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The e f f e c t  o f  bu i lders  on  the  s tabi l i ty  o f  p r o t e a s e  
e n z y m e  act ivi ty  w a s  s tud ied  in an e f for t  to ident i fy  
super ior  bu i lders  w h i c h  are so lub le  in w a t e r  and 
c o m p a t i b l e  w i th  e n z y m e s  f o r m u l a t e d  into  heavy  duty  
laundry  powders .  Various  p o l y ( s t y r e n e s u l f o n a t e -  
m e t h a c r y l a t e )  "copolymers,  po lyacry late  and tripoly- 
p h o s p h a t e  an ion ic  bui lders ,  as  we l l  as  var ious  
p o l y ( v i n y l a l c o h o l - v i n y l a c e t a t e )  n o n i o n i c  c o p o l y m e r s ,  
n a m e l y  PVAs, w e r e  used.  Zeol i te  4A w a s  a l so  used  as  a 
typical  n o n p h o s p h a t e  part icu late  bui lder  in the  deter-  
gents .  The p r o t e a s e  used  is  from bacillus stearother- 
mophilus. The ca lc ium c o n t e n t  w a s  d e t e r m i n e d  to  be 
16.7 m o l e / m o l e  o f p r o t e a s e  by a tomic  spec trophotom-  
etry.  

In b inary  s y s t e m s  c o m p o s e d  o f  a f i x e d  concentra-  
t ion  o f  10 U / m L  p r o t e a s e  and varied  c o n c e n t r a t i o n s  o f  
c o m p o u n d ,  bui lder  or surfactant ,  it  w a s  found  that  
c o m p o u n d s  having the  larger  ca l c ium ion b inding  
capac i ty  (C.B.C.)  l o w e r e d  the  re lat ive  act ivi ty  o f  pro- 
t e a s e  e n z y m e .  The activity o f  p r o t e a s e  e n z y m e  a lone  
w a s  l o w e r e d  about  20% by addi t ion  o f  0.02% s o d i u m  
d o d e c y l b e n z e n e  su l fonate  ( D B S ) .  

The an ion ic  bu i lders  added  to the  b inary  s y s t e m  o f  
f i x e d  10 U / m L  p r o t e a s e  and 0.02% DBS reduce  t h e  
p r o t e a s e  e n z y m e  activity in proport ion  to  the  magni-  
tude  o f  the ir  C.B.C. Addi t ion  o f  an ion ic  bu i lders  
fur ther  l o w e r e d  the  p r o t e a s e  e n z y m e  activity. The 
n on i on ic  bu i lders  and the  non ion ic  sur fac tant  can 
e n h a n c e  the  p r o t e a s e  e n z y m e  activity by protec t ion  o f  
p r o t e a s e  aga ins t  the  inhibitor,  DBS.  

It i s  cer ta in  that  ca l c ium a t o m s  c o n t a i n e d  in the  
p r o t e a s e  m u s t  play  an important  role  for  the  p r o t e a s e  
e n z y m e  activity and its  stabil ity.  Calc ium a t o m s  m u s t  
have  a great  i n f l u e n c e  on  the  f o r m a t i o n  o f  pro tease -  
subs tra te  complex ,  p r o t e a s e - c o m p o u n d  c o m p l e x  and 
s u b s t r a t e - c o m p o u n d  complex ,  b e c a u s e  the  protease ,  
prote in  subs tra te  and an ion ic  c o m p o u n d  wou ld  all be  
nega t ive ly  charged  in a lka l ine  so lu t ions .  Bu i lders  for  
e n z y m e - c o n t a i n i n g  d e t e r g e n t s  shou ld  be  c o n s t r u c t e d  
to  be i n s e n s i t i v e  to  ca l c ium ion. 

KEYWORDS: Builder,  ca lc ium,  de tergent ,  e n z y m e  
activity,  po lye lec tro ly te ,  p o l y s t y r e n e s u l f o n a t e  copoly-  
mer,  polyvinyla lcohol ,  pro tease ,  stabil ity.  

Great  effort in seeking environmental  preservat ion and 
energy savings have developed some special heavy duty  
detergents  containing zeolites and enzymes in J a p a n  
(1,2). Nonphosphate ,  enzyme-containing detergents  have 
been es t imated to have equivalent per formance  to phos- 
pha te  detergents.  A few problems had been pointed out 
concerning use of zeolites because of undesirable effects 
resulting f rom their  water-insolubility, such as deposition 
onto the washed ga rment s (3 -5 )  and agglomeration and 
sedimentat ion in drainage(6,7). Although these problems 

*To whom correspondence should be addressed. 

had been minimized by product ion of the fine particle size 
zeolites (8), a new wate r  soluble builder is desired. 

In the s tudy of the nonphospha te  detergents,  we 
previously found tha t  not only protein or sebum soils but  
also par t iculate  soils are effectively removed from cotton 
fabrics by detergents  containing protease  and /o r  lipase 
enzymes (9,10). A superior  builder for enzyme-containing 
detergents  would have the characteris t ic  of compatibili ty 
with enzymes being as impor tan t  a builder function as 
other  functions such as sequesteration, alkalinity, buffer 
action, dispersive power, and so on. 

The purpose  of this s tudy is to identify some builders 
tha t  are soluble in water  and compatible  with enzymes. In 
the present  paper,  the effect of the builder on the stability 
of protease  enzyme activity was studied using various 
water-soluble compounds.  

MATERIALS AND METHODS 

Protease enzyme. The protease  enzyme from bacillus 
stearothermophilus,  named  Toyozyme NP, was supplied 
by Tosoh Co., Ltd. (Tokyo, J a p a n )  and was used without  
fur ther  purification. It  is not tailored for detergent  
application. The propert ies  of this protease  are as follows: 
The activity op t imum is at  pH 8; the stability region is 
about  f rom pH 5-10; the pro tease  enzyme activity is 58.8 
• 104 U/g at alkaline pH 9.5 and at 30~ with Casein-Folin 
B method  (11); and the molecular  weight is 3.7 X 104 by 
GPC, SDS-PAGE method.  

Builders.  Various anionic compounds  and various 
poly(vinylalcohol)s were studied as builders. The proper-  
ties of those studied are presented  in Tables 1 and 2. The 
homologous s tyrenesulfonate  compounds  were supplied 
f rom Tosoh Co., Ltd. Various poly(styrenesulfonate-  
methacryla te)  copolymers were developed for the pur- 
pose of our  studies through the courtesy of Tosoh Co., Ltd. 
Active contents  of these samples  are f rom 17.7 to 80.5%. 

Sodium polyacrylate is a powdery  ingredient and 
assayed more than  95%. It was supplied by Nihon Kayaku 
Co., Ltd. (Tokyo, Japan) .  Sodium tr ipolyphosphate ,  STP, 
was used as a typical reference of detergent  chelating 
agents. It was purchased  f rom Wako Pure Chem. Co., Ltd. 
(Osaka, Japan) .  Sodium type of Zeolite 4A was also used 
as a typical reference of nonphospha te  builder formulat-  
ed in detergents.  The diameter  of particles of Zeolite 4A is 
0.4-0.8 #m. This was supplied by Mizusawa Chemical Co. 
Ltd. (Niigata, Japan) .  

Various PVAs above 95% puri ty  were supplied by 
Kura ray  Co., Ltd. (Osaka, Japan) .  Saponification degree, 
polymerization degree, the charge on PVA resulting f rom 
copolymerization with anionic or cationic monomer ,  and 
the addition of alkyl (C--  12) groups at  the terminal  of the 
polymer chain were investigated as variables. As the mole 
fraction of ionic comonomer,  itaconic acid or qua r t e rna ry  
ammon ium compound  are low, the charge on the PVAs 
are only weakly anionic or weakly cationic, respectively. 
All builders were used without  fur ther  purification at  a 
100% dry builder basis. 
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TABLE 1 

Propert ies  o f  Electro lytes  Used 

M. SATO ETAL. 

C.B.C. a 
Abbrev. Composition M.W. (CaCOs mg/g) pKca b 

NaSS c NaMAA 0 
US-I 10 90 6.7 X 104 36.6 -- 
US-2 20 80 7.9 X 104 40.5 - -  

US-3 30 70 6.8 X 104 25.4 -- 
US-4 50 50 6.9 X 104 23.1 2.9 
US-5 70 30 6.7 X 104 17.2 -- 
PS-5 NaSS homopolymer 5-8 X 104 2.3 -- 
NaSS NaSS monomer 206 -- -- 
SPA Sodiumpolyacrylate 6-7 X l0 a 46.9 3.1 
STP 8odiumtripolyphosphate 368 333.0 6.1 

aC.B.C., calcium binding capacity. 
bpKca , stability constant. 
cNaSS, sodium styrenesulfonate CH2=CH S03Na. 
dNaMAA, sodium methacrylate CH2=C(CH3)COONa . 

TABLE 2 

Propert ies  of  Polyvinyl Alcohols  Used 

Abbrev. Composition n(P.D.) M.W. 

(CH2=CH'OH;CH2=CH-OCOCHs), 
203 300 1.47 x 104 
205 88.0;12.0 500 2.45 x 104 
210 1000 4.90 x 104 
217 1700 8.36 x 104 
405 81.5;18.5 500 2.59 • 104 
117-1 99.6; 0.4 1700 7.51 x 104 
117-2 98.5; 1.5 1700 7.59 x 104 
117-3 97.5; 2.5 1700 7.66 x 104 
117-4 96.0; 4.0 1700 7.77 x 104 
217 88.0;12.0 1700 8.36 x 104 
R-205 Alkyl group adduct 500-600 
A-600 Anionic group sub. (1 mole) 600 
C-600 Cationic group sub. (0.2 mole) 600 

Surfactants. Sodium dodecy lbenzene  su l fona te  (DBS), 
was  used  as a typical  an ionic  s u r f a c t a n t  f o rmu la t ed  in to  
heavy d u t y  powders .  It  is a s t a n d a r d  r eagen t  for the  tes t  
of de te rgen ts  for g a r m e n t  wash ing  a n d  was p u r c h a s e d  
f rom Wako Pure  Chem. Co., Ltd. Nonionic  s teary l  poly- 
(oxyethylene)  ether,  ClsP20, was also used. It was  a p u r e  
chemical  assaying 100%, a n d  was  suppl ied  by Nippon  
Emuls ion  Co., Ltd. (Tokyo, J apan ) .  

Estimation of calcium ion binding capacity of the 
builder. The ca lc ium ion b ind ing  capac i ty  of the  bu i lde r  
was  d e t e r m i n e d  e lec t rometr ica l ly  employing an  Orion 
Calc ium Ion Elect rode 93-20-01 a n d  an  Orion Digital 
Ionalyzer  Type 601A (Orion Research,  Inc., Bos ton  MA). 
The free ca lc ium ion c o n c e n t r a t i o n  in 50 p p m  CaCOa h a r d  
wa te r  was  m e a s u r e d  as a func t ion  of added  bui lder  
c o n c e n t r a i o n  a t  pH 10 a n d  at  30~ Calc ium ion b in d i ng  
capac i ty  (mg C a C O J g  bu i lde r )  was  ca lcu la ted  f rom the  
bui lder  c o n c e n t r a t i o n  requ i red  to lower the  ini t ia l  50 
p p m  h a r d n e s s  to 20 p p m  hardness .  

Assay of the protease enzyme activity and its stability. 
The pro tease  enzyme act ivi ty [PITICas.FRB was assayed t ~ ] r.tTr 
on casein  hydrolyt ic  act ivi ty by the  Casein-Fol in  B meth-  

od (11). The stabi l i ty  of p ro tease  enzyme activity was  
d e t e r m i n e d  as follows: Ind iv idua l  100 mL solu t ions  were  
m a d e  up  con t a in ing  10 U / m L  Toyozyme NP, var ious  
a m o u n t s  of c ompound ,  bu i lde r  a n d / o r  su r fac tan t ,  a n d  
0.05 M bora te  buffer  at  pH 9.5 a n d  kept  in the  t h e r m o b a t h  
at  30~ After  30 min., 1 mL of the  p ro tease  so lu t ion  was  
sucked out  a n d  a dde d  to 5 mL of 6% case in  subs t r a t e  
so lu t ion  p r e h e a t e d  in a tes t  tube.  The m i x t u r e  was  kept  
for 10 min  at  30~ The reac t ion  was  s topped  by the  
add i t ion  of 5 mL of a mixed  so lu t ion  of 0.11 M tr ichloro-  
acetic acid, 0.22 M sod ium ace ta te  a nd  0.33 M acetic acid. 
After  s t and ing  30 min  at  30~ the  reac t ion  m i x t u r e  was  
fi l tered th rough  W h a t m a n  No. 542 paper .  The opt ical  
dens i ty  was  m e a s u r e d  at  660 n m  for the  f i l t ra te  colored 
by 1 N Folin-Ciocal teu reagent .  The effect of the  com- 
p o u n d  on the  s tabi l i ty  of p ro tease  enzyme activity (i.e.) 
the  res idual  act ivi ty af ter  30 mi n  was  es t ima ted  by 
dividing the  opt ical  dens i ty  of the  c o m p o u n d / p r o t e a s e  
so lu t ion  by t h a t  w i thou t  the  c ompound .  

Determination of calcium atom content in Toyozyme 
NP. Calcium a toms  in Toyozyme NP were  d e t e r m i n e d  on 
the  aqueous  p ro tease  soul t ion  by a Hitachi  Atomic  
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Spectrophotometer  Type 508 (Hitachi Co., Ltd., Tokyo, 
Japan).  All experiments were done using distilled water, 
passed through an ion exchanging resin followed by 
filtration thorugh an RO membrane filter. 

RESULTS AND DISCUSSION 

Chelating properties of the builder. Figure 1 shows the 
lowering of water  hardness as a function of the logarithm 
of the concentrat ion of added electrolyte in 50 ppm 
CaCO3 water  hardness at pH 10 and at 30~ From this 
figure, C.B.C. and PKca of the anionic compounds  were 
calcuated and summarized in Table 1, together with other 
properties. By contrasting performance of SPA, US- 1-US- 
5 and PS-5, it is predicted that  the C.B.C. of polyelectro- 
lytes should be much more influenced by carboxyl groups 
than by sulfonate groups in the polymer structure. 
Performance of monomer  NaSS and its homopolymer PS- 
5 indicates the interaction between sulfonate and calci- 
um ion must be enhanced by polymerization. Since the 
water  hardness vs concentrat ion curve of STP is lower at 
lower concentration, STP is shown to be a very s u p e r i o r  
chelating agent. Calcium ion exchanging capacity of 
Zeolite 4A is estimated to be 70 mg CaCOJg  at pH 10 and 
at 30~ (12). 

Calcium atom content in Toyozyme NP. Although 
Toyozyme NP is not a product  supplied for use as a 
detergent ingredient, the amount  of calcium atoms con- 
tained in it was determined to be 16.7 mole/mole of 
protease by atomic spectrophotometry.  That is to say, the 
content  corresponds to 1.93 X 10 -z g/g of protease or 2.68 
X 10 -s g/active units of protease. 

Two kinds of commercially available protease manu- 
factured for detergent use were assayed for calcium 
content by the same method as was Toyozyme NP. The 
calcium atom contents ofprotease A and protease B were 
determined to be 0.6 X 10 -s and 17.9 X 10 -s g/active unit 
of protease, respectively. We thus confirmed that  the 
calcium atom content of Toyozyme NP is not much 
different from that  of the detergent grade proteases. 

It is well known that  the active site of protease would be 
constructed by calcium ionic bridges between the three 
amino acid residues, such as Asp., His. and Ser. at the 
specific positions of amino acid sequence (13). Kubo et al. 
(14) have deduced the three dimensional s tructure of 
Toyozyme NP by the determination of nucleotide 
sequence and amino acid sequence, and reported four 
calcium atoms and a zinc atom in a molecule of Toyozyme 
NP. These atoms would be intensely bound to protein 
ligands and held in the three dimensional molecular 
structure. Of course, 16.7 mole of calcium atoms per mole 
of protease as determined is significantly higher than 4 
mole of calcium atoms per mole of protease. We assume 
that  most of the calcium atoms in Toyozyme NP would be 
supplied by the calcium chloride which was added in the 
process of purification of this extracellular protease (14). 
The other unbound calcium atoms must be also at t racted 
to negatively charged protease in the alkaline solution. 
Therefore, those free calcium ions would be surrounding 
the protease molecules in the solution. 

The stability of protease enzyme activity in the binary 
system ofprotease and builder. The effect of the builder 
on the stability of protease enzyme activity was investi- 
gated with 10 U/mL protease solution and the relative 
activity vs the concentrat ion curves for various anionic 
compounds are shown in Figure 2 and Figure 3 and, for 
nonionic compounds,  in Figure 4. As shown in Figure 2, 
the relative activity in presence of STP, which has the 
highest C.B.C. and pKca , is markedly lower and nearly 
becomes zero at extremelylow STP concentration. On the 
other hand, the relative activity of PS-5, which has the 
lowest C.B.C., is only slightly lowered in the region of PS-5 
concentrat ion tested. As with other ionic compounds,  the 
larger the C.B.C. of the ionic compounds  and the higher 
their concentration, the lower the relative activity. 

Although Zeolite 4A has a larger C.B.C. than SPA, it 
shows nearly equal relative activity of protease to that  of 
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SPA; because Zeolite 4A cannot  exchange calcium ion 
bound up with a protease  s t ruc ture  (13). 

Figure 3 shows the effects of three  sulfonate com- 
pounds  on pro tease  activity as a function of the equiva- 
lent molar  concentra t ion of sodium sulfonate. The rela- 
tive activity curve of anionic sur fac tan t  DBS decrease 
markedly  relative to tha t  of PS-5 and NaSS. The C.B.C. of 
DBS also was determined to be practical ly the same as 
tha t  of US- 1, using the calcium ion electrode method (15). 
Combining this informat ion,  we propose  tha t  the calcium 
ion binding p roper ty  and, consequently, the stability of 

protease  enzyme activity is not  only greatly influenced by 
the kind of ionic groups but  also b y t h e  hydrohobic moiety 
in the s t ructure  of anionic compound  because of their  
adsorpt ion properties.  

The effects of nonionic compounds ,  four kinds of PVAs 
and a nonionic sur fac tan t  on the stability of protease  
enzyme activity are shown in figure 4. Because of their  low 
interation with calcium ion, all these compounds  have 
little effect on pro tease  activity even at the higher 
concentrat ion ranges. Kravetz et ai. (16) similarly report-  
ed tha t  sulfonate sur fac tants  strongly deact ivate  pro- 
tease. We suggest tha t  these results indicate interact ions 
between calcium contained in protease  and  the added 
compounds ,  builder a n d / o r  surfactant ,  significantly 
influences the stability of protease  enzyme activity. 

The stability of protease enzyme activity in the ternary 
system of protease, DBS and builder. Because heavy duty  
powders  necessarily formulate  anionic surfactant ,  the 
effect of builder on the stability of pro tease  enzyme 
activity was also investigated in the t e rna ry  systems 
composed of fixed 10 U /mL protease,  0.02% DBS and 
varied concentra t ions  of  builder. Figure 5 shows the 
relative activity of protease  as a function of electrolyte in 
the t e rna ry  system. As ment ioned above, the result  on the 
ordinate,  which is a binary system composed of protease  
and DBS, show low relative activity of about  20%. The 
electrolytes added to tha t  b inary system lowered the 
protease  enzyme activity fur ther  in propor t ion to the  
magni tude of the chelating p roper ty  of the electrolyte. 
Ionic compounds,  electrolytes and anionic sur fac tan t  
additionally lowered the stability of pro tease  enzyme 
activity. 

The effects of PVAs on the stability of pro tease  enzyme 
activity in the t e rna ry  systems were studied as functions 
of degree of saponification and  the degree of polymeriza- 
tion. Both Figures 6 and Figures 7 show the relation 
between the relative activity and the saponification 
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degree at  fLxed 1700 polymer iza t ion  of PVAs. The fo rmer  
is shown as a f unc t i on  of c o n c e n t r a t i o n  of PVA, a n d  the  
l a t t e r  is as a func t ion  of saponi f ica t ion  degree a t  f ixed 
0.02% c o n c e n t r a t i o n  of PVA. The relat ive activity of 
p ro tease  was  s ignif icant ly  e n h a n c e d  by the  add i t ion  of 
PVA into the  p ro tease  so lu t ion  con t a in ing  inac t iva to r  
DBS. The lower the  saponi f i ca t ion  degree the  higher  the  
mola r  f rac t ion of hydrohobic  moie ty  of PVA the  higher  the  
relat ive activity. 
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FIG. 9. Effect of polymerization degree of PVA on the stability of 
protease enzyme activity of 10 U/mL protease solution contain- 
ing 0.02% DBS and 0.02% PVA at pH 9.5 and at 30~ 

Both Figures 8 a n d  Figures 9 show the  re la t ion  be tween  
the  relat ive activity a n d  the  po lymer iza t ion  degree at  
fixed 88% saponi f ica t ion  of PVAs. The fo rmer  is shown as 
a f unc t i on  of c o n c e n t r a t i o n  of PVA, a n d  the  l a t t e r  is as a 
func t ion  of po lymer iza t ion  degree a nd  of molecu la r  
weight  at  a f ixed 0.02% c o n c e n t r a t i o n  of PVA. For 
reference  to non ion ic  PVAs, the  resul ts  for the  non ion ic  
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DBS as  a function of  added concentrat ion of  PVA at pH 9.5 and at 
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s u r f a c t a n t ,  C181~20, a re  also p l o t t e d  in F igure  10. I t  is c l ea r  
t h a t  t he  lower  t he  p o l y m e r i z a t i o n  degree  of  PVA, the  m o r e  
s t ab le  t he  p r o t e a s e  enzyme  activity.  But  t he  effect  of  PVA 
on p r o t e a s e  p r o t e c t i o n  aga ins t  i n a c t i v a t o r  DBS w o u l d  be 
less in f luenced  by  t h e  degree  of  p o l y m e r i z a t i o n  t h a n  by  
sapon i f i ca t ion .  

F igure  10 shows  the  effects  of  mod i f i ed  PVAs. Both  
an ion ic  a n d  ca t ion ic  PVAs show the  c o n t r i b u t i o n  to  t he  
s t ab i l i ty  of  p r o t e a s e  enzyme activity.  We espec ia l ly  no te  
t he  b e h a v i o r  of  an ion ic  PVA as  c o m p a r e d  to  t h a t  for  t h o s e  
of  che la t ing  c o m p o u n d s  as  shown  in F igures  2 a n d  3. 
These  w e a k l y  ionic PVAs behave  as  a non ion ic  c o m p o u n d  
r a t h e r  t h a n  as  an  ionic c o m p o u n d .  PYA R-205, hav ing  an  
a d d e d  alkyl  group,  shows  a s l ight ly  g r e a t e r  effect  t h a n  
PVA 205. I t  was  shown  t h a t  non ion ic  c o m p o u n d s ,  as  well  
as  t he  w e a k l y  ionic PVAs, a r e  no t  on ly  c o m p a t i b l e  wi th  
p r o t e a s e  b u t  p r o t e c t  t he  p r o t e a s e  enzyme  ac t iv i ty  aga ins t  
DBS, a n d  effect ively e n h a n c e  t h e  s t ab i l i ty  of  p r o t e a s e  
enzyme ac t iv i ty  in t h e  d e t e r g e n t  solut ion.  

I n t e r a c t i o n  be tween  the  t h r e e  c o m p o n e n t s ,  p r o t e a s e ,  
DBS a n d  bu i l de r  m u s t  be ve ry  complex ,  a n d  b e c o m e  even 
m o r e  c o m p l e x  in p r e s e n c e  of  ca lc ium.  A t  t h e  p r e s e n t  

t ime,  t h e  m e c h a n i s m  of  p r o t e a s e  d e a c t i v a t i o n  a n d  pro-  
t ec t ion  aga ins t  deac t iv i a t i on  in t h o s e  sys t ems  is no t  
u n d e r s t o o d .  However ,  c a l c ium a t o m s  de f ina t e ly  p l a y  an  
i m p o r t a n t  role  in p r o t e a s e  enzyme  ac t iv i ty  a n d  its s tabi l -  
ity. C u r r e n t l y  we a re  s tudy ing  the  a d s o r p t i o n  b e h a v i o r  of  
t he  bui lder ,  s u r f a c t a n t  a n d  ca lc ium a t o m  on to  the  p ro-  
t e a s e  molecu le  f rom the  view p o i n t  of  p r o t e a s e  enzyme 
ac t iv i ty  (17). 
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