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Abstract

C-glycosyltransferases (C-GTs) offer selective and efficient synthesis of natural prod-

uct C-glycosides under mild reaction conditions. In contrast, the chemical synthesis of

these C-glycosides is challenging and environmentally harmful. The rare occurrence of

C-glycosylated compounds inNature, despite their stability, suggests that their biosyn-

thetic enzymes, C-GTs, might be scarce. Indeed, the number of characterized C-GTs is

remarkably lower than O-GTs. Therefore, discovery efforts are crucial for expanding

our knowledge of these enzymes and their efficient application in biocatalytic pro-

cesses. This study aimed to identify new C-GTs based on their primary sequence. 18

new C-GTs were discovered, 10 of which yielded full conversion of phloretin to its

glucosides. Phloretin is a dihydrochalcone natural product, with its mono-C-glucoside,

nothofagin, having varioushealth-promoting effects. Several of these enzymesenabled

highly selective production of either nothofagin (UGT708A60 and UGT708F2) or

phloretin-di-C-glycoside (UGT708D9andUGT708B8).Molecular docking simulations,

based on structural models of selected enzymes, showed productive binding modes

for the best phloretin C-GTs, UGT708F2 and UGT708A60. Moreover, we character-

izedUGT708A60as ahighly efficient phloretinmono-C glycosyltransferase (kcat =2.97

s‒1, KM = 0.1 μM) active in non-buffered, dilute sodium hydroxide (0.1–1 mM). We

further investigated UGT708A60 as an efficient biocatalyst for the bioproduction of

nothofagin.
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1 INTRODUCTION

C-glycosylation seems to occur scarcely in Nature, with C-glycosides

being not as abundant as O-glycosides and the number of reported

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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natural C-glycosyltransferase (C-GT) enzymes few.[1–3] C-GTs have

considerable biotechnological potential due to their unique ability to

form C-glucosides with antidiabetic, antioxidant, antinociceptive, anti-

cancer, anti-inflammatory, and hepatoprotective activities, as well as
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having high metabolic stability.[4,5] The first studies of C-GTs were

published in the early 2000s[6–8] with the majority of known C-GTs

discovered within the last few years.[9,10] Most reported C-GTs are

from plants, display the GT-B structural fold,[11] utilize UDP-Glc as

glycosyl donor, and react on the aromatic ring of specific hydroxy-

lated acceptors.[1,3] These C-GTs belong to the glycosyltransferases

family 1 in the Carbohydrate Active enZyme (CAZy) classification.[12]

Early C-GT discovery studies were motivated by the presence of

C-glycosylated compounds in particular organisms such as Puer-

aria lobata[13] and Glycyrrhiza glabra[14] and species of bamboo and

cereals.[9,15] Fundamental properties thatmakeC-GTdiscovery partic-

ularly challenging, include their high sequence similarity with related

O-glycosyltransferases (O-GTs), and the occurrence of both C- and O-

glycosylation activities in a single enzyme towards related compounds

or even the same aglycon.[14,16] Moreover, the C-glycosylation activ-

ity of a C-GT might be shifted to O-glycosylation by simple amino

acid substitutions;[17] with some C-GTs capable of forming all four

types of glycosidic linkage (C-, O-, N-, and S-).[14,18] In this study, we

aimed to discover new C-GTs based exclusively on the protein pri-

mary sequence. C-GT candidates from different plants were selected

based on sequence identity (>53%) with known C-GTs and/or specific

sequence motifs; DPF and DPFXL motifs were previously described

in the majority of reported C-GTs.[1] In addition, we selected for the

PSPG (plant secondary product glycosyltransferase) consensus motif,

which is conserved among UDP-dependent glycosyltransferases.[19]

C-GT candidates were recombinantly overproduced in Escherichia

coli, partially purified, and screened for activity towards common

C-glycosylation acceptor substrates. 18 new phloretin C-GTs were

discovered, with four of them yielding a single product, that is,

either nothofagin or phloretin-di-C-glycoside. These four were fur-

ther investigated functionally and structurally using AlphaFold and

molecular docking. Specifically, this study identifies UGT708A60 from

Hordeum vulgare (barley) as a highly active phloretin mono-C-GT form-

ing nothofagin, and characterizes it biochemically by estimating its

kinetic parameters as well as pH and temperature optima.

2 MATERIALS AND METHODS

2.1 Reagents and chemicals

Phloretin, phlorizin dehydrate (both ≥99%) and naringenin (≥95%)

were purchased from Sigma-Aldrich. Nothofagin (>98%), vitexin

(≥97%), and isovitexin (≥98%)werepurchased fromCarbosynth, Santa

Cruz Biotechnology and Merck chemicals, respectively. All reagents

were analytical grade.

2.2 Sequence selection

Full-length UGT sequences were selected from UniProt/GenBank

databases according to the following criteria: (i) a sequence iden-

tity > 50% with at least one of six reported C-GTs (FcCGT from Citrus

japonica, GgCGT from Glycyrrhiza glabra,MiCGT fromMangifera indica,

OsCGT from Oryza sativa, GmCGT from Glycine max and ZmCGT from

Zea mays); (ii) the presence of the PSPG and the DPF motifs; (iii)

a SolutProt score > 0.25 (https://loschmidt.chemi.muni.cz/soluprot/);

and (iv) nomore than one sequence from each species. In addition, two

sequences from Solanum species (UGT708AE2 and UGT708AE1, from

Solanum lycopersicum and Solanum tuberosum, or tomato and potato,

respectively) with theDPFIMmotif were included, since this motif was

not present in any other sequence. The proteins were then named by

the UGTNomenclature Committee.[20]

2.3 Protein production in E. coli and purification

Plasmids encoding the UGTs were synthesized by Biomatik (Canada)

and cloned in the pET28a(+) vector (Novagen) using the NcoI

and XhoI restriction sites. The protein coding sequence was lack-

ing the start methionine and contained an N-terminal sequence

consisting of a 6xHis-tag and a TEV cleavage site as follows:

MGHHHHHHDYDIPTTENLYFQGS. E. coli BL21 Star (DE3) cells were

transformed with the plasmids and precultures grown overnight in LB

medium supplemented with 50 mg/L kanamycin at 37◦C. Main cul-

tures were prepared by adding 5 mL (1:100 v/v) overnight culture to

500ml of 2xYT culturewith 50mg/L kanamycin and grownat 37◦Cand

220 rpm until OD600 = 0.5–0.7. The cultures were induced with 0.25–

0.5mM IPTGand grown for approximately 22 h at 20◦C. The cellswere

harvested by centrifugation and at 4◦C and resuspended in lysis buffer

(50 mMHEPES, 300 mMNaCl, pH 7.6, with 20 mM imidazole) supple-

mented with 0.4 mgDNAse I. The resuspended cells were subjected to

cell lysis using 2–2.5 runs of Avestin emulsiflex C5 (ATA Scientific Pty

Ltd., Canada), and the lysate was clarified by centrifugation at 14,500

× g at 4◦C for 50 min. The supernatant containing the target proteins

was filteredwith 0.22 μMfilter and loaded into 1ml prepackedHisTrap

FF column. The column was previously washed and equilibrated with

10 column volume (CV) of the same buffer (50 mM HEPES, 300 mM

NaCl, pH7.6, with 20mM imidazole). After protein binding, the column

waswashedwith 18 CV of wash buffer: (50mMHEPES, 300mMNaCl,

pH 7.6, with 35 mM imidazole). Proteins were eluted with 14 CV imi-

dazole gradient from 35 to 500 mM. The elution peak fractions were

pooled together and concentrated using centrifugal filters (MW cutoff

30 kDa). The total concentration of partially purified proteinswasmea-

sured by spectrophotometric measurements at 280 nm in a NanoDrop

Instrument (ThermoFisher Scientific, Wilmington, USA). The sample

purity was assessed using SDS-PAGE.

For the enzyme characterization, UGT708A60 was further purified

using a 1 ml prepacked HisTrap FF column. The UGT708A60 peak

fractions, from the previous purification as described above, were con-

centrated, and buffer exchanged using a 15-ml centrifugal filter (MW

cutoff 30 kDa) to the following buffer: 25 mM HEPES, 150 mM NaCl,

pH 7.5, with 0.5 mM EDTA and 1 mM DTT. Tobacco Etch Virus (TEV)

protease (10 μg/ml final, produced in house using the pRK793 plas-

mid) was added to the sample and TEV cleavage was carried out at

10◦C for 5 h. The sample was then loaded in the HisTrap FF column,
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which was equilibratedwith 25mMHEPES, 150mMNaCl, pH 7.5, and

purification performed using a gradient from 0 to 250 mM imidazole

with the same buffer. The flow-through fractions with UGT708A60

were collected and concentrated in the storage buffer (25 mMHEPES

150mMNaCl, pH 7, 1mMDTT). The sample purity was analyzed using

SDS-PAGE andwas>85% (Figure S2).

2.4 In vitro activity screening

In vitro glycosylation reactions with the partially purified protein sam-

ples were carried out in a total reaction volume of 25 μl. The reaction
mixture contained 25 mM HEPES buffer, pH 7, 100 μM phloretin or

50 μM nothofagin, phlorizin, apigenin or naringenin, 250 μM UDP-

glucose and 50–250 μg/ml of enzymes. The control was made with the

reaction mixture without the enzyme. The reaction was carried out at

30◦Covernight. After incubation, the reactionwas quenchedby adding

25 μl of ice-cold acetonitrile.

2.5 Phloretin C-glucosylation by selected UGTs

To investigate phloretin mono and di-C-glycosylation reactions over

time, phloretin concentration was increased 10-fold with respect to

the screening experiment, from 100 μM to 1 mM, and total protein

concentration decreased to 75 μg/ml. These reactionswere performed

in a 25 μl starting volume, with 5 μl samples taken after 5 min, 2 h,

4 and 22 h. The reaction mixture consisted of 25 mM HEPES buffer,

pH 7, 1 mM of phloretin, 5 mM of UDP-Glc and 75 μg/ml total pro-

tein (partially purified samples) and the reactions performed at 30◦C

and overnight. The different time point samples were quenched with

acetonitrile and analyzed via HPLC.

2.6 Biochemical characterization of UGT708A60

For the identification of the pH optimum of the enzyme, activity was

investigated in 100 mM Tris-BisTris Buffer, pH 5‒10, with 0.1 μg
UGT708A60, 25 μM phloretin and 100 μMUDP-Glc. 10 μl of reaction
were quenchedwith 240 μl 0.1% acetic acid after a few seconds, 2, 4, 6,

and8min. The activity ofUGT708A60 at higher pHswere also checked

in either in 0.03 and 1 mM sodium hydroxide with 100 mMNaCl, 1 μg
enzyme, 100 μM phloretin (dissolved in 400 μM NaOH) and 250 μM
UDP-Glc.

For the identification of the temperature optimum, the activity of

0.1 μg of enzyme towards 200 μM phloretin was assayed in 100 mM

Tris-BisTris buffer, pH 10, with 800 μMUDP-Glc. These reactionswere

carried out at 30‒52◦C in a thermocycler. The reactions were stopped

by addition of 240 μl acetic acid (0.1%) to 10 μl of the reactionmix after

5, 15, 60, and 180min.

For the kinetic characterization, the activity of 0.6 ng enzyme was

assayed towards 0.1‒6 μMphloretin in 100 mM Tris-BisTris buffer, pH

10, with 500 μMUDP-Glc at 45◦C. The reaction was initiated by addi-

tion of phloretin and quenched with acetic acid after 5 min. The μM of

product formed was obtained from the peak area and the correspond-

ing substrate concentration. KM and kcat values were determined using

the Michaelis-Menten or Haldane (substrate inhibition) models, using

the drc package in Rstudio 2022.02.0+443.

Time dependent conversion was carried out in 100 mM Tris-BisTris

buffer, pH 10, with 10 μg/ml of enzyme, 250 μM phloretin and 1 mM

UDP-Glc in 1 ml reactions. After addition of phloretin, the sample was

immediately placed in the HPLC sampler at 22◦C and 2 μl of the reac-
tion media were injected and measured every 6 min on the HPLC (see

below).

2.7 HPLC analysis

The reaction mixture was analyzed by reversed-phase HPLC using

an Ultimate 3000 Series apparatus (Thermo Fisher) and a kinetex

2.6 μm C18 100 Å 100 × 4.6 mm analytical column (Phenomenex).

Mixtures of water and acetonitrile containing 0.1% formic acid were

used as the mobile phase. A gradient from 5% to 25% acetonitrile

for 1.5 min followed by gradients from 25% to 80% for 2 min and

from 80% to 100% for 1.5 min were applied for the separation of

phloretin and its glucosides as well as apigenin and naringenin reac-

tions. The flow rate was 1 ml/min, and most analytes were detected

at 290 nm. Apigenin, vitexin and isovitexin were detected at 320 nm.

Authentic standards of phloretin, nothofagin, phlorizin (phloretin 2′-
β-O-glucoside), vitexin (apigenin 8-β-C-glucoside) and isovitexin (api-

genin 6-β-C-glucoside) were used for the identification of glycosylation
specificity. O-glucosylation specificity for naringenin reactions were

identified by using UGT708A6 reaction product.[21] The HPLC data

was monitored and quantified via the Chromeleon software (Thermo

Fisher) using the area under a peak.

2.8 Sequence analysis and structure modelling

The CLC Main Workbench software (version 22.0.1) was used for the

multiple sequence alignment (MSA) and maximum likelihood phyloge-

netic tree amino acid sequences of C-GTs and O-GTs. The alignment

mode was very accurate (slow), gap open cost was 10.0 and gap

extension cost was 1.0. The following parameters were applied for

maximum likelihood phylogeny: neighbor joining method for the start

tree construction,WAGprotein substitutionmodel andbootstrapanal-

ysis with 100 replicates. Protein structural models were generated by

using AlphaFold v2.0, using all available structural homologs, and the

database search preset was set to “reduced_dbs.”[22] Only the high-

est ranking (in pLDDT score) models were used in further analyses

(Table S2).

2.9 Molecular docking

Binary complexes of protein and sugar donor were obtained by

structurally aligning protein model structures on the crystal

structure of PtUGT1 from Polyngonum tinctorium, which has a
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TABLE 1 Conversion of common C-glycosylation substrates by C-GTs candidates

C-GT Phloretin (C-/O-) Nothofagin (-C) Phlorizin (O- to C-) Apigenin (C-/O-) Naringenin (O-)

UGT708G4 +, C- ++ - - +

UGT708AC1 +, C- ++ - - -

UGT708N1 +++, C- +++ ++ ++,O- +

UGT708AC2 +++, C- +++ - +, C- ++

UGT708AE1 ++, C- ++ - - -

UGT708AD1 ++, C- + - - -

UGT708H7 ++, C- - - - +

UGT708H8 +, C- - - - -

UGT708F1 +, C- - - - -

UGT708B1 +++, C- +++ + - ++

UGT708D9 +++, C- +++ ++ - +

UGT708AF1 +++, C- + - - +

UGT708D10 +++, C- +++ + - ++

UGT708AE2 +, C-,O- ++ - - +

UGT708F2 +++, C- +++ - - +

UGT708B8 +++, C- +++ + ++,O- ++

UGT708AF2 +++, C- ++ - - +

UGT708A60 +++, C- ++ + ++,O- ++

Note: -no conversion,+conversion< 10%,++> conversion> 10%,+++conversion> 90%.

bound UDP-glucose molecule in its active site (6SU6.pdb).[23] The

phloretin molecule was added by docking into the acceptor bind-

ing site of the binary complexes, using gnina v1.0.1 software,[24]

a fork of smina,[25] itself a fork of AutoDock Vina.[26] PyMOL

(v2.4.0) was used for superimposition and visualization of resulting

structures.[27]

2.10 Estimation of raw material costs

Reaction conditions for the cyclodextrin-containing process were

taken fromSchmölzer et al.[28] as follows: 120mMphloretin, 300mg/L

UGT, 1 mM UDP, 150 mg/L SuSy, 115 mM cyclodextrin inclusion com-

plexes, 97% conversion, and theoretically scaled to produce 1 g of

nothofagin. Reaction conditions for the process described in this work

were identical to those used for phloretin C-glucosylation by selected

UGTs: 1 mM phloretin, 75 mg/L UGT, 1 mMUDP, 25 mMHEPES, pH 7,

100% conversion, and scaled to produce 1 g of nothofagin. The price of

phloretin (4000USD/kg) was the average of the selling price from ven-

dors found through PubChem. The price of UGT enzymes (25 USD/kg)

was conservatively taken from previously published studies.[29,30] The

prices of UDP (50 USD/kg) and UDP-Glc (84.9 kUSD/kg) were the

cheapest available online (AliBaba and Carbosynth, respectively). The

cost of water (0.0077 USD/kg) is based on proprietary information

about ROpurifiedwater fromBioBased Europe pilot facility in Belgium

(http://www.bbeu.org/pilotplant). The price of HEPES (0.059 USD/kg)

is that of bulk traded (https://www.zauba.com).

3 RESULTS AND DISCUSSION

To explore the activity of putative plant C-GT candidates, we

selected UGT sequences (Table S1) with > 53% sequence similar-

ity to reported C-GTs (FcCGT from Citrus japonica,[10] GgCGT from

Glycyrrhiza glabra,[14] MiCGT from Mangifera indica,[16] OsCGT from

Oryza sativa,[15] GmCGT from Glycine max[31] and ZmCGT from Zea

mays[21]). All sequences contained DPF and PSPG motifs. Candidates

were expressed in E. coli and partially purified for in vitro assaying.

Their activities on the common C-glycosylation substrates phloretin,

its C-glucoside nothofagin as well as phlorizin, apigenin and naringenin

weremeasured (Table 1). Therewere only trace amounts of apigeninC-

glucosidedetectable in the reactionwithUGT708AC2,whereas almost

all investigated enzymes showed C-glycosylation activity towards

phloretin and nothofagin. Ten C-GT candidates yielded complete glu-

cosylation of phloretin, whereas the others did not reach complete

conversion of 100 μM phloretin after 22 h (Table 1 and Figure S1).

Phloretin di-C-glucoside was detected as the final product for most of

the C-GT reactions with 100 phloretin and as the sole product with

50 μMnothofagin. Seven enzymes could C-glycosylate 50 μMnothofa-

gin with conversion > 90%. Six enzymes could use phlorizin (phloretin

2′-β-O-glucoside) instead of phloretin as aglycon, however, their activ-
ities were rather low (Table 1). Besides that, several enzymes were

identified as bifunctional (C- and O-) displaying low O-glycosylation

activity towards a flavone substrate apigenin and a flavanone narin-

genin as well. Since the samples used for this initial activity screening

were only partially purified, absolute comparison of the enzymatic
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F IGURE 1 C-glucosylation of phloretin (orange) to nothofagin (blue) and phloretin di-C-glucoside (green). (A) Chemical structures involved in
the glucosylation reactions of phloretin, phlorizin (phloretinO-glucoside) in pink. (B) Substrate and product distribution in reactions by 10 selected
C-GTs after 22 h. Peak area shown as percentage of the total peak of phloretin and its glucosides.

activitieswas not possible at this point.However,we further character-

ized the 10 enzymes yielding complete glycosylation of phloretin. First,

we followed nothofagin and phloretin di-C-glucoside formation over

time,withmodified reaction conditions, in order to observedifferences

in reaction rates of these enzymes. Indeed, five C-GTs (UGT708AC2,

UGT708B1, UGT708D9, UGT708D10, and UGT708B8) were able

to form predominantly (>80%) di-C-glucoside after 22 h whereas

the mono-C-glucoside nothofagin was present as the main prod-

uct for UGT708N1, UGT708AF1, UGT708F2 and UGT708A60 and

UGT708AF2 showed only ≈50% conversion of phloretin (Figure 1B).

These enzymes could also further convert nothofagin to phloretin

di-C-glucoside to a lesser extent (12.0% for UGT708N1, 3.5% for

UGT708AF1, 22.1% for UGT708F2, 0.7% for UGT708A60, and 2.9%

for UGT708AF2).

Further, we selected 2 mono- and 2 di-C-glycosyltransferases with

highest protein productivity per liter of E. coli culture (>1 mg/L) to

observe their product formation at different time points; after 15 min,

2, 4, and 22 h (Figure 2). Interestingly, phloretin di-C-glucoside was

detected as themajor product forUGT708D9andUGT708B8after 2 h

(Figure 2A,C), whereas UGT708F2 and UGT708A60 produced almost

only nothofagin at all investigated time points. UGT708F2 displayed

only low di-C-glucosylation activity within 22 h (Figure 2B) and it was

negligible for UGT708A60 (Figure 2D).

To investigate structural differences responsible for the different

mono- and di-C-glucosylation preferences for the four enzymes, struc-

tural models using AlphaFold2 were generated.[22] Structural analysis

of four selected UGTs was assessed, including the binding of phloretin

in presenceof bothdonor (UDP-glucose, superimposed) and the accep-

tor phloretin. We investigated three parameters to assess if a docking

pose could be reactive, relative nucleophilic attack distance (distance

C1glc-C3’phlo, Figure 3A), deprotonation of the phenolic oxygen by the

catalytic histidine (distance NδHis-OH2’phlo), and orbital angles (angle

between the vector perpendicular to the A aromatic ring of phloretin

and theC1glc-O1glc bond, Figure3B). Reactive poses for phloretinwere

obtained for bothUGT708F2 andUGT708A60, presenting coplanarity

angles of 13.5◦ and 17.2◦, respectively, C1glc-C3’phlo distances of 4.5

Å and 4.4 Å, respectively, and NδHis-OH2’phlo distances of 3.2 Å for

both (Figure 3). On the other hand, the pose yielding phloretin best

positioned for a C-glucosylation reaction, according to angles and dis-

tances, in UGT708D9 and UGT708B8 presented the aromatic A ring

in a tilted orientation (41.1◦ and 31.6◦ angles), and in UGT708B8,

the nucleophilic attack distance was too long (5.5 Å, Figure 3). These
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6 of 10 PUTKARADZE ET AL.

F IGURE 2 Mono- and di-C-glucosylation of phloretin by: (A) UGT708D9, (B) UGT708F2, (C) UGT708B8, and (D) UGT708A60within 22 h.
Peak area shown as percentage of the total peak of phloretin and its glucosides.

observations are consistent with UGT708F2 having the most efficient

phloretin mono-C-glycosylation activity, and UGT708B8 having the

worst (Figure 2B,C).

All four enzymeshave the residuesknown toenableC-glycosylation:

the DPF motif (90-92), the catalytic dyad H24 and D121, and R283

(indexing from UGT708A60).[31] Notably, in all modelled structures,

R283 forms a salt bridge with the D90 of the DPF motif (only D is

shown in Figure 3). Interestingly, this Arg, which is not otherwise con-

served in the GT1 family, was found to be present in all 18 sequences

selected based on this DPF motif (Figure S3). Chen and colleagues

analyzed two highly similar enzymes (91% sequence identity) from

Mangifera indica, MiCGT and MiCGTb, which catalyze either mono-

(MiCGT) or di-C-glycosylation (MiCGTb).[16,18,32] It was shown that

I152 of MiCGTb had a crucial role in di-C-glycosylation, and its muta-

tion to glutamate converted the enzyme to a mono-C-GT. Moreover,

theMiCGTmutant E152I efficiently catalyzed di-C-glucosylation, con-

vincingly pinpointing residue 152 as the determining factor between

these two enzymes.[18] They also reported thatMiCGTmutants E152F

and E152C produced di-C-glucosides with ∼20% and ∼10% conver-

sion rates, respectively. However, UGT708D9 and UGT708B8, where

the analogous residues are F150 and F148, respectively (Figure 3),

achieve complete di-C-glycosylation, while UGT708F2 (F153) and

UGT708A60 (C153) have severely reduced di-C capability. Hence,

while the residue 152 was the essential discriminant in the Mangifera

indica enzymes, it does not expand to the proteins analyzed here.

Chen and co-workers proposed that the 152 position had an effect

on the active site size, and that di-C-glucosylation was allowed by

the wider active site. A similar observation was reported in a sperate

study with another di-C-glycosyltransferase GgCGT.[14] However, the

comparison of modelled structures revealed that bi-C-glycosylation

capable UGT708D9 and UGT708B8 had smaller binding sites, when

compared with UGT708F2 and UGT708A60. Indeed, UGT708D9, the

most proficient at di-C, presents bulky hydrophobic residues (W88 and

F120 instead of Phe and Ala/Thr in other three, respectively) that con-

siderably reduced the acceptor binding site size. UGT708B8, which

favors mono- over di-C by an order of magnitude, presents slightly

more spacewithM117 instead of Val/Ile. In contrast, all residues in the

binding site vicinity of UGT708F2 were equal or smaller in size than in

UGT708D9/UGT708B8, and UGT708A60, having the largest site, also

comprised C153 instead of phenylalanine, and A123 instead of thre-

onine/phenylalanine. Hence, between these four enzymes, the smaller

the active site, the more proficient at di-C-glycosylation the enzyme is

found to be.

We also performed amino acid sequence analysis of new

phloretin C-GTs in comparison with in-house phloretin O-GTs and

flavone/isoflavone C-GTs (Figure S3 and S4). Important to mention,

that the investigated phloretin GTs showed exclusively either O- (data

not shown) or C-glucosylation activity on phloretin. Interestingly,

none of the UGTs catalyzing solely the O-glucosylation of phloretin

contain the DPF motif and D-R combination as shown in Figure 3C-F.

Moreover, despite of the known close evolutionary relationship of

O- and C-GTs, all 18 C-GTs showed different grouping from phloretin

O-GTs and flavone/isoflavone C-GTs (Figure S4).

For the kinetic characterization we selected UGT708A60 due to

its ability for selective formation of nothofagin. pH optimum of the

enzyme was found to be at 9.5–10 and temperature optimum at 45◦C
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PUTKARADZE ET AL. 7 of 10

F IGURE 3 Parameters for reactivity assertion: (A) nucleophilic attack distance C1glc-C3’phlo and hydrogen bond distance NdHis-OH2’phlo are
shown in dotted lines, (B) coplanarity angle between vectors A and B and active sites of: (C) UGT708D9, (D) UGT708F2, (E) UGT708B8, (F)
UGT708A60with phloretin docked and key residues and differences between enzymes highlighted. Variable residues that form the binding pocket
are shown inmagenta. Chemically relevant distances aremeasured and presented in Å.

(Figure 4A,B). Peculiarly, the enzyme is also well active in pure NaOH

0.1–10mMsolutions. This curiously high pHoptimum is thought to not

be physiologically relevant as phloretin glycosylation by UGT708A60

should be cytoplasmic, at a pH of circa 7.5. Besides that, a time course

reaction was also performed at room temperature (Figure 4D), with

85% conversion of 250 μM phloretin achieved in 2 h. Further, we esti-

mated the kinetic constants of UGT708A60, with the apparent KM and

kcat values at pH 10 and 45◦C found to be 0.1 μMand 2.97 s‒1, respec-

tively. According to the BRENDA database on July 8th, 2022, it is the

lowest KM ever reported for a GT1 enzyme against any acceptor.[33]

Theenzymeefficiently catalyzes synthesis of nothofagin showing a cat-

alytic efficiency of 2.8 × 107 s–1 M–1 which is the highest reported so

far for selective nothofagin-producing enzymes (Table 2). The enzyme

also presents a slight substrate inhibition, that quickly plateaus at 1.60

s–1 (Figure S5). Another phloretin C-GT with a comparable catalytic

efficiency (>2.4 × 107 s–1 M–1) to UGT708A60 is FcCGT,[10] how-

ever, it was characterized as a di-C-GT producing both: phloretin and

nothofagin.

Although enzymatic conversion of phloretin to nothofagin is likely

competitive with conventional chemistry with respect to environ-

mental sustainability, it must also be economically feasible to be

implemented. The state-of-the-art of enzymatic nothofagin production

uses cyclodextrin to solubilize the hydrophobic phloretin.[28] We esti-

mate the raw materials of this approach to amount to 1536 USD per

gram of nothofagin produced, driven by the high price of cyclodextrin

(Table S3). If, instead, we propose to produce nothofagin at lower titers

with higher water consumption, as demonstrated here, thus omitting

the need for cyclodextrin, we arrive at a raw material cost of 556.8

USD per gram, or 5.9 if UDP-Glc is recycled with the SuSy system,

if compatible conditions could be found (e.g., regarding pH, fruc-

tose concentrations, etc).[28] This paves the way for biotechnological

production of this valuable compound.

4 CONCLUSIONS

C-glycosyltransferases (C-GTs) are attractive enzymes for biotechno-

logical production of valuable C-glycosylated polyphenols. However,

information about their substrates, specificity and reactionmechanism

are limited, due in part by the small number of these enzymes discov-

ered todate. Todiscover newC-GTs,wemined sequencedatabases and

successfully identified and produced 18 C-GTs, all presenting activity
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8 of 10 PUTKARADZE ET AL.

F IGURE 4 Biochemical characterization of UGT708A60. pH (A) and temperature (B) optima,Michaelis-Menten plot (C) and time course
reaction (D) within 210min at 298 K.

TABLE 2 Estimated catalytic values of UGT708A60 and previously reported C-GTs selective towards nothofagin production

C-GT kcat [s–1]
KM [µM]

phloretin

Catalytic efficiency

[s–1 M–1]

Specific activity

[nkatmg protein‒1]

OsCGT[34] 4.4 9 0.5× 106 85 (5.1± 0.3 U/mg)

OsCGT[15] 10.84 4.78 2.2× 106 0.587

MiCGTb[32] 0.79 166 0.047× 105 -

UGT708A60 2.97 0.1 2.8× 107 -

on the polyphenol phloretin. While the molecular discriminants that

govern the mono- and di-C-glucosylation balance could not be deter-

mined, we showed that a narrower active site does not necessarily

favor the mono-C-glucosylation. Our results suggest that previously

identified residues and properties do not translate to all the C-GT

enzymes. Hence, it is important to discover and report more systems

presenting either mono or di-C-glycosylation, to obtain a comprehen-

sive view of the mechanistic determinants. Moreover, we fully char-

acterized UGT708A60, and propose it as an efficient biocatalyst for

green and economically feasible production of the mono-C-glucoside

nothofagin.
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