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Abstract-The effects of varying concentrations of Fe*+ (5 x lo-‘-.5 x 10-l M) on benzylglucosinolate degrada- 
tion in Lepidium sativum seed autolysates were investigated. Increased glucosinolate decomposition was 
observed over the whole range with a maximum effect at ca 6 x 10m3 M Fe*‘, at which point glucosinolate 
degradation was more than three times that obtained in the absence of added Fe’*. Nitrile formation was 
especially enhanced in the presence of all concentrations of Fe*+ studied, and maximum amounts were 
obtained at ca 6 x 10e3 M Fe*+, when a more than four-fold increase over quantities produced in the absence of 
Fe’+ was observed. Thiocyanate formation was also promoted with a maximum at ca 4 X 10m3 M Fe”, but 
isothiocyanate production was considerably reduced in all cases. It is suggested that Fe’+ inhibits isothiocy- 
anate formation by interfering with the availability of ascorbic acid which is a proven co-factor for most 
thioglucosidase isoenzymes, but that an Fe*+-ascorbate complex might then be responsible for promoting 
enzymic production of nitrile. The effects of a limited range of concentrations of Fe’+ and Cu’ were also 
studied, and results related to those for Fe’+. The relevance of the findings to natural systems and to 
glucosinolate-containing foods is briefly discussed. 

INTRODUCTION 

Glucosinolates (1) are readily decomposed enzymic- 
ally to give three main types of products, isothiocy- 
anates, thiocyanates and nitriles, with glucose and 
sulphate as by-products. The basic theory of 
glucosinolate degradation, as shown in Scheme 1, 
postulates that a thioglucosidase first generates an 
aglucone (2) which undergoes a spontaneous chem- 
ical decomposition to form an isothiocyanate (3) by 
a Lossen rearrangement and a nitrile (3) by a 
mechanism which supposedly is totally dependent on 
the pH of the system. The formation of thiocyanate 
(4) is not completely understood, but the existence of 
a discrete thiocyanate-forming factor or enzyme has 
recently been proved [l]. 

Scheme 1 was originally derived mainly from 
model system studies but it does not adequately 
explain all observations with regard to the formation 
of the three main products in many natural systems. 
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Scheme 1. Enzymic degradation of glucosinolates. 

A major problem concerns the mechanism of nitrile 
production. There is ample evidence in support of the 
proton-dependent mechanism based mainly on in- 
vestigations using pure aglucones or pure 
glucosinolates plus thioglucosidase preparations 
[2,3], and although the mechanism may apply in some 
natural systems, there is also considerable evidence 
that it cannot apply in all cases. Thus many workers 
have demonstrated the formation of large amounts of 
nitrile in vivo at pH levels at which the protonation 
mechanism cannot be operative (i.e. at pH 7 or 
above), and frequently in these cases nitrile has even 
been the major glucosinolate product [4-71. There- 
fore, there must be some alternative mechanism of 
nitrile formation. However, this mechanism is not 
dependent on the identity of the glucosinolate since 
allylglucosinolate gives mainly isothiocyanate in 
Brassica oleracea autolysates [8] and mainly nitrile in 
Farsetia aegyptia autolysates (at pH 7) [6]. In the 
latter plant system there must be some quality or 
factor which directs glucosinolate degradation to 
nitrile via the alternative, non-proton-dependent 
mechanism. The presence or absence of such a factor 
would also explain the observation [9] that some plant 
systems inherently are mainly isothiocyanate forming 
(e.g. Brassica oleracea seeds [8], Nasturtium 
o&&ale seeds and leaves [9], and Barbarea praecox 
seeds [9]), whilst others are naturally mainly nitrile 
forming (e.g. Lepidium sativum seeds [7] and leaves 
[lo], and leaves of some Fursetia species [6]). The 
influence of pH could not have been significant in 
these particular in vivo studies. 

It has been suggested that the unknown factor may 
be the metal ion content of the system [3,11], since it 
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has been known for many years from model system 
studies that nitrile formation can be promoted by 
metal ions [2, 12-191. Austin and Gent were able to 
convert 2 - hydroxybut - 3 - enylglucosinolate itself in 
the absence of any enzyme into the corresponding 
nitrile using an 8 M excess of Fe2+ 1121. Similarly, 
Youngs and Perlin showed the catalytic effect of Fe” 
in converting allylglucosinolate to nitrile [13]. Al- 
though these non-enzymic processes are important, 
there is no evidence that they have any direct bearing 
on the natural system. However, other model system 
work has also included an enzyme preparation or has 
been based on the aglucone, which is the enzymicaliy 
produced species (2, Scheme 1). Thus Miller observed 
that Fe’+ decomposed the aglucone of allyl- 
glucosinolate into the nitrile [2]. Austin et al. [14] 
found that a Sinapis alba enzyme preparation in the 
presence of added Fe’* converted isolated 2- 
hydroxybut - 3 - enylglucosinolate predominantly into 
the nitrile product, but in the absence of Fe’+ the 
main product was 5 - vinyloxazolidine - 2 - thione 
(goitrin, the cyclized product formed spontaneously 
from 2 - hydroxybut - 3 - enyl isothiocyanate). Similar 
results have also been obtained with this 
glucosinolate using a Crambe abyssinica enzyme 
preparation [15, 161. The majority of these studies 
have been carried out using Fe*‘, and it has been 
claimed that the observed phenomenon of induced 
nitrile formation is specific for this ion, since others, 
such as Fe”, Co’+, Mn’+ and Sri’+, were ineffective, 
whilst Cu”. inhibited enzymic action [15]. A direct 
reducing effect of Fe’+ has been eliminated [IS] and 
only catalytic amounts were necessary when enzyme 
was also included in the model systems [15, 161. 

To the best of our knowledge the effect of added 
metal ions on genuine in vivo glucosinolate decom- 
position has received no attention, with the exception 
of a brief comment that the glucosinolates of Brassica 
campestris seed meal degraded to yield nitriles in the 
presence of certain metallic salts, notably ferrous 
sulphate (Youngs, C. G., unpublished). Therefore, 
such an in vivo survey would be valuable, so that the 
results may be compared with the wealth of con- 
sistent data for model systems. Since L. sativum has 
been extensively studied in this laboratory this sys- 
tem was employed to conduct the present detailed in 
vivo survey of the effects of Fe” on glucosinolate 
degradation, with the main objective of evaluating the 
implication of metal ions in an alternative (i.e. non- 
proton-dependent) in viuo mechanism of nitrile 
production. Nitriles can also be generated from 
glucosinolates in other ways, e.g. non-thioglucosidase- 
induced mechanisms [I, 20-221 and non-enzymic, high 
temperature thermal degradation [23], but neither of 
these processes is directly relevant to this in- 
vestigation based on in viuo autolysis at ambient 
temperatures. 

RESULTS AND DISCUSSION 

The major glucosinolate of Lepidium sativum is 
benzylglucosinolate, and others are only present in 
trace amounts [7]. Benzyl cyanide, isothiocyanate and 
thiocyanate, together with trace amounts of benzyl 
alcohol and benzaldehyde, were readily identified in 
L. sativum seed autolysates by means of GC and 
GUMS. The detection of the alcohol and aldehyde is 

further evidence in support of their glucosinolate 
origin [7], but since they were produced in very small 
quantities (too small for accurate measurement), 
consideration here is limited to the three main 
products. 

Table 1 gives results for the amounts of benzyl- 
glucosinolate degradation products obtained in L. 
sativum seed autolysates in the presence of varying 
concentrations of added Fe”. Considering first the 
extent of glucosinolate degradation, it can be seen 
that Fe*’ exerted a considerable ‘catalytic’ effect over 
the whole concentration range studied (5 x IO-‘-5 x 
10-l M Fe’“), in that in all cases more total products 
were formed than in the absence of added Fe’+. 
Although the word ‘catalytic’ is used, we present no 
direct evidence that the phenomenon is one of 
genuine catalysis (indeed some findings are against 
this), but the term is used in a generalized context to 
facilitate discussion. Furthermore, the results show 
conclusively that Fe” considerably promoted nitrile 
formation in vivo, and again over the whole range of 
concentrations studied. Thus, taken in conjunction 
with the previously mentioned results from model 
system studies, these findings support the proposal 
for an alternative, non-proton-dependent mechanism 
of nitrile production from glucosinolates which is 
Fe”-catalysed. This mechanism could explain the 
previously mentioned ‘anomalies’ with regard to 
natural systems, in that natural variation in endo- 
geneous Fe” would account for varying extents of 
nitrile generation in different systems. 

From Table 1 it can be seen that the catalytic effect 
of Fe*+ was most pronounced with regard to nitrile 
production, since in all instances the extent of the 
increase in nitrile concentration over its concen- 
tration in the absence of added Fe” was far greater 
than for any other product. However, Fe” also 
promoted thiocyanate formation, except at relatively 
high concentrations (i.e. greater than ca 4 x lo-‘M). 
This is the first report of a metal ion catalysing 
thiocyanate formation in vivo. This finding may be of 
subsequent value in attempts to elucidate the 
mechanism of glucosinolate catabolism to thiocy- 
anate. In contrast, Fe*’ was an effective inhibitor of 
isothiocyanate formation and over the whole range 
of concentrations employed far less isothiocyanate 
was obtained in the presence of Fe” than in its 
absence (from less than 50% to less than 4%). 

Maximum glucosinolate degradation was observed 
at a concentration of ca 6 x 10 ‘M Fe”, at which 
point over three times as much glucosinolate was 
decomposed compared with the blank determination 
in the absence of added Fe*‘. A similar maximum in 
nitrile formation was obtained at exactly the same 
level, and corresponded to a greater than four-fold 
increase in nitrile over the blank. Clearly for this 
particular in vivo system, this represents the optimum 
catalyst concentration for accomplishing maximum 
glucosinolate degradation to nitrile. It is interesting 
that a similar maximum was also observed for thio- 
cyanate production, although this was at a very 
slightly lower concentration of Fe*‘(4 x 10-l M). In 
these conditions more than double the amount of 
thiocyanate was produced compared with the blank 
determination. Since the maxima for nitrile and thio- 
cyanate formation are so similar, and since the plot- 
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Table 1. Amounts of benzylglucosinolate degradation products formed in Lepidium satiuum seed (1 .O g) autolysates 

in the presence of varying concentrations of Fez+ 

Benzyl cyanide 
Fe*’ 

Concentration (M) mg % 

Benzyl thiocyanate Benzyl isothiocyanate 

mg % mg % 

Total 

products 

(mg) 

O(Blank) 2.99 67.2 0.70 15.8 0.76 17.0 4.45 

5 x 10-s 5.67 77.8 1.26 17.4 0.35 4.8 7.28 

1 x 10-e 6.40 79.4 1.40 17.3 0.26 3.3 8.06 
5 x 1o-4 8.06 83.9 1.43 14.9 0.12 1.2 9.61 

8 x W4 8.22 84.4 1.42 14.6 0.10 1 .o 9.74 

9 x 1o-4 8.67 84.9 1.45 14.3 0.09 0.8 10.21 

1 x 1o-3 8.72 84.8 1.48 14.4 0.08 0.8 10.28 

2 x 10-3 9.37 85.0 1.57 14.3 0.08 0.7 11.02 

3 x lo-’ 9.84 85.1 1.65 14.2 0.08 0.7 11.57 

4 x 10-3 10.43 85.1 1.76 14.3 0.07 0.6 12.26 

5 x 10-j 10.84 86.6 1.60 12.8 0.07 0.6 12.51 

6 x lo-’ 12.88 89.6 1.42 9.9 0.07 0.5 14.37 

7 x 10-3 12.03 89.9 1.27 9.6 0.07 0.5 13.37 

8 x lo-’ 11.24 89.6 1.24 9.9 0.07 0.5 12.55 

9 x lo-’ 10.88 89.4 1.23 10.1 0.06 0.5 12.17 

1 x 10-Z 10.43 89.8 1.13 9.7 0.06 0.5 11.62 

2 x 10-2 9.80 91.0 0.92 8.5 0.05 0.5 10.77 

5 x lo-* 9.52 93.5 0.63 6.2 0.03 0.3 10.18 

1 x 10-l 9.14 93.8 0.57 5.9 0.03 0.3 9.74 

5 x 10-l 7.32 96.5 0.24 3.2 0.03 0.3 7.59 
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ted data give curves with very similar shapes, this 
suggests that the catalytic mechanism might be the 
same for both products. Again this deduction might 
be of assistance in consideration of the processes of 
thiocyanate formation. The mechanism of in vivo 
production of isothiocyanate in the presence of Fe’+ 
is clearly entirely different, in that no maximum of 
formation was attained and concentration decreased 
regularly with increasing Fe*’ concentration. 

Considering the percentage figures given in Table 1, 
it is interesting to note that no maximum in nitrile 
production is apparent, and a regular increase is 
observed with increasing Fe’+ concentration to the 
point at which it is produced in nearly quantitative 
yield. Conversely, isothiocyanate and thiocyanate 
both show fairly regular decreases in concentration 
with increasing Fe”. Therefore, if the overall process 
of glucosinolate degradation to the various products 
is regarded as a competitive system, then Fe’+ 
promotes the non-proton-dependent mechanism to 
yield nitrile at the expense of the ‘normal’ degradative 
routes to isothiocyanate and thiocyanate. 

Although all the above findings display a convinc- 
ing regularity of behaviour and are more meaningful 
to natural systems than are model system studies, 
they are more difficult to explain and rationalize. 
However, the data do show that there are two main 
mechanisms of in vivo glucosinolate degradation in 
the presence of Fe’+, one that is catalysed by Fe2’ to 
yield excess nitrile (and probably thiocyanate also), 
and the other that is inhibited by Fe2’ giving reduced 
amounts of isothiocyanate. The obvious explanation 
of the latter behaviour is that the presence of the 
metal ion somehow interferes with the thioglucosi- 
dase enzyme system, and hence isothiocyanate 
production is suppressed with increasing concen- 

tration of inhibitor, as shown by the data in Table 1. 
The problem is to explain the much enhanced 
production of nitrile (and thiocyanate) under the same 
circumstances, and also the maximum of activity at 
6 x 10m3 M Fe”. 

One possibility for increased nitrile production is 
non-enzymic formation from the glucosinolate 
itself, and as already mentioned there is precedence 
for this on the basis of model system studies [12,13]. 
However, in these cases large amounts of Fe” were 
generally necessary, although Youngs and Perlin 
identified nitrile as a product from allylglucosinolate 
using only an equimolar quantity of Fe” [13]. In 
addition they identified his@-D-glucopyranosyl) sul- 
phide in the reaction mixture rather than glucose (as 
is normally obtained) or 1 - thio-D-glucose [13]. To 
explain this interesting observation they suggested a 
convincing mechanism of metal ion catalysed 
glucosinolate degradation to nitrile based on the 
formation of an intermediate glucosinolate-metal ion 
complex, for which there was some precedence [24], 
which comprised of two molecules of glucosinolate to 
one Fe” [13]. Our results do not, however, support 
the formation of such a complex in vivo for the 
following reason. L. sativum seeds employed in this 
work contained at least 53 mg/g benzylglucosinolate 
(calculated on a fr. wt basis from maximum levels in 
Table 1) which represents ca 0. I2 M, whilst only ca 
6 x 10e3 M added Fe” was required for maximum 
degradation to nitrile. This is a ratio of ca 20: 1 rather 
than 2: 1, and hence there was insufficient Fe’+ added 
to the in vivo system to form optimum amounts of 
such a complex at the point of maximum degradation 
(the amount of endogeneous Fe’+ is so little as not to 
affect significantly this crude calculation). In other 
instances even larger excesses of Fe” were required 
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to effect non-enzymic glucosinolate degradation to 
nitrile, and the mechanism was basically reductive 
[121. 

Therefore, since the optimum concentration of 
Fe*+ for nitrile formation in L. satiuum autolysates 
was insufficient for the known non-enzymic proces- 
ses, the only other reasonable possibility is that the 
presence of Fe” somehow affected the course of the 
enzyme mechanisms of glucosinolate degradation. 
This could involve either the thioglucosidase itself or 
ascorbic acid, which is a proven co-factor for most 
thioglucosidase isoenzymes. In this work it is more 
likely that Fe*’ interfered with the availability of 
ascorbate for the following reasons. First, it has been 
shown specifically with benzylglucosinolate and an 
L. sativum thioglucosidase preparation that ascorbate 
did genuinely promote isothiocyanate production for 
that system, and that in its absence isothiocyanate 
formation was much decreased [25]. It was also 
shown with the same system that thiocyanate for- 
mation was suppressed by ascorbate but that ascor- 
bate was not necessarily involved in enzymic 
degradation to nitrile since in its absence there was a 
smooth increase in nitrile concentration with time but 
in its presence formation was erratic [25]. So a lesser 
availability of ascorbate would not be expected to 
inhibit the generation of these two products in the 
same manner. Thus it could be that in the in vivo 
system an Fe2+-ascorbate complex was formed which 
suppressed isothiocyanate formation by removing 
available free ascorbate from the system, but which 
itself acted as a modified and improved co-factor to 
promote increased enzymic glucosinolate degradation 
to nitrite. Such behaviour would not be contrary to 
modern concepts of the mode of action of thio- 
glucosidase and ascorbate in glucosinolate degrada- 
tion [26,27]. 

Whatever the cause of increased nitrile production 
from glucosinolates in the presence of added Fe*+, 
the observed maximum in activity at ca 6 x 10m3 M 
Fe*’ is a particularly interesting feature, but on 
present evidence no explanation of this can be 
offered. There seems to be no direct correlation with 
the concentrations of any of the reactants in the 
system (benzylglucosinolate, ca 0.12 M; ascorbic 
acid, ca 3.4 x lOa M [28]; and endogeneous total iron, 
ca 4 x lo-’ M [IS]). Such a maximum has not been 
observed before, although previous workers have not 
evaluated such a wide concentration range. For 

example, data reported by Tookey and Wolff extend 
only from 1 x 10m4 to 1.24 x 10-j M Fe*’ [IS], and 
clearly if their system showed a maximum and if its 
value was about the same as that observed in our 
work, then their curve did not extend to sufficiently 
concentrated Fe” levels. 

A limited series of experiments was also carried 
out using Fe3+ and Cu’ as the metal ion catalysts, and 
the results are given in Table 2. The range of concen- 
trations studied, which was chosen to cover the peak 
of activity shown by Fe*+, is too limited for many 
definite conclusions, but the following observations 
are relevant. Both Fe” and Cu’ clearly affect the 
course of in vivo glucosinolate degradation, despite 
an earlier claim that Fe” was ineffective [15]. 
However, both ions exhibited less catalytic activity 
than Fe2+ at the same concentrations. Fe3’ was 
catalytic only at the lowest concentration studied, and 
although Cu’ was catalytic over the whole range, its 
effect increased with increasing concentration. Thus 
the two ions showed regular, but opposing, trends at 
these concentrations. It is also interesting to note that 
as with Fe*’ catalysis, nitrile and thiocyanate for- 
mation followed a similar pattern, whilst isothiocy- 
anate was suppressed. Assuming that the data for 
formation of nitrite, thiocyanate and total products 
(Table 2) represent slopes of curves approaching 
maxima as observed with Fe” catalysis. then the 
maximum for Fe”’ would be at a lower concentration 
than for Fe”, whilst that for Cu’ would be at a higher 
concentration than for Fe’+. It has been suggested 
above for Fe’+ catalysis that metal ions might func- 
tion in glucosinolate degradation by complexing with 
ascorbate, and these data for ions of different oxida- 
tion states support this proposal. However, it has also 
been suggested that Fe3+ interferes with glucosinolate 
degradation by oxidizing ascorbate [19] and clearly 
this is also possible here. 

However, whatever their mode of action, metal 
ions do considerably affect the course of 
glucosinolate degradation, generally promoting nitrile 
formation over isothiocyanate to a very great extent. 
Different metal ions may show different behaviour. 
More work of this type is obviously required, based 
on other natural systems and using other metal ions. 
The findings reported here have importance with 
regard to the nature and proportions of the products 
of glucosinolate degradation formed naturally in ap- 
propriate plant systems. They also have similar im- 

Table 2. Amounts of benzylglucosinolate degradation products formed in Lepidium sntiuum seed (l.Og) autotysates 
in the presence of varying concentrations of Fe’+ and Cu’ 

Concentration of 
metal ion (M) 

0 (Blank) 
1 x lo-’ Fe3+ 
8 x IO-’ Fe’+ 
5 x lo-’ Fe” 

Benzyl cyanide 

mg % 

2.99 67.2 
5.14 79.3 
2.47 81.0 
1.25 82.5 

Benzyl thiocyanate 

mg % 

0.70 15.8 
0.86 13.3 
0.49 16.1 
0.22 14.5 

Benzyl isothiocyanate Total 
products 

mg % (ms) 

0.76 17.0 4.45 
0.48 7.4 6.48 
0.09 2.9 3.05 
0.05 3.0 1.52 

I x lo-‘cu+ 3.85 83.3 0.46 9.9 0.31 6.8 4.62 
8x lo-‘Cu’ 4.45 88.1 0.46 9.0 0.15 2.9 5.06 
5 x lo-* Cu’ 4.63 83.8 0.47 8.5 0.42 7.7 5.52 
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portance with regard to plant systems which have 
been subjected to certain treatments involving metals, 
either deliberately or by accident. Thus it would be 
anticipated that a glucosinolate-containing food in 
contact with Fe*‘, Fe3+ or Cu’ (e.g. from machinery 
or container) would liberate unexpected and con- 
siderably increased levels of nitrile over otherwise 
normal generation of isothiocyanate. It has been 
conservatively estimated that the average per capita 
consumption of fresh Cruciferae vegetables (the 
major, but not exclusive, source of glucosinolates) is 
about 16g/day, and that the consequent intake of 
glucosinolates is about 3 mg/person/day [29], but this 
latter estimate is dubious and almost certainly low in 
that it totally ignored glucosinolate catabolism to 
nitriles. Consideration should, therefore, be given to 
the toxicological and physiological effects of such 
nitrites which may be consumed regularly in certain 
foods at relatively high levels. 
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