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One of the dist inguishing fea tu res  of the hydrolys is  of l ipids by the enzyme l ipase (hydrolysis  of 
g lycerol  e s t e r s ,  EC 3.1.1.3) is  the occur rence  of the react ion at the phase - s epa ra t i on  boundary. The sub-  
s t r a t e  f o r m s  an insoluble phase  emuls i f ied  or mice l l a r i zed  in water ,  and the enzyme is  water -so luble .  A 
number  of na tura l  or  synthetic  emuls i fy ing agents  a re  used for emuls i f icat ion [1, 2]. Since, because  of the i r  
hydrophobic nature ,  p ro te ins  r e p r e s e n t  a mic rohe te rogeneous  sy s t em in solution, it is  natural  that the f i r s t  
s tage of the enzymat ic  hydro lys i s  of l ipids is  an in teract ion between the prote in  and the lipid mice l l es  [3, 
4]. In a p rev ious  p a p e r  [5] it  was repor ted  that the following scheme appl ies  to hydrolys is  by l ipases  

E + S = ' - E S a ~ E S M = ~ E  + P l -F  P2, 

where E r e p r e s e n t s  the enzyme;  S the subs t ra te ;  ESa the adsorpt ion complex;  ES M the Michael is  complex;  
and P1 and Pz the hydro lys i s  products .  

Star t ing f r o m  this  situation, i t  m a y  be a s sumed  that an act ive configuration of the enzyme is  c rea ted  
only when the enzyme is  adsorbed  on the mice l l a r i z ed  or emuls i f ied  subs t ra te .  We have obtained a proof  
of this  hypothesis  by studying the inhibition of the alkaline l ipase  of cotton seeds  with sodium fluoride. As 
the subs t ra te  for  the l ipase  we se lec ted  t r ibutyr in ,  which is convenient because it  p o s s e s s e s  a fa i r ly  low 
solubility, en su re s  a high act ivi ty  of the l ipase,  and at the same  t ime,  f o rms  s table  emuls ions  [6]. The op- 
t imum pH of the l ipase in the react ion with t r ibu tyr in  is  8.8. 

The inhibition p r o c e s s  was studied at  pH 5.0-9.0,  i .e. ,  in the range where  the l ipase  is  s table to the 
action of the med ium (Fig. 1, curve  1). At pH values below 5.0 above 9.0 the l ipase is inact ivated,  under-  
going denaturat ion.  In this  pH range the inhibiting action of sodium fluoride is  shown only at the acid pH 
values.  In the pH range f rom 7.2 to 9.0, including the opt imum pH, sodium fluoride has no inhibiting ac -  
tion (see Fig. 1, curve  2). 

A comple te ly  different  pa t te rn  is  obse rved  in the react ion of the inhibi tor  with the enzyme in the 
p r e sence  of the subs t ra t e  (Fig. 2, cu rve  2). At pH 8.8, the ra te  of hydro lys i s  with sodium fluoride de-  
c r e a s e s  with t ime.  In this case ,  the nature  of the inhibition differs  sharp ly  f rom the inhibition at pH 5.0 
(see curves  3 and 5, Fig. 2). The shape of the curves  r e s e m b l e s  the case  of inhibition by the react ion  
product.  I f  a new port ion of enzyme is  added to the react ion mix ture  (af ter  inhibition has  taken place  c o m -  
pletely),  the r e m a i n d e r  of the subs t ra te  begins to be hydrolyzed again at the same  initial  velocity.  As hy-  
d ro lys i s  continues,  the inhibiting action of the sodium fluoride r eappea r s .  This  fact  unambiguously p e r -  
mi t s  the conclusion that inhibition at an alkaline pH value takes place  only in the p re sence  of the subs t ra te  
and is i r r e v e r s i b l e .  

The enzyme was kept with the inhibi tor  in the absence  of the subs t ra te  at acid pH values  - under 
these  conditions the act ivi ty  of the enzyme does not appear .  Then the pH was r a i sed  to 8.8, the subs t ra te  
was added, and the ra te  of l ipolysis  brought about by that fract ion of the enzyme molecule  which was not 
bound to the inhibi tor  was measu red .  Since the enzymat ic  act ivi ty fai ls  a f te r  the l ipase has been incubated 
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Fig.  1. Inhibi t ion of the ac t iv i ty  of the a lkal ine  l ipase  of cotton seeds  by s o -  
dium f luor ide  as  a function of the pH of the medium: 1) incubat ion of the en-  
zyme at va r ious  pH va lues  in the absence  of inhib i tor ;  2), incubation in the 
p r e s e n c e  of 5 • 10 -3 M NaF (25°C, 80 rain.) .  

Fig.  2. Influence of sodium f luor ide  on the r a t e  of fo rmat ion  of butyr ic  acid  
in the hyd ro ly s i s  of t r i b u t y r i n  by a lka l ine  l ipase  at  pH 8.8: 1) hyd ro lys i s  of 
t r i bu ty r i n  in the absence  of addi t ives ;  2) hyd ro lys i s  in the p r e s e n c e  of 
5 • 10 -4 M NaF; 3) 5 • 10 -s M; 4) ac t iv i ty  m e a s u r e d  a l t e r  incubat ion of the en-  
zyme,  subs t r a t e ,  and inh ib i to r  for  80 minutes  at  pH 8.8; 5) ac t iv i ty  m e a s u r e d  
a f te r  the enzyme and inh ib i to r  had been kept  for  80 rain at pH 5.0; 6) the en-  
zyme was kept  at  pH 5.0 in the absence  of the inhibi tor ;  7) inhibi t ion by so -  
dium f luor ide  of pu r i f i ed  t r i b u t y r i n a s e  (1- 10 -~ M). 
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F ig.  3. Dependence of the ra te  of inh i -  
bition on the coneent ra t ion  of sodium 
f luor ide  (inhibition was p e r f o r m e d  at  
pH 5.0, and the ac t iv i ty  was m e a s u r e d  
at pH 8.8). 

with NaF in an ac id  medium,  i t  may  be c o n s i d e r e d  that at  pH 
values  below 7.2 the r eac t i on  E+I~--~EI takes  p lace ,  where  I 
r e p r e s e n t s  the inh ib i tor  and EI the e n z y m e - i n h i b i t o r  com-  
plex,  which p o s s e s s e s  no l ipase  act ivi ty .  

The constant  of the binding of the enzyme and the i n -  
h ib i to r  i s  

K, -- [el [tl 
[z:/l ' 

whence 

Since [E] = [E0I-[EI]  , 

[ E l ]  = [ellll 
Kl 

[e01 [I1 
[ E l i  - -  K i ~  It1 " 

The p ropor t ion  of f ree  enzyme r eac t i ng  at  pH 8.8 i s  

K, [Eol 
[e0]  = K , .  t,J 

Accord ing  to the Michae l i s  equation,  the ve loc i ty  of the reac t ion  in the absence  of the inh ib i tor  has 
the fo rm 

k~. IE,,1 IS] 
v° -- KM ÷ iS[ 

Here ,  K M i s  the Michae l i s  constant .  
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TABLE 1. R e s u l t s  of the Separa t ion  of T r i b u t y r i n a s e  by 
Gel C h r o m a t o g r a p h y  on Sephadex G-100 

Stage of 
purification 

Amt. of I Activity Yield(of 

mgpr°tein' specific totallipase %activity~ 

Water-soluble 
~action 

0-55qo (NH4)2SO 4 
fraction a ! 

Gel chromatography on 
column of 
Sephadex G-100 

Fractions 
111--113 
119--122 
129 -133 
135--137 
162-164 
179--181 

Chromatography offrac- 
tions 119-122 on a 
column of Sephadex 
G-200* 

6250 

2100 

32 540 
38 • 330 
36 340 

3c!0 
~ 185 
12 385 

3.7 1500 

18 113000 

35 73 500 

17 000 
13 500 
12 000 
8000 
4 000 
4 500 

5 55O 

100 

65 

15 
12 
10,7 
7,2 
3,6 
4,0 

9.8 

Deg. of 
purifica- 
tion 

1 

2,0 

30 
18,0, 
19,0, 
22,0 
10 
19 

84 

* On the co lumn  was depos i ted  19 m g  of p r o t e i n  with a to -  
ta l  ac t iv i ty  of 6250 uni t s .  

19 20 30 

Fig.  4. R e s u l t s  of the pu r i f i c a t i on  of t r i b u t y r i n a s e  on a 
co lumn of Sephadex G-200: 1) c o n c e n t r a t i o n  of p r o t e i n  
in  the e lua te ;  2) l ipase  ac t iv i ty ;  3) e l e c t r o p h o r e g r a m  of 
the p ro t e in  depos i ted  on the co lumn.  

The equat ion  i s  va l id  i f  [E] << [S]. 

F o r  the f r ac t i on  of the e n z y m e  not bound to the inh ib i to r ,  

, k., [ s l  

% - ~ + ]Sl 

or ,  s u b s t i t u t i n g  the e x p r e s s i o n  for  [E~], we obta in  

t k 2 [%] [Sl % 
v0 = (K~ + [/b (K~  + lSl) " 

Hence,  

% K t + [t] , 1 
v'o - -  K, = 1-~--K, ' [ : l ,  

i . e . ,  the r a t io  of the in i t i a l  ve loc i t i e s  of the r e a c t i o n s  in the a bse nc e  of the i n h i b i t o r  and in i t s  p r e s e n c e  
m u s t  depend l i n e a r l y  on the c o n c e n t r a t i o n  of i nh ib i to r .  A plot  of v0/vi0 v e r s u s  i nh i b i t o r  c o n c e n t r a t i o n  should 
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give a straight  line with a slope tan ~ = 1/Ki ,  or Ki = 1 / t an  ~. The experimental  resu l t s  confirm this con- 
clusion (Fig. 3). The inhibition constant K i determined graphical ly is  4.9 • 10 -3 M. 

When the Michaelis equation is used, the expression for the velocity of the reaction contains the val-  
ue of the concentrat ion of the substrate ,  but not the value of the effective surface of the substrate  as should 
be the case for an insoluble substrate  [8]. This substitution is possible only when the dimensions of the 
substrate  par t ic les  do not change during the experiment.  We have observed the la t ter  condition (the con- 
centrat ion of sodium fluoride did not exceed 10 -2 M). 

The inhibition of the reaction by sodium fluoride in the presence  of the substrate  takes place in a 
completely different manner .  Since at pH 8.8 in the absence of substrate  no inhibition is observed (see 
Fig. 1, curve 2), the inhibitor in terac ts  with the enzyme only when the lat ter  is present  in a functioning 
state. This can be the case if, within the limits of the e n z y m e -  substrate  complex, a local acidified seg-  
ment spatially separated from the medium is formed. The appearance of such a segment is completely 
probable, since the substrate  consis ts  of a micel le  and the enzyme is located on the surface of the micel le  
so as to ensure  the maximum hydrophobic bonding between the corresponding par t s  of the molecule of the 
enzyme and the subst ra te  micelle.  -'Under these conditions, a spatially l imited cavity a r i ses  in which a 
molecule of substrate  undergoing hydrolys is  is located. Since the reaction product is  butyric acid, this 
cavity is locally acidified. Then the reaction scheme can be written in the form 

E + S ~ E S , , ~ - E S M ~ - E P a ~  E + P. 
+I 

(Epl L 

EI+P 

According to this scheme,  the initial velocity of l ipolysis should not change at any concentrat ions 
whatever  of the inhibitor (see Fig. 2); butyric acid is formed in all cases .  But as the reaction proceeds  
the rate must  decrease ,  since some of the molecules  of the enzyme are  converted into the inactive com-  
plex EI and cannot take par t  in the repeat catalytic act. The number of enzyme- inh ib i t o r  complexes formed 
and, consequently, the degree of retardat ion must  increase .  The experimental  resul ts  confirm these con- 
clusions (see Fig. 2). Thus, our assumption of the formation of a l i p i d - p r o t e i n c o m p l e x  with a locally 
limited react ion cavi ty is cor rec t .  

Summarizing what has been said, the following conclusion relating to the features  of the enzyme r e -  
action taking place at a surface of phase separat ion can be drawn: the surface of the substrate  micel le  is 
a component par t  of the active center  of the enzyme, and the formation of an active cavity is due to the 
specific adsorption of the enzyme on the surface  of the substrate.  

In the experiments  described,  the t r ibutyr inase  used was a fraction obtained by precipitat ion with 
ammonium sulfate at concentrat ions of 10-55% of saturation. All the t r ibutyr inase  activity (see Fig. 3) 
p resen t  in this fraction is inhibited by sodium fluoride (100% inhibition at the 59th minute). This means 
that all the proteins  possess ing  activity with respec t  to t r ibutyrin behave s imi lar ly  under the action of so-  
dium fluoride. The difference can only be quantitative. We checked the inhibiting action of sodium fluo- 
ride for  purified t r ibutyr inase.  

The t r ibutyr inases  were separated by the scheme described previously  [9], but with a slight change: 
the fraction deposited on the column of Sephadex G-100 was precipi ta ted by ammonium sulfate at a concen- 
t rat ion of 55% of saturation (Table 1). 

The g rea tes t  t r ibutyr inase  activity (15%) was concentrated in the h ighes t -molecular -weight  fract ions 
(111-113). With a fall in the molecular  weights of the t r ibutyr inases ,  their  concentrat ion also decreased.  
The highest yield of protein was obtained for the second fraction (119-122). On e lec t rophores i s  on poly- 
acry lamide  gel, this fraction gave four bands (disc e lectrophoresis) ,  one of which was active. 

An at tempt to effect the separation of the t r ibutyr inase  and the corresponding proteins on a column 
of DEAE-cel lulose  led to the adsorption of the enzyme on the support.  Elution in a 0-3 M NaC1 gradient 
gave no active fraction.  A test  of the protein adsorbed on the DEAE-cel tulose  for l ipase activity af ter  the 
removal  of the packing f rom the column was positive. When a column of Sephadex G-200 (fine) was used 
for chromatography,  the prote ins  of fract ion 2 were separated (Fig. 4). Tr ibutyr inase  was detected in 
fract ions 6-8 during elution. Its specific activi ty was 1500. The amount of protein was 3.7 rag. 
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In the case of the purif ied t r ibutyr inase ,  inhibition by sodium fluoride at pH 8.8 took place only in 
the presence  of the substrate  (see Fig. 2, curve 7). At an inhibitor concentration of 5 • 10 -3 M complete in-  
hibition was observed af ter  25 min from the beginning of incubation. Consequently, the conclusions on the 
nature of the interaction of the proteins and the lipid micel les  in the enzymatic hydrolysis  of lipids are  
valid both for  the individually purified enzyme and for the whole c lass  of enzymes,  and it has a general 
nature. 

E X P E R I M E N T A L  

The t r ibutyr in  and methyl butyrate were purified by redistil lation. The sodium fluoride was twice 
recrys ta l l ized .  The lipase was isolated from an acetone powder of cotton seeds. The enzymatic activit ies 
were measured  by the t i t r imet r ic  method using tr ibutyrin as substrate [9, 10]. 

Inhibition in the absence of the substrate  was per formed in the following way: 10 mg of the enzyme 
was kept at var ious pH values in the absence and in the presence of the inhibitor in aqueous solution (total 
volume 25 ml). After 80 rain, the pH was brought to 8.8 by the addition of 0.1 M KOH or HCI, depending on 
the initial pH. The reaction was begun by the addition of 5 ml of an emulsion of t r ibutyrin in water (60 mg). 

In the presence  of the substrate,  the sodium fluoride was added at pH 8.8. The nature and degree of 
inhibition were the same when the substrate was added to the mixture of enzyme and inhibitor and when 
the enzyme was added to the mixture of substrate  and inhibitor. The concentration of sodium fluoride was 
varied from 10 -5 M to 5 • 10 -3 M. In all the experiments,  the concentrat ions of the enzyme and substrate 
were 0.33 and 1.78 mg/ml ,  respectively.  

Gel chromatography on Sephadex G-100 was performed in a column (3.0 × 60 cm) equilibrated with 
0.1 M phosphate buffer, pH 7.4. The rate of elution was 30 m l / h ,  the amount of protein deposited on the 
column being 2.0-2.1 g. Fract ions  were collected after  each 15 rain [11]. 

Ion-exchange chromatography in a column of DEAE-cel lulose (1.0 x 15 cm) was per formed in a con- 
centration gwadient of NaCI (0-3 M). The protein deposited on the column was previously dialyzed over -  
night against  0.01 M phosphate buffer and was concentrated by using Sephadex G-25. The rate of elution 
was 20.8 m l / h .  The amount of protein was 15.5 rag. Fract ions  were collected af ter  each 15 rain. Gel 
chromatography with Sephadex G-200 to purify fraction 2 was pe r fo rmed  in the same buffer. Size of the 
column 1.0 × 20 cm; rate of elution 6.6 m l / h ;  sample volume 3.3 ml; amount of protein deposited 19 rag. 

In the measurement  of the t r ibutyr inase  activity of the fract ions eluted from the column, the concen- 
trat ion of protein was 0.003 mg/ml .  Disc e lec t rophores is  was per formed as described by Fielding [12]. 
The time of e lee t rophores is  was 2 h, the cur ren t  3 mA on each tube, and the voltage 400 V. 

SUMMARY 

1. The preparative separation of the tributyrinases of cotton seeds has been performed. Purified 
(electrophoretically homogeneous) fluorine-sensitive tributyrinase has been obtained. 

2. The mechanism of the inhibition of tributyrinases by sodium fluoride has been studied. The hy- 
pothesis has been put forward that the surface of the micelle of the lipid is part of the structure of the ac- 
tive center of the enzyme. 
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