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ABSTRACT

ENZYME MODELS BASED ON BORONIC ACIDS AND ON A MONOCLONAL ANTIBODY

by

GALLA C. RAO 

Adviser: Professor  Manfred Phi l ipp  

P a r t  I A.

The hydrolysis  of  sa l  icy1idene-L-isoleucine  (a S ch i f f ' s  base) was 

acce le ra ted  in the presence of  boronic acids.  The pH dependence study 

shows t h a t  the  b o ro n ic  a c i d s  a r e  c a t a l y s t s  when they  a r e  in t h e i r  

u n io n iz e d  a c i d i c  form. The c a t a l y t i c  r a t e  c o n s ta n t  i s  independent  o f  

pH, whereas binding depends on pH and decreases with increasing pH.

Hamnett p lo t s  revealed tha t  binding of  boronic acids  depends on 

sigma with  a rho value of  -1.48. Binding becomes b e t t e r  w ith  e le c t ro n -  

w i th d ra w in g  s u b s t i t u e n t s  and is  r e l a t e d  to  the  pK o f  the  boron a c id .  

The c a t a l y t i c  r a t e  c o n s t a n t  i s  independent  of su b s t i tu en t  groups and 

rho is  n e a r l y  ze ro  (-0 .064).  The h i g h e s t  s e c o n d -o rd e r  r a t e  c o n s ta n t  

obtained is 77 M-1 sec-1 and the lowest value is 0.09 M-1 sec- *.

P a r t  IB.

Boronic acids  a l so  ca ta lyze  the hydrolysis  of  m ande lon i t r i le .  The 

r a t e  of  m a nde lon i t r i le  hydrolys is  increases with increasing pH. Boronic 

a c i d s  w i t h  e l e c t r o n - d o n a t i n g  s u b s t i t u e n t s  c a t a l y z e  the  h y d r o ly s i s  

f a s t e r  than w i t h  e l c t r o n - w i  th d raw in g  s u b s t i t u e n t s .  The Hammett rho 

i s  -0.75.

Ill



P a r t  I I .

TEPC-15 is  a mouse myeloma p r o t e i n  t h a t  b in d s  p h o s p h o ry le h o l in e  

analogs. The phosphodiester group of  phosphoryleholine is  te t rahed ra l  

and resembles the t r a n s i t i o n  s t a t e  expected for the a lk a l in e  hydrolysis  

of  e s te r s .  I t  was expected that TEPC-15 would hydrolyze choline e s te r s  

by s t a b i l i z i n g  the t r a n s i t i o n  s t a t e  of the hydrolysis .  Several choline 

e s te r s  were used as p o ten t ia l  su b s t ra te s  for the antibody. The carboxyl 

group of  a l l  these subs t ra te s  is expected to bind in the s i t e  occupied 

by the  p h o s p h o d ie s t e r  group.  The an t ib o d y  d id  not  a c c e l e r a t e  the 

hydrolysis  of  any of  those e s te r s ,  but i t  binds them.

TEPC-15 d id  h yd ro lyze  an e s t e r - c o n t a i n i n g  p h o s p h o ry l e h o l in e ,  

th e  p - n i t r o p h e n y l  e s t e r  o f  6-(phosphorylcholine)hexanoic acid  (PEPCH), 

where the e s te r  l inkage is expected to bind a t  a point  d i s t a n t  from the 

p h o s p h o d ie s t e r  b in d in g  s i t e .  The k i n e t i c  c o n s t a n t s ,  Kj  ̂ and kmax, 

o b t a in e d  for  the r e a c t i o n  o f  PEPCH w i th  the  a n t ib o d y  a r e  17 and
O I

5.5 X 10"° sec , r e spec t ive ly  a t  pH 8.0. The r a te  of  p -n i t ropheno la te  

ion r e l e a s e  m e d ia ted  by the  a n t ib o d y  was pH-dependent  and in c r e a s e s  

w i t h  i n c r e a s i n g  pH. The r e a c t i o n  was i n h i b i t e d  in the p re se n c e  o f  

phosphoryleholine analogs .

The antibody becomes inact ive  in the reac t ion  with  PEPCH and the 

i n a c t i v e  a n t ib o d y  was not r e a c t i v a t e d  even a f t e r  t r e a t m e n t  w i th  

hydroxylamine. These observat ions together  w ith  the pH p r o f i l e  of  the 

r e a c t i o n  su g g es t  t h a t  PEPCH a c y l a t e s  a l y s i n e  s i d e  c h a in  near  the 

antibody binding s i t e .

IV
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INIHCDUCTICN

Model s y s te m s  a r e  used to u n d e r s t a n d  the  mechanisms o f  enzyme- 

ca ta lyzed  reac t io n s .  Several systems a re  used to mimic enzymes. Some of  

the model systems a re  n a tu ra l ly -o c c u r r in g  molecules which a r e  modified  

and some o th e r s  a re  a r t i f i c i a l l y - m a d e  molecules.

Polymers

In 1942, S t e i n h a r d t  and F u g i t t 1 found t h a t  th e  r a t e  o f  the  a c i d

c a t a l y z e d  h y d r o l y s i s  o f  p r o t e i n s  . in c r e a s e s  w i t h  an i n c r e a s e  in the

chain  length of  the c a t a l y s t ,  the n - a lk y ls u l fo n a te  anion.  Ladenheim e£ 
2 3a 1. ’ showed t h a t  p o l y ( m e t h a c r y l i c  a c i d )  and p o l y ( v i n y l p y r i d i n e  

b e t a i n e )  c a t a l y z e  t h e  n u c l e o p h i l i c  d i s p l a c e m e n t  o f  b rom ide  ion from 

o£-bromoacetamide. They suggested th a t  the polymer is hydrogen bonded to 

th e  amide th ro u g h  u n i o n i z e d  c a r b o x y l ,  w he reas  t h e  c a rb o x y l  a n io n s  

function as nuc leoph i les  to d i sp lac e  Br- .
4

L e t s i n g e r  and K laes  s t u d i e d  th e  c a t a l y s i s  o f  h y d r o l y s i s  o f  

p o ly m e r i c  a n i o n i c  s u b s t r a t e s  by c a t i o n i c  p o ly m e rs .  The r e a c t i o n  o f  

p a r t i a l l y  pro tona ted  poly-(N-vinyl im idazole)  w i th  co p o ly - (ac ry l ic  a c id -  

2, 4 -d in i t ro p h en y l -p -v in y l  benzoate)  fol lows the M ichae l  i s -M en te n  type 

o f  k i n e t i c s  by forming a complex between the s u b s t r a te  and the polymer 

due to  c a t i o n i c  and an ion ic  charges  on them. I t  is an i n t e r e s t i n g  model 

for the enzyme-substra te  in t e ra c t io n .

In 1969, O v e rb e rg e r  showed t h a t  v i n y l  p o ly m e rs ,  c o n t a i n i n g  

imidazole  and benzimidazole,  enhance the hydro lys is  o f  £ -n i t ro p h e n y l - 

a c e t a t e .  A nother  p o ly m er ,  po ly(v iny l im idazo le) -co-po ly(v iny l  a lcohol) ,  

which con ta ins  imidazole and hydroxyl groups has been prepared to mimic

1



chymotrypsin. However, t h i s  polymer is only s l i g h t l y  more a c t iv e  than 

poly(vinylimidazole)  in e s t e r o l y t i c  react ion .

In 1972, Klotz  and h is  group developed a very good enzyme model

sy s tem  by a t t a c h i n g  dodecyl  c h a in s  to  a s m a l l  c r o s s - l i n k e d  w a te r

s o l u b l e  p o l y ( e t h y l e n i m i n e )  m a t r i x  and i n t r o d u c i n g  im id a z o le  on the

polymer by r e ac t in g  the polymer w i th  methylene- imidazole.  This system

a c c e l e r a t e s  the  h y d r o l y s i s  o f  p h e n o l i c  s u l f a t e  e s t e r s  by about  
1210A - fo ld ,  compared to unbound imidazole, a r a t e  which is  comparable to 

many enzymes.

The main  d i s a d v a n ta g e s  w i t h  polymer sys tem s  a r e  t h e i r  l i m i t e d  

s o l u b i l i t y  in water  and the random arrangement of  the polymer chains. 

Polymers possess many binding s i t e s  and make the k in e t i c  p r o f i l e  more 

complex as compared to enzymes which have only one a c t iv e  s i t e  region.

M icelles

M i c e l l e s  a r e  a l s o  used to  mimic enzymes s i n c e  they  have p o l a r  

groups  on the s u r f a c e  and a p o l a r  groups  in th e  i n t e r i o r  in aqueous 

so lu t ions  as in enzymes. They a re  aggregates  of  a la rge  number o f  soap 

or de tergen t  molecules and are  loosely bound mainly through hydrophobic 

i n t e r a c t i o n s .  M i c e l l e s  b ind  a v a r i e t y  o f  o r g a n i c  s u b s t r a t e s  th rough  

apolar  i n t e r a c t i o n s .

In 1959, D uyns tee  and Grunwald showed t h a t  the  c a t i o n i c  

de te rgen t ,  c e t y l t r  i methyl ammonium bromide, a c c e le r a t e s  the rea c t io n  of  

c r y s t a l  v i o l e t  w i th  hydroxide ion by 4 to 50-fold  and a c c e le r a te s  the 

h y d r o l y s i s  o f  £ - n i t r o p h e n y l  a c e t a t e  up to  f i v e - f o l d .  T h e se  

a c c e l e r a t i o n s  a r e  m a i n l y  due to  e l e c t r o s t a t i c  i n t e r a c t i o n  and 

proximi ty.
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o
F u l l i n g t o n  and Cordes showed t h a t  a n io n ic  d e t e r g e n t s  such as 

sodium l a u r y l  s u l f a t e  or sodium o l e y l  s u l f a t e  a c c e l e r a t e  the a c id  

hydrolysis of  methyl orthobenzoate up to 80-fold. Shorenstein e t  a l .  

made m i c e l l e s  b e t t e r  c a t a l y s t s  by a t t a c h i n g  c a t a l y t i c  groups.  The 

m ice l le  with N-acetyl h i s t id in e  hydrolyzes the e s te r ,  N-dodecyl-N-N'- 

dimethyl aminoethyl carbonate ion, 2240 times fas te r  than the mice l le  

without N-acetyl h i s t id in e .

M ic e l l e s  show s t e r e o s p e c i f i c i t y  in the h y d r o ly s i s  when c h i r a l  

m i c e l l e s  a r e  used. In 1971, Bunton e_t al_.*® d em o n s t ra te d  t h a t  

D (-) -ephedr  i n e - c a t  io n ic  m i c e l l e  shows more s t e r e o s e l e c t i v i t y  in the 

h y d r o ly s i s  o f  D(-)-mandel  ic e s t e r  over  L(+)-mandel ic e s t e r .  In 1974, 

Bunton et  ̂ made a b e t t e r  c h i r a l  m i c e l l e ,  L - h i s t i d y l - c a t i o n i c

m ice l le  with h i s t id in e .  It shows s t e r e o s e l e c t iv i ty  in the hydrolysis  of  

N - a c e t y l - p h e n y l a l a n i n e  e s t e r .  The S-isomer deacylates  3 times fas te r

than the R-isomer.
12Moss et  ̂ al_. developed a mice l le  with a cyste ine  residue to mimic 

papain .  I t  hyd ro ly z es  £ - n i t r o p h e n y l  a c e t a t e  180 t imes  f a s t e r  than 

c e t y l  t r  imethyl  ammonium c h l o r i d e ,  a m i c e l l a r  sys tem  w i th o u t  a 

functional group present.

All the above s tudies  with  m ice l la r  systems show that  they exhib i t  

en zy m e- l ik e  f e a t u r e s  such as  Michael i s-Menten type o f  k i n e t i c s  and 

s te r e o s p e c i f i c i ty .  There are some disadvantages with  m ice l la r  systems, 

l i k e  t h e i r  s t r u c t u r e  is  not w e l l  d e f in e d  and depends on s u r f a c t a n t  

c o n c e n t r a t i o n .  The o r i e n t a t i o n  o f  r e a c t i v e  groups a r e  not known and 

they are  crude enzyme models.
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Cyclodextrins

The use of  cyc lodex tr ins  as enzyme models has drawn much a t t e n t i o n  

in the  l a t e  1960 's .  C y c l o d e x t r i n s  a r e  n a t u r a l  compounds and a r e  

doughnut-shaped molecules composed o f  glucose u n i t s  in a r in g  with  an 

i n t e r i o r  c a v i t y  whose s i z e  and shape i s  d e t e r m in e d  by the  number o f  

g lu c o s e  u n i t s .  C y c l o d e x t r i n s  a r e  w a te r  s o l u b l e  because  th e  hydroxyl  

groups  o f  g lu c o s e  make up the  r im  o f  the  c a v i t y ,  bu t  th e  c a v i t i e s  

t h e m s e l v e s  a r e  h y d r o p h o b i c .  The h y d ro p h o b ic  c h a r a c t e r  e n a b le s  

cyc lodextr ins  to bind c e r t a i n  molecules  tha t  have the c o r re c t  shape and 

hydrophobic charac te r .
1 TIn 1953, Cramer showed t h a t  the  c y c l o d e x t r i n  a c t s  as  an

assymmetric c a t a l y s t  in the sap o n i f ica t io n  o f  mandelic acid  e s t e r s  and

in the syn thes is  o f  m an de lon i t r i le s .  But the r a t e s  and o p t i c a l  y ie ld s
14are  very small.  In 1965, Cramer showed a b e t t e r  a cc e le r a t io n  o f  the 

r e a c t  ion w i t h  c y c l o d e x t r  ins  by s e l e c t  ing ap p ro p r  i a t e  s u b s t r a t e s  and 

b e t t e r  c o n d i t i o n s .  C y c l o d e x t r i n s  a c c e l e r a t e  the  h y d r o l y s i s  o f  the  

d ia ry l  pyrophosphate in the presence of calcium ions. The a c c e le ra t io n  

o f  the  r e l e a s e  o f  phenol  from d ip h e n y lp h o s p h a te  i s  2 0 0 - fo ld .  The 

a cc e le r a t io n  decreases when the r eac t ion  product,  monophenylphosphate, 

i s  p r e s e n t  in the  r e a c t i o n  m i x t u r e  as  i t  forms a complex  w i t h  the  

cyc lodex tr in .
I S  1 fiIn 19 6 7 ,  B e n d e r  and  h i s  g r o u p  ’ e x t e n d e d  s t u d i e s  w i t h  

cyclodextr ins  by s tudying the e s t e r o l y t i c  a c t i v i t y  o f  a cyclodextr in .  

I t  shows  s t e r e o s e l e c t i v i t y  in  t h e  h y d r o l y s i s  o f  s u b s t i t u t e d  

phenyl a c e ta te s .  I t  a c c e le r a te s  the meta isomer 230 times f a s t e r  than 

the para isomer. The cyclodextr  in-mediated hydrolys is  is in h ib i ted  by 

various organic compounds. The cyclodextr  i n - a c c e l e r a t e d  h y d r o l y s i s  o f



phenyl a c e t a t e s  e x h i b i t s  many s i m i l a r i t i e s  to chymotrypsin-catalyzed 

reactions.  But the cyclodextrin does not deacylate in the hydrolysis as

compared to chymotrypsin and other  es te rase  enzymes.
1 7In 1969, Breslow f i r s t  showed a se lec t ive  aromatic su b s t i tu t io n  

r e a c t i o n  w i th  the  c y c l o d e x t r i n  system. A n iso le  in the p resence  o f  

hypochlorous a c id  y i e l d s  60% o r t h o - c h l o r o a n i s o l e  and 40% p a r a - 

ch lo roan  i s o le .  But in the p resence  o f  c y c l o d e x t r i n ,  96% o f  para  and 

only 4% of  or tho products are obtained. The enzyme chlor inase  produces 

60/40 d i s t r i b u t io n  of  para- and or tho-chloroanisoles .  In th is  reaction, 

the cyclodextr in  shows more typical  enzyme-like s e l e c t iv i t y  than does 

the enzyme i t s e l f .
1 Q

In 1975, Kaiser and his  group demonstrated tha t  cyclodextr ins  

exhib i t  D,L s p e c i f i c i t y  with  respect to subs t ra te s .  Cyclodextrin shows 

s p e c i f i c i t y  in the  h y d r o ly s i s  o f  3 - c a r b o x y - 2 ,2 , 5 ,5 - t e t r a m e th y l -  

p y r r o l i d i n - l - o x y - m - n i t r o p h e n y l  e s t e r .  The r a t e  c o n s ta n t  for  the 

(+) enantiomer is 6-9 times la rger  than tha t  for the (-)enantiomer. The 

e n a n t io m e r ic  s p e c i f i c i t y  shown by the  c y c l o d e x t r i n  is  c lo s e  to  th a t  

shown by chym otryps in  (9 t im es)  in the h y d r o ly s i s  of  the  c l o s e l y  

r e l a t e d  e s t e r ,  3 - c a r b o x y - 2 , 2 , 5 , 5 - t e t r a m e t h y l p y r r o l i d i n y l - l - o x y - £ -  

ni trophenyl es te r .

In the  l a t e  70’s ,  Bres low 's  group made good p ro g re s s  in t h i s  

f i e l d  by d e s ig n in g  a r t i f i c i a l  enzymes u s in g  c y c l o d e x t r i n s  to mimic 

n a t u r a l  enzymes l i k e  transaminase*® and ribonuclease.^® Transaminase 

with a coenzyme converts ketoacids to amino acids.  The pyridoxamine- 

cyclodextr in  system where the coenzyme pyridoxamine is  at tached to the 

cyclodextr in ,  is s e lec t iv e  for the transamination process. This system
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a c c e l e r a t e s  the r e a c t i o n  by about 20 0 - fo ld  and a l s o  produces  the  

n a t u r a l  L -enan t iom er  f iv e  t im es  more ab u n d an t ly  than the u n n a tu ra l  

D-enantiomer. Ribonuclease cata lyzes  the hydrolyt ic  cleavage of RNA. In 

the model system for ribonuclease, two imidazole r ings ,  the p r inc ip le  

c a t a ly t i c  groups of  ribonuclease are a t tached to the cyclodextrin.  Such 

a system is  an e f f e c t i v e  c a t a l y s t  for  the h y d r o ly s i s  o f  a c y c l i c  

p h o s p h o d ie s t e r ,  which resem bles  the RNA. cleavage intermediate.  This 

c a t a l y s t  shows a r a t e  optimum near  pH 6 s i m i l a r  to  an enzyme. The 

c y c l i c  phosphate  w i th o u t  the c y c l o d e x t r i n  undergoes  h y d r o ly s i s  and 

gives two products.  But in the presence of  cyclodextr in ,  only a single 

product is obtained. This s e l e c t i v i t y  is caused by the geometry of the

c a ta ly s t - s u b s t r a t e  complex.
01

Tabushi <et a_l. success fu l ly  mimicked a carbonic anhydrase enzyme 

w i th  the c y c l o d e x t r i n .  Bi s ( 2 -h  i s tarn i n o ) - c y c  l o d e x t  r i n and b i s 

(N-imidazole) cyclodextr in  with zinc ion show larger  ra tes  of  hydration 

o f  carbon d io x id e  than the compounds w i th o u t  the c y c l o d e x t r i n  

der iva t ive .  But the c a t a l y t i c  r a te  constants  are lower than the enzyme 

by many orders of  magnitude.

Macrocyelic molecules
22In 1967, Paderson f i r s t  showed tha t  simple crown compounds have 

the a b i l i t y  to form s t a b l e  complexes w i t h  m e ta l  ions and p r im ary  

alkylammonium c a t i o n s .  He a l s o  d em o n s t ra ted  the  f e a s i b i l i t y  o f  

s y n t h e s i z i n g  l a r g e  c y c l i c  p o l y e t h e r s  (a type o f  crown compound) 

composed o f  ethyleneoxy un i ts  and a b i l i t y  of  these systems to complex 

wi th var ious metal ions. This property  has led organic chemists to use
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crown e the rs  as enzyme models. The s ize  of crown e the rs  can be varied 

and a l s o  modi f i e d  to  b ind  l i g a n d s  o f  di f f e r e n t  s i z e .  Donald Cram has 

c a l l ed  t h i s  chemistry  as hos t-gues t  complexation chemistry.
9  QIn 1975, Chao and Cram s y n t h e s i z e d  a c h i r a l  m a c r o c y c l i c

p o l y e t h e r  w i t h  a s u l f h y d r a l  group as  a h o s t ,  and L- and D-amino a c i d

£ - n i t r o p h e n y l  e s t e r s  a s  g u e s t s .  The c y c l i c  h o s t  h y d ro ly z e s  amino 
2 3e s t e r s  10 -10 t im e s  f a s t e r  than  th e  o p e n -c h a in  h o s t  a n a lo g u e .  The

c y c l i c  h o s t  a l s o  shows s t e r e o s p e c i f i c i t y  in the  h y d r o l y s i s .  The

( S ) -h o s t  r e a c t s  w i t h  L-amino a c i d  e s t e r  f a s t e r  than  the  (R)-hos t  by

fac to rs  th a t  depend on the s ize s  o f  the groups a t tached  to the <>C-carbon

o f  th e  amino e s t e r .  The h i g h e s t  f a c t o r  o b t a i n e d  w i t h  a p h e n y l a l a n i n e

e s t e r  is  9.2. T h is  s y s te m  r e se m b le s  t r y p s i n  in the  r e c o g n i t i o n  o f  an

NHg+ and papain in the sense that the hos t ' s  su lfhydra l  group a c t s  as a

nucleophile .  This model system mimics only the acy la t io n  s tep  observed

in s e r in e  p ro tease  c a t a l y s i s  and not the deacy la t ion  s tep .
24Lehn and S i r l i n  a l s o  synthesized a c h i r a l  macrocycl ic molecule

b e a r i n g  c y s t e i n y l  r e s i d u e .  Th is  h o s t  enhances  the  h y d r o l y s i s  o f

£-n i t rophenyl  e s t e r s  of  amino ac ids  and d ipep t ides .  I t  a c c e le r a t e s  the

h y d r o l y s i s  o f  Gly-Gly-OPNP by a f a c t o r  o f  104. I t  shows s t r u c t u r a l

s e l e c t i v i t y  among the  v a r i o u s  amino e s t e r s  and b e s t  s u b s t r a t e s  a r e

d ipep t ide  e s t e r s .  The host a l so  shows enantiomeric  s e l e c t i v i t y  in the

hydrolysis  o f  d ipep t ide  e s t e r s .  I t  enhances the hydro lys is  o f  g lycyl-L-

p h e n y l a l a n i n e  £ - n i t r o p h e n y l  e s t e r  by n e a r l y  7 0 - f o l d  g r e a t e r  than

glycyl-D-phenylalanine e s t e r .
2 5Murakami <rt a_l. deve loped  a d i f f e r e n t  m a c r o c y c l i c  sys tem ,  

1 1 -am in o -C 2 0 ] -p a ra c y c lo p h a n -1 0 -o l .  I t  a c c e l e r a t e s  th e  h y d r o l y s i s  o f
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£ - n  i t r o p h e n y l h e x a d e c a n o a t e  w i t h  a r a t e  1000-fo ld  g r e a t e r  t h a t  

2-aminocyclodecanol.

All the above s tud ies  with  macrocyclic systems show many enzyme­

l ik e  p ro p e r t i e s ,  l ike  s a tu ra t io n ,  s t ru c tu r a l  recognit ion,  enantiomeric 

s e l e c t i v i t y  and in h ib i t io n  by metal ions. The deacyla t ion of  the acy l -  

macrocyclic d e r iv a t iv e  formed in the hydrolysis  is necessary for th i s  

system to be l ike  a t rue  c a ta ly s t .

KNA & IMA

There is evidence tha t  RNA can possess enzyme-like p ro p e r t ie s  and

can a c t  as  a t r u e  enzyme. Many e u c a r y o t i c  genes  c o n t a i n  s t r e t c h e s  of

noncoding DNA c a l l e d  i n t e r v e n i n g  sequences  (or  i n t r o n s ) .  The gene

sequences  a r e  t r a n s c r i b e d  to g iv e  p r e c u r s o r  RNA m o le c u le s .  In t h e se ,

the intron sequences a re  removed by a process ca l led  as RNA sp l i c in g  to

g iv e  m a tu re  RNA. This  p ro c e s s  is  m e d ia te d  by some enzymes. But t h e r e
26-29are  some examples of  RNA s e l f - s p l i c in g .

In 1981 Cech e t  a_l.2® found t h a t  RNA s p l i c i n g  and l i g a t i o n  take
2+place when pre-rRNA of  Tetrahymena is incubated with guanosine, Mg

and without any pro te in .  S im ila r  r e s u l t s  were obtained with  pre-rRNA
27t h a t  i s  t r a n s c r i b e d  j_n v i t r o  from a recom binan t  DNA. I t  has been 

s u g g es ted  t h a t  t h e s e  r e a c t i o n s  occur  by t r a n s e s t e r i f i c a t i o n ,  an
on

exchange of  phosphate e s te r s .  In the f i r s t  s tep  the 3’ hydroxyl o f  a 

f r e e  guanos ine  a c t s  a s  a n u c l e o p h i l e  by a t t a c k i n g  the  5T s p l i c e  s i t e .  

Th is  s t e p  lea v e s  a 3' hydroxyl  group a t  the  end o f  the  5' exon, which 

then a c t s  as  a n u c l e o p h i l e  in the  second s t e p ,  exon l i g a t i o n .  This  

r e a c t i o n  i s  an example o f  i n t r a m o le c u la r  c a ta ly s i s .  The RNA-mediated
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r e a c t i o n  i s  s e n s i t i v e  to  t e m p e r a t u r e ,  denaturan ts ,  and s i t e - s p e c i f i c  

muta t ions  in ENA as  a re  enzyme-catalyzed reac t ions .  But the ENA is not 

a t r u e  enzyme in t h i s  c a s e  s i n c e  ENA i s  not  r e g e n e r a t e d  in o r i g i n a l  

form a t  the end o f  the react ion .

In 1983 Gurr i e r -T a k a d a  et  ̂ aj,.'*1 found t h a t  th e  ENA s u b u n i t  o f  

r i b o n u c l e a s e  P a c t s  as  a t r u e  enzyme under  c e r t a i n  c o n d i t i o n s .  

Ribonuclease P (ENAase P) c o n s i s t s  o f  p ro te in  and ENA subunit s ,  which 

is respons ib le  for the matura t ion  o f  the 5' termini  o f  tENA molecules.  

The RNA subunits  of  ENAase P p u r i f i e d  from both co l i  and R  s u b t i l  is 

c leave precursor  tRNA to tENA*^ in b u f fe r s  con ta in ing  60 mM and

1 mM spermidine,  whereas the p ro te in  subunits  o f  enzymes alone show no 

c a t a l y t i c  a c t i v i t y .  The ENA-mediated r eac t ion  follows Michaelis-Menten 

k i n e t i c s .  The Kj^, 5 X lO-  ̂ M, is  c l o s e  to t h a t  o b t a i n e d  fo r  RNAase P. 

The turnover number for the ENA subunit is  1 mole o f  product per minute 

per mole of  ENA, whereas for ENAase P is  2 moles o f  product per minute 

per  mole o f  enzyme. The RNA s u b u n i t  d i f f e r s  from RNAase in tu rn o v e r  

number only by a fac to r  o f  two which is  not s ig n i f i c a n t .  Based on these

r e s u l t s ,  i t  is  considered tha t  ENA a c t s  as  a t rue  enzyme.
00In another,  study, Guerrier-Takada and Altman found tha t  the ENA 

subunit of  ENAase P from c o l i , prepared by t r a n s c r i p t i o n  rn v i t r o  of  

the gene for ENA subunit ,  c leaves  the precursor  tENA to tHNA*yr in the 

same way as the ENA p u r i f i e d  from col i . These r e s u l t s  show tha t  the 

a c t i v i t y  showed by the ENA subunit is not due to a p ro te in  contaminant 

in the p repara t ion  o f  ENA in the e a r l i e r  study.
o o

In 1986 Zaug and Cech found t h a t  r ib o so m a l  RNA i n t e r v e n i n g  

s e q u e n c e  ( IVS RNA) o f  T e t r a h y m e n a  t h e r m o p h i  I e  a c t s  a s  an RNA

3



p o l y m e r a s e .  The IVS RNA s y n t h e s i z e s  p o l y c y t i d y l i c  a c i d  f rom 

pen tacy t idy l ic  acid in 50 mM tris-HCl buffer ,  pH 7.5 conta ining 20 mM 

IV^Cl2* The polymerization occurs in a 5 ' - to -3 '  d i re c t io n .  All products 

have 3' hydroxyl  t e r m in i  and the  c o v a l e n t  l i n k a g e s  a r e  3' ,  5 ' -  

phosphodiester bonds. The enzyme, RNA polymerase e x ih ib i t s  s im i la r  kind 

o f  p roper  t i e s .  But the IVS RNA di f fe r  s from RNA po lym erase  in t h a t  i t  

uses an in te rna l  ra ther  than an external  template.

The IVS RNA-catalyzed reac t ion  exh ib i t s  many s i m i l a r i t i e s  to the 

en zy m e -c a ta ly z ed  r e a c t i o n s .  The r e a c t i o n  f o l lo w s  M ich ae l i s -M en ten  

k in e t i c s ,  is sp ec i f ic  for subs t ra te s  and is inh ib i ted  by competit ive 

i n h i b i  t o r s  1 ike deoxycyt  idy l  ic  a c id .  The K,  ̂ and kc a j. o b t a in e d  in the  

r e a c t i o n  for  IVSRNAwith p e n ta c y t  idyl  ic  a c i d  a r e  42 /iM and 2 m i n - l j

respect ive ly .  The kQat is lower than those of  many p ro te in  enzymes. But 

i t  is  c lose  to that  of  p ro te in  enzymes tha t  recognize sp ec i f ic  nucleic 

a c i d  sequences  l i k e  Eco RI (1 to  18 m in - 1 ) and r i b o n u c le a s e  P 

(2 m in - *-).
0 4  OK

Shimidzu and Lets inger  ’ used modified ENA as a c a t a ly s t  in the 

hydrolysis  of  e s te r s .  They p repared  an o l  igodeoxyr i b o n u c le o t  ide w i th  

N - a c e t y l h i s t i d a t e s  and used i t  for  the h y d r o ly s i s  o f  £ - n i t r o p h e n y 1 - 

(oligodeoxyribonucleot ide succinate)s  in the presence o f  po lycy t idy l ic  

a c id .  Deoxyguanyldeoxyguanosine N -a c e ty lh i s t id a te  hydrolyzes £ - n i t r o -  

phenyl(deoxyguanosine  s u c c i n a t e )  4 t im e s  f a s t e r  than t h a t  w i th o u t  

po lycy t idy l ic  acid.  In th i s ,  po lycy t idy l ic  ac id  a c t s  as  a template and 

the im id az o le  group p r e s e n t  in deoxyguanyldeoxyguanosine  N - a c e t y l ­

h i s t  idate  a c t s  as a nucleophile for the e s t e r  hydrolysis.
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All  o f  the  e a r l i e r  exam ples  show t h a t  non-enzymes e x h i b i t  

enzymatic p ro p e r t i e s  and the enzymatic a c t i v i t y  can be c rea ted  in non- 

enzymatic systems. In t h i s  p r o je c t ,  two d i f f e r e n t  model systems were 

se le c te d  to mimic enzymes.

1) Boronic ac id s

2) Antibodies  tha t  bind t r a n s i t i o n  s t a t e  analogs

The chemis t ry  o f  bor ic  and boronic ac id s  has long been of  i n t e r e s t  

to  c h e m i s t s  due to th e  Lewis  a c i d  c h a r a c t e r  o f  t h e s e  compounds 

(as  e l e c t r o n - p a i r  a c c e p t o r s ) .  Boron in t r i v a l e n t  compounds has  one 

v a c a n t  o r b i t a l  which i s  a v a i l a b l e  fo r  th e  f o rm a t io n  o f  a f o u r t h  

c o v a l e n t  bond w i t h  e l e c t r o n  donor a tom s.  B o r i c  and b o r o n ic  a c i d s  a r e  

t r i g o n a l  compounds and io n i z e  to  t e t r a h e d r a l  in aqueous s o l u t i o n  by 

accept ing  an e l e c t ro n  p a i r  from OH~ as shown in equat ion 1. Edwards e_t
o c

a l .  inves t iga ted  the s t r u c tu r e  o f  bora te  ion in aqueous s o lu t io n  by 

Raman spectroscopy. They ind ica ted  tha t  i t  has a t e t r a h e d ra l  symmetry 

and i s  B(OH)4“ .

Boric or boronic acids

+ H ( 1 )

In 1870's  i t  was o b se rv ed  t h a t  by ad d in g  g l y c e r o l  and o t h e r
37v a r i o u s  compounds to  b o r i c  a c i d  t h e  s o l u t i o n  a c i d i t y  is  r a i s e d .



Later ,  in the ea r ly  par t  of  th i s  century,  several in v es t ig a to rs  s tudied

the  fo rm a t io n  o f  b o r i c  a c id  complexes  w i t h  p o ly o l s  ( c a rb o h y d r a t e s ) ,
17phenols, cyc l ic  g lycols  and hydroxy acids .  They determined the extent

of complex formation by measuring the enhancement o f  the conduct iv i ty
37of bor ic  acid with  the above a lcoho l ic  compounds. Boeseken applied

th i s  method to determine the conf igura t ion  o f  carbohydrates.  Boric and

b o ro n ic  a c i d s  a l s o  form e s t e r s  w i t h  s im p le  a l c o h o l s ;  th e  e s t e r s  of

unhindered primary a lcohols  undergo hydrolysis  very rap id ly  in water to
38regenera te  the boron acids.

In recent  years,  Pizer  and h is  group‘d -44 s tudied the reac t ion  of

bor ic  ac id ,  benzeneboronic ac id  and s u b s t i t u t e d  benzeneboron ic  a c id s

with  polyols ,  d icarboxyl ic  ac ids  and hydroxy acids  by temperature jump

method . They showed t h a t  the  complex fo rm a t io n  i s  v e ry  r a p i d  and

determined the d i s so c ia t io n  constants  of  bor ic  and boronic acids  with

ligands by a pH t i t r a t i o n  method. The d i s so c ia t io n  constants  a re  in the

m i l l im o la r  to micromolar range, and depend upon the a c i d i t i e s  of  the

boronic acids and the ligands.

Complex formation of  boric  and boronic acids w ith  various ligands

has several app l ica t ions .  The f i r s t  ap p l ica t io n  is in chromatography.

The b o ro n ic  a c i d  can be a t t a c h e d  to  c e l l u l o s e  d e r i v a t i v e s  and i t  is
45then used to separate  various sugars.

The second ap p l ica t io n  is  the use of  boronic ac ids  as  t r a n s i t i o n
A  Cl

s t a t e  an a lo g  i n h i b i t o r s  for  s e r i n e  p r o t e a s e s .  In 1957, T o r s s e l l  

n o t i c e d  the  i n h i b i t i o n  o f  c h o l i n e s t e r a s e  by b enzeneboron ic  a c id .  

Ph i l ipp  and Bender4"̂ used several su b s t i tu te d  benzeneboronic acids  to 

in h ib i t  chymotrypsin and s u b t i l i s i n .  Pept ideboronic ac ids  a re  a l so  used
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a s  i n h i b i t o r s  and  a r e  found to  i n h i b i t  enzymes  in n a n o m o la r  

concentrat ion range.48,49 Koehler and L ienha rd^  proposed tha t  boronic 

a c id s  a r e  t r a n s i t i o n  s t a t e  ana logs .  The bo ron ic  a c id  e s t e r i f i e s  the 

a lcohol ic  group of  ser ine  amino acid present  in the ac t ive  s i t e  of an 

enzyme. As a r e s u l t ,  the  b o ro n ic  a c id  becomes t e t r a h e d r a l  and mimics 

the  t e t r a h e d r a l  t r a n s i t i o n  s t a t e  of  the enzym e-ca ta lyzed  e s t e r  

hydrolysis .

The th i rd  app l ica t ion  is to use boronic acids  as enzyme models. 

The f i r s t  s t e p  in enzym at ic  c a t a l y s i s  is  u s u a l l y  the  fo rm a t io n  o f  an 

enzyme-substrate complex. The complexation can juxtapose su b s t r a te  and 

c a t a l y s t  and thus  f a c i l i t a t e s  an i n t r a m o l e c u l a r  r e a c t i o n .  B or ic  and 

b oron ic  a c id s  complex w i th  v a r io u s  l ig a n d s  and i t  i s  i n t e r e s t i n g  to 

know whether  t h i s  com plexa t ion  leads  to a h y d r o ly s i s  o f  the l igands  

or  not .

In 1960, Peer^1 f i r s t  found that  phenol reac ts  with formaldehyde 

and gives exclus ive ly  o-hydroxymethyl phenol in the p re sen c e  o f  b o r ic  

a c id .  There  is  no fo rm a t io n  o f  o r t h o - p ro d u c t  in the  absence of  b o r ic  

a c i d  under the  same c o n d i t i o n s .  This  may be due to the r a p id  and 

revers ib le  formation of a complex of phenol, borate  and formaldehyde 

(equation 2, repr in ted  from ref.  52).

13



c o
In 1963, L e t s i n g e r  e_t a_l. used 8 -q u in o l  in eb o ro n ic  a c id  as  a 

c a t a l y s t  in the h y d r o ly i s  o f  c h lo r o e th a n o l  to  e t h y l e n e g l y c o l .  I t  

c a t a l y z e s  the  h y d r o ly s i s  a t  l e a s t  80 t im es  f a s t e r  than a m ix tu re  o f  

q u i n o l i n e  and benzeneboron ic  a c id .  This  shows the advan tage  of  

intramolecular  c a t a ly s i s  over in termolecular  c a ta ly s is .

+ h o c h 2c h , ci

HOCHjCHjOH + A

The boronic group in 8-quinol ineboronic acid forms a complex with 

c h lo ro e th a n o l  and the n i t r o g e n  p a r t i c i p a t e s  in the r e a c t i o n  by 

i n c r e a s i n g  the  n u c l e o p h i l i c i t y  o f  the oxygen atom jo in e d  to boron,  

which in turn d isp laces  chlor ide  ion (equation 3, repr in ted  from ref.  

52). The hydrolysis is inh ib i ted  in the presence of  d io l  compounds, as 

the l a t t e r  form a complex with the boronic acid.

8 -Q u in o l in e b o ro n ic  a c id  a l s o  shows s t e r e o s e l e c t i v i t y  in the 

h y d r o ly s i s  o f  c h l o r o a l c o h o l s . ^  I t  h y d ro ly z es  the  t r a n s - 2 - c h l o r o - l -  

indanol  to the p roduc t  and not the c i s  isomer ,  in a c e r t a i n  p e r io d  o f  

t ime.  This  was e x p l a in e d  as  b e ing  due to  the  geometry  o f  the  complex 

formed between the c a ta ly s t  and the subs t ra te .  The complex formed with 

the  c i s  isomer may not be f a v o ra b le  for  an a t t a c k  on the carbon of  

chloroalcohol by the oxygen joined to boron.



In another study, Lets inger  £ t  a h ' ’*’ used boronoarylbenzimidazole 

as a c a t a ly s t  in the formation o f  e the rs  from chloroethanol in butanol 

so lu t ion .  Here a l so  the borono group in boronoarylbenzimidazole binds 

the a lcoho l ic  s u b s t r a te s  and holds them in a p o s i t io n  favorable for the 

r ea c t io n .
c e

In 1966, Capon and Ghosh found t h a t  b o r a t e  c a t a l y z e s  the  

hydrolys is  of  phenyl s a l i c y l a t e  more than 100-fold more rapid ly  than 

the hydrolys is  of  phenyl-o-methoxybenzoate and phenyl benzoate. Borate 

may increase  the r a t e  of  e s t e r  hydrolys is  by s t a b i l i z i n g  the t r a n s i t i o n  

s t a t e  invo lved  in t h a t  h y d r o l y s i s ,  r e s u l t i n g  in a lo w e r in g  o f  the  

a c t i v a t i o n  energy .  In the  b o r a t e - c a t a l y z e d  h y d r o l y s i s  o f  phenyl 

s a l i c y l a t e ,  borate  forms a complex with the e s t e r  and then boron a c t s  

as  a Lewis  a c i d  to  a c c e p t  lone p a i r  o f  e l e c t r o n s  from oxygen, which 

leads  to the formation of  an in termediate .  This in termediate  resembles 

the  t r a n s i t i o n  s t a t e  o f  e s t e r  h y d r o l y s i s  ( e q u a t i o n  4, r e p r i n t e d  from 

r e f .  52).

H - 0 - ~ ' v^0C *H 5

f Y c«o>

OH

0 3O - B - O H
I
OH

HO

^0
O - B - O H

I
OH

(4)

57Okuyama e£ a K  showed t h a t  b o r a t e  c a t a l y z e s  the  h y d r o l y s i s  o f  

S-butyl 2-hydroxy-2-phenylth ioaceta tes  by a fac to r  o f  about 80 a t  pH 9. 

B u ty l th io a ce ta te  is  not hydrolyzed by bora te  s ince  there  is no hydroxyl 

g roup in t h i s  e s t e r  to  form a complex w i t h  b o r a t e .  Th is  may be a good

15



model to show that  the ca ta ly s t  and the substra te  should form a complex 

before the ca ta ly s is .
5 8B o r i c  a c i d  c a t a l y z e s  t h e  h y d r o l y s i s  o f  hyd roxy  and

salicylaldehyde Schiff  b a s e s . T h e  hydrolysis ra te  as a function of

boric acid concentration follows a sa tu ra t ion  curve. The same type of

curve is  observed in the case  o f  an enzym e-ca ta lyzed  r e a c t i o n s  as a

function of  enzyme concentration. I t  suggests that there is formation

of  a bora te-Schif f  base complex. They suggested the possible mechanism

for the ca ta ly s is  of  th is  hydrolysis to be an intramolecular t ransfer

of a boron-coordinated hydroxide ion within  a bora te -subs t ra te  complex.

The most obvious reason  by which an enzyme in c re a se s  the  r a t e  o f  a

reaction is by binding to the substra te  molecule and holding i t  close

to the reac t ive  groups. Borate also acts  in the same way.

In another study, i t  has been shown tha t  boric acid catalyzes the
fi 1format ion  o f  a S c h i f f ' s  base.  A t ru e  c a t a l y s t  is  the one th a t  

c a t a l y z e s  the r e a c t i o n  in both  d i r e c t i o n s .  Boric  ac id  a l s o  c a t a l y z e s  

the r e a c t i o n  in both  d i r e c t i o n s  i .e.  in the fo rmat ion  o f  a S c h i f f ’s 

base and in i t s  hydrolysis.  All these examples suggest that boric acid 

has some enzyme-like propert ies .

Boronic acids  have not been used as ca ta ly s ts  except in one study
CO c  c

by L e ts in g e r  e t^  a_l. Boronic a c id s  may be b e t t e r  c a t a l y s t s  than

b o r ic  a c id  s in c e  i t  has been found t h a t  boron ic  a c id s  a r e  b e t t e r

inhib i tors  of  ser ine  proteases than boric acid, because boronic acids

form a s t r o n g  complex w i th  the  hydroxyl group of  s e r i n e  amino ac id
fi 9p re se n t  in the a c t i v e  s i t e  o f  an enzyme. I t  is a l s o  known th a t  the 

s t a b i l i t y  constants  for phenylboronic acid with d io ls  are g reater  than

16



t h o s e  fo r  b o r i c  a c i d  com plexes  by f a c t o r s  o f  4 - 6 . ^  The b i n d in g  

cons tan t  is  an important f ac to r  in the ca ta lyzed  r e a c t io n s ,  s ince  the 

o b s e rv e d  c a t a l y t i c  r a t e  c o n s t a n t  inc reases  w i th  an increase  in the 

binding cons tan t .  On t h i s  b a s i s ,  boronic ac ids  may be b e t t e r  c a t a l y s t s  

than  b o r i c  a c i d .  B o ro n ic  a c i d s  w i t h  d i f f e r e n t  s u b s t i t u e n t  g roups  a r e  

a v a i l a b l e  and th e  s t u d i e s  w i t h  t h e s e  b o r o n ic  a c i d s  m ig h t  g i v e  more 

i n f o r m a t i o n  abou t  t h e  mechanism  o f  c a t a l y s i s .  Tha t  i s  why, b o r o n ic  

ac ids  were s e le c te d  as one of  the models in t h i s  p ro je c t .
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EXPERIMENTAL

MATERIALS

Water  used th roughou t  the e x p e r im e n t s  was d e io n iz e d  and was

p re p a re d  by p a s s i n g  the  tap  w a te r  through an ion-exchange  r e s i n .

Deuterium oxide was purchased from Aldrich Chemical Co. Glassware used

in the experiments was cleaned with  soap water ,  rinsed with  deionized

water ,  and then dr ied in an oven a t  60°C.

Buffers  were made from reagent grade chemicals.  I n i t i a l  1.0 and

0.5 molar NaOH so lu t ions  were prepared by d isso lv ing  a weighed amount

o f  a l k a l i  in w a te r  in a v o l u m e t r i c  f l a s k .  1.0 and 6.0 m ola r  HC1

so lu t ions  were prepared by d i l u t i n g  concentrated HC1 with  water in a

v o l u m e t r i c  f l a s k .  0.5 m olar  p o ta s s iu m  dihydrogen  p hospha te  and 1.0

m olar  sod i urn b i c a r  bona te  s o l u t i o n s  were p re p a red  as  NaOH s o l u t i o n s .

Buffers of  0.1 M ionic s t reng th  were prepared with  the above solu t ions
fi Tby using buffer  formulae given in the Biochemis ts ’ Handbook. Buffers 

were f in a l ly  f i l t e r e d  through a M il l ipo re  f i l t e r  (pore s ize :  0.45 jum).

The pH m e t e r  was s t a n d a r d i z e d  w i t h  s t a n d a r d  b u f f e r s  

(Fi sher  Sc ie n t  i f ic Co.) a t  pH 4 and 7.

Benzeneboronic  a c id  was pu rchased  from A ld r i c h  Chemical  Co. 

B u f f e r s  a t  v a r i o u s  pH v a lu e s  c o n t a i n i n g  benzeneboron ic  a c i d  (0.02 M) 

were p re p a re d  for  the  pH s tudy  by d i s s o l v i n g  a weighed amount of  

b o ro n ic  a c id  in b u f f e r s .  The pH o f  each b o ro n ic  a c id  s o l u t i o n  was 

checked and a d j u s t e d  to r i g h t  pH w i th  5 N NaOH or 6 N HC1. A s to ck  

s o l u t i o n  o f  0.2 M b o ro n ic  a c i d  was made in phospha te  b u f f e r ,  pH 6.0 

and d i lu ted  to the des ired  concentrat ion in phosphate buf fe r ,  pH 6.0.
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3-Nitrobenzeneboronic ac id  was purchased from ICN Pharmaceut icals  

Inc.  B u f f e r s  c o n t a i n i n g  0.05 M b o r o n ic  a c i d  a t  h ig h e r  pH's and 0.025 M 

boronic ac id  a t  lower pH's were prepared for the pH s tudy as benzene­

b o r o n ic  a c i d  s o l u t i o n s .  A 0.6 M b o r o n ic  a c i d  s to c k  s o l u t i o n  was 

prepared in a bso lu te  e thanol .

3-Aminobenzeneboronic a c id  was purchased from Aldr ich  Chemical Co. 

A 0.05 M boronic ac id  stock  s o lu t io n  was prepared in phosphate b u f fe r ,  

pH 6.0 and d i l u t i o n s  were  made in p h o s p h a te  b u f f e r ,  pH 6.0 to  the 

d e s i r e d  c o n c e n t r a t io n .

3 -C a rb o x y b en ze n e b o ro n ic  a c i d  was p u rch ase d  from Calb iochem .  

A s to c k  s o l u t i o n  o f  0.5 M b o r o n ic  a c i d  was made in  a b s o l u t e  e t h a n o l .  

This  s tock s o lu t io n  was d i l u t e d  to 0.033 M in phosphate b u f fe r ,  pH 6.0 

and the pH was ad jus ted  to 6.0 w i th  5 N NaOH. This was fu r th e r  d i l u t e d  

in phosphate b u f fe r  to the d es i r ed  concen tra t ion .

4-Bromobenzeneboronic ac id  was purchased from Aldr ich  Chemical Co. 

A s tock so lu t io n  o f  0.2 M boronic ac id  was made in e thy l  a lcohol .  This 

was d i l u t e d  to  0.02 M in  p h o s p h a te  b u f f e r ,  pH 6.0 and th e  pH was 

a d j u s t e d  to  6.0 w i t h  6 N HC1. T h i s  was f u r t h e r  d i l u t e d  in p h o sp h a te  

bu f fe r  to the d e s i r e d  concen tra t ion .

3 , 5 - B i s - ( t r i  f lu o ro m e th y l  )benzeneboron ic  ac id  was purchased from 

A l f a  P r o d u c t s  a n d  u s e d  f r o m  a 0 .1  M s t o c k  s o l u t i o n  in  

dimethyl formamide.

4-Tolueneboronic ac id  was prepared by fol lowing the procedure of  
fi ABean and Johnson .  I t  was r e c r y s t a l l i z e d  t w ic e  from w a t e r .  A 0.3 M 

boronic ac id  s tock s o lu t io n  was made in e thy l  a lcohol  and was d i lu t e d  

to  0.03 M in p h o s p h a te  b u f f e r ,  pH 6.0. The pH o f  t h i s  s o l u t i o n  was
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a d j u s t e d  to  6.0 w i t h  6 N HC1 and d i l u t i o n s  were  made in p h o sp h a te  

bu f fe r ,  pH 6.0 to the des i red  concentra t ion .

D i p h e n y l b o r in i c  a c i d  e th a n o la m in e  complex  was p u rc h a sed  from 

A l d r i c h  Chemical  Co. A 0.1 M b o r i n i c  a c i d  s to c k  s o l u t i o n  was made in 

abso lu te  ethanol and d i lu t e d  to 0.01 M in the same solvent.

B o r ic  a c i d  was p u rch a se d  from F i s h e r  S c i e n t i f i c  Co. S tock  

s o l u t i o n s  o f  0.1 and 0.2 M b o r i c  a c i d  were made in p h o sp h a te  b u f f e r ,  

pH 6.0 and d i l u t e d  to  th e  d e s i  red  co ncen t  r a t  ion in p h o sp h a te  b u f f e r ,  

pH 6.0.

Sal i c y l a l d e h y d e  was p u rc h a sed  from Sigma Chemical  Co. and was 

d i s t i l l e d  before  use. 4-Hydroxybenzaldehyde was p u rc h a se d  from Sigma 

Chemical Co. and used from a s tock so lu t io n  o f  0.1 M in a c e t o n i t r i l e .

L - Iso leuc ine  was obtained from Sigma Chemical Co. and a 0.0136 M 

s to c k  s o l u t i o n  was made in b i c a r b o n a t e  b u f f e r ,  pH 10.0. L - I s o l e u c i n -  

amide was obta ined from the United S ta te s  Biochemical Corporation.

D-Fructose was obta ined from Aldr ich  Chemical Co. 0.025 M benzene­

boronic ac id  in pH 6.0 phosphate bu f fe r ,  con ta in ing  var ious  amounts of 

f ruc tose ,  were prepared and were used in the study of  f ruc tose  e f f e c t  

on s a l ic y l id e n e -L - i s o le u c in e  hydrolys is  by benzeneboronic acid.

P repara t ion  of  s a l i c y l id e n e - L - i s o le u c in e : 12.6 mg (0.096 m i l l im o le s )  of 

L- i so leuc ine  were d isso lved  in 7 ml o f  b icarbonate  bu f fe r ,  pH 10.0 and 

0.01 ml o f  s a l  i c y l a l d e h y d e  (0.096 m i l l i m o l e s )  was added to  i t .  The 

reac t ion  mixture  was shaken for few minutes  to d is so lve  sa l icy la ldehyde  

and kept in the r e f r i g e r a t o r  overnight.
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P r e p a r a t i o n  o f  s a l  i c y l  i d e n e - L - i s o l e u c i n a m i d e : 12.4 mg (0.096 mi 11 i - 

moles)  o f  L - i s o l e u c in a m id e  were d i s s o l v e d  in 7 ml o f  b i c a rb o n a te  

buffer ,  pH 10.0 and 0.01 ml (0.096 mil l imoles)  of  sal icylaldehyde was 

added to i t .  The r e a c t i o n  m ix tu re  was kept in the  r e f r i g e r a t o r  

o v e rn ig h t  and s a l i c y l i d e n e - L - i s o l e u c i n a m i d e  ( S c h i f f ' s  base)  was 

p r e c i p i t a t e d  d u r in g  t h i s  t ime.  The p r e c i p i t a t e  was s e p a r a t e d  by 

f i l t r a t i o n ,  washed with buffer ,  dissolved in e ther  and then dr ied  over 

anhydrous MgSO^ E th e r  was e v a p o r a t e d  u n d e r  n i t r o g e n  a t  room 

tem p e ra tu re  to g e t  a so l i d  S c h i f f ’s base.  A s tock s o l u t i o n  o f  0.011 M 

Schiff ' s  base was made in a c e t o n i t r i l e  (2.6 mg/ml).

P r e p a r a t i o n  o f  4 - h y d r o x y b e n z y l id e n e - L - i s o l e u c in e ; 0.136 ml o f  0.1 M

4-hydroxybenzaldehyde from the s tock  s o l u t i o n  was added to 1.0 ml of  

0.013 M L- isoleucine stock solu t ion in bicarbonate buffer ,  pH 10.0. The 

r e a c t i o n  m ix tu re  was mixed by shaking  and kept in the  r e f r i g e r a t o r  

overnight .

METHODS;

Kinetic  measurements: The hydrolysis of a Schiff ' s  base was ca r r ied  out 

by fo l lo w in g  the d e c re a se  o f  absorbance  s p e c t r o p h o t o m e t r i c a l  ly a t  

390 nm using a McPherson Double-Beam absorbance spectrophotometer. The 

spectrophotometer was equipped with a thermosta t ted c e l l  compartment 

which was m a in ta in e d  a t  30.0 ±0.2°C. The t o t a l  volume o f  the  r e a c t i o n  

m ix tu re  in most o f  the  c a se s  was 1.0 ml.  One ml o f  b u f f e r  which 

c o n t a i n s  the  boron ic  a c id  was p laced  in a 1.0 ml q u a r t z  c u v e t t e  us ing  

1 ml p i p e t t e  and e q u i l i b r a t e d  w i th  the c e l l  h o ld e r  t e m p e ra tu re  for
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5 minutes.  In some cases,  the stock solut ion of boronic acid (5-30 jjI) 

was added to 1.0 ml o f  b u f f e r .  The r e a c t i o n  was then i n i t i a t e d  by 

add ing  0.01 ml o f  a 0.0136 M s to c k  s o l u t i o n  o f  s a l  i c y l i d e n e - L -  

iso leucine.  In the case of 4-hydroxybenzyl i d e n e - L - i s o l e u c i n e ,  0.2 ml 

o f  0.0136 M S c h i f f ' s  base  s to ck  s o l u t i o n  was added to  1.0 ml o f  

reac t ion  mixture  because the change in the absorbance was small when i t  

hydrolyzes as compared to sa l icy l idene-L- iso leuc ine .  The hydrolysis  of  

the  S c h i f f ' s  base  w i th o u t  the b o ro n ic  a c id  was fo l lo w e d  a t  a l l  pH's 

s i n c e  i t  undergoes  spon taneous  h y d r o ly s i s  in a c i d i c  as  w e l l  as  in 

a lk a l in e  medium. The reac t ion  r a te  constant obtained with the boronic 

a c i d  was c o r r e c t e d  for  the  spontaneous  hydrolysis  by sub trac t ing  the 

spontaneous  r a t e  c o n s t a n t  from the  r a t e  c o n s t a n t  o b t a in e d  w i t h  the  

b o ron ic  acid.

K ine t  ic s  in d e u te r  ium o x i d e ; Phospha te  b u f f e r s  o f  0.1 M a t  pH 6.0 and 

6.6 were prepared using small amounts of  0.5 M KH2P04 and 0.5 M NaOH in 

D20. B u f f e r s  c o n t a i n i n g  0.02 M benzeneboron ic  a c i d  were p re p a re d  by 

d i s s o l v i n g  the  b o ro n ic  a c id  in the  above two b u f f e r s .  S c h i f f ' s  base  

hydrolysis  was i n i t i a t e d  by adding 0.01 ml o f  s a l icy l idene-L - iso leuc ine  

from the  s to c k  s o l u t i o n  to 1.0 ml o f  b u f f e r  t h a t  c o n t a i n s  the b o ro n ic  

acid.  The spontaneous reac t ion  was a l so  followed without  the boronic 

ac id .

The pH of  the reac t ion  so lu t ion  was measured on a Radiometer Model 

PHM61 pH meter immediatly a f t e r  the reac t ion  was fin ished .

The cuvet te  was rinsed thoroughly a f t e r  each run with  tap water,  

acetone and deionized water .  Cuvettes were p e r io d ic a l ly  cleaned with
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chromic acid-H2SC>4 mixture.

The hydrolys is  of  the S ch i f f ' s  base followed f i r s t - o r d e r  k in e t i c s  

and t im e s  were  d e t e r m in e d  from the  r e c o r d e r  c h a r t  d i v i s i o n s .  The 

i n f i n i t e  ab so rb an ce  v a lu e s  were  r e c o rd e d  a f t e r  th e  r e a c t i o n s  were 

recorded through 75% of  completion. The f i r s t - o r d e r  r a t e  cons tan ts  were 

c a lcu la ted  from the time-course absorpt ion data  using a graphics  t a b le t  

program. The f i r s t - o r d e r  r a t e  cons tants  were co r rec ted  where more than 

1.01 ml o f  t o t a l  r eac t ion  mix ture was used.

D e t e r m i n a t i o n  o f  and kCflt; The f i r s t - o r d e r  r a t e  c o n s t a n t  for  the 

h y d r o l y s i s  o f  t h e  S c h i f f ’s b a s e  was d e t e r m i n e d  a t  d i f f e r e n t  

concentra t ions  of  boronic acid  and fixed concentra t ion  o f  the Sch if f ' s  

base.

When the  c a t a l y s t  c o n c e n t r a t i o n  i s  g r e a t e r  than  the  s u b s t r a t e  

concentra t ion  condi t ions  e x i s t  opposite  to those o f  a normal enzymatic 

r e a c t i o n  (SQ>  EQ). The f i r s t - o r d e r  r a te  constant  under the condi t ions  

o f  E>S ,  is  given by

kcat  Eo

kc = ---------------------- (1)

K m ^ o

w hich  is  an a lo g o u s  to  t h a t  o b t a i n e d  under  normal e n z y m a t ic  r e a c t i o n  

<s o > Eo>

kca t  Eo

kQ = -----------------------  (2)

« m + s o
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According to e q u a t io n  1, a p lo t  o f  1/E0 vs. l / k Q (a Lineweaver-Burk 

type of plot)  should be linear  and y ie ld  the values of kcat  and from 

the intercept  and slope, respect ively.  In fact ,  i t  has been found that  

a p lo t  o f  1/EQ vs. l / k Q or 1/SQ vs. l / k Q g iv es  s i m i l a r  kc a t  and 

values.®**

In th is  study, the concentration of  the catalyst  was greater than 

the substra te  concentration and equation 1 was applied. The kca  ̂ and 1^  

were de te rm ined  from a Lineweaver-Burk type p l o t  o f  1 /bo ron ic  a c id  

concentration vs. 1 / f i r s t - o r d e r  r a te  constant.

All l inear  p lo ts  were drawn by leas t  square f i t  and the data were 

taken from those plots.
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RESULTS:

The S c h i f f ' s  b a s e ,  s a l i c y l i d e n e - L - i s o l e u c i n e  1, d e r i v e d  from 

sa l  icy la ldehyde  and L - i so le u c in e  u n d e rg o e s  s p o n ta n e o u s  h y d r o l y s i s  to 

g i v e  p r o d u c t s .  The s p e c t r u m  o f  th e  r e a c t i o n  p r o d u c t s  a g r e e d  w i t h  the  

s p e c t r u m  o f  sa  1 i c y l a l d e h y d e  (^max nm). The h y d r o l y s i s  o f  the

S c h i f f ' s  base was a c c e l e r a t e d  by b o r ic  and boronic  a c id s  (Fig. 1). The 

spectrum o f  the product  was the same as  tha t  observed in the absence of  

b o r o n ic  acid .

In another  s tudy,  boronic  ac id s  d id  not hydrolyze a d i f f e r e n t  type 

o f  S c h i f f ' s  b a s e ,  4 - h y d r o x y b e n z y l i d e n e - L - i s o l e u c i n e  1A, t h a t  was 

der ived  from 4-hydroxybenzaldehyde and L - i so le u c in e .  The S c h i f f ' s  base 

1A, undergoes spontaneous hydro lys is  in 0.1 M phosphate  b u f fe r ,  pH 6.0

no e f f e c t  on the spontaneous hydro lys is  o f  the S c h i f f ' s  base 1A. These 

r e s u l t s  a r e  g i v e n  in T a b le  I .  The r a t e s  o b t a i n e d  in t h e  p r e s e n c e  and 

absence o f  the boronic  ac id  a r e  the same.

a t  30°C. 3-Nitrobenzeneboronic a c id  as wel l  as  d ip h e n y lb o r in ic  ac id  had
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The f o l l o w i n g  e x p e r im e n t s  were  done in o r d e r  to  u n d e r s t a n d  the  

mechanism o f  the S c h i f f ' s  base 1 hydrolys is  ca ta lyzed  by boronic acids .  

E f fec t  of  boronic acid  concentra t ion  on the hydrolys is  of  the S ch i f f ' s  

b a se ;

The h y d r o l y s i s  o f  the  S c h i f f ' s  base  was s t u d i e d  by v a r y in g  the  

c o n c e n t r a t i o n  o f  b o r o n ic  a c i d  and k eep in g  the  c o n c e n t r a t i o n  o f  the 

S c h i f f ' s  base  c o n s t a n t .  F ig .  2 shows th e  e f f e c t  o f  3 - n i t r o b e n z e n e -  

b o r o n ic  a c i d  c o n c e n t r a t i o n  on th e  h y d r o l y s i s  o f  th e  S c h i f f ' s  base .  A 

hyperbolic  curve was obtained which is s im i l a r  to the one observed in 

the  c a s e  o f  an e n z y m e - c a ta ly z e d  r e a c t i o n .  These r e s u l t s  i n d i c a t e  the  

formation of  a complex between the boronic acid  and the S c h i f f ' s  base. 

A Lineweaver-Burk p lo t  of  (3-ni trobenzeneboronic acid  concen t ra t ion ) -1 

vs. ( f i r s t - o r d e r  r a t e  c o n s ta n t ) -1 is  shown in Fig. 3.

E ffec t  of  pH on the hydrolys is  of  the Schi f f ' s  base by boronic a c i d s :

The pH dependence  o f  th e  h y d r o l y s i s  o f  t h e  S c h i f f ' s  base  

c a t a l y z e d  by th e  b o r o n ic  a c i d  was s t u d i e d  in th e  pH range 6.0 to 10.4. 

The second-order  r a t e  cons tan ts  for the hydrolys is  of the S c h i f f ' s  base 

by 3 - n i t r o b e n z e n e b o r o n i c  a c i d  a r e  p l o t t e d  as  a f u n c t io n  o f  pH in 

F ig .  4. A l l  p o i n t s  on the  p H - ra te  p r o f i l e  were  e x t r a p o l a t e d  to  ze ro  

b u f f e r  c o n c e n t r a t i o n .  (A p r e l  im in a ry  par  t o f  t h i s  s tu d y  was done by 

L i l i a h  Anand, a student  of  DeWitt C l in ton  High School) The r a t e  o f  the 

S c h i f f ' s  base hydro lys is  obtained w i th  the boronic acid  is maximum a t  

lower  pH's and d e c r e a s e s  w i t h  i n c r e a s i n g  pH. The pH p r o f i l e  i s  

s ig m o id a l  and the  pK (7.47) o f  the  t h e o r e t i c a l  curve  i s  c l o s e  to  the  

pK (7.3) of  3-nitrobenzeneboronic acid.
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Another boronic acid that  has a d i f f e r e n t  pK was chosen for the pH 

study to find out whether the pK of  boronic ac id  or phenolic hydroxyl 

group o f  the S c h i f f ' s  base  is  observed  in the e a r l i e r  pH p r o f i l e .  

Benzeneboronic  a c id  is  the b e s t  ch o ice  for  t h i s  s tudy  as i t s  pK (8.8) 

is nearly  1.5 pH un i t s  higher than that  of  3-nitrobenzeneboronic acid. 

Fig .  5 shows the pH p r o f i l e  o f  the h y d r o l y s i s  o f  the  S c h i f f ' s  base in 

the  p re se n c e  of  benzeneboron ic  a c id  and is  c o n s i s t e n t  w i th  the pH 

p r o f i l e  obtained in the presence of  3-nitrobenzeneboronic acid.  This pH 

p r o f i l e  is a l so  sigmoidal and the pH (8.9) of  the th eo re t ic a l  curve is 

c l o s e  to the  pK (8.8) o f  benzeneboron ic  a c id .  These r e s u l t s  show th a t  

the pK observed in the pH p r o f i l e  v a r ies  w ith  the boronic acid used for 

the s tudy .

In another  experiment, the e f fec t  o f  the carboxyl group, present 

in the amino a c id  o f  the S c h i f f ' s  base ,  on th e  pH p r o f i l e  o f  the 

h y d r o l y s i s  o f  S c h i f f ' s  b a s e  by t h e  b o r o n i c  a c i d  was c h e c k e d .  

A d i f f e r e n t  S c h i f f ' s  b a se ,  s a l i c y l i d e n e - L - i s o l e u c i n a m i d e  IB, was 

prepared from isoleucinamide instead of  iso leucine  which contains an 

amide group in the p l a c e  o f  the  ca rboxy l  group.  The h y d r o ly s i s  o f  

sa l icy l idene-L-iso leucinamide  in the presence of  benzeneboronic acid as 

a f u n c t io n  o f  pH was s tu d i e d  and compared to  the  h y d r o ly s i s  o f  

s a l i c y l i d e n e - L - i s o l e u c i n e  by benzeneboronic  acid .  The pH p r o f i l e  for 

the  h y d r o l y s i s  o f  s a l i c y l i d e n e - L - i s o l e u c i n a m i d e  in the p resence  o f  

benzeneboronic acid is  shown in Fig. 6. The pK obtained  from th i s  curve 

is  9.4 and is  0.5 u n i t s  higher than that  obtained from sal  icyl idene-L-

i so le u c in e  hydrolys is. . C H = N H — C — CO N H  

C H - C H ,

IB
C2H 5
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E f f e c t  o f  pH on kc a t  and o f  the  h y d r o ly s i s  o f  the Schi f f ' s  base by 

the boronic a c id :

The pH p r o f i l e s  obtained e a r l i e r  do not explain the reason for the 

decrease in the Schiff ' s  base hydrolysis with increasing pH. I t  is not 

known whether  i t  i s  due to poor b in d in g  a t  h ig h e r  pH's or  kc a j. is  pH 

dependent .  The k i n e t i c  c o n s t a n t s ,  kc a t and Kj ,̂ were d e te rm in ed  a t  pH 

6.0 and 7.8 for the  h y d r o ly s i s  o f  the  S c h i f f ' s  base w i th  3 - n i t r o ­

benzeneboronic  a c id  to f ind  out  the e f f e c t  o f  pH on them. The r e s u l t s  

a r e  l i s t e d  in Table  I I .  The kca t  is  same a t  both pH's, whereas  (M) 

obtained a t  pH 7.8 is approximately 4-fo ld  higher than a t  pH 6.0.

Deuterium oxide isotope e f fec t  on the hydrolysis  of  the Schi f f ' s  base 

by the boronic a c id :

This experiment has been car r ied  out to find out the nature of the 

ra te-determining s tep in the Schiff ' s  base hydrolysis  by boronic acids.  

The s o lv e n t  d eu te r iu m  i so to p e  e f f e c t  was s tu d i e d  to f ind  out  i f  the 

h y d r o ly s i s  i s  c a t a l y z e d  by a g en e ra l  a c i d - b a s e  mechanism and pro ton  

t r a n s f e r  is  involved in the  r a t e - d e t e r m i n i n g  s t e p .  The r a t e  of  

h y d r o l y s i s  in D2O w i l l  be low co m p ared  to  t h e  r a t e  in H20,  

k(H20) /k(D 20 ) > 1 ,  i f  p ro to n  t r a n s f e r  is  involved  or the r a t i o  o f  

k(H20) /k (D20) w i l l  be one i f  p ro ton  t r a n s f e r  is  not involved  in the 

ra te-determining  step.

The h y d r o ly s i s  o f  the  S c h i f f ' s  base  c a t a l y z e d  by benzeneboronic  

a c id  was c a r r i e d  ou t  a t  pH 6.0 and 6.6 in D20  where the r a t e  is  

independent  o f  pH. Table  I I I  shows the  f i r s t - o r d e r  r a t e  c o n s ta n t s  

o b ta in e d  a t  pH 6.0 and 6.6 in D20 as  w e l l  as in H20. The r a t i o  o f
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k(H20)/k(D20) a t  both pH's is  c lo s e  to  u n i ty  which su g g es t s  t h a t  no 

proton t ra ns fe r  is involved in the ra te-determining step.

Effect  of  fructose on the hydrolysis of  the Schi f f ' s  base catalyzed by 

the boronic a c id :

I t  was known t h a t  boron ic  a c id s  form complexes  w i th  sugars  and
fi fibecome t e t r a h e d r a l  upon com plexa t ion .  I t  is  o f  i n t e r e s t  to know 

whether  boron ic  a c id s  a c t  as  c a t a l y s t s  a f t e r  forming a complex w i th  

sugars .  F ig.  7 shows the  e f f e c t  o f  f r u c t o s e  on the  h y d r o ly s i s  o f  the 

S c h i f f ' s  base c a t a l y z e d  by benzeneboronic  a c id  a t  pH 6.0. The r a t e  of  

hydrolysis  decreases with increasing concentrat ion of  f ructose and is 

completely inhib i ted  a t  the higher concentrat ion of  f ructose used. It  

c l e a r l y  shows th a t  b o ron ic  a c id s  can not a c t  as  c a t a l y s t s  when they 

become t e t r a h e d r a l  a f t e r  complexing w i th  sugars .  Th is  s u p p o r t s  the 

r e s u l t s  o b ta in e d  from the pH s t u d i e s  where the r a t e  o f  h y d r o ly s i s  

decreases with increasing pH when boronic acids ionize to te t rahedra l .

Effect  of  subs t i tuen ts  of benzeneboronic acid  on the hydrolys is  of the 

Schi f f ' s  base:

This experiment has been done in order to find out the involvement 

o f  any e l e c t r o n i c  e f f e c t s  in the  h y d r o ly s i s .  The e f f e c t s  o f  benzene­

boronic acid with d i f f e r e n t  subs t i tuen ts  on the hydrolysis  was studied 

a t  pH 6.0. The k in e t ic  constants ,  kCflj. and 1^, were determined for a l l  

boronic acids  from a Lineweaver-Burk p lo t  and the r e s u l t s  a re  given in 

Table IV. The second-order r a te  constants ,  ^cat/Km’ a re  higher *n the 

cases of  benzeneboronic acids with  electron-withdrawing subs t i tuen ts  as
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compared to b e n z en e b o ro n ic  acids  w ith  e lec t ron -dona t ing  su b s t i tu en ts .  

The highest  value obtained with  b i s -3 ,5-( t r i f luoromethyl)benzeneboronic  

a c i d  is  2.38 M- * s e c - '1’ and the  lo w e s t  v a lu e  i s  0.09 M- * s e c - * w i th

4- tolueneboronic a c i d .

Hammett p lo t s  have been used to c o r r e l a t e  the s e n s i t i v i t y  of  the 

reac t ion  with  s u b s t i tu e n t s .  Fig. 8 shows a Hammett p lo t  o f  log 

of  the hydrolysis  of  the S ch i f f ' s  base by boronic ac ids  vs. su b s t i tu e n t  

c o n s t a n t s .  The v a lu e s  o f  f ° r b o ro n ic  a c i d s  f a l l  on a

s t r a ig h t  l ine  w i th  a slope of  1.35 except for 3-amino- and 3-carboxy- 

benzeneboronic a c i d s .

In F ig .  9, where  v a lu e s  o f  log  fo r  the  h y d r o l y s i s  o f  the 

Sch i f f ' s  base by boronic ac id s  a re  p lo t t e d  as a function of  su b s t i tu en t  

c o n s t a n t s ,  a l l  b o r o n ic  a c i d s  f a l l  on a s t r a i g h t  l i n e  w i t h  a s lo p e  o f  

-1 .48.  Th is  s u g g e s t s  t h a t  b e n z e n e b o r o n i c  a c i d s  w i t h  e l e c t r o n -  

w i th d ra w in g  s u b s t i t u e n t s  b ind  th e  S c h i f f ' s  base more t i g h t l y  than do 

boronic acids  w ith  e l e c t r o n - d o n a t in g  s u b s t i t u e n t s .  These r e s u l t s  a r e  

c o n s i s t e n t  w i t h  th e  r e s u l t s  o b t a i n e d  in the  c a s e  o f  enzymes w i th  

b o ro n ic  a c i d s  as  i n h i b i t o r s ,  where  i t  was found t h a t  benzeneboron ic  

ac ids w ith  e lec t ron-w ithdraw ing  s u b s t i tu e n t  groups in h ib i t  the enzyme- 

c a t a l y z e d  r e a c t i o n s  by fo rm ing  a s t r o n g  complex  w i t h  the hydroxyl  

group o f  s e r i n e  amino a c i d  p r e s e n t  in th e  a c t i v e  s i t e  o f  s e r i n e  

p r o t e a s e s  when compared to b o r o n ic  a c i d s  w i t h  e l e c t r o n - d o n a t i n g  

s u b s t i t u e n t  groups.47’®7

In a n o th e r  p l o t ,  where v a lu e s  o f  log kc a t  o f  th e  S c h i f f ' s  base  

h y d r o l y s i s  by b o r o n ic  a c i d s  a r e  p l o t t e d  as  a f u n c t io n  o f  s u b s t i t u e n t  

cons tan ts ,  a l l  boronic acids  f a l l  on a s t r a i g h t  l in e  w i th  a slope c lose
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to zero (-0.064) except those of 3-amino- and 3-carboxy-benzeneboronic 

acids  (Fig. 10). 3-Amino- and 3 -ca rb oxy-benzeneboron ic  a c i d s  r e a c te d  

fas te r  than would be expected from the subs t i tuen t  constants  o f  3-amino 

and 3 -carboxy l  groups.  This  p l o t  shows t h a t  the c a t a l y t i c  r a t e  

constant,  kca t> is independent o f  the subs t i tuen t  group present  in the 

benzeneboronic  a c id  and s u g g es t s  t h a t  the r a t e - d e t e r m i n i n g  s te p  is  

common for a l l  boronic acids.

Comparison of boric ,  boronic, and bor in ic  a c id s :

The e f fe c t s  of boric acid, benzeneboronic acid and diphenylborinic 

acid on the hydrolysis  of  the Sch if f ' s  base were s tudied a t  pH 6.0. The 

k i n e t i c  c o n s t a n t s ,  kc a t  and Kj ,̂ were d e te rm in e d  for  a l l  t h r e e  a c id s .  

The r e s u l t s  a r e  l i s t e d  in Table  V which show t h a t  the  d i s s o c i a t i o n  

c o n s t a n t ,  Kj ,̂ d ec r e a se s  as  the  hydroxyl group o f  b o r i c  a c id  is 

r e p la c e d  by benzene r ing and kc a j. does not change s igni  f i c a n t  ly when 

compared to 1^. Benzeneboronic acid and diphenylbor in ic  acid bind the 

Schiff ' s  base b e t te r  than bor ic acid by nearly  25-fold and 4350-fold, 

respect ive ly .

A Br<j(nsted p l o t  o f  pK o f  b o r o n i c  a c i d  v s .  log  Km f o r  t h e  

hydrolysis  of  the Sch iff ' s  base is shown in Fig. 11. All boronic acids 

including bor ic  and diphenylborinic  ac ids  f a l l  on a s t r a ig h t  l ine  with 

a s lope  o f  1.1. I t  i n d i c a t e s  t h a t  the  d i s s o c i a t i o n  c o n s ta n t  d e c re a se s  

w i th  the  d e c re a se  o f  pK by the  subs t  i t u t  ion o f  e l e c t r o n - w i  thd raw ing  

s u b s t i t u e n t s  on benzeneboron ic  a c id s  or  r ep lacem en t  o f  the  hydroxyl  

groups of  bor ic  acid by benzene rings.
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Table I

Hydrolysis of 4-hydroxybenzylidene-L-isoleucine in the presence of 
boronic and bor in ic  ac ids3

Acid
Rateb 

(A s e e - *)
ko

(sec“*)

None 1.25 X 10“3 2.94 X 10”3

Diphenylborinic acid 1.29 X 10“3 2.99 X 10“3

3-Ni trobenzeneboronic 1.25 X 10"3 -

acid

a. pH 6.0, phosphate  b u f f e r  a t  I = 0.1 M, 30°C. The c o n c e n t r a t i o n s  o f  
d i p h e n y l b o r i n i c  a c i d  and 3 - n i t r o b e n z e n e b o r o n i c  a c i d  a r e  
1.63 X 10“4 M and 8.33 X 10“ M, r e s p e c t i v e l y .

b. Determined from the change in absorbance per second.

32



Table II

K in e t ic  c o n s tan ts  for the hydro lys is  o f  s a l i c y l id e n e -L - i s o le u c in e  
w i th  3-ni t robenzeneboronic  ac ida

Km kcat
PH Buffer

(M) (sec- *)

6.0 phosphate 1.29 X 10-2 1.81 X 10"2

7.8 !? 4.87 X 10“2 2.32 X 10“2

a. Determined from a Lineweaver-Burk p lo t ,  I = 0.1 M a t  30°C.
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Table I I I

D eu te r ium  ox ide  i so to p e  e f f e c t  in the  benzeneboron ic  a c i d -  
ca ta lyzed hydrolysis  of  sal  icy1idene-L-isoleucine8

pH Buffer
k (H20) 

(sec- *)

k (D20) 

(sec"*)
k(H20) /k(D 20)

6.0 phosphate 2.95 X 10“3 3.07 X 10“3 0.96

6.6 1? 2.89 X 10"3 3.18 X 10"3 0.91

a. I = 0.1 M, a t  30°C.
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Table IV

K i n e t i c  c o n s t a n t s  f o r  th e  h y d r o ly s i s  o f  s a l i c y l l d e n e - L -  
i s o l e u c i n e  w i th  benzeneboronic  a c id  and s u b s t i t u t e d  benzeneboronic
acids®

Boronic acid
(M)

3-Aninobenzeneboronic acid 19.5

Benzeneboronic acid 17.0

3-Carboxybenzeneboronic acid 21.7

4-Tolueneboronic acid 15.0

4-Bromobenzeneboronic acid 3.1

3-Nitrobenzeneboronic acid 1.3

3 ,5 -B is - ( t r i  fluoromethyl)- 
benzeneboronic acid

5.6

^cat ^cat^^m

(sec-1 ) (M-1 sec- 1 )

X 10-2 21.7 X 10-2 1.11

X 10-2 2.50 X 10~2 0.15

X 10-2 4.34 X 10-2 0.20

X 10-2 1.47 X 10"2 0.09

X 10-2 1.16 X 10-2 0.37

X 10-2 1.81 X 10-2 1.39

X O 1 CO 1.35 X 10~2 2.38

a. Determined from a L inew eaver-burk  p l o t ,  in 0.1 M phosphate  
b u f f e r ,  pH 6. 0 a t  30°C.



Table V

K in e t ic  cons tan ts  for the hydro lys is  o f  s a l i c y l id e n e -L - i s o le u c in e  
w i th  bo r ic ,  boronic ,  and b o r in ic  acids®

Acid Km

(M)

kca t

( sec - 1 )

kca t /Kjn 

(M-1 sec- 1 )

Boric ac id 4.35 12.8 X 10"2 0.029

Benzeneboronic ac id 0.17 2.5 X 10-2 0.147

Diphenylborin ic  ac id 1.0 X 10"3 7.7 X 10~2 77

a. Determined from a Lineweaver-Burk p l o t ,  in 0.1 M phosphate bu f fe r ,  
pH 6.0 a t  30°C.
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Table VI

D i s s o c i a t i o n  c o n s t a n t s  o f  boron a c i d s  w i t h  s a l i c y l i d e n e - L -  
i soleucine8

Acid
(M)

pK

Boric acid 4.35 8.98b

Benzeneboronic acid 0.17 8 . 8C

4-Bromobenzeneboron i c acid 3.1 X 10”2 8.06c

3-Ni trobenzeneboronic acid 1.3 X 10“2 7 . 29c

Diphenylborinic acid 1.0 X 10"3 6 . 2d

a .  pH 6.0 phosphate buffer  a t  I = 0.1 M and 30°C.

b. Ref.  44

c.  Ref.  68

d. Ref.  69
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MINUTES

F i g .  1. H y d r o l y s i s  o f  s a l i c y l i d e n e - L - i s o l e u c i n e  i n  
t h e  p r e s e n c e  o f  b o r i c  a c i d  (O) , 3 - n i t r o b e n z e n e -  
b o r o n i c  a c i d  { < ) ,  and i n  b u f f e r  a l o n e  M  a t  3 0 °C .  
The b u f f e r  u s e d  i s  0 . 1  M p h o s p h a t e ,  pH 6 . 0 .  The  
c o n c e n t r a t i o n s  o f  b o r i c  a c i d  and 3 - n i t r o b e n z e n e -  
b o r o n i c  a c i d  a r e  40 mH. and 3 mM, r e s p e c t i v e l y .
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F i g .  2. E f f e c t  o f  3 - n i t r o b e n z e n e b o r o n i c  a c i d  on t h e  r a t e  o f  s a l i c y l i d e n e - L -  
i s o l e u c i n e  (0.13 mM) h y d r o l y s i s  i n  0 .1  M p h o s p h a t e  b u f f e r ,  pH 6.0 a t  30°C.
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F i g .  3. L i n e w e a v e r - B u r k  p l o t  o f  t h e  h y d r o l y s i s  o f  s a l i c y l i d e n e - L -  
i s o l e u c i n e  (0.13 raM) by 3 - n i t r o b e n z e n e b o r o n i c  a c i d  i n  0 .1  M p h o sp h a te  
b u f f e r ,  pH 6 .0  a t  30° C.
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F i g .  4.  pH p r o f i l e  f o r  t h e  h y d r o l y s i s  o f  s a l i c y l i d e n e - L - i s o l e u c i n e  
(0.13 mM) by 3 - n i t r o b e n z e n e b o r o n i c  a c i d .  The t h e o r e t i c a l  c u r v e  c o r r e s p o n d s  
t o  a pK o f  7 . 4 7 .  B u f f e r s  b e l o w  pH 8 a r e  0 .1  M p h o s p h a t e  and a b o v e  pH 9 a r e  
0.1 M b ic a r b o n a t e .
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F i g .  5 .  pH p r o f i l e  f o r  t h e  h y d r o l y s i s  o f  s a l i c y l i d e n e - L - i s o l e u c i n e  
( 0 . 1 3  mM) b y  b e n z e n e b o r o n i c  a c i d  ( 0 . 0 2  M) .  T h e  t h e o r e t i c a l  c u r v e  
c o r r e s p o n d s  t o  a pK o f  8 . 9 .  B u f f e r s  b e l o w  pH 8 a r e  0 . 1  M p h o s p h a t e  a n d  
above pH 9 a r e  0 .1 M b ic a r b o n a t e .
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F i g .  6.  pH p r o f i l e  f o r  t h e  h y d r o l y s i s  o f  s a l i c y l i d e n e - L - i s o l e u c i n a m i d e  
( 0 . 1 6  mM) b y  b e n z e n e b o r o n i c  a c i d  ( 0 . 0 2  M). T h e  t h e o r e t i c a l  c u r v e  
c o r r e s p o n d s  t o  a pK o f  9 . 4 .  B u f f e r s  b e l o w  pH 8 a r e  0 .1  M p h o s p h a t e  and  
above pH 9 a re  0.1 M b i c a r b o n a t e .
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F i g .  7.  E f f e c t  o f  f r u c t o s e  on t h e  h y d r o l y s i s  o f  s a l i c y l i d e n e - L - i s o l e u c i n e  
( 0 . 1 3  mM) by b e n z e n e b o r o n i c  a c i d  ( 0 . 0 2 5  M) i n  0 . 1  M p h o s p h a t e  b u f f e r ,  
pH 6 .0  a t  3 0 ° C .
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F ig .  8. Hammett p l o t  o f  th e  s u b s t i t u e n t  e f f e c t  on kc a j./Km 
o f  th e  h y d r o l y s i s  o f  s a l i c y l i d e n e - L - i s o l e u c i n e  ( 0 . 1 3  mM) 
by b e n z e n e b o r o n i c  a c i d s  i n  0 .1  M p h o s p h a t e  b u f f e r  a t  
pH 6.0  and 30°C .  The r h o  i s  + 1 . 3 5 .  The 3 - c a r b o x y  and  
3 -a m in o  b e n z e n e b o r o n i c  a c i d s ,  d e v i a t i n g  from t h e  o t h e r s ,  
were not  i n c l u d e d  i n  t h e  l e a s t  s q ua re  f i t .
D a t a  o f  T a b l e  IV.  S i g m a  i s  t h e  s u b s t i t u e n t  c o n s t a n t  and  
t h e  v a l u e s  are  g i v e n  i n  Appendix 2.
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F i g .  9. Hammett p l o t  o f  t h e  s u b s t i t u e n t  e f f e c t  on Km o f  
th e  h y d r o l y s i s  o f  s a l i c y l i d e n e - L - i s o l e u c i n e  (0.13 mM) by  
b e n z e n e b o r o n i c  a c i d s  i n  0 .1  M p h o s p h a t e  b u f f e r  a t  pH 6.0  
and 3 0 ° C .  The  r h o  i s  -  1 . 4 8 .
D a t a  o f  T a b l e  IV.  S i g m a  i s  t h e  s u b s t i t u e n t  c o n s t a n t  and  
th e  v a l u e s  a r e  g i v e n  i n  Appendix  2 .
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F i g .  10 .  H a m m e tt  p l o t  o f  t h e  s u b s t i t u e n t  e f f e c t  on kc a t  
o f  t h e  h y d r o l y s i s  o f  s a l i c y l i d e n e - L - i s o l e u c i n e  ( 0 . 1 3  mM) 
by b e n z e n e b o r o n i c  a c i d s  i n  0 . 1  M p h o s p h a t e  b u f f e r  a t  
pH 6 .0  and 30°C .  The r h o  i s  - 0 . 0 6 4 .  The 3 - c a r b o x y  and  
3 - a m in o  b e n z e n e b o r o n i c  a c i d s ,  d e v i a t i n g  from t h e  o t h e r s ,  
w e re  n o t  i n c l u d e d  i n  t h e  l e a s t  s q u a r e  f i t .
D a t a  o f  T a b l e  IV. S i g m a  i s  t h e  s u b s t i t u e n t  c o n s t a n t  and  
t h e  v a l u e s  a re  g i v e n  i n  Appendix 2 .

47



0

.5

.0

6 7 8 9

pK

F i g .  11 .  Brjzfnsted p l o t  o f  pK o f  b o r o n  a c i d  v s .  
l o g  Km f o r  t h e  h y d r o l y s i s  o f  s a l i c y l i d e n e - L -  
i s o l e u c i n e .  pK v a l u e s  a r e  f r o m  l i t e r a t u r e  and  
t h e  r e f e r e n c e s  a r e  c i t e d  i n  T a b l e  VI.  The r h o  
i s  + 1 .1 .



DISCUSSION:

Bor on i c  a c i d s  a c c e l e r a t e  the  h y d r o l y s i s  o f  the  S c h i f f ' s  base  1, 

der ived from sa l icyla ldehyde  and L- i soleuc ine .  I t  may be seen in Fig.  1 

t h a t  3 - n i t r o b e n z e n e b o r o n i c  a c i d  a c c e l e r a t e s  t he  h y d r o l y s i s  o f  the  

Sch i f f ' s  base f a s t e r  than bor ic  acid.  This suggests  tha t  boronic acids  

a re  b e t t e r  than bor ic  acid as c a t a l y s t s .

The a c c e l e r a t i o n  o f  the  S c h i f f ' s  base  1 by the  b o r o n i c  a c i d  must  

be due to the complex f o r m a t i o n  be tween  t he  b o r o n i c  a c i d  and the  

Sch i f f ' s  base followed by the break-down of  the complex to products.  

I f  the boronic acid complexes wi th  the Schi f f ' s  base,  then the Schi f f ' s  

base increas ingly  s a tu r a t e s  as  t he  c o n c e n t r a t i o n  o f  the  b o r o n i c  a c i d  

r a i s e s ;  eventual ly  the r a t e  o f  hydrolys i s  should remain s teady when the 

Sch i f f ' s  base is completely sa tura ted .  In fact ,  a hyperbol ic curve is 

obtained when f i r s t - o r d e r  r a t e  cons tants  a re  p l o t t e d  as a funct ion of

3 - n i t r o b e n z e n e b o r o n i c  a c i d  c o n c e n t r a t i o n  ( F i g . 2). I t  i n d i c a t e s  t h a t  

t h i s  s y s t e m f o l l o w s  Michael  i s-Men t en  k i n e t i c s  by t h e  f o r m a t i o n  o f  a 

b o r o n ic  a c i d - S c h i  f f ' s  ba s e  complex from the  b o r o n i c  a c i d  and the  

S c h i f f ' s  base .  The l i n e a r i t y  o f  L i neweaver -Burk  p l o t  (Fig.  3) a l s o  

leads to the same conclusion.

Boronic ac id + Schi f f ' s  base -—* Boronic a c i d - Sch i f f ' s  base complex

I
Products

I t  has been known tha t  bor ic  acid e s t e r i f i e s  wi th  the phenol ic CH
7n 71

group o f  s a l i c y l a l d e h y d e ,  s a l i cy lamide  and sa l i cy la ldehyde  oxime.

I t  may be concluded that  the boronic ac id  complexes wi th  the Sch i f f ' s
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base through e s t e r i f i c a t i o n  of  phenol ic OH group of  the Schi f f ' s  base 

(see page 57).

As shown in Table  I ,  t he  b o r o n ic  a c i d  has no e f f e c t  on the 

h y d r o l y s i s  o f  the  S c h i f f ' s  base  1A, t h a t  was d e r i v e d  from 4-hydroxy-  

benza ldehyde  and L - i s o l e u c i n e .  These r e s u l t s  f u r t h e r  s uppo r t  the 

hypothesis  tha t  the boronic ac id forms a complex wi th  the phenol ic OS 

group o f  the  S c h i f f ' s  base  and t h a t  the  b or on i c  group in the  complex 

f a c i l i t a t e s  the  h y d r o l y s i s  o f  the S c h i f f ' s  base  by forming a s i x -  

membered r ing involving e i t h e r  imine carbon or ni t rogen.  In the case of

4-hydroxybenzyl idene-L-isoleucine,  the boronic group is far  away from 

the imine ni t rogen or carbon in the complex and i t  may not be poss ible  

for the boronic group to form a cyc l i c  s t r uc t u r e  l ike  the one poss ible  

in the case  o f  s a l i c y l i d e n e - L - i s o l e u c i n e .  That  i s  why t h e r e  i s  no 

e f f e c t  o f  b o r o n i c  a c i d  on the h y d r o l y s i s  o f  4 -h yd ro x yb en zy l id en e - L-  

i soleucine.

The pH dependence of  the hydrolysis  of  the Schi f f ' s  base catalyzed 

by 3-ni t robenzeneboronic acid (Fig 4) shows that  the r a t e  is maximum at  

lower  pH's and d e c r e a s e s  w i t h  i n c r e a s i n g  pH. The pH p r o f  i l e  obse rved  

may be due to the  i o n i z a t i o n  o f  3 - n i t r o b e n z e n e b o r o n i c  a c i d  as  the pK 

o b t a i n e d  from the  t h e o r e t i c a l  curve  i s  c l o s e  to  the  pK o f  3 - n i t r o ­

benzenebor on i c  a c i d .  Thi s i s  cons i s t e n t  w i t h  the  pH p r o f  i l e  observed
CO

for  the b o r i c  a c i d - c a t a l y z e d  h y d r o l y s i s  o f  a hydroxy Schi f f ' s  base.

I t  i s  a l s o  p o s s i b l e  t h a t  the  pH p r o f i l e  obse rved  is  due to the 

i o n i z a t i o n  o f  the  p h e n o l i c  OH group o f  the  S c h i f f ' s  base.  But the 

p o s s i b i l i t y  of  t h i s  is  excluded based on the fol lowing fact s :

I f  the i o n i z a t i o n  o f  the  p h e n o l i c  OH group o f  the  S c h i f f ' s  base  is 

observed  in the  pH p r o f i l e ,  then same pK from pH p r o f i l e s  would be
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e x p e c t e d  w i t h  a l l  b o r o n i c  a c i d s ,  which  was not  o b s e r v e d  in the

experiment .  The pK obta ined from the pH p r o f i l e  o f  benzeneboronic ac id

is near ly  1.5 u n i t s  higher  than tha t  o f  pK obta ined in the presence of

3-ni t robenzeneboronic  ac i d  and i s  c l o s e  to the  pK o f  b e n z e n e b o r o n i c

a c i d .  Th i s  e v i d e n c e  shows s t h a t  t he  pK o b s e r v e d  in t he  h y d r o l y s i s  o f

t he  S c h i f f ' s  ba s e  by th e  b o r o n i c  a c i d  v a r i e s  w i t h  t h e  b o r o n i c  a c i d

used.  I t  may be c onc l ud ed  t h a t  t h e  pH p r o f i l e  o b s e r v e d  i s  no t  due to

the io n i za t ion  of  the phenol ic  OH group of  the S c h i f f ' s  base but  is  due

to the i on i za t ion  of  the boronic acid.  The pK of  the phenol ic  OH group

o f  S c h i f f ' s  bas e  may be lower  t han  6.0 a s  t he  pK o f  a s i m i l a r  type  o f
7 2t h e  Sch i f f ' s b a s e ,  s a l  i cy 1 i d e n e - 2 -a mi  nopr opane ,  was 4.70.  “ Based on 

t h e s e  f a c t s  i t  i s  as sumed t h a t  t he  p h e n o l i c  OH gr oup  o f  t he  S c h i f f ' s  

ba s e  i s  not  p r o t o n a t e d  (or  i o n i z e d )  in t h e  pH r a nge  6.0 -  10.4 where  

the pH e f f e c t  was s tudied.

The b e n z e n e b o r o n i c  a c i d - c a t a l y z e d  hydro lys i s  o f  s a l i c y l i d e ne - L-  

i soleucinamide exh i b i t ed  r a t e  cons tan t s  s i m i l a r  to those found for the 

analogous i so l euc i ne - con ta i n i ng  system. However, the pK o f  I<c a t ^ or  

t h e  i s o l e u c i n a m i d e  s y s t e m  was 0.5 u n i t s  h i g h e r  than  t h a t  s een  u s i n g  

s a l i c y l i d e n e - L - i s o l e u c i n e .  The o r i g i n  for  t h i s  d i f f e r e n c e  can no t  be 

expla ined in t h i s  d i s s e r t a t i o n  and may be the ob jec t  o f  fu tu re  work.

The pH s t u d i e s  c l e a r l y  i n d i c a t e  t h a t  t h e  b o r o n i c  a c i d  c a t a l y z e s  

the hydro lys i s  o f  the S ch i f f ' s  base when i t  i s  unionized.  The decrease 

in t h e  S c h i f f ' s  ba s e  h y d r o l y s i s  a t  h i g h e r  pH's c o u l d  be due to poor  

b i n d i n g  or  low c a t a l y t i c  r a t e  c o n s t a n t .  As shown in T a b l e  I I  t he  

c a t a l y t i c  r a t e  c o n s t a n t ,  kc a t , o b t a i n e d  in t he  h y d r o l y s i s  o f  t h e  

S c h i f f ' s  base  by 3 - n i t r o b e n z e n e b o r o n i c  a c i d  i s  t he  same a t  pH 6.0 and 

7.8.  I t  s u g g e s t s  t h a t  kc a t  j s i nde pe nd en t  o f  pH and i n d i c a t e s  the



a b s e n c e  o f  h y d r o x i d e  ion i n v o l v e m e n t  in t h e  h y d r o l y s i s .  The 

d i s s o c i a t i o n  constant ,  K^, is pH-dependent and is approximately 4- fold 

higher a t  pH 7.8 than a t  pH 6.0. I t  i ndica tes  t ha t  binding becomes poor 

w i t h  i n c r e a s  ing pH and the  b o r o n i c  a c i d  does  not  form a complex wi th 

the S c h i f f ' s  base  a t  h i g h e r  pH when i t  i s  i on i zed .  This  cou ld  e x p l a i n  

the decrease in the Sch i f f ' s  base hydrolys is  cata lyzed by the boronic 

ac id  a t  higher  pH.

The r a t e  o f  t he  b o r o n i c  a c i d - c a t a l y z e d  S c h i f f ' s  base  h y d r o l y s i s  

d e c r e a s e s  in the  p r e s e n c e  o f  f r u c t o s e  and i s  c o m p l e t e l y  i n h i b i t e d  a t  

h i g h e r  c o n c e n t r a t i o n  o f  f r u c t o s e .  I t  has  been known t h a t  b o r i c  and 

boronic acids  form complexes wi th  sugars and become t e t ra hed ra l  a f t e r  

c o m p l e x a t i o n . 66 The r e s u l t s  obs e rved  he r e  s ugges t  t h a t  f r u c t o s e  

complexes wi th  the boronic ac id and prevents  i t  from complexing wi th 

the Schi f f ' s  base .  The b o r o n i c  a c i d  cannot  complex wi th the  Schi  f f ' s  

base when i t  becomes t e t r a hed r a l  by complexation wi th  sugar.  For th i s  

r eason  the  h y d r o l y s i s  o f  the  S c h i f f ' s  base  d e c r e a s e s  w i t h  i n c r e a s i n g  

concent ra t ion of  f ructose.  These r e s u l t s  f u r t h e r  s up por t  the  r e s u l t s  

observed in the pH study where the boronic acid does not form a complex 

wi th the Schi f f ' s  base a t  higher  pH when i t  is ionized.

I t  was known tha t  the hydrolys is  o f  a Schi f f ' s  base was subjected
70

to general  acid c a t a l y s i s  a t  lower pH's. I t  may be p os s i b l e  that  the 

b o r o n i c  ac id a c t s  as  a g e n e r a l  a c i d  in the  h y d r o l y s i s  o f  t h e  Schi f f ' s  

base and proton t r a ns f e r  is involved in the r a t e -de te rmining  step.  But 

Tab le  I I I  shows t h a t  t h e r e  i s  no s o l v e n t  d e u t e r i u m  i s o t o p e  e f f e c t  on 

the hydrolys i s  o f  the Sch i f f ' s  base  c a t a l y z e d  by be nzenebor on i c  a c i d .  

The r a t e  c o n s t a n t s  o b t a i n e d  in D2O as  w e l l  as  in H2O a t  pH 6.0 and 6.6
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a r e  t he  same and t he  r a t i o  o f  k(H20 ) /k ( D20 ) i s  c l o s e  to u n i t y .  I f  

proton t r a n s f e r  were involved in the t r a n s i t i o n  s t a t e ,  then the r a t i o  

o f  k(H20 ) / k ( D 20) would have been h i g h e r  than one.  But  t h e  r a t i o  

obta ined from the experiment  is c lose  to un i t y  which suggests  t ha t  the 

proton t r a n s f e r  i s  not involved in the t r a n s i t i o n  s t a t e ,  and may be the 

boronic ac i d  does not a c t  as  a general  acid.

The Hammett  p l o t  o f  l og  Kj  ̂ vs .  s u b s t i t u e n t  c o n s t a n t s  (Fig .  9)

i n d i c a t e s  t h a t  Kj  ̂ i s  d ependen t  on s u b s t i t u e n t  g ro ups  p r e s e n t  in the

b e n z e n e b o r o n i c  a c i d s .  B o r o n i c  a c i d s  w i t h  e l e c t r o n - w i t h d r a w i n g

s u b s t i t u e n t s  s t a b i l i z e  the t e t r a h e d r a l  form or negat ive  charge in the

b o r o n i c  a c i d - S e h i f f ' s  base  complex,  wh e r e as  b o r o n i c  a c i d s  w i t h

e l e c t r o n - d o n a t i n g  s u b s t i t u e n t s  d e s t a b i l i z e  the  complex.  That  i s  why

binding is b e t t e r  in the cases  o f  benzeneboronic ac ids  wi th  e l e c t r o n -

w i t h d r a w i n g  s u b s t i t u e n t s  compared to  b e n z e n e b o r o n i c  a c i d s  w i t h

e l ec t r on - dona t i ng  s u b s t i t u e n t s .  These r e s u l t s  a r e  c o n s i s t e n t  wi th  the
7 4.r e s u l t s  o b s e r v e d  by T o r s s e l l  e£ al.* who found t h a t  e l e c t r o n -  

w i t h d r a w i n g  g ro ups  on benzene r i n g  i n c r e a s e  t h e  s t a b i l i t y  o f  the  

complexes  o f  b e n z e n e b o r o n i c  a c i d  w i t h  s u g a r s  compared t o  e l e c t r o n -  

donat ing s u b s t i u t e n t s .  S i mi la r  r e s u l t s  were observed when boronic acids
An

were s tudied  as i n h i b i t o r s  o f  enzyme-catalyzed reac t ions .  ’

As shown in Fig.  10, a s t r a i g h t  l i ne  wi th  a s lope c lose  to zero is 

o b t a i n e d  when log kc a j. fo r  the  h y d r o l y s i s  o f  the  S c h i f f ' s  bas e  a r e  

p l o t t e d  as  a funct ion of  s u b s t i t u e n t  cons tants .  This suggests  t ha t  kca t  

i s  independent of  the s u b s t i t u e n t  group present  in the benzeneboronic 

acid.  I t  may be concluded t h a t  the r a t e -d e t e r mi n i ng  s tep  is common for 

a l l  b o r o n i c  a c i d s .  These  p l o t s  gave e v i d e n c e  t h a t  t he  s u b s t i t u e n t
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groups have an e f fec t  only on binding and not on c a t a l y t i c  steps.

3-Amino and 3-carboxy-benzeneboronic acids  deviate  from the other

bor on ic  a c i d s  in c a t a l y t i c  r a t e  c o n s t a n t s  as  they r e a c t  f a s t e r  than

expec ted  from the s u b s t i t u e n t  c o n s t a n t s  o f  3-amino and 3-carboxyl

groups (Fig. 10). These two boronic acids d i f f e r  from the other  boronic

acids  by having ionizable groups,  amino and carboxyl groups. The amino

and carboxyl groups are  nucleophi l ic  in character  and i t  was known that
7 5nucleophi les l ike amines catalyze the h y d r o l y s i s  o f  S c h i f f ' s  bases .  

The amino and carboxyl groups in boronic acids  may ac t  as nucleophi les 

to c a t a l y z e  the h y d r o l y s i s  o f  the S c h i f f ' s  base .  Molecu la r  models  

indicate that  i t  is not poss ible  for the amino and carboxyl groups to 

p a r t i c i p a t e  in the hydrolysis  catalyzed by boronic acids ,  and they must 

have acted on a d i f f e r e n t  molecule of a Schi f f ' s  base and catalyzed the 

react ion separate ly  without  the involvement of  boronic acid group. That 

is  why the  c a t a l y t i c  r a t e  c o n s t a n t s  o b t a i ne d  w i t h  t h ese  two boronic  

acids are higher than expected. In the comparison of nucleophi1i c i t y  of 

amino and carboxyl groups, the amino group is a st ronger  nucleophile 

than the carboxyl  group and t h i s  e x p l a i n s  why the  c a t a l y t i c  r a t e  

c o n s t a n t  f o r  3 - a m i n o b e n z e n e b o r o n i c  a c i d  i s  h i g h e r  t h a n  t h a t  

for 3-carboxybenzeneboronic acid.

In e a r l i e r  s tudies ,  bor ic acid has been used as a c a t a l ys t  in the 

hydrolysis  of  Schi f f ' s  bases.®8-6® I t  was expected that  boronic acids 

would be b e t t e r  c a t a l y s t s  compared to b o r i c  a c i d  based on b in d i ng  

c o n s t a n t s  observed  in e a r l i e r  s t u d i e s . ^ 8 ’^ ’6^ I t  may be seen in 

Table V that  the second-order r a t e  constants ,  kca^/K^, obtained in the 

h y d r o l y s i s  o f  the S c h i f f ' s  base  1, a r e  h i gh er  in the  c as e s  o f  boron ic
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and bor inic acids when compared to boric acid.  The highest  second-order 

rate  constant  obtained with diphenylborinic acid is due to good binding 

(low d i s s o c i a t i o n  c o n s t a n t ) .  In the case  of  b o r i c  a c i d ,  the value  of  

1^  (M) is high which r es u l t s  in a low second-order ra te  constant.  The 

c a t a l y t i c  r a t e  c o n s t a n t ,  kCfl£, does not  change s i g n i f i c a n t l y  as 

compared to the d i s s o c i a t i o n  c o n s t a n t ,  K^, w i t h  the ac id .  Benzene­

boronic acid binds the Schiff ' s  base nearly 25 t imes be t te r  than boric 

acid,  whereas diphenylborinic acid binds nearly 4350 t imes be t te r  than 

b o r i c  ac id .  These r e s u l t s  sugges t  t h a t  the d i s s o c i a t i o n  con s t an t  

decreases as the hydroxyl groups of  boric acid are replaced by benzene 

r ings .  These r e s u l t s  a r e  c o n s i s t e n t  w i t h  the r e s u l t s  observed by 

Babcock and P iz er 4 3 ,4 4  wjje re  they found t ha t  the s t a b i l i t y  c o n s t a n t s  

for benzeneboronic acid complexes were higher than those for boric acid 

complexes.  The Br ^ns t ed  p l o t  (Fig.  11) shows t ha t  the d i s s o c i a t i o n  

c o ns ta n t  i s  r e l a t e d  to pK of  the boron ac id .  Replacement  of  the 

h y d r o x y l  g r o u p s  o f  b o r i c  a c i d  by be nz en e  r i n g s  d e c r e a s e s  t h e  

d i s s o c i a t i o n  c on s ta n t  as they d ec r ease  the pK of  the ac i d .  I t  i s  1 ike 

the subs t i tu t ion  of  electron-withdrawing groups on benzeneboronic acids 

where the  e l e c t r o n - w i t h d r a w i n g  groups have the same e f f e c t  on the 

d i ssocia t ion  constant  and pK of the boronic acid.  I t  c l ea r ly  suggests 

t h a t  the benzene r i n g  i nc r e a s e s  the L ewi s - ac i d  s t r e n g t h  o f  the boron 

a c i d  and s t a b i l i z e s  the t e t r a h e d r a l  form of  the boronic  a c i d  in the 

complex.

The following conclusions are made in b r ie f  based upon the r esu l t s  

and discussion:

1) The Boronic a c id  e s t e r i f i e s  w i t h  the pheno l i c  OH group of  the 

Schiff ' s  base in the f i r s t  step.
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2) The b o r o n i c  a c i d  complexes  w i t h  t he  S c h i f f ' s  base  when i t  i s  

unionized.

3) The is dependent on pH and kcat  is  independent o f  pH.

4) There is no proton t r a n s f e r  in the r a t e -de t er min i ng  step.

5) There  i s  no s u b s t i t u e n t  e f f e c t  ( e l e c t r o n i c  e f f e c t )  on kc a .̂ and 

the r a t e -de t e r mi ning  s tep  is common for a l l  boronic acids .

MECHANISM:

The f i r s t  s tep  in the mechanism is the e s t e r i f i c a t i o n  of  unionized 

b o r o n i c  ac id wi th the  i o n i z e d  phenol  ic  OH group  o f  the  S c h i f f ' s  base.  

This s tep  may be very rapid as observed in the e s t e r i f i c a t i o n  of  bor ic
n n

acid  wi t h  polyols .  In the second s tep,  the nuc leophi l i c  oxygen of  the 

hydroxyl  g roup,  a t t a c h e d  to the  boron,  a t t a c k s  the  imine ca r bon  and 

forms a six-membered r ing  as shown in 3. I t  i s  a l so  poss i b l e  that  s ix -  

membered r ing 3 forms through a carbinolamine in termedia te  2a, which 

in t u r n  forms from 2 by i n t r a m o l e c u l a r  t r a n s f e r  o f  hydroxyl  group o f  

t he  b o r o n i c  group to the  imine carbon.  The s ix - member ed  r i n g  3 has a 

n e g a t i v e  c h a r g e  on the  boron which i s .  s t a b i l i z e d  by e l e c t r o n -  

w i t h d r a w i n g  s u b s t i t u e n t s  on benzene r ing,  whereas e l ec t ron-dona t ing  

s u b s t i t u e n t s  d e s t a b i l i z e  i t .  Th i s  c ou l d  e x p l a i n  the  b e t t e r  b i n d i n g  

observed in the cases  o f  benzeneboronic ac ids  wi th  e lec t ron-wi thdrawing 

s u b s t i t u e n t s  compared to e l ec t r on-dona t ing  s u bs t i t ue n t s .  In subsequent 

s teps ,  the six-membered r ing  breaks-down followed by the hydrolys is  to 

give p r oduc t s .

I t  i s  a l s o  p o s s i b l e  t h a t  a d i f f e r e n t  s ix - member ed  r i n g  2b forms 

involving the imine n i t rogen from carbinolamine in termedia te  2a. This
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7 0type of  b i c y c l i c  s t r u c t u r e  was known wi th  sa l i cy lamide .  The formation 

of  t h i s  r in g  may be non-product ive as  i t  does not lead to products.

The r a t e - de t e r mi n in g  s tep  is the break-down of  six-membered r ing  3 

t o  a n o t h e r  i n t e r m e d i a t e  4,  as  i t  f o l l o w s  a l l  t he  o b s e rv ed  r e s u l t s .  

There  was no s o l v e n t  d e u t e r  ium-i  so tope  e f f e c t  in the  e x p e r i m e n t  as  

t h e r e  i s  no p r o t o n  t r a n s f e r  in t h i s  s t e p .  The boron a t om does  not  

change much e l e c t r o n i c a l l y  going from six-membered r ing  3 to another  

i n t e rmedia te  4, as i t  c a r r i e s  negat ive  charge in both s t r u c t u r e s .  That 

is  why there  is no s u b s t i t u e n t  e f f e c t  on t h i s  s tep.  The c a t a l y t i c  r a t e  

c o n s t a n t  i s  i n depen den t  o f  pH as  t h i s  s t e p  does  not  r e q u i r e  any 

h y dr o x i de  ion or  w a t e r .  I f  t h e  h y d r o l y s i s  o f  i n t e r m e d i a t e  4 i s  the  

r a t e - d e t e r m i n i n g  s t e p ,  t hen  i t  would  be e x p e c t e d  t h a t  pH and 

s u bs t i t u e n t  groups w i l l  have an e f f e c t  on the c a t a l y t i c  r a t e  cons tant .  

But  t h e r e  were  no such e f f e c t s  o bs e r v e d  in t he  e x p e r i m e n t s  and i t  

e x c l u d e s  t h e  p o s s i b i l i t y  o f  t h e  h y d r o l y s i s  o f  i n t e r m e d i a t e  4 i s  the  

r a t e - de t e r mi n i ng  s tep.  Based on the above r e s u l t s ,  i t  may be concluded 

t ha t  the r a t e -de t e r mi n i ng  s tep  is the break-down of  the six-membered 

r ing 3.

T h i s  mechani sm a l s o  e x p l a i n s  t he  r e v e r s i b l e  r e a c t i o n  i . e  the

f o r m a t i o n  o f  a S c h i f f ' s  b as e .  I t  was known t h a t  b o r i c  a c i d  c a t a l y z e s
fi 1t he  f o r m a t i o n  o f  a S c h i f f ' s  base .  In t he  r e v e r s e  r e a c t i o n ,  the  

b o r o n i c  a c i d  forms a complex  w i t h  s a l  i c y l a  ldehyde ,  t h e  boron in the 

complex a c t s  as  a Lewis ac i d  and coordina tes  to  the carbonyl  oxygen and 

makes t he  c a r b o n y l  c a r bo n  e l e c t r o n  d e f i c i e n t  f a c i l i t a t i n g  t h e  

n uc l eoph i l i c  a t t a c k  of  an amine. The boron atom here a c t s  l i ke  a metal  

ion in t h e  h y d r o l y s i s  o f  e s t e r s .  In t h e  h y d r o l y s i s  o f  amino e s t e r s  by
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m et a l  ions ,  the  m e t a l  ion c o o r d i n a t e s  to the  ca r bo ny l  oxygen and
77f a c i l i t a t e s  the nucleophi l i c  (0H“) a t t ack  on the carbonyl carbon. In

f a c t  i t  has been shown t h a t  b o r a t e  a l s o  a c t s  in the  same way in the
c o

h y d r o l y s i s  o f  phenyl  s a l i c y l a t e .  The r a t e - d e t e r m i n i n g  s t e p  in the 

f o r ma t io n  o f  a S c h i f f ' s  base may be the  a t t a c k  o f  an amine on the 

carbonyl carbon.

The r e s u l t s  p r e s e n t e d  in t h i s  c h a p t e r  c l e a r l y  i n d i c a t e  t h a t  

boronic and bor in ic  acids  a re  b e t t e r  than bor ic ac id  as c a t a l y s t s .  The

reason  for  t h i s  c o n c l u s i o n  i s  the poor b i n d i n g  o f  b o r i c  a c i d  w i t h

t he  s u b s t r a t e  s i n c e  b i n d i n g  i s  a l s o  an i m p o r t a n t  f a c t o r  in the 

c a t a l y z e d  r e a c t i o n s .  I f  the  b i n d i n g  i s  not  good,  then c a t a l y s i s  

r e q u i r e s  h igh  c o n c e n t r a t i o n  o f  c a t a l y s t s  or  s u b s t r a t e s .  Enzymes 

genera l ly  ca ta lyze  the reac t ions  in the micromolar concent ra t ion range 

as  b i n d i n g  o f  enzymes w i t h  s u b s t r a t e s  i s  good. In the  c as e  o f  b o r i c  

acid,  the binding is poor and reac t ions  requi re  high concent ra t ion of 

b o r i c  a c i d  compared to b or on ic  and b o r i n i c  a c i d s .  Rega rd ing  the 

mechanism, s tudies  wi th boronic acids  did not provide any evidence that  

leads to a new mechanism of  a Schi f f ' s  base hydrolysis .  But i t  provided 

more i n f o r m a t i o n  to s uppo r t  t he  mechanism proposed  ea r  1 i e r  for  the
CO

b o r i c  a c i d - c a t a l y z e d  S c h i f f ' s  base  h y d r o l y s i s .  F i n a l l y ,  i t  can be 

concluded  t h a t  b o r o n i c  a c i d s  w i t h  a pK lower  than 9 cou l d  be b e t t e r  

models for enzymes when compared to bor ic  acid.
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PART IB: BORONIC ACIDS -  HYDROLYSIS OF MANDELONITRILE
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EXPERIMENTAL

MATERIALS;

Deuterium oxide was purchased from Aldr ich Chemical Co. Buffers 

were p r epared  in D2O. I n i t i a l  0.5 M NaOH and 1.0 M HC1 s o l u t i o n s  were 

p repared  by d i s s o l v i n g  a l k a l i  or  by d i l u t i n g  c o n c e n t r a t e d  a c i d  in a 

s mal l  volume of  D2O. 0.5 M KH2PO4 and 1.0 M NaHCOg s o l u t i o n s  were 

prepared in a s imi l a r  way. Phosphate buf fer s  and bicarbonate buffers  of  

0.1 M were prepared wi th the above solut ions  by using buffer  formulae
CO

given in the Biochemists'  Handbook.

M a n d e l a m i d e  was p u r c h a s e d  f rom ICN P h a r m a c e u t i c a l s ,  Inc.  

3 - (Tr imethyls i ly l ) - l -propanesul fonic  a c i d  was purchased  from A l d r i c h  

Chemical  Co. Acetone-dg,  d i met hyl su l fox ide-dg ,  and t e t ramethyls i l ane  

were purchased from Norel l ,  Inc.

Boronic  a c i d s  were the same as  t hose  used in the p rev i ous  

exper iment .  B uf f e r s  c o n t a i n i n g  the a p p r o p r i a t e  c o n c e n t r a t i o n s  of  

boronic acid were prepared by di ssolving the boronic acid in buffer  and 

adjust ing to r ight  pH wi th NaOH or HOI.

Preparat ion of  D,L-mande 1 o n i t r i  1 e : This was prepared by the procedure 

o f  J o r n s . 7® The pH o f  1.0 M KCN (200 ml) s o l u t i o n  was a d j u s t e d  to 5.4 

wi th g lac i a l  ace t i c  acid,  d i lu ted  wi th an equal volume of  ethanol and 

4 ml(0.04 moles)  o f  benzaldehyde was added.  The r e a c t i o n  m i x t u r e  was 

then s t i r r e d  for  30 m in ut es  a t  room t e m p e r a t u r e  fo l lowed  by the 

a d d i t i o n  o f  20 ml o f  g l a c i a l  a c e t i c  a c i d  and s t i r r e d  for  ano the r  

10 mi nu t es .  The p roduc t  was e x t r a c t e d  w i t h  c h l o ro fo r m,  washed w i t h  

wa t e r  and then d r i e d  over  anhydrous sodium s u l f a t e .  Chloroform was
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ev ap o r a t e d  under  n i t r o g e n  a t  room t e m p e r a t u r e  and the produc t  

( m a n d e l o n i t r i l e )  was o b t a i n e d  as  a c o l o r l e s s  o i l .  The pr oduc t  was 

mandelon i t r i l e  as judged by the NMR spectrum (Fig. 1). A stock solut ion 

of  0.83 M mande l on i t r i l e  was made in deutera ted dimethylsul foxide.

METH3DS:

The hydrolysis  of  mandeloni t r  i le was ca r r i ed  out  by fol lowing the 

appear ance  o f  a s p e c i f i c  p r o to n  peak o f  the  p r od uc t  a t  5.15 p.p.m. 

u s in g  a JEOL GX 400 NMR S p e c t r o m e t e r  i n t e r f a c e d  w i t h  a computer .  The 

spect rometer  was equipped wi th a va r iab l e  temperature c on t r o l l e r  which 

mainta ins  a t  a constant  temperature of  wi th in  +0.5°C.

1.0 ml o f  b u f f e r  c o n t a i n i n g  the a p p r o p r i a t e  c o n c e n t r a t i o n  of  

b or o n ic  a c i d  was mixed w i t h  0.1 ml o f  m a n d e l o n i t r i l e  from a s tock  

s o l u t i o n .  I t  was then t r a n s f e r r e d  to  a 5 mm NMR tube  (Wilmad 528 pp) 

and frozen immediatly u n t i l  the s t a r t  o f  the experiment .  3-(Tr imethyl-  

s i l y l ) - l - p r o p a n e s u l f o n i c  a c i d  was used as  an i n t e r n a l  s t a n d a r d .  The 

r e a c t i o n  m i x t u r e  was brought  to the  room t e m p e r a t u r e  b e f o r e  the 

ex pe r imen t  and then t h e r m o s t a t t e d  a t  60°C in a *H probe  o f  the  NMR 

spect rometer .  The spec t ra  of  the reac t ion  mixture were recorded a t  an 

i n t e r v a l  o f  6 m i n u t e s  for  90 m i n u t e s  and s t o r e d  on a d i s k .  A f t e r  

90 minutes,  spect ra  were p r in ted  wi th  the in t eg ra t i on  value of  several  

p r o t o n s .  The h e i g h t  o f  the  i n t e g r a t e d  peak a t  each t i me  was measured 

and used in the ca l cu l a t i on  of  f i r s t - o r d e r  r a t e  cons tants .  The height  

o f  the peak a t  i n f i n i t e  t ime  was t aken  as  the  h e i g h t  o f  the  p r o ton  

peak o f  the  r e a c t a n t  (mandeloni  t r  i l e)  t h a t  c o r r e s po nd s  to the  p r o to n  

followed in the react ion.  The f i r s t - o r d e r  r a t e  constant  was ca lcula ted
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from the fol lowing r e la t ions hi p :

(I -  I Q)

2.303 log --------------------  = kt

(I -  I t )

where I i s  t he  h e i g h t  o f  the i n t e g r a t e d  peak a t  i n f i n i t e  t ime ,  I Q is 

the height  of  the in tegra ted peak a t  zero t ime and Ij. is the height  of 

the  i n t e g r a t e d  peak a t  t ime t .  A p l o t  o f  2.303 log (I  -  1^) as  a 

f u n c t i o n  o f  t ime  y i e l d s  a s t r a i g h t  l i n e  and the  s l o p e  o f  t h i s  l i n e  is 

the f i r s t - o r d e r  r a t e  constant .
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RESULTS:

M a n d e l o n i t r i 1e 1, in the  p r e s e n c e  o f  b o r o n ic  a c i d s  undergoes  

h y d r o l y s i s  to m andelamide .  The NMR sp ec t ru m  o f  the  r e a c t i o n  p ro d u c t  

a g reed  w i t h  th e  s p e c t ru m  o f  m andelamide  (Fig .  1 Sc 2). The p ro d u c t  was 

f u r t h e r  c o n f i rm e d  by TLC on a s i l i c a  g e l  ( S i l i c a  g e l  60 F25 4 , MC/B 

Manf. Chemists,  Inc.) and comparing the Rf value (0.35) of the product 

w i t h  t h e  R f  v a l u e  (0 .3 6 )  o f  m a n d e l a m i d e  ( s o l v e n t  s y s t e m :  

hexane:butanol, 50:50). On the other  hand, boronic acids  had no e f f e c t  

on the  h y d r o l y s i s  o f  b e n z o n i t r i l e  1A, as  t h e r e  was no benzamide 

formation from b en z o n i t r i l e .

I t  was p r e v i o u s l y  known t h a t  mandelamide  can be o b t a i n e d  from

mechanism o f  h y d r o l y s i s  is  not  known. The r a t e  o f  h y d r o l y s i s  o f  

m an d e lo n i t r i l e  is  very slow a t  room temperature. Therefore the reac t ion  

was followed a t  60°C. The r ea c tan t s  and products were not a f fec ted  by 

h igh  t e m p e r a t u r e  as  t h e r e  were  no d i f f e r e n c e s  in the  s p e c t r a  o f  

r e a c ta n t s  and products a t  25 and 60°c. There was no any d e tec tab le  r a te  

of  spontaneous hydrolysis  under those condi t ions .

O

r> 7  Qm a n d e l o n i t r i l e  in the  p r e s e n c e  o f  b o r i c  a c i d  a t  60UC. But the



The fo l lo w in g  e x p e r im en ts  were done in o rd e r  to  u n d e r s ta n d  the  

mechanism of  the hydrolysis  of  m ande lon i t r i le  by boronic acids .

Ef  f e e t  o f  b e n z e n e b o r o n  i c a c i d  c o n c e n t r a t  ion on mandeloni t r  i le 

hydrolysis ;

The r a t e  o f  h y d r o l y s i s  o f  mandeloni  t r  i l e  was s t u d i e d  by v a ry in g  

the concentrat ion of  benzeneboronic acid  in 0.1 M bicarbonate  buffer ,  

pH 9.0 a t  60°C. The r a t e  o f  h y d r o ly s i s  in c r e a s e d  c o n t i n u o u s l y  w i th  

increasing concentra t ion of  boronic acid. The highest concentrat ion of 

boronic acid used was 0.3 M and there was no any evidence o f  s a tu ra t io n  

of  m ande lon i t r i le  a t  th i s  concentration.  In Fig. 3 the f i r s t - o r d e r  r a te  

c o n s t a n t s  for  the  h y d r o ly s i s  o f  m a r d e l o n i t r i l e  a r e  p l o t t e d  as  a 

function of  benzeneboronic acid  concentrat ion.

Effec t  of  pH on the hydrolysis  of m ande lon i t r i le  by boronic a c id s :

The r a te  of hydrolysis  of  mandeloni  t r  i l e  by benzeneboron ic  a c id  

was s tu d i e d  in the  pH range 7.5 to 10.4. There  was no spontaneous  

h y d r o ly s i s  in t h a t  pH range and no d e t e c t a b l e  amount o f  p roduc t

f o r m a t i o n  b e lo w  pH 7.5.  F i g .  4 shows t h e  pH d e p e n d e n c e  o f

m a n d e I o n i t r i 1e h y d r o l y s i s  by b e n z e n e b o r o n i c  a c i d .  The r a t e  

continuously increases with increasing pH which is opposite  to tha t  of 

a S c h i f f ' s  base  h y d r o ly s i s  by the  b o ro n ic  a c i d  (P a r t  IA). When log 

f i r s t - o r d e r  r a t e  constants  a re  p lo t ted  as a function of  pH, a s t r a ig h t  

l i n e  is  o b t a in e d  w i t h  a s lo p e  o f  -  0.4 (Fig. 6 ).

In a n o t h e r  s t u d y ,  t h e  e f f e c t  o f  pH on t h e  h y d r o l y s i s  o f

m a n d e l o n i t r i  l e  by a d i f f e r e n t  b o ro n ic  a c i d  was s tu d i e d  to g e t  more
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in fo rm a t io n  on the pH dependence. Fig. 5 shows the  pH dependence of  

mandeloni t r i le  hydrolysis by 3-nitrobenzeneboronic acid. There was no 

d e t e c t a b l e  amount of  product  fo rm at ion  below pH 8.0 and the r a t e  

continuously increased with increasing pH s im i la r  to that of  benzene­

boronic  ac id .  A s t r a i g h t  l i n e  w i th  a s lope  o f  -  0.17 is  o b ta in ed  when 

log f i r s t - o r d e r  r a t e  c o n s ta n t s  a re  p l o t t e d  as  a func t ion  o f  pH 

(Fig. 6).

E f f e c t  of  subs t  i t u e n t s  of  benzeneboronic  a c id  on the h y d ro ly s i s  of  

m andelon i t r i le ;

This experiment has been done in order to find out the e lec t ron ic  

e f f e c t s  on the h y d r o ly s i s .  The e f f e c t s  o f  benzeneboronic  a c id s  w i th  

v a r io u s  s u b s t i t u e n t  groups on the  h y d r o ly s i s  o f  m a n d e lo n i t r i  le  were 

s tu d ie d  in 0.1 M b ic a r b o n a te  b u f f e r ,  pH 9.2 a t  60°C. The f i r s t - o r d e r  

r a t e  cons tants  were calcula ted  for a l l  boronic acids and then converted 

to second-order r a te  constants  by dividing f i r s t - o r d e r  ra te  constants 

w i th  the  c o n c e n t r a t i o n  of  boron ic  a c id s .  These r e s u l t s  a r e  l i s t e d  in 

Table I. The second-order  r a t e  c o n s ta n t s  a re  h igher  in the cases  o f  

boron ic  ac id s  w i th  e l e c t r o n - d o n a t i n g  s u b s t i t u e n t s  as  compared to 

e lectron-withdrawing subs t i tuents .

Fig. 7 shows a Hammett p lo t  of  second-order r a te  constants  for the 

h y d r o ly s i s  o f  m a n d e l o n i t r i l e  by b o r o n i c  a c i d s  vs .  s u b s t i t u e n t  

c o n s ta n t s .  All boron ic  a c id s  f a l l  on a s t r a i g h t  l i n e  w i th  a s lope  of  

-0.75.
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Table I

The s u b s t i t u e n t  e f f e c t  on the  h y d r o ly s i s  o f  m a n d e l o n i t r i l e  by 
benzeneboronic ac idsa

Boronic acid M
ko

( s e c - 1 )

k

(M-1  s e c - 1 )

3-Aninobenzeneboronic acid 0.01 1.07 X 10"5 1.07 X 10-3

Benzeneboronic acid 0.05 3.93 X 10-5 7.90 X 10-4

3-Nitrobenzeneboronic acid 0.05 1.02 X 10-5 2.04 X 10-4

3-Carboxybenzeneboron i c 
acid

0.05 6.48 X 10-5 1.29 X 10-3

3 ,5 -B is - ( t r i  fluoromethyl)- 
benzeneboronic acid

0.02 4.72 X 10-6 2.36 X 10“4

4-Brorrobenzeneboronic acid 0.02 9.02 X 10-6 4.51 X 10"4

a. pH 9.2, b ic a r b o n a te  b u f f e r  a t  I = 0.1 M and 60°C.
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P . P . M .

F i g .  1.  60 MHz PMR s p e c t r a  o f  (A) m a n d e l o n i t r i l e  and (B) m a n d e l a m i d e  
i n  a c e t o n e - d g .  The r a t i o s  o f  p ea .ks  a a n d  b a r e  4 . 6 : 1 . 0  a n d  4 . 5 : 1 . 0  
f o r  A and B, r e s p e c t i v e l y .
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F i g .  2.  4 00  MHz PMR s p e c t r a  o f  m a n d e l o n i t r i l e  ( 0 .0 7 6  M) 
i n  t h e  p r e s e n c e  o f  b e n z e n e b o r o n i c  a c i d  ( 0 . 0 5  M) i n  0 . 1  M 
b i c a r b o n a t e  b u f f e r ,  D 2 0  a t  pH 9 . 0  a n d  6 0 ° C .  
A. a t  z e r o  t i m e  and  B. a f t e r  78  m i n u t e s .  P e a k  a i s  f r o m  
m a n d e l o n i t r i l e  and b i s  from  m a n d e la m ide .

69



4

2

0.1 0.2 0.3

b Cm )

F i g .  3. E f f e c t  o f  b e n z e n e b o r o n i c  a c i d  on t h e  r a t e  o f  
m a n d e l o n i t r i l e  ( 0 . 0 7 6  M) h y d r o l y s i s  i n  0 .1  M b i c a r b o n a t e  
b u f f e r ,  pH 9.0  a t  60°C .  The h y d r o l y s i s  w a s  f o l l o w e d  by  
i n t e g r a t i n g  t h e  p r o t o n  p ea k  o f  t h e  p r o d u c t  a t  5 . 1 5  p.p.m.  
w i t h  t i m e  ( e v e r y  6 m i n u t e s )  u s i n g  a 4 0 0  MHz NMR 
s p e c t r o m e t e r .
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F i g . .  4.  pH p r o f i l e  f o r  t h e  h y d r o l y s i s  o f  m a n d e l o ­
n i t r i l e  ( 0 . 0 7 6  M) by b e n z e n e b o r o n i c  a c i d  ( 0 . 0 5  M) a t  
6 0 ° C .  B u f f e r s  b e l o w  pH 8 a r e  0 .1  M p h o s p h a t e  a n d  
above  pH 8 a r e  0.1 M b i c a r b o n a t e .  The h y d r o l y s i s  was  
f o l l o w e d  by  i n t e g r a t i n g  t h e  p r o t o n  p e a k  o f  t h e  
p r o d u c t  a t  5 . 1 5  p .p .m .  w i t h  t i m e  ( e v e r y  6 m i n u t e s )  
u s in g  a 400 MHz NMR s p e c t r o m e t e r .
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F i g .  5. pH p r o f i l e  f o r  t h e  h y d r o l y s i s  o f  m a n d e l o ­
n i t r i l e  ( 0 . 0 7 6  M) by 3 - n i t r o b e n z e n e b o r o n i c  a c i d  
( 0 . 0 5  M) a t  6 0 ° C .  B u f f e r s  b e l o w  pH 8 a r e  0 . 1  M 
p h o s p h a t e  an d  a b o v e  pH 9 a r e  0 . 1  M b i c a r b o n a t e .  The  
h y d r o l y s i s  w a s  f o l l o w e d  by i n t e g r a t i n g  t h e  p r o t o n  
p e a k  o f  t h e  p r o d u c t  a t  5 . 1 5  p . p . m .  w i t h  t i m e  
( e v e ry  6 m i n u t e s )  u s i n g  a 400 MHz NMR s p e c t r o m e t e r .
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F i g .  6.  P l o t  o f  l o g  f i r s t - o r d e r  r a t e  c o n s t a n t  f o r  
t h e  h y d r o l y s i s  o f  m a n d e l o n i t r i l e  (0.076 M) by 
b e n z e n e b o r o n i c  a c i d  (A) and  3 - n i t r o b e n z e n e b o r o n i c  
a c i d  (O) a s  a f u n c t i o n  o f  pH. The s l o p e s  o f  t h e  
p l o t s  a r e  - 0 . 4  ( b e n z e n e b o r o n i c  a c i d )  and  - 0 . 1 7  
( 3 - n i t r o b e n z e n e b o r o n i c  a c i d ) .  The d a t a  an d  t h e  
r e a c t i o n  c o n d i t i o n s  a r e  t h e  same a s  t h o s e  i n  
F i g .  4 an d  5.
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F i g .  7 .  H a m m e t t  p l o t  o f  t h e  s u b s t i t u e n t  e f f e c t  o n  t h e  
h y d r o l y s i s  o f  m a n d e l o n i t r i l e  (0 .076  M) by b e n z e n e b o r o n i c  
a c i d s  i n  0 . 1  M b i c a r b o n a t e  b u f f e r ,  pH 9 . 2  a t  6 0 ° C .  The  
r h o  i s  - 0 . 7 5 .
D a t a  o f  T a b l e  I .  S i g m a  i s  t h e  s u b s t i t u e n t  c o n s t a n t  and  
t h e  v a l u e s  a r e  g i v e n  i n  A ppen dix 2.
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DISCUSSION:

In the p r e se n c e  o f  b o ro n ic  a c i d s  m a n d e l o n i t r i l e  1 undergoes

h y d r o ly s i s  to mandelamide.  On the o t h e r  hand, b e n z o n i t r i l e  1A is  not

hydrolyzed to benzamide in the presence of  boronic acids .  I t  suggests

tha t  the hydrolysis  of  m ande lon i t r i le  is  due to the complex formation

o f  b o ro n ic  a c i d s  w i t h  m a n d e l o n i t r i l e  through the  hydroxyl  group of

m a n d e l o n i t r i l e .  There  is  no hydroxyl  group in the b e n z o n i t r i l e  for

bo ro n ic  a c i d s  to  form a complex l i k e  the one formed in the  ca se  o f

mande lon i t r i le .  For th i s  reason the boronic acid  does not mediate the

hydrolysis  of  b en zo n i t r i le .  Okuyama et  a_l. observed s im i la r  r e s u l t s  in
57the hydrolysis  o f  th io e s te r s  by bor ic  acid. Boric ac id  ca ta lyzes  the 

hydrolysis  of  o(.-hydroxythioesters,  but i t  does not have any e f f e c t  on 

the hydrolysis  o f  a simple th io es te r .

I f  the  b o ro n ic  a c id  forms a complex w i th  m a n d e l o n i t r i l e ,  then a 

hyperbolic curve should be obtained when the r a te  constants  a re  p lo t ted  

as a f u n c t io n  o f  b o ro n ic  a c id  c o n c e n t r a t i o n .  But a l i n e a r  p l o t  is 

obtained when f i r s t - o r d e r  r a te  cons tants  a re  p lo t t e d  as a function of 

benzeneboron ic  a c i d  c o n c e n t r a t i o n  (Fig .  3). I t  may be due to poor 

a f f i n i t y  of  benzeneboronic acid for m ande lon i t r i le  and thus may require  

h igh  c o n c e n t r a t i o n  o f  b o ro n ic  a c i d  to o b se rv e  s a t u r a t i o n .  The 

hydrolys is  o f  m ande lon i t r i le  by benzeneboronic acid  is  pH-dependent and 

i n c r e a s e s  w i t h  i n c r e a s i n g  pH (Fig .  4). T h is  pH p r o f  i l e  i s  opposi  t e  to 

the one observed in the hydrolysis  of  a Sch if f ' s  base by boronic acids 

(Part IA), where the hydrolysis  decreases w ith  increasing pH. I t  is not 

p o s s i b l e  to  o b t a i n  the  pK o f  i o n i z a b l e  group from the  pH p r o f i l e  as 

t h e r e  is  no l e v e l l i n g  o f f  o f  h y d r o l y s i s  a t  h ig h e r  pH. But i t  g iv e s  an
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in d ic a t io n  tha t  an ion izab le  group w i th  higher  pK is involved, may be
80the hydroxyl group o f  m a n d e lo n i t r i l e ,  as  i t s  pK is  10.73. I t  may a l so

be a rg u ed  t h a t  i t  i s  due to  t h e  i o n i z a t i o n  o f  b e n z e n e b o r o n ic  a c i d  as

th e  pK ( 8 . 8 ) o f  t h i s  a c i d  i s  h i g h e r .  But t h e  p o s s i b i l i t y  o f  t h i s  is

excluded as  the re  is  no l e v e l l i n g  o f f  o f  hydro lys is  a t  higher  pH w i th

3 - n i t r o b e n z e n e b o r o n i c  a c i d  s i n c e  the  pK (7.3) o f  t h i s  a c i d  i s  low. I t

i s  d i f f i c u l t  t o  a s s i g n  t h e  pK t o  an y  g r o u p  s i n c e  t h e  pK's  o f

m a n d e l o n i t r i l e  and b o r o n ic  a c i d s  a r e  no t  known a t  60°C. I t  i s  known

t h a t  t h e  pK i s  t e m p e r a t u r e  d e p e n d e n t ,  d e c r e a s e s  w i t h  i n c r e a s i n g
fiQ 81temperature  and the change in pK w ith  temperature  is l i n e a r .  ’ But 

t h i s  change v a r i e s  from one ion izab le  group to the o ther  which makes i t  

d i f f i c u l t  to  know th e  e x a c t  d e c r e a s e  o f  pK o f  m a n d e l o n i t r i l e  and 

b o ro n ic  acid .

A s t r a i g h t  l i n e  w i t h  a s lo p e  o f  -0 .4  i s  o b t a i n e d  when log  f i r s t -  

o r d e r  r a t e  c o n s t a n t s  for  th e  h y d r o l y s i s  by b e n z e n e b o ro n ic  a c i d  a r e  

p l o t t e d  a s  a f u n c t i o n  o f  pH. T h i s  s u g g e s t s  t h a t  th e  h y d r o l y s i s  i s  not 

c o m p l e t e l y  depen d en t  on h y d ro x id e  ion. I f  th e  h y d r o l y s i s  were  

comple tely  dependent on hydroxide ion, then the s lope would have been 

one. In the case o f  3-ni t robenzeneboronic  ac id ,  the slope obta ined  is  

-0.17 which is  sm al le r  than the value obta ined  in the case o f  benzene­

boronic  ac id  (Fig. 6). I t  sugges ts  t h a t  b e n z e n e b o ro n ic  a c i d - c a t a l y z e d  

hydro lys is  of  m a n d e lo n i t r i l e  is  more dependent on hydroxide ion than 

3-ni t robenzeneboronic  ac id -c a ta ly z ed  hydro lys is .

The s e c o n d - o r d e r  r a t e  c o n s t a n t s  a r e  h i g h e r  fo r  b e n z en e b o ro n ic  

a c i d s  w i t h  e l e c t r o n - d o n a t i n g  s u b s t i t u e n t s  t h a n  w i t h  e l e c t r o n -  

withdrawing s u b s t i t u e n t s .  On a Hammett p lo t  o f  log second-order r a t e
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c o n s ta n t  vs.  s u b s t i t u e n t  c o n s t a n t s ,  a l l  b o ro n ic  a c i d s  f a l l  on a 

s t r a ig h t  l ine  with  a slope of -0.75 (Fig. 7). I t  is not known from th is  

p lo t  whether the e f f e c t  of  su b s t i tu e n t s  is on binding or c a t a l y t i c  r a te  

constant.  I t  is un l ike ly  that  binding is  b e t t e r  w ith  e lec t ron-donat ing  

su b s t i tu en ts  on benzene r ing  of boronic ac ids  as binding observed for 

t h e se  a c i d s  w i t h  the S c h i f f ' s  base  i s  poor (P a r t  IA). I t  may be t h a t  

the c a t a l y t i c  r a te  constant  is higher w ith  those acids.

Based on the above r e s u l t s  two poss ib le  mechanisms are  proposed 

for the hydrolysis  of  m ande lon i t r i le  by the boronic acid.

MECHANISM: In the  f i r s t  s t e p ,  the  b o ro n ic  a c i d  complexes  w i th  

m ande lon i t r i le  through the hydroxyl group o f  m ande lon i t r i le  and forms 

complex 2,  in which the boron i s  t e t r a h e d r a l .  Complex 2 i s  in 

e q u i l i b r i u m  w i th  a n o th e r  complex 3 ,  where the  boron is  t r i g o n a l .  

Boronic  a c i d s  w i th  e l e c t r o n - w i t h d r a w i n g  s u b s t i t u e n t s  s t a b i l i z e  the 

n e g a t iv e  charge  on boron in complex 2 and t h i s  complex i s  the  major  

species compared to complex 3 with these ac ids .  In the cases of  boronic 

a c i d s  w i t h  e l e c t r o n - d o n a t i n g  s u b s t i t u e n t s ,  complex 3 i s  th e  major  

species as they d e s ta b i l i z e  complex 2. The hydrolysis  proceeds in two 

d i f f e r e n t  ways from these two d i f f e r e n t  complexes.

Scheme I: The boron atom in complex 3 a c t s  as  a Lewis ac id  and forms a 

f ive-membered r in g  3 a ,  by bonding to the  n i t r o g e n  which makes the  

carbon of  n i t r i l e  e lec t ro n  d e f i c i e n t .  In the next s tep ,  the hydroxide 

ion a t t a c k s  the  carbonium  ion. In subsequen t  s t e p s ,  3 b  undergoes  

hydrolysis followed by tautomeriza tion to give products.  In fac t ,  metal
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ions a l so  hydrolyze phenanthrol ine  n i t r i l e  to the corresponding amide 
82in the same way.

Scheme I I :  In complex 2 the n u c leo p h i l i c  oxygen o f  the hydroxyl group, 

a t t a c h e d  to  bo ron ,  a t t a c k s  t h e  ca rbon  o f  n i t r i l e  and forms a f i v e -  

membered r in g  2b. In the next s tep ,  i t  undergoes hyd ro lys is  and g ives  

the in te rm ed ia te  3c, which is same as the one formed in Scheme I. I t  is  

a l so  p o s s ib le  tha t  2b forms through in te rm ed ia te  2a. The in te rm ed ia te  

2a ,  forms by the t r a n s f e r  o f  hydroxyl group in t ra m o lec u la r ly  from the 

b o r o n ic  g roup  to  the  c a rb o n  o f  n i t r i l e .  T h is  Scheme does  no t  r e q u i r e  

hydroxide ion for the hyd ro lys is  as  compared to Scheme I.

In the case o f  benzeneboronic ac id ,  complex 3 is the major  spec ies  

and f o l l o w s  Scheme I fo r  the  h y d r o l y s i s .  B e n zen eb o ro n ic  a c i d  i s  more 

d ependen t  on h y d r o x id e  ion than  3 - n i t r o b e n z e n e b o r o n i c  a c i d  a s  i t  

f o l l o w s  Scheme I for  th e  h y d r o l y s i s .  I t  c o u ld  a l s o  be p o s s i b l e  t h a t  

b e n z e n e b o ro n ic  a c i d - c a t a l y z e d  h y d r o l y s i s  follows Scheme II to some 

ex ten t  as t h i s  hydro lys is  is not complete ly  dependent on hydroxide ion.

Complex 2 is the major spec ies  w i th  3-n i t robenzeneboronic  ac id  as  

i t  s t a b i l i z e s  the nega t ive  charge on boron which leads to Scheme II for 

the hydro lys is .  3-Nitrobenzeneboronic a c id -c a ta ly z e d  hydro lys is  is not 

more dependent on hydroxide ion as  Scheme II does not r eq u i re  hydroxide 

ion fo r  t h e  h y d r o l y s i s .  As t h e  pH p r o f i l e  s u g g e s t s ,  i t  m ig h t  f o l l o w  

Scheme I for the hydro lys is  to the sm a l le s t  ex ten t .

The Hammett p l o t  (F ig .  7) shows t h a t  b e n z e n e b o r o n ic  a c i d s  w i t h  

e l e c t ro n -d o n a t in g  subst  i t u e n t s  h y d r o ly z e  m a n d e l o n i t r i l e  f a s t e r  than  

w i t h  e l e c t r o n - w i t h d r a w i n g  s u b s t i t u e n t s .  B en z e n e b o ro n ic  a c i d s  w i t h  

e l e c t r o n - w i t h d r a w i n g  s u b s t i t u e n t s  s t a b i l i z e  complex 2 compared to
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complex 3 and follow Scheme II for the hydrolys is .  On the other  hand, 

benzeneboronic acids with  e l e c t r o n -d o n a t in g  s u b s t i t u e n t s  d e s t a b i l i z e  

complex 3 compared to complex 2 and fo l lo w s  Scheme I for  the 

h y d r o l y s i s .  I t  may be t h a t  Scheme I i s  f a s t e r  than  Scheme I I  which 

r e s u l t s  higher r a t e  constants  in the cases o f  benzeneboronic acids with  

e lec t ron-donat ing  su b s t i tu en ts  as they follow Scheme I.

U n f o r t u n a t e l y  the  r e s u l t s  o b t a in e d  in the  e x p e r im e n t s  d id  not 

provide s u f f i c i e n t  information in order to unambiguously determine the 

p rec ise  mechanism of  the reac t ion .
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PART I I :  TEPC-15, AN ANTIBODY THAT BINDS ANALOGS OF 
THE TRANSITION STATE FOR ESTER HYDROLYSIS
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IN 1 R C D U C T IC N

A n t ib o d ie s  and enzymes a r e  p r o t e i n s  t h a t  s h a re  s e v e r a l  common 

proper t ies .  Both types of p ro te ins  have binding s i t e s  for small as well  

as  l a r g e  m o lec u le s  and form complexes  w i th  them through b in d in g  

i n t e r a c t i o n s .  They show spec i  f i c i  ty  in b in d in g  by forming  complexes  

o n ly  w i t h  s p e c i f i c  m o le c u le s  w i th  high a f f i n i t y .  The b in d in g  o f  a 

s u b s t r a t e  to an a p p r o p r i a t e  enzyme leads  to the  m o d i f i c a t i o n  o f  the 

s u b s t r a t e .  Th is  p r o p e r t y  is  l a c k in g  in a n t i b o d i e s .  While  a n t i b o d i e s  

form complexes with sp e c i f i c  l igands,  these complexes are  believed to 

be no n co v a len t .  I t  i s  o f  i n t e r e s t  to see  i f  i t  is  p o s s i b l e  to make 

ant ibod ies  tha t  can show c a t a l y t i c  a c t i v i t y  and mimic enzymes.

For the f i r s t  t ime in 1975, Raso and S to l la r*^  demonstrated that 

an t ibod ies  that a re  made agains t  t r a n s i t i o n  s t a t e  analogs can show some 

c a t a l y t i c  a c t i v i t y .  Raso and S to l l a r  generated an t ibodies  to pyridoxyl-  

aminotyrosine,  believed to resemble the  t r a n s i t i o n  s t a t e  o f  t y r o s i n e  

t r a n s a m i n a t i o n .  The r e a c t i o n  s t u d i e d  involves i n i t i a l  formation of  a 

S c h i f f  base  between p y r id o x a l  phospha te  and t y r o s i n e ,  fo l low ed  by 

isomerizat ion and hydrolysis  to y ie ld  p-hydroxyphenylpyruvic acid and 

pyridoxaminephosphate (equation 1).

OH

They found that  the r a t e  of  a S ch i f f ' s  base formation is unchanged 

in the presence of  an t ibodies .  However, the r a t e  of product formation
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is 5 t imes higher in the presence of  the antibody. The antibody acted

in a c a t a l y t i c  way by p ro d u c in g  ten  moles  o f  p ro d u c t  pe r  mole o f  the

antibody in a c e r t a in  per iod of  time. But th i s  turnover number is low

as compared to those o f  enzymes.
ft sKohen e_t a l .  showed t h a t  a n t i b o d i e s  t h a t  a r e  made a g a i n s t  

s u b s t r a t e  an a lo g s  have some en zy m at ic  p r o p e r t i e s .  They showed th a t  

monoclonal  a n t i b o d i e s  to d i n i t r o b e n z e n e  enhance the  h y d r o l y s i s  o f  

7-hydroxycoumarin  e s t e r  o f  N - ( 2 , 4 - d i n i t r o p h e n y l ) - 6-am inohexano ic  

a c i d  1.

n- ch2- ch2 - ch2 - ch2 - ch2 - c - o

The a n t ib o d y - m e d i a t e d  h y d r o l y s i s  o f  the  e s t e r  1 i s  i n h i b i t e d  in 

the presence of various  compounds tha t  contain  the dini t rophenyl  group. 

I t  s u g g e s t s  t h a t  the  a n t ib o d y  b in d in g  s i t e  is  invo lved  in the 

hydrolysis  of  the e s te r .  The antibody becomes inac t ive  in the react ion 

and t h e  r e a c t i o n  i s  s t o i c h i o m e t r i c  a s  one  o f  t h e  p r o d u c t s ,  

d ini  trophenyl-  £ - a m i n o - e a p r o i c  a c i d ,  b inds  t i g h t l y  and does not 

d i s s o c i a t e  from the  a n t ib o d y .  But the  h y d r o l y t i c  a c t i v i t y  o f  the 

antibody is regenerated a f t e r  removal of the products from the reac t ion  

mixture by ion-exchange chromatography.

A d i f f e r e n t  group o b t a i n e d  s i m i l a r  r e s u l t s  w i t h  p o ly c lo n a l  

an t ibodies  towards the same 2, 4-din i trophenyl  determinant.

In a n o th e r  s tu d y ,  Kohen £ t  a l .  g e n e r a t e d  a n t i b o d i e s  a g a i n s t  

s t e r o i d s  and used e s t e r s  o f  s t e r o i d s  as  s u b s t r a t e s .  A n t ib o d ie s  to 

p r o g e s t e r o n e  enhance the  h y d r o l y s i s  o f  17<*-OH-progesterone-7ot-
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87c a r b o x y e t h y l  t h i o e t h e r  o f  umbel 1 i f e ro n e  e s t e r .  A n t i b o d i e s  to 

t e s to s te ro n e  enhance th e  h y d r o l y s i s  o f  t e s to s t e ro n e - lo C - c a r b o x y e th y l
QO

th io e th e r  o f  umbel1iferone e s te r .  The antibody-enhanced hydro lys is  of  

the e s t e r  is s p e c i f i c  w ith  respec t  to nature  o f  the s te ro id .  I t  is  a l so  

pH and temperature dependent. The turnover number is  low in t h i s  system 

a l s o  due to  s low  d i s s o c i a t i o n  o f  th e  r e a c t i o n  p ro d u c t  from the
OQ

a n t ib o d y .  Kohen e t  a l .  used t h i s  sy s tem  in s t e r o i d  immunoassay to 

determine the concentra t ion  of  f ree  s te ro id s .

The antibody-mediated hydrolyses ex h ib i t  many p r o p e r t i e s  s im i la r  

to  enzymes , l i k e  s a t u r a t i o n  k i n e t i c s ,  s p e c i f i c i t y  w i t h  r e s p e c t  to 

s u b s t r a t e s ,  i n h ib i t io n  by s p e c i f i c  compounds, and pH and temperature 

dependence. But turnover  numbers a re  not comparable to enzymes.

The above r e s u l t s  d e m o n s t r a t e d  t h a t  a n t i b o d i e s  s p e c i f i c  for  

t r a n s i t i o n  s t a t e  a n a lo g s  and s u b s t r a t e  a n a lo g s  have some en z y m a t ic  

p r o p e r t i e s .  The p r o p e r t i e s  o f  a n t i b o d i e s  t h a t  b ind  t r a n s i t i o n  s t a t e  

a n a lo g s  have been s t u d i e d  o n ly  w i t h  one s y s te m  and i t  i s  no t  known 

whether an t ib o d ie s ,  which bind t r a n s i t i o n  s t a t e  analogs of  a d i f f e r e n t  

reac t ion  system, can show c a t a l y t i c  a c t i v i t y  or not.
0  n

In 1948, P a u l i n g  s u g g e s te d  t h a t  th e  enzyme a c t i v e  s i t e  is

com plem en ta ry  to  th e  t r a n s i t i o n  s t a t e  o f  th e  r e a c t i o n  and enzymes

s t a b i l i z e  th e  t r a n s i t i o n  s t a t e  by b i n d i n g  the  a c t i v a t e d  form o f

s u b s t r a te s  t i g h t l y  in the t r a n s i t i o n  s t a t e .  Pauling a l so  suggested tha t

any compound tha t  mimics the t r a n s i t i o n  s t a t e  should bind t i g h t l y  to

the  enzyme in v o lv ed  in the  r e a c t i o n  and shou ld  a c t  a s  an i n h i b i t o r .

There  a r e  s e v e r a l  examples  o f  t r a n s i t i o n  s t a t e  analog in h ib i to r s  for
91var ious  enzymes are  known.



On the bas is  of  the above t r a n s i t i o n  s t a t e  theory, i t  is expected 

t h a t  a n t  i b o d ie s  which  b ind  t i g h t l y  to  a t r a n s i t i o n  s t a t e  a n a lo g  may 

s t a b i l i z e  the  a c t u a l  t r a n s i t i o n  s t a t e  o f  a r e a c t i o n  and a c t  as  

c a t a l y s t s .  To t e s t  the  above h y p o t h e s i s ,  I d e c id e d  to  s tu d y  the  

p r o p e r t i e s  o f  a n t i b o d i e s  t h a t  b ind  t r a n s i t i o n  s t a t e  analogs of  e s t e r

and amide hydrolyses s ince the mechanisms of  these hydrolyses are  wel l
92understood. The hydrolyses of  e s t e r s  and amides a re  known to proceed 

th rough  a t e t r a h e d r a l  c o n f i g u r a t i o n ,  which must  be c l o s e  to  the  

c o n f i g u r a t i o n  o f  the  t r a n s i t i o n  s t a t e .  The te t r a h e d ra l  conf igura t ion  

w i l l  form a f t e r  a t t a c k  by a nucleophile .  In the case o f  the enzymatic 

reac t io n ,  t r a n s i t i o n  s t a t e  analog in h ib i to r s  have been known to assume

a t e t r a h e d r a l  c o n f i g u r a t i o n  when bound to  th e  enzyme. Examples a r e
9 3  9 4  95a ld e h y d e s ,  k e t o n e s ,  and b o r o n ic  a c id s  which become te t ra h e d ra l

a f t e r  r e a c t i o n  w i t h  p r o t e a s e s .  I t  i s  a l s o  known t h a t  t e t r a h e d r a l  

p h o sp h a te  compounds a c t  as  t r a n s i t i o n  s t a t e  a n a lo g  i n h i b i t o r s  o f
q c

pro teases .

The t r a n s i t i o n  s t a t e  analog chosen for t h i s  study is  n i t ropheny l-

p h o sp h o ry lc h o l  ine .  The p h o s p h o d ie s t e r  g roup  o f  p h o s p h o ry lc h o l  ine  is

t e t r a h e d ra l  and mimics the t e t r a h e d ra l  conf igu ra t ion  o f  choline e s te r s

formed on r e a c t io n  w i th  hydroxide ion (Fig. 1).

TEPC-15 ( IgA) i s  a m ouse  m ye lom a  p r o t e i n  w h ic h  b i n d s
9 7phosphorylcholine  a n a lo g s  i n c l u d i n g  n i t r o p h e n y l p h o s p h o r y l c h o l i n e

q o
(B. Chesebro ,  u n p u b l i sh e d  o b s e r v a t i o n s  ). TEFC-15 belongs to a group 

o f  p h o s p h o r y l c h o l i n e - b i n d i n g  mouse myeloma p r o t e i n s  a l l  o f  which
Q 7

o r i g i n a t e d  in the  in b re d  BALB/c s t r a i n  o f  mice .  These  p r o t e i n s  a r e  

wel l  cha rac te r ized  and amino ac id  sequences o f  many o f  these p ro te ins

85



9 9  1 0 0a r e  known. ’ They s h a re  a h igh  d eg ree  o f  sequence  homology among 

the amino ac ids  present  in the heavy chain.

Moreover, the three-dimensional  s t r u c t u r e  o f  the Fab' fragment of  

a typica l  member o f  t h i s  group (MOPC-603) has been de termined . 1®1-103 

The loca t ion  of  amino acid  s ide chains tha t  form the combining s i t e  in 

the antibody is known from the c ry s ta l lo g ra p h ic  study of  ant ibody with  

p h o s p h o r y l c h o l i n e . 10^ The a n t i b o d y - p h o s p h o r y l c h o l i n e  complex is  

s t a b i l i z e d  by e l e t r o s t a t i c  i n t e r a c t i o n s ,  hydrogen bonds and van der  

Wall 's  forces.  One of  the oxygens o f  the phosphate in phosphorylcholine 

i s  hydrogen bonded to the  phenol ic  OH o f  Tyr-33H and the  o t h e r  oxygen 

to  th e  g u a n id in iu m  o f  Arg-52H o f  the  a n t ib o d y  (Fig .  2). These  amino 

ac ids  a re  conserved in TEFC-15 and in most o f  the phosphorylchol ine- 

binding a n t ib o d ie s .100’10^ I t  is poss ib le  tha t  the t r a n s i t i o n  s t a t e  of  

c h o l i n e  e s t e r s  c o u ld  be s t a b i l i z e d  by hydrogen bonding  to  the 

nega t ive ly  charged oxygen. The c ry s ta l lo g ra p h ic  data a l so  suggest that  

there  is  room for water  or hydroxide ion in the an t ib o d y -e s te r  complex 

to a t t a c k  the carbonyl group of  the e s t e r  as a nucleophile.

Very r e c e n t l y  two groups  have shown t h a t  a n t i b o d i e s  t h a t  b ind  

phosphonate e s t e r s  a l so  ca ta lyze  the hydrolys is  o f  s p e c i f i c  carbonate 

e s t e r s . 105’ 106 The a n t i b o d y  (MOPC-167) used by one o f  the  two groups

b e lo n g s  to  the  g roup o f  p h o s p h o r y l c h o l i n e - b i n d i n g  myeloma p r o t e i n s
  94

whose sequence is s im i l a r  to TEPC-15 used in t h i s  p ro je c t .  MOPC-167

c a t a l y z e s  the  h y d r o l y s i s  o f  £ - n i t r o p h e n y l  e s t e r  o f  N - t r i m e t h y l -

a m in o e th y l  c a r b o n a t e  w i t h  a s e c o n d -o rd e r  r a t e  c o n s t a n t

32 M-1 sec - 1 .106

86



EXPERIMENTAL

MATERIALS

Mouse c l a r i f i e d  a s c i t e s  (TEPC-15) was purchased  from B io n e t i c s  

laboratory products.  BSA was purchased from Sigma Chemical Co. and used 

from a s to ck  s o l u t i o n  o f  4 mg/ml in w a te r .  Goat IgG (undef ined  

s p e c i f i c i t y )  was purchased  from Sigma Chemical Co. and used from a 

s tock  s o l u t i o n  o f  3 mg/ml in 0.1 M t r i s  b u f f e r ,  pH 8.0. Peps in  was 

purchased from Boehringer Mannheim and used from a stock solu t ion of  

1 mg/ml in 0.1 M HC1.

Sepharose-4B,  CNBr, g l y c y l - L - t y r o s i n e ,  £-nitrophenylphosphoryl-  

chol ine,  iodoacetamide, and D L-d i th io th re i to l  were purchased from Sigma 

Chemical Co. 10% P a l l a d iu m  on a c t i v a t e d  carbon was purchased  from 

Aldrich Chemical Co.

The ch em ica ls  used for  e l e c t r o p h o r e s i s  were a l l  pu rchased  from 

Bio-Rad except  g l y c e r o l  and EDTA which were purchased  from A ld r ic h  

Chemical Co. Marker p ro te ins  were purchased from Sigma Chemical Co.

Phosphorylcholine chlor ide  was purchased from Sigma Chemical Co. 

and a s to c k  s o lu t  ion o f  9.70 X 10“ ^ M was made in 0.1 M NaCl.

Phosphorylcholinehexanoic acid was purchased from Molecular Probes 

Inc. and used from a s tock  s o l u t i o n  o f  9.76 X 10“ ** M in 0.1 M t r i s  

b u f f e r ,  pH 8.0.

Diisopropylfluorophosphate was purchased from Sigma Chemical Co. 

and used from a stock solu t ion  of  0.19 M in isopropyl a lcohol .

Sodium £-chloromercuribenzoate was purchased from Sigma Chemical 

Co. and used from a s to ck  s o l u t i o n  o f  1.38 X 10“  ̂ M in 0.1 M NaCl.
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Echothiophate iodide was donated by Ayerst Labora tor ies  Ine. and 

used from a stock so lu t ion  of  5.2 X 10“4 M in ethyl a lcohol .

Hydroxylamine hydrochloride was purchased from Fisher  S c i e n t i f i c  

Co. and used from a stock so lu t ion  of  3 M in water .

5 , 5 ' - D i t h i o b i s ( 2 - n i t r o b e n z o i c  a c i d )  (DTNB) was p u rc h a se d  from 

Sigma Chemical Co. and was used to de tec t  the r e lea se  o f  t h i o l a t e  ion 

from the  h y d r o l y s i s  o f  t h i o l  e s t e r s .  A s to c k  s o l u t i o n  o f  0.01 M was 

made in e thyl  a lcohol and d i lu t e d  to 0.001 M in the same solvent.

The following compounds were used as s u b s t r a te s  for the antibody:

1) A cety lth ioch o l ine was p u rch ased  from Sigma Chemical  Co. and used 

from a s to c k  s o l u t i o n  o f  9.9 mg/ml in 0.1 M NaCl (0.05 M).

2) Butyryl th iochol ine was purchased from Sigma Chemical Co. and used 

from a s to ck  s o l u t i o n  o f  15.9 mg/ml in 0.1 M NaCl (0.05 M).

3) Anthrani lo y lch o l  ine was purchased from Molecular Probes Inc. Stock 

so lu t ions  of  8.8 mg/ml and 17.5 mg/ml were made in e thyl alcohol .

4) Cis-2-fnethyl-5-trimethylaminomethyl 1 ,3 -oxath io lane  was pu rchased  

from R e sea rc h  B io c h e m ie a l s  Inc. and used from a s to c k  s o l u t i o n  o f  

16 mg/ml in water (0.052 M).

5) The £-n itrophenyl e s te r  o f  6-(phosphorylcholine)hexanoie acid was

purchased from Molecular Probes Inc. Stock so lu t ions  of  e s t e r  were made 

in a c e t o n i t r i l e  and the concentra t ion  was determined by absorbance a t  

400 nm in 0.01 M NaOH due to n i t ropheno la te  ion, £ = 18320 M_1cm_1. The 

concentra t ions  of  stock so lu t ions  were 3.0 X 10-4  M and 1.70 X 10-4  M.
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METHODS:

AFFINITY CHBCRKTOCRAHIY

Sepharose-4B-phosphorylchol ine was p rep a red  u s in g  the p rocedure  o f  
1 07Cuatrecasas.

Sepharose-4B (6 ml) was washed twice with  deionized water ,  suspended in 

an equal  volume o f  w a te r  and the pH was a d j u s t e d  to 11.0 by the 

add i t i on o f 5 N NaOH.

Sepharose-4B was then ac t iva ted  with cyanogen bromide (CNBr) by adding 

CNBr (850 mg) to the above s t i r r e d  Sepharose, followed by s t i r r i n g  a t  

20°C and the pH was m a in ta in e d  a t  11.0 by the a d d i t i o n  o f  5 N NaOH. 

After  15 minutes i t  was f i l t e r e d  on a s in te red  g lass  f i l t e r  and washed 

w i t h  co ld  0.1 M b o r a t e  b u f f e r ,  pH 9.5 (150 ml).

Glycyl-L-tyrosine was coupled to the ac t iva ted  Sepharose by adding the 

above wet Sepharose to 22 micromoles (52.4 mg) of  g lycyl-L- tyros ine  in 

6 ml of  0.1 M borate buffer ,  pH 9.5, followed by gen t le  s t i r r i n g  a t  4°C 

for about 20 hours.

£-Nitrophenylphosphorylcholine was reduced to £-aminophenylphosphoryl- 

choline as follows: 75 mg (24.6 mil l imoles)  of £-nitrophenylphosphoryl- 

choline were dissolved in 1.5 ml of methanol in a small v ia l .  15 mg of 

10% p a l l a d iu m  on a c t i v a t e d  carbon were added and hydrogena t ion  was 

c a r r i e d  out in an open sys tem  by f l u s h i n g  c o n t in u o u s ly  w i th  H2 by 

s t i r r i n g  a t  a tm o sp h e r ic  p r e s s u r e  and room te m p e ra tu re .  Methanol was 

added to the v ia l  f requently to replace the solvent that  was evaporated 

during H2 f lushing. After  75 minutes the reduction of  n i t ro  group was 

checked by t h i n  l a y e r  chromatography on ce l lu lo se  (POLYGRAM cel 300, 

Macherey-Nagel Co.) using the solvent system of propanol:ammonia:water 

in the r a t i o  of 7:1:2. The n i t ro  group was reduced completely as judged
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by com par ing  th e  Rf v a lu e  o f  th e  n i t r o  compound ( 0. 6 8 ) w i t h  the 

p ro d u c t  (0.26).  A f t e r  the  r e d u c t i o n ,  p a l l a d i u m  was removed by 

f i l t r a t i o n  and methanol was evaporated under reduced p re ssu re  a t  room 

t e m p e r a t u r e .  1.5 ml o f  1 N HC1 was added im m e d ia t ly  t o  a m in o p h e n y l -  

p h o s p h o r y l c h o l i n e  and c o o le d  on in i c e  b a t h  fo r  15 m i n u t e s  b e f o r e  

d iazo t  iza t  ion.

2 -Ami nophenyl phosphorylchol ine was d iazo t  ized by adding 1.5 ml o f  

c o ld  sod ium  ni  t r  i t e  (1.7 m i l l i m o l e s )  s l o w ly  in d ro p s  to  th e  c h i l l e d  

a m in o p h e n y lp h o sp h o ry lc h o l  ine ,  f o l l o w e d  by k ee p in g  i t  on ice  for  

10 minutes .

R e a c t i o n  o f  d i a z o p h e n y l p h o s p h o r y l c h o l i n e  w i t h  S e p h a r o s e - g l y c y l - L -  

ty ros ine :  S epharose -g lycy l -L - ty ros ine  was washed w i th  cold 0.2 M bora te  

buffer-0 .16 M NaCl, pH 8.0 and diazophenylphosphorylchol  ine was added 

to i t .  The pH o f  t h i s  m i x t u r e  was b ro u g h t  to  8.0 and k e p t  a t  room 

t e m p e r a t u r e  o v e r n i g h t .  I t  was th e n  washed on a s i n t e r e d  g l a s s  f i l t e r  

w i th  bo ra te  bu f fe r  u n t i l  the f i l t r a t e  was c o lo r le s s .

The product  i.e.  Sepharose-4B-phosphorylcholine was packed in a Pas teur  

p i p e t t e  and e q u i l i b r a t e d  with  0.2 M b o ra te  buffer-0 .16  M NaCl, pH 8.0.

Pur i f i c a t  ion o f  TEPC-15 p r o t e i n ; T h i s  was p u r i  f i e d  by f o l l o w i n g  the
QO

procedure o f  Chesebro and Metzger.

Mouse c l a r i f i e d  a s c i t e s  (10 mg) was d i s s o l v e d  in 3 ml o f  0.2 M

t r i s  b u f fe r ,  pH 8.6 and reduced w i th  0.005 M d i t h i o t h r e i t o l  for 1 hour
1 08a t  room temperature .

The reduced  p r o t e i n  was added to  3 ml o f  0.02 M io d o a c e t a m id e  in 

0.2 M t r i s  b u f f e r ,  pH 7.3 and a l k y l a t e d  fo r  15 m i n u t e s  a t  room
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108temperature. The final  concentration of iodoacetamide was 0.01 M.

The solution was d i lu ted  1:3 with 0.2 M borate buffer-0.16 M NaCl, 

pH 8.0 and applied to a 3 ml column of Sepharose-phosphorylcholine a t  a 

low flow r a t e  (1 m l /5  m inu tes ) .  A f te r  app ly ing  the  p r o t e i n  s o lu t i o n ,  

the column was thoroughly washed with the buffer u n t i l  the e f f luen t  had 

an absorbance of  less  than 0.005 a t  280 nm. The bound prote in  was then 

eluted with 2 mM phosphorylchol ine in 0.2 M borate buffer-0.16 MNaCl, 

pH 8.0 and c o l l e c t e d  in to  a t e s t  tube. The p r o t e i n  s o lu t i o n  was 

c o n c e n t r a t e d  to  2 ml by vacuum d i a l y s i s  u s i n g  Im m e rs ib le -C X  

u l t r a f i l t e r s  (Millipore).  The concentrated pro te in  was dialyzed against 

borate buffer followed by 0.1 M t r i s  buffer-0.15 M NaCl, pH 8.0.

Preparat ion of  TKPC-15 Fab1 fragments: These were prepared by following 

the procedure of  Rudikoff e£ a l . . ^ *

1.0 ml o f  the  c o n c e n t r a t e d  p r o t e i n  (TEPC-15) was reduced w i th  

0.01 M d i t h i o t h r e  i to l  for 2 hours  a t  room tem p e ra tu re  fo l lowed by 

a l k y l a t i o n  w i t h  0.02 M i o d o a c e t a m i d e  f o r  15 m i n u t e s  a t  room 

tem pera tu re .  The s o lu t i o n  was then d ia ly z e d  a g a i n s t  0.1 M a c e t a t e  

b u f f e r ,  pH 4.5 and d i g e s t e d  w i th  peps in  (100:1, p r o te in :p e p s in )  for 

4 hours a t  37°C. A f t e r  4 hours ,  the pH o f  the d i g e s t i o n  m ix tu re  was 

brought  to 8.0 w i th  1 N NaOH to  s top  the d i g e s t i o n  by i n a c t i v a t i n g  

peps in .  The d i g e s t i o n  m ix tu re  was then d i l u t e d  1:2 w i th  0.2 M b o r a t e  

b u f fe r -0 .1 6  MNaCl, pH 8.0 and a p p l i e d  to a column o f  Sepharose-4B- 

phosphorylchol ine to remove pepsin and Fac’ fragments. After  applying 

the digest ion mixture, the column was thoroughly washed with the same 

b u f f e r  u n t i l  the e f f l u e n t  had an absorbance o f  l e s s  than 0.005 a t
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280 nm. The bound f r a g m e n t  ( F a b ' )  was t h e n  e l u t e d  w i t h  2 mM 

p h o sp h o ry lch o l  ine in 0.2 M b o r a t e  b u f f e r - 0 . 1 6  M NaCl, pH 8.0. The Fab' 

fragment so lu t ion  was concentrated by vacuum d i a l y s i s  and then dialyzed 

a g a i n s t  0.1 M t r i s  b u f f e r - 0 . 1 5  MNaCl, pH 8.0.

Determination of  p ro te in  con cen t ra t io n :

The c o n c e n t r a t i o n s  o f  TEPC-15 and TEPC-15 Fab'  s o l u t i o n s  were 

d e t e r m in e d  by a b so rb a n c e  a t  280 nm in 0.1 M t r i s  b u f f e r ,  pH 8.0. The 

molecular  weight (M.W) and e x t in c t io n  coe f f ic ien ts ,<*£  (mlmg- 1cm-1 ) were 

t a k e n  f ro m  t h e  l i t e r a t u r e : ® ® ’ *®® TEPC-15,  M.W. 1 5 0 ,0 0 0  and 

^ £ =  1.34; Fab ' ,  M.W. 50,000 a n d ^ £  = 1.46. The s to c k  s o l u t i o n s  o f  

TEPC-15 were 1.3 mg/ml and 3.73 mg/ml in 0.1 M t r i s  b u f f e r ,  pH 8.0. 

The s tock so lu t ion  of  TEPC-15 Fab' was 1.1 mg/ml in 0.1 M t r i s  buf fe r ,  

pH 8.0.

ELECTROPHORESIS: The procedure followed tha t  in re f .  110.

Gel p repara t ion :  10% SDS-polyacrylamide ge ls  were prepared by mixing 

10 ml o f  s o l u t i o n  A, 12.3 ml o f  B, 7.5 ml o f  s o l u t i o n  C, 0.2 ml o f  

s o l u t i o n  D, and 0.02 ml o f  E. S o l u t i o n  A c o n t a i n e d  30 g o f  a c r y l a m i d e  

and 0.8 g o f  b i s - a c r y l a m i d e  in 100 ml o f  w a te r  and B was w a t e r .  

S o l u t i o n  C (gel  b u f f e r )  was 1.5 M t r i s - H C l ,  pH 8.8 c o n t a i n i n g  0.008 M 

EDTA, and 0.4% SDS. Solut ion D conta ined  100 mg o f  ammonium p e r s u l f a t e  

in 1 ml o f  w a te r  and E was TEMED. A l l  the  above s o l u t i o n s  were  mixed 

thoroughly and t r a n s f e r r e d  to the e l e c t r o p h o re t i c  tubes to a height  of  

6 cm. Tubes were over layred with  water and l e f t  a t  room temperature  for 

1 hour to  p o ly m e r iz e .  P o ly m er ize d  g e l s  were  then f ix e d  in d i s c  ge l
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e l e c t r o p h o re t i c  apparatus .  The lower t ray  o f  the  appara tus  and tops of  

the g e ls  were f i l l e d  w i th  running buf fe r .  The running buffer  was 0.05 M 

t r i s -0 .0 5  M glyc ine ,  pH 8.3 con ta in ing  0.002 M EDTA and 0.1% SDS. 

Sample p r e p a r a t i o n :  0.01 ml (3.73 mg/ml)  o f  p r o t e i n  was added to 

0.028 ml o f  s am ple  b u f f e r  ( sam ple  b u f f e r  was 0.167 M t r i s - H C l ,  pH 6.8 

c o n t a i n i n g  6 . 6% SDS, 7.5% p  - m e r c a p t o e t h a n o l , 0.007 M EDTA, 0.002% 

bromophenol  b l u e ,  and 33.3%g l y c e r o l ). 0.002 ml o f  w a t e r  was added to 

the p ro te in  so lu t io n  and mixed thoroughly. Tubes were then capped with  

m a r b le s  and p l a c e d  in 100°C w a t e r  b a t h  fo r  f i v e  m i n u t e s  fo l lo w e d  by 

cool ing  to room temperature .

E l e c t r o p h o r e t i c  run :  0.02 ml o f  t h e  p r o t e i n  sample  was l a y e r e d  on to  

tops  o f  g e l s  w i t h  a m i c r o s y r i n g e  and then  the  upper t r a y  o f  the  

apparatus  was f i l l e d  w i th  running buffer .  The e l e c t r o p h o r e t i c  run was 

s t a r t e d  by running the sample in to  the gel  a t  a c u r re n t  o f  2 mA/gel for 

20 minutes  followed by 6 nrA/gel for remainder o f  the run w i th  a vo l tage  

150 v o l t s  DC. E l e c t r o p h o r e s i s  was s to p p ed  when th e  t r a c k i n g  dye 

approached the bottom o f  the ge l .  The ge ls  were removed from the tubes 

using a long hypodermic needle.

S t a i n i n g :  G els  were  s t a i n e d  u s in g  0.25% Coomass ie  B r i l l i a n t  B lue ,  

R-250.  G els  were  t r a n s f e r r e d  to  t e s t  tu b es  and f i l l e d  w i t h  s t a i n i n g  

s o l u t i o n .  Tubes were  then  c o v e red  w i t h  m a r b le s  and p l a c e d  in 37°C 

wate r  bath for one hour. S ta in ing  so lu t io n  was 1.25 g o f  dye in 500 ml 

o f  w a t e r  c o n t a i n i n g  227 ml o f  m e th an o l  and 46 ml o f  g l a c i a l  a c e t i c  

a c id .

D e s t a i n i n g :  G els  were  d e s t a i n e d  by t r a n s v e r s e  e l e c t r o p h o r e s i s .  G els  

were placed  in grooves o f  d e s ta in in g  apparatus  and d e s ta in in g  so lu t io n
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was added to  cover  g e l s .  Gels  were then d e s t a i n e d  by t u r n i n g  the 

apparatus on for 15 minutes.  Destaining so lu t ion  was one l i t e r  o f  water 

containing 50 ml of  methanol and 75 ml o f  g l a c i a l  a c e t i c  acid.

KINETIC MEASUREMENTS:

All the k in e t ic s  were done on a McPherson DoubXe-Beam absorbance . 

s p e c t ro p h o to m e te r .  The s p e c t r o p h o t o m e t e r  was  e q u i p p e d  w i t h  a 

t h e r m o s t a t t e d  c e l l  compartment which was maintained a t  30°C for the 

k in e t i c s .

K ine t  ic s  o f  the hydro lys  i s o f  a c e t y l  th iochol  ine, butyryl  thiochol ine, 

and c i s-2-me thy I -5 - t  rime thylami nomethyl 1 ,3-oxath io lane:

A c e t y l t h i o c h o l  i n e ,  b u t y r y l t h i o c h o l i n e ,  and c i s - 2 - m e t h y l - 5 -  

t r im e th y la m in o m e th y  1 1 , 3 - o x a t h i o l a n e  r e l e a s e  t h i o l a t e  ion  on 

hydrolysis.  The re lease  of  th io l a t e  ion could be d i r e c t l y  c o r re la t e d  to 

the p r o d u c t io n  o f  3 - c a r b o x y - 4 - n i t r o t h i o p h e n o x i d e  when t h i o l a t e  ion 

r e a c t s  w i th  E l lm an 's  r e a g e n t ,  5 ,5 ’—d i t h i o b i s ( 2 - n i t r o b e n z o i c  ac id )  

(DTNB), a t  412 nm. 0.5 ml o f  b u f f e r ,  c o n t a i n i n g  the  a p p r o p r i a t e  

concentra t ion of antibody, was placed in a d isposable  p l a s t i c  cuvette  

( P e r f e c t o r  S c i e n t i f i c )  and e q u i l i b r a t e d  w i t h  t h e  c e l l  h o l d e r  

t e m p e r a tu re  for  5 m in u te s .  5-10 jj 1 o f  t h i o a c e t a l  from a s to c k  or 

d i l u t e d  s o l u t i o n  was added and the  r e l e a s e  o f  t h i o l a t e  ion on 

hydrolysis  was monitored in the presence of  19-100 pM DINB a t  412 nm 

using a spectrophotometer.



Kinetics  of the hydrolysis of  an th ran i loy lcho l ine :

On hydrolysis,  anthrani loylchol  ine r e l e a s e s  o -am inobenzoate  ion 

and c h o l in e .  This  can be fo l low ed  by the d e c re a se  o f  absorbance  a t  

347 nm u s in g  a s p e c t ro p h o to m e te r .  0.1 ml o f  a n t ib o d y  from a s tock  

solut ion of 3.73 mg/ml was added to 0.4 ml of 0.1 M t r i s  buffer ,  pH 8.0 

and e q u i l i b r a t e d  w i t h  the c e l l  ho lde r  t e m p e ra tu re  for  5 m inu tes  

fo l low ed  by the a d d i t i o n  o f  5 p i  o f  e s t e r  from a s to ck  s o l u t i o n  o f  

0.025 M. The h y d r o ly s i s  of  the  e s t e r  was then  m o n i to red  for  about 45 

m in u te s  a t  347 nm. On h y d r o ly s i s ,  a n t h r a n i l o y l c h o l i n e  a l s o  g iv es  a 

f lu o r e s c e n c e  change maximum a t  e m is s io n  w ave length  395 nm when the 

ex c i ta t io n  wavelength is 320 nm.

K i n e t i c s  o f  the h y d r o ly s i s  o f  p -n i  trophenyl  e s te r  of  6-(phosphoryl- 

cholinelhexanoic acid (PEPCH):

The h y d r o ly s i s  o f  the £ - n i t r o p h e n y l  e s t e r  o f  6- (p h o s p h o ry l -  

c h o l in e )h e x a n o ic  a c id  (PEPCH) was c a r r i e d  out  by f o l lo w in g  the  

appearance of n i t rophenola te  anion at  400 nm using a spectrophotometer.

The r e a c t i o n  medium, 0.5 ml o f  b u f f e r  w i th  the a n t ib o d y ,  was 

p laced  in a d i s p o s a b l e  p l a s t i c  c u v e t t e  and t h e r m o s t a t t e d  a t  30°C for  

5 m in u te s .  The r e a c t i o n  was i n i t i a t e d  by adding  5 or 10 p i  o f  PEPCH 

from a stock solut ion.

The hydrolysis  of  PEPCH mediated by the antibody followed f i r s t -  

o rd e r  k i n e t i c s  and the  i n f i n i t e  absorbance  va lue  was reco rded  a f t e r  

recording the react ion  through 80% of completion. The f i r s t - o r d e r  r a t e  

constants  were determined as described in Part  I (page 23). The i n i t i a l  

r a t e s  w e re  c a l c u l a t e d  f rom  t h e  c h a n g e  in  a b s o r b a n c e  due to  

ni trophenolate ion released ( €  16506 MT^cm- * a t  400 nm and pH 8.0).
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Determination of  and k ^ x  for the hydrolys is  o f  p-nit rophenyl  e s te r  

of  6-(phosphorylcholine)hexanoic ac id  by the a n t ib o d y ;

The f i r s t - o r d e r  r a t e  c o n s t a n t s  for  the  h y d ro ly s  is  o f  PEPCH were 

d e t e r m i n e d  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  a n t i b o d y  and  f i x e d  

c o n c e n t r a t i o n  o f  PEPCH. The Kj  ̂ and kmax were  o b t a i n e d  from a 

Lineweaver-Burk p lo t  o f  1/antibody concen tra t ion  vs. 1 / f i r s t - o r d e r  r a t e  

c o n s t a n t .

Determinat ion o f  Kj or ?idiss :

The f i r s t - o r d e r  r a t e  c o n s t a n t s  fo r  the  h y d ro ly s  i s  o f  PEPCH wi th

the antibody were determined in the presence and absence o f  in h ib i to r .

The i n h i b i t i o n  c o n s t a n t  (Kj) o f  i n h i b i t o r  w i t h  the  a n t i b o d y  was
47determined by using the following r e l a t io n sh ip :

I

Kj = --------------

(kD/k) -  1

where  kQ and k a r e  f i r s t - o r d e r  r a t e  c o n s t a n t s  in the  ab se n c e  and 

p r e s e n c e  o f  i n h i b i t o r ,  r e s p e c t i v e l y  and I is  the  i n h i b i t o r  

concentra t  ion.

Determinat ion o f  the ant ibody a e t i v i  ty  a f t e r  r e ac t io n  wi th an excess 

p -ni t rophenyl  e s t e r  of  6-(phosphorylcholine)hexanoic a c i d ;

0.045 ml o f  ant ibody from a s tock so lu t ion  of  3.73 mg/ml was added 

to  0.375 ml o f  0.1 M t r i s  b u f f e r ,  pH 8.0 and in c u b a te d  a t  30°C w i t h  

5 p i  o f  e s t e r  (PEPCH) from a s to c k  s o l u t i o n  o f  7.8 X 10- 4  m. The
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—  fic o n c e n t r a t i o n s  o f  a n t i b o d y  and e s t e r  w e re  5.80 X 10- ° M and
C

9.17 X 10“ M, r e s p e c t i v e l y .  A c o n t r o l  w i th  b u f f e r ,  a n t ib o d y ,  and 

a c e t o n i t r i l e ,  but without e s te r  was done simultaneously. After  3 hours, 

the  p ro d u c ts  from the an t ib o d y  were removed by ge l  f i l t r a t i o n  us ing  

disposable Sephadex G-25 columns. (QS-2B from ISOLAB).

Step 1: Sephadex G-25 columns were washed with 0.1 M tris-HCl buffer ,  

pH 8.0 (20 ml) to e q u i l i b r a t e  the  column beds w i th  b u f f e r .  A f te r  

e q u i l i b r a t i o n ,  t h e  co lum n was p l a c e d  in a c e n t r i f u g e  tu b e  

(15 X 125 mm), for  5 m inu tes  to d r a i n  most o f  the  b u f f e r  from the 

column and then c e n t r i f u g e d  for  10 m in u te s  a t  s e t t i n g  number 5 in a 

c l i n i c a l  c e n t r i f u g e .  The l e n g th  o f  the  ge l  column was d e c re a se d  by 

about 1 cm a f t e r  cen t r i fuga t ion .

Step 2 : The incubated antibody sample (400 ;jl) was t ransfe r red  to the 

top o f  the  Sephadex column and e q u i l i b r a t e d  w i th  the  column bed for 

5 minutes.  I t  was then centr i fuged as before, using a clean centr i fuge  

tube to c o l l e c t  the e f f luen t .  Under these codi t ions ,  most of the buffer 

(390 ^il) was e l u t e d  from the  column, whereas  the  a n t ib o d y  was not 

e l u t e d  co m p le te ly .  But most o f  the a n t ib o d y  (90%) was recovered  by 

c e n t r i f u g i n g  the same column aga in  w i th  120 j j l  o f  t r i s  b u f f e r .  The 

p ro d u c ts  o f  the e s t e r  were not e l u t e d  under th e se  c o n d i t i o n s  as 

evidenced by the observation of  one of  the products (yellow color) a t  

the top of  the column. The control  antibody was centr i fuged as that  of 

incubated antibody. The concentrat ion of  the antibody was determined 

by absorbance a t  280 nm a f t e r  the cen tr i fua t ion .

The a c t i v i t y  of  the incubated antibody was checked as follows: 

0.01 ml o f  PEPCH from a 1.70 X 10"4 M s tock  s o l u t i o n  was added to
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0.5 ml o f  0.1 M t r i s  b u f f e r ,  pH 8.0 which co n ta in e d  the  incubated  

a n t ib o d y  and the h y d r o ly s i s  o f  PEPCH was fo l low ed  for  30 m inu tes  a t  

30°C. The i n i t i a l  r a t e  o b ta in e d  w i th  the  in cu b a ted  a n t ib o d y  was 

compared to the r a te  obtained with  the control  antibody.

Determination of the antibody ac t iv i  ty a f t e r  reac t ion  wi th an excess 

p-ni trophenyl e s te r  of 6-(phosphorylchol ine )hexano ic  ac id fo l  lowed by 

incubat ion wi th hydroxylamine;

0.045 ml of antibody from a stock solu t ion of  3.73 mg/ml was added 

to 0.375 ml o f  0.1 M t r i s  b u f f e r ,  pH 8.0 and r e a c t e d  w i th  0.01 ml o f  

PEPCH from a 7.80 X 10“^ M stock so lu t ion  for 3 hours a t  30°C followed 

by in c u b a t io n  w i th  0.055 M hydroxylamine  (8 jj l from a 3 M s tock  

s o lu t i o n )  for  2 hours  a t  room te m p e ra tu re .  I t  i s  known t h a t  phenyl 

ace ta te  undergoes hydrolysis  in the presence of  0.055 M hydroxylamine 

w i th  a t j /2  14 m i n u t e s . A f t e r  in c u b a t io n ,  the  p ro d u c t s  and 

hydroxylamine were s e p a ra t e d  from the a n t ib o d y  by ge l  f i l t r a t i o n  

(as d e s c r ib e d  e a r l i e r ) .  0.01 ml o f  PEPCH from a 1.70 X 10“ ^ m s tock  

s o l u t i o n  was added to  0.5 ml o f  0.1 M t r i s  b u f f e r ,  pH 8.0 which 

contained the incubated antibody and then the hydrolysis of  the e s te r  

(PEPCH) was fo l low ed  for  30 m in u te s .  The i n i t i a l  r a t e  o b ta in e d  w i th  

th i s  antibody was compared to r a te s  obtained in the above experiment.
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RESULTS:

P u r i f i c a t i o n  of  antibody (TEPC-15):

9 mg o f  a n t  ibody (TEPC-15) were  o b t a i n e d  from mouse c l a r  i f ied 

a s c i t e s  (10 mg TEPC-15) a f t e r  p u r i f i c a t i o n  by a f f i n i t y  chromatography. 

The p u r i t y  o f  the antibody was checked on 10% SDS-polyacrylamide gel 

e l e c t r o p h o r e s i s  (SDS-PAGE). The g e l  p a t t e r n  i s  g iv en  in F ig .  3, which 

shows two main bands  as  ex p ec te d .  The top band in the  g e l  i s  from the  

heavy chain (50 K) and the bottom band from the l ig h t  chain  (25 K).

Ef fec t  o f  ant ibody on choline e s t e r s :

S e v e ra l  c h o l i n e  e s t e r s  were  used as  p o s s i b l e  s u b s t r a t e s  for  the 

antibody. The f i r s t  e s t e r  used was a c e ty l th io ch o l in e  (ATC). The e f f e c t  

of  ant ibody on the hydrolys is  of  a c e ty l th io c h o l in e  was checked in 0.1 M 

p h o sp h a te  b u f f e r ,  pH 7.2. There  was no h y d r o l y s i s  o f  ATC by the 

antibody under the condi t ions  used. The concentra t ions  of  antibody and 

e s te r  were 4.77 X 10“® M and 9.61 X 10“4 M, re spec t ive ly .  The e f f e c t  of 

antibody on the hydrolys is  o f  ATC a t  higher pH's was not checked due to 

h igh  spon taneous  h y d r o l y s i s  o f  ATC. I t  has  been d e t e r m in e d  t h a t  

ace ty l th iocho l  ine binds the antibody with  a I ^ i ss  o f  2.5 X 10-3  M. The 

antibody's  a c t i v i t y  would have been de tec ted  under the condi t ions  used 

in the  e x p e r im e n t  even i f  th e  a n t ib o d y  had a low c a t a l y t i c  a c t i v i t y  

(kCflt)  of  5.5 X 10-4  s e c - 1 .

The other  chol ine  e s t e r  used was bu ty ry l th io ch o l in e  (BTC). There 

was no s ig n i f i c a n t  d i f f e re n ce  between the spontaneous r a t e  and the r a te  

in the  p r e s e n c e  o f  a n t ib o d y  in 0.1 M p h o sp h a te  b u f f e r ,  pH 7.8. The
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—  fic o n c e n t r a t i o n s  o f  a n t i b o d y  and  BTC w e r e  6.20 X 10" M and 

9.80 X 10-4  M, respec t ive ly .  Butyryl th iochol ine  binds to the antibody
9

w i th  a Kd j ss  o f  2.4 X 10 M. I t  would have been d e t e c t e d  under the 

above condit ions  even i f  the antibody had a low c a t a l y t i c  a c t i v i t y  of 

4.1 X 10-4  s e c - 4 .

A n t h r a n i l o y l c h o l i n e  (ANC) was used as  a n o th e r  s u b s t r a t e .  On 

hydrolysis  th i s  e s t e r  gives f luorescence and there was no increase in

the  f l u o r e s c e n c e  w i t h  the  e s t e r  in the  p r e se n c e  o f  an t ib o d y .  The
— f ic o n c e n t r a t i o n s  o f  a n t i b o d y  and e s t e r  w e re  5.26 X 10“ M and 

— fi2.25 X 10 M, respec t ive ly .  The absorbance assay was a l so  used for the

h y d r o ly s i s  o f  t h i s  e s t e r  w i t h  h ig h e r  c o n c e n t r a t i o n s  o f  a n t ib o d y  and

e s te r .  The absorbance due to ANC decreases  when i t  is hydrolyzed. There

was no decrease in the absorbance when the concentra t ions  of  antibody

and e s t e r  were 9.84 X 10“ ® M and 2.47 X 10-4  M, r e s p e c t i v e l y  in 0.1 M

t r i s  buffer ,  pH 8.0. Under these condit ions  even i f  the antibody had a

low c a t a l y t i c  a c t i v i t y  o f  7.4 X 10-4  s e c - 4 , i t  would have been

detected. The d i s so c ia t io n  c o n s ta n t  for  a n t h r a n i  l o y l c h o l  ine w i th  the

a n t ib o d y  is  2.6 X 10-3  M.

Cis-2-methyl-5- tr imethylaminomethyl 1,3-oxathiolane was a l so  used

as  a s u b s t r a t e .  There  was no h y d r o l y s i s  o f  t h i s  t h i o a c e t a l  when the
— f ic o n c e n t r a t i o n s  o f  a n t ib o d y  and t h i o a c e t a l  were 4.77 X 10“ M and

1.0 X 10-3  M, r e s p e c t i v e l y  in 0.1 M phospha te  b u f f e r ,  pH 7.0. Under 

these condit ions  even i f  the antibody had a low c a t a l y t i c  a c t i v i t y  of

2.0 X 10-4  s e c - 4 , i t  would have been d e t e c t e d .  The d i s s o c i a t i o n  

constant for c i s -2-methyl-5- tr imethylaminomethyl 1,3-oxathiolane with 

the an t  ibody is  6 .9X  10-4  M.
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The antibody did not hydrolyze any of  the above chol ine  e s t e r s .  But 

i t  d id  h y d ro ly z e  a p h o sp h a te  a n a lo g  o f  c h o l i n e  e s t e r ,  £ - n i t r o p h e n y l  

e s t e r  of  6-(phosphorylcholine)hexanoic acid  (PEPCH). On incubat ion with 

th e  a n t i b o d y  the  e s t e r  (PEPCH) r e l e a s e d  n i t r o p h e n o l a t e  ion and i t s  

r e l e a s e  was fo l lo w e d  by the  i n c r e a s e  in a b s o rb a n c e  a t  400 nm. The 

r e l e a s e  was h igh  w i t h  the  a n t i b o d y  when compared to  t h e  background 

r e l e a s e  (Fig .  4). The e f f e c t  o f  a n t ib o d y  c o n c e n t r a t i o n  on the  

hydrolys is  o f  e s t e r  was s tudied  a t  pH 8.0, in 0.1 M t r i s  bu f fe r ,  where 

the background hydrolys is  was low. The r a t e  o f  hydro lys is  was dependent 

on the antibody concen tra t ion  and increased w i th  increas ing  antibody
C

concentra t ion .  The highest  antibody concentra t ion  used was 6.14 X 10

M and t h e r e  was no any ev id e n c e  o f  s a t u r a t i o n  a t  t h i s  c o n c e n t r a t i o n .
—  f iThe concentra t ion  of  e s t e r  used for th i s  study was 2.97 X 10-  M.

F ig .  5 shows a L inew eaver-Burk  p l o t  o f  1 / a n t i b o d y  c o n c e n t r a t i o n  

vs.  1 / f i r s t - o r d e r  r a t e  c o n s t a n t .  The k i n e t i c  c o n s t a n t s ,  and kmax, 

o b t a i n e d  from t h i s  p l o t  a r e  found to be 17 and 5.5 X lO- '* s e c - *, 

r e s p e c t i v e l y .  The kmQX is  the f i r s t - o r d e r  r a t e  c o n s t a n t  for  the 

reac t ion  under s a tu r a t  ing condi t ions .  The s e c o n d -o r d e r  r a t e  c o n s t a n t  

determined from these data is 3.23 X 102 M- * sec -1 .

E ffec t  of  phosphorylcholine on the hydrolys is  o f  p-ni trophenyl e s t e r  of 

6-(phosphorylcholine)hexanoic acid  by the an t ibody;

The antibody-mediated hydrolyis  of  the e s t e r  (PEPCH) was inh ib i ted  

by phosphorylcholine.  Fig. 6 shows f i r s t - o r d e r  p lo t s  for the hydrolysis  

o f  the  e s t e r  by the  a n t ib o d y  w i t h  and w i t h o u t  p h o s p h o ry lc h o l  ine .  The
O -I

r a t e  c o n s t a n t  o b t a i n e d  w i t h  the  a n t i b o d y  a lo n e  i s  1.28 X 10 s e c -  ,
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b u t  in t h e  p r e s e n c e  o f  (1 .88 X 10“ ® M) p h o s p h o r y l c h o l i n e  i s  

6.87 X 10-4  sec-4 . The inh ib i t ion  constant for phosphorylcholine with 

the antibody was ca lcu la ted  from the above two ra te  constants  by using 

the  formula g iven  in page 96. The i n h i b i t i o n  c o n s ta n t  o b t a in e d  from 

t h i s  d a ta  is found to be 2.27 X 10- ® M and is  c l o s e  to  the  l i t e r a t u r e  

v a l u e s . 9 7 ’ 4 0 ®’ 412 I t  i s  e v i d e n t  f r o m  t h e s e  r e s u l t s  t h a t  

phosphorylcholine binds to the antibody and prevents i t  from ac t ing  on 

the e s t e r .

The a n t ib o d y -m e d ia te d  r e l e a s e  of  n i t r o p h e n o l a t e  ion was a l s o  

inh ib i ted  by 6-(phosphorylcholine)hexanoic acid (Fig.7). 6-(Phosphoryl- 

chol  ine)hexano ic  a c id  (PCHA) is  one o f  the p o s s i b l e  p ro d u c ts  o f  the 

react ion.  The inh ib i t ion  constant ca lcu la ted  for PCHA is 6.6 X 10-5 ^  

I t  shows tha t  PCHA has a poorer a f f i n i t y  for the antibody compared to 

e s t e r  and PC.

The an t ib o d y -m e d ia te d  r e a c t i o n  was not a f f e c t e d  by h y d ro la se  

in h ib i to rs ,  such as di isopropylfluorophosphate ,  chloromercuribenzoate,  

and echothiopate.  Diisopropylfluorophosphate is an inh ib i to r  for ser ine  

p r o t e a s e s ,  c h l o r o m e r c u r i b e n z o a t e  f o r  c y s t e i n e  p r o t e a s e s  and 

echothiopate  is a spec i f ic  inh ib i to r  for cho l ines terases .  There was no 

d i f ference  in the r a te  of  antibody-mediated reac t ion  with and without 

inh ib i to rs .  This was expected because the reac t ion  was mediated by the 

antibody and not by any es te rase .

Effect  o f  ]>H on the antibody-mediated hydrolys is  of  p-ni trophenyl e s te r  

of  6-(phosphorylcholine)hexanoic a c id :

The spontaneous hydrolysis  of  the e s te r  (PEPCH) was low a t  lower
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pH’s and was i n c r e a s e d  w i t h  i n c r e a s i n g  pH. The e f f e c t  o f  pH on the  

antibody-mediated hydrolys is  was s tud ied  from pH 6 to 10.3. I t  was pH- 

d ependen t .  The r a t e  was m in im al  a t  pH 6.0 and i n c r e a s e d  c o n t i n u o u s l y  

w i t h  i n c r e a s i n g  pH. The c o n c e n t r a t i o n  o f  a n t i b o d y  used  in t h i s  s tu d y  

was h ig h e r  than  the  e s t e r  c o n c e n t r a t i o n  to  m in im iz e  th e  spo n tan e o u s  

h y d r o l y s i s .  The pH p r o f i l e  for  th e  r a t e  o f  e s t e r  h y d r o l y s i s  in the  

p r e s e n c e  and ab sence  o f  t h e  a n t i b o d y  i s  shown in F ig .  8 . I t  s u g g e s t s  

t h a t  an amino a c i d  w i t h  a h ig h e r  pK may be in v o lv ed  in th e  a n t i b o d y -  

mediated e s t e r  hydrolys is .

The a c t i v i t y  o f  ant ibody a f t e r  incubat ion w i th  an excess p-ni trophenyl 

e s t e r  of  6-(phosphorylcholine)hexanoic a c i d :

T h e r e  a r e  some a m in o  a c i d s  t h a t  have n u c l e o p h i l i c  groups  

( h i s t i d in e ,  cys te ine ,  ty ros ine  and lysine)  and some o f  them are  shown 

to  c a t a l y z e  the  h y d r o l y s i s  o f  e s t e r s . * ^ ’ * ^  The n u c l e o p h i l e  r e a c t s  

w i t h  e s t e r s  and r e l e a s e s  an a l c o h o l  w i t h  th e  fo rm a t io n  o f  an 

i n t e r m e d i a t e  i . e .  a c y l - n u c l e o p h i l e .  In t h e  s e c o n d  s t e p ,  t h e  

i n t e r m e d i a t e  u n d e rg o e s  h y d r o l y s i s  and  g i v e s  an a c i d  an d  f r e e  

n u c l e o p h i l e .  I f  t h e  n u c l e o p h i l i c  g r o u p  i s  f ro m  t y r o s i n e ,  t h e  

i n t e r m e d i a t e  then  h y d ro ly z e s  s lo w ly  a t  h ig h e r  pH, w hereas  the  

in te rm edia te  from lys ine  does not hydrolyze even a t  higher  pH.

Amino a c i d s  t h a t  have n u c l e o p h i l i c  g roups  may be p r e s e n t  in 

a n t i b o d i e s  a t  or n e a r  the  b i n d in g  s i t e s  and one o f  t h e s e  may be 

involved in the hydrolys is  of  the e s t e r  by the antibody (TEPC-15). The 

a n t i b o d y  becomes i n a c t i v e  in the  r e a c t i o n  i f  th e  a c y l - a n t i b o d y  

in te rm edia te  formed in the hydrolys is  of  the e s t e r  is  not hydrolyzed.
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I f  the  i n t e r m e d i a t e  i s  hyd ro ly z ed ,  then the  an t ib o d y  w i l l  be a c t i v e  

even a f t e r  reac t ing  with  the e s t e r .  The following experiment was done 

to check whether the acyl-antibody in termediate  was hydrolyzed or not.

The a n t ib o d y  was incu b a ted  w i th  an excess  e s t e r  in 0.1 M t r i s  

buf fe r ,  pH 8.0 for 2 hours a t  30°C. After  2 hours,  the reac t ion  mixture 

was applied  to a Sephadex G-25 column and centr i fuged  in a  t e s t  tube to 

remove p r o d u c t s  from th e  a n t ib o d y .  The r a t e  o b t a i n e d  w i th  the 

c e n t r i f u g e d  a n t ib o d y  i s  not  com parab le  to the c o n t r o l  a n t ib o d y  (not 

incu b a ted  w i t h  the e s t e r ) ,  bu t  i t  is  c l o s e  to the spontaneous  r a t e  

(Table I I I ) .  These r e s u l t s  show tha t  the antibody is  inac t iva ted  in the 

hydrolysis  of  the e s te r .

I t  was not  c l e a r  a t  t h i s  p o in t  w he the r  the i n a c t i v a t i o n  o f  the 

antibody was due to the reac t ion  o f  the e s t e r  w ith  ty ros ine  or lys ine 

in the  a n t ib o d y .  I f  the  a c y l - a n t  ibody i s  formed w i t h  t y r o s i n e ,  i t  

could be hydrolyzed in the p resence  o f  h y d ro x y la m in e , 111 whereas  the 

in termediate  formed with  lys ine  does not undergo hydrolysis  even in the 

presence of hydroxylamine. The a c t i v i t y  of  the inact ive  antibody was 

checked a f t e r  t r e a t m e n t  w i th  hydroxylamine  to f in d  ou t  whether  the 

e s te r  was reacted  with  tyros ine  or lysine.  There is no increase in the 

a c t i v i t y  o f  the  i n a c t i v e  a n t ib o d y  on t r e a t m e n t  w i t h  hydroxylamine  

(55 mM) for  2 hours  fo l lo w e d  by c e n t r i f u g a t i o n  on a Sephadex G-25 

column. The r a t e s  o b t a i n e d  fo r  the  a n t ib o d y  w i t h  and w i th o u t  the  

hydroxylamine t reatment a re  the same (Table I I I ) .



Effect  of d i f fe ren t  prote ins on the hydrolysis of  p-nitrophenyl es te r  

of 6-(phosphorylcholine)hexanoic ac id ;

The e s t e r  (PEPCH) was not hydrolyzed by o th e r  p r o t e i n s ,  such as 

BSA and IgG. There was no difference between the spontaneous ra te  and 

the r a t e  in the p resence  o f  BSA and IgG. The Fab’ f ragment ,  ob ta ined  

from TEPC-15 a f t e r  peps in  d i g e s t i o n ,  enhanced the h y d ro ly s i s  o f  the 

e s te r  l ike  the whole antibody. All these re su l t s  are given in Table IV. 

I t  is  ev iden t  from these  r e s u l t s  t h a t  only  s p e c i f i c  p r o t e i n s  and not 

a l l  prote ins  can hydrolyze a p a r t icu la r  es te r .
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T a b le  I I

D i s s o c i a t i o n  c o n s t a n t s  o f  TEPC-15 w i t h  p h o s p h o r y l c h o l i n e  a n a l o g s  
a t  pH 8 .0
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Table I II

A ct iv i ty  of  TEPC-15a

TEPC-15
Rateb X 1010 

(M sec-1 )

None 2.17

Unreacted TEPC-15 
(co n t ro l )

15.9

TEPC-15 a f t e r  reaction 
with an excess es te r

5.38

TEPC-15 a f t e r  reaction 
with an excess es te r  
followed by react ion 
with  hydroxylamine

5.04

a. Determined by following the hydrolysis of  £-nitrophenyl e s te r  of 
6-(phosphorylcholine)hexanoic acid (es ter)  in 0.1 M t r i s  buffer ,  
pH 8.0 a t  30°C.

b. Moles of ni trophenolate ion released per second.
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Table IV

Rates o f  the hydrolysis  of  £-nit rophenyl  e s te r  of  6-(phosphoryl- 
choline)hexanoic acid with  d i f f e r e n t  proteins®

Prote in M
Rateb X 109 

(M-1 sec- 1 )

None 0 0.217

BSA 4.60 X 10“6 0.264

IgG 3.10 X 10"6 0.194

TEPC-15 3.40 X 10“6 2.35

TEPC-15 Fab' 3.42 X 10-6 1.86

a. pH 8.0, t r i s  b u f f e r  a t  I = 0.1 M and 30°C.

b. Moles o f  n i t rophenola te  ion re leased  per second.
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(c h 3)n -c h 2-c h 2-s

o

(c h 3)n -c h 2-c h 2-s -c -r
OH

O

(CH3)n-CH2-CH2-S~ +  C-R 
3 I

OH

Fig. 1. A. Structure of*- £-nitrophenylphosphorylcholine.
B. Possible reaction pathway for the hydrolysis of thiol 
choline esters.
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F i g .  2 .  T h r e e - d i m e n s i o n a l  s t r u c t u r e  o f  t h e  b i n d i n g - s i t e  r e g i o n  
f o r  MOPC-603, s h o w i n g  t h e  bound p h o s p h o r y l c h o l i n e ,  r e p r i n t e d  
from  r e f .  1 0 4 .
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F i g .  3. 10% S D S - p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  
o f  TEPC-15 (15 p g ) .  The p r o t e i n  bands  w e r e  s t a i n e d  
w i t h  C o o m a s s i e  B l u e .  The n u m b e r s  r e p r e s e n t  t h e  
m o l e c u l a r  w e i g h t s  i n  k i l o d a l t o n s .
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F i g .  4. H y d r o l y s i s  o f  p - n i t r o p h e n y l  e s t e r  o f  6 - ( p h o s p h o r y l -  
c h o l i n e ) h e x a n o i c  a c i d  (3 .3  M) i n  t h e  p r e s e n c e  o f  v a r i o u s  
p r o t e i n s  i n  0 . 1  M t r i s  b u f f e r ,  pH 8 . 0  a t  3 0 ° C .  T h e  
c o n c e n t r a t i o n s  o f  p r o t e i n s  a r e :  TEPC-15 (o) = 4 .8 p M ;
BSA (x )  = 4 . 5  >iM; G o a t  IgG (CO = 3 . 0  / iM; a n d  w i t h  n o  
a d d i t i o n s  t o  t h e  b u f f e r  (&).
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F i g .  5. L ine w ea v er -B ur k  p l o t  o f  t h e  h y d r o l y s i s  o f  £ - n i t r o p h e n y l  
e s t e r  o f  6 - ( p h o s p h o r y l c h o l i n e ) h e x a n o i c  a c i d  (3.0 ;iM) by TEPC-15 
i n  0 . 1  M t r i s  b u f f e r ,  pH 8 .0  a t  30°C .



0

- 0 . 5

- 1.0

3000 600 900
SECONDS

F i g .  6.  F i r s t - o r d e r  p l o t  f o r  t h e  h y d r o l y s i s  o f  ] j - n i t r o p h e n y l  
e s t e r  o f  6 - ( p h o s p h o r y l c h o l i n e ) h e x a n o i c  a c i d  (3.0 pM) i n  0 .1  M 
t r i s  b u f f e r ,  pH 8 . 0  a t  3 0 ° C  i n  t h e  p r e s e n c e  o f  4 . 5  pM 
TEPC-15 (o) and i n  t h e  p r e s e n c e  o f  4 .5  pM TEPC-15 p l u s  18.8  pM 
p h o s p h o r y l c h o l i n e  (Q).
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F i g .  7.  F i r s t - o r d e r  p l o t  f o r  t h e  h y d r o l y s i s  o f  £ - n i t r o p h e n y l  
e s t e r  o f  6 - ( p h o s p h o r y l c h o l i n e ) h e x a n o i c  a c i d  (3 .0  pM) i n  0 .1  M 
t r i s  b u f f e r ,  pH 8 . 0  a t  3 0 ° C  i n  t h e  p r e s e n c e  o f  4 . 0  pM 
TEPC-15 (o) and i n  t h e  p r e s e n c e  o f  4 .0  pM TEPC-15 p l u s  95 .6  pM 
6 - ( p h o s p h o r y l c h o l i n e ) h e x a n o i c  a c i d  (£).
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F i g .  8.  pH d e p e n d e n c e  o f  t h e  h y d r o l y s i s  o f  ] 3 - n i t r o -  
p h e n y l  e s t e r  o f  6 - ( p h o s p h o r y l c h o l i n e ) h e x a n o i c  a c i d  
(3 .0  ,uM) i n  t h e  a b s e n c e  (O) and p r e s e n c e  o f  4 .0  
TEPC-15 (o).  B u f f e r s  b e l o w  pH 8 a r e  0 .1  M p h o s p h a t e ,  
b e t w e e n  pH 8 and 9 a r e  0 .1  M b o r a t e ,  and  a b o v e  
pH 9 a r e  0.1 M b i c a r b o n a t e .
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DISCUSSION:

A n t i b o d i e s  and enzymes s h a re  s e v e r a l  common f e a t u r e s ,  bu t  

a n t i b o d i e s  n o r m a l l y  l a ck  c a t a l y t i c  a c t i v i t y  and i t  i s  o f  i n t e r e s t  

w h e th e r  a n t i b o d i e s  can show c a t a l y t i c  a c t i v i t y  p r o v id e d  th e y  a r e  

designed in a r ig h t  way. One of  the mechanisms whereby enzymes increase  

th e  r a t e  o f  a r e a c t i o n  i s  by s t a b i l i z i n g  th e  t r a n s i t i o n  s t a t e  in a 

r e a c t i o n .  Pau l ing®^ p roposed  t h a t  any compound, t h a t  m im ics  the  

t r a n s i t i o n  s t a t e  o f  a p a r t i c u l a r  r e a c t i o n ,  would b in d  t i g h t l y  to  an 

enzyme c a t a l i z i n g  t h a t  r e a c t i o n .  On th e  b a s i s  o f  t h i s  h y p o t h e s i s ,  

s e v e r a l  compounds were  d e s ig n e d  and used  a s  t r a n s i t i o n  s t a t e  a n a lo g
Q 1

i n h ib i to r s  for enzymes. These i n h ib i t o r s  bind to  enzymes b e t t e r  than 

do th e i r  s u b s t r a te s .  Based upon the above theory, an t ib o d ie s  th a t  bind 

t r a n s i t i o n  s t a t e  a n a lo g s  a r e  e x p e c te d  to  c a t a l y z e  th e  r e a c t i o n s  by 

s t a b i l i z i n g  the t r a n s i t i o n  s t a t e  r e l a t i v e  to s u b s t r a t e s  and products .

The p h o s p h o d i e s t e r  group  o f  n i t r o p h e n y l p h o s p h o r y l c h o l i n e  has a 

t e t r a h e d r a l  c o n f i g u r a t i o n ,  which  i s  c l o s e  to  t h a t  o f  t h e  t r a n s i t i o n  

s t a t e  formed in the  h y d r o l y s i s  o f  c h o l i n e  e s t e r s  (Fig .  1). TEPC-15 

binds t h i s  t r a n s i t i o n  s t a t e  analog,  n i t rophenylphosphorylchol ine ,  and 

i t  was e x p e c t e d  t h a t  TEPC-15 co u ld  b ind  c h o l i n e  e s t e r s  and h y d ro ly z e  

them by s t a b i l i z i n g  the t r a n s i t i o n  s t a t e  o f  t h i s  hydro lys is  r e l a t i v e  to 

s u b s t r a te s  and products .

TEPC-15 does  no t  h y d ro ly z e  many o f  th e  c h o l i n e  e s t e r s  t h a t  a r e  

used  a s  s u b s t r a t e s ,  in w hich  th e  c a rb o x y l  g roup  ( e s t e r  l i n k a g e )  i s  

expected to bind in the p o s i t io n  occupied by the phosphodies ter  group. 

TEPC-15 does bind these  e s t e r s  in the micromolar  concen t ra t ion  range 

(Table I). Even i f  the ant ibody had a low c a t a l y t i c  a c t i v i t y  as low as
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6.0 -  4.0 X 10“^ s e c - 1 , i t  would have been d e t e c t e d  in the  h y d r o ly s i s  

of  these e s te r s .  This c a t a l y t i c  a c t i v i t y  is very low when compared with 

enzymes and o t h e r  a n t ib o d y  m odels .  These r e s u l t s  do not su p p o r t  the  

t r a n s i t i o n  s t a t e  s t a b i l i z a t i o n  th eo ry  and may be t h i s  th eo ry  is  

app l icab le  only to some systems. I t  is a l so  poss ib le  tha t  TEPC-15 has 

very  low c a t a l y t i c  a c t i v i t y  and could  no t  be d e t e c t e d  under  the  

condit ions  used in the experiment,  which may be due to poor a f f i n i t y  of  

these e s t e r s  for TEPC-15.

TEPC-15 does hydrolyze a d i f f e r e n t  e s t e r ,  the £-nit rophenyl  e s te r  

o f  6- (p h o sp h o ry lc h o l  ine )hexano ic  a c id  (PEPCH). In t h i s  compound, the 

ca rboxy l  - group i s  ex p ec ted  to b ind  a t  a p o i n t  d i s t a n t  from the 

phosphodiester binding s i t e .  On hydrolysis ,  PEPCH gives  two products,  

£ - n i t r o p h e n o l  and 6 - (p h o s p h o ry l c h o l in e ) h e x a n o ic  a c id .  On in c u b a t io n  

wi th the antibody, the e s te r  (PEPCH) re leases  n i t rophenola te  ion. The 

r a t e  o f  i t s  r e l e a s e  i s  h igh  compared to  the  background r a t e  (F ig  4). 

This suggests tha t  the antibody enhances the r a te  of  e s te r  hydrolysis.  

The l i n e a r i t y  and p o s i t i v e  y - i n t e r c e p t  of  the Lineweaver-Burk p lot  

(Fig. 5) ind ica tes  tha t  the antibody-enhanced hydrolysis  follows simple 

Michaelis-Menten k in e t ic s .  In Michaelis-Meriten k in e t i c s ,  enzymes react  

w i t h  s u b s t r a t e s  and form complexes  b e f o re  c a t a l y s i s .  I t  may be 

concluded tha t  the antibody forms a complex with  the e s te r  before the 

hydrolys is .

I t  i s  k n o w n  t h a t  t h e  a n t i b o d y  b i n d s
0 7  i n q  i i o

phosphorylcholine ’ * and the in h ib i t ion  of  the antibody-mediated

h y d r o l y s i s  o f  th e  e s t e r  in the  p r e se n c e  o f  phosphorylcholine analogs 

s u g g e s t s  t h a t  t h e  a n t i b o d y  b i n d i n g  s i t e  i s  e s s e n t i a l  f o r  t h e  

hydrolysis .  Phosphorylcholine binds to the antibody and prevents the
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e s te r  from binding to the antibody for the react ion.  These r e s u l t s  a lso  

sugges t  a p o s s i b l e  mechanism o f  how the a n t ib o d y  m e d ia te s  the 

hydrolysis  of the e s te r  i.e. the antibody binds the e s te r  and may hold 

t h e  e s t e r  l i n k a g e  g ro u p  in p r o x i m i t y  to  t h e  r e a c t i v e  g ro u p  

( n u c le o p h i le )  p r e s e n t  a t  or  near  the b in d in g  s i t e .  Enzymes a l s o  

increase the r a te  of a bimolecular reac t ion  by binding to subs t ra te s  

and h o ld in g  them c l o s e  to  r e a c t i v e  groups for  the  r e a c t i o n .  The 

antibody-mediated hydrolysis  of  the e s te r  is a good example to show the 

im portance  o f  o r i e n t a t i o n  and p r o x im i t y  in the  enzym e-ca ta lyzed  

reac t ions .

O l ive i ra  et  a l .115 conjugated phosphorylcholine (PC) to BSA using 

£ - n i t r o p h e n y l  e s t e r  o f  6- (p h o s p h o ry lc h o l in e )h e x a n o ic  a c i d  in t h e i r  

study of  p r e c ip i ta t i o n  of  C-react ive  p ro te in  with BSA-PC. The r a t i o  of 

p r o t e i n  and e s t e r  used for  the  c o n ju g a t io n  was n e a r l y  1:200. They 

showed t h a t  the e s t e r  in the r e a c t i o n  forms a c o v a l e n t  bond w i th  the 

lysine amino acid of  BSA a f t e r  the re lease  of n i t rophenola te  ion. But 

BSA has no e f f e c t  on the  h y d r o ly s i s  o f  the  e s t e r  under the  c o n d i t i o n s  

used for  TEPC-15. Another  p r o t e i n ,  Goat IgG whose speci  f i c i  ty  is  not 

known, a l s o  has no e f f e c t  on th e  h y d r o ly s i s  o f  the e s t e r .  The enzyme 

pepsin cleaves an t ibodies  into two Fab' and one Fac' fragments,  where 

Fab'  f ragm en ts  r e t a i n  the b in d in g  s i t e s .  The Fab' f ragm ent ,  o b ta in e d  

from TEPC-15, enhances the hydrolysis  of the e s te r  a t  a r a te  s im i la r  to 

t h a t  for  the  whole an t ib o d y .  I t  i s  e v id e n t  t h a t  the  a n t ib o d y  b in d in g  

s i t e  is  involved in the  h y d r o ly s i s  o f  the  e s t e r  and the Fac '  f ragment 

is not necessary for the hydrolys is.  The above r e s u l t s  c l e a r ly  suggest 

t h a t  o n ly  s p e c i f i c  p r o t e i n s  t h a t  have an a f f i n i t y  for a p a r t i c u l a r
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compound can m ed ia te  the h y d r o ly s i s  o f  t h a t  compound and not a l l  

p rote ins .  But i t  does not mean that  a l l  sp ec i f ic  p ro te ins  mediate the 

h y d r o ly s i s  o f  a p a r t i c u l a r  compound even i f  they have an a f f i n i t y  

for  i t .

The antibody-mediated hydrolysis is  not a f fec ted  by the hydrolase 

i n h i b i t o r s ,  d i i s o p r o p y l f l u o r o p h o s p h a t e ,  c h lo r o m e rc u r ib e n z o a te ,  and 

echothiopate.  It  is  evident from these r e s u l t s  that  the hydrolysis  is 

m ed ia ted  by the an t ib o d y  and not  by any e s t e r a s e .  I f  any e s t e r a s e ,  

present  in the antibody solu t ion ,  were involved in the hydrolysis  of £- 

n i t ro p h e n y l  e s t e r  o f  6- (p h o s p h o ry lc h o l in e )h e x a n o ic  a c i d ,  then  o th e r  

c h o l i n e  e s t e r s  a l s o  would have been hydro lyzed  by the  a n t ib o d y .  But 

o ther  choline e s te r s  a re  not hydrolyzed in the presence of antibody. It  

su g g e s t s  t h a t  the  enhanced h y d r o ly s i s  o f  £ - n i t r o p h e n y l  e s t e r  o f  

6-(phosphorylcholine)hexanoic acid in the presence of  antibody is due 

to the antibody and not due to any es te rase .

Amino a c id s  t h a t  have n u c l e o p h i l i c  groups ( h i s t i d i n e ,  c y s t e i n e ,  

tyrosine ,  and lysine) may be present a t  or near the binding s i t e  of  the 

an t ib o d y  . One o f  th e se  amino a c i d s  may be involved in the  a n t ib o d y -  

m ed ia ted  h y d r o ly s i s  o f  the e s t e r .  The r a t e  o f  a n t ib o d y -m e d ia te d  

hydrolysis  of  the e s te r  is pH-dependent and increases continuously with 

i n c r e a s i n g  pH (Fig.  8 ). The pH p r o f i l e  su g g es t s  t h a t  an amino a c id  

th a t  has a high pK is involved in the antibody-mediated hydrolysis  of  

the  e s te r .

Cysteine may not be involved in the hydrolysis  as the reac t ion  is 

not  i n h i b i t e d  by c h lo ro m e rc u r ib e n z o a te .  I f  c y s t e i n e  a c t s  as  a 

n u c l e o p h i l e ,  t h e n  t h e  r e a c t i o n  c o u l d  be  i n h i b i t e d  w i t h
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chloromercuribenzoate as i t  makes cys te ine  inac t ive  as a nucleophile  by 

r e a c t i n g  w i t h  c y s t e i n e .  The involvement  o f  h i s t i d i n e  may a l s o  be 

exc luded  as  i t ' s  pK is  low (around 7). T y ro s in e  and l y s i n e  a r e  two 

remaining p o s s i b l e  amino a c id s .

The antibody-mediated hydrolysis  of  the e s te r  reac t ion  seems to be 

s t o i c h i o m e t r i c  r a t h e r  than c a t a l y t i c .  The a n t ib o d y  t h a t  i s  a l r e a d y  

r e a c t e d  w i t h  an ex cess  e s t e r  has no s i g n i f i c a n t  e f f e c t  on the 

hydrolysis  o f  the e s te r  as  compared to the control  antibody. This shows 

tha t  the antibody becomes inact ive  when i t  r eac ts  with  the e s te r .  Thus 

t h e  a n t i b o d y - m e d i a t e d  h y d r o l y s i s  o f  t h e  e s t e r  r e a c t i o n  i s  

s t o i c h i o m e t r i c  r a t h e r  than c a t a l y t i c .  I t  i n d i c a t e s  t h a t  when the 

antibody reac ts  w i th  the e s t e r ,  acy la t ion  takes place w i th  the re lease  

of  n i t rophenola te  ion. However, there is  no deacyla t ion to r e lease  the 

other  product,  6-(phosphorylchol  ine )hexano ic  a c id .  The a n t ib o d y  must 

deacyla te  in order to ac t  on a second e s t e r  molecule.  The deacylat ion  

s tep  does not take place  w ith  TEPC-15. As a r e s u l t  i t  becomes inac t ive  

and does not ac t  on a second molecule o f  the e s te r .

I f  t y r o s i n e  t h a t  is  p r e s e n t  a t  or near  the a n t ib o d y  b in d in g  s i t e  

is ace ty la ted  in the react ion ,  then i t  would not deacyla te  a t  neutra l  

pH but deacylates  a t  higher pH or in the presence of  hydroxylamine. I f  

l y s i n e  i s  a c e t y l a t e d ,  then  i t  would not  d e a c y l a t e  a t  h ig h e r  pH or in 

the  p r e se n c e  o f  hydroxy lam ine  as  i t  forms a s t r o n g  amide bond in the  

acy la t io n  reac t ion .  The inac t ive  antibody does not show a c t i v i t y  even 

a f t e r  t r e a t m e n t  w i t h  hydroxylamine  (55 mM) for  2 hours .  I t  i s  known 

tha t  phenyl a c e ta t e  undergoes hydrolysis  with  hydroxylamine under those 

cond i t ions . 111 These r e s u l t s  suggest tha t  lys ine  ac ts  as a nucleophile
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in the  a n t i b o d y - m e d i a t e d  h y d r o l y s i s .  The pH s tu d y  a l s o  s u p p o r t s  the  

above s u g g e s t i o n .  I t  i s  a l s o  known t h a t  in the  r e a c t i o n  o f  BSA w i t h  

t h i s  e s t e r ,  the amino group of  lys ine  present  in BSA forms a covalent 

bond w i t h  the  c a rb o n y l  group o f  the  e s t e r  a f t e r  the  r e l e a s e  o f
IIC

n i t r o p h e n o l a t e  ion. On the  b a s i s  o f  th e  above o b s e r v a t i o n s  the  

p oss ib le  mechanism for the antibody-mediated hydrolys is  o f  the e s te r  

may be concluded as follows.  A lys ine  s ide  chain tha t  is  p resen t  a t  or 

nea r  the  a n t i b o d y  b i n d i n g  s i t e  r e a c t s  w i t h  th e  e s t e r ,  r e l e a s i n g  

ni t r o p h e n o l a t e  ion and forms an amide bond. The amide bond does  not  

hydrolyze under regu lar  condi t ions  and as a r e s u l t  the antibody becomes 

inact  ive.

C o m p a r i s o n  o f  t h e  r a t e  c o n s t a n t  o f  the  a n t i b o d y - m e d i a t e d  

h y d r o l y s i s  (k 2 = 5.5 X 10“ 3 s e c - 1 ) w i t h  the background r a t e  o f  

h y d r o l y s i s  o f  i t s  s u b s t r a t e  (kbUf f e r = 1*04 X 10“  ̂ s e c - 1 ) r e v e a l s  t h a t  

the antibody a c c e l e r a t e s  the r eac t ion  by near ly  50-fold. But t h i s  r a t e  

a c c e le r a t io n  is  very low when compared w i th  enzymes. The hydrolysis  of  

the e s t e r  observed w i th  TEPC-15 is  not due to the s t a b i l i z a t i o n  of  the 

t r a n s i t i o n  s t a t e  and may be due to the proximity  of  the nucleophile  to 

the carboxyl group when the antibody forms a complex with  the e s te r .

In c o n c l u s i o n ,  a l l  th e  above r e s u l t s  show t h a t  TEPC-15 has  some 

enzyme-like p ro p e r t i e s .  The antibody-media ted hydrolys is  o f  the e s te r  

f o l l o w s  M ichae l  i s -M enten  k i n e t i c s ,  is  pH-dependent, and in h ib i ted  by 

s p e c i f i c  i n h ib i to r s .  But the turnover number is  very low when compard 

w i th  enzymes i.e. one mole o f  antibody r ea c t s  w i th  one mole o f  e s te r .  

The turnover number o f  the antibody may be increased through mutat ion 

o f  b ases  in th e  a n t i b o d y  gene a t  th e  b i n d in g  s i t e  by s i t e - d i r e c t e d
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mutagenesis or in t roduct ion  of  rea c t iv e  groups by chemical m odif ica t ion  

a t  or  near  the b in d in g  s i t e .  There  a r e  o n ly  few s t u d i e s  on a n t i b o d i e s  

as  models  now and more s tu d y  i s  n e c e s s a r y  in t h i s  a r e a .  The r e s u l t s  

shown by a n t i b o d i e s  so fa r  a r e  i n t e r e s t i n g  and i t  may be p o s s i b l e  to 

c r e a te  powerful c a t a l y t i c  an t ibod ies  in the future.
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APPENDIX 2

Subst i tuent  Constants®

Subst i tuent Sigma

None 0

3-Ami no -0.16

3-Carboxy - 0.10

4-Methyl -0.17

4-Bromo +0.232

3-Nitro +0.710

3 , 5 - B i s - ( t r i  f luoro-  
methyl)

+0.86

a.  Based on the ioniza t ion  constants  of  benzoic 
acids  and are  from r e f .  83 (Par t  I ) .
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