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ABSTRACT: A highly efficient di-C-glycosyltransferase GgCGT was discovered from the medicinal plant Glycyrrhiza gla-
bra. GgCGT catalyzes a two-step di-C-glycosylation of flopropione-containing substrates with conversion rates of >98%.
To elucidate the catalytic mechanisms of GgCGT, we solved its crystal structures in complex with UDP-Glc, UDP-Gal,
UDP/phloretin, and UDP/nothofagin, respectively. Structural analysis revealed that the sugar donor selectivity was con-
trolled by the hydrogen-bond interactions of sugar hydroxyl groups with D390 and other key residues. The di-C-
glycosylation capability of GgCGT was attributed to a spacious substrate-binding tunnel, and the G389K mutation could
switch di- to mono-C-glycosylation. GgCGT is the first di-C-glycosyltransferase with a crystal structure, and the first C-
glycosyltransferase with a complex structure containing a sugar acceptor. This work could benefit the development of

efficient biocatalysts to synthesize C-glycosides with medicinal potential.

B INTRODUCTION

C-glycosides are a class of important natural products
with noticeable druggability due to their potent bioactivi-
ties and high stability against gastro-intestinal hydrolysis
metabolism.”> For instance, puerarin (daidzein 8-C-
glucoside) is widely used to treat cardiovascular diseases,
and vicenin-2 (apigenin 6,8-di-C-glucoside) could inhibit
diabetic vascular inflammation.*5 Most C-glycosides are
derived from plants. Biosynthetically, they are formed by
the catalysis of C-glycosyltransferases (CGTs). While a big
family of O-glycosyltransferases (OGTs) are known, a lim-
ited number of CGTs have been discovered from plants.
This is partly due to the low gene sequence similarities of
CGTs. Up to now, thirteen CGTs have been characterized
from plants, with isoflavone, flavone, resorcinol, or
2',4',6'-trihydroxyacetophenone units as substrates (sugar
acceptors).>™ It is particularly noteworthy that only three
of the plant CGTs could catalyze di-C-glycosylation, i.e.
FcCGT and CuCGT from citrus plants, and MiCGTb from
Mangifera indica.>” MiCGTb and its mutants could specif-
ically modify compounds with trihydroxyacetophenone
units.

On the other hand, little is known about the catalytic
mechanisms of CGTs. Recently, our group reported the

first crystal structure for plant CGTs (TcCGTh, a flavone 8-
C-glycosyltransferase from Trollius chinensis).® Through
structural analysis and molecular docking, we found a
new mode of catalytic mechanism for TcCGTi, which was
initiated by substrate spontaneous deprotonation.
Moreover, we interpreted the mechanisms for its broad
substrate promiscuity and for the determination between
C- and O-glycosylation activities. Several other research
groups have tried to elucidate the catalytic mechanisms of
plant CGTs by homology modeling and molecular
docking. Hirade et al. found that H2o, D85 and R292 of
UGT708D1 were evolutionally conserved and were critical
for the C-glycosylation activity.® Chen et al. reported that
152 of MiCGTb was the key amino acid residue for the
second C-glycosylation.” However, due to the lack of
crystal structures, the catalytic mechanisms for di-C-
glycosylation still need to be further confirmed.

Glycyrrhiza glabra L. is a popular herbal medicine
worldwide.” It contains abundant bioactive flavonoid and
triterpenoid glycosides, particularly flavonoid di-C-
glycosides such as vicenin-2, schaftoside, and
isoschaftoside, which indicate the presence of di-C-
glycosyltransferases.”® While a series of OGTs have been
reported, no CGTs have been discovered from Glycyrrhiza
species, thus far® Here we report a new di-C-
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glycosyltransferase GgCGT from G. glabra. Its crystal
structures in complex with UDP-Gle, UDP-Gal,
UDP/phloretin, and UDP/nothofagin were determined,
respectively. The molecular catalytic mechanisms for its
di-C-glycosylation activity and sugar donor selectivity
were elucidated.

B RESULTS AND DISCUSSION

Molecular cloning and functional characterization of GgCGT.

In this work, we analyzed the transcriptome of G. glabra
in the EST database (ERR706841). The CGT gene
UGT708D1 from soybean (Glycine max, Leguminosae
family) was used as a template.® Through analysis by
conserved sequence, a ¢cDNA fragment was discovered,
and the target gene was designated as GgCGT (GenBank
accession No. MH998596). As the stop codon was lacking,
3'-RACE was used to obtain a full-length open reading
frame (ORF) of 1419 bp encoding 472 amino acids. It was
cloned into a pET28a(+) vector. Recombinant GgCGT was
expressed in the E. coli BL21(DE3) strain and was purified
by Ni-NTA affinity chromatography (Figure S1). The
nucleotide sequence identity of GgCGT and UGT708D1
was 62.7%.

The function of GgCGT was characterized by co-
incubating 20 pg purified protein, 0.1 mM phloretin (1),
and 0.5 mM UDP-glucose (UDP-Glc) in 100 pL of 50 mM
NaH,PO,-Na,HPO, buffer (pH 8.0, 37 °C, 2 h). As shown
in Figure 1, at the presence of UDP-Glc, GgCGT could
completely convert phloretin (1) into a more polar
product 1a. The mass spectrum of 1a showed an [M-H]
ion at m/z 597, which could produce fragments at m/z
477 ([(M-H-120]") and m/z 357 ([M-H-240]"), indicating 1a
as a di-C-glucoside.*® Product 1a was purified from a
preparative-scale reaction, and was identified as phloretin
3',5'-di-C-B-D-glucoside by NMR analyses (SI).* These
results confirmed GgCGT as a di-C-glycosyltransferase. It
was named as UGT708B4 by the UGT Nomenclature
Committee.”

The biochemical properties of GgCGT were investigated
using 1 as the acceptor and UDP-Glc as the sugar donor.
GgCGT showed a maximal activity at pH 8.0 (50 mM
NaH,PO,-Na,HPO,) and 37 °C. The activity was
independent of divalent metal ions (Figure S2). The di-C-
glucosylation of 1 was a highly efficient two-step reaction.
The first step was completed within 10 min to produce 8
(nothofagin). The kinetic parameters could not be
determined. The second step was completed within 35
min, and the apparent K., value for 8 was 4.5 pM (Figure
S3).

Substrate specificity of GgCGT. To explore the substrate
specificity of GgCGT, a library consisting of 51 phenolic
compounds was screened by enzymatic assay using UDP-
Glc as the donor (Figure 2). The reaction mixtures were

analyzed by liquid chromatography coupled with mass
spectrometry (LC/MS) (SI). GgCGT showed high
promiscuity by catalyzing the C-glycosylation of 33
substrates. It is particularly noteworthy that GgCGT could
completely convert six substrates (1-4, 6-7) into di-C-
glucosides (conversion rates >98%). Interestingly, all the
six substrates contain a flopropione unit (shown in blue
color in the structures). For 5 which has an acetophenone
structure, although all the substrates were glycosylated,
only 80% of the products were di-C-glucosides. GgCGT
could also efficiently catalyze substrates with a 2',4'-
dihydroxyacetophenone (9-11) or 2',4',6'-
trihydroxybenzaldehyde (12-15) unit, though only mono-
C-glucosides were produced. These results indicated
flopropione as the minimum unit required for di-C-
glycosylation.

GgCGT also catalyzed the mono-C-glucosylation of
various phenolic compounds (16-33), though the
conversion rates were relatively low. For 23-49, GgCGT
also showed OGT activities (Figure 2). With substrates 50
and 51, it showed potent S- and N-glycosylation activities,
respectively. ~ Thus, @ GgCGT is the  second
glycosyltransferase after TcCGT1 to form all the four types
of glycosidic bonds.®
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Figure 1. Di-C-glucosylation of phloretin (1) catalyzed by
recombinant GgCGT. (A) Two-step glucosylation of 1 to pro-
duce 8 and 1a sequentially. (B) Time-course study of the en-
zymatic reaction, and LC/MS analysis of the product 1a. The
HPLC chromatograms were recorded at 300 nm.

To confirm structures of the products, five di-C-
glucosides (1a—5a) and two mono-C-glucosides (5b, 10a)
were purified. Three of them (2a, 4a, 10a) are new
compounds. Their structures were unambiguously
identified by NMR spectroscopic analyses (SI). All the C-
glucosides contain a B-glycosidic bond, determined by the
large coupling constants (J = 9.6-10.2 Hz) of the anomeric
protons. Compound 2a exhibited moderate inhibitory
activities against sodium-dependent glucose
cotransporter 2 (SGLT2) with an ICs, value of 7.5 uM.>
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27 Figure 2. Substrate promiscuity of GgCGT. (A) Conversion rates (%) of glycosylated products for substrates 1-51, using UDP-
28 Glc as the sugar donor. (B) Structures of 1-51 and part of the glycosylated products. "»" means the products were purified and
29 identified by NMR; "*" represents new compounds. The conversion rates were calculated by HPLC peak area ratio (SI). “V” rep-
30 resents the glycosylation products were identified by comparing with reference standards. The reaction mixtures were incubat-
31 ed at 37 °C for 2h.
2
23 The biosynthetic precursors of di-C-glycosylflavones in used as acceptors, similar high conversion rates (>98%)
34 plants have been proposed to be 2-hydroxyflavanones.® In were observed in analytical reactions to generate di-C-
this study, GgCGT could efficiently convert 2- glycosides with galactosyl and glucosyl moieties. A new
35 hydroxyflavanones (6, 7) into their di-C-glucosides. With compound (1ba) was purified and identified as phloretin
36 the addition of hydrochloric acid, 6a was readily 3'-C-B-D-galactoside-5'-C-B-D-glucoside. On the other
37 converted into vicenin-2, a major C-glucoside of G. glabra hand, GgCGT could also convert nothofagin (8) into di-C-
38 (Figure S4). These results suggested that GgCGT might be glycosides with different sugars, which had not been
39 involved in the biosynthesis of vicenin-2 in G. glabra. reported for CGTs. These results indicated that GgCGT
40 Sugar donor specificity of GgCGT. To probe the sugar had more efficient and Versatilg Cat.alytic activities than
41 donor specificity of GgCGT, UDP-xylose (UDP-Xyl), UDP- previously re'ported CGTs, especially in the second step of
42 galactose (UDP-Gal), UDP-arabinose (UDP-Ara), UDP-N- C-glycosylation.
43 acetylglucosamine (UDP-GlcNAc), and UDP-glucuronic A
44 acid (UDP-GIcA) were tested. When phloretin (1) was 1001
45 used as the substrate, GgCGT could efficiently utilize all -
46 the donors except for UDP-GIcA to generate mono-C- % 801
47 glycosides (1b/1c/1d/1e) with conversion rates of >95% & 60l
48 (Figure 3). Similar results were obtained using 6 as the 5
49 substrate (Figure Ss5). Two C-galactosides (1b, 3b) were % 401
50 purified and characterized by NMR spectroscopic g 201
51 analyses (SI). When the protein concentration was © : o
reduced to 30 pg/mL and the reaction time was reduced * +*v* #aaees sy T H%
gg to 30 min, GgCGT showed the preference order of UDP- 53 s § § gL @’@65 lijEcpr e
Glc > UDP-Xyl > UDP-Gal > UDP-Ara (Figure 3). The . ) o
54 stereo-configuration of sugar 4-OH appeared to play a Flgulje 3. Problpg sugar donor promiscuity of' GgCGT. (A)
55 .. - . . Relative conversion rates of phloretin (1) using different sugar
critical role in the catalytic efficiency. . .
56 donors at high enzyme concentration (left, 200 pg/mL, 2h)
57 Furthermo're, ngGT CF’UId 'efﬁciently 'c'onvert and low enzyme concentration (right, 30 pg/mL, o.5h). (B)
58 1b/ic/rd/1e into di-C-glycosides with the addition of Structures of sugar donors. The structures of 1b-1e are shown
%9 UDP-Glc (Figure S6). When compounds 2 and 3 were in Figure S6.
60
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Figure 4. The crystal structures of GgCGT and its sugar donor selectivity analysis. (A) The crystal structures of GgCGT/UDP-
Glc, highlighting an NTD domain (purple) and a CTD domain (blue). The sugar donor is shown as green sticks. (B/C) The crys-
tal structures of GgCGT/UDP/phloretin (1) and GgCGT/UDP/nothofagin (8). (D) The hydrogen-bond interactions of the Glc
moiety (yellow dashes) with surrounding residues of GgCGT. (E) The C-glycosylation conversion rates of wild-type (WT)
GgCGT and mutants, using phloretin (1) and UDP-Glc as the sugar acceptor and donor, respectively. The reaction mixtures
were incubated at 37 °C for 2h. (F-I) Other structures of UGTs with conserved residues contributing sugar recognition. The
yellow sticks represent UDP-Glc molecules (UDP for TcCGT1), and the cyan sticks represent the conserved binding residues.
The hydrogen-bond interactions are shown as grey dashes. (J) Sequence alignment of GgCGT with other UGTs, and the con-

served residues for sugar donor binding are labeled in grey shade.

Crystal structures of GgCGT in complex with different
ligands. To further investigate the catalytic mechanisms of
GgCGT, we solved the complex crystal structures of
GgCGT/UDP-Glc (PDB ID: 6LsP), GgCGT/UDP-Gal (PDB
ID: 6L5Q), GgCGT/UDP/phloretin (PDB ID: 6L5S/6L5R),
and GgCGT/UDP/nothofagin (PDB ID: 6L7H) at 2.6, 2.9,
1.9/2.9, and 1.8 A resolution, respectively (Figure 4A,
Table S1). Different from previously reported UDP-
glycosyltransferase (UGT) crystals, the structures
obtained in this study showed clear electron density of
the intact UDP-sugar and the substrates. The 6LsS
structure contains two molecules of glycerol in the active

pocket because the crystals were frozen with 30% glycerol.

We then solved a new structure of GgCGT/UDP/phloretin
(6LsR) with no glycerol, by freezing the crystals in 30%
PEG400. Although the resolution of 6L5R was relatively
low, alignment of the two structures revealed that the
position of phloretin was not remarkably affected by
glycerol (Figure S7). Thus, the 6LsS structure was used for
further analysis in this study.

To our knowledge, GgCGT is the first di-C-
glycosyltransferase with a crystal structure. GgCGT
adopts a canonical GT-B fold consisting of two
Rossmann-like B/a/f domains that face each other and
are separated by a deep cleft.> The N-terminal domain
(NTD, residues 1-248 and 454-469) and the C-terminal
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domain (CTD, residues 249-453) are responsible primarily
for acceptor and sugar donor binding, respectively. The
structure of GgCGT in different complexes varied slightly,
indicating that combination with different ligands may
affect the protein structure.

Catalytic mechanism for sugar donor selectivity of GgCGT.
The GgCGT/UDP-Glc structure indicated that the 2-OH,
6-OH, 3-OH, and 4-OH groups of the glucose moiety
could form hydrogen bonds with R285, Ti45, Q391, and
D390, respectively. Particularly, the terminal carboxyl
group of D390 could interact with both 3-OH (one
interaction) and 4-OH (two interactions) through three
hydrogen bonds, and thus plays an essential role in
stabilizing UDP-Glc (Figure 4D). Consistently, the D390A
and D39oN mutations almost abolished the C-
glycosylation activity (Figure 4H). However, the D390E
mutant retained strong di-C-glycosylation activity, for
that glutamic acid (E) has a similar side chain carboxyl
group as aspartic acid (D). Moreover, the 4-OH of Glc
also forms weak hydrogen-bonding with W369. These
interactions render UDP-Glc the preferred sugar donor
for GgCGT.

Although the GgCGT/UDP-Gal structure has relatively
low resolution, electron density of the Gal moiety could
be recognized. The orientation of Gal was slightly
different from that of Glc, thus may lead to weak
interactions with the protein. Particularly, there should
be no significant hydrogen-bonding between 4-OH of Gal
and surrounding residues. These speculations were
confirmed by the remarkably decreased activities of the
mutants (Figure S7). Consistently, SPR (surface plasmon
resonance) analysis revealed that GgCGT had strong
combination with UDP-Glc, but not UDP-Gal (Figure S8).
The affinity (Kp, equilibrium dissociation constant) of
GgCGT binding to UDP-Glc was 15.5 uM.

Furthermore, we speculated the combination mode of
UDP-Xyl and UDP-Ara based on the structures of
GgCGT/UDP-Glc and GgCGT/UDP-Gal, respectively
(Figure Sg). The sugar moieties had few hydrogen-bond
interactions and thus led to low conversion rates. These
analyses supported the sugar donor preference of GgCGT:
UDP-Glc (seven interactions) > UDP-Xyl (six) > UDP-Gal
(four) > UDP-Ara (three). Intriguingly, a number of CGTs
and OGTs have the same sugar preference as GgCGT.
These GTs include UGT71Gi, UGT72B1, VvGTi, and
TcCGT1, whose crystal structures had been solved,
together with UGT73F17 and NpUGT6, OGTs recently
discovered by our group.3'92%2® The amino acid residues
T145, D390, and Q391 are highly conserved in these
enzymes (Figure 4F-]). These results supported our
deductions on the mechanism of sugar donor selectivity
of GgCGT.

Catalytic mechanism for di-C-glycosylation of GgCGT. To
elucidate the mechanism of di-C-glycosylation, we
superimposed the structures of GgCGT/UDP/phloretin
and GgCGT/UDP-Glc (Figure 5A). A hydrophobic tunnel
was formed by a series of hydrophobic amino acid
residues (Fg1/F92/F95/F144/F151/F153/F154/F199/F203) to
accommodate the substrate (Figure Si0). In the
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Figure 5. Sugar acceptor binding analysis. (A) Structural
analysis of the C-glycosylation through structure alignment
of GgCGT/UDP-Glc and GgCGT/UDP/phloretin. Glycerol is
shown as thin sticks (grey). (B) Structural analysis of
GgCGT/UDP/nothofagin. (C) Hydrogen-bond interactions of
the sugar moiety of nothofagin with surrounding residues.
(D) Molecular docking with nothofagin (8) (yellow sticks)
into the substrate binding pocket of GgCGT. (E) Conversion
rates of wild-type (WT) GgCGT and its mutants, using 1 and
UDP-Glc as the sugar acceptor and donor, respectively. La-
bels with brackets indicate predicted (by molecular docking)
models of the small molecule. The reaction mixtures were
incubated at 37 °C for 2h.

superimposed structure, C-3' of phloretin (1) was close to
the anomeric carbon of UDP-Glc, and could facilitate the
reaction. In the structure of GgCGT/UDP/nothofagin, the
position of nothofagin (8) was similar to that of phloretin
(Figure 5B). The sugar moiety of 8 was located near UDP,
and could interact with surrounding residues through
hydrogen bonding (Figure 5C). This structure may
demonstrate the state after the first C-glycosylation.

H27 was close to 2-OH of phloretin (1), and could
initiate the glycosylation reaction by deprotonation to
produce nothofagin (8).22° This speculation was proved
by the H27A mutant, which showed weak C-glycosylation
activity (Figure 5E). In addition, the mutants H27D, H27E,
and H27F showed very weak or no C-glycosylation
activities (Figure Su). In contrast, H27K remained strong
C-glycosylation activity, probably because lysine (K) is a
basic amino acid like histidine (H). Moreover,
supplementary imidazole or its analogues in the reaction
mixture could increase the catalytic activities of Ha7A
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(Figure Su).>® According to these results, we speculate
that His27 in GgCGT acts as a base to facilitate
deprotonation of the substrate. This key histidine residue
is generally present in plant glycosyltransferases.3°

Similarly, H27 was close to 6'-OH of nothofagin (8) in
the molecular docking model of GgCGT/UDP-Glc/8, and
could continue to initiate the second step C-glycosylation
(Figure sD).>* For sugar acceptors with a resorcinol unit
(9-11), the second C-glycosylation cannot be initiated due
to the absence of 6'-OH. This deduction explained why
the flopropione unit was the preferred substrate structure
for di-C-glycosylation.

G389 also played a critical role in the di-C-glycosylation
of GgCGT. In the GgCGT/UDP/nothofagin structure,
there was a UMP (uridine monophosphate) molecule near
G389, indicating GgCGT has an adequate substrate-
binding tunnel to accommodate the 3'-C-glucosyl moiety
of 8. Consistently, in the docking model of GgCGT/UDP-
Glc/nothofagin, the sugar moiety of 8 was located near
G389. When G389 was substituted by other amino acids
with a long side chain, such as lysine, arginine, or
tryptophan, the di-C-glycosylation activity of GgCGT
decreased remarkably (Figure sE). Particularly, the G389K
mutation could almost switch di- to mono-C-
glycosylation. The spacious binding pocket also explained
the broad substrate promiscuity of GgCGT.

Based on the above evidences, we proposed the
reaction process for the di-C-glycosylation catalyzed by
GgCGT (Figure S12). Initially, UDP-Glc and phloretin (1)
are bound to GgCGT in the optimal positions to complete
the first C-glycosylation. After the nucleophilic
substitution, UDP and 8 are released as the protein
structure changed dynamically during the reaction. The
protein structure then changes to the original form to
prepare for the second step reaction. Compound 8 then
binds to GgCGT with its 6'-OH close to H27 (the benzene
ring rotated) to accomplish the second C-glycosylation.

B CONCLUSION

In summary, we characterized a new di-C-
glycosyltransferase GgCGT from the medicinal plant
Glycyrrhiza glabra. We solved its crystal structures in
complex with UDP-Glc, UDP-Gal, UDP/phloretin, and
UDP/nothofagin, respectively. GgCGT represents the first
di-C-glycosyltransferase with a crystal structure, and the
first CGT with complex structures with both UDP-sugar
and the substrate. It could efficiently catalyze di-C-
glycosylation of at least six substrates containing a
flopropione unit, as well as the mono-C-glycosylation of
at least 27 phenolic compounds. A total of 10 products
were purified, and 5 of them are new compounds,
including 2a as a moderate SGLT2 inhibitor. GgCGT
showed the sugar donor preference of UDP-Glc > UDP-
Xyl > UDP-Gal > UDP-Ara. Structural analysis indicated
this preference may be determined by the hydrogen-
bonding interactions of sugar hydroxyl groups with key
amino acid residues including R28s5, T145, D390, and Q391,
especially those of 4-OH with the carboxyl group of D390
side chain. The flopropione unit was the minimum

required unit for the di-C-glycosylation due to the
interactions of its 2'-/6'-OH with H27. The spacious
substrate-binding tunnel near G389 was critical for the di-
C-glycosylation activity and the broad substrate
promiscuity of GgCGT. This work provides insights into
the catalytic mechanisms of C-glycosyltransferases, which
could be valuable in developing efficient biocatalysts to
synthesize C-glycosides of medicinal potential.
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Figure 1. Di-C-glucosylation of phloretin (1) catalyzed by recombinant GgCGT. (A) Two-step glucosylation
of 1 to produce 8 and 1a sequentially. (B) Time-course study of the enzymatic reaction, and LC/MS analysis
of the product 1a. The HPLC chromatograms were recorded at 300 nm.

38x22mm (600 x 600 DPI)

ACS Paragon Plus Environment



Page 11 of 15 Journal of the American Chemical Society

Conversion Rate (%) B
"
100 80 80 40 20 20 40 60 80 100 o i

o

oNOYTULT D WN =

2222
HE
2
EE
H
a
g
)

2

{ é RRET o ‘9
Y 8

on o L 9 |

g
o
g
o

_
w
Substrates
b
&
2 3

Tono

26 B =Rys M Ry OH

8 Ri=RsRasH

27 R/ = pronyi By = OH RysH
28 R = pronyl R, = OGH, Ry =H

1 9 37 M di-C-glycoside

£ - i
20 B mono-C-glycoside

A1 e — O-glycoside.a
2 _I 43 O-glycoside.b

45 = W O-glycoside.c
22 4 = M O-glycoside.d
23 48 B S-glycoside

B N-glycoside

HOOH

nomr-'g

o
Gal =-Dpalactosyl

Figure 2. Substrate promiscuity of GgCGT. (A) Conversion rates (%) of glycosylated products for substrates
1-51, using UDP-GIc as the sugar donor. (B) Structures of 1-51 and part of the glycosylated products. "A"

27 means the products were purified and identified by NMR; "+" represents new compounds. The conversion

28 rates were calculated by HPLC peak area ratio (SI). "V" represents the glycosylation products were

29 identified by comparing with reference standards. The reaction mixtures were incubated at 37 °C for 2h.

31 46x26mm (600 x 600 DPI)

60 ACS Paragon Plus Environment



oNOYTULT D WN =

>

Conversion Rate (%)

100 1

69

S

N
Jévﬁg
§§0\

Journal of the American Chemical Society

6?

e

B
! OH HOOH
HO o] 0
i HO HO
: OH OH
' UDP
! UDP-Gle UDP-Gal cDe
: HO
HO Q 2
| HO HO
i OH OH
: uUDP uDP
: UDP-Xyl UDP-Ara
: OH

= | --”‘aoﬁﬁ A

HO
@5’@'34-\*3\9‘?‘ NH on
\sfs?@ AT

o= UDbP UDP

UDP-GIcNAc

3
UDP-GIcA

Figure 3. Probing sugar donor promiscuity of GgCGT. (A) Relative conversion rates of phloretin (1) using
different sugar donors at high enzyme concentration (left, 200 ug/mL, 2h) and low enzyme concentration
(right, 30 pg/mL, 0.5h). (B) Structures of sugar donors. The structures of 1b-1e are shown in Figure S6.

42x23mm (600 x 600 DPI)

ACS Paragon Plus Environment

Page 12 of 15



Page 13 of 15

oNOYTULT D WN =

Journal of the American Chemical Society

A UDP-Glc B
glycerol

PDB ID: 6L5P (2.6 A)

PDB ID: 6L7H (1.8 A)

D J
,IM &
W T145 GgCGT TS S AT 149
W369 3= ¢
"y TeCGTI T L N A W 148
D390 #
=i % ) UGT?TiGI T S N V G 147
/4 W -
= 32 % UGT72B1 P T T A N 143
Q391 = s UDOP-GLE WeT T AGPN 145
R285 2 UGTT3FI7 T L F T | 144
4 NPUGTE T A T T L 145
E B Di-C-glucoside ™ Mono-C-glucoside
- GgCaT D QK I N 394
2 W TeceTi E Q@ K M N 400
£ 6 ueT7i6t E @ @ L N 385
é 40
e
s E QKMN 482
§x UGT7281
o
: 0 WGT1 D Q@R LN 378
£ |~ —
Q

N
=}

UGT7aF7 D @ F ¥ N 375

& &
““Qﬁﬁvo’fp 0‘@ «\ﬁ&“\'fv

2VCEUGT72B1 | 6JTDTCCGT! NpUGTE E Q K M N 383

Figure 4. The crystal structures of GgCGT and its sugar donor selectivity analysis. (A) The crystal structures
of GgCGT/UDP-Glc, highlighting an NTD domain (purple) and a CTD domain (blue). The sugar donor is
shown as green sticks. (B/C) The crystal structures of GgCGT/UDP/phloretin (1) and GgCGT/UDP/nothofagin
(8). (D) The hydrogen-bond interactions of the Glc moiety (yellow dashes) with surrounding residues of
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and UDP-GIlc as the sugar acceptor and donor, respectively. The reaction mixtures were incubated at 37 °C
for 2h. (F-I) Other structures of UGTs with conserved residues contributing sugar recognition. The yellow
sticks represent UDP-Glc molecules (UDP for TcCGT1), and the cyan sticks represent the conserved binding
residues. The hydrogen-bond interactions are shown as grey dashes. (J) Sequence alignment of GgCGT with
other UGTs, and the conserved residues for sugar donor binding are labeled in grey shade.
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