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K E N E T I C S  OF A L D O S E - A M I N O  A C I D  I N T E R A C T I O N  

by 

A. KATCHALSKY AND N. SHARON* 
Weizmann Institute o/Science and Dairy Research Laboratory, 

.4 gricultural Research Station, Rehovoth (Israel) 

INTRODUCTION 

The reaction of amino acids, peptides sand proteins with aldoses is of interest for 
the understanding of a number  of biological phenomena. I t  bears a resemblance to 
enzyme-substrate combination, as pointed out by  PIGMAN x, and may  be of importance 
for the quanti tat ive interpretation of t ransport  phenomena in biological fluids. I t s  
application to technological problems such as the browning reaction S should not detract  
from the insight which the s tudy of this reaction under mild conditions gives into the 
labile equilibria which exist between cell constituents. 

In  order to ascertain the mechanism of the interaction, its kinetics under different 
experimental conditions was studied. These kinetics have not been investigated fully 
before, although the equilibria between various reactants have been studied extensively 
and the literature amply reviewed 3. Some years ago FRANKEL AND KATCHALSK¥ 4 
presented kinetic measurements of the approach to equilibrium. At about the same t ime 
KUBOTA s made an extensive investigation of this interaction using the disappearance 
of the amino groups, determined by VAN SLYKE'S method, as an indication of the degree 
of interaction. Since VAN SLYKE'S method is, in this case, not entirely reliable for a 
quanti tat ive kinetic study, his data  cannot be used for exact calculations. Before the 
completion of this investigation HAUGAARD, TUMERMAN AND SILVESTRI 6 advanced a 
new method for the determination of the kinetics of interaction by studying the rate  
of solution of a saturated amino acid in the presence of an aldose. Their method is 
restricted to slightly soluble amino acids and to a narrow range of concentration. Recent 
studies of glucosyl amines mainly by  ISBELL AND FRUSH 7-s and by  PIGMAN et a/. 9 clarify 
a number  of important  details in the mechanism of the reaction between amino and 
glycosidic groups. 

The aim of the present paper  is to describe a new kinetic method applicable to 
any soluble amino acid at a wide range of concentrations and at various pH values. 
The results obtained by this method are correlated by the theoretical scheme presented 
in the next paragraph. 

* From a thesis to be submitted to the Hebrew University, Jerusalem, by N. SHARON in partial 
fulfilment of the requirements for the Ph.D. degree. 
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THEORETICAL 

I. Overall reaction 

I t  has been shown x0 that  the reaction occurs between undissociated amino groups 
and aldoses. If the zwitterionic form of the amino acid or peptide be denoted by H R 
(e.g. +NH3CHvCO0- ) it is only the negative ion R-  (e.g. NH2CH 2 COO-) which can 
combine with the aldose G in aqueous solution. As the concentration of the negative 
ion depends on the equilibrium HR ~ R-  + H + 

H+. R- 
Ka (,) 

HR 

the extent of its reaction with aldoses will depend markedly on the pH. The overall 
reaction is represented by the scheme: 

(HR) K A 
+NHsCH~COO- = 

, (R-) 
NH~CH~CO0- -5 H + 

+ 
H-C-0H 

k ' ~ ' k "  

NHCH2CO0- 
] 

CH 

I o (RG-) I 
The overall rate equation is 

dRG- 
dt 

and the equilibrium constant L 

RG- k' L 
R-" G k" 

= k'. R-. G-k". RG- (2) 

(3) 

is independent of pH 1°, while an apparent equilibrium constant found in the literature n, 
based on the assumption of the interaction of all forms of the amino component, leads 
to a variable "constant",  increasing with increasing pH. 

This scheme does not represent any details of the reaction mechanism nor does it 
give any information about the dependence of the kinetic constants k' and k" on the 
catalytic effect of the hydrogen and hydroxyl ions present. 

2. Reaction scheme 

Although the extent of reaction decreases with increasing hydrogen ion concen- 
tration (H +) the rate of reaction, as will be shown, increases and in certain instances 
is almost linearly dependent on H +. Various attempts by the authors to describe the 
reaction by a scheme depending on simple hydrogen ion catalysis failed, and it was 
found that  a satisfactory explanation of all the experimental results could only be 
obtained by assuming dual catalysis by both hydrogen and hydroxyl ions. We found 
the scheme of ISBELL AND FRUSH ~ for the hydrolysis of glycosyl amines as determined 
by polarimetry very helpful. By simplifying part  of their scheme and applying it to 
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the  case of the  equi l ibr ium react ion under  considera t ion,  we propose the  following 
react ion mechanism : 

The  react ing species of the  aldose is the  posi t ive  oxon ium ion. The concent ra t ion  
of this  ion is governed b y  the  equi l ib r ium 

H--C---0H H--C--0H 

O : H + 

(G/ (GH+/ 

GH + 
KG G. H + (4) 

The de ta i led  scheme is:  

-00CHtNI'I  , + H---C--0H 

(R- )  (GH+)  

~ k_~ 

COO- 
l 

CH 2 
T 

NH2+ 
I 

H--C---OH 
. J  

) 
(B) 

0 H -  

_,,k~ e 
k _  2 
H + 

N H C H s C O O -  
r H + 

CH 

0 ~- k4 I 
(RG-) 

COO- 

CH 2 
I 

NH 

H--C--OH 

k8 [' k _  3 

+NHCH2COO- 
II 

H--C 

According  to this  scheme the  ra te  de te rmin ing  s teps  are :  
a. The  nucleophil ic  a t t a c k  of the  free amino  groups  of the  nega t ive  ion R -  on the  

oxon ium ion GH + wi th  a subsequen t  opening  of the  py ranose  r ing  in reac t ion  I .  
b. The  format ion  of the  ion of SCHIFF'S base  b y  the ionisa t ion  of the  amino groups  

of the  reac t ion  p roduc t  R G -  wi th  the  opening  of  the  r ing in reac t ion  - 4 .  
The  hydrogen  ion concen t ra t ion  governs  the  concen t ra t ion  of the  oxon ium com- 

pound  and  hence the  r a t e  of fo rma t ion  of B, as  well as the  r a t e  of decomposi t ion  of 
the  "cross road"  compound  C and  of the  final p roduc t  R G - .  The  h y d r o x y l  ion, t he  
second factor  in the  dua l  catalysis ,  governs  the  t rans i t ion  f rom bo th  i n t e r m e d i a t e  
compounds  B and  D to the  "c ross road"  compound  C. 

A s t eady  s t a t e  is assumed,  imp ly ing  t h a t  the  concent ra t ions  of the  i n t e rme d ia t e  
compounds  B, C and  D axe cons tan t  dur ing  the  ma jo r  p a r t  of the  process and  t h a t  
t hey  axe negl igibly smal l  as  c o m p a r e d  wi th  those  of the  r e a c t a n t s  and  p roduc t s  of the  
react ion.  

W i t h  these a s sumpt ions  t he  reac t ion  scheme leads  to  the  fol lowing set of equa t ions :  

d_.BB = krR_" (GH+) + k_ v C.H+ __ k_ r B - -  kvB. OH- = O (5) 
clt 

dC krB. OH- + k_ s D. OH- - -  k_ 2. C. H+ - -  k s. C.H+ 0 (6) 

Relemnees p. 3ox. 
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dD 
d~- = k s ' C ' H  + + k_ 4 . R G - . H  + - k -  3 . D . O H - - k  4 .D = O 

d(RG-)  
dt k 4 D - -  k_ v RG- .  H + 

(7) 

(8) 

with the equation H+.OH - = Kw (9) 
Equation (8) is the equation for the rate of reaction. The value of D can be evaluated 

from equations (5), (6) and (7). Here R-, RG-, B, C, D, H + and O H -  denote the concen- 
trations and not the activities of the corresponding species. In a later publication the 
activity corrections, necessary for the interpretation of the salt effects in this reaction, 
will be included. 

Solving the above kinetic equations we find for the overall rate (c/. eq. 2) 

d (RG-) k,.R_.G_k~ RG_ R-.G RG- (io) 
dt ka + k~ OH- L(ka + kf OH-) 

were ka = k-l"k4(k-' + kS)" h~ = k_,k_~k_, + k~kak 4 (ii) 
klk2ksk4.KG.Kw' klk2ksk4.KG.Kw 

and the equilibrium constant L is represented here by 

L klk~kak4KG L1L2LsL4K G k" (12) 
k_ik_sk_3k_~ = -~ 

L1, L2, L3 and L 4 being the equilibrium constants of reactions i, 2, 3 and 4 respectively. 

I I I 
k '  and k" (x3) 

ka + k~ O H -  L ka + kp O H -  

Equation (13) gives the observed, pH dependent, rate constants of the forward 
and reverse reactions, as defined by equation (2). 

3. Method [or the evaluation o /rate  constants 

The method employed here is based on the observation that  the reaction of amino 
acids or peptides with aldoses is accompanied by an increase in the acidity of the 
solution. The reaction product is a stronger acid than the amino acid component and 
hence its formation causes a measurable drop in pH. In order to keep the pH constant 
alkali must be added continuously. This amount of alkali added is a convenient method 
for following the course of the reaction. Since the rate of the reaction is dependent on 
pH only, according to equation (IO) constant values for the apparent rate constants k' 
and k" should be obtained at a constant pH. 

The method of evaluation of the rate constants from the amount of alkali added 
at a time t to the reaction mixture in order to keep the pH constant is as follows: 

The alkali concentration necessary to bring the pH of the reaction mixture at 
time t = o to its initial value is denoted by bo. After a time t alkali is added to keep 
the pH constant, thereby increasing the total alkali concentration in solution by Ab, 
so that  the alkali concentration at time t is b = bo + / l b .  The final concentration when 
equilibrium is attained at t = oo is boo. 

Electroneutrality requires that the total positive charges be equal to the negative,/.e. 

Na + + H + +  GH+ = R -  + C + R G -  + O H -  (14) 

Since by assumption the concentration of the intermediate products is very small, 
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C and GH+ may be neglected. The experimental conditions are so chosen as to make 
both H+ and OH- negligible in comparison with b, and b, also b = Na+. 

Hence, the last equation reduces to 

b = R- + RG- (15) 

Another experimental simplification is obtained by making the aldose concentration 
much larger than that of the amino components so that the concentration G appearing 
in equation (IO) may be considered as the total aldose concentration. 

By introducing (IS) into equation (2) the following is obtained 

dRG- 
- = R’.R-.G-k”.RG- = L.k”. (b-RG-)G-k”.RG- = k”. [L.b-RG-(I + L.G)j 

dt (4 

Denoting the total concentration of the amino acid by cA and neglecting the concen- 
tration of B, C and D as previously 

CA=HR+R-+RG-=HR+b 

HR=cA-b (17) 

As equation (I) holds during the reaction 

H+.R- H+.R- 
K*=_=- 

HR CA-b 

we get from equation (15) 

KA RG- = b - - (cA_b) = b KA;+H+ _ K+ 
H+ 

(18) 

(19) 

Now passing from the mixed equation (16) which depends on both RG- and b 
to an equation relating only b-the alkali content at time t-with the apparent rate 
constants, we obtain. 

dRG- dRG- db -=-.-. 
dt db dt 

(20) 

As the process is carried out at constant pH and c* is constant during each kinetic 
run, differentiation of (19) gives 

_- 

dRG- 

(---> 
KA + H+ dRG- 

db H+= H+ Or dt = 

KA + H+ db 

H+ dt 

Introducing (19) and (21) into (16) and denoting the constant I 

(21) 

t. L.G by A we find, 

db A= 
dt 

KAk; H+ [KA cA*A-b (KA.A + H+)l 

. . . db 
At eqmlrbrmm, when b = b,, dt equals zero, hence 

b 
KA.cA.A 

co = H+ + KA.A 

(22) 

(23) 

Similarly at the beginning of the reaction when RG- = o and 6 = b,, equations 
(15) and (18) yield 

b, = KA.CA 

KA+H+ 

References p. 301. 
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Introducing bo and boo into (22) we get the simple expression 

db k" A b° 
d~t = ~ (bo~ - -  b) 

On integration from bo to b and from o to t equation (24) gives 

boo bo~ - -  bo 
k" = t .A.bo In boo - -  b 

and correspondingly 

k ' =  L . b ~  l n b ° ° - - b °  
t.A .bo boo - -  b 

(24) 

(25) 

(26) 

As will be shown later equation (26) describes the experimental results closely and 
permits the evaluation of k' and k" for every pH. After supplying a set of values of k' 
at  different pH values, use is made of equation (I3) to obtain the pH independent 
constants ko and ko. 

Equation (13) may be written in the form 

i 
k-- 7 = k a + k 0 O H -  (27) 

hence a plot of Ilk' versus OH- should give a straight line with k a as intercept and k~ 
as its slope. 

EXPERIMENTAL 

I.  Mater ials  and solutions 

T h e  ma te r i a l s  i nves t i ga t ed  were t h e  a ldoses :  D-glucose, galactose,  lactose,  D-xylose, D-arabinose 
a n d  m a l t o s e ;  t h e  a m i n o  ac ids :  glycine,  D-L-a-alanine,  L-leucine, D-L-serine, D-L-valine, D-L-~-phenyl 
a lan ine ,  t aur ine ,  L-asparagine ,  f l -a lanine a n d  0 -amino  valeric acid*.  All t he se  subs t ances  were of 
ana ly t i c a l  g rade  f rom commerc i a l  sources.  T wo  pept ides ,  leucylglycine and  leucylglycylglycine,  
p r e p a r e d  in th i s  L a b o r a t o r y ,  were inc luded .  Stock so lu t ions  in twice dist i l led wa te r  were p repa red  
a n d  a t r ace  of t h y m o l  added  to  each  to  ensu re  s ter i l i ty .  T h e  concen t r a t ion  of t he  aldose s tock  so lu t ion  
was  2 M while t h e  a m i n o  acid c o m p o u n d s  were p repa red  in s tock  solu t ions  of o.I-O. 4 M.  

2. K ine t i c  measurements  

lO-25 m l  of t h e  a m i n o  acid or  pep t ide  s tock  so lu t ion  were t r ans fe r red  to  t h e  reac t ion  vessel  
a n d  suff ic ient  s t a n d a r d  N a O H  added  to  b r ing  i t  to  t he  requi red  pH .  Th i s  a m o u n t  of alkali  de t e rmines  
t he  ini t ia l  va lue  bo. T h e  r eac t ion  vessel  was  t h e n  d ipped in to  a t h e r m o s t a t  (accura te  to  + o.I ° C). 
Af t e r  i o - i 5  m i n u t e s  t h e  requ i red  a m o u n t  of a ldose  solut ion,  kep t  be fo rehand  in t h e  s a m e  t h e r m o s t a t ,  
w a s  added  a n d  t h e  v o l u m e  m a d e  up  to  5o ml.  T h e  p H  was  m e a s u r e d  a t  once wi th  a B e c k m a n n  glass 
e lect rode reproduc ib le  to  w i t h i n  ± o.02 p H  uni ts .  As  soon as t h e  p H  s t a r t s  to  decrease,  alkali  is 
a d d e d  f rom a m i c r o b u r e t t e  a n d  t h e  t i m e  of add i t ion  and  a m o u n t  of alkali  no ted .  A series of p r e l imina ry  
e x p e r i m e n t s  p roved  t h e  m e a s u r e m e n t s  to  be  reproducible  w i th in  ± 5 %.  T h e  to t a l  a m o u n t  of alkali  
n e c e s s a r y  to  ach ieve  equ i l ib r ium is bo0. T h e  alkali  concen t r a t i on  was  so chosen  t h a t  t h e  to ta l  a m o u n t  
a d d e d  will no t  change  t h e  v o l u m e  of t h e  reac t ion  m i x t u r e  b y  more  t h a n  io  %. 

3. A sample experiment  

12. 5 ml  of  0. 4 M glycine  so lu t ion  are  t r ans fe r r ed  to  t h e  reac t ion  vessel ,  0.55 ml  of 0.093 N N a O H  
so lu t ion  added  a n d  filled u p  to  25 ml.  Af te r  ach iev ing  t h e r m a l  equ i l i b r i um 25 ml  of 2 M glucose 
so lu t ions  are  added.  H e n c e  c A = o. i  M,  G = I M ;  ini t ial  p H  was  7.55. T h e  p H  s t a r t ed  to  decrease  
a l m o s t  i m m e d i a t e l y  a n d  alkali  of t he  s a m e  concen t r a t i on  was  added  to  keep it  cons t an t .  Fig. i re-  

Aboo 
p re sen t s  t he  p lo t  of  In//boo --A-----------b ve r su s  t i me  in m i nu t e s .  

T h e  degree  of r eproduc ib i l i ty  m a y  be  deduced  f rom t h e  fol lowing Table  I. 

* 0 -amino  valer ic  acid was  l ibera ted  f rom i ts  hydroch lo r ide  b y  A g 2 0 .  F r o m  to t a l  ana lys i s  and  
N H 2 - d e t e r m i n a t i o n  t he  free acid was  ana ly t i ca l ly  pure .  

Re/erences p. 3Ol.  
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T A B L E  I 

THE REPRODUCIBILITY OF KINETIC MEASUREMENTS 

G l u c o s e  I.O M ~ g l y c i n e  o.1 M ,  25 ° C 

p H  k" Ru** x k '  R u n  2 

7.11 6 . 2 0 .  i o  -3 6 . 1 1 -  lO -3 
7 .55 2 .37"  lO-3  2 .42"  1 ° - 8  
8 .30  0 . 5 2 4 -  lO -3 0 . 5 0 2 .  i o - a  

F i g .  i .  I n t e r a c t i o n  of  1,o M .  G l u c o s e  w i t h  o . i  M 
g l y c i n e  a t  p H  7 .55  • 0 .03  a n d  25 ° C. A l k a l i  a d d e d  
a t  t i m e  t = o is  bo = o .55  m l  o f  o . o 9 3  N N a O H .  A b- 
a l k a l i  a d d i t i o n  in  m l  (of t h e  s a m e  h y d r o x i d e )  a t  t i m e  
t, T o t a l  a l k a l i  a d d e d  a t  e q u i l i b r i u m  is boo = b o  + A b¢o 
= 4 .25  ml .  E q u i l i b r i u m  c o n s t a n t  o f  t h e  r e a c t i o n  L = 
14.6  l i t e r  m o l e  -1  ( T a b l e  IV) ;  A = i + L . G  = 15.6.  

2.512 

2 . 0 0  

e 1.50 

1 .00 

0 . 5 0  

[ I I J I 
0 5 0  100 150 

! (mln.) 

k '  A . b o  F r o m  t h e  s l o p e  of  t h e  l ine  t a n  a = ~ ( e q u a t i o n  (26)) t h e  r a t e  c o n s t a n t  is  k"  = 2 . 3 7 . I o  - s  l i t e r  

m o l - 1  sec-X. 

R E S U L T S  A N D  D I S C U S S I O N  

I .  Independence o[ rate constants/rom the concentration o/reactant 

The mechanism proposed requires that  the rate constants k' and k" be independent 
of concentration. The following table proves tha t  within a wide range the kinetic 
constants are insensitive to changes of concentration. 

T A B L E  I I  

THE INDEPENDENCE OF k t OF CONCENTRATION ( t e m p .  3 o°)  

# H  Glucose conch tool liter -1 Glycine conch tool lit, er -1 k', liter tool -1 sec - I  

7.63  I.O o . I o  2 .48"  lO . 3  
I .o 0 .05  2 .40  
0 .50  o . I o  2 .56  
o .2o  o .o4  2 .52  ~t  = 2 . 4 9 .  i o - 3  

8 .11 0 .80  o . I o  I . I O .  lO -3 
o .40  0 .o  4 I .O2 ~ t  = I .O6" lO -3 

2. Dependence o/ the apparent rage constants on pH 
and evaluation o~ pH independent constants 

Table I I I  represents a series of observed rate constants for the interaction of glucose 
with glycine at different pH values and at  various temperatures.  

In  Fig. 2 the results of Table I I I  are used for the evaluation of the pH independent 
constants k a and k~ according to equation (27). The linearity of the plots of I/k' versus 
O H -  proves the applicability of the proposed mechanism. 

The measurements for all the amino compounds investigated in the interaction 
with glucose at  3 °0 C are summarised in Fig. 3. In all cases the linearity of the plot 
was found to be satisfactory. 

Relerences p. 3ox. 
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T A B L E  n I  

OBSERVED RATE CONSTANTS FOR THE REACTION GLUCOSE-GLYCINE 

AT VARIOUS TEMPREATURES AND p H  VALUES (k'  in liter mole -x see -x) 

297 

temp.  25 ° C 

p H  7- x x 7.55 8.00 8.30 8.79 

k" 6.I6. IO -s 2.39" I O-3 I.O. IO -s o.5I 3 • IO -3 o.2I 3 • IO -$ 

temp. 3 °0 C 

p H  7.63 8. I I 

k' 2.49- lO -s  1.o6. IO -s  

temp.  35 ° C 

p H  7.3 ° 7.95 8.52 

k '  7.09" xo -s  1.78" IO -3 0.64" IO -s  

temp.  45 ° C 

p H  7.15 7.6o 7.7 ° 8.18 8.44 

k" 17.7" lO-3 6.33" I °-3 5.0. IO -3 2.02. IO -8 1.53" lO -3 

I [ / o  ' I ] 

/ 
4000 - 7 

'~ 3000- 

2000 

1000 ~ 

o i t 20 40 60 80 100 
lO' [ow] 

Fig. 2 .  The dependence of the reciprocal of the observed ra te  cons tan t  (M) on O H -  ion concentrat ion.  
I/k" = k a + k~ .OH-  for the  reaction of glucose and glycine a t  different temperatures .  

The pH independent rate constants k a and k~ are represented in Table IV, together 
with the equilibrium constants L calculated from boo according to equation (23). The 
volume change by alkali addition has been accounted for in calculating L. 

The data from which the ka and k~ in the interaction of glycine with various aldoses 
have been derived are given in Fig. 4. 

Table V gives the pH independent rate constants of the interaction of various 
aldoses with glycine. 
Relemnces p. 3ox. 



298 A. KATCHALSKY, N. SHARON V0L I0  (1953) 

8 0 0 0  

6000 

L-- '  

4000 
o 
E 

-i ~, 

2000 

I I I I 

//  -~¢/ / ~ #  

/ , , , / / / , , : . . /  

*.AMMO W.e~C gtO 

0 i I I I 
1o 20 30 IO'[OH'] 40 

Fig.  3. T h e  dependence  of t he  reciprocal  of t h e  observed  ra te  c o n s t a n t s  (k') on  O H -  ion conc. I / k '  
= k .  + k# . O H -  for t h e  reac t ion  of glucose w i t h  t h e  following a m i n o  acids  a n d  pept ides :  

Leucy lg lycy lg lyc ine  O Valine O 
Leucy lg lyc ine  • ct-alanine [ ]  
Tau r i ne  A Leuc ine  × 
Aspaxagine  • f l-alanine (| 
Serine [] ~-aminovaler ic  acid @ 
~ - P h e n y l a l a n i n e  • 

t emp .  3 °o C 

T A B L E  IV 

THE pa INDEPENDENT RATE CONSTANTS ~a AND ~ AND EQUILIBRIUM CONSTANTS g 

FOR THE INTERACTION OF GLUCOSE WITH AMINO COMPONENTS AT 3o°C 
p/I/A-NEGATIVE LOGARITHM OF THE ACIDIC DISSOCIATION CONSTANT OF THE AMMONIUM GROUP 

ka k 3 pKA L 

I. leucylglycylglycine 240 39o.io s 7.7 ° 6. 4 
2. leucylglycine 45 ° 212 7.7 ° a 3.16 
3. t au r ine  21o 55.8 8.62 c 8.9 
4. L-asparagine  21o 30.6 8.67 c 4.5 
5" D-L-serine 39 ° 23. 7 9.02 c 5.37 
6. DL-fl-phenylalanine 240 2o.1 9.11 c 6.6 
7- DL-Valine 3 °0  I4.2 9-592 b 5.5 
8. DL-U-alanine 120 9.95 9.738 b 6.9 
9. L-leucine 2 io  8.1 9.619 b 7-7 

io.  g lycine 12o 4.8 9.651 b 14.6 
I I .  ff-alanine 270 3.o6 lO.O6 e 15.i 
12. O-aminovaler ic  acid 360 0.70 lO.64 c 18.o 

References  (for pKA) 
a.  J .  TILLMANS elf al . ,  Biochem. Z . ,  199 (1928) 399. 
b. E.  J.  COHN AND J. EDSALL, Proteins, Amino Acids and Peptid6s, ACS m o n o g r a p h s  90 (I943) 

P. 79- 
c. E.  J.  COHN AND J.  EDSALL, ibid. p. 84 ex t r apo la t ed  f rom va lues  for 25 ° C to  3 o° C. 
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T A B L E  V 

THE p H  INDEPENDENT RATE CONSTANTS ]~a 
AND k~ AND THE EQUILIBRIUM CONSTANTS L 
FOE THE mTEEACTmN OF W E m O S  ALDOSES 

WITH GLYClNE ( temp.  3 °0 C) 

ka kfl L 

I. Mal tose  36 75.6. lO 7 22 
2. D-glucose 12o 48 z4.6 
3- Lac tose  72 33.6 23 
4- Galactose  3 ° 9.0 x7.4 
5. D-xylose 24 6.94 22.3 E 
6. D-Arabinose 6.9 4 . I4  22.3 

-I'- 

Fig. 4. T h e  dependence  of t h e  reciprocal  of  
t he  observed  ra t e  c o n s t a n t s  (k t) on  t h e  O H -  
ion concen t r a t i on  x]k" = k a + hp . O H - f o r  t h e  
reac t ion  of g lycine  wi th  t h e  following a ldoses :  

Mal tose  0 Galactose  
Glucose • Xylose  • 
Lac tose  ® Arab inose  [] 

t e m p .  3 °0 C 

3. Rate constants and constitution o/reactants 

3000 

2000 

1000 

I I I S I  

10 20 30 40 
lO'[OH'] 

The rate constant k a as obtained from the extrapolation to zero OH-  concentration 
is not very exact. Without independent data on the constituent rate constants its 
theoretical interpretation is complicated. On the other hand k~- - the  slope of the lines 
in Figs, 2, 3 and 4 i s - -  more accurate and may be interpretated as follows: From equa- 
tion (II) 

k~ = k_l.k_,.k_, + k,.k,.k, ~ --~ ~ ( ~  + LT_,) (28) 
klk~kak4.KG.Kw k-a.L.Kw ~ klKW I~w 

According to ISBELL AND FRUSH 7 the formation of SCHIFF's base in reaction - 4  
from the glycosyl amine is rapid. I t  may be assumed by analogy that  the nucleophilic 
attack of the amino acid on the glucosidic ion in reaction I is a slower process than the 
first step of the hydrolytic reaction -4.  i.e. k 1 < k_  4. I t  is clear from Table IV that L 
is always larger than I, and hence it can be assumed that k 1 ~ L . k _  4. 

Therefore in equation (28) 

or 

I_.  I i . e .  
k s ~ L.k_4 

I 

kp ~ Kw.k ~ 

I 

kx Kw.k ~ 

log k 1 = p K  w - -  log ko 

(29) 

(30) 

With these assumptions k~ is directly related to k 1 and gives useful information 
about the nucleophilic reaction between the amino acid and the glycosidic carbon atom. 
The approximate value of the true rate constant k 1 of the primary reaction can be 
correlated with other nucleophilic properties of the nitrogen of the amino components. 

Re/evences p. 3Ol. 
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According to HAMM E T T  TM, a linear dependence should exist between the logarithms of 
the hydrolytic rate  constants and the acidic dissociation constant of the reactants. 
A plot of the logarithms of k 1 versus pKA is given 
in Fig. 5. The figure shows tha t  as expected, the 
increasing proton affinity is bound with an in- 
creasing rate of a t tack of the amino group on the 
glycosidic carbon, in accordance with HAMMETT'S 
relation. 

The other contributing factor to the magnitude 
of k 1 is the stability of the pyranose ring. According 
to Table V the interaction of glycine with different 
aldoses shows tha t  k 1 increases in the order: arabi- 
nose > xylose > galactose > lactose > glucose > 
maltose. STEPANENKO AND SERDYUK 13 give the fol- 
lowing order for the amount  of open aldehydic forms 
in various aldoses: arabinose > xylose > galactose 
> glucose > maltose > lactose. These observations 
indicate tha t  our results may  be correlated with the 
ease of opening of the pyranose ring. 

4. Temperature dependence 

Further information about  the nature of the 

4 

I I I I I I v12 

I I I I i I Z50 8.00 ~t00 10.00 PKA 
Fig. 5. Comparison of interRction 
rates (log kt) of various amino 
acids and peptides and glucose 
with ionization constants (pKA) of 
their ammonium groups. The 
enumeration of the amino com- 
pounds according to Table IV. 
Both  log k I a n d  p K  A are  for 30 ° C. 
log k t ca lcu la ted  b y  equa t ion  (3o). 

interaction may be derived from the energy of activation. Assuming k~ to be related 
to k I according to equation (30) we obtain from the depen- 

~ J dence of k~ on temperature the energy of activation of the 
550~-~,, pr imary step of the glucose amino acid interaction. Fig. 6 

gives a plot of log k x = p K  w - -  log k# versus I/T. The values 
~ .... of pKw at  the respective temperatures were taken from 

log k, ' o - ~  

500 ~ - ~  \ 
HARNED AND OWEN 14 while the ks's are experimental con- 
stants. The energy of activation E as calculated from Fig. 6 
and the frequency factors Z, for the ARRHENIUS equation k 1 
: Z .e-E/RT are given in the following Table VI. 

T A B L E  VI 

ENERGIES OF ACTIVATION E AND FREQUENCY FACTORS Z FOR THE 

R E A C T I O N  O F  G L U C O S E  W I T H  A S P A R A G I N E ,  C [ - A L A N I N E  A N D  G L Y C I N E  

4.50 

ASPAA~mE 

3.100 3.200 3.300 3,400 Z E 
+ooo li~ raol -I sec -1 ca~ raol -I deg -1 
t 

Fig. 6. Dependence of k I 
on t e m p e r a t u r e  in t he  Glucose-aspaxagine  o .o83 .zo  u 77oo 
reac t ion  of glucose wi th  Glucose-a-a lan ine  o.69"1o 11 83oo 
glycine, a -a lan ine  and  Glucose-glycine  3.3" IolX 88oo 

asparag ine .  

The calculated energies are seen to vary between 7.7-8.8 kcal mol -x deg -1 

The authors wish to thank Dr J .  BASAD, Head of the Dairy Research Laboratory,  
for providing them with par t  of the facilities for this work. 
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SUMMARY 

I. The kinetics of the reaction between various aldoses and amino acids and peptides has been 
investigated. 

2. A method for the determination of rate constants, based on the addition of alkali to keep 
the  pH of the reaction mixture constant, has been developed. 

3. The velocity of the reaction decreases with increase of pH according to the equation 

dRG-  R-.G RG- 
dt ha + h# .OH- (k a + k# .OH-)L 

where RG- is the concentration of the reaction product, R -  - - t h a t  of the amino acid anion, G---of 
the aldose; OH-  - - t h e  hydroxyl ion concentration and ha, h B pH independent rate constants. 

4. The rate constant k# is inversely proportional to the rate constant of the primary attack 
of the amino acid on the aldose. The rate of the primary reaction increases with the basicity of 
the amino component in accordance with the HAMMETT relation. 

Rt~SUM]~ 

I. La cin6tique de la r6action entre diff6rentes aldoses, des acides amin6s et des peptides a dt6 
Studi6e. 

2. Une m6thode bas6e sur l 'addition d'alkali maintenant le pH de la r~action constante, pour 
la d6termination des constantes de vitesse, a 6t6 d~velopp~e. 

3. La vitesse de la r6action d6croit quand le pH augmente selon l'~quation 

dRG-  R-.G RG- 
dt k a + h#.OH- (ka + hB.OH-)L 

ou RG-  est la concentration du produit de r6action, R-  --celui  de l'anion de l'acide amin$, G- -de  
l'aldose; OH-  - - l a  concentration de l'ion hydroxyl et ha, kfl des constantes ind6pendantes du pH 

4. La constante k# est inversement proportionnelle ~ la constante de l 'a taclue primaire de 
l'acide amin6 sur l'aldose. La vitesse de la r6action primaire augmente avec la basicit~ du compos6 
amin6 selon la formule de HAMMETT. 

ZUSAMMENFASSUNG 

I. Die Reaktionskinetik der Einwirkung verschiedener Aldosen auf AminosAuren und Peptide 
wurde untersucht. 

2. Die in dieser Arbeit entwickelte Methode zur Bestimmung der Reaktionskonstanten beruht 
auf der Konstanthaltung des pH des Reaktionsgemisches durch Hinznftigung yon Alkali. 

3- Die Reaktionsgeschwindigkeit f~Lllt mit austeigendem pH gemii~s der Beziehung 

dRG-  R-  G RG- 
dt ha + k 3 .OH- (ha + h fl .OH-)L 

wobei die folgenden Konzentrationen daxgestellt sind: RG-- -Reak t ionsproduk t ,  R - q A n i o n  der 
AminosAure, G -  Aldose, O H - - - H y d r o x y l i o n ,  ha und k 3 sind von pH unabhAngige Reaktions- 
konstanten.  

4. Die Geschwindigkeitskonstante k fl ist der Konstante der Initialreaktion zwischen der Amino- 
sgure und der Aldose umgekehrt proportional. Die Geschwindigkeit dieser Anfangsreaktion wAchst 
mit der AlkalinitAt der Aminogruppe in Obereinstimmung mit der HAMMETT'schen Beziehung. 
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