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CHEMICAL AND ENZYMIC STUDIES OF CARBOHYDRATE OXIMES

ZOHAR MOHAMED MERCHANT 

ABSTRACT

The oximos o f  D -a ra h in o s e , ^ g a l a c t o s e , ^ m an n o se  and  ^ r i h o s e  have 

been  s y n th e s is e d  and t h e i r  s t r u c t u r e s  d e te rm in e d  in  th e  s o l i d  s t a t e  and 

in  s o lu t io n  by a  v a r i e t y  o f  ch em ica l and p h y s ic a l  m ethods. These 

c a rb o h y d ra te  oxiines can  e x i s t  in  th e  a c y c l ic  a n t i ( z )  o r sy n (E) form in  

th e  s o l i d  s t a t e ,  and is o m e r is e  to  a  m ix tu re  o f  a n t i (Z , 20^) and sy n (S , 80^) 

form s in  aqueous s o lu t io n .  D -g lucose  oxime e x i s t s  i n  th e  c y c l ic  

p -p y ra n o se  form in  th e  s o l i d  s t a t e  and  e q u i l i b r a t e s  to  a  m ix tu re  o f 

p -p y ra n o se  (2 3 ^ ) , a -p y ra n o se  , sy n (E , 5 6 .5 ^ ) ,  and a n t i (Z , 13*5^) form s

in  s o lu t io n .

The in te r c o n v e r s io n  o f c a rb o h y d ra te  oxim es in  aqueous s o lu t io n  was 

s tu d ie d  and found to  be s im p le  ( f i r s t  o rd e r )  e x c e p t f o r  D -g lucose  oxime 

w hich showed com plex is o m é r is a t io n  k i n e t i c s .  The s im ple  ( f i r s t  o rd e r )  

is o m é r is a t io n  o f D -a rab in o se  oxime was shown to  be s u b je c t  to  s p e c i f i c  

and g e n e ra l  a c id ,  and s p e c i f i c  b ase  c a t a l y s i s .

D—A rab in o se  oxime h as  been  shown to  a c t  a s  a  s u b s t r a t e  o f  y e a s t  

h e x o k in a s e , th e  p ro d u c t D—a ra b in o s e  oxime—9—p h o sp h a te  ( l i th iu m  s a l t )  h as  

been  i s o l a t e d  and c h a r a c te r i s e d .  T h is  r e s u l t  to g e th e r  w ith  o b s e rv a t io n s  

o f th e  i n t e r a c t i o n  o f o th e r  c a rb o h y d ra te  d e r iv a t iv e s  h as  a llo w e d  th e  

c u r r e n t  p ic tu r e  o f th e  s u b s t r a t e  s p e c i f i c i t y  o f  t h i s  enzyme to  be e x te n d e d .

By a p p l i c a t io n  o f  t r a n s i t i o n  s t a t e  th e o ry  c a rb o h y d i'a te  oxim es a re  

p r e d ic te d  to  a c t  a s  i n h i b i t o r s  o f  enzymes w hich c a ta ly s e  th e  

in te r c o n v e r s io n  o f a ld o s e s  and  k e to s e s .  T h is  p r e d ic t io n  h as  been  

co n firm ed  in  th e  c a se  o f  D -xy lose  (D -g lu c o se )  iso m erase  ( S trep to m y ces  

s p e c i e s ) , o f  w hich D -a ra b in o se  and D -g lucose  oxim es a re  more p o w erfu l 

i n h i b i t o r s  th a n  o th e r  compounds p r e v io u s ly  exam ined.
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CHAPTER' 1 ENZYME IMIBITIOH BY TRANSITION STATE ANALOGUES AND 

ITS APPLICATION TO ALDOSE-KETOSE ISOMERISATION

1.1 TRANSITION STATE ANALOGUES AS ANTIMETABOLITES

The re c o g n it io n  o f th e  a b i l i t y  o f a n t im e ta b o li te s  to  a c t as
1

drugs d a te s  from D.D. Woods d isco v e ry  in  1940 th a t  th e  e f fe c t iv e n e s s  

o f su lphan ilam id e  i s  due to  i t s  antagonism  to  th e  b a c t e r i a l  growth 

f a c to r  (para-am inobenzo ic a c i d ) • Today th e  term  a n t im e ta b o li te  

encompasses a m u ltitu d e  o f compounds which in h ib i t  th e  normal 

o p e ra tio n s  o f  enzymes, t r a n s p o r t  and b in d in g  p ro te in s  and r e c e p to rs ,  

by s u b s t i tu t io n  fo r  t h e i r  u su a l s u b s t r a te s  o r c o fa c to rs  and 

r e g u la to ry  a g e n ts .

In  th e  case o f enzymes, c a ta ly s i s  appears  to  depend on th e  

development o f s tro n g  fo rc e s  o f  a t t r a c t i o n  betw een th e  enzyme and 

a c t iv a te d  forms o f th e  s u b s t r a te ,  which su b sid e  as th e  p roduct i s  

formed and th e  enzyme re tu rn s  to  i t s  f r e e  s t a t e .  So g re a t i s  t h i s  

a f f i n i t y  th a t  a s ta b le  su b stan ce  th a t  i s  reco g n ised  by th e  enzyme 

as  a  s u b s t r a te  in  th e  m idst o f i t s  conversion  to  p ro d u c t, r a th e r  th a n  

as an a l t e r n a t iv e  s u b s t r a te  o r p ro d u c t, i s  expected  to  be an 

u n u su a lly  e f f e c t iv e  i n h ib i to r ,^  ^ Such an in h ib i to r  i s  c a l le d  a 

t r a n s i t i o n  s t a t e  analogue in h i b i to r .  I t  i s  a m olecule which 

s t r u c t u r a l l y  resem bles th e  s u b s t r a te  p o r t io n  o f th e  t r a n s i t i o n  s t a t e  

(s  * )  f o r  th e  enzymic r e a c t io n .^  Such in h ib i to r s  a re  u s u a l ly  o f 

th e  r e v e r s ib le  (*Km*) ty p e  and do not become c o v a le n tly  a l t e r e d  on 

in t e r a c t io n  w ith  th e  enzyme. An example i s  2 -p h osphog lyco lic  a c id  

an io n  ( l )  which i s  a  p o te n t in h ib i to r  o f  tr io s e -p h o s p h a te  isom erase



(eg due to  i t s  resem blance to  th e  proposed h ig h -en e rg y

6in te rm e d ia te  (2 ) .

Ki = 4 X 10 S u b s tra te  Km = 3 x 10

In  a d d i t io n  to  t h e i r  p o s s ib le  use  as a n t im e ta b o li te s ,  in h ib i to r s  of 

t h i s  k ind  can p ro v id e  a u s e fu l  in d ic a t io n  o f  th e  p a r t i c u l a r  mechanism 

by which a s u b s t r a te  i s  tran sfo rm ed  by th e  enzyme th a t  i t  i n h i b i t s .

In  .c e r ta in  cases i t  may be d i f f i c u l t  to  i s o l a t e  r e a c t io n  

in te rm e d ia te s  and in h ib i to r s  can sometimes p ro v id e  m e ch an is tic  

in fo rm a tio n  th a t  i s  no t e a s i l y  a c c e s s ib le  by o th e r  m ethods.

S tru c tu r a l  f e a tu re s  o f s tro n g  in h ib i to r s  may a lso  p ro v id e  an 

in d ic a t io n  o f  b in d in g  d e te rm in an ts  a t  th e  a c t iv e  s i t e  which a re  

im portan t f o r  c a t a ly s i s .  The b in d in g  o f analogues o f  a c t iv a te d  

in te rm e d ia te s  in  s u b s t r a te  tra n s fo rm a tio n  in  co n ju n c tio n  w ith  exact 

s t r u c tu r a l  s tu d ie s ,  may h e lp  to  p ro v id e  a  dynamic p ic tu r e  o f  th e  

su c c e ss io n  o f  even ts  th a t  occur d u rin g  th e  c a t a ly t i c  p ro c e s s , and 

may be u s e fu l f o r  exam ining th e  p o s s i b i l i t y  th a t  l im ite d  changes 

in  th e  s t r u c tu r e  o f  th e  a c t iv e  s i t e  occur d u rin g  enzyme a c t io n .

Such changes have been p o s tu la te d  as a b a s is  f o r  enzyme s p e c i f i c i t y

7 8and re g u la t io n ,  and may c o n tr ib u te  to  c a ta ly s is  i t s e l f .



1.2  THE THEORY OP INHIBITION BY TRANSITION STATE ANALOGUES

That enzymic c a ta ly s i s  could he d e sc rib e d  in  term s o f  th e  

a c t iv a te d  complex o r t r a n s i t i o n  s t a t e  th e o ry  o f r e a c t io n  r a te s  was
Q

f i r s t  su g g ested  by P a u lin g  in  1948. The a p p l ic a t io n  of th e

t r a n s i t i o n  s t a t e  th e o ry  o f  r e a c t io n  r a te s  to  enzymic c a ta ly s is  has

10 11 12 5been d isc u sse d  by W olfenden, L ienhard , ’ L in d q u is t, and

13Jencks and in v o lv es  a  c o n s id e ra tio n  o f  b in d in g  fo rc e s  which e x is t

14d u rin g  enzymic r e a c t io n s .  A ccording to  t h i s  th e o ry  th e  r a te  

o f any r e a c t io n  i s  p ro p o r tio n a l to  th e  c o n c e n tra tio n  o f th e  r e a c ta n t  

in  th e  t r a n s i t i o n  s t a t e  form . More s p e c i f i c a l l y ,  th e  f i r s t - o r d e r  

r a t e  co n stan t (kn) f o r  th e  non-enzym ic r e a c t io n  i s  g iven  by 

eq u a tio n  ( l)

kn = kT . . .  ( l )
h

where k i s  Boltzm ann’ s c o n s ta n t , h i s  P lan c k ’s c o n s ta n t , T i s  th e  

a b s o lu te  te m p era tu re , and i s  th e  e q u ilib riu m  co n s tan t f o r  th e  

fo rm atio n  o f th e  t r a n s i t i o n  s t a t e .

E quation  ( l )  i s  d e riv e d  from Scheme 1.1 g iven  below: 
k

8 ---------- * -P

kT/h

r a t e  = M  [S ^] = M [ k^ ] [ s ] = k ^ [s ]  
h h

Scheme 1.1 

.4=[ s ]  and [S ] a re  th e  c o n c e n tra tio n s  o f  th e  s u b s t r a te  and th e  

t r a n s i t i o n  s t a t e ,  r e s p e c t iv e ly ,  and where th e  t r a n s i t i o n  s t a t e  i s  in



e q u ilib riu m  w ith  th e  r e a c ta n t  (k^  = [s "^ ] /[s ] )  as  p re d ic te d  by th e
1A

t r a n s i t i o n  s t a t e  th e o ry . The r e la t io n s h ip  in  eq u a tio n  ( l)  

between th e  r a t e  and e q u ilib r iu m  co n s tan t i s  v a l id  f o r  th e  

conversion  o f  a  r e a c ta n t  S to  a p roduct P, which w i l l  ta k e  p la c e  

by th e  pathway w ith  th e  low est energy b a r r i e r .  The t r a n s i t i o n  

s t a t e  w i l l  be th e  s t r u c tu r e  o f  h ig h e s t energy on t h i s  pathway (see

E+S P ig .  1.1)

AG

E+S E+P
R eac tion  pathway

AG  ̂ = -RTlnK^

F ig .  1.1 F ree  e n e rg y -re a c tio n  pathway p r o f i l e  f o r  a s in g le

■ s u b s t r a te  en.zymic r e a c t io n  and th e  co rrespond ing  non- 

enzymic r e a c t io n .

In  th e  p resen ce  o f  an enzyme o r  o th e r  c a ta ly s t  a  r e a c t io n  

proceeds a t  a r a t e  t h a t ,  a t  low s u b s t r a te  c o n c e n tra tio n s , i s  

p ro p o r tio n a l to  th e  c o n c e n tra tio n  o f bo th  th e  s u b s t r a te  and th e  

enzyme. K in e t ic a l ly  i t  i s  a seco n d -o rd e r r e a c t io n  w ith  a  r a t e  

c o n s ta n t ,  and a  co rresp o n d in g  eq u ilib riu m  co n s tan t (Ke**̂

f o r  a c t iv a t io n  g iven  by  Scheme 1 .2 .



k
E + S  E + P k = k . / ke cat ' m

E + S - " "■S- (ES)* E + P

r a t e  = (K%) [ e ] [ s ] = k ^ [E ][s ]

Scheme 1.2

Combining Schemes ( l)  and (2) , i t  i s  found th a t  K^, th e  

form al d is s o c ia t io n  co n s tan t o f  th e  enzyme s u b s t r a te  complex in  

th e  t r a n s i t i o n  s t a t e ,  ES^, which y ie ld s  f r e e  enzyme (e) and th e  

a l te r e d  s u b s t r a te  (S ^  can be es tim a ted  from th e  cy c le  shown in  

Scheme 1 .3 . I t  i s  eq u iv a le n t to  th e  r a t e  co n s tan t f o r  th e  

non-enzymic r e a c t io n ,  kj  ̂ d iv id ed  by th e  r a t e  co n s tan t f o r  th e  

enzymic r e a c tio n , k^ and appears  in  u n i t s  o f  moles p e r  l i t r e  

(assum ing th a t  th e  seco n d -o rd er r a te  co n stan t /k ^  employed 

conven tional u n i t s  o f  co n c e n tra tio n )

(ES)

^  II
E+P

E+S*

K " km c a t

Scheme 1.3



12L ienhard  has co n sid ered  f iv e  f a c to r s  which in f lu e n c e  th e  

b in d in g  co n stan t K̂p and has d iscu ssed  th e  r e l a t i v e  im portance o f each 

f a c to r  in  enzyme c a t a ly s i s .  The f a c to r s  a re  ( l )  t r a n s i t i o n  s t a t e  

s t r u c tu r e ,  (2) en tro p y  change, (3) so lv e n t in te r a c t io n ,  (4) enzyme 

in te r a c t io n s ,  and (5) confo rm ationa l changes o f  th e  enzyme.

T ra n s it io n  s t a t e  th e o ry  g iv es  no in fo rm a tio n  about th e  e x te n t 

o f s im i la r i ty  in  s t r u c tu r e  betw een th e  t r a n s i t i o n  s t a t e  o f th e  

non-enzymic r e a c t io n  and th e  s u b s t r a te  p o r t io n  o f th e  t r a n s i t i o n  

s t a t e  o f  th e  enzymic r e a c t io n .  In  scheme 1.3 th e y  a re  assumed to  be 

s im i la r .  Our knowledge o f th e  mechanism o f enzymic re a c tio n s  and 

o f th e  correspond ing  non-enzym ic r e a c tio n s  su g g es ts  th a t  in  most 

cases th e re  i s  a b a s ic  s im i la r i ty  in  th e  bond-making and bond- 

b reak in g  p ro cesses  th a t  th e  s u b s t r a te  undergoes, so th a t  th e  t r a n s i t i o n  

s t a t e  f o r  th e  enzymic and non-enzym ic re a c tio n s  a re  s im i la r  in
16s t r u c tu r e  and energy . However, th e re  may be ex cep tio n s  to  t h i s  

co n c lu sio n , in  which th e  mechanism of th e  enzymic r e a c t io n  i s  

fundam enta lly  d i f f e r e n t  from th e  co rrespond ing  non-enzym ic r e a c t io n .

13A ccording to  Jencks th e  cho ice  o f  an a p p ro p r ia te  non-enzymic 

re a c t io n  w ith  th e  r a te  co n s tan t k^ f o r  com parison w ith  th e  r a te  

co n s tan t k^ o f th e  enzymic r e a c t io n  always re q u ire d  d is c r e t io n  as  i t  

i s  u s u a lly  d i f f i c u l t  to  f in d  any com parable non-enzym ic r e a c t io n  

re g a rd le s s  o f th e  mechanism. When th e  mechanism o f th e  two 

re a c tio n s  a re  d i f f e r e n t ,  t h i s  means th a t  th e  non-enzym ic r e a c t io n  

w ith  a mechanism th a t  i s  th e  same as th a t  of th e  enzymic r e a c t io n  

must have a  s t i l l  h ig h e r  f r e e  energy o f a c t iv a t io n  i . e .  k^ /k^  w i l l  

be la rg e r  th a n  th e  t r u e  r a t i o .  I t  i s  p o s s ib le ,  a t  l e a s t  in  p r in c ip le



to  f in d  analogues f o r  th e  (c o r re c t)  t r a n s i t i o n  s t a t e  th a t  g iv e  a r a t i o

th a t  i s  even sm a lle r  th a n  k /k  in  t h i s  s i t u a t io n .n'  e

12A ccording to  L ienhard  th e  ca teg o ry  o f  en tro p y  change r e f e r s  

la rg e ly  to  lo s s  o f en tro p y  o f  S and s'*" upon t h e i r  b in d in g  to  th e  

enzyme. Both sp e c ie s  lo se  t r a n s l a t io n a l  and o v e ra l l  r o ta t io n a l  

en tro p y , and t h i s  lo s s  makes an u n favou rab le  c o n tr ib u tio n  to  b in d in g  

f o r  b o th . In  a d d i t io n  th e  d e fin e d  geom etries o f  ES and ES^ complexes 

r e q u ire s  some lo s s  o f en tro p y  o f in te r n a l  r o t a t i o n .  F or some 

re a c tio n s  th e  lo s s  o f in te r n a l  r o ta t io n a l  en tro p y  upon b in d in g  w i l l  be 

le s s  f o r  th a n  fo r  S. Where t h i s  d if f e re n c e  in  lo s s  o f in te r n a l  

r o ta t io n a l  en tro p y  e x i s t s ,  i t  i s  a f a c to r  which c o n tr ib u te s  to  

t i g h t e r  b in d in g  o f th a n  o f  S and so c o n tr ib u te s  to  c a t a ly s i s .

A d d itio n a l en tro p y  changes may occur as a r e s u l t  o f in t e r a c t io n  

w ith  w a te r . The a s s o c ia t io n  o f S and o f 8^ w ith  th e  enzyme a re  

accompanied by th e  d is ru p t io n  o f some o f th e  in te r a c t io n s  th a t  occur 

between w ater m olecules and fu n c tio n a l  groups o f 8, 8*̂  and th e  enzyme. 

The w ate r th a t  i s  re le a s e d  in t e r a c t s  w ith  i t s e l f  (8cheme 1 .4) .  I f  8 

in t e r a c t s  w ith  w ater more s tro n g ly  th a n  8 , th e n  w ater in te r a c t io n s

E + 8 o r  8 #  E8 o r  E8 + H_0
I I |2
I I I
HgO HgO HO

Scheme 1 .4

fav o u r t i g h t e r  b in d in g  o f 8 th a n  8 and so c o n tr ib u te  to  c a t a ly s i s .  I f  

th e  re v e rs e  i s  t r u e ,  w ater in te r a c t io n s  h in d e r c a t a ly s i s .  M oreover, i f



th e  enzymic and u n c a ta ly s e d  r e a c t io n s  in  w ate r have s im i la r  mechanisms 

h u t d i f f e r  in  th e  p o in t on th e  r e a c t io n  c o o rd in a te  a t  which th e  

t r a n s i t i o n  s t a t e  i s  reach ed  (see  F ig .  1 .2 ) ,  t h i s  would presum ably  le a d  

to  an  u n d e re s tim a tio n  o f th e  a b i l i t y  o f th e  enzyme to  s t a b i l i s e  th e  

l e a s t  s ta b le  in te rm e d ia te  on th e  non-enzym ic r e a c t io n  pathw ay.

S h if te d  T

Change in  AG observed

AG
ne

e = enzymic r e a c t io n

ne = non-enzym ic r e a c t io n

t r a n s i t i o n  s t a t e

R eac tio n  P ro g re ss

F ig .  1 .2  C om parision o f  f r e e  energy  p r o f i l e s  f o r  c a t a ly s i s ,  f o r  a 

case  in  which th e  t r a n s i t i o n  s t a t e s  a re  reached  a t  d i f f e r e n t  p o in ts  

on th e  r e a c t io n  c o o rd in a te .

The c o n tr ib u t io n s  from n o n -co v a len t in t e r a c t io n  betw een th e  enzyme 

and  S and 8^ in  th e  ES and ES*̂  complexes f a l l  in to  th e  same c la s s e s  as 

th o se  w ith  w a te r : hydrogen b o n d in g ,e le c t r o s ta t ic  in t e r a c t io n s ,  and

van der Waals f o r c e s .  I t  may be p o s s ib le  to  e s tim a te  th e  r e l a t i v e  

s t r e n g th  o f  th e  s p e c i f i c  in t e r a c t io n s  o f  an  enzyme w ith  S and S**", by 

making u se  o f  th e  s t r u c tu r e s  determ ined  by X -ray  c ry s ta l lo g ra p h y .

F in a l ly ,  i t  i s  p ro b ab le  th a t  changes in  th e  con fo rm ation  o f  th e  

p r o te in  accompany th e  b in d in g  o f th e  s u b s t r a te  to  th e  enzym.e.



Such a  change must he e n e r g e t ic a l ly  u n fav o u rab le  f o r  th e  enzyme a lo n e  

b ecau se  i f  t h i s  were no t so , th e  f r e e  enzyme would e x is t  in  th e  

a l t e r e d  confo rm ation  th a t  i t  ad o p ts  in  th e  ES com plex.

In  th e  case  o f  a  two s u b s t r a te  r e a c t io n  which p roceeds v ia  a 

t e r n a r y  complex o f b o th  s u b s t r a te s  and enzyme (ERS), th e n  th e  

e q u i l i b r i a  d e s c r ib in g  th e  non-enzym ic and enzymic r e a c t io n s  in  te rm s o f  

th e  t r a n s i t i o n  s t a t e  th e o ry  a re  shown below^^ (Scheme 1 .5)»

k ^  (ERS)*

I" "
E + (RS)

E + R + S ^  l i ' ^ T  E + P + Q

4

Scheme 1.3

The e q u ilib r iu m  c o n s ta n t f o r  th e  r e le a s e  o f  th e  t r a n s i t i o n  s t a t e  i s  

th e n  e q u iv a le n t to  th e  seco n d -o rd e r  r a t e  c o n s ta n t f o r  th e  non-enzym ic 

r e a c t io n  k^ , d iv id e d  by th e  th i r d - o r d e r  r a t e  c o n s ta n t f o r  th e  enzymic 

r e a c t io n  k , /k  » in  d i l u t e  s o lu t io n .  I f  in h ib i to r s  b e a r  a

u s e fu l  an a lo g y  to  a c t iv a te d  in te rm e d ia te s  in  c a t a ly s i s ,  r a th e r  th a n  

to  th e  s u b s t r a te s ,  t h e i r  v a lu es  a re  u s u a l ly  expec ted  to  be much 

low er th a n  th e  v a lu e s  o f  s u b s t r a t e s .  K̂p must be le s s  th a n  

in  Scheme 1 .3  i f  c a t a ly s i s  i s  to  occur a t  a l l .  may o f  cou rse  be a

complex com bination  o f  r a t e  c o n s ta n ts  w ith  l i t t l e  p h y s ic a l meaning and 

th e  same may be t r u e  o f  th e  te rm  K .K in  Scheme 1.5» In  th e  s p e c ia l
“ s
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case  where K and K a re  t r u e  d is s o c ia t io n  c o n s ta n ts  and a re  

e x p ressed  as mole f r a c t i o n s ,  t h e i r  p roduct (K .K ) m ight he 

co n s id e re d  to  he e q u iv a le n t to  th e  d is s o c ia t io n  c o n s ta n t o f  an 

enzyme complex w ith  a h y p o th e t ic a l  m olecu le , R.S , in  w hich th e  

r e a c ta n ts  a re  v i r t u a l l y  in  c o l l i s i o n  w ith  each o th e r  a t  th e  a c t iv e  s i t e ,  

hu t have not y e t undergone r e a c t io n .

A s p e c ia l  case  f o r  t r a n s i t i o n  s t a t e  th e o ry  i s  th e  r e a c t io n  in

w hich a  co v a len t bond i s  form ed betw een th e  enzyme and s u b s t r a t e .  I t

i s  v e ry  d i f f i c u l t  to  f in d  a  com parable non-enzym ic r e a c t io n .  One

12re c o u rse  su g g es ted  by L ien h ard , i s  to  compare th e  r a t e  o f  an 

enzymic r e a c t io n  w ith  th e  r a t e  o f  a  s im i la r  r e a c t io n  in v o lv in g  a 

c a t a ly s t  o f  low m o lecu la r w eight ( e .g .  an  a lc o h o l,  f o r  com parison w ith

a s e r in e  re s id u e  a t  th e  a c t iv e  s i t e  o f  a  p r o te a s e ) .

In  a  r e - e v a lu a t io n  o f  th e  th e o r e t i c a l  a s p e c ts  o f  th e  t r a n s i t i o n

17s t a t e  analogue approach  Schray  and Klinman have co n s id e re d  th e  case  o f  

an  enzyme c o n ta in in g  a  c a t a l y t i c  group C th a t  i n t e r a c t s  w ith  th e  

s u b s t r a te  S . The r e a c t io n s  which a re  b e in g  compared a re  th o se  in  

which th e  group C a c t s  sim p ly  as a  chem ical c a t a ly s t ,  w ith o u t b in d in g  

o f  e i t h e r  th e  s u b s t r a te  o r  th e  t r a n s i t i o n  s t a t e  to  th e  r e s t  o f th e  

enzyme and th e  same r e a c t io n  w ith  b in d in g  o f  th e  s u b s t r a te  and th e  

t r a n s i t i o n  s t a t e  to  th e  enzyme. Kp in  Scheme 1 .6  does n o t re p re s e n t

E

H E-C + S

Scheme 1.6

E

K (obsd)

V
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th e  com plete d i s s o c ia t io n  o f  th e  t r a n s i t i o n  s t a t e  from th e  enzyme 

and cannot he e s tim a te d  from th e  observed  b in d in g  The a c tu a l  

m easured d i s s o c ia t io n  c o n s ta n t f o r  th e  t r a n s i t i o n  s t a t e  (o r  an 

analogue  th e re o f )  is  KT(obsd ) r e l a t e d  to  by eq u a tio n

(2 ) .

% T (o tsa.) = %T % ' • ••  (2)

S u b s t i tu t io n  o f  ^^(o b sd  ) equa t i on (2) g iv es

S ( o b s d . )  = / g  '  S
c a t ' m

A p p aren tly  th e  t ig h tn e s s  o f b in d in g  o f  a  t r a n s i t i o n  s t a t e  o r 

t r a n s i t i o n  s t a t e  analogue in  t h i s  system  does no t p ro v id e  a d i r e c t  

m easure o f  th e  c a t a l y t i c  advan tage /k ^ ) b rough t about by th e

enzyme. The v a lu e  o f  ^^(o b sd  ) th e  r e s u l t a n t  fa v o u ra b le  

c o n tr ib u t io n s  from th e  i n t r i n s i c  b in d in g  energy  and th e  chem ical 

in te r a c t io n s  betw een th e  c a ta ly s t  and th e  t r a n s i t i o n  s t a t e ,  and an  

u n fav o u rab le  c o n t r ib u t io n  from th e  lo s s  o f e n tro p y  re q u ire d  f o r

13com bination  w ith  th e  c a t a l y t i c  g roup .

A lthough t h i s  system  i s  a  u s e fu l  one to  i l l u s t r a t e  th e

c o n t r ib u t io n  o f d i f f e r e n t  f a c to r s  to  c a t a ly s i s ,  i t  i s  no t r e a d i ly

a p p lie d  to  r e a l  sy stem s. I f  th e r e  i s  a  c o v a len t bond betw een th e

c a t a l y t i c  group and th e  s u b s t r a te  in  th e  t r a n s i t i o n  s t a t e  i t  i s  d i f f i c u l t

o r  im p o ss ib le  to  e v a lu a te  and ^^(obsd  ) th e  r e la t io n s h ip  o f  k^ ,

a  b im o le c u la r  r a t e  c o n s ta n t f o r  th e  r e a c t io n  w ith  a  c a t a l y t i c  group,

to  th e  s t a b i l i t y  o f  8^, a  m onom olecular t r a n s i t i o n  s t a t e  in  th e

13absence o f  c a t a ly s t ,  i s  no t e a s i l y  d e f in e d .
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Thus, f o r  c a t a ly s i s  to  he o bserved , th e  a l t e r e d  s u b s t r a te  must 

be t i g h t l y  bound in  a c t iv a te d  form s which approach  th e  t r a n s i t i o n  

s t a t e .  T igh t b in d in g  a lo n e  shou ld  no t be co n s id e re d  a s u f f i c i e n t  

c r i t e r i o n  in  s tu d ie s  o f  t h i s  k in d . Compounds t e s t e d  sho u ld  a ls o  

b e a r  some m e c h a n is t ic a l ly  u n d e rs ta n d a b le  r e la t io n s h ip  to  s u b s t r a te s  

and p ro d u c ts , as  t i g h t  b in d in g  o f  t r a n s i t i o n  s t a t e  anfilogues does 

no t g iv e  an a b s o lu te  in d ic a t io n  o f t r a n s i t i o n  s t a t e  s t r u c t u r e ,  bu t 

r a th e r  p ro v id e s  an index  o f  th e  d if f e r e n c e  betw een th e  s t r u c tu r e s  

o f  th e  s u b s t r a te  and t r a n s i t i o n  s t a t e .

A s u b s t a n t i a l  number o f p roposed  t r a n s i t i o n  s t a t e  an logue

5 10 11 12 ISin h ib i to r s  have been  r e p o r te d  and t h e i r  p r o p e r t ie s  rev iew ed . ’ ’ » » ^

F or com parison th e  in h i b i to r  c o n s ta n ts ,  K^, and th e  v a lu e s  o f  

r e l a t e d  s u b s t r a te s  w ith  w hich th e  in h i b i to r  i s  in  most cases  

c o m p e titiv e  a re  u sed .

1 .3  APPLICATION OF THE TRANSITION STATE ANALGŒJE APPROACH TO 

ALDOSE-KETOSE ISOMERASES

In  t h i s  t h e s i s  th e  a p p l ic a t io n  o f  th e  t r a n s i t i o n  s t a t e  analogue 

approach  to  th e  enzyme c a ta ly s e d  in te rc o n v e rs io n  o f  a ld o se s  and k e to se s  

(Scheme 1.7) i s  d e s c r ib e d . Enzymes which c a ta ly s e  t h i s  in te rc o n v e rs io n

CHO CHgOH

ChOH . Isj^merase , - ^  ^ ^ Q

I - - - - - - - - - - -  1
R R

A ldose K etose

Scheme 1.7
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a re  o f  w idespread  b io lo g ic a l  o ccu rren ce  ( e .g .  D -g lu co se -6-  

phosphate  isom erase  EC 5«3*1*9 a- component o f  th e  g ly c o ly t ic  cyc le) 

and o f  commercial im portance (b -x y lo se  (g -g lu co se ) isom erase ,

EC 5 . 3 . 1 . 5) .

In  o rd e r  to  d es ig n  s p e c i f i c  in h ib i to r s  aimed a t  p ro d u c in g  a 

good model f o r  th e  t r a n s i t i o n  s t a t e  s t r u c tu r e ,  in fo rm a tio n  about th e  

mechanism o f th e  enzymic r e a c t io n ,  in c lu d in g  knowledge o f  a 

h y p o th e t ic a l  t r a n s i t i o n  s t a t e  s t r u c tu r e  would be v e ry  u s e f u l .  In  

th e  case  o f  a ld o se -k e to s e  isom erases some in s ig h t  in to  th e  enzymic 

r e a c t io n  mechanism may be o b ta in e d  f i r s t  by c o n s id e r in g  th e  chem ical 

is o m é r is a t io n  o f  re d u c in g  su g ars  under a lk a l in e  c o n d it io n s .

1. 3.1 The B a se -c a ta ly se d  I s o m é r is a t io n  o f  Sugars

These complex and m an ifo ld  r e a c t io n s  have engaged th e

a t t e n t i o n  o f ca rb o h y d ra te  chem ists  ever s in c e  t h e i r  d isc o v e ry  by

L o brydeB ruyn  and A lberda van E ^ e n s te in  in  1895*^^ In  19OO Wohl and

Neuberg^^ advanced th e  concept th a t  in te rc o n v e rs io n  o f  D -g lucose,

^ m an n o se , and D -fru c to se  occurs  th ro u g h  r e v e r s ib le  é n o l i s a t io n .

20Topper and S te t te n  ( l9 5 l)  from experim ents u s in g  deu terium  exchange

p o s tu la te d  a t r a n s - en ed io l in te rm e d ia te  in  th e  tra n s fo rm a tio n  o f

g - f r u c to s e  in to  D -g lucose , and a c i s - en ed io l f o r  th e  co n v ers io n  o f
21D -fru c to se  in to  D-mannose. Sowden and S c h a ffe r  ( l9 5 2 ) p o in te d  out

th a t  t h e i r  d a ta  were in c o n s is te n t  w ith  th e  assum ption  which a ss ig n e d

to  g - f ru c to s e  th e  r o le  o f  a  n e c e ssa ry  in te rm e d ia te  in  th e  tra n s fo rm a tio n

o f  D -glucose to  D-mannose. A cco rd ing ly  from t h i s  and o th e r  work 

22rev iew ed by Speck, D ~glucose, D-mannose and D -fru c to se  shou ld  g ive  

th e  same en ed io l (Scheme 1 .8 ) .
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CHO

H- -GH

R

D -Glucose
I

R = HO -  C -  H

■OH

•OH

CHgOH

Scheme 1.8

H"

23,24

HC -  0

I I
Ç -  OH

R

tl

HC -  OH
I I
C -  0 

1

H

H

E n e d io la te

CHO

HO- -H

R

D-Mannose

CHgOH

R

D -P ructose

I s h e l l  and co-w orkers ’ t r i e d  to  t e s t  t h i s  h y p o th e s is  u s in g

23l a b e l l i n g  te c h n iq u e s .  One o f  th e s e  methods depends on th e  r a t e  a t  

which t r i t i u m  ions a re  r e le a s e d  from a ld o s e s - 2 - t  to  th e  so lv e n t 

(Scheme 1 .9 )•  The method r e q u ire s  t r i t i u m - l a b e l l e d  su g ars  which a re  

d i f f i c u l t  to  o b ta in  and in v o lv e s  a p rim ary  is o to p e  e f f e c t .

H

R —— C — C

OH

Scheme 1.9

24

OH -H
R— C =  C;

I
OH

I s b e l l  and co-w orkers have developed  a  conven ien t method f o r  m easuring  

th e  r a t e  o f  é n o l i s a t io n  th a t  does no t in v o lv e  a  p rim ary  is o to p e  e f f e c t .  

I t  u se s  in f r a - r e d  a b s o rp tio n  a t  2 .95  m icrons f o r  m easuring  th e  amount

o f DOH formed by é n o l i s a t io n  o f th e  d e u te ra te d  su g ar in  a lk a l in e  DgO.
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However, as th e  r e a c t io n  p ro cee d s , th e  r a t e s  f o r  a ld o se s  in c re a s e .

The two p re c e d in g  methods were combined to  de te rm in e  th e  t r i t i u m  
? A

is o to p e  e f f e c t . '  (Scheme I . I O ) .  In  a  t r i t i u m - l a b e l l e d  s u b s t r a t i  

in  DgO, th e  change in  i n f r a - r e d  a b s o rp tio n  a r i s e s  alm ost e n t i r e l y  

from r e le a s e  o f  p ro to n s  because  th e  c o n c e n tra tio n  o f th e  t r i t i u m  

s p e c ie s  in  th e  r e a c ta n t  i s  s m a ll .  Thus, th e  change in  th e  DOH 

a b s o rp tio n  r e p re s e n ts  r e le a s e  o f  p ro to n s .  The c o n s ta n t f o r  

r e le a s e  o f t r i t iu m  to  th e  so lv e n t i s  determ ined  from r a d io a c t i v i t y  

m easurem ents o f  w ate r from th e  same r e a c t io n  m ix tu re .

?  H
I /

R— 0 — R— C = C  + DOHL ° I V
Scheme 1.10

.23F o r com parative s tu d ie s  o f  a  la rg e  group o f  su g a rs  a n o th e r  method

was used  in v o lv in g  t r i t i u m  in c o rp o ra tio n  in  th e  su g ar by r e v e r s ib le

é n o l is a t io n  in  w a te r - t .  The method m easures th e  o v e ra l l  r a t e  o f

é n o l is a t io n  and d e e n o l is a t io n .  However, th e  p ro cess  i s  com plica ted

by an is o to p e  e f f e c t .

23 24They ’ observed  th a t  th e  r a t e  o f  é n o l i s a t io n  o f  D -g lucose , 

D-mannose and D -fru c to se  was no t th e  same as th e  r a t e  o f  

is o m é r is a tio n  o f  th e  co rresp o n d in g  su g a r . This su g g es ted  th a t  th e s e  

su g a rs  went th ro u g h  more th a n  one in te rm e d ia te  in  th e  

is o m é r is a t io n  r e a c t io n .

An a l t e r n a t iv e  mechanism to  th a t  o f  th e  en ed io l in te rm e d ia te ,
24

i s  th e  h y d rid e  t r a n s f e r  mechanism. I s b e l l  excluded  t h i s  mechanism
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'by t r a c e r  s tu d ie s .  A sam ple o f  g -g lu c o s e -2 - t  was re a rra n g e d  "by- 

tre a tm e n t w ith  calcium  hyd rox ide  a t  35°. A ldoses were removed "by 

o x id a tio n  w ith  "bromine; th e  r e s u l t i n g  D -fru c to se  was s e p a ra te d  

and observed  to  g iv e  o n ly  0 .3  count p e r  m inute p e r  mg compared to  

th e  o r ig in a l  D -g lu o o se -2 -t w hich gave 3,400 counts p e r  m inute p e r  mg.

25Kooyman ^  s tu d ie d  th e  chem ical isom eri a c tio n  o f  D -gluoose

25in to  D -fru c to se  in  aqueous a lk a l in e  s o lu t io n s .  They developed  

a  s im p l i f ie d  k in e t i c  model "based on th e  r a t e  c o n s ta n ts  observed  

(Scheme 1 .1 1 ), assum ing th a t  th e  c o n c e n tra tio n  o f  th e  e n o la te - io n  was 

v e ry  low and a ls o  th a t  th e  c o n c e n tra tio n  o f  D-mannose was low 

r e l a t i v e  to  th a t  o f D -gluoose and D -fru o to se . A lso , th e  k in e t i c

G OH
C

“ OH

GP

= D -Fruo tose F ^" = p-F ruo tose  an io n

G„ = D-Gluoose G  ̂ = D-Gluoose an io n0 = o =

P = b y -p ro d u c ts .

Scheme 1.11

model took  th e  a /p  py ranose  and a /p  fu ran o se  forms o f  th e  su g ars  to  

be in  r a p id  e q u ilib r iu m  w ith  each o th e r  under th e  r e a c t io n  c o n d itio n s  

em ployed.
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From th e  above ev idence a  g e n e ra l ly  a c c e p ta b le  mechanism f o r  

th e  b a s e -c a ta ly s e d  chem ical is o m e r ts a tio n  o f  D -g luccse  is  th a t  shewn 

in  Scheme 1 .1 2 .

C K O H

OH
OHHO

OH
a-D -G luccse

C H p H

F uranose  Forms

tt
C K O H

HO
OH

OH

O H
HO

P-D-G luccse

H O H

OH
HO

OH

c i s - e n e d ic l

=0
HO

O H

OHOHOH OH HOHOHO OH O HOH

tt t r a n s - e n e d io l

D -F ruc tcse  ( c y c l ic  forms)

Scheme 1.12
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From th e  r e a c t io n  scheme 1.12 i t  i s  ap p are n t th a t  th e  é n o l is a t io n  

p roceeds from th e  a c y c l ic  form to  th e  en e d io l in te rm e d ia te .  The 

é n o l is a t io n  can occur e i t h e r  hy a  co n ce rted  e l im in a tio n  o r hy a  

s te p -w ise  mechanism in v o lv in g  an a n i o n . F r o m  th e  p ro p o r tio n s  o f  

k e to ie n o l forms in  a m ix tu re  f o r  o th e r  s a tu r a te d  and u n s a tu ra te d  

compounds ( [ e n o l]  « [k e to ] )  i t  i s  assumed th a t  th e  d e e n o l is a t io n  

s te p  i s  f a s t e r  th a n  th e  é n o l is a t io n  s t e p .  T his in d ic a te s  th a t  th e  

h ig h e s t energy  in te rm e d ia te  i s  th e  en ed io l and th e  h ig h e s t energy  

t r a n s i t i o n  s t a t e  i s  th a t  o f th e  s te p  in v o lv in g  é n o l i s a t io n .

The e n e rg e tic s  o f  th e  is o m é r is a tio n  pathway a re  shown in  F ig .  1.3» 

The h ig h e s t energy  t r a n s i t i o n  s t a t e  in  th e  p r o f i l e  cou ld  he 

re p re s e n te d  hy ( ] ) .

AGr e l

E n ed io ls

A cy c lic  k e to  form 
(D-Glucose)

A cy c lic  k e to  fdrm 
(D -Fructose) I

D-Glucose D -F ruc tose

R eac tio n  c o o rd in a te

F ig .  1 .3  F ree  e n e rg y -re a c tio n  pathway p r o f i l e  f o r  th e  h a s e -c a ta ly s e d  
“ is o m é r is a tio n  o f  D -g lucose to  D -f ru c to s e .
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In  a d d i t io n  to  th e  fo rm a tio n  o f D -fru c to se  th e  h a s e -c a ta ly s e d  

chem ical is o m é r is a tio n  o f  g lu co se  a ls o  g iv e s  D-mannose and o th e r  

"by-products in  sm all q u a n t i t i e s .

1 . 3 .2  The E nzym e-cata lysed  Is o m é r is a t io n  o f  Sugars

U nlike chem ical is o m é r is a t io n  under a lk a l in e  c o n d itio n s ,

in  enzyme c a ta ly s e d  is o m é r is a t io n  no é p im é r is a t io n  i s  known to  o c c u r .

To f in d  out w hether th e  r e a c t io n  p roceeds v ia  s im i la r  e n e d io l

in te rm e d ia te s ,  ev idence  has heen  g a th e re d  hy v a r io u s  w o rk ers. In  

271957 Topper examined th e  g lu c o se -6 -p h o sp h a te  isom erase  (D -glucose 

6 -phosphate  k e to l- is o m e ra se  (EC 9 .3 .1 .9 ) )  r e a c t io n  in  D^O (95^) in  

th e  d i r e c t io n  o f  g lu c o se -6 -p h o sp h a te  fo rm a tio n . The p roduct 

i s o la te d  as  th e  harium  s a l t  was observed  to  c o n ta in  O .9 I atom excess 

d eu terium  a t  02. This was in t e r p r e te d  in  su p p o rt o f  c a t a ly s i s  hy 

way o f  an é n o l i s a t io n  in  th e  f i r s t  h a l f - r e a c t i o n  and s t e r e o s p e c i f ic  

d e u te r a t io n  a t  02 from th e  medium (Scheme 1 .1 3 ) .

HgOOH

0=0

R

D -Fruct os e -6 -

phosphate  
Scheme 1.13

H OHN/
II

R

E ned io l

In te rm e d ia te

30

D"
D

p o

OH

D -G lucose-6-phosphate

In  1961, Rose and O 'C onnell re p o r te d  th a t  when f r u c to s e — 

6 -ph o sp h ate  [ l - t ]  p re p a re d  from an  in c u b a tio n  in  t r i t i a t e d  w a te r  

was r e a c te d  w ith  g lu c o se -6 -p h o sp h a te  isom erase  in  th e  p resen ce  o f HADP*̂  

and g lu c o se -6 -p h o sp h a te  dehydrogenase, th e  g lu c o n a te -6 -p h o sp h a te
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c o n ta in e d  t r i t i u m  a t  C2 in  a d d i t io n  to  th e  w a te r . The f a i l u r e  o f

Topper to  observe  p ro tium  t r a n s f e r  was undou b ted ly  th e  r e s u l t  o f

in ad eq u a te  tr a p p in g  o f  th e  g lu c o se -6 -p h o sp h a te . When th e  Topper

experim ent i s  done u s in g  th e  dehydrogenase t r a p ,  o n ly  about 0 ,1

deu terium  atom i s  in c o rp o ra te d  in to  C2 o f  th e  g lu c o n a te -6 -  

29p h o sp h a te . The o ccu rren ce  o f  t r a n s f e r  and exchange was b e s t  

e x p la in e d  by assum ing th a t  th e  enzyme s u p p lie d  th e  b ase  f o r  th e  

i n i t i a l  p ro to n  a b s t r a c t io n  and th a t  th e  r e s u l t i n g  a c id  m ight undergo 

r e v e r s ib le  io n i s a t io n ,  in  p a r t ,  p r io r  to  th e  second p ro to n  

t r a n s f e r ^ ^ '^ ^  (Scheme I . I 4) .

D-Glucos e - 6 - P [ 2 - t ] D -Fruct o s e -6 -P [1- t ]

 ̂ - ’t k '  4 |} .4  E»

?
^  n ™  E î ; T - Ç - O H[B: T-Ç -  OH [BT+ ||

R R

H

_ , C -OHK II0 -OH
/

R

Scheme 1.14

T his exchange o f  p ro to n  w ith  th e  medium has a ls o  been  observed  f o r  

o th e r  isom erases such as tr io se p h o sp h a te  isom erase  (EG 5 « 3 « 1 .l) 

D ^T ibose-9-phosphate isom erase  (EC 5 «3•1 -6 ) , D -m annose-6-phosphate 

isom erase  (EC 5 « 3 .1 * 8 ).^ ^  (se e  Table I . I ) .  However, in  th e  case
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31o f  D -xylose isom erase  l i t t l e  p ro to n  exchange o c c u rs . Rose e t a l.

found th a t  th e  f a i l u r e  o f  x y lo se  to  in c o rp o ra te  deu terium  from a

D^O medium was in d ic a te d  hy th e  f a c t  t h a t  th e  C1 p ro to n  o f  D -xylose

31rem ained a  d o u b le t s ig n a l  in  m ir . They a ls o  found th a t  in  th e

case  o f  D -xylose isom erase  th e  in c o rp o ra tio n  o f  t r i t i u m  in to  an

e q u ilib r iu m  m ix tu re  o ccu rred  a t  l e s s  th a n  0 .4 ^  o f  th e  v e lo c i ty  o f

fo rw ard  r e a c t io n  and was p ro b ab ly  due to  non-enzym ic exchange s in c e

i t  was u n in h ib i te d  by a  c o n c e n tra tio n  o f  x y l i t o l  th a t  i n h i b i t s  th e

is o m é r is a tio n  r a t e  to  th e  e x te n t o f  70^. To in tro d u c e  t r i t i u m

in to  Cl o f  D -x y lu lo se  i t  was th e r e f o r e  n e c e ssa ry  to  u se  t r i t i a t e d

29D -x y lo se . However, a c c o rd in g  to  Rose o th e r  a s p e c ts  o f  th e  x y lo se

2+isom erase  r e l a t e  i t  to  th e  o th e r  Mn -  dependent iso m erases (which a ls o  

show low deg rees  o f  ex ch an g e)• A lso w ith  p ro longed  in c u b a tio n  and 

la rg e  amounts o f  enzyme some enzyme dependent exchange cou ld  be 

observed  w ith  x y lo se  iso m erase , hence i t  seems l i k e l y  t h a t  th e  b a s e -  

c a ta ly s e d  en e d io l mechanism a p p l ie s  g e n e ra l ly  f o r  th e  a ld o se -k e to s e  

iso m e ra se s •

O ther ev idence in  su p p o rt o f  th e  en ed io l mechanism i s  th e  

e f f e c t iv e n e s s  o f  i n h ib i to r s  t h a t  resem ble  th e  e n e d io l s t r u c tu r e  ( 2 ,3 ) .  

T his may e x p la in  th e  g r e a te r  a f f i n i t y  o f  e ry th ro se -4 -p h o sp h a te  (5) 

and 5 -p lio sphoarab inonate  (6) 3 2 ,3 3 ,3 4  compared w ith  th e  p o ly o ls ,

32e r y th r i to l -4 -p h o s p h a te  (8) and D -g lu c ito l-6 -p h o sp h a te  (?) , 

r e s p e c t iv e ly  f o r  p -g lu c o se -6 -p h o sp h a te  isom erase  (T ab le 1 .2 ) .  A 

s im i la r  p ro p o s i t io n  can be a p p lie d  to  e x p la in  th e  v a lu e s  f o r  b in d in g  

t o  t r io s e -p h o s p h a te  isom erase  by 2 -p h o sp h o g ly co la te  ( l ) , ^ ^  and 

2-phosphoglycolohydroxam ate (9)^ ^  compared w ith  2 -p h o sp h o e th y len eg ly co l 

( 10) ^  (see  T able 1 .2 ) .  To th e  e x te n t th a t  th e  t r a n s i t i o n  s t a t e  f o r
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H—C — 0

l u - - »

HO—

-OH

-OH

CHgOPO^Hg

0
( I
C— o

HO—

—OH

—OH

CHgpPO^Hg

0=1
— OH 

— OH

CHgOPO^Hg

c is - e n e d io la te  4

OH-

CHgOH 

h-OH

-OH

-OH

CHgOPO^Hg

CHgOH 

— OH 

— OH

CHgOPO^Hg

th e  r a t e  d e te rm in in g  s te p  resem bles a  m e ta s ta b le  en ed io l 

in te rm e d ia te  (2 ,3 ) th e s e  ana logues  may be co n s id e re d  as  t r a n s i t i o n  

s t a t e  a n a lo g u e s .^

0

ÜHgOPO^Hg

1 -

CH2OPO3H2

NHOH 

C = 0

:HgOPO^Hg

CHgOH

CHgOPO^Hg

10

c i s - e n e d io l  2
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As seen  in  th e  above two cases  two ty p e s  o f  compoimds have been 

r e p o r te d  as p o te n t i a l  in h i b i to r s ,  th o se  th a t  resem ble  th e  en ed io l 

in te rm e d ia te  e .g .  c a rb o x y la te  an io n s  (mimics th e  e n o la te  an io n  

p o r tio n )  and th o s e  th a t  resem ble  th e  a c y c l ic  form s o f  th e  sug ar 

s u b s t r a te  e .g .  p o ly o ls .  However, th e  p o ly o ls  do no t b e a r  th e  

c o r re c t  resem blance to  th e  a c y c l ic  su g a rs  which have an aldehyde 

group a t  Cl o r a  ke tone  group a t  C2 in  th e  cases  o f th e  a ld o se s  and 

k e to se s  r e p s e c t iv e ly .  T h e re fo re , th e s e  p o ly o ls  show weaker b in d in g  

compared to  th e  co rresp o n d in g  a c y c l ic  form o f th e  su g ar s u b s t r a te s  o r 

th e  analogues re sem b lin g  th e  en e d io l in te rm e d ia te .

In  th e  case  o f D -xy loseisom erase  (L. b r e v i s ) x y l i t o l  (1 1 ) ,

D- and L - a r a b i n i to l  (12,13) and D -lyxose ( l4 a ,  14b) in h ib i te d  

c o m p e tit iv e ly  (T able 1 .2 ) .  As d isc u sse d  e a r l i e r  th e  p o ly o ls

CHgOH

HO-i

-O H

^ H

CHgOH

CHgOH

HO-1

-O H

-O H

CHgOH

CHgOH

■OH

HO-i

H O -

CHgOH 14a

CHoOH

OHHO OH HQ

14t

11 12 13

x y l i t o l ,  D- and L - a r a b in i to l  would no t be v e ry  good models f o r  th e  

a c y c l ic  form s o f  th e  s u b s t r a te ,  a ls o  D -lyxose resem bles th e  c y c l ic  

form o f  D -xylose bu t has th e  wrong o r ie n t a t i o n  o f  th e  OH group a t  02, 

th e r e f o r e ,  th e s e  in h ib i to r s  would n o t be expec ted  to  b in d  s t ro n g ly  

(see  T able 1 .2 ) .  U n like  th e s e  compounds ca rb o h y d ra te  oximes o f f e r
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a  c l e a r  o p p o r tu n ity  o f  a p p ly in g  th e  t r a n s i t i o n  s t a t e  analogue 

approach  to  a ld o se -k e to s e  iso m e ra se s . In  th e  a c y c l ic  form and w ith  

p ro p e r s te re o c h e m is try  such compounds a re  co n v in c in g  models o f  th e  

p roposed  meta s ta b le  e n e d io l in te rm e d ia te s  and th e r e f o r e ,  p o te n t i a l  

t r a n s i t i o n  s t a t e  analogue i n h i b i t o r s .  Thus, D -arab in o se  oxime ( 15) 

i s  a  model f o r  th e  e n e d io l ( 16) d e r iv e d  from D -g lucose and D -fru c to s e  

I t  p o sse sse s  a p la n a r  e n o l- ty p e  s t r u c tu r e  a t  HI, 01 and 02 (a lth o u g h  

devo id  o f  02-OH) and th e  c o r re c t  s te re o c h e m is try  a t  03 to  05 .

Because o f th e  p o s s i b i l i t y  o f  t h e i r  e x i s t in g  in  sy n (E) -  and

a n t i (z ) - fo rm s , th e  oximes o f f e r  a  unique o p p o r tu n ity  to  examine th e

p re d ic t io n s  made f o r  th e  s te re o c h e m is try  o f th e  en e d io l in te rm e d ia te s ,

HO

HOH

I I
HO

-O H

-O H

OHgOH

H —  0 —  OH
I I
0 — OH

HO —

-O H

-O H

CHgOH

15 c i s - e n e d io l 16

B efore th e s e  compounds can be in te r a c te d  w ith  D -xylose

isom erase  th e y  need to  be o b ta in e d  in  a  p u re  c r y s t a l l i n e  form , t h e i r

s t r u c tu r e s  c h a ra c te r i s e d ,  and t h e i r  b eh av io u r in  s o lu t io n  a t  d i f f e r e n t

pH v a lu es  d e te rm in ed . The p re p a ra t io n  and c h a r a c te r i s a t io n  o f  some

c a rb o h y d ra te  oximes a re  d e s c r ib e d  in  c h a p te rs  2 and 3 and th e  enzyme 
in h ib i to r y  p r o p e r t ie s  a re  d e sc r ib e d  in  C hapter 5*

F u r th e r ,  in  s e a rc h in g  f o r  analogue in h ib i to r s  f o r  s p e c i f i c

enzymic r e a c t io n s ,  m o d if ic a tio n  o f  th e  b a s ic  s t r u c tu r e  o f  an analogue

f o r  one enzyme to  meet s p e c i f i c i t y  req u ire m en ts  f o r  a n o th e r  enzyme



in  th e  same m e c h a n is tic  c la s s  sh o u ld  y ie ld  a  t r a n s i t i o n  s t a t e  

analogue f o r  th e  second enzyme. Thus, D -arah in o se  oxim e-5— 

phosphate  ( l7 )  cou ld  a c t  as  a  p o te n t ia l  t r a n s i t i o n  s t a t e  analogue 

in h i b i to r  o f  th e  g ly c o ly t ic  enzyme g lu c o se -6 -p h o sp h a te  iso m erase .

27

HOH
I I
C

Ho-

r-OH

-O H

CHgOPO^Hg

17

H  C —  OH
I I
C — OH 

HO —

— OH 

— OH

GHgOPO^Hg

c is - e n e d io l  4

These p r in c ip le s  can be u sed  to  d es ig n  oxime in h ib i to r s  o f  o th e r  

a ld o s e -k e to s e  iso m e ra se s .

The p h o sp h o ry la tio n  o f  D -arab in o se  oxime and o th e r  compounds 

c a ta ly s e d  by th e  f i r s t  enzyme o f th e  g ly c o ly t ic  c y c le , nam ely 

hexok inase  i s  d e sc r ib e d  in  C hap ter 4 o f  t h i s  t h e s i s .
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CHAPTER 2 SYNTHESIS AHD STRUCTURAL ANALYSIS OF CARBOHYDRATE OXIMES

2 .1  INTRODUCTION

Oxime d e r iv a t iv e s  o f ca rb o h y d ra tes  p rep a red  by r e a c t io n  o f 

hydroxylam ine a t  th e  anom eric c e n tre  were f i r s t  d e sc r ib e d  by 

P . R ic h sb ie th  in  l887 who s y n th e s is e d  D -g a lac to se  oxim e. O ther

2-7ca rb o h y d ra te  oximes in v e s t ig a te d  in  t h i s  work v iz  D -glucose oxime,

D-mannose oxime, D -arab in o se  oxime^ and D -rib o se  oxime^^

were su b se q u e n tly  i s o la t e d  by o th e r  w o rk ers. Oxime d e r iv a t iv e s  have

been used  f o r  th e  c h a r a c te r i s a t io n  o f su g a rs . However, th e  s t r u c tu r e s

o f th e s e  compounds in  th e  s o l id  form and in  s o lu t io n  have no t been

e s ta b l is h e d  u n e q u i v o c a l l y . S i n c e  aqueous s o lu t io n s  e x h ib it

m u ta ro ta t io n  and a  number o f r e a c t io n s  such as  Wohl d eg rad a tio n ^

a re  b e s t e x p la in ed  in  te rm s o f  an  a c y c l ic  s t r u c tu r e ,  i t  has been w id e ly

presumed th a t  e q u ilib r iu m  betw een c y c l ic  and a c y c l ic  forms ( i 8a ,B ,C ,D ,E ,F)

5 15 17 l8i s  e s ta b l is h e d  in  s o lu t io n .  ’ ’ ’ D-Glucose o x im e (so lid )h a s  been

17a s s ig n e d  th e  |3 -cy c lic  s t r u c tu r e  on th e  b a s is  o f  m é th y la tio n ,

5 5 19 20a c é ty la t io n ,  o p t i c a l  r o ta t io n  and i . r .  d a ta .  ’ D -G alactose

21oxime was though t to  be a - c y c l ic  on th e  b a s is  o f a c é ty la t io n  and 
21

o p t ic a l  r o ta t io n  d a ta .  D -A rabinose oxime was su g g es ted  to  have an

19 22 a c y c l ic  s t r u c tu r e  from in f r a - r e d  m easurem ents. Haas e]  ̂ from

th e  r e s u l t s  o f  p o la ro g rap h y  experim ents concluded th a t  in  s o lu t io n  th e

oximes o f  D -g lucose , D -g a la c to se , D-mannose, D -rib o se  and ^ a r a b in o s e

e x i s t  in  th e  a c y c l ic  form to  th e  e x te n t o f 47^, 71^, 100^, 100^ and

23100^ r e s p e c t iv e ly .  P lenk iew icz  and cow orkers have d e sc r ib e d  th e

s y n th e s is  and c h a r a c te r i s a t io n  o f  0-benzoyloxim es o f ca rb o h y d ra tes

and have a s s ig n e d  a c y c l ic  s t r u c tu r e s  on th e  b a s is  o f Raman and *H nmr

d a ta .  Kampf and Dimant^^ have c h a ra c te r is e d  3 -G -benzyl- 2 , 4 -0 -  

e th y l id e n e -D -e ry th ro se  oxime by i n f r a - r e d  and 'H  nmr as syn(E) and
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a n t i (Z) fo rm s. Thus, i t  i s  seen  th a t  th e  s t r u c tu r e s  o f  th e s e  

ca rb o h y d ra te  oximes in  th e  s o l id  s t a t e  and th e  number o f  iso m e ric  

forms e x i s t in g  in  s o lu t io n  i s  n o t u n e q u iv o c a lly  e s ta b l i s h e d .  F u r th e r ,  

in  th e  case  o f  D -glucose oxime c r y s t a l l i s a t i o n  was observed  to  be

d i f f i c u l t  to  a c h ie v e . 25
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The ca rb o h y d ra te  oximes and D -arab inose  ox im e-5-phospha te were 

p rep a red  in  t h i s  work because o f  t h e i r  p o te n t ia l  u se  as t r a n s i t i o n -  

s ta te -a n a lo g u e  in h ib i to r s  o f D -xylose isom erase  and D -g lu co se -6 -  

phosphate  isom erase  r e s p e c t iv e ly  (see  CHAPTER 1) . In  o rd e r  to  

i n t e r p r e t  th e  r e s u l t s  o f experim ents in v o lv in g  th e  i n t e r a c t io n  o f 

enzymes w ith  ca rb o h y d ra te  oxim es, t h e i r  s t r u c tu r e s  in  th e  s o l id  s t a t e  

and in  s o lu t io n  need to  be e s ta b l is h e d .  This was done in  t h i s  work 

by th e  u se  o f in f r a - r e d  sp ec tro sco p y , p e r io d a te  o x id a tio n , gas 

l iq u id  chrom atography, mass sp ec tro sco p y , p o la r im e try , pap er 

chrom atography, e le c t r o p h o r e s is ,  n m r  sp e c tro sc o p y  and X -ray  

c ry s ta l lo g ra p h y .

2 .1 .1  Mechanism o f  Oxime Form ation

The d e r iv a t iv e s  o b ta in e d  by condensing  su g ars  w ith  

compounds o f  th e  g e n e ra l fo rm ula  R-M^» have been o f in c re a s in g

26b io chem ical i n t e r e s t .  F i t z p a t r i c k  and G e t t le r  in v e s t ig a te d  th e  

r e a c t io n  o f  oxime fo rm a tio n  w ith  o th e r  carbony l compounds and found i t

27 28to  be a  seco n d -o rd e r r e a c t io n .  Jencks ’ e s ta b l is h e d  th e  pH 

dependence o f  th e  r a t e - l i m i t i n g  s te p  f o r  oxime fo rm a tio n . At low 

pH, below th e  r a t e  maximum, th e r e  i s  a d ec re a se  in  th e  c o n c e n tra tio n  

o f th e  a t ta c k in g  f r e e  n itro g e n e o u s  b ase , and th e  fo rm a tio n  o f  a  c a rb in o l-  

amine a d d i t io n  compound i s  r a t e  d e te rm in in g . At n e u t r a l  pH v a lu es  

g e n e ra l a c id - c a ta ly s e d  d e h y d ra tio n  le a d in g  to  oxime fo rm a tio n  i s  r a t e  

l im i t in g .  The pH r a t e  maximum i s  th e  r e s u l t  o f a  t r a n s i t i o n  betw een 

th e se  two opposing  e f f e c t s  (Scheme 2 . l )
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27F u r th e r ,  a cc o rd in g  to  Jen ck s th e  a l k a l i - c a t a ly se d  r e a c t io n  o f

29hydroxylam ine w ith  ace to n e  d e sc r ib e d  by B a r r e t t  and Lapworth 

in v o lv es  a  b a s e -c a ta ly s e d  d e h y d ra tio n  o f  th e  a d d i t io n  compound, o r , 

in  th e  re v e rs e  r e a c t io n ,  an  a t ta c k  o f hydrox ide  io n  on ace to x im e.

The analogous r e a c t io n s  w ith  su g ars  a re  com plica ted  by th e  f a c t  

t h a t  a ld o se s  in  aqueous s o lu t io n  can e x i s t  in  a  number o f r in g

m o d if ic a tio n s  i n t e r - r e l a t e d  th ro u g h  an a c y c l ic  form . Haas e t a l 30

15 31and o th e r  w orkers ’ have s tu d ie d  th e  r e a c t io n  o f  s e v e ra l  a ld o se s  

and some k e to se s  w ith  n itro g en eo u s  b ases  and determ ined

e q u ilib r iu m  c o n s ta n ts  and r a t e  c o n s ta n ts .  They observed  under 

c e r t a in  c o n d itio n s  anom eric r a t e  d if f e re n c e s  which were a t t r i b u t e d  

to  d i f f e r e n t  r a t e s  o f  r in g  opening a t  pH’ s where t h i s  i s  p a r t l y  r a t e  

d e te rm in in g  and to  d i f f e r e n t  s ta n d in g  c o n c e n tra tio n s  o f  th e
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15 30 31aldeh y d e  form a t  o th e r  pH’ s .  F u r th e r ,  th e s e  w orkers ' '

su g g es ted  th a t  t h e i r  ex p erim en ta l ev idence in d ic a te d  th a t  th e  

r e a c t io n  o f a ld o se s  and k e to se s  w ith  hydroxylam ine proceeded  

th ro u g h  a  carh in o lam in e  a d d i t io n  compound in te rm e d ia te  which i s  

su b se q u en tly  deh y d ra ted  to  th e  oxim e. At n e u t ra l  pH th e  r a t e  

d e te rm in in g  s te p  in  th e  case  o f  a ld o se s  in v o lv es  d e h y d ra tio n  o f  th e  

ca rh in o lam in e  a d d i t io n  p roduct (Scheme 2 . l )  and th e  r e a c t io n  i s  

s u b je c t  to  b o th  g e n e ra l and s p e c i f i c  a c id  c a t a l y s i s .  In  th e  case  

o f a ld o p en to ses  and a ldohexoses from th e  above ev idence th e  

in t e r a c t io n  w ith  hydroxylam ine n e a r  n e u t r a l  pH le a d in g  to  th e  

fo rm a tio n  o f oxime which may c r y s t a l l i s e  in  a c y c l ic  o r  c y c l ic  forms 

i s  d e p ic te d  in  Schemes 2 .3  and 2 .2 .
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2 .2  RESULTS AND DISCUSSION

2 .2 .1  S y n th esis  o f C arbohydrate Oximes

Oximes a re  o b ta in ed  by warming a  carbonyl compo-und w ith

hydroxylam ine which i s  o b ta in ed  as a s a l t .  The f r e e  base is

su b je c t to  a i r  o x id a tio n . T h erefo re , a f t e r  n e u t r a l i s a t io n  of

hydroxyl amine i t s  c o n c e n tra tio n  was determ ined by t i t r a t i o n  (see

experimental) . This helped  in  adding a s to ic h io m e tr ic  amount of

hydroxylam ine to  th e  r e a c t io n  m ix tu re . F u r th e r , th e  oxime

fo rm ation  s te p  (Scheme 2.1) i s  d eh y d ra tio n  o f th e  c a rb in e lam ine

in te rm e d ia te , th e re fo re  to  s h i f t  th e  eq u ilib riu m  tow ards th e  oxime

fo rm ation  w ater was removed from th e  r e a c tio n  m ix tu re , under reduced

p re s s u re .  In  p rev ious re p o r ts  o f carbohydrate  oxime s y n th e s is ,

c r y s t a l l i s a t i o n  was observed to  be d i f f i c u l t  to  ach ieve e s p e c ia l ly
25

in  th e  case o f D -glucose oxime. A ccording to  K. Yamafuji e t a l .  

Wohl*s procedure gave c r y s ta l s  a f t e r  ” 1.5 to  3 m onths". In  t h i s  

work c r y s t a l l i s a t i o n  was ach ieved  w ith in  a few days. A f te r  th e  

re a c tio n  had occurred  th e  s o lu t io n  was d r ie d  in  a  d e s ic c a to r ,  

powdered and c r y s ta l l i s e d  in  aqueous m ethanol s o lu t io n .  The 

p ro ced u ra l d e t a i l s  a re  g iven  under EXPERIMENTAL.

The carbohydrate  oximes sy n th e s ise d  in  t h i s  work a re  l i s t e d  

in  Table 2 .1 .

Table 2.1 C arbohydrate (^ximes S y n th e s is e d  in  t h i s  work.

Compound M.P.

D-Glucose Oxime

D-Arabinose Oxime 

D -G alactose Oxime 

D-Mannose Oxime 

D-Ribose Oxime

141° (L it .,®  141°)

140° ( L i t . ,9 138-139°) 

176° ( L i t . '  175-176°) 

176.5° ( L i t . ,5 175-177°) 

138° ( L i t . ,13 140°)
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? '2 '2  I n f r a - r e d  and Raman S p ectro scopy  o f  C arbohydrate Oximes 

The C=N fu n c t io n a l  group n o rm ally  g iv e s  r i s e  to  a s tro n g  

a b s o rp tio n  band n e a r I 66O cm  ̂ in  in f r a - r e d  s p e c tr a ,

a lth o u g h  t h i s  band i s  o f  o n ly  m oderate o r  weak in t e n s i t y  w ith

35 35c e r t a in  oxim es. A ccording to  H orton a t  s e v e ra l  oximes o f

su g a r d e r iv a t iv e s  w ith  th e  oxime group (not a t  th e  anom eric p o s it io n )

e x h ib ite d  n e g l ig ib le  a b so rp tio n  in  t h i s  re g io n  of th e  in f r a - r e d

spectrum . T h e ir  e x p la n a tio n  was th a t  as th e  i n t e n s i t y  o f  an

a b s o rp tio n  band in  th e  in f r a - r e d  i s  r e la te d  to  th e  e x te n t o f

p o la r i s a t io n  o f th e  bond and i s  zero  when th e  bond i s  no t p o la r i s e d ,

th e  in d u c tiv e  e f f e c t s  o f  th e  s u b s t i tu e n ts  a t  each end o f  th e  C=N

bond c o in c id e n t ly  g iv e  r i s e  to  l i t t l e  n e t p o la r i s a t io n  o f th e  bond

so th a t  a b s o rp tio n  in  th e  in f r a - r e d  re g io n  i s  weak o r  ab sen t w ith

t h e i r  oxim es. The v ib r a t io n a l  t r a n s i t i o n s  o f e l e c t r o n i c a l ly

sym m etrical bonds which a re  in a c t iv e  in  th e  in f r a - r e d  g iv e  r i s e  to

s tro n g  a b so rp tio n s  in  Raman s p e c tr a .  T h ere fo re , th e  C=N group

o f th e  oximes shou ld  be r e a d i ly  d e te c ta b le  by Raman sp ec tro sco p y ,

th e re b y  co n firm ing  th e  p resen ce  o f  a C=N group in  th e  m o lecu le .

In  th e  case o f  th e  ca rb o h y d ra te  oximes th e  p resen ce  o f  a  C=N group

w i l l  c l e a r ly  dem onstra te  th e  p resen ce  o f a c y c l ic  as  d i s t i n c t  from

c y c l ic  iso m eric  fo rm s.

NHOH NOH
/  11

EC---------------- EC

(CHOH)^ O 

rn--------------1EC---------------1 CEgOE

GEgOE

C y clic  C arbohydrate Oxime A cy c lic  C arbohydrate Oxime
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I t  i s  seen  (T able 2 .2) th a t  except f o r  D -glucose oxime a l l  th e  o th e r  

ca rb o h y d ra te  oximes sy n th e s is e d  v iz  D -arab in o se  oxime, D -rib o se  

oxime, ^ g a l a c t o s e  oxime and D-mannose oxime showed a m oderate to  

v e ry  weak band in  th e  166O cm  ̂ -  1695 cm  ̂ re g io n  o f  th e  in f r a - r e d  

s p e c tr a  in  th e  s o l id  s t a t e .  D-Glucose oxime ( s o lid )  showed a

sh arp  band a t  3215 cm a t t r i b u t e d  to  IT-H s t r e t c h in g  v ib r a t io n ,  a ls o

—1 ^6 a  band a t  891 cm was observed  which acc o rd in g  to  B arker a l .

i s  ty p ic a l  o f  a  p -pyranose c o n f ig u ra tio n  o f  s u g a rs . P re v io u s ly

37D -g a lac to se  oxime was re p o r te d  to  e x is t  in  th e  a - c y c l ic  form due 

to  th e  absence o f  a  band a t  I 65O cm  ̂ to  I 695 cm  ̂ in  th e  in f r a - r e d  

and from o p t ic a l  r o ta t io n  work. In  t h i s  work th e r e  was no band a.t

—1 36844 cm c h a r a c t e r i s t i c  o f  an a -p y ranose  form w h ile  a  v e ry  weak 

band a t  I 678 cm was observ ed . S ince a  weak band i s  commonly 

observed  f o r  th e  C=N g ro u p , and as w ater a ls o  ab so rbs in  t h i s  re g io n , 

i t  i s  no t p o s s ib le  to  make a d e f in i t e  assignm ent from in f r a - r e d  

m easurem ents. In  o rd e r  to  confirm  th e  p resen ce  o f  a  C=N group 

Raman sp e c tro sc o p y  was c a r r ie d  out on th e s e  oxim es.

M oderate i n t e n s i t y  bands were observed  in  th e  I 66O cm  ̂ -  

1695 cm*”"* re g io n  in  th e  Raman s p e c tr a  (T able 2 .2 ) o f  th e  oximes 

o f  D -a rab in o se , D -rib o se , D-mannose and D -g a lac to se  ( s o l id  s t a t e ) .

Two bands in  th e  I66O cm~^ -  l695 cm  ̂ re g io n  were observed  f o r  

aqueous s o lu t io n s  o f  D -glucose oxime and D -arab inose  oxime (T able 2 .2 ) .  

T his confirm s th e  p resen ce  o f  C=N group and th e re b y  shows th a t  

D -arab inose  oxime, D -rib o se  oxime, D -g a la c to se  oxime and D-mannose 

oxime e x is t  in  th e  a c y c l ic  form w h ile  D -glucose oxime e x i s t s  in  th e  

c y c l ic  form in  th e  c r y s t a l l i n e  s t a t e .  F u r th e r ,  in  aqueous s o lu t io n  

D -glucose oxime and D -arab inose  oxime show th e  p resen ce  o f two bands
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p ro b ab ly  due to  th e  p resen ce  o f sy n (E) and a n t i (z) fo rm s. 

Table 2 .2  I n f r a - r e d  and Raman da,t a  f o r  C arbohydra te  Oximes

Compound I n f r a - r e d  F req u en c ies  

S o lid

Raman F req u en c ies  

S o lid  S o lu tio n

D -Glucose Oxime 891 cm ^ 1648 cm ^ ;

1665 cm ^

D-Mannose Oxime 1672 cm“ ^ 1671 cm^

D -G alactose Oxime 1678 cm ^ 1680 cm"*

D-Ribose Oxime 1694 cm ^ 1691 cm"*

D -A rabinose Oxime 1680 cm ^ 1678 ciÊ  1656 cm"“\

• 1664 cm ^

2 .2 .3  P e r io d a te  O x id a tio n  o f C arbohydrate Oximes

D-Glucose oxime and D -arab inose  oxime were ta k e n  as  

r e p r e s e n ta t iv e  o f  th e  c y c l ic  and a c y c l ic  forms o f  th e  ca rb o h y d ra te  

oxim es. P e r io d a te  o x id a tio n  was c a r r ie d  out on f r e s h ly  d is so lv e d

Table 2 .3  P e r io d a te  O x id a tio n  d a ta  f o r  C arbohydrate Oximes.

Compound
(iMole)

No. o f Moles o f No. o f  Moles o f No. o f Moles of

P e r io d a te Formaldehyde Form ic Ac"d

Consumed formed formed

D-Glucose Oxime 4 .2 0 1.95

D-Arabinose Oxime 4 .7 0 .8 2 .9

oximes o f  D -glucose and D -arab inose  and th e  number o f  moles o f  

p e r io d a te  c o n s u m e d  a lo n g  w ith  th e  n u m b e r  o f m o le s  of
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form aldehyde and fo rm ic  a c id  l i b e r a te d  were determ ined?^’"^^( T a b le  2. 3). 

I t  i s  known th a t  p e r io d a te  c leav es  v ic in a l  d io ls  in  su g ars  

p rod u c in g  a d ia ldehyde  in  a d d i t io n  to  fo rm ic  a c id  and form aldehyde 

depending on w hether th e re  a re  more th a n  two v ic in a l  d i d  groups 

and w hether th e re  is  a  p rim ary  hydroxyl group p re se n t in  th e  d i o l .

In  th e  case o f  carhohydate  oximes an a d d i t io n a l  f a c t o r  i s  in v o lv ed  

and th a t  is  th e  p resen ce  o f  th e  oxime g roup . I t  has been re p o r te d  

by G.A. Snow^^ and o th e rs ^ ^ '^ ^  th a t  th e  oxime group i s  o x id ise d  to  

ox ides o f n i t ro g e n .  T h e re fo re , D -glucose oxime (18) an d  D - a r a b in o s e  

oxime ( 15) a re  su g g ested  to  show th e  fo llo w in g  d eg rad a tio n  p a t te r n  

from th e  number o f moles o f  p e r io d a te  consumed and th e  number o f 

moles o f form aldehyde and fo rm ic  a c id  l i b e r a te d  (Scheme 2 .4 )•

D-Glucose Oxime

H 2 OH

NHOH

18

10 "̂*” , > 4  moles

O-CHO
I

HOGH^-CH + 2HG00H +
'  I

GHO ox ides o f 
I n i t ro g e n

P o s s ib ly  f u r th e r  
o x id a tio n

D -arab in o se  oxime

NOH
I I

HG

HO-

— OH 

OH

C K ^ O H

15

Scheme 2 .4

10 1 —^ , > 4  moles

3HG00H + HGHO + Oxides o f 
n i t ro g e n

+ GI fragm ent
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W hile no t c o n c lu s iv e , th e  r e s u l t s  o f  th e  p e r io d a te  o x id a tio n  s tu d ie s  

su p p o rt th e  s t r u c t u r a l  assignm ents f o r  th e  oximes as  shown in  

Scheme 2 .4 .

2 . 2 .4  Gas L iqu id  Chromatography o f T r im e th y ls i ly l  D e r iv a tiv e s

o f C arbohydrate Oximes

A number o f w orkers have proposed^^*^^ th e  use  o f

0 - tr im e th y ls  i l y l  (TI'ÆS) d e r iv a t iv e s  o f oximes f o r  a n a ly s is  o f

ca rb o h y d ra te  m ix tu re s , and in  g en era l i t  has been presumed th a t

each su g ar g iv es  r i s e  to  a  m ix tu re  o f sy n (E) and a n t i (z) a c y c l ic

fo rm s. The TMS d e r iv a t iv e s  o f D -g lucose, D -arab in o se , D -glucose

oxime ( f r e s h ly  d is so lv e d ) and D -arab inose  oxime ( f r e s h ly  d is so lv e d )

were p rep a red  and compared w ith  th e  oxime TMS d e r iv a t iv e s  p rep a red

48from D -glucose and D -arab inose  by th e  p rocedu re  o f G. P e te rs s o n .

In  th e  case  o f th e  D -arab inose  oxime a  s in g le  peak was observed  

( r e te n t io n  tim e 1.72 r e l a t i v e  to  th a t  o f  th e  a -D -a rab in o se  TMS 

d e r iv a t iv e )  p rep ared  from D -arab inose  oxime c r y s ta l s  and d i r e c t l y  

from D -arab inose  (by G. P e te r s s o n 's  p ro c e d u re ^ ^ ) . However, th e  

oxime TMS d e r iv a t iv e  p rep a red  from D -glucose oxime ( c r y s ta l s )  gave 

two peaks (a m ajor peak r e te n t io n  tim e 1.49 and a  m inor peak r e te n t io n  

tim e 1.37 r e l a t i v e  to  th e  TMS d e r iv a t iv e  o f  a -D -g lucose) compared to  

th e  oxime TMS d e r iv a t iv e  p rep a red  from D -glucose (G. P e te rs s o n ’ s 

procedure^^) which gave o n ly  one peak ( r e te n t io n  tim e 1.49 r e l a t i v e  

to  TMS d e r iv a t iv e  o f a -D -g lu c o se ) . The peak a t  1.37 r e l a t i v e  

r e te n t io n  tim e to  TMS d e r iv a t iv e  o f a -D -g lucose  s lo w ly  d isap p ea red  

as  was p re v io u s ly  observed  by Sw eeley,^^ and was presumed to  be an  

0-TMS d e r iv a t iv e  o f  c y c l ic  D -glucose oxime.
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2 .2 .5  Mass Spectroscopy  o f  Carbohydrate Oximes

The s t r u c t u r e s  o f  th e  oximes a r e  sup p o r ted  bu t not 

u n e q u iv o c a l ly  confirm ed by mass s p e c tro sc o p y .  The carbohydate 

oximes t e s t e d  v iz  D -glucose oxime, D-mannose oxime, D -g a lac to se  

oxime, D -r ib o se  oxime and D -arab inose  oxime gave sm all m + 1 peaks 

which were shown to  have th e  expected  m olecu la r  form ula by a c c u ra te  

mass measurements. Other peaks could be a s c r ib e d  based  on p rev io u s  

work on ca rbohydra tes^^  and a l i p h a t i c  o x i m e s T h e  m a jo r i ty  o f  

th e  peaks f o r  th e  oximes could  be a t t r i b u t e d  to  a  s im ple c leavage  

as  shown f o r  D -arab inose  oxime (15)

NOH
II

HC

HO -  GH 74 I 

I 91 HC -  OH 104 I 

I 6l HC -  OH 134 I 

I 31 CHgOH

15

The base  peak a t  m/e 75 f o r  D -arab inose  oxime p ro b ab ly  a r i s e s  from 

a  M cLafferty  rearrangem ent (Scheme 2.5) as  has been observed  f o r

49o th e r  oxim es.

vHv. ^CHzOH 
N ^  C "O H  ^

-  H ( h  H ^ H .O H  -------   HC

I
OH

Scheme 2 .5  m / e  75
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This peak i s  o f  d i f f e r e n t  i n t e n s i t y  i n  th e  mass s p e c t r a  o f  o th e r  

oximes, hu t th e  breakdown p a t t e r n  i s  s i m i l a r  to  t h a t  a r i s i n g  from 

D -arab inose  oxime.

2 .2 .6  Duel ea r  Maf<;netic Resonance S pec troscopy  o f  C arbohydrate  

Oximes

2 .2 .6 .1  »H nmr;

A cyc lic  aldoximes a r e  known to  e x i s t  as two 

in t e r c o n v e r t in g  iso m e ric  form s. The assignm ent o f  s y n (E) and 

a n t i (z) forms has been made on th e  b a s i s  o f  chemical s h i f t  

c o r re la t io n s5 ^ ~ ^ ^  According to  W.D. P h i l l i p s ^ ^  in  aldoximes 

th e  hydrogen atom on th e  t r i g o n a l  carbon i s  more d e s h ie ld e d  when 

c i s  ( s y n ) , t o  th e  oxime OH group th a n  when t r a n s  (a n t i ) due to  th e  

p ro x im ity  o f  oxygen which induces a  param agnetic  s h i f t .  S tudy

,0H HO
/  \

D D

Syn(E) A n t i (z)

o f  th e  nmr s p e c t r a  o f  sy n (s) and a n t i (z) p-ch lorobenzaldox im e 

isomers^^ (whose s t r u c t u r e  was e s t a b l i s h e d  by c r y s t a l i o g r a p h i c  s tu d ie s  

confirm ed th e  ass ignm ents  made by P h i l l i p s . K l e i n s p e h n ^ ^  showed

58.

t h a t  th e  hydroxyl (DOH) p ro to n  s h i f t  o f  oximes v a ry in g  w id e ly  i n  ty p e  

were found to  appear i n  th e  range 8 .6  to  13*3 ppm dow nfie ld  from TMS. 

Also in  no case  was s p l i t t i n g  o f  th e  s ig n a l  owing t o  s p in - s p in  co u p l in g
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d e te c te d .  The DOH p ro to n  s ig n a l s  f o r  th e  s y n (E) isomer were more

s h ie ld e d  th a n  f o r  th e  a n t i (Z) aldoximes due to  m agnetic  a n i s o t ro p y

84e f f e c t s .  F u r th e r ,  D urhetak i and M iles proposed th e  magnitude

of  th e  d i f f e r e n c e  -  Ô -kt o f  th e  oxime isom ers as aDOH CH=D

c r i t e r i o n  f o r  a s s ig n in g  aldoxime c o n f ig u ra t io n ,  th e  s m a l le r  d i f f e r e n c e

b e in g  c h a r a c t e r i s t i c  o f  th e  sy n (E) isomer and th e  b ig g e r  d i f f e r e n c e  to

t h a t  o f  th e  a n t i (z) isom er. Such c o r r e l a t i o n s  have been used 

24 89p re v io u s ly  ’ to  a s s ig n  s t r u c t u r e s  o f  o th e r  ca rbohydra te  oxime 

d e r i v a t i v e s .

From th e  above evidence and ta k in g  in to  account i n t e n s i t y  

c o n s id e r a t io n s ,  th e  CIH s ig n a l s  and DOH s ig n a l s  (which d is a p p e a r  on 

add ing  deuterium  oxide to  th e  [  H^] dim ethyl su lphox ide  s o lu t i o n  o f  

th e  ca rbohydra te  oximes) o f  th e  sy n (E) and a n t i (z) a c y c l i c  forms o f  

th e  ca rbohydra te  oximes (Table 2.4) were a s s ig n e d .  The ass ignm ents  

f o r  th e  f i v e  carbohydra te  oximes f i t  th e  c o r r e l a t i o n s  made by 

p rev io u s  workers on o th e r  oximes. The assignment o f  th e  s t r u c t u r e s  

o f  th e  carbohydra te  oximes in  th e  s o l i d  s t a t e  were made by obse rv in g  

t h e i r  nmr s p e c t r a  im m ediately  a f t e r  d i s s o lv in g  th e  sample, (see  F ig s .  

2 . 1 , 2 .2).
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Table 2 .4  ’H nmr Chemical S h i f t  d a ta  o f  CIH and DOH s ig n a l s  o f  

Carbohydrate  Oximes

Compounds
(E q u i l ib ra te d )

CIH
^ ( e)

CIH
an t i  ( z)

DOH DOH 
syn(E) a n t i ( z )

/Ô -Ô  \
( HOH CH=Djanti "

^  ^D0H“  ^CH =D ^^

D-Glucose Oa me 7.24 6.64 10.70 11.00 + 0 .90

D-Mannose Oxime 7.29 6.69 10.50 11.06 + 1.17

D -G alactose  Oxime 7.53 6.86 10.77 10.97 + 0 .8 7

D-Ribose Oxime 7.29 6.70 10.52 10.76 + 0 .8 3

D-Arabinose Oxime 7.34 6.67 10.66 10.85 + 0 .8 6

A na lys is  o f  ’H nmr o f  ^ G lu c o s e  Oxime

The spectrum  of D -glucose oxime f r e s h l y  d is s o lv e d  in  [^H^] dim ethyl 

su lphox ide  was com ple te ly  a n a ly sa b le  (a p a r t  from th e  p r e c i s e  a s s ig n m e n t  

o f  C-OH s ig n a l s )  i n  term s o f  a  (3-pyranose s t r u c t u r e  in  th e  normal ^C^ 

conform ation  ( i 8g) . S p e c t r a l  assignm ents  and param ete rs  (Tables 2 .5 and

2.6) were checked by double resonance experim ents ,  exchange in  deuterium  

ox ide ,  and computer s im u la t io n  o f  th e  C-H s i g n a l s ,  ( p ig s .  2 .3 ,  2 . 4 ) .

The p r e f e r r e d  arrangement o f  th e  atoms on th e  ex o cy c l ic  hydroxymethyl 

group (C-6) acc o rd in g  to  Lemieux and Brewer^^ i s  dependent on th e  ro tam er 

p o p u la t io n  a r i s i n g  from r o t a t i o n  about th e  CH^OH-CS bond. The minimum 

energy s t r u c t u r e s  f o r  th e s e  ro tam ers  a r e  p ro b ab ly  a compromise between 

th e  non-bonded i n t e r a c t i o n s  o f  th e  ne ighbouring  groups and how th e s e  a r e  

m odified  through  b u lk  and s p e c i f i c  s o lv a t io n  e f f e c t s ,  in c lu d in g  demands f o r
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in t r a m o le c u la r  H-bonding. Three ro tam ers a r e  p o s s ib le  f o r  

D -glucose oxime.

HO
ÎHOHHO OH

18G

1

OH

a

11
whüe in (iii)

In  ( i )  should  be g r e a t e r  th a n  in  ( i i )  / The

f a c t  t h a t  one o f  th e s e  v i c i n a l  coup ling  c o n s ta n ts  ^ i s  l a r g e r

( 7 .0  Hz) th a n  th e  o th e r  (5*5 Hz) im p l ic a te s  th e  p resence  o f  a

ro tam er w ith  a d i a x i a l  r e l a t i o n s h i p  between C5 and C6 p ro to n s ,  and

s in c e  th e  sm a l le r  coup ling  i s  not a s s o c ia te d  w ith  th e  dow nfie ld  s ig n a l
60which would a r i s e  from d e s h ie ld in g  by th e  opposing C-4 hydroxyl g roup , 

th e  major ro tam er i s  thought to  be ( l )  . The spectrum o f  th e  s o lu t i o n  

in  [  Hg] d im ethy lsu lphox ide  showed a slow d ec rease  in  i n t e n s i t y  o f th e  

s ig n a l s  a t t r i b u t e d  to  HOH, Cl-H and HH, w hile  new s ig n a l s  appeared  

a t  Ô 11.0, 10. 7 , 7 . 24, 6 . 64, 4*40 and 5*04 ppm and th e  rem ain ing  p a r t  

o f  th e  spectrum became more complex. The s ig n a l s  (doub le ts )  a t  

Ô 7 .24  and 6 .64  ppm were a s s ig n ed ,  acco rd in g  to  c o r r e la t io n s ^ ^  

r e f e r r e d  to  above, to  01 p ro tons  o f  th e  syii(E) and a n t i (z) forms o f  

a c y c l i c  D -glucose oximes r e s p e c t iv e l y .  On a d d i t io n  o f  deuterium  

oxide th e  s i n g l e t s  a t  Ô 11.0 and 10.7 ppm d isap p ea red ;  th e y  were 

a ss ig n ed  to  HOH o f  th e  a n t i (z) and sy n (E) forms, r e s p e c t iv e l y .  At 

eq u i l ib r iu m  in  deuterium  oxide fo u r  d o u b le ts  a t t r i b u t a b l e  to  th e  01
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p ro tons  o f a-pyranose  ( l8 c ) , P-pyranose ( i 8 d ) , syn(E , 18b) and 

a n t i (Z , 18a) forms were v i s i b l e  a t  220 MHz. The preponderance 

o f  th e  syn (E^36.5^) over th e  a n t i ( Z , 13.5^) form i s  c o n s is te n t  w ith 

s t e r i c  c o n s id e ra t io n s ,  and s t e r i c  f a c to r s  appear to  outweigh e le c t ro n ic  

f a c to r s  i n  c o n t ro l l i n g  the  p o s i t i o n  of eq u il ib r iu m  between P-pyranose 

(23 ^  and a-pyranose ( 7 ^  forms.

A nalysis  o f ^H nmr o f D-Arabinose Oxime: -

D-Arabinose oxime in  [^H^] dimethyl sulphoxide s o lu t io n  gave a 

’H nmr c o n s is te n t  w ith  th e  p resence o f two in te r c o n v e r t in g  isom eric  

forms (Tables 2.5 and 2 .6 ) .  The assignment o f th e  anti(Z., 15B) 

s t r u c t u r e  to  th e  i n i t i a l  form and o f  th e  syn (e, 15a) s t r u c t u r e  to  th e  

preponderant form a t  eq u i l ib r iu m  was made on th e  b a s i s  o f  chemical 

s h i f t  c o r r e l a t i o n s  d iscu ssed  e a r l i e r .  Two low f i e l d  s ig n a ls  a t

H -  OH

OH
I
N

H-C

HO-

H-C

HO-

-O H

-O H

CHgOH

15B

—OH

-O H

CHgOH

15A

Ô 10.85 and 10.66 ppm which cis appeared on a d d i t io n  of deuterium oxide 

were ass igned  to  th e  HOH pro tons  o f  th e  a n t i (z) and sy n (E) forms 

r e s p e c t iv e ly  w hile  th e  two double ts  a t  Ô 6.67 and 7.34 PPm were 

a ss igned  to  th e  CIH p ro tons  o f  th e  a n t i (z) and syn(E) forms.

Other assignments were made w ith  th e  a id  o f  exchange in  deuterium 

oxide, double resonance, and computer s im u la tio n  p rocedu res .  The 

observed and s im ula ted  s p e c t r a  o f  B -arabinose  oxime syn(e) - form a re  

shown in  F ig s .  2 .5 ,  2 .6 .
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According to  P .L .  D n re tte  in  a c y c l i c  systems nmr

s tu d ie s  show th a t  th e  extended p la n a r  z ig -z a g  arrangement o f  th e  carhon 

atoms in  th e  sugar cha in  i s  th e  favoured  conform ation  in  s o lu t io n  

except when such an arrangement would g en e ra te  a  p a r a l l e l  1,3 

i n t e r a c t i o n  between s u b s t i t u e n t s .  In  th e  l a t t e r  case ,  th e  i n t e r a c t i o n  

i s  a l l e v i a t e d  by r o t a t i o n  about th e  C-C bond to  g ive  a bent ( s ic k le )  

form. The nmr coup ling  c o n s ta n ts  a l low  th e  i d e n t i f i c a t i o n  of th e  

preponderan t conform ation (15G) o f  th e  major sy n (E) isomer o f  

D -arabinose  oxime a t  e q u i l ib r iu m  in  (CD^)^SO-D^O; th e  f u l l y  extended 

p la n a r  z ig -z a g  arrangem ent i s  favoured  (see  15G) .

Hà Hb HO H

.^N.OH

H OH HO' H

15G

The p r e f e r r e d  arrangement o f  th e  atoms on th e  hydroxymethyl 

carbon atom (C5) i s  as shown (15G) f o r  th e  preponderan t ro tam er on th e  

b a s i s  t h a t  th e  s t ro n g  average coup ling  i s  a s s o c ia te d  w ith  th e  h ig h e r  

f i e l d  s ig n a l .

A na lys is  o f  nmr o f  D-Galactose Oxime: -

The nmr s p e c t r a  o f  D -g a lac to se  oxime ta k en  im mediately a f t e r  

d i s s o lu t i o n  i n  [^H^] dim ethyl su lphoxide  showed on th e  b a s i s  o f 

c o r r e l a t i o n s  d isc u sse d  e a r l i e r  a  preponderance o f  th e  a n t i (z .19A) form. 

The e q u i l i b r a t e d  deuterium  oxide s o lu t i o n  o f  D -ga lac to se  oxime shows th e
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presence  of two forms v iz  a n t i (z) and syn (e , 19B) w ith  th e  ’H nmr 

s p e c t r a  o f  th e  major isomer (s y n (E)) a t  eq u i l ib r iu m  b e ing  com plete ly  

a n a ly s a b le .  The s p e c t r a l  assignm ents  and param eters  (Tables 2 .5 and

2.6) were checked by double resonance, exchange in  deuterium  oxide,

y
2T-0H

H-C

HCH

HO-

-OH

-OH

CHgOH

OH
I
H

H-G

HO.

HO-

— OH

OH

CHgOH

19A 19B

and computer s im u la t io n  o f  th e  C-H s igna ls .  O n th e  b a s i s  o f  th e  observed 

coup ling  co n s ta n ts  and chemical s h i f t s  a  f u l l y  extended p la n a r  z ig -z a g  

form ( 19c) i s  favoured  f o r  th e  preponderant form a t  e q u i l ib r iu m  o f  

D -ga lac to se  oxime. ( p ig s .  2 .7 ,  2 .8 ) .

<N.OH
HO'

H O H H O  H

19c

A nalys is  o f  ’H nmr o f  D-4îannose Oxime

The ’H nmr ob ta in ed  a f t e r  immediate d i s s o lu t i o n  shows almost 

e x c lu s iv e ly  th e  sy n (E)-form (20a) on th e  b a s i s  of arguments p re se n te d  

e a r l i e r .  At eq u i l ib r iu m  a m ixture  o f  sy n (E) (major isomer) and
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a n t i (z) (minor isomer, 20 B ) forms a r e  a p p a re n t . The nmr spectrum 

of th e  preponderan t form a t  e q u il ib r iu m  was ana ly sed  (Tables 2.5 and

2.6) and was c o n s i s te n t  w ith  th e  adop tion  of th e  a c y c l ic  sy n (s) 

s t r u c t u r e  (2 0A)

OH

H -C

Ha

HO

—  OH

—  OH

CHgOH

H -C

Ha

HOi

H-OH

- O H  

— OH 

CKpH

20A 20B

A nalys is  o f  ’H nmr o f  D-Ribose Oxime:

The *H nmr spectrum o f  D -ribose  oxime taken  im m ediately a f t e r  

d i s s o lu t i o n  in  [^H^] dim ethyl su lphoxide shows a preponderance o f  th e  

a n t i ( Z ,  21A) form which e q u i l i b r a t e s  to  a m ixture o f  sy n (s) (major 

isomer) and a n t i ( z )  (minor isomer) forms. The *H nmr o f  th e  major 

form was an a ly sed  (Tables 2.5 and 2.6) and was a ss ig n ed  th e  a c y c l ic  

s y n (E) s t r u c t u r e  (21B) .

H -C

- O H

- O H

- O H

CHpH

2 1 A

H -OH

OH

/ /
H -C

- O H

- O H

- O H

CHpH

2 1 B
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The e q u i l i h r a t e d  deuterium  oxide s o lu t io n s  o f  th e  f iv e  

carbohydra te  oximes showed them to  e x i s t  in  th e  a c y c l ic  syn (E) and 

a n t i (z) forms except f o r  D-glucose oxime which e x i s t s  as a m ixture  

o f  sy n (E ) , a n t i ( z ) , a -pyranose  and p-pyranose forms (Table 2 .7 ) .  The 

p ro p o r t io n s  o f  th e  s y n (E) and a n t i (z) forms of th e  a c y c l ic  oximes a re  

c o n s tan t  a t  80:20 and in  f a c t  s im i la r  to  th o se  observed f o r  o th e r  

sugar oximes and a l i p h a t i c  oximes (Table 2̂ 7 ) .

A f te r  t h i s  work was completed th e  p re p a ra t io n  o f  some pentose

oximes (a rab in o se  oxime, r ib o s e  oxime and x y lo s e  oxime) and s t r u c t u r a l

assignm ents  by nmr sp ec tro sco p y  were re p o r te d  by M. l i e  e^ (1973)

They based t h e i r  assignm ents  on th e  magnitude of  th e  Cl-H, C2-H coupling

c o n s ta n ts  and a s s ig n ed  th e  a n t i (z) -form a g r e a t e r  value  th a n  th e  s;>m(E)-

form. On t h i s  b a s i s  th e  Cl p ro to n  of th e  a n t i (z )-fo rm  i s  more

d esh ie ld ed  th a n  th a t  o f  th e  sy n (E)-form, and th e  UGH group p ro ton  of

th e  a n t i (z ) -form i s  l e s s  d e sh ie ld e d  than  t h a t  o f  th e  sy n (E)- form.

80This i s  c o n t ra ry  to  th e  assignm ents  made by P h i l l i p s  and o th e r

workers^"* which in  th e  case o f .̂“^snzaldoxime were confirmed by

c r y s ta l lo g r a p h ic  s t u d i e s .  Also th e  assignm ents o f Ij^o e t  a l .^ ^

a r e  c o n t ra ry  to  th o se  made in  t h i s  work f o r  D -arabinose  oxime

an d _p-r ibose  oxime. The c o r r e l a t i o n s  u sed  in  t h i s  work have been 
11confirmed by 0 nmr and X-ray c r y s t a l  lographic d a ta  (see S ec t io n s  2 . 2 . 7  

and 2 . 2 . 8 ) .  F u r th e r ,  th e  coup ling  cons tan t f o r  th e  sy n (E)- form is  

observed to  be g r e a t e r  th a n  th a t  o f  th e  a n t i (z ) - form fo r  th e  carbo

h y d ra te  oximes sy n th e s is e d  in  t h i s  work (see  Table 2 . 8 ) ,  i . e .  an 

o p p o s ite  r e s u l t  to  t h a t  proposed by H o  et a l . ^ ^
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Table 2 .7  P ro p o r t io n s  o f  Carbohydrate Oximes and o th e r  Oximes in  the  S o l id  

S ta te  and in  E qu il ib r ium  S o lu t io n  by ' H nmr

Compound
C yclic  

a-Pyranose  P-Pyranose

A cyclic

A nti-Z

D-Arabinose Oxime

a) S o l id IOO/0

b) E q u il ib r iu m  s o lu t i o n 80/» 20/

D-Ribose Oxime

a) S o l id 100/

b) E qu il ib r ium  s o lu t i o n 82/  1^

D-Mannose Oxime

a) S o l id 100/

b) E q u i l ib r iu m  s o lu t i o n 81 . 5/  18. 5/

D-Glucose Oxime

a) S o l id 100^

b) E q u il ib r iu m  s o lu t i o n H  23^ 56 . 5/  13. 5/

D -Galactose Oxime 

a) S o l id 100/

b) E q u i l ib r iu m  s o lu t io n  

Methyl e th y l  ketoxime^ 

E q u i l ib r iu m  s o lu t i o n

80/  20/  

72/ -  28/

Methyl p ropy l ketoxime^ 

E q u i l ib r iu m  s o lu t i o n
2 , 3 : 4 , 5 -d i-O -iso p ro p y lid en c  
p -A rabinose Oxime.
E q u i l ib r iu m  s o lu t i o n

a
7 3 /  27/  

8 0 /  2 0 /

^ Taken from ( ^ Taken from ( I 13) .

Also c r y s t a l l i s e d  as  a  m ix ture  o f  s y n (E) (8 0 ^  and a n t i  (Z) ( 2 0 ^  forms
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Table 2 .8  Coupling C onstan ts  th e  Carbohydrate Oximes

Compound Z)

D-Glucose Oxime 7.80 6.20

D-Mannose Oxime 7 .60 6.20

D -G alactose  Oxime 5 .85 5 .5 0

D-Arabinose Oxime 7.30 5 .70

D-Ribose Oxime 7.80 6.30

I 32 .2 .7  C nmr (cmr) Spectroscopy  o f  Carbohydrate Oximes

I I
C nmr (cmr) sp ec tro sco p y  has proved to  be a  u s e fu l  t o o l  

in  c o n ju n c t io n  w ith  nmr f o r  s t r u c t u r a l  e l u c i d a t i o n ^ ^ ' T h e  

resonances o f  th e  carbon n u c le i  f o r  monosaccharides were a s s ig n e d  in  

acco rd  w ith  th e  g en e ra l  r e c o g n i t io n  th a t  s t e r i c  h ind rance  and 

p ro x im ity  e f f e c t s  o f  s u b s t i t u e n t s  a re  v e ry  im portant f a c t o r s  in  th e  

d e te rm in a t io n  of carbon-13 chemical s h i f t  d i f f e r e n c e s  in  r e l a t e d

66 67compounds. The anomeric carbon s ig n a l s  were observed to  appear 

a t  th e  low est f i e l d  in  th e  c y c l i c  monosaccharides due to  th e  two 

bonded oxygens. Also th e  hydroxymethyl carbons absorb  a t  th e  h ig h e s t  

f i e l d  and th e y  a r e  r e a d i l y  i d e n t i f i e d  b y ”o ff - re so n a n c e  d e c o u p lin g " in  

which mode th e y  appear as t r i p l e t s .  In  th e  a ldopyranoses  th e  

hydroxymethyl carbons a re  e q u iv a le n t ,  o r  n e a r ly  so , in  each anomeric 

p a i r .  In  monosaccharides due to  th e  occurrence  o f  m u ta ro ta t io n  th e

assignm ent o f  th e  s ig n a l s  f o r  th e  anomers was made on th e  b a s i s  of t h e i r  

r e l a t i v e  i n t e n s i t i e s ,  which in  t u r n  gave an approxim ate measure o f  t h e i r  

p ro p o r t i o n s .  With th e  in t ro d u c t io n  o f  p u lse  F o u r ie r  t ran s fo rm  (PFT)



.6^

o p e ra t io n ,  s p e c t r a  cou ld  be tak en  r a p id ly  enough to  perm it the

o b se rv a t io n  of in d iv id u a l  anomers. The unequivocal assignm ents  of

the  carbon-13 s h i f t s  fo r  the  m onosaccharides was made by supplementing

the  s u b s t i tu e n t  e f f e c t  evidence w ith  t h a t  ob ta in ed  from s e le c te d

1 3p ro ton  decoup ling , C iso to p e  enrichm ent,  d e u te r a t io n ,  and m é thy la t ion  

of s e l e c t i v e  hydroxyl groups.

The a p p l i c a t io n  of carbon-13 nmr to  th e  d e te rm in a t io n  of the

c o n f ig u ra t io n  and com position  of the  syn and a n t i  isomers of aldoximes

71 72and ketoxim es was made by Levy and Nelson and by Hawkes e t  a l .

According to  th e se  workers the  carbon (Cu) to  which the  oxime group

i s  a t ta c h e d  appears  a t  b e  150-155 Ppm dow nfield  from TMS( 0 ^  = O)

w ith  t h a t  of the  syn(E)-form  be ing  a t  a s l i g h t l y  h ig h e r  f i e l d  than  th a t

of the  a n t i ( z ) - form.

N N
I I  I I

R -  C -  CHp -  CHR' R -  C -  CH -  CH R’
a p  Y a p  Y

R,R' = H or a lk y l  group sm alle r  than  propyl 

71Levy and Nelson observed t h a t  the  p-carbon  ex p er ien ces  a s t e r i c

com pression s h i f t  depending on whether the  N-OH group i s  syn or a n t i

t o  the  6-carbon  invo lved  ( Ô -  Ô — + 6 .0  ppm fo r  ketoximes ̂  ̂ syn a n t i
72and à -  b  — + 4  to  + 5  ppm fo r  aldoximes w ith  the  p carbonsyn a n t i  "

s ig n a l  be ing  more s h ie ld e d  f o r  the  a n t i (z) than  th e  syn(E) isom er.

This  e f f e c t  i s  sm all fo r  the  Y carbons of the  syu(E) and a n t i ( z ) - forms. 

These w orkers^^ ' observed the  presence of bo th  syn(E) and a n t i (Z) 

isomers w ith  the  major isomer be ing  th e  syn(E)-form as expec ted  on the
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b a s i s  of s t e r i c  h indrance which would favour the  OH being  syn to  the 

l e a s t  s u b s t i t u t e d  p carbon or hydrogen in  the  case of aldoxim es.
7P

Hawkes e t  a l .  made use of C r(acac)^  to  d im in ish  d i f f e r e n t i a l

Overhauser e f f e c t s  and to  measure the  r a t i o s  of syn(E) and a n t i (Z)

isom ers a t  e q u i l ib r iu m .  This gave reaso n ab ly  s a t i s f a c t o r y  agreement

73w ith  p ro ton  s p e c t r a .

Since the Y -ca rb o n  does not show very  much d i f f e re n c e  in  the chem ical 

s h i f t  fo r  the  syn(E) and a n t i (Z) isomers one can a s s ig n  i t  by making use 

of th e  u p f i e l d  s h i f t  caused by a h e te ro  s u b s t i t u e n t ,  in  t h i s  case the  

oxime group. The u p f i e l d  s h i f t  observed fo r  the resonance of a carbon 

which i s  gauche to  an o th e r  carbon or h e te ro  atom a t  the  Y - p o s i t i o n  

(22A) r e l a t i v e  to  the  resonance of an analogous carbon in  the  a n t i  

conform ation  (22B) i s  of p a r t i c u l a r  u t i l i t y  fo r  s te reo ch em ica l  

ass ignm ent.  This Y - e f f e c t  was a s c r ib e d  to  s t e r i c  p e r tu r b a t io n  which 

was thought to  p o la r i s e  the  ^^C-H bonds of the  encumbered groups such 

th a t  the  carbon nucleus  was s h ie ld e d  and the  a t ta c h e d  p ro to n s  were 

d e s h ie ld e d .  According to  E.L, E l i e l  e t  th e  r e s u l t s  of t h e i r  study

X

c
22A 22B

c l e a r l y  dem onstrate  t h a t  a  carbon atom a n t i  to  a second—row heteroatom  

in  the  Y- p o s i t i o n  (22B, X = N, 0, F) g e n e ra l ly  r e s o n a te s  a t  s i g n i f i c a n t l y  

h ig h e r  f i e l d  th an  an analogous nucleus a n t i  to  a methyl or methylene group
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or to  a th i rd - ro w  heteroatom  (22B, X = CH^, S, C l) .  In  a d d i t io n ,

t h e i r  d a ta  confirm s e a r l i e r  co n c lu s io n s  th a t  a gauche heteroatom  (22A,

X = N ,0 ,P ,S ,C l)  r e s u l t s  in  an u p f i e l d  s h i f t  o f a carbon-13 s ig n a l

g r e a t e r  than  the  u p f i e l d  s h i f t  caused by a methyl or methylene group.

However, the  inc rem en ta l  u p f i e l d  s h i f t  (22A, X = N ,0,F ,S ,C1 as  compared 
w ith  X = CH or CHp)
on th e  gauche carbon i s  g e n e ra l ly  l e s s  th a n  the  co rrespond ing  inc rem en ta l 

u p f i e l d  s h i f t  on the  a n t i  carbon (22B). Since the  Y e f f e c t  of a

-CHg- or -CH^ group i s  n e g l ig ib l e  the  Y e f f e c t s  of a n t i - p e r ip la n a r  

he teroa tom s may be e f f e c t i v e l y  r e fe re n c e d  w ith  r e s p e c t  to  hydrogen. 74

In the  case  o f oximes one can a s s ig n  the  carbon resonances  fo r  the

71oc, p and Y carbons by making use of th e  work of Nelson and Levy,

72 74Hawkes £ t  and E l i e l  £ t  s .  This i s  i l l u s t r a t e d  in

Table 2 .9  fo r  n.butane and the  r e l a t e d  aldehyde, 2 -  k e to n e ,

syn(E) and a n t i (z )  aldoximes and 2-ke tox im es.

Table 2 .9   ̂^C Chemical S h i f t s  in  ppm r e l a t i v e  to  TMS 5^= 0 of

n-Butane and D e r iv a t iv e s

Compound '1 '3
2 3 4

CH^-CHZ-CHg-CH^

0 
II

H-C-CH2-CH -CH 
a P Y Ô

HO
\

îf
H -C -C H p -C H  -CH 

« P Y 6 ^
■OH

H -  C-CH .-CH p-CH ^ 
a P Y 6 ^

H_8-C-^Hg-6n^

H^C-C -CH_-CH;3 a g 2 Y 4
N-CTH

H^C-C-CHp-ClH 
^ a p Y ^

13.2 25.0

202.5 45 .9

152.1 31.5

152.6 27.0

28.9 208.8

13.0 159.1

18.9 159.5

25.0

15.8

20.1

19.5

36.4

13.2

13.8

13.6

13.9

7 .4

28.9 10.7

21.7 9 .6

(a )  Ô taken  from ( 64)

(b -g )  0^ taken  from ( 73)
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Taking the  chem ical s h i f t s  of the  n -butane and comparing them 

w ith  those  of the  analogous carbons of th e  aldehyde and th e  syn(E) 

and a n t i (Z) a ldoxim es, i t  i s  observed t h a t  fo r  C1 resonances  the 

aldehyde ca rb o n (a )  i s  d e sh ie ld e d  the  most fo llow ed  by the  a n t i (Z) 

and syn(E) aldoxim es. For th e  C2 resonances  once aga in  the  

aldehyde carbon (p) i s  d e sh ie ld e d  more th a n  the  syn and a n t i (z) 

aldoxime p -ca rbons .  F u r th e r  th e  d i f f e re n c e  in  the  chemical s h i f t s  of 

th e  p -carbons f o r  the  syn(E) and a n t i (z )  aldoximes i s  4*5 Ppm. Going 

on to  the  C3 resonances  one observes a s h ie ld in g  e f f e c t ,  w ith  the 

aldehyde carbon ( Y ) be ing  the  most s h ie ld e d  fo llow ed by the  a n t i  and 

th e  syn aldoxime Y-c a rb o n  atoms. In  t h i s  case th e re  i s  a n e g l ig ib le  

d i f f e r e n c e  between the  Y -carbons of th e  syn(E) and a n t i (z )  

a ldoxim es. The 04 resonances  f o r  a l l  fo u r  compounds a re  n e a r ly  îh e  same 

showing th a t  the heteroatom  s u b s t i tu e n t  e f f e c t  for the  6 -carbon  i s  

n e g l i g i b l e .  S im i la r ,  e f f e c t s  are  observed when one compares th e  

c o rrespond ing  carbons o f n -b u tan e ,  b u t-2 -o n e ,  and the  syn(E) and 

a n t i (Z) ketox im es .

The carbon-13 resonance s ig n a l s  f o r  th e  carbohydra te  oximes,

D -arabinose oxime, D -ribose  oxime, ^m annose oxime, D -galac tose  oxime

and ^ g l u c o s e  oxime were a s s ig n ed  by comparing the  a c y c l ic  oximes w ith
*  *

th e  co rrespond ing  deoxy po ly o l  and th e  p o ly o l ,  and the  c y c l ic

pyranose oxime w ith  th e  co rrespond ing  1 ,5-anhydro po lyo l and the  

a ldopyranose . F u r th e r ,  the cmr s p e c t r a  were ta k e n  on d i s s o lu t io n  of 

th e  carbohydra te  oxime in  D̂ O and then  a f t e r  a  week. The carbon-13

The chem ical s h i f t s  of deoxy p o ly o ls  and p o ly o ls  were ob ta ined  from 
Dr D. Lewis and Dr D. Gibson of Chemistry Department, Royal Holloway C o llege .  
The v a lu es  were r e l a t i v e  to  i n t e r n a l  TSP ( 6  =0). These s h i f t s  were 
a s s ig n ed  by th e se  workers by means o f  s u b s t i t u e n t  e f f e c t s  and d e u te r a t io n  
s tu d ie s .



68

resonances  were a ss ig n ed  to  th e  d i f f e r e n t  isomers from th e  r e l a t i v e  

i n t e n s i t i e s  o f th e  s ig n a l s .  F in a l l y ,  to  d i s t i n g u i s h  between th e  

carbons b e a r in g  prim ary  hydroxyl from th o se  with secondary hydroxyl 

groups use was made of th e  ’’o f f  resonance” decoupled s p e c t r a  in  which 

th e  decoupling  frequency  i s  a few hundred h e r t z  o u ts id e  th e  range of th e  

Larmor f req u en c ie s  o f  th e  p ro to n s .  This causes th e  geminal and long 

range couplings  to  c o l la p s e ,  thus  enab lin g  one to  observe a f i r s t  

o rd e r  double t f o r  th e  hydroxymethine carbon and a f i r s t  o rder  t r i p l e t  

f o r  th e  hydroxymethylene carbon.

D-Arabinose oxime (see Table 2.1o) showed th e  presence  of two

isom eric  a c y c l ic  forms a t  eq u i l ib r iu m  and gave s ig n a ls  a t  6 ^  155*13

and 5 Ç, 156.04 ppm, which be ing  a t  th e  lowest f i e l d  were ass ig n ed  to

th e  C. 1 resonances o f th e  a c y c l i c  syn (E) (15A) and a n t i (z) (15B)

form s. The chemical s h i f t s  a re  in  accordance w ith  ty p i c a l  va lues  f o r

72aldoximes re p o r te d  p re v io u s ly .  The s ig n a l s  f o r  th e  o th e r  carbons

were a ss ig n ed  from t h e i r  r e l a t i v e  i n t e n s i t i e s  to  th e  sy n (E)-form and 

a n t i (z ) - fo rm . The s ig n a l  a t  th e  h ig h e s t  f i e l d  Ô ^ 65 .40 ppm was 

common to  bo th  th e  isomers and was a ss ig n ed  to  th e  C5 carbons from

66 67th e  " o f f  resonance" decoupled s p e c t r a .  ’ The rem aining th r e e  

carbon resonances  were a ss ig n ed  (Table 2.1o) by comparison w ith  

1 -d eo x y -D -a rab in i to l  (23) and D -a ra b in i to l  (1 2 ) .  (See P ig s .  2 .9 ,  21 .0 ) .
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1 ^Table 2.10 C Chemical S h i f t s  in  ppm r e l a t i v e  to  TSP6^ = 0 ( in t e r n a l  

S td . )  o f  D-Arabinose Oxime and R e la ted  Compounds

Compound C— 1 C-2 C-3 C-4 C-3

1 -deo x y -D -a rab in i to l 21.1 68.9 77.0 74.0 63.4

D -a ra b in i to l 66.0
or

65 .8

73 . 2* 73 . 3* 73. 9* 65.8
or

66.0

D -arab in  ose oxime 

(syn(E)-form )
135.1 71.1 74.9 73.4 63.4

D -arab inose  oxime 

( a n t i  (z) -form)
136.0 67.1 74.1 73.4 63.4

a = assignm ents  u n c e r t a in

HO

H

H

W
a

P

Y

Ô

H

OH

OH

CHgOH

HO

H

H

CHgOH

H

OH

OH

^Ĥ OH

HO

II
HC

HO

H

H

H

OH

OH

CHgOH

OH

II
HC

HO

H

H

H

OH

OH

CHgOH

1 -d eo x y -D -a rab in i to l

23

D -a ra b in i to l

12

^ a r a b i n o s e  D -arabinose 
Oxime syn (E) oxime a n t i (z) 
form form

15A 15B

The s ig n a l  a t  ô 73*4 ppm was common to  both  th e  syn (E) and a n t i (z)

forms and was a ss ig n ed  to  th e  C4 resonances; as  d iscu ssed  e a r l i e r  th e
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oxime group has a n e g l ig ib l e  e f f e c t  on th e  chemical s h i f t  of th e  5 

carbon atom. The s ig n a l  a t  6 ^  71.1 was a ss ig n ed  to  th e  02 reson

ance of th e  sy n (e) - form; th e  p ro x im ity  o f th e  oxime s u b s t i tu e n t  

d e sh ie ld s  02 m 15 A . The d e s h ie ld in g  e f f e c t  o f th e

oxime group appears  to  be l e s s  th a n  th a t  o f  th e  OH group in  

D - a r a b in i to l .  The s ig n a l  a t  6 ^  67.1 ppm was a ss igned  to  th e  02

resonance o f  th e  a n t i (z )-fo rm  and appears  a t  a h ig h e r  f i e l d  because

o f  th e  s h ie ld in g  e f f e c t  due to  th e  p rox im ity  o f  th e  oxime hydroxyl 

group. The d i f f e r e n c e  in  th e  chemical s h i f t s  of th e  02 resonances

f o r  15A and 15B i s  ô -  ô = 4 * 0  ppm which i s  comparable to
syn a n t i

72th e  v a lu es  o b ta in ed  by Hawkes e^ f o r  a ldoxim es. F in a l l y ,  th e

s ig n a l s  a t6 ^  74*9 and 5 ^ 74.1 ppm were a ss ig n ed  to  th e  03 resonances

o f  15A and 15B; be ing  in  th e  Y - a n t i p e r i p l a n a r  p o s i t i o n  to  th e  

74h e t e r o s u b s t i tu e n t  th e s e  s ig n a ls  a re  s h ie ld e d  r e l a t i v e  to  th o se  of

23 but appear to  be l e s s  so th a n  f o r  12.

D-Ribose oxime (see  Table 2 .1 l )  a l s o  showed th e  p resence o f  two 

isom eric  a c y c l i c  forms and gave s ig n a ls  a t  Ô ^ 154.0 and Ô ^ 154«3 

ppm which were a s s ig n e d  to  th e  01 resonances o f  th e  sy n (E) (21B) and 

a n t i (z) (21A) forms, w hile  th e  s ig n a l  a t  5^ 65.4  common to  bo th  

isomers was a s s ig n ed  to  th e  05 resonances o f  th e se  forms from th e  " o f f  

resonance"decoupled  s p e c t r a .  The rem ain ing  th r e e  carbon assignments 

f o r  each isomer were made by comparison w ith  th e  chemical s h i f t s  

(Table 2 .1 l )  o f  r i b i t o l  ( 25) and 2 -d e o x y -D -r ib i to l  ( 24) ,  (the values  

f o r  1 -d e o x y -D -r ib i to l  were not a v a i la b le )  as w ell as th o se  of D -arabinose 

oxime which i s  a  02 eipmer o f  D -ribose  oxime.
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13T able 2.11 C Chemical S h i f t s  in  ppm o f  D-Ribose Oxime and R ela ted  

D e r iv a t iv e s  r e l a t i v e  to  TSP5 ^  = 0 ( i n t e r n a l  S td .)

Compound 0-1 0-2 C-3 0-4 0-5

2 -d e o x y -D -r ib i to l 61.4 37.0 71.8 77.5 65.2

r i b i t o l 65.4 75.0 75.0 75.0 65.4

D -ribose  oxime syn(E)-form 154.0 72.2 75.7 74.1 65.4

D -ribose  oxime a n t i (z)- form 154.3 68.1 75.4 73.8 65.4

CHgOH

H

OH

H

CHgOH

CHgOH

OH

OH

OH

CHgOH

II
HC

.OH

OH

OH

OH

CHgOH

H
II

HC

OH

OH

OH

CHgOH

2-deoxy-D-r ib i t  o1

24

r i b i t o l

25

^ r i b o s e  oxime 
sy n (e) - form

21B

D -ribose  oxime 
a n t i ( z ) - form

21A

5 Ç 72.2 and b ^ 68.1 ppm were a ss ig n ed  to  th e  02The s ig n a l s  a t

resonances o f th e  sy n (E) and a n t i (z) forms o f  D -ribose  oxime

(Ab
's y n -a n t i

= 4.1 ppm). The carbon atom in  th e  Y - p o s i t i o n  to  th e

deoxy fu n c t io n  in  2 -d e o x y -D -r ib i to l  appears  a t  b  ^ 77.5 Ppm w hile  th e  

carbon (03) Y to  th e  hydroxymethyl group in  r i b i t o l  appears  a t

5 ^  75.0 ppm as i t  i s  expected to  be sh ie ld e d  be ing  in  an a n t ip e r ip l a n a r
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arrangem ent.  On t h i s  b a s i s  th e  Y -carbons  (i.e. C3) to  th e  oxime 

fu n c t io n s  a re  a s s ig n ed  th e  resonances a t  6 ^  75«7 and ô ^ 75*4 

ppm f o r  21B and 21A, b e ing  l e s s  s h ie ld e d  th a n  in  th e  case o f r i b i t o l  

F in a l ly ,  th e  s ig n a l s  a t  74*1 and ô ^ 73.8 ppm were ass ig n ed  to  04 

resonances  o f  21B and 21A.

D-mannose oxime showed th e  p resence  o f predom inantly  one form 

from th e  carbon-13 spectrum tak en  on d i s s o lu t i o n  and a f t e r  a week.

The s ig n a l s  a t  6 ^ 155*3 and 5 ^ 6^ .7  ppm were a ss igned  to  01 and 06 

resonances b e in g  a t  th e  lowest and h ig h e s t  f i e l d  r e s p e c t iv e ly ,  and 

th e  i d e n t i t y  o f  06 was confirmed by " o f f  resonance" decoup ling . The 

rem ain ing  carbon resonances  were t e n t a t i v e l y  a ss ig n ed  by ana.logy with 

6-deoxy-L-m annito l (26) and D-mannitol (2?) (Table 2 .1 2 ) .

Table 2.12 "*̂ 0 Chemical S h i f t s  in  ppm r e l a t i v e  to  TSP 6^ = 0

( i n t e r n a l  S td . )  o f D-Mannose Oxime and R e la ted  D er iv a t iv e s

Compound 0—1 0-2 C-3 C-4 c-5 0-6

6-deoxy-L-manni t  o1^ 21.6 69.9 76.1 72.3
or

73.9

73.9
or

72.3

65.9

D-mannitol 66.0 73.8 72.1 72.1 73.8 66.0

D-mannose oxime ( syn (e) - form) 155.26 71.8
or

71.4

73.5
or

73.2

71.4*
o r

71 .8

73.2*
or

73.5

65.7

a = The numbering o f  th e  molecule i s  done by tu rn in g  th e  molecule 
th rough  l80° and ta k in g  01 as 06 ( i e  OĤ )

* = u n c e r t a in  assignm ents
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H

H

HO

HO

CHgOH

OH

OH

H

H

CH3

HO

HO
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H

CHgOH

■H
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-OH

-OH

CHgOH

6-deoxy-L-raannitol D-mannitol

HO

HO

H

H

HOH
II

HC

H

H

OH

OH

26 27

CH gÙH

D-mannose oxime

20

The s ig n a l  a t  5 ^ 71.8 o r t h a t  a t  6 ^ 71.2 ppm was ass ig n ed  

to  th e  02 resonance as i t  i s  in  a p -p o s i t io n  to  th e  oxime fu n c t io n  

a n d  would he expected  to  he d esh ie ld ed  r e l a t i v e  to  th e  P-carhon a t  

6"^ 69.9 ppm to  th e  deoxy fu n c t io n  o f (26) The s ig n a l  a t  8 ^ 73.5 

o r t h a t  a t  6 ^ 73.2 ppm was ass ig n ed  to  th e  03 resonance be ing  in  a 

Y - a n t i p e r i p l a n a r  p o s i t i o n  w ith  re s p e c t  to  th e  oxime group and 

th e r e f o r e  s h ie ld e d  r e l a t i v e  to  th e  Y - a n t i p e r ip l a n a r  carbon atom to  th e  

deoxy fu n c t io n  in (2 6 ) .  The 04 and 05 resonances a r e  u n c e r t a in  as th e  

co rrespond ing  resonances  f o r  th e  deoxy po lyo l a re  not d e f i n i t e l y  

a s s ig n e d .  The absence o f  a resonance a t  S  ^ 6 j  -  68 ppm and 

comparison w ith  th e  *H nmr d a ta  suggest t h a t  t h i s  i s  th e  sy n (E)-form 

(S ec t io n  2 . 2 .6 . 1 ) .

The cmr s p e c t r a  o f D -ga lac tose  oxime showed th e  presence  of two

isom eric  forms a t  e q u i l ib r iu m .  The s ig n a l s  a t  8  ^ 155«5 and S ^ 15^.5

ppm were a s s ig n ed  to  th e  01 resonances o f  th e  sy n (s) and a n t i (z )-fo rm s ,

and th e  h ig h e s t  f i e l d  s ig n a l  a t  8 ^ 65.8  ppm which i s  common to  bo th

isomers was a ss ig n ed  to  06 resonances o f  th e se  isom ers. The rem aining

13s ig n a l s  were a ss ig n ed  by comparison w ith  th e  0 chemical s h i f t s  

(Table 2.13) o f  1 -d e o x y -D -g a la c t i to l  (28) and g a l a c t i t o l  (29) .
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13Table 2.13 C Chemical S h i f t s  in  ppm r e la t iv e  to  TSP 6 ^ = 0
( in t e r n a l  S td .)  o f  D-Galactose Oxime and R e la ted  Compounds

Compound C—1 C—2 C—3 C—4 C—5 0—6

1-d e o x y -D -g a la c t i to l  21.4 68,9 75.8

g a l a c t i t o l  66.1 73.0 72.3

D -ga lac to se  oxime s,^,m(E)-form 155*5 71.3 74.0

D -ga lac to se  oxime a n t i ( z ) - form156.5 67.3 73.3

73.0 72.7 66.0
or or

72.7 73.0

72.3 73.0 66.1

72.7 72.0 65.8
or or

72.0 72.7

72.7 72.0 65.8
or or

72.0 72.7

HO

H

HO

HO

H

3
OH H -

H HO

H HO

OH H ■

OHgOH

OH

H

H

OH

OHgOH

1-d e o x y -D -g a la c t i to l  g a l a c t i t o l

H
II

HO

H ■

HO

HO

H

OH

H

H

OH

28 29

OHgOH

D -galac tose  

oxime sy n (E) 
form

19B

H

HO

HO

H

/
OH

■OH

■H

•H

OH

OHgOH

D -ga lac tose  

oxime an t i  ( z) 

form
19A
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The s ig n a ls  a t  6 ^ 71#3 and 6 ^ 67.3 ppm were a ss ig n ed  to  the  

C2 resonances o f th e  sy n (E) (19B) and a n t i (z) (19a) forms

8 ^ - a n t i  " ^ PP™) ' The s ig n a ls  a t  6 ^ 74.02 and 8 ^  73.24 ppm

were a s s ig n ed  to  th e  C-3 resonances o f (9B)and(19A)on th e  b a s i s  of th e  

Y - e f f e c t  d iscu ssed  e a r l i e r .  The s ig n a l s  a t  8 ^ 72.0 and 8 ^ 72.7 

ppm a re  common to  th e  C4 an d /o r  05 resonances o f both  isom ers, as 

be ing  remote from th e  oxime group th e y  would experience a n e g l ig ib l e  

d i f f e r e n t i a l  in f lu e n c e  from th e  sy n (E) and a n t i (z ) oxime c o n f ig u ra t io n s .  

These two s ig n a l s  a re  not p o s s ib le  to  a s s ig n  d e f i n i t e l y  to  e i t h e r  

04 or 05 as th e  correspond ing  s ig n a ls  o f  1 -d eo x y -D -g a lac t i to l  (28) 

and g a l a c t i t o l  (29) have not been ass igned  w ith  c e r t a i n t y .

D-glucose oxime from nmr and o th e r  evidence d iscu ssed  in

p rev ious  s e c t io n s  i s  known to  e x i s t  in  th e  c r y s t a l l i n e  s t a t e  in  th e  

^0^ c h a i r  conform ation hav ing  th e  p-anomeric c o n f ig u ra t io n .  In  

s o lu t i o n  a t  eq u i l ib r iu m  4 isom eric  forms a re  p re sen t  namely th e  

p -pyranose and a-pyranose  c y c l ic  forms, and th e  sy n (s) and a n t i (z) 

a c y c l i c  form s. By ta k in g  th e  cmr spectrum immediately a f t e r  

d i s s o lu t i o n  th e  p-pyranose carbon-13 s ig n a ls  could be i d e n t i f i e d  and 

th e n  by o bserv ing  th e  cmr spectrum a f t e r  one week th e  resonances due 

t o  th e  syn (E) and a n t i (Z) forms could be i d e n t i f i e d .  However, th e  

resonances  due to  th e  a-pyranose  form could not be seen . Taking th e  

a c y c l i c  sy n (s) and a n t i (z ) forms f i r s t  (Table 2 . 1 4 ) ,  th e  lowest f i e l d  

s ig n a l s  a t  5 ^ 154.3 and 8 ^  154.7 ppm were a ss ig n ed  to  th e  Cl 

resonances o f  th e  sy n (E) (l8b) and a n t i (z) ( l8a) forms r e s p e c t iv e ly ,  

w hile  th e  h ig h e s t  f i e l d  s ig n a l  a t  6  ̂ 65 .83  ppm common to  bo th  

sy n (E) and a n t i (z) forms was a ss ig n ed  to  th e  C6 resonances o f th e se  

isom ers .  The rem ain ing  s ig n a l s  were a ss ig n ed  by comparison w ith  th e  

chemical s h i f t s  (Table 2 . 14 )  of 1-deox y -D -g lu c i to 1 ( 30) and D -g lu c i to l  ( 31) .
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11Table 2.14 C Chemical S h i f t s  in  ppm r e la t iv e  to  TSP 6 ^ = 0 ( i n t e r n a l  

S td . )  of D-Glucose Oxime and R e la ted  D e r iv a t iv e s

Compound C-1 C-2 C-3 C-vl C-5 C-6

1-d e o x y -D -g lu c i to l 21.1 71.6 76.6 73.8
or

73.6

73.6
or

73.8

65.8

D -g lu c i to l 65.3 75.6 72.4 73.9 73.7 65.6

D-glucose oxime syn(E)-form 154.3 72.6 73.1 73.7 73.7 65.6

D-glucose oxime a n t i ( z ) -form 154.7 68.6 73.3 73.7 73.7 65.6
(a )1 , 5 -anhy d ro -D -g lu c ito l^ 70.2 70.8 78.8 71.1 81.7 61.9

P-D-gluc opyrano se ̂  ̂  ̂ 97.1 75.6 77.3 71.2 77.3 62.4

p-D -glucopyranose oxime 93.7 72.1
or

72.3

79.5
or

79.8

72.3
or

72.1

79.8
or

79.5

63.7

(a )  =chem. s h i f t s  taken  from (75)

(b) = c h e m .sh i f ts  taken  from ( 70) HO.

CH.

H ---- OH H

HO H HO

H OH H

H — OH H

CHgOH

^HgOH

N
II

HC
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H

OH

OH

H
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H

H

CH2OH

1-deoxy -D ^g lnc ito l D -g lu c i to l

30 31

OH

H

OH

OH

N
II

HC

OH

H

HO

H

H

CHgOH

OH

H

OH

OH

^ g l u c o s e  oxime 
s,yn(E)-form

18B

CHgOH

^ g l u c o s e  oxime 
i n t  i (Z) - form

18A

CHgOH

1 ,5 -a n h y d ro -D ^ g lu c i to l
32"

CHjOH

} — NHOH

OH

P-D-glue 0pyrano se 
oxime 18D

CHgOH

p-D-glucopyr an o se
33
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The s ig n a l s  a t  5^ 72.6 and 8 ^ 68.6 ppm were a ss ig n ed  to  the  C2 

resonances  of the  s,yn(E) ( l 8b) and a n t i (z )  ( l 8a) forms

( ^ 5  = 4  ppm). The s ig n a l s  a t  8 73.1 and 5 73.3 ppm
s y n -a n t i  ^ ^

were a s s ig n e d  to  the C3 resonances  of (18B )a n d ( l8A) The s ig n a ls  f o r  

C4 and C5 resonances  had the  same chemical s h i f t  8 ^ 73.7 ppm and 

were common to  b o t h ( l 8b )an d ( l8a) being f u r th e r  away from the  oxime 

group they  experience  a n e g l ig ib l e  s u b s t i tu e n t  e f f e c t  and have va lues  

ve ry  s im i la r  to  the  co rrespond ing  carbon resonances (Table 2 .14) 

of 1- d e o x y -D -g lu c i to l  ( 30) and D -g lu c i to l  (31 ).

In the  case of the  c y c l ic  p-D-glucopyranose oxime the lowest 

and h ig h e s t  f i e l d  s ig n a l s  a t  6 ^ 9 3 .7  and 8 ^ 63.7 ppm were a ss ig n ed  

to  the  Cl and C6 reso n an ces .  The s ig n a l  a t  5 ^  72.3 or t h a t  a t  

6 ^ 72.1 ppm was a s s ig n ed  to  C2 i . e .  in  the  p -p o s i t io n  to  the  -NHOH 

group. This carbon ex p er ien ces  a d e s h ie ld in g  e f f e c t  r e l a t i v e  to  the 

c o rrespond ing  carbon in  1 ,5 -a n h y d ro -D -g lu c i to l  (32 ) ,  but l e s s  so than  

the  C2 carbon in  p-D -glucopyranose ( 33 ,OH s u b s t i tu e n t  on anomeric carbon) 

The s ig n a l s  a t  6 ^ 79.5 and 8  ̂ 79.8 ppm were a ss ig n ed  to  C3 and /o r  

05 re so n an ces ,  both  be ing  in  the  Y - a n t i p e r i p l a n a r  p o s i t i o n  to  the  

-NHOH group experience  a s h ie ld in g  e f f e c t  which i s  l e s s  s tro n g  than  

th a t  on the  co rrespond ing  carbons (Table 2 .14) in  p-D-glucopyranose (33).  

F in a l ly ,  by comparison w ith  d a ta  fo r  compounds(32 )and(33) the  C4 resonances  

o f ( l 8 D)is a s s ig n ed  to  the  s ig n a l  a t  8 ^ 72.1 or th a t  a t  6 ^ 72.3 ppm.

By ta k in g  the  cmr (PPT) s p e c t r a  immediately a f t e r  d i s s o lu t i o n  

o f the  carbohydra te  oximes and th e n  a f t e r  one week, i t  was p o s s ib le  to  

p o s tu la t e  th e  isom eric  forms th e se  oximes adopt in  the  c r y s t a l l i n e  s t a t e  

(Table 2 .1 5 ) .  By measuring the  Cl peak a re a s  fo r  the  d i f f e r e n t  isom eric  

forms a t  e q u i l ib r iu m ,  the  p ro p o r t io n s  o f the  v a r io u s  forms were obta ined.
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Comparing th e se  v a lu es  (Table 2 .15) w ith  those  ob ta ined  by 'H nmr one 

can see t h a t  th ey  a re  in  reasonab le  agreement.

The ass ignm ents  made fo r  the  carbon resonances  a re  t e n t a t i v e ;  

in  o rder  to  make unequivocal assignm ents  one would have to  c a r r y  out 

■̂̂ 0 iso to p e  enrichm ent,  s e l e c t iv e  frequency o ff-resonance"  decoupling, 

d e u te r a t i o n  of s p e c i f i c  p ro to n s  a t ta c h e d  to  th e  r e le v a n t  carbon atoms 

and comparison w ith  some 0-methyl d e r iv a t iv e s  of th e se  compounds.

Thus, the  cmr evidence h e lp s  in  confirm ing  the  s t r u c t u r a l  

assignm ents  made to  the  syn(E) and a n t i (z )  aldoximes by 'H nmr.

2 .2 .8  X-Ray C ry s ta l lo g ra p h ic  S tu d ie s  of Carbohydrate Oximes

X-ray c r y s ta l lo g r a p h i c  s tu d ie s  on D-glucose oxime, and 

D -arabinose oxime ( syn(E) and a n t i (z)) c r y s t a l s  sy n th e s is e d  in  t h i s  

work have been c a r r i e d  out by Dr A, Mostad of the  U n iv e rs i ty  of Oslo,

Norway. The s t r u c t u r e  of D-glucose oxime he a r r iv e d  at^ was a pyranose 

form w ith  p-anomeric c o n f ig u ra t io n  in  the  ^C^ c h a i r  conform ation 

(F ig .  2.11). The s t r u c t u r e  d e r iv e d  from one sample of ^ a r a b i n o s e  

oxime c r y s t a l s  was observed  to  be a c y c l ic  in  a p la n a r  z ig -z ag  

conform ation  hav ing  th e  a n t i (z )  o r i e n t a t i o n  of the  NOH group. This
13p a r t i c u l a r  sample gave d i r e c t l y  a f t e r  d i s s o lu t i o n  ’H and C nmr

w ith  a n t i  s te re o c h e m is t ry  (F ig .  2 j2 ) .  F u r th e r ,  a D -arabinose oxime c r y s t a l

grown under d i f f e r e n t  c o n d i t io n s  by Dr Mostad was shown to  comprise

m olecules  in  the  syn(e ) - form in  a  p la n a r  z ig -z ag  conform ation (F ig .  2.13).

Thus th e  X-ray c r y s ta l lo g r a p h ic  s tu d ie s  of th e  oximes of D -arabinose and

and D-glucose confirm  th e  s t r u c t u r a l  assignm ents  which were made by

13c o n s id e ra t io n  of 'H and C nmr d a ta .
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In  a d d i t io n ,  th e  X -ray d a ta  perm it a more p r e c i s e  assessm ent o f

th e  a p p ro p r ia te n e s s  o f an oxime as an analogue of an e n e d io l .  The

hond le n g th s  and bond ang les  o f  th e  isomers o f  D -arahinose  oxime and o f

a number o f e n o l ic  compounds a re  shown in  Table 2.16 In  every  case  th e

C = C bond le n g th  i s  g r e a t e r  th a n  C=F, w hile  th e  N-OH bond le n g th  i s

OHg r e a t e r  th a n  th e  C-OH bond le n g th .  Moreover, th e  C=C^ a n g le sa re  

120 -  125° w hile  th e  ang les  a re  126° f o r  a n t i (z)- form and

110° f o r  sy n (E)-form .
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2 .2 .9  P h o sphory la t ion  of D-Arabinose Oxime by Yeast Hexokinase

The enzymic p h o sp h o ry la t io n  of D -arabinose oxime was

ach ieved  by u s in g  a d e n o s in e -5 ’- t r ip h o s p h a te  (AT?) and y e a s t  hexokinase

(eg 2 . 7 . 1 . 1 ) .  This  enzyme i s  known to  s e l e c t i v e l y  phosphory la te

the  prim ary hydroxyl group of pen to ses  and hexoses.

A r e a c t i o n  m ixture c o n ta in in g  D -arabinose oxime,
2—h%.ATP and hexokinase was p rep a red .  Paper chromatography and 

e l e c t r o p h o r e s i s  experim ents  c a r r i e d  out on t h i s  m ixture in d i c a te d  th a t  

p h o sp h o ry la t io n  had occurred  (see  EXPERIMENTAL).

2 . 2 . 9 .1 A n a ly s is  by 'H nmr Spectroscopy: The r e a c t io n  was

a l s o  fo llow ed  by ’H nmr sp ec tro scopy  a t  360 MHz w ith  h e lp  of Dr R . Kapiein 

(U n iv e r s i ty  of Groningen, N e th e r lan d s ,  co u r te sy  of P ro fe s so r  H. 0 . Berendson). 

The ’H nmr spectrum  of D -arabinose  oxime has been an a ly se d  as d iscu ssed  

e a r l i e r  (see  S ec t io n  2 . 2 . 6 . 1 ) .  Some p r e d ic t io n s  from p rev ious  work can 

be made about th e  changes which might be expec ted  to  occur on
7 ̂

p h o sp h o ry la t io n .  According to  M.P. Schweizer e_t the  C-H p ro tons

which a re  a d ja c e n t  to  th e  phosphoryl e s t e r  group are  d e sh ie ld e d  owing to  

th e  e l e c t r o n  w ithdraw ing e f f e c t  of the phosphoryl group. The e l e c t r o n  

d e n s i ty  of the  phosphoryl group i s  expec ted  to  be h ig h e r  fo r  the  d ian io n  

form th a n  th e  monoanion form. On comparing the  05-Ha’ and 05-Hb' s ig n a l s  

of the  r ib o s e  moiety, of ad en o s in e -5 ’-monophosphate (AMP) w ith  those  of
7

adenosine a t  pD'5*9, th e y  observed chem ical s h i f t  d i f f e r e n c e s  of 0.249 PPm 

w ith  th e  05 ' p ro to n s  of the  phosphory la ted  compound a t  lower f i e l d .  Other
7 7 _ 7 Q  31

workers have found t h a t  the  3 bond angu la r  dependence of P-O-O-'H

co u p lin g  f o r  phosphate p a r a l l e l s  t h a t  e s t a b l i s h e d  fo r  v i c i n a l  'H-'H  and 

^ ^ F -’H c o u p l in g s .  In the  case  of a s e r i e s  o f phosphate e s t e r s  the  v i c i n a l  

^ V -O -O -’H co u p l in g s  were r a t i o n a l i s e d  in  term s o f  v a ry in g  p o p u la t io n s  of 

in d iv id u a l  t r a n s  or gauche ro tam ers .  (see  Table 2.17 f o r  nmr of 

phosp h o ry la ted  and nonphosphoryla ted  s u g a r s ) .
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In t h i s  work 360 MHz 'H nmr s p e c t r a  were taken  b e fo re  the  a d d i t io n

of hexokinase to  the  r e a c t a n t s  (D -arab inose  oxime and Mg.ATP^“ in  D̂ O

a t  pH 7 .6 ) ,  a f t e r  the  a d d i t io n  and th en  a f t e r  14 h. D-Arabinose oxime
2_

p ro to n  s ig n a l s  were observed  to  be s e p a ra te d  from Mg.ATP s ig n a ls  

(F ig .  2.14) and the  d a ta  a re  g iven  in  Table 2 .1 8 . This made i t  p o s s ib le  

to  observe any changes in  the  p ro to n  s ig n a l s  o f D -arabinose oxime as the  

r e a c t io n  p roceeded . I t  was observed  th a t  a f t e r  1 h and 14 h (Figs 2.15 

and 2,16) a d d i t i o n a l  s ig n a l s  had appeared  (see  Table 2 .1 8 ) due to  th e  

fo rm atio n  of ADP, a t  th e  same time the  i n t e n s i t y  of the ATP s ig n a l  a t

6 8 .3  (C8-H ),7 .99 (C2-H) and 5.99 Ppm (C 1 '-H ) had decreased .

F u r th e r ,  the  C5-Ha and C5~Hb s ig n a l s  of ^ a r a b i n o s e  oxime had s h i f t e d  

by 0 .22  ppm dow nfie ld  (Table 2 .1 8 ) and showed in c re a se d  s p l i t t i n g .

The C4-H s ig n a l  o f D -arabinose  oxime had a l s o  s h i f t e d  dow nfield  by 

0 .05  ppm and become more complex. The chem ical s h i f t s  of th e  01-H s ig n a l s  

o f the  syn(E) and a n t i (z )  forms of D -arabinose oxime were not s h i f t e d  and 

th e re  was no change in  t h e i r  p r o p o r t io n s .  I t  was concluded t h a t  both 

syn(E) and a n t i (z) forms of D -arabinose  oxime became p hosphory la ted  and 

t h a t  p h o sp h o ry la t io n  d id  not a f f e c t  th e  e q u i l ib r iu m  p ro p o r t io n s  o f the  

two forms (nor the  chem ical s h i f t s  o f th e  01 p ro to n s ) .

2 . 2 . 9 . 2 .  A n a ly s is  by ^^P nmr S pec tro scopy :

The ATP-dependent p h o sp h o ry la t io n  of D -arabinose oxime

by y e a s t  hexokinase was fo llow ed  by observ ing  th e  F o u r ie r  tran s fo rm  

31 P nmr spectrum . S p e c t ra  were taken  befo re  the  a d d i t io n  o f y e a s t
31

hexokinase (F ig .  2.17) and th e n  a f t e r  3 .5  h (F ig .  2.1?). P s ig n a ls  

were observed a t  ^ p  -1 0 .3 9 ,  -19*53 and -6.20 ppm(from H^PO^) 

co rresp o n d in g  to  th e  a ,  p -  and Y -  phosphorus resonances  o f  ATP.
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1
Table 2.17 H nmr Param eters  in  D_0 ( 6 : S tandard  TSP)

Compound Chemical s h i f t ,  
Ô ppm 

E -a  Ann

E—cc, p 
Hz Reference

a-D -glucopyranose-1--phosphate^ 5.40 ( 0 8.5 80

a-D -gluc opyranose
"b

5.32 (d) 0.08 81

a-D-mannopyranose-1 --phosphate 5.34 (q) 7 .0 80

a-D-mannopyranose 5.25 (d) 0.09 81

a-D -galac topyranose--1-phosphate 5.68 (q) 7.0 80

a-D -ga lac topy ranose 5.34 (d) 0.34 81

5 '-AMP c 4.60 (m) 76

Adenosine 4.35 (q) 0.25 76

a = po tass ium  s a l t ,  b = cyc lohexy l ammonium s a l t ,  c = sodium s a l t  
d = d o u b le t ,  q = q u a r t e t ,  = m u l t i p l e t .

These v a lu e s  a re  s im i la r  to  th o se  observed^^’ by o th e r  workers (see
O r

Table 2 .1 9 ) ,  the  sm all d i f f e r e n c e s  were a s c r ib e d  to  v a r i a t i o n s  in  pH.

In  the  ^^P nmr spectrum ta k en  a f t e r  3»5 h. (Pig.2.17ii ) i t  was observed t h a t

th e  s ig n a l s  due t o  ATP were d im in ished  and new s ig n a l s  appeared  a t

S p - 1 0 .1 5 , -6 .9 4  and 2 .48 , 1 .61 , 1.16 ppm. The s ig n a l s  a t  G p  -10 .15

an d -6 .9 4  were a s s ig n e d  to  th e  a  and p P atoms of ADP (see  Table 2 .1 9 ) .

The s ig n a l s  observed  a t ^ p  2 .48 ,  ( 95^)» 1.61 ( -  5*0^) a re  thought

t o  a r i s e  from th e  ^^P of th e  a c y c l ic  syn(E) and a n t i  (z) ^ a r a b i n o s e

oxime monophosphate r e s p e c t iv e l y .  These v a lu es  fo r  th e  D -arabinose

oxime monophosphate f a l l  i n  th e  range of P s h i f t s  observed f o r  sugar

86 87phosphates  by o th e r  w orkers .  ’ (see  Table 2 .2 0 ) .  The s ig n a l  a t  

^ p  1 ,2  ppm cou ld  be p robab ly  due t o  in o rg an ic  phosphate .
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31Table 2.19 P nmr Param eters  of ATP and ADP (ô  , ppm, H^PO^ E x te rn a l  S t d . )

pH
31 P chem ical s h i f t  u p f i e l d  

from
85^  H^PO^ in  ppm

Coupling c o n s ta n t  
in  Hz Reference

a-P p-P Y-P 2 j
PaOP(3

2 j
^PPOP

10& 1 1 . 7 0 22.71 6.62 20.6 21.3 83

7 .6 ^ 10.39 19.53 6.20 14.65 17.09 This vjork

7.6° 1 0 . 1 5 6.94 17.09 - This work

a = ATP b = Mg.ATP c = MgADP

•x-
The co u p l in g  c o n s ta n t

2
JpOp equa l to the  d is ta n c e between a d ja c e n t

peaks measured on a frequency  s c a le .

31From th e se  P nmr r e s u l t s  one can conclude t h a t  D -arabinose oxime 

has been p h o sp h o ry la ted ,  bu t i t  i s  not p o s s ib le  to  determ ine which 

hydroxyl group i s  in v o lv ed .  However from ’H nmr d a ta  i t  was p o s s ib le  to  

show w ith  re a so n a b le  c e r t a i n t y  t h a t  i t  was th e  C5-0H group which had been 

p h o sp h o ry la ted  to  g ive  D -arabinose  oxim e-5-phosphate . The te ch n iq u es  

u sed  cou ld  be a p p l ie d  to  o th e r  s u b s t r a t e s  i f  th ey  are  a v a i la b le  in  

s u f f i c i e n t  amount f o r  'H nmr (> 20 mg) and P nmr (>100mg).

2 . 2 . 9 . 3 .  Larger Scale  Enzymic S y n th es is  of D-Arabinose Oxime-5-phosphate

The ATP-dependent p h o sp h o ry la t io n  by y e a s t  hexokinase was nex t
88used  on a  p r e p a r a t iv e  s c a l e .  The method of Koerner _et in  a

m odified  form was f i r s t  u sed .  To s e p a ra te  th e  p ro d u c ts  o f  p h o sp h o ry la t io n  

a  Dowex 1X8 (H COO"") column^^ (pH 2 .7 )  was used  and the  e l u t e d  f r a c t i o n s  

were t e s t e d  by th e  o r c in o l  r e a c t i o n  (see  EXPERIMENTAL). However, i t  was 

observed  from a n a l y s i s  o f the  sample t h a t  h y d ro ly s is  of the  oxime group



31Table 2.20 P nmr Chemical S h i f t s  o f Sugar Phosphates
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Compound P Chemical S h i f t  
dow nfield  from 85^  

H^PO^ in  ppm
pH Reference

1 ,3-Dihydroxy-2-propanone phosphate 
dim ethyl a c e t a l

2 .8 6.5 86

1 ,3-Dihydroxy~2-propanone phosphate 1. 23* ,3 .3 3  & 4 .03 6.5 n

2 .5-Anhydro-D-mannitol
1 . 6 -d iphosphate

3.46 7 .0 t t

2 ,5 -A nhydro-D -g luc ito l 
1 ,6 -d iphospha te

3.81 & 4 .30 7.6 u

Methyl p -D -fru c to fu ra n o s id e  
1 ,6 -d iphospha te

1. 52* ,  2.91 & 3.17 7.0 1»

Methyl oc-D -fructofuranoside 
1 ,6 -d iphospha te

1. 52*, 3.29 & 4 .23 7.0 f,

P -D -fruc to fu ranose  1 ,6 -d iphospha te 2.06 & 2.32 6.15 tt

n -D -fru c to fu ran o se  1 ,6 -d ip h o sp h a te 3.17 & 4.23 6.15 tt

l y cera ldehyde  3 ,3 -d2  3 -phosphate 4 .0 t t

d im e th y la c e ta l  dicyclohexylammonium 
s a l t

D-Arabinose oxim e-5-phosphate 1. 16, 1.61 & 2.48 7.6 This work

Ino rgan ic  phosphate

had o ccu rred .  To overcome t h i s  problem the  r e a c t io n  product was passed  

through a Dowex 1 X 8B (HCO^"") column and e lu te d  w ith  a  g ra d ie n t  (O to  2M 

ammonium b ic a rb o n a te  pH 7 .5  b u f f e r ) .  Once again  from a n a ly s i s  and 'H nmr

Absence of Cl-H s ig n a l s  a t  6 ^ 7 . 0  and 6.34 Ppm and presence o f s ig n a l  a t

5 .60  ppm)of the  sample i t  was su sp ec ted  th a t  h y d ro ly s is  of the  oxime group 

had occu rred .  Since i t  was d i f f i c u l t  to  i s o l a t e  the  product D -arabinose
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oxime-5-phosphate from the  ADP and ATP p re s e n t ,  use was made of an ATP

r e g e n e ra t in g  system which re q u i re d  the  a d d i t io n  of only a very  small

amount o f ATP. The ATP i s  reformed from ADP and phosphoenol pyruvate  by

90pyruvate  k in a s e .  The method of Avigad and England was used  but m odified

in  two r e s p e c t s .  The pH of the  r e a c t i o n  m ixture was not a llow ed to  f a l l

below 4 and the  product was i s o l a t e d  as  the  l i th iu m  s a l t .  This i s  so lub le

in  w ater  and th e re fo r e  convenient to  use f o r  sp ec tro sco p ic  a n a ly s i s  and

o th e r  experim en ts .  The compound i s o l a t e d  ana lysed  f o r  C^H^QNOgP Li^.SH^O

(see experimental) .  The C, H and N v a lu es  were acc ep tab le  but in c o n s i s t e n t

r e s u l t s  were g iven  fo r  P c o n te n t .  The p u r i t y  of the  sample was confirm ed

by paper chromatography (R^ = 0 .12) (molybdate spray^^ and s i l v e r  n i t r a t e ^ ^ )

e l e c t r o p h o r e s i s , (^Yy\0-5-p" x 10 ^m^s V  \  development w ith  s i l v e r  n i t r a t e ^ ^ )

31both  gave only one sp o t .  The sample was f u r th e r  examined by 'H and P nmr 

spec tro scopy .

*H nmr; The 'H nmr spectrum of D -arabinose oxime monophosphate

d i l i th iu m  s a l t  p repa red  as mentioned above showed (see Table 2.21 and F i g . 2.18) the

presence of d o u b le ts  a t  S = 6.99 Ppm and 5 = 6.36 ppm (dow nfie ld  from TW>)
n  x l

co rrespond ing  to  the  Cl-H s ig n a l s  (see  2.2.6.1 ) o f the  a c y c l ic  syn(E)

and a n t i (Z) forms r e s p e c t iv e l y .  The in t e g r a te d  v a lu es  o f th e  two s ig n a ls

r e v e a le d  t h a t  the  compound e x i s t s  i n  s o lu t io n  in  the  syn(E )( 83^ )  and a n t i (z )

( 17^ )  forms. F u r th e r ,  i t  was observed th a t  the  C5-Ha and C5-Hb s ig n a l s  of

D -arabinose oxime-5-phosphate had s h i f t e d  by 0.11 ppm dow nfield  r e l a t i v e  t o  the

C5-Ha and C^-Hb s ig n a l s  of D -arabinose oxime. The d e sh ie ld in g  e f f e c t  on C-H

77-79p ro to n s  on pho sp h o ry la t io n  of a C-OH group has been observed p re v io u s ly .

The C4-H s ig n a l  was a l s o  s h i f t e d  dow nfield  (by O.O4 ppm), and the  C5-H and 

C4-H s ig n a l s  appeared to  be f u r th e r  s p l i t  due to  the  and ^J|jj31p

coup lin g .  The magnitudes of th e se  coup lings  were d i f f i c u l t  to  measure due to  

s ig n a l  b roaden ing . The dow nfield  s h i f t s  observed in  t h i s  case (O .II  ppm fo r  H-5
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Table 2.21 'II Chemical S h i f t s  of D-Arabinose Oxiine-5-Phosphate in  b^O 
( 6 , ppm; E x te rn a l  Std. TMS).

Compound H-1 H-2 H-3 H-4 H-5 a H-5b

b -arab inose  oxime 
(syn E-form)

6.98 3.93 3.09 3.21 3.26 3.05

b -arab inose  oxime 6.36 4 .50
(a n t i  Z-form)

b -arab inose  oxime 6.98 3.93 3.09 3.25 3.37 3.16
5-phosphate (syn E-form)

b -arab inose  oxime 5-phosphate 6.36 4 .50
( a n t i  Z-form)

and 0.04 ppm fo r  H-4) on p h o sp h o ry la t io n  were l e s s  than  those  (0 .2  ppm fo r  

G5-H and 0.05 Ppm fo r  C4-H) observed when the  ATP-dependent p h o sphory la t ion  

of b -a rab in o se  oxime by y e a s t  hexokinase was fo llow ed d i r e c t l y  ( s e c t io n  2 . 2 . 9 *1) 

This may be a s c r ib e d  to  d i f f e r e n c e s  in  pH the  s o lu t io n  in  the  former case

being  a t  pH 6 .5  w hile  in  the  l a t t e r  i t  was 7 .6 .  At pH 7*6 a  g r e a t e r

I 6.

76

h o w e v e r

p ro p o r t io n  of the  d ia n io n ic  form w i l l  be p re s e n t  than  a t  pH 6.5  /the

d ian ion  may I. show a g r e a t e r  ts h ie ld in g  th an  the  monoanion.

T1
P nmr; The P nmr p ro tondecoupled  spectrum of b -a rab in o se

31oxime-5-phosphate d i l i th iu m  s a l t  was taken  a t  pH 6 .5  and the  P s ig n a l s

appeared a t  5 ^ 4 »54, 3*67 and 2.40 (Table 2 .2 2 ) ,  in s te a d  of 8 ^ 2 .48 ,

1.61 and 1.16 ppm in  the  case when the  ATP dependent pho sp h o ry la t io n  of
(P ig .  2.17)

b -a rab in o se  oxime by hexokinase was fo llow ed  d i r e c t l y  a t  pH 7*6. / This

d i f f e re n c e  i s  a t t r i b u t e d  to  the  d i f f e re n c e  in  pH, c o n c e n tra t io n  and the 

presence of l i th iu m  in  th e  former c a s e .  This d i f f e re n c e  in  chemical s h i f t  

due to  change in  pH and presence of m etal ion  has been observed by o the r

w orkers . 8 3 ,8 5
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[ o^ po o h ] ^ " + 2H"^ 5p

[ 0 ^ P 0 0 P 0 ^ ] 4 - + 4H'^ 5 p - 1 . 7

[ 0 ^ P 0 0 P 0 ^ ] 4 - + 4 L i+ Sp + 7 -4

[C LPO O PO ^l^-
3 3 + 4K"^ 8p + 8 ,6

31Table 2.22 P Chemical S h if ts  of D -arabinose oxime-5-phosphate

^^P Chemical s h i f t s  & Ppm 
down f i e l d  from 85^  #3^04

I n te g r a te d  r a t i o s  of
31_ .P s ig n a l s

4 .54 81^

3.67 17. 4/»

2.40 1. 6/̂

The undecoT:ç)]ed s p e c t r a  showed the  presence  of broad t r i p l e t s  a t  4*54

and 3.67 ppm. This i s  thought to  be due to  ^J,%31p coup ling  w ith  f u r th e r

4 fsm all s p l i t t i n g  due to  J ,p31p  co u p lin g .  The s ig n a l  a t  0^ 4«54 ppm was

ass ig n ed  to  the  a c y c l ic  syn(e ) - form of D -arabinose oxime monophosphate

d i l i th iu m  s a l t ,  and the  phosphate group was presumed to  be a t ta c h e d  to  the

31C5-OH group s ince  the  undecoupled P spectrum gave a broad t r i p l e t  due to  

^J,H 31p and ^J,%31p c o u p lin g .  This ^J,%31p coup ling  has been observed 

by G.R. Gray^^ fo r  D -fru c to se  1,6 d iphosphate  and o th e r  r e l a t e d  mono- and 

d ip h o sp h a tes .  He observed a 1:2:1 t r i p l e t  due to  ^J,p31p co u p lin g .  The 

s ig n a l  a t  6 ^ 3*67 ppm was a s s ig n e d  to  the  a c y c l ic  a n t i (z) -form of 

D -arabinose oxime monophosphate. Once again  i t  was a t r i p l e t  and th e re fo re  

i s  thought to  a r i s e  from a prim ary phosphomonoester a t ta c h e d  a t  the  C5 p o s i t i o n .  

This s ig n a l  cannot a r i s e  from a secondary monoester as then  i t  would give a 

double t or q u a r t e t  in  the  undecoupled spectrum. Also i t  cannot be due to  a 

c y c l i c  5-membered ( 34) or 6-membered (35) phosphate e s t e r .  This i s  because
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in  the  former case the P resonance appears  a t  5^ 15.0 ppm^^’^^ and in  

the l a t t e r  case a t  5^  - 8 .0  ppm?^’^^. Also the  s ig n a l  cannot a r i s e  from a 

c y c l ic  isomer ( l7 c )  of D -arabinose oxime-5-phosphate as the  'H nmr showed 

the presence of syn(E) and a n t i (Z) forms, so a l so  d id  the  nmr ( to  be 

d iscu ssed  l a t e r ) .

IHGH

17C

11T h ere fo re ,  i t  seems t h a t  the  P s ig n a l  a t  5^ 3.67 ppm corresponds

to  the  a c y c l ic  a n t i (z )-fo rm  of D -arabinose oxim e-5-phosphate.

31 rThe P s ig n a l  a t  0^ 2.40 cou ld  p o s s ib ly  be due to  a  c y c l i c ,

fu ranose  isomer of P -a rab in o se  oxime-5-phosphate or an ino rgan ic  phosphate .

I t  was d i f f i c u l t  to  a s s ig n  t h i s  s ig n a l  w ith  c e r t a i n t y  as  i t  was p re se n t

to  the  e x te n t  of only 1 .6^  and th e re f o r e  would be very  d i f f i c u l t  to

13observe in  tbe  ’H and C nmr.

The assignment of the  s ig n a l s  a t  5 ^  4*54 and 5^ 3.67 ppm to  the

a c y c l ic  syn(E ) (8 l^ )  and a n t i ( l 7 .4^)  forms of D -arabinose oxime-5-phosphate

ag rees  w ith  the  ’H nmr d a ta ,  which shows the  p resence of a m ixture  of

a c y c l ic  syn(E) (83^) and a n t i ( z ) ( l 7^) forms.

1  ̂ 1 ^C nmr; The (PFT) 0 nmr o f the  s y n th e t ic  D -arabinose oxime

monophosphate d i l i th iu m  s a l t  p repa red  was o b ta in e d .  The broad

band p ro to n  decoupled spectrum, th e  o f f  resonance spectrum and th e  p ro ton
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undecouple d  spectrum were ta k en .

A ppreciab le  ^ c h e m i c a l  s h i f t s  have been observed^^ on

p h o sp h o ry la t io n  o f  hydroxyl groups o f sugars  and n u c le o t id e s  (see

13Table 2 ,2 3 ) .  Also two band and th r e e  bond couplings between C

and have been observed^^ (Table 2.24) • Dorman and Roberts^^^

13 31noted  th a t  th e  th r e e  bo,nd coup ling  between C and P was g r e a t e r

th a n  th e  two bo.nd coup ling .  This has been a l s o  observed by o th e r

workers (see Table 2 .2 4 ) .  F u r th e r ,  th e  th r e e  band couplings between

and have been shown p re v io u s ly ,  98,100 analogy with th e

31behaviour o f  th r e e  band couplings  f o r  P OC*H and *HCC*H to  depend

31 13on th e  d ih e d ra l  angle  between th e  POO and OC C p lanes  with a l a rg e r

coup ling  be ing  expected  f o r  t r a n s  rotam ers and sm a l le r  one fo r

gauche ro tam ers .  This p rov ides  an e s t im a t io n  of th e  p r e f e r r e d  rotamer,

Table 2.23 S h ie ld in g  D if fe re n c e s  (ppm)^ between th e  Phosphorylated

D e r iv a t iv e s  and th e  O r ig in a l  Compounds

Compound C—1 C-2 C-3 C-4 c-5 C-6 References

a-D-Mannos e - 6-phosphat e +0 .3 4O .I - 0 .2 -0 .8
or

- 0 .4

- 0 .3 +2.1 99

3-D-4îannos e-6-phosphat e +0 .3 4O .I - 0 .3 0
or

- 0 .4

- 0 .4 +2.1 99

3-F ru c t  0 s e-6-phos phat e -0 .1 0 -0 .3 -0 .1 - 0 .7 +2.1 101

3’-U r id in e  monophosphate^ -0 . 9 - 0 .8 +0 .5 - 0 .3 +2.5 - 95
3 *-U rid in e  monophosphat e^ -0 .2 -0 .2 +2 • 6 -0 . 5 0 - 95
3’-U r id in e  monophosphate^ - 0 .3 +1.7 4O .4 0 0 - 95
3’-Adenosine mono

phosphat
- 0 .5 +1.2 +1.2 -0 .3 +3.5 — 102

^ = A p o s i t i v e  d i f f e r e n c e  in d ic a te s  t h a t  th e  resonance in  th e  phosphory la ted  
d e r iv a t iv e  occurs a t  a lower f i e l d ,  

b 13
= C Chemical s h i f t s  o f  r ib o se  p a r t  o f th e  n u c le o t id e  g iven .
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31 13Table P .24 P -  G Coupling C o n s tan ts  o f  Monophosphates in  Hertz

Compound 3j
31p_13g References

a-D-Manno s e - 6-ph o s phat e 5 .0 (d) 7 .0 (d) 99

3-D-Manno s e - 6-pho s phat e 5 .0 (d) 7 .0 (d) 99

3 -F ru c to se -6-phosphate 4 . 2 (d) 7 . 3 (d) 101

5 ’-U rid in e  monophosphate 4 . 5 (d) 8 . 5 (d) 95

5 ’-Adenosine monophosphate 3 . 9 (d) 7 . 9 (d) 102

1 3Thus, from Table 2.23 i t  can be seen th a t  th e  C chemical s h i f t  

13of th e  C-OH which i s  phosphory la ted  i s  d esh ie ld ed  by about + 2 . 0  ppm

2 3and a lso  shows s p l i t t i n g  due to  and coup ling .
d l p l f c  p'^C

13In  th e  case o f  D -arabinose  oxime monophosphate, th e  C nmr

showed th e  p resence  of sy n (E) (8l . 5 ^  and a n t i (z) ( 18.5^0 form s. The 
1 ^C chemical s h i f t s  (Table 2.25) were a ss ig n ed  by comparison w ith 

D -arabinose  oxime and as mentioned in  (2.2.7).

13Table 2.25 C Chemical S h i f t s  o f D-Arabinose Oxime Monophosphate in  

DgO ( 6^» ppm: TSP, .l.nternal Standard)

Compound C-1 C-2 c-3 C-4 ■ C-5

D-Arabinose oxime (syn E-form) 155.1 71.1 74.9 73.4 65.4
D-Arabinose oxime monophosphate 155.6 71.2 74.2 72. 8^ 67 .7°
(syn E-form) + 0 . 5a + 0 . ia -O .7& - 0 .6 a +2 . 3*

D-Arabinose oxime ( a n t i  Z-form) 156.0 67.1 74.1 73.4 65.4
D-Arabinose oxime monophosphate 156.5 67.1 73.6 72 . 8^ 67 . 7°
( a n t i  Z-form) + 0 . 5a 0 ^ -O .5& -0.6& +2.3*

Chemical s h i f t  d i f f e r e n c e  w ith p o s i t i v e  value  i n d i c a t i n g  dow nfield s h i f t s

'^31p_13c = 5*9 Hz (doublet) °  = 4 , 4  Hz (d o u b le t ) .
F— Q
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From th e  d a ta  in  Table 2.25 i t  can be concluded th a t  th e  C5-0H 

group has been phosphory la ted  in  D -arabinose  oxime monophosphate. The 

s h i f t  d i f f e r e n c e  o f  +2.3 ppm agrees  with th e  va lues  ob ta in ed  by o th e r  

workers shown in  Table 2 .23 . Also th e  va lues  o f  th e  two b_nd ( )

coup ling  o f  4 .4  Hz and th r e e  b „nd ( ... ) coup ling  of 5*9 Hz

a re  s im i l a r  to  th o se  o b ta in ed  by o th e r  workers (Table 2 .2 4 ) j t h i s  

f u r t h e r  confirms th a t  D -arabinose  oxim e-5-phosphate has been formed.

Moreover, th e  t h r e e  b; nd coup ling  a lso  confirms th e  C-4 resonance 

assignment in  D -arabinose  oxime.

31Thus, from paper chromatography, e l e c t ro p h o re s i s ,  ’H n m r , P nmr 

13and C nmr evidence . i t  can be concluded th a t  D -arabinose oxime-5-

phosphate has been formed and i t  e x i s t s  predom inantly  in  th e  a c y c l ic

form as a m ixture o f synE( 8 3 ^  and a n t i  z( 17^ forms The y ie ld

o f  th e  product was 66 . 3%.
2 .2 .10  Chemical Syn thes is  o f  D-Arabinose Qxime-5-Phosphate

A number o f  chemical techn iques  to  ach ieve th e  

s e l e c t i v e  p h o sp h o ry la t io n  o f  sugars  have been proposed.

An a ttem pt was made to  chem ica lly  p rep a re  th e  5“PHosphate o f  D -arabinose

oxime by K. S ch u tz n e r’ s procedure^^^ u s in g  a reagen t composed of

t r im e th y l  phosphate  and phosphoryl c h lo r id e .  The product ob ta ined

ana ly sed  c o r r e c t l y  f o r  D -arabinose  oxime monophosphate d i l i th iu m  s a l t

(see  experimental) . Paper chromatography and e le c t ro p h o re s is  r e s u l t s

showed th a t  phosphate  o f  D -arabinose  oxime has been formed. The

in f r a - r e d  spectrum showed th e p re se n ce  o f  a C=N group ( I 68O cm )̂

as w ell as a phosphate group ( 1100 cm ^ ) .  ’H nmr gave a q u a r t et
unphosphoryla ted  sy n (E) D -arabinose 

a t  Sg 7.58 ppm s h i f t e d  by 0 .5 ppm from t h e /  oxime and was a ss ig n ed  to

a  Cl p ro to n .  The s p l i t t i n g  was due to  ^ J ’H-’H and ^ J^ ^P -’H coup ling .
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Table 2.26 P h y s ica l  Data o f D-Arabinose Oxime Monophosphate (Chemically 
S y n th e s i s e d ) .

Paper
Chromatography

E le c t r o 
p h o re s is
Mx

I .R .* *

cm ^

X-
’H nmr 

GpPpm
*13 C nmr 

ppm
3loP nmr 

ppm

3340 s(OH)

2940 w(CH)

0.12 5 .0x io"9 1680 w(C=N) 7.58 (q)* 155-3^ 4 .9 6

n f s - l v - l 1660 m(C=N)
154-5° 4.56

**1100 s(p=0) 1 5 4 -H 4.29
**1000 s(POC) 99-2® 4.02

D̂ O I n te r n a l  S tandard  TSP

**
L i t . ,  1100 cm  ̂ s (P=0), 990 cm %  (POC) , KBr d is c

* “ 2^95 H e r tz .  -*H = 5-0 h e r tz
P - ’H

H 3j3lp_13Q _ 3,0 H ertz  A cyclic  a n t i (Z^D-arabinose oxime N-O-phosphate 

c 3t = 3 . 0  H ertz A cyclic  s y n fE)D-arabinose oxime N-0-phosphate
31pJ3c

^ A cyclic  synfE) D -arab inose  oxime monophosphate 

 ̂ C yclic  p -a ra b in o se  oxime monophosphate.

These r e s u l t s  in d ic a te d  th a t  th e  oxime group has been phosphory la ted  in  

th e  r e a c t io n .



108

The p ro to n  decoupled (PPT) ^^0 nmr showed th e  p resence o f  fo u r  s p e c ie s .

S igna ls  a t  155*3 and 8^ 154*5 ppm (doub le ts )  a r e  thought to  
1 3correspond to  th e  01 s ig n a l s  o f th e  a c y c l i c  syn ( E ) and a n t i  (z)

forms o f  th e  N -phosphorylated  D -arabinose  oxime, vjhile th e  s ig n a l s  a t
13

&Q 154*1 and 8^  99*2 ppm a re  thought to  correspond to  th e  01

13of  a c y c l ic  syn(E^ form and 01 o f c y c l ic  D -arabinose  oxime monophosphate 

w ith  th e  phosphate group s i t u a t e d  on th e  05 atom. Schutzner’s'*^^ 

p rocedure  i s  supposed to  p r e f e r e n t i a l l y  phosphory la te  th e  prim ary  OH 

g ro u p .

F in a l ly ,  th e  p ro to n  decoupled nmr (Table 2.26) 

shows th e  p resence  o f  fo u r  main forms which could correspond to  th e  

a c y c l ic  syn (E) and a n t i (z) forms o f  th e  D -arabinose oxime H-phosphate 

th e  a c y c l i c  D -arabinose  oxim e-5-phosphate and c y c l ic  D -arabinose 

oxime-5-phosphat e .

Thus, i t  appears  from th e  above evidence th a t  th e  chemical 

p h o sp h o ry la t io n  o f D -arab inose  oxime has g iven  a m ixture  o f  a c y c l ic  

N- and ^ -phospha tes  a n d /o r  a c y c l ic  ^ -phosphate  o f D -arabinose oxime 

T here fo re ,  to  p rep a re  th e  5 o r  6-phosphate o f th e  pen tose  and hexose 

oximes chem ica lly  one would need to  use b lo c k in g  groups to  p ro te c t  th e  

oxime fu n c t io n a l  group. An a l t e r n a t i v e  approach might be to  in tro d u ce  

th e  oxime fu n c t io n  a f t e r 'p h o s p h o r y la t io n  under co n d i t io n s  such th a t  

d ephosphory la t ion  w i l l  not occur.

Thus, from th e  above evidence i t  seems th a t  th e  ATP-dependent 

ph o sp h o ry la t io n  by y e a s t  hexokinase i s  a  convenient method f o r  th e  

p r e p a ra t io n  o f  th e  r e q u ire d  prim ary  phosphate e s t e r s .
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Thus, in  th e  case o f  th e  carbohydrate  oximes i n f r a - r e d  and Raman

s p ec tro sco p y  he lped  in  d i s t i n g u i s h in g  between th e  c y c l ic  and a c y c l ic  s t r u c t u r e  

13w hile ’H nmr and C nmr a s s i s t e d  in  a r r i v i n g  a t  t h e i r  s t r u c t u r e s  in  th e

s o l i d  s t a t e  and th e  p ro p o r t io n s  o f  isomers p re sen t  in  s o lu t io n  a t

e q u i l ib r iu m .  These r e s u l t s  were f u r t h e r  supported  but not

u n eq u iv o ca lly  confirmed by p e r io d a te  o x id a t io n ,  gas l i q u id

chromatography and mass sp ec tro sco p y . F u r th e r ,  in  th e  case of

D-glucose oxime and D -arabinose  oxime ( sy n (E) and a n t i (Z) forms)

X -ray c ry s ta l lo g r a p h ic  d a ta  s u b s t a n t i a t e d  t h e i r  s t r u c t u r e s  a r r iv e d  a t

by th e  above mentioned techn iques  used in  t h i s  work, and he lped  in

13confirm ing  th e  ’H nmr and C nmr s ig n a l  assignm ents of th e  a c y c l ic  

sy n (E) and a n t i (z) forms based on chemical s h i f t  c o r r e l a t i o n s .

The knowledge o f th e  s t r u c t u r e s  o f th e  carbohydrate  oximes in  th e  

s o l i d  s t a t e  and o f  th e  d i f f e r e n t  isom eric  forms p re se n t  in  s o lu t io n  

w i l l  be o f  use in  b iochem ical work, e s p e c i a l l y  in  s tu d y in g  t h e i r  

in t e r a c t i o n s  w ith  y eas t  hexokinase (CHAPTER 4) and D-xylose isom erase 

( chapter 5) • Moreover, th e  i s o l a t i o n  and c h a r a c t e r i s a t i o n  o f  

D -arab inose  oxim e-5-phosphate ob ta ined  by making use o f  th e  ATP- 

dependent p h o sp h o ry la t io n  by y eas t  hexokinase r e v e a ls  a s e l e c t  ive  

pathway f o r  p h o sp h o ry la t io n  o f  carbohydrate  oximes which a re  s u b s t r a te s  

o f  y eas t  hexokinase ,  compared to  th e  chemical s y n th e s is  which y ie ld e d  

a  m ix ture  o f  D -arab inose  oxime monophosphates. The a v a i l a b i l i t y  

o f  D -arabinose  oxim e-5-phosphate w i l l  a l low  in v e s t ig a t io n s  o f  i t s  p o s s ib le  

a c t io n  as a t r a n s i t i o n - s t a t e  analogue i n h i b i t o r  o f  th e  g ly c o ly t i c  

enzyme g lucose-6 -phospha te  isom erase .
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2 .3  EXPERIMENTAL

2 . 3.1 General Techniques

’H NMR: ’H nmr s p e c t r a  were recorded  on Varian EM 360,

HA 100, HR 220 (PCMU) o r  Brucker HX 360 (U n iv e rs i ty  of Groningen,

N ether lands ,  co u r te sy  o f Dr Kaptein) sp e c tro m e te rs .

13 13C NMR: C nmr s p e c t r a  were recorded  on a Brucker

HX 9OE (PGMU or Kings College, U n iv e r s i ty  o f  London) spec trom ete r  

o p e ra t in g  a t  22.63 MHz.

31 31P NMR: P nmr s p e c t r a  were recorded  on a Brucker

HX 9OE (Kings C ollege, U n iv e r s i ty  o f London) spec trom ete r  o p e ra t in g  

a t  36.431 MHz.

A ll  s p e c t r a  were run a t  ambient tem p era tu re .  The re fe re n c e  f o r  

deuterium  oxide (D^O) s o lu t i o n  was 3 - ( t r im e th y l s i ly l ) - p r o p a n e  

su lphon ic  a c id  sodium s a l t  (TSP) f o r  ’H and C nmr, f o r  o th e r  

s o lu t io n s  t e t r a m e th y ls i la n e  (TMS) was ta k en  as an i n t e r n a l  or e x te rn a l  

s tan d a rd  w hile  f o r  ^^P nmr phosphoric  a c id  ( e x te rn a l  s tandard) was 

used .  Spectrum s im u la t io n  was c a r r i e d  out i n  some cases u s in g

program UEA NMR BAS f i l e d  a t  th e  U n iv e r s i ty  o f  London Computer Centre

in  co n ju n c tio n  w ith  a  p l o t t i n g  ro u t in e  LIBRARY RHC PLOT developed a t  

Royal Holloway College C en tra l  Computer S e rv ic e s .

Infra-red Spectroscopy: I n f r a - r e d  s p e c t r a  were recorded

w ith  Perkin-E lm er 337 and Perkin-E lm er 225 (PCMU) sp ec tro m e te rs .

D iscs were p repared  u s in g  potassium  bromide (1^ w/w), and s p e c t r a  were
-1 -1 -1 -1observed i n  th e  range 4OOO cm to  4OO cm or  4OOO cm to  200 cm .
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Raman Spectroscopy: Raman s p e c t r a  were ta k en  o f powdered

s o l id s  o r  s a tu r a t e d  aqueous s o lu t io n s  u s in g  a Coderg PRO 

sp ec trom ete r  and CR Argon Krypton mixed gas l a s e r  on th e  red  l i n e  

( 6471X) or a Cary 8l ins trum en t on th e  yellow l i n e .

Gas L iquid  Chromatography: Gas l i q u id  chromatography

( g . l . c . )  was c a r r i e d  out w ith a Pye IO4 dual column chromatograph

equipped w ith  flame i o n i s a t i o n  d e t e c to r s .  The r e t e n t io n  tim es and

peak a rea s  were measured hy a Hewlett Packard 3370B/T1B in t e g r a to r

which was connected to  th e  gas chromatograph. N itrogen  was employed

3 -1as a c a r r i e r  gas a t  a flow r a t e  o f  40 cm min . The g la s s  columns 

(9  ̂ X O.23’0 and ( 6 .3 ’ x 0 .23") were packed with th e  fo llow ing  

s t a t i o n a r y  phases :

( i )  yjo OV-223 on chromosorh Q, 8O-IOO mesh, 168° .  

i )  7 . 3^  OV-I7 on chromosorh W, 80-100 mesh, 138° .

The g . l . c .  was performed on th e  t r i m e t h y l s i l y l  d e r iv a t iv e s  o f 

th e  carbohydra te  oximes hy (a) d i r e c t  o r (h) in d i r e c t  procedures 

o f  G. P e te rs s o n .^ ^

(a) To a s o lu t i o n  or suspension  o f  th e  sample (10 mg) in  dry  

p y r id in e  ( l  cm^), hexam eth y ld is i la zan e  (HMDS, 0 .33  om^) fo llow ed hy 

t r i m e t h y l s i l y l  c h lo r id e  (TMSC, 0.173 cm^) was added. The r e a c t io n  

was completed hy shak ing  th e  m ixture f o r  a t  l e a s t  2 h a t  room 

te m p e ra tu re .  The p r e c i p i t a t e  was removed hy c e n t r i f u g a t io n  and th e  

su p e rn a te n t  l i q u i d  was used d i r e c t l y  f o r  subsequent g . l . c .  work.

(h) To a s o lu t io n  o r suspension  o f  f r e e  sugar (10-12 mg) i n  dry  

p y r id in e  ( l  crn^) was added hydroxylamine h y d roch lo r ide  ( 6 - 8  mg)*

The s o lu t io n  was shaken f o r  2 h a t  room te m p era tu re .  This r e s u l t e d
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i n  th e  fo rm ation  of th e  oxime whose t r im e th y l  s i l y l  d e r iv a t iv e  was 

made as d e sc r ib e d  in  (&)«

Mass Spectrom etry : Low and h igh  r e s o lu t i o n  mass s p e c t r a

were recorded  on a VG Micromass 12F or A .E .I .  MS-902 (PCMU) 

sp ec tro m e te rs .  A d i r e c t  i n s e r t i o n  method was used with an i o n i s a t io n  

p o t e n t i a l  o f  70 eV and a t r a p  cu r re n t  o f  100 uA.

P o la r im e try :  O p tica l  r o t a t i o n s  o f  aqueous s o lu t io n s  were

measured on a Perkin-E lm er 141 p o la r im e te r ,  o p e ra t in g  on th e  sodium D l i n e  

(589 nm) u s in g  a 1 cm^ ja c k e te d  g la ss  c e l l .

Paper Chromatography: Descending an d /o r  ascending

chromatography was c a r r i e d  out w ith Whatman No.1 and No.3 MM p ap e rs .

The so lv en t  systems used w e re :-

(a) n -b u ta n o l ,  e th a n o l ,  w ater (4 0 : 11:19 v/v) 
an d /o r

(b) a c e t o n i t r i l e ,  0.1M ammonium a c e ta t e  pH 7.0 (60:40 v/v) 
an d /o r

(c) d i i so p ro p y l  e th e r ,  form ic ac id  (3 : 2 , v/v)

The components were d e te c te d  by v i s u a l i s i n g  th e  spo ts  by ( i)  

s i l v e r  n i t r a t e  dip^^ o r  ( i i )  oxime spray^^^ o r ( i i i )  g lucose oxidase

112  /  \  91spray  reagen t or ( iv) phosphate sp ray .
qp

( i )  S i lv e r  n i t r a t e  d ip  reagen t : 'The paper i s  dipped through

th r e e  s o lu t io n s  in  su ccess io n

(a) A s a tu r a t e d  aqueous s o lu t i o n  o f  s i l v e r  n i t r a t e  (5 cm^) in  ace tone  

(1000 cm^) and w ater  (20 cm^) .

(b) E th a n o lic  sodium hydroxide s o lu t i o n  c o n ta in in g  sodium hydroxide 

(2 g ) , e thano l (98 cm/) and w ater (2 cm^).

(c) An aqueous s o lu t i o n  of sodium th io s u lp h a te  p en tahyd ra te  (lO^ w/w) . 

A dark  spot in d ic a te s  reduc ing  su g a rs .
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111( i i )  Oxime sp ray  : A m ixture o f  f e r r i c  c h lo r id e  (PeCl^ôH^O,

0 .5  g ) ; w a te r  ( 3O cm/), fo rm a lin  (10 cm/) and methanol (10 cm/) was 

p rep a red .  A p u rp le  co lour in d i c a te s  th e  p resence  o f  an oxime.

( i i i )  Glucose oxidase  sp ray  r e a g e n t ' G l u c o s t a t *  k i t  

(W orthington Biochemical Company) made up as d i r e c t e d .  A p ink 

co lou r  (immediately) in d i c a te s  th e  p resence  o f (3-B-glucose.

( iv) Phosphate sp ra y ^ ^ : 70^ P e rc h lo r ic  a c id  (9 cm^) was

ta k en  and to  t h i s  co n ce n tra te d  h y d ro c h lo r ic  a c id  ( l . 7  cm/),ammonium 

molyhdate (2 g ) , e th y len e  d ia m in o te t r a a c e ta te  disodium s a l t

(Nag EDTA, 0 .2  g) were added and th e  s o lu t io n  was made up to  200 cm  ̂

w ith  d e io n ised  w a te r .

E le c t ro p h o re s i s :  Paper e l e c t ro p h o re s is  was c a r r i e d  out

on Whatman No.3 MM paper u s in g  a Shandon High V oltage E le c tro p h o re s is

ap p a ra tu s  L24 f o r  I .5 h a t  3.0 kV w ith  O.5 M phosphate b u f f e r

(pH 7 .0) as e l e c t r o l y t e .  The paper was developed by s i l v e r

92n i t r a t e  d ip  r e a g e n t . D-Glucose and D -arabinose oxime were ta k en  

as th e  n on -m ig ra ting  m arkers.

P e r io d a te  O xida tion ;
38(a) D eterm ina tion  o f p e r io d a te  consumed :

0.015 M s o lu t io n s  o f sodium m etaperioda te  and sodium

io d a te  were p repared  and a l iq u o t s  (1 cm/) from each were withdrawn 

and d i lu te d  to  250 cm^ w ith  d e io n ised  w a te r .  The absorbance of the  

r e s u l t i n g  s o lu t io n s  were measured a t  222.5 rmi on an SP ^00  

spec tropho tom eter  u s in g  d e io n ised  w ater as a b lan k .  A l i n e a r  c a l i b r a t i o n  

curve was p l o t t e d  o f absorbance versus  pe rcen t ion  com position of  the  

s o lu t io n  from th e  read in g s  o f  th e se  two s o lu t io n s  assuming th a t  th e
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p e r io d a te  s o lu t io n  con ta ined  100% 10^ and 0% 10^ while th e

1 “  1 “io d a te  s o lu t io n  con ta ined  100% 10^ and 0% 10^ io n s .

The sample under in v e s t ig a t i o n  (8-10 mg) was a c c u r a te ly  weighed 

and d is so lv e d  in  0.015M sodium m etaperioda te  s o lu t i o n  (10 cm/).

The r e s u l t i n g  s o lu t io n  was incubated  in  th e  dark a t  room tem p era tu re .  

A liquo ts  (1 cm/) were removed p e r io d i c a l ly ,  d i l u t e d  to  250 cm^ w ith  

d e io n ised  v ja te r , and th e  absorbance measured. This was continued  t i l l  

a cons tan t  re a d in g  was o b ta in e d .  The c a l i b r a t i o n  curve was used to  

deduce th e  number o f  moles o f p e r io d a te  consumed p e r  mole of sample 

from th e  absorbance re a d in g .  To check th e  accuracy  of th e  method 

2 ,5 -0-m ethy lene-D -m annito l was used as a s tan d a rd  a t  th e  same t im e .

(b) E s tim a t io n  of  formaldehyde^^: Formaldehyde e s t im a t io n  was

c a r r i e d  out on th e  p e r io d a te -o x id is e d  s o lu t io n  s p e c tro p h o to m e tr ic a l ly  

by i t s  co lour r e a c t io n  w ith  chromotropic a c id  reagen t (chromotropic 

a c id  sodium s a l t ,  1 g; w ater ,  100 cm^ and th e  s o lu t io n  was made up 

t o  500 cm^ w ith  12.5 M su lp h u r ic  a c id ;  th e  absorbance o f

chrom otropic a c id  should  not exceed 0.1 a t  570 nm). A f te r  cons tan t 

r e a d in g  was ob ta in ed  (5 h) f o r  th e  p e r io d a te -o x id is e d  s o lu t io n  of th e  

samples and s ta n d a rd ,  a l iq u o t s  ( l  cm/) were withdrawn and d i l u t e d  to  

10 cm^ w ith  d e io n ise d  w a te r .  The s tan d a rd  s o lu t io n  had a l iq u o t s  

(1 cm/) d i l u t e d  to  20 cm  ̂ and 5O cm^ a l s o .  To a p o r t io n  ( l  cm/) from 

each o f  th e  d i l u t e d  s o lu t io n s  was added aqueous sodium s u lp h i t e  

s o lu t io n  (20% w/v, 0 .1  cm/) and chromotropic a c id  reagen t (8 .4  cm/).

A b lank  of d e io n ise d  w ater ( l  cm/) was s i m i l a r l y  t r e a t e d .  The 

samples were hea ted  on a b o i l i n g  w ater  ba th  f o r  1 h ( those  samples 

t h a t  con ta ined  formaldehyde developed a v i o l e t  c o l o u r a t i o n ) . A f te r  

c o o lin g ,  aqueous th io u re a  s o lu t io n  (0 . 4% w/v, O.5 cm/) was added to  

each sample. The absorbance was read  a t  570 nm a g a in s t  th e  b lank
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s o lu t io n  as r e f e r e n c e .  A l i n e a r  c a l i b r a t i o n  graph was p lo t t e d  from 

th e  t h r e e  absorbances ob ta ined  f o r  th e  s tan d a rd  2 ,5 -0 -m ethyl-D - 

m annito l a g a in s t  th e  c a lc u la te d  formaldehyde c o n c e n t r a t io n s . The 

formaldehyde l i b e r a t e d  by th e  t e s t  samples were deduced from t h i s  

g ra p h .

(c) E s tim a t io n  o f  form ic ac id ^^ :  Two drops e thy lene  g ly co l  was

added ( to  d e s t ro y  any excess p e r io d a te )  to  a l iq u o t s  (5 cm/) o f  each 

o f  th e  p e r io d a te -o x id i s e d  s o lu t io n s  a f t e r  cons tan t r e ad in g  was 

ach ieved , and t h i s  was t i t r a t e d  a g a in s t  0 . 0 1M sodium hydroxide s o lu t io n ,  

u s in g  methyl re d  as i n d i c a to r .  A sample from th e  bulk  sodium 

p e r io d a te  s o lu t io n  (0.015M) was s im i l a r l y  t r e a t e d .  The d i f f e r e n c e  

in  th e  t i t r e  read in g s  was tak en  to  o b ta in  th e  formic a c id  l i b e r a t e d  

by th e  p e r io d a te  o x id a t io n  o f th e  t e s t  samples.

M elt ing  P o in ts

The m e lt in g  p o in t s  were recorded  on a Gallenkamp or Thomas-  

Hoover ap p a ra tu s  (u n c o r r e c te d ) .

Elem ental A nalys is

Micro e lem enta l a n a ly s i s  were performed by th e  School o f  

Pharmacy (U n iv e rs i ty  of London) , B utte rw orths  M ic ro a n a ly t ic a l  

Consultancy (Teddington) and Bernhardt s(Uermany) .

2 .3 .2  D-Glucose oxime:

Powdered hydroxylamine h y d roch lo r ide  (70 g) i n  dry  

methanol (300 cm^) was n e u t r a l i s e d  w ith  a s o lu t io n  of sodium methoxide 

(20 g sodium in  100 cm^ m e thano l) . The n e u t r a l i s e d  s o lu t io n  was 

cooled , f i l t e r e d  and washed w ith  d ry  methanol (200 crn^). The combined 

f i l t r a t e  and washings were shown to  c o n ta in  0 .64  mol o f  hydroxylamine
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(64% of th e  o r ig in a l )  hy r e a c t io n  w ith  an excess of 0 .0 1 6M potassium

hromate fo llow ed  hy re d u c t io n  o f th e  excess hromate w ith  hydrogen

iod ide  and t i t r a t i o n  of th e  l i b e r a t e d  iod ine  w ith  0 . 1M sodium

th io s u lp h a te  ( th e  c o n c e n tra t io n  o f hydroxylamine can a lso  be

determ ined by P.W. F i t z p a t r i c k  and J .D .  G e tt le r^ ^  and H. Omura e^ a l . ^ ^ ^

procedures)  . Tlie m ethano lic  hydroxyl amine s o lu t i o n  was re f lu x e d

in  a w a te r -b a th  and powdered anhydrous D-glucose ( l 10 g, 0 . 6 l mol)

was added s low ly . The s o lu t i o n  was c o n ce n tra te d ,  l e f t  a t  room

tem pera tu re  ove rn igh t and d r ie d  in  a d e s s i c a t o r .  The d ry  s o l id

was powdered, d is so lv e d  in  80% aqueous methanol (v/v) and allow ed to

c r y s t a l l i s e  in  a  f r e e z e r .  R e c r y s t a l l i s a t i o n  was c a r r i e d  out from

70% methanol  ̂ fo llow ed  by 60% methanol and gave t r u n c a te d  prisms

(53 g, 45fo), m.p. 141° ( L i t O  137. 5° ,  L i t . , ^136-137°; L i t . , ^  141°)

(Pound: C, 36.7; H, 6 .8 ;  N, J . 2 .  C a t .  f o r  CgH^^KOg! C, 36 .9 ;

H, 6 .7 ;  N, 7 . 2 ^ ,  i n i t i a l  - 8 .0 4 ° ,  f i n a l  - 1 .9 2 °  (c 2 .6  in

HgO) [ L i t .  f i n a l - 2 .2 °  (c 9 .4  in  H20)] ( th e  m u ta ro ta t io n  was

observed to  be complex, i . e . i n i t i a l l y  the  r o t a t i o n  decreased  but

a f t e r  0 .5  h, i t  in c re a s e d  u n t i l  i t  reached  a  co n s ta n t  va lue  a f t e r

about 10 h ) ;  paper chrom atography, D-glucose oxime was s p o t te d  on

Whatman 1 paper and developed u s in g  so lv en t  A. A fte r  development

111the  papers  were sprayed  s e p a ra te ly  w ith  the oxime spray  ( v i o l e t

112c o lo u ra t io n ) ,  and g lucose oxidase spray  (no immediate pink
92

c o lo u ra t io n )  and t r e a t e d  w ith  s i l v e r  n i t r a t e  d ip  reag en t u s in g  

D-glucose as s tan d a rd  (dark  s p o t ) ,  R^ of D-glucose oxime = 1.13;

i . r .  (KBr) 9SO cm  ̂ ( s ,  N-0^^^) and 89I cm  ̂ (sharp  and m,

r in g  b r e a th in g ^ ^ ) ; Raman v ( s a tu r a t e d  aqueous s o lu t io n )  I 648 cm ^

and 1653 cm  ̂ (c = N) not g iven  by powdered c r y s t a l s  or w ater;
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p e r io d a te  ox ida tion -D -g lucose  oxime consumed^^ 2. 4 , 3 . 2 , 4 .2  and 4 .2  

mol. equ iv . of p e r io d a te  a f t e r  0 . 5 , 1. 25 , 4 and 5 b r e s p e c t iv e l y ,  

and l i b e r a t e d  no form aldehyde,^^ and 1.95 mol equ iv . of formic acid^^  

a f t e r  4 h; g . l . c .  of t r i m e t h y l s i l y l  d e r iv a t iv e ,  two peaks having 

r e t e n t i o n  tim es of 1.49 (major) and 1.37 (minor) r e l a t i v e  to  the 

t r i m e t h y l s i l y l  d e r iv a t iv e  o fq-^g lucose  ; mass s p e c t r a ,  m/e 196 

(^6^44^^6' 1 ) ,  f o r  'II nmr and  ̂ nmr d a ta  see Tables 2*5, 2 .6 ,  2.14

2 . 3 .3  D-Arabinose oxime:

D-Arabinose oxime was p repared  e s s e n t i a l l y  accord ing  

10 11to  the  method of H ockett ,  ’ except 28 g of hydroxylamine h yd roch lo r ide

was used  in  90^ e th a n o l  (aqueous, v /v ) .  The pH of the  hydroxylamine

s o lu t i o n  was a d ju s te d  to  6 ,5  w ith  sodium ethox ide  s o lu t i o n  (10 g

sodium in  100 cm^ dry e th a n o l ) .  The s o lu t io n  was coo led  and

f i l t e r e d .  The f i l t r a t e  and washings (IOO cm^ e th a n o l)  were

c o l l e c t e d  ( th e  c o n c e n t ra t io n  of hydroxylamine was found to  be 66%

of the  o r ig i n a l  as  d e sc r ib e d  ea r l ie r2 .3 2 )  and r e f lu x e d  on a w a te r-b a th

a t  60° -  70° and D -arabinose (36 g, 0.24 m ol.)  was added slowly with

s t i r r i n g  (about 3 -  4 h ) . The crude product was c o n c e n tra te d  under

vacuum, d r ie d  by adding  e th e r  (sod ium -dried) and d i s t i l l e d  under

vacuum. The d r ie d  s o l i d  was powdered and c r y s t a l l i s e d  as p l a t e s

from 60% e th a n o l  (aqueous, v /v ) ;  y i e l d  24 g, 60%; m.p. 140°

( L i t . 2  138- 139° ; L i t . , ' °  136 -  137°)  (Found: C, 3 6 .7 ;  H, 6 .5 ;

N, 8 .2 .  C alc ,  f o r  G^H^^NCy: C, 36 .4 ; H, 6 .7 ;  N, 8.5/o);

i n i t i a l  - 8 3 .6 ° ,  f i n a l  -1 4 .2 °  (c 1.3 i n  HgO) [ L i t . , '* ^  1“] ^ °  i n i t i a l

- 84. 0° ,  f i n a l  - 13. 5° (c 2.05 in  HgO)] (sim ple m u ta ro ta t io n ) ;  paper

chromatography, n - b u ta n o l : e th a n o l :w a te r , = 1.55 (gave v i o l e t

111c o lo u ra t io n  w ith  oxime spray  and dark spot w ith s i l v e r  n i t r a t e  dip
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re a g e n t^ ^ ) ;  i . r . , v (KBr) 1680 cm  ̂ (w, C=N): Raman, vmax \ /1 ) max

( s o l i d )  1678 cm  ̂ (m, C=N), ( s a tu r a t e d  aqueous s o lu t i o n )  I 656 cm ^
•"1 I o

and 1664 cm (w, C=N); p e r io d a te  o x id a t io n  -  i t  consumed 4*6,

4 .7  and 4*7 mol. equ iv . of p e r io d a te  a f t e r  0 .5 ,  2 .0 ,4 .2  h r e s p e c t iv e ly ,  

and l i b e r a t e d  0 .8  mol. equ iv .  of formaldehyde^^ and 2 .9  mol, equ iv . 

o f formic ac id^^  a f t e r  4 b; g . l . c .  o f t r i m e t h y l s i l y l  d e r iv a t iv e ,  one 

peak r e t e n t i o n  time 1.72 r e l a t i v e  to  the t r i m e t h y l s i l y l  d e r iv a t iv e  ofCX- 

D -a ra b in o se ; mass s p e c t r a ,  m/e I 66 (C^H^^NO^, m+1) ,  I 34 (C^HgNO^),

104, 103 (C^H^Og), 9 1 , 75 (CgH^NOg), 74, 61 and 31; 'H nmr and nmr

d a ta  a re  g iven  in  Tables  2 .5 ,  2 .6 ,  2.10

2 . 3 .4  D-Ribose oxime

Sodium e th o x id e  s o lu t io n  (3*5 g sodium in  50 cm^ e th a n o l)

was added to  powdered hydroxylamine h y d ro ch lo r id e  (11 g) in  e th a n o l

(50 cm/) t i l l  th e  pH was 6 . 5 . The s o lu t io n  was coo led ,  f i l t e r e d  and

washed w ith  e th a n o l  (50 cm /). The washings and f i l t r a t e  were c o l l e c t e d

( th e  c o n c e n t r a t io n  of hydroxylamine was found to  be 66% of th e  o r ig i n a l

a s  d is c u s se d  e a r l i e r  2 .3 .2 )  and h ea ted  on a w ater b a th  (under r e f lu x )

a t  60° .  ^ R ib o s e  (15 g, 0.1 m ol.)  was added slowly w ith  s t i r r i n g

(about 1 .5  to  2 .0  h ) .  The r e a c t io n  m ixture  was l e f t  s ta n d in g  a t

room tem pera tu re  o v e rn ig h t .  The s o l i d  o b ta in ed  was r e c r y s t a l l i s e d

w ith  60% e th a n o l  (aqueous, v /v )  y i e l d  10 g,60%; m.p. 13,8° ( L i t . , ^ ^

141°; L i t . , ' 3  140° ) .  (Found C, 36 .3 ; H, 6 . 8 ; N, 8 . 5 . C alc ,  fo r
?=;°

C^H,^Oj: C, 36.4, H, 6.7; N, 8 .5 /o ) ;[a ]p ^  i n i t i a l  +70. 1,

f i n a l  +8.0  (c 2.5  in  HgO) [ L i t .  3 °  54° ( a f t e r  10 m in .)

f i n a l  6 . 3* ( th e  m u ta ro ta t io n  was observed to  be s im p le ) ;p a p e r  

chrom atography, b u ta n o l : e t h a n o l :w a t e r , R^ = 1.49 (gave a  v i o l e t
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111c o lo u ra t io n  w ith  the  oxime spray  and a dark spo t w ith  s i l v e r
o 2  ^

n i t r a t e  d ip  reagen t^  ) ;  i . r ,  v (KBr) 1694 cm (C=N); Raman,

V ( s o l i d )  1691 cm  ̂ (C=N); mass s p e c t r a  m/e 166 (C H.^NO , m+l)j 

1 ^f o r  'H nmr and C nmr d a ta  see Tables 2 .5 ,  2 .6 ,  2.11

2 . 3 .5 D-Mannose oxime:

Wolfrom and Thompson’ s method was used in  a m odified  form

to  p repare  D-mannose oxime. Powdered hydroxylamine hydroch lo r ide

( 6 .5  g)  in  w ater (25 cm/) was n e u t r a l i s e d  w ith  s a tu r a t e d  barium

hydroxide s o lu t io n ,  coo led  and f i l t e r e d .  To the f i l t r a t e

( c o n c e n t ra t io n  of hydroxylamine was 64% of the  orig inal)B-m annose

(10 g, 0.056 mol) was added slow ly w ith  s t i r r i n g  a t  R.T. (about 3 h ) .

The r e s u l t i n g  s o lu t io n  was h ea ted  fo r  1 h a t  70° and allow ed to  s tan d

a t  room tem pera tu re  o v e rn ig h t .  C ry s ta l s  of D-mannose oxime were

ob ta in ed  ( y i e l d  7 .3  g, 67. 4%); m.p. 176. 5° [ L i t . , ^  175 -  177° ) .

(Found, C, 36. 8 ; H, 6 . 8 ;  N,7.2. Calc, f o r  CgH^gNOg: C, 36 .9 ;

H, 6 .7 ;  N, 7 . 2% ); i n i t i a l  +8.04, f i n a l  + O .8O (c 2 .5  in  Ĥ O

[ L i t . , ^  +3 . 2° (c 4*8 in  H^O) the m u ta ro ta t io n  was observed to

be s im p le ) ;  paper chrom atography, b u ta n o l :e th a n o l :w a te r  R^ = I .O 63

111( v i o l e t  c o lo u ra t io n  w ith  oxime spray  and a dark spot w ith  s i l v e r

n i t r a t e  d ip  r e a g e n t^ ^ ) .  i . n .  (KBr) 1672 cm  ̂ (w, C=N) ; Raman v^^^
( s o l id )  1671 cm” (m,C=N); mass s p e c t r a  m/e I96 (C^H^^NOg, m+l) ;
*H nmr and 18c nmr d a ta  a re  g iven  in  Tables 2, 5,  2 ,6 ,  2 .12 .

2 . 3 .6  B-Galactose oxime

Powdered hydroxylamine (42 g) in  e th a n o l  ( 15O cm/) was 

i n t e r a c t e d  w ith  sodium ethox ide  ( l 5 g sodium/150 cm^ e th a n o l)  and 

th e  pH a d ju s te d  to  6 . 5 . The s o lu t io n  (concen tra t ion  of hydroxylamine 

was 66% of the  o r ig i n a l )  was coo led , f i l t e r e d  and washed w ith  co ld  

e th a n o l  ( I 50 cm^). The f i l t r a t e  and washings were c o l l e c t e d  and
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h ea ted  a t  70° on a w ater  ha th  (under r e f l u x ) .  D-Galactose (64 g,

0 .36 mol) was added slow ly w ith  s t i r r i n g  (w ater  ( 15O cm/) was added 

to  com ple te ly  d is s o lv e  D ^galactose)  fo r  about 3 -  4 h . The s o lu t io n  

was allow ed to  s tan d  overn igh t a t  room te m p era tu re ,  D-Galactose

oxime was r e c r y s t a l l i s e d  w ith  50% and 40% e th a n o l  (aqueous, v /v )

( y i e l d  35 g, 519^), m.p. 176° ( L i t . , 1  175 -  176°). (Found; C, 36 .9 ;

H, 6 .5 ;  N, 7 . 3 . C alc ,  f o r  C, 36 .9 ; H, 6 .7 ;  N, 7.2%);

i n i t i a l  +84.0 , f i n a l  + 13.8 (c 1.2 in  H20) [ L i t ,  , ^ [a ]^

14. 8° (c 5.1 in  HgO); paper chromatography, b u ta n o l : e th a n o l :w a te r ,

111Rq 1.11 (gave v i o l e t  c o lo u ra t io n  w ith  oxime s p ra y , and a dark spot

w ith  s i l v e r  n i t r a t e  d ip  re a g e n t  ) ;  i r  v (KBr) I 678 cm vw 

(C=N); Raman I 68O cm ^m (C=N); mass s p e c t r a ,  m/e 196

(C^H^^NO^, m+l ) ;  ’H nmr and 0 nmr d a ta  are  g iven in  Tab le s  2 .5 ,2 .6 , 2.13

2. 3 .7  D^Arabinose oxime-5-phosphate (Enzymic method)

The c o n d i t io n s  used  in  p re p a r in g  D -arabinose oxime- 5 -
88phosphate were s im i la r  as those  used by T.A.W. Koerner, J r .  e_l a l .

( f o r  making o th e r  sugar phosphates)  except t h a t  the r e a c t io n  was

s c a le d  up. Adenosine 5 ’- in ip h o sp h a te  disodium s a l t  (ATP, 4 .175 g)

and magnesium c h lo r id e  (MgClg.^H^O , 1.42 g) were d is s o lv e d  in  t r i s

(hydroxymethyl)aminomethane b u f f e r  ( 0 . 3M, pH 7 .5  , 30 cm^) and th e  pH

was a d ju s te d  to  7 .5  w ith  0.2M sodium hydrox ide . D-Arabinose oxime

(775 mg) was added under slow magnetic s t i r r i n g  fo llow ed  by y e a s t

hexokinase (Type F300, 7200 I . U . ) .  The pH o f  the  s o lu t i o n  was

a d ju s te d  to  7 .5  by adding  0.2M sodium hydrox ide . The r e a c t io n  was

fo llow ed  by paper chromatography (u s in g  d i i so p ro p y l  e t h e r :  formic
Q1a c id  and phosphate sp ray  ) and e l e c t r o p h o r e s i s  (u s in g  s i l v e r  n i t r a t e  

d ip  re a g e n t^ ^ ) .  The r e a c t io n  was observed to  be complete a f t e r  24 h
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as  seen from the  absence of any D -arabinose oxime spot on the  

e lec tro p h o re to g ram . The r e s u l t i n g  s o lu t io n  was c o n c e n tra te d  a t  40° 

under reduced p re s su re  to  a volume of 5 cm/. The c o n c e n tra te d  

s o lu t io n  was f i l t e r e d  and passed  down a Dowex 1 X 8 (HC00"~) column 

(lOO X  4 cm) and e lu te d  w ith  a formate b u f fe r  (2.5224 g ammonium 

form ate (0.02M) + I 5 .I  cm^ formic a c id  (0.2M) made up to  2000 cm^ 

w ith  d e io n is e d  w a te r ,  pH 2 . ? ) .  The e lu ted f r a c t i o n s  (14 cm/) were 

ana ly sed  by means of the  o rc in o l  r e a c t io n  (l cm8 sample p lu s  3 cm^

70% su lp h u r ic  a c id  p lu s  1 cm^ 0.5% o rc in o l ,  the  m ixture h ea ted  a t  100°  

f o r  15 min and the  absorbance observed a t  420 nm). F ra c t io n s  86 -  156 

were pooled and c o n c e n tra te d  to  5 -  10 cm^ under reduced  p re s su re  a t  

40° and paper chromatography and e l e c t r o p h o r e s i s  were c a r r i e d  out (as  

d e sc r ib e d  in  5*2 .2 . '1 ) .  The re s id u e  a f t e r  c o n c e n t ra t io n  gave a s in g le  

spot (Rp = 0 ,12 , M(P0^^~) = 5 .0  X 10 ^ ra^s V  ^ ) and was converted  to  

i t s  l i th iu m  s a l t  by n e u t r a l i s i n g  w ith  l i th iu m  carbona te  ( s a tu r a t e d  s o lu t io n )  

The s o lu t io n  was f i l t e r e d  and to  th e  f i l t r a t e  (5 -  10 cm^) f iv e  tim es the  

volume of e th a n o l  (40 -  50 cm/) was added. The s o lu t i o n  was allowed to  

s tan d  overn igh t in  the  f r e e z e r  and the  p r e c i p i t a t e  ob ta in ed  was c o l l e c t e d  

( y i e l d ,  8OO mg, 6 6 .3 ^ ) .  (Found; C, 18.79» H, 3 .85 ;  N, 0 .47 ;

P, 14.68 . C^H^QNPLig r e q u i r e s  C, 23.37; H, 3 .92 ;  N, 5 .45 ;  P» 12.05 3%)

'H nmr showed no CIH s ig n a l s  a t  6 7.34 and 6.67 ppni i n d i c a t i n g  absence 

o f oxime group. This showed t h a t  under the  c o n d i t io n  of e lu t i o n ,  a c id  

h y d ro ly s is  o f the  oxime group had occurred . To overcome t h i s  problem 

of h y d ro ly s is  an A T P-regenerating  system was used  which he lped  in  

avo id ing  the  usage o f a  column fo r  s e p a ra t io n .

P re p a ra t io n  of D -arabinose oxime-5-phosphate u s in g  an ATP- . 

r e g e n e ra t in g  system;
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The method of  Avigad and Englard^^ was used but m odified  in

two r e s p e c t s .  F i r s t l y  the  pH of th e  r e a c t io n  m ixture  was not

allow ed to  f a l l  below pH 4«0 and secondly  the  product was i s o l a t e d  as

th e  l i th iu m  s a l t .  Tris(hydroxymethyl)aminomethane (5 mmoles) in

d e io n is e d  w ater  (80 cm^) was taken  and the  pH was a d ju s te d  to  7 .0

w ith  1M hydi 'och loric  a c id .  To t h i s  s o lu t io n  magnesium c h lo r id e

( 0 .2  mmoles) and ad en o s in e -5 ’- t r ip h o s p h a te  d i s odium s a l t  ( 0 . I 5 mmoles)

were added and th e  pH a d ju s te d  to  7*0 w ith  1M sodium hydrox ide . Then

phosphoenol p^^o'uvic a c id  monocyclohexylamine s a l t  (3 .98  mmoles),

potass ium  c h lo r id e  (4 mmoles), and pyruvate  k in ase  (from r a b b i t  muscle,

—  1 —1EG 2,7* I . 4O; a c t i v i t y  approx im ate ly  300 uM min mg p r o te in ,

250 I . U . ) was added. The pH was r e a d ju s te d  t o  7.0  w ith  1M sodium 

hydrox ide . The s o lu t io n  was slow ly s t i r r e d ,  ^ a r a b i n o s e  oxime 

(4 ,8 2  mmoles) fo llow ed  by y e a s t  hexokinase (Type F300, 2400 I .U . )  

was added. The r e a c t io n  was fo llow ed  by w ithdraw ing a sm all q u a n t i ty  

o f  th e  r e a c t io n  m ixture  and c a r ry in g  out paper chromatography and 

e l e c t r o p h o r e t i c  s tu d ie s  on the  sample. The pH of the  r e a c t io n  m ixture 

was m a in ta in ed  a t  7 .0 .  The r e a c t i o n  was complete a f t e r  24 h (absence 

o f  any sp o t  f o r  D -arabinose oxime on th e  e lec trophore togram ^ The 

s o lu t io n  was f i l t e r e d  and the  pH a d ju s te d  to  4 .0  w ith  0.1M and 1.0M 

h y d ro c h lo r ic  a c id .  The pH 4 .O s o lu t i o n  was f re e z e  d r ie d  and d is s o lv e d  

i n  d e io n is e d  w ate r  (20 cra3). The pH was found to  remain a t  4 .0 .

The s o lu t io n  was shaken w ith  e t h e r  (5 x  100 crn^). The aqueous la y e r  

obtained a f t e r  d is c a rd in g  the e th e r  e x t r a c t  was s e p a ra te d  and l i th iu m  

carbonate (4*15 nmoles) was added. To t h i s  c o ld  e th a n o l  (60 cm/)

and l e f t  i n  a f r e e z e r  o v e rn ig h t .  The p r e c i p i t a t e  o b ta in ed  was
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c o l l e c t e d  by c e n t r i f u g in g  a t  -5 °  on a Beckman J-21 c e n t r i f u g e  a t  

5000 rpm u s in g  JA 20 r o t o r  . The D -arabinose oxime-5-phosphate 

l i th iu m  s a l t  was p laced  in  a d e s ic c a to r  a t  0 to  5° to  d ry . Paper 

chromatography ( s i l v e r  n i t r a t e ^ ^  and molybdate sp ray ^ ^ ) and 

e le c t r o p h o r e s i s  ( s i l v e r  n i t r a t e  d ip  reag e n t^^ )  showed a s in g le  spot 

( y i e l d  800 mg, 66.33%)* (Found: C, 20 .4 ; H, 4 . 9 ; N, 4 . 4 .

C^H^QNOgPLig.ZHgO.RequiœsC, 20 .5 ; H, 4*8; N, 4 . ? ;  P, 10.54%).

The phosphorus a n a ly s i s  r e s u l t s  showed th a t  i t  was p re sen t  but th e re  

was in c o n s is te n c y  in  the  same sample sen t to  BMAC (P, 8 . 5%) and 

School of Pharmacy (P, 15.7%); ’H nmr, nmr and ^^P nmr d a ta  a re  

g iven  in  Tables 2 .21 , 2 .25 , 2 .22 .

2 . 3 .8  D^Arabinose oxime-monophosphate (Chemical s y n th e s is )

S c h u tz n e r ’ s procedure was adopted to  sy n th e s ise  D -arabinose

oxirae-5-phosphate. D-Arabinose oxime (4 .125 g) was added to

m a g n e tic a l ly  s t i r r e d  t r im e th y l  phosphate (40 cm/) m a in ta ined  a t  - 15° 

(a c e to n e -d ry  i c e ) .  Then phosphor us oxychloride  (7 cm^) was added 

slow ly and the  r e a c t io n  m ixture s t i r r e d  a t  -3 °  to  - 6 °  f o r  2 h f o r  

complete d i s s o lu t i o n  of the  D -arabinose oxime. The excess  phosphorus 

oxychloride  was decomposed by adding d e io n ised  w ater  (20 cm/) a t  

-1 0 °  to  - 25° .  The r e s u l t a n t  syrup was poured in to  ic e  (50 g ) .  A f te r  

th e  ic e  had m elted , t r im e th y l  phosphate was e x t r a c te d  w ith  chloroform  

(10 X 15 cm /). The aqueous la y e r  was n e u t r a l i s e d  with l i th iu m  

carbona te  ( I 8 .5  g) and f i l t e r e d .  To the  f i l t r a t e  co ld  e th an o l  

(250 c m / )  was added to  p r e c i p i t a t e  g -a rab in o se  oxime-5-phosphate 

l i th iu m  s a l t  o v e rn ig h t .  The p r e c i p i t a t e  was f i l t e r e d  and washed 

or d is s o lv e d  methanol (20 cm/) and r e - p r e c i p i t a t e d  w ith  80%

e th a n o l  (aqueous v /v ,  100 cm /). The p r e c i p i t a t e  was i s o l a t e d  by
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c e n t r i f u g in g  a t  - 5 ° ,  5000 rpm ( y ie ld  4*5 g, 70%); Found: 0 , 23 .1;

H, 3 .7 ;  N, 5 .7 ;  p, 11 .9 . C^H^QOgNPLig r e q u i r e s :  C, 23 .4 ; H, 3 .9 ;
1  ̂ D 1

N, 5*4; P , 12.1%); i . r .  'H nmr, C nmr and P nmr d a ta  a re  given 

in  Table 2 .26
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CHAPTER 3 ISOMERISATION OF CARBOHYDRATE OXIMES

3.1 INTRODUCTION

The carbohydra te  oximes sy n th e s is e d  in  t h i s  work have been shown 

(see  CHAPTER 2) to  isom erise  in  s o lu t io n  to  e q u i l ib r iu m  m ixtures o f 

a c y c l ic  sy n (E) and a n t i ( z) forms (oximes o f  D -arab inose , D -ga lac to se ,  

D-mannose and D -ribose) to g e th e r  w ith  c y c l ic  pyranose forms (oxime of 

D-glucose) .

In  th e  p a s t ,  th e  m u ta ro ta t io n  of carbohydra te  oximes in  water 

s o lu t io n  has been observed, and th e  o p t i c a l  r o t a t i o n  values  on

d i s s o lu t i o n ,  a f t e r  c e r t a i n  tim e i n t e r v a l s ,  and a t  eq u i l ib r iu m  were

1-3 2n o ted .  Hockett and Maynard observed th a t  th e  change in  o p t i c a l  r o t a t i o n

f o r  s o lu t io n s  o f D -arabinose  oxime obeyed f i r s t  o rd e r  k in e t i c s  and

ob ta in ed  a va lue  o f k .  + k . (sum o f  r a t e  co n s tan ts  f o r  forward and
\ —1

back r e a c t io n s )  o f 0 .16?  x 10 ^s  ̂ a t  20°. The is o m é r is a t io n  of 

a c y c l ic  ca rbohydra te  oximes can fo rm a l ly  be c la s s e d  as an example o f  

r e s t r i c t e d  r o t a t i o n  about a C=N bond.

The phenomenon of r e s t r i c t e d  r o t a t i o n  due to  th e  presence  o f 

double bonds (C=N, C=C, 0=0, e t c . )  was d iscovered  a long time ago, i t  

i s  on ly  in  th e  l a s t  few yea rs  t h a t  th e  development o f  modern p h y s ic a l  

methods has enabled th e  in v e s t ig a t io n  o f  th e  mechanism of t h i s  type o f 

i s o m é r i s a t io n .^  The is o m é r is a t io n  r a te s  o f  double bond isomers can 

v a ry  w idely  depending on th e  n a tu re  of th e  s u b s t i t u e n t s ,  th e  type  o f 

double bond and in  some cases th e  type  of medium u sed .^

,Le Fevre and N orthco tt^  s tu d ie d  th e  r a t e s  o f  i s o m é r is a t io n  of 

piperonaldoxirae (Scheme 3 . l )  in  s e v e ra l  media a t  two d i f f e r e n t  te m p e ra tu re s .  

They proposed a r o t a t i o n  mechanism and suggested  th a t  th e  a c t io n  of 

p o la r  s o lv e n ts  (on th e  oxime and var ious  a z o -d e r iv a t iv e s )  in  slow ing th e
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r e a c t io n  and r a i s i n g  i t s  energy o f  a c t i v a t i o n  could be a s c r ib e d  to  

a "d im inu tion  o f  resonance in  th e  s o lu te "  le a d in g  to  a d e s t a b i l i s a t i o n  

o f th e  t r a n s i t i o n  s t a t e .

a n t i ( z )
Scheme 3.1

s y n (E)

According to  I . L .  F in a r  th e  mechanism o f  in te rc o n v e r s io n  of

oximes invo lves  a ^ l a t e r a l  s h i f t *  i . e .  an in v e rs io n  mechanism.

7 8 9Havinga and S c h o rs ' and F o r r i s  and S te rn h e l l  ’ observed th e

is o m é r is a t io n  o f  th e  p -n it ro sopheno l-£ -benzoqu inone  monoxime system

and suggested  th a t  th e  i s o m é r is a t io n  proceeds v ia  a r o t a t i o n  mechanism.

7-9They proposed mechanisms o f  is o m é r is a t io n  in  d ry  so lv en t  and in  

aqueous medium (Scheme 3 .2 ) .  Also, th e y  observed th a t  aqueous ac id s  

c a ta ly s e d  th e  is o m é r is a t io n  w hile  non-aqueous t r i f l u o r o a c e t i c  ac id  

i n h i b i t e d  i t .  This l a t t e r  e f f e c t  was a s c r ib e d  to  p ro to n a t io n  o f  th e  

n i t r o s o  o r  phenoxy an io n s .
10P ejkov ic -T ad ic  ad .  observed th a t  a l l  l i q u i d  isom eric  

aldoximes a re  v e ry  u n s ta b le ,  b e ing  converted  in to  th e  eq u il ib r iu m  

m ix ture  i n  20-60 min. They found g re a t  d i f f i c u l t y  i n  s e p a ra t io n  of 

l i q u i d  ace ta ldoxim e isomer on account o f  i t s  tendency  to  in te rc o n v e r s io n .

The d i s t i n c t i o n  between in v e rs io n  and r o t a t i o n  depends upon th e  

d i f f e r e n t  pathways ta k en  by th e  s u b s t i tu e n t  on n i t ro g e n  du ring  th e  

is o m é r is a t io n .  For th e  case where th e  s u b s t i t u e n t s  a t ta c h e d  to  th e  

imino carbon a re  i d e n t i c a l ,  th e  symmetry o f  th e  t r a n s i t i o n  s t a t e  (TS) i s
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/ OH HO.
N N

O O

£-Benzoquinone Monoxime (£-Mtrosophenol)

1. In  Dry S o lv en t:

/O H  / O -  _ p

N N N
O ^  H O \

T  1 H
1 1

0 - 0 . 0  o

2. In  Aqueous Medium:

PH  HOOH HOHO

OH OH OH p H

OR

/OH HĈ  /OH HÔ
N N

HgO

HgO

O

N

OH O

Scheme 3.2



135

C ( l i n e a r  arrangement o f CDZ (36)) f o r  in v e rs io n ,  but G ( th e  CNZ 2v D

p lane  i s  p e rp e n d ic u la r  to  th e  XClf p lane  (37)) f o r  r o t a t i o n .  Huckel

Xv /X

\
(S P N<HD

TS TS
r o t a t i o n  in v e rs io n

37 36

m olecu la r  o r b i t a l  c a l c u la t io n s  f o r  th e  simple methyleneimine show a

lower energy f o r  th a n  f o r  Cg symmetry^ This i s  in  agreement w ith

sem iem pirica l CHDO/2 c a l c u la t io n s  which g ive  b a r r i e r s  o f  31.1 kcal/m ol
i  1

(Cg^) and 61.1 kca l/m ol (Cg).

An a l t e r n a t i v e  to  in v e rs io n  o r  r o t a t i o n  in  aqueous s o lu t i o n  i s
12—14r e v e r s ib l e  h y d ra t io n .  W.P. Jencks and co-workers s tu d ie d  th e

r e v e r s i b l e  h y d ra t io n  o f oximes under th e  in f lu e n c e  o f ac id s  and b ases .

The d eh y d ra t io n  o f  th e  a d d i t io n  complex (formed by th e  r e a c t io n  o f

hydroxylamine and th e  carbonyl compound), and a d d i t io n  of  w ater to  th e

oxime a re  s u b je c t  to  bo th  s p e c i f i c  and g en e ra l  a c id  c a t a l y s i s .

15F u r th e r ,  Anderson and Jencks observed a  base c a ta ly s e d  d ehydra t ion  

o f  th e  a d d i t io n  compound o f  £ -ch lo robenzaldehyde  w ith  hydroxylamine.

The r a t e  co n s ta n ts  o f  i s o m é r is a t io n  o f  some oximes and o f  th e  

carbohydra te  oximes s tu d ie d  in  t h i s  work a r e  shown in  Table 3*1•
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Compound F i r s t  Order Rate Constanig

k s"1 X 10^ a t  2 5 ° .^ ^ ^ '°  obsd.
Reference

P iperonaldoxirne 0 . 16®", 0 .63^ 5

A rabinose oxime 0 .1 7 ° 2

£ -T o ly lpheny l ketoxime 0 . 3P 16

P heny l-2 -pyridy lke tox im e 46 . 67^, 3 . 40^, 1 . 72^ 17

D-Arabinose oxime 0 . 57° This work

D-Mannose oxime 0 . 48® !»

D -Galactose oxime 1.20® »»

D-Ribose oxime 0 . 83° f t

^ = In  cyclohexanone, ^ = In  cyclohexane, ^ = In  w ate r  a t  20°,

= In  methanol a t  144°, ° = In  w ate r ,  ^ = In  th e  m olten s t a t e  a t  175°,

g = Syn(E)-form in  cyclohexanol a t  144°, = A n t i (z)- form in  cyclohexanol

a t  144°

From th e  above evidence th e  fo llo w in g  p o s s ib le  mechanisms o f

oxime is o m é r is a t io n  can be proposed:
.OH

R o ta t io n :  R-CH-H”

an d /o r
.OH

R-CH=H

<fOH
R-CH=H

R-CHg-H

R-CH-Î'^ 

tl
R-CH-t

OH

OH

R-CH=H
OH
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(Prim ary and secondary  n i t r o s o  compounds a re  u n s ta b le  and

re a r ra n g e  to  ox im es) . ^

-  rP o s s ib ly  v ia  RCH-N (Base c a t a ly s i s )

In v e r s io n :
/OH

R-CH=H R-CH=B-OH ±; R-CH=H
\ - R

R e v e rs ib le  H ydration:
OH

R-CH=H #  R-CH(OH) -MOH ^  R-CH=H

OH

(Acid and base  ca ta ly sed )

R ev e rs ib le  C y c l i s a t io n :

In  th e  case o f  th e  carbohydra te  oximes an a d d i t io n a l  mechanism 

analogous to  r e v e r s ib l e  h y d ra t io n  can be proposed v i z .

^ O H
CH=H CH-HHOH CH=H,

i i \  i
R-CH-OH R-CH-0 R-CH-OH

\ ) H

s y n (E) c y c l ic  (c) a n t i (z)

In  support o f  t h i s  p roposa l i t  has been shown th a t  D-glucose 

oxime, which e x i s t s  i n  th e  p-pyranose form (p -C ^ ^ )  i n  th e  s o l i d  

s t a t e  iso m erises  to  an eq u i l ib r iu m  m ixture  o f  p-pyranose , a -pyranose , 

sy n (E) and a n t i (z) forms (see  CHAPTER 2 ) .
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In  o rd e r  to  g a in  f u r t h e r  in fo rm a tio n  about th e  is o m é r is a t io n  of 

ca rbohydra te  oximes, th e  m u ta ro ta t io n  of a number o f  examples have 

been measured in  aqueous s o lu t io n s ,  and th e  e f f e c t s  o f  added a c id s  and 

bases  i n v e s t ig a t e d .

3 .2  RESULTS ART) DISCUSSION

3 . 2.1 M u ta ro ta t io n  o f  Carbohydrate Oximes in  Water

The m u ta ro ta t io n  o f  carbohydra te  oximes in  water was 

fo llow ed  p o l a r i m e t r i c a l l y .  I t  was observed th a t  th e  m u ta ro ta t io n  was 

complex in  th e  case o f  D-glucose oxime, and simple ( f i r s t  order) w ith  

a l l  o th e r  oximes ( i . e .  D -arab inose , D-mannose, D -ga lac to se  and D -ribose  

ox im es). The r a t e  c o n s ta n ts  f o r  th e se  l a t t e r  oximes were measured in  

w ate r  and found to  be o f s im i la r  magnitude to  th o se  observed f o r  some 

o th e r  oximes (see  Table 3 . 1 ) .

3 . 2 .2  M u ta ro ta t io n  o f  Carbohydrate Oximes in  Deuterium Oxide 

The m u ta ro ta t io n  of D -arabinose  oxime and D-glucose oxime

was fo llow ed  in  deuterium  oxide by p o la r im e try  and nmr. I t  was

observed by p o la r im e try  t h a t  th e  m u ta ro ta t io n  r a t e  cons tan t f o r

D -arab inose  oxime was th e  same as t h a t  i n  w ate r  ( i . e .  0 .57  x 10 "̂ s ^) .

In  th e  case o f  D-glucose oxime th e  m u ta ro ta t io n  was observed to  be

complex and slow er i n  deuterium  oxide (e q u il ib r iu m  36 h) compared

to  t h a t  i n  w ater (e q u i l ib r iu m  10 h) . D if fe ren ce s  i n  th e  r a t e  o f

o f  m u ta ro ta t io n  o f  sugars  in  w ater and in  deuterium  oxide have been
18—21s tu d ie d  by v a r io u s  w orkers . The d i f f e r e n c e  in  r a t e s  a r i s e s  from

a com bination o f  k i n e t i c  and so lv en t  i s o t o p e - e f f e c t s , expressed  as 

kjj/k^, and c a l le d  th e  iso to p e  e f f e c t .  K in e t ic  i s o to p e - e f f e c t s  a re



139

caused by d i f f e r e n c e s  in  th e  energy re q u i re d  f o r  a l t e r a t i o n  o f  th e  

normal and i s o to p ic  bonds in  th e  co rresponding  t r a n s i t i o n  s t a t e s ;  

so lv en t  i s o to p e - e f f e c t s  can e x i s t  when th e  i s o to p ic  compound i s  used 

bo th  as a r e a c ta n t  and as a s o lv e n t .  The observed i s o t o p e - e f f e c t ,

kn /k^  may have va lues  s m a l le r  th an ,  equal to ,  or g r e a t e r  th a n  u n i ty .

For e l u c id a t io n  of th e  course o f m u ta ro ta t io n  r e a c t io n s ,  th e  t im ing  

o f  th e  a d d i t io n  and e l im in a t io n  of  th e  p ro ton  i s  im p o r tan t .  I f  th e  

p ro to n  t r a n s f e r  occurs a f t e r  th e  r a t e - c o n t r o l l i n g  s te p ,  i t  w i l l  have 

no prim ary  k i n e t i c  consequence. I f  th e  p ro ton  t r a n s f e r  occurs du ring  

th e  r a t e - c o n t r o l l i n g  s te p ,  a l a rg e  k i n e t i c - i s o t o p e  e f f e c t  w i l l  be 

found. I f  p ro ton  a d d i t io n  occurs b e fo re  th e  ra te -d e te rm in in g  s te p ,  

and no p ro to n  t r a n s f e r  occurs in  th e  t r a n s i t i o n  s t a t e ,  th e  r e a c t io n  i s  

s u b je c t  to  hydronium ion  c a t a l y s i s ,  and an in v e rse  i s o to p e - e f f e c t  

( a r i s i n g  from th e  d i f f e r e n c e  in  th e  b a s i c i t y  of w ate r  and deuterium  

oxide) w i l l  be found.

E. Pacsu^^ '^^  found th a t  th e  r a t e  o f  m u ta ro ta t io n  o f  a-D-glucopyranose

20was h ig h e r  in  w ate r  th a n  in  deuterium  ox ide . N ico l le  and Weisbuch

determ ined th e  r a t e  o f  m u ta ro ta t io n  of a la rg e  number o f  sugars  and

found th a t  th e  va lue  o f  k^ /k^  l i e s  in  th e  range 3.0 to  3 .8 ;  however,

th e  va lues  were not r e l a t e d  to  pH or to  th e  type  o f  r e a c t io n .  The 

/  21high  va lue  o f  kg/k_ may a r i s e  from a s u b s t a n t i a l  c o n t r ib u t io n  to  th e  

o v e r a l l  m u ta ro ta t io n  o f  th e  concer ted  r e a c t io n  mechanism proposed by 

Lowry (Scheme 3 . 3 ) .  In  th e  t r a n s i t i o n  s t a t e  f o r

Sugar + 2HpO ~ "H -O H

)—H -------OH 2
+ H 3 O + OH

Scheme 3.3
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th e  conce r ted  r e a c t io n ,  an a c id  c a t a ly s t  r e le a s e s  a p ro to n  to  th e  

r i n g  oxygen atom and a hase  c a t a ly s t  removes a p ro ton  from th e  

anomeric hydroxyl group. The iso to p e  e f f e c t  i s  h igh  because two 

pro ton  t r a n s f e r s  occur in  th e  t r a n s i t i o n  s t a t e .  A p o s s ib le  v a r i a t i o n  

o f  th e  conce r ted  mechanism in c lu d es  a d im eric  w ate r  molecule as a 

b i f u n c t io n a l  c a t a l y s t .

D-Arabinose oxime showed no iso to p e  e f f e c t  w ith  w ate r  and 

deuterium  oxide , in d i c a te s  e i t h e r  th a t  th e  opposing so lv en t  and 

k i n e t i c  i s o to p e - e f f e c t s  cancel each o th e r  or th e re  i s  no p ro ton  

t r a n s f e r  invo lved  in  th e  r a te -d e te rm in in g  s te p .

The m u ta ro ta t io n  of D -arabinose  oxime and o f  D-glucose oxime 

were fo llow ed by nmr in  deuterium  ox ide . In  th e  case of 

D -arabinose  oxime th e  nmr d a ta  was c o n s is te n t  w ith  th e  p resence 

of two in t e r c o n v e r t in g  isom eric  forms (Scheme 3 . 4 ) .  The r a t e  

co n s ta n ts  o f  i s o m é r is a t io n  f o r  th e  forw ard and re v e r s e  r e a c t io n s  were

N-OH

H-C^ 0 .47  X H -  C

OH

If

E 0 .1 0  % 10 1

a n t i (z) sy n (s)

20^ 80^

Scheme 3 .4

determ ined from th e  is o m é r is a t io n  r a t e  cons tan t  and th e  eq u i l ib r iu m  constani 

In  th e  case o f  D-glucose oxime th e  nmr r e s u l t s  showed th e  p resence  of 

more th a n  two form s. The m u ta ro ta t io n  was fo llow ed  by observ ing  th e  

a re a s  under th e  Cl-H s ig n a l s  of th e  d i f f e r e n t  isom eric  forms w ith  tim e
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(F ig .  3 . 1) •  The eq u i l ib r iu m  m ixture c o n s is te d  o f  a-pyranose  (7^),  

p -pyranose (?3fo)  ̂ s y n (E, and a n t i (z , 13-5^) forms. These

o b se rv a t io n s  a re  sugges ted  to  be c o n s is te n t  w ith  Scheme 3 .5 .

a n t i (z)

^
p-pyranose a-pyranose

^  ^
8yn(E)

Scheme 3.5

The p o la r im e t r io  read in g s  in  w ater  and deuterium  oxide of 

D -glucose oxime is o m é r is a t io n  showed a f a s t  r a t e  fo llow ed by a 

s low er r a t e  o f m u ta ro ta t io n .  nmr d a ta  shows (F ig .  3«l) th a t

th e  a n t i (z)-form  reaches  an eq u i l ib r iu m  c o n c e n tra t io n  more r a p id ly  

th a n  does th e  s y n (E) - form. This sugges ts  th a t  th e  p -p y ra n o se —1

a n t i ( z ) — a-pyranose  pathway i s  th e  f a s t e r  p rocess  w hile th e  

P-pyranose — s yn(E) a-pyranose  i s  th e  slow er p ro c e s s .  The 

p ro p o r t io n  o f  th e  a-pyranose-fo rm  was c a lc u la te d  by d i f f e r e n c e  in  

i n t e n s i t y  o f  th e  Cl-H s ig n a l s  o f  th e  p , sy n (E) and a n t i ( z )  isom eric  

forms a t  eq u i l ib r iu m  from th a t  o f th e  p-form i n i t i a l l y .

3 . 2 .3  Acid-Base C a ta ly s is  o f D-Arabinose Oxime Iso m é r is a t io n

D^Arabinose oxime was tak en  to  s tu d y  th e  behaviour o f 

carbohydra te  oximes under a c id ic  and b a s ic  co n d i t io n s  (pH 4*0 to  

10.0) .  This was done f i r s t l y  because i t  i s  b e l ie v e d  to  be a 

p o t e n t i a l  t r a n s i t i o n  s t a t e  analogue i n h i b i t o r  o f D-xylose isomerase 

and secondly  as i t  showed simple ( f i r s t  order)  m u ta ro ta t io n .
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Table 3.2 F i r s t  Order I s o m é r is a t io n  Rate Constan ts  of D-Arabinose 

Oxime under A cid ic  and Basic  C onditions a t  25°, I  = 0 .2

B uffer T o ta l
B u ffe r
concn.TM]

pH -1 2^ 
^obsdf 10

A ce ta te 0.423 4 .6 0.570
0.212 !» 0.398
0.106 ♦» 0.283

A ce ta te 0.289 5.0 0.221
0.145 !» 0.150
0.073 11 0.129

A ceta te 0.235 5 .4 0.0778
0 .118 *1 0.0615
0.059 *» 0.0317

A ceta te^ 0.235 5 .4 0.0876
0 .118 !» 0.0598
0.059 »» 0.0287

c
Trim ethyl a c e ta t e 0.236 4.85 0.323

0.154 »» 0.265
0.118 »» 0.227
0.059 *» 0.177
0 .028 »» 0.155

Trimethyl a c e t a t e 0 .368 5.0 0.313
0.276 »» 0.240
0.184 ft 0.202
0.092 II 0.130

c
Trimethyl a c e ta t e 0 .343 5.17 0.232

0.206 »» 0.162
0.137 »» 0.123
0.069 »» 0.088

Trimethyl a c e ta t e 0.300 5 .3 0.179
0.225 »» 0.148
0.150 ft 0.115
0.075 If 0.081
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B uffer Total
B uffe r
concn.fM]

pH -1 2^ 
^cbsd" 1 0

Cacodylate ^ 0.499 6.09 0.159
0.399 »t 0.115
0.299 tl 0 .098
0.199 tl 0.080
0.099 It 0.045

Cacodylate  ^ 0 .4 6.27 0.0665
0 .32 It O.O652
0 .24 It 0.0627
0 .16 It 0.0340
0 .08 It 0.0202

c
Cacodylate 0.261 6.47 0.0503

0.196 It. 0.0474
0.130 It 0.0323
0.065 It 0.0196

c
Cacodylate 0 .286 6.64 0.0488

0.229 If 0 .0398
0.172 It 0.0290
0 .114 It 0.0230
0.057 It 0.0080

Phosphate 0.088 7.0 0.0555
0.044 It 0.0326
0.022 It 0.0195

1 ,2 -D im ethylim idazole 0 .2 7.1 0.0100
0.1 It 0.0091
0.05 It 0.0101

1 ,2 -Dimet hy lim i daz o le 0 .2 8 .0 0.0490

Ammonium b ic a rb o n a te 0 .05 8.0 0.0559

Tris-HCl 1.656 9.0 0.620
0.761 If 0 . 590
0.414 If 0 .606

a = D eu te ra ted  b u f f e r  sp ec ie s  (pD = pH + O.41)

b = R egression  c o e f f i c i e n t  a  0 .99

c = w ith  te c h n ic a l  assistance of Mr BoM, C o c k e r i l l
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The f i r s t  o rd e r  m u ta ro ta t io n  r a t e  co n s ta n ts  (k , J  were measured in
 ̂ O D S d .

d i f f e r e n t  b u f f e r  systems (Table 3.2) a t  an io n ic  s t r e n g th  o f 0 .2  

( a d d i t io n  o f potassium  c h l o r i d e ) . The is o m é r is a t io n  in  a c e t a t e ,  

t r i m e t h y la c e t a t e ,  cacody la te  and phosphate b u f f e r s  i s  su b je c t  to  

g en e ra l  acid c a t a l y s i s  ( i . e .  k^^^^ in c re a s e s  w ith  in c re a s in g  b u f f e r  

c o n c e n tra t io n  a t  co n s tan t  pH e .g .  t r im e th y la c e t a t e  b u f f e r  c a t a l y s i s ,  

see  P ig .  3 . 2) .  F u r th e r ,  i t  i s  observed th a t  in  th e  a c id  reg io n  

as th e  pH f a l l s  th e  c a t a l y t i c  e f f e c t  o f th e  b u f f e r  in c re a s e s  

(F ig ,  3 . 2) ,  in d i c a t i n g  th a t  i t  i s  th e  a c id  form which i s  a c t in g  as 

th e  c a t a l y s t .

At a l k a l i n e  pH no b u f f e r  sp ec ie s  c a t a ly s i s  was d e te c te d  in  

1 ,2 -d im ethy lim idazo le  (pH 7»l) and t r i s  (pH 9 .0) b u f f e r s  (F ig .  3 .3 ) .

The magnitudes of th e  r a t e  co n s tan ts  e x t ra p o la te d  to  zero

b u f f e r  c o n c e n tra t io n  in d ic a te d  th a t  s p e c i f i c  a c id  and s p e c i f i c  base

c a t a l y s i s  o f  th e  i s o m é r is a t io n  r e a c t io n  o ccu rs .  Moreover, a p lo t  of

kobsd * pH (F ig .  3 . 4) showed th a t  th e  is o m é r is a t io n  r a t e  f a l l s  in

th e  range pH 4.0  to  6 .0 ,  remains constan t in  th e  range pH 6 .0  to  7.5 
and th e n  in c re a s e s  in  the  range pH 7*5 to  10 .0 .

A-log^^k^^^^ v s .  pH p lo t  (F ig .  3.5) gave a s t r a i g h t  l i n e  in  th e  a c id  

re g io n  (pH 4 .O -  6 .0) w ith  a s lope  o f  I . I 5 and a s t r a i g h t  l i n e  in  

th e  b a s ic  reg io n  (pH 7.0 -  10.0) w ith  a s lo p e  o f 1.00, confirm ing  

t h a t  bo th  s p e c i f i c  a c id  and s p e c i f i c  base c a t a l y s i s  a re  o p e ra t in g .

In  th e  a c id  reg io n  (pH 4*0 -  6 . 5) where g en era l  a c id  c a t a ly s i s  

was observed, b u f f e r  c a t a l y t i c  r a t e  c o e f f i c i e n t s  k ^  and k^ f o r  

p a r t i c u l a r  b u f fe r s  were measured by observ ing  th e  i s o m é r is a t io n  r a t e s  

a t  v a ry in g  b u f f e r  c o n c e n tra t io n  w hile  m a in ta in in g  th e  same b u f f e r  

r a t i o  ( r  = th e  r a t i o  o f  th e  c o n c e n tra t io n  o f  th e  con jugate  base [ s ]  to  

th a t  o f  th e  a c id  [HA] i . e .  r  = [b]/[HA]) . The d a ta  were eva lua ted  

u s in g  th e  fo l lo w in g  eq u a t io n s :
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0 . 6 ’ '

o'bsd.

0.4

0.2

95 6 7 80 ,4
pH

Fiff. 3 .4  P lo t  o f  vs pH f o r  D -araoinose  oxime
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2.2  -

-log^O^obsd.

3.0

3 .8 -

4 .6

pH

F ig .  3.5 P lo t  o f  - l o g  vs pH f o r  D-aral)inose oxime.
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k o b s d .  = k 3 „ i , e n t  + +  k^Cs]

On r e a r ra n g in g

^obsd. “ ^ so lv en t   ̂ ^OH  ̂ [ B ] ( k j ^ / r  + k^)

P lo ts  o f kg^g^ a g a in s t  [p ]  ( e .g .  t r im e th y la c e t a t e  (P ig .  3*2)) 

were foimd to  be l i n e a r  w ith  a s lope  Sr, where Sr = k ^ / r  + k^ 

and an i n t e r c e p t  I r ,

where I r  = + kg^o+ CH3O+] + k^^-  [0H“ ]

A p lo t  o f  Sr a g a in s t  th e  r e c ip ro c a l  ( l / r )  o f  s e v e ra l  d i f f e r e n t  

b u f f e r  r a t i o s  ( e .g .  t r im e th y l  a c e t a t e  (P ig .  3*6)) a llow s k ^  and k^ 

to  be ev a lu a te d  f o r  any b u f f e r  (Table 3*3) *

Table 3*3 C a ta ly t i c  Rate C o e f f ic ie n t s  f o r  I s o m é r is a t io n  o f  

D-Arabinose Oxime and P te r id in e

C a ta ly t ic  Rate 
Coeff i c i e n t s  
(mol-1 1 s"1)

22D-Arabinose Oxime P te r id in e

^oh“ 0 .6 8  X 10^ 0 .0 4  X 10^

0 .0 8  X 10^ 0 .37  X 10^

0 0 .16  X K ^ / 55.5 0 .2  X 10^ / 55.5

_-2
^CH^COOH 1.59 % 10

k^CH^^pCOgH 1.43 X 10“ ^

^XCH2)2A80.0H 0.41 X 10"2
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The c a t a l y t i c  r a t e  c o e f f i c i e n t s  f o r  th e  a c id s  ( k ^ )  o f a c e ta t e  

(pK^ 4 . 76) ,  t r im e th y l  a c e t a t e  (pK^ 5*0 5 ) and cacody la te  (pK^ 6.27) 

a re  n e a r ly  th e  same f o r  th e  former two cases and lower f o r  th e  

t h i r d  case , showing th a t  as th e  a c id  g e ts  weaker th e  k ^  va lue  f a l l s .  

On th e  o th e r  hand f o r  a l l  t h r e e  cases v i r t u a l l y  n e g l ig ib l e  k^ va lues  

were ob ta in ed ,  i n d i c a t i n g  t h a t  th e  b a s ic  component has no e f f e c t  on 

th e  is o m é r is a t io n  r a t e .

The c a t a l y t i c  c o e f f i c i e n t s  k^ and k^ ^ (Table 3.3) were

deduced from th e  d a ta  o b ta in ed  in  a c e ta t e  b u f f e r ,  by p l o t t i n g  I r

a g a in s t  th e  co rresponding  hydronium ion  c o n c e n tra t io n  (P ig . 3 . 7 ) .

The s lo p e  of t h i s  p lo t  g ives  k^ q+ and th e  i n t e r c e p t  k^  0 (so lv en t)  *

The va lue  o f  k ^^-  (Table 3.3) was determ ined from th e  s lope  o f  a

p lo t  o f k^^g^ v s .  hydroxide ion  c o n c e n tra t io n  (F ig .  3 .8 ) .  The

k ^  n n va lues  a re  very  much g r e a t e r  th a n  th e  c a t a l y t i c
3 0H~

c o e f f i c i e n t s  o f th e  ac id s  ( k ^ )  and kjj q . They a re  o f  comparable
 ̂ 22 v a lue  to  th o se  o b ta in ed  f o r  h y d ra t io n  o f  p t e r i d i n e .

In  o rd e r  to  d i s t i n u g i s h  between n u c le o p h i l i c  and b a s ic  

c a t a l y s i s  i n  th e  b a s ic  reg io n  1 ,2 -d im ethy lim idazo le  and 

ammoniumbicarbonate b u f f e r s  o f  pH 8.0 were used .  H early  equal k^^^^ 

va lues  (Table 3*2) were o b ta ined ,  su g g es tin g  th e  p robab le  absence 

o f  n u c e lo p h i l i c  c a t a l y s i s .

3 . 2 .4  I s o to p e -E f fe c t  on D-Arabinose Oxime Is o m é r is a t io n

Another a sp ec t  o f  oxime iso m é r is a t io n  which was 

in v e s t ig a t e d  was th e  is o to p e  e f f e c t . '  I t  i s  u s e fu l  f o r  e lu c id a t io n  

o f  th e  r e a c t io n  mechanism (see  s e c t io n  3 * 2 .2 ) .  In  t h i s  work th e  

f i r s t  o rd e r  is o m é r is a t io n  r a t e  co n s ta n ts  i n  a c e ta t e  and d e u te ra te d
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a c e t a t e  b u f f e r s  a t  pH 5*4 were compared (Table 3 .2 ) ,  The va lues  of

^obsd very  n e a r ly  s im i la r  in d i c a t i n g  e i t h e r  th a t  th e r e  was no

p ro to n  t r a n s f e r  invo lved  in  th e  ra te -d e te rm in in g  s te p  o r  t h a t  th e

opposing so lv en t  and k i n e t i c  i s o to p e - e f f e c t s  c a n c e l le d  each o th e r .

More experiments need to  be done w ith  v a r io u s  d e u te ra te d  b u f f e r s  a t

d i f f e r e n t  pH's to  c a l c u la te  th e  c a t a l y t i c  c o e f f i c i e n t s  ,
3

k^ Q and k ^ ^ -  , which may g ive  in fo rm atio n  about th e  p ro ton  t r a n s f e r  

process  o cc u rr in g  b e fo re ,  d u r in g  or a f t e r  th e  ra te -d e te rm in in g  s t e p .

3 . 2.5 Measurement o f D is s o c ia t io n  Constant o f  D-Arabinose Oxime

The d i s s o c i a t i o n  co n s tan t  (pKa) va lues  fo r  simple

23oximes re p o r te d  in  th e  l i t e r a t u r e  a re  in  th e  range 10 to  12 ; th e

presence  o f  an a -k e to  group co n s id e ra b ly  in c re a s e s  th e  a c id  s t r e n g th

24-(pKa range 7 -  IO ). The pKa of th e  con jugate  a c id  l i e s  i n  th e

range <3-1 to  + 3 .^ ^ ’ ^^ The in d iv id u a l  c o n s tan ts  a re  presumed to  

app ly  to  th e  fo l lo w in g  e q u i l i b r i a :

RCH = HOH + H jO + -P— RCH = f a o H

RCH = HOH + HgO RCH = H0“  + H^0+

There was no in fo rm a tio n  about th e  d i s s o c i a t i o n  co n s ta n ts  o f 

ca rbohydra te  oximes in  th e  l i t e r a t u r e ,  th e r e f o r e  i t  was decided  to  

determ ine th e  pKa va lue  o f D -arabinose  oxime. The pKa value  was 

measured o f  D -arab inose  oxime sy n (E) -form by observ ing  th e  change 

i n  th e  chemical s h i f t  o f  th e  Cl-H s ig n a l  in  th e  'H nmr spectrum w ith  

pH (P ig .  3 . 9) •  A d i s s o c i a t i o n  cons tan t  va lue  o f  11.0 was ob ta ined  

from th e  p lo t  o f  - l o g  ( [ b a s e ] / [ a c id ] )  v s .  pH. (The in t e r c e p t  i s  th e

23pKa) • This va lue  i s  in  th e  range observed by p rev ious  workers 

f o r  o th e r  oximes.
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3 . 2 . 6  M echanisms o f  C a rb o h y d ra te  Oxime I s o m é r i s a t i o n

3 . 2 . 6 . 1  At pH 4*0 t o  6 .0

I n  t h e  a c i d  r e g i o n  w here  t h e  i s o m é r i s a t i o n  i s

s u b j e c t  t o  s p e c i f i c  and g e n e r a l  a c i d  c a t a l y s i s ,  t h e  mechanism shown 

i n  Scheme 3 .6  i s  p ro p o s e d .

CH = H ÇH = H CH -  H

H ^  a r  (o H
H

+
+ +

o r  IIA HgO o r  A H^O'^ o r  HA

ti

T
CH -  NC,

+

HA

Scheme 3*6

The p r o t o n a t e d  oxime can  undergo  e i t h e r  a  c y c l i s a t i o n  o r  a d d i t i o n  

o f  w a t e r .  R o t a t i o n  ab o u t  t h e  c a r b o n - n i t r o  gen  bond a n d / o r  i n v e r s i o n  

a t  t h e  n i t r o g e n  atom can  t h e n  o c c u r .

■ ,3 " .2 .6 .2  At^pH 6 .0  t o  7 .5

The p H - r a te  p r o f i l e  ( F i g .  3*4) shows a  b ro a d  minimum 

i n  t h i s  r e g i o n  s u g g e s t i n g  t h e  o p e r a t i o n  o f  a  c o n c e r t e d  mechanism

22
(Scheme 3 .8 )  a s  has  b e e n  p o s t u l a t e d  f o r  t h e  h y d r a t i o n  o f  p t e r i d i n e

21(Scheme 3 .7 )  and  t h e  m u t a r o t a t i o n  o f  D -g lu c o s e  (Scheme 3 . 3 ) .
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ZHzO

p t e r i d i n e

H - O '
I
I

H

H.

I I

Scheme 3 .7

(3H = F 

OH

+

HA + B

OH

)H -  H 

+

A“  + BH

OH

H

( ha and  B can  he  w a te r  m o le c u le s )

Scheme 3 «8

3 . 2 . 6 . 3  At pH 7 .5  t o  10.0

I n  t h i s  pH r e g i o n  i s o m é r i s a t i o n  i s  known t o  he s p e c i f i c  

h a s e  c a t a l y s e d .  A ls o ,  t h e  pKa o f  B - a r a h in o s e  oxime s y n (E) - fo rm  was fou n d  

t o  he 11 .0  i n d i c a t i n g  t h a t  i t  w i l l  he e s s e n t i a l l y  u n d i s s o c i a t e d  a t  pH 

<^11*0. A ls o ,  t h e  r a t e  w ould  he  e x p e c te d  t o  i n c r e a s e  t o  a  maximum a t  

pH 1 1 .0 .  I t  i s  o b s e rv e d  t h a t  t h e  r a t e  i s  i n c r e a s i n g  i n  t h e  pH ran g e

/ \ 7 -97 .5  t o  10 .0  ( P i g .  3 . 4) .  I t  i s  known t h a t  n i t r o s o  compounds r e a r r a n g e

t o  t h e  oxime w hich  can  i n t e r c o n v e r t  p o s s i b l y  v i a  RCH -  H (b a se
^OH + -  ^OH

c a t a l y s i s )  o r  RCH -  H — ► RCH -  H . A nderson  and  J e n c k s
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have  o b se rv e d  a  b a s e  c a t a l y s e d  r e v e r s i b l e  h y d r a t i o n  o f

p -c h lo ro b e n z a ld o x im e .  From th e  above ev id en ce  th e  f o l lo w in g  pathways 

( i n v o l v in g  i s o m é r i s a t i o n  v i a  a  n i t r o s o  form o r  r e v e r s i b l e  h y d r a t i o n  

fo l lo w e d  by  r o t a t i o n )  (Scheme 3»9) a r e  s u g g e s te d  f o r  D -a ra b in o s e  oxime 

i s o m é r i s a t i o n  i n  t h i s  pH r e g io n  (7 .5  t o  1 0 ,O)

/ N - X ) H
ch( oh) - n

\ ) H  +  HgO

ÎH(OH) -  H
.OH

\
)H ‘H

OH
+

oh'

OH

ÎH = H 

O H

+

OH"

pKa 1 1 .0 0
:H = H

)H

+

f a s t

/ •OH

s low
_ /

ÎH -  H

OH

H,0 HgO

Scheme 3 .9

0
//

;h -  ir

)H

HgO

r '
+

OH

\

OH

H

C ir c u m s ta n t i a l  ev id e n c e  f o r  t h e  o c c u r re n c e  and p o s s i b l e  invo lvem ent 

o f  c y c l i c  forms o f  D -a ra b in o s e  oxime comes from t h e  o b s e r v a t i o n  t h a t  t h i s  

compound a c t s  as  a  s u b s t r a t e  f o r  y e a s t  h e x o k in a se  ( s e e  CHAPTER 4) .
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3 .3  EXPERBffiFTAL

Tlie i s o m é r i s a t i o n  o f  c a rb o h y d ra te  oximes was fo l lo w e d  by  o b s e rv in g  

th e  change i n  o p t i c a l  r o t a t i o n  a t  589 nm i n  a  P e rk in -E lm e r  I 4 I 

p o l a r i m e t o r  equ ipped  w i th  a  c o n s ta n t  te m p e ra tu r e  c e l l  s u p p l i e d  w i th  

w a te r  a t  25 ~ 0 . 1 °  by  a  Tempunit Tecam Model TU 12. M easurements o f  

pH and pD (pD = pH r e a d i n g  + O .41) were made on a  Pye Unicam Model 

290 pH M ete r ,  u s in g  Pye Unicam EO7 combined e l e c t r o d e  o r  EIL Micro 

Com bination pH e l e c t r o d e  (O -  I 4 pH, 0 -  1 0 0 ° ) ,  The pH M eter  was 

s t a n d a r d i s e d  u s in g  s t a n d a r d  b u f f e r  s o l u t i o n s  a t  two d i f f e r e n t  pH v a l u e s , 

A l l  b u f f e r s  were made up to  an  i o n i c  s t r e n g t h  o f  0 .2  u s in g  p o ta ss iu m  

c h l o r i d e .  When r e q u i r e d  t h e  o p t i c a l  r o t a t i o n  r e a d in g s  a t  ze ro  t im e  

were o b ta in e d  by  e x t r a p o l a t i o n .  In  some c a s e s  th e  i s o m é r i s a t i o n  was 

fo l lo w e d  by  *H nmr i n  d e u te r iu m  ox id e  s o l u t i o n .  A l l  aqueous s o l u t i o n s  

were made u s in g  d e i o n i s e d  w a te r  excep t where o th e rw is e  s t a t e d .

3 . 3 .1  I s o m é r i s a t i o n  o f  C arb o h y d ra te  Oximes i n  Water

The c a rb o h y d ra te  oximes ( c r y s t a l s  ) were

d i s s o lv e d  i n  w a te r  and t h e  o p t i c a l  r o t a t i o n  m easured  im m e d ia te ly  a f t e r  

d i s s o l u t i o n  ( 2 -3  mins) u n t i l  a  c o n s ta n t  e q u i l ib r iu m  v a lu e  was a t t a i n e d .  

The c o n c e n t r a t i o n  o f  t h e  oxime s o l u t i o n s  w ere:

D-Glucose Oxime (0 .1 2 8 m)

D -A rab inose  Oxime (0.079M)

D -G a la c to se  Oxime (0.062M)

D-Mannose  Oxime ( 0 .1 2 8m)

D -Ribose Oxime (0.152M)
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3 . 3 .2  I s o m é r i s a t io n  o f  D-Glucose Oxime and D-Arabinose Oxime 

in  D euterium Oxide

P o la r im e te r :  The oximes were d i s s o lv e d  i n  deu terium  oxide  and th e  o p t i c a l

r o t a t i o n  observed  u n t i l  a  c o n s ta n t  r e a d in g  was rea c h e d .  The 

c o n c e n t r a t i o n  o f  th e  oximes were:

p -G lucose  Oxime (0 .128m)

D -Arabinose Oxime (0.079M)

nmr: nmr s p e c t r a  were ru n  on an EM36O V arian  60 MHz and HR220

MHz (P C M U ) s p e c tro m e te rs  a t  ambient te m p e ra tu re s  (22° -  23°) 

in  deu te r ium  ox ide  and u s in g  TSP as s ta n d a r d .  The i s o m é r i s a t i o n  was 

fo llo w ed  by m easuring  t h e  Cl-H peak a re a s  o f  th e  d i f f e r e n t  iso m e r ic  

forms o f  th e  oximes. Any d e v ia t io n s  i n  th e  ex p er im en ta l  c o n d i t io n s  

were n o ted  by o b se rv in g  th e  peak a r e a  o f  TSP ( i n t e r n a l  s ta n d a rd )  and 

a p p r o p r ia t e  c o r r e c t io n s  were made f o r  th e  o th e r  s i g n a l s .  The 

c o n c e n t r a t i o n  o f  th e  oximes were:

H-Glucose Oxime (0.342M)

D -Arabinose Oxime (O .303M)

3 . 3 .3  I s o m é r i s a t io n  o f  D -Arabinose Oxime under A c id ic  and B asic  

C o nd it ions

D-Arabinose oxime (0.079M) was d is s o lv e d  i n  b u f f e r  (see  

Table 3.2) and k i n e t i c  measurements made by r e a d in g  th e  o p t i c a l  r o t a t i o n  

v a lu e s  a t  d i f f e r e n t  t im es  u s in g  a W+W R ecorde r  1100.

The r a t e  c o n s ta n t s  were c a l c u l a t e d  u s in g  a  l e a s t  sq u a re s  computer 

programme"^ in  c o n ju n c t io n  w ith  a  Texas In s t ru m e n ts  Model SR 52 c a l c u l a t o r .

^  W r i t te n  by Mr R Renaud, RHO C hem istry  D epartm ent.
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3 .3 .4  Measurement o f  D is s o c i a t i o n  Constan t (pKa) o f  D-Arabinose 

Oxime

The d i s s o c i a t i o n  c o n s ta n t  (pKa) o f  D -a rab in o se  oxime was 

measured by ’H nmr sp e c tro s c o p y  a t  60 MHz, ambient te m p e ra tu re  

(22 -  2 3 °) ,  i n  deu te r ium  ox ide  u s in g  e x t e r n a l  TMS as s ta n d a r d .

The pH was v a r i e d  from 4*0 to  13«5 w ith  d e u t e r a te d  h y d ro c h lo r ic  a c id  

(DCI) and sodium hydrox ide  ( HaOD). The change i n  th e  chem ical s h i f t  

o f  th e  Cl-H s ig n a l  o f  th e  sy n (E) (major isomer) form o f  D -a rab inose  

oxime (0.3M) were measured and p l o t t e d  a g a in s t  th e  pH (P ig .  3 » 9 ) • 

There was observed  to  be no s h i f t  i n  th e  o th e r  s i g n a l s  on a d d i t i o n  o f 

DCI o r  HaOD.
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CHAPTER f\. THE INTERACTION QE CARBOHYDRATE OXIMES WITH YEAST HEXOKIHASE

4.1  INTRODUCTION

As d is c u s s e d  i n  C hap ter  1, th e  m ajor o b je c t iv e  o f  t h i s  work 

was th e  p r e p a r a t i o n  and s tu d y  o f  p o t e n t i a l  t r a n s i t i o n  s ta g e  ana logue  

i n h i b i t o r s  o f  enzymes. Based on arguments a l s o  p r e s e n te d  in  

C hapter  1, th e  compound D -a rab in o se  oxim e-5-phosphate(l?) was though t

NOH
II

HC

HO

— OH

——OH

CHgOPÔ Hg 
1 7

t o  be a p o t e n t i a l  i n h i b i t o r  o f  D -g lu co se -6 -p h o sp h a te  isom erase  

(EC 5 ' 3 . 1 ' 9 ) .  One way o f  o b ta in in g  t h i s  compound i s  enzymic 

p h o s p h o ry la t io n  c a t a ly s e d  by y e a s t  hexok inase  (ATP: D-hexose 6 -  

p h o s p h o tra n s fe ra s e )  (EC 2 . 7 . 1 . l) as  d is c u s s e d  in  C hapter 2 .  The 

f a c t  t h a t  t h i s  r e a c t i o n  p roceeds  as  seen  i n  C hapter 2 means t h a t  

D -a rab in o se  oxime i t s e l f  cou ld  e n t e r  th e  g l y c o l y t i c  c y c le  and hence 

show b i o l o g i c a l  a c t i v i t y .  Moreover, i t  was co n s id e re d  t h a t  i f  such 

a c t i v i t y  was d is c o v e re d  f o r  o th e r  oximes and su g a rs  used  th e n  i t s  s tu d y  

might le a d  to  new i n s i g h t s  i n t o  th e  a c t i o n  o f  y e a s t  hexok inase  i t s e l f .  

As shown in  C hapter 2 o f  t h i s  t h e s i s  th e s e  c a rb o h y d ra te  oximes a r e  

a c y c l i c  except f o r  D -g lucose  oxime, and no a c y c l i c  s u b s t r a t e s  o f  

y e a s t  hexok inase  have been  r e p o r te d  p r e v io u s l y .  F o r  th e s e  rea so n s  

th e  a c t i v i t y  o f  y e a s t  hexok inase  tow ards D -a rab in o se  oxime and o th e r  

compounds was i n v e s t i g a t e d .
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4 .2  TIIE ACTION AND STRUCTURE OP HEXOKINASE

4 . 2.1 The R eac t io n  C a ta ly sed  by Hexokinase

Yeast hexokinase  belongs to  a  c l a s s  o f enz^anes which 

c a t a ly s e  th e  p h o s p h o ry la t io n  of h ex o ses .  This r e a c t i o n  i s  c e n t r a l  to  

th e  m etabolism o f  g lucose  s in c e  fo rm atio n  o f  g lu c o se -6 -p h o s p h a te makes 

g lucose  a v a i l a b l e  f o r  g ly c o ly s i s  and f o r  th e  s y n th e s is  o f  p o ly 

s a c c h a r id e s  .

1
In  1927 0 . Meyerhof d isco v e re d  t h a t  aged muscle e x t r a c t s  could  

r e g a in  t h e i r  a b i l i t y  to  ferm ent sugars  by t r e a t i n g  them w ith  an
2

e x t r a c t  from y e a s t .  The Meyerhof muscle enzyme, c a l l e d  hexokinase  

was found to  be v e ry  s im i l a r  to  th e  y eas t  enzyme, h e te ro p h o sp h a te s e ^ '^  

and was capab le  o f c a t a ly s in g  th e  t r a n s f e r  o f  th e  Y -phosphory l
[- 6 Y

group of adenosine  t r i p h o s p h a te  (aTP) ’ i n  th e  p resence  o f  magnesium 

ions  (Mĝ **̂  to  a number o f hexoses (P ig .  4 . 1 ) .

CHgOH

O H
HO

O H

O

O

O

O

0
1

NK

D -glucose

CH2OPO3"

OH
HO

OH

Mg2+

4-

Hexokinase

"O

I Io

— P— O — C H

ATP

H O  OH

D-glucos e-6-pho sphat e 

Xequilm = ^^5 ± ?9 a t  pH = 6 .5

O

ADP

O —  C H

HO OH

P ig .  4.1 The r e a c t i o n  c a ta ly s e d  by hexokinase
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4*2.2 The P u r i f i c a t i o n  o f  Hexokinase

Yeast hexok inase  was p u r i f i e d  hy a number o f  groups o f

2—11w orkers .  However, th e s e  e a r l y  p r e p a ra t io n s  r e s u l t e d  in  poor

y i e l d s .  T h e re fo re ,  new p rocedures  which gave b e t t e r  y ie ld s  were 

14d e v ise d ,  but th e y  were shown to  g ive  m u l t ip le  forms o f  y e a s t

h e x o k i n a s e . A  y e a s t  p ro te a s e  i s  p re s e n t  even in  r e p e a te d ly

c r y s t a l l i s e d  y e a s t  hexok inase ,  and in  o rd e r  to  p reven t p r o t e o l y s i s

d i i s o p ro p y l  p h o s p h o f lu o r id a te ,  phenyl methyl su lphonyl f l u o r i d e  and

20—27g e l f i l t r a t i o n  o f  c e l l - f r e e  e x t r a c t s  was c a r r i e d  o u t .

P u r i f i e d  y e a s t  hexokinase  has an a b s o rp t io n  maximum a t  278 nm 

does no t c o n ta in  any p r o t e i n  bound coenzymes, and i s  e s s e n t i a l l y  f r e e

16 28o f  bound phosphate  o r  g lu c o se .  ’

4 . 2 .3  Isoenzyme Forms

A number o f  s tu d i e s  have in d ic a te d  th e  e x i s te n c e  o f  s e v e ra l

isoenzym ic forms o f  y e a s t  h e x o k i n a s e . T h e  n a t iv e

isoenzymes a r e  d e s ig n a te d  as A (o r  P - I  i n  Colowick’ s n o m e n c la tu re ) ,

B ( P - I l )  and C a cc o rd in g  to  th e  o rd e r  o f t h e i r  e l u t i o n  from DEAE

29(d ie th y la m in o e th y l)  c e l l u lo s e  column. The m o lecu la r  w eight o f
28 29

isoenzyme A l i e s  i n  th e  r e g io n  o f  102,000 to  108,000 and o f  B and

C a t  104,0 0 0 .^^ Isoenzyme A i s  composed o f  i d e n t i c a l  a lp h a  (a)

s u b u n i ts  and B and C o f  i d e n t i c a l  b e t a  (p) su b u n it  s .  The s p e c i f i c

a c t i v i t y  towards g lucose  o f  isoenzyme A i s  200 p moles/mn/mg of

p r o t e i n ,  o f  B i s  8OO p moles/min/mg o f  p r o t e i n  and o f  C i s  750 H m o le s /

21 31min/mg o f  p r o t e i n .  ’ F u r th e r  th e  measurements o f  th e  r a t i o s  o f  

a c t i v i t y  tow ards f r u c to s e  and g lucose  i s  2 .6 -3 .0  f o r  isoenzyme A and
21 321 .0 -1 .3  f o r  isoenzyme B,  ̂ w hile  th e  m annose:glucose a c t i v i t y  r a t i o s  

were 0 .6  and 0 .3  f o r  isoenzymes A and B r e s p e c t i v e l y . T h u s ,  t he
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r e l a t i v e  amounts o f  A and B p re s e n t  i n  crude e x t r a c t s  o r  in  p u r i f i e d

p re p a ra t io n s  can be d e te rm ined .  F u r th e r ,  B and C were observed

not to  be s t r u c t u r a l  isoenzym es, r a t h e r  th e y  appeared  conform âtto n a l l y

31d i f f e r e n t ,  as  C can be converted  to  B by h igh  io n ic  s t r e n g t h .  An

31a lp h a - b e ta  h y b r id  A*found in  f r e s h  y e a s t  c e l l  l y s a t e s  was o b ta in ed

and t h i s  form changes to  th e  A and B isoenzymes d u r in g  th e

p u r i f i c a t i o n  p ro ced u re .  These isoenzymes can be d i s s o c i a t e d  w ithou t

lo s s  o f  a c t i v i t y  by h ig h  io n ic  s t r e n g th ,  e le v a te d  te m p e ra tu re s ,

exposure to  s l i g h t l y  a l k a l i n e  c o n d i t io n s  (pH = 8 .0 ) ,  p resen ce  o f

24g lu co se  and o r th o p h o sp h a te .

From d i s s o c i a t i o n  s tu d ie s  under d i f f e r e n t  c o n d i t io n s  y e a s t  

hexok inase  m s  observed  to  be a dimer hav ing  i d e n t i c a l  p o ly p e p tid e  

ch a in s  o f  about 50,000 d a l to n s  m olecu la r  w e ig h t .

Form erly  i t  was though t t h a t  th e  enzyme was a te t r a m e r ,  w ith  each

s u b u n it  o f  m o lecu la r  w eight n e a r  25,000.^^*^^*^^*^^*^^*^^ The

d isc re p a n c y  i n  th e  m olecu la r  weight was due to  incom plete  d ig e s t io n ,

i n e f f i c i e n t  s e p a r a t io n  o f  th e  r e s u l t i n g  p e p t id e s  and con tam in a tio n  by

37t r a c e s  o f  y e a s t  p ro te a s e s  in  th e  p r e p a r a t io n s .

The amino a c id  com positions  o f  th e  n a t iv e  isoenzymes (a and B) 

were observed  to  be v e ry  s im i l a r  bu t do show c l e a r  d i f f e r e n c e s  i n  th e  

con ten t  o f  s e v e ra l  amino a c i d s . I n c u b a t i o n  o f  th e  n a t iv e  

isoenzymes (A and B) w ith  t r y p s i n  in  th e  p resence  o f  h ig h  s a l t  

c o n c e n t ra t io n ,  o r  g lucose  produces two m odified  enzyme forms (A* and B*) 

and t h i s  in v o lv es  removal o f  e leven  amino a c id s  from th e  N- 

t e r m i n u s .^ ^ '^ ^ '^ ^ '^ ^ '^ ^  The p h y s io lo g ic a l  r o l e s  o f  th e s e  d i f f e r e n t  

isoenzym ic forms remain u n c le a r ,  bu t from th e  dependence o f  th e  

r e l a t i v e  p ro p o r t io n  of  th e s e  forms upon th e  s ta g e  o f  growth would
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sugges t t h a t  each isoenzyme may perform  a s p e c i a l i s e d  fu n c t io n .

Improved i s o l a t i o n  te c h n iq u e s ,  and c h a r a c t e r i s a t i o n  o f th e

p h y s ic a l  and chem ical p r o p e r t i e s  o f  th e  enzyme f a c i l i t a t e d  th e

k i n e t i c  s tu d y  o f  th e  mechanism o f  th e  p h o sp h o tra n s fe ra s e  r e a c t io n .

39In  1955 Gamble and N a j ja r  showed th e  r e v e r s i b i l i t y  o f  th e  

hexok inase  r e a c t i o n  w ith  th e  r a t e  o f  th e  r e v e r s e  r e a c t io n  b e in g  one 

f i f t i e t h  as  f a s t  as th e  forw ard  r e a c t i o n .  In  1956 Agren and Engstrom 

re p o r te d  th e  i s o l a t i o n  o f  l a b e l l e d  p h o sp h o ry lse r in e  from an a c id  

h y d ro ly s a te  o f  hexokinase  in c u b a ted  w ith  p/aTP and su g g es ted  th a t  

th e  r e a c t i o n  mechanism (F ig .  4*2) invo lved  th e  p a r t i c i p a t i o n  o f  a 

phosphoryl-enzyme in te r m e d ia te .

E + ATP ---- ^  E.ATP — ^  EP + ADP

k k^
EP + g lucose  EP. g lucose   ^  E + g lu c o se -6 -P

^ - 3  ^

F ig .  A.2 Mechanism o f  hexokinase  r e a c t i o n  a cc o rd in g  to  Agren 
and Engstrom.

41However Hass e t  a l7  could  not s u b s t a n t i a t e  t h i s  even when 

p y ru v a te  k in a se  (EC 2 .7 .1 .4 0 )  and 2-phosphoenol py ru v a te  were added to  

d i s p la c e  th e  p o s s ib ly  u n favou rab le  e q u i l ib r iu m  f o r  th e  enzyme

42p h o sp h o ry la t io n ,  and N a j ja r  and McCoy f a i l e d  to  observe an exchange 

r e a c t io n  between [^^D ]-g lucose  and g lu c o se -6 -p h o sp h a te  in  th e  absence 

o f  ATP and ADP. The l a t t e r  workers f u r t h e r  proposed  an a l t e r n a t i v e  

mechanism (F ig .  4-3) in v o lv in g  a  glucose-enzyme in te rm e d ia te .

4 0
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E -g lucose  + ATP EX ±; E -g lu co se -6 -P  + ADP 

E -g lu co se -6 -P  + g lucose  #  EY E -g lucose  + g lu c o se -6 -P

F ig .  4 .3  A l t e r n a t i v e  mechanism'Of hexokinase  r e a c t io n

From th e  a n a ly s i s  o f  p u r i f i e d  hexokinase  T rayse r  and Colowick"*^’ 

concluded th a t  n e i t h e r  a phosphoryl-enzyme nor a glucose-enzyme 

in te rm e d ia te  was invo lved  and su g g es ted  in s t e a d  a  d i r e c t  i n t e r a c t i o n  

o f s u b s t r a t e s  on th e  enzyme s u r f a c e .

In  r e c e n t  y e a rs  th e  p o s s ib le  p resence  o f  phosphoenzyme 

in te rm e d ia te s  has been s tu d ie d  by in v e s t i g a t i n g  th e  h a l f  r e a c t i o n ,  

i . e .  in v o lv in g  e i t h e r  th e  r e a c t i o n  o f  th e  phosphoryl donor w ith  

enzyme to  form th e  presumed phosphoryl-enzyme in te rm e d ia te ,  o r  th e  

r e a c t i o n  o f  th e  presumed phosphoryl-enzyme w ith  th e  phosphoryl 

a c c e p to r .  The f in d in g  o f  Kaufman^^ o f  enzymic-ADP exchange in to  ATP 

has  been confirm ed w ith  pure  p r e p a ra t io n s  o f  y e a s t  hexokinase  which 

were f r e e  o f  any t r a c e  o f  g lucose  or g lu co se -6 -p h o sp h a te  The

r a t e  o f  th e  ADP-•-►ATP exchange r e a c t io n  was on ly  0.01% of  th e  r a t e  o f  

g lu c o se  p h o sp h o ry la t io n ,  but fo u r  t im es  th e  maximum r a t e  o f  ATP 

h y d r o l y s i s W a l s h  and S pector^^  r e p o r te d  t h a t  s i g n i f i c a n t  exchange 

between l a b e l l e d  g lu c o se-6 -phospha te  and g lucose  can be dem onstra ted  

in  th e  absence o f  n u c le o t id e s  p rov ided  t h a t  one u ses  a h ig h  r a t i o  o f 

g lu co se -6 -p h o sp h a te  to  g lucose  (400: l ) ,  i n  th e  p resence  o f  magnesium 

ions  and a  low pH ( 6 . 5) .  F u r th e r ,  th e  g lu c o se -^ * g lu c o se -6 -p h o sp h a te  

exchange r a t e  i s  th e  same as th e  ADP-•-►ATP exchange in  th e  p resence  o f  

p o ly an io n  a c t iv a to rs  l i k e  c i t r a t e . H o w e v e r ,  th e s e  exchange r e a c t io n s  

were su g g es ted  not to  be invo lved  a t  th e  c a t a l y t i c  s i t e  o f  th e  

hexok inase  r e a c t i o n  because  N -ace ty l glucosam ine (2 -acetam ido-2-deoxy-D -
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glucopyranose) which i n h i b i t s  th e  ATPase r e a c t io n  and D -lyxose which 

a c t i v a t e s  th e  ATPase r e a c t i o n  have l i t t l e  o r no e f f e c t  on th e  

ADP-•—►ATP exchange r a t e . ^ ^ '^ ^  However, i f  th e  ADP^^-^ATP exchange 

i s  r e l a t i v e l y  f a s t  compared to  th e  h y d ro ly s is  o f  th e  p h o sp h o ry l-  

enzyme th e n  th e s e  a c t i v a t i n g  and i n h i b i t i n g  e f f e c t s  need not be observed.

4 . 2 .4  K in e t ic  S tu d ie s

The f i r s t  i n i t i a l  r a t e  experim ents  were c a r r i e d  out 

in d ep en d en tly  by Hammes and Kochavi^^ and by Fromm and Zewe.^^ In  

bo th  th e s e  r e p o r t s ,  Lineweaver-Burk p lo t s ^ ^  o f  i n i t i a l  r a t e s  w ith  

D -glucose and ATP in d i c a te d  th a t  th e  e x t ra p o la te d  l i n e s  i n t e r s e c t e d  to  

th e  l e f t  o f  th e 1 /v  a x i s .  They bo th  concluded th a t  th e  r e a c t i o n  was 

s e q u e n t i a l ,  however, th e y  d is a g re e d  on how th e  t e r n a r y  complex was

48form ed. Hammes and Kochavi favoured  th e  o rd e red  mechanism (dark

arrow s, f i g .  4 .4) w ith  Mg ATP^being added to  th e  enzyme-glucose

49complex. Fromm and Zewe however, sugges ted  a r a p id  e q u i l ib r iu m  

random mechanism (F ig .  4 .4) i n  which e i t h e r  s u b s t r a t e  cou ld  b in d  f i r s t  

to  th e  enzyme, and f u r t h e r  a l l  th e  s te p s  were a t  e q u i l ib r iu m  except 

co n v ers io n  o f  th e  t e r n a r y  complex.

® V  .MgATp2- G -  -  EG-6-PADPMg E

.+ MgADP  ̂ + G-6-P

F ig .  4 .4  S e q u e n t ia l  mechanism o f  hexokinase  r e a c t i o n
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51O tto le n g h i  has s in c e  shown t h a t  th e  d a ta  o f  Hammes and Kochavi

was c o n s i s t e n t  w ith  a random k i n e t i c  mechanism. Moreover, th e  i n i t i a l

r a t e  s tu d ie s  o f  th e  r e v e r s e  r e a c t i o n  were a l s o  i n  harmony w ith  a s e q u e n t i a l  
52 53

mechanism. I t  was sugges ted  from an induced  f i t  model t h a t  th e  

t e r n a r y  complex formed hy s e q u e n t i a l  a d d i t io n  o f  n u c le o t id e  to  th e  

enzyme-sugar b in a ry  complex i s  a c t iv e  w hile  an a b o r t iv e  t e r n a r y  complex 

i s  formed when sugar  b inds  to  th e  enzym e-nucleo tide  b in a ry  complex which

in  t u r n  a l s o  decomposes r a p i d l y .  To d i s t i n g u i s h  between ordered  and random
mechanisms v a r io u s  experim en ts  were c a r r i e d  out by d i f f e r e n t  workers.

R A
Hoat _et a l .  a r r i v e d  a t  th e  same c o n c lu s io n  as Hammes and 

/I A
Kochavi p r im a r i l y  on th e  b a s i s  t h a t  th e  K^ f o r  ATP depends on which

54su g a r  i s  b e in g  p h o sp h o ry la ted ,  however, th e s e  workers o b ta in e d

d i f f e r e n t  v a lu es  f o r  th e  r a t e  c o n s ta n t s .  F u r th e r ,  they^^ showed by

e q u i l ib r iu m  d i a l y s i s  t h a t  y e a s t  hexokinase  b inds  one m olecule o f  
1A[  C ]-g lucose  p e r  monomer in  th e  absence o f  ATP, w h ile  th e  b in d in g  o f 

14 2th e  c h e l a te  (Mg[ C]aTP could  not be d e te c te d  in  th e  absence o f

g lu c o se .  L a te r  th e s e  workers^^ c a r r i e d  out a s tu d y  o f  th e  i n h i b i t i o n

4— 2+o f  g lucose  p h o s p h o ry la t io n  by th e  io n ic  s p e c ie s  ATP and Mg and 

concluded t h a t  on ly  one model could  account f o r  t h i s  i n h i b i t i o n  

(F ig .  4 . 5) •

E z A -  EG EGMA------ EG»  E

I I  [A] T [A]

EA EGA

.2-(A = ATP^ ; G = Glucose; MA = MgATP ; G» = Glucose-6 -P ;

E = Enzyme) •

F ig .  4 .5  Ordered s e q u e n t i a l  mechanism o f  hexokinase  r e a c t io n  

a cc o rd in g  to  Hammes and Kochavi.
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The i n h i b i t i o n  o f  th e  hexokinase  r e a c t io n  by th e  h igh  n u c le o t id e  

c o n c e n t r a t io n s  was s u g g es ted  to  be due to  th e  fo rm a tio n  o f  th e  

"dead-end" complexes, (EA and EGA) which a r e  devoid  o f  any a c t i v i t y ,  

w ith  th e  a f f i n i t y  f o r  th e  second form (EG) b e in g  g r e a t e r  th a n  th e  

f i r s t  (e) f o r  th e  n u c l e o t id e .  In  a n o th e r  s tudy^^  u s in g  a l t e r n a t e  

s u b s t r a t e s  ( b - f r u c to s e  and D-mannose) th e y  concluded t h a t  a  random 

mechanism cou ld  be ru le d  out and th e  o rd e red  mechanism p r e v io u s ly

58deduced was c o r r e c t .  Hohnadel and Cooper observed  t h a t  th e  an a lo g u e  

o f ATP in  which g lucose  r e p la c e s  th e  r ib o s e  m oiety  was an e f f e c t i v e  

c o m p e ti t iv e  i n h i b i t o r  o f  ATP bu t an unco m p e ti t iv e  i n h i b i t o r  w ith  

r e s p e c t  to  g lu c o s e .  For an o rd e red  pathway a co m p e ti t iv e  i n h i b i t o r  

f o r  th e  s u b s t r a t e  which b inds  f i r s t  w i l l  cause mixed o r  non

c o m p e t i t iv e  i n h i b i t i o n  r e l a t i v e  t o  th e  second s u b s t r a t e .  On th e  

o th e r  hand a  c o m p e ti t iv e  i n h i b i t o r  f o r  th e  second s u b s t r a t e  w i l l

produce u n co m p e ti t iv e  i n h i b i t i o n  r e l a t i v e  to  th e  f i r s t  s u b s t r a t e .

59However, Himoe has shown t h a t  f o r  a  s e q u e n t i a l  pathway in  which one

s u b s t r a t e  b in d s  s low ly  n o n -co m p e ti t iv e  o r u n co m p e ti t iv e  i n h i b i t i o n

may be o b se rved .  Kosow and Rose^^ observed  non l i n e a r  i n t e r c e p t

e f f e c t s  in  double r e c i p r o c a l  p l o t s  o f  ADP i n h i b i t i o n  r e l a t i v e  to  

2 —MgATP u s in g  undegraded y e a s t  hexokinase  isoenzym es. They concluded 

from th e s e  s tu d ie s  t h a t  th e  random e q u i l ib r iu m  mechanism was ru le d  o u t .

A number o f  arguments fa v o u r in g  th e  random mechanism came from

i n i t i a l  r a t e  s tu d i e s  c a r r i e d  out in  Fromm»s l a b o r a to r y .  Fromm and 

49Zewe a p p l ie d  p roduc t i n h i b i t i o n  s tu d ie s  to  th e  y e a s t  hexokinase  

r e a c t i o n .  This approach r e l i e s  on th e  f a c t  t h a t  th e  p resen ce  o f  a 

r e a c t i o n  p roduc t a l t e r s  th e  form o f  th e  r a t e  e x p re s s io n  i n  a  manner 

which i s  un ique f o r  each s e q u e n t i a l  k i n e t i c  mechanism. However, th e  

fo rm a t io n  o f  n o n -p ro d u c tiv e  a b o r t i v e  t e r n a r y  complexes can in f lu e n c e
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t h e  way in  which p ro d u c ts  appea r  to  i n h i b i t  th e  i n i t i a l  r e a c t io n

6lv e l o c i t y  w ith  r e s p e c t  to  each su b stra te .  They found th a t

g lu c o se -6 -p h o sp h a te  i n h i b i t i o n  r e l a t i v e  t o  e i t h e r  s u b s t r a t e  was

mixed, whereas th e  ADP i n h i b i t i o n  appeared  c o m p e ti t iv e  w ith  ATP and

n o n -c o m p e ti t iv e  w ith  g lu c o se .  They f u r t h e r  used  s u b s t r a t e  analogues

t h a t  behaved as  l i n e a r  c o m p e ti t iv e  i n h i b i t o r s  o f  s u b s t r a t e s ,  and

su g g e s te d  t h a t  f o r  a random pathway a co m p e ti t iv e  i n h i b i t o r  f o r

e i t h e r  s u b s t r a t e  w i l l  produce mixed or n o n -co m p e ti t iv e  i n h i b i t i o n

r e l a t i v e  to  th e  o th e r  su b s tra te .2 -A ce tam id o -2 -d eo x y -D -g lu co p y ran o se

behaved as a  c o m p e ti t iv e  i n h i b i t o r  f o r  g lucose  and a n o n -co m p e ti t iv e

2—i n h i b i t o r  f o r  Mg ATP . A lso , th e  a l t e r n a t i v e  s u b s t r a t e  D -f ru c to s e  

was a co m p e ti t iv e  i n h i b i t o r  f o r  g lucose  and a  n o n -co m p e ti t iv e  i n h i b i t o r  

f o r  Mg ATP^ . A d d i t io n a l  ev idence  which i n  t h e i r  view su p p o r ted  th e  

random mechanism came from experim ents  u s in g  th e  i n h i b i t o r s  Or ATP

62 1 —and Cr ADP. I t  was found t h a t  Cr ATP and Or ADP a re  c o m p e ti t iv e

2—  1 —i n h i b i t o r s  o f  Mg ATP and Mg ADP r e s p e c t iv e l y ,  and n o n -co m p e ti t iv e  

i n h i b i t o r s  o f  g lu co se  and g lu c o s e -6 -phospha te  r e s p e c t i v e l y .  Rudolph 

and Promm^^ s tu d ie d  th e  hexok inase  mechanism by computer s im u la t io n .  

T h e ir  d a ta  were c o n s i s t e n t  w ith  th e  enzyme mechanism b e in g  s te a d y  

s t a t e  random bu t approx im ated  by th e  r a p id  e q u i l ib r iu m  assum ption . 

F u r th e r ,  th e  s y s te m a t ic  comparison o f  th e  i n i t i a l  r a t e s  and i n h i b i t i o n  

d a ta  o f  th e  com m ercial,S-form s and th e  A(P-1) form o f  th e  enzyme 

showed no q u a l i t a t i v e  d i f f e r e n c e  in  th e  mechanism o c c u r r in g .

4 . 2 .5  I so to p e  Exchange S tu d ie s .

The e a r l y  i s o to p e  exchange work d e s c r ib e d  i n  S e c t io n

4 . 2 .3  was c a r r i e d  out u s in g  *̂ "̂ 0 and ^ ^ P - la b e l le d  compounds t o  de term ine
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th e  p re sen ce  o f  a phosphoryl-enzym e in te rm e d ia te  a n d /o r  a  g lu c o s e -  

enzyme in t e r m e d ia te .  L a te r  B r i t t o n  and C larke^^  u s in g  a  m odified  

e q u i l ib r iu m  f lu x  tech n iq u e^ ^  measured th e  r a t i o  o f  two f lu x e s  

[ ( f l u x  o f  m a te r ia l  from g lu c o se -6 -p h o sp h a te  to  A T P )/( f lu x  from 

g lu c o s e-6 -p h o sp h a te  to  g lu c o s e ) ]  as a fu n c t io n  o f  in c r e a s in g  

c o n c e n t ra t io n s  o f  D -glucose o r  ATP a t  e q u i l ib r iu m .  In  g e n e ra l  f o r  

random a d d i t io n  th e  fluo: r a t i o  p l o t t e d  a g a in s t  ATP c o n c e n t r a t io n  

shou ld  y i e l d  a hyp erb o la  w ith  th e  r a t i o  in c r e a s in g  from a va lue  l e s s  

th a n  u n i t y  t o  a  p l a t e a u  g r e a t e r  th a n  u n i t y  and a  s im i l a r  curve shou ld  

be o b ta in e d  when th e  r e c i p r o c a l  o f  th e  r a t i o  i s  p l o t t e d  a g a in s t  

D -g lucose .  For o rd e red  a d d i t i o n  w ith  D -glucose add ing  f i r s t  th e  

f l u x  r a t i o  shou ld  be independent o f  D -glucose c o n c e n t r a t io n  and shou ld  

in c re a s e  l i n e a r l y  from u n i t y  w ith  ATP c o n c e n t r a t io n .  I f  p a r t  o f  th e  

r e a c t i o n  shou ld  p roceed  v ia  a d d i t io n  o f  ATP b e fo re  D -glucose and i f  

th e  s t e p :

ATP + Enzyme Enzyme. ATP

shou ld  be v e ry  f a s t  th e  f l u x  r a t i o  w i l l  v a ry  as d e s c r ib e d  f o r  o rd e red  

a d d i t i o n  except t h a t  i t  w i l l  reac h  a  maximum a t  h ig h  ATP 

c o n c e n t r a t i o n s .  F lux  measurements were made w ith  ^^P- and ^Re

l a b e l l e d  s u b s t r a t e s  a t  pH 6 . 5 , io n i c  s t r e n g t h  (0 .2 )  and c o n c e n t r a t io n  

o f  f r e e  Mg "̂  ̂ (5 .0 mM) kep t c o n s t a n t . They found no change i n  f l u x  

r a t i o  a s  th e  D -glucose c o n c e n t ra t io n  was in c re a s e d ,  bu t a  l i n e a r  r i s e  

from 1 to  5 as  th e  ATP c o n c e n t r a t io n  was r a i s e d  from 0 to  1.2 mM. This 

im p lie s  an  o rd e red  pathway. The pathway w ith  ATP b in d in g  f i r s t  was

no t d e t e c te d  and was e s t im a te d  to  be r e s p o n s ib le  f o r  l e s s  th a n  10%

32of th e  t o t a l  f l u x .  However, Fromm e t  r e p o r te d  from i s o to p e

exchange s tu d ie s  (w ith  b o th  s u b s t r a t e s  and p ro d u c ts  b e in g  p re s e n t)  

t h a t  e q u i l ib r iu m  exchange k i n e t i c  measurements were c o n s i s t e n t  w ith  a
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random a d d i t i o n  o f  s u b s t r a t e s  to  th e  enzyme based  on th e  evidence 

t h a t  ATP-•-►ADP exchange r a t e  i s  ap p ro x im a te ly  50^ g r e a t e r  th a n  th e  

co rre sp o n d in g  D -g lu co se -•—►D-glucose-6-phosp h a te  exchange r a t e  and a l s o  

t h a t  h ig h  ATP -  ADP c o n c e n t r a t io n s  f a i l e d  to  d ep re ss  th e  glucose-#-» 

g lu c o s e -6 -p h o sp h a te  exchange. For a t r u l y  r a p id  e q u i l ib r iu m  random

mechanism, th e s e  exchanges must be e q u i v a l e n t T h i s  su g g es ted
< p _

t h a t  th e  in t e r c o n v e r s io n  o f  th e  enzyme-MgATP’ -D -g lucose  and 

1 —enzyme-MgADP - g lu c o s e -6 -p h o sp h a te  t e r n a r y  complexes were no t r a t e

l i m i t i n g ,  and th e  d a ta  were in  agreement w ith  th e  p o s s i b i l i t y  t h a t

g lu c o s e -6 -p h o sp h a te  r e l e a s e  was p a r t l y  r a t e  l i m i t i n g .^ ^  A ccording

to  Kosow and Rose^^ an a l t e r n a t i v e  sequence o f  p roduc t r e l e a s e

o ccu rred  w ith  g lu c o s e -6 -p h o sp h a te  r e l e a s e  o c c u r r in g  f i r s t  however, t h i s

sequence su g g es ted  to  be o f  minor s ig n i f i c a n c e  except in  th e  p resen ce

1-of  h ig h  c o n c e n t r a t io n  o f MgADP . They sug g es ted  a  branched  

pathway (F ig .  4*6) .

ADPMg
ATPMg tl

\  ATPMe: /  G-6-P \
Enzyme (eJ>^  -— ^  ®Q_5_p — (  >E G-6-P = g lucos e -6 -

 ̂  ̂ \  ^ADPMg j  phosphate
D -glucose  ( g) II II

G-6-P ADPMg

G-6-P

F i g 4 . 6  Mechanism o f  hexok inase  r e a c t i o n  a c c o rd in g  to  Kosow and Rose.

From th e  measurement o f  exchange r a t e s  a t  e q u i l ib r iu m  Boyer and 

S i l v e r s t e i n ^ ^  a l s o  concluded t h a t  an A l t e r n a t i v e  random» and not 

o rd e re d  mode o f  s u b s t r a t e  a d d i t i o n  was fo llow ed  (F ig .  4 » 7 ) .

60
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E

E.G E .G .6 .P

-1 k-2

MA k

E.MA

E.MA.G E.M .A 'G.ü.P

-4
E.M.A'

.E

+ MA» + G-6-P

k <  o r  >  k4 s i m i l a r l y  f o r  p roduct r e l e a s e

k^ <  o r  >  kg

G = g lu co se  

,2 -

G-6-P = g lu co se -6 -p h o sp h a te

MA = MgATP ̂  E = enzyme
E ig .  /t .7 A l t e r n a t i v e  random mechanism o f  hexokinase  r e a c t io n  

The r e s u l t s  o f  s te a d y  s t a t e  k i n e t i c s  in c lu d in g  s u b s t r a t e  

ana logue  and product i n h i b i t i o n  s t u d i e s ,  and i s o to p e  exchange s t u d i e s ,  

a r e  c o n s i s t e n t  w ith  a s e q u e n t i a l  r e a c t io n  pathway f o r  th e  hexokinase  

c a t a ly s e d  r e a c t i o n  in  which i n i t i a l  b in d in g  o f  g lucose  i s  p r e f e r r e d  

when bo th  s u b s t r a t e s  a r e  p re s e n t  a t  l e v e l s .

4 -2 .6  In f lu e n c e  o f  M etal Ions

The in f lu e n c e  o f  m etal io n s  on th e  y e a s t  hexokinase  

r e a c t i o n  has been  s tu d ie d  by v a r io u s  workers '?^’

M. Cohn^^ observed  t h a t  Mn "̂  ̂ and enzyme o r  Mn̂ *̂  and n u c le o t id e  o r 

2+ 24-enzyme and Mn . ATP o r  Mn . ADP showed no enhancement i n  p ro to n  

r e l a x a t i o n  r a t e  o f  w a te r  c o o rd in a te d  to  th e  m etal th e re b y  showing 

t h a t  th e  m etal io n  does not a c t  as a  b r id g e  between th e  enzyme and 

th e  s u b s t r a t e .  The o v e r a l l  view i s  t h a t  th e  m etal io n  (Mg^"^ 

p o s se ss e s  no a f f i n i t y  f o r  th e  enzyme. I t  o n ly  h e lp s  i n  p o l a r i s i n g
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t h e  Y -phosphory l bond a t  ATP t h a t  i s  s p l i t ^ ^  when g lu c o s e -6 -

phosphate  i s  formed. I t  forms w ith  ATP th e  r e a c t i v e  s p e c ie s
2 “  2+MgATP and a t  excess Mg c o n c e n t ra t io n  th e  i n h i b i t i o n  o f  th e

hexokinase  r e a c t io n  i s  due to  th e  low ering  of th e  c o n c e n t r a t io n  o f 
2 -

th e  r e a c t i v e  MgATP s p e c ie s  by th e  fo rm a t io n  o f th e  i n a c t i v e  t e r n a r y  

56c h e la te  MggATP. Thus, th e  d i f f e r e n c e s  in  k i n e t i c  r e s u l t s  and

i n t e r p r e t a t i o n s  cou ld  a r i s e  a l s o  due to  d i f f e r e n c e s  i n  th e  a c t u a l

2 — 2+c o n c e n t r a t io n  o f  MgATP" used by d i f f e r e n t  w orke rs .  Excess Mg
IS-

and ATP’’ bo th  i n h i b i t  th e  r e a c t i o n .  T here fo re  i t  i s  e s s e n t i a l  to  

know th e  c o n c e n t r a t io n  of ATP^ , ATP^~, MgATP^", Mg^ATP and Mg^^ in  

th e  a s s a y  m ix tu re  f o r  p ro p e r  i n t e r p r e t a t i o n  o f  k i n e t i c  s t u d i e s .

73R ece n t ly ,  S ig e l  and Amsler s tu d ie d  th e  h y d ro ly s is  o f

n u c le o s id e  t r i p h o s p h a te s  promoted by m etal ions  and su g g es ted  t h a t  th e

id e a l  d iv a le n t  c a t io n  shou ld  be one which c o o rd in a te s  i n i t i a l l y  o n ly  t o  th e

(3- and Y-p h o sp h a te  group, th u s  a l lo w in g  a  s h i f t  a long  th e  phosphate

backbone in to  th e  a , 3 c o o rd in a t io n  w ithou t removal o f  a  b in d in g  s i t e ,

a  c o n d i t io n  which i s  f u l f i l l e d  by Mg^^ (see  P ig .  4 - 8 ) .  Secondly,

t h i s  m etal ion  shou ld  have a  low tendency  to  i n t e r a c t  w ith  th e  base

m oie ty  o f  a  n u c le o s id e  t r i p h o s p h a te  (MP) to  p rev en t th e  fo rm a tio n  of
2+s e l f - r e a c t i v e  dimers d u r in g  th e  t r a n s p o r t  o f  th e  M - s u b s t r a t e  

complex. An a l t e r n a t i v e  mechanism p o s s ib le  to  f a c i l i t a t e  th e  

phosphory l t r a n s f e r  i s  th e  a c t i v a t i o n  o f  th e  Y -phospha te  group by  th e  

c o o rd in a t io n  of m eta l io n  to  t h i s  group on ly ;  t h i s  means t h a t  th e  

m etal io n  must a g a in  be s h i f t e d  from i t s  i n i t i a l  MP c o o r d in a t io n .
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j- ,  ? ^ -  ' 5 )
^  B a s e  ^   R i b o s e —  — O “  P — O

Enzyme + B ase-R ibose  -  @  -  (p) -  (p)
\ / \ /

' 2+

' ' ' \  p

© -

X B -1

Mg2+

2 + -
E ig .  /! .8 I n t e r a c t i o n  o f  Mg w ith  th e  n u c le o s id e  t r i p h o s p h a te

73and enzyme \  ^

C le land  and c o -w o rk e rs ^ ^ '^ ^ '^ ^  have s tu d ie d  th e  i n t e r a c t i o n  of

hexok inase  w ith  n u c le o t id e  s a l t s  i n  which th e  magnesium i s  r e p la c e d

1~by chromium 111. They found t h a t  Cr ATP i s  a  c o m p e ti t iv e  i n h i b i t o r
2 -

w ith  r e s p e c t  to  MgATP and a  n o n -co m p e ti t iv e  i n h i b i t o r  w ith  r e s p e c t  

t o  g lu c o se .  I n i t i a l l y  th e  r e a c t io n  r a t e  was tim e dependent i n  th e  

p re sen ce  o f  Cr ATP , and t h i s  ivas a t t r i b u t e d  to  an  i s o m é r i s a t io n  

o f  th e  i n i t i a l l y - f o r m e d  g lu co se -C r  ATP -  enzyme complex.
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S ince  b id e n ta t e  Cr(NH^)^ATp"*~ and monodentate Cr ADP d is p la y e d  

i n h i b i t i o n  which was g r e a t e r  w ith  t im e , whereas b id e n ta t e  Cr ADP was a 

poor i n h i b i t o r  i t  was concluded t h a t  th e  a c tu a l  s u b s t r a t e s  a r e

77p - Y- b i d e n t a t e  MgATP and p-monodentate ADP. Barnard  and co-workers 

have s tu d ie d  th e  b in d in g  o f Cr ATP (and g lucose  in  th e  p resence  

o f Cr ATP )by pure  hexok inase  isoenzymes A and B. They found t h a t  

a t  an  io n i c  s t r e n g t h  1 o f  O.5 isoenzymes A and B a re  monomers w hile  

a t  1 = 0 .05  A i s  a  dimer and B a monomer. A ll  o f  them b in d  one 

m olecule o f  Cr ATP^ 3- '̂  ̂ one m olecule  o f  g lucose  p e r  monomer 

except d im eric  A, which b inds  on ly  one g lucose  m o lecu le .  F u r th e r ,  

i n  absence o f  g lu c o se ,  Cr ATP does not b in d .

4 . 2 .7  ATPase A c t i v i t y

B esides  c a t a ly s in g  th e  p h o sp h o ry la t io n  o f  sugars  

y e a s t  hexok inase  a l s o  c a t a ly s e s  th e  slow h y d ro ly s is  o f  ATP 

(ATPase a c t i v i t y )  . I t  has been shown t h a t  some i n h i b i t o r s  o f  th e  

hexok inase  r e a c t io n ,  such as 2-acetam ido-2-deoxy-D ~glucopyranose 

i n h i b i t e d  th e  ATPase r e a c t i o n  w hile  o th e rs  l i k e  th e  p en to se s  

x y lo se  and lyxose  (g lu co se  and mannose w ith  th e  te rm in a l  

hydroxymethyl groups removed r e s p e c t iv e ly )  s t im u la t e  th e  ATPase 

a c t i v i t y . A c c o r d i n g  to  Rudolph and Fromm^ t h i s  a c t i v a t i o n  

cou ld  a p p a r e n t ly  be due to  th e  p en to se s  a l lo w in g  w a te r  to  r e p la c e  th e  

6 -hydroxyl o f  a  hexose and p la c e  th e  enzyme i n  a  conform ation  which 

f a c i l i t a t e s  th e  h y d ro ly s is  o f  ATP. F u r th e r ,  th e  p en to se s  x y lo se  

and lyxose  were observed  to  lower th e  f o r  ATP to  th e  same va lue  

as  t h a t  o f  th e  v a lu e  f o r  th e  hexokinase  r e a c t i o n  (phosphory la tion). 

5 3 J79>81 This has l e d  to  th e  p ro p o sa l  o f  an  induced f i t  mechanism
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in  which th e  b in d in g  o f  some sugars  l i k e  lyxose  and x y lo se  

promotes bo th  th e  b in d in g  o f  th e  n u c le o s id e  t r i p h o s p h a te s  to  y eas t  

hexok inase  and a l s o  in c re a s e s  th e  r a t e  o f  h y d ro ly s i s  o f  th e

n u c l e o t id e s . ly x o s e  a l s o  promotes th e  b in d in g  o f  th e  i n h i b i t o r
1— 77Cr ATP to  hexok inase  bu t t o  a l e s s e r  e x te n t  th a n  does g lu c o se .

A f te r  th e  i n i t i a l  a c t i v a t i n g  e f f e c t  o f  x y lo se ,  i t  was observed^^

th a t  th e  enzyme (ATPase) i s  in a c t iv a te d ,C o lo w ic k  has s in c e  shown

t h a t  t h i s  i n a c t i v a t i o n  i s  r e l a t e d  t o  th e  p h o s p h o ry la t io n  o f

37 82h ex o k in ase .  Cheng e^ a J .  r e p o r te d  t h a t  th e  i n a c t iv e

phosphoenzyme was s t a b i l i s e d  by t h i o l s  and D -xy lose , c o n ta in s  one

mole o f  phosphate  p e r  monomeric u n i t ,  and a l s o  t h a t  th e  i n a c t i v a t i o n

1 —of th e  phosphoenzyme could  be r e v e r s e d  by MgADP p lu s  D -xy lose .

E* + Mg ATP^ ±; E .P  + Mg ADP  ̂

a c t i v e  i n a c t iv e

The s low er i n a c t i v a t i o n  o f  th e  enzyme in  th e  p resence  o f  ly x o se  as 

compared to  x y lo se  was a t t r i b u t e d  to  th e  h ig h e r  c o n c e n t r a t io n  o f  

Mg ADP  ̂ formed i n  th e  ATPase r e a c t io n ^ ^  which induces  th e  r e a c t i v a t i o n
O *3

o f  th e  enzyme. A l i n e a r  r e l a t i o n s h i p  i s  observed  between th e  

i n a c t i v a t i o n  and p h o s p h o ry la t io n  o f  th e  p r o t e i n .  The phosphory l group 

(one phosphoryl group in c o rp o ra te d  p e r  enzyme su b u n it  o f  51,000 

m o lecu la r  weight) i s  found to  be c o v a le n t ly  bound by an e s t e r  

l in k a g e  w ith  a  p r im ary  hydroxyl group o f  a  s e r in e  r e s id u e  o f  th e  

p r o t e i n .



182

In  o rd e r  to  o b ta in  a b e t t e r  i n s ig h t  in to  th e  e f f e c t  o f  v a r io u s  

s u b s t r a t e s ,  i n h i b i t o r s  and o th e r  s p e c ie s  on th e  hexokinase

a c t i v i t y  an u n d e rs ta n d in g  o f  th e  b in d in g  mechanism i s  e s s e n t i a l .
0 / 1

S h i l l  and Neet d u r in g  a s tu d y  o f  k i n e t i c  p r o p e r t i e s  o f  y e a s t  

hexok inase  B observed  t r a n s i e n t  changes in  r e a c t io n  curves  i . e .  

t r a n s i e n t s  going  from an i n i t i a l  h igh  a c t i v i t y  to  a  low er s te a d y  

s t a t e  a c t i v i t y .  They c a r r i e d  out experim ents  documenting a  slow 

change in  hexokinase  a c t i v i t y  d u r in g  a s sa y  which su g g es ted  t h a t  

y e a s t  hexokinase  B undergoes a slow change in  a c t i v i t y  under th e  

a s s a y  c o n d i t io n .  This appea red  to  be dependent on some r e v e r s i b l e  

change induced  by th e  p resen ce  o f  bo th  s u b s t r a t e s  (Mg ATP + 

D -glucose) and th e y  concluded t h a t  a  slow con fo rm a tio n a l  change of 

th e  enzyme from an i n i t i a l  form to  a  second l e s s  a c t i v e  form would
Or

be c o n s i s t e n t  w ith  th e  r e s u l t s .  Roustan ^  from d i f f e r e n c e

sp ec tro p h o to m e try  experim ents  in fe r r e d ,  t h a t  sugar  and p h o sp h o ry la ted  

su g a r  b in d s  a t  th e  same p a r t  o f  th e  a c t i v e  s i t e  as  th e y  induce th e  

same s p e c t r a l  e f f e c t .  Kosow and Rose^^ proposed  t h a t  y e a s t  

hexok inase  B may e x i s t  as two con fo rm a tiona l  isom ers ,  an i n a c t iv e  form 

which i s  favou red  in  th e  a c id  range and an a c t i v e  form fav o u red  by 

v a r io u s  p o lyan ions  o r  by a l k a l i n e  pH. S h i l l  e^  a l ? ^  c a r r i e d  out 

r e a c t i n g  enzyme s e d im e n ta t io n  and s e d im e n ta t io n  v e l o c i t y  s tu d ie s  o f  

y e a s t  hexok inase  B ( P - I l )  a t  pH 6.75 and pH 8.55 to  de term ine  th e  

s i z e  o f  th e  r e a c t i n g  form o f  th e  enzyme and to  s tu d y  th e  monomer- 

dimer e q u i l ib r iu m .  From th e  S^q ,W'v a lu es  o b ta in e d  th e y  concluded 

t h a t  a t  low c o n c e n t r a t io n  th e  monomer was fav o u red  w h ile  a t  h ig h  

c o n c e n t r a t io n  o f  enzyme th e  S^Q,w v a lu es  a t  th e  two pH*s'were 

i n t e r p r e t e d  as an  a s s o c i a t i o n  to  d im ers .  In  th e  absence o f
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s u b s t r a t e s  th e  enzyme was p re s e n t  as a  dimer a t  bo th  th e  pH*s.

In  th e  p re sen ce  o f  g lu co se  a lo n e  d i s s o c i a t i o n  o f  th e  dimer was 

observed  to  a  c e r t a i n  e x te n t  w h ile  th e  combined e f f e c t  o f  bo th  th e  

s u b s t r a t e  (g lu co se  + Mg ATP ) and no t th e  p ro d u c ts  (g lu c o s e -6 -  

phosphate  and Mg ADP ’*) b rough t about th e  observed  d im é r i s a t io n  

a t  pH 8 . 55 . F u r th e r ,  th e  p re sen ce  o f  bo th  s u b s t r a t e  a l s o  

enhanced th e  d im é r i s a t i o n  a t  pH 6 . 75» Thus, th e  two conform ations  

e q u i l ib r iu m  and r e a c t i n g  s te a d y  s t a t e ,  not on ly  have d i f f e r e n t  

k i n e t i c  p r o p e r t i e s ,  bu t a p p a r e n t ly  d i f f e r  m arkedly in  t h e i r  s e l f
07

a s s o c i a t i o n  p r o p e r t i e s .  Colowick _et from t h e i r  experim ents

concluded  t h a t  t h e r e  i s  p r e f e r e n t i a l  b in d in g  o f  th e  suga r  to  th e

88d i s s o c i a t e d  form o f  th e  enz^yme, bu t Hoggett and K e l l e t t  observed  

t h a t  a  s a t u r a t i o n  c o n c e n t r a t io n  o f  g -g lu c o se  d id  no t b r in g  about 

com plete d i s s o c i a t i o n  o f  y e a s t  h ex o k in ase .  They concluded t h a t  bo th  

th e  sugar  b in d in g  s i t e s  in  th e  dimer were occupied  and f u r t h e r  t h a t  

th e s e  s i t e s  were e q u iv a le n t  and n o n -c o o p e ra t iv e  a t  low pH v a lu e s .  

Under in te rm e d ia te  c o n d i t io n s  o f pH (pH 7 .0 ,  I  = O .15M ) where

monomer and dimer c o - e x i s t e d ,  th e  b in d in g  o f  D -glucose showed a weak 

p o s i t i v e  c o o p e r a t i v i t y .  In  a d d i t io n ,  th e  b in d in g  was dependent 

upon th e  c o n c e n t r a t io n  o f  enzyme i n  th e  d i r e c t i o n  o f  s t r o n g e r

89b in d in g  a t  low er c o n c e n t r a t i o n s .  F u r th e r  K e l l e t t  and co-w orkers 

found t h a t  th e  b in d in g  o f  D -glucose to  hexok inase  A i s  s t r o n g e r  th a n  

to  hexok inase  B. Also D -glucose  b in d in g  to  hexok inase  A dimer shows

90p o s i t i v e  c o o p e r a t i v i t y .  W illiams ^  a ^ ,  found t h a t  upon d i l u t i o n  

th e  s p e c i f i c  a c t i v i t y  o f  y e a s t  hexok inase  A was low ered u n t i l  an 

e q u i l ib r iu m  v a lu e  i s  r e a c h e d .  The l o s t  c a t a l y t i c  a c t i v i t y  i s  

rec o v e re d  by low er in g  th e  te m p e ra tu re  (from 30° to  25°) .
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The o v e r a l l  co n c lu s io n  i s  t h a t  th e  hexokinase  isoenzymes can e x i s t  in  

s o l u t i o n  in  monomeric and d im eric  form.

4 . 2 .8  X-Ray C r y s t a l 1ography

X -ray c r y s t a l l o g r a p h i c  s tu d ie s  have been c a r r i e d  out 

On y e a s t  hexok inase  BI, B]:I, and B i l l  c r y s t a l  f o r m s ? T h e  BI 

c r y s t a l  form (F ig .  4 - 9 ) i s  a  dimer has space group P2^22^ and 

m o lecu la r  w eight o f  102,000 d a l to n s .  The two s u b u n i ts  a r e  r e l a t e d  

by a 180° r o t a t i o n  p lu s  a  t r a n s l a t i o n  o f  3.6°A a long  th e  symmetry 

a x is  o f  one su b u n it  r e l a t i v e  to  th e  o th e r .  The BIX c r y s t a l  

form i s  (F ig .  4 .9) a l s o  a d im er, has space group P 2 , 2 , 2 , and th e  

s u b u n i ts  a re  r e l a t e d  by a 1$6° r o t a t i o n  and a  screw t r a n s l a t i o n  o f  

13.8°A.

180

3 6

156

1 3 .8A

BI (P 2 , 22) BII (P 2 ,2 ,2 )

Does no t b in d  s u b s t r a t e s  Binds s u b s t r a t e s

F ig .  4 .9  Diagrammatic r e p r e s e n t a t i o n s  o f  hexok inase  dimers
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U nlike  th e  o th e r  two forms th e  B i l l  c r y s t a l  form i s  a  monomer

97in  th e  asymm etric u n i t  and has space groups P 2 ,2 ,2 , .

P i g .  1 .10 Schem atic drawing o f  th e  y e a s t  hexokinase  dimer showing" 
th e  lo c a t i o n s o f  observed  sugar  b in d in g  s i t e s  (S & S*) 
and n u c le o t id e  b in d in g  s i t e s  ( l  formed by I  & I ’d) and 
symmetry r e l a t e d  s i t e s  ( l ’ ? I d ) .  A and , A* a r e  th e  

■ AMP' b in d in g  s i t e s  observed  in  B i l l  c r y s t a l  form.

The su g a r  ( s u b s t r a t e s ,  s u b s t r a t e  ana logues  and i n h i b i t o r s )  

b in d  to  each s u b u n it  deep in  th e  c l e f t  (S & S’) which s e p a ra te s  th e  

two lo b e s  (P ig .  4 .1 0 ) ,  w h ile  th e  n u c le o t id e s  one p e r  dimer b in d  in  

th e  i n t e r  su b u n it  r e g io n ( l )  which i s  formed by b o th  s u b u n i ts  and 

l i e s  on th e  m o lecu la r  symmetry a x i s .

I t  was observed^^ t h a t  th e  BI c r y s t a l  ( c r y s t a l l i s e d  from ammonium 

s u lp h a te  pH 7 .0 ,  p lu s  O.O4M phosphate) form does no t b in d  s u b s t r a t e s  

and th e  r e g io n  around  th e  su g ar  b in d in g  s i t e  i s  v e ry  open to  th e  

s o lv e n t .  On th e  o th e r  hand B II  c r y s t a l  form i s  c r y s t a l l i s e d  from
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c o n c e n t ra te d  phosphate  s o lu t i o n  (pH 7.0) and h inds  s u b s t r a t e s ,

94A ccording  to  S t e i t z  ^  a l .  th e  conv ers io n  o f  BI in to  B II cou ld  be 

accompanied by a r o t a t i o n  around a s in g l e  a x i s  o f  c o n ta c t  between th e  

two s u b u n i ts  and may be th e  con fo rm a tiona l  change im p lied  by th e  

h y s t e r e t i c  k i n e t i c s .

The two s u b u n i ts  o f  y e a s t  hexokinase  B II  were fou n d ^^ '^^  to

show unequal a f f i n i t i e s  f o r  sugar s u b s t r a t e s  and f o r  n u c le o t id e

s u b s t r a t e s  and a n a lo g u es .  Although th e  i n h i b i t o r s  0 -  and p - io d o -

benzoyl glucosam ine and O-tolouylglucosamine b in d  e q u a l ly  t o  b o th

s u b u n i t s ,  th e  degree  o f  s u b s t i t u t i o n  o f  g lucose  ( p r e f e r e n t i a l l y  to

th e  low er su b u n it)  o r  x y lo se  ( p r e f e r e n t i a l l y  to  th e  upper su b u n it)

i s  v e ry  d i f f e r e n t  f o r  th e  two s u b u n i ts  (F ig .  4 . I I ) .  This n e g a t iv e

c o o p é râ t i v i t y  in  s u b s t r a t e  b in d in g  was sug g es ted  p ro b ab ly  to  r e s u l t

from th e  h e te ro lo g o u s  o r  n o n -e q u iv a le n t  environm ents f o r  th e  two

ch em ica lly  i d e n t i c a l  s u b u n i t s .  In  a d d i t io n ,  t h e r e  i s  a p o s i t i v e

a l l o s t e r i c  i n t e r a c t i o n  between th e  sugar and n u c le o t id e  b in d in g

s i t e s .  F i n a l l y  they^^*^^  sug g es ted  t h a t  th e  ATP bound to  th e

i n t e r s u b u n i t ( l )  s i t e  cou ld  not fu n c t io n  i n  d i r e c t  phosphoryl

t r a n s f e r ,  bu t i t  might be invo lved  in  r e g u l a t i o n  o f  hexokinase

98a c t i v i t y .  R ece n t ly  S t e i t z  £ t  a l . observed  t h a t  t h e r e  a r e  th r e e  

b in d in g  s i t e s  f o r  n u c le o t id e  i n  th e  d im eric  hexokinase  B c r y s t a l s .  The 

one ly in g  between th e  two s u b u n i ts  i s  a unique s i t e  on th e  dimer and 

i s  presum ably r e s p o n s ib le  f o r  th e  a l l o s t e r i c  a c t i v a t i o n  o f  t h i s  

enzyme. The o th e r  two n u c le o t id e s  a r e  bound n e a r  th e  a c t iv e  s i t e  

and a r e  p ro b ab ly  in v o lv ed  in  p h o s p h o r y l t r a n s f e r ,

88Hoggett and K e l l e t t  observed  from t h e i r  r e s u l t s  t h a t  th e  

phenomenon o f  h a l f - s i t e s  r e a c t i v i t y  observed  in  c r y s t a l l i n e  y e a s t
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95 96hexokinase  BII does not occur i n  s o l u t i o n .  The s im p le s t

e x p la n a t io n  o f  t h e i r  f i n d i n g  two e q u iv a le n t  s i t e s  i s  t h a t  th e  dimer

r e s u l t s  from a homologous a s s o c i a t i o n  o f  two i d e n t i c a l  s u b u n i t s .

88They su g g es ted  t h a t  th e  o b s e rv a t io n  o f  n e g a t iv e  c o o p é râ t i v i t y  i n  

th e  c r y s t a l s  m s  p ro b ab ly  due to  th e  asymmetric l a t t i c e  fo rc e s

0.1M Xylose 

A Xylose

0 . 1M Xylose 
+

20 mM MgADP 

O ADP

0 .4  mM o - to lo u y l -  

glucosam ine

□ 0 - to lo u y lg lu c o sam in e

(otg)

10 mM Glucose 

□ Glucose

10 mM Glucose 

+

20 mM AMP PKP-4dg 

O AMP PBP-Mg

10 mM Glucose 

+

20 mM Mg ADP 

O ADP

F i g .  4.11 R e p re s e n ta t io n  o f  th e  i n t e r a c t i o n  w ith  hexokinase  B o f  g lu co se  and 
x y lo se  i n  p resen ce  and absence o f  n u c l e o t id e .
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Thus, from th e  above ev idence i t  appea rs  t h a t  y e a s t  hexokinase

i s  a d im er ic  enzyme, hav ing  a m o lecu la r  w eight o f  about 100,000

d a l t o n s .  I t  e x i s t s  in  v a r io u s  isoenzym ic forms ( n a tu r a l  and modified)

The enzyme r e a c t s  w ith  sugar  (D-glucose) and n u c le o t id e  (Mg ATP^~)

in  a random ( s te a d y  s t a t e )  s e q u e n t i a l  manner w ith  th e  pathway w ith

sugar  b in d in g  f i r s t  p redom ina ting  to  g ive  D -g lucose-6 -phospha te  and

Mg ADP w ith  th e  f u n c t io n  o f  th e  d iv a le n t  m etal io n  b e in g  to

l a b i l i s e  th e  te rm in a l  phosphory l group o f  th e  n u c le o s id e  t r i p h o s p h a t e .

I t  a l s o  e x h i b i t s  th e  ATPase a c t i v i t y .  The dimer i s  th e  c a t a l y t i c a l l y

a c t i v e  form. In  s o l u t i o n  t h e r e  i s  a  monomer-dimer e q u i l ib r iu m  w ith

th e  p re sen ce  o f  D -g lucose , MgADP , h ig h  io n ic  s t r e n g t h , d i l u t i o n  and

a l k a l i n e  pH s h i f t i n g  th e  e q u i l ib r iu m  tow ards th e  monomer, and th e
2 —

p resen ce  o f  D -glucose p lu s  Mg ATP, a c id  pH ( > 3 . 0 )  s h i f t i n g  i t  

towards th e  d im er.  Under in te rm e d ia te  c o n d i t io n s  o f  pH (ie. pH 7) 

i n  s o l u t i o n  th e  enzyme shows p o s i t i v e  c o o p é râ t i v i t y  and a b u r s t  

ty p e  o f  slow t r a n s i e n t .  This i s  e x p la in ed  by a  s u b s t r a t e  induced 

c o n fo rm a tiona l  change depending upon th e  c o n d i t io n  in  which th e  

experim ent i s  c a r r i e d  o u t .  In  th e  c r y s t a l l i n e  s t a t e  th e  B isoenzyme 

shows n e g a t iv e  c o o p é râ t i v i t y  due to  a  h e te ro lo g o u s  a s s o c i a t i o n  o f  th e  

two i d e n t i c a l  s u b u n i ts  caused p ro b ab ly  by th e  p resen ce  o f  assym m etric 

l a t t i c e  f o r c e s .  The t r u e  p i c t u r e  would p o s s ib ly  emerge i f  th e  

enzyme c r y s t a l s  could  be grown w ith  D -glucose r a t h e r  th a n  soak ing  th e  

c r y s t a l l i n e  enzyme in  D -glucose s o l u t i o n .

4 . 2 .9  S u b s t r a te  S p e c i f i c i t y

The m a n i f e s ta t io n  o f  s p e c i f i c i t y  i n  th e  maximum 

v e l o c i t y  o f  th e  co v a len t  s te p  o f  enzymic r e a c t io n s  appears  to  

r e q u i r e  th e  u t i l i s a t i o n  o f  f r e e  energy  t h a t  i s  made a v a i l a b l e  from
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b in d in g  i n t e r a c t i o n  w ith  s p e c i f i c  s u b s t r a t e s .  According to  

99W.P. Jencks  induced  f i t  and n o n -p ro d u c tiv e  b in d in g  mechanisms 

a r e  invo lved  w ith  c o n t ro l  and s p e c i f i c i t y  w hile  d e s t a b i l i s a t i o n  

and e n tro p y  p rov ide  s p e c i f i c i t y  as  w ell  as  d e c re a se  th e  f r e e  energy 

o f  a c t i v a t i o n  and th u s  supp ly  th e  n e c e s s a ry  d r iv i n g  fo rc e  f o r  c a t a l y s i s

I t  was found by e a r l i e r  w orkers^^^"^^^ th a t  D -glucose , D-mannose

and D -f ru c to s e  were s u b s t r a t e s  o f  y e a s t  hexokinase  w ith  D - f ru c to s e

102b e in g  proposed  to  r e a c t  in  th e  fu ran o se  form. In  1958

103A. So ls  ^  c h a r a c t e r i s e d  th e  s u b s t r a t e  s p e c i f i c i t y  o f  y e a s t

hexok inase  by u s in g  th e  M ich ae l is  c o n s ta n ts  and th e  r a t e s  o f

p h o s p h o ry la t io n  o f  a number o f r e l a t e d  compounds, t a k in g  D -gluco-

pyranose  as  th e  model s u b s t r a t e .  T he ir  aim was to  f i n d  which

groups o f  th e  p o ly fu n c t io n a l  g lucose  m olecule were invo lved  in

b in d in g  and which groups in f lu e n c e  th e  p h o s p h o ry la t io n .  They

concluded from t h e i r  r e s u l t s  t h a t  th e  hydroxyl groups a t  p o s i t i o n s

1 ,3 ,4  and 6 o f  th e  D -glucopyranose m olecule p la y  an  im portan t r o l e

in  th e  fo rm a t io n  o f  th e  enzyme.s u b s t r a t e complex. In  1972 B esse l

P o s te r  and Westwood^^^ t r i e d  to  f i n d  th e  p r e c i s e  n a tu re  of th e  r o l e

o f  each o f  th e s e  hydroxy ls  s in c e  th e y  cou ld  a c t  as  a  p ro to n  donor

a n d /o r  p ro to n  a c c e p to r  i n  th e  fo rm atio n  o f  a hydrogen bond. A lso ,

chem ical r e a c t io n s  a r e  a  p o s s i b i l i t y .  They^^^' used  deoxy-

f lu o ro -D -g lu co p y ran o se  and r e l a t e d  compounds, as th e  replacem ent

o f  a hydroxyl by a  f l u o r i n e  s u b s t i t u e n t  reduced  th e  number o f

p o s s i b i l i t i e s  f o r  i n t e r a c t i o n  a t  th e  a c t iv e  s i t e  o f  y e a s t

h ex o k in ase .  They^^^ observed  th e  v a r i a t i o n s  i n  th e  va lu e  o f  Km

f o r  th e  su g ars  and a co rresp o n d in g  change i n  th e  v a lu e  o f  f o r
2_

Mg.ATP ” , showing t h a t  th e  b in d in g  o f  Mg.ATP is -m o d i f ie d  by

th e  b in d in g  o f  th e  s u g a r .  They^^^ concluded from t h e i r  r e s u l t s
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t h a t  th e  hydroxyl groups a t  p o s i t i o n s  3 and 4 could  have s im i l a r  

r o l e s  i n  e n zy m e-su b s tra te  b in d in g  and t h a t  th e  hydroxyl groups a t  

p o s i t i o n s  3 ,4  and 6 do not f u n c t io n  s o l e l y  as  hydrogen bond 

a c c e p to r s  when lo c a te d  a t  th e  r e c e p to r  s i t e .  Moreover, t h e r e  was 

scope f o r  m o d i f ic a t io n  a t  p o s i t i o n  2. The rep lacem ent o f  hydroxyl 

groups a t  p o s i t i o n s  2 ,3 ,4  and 6 by a  f l u o r i n e  s u b s t i t u e n t  does not 

r e s u l t  i n  complete lo s s  o f  b in d in g  to  th e  enzyme. However, 

rep lacem en t o f  OH-1 in  a - o r  P -D -glucopyranose by a f l u o r i n e  

s u b s t i t u e n t  r e s u l t e d  in  complete lo s s  o f b in d in g  to  th e  enzyme which 

they ^^ ^  su g g es ted  cou ld  be ex p la in e d  by p o s tu l a t i n g  e i t h e r  t h a t  OH-1 

p la y s  a v i t a l  r o l e  i n  th e  b in d in g ,  o r t h a t  D -glucose does not b in d  

in  i t s  pyranose  form. H. K a ta g i r i  ej^ and W urster and Hess^^^

found t h a t  th e  s p e c i f i c i t y  tow ards a -and  3-D -glucose o f  y e a s t  

hexok inase  was not v e ry  much d i f f e r e n t .  S ince sugars  can m u ta ro ta te  

in  s o l u t i o n  t h i s  le a v e s  one w ith  th e  p o s s i b i l i t y  t h a t  th e  s u b s t r a t e  

can r e a c t  i n  th e  c y c l i c  pyranose  forms and /  o r  th e  c y c l i c  fu ran o se  

forms a n d /o r  th e  a c y c l i c  form.

The r e s u l t s  o f  p rev io u s  work which g iv e s  in fo rm a t io n  about 

th e  s p e c i f i c i t y  o f  hexok inase  tow ards s u b s t r a t e s  and i n h i b i t o r s  

i s  summarised in  Tables 4«1, 4*2, 4*3 and 4*4* The m a jo r i t y  o f  th e  

work p re s e n te d  was c a r r i e d  out on crude hexokinase  r a t h e r  th a n  on 

p u r i f i e d  isoenzyme forms which may d i f f e r  i n  t h e i r  a c t i v i t i e s .

Thus isoenizyme B has a t h r e e - f o l d  g r e a t e r  maximum r e a c t i o n  v e l o c i t y  

tow ards g lucose  th a n  isoenzyme A (Ramel ^  1971^^)* However, i t

i s  co n s id e re d  t h a t  th e  g e n e ra l  c o n c lu s io n s  to  be drawn from a l l  th e  

d a ta  w i l l  no t be a f f e c t e d  by  th e s e  d i f f e r e n c e s .
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The s p e c i f i c i t y  o f  a s u h s t r a t e  was ta k e n  as  i t s  p h o sp h o ry la t io n  

c o e f f i c i e n t  (p h o sp h o ry la t io n  c o e f f i c i e n t  = s u b s t r a t e

(v  / k ) .max' m g lu co se  or 
f r u c to s e

w ith  D -glucopyranose ta k e n  as  th e  model s u b s t r a t e  f o r  th e  pyranose  

su g ars  and D -f ru c to fu ra n o s e  as a model f o r  th e  fu ran o se  s u g a r s .

I t  has been  r e p o r te d  (see  Table 4*3) t h a t  g - g l u c i t o l  i s  n e i t h e r  

a s u b s t r a t e  nor an i n h i b i t o r  o f  y e a s t  hex o k in ase .  This p ro b ab ly  

e l im in a te s  th e  p o s s i b i l i t y  t h a t  th e  a c y c l i c  form i s  th e  r e a c t i v e  

s p e c i e s .  The ev idence t h a t  th e  sugar s u b s t r a t e s  l i s t e d  i n  Table 4»1 

r e a c t  in  th e  pyranose  form w ith  y e a s t  hexokinase  r e s t s  on th e
103o b s e rv a t io n  o f  So ls  ^  t h a t  1 ,5 -a n h y d ro -D -g lu c i to l  i s  a

s u b s t r a t e .  A ll  th e  o th e r  s u b s t r a t e s  in  Table 4*1 can m u ta ro ta te  

to  th e  a c y c l i c  form and to  c y c l i c  fu ran o se  form s. However, th e  

p h o s p h o ry la t io n  c o e f f i c i e n t  o f  1 , 5 - a n h y d ro -g -g lu c i to l  i s  on ly

3 .3  X 10 ^  t im es  t h a t  o f  D -glucose and th e r e f o r e  t h e r e  must be some 

doubt r e g a rd in g  th e  v a l i d i t y  o f  co n c lu s io n s  draivn from t h i s  o b se rv a t io n ,  

The sugar  s u b s t r a t e s  l i s t e d  i n  Table 4*2 a r e  proposed to  r e a c t  in  

t h e  fu ran o se  form w ith  y e a s t  hexok inase  s in c e  ( 1) fo rm a t io n  o f  th e  

pyranose  forms would b lo c k  th e  r e a c t i n g  hydroxyl groups o f  f r u c to s e  

and a ra b in o se  and ( 2) 2 ,5 -anhydro -D -m ann ito l and 2 , 5 -anhydro -^m annose  

(where th e  fu ra n o se  confo rm ation  i s  f ix e d )  a r e  s u b s t r a t e s  w ith  

p h o sp h o ry la t io n  c o e f f i c i e n t s  o f  O.O8 and 1.17 r e s p e c t i v e l y  r e l a t i v e  

t o  D - f ru c to s e .  I t  i s  no t known w hether y e a s t  hexok inase  p r e f e r s  

th e  a o r  (3 fu ra n o se  form . However, i t  i s  p o s s ib le  to  sugges t which 

would be th e  p r e f e r r e d  form by c o n s id e ra t io n  of some o f  th e  compounds 

l i s t e d  in  Table 4 .2 .  Taking 2 , 9 -anhydro -g -m ann ito l(  38),2, 9-anhydro-D -
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g lu c ito l (3 9 )a n d  2 , 5-anliy(iro-D-inannosG^4d) and comparing them w ith  

D-f r u c t  ose^41A,41B)

HOHoC H O H X HOHgC

^ ^ 0 . ^ C H 2 O H

\  H ( ^ X  H O /
Y — ^  C H g O H

O H O H
38 39

0.08 0.008

H O H 2 C H O H 2 C

.0 

H O
C H O

O H
40

1.17

y — j /  OH
OH

41A

0 .  O H  

HO
CHoOH

OH  

41B

1.0

I t  i s  seen  t h a t  th e  d i f f e r e n c e  between 38 and 39 i s  t h a t  in  38 

CHgOH (C-1) group i s  t r a n s  to  OH-3 w hile  i n 39 i t  i s  c i s  t o  OH-3 

and t h i s  causes  a d i f f e r e n c e  in  s p e c i f i c i t y  by  a f a c t o r  o f  10.

This su g g e s ts  t h a t  (3 -D -fruc tofuranose  which has t r a n s  o r i e n t a t i o n  o f  

CHgOH and OH-3 shou ld  be p r e f e r r e d  to  a -D - f ru c to fu ra n o s e .  F u r th e r ,  

lo o k in g  a t  38 and 40 i t  i s  seen  t h a t  th e  d i f f e r e n c e  between them i s  

t h a t  i n 38 th e r e  i s  a  CHgOH (0 - l )  group w h ile  in  40 t h e r e  i s  a  CHO (C-l) 

g roup .  However, t h e y  d i f f e r  by a  f a c t o r  o f  14«6 in  s p e c i f i c i t y ,  

s u g g e s t in g  t h a t  th e  i n t e r a c t i o n  o f  a  CHO group i s  more fa v o u ra b le  th a n  

a CHgOH group w ith  th e  enzyme. I t  has been  observed  (see  Table 4*3)
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HO

CHgOH

H O H 2C

0 ,  CHoOH

HO O^CH gO H

0 .  OH

H O H 2C CHgOH

C H o O H

0  =
H O 

M O —
r - O H

C H 2O H
42E

t h a t  L -so rhose  i s  n e i t h e r  a  s u h s t r a t e  nor an i n h i b i t o r .  L-Sorhose/42A— 

e x i s t s  in  th e  pyranose , fu ra n o se  and a c y c l i c  forms as  sh o rn .  I t  

cannot r e a c t  in  th e  pyranose  form as t h e r e  i s  no CH^OH on C-5,

however, on r e v e r s in g  th e  m olecule a  p o t e n t i a l l y  r e a c t i v e  p rim ary

hydroxy l group i s  p r e s e n t .  However t h e r e  i s  no hydroxyl group on

C-1’ hu t t h e r e  i s  a  hydroxyl group on C-5’ .

CHoOH

H O
OH

42'

This  cou ld  p rev en t i n t e r a c t i o n  w ith  y e a s t  h ex o k in ase .  In  th e  

fu ra n o s e  forms th e  groups on C-4 (OH) and C-GfCH^OH) a re  in  a  c i s
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r e l a t i o n s h i p .  This su g g e s ts  t h a t  OH-4 and CĤ OH (C-6) in  th e  fu ran o se  

forms shou ld  he t r a n s  r e l a t e d  o th e rw ise  t h e r e  w i l l  he no 

i n t e r a c t i o n  w ith  y e a s t  h ex o k in ase .  A ll  t h i s  ev idence le a d s  one to  

conclude t h a t  th e  o r i e n t a t i o n  o f  th e  groups i n  th e  p r e f e r r e d  fu ran o se  

form should  he as  shown helow.^43)

H  O  H 2 C

C H O

This compound i s  p -D -a rah in o fu ran o -2 -h ex o su lo se  which can a l s o  e x i s t  

in  th e  pyranose  and a c y c l i c  fo rm s. This compound shows a 

p h o s p h o ry la t io n  c o e f f i c i e n t  which i s  th e  same as  D -glucose ( i . e .  1.0 

Tahle 4 . I )  hu t g r e a t e r  th a n  g - f r u c to s e  ( i e .  1 .0 :0 .3  Tahie 4 . 1(a ))*

Thus, from p rev io u s  ev idence i t  i s  f a i r l y  c e r t a i n  t h a t  th e  

su g a r  s u b s t r a t e s ,  l i s t e d  in  Tahle 4*2, r e a c t  in  th e  fu ra n o se  form w ith  

y e a s t  h ex o k in ase .  However, t h e r e  i s  some douht ahout th e  s t r u c t u r e s  o f  th e  

r e a c t i v e  s p e c ie s  o f  th e  compounds l i s t e d  i n  Tahle 4*1* A lso , th e
103r e s u l t  o f  A. So ls  e t  a ^ .  t h a t  D - g lu c i to l  does no t i n t e r a c t  w ith  

y e a s t  hexok inase  needs c o n f i rm a t io n .



200

4 .3  RESULTS ARD DISCUSSION

In  o rd e r  to  o L ta in  a L e t t e r  i n s ig h t  in to  th e  s u h s t r a t e  

s p e c i f i c i t y  o f  y e a s t  hexok inase  paper  chromatography and e l e c t r o 

p h o re s is  experim ents  were des igned  to  observe th e  i n t e r a c t i o n  of 

c e r t a i n  s p e c i f i c  and poor s u b s t r a t e s  w ith  y e a s t  h ex o k in ase .

The p ro g re s s  o f  p h o s p h o ry la t io n  was fo llow ed  hy t r e a t i n g

113chromatograms and e lec tro p h o re to g ram s  w ith  molyhdate reag e n t  and
114

s i l v e r  n i t r a t e  d ip  r e s p e c t i v e l y .  D -g luco se -o -p h o sp h a te  was

ta k e n  as  a s ta n d a rd  f o r  ho th  paper  chromatography and e l e c t r o p h o r e s i s .

I t  was observed  on paper  chromatography t h a t  t h e r e  were no b lu e

s p o ts  g iv e n  w ith  th e  molyhdate sp ray  hy th e  compounds t e s t e d  b e fo re

r e a c t i o n  except f o r  th e  s ta n d a rd .  A f te r  d i f f e r e n t  tim e i n t e r v a l s

b lu e  s p o ts  were ap p a re n t f o r  th e  v a r io u s  compounds shown in  Tahle

4.5* These compounds p o sse ssed  s im i l a r  v a lu es  to  t h a t  o f  th e

s ta n d a rd  D -g lucose -6 -phospha te  in  th e  s o lv e n t  system u se d .  In  o rd e r

to  o b ta in  b e t t e r  r e s o l u t i o n  o f  s t a r t i n g  m a te r i a l s  and p ro d u c ts

e l e c t r o p h o r e s i s  was c a r r i e d  out fo llow ed  hy v i s u a l i s a t i o n  u s in g

114s i l v e r  n i t r a t e  d ip  r e a g e n t . This reag e n t  w i l l  r e a d i l y  d e t e c t  a l l

th e  re d u c in g  ca rb o h y d ra te  compounds w hether p h o sp h o ry la ted  o r  n o t ;

p h o sp h o ry la ted  compounds however, w i l l  show a m o b i l i ty  tow ards th e

—‘9 2 —1 —1cathode (see  Chapter 2) o f  c a .  ^ .0  x 10 m s  V ( ta k e n  as  1.0) 

i n  th e  phosphate  b u f f e r  (pH 7 .0 ,  0.5M) u s e d .E le c t r o p h o r e s i s  no t on ly  

confirm ed t h a t  p h o sp h o ry la t io n  had occu rred  as  observed  hy th e  

m ig ra t io n  o f  th e  sugar phosphates  hu t a l s o  i n d i c a t e d  th e  com pleteness 

o f  th e  r e a c t i o n .

Having shown hy pap er  chromatography and e le c t r o p h o r e s i s  

experim ents  t h a t  c e r t a i n  compounds shown l i s t e d  in  Tahle 4*5 could
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Tahle 4 .5  Paper Chromatography and E le c t r o p h o r e s i s  D ata  o f  th e  
ATP-dependent P h o sp h o ry la t io n  w ith  Yeast H exokinase.

Compound Paper chromatography E le c t r o p h o r e s i s

t  = 0 t  = 24 h t  = 0 t  = 24 h

D-Glucos e-6 -phospha t e + + 1.0 1.0

D-Glucose - + - ->1.0

D-Arahinose oxime - + - - 1 .0

D-Rihose oxime - + - 2 I.O (nc)

D-Mannose oxime - + - 2 I . O

D -G alactose  oxime - (a) - y'l .0 (nc)

D-Glucose oxime - + - ^1.0 (nc)

D -G lu c i to l - (a) - ^1.0 (a)

Met hy1-a~D-glucopyrano s id e - (a) - ^1.0 (a)

4-Deoxy-D-xylo-hexo s e - + - '^1.0 (nc)

5-De oxy-D-xylohexo s e - - - -

Rf  ^ = 0 .11  a  = a  f a i n t  sp o t  i n d i c a t i n g  v e ry  l i t t l e  r e a c t io nG—o—P
has o c cu r red .

r  -n(PO.^”) =1.0 nc = th e  p h o sp h o ry la t io n  r e a c t i o n  i s  no t complete 
G—o—P 4

+ = b lu e  spo t observed  i n d i c a t i n g  t h a t  r e a c t i o n
has o c c u rre d .

N on-m igrating  markers f o r  e l e c t r o p h o r e s i s  were th e  compounds a t  

t  = 0 and f o r  D -g lucose-6 -phospha te  i t  was D -g lucose .
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3 0 0

200

100

4 5 6

l / [ s ]  X 1 0

7 8 102 3 92 11 0,0

Fiff. 4*12 Lineweaver Burk P lo t .  I n t e r a c t i o n  o f  a n t i (Z ) 8  

and e q u i l i b r a t e d  ( syn(E, 80^) + a n t i (Z , 20^)) © 

D -arab inose  oxime w ith  hexok inase .
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a c t  as  s u b s t r a t e s  , l â n e t i c  experim ents  were c a r r i e d  out u s in g  a 

coupled  a s s a y  system to  m onitor th e  i n i t i a l  r a t e s  o f  th e  forvjard 

r e a c t i o n  shown below;

hexok inase  ^
D -glucose  + Mg ATP ^  D -g lucose -6 -p h o sp h a te + Mg ADP ~+h’̂

Mg ADP  ̂ + phosphoenolpyruvate  Mg ATP^ + pyruviate

P y ruva te  + NADH l a c t a t e  + DAD’̂

( pep  = phosphoenol p y ru v a te ,  pK = py ru v a te  k in a se ,

LDH = l a c t a t e  d eh y d ro g en a se ) .

The i n i t i a l  r a t e s  were used  to  d e r iv e  th e  M ich ae lis  pa ram ete rs  

f o r  D -arab inose  oxime. The Lineweaver Burk^^ method has been found 

o b je c t io n a b le  as  i t  p u ts  g r e a t  w eight on th o s e  p o in t s  f u r t h e s t  from 

th e  o r d in a t e ,  which a r e  th o se  o b ta in e d  a t  low est v a lu es  o f  [ s ]

( s u b s t r a t e  c o n c e n tra t io n )  and v ( i n i t i a l  v e l o c i t y ) . However, i t  i s  

u s e f u l  f o r  t e s t i n g  l i n e a r i t y  and f o r  o b se rv in g  th e  ty p e  o f  

i n h i b i t i o n  in v o lv ed .  The Lineweaver Burk p lo t s  o f  f r e s h  and e q u i l i b r a t e d  

s o lu t i o n  o f  g -a ra b in o se  oxime a r e  shown in  F ig .  4*12.

The K and V v a lu es  were c a l c u la te d  by th e  g ra p h ic a l  method o f  m max
115E is e n th a l  and Cornish-Bowden as  i t  g ives  more

a c c u r a te  r e s u l t s .  In  th e  case  o f  o th e r  compounds l i s t e d  i n  Table 4*6 

in o rd e r  to  make a  s e m i - q u a n t i t a t i v e  comparison th e  p h o sp h o ry la t io n  

r a t e s  a t  10 mM s u b s t r a t e  and equal enzyme c o n c e n t r a t io n  were measured.

The r e s u l t s  o f  paper  chromatography (Table 4*5), e l e c t r o p h o r e s i s  

(Table 4 . 5) and k i n e t i c  (Table 4*6) experim ents  f o r  y e a s t  hexokinase  

show t h a t  D -g lu c i to l  i s  no t a s u b s t r a t e .  A slow r a t e  o f
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T able  4 .6  I n i t i a l  R ates  observed  o f  th e  ATP-dependent P h o sp h o ry la t io n  w ith  

Yeast Hexokinase u s in g  a Coupled Enzyme Assay System.

Compound (a) 

(10 mM conc.)

Rate  o f  p h o s p h o ry la t io n  
r e l a t v e  to  D -glucose (b)

D-Glucose 1 .0

4-D eoxy-D-xyl0 -hexos e 3 .6  X 10 ^

5-D eoxy-D-xylo-hexose -

D-Arabinose 1.53  X 10“ ^

D-Arabinose oxime 1.44  X 10

D-Ribose oxime 1.2  X 1 0 " 3

D-Mannose oxime 3.36  X 1 0 “ 2

D-Glucose oxime 8 .4  X 10""^

D -G alac tose  oxime 1 . 2  X 1 0 " 4

M ethyl-a-D -G lucopyranoside 8 . 0  X 10" 5

D -G lu c i to l 1 .1  X 1 0 " 4

(a) A ll  compounds used  a re  ta k e n  as  e q u i l i b r a t e d  s o lu t io n ,

(b) g lu co se  ~ 93 .44  P- Moles/min/mg o f  enzyme.
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p h o s p h o ry la t io n  was observed  in  th e  k i n e t i c  experim ent (Table 4*6 ) .

The change in  absorbance  corresponded  to  a  conv ers io n  o f  0 .043^

in  50 m inutes and t h e r e  was observed  to  be 0 .05^  co n tam in a tio n  o f  D-

g lu c o se  by GLC o f  th e  TMS d e r i v a t i v e .  Tlie slow r a t e  observed  was

a s c r ib e d  to  th e  r e a c t i o n  of t h i s  g -g lu c o se  im p u r i ty  (c a .  O.OO5 mM) .
1D ~

This confirm s th e  p re v io u s  r e s u l t  o f  Sols  a t  a d . The f a c t  t h a t

4 -deoxy-D -xyl0-hexose  was observed  to  be p h o sp h o ry la ted  shows t h a t  a

pyranose  form can a c t  as a s u b s t r a t e  s in c e  t h i s  compound cannot

adopt a  fu ra n o se  form and i t  i s  a l r e a d y  known from th e  r e s u l t  o f

D - g lu c i to l  t h a t  th e  a c y c l i c  form cannot r e a c t .  The k i n e t i c  r e s u l t  (Table  4*6

shows t h a t  4-deoxy-D - x y lo —hexese r e a c t s  s low er th a n  D -g lucose , t h i s

could  p o s s i b ly  be due to  th e  absence o f  OH-4 ( c f .  th e  u n r e a c t i v i t y  o f

D - g a la c to s e ) . I t  i s  r e a l i s e d  from th e  s t a r t  t h a t  th e  su g a rs  tdiich

a r e  p h o sp h o ry la ted  by y e a s t  hexok inase  must have an e x o c y c l ic

hydroxymethyl group . How most o f  th e  sugars  which p o sse ss  th e

e x o c y c l ic  hydroxymethyl group a t ta c h e d  a t  C-5 in  th e  pyranose  form (44a)

H O H 2C H O H jC

^ ----- 0 ^  H O - I

44A ' 446

cou ld  a l s o  e x i s t  i n  th e  fu ran o se  form w ith  an e x o c y c l ic  1 ,2 -  

d ihyd ro x y e th y l  (CHOH-CHgOH) g roup(44^In  o rd e r  to  f i n d  out w hether 

o r  no t t h i s  g roup ing  i s  r e a c t i v e  5 -^coxy-g -xy lo -hexose  was ta k e n .

This compound cannot adopt th e  pyranose  form and in  th e  fu ra n o se  form
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i t  w i l l  have 1 /"P-hydroxy e thy l)  ( r a t h e r  th a n  a hydroxy m e thy l)g roup .

Ho r e a c t i o n  in  th e  p re sen ce  o f  y e a s t  hexok inase  was observed

(Table 4*6 ) .  Knowing from e a r l i e r  w ork^^^ '^^^  t h a t  a  hydroxyl

group a t  p o s i t i o n , f i v e  i s  no t n e c e s s a r y - f o r  b in d in g ,  t h i s

su g g e s ts  t h a t  th e  hydroxymethyl group must be a t t a c h e d  d i r e c t l y  to

th e  r i n g  in  o rd e r  to  be p h o sp h o ry la te d .  Thus, froip th e s e  r e s u l t s

i t  seems t h a t  th o s e  sugars  l i s t e d  in  Table 4*1 which can e x i s t

in  th e  pyranose  and fu ran o se  forms w i l l  r e a c t  in  th e  pyranose

form i f  th e  e x o c y c l ic  hydroxymethyl group i s  a t t a c h e d  d i r e c t l y  to

th e  r i n g  ( i . e .  a t  C-5)* Having confirm ed t h a t  th e  su g a r  s u b s t r a t e s

in  Table 4*1 can r e a c t  in  th e  pyranose  form w ith  y e a s t  hexok inase

and knowing from e a r l i e r  r e s u l t s ^ ^ ^ '^ ^ ^  t h a t  p o s i t i o n s  1 , 3 , 4 , and 6

a r e  im portan t f o r  b in d in g ,  i t  was dec ided  to  c o n s id e r  th e  p re fe re n c e

in  t'he o r i e n t a t i o n  o f  th e  hydroxyl g ro u p s . I t  appea rs  t h a t  th e

p re sen ce  o f  a  hydroxyl group on C-1 i s  e s s e n t i a l ,  however, th e

o r i e n t a t i o n  o f  t h i s  group i s  no t im portan t (see  a -and  (3-D-glucose

s p e c i f i c i t y  Table 4* l)*  The p resen ce  o r  absence o f  a  hydroxyl

103group a t  C-2 does no t a l t e r  th e  s p e c i f i c i t y  g r e a t l y .  Also when

i t  i s  p r e s e n t  th e  o r i e n t a t i o n  o f  th e  hydroxyl group as in  D-mannose 

co n fe rs  a  h ig h e r  s p e c i f i c i t y  (p h o sp h o ry la t io n  c o e f f i c i e n t  I . 5) 

to  t h a t  observed  w ith  D -glucose  (I.O) p o s s i b ly  because  o f th e  h ig h e r  

c o n c e n t r a t io n  o f  th e  s l i g h t l y  p r e f e r r e d  a -py ranose  form (Table 4*1 

p h o s p h o ry la t io n  c o e f f i c i e n t  o f  u -g -g lu c o se  : p -g -g lu co se  i s  I . I 5 : 0 .$ ^ .  

This c o n t r i b u t i o n  may be e s t im a te d  by s u b s t i t u t i n g  th e  s p e c i f i c i t y  

v a lu e s  o f  D -glucose f o r  D-mannose ( e q u i l ib r iu m  p ro p o r t io n s  o f  a -py ranose  ; 

(3 -pyranose .are  6? : 33^^^).  . 3.. '

S p e c i f i c i t y  v a lu e  o f  D-mannose ( e q u i l i b r a t e d )  ^ ^  o f  a-D-mannose x 

s p e c i f i c i t y  o f  a -b -g ln c o se  + ^  o f  |3-p-mannose x s p e c i f i c i t y  of p-D^glucose,
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—  X 1.15 + X 0 .9 5  = 1.084
100 100

This su g g es ts  t h a t  th e  p resen ce  o f  hydroxyl group a t  C-2 in  D-mannose

makes a sm all c o n t r i b u t i o n  tow ards s p e c i f i c i t y .  This

c o n t r i b u t i o n  i s  much s m a l le r  th a n  th o se  of th e  o r i e n t a t i o n s  o f  th e

hydroxyl groups a t  0-3 and C-4 (see  Table 4 .1 ,  r e l a t i v e

p h o s p h o ry la t io n  c o e f f i c i e n t s  o f  : D -a l lo s e  and D -g a la c to se  a r e

1 .0 x 1 0   ̂ and 4 x  10 F u r th e r , r e p la c e m e n t  o f  th e  hydroxyl

on C-3 in  D -glucose by f l u o r i n e  reduces  th e  s p e c i f i c i t y  c o n s id e ra b ly

(Table 4.1 , D -g lucose : 3 -d e o x y -3 -f In o ro -D -g lu co se  s p e c i f i c i t y

r a t i o  1 . 0: 2 .4  x 10 ^ ) . S im i l a r l y  on r e p la c in g  th e  hydroxyl on C-4

in  g -g lu c o se  by f l u o r i n e  th e  s p e c i f i c i t y  i s  once a g a in  g r e a t l y

reduced  (Table 4 . I ,  D -glucose : 4 -d e o x y -4 - f la o ro -D -g lu c o s e .

- 4 \S p e c i f i c i t y  r a t i o  1.0 : 2 .0  x 10 ) .  This shows t h a t  not on ly

th e  p re sen ce  o f  a  hydroxyl group on C-3 and C-4 i s  v i t a l  bu t a l s o  i t s  

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

In  th e  case  o f  th e  hydroxyl group on C-5 i t  i s  seen  t h a t  on

r e p la c in g  t h i s  hydroxyl group by  a . t h i o  group (Table 4-1, D -glucose:
-2\

5 - th io -D -g lu c o se  s p e c i f i c i t y  r a t i o  1.0 : 3 .2  x 10 ) reduces  th e

s p e c i f i c i t y .  F i n a l l y ,  th e  hydroxymethyl group (C-6) shou ld  be 

a t t a c h e d  to  th e  r i n g  d i r e c t l y  f o r  th e  r e a c t i o n  to  occur (Table 4*5 and 

4 . 6 , c f .  5-d.eoxy-D-xylo-hexose) . T h e re fo re ,  th e  p r e f e r r e d  s u b s t r a t e  

r e a c t i n g  in  th e  pyranose  form w ith  y e a s t  hexok inase  shou ld  be (45 )

CH 2 OH

= OH and = H; D-Mannose ( I . 5)

R  ̂ = H and R^ = OH; ^ G lu c o s e  (I.O)

45

OHHO
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w h ile  as d is c u s s e d  e a r l i e r  th e  p r e f e r r e d  s u h s t r a t e  r e a c t i n g  in  th e  

fu ra n o se  form w ith  y e a s t  hexokinase  shou ld  he ( 4 6  ) .

CH2OH

HO.

HO
46

(3-D -fruc to furanose  = CĤ OH (O .3) 

D -A rah ino fu rano -2 -hexosu lose  = CHO (I.O)

The observed  s p e c i f i c i t i e s  o f  th e  p r e f e r r e d  pyranose  and fu ran o se

s u b s t r a t e s  a r e  v e ry  s i m i l a r .  There i s  a d i f f e r e n c e  in  th e  case  o f

(3-D - f ru c to fu ra n o s e  ( s p e c i f i c i t y  O .3) .  However D - f ru c to s e  can e x i s t

in  s o lu t i o n  a t  e q u i l ib r iu m  in  th e  a - fu ra n o s e  (10^) , |3-furanose ( 30^ ,

117a -p y ran o se  ( < 1 ^  and (3-pyranose (60^) forms r e s p e c t i v e l y .

I n  th e  fu ra n o se  form i t  shou ld  r e a c t  p r e f e r e n t i a l l y  i n  th e j lc o n f ig u ra t io n  

as d is c u s s e d  e a r l i e r ,  w h ile  in  th e  pyranose  form (4lc) D - f ru c to se  would 

no t be expec ted  to  r e a c t  owing to  th e  absence o f  an e x o c y c l ic

H O y  ^ ^ 2 0 H ,0 H

hydroxymethyl group on C-5* I t  has an e x o c y c l ic  hydroxymethyl group 

on C-2 bu t no D -f ru c to s e -1 -p h o s p h a te  i s  formed t h e r e f o r e  t h i s  

p o s s i b i l i t y  i s  e l im in a te d .  Hence,owing to  th e  p re sen ce  o f  o th e r  

u n r e a c t iv e  form s, th e  s p e c i f i c i t y  o f  y e a s t  hexok inase  tow ards th e  

r e a c t i v e  s p e c ie s  o f  D - f ru c to s e  ( e i t h e r  30% i f  3 on ly  needed o r  40^) 

i s  g r e a t e r  th a n  th e  o v e r a l l  v a lu e  m easured.
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( i ) ( i i )

( i i i )

F ig .  4.14'- P r e f e r r e d  s u b s t r a t e s  o f  hexokinase  ( i )  a-D-raannopyranose,

( i i ) p -3 -a ra b in o fu ra n o - ? -hexosu lose  and ( i i i )  a-g-mannopyranose 

superimposed onpD -arabinofurano- 2 -h e x o s u lo s e .
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Thus, th e  f a c t  t h a t  y e a s t  hexokinase  w i l l  a p p a r e n t ly  r e a d i l y

a cc ep t bo th  pyranose  and fu ran o se  s u b s t r a t e s  prompts a  comparison

o f  th e  two forms on a s t e r i c  b a s i s .  This can be done q u a l i t a t i v e l y

by superim posing  th e  models o f th e  p r e f e r r e d  pyranose  and fu ra n o se

forms ( P i g s .4 . 1 3 j .  I t  i s  seen  t h a t  th e  major d i f f e r e n c e  i s  i n  th e  
4.14

re g io n  o f  C-2 o f  th e  pyranose  form, where i t  i s  known from e a r l i e r  

ev idence  (Table 4 . l )  t h a t  th e  s t r u c t u r e  i s  not v e ry  c r i t i c a l  f o r  

b in d in g .  In  th e  rem ainder o f  th e  s t r u c t u r e s  a c lo se  s t e r i c  

correspondence  i s  ap p a re n t  between th e  pyranose  and fu ran o se  form s.

To d a te  no x - r a y  s tu d ie s  o f  th e  b in d in g  o f  fu ran o se  s u b s t r a t e s  o r  

i n h i b i t o r s ,  to  hexok inase  have been  r e p o r te d ,  bu t i t  may be p o s s ib le  

f o r  bo th  ty p e s  o f  s u b s t r a t e  t o  b in d  a t  th e  same s i t e ( s )  on th e  

enzyme.

In  th e  case  o f  th e  c a rb o h y d ra te  oximes l i s t e d  in  Table 4.5» 

i t  i s  observed  by paper  chromatography (Table 4«5), e l e c t r o p h o r e s i s  

(Table 4*5) and k i n e t i c  (Table 4.6) experim ents  t h a t  th e y  a r e  

p h o sp h o ry la ted  by y e a s t  h ex o k in ase .  These ca rb o h y d ra te  oximes a r e  

known (see  Chapter 2) to  e x i s t  i n  th e  a c y c l i c  syn (e) and a n t i  ( z )  

forms except f o r  D -glucose  oxime which e x i s t s  in  th e  P-pyranose form 

in  th e  c r y s t a l l i n e  s t a t e  and a t  e q u i l ib r iu m  in  th e  a -py ran o se  ( 7 ^ ) ,  

p -pyranose  ( 2 3 ^ ) ,  a c y c l i c  syn (E^56.5 and a n t i  (Z J3 .5  forms 

r e s p e c t i v e l y .  H o w e v e r , ' i t  has been confirm ed t h a t  D - g lu c i to l  which i s  

a c y c l i c ,  cannot r e a c t  w ith  y e a s t  h ex o k in ase .  U nlike D - g lu c i to l  th e  

c a rb o h y d ra te  oximes used  m u ta ro ta te  i n  s o lu t i o n  (see  C hapter 3) and 

t h i s  could  p roceed  v ia  pyranose  o r  fu ra n o se  forms which a c t  as hexok inase  

s u b s t r a t e s .
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Of th e  ca rbohyd ra te  oximes t e s t e d ,  D -arab inose  oxime was seen  to  

r e a c t  a t  th e  h ig h e s t  r a t e  (Table 4*6).  I n i t i a l  r a t e  d a ta  were 

ob ta in ed  f o r  e q u i l i b r a t e d  ( syn (e) + a n t i  (z) 20^, forms) and

f r e s h  (a n t i  (z) 100^) s o lu t i o n s  o f  g -a ra b in o se  oxime. The d a ta  gave 

l i n e a r  Lineweaver Burk p lo t s  (see  F ig .  4.12) w ith  f r e s h  s o lu t i o n  

g iv in g  h ig h e r  r a t e s  a t  e q u iv a le n t  c o n c e n t r a t io n s .  The M ich ae lis  

param eters  a re  g iven  in  Table 4 .7 .  Under th e  a s sa y  c o n d i t io n s  used 

l e s s  th a n  1^ o f  th e  s u b s t r a t e s  were consumed and about 10^ m u ta ro ta t io n  

o ccu rred  (see  e x p e r im e n ta l ) .

Table 4*7 M ichae lis  Param eters  of D-Arabinose Oxime in  the  R eac tion  

C a ta ly s e d  by Yeast Hexokinase

Compound K mM m Vmax
plîo 1 e s/m in/mg 
p r o te i n

D-Arabinose oxime 

( f r e s h ,  a n t i  (z) 100%)
1 8 0 8 .5

D-Arabinose oxime

( e q u i l i b r a t e d ,  a n t i  (z) 20% + 

syn (e) 80%)

97 3.1

D-Arabinose oxime 

(syn  (e ) 100%, c a l c . )
45 1.3

These r e s u l t s  can be accounted  f o r  in  th r e e  ways as  shown below;

At t  = 0 100^ 0^

t  = equilm . 20^ 80%

y e a s t  hexokinase  '' 
+

Mg+ATp2- 

Scheme 4.1
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t  = 0

t  = equ ilibm .

y e a s t  hexokinase 
2 -

+ Mg ATP

Scheme /1.2

A — S

100^ 0%

20% eo%

A -(P )

y eas t  hexokinase  

t Mg^TP^"

S-(P)

hexokinase 

+ Mg ATP^"

Scheme 4 .3

t  = 0 

t  = equ ilihm . 20%

y e a s t  hexokinase 

+ Mg ATP^~

where A = a n t i  (z )-fo rm  of g -a ra h in o se  oxime 

S = syn (E)-form o f  g -a ra h in o se  oxime 

A-(g)= phosphory la ted  a n t i  (z )-fo rm  o f  g -a ra h in o se  oxime 

S-(Jp)= phosphory la ted  syn (e) -  form of g -a ra h in o se  oxime 

P = phosphory la ted  product
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In  Scheme 4 .1 th e  enzyme r e a c t s  with on ly  th e  a n t i  (z ) - fo rm . I f  

t h a t  were th e  case th en ,

r a t e  eq u i l ib r iu m  = V ( a n t i )  x Fs lmax  ̂ / L -j

[S ] + ( a n t i )

■where [ s ]  = c o n c e n tra t io n  o f  a n t i  (z )-fo rm  p re s e n t  a t  eq u i l ib r iu m , 

s u b s t i t u t i n g  th e  va lues  f o r  th e  v a r io u s  param eters  g iven  in  Table 4»7 

g ives  :

r a t e  e q u i l ib r iu m  = 8 .5  x 2 = 0 .0934 p. moles/min/mg

(a t  10 mM 2 + 180
equ ilibm . concn.)

The measured r a t e  a t  e q u i l ib r iu m  c o n c e n tra t io n  o f 10 tM  i s  

0,3070 pMoles/min/mg. Also th e  va lues  should  be th e  same f o r

Scheme 4 . I ,  but th e y  a re  d i f f e r e n t .  T herefo re ,  t h i s  r u le s  out 

Scheme 4 .1 .

In  th e  case o f Scheme 4 .2  th e  enzyme sim ply shows a p re fe re n c e  f o r  th e  

a c y c l i c  a n t i ( z ) - form over th e  syn (E)-form . However, t h i s  i s  cons idered  

to  be u n l i k e ly  because  o f th e  s p e c i f i c i t y  of hexokinase  d isc u sse d  

p re v io u s ly  in  p a r t i c u l a r  th e  n o n - r e a c t i v i t y  o f  a c y c l ic  compounds. The 

a l t e r n a t i v e  e x p la n a t io n  (Scheme 4 .3) proposes th e  p resence  o f  two 

r e a c t i v e  c y c l ic  s p e c ie s  and which e x h ib i t  d i f f e r e n t  r e a c t i v i t i e s  

tow ards y e a s t  hexok inase . I f  on ly  a  s in g le  common r e a c t iv e  sp e c ie s  

were formed th e n  th e  f r e s h  and e q u i l ib r a t e d  s o lu t io n s  o f  D -arab inose  

oxime should  show i d e n t i c a l  v a lu e s .  The two r e a c t iv e  c y c l ic

anomers o f  D-glucose show v a lues  o f  and (Table 4 . I )  which a re

d i f f e r e n t  from each o th e r  and from an eq u i l ib r iu m  m ix ture  o f th e  two.

The ATP-dependent p h o sp h o ry la t io n  o f th e  e q u i l i b r a t e d  D -arabinose  

oxime by y eas t  hexokinase was fo llow ed  by ’H nmr a t  60 MHz a t  10 minute
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i n t e r v a l s  f o r  th e  f i r s t  hour, one hour i n t e r v a l s  f o r  8 h and f i n a l l y  

a f t e r  24 h .  No measurable change in  th e  p ro p o r t io n s  o f th e  syn (e) 

and a n t i  ( z )  forms was observed from th e  i n t e n s i t i e s  o f th e se  H -1  

s i g n a l s . Also th e  D -arabinose  oxime phosphory la ted  by y eas t  

hexokinase was i s o l a t e d  and c h a ra c te r i s e d  as d iscu ssed  in  Chapter 2.

I t  was found to  be a m ixture o f  syn (e) and a n t i  ( z ) -D -arab inose  

oxim e-5-phosphate . This shows th a t  th e  eq u i l ib r iu m  cons tan t f o r  

in te rc o n v e r s io n  of th e  phosphory la ted  p roducts  o f  th e  enzym e-catalysed 

r e a c t io n  i s  th e  same as t h a t  f o r  th e  s t a r t i n g  oximes, and th a t  th e  

r e a c t io n  p roduc ts  f i n a l l y  appear as an eq u i l ib r iu m  m ixture o f  syn (e) 

and a n t i  ( z ) -forms (Scheme 4 - 4 )  • The a c tu a l  va lues  o f  th e  r e a c t iv e  

sp e c ie s  must be a t  l e a s t  an o rd e r  o f magnitude sm a lle r  th a n  th e  va lues  

measured.

R eac tion  proceeds s im i la r  to  0^

Yeast hexokinase

M g ATP 2 - '

H O - - O H

- O H

CHgOH

syn (e)
80% (a t  equ ilib rium )

Scheme /1.4

R eac tive  c y c l ic  
form

'P
R eac tive  c y c l ic  form

y eas t  hexokinase 
+

Mg ATP^”

N
hS

HO—

.OH

— OH 

— OH
ÔH OH A nti ( z )

20% (a t  equ ilib rium )
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HO
H
II

HC

HO-

— Oh

— OH

CHgO—  p — 0

syn (E )-D -arabinose  

Qxime-5-phosphai; e

0 "

phosphory la ted  c y c l ic  

D -arabinose  oxime

M g A D ?

+
1 -

/ OH

H
11

HC

HO

 OH

-O H  0

CH  0 — P —  0 '

'  I 
0 "

a n t i  (z) D -arabinose  

oxime-5-phosphat e

Scheme 4-»4 (continued)

On th e  b a s i s  o f  th e  p rev ious  d is c u s s io n  one can co n s id e r  p o s s ib le  

s t r u c t u r e s  f o r  th e  r e a c t iv e  c y c l ic  forms in  th e  cases o f  th e  pen tose  

and hexose oximes. Taking th e  pen tose  oximes f i r s t ,  v iz  

D -arabinose  oxime and D -ribose  oxime, i t  i s  seen  from the  s t r u c t u r e s  

( 15 , 21 ) th a t  r e a c t io n  i s  im possib le  i n  th e  pyranose form due

CHoOH CHyOH

N H O H , H

OH OH

h o > n h o h , h

D -arab inose  oxime 
15

N H O H ,H

OH OH

D -ribose  oxime 
21
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to  th e  absence o f  th e  exocyc lic  -CH^OH group a t  p o s i t i o n  5* In  th e  

fu ranose  form D -arabinose oxime i s  homomorphous w ith  D -fruc to fu ranose  

except f o r  th e  presence  o f  H and -NHOH in s te a d  o f an OH and -CHgOH 

groups a t  C-1. D -ribose  oxime i s  epim eric  a t  C-2 to  D -arabinose 

oxime and as a r e s u l t  i t  would be expected to  r e a c t  slow er than  

D -arabinose  oxime as observed (Table 4*6)• In  th e  case of th e  

hexose oximes c y c l i s a t i o n  to  th e  pyranose and fu ranose  forms i s  ag a in  

p o s s ib le  and has been confirmed f o r  |3-D-glucopyranose oxime.

However, in  th e  fu ranose  forms th e y  w i l l  have an exocyc lic  g lyco l 

group (-CHOH-CHOH) and hence cannot r e a c t . T herefore  th e y  a re  l i k e l y  

to  r e a c t  in  th e  pyranose form as th e y  a re  homomorphous w ith  t h e i r  

p a ren t  s u g a r s .

C H 2OH

I DH > N H O H ,H  \ 0 H  > N H O H ,H
HO

20

CH2OH
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I t  i s  seen th a t  th e  phosp h o ry la t io n  r a t e s  o f  D-glucose oxime ( 18 )  

and D-rnannose oxime a re  very  much sm a l le r  th a n  th o se  o f th e  

p a ren t  su g a rs .  This can on ly  he due to  th e  presence  of th e  -NHOH 

group on C-1 in s te a d  o f th e  OH group in  th e  corresponding  unmodified 

su g a r .  Therefore ,  i t  appears  th a t  a b u lk i e r  s u b s t i tu e n t  a t  C-1 

th a n  an OH group i f  a l l  o th e r  f a c to r s  remain th e  same tends  to  

d im in ish  th e  r a t e .  This has a lso  been observed in  th e  case of 

m ethy l-a-D -g lucopyranoside  (Table 4*6). F in a l ly ,  i t  i s  seen th a t  

th e  p h o sphory la t ion  r a t e s  o f  th e  th r e e  hexose oximes t e s t e d  fo llow  

th e  same o rd e r  as do th o se  o f th e  paren t  m onosaccharides.

Thus, yeas t  hexokinase i n t e r a c t s  p r e f e r e n t i a l l y  w ith  sugars  

homomorphous to  ^mannopyranose(l-7) and (3-D-arabinofurano-2-hexosulose(l3) 

and a l s o  w ith  th o se  a c y c l ic  sugars  which can form r e a c t iv e  c y c l ic  

form(s) resem bling  e i t h e r  th e  p r e f e r r e d  pyranose o r fu ranose  forms. 

C o n s id e ra t io n  of th e  p r e f e r r e d  c y c l ic  pyranose and fu ranose  forms, 

shows th a t  th e y  both  have th e  D-arabino c o n f ig u ra t io n  w ith  th e

CHgOH
J----- 0

„ o 4 > "

CHgOH
. 0

OH

OH

o y c l ic -p y ran o se  form c y c l ic - fu ra n o s e  form
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form er showing freedom of  o r i e n t a t i o n  o f  th e  OH on C-1 w hile  th e  

l a t t e r  shows a p re fe re n c e  f o r  th e  (3-furanose form. In  a d d i t io n  

some compounds ( e .g .  D -f ru c to se  and carbohydra te  oximes) g ive  r i s e  to  

u n re a c t iv e  a n d /o r  p o s s ib ly  i n h i b i t o r y  sp ec ie s  (b es id es  th e  r e a c t iv e  

sp ec ie s )  p re se n t  in  s o lu t i o n .  Moreover, th e  ca rbohydra te  oximes 

o th e r  th a n  g -g lu co se  oxime p robab ly  have c y c l ic  forms p re se n t  in  

s o lu t i o n  ( a t  low c o n c e n tra t io n s )  which have escaped d e t e c t io n  by 

n m r

F in a l ly ,  i t  i s  seen th a t  lyxose  and xy lose  have been used as 

i n h i b i t o r s  f o r  pyranoses in  x - r a y  c r y s ta l lo g r a p h ic  and k i n e t i c  work.

I t  would be q u i t e  u s e fu l  i f  in  th e  f u tu r e  i n h i b i t o r s  f o r  th e  fu ra n o se s  

could  be used in  x - r a y  and k i n e t i c  work. From th e  c o n s id e ra t io n s  

p re s e n te d  in  t h i s  ch a p te r ,  a s u i t a b l e  p o t e n t i a l  i n h i b i t o r  would be 

D -xy lu lose  in  th e  3 -fu ranose  form ( 4 8  ) • I t  would confirm  some of

CHgOH 
OH 

48

th e  above p ro p o sa ls  as w ell as h e lp  i n  th e  d e l in e a t io n  of  a s te reo c h em ica l  

model o f  th e  a c t i v e  s i t e ,  which in  tu r n  w i l l  be h e lp fu l  in  th e  r a t i o n a l  

des ign  o f  a c t iv e  s i t e  d i r e c te d  r e a g e n ts .
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4 .4  EXPERIMENTAL

4 . 4.1 M a te r ia ls

The y e a s t  hexokinase  used fo r  t h i s  work was Sigma 

Type P300 ( s p e c i f i c  a c t i v i t y  465 lu/mg p ro te in )  and con ta ined  bo th  

th e  n a t iv e  and m odified  isoenzymic form s. A ll th e  rea g e n ts  used 

except w hereotherw ise  s t a t e d  were BDH "Analar" g rade .

4 . 4 .2  A nalys is  o f  th e  ATP-dependent p h o sp h o ry la t io n  o f  

sugars  w ith  y eas t  hexokinase by paper chromatography and 

e le c t ro p h o re s  is

The enzymic p h o sp h o ry la t io n  r e a c t io n  was c a r r i e d  out
118

under c o n d i t io r s  s im i la r  to  th o se  used by T.A.W. Koerner, J r .  e t a l . 

Adenosine 5 ’“t r ip h o s p h a te  disodium s a l t  (ATP, l67 mg, 0 .268  mMole)

and Magnesium c h lo r id e  (MgClg* 6H2O, 57 mg, 0 .28  mMole) were d is s o lv e d  

in  0.3M t r i s (hydroxymethyl)aminomethane b u f f e r  pH 7*5 (3 cm^). The 

pH o f  th e  s o lu t io n  was a d ju s te d  to  7 .5 w ith  0.2M sodium hydrox ide .

Then th e  sugar s u b s t r a t e  (Table 4 .5) (O .I9 mMole) was added under slow 

m agnetic s t i r r i n g ,  fo llow ed  by y eas t  hexokinase (334 I.U.), and th e  pH 

was a d j u s t e d to  7 0. 2M sodium hydrox ide . The r e a c t io n  was fo llow ed  

by s p o t t i n g  th e  s o lu t i o n  on Whatman No.1 and No. 3 MM paper b e fo re  

a d d i t io n  of y eas t  hexokinase ,  im m ediately a f t e r  i t s  a d d i t io n ,  th e n  a f t e r  

24 h .  D -g lucose-6-phosphate  was used as a s ta n d a rd  f o r  bo th  paper 

chromatography and e le c t r o p h o r e s i s  experim en ts .  Paper chromatography 

was c a r r i e d  out by th e  descending  tech n iq u e  u s in g  d i i so p ro p y l  e th e r ;  

form ic  a c id  (3 :2  v/v) so lv en t  system fo llow ed  by a p p l i c a t io n  o f  a 

spray^^^(9  cm  ̂ 70^ p e r c h lo r i c  a c id  HCIO^, 1.7 cm^ conc. h y d ro c h lo r ic
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a c id  HCl, 2 g ammonium molybdate, 0 ,2  g disodium e thy lene  diarnino- 

t e t r a a c e t a t e  Nag E.D.T.A. d i l u t e d  to  200 cm^ w ith  d e io n ise d  w ater) 

which responded (b lue  co lour) to  th e  p resence  o f  phospha tes .  

E le c t ro p h o re s i s  was c a r r i e d  out on a  Shandon L24 h igh  v o l ta g e  

a p p a ra tu s  w ith  O .5M phosphate e l e c t r o l y t e  (pH 7-0) f o r  I .5 h a t  3kV on 

Whatman No. 3 MM p ap e r .  The s tan d a rd  m ig ra t in g  marker used was 

D -g lucose-6 -phosphate  and th e  non -m ig ra ting  markers employed were 

D-glucose and th e  u n re a c te d  compounds t e s t e d  (Table 4*5)• The paper 

( a f t e r  com pletion o f  e l e c t ro p h o re s i s )  was developed by s i l v e r  n i t r a t e

^114dip  r e a g e n t .

4 . 4 .3  A nalys is  o f ATP-dependent p h o sp h o ry la t io n  of 

D-a ra b in o se  oxime w ith  y eas t  hexokinase by ^H nmr 

sp ec tro sco p y

The ’H nmr sp ec tro sco p y  a t  60 MHz was c a r r i e d  out on a 

r e a c t io n  m ix ture  c o n s i s t i n g  of ATP (90 mg), anhydrous MgCl^ ( l4  mg), 

and DgO (0 .5  cm^). The pH was a d ju s te d  to  7 .5 w ith  NaOD in  D̂ O

and th e  f i n a l  volume made up to  1 cm^. To t h i s  s o lu t io n  D -arab inose

oxime (22 mg) was added and th e  *H nmr s p e c t r a  ta k e n .  When th e  

D -arab inose  oxime had reached  eq u i l ib r iu m  p ro p o r t io n  o f  syn (e) and 

a n t i  (z) forms (about 1.0 h ) , y e a s t  hexokinase (28O I .U .)  was added 

and th e  r e a c t i o n  fo llow ed  by t a k in g  th e  *H nmr spectrum i n i t i a l l y ,  

a f t e r  every  10 min f o r  th e  f i r s t  hour, th e n  every  hour up to  8 hours

and f i n a l l y  every  8 hours up to  24 h o u rs .

4 . 4 .4  Measurements o f  i n i t i a l  r a t e s  o f  p h o sp h o ry la t io n  by 

y e a s t  hexokinase

The method used was a coupled enzyme a s sa y  system

119d e sc r ib e d  by D. Jaworck a t  in  which th e  fo llo w in g  re a g e n ts  were
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in  a

added in  a sequence to  make a f i n a l  volume of 3 cm  ̂ f o r  th e  a s s a y :  

t r i s  (hydroxymethyl) aminomethane ( 0 . 5M, pH 7 .5 ,  1.9 cm^); 

phosphoenol p y ru v a te /p o ta ss iu m  c h lo r id e  (19.5  mM P E P /l .3  M KOI in  t r i s  

b u f f e r  ( s to c k  s o lu t i o n ) ,  0 .2  cm^); reduced n ic o t in a m id e -a d e n in e -  

d in u c le o t id e  disodium s a l t  ( l2  mM, in  5^ sodium carbona te  ( s to c k  

s o lu t i o n ) ,  0 .05  cm^); r a b b i t  muscle py rvuate  k in a se  (EG 2 .7 .1 .4 0 )

(90 I .U ./cm   ̂ t r i s  b u f f e r ,  0 ,05  cm^); p ig  h e a r t  l a c t a t e

dehydrogenase isoenzyme H^ (EC 1 .1 .1 .2 7 )  (IO8O lU/cm^ t r i s  b u f f e r ,

0 .05  cm^); ATP/MgClg.6HgO (15 mM ATP/176 mM MgCl^ üHgO in  t r i s

b u f f e r  ( s to c k  s o lu t i o n ) ,  O . I 5 cm^); sugar s u b s t r a t e  (0 .5  crn^); 

y e a s t  hexokinase  (20 I .U .  + 1 mg bovine serum albumin in  1 cm^ t r i s

b u f f e r  kept a t  0 -5 ° ,  0 .1  cm^). This m ixture  (3 cm^) was p la ced  i: 

ja c k e te d  1 cm c u v e t te  and th e  absorbance was m onitored a g a in s t  a 

b lan k  c u v e t te  ( c o n ta in in g  a l l  r e a g e n ts  except y eas t  hexokinase , in s te a d  

o f  which t r i s  b u f f e r  (O.I cm^) was added) in  a Pye Unicam SP I8OO 

sp ec tro p h o to m ete r  a t  340 nm and 25° .

The c o n c e n tra t io n s  o f  th e  suga r  s u b s t r a t e s  were as  fo l lo w s :

4 . 4 . 4 .1 To c a l c u l a t e  M ich ae lis  P aram eters :

D -arab inose  oxime ( f r e s h l y  p rep a red  ( a n t i - (z)-

form) 10 mM to  80 mM) .

D -arab inose  oxime ( e q u i l i b r a t e d  ( syn (e) : 

a n t i  (Z) 80 :20 ) ,  10 mM to  80 mM) .

4 . 4 *4 .2 To compare th e  r a t e s  o f  p h o sp h o ry la t io n  r e l a t i v e  

to  D-glucose

The sugar s u b s t r a t e s  used were e i t h e r  

(a) s y n th e s is e d  (b) from commercial sou rces  o r (c) g i f t s .
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D -glucose (10 mM) (b)

D -arab inose  (IO mM)

(c)M ethy l-a-D -g lucopyranoside  ( r e c r y s t a l l i s e d ,  10 mM) Dr P. P inch

4-Deoxy-D-x y lo -hexose (10 m M ) D r  D.Gibson, as M ethyl-a-D -hexoside

d e r iv a t iv e

3-Deoxy-D-x y lo -hexose (10 m M ) P r o f e s s o r  W.G.Overend, as 1 ,2 -0 -

iso p ro p y lid en e  d e r iv a t iv e

(a)D -arab inose  oxime (10 mM) 

D -r ib o se  oxime (10 mM) 

D-mannose oxime (IO mM) 

D -glucose oxime (10 mM) 

D -g a lac to se  oxime (IO mM) 

D -g lu c i to l  (10 mM)

A b lank  c o r r e c t io n  was made by m on ito r ing  th e  absorbance o f  a s o lu t io n  

c o n ta in in g  a l l  re a g e n ts  mentioned in  4*4.4 except sugar s u b s t r a t e  and 

y e a s t  hexokinase  a g a in s t  one c o n ta in in g  y eas t  hexokinase  but no ’sugar* 

s u b s t r a t e .  The volume i n  each case  was made up to  3 cm^ w ith  t r i s  

b u f f e r .

4 . 4 .5  M u ta ro ta t io n  o f  f r e s h l y  p rep a red  D-a ra b in o s e  oxime 

PCcuring d u r in g  a s say

A c o r r e c t io n  was made f o r  any i s o m é r is a t io n  which could  

have occu rred  d u r in g  th e  t im e in t e r v a l  i n  which th e  i n i t i a l  r a t e  

measurement was c a r r i e d  out w ith  th e  f r e s h l y  p rep a red  s o lu t i o n  o f  

D -arab inose  oxime ( a n t i  ( z ) - fo rm ) . The coupled enzyme r e a c t io n
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m ixture  (4 . 4 . 4) c o n ta in in g  no y eas t  hexokinase  and f r e s h l y  p repared  

D -arab inose  oxime ( 24O mM) was p repa red  and th e  m u ta ro ta t io n  fo llow ed  

by p o la r im e t ry  in  a 1 dm ja c k e te d  c e l l  a t  25° and 5^9 nm.

1204 . 4 .6  H ydro lys is  o f m e thy l-4 -deoxy-a-D-x y lo -h ex o s id e

The sample (50 mg) was d is s o lv e d  in  90^ form ic  a c id  

(2 .5  cm^) and s o l i d  carbon d iox ide  added to  g ive  an i n e r t  a tm osphere.

The f l a s k  was s e a le d  and h ea ted  f o r  6 h a t  100°. The h y d ro ly s a te  was 

d i l u t e d  w ith  d e io n ise d  w ate r  (25 cm^) and h ea ted  a t  100° f o r  a f u r t h e r  

2 h .  The s o lu t io n  was co n c e n tra te d  to  dryness and r e s id u a l  form ic a c id  

removed by c o d i s t i l l a t i o n  w ith  m ethanol. The r e s u l t a n t  o i l  was 

an a ly se d  by paper chromatography and found to  be com plete ly  h y d ro ly sed .

4 . 4 .7  H ydro lysis  o f  1 ,2 -0 - iso o ro p y lid en e -5 -d eo x y -D-x y lo -
121hexose

The sample (46 mg) was d is s o lv e d  in  d e io n ise d  w ate r  

(5 cm^), th e n  r e g e n e ra te d  A m berlite  IR 120 (H*  ̂ r e s i n  (2 cm^) was added 

and th e  m ix ture  h ea ted  a t  100° f o r  2 h .  The s o lu t io n  was f i l t e r e d  and 

th e  r e s i n  washed w ith  hot w a te r  (10 cm^). The r e s u l t i n g  f i l t r a t e  

a long  w ith  th e  washings was c o n ce n tra te d  to  d ryness ,  examined by paper 

chromatography and TLC on s i l i c a  ge l (development by methyl e th y l  ketone 

s a tu r a t e d  w ith  w a te r ,  d e t e c t i o n  by sp ray in g  w ith  10^ e th a n o l ic  HgSO^); 

h y d ro ly s is  was found to  be com plete .

4 . 4 .8  G as-Liquid Chromatography of t r i m e t h y l s i l y l  d e r iv a t iv e

o f  D- g l u c i t o l

D -G lu c ito l  was d is s o lv e d  in  d ry  p y r id in e  (I.O  cm^) 

H exam ethy ld is i lazane  (0 .2  cm^) and t r im e th y lc h lo r o s i l a n e  (O.I cm^)
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were added and th e  m ixture  shaken f o r  1 minute and allow ed to  s ta n d  

f o r  5 m inu tes .  The w hite  p r e c i p i t a t e  o f ammonium c h lo r id e  was 

removed by c e n t r i f u g a t io n ,  and th e  GLC c a r r i e d  out on a Pye 104 dual 

column chromatograph (9 ’ x 0 .25"  column o f  3^ OV-225 on Chromosorb A, 

80-100 mesh a t  168 °) . The r e t e n t i o n  tim e of  th e  t r i m e t h y l s i l y l  

d e r iv a t iv e  o f D -g lu c i to l  was T = 0 .76  compared to  th e  t r i m e t h y l s i l y l  

d e r iv a t iv e  ofa-D-glucose T = 1-00.
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CHAPTER 5 THE INTERACTION OP CARBOHYDRATE OXIMES WITH D-XYLOSE

ISOMERASE

5.1 INTRODUCTION

The aim o f  t h i s  work was to  t e s t  carbohydra te  oximes as p o t e n t i a l  

t r a n s i t i o n  s t a t e  analogue i n h i b i t o r s  o f  D-xylose isomerase 

(p -x y lo se  k e to l  isom erase , EC 5*3.1*5) • As shoirjn in  arguments 

p re s e n te d  in  ch ap te r  1 o f t h i s  t h e s i s ,  D -arab inose  oxime ( 15) 

i s  a p o t e n t i a l  I n h i b i t o r  o f  ^ x y l o s e  isomerase because o f i t s  

s t r u c t u r a l  r e l a t i o n s h i p  to  th e  proposed ened io l enzyme in te rm e d ia te  

( 16) .

NOH

I

H O -

— OH 

— OH

CHgOH

H |-0H

Ç-OH

HO—

-O H

L-OH

CHgOH

15 16

The s u b s t r a t e s  f o r  D-xylose isom erase ( Streptomyces sp ec ie s )

namely D -xylose, D -glucose, D -xylu lose  and D -fru c to se  e x i s t  a t

e q u i l ib r iu m  in  aqueous s o lu t io n  in  c y c l ic  pyranose a n d /o r  fu ranose

forms w ith  a ve ry  sm all amount o f  a c y c l ic  form b e ing  p r e s e n t .  I t
2

has been suggested  by Schray and Rose t h a t  th e  enzyme b inds  th e  

c y c l i c  s u b s t r a t e s  and th e  r e s u l t i n g  ened io l in te rm e d ia te  can be 

formed e i t h e r  by a  co n ce r ted  3 -e l im in a t io n ,  o r by a r i n g  opening 

fo llow ed  by an é n o l i s a t i o n  s t e p .  As shown in  ch a p te r  2 o f t h i s  t h e s i s .
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carbohydra te  oximes g e n e r a l ly  e x i s t  in  th e  a c y c l ic  ( syn (e) and a n t i  

( z ) )  forms except f o r  D-glucose oxime which e x i s t s  in  th e  c y c l ic  

P-pyT‘anose form. The i n t e r a c t i o n  o f  oximes which have d i f f e r e n t  

s t r u c t u r e s  and s te re o c h e m is t ry  would g ive  f u r t h e r  in fo rm a tio n  about 

th e  enzymic i s o m é r is a t io n  pathway as w ell as in  th e  case o f  

D -arab inose  oxime support th e  p resence  o f an ened io l in te rm e d ia te  

which i t  resem bles .

The ever in c re a s in g  demand f o r  sugar and i t s  r i s i n g  p r i c e

has le d  to  r a p id  p ro g re ss  in  r e s e a rc h  on a l t e r n a t i v e  sw eeteners  d u ring

3 -5th e  p a s t  decade o r  so .  The g r e a t e r  in h e re n t  sweetness o f  f r u c to s e

over t h a t  o f  g lucose  and suc rose  makes i t  an a t t r a c t i v e  a l t e r n a t i v e  

p rov ided  i t  can be ob ta in ed  econom ically . The p ro d u c t io n  o f  f r u c to s e  

from g lucose  by u s in g  a g lucose  iso m e r is in g  enzyme D-xylose isom erase 

(D-glucose isom erase , EC 5 .3 .1 .1 8 )  i s  th u s  of p r a c t i c a l  im portance . 

L a rg e -sc a le  p ro d u c t io n  f a c i l i t i e s  f o r  f r u c to s e  a re  a l r e a d y  in

3 - 5o p e ra t io n  in  th e  U nited  S ta t e s ,  Europe and Jap an .  The es t im a ted

p ro d u c t io n  of  h igh  f r u c to s e  corn syrup (hPCS) in  th e  U nited  S ta te s  

a lo n e  was 1,400 to  1,800 m i l l io n  pounds in  1976 and p ro d u c t io n  i s  expected 

t o  be 3,500 m i l l io n  pounds i n  1977 and 7 to  8 b i l l i o n  pounds a n n u a l ly  by 

1980.3

The convers ion  o f  g lucose  to  f r u c to s e  i s  one o f  a group o f  

r e a c t io n s  c o l l e c t i v e l y  known as Lobry de Bruyn-Alberda van E k en s te in  

t ra n s fo rm a t io n ^  which may be brought about chem ica lly  by a l k a l i .  A 

m ajor l i m i t a t i o n  to  a l k a l i n e  i s o m é r is a t io n  i s  th e  p ro d u c t io n  of 

g-mannose which im parts  a b i t t e r  t a s t e  to  th e  s o lu t i o n .  A d d i t io n a l ly ,  

a  m u l t i tu d e  o f  o th e r  rea rrangem ents ,  f rag m en ta t io n s  and d ehyd ra t ions
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occur g iv in g  r i s e  to  n o n -m etab o lisab le  m a te r ia ls  such as p s ic o se
7

and o b je c t io n a b le  co loured  m a te r ia l s  which a re  c o s t l y  to  remove.

The use o f D-xylose isom erase (b -g lucose  isomerase) e l im in a te s

some of th e s e  problems under th e  c o r re c t  c o n d i t io n s .  The

l i m i t a t i o n  to  th e  use of enzyme has been th e  cos t of i t s  p ro d u c tio n

and p r e p a r a t io n .  This i s  compounded by th e  s o l u b i l i t y  o f  th e

n a t u r a l  o r  f r e e  form of th e  enzyme which makes i t  d i f f i c u l t  to

remove and a l s o  to  r e - u s e .  I n s o l u b i l i s a t i o n  or im m ob il isa t ion  of

f r e e  enzymes by cova len t a t tachm en ts  o r  by entrapment w ith  i n e r t
8 9support m a te r ia ls  a re  th e  s u b je c t  of much r e s e a rc h  and in s o lu b le  

D -xylose isomerase is  in  te rm s  of s c a le  a t  l e a s t  th e  most s u c c e s s fu l  

outcome o f  t h i s  r e s e a rc h .

Enzymes capable o f  iso m e r is in g  D^glucose to  D -fru c to se  have

been known s in c e  th e  e a r ly  1990*s.^^ '^^  The m a jo r i ty  o f  th e

organisms in v e s t ig a t e d  r e q u i r e  th e  is o m é r is a t io n  o f  th e

p hosphory la ted  s u b s t r a t e s .  These enzymes have a narrow s p e c i f i c i t y

f o r  th e  a ld o se -k e to s e  p a i r  th e y  in t e r c o n v e r t .  On th e  o th e r  hand

th o s e  a c t in g  on th e  f r e e  sugars  a re  u s u a l ly  c h a ra c te r  is ed by t h e i r

a b i l i t y  to  isom erise  s e v e ra l  s u b s t r a t e s  and t h i s  a t  tim es le ad s  to

t h e  same enzyme b e in g  c a l l e d  by more th a n  one name. M arshall 
11and Kooi (1957), were th e  f i r s t  to  r e p o r t  an enzyme from 

P. h y d ro p h ila  which was known to  c a ta ly s e  th e  i s o m é r is a t io n  of 

D -xylose to  D -xy lu lose , and a l s o  of D-glucose to  D - f ru c to s e .

A l a rg e  number o f  m icro-organism s th a t  produce enzymes capable o f  

c a t a ly s in g  th e  i s o m é r is a t io n  o f  D-glucose to  D -fru c to se  have been 

found. I n i t i a l l y ,  th e se  i n v e s t ig a t io n s  seemed to  in d i c a te  th e
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p resen ce  o f  a t  l e a s t  t h r e e  d i f f e r e n t  ty p e s  o f g lu c o se - iso m e r is in g  

enzymes showing marked d i f f e r e n c e  in  c e r t a i n  p h y s ic a l  c h a r a c t e r i s t i c s  

These enzymes a re  ( l )  an NAD-1inked g lucose  isom erase from 

P. a e ro g e n o s id e s ,^ ( 2) a non-NAD~linked g lucose  isom erase from 

A. aerogenes which r e q u i r e s  a r s e n a te ,  and ( 3) th e  D -glucose isomerase 

o b ta in e d  from v a r io u s  b a c t e r i a l  and y e a s t  m icroorgan ism s. The 

Streptomyces sp ec ie s  have p robab ly  been s tu d ie d  more in t e n s iv e l y  

as  sources  o f D-glucose iso m e r is in g  a c t i v i t y  th a n  th o se  o f  any o th e r  

genus. These D-glucose iso m e r is in g  enzymes have been shown to  be, 

more a c c u r a te ly  P -xy lose  isom erases based on o b se rv a t io n s  t h a t  th e  

M ich ae lis  c o n s ta n ts  f o r  D -xylose a re  lower th a n  f o r  D -glucose under 

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

5 .2  PHYSICAL AND CHEMICAL CHARAC TERRIS TICS OF D-XYLOSE ISOMERASE

5 . 2.1 I s o l a t i o n  and General P ro p e r t i e s  of D-Xylose Isomerase 

D-Xylose isom erases from s e v e ra l  microorganisms have

17been s tu d ie d  in  d e t a i l .  The enzymes from Streptomyces s p e c i e s ,
18 19B a c i l lu s  co ag u lan s , and L a c to b a c i l lu s  b r e v is  have been p u r i f i e d

to  th e  degree o f  c r y s t a l l i s a t i o n  and apparen t homogeneity.

17Takasaki i s o l a t e d  and c r y s t a l l i s e d  D-xylose isom erase from

Streptomyces a l b u s . I t  had a m olecu la r  weight o f  157,000, th e  pH 

optimum a t  70° was 8 .0 -8 .5 ,  th e  tem pera tu re  optimum 80° and th e  

pH s t a b i l i t y  was wide (pH 4 .O - I I .O ) .  The r a t e  o f  th e  enzymic 

r e a c t io n  was a t  a maximum in  th e  p resence  of 1 x 10 “"m c o b a l t  ion  

(Co^*^ p lu s  1.5 X 10 "*M magnesium ion  (Mĝ **̂  . The c r y s t a l l i n e  

enzyme con ta ined  I .4  atoms o f  co b a l t  and 0 .3  atom o f  magnesium per
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m olecule of enzyme. I t  c a t a ly s e s  th e  is o m é r is a t io n  o f  D-xylose to  

D -xy lu lose  and o f  D-glucose to  D - f ru c to s e .  Km (M ichae lis  constan t)  

va lu es  o f  3.2 x 10 ^M, 1.4 x 10 "̂M and 2 .3  x 10 ^M were observed

f o r  D -xylose, 17 D -glucose^^ and D -fru c to se^^  r e s p e c t iv e l y .

5 . 2 .2  K in e t ic  S tu d ie s  o f  D-Xylose Isomerase

20The a ld o s e -k e to s e  isom erases have been shown to  

fu n c t io n  as a base  a t t a c k i n g  s p e c i f i c a l l y  th e  hydrogen atom a lpha  

to  th e  carbonyl fu n c t io n  o f th e  s u b s t r a t e .  Tlie r e s u l t i n g  con jugate  

ac id -enzym e-eno la te  s u b s t r a t e  complex was thought to  s e rv e  as  an 

in te rm e d ia te  (see  Scheme 5«l)«

0

H J^C —  OH
I

Aldose 

Scheme 5.1

EB:
EB:H

C — 0
I I
Ç —  OH

E n e d io la te

-  C -  OH
I
C = 0
I

Ketose

The occurrence  o f  hydrogen t r a n s f e r  im p lie s  t h a t  one and th e

same p ro ton  i s  invo lved  in  a b s t r a o t in g  th e  02 p ro to n  o f  th e  a ld o se  o r  Cl

p ro to n  o f th e  k e to s e .  The p ro to n  t r a n s f e r  was dem onstra ted  to  be 
20in t r a m o le c u la r . In  a d d i t io n  to  t r a n s f e r ,  th e  p ro to n  i s  known a l so

to  exchange w ith  th e  medium as was shown in  th e  case  o f  D -gIucose -6 -

20phosphate isom erase .  This v.̂ as ta k en  as  a  c r i t e r i o n  to  show th a t  

th e  r e a c t io n  proceeds through  an ened io l in te rm e d ia te  as d isc u sse d  

in  c h a p te r  1 o f  t h i s  t h e s i s .  In  th e  case o f  g -x y lo se  isom erase th e  

r a t e  o f  exchange w ith  so lv e n t  was observed to  be v e ry  low.
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21I .A .  Rose e]  ̂ examined th r e e  manganese-dependent

b a c t e r i a l  a ld o s e -k e to s e  isom erases to  determ ine th e  s te re o c h e m is t ry  o f 

th e  Cl p ro to n  o f  th e  k e to se  t h a t  i s  a b s t r a c te d  in  th e  fo rm ation  of 

th e  a ld o s e .  With D-xylose isom erase (l . b re v is )  th e  in c o rp o ra t io n  

o f  t r i t i u m  in to  an e q u i l ib r iu m  m ix tu re ,  o ccu rred  a t  < 0 .4 ^  o f  th e  

r a t e  o f  th e  forward r e a c t io n .  In  th e  case o f  D-xylose and 

^ -a ra b in o s e  isom erases i t  was th e  pro-R(49) p o s i t i o n  o f th e  

D -xy lu lose  and L - r ib u lo s e  t h a t  was a c t iv a t e d ,  w hile  i t  i s  th e  

p ro -S ( 4 S )p o s i t io n  o f L -fu cu lo se  t h a t  i s  l a b e l l e d  in  t r i t i a t e d  w a te r .  

These s te reo ch em ica l  r e s u l t s  conform to  th o se  o f o th e r  sugar

Hg—  C — OH

I
49

isom erases  l i s t e d  in  t a b l e  5«1« A minimal motion i n t e r p r e t a t i o n  o f 

th e  in t ra m o le c u la r  p ro to n  t r a n s f e r  r e q u i r e s  t h a t  th e  p ro to n a t io n  

occurs  a l t e r n a t e l y  to  Cl o r  C2 from th e  same s id e  o f  th e  proposed 

en e d io l  in t e rm e d ia te .  Thus, th e  a b s o lu te  c o n f ig u ra t io n s  a t  Cl 

o f  th e  k e to se  w ith  hydrogen is o to p e  in tro d u ced  in to  th e  r e a c t io n  and 

a t  C2 o f  th e  a ld o se  a llow s one to  determ ine th e  geometry o f  th e  

en ed io l  (see  F ig .  5«l) acc o rd in g  to  Rose ( l975)»^^  Rose^^ f u r t h e r  

found th a t  a l l  th e  isom erases t h a t  use  2R-aldoses as s u b s t r a t e s  

produce [lR -1  h ] k e to se  p roduc ts  l a b e l l e d  a t  Cl in  l a b e l l e d  w a te r  

( H^O), whereas th o se  t h a t  a c t  on 28 -a ldoses  g ive  [ l8 -1 * H ]k e to ses  

(Table 5 . I ) .  I t  fo llow s th a t  bo th  2R-and 2S-a ldoses  must proceed 

th rough  c i s - e n e d io l s  which a re  o r ie n te d  o p p o s i te ly  w ith  r e s p e c t  to
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OH

B

H - r  v O H

HO

HOH

F ig .  3»1 O r ie n ta t io n  o f  a c y c l i c  a ld o ses  and k e to se s  f o r  a ( l )  c i s -  
o r  ( 2) t r a n s -e n e d io l  p ro c e s s .

o f  th e  enzyme (see  F ig .  5»2).  The a b s o lu te  s t e r e o s p e c i f i c i t y  

o f  th e  l a b e l l i n g  im p lie s  e i t h e r  a  r e s t r i c t i o n  on t o r s i o n a l  freedom 

around th e  C2-C3 bond o f  th e  ened io l  in te rm e d ia te  r e l a t i v e  to  th e

OH

T
B

•i,
OH

OH

OH

28-Aldose

F ig .  3«2 S tereochem ica l course  o f  2R and 28 isom erases

OH
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r a t e  o f th e  p ro to n  t r a n s f e r  o r  th e  p resence  o f  a d d i t io n a l  f a c t o r s  

such as c a t a l y t i c  de te rm in an ts  in  a d d i t io n  to  -BH, th e  p o s i t i o n in g  

o f  which a re  im portan t ,  o r b o th .

5 . 2 .3  Anomeric s p e c i f i c i t y  o f B-Xylose Isom erase

The ened io l  mechanism making use of th e  carbonyl fu n c t io n

to  in c re a s e  th e  a c i d i t y  o f th e  a p ro to n  r e q u i r e s  e i t h e r  t h a t  th e

carbonyl form o f  th e  s u b s t r a t e  i s  used d i r e c t l y  or t h a t  one o f th e

m e ta s ta b le  forms i s  converted  to  th e  carbonyl form as p a r t  o f  th e

c a t a l y s i s .  In  th e  case o f  pen toses  and hexoses o f  non-phosphory la ted

f r e e  su g a rs ,  th e  r a t e s  o f  m u ta ro ta t io n  a t  pH = 7 . 0  a re  g e n e ra l ly

slow and th e  amount o f  f r e e  carbonyl form p re s e n t  in  s o lu t i o n  i s
23

tho-qght to  be v e ry  sm a l l .  To r a i s e  th e  le v e l  o f  th e  a c y c l i c

form o f  an a ld o se  f o r  subsequent é n o l i s a t i o n ,  th e  isom erase enzyme 

must not on ly  open th e  r i n g  but must b in d  th e  a c y c l ic  form more

t i g h t l y  th a n  th e  c y c l ic  s u b s t r a t e .  This was shown to  be th e  case

w ith  D -g lucose-6 -phosphate  isom erase .  The i n h i b i t o r  B - g lu c i to l - 6 -  

phosphate  (K^ = 25 |i M) b inds more s t r o n g ly  th a n  1 , 5 - a n h y d r o - ^  

g lu c i to l -6 -p h o s p h a te  (k^ = 2 .5  mM).^^

Evidence f o r  th e  anomeric s p e c i f i c i t y  o f  D -xylose isom erase has

2 25—29 2 come from s e v e ra l  s o u rc e s .  ’ Schray and Rose fo llow ed  th e

r a t e s  o f  i s o m é r is a t io n  of a, P and e q u i l i b r a t e d  D-gluoose s e p a r a t e ly

and observed on ly  w ith  P-D-glncose a  la g  in  ac h ie v in g  a c o n s tan t  r a t e .

They i n t e r p r e t e d  t h i s  to  mean t h a t  D-xylose isom erase (Streptomyces

s p e c ie s ) was s p e c i f i c  f o r  th e  a-anomer w hile  th e  p-form was a t  b e s t  a

weak s u b s t r a t e  a n d /o r  i n h i b i t o r .  C o n s is ten t  w ith  t h i s  conc lu s ion

a re  th e  d a ta  f o r  a-D -xylose  and e q u i l i b r a t e d  ^ x y l o s e  m ix tu re .
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The Kin^s o f a-D -xylose  and th e  m u ta ro ta ted  m ixture a re  r e l a t e d  as

expec ted , i f  on ly  th e  a-anomer was hound and th e  V o f  th emax.
m ix ture  i s  no t l e s s  th a n  t h a t  f o r  a -D -xy lose . Also th e

enzyra ically  formed D -xy lu lose  anomer i s  g r e a t l y  dominant, com prising

81^  of th e  p roduc ts  o f  th e  D-xylose isom erase r e a c t io n  a t  eq u i l ib r iu m .

Moreover, th e  r e s u l t  of r a p id  overshoot eq u i l ib r iu m  s tu d ie s  in d ic a te d

t h a t  D-xylose isom erase does not c a ta ly s e  th e  anomeris a t  ion  o f D-
2

xy lose  and D -x y lu lo se ,  Tliey f u r t h e r  p o in te d  out t h a t  on ly  w ith

th e  a-anomer could th e  g e n e ra l ly  accep ted  c i s - ened io l  be formed

w ithou t ex ten s iv e  o r i e n t a t i o n  o f th e  C1 and C2 hydroxyls  from t h e i r

c i s  r e l a t i o n  ( i . e .  an a x i a l - e q u a t o r i a l  r e l a t io n s h ip )  in  th e  most
2

s t a b l e  c h a i r  o r e c l ip s e d  boat conform ation . They su g g es ted  a 

mechanism which ta k e s  in to  account th e  r e l a t i o n s h i p  between th e  

o b se rv a t io n  of a requirem ent f o r  th e  c i s  s t r u c t u r e  bo th  i n  th e  c y c l ic  

r e a c ta n t  and a c y c l i c  in te rm e d ia te .  According to  t h i s  mechanism 

(scheme 5»3) th e  proposed c i s - ened io l in te rm e d ia te  can be reached  

in  two ways: ( 1) d i r e c t  e l im in a t io n  of th e  C2 p ro to n  and C1 r in g  

oxygen and (2) r in g  opening fo llow ed  by é n o l i s a t i o n .

OH
OH

:B

-0 (H )
OH

( 1)
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OH ( 2)

Scheme 3*3

The anomeric s p e c i f i c i t y  was r a t i o n a l i s e d  in  terms o f  an 

e l im in a t io n  mechanism (eq u a t io n  1, scheme 5-3) based on th e  argument 

t h a t  on ly  anomers w ith  c i s - 1 ,2 -hydroxyl c o n f ig u ra t io n  a re  capable  

o f  undergoing  an a n t i - e l im in a t io n  to  form th e  c i s - e n e d i o l . This 

can occur on ly  in  th e  skew boat conform ation . An a n t i - e l im in a t io n

from th e  |3-anomer would y i e ld  a t r a n s - e n e d i o l . However, th e y

observed  t h a t  methyl-ct-xylopryanoside which b inds  to  th e  enzyme 

was not converted  in to  a k e to s e .  The a l t e r n a t i v e  mechanism sho;m 

in  equa t ion  2 (Scheme 5*3) accommodates th e  r i n g  opening w ith  th e  

c l a s s i c a l  é n o l i s a t i o n  mechanism. Here th e  r i n g  c lo su re  in e v i t a b l y  

le a d s  to  a c i s  r e l a t i o n  between th e  01 and 02 hydroxyls  o f th e  a ld o se  

i f  th e  c i s  r e l a t i o n  o f th e  ened io l  i s  m a in ta ined  in  th e  a c y c l i c  form

o f  th e  enzyme-bound a ld o se  i . e .  i f  r o t a t i o n  about 01-02 bond i s  p reven ted

a t  th e  tim e o f  r in g  c lo s u re .  F u r th e r ,  when th e  p ro to n  adds to  02 th e

carbon chain  beyond 02 must become o r ie n te d  so t h a t  f o r  r in g  c lo su re

to  be l e a s t  s t e r i c a l l y  h in d e re d  05 hydroxyl can approach th e  01 

carbonyl on ly  from th e  o p p o s i te  d i r e c t i o n  of th e  o r ig i n a l  p ro to n  

approach to  02.

Another p ie c e  o f  evidence f o r  anomeric s p e c i f i c i t y  came from
25

K e rs te r s -H i ld e r s o n  ^  a l .  They developed an a c c u ra te  and r a p id

method f o r  a s sa y in g  D-xylose isom erase (L. b re v is )  based  on a  coupled
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r e a c t io n  w ith  D—g l u c i t o l  dehydrogenase. The r a t e  o f  change in  

absorbance f o r  th e  m u ta ro ta ted  D-xylose was observed to  be slow er 

th a n  th e  f r e s h l y  d is s o lv e d  a -D -xy lose .

More evidence f o r  anomeric s p e c i f i c i t y  came from nmr experim ents .  

F e a th e r  e^ found by nmr th a t  th e  f i r s t  product formed from re a c 

t i o n  o f  D -xy lu lose  w ith  D-xylose isom erase , was th e  a-anomer o f

27—29D -xylose. Mildvan and co-workers by epr,  l o n g i tu d in a l  p ro to n

r e l a x a t i o n  r a t e s  o f  w ate r  s o lu t i o n  o f  D-xylose isom erase , and

2+o b se rv a t io n  of a g r e a t e r  param agnetic  e f f e c t  o f  enzyme-bound Mn 

on th e  C1 p ro to n  o f  a-D -xylose  t  han on th e  |3-anomer, p rov ided  

independent evidence f o r  th e  s p e c i f i c i t y  o f  D-xylose isom erase .

These s p e c i f i c i t y  r e s u l t s  i n d i c a te  t h a t ,  as concluded f o r  th e  

e n e d io l ,  e i t h e r  t o r s io n a l  freedom o f  th e  a ld o se  (o r  ke tose)  

in te rm e d ia te  i s  r e s t r i c t e d  o r  th a t  c a t a l y s i s  o f  r i n g  c lo su re  r e q u i r e s  

a d d i t i o n a l  fu n c t io n a l  groups w ith  l im i te d  m o b i l i ty .  In  th e  case 

o f  D—glu co se -6 —phosphate isomerase^^ th e s e  r e s t r i c t i o n s  a re  

appar e n t ly  re la x e d ,  where a b s o lu te  s p e c i f i c i t y  im p lie s  r e s t r i c t i o n  

a t  th e  ened io l  s t a t e  but where th e  a b i l i t y  to  c a ta ly s e  

a n o m ér isa t io n  im p lie s  t h a t  th e  carbonyl group i s  ab le  to  o r i e n t  

e i t h e r  face  to  th e  C5 hyd roxy l.  Thus, th e  r e s t r i c t i o n  o f r o t a t i o n  

about th e  02 -  03 bond w ith  D-xylose isom erase in d i c a te s  t i g h t e r  

b in d in g  in  t h i s  re g io n  o f  th e  s u b s t r a t e .

An a l t e r n a t i v e  p o s s i b i l i t y  f o r  th e  observed anomeric s p e c i f i c i t y  

was sugges ted  to  be due to  th e  s te re o c h e m is t ry  of th e  b in d in g  s i t e s  

which were s e le c te d  in  th e  e v o lu t io n  o f  th e  isom erases to  have changed 

on ly  to  accommodate d i f f e r e n t  s u b s t r a t e s .
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In f lu e n c e  o f  Metal Ions

D-Xylose isom erases from L. b re v is  and _S. s p e c ie s  a re

17  19known to  r e q u i r e  a d iv a le n t  c a t '’on f o r  a c t i v i t y .  ’

31Yamanaka made a d e t a i l e d  k i n e t i c  a n a ly s i s  of th e  i n h i b i t i o n  o f

D-xylose isomerase (l . b re v is )  by p e n t i t o l s  and D-lyxose as a

? +fu n c t io n  o f manganese ion (Mn ) c o n c e n t ra t io n .  From th e

i n h i b i t i o n  p a t t e r n  i t  was concluded th a t  th e  s u b s t r a t e  as w ell as th e

2+i n h i b i t o r s  combine w ith  th e  enzyme through a Mn b r id g e  w ith  a

2+compulsory o rd e r  o f Mn b in d in g  p reced in g  th e  b in d in g  of th e

28s u b s t r a t e .  Schray and Mildvan working w ith  D-xylose isom erases 

from both Streptomyces sp e c ie s  and L. b r e v is  by e p r  and 

lo n g i tu d in a l  p ro to n  r e l a x a t i o n  r a t e s  o f  w ater observed bo th  t i g h t  

and weak b in d in g  s i t e s  f o r  Mn^" .̂ They^^ a l so  no ted  d ecreased  p ro ton  

r e l a x a t i o n  r a t e  enhancements in  th e  p resence  o f  s u b s t r a t e s  and

analogues and thought t h i s  to  be c o n s is te n t  w ith  th e  e x is te n c e  o f an

2 +  2 7 - 2 9E-Mn -S b r id g e  complex. Mildvan and co-workers examined th e

i n t e r a c t i o n  o f  D-xylose isom erase ( s .  s p e c ie s  and L. b re v is )  w ith  

2+Mn and D-xylose by fo l lo w in g  th e  r e l a x a t i o n  o f  w ate r  p ro to n s  and

? 4 -w ith  Mn' and D-xylose o r th e  com petit ive  i n h i b i t o r  x y l i t o l  by

2 7observ ing  t h e i r  p ro to n  r e l a x a t i o n  r a t e s .  According to  Mildvan th e  

2+c a l c u la te d  Mn - to - p r o to n  d is ta n c e s  and coup ling  c o n s ta n ts  a re

2+c o n s i s te n t  w ith  th e  enzyme-Mn complex b in d in g  th e  c y c l i c  s u b s t r a t e  

a-D -xylose  w ith  th e  m etal ion  p ro v id in g  a a c t i v a t i o n .  The next 

s ta g e  proposed i s  r i n g  opening fo llow ed by é n o l i s a t i o n  w ith  th e  p ro to n  

which has been removed from 02 to  form th e  c i s - ened io l conserved and 

t r a n s f e r e d  to  01 from th e  same s id e  of th e  double bond to  form 

D -x y lu lo se .  Olosure o f th e  fu ranose  from above th e  p lane  o f  th e
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carbonyl group to  form a-D -xy lu lo se  completes th e  r e a c t io n .  F u r th e r ,

2+th e  in a c t iv e  |3-anomer o f D-xylose b inds  to  enzyme-Mn complex as
2?

d e te c te d  by changes in  th e  w ater  r e l a x a t i o n  r a t e ,  but shows a

n e g l ig ib l e  param agnetic  e f f e c t  on th e  G1 p ro to n  o f th e  |3 form in  th e

29presence  o f  enzyme-Mn complex.

29F u r th e r ,  Young _et a l . from pi'oton r e l a x a t i o n  r a t e s  observed

2+comparable e f f e c t s  f o r  th e  enzyme-bound Mn on 01, 02 and 05 p ro tons

of a-D -xylose s u g g e s t in g  t h a t  th e s e  p ro tons  a re  e q u id i s ta n t  from th e

2+ 29 bound Mn . F u r th e r ,  th e y  found th a t  th e  c a lc u la te d  d is ta n c e s

2+between th e  enzyme-bound Mn and 01 p ro ton  o f  a-D -xylose and

methylene p ro to n  of x y l i t o l  from r e l a x a t i o n  s tu d ie s  were n e a r ly  th e  

29same. Also th e y  in f e r r e d  from th e  s u b s t r a te  and w ater r e l a x a t i o n

s tu d ie s  t h a t  two sm all l ig a n d s  such as w ater m olecules o r  a l a r g e r

p o r t io n  of th e  p r o te i n  in te rv e n e  between th e  bound m etal ion  and th e

bound s u b s t r a t e  in  th e  a c t iv e  t e r n a r y  complex. Moreover, i t  has been 

21 22proposed ’ t h a t  in  th e  case o f  th e  isom erases th e  d iv a le n t  m etal 

ion  which may be c lo s e ly  r e l a t e d  to  th e  a c t iv e  s i t e  fu n c t io n s  to  

p o la r i s e  th e  carbonyl group of a c y c l i c  s u b s t r a t e  f o r  th e  a-hydrogen 

a b s t r a c t i o n  and th a t  e v o lu t io n  converged to  th e  c i s - e n e d io l  

in te rm e d ia te  because°/the p o s s i b i l i t y  t h a t  a s in g le  e l e c t r o p h i l e  such 

as a  m etal ion  or an amino a c id  re s id u e  could  fu n c t io n  w ith  e i t h e r  

s u b s t r a t e .

5 . 2 .5  Analogue Binding S tud ies

To support th e  p resence  o f  in te rm e d ia te s  in  enzyme 

c a ta ly s e d  a ld o se -k e to s e  is o m é r is a t io n  r e a c t io n s  an in d i r e c t  approach 

av o id in g  th e  employment o f  f a s t  k i n e t i c  methods has been th e  s y n th e s is
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and t e s t i n g  of  s u b s t r a t e  and t r a n s i t i o n  s t a t e  ana logues .  The

s u b s t r a t e  analogues would be th o se  t h a t  resemble th e  a c y c l i c

c o n f ig u ra t io n  or possess  th e  s te re o c h e m is t ry  o f e i t h e r  th e  a -  o r  (3-

anomer o f  th e  s u b s t r a t e  but a re  incapab le  o f a n o m ér isa t io n .  The

s u b s t r a t e  analogues may be examined e i t h e r  as  s u b s t r a t e s  or as

com p e ti t iv e  i n h i b i t o r s .  I f  th e y  fu n c t io n  as s u b s t r a t e s  a comparison

o f  t h e i r  V and K va lues  w ith  th o se  o f  th e  n a tu r a l  s u b s t r a t e  may max m

suggest th e  anomeric p re fe re n c e  o f  th e  enzyme. In  th e  case o f 

analogues which a c t  as i n h i b i t o r s  t h e i r  va lues  should  be lower th a n  

th e  (o r  K^) va lues  o f th e  s u b s t r a t e  in d i c a t i n g  t ig h te r  b in d in g .

I t  i s  seen from Table 5 .2  t h a t  th e  D-xylose isom erases from

16 19 ISL. b r e v is  ’ and B. coagulans c a ta ly s e  th e  is o m é r is a t io n  o f  D-xylose
17 72D-glucose and D -r ibose  w hile  th e  enzyme from S. s p e c ie s  (_S. a lb u s  \  ’

iso m erises  on ly  D-xylose and D -glucose .

K. Yamanaka\^’ p re s e n te d  evidence th a t  D-xylose isomerase

(L. b re v is )  c a ta ly s e d  th e  is o m é r is a t io n  o f  D -xylose, D -glucose and

D ^ribose . These th r e e  sugars  have in  common a c i s  c o n f ig u ra t io n  of

OH groups a t  C2 and C4. P en toses  w ith  a t r a n s  c o n f ig u ra t io n  of OH

groups a t  02 and 04 do not a c t  as s u b s t r a t e s ,  th u s  D -arab inose ,

L -a rab inose  and D-lyxose a r e  not isomeris ed by th e  enzyme.

31K. Yamanaka found from i n h i b i t i o n  s tu d ie s  o f  D-xylose isom erase t h a t

x y l i t o l ,  D - a r a b i n i t o l , L - a r a b in i t o l  and D-lyxose (Table 5*2) a re

com pe ti t ive  i n h i b i t o r s  whereas r i b i t o l  was i n e f f e c t i v e .  From th e

d i f f e r e n c e  in  K. va lues  f o r  D -lyxose and D- and L - a r a b in i t o l  

31Yamanaka concluded th a t  th e  d i f f e r e n c e  in  s t r u c t u r e  a t  01 must have 

a  s i g n i f i c a n t  e f f e c t  on th e  b in d in g .
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15G. Darmo from th e  i n h i b i t i o n  o tu d ie s  on D -xylose  iso m erase  

(B. coaf^ulans) found t h a t  x y l i t o l ,  D - g l u c i t o l ,  D -m annito l (T ab le  5»2) 

i n h i b i t e d  c o m p e t i t iv e ly .  I t  was concluded  from i n h i b i t i o n  s t u d i e s  

t h a t  a l th o u g h  D -g lucose ,  D -x y lo s e -  and D - r ib o s e - i s o m e r i s in g  a c t i v i t i e s  

were a c t i v a t e d  w ith  d i f f e r e n t  m e ta l io n s ,  th e  t h r e e  i s o m é r i s a t i o n  

r e a c t i o n s  o c c u r re d  in  th e  same a c t i v e  s i t e  o f  th e  same enzyme.

17 12T akasak i and co-w orkers  ’ found t h a t  a t  0 . 0 1M c o n c e n t r a t i o n s

D - g l u c i t o l ,  D -m annito l and D -g lucon ic  a d d  in l i i b i t e d  th e  D -xy lose

isom erase  (_S. s p e c ie s )  c a t a ly s e d  a l d o s e - k e to s e  i s o m é r i s a t i o n  r e a c t i o n

(s e e  Table  5 * 2 ) .  Young e t  a l^ ^  s tu d ie d  th e  i n t e r a c t i o n  o f  D -xy lose

2+isom erase  from two so u rc e s  (L. b r e v i s  and s p e c ie s )  w ith  Mn and

29D -xy lose  o r  x y l i t o l  by  nmr. They found t h a t  th e  amount o f  x y l i t o l

2+n e c e s s a r y  to  d i s p l a c e  a -D -x y lo se  from th e  s u b s t r a te ,e n z y m e .  Mn

complex was c o n s i s t e n t  w i th  th e  K v a lu e  f o r  a -D -x y lo se  and th e  K.m = 1

v a lu e  f o r  x y l i t o l .

The s u b s t r a t e s  o f  th e  t h r e e  s t r a i n s  o f  D -xy lose  isom erase  (Table  

5 . 2) can e x i s t  in  th e  a c y c l i c  and c y c l i c  forms shown below :

A c y c l ic  fo rm s:

CHO CHOCHO

-OH

HO —

-OH

-OH

CHgOH

L-OH

-OH

CHgOH

-OH 

— OH 

—OH

CHgOH

D -g lucose D -xy lose D -r ib o s e
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C H O H

H O N — - / O H  

OH OH

a-D -gliicose a -D -xy lose a -D - r ib o s e

C y c l ic  fu ra n o s e  form s:

C H p H

H O -

C H O H C H O H

a-D -g lucose a -D -xy lose a -D -r ib o s e

From th e  above s t r u c t u r e s  i t  i s  a p p a re n t  t h a t  a l l  t h r e e  su g a rs  

have s i m i l a r  o r i e n t a t i o n s  o f  OH group on C2 and C4 w h ile  t h e  o r i e n t a t i o n  

o f  th e  OH group on C3 i s  d i f f e r e n t  f o r  D -r ib o se  from t h a t  o f  D -xy lose  

and D -g lu co se .  T h e re fo re ,  i t  ap p ea rs  t h a t  f o r  a l l  t h r e e  s t r a i n s  th e  

c i s  o r i e n t a t i o n  o f  OH groups about C2 and C4 i s  v i t a l  f o r  r e a c t i o n .

The enzyme from th e  S. s p e c ie s  does no t r e a c t  w i th  D -r ib o se  i n d i c a t i n g

t h a t  th e  o r i e n t a t i o n  o f  OH group about C3 i s  im p o rtan t  a l s o  i n  t h i s

c a se ,  and sh o u ld  be a s  in  D -xy lose  and D -g lu co se .
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I t  may be concluded  from th e  r e l a t i v e  m agnitudes o f  v a lu e

o f  D - x y l i t o l  ( 2 .5  mM) w ith  t h a t  o f  th e  f o r  D -xy lose  (5 mM) f o r

L. b r e v i s  enzyme and t h a t  o f  D - g lu c i to l  (K^ = 29 ml) and D -g lucose

(K^ = 90 rnM) f o r  th e  B. co n g u lan senzyme, t h a t  th e  enzyme from bo th

so u rc e s  p r e f e r s  th e  a c y c l i c  form over th e  c y c l i c  form . This i s

observed  to  be th e  case  w ith  D -g lu co se -6 -p h o sp h a te  isom erase  where

D - g lu c i to l - 6 - p h o s p h a te (K^ = 25 [i M) e x h i b i t s  a  s t r o n g e r  b in d in g  th a n

24-1 ,5 -a n h y d ro -D -g lu c i to l -6 -p h o sp h a te  (K^ = 2 .5  mM) . D-Lyxose

( 71^  a -p y ran o se  +29^ (3-pyranose) i s  a  C2 epimer o f  D -xy lose  and a c t s  

as  a c o m p e t i t iv e  i n h i b i t o r .  This  could  be due t o  th e  i n c o r r e c t  

o r i e n t a t i o n  o f  t h e  OH group on G2 p r e c lu d in g  r e a c t i o n  bu t no t b in d in g .  

I n  th e  case  o f  D -xy lose  isom erase  from S. s p e c ie s  i t  i s  se e n  from 

Table  5*2 t h a t  D - g lu c i t o l ,  D -m annito l,  D -lyxose  and D -g lu co n ic  a c id  

i n h i b i t  th e  enzymic r e a c t i o n ,  however, t h e i r  v a lu e s  a r e  no t known.

I t  would be d i f f i c u l t  t o  draw d e f i n i t e  co n c lu s io n s  from t h e s e  r e s u l t s  

However, owing to  t h e  s i m i l a r i t y  o f  th e  D -xy lose  isom erase s  o f  th e  

t h r e e  s t r a i n s  i t  would be expec ted  to  show a  p r e f e r e n c e  f o r  th e  a c y c l i c  

i n h i b i t o r  as observed  f o r  th e  D -xylose  isom erases  from L. b r e v i s  and 

B. coagulans s t r a i n s .

Thus, i t  I S  a p p a re n t  from p re v io u s  work t h a t  D -xy lose  isom erases  

from L. b r e v is  and B. coagu lans  c a t a ly s e  th e  I s o m é r is a t io n  o f  D -xy lose , 

D -glucose  and D -r ib o se  w h ile  th e  D -xy lose  isom erase  from s p e c ie s  

c a t a ly s e s  th e  i s o m é r i s a t i o n  o f  D -xy lose  and D -g lucose  o n ly .  The 

d iv a le n t  m e ta l io n  i s  e s s e n t i a l  f o r  a c t i v i t y  and may form a b r id g e  

betw een th e  enzyme and s u b s t r a t e  as  w e ll  a s  p ro v id e  a - a c t i v a t i o n .

The i s o m é r i s a t i o n  r e a c t i o n  i s  known t o  p roceed  v i a  a  c i s  e n e d io l



254

in t e r m e d ia te  from th e  s te re o c h e m ic a l  ev idence  o b ta in e d  from l a b e l l i n g

s t u d i e s .  The a -fo rm s o f  th e  s u b s t r a t e s  a r e  found t o  be p r e f e r r e d .
2

S c h ra y & Rose p roposed  two mechanisms f o r  th e  a l d o s e - k e to s e  

i s o m é r i s a t i o n  pathway v i a  a  c i s  e n e d io l  in t e rm e d ia te  : ( l )  A c o n c e r te d  

e l im in a t io n  and ( 2) r i n g  open ing  fo llo w ed  by é n o l i s a t i o n .  The 

i n h i b i t i o n  s tu d ie s  i n d i c a t e  a s l i g h t  p r e f e r e n c e  f o r  a c y c l i c  forms by 

D -xylose  isom erase  f o r  th e  L- b r e v i s  and B. co ag u lan ss t r a i n s ,  a s  i s  

th e  case  f o r  D -g lu co s e -6 -p h o s p h a te iso m e rase .  Moreover, in  th e  case  

o f  D -xylose  isom erase  an  i n h i b i t o r  re sem b lin g  th e  c i s - e n e d io l  would be 

ex p ec ted  to  b in d  more s t r o n g l y  i f  th e  r e a c t i o n  i s  p ro c e e d in g  th ro u g h  

a c i s  e n e d io l  i n t e r m e d i a te .  A lso , i f  an i n h i b i t o r  re se m b lin g  th e  

a c y c l i c  form o f  th e  suga r  cou ld  be i n t e r a c t e d  th e n  i t  would be 

expec ted  to  p ro v id e  in fo rm a t io n  about w hether th e  r e a c t i o n  i s  p ro c e e d in g  

by  a  c o n c e r te d  e l im i n a t io n  o r  s te p -w is e  r i n g  open ing  fo l lo w e d  by 

é n o l i s a t i o n  mechanism, because  i f  th e  a c y c l i c  i n h i b i t o r  b in d s  s t r o n g l y  

th e n  i t  i n d i c a t e s  a  p r e f e r e n c e  f o r  th e  s te p -w is e  mechanism. With t h i s  

background in  mind th e  ca rb o h y d ra te  oximes were i n t e r a c t e d  w i th  D -xy lose  

isom erase  (_S. s p e c ie s )  . The ca rb o h y d ra te  oximes e x i s t  p red o m in an tly  

in  th e  a c y c l i c  syn (e) and a n t i (z) forms excep t f o r  D -g lucose  oxime 

which e x i s t s  in  th e  p -pyranose  form in  th e  s o l i d  s t a t e  and i n  s o l u t i o n  

a t  e q u i l ib r iu m  as  a  m ix tu re  o f  a -p y ra n o se  ( 7  ^) , P -pyranose  (23  ^  , 

s y n (E 56 . 5 ^ )  and a n t i (Z  ̂ ^  fo) forms (see  C hap ters  2 and 3 o f  t h i s

T h e s i s ) . D-Arabinose oxime resem bles  th e  e n e d io l  in t e r m e d ia te  in  th e  

^ g l u c o s e  t o  D - f ru c to s e  i s o m é r i s a t i o n  r e a c t i o n  w h ile  a c y c l i c  D -glucose  

oxime resem bles  th e  a c y c l i c  form o f  D -g lucose ; th u s  bo th  compounds may a c t  

a s  i n h i b i t o r s  o f  D -xylose  isom erase .
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5 .3  RESULTS ADD DISCUSSION

In  t h i s  work D -xy lose  isom erase  from Strep tom yces s p e c ie s  was

u se d .  Tlie enzyme r e q u i r e s  (0 .2 ^  w/v) and Co^^ (0 .0 2 ^  w/v) as

c o f a c t o r s .  For fo l lo w in g  th e  r e a c t i o n  k i n e t i c s  o f  th e  i s o m é r i s a t i o n

22 11 12r e a c t i o n  d i f f e r e n t  te c h n iq u e s  have been used  in  th e  p a s t .  ’ ’

2 11 Schray  and Rose used  th e  c y s te in e - c a r b a z o le  method f o r  a s s a y in g

th e  k e to s e  c o n te n t  in  th e  isom erase  r e a c t i o n .

K e r s t e r s - H i ld e r s o n  a t  a l ? ^  used  Yamanaka*s^^ p ro ced u re  to

i n v e s t i g a t e  th e  anom eric s p e c i f i c i t y  of D -xy lose  isom erase  from

L. b r e v i s . In  t h i s  method a coupled  enzyme a s s a y  system  i s  employed,

u s in g  g l u t a t h i o n e , NADH, D - g lu c i to l  dehydrogenase (EC 1 . 1 . 14) and th e

r e a c t i o n  k i n e t i c s  was fo llo w ed  by o b se rv in g  th e  change in  abso rbance
. 25

due to  t h e  o x id a t io n  o f  HADH to  HAD . They observed  t h a t  th e  r a t e  

o f  i s o m é r i s a t i o n  was f a s t e r  w i th  f r e s h l y  d i s s o lv e d  a -D -x y lo se  th a n  

w ith  e q u i l i b r a t e d  s o l u t i o n  o f  D -xy lose .

Takasak i^^  used  th e  c y s te in e - c a r b a z o le  method^^ and a  method 

in v o lv in g  d i r e c t  o b s e rv a t io n  o f  th e  change in  o p t i c a l  r o t a t i o n  a t  300 nm 

in  a  s p e c t r o p o la r im e te r  to  fo l lo w  th e  i s o m é r i s a t i o n  r e a c t i o n  u s in g  

e i t h e r  D -g lucose  o r  D - f ru c to s e  as  s u b s t r a t e s .  From th e  ex p e r im en ta l  

d a ta  M ic h a e l is  p a ram e te rs  and e q u i l ib r iu m  c o n s ta n t s  a t  d i f f e r e n t

3 5te m p e ra tu re s  were c a l c u l a t e d .

The c y s te in e - c a r b a z o le  and coupled  enzyme a s s a y  system s measure 

t h e  amount o f  k e to s e  p r e s e n t .  The fo rm er method s u f f e r s  from a 

l i m i t a t i o n  in  th e  c o n c e n t r a t i o n  o f  a ld o s e  p r e s e n t , as  beyond a c e r t a i n  

l i m i t  i t  i n t e r f e r e s  w ith  th e  k e to s e  a b so rb a n c e .  The coupled  enzyme 

method i t  i s  f e l t  would not be a p p r o p r ia te  in  t h i s  work because  o f
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p o s s i b l e  i n t e r f e r e n c e  w ith  th e  a c t i o n  o f  D - g lu c i to l  dehydrogenase 

by th e  i n h i b i t o r s  t o  be s tu d i e d .  The d i r e c t  o b s e rv a t io n  by  th e

35k i n e t i c  method o f  T akasaki where th e  r e a c t i o n  was m on ito red  in  a 

s p e c t r o p o la r im e te r  a t  300 nm overcomes th e  drawbacks o f  th e  p re v io u s  

two methods. I t  has one p o s s i b l e  d e f i c i e n c y  namely t h a t  D -xylose 

isom erase  i s  known to  be anomer s p e c i f i c  in  i t s  a c t i o n  (se e  s e c t i o n  

5 . 2 . 3) and t h e r e f o r e  a c c o rd in g  to  t h i s  method one i s  m easu ring  th e  

enzyme c a t a ly s e d  i s o m é r i s a t i o n  r e a c t i o n  as  w e ll  as  th e  chem ical 

a n o m é r is a t io n  r e a c t i o n .

In  t h i s  work th e  D -xy lose  isom erase  (S_. s p e c ie s )  c a t a ly s e d

i s o m é r i s a t i o n  o f  D -g lucose  and D - f ru c to s e  was fo llo w ed  by  w ithd raw ing

a l i q u o t s  from th e  r e a c t i o n  m ix tu re ,  quenching  in  p e r c h l o r i c  a c id ,

a l lo w in g  th e  sample t o  e q u i l i b r a t e ,  and th e n  th e  o p t i c a l  r o t a t i o n

v a lu e s  were re a d  in  th e  p o la r im e te r  a t  365 nm o r  436 nm. In  t h i s

method a t  any p a r t i c u l a r  p o la r im e te r  r e a d in g  th e  s u b s t r a t e  and p roduc t

a r e  a t  anom eric  e q u i l ib r iu m .  A lso , th e  p r o p o r t i o n  o f  th e

e q u i l i b r a t e d  a ld o se  a n d /o r  k e to s e  p r e s e n t  a t  a  p a r t i c u l a r  i n s t a n t  can be

c a l c u l a t e d  from t h e i r  measured in d iv id u a l  e q u i l ib r iu m  o p t i c a l  r o t a t i o n

v a l u e s .  The M ic h a e l is  p a ram e te rs  were o b ta in e d  by  t h i s  method f o r

D -g lucose  and D - f ru c to s e .  The K and V v a lu e s  (Table 5*3) were = ^ = m max  ̂ ^ '

c a l c u l a t e d  from Lineweaver Burk p l o t s  ( F ig s .  5*^»5*4) u s in g  a  l e a s t

s q u a re s  computer programme. The e q u i l ib r iu m  c o n s ta n t  v a lu e  was

c a l c u l a t e d  from th e  K and V v a lu e s  o f  D -g lucose  and D - f ru c to s em max = =

u s in g  th e  Haldane r e l a t i o n s h i p :

V /  V_ max /  max
R q  "  :  /  ~

m g lu c o se  /  m f r u c t o s e
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T ab]e 5 «3 The M ic h a e l is  P a ram e te rs  o f  D-GTucose and D -P ruc to se  

w ith  D-Xylose Isom erase  (S trep tom yces S p e c ie s ) a t  6 0 ° .

Km
M

D-Glucose

Vmax
[imoles^^: n/mg 

p r o t e i n
M

D -Fruc tose

Vmax
jiinoles/min/mg

p r o t e i n

"eq R efe rence

0 .14 61 0.29 125 1.01

This work

0 .14 31 0 .23 51 1 .0

In  o rd e r  to  t e s t  w hether  an o m e r ia c t io n  a t  60 was an  im p o rtan t

f a c t o r  i n  t h e  p o l a r i m e t r i c  method, th e  m u ta r o ta t io n  o f  a -D -g lu co se

under  c o n d i t io n s  s i m i l a r  to  t h e  i s o m é r i s a t i o n  r e a c t i o n  was fo llo w ed  in

th e  absence  o f  th e  enzyme. A tj^ v a lu e  o f 6 m inutes  was o b ta in e d ;  t h i s
2

i s  s i g n i f i c a n t  i n  com parison w ith  t h e  d u r a t i o n  o f  t h e  i s o m é r i s a t i o n

experim en ts  (0 .5  -  1h ) .  F u r th e r ,  t h e  i s o m é r i s a t i o n  r e a c t i o n  was (F ig s .  5*5 ,
5 .6 )

fo l lo w e d  by d i r e c t  p o l a r i m e t r i c  o b s e rv a t io n  and a f t e r  sample quenching , 

and d i f f e r e n t  v a lu e s  were o b ta in e d  by  th e  two methods f o r  D -g lucose  and 

D - f ru c to s e  s u b s t r a t e s  (Table 5*4)•  This  confirm s t h a t  th e  

isom erase  enzyme o p e ra te s  w ith  anomer s p e c i f i c i t y ,  b u t  does n o t  o f  

cou rse  g iv e  any p r e c i s e  in fo rm a t io n  about th e  n a tu re  o f  t h a t  s p e c i f i c i t y .
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O p tic a l  n o t a t i o n

0 6 010 20 3 0 4 0 5 0

Time in  m ins.

Fi^» 5 .5  Enzymic r a t e  o f  i s o m é r i s a t i o n  o f  D -g lucose  "by 

®sample quenching  and O d i r e c t  m ethods.
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98 ,1 -

9 8 .0 -

O p t ic a l
r o t a t i o n

9 7 .8

97.7

9 7 ,6

9 7 .5

97.47
3 0 4 0 5 02 00 10

Time i n  mine.

P ig .  3»^ Enzymic r a t e  o f  i s o m é r i s a t i o n  o f  D - f ru o to s e  "by 

® sample quenching  and o  d i r e c t  m ethods.
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Table  3 «4 R ates  o f  I s o m é r i s a t io n  o f  D-Glucose and D -îV uctose  by 

D-Xylose Isom erase  ( ^ .  s p e c ie s )  by  d i r e c t  and a f t e r  

sample quenching  m ethods.

Compound Rate o f  I s o m é r i s a t io n  

D ire c t  method _________ A f te r  sample quenching

D-Glucose

D -P ruc to se

22.5  ]JL moles/min/mg

26.1 |i moles/min/mg

12.6  |i moles/min/mg

25 .0  |i moles/min/mg

The s p e c i f i c i t y  cou ld  o p e ra te  in  th e  s u b s t r a t e  u t i l i s a t i o n  s t e p  (as  has  

b een  shown f o r  D -xylose and D -g lu c o se ,  see  s e c t i o n  5*3.2) a n d /o r  th e  

p ro d u c t l i b e r a t i o n  s t e p .  The r e s u l t s  a l s o  show t h a t  th e  d i r e c t  

p o l a r i m e t r i c  a s s a y  does no t  n e c e s s a r i l y  g iv e  a  t r u e  measure o f  th e  

s t o i c h io m e t r i c  e x te n t  o f  r e a c t i o n .

The sample quenching  method was used  t o  i n v e s t i g a t e  t h e  

i n h i b i t i o n  o f  D -xy lose  isom erase  by th e  ca rb o h y d ra te  oximes l i s t e d  in  

Table 5*5 t a k i n g  D - f ru c to s e  as  t h e  s u b s t r a t e .
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T able  5 .5  I n h i b i t i o n  o f  D~Xylose Isom erase  by C arbohydra te  Oximes

I n h i b i t o r s  ( l . 2 5  mM) P e rc e n ta g e  I n h i b i t i o n

D -Arabinose Oxime

D-Glucose Oxime 59/»

D -G alactoso  Oxime 2 0 /

D-Mannose Oxime 1 7 /

D-Ribose Oxime < 1 /

C o n c e n t ra t io n  of  S u b s t r a te  (D -Pructose)  = 0 .115M

I n i t i a l  r a t e  o f  I s o m é r i s a t io n  in  absence o f I n h i b i t o r  = 32.77
[imoles//min/mg p r o t e i n

The p e rc e n ta g e  i n h i b i t i o n  v a in e s  (Table  5*5) i n d i c a t e  t h a t  o f  th e  

c a rb o h y d ra te  oximes (1 .25  mM) ta k e n  D -g lncose  oxime and D -a ra b in o se  

oxime a r e  good i n h i b i t o r s .  D -Arabinose oxime ( a n t i (z ) - fo rm ) was ta k e n  

and i t s  m u ta r o ta t io n  fo llo w ed  in  th e  p re se n c e  and absence  o f  th e  

enzyme. The r a t e  c o n s ta n t s  o b ta in e d  in  e i t h e r  case  were t h e  same 

(T able  5 . 6 ) .

Table  5*6 M u ta ro ta t io n  o f  D-Arabinose Oxime in  p re se n c e  and absence  

o f  D-Xylose Isom erase

Rate  o f  M u ta ro ta t io n  in  p re sen ce  
o f  D-Xylose Isom erase

R ate  o f  M u ta ro ta t io n  in  absence  
o f  D-Xylose Isom erase

0 .473  -  0 .0 2  s “ ^ 0 .467  -  0 .0 2  s~^

T h e re fo re ,  th e  enzyme has  no e f f e c t  on th e  m u ta r o ta t io n  under  th e  

c o n d i t io n s  u s e d .  Both D-Arabinose oxime and D -g lucose  oxime were 

observed  no t t o  a c t  as  s u b s t r a t e  o f  D -xylose  iso m e rase .
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E q u i l i b r a t e d  s o lu t i o n s  o f  D -a rab in o se  oxime and D -g lucose  oximes were

ta k e n  and t h e i r  i n h i b i t i o n  c o n s ta n t s  d e te rm ined  t a k in g  D -g lucose  and

D - f ru c to s e  as  s u b s t r a t e s .  Two approaches  were u sed ,  ( l )  t h e

c o n c e n t r a t i o n  o f  th e  i n h i b i t o r  was v a r i e d  k eep in g  th e  c o n c e n t r a t i o n

o f  th e  s u b s t r a t e  c o n s ta n t  and (2) th e  c o n c e n t r a t i o n  o f  th e  i n h i b i t o r

was kep t c o n s ta n t  w h ile  th e  c o n c e n t r a t i o n  o f  th e  s u b s t r a t e  was v a r i e d .

Tiie r e s u l t s  a r e  shown in  P i g s . 5*3 ,5 * 4 15* 7.̂  D-Glucose oxime and
and 5 .8

D -a rab in o se  oxime were b o th  observed  to  a c t  as  c o m p e t i t iv e  i n h i b i t o r s

f o r  D -xylose  iso m e rase .  The i n h i b i t i o n  c o n s ta n t s  de te rm in ed  i n  t h e

p re se n c e  o f  D -g lucose  and D - f ru c to s e  as  s u b s t r a t e s  a r e  g iv e n  i n  Table

5 . 2 .  I t  can be seen  t h a t  th e  v a lu e s  de te rm ined  f o r  each r e a c t i o n

d i r e c t i o n  a r e  s i m i l a r  as would be e x p ec ted .  Comparison o f  th e  v a lu e s

o f  th e  i n h i b i t i o n  c o n s ta n t s ,  K. w ith  th e  M ic h a e l is  c o n s ta n t s ,  K f o r1 . m

th e  enzyme s u b s t r a t e s ,  by means o f  th e  r a t i o  K^/k^ ,  g iv e s  an  i n d i c a t i o n

of  t h e  p o te n cy  o f  th e  i n h i b i t o r s .  The K./K v a lu e s  f o r  i n h i b i t o r s  o fi '  m

t h e  g -x y lo s e  isom erase  from v a r io u s  s t r a i n s  s tu d i e d  by  o th e r  w orkers  

a r e  l i s t e d  in  Table 5*2. I t  i s  seen  t h a t  th e  b e s t  i n h i b i t o r s  f o r  t h i s  

enzyme up to  d a te  have been  some of th e  p o ly o ls  h av in g  v a lu e s  in

th e  range  0 ,2  to  0 . 8 .  I n  th e  case  o f  D -a ra b in o se  oxime and D -g lucose

oxime, th e  i n h i b i t o r s  u sed  in  t h i s  work, th e  v a lu e s  a r e  2 .5  x
-3

2.1x10 r e s p e c t i v e l y .  This s u g g e s ts  t h a t  th e s e  i n h i b i t o r s  a r e  th e

10-3

most p o te n t  so f a r  t e s t e d  a g a in s t  D -xy lose  is o m e ra se s .  The c lo s e n e s s

o f  t h e  r a t i o  o f  K./K to  t h e  r a t i o  o f  th e  r a t e  c o n s ta n t  o f  th e  non -  1' m

enzymic r e a c t i o n ,  k^ t o  t h a t  o f  th e  enzymic r e a c t i o n ,  k ^ / k ^ / i ^ ^ ^ ) i s  an 

ap p a re n t  m easure o f  th e  resem blance  o f  th e  i n h i b i t o r  to  th e  p roposed  

a c t i v a t e d  complex o r  t r a n s i t i o n  s t a t e  o f  th e  enzyme c a t a ly s e d  r e a c t i o n  

(s e e  C hap ter  1) • The k^/]^^^value f o r  D -xylose  isom erase  (_S. s p e c ie s )
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was c a l c u l a t e d  a t  60 , "by making use  o f  d a ta  o b ta in e d  from o th e r

w o rk e r s ^ ^ '^ ^ '^ ^  f o r  experim en ts  c a r r i e d  out under  s i m i l a r  c o n d i t i o n s .

(See Appendix in  EXPERIMENTAL) . A v a lu e  o f  k / k  Pf 3.1 xn ca t

was o b ta in e d .

Comparison o f  th e  K^/K^ v a lu e s  o f  D -a rab in o se  oxime and D -g lucose  

oxime to  th e  k^/k^^;^alue shows d i f f e r e n c e  in  magnitude o f  8.1 x 10^ x and
g

6 .8x10 X r e s p e c t i v e l y .  However, t h e s e  v a lu e s  o f  D -a rab in o se

oxime and D -glucose  compare fa v o u ra b ly  w ith  some of th e  b e s t  i n h i b i t o r s  

examined a g a in s t  th e  o th e r  isom erases  as  seen  in  Table 5*2.

M oreover, th e  v a lu e  o f  k^ /k^^yay  no t n e c e s s a r i l y  be th e  t r u e  

m easure o f  th e  d i s s o c i a t i o n  c o n s ta n t  o f  th e  ( c o r r e c t )  p roposed  

t r a n s i t i o n  s t a t e  o f  D -xylose  isom erase  r e a c t i o n  ( se e  C hapter  l ) .

Taking D -a rab in o se  oxime f i r s t ,  i t  i s  known (C hap te r  3) t h a t  in  

aqueous s o l u t i o n  i t  e x i s t s  p re d o m in an tly  as  a  m ix tu re  o f  s y n (E  ̂ 80^) (l$A ) 

and a n t i (Z , 2 0 ^  (15^ form s, w ith  a  v e ry  sm all  amount b e in g  p r e s e n t  in  

t h e  c y c l i c  py ranose  0 5 9  and c y c l i c  fu ra n o s e  (15^ fo rm s .

H-OH
I I

HC

HO-

-OH

h-OH

CHgOH

HC-OH
I I
C-OH

HO-

OH

-OH

CHgOH

HO-ÎJ

H-C

HO—1

-OH

-OH

CEgOH

15B 16 15A
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NHOH

C H P H

iHOHHO

OH
15E

CH OH

OHOHOHHO
HO

OHOH

O H p n p H

41c 41A
OH

48
In  t h e  c y c l i c  forms D -a rab in o se  oxime i s  i s o s t r u c t u r a l  w i th  t h e  

py ran o se  and fu ra n o s e  forms o f  D - f ru c to s e  a p a r t  from th e

rep lacem en t o f  CHgOH and OH groups by HHOH and H groups a t  th e  

anom eric  carbon  atom. F u r th e r ,  i t  does no t resem ble  D -x y lu lo se  ( 4 ^ i .  

T h e re fo re  on t h i s  b a s i s  i t  would be expec ted  t o  have an i n h i b i t i o n  

c o n s ta n t  h ig h e r  th a n  th e  K o f  D - f ru c to s e .  However, D -a rab in o sem = r=

oxime has an i n h i b i t i o n  c o n s ta n t  which i s  n e a r l y  400 t im es  s m a l le r  

th a n  th e  o f  D - f ru c to s e .  This  s u g g e s ts  s t r o n g l y  t h a t  D -a rab in o se  

oxime must be b in d in g  p r e f e r e n t i a l l y  i n  th e  a c y c l i c  form to  D -xy lose  

iso m e ra se .  In  th e  a c y c l i c  forms B )  i t  resem bles  th e  c i s -

e n e d io l  in te r m e d ia te  (16) formed in  th e  D -g lucose  t o  D - f ru c to s e  

i n t e r c o n v e r s io n .  A ccord ing  t o  t h e  t r a n s i t i o n  s t a t e  ana logue  th e o r y  

compo'onds which mimic th e  t r a n s i t i o n  s t a t e  o f  an  enzyme c a t a ly s e d  

r e a c t i o n  w i l l  b in d  more s t r o n g l y  th a n  th e  normal s u b s t r a t e  and t h i s  

i s  what happens w ith  D -a rab in o se  oxime. This ev idence  s u p p o r ts  th e  

p re se n c e  o f  a  c i s - e n e d io l  in t e rm e d ia te  i n  th e  D -xy lose  isom erase  

r e a c t i o n  pathway.

In  th e  case  o f  D -g lucose  oxime, i t  i s  known to  e x i s t  in  t h e  

s y n (E , 58.5^) 08:$ , a n t i ( z > 13*3^) (18î  , a -p y ra n o se  ( 7 ^ ( 1 8 ( )  and 

p -p y ran o se  forms a t  e q u i l ib r iu m  (C hap te r  3 ) .  A v e ry  sm all

amount may a l s o  e x i s t  in  t h e  fu ra n o s e  form 0 ^ ^ -
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T aking th e  c y c l i c  forms f i r s t ,  i t  i s  seen  t h a t  th e  c y c l i c  forms o f  

D -g lucose  oxime a r e  i s o s t r u c t u r a l  w ith  th e  c y c l i c  forms o f  D -g lucose  

( 33Â  33c) excep t f o r  t h e  p re se n c e  o f  a  -NHOH group a t t a c h e d  on th e

CKOH C H PH
H O -

OHOH

OH

33A 33c

anom eric  carbon atom in s t e a d  o f  th e  -OH group . D -g lucose  oxime i s  

observed  to  be a  c o m p e t i t iv e  i n h i b i t o r  (K^ = 0 .3 0  mM, D -g lucose  

Km = 0 . l4 M )o f  D -xylose  isom erase, (Table 5 » 2 ) .  This s u g g e s ts  t h a t  

e i t h e r  i t  i s  th e  p re se n c e  o f  a  -NHOH group i n  th e  c y c l i c  form o r  th e

p re se n c e  o f  an  a c y c l i c  form which i s  r e s p o n s ib le  f o r  th e  v a lu e ,  about
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500 t im es  low er th a n  th e  v a lu e  o f  D -g lu co se .  The a c y c l i c  forms 

o f  D -g lucose  oxime (8A,B) do not resem ble  th e  c i s - e n e d io l  in te rm e d ia te  

(  ̂^ ) p o s tu l a t e d  f o r  th e  D -glucose  to  D - f ru c to s e  i n t e r c o n v e r s io n .

The most l i k e l y  e x p la n a t io n  f o r  th e  t i g h t e r  b in d in g  o f  D -g lucose  oxime 

i s  i t s  s t r u c t u r a l  ana logy  to  th e  s t r u c t u r e  o f  th e  a c y c l i c  form o f  

D -g lucose  (33E)

0
II

HC

HO-

CH^OH

33E

H-OH
II

HC

CHgOH

18A,B

-OH

HO

-OH HO—

-OH —OH

—OH —OH C

HC-OH
II
C-OH

■OH

■OH

16

The e q u i l ib r iu m  c o n c e n t r a t i o n  o f  th e  a c y c l i c  D -g lucose  i s  ap p ro x im a te ly

0 . 0 0 2 6 fo ^ ^  and as d is c u s s e d  e a r l i e r  ( s e c t i o n  5*C*3)» th e  D -xylose

isom erase  i s  shown to  p r e f e r  a c y c l i c  s t r u c t u r e s  over c y c l i c  s t r u c t u r e s

o f  i n h i b i t o r s  o r  s u b s t r a t e  a n a lo g u e s .  This means t h a t  t h e  K o fm

a c y c l i c  D -g lucose  would be :

Km (measured) x 0 .0 0 2 6 ^  = 3 .9  x 10 

I n  th e  case  o f  D -g lucose  oxime by a n a lo g y  w ith  D -g lucose ,  th e

K  ̂ v a lu e  o f  th e  a c y c l i c  s p e c ie s  would b e :

K^ (measured) x 70^. = 2.1 x 10 M

The t i g h t  b in d in g  observed  w ith  D -glucose  oxime s u p p o r ts  t h e  s te p -w is e  

r i n g  open ing  fo llo w ed  by é n o l i s a t i o n  pathway r a t h e r  th a n  th e  c o n c e r te d
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e l im in a t io n  mechanism. I f  th e  r e a c t i o n  proceeded "by th e  con ce r ted  

e l im in a t io n  mechanism th e n  th e  enzyme would not be expected  to  show 

t i g h t  b in d in g  f o r  th e  a c y c l i c  form of th e  i n h i b i t o r .

I t  i s  seen  t h a t  D-glucose oxime resem bles th e  a c y c l i c  form of 

D -glucose w hile  D -arab inose  oxime mimics th e  c i s - e n e d io l  in te rm e d ia te  

in  th e  D-glucose to  D - f ru c to se  is o m é r is a t io n  pathway. The 

i n h i b i t i o n  c o n s ta n ts  f o r  bo th  th e  i n h i b i t o r s  a re  n e a r ly  s im i la r  

(Table 5*2 ) • This in d i c a te s  t h a t  th e  r in g  opened form Çi3E) and th e  

c i s - ened io l  in te rm e d ia te  ( 1 6 ) l i e  a t  n e a r ly  th e  same energy l e v e l s  

in  th e  enzyme c a ta ly s e d  i s o m é r is a t io n  pathway. I t  i s  f u r t h e r  seen 

from Table 5 .2 t h a t  th e  K./K v a lu es  f o r  D -arab inose  oxime and D-glucose 

oxime compare fa v o u ra b ly  w ith  some o f  th e  b e s t  i n h i b i t o r s  o f  th e  

iso m e ra se s .

The o th e r  ca rbohydra te  oximes l i s t e d  in  Table 5*5 a r e  known to  

e x i s t  in  th e  sy n (E  ̂ 8 0 ^  and a n t i (Z , 2 0 ^  forms a t  e q u i l ib r iu m .

D-Ribose oxime(21 ) i s  a C2 epimer o f D -arab inose  oxime and shows 

n e g l ig ib l e  i n h i b i t i o n  of D-xylose isomerase (Table 5 .9 ) .  This 

in d i c a te s  t h a t  th e  o r i e n t a t i o n  about 02 in  D -r ibose  oxime which c o r r e s 

ponds to  th e  o r i e n t a t i o n  about 03 in  th e  c i s - en ed io l  in te rm e d ia te  ( I 6) 

formed from D-glucose i s  im portan t f o r  b in d in g .  I t  i s  a l so  known

NOH
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HO

^  OH

h- OH 

OH

CHgOH
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NOH
II
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HO-
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t h a t  D-xylose isom erase  (S. sp e c ie s )  does not c a t a ly s e  th e  

i s o m é r is a t io n  o f  D -r ibose  (C3 epimer of D -x y lo s e ) . D-Mannose oxime 

( 20) and D -g a lac to se  oxime (19) a re  02 and 04 epimers o f D -glucose 

oxime r e s p e c t iv e l y .  They show a lower i n h i b i t i o n  r a t e  owing to  th e  

wrong o r i e n t a t i o n  about 02 and 04 r e s p e c t iv e l y .

From th e  above d is c u s s io n  i t  i s  concluded t h a t  D -xylose isom erase 

(_S. s p e c ie s ) shows a  p re fe re n c e  f o r  th e  a-anomer o f  th e  a ld o se  a n d /o r  

k e to se  s u b s t r a t e .  I t  favou rs  th e  pathway in v o lv in g  r in g -o p e n in g  

fo llow ed  by é n o l i s a t i o n  and th e  i s o m é r is a t io n  proceeds th rough  a 

c i s - ened io l  in t e rm e d ia te .  F u r th e r ,  th e  o r i e n t a t i o n  about C3 i s  

im portan t f o r  b in d in g  w ith  th e  enzyme.
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5 .4  EXPERIMENTAL

5*4*1 M a te r ia ls

D-Xylose isom erase (D-glucose isom erase) o f  Streptom yces 

a lb u s  s t r a i n  (O ptisweet P) was o b ta in ed  by c o u r te sy  o f  M iles 

L a b o ra to r ie s ,  Stoke Poges, England. I t  i s  a coarse  y e l lo w ish -g re y  

powder, which d i s p e r s e s  in  w ater  t o  a t u r b i d  s o lu t i o n  w ith  an 

a c t i v i t y  o f 3000 TGIU^ (Takasaki Glucose Isom erase Unit) -  5 /  and 

r e q u i r e s  0 .2 ^  MgSO^. 6H2O and 0 .02/, CoClg.dHgO as c o f a c to r s .  A ll  

o th e r  chem icals were o f  BDH "A nalar"  grade except f o r  D -arab inose  

oxime, D -r ibose  oxime, D -g a lac to se  oxime, D -glucose oxime and 

D-mannose oxime which were s y n th e s is e d  (Chapter I I ) .

5 . 4 .2  Measurement of R ates  o f I s o m é r is a t io n  c a ta ly s e d  by 

D-Xylose Isom erase

P re p a ra t io n  o f D-xylose isom erase s o l u t i o n : -  D-xylose 

isom erase (9 mg p e r  cm^, d ry  w t .) was added to  O.O5M phosphate  b u f f e r  

pH 6 .5  c o n ta in in g  0 .2 ^  magnesium su lp h a te  (MgSO^.ôH^O) and 0 .0 2 /  

c o b a l t  c h lo r id e  (CoClg.üHgO). The s o lu t i o n  was h e a ted  a t  55° w ith  

slow s t i r r i n g  f o r  0 .5 h ,  Then i t  was c e n t r i f u g e d  in  a  Beckman J-21  

model c e n t r i f u g e  u s in g  JA 20 r o t o r  f o r  0 .5 h a t  5500 r .p .m .  and 25°.

The su p e rn a ta n t  s o lu t i o n  was c o l l e c t e d  and used f o r  th e  i s o m é r i s a t io n  

r e a c t i o n .  A f r e s h  s o lu t i o n  o f  D-xylose isom erase was p rep a red  each t im e .

(a) 1 TGIU i s  d e f in e d  as  th e  amount o f  enzyme which, from a 0.1M
D -glucose s o lu t io n ,  under th e  g iven  a n a ly s i s  c o n d i t io n s  o f  pH 7.0 
and 70 w i l l  form 1 mg D -f ru c to se  i n  1 h .
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The i s o m é r i s a t io n  r e a c t io n  was fo llow ed  by t a k in g  th e  s u b s t r a t e  

s o lu t io n  ( i n  O.O5M phosphate  b u f f e r  pH 6,5» c o n ta in in g  0 . 2 /  MgS0^.6H20 

and 0 .02/  CoClg.dHpO) and D -xylose isom erase s o l u t i o n  (9 mg/cm^^ 

d ry  w t.)  and keep ing  them a t  60° f o r  15 m inutes b e fo re  mixing them.

The r e a c t io n  m ix tu re  was th e n  m a in ta ined  a t  60° and a l i q u o t s  (2 cm/) 

were t r a n s f e r r e d  im m ediately  and a f t e r  v a r io u s  tim e i n t e r v a l s  in to

I . 25M p e r c h l o r i c  a c id  (HCIO^, O.5 cm /). The quenched sample was 

l e f t  to  e q u i l i b r a t e  a t  room te m p era tu re  and th e  o p t i c a l  r o t a t i o n  

v a lu es  read  a t  365 nm in  a P e rk in  E lm er I4 I p o la r im e te r  in  a 1 dm 

ja c k e te d  c e l l  m a in ta ined  a t  27° u n le s s  s t a t e d  o th e rw ise .

The c o n c e n tra t io n s  o f  th e  s u b s t r a t e s ( e q u i l i b r a t e d )  and i n h i b i t o r s  

( e q u i l ib r a t e d )  were as fo l lo w s :

5 . 4 .2 .1  For o b ta in in g  M ich ae lis  Param eters  f o r  s u b s t r a t e s :  

D-Glucose (O.O7M to  O .7OM)

D -Fruc tose  (0 . I I 5M to  I . I 5OM)

(samples ta k e n  a f t e r  zero  t im e and th e n  every  5 m inutes f o r  1 h ) .

5 . 4 *2 .2 F or o b se rv in g  i n h i b i t i o n  of D-xylose isom erase  by 

ca rbohydra te  oximes:

(a) IV Fruc tose  ( O .I I 5M) + D-Arabinose oxime ( l .2 5  mM)

D -Fructose  (0 . I I 5M) + D-Ribose oxime (1 .25  mM)

D -Fruc tose  (0 . I I 5M + D -G alactose oxime ( l .2 5  mM)

D -Fruc tose  (0 . I I 5M) + D-Glucose oxime ( l . 2 5  mM)

D -Fructose  (0 . I I 5M) + D-Mannose oxime ( l . 2 5  mM)

(b) D -Fructose  (O .I I 5M) + D-Arabinose oxime (O to  25 mM)
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(c) D -Fructose  (O .I I 5M to  I . 15OM) + D-Arabinose oxime (1 .25  mM)

(d) D-Glucose (O .14M) + D-Arabinose oxime (O to  25 mM)

(e) D-Glucose (0,07M to  O .7OM) + D-Arabinose oxime ( l . 2 5  mM) .

(f)  D -Fructose  (0 . I I 5II) + D-Glucose oxime (O to  7 .5 mM)

(g) D -Fructose  (O.46OM) + D-Glucose oxime (O to  7 .5  mM)

(h) D -Fructose  (0 . I I 5M to  I . I 5OM) + D-Glucose oxime (0.833 mM)

( i )  D-Glucose ( 0 .0 7M) + D-Glucose oxime (O to  7 .5  mM)

( j)  D-Glucose (0 .28 m) + D-Glucose oxime (O to  7.5 mM)

(k) D-Glucose (0.07M to  O .7OM) + D-Glucose oxime (0.833 mM)

(Sampling tim es  0, 10, 20, 3O m in u te s ) .

5 . 4 .3  D irec t  M onito ring  of I s o m é r is a t io n  by P o la r im e try  

5 . 4 *3 .1 The s u b s t r a t e  o r  i n h i b i t o r  s o lu t i o n  and 

^ x y l o s e  isom erase s o lu t i o n  (9 mg/cm^, d ry  w t.)  were p rep a red  as 

mentioned e a r l i e r  and kept a t  60° f o r  15 m inutes b e fo re  mixing them. 

Then th e  r e a c t i o n  m ix ture  was p la ced  in  a 1 dm ja c k e te d  c e l l  i n  a 

p o la r im e te r  and th e  r e a c t io n  fo llow ed  d i r e c t l y  by obse rv in g  th e  

o p t i c a l  r o t a t i o n  re a d in g  a t  436 nm and 60°.

5 . 4 .3*2 To compare th e  r a t e s  o f  i s o m é r i s a t io n  by th e  

d i r e c t  p rocedure  and by th e  sam pling p ro ced u re .  D -Fructose  (0 . I I 5M) 

amd D -glucose (O .I4OM) in  O.O5M phosphate  b u f f e r  ( c o n ta in in g  0 . 2 /  

MgS0^.6H20 and 0 . 2 /  CoCl^.6H2O)pH 6.5  were ta k en  and in t e r a c t e d  w ith  

D -xylose isom erase (9 mg/cm^, d ry  w t.)  and th e  o p t i c a l  r o t a t i o n  v a lu es  

measured by th e  d i r e c t  p rocedure  and a f t e r  sample quenching in  a  

p o la r im e te r  a t  436 nm and 60°.
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5 .4 .3 .3  D ire c t  o b s e rv a t io n  o f  D-xylose isom erase i n t e r a c t i o n  

w ith  i n h i b i t o r  a t  436 nm and 60 . No change in  th e  o p t i c a l  r o t a t i o n  

va lue  o f  D-glucose oxime (O.O5M) was observed .

5 . 4 . 3 .4 Mutarotation of D-arabinose oxime (anti Z-form,

0.067M f i n a l  c o n c e n tra t io n )  u s in g  O.O5M phosphate  b u f f e r  (c o n ta in in g

0 . 2/  MgSO^.&HgO + 0 .02/  C0CI2 . 6H2' )̂ , pH 6 .5  in  th e  p resence  and 

absence of  D -xylose isom erase (9 mg/cm^, d ry  w t .) . The o p t i c a l  

r o t a t i o n  read in g s  were ta k e n  in  a p o la r im e te r  a t  436 nm and 60 •

The i n i t i a l  and f i n a l  e q u i l ib r iu m  rea d in g s  were th e  same in  e i t h e r  case

5 . 4 . 3 .5 M u ta ro ta t io n  o f a-D -glucose  (O.O5M) in  O.O5M 

phosphate  b u f f e r  (c o n ta in in g  0 . 2 /  MgSO^. 6H2O + 0 .0 2 /  C0CI2 . 6H2O) 

pH 6 . 5 , was ta k en  in  a p o la r im e te r  a t  365 nm and 60 .

5 .5  APPENDIX

5 . 5.1 C a lc u la t io n  o f  th e  Rate o f I s o m é r is a t io n  C a ta ly sed  by

D-Xylose Isomerase (S. species).

[ a ] ^  = x [ a ] g  + ( l - x ) [ a ] p

[ a ] ^  = s p e c i f i c  r o t a t i o n  o f  r e a c t io n  m ix tu re  o f  anomeric e q u i l ib r iu m  a t  

tim e t .

= s p e c i f i c  r o t a t i o n  o f  D -glucose a t  e q u i l ib r iu m .

[ a ] p  = s p e c i f i c  r o t a t i o n  o f  D - f ru c to se  a t  e q u i l ib r iu m .

For a forw ard  r e a c t i o n  o f  i s o m é r i s a t io n  of  D-glucose t o  D - f ru c to se  

^  _ Amount o f  D -glucose p re s e n t  a t  tim e t

T o ta l  amount o f  D-glucose ta k en  i n i t i a l l y
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For a r e v e r s e  r e a c t io n  o f  i s o m é r is a t io n  o f  D-glucose to  D -f ru c to se  

Amount o f D - f ru c to se  p re se n t  a t  tim e t

T o ta l  amount o f  D -f ru c to s e  taken  i n i t i a l l y

5*5.2 C a lc u la t io n  o f I n h i b i t i o n  co n s tan t  u s in g  Lineweaver Burk

p lo t  o f i / v v s .  l / [ s ]  f o r  co m p e ti t iv e  i n h i b i t o r s :

K j
Slope = —-  (1 +

K = M ich ae lis  c o n s tan t  f o r  s u b s t r a t e ,m

= Maximum v e l o c i t y  f o r  s u b s t r a t e .

I  = I n h i b i t o r  c o n c e n t ra t io n  (kept c o n s t a n t ) .

= I n h i b i t i o n  c o n s ta n t ,

5 . 5 .3  C a lc u la t io n  o f  Non-enzynuc k^ and Enzymic k^ Rate c o n s ta n ts  

f o r  th e  I s o m é r is a t io n  o f  D-Glucose to  D -Fructose a t  pH 6 .5  and 60 .

k„Coh~]
K  = k  « — ---------

^  K [Oh“]+1

k ^  = r a t e  co n s ta n t  f o r  convers ion  o f D-glucose an ion  to  

D - f ru c to se  an ion

= 31 X 1 0 -4  g -1  39

[G“l -3 -1Kp, = = 15 X 10 1 m mole
° [g3[oh-]

G and G a re  th e  n o n - io n ic  and a n io n ic  forms o f  D-glucose

- 9  - 1k^ = 1.5 X 10 ^s

" e  = k c a t /K m  

k c a t  =



From th e  work o f Y. Takasaki^^

k = 31 % 10~^ /  0 .9
'^̂ '4 60 /  157 X 10^

/1.77 X lO^s ^

278

Thus = 1.5 X 10 ^ 4 . 7 7  x 10^ = 3.1 x 10
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CHAPTERS GENERAL CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

The c a rb o h y d r a te  oximes s y n th e s i s e d  i n  t h i s  work c r y s t a l l i s e d  

m a in ly  i n  th e  a c y c l i c  a n t i ( z )  a n d /o r  s y n (E) form s e x c e p t  f o r  D -g lucose  

oxime which e x i s t s  i n  th e  p -p y ra n o se  Ĉ  c o n fo rm a t io n  i n  th e  s o l i d  

s t a t e .  The p r e f e r e n c e  o f  one o f  a  number o f  i so m e r ic  form s i n  t h e  

s o l i d  s t a t e  i s  p resum ab ly  r e l a t e d  t o  c r y s t a l  l a t t i c e  f o r c e s ;  t h i s  

c o u ld  be i n v e s t i g a t e d  by p h y s i c a l  m easurem ents e . g .  o f  h e a t  c a p a c i t y .

The c a rb o h y d r a te  oximes showed a  s im ple  m u ta r o t a t i o n  e x c e p t  f o r  

D -g lucose  oxime in  which c a se  i t  was com plex. The m u t a r o t a t i o n  of  

D -g lucose  oxime was f o l lo w e d  by 'H nmr and showed th e  p -p y ra n o se  form 

d e c r e a s in g  t o  an  e q u i l i b r i u m  v a lu e  w h ile  th e  s y n ( E ) , a n t i ( z )  and 

cc-pyranose form s i n c r e a s e d  i n  amount. The m u ta r o t a t i o n  i s  s u g g e s te d  

t o  p ro c e e d  v i a  Scheme 6 , 1 .

anti(z)

p -p y ra n o s e  1 a -p y ra n o s e

% syn(E)

Scheme 6.1

In  f u t u r e  one c o u ld  d e te rm in e  th e  i n d i v i d u a l  r a t e  c o n s t a n t s  by more 

a c c u r a t e  m easurem ents  w i th  a  v iew  t o  d e f i n i n g  more p r e c i s e l y  

m u t a r o t a t i o n  pathway o f  D -g lucose  oxime. A ls o ,  i n  th e  c a se  o f  th e  

o t h e r  c a rb o h y d r a te  oximes which showed s im ple  m u t a r o t a t i o n ,  f u r t h e r  

i n v e s t i g a t i o n  o f  th e  mechanism would be d e s i r a b l e .  In  th e  

i s o m é r i s a t i o n  o f  c a rb o h y d r a te  oxim es, more in f o r m a t io n  ab o u t  th e  

mechanism c o u ld  be o b t a in e d  by do ing  f u r t h e r  e x p e r im e n ts  i n v o lv in g  

i s o to p e  e f f e c t s  e . g .  e v a l u a t i o n  o f  k ^  ^+, k ^ ^ -  . A lso ,  t h e r e  i s
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a  need  f o r  more work on s im ple  a l i p h a t i c  oximes i n  aqueous s o l u t i o n .

The use  o f  p a p e r  ch rom atography  and  e l e c t r o p h o r e s i s  i n  c o n ju n c t io n

13 31w i th ,  ' H nmr, C nmr and P nmr p ro v id e s  c o n c lu s iv e  e v id e n c e  o f  th e  

ATP-dependent p h o s p h o r y l a t i o n  by y e a s t  h e x o k in a se  o f  a  su g a r  s u b s t r a t e  

and r e v e a l s  th e  s i t e  o f  p h o s p h o r y l a t i o n .  The s e l e c t i v e  p h o s p h o r y l a t i o n  

o f  th e  C5-OH or C6- 0H shown by c a rb o h y d ra te  oximes c o u ld  be u t i l i s e d  

i n  o th e r  c a s e s  where c h e m ic a l  s y n t h e s i s  i s  d i f f i c u l t .  C o n s id e r a t io n  

o f  th e  s u b s t r a t e  s p e c i f i c i t y  o f  y e a s t  h ex o k in a se  s u g g e s t s  t h a t  th e  

X -ray  c r y s t a l l o g r a p h i c  s t u d i e s  c a r r i e d  out on c r y s t a l s  o b t a in e d  by 

c r y s t a l l i s a t i o n  o f  h e x o k in a se  i n  th e  p re s e n c e  o f  a-D -m annopyranose 

o r  D - a r a b in o f u r a n o - 2- h e x o s u lo s e  o r  D -x y lu lo se  ( f u r a n o s e  form i n h i b i t o r )  

would g iv e  new in f o r m a t io n  abou t  s u b s t r a t e  b in d in g  t o  t h i s  enzyme.

A ls o ,  D -a ra b in o s e  ox im e-5- p h o s p h a te  p re p a re d  i n  t h i s  work i s  c l e a r l y  o f  

p o t e n t i a l  v a lu e  f o r  i n h i b i t i o n  s t u d i e s  of D - g lu c o s e -6- p h o s p h a te  iso m e ra se ,

The i n t e r a c t i o n  o f  c a rb o h y d r a te  oximes w i th  ^ x y l o s e  i so m e ra se  

( s t r e p to m y c e s  s p e c i e s ) s u p p o r t s  th e  th e o r y  t h a t  th e  enzyme c a t a l y s e d  

i s o m é r i s a t i o n  p ro c e e d s  by a  s te p - w is e  pathway v i a  an e n e d i o l .  The 

p ro p o se d  c i s - e n e d io l  c o u ld  be s u b s t a n t i a t e d  by s t u d i e s  w i th  s y n (E) 

and  a n t i ( z ) - D - a r a b i n o s e  oxime i n s t e a d  of w i th  th e  e q u i l i b r a t e d  m ix tu re  

which was u s e d  i n  t h i s  work due t o  low enzyme a c t i v i t y .  The 

t h e o r e t i c a l  p r e d i c t i o n  i s  t h a t  th e  s y n (E) form w i l l  be th e  b e t t e r  

t r a n s i t i o n  s t a t e  a n a lo g u e .  F u r t h e r ,  D -xy lose  i s  a  b e t t e r  s u b s t r a t e  

t h a n  D -g lucose  f o r  D -xy lose  i so m e ra s e ,  s y n t h e s i s  o f  D - th re o s e  oxime 

( ( 5 0  ) which would mimic th e  c i s - e n e d i o l  of  t h e  D -xy lo se  t o  ^ x y l u l o s e ( 5l) 

i n t e r c o n v e r s i o n )  would f a c i l i t a t e  f u r t h e r  c o n f i r m a t i o n  o f  th e  p r e s e n c e  

o f  a  c i s - e n e d i o l  i n t e r m e d i a t e .
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NOII
I I

HC 

HO — HO

OH

CH2OH

50

HC-OH
I I
C-OH

-OH

CHgOH
51

I t  i s  known from p r e v io u s  work t h a t  D -xy lose  iso m e ra se  p r e f e r s

th e  a -anom er of  th e  a ld o s e  s u b s t r a t e ,  bu t  t h e r e  i s  no i n f o r m a t io n

abou t  th e  p r e f e r e n c e  of  a  k e to s e  s u b s t r a t e .  T h is  c o u ld  be d e te rm in e d

by t a k i n g  a  v e ry  a c t i v e  enzyme and f o l lo w in g  th e  i s o m é r i s a t i o n  of

13D -g lucose  to  D - f r u c to s e  by C nmr, where th e  anom eric  s i g n a l s  o f  th e  

d i f f e r e n t  i s o m e r ic  form s of  D - f ru c to s e  and D -g lucose  can  be d i s t i n g u i s h e d .  

A ls o ,  th e  b i n d in g  o f  t h e  c y c l i c  form to  th e  enzyme c o u ld  be c o n f i rm e d  

by u s in g  1 , 5- a n h y d r o - D - g l u c i t o l  or 1 , 5- a n h y d r o - D - x y l i t  o l , (  32 or52)

OH
Hi

OH

32

F i n a l l y ,  i f  s y n (E ) -D - a r a b in o  se oxime c o u ld  be c r y s t a l l i s e d  w i th  

D -xy lo se  i s o m e ra s e ,  X -ray  c r y s t a l l o g r a p h i c  s t u d i e s  c o u ld  be c a r r i e d  out 

on th e  enzyme i n h i b i t o r  complex i n  o rd e r  t o  d e f in e  th e  l o c a t i o n  and  

geom etry  o f  th e  enzyme a c t i v e  s i t e .  S ince  th e  s t r u c t u r e  o f  s y n (E) 

D - a ra b in o s e  oxime i s  a l r e a d y  known, t h e  d i f f e r e n c e  method c o u ld  be
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applied to gain information about the active-site structure of 

D-xylose isomerase. This would in turn help in design of other 

inhibitors and of active site directed reagents.
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The Structures of o-Arabinose and o-Glucose Oximes
By Paul Finch*  and Z. M e rc h a n t .  Chemistry Department, Royal Holloway College, Egham, Surrey TW20 OEX

By means of various physical techniques D-arabinose oxime has been shown to exist in the anti- (Z-) acyclic 
form in the solid state  and to isomerise to a mixture of anti- (Z)- (20%) and syn- (£-) (80%) forms in aqueous  so lu 
tion. D-Glucose oxime exists in the cyclic p-pyranose form in the solid state and isomerises to a mixture of P- 
pyranose (23%), a -pyranose  (7%), anti- (Z-) (13.5%), and syn- (£-) (56.5%) forms in aqueous solution. C o n 
formational analysis of one cyclic (P-D-g^/t/co-) and of one acyclic [ ( £ ) - □ -arab/no-] form has been carried out by 
^H n.m.r. spectroscopy.

O x i m e  derivatives of carboliydrates prepared by re
action of hydroxylamine at the anomeric centre were 
first described in 1887/ and have been used for the 
characterisation of sugars; however the structures of 
these derivatives in the solid form and in solution have 
not been established unequivocally,^*^ Since aqueous 
solutions exhibit m utarotation and a number of re
actions such as the Wohl degradation are best ex
plained in terms of an open-chain structure, it has been 
widely presumed that equilibria between cyclic and 
acyclic forms exist in so lu tion .^*D -G lucose oxime 
has been assigned a p-cyclic structure on the basis of 
méthylation,^ optical rotation,® and i.r.®*® data, and 
arabinose oxime was thought to possess an acyclic 
structure on the basis of i.r, measurements.® From the 
results of polarographic measurements Haas et al}^ con
cluded that in solution the oximes of glucose and arabin
ose exist in the acyclic form to the extent of 47 and 100%, 
respectively. Recently Szarek and his co-workers 
have described the synthesis and characterisation of 
0-benzyloximes of carbohydrates, and have assigned 
acyclic structures on the basis of Raman and n.m.r. 
data. We now present evidence to show that the 
normal f crystalline form of D-arabinose oxime possesses 
an anti- (Z-) acyclic structure (1) which isomerises to a 
mixture of syti- {E-) (2) and anti- (Z-) forms in aqueous 
solution, and tliat the normal crystalline form of D- 
glucose oxime has a p-cyclic pyranosyl structure (3) 
which isomerises to a mixture of interconvertible

t Note added in proof. It i s  a l s o  p o s s i b l e  t o  p r e p a r e  c r y s t a l s  o f  
D - a r a b i n o s e  o x i m e ,  m . p .  136— 137°, w h i c h  c o n s i s t  o f  a  m i x t u r e  o f  
syn- (80%) a n d  anti- (20 %) f o r m s .

: P. Richsbieth, Ber., 1887, 20. 2673.
2 B. Capon, Chem. Rev., 1969, 69, 407.
® R. J. Ferrier and P. M. Collins, ' Monosaccharide Chemistry,’ 

Penguin, Harmondsworth, 1972, p. 72.
< A. Wohl, Bar., 1891, 24. 994; 1893, 26, 730.
® J. C. Irvine and R. Gilmour, J. Chem. Soc., 1908, 93, 1429.
® M. L. Wolfrom and A. Thompson, J. Amer. Chem. Soc., 1931, 

53, 622.

p-cyclic, «-cyclic (4), syn- [E-) (6), and anti- (Z-) (5) 
forms in aqueous solution.

N -O H

HO —

—  OH

HO—
—  OH

— OH

CH'OH 
q NH-OH

N-OH
H -< ^

—  OH
HO —

OH
—  OH 
— OH 
5)

CHiOH§
h o “ nh*oh

OH
1̂ 1

OH

— OH
HO —

—  OH 
— OH 
L— OH 
6)

Solid D - a r a b i n o s e  o x i m e  gave a s h a r p ,  weak, i.r. 
band at 1 680 cm"^, and a band of moderate intensity 
in the Raman at 1 678 cm"^ suggestive of the presence

’ V. Deulofeu, Adv. Carbohydrate Chem., 1949, 4, 119.
® F. Legay, Compt. rend., 1952, 234, 1612.
® H. Bredereck, A. Wagner, D. Hummel, and H. Krieselmeier, 

Chem. Bar., 1956, 89, 1532.
“  J. W. Haas, jun., J. D. Storey, and C. C. Ljoich, Analyt. 

Chem., 1962, 34, 145.
J. Plenkiewicz, W. A. Szarek, P. A. Sipos, and M. K. Phibbs, 

Synthesis, 1974, 56.
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of a C=N grouping.®’ In aqueous solution two 
weak bands were exhibited in the Raman at 1 656 and 
1 664 cm"i, indicating the presence of two C=N species. 
Mutarotation was observed to be kinetically simple and 
to proceed at the same rate in water and deuterium 
oxide, indicating that, in contrast to the situation with 
free sugars, proton transfer is not involved in the rate- 
determining step.i® D-Arabinose oxime in [^Hg]di
methyl sulphoxide solution gave a n.m.r. spectrum 
consistent with the presence of two interconverting 
isomeric forms (see Tables 1 and 2). The assignment of 
the Z-structure to the initial form and of the E-structure 
to the preponderant form at equilibrium was made on the 
basis of chemical shift correlations. These corre
lations 1®“̂  state that in aldoximes the hydrogen atom

S 10.85 and 10.66 which disappeared on addition of 
deuterium oxide were assigned to the NOH protons of 
the Z- [anti-) and E- {syn-) forms, respectively, and two 
doublets at 8 6.67 and 7.34 were assigned to the C-1 
protons of the Z- {anti-) and E- {syn-) forms. Other 
assignments were made with the aid of exchange in 
deuterium oxide, double resonance, and computer 
simulation procedures. The n.m.r. coupling con
stants allow the identification of the preponderant 
conformation (7) of the major E- {syn-) isomer at 
equilibrium in [-Hgjdimetliy l sulphoxide-^-Hg] water ; 
the fully extended planar zig-zag form is favoured except 
where it would lead to parallel 1,3-diaxial interactions 
between substituent g r o u p s . 2®-27 q'fic rate of isoméris
ation of the initial Z-form of D-arabinose oxime in

T a b l e  1

Chemical shifts (S values; Me^Si S t ;

Compd. NOH ® NH» 1-H 2-H 3-H 4-H
(1) 10.85 6.67 4.93

5.01 '
(2) 10.66 7.34 4.26 3.29 3.50 4

4.40'
(3) 7.36 5.81 3.81 2.95 3.13'' 2.98 ''
(4) 4.5 «
(5) 11.0 6.9 5.04

6.64 » 4.92 '
(6) 10.7 7.5 4.40

7.24 ® 4.30'
" In (CD,),SO--DoO except where specified. * In (CDJ3SO. ' In D ,0 .

o-Ha

3.594

5-Hk

3.40 4

3.04'

0-HL

3.6

6-H:t

3.38

(1)

(2)

(3)
(4)
(5)
(6)

2.70 3.24

I-H.2-H 2-H,3-H 3-H,4-H
5.7' 2.2 '
5.60*
7.3 2.1 7.8
7.28'' 2 .8 ' 6 .0 '
8.95 8.95 8.95''
9.1 '

ca. 4.0 '
6.2
6.7' 6.7'
7.8
7.0 ' 7.1 '

T.\ble 2 
Coupling constants (Hz) “

2.6 5.9

8.954
-1 0 .5

7.0 5.5 -1 1 .5

(CD3)2SO-DgO unless specified.  ̂ In (CD^lgSO. " In D^O. 4 Obtained by computer simulation.

•on the trigonal carbon is more deshielded when cis {syn) 
to  the oxime OH than when trans {anti), and th a t the 
hydrogen atom of the oxime OH is more deshielded 
when trans {anti) to th a t on the trigonal carbon than 
when cis {syn). Such correlations have been used 
previously to assign structures of carbohydrate 
oxime derivatives. Thus two low-field singlets at

“  H. Spedding, Adv. Carbohydrate Chem., 1964, 19. 34.
D. Horton, K. Just, and B. Gross, Carbohydrate Res., 1971, 

16. 239.
F. R. Dollish, W. Fateley, and F. F. Bentley, ' Characteristic 

Raman Frequencies of Organic Compounds,' Wiley, New York, 
1974, p. 134.

H. S. Isbell and H. Pigman, Adv. Carbohydrate Chem., 1969, 
;24, 13, and references therein.

W. D. Phillips, Ann. New York Acad. Sci., 1958, 70, 817.
E. Lustig, J. Phys. Chem., 1961, 65, 491.

®̂ G. Slomp and W. J. Wechter, Chem. and Ind., 1962, 41.
G. J. Karabatsos, R. A. Taller, and F. M. Vane, J . Amer. 

<Chem. Soc., 1963, 85, 2326.

deuterium oxide was measured by monitoring the 
intensities of the C-1 proton n.m.r. signals with time. 
The same overall rate constant of 0.204 h“̂  was obtained 
as th a t given by observation of m utarotation, and the 
equilibrium (after ca. 20 h) proportions of E- (2) (80%) 
and Z- (1) (20%) forms yield interconversion rate

A. J. Durbetaki and C. Miles, 148th Meeting of the American 
Chemical Society, Chicago, 1964, Abstracts A-47.

A. Daniel and A. A. Pavia, Tetrahedron Letters, 1967, 1145.
G. G. Kleinspehn, J. A. Jung, and S. A. Studniarz, J . Org. 

Chem., 1967, 32, 460.
A. C. Huitric, D. B. Roll, and J. De Boer, J. Org. Chem., 

1967, 32, 1661.
P. M. Collins, Chem. Comm., 1966, 164.

2® A. Kampf and E. Dimant, Carbohydrate Res., 1971, 16, 212.
®® P. L. Durette, D. Horton, and J. D. Wander, ' Carbohydrates 

in Solution,' A.C.S. Advances in Chemistry Series No. 117, 
Washington, 1973, p. 147.

P. L. Durette and D. Horton, Adv. Carbohydrate Chem., 1971, 
26, 49.
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constants of 0.168 and 0.036 h~i. The specific rotations 
of the diastereoisomers (1) and (2) were calculated to be 
—83.6 and +3.15°, respectively. The equilibration of 
non-carbohydrate oximes has been noted previously,^® 
and the preponderance of the E-form at equilibrium is in 
accord with steric considerations.

Solid D-glucose oxime gave no band in the 1 650— 
1 690 cm"i region in i.r. or Raman spectra, suggesting 
the absence of a C=N group 8.9,12-14 ĝ Yid the presence of a 
cyclic structure. Some evidence in support of a p-D- 
conhguration was provided by an i.r. band at 891 cm" .̂^  ̂
The occurrence of mutarotation in aqueous solution was 
confirmed and observed to be kinetically complex. As 
has been observed with other carbohydrates having a 
cyclic structure mutarotation was slower in deuterium 
oxide than in water. The formation of acyclic forms 
was suggested by two bands of moderate intensity in the 
C=N region of the Raman spectrum of an aqueous 20% 
solution. The occurrence of isomérisation was con
firmed and further studied by n.m.r. spectroscopy.

Hq Hb oh H H HO^Hb^O

HO" yr yr  '-'N-oh 
H OH OH H 

(7)

The spectrum of D-glucose oxime freshly dissolved in 
[^Hg]dimethyl sulphoxide was completely analysable 
(apart from the precise assignment of C-OH signals) 
in terms of a p-cyclic structure in the normal con
formation (8). Spectral assignments and parameters 
(Tables 1 and 2) were checked by double resonance 
experiments, exchange in deuterium oxide, and computer 
simulation of the C-H signals. The preponderant 
conformation of the exocyclic hydroxymethyl sub
stituent is proposed to be that shown (8) on the basis 
of the observed coupling constants and chemical shifts 
of the C-6 protons. The fact that one vicinal coupling 
constant, /g  g, is larger (7.0 Hz) than the other (5.5 Hz) 
suggests the presence of a rotamer with a diaxial 
relationship between C-5 and C-6 protons, and since 
the smaller coupling is not associated with the down- 
held signal which would arise from deshielding by the 
opposing C-4 hydroxy-group the major rotamer is 
thought to be that shown. In a survey of the con
formation of the primary alcohol group in 23 carbo
hydrate structures the arrangement having OH anti to 
C was most favoured. The small value of J n g h .n h  

(2.7 Hz) suggests that the torsion angle between the 
NQ-H and N~H bonds must be within about 30° of 90°. 
The rotamer having a diparallel arrangement of the

G. E. Hawkes, K. Hervvig, and J. D. Roberts, / .  Org. Chem., 
1974, 39, 1017.

S. A. Barker, E. J. Bourne, and D. H. Whiffen, Methods 
Biochem. Analysis, 1956, 3, 213.

R. U. Lemieux and J. T. Brewer, ' Carbohydrates in Solu
tion,’ A.C.S. Advances in Chemistry Series No. 117, Washington, 
1973, p. 121.

NQ-H bond and the nitrogen lone pair as shown in (8) 
is predicted to have minimum energy by molecular 
orbital calculations on AT-methylhydroxylamine The 
low value of / n h . i - h  (3.24 Hz) suggests a preponderance 
of a rotamer having a torsion angle between the N -H  
and C (l)-H  bonds of about 60° (as distinct from 180°), 
and of the two possible rotamers th a t having a 1,3- 
diparallel relationship of C(2)~0H and N-OH bonds is 
proposed to be disfavoured as compared with th a t 
shown in (8). The spectrum of the solution in [^HJ- 
dimethyl sulphoxide showed a slow decrease in intensity 
of the signals attributed to NOH, 1-H, and NH while 
new signals appeared at S 11.0, 10.7, 7.24, 6.64, 4.40, 
and 5.04 and the remaining part of the spectrum became 
more complex. The signals (doublets) at S 7.24 and 
6.64 were assigned, according to correlations 
referred to above, to C-1 protons of the E -  (6) and Z- (5) 
forms of acyclic D-glucose, respectively. On addition of 
deuterium oxide the singlets at S 11.0 and 10.7 dis
appeared; they were assigned to NOH of the Z- and 
E-forms, respectively. At equilibrium in deuterium 
oxide four doublets attributable to the C-1 protons of 
a-, + ,  E - , and Z-forms were visible at 200 MHz. The 
observations are consistent with Scheme 1. The pre
ponderance of the E -  {syn-) (56.5%) over the Z- {anti-) 
form (13.5%) is consistent with steric considerations, 
and steric factors appear to outweigh electronic factors 
in controlling the position of equilibrium between +  
(23%) and a- (7%) cyclic forms.

/ I
p-pyranose

\
a-pyranose

\  i r
E

Scheme 1

The structures of the oximes are supported but not 
unequivocally confirmed by mass spectrometry and 
g.l.c. of the per-O-trimethylsilyl derivatives. Both 
oximes gave small M  +  1 peaks which were shown to 
have the expected molecular formulae by accurate 
mass measurements. Other peaks could be accounted 
for in terms of breakdown patterns based on previous 
work on carbohydrates and aliphatic oxim es  
The majority of the peaks in the mass spectrum of 
arabinose oxime could be attributed to simple cleav
age as shown in (9). The base peak at rnje 75 probably 
arises from a McLafferty rearrangement (Scheme 
2) as has been observed for other oximes.®^ This

D. C. Fries, S. T. Rao, and M. Sundaralingam, Acta Cryst., 
1971, B27, 994.

L. Radom, W. J. Hehre, and J. A. Pople, / .  Amer. Chem. 
Soc., 1972, 94, 2371.

N. K. Kochetkov and O. S. Chizov, Adv. Carbohydrate 
Chem., 1966, 21, 39.

H. Budzikiewicz, C. J. Djerassi, and D. H. Williams, ' Mass 
Spectrometry of Organic Compounds,’ Holden-Day, San Fran
cisco, 1967, pp. 367— 379.
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peak is of lower intensity in the mass spectrum of 
D-glucose oxime, but the breakdown pattern is similar 
to that arising from D-arabinose oxime. A number of

N-OH

HC

HO-CH

HC-OH

HC-OH

CH-OH 

19)
workers have proposed the use of 0-trimethylsilyl 
derivatives of oximes for analysis of carbohydrate 
mixtures, and in general it has been presumed th a t each

Ch-oh

Ah

Scheme 2

CM

CH'OH 
m/e 75

sugar gives rise to a mixture of syn- and aw/t-acyclic 
forms. However we observed an additional component 
to be present in the 0-trimethylsilyl derivative prepared 
from crystalline D-glucose oxime. This slowly dis
appeared as was observed by Sweeley,^® and was pre
sumed to be an 0-trimethylsilyl derivative of the (3-cyclic 
oxime.

The results (see Experimental section) of periodate 
oxidation studies on the freshly dissolved oximes sup
ported the structural assignments for the solid com
pounds; in particular the lower rate of oxidation of 
D-glucose oxime and the lack of production of form
aldehyde were considered to indicate a cyclic structure.

The preference of one of a number of isomeric forms 
of similar energy in the solid state is presumably related 
to crystal lattice forces, and it is hoped to investigate the 
crystal structures in the near future. However there is 
no obvious reason why a cycHc structure should be more 
favoured in the case of D-glucose oxime than in the case 
of D-arabinose oxime.

EXPERIMENTAL
N .m .r. spectra were recorded on Varian EM 360 or 

H R  220 (P.C.M.U.) spectrom eters; spectrum  sim ulation
R. A. Laine and C. C. Sweeley, Carbohydrate Res., 1973, 27,

199.
G. Petersson, Carbohydrate Res., 1974, 33, 47.
T. W. Orme, C. W. Boone, and P. P. Poller, Carbohydrate 

Res., 1974, 37, 261.
C. C. Sweeley, R. Bentley, M. Makita, and W. W. Wells, / .  

Amer. Chem. Soc., 1963, 85, 2497.
R. C. Hockett and C. W. Maynard, jun., J. Amer. Chem. Soc., 

1939, 61, 2111.

w as carried out using program U E A  NM R BASIC filed a t 
the U niversity of London Computer Centre in conjunction  
w ith  a p lotting routine L IB R A R Y  RHC PLOT developed  
at R oyal H ollow ay College Central Computer Services. 
Optical rotations were recorded on a Perkin-Eliner 141 
polarimeter. I.r. spectra were recorded w ith  a Perkin- 
Elm er 337 spectrom eter. R am an spectra were taken w ith  
a Coderg PHO spectrom eter and CR Argon K rypton m ixed  
gas laser at 6 471 Â (o-glucose oxim e), and a Cary 81 
instrum ent on the yellow  line (o-arabinose oxim e). G .l.c. 
was carried out w ith  a Perkin-Elm er E l l  chrom atograph  
(9 ft colum n of 3% OV-225 on Chromosorb Q, 80— 100 
m esh, a t 168 °C). Mass spectra were taken on an A .E .I . 
MS 902 spectrom eter (P.C.M .U.).

D-Arabinose Oxime.— D-Arabinose oxim e was prepared  
essentially according to  the m ethod of H o c k e t t , e x c e p t  
th at 28 g of hydroxylam ine hydrochloride was used. The 
concentration of hydroxylam ine after neutralisation was 
found to be 6 6 % of the original by reaction w ith  an excess 
of 0.0I6M-potassium brom ate followed by reduction of the  
excess of bromate w ith  hydrogen iodide and titration  of the  
liberated iodine w ith 0. iN-sodium  thiosulphate. The 
crude product was concentrated under vacuum , dried by  
adding sodium-dried ether, and distilled under vacuum . 
The solid cr^^stallised as plates from 60% aqueous ethanol; 
yield 60%; m.p. 140° (lit.,"i 138— 139°; lit .,3» 136— 137°) 
(Found: C, 36.7; H , 6.5; N , 8.2. Calc, for CsH^NOs: 
C, 36.4; H , 6.7; N, 8.5% ); for n.m.r. data see Tables 1 
and 2; in itial - 8 3 .6 ° ,  final - 1 4 .2 °  [c 1.3 in H^O)
{lit.,39 [a y o  in itial - 8 4 .0 ° ,  final - 1 3 .5 0  {c 2.05 in H^O)}, 
simple m utarotation constant {k  ̂ -f- k )̂ 0.204 h"i a t 25 °C 
in DgO and HgO [lit.,3» 0.07— 0.19 h“  ̂ (calculated from data  
given)]; D-arabinose oxim e had c o n s u m e d  4  0  ̂ 4 .7 , and  
4.7 mol. equiv. of periodate after 0.5, 2.0, and 4.2 h re
spectively and liberated 0 .8  mol. equiv. of form aldehyde 
and 2.9 mol. equiv. of formic acid; mje 166 (CjHigNOg, 
M  +  1). 134 (C^HgNOJ, 104, 103 (C4H 7O3), 91, 75
(CgHjNOg), 74, 61, and 31; i.r. (KBr) I 680w cm"^
(C=N); R am an (solid) 1 678m cm“  ̂ (C=N), (sat. aq. 
soln.) 1 656 and 1 664 cm“i (C=N).

T>-Glucose Oxime.— Powdered hydroxylam ine hydro
chloride (70 g) in dry m ethanol (300 cm3) was neutralised  
w ith  a solution of sodium m ethoxide [from sodium  (20  g)] 
in m ethanol (100 cm3). The neutralised solution w as 
cooled in ice and filtered, and the residue was washed w ith  
dry m ethanol (200 cm3). The com bined filtrate and  
washings were shown to  contain 0.64 mol of hydroxylam ine  
(64% of the original) by titration  as described above. The 
m ethanolic hydroxylam ine solution was refluxed in a 
w ater-bath and powdered anhydrous D-glucose (110 g, 
0.61 mol) was added slowly. The solution w as concen
trated, left a t room tem perature overnight, and dried in a 
desiccator. The dry solid was powdered, d issolved in  
80% aqueous m ethanol, and allowed to crystallise in a 
freezer. R ecrystallisation was carried ou t from  70%  
m ethanol and 60% m ethanol, and gave truncated prism s 
(53 g. 45%). m.p. 141° (lit.,“ 137.5°; lit.,*^ 141°; li t . ,"  
13&— 137°) (Found: C, 36.7; H , 6 .8 ; N, 7.2. Calc, for

R. C. Hockett, J. Amer. Chem. Soc., 1935, 67, 2265.
«  O. Ruff, Ber., 1898, 31, 1576.
3̂ G. O. Aspinall and R. J. Farrier, Chem. and Ind., 1957, 1216.

"  J. C. Speck, Methods Carbohydrate Chem., 1962, 1, 441.
** Pejkovic-Tadic, M. Hranisavljevic-Jakovljevic, and M. 

Marie, Enzymologia, 1970, 88, 89.
33 H. Jacobi, Ber., 1891, 24, 696.
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CgHigNOgi C, 36.9; H , 6.7; N , 7.2% ); for n.m.r, data  
see Tables 1 and 2; initial —8.04°, final — 1.92°
(c 2.6 in HgO) { lit.,"  [aJi, final - 2 .2 °  (c 9.4 in  HgO)} (the 
m utarotation was observed to  be com plex, i.e. in itially  the  
rotation decreased but after 0.5 h it  increased until it  
reached a constant value after about 10 h; the m uta
rotation in DgO was similar except th at equilibrium was 
reached after about 36 h; equilibration was also observed  
by ^H n.m.r. to  be a com plex process; the areas of the  
1-H  signals of the acyclic forms did not increase at the same 
rate nor by a simple first-order process) ; D-glucose oxim e 
consu m ed  32 2.4, 3.2, 4.2, and 4.2 mol. equiv. of periodate 
after 0.5, 1.25, 4, and 5 h, respectively, and liberated no

form aldehyde 3® and 1.95 mol. equiv. of form ic acid a fter  
4 h; mfe 196 (CgH^^NOg, i W- f  1); i.r. (KBr) 980s 
(N -O  3®) and 891sharp and m cm"  ̂ (ring breathing 2») ; 
Ram an (20% aq. solution) 1 648m and 1 653m (C=N) 
not given b y  powdered crystals or water alone.
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