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Mechanistic elucidation of enzymatic C-
glycosylation: facilitation by proton transfer to
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C-Glycosyltransferases have garnered attention owing to their ability to synthesize C-glycosides with high

conversion and selectivity in one-pot reactions. Their potential in rational enzyme engineering makes them

valuable for the synthesis of diverse C-glycosides. However, the detailed reaction mechanism remains

unclear. To address this, we

investigated the C-glycosylation of phloretin catalyzed by the

glycosyltransferase GgCGT in the presence of the coenzyme UDP-glucose. Using density functional

theory (DFT) calculations on a cluster model, we identified the most favorable pathway for C-

glycosylation. The reaction proceeds via an initial proton transfer from phloretin to UDP-glucose,

followed by the nucleophilic attack of phloretin on the glucose moiety and subsequent dissociation of

UDP in an Sy2-like manner. The Sy2 step yields a non-aromatic intermediate, which can be rapidly

converted to C-glycoside even without an enzymatic environment. The key residue that facilitates the

rate-determining Sn2 step is His-27, which stabilizes phloretin via hydrogen bonding. Additionally, to
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clarify why alternative products such as O-glycosides are not formed, we also investigated the O-

glycosylation pathway. Our calculations revealed that O-glycosylation was promoted by proton transfer

DOI: 10.1039/d5ra02643a

rsc.li/rsc-advances

1. Introduction

Glycosyltransferases are enzymes that utilize sugar nucleosides
as coenzymes to transfer sugar moieties to acceptor molecules.*
For instance, a glycosyltransferase that employs uridine
diphosphate glucose (UDP-glucose) as the sugar nucleoside
catalyzes the transfer of the glucose moiety to an acceptor
molecule, resulting in the formation of a glycoside. Simulta-
neously, UDP-glucose is converted into UDP with the subse-
quent release of glycosides and UDP (Scheme 1). Glycosides
have diverse bioactive properties and are widely used in the
development of pharmaceuticals and cosmetics. They are clas-
sified as O-, N-, S-, or C-glycosides based on the atom to which
the sugar moiety is attached. Among these, C-glycosides have
garnered interest owing to their remarkable metabolic
stability.” While numerous natural products containing O- and
N-glycosides and their enzymatic reactions have been studied,
C-glycosylated natural products remain relatively rare.>*
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from UDP-glucose, like C-glycosylation, but was suppressed by structural fixation due to hydrogen
bonding among phloretin, glucose, and GgCGT.

According to Putkaradze et al, only 55 enzymes capable of
producing C-glycosides have been identified, of which 30 have
been discovered since 2020.* Consequently, the number of re-
ported crystal structures of C-glycosyltransferases is limited,
and comprehensive studies on their catalytic mechanisms are
currently lacking. Glycosyltransferase-mediated C-glycosylation
offers efficient one-pot syntheses of target C-glycosides with
precise stereoselectivity.® Conversely, the organic synthesis of C-
glycosides typically involves multi-step processes, including
protection and deprotection steps, owing to the presence of
hydroxyl groups in the sugar moiety.® Additionally, because
glycosides can have up- and down-stereoisomers at the
anomeric position, organic synthesis also requires a scheme to
control stereoselective glycosylation. Therefore, controlling
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Scheme 1 Enzymatic glycosylation with the coenzyme of UDP-
glucose.
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enzymatic reactions for the synthesis of C-glycosides is
considered a more efficient alternative to conventional organic
synthesis methods.” Understanding the mechanism of enzy-
matic C-glycosylation is crucial for rational enzyme engineering.
Such advances enable the production of a broader range of C-
glycosides, thereby expanding their potential applications.®

The reaction mechanisms underlying the glycosylation have
predominantly been investigated for O-glycosyltransferases
using quantum mechanical (QM) approaches.® These investi-
gations demonstrated that basic amino acid residues within the
active site of glycosyltransferases facilitate the activation of the
hydroxyl group of the substrate. This activation subsequently
promotes nucleophilic attack by the oxygen atom at the
anomeric position, culminating in the formation of O-glycosidic
bonds (Scheme 2a).>'® Although the precise reaction mecha-
nism of C-glycosylation enzymes remains elusive, experimental
evidence has provided hypotheses regarding the mechanism of
C-glycosylation. Previously, a mechanism involving the rear-
rangement of O-glycosides to produce C-glycosides was
proposed.'® However, studies by Gatmann and Nidetzky on a C-
glycosyltransferase, named OsCGT, demonstrated that C-
glycosides are produced directly."* Furthermore, their research
revealed that the activation of the hydroxyl group by a basic
residue (His) in OsCGT is critical for C-glycosylation (Scheme
2b), and this activation process is analogous to that observed in
the mechanism of O-glycosylation shown in Scheme 2a. Studies
on another C-glycosyltransferase, PICGT, also suggested that an
Asn-Asp dyad functions as the basic active site residue.*” It is
postulated that activation of the hydroxyl group by this basic
residue facilitates nucleophilic attack from an adjacent carbon
atom, resulting in C-glycosylation (Scheme 2b).***"** Addition-
ally, investigations into PICGT revealed that mutations in resi-
dues surrounding the active site pocket, rather than the active
residue itself, altered the C/O-selectivity of glycosylation.” This
finding indicates that residues near the pocket also play a role
in C-glycosylation. These studies highlighted a shared feature
between O-glycosylation and C-glycosylation, namely the
involvement of basic active site residues. However, the specific
mechanism that governs selectivity between these glycosylation
types remains unclear.

Among the C-glycosyl transferases, GgCGT, discovered in the
medicinal plant Glycyrrhiza glabra, has been studied for its
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Scheme 2 Schematic illustration of the proposed mechanism of O-
glycosylation®*° (a) and C-glycosylation**-*3 (b).
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crystal structure and enzymatic activity."* GgCGT catalyzes C-
glycosylation of phloretin (1), a polyphenol, under enough
amount of UDP-glucose (2). As shown in Scheme 3, this reaction
involves C-C bond formation between 1 and the glucose moiety
in 2, along with the dissociation of UDP, resulting in the
production of mono-C-glycoside nothofagin (3). GgCGT also
exhibits C-glycosylation activity for 3, yielding the di-C-glycosy-
late, 3',5'-C-glucosylphloretin (4). A time-course measurement
of this enzymatic reaction revealed that 1 was initially converted
to 3, followed by the production of 4 over time, ultimately
leading to the complete conversion of 1 into 4.** The crystal
structures of GgCGT in complex with different ligands, such as
2, UDP with 1, and UDP with 3 also supported stepwise di-C-
glycosylation.™ For instance, the position of 2 was fixed by seven
H-bonds from GgCGT, and its anomeric carbon was found to be
close to the reactive carbon (3'-C). The positions 1 and 3 in the
complexes were similar, suggesting that the first and second C-
glycosylation steps occurred similarly. These results indicated
that glycosylation started with the coordination of 1 and 2 to the
active pocket of GgCGT, followed by the first C-glycosylation,
release of 3 and UDP from GgCGT, re-coordination of 3 and 2,
and a second C-glycosylation. Other glycosylated products, such
as O-glycosylated phloretins, were not detected in the GgCGT-
catalyzed reaction. Complete selectivity of di-C-glycosylation
by GgCGT was also observed for phloretin derivatives contain-
ing a flopropione unit, which was considered to be a key factor
controlling selectivity.™

In this study, we used density functional theory (DFT)
calculations to gain insight into the reaction mechanism of
GgCGT-catalyzed C-glycosylation and to determine the key to
controlling selectivity between C- and O-glycosylation. We
focused on the monoglycosylation step because di-glycosylation
occurs in a stepwise manner, as mentioned above. We con-
structed a model complex involving the active site of GgCGT,
a model substrate, and model UDP-glucose. We examined the
reaction energy profile of GgCGT-catalyzed mono-C-glycosyla-
tion using a model complex and discussed how GgCGT
promotes C-glycosylation. To gain deeper insight into the role of
the basic residue His-27, we compared the energy profiles of
mono-C-glycosylation catalyzed by GgCGT and its mutant, in
which His-27 was replaced by alanine. Finally, we investigated
the reaction profiles of the two types of mono-O-glycosylation
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Scheme 3 (a) GgCGT-catalyzed C-glycosylation of phloretin (1) with

UDP-glucose (2), affording mono- and di-C-glycosylates, 3 and 4,
respectively. (b) O-Glycosylation of 1 was not detected.
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and explained the key to controlling the selectivity for C- and O-
glycosylation.

2. Computational methods

We constructed a model complex of GgCGT, phloretin 1, and
UDP-glucose 2 based on two crystal structures: one for GgCGT
with few defects (PDB:6L5R) and another for GgCGT in complex
with 2 (PDB:6L5P). The phloretin 1 was placed in the cavity near
the glucose site. The protonation states of ionizable amino acid
residues were determined using PROPKA v. 3.4.0 program™ at
pH 8.0, considering the experimental conditions of the GgCGT
enzymatic reaction.” The protonation state of His-27 was
manually determined to form an H-bond network with Asp-122,
as shown in several glycosyltransferases.'*'® Before extracting
the model complex, we performed energy minimization of the
entire system to avoid clashes, followed by MD simulations at
300 K for 100 ps in the NVT ensemble and for 100 ps in the NPT
ensemble using GROMACS 5.1.5 program.'” Corresponding
parameters of ligands in the force field were generated using the
general AMBER force field (GAFF2),"® coupled with the Amber
FF14SB force field" employed for GgCGT and the TIP3P model
used for water molecules.”® The restrained electrostatic poten-
tial (RESP)** charge was applied to establish the partial atomic
charge of ligands, with the HF/6-31G(d) calculation through the
Gaussian 16 package.” The geometry at the final snapshot was
used to extract the model complex. To consider the enzymatic
reaction field, we selectively included the following amino acid
residues in the model complex: His-27, Asp-122, Thr-145, Ser-
284, His-366, Asn-370, Asp-390, and GIn-391, which neigh-
bored the binding sites of 1 and 2. The structures of 1 and 2
were simplified to 1a and 2a by substituting R and R’ groups
with methyl groups, as shown in Fig. 1. The positions of the
main-chain atoms of GgCGT were fixed throughout the geom-
etry optimization, except for the side-chain atoms His-27, Asp-
122, Ser-284, His-366, and Asp-390, to avoid unrealistic
conformational changes (see Fig. 2). This model has a total of
186 atoms, 92 of which are fixed during the geometry optimi-
zation. The total charge of the model is —4. To understand the
effect of His-27, we compared the energy profile of the model
cluster with that of the H27A mutant, in which His-27 of the
wild type was replaced by Ala. The geometry of the H27A was
generated by replacing the imidazole moiety of His-27 in the
wild-type cluster model with an H atom, while keeping the
positions of the fixed atoms unchanged. This modelling
strategy assumes that a mutation reducing side-chain volume

(H27A) is unlikely to induce large-scale structural
OH
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Fig. 1 Simplified 1 and 2, named 1a and 2a, in which R and R’ groups
were replaced with methyl groups.

28594 | RSC Adv, 2025, 15, 28592-28600

View Article Online

Paper
GIn-391

- Asp-390
His-366

His-27

ﬁspJ 22

Fig.2 Model complex of GgCGT/1a/2a. Atoms in ball-and-stick were
optimized by fixing the atoms in line for all the geometry optimizations.

Ser-284 S

\
Asn-370

Thr-145

rearrangements of the active site, as the overall protein fold is
constrained by the backbone. All geometry optimizations and
frequency calculations were performed at the B3LYP-D3/6-
31G(d,p) level of theory, and the electronic energies were
refined with the single-point calculations at the B3LYP-D3/6-
311+G(2d,2p) using the PCM solvation model with the value of
dielectric constant ¢ = 4, which was often used for representing
enzymatic environment.”® Note that we have confirmed that the
choice of the basis set and the dielectric constant have little
effect on the results (see Fig. S1 and Table S1, respectively). The
Gibbs free energies were evaluated using the electronic energies
by the single-point calculations and the Gibbs free energy
correction terms at 298.15 K and 1 atm obtained by the
frequency calculations. Both the Gibbs free energy difference
AG and the electronic energy difference AE are shown in our
study. All the obtained transition states (TSs) were confirmed by
the intrinsic reaction coordinate (IRC) calculations.* All the
geometry optimization, reaction path search, and IRC calcula-
tions for the model system were performed with the GRRM
program? using energies and energy derivatives computed with
the Gaussian 16 program.

3. Results and discussion

3.1. Reaction profile of C-glycosylation

Fig. 3 shows the Gibbs free energy profile of mono-C-glycosyl-
ation of the model complex, as shown in Fig. 2. Initially, the
model GgCGT formed a complex with 1a and 2a, designated
INTO, through several H-bonds (indicated by the green dotted
lines in Fig. 3a). The basic residue His-27 interacted with the
phenolic hydroxyl group of 1a at the ortho position (2’-OH; see
INTO in Fig. 3a) and played a key role in maintaining the
orientation of 1a. The position of 2a was stabilized by other
residues, specifically Ser-284, His-366, and Asn-370, which
anchored the phosphate group, and Thr-145 and Asp-390,
which stabilized the glucose moiety through H-bonds, as
observed in the crystal structure (PDB:6L5P). The fixed posi-
tioning of 1a and 2a established an H-bond network involving
the 4'-OH of 1a, 2-OH of glucose in 2a, and phosphate of 2a (see
Fig. 4a). Proton transfer along this network (indicated by red
arrows in TS,y_; in Fig. 3) took place with an activation barrier of
9.3 kcal mol™', leading to the formation of an unstable

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Reaction profile of GgCGT catalyzed mono-C-glycosylation of the model protein 1a with the model UDP-glucose 2a, starting from
proton transfer and Sy 2 reaction (a), followed by the re-aromatization after the release of an intermediate 5a’ from GgCGT (b). Numbers in blue
(in INTO) represent the position numbers. The Gibbs free energy and the electronic energies (in parentheses) are in kcal mol™. The energy
references for (a) and (b) are their starting structures (i.e., INTO and 5a’ + 2H,0O, respectively). The single point calculations at B3LYP-D3/6-311+G
(2d, 2p) with the PCM model were carried out at the geometries optimized at B3LYP-D3/6-31G(d,p).

intermediate, INT1. This proton relay occurred only between 1a
and 2a, without the involvement of surrounding residues
(Fig. 4a and b). This proton transfer from 1a enhanced the
nucleophilicity of the 3'-C of 1a, which was oriented towards the
anomeric C (1 C) of glucose, itself constrained by the
surrounding residues (see Fig. 4b). Consequently, the nucleo-
philic attack of the 3’-C of 1a to anomeric C of glucose could
proceed, which induced the dissociation of the UDP moiety
from glucose. Focusing on the transition state of this step (TS;-5)
in Fig. 4c, the distances between the reactive atoms (forming C-C
bonds and cleaving C-O bonds) were equidistant, indicating an
Sn2-type mechanism. The IRC calculation for TS,_, indicated that
UDP dissociation preceded C-C bond formation. This sequence
suggests that proton abstraction from 1a to the UDP moiety

© 2025 The Author(s). Published by the Royal Society of Chemistry

enhances the electrophilicity of UDP, leading to its dissociation.
Therefore, we can say that the initial proton transfer (INTO —
INT1) set the stage for the subsequent Sy2 reaction by increasing
the nucleophilicity of 1a and the electrophilicity of UDP. The Sx2
reaction through TS, , yielded a non-aromatic intermediate,
INT2, which was 8.3 kcal mol™* more stable than INT1. In INT2,
His-27 abstracts a proton from 1a, which stabilizes the resulting
cyclohexadienone moiety of 5a (see Fig. 4d). Interestingly, proton
transfer from 1a to His-27 was not observed in TS;_,, which
implied that the anionic nature of the phloretin moiety in INT1
hindered proton abstraction by His-27. Thus, the previous
assumption about basic residue-mediated substrate activation
(see Scheme 2b) is called into question. Further analysis of the
role of His-27 is described in the following section.

RSC Adv, 2025, 15, 28592-28600 | 28595
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Fig. 4 Geometries around the reaction center in INTO (a), INT1 (b),
TS1-2 (c), and INT2 (d). Numbers in black and orange represent atomic
distances in A and position numbers shown in INTO in Fig. 3a,
respectively. Atoms fixed during the geometry optimization were
omitted. Their full views are also shown in Fig. S2.

After the formation of 5a, the release of 5a from GgCGT and
the protonation of 5a affording neutral 5a’ could take place. To
compute such an energy profile, the effect of conformational
changes in the entire enzyme and solvent molecules must be
considered.*® Though our model complex was insufficient to
discuss the energy profile involving the release of 5a, it has been
experimentally shown that mono-C-glycosides are released from
GgCGT and then re-entered for di-C-glycosylation as shown in
Scheme 3a, which means that substrate could enter and leave
GgCGT easily. Once the non-aromatic intermediate 5a’ was
formed, the re-aromatization of 5a’ to yield mono-C-glycoside 3a
occurred via a proton relay with additional water molecules (see
Fig. 3b). The activation barrier of this step, including two water
molecules (TS;_4), was only 20.0 kcal mol ™, indicating that this
step could proceed even without an enzymatic environment.

In summary, the mono-C-glycosylation of 1a proceeded in
a stepwise manner, starting with proton transfer from 1a to 2a,
followed by the Sy2 reaction involving C-C bond formation
between 1a and glucose, coupled with the dissociation of UDP,
and then re-aromatization via proton transfer. The rate-
determining step in the overall reaction is the Sy2 reaction,
with an activation barrier of 24.3 kcal mol . However, the fact
that the mono-C-glycosylation completes within 10 minutes at
37 °C (ref. 14) allows for an experimental upper limit of the
activation barrier to be estimated at approximately
20 kecal mol ™. Thus, the activation barrier obtained from our
calculations appears to be somewhat overestimated. This may
be attributed to the artificial suppression of structural changes
in the active site from the fixation of atoms in the model system.
To consider this effect, we compared the INTO geometry of the
cluster model with that of the entire enzyme optimized at the

28596 | RSC Adv, 2025, 15, 28592-28600
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ONIOM(B3LYP-D3/Amber) level. As shown in Fig. S3, the
geometries of the reaction center in the cluster model and the
entire enzyme were similar; however, the geometries of the
entire active site were slightly different due to the influence of
fixed amino acid residues. Therefore, while these geometric
constraints render our model less suitable for predicting
quantitative activation energies, they do not invalidate the
qualitative description of the reaction pathway. The primary
finding of this study—that the reaction is initiated by a proton
transfer from the substrate—is governed by the electronic
interactions within the reaction center, which are well-
described by our model. We thus conclude that our model is
sufficient for elucidating the fundamental reaction coordinate.
In addition, our proposed mechanism, in which proton transfer
from phloretin to UDP-glucose promoted C-glycosylation, was
appropriate from a chemical perspective, as it enhanced the
nucleophilicity of phloretin and the leaving ability of UDP.
Next, to confirm that the reaction from INTO to INT2
proceeds via a concerted mechanism, as shown in Fig. 3a, rather
than a stepwise mechanism, we calculated the potential energy
surface (PES) along the reaction coordinates (Fig. 5). The reac-
tion coordinates for proton transfer (from INTO to INT1), and

(a) OH O
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H_ H o ;OH
o 01 002 H4’ 04 a
onoll 0. Ch
R - | O [
10 46
HO' S\2 reaction
b 50
(b) A . |
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= | 7S, 20 2
S| ~ oo 3
o < 10 T
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=
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AC1-01) — AC3-C1)/A

»
»

S\2 reaction

Fig. 5 Reaction coordinates from INTO to INT2 and the atoms
involved in the reaction (a). The potential energy surface (PES) AE
(in kcal mol™) along with the reaction coordinates representing
proton transfer and Sn2 processes in vertical and horizontal axes,
respectively (b). The reaction coordinates of proton transfer and Sy2
reaction are defined as the distance differences r(O4'-H4')-r(O2-H4')
and r(C1-01)-r(C3'-C1), respectively. The PES was plotted using the
single-point energies calculated at geometries optimized with fixed
reaction coordinates, sampled at intervals of 0.1 A (vertical axis) and 0.3
A (horizontal axis). The single-point calculations were performed at the
B3LYP-D3/6-311+G(2d,2p) with the PCM model. The geometry opti-
mizations with constrained reaction coordinates were carried out at
the B3LYP-D3/6-31G(d,p) level. The red stars represent the structures
shown in Fig. 3a. The black dots indicate the IRC pathways from TSq_1
and TS;_,. The white line represents the concerted pathway.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the Sy2 reaction (from INT1 to INT2) are represented by the
differences in the bond distances formed and cleaved during
the transformation from INTO to INT2 (Fig. 5a). In Fig. 5b, the
vertical axis represents the reaction coordinates of proton
transfer, defined as the difference between the 0O4’-H4' and
H4'-02 distances, whereas the horizontal axis represents the
reaction coordinates for the Sy2 reaction, defined as the
difference between the C3'-C1 and C1-01 distances. The reac-
tion pathway along the vertical axis followed by that along the
horizontal axis describes a stepwise mechanism, whereas the
pathway following the diagonal across the PES represents
a concerted mechanism. The PES map reveals a significant
energy barrier in the central region, effectively ruling out the
possibility of a concerted mechanism. Additionally, a substan-
tial barrier along the horizontal axis from INTO indicates that C-
glycosylation does not begin with the Sy2 reaction. These
findings confirmed that the identified pathway, in which proton
transfer preceded the Snx2 reaction, accurately described the
mechanism of C-glycosylation.

3.2. Effect of the basic residue His-27

To examine the effect of the basic residue His-27 on this reac-
tion, we focused on the mutant H27A, in which His-27 in GgCGT
was replaced with alanine (Ala-27). This H27A mutant was
experimentally synthesized and was known to hardly catalyze
the C-glycosylation of phloretin 1."* We created a model of the
H27A mutation (Fig. 6a) and calculated the energy profile from

(a) GgCGT (wild type)

3
’
5]

H27A (mutant)

i

His-27 Ala-27
(b)
27.4
= GgCGT (wild type) (27.7)
- = H27A (mutant) jr—
L —
g TS INT1 7 233%
w 9.3 8 . ) 8.9
£ (12.2) (11.2) 7/ TS12 . (7.8)
o / e — —
= " 6.4 6.7
o ab (10.0) (7.8) 15
< - :
(0.0) / i )
;
INTO INT2

Proton transfer S\2 reaction

Fig.6 The model GgCGT (wild type) and its mutant H27A, where His-
27 in the GgCGT was replaced by alanine (a). The Gibbs free energy
profile (in kcal mol™) of C-glycosylation of 1a catalyzed by the model
GgCGT and H27A (b). The electronic energies are in parenthesis.
Energy references of the GgCGT and H27A systems are their starting
structures, which correspond to INTO in Fig. 3a. The single point
calculations at B3LYP-D3/6-311+G (2d, 2p) with the PCM model were
performed at the geometries optimized at B3LYP-D3/6-31G (d, p).
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1a to 5a through the proton transfer and Sx2 reaction. As shown
in Fig. 6b, the formation of 5a from 1a was much more endo-
thermic (AG = 8.9 kcal mol™") with the H27A mutant than with
the wild type (GgCGT). This indicates that proton abstraction by
His-27, which did not occur in the H27A mutant, contributed to
stabilizing 5a. Additionally, the activation barrier at the rate-
determining step (Sn2 reaction) with the H27A mutant was
3.1 keal mol™" higher than that with the wild-type. To under-
stand the origin of the difference in the activation barrier,
energy decomposition analysis (EDA) was performed, which
divided the activation barrier into contributions from interac-
tion and deformation (see Fig. S4). The difference in the acti-
vation barrier was attributed to the interaction energy between
the enzyme and the other compounds (1a and 2a). This result
indicated that His-27 acted as an activator as a basic residue, as
well as a base to abstract a proton, leading to the formation of
5a.

3.3. Origin of the selectivity for C- and O-glycosylation

To understand the origin of the regioselectivity (i.e., selectivity
for C-glycosylation and O-glycosylation) for phloretin 1 in
GgCGT, we investigated the reaction profile of O-glycosylation of
the model phloretin 1a, which does not actually proceed with
GgCGT. The O-glycosylation could occur via two pathways: the
nucleophilic attack on the anomeric C atom of glucose by the 2'-
O and the 4'-O of 1a (see Fig. 7a and b, respectively). The
nucleophilic attack by 2’-O could be activated by His-27, as
described in Scheme 2a. Though INTO exhibited an H-bond
between 2/-OH and His-27 (see N-H bond distance of 1.58 A
in Fig. 4a), the activation barrier of the O-glycosylation was as
high as 35.5 kcal mol™" (TS,_s in Fig. 7c). The IRC calculation
from TSy_s revealed that the reaction via TSy 5 was a concerted
pathway and started with proton transfer from 1a to His-27,
followed by the nucleophilic attack on anomeric C atom by 2’
O and then UDP dissociation (Fig. S5). The high activation
barrier could be attributed to the lack of an H-bond network
between 1a and 2a, which stabilizes INT0. Additionally, the
negative charge was more localized on the UDP in TSy s and
INT5 than in TS;, and INT2 because of the lack of proton
transfer from 1a to UDP (Fig. 3a), which could also cause the
instability of TS5 and INT5.

Another possible O-glycosylation pathway, the nucleophilic
attack by 4’-O of 1a, could be activated by the proton abstraction
from 4’-OH, i.e., the formation of INT1. Thus, we attempted to
obtain the TS of this nucleophilic attack while maintaining the
H-bonds in INT1. However, such a structure was impossible
owing to the strong fixation of relative orientation between 1a
and glucose via two H-bonds (see Fig. 4b for OH bonds in INT1
with distances of 1.59 and 1.96 A). To form the bond between 4'-
O of 1a and anomeric C of glucose, two H-bonds between 1a and
2a had to be dissociated (see OH bonds with 2.58 and 2.37 A in
Fig. 8a), resulting in an activation barrier of 25.6 kcal mol *
(TS;_6), which was 1.3 kecal mol ™" higher than that of C-glyco-
sylation through TS; , (Fig. 7c). The corresponding product
INT6, which yielded neutral O-glycoside and UDP>”, was
10.9 kecal mol™" less stable than INT2 despite retaining the
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Fig. 7 Two possible GgCGT catalyzed O-glycosylation pathways: 4'-
O-glycosylation where INT1 formation precedes (a) and 2'-O-glyco-
sylation starting from INTO (b). The Gibbs free energy profiles
(in kcal mol™) of the 4'-O- and 2'-O-glycosylations are shown in red
and blue, respectively (c). The electronic energies (in kcal mol™) are in
parenthesis. The single point calculations at B3LYP-D3/6-
311+G(2d,2p) with the PCM model were performed at the geometries
optimized at B3LYP-D3/6-31G(d.p).

aromatic character of the phloretin moiety. The instability of
INT6 could be due to the absence of proton transfer from the
phloretin moiety to His-27, like INT2 of the H27A mutant (see
Fig. 6 and 8b). As mentioned above, both the 2’-O- and 4'-O-
glycosylations had higher activation barriers than the C-glyco-
sylation in Fig. 3, which was mainly due to the lack of H-bonds
between 1a and 2a.

The mechanism of O-glycosylation obtained in this study,
namely that protonation of the diphosphate leaving group
promotes O-glycosylation, is similar to the previous studies on
other O-glycosyltransferases.”” Specifically, this proton has been
reported to be supplied by a serine residue in LanGT2 (ref. 27a)
and by a water molecule in RrUGT3.?”” Our study of C-glyco-
sylation reveals that the diphosphate is protonated via a relay
from the aglycone substrate, which demonstrates that the
protonation of the diphosphate moiety is a fundamentally
important step in C-glycosylation, just as it is in O-glycosylation.
Notably, whereas the aforementioned O-glycosyltransferases
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O-glycoside

Fig. 8 Geometries around the reaction center in TS;_¢ (a) and INT6
(b). Numbers in black and orange represent atomic distances in A and
position numbers shown in INTO in Fig. 3a, respectively. Atoms fixed
during the geometry optimization were omitted. Their full views are
also shown in Fig. S6.

utilize an enzyme residue or a solvent molecule, the proton
source for this C-glycosylation reaction is the substrate itself.
This mechanistic divergence not only distinguishes C-glycosyl-
ation from O-glycosylation but also provides a basis for the
enzyme's substrate selectivity.

Our proposed mechanism provides a plausible explanation
for the experimentally observed selectivity toward certain
substrates. For example, substrates containing a flopropione
moiety, including phloretin, possess two potential reaction sites
corresponding to those identified in Fig. 4 (ie., the 2/,3',4'-
positions and 6,5’ ,4-positions in 1a). This structural feature
enables initial C-glycosylation at the 3’-position, followed by
a second C-glycosylation at the 5’-position, accounting for the
formation of di-C-glycosides (see Fig. S7). Similarly, substrates
containing a 2/,4’-dihydroxybenzene moiety offer only a single
reactive site and therefore yield mono-C-glycosides, consistent
with our mechanism. However, some substrates bearing the
same reaction centers exhibit different selectivity.* This
discrepancy is likely attributable to interactions between
GgCGT and substrates far from the reaction center that are not
captured in our current cluster model. To achieve a more
comprehensive understanding of substrate scope and selec-
tivity, calculations accounting for the overall GgCGT structure
will be essential. Such studies are currently in progress and will
be reported in due course.

4. Conclusions

We elucidated the reaction mechanism of GgCGT-catalyzed
mono-C-glycosylation of phloretin with the coenzyme UDP-
glucose. The most favorable reaction pathway starts with
proton transfer from phloretin to the glucose moiety of UDP-
glucose, followed by the Sy2 reaction, which involves the
nucleophilic attack of phloretin on the glucose moiety and
dissociation of UDP. This enzymatic reaction pathway afforded
a non-aromatic intermediate, which was then promptly re-
aromatized to produce a mono-C-glycoside, even in the
absence of an enzymatic environment. The role of amino acids
around the active site of GgCGT was also analyzed. The most

© 2025 The Author(s). Published by the Royal Society of Chemistry
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important residue, His-27, fixes the orientation of phloretin and
stabilizes the TS of the rate-determining Sy2 reaction as well as
the non-aromatic intermediate via proton abstraction from the
phloretin moiety. Other residues mainly contributed to fixing
the conformation of phloretin and UDP-glucose through an H-
bond network. The role of His-27 in stabilizing the TS and the
product of the Sy2 process was also confirmed by comparing the
energy profiles of the same reaction catalyzed by GgCGT and its
mutant, where His-27 was replaced by alanine. To understand
the origin of the regioselectivity, i.e., the selectivity for C- and O-
glycosylation, the reaction pathway for O-glycosylation was
examined. We revealed that proton transfer from phloretin to
the glucose moiety also accelerated O-glycosylation, which
differed from the previously proposed mechanism. The activa-
tion barrier for the O-glycosylation was 1.3 kcal mol ™" higher
than that for the C-glycosylation, mainly owing to the structural
constraints by H-bond network among phloretin, glucose, and
GgCGT. To the best of our knowledge, this is the first elucida-
tion of a detailed mechanism for the enzymatic C-glycosylation.
The finding that characteristic proton transfers are crucial has
provided a new idea for enzyme design strategies.
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