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KEY WORDS Abstract The C-glycosidic bond that connects the sugar moiety with aglycone is difficult to be broken
or made due to its inert nature. The knowledge of C-glycoside breakdown and synthesis is very limited.
Recently, the enzyme DgpA/B/C cascade from a human intestinal bacterium PUE was identified to spe-
cifically cleave the C-glycosidic bond of puerarin (daidzein-8-C-glucoside). Here we investigated how
puerarin is recognized and oxidized by DgpA based on crystal structures of DgpA with or without sub-
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IS:;E?;?:Z strate and biochemical characterization. More strikingly, we found that apart from being a C-glycoside
Gut microbiota; cleaving enzyme, DgpA/B/C is capable of efficiently converting O- to C-glycoside showing the activity
Flavonoid, as a structure isomerase. A possible mechanistic model was proposed dependently of the simulated com-
Puerarin and plex structure of DgpB/C with 3”-oxo-daidzin and structure-based mutagenesis. Our findings not only

oxidoreductase shed light on understanding the enzyme-mediated C-glycosidic bond breakage and formation, but also

may help to facilitate stereospecific C-glycoside synthesis in pharmaceutical industry.
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1. Introduction

Flavonoids and their derivatives belong to a family of natural
compounds with more than 5000 members' . They are the most
abundant polyphenolic compounds in our daily diets, most of
which are in glycoside form that is defined as a molecule
comprised of a sugar group and a non-sugar portion through a
glycosidic linkage. Based upon the types of glycosidic bonds, they
are classified as O-, N-, S- or C-glycoside. Flavonoid glycosides
that are rich in foods with critical benefits to human health could
be hydrolyzed by human gut microbiota into sugar and
aglycone® ®. More than one hundred families of glycoside hy-
drolases have been discovered in plants and bacteria, most of
which are O-glycosidases (CAZy database)’. The mechanisms of
O-glycoside hydrolysis have been clearly elucidated with over
1000 solved structures in database'®. The cationic transition the-
ory from Koshland mechanism is most popularly appreciated to
interpret enzyme-mediated O-glycoside hydrolysis''. Different
from Koshland mechanism, GH4 and GH109 family enzymes
cleave 6-phopho-O-glycoside using a two-step mechanism
including first the oxidation of glucoside 3-hydroxyl group with
NAD ™ as a cofactor and then cleavage of O-glycosidic bond by a
pair of catalytic residues and water'>™ ',

In comparison with O-glycoside, C-glycoside is more stable to
enzymatic cleavage due to its inert C—C glycosidic bond. Typical
examples of C-glycoside include puerarin (daidzein-8-C-gluco-
side) (1a), vitexin (apigenin-8-C-glucoside) (2a), orientin (luteo-
lin-8-C-glucoside) (3a) and homoorientin (luteolin-6-C-glucoside)
(3b, Supporting Information Fig. S1A). Many of these C-glyco-
side compounds are frequently used as herbal drugs in East Asia
that show clinical effects against cancer, diabetes, autoimmune
diseases and viral infections' 7.

The enzymatic cleavage of C-glycoside recently attracts
more interest'® >'. Historically, the cleavage of C-glycosidic
bond by human intestinal microbiota was observed decades
ago’>**. Later, the corresponding dfg and dgp gene clusters were
identified. DfgA-E in Eubacterium cellulosolvens could break
the C-glycosidic bond of homoorientin and isovitexin®*. And
DgpA/B/C from PUE bacterial strain are capable of catalyzing
puerarin C-glycoside cleavage'”*". The cleavage of puerarin
C-glycoside is triggered by the oxidation of sugar moiety by
DgpA that is a NAD(H)-dependent oxidoreductase in
Gfo/ldh/MocA family and further cleaved by DgpB/C that is a
Mn*"-coordinated enzyme complex. DgpA oxidizes C-3" of
puerarin and the product 3”-oxo-puerarin is synergistically
cleaved by DgpB/C into daidzein (Supporting Information
Fig. SIB and C). Particularly, a recent published structure of
homoorientin complexed with AgCGD2a/f that is a DgpB/C
homolog in soil bacteria illustrated the atomic picture of the
oxidized C-glycoside homoorientin cleaved by DgpB/C-like
enzyme”'. However, no structural information about DgpA is
available and hence the molecular basis for DgpA substrate
recognition is unclear. Additionally, the function of DgpA/B/C
has yet not been thoroughly characterized.

Here, we first solved the structures of DgpA in substrate-free
and substrate-bound forms and then explained the substrate
specificity of the partial auto-inhibited DgpA. More strikingly, we
found that DgpA/B/C not only breaks the C-glycosidic bond as a
cleaving enzyme but also converts the O- to C-glycoside showing
the activity as a structural isomerase. Furthermore, a possible
working model for DgpA/B/C as a dual-functional enzyme was
proposed.

2. Materials and methods
2.1.  Chemicals and reagents

The C- and O-glycosides including puerarin (Cat. No. B20446),
daidzin (Cat. No. B20226), daidzein (Cat. No. B20227), genistin
(Cat. No. S31591), genistein (Cat. No. S31565), genistein-8-C-
glucoside (Cat. No. BP2095) were all purchased from Shanghai
Yuanye Bio-Technology (Shanghai, China). Orientin (Cat. No.
LD-1125623), vitexin (Cat. No. LD-1125647), apigenin (Cat. No.
LD-1109851), luteolin (Cat. No. LD-1131358) and isovitexin
(Cat. No. YY91219) were from National Institutes for Food and
Drug Control (Beijing, China). The HPLC-grade acetonitrile (Cat.
No. A12147) and methanol (Cat. No. M23142) were from Thermo
Fisher (Waltham, USA). Acetic acid (Cat. No. A111247) was
from Shanghai MACKLIN (Shanghai, China). Manganese chlo-
ride (Cat. No. S31112) was from Shanghai Yuanye Bio-
Technology (Shanghai, China). NAD" (Cat. No. N8110), DTT
(Cat. No. D8220), maltotriose (Cat. No. M9690) and 2,6-
dichloroindophenol (DCPIP) (Cat. No. D6350) were from Solar-
bio Science and Technology (Beijing, China). Glucose (Cat. No.
G8270), sucrose (Cat. No. V900116), lactose (Cat. No. 17814)
and soluble starch (Cat. No. V90050) were from Sigma—Aldrich
(St. Louis, USA). The purity of chemicals and reagents as above is
better at least than 98% except that the purity of DCPIP is better
than 97%.

2.2.  Construction of recombinant plasmids

The amino acid sequences of DgpA (GenBank: BBG22493.1),
DgpB (GenBank: BBG22494.1) and DgpC (GenBank:
BBG22495.1) were obtained from the gene database at the Na-
tional Center for Biotechnology Information (NCBI). The DNA
coding of DgpA, DgpB or DgpC was synthesized (GENEWIZ,
China) after codon optimization. The genes were then cloned into
a modified pET-28a vector with a 6 x His and sumo tag at the N-
terminus”. The mutants of DgpA and DgpB/C were made with a
fast mutagenesis kit (Transgen, China). All of the plasmids were
confirmed with sequencing (GENEWIZ, China).

2.3.  Protein production and purification

After plasmids of DgpA, DgpB and DgpC were transformed into
E. coli BL21 (DE3) competent cells (Invitrogen, USA), the bac-
teria were cultured in Luria Broth (LB) medium supplemented
with 50 pg/mL kanamycin at 37 °C. When the bacterial density
(ODgpo) reached 0.6, 0.2 mmol/L. B-p-1-thiogalactopyranoside
(IPTG) was added to induce protein production at 16 °C for
16 h. DgpA bacteria were lysed by an ultrasonic cell breaker and
the bacteria for production of DgpB and DgpC recombinant pro-
teins were mixed and lysed together. The lysis buffer was
50 mmol/L Tris-HCI, pH 8.0, 0.5 mol/L NaCl, 2 mmol/L 2-
mercaptoethanol (8-ME) and 1 mmol/L phenylmethylsulfonyl
fluoride (PMSF). The lysate was centrifuged at 48,000xg for
40 min to separate the soluble protein from pellet. Protein was
then purified through a HiTrap His column (Cytiva, USA). The
washing buffer for His-trap affinity chromatography contained
50 mmol/L Tris, pH 8.0, 0.5 mol/L NaCl and 5 mmol/L 3-ME and
the His-trap column elution buffer contained 50 mmol/L Tris, pH
8.0, 0.5 mol/L NaCl, 5 mmol/L 8-ME and 1 mol/L imidazole. The
eluted protein from affinity column was dialyzed against a buffer
(50 mmol/L Tris-HCI, pH 8.5, 50 mmol/L NaCl and 2 mmol/L
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DTT) and the sumo tag was subsequently removed with ULP1.
The recombinant protein was further purified through a HiTrap Q
column (Cytiva, USA). Finally, protein was purified through a
size-exclusive column (the Superdex 200 increase column)
(Cytiva, USA) in a buffer of 20 mmol/L Tris-HCI, pH 7.4 and
0.15 mmol/L NaCl. The resulted protein was concentrated to
20 mg/mL, aliquoted, flash frozen with liquid nitrogen and stored
at —80 °C for further use. All other proteins used in the study,
including mutants of DgpA K100A, R159A, D182A, H186A,
A(308—316) or A(311—316) and mutants of DpgB/C complex
with Y11A, H143A or E301A in DgpC were all produced in a
similar manner. The yield of proteins as above were all around
20 mg per liter, except that the yield of K100A DgpA mutant was
about 5 mg per liter. Protein concentration was determined based
on its extinction coefficient at 280 nm, using NanoDrop 2000
(Thermofisher, USA).

2.4.  CD spectrum data collection

All protein samples including DgpA, DgpB/C and related mutants
at concentration of 0.2 mg/mL in PBS buffer (pH 7.5) were used
for circular dichroism (CD) spectral data collection. The resulted
curve was the average value of three measurements with the
removal of PBS background, using Chirascan plus CD spec-
trometer (Applied Photophysics, UK). The instrument parameters
are set as follows: the scanning rate was 50 nm/min, the slit width
is 1 nm and the spectral data in the wavelength range of
200—260 nm were finally obtained.

2.5.  Production and purification of selenoprotein

The plasmids coding for the expression of DgpA, DgpB and DgpC
were transformed into E. coli B834 (DE3) competent cells
(Merck, USA) and the transformed bacteria were cultured in LB
supplemented with 50 pg/mL kanamycin at 37 °C. When the
bacterial density (ODggo) reached 1.2, 1 L of the bacterium was
pelleted at 4000 g centrifugation in a sterile environment at 4 °C.
The bacterial cells were washed three times with sterile ultrapure
water and then resuspended in 50 mL. The resuspended bacterial
cells were cultured in Selenobase medium (AthenaES, USA) that
was composed of 21.6 g selenobase in 1 L medium at the ratio of
25 mL resuspended bacteria per liter, supplemented with 100
png/mL selenomethionine, 5.1 g/L selenonutrition and 50 pg/mL
kanamycine. When the ODg of bacterial optical density was 1.2,
0.2 mmol/L IPTG was added to induce protein production at 16 °C
for 20 h. The purification process of selenoprotein was in a similar
way to native protein purification.

2.6.  Protein crystallography and structure determination

The purified DgpA and its mutants were concentrated to 20
mg/mL in a buffer containing 20 mmol/L Tris-HCl pH 7.4,
0.15 mol/L NaCl and 1 mmol/L NAD™. DgpA crystals grew in a
buffer containing 0.2 mol/L magnesium formate and 20% PEG
3350 by hanging drop method at 16 °C. The crystal grew into full
size for 2 days. DgpB/C crystals were grown in a buffer containing
0.2 mol/L. magnesium acetate and 10% PEG 8000 for 36 h at
concentration of 10 mg/mL. Crystals were first transferred to the
soaking solution containing reservoir buffer plus 30% glucose at
37 °C for 30 min, then quickly transferred to a cryoprotective
solution containing crystallization buffer plus 25% glycerol and
immediately stored in liquid nitrogen for data collection.

X-ray diffraction data were collected against the 0.978 A
wavelength at the BL17U/BL18U1/BL19U1 beamlines of the
Shanghai Synchrotron Radiation Facility (SSRF) of the Shanghai
National Protein Science Facility (NFPS), China. Diffraction data
were processed with the program HKL3000 (Supporting Infor-
mation Table S1)*°. Phasing was carried out using an automatic
data-processing program Aquarium®’. Structure refinement was
carried out in Phenix”®, firstly by rigid-body refinement, following
by positional and individual B factor refinements. Model of (-p-
glucose was built in a final step of the structural refinement to
minimize the potential phase bias. All resulted parameters for
diffraction and refinement are summarized in Supporting Infor-
mation Table S1.

2.7.  Substrate docking and molecular dynamics simulation

The initial structure was prepared using the web software Hermite
(https://hermite.dp.tech/) with its default parameters. The simu-
lation was conducted using GROMACS-2019 software package”
with AMBER99SB-ILDN force field"’ and the TIP3P water
model. Na™ and Cl~ ions were added to neutralize the system and
conferred a salt concentration of 0.15 mol/L. The system was first
energy minimized using the steepest descent algorithm, and the
added solvent was equilibrated with position restraints on the
heavy atoms of the protein. The temperatures were maintained
using the V-rescale method®' with a relaxation time of 0.1 ps. We
used the Parrinello-Rahman barostat® to keep the pressure at
1 bar with a time constant of 2 ps. The cutoff of electrostatic
interactions and van der Waals interactions were both set to be
1.0 nm, and the particle mesh Ewald method®' was used to treat
electrostatic interactions. All bonds were constrained by the
LINCS algorithms™. The time step was 2 fs and simulation
snapshots were stored every 0.1 ns. The last frame of the trajectory
was then used for docking with 3”-oxo-daidzin with LeDock that
was tested to have the best capabilities to identify the correct
ligand binding poses™. All parameters were set as default
including the conformation method and the docking score
function.

2.8.  Monitoring of DgpA activity with DCPIP assay

The oxidative activity of DgpA enzyme was monitored after
incubating 50 pmol/L purified protein wild type DgpA-WT,
DgpA DI182A, DgpA A(308-316) or DgpA A(311-316) with
10 mmol/L substrate (puerarin, vitexin, genistin, soluble starch,
maltotriose, lactose, sucrose, glucose or maltose) and 0.8 mmol/L
2,6-dichlorophenol indophenol (DCPIP) in PBS buffer. After 20 h,
the color shift of DCPIP with the absorbance at 600 nm was
recorded by a microplate reader (SpectraMax i3x, Molecular
Devices, USA). The amount of DCPIP that is reduced in the re-
action was calculated according to the DCPIP reference calibra-
tion curve.

2.9.  Monitoring of DgpA/B/C activity by HPLC

The C- or O-glycoside cleavage assay was conducted with DgpA/
B/C enzymes at 20 pmol/L each subunit in PBS buffer pH 7.5
containing 1 mmol/L Mn>", 1 mmol/L NAD™, 10 mmol/L DTT
and 0.1 mmol/L substrate (puerarin, orientin, vitexin, isovitexin,
daidzin or genistin). The reaction was carried out at 37 °C in PBS
pH 7.5 for 8 h and ended by adding of 75% methanol. The re-
action solution was centrifuged at 16,000 g for 15 min to remove
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the denatured enzymes. After filtered through a 0.22 pm mem-
brane, the products of the reaction were separated and analyzed
with a 250 mm X 4.6 mm, 5 pm, TC-C18 column (Agilent, USA)
by HPLC (Shimadzu, Japan). The chromatography was carried out
using acetonitrile (Sigma, USA) as mobile phase A and 0.1%
acetic acid in purified water as mobile phase B at a flow rate of
1 mL/min. The gradient elution program was as follows: 5%—
20% A at 0—5 min, 20%—45% A at 5—15 min, 45%—52% A at
15—18 min, 52%—55% A at 18—19 min, and 55%—5% A at
19—23 min. The injection volume was 10 pL and the detection
wavelength was set at 265 nm.

HPLC method validation including linearity, repeatability,
precision, stability and recovery was performed. Calibration
curves were obtained by taking the mass concentration of each
compound solution as the abscissa and the peak area as the
ordinate. The repeatability and precision were verified using six
test solutions prepared according to the same method, and were
expressed in the form of relative standard deviations (RSD). The
stabilities of the six analyte references were evaluated by
analyzing the sample solutions at room temperature at 0, 2, 4, 8,
12, and 24 h. The recoveries of six samples solutions were
assessed by comparing the peak areas obtained from test samples
with those of peak areas of test samples containing the mixed
reference solution.

Each product in the assay was identified by matching its
retention time and UV spectrum with those of the corre-
sponding reference compound, and quantified in accordance
with the calibration curve for each compound. The optimization
of DgpA/B/C enzyme reaction conditions, the inhibition effect
of glucose to puerarin C-glycoside degradation and potential
substrate screening were all carried out in a similar way as
above.

The concentration changes of intermediate compounds in
DgpA/B/C mediated isomerization reaction were also performed
and analyzed as above. The reaction was terminated at 0, 2, 4, 6, 8,
12, 16, 20, 24, 36 and 48 h, respectively. Each 200 pL of the
terminated mixture was taken and mixed with 600 pL. methanol.
The mixture was centrifuged at 16,000x g for 15 min to remove
proteins, and then the supernatant was taken and filtered through a
0.22 pm membrane for HPLC analysis.

2.10.  Determination of kinetic parameters

A gradient concentration of substrate was included in the DgpA/
B/C C-glycoside cleaving assay. The concentration of puerarin
was set from 0.01 to 4 mmol/L and that of daidzin and genistin
was from 0.01 to 2 mmol/L. The reaction was carried out at
37 °C for 8 h under the optimized reaction conditions (i.e., PBS
buffer pH 7.5 containing 1 mmol/L Mn**, 1 mmol/L NAD™ and
10 mmol/L DTT). The K, and k., kinetic parameters were
derived by fitting the calculated reaction rate and substrate
concentration to Michaelis—Menten model in Prism5 (GraphPad,
USA).

2.11.  Characterization of intermediate product with NMR and
MS

To determine the intermediate compound structure, C- or O-
glycoside cleaving assay with DgpA/B/C was carried out in large
scale. In a 90 mL reaction assay, 1 mmol/L substrate (puerarin, da-
idzin or genistin), 1 mmol/L NAD™, 1 mmol/L Mn*", 10 mmol/L
DTT and 20 pmol/L each subunit of DgpA/B/C were comprised.

The reaction was ended with 75% methanol and the products were
purified through Sephadex LH-20 (Merck, USA) column chro-
matography. The purified intermediate products were dried with a
vacuum dryer (Kuansons Bio-Tech, China) and then dissolved in
dimethyl sulfoxide-ds for '"H and '*C NMR spectroscopy. The
NMR spectra were recorded on a Bruker 400 instrument (Bruker,
Germany) at 400 MHz for 'H, or a Bruker 700 instrument oper-
ated at 175 MHz for '*C. The purified products from the reaction
of daidzin and genistin were dissolved in methanol to obtain the
solutions of each compound at 50 pg/mL. After centrifugation at
13,500xg for 10 min, the supernatants were collected, and ali-
quots were analyzed by LC/MS. A Waters MicromassQ-TOF
(Waters Corporation, USA) and a Shimadzu UPLC C18 column
(2.1 mm x 100 mm, 2 pm) were used for LC/MS assay. The
mobile phases and the gradient elution program were the same as
those used in HPLC assay, and the injection volume was 5 pL.

3. Results

3.1.  Partial auto-inhibited configuration of DgpA

First, we reconstituted the puerarin C-glycoside cleaving assay
with recombinant DgpA and DgpB/C enzymes after condition
optimization including pH, temperature and choice of reductants
(Supporting Information Fig. S2). We next solved a 2.7 A res-
olution DgpA free enzyme structure using single wavelength
anomalous dispersion (SAD) method with a crystal of Se-Met-
substituted recombinant enzyme that is in a hexameric configu-
ration, consistent with our size-exclusive chromatographic
results and native gel analysis (Fig. 1A, Supporting Information
Fig. S3 and Table S1). By contrast, other oxidoreductases in Gfo/
Idh/MocA family are either dimer or tetramer (Fig. 1B and C).
Two significant features stand out from the DgpA free enzyme
structure. First, the substrate recognition pocket is partially
blocked by a loop extending from the neighbor DgpA, resulting
in an auto-inhibited conformation of the enzyme in hexamer
(Fig. 1D and E). Second, a poor difference electron density
corresponding to glucose is observed close to the DgpA substrate
recognition pocket, suggesting that glucose may be a potential
substrate. To verify these, in a 2,6-dichlorophenolindophenol
(DCPIP) reporter assay that is based on the color shift of
DCPIP from oxidized state in blue to colorless when reducedm,
the inhibited loop deletion mutant increased about 3 fold DgpA
oxidative activity to glucose than wild type (Fig. 1F), implying
that DgpA activity is partially regulated by the auto-inhibited
loop.

3.2.  Recognition of substrates by DgpA

We next solved the crystal structure of DgpA with inhibited loop
deletion mutant bound to 3-p-glucose and the difference Fourier
electron density in the complex map is undoubtedly fit to §-p-
glucose (Fig. 2A). In the complex structure, glucose is bound to
the DgpA substrate recognition pocket that is composed of H186,
K100, D182, R159, E264, F189, F223 and W166 (Fig. 2A and B).
Except the C-1 hydroxyl group, all other hydroxyl groups of
glucose and the oxygen of 1,4-linkage are specifically recognized
by substrate binding pocket, forming a hydrogen bonding network
that accommodates to position glucose C-3 hydroxyl group toward
the NAD™ active center at a distance of 4.1 A that is just the right
distance for hydride ion (H™) abstraction (Fig. 2A and B)'*. When
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glucose was gradually added into the puerarin C-glycosidic bond
cleavage assay, the cleaving activity of DgpA/B/C was signifi-
cantly attenuated proportional to glucose concentration (Fig. 2C),
suggesting that glucose and puerarin competitively bind to the
same pocket on DgpA.

To further understand puerarin recognition by DgpA, we tried
to get the crystal complex structure of DgpA bound to puerarin,
but failed. Nevertheless, a composite model of such complex was
built based on the complex structure of DgpA and glucose
(Fig. 2D). In order to assess the composite model, the DgpA/B/C
cleaving activity to puerarin was measured based on series of
structure-based DgpA mutants. The kinetic parameters of
kear = 0.72 min~! and K,, = 0.11 mmol/L were measured for
wild type DgpA/B/C enzyme (Fig. 2E and Supporting Information
Fig. S4). Any single point mutation except HI86A in DgpA
substrate recognition pocket, including K100A, R159A and
D182A that form hydrogen bonds with the glycoside hydroxyl
group, led to dramatically cleaving activity loss (Fig. 2E and
Supporting Information Fig. S4), indicating that the sugar moiety
docking to DgpA is an essential step in the C-glycoside cleavage.
As Fig. 2A shows that 2-hydroxyl group of glucose is associated
with both H186 imidazole nitrogen and NAD™ primary amide to
form hydrogen bonds, it may explain why the DgpA HI186A
mutant still remains pronounced activity (Fig. 2E and Fig. S4).
The above mutations in DgpA do not change the conformation
integrity of enzymes that was assessed by CD spectra of these
mutants, along with wild type DgpA (Supporting Information
Fig. S5).

3.3.  Isomeric and cleaving activity of DgpA/B/C

Puerarin is the canonical substrate of DgpA/B/C enzyme as
characterized above and also in the previous study'”>****° We
then ask what are comprised of DgpA/B/C substrate spectrum? To
explore this, three types of substrate candidates including oligo-
saccharides, (iso)flavonoids with C- or O-coupled glycoside were
first tested in the DgpA DCPIP assay. DgpA is cable of oxidizing
most of the potential substrates (Supporting Information Fig. S6)
that is consistent to our discovery that sugar moiety plays a
dominant role in DgpA substrate recognition (Fig. 2A and D).
Further, the cleaving activity of DgpA/B/C towards these sub-
strates was quantitatively examined by high performance liquid
chromatography (HPLC) analysis. For the three types of substrates
we used, no noticed cleaving activity to oligosaccharides was
observed. Vitexin (apigenin-8-C-glucoside) that also belongs to
the C-glycoside flavonoid family is also efficiently cleaved by
DgpA/B/C just as puerarin (Supporting Information Fig. S7). For
O-glycoside flavonoids like daidzin or genistin, DpgA/B/C also
display a significant catalytic efficiency with ke (0.25 min~") and
K. (0.07 mmol/L) for daidzin and k., (0.026 min~ ') and K,
(0.03 mmol/L) for genistin (Fig. 3A-D).

During daidzin or genistin cleavage, an intermediate com-
pound was discovered by HPLC (Fig. 3A and C). The interme-
diate compound from daidzin cleavage experiment was
subsequently characterized by 'H and '*C NMR. After compare
with an authentic reference compound’®, we were surprised to find
that the intermediate compound was unambiguously identified as
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Figure 2  Recognition of sugar moiety by DgpA (A) Crystal structure of DgpA complexed with glucose (PDB ID: 7XR9). Green lines show
Fourier difference electron density map at 2.7 A resolution, contoured at 2.3¢. NAD™ is presented in stick mode in orange, key residues in
substrate binding pocket are in cyan and glucose is in yellow. (B) 2D diagram presentation of glucose bound to DgpA. Some of the key hydrogen
binds are displayed as dashed blue lines. (C) The inhibition ratio of glucose to puerarin DgpA/B/C cleavage normalized to the wild type enzymes.
(D) The composite model of puerarin in yellow associated with DgpA. Briefly, the structural alignment of glucose to the glucosyl group of
puerarin using PyMOL (www.pymol.com) led to the composition model of DgpA bound to puerarin. (E) Summary of kinetic parameters (k., and
K., for C-glycoside cleavage of puerarin with wild type DgpA/B/C and DgpA substrate binding deficiency mutants.

puerarin (Supporting Information Fig. S8 and NMR data analysis
in Fig. S8 caption). Although we failed to get enough pure in-

compared the intermediate compounds in Fig. 3A and C with the
corresponding references that are puerarin and genistein-8-C-

termediate material from genistin cleaving reaction for high
quality NMR analysis, the corresponding LC/MS data shows
molecular weight of the intermediate compound is identical to
genistein-8-C-glucoside (Supporting Information Fig. S10A and

glucoside respectively via LC/MS (Supporting Information Figs.
S9 and S10). The high similar pattern of MS profile between in-
termediate compounds and the references is further indicative of
the intermediates as C-glycoside (Figs. S9 and S10). Moreover,

B). To further confirm the identification of these compounds, we the concentration change of O-glycosides, intermediate
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Figure 3  Intermediate compounds identification during O-glycoside hydrolysis with DgpA/B/C. (A) HPLC chromatography of the products

from daidzin (daidzein-7-O-3-p-glucoside) cleavage (1) in red and the reference compounds (daidzin and daidzein) used in the assay in black (2).
The reaction scheme is drawn based on the NMR identification in Supporting Information Fig. S8. (B) Kinetic parameters for daidzin cleaved into
daidzein and sugar. (C) HPLC analysis of the products from genistin (genistein-7-O-3-p-glucoside) cleavage (3) in red and the reference com-
pounds (genistin and genistein) used in the assay in black (4). The sugar moiety might be isomerized to either C-6 or C-8 position of the flavone.
(D) Kinetic parameters for genistin cleaved into genistein. The intermediate compounds from the reaction are highlighted with dashed blue boxes.
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compounds and aglycones in the reaction was monitored in time
course. The methodological tests showed that the HPLC method
applied to assay the content of 6 compounds (puerarin, daidzin,
daidzein, genistein-8-C-glucoside, genistin, and genistein) was
acceptable (Supporting Information Tables S2 and S3). The con-
centration of the intermediates first kept rising until the concen-
tration of substrates that is O-glycoside daidzin and genistin here
significantly dropped. Thereafter, the intermediates were next
cleaved by DgpA/B/C enzyme (Supporting Information Fig. S11).
Collectively, the only difference in the two compounds structure is
that the glucosyl group migrates from 7-O in daidzin to 8-C in
puerarin or genistin to genistein-8-C-glucoside (Fig. 3A and C).
The conversion of O- to C-glycoside in daidzin and genistin
strongly supports that DgpA/B/C is not only a C-glycoside
cleaving enzyme but also an O- to C-glycoside isomerase.

3.4.  Modelling structure of DgpB/C bound to 3"-oxo-daidzin

To further investigate the DgpA/B/C isomeric mechanism, we
solved a 2.1 A resolution crystal structure of DgpB/C complex
(Fig. 4A and Supporting Information Table S1) that is in a hetero-
octameric configuration consistent to the recent publication®'. We
then tried to model the 3”-oxo-daidzin into the DgpB/C free
enzyme structure based on the structure of AgCGD2a/( com-
plexed with homoorientin where AgCGD2a/g is a DgpB/C ho-
molog in soil bacterium Arthrobacter globiformis*'. 1-ns
molecular dynamics (MD) simulation was conducted to relax
the experimental structure, in which some of the protein side-
chains are poorly positioned. The last frame of the trajectory was
then used for docking with the software LeDock™. In the simu-
lated DgpB/C bound to substrate structure, 3”-O-daidzin is
recognized by two patches formed by DgpB/C compelx. The
oxidized sugar moiety is specifically bound to Mn>" and the
surrounding polarized residues on DgpC that make up the first
binding patch (Fig. 4B). The recognition mode of the oxidized
sugar moiety is similar to the well-established substrate binding
pattern of O-glycosidases in GH4 and GH109 family'> '*. The
polarized first patch is proposed to function as the catalytic core
region. The flavone group that is daidzein in the case of daidzin is
preferentially associated with the second patch that is composed
by a cluster of aromatic and hydrophobic residues between DgpC
and DgpB interface, suggesting that the substrate selectivity of
DgpB/C relies on the second patch (Fig. 4B and C).

3.5.  Possible mechanism for DgpA/B/C as an O- to C-glycoside
isomerase

A possible two-step mechanism of DgpA/B/C as a C-glycoside
structural isomerase is proposed. The breakage of the O-glycosidic
bond is first initiated with oxidation of glucoside 3-hydroxyl group
by DgpA complexed with NAD". The resulted product 3”-oxo-
daidzin will be then bound to DgpB/C complex (Fig. 4A-C). The
deprotonation of 2-carbon on glucoside by H143 accommodates the
cleavage of O-glycosidic bond with the catalytic residues of H143
and Glu301'"'*!'* (Fig. 4B-C and Supporting Information Fig. S$12
a—c). Further, the activation of the aromatic 8-carbon nucleophile is
coupled with the deprotonation of adjacent phenyl group both by
H143 and E301. The attack of the 1-carbon on glucoside that is
associated with DgpB/C in an intermediate state to the partially
negative charged aromatic 8-carbon leads to the formation of
puerarin (daidzein-8-C-glucoside, Supporting Information Fig. S12
d-f). The process of C-glycoside isomerization by DgpA/B/C

highly resembles the extensively studied mechanism of C-glycoside
transferases in plants and bacteria® >° (Fig. S12).

To assess this model, the structure-based DgpC mutations
were made to examine the cleaving and isomeric activity using
C-glycoside puerarin and O-glycoside daidzin as substrates,
respectively. All the mutations don’t change the conformational
integrity of DgpB/C enzyme complex, which is verified by CD
spectra (Supporting Information Fig. S13). The mutation of
H143A that is located at the first patch and Y11A that is one of
the key residues from the second patch dramatically reduce
both the cleaving and isomeric activity, consistent to the fact
that both of them are key residues either for catalysis or for
substrate recognition (Fig. 4A-I). An interesting mutant of
DgpC E301A that is also localized on the first patch displayed
pronounced inhibition on C-glycoside cleavage, but showed
little effect on O-glycoside cleavage or isomerization, sug-
gesting that O-glycoside hydrolysis are required less catalytic
residues than C-glycoside and the breakage of O-glycosidic
bond is mechanistically a prerequisite for C-glycosidic bond
formation (Fig. 4D-I).

4. Discussion

One of the basic building blocks in chemical world is constructed with
C—C bond that is difficult to be broken or made in physiological
condition. Currently, only very few C-glycoside cleaving enzymes
have been identified'® *"**. As one of the C-glycoside cleaving
enzyme, the biochemical characterization of DgpA/B/C enzyme is
only partially investigated. DgpA participates in the process by
abstracting hydride ion from glucoside 3-hydroxyl group that may
lessen the stability of the C-glycosidic bond. However, structural
biology information about this process remains unsolved. In this
study, we first carried out the structural characterization of DgpA in
substrate free and complex state. Our structures and DgpA activity
assays explain the mechanism of DgpA substrate specificity (Figs. 1
and 2). Despite of as a C-glycoside cleaving enzyme, our enzymatic
activity assays and the intermediate compound identification by
NMR clearly confirmed that DgpA/B/C enzymes are also an O- to C-
glycoside isomerase, leading to a possible two-step isomerization
working model that involves the breakage of O-glycosidic bond and
electrophilic substitution on aromatic hydrogen (Fig. S12).

The primary function of isomerase is to transform a molecule
between its isomers that can be categorized as stereoisomerism
and structural isomerism. Stereoisomerism retains molecular bond
connection but performs as an enantiomer inverter. By contrast,
structural isomerism rearranges the intramolecular bond connec-
tion***!. Because isomeric reaction rate is faster and the regional
specificity is much higher than traditional chemical synthesis
methods, isomerase enzymes are widely used in industry. For
instance, glucose isomerase (GI) that converts glucose into fruc-
tose is one of the most widespread enzymes in industry for fruc-
tose manufacturing™” *°.

Due to the better stability of C-glycoside than O-glycoside, C-
glycosides are harnessed as the surrogates for native O-glycoside
drugs in clinics*® *®. Although recent years witnesses a significant
progress in the field of C-glycoside chemical synthesis, it is still
strongly hampered by poor stereoselectivity and laborious pro-
tection and deprotection of functional groups**~°. Conversely,
enzyme-mediated C-glycoside synthesis displays a high efficiency
with great regiospecificity’>*. Moreover, DgpA/B/C-like en-
zymes may prevail in the bacterial kingdom like human gut
microbiota and soil bacteria and thus they may be a rich source for
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Figure 4 The modelled structure of DgpB/C complexed with 3”-oxo-daidzin and isomeric or cleaving activity regulation by structure-based
DgpC mutagenesis. (A) Structure of DgpB/C complexed with 3”-oxo-daidzin. The coordinates for structure of DgpB/C complex is deposited
under the PDB ID as 7XRF. (B) Interaction details of 3”-oxo-daidzin with DgpB/C. 3”-ox0-daidzin is shown as stick in yellow. Key DgpC
residues in the pocket are in cyan and DgpB residues are in blue. (C) 2D view of (B). (D—I) Cleavage or isomerization activity regulated by
mutations on DgpC including H143A, Y11A or E301A. Reaction was carried out at optimized conditions for 4 h and the products were further
analyzed with HPLC purification. (D, E) The blue bar diagrams are displayed as normalized isomerization activity against wild type DgpA/B/C
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isomerase-mediated C-glycoside synthesis with the synthetic
biology strategies'® ',

Currently, C-glycoside transferases (CGTs) are the only known
enzymes that are able to devise C-glycosides in plants and bac-
teria. The sugar moiety that is activated in the nucleotide-
diphospho (NDP) bound form is made a bond to the carbon on
the flavonoid aromatic ring by CGTs. A highly conserved catalytic
dyad motif is located in active pockets of almost all CGTs.
Particularly, E396 and H24 in the structure of TcCGT1 that is a
flavone-8-C-glycosyltransferase from Trollius chinensis®® and D58
and E316 in SsfS6 that selectively adds a sugar group to C-9
position of the anhydrotetracycline aglycone®’”' are both the
critical residues for CGT activity. Fig. 4 shows the H143 and E301
on DgpC play a comparable role as the catalytic dyad residues in
CGTs from the perspectives of catalytic pocket structures and
enzyme activity. When the structure of DgpC was searched
against the protein structure database using Dali server, sugar
isomerases are the top hits with RMSD around 2.5 A, both of

which share a typical TIM barrel-like domain and a divalent cation
at the catalytic center’”. Together, our study here revealed a
unique family of enzymes in nature that not only breaks the C-
glycosidic bond, but also make it from O-glycosidic bond.
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