ferases with high sugar donor selectivity, including rhamnosyl-
transferase[15],  arabinosyltransferase[12],  and  galactosyltrans-
ferase[16].  The  detailed  mechanisms  for  sugar  donor  selectivity
of glycosyltransferases require further study.

 CONCLUSIONS

In  conclusion,  we  cloned  and  characterized  a C-glycosyl-
transferase,  LaCGT1,  from  the  aquatic  plant Lemna  aequinoc-
tialis.  LaCGT1  could  efficiently  catalyze C-glycosylation  of  at
least  six  substrates  with  high  conversion  rates  (>  95%)  using
UDP-xylose  as  sugar  donor.  The  products 1a (phloretin  3′-C-β-
D-xyloside), 5a (2-phenyl-3′-(C-β-D-xylosyl)-2′,4′,6′-trihydroxy-
acetophenone),  and 6a (flopropione  3′-C-β-D-xyloside)  were
prepared  from  preparative-scale  reactions  for  structural
characterization,  and 1a and 6a are  new  compounds.  LaCGT1
showed  unprecedented  sugar  donor  preference  of  UDP-Xyl  >
UDP-Glc > UDP-GlcNAc > UDP-Gal > UDP-Ara. Molecular dock-
ing  and  site-directed  mutagenesis  indicated  that  R271,  W357,
D378 and Q379 may play a significant role in donor preference.
LaCGT1 is a promising catalyst to prepare flavonoid C-xylosides.

 MATERIALS AND METHODS

 Materials
Substrates 1−18, 21−24 were  purchased  from  Chengdu

Gelaite  Biological  Technology  Co.,  Ltd,  Chengdu  Must
Biotechnology  Co.,  Ltd  and  Chengdu  Push  Biotechnology  Co.,
Ltd  (Chengdu,  China).  Compounds  (19−20)  were  synthesized
as  previously  described[12].  Methanol  and  acetonitrile  (Fisher
Scientific,  USA)  were  of  HPLC  grade.  All  other  chemicals  and
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Fig. 2    Substrate specificity of LaCGT1. (a) Conversion rates (%) of
glycosylated  products  for  substrates 1−7,  using  UDP-Xyl  as  the
sugar  donor.  The  conversion  rates  were  calculated  by  HPLC  peak
area  ratio  and  the  experiments  were  performed  in  triplicate.  (b)
Structures of 1−7.

Table 1.    1H NMR data of compounds 1a, 5a,  and 6a (δ in ppm, J in Hz,
measured at 400 MHz in methanol-d4).

Position δH of 1a δH of 5a δH of 6a

Aglycone:
1
2 7.06 (2H, d,

J = 8.4 Hz)
4.31 (2H, m)

3 6.70 (2H, d,
J = 8.4 Hz)

4
5 6.70 (2H, d,

J = 8.4 Hz)
5.92 (1H, s) 5.92 (1H, s)

6 7.06 (2H, d,
J = 8.4 Hz)

α 3.36 (2H, m) 3.08 (2H, d,
J = 7.3 Hz)

β 2.86 (2H, m) 1.13 (3H, t,
J = 7.3 Hz)

1′
2′ 7.18 (2H, m)
3′ 2.00, 1.49 7.09 (2H, m)
4′ 7.20 (2H, m)
5′ 5.95 (1H, s) 5.85 (1H, s)
6′

Xylosyl:
1 4.74 (1H, d,

J = 9.9 Hz)
4.65 (1H, d,
J = 9.9 Hz)

4.72 (1H, d,
J = 9.9 Hz)

2 4.09 (1H, t,
J = 9.3 Hz)

4.00 (1H, t,
J = 9.2 Hz)

4.05 (1H, t,
J = 9.1 Hz)

3 3.38 (1H, m) 3.34 (1H, m) 3.37 (1H, m)
4 3.68 (1H, m) 3.55 (1H, m) 3.63 (1H, m)
5 3.97 (1H, m, H-a);

3.28 (1H, m, H-b)
3.88 (1H, t,
J = 5.5 Hz);

3.96 (m, H-a);
3.25 (m, H-b)

3.19 (1H, m)
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reagents  were  purchased  from  Sigma-Aldrich  (St.  Louis,  MO,
USA)  and  Beijing  Chemical  Corporation  (Beijing,  China)  unless
otherwise specified. The glycosylated products and conversion
rates  were  analyzed  by  HPLC  on  an  Agilent  1260  instrument
(Agilent  Technologies,  Waldbronn,  Germany)  and  a  Waters
2695  HPLC  instrument  (Waters  Technologies,  Massachusetts,
USA). LC-MS analysis was performed on an LCQ Advantage ion-
trap  mass  spectrometer  (Thermo  Fisher,  CA,  USA)  and  A
Thermo  UHPLC  instrument  was  coupled  with  a  Q-Exactive  hy-
brid quadrupole-Orbitrap mass spectrometer through a heated
ESI  source  (Thermo  Fisher  Scientific,  CA,  USA).  ESI  source
parameters: negative ion polarity mode; sheath gas (N2), 50 arb;
auxiliary  gas  (N2),  10  arb;  spray  voltage,  4.5  kV;  capillary  tem-
perature,  330  °C;  collision  energy,  −10  V;  normalized  collision
energy, 38%. NMR spectra were recorded on a Bruker AVANCE
III-400  instrument  at  400  MHz  for 1H  and  100  MHz  for 13C  in
methanol-d4,  using  TMS  as  reference. Lemna  aequinoctialis
Welwitsch was obtained from Jinhua (Zhejiang, China) and was
immediately  frozen  in  liquid  nitrogen  for  RNA  extraction.  The
photo of  fresh plant  material  of Lemna  aequinoctialis and RNA
electrophoresis are shown in Supplemental Fig. S2.

 Transcriptome data assembly and candidate gene
screening

Seed  transcriptome  data  of Lemna  aequinoctialis Welwitsch
(SRR5688502,  and  SRR5688503)  were  downloaded  from  NCBI
(www.ncbi.nlm.nih.gov),  and  were  assembled  through  the
SOAPdenovo-Trans-src-v1.04  program  (Supplemental  Table
S2).  For  BLAST  analysis, C-glycosyltransferases  MiCGT[10],
MiCGTb[17],  UGT708D1[18],  FeCGTa[11],  FeCGTb[11],  OsCGT[19],
UGT708A6[20],  PIUGT43[21],  GtUF6CGT1[22],  FcCGT[23],  and
CuCGT[23] were  used  as  query  sequences.  LaCGT1  was
discovered  according  to  the  PSPG  box  and  DPF  conservative

a b

c

 
Fig.  3    Sugar  donor  preference  of  LaCGT1  at  low  enzyme  concentration.  (a)  Relative  conversion  rates  of C-glycosylated  products  using
different sugar donors. The experiments were performed in triplicate. (b) HPLC chromatograms of enzyme reactions of LaCGT1 with different
sugar donors at low enzyme concentration. (c) Structures of sugar donors.

a b

c d

 
Fig.  4    Molecular  modeling  and  site-directed  mutagenesis  for
LaCGT1.  (a)  The  model  of  LaCGT1/UDP-Xyl.  (b)  Key  amino  acid
residues  around  the  xylose  residue  of  UDP-Xyl  in  LaCGT1.  The
hydrogen-bond interactions are shown as yellow dashes. (c, d) The
glycosylation  conversion  rates  of  native  and  mutants,  using
phloretin  (1)  and  UDP-Xyl  as  the  sugar  acceptor  and  donor,
respectively. The reaction mixtures were incubated at 25 °C for 1 h.
Molecular  docking  was  carried  out  by  Autodock  and  the  results
were  visualized  using  AutoDocktools  v1.5.6  and  Pymol.  N.D.,  not
detected.
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motifs  of C-glycosyltransferases.  LaCGT1  was  cloned,  and  the
PCR  primers  containing  the  homologous  sequences  of  pET-
32a(+) are shown in Supplemental Table S1.

 RNA extraction, molecular cloning, heterologous
expression, and protein purification

The  total  RNA  of Lemna  aequinoctialis Welwitsch  was
extracted  from  the  frozen  whole  plant  by  grinding  seedlings
with a  mortar  and pestle  under  liquid nitrogen using TransZol
method  in  accordance  with  the  manufacturer's  instructions
(Transgen  Biotech,  Beijing,  China).  First-strand  cDNA  was
synthesized  from  the  total  RNA  using  SMART  RACE  cDNA
Amplification  Kit  (Clontech  Laboratories,  Inc.,  California,  USA).
PCR was performed using 2 µl of cDNA as a template, LaCGT1-F
and LaCGT1-R as primers,  and KD Plus DNA polymerase under
the following conditions: 94 °C for 3 min, 35 cycles of 94 °C for
30 s,  60 °C for  30 s,  68 °C for  1.5 min,  followed by 68 °C for  10
min.  The  amplified  fragments  were  cloned  into  pET-32a(+)
vector  (Invitrogen,  California,  USA)  by  Quick-change  method.
The  gene  was  sequenced  by  Tsingke  Biological  Technology
(Beijing,  China).  The  recombinant  vector  pET-32a(+)-LaCGT1
was  transformed  into E.  coli BL21(DE3)  (TransGen  Biotech,
Beijing,  China)  for  heterologous  expression.  Transformed  cells
were selected on agar plates containing 100 µg/ml ampicillin.

Single  colonies  harboring  the  desired  expression  construct
were  inoculated  overnight  at  37  °C  with  shaking  in  LB  culture
medium  containing  100 µg/ml  ampicillin.  Isopropyl  thiogalac-
toside (0.1 mM) was added into the medium for the expression
of recombinant protein at 18 °C when optical density at 600 nm
was 0.6−0.8. After incubating with shaking for 20 h, E. coli were
harvested  by  centrifugation.  The  recombinant  protein  was
purified using a nickel-affinity column (Proteinlso Ni-NTA Resin,
TransGen  Biotech,  Beijing,  China),  and  concentrated  using
Amicon  Ultra-15  Ultracel-30K  (Merck  Millipore).  The  concen-
trated protein was used as purified recombinant enzymes. The
recombinant  LaCGT1  analyzed  by  SDS-PAGE  is  shown  in
Supplemental  Fig.  S4.  The  concentration  of  recombinant
enzyme  was  determined  according  to  enhanced  BCA  protein
assay  kit  (Beyotime  Institute  of  Biotechnology,  Shanghai,
China).

 Effects of reaction time, pH, temperature, and divalent
metal ion

To  characterize  the  enzymatic  properties  of  LaCGT1,  its
optimum  reaction  time,  pH,  temperature  and  divalent  metal
ions  were  studied.  To  investigate  the  reaction  time,  11  time
points  between 5  min and 300 min were studied.  To optimize
the  reaction  pH,  the  enzymatic  reactions  were  carried  out  in
various  reaction  buffers  ranging  in  pH  values  from  5.0−6.0
(Citric  acid-sodium  citrate  buffer),  6.0−9.0  (Na2HPO4-NaH2PO4

buffer), 7.0−9.0 (Tris-HCl buffer), and 9.0−10.0 (Na2CO3-NaHCO3

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
LaCGT1  activity,  different  divalent  cations  Ba2+,  Ca2+,  Zn2+,
Mg2+,  Mn2+,  Ni2+,  Fe2+,  Cu2+,  EDTA  and  blank  in  the  final
concentration  of  5  mM  were  used,  individually.  All  enzymatic
reactions  were  conducted  with  UDP-Xyl  as  a  donor  and
phloretin (1) as an acceptor. All experiments were performed in
triplicate and the mean value was used.  All  the reactions were
terminated  with  pre-cooled  methanol  and  centrifuged  at
15,000 rpm for 15 min for HPLC analysis as described in general

methods.  The samples were analyzed by an Agilent Zorbax SB
C18 column  (250  mm  ×  4.6  mm,  5 µm)  at  a  flow  rate  of  1  mL
min−1.  The  column  temperature  was  25  °C  and  the  enzymatic
products  were  eluted  with  a  linear  gradient  of  20%−100%
methanol  in  H2O  containing  0.1%  formic  acid  in  20  min,
followed by 100% methanol for 5 min. The conversion rates in
percentage  were  calculated  from  peak  areas  of  glycosylated
products and substrate.

 In vitro enzyme catalytic activity assay
To  investigate  the  substrate  promiscuity  and  specificity  of

LaCGT1,  different  acceptors  including  compounds 1−24
(Supplemental  Figs.  S3, S8)  were  used.  The  reaction  mixtures
were  individually  performed  in  a  final  volume  of  100 µL  con-
taining 50 mM PBS buffer (pH 8.0), 20 µg of purified LaCGT1, 0.1
mM  aglycone,  and  0.5  mM  sugar-donor.  All  reactions  were
incubated at  25 °C for  1  h and quenched with 100 µL ice cold
methanol.  The  mixtures  were  then  centrifuged  at  15,000  rpm
for  15  min  and  analyzed  by  LC/MS.  The  HPLC  mobile  phase
consisted  of  methanol  (A)  and  water  containing  0.1%  formic
acid  (v/v,  B).  The  analytes  were  eluted  using  a  linear  gradient
program:  0−20 min,  20%−100% A;  20−25 min,  100% A;  26−31
min,  20%  A.  The  flow  rate  was  1  mL/min.  The  column  tempe-
rature was 25 °C. The detection wavelength was 300 nm.

 Site-directed mutagenesis
The mutants  of  LaCGT1 were  obtained by Fast  Mutagenesis

system (Transgen Biotech,  Beijing,  China).  The positive  recom-
binant  plasmids  were  transformed  into E.  coli BL21(DE3)  for
heterologous  expression.  The  other  conditions  were  the  same
as described above.

 Kinetic studies
For  kinetic  studies  of  LaCGT1,  enzymatic  assays  were  per-

formed in a final volume of 50 µL containing 50 mM Na2HPO4-
NaH2PO4 buffer  (pH  8.0),  0.2 µg  of  purified  LaCGT1,  2  mM  of
saturated  UDP-Xyl,  and  varying  concentrations  (5−120 µM)  of
phloretin (1). The reactions were conducted at 25 °C for 10 min
and  then  quenched  with  100 µL  ice  cold  methanol.  Samples
were  centrifuged  at  15,000  rpm  for  15  min  and  analyzed  by
HPLC  as  described  above.  All  experiments  were  performed  in
triplicate.  The Michaelis-Menten plot  was  fitted (Supplemental
Fig. S7).

 Preparative-scale purification of glycosylated products
The aglycones (10 mg for 1 and 5; 5 mg for 6) were dissolved

in dimethyl sulfoxide (DMSO) at a concentration of 25 mM and
then diluted with reaction buffer (50 mM Tris-HCl,  pH 8.0) to a
final  concentration  of  1  mM.  Two-fold  UDP-Xyl  was  added
along  with  purified  glycosyltransferases  (5  mg  protein  per  mg
substrate). The reactions were incubated overnight at 25 °C and
terminated with methanol. The mixtures were then centrifuged
at  15,000  rpm  for  30  min  and  the  supernatants  were  concen-
trated and dissolved in 50% methanol. The samples were then
purified  by  semi-preparative  HPLC  on  an  Agilent  1200  instru-
ment  equipped  with  an  Agilent  Zorbax  SB  C18 column  (9.4  ×
250 mm, 5 µm).
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