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Abstract: «-L-rhamnosidases play a key role in the metabolism and biodegradation of
dietary flavonoid glycosides. We have developed a novel microplate spectrophotometric
method to rapidly evaluate the conversion rates and substrate selectivities of mesophilic
o-L-rhamnosidases towards citrus flavanone diglycosides by combining with a high-active
and thermophilic 3-D-glucosidase based on UV-visible spectral differences between cit-
rus flavanone diglycosides and the corresponding aglycones under alkaline conditions.
Furthermore, catalytic activities and enzyme kinetics of four o-L-rhamnosidases from
human gut bacteria on various dietary flavonoid glycosides with different glycosidic bonds
from various subclasses have been explored by HPLC. The «-L-rhamnosidase BtRha78A
specifically removed the rhamnose group from the flavones, flavanones and flavonols
diglycosides with the «-1,6 glycosidic bonds. Moreover, BtRha78A displayed higher cat-
alytic activities on the rutinose group at 7-OH of the aglycones than at 3-OH. HFM-RhaA
preferred to catalyze the flavones, flavanones and dihydrochalcones diglycosides with
the «-1,2 glycosidic linkages at the 7-OH. However, this enzyme also showed high cat-
alytic activity on the flavonol diglycoside rutin with the «-1,6 glycosidic bonds at the
3-OH. HFM-RhaC exhibited certain hydrolytic abilities towards all flavonoid diglycosides,
and displayed higher activities on the flavonoid diglycosides with the x-1,6 glycosidic
bonds. HFM-Rha78 weakly hydrolyzed the flavones, flavanones and dihydrochalcones
diglycosides with the «-1,2 glycosidic bonds, and the flavonols diglycosides with «-1,6
glycosidic bonds. All four a-L-thamnosidases from human gut bacteria did not exhibit
catalytic activity towards the flavonoid glycosides with the «-1 glycosidic bonds. It was
revealed that the a-L-thamnosidases from human gut bacteria possessed diverse substrate
selectivity on dietary flavonoid diglycosides. The structural basis for the specificity of
BtRha78A on the flavonoid diglycosides with «-1,6 glycosidic bonds and the preference of
HFM-RhaA on the flavonoid diglycosides with «-1,2 glycosidic bonds have been analyzed
by molecular docking.

Keywords: substrate selectivity; «-L-rhamnosidase; dietary flavonoid glycosides; human
gut bacteria

1. Introduction

a-L-Rhamnosidases (EC 3.2.1.40) specifically cleave the terminal o-L-rhamnose group
from plants natural glycosides including flavonoids glycosides and ginsenosides [1].
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a-L-Rhamnosidases have widely occurred in nature and been found in animals, plants
and microorganisms. o-L-Rhamnosidases have been classified into glycoside hydrolase
families GH28, GH78 and GH106. The cloned and characterized «-L-rhamnosidases
have been mainly distributed in the family GH78. To date, eight structures from
GH78 family «-L-rhamnosidases (Rha78s) have been resolved: the a-L-rhamnosidase
BsRhaB from Bacillus sp. GL1 (PDB id, 20KX) [2], the a-L-thamnosidase BtRha78A from
Bacteroides thetaiotaomicron VPI-5482 (BT1001, PDB id, 3CIH) [3], the «-L-rhamnosidase
DtRha from Dictyoglomus thermophilum H-6-12 (PDB id, 6160) [4], the x-L-rhamnosidase
KoRha from Klebsiella michiganensis KCTC 1686 (PDB id, 4XHC) [5], the x-L-rthamnosidase
SaRha78A from Streptomyces avermitilis (PDB id, 3W5N) [6], the a-L-thamnosidase N12-
Rha from Aspergillus niger TS528 (PDB id, 8IWF) [7], the o-L-rhamnosidase AoRhaA from
Aspergillus oryzae RIB40 (PDB id, SHMM) [8], and the a-L-thamnosidase AtRha from As-
pergillus terreus CCF 3059 (PDB id, 6GSZ) [9]. x-L-Rhamnosidases have turned out to be
a biotechnologically important enzyme for biotransformation of natural flavonoid digly-
cosides into the corresponding flavonoid glucosides with higher bioactivities and better
bioavailability. The flavonoids glucosides isoquercitrin, hesperetin-7-O-glucoside, and
prunin with higher bioactivities and better bioavailability have been produced from natural
flavonoids diglycosides by using the «-L-rhamnosidases or naringinase [10-13]. In the food
industry, the a-L-rhamnosidases have been used for the debittering of citrus fruit juices
and the improvement of wine aroma [14,15].

At present, the methods for measuring catalytic activities of the a-L-rhamnosidases
contained high performance liquid chromatography (HPLC) [16], thin-layer chromatog-
raphy (TLC) [17], and UV-visible spectrophotometry by using a synthetic substrate
p-nitrophenyl-o-L-rhamnopyranoside (¢pNPR) [18]. Although HPLC is accurate in quan-
tification, it has a slow detection speed. The TLC boasts low cost and simple operation.
However, it fails to quantify precisely. The substrate pINPR is suitable for rapidly detecting
catalytic activity and high-throughput screening of the «-L-rhamnosidases; however, it
is costly and has a significant structural disparity from natural flavonoid glycosides and
cannot genuinely reflect catalytic activity of the o-L-rhamnosidases on natural substrates.

Flavonoids are plant polyphenolic chemicals with diverse structures. According to
molecular structures, flavonoids could be divided into six subgroups: flavanones,
flavones, flavanols, flavonols, isoflavones, and anthocyanidins [19]. The flavonoids
have multiple therapeutic benefits and biological activities including anti-oxidation [20],
anti-inflammatory [21,22], anticancer [23], antiviral [24], antidiabetic [25], neuroprotec-
tion [26,27], cardiovascular protection [28]. Plants, fruits and herb-medicines are rich
source of dietary flavonoids. Natural flavonoids mainly exist in the form of glycosides
especially the diglycosides such as rutin, hesperidin, neohesperidin, naringin, narirutin,
diosmin, naringin dihydrochalcone, and neohesperidin dihydrochalcone (Figure 1). The
disaccharide moiety «-L-rhamnosyl-3-D-glucoside attached to the flavonoid aglycones at
the position 7-OH or 3-OH with a bitter taste. The disaccharide group mainly exists in
two forms. Naringin, neohesperidin and rhoifolin contain the neohesperidose, where o-L-
rhamnose and (3-D-glucose are linked by an «-1,2 glycosidic bond. However, hesperidin,
narirutin and rutin include the rutinose, with «-L-rhamnose and (3-D-glucose linked the «-
1,6 glycosidic bond. Additionally, the flavonoid rhamnosides are produced by transferring
the rhamnose group into the aglycones at the position 3-OH, which is called «-1 glycosidic
bond including myricetin, quercitrin and icariin. However, natural flavonoid diglycosides
display poor water solubility, low bioavailability and bioactivity. Enzymatic modification
of natural flavonoid diglycosides by the «-L-rhamnosidase generated the corresponding
flavonoid glucosides with better bioavailability and higher biological function [29-33].
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Figure 1. Molecular structures and subclasses of common dietary flavonoid glycosides.

Substrates R3 R7 R3’ R4 RS
Flavonols

Rutin O-Rut OH OH OH H
Troxerutin O-Rut O-EG O-EG O-EG H
Quercitrin O-Rha OH OH OH H
Myricetrin O-Rha OH OH OH OH
Icariin* O-Rha O-Glc H OCHs H
Flavones

Diosmin H O-Rut OH OCHs H
Rhoifolin H O-Neo H OH H
Flavanones

Hesperidin H O-Rut OH OCHs; H
Neohesperidin H O-Neo OH OCHs H
Methy hesperidin H O-Rut OCHs; OCHs; H
Naringin H O-Neo H OH H
Narirutin H O-Rut H OH H
Dihydrochalcones

Neohesperidin dihydrochalcone H O-Neo OH OCH: H
Naringin dihydrochalcone H O-Neo H OH H

* Icariin contain the 3-methylbut-2-enyl group at the C8-OH.

Glec: Glucose, Rha: Rhamnose, Rut: Rutinose, Neo: Neohesperidose, EG: Ethylene glycol

Owing to the differences in the substrate-binding pockets in the a-L-rhamnosidases

and molecular structures of various flavonoid glycosides, certain a-L-rhamnosidases exhibit

a preference for hydrolyzing the «-1,2 glycosidic bond or «-1,6 glycosidic bond in natural

flavonoid diglycosides. Therefore, different o-L-rhamnosidases exhibited diverse substrate

selectivities (Table 1). Exploring the substrate selectivities of the a-L-rhamnosidases is

helpful for selecting a suitable candidate for the preparation of high-value flavonoid

glucosides or aglycones. The a-L-rhamnosidases from human intestinal bacteria play a key

role in the biodegradation and metabolism of dietary flavonoid glycosides with diverse

sources and complex molecular structures into the glucosides and aglycones. The flavonoid

glucosides and aglycones exerting higher biological function and better bioavailability can
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then be absorbed and utilized by the human body. The diversity of human gut bacteria
varies greatly among different individuals, and the number and enzymatic properties of
the a-L-rhamnosidases from human gut bacteria in different individuals also vary greatly.
Therefore, elucidating structural basis for substrate selectivity of the x-L-rhamnosidases
from human gut bacteria on dietary flavonoid glycosides is crucial for understanding how
human gut bacteria metabolize dietary flavonoid glycosides.

Table 1. Substrate selectivities of reported bacterial GH78 family «-L-rhamnosidases on natural
flavonoid glycosides.

GenBank Selectivity on Natural Flavonoid

Enzymes Organism Accession Glycosides Ref.
RhaB Bacillus sp. GL1 BAB62315 Might catalyzed naringin [34]
BbRha Bifidobacterium breve 689b CP006715 Might hydrolyzed hesperidin, naringin 5,

and rutin

BdRham Bifidobacterium dentium K-13 AGS77942 Might biotransformed naringin (tmfi rutin [36]

Could not hydrolyze quercitrin
RamA Clostridium stercorarium AJ238748 Might hydrolyzed hesperidin and naringin ~ [37]
High activities on naringin, neodiosimin
. , and neohesperidin
DtRha Dictyoglomus thermophilum ACI19983 Low activities on narirutin, diosimin [4]
and hesperidin
KoRha Klebsiella oxytoca YP_005019950 Might catalyzed rutin [5]
. Might hydrolyzed hesperidin and rutin
RhaB2 Lactobacillus plantarum NCC245 ACR19005 e - [38]
Could not catalyze naringin and quercitrin
RhaB1 Lactobacillus plantarum NCC245 ACR19007 Might hydrolyzed he? pgrldm and rutin [38]
Could not catalyze naringin and quercitrin
Ram1 Lactobacillus plantarum WCFS1 CAD65558 Might hydrolyzegl narirutin anq rutin [39]
Low bioconversion rate on naringin
Ram?2 Pediococcus acidilactici WP_004165637  Might hydrolyzed hesperidin and rutin [40]
Ram Pediococcus acidilactici EFL96112 Mlght blotfansformed rutin [40]
Low bioconversion rate on hesperidin
SaRha78A  Streptomyces avermitilis MA-4680 ~ BAC68538 ~ Mught biotransformed naringin and rutin
Low bioconversion rate on hesperidin
Thermomicrobia bacterium Might hydrolyzed hesperidin and naringin
RhmB PRI-1686 AARI6047 Could not hydrolyze rutin [42]
Thermomicrobia bacterium Might hydrolyzed hesperidin and naringin
RhmA PRI-1686 AAR96046 Slightly hydrolyzed rutin [42]
RhaB1 Elephant feces metagenome ZP01961192  Low bioconversion rates on naringin and rutin ~ [43]

Firstly, to establish a spectrophotometric method for rapid evaluation of substrate
selectivities of mesophilic x-L-rhamnosidases on citrus flavanone diglycosides in 96-well
microplate by microplate reader, spectral properties of four citrus flavanone diglycosides
hesperidin, neohesperidin, naringin, and narirutin and their corresponding aglycones
hesperetin and naringenin under different conditions were carried out. After mesophilic
a-L-thamnosidases hydrolyzing citrus flavanone diglycosides into flavanone glucosides
by cleaving the terminal a-rhamnosyl group at moderate temperatures in the microplate,
a high-active and thermophilic 3-D-glucosidase was applied for hydrolyzing the gener-
ated flavanone glucosides to produce the corresponding aglycones. The final aglycones
produced could be quantified by using a microplate reader. Substrate selectivities of these
four a-L-rhamnosidases on citrus flavonoid diglycosides containing different glycosidic
linkages were confirmed by the method HPLC. The catalytic activities and enzyme kinetics
of the a-L-rhamnosidases on dietary flavonoid glycosides have been measured for explor-
ing the substrate selectivities of the o-L-rhamnosidases from human gut bacteria on dietary
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flavonoid glycosides. The interactions of key residues of the a-L-rhamnosidases from hu-
man gut bacteria with dietary flavonoid glycosides were analyzed by molecular docking.

2. Results
2.1. Spectroscopic Characterization of Citrus Flavanone Diglycosides and Aglycones

The main difference between the molecular structures (Figure 1) of four citrus fla-
vanone diglycosides is that hesperidin and narirutin contain the «-1,6 glycosidic bond
but neohesperidin and naringin contain the «-1,2 glycosidic bond. UV-visible spectra
of citrus flavanone diglycosides hesperidin, neohesperidin, naringin, and narirutin and
their corresponding aglycones hespederin and naringenin at different conditions were
performed by full wavelength scanning. The maximum absorption peak of all four citrus
flavanone diglycosides appeared at 283 nm in the methanol, acidic pH 6.5, and alkaline
pH 10.0 (Figure 2). There were no significant spectral differences between citrus flavanone
diglycosides and their aglycones in the methanol and acidic pH 6.5, although the aglycones
had higher absorption values than the diglycosides at the wavelengths of greater than
300 nm (Figure 2). However, in pH 10.0, the maximum absorption peak of the aglycones hes-
peretin and naringenin occurred at 320 nm (Figure 2), which might due to the autoxidation
in alkaline conditions [44]. The new maximum absorption peak of the aglycones hesperetin
and naringenin at 320 nm in alkaline pH 10.0 could be considered as their characteristic
peak, because citrus flavanone diglycosides exhibited a very low absorption at 320 nm.
Standard curves for quantification of citrus flavanone diglycosides and their corresponding
aglycones were generated by the microplate and microplate reader (Figure S1).

A - = b
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Hesperetin in pH 6.5 Hesperetin in pH 6.5
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";‘ 2.0 Hesperidin in methanol «:‘ 2.0 Neohesperidin in methanol
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= =
5] =]
k= k=
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Figure 2. UV-visible spectra of citrus flavanone diglycosides and the corresponding aglycones under
different conditions. (A). UV-visible spectra of hesperidin and hesperetin. (B). UV-visible spectra of
neohesperidin and hesperetin. (C). UV-visible spectra of naringin and naringenin. (D). UV-visible
spectra of narirutin and naringenin.



Molecules 2025, 30, 980

6 of 19

1-2
o-L-Rha-B-D-Glc-O
1-6

OH

2.2. Microplate Spectroscopic Method for Rapid Evaluation of Substrate Selectivity of Mesophilic
a-L-Rhamnosidases on Citrus Flavanone Diglycosides

a-L-Rhamnosidases might hydrolyze citrus flavanone diglycosides into the corre-
sponding flavanone glucosides. Nevertheless, the generated flavanone glucosides will be
completely converted into the aglycones, if 3-D-glucosidase activity is present along with
the a-L-thamnosidase (Figure 3). A high-active double mutant N2215/P3421L (described
as TnBgl1A-DM) of thermophilic 3-D-glucosidase TnBgl1A from Thermotoga neapolitana
was used for efficiently hydrolyzing the citrus flavanone glucosides into the corresponding
aglycones [45]. On the one hand, high-active 3-D-glucosidase can efficiently hydrolyze
citrus flavanone glucosides and the generated glucosides can be completely converted into
the aglycones. On the other hand, the reason for choosing a thermophilic 3-D-glucosidase
is that mesophilic o-L-rhamnosidases are rapidly thermally inactivated when thermophilic
B-D-glucosidase catalyzes at high temperature, so that the reaction will not continue to
produce the glucosides and affect the quantification of the citrus flavanone aglycones.
Therefore, the relative concentration of citrus flavanone aglycones detected by a microplate
reader might be used for rapidly evaluating enzymatic activities and conversion rates
of mesophilic x-L-rhamnosidases on citrus flavanone diglycosides by combining with
a high-active and thermophilic 3-D-glucosidase.

Rj3 Ry Ry
R, Ry R,
R B-D-Glc-O o W\ HO o W\
A . 0
a-L-Rhamosidase p-D-Glucosidase
H,0 L-Rha OH o H,0 D-Gle OH

Figure 3. Bioconversion pathway of citrus flavanone diglycosides into the corresponding aglycone
by combining the «-L-rhamnosidase with the (3-D-glucosidase.

In order to verify the feasibility of the spectroscopic method based on hydrolyzing in
the 96-well microplate and monitoring by a microplate reader for rapid evaluation of con-
version rates and substrate selectivities (x-1,6 or a-1,2) of mesophilic «-L-rhamnosidases
on citrus flavanone diglycosides, four x-L-rhamnosidases from human gut bacteria includ-
ing three Rha78s from human fecal metagenome and one Rha78s from B. thetaiotaomicron
VPI-5482 were chosen as the models. Four a-L-rhamnosidases and the 3-D-glucosidase
TnBgl1A-DM have been over-expressed in E. coli BL21(DE3) and purified into homogeneity
by the analysis of SDS-PAGE (Figures S2 and S3). The conversion rates of four mesophilic
a-L-thamnosidases on four citrus flavanone diglycosides with varied reaction times have
been monitored by using the microplate UV-visible method in order to rapidly evaluate
the substrate selectivities («-1,6 or «-1,2) of these x-L-rhamnosidases on citrus flavanone
diglycosides (Figure 4).

It was indicated that narirutin and hesperidin were unstable and autohydrolyzed
at the temperature 80 °C (Figure 4). The high-active and thermophilic 3-D-glucosidase
TnBgl1A-DM displayed no activity against citrus flavanone diglycosides and mesophilic
x-L-rhamnosidases quickly were inactive at the temperature 80 °C (Figure 4). The x-L-
rhamnosidase BtRha78A displayed high hydrolytic activities on narirutin and hesperidin
containing the rutinoside with the «-1,6 glycosidic bonds, and the conversion rates of
BtRha78A on narirutin and hesperidin were 90.1% and 56.8% in 30 min at 37 °C, respectively
(Figure 4A). However, BtRha78A hardly catalyzed the neohesperidin and naringin with the
«-1,2 glycosidic bonds (Figure 4A). It was indicated that the «-L-rhamnosidase BtRha78A
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specifically hydrolyzed the citrus flavanone diglycosides with the x-1,6 glycosidic bonds.
The a-L-rhamnosidase HFM-RhaA possessed high conversion rates on neohesperidin
and naringin, and the conversion rates of HFM-RhaA on neohesperidin and naringin
were 92.3% and 83.9% in 30 min at 37 °C, respectively (Figure 4B). HFM-RhaA preferred
the hydrolysis of the citrus flavanone diglycosides with the «-1,2 glycosidic bonds. The
conversion rates of the a-L-rhamnosidase HFM-RhaC on narirutin and hesperidin were
82.4% and 73.0% in 30 min at 37 °C, respectively (Figure 4C), and the conversion rates
of HFM-RhaC on neohesperidin and naringin were 90.8% and 69.5% in 120 min at 37 °C,
respectively (Figure 4C). The «-L-thamnosidase HFM-RhaC was capable of hydrolyzing all
four citrus flavanone diglycosides and displayed a preference toward the «-1,6 glycosidic
bonds. The x-L-rhamnosidase HFM-Rha78 displayed moderate catalytic activities on
neohesperidin and naringin, and the conversion rates of HFM-Rha78 on neohesperidin
and naringin were 86.6% and 87.5% in 120 min at 37 °C, respectively (Figure 4D). The
a-L-rhamnosidase HFM-Rha78 preferred to hydrolyze the citrus flavanone diglycosides
with the «-1,2 glycosidic bonds.

A B
120 140
—0O— Hesperidin I
. ~C=—Neohesperidin
100 x 1_’_‘/:/'/ 120 —/— Naringin 1\ I
2 \I/Y " & — = Narirutin T \T/I/*
S 2100 oy
< 80 < A N
TN | E 80 4 ! !
g 60 I £
z Z 60 1
2 40 —O— Hesperidi 2 I
= 40 esperidin = +
8 —CO— Neohesperidin 8 40 D "
S X A=
—/— Naringin s a2
20 L 20 7% v v ¥
—C~— Narirutin %WWT
0 4 —t_& s z " 0
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Reaction time (min) Reaction time (min)
C 120 D 100
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80 —CO—Neohesperidin
—_ —_ —/— Naringin 1
§ 5 —C—Narirutin r/l/
) 1 *
: fa -
-E ‘5 1/
g 5 40 e )
E /*/1 E ~~ /:\;4§ T )
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,// —O— Neohesperidin 20 -/-/
20
g —/— Naringin 3/
wF L —_ PR
()Ti:/x Narirutin 0¥§l
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Reaction time (min) Reaction time (min)

Figure 4. Substrate selectivities of four mesophilic «-L-rhamnosidases on four citrus flavanone
diglycosides by using the UV-visible spectrophotometry in the microplate. (A). Conversion rates
of BtRha78A on citrus flavanone diglycosides with varied reaction times. (B). Conversion rates
of HFM-RhaA on citrus flavanone diglycosides with varied reaction times. (C). Conversion rates
of HFM-RhaC on citrus flavanone diglycosides with varied reaction times. (D). Conversion rates
of HFM-Rha78 on citrus flavanone diglycosides with varied reaction times. All reactions were
performed in triplicate, and error bars represent the standard deviations of mean.

The feasibility of this novel microplate UV-visible approach was confirmed by moni-
toring hydrolytic capabilities of four «-L-thamnosidases from human gut bacteria towards
four citrus flavanone diglycosides by HPLC. The HPLC chromatograms exhibited that
the a-L-thamnosidases BtRha78A and HFM-RhaC effectively hydrolyzed hesperidin and
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narirutin into hesperetin-7-O-glucoside and prunin, respectively (Figure 5A,D). The «-L-
rhamnosidase HFM-RhaA highly catalyzed neohesperidin and naringin into hesperetin-
7-O-glucoside and prunin, respectively, and HFM-RhaC and HFM-Rha78 moderately
converted neohesperidin and naringin into hesperetin-7-O-glucoside and prunin, respec-
tively (Figure 5B,C). The HPLC results were in accordance with those results from the
microplate UV-visible method. It was suggested that the novel microplate UV-visible
method might be applied for rapid evaluation of substrate selectivities (x-1,6 or x-1,2) of
mesophilic x-L-rhamnosidase towards citrus flavonoid diglycosides.

5200 S 200 f\

E BtRha78A E 1 BtRha78A

g 160 n HFM-Rha78 160 ” | l HFM-Rha78

= . =

@ 120 . [ HFM-RhaC = 120 J L_/\ HFM-RhaC

Q HFM-RhaA Q HFM-RhaA

< £
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Figure 5. HPLC chromatograms for biotransformation of four citrus flavanone diglycosides by four
mesophilic a-L-thamnosidases. (A). HPLC chromatograms for biotransformation of mesophilic
a-L-rhamnosidases on 1 mM hesperidin for 30 min at 37 °C in pH 6.0 (HFM-RhaA and HFM-RhaC)
or pH 6.5 (BtRha78A and HFM-Rha78) with 0.1 mg mL~! of the enzymes. (B). HPLC chromatograms
for biotransformation of mesophilic x-L-thamnosidases on 1 mM neohesperidin for 30 min at 37 °C
in pH 6.0 (HFM-RhaA and HFM-RhaC) or pH 6.5 (BtRha78A and HFM-Rha78) with 0.1 mg mL~! of
the enzymes. (C). HPLC chromatograms for biotransformation of mesophilic «-L-rhamnosidases on
1 mM naringin for 30 min at 37 °C in pH 6.0 (HFM-RhaA and HFM-RhaC) or pH 6.5 (BtRha78A and
HFM-Rha78) with 0.1 mg mL~! of the enzymes. (D). HPLC chromatograms for biotransformation
of mesophilic -L-rhamnosidases on 1 mM narirutin for 30 min at 37 °C in pH 6.0 (HFM-RhaA and
HFM-RhaC) or pH 6.5 (BtRha78A and HFM-Rha78) with 0.1 mg mL~1! of the enzymes.

2.3. Substrate Selectivity of a-L-Rhamnosidases from Human Gut Bacteria on Dietary Flavonoid
Diglycosides by HPLC

In order to systematically explore the substrate selectivities of the o-L-rhamnosidases
from human gut bacteria on dietary flavonoid glycosides, specific activities and enzyme
kinetics of four a-L-rhamnosidases from human gut bacteria on a wide variety of flavonoid
glycosides (Figure 1) including different flavonoid subclasses, the glycosylation at different
positions of the aglycones, and different glycosidic bonds were determined by HPLC.
Standard curves for quantification of flavonoid glycosides or their corresponding aglycones
were performed by HPLC (Figure S4). BtRha78A specifically removed the rhamnose
group from the flavones, flavanones, and flavonols diglycosides with the «-1,6 glycosidic
bonds (Table 2). Moreover, BtRha78A displayed higher catalytic activities on the flavone
diglycoside diosmin and the flavanone diglycosides narirutin and hesperidin introducing
the rutinose groups at 7-OH of the aglycones than the flavonol diglycosides rutin and
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troxerutin carrying the rutinose groups at 3-OH (Table 2). However, BtRha78A could
scarcely hydrolyze the «-1,2 glycosidic bond (Table 2). HFM-RhaA preferred to catalyze
the flavones, flavanones, and dihydrochalcones diglycosides containing x-1,2 glycosidic
linkages at the 7-OH of the aglycones. However, this enzyme also showed high catalytic
activity on the flavonol diglycoside rutin with the «-1,6 glycosidic bond at 3-OH (Table 2).
HFEM-RhaC exhibited certain hydrolytic abilities towards all flavonoid diglycosides, and
displayed higher catalytic activities on the flavones and flavanones diglycosides with the
«-1,6 glycosidic bond than those flavonoid diglycosides with the x-1,2 glycosidic bonds
(Table 2). HFM-Rha78 weakly hydrolyzed the flavones, flavanones and dihydrochalcones
diglycosides with the «-1,2 glycosidic bonds, and the flavonols diglycosides with «-1,6
glycosidic bonds. It was noteworthy that all four a-L-rhamnosidases from human gut
bacteria could not catalyze the hydrolysis of the flavonol glycosides with the «-1 glycosidic
bond, such as quercitrin, myricetrin and icariin (Table 2).

Table 2. Hydrolytic activities of four o-L-thamnosidases from human gut bacteria on flavonoids glycosides.

Glycosidic Specific Activity (U g~1)
Substrates Bonds BtRha78A  HFM-RhaA  HFM-RhaC  HFM-Rha78
Rutin «-1,6 84.6 +2.0 1313.1 +44.9 188.6 + 6.6 139 +£0.2
Troxerutin «-1,6 139+ 1.5 3125 +9.2 629 + 4.6 132 +0.3
Quercitrin o-1 NA NA NA NA
Myricetrin -1 NA NA NA NA
Icariin o-1 NA NA NA NA
Diosmin «-1,6 2050.7 £ 14.1 NA 1886.3 + 3.0 NA
Rhoifolin «-1,2 NA 1184.0 + 19.3 43.1+35 415.0 £ 15.7
Hesperidin «-1,6 1399.0 + 384 143 £ 0.6 2228.9 + 34.8 NA
Neohesperidin o-1,2 NA 1699.6 + 54.2 259.5 + 6.5 88,5+ 1.0
Methy hesperidin o-1,6 1205.1 £20.0 79+ 0.6 1590.1 £ 3.4 NA
Naringin «-1,2 NA 19254 + 44.7 203.8 £1.3 1294 + 1.6
Narirutin «-1,6 2034.1 +43.4 26.1 + 0.8 2361.5 + 56.4 NA
Neohesperidin dihydrochalcone «-1,2 NA 1464.6 £ 5.4 86.6 = 0.4 247 £0.7
Naringin dihydrochalcone o-1,2 NA 1258.6 + 26.6 60.5 15 253 +2.0

One unit of enzyme activities (U) on the substrates rutin, hesperidin, neohesperidin, naringin and narirutin were
defined as the amount of enzyme releasing 1 pmol the product at 37 °C in pH 6.5 or 6.0. One unit of enzyme
activities (U) on the substrates troxerutin, diosmin, rhoifolin, methy hesperidin, neohesperidin dihydrochalcone
and naringin dihydrochalcone were defined as the amount of enzyme hydrolyzing 1 umol the substrate per min
at 37 °C in pH 6.5 or 6.0. NA represents no activity detected. All reactions were performed in triplicate. The
specific activities represent the mean =+ standard deviation.

Michaelis—Menten kinetic parameters of four «-L-rhamnosidases from human gut bac-
teria on four dietary flavonoids diglycosides have been determined (Table 3). The kcat/ Ky
values of BtRha78A on rutin and hesperidin were 199.5 s~! M~! and 3138.8 s~ M1,
respectively, indicating higher catalytic efficiency on hesperidin than rutin. The catalytic
efficiency (kcat/Kn) of HFM-RhaA on neohesperidin and naringin was 10,154 sTIMt
and 13,512 s7! M1, respectively; yet, this enzyme had higher affinity on neohesperidin
than naringin. The k¢t /Ky values of HFM-RhaC on rutin, hesperidin, neohesperidin and
naringin were 457.9 s~! M~1,27,025s"1 M1, 1025.8 s~ M1, 654.2 s71 M}, respectively.
This enzyme possessed highest catalytic efficiency on hesperidin. HFM-Rha78 had weak
catalytic efficiency on neohesperidin and naringin.
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Table 3. Enzyme kinetic parameters of four o-L-rhamnosidases from human gut bacteria on four di-
etary flavonoids diglycosides.

BtRha78A HFM-RhaA HFM-RhaC HFM-Rha78
Substrates kcat Km kcat/Km keat Kwm keat/Km keat Km kcat/Km Kcat Km kcat/Km
s @MV ¢ITMDH (1)) @mvVM ¢ITMD) ) @M ¢sITMDH ) mM 1M
Rutin 0.47 2.38 199.5 5.62 1.24 4546.6 2.31 5.05 457.9 ND ND ND
Hesperidin 8.73 2.78 3138.8 ND ND ND 58.38 2.16 27,025.0 ND ND ND
Neohesperidin ND ND ND 5.39 0.53 10,154.0 3.33 3.25 1025.8 0.56 3.97 140.0
Naringin ND ND ND 2591 1.92 13,512.0 1.50 2.29 654.2 1.44 5.97 240.6

ND indicates not determined.

2.4. Structral Basis for Substrtae Selectivity of a-L-Rhamnosidases from Human Gut Bacteria on
Dietary Flavonoid Glycosides

The «-L-rhamnosidases from human gut bacteria exhibited diverse substrate selec-
tivities on dietary flavonoid glycosides. Structural basis for substrate selectivities of the
a-L-rhamnosidases from human gut bacteria on dietary flavonoid glycosides has been
analyzed by the computer-aided tools. The 3D structure for the complex of the «-L-
rhamnosidase BtRha78A from B. thetaiotaomicron VP1-5482 with the ligand Tris (L-rhamnose
analogue) has been resolved (PDB id, 3CIH) [3]. The interactions (Figure 6) of the residues
from substrate-binding pocket of BtRha78A with the flavonoid glycosides hesperidin, rutin,
diosmin, naringin, and myricetrin by molecular docking revealed that BtRha78A exhibits
the specificity on flavonoid diglycosides with the «-1,6 glycosidic bonds. The residues
Arg37, Asp335, Asp342, Tyr383, Trp440, Glu595, Tyr610, and His620 in the substrate-
binding pocket formed the hydrogen bonds with hesperidin, rutin and diosmin. The
general acid Asp335 and general base Glu595 participated in the hydrogen bonds with the
rutin, hesperidin and diosimin. Among them, BtRha78A have the lowest binding energy
with hesperidin and the greatest number of hydrogen bonds. The aromatic residues Phe47,
Trp435, Phe437 and Trp622 produced m—m stacking interactions with the pyranose rings of
the sugar group. However, the naringin substrates containing the «-1,2 glycosidic bond
and myricetin with the a-1 glycosidic bond could be docked into the substrate-binding
pocket. This different positioning of two saccharides could affect substrate binding at the
catalytic pocket. In addition, the experiment proved that BtRha78A had the best catalytic
activity on hesperidin, while no catalytic activity was detected on naringin and myricetin.

Since no crystal structure of HFM-RhaA has been available yet, the 3D model of
HFM-RhaA has been predicted by AlphaFold2 and submitted into the database UniProt.
Structural analysis for the complex of HFM-RhaA with five flavonoid glycosides naringin,
rhoifolin, rutin, hesperidin, and myricetrin were employed by molecular docking. The
residue Ala498 might be the key residue for catalytic activity of HFM-RhaA on the flavonoid
diglycosides, because the residue Ala498 formed hydrogen bonds with all the flavonoid
diglycosides naringin, rhoifolin, rutin and hesperidin (Figure 7). The residues Glu448,
Trp452, Trp506 and Phe671 formed hydrophobic interactions with catalytically active
flavonoid diglycosides and might regulate hydrolytic activities of HFM-RhaA on these
substrates (Figure 7). HFM-RhaA produced more hydrogen bonds with the flavonoid
diglycosides naringin and rhoifolin containing the «-1,2 glycosidic bond than the substrates
with the o-1,6 glycosidic bond, and HFM-RhaA preferred to catalyze the flavonoids digly-
cosides containing the x-1,2 glycosidic linkages. For the flavonoid diglycosides rutin and
hesperidin with the «-1,6 glycosidic bond, the binding energy of HFM-RhaA with rutin
was lower and the number of hydrogen bonds was more than hesperidin, and thus this
enzyme showed higher catalytic activity on rutin than hesperidin. The myricetin could
not be docked into HFM-RhaA, and thus HFM-RhaA could not catalyze the removal of
a-rhamnosyl group from myricetin (Figure 7).
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Figure 6. Interactions of the substrate-binding pocket of the x-L-rhamnosidase BtRha78A with
five flavonoid glycosides. (A). Hesperidin. (B). Rutin (C). Diosmin. (D). Naringin. (E). Myricetrin.
The flavonoid glycosides are displayed in green ball-and-sticks. Key residues of BtRha78A are
highlighted. Catalytic residues are colored in magenta. The residues which are involved in hydrogen
bonds and m-m stacking interactions are shown in cyan. The hydrogen bond is represented in
yellow dot line. The interactions were analyzed by using the softwares PyMOL education 3.0.5 and
LigPlot* 1.4.
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The flavonoid glycosides are displayed in green ball-and-sticks. Key residues of HFM-RhaA are
highlighted. The catalytic residues are colored in magenta. The residues which are involved in
hydrogen bonds and 7t— stacking interactions are shown in cyan. The hydrogen bond is represented
in yellow dot line. The interactions were analyzed by using the softwares PyMOL education 3.0.5
and LigPlot* 1.4.

3. Discussion

Citrus flavanone aglycones presented the characteristic absorption peak at 320 nm
under alkaline pH 10.0. This is consistent with previous study about hesperidin and hes-
peretin [46]. Based on the spectral difference of hesperidin with hesperetin, the hesperidin
in citrus-based foods could be quantified by monitoring the aglycone hesperetin by using
a fungal diglycosidase. Compared with the difference in extinction coefficients (Aezpg) be-
tween rutin and its aglycone quercetin [47], the difference in extinction coefficients (Aespg)
(Figure 2) between citrus flavanone diglycosides and their aglycones was more suitable for
quantifying the citrus flavanone aglycones by UV-visible spectrophotometer especially by
a microplate reader.

This novel microplate UV-visible approach not only made up for the imperfection of
HPLC, which was not suitable for high-throughput screening and time-consuming, but also
overcame the disadvantages that synthetic substrate pNPR could not affect the hydrolytic
capacities of the x-L-thamnosidases on natural flavonoid glycosides. Accordingly, this
microplate UV-visible method might be applied for quickly exploring substrate selectivities
(x-1,6 or «x-1,2) of a series of mesophilic x-L-rhamnosidases on citrus flavanone diglycosides
by combining them with a high-active and thermophilic 3-D-glucosidase. UV-visible
spectrophotometry has been used for evaluating relative activities of the «-L-rhamnosidases
on rutin and high-throughput screening of the mutants library for site-directed saturation
mutagenesis of the «-L-thamnosidase in previous study [47]. However, only the rutin were
applied for this method. Based on spectral difference between hesperidin and its aglycone
hesperetin in pH 10.0, the spectrophotometric method has been reported for quantifying
the hesperidin in citrus-based foods by using a fungal diglycosidase [46]. However, this
method is only suitable for the hesperidin and the diglycosidase, and not compatible with
the a-L-thamnosidase and other citrus flavanone diglycosides.

By analyzing the molecular structures of common dietary flavonoid glycosides
(Figure 1), the key affecting substrate selectivities of the «-L-rhamnosidases from hu-
man gut bacteria was the disaccharide group (neohesperidose or rutinose), that is, the
glycosidic linkage (-1,6 or «-1,2) between «-L-thamnose group and 3-D-glucose group.
Furthermore, the glycosylation at different positions (7-OH or 3-OH) of the aglycones also
produced a certain effect on substrate selectivities of the -L-rhamnosidases from human
gut bacteria. However, structural differences in the aglycones including the subgroups and
methylation had a weak impact on substrate selectivities of the «-L-rhamnosidases from
human gut bacteria.

a-L-Rhamnosidases from human gut bacteria play a key role in the metabolism and
biodegradation of dietary flavonoid glycosides. The o-L-rhamnosidases from human
gut bacteria possess diverse substrate selectivity on dietary flavonoid diglycosides. The
differences in substrate selectivities of the x-L-rhamnosidases from human gut bacteria
on dietary flavonoid glycosides will lead to individual variations in the absorption and
utilization of dietary flavonoid glycosides.
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4. Materials and Methods
4.1. Bacterial Strains and Reagents

The flavonoids were purchased from Yuanye Biotech (Shanghai, China) and Aladdin
Scientific Corp. (Shanghai, China). Chromatographic grade acetonitrile and methanol
were obtained from Merck (Darmstadt, Germany). E. coli BL21(DE3) was used as the host
for protein over-expression. Other chemicals for buffer and medium preparation were of
analytical grade or higher.

4.2. UV-Visible Spectra of Citrus Flavanones

Citrus flavanones (20 mM) were solubilized in dimethyl sulfoxide (DMSO) and diluted
into 0.5 mM with methanol. The spectrophotometric assays were performed by adding
300 pL citrus flavanones (0.5 mM) into 700 pL. of methanol, 700 uL of 50 mM NaH,POy4-
Nap,HPOy buffer (pH 6.5), or 700 uL of 50 mM Nap,COs (pH 10.0). After incubating for
30 min at room temperature, 400 pL of mixture was added into 400 uL of ddH,O. The
spectra from 250 nm to 500 nm at 25 °C were recorded by a spectrophotometer UV-5800PC
(Metash, Shanghai, China).

4.3. Preparation of Standard Curves of Citrus Flavanone by UV-Visible Spectroscopy
Using Microplate

Standard curves for four citrus flavanone diglycosides and their corresponding agly-
cones were performed at the wavelength of 320 nm. A series of standard solutions consist-
ing of citrus flavanone diglycosides and their corresponding aglycones in certain ratio (the
interval of 2 mM, total concentration of 20 mM, DMSO dissolve) were prepared. 10 pL of
standard solutions were mixed with 190 puL of 50 mM NaH,PO4-Na, HPO4 buffer (pH 6.5)
in a 96-well microplate, and then 200 pL of methanol was added. 60 uL of the mixtures
from each well in previous microplate was drawn into a UV-transparent 96-well microplate
containing 140 pL of 50 mM NayCOs (pH 10.0) in each well. After incubating for 30 min
at room temperature, the absorption values at 320 nm were measured by the microplate
reader Synergy Mx (BioTek, Winooski, VT, USA).

4.4. Over-Expression and Purification of a-L-Rhamnosidases and B-D-Glucosidase

Four o-L-rhamnosidases from human gut bacteria and the high-active mutant
TnBgl1A-DM of thermophilic 3-D-glucosidase TnBgl1A from Thermotoga neapolitana were
over-expressed in E. coli BL21(DE3) and were purified by Ni-NTA affinity chromatography
as described in previous study [47,48]. Protein concentrations of the purified enzymes were
measured at 280 nm by NanoDrop 2000 UV-visible spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA).

4.5. Activity Assay of a-L-Rhamnosidases by UV-Visible Spectroscopy Using Microplate

The reaction mixture of 200 pL in 96-well microplate contained 170 pL of 50 mM
NaH,PO4-NayHPO, buffer (pH 6.5), 10 uL of citrus flavanone diglycosides (20 mM, DMSO
dissolve), 10 puL of purified x-L-rhamnosidase (2.0 mg mL~1), and 10 pL of purified
TnBgl1A-DM (0.4 mg mL~!). The a-L-rhamnosidase reaction was performed by shaking
for varied times (0-120 min) in 500 rpm at 37 °C, and then (3-D-glucosidase reaction was
carried out by incubating for 1 h at 80 °C (Figure 8). The reaction was stopped by adding
200 pL of methanol. The mixture of 60 uL from each well was drawn correspondingly into
each well in a UV-transparent microplate containing 140 pL of 50 mM Na,COs3 (pH 10.0).
After incubating for 30 min at room temperature, the absorption values at 320 nm were
measured by a microplate reader (Figure 8). Final product citrus flavanone aglycones were



Molecules 2025, 30, 980

15 of 19

170 uL. 50 mM PB buffer (pH 6.5)
10 pL ¢-L-rhamnosidase (2.0 mg/mL)
10 pL p-D-glucosidase TnBgl1 A-DM (0.4 mg/mL)
10 pL flavonoid diglycosides (20 mM, DMSO)

quantified according to standard curves (Figure S1). The conversion rate was calculated by
using the following equation:

Conversion rate (%) = (aglycone concentration/initial substrate concentration) x 100.

Adding 200 pL methanol (100%) Detecting absorption at 320 nm

for stopping the reaction 140 pL pH 10.0 50 mM Na,CO, by the microplate reader

37°C, 500 rpm, certain time Drawing 60 pL the mixture Room temperature, 30 min

And then 80 °C, 1h

Figure 8. A pipeline for activity assay of o-L-thamnosidases by UV-visible spectroscopy using microplate.

4.6. Activity Assay of a-L-Rhamnosidases by HPLC

The reaction mixture of 200 pL contained 180 puL of 50 mM NaH,PO4-Na,HPO,
buffer (HFM-RhaA and HFM-RhaC, pH 6.0; BtRha78A and HFM-Rha78, pH 6.5), 10 uL of
20 mM flavonoid glycosides (dissolved in DMSO) and 10 puL of purified o-L-rhamnosidase
(2.0 mg mL~1). After shaking for a defined time in 800 rpm at 37 °C, the reaction was
stopped by adding 800 uL of methanol. After centrifuging at 13,000 rpm for 5 min, the
supernatant was filtered through the 0.22 um nylon 6 membrane filter for HPLC. Catalytic
activities of the o-L-rhamnosidases were calculated by quantifying the released products
or hydrolyzed substrates (corresponding product standard not yet obtained) based on the
standard curves (Figure 54).

4.7. Enzyme Kinetics of a-L-Rhamnosidases by HPLC

Enzyme kinetics of the a-L-rhamnosidases on natural flavonoid diglycosides were
determined in 50 mM NaH;PO4—Nap,HPO, buffer (HFM-RhaA and HFM-RhaC, pH 6.0;
BtRha78A and HFM-Rha78, pH 6.5) at 37 °C for 5 min with a certain enzyme concentration.
The initial rate of hydrolysis reaction was measured with varied concentrations of natural
flavonoid diglycosides (dissolved in DMSO). Kinetics parameters Vimax and Ky were
obtained by fitting enzymatic activities at different concentrations of flavonoid diglycosides
as a function of substrate concentrations into the Michaelis—Menten equation by using
non-linear regression of the software GraphPad Prism 9. The parameter k..t was calculated
using the equation

kcat = Vmax/[E]

where [E] was molar concentration of the enzymes. The molar concentration of the enzymes
[E] was calculated by dividing the protein concentration measured by NanoDrop 2000 by
molecular weight of the enzyme.

4.8. High Performance Liquid Chromatography (HPLC)

HPLC was carried out by Waters 1525 binary pump and Waters 2487 dual A absorbance
detector (Waters, Framingham, MA, USA) on a reverse-phase Hypersil OSD2-C18 column
(4.6 x 150 mm, particle size 5 um, Elite, Dalian, China) at room temperature. The flavonoid
diglycosides and corresponding flavonoid glucosides were separated by using 0.5% (v/v)
acetic acid (A) and acetonitrile (B) with a certain ratios (Table S1) as the mobile phase at
a flow rate of 1.0 mL min~! and detected at a specific wavelength (Table S1).
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4.9. Molecular Docking of a-L-Rhamnosidases with Flavonoid Glycosides and Structural Analysis

Molecular docking of the a-L-rhamnosidases BtRha78A and HFM-RhaA with nat-
ural flavonoid glycosides was performed by the software Autodock vina 1.2.0 [49].
The grid center of BtRha78A was the position of Tris. The size of the grid box was
225 A x 22.5 A x 22,5 A. The grid center of HFM-RhaA was the center of general acid
Glu448 and general base Glu715. The size of the grid box was 18.75 A x 18.75 A x 18.75 A.
After 100 docking times, 50 ligand poses were evaluated and the optimal docking confor-
mation was obtained. The docking results were analyzed and displayed by the softwares
LigPlot™ 1.4 [50] and PyMOL 3.0.5 education [51].

5. Conclusions

In this work, a novel microplate spectrophotometric approach has been developed to
rapidly evaluate conversion rates and substrate selectivities (x-1,6 or «-1,2) of mesophilic
a-L-rhamnosidases towards citrus flavanone diglycosides by combining with a high-active
and thermophilic 3-D-glucosidase. Furthermore, catalytic activities and enzyme kinetics of
four a-L-thamnosidases from human gut bacteria on dietary flavonoid glycosides indicated
that the «-L-rhamnosidase BtRha78A specifically removed the rhamnose group from the
flavones, flavanones and flavonols diglycosides with the «-1,6 glycosidic bond. HFM-
RhaA preferred to catalyze the flavones, flavanones and dihydrochalcones diglycosides
containing the «-1,2 glycosidic linkages at the 7-OH of the aglycones. However, this
enzyme also showed high catalytic activity on the flavonol diglycoside rutin with the «-1,6
glycosidic bond at the 3-OH of the aglycones. HFM-RhaC exhibited certain hydrolytic
abilities towards all flavonoid diglycosides, and displayed higher catalytic activities on the
flavonoid diglycosides with the «-1,6 glycosidic bonds. HFM-Rha78 weakly hydrolyzed the
flavones, flavanones and dihydrochalcones diglycosides with the «-1,2 glycosidic bonds,
and the flavonols diglycosides with «-1,6 glycosidic bonds. Finally, structural analysis
by molecular docking revealed that the aromatic residues Tyr383, Trp440, Tyr610 and the
charged residues Arg37, Asp335, Asp342, Glu595, His620 in BtRha78A formed hydrogen
bonds with catalytically active flavonoid diglycosides. The residue Ala498 in HFM-RhaA
interacted with the flavonoid diglycosides naringin, rhoifolin, rutin and hesperidin by
hydrogen bonds, and the residue Ala498 might be crucial for catalytic activity of this
enzyme on the flavonoid diglycosides.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules30050980/s1, Table S1: HPLC conditions for dietary
flavonoid glycosides; Figure S1: Standard curves for quantification of citrus flavanone diglycosides
and their corresponding aglycones using microplate reader at 320 nm in pH 10.0; Figure S2: SDS-
PAGE (15%) for purification of four mesophilic x-L-rhamnosidases from human gut bacteria;
Figure S3: SDS-PAGE (15%) for purification of high-active mutant TnBgl1A-DM of thermophilic
-D-glucosidase TnBgl1A from Thermotoga neapolitana; Figure S4: Standard curves for quantification
of flavonoid glycosides by HPLC.
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