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SUMMARY 

A comparative study was performed on some enzymatic properties of myro- 
sinase isoenzymes (thioglucoside glucohydrolases, EC 3.2.3.1) from white mustard 
seed (Sinapis alba) and rapeseed (Brassica napus). The investigation comprised the 
determination of pH optima, temperature maxima and tile enzymatic stabilities of 
the isoenzymes, when temperature, pH, buffer and time were varied. The effect of 
ascorbic acid on the kinetic constants Km and V was found to be different for the 
isoenzymes. 

Comparative studies were also made of the activities of the isoenzymes on 
various glucosinolates, and the myrosinase activities in a number of cultivars of 
B. napus, Brassica campestris and S. alba. 

The results indicate that  there are both physicochemical and enzymatic 
differences between myrosinase isoenzymes and that a large amount of variance 
exists. They are, however, likely to have the same genetic origin, No significant 
variation in substrate specificity was found among the isoenzymes. 

INTRODUCTION 

The existence of several myrosinase isoenzymes (thioglucoside glucohydrolases, 
EC 3.2.3.1) in plants has been demonstrated by gel electrophoresis by Vaughan et al. 1, 
MacGibbon and Allison 2, and Henderson and McEwen 3. Ettlinger et al. 4 reported 
the separation of two myrosinases from Sinapis alba, one of which was activated by 
ascorbic acid and the other was not. Similar results were obtained by Vose 5. Tsuruo 
et al. 6 separated two myrosinases from Brassica juncea by ion-exchange chromato- 
graphy but these could not be distinguished by their activation with ascorbic acid. 

Previous papers have described the separation, isolation and physicochemical 
characterization of myrosinase isoenzymes from white mustard seed (S. alba) 7 and 
rapeseed (Brassica napus) s. These seeds contain at least three and four isoenzymes, 
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respectively, which all catalyze the hydrolysis of sinigrin. They were found to be 
glycoproteins with slightly different molecular weights, isoelectric points and carbo- 
hydrate content. The present paper describes comparative studies of some of their 
enzymatic properties, including the effect of ascorbic acid. 

MATERIALS 

Myrosinase isoenzymes were prepared from white mustard seed (S. alba) and 
from rapeseed (B. napus) as described by BjSrkman and Janson 7 and L6nnerdal 
and Janson 8, respectively. Three isoenzymes, designated SA, SB, and SC, were 
separated from white mustard seed. The major component, SC, was obtained in a 
homogeneous form. From rapeseed, the separation of four isoenzymes, designated 
RA, RB, RC, and RD was achieved. Furthermore, the major component RC could 
be separated into three homogeneous components, denoted RC1, RC2, and RCa. 
Glucosinalbin, glucotropaeolin ( tetramethylammonium salts) and glucocapparin were 
obtained from Roth Laboratoriekemikalien, Karlsruhe, Germany. Glucocheirolin was 
purchased from Fluka AG, Buchs, Switzerland, and sinigrin from Koch-Light La- 
boratories Ltd, Bucks., England. Progoitrin was prepared as described by Bj6rkman 9. 

Ascorbic acid was obtained from Merck, Darmstadt ,  Germany, and l~C-labelled 
ascorbic acid from NEN Chemicals GMBH, Frankfurt  am Main, Germany. 

The specific glucose reagent Glox was obtained from AB Kabi, Stockholm, 
Sweden. 

METHODS 

Assay methods 
Myrosinase activities were determined by one of three methods: 
(I)  Determination of released glucose was performed with a specific glucose 

reagent, Glox containing glucoseoxidase, peroxidase and O-dianisidine. The enzyme 
assay was carried out as described previouslyT: I ml reaction solution, containing 
0.5°/) sinigrin, 0.05 M citrate (pH 5-5) and enzyme was incubated at 4 ° °C for 30 rain. 
After boiling for 5 min the amount of free glucose was determined. Unfortunately, 
the Glox reagent is inhibited by ascorbic acid. Assays in the presence of ascorbic 
acid were therefore performed by the following methods. 

(2) Titrimetric determination or formed HSO 4 . The assays were carried out in 
an automatic titration apparatus from Radiometer, Copenhagen, Denmark (titrator 
PMH-28, autoburet t  ABU 12, recorder SBR 2, t i trator assembly TTA 3). The total 
reaction volume was 2 ml. The ionic strength was held constant with 0.2 M NaCl. 
Titration was performed with 0.05 M NaOH. On the alkaline side the titration was 
carried out under N 2. 

(3) Spectrophotometric determination of consumed substrate. The decrease in 
absorbance at 227 nm was measured in a Beckman Acta C I I I  ultraviolet spectro- 
photometer. The assays were performed at 23 °C in o.5-cm cuvettes, containing 1.5 ml 
reaction solution of 0.05 M sodium acetate (pH 5-5), glucosinolate, and enzyme. 
In some experiments ascorbic acid was added. The reactions were followed for about 
15 rain on a recorder. Initial reaction rates were calculated from the chart. The 
sinigrin concentration was calculated according to Beer's law, using e = 7800. 
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Stability 
The purified myrosinases (SA, SB and SC) and the crude myrosinase prepa- 

rations from mustard seed (SM) and rapeseed (RM) were stored in 0.05 M buffer 
solutions at various pH and temperatures for several months. The following 0.05 M 
buffers were used: citrate (pH 3.0, 4-5 and 6.o), imidazole-HC1 (pH 6.0 and 7.5) and 
Tris-HC1 (pH 7.5 and 9.0). The temperatures used were --20, 4, 25 and 37 °C. At 
certain t ime intervals (t = o, i, 3, 7, 9, 13, 17, 24, 38, 65, 93, 128 and 18o days) the 
myrosinase activities of all samples were assayed according to the Glox method. 
No ascorbic acid was present in these experiments. 

Equilibrium dialysis 
Six dialysis bags, each containing 3 ml of o.33 mM purified myrosinase SC, 

were put in E-flasks, each containing 25 ml of a certain concentration of 14C-labelled 
ascorbic acid (I.  lO -5, 2.1o -5, 5-1o -5, i . lO  -4, 2. IO -a and 5-1o -4 M ascorbic acid 
was used). After shaking for two days at 4 °C, the radioactivity in the bags and in 
the outer solution was measured with a liquid scintillation counter (Nuclear Chicago, 
Mark I). The ascorbic acid concentrations were determined from a calibration curve. 
From the differences between the inner and outer bags the equilibrium constant and 
the number of ligands were calculated. 

Preparation of seed extracts 
Defatted, finely ground, meal (0.5 g) was extracted with 5 ml of 0.05 M sodium 

acetate (pH 5.5) for 30 min. After dialysis the extract was centrifuged. I5-, 25- and 
5o-#1 samples were assayed spectrophotometrically with o.12 mM sinigrin. 25-#1 
samples were also assayed in the presence of I mM ascorbic acid. 

RESULTS 

pH optima 
The influence of pH on the activity of myrosinase SA, SB, SC, RA, RB and 

RC, as determined by the Glox method, is shown in Fig. i. The pH dependence was 
also determined titrimetrically with a pH-stat .  In these experiments a broad plateau 
from pH 4.5 to pH 9 was obtained. 

Temperature maxima 
The effect of temperature on the myrosinase activities was determined in 

0.05 M citrate buffer at the pH opt imum for each myrosinase by the Glox method. 
The reaction mixture, containing substrate, buffer and enzyme was incubated for 
30 min at various temperatures. All the curves in Fig. 2 are essentially identical, 
having their maxima at about 60 °C. At higher temperatures the denaturation of the 
enzymes is predominant. 

Stability 
The effect of various pH values on the stability of the enzymes at 4 °C is shown 

in Fig. 3. At pH 3.0 the activity decreased rapidly. At pH 9.0 the purified enzymes 
seem to be rather stable, whereas the act ivi ty of RM decreased markedly. All the 
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Fig. i. Effect  of  p H  on t he  e n z y m a t i c  ac t iv i ty .  Unfil led symbo l s :  o.o 5 M c i t ra te  buffers.  Filled 
symbo l s :  o.o 5 M c i t r a t e - p h o s p h a t e  buffers  excep t  a t  p H  8 a t  which  p h o s p h a t e  was used.  The  
e x p e r i m e n t s  were carr ied ou t  a t  4 ° °C according to the  " G l o x " - m e t h o d ,  wi th  s inigrin as subs t ra te .  
A,  myros inase  A ; ~ ,  myros i na se  B ; O,  myros i na se  C. (a) Myros inases  f rom S. alba ; (b) myros inases  
f rom B. ~apus. 
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Fig. 2. Effect  of  t e m p e r a t u r e  on the  e n z y m a t i c  ac t iv i ty .  The  a s says  were pe r fo rmed  a t  the  p H  
o p t i m u m  for each  m yros i na se  in c i t ra te  buffer  for 30 min  according to t he  Glox me thod ,  wi th  
s in igr in  as subs t r a t e .  A ,  m y r o s i n a s e  A; D,  myros i na se  B;  O,  myros ina se  C. (a) Myros inases  f rom 
S. alba. (b) myros ina se s  f rom B. napus. 

samples  had  m a x i m a l  s t ab i l i ty  at  p H  6.o and af ter  6 months  the  ac t i v i t y  was un- 
changed.  

Fig. 4 shows the s tabi l i t ies  a t  p H  6.o at  different  t empera tures .  At  37 °C the 
fall in a c t i v i t y  was ve ry  s teep dur ing  the  first two weeks. This  was also t rue  for RM 
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Fig. 3. Stability of myrosinases on storage at various pH at 4 °C (pH values in parenthesis). SA, 
SB and SC are purified isoenzymes from S. alba. SM and 1RM are meal extracts from S. alba and 
B. napus seed, respectively. 

at  25 °C. I t  is no t ewor thy  t h a t  the  purif ied enzymes  are more s table  than  the crude 
p repara t ions .  On the o ther  hand,  freezing comple te ly  des t royed  the a c t i v i t y  of the  
purif ied enzyme,  bu t  d id  not  s ignif icant ly  change the a c t i v i t y  of a crude ex t rac t  or 
in tac t  seeds. 

A compar ison  be tween  c i t r a te  and  imidazole  buffers showed tha t  the  l a t t e r  is 
to be preferred.  The best  way  of s tor ing myros inase  solut ions is to keep them in imi-  
dazole buffer a t  p H  6.0 at  4 °C. 

Effect of ascorbic acid 
Addition of  limited amounts  of  ascorbic acid to the myrosinase-sinigrin 

mixture increased the rate of hydrolysis. When larger amounts were added the 
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Fig. 4. Stabil i ty of  myrosinases  at  various tempera tures  at  p H  6.0. The symbols  are explained 
under  Fig. 3. 
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Fig. 5. Effect of ascorbic acid concentration on the activation of myrosinase. The assays were 
carried out spectrophotometrically at 23 °C with o.12 mM sinigrin at pH 5.5 (acetate). ×, myro- 
sinase C from S. alba; 0 ,  myrosinase C from B .  n a p u s .  

ascorbic acid funct ioned as an inhibitor.  Fig. 5 shows the effect of various amounts  
of ascorbic acid on myrosinase SC and  RC. The curves for the myrosinases SA, SB, 
RA, RB, and  RD were very similar to tha t  for myrosinase RC in Fig. 5, all showing 
a m a x i m u m  at about  0. 7 mM aseorbic acid. The assays were performed spectra- 
photometrically.  When  the aseorbic acid concentra t ion  was increased to 5-1o raM, 
the enzymat ic  ac t iv i ty  was essentially absent.  However, a very impor tan t  difference 
between the various isoenzymes was their degree of act ivat ion by  ascorbie acid. The 
change in V in the absence and presence of ascorbie acid was used as a measure of 
act ivat ion.  All myrosinases showed Michaelis-Menten kinetics, both with and without  
the addi t ion of aseorbic acid, bu t  had different affinities (Kin) for the substrate  
(sinigrin). Fig. 6 shows Lineweaver -Burk  plots of myrosinase SC. The Km values of 
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Fig. 6. Lineweaver-13urk plots of myrosinase C from S. alba. , without ascorbic acid; 
- -  --, with I mM ascorbic acid. The assays were carried out spectrophotometrically at 23 °C 
with sinigrin as substrate, at pH 5.5 (acetate). 
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T A B L E  I 

K I N E T I C  D A T A  ON M Y R O S I N A S E S  F R O M  S. alba A N D  B. napus 

Exper iments  performed at  23 °C in 0.05 M sodium acetate (pH 6.5) wi th  sinigrin as substrate .  

iVIyrosinase Apparent Kn, (raM) 

No ascorbic acid • m M  ascorbic acid 

/I ctivation faclor with 
I m,~[ ascorbic acid* 

SA 0.25 (4 ° ) 
SB 0.06 0. 3 2o 
SC o.17 0. 4 4 
RA 0.05 0.4 2o 
RB 0.06 0. 4 5 ° 
RC o.o 3 0. 3 4 ° 

* Activat ion expressed as the ratio between V in the presence and V in the absence of 
ascorbic acid. 

the six isoenzymes and their activation with ascorbic acid are shown in Table I. 
Equilibrium dialysis of the myrosinase (SC)-ascorbic acid complex indicated 

that  an unusually large amount of ligand could associate with the protein. Un- 
fortunately, the available amounts of isolated enzyme permitted only one set of 
experiments. From a Scatchard plot the equilibrium constant was determined to be 
5o ooo M 1, shared by 22 ligands. The intercepts were obtained from a straight line, 
determined by least mean squares. 

Activity on different glucosinolates 
The enzymatic activities of the myrosinases SB, SC, RA and RB were com- 

pared for a number of glucosinolates. The glucosinolate concentrations and the 
reaction velocities were determined spectrophotometrically. For each type of gluco- 
sinolate the initial reaction rate was determined at two glucosinolate concentrations 
in the absence and at one concentration in the presence of ascorbic acid. I t  was found 
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Fig. 7. Activity of myrosinase f rom S. alba on various glucosinolates (pH 5.5, 23 °C). V7, gluco- 
tropaeolin;  0 ,  sinigrin; (2), glucocheirolin, + ,  progoitr in;  A, glucosinalbin; × ,  glucocapparin.  
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that  the different glucosinolates had different rates of hydrolysis. Fig. 7 presents 
the results with myrosinase SC. The curves for the other three myrosinases tested 
were practically identical to those in Fig. 7 (there was one exception : with myrosinase 
RB tile activity with progoitrin was considerably higher and with myrosinase SB 
it was somewhat lower). 

The degree of activation with I mM ascorbic acid is presented in Table II,  

T A B L E  I 1 

T H E  E F F E C T  O F  I mM A S C O R B I C  A C I D  ON M Y R O S I N A S E  A C T I V I T I E S  V ¢ I T H  V A R I O U S  G L U C O S I N O L A T E S  

Glucosinolate Conch Degree of activation with 
(raM) I m M  ascorbic acid* 

SB  SC RA R B  

Glucot ropaeo l in  o .  1 7  i i 2 . 2  4 i i 

Sinigr in  o.12 9 [.8 4 i i  
Glucochei ro l in  o.17 i i  1.7 5 io  
P rogo i t r i n  0.27 ! i 2.6 7 6 
G l u c o s i n a l b i n  0 . 0 8  4 2 .  i 2 5 

Glucocappar in  o.17 7 2-4 4 9 

* The degree of a c t i v a t i o n  p resen ted  here  is not  to be compared  to  the  a c t i v a t i o n  factor  
p re sen ted  in Table  I, which  was  ca lcu la ted  from concen t ra t ions  a t  the  V of the  react ions.  The 
figures above  were ca lcu la ted  a t  the  concen t ra t ions  g iven  in the  table .  
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Fig.  8. Myros inase  a c t i v i t y  (unfilled staples)  and  re l a t ive  degree of ascorbic  acid a c t i v a t i o n  
(filled staples)  in seed e x t r a c t s  of S. alba and  va r ious  cu l t iva r s  of B. napus and  B. campestris. The 
assays  were carr ied  out  w i th  o.12 mM s in igr in  a t  p H  5.5 a t  23 °C. B.n., w., B. napus, win te r  t y p e ;  
B.n., s., B. napus, s u m m e r  t y p e ;  B.c., w., B. campestris, win te r  t y p e ;  B.c., s., B. campestris, 
s u m m e r  t y p e ;  S.a., S. alba. Assays  on the  degree of a c t i v a t i o n  of myros inases  in Sinus and  Bro- 
nowski  were not  inc luded  in th i s  inves t iga t ion .  
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which shows that  it is of the same magnitude for most of the glucosinolates. However, 
the hydrolysis of glucosinalbin seems to be somewhat different. 

The results obtained in this investigation show that  the relative substrate 
specificity is principally the same for all isoenzymes tested. Thus the myrosinases 
from different seeds are not specifically adapted to a particular set of glucosinolates. 

Activity in various cultivars of rapeseed and white mustard 
Screening experiments on the myrosinase activity in various cultivars showed 

that  there are not only large differences between the species, but  cultivars of the same 
species also differ. Fig. 8 shows the myrosinase activity and the activation with 
ascorbic acid of a number of cultivars. The most striking result is the high activity 
of white mustard, compared to rapeseed. The low activation with ascorbic acid is 
also characteristic for mustard seed. One also find that  the average activity of B. 
napus is higher than that  of Brassica campestris, but the activation with ascorbic 
acid behaves in the opposite manner. I t  should be pointed out that  the activities 
not only depend on the origin of the seed, but are also to some extent dependent 
on the conditions under which the seeds are harvested and stored. 

D I S C U S S I O N  

This investigation shows that  the myrosinase isoenzymes from S. alba and 
B. napus are very similar in some properties, i.e. temperature maxima, stability, the 
effect of ascorbic acid and the pat tern of activity with different glucosinolates. The 
previous papersT, 8 also show that,  in the absence of ascorbic acid, the specific activities 
of completely purified myrosinases from S. alba and B. napus are almost the same. 

The main differences between the isoenzymes are the pH optima, the degree of 
activation with ascorbic acid, some kinetic constants, and some physicochemical 
properties (molecular weight, isoelectric point, carbohydrate content etc. See refs 7 
and 8). 

The pH optima (pH 4-5-5, 0.05 M citrate buffer) are significantly lower than 
those reported by some investigatorse, 1°-1~ which were within the pH range 6- 9. 
However, diverse ionic strengths and buffers were used by  the various investigators 
which complicates a direct comparison of the results. In myrosinase from B. napus 
Henderson and McEwen 3 reported an opt imum at pH 5-5 in the presence of ascorbic 
acid. MacGibbon and Allison 14 found a myrosinase in aphid, having an opt imum 
at pH 5.0 Other investigators 15-17 obtained no pronounced pH optima, but found 
a broad plateau between pH 4 and 9- This agrees with our results when the assays 
were carried out with a pH-sta t  and no buffers were used. The differences in the 
pH optima obtained by us and others may  be due to differences in purity of the 
enzyme, type and concentration of buffer or substrate used. 

Ettlinger et al. 4 and Vose 5 found two myrosinases in S. alba, one which was not 
activated at all (glucosinolase I) and one that  required ascorbic acid for activity 
(glucosinolase II). These data  and the isoelectric points reported by  Vose are similar 
to those of myrosinase SC and SB, respectively, described in this paper. However, 
there are some differences: myrosinase C is activated about 4 times, while gluco- 
sinolase I is not activated at all. The differences found in Km in myrosinase SB and 
SC were not found in glucosinolases I I  and I. Vose also reported differences in 
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temperature maxima not found in this investigation. The differences between the 
myrosinases reported in this paper and the myrosinases described by Vose and 
Ettlinger indicate that  there is also a variation in myrosinase isoenzyme pattern, 
between diverse cultivars of S. alba. 

The two isoenzymes in B. juncea separated by Tsuruo et al. 6 were reported to 
be identical in all respects investigated with the exception of their retention on a 
DEAE-cellulose ion-exchanger. They do not seem to be identical with any of the 
myrosinases found in S. alba and B. napus. 

The enzyme mechanism of Tsuruo and Ha ta  18 postulates the presence of one 
site of action for the substrate and two sites for ascorbic acid. The substrate site 
has two moieties, one for the glycon and one for the aglycon part  of the glucosinolate. 
The conformation of the glycon moiety is altered when the ascorbic acid site is 
occupied. Higher concentrations of ascorbic acid have an inhibiting effect on the 
enzyme, indicating that  the second ascorbic acid site is the same as the substrate site. 
The data obtained in the present work can also accord with this hypothesis after 
some modification. 

The increase in both Km and V when ascorbic acid is added indicates that  the 
stability of the enzyme substrate complex is reduced, presumably by increasing 
the rate constant for formation of free enzyme and product. This change in stability 
is probably caused by conformational changes in the substrate site, which arise 
when the effector molecules are attached to a certain site or locus on the enzyme 
molecule. 

The inhibitory effect of high ascorbic acid concentrations may be due to 
competitive binding at the substrate site. I t  may  also be due to instability of the 
enzyme-substrate  complex. When the effector concentration reaches a certain 
level, the rate constant for the reformation of free enzyme and substrate will exceed 
that  for the formation of product. 
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