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SUMMARY 

I. Co-factor requirements of the cucurbitacin B A23-reductase enzyme viz. elec- 
tron donors (NADPH and NADH) and metal co-factors (Mn 2+, Fe 2+ and Zn ~+) were 
determined. 

2. Michaelis constants for cucurbitacin B and NADPH were determined. The 
Km values for cucurbitacin B and NADPH are 8.o1-1o -4 M and 6.o4.1o -5 M, 
respectively, at pH 6.6 5. 

3. The first-order velocity constant of the enzyme, as determined by both the 
differential method of LETORT and the first-order rate equation, was found to be 
in the order of 2.5" IO -s sec -1. 

4- The energy of activation for the reduction of cucurbitacin B is 7615 cal. 
mole -1 and a Q10 value of 1.52 was found. 

5. The substrate specificity of cucurbitacin B A 23-reductase was investigated. 
Relative specificity with respect to the cucurbitacins with A23-bonds in their side 
chains was found. Desmosterol and lanosterol showed no activity. 

6. The reversibility of the reaction was investigated and the standard free 
energy change for the reduction reaction was found to be --2196 cal-mole -1. 

INTRODUCTION 

The important role of cucurbitacin B zj23-reductase (NAD(P)H:cucurbitacin 
B z]23-oxidoreductase) in the breakdown of toxic 1 bitter principles in plants has been 
pointed out 2. Reliable and accurate assay methods for this enzyme as well as its 
isolation and purification have been described 2. In order to obtain more information 

* Taken in par t  f rom a thesis submi t ted  by  J. C. SCHABORT to tile Facul ty  of Agriculture 
of the Universi ty of Pretoria in part ial  fulfilment of the requirements  of the M.Sc. (Agric.) degree. 

** Present  address: National  Nutr i t ion  Research Inst i tu te ,  Council for Scientific and 
Indust r ia l  Research, Pretoria, Republic of South Africa. 
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about the properties of the enzyme, kinetic studies and studies concerning other 
enzyme characteristics were performed. 

MATERIALS AND METHODS 

Materials 
Pure cucurbitacin A, B, C, D, E, F, and an impure fl-n-glucoside of cucurbi- 

tacin E were supplied by Dr. S. REHM of the Horticultural Research Institute, Roode- 
plaat, Pretoria. Green Hubbard fruits were obtained from the local market and 
from Mr. R. STARKE of Malelane, Transvaal. NADPH and NADP + were obtained 
from C. F. Boehringer, Mannheim, Germany. All other chemicals were of analytical 
grade quality. 

Reductase enzyme 
Cucurbitacin B d2a-reductase was purified from immature fruits of the Green 

Hubbard variety of Cucurbita maxima as described elsewhere 2. 

Assay of reductase activity 
The spectrophotometric assay method at 340 m# was employed for these 

studies 2. One unit of reductase enzyme was defined as that amount which would 
catalyse the reduction of I/ ,mole of cucurbitacin B or the oxidation of I/~mole of 
NADPH per rain at 25 ° under optimum reaction conditions ~ viz. pH 6.65 (pH op- 
timum) and with MnC12 as metal cofactor (final concn, of I mM). All determinations 
were done at zero-order kinetics as described previously 2. Protein concentration was 
estimated from determinations of nitrogen by the micro-Kjeldahl method. 

During enzyme kinetic studies, assays with varying cucurbitacin B concentra- 
tions were performed at a constant enzyme concentration (0.o 3 mg protein/ml) and 
a NADPH concentration of 0.56 #mole/3ml (o.19 mM). Assays with varying 
NADPH concentrations were performed at a cueurbitacin B concentration of 
4.2 #moles/3 ml (1. 4 raM) and a constant enzyme concentration of 0.03 mg protein/ 
ml. Under these conditions the reactions were of the first order with respect to the 
substrate of which the concentration was varied, and of zero order with respect to 
the other substrate which was present at a high and constant concentration. 

RESULTS 

Pyridine nucleotide requirement 
NADPH and NADH were compared as co-factors for the reductase enzyme. 

Determinations at constant enzyme concentration and at equal molar concentrations 
of NADPH and NADH, employing the spectrophotometric assay method at 34 ° m # ,  
indicated that NADPH was the better electron donor by a factor of 2.58. This ratio 
was obtained from reaction velocities of 1.o2.1o -2 m#M'sec  -1 for NADH and 
2.6. lO -2 m#,M .sec -1 for NADPH. 

Metal co-factor requirement 
Crude enzyme preparations showed signs of reductase activity when assayed 

with the spectrophotometric method at 34 ° m/~, but dialysed preparations and pre- 
parations containing EDTA showed no activity. 
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T A B L E  I 

E F F E C T  O F  M E T A L  C O - F A C T O R S  O N  C U C U R B I T A C I N  B Z J 2 3 - R E D U C T A S E  A C T I V I T Y  

Metal Metal ion Reduc/ase Reaction 
co-factor concn, activity velocity 

(rnM) (units/rag ( m # M .  
enzyme X sec -1 
• oD x xo 2) 

M n  2+ i 7 .64  4 2 . 4 6  
Mn2+ 3 7 .46  4 1 . 4 4  
M n  2+ 0 .25  7 .52 4 1 . 8 0  
F e  2+ i 1.52 8 .43 
Z n  ~+ i 0 . 70  3 .86  
Zn~÷ 3 0 .64  3 .57  
Z n  2+ 0 .25  0 .57  3 .14  
Co s+ I 0 .52  2 .86  
M g  2+ I o .22  1.22 
C a  2+ 1 o .13  o .71 
K + I o .  12  o . 6 4  
N a  + I 0 .09  0 .50  
N a  + IO 0 .58  3 .22  
C u  ~+ I o .o8  o .43  
N o  m e t a l i o n  A b s e n t  o .oo  o .oo  

The effect of  the  var ious  me ta l  co-factors  on the ac t iv i ty  of purif ied reductase  
enzyme was de te rmined  a t  the  p H  op t imum (6.65) and  at  25 ° in o.o 5 M maleic ac id -  
N a O H  buffer. The results  are summar ized  in Table  I. 

The concent ra t ion  of me ta l  ion in the  react ion mix tu re  had  a m a r k e d  effect on 
the  ac t iv i ty .  The o p t i m u m  meta l - ion  concent ra t ion  for Mn 2+ and Zn 2÷ was found to 
be I mM. I t  is obvious t h a t  Mn 2+ is the  bes t  me ta l  co-factor  for reductase  ac t iv i ty  
wi th  Fe  2+ and  Zn 2+ the second and  th i rd  best ,  respect ively.  High  concent ra t ions  of 
a monova len t  ion such as N a  + caused some ac t iv i ty .  Compared  to  Zn ~+, changes in 
p H  had  a much  grea ter  influence on the  effectiveness of Mn ~+ as co-factor.  S tudies  
per formed  in o.o5 M Tris-HC1 buffer a t  p H  7.5, showed tha t  Mn 2÷ and Zn 2+ were 
more  or less equal ly  effective while in o.o5 M maleic acid  - N a O H  buffer a t  p H  6.65, 
Mn 2+ was a much  be t t e r  co-factor  t han  Zn ~+. 

E n z y m e  kinetics 

The results  of enzyme kinet ic  s tudies  were ana lysed  according to  the  graphica l  

24C 

7 

8C 

2 
F 

BO 

VEs] 
200 

F i g .  i .  L i n e w e a v e r - B u r k  p l o t  o f  t h e  e f f ec t  o f  c u c u r b i t a c i n  B c o n c e n t r a t i o n  (S) o n  c u c u r b i t a c i n  
13 z123- reduc tase  a c t i v i t y .  

F i g .  2. L i n e w e a v e r - B u r k  p l o t  o f  t h e  e f f ec t  o f  N A D P H  c o n c e n t r a t i o n  (S) o n  c u c u r b i t a c i n  B A TM 

r e d u c t a s e  a c t i v i t y .  
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m e t h o d  o f  L i n e w e a v e r - B u r k  3 a n d  are  H l u s t r a t e d  in  Figs .  i a n d  2. Michae l i s  con-  

s t a n t s  d e t e r m i n e d  f r o m  EADIE p lo t s  4 were  s i m i l a r  to  t h o s e  o b t a i n e d  f r o m  L ine -  

w e a v e r - B u r k  p lo t s .  I n  all  t h e  d e t e r m i n a t i o n s  v was  e x p r e s s e d  as m u M . s e e  -~ 

a n d  IS] as raM. T h e  m a x i m u m  r e a c t i o n  v e l o c i t y  (V) a n d  Km v a l u e s  o b t a i n e d  f r o m  

t h e  d i f f e ren t  g r a p h i c a l  m e t h o d s  are  s u m m a r i z e d  in  T a b l e  I I .  

T h e  a v e r a g e  Km v a l u e s  for  c u c u r b i t a c i n  B a n d  N A D P H  were  8 . O l - I O  -4 M a n d  

6 .04"  IO -~ M, r e s p e c t i v e l y .  

TABLE II  

V AND /~m VALUES FOR CUCURBITACIN ]3 AND NADPH OBTAINED FROM EADIE AND LINEWEAVER- 

B U R K  P L O T S  

V is expressed in m#M.sec -1 and Km in M. 

Substrate Eadie plots Lineweaver-Burk plots Modified Lineweaver- 
Burk plots 

V Km V K,n V K,n 

Cucurbitacin 13 3.28 • lO -2 7.79" IO-~ 3.57" lO-3 8.40" lO -4 3.32 • lO -2 7.84" lO -5 
NADPH 4.24 " 10 -3 6.OO" IO -~ 4"20 " 10--3 5'95 " 10--5 4"39 " 1 °-3 6. I8 • I0 -5 

First-order veloci(3, constant 
T h e  f i r s t - o rd e r  v e l o c i t y  c o n s t a n t  (k) w as  d e t e r m i n e d  a c c o r d i n g  t o  t h e  m e t h o d  

o f  L e t o r t  5 in  w h i c h  t h e  s t r a i g h t  l ine  r e l a t i o n s h i p :  log10 ( - - d c / d t ) =  logl0k + n .  

logl0c, is e m p l o y e d ,  w h e r e  --de~dr is t h e  v e l o c i t y  in  M . s e c  -1, k is t h e  nth  o r d e r  r a t e  

c o n s t a n t  a n d  c is t h e  c u c u r b i t a c i n  B c o n c e n t r a t i o n .  I n  Fig.  3, log,0 ( - -de / t i t )  is p l o t t e d  

a g a i n s t  lOgl0 c. 
T h e  f i r s t - o rd e r  r a t e  c o n s t a n t  (k) w as  also d e t e r m i n e d  b y  e m p l o y i n g  t h e  f i rs t -  

- o r d e r  r a t e  e q u a t i o n  5. T h e  f i r s t - o r de r  v e l o c i t y  c o n s t a n t  d e t e r m i n e d  b y  t h e  d i f f e r en t i a l  

m e t h o d  is 2 . 6 1 . I O  -s  sec -1 whi l e  t h e  f i r s t - o r de r  r a t e  e q u a t i o n  g ives  v a l u e s  o f  2.45" 

i o  -8 sec -1 a n d  2.53" IO -8 sec -~ a t  5 a n d  IO m i n  r e s p e c t i v e l y .  T h e  a v e r a g e  f i r s t - o rde r  

v e l o c i t y  c o n s t a n t  is 2 .53" IO -s  sec -1. T h e  s lope of  t h e  LETORT p lo t  is I.OO 4. T h i s  f ac t  

- 7 .0  

- 8.C 

-9.(  

- ,o,  

-11.C 

-12.c_ ~.o - i o  -2:o -,.b do  +t.o 
Iog lo c 

Fig. 3- The differential method for the determination of the first-order velocity constant  of 
cucurbitacin 13 A23-reductase. The velocity of the reaction (--de/dr) was measured at  different 
cucurbitacin ]3 concentrations (varying between o and 1.17 mM) and a NADPH concentration 
of o. 187 mM at  the beginning of each reaction by employing the spectrophotometric assay method 
a t  34 ° m/t, under opt imum reaction conditions. An enzyme concentration of 0.038 mg/ml was 
used. The intercept  on the vertical axis where logt0c is equal to zero gives the velocity constant  
(in this case i t  is the first-order velocity constant).  The slope of the line gives the order "n" of 
the reaction. 
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clearly demonstrated that, under the specific conditions for determining tile Km 
value for cucurbitacin B, the reaction was of the first-order with respect to cucurbi- 
tacin B, as was found before. 

Reversibility of the reaction and the standard free energy change 
The composition of the reaction mixture employed for the determination of the 

reversibility of the reduction of cucurbitacin B to 23,24-dihydrocucurbitacin B is 
given in Table I II .  For the purpose of comparison the forward reaction was per- 
formed under identical conditions. 

T A B L E  I I I  

C O M P O S I T I O N  O F  T H E  R E A C T I O N  M I X T U R E  F O R  T I l E  C O N V E R S I O N  OF" 2 3 ,  2 4 - D I H Y D R O C U C U R B I T & C I N  B 

T O  C U C U R B I T A C I N  B 

The  composi t ion of the reaction mixtures  used in the blank determinat ion was similar to those 
given in this table except t ha t  the enzyme solution was replaced by  0.05 M maleic ac id -NaOH 
buffer (pH 6.6) containing o . io  M NaCI. The p H  of the reaction mixtures  was 6.65 and the tem- 
pera ture  25 °. Under  the specific conditions of Table III, the reaction was zero order with respect 
to 23,24-dihydrocucurbitacin B and N A D PH .  

Components Sample Reference 
cell (ml) cell (ml) 

0.05 M maleic ac id -NaOH buffer (pH 6.55 ) 
MnC1 z, final concn., i mM 
o.057 mg enzyme in 0.05 M maleic ac id -NaOH buffer (p i t  6.6) 

containing o.Io M NaC1 
N A D P  +, 0.97/~moles 
23,24-Dihydrocucurbitacin B in methanol,  4.4 #moles 
Abs. methanol  
Total  volume 

1.55 1.55 
0 . 2 0  0 . 2 0  

0.50 0.50 
0.50 0.50 
0.25 
- -  0.25 
3.00 3.00 

The reaction velocity for the dehydrogenation of 23,24-dihydrocucurbitacin B 
was 0.32 "1o -3 m#M .sec -1, while at the same enzyme concentration the forward 
reaction had a velocity of 13.o 7 • lO -2 mt,M .sec -1. The calculated ratio of reduc- 
tion/dehydrogenation was 4o.8:1. Thus, the reduction of curcubitacin B to 23,24- 
dihydrocucurbitacin B is fairly irreversible. 

The standard free energy change (dF1 °) for the reduction of cucurbitacin B by 
the reductase enzyme was determined by using the ratio mentioned above 6 which 
actually is a ratio of the zero-order velocity constants for the forward and reverse 
reactions. A value of --2196 cal.mole -1 was found. 

Enery~v of activation 
The effect of temperature on reductase activity was determined by employing 

the spectrophotometric assay method at 340 m#. The energy of activation for this 
reaction, as catalysed by the reductase enzyme, was determined from the slope of  
the straight line in Fig. 4, where loglo (kxlo 3) was plotted against I /T (Arrhenius 
plot) 5 and was found to be 7615 cal .mole -1. A Q10 value of 1.52 was found . 

Substrate speci!icity 
The relative specificity of the reductase enzyme with respect to the different 
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Fig. 4- D e t e r m i n a t i o n  of the  energy  of a c t i v a t i o n  for the  reduc t ion  of cucu rb i t ac in  B by  cucur-  
b i t ac in  B zi23-reductase. I n  all  t he  de t e rm ina t i ons  of r educ tase  a c t i v i t y  a t  the  different  t e m p e r a -  
tu res  (11. 5, 18.1, 25.6 and 35.1 °) the  reac t ion  was zero-order wi th  respect  to  bo th  cucurb i t ac in  B 
and N A D P H .  The slope of the  line is equal  to  --E/2.3o3 R, as der ived  from the  Arrhenius  equa-  
t ion  6. (E -- a c t i v a t i o n  energy,  ca l .mo le -1 ;  k -- zero-order ve loc i ty  cons tan t ,  mffM.sec-1;  T 
absolu te  t empera tu re ,  °K). 

cucurbitacins with d23-bonds in their side chains is given in Table IV. Un~ortu - 
nately, bitter principles with unsaturated side chains, other than cucurbitacin A, B, 
C, D, E, F and glycosides of bitter principles, other than the/~-D-glucosides of cucur- 
bitacin E, were not available for these studies. Desmosterol and lanosterol were also 
tested as substrates in the form of albumin dispersions 7 but no activity was found in 
either case. 

DISCUSSION 

It is evident that the equilibrium of the reduction of cucurbitacin B to 23,24- 
dihydrocucurbitacin B. at pH 6.65, lies far to the right. This is supported by the 

T A B L E  IV 

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

The spec t ropho tome t r i c  assay  me thod  a t  34 ° mff was employed  under  the  o p t i m u m  reac t ion  con- 
d i t ions  for the  reduc t ion  of cucurb i t ac in  B viz. p H  6.65 and ~ mM MnCI 2 (metal  co-factor).  The 
reac t ions  were zero-order wi th  respec t  to  the  cucurb i tac ins  and  N A D P H  which  were p resen t  a t  
concen t ra t ions  of 1. 4 mM and o.19 raM, respect ively .  

Substrate Redz~ctase 
activity 
(unitslml 
purified 
enzyme × zo "~) 

~-D-Glucoside of cucurb i tac in  E* i o i . I  
Cucurb i tac in  ]3 77-1 
Cucurb i tac in  E** 9-15 
Cucurb i tac in  D 8.9 
Cucurb i tac in  F 2.6 
Cucurb i tac in  A 2.3 
Cucurb i tac in  C 1.2 

* Impure/~-D-glucoside of cucurb i t ac in  E was used. 
** Cucurb i tac in  E a t  u n k n o w n  concen t ra t ion  due to  low so lub i l i ty  in reac t ion  mixtures .  

The a c t i v i t y  va lue  is a rough  es t imat ion .  
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fairly high negative value reported for the standard free energy change (AF°I) for 
the reduction of cucurbitacin B. 

The relative low value for the energy of activation indicated that  the energy 
barrier for the reduction of cucurbitacin B was probably effectively lowered by the 
reductase enzyme. 

The Michaelis constants for cucurbitacin B and NADPH were relatively low 
and are comparable to Km values reported for many  other oxidoreductases from plant 
and animal tissues. 

The pr imary bitter principles viz. cucurbitacin B and E were found to be the 
best substrates for the reductase enzyme. The fact that  the/5-o-glucoside of cucur- 
bitacin E showed a very high activity, indicated that  glycosides of bitter principles 
which were found to be much more soluble in water than their aglycons, might be 
the most important  substrates in the plant. However, due to the high fl-glucosidase 
(elaterase) activity of the fruits of the Green and Golden Hubbard  varieties of C. 
maxima, only aglycons of the bitter principles, which occur at very low concentra- 
tions, were found in these plants in the early stages of development (S. Rehm, 
personal communication). In later stages of development no bitter principles could 
be detected in the fruits 8, possibly due to a very effective catabolic process 2 in these 
plants in comparison with many  other species of the Curbitaceae-family which have 
no breakdown pathway for bitter principles s. In most cases the bitter principles 
occurring in these species are glycosides of th~ various cucurbitacins 8. 

Since all the bitter principles that  were tested showed some activity as sub- 
strates for cucurbitacin B z123-reductase, it is quite possible that  only one reductase 
enzyme is responsible for the reduction of the z123-bonds in the bitter principles with 
unsaturated side chains. 
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