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SUMMARY 

The inactivation of sweet potato fl-amylase (a-I,4-glucan maltohydrolase, EC 
3.2.I.2) by high dilution of the enzyme solution was prevented and most of the in- 
activated enzyme was restored by  the addition of Triton X-ioo above the critical 
micelle concentration. Triton X-Ioo  also protected the enzyme from denaturation by 
heat and sodium dodecyl sulfate. Various proteins and synthetic polymers, such as 
polyethylene glycol and polyvinyl alcohol, had a similar stabilizing effect as Triton 
X-Ioo,  but the synthetic polymers of low polymerized products were less or not 
effective. These facts suggest that  Triton X-Ioo  is effective in maintaining and restor- 
ing the native folded structure of the enzyme and that  the effect is due to its macro- 
molecular behavior. 

INTRODUCTION 

fl-Amylase (a-I,4-glucan maltohydrolase, EC 3.2.I.2) has been found abun- 
dantly in some cereals, tubers and roots 1 and has been purified in the crystalline state 
from sweet potato 2, barley malt  a, wheat* and soy bean 5. On account of its strict 
substrate specificity to the hydrolysis of only a penultimate a-I,4-glucosidic linkage 
of starch-type molecules from their non-reducing ends to yield fl-maltose, the enzyme 
is useful in the determination of the structure of starch, glycogen and their derivatives, 
as well as for the industrial production of maltose. 

Since the/~-amylase of sweet potato was purified by  Balls et al. 2 in 1948, the 
enzyme has been studied by  many  workers from various aspects. The enzyme appears 
to be composed of 3 or 4 polypeptide chains 6-s and the molecular weight of the 
associated form has been reported to be 156 ooo (ref. 9), 197 oo0 (ref. 6) and 215 ooo 
(ref. io). The enzyme contains many  sulfhydryl groups 2 and at least some of them are 
presumed to be directly or indirectly involved in its act ivi ty 6. I t  has been suggested 
that  all the sulfhydryl groups are buried in the molecule 2,7,n. The enzyme is in- 
activated easily in diluted solution. The nature of this inactivation is not clear yet 

Abbreviation: DTNB, 5,5"-dithiobis(2-nitrobenzoic acid). 
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but some sulthydryl compounds, proteins 12, polycations 13 and glycerol 14 have been 
used to protect the enzyme from inactivation. In tile previous paper 15 we suggested 
that  a neutral detergent, Triton X-ioo,  was a good protector of the enzyme. In the 
present paper, we deal with the effect of Triton X-Ioo on the activity and structure 
of the enzyme. 

MATERIALS AND METHODS 

Materials 
Sweet potato fl-amylase was purified by the method described in the previous 

report and crystallized from aqueous solution ~5. 
Bovine serum albumin and Sephadex G-25 (coarse) were obtained from Sigma 

Chemical Co. and Pharmacia Fine Chemicals, respectively. Soluble starch was ob- 
tained from Junsei Pure Chemicals and Co. Triton X-Ioo and other reagents of the 
highest grade were purchased from Kako Pure Chemical Industries. 

Glucoamylase and a-amylase were generously donated by Dr. Tsujisaka and 
Nagase and Co., respectively. 

Methods 
fi-Amylase activity was assayed by the same method as described previously 15. 

The enzyme solution was mixed with an equal volume of the reagent mixture and 
incubated at 37 ° for IO rain. The resultant reductive capacity was measured by 
Somogyi Nelson's method 16. The enzyme concentration was measured by spectro- 
photometry,  using EIi°{°m = 17. 7 at 280 nm (ref. 15). The sulthydryl groups of the 
enzyme were determined by titration with 5,5'-dithiobis(2-nitrobenzoic acid) 
(DTNB), as described by EllmanlL 

RESULTS 

Effect of Triton X- Ioo  
On specific activity. Dilution of the crude extract  of fi-amylase from sweet potato 

and a crystalline suspension of the enzyme with 0.04% Triton X-Ioo in 50 mM acetate 
buffer, pH 4.8, resulted in an approx. 1.6-fold higher activity than with the buffer 
in the absence of the detergent. The specific activity of the purified enzyme, assayed 
by the procedure described in the previous paper tS, was appreciably lower than 
that  obtained by the method of Balls et al. 2, but an equally high specific activity 
could be obtained by the addition of 0.02% Triton X-ioo into our assay system 15, 
while the detergent had no effect on the method of Balls et al. 2. Our assay method 
uses approx. 3oo-fold more diluted enzyme solution and the enzyme concentration is 
4o-fold more diluted in our assay conditions than in those of the method of Balls 
et al. 2. These facts suggest that  inactivation of the enzyme occurs in our procedure 
and that  this inactivation may  be reversed or inhibited by the detergent. This was 
confirmed by the following results. As shown in Fig. I, the specific activity of the 
enzyme was dependent on concentration and it decreased upon dilution in the 
absence of Triton X-Ioo,  while it was higher and constant in the presence of the 
detergent. Thus, the effect of the detergent on the activity is remarkable at higher 
dilutions. Below a concentration of 0.6 #g/ml, however, the specific activity no longer 
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Fig. i. Relation between specific act ivi ty and enzyme concentrat ion wi th  and wi thout  Tri ton 
X-ioo.  The enzyme was diluted wi th  5 ° mM acetate buffer, p H  4.8, (0 - - -0)  or the buffer con- 
taining 0.04% Tri ton X- ioo  ( O - -  O). Activity was assayed at  20 ° in 3% soluble s tarch and other  
condit ions were the same as in the text .  The act ivi ty in the absence of Tri ton X- Ioo  varied some- 
wha t  in each determinat ion and the plots are the mean values of  3 determinations.  

Fig. 2. Effect of Tri ton X- ioo  on the inactivated enzyme upon dilution. A stock enzyme solution 
(5 ° mg/ml) was diluted to 0.26/~g/ml wi th  ice-cold 5 ° mM acetate buffer, p H  4.8, ( O , A )  or 0.4% 
Tri ton X- ioo  in this buffer (O,A) and the diluted enzyme solution was incubated at o ° (A,A) 
and/or  37 ° (O,O).  At the t ime indicated by  the arrows, Tri ton X- Ioo  (final concn., 0.04% ) was 
added and the act ivi ty was followed, as shown ( - - - - - ) .  

decreased and the specific activity was approx. 1.7-fold higher in the presence of 
Triton X-Ioo. The suitable enzyme concentration for our assay procedure is approx. 
o.o3-o.15/zg/ml in the incubation mixture. 

On inactivation. The enzyme activity decreased by 39 % on dilution under the 
conditions indicated in Fig. 2, but 77% of the lost activity was restored immediately 
by the addition of Triton X-Ioo after the dilution. Therefore, the inactivation upon 
dilution was mainly reversible but a small portion of its was irreversible. The enzyme 
maintained the initial (zero time) activity at o ° in the presence or absence of Triton 
X-Ioo, but was inactivated rapidly at 37 ° in the absence of Triton X-Ioo and this 
inactivation was prevented effectively by the detergent. Upon incubation without 
Triton X-Ioo, the irreversible part of the enzyme activity increased. Thus, it is clear 
that Triton X-ioo is capable of reactivating the inactivated enzyme on dilution and 
of protecting the enzyme against the inactivation by heat. Therefore, it is concluded 
that the activation caused by Triton X-IOO in our assay procedure was not true 
activation of the enzyme. 

The enzyme was inactivated on incubation with sodium dodecyl sulfate and the 
inactivation velocity was greatly reduced by the addition of Triton X-Ioo, as shown 
in Fig. 3. The inactivation, however, could not be reversed in this case. 

On pH-aetivity. The pH-act ivi ty  curves in the presence or absence of Triton 
X-Ioo are shown in Fig. 4. In both cases, the pH-act ivi ty  profiles were quite similar 
and the activity optima were at the same pH of 5.5. The activity was increased approx. 
1.6-fold by the addition of Triton X-Ioo in a pH range measured. 

On kinetic constants. The Michaelis constant for soluble starch was the same in 
the presence or absence of Triton X-Ioo but the v was 1.5-fold higher in the presence 
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Fig. 3. Effect of Tri ton X- ioo  on the dena tura t ion  of the enzyme by sodium dodecyl sulfate. 
The enzyme in 4 ° mM phospha te  buffer, p H  8.o, was incubated at  25 ° with and wi thout  o.48% 

sodium dodecyl sulfate. At the t ime intervals  indicated, Tri ton X- Ioo  (final conch:, o.o8%) was 
added to the incubat ion mixture .  The incubat ion was te rmina ted  by  I5oo-fold dilution with ice- 
cold 5 ° mM acetate buffer, p H  4.8. SDS represents  sodium dodecyl sulfate. 

Fig. 4. p H - a c t i v i t y  curves of  the enzyme in the presence and absence of Tri ton X-Ioo.  Activity 
was assayed as described in the text ,  bu t  o. I M acetate buffer (O,O)  and 5 ° mM phospha te  buffer 
(A,A)  were used. The activity at  p H  5.5 in the presence of o.o2% Tri ton X- Ioo  is expressed as 
IOO~o. 

of the detergent (Fig. 5)- This fact is keeping with the thought that  the detergent 
protects the enzyme from partial inactivation and recovers the active form in highly 
diluted conditions. 

On sulfhydryl groups. The effect of Triton X-Ioo on the conformation of the 
protein has been examined by the behavior of the sulfhydryl groups of the enzyme. 
Sulfhydryl groups have been ti trated with DTNB, since it is known to react with 
sulthydryl groups without causing denaturation of protein. As shown in Fig. 6, 
sulfhydryl groups in the native enzyme were not modified by DTNB in the presence 
or absence of Triton X-ioo, but in the presence of sodium dodecyl sulfate, 6 sulfhydryl 
groups per monomer of the enzyme (mol. wt. 57 2oo (ref. 8)) were~modified. This value 
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Fig. 5. Effect of Tri ton X- ioo  on the kinetic cons tants  of the enzyme. The stock enzyme solution 
was diluted wi th  5 ° mM acetate buffer, p H  4.8, ((2)) and o.04% Tri ton X- ioo  in this buffer (0)- 

Fig. 6. Ti t rat ion of sulfhydryl groups of the enzyme with  DTNB.  Titrat ion was carried out  at  
p H  8.o and at  23 °. SDS represents  sodium dodecyl sulfate. 
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agreed well with that  of half cystine, obtained by  an amino acid analysis TM. Therefore, 
all the sulthydryl groups in the enzyme are thought to be in the reduced form and 
are buried in the enzyme molecule. This coincides with the result reported recently 
by  Uehara et al. 7. The ti tration rate of the sulfllydryl group with DTNB in the 
presence of sodium dodecyl sulfate was retarded appreciably by  the addition of 
Triton X-Ioo, suggesting the counteraction of Triton X-Ioo and sodium dodecyl 
sulfate. Incidentally, Triton X-Ioo did not interfere with the titration of cysteine 
with DTNB. 

On chromatographic nature. When the highly diluted enzyme solution with the 
buffer was applied onto the column of Sephadex G-25 in the absence of Triton X-Ioo, 
only a small portion of the activity was found in the effluent and a large portion of the 
act ivi ty was retained in the column. The retained activity was recovered by  eluting 
the column with Triton X-ioo solution. On the other hand, when the~diluted enzyme 
solution with the buffer containing Triton X-Ioo was applied onto the column, which 

-"Z" 03 L50m M Acetate -J. 0.0~°/o 
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Fig. 7- Effect  o f  Tr i ton X - i o o  on the  dex t ran  gel ch roma tography  of  the  enzyme.  (a) A s tock 
enzyme solution was di luted wi th  5o mM ace ta te  buffer  p H  4.8, and  was applied onto  a Sephadex  
G-25 (coarse) column (0. 7 cm × 3.7 cm) which was p repared  in this  buffer. The column was eluted 
as indicated.  (b) A s tock enzyme solution was di luted wi th  o.04% Tri ton X - I o o  in the  buffer and  
was applied onto  the  column, equi l ibrated wi th  the  buffer conta ining o.04% Tri ton X-Ioo.  In  
both  cases, I ml of  the  di luted enzyme solution (0.28 #g/ml) was appl ied on the  column and  the  
recovery of  the  ac t iv i ty  was approx.  63%. All the  procedures  were carried out  a t  o ° except  the  
assay of  t he  act iv i ty .  

was equilibrated with the buffer containing Triton X-Ioo,  most of the enzyme activity 
was found in the effluent (Fig. 7). These facts suggest that  the partially inactivated 
enzyme on dilution is bound to Sephadex, possibly by  the negative charges scattered 
on the resin, while the active or reactivated enzyme by the detergent fails to bind 
to the resin. 

Substances having similar effects as Triton~X-Ioo 
Some possible substances which may  act like Triton X-Ioo  to prevent the 

enzyme from the inactivation upon dilution have been examined. As listed in Table I, 
many  substances, such as proteins, polysaccharides, detergents and synthetic poly- 
mers are found to be effective protectors. Among them, albumins, gelatin and Tween 
20 were potent protectors, similar ' to Triton X-Ioo.  Sulfhydryl groups of the enzyme 
have been presumed to have an+important role in the enzyme activity, but  some 
sulfllydryl compounds tested and EDTA showed the least effect. This suggests that  
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T A B L E  I 

E F F E C T  OF S O M E  S U B S T A N C E S  ON I N A C T I V A T I O N  OF T H E  E N Z Y M E  U P O N  D I L U T I O N  

The enzyme solution was diluted with the indicated solution and the act ivi ty was assayed im- 
mediatly after dilution. 

Dilution with 0.04% solution* Activity (%) 

None 
Tri ton X- Ioo  
Tween 20 
Ethylene  glycol 
Polyethylene glycol 

Polyvinyl alcohol 

Agar-agar  
Carboxymethyl  cellulose 
Egg albumin 
Gelatin 
Bovine sermn a lbumin 
Bovine serum albunlin plus Triton X- ioo  
EI )TA 
Cysteinc 
2-Mercaptoethanol 

59.2 
ioo 
IOI 

59.8 
2oo** 60.9 
6oo** 77.5 

IOOO** 83. 5 
2ooo*" 84.o 

500** 88.2 
I5OO** 8 5 . 8  

82.8 
66.8 
99.5 
98.8 

I O I  

I O I  

(I mM) 66.8 
(I mM) 6 5 . I  

(I raM) 66.3 

" hi  5 ° mM acetate buffer, pH 4.8. 
"* Average degree of polymerization. 

the inact ivat ion of the e n z y m e  has little connection with  the oxidation of sulthydryl 
groups. 

Bovine  albumin and Tween 2o, as well  as Triton X-zoo ,  also protected the 
e n z y m e  from inact ivat ion at high temperature,  as l isted in Table II .  

DISCUSSION 

It is well  recognized that some enzymes ,  such as fl-glucuronidasei9, ~°, testicular 

T A B L F  I I  

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

The enzyme was diluted with the indicated solution (0.36/zg/ml) and incubated at 37 ° for 1 h. 

Incubation with 0.04% Activity (l, mole/min per ml) Activity 
so!ulion* remained (%) 

Before After 
incubation incubation 

None 0.305 o.138 45.3 
Tri ton X- loo  0.508 o.465 91. 5 
Tween 2o o-518 0.483 93-3 
Polyethylene glycol lOOO o.416 o.205 49.3 
Polyvinyl alcohol i5oo o.416 0.207 49.8 
Bovine a lbumin o.536 o.538 IOO 

* hi  0.05 M acetate buffer, p H  4.8. 

Biochim. Biophys. Acta, 268 (1972) 175-183 



EFFECT OF TRITON X - I O O  ON ]~-AMYLASE I 8 I  

hyaluronidase 21, aldolase, lactate dehydrogenase, a-amylase as well as/5-amylase 13, 
are inactivated easily when the enzyme solution is diluted beyond a certain level. 
Bernfeld et al.lS, 2] demonstrated that  this inactivation could be reversed by the 
addition of polycations and they explained the phenomenon by reversible dissociation 
of the enzymes into inactive products. They emphasized the cationic nature of the 
polycations in relation to their reactivation and stabilization effects. In the present 
study, various kinds of substances, such as proteins, polysaccharides, synthetic poly- 
mers and neutral detergents have been shown to stabilize the enzyme to various ex- 
tents. Ethylene glycol was ineffective but its polymerized products were effective 
and the effect was enhanced with increasing the molecular weight up to a certain 
level (Table I). From these results, we may  point out that  they have a high molecular 
weight as a common feature. 

C81~7 ~ O-- (CH2CFI20) n H 
[}= 9,7 

Triton X-IO0 

Triton X-Ioo* (non-ionic detergent, polyoxyethylated octylphenol (ethylene 
oxide: 9.7 units)) is not a high molecular material  (approx. mol. wt. 635), but  it forms 
micelles above a certain concentration and behaves as a high molecular material. 
According to Hsiao et al. ~,  the critical micelle concentration of polyoxyethylated 
octylphenol (ethylene oxide: 8.5 units) is o.o13°/o . This concentration agrees reason- 
ably with the minimum concentration showing the highest protective effect, as 

T A B L E  I I I  

TRITON X- Ioo  CONCENTRATION DEPENDENCE OF THE ENZYME ACTIVITY ON DILUTION 

The enzyme  solu t ion  was  d i lu t ed  w i t h  the  buffer con ta in ing  Tr i ton  X-Ioo ,  a t  the  ind ica ted  con- 
cent ra t ions ,  and  the  a c t i v i t y  was  assayed  i m m e d i a t e l y  a f te r  d i lu t ion.  The a c t i v i t y  d i lu ted  wi th  
the  0.04% so lu t ion  is expressed  a r b i t r a r i l y  as lOO%. 

Concentration of Activity (%) 
Triton X-±oo (%) 

o 62. 5 
0.0ooo 4 68.8 
o-0oo4 79.4 
o.0o4 93.8 
o.04 IOO 
0.2 i o i  
o. 4 lO2 

indicated in Table I I I .  The molecular weight of the micelle, measured by  ultracentrifu- 
gation analysis, has been reported to be 63 ooo (ref. 23). These facts suggest that  
Triton X-Ioo is effective as a macromolecule. 

I t  has been well demonstrated by the present study that  the effect of Triton 
X-Ioo in bringing about a higher specific activity in the highly diluted state is due to 
the reactivation of the inactivated enzyme on dilution and to the protection of the 
enzyme from the inactivation. 

* Pu rchased  from W a k o  Pure  Chemical  I n d u s t r i e s  (Osaka, Japan) ,  a p roduc t  of R o h m  
and H a a s  Co. (Phi lade lphia ,  Pa., U.S.A.) 
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The detergent protected the enzyme from denaturation by heat (Fig. 2) and 
sodium dodecyl sulfate (Fig. 3) and retarded the ti tration rate of the buried sulfllydryl 
groups of the enzyme in the presence of sodium dodecyl sulfate (Fig. 6). These facts 
imply that  the detergent restores and stabilizes the native folded structure of the 
enzyme. I t  is of interest that  a reverse effect of the detergent has been reported on 
the Na+,K+-activated ATPase of rat  brain 24, i.e. the detergent discloses some sulthyd- 
ryl groups of the enzyme. 

Although it is uncertain whether the part ly inactivated enzyme on dilution is a 
mixture of the fully active and inactive form or a par t ly  active form, the kinetic 
properties (Fig. 5) and pH-ac t iv i ty  curves (Fig. 4) seem to suggest that  the enzyme 
is a mixture of the active and inactive form. The inactive form (or partially active 
form) should be differentiated from the denatured form, which is not activated by the 
detergent. Therefore, we may write the inactivation process of the enzyme as follows: 

Act ive  form ~ inac t ive  fornl ~ --- ~ d e n a t u r e d  form 
(or p a r t i a l l y  
ac t ive  form) 

Here, the active and the inactive forms are in equilibrium below a certain concentra- 
tion and Triton X-ioo inhibits the inactivation and facilitates the activation. The 
inactive form is assumed to be unfolded slightly more than the active form or might 
be less oligomeric, since the enzyme has been suggested to be composed of 3 or 4 poly- 
peptide chains 6-s. This equilibrium mechanism may  be supported by the chromato- 
graphic behavior of the enzyme, as shown in Fig. 7. The active molecule, by its 
compact conformation, is presumed to carry insufficient positive charges on the sur- 
face for retention by the negative charges scattered on the resin. On the other hand, 
the inactive form has possibly more available surface and reveals more positive char- 
ges than the active form and is retained on the resin. When the diluted enzyme solu- 
tion without Triton X-Ioo is applied on the column,~a large portion of the enzyme 
may  be retained on the resin in the inactive~form of the equilibrium, being eluted 
with Triton X-Ioo  by restoration of the active form. While, when the diluted enzyme 

T A B L E  IV 

P R O T E C T I V E  E F F E C T  OF T R I T O N  X - I o O  ON S O M E  E N Z Y M E S  

Enzyme Protein concentration 
in the assay mixhtre 
(,ug/ml) 

Ratio of activity 
diluted with and 
without Triton 
X-foo (0.04%) 

Sweet  p o t a t o / 3 - a m y l a s e  o.67 1.6o 
(crude ex t r ac t ) "  

Soy bean  f l -amylase  12.5 1.54 
(crude extract)** 

Glucoamylase  7-9° 1.4 ° 
(Rhizopus delemar, crys ta l l ine)  

a - A m y l a s e  o.25 1.57 
(Bacillus subtilis, crys ta l l ine)  

* Crude e x t r a c t  was  p repa red  as descr ibed p r e v i o u s l y  1~. 
** Soy bean  was  s teeped in w a t e r  o v e r n i g h t  and  homogen ized  wi th  a 9-fold vo lume  (v/w) 

of  d is t i l led  w a t e r  for 1. 5 min  us ing  a blender.  The h o m o g e n a t e  was cen t r i fuged  for IO min  a t  
i o  ooo × g and  the  r e su l t ing  s u p e r n a t a n t  was used. 
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so lu t ion  w i t h  T r i t o n  X - i o o  is p u t  on t h e  co lumn ,  a large  p o r t i o n  of  t h e  e n z y m e  is 

a l r e a d y  in t he  a c t i v e  f o r m  a n d  m a y  pass  t h r o u g h  t h e  c o l u m n  u n c h a n g e d .  
I t  is o f  i n t e r e s t  w h e t h e r  t h e  p r e s e n t  effect  o f  T r i t o n  X - I o o  is c o m m o n  to  o t h e r  

enzymes .  I t  has  been  o b s e r v e d  t h a t  T r i t o n  X - I o o  is capab le  o f  p r o t e c t i n g  the  /3- 

a m y l a s e  o f  soybean ,  t h e  a - a m y l a s e  o f  Bacillus subtilis a n d  the  g l u c o a m y l a s e  of  

Rhizopus delemar, to  a g r e a t e r  or  lesser  e x t e n t ,  f r o m  the  i n a c t i v a t i o n  u p o n  d i lu t ion  

(Table  IV). 
T r i t o n  X - I o o  is a v e r y  usefu l  s t ab i l i ze r  of  f i -amylase ,  s ince i t  is m o r e  ef fec t ive  

t h a n  s u l i h y d r y l  c o m p o u n d s  and  n o t  a r e d u c i n g  agent ,  wh ich  in te r fe res  w i t h  t he  de te r -  

m i n a t i o n  of  r e d u c i n g  sugars .  I n  fact ,  i t  does  n o t  i n t e r f e re  w i t h  t he  assay  of  ma l t o se  

b y  S o m o g y i - N e l s o n ' s  m e t h o d  a t  t he  c o n c e n t r a t i o n  wh ich  is o p t i m a l  in s t ab i l i za t ion  

o f /5 -amylase .  
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