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SUMMARY 

The ve loc i ty  of  hydro lys i s  of e thy l  b u t y r a t e  by  pig l iver  esterase (carboxyl ic  
ester  hydlo lase ,  EC 3.1.1.1) is g rea te r  a t  high subs t r a t e  concent ra t ions  than  is de- 
m a n d e d  b y  ex t r apo la t ion  of low subs t r a t e  d a t a  assuming Michael i s -Menten  kinetics.  
Two sites ate proposed;  an es te ro ly t ic  site and  a modifier  site, The control  site is 
shown to be hydrophob ic  by  the use of selective inhibi tors .  At  high subs t ra te  concen- 
t ra t ion ,  the  control  site acquires a subs t r a t e  molecule and a probable  modif icat ion 
of  the  reac t ion  p a t h w a y  resul ts  in the  observed increase in veloci ty .  Bu tano l  and  
bu tanone  exclude subs t r a t e  from this  site in addi t ion  to compet ing  for the es teroly t ic  
site. 

INTRODUCTION 

I t  has been repor ted  t ha t  pig l iver  esterase (carboxyl  esterase hydrolase,  EC 
3.1.1.1) fails to follow Michael i s -Menten  kinet ics  1,2. The es terolyt ic  ac t iv i ty  is acce- 
l e ra ted  at  high subs t r a t e  concent ra t ion  to an ex ten t  grea ter  t han  demanded  by  ex t ra -  
po la t ion  of  low subs t ra te  d a t a  in accord wi th  s imple Michael i s -Menten  kinetics.  This 
behav io r  has been a t t r i b u t e d  to the  presence of two act ive  sites per  molecule of en- 
zyme 2. Indeed  BARKER AND JENCKS a demons t r a t e d  monomer  and dimer  form (tool. 
wt.  86 ooo and 168 ooo). Bo th  species hydro lyzed  e thyl  bu ty ra t e .  KRISH 4 has re- 
po r t ed  a min ima l  molecular  weight  for the  enzyme of 96 ooo. HORGAN et al. a repor t  
f inding one ac t ive  si te serine per  mol. wt. 78 ooo. One hypothes is  is t ha t  the  observed 
kinet ics  are not  a funct ion of the  m o n o m e r - d i m e r  t rans i t ion  and can be descr ibed by  
some other  mechanism.  I f  this  is t rue,  (i) the  sites on the b iva len t  enzyme should 
have  unique functions,  and  (2) the  sites should be different  in nature .  A number  of 
esters and  inhib i tors  were synthes ized  and examined  for in terac t ion  with the  enzyme.  

* A preliminary report appeared in Federation Proc., 26 (I967) abst..3122, p. 8~6. The 
work is taken from the thesis submitted by P.R.O. in partial fulfillment for the degree of Ph.D. 

** Present address: Department of Biochemistry, New Jersey College of Medicine and 
Dentistry, IOO Bergen Street, Newark, N.J,, U.S.A. 
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The results confirm the hypothesis that the enzyme has two sites; one a hydro- 
phobic binding and control site, the other an esterolytic site. The actions of these sites 
can be separated by selective inhibitors. 

MATERIALS AND METHODS 

Pig liver esterase 
The pig liver esterase was prepared as previously reported 6. All substrates were 

prepared in this laboratory from spectro-quality reagents to ensure purity. The 
aliphatic esters were synthesized by refluxing 0.5 mole of the corresponding acid in 
300 ml ethanol with 2 ml conc. H2SO 4 as a catalyst. The reaction was stopped in 6 h 
with the removal of heat. The H,S04 was neutralized by K~CO 3 and the salts filtered. 
The solution was then vacuum distilled at 20 mm Hg. All liquid esters were redistilled 
until boiling points and index of refraction weI e satisfactory. Solids were recrystalliz- 
ed until melting points corresponded to literature values. 

The final criterion of purity for the substrates after boiling point, melting point, 
and refractive index was analytical thin-layer chromatography on silica gel. 

Kinetic measurements 
The rates were measured by a pH-stat technique using a Radiometer Titrator 

Type TTTb 1, coupled to a Titragraph Type SBR2C and burette SBU-2. The acid 
formed during the hydrolysis of the ester was continuously titrated with standard 
alkali (free of C02) to maintain a constant pH. An external calomel reference electrode 
with a KC1 bridge was employed to permit the use of small vessels. All runs were 
made in buffer-free 0.05 M KC1 solutions under a blanket of N 2 maintained at 25 ° by 
a water bath. 

In a typical run, an aliquot of enzyme stock solution was delivered to the ti- 
tration vessel and the volume allowed to come to temperature by immersion in the 
thermostated water bath and brought to the desired pH. A stream of C02-free N e 
was continuously blown over the solution. The substrate was added with a constric- 
tion pipette and allowed to hydrolyze completely for all runs. In this manner the 
exact concentration of the substrate was always known. Only the initial rates were 
taken in the treatment of the data, all points were determined in five individual ex- 
periments. The velocity constants are reported as mM/sec per mg enzyme at an ethyl 
butyrate concentration of 23 mM. The minimal molecular weight of 9 ° ooo (refs. 3, 4) 
was used in the determination of the kinetic constants, kcat. 

RESULTS 

The effect of substrate concentration upon the kinetic behavior of pig liver 
esterase was examined with ethyl butyrate as the substrate. A Lineweaver-Burk plot, 
typical of om data, is shown in Fig. i (Curve I). The non-linearity of the plot indi- 
cates that the reaction pathway fails to follow the Michaelis-Menten scheme. The 
curve shows a marked increase in reaction velocity at high substrate concentration. 
Two Km and two Vm values are apparent; they are designated Kit, VH for high sub- 
strate concentration and KL, VL for low substrate concentration. The constants are 
given in Table I. 
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T A B L E  1 

K I N E T I C  C O N S T A N T S  FOR H Y 1 ) R O L Y S E S  OF E T H Y L  B U T Y R A T E  B Y  PIG L I V E R  E S T E R A S E  

C o n s t a n t s  w e r e  d e t e r m i n e d  ~raphic~t l ly  a t  pH  ~.o a n d  25 + 

A'I[ 1.3I mM 
l ~ i i  I 4 ,  3 • IO 2 l l l ~ | / S C C  p e r  m g  e l l Z y l l l C  

]tcat H 12- .52  s e c  "1 

KL 0.36 mM 
I' l ,  5 " 7 " t 0  '2 i nM/scc  pe r  n l g e n z y n l c  

]?cat l,  . 5 . 1 0  SQC 1 

Since all of  the  reac t ion  mechan i sms  t h a t  Iesul t  in the  observed kinet ics  give 
the  same genera l  ra te  express ion;  

a[S]  'z }: biS" i ! C 
( i )  

v - g[iS? ~ 2t 2]zl,~) i- :{l 

s t eady  s ta te  kinet ics  do not  pe rmi t  a choice of mechanism.  However ,  th rough  bio- 
chemical  methods  and selective kinet ic  s tudies  a reac t ion  p a t h w a y  can be chosen t h a t  
best  fits the  exis t ing evidence. We are in comple te  agreement  wi th  ADLER AXi> 
KISTIAKOWSKY 2 t ha t  the most  l ikely mechanisms  are:  (i) two act ive  sites in the 
enzyme,  and  (2) a modifier  (which m a y  be a subs t r a t e  molecule). 

R a t e  e x p r e s s i o ~ z  

The general  scheme which gives expressions tha t  sa t i s fy  the kinet ic  d a t a  as- 
sumes t h a t  the  enzyme has two sites of in terac t ion  with  subs t ra te  which in tu rn  has 
two sites of in te rac t ion  with  the  enzyme.  These are labeled i and  2 in the  fo rmat ion  
on the enzyme,  symbol ized  b y  E and unspecified on the subs t ra te  (S). 

[{~ ! ,%" ~ F.S . . . . .  ~ l=. 2 
k 

/?2 : S /x'eat 11 
E S  + S ~ E s - - - - + l ' 2 S  + P (3) 

k -  2 

I t  is assumed t h a t  the  var ious  complexes  are in equi l ibr ium with  each o ther  
( i .e .  t ha t  k e a t  L and keat It are much  smaller  t han  k _  1 and k 2 ,  respect ively .  We can 
define Michael is- type constants ,  

k - t  ~-- ]~catL k z } -  k e a t t l  
KL -- ....... and KH ...... 

and 
r KHKL + K n N  : S" 

= - - K . ( < ~  ; i .s ' - '  - 

When  S >> K u  ( K L )  w e  are in the  region of high subs t r a t e  concent ra t ion  and 
the l imi t ing  re la t ionship  of Eqn.  3 is: 

v VH ~,~),, q I l l  

When  S << KL (KH) we are in the  region of  low subs t ra te  concent ra t ion  and the 

l imi t ing  re la t ionsh ip  is: 

7; I'L I'L 
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Thus linear extrapolation of the two branches of the experimental curves (Fig. I )  

allows the determination of the characterizing parameters KL, Kii,  VL and Vii. 

Effect of added reaction products 
Fig. I is a plot of pig liver esterase action at pH 8.o on ethyl butyrate  as sub- 

strate (I/ES ~ vs. I/V with added reaction products. Curve 2 is ethyl butyrate  with 
ioo mM butyric acid, Curve 3 with 174 mM ethyl alcohol, and Curve I is ethyl 
butyrate  with no added products. Since the reaction products have no influence on 
the kinetic behavior of pig liver esterase even at concentration far above substrate 
concentration, the deviation from Michaelis-Menten kinetics cannot be attributed to 
product interaction with enzyme at pH 8.0. 

As previously described 6, the enzyme hydrolyzes only one ester group in di- 
carboxylic diesters. We considered the possible explanations of this limitation. (i) 
The enzyme may not recognize a molecule with a free charged carboxyl as a substrate 
although the molecule contains an ester group. This may be attr ibuted to a negatively 
charged group at the active site, creating like-charge repulsion, and (2) the half-ester, 
half-acid may  be bound in some manner to the enzyme preventing further hydrolysis. 
The second alternative can be tested by using ethyl potassium succinate in the re- 
action mixture of ethyl butyrate  and enzyme. A Lineweaver-Burk plot of ethyl buty- 
rate with o.15 M ethyl potassium succinate added to the reaction mixture is identical 
to Fig. I ; the enzyme is not inhibited by the monoethyl succinate ion. The alternative 
of like-charge repulsion of the half-ester, half-acid due to a carboxyl at the active site 
can be examined by a measure of the velocity as a function of pH. The velocity was 
examined at substrate concentrations that  fall in the Vii or VL portion of the Line- 
weaver-Burk plot (Fig. 2). They represent the kinetics at the extremes. Curve A is at 
51 mM ethyl butyrate  and Curve B is at o.12 mM ethyl butyrate.  

The curves indicate that  different groupings in the enzyme are operating at 
high and low substrate concentrations. At high substrate the midpoint of the activity 
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Fig. I. I][SI vs. i/v plot of liver esterase wi th  ethyl bu tyra te  as subs t ra te  (Curve I, &--&).  
Curve 2 ( x - -  x ) with ioo mM butyr ic  acid added and Curve 3 ( © - - O )  with 174 mM ethyl alcohol 
added, p H  8.o and 25 °. 

Fig. 2. p H  dependence of the hydrolysis of ethyl bu tyra te  by  liver esterase. Curve A is at  51 mM 
ethyl bu ty ra te  and Curve B at  o. 12 mM ethyl butyrate .  These concentrat ions fall a t  the extremes 
of  the bivalent  L ineweaver -Burk  plots. Values are corrected to p K  4.8 for butyr ic  acid. Two 
different dependencies are apparent ,  p/x" 3.8 for high subs t ra te  and p K  5.8 for low subst ra te  concen- 
trat ion.  
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curve falls at pH 3.8, which is in the range of the pK of a free earboxyl group in a 
protein 7 and at low substrate the pK is 5.8, which may indicate an infidazole at the 
active site. The difference in pH dependence demonstrated here was previously shown 
by ADLER AND KISTIAKOWSKYfl The 3.8 pK unit becomes dominant at high substrate 
and the 5.8 pK unit dominates at low concentration. The analysis of the pH depen- 
dence of pig liver esterase demonstrates that the enzyme is divalent (has two sites) 
but it does not distinguish whether both sites are esterolytic as proposed by A~)u.:x~ 
AND KISTIAKOWSKY 2 or if one site is a binding site and the other is a hydrolytic site. 40/ 

3.o 

£ 2.o 

E 

1.o 

1 2 3 4 5 6 7 

1 

Is] 

Fig. 3. The I/~.S'] US I/~) plot of liver esterase with a series of aliphatic esters as substrates .  In  
descending order: ethyl formate,  ethyl acetate, ethyl propionate,  ethyl bu tyra te  and ethyl 
valerate. All curves are obtained at  p H  8.o and 25 °. 

A liphatic esters 
The aliphatic series of esters: ethyl formate, ethyl acetate, ethyl propionate, 

ethyl butyrate, and ethyl valerate were examined with respect to their steady state 
kinetics. Fig. 3 is a plot of I/[SJ vs. I/v obtained for the hydrolysis of these compounds. 
Ethyl  formate shows no deviation from Michaelis-Menten kinetics and the accele- 
ration of ethyl acetate hydrolysis at high substrate concentration is small. The con- 
stants obtained from the dissections of the curves into two linear functions demon- 
strate that keat at high and low substrate concentrations is an increasing function of 
acyl carbon length. At high substrate concentration, ethyl butyrate ; ethyl propionate ; 
and ethyl valerate demonstrate a larger keat H as the Kit increases. The constancy 
of kn /Kn  for these compounds indicates that the Fate and Michaelis constants vary 
directly with each other as a function of the number of carbons in the acyl group. 
HOFSTEE 9,1° has shown that the V for the hydrolysis of fatty acid esters of o-hydroxy- 
benzoic acid by horse liver esterase is a monotonically increasing function of chain 
length and that Km is dependent on chain length. This is not the case for the binding 
at high substrate with pig liver esterase but may hold true at low substrate concen- 
tration. The appearance of the loose binding site which accelerates the reaction 
enforces the concept of a two-"site" enzyme, one for binding and control, the other 
fol esterolysis. 
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T A B L E  II  

K I N E T I C  C O N S T A N T S  FOR H Y D R O L Y S I S  OF A S E R I E S  OF A L I P H A T I C  E S T E R S  B Y  P I G  L I V E R  E S T E R A S E  

All va lues  de t e rmined  graphica l ly  a t  p H  8.0 and  25 °. K t l  and  VH represen t  t he  m e a n  va lues  of  fly, 
ou ts ide  l imi ts  of  ± 0 . 0 5  for Kt~ and  ± o . I o  for VH. 

Aliphatic kcat H KH VH keat H/kH keat L KL VL 
ester (sec -1) (mM) (mM/sec (see -1. (sec -1) (raM) (mM/sec 

per mg mmole -1) per mg 
enzyme) enzyme) 
X I 0  ~ X 1 0  2 

E t h y l  fo rma te  2.79 3.66 3.1o 0.763 - -  - -  - -  
E t h y l  ace ta te  3.55 1.o9 4.4 ° 3.26 o. 9 o.o55 i .o  
E t h y l  p rop iona te  8.38 o.71 9.5 ° 11.7o 4.41 o.12 4.91 
E t h y l  b u t y r a t e  12.52 1.3o 14.3 ° 9.5o 5.1o o.o36 5.7 
E t h y l  va lera te  19.98 1.75 22.20 11. 4 5.23 0.o42 5.81 

Separation of sites 
A solution to the problem of whether both sites are esterolytic or whether 

site is a binding and an internal accelerator and the other "site" is for hydrolysis r 
lie in the selective inhibition of the binding sites. Previous experimentation 
monstrated that  compounds such as amides, half-esters, half-acids, free acids, reel 
alcohol, ethyl alcohol and amino compounds have no inhibitory affect 8. The incre 
in Km and keat with the longer-chain fa t ty  acid esters indicates a preference for 
hydrophobic species. Thus by analogy an inhibitor must be hydrophobic and 
compatible with water. The first species to be tried was 2-butanone. Fig. 4 is a L: 
weaver-Burk plot of liver esterase with ethyl butyrate  as substrate and with ad, 
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Fig. 4. A plot  of  e thy l  b u t y r a t e  hydro lys i s  I/(S) vs. i/v) with  added  inhibi tors .  Curve  A is 
ioo m M  2-butanone .  Curves  B - F  is wi th  increas ing  concen t ra t ions  of  n -bu t ano l ;  B, 27. 4 
C, 41.1 mM;  D, 87.6 mM;  E,  lO9 raM; F, 164 mM. At  the  lower concen t ra t ion  of  hydrophq 
inhib i tor  t he  V a p p r o x i m a t e s  VH. A t  lO9 m M  and  164 m M  n -bu t ano l  VH is comple te ly  inhibi" 
VL is 5.7" io-~ mM/sec  per  m g  pro te in  which  is the  V repor ted  for t he  m a x i m u m  veloc i ty  ex 
po la ted  to low s u b s t r a t e  concent ra t ion .  The  h e a v y  line is t he  reac t ion  w i thou t  added  inhibi 

Fig. 5. P lo t  (I/ES ] vs. 1/v) of  t he  hydro lys i s  of  e thy l  b u t y r a t e  (O---O) and  sec.-butyl b u r y  
( © - - © )  by  pig  liver es terase  a t  p H  8.0 and  25 °. 
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2-butanone at Ioo mM. Curve A : The reciprocal velocity is now linear with respect to 
reciprocal substrate concentration. Since 2-butanone is a ketone, arguments might be 
presented that the molecule inhibits because the enzyme recognizes the carbonyl 
function rather than the carbon-hydrogen skeleton. 1-Butanol was then tried. Pre- 
viously methanol and ethanol had been shown to have no effect on the kinetics even 
at very low substrate concentrations. 1-Butanol is less polar than 2-butanone (dielec- 
tric constant 17.1 and 18.3, respectively). Curves B, C, D, E and F of Fig. 4 is a plot 
of ethyl butyrate hydrolysis at increasing concentrations of I-butamfl. The 1/15,'Ivs. 
I/V plot is linear. Apparently, the inhibitor selectively binds with one of the sites on 
the enzyme and has only an indirect inhibitory effect on the other. If  both sites were 
identical and esterolytic, the curve should look like the uninhibited reaction with 
different dimensions. At higher I-butanol concentrations (lO 9 and 164 raM) the V of 
the leaction is 5-7" IO 2 mM/sec per nag protein, heat 5" t s e c  1, which is the 7, reported 
for the velocity extrapolated at low substrate concentration. Thus the reaction charac- 
telized by keat H is completely inhibited. It  appears that the inhibition is competitive 
to keat L and noncompetitive to ]¢eat H. The inhibitor replaces substrate on the binding 
site affecting heat H and acceleration mechanism is thereby quenched. The previously 
derived constants now become more meaningful. The unaccelerated kinetic constants 
KL and VL and heat L are those extrapolated to low substrate concentration data. At 
high substrate concentration, the accelerated mechanism becomes active and can 
now be described by Ke, (acceleration constant, a revised definition of Kti). The 
accelerator constants are: ethyl propionate, o.715 mM; ethyl butyrate, 1.31 raM; 
ethyl valerate, 1.75 mM. 

Acyl-enzymc complex 
Since pig liver esterase is a true esterase it was important to examine the cataly- 

sis with respect to the acyl-enzyme complex mechanism tl 15. This mechanism pro- 
poses a two-step reaction with the rate-controlling step the hydrolysis of the acyl 
enzyme complex. If the Kw of two esters is similar (that is, both leaving groups are 
essentially the same), then regardless of Km differences the rate constant will be the 
same. The rate of hydrolysis of ethyl butyrate and sec.-butyl butyrate by pig liver 
esterase were compared. Fig. 5 shows the great difference in the V~ and Vn of these 
two substrates. If  the hydrolysis of the butyryl-enzyme were the rate-determining 
step, the velocities would be similar. It is seen that nowhere along the curve do the 
two substrates appear similar. Hence, we propose that the rate-determining step is not 
the deacylation of tile enzyme, but an earlier acylation step that is controlled by the 
modifier site. This observation does not negate an acyl-enzyme complex in the me- 
chanism for pig liver esterase catalysis but merely states that hydrolysis of the acyl 
enzyme is not rate determining. 

CONCLUSION 

Tim kinetic behavior of pig liver esterase has been shown to be sinfilar to that 
observed for enzymes which are recognized to be allosteric. Evidence has been pre- 
sented to support the hypothesis that  there are binding and acceleration sites for 
substrates and/or modifiers in tile liver esterase molecule in addition of the catalytic 
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h y d r o l y t i c  s i te .  T h e  acce l e r a t i on  p h e n o m e n o m  f o u n d  in  t h e  r e a c t i o n  o f  p ig  l iver  

e s t e r a se  is p r o b a b l y  a s s o c i a t e d  w i t h  a m o n o m e r i c  f o r m  of  t h e  e n z y m e .  
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