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Horseradish Peroxidase (HRP) is a commercially available and preva-
lently used peroxidase with no specific substrate binding domain.
However, after being incorporated with different metal cations, new
catalytic functions were found in biomimetic oxidation of resveratrol.
Based on the results of screening, Ca, Cu, Fe and Mn incorporated
enzymes showed distinctive effects, either decomposition or dimer-
ization products were observed.

With diverse beneficial activities for human health, resveratrol
(1) was considered an attractive small organic molecule by the
pharmaceutical industry in the first decade of this century.*
Meanwhile, naturally occuring resveratrol oligomers could be
considered as a series of analogues built from several resvera-
trol molecules with complicated linkage type. Up to now, more
than 500 these oligomers have been isolated from plants,
especially vitis plants. Resveratrol oligomers also have various
impressive bioactivities, but few progresses have been made
due to their trace amount in natural resources.” Synthesis of
resveratrol oligomers, both total synthesis® and biomimetic
synthesis,* have been put forward in great steps during last five
years, and the related researches have been well reviewed.’

As most resveratrol oligomers are oxidative coupling prod-
ucts generated from monomers, searching for suitable oxidants
is not only necessary but also of significant scientific value. After
numerous efforts for a long history, redox-active enzymes are
proved effective. Screening for ‘good’ enzymes was performed
by several researchers before. In these processes, selected
enzyme was put into a stock of resveratrol solution, and the
products were separated with chromatographic methods. A few
enzymes, including laccase,* Momordica charantia peroxidase®
and tyrosinase,* have been carefully examined. Among them
horseradish peroxidase (HRP, EC 1.11.1.7) is the most effective
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one, which has high efficiency and bulk resource. HRP was first
introduced into resveratrol oxidation by Langcake and Pryce in
1977.7 In most cases, hydroperoxide plays as the final oxidant in
reaction, which could be converted into hydroxyl radical
in presence of HRP.®* Water-acetone co-solvent system is
preferred in moderate temperature while ¢rans-d-viniferin (2)
and pallidol (5) could be found in a complicated reaction
mixture. However, low conversion and lack of selectivity is the
major drawback of this enzymatic reaction. Considering these
challenges, efforts were devoted to regulate the catalytic
behavior of HRP in this reaction. Hou and coworkers used a
modified resveratrol with two tert-butyl groups adjacent to the
hydroxyl group in the phenol ring as a substrate and quad-
rangularin A was selectively obtained in 35% yield.” Our group
have also provided some resolutions, where the resveratrol
monomer was replaced by its natural oligomers, to perform [n +
1] reactions to get oligomers in higher oligomeric degree.'® For
instance, parthenocissin A (a resveratrol dimer) reacted with
resveratrol to generate laetevirenol E (a resveratrol trimer).'*
We have also provided an enzymatic resolution strategy." pH
environment of this reaction was carefully adjusted, by which
three different catalytic modes were switched concisely to form
seven different resveratrol dimers selectively.

On the other hand, it is a new cross point in biocatalysis to
expand the reaction horizon of a specific enzyme by some
developed strategies,”” such as mutagenesis,"** amino acid
substitution*® or computational design."** Among them, metal
incorporation is the one of the most concise pathways. Some
approaches were made, including direct metal substitution,***
metal incorporation* and conjugation of artificial metal
complex.’* Most of these approaches were focused on some
model organic reactions, while very few efforts have been put in
practical reactions, especially in natural product synthesis,
whose biomimetic synthesis still faces great challenges.

Herein, we explored the potential function of several metal
incorporated HRPs in this specific catalysis, in order to find if
this strategy could help to get oxidative products different from
native HPR catalyzed reaction. After screening of seven M*>* ions
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in behavior change of HRP, it was found that they have diverse
effects on this biomimetic transition (Fig. 1). Either decompo-
sition or dimerization products were isolated in some cases,
while others metals have negative or no influence on HRP's
catalytic behavior.

In present study, seven different M®" ions (corresponding
chloride salts, 240 uM) were incubated with HRP in 25 pM
aqueous solution under 40 °C for 12 hours. After thorough
dialysis and lyophilization, the formed metal incorporated
enzymes were used instead of HRP in a developed protocol as
what we have described in previous research." The other
difference was that water was applied other than buffer. pH was
testified both before and after enzymatic reactions, and the
results distributed between 6.8 and 7.1, which indicates the
reaction here is metal-dependent rather than pH-dependent as
in our former report.'* The reaction products were carefully
examined with HPLC and some of them were further isolated
using chromatographic methods. The results turned to be in
great variance (HPLC chromatograms were shown in Fig. 3, for
yields and other details, see Table S1 in ESIt). Ni**, Co®>" and
Zn>* brought out no significant effect on HRP's catalytic mode
(Scheme 1A, Fig. 2 and Fig. 3B). As in a typical resveratrol
oxidative reaction catalyzed be native HRP, trans-3-viniferin (2)
was found as the main product in around 60% yield. Leachianol
F and leachianol G (3 &4, a pair of diasteroisomers in 1 : 2 ratio)
and pallidol (5) were also isolated as byproducts. Meanwhile,
incorporation of Ca®" could decrease the catalytic capacity of
HRP, the conversion of resveratrol decreased by 40% and
enzyme sedimentation was observed (Scheme 1B and Fig. 3C).
HRP-Mn>* complex give trans-3-viniferin as a solo-product in
91% yield, without any byproduct concominantly formed
(Scheme 1C and Fig. 3D). Moreover, two other transition metals,
Cu®* and Fe*", also showed interesting results that decom-
positive oxidation occurred to resveratrol. The C-C double bond
of resveratrol was cleaved, and its two sides suffered an asym-
metric oxidation. The final products of this decompositive
oxidation isolated were identified 4-hydroxybenzylaldehyde
(6, around 70% yield) and 3,5-dihydroxybenzylacid (7, around
50% yield). (Scheme 1D and Fig. 3E). Thus, incorporation of
metal ions made a fork in HRP's normal catalytic pathway, at
which resveratrol can go through either a dimerizative road in
high efficiency with Mn**, or a decompositive oxidative one in
presence of Cu®" or Fe*",

To further investigate the details of how these phenomena
were achieved, three groups of control experiments were
designed. In the first array of trials, the common oxidative
products (as suggested in both our' and other researchers”
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Scheme 1 M?* incorporated HRP catalyzed resveratrol oxidation.
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Fig. 1 Metal ions regulate modes of HRP catalysis in resveratrol oxidation.
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previous works), trans-d-viniferin (2), was subjected as reactant
in presence of HRP, [HRP-Fe], [HRP-Cu] or [HRP-Mn]. (Entry
1-4, Table 1.) After reacted with H,0, under the standard
reaction condition, the products were checked both with HPLC
and NMR. However, no reaction seems to happen in this
process. Thus, it is indicated that 2 was not formed as an
intermediate in the catalytic process with HRP-metal
complexes. Then the catalytic capabilities of the metals (only
the ones with specific function were analyzed, they are Fe, Cu
and Mn complexes) alone were tested in absence of HRP. (Entry
5-7, Table 1) The results showed that these three metals all have
considerable catalytic capacities in dimerizing resveratrol (1) to
2 in presence of H,0,. It is mentionable that in FeCl, catalyzed
transformation, the yield of 2 is over 90%, which is in accor-
dance with Tanaka's previous work® using FeCl; as oxidant. But
in all the forementioned entries, neither decompositive prod-
ucts (6 and 7) nor other dimerization products (3, 4 and 5) could
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Fig. 3 HPLC chromatograms of HRP-metal complexes catalyzed products. The
catalysts used are (A) native HRP. (B) Co** incorporated HRP (the same as Ni%* and
Zn?* cases). (C) Ca®* incorporated HRP. (D) Mn?* incorporated HRP. (E) Fe®*
incorporated HRP (the ethyl acetate extraction, the same as Cu®* incorporated
HRP). HPLC condition, see ESI.{

Table 1 Results of control experiments with different treatment to HRP

No reaction
No reaction

Resveratrol (1
Resveratrol (1

=
(=)

[apo-HRP-Cu]
[apo-HRP-Mn]

-
-

Entry Catalyst Substrate Product & yield
1 HRP 2 No reaction
2 [HRP-Fe] 2 No reaction
3 [HRP-Cu] 2 No reaction
4 [HRP-Mn] 2 No reaction
5 FeCl, Resveratrol (1) 2, 92%
6 CucCl, Resveratrol (1) 2, 85%
7 MnCl, Resveratrol (1) 2, 51%
8 apo-HRP Resveratrol (1) No reaction
9 [apo-HRP-Fe] Resveratrol (1) No reaction
€y
@

be found in HPLC and NMR analysis. These results identified
that HRP was involved in the reactions and incorporation with it
dramatically changed the catalytic behaviors of these metal
ions. Furthermore, it is well known that HRP is a 34 kD protein
conjugated with a heme prosthetic group. So the function of
heme was also studied in this research. apo-HRP was prepared
within classic methods,* and incubated with FeCl,, CuCl, and
MnCl, respectively to form [apo-HRP-metal] complexes. These
complexes were also utilized in resveratrol oxidation under
H,0, after dialyzation. (Entry 8-11, Table 1) It was found that
none of them can catalyze resveratrol oxidation. It could be
proposed from these phenomena that the heme centre of HRP
is the hinge of the initial conversion of hydroperoxide to
hydroxyl radical, which further lead to the formation of a
phenol radical intermediate. And all products, either

22978 | RSC Adv., 2013, 3, 22976-22980

View Article Online

=)
[}
2
E
=
2 4 —a— Native HRP
3 —ea—HRP-Ca
w —a— HRP-Cu
—v—HRP-Fe
\ —o— HRP-
\o~ HRP-Mn
24
T T T T T ,
200 210 220 230 240 250 260

Wavelength (nm)

Fig.4 Far-UV CD spectra of native HRP, [HRP-Ca], [HRP-Cu], [HRP-Fe] and [HRP-
Mn].

dimerization products or decomposition products are gener-
ated from the phenol radical.

These interesting phenomena suggest that the enzyme itself
underwent some changes in property. Further analysis was
carried out in order to understand the mechanistic reason and
provide more instructive information to artificial HRP design,
further analysis was carried out to reveal a deeper insight.
Atomic absorption spectrometry (AAS) was applied to count the
enzyme-metal ratios in the formed complexes. Thoroughly
dialyzed and lyophilized metal incorporated HRPs were solved
in water and their corresponding metal ions were detected. The
results (see in ESIT) suggest that [HRP-Mn,, ], [HRP-Cug] and
[HRP-Fe;] were formed in these examples.

Circular dichroism, a sensitive and convenient way to check
the conformational change of a given protein,*® was also used to
characterize the differences between different artificial M>*
incorporated HRPs (only the ones with specific function were
analyzed, those are [HRP-Mn], [HRP-Fe] and [HRP-Cu]) and
native HRP. It has been proved that negative CD signals at
209 nm and 222 nm are typical features of protein containing
d-helical structure, *” which is the main constitution of HRP's
secondary structure.'® However, the results showed that there's
significant substantial changes occur in the CD band at 222 nm
and 209 nm (Fig. 4) to various degrees. [HRP-Ca] and [HRP-Mn]
have more intense change, indicating the enzyme conformation
changed a lot after binding to metal ions, which leads to
unfolding of a-helix. At the mean time, [HRP-Fe] and [HRP-Cu]
suffered less difference compared with native HRP, therein
binding of iron or copper ion to HRP is proposed to form new
reactive sites on the surface of protein rather than to change the
conformation of enzyme. Upon the results above, it could be
hypothesized that these metal ions (Mn**, Cu®>", and Fe*") can
be incorporated to native HRP and cause conformational
change, which further leads to the functional change of HRP.

Conclusion

As conclusion, a novel concise protocol to synthesize versatile
oxidative products from resveratrol was developed. Using metal
incorporated HRP as catalyst, resveratrol oxidation could be

This journal is © The Royal Society of Chemistry 2013
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performed in ‘selective’ ways. Among them, trans-3-viniferin
was obtained in 91% yield when catalyzed by [HRP-Mn;, ], and
C=C bond cleavage was found in presence of [HRP-Cug] or
[HRP-Fe;]. Initial mechanistic analysis of these ‘man-made’
HRP-metal complexes was also carried out using circular
dichroism (CD) and Atomic Absorption Spectrometry (AAS).

Experimental section
General procedures

All reagents were purchased at the highest commercial quality
and used without further purification. Reactions were magnet-
ically stirred and monitored by thin-layer chromatography
(TLC) or high performance liquid chromatography (HPLC).
HPLC analysis was carried out using a C18 column (250 mm x
4.6 mm i.d., 5 pm). Purification of compounds was carried out
with silica gel (academic grade, 200-300) and a preparative
HPLC (C18 column, 250 x 20 mm i.d). NMR spectra were
recorded on a 500 MHz instrument. Mass spectroscopic data
were obtained using oa-TOF mass spectrometer.

Generation of M>" incorporated HRPs

Aqueous solution of HRP was prepared in concentration of 1 mg
mL . All metal chloride solutions were prepared in concentration
of 10 uM. For a M”" incorporated HRP generation, 3 mL of HRP
solution was mixed with 3 mL metal chloride solution, well
shaken, and then incubated for 24 hours. Dialysis was then carried
out with dialysis tube (Myw = 3500) in deionized water. After 72
hours, the dialyzed solution was then lyophilized at —70 °C.

Generation of M*>* incorporated apo-HRP

apo-HRP was prepared following the reported procedure.'” To
generate M>* incorporated apo-HRP, the same procedure as
forementioned one was carried out, except that apo-HRP was
used instead of HRP.

Horseradish peroxidase catalyzed oxidation of 1

A mixture of 1 (0.4 mmol, 91.2 mg) and M>" incorporated HRP
(160 pL, 1 mg mL ™' aqueous solution) was added to a mixed
solvent consisted of 2 mL acetone and 2 mL water. This solution
was then stirred at 40 °C for one hour. Then 60 uL fresh 30%
H,0, was then added to the solution. After one hour, the reac-
tion was quenched by saturated Na,S,0; solution, evaporated,
and extracted with EtOAc and water. The organic layer was
washed by brine and water for three times, dried over anhy-
drous sodium sulphate and concentrated.

Metal chlorides catalyzed oxidation of 1

To make it as control, this oxidation was carried out following
the procedures of HRP catalyzed oxidation, where HRP was
replaced by metal chlorides (FeCl,, CuCl, and MnCl, in
0.04 mmol).

This journal is © The Royal Society of Chemistry 2013
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M?** incorporated HRP catalyzed oxidation of 2

The oxidation procedure was the same as HRP catalyzed
oxidation of 1.

Product analysis and separation

Analysis of the product solution was carried out on HPLC with a
C-18 column (column temperature, 25 °C; mobile phase,
methanol and water at the gradient: methanol, 0-8 min, 40-
53%, 8-15 min, 53%, 15-20 min, 53-90%; flow rate, 0.8 mL
min~'; detection, 280 nm UV). HPLC yields were calculated by
peak area, assuming all the products share the same absorption
at 280 nm. Separation was carried out on a preparative HPLC
with a C-18 column, using gradient elution (methanol, 0-24
min, 40-53%; 24-40 min, 53%; 40-60 min, 53-90%) and
detected at 280 nm UV. Separations were only carried out in
some of the reactions ([HRP-Mn], [HRP-Fe], [HRP-Cu] and
native HRP). A Sephadex LH-20 gel column was occupied
together with a preparative HPLC to purify the products. The
yields of corresponding products in different reactions were
listed in Table S1, ESL.{

The analysis data of products are listed and the NMR spectra
are in the end of ESL.{

trans-d-Viniferin (2) was obtained as a yellow amorphous
powder. 'H NMR (500 MHz, acetone) 6 8.48 (s, 1H), 8.24 (s, 2H),
8.20 (s, 2H), 7.44 (d, J = 5.0 Hz, 1H), 7.26 (m, 3H), 7.06 (d, ] =
15.0 Hz, 1H), 6.92 (d, ] = 15.0 Hz, 1H), 6.87 (m, 3H), 6.55 (d, 2H),
6.28 (d, ] = 10.0 Hz, 2H), 6.20 (d, ] = 5.0 Hz, 2H), 5.46 (d, ] = 5.0
Hz, 1H), 4.48 (d,J = 5.0 Hz, 1H); >C NMR (125 MHz, acetone) 6
160.6, 159.7, 159.5, 158.4, 145.2, 140.8, 132.5, 132.1, 131.7,
129.1, 128.6, 127.2, 123.9, 116.2, 110.1, 107.4, 105.7, 102.7,
102.3, 94.0, 57.8, 55.4. HRMS(EI) caled for C,gH,,04" [M']
454.1416, found 454.1414.

Leachianol F (3) and leachianol G (4) was obtained as a
brown amorphous powder. The product got was a 1 : 2 mixture.
Data of 3: "H NMR (500 MHz, acetone) 6 7.99 (br, 5H), 7.47
(s, 1H), 6.84-6.88 (m, 4H), 6.70-6.73 (m, 2H), 6.67 (d, J = 5.0 Hz,
2H), 6.58 (d, 1H), 6.30 (d, ] = 5.0 Hz, 1H), 6.12 (m, 1H), 5.92 (d,
1H), 4.48 (m, 1H), 4.22 (d, J = 5.0 Hz, 1H), 4.08 (d, J = 5.0 Hz,
1H), 3.36 (m, 1H), 2.94 (t, J = 5.0 Hz, 1H); >C NMR (125 MHz,
acetone) ¢ 159.1, 158.8, 157.1, 156.3, 155.0, 150.6, 148.7, 137.4,
136.1, 129.3, 128.8, 122.5, 115.6, 115.4, 106.1, 106.0, 102.4,
101.2, 76.6, 61.8, 59.4, 55.6. HRMS(EI) calcd for C,5H,,0," [(M —
H,0)"] 454.1416, found 454.1419. Data of 4: "H NMR (500 MHz,
acetone) 6 8.10 (br, 5H), 7.44 (s, 1H), 7.07 (d, J = 10.0, 2H), 6.85
(m, 2H), 6.67 (m, 4H), 6.22 (d, 2H), 6.16 (d, 2H), 6.14 (d, ] = 5.0
Hz, 2H), 5.74 (d, J = 5.0 Hz, 1H), 4.48 (m, 1H), 4.26 (d, 1H), 4.14
(d, 1H), 3.48 (t,] = 5.0 Hz, 1H), 3.40 (m, 1H); "*C NMR (125 MHz,
acetone) 6 159.2, 158.5, 157.2, 156.2, 154.8, 151.4, 147.3, 138.0,
135.7, 129.4, 129.3, 106.2, 105.6, 102.4, 101.0, 77.3, 62.5, 59.0,
56.0. HRMS(EI) caled for C,gH,40," [(M — H,0)'] 454.1419,
found 454.1419.

Pallidol (5) was obtained as a brown amorphous powder. 'H
NMR (500 MHz, acetone) ¢ 8.19 (s, 2H), 8.15 (s, 2H), 7.92 (s, 2H),
7.05 (d, J = 10.0 Hz, 4H), 6.77 (d, J = 10.0 Hz, 4H), 6.70 (s, 2H),
6.26 (s, 2H), 4.63 (s, 2H), 3.88 (s, 2H); "*C NMR (125 MHz,
acetone) ¢ 159.0, 155.1, 150.2, 137.6, 129.0, 123.2, 115.8, 103.3,
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102.4, 60.3, 53.8. HRMS(EI) caled for C,gH,,06" [M'] 454.1416,
found 454.1417.

4-Hydroxybenzylaldehyde (6) was obtained as a white amor-
phous powder. "H NMR (500 MHz, DMSO) 4 10.62 (s, 1H), 9.79
(s, 1H), 7.76 (d, J = 5.0 Hz, 2H), 6.94 (d, J = 10.0 Hz, 2H); **C
NMR (125 MHz, DMSO) 6 190.9, 163.3, 132.1, 128.4, 115.8.

3,5-Dihydroxybenzylacid (7) was obtained as a white amor-
phous powder. "H NMR (500 MHz, DMSO) 6 12.67 (s, 1H), 9.55
(s, 2H), 6.81 (d, 2H), 6.42 (s, 1H); *C NMR (125 MHz, DMSO) 6
167.3, 158.4, 132.5, 107.3, 106.8.

Characterization of M>* incorporated HRPs' conformation
with circular dichroism spectrometer

1 mg lyophilized M>* incorporated HRPs were solved in 2 mL
water. A spectrometer was used for CD spectroscopy, spectra
were recorded at 25 °C, using a path length of 1.0 cm. Spectra
were recorded in the range of 200-300 nm.

Determination of M>* incorporated HRPs' constitution with
atomic absorption spectrometer (AAS)

4 mg lyophilized M** incorporated HRPs were solved in 2 mL
water. An atomic absorption spectrometer was applied, the test
conditions are as follows. Current 6 mA/0 mA, 6 mA/500 mA;
burner height 7 mm; wave length 324.8 nm; burner angle 0 deg;
slit width 0.5 nm; fuel gas flow 1.8 L min~"; lighting mode BGC-
D,, BGC-SR; type of oxidant air. The results were listed in Table
S3, ESLt
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