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bstract

Effects of six metal ions on the formation of sulforaphane and the liberation of glucose upon hydrolysis of glucoraphanin by myrosinase at
eutral pH were studied. The yields of sulforaphane and glucose were determined by HPLC. Copper ion and magnesium ion decreased the yields

f sulforaphane and glucose. Ferrous ion and ferric ion inhibited the formation of sulforaphane, but had no effects on the liberation of glucose.
alcium ion increased the yield of glucose liberation, but inhibited the formation of sulforaphane. Only zinc ion was beneficial to the liberation of
lucose and accelerated the formation of sulforaphane at initial reaction intervals.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Glucosinolates are sulfur-containing glycosides detected in
arying amount in cruciferous vegetables that have been tested
o far. When cruciferous vegetables are ground or chopped,
yrosinase enzyme (thioglucoside glucohydrolase, EC3.2.3.1)

nd glucosinolates come into contact. Myrosinase breaks the
-thioglucoside bond of glucosinolate molecules, producing
lucose, sulfate, and a diverse group of aglycone products. The
esultant aglycones then undergo non-enzymatic, intramolecu-
ar (Lossen) rearragement to yield isothiocyanates, thiocyanates
r nitriles (Fig. 1).

Glucoraphanin (4-methylsulfinybutyl glucosinolate), a glu-
osinolate found in broccoli (Brassica oleracea L. var.),
roduces mostly sulforaphane (4-methylsulfinybutyl isothio-
yanate) and nitrile when it is hydrolyzed by myrosinase. Sig-
ificantly, sulforaphane can reduce the incidence of a number
f forms of tumor and induce cell cycle arrest and apopto-
is in various experimental models [1–4]. In contrast, nitrile

as not shown any health benefit and may be toxic to nor-
al cells [5]. Because of the substantial difference of sul-

oraphane and nitrile, preferential conversion of glucoraphanin

∗ Corresponding author. Tel.: +86 10 6443 7610; fax: +86 10 6443 7610.
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o sulforaphane is necessary to maximize the health benefit
rom eating broccoli and the yield of sulforaphane for the
uture production. However, an optimum hydrolyzed condi-
ion for the formation of sulforaphane has not been reported
et.

It is generally accepted that low pH, ferrous ion and
pithiospecifier protein (ESP) are beneficial to induce the for-
ation of nitrile when glucosinolates are broken by myrosinase

6,7]. The pH during hydrolysis has been found to influence
oth the activity of myrosinase and the ratio of isothiocyanates
o nitriles formed in the disrupted tissue of cruciferous veg-
tables. Ferrous ion, also favorable to form nitrile, has no
nhibitory effect on the liberation of glucose from sinigrin by

yrosinase in an acidic condition. It has been reported that
opper ion and ferric ion have effects on the degradation of
lucosinolates by myrosinase [8,9]. However, it is not clear
hat these two ions affect the activity of myrosinase or the
rrangement of aglycones. Myrosinase from Sinapis alba was
ound to be a zinc-containing enzyme [10]. Thus, it is possi-
le that zinc or other metal ions may also exist in myrosinase
rom broccoli and play a very important role in the hydrolysis
f glucosinolates. In order to obtain a better understanding of

he role of metal ions in enzyme catalysis and aglycone rear-
angement of glucoraphanin, six metal ions were selected to
nvestigate the relation of metal ions to the formation of sul-
oraphane.

mailto:yuanqp@mail.buct.edu.cn
dx.doi.org/10.1016/j.molcatb.2006.03.008
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decreased with increasing the concentration of EDTA (Fig. 3).
It means that myrosinase in broccoli seed may not contain
any metal ions which significantly influence the final yield of
sulforaphane.
ig. 1. Enzymatic conversion of a glucosinolate to an aglucone intermediate
y myrosinase, and subsequent conversion to an isothiocyanate, nitrile, or thio-
yanate.

. Materials and methods

.1. Materials

Zhongqing II broccoli (B. oleracea L. var.) seeds were kindly
rovided by the Vegetables and Flowers Institute of the China
cademy of Agriculture Science. Sulforaphane standard was
urchased from Sigma Chemical Co. (St. Louis, MO.). Ace-
onitrile was HPLC grade. Methylene chloride, hexane, Tris,
Cl, EDTA, metal chloride and anhydrous sodium sulfate were

eagent grade.

.2. Preparation of sulforaphane extract

Seeds of the broccoli cultivar ‘Zhongqing II’ were ground
nto powder. Ground seed was defatted three times with excess
exane and dried in a fume hood. Following this, defatted
eed (0.5 g) was hydrolyzed by adding water in a ratio of 5:1
ater/defatted seed (w/w), and the mixture was allowed to autol-
se at room temperature. After autolysing, this mixture was
xtracted two times with 10 ml methylene chloride, which was
ombined and salted with 0.5 g anhydrous sodium sulfate. The
ethylene chloride fraction was dried at 30 ◦C under vacuum on
rotary evaporator. The residue was dissolved in 5 ml acetoni-

rile and was then filtered through a 0.22 �m membrane filter
rior to injection into HPLC.

.3. Determining sulforaphane content by reverse phase
PLC

Sulforaphane was analyzed with a Hitachi HPLC appa-

atus equipped with Hitachi model L-7100 pumps, L-7420
unable absorbance detector, reversed phase C18 column
250 mm × 4.6 mm, 5 �m, DiamodsilTM). The solvent system
onsisted of 20% acetonitrile in water for 5 min, then changed

F
g

lysis B: Enzymatic 43 (2006) 19–22

inearly over 20 min to 100% acetonitrile, and maintained 100%
cetonitrile for 2 min to purge the column. Column oven tem-
erature was set at 30 ◦C. The flow rate was 1 ml/min, and
0 �l portions were injected into the column. Sulforaphane was
etected by absorbance at 254 nm.

.4. Analyzing the content of the producing glucose

Defatted seed (0.5 g) was hydrolyzed by adding 2.5 ml water
t room temperature. The mixture was centrifuged at 8000 rpm
or 5 min, and the supernatant was filtered through a 0.22 �m
embrane filter. Ten microlitres of this supernatant was injected

nto HPLC. Glucose was detected by refractive index using a
itachi differential refractometer. The column was NH2 col-
mn (4.6 mm × 150 mm, 5 �m, InertsilTM), and column oven
emperature was maintained 35 ◦C. The mobile phase was 75%
cetonitrile in water, and the flow rate was 1 ml/min.

. Results and discussion

.1. Effect of EDTA on the formation of sulforaphane

For these experiments, the broccoli seed was employed as
he substrate, because the glucoraphanin level in most broccoli
eed represents up to more than 90% of the glucosinolates [11].
ig. 2 shows a typical HPLC chromatogram of volatile cleavage
roducts of the glucosinolate mixture.

It is possible that myrosinase from broccoli contains some
etal ion which is beneficial to maintain the enzyme structure

r enhance the activity of myrosinase. EDTA solution was
dded into the defatted seed powder in order to chelated
etal ions in broccoli seed cell when it autolysed. EDTA was

issolved with Tris–HCl buffer (pH 7.2, 25 ◦C) for the sake of
tabilizing pH of reaction system. It is very interesting that the
ield of sulforaphane was almost invariable and only slightly
ig. 2. HPLC chromatogram of volatile cleavage products of the broccoli seed
lucosinolates. Note: (*) the peak of sulforaphane.
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Fig. 3. Yield of sulforaphane at different concentrations of EDTA.

.2. Effects of metal ions on the formation of sulforaphane

nd the liberation of glucose

Effects of six metal ions on the formation of sulforaphane and
he liberation of glucose were shown in Fig. 4. Metal ions may
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e
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Fig. 4. Effects of six metal ions on the formation o
lysis B: Enzymatic 43 (2006) 19–22 21

ffect the aglycone rearrangement or the activity of myrosinase
nzyme. Analyzing the contents of sulforaphane and glucose
n the hydrolyzed products is helpful to understand the hydrol-
sis mechanism of glucoraphanin with metal ions. In order to
liminate the influence of pH and anion, all selected metal ions
ere chloride and were dissolved with Tris-HCl buffer (pH 7.2,
5 ◦C).

Effects of these six metal ions on the formation of sul-
oraphane and the liberation of glucose can be divided into
our groups: (1) Zinc ion was beneficial to the formation of sul-
oraphane and the liberation of glucose, although the increase
f glucose was higher than that of sulforaphane. It indicated
hat zinc ion can significantly enhance the activity of myrosi-
ase and thus it may be a cofactor of myrosinase. (2) Both
agnesium ion and copper ion decreased the yield of sul-

oraphane and glucose. There was a maximum inhibition on the
ormation of sulforaphane at 2 mM magnesium ion. Increasing

he concentration of magnesium ion, the yield of sulforaphane
ncreased slightly. But the liberation of glucose decreased lin-
arly with the increasing concentration of magnesium ion. It is
ossible that the aglycone was prone to form sulforaphane and

f sulforaphane and the liberation of glucose.
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ig. 5. The formation of sulforaphane in the presence or absence of zinc ion at
ifferent intervals.

he myrosinase activity was inhibited at high concentration of
agnesium ion. However, the inhibition of copper ion was sig-

ificantly greater than that of magnesium ion. Copper ion can
nhibit both the formation of sulforaphane and the deliberation
f glucose. At low copper ion concentration (2 mM), the yield
f sulforaphane decreased significantly, but the yield of glu-
ose decreased slightly. The yield of sulforaphane and glucose
ere both diminished vastly at high concentration (10 mM). It

ndicated that copper ion not only influence the aglycone rear-
angement but also inhibit the enzyme activity. (3) Ferrous ion
nd ferric ion only inhibited the formation of sulforaphane, but
ad no effect on the liberation of glucose from glucoraphanin
y myrosinase. Uda et al. [6] observed that effect of ferrous
on was notably depressed at pH 6.5 and disappeared at pH
.5. In our study, it was found that ferrous ion can also signifi-
antly inhibit the formation of sulforaphane at pH 7.2, and the
nhibition of ferrous ion was strengthened with the increase of
errous ion concentration. Moreover, the inhibition of ferrous
on to the formation of sulforaphane was higher than that of fer-
ic ion. (4) Effect of calcium ion was very interesting, because
f the increase of glucose liberation and the decrease of sul-
oraphane formation. When calcium ion existed, the aglycone
f glucoraphanin possibly tended to form other byproducts. The
ole of metal ions in the formation of aglycone products is not
ully understood, but interference with the Lossen rearrange-
ent caused by affinity of metal ions for the sulfide group and

itride group of the primary product is one possible explanation.

.3. Effects of zinc ion on the formation of sulforaphane at
ifferent reaction intervals

In the above experiment, glucoraphanin in broccoli seed meal
as allowed to hydrolyze for a relatively long time (2 h). It is pos-

ible that metal ions only accelerate the hydrolyzed reaction, but
ave slight effect on the balance of the reaction system. In the
econd experiment, hydrolyzing of glucoraphanin in broccoli

eed was going on at different times and in the same con-
entration of zinc ion solution. Fig. 5 shows the formation of
ulforaphane from glucoraphanin in broccoli seed powder in the
resence or absence of 2 mM zinc ion at different intervals. In

[

[

lysis B: Enzymatic 43 (2006) 19–22

he absence of zinc ion, the formation of sulforaphane increased
inearly with the time of the hydrolysis of broccoli seed powder
ntil 20 min. With zinc ion existing, the formation rate of sul-
oraphane increased significantly till 20 min, but the final yield
f sulforaphane slightly increased as compared to the one with-
ut zinc ion. The same behavior observed at two situations was
hat the concentration of sulforaphane decreased slightly after
0 min. The same phenomenon was found by Uda et al. [6]. Sul-
oraphane probably reacted to give another product, but none
as detected in our work.

. Conclusions

In this paper, six metal ions (Zn2+, Cu2+, Mg2+, Fe2+, Fe3+,
a2+) were selected to investigate the effects of metal ions
n the enzymatic system converting the aglycone of gluco-
aphanin to sulforaphane in a neutral pH condition. Copper
on and magnesium ion decreased the yield of sulforaphane
nd glucose. Ferrous ion and ferric ion vastly inhibited the
ormation of sulforaphane, and were not concerned in the lib-
ration of glucose. Calcium ion increased the liberation of
lucose, but inhibited the formation of sulforaphane. Further-
ore, Cu2+, Fe2+ > Fe3+ > Ca2+ > Mg2+ inhibited the formation

f sulforaphane distinctly. Only zinc ion was beneficial to the
ormation of sulforaphane and the liberation of glucose, and
ccelerated the formation of sulforaphane at initial reaction. It is
ssumed that zinc ion may improve the activity of myrosinase or
avor the aglycone of glucoraphanin converting to sulforaphane.

ore research will be required to elucidate the precise mecha-
ism of this activation and its significance in the metabolism of
lucosinolates in the intact plant.
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