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SUMMARY 

Myrosinases (EC 3.2.3.I) are a group of isoenzymes present in Cruciferaes which 
catalyze the hydrolysis of glucosinolates. The myrosinases from rapeseed (Brassica 
napus L.) have been purified and the main component isolated and characterized. 
It  is a glycoprotein with a molecular weight of 135 ooo which consists of two peptide 
chains with a molecular weight of 65 ooo and contains about 14% carbohydrate. 
I t  exists in 3 forms with different carbohydrate compositions and the isoelectric 
points are 4.96 , 4.99 and 5.06, respectively. This work describes the isolation and 
physicochemical characterization and makes a comparison between the myrosinases 
from rapeseed and white mustard (Sin@is alba L.). 

INTRODUCTION 

Myrosinases Ethioglucoside (glucosinolate) glucohydrolase, EC 3.2.3.I1 are a 
group of isoenzymes which catalyze the hydrolysis of glucosinolates to goitrogenic 
isothiocyanates, glucose and bisulfate: 

/ S - - C 6 H l 1 0 5  
R 

C ' ~ N  - -  0 - -  SO 2 O- 

H20 
myr,osinase D, ~ - - N ~ C ~ S  +.C6H1206 + HSO 4 

(glucose) 

The enzymes have been found in plants l-a, fungiS, 6, bacteria 7 and mammals 8. 
The myrosinases from white mustard (Sinapis alba L.) have been isolated and 

characterized by Bj6rkman and Janson 9, who showed the existence of a number  of 
isoenzymes, also found by Henderson and McEwen 1°, The separation of 4 myrosinase 
isoenzymes and the isolation and characterization of the main myrosinase component 
in rapeseed is described here. A comparative study on the enzymatic properties of 
the myrosinases from rapeseed and white mustard is to be published. 
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MATERIALS AND METHODS 

Preparative methods 
Preparation of crude extract. Seed from winter rape (cv. Panter) was obtained from 

AB Karlshalnns Oljefabriker, Karlshamn, Sweden. The seeds were crushed in a 
roller mill and defatted with n-hexane, 2.5 kg seeds giving approximately 1.2 kg 
defatted meal. The enzymes were extracted as described earlier 9, but with IO 1 o.o2 M 
imidazole-HC1 buffer (pH 6.0). 

Group fractionation. The proteins were separated from low molecular weight 
substances on a column packed with Sephadex G-5o fine (45.0 cm × 30.0 cm) (AB 
Pharmacia, Uppsala, Sweden) equilibrated with 0.02 M imidazole-HC1 buffer (pH 6.0). 
The flow-rate was adjusted to 6 1/h and the fraction volume was I 1. A sample volume 
of 6.5 1 was applied. 

Ion-exchange chromatography. The myrosinase isoenzymes were separated by 
ion-exchange chromatography on DEAE-cellulose (Whatman DE-52 ). The column 
(12.o cm × 8.0 cm) was equilibrated with 0.02 M imidazole-HC1 buffer (pH 6.0). The 
size of the sample was 16 1 (two combined G-5o runs) and the flow rate 600 ml/h. 
The sample was followed by 2 column volumes of starting buffer. The adsorbed 
proteins were displaced by a linear ionic strength gradient, made from IO 1 0.02 M 
(mixing chamber) and IO 1 o.I M (reservoir) imidazole-HC1 buffer (pH 6.0). The final 
separation of the myrosinase isoenzylnes was performed on a smaller DE-52 column 
(3.2 cm × Io.o cm) using a gradient made from 15oo ml 0.02 M and 15oo ml 0.07 M 
imidazole buffers. 

Molecular-sieve chromatography. The main myrosinase peak from the ion- 
exchange chromatography experiment was concentrated in an ultrafiltration cell with 
a PM-Io membrane (Amicon Corp.) to IOO ml and applied to a column of Sepharose 
6B (AB Pharmacia, Uppsala, Sweden). The agarose gel was cross-linked with divinyl- 
sulfone (Porath et al., unpublished) to improve flow characteristics and separation 
range. The column (7.0 cm × 95.0 cm) was equilibrated with 0.02 M imidazole-HC1 
buffer (pH 6.o) at a flow-rate of 125 ml/h. The sample volume was 9 ° m l  and the 
fraction volume 18 ml. 

Isoelectric focusing. The method described by Vesterberg and Svensson n was 
performed on the IIO-ml LKB-column (LKB Produkter, Stockholm, Sweden), with 
carrier ampholytes in the pH range 4-6 and 4.78-5.12. The density gradient was 
formed from glycerol (sucrose is not good in this case since the glucose produced by 
inversion at the acid anode disturbs the enzyme assay used). The ampholytes in the 
pH range 4.78-5.12 were prepared from pH 4-6 ampholytes in a pre-run without 
sample on a 44o-ml LKB column. Experimental data have been given earlier 9. 

Analytical methods 
Electrophoresis and isoelectrie focusing in polyacrylamide gels. The electro- 

phoretic homogeneity of the preparations was tested by polyacrylamide gel electro- 
phoresis as described by Hjert6n et al. 1~. The concentration of acrylamide was 6% 
and of bisacrylamide 5% of the total acrylamide concentration (T~Cs). 

Analytical isoelectric focusings were performed in the same gel as above in the 
pH range 3-1o according to Wrigley la, using photopolymerization. The gel size and 
experimental data have been described 9. 
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Free zone electrophoresis. Free zone electrophoresis was carried out according 
to Hjert~n 14 in a rotating quartz tube which was scanned with a ultraviolet detector 
every 6 min. The voltage was IlOO V and the current 5 mA. The protein concentration 
of the sample was I mg/ml and the buffer used was 0.05 M Tris-HC1 (pH 8.0). The 
sample volume was 7/,1 and the temperature 17 °C. 

Ultracentrifugation. Sedimentation-velocity measurements were made in a 
Spinco Model E in 0.05 M Tris-HC1 buffer (pH 8.0) at 52 ooo rev./min. An analytical 
D-rotor and a phase-plate schlieren optical system were used. 

Sedimentation-equilibrium experiments were performed according to Yphantis 15 
modified by Chervenka TM in 0.2 M NaC1 at 18 ooo rev./min. The centrifuge, a Spinco 
Model E ultracentrifuge, was equipped with an analytical D-rotor and interference 
optics. 

The partial specific volume was calculated from the amino acid and carbo- 
hydrate composition according to the methods of Cohn and EdsalW and Gibbons TM. 

Reduction, alkylation and molecular-sieve chromatography in 6 M guanidine 
hydrochloride according to Fish et al. 19,2°. The sample I3 mg protein in 250 #1 o.I M 
Tris-HC1 buffer (pH 8.5) containing 6 M guanidine hydrochloridel was reduced with 
fl-mercaptoethanol under N 2 for 4 h. The alkylating agent, acrylonitrile (IO/~1), was 
added and the reaction was complete after 2 h. The reaction mixture was run on a 
Sepharose 6B (AB Pharmacia, Uppsala, Sweden) column (1. 5 cm × 84. 5 cm) in 6 M 
guanidine. HC1, o.I M Tris-HC1 buffer (pH 8.5). The tubes were weighed before and 
after the fractions were collected. The flow-rate was 4 g/h and the fraction weight was 
about I g. The column was calibrated as described by Ryd6n 21. This method gives 
a measure of the peptide chain length under reducing and dissociating conditions. 
To find out whether the molecular weights of the enzymes in dilute salt solutions 
correspond to this value or were multiples thereof, the proteins were analyzed by 
molecular sieving on Sephadex G-2oo. 

Molecular-sieve chromatography. The molecular weight of the enzymes was esti- 
mated by molecular-sieve chromatography on a Sephadex G-2oo (AB Pharmacia, 
Uppsala, Sweden) column (3.2 cm × 9o.o cm). The sample volume was 5 ml and the 
flow-rate was 15 ml/h. The column was calibrated with blue dextran, human serum 
albumin (dimer and monomer), ribonuclease and glucose. 

Amino acid analysis. The sample was hydrolyzed in 6 M HC1 at IiO °C for 24 
and 72 h. The hydrolyzates were analyzed with a Biocal-2oo analyzer equipped with 
CRS-I2 integrators. Total  half-cystine and cysteine was determined after performic 
acid oxidation. The t ryptophan content was estimated spectrophotometrically in 
o.I M NaOH (refs 22 and 23). 

Carbohydrate analysis. Hexose assay was performed by the orcinol-H~SO 4 
method as described by Svennerholm ~4 with mannose as standard. Pentose content 
was determined according to Dische and Shettles ~5 using rhamnose as standard. 

Gas chromatography. Analysis of the carbohydrates in the isoenzymes was per- 
formed on a Pye-Io 4 gas chromatograph with a 3.8% SE-3o column and N 2 as carrier 
gas (5o ml/h). A temperature gradient from 12o to 22o °C (I°/min) was used. Mannitol 
was added as internal standard. Before application to the column the sample was 
lyophilized followed by methanolysis and acetylation with acetic anhydride. Silyl- 
ation was carried out with pyridine-HMDS (hexamethyldisilizane)-TMCS (trimethyl- 
chlorosilane) (5 :i :I, by vol.). 
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Enzyme assay. The enzymatic activity was determined by the release of glucose 
from the substrate sinigrin (Koch-Light, Bucks., England), with the glucose reagent 
"Glox" (AB Kabi, Stockholm, Sweden), as described by Bj6rkman and Janson". The 
pH in the buffer used was 4.25, at which the rapeseed myrosinases have their maxi- 
mum activity. 

Definition of myrosinase unit and specific activity. The definitions according to 
Bj6rkman and Janson 9 were used. 

RESULTS AND DISCUSSION 

Purification procedure 
Group fractionation. To minimize the interaction between myrosinase and the 

glucosinolates, the dry defatted meal was extracted with ice-cold buffer. Molecular- 
sieve chromatography on Sephadex G-5o gave 3 peaks (Fig. I). The first peak con- 
tained high molecular weight proteins, the second low molecular weight proteins 
(isolated and characterized by L6nnerdal and Janson 26) and the third peak low 
molecular weight non-protein substances (among them the glucosinolates). The first 
peak contained all myrosinase activity. The buffer used, imidazole-HC1, has been 
shown to have a stabilizing effect on the enzymes 9. 

AY"T A 
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Fig. i. Molecular-sieve ch roma tography  of crude extract  from defatted rapeseed meal on Sepha- 
dex G-5o in 0.02 M imidazole-HC1 buffer (pH 6.0). - - ,  protein concentrat ion (.42s0). - -  - -  
myrosinase act ivi ty (.d450). 

Fig. 2. Ion-exchange ch roma tog raphy  of the myrosinase  fraction f rom Fig. i on DEAE-cellulose 
( W h a t m a n  DE-52) in 0.02 M imidazole-HC1 buffer (pH 6.0). Column volume: 905 ml. Linear 
ionic s t rength  gradient:  io  1 0.02 M - i o  1 o.I M. - - - - ,  protein concentrat ion (Ays0). - - - - -  
myrosinase act ivi ty (.44~0). - - - - - .  , conduct ivi ty  (K). 

Ion-exchange chromatography. Fig. 2 shows a chromatographic profile which is 
representative of the large-scale DEAE-cellulose step. Part  of the myrosinase activity 
(I8~o) passed through the column and this material was not adsorbed when re-run 
on a fresh column. This myrosinase fraction was called A. The enzymes eluted with 
the ionic-strength gradient were dialyzed and re-run on a smaller column using a 
less steep gradient to improve the separation (Fig. 3). The enzyme fractions were 
named B, C and D of which Fraction C is the largest. Polyacrylamide gel electro- 
phoretic analysis of Fraction A showed 8-1o bands, Fraction B 3 bands, Fraction C 
2 bands and Fraction D 4 bands. The enzymes were detected with the method de- 
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Fig. 3. Ion-exchange ch roma tography  of myrosinases  B, C and D from Fig. 2 on DEAE-cellulosc 
( W h a t m a n  DE-52 ) in 0.02 M imidazole-HCl buffer (pH 6.0). Column volume:  80 ml. Linear ionic 
s t rength  gradient :  1500 ml o.o2 M-I  5o0 ml o.07 M. - - ,  protein  concentrat ion (/1zs0). - -  - -  - -  
myrosinase  act ivi ty (.4450). - -  . . . .  , conduct ivi ty  (K). 

Fig. 4. Molecular-sieve ch roma tog raphy  of myrosinase  C on Sepharose 6B (cross-linked wi th  
divinylsulfone) in 0.02 M imidazole-HC1 buffer (pH 6.o). Column volume:  3465 ml. - -  
protein concentrat ion (A~80). - - - - - ,  myrosinase  act ivi ty (/t45o). 

scribed by MacGibbon and Allison 4, using sinigrin, BaC]~ and acetic acid. Fractions A, 
B, C and D showed I B a S Q  band each while coelectrophoresis gave 4 bands. This 
shows that  Fractions A, B and D are isoenzymes but they are not as pure as Frac- 
tion C. 

Molecular-sieve chromatography. The enzyme Fraction C was run on a column 
of cross-linked Sepharose 6B (this gel had better separation properties than Sephadex 
G-2oo in this case). 3 peaks were obtained of which the first one eluted contained all 
the activity (Fig. 4). 

Isoelectric focusing. Isoeleetric focusing of the myrosinase C was performed in 
a pH gradient from 4.78 to 5.12 (Fig. 5). 3 active peaks called C1, C 2 and C 3 were ob- 
tained, containing about equal amounts of protein. 

Purification and recovery data. Data giving the percentage of enzymatic activity 
recovered and the degree of purification in the individual steps of this purification 
procedure, and for the procedure as a whole, is recorded in Table I. 

Carbohydrate analysis. Carbohydrate analysis of myrosinase C from the second 
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Fig. 5- Isoelectric focusing of myrosinase C in the p H  range 4.78-5.12. The exper iment  was 
performed in a I lo-ml L K B  column. - - ,  protein  concentrat ion (/1380). , myrosinase  
activity ( A 4 5 0 ) . -  . . . .  , pH.  
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T A B L E  I 

PURIFICATION OF MYROSINASE (4000  ~ SEED) 

Step Volume Protein Total act. 5"pec. act. Purl- Yield 
(ml) (rag) (/,moles/ (/~moles/ fication (%) 

rain) min per g) 

S e p h a d e x  G - 5 o  i 6  ooo  27 500  9 3 2 0  0 .34  1 too 
DEAE-cellulose 1 

Myrosinase A 16 o o o  15 500  i 5 7 o  o . i o  
Myrosinase 

B + C + D  IO 200  7 4 ° 0  7600  1 . °3  3.1 82 
DEAE-cellulose I I  

Myrosinase C 93 ° 6 2 0  3 4 i o  5.5 ° 16 37 
Sepharose 6 B  

Myrosinase C 90  121 2 7 6 0  22 .8  67  3 ° 
lsoelectric focusing 

Myrosinase 
C1 + C2 + C3 4 ° 24 154 ° 64 .o  188 16 

DEAE-cellulose chromatography step showed a hexose and pentose content of 12 
and 2%, respectively. 

Tests of homogeneity (mvrosinase C) 
The tests were made on myrosinase C from the molecular sieving on Sepharose 

6B (Fig. 4). 
Electrophoresis. Electrophoresis in polyacrylamide gel at pH 2.5 gave I sharp 

band and free-zone electrophoresis gave I single symmetrical peak during the whole 
run. This indicates a homogeneous protein. 

Ultracentrifugation. The linear relationship between log fringe replacement and 
r 2 obtained from the sedimentation-equilibrium experiments (Fig. 6) is also evidence 
of a pure protein. 

Isoelectric focusing. Isoelectric focusing in polyacrylamide gel in the pH range 
3-IO gave I broad band. The material was therefore subjected to isoelectric focusing 
in a column using a very narrow pH gradient (4.78-5.I2), which is described in the 
analytical part. 

Although conventional methods for homogeneity tests indicated a pure enzyme 

tog fringe displacement 

3.0 " ~ ~ ~  

2.5 

39.5 ,$0~.0 r2(cm 2) • 
Fig .  6. Sedimentation-equilibrium centrifugation of myrosinase C. The concentration, expressed 
as log fringe displacement, was measured as a function of the square of distance from the center 
of rotation, r ~, at a speed of 18 o o o  rev./min. 
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we were able to separate 3 individual isoenzymes by isoelectric focusing. The 3 iso- 
enzymes were designated C~, C 2 and C 3. The difference between these three is very 
small in contrast to the isoenzymes A, B and D. 

Physicochemical and chemical characterization (myrosinase C) 
Molecular weight determination. The molecular weight was estimated from a 

Sephadex G-2oo run. The Kay value was 0.30 4- 0.005 which corresponds to a mole- 
cular weight of 135 ooo 4- IO ooo. The molecular weight calculated from ultra- 
centrifugation data and with a partial specific volume of o.712 was 133 ooo. 

Subunit structure. The reduced and alkylated myrosinase C was analyzed by 
molecular sieving on a calibrated Sepharose 6B column in 6 M guanidine. HC1. The 
enzyme gave only I peak with a Kav value of O.ll 7, consistent with a polypeptide of 
588 4- 36 amino acid residues. This suggests a peptide chain of 65 ooo 4- 4000. Since 
polyacrylamide gel electrophoresis of the reduced and alkylated enzyme gave only 
I band, the enzyme probably consists of 2 identical chains giving a molecular weight 
of about 13o ooo. To this value the contribution from the carbohydrate part  must  be 
added, which depends on its localization in the chain. The total molecular weight 
with respect to all the mentioned methods will be around 135 ooo. 

Carbohydrate analysis. As myrosinase C was shown to be homogeneous by the 
methods used and as the differences in isoelectric points between the three varieties 
C 1, C 2 and C3 are very small, the latter disparity could not be due to differences in 
the content of charged amino acids for example, but possibly to differences in carbo- 
hydrate content. Table I I  shows the results of a gas chromatographic analysis of the 
carbohydrates in myrosinases C1-C 3. The differences are significant and would 
probably cause the slight shifts observed in the isoeleetric point. 

T A B L E  I I  

COMPOSITION OF THE CARBOHYDRATE CONTENT IN THE MYROSIN&SES C1, C2, C 3 (EXPRESSED IN 
NMOLES/mg PROTEIN) 

Carbohydrate  C 1 C 2 C 3 

F u c o s e  24 9 0  263  
M a n n o s e  348  602  522  
G a l a c t o s e  22 - -  - -  
N - A c e t y l g l u c o s a m i n e  63 I 14 136  
G l u c o s e  61 44 5 ° 
T o t a l  c a r b o h y d r a t e  (%)  9-3 15-2 17.4  

Amino acid analysis. The results of the amino acid analyses are shown in 
Table I I I .  The only amino sugar detected with this method was glucosamine (the 
acetyl group in N-acetylglucosamine is split off by the hydrolysis). 

Electrophoretic mobility. The electrophoretic mobility determined by means of 
free zone electrophoresis was 7.O.lO -5 cm2.s -1. V -1 in o.05 M Tris-HC1 buffer (pH 
8.0) at 17 °C. 

Isoelectric point. The isoelectric points for C 1, C 2 and C 3 were 4.96 4 -o .o i ,  
4.99 4- o.oi and 5.06 + o.oi (2 determinations), respectively. The values obtained 
for myrosinases A, B and D were 6.2, 5.6 and 4.9, respectively, analyzed in the pH 
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TABLE II[  

A M I N O  A C I D  C O M P O S I T I O N  O F  M Y R O S I N A S E  C 

The values are expressed as residues per ioo residues. The total number of amino acids was 
calculated to be 580-59 ° 

Tryptophan* 1.79 
Lysine 4.86 
Histidine 2.39 
Arginine 3.3 ° 
Cysteic acid** 1.66 
Aspartic acid + amide i2.5o 
Threonine 5.79 
Serine 8.57 
Glutamic acid + amide 8.i 7 
Proline 6.27 
Glycine 9.3 i 
Alanine 6.16 
Valine 4.98 
Methionine I. 8 i 
Isoleucine 5-44 
Leucine 7.1o 
Tyrosine 5.88 
Phenylalanine 4.95 

:5 0.03 
::f_ 0 . 0 2  

:~ 0 . 0 0  

: t :  o . o o  

A_ 0.o8 
_[: 0.04 

o.oo 
~ 0 . 0 0  

i o . o o  

1 0 . 0 2  

[. 0 . 0 2  

L o . o o  

" The t ryptophan value was determined spectrophotometrically in o.i M NaOH. 
*" The cysteic acid value was determined after performic acid oxidation of the sample. 

range 4-6. (These enzymes were not pure but their isoelectric points were determined 
with the enzyme assay used.) 

Comparison between the myrosinases f rom rapeseed and white mustard 9 
T h e  p h y s i c o c h e m i c a l  a n d  c h e m i c a l  d a t a  are  s imi la r  for  b o t h  spec ies ;  t h e  

e n z y m e s  are  a p p a r e n t l y  v e r y  m u c h  alike.  The  c a r b o h y d r a t e  c o n t e n t  is s o m e w h a t  

d i f f e r en t  a n d  so are  t h e  i soe lec t r ic  p o i n t s  (Table  IV).  The  t o t a l  a m o u n t  of  m y r o s i n a s e  

in r a p e s e e d  is on ly  o n e - f i f t e e n t h  o f  t h a t  in w h i t e  m u s t a r d .  The  n u m b e r  of  d i f f e ren t  

TABLE IV 

C O M P A R I S O N  B E T W E E N  T H E  M Y R O S I N A S E S  F R O M  R A P E S E E D  A N D  VVHITE M U S T A R D  

Rapeseed White mustard 
(B. napus) (S. alba) 

Molecular weight 
Whole enzyme 
Peptide chain 
Isoelectric point 
Myrosinase A 
Myrosinase B 
Myrosinase C 

Myrosinase D 
Carbohydrate content (%) 
Myrosinase C 
Specific activity of the pure 

enzyme C 
Purification 

I35 ooo I5I ooo 
65 ooo 62 ooo 

6 . 2  

5.6 
4.96, 4.99 
5.06 
4-9 

14 

64 
188 

5.9 
5.45 
5.o8 

18 

60 
13.6 
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isoenzymes for each species may be due to genetic differences. A comparison of 
enzymatic properties will be published soon. 
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