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ABSTRACT: Anthocyanidin synthase from Vitis vinifera (VwANS) catalyzes the in vitro transformation of the natural isomer of
leucocyanidin, 2R,3S,4S-cis-leucocyanidin, into 2R,4S-flavan-3,3,4-triol ([M + H]*, m/z 323) and quercetin. The C;-
hydroxylation product 2R,4S-flavan-3,3,4-triol is first produced and its C;,C,-dehydration product is in tautomeric equilibrium
with (+)-dihydroquercetin. The latter undergoes a second VvANS-catalyzed C;-hydroxylation leading to a 4-keto-2R-flavan-3,3-
gem-diol which upon dehydration gives quercetin. The unnatural isomer of leucocyanidin, 2R,3S,4R-trans-leucocyanidin, is
similarly transformed into quercetin upon Cs;,C,-dehydration, but unlike 3,4-cis-leucocyanidin, it also undergoes some C,,C;-
dehydration followed by an acid-catalyzed hydroxyl group extrusion at C, to give traces of cyanidin. Overall, the C;,C,-trans
isomer of leucocyanidin is transformed into 2R,4R-flavan-3,3,4-triol (M + 1, m/z 323), (+)-DHQ, (—)-epiDHQ, quercetin, and
traces of cyanidin. Our data bring the first direct observation of 3,4-cis-leucocyanidin- and 3,4-trans-leucocyanidin-derived 3,3-
gem-diols, supporting the idea that the generic function of ANS is to catalyze the C;-hydroxylation of its substrates. No cyanidin
is produced with the natural cis isomer of leucocyanidin, and only traces with the unnatural trans isomer, which suggests that
anthocyanidin synthase requires other substrate(s) for the in vivo formation of anthocyanidins.

KEYWORDS: leucoanthocyanidin dioxygenase, anthocyanidin synthase, Vitis vinifera, 2-oxoglutarate, ascorbate, leucocyanidin,

reaction mechanism

B INTRODUCTION

Anthocyanins, glycoside derivatives of unstable anthocyanidins,
are the most abundant water-soluble pigments in plants,
fulfilling many important ecological and physiological
functions, such as recruitment of pollinators and seed
dispersers, hght screening photoprotection, and free radical
scavenging.' > Anthocyanins are mostly used as dyes in the
food industry,” and further developments are expected with the
acylated anthocyanins which have improved color stability.”®
Numerous studies have also demonstrated that several
anthocyanins have pharmacolog1cal properties that may be
beneficial for human health,”’ including cardloprotectlve,
antithrombotic,'" antidiabetic,'* anti- -inflammatory, '3 or anti-
tumor activities.'* "¢

All these observations have stimulated the development of
new strategies to design anthocyanin biosynthetic reac-
tors,'”/~"? with the implicit assumption that the current
understanding of anthocyanidin and anthocyanin biosynthesis
is correct.

The biosynthetic pathways of flavonoids have been
thoroughly studied and most of the enzymes involved have
been presumably identified,”” but the biosynthetic pathways of
anthocyanidins may not be fully understood.

Anthocyanidin synthase (ANS, EC 1.14.11.19), which is
believed to catalyze the last step of anthocyanidin biosynthesis,
is also known as leucoanthocyanidin dioxygenase (LDOX),
with the underlying assumption that leucoanthocyanidins are
the major sources of anthocyanidins.

ANS is a member of the 2-oxoglutarate-dependent
dioxygenase superfamily, and as initially shown with the
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recombinant enzyme from Perilla frutescens,”" it requires 2-
oxoglutarate, Fe(1I), and ascorbate for its activity. In this work,
it was shown that significant albeit small amounts of
anthocyanidins could be produced by the enzyme from either
leucocyanidin or leucopelargonidin. This was in apparent
agreement with previous genomic data which supported the
specific requirement of the corresponding gene in anthocya-
nidin biosynthesis,”> ** and also with the fact that feeding
plants with 2,3-cis-leucocyanidin had been shown to stimulate
anthocyanin production.”® For years, ANS has therefore been
assumed to be responsible for the in vivo transformation of
colorless leucoanthocyanidins (2R,35,4S) into colored antho-
cyanidins. However, this ANS-catalyzed transformation of
leucoanthocyanidins has never been confirmed to be a major
source of anthocyanidins in vivo. Moreover, ANS from
Arabidopsis thaliana (AtANS) was actually shown to catalyze
the oxidation of the natural stereoisomer of leucocyanidin
(LCD) mostly into products other than cyanidin.***°

The ANS gene has been cloned in several plants, and the
enzyme characterized using distinct polyphenolic sub-
strates,”™”’™*” and it was concluded that ANS was actually
able to catalyze the oxidative transformation of (+)-dihy-
droquercetin (DHQ), (+)-catechin, and naringenin in vitro. It
was hypothesized that the initial ANS-catalyzed step was a
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hydroxylation at C;,>******! but no Cs-hydroxylated product
was detected in the enzymatic reaction mixture at that time.
As part of our general study of recombinant ANS from Vitis
vinifera (VvANS), we report here the direct detection of
monohydroxylated products of 3,4-cis and 3,4-trans LCDs (M
+ 1, m/z 323), and we show that they are 3,3-gem-diols
resulting from enzymatic Cj-hydroxylation, based on the
analysis of their degradation products. The final degradation
product of the 3,3-gem-diol derived from natural 3,4-cis LCD is
quercetin, and our data do not support an ANS-catalyzed
transformation of this natural isomer into cyanidin.

B MATERIALS AND METHODS

Chemicals. (+)-Sodium L-ascorbate (>98%), a-ketoglutaric acid
sodium salt (>98%), iron(II) sulfate heptahydrate (>99%), catalase
from bovine liver (powder), (+)-taxifolin (2R,3S-dihydroquercetin or
(+)-DHQ, >85%), quercetin (>95%), and methanol (HPLC grade)
were all purchased from Sigma-Aldrich. Cyanidin chloride (>96%)
was purchased from Extrasynthése (France). Thrombin from bovine
plasma (dry powder, GE Healthcare) was dissolved in ice-cold PBS
buffer (pH 7.4) to a final concentration of 1 unit/uL and stored in
small aliquots at —80 °C.

Cloning and Expression of Recombinant VvANS in
Escherichia coli. The full-length ¢cDNA of VvANS (GenBank
accession number ABV82967.1) was amplified from a cDNA library
of Cabernet sauvignon berries (Vitis vinifera, postveraison) and cloned
into pDONR201 Gateway-compatible vector (Invitrogen), se-
quenced, and subcloned into the pHGGWA destination vector
[accession no. EU680839] using LR clonase (Invitrogen) following
the manufacturer’s protocol.

The resulting expression plasmid was finally transformed into the
Escherichia coli BL21(DE3) strain (Novagen) for protein expression.
The recombinant bacteria were first grown at 37 °C in 30 mL 2XYT
medium supplemented with 1% (v/v) glycerol and 100 ug/mL
ampicillin for 18 h at 200 rpm, the bacterial preculture was then
transferred into 2 L 2XYT medium supplemented with 1% (v/v)
glycerol and 100 pg/mL ampicillin and growth continued at 37 °C
under shaking (200 rpm) until an A4y, of approximately 1.0 was
reached. Induction of protein expression was initiated by the addition
of 1 mM IPTG, followed by a further incubation at 30 °C for 16 h
under shaking at 200 rpm.

Production of Untagged VVANS. Protein purification was
carried out using Protino Ni-TED resin (MACHEREY-NAGEL,
Germany) according to the instructions provided by the manufac-
turer, with minor modifications. The cells harvested from E. coli
expression culture by centrifugation (4 °C, 5000g, 30 min) were
resuspended in ice-cold LEW buffer (lysis—equilibration—wash, S0
mM NaH,PO,, 300 mM NaCl, pH 8.0) using 1 g wet cell weight for 2
mL LEW buffer. The suspension was stirred on ice for 30 min after
addition of 1 mg/mL lysozyme (from hen egg-white, Sigma) and
sonicated (Branson Digital Sonifier) on ice for S min at 25% of
maximal power (15 s burst with a 30 s cooling period). Cellular debris
were removed by centrifugation (4 °C, 8600g, 30 min), and the
supernatant was filtered through a 0.45 ym membrane (Whatman
syringe filter, GE Healthcare Life Sciences). The cleared bacterial
lysate was immediately loaded onto the gravity-flow IMAC column
prepared using the Protino Ni-TED resin and the recombinant
protein was eluted using elution buffer (50 mM NaH,PO,, 300 mM
NaCl, 250 mM imidazole, pH 8.0). After concentration by
centrifugation (Vivaspin 20, 30 kDa, Sartorius) and buffer exchange
with a gel-filtration cartridge (PD-10 desalting column, GE Health-
care), the purified recombinant protein was stored in PBS buffer (pH
7.3) for further tag removal.

After dilution of the purified recombinant protein sample with PBS
buffer to a final concentration of 2 mg/mL (Bradford method), tag
removal was initiated by adding 15 units/mL thrombin and the
mixture was then incubated at 22 °C for 16 h under shaking at 160
rpm. The cleaved Hiss-GST tag was removed first on another column

of Protino Ni-TED resin, and the untagged protein was collected
together with thrombin in the flow-through.

Thrombin present in the collected untagged protein sample was
finally removed with p-aminobenzamidine—agarose (p-ABA, Sigma,
200 pL suspension for SO units of thrombin). After addition of p-
ABA, the mixture was gently shaken at room temperature for 30 min
and passed through a filter of S0 um pore size, and the thrombin-free
VvANS was recovered. The untagged protein was concentrated
(Vivaspin 20, 10 kDa, Sartorius), and the protein buffer was
exchanged for the final storage buffer (20 mM MES, 500 mM
NaCl, 10% (v/v) glycerol, pH 6.5) using a PD-10 gel-filtration
column.

Enzyme Assays. (+)-2,3-trans-3,4-cis-Leucocyanidin and its 3,4-
trans isomer were synthesized and stored as previously described®
and then used as substrates of VVANS, and the products were
analyzed by HPLC and mass spectrometry (MS).

Reverse-Phase HPLC Analysis. The reaction mixture (2 mL, final
volume) contained 20 mM ammonium acetate, 20 mM NaCl, 2 mM
ascorbate, 1 mM 2-oxoglutarate, 10 yM FeSO,, 0.1 mg/mL catalase,
and 107* M VwANS (~ 80.6 ug), pH 6.3 (at 35 °C). After a
preincubation of the reaction mixture at 35 °C for S min, the reaction
was triggered by the addition of 100 M LCD, and then incubated at
35 °C for 30 min under gentle magnetic stirring. A 100 uL portion of
the reaction mixture was then analyzed by reverse-phase HPLC using
an Atlantis C18 column (5 um, 4.6 mm X 250 mm; Waters)
thermostated at 30 °C. Products were separated using a 25 min linear
gradient from 20 to 90% B under a flow rate of 1 mL/min and
detected at 280 nm. Solvent A was water-acidified with 0.1% (v/v)
trifluoroacetic acid (TFA), and solvent B was methanol-acidified with
0.1% TFA.

Tandem Mass Spectrometry (MS/MS) Analysis. Elution fractions
of the HPLC chromatogram were collected and analyzed by
electrospray ionization tandem mass spectrometry (ESI-MS/MS)
which was performed on a Q-Tof Premier mass spectrometer
(Waters) equipped with an electrospray ionization source (ESI) and
a time-of-flight (TOF) analyzer. The samples were infused with a
syringe pump into the ESI source at a flow rate of 5 yL/min. MS
analyses were performed in positive ion mode as previously
described.>*> MS/MS analyses were carried out using argon as
collision gas with a collision energy of 3 to 30 eV and a collision cell
gas flow of 0.47 L/min. The full scan MS/MS spectra were measured
from 100 to 800 m/z.

Methanolic solutions of 2 mM (+)-DHQ, quercetin, and cyanidin
were freshly prepared and used as references.

Chemical Synthesis and Chiral HPLC Analysis of (+)-ep-
iDHQ. The chemical synthesis of (+)-epiDHQ was carried out using
the procedure described by Kiehlmann and Li** and checked by
NMR.** Upon a 12 h incubation at 75 °C of 1 mM (+)-DHQ in 1 mL
methanol/H,0 (50/50, v/v) containing 0.5 M HC], the only product
formed, (+)-epiDHQ, was purified by HPLC using the Atlantis C18
column. The collected samples were pooled and completely dried out
by rotary-evaporation at 20 °C and the resulting (+)-epiDHQ_ was
finally redissoved in hexane/ethanol (70/30, v/v) for chiral HPLC
analysis.

Chiral HPLC analysis was performed on a Chiralcel OJ-H column
(5 pm, 4.6 mm X 250 mm; Daicel) following the procedure described
by Gargouri et al.>> The stereoisomer of DHQ was isocratically eluted
with hexane/ethanol (70/30, v/v) at room temperature under a flow
rate of 0.5 mL/min and detected at 214 nm. A 100 uM of (+)-DHQ
in hexane/ethanol (70/30, v/v) was used as a reference.

B RESULTS

Enzyme Production. The expression plasmid pHGGWA
codes for an N-terminal Hiss,-GST tagged VvANS, in which
VVANS is linked to the tag by a thrombin cleavage site (Figure
S1). The Hiss-GST tag and thrombin were entirely removed
from VvANS, as shown by the SDS-PAGE analysis (Figure
S2).
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Figure 1. Characterization of ANS products of 3,4-cis-LCD. (A) Reverse-phase HPLC analysis. The nonenzymatic degradation products of 3,4-cis-
LCD (8.0 min) are shown in red, and its enzymatic degradation products are shown in blue. (B) MS analysis of the collected peak 1. m/z 149, 171,
and 391 are contaminant ions derived from phthalate or plasticizer in methanol extracts.>® (C) MS/MS fragmentation of the ion with m/z 323

observed in part B.
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Figure 2. Characterization of ANS products of 3,4-trans-LCD. (A) Reverse-phase HPLC analysis. The nonenzymatic degradation products of 3,4-
trans-LCD (8.7 min) are shown in red, and its enzymatic degradation products are shown in blue. (B) Reverse-phase HPLC analysis. The
enzymatic degradation products of 3,4-trans-LCD are shown in red and that of 3,4-cis-LCD is shown in blue. (C) MS analysis of the collected peak
2. (D) MS/MS fragmentation of the [M + H]" ion with m/z 323 observed in part C.

At the end of the purification process, VVANS was analyzed
by ESI-MS in order to check its integrity. As shown in Figure
S3, the full-length protein (observed average mass: 40338.0
Da; theoretical average mass: 40337.38 Da) is exclusively
present in the sample, indicating that there is no loss of amino
acid and no protein cleavage during purification.

The purified VVANS is stable in the selected storage buffer
and could be kept at 4 °C up to 1 month or at =20 °C in small
aliquots for several months.

Approximately 30—50 mg of recombinant His,-GST-VvANS
could be obtained from 2 L of culture medium. Upon tag
removal, a final yield of 5—7.5 mg of V¥ANS per L could be
achieved.

Enzyme Assays. Incubation of 3,4-cis-LCD with VvANS.
Enzyme assays were first carried out using the natural isomer of

leucocyanidin (3,4-cis) as substrate, and a control experiment
was performed in the absence of VvANS (Figure 14, in red).

As shown in Figure 1A (in blue), the peak of 3,4-cis-LCD
disappeared upon incubation with VvANS, and two products
(peaks 1 and 2) were observed.

The identification of these two products by MS/MS was
subsequently carried out. As shown in Figure 1B, three ions
with m/z 287, 305, and 323 are observed on the MS spectrum
of peak 1. Further MS/MS analysis of the ion with m/z 323
(Figure 1C) shows that it is mainly broken down into three
fragment ions with m/z 167, 287, and 305 at the very low
collision energy (3 eV) which was selected, suggesting that the
three ions with m/z 167, 287, and 305 observed in Figure 1B
were already due to the fragmentation of m/z 323. The latter is
therefore most likely the [M + H]* ion of peak 1. Therefore,
the product visualized as peak 1 (Figure 1A) would have a
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Figure 4. Reverse-phase HPLC analysis of the nonenzymatic degradation products of the monohydroxylated 3,4-cis- and 3,4-trans-LCD. (A) HPLC
overlay chromatogram of the sample of the monohydroxylated 3,4-cis-LCD before (in red) and after (in blue) freeze-drying. (B) HPLC overlay
chromatogram of the nonenzymatic degradation products of the monohydroxylated 3,4-cis-LCD (in blue) and the mixture of the commercial
standards of S0 uM (+)-DHQ and quercetin (in red). (C) HPLC overlay chromatogram of enzymatic degradation products of 3,4-trans-LCD (in
blue) and nonenzymatic degradation products of monohydroxylated 3,4-trans-LCD (in red).

molecular weight of 322 Da which corresponds to a
monohydroxylation product of 3,4-cis-LCD (306 + 16 Da).
In addition, the ion with m/z 34S in Figure 1B corresponds to
the [M + Na]" ion derived from m/z 323.

The product visualized as peak 2 (Figure 1A) was
unambiguously identified by MS/MS as quercetin, using
commercial quercetin as external standard (Figure S4).

Incubation of 3,4-trans-LCD with VANS. With 3,4-trans-
LCD as substrate, six possible enzymatic products were
observed after incubation with VvANS (Figure 24, in blue),
implying that this non-natural isomer also behaves as a
substrate, but its enzymatic transformation is more complex.
As shown in Figure 2B, red peaks 1 and 6 can be assigned to
the monohydroxylated 3,4-cis-LCD and quercetin, respectively,
by comparison with the two products of 3,4-cis-LCD (Figure
2B, in blue). In fact, monohydroxylated 3,4-cis-LCD was

probably formed from the enzymatic transformation of
approximately 13% 3,4-cis-LCD present as contaminant in
the stock solution of 3,4-trans-LCD.>>

The analysis of the other four products was again carried out
by means of MS/MS. Peak 2 corresponds to the mono-
hydroxylation product of 3,4-trans-LCD with a molecular
weight of 322 Da ([M + H]*, m/z 323), based on its MS and
MS/MS spectra (Figure 2C and D) which were very similar to
those of the monohydroxylated 3,4-cis-LCD (Figure 1B and
C).

Products visualized as peaks 3 and 4 (very close) were
undistinguishable from (+)-DHQ by MS/MS using commer-
cial (+)-DHQ as external standard (Figure SS), suggesting that
they are two stereoisomers, and a subsequent HPLC analysis
(Figure S6) revealed that peak 3 is (+)-DHQ. Therefore, peak
4 is a stereoisomer of (+)-DHQ (2R,3R-DHQ), which could
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cis-LCD. (inset) Magnified chromatogram between 4.2 and 7.0 min.

be either (+)-epiDHQ (25,3R-DHQ) or (—)-epiDHQ (2R,3S-
DHQ), but not (—)-DHQ (25,35-DHQ), because (+)-DHQ
and (—)-DHQ_could not be separated in our conditions. As
described later, further chiral HPLC analysis was carried out in
order to confirm our assignment of peak 4.

Peak S was unambiguously assigned to cyanidin by MS/MS
using commercial cyanidin as external standard (Figure S7).

Confirmation of the Observed Stereoisomer of
(+)-DHQ by Chiral HPLC Analysis. (+)-epiDHQ and
(—)-epiDHQ_ are not commercially available, but we
successfully synthesized (+)-epiDHQ as mentioned earlier.
The observed stereoisomer of (+)-DHQ (peak 4 in Figure 2A)
was purified and redissolved in hexane/ethanol (70/30, v/v) as
described for (+)-epiDHQ_in Materials and Methods. As
shown in Figure 3A, injection of this sample on the Chiralcel
OJ-H column gives a peak at 40.5 min (blue peak 5). This peak
S is well separated from (+)-epiDHQ_ (green peak 1, 29.9
min), indicating that it is (—)-epiDHQ. In addition, the small
green peak 2 (32.1 min) was assigned to (+)-DHQ_using the
commercial standard of (+)-DHQ (red peak 4, 31.9 min), and
this (+)-DHQ_is actually a residual contaminant of the purified
sample of (+)-epiDHQ_(Figure 3B). Another small green peak
3 (40.9 min) was assigned to (—)-epiDHQ (blue peak S, 40.5
min), which probably resulted from the C; keto—enol
tautomerization of (+)-DHQ.*

Nonenzymatic Degradation Products of the Mono-
hydroxylated 3,4-cis- and 3,4-trans-LCD. Our attempts to
produce a pure freeze-dried sample of each of these two
compounds for structural identification by NMR failed,
because they were not stable and were degraded during
freeze-drying. The corresponding degradation products were

further analyzed. After purification of the monohydroxylated
3,4-cis-LCD by reverse-phase HPLC (peak 1 in Figure 1A),
only one major peak was observed on the HPLC chromato-
gram of the purified sample (Figure 44, in red). This sample
was lyophilized and redissolved in methanol/H,O (50/50, v/
v). Reverse-phase HPLC analysis (Figure 44, in blue) showed
that this monohydroxylated 3,4-cis-LCD (blue peak 1) had
decomposed into several byproducts (peaks 2—S5). As shown in
Figure 4B, peaks 2 and 5 were respectively assigned to
(+)-DHQ and quercetin using commercial standards. Peak 3
(Figure SA) was assigned to (—)-epiDHQ_by chiral HPLC
analysis using the Chiralcel OJ-H column, and peak 4 (Figure
4A) was assigned to cyanidin based on MS/MS analysis.

The sample of monohydroxylated 3,4-trans-LCD was
lyophilized and analyzed in the same way. As shown in Figure
4C (in red), five peaks were observed, which were respectively
assigned to the monohydroxylated 3,4-trans-LCD (residual),
(+)-DHQ, (—)-epiDHQ, cyanidin, and quercetin when
compared with the products obtained from the enzymatic
transformation of 3,4-trans-LCD (Figure 4C, in blue). The last
four compounds resulted from the nonenzymatic degradation
of the first one during freeze-drying, and one should note that
they were also obtained from the enzymatic transformation of
3,4-trans-LCD (Figure 2A).

Reverse-Phase HPLC Monitoring of the Enzymatic
Reactions Performed at 22 °C. The results of our
investigation of the nonenzymatic degradation of monohy-
droxylated 3,4-trans-LCD cast some doubt about the
enzymatic origin of all the products of 3,4-trans-LCD (Figure
2A). Therefore, the enzymatic transformation of 3,4-trans-
LCD was performed at a lower temperature (22 °C), with the
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aim to reduce the nonenzymatic degradation of monohydroxy-
lated 3,4-trans-LCD.

As shown in Figure SA, after 30 min incubation at 22 °C in
the presence of VvANS, 3,4-trans-LCD was no longer observed
and the same products were obtained (Figure 2). However, the
monohydroxylated 3,4-trans-LCD (peak 1) was observed as
the only major product, and the other four products (peaks 2—
5) were found at trace levels. In addition, for longer incubation
times, the amount of monohydroxylated 3,4-trans-LCD

declined and the other four products increased simultaneously
(Figure SB).

The enzymatic transformation of 3,4-cis-LCD was also tested
at 22 °C, and a similar trend was observed. As shown in Figure
SC, monohydroxylated 3,4-cis-LCD (peak 1) became the
major product, with traces of the other product (quercetin,
peak 2). A decrease in monohydroxylated 3,4-cis-LCD and an
increase in quercetin were also observed following longer
incubation times (Figure 5D).
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B DISCUSSION

Structure of the Monohydroxylated 3,4-cis- and 3,4-
trans-Leucocyanidin. Two monohydroxylated leucocyani-
dins were obtained from the transformation of the correspond-
ing stereoisomer of leucocyanidin (3,4-cis or 3,4-trans) by
VVANS according to the MS and MS/MS analysis, but the
hydroxylation position of these two structures could not be
directly observed, because of the lack of pure sample for NMR
analysis.

Hydroxylation at C,, C;, and C, of ring C may all be
postulated, to yield the flavan-2,3,4-triol, flavan-3,3,4-triol (3,3-
gem-diol), and flavan-3,4,4-triol (4,4-gem-diol), respectively
(Figure 6A). If the hydroxylation occurred at Cy, no difference
would be found between the two formed flavan-3,4,4-triols,
which cannot be in agreement with distinct HPLC retention
times (peak 1 in Figure 1A and peak 2 in Figure 2A). The C,-
hydroxylation is therefore excluded because it would give the
same product, whereas the C, and C; hydroxylations are still
possible because the structures would be C, epimers in all
cases.

Interestingly, the nonenzymatic degradation of the putative
hydroxylation products can help us to solve the problem. The
observed monohydroxylated 3,4-cis- and 3,4-trans-LCD are
indeed nonenzymatically degraded into three major by-
products which are (+)-DHQ, (—)-epiDHQ, and cyanidin,
as well as traces of quercetin. The flavan-2,3,4-triol 1 of Figure
6B could dehydrate at C,—C; by loss of the C, hydroxyl group,
to yield an intermediate flav-2-en-3,4-diol 1.1, from which an
acid-catalyzed dehydration step would yield cyanidin in its
flavylium form 1.2.

Although cyanidin is an expected nonenzymatic degradation
product of flavan-2,3,4-triol, dihydroquercetin should not be
produced, which is not compatible with our results. Therefore,
in addition to C, hydroxylation, the C, hydroxylation is also
excluded.

The two hydroxyl groups bound to the same carbon atom
(C;) of the flavan-3,3,4-triol (2, Figure 6C) can be easily
converted to a carbonyl or keto group by dehydration at Cs,
forming an intermediate flav-3-on-4-ol 2°, which is a
tautomeric form of the flav-2-en-3,4-diol 2.1 and flav-3-en-
3,4-diol 2.3. Furthermore, the intermediate flav-2-en-3,4-diol
2.1 could be directly formed from dehydration of the flavan-
3,3,4-triol 2 at C,—C;, with elimination of one of the two
hydroxyl groups at C;, and in this case, the formation of the
cyanidin cation 2.2 could be achieved in the same way as that
described on the left path of Figure 6B. As shown on the right
side of Figure 6C, another dehydration of the flavan-3,3,4-triol
2 at C;—C, could also be envisaged, to yield the intermediate
flav-3-en-3,4-diol 2.3, which is a tautomeric form of
(—)-epiDHQ 2.4 and (+)-DHQ 2.5.

In summary, the three dehydration products of the flavan-
3,3,4-triol which can be envisaged, namely cyanidin, (+)-DHQ,
and (—)-epiDHQ do correspond with the three observed
major byproducts of the two monohydroxylated leucocyani-
dins. We therefore conclude that the observed monohydroxy-
lated 3,4-cis- and 3,4-trans-LCD are the flavan-3,3,4-triol of
(2R4S) and (2R4R) configurations, respectively.

Reaction Mechanism of the in vitro VvANS-Catalyzed
Oxidation of Leucocyanidins (3,4-cis or 3,4-trans). On
the basis of our results, the most likely reaction mechanism of
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the in vitro VvANS-catalyzed oxidation of 3,4-cis- and 3,4-trans-
LCD is that of Figure 7 in which we show that two consecutive
ANS-catalyzed hydroxylation steps are required to produce
quercetin from each of the two isomers. The first one gives a
3,3-gem-diol (2 from 3,4-cis-LCD and 2’ from 3,4-trans-LCD)
which undergoes dehydration at C;—C, to flav-3-en-3,4-diol 3.
The latter is in equilibrium with the 4-keto tautomers 4 and S.
Then a 3R secondary hydroxyl group is again available with
(+)-DHQ_$ for a second hydroxylation by ANS (second
catalytic cycle) to a 4-keto-3,3-gem-diol which dehydrates to
quercetin. The formation of cyanidin 9 does not involve a
second hydroxylation step, but requires a C,,C;-dehydration
which is only observed with the triol derived from the trans
isomer (4R hydroxyl group). This suggests that this C,,C;-
dehydration is ANS-catalyzed and C,-stereospecific.

With 3,4-cis-LCD 1 (Figure 7A), two major products were
initially observed when the enzymatic reaction was performed
at 35 °C for 30 min (Figure 1A), which are 3,4-cis-LCD-
derived 3,3-gem-diol (compound 2) and quercetin 7.
However, compound 2 became a major product when the
reaction was performed at 22 °C, and quercetin 7 was found at
trace level (Figure SC). With longer incubation times, the
amount of quercetin 7 increased significantly and that of
compound 2 decreased (Figure SD), suggesting that
compound 2 is the initial oxidation product from which
quercetin 7 is produced. Compound 2 is unstable because of
the C; gem-diol, and it is expected to dehydrate into an enediol
with a double bond at C,—C; or C;—C,. An enediol with a
double bond at C,—C; should yield some cyanidin 9, which is
not observed with 3,4-cis-LCD. This means that this is a
double bond at C;—C, which is obtained by dehydration,
which would yield compound 3. The latter would be in
equilibrium with two 4-keto tautomers, (—)-epiDHQ and
(+)-DHQ, which have a CHOH available at C; where a
second ANS-catalyzed hydroxylation could take place. This
would produce a second 3,3-gem-diol from which the
formation of quercetin 7 is indeed expected. The substrate
used by VWANS for this second hydroxylation is most likely
(+)-DHQ. As shown in figure S8, when (+)-DHQ is used as
initial substrate, VVANS indeed produces a single product
which is quercetin.®”

With 3,4-trans-LCD 1’ (Figure 7B), five products were
initially observed when the enzymatic reaction was performed
at 35 °C for 30 min (Figure 2A), which are 3,4-trans-LCD-
derived 3,3-gem-diol (compound 2’), (—)-epiDHQ 4,
(+)-DHQ_S, quercetin 7, and cyanidin 9. We must therefore
admit that compounds 4, 5, and 7 are derived from compound
2’ exactly as described for 3,4-cis LCD from compound 2. The
keto—enol tautomerization steps of compounds 3, 4, and § are
probably nonenzymatic since the HPLC analysis of the
enzymatic products of 3,4-trans-LCD produced at more basic
pH (7.8) showed that (+)-DHQ and (—)-epiDHQ were
observed in similar amounts (Figure S9A). This would agree
with the fact that the ANS-catalyzed transformation of
(+)-DHQ into quercetin is negligible at this pH (Figure S9B).

In summary, when the two stereoisomers of leucocyanidin
are used as substrates of VWANS, the corresponding Cs-
hydroxylation products, namely the 3,4-cis- and 3,4-trans-LCD-
derived 3,3-gem-diols are formed. These 3,3-gem-diols are the
initial oxidation products of the ANS-catalyzed oxidation of
leucocyanidins, and they undergo dehydration to give the flav-
2-en-3,4-diol (4S or 4R) and flav-3-en-3,4-diol.

Although our attempts to purify substantial amounts of 3,4-
cis- and 3,4-trans-LCD-derived 3,3-gem-diols for NMR analysis
have failed due to their insufficient stability, our mechanistic
interpretations are in agreement with several independent
observations. This work also clearly confirms that the natural
isomer of leucocyanidin is not a significant precursor of
cyanidin and that the leucoanthocyanidin dioxygenase
(LDOX) activity of the enzyme is therefore unlikely to be
responsible for its anthocyanidin synthase activity, at least in
vitro. A corollary of this observation is that it will be necessary
to check whether the ANS from Perilla frutescens on which the
original hypothesis was based”’ does produce significant
amounts of cyanidin from the natural 3,4-cis-leucocyanidin or
only from some contaminating 3,4-trans-isomer. The authors
had used leucocyanidin and leucopelargonidin from commer-
cial source, and they were aware of this potential problem since
they wrote®' that it would be difficult to determine which
epimer was the true substrate of ANS, given the ease of
spontaneous isomerization at C,.

Here we used a recombinant vVANS, and it cannot be
formally excluded that it could be devoid of some important
post-translational modification, but we must underline that this
recombinant enzyme does produce significant amounts of
cyanidin from (+)-catechin.”” If the lack of transformation of
3,4-cis-leucoanthocyanidins is confirmed with ANS from
various sources, this will imply that leucoanthocyanidins may
be transformed by an enzyme situated between DFR and ANS
into products which are then efficiently transformed by ANS
into anthocyanidins. This enzyme would most likely be
leucoanthocyanidin reductase (LAR) since one of its products,
namely (+)-catechin has been shown to be transformed into
significant amounts of cyanidin by all ANS investigated to
date,”’ ™% including V¥-ANS in our hands.”” In fact, it was
shown that ANS did not appear to provide an efficient
conversion of leucoanthocyanidins to anthocyanidins in E. coli
transfected with flavanone 3f-hydroxylase, dihydroflavonol
reductase, and ANS,*® and catechin has been used as an
alternative and far more efficient substrate of ANS upon
transfection of E. coli with the additional LAR gene.*”™*!
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