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S T U D I E S  ON T H E  L I P O L Y T I C  E N Z Y M E  ACTION 

I. KINETICS OF PANCREATIC LIPASE ACTIVITY ON AN ESTER 

IN HOMOGENEOUS AQUEOUS SOLUTION 

by 

F. SCHONHEYDER AND K. VOLQVARTZ 

Biochemical Institute, Aavhus University (DenmaTh) 

Pancreatic lipase catalyzes the hydrolysis of a series of esters, whether they are 
present in homogeneous, aqueous solution or emulsified in water. In this paper it is 
intended to report some studies on the action of pancreatic lipase on a simple ester in 
homogeneous, aqueous solution. 

Several investigations have been published on the ester decomposition by pancreatic lipase. 
For various reasons, however, many of the well-known examinations are without importance to 
the closer understanding of the reaction mechanism because PH varied considerably during the course 
of the hydrolysis, and the real substrate concentration was not known, the experiments being per- 
formed on oil emulsions, I ~ m T z  1, ENGELS, KASTLE AND LOEVENHART 8, DIETZ 4. These investigators 
fonowed the enzymatic process titrimetrically. The same principle was employed by WILLST~TTER, 
WALDSCHMIDT-LEITZ AND MEMMEN 6. who measured lipatic activity on oil emulsions, buffered by 
NI-Is-NH~C1. The hydrolysis was followed to about 24%. I t  is not possible from these experiments, 
no more than from those reported by UMSCHWXXF s to draw conclusions regarding the reaction 
mechanism. HOLWBRDA, VERKADE AND DR WXrLmSN 7 have demonstrated that  in heterogeneous 
systems the velocity and degree of hydrolysis catalyzed by pancreatic lipase are only slightly or not 
dependable on the amount of ester, but  are primarily a result of the intensity and duration of the 
shaking. The authors mentioned were able to state tha t  the salts of the fa t ty  acids exert a smsner 
or larger inhibition of the hydrolysis of tricaprylin. FRAZER AND WALSH 8 have show~ tha t  in hetero- 
geneous systems the lipatic activity is proportional to the surface of the fa t ty  particles. BALLS, 
M-~TLACK AND TUCKXR 0 found tha t  under special conditions the enzymatic hydrolysis of monostearin 
may proceed according to the equation of the monomolecular reaction. 

WXLLSTX~rER AND I~MMXN l° followed titrimetrically the enzymatic hydrolysis of triacetin and 
methyl butyrate to relatively low degrees of hydrolysis. They state tha t  the reaction course fits 
SCHOTZ*S equation approximately and point out tha t  other investigators have found the same 
equation to hold for the ester hydrolysis brought about by serum lipase and liver lipase. WILLSTATTER 
AND MEMMEN believe tha t  the validity of SCHOTZ'S equation may be explained by enzyme destruction 
during the reaction. WILLST~,TTER AND MEMMEN 11 have also followed the lipatic hydrolysis by 
stalagmometry, using saturated tributyrin solution as substrate. Although some experiments may 
be found in which the process has been carried to a comparatively high degree of hydrolysis, the 
number of observations in each experiment is small and the initial substrate concentration uncertain, 
for which reason the experiments are not suitable for a closer analysis of the reaction kinetics. The 
object of stalagmometric measurements as well as of almost all other methods has in the first place 
been to determine the strength of the enzyme activity without going into details with regard to the 
nature of the process. This also holds for the manometrical measurements of lipase activity, WEBE~ 
AND AMMON lt,  MURRAY 18. 

SUGIURA, ~IOYES AND FALK I~ followed titrimetrically the decomposition of triacetin. As lipase 
they employed extracts of tissues. They m~l~e an a t tempt  at  fitting their results to three different 
equations (the monomolecular reaction equation, SCH~ITZ'S equation and NOmrHROP'S equation 

4 
EKt--- a . ln  . . . .  x, a = amount of substrate, x = amount of acid liberated). The chemical 

Re#mzwes p. x6 5. 



148 F. SCHONHEYDER, K. VOLQVARTZ VOL. 6 (I9~0) 

change of hydrolysis was limited to the saponification of at most one acid equivalent in each molecule 
of the ester. They state that in certain more or less extended ranges of the experiments the equations 
mentioned were satisfied, but the work does not contain any solution of the reaction kinetic problem. 
SOBOTKA AND GLICK 1~ have studied the action of pancreatic lipase on a series of esters, especially 
tri-, di-, and monobutyrin. They find that the reaction curves for all substrates flatten shortly after 
a steep rise and follow an almost horizontal course when a few per cent of the total possible hydrolysis 
have been effected. SOBOTKA XND GLICK believe that the phenomenon mentioned is not due to inhi- 
bition by split products. They maintain that the percentage of the hydrolysis of di- and monoesters 
is considerably below the expected, even if only one acid equivalent is hydrolyzed. In their opinion 
the explanation of the peculiar reaction curve was afforded by consideration of the r61e of inactive 
areas on the colloidal enzyme particles. WEBER AI~D KInG is have examined the inhibitory influence 
of salts of fatty acids on the hydrolysis (pancreatic lipase and liver esterase) of ethyl butyrate. The 
salts of acetic, propionic, and butyric acids showed no inhibition in the concentrations used, but 
salts of caproic, caprylic, capric and lauric acids showed increasing inhibition as the length of the 
carbon chain increased. The paper mentioned, however, apparently only contains a documentation 
in the case of the liver enzyme. In previous papers (SCH~NHEYDER AND VOL{}VARTZ 17) concerned 
with enzymatic ester hydrolysis in homo- and heterogeneous systems, the authors have mainly been 
interested in initial velocity determinations. 

I t  appears from the review tha t  the reaction kinetics of the pancreat ic  lipase act ion 
are no t  known,  for which reason it  seems desirable tha t  this problem should  be made 
the subject  of invest igat ion.  

When  one examines the kinetics of the lipolytic reaction it  is i mpor t a n t  to have 
a simple, absolutely pure, water-soluble ester, which does not  undergo a ny  perceptible 
spontaneous  hydrolysis at neu t ra l  reaction. The  lowmolecular,  water-soluble triglycerides 
are no t  sui table because the decomposition comes to a standsti l l ,  possibly after one acid 
equiva lent  has been split off, and  there is the possibili ty of a series of different split 
products  being formed, as shown by  DESNUELLE, NAUDET AND ROUZIER ls for triolein 
and  na tu ra l  purified fats. The low molecular esters like methyl  and  ethyl  bu ty ra t e  are 
ra ther  volatile, and  therefore it is inevi table  tha t  a certain loss of subst ra te  will take 
place during the reaction. These esters require relat ively large amount s  of pancreat ic  
lipase to be hydrolyzed. As we in t end  to follow the hydrolysis by  measur ing the acid 
l iberated this is a complication. The enzyme mater ial  contains  protein  with buffer effect, 
and  this will involve the withdrawal  of some of the acid which is l iberated in the hydroly-  
sis from the measurements  (see later). Rac. I -capryly l  glycerol has been found  to be 
very  sui table for enzymat ic  experiments  because this compound can be ob ta ined  pure 
in crystal l ine s ta te;  it is non-volati le,  water-soluble and  does not  undergo a n y  appreci- 
able spontaneous  hydrolysis at  pH about  7.1. Fur thermore,  with the aid of smal l  amount s  
of enzyme the hydrolysis of this ester goes to completion. 

PROCEDURES 

Ray. i..r.aprylyZ glycerol has been prepared according to principles given by AVERILL, ROCHE 
AND KING x° for homologous compounds with more or less carbon atoms in the fatty acids. Acetone 
i-caprylyl glycerol was prepared from rac. acetone glycerol and pure caprylyl chloride (prepared 
from methyl caprylate, fractionated by distillation in column). The following physical data w e r e  

found for rac. acetone i-caprylyl glycerol: d~ ° ---~ o.9759; b.p. lO6 to Io8 ° C at 1. 5 mm Hg; n~ 4~95 ---- 
1.436o; reel. weight (determined by saponification) 259.5 (theoretical 258.36 ). By cautious hydrolysis 
this substance is transformed into rac. I-caprylyl glycerol, which after repeated crystallizations from 
low boiling petroleum ether yielded a white substance which melted sharply at 39.5 ° C. Mol. weight 
217.2 (theoretical 218.3). FILER, SIDHU, DAUBERT AND LONGENECKER t0 state the melting points of 
rac. x-glycerides to be 53.o °. 6 3 . o  ° a n d  7o .5  ° for compounds containing io, 12 and 14 carbon atoms 
in the fatty acid chain. 

In order to find out whether it is of any importance to the reaction course, that the substrate 
used in our enzyme experiments is a mixture of two enantiomorphlc forms, L(u)-t-caprylyl glycerol 
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was  prepared .  D ( + ) - a c e t o n e  glycerol  was  p repa red  accord ing  to BEAR AND FISCHER 81 f rom I, 2, 5, 6- 
d iace tone-D-manni to l .  Ace tone  L ( - - ) - i - c a p r y l y l  glycerol* is a n  oily l iquid a t  r o o m  t e m p e r a t u r e  like 
t h e  r acemic  fo rm  ~o 0.9748; = (d 4 = b.p. IO8 to  I I I °  C a t  2 to  2.5 m m  Hg ;  nD~'95 1.4353; tool. we igh t  
= 253.I (theor. 258.36); l a i d  = + 3 . 5 6 0  (in subs tance) ,  B y  cau t ious  hyd ro lys i s  of  t he  ace tone  
glycer ide  L ( - - ) - I - cap ry ly l  glycerol  is ob ta ined ,  a c rys ta l l ine  s u b s t a n c e ;  m.p .  28 ° C; tool. we igh t  217.5 
(theor. 218.3); l a iD = - - 3 . 7 8 0  (in pyridin) .  T h e  specific ro t a t ions  found  are  s o m e w h a t  smal le r  t h a n  
t hose  obse rved  b y  BAER AND FISCHER 22. T h i s  m a y  be expla ined  by  a m o d e r a t e  r acemiza t ion  du r ing  
t h e  p r e p a r a t i o n  of t h e  subs t ances .  

T h e  ace tone  I -capry ly l  glycerols  are  prac t ica l ly  insoluble  in water .  I t  is difficult to  de te rmine  
t h e  exac t  so lubi l i ty  of t h e  i - cap ry ly l  glycerols  in water .  A t  r oom t e m p e r a t u r e  one gets  crysta l -c lear  
so lu t ion  b y  d isso lv ing  up  to I. 3 g per  litre. W i t h  g rea te r  a m o u n t s  of s u b s t a n c e  t he  so lu t ion  s t a r t s  
g iv ing  opalescence.  

The enxyme material used  was  ob ta ined  b y  ex t r ac t i ng  chopped,  dried, de fa t t ed  pig  panc reas  
t i ssue  wi th  1 %  NaC1 solut ion.  T he  ex t r ac t s  were fil tered r epea ted ly  t h r o u g h  cot ton-wool .  PH of t h e  
ex t r ac t  was  b r o u g h t  to  a b o u t  7 . I5  before add ing  i t  to  t he  s u b s t r a t e  mix tu re .  I t  is i m p o r t a n t  to  use  
s u c h  a m o u n t s  of e n z y m e  t h a t  t he  hydro lys i s  does no t  proceed too fas t  dur ing  t h e  first  xo to  x5% 
of t he  reac t ion  (see later) .  On  t h e  o the r  hand ,  one h a s  to use  such  a m o u n t s  of enzyme,  t h a t  a h igh  
degree of decompos i t ion  is r eached  in  4 or 5 hours .  

The  es ter  was  dissolved in 400 to 700 ml  i % NaCI so lu t ion  a n d  a few ml  of verona l  buffer  were 
added.  The  solut ion was  p laced in  a th ree -necked  r o u n d - b o t t o m e d  flask. I n  one s ide-neck a p ro tec ted  
glass  e lect rode was  in t roduced  t h r o u g h  a 
r u b b e r  s topper .  I n  t h e  o the r  s ide-neck an  
agar-KC1 br idge was  p laced t h r o u g h  a rubbe r  
s topper .  Th i s  br idge  was  connec ted  w i t h  t h e  
reference electrode b y  m e a n s  of a s a t u r a t e d  
so lu t ion  of KC1. PH was  recorded on  a Radio-  
m e t e r  po t en t iome te r .  D u r i n g  a n d  af ter  t he  
e x p e r i m e n t  i t  was  a sce r t a ined  t h a t  t h e  a s y m -  
met r i c  po t en t i a l  of t he  p o t e n t i o m e t e r  did  n o t  
change .  All t h e  e x p e r i m e n t s  were carr ied  o u t  
a t  2I  ° C. Before add i t ion  of enzyme,  PH in t he  
s u b s t r a t e  m i x t u r e  was  a d j u s t e d  to  a b o u t  7.2o. 
B y  add ing  base  PH was  kep t  as  near  as  pos-  
sible a r o u n d  7.Io. The  base  was  added  
t h r o u g h  a capi l la ry  t u b e  which  was  in t rodu-  
ced t h r o u g h  a s topper  in t h e  centerneck .  T he  
capi l la ry  t u b e  was  connec ted  w i t h  a Geissler 
bu re t t e ,  con t a in ing  t h e  base  (divisions x/I 0 ml).  
The  base  was  s t anda rd i zed  aga ins t  succinic  
ac id  a n d  h a d  s u c h  a s t r e n g t h  t h a t  no t  more  
t h a n  4 ml  were added.  T he  d i lu t ion  caused  

"15.0 f6.0 f?.O 18.0 fg.0 20.0 21,0 

Z16 25" f6' .f5 10' ZfO 

2f.O 22.0 23,0 240 25.0 26.0 2~0 

Fig. 1. Re la t ion  be tween  PH a n d  t du r ing  a p a r t  of  
thd  hyd ro lys i s  of rac. I -capry ly l  glycerol  (exp. 4o). 
The  figures a t  t h e  end  of each  line deno te  t h e  to t a l  
ml  N a O H  added  to  neut ra l ize  t h e  acid l iberated.  
T he  f igures a t  t h e  two hor izon ta l  l ines denote  t i m e  

cor responding  to  PH 7.Io.  

was  t h u s  negligible. PH was  m e a s u r e d  i m m e d i a t e l y  af ter  t h e  add i t ion  of t h e  e n z y m e  a n d  followed 
du r ing  t h e  whole  expe r imen t ,  a n  a d e q u a t e  a m o u n t  of  N a O H  being  added  af ter  each  fall  in PH 
below 7. io .  For  each  add i t ion  of base  is ob ta ined  a series of cor responding  va lues  of PH a n d  t ime.  PH 
is p lo t t ed  as  o rd ina te  w i th  t i me  in m i n u t e s  as  abscissa,  and  t he  t ime  cor respond ing  to  PH 7 .xo is 
d e t e r m i n e d  (Fig. I). F ina l ly  we ob ta in  a t ime-course  curve  b y  p lo t t ing  t he  a m o u n t  of  base  added  
as  o rd ina te  a n d  t cor responding  to  PH 7 . Io  as  abscissa.  PH 7 . Io  is chosen because  a t  t h i s  PH t h e  
ve rona l  buffer  h a s  still  a s l ight  buffer  c apac i t y  a n d  t h e  s p o n t a n e o u s  hydro lys i s  of t h e  es ter  used  is  
negligible. The  a m o u n t  of  acid l ibera ted  is recorded b y  t he  a m o u n t  of N a O H  a d d e d  du r ing  t h e  
react ion.  The  t ime  when  t h e  e n z y m e  is added  is t h e  s t a r t i ng  po in t  of  t h e  react ion,  t ~-~ o. I f  t h e n  
PH of t h e  s y s t e m  is above  7 . io  a cer ta in  t i m e  will e lapse before th i s  PH is r eached  t he  first  t ime.  
Dur ing  th i s  t ime  some  of t h e  s u b s t r a t e  is  hydrolyzed ,  a n d  in order  to  ob t a in  f igures wh ich  are  
p ropor t iona l  to  t h e  acid spri t  off i t  is  necessa ry  to  a d d  a correc t ion  to  all t h e  r ead ings  on t he  
bure t t e .  Th i s  correc t ion m a y  be  ob ta ined  e i ther  g raph ica l ly  or  b y  m e a n s  of one of t h e  equa t i ons  
wh ich  sa t i s fy  t h e  beg inn ing  of t h e  process.  T h e  d e t e r m i n a t i o n  of t h i s  correc t ion is of g rea t  impor t ance  
to  t h e  m a t h e m a t i c a l  t r e a t m e n t  of t he  exper imen t s .  I t  is  on ly  possible  to  ob ta in  a reliable va lue  of 
t h i s  correct ion,  if t he re  is a sufficient  n u m b e r  of obse rva t ions  in t h e  beg inn ing  of t h e  t ime-course  curve.  " 

RESULTS AND DISCUSSION 

In the first experiments it was shown that  no significant differences existed between 
* The notations used by FISCHER AND BAEX m. 
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the enzyme activities towards L(--)-I-caprylyl glycerol and rac. I-caprylyl glycerol. 
Two of these experiments are given in Fig. 2. FISCHER AND BAER n3 have ttound that  the 

/ ' /  ..... 
2 4, 6 • 8 tO 12 t4 16 t8 

Time in minutes 

Fig. 2. Hydrolysis of L(--)-caprylyl glycerol (+)  and rac. 
I-caprylyl glycerol (o). 2oi.8 mg of the esters mentioned 
were dissolved in 4oo ml 1% NaC1 solution + 3 ml veronal 
buffer + 2 ml extract of pig pancreatic lipase. For neutral- 

ization o.z n NaOH was used. 

enantiomorphic forms in rac. I-caprylyl glycerol. 

acetone compounds  of the  enan-  
t iomorphic  I - cap roy l  glycerols  
are  hyd ro lyzed  by  l ipase of guinea 
pig  serum with  different veloci- 
ties. W e  have  been able to con- 
f irm this resul t  for acetone com- 
pounds  of L ( - - ) - cap ry ly l  glycerol  
and  rac. I - cap ry ly l  glycerol,  
which were emulsified in water  
(guinea pig  serum lipase). The 
expe r imen t s  wi th  the  corm- 
spending  water-soluble  I - c a p ry ly l  
glycerols  seem to show prac t i ca l ly  
the  same t ime-course when the  
same amoun t  of pancrea t ic  l ipase 
and  subs t r a t e  were used  in the  
two exper iments .  This  makes  i t  
ve ry  unl ike ly  t ha t  there  are any  
differences in the  act ivi t ies  of 
pancrea t ic  l ipase towards  the  

In the experiments recorded in Tables I and II  Vo (the initial velocity) has been 
determined graphically by means of the tangent to the first part of the hydrolysis curve 
(up to about 5 % decomposition). I t  appears from these tables that in the ranges examined 
one is justified in assuming proportionality between vo and enzyme concentration at 
constant substrate concentration, and proportionality between Vo and substrate concen- 
tration at constant enzyme concentration. 

TABLE I 
HYDROLYSIS OF RAC. I-CAPRYLYL GLYCEROL (EXP. 28) 

DEPENDENCE OF THE INITIAL VELOCITY ON THE CONCENTRATION OF PIG PANCREATIC LIPASE EXTRACT 

Exp. 
No. 

a 

b 
C 

d 
0 

R a c .  
i -caprylyl 
glycerol 

mg 

4 I I . 2  
4H.2 
411.2 
411.2 
411.2 

1% NaC1 
solution 

ml 

386 
384 
380 
376 
372 

Veronal 
buffer 

ml 

I2 

I2 

I2 

I2 

I2 

Enzyme 
extract 

ml 

2 

4 
8 

I2 

i6 

VoIIO min. 
ml o.1ooo 
n NaOH 

0.502 
0.974 
x.735 
2.76r 
3.906 

enz .  

Deviation 
from 

average 
in % 

o.25x + 6 
0.244 + 3 
o.2i 7 - - 8  
0.23 ° - - 3  
0.244 -4- 3 

It  should be mentioned that very dilute enzyme extracts standing at the experi- 
mental temperature and at pH 7.I2 to 7.02 do not show any inactivation for I I  hours. 
During this period samples of the extract were tested towards rac. I-caprylyl glycerol 
without any significant differences between initial velocities being demonstrated. 
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T A B L E  I I  

HYDROLYSIS OF RAC. I-CAPRYLYL GLYCEROL (EXP. 3 2) 

DEPENDENCE OF THE INITIAL VELOCITY ON THE AMOUNT OF SUBSTRATE AT CONSTANT CONCENTRATION 
OF PIG PANCREATIC LIPASE EXTRACT 

E x p .  
N o .  

f 
a 

b 
c 
d 
e 

R a c .  
x - c a p r y l y l  

g l y c e r o l  
m g  

52 .7  
1 0 5 . 4  
158 .2  
2IO.  9 
2 6 3 . 6  
4 2 1 . 8  

x % N a C l  
s o l u t i o n  

m l  

400 
400 
400 
400 
400 
400 

Veronal 
buffer 
ml 

E n z y m e  
e x t r a c t  

m l  

Vo/IO r a i n .  
m l  o . 2 o l o  
n N a O H  

0 . 2 0 6  
0 . 4 5 8  
0 . 6 4 3  
0 . 8 5 8  
I .O67  
1 . 6 9 o  

7) o 

m g  e s t e r  

o . 3 9 1 ,  i o - t  
0 . 4 3 5  • lO - a  
0 . 4 0 6 .  i o - I  
0 . 4 0 7  • i o  - a  
0 . 4 0 5  • i o - =  
o . 4 o l  • i 0 - - 2  

D e v i a t i o n  
f r o m  

a v e r a g e  
i n  ~/o 

m 4 

+6.5 
- - 0 .  5 

O 
- - I  

- - 2  

In order to obtain a clear picture of the mechanism it is necessary to follow the 
reaction to a high degree of hydrolysis because only when a considerable part of the 
reaction course is known is it possible to decide what mathematical expression gives 
the best fit. Several experiments have been followed nearly to complete hydrolysis. 
Owing to space it is only possible to give one of these experiments together with some 
of the calculations carried out. 

E x p e r i m e n t  N o .  4 o. 0.6272 g rac. I-caprylyl glycerol was dissolved in 715 ml 
z % NaC1 solution + 5 m_l veronal buffer. 5 ml enzyme extract were added. Complete 
hydrolysis corresponds to 3.2o ml of the base employed (o.997 n NaOH was used). 

The results are shown in Table III. It is seen that the hydrolysis has been carried 
through to 93.8 %. Calculations were performed on the basis of the time-course material 
according to a considerable number of formulas some of which were purely empirical, 
while others had been deduced on a theoretical basis. Table III contains some of these 

x 
computations. It is seen that SCHOTZ'S equation k = ~ ,  (column IV), does not fit at all 

in the beginning and the end of the experiment. Further, we examined whether the 
reaction follows the bimolecular scheme. It appears from column V that the equation 

I I 
k~ t - -  - -  gives quite a good fit in the beginning, but later there is a steady 

a - - x  a 

increase in k~. Column VI shows that the monomolecular reaction equation does not 
give constant / ~  values, as they start decreasing quite early in the hydrolysis. The K 

a 
values which can be computed from the equation E K t  = a . l n  - -  x are not constant 

(column VII). This equation NORTHROP 2s has found to hold for the entire course of the 
digestion of protein by pepsin (except for the first few minutes). The basis for NORTHROP'S 
equation is the assumption that the reaction product (peptone) combines with pepsin 
to form an inactive compound, and K is equal to the product of the velocity constant 
(kx) and the equilibrium constant of the enzyme-peptone complex (kl). 

As mentioned above the enzyme was found to be stable when standing at the 
experimental conditions, but in the abscense of substrate. This fact does not, however, 
exclude the possibility of enzyme inactivation in the presence of substrate, which would 
Re/erences p. x65. 
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TABLE II I  
HYDROLYSIS OF RAC. I-CAPRYLYL GLYCEROL (EXP. 4 O) 

CALCULATION OF THE EXPERIMENT ACCORDING TO 7 DIFFERENT REACTION EQUATIONS 

I II I I I  I V  V VI  V I I  V I I I  I X  

t 

rain 

I 1i 
x a x a - - x  a Aln 

ml % ~-7 t t 
IO 8 104 IO 4 

1.5o 0.20 6. 3 163 139 
2.82 0.36 II .  3 214 14o 
3.62 o.45 14.1 237 141 
4.59 o-55 17.2 21o 141 
5.63 o.65 20. 3 274 I42 
6.o 4 o.7o 21.9 285 145 
7.14 0.80 25.0 299 I46 
8.80 0.93 28.9 312 145 

xo.49 1.o 5 32.8 325 I45 
11.2I I.IO 34.4 329 146 
12.o 4 1.I 5 36.0 332 146 
12.75 1.2o 37.5 336 147 
13.59 1.25 39.1 339 147 
14.46 1.3o 40.6 342 148 
15.29 1-35 42.2 345 149 
16.25 1.4o 43.8 347 15° 
17 -I6 1.45 45.3 35 ° 151 
18.I 5 1.5o 46.9 352 I52 
19.10 1.55 48.4 355 154 
20.29 1.6o 50.0 356 154 
21.5o 1.65 51.6 356 155 
22.60 1.7o 53.2 357 157 
24 .ol 1-75 54.7 357 157 
25.22 1.8o 56.2 358 159 
26.66 1.8 5 57.8  358 161 
28.o 7 1.9o 59.4 359 163 
29.82 1.95 60.9 357 163 
31.6o 2.00 62. 5 356 165 
33.36 2.05 64.1 355 167 
35.26 2.1o 65. 7 354 169 
37.32 2.15 67.2 352 171 
39.68 2.20 68.8 349 I73 
42.00 2.25 70.3 347 176 
44.55 2.30 71.9 344 179 
47.46 2.35 73.5 341 182 
50.60 2.40 75.0 338 I85 
54 .00 2.45 76.6 334 I89 
57.80 2.50 78.2 329 193 
61.90 2.55 79-7 324 198 
66.56 2.60 81. 3 319 203 
71.8o 2.65 82.8 313 21o 
77.7  ° 2.70 84.4 306 217 
84.25 2.75 86.0 299 227 
92.70 2.80 87.6 291 236 

Io2.65 2.85 89.2 282 248 
115.35 2.90 90. 7 268 262 
129.7o 2.95 92.2 259 284 
149.6o 3.00 93.8 245 313 

43 I 
423 
419 
411 
404 
4o9 
4o3 
389 
379 
376 
37 ° 
369 
365 
361 
358 
357 
352 
349 
347 
342 
337 
335 
33 ° 
328 
324 
321 
315 
31o 
3o7 
303 
299 
293 
289 
285 
279 
274 
269 
263 
258 
252 
245 
239 
233 
224 
216 
205 
197 
185 

a A l n - - x  

t 

lO 5 

467 
773 
961 
693 

1375 
I5o2 
1699 
1925 
2132 
2217 
2292 
2392 
2472 
2553 
2642 
2808 
281o 
2894 
2986 
3o47 
3119 
3209 
3264 
3354 
3424 
3502 
3551 
3606 
3674 
3736 
3797 
3839 
3899 
395 ° 
399 ° 
4026 
4062 
4078 
4123 
4143 
416o 
4172 
4189 
4159 
4124 
4o54 
4oi7 
3927 

Aln KD Aln 

I - - e - K D  t t - -  B l x  

IO 4 IO 4 

X 
I 

Aln 

lO 4 

437 222 295 
432 222 296 
431 222 297 
41o 222 297 
421 222 296 
427 224 3oi 
424 225 3o2 
414 223 299 
409 222 298 
4o7 222 298 
403 221 296 
4o4 221 298 
402 221 297 
4o0 220 297 
400 220 298 
4Ol 221 299 
398 220 298 
397 220 298 
397 220 299 
394 219 298 
393 218 297 
393 219 299 
391 217 297 
391 218 299 
390 217 299 
391 217 299 
388 215 298 
387 214 297 
387 214 298 
387 213 298 
387 212 298 
386 21o 297 
386 21o 297 
387 208 297 
387 207 297 
387 205 296 
388 203 296 
388 2Ol 295 
39o 199 296 
392 I97 297 
395 194 297 
398 I92 298 
403 I89 3Ol 
408 185 302 
414 18o 304 
423 174 306 
436 169 317 
454 145 335 

Aln ~ In ..... a - - a f  
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involve decrease in kmo with time. If the hydrolysis follows the equation of the mono- 
molecular reaction and there is simultaneously a monomolecular enzyme inactivation, 

a 
k . t " K D  In • K D  

ko = = a--z ( I }  
I ~ 6-KD t 

I -- 6-KD t 

k = apparent velocity constant of substrate decomposition, K D  = velocity constant of 
enzyme inactivation, ko = k at time t = o. 

The  bas is  of t h e  ca lcu la t ion  of ko a n d  k D is as  follows. For  a pa i r  of t imes  (tl, t,) : 

ki t1 I -- e-K Dtl 

kt is .p lo t ted  as  o rd ina te  w i t h  t as  absc issa  a n d  k, is i n t e rpo la t ed  cor respond ing  to  t ~ I o - u o  - - 
Ioo-I5O-2OO - - m inu t e s .  For  a pa i r  of t i mes  (t 1, t,) F ---- k , t~/kl t  1 is c o m p u t e d .  T h e n  K D  is i n t e rpo la t ed  
f rom a cu rve  wh ich  h a s  been  cons t ruc t ed  for t h e  s a m e  t i me  pa i rs  (tl, ts) b y  p lo t t i ng  F as  o rd ina t e  
w i t h  K D as abscissa.  F is  ca lcu la ted  f rom o the r  t i m e  pa i r s  a n d  K D  va lues  in te rpo la ted  f rom a~milar 
F,  K D  curves .  F ina l ly  ko is  c o m p u t e d  for all obse rva t ions  b y  en te r ing  t he  m o s t  p lans ib le  ave rage  of K D  
i n to  e q u a t i o n  (I). 

In a single experiment the calculated ko values are fairly constant over the whole 
range of the experiment (column VIII). When KD is computed for different initial 
amounts of substrate it is found that KD increases with the substmte concentration, 
which does not agree with the assumptions on the basis of which equation (I) is deduced. 
This fact appears from experiments 56a, 56b and 56c reported in Table IV. These 
experiments are to be discussed later in this work. 

T A B L E  IV  

k o AND /~D CALCULATED ACCORDING TO EQUATION (I) FOR EXP. 56 
SUBSTRATE : RAC. I-CAPRYLYL GLYCEROL 

E xp .  S u b s t r a t e  
k o. IO 6 K D. IO 5 

NO. m.eqv. 

56 c 0.5735 558 237 
56 b 0.9253 553 290 
56 a 1.869 569 390 

The figures in column IX were obtained by means of the equation 

a 
Et  = A lln + B l x  (2) 

a - - X ,  

a 
The values given are I / A  1 = In a _ _  z / (  t - -  B i x ) .  Equation (2) is analogous to the equation 

formulated by HENRI u 

a 
E t K ,  = K In - -  q- x, (3) 

which has been deduced on the assumption that in the catalyzed reaction an inter- 
mediary compound of enzyme and substrate is formed, which is in equilibrium with 
Re/erenves  p.  z65. 
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O 

t.0 

2O 4O 60 
Time in minutes 

Fig. 3. Hydrolysis of rae. z-caprylyl glycerol 
without and in the presence of sodium caprylate. 
o = o.594 m. eqv. rac. z-caprylyl glycerol + 4o5 
ml 1% NaC1 + 3 ml veronal buffer + 4 ml 
enzyme extract. • = o.594 m. eqv. rac. i-caprylyl 
glycerol + 4o3 ml x% NaCI + 3 ml veronal 
buffer + 2 ml (i.387 m. eqv. caprylate) + 4 ml 

enzyme extract. 

o 
z 

fi 

1 m , I i . i i i i i i , , • J 

t 2 3 
m. eqv. caprylate 

Fig. 4. Effect of increasing C~Lprylate concen~a- 
tion on the initial velocity (%) of the hydrolysis 
of rac. 1-caprylyl glycerol. The reaction mixture 
in each experiment consisted of o.5489 m. eqv. 
ester  + 400 ml z % NaC1 + 3 ml veronal buffer 
+ 2 ml enzyme + varying amounts of caprylate, 

made up with i %  NaC1 to 4z2 ml. 

Re/erences p. r65. 

the substrate and enzyme. The velocity of 
hydrolysis is determined by the break-up 
of the enzyme-substrate compound, K = 
equilibrium constant for the first step in 
the reaction, and K 1 = velocity constant 
of the break-up of the intermediary com- 
plex. (3) is identical with (2) as A 1 = K/K1 
and B] = I lK  1. When one tries to apply 
equation (2) to experiment 4 ° it appears 
from column IX that the equation agrees 
well with the first part of the reaction (up 
to about 40% hydrolysis), but B 1 is /ound 
to be negative, which is contrary to the 
assumption made by HE~rRI. Thus, the 
reaction mechanism suggested by HENRI 
is not valid for the hydrolysis of the ester 
studied. The question naturally presented 
itself whether it would be possible to 
deduce a differential equation which on 
integration leads to an expression with a 
negative value of the coefficient B 1. 

The experiments plotted in Fig. 3 
show a depressing effect on the enzyme 
activity exerted by sodium caprylate 
added to the enzyme-substrate solution 
before addition of enzyme. By increasing 
addition of caprylate (at constant amount 
of substrate and enzyme) the results 
plotted in Fig. 4 were obtained. In these 
experiments the initial velocity (vo) is 
calculated from the inclination of the 
tangent to the curves (x, t) at the zero point. 

Addition of glycerol was without in- 
hibitory effect in the concentrations studied 
(up to 1.367 m.eqv, glycerol to o.694 m.eqv. 
rac. I-caprylyl glycerol). 

In what follows it is shown how it is 
possible to obtain a negative coefficient to x 
in equation (2). The overall reaction A -~ 
B-  + G is thought to proceed by two steps 
(A = ester, B-  ---- caprylate ion, G = gly- 
cerol, X~ and X2 = different forms of the 
enzyme): 

A + O H - + X I ~ X z + B -  (+1) 
X~ -~ X] + G (+2)  

I t  appears from these equations that  
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the caprylate  ion which inhibi ts  the process enters into the reaction (4- I), while G, 
which does no t  inhib i t  enters  into the react ion ( + 2), which is supposed to be irreversible. 
CHRISTIANSEN ze has t rea ted  such closed sequences by  the method  of s ta t ionar i ty  to 

d x  
compute  the reaction velocity s = ~-~. For details a nd  nota t ions  the reader is referred 

to his papers. 
By  applying the method  of s ta t ionar i ty  to the two par t ia l  reactions we get 

S = XlO.) 1 - -  X ~ _  I (4a) 
s = x~o 2 (4b) 

Equa t ions  (4a) and  (4b) are solved for x , / s  a n d  x~/s. 

The solut ion may  be wr i t ten  

L x l / s  = o~2 + oJ-1 

L x d s  = o~1 

or, a s x l + x ~ = E  

L = oJlo ~ 

L E / s  = o~ z + co_ I + co, 

031 = k I ( a  - -  x )  ; 0,9-- 1 = k - -  1 (b + x) ; oJ 2 = k s 

Subs t i tu t ing  o~1, a~_ 1 and  o~, in equa t ion  (5) we get 

(5) 

dt I I I k_ 1 b + x  
. . . .  + - - .  (6)  

which on in tegra t ion  (b = o) gives 

Et = ~ I -{- ~ a In a--x-- -{- ~i I - -  X (7) 

E = total  amoun t  of enzyme,  x 1 and  x~ a m o u n t  of the two forms of enzyme. 
a = a m o u n t  of subst ra te  at  t = o, x = a m o u n t  of subst ra te  which has reacted a t  t ime t, 
b -- excess of caprylate  ion before s tar t ing  the experiment ,  o~ is a probabi l i ty  factor 
and  k~ the velocity cons tant  of reaction (i). 

Equa t i on  (7) is analogous to (2). I t  is seen tha t  B 1 is negative when k - l / k >  I.  The 
two-step react ion s e e m s - - a s  ment ioned  a b o v e - - t o  agree well with the exper imental  
facts for the first 40% of the decomposition, and  equat ion (2) is very  sui table for 
calculat ing ini t ia l  velocities, when A 1 and  B 1 have determined,  E(a/vo)  = A I  + Bxa .  

Remarks concerning the pma ica l  determination o/ A x and B x in  equation (2). For all corresponding 
a 

values of  t and x we compute  Ax  = t/lu for Bx = o, and Bx = t]x for Ax = o. In  a diagram wi th  
a - - x  

abscissa A t and ordinate B t straight lines are drawn through the points Bx, o and o,A x. If equation (z) 
fits the reaction, then all the lines will meet in the same point of intersection. When the ordinate of 
the intersection point is negative, the point is determined by extrapolation. The intersection may be 
determined more accurately by interpolation, a new diagram being constructed on the basis oi the 
preliminary diagram. B x values are computed for A x values on both sides of the intersection point. 
Such a graphical determination of A I and B 1 on the basis of data in experiment 4 ° is shown in Fig. 5. 
The straight lines are drawn through the ordinates computed for .4 t = + 3 ° and A z = + 7 °. I t  is 
seen that there is a marked tendency to form a point of intersection in the beginning of the process. 
As the hydrolysis proceeds there is more and more envelopment which means that the equation 
does not satisfy the whole reaction course. 

Re/erences p. x65. 
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Fig. 5. Graphical determination of A x and B x 
in equation (2) by interpolation. Abscissa = Az; 

t - -  A 1 (lna - -  In (a - - x ) )  
Ordinate B x = 

X 
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The values of A a and B 1 used for 
computing the figures in column IX  
(Table III)  were A 1 = 45.o and B 1 = 
- - 7 . 1 .  I / A  1 = I/45 = o.o222, which 
agrees well with the constants up to 
4o% hydrolysis. 

All those experiments which have 
been most carefully carried out show 
a fall in I / A  1 (equation 2), when the 
hydrolysis proceeds further than 4 ° %. 
The phenomenon appears regardless of 
the amount of enzyme. This indicates 
the improbability that the fall is caused 
by enzyme inactivation. We therefore 
tried to extend the reaction mechanism 
by adding another partial reaction, and 
the following scheme was suggested: 

A + O H - + X 1 , - ~ - X 2 + B -  ( -~- I)  

A + O H - + X , ~ X 3 + B -  (4-2) 

X 3 - + X ~ + 2 G  ( + 3 )  

According to CHRISTIANSEN ~6 there 
are six different possibilities of orienta- 
tion of the three forms of enzyme if we 
assume two different energy levels: 

X l  

x~ x .  

x ,  x~ 

x1 

X, 

Xx X 8 

X8 X1 

X. 

x8 

Xs xx 

x l  x l  

x8 

I II III IV V VI 

The last partial reaction (+  3) is supposed to be irreversible, and therefore the 
probability ¢o_ 8 = o, i.e. X z  must be at a lower energy level than X 8. This involves that 
the possibilities I, I I I ,  IV and VI are ruled out. In order to decide, whether I I  and V 
or both are usable to express our experimental data it is necessary to deduce the respec- 
tive differential equations and their integrated forms. 

Applying the method of stationarity to the 3 partial reactions we obtain 

s = xloJ x - -  x~o_l (8a) 

s = ~ - -  x ~ _ ~  (8b)  

s = x ~  (8c) 

x a X~ and x8 we have Solving f o r - - , -  
$ S S 

Re]evences p. x65. 
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E 

L x  I 
= O~L) 8 -~ 0)_1(.0 8 -~- 0)_10,)_ 2 

S 

Lx= 
- -  = o ~ h  + co_t#o] L = o h o ~  

S 

Lxs 
S 

X1 "~-XZ-~'X s OJ~d.) s + (L)_]O~ "~ CO_ICO-- z dr 0 ~ 1  ~- (01C0 i + (0--10) 1 

s s oJxo~ .  ~ 

oJ1 = kl (a - -  x); oJ-i = k-1 (b + x) 
oJl = k~ ta - -  x); oJ-z = k_~ (b + x) 

o~ = k s 

Orientation H involves t ha t  oJ~ is negligible, consequent ly  

E t.o~s + (O_lO ~ + to_#o_~ I to_ 1 to_ato_ I . . . .  + + ~  
S (.,01C0~$ (D 1 O)10) 1 ( , 0 1 ~  

Subst i tu t ing  the  values  of oJ in equat ion (9) we obtain  

Edt I k- 1 (b + x) k-xk-i  (b + x) z - - - -  + + 
,Ix k I (a - -  x) klk z (a ~ x) ~ klk~1% (a - -  x) I' 

which on integrat ion (b -- o) gives 

Et = ( P -  ( Y  + zRa)) In - -  a--xa + Rx + a ( Y  + Ra) (a~.xX 

z_ . k-  i k-  l k-.____As P=k,' v=k-~," R=klk,~ 
Equat ion  ( I I )  can also be wri t ten 

(9) 

(IO) 

= ~ + B ~  + Ct (12) a ~ x  a---~x 

Orientation V involves tha t  o} 2 is negligible, consequently 

E (D_ 1 o)_ 1(o- t I o)_ l 
- -  = - -  + ~  + - -  + ~ (13) 
S OJlO) l O~ lO.~OJ $ (.01 0 ) # 8  

Subst i tu t ing the  values of oJ in equat ion  (13) we get 

E ~  z k-i  (b + x) k-1 (b + x) k-lk-2 (b + x) t 
= + + + (I4)  dx k, ( a - -  x) ~ ( a - -  x) klk, ( a - -  x)' k l k ~  ( a - -  x)~ 

which on integrat ion (b -- o) gives 

Et = ( Z - - Y  + a ( Q - - 2 R ) ) I n a ~ x a  ( Q - - R )  x + a ( Y  + Ra) a - - x  (I5) 

k_~ k-  x , k-  l k-t 
z = _ ~ ;  ¢= __~; v= __k-~," R=klk,~ (lSa) 

Relevences p. 16 5. 

~ )  (11) 
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Equation (15) can also be written 

Et=As inaa - - - - x  B a x + C s (  I a - x  ~)  (16) 

In equations (12) and (16) C 2 and C 8 have to be positive. In equation (I2) B~ can 
only be positive. In equation (16) - -  B 8 is negative when Q> R. The problem is now to 
examine whether equation (12) or (16) agrees well with the experimental data. 

Remarks concerning the practical determination o / A ,  B and C. In this case also, we 
have preferred a graphical determination to the time-consuming calculation by  the 
method of the least sum of squares. For an adequate number of equations of the form 

(i2) v a l u e s o f i n  a a n d (  I _ _  I )  a - - x  a - ~  x are calculated. C is eliminated by dividing 

each equation by  the coefficient of C. We then obtain a series of equations: 
20 30 40 50 a 

t' = A in' + Bx'  + C (17) 
,O a -- X 

0 One of the equations in the middle is 
subtracted from all the others by  which a 

0 new series of equations is obtained 

t" = A ln" a + Bx" o a~-----'--x 

0 A and B are computed as previously 
mentioned, the zone of intersection first 

0 being decided by extrapolation and the 
point of intersection finally determined 

0 by  interpolation. 
Fig. 6 shows the graphical determina- 

o 8.0 tion performed in experiment 4 ° according 
to equation (16). The final interpolation 

o 9.0 took place be tweenA = + 2 o  and A = 
+ 50. As seen in the figure there is a 

0 ~o.o marked tendency to a narrow zone of 
intersection. 
A probable solution is A = 33.6 and B = Fig. 6. Graphical determination of A s and B a 

in equation (i6), by interpolation after elimina- + 5.3. By insertion of A and B in equa- 
tion of C a from the equations. Abscissa = A 8. tion (17) we obtain an average value 

Ordinate = B s ~--- As (In# a--in# (a --x)) - - t  # C -- 17.63. The results of the calculations 
X 

according to equation (16) are listed in 
Table V. As seen here tetae, and rob,. agree well except at the very end of the reaction, 
hut  there the expressions are so sensitive to small experimental errors that  a great accu- 
racy cannot be expected. Another check establishing that  formula (16) fits experiment 

a 
l n ~  

i a - - x  
- -  = (column X, Table III). 4° well is the c°nstancY °f a t + B x - - ( a - -  x C 1 I )  

Relerences p. 16 5. 
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TABLE V 
EXPERIMENT 4 ° . COMPARISON BETWEEN if CALCULATED ACCORDING TO EQUATION (16) AND OBSERVED if 

A = 33.5; B = 5.3; C = I7.63. a = 3.2o (ml o.997 n NaOH corresponding to o.6272 g rac. 
i-caprylyl glycerol). 

I I I  I I I  

a 
In a - - x  33.6 

2.174 
4.008 
5.090 
6.344 
7.637 
8.303 
9.673 

11.491 
13.372 
I4.159 
14.972 
15.8o2 
I6.652 
17.526 
I8.416 
19.491 
20.288 
21.265 
22.263 
23.292 
24.367 
25.465 
26.604 
27.780 
29.OLO 
3o.27 o 
31.594 
32.965 
34.396 
35.881 
37.454 
39.o94 
4o.817 
42.628 
44.557 
46.59 ° 
48.757 
51.OOl 
53.572 
56.256 
59.19o 
62.385 
65.93 ° 
69.881 
74.37 ° 
77.555 
85.683 
93.183 

x '5.3 

i .060 
1.9o8 
2.385 
2.915 
3.445 
3.71o 
4.240 
4.903 
5.565 
5.830 
6.095 
6.360 
6.625 
6.890 
7.I55 
7.420 
7.685 
7.95 ° 
8.215 
8.480 
8.745 
9.OLO 
9.275 
9.54 ° 
9.805 

lO.O7O 
lO.335 
lO.6OO 
lO.865 
11.13o 
i 1.395 
I 1.66o 
11.925 
12.19o 
12.455 
12.72o 
12.985 
13.250 
13.515 
13.78o 
14.o45 
14.31o 
14.575 
14.84 o 
15.1o5 
15.37 o 
I5.635 
15.9oo 

.6, 

0.367 
0.698 
o.9oo 
1.144 
1.4o5 
1.543 
1.837 
2.248 
2.690 
2.886 
3.o91 
3.3o6 
3.531 
3.769 
4.o29 
4.295 
4.574 
4.870 
5.186 
5.509 
5.866 
6.245 
6.650 
7.084 
7.549 
8.052 
8.595 
9.182 
9.822 

lO.518 
11.281 
12.121 
13.o48 
14.o79 
15.232 
16.528 
17.997 
19.677 
21.614 
23.875 
26.545 
29.751 
33.668 
38.566 
44.861 
53.257 
65.OLX 
82.640 

te..al¢. 
I + I I I - - I I  

1.48 
2.80 
3.61 
4-57 
5.60 
6.14 
7.27 
8.84 

lO.5 ° 
II.22 
11.97 
12.75 
13.56 
14.41 
15.29 
16.37 
17.18 
18.19 
19.23 
20.32 
21.49 
22.7 ° 
23.98 
25.32 
26.75 
28.25 
29.85 
31-55 
33-36 
35-27 
37-34 
39.56 
41-94 
44.52 
47.33 
50.4 ° 
53.77 
57.43 
61.67 
66.35 
71.69 
77.83 
85.02 
93.6I 

IO4.I3 
117.44 
135.o6 
159.92 

tol~. 

1.5 ° 
2.82 
3.62 
4.59 
5.63 
6.o 4 
7.14 
8.8o 

lO.49 
II .2I  
12.o 4 
12.75 
13.59 
14.46 
15.29 
16.25 
17.16 
18.15 
19.1o 
20.29 
21.5o 
22.60 
24.Ol 
25.22 
26.66 
28.07 
29.82 
31.6o 
33.36 
35.26 
37.32 
39.68 
42.00 
44.55 
47.46 
50.60 
54.00 
57.80 
61.90 
66.56 
71.8o 
77-7 ° 
84.25 
92.7o 

IO2.65 
115.35 
129.7 ° 
149.6o 

tealc" - -  robs. 
tol~. 

1.3 
0.7 
0.3 
0.4 
0.5 

+1.7 
+ x.8 
+ 0 . 5  
+ o . i  
+ o . I  

0.6 
o 
0.2 
0.3 
o 

+ 0 . 7  
+ o . I  
~t- o.2 
+ 0.7 
+O. I  

0 
+ 0.4 
- - o . I  
+ 0 . 4  
+ 0 . 3  
+ 0 . 6  
~ - o . I  

0.2 
o 
o 

+ o . 1  
0.3 

- - o . I  
o . I  
0.3 

- - 0 .  4 
- - 0 .  4 
- - 0 . 6  
- - 0 .  4 
- - 0 .  3 
- - 0 . 2  
~-o.2 
+ 0 . 3  
~,- I.O 
+ 1 . 4  
+ 1.8 
+4.1 
+ 6.9 

IOC 

Re/erenees p. 165. 
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The calculation of experiment 4 ° indicates that orientation V and equation (16) 
give the explanation of the reaction, while orientation II  and equation (12) must be 
excluded. The correctness of the reaction mechanism and orientation V, is however 
contingent on the different k values being constant under varying experimental con- 
ditions. The experiments in series 56 seem to show that this is the case. 

Before presenting these experiments it ought to be mentioned that the possibility 
of a reaction mechanism by 4 steps was examined: 

A + O H - + X I ~ - X 2 + B -  ( + I )  

A + O H - + X z ~ - X 3 + B -  (4-2) 

A + OH- + Xs ~ X4 + B-  (4-3) 

x,-~ x l  + 3~ (+4) 

Assuming two energy levels and co_ 4 = o, i.e. X1 at lower energy level than X 4, 
then the following orientations are possible: 

x ,  x ,  x ,  

X1 

x ,  

x ,  x ,  x l  

x~ 

xj  x 1 

On integration the differential equations which may be deduced on the basis of 
these orientations all lead to equations of the following: 

a - - x  - - x  + D4 a - - x )  2 " 

In all cases the coefficient D 4 ought to be positive according to the theory, D 4 only 
containing positive figures. 

In experiment 4 ° it was tried to compute the constants (A 4, B 4, C4 and D4) in dif- 
ferent ways, both graphically and by simple algebra. In the last case 2 sets of 4 equations 
spread over the reaction course were solved. I t  was not possible to make tello, and rob,. 
agree relatively well unless D 4 was negative, which is against the theory of a reaction 
mechanism by 4 steps. 

Attempts were made to deduce reaction equations on the assumption of one or 
more side-reactions in the process. It  was for instance supposed that one or two caprylate 
ions unite with the enzyme by a reversible reaction to form an inactive compound. 
Neither the equations obtained on the basis of these assumptions, nor many other 
possibilities examined led to expressions which harmonize better with the experimental 
data than equation (16). 

Attempt to compute the k values in equation (I6) from experiment 56. 

In 4oo ml  1% NaC1 solution + 3 ml veronal buffer were dissolved 1.869 m.eqv. 
(56a), o.9253 m.eqv. (56b), and o.5735 m.eqv, rac. I-caprylyl glycerol (56c); 2 ml 
enzyme solution were added. The amount of enzyme was chosen very low so that the 
beginning of the experiments might be as accurate as possible. Between the experiments 
the enzyme preparation was kept in a cooling mixture. In order to carry out three 
experiments in the course of 12 hours it was not possible to let the hydrolysis proceed 
further than about 6o%. The temperature of experiment was 21 ° C. 

References p. x6 5. 



TABLE VI 
EXP. 5 6. COMPARISON OF OBSERVED AND COMPUTED t VALUES IN EXPERIMENTS WITH 3 DIFFERENT SUBSTRATE CONCENTRATIONS. EQUATION (16) 

Exper iment  56a 
A = 3 3 3 ; B =  l o 5 ; C = 6 4 . o 5  

tubs. 
min 

3.76 
6.75 
9.48 

12.47 
18.36 
29.04 
40.56 
48.59 
57.81 
67.2I 
82.84 
94.19 

io6.66 
121.27 
133.22 
142.96 
151.67 
16o.47 
I69.52 
179.77 
189.16 
199.o7 
21o.94 
2 2 2 . 2 1  
234.42 
247.32 
261.49 
275.50 
290.79 

x 
tcalc. m.eqv. 

o.o381 3.55 
o.o68 6.51 
0.096 9.33 
O.I24 12.27 
O. I8I  18.59 
0.265 28.75 
0.35 ° 4o.18 
o.4o7 48.59 
o-463 57.44 
o.519 67.Ol 
0.604 82.92 
o.661 94.67 
o.7i 7 1o7.I8 
0.774 12i.Ol 
o.819 132.74 
0.858 143.62 
0.886 151.84 
O.915 16o.74 
0.943 169.75 
0.971 I79.14 
0.999 189.1o 
i.oo2 199.88 
1.o56 2IO.82 
1.O34 222.38 
1.112 234-55 
1.141 247.89 
1.169 261.52 
1.197 275.99 
1.225 291.38 
a m a x . = 6 5 . 5 %  

Deviat ion 
% 

- - 5 . 6  
- - 3 . 6  
- - 1 . 6  
- - 1 . 6  
+ 1.3 
- - I . O  
- - 0 . 9  

O 
- - o . 6  
- - 0 .  3 

. + O . I  
+ 0 . 5  
+ 0 . 5  
- - 0 . 2  
- - 0 .  4 
- - 0 .  4 
+ O . I  
+ 0 . 2  
+ O . I  
- - 0 .  4 

O 
+ 0 . 4  
- - O . I  
+ O . I  
+ O . I  
+ 0 . 2  

O 
+ 0 . 2  
+ 0 . 2  

tubs. 
rain 

3.53 
6 .52  
9.80 

13.15 
16.44 
19.88 
23.5 ° 
27.4 ° 
31.18 
35.29 
39.20 
43.39 
47.60 
52.3 ° 
57.2o 
62.1o 
66.60 
77.3 ° 
82.70 
88.26 
93.75 
99.73 

Io5.71 
1 1 2 . 3 4  
118.9o 
126.66 
134.1o 
I41.65 
15o.16 
I58.90 
I65.98 
178.1o 
I86.IO 
196.7o 
207.20 
217.6o 
229.62 

Exper iment  56b 
A = 249; B ----- lO5; C ---~ 27.12 

Deviat ion 
% 

+ o . 3  
-~- 2 . I  
+ 0 . 5  
- - 0 . 2  
+ 0 . 4  
+ 0 . 5  
+ 0 . 2  
- - 0 .  5 
- - 0 .  4 
- - 0 .  9 
- - 0 .  4 
- - 0 .  5 
- - 0 .  3 
- - 0 .  7 
- - I . I  
- - I .  3 
- - o . 6  
- - 1 . 0  
- - 0 . 9  
- - 0 .  7 
- - 0 .  3 
- -0 .2  
+ 0 . 2  
+ o . I  
+ 0 . 3  
+ O . I  
- - 0 . 2  

O 
- - 0 .  3 
- - 0 .  4 
+ O . I  
+ O , I  
+ O . I  

O 
+ 0 . 2  
+ 0 . 7  
+ o . 7  

~ol~. 
min 

3.08 
4.78 
6.30 
9.7 ° 

13.15 
16.8o 
2 0 . 3 I  
24.28 
27.89 
32.13 
36.o7 
40.33 
44.85 
49.35 
54.4 ° 
59.00 
64.1o 
69.45 
74.65 
80.52 
86.60 
92.41 
98.58 

lO5.2o 
II2.4o 
119.6o 
126.50 
134.00 
141.70 
1 5 0 . 1 0  
158.2o 
167.33 
178.oo 
188.oo 

Exper iment  56e 
A--~2IO;  B =  lO5; C =  16.82 

X 
tealc. m.eqv. 

o.o178 3-54 
o.o33 o 6.66 
o.o48I 9.85 
0.0632 13.13 
o.o783 16.51 
o.o934 19.98 
0.1085 23.55 
O.I236 27.25 
o.1388 31.o6 
o.1539 34-98 
o.169o 39.04 
o. I841 43.18 
o.1992 47.48 
o.2143 51.92 
0 . 2 2 9 5  56.56 
0.2446 61.29 
o.2597 66.19 
0.2899 76.53 
o.3o5o 85.96 
o.32Ol 87.62 
o.3353 93.5 ° 
o.35o4 99.57 
o.3655 lO5.88 
o.38o6 112.47 
o.3957 119.69 
o.45o8 126.38 
o.4259 133.84 
o.4411 141.64 
0.4562 149.75 
o.4713 158.23 
o.4849 166.21 
o.5o45 178.35 
o.5166 186.26 
o.5318 196.67 
o.5469 2o7.59 
0.5620 219.12 
o.5771 231-33 
Umax.---~62.4°/o 

x tc~c. 
m.eqv. 

0.00962 3.04 
0.01469 4.67 
0.o1975 6.33 
o.o2988 9.71 
0.04001 13.I8 
o.osol 4 16.74 
o.o6o27 2o.48 
o.o7o4o 24.22 
0.08053 27.51 
0.o9066 32.13 
0.10079 36.26 
0.11092 40.52 
O.12IO5 44.91 
O.13118 49.48 
O.14131 54.16 
O.15144 58.99 
0.16157 64.05 
0.17170 69.22 
o.18183 74.6o 
o.19196 8o.82 
o.2o2o9 85.98 
0.21222 91.96 
0.22235 98.21 
o.23248 lO4.76 
0.24261 III.55 
0.25274 II8.56 
0.26287 126.6o 
o.273oo 133.7 o 
o.28313 141.77 
o.29326 15o.3o 
o.3o339 159.26 
0.31352 I68.58 
O.32365 I78.46 
0.33378 188.99 
amax.---- 58.2% 

Deviat ion 
% 

- - I .  3 
- - 2 .  3 
+ 0 . 5  
+ O . I  
+ 0 . 2  
- - 0 .  4 
+0.8 
- - 0 . 2 "  

- - O . I  

0 

+ 0 . 5  
+ 0 . 5  
+ O . I  
+ 0 . 3  
- - - 0 .  4 

O 
- - O . I  
- - 0 .  3 
- - O . I  
- - 0 .  4 
- - 0 .  7 
- - 0 .  5 
- - 0 .  4 
- - o .  4 
- - o . 8  
- - 0 . 8  
+ O . I  
- - 0 . 2  

O 
+ O . 1  
+ 0.6 
+ 0 . 7  
+0.3 
+ 0 . 5  

o 

o 

t~ 

Z 
N 

0 

H 

H 
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The results of the experiments appear in Table VI. x is given in miUiequivalents 
of acid liberated. I t  is seen from the table that  &-,o. and rob,. agree well. 

Discussion o] the results. For each experiment the constants A, B and C are com- 
puted by the procedure previously mentioned. From the graphical determinations it is 
found that the B values are about the same order of magnitude in the three experiments. 
As it appears from equations (15), (15a) and (16) that  B = Q - - R  contains only k values 
and is independent of the substrate concentration (a), the B value is chosen at which 
rob,. and to,ao, agree best in the three experiments (B = IO5). 

The results of the calculations with regard to A and C are to be found in Table VII. 

TABLE VII  
CALCULATION OF THE CONSTANTS I N  EQUATIONS (I5) , 

Exp. No. 

a (m.eqv.) 

C* 

A 

56e 

0.5735 

2IO 

IO 5 

I6.82 

ISa), AND (x6) AS APPLIED TO EXP. 56 

56b 56a 

0.9253 

249 

lO5 

27.I2 

1.869 

333 

IO 5 

64.05 

2.000 2.37i 3.I7I 

a C** 
-- : A - - B a +  -- I79.I I81.2 I7I.O 
~o G 

I k_l[ 1 k x*** 
--" G -i C : a kt ka \ + "~'s) 13"59 25"62 71"78 

k_ x k_: i 
_ _  = 0.o9731 - - =  o.6614 - - =  I75.8 
k 1 ks kl  

* Computed by entering the values of A and B determined graphi- 
caUy in equation (I6). 

** Average = I77.1. 

*** C computed from k values. 

The problem is now whether a and the values found for A, B and C satisfy equation (I5) ,  

in which 

I (~-I) a ~-2 ( 2k-l~ (I8) Z - - Y  + a ( e - - 2 R )  : A : ~ i - - ~ l  "~ ~ I - -  k l /  

k-, (i_k- q Q'R=B=-~--~ \ kl / (I9) 

i k-1 ( 
i +  k , /  

Re/erences p. z65. 
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On the basis of the values of A,  B and C found in experiment 56 it is possible to 
compute I/k~, k_~/k~ and k_Jk  v The simplest way !s ' to use the following equation: 

A i ~ 
B k _ 2 + a  I ---k 1 

I - -  
k3 

When A / B  is calculated for each 
abscissa the points ought to lie on a 
straight line with the inclination( 1 -  
( ( k _ l / k l ) / ( I  - -  k _ t / k l )  ) and which inter- s.2 
cepts I /(k_Jk~ on the ordinate 8xis. I t  
appears from Fig. 7 that  the A / B  values s.o 
lie on a straight line. The inclination 2.0 
of this line is computed by  the method 
of the least sum of squares. ~6 

1 - -  ((k-Ilk1)~(1 - -  k-1/kl)) = 0.8922, z* 
and therefore k-x/k 1 = 0.09731 22 

I](k-2]k 8) --- 1.512, then k_2/k 8 = o.6614 
2.0 

By insertion of values found for 
k_l /k  1 and k_,j/k 8 in equation (19) we t8 
obtain i l k  2 = 175.8. I/k~ may also be t6 
obtained directly in each experiment. 
I t  is seen from the differential equation t ,  
(14) that  a/vo = I//~. From equation 
(16) we get on differentiation a /vo= 
A ~ Ba  + C/a. In TaMe VII  are re- 
ported a/vo values computed in this 
way. The average is 177.1, which agrees 

experiment and plotted as ordinate with a as 

• ~.'d, 'o.'6 " o.'o " ~b ' ~'a ' I.', ' ~.'6 ' ~'8 '~.o 

Fig. 7. Determination of k_l/k v k_t/k s and i/k I on  
the basis of the As and B s values c o m p u t e d  in  
exp. 5 5. Abscissa = m. eqv. of substrate in each 

experiment. Ordinate Aa/B a 

well with 1/k2 calculated from the other k values. 
Check o/the C values. Inserting I / k  2 ---- 1~ (177-1 + 175.8) ---- 176.5, k-l /k1 = o.o9731, 

and k-~Jk 8 = o.6614 in equation (2o) one obtains C = a.17.175 (I + a.o.6614). As seen 
in Table VI I  the C values computed by  means of the k constants agree moderately well 
with the values calculated from equation (16) by  inserting the values of A and B com- 
puted graphically. 

The results of the calculations presented seem to confirm the theory advanced for 
the kinetics of the reaction studied. I t  has previously been found (p. 135 ) that  the initial 
velocity is proportional to the substrate concentration, which agrees well with the theory 
for the reaction by three steps. I f  Vo is calculated from the differential equation (6) valid 
for a reaction by two steps this could not be expected. 

At the moment  it is not possible to state whether the reaction scheme deduced 
holds for the action of pancreatic lipase on other esters than rac. I-caprylyl  glycerol in 
homogeneous solution. 

Re/ere~es p. z65. 
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SUMMARY 

I. A review of previous works dealing with the decomposition of esters by pancreatic lipase 
shows tha t  it has not been possible to put  forward an equation which holds for the entire course 
of the reaction, and which allows one to draw conclusions with regard to the reaction mechanism. 

2. Rac. l-caprylyl glycerol seems to be a most suitable substrate for studying the kinetics of 
ester decomposition in homogeneous aqueous solution. Rac. i-caprylyl glycerol can be obtained as 
a pure crystalline substance which is non-volatile and somewhat soluble in water. The enzymatic 
decomposition by OH-  of the ester goes to completion and the spontaneous hydrolysis is negligible 
at  PH values about 7.I. 

3. Pancreatic lipase splits the enantiomorphic forms in rac. I-caprylyl glycerol with the same 
velocity. The initial velocity is proportional to the enzyme concentration at  constant substrate 
concentration and proportional to the substrate concentration at  constant enzyme concentration. 

4. Our experiments bring out tha t  the hydrolysis of rac. I-caprylyl glycerol by pancreatic lipase 
may be explained by a reaction mechanism corresponding to a closed sequence consisting of 3 partial 
reactions. By means of the principle of stationarity an integral equation of the form 

t ~ A ln a B x  -b C ( I ~)  a - - - ' ~ - ~  - -  a --'x 

was put  forward. A, B and C are expressed by the velocity constants kx, k_x, kj, k-~, and k s in the 
partial reactions. A method for the graphical determination of A,  B and C is stated. By varying 
the substrate concentration at  constant enzyme concentration Ilk z, k_x/k x and k ~ / k  s are computed. 
In the experiments presented calculated and observed t values agree well. 

R]~SUMI~ 

x. Un expos6 des t ravaux pr6c6donts sur la d6composition des esters par la lipase pancr6atique 
montre qu 'on n'a pas r6ussi it 6tablir une 6quation valable pendant  toute la dur6e de la r~action, 
et qui permet de tirer une conclusion e n c e  qui concerne un m6canisme de r6action. 

2. Le i-caprylyl glycerol rac6mique sembl¢ ~tre un substrat  tr~s propre it des ~tudes cin6tiques 
de la d6composition d'esters en solution aqueuse homog~ne. Le x-caprylyl glycerol rac6mique pout 
~tre obtenu comme une substance pure cristaUine non-volatile et assez soluble dans l'eau. La d6com- 
position enzymatique par O H -  de l 'ester se poursuit compl~tement et l 'hydrolyse spontan6e est 
n6gligeable it un PH d'environ 7.L 

3. La lipase pancr6atique d6compose les formes ~nantiomorphes du i-caprylyl glycerol rac6- 
mique it la m~me vitesse. La vitesse initiale est proportionnelle it la concentration de l 'enzyme quand 
la concentration du substrat  demeure constante et proportionnelle it la concentration du substrat  
lorsque la concentration en enzyme est constante. 

4. Nos exp6rionces montrent  que l 'hydrolyse par la lipase pancr6atique du x-eaprylyl glycerol 
rac6mique pout 6tre expliqu6e par un m6canisme de r6action correspondant it une cycle tempos6 
de 3 r6actions partielIes. En  utilisant le principe de stationarit~ hens proposons une 6quation int6grale 
de la forme 

t = A In a - -Bx - - [ -  C - - x  

o/1 A, B e t  C sont exprim6s par les coefficients de vitesse kx, k_ x, k I, k_ I e t  k s des r6actions partielles. 
Nous domaons un compte rendn d 'un mode de calcul graphique d 'A ,  B e t  C. En faisant varlet la 
concentration du substrat  (it concentration constante de l'enzyme), nous calculons I lk l, k_x/k 1 et 
]~_s]ks. Dans les exl~riences pr6sent6es nous avons demontr6 une bonne concordance entre les valeurs 
de t observ6es et  calcul6es. 

ZUSAMMENFASSUNG 

z. Eine Obersicht tiber frtihere Arbeiten betreffs der Spaltung yon Estern durch pankreatische 
Lipase zeigt, dass man nicht im stande gewesen ist eine Gleichung aufzustellen, die ftir den ganzen 
Reaktionsverlauf gilt, und die erlaubt, Schliisse fiber einen Reaktionsmechanismus zu ziehen. 

Re/erences p. x65. 



V*L. 6 (195o) LIPOLYTIC ENZYI~E ACTION 1 I65 

2. Rac. i-Caprylyl-glycerol scheint ein sehr geeignetes Substrat fiir Untersuchungen fiber die 
Kinetik der Esterspaltung in homogener, wi~ssriger L6sung zu sein. Rac. I-Caprylyl-glycerol kann 
man als eine reine krystallinische Substanz, die nichtfliichtig und m~ssig 16slich in Wasser ist, ge- 
winnen, Die enzymatische Spaltung des Esters durch OH-  ist vollstAndig, und die spontane Hydrolyse 
bei PH ca 7.1 kann vernachli~ssigt werden. 

3. Pankreaslipase spaltet die enantiomorphen Formen des rac. I-Caprylyl-glycerols mit gleicher 
Geschwindigkeit. Die Anfangsgeschwindigkeit ist der Enzymkonzentration proportional, wean die 
Substratkonzentration konstant gehalten wird, und proportional der Substratkonzentrazion, wenn 
die Enzymkonzentration konstant ist. 

4. Unsere Versuche zeigen, dass die pankreaslipatische Hydrolyse yon rac. i-Caprylyl-glycerol 
durch einen Reaktionsmechanismus, der einer geschlossenen Reihenfolge, bestehend aus drei Teil- 
reaktionen, entspricht. Mittels des Stationarit~tsprinzips wird eine Integralgleichung yon der Form 

t A lna__xa - - B E +  a - - x  

aufgestellt, wo A, B und C durch die Geschwindigkeitskoeffxzienten hi, k_l, hi, k_ 2 und k 2 der Teil- 
reaktionen ausgedrfickt sind. Eine Methode zur graphischen Bestimmung yon A, B und C wird 
angegeben. Durch ~nderung der Substratkonzentration (konstantes Enzym) werden Ilk 2, k_x/h I und 
h_2/k s berechnet. Aus den beschriebenen Versuchen geht hervor, dass eine gute ~3bereinstimmung 
zwischen gefundenen und berechneten t-Werten nachgewiesen werden kann. 
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