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While it is now believed that  products of a reaction between the free amino groups 
of amino acids or proteins and reducing sugars may contribute to the desirable colour, 
aroma and flavour of certain processed foods, they are apparently concerned also in the 
deterioration of a number of other food products and the reaction has obvious possi- 
bilities of interest in non-food systems containing protein or protein fragments and 
carbohydrate. 

In recent work on the deterioration of skim milk powder HENRY, KON, LEA, AND 
WHITE 1 obtained clear indications of a reaction between the free amino groups of the 
milk protein and lactose leading to undesirable physical and chemical changes in the 
powder and to a reduced availability to young rats of the lysine present. The use of a 
simpler system than milk powder, however, was essential for further elucidation of the 
changes involved and a general investigation has therefore been undertaken of the 
interaction between proteins and reducing sugars. Casein was chosen as starting material 
for the first experiments, despite its known lack of homogeneity, because it accounts 
for over 80% of the protein of m!lk, and because the quantities of material required 
precluded the use of crystalline ]9-1actoglobulin. This latter protein is present as only a 
very minor constituent of milk protein, and is now itself believed to be heterogeneous. 

Practically nothing appears to have been published on the reaction between protein 
and sugar at low activities of water, and very little on the reaction in solution. SmGA ~, 
in a single experiment with egg albumin and glucose in solution (IOO moles glucose per 
flee amino group) observed only a comparatively slight reaction which increased with 
increasing PH over the range PH 7--9. Several earlier workers had also obtained evidence 
by various methods of a slight combination between glucose or fructose and proteins 
in aqueous solution at PH values more alkaline than 7. PRZYI.ECKI AND CICHOCKA s 
investigated the formation of "covalence-like symplexes" from carbohydrates and pro- 
teins in aqueous solution by allowing protein solutions of 5-7 % concentration to react 
with saturated or half saturated sugar solutions at 5-I2 ° C and at a PH initially of 7-9 
and finally of 9-IO for 2-4 days. A marked proportionality was reported between the 
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lysine content of the protein used and the amount of sugar found in the product after 
precipitation with alcohol. The combination however appeared to be unstable and was 
split at physiological pHS. 

A considerable amount of information is available concerning the reaction between 
amino acids or simple peptides and sugars in solution, but is often conflicting. Evidence 
for combination has been obtained by cryoscopic, optical rotation and electrometric 
titration methods, as well as by the loss of VAN SLYKE nitrogen and by the increase of 
reducing power towards methylene blue or 2 : 6 dichlorophenolindophenol. The reaction 
is slow and does not approach completion even after many hours at laboratory tem- 
perature. At high concentrations and temperatures extensive secondary reactions occur 
leading to the production of complex, highly coloured substances of high molecular 
weight ("melanoidins"), and eventually to charring and the copious evolution of gas. 

Evidence as to the effect of Pn on the rate of reaction has been conflicting. Some 
of the earlier data show a marked optimum in the region of Pi~ 7 -84' 5, while others 
indicate a continued increase in the rate of reaction with increasing alkalinity 6, 7 
SHIGA 2 concluded that the amount of combination of amino acid with glucose increases 
with the PH value, while that of di- or tripeptides with glucose has an optimum at 
PH 7 or 8. FRANKEL AND KAICHALSKY 8 found that the percentage combination at equili- 
brium of glucose with glycine ranged from zero at PH 6 to over 80% at PH io  and above, 
while for leucylglycine the corresponding PH values were 7 and 11.5, no PH optimum 
being observed in either case. 

Free amino groups are not the only reactive centres in the protein molecule which 
might combine with aldehyde groups. With cysteine in aqueous solution, for example, 
the SH as well as the NH 2 group has been shown to react with glucose to give a fairly 
stable thiazole ring compound which has been isolated g, to 

METHODS 

Sodium caseinate 
Casein was prepared  f rom fresh,  u n h e a t e d  cow's  milk,  a f t e r  cen t r i fuga l  s epa ra t ion  of the  cream,  

by  the  m e t h o d  of COHN AND HE.DRY n,  which  avo ids  exposure  to organic  so lven t s  or to a lka l ine  
condi t ions .  Af ter  p rec ip i ta t ion  a t  PH 4 .6 and  washing ,  the  isoelectric casein was dispersed aga in  by  
the  slow addi t ion,  wi th  s t i rr ing,  of  sod ium hydrox ide  to PH 6.3, and  the  " s o l u t i o n "  cJ refully dried in 
the  frozen s t a t e  unde r  h igh  v a c u u m .  The  p roduc t ,  a f t e r  r emova l  f rom the  d r y i n g  t r a y s  was held 
o v e r n i g h t  in a n  a t m o s p h e r e  a t  6o % R.H. ,  b roken  down and  mixed  by  ve ry  br ief  ag i t a t i on  wi th  the  
s t a in less  steel  b lades  of a WARI~G blender ,  and  s tored in sealed con ta ine r s  a t  - 2o  ° C un t i l  requi red .  
The  sod ium case ina te  t h u s  prepared  cons is ted  of l igh t  whi te  g l i s ten ing  flakes which  were readi ly  
dispersible  in wate r .  

Casein-glucose mixtures 
For t he  p repa ra t i on  of ' d ry '  case in - sugar  r eac t ion  m i x t u r e s  pa r t  of  the  s tock  sod ium case ina te  

was d ispersed  in wa te r  to a 2 % solut ion,  glucose was added  in q u a n t i t y  e x a c t l y  e q u i v a l e n t  to the  
d e t e r m i n e d  free a m i n o  N c o n t e n t  of  the  pro te in  (ca I 1% by  weigh t  of  the  a n h y d r o u s  prot~,in) and  
the  l iquid,  a f t e r  cooling to o ° C, was shock  frozen by  rapid  e v a p o r a t i o n  in the  freeze-drier.  In  some  
cases  the  PH of the  l iquid was a d j u s t e d  to some desired figure by  the  add i t i on  of HCI or N a O H  before 
dry ing .  Af te r  f reeze-drying the  samples  were held a t  o ° C in an  a t m o s p h e r e  a t  56 % R.H.  (corre- 
spond ing  to a p p r o x i m a t e l y  6o % R .H .  a t  2o ° C) for 2 days  to reduce  mois tu re  changes  du r ing  sub-  
s e q u e n t  hand l ing ,  and  mixed  in the  WARING b lender  before use. Owing  to the  re la t ive ly  e n o r m o u s  
surface  area  exposed  by these  p roduc t s  t h e y  could read i ly  be equ i l ib ra ted  wi th  a n y  desired a t m o s p h e r e .  

Equilibration to known water-vapour pressures 
Since it  was considered l ikely t h a t  the  influence of wa te r  on chemica l  r eac t iv i ty  w i th in  the  s y s t e m  

would be conm'c ted  more  closely wi th  the  a c t i v i t y  of wa te r  as ind ica ted  by vapou r  pressure  measure -  
m e n t s  t h a n  wi th  to ta l  wa te r  c o n t e n t  as de t e rmi ned  by  some  a rb i t ra r i ly  chosen  hea t ing  or d ry ing  
m e t h o d ,  s torage  condi t ions  have  been  defined, whereve r  possible,  in t e r m s  of the  vapou r  pressure  oi 

References p. 324/325. 



VOL. 3 (1949) REACTION BETWEEN CASEIN AND GLUCOSE 3 1 5  

the  m a t e r i a l  expressed  as percentage  re la t ive  h u m i d i t y .  Since, moreover ,  t he  r a t e  of t rans fe rence  of 
mo i s tu re  f rom e n v i r o n m e n t  to sample  or v ice-versa  ha s  a m u c h  smal le r  t e m p e r a t u r e  coeflficient t h a n  
have  t he  chemica l  r eac t ions  u n d e r  i nves t iga t ion  the  sample  was  usua l ly  equ i l ib ra ted  over  di lute  sul-  
phur ic  acid solut ion to the  requi red  mois tu re  c o n t e n t  a t  a low t e m p e r a t u r e  pr ior  to s torage  a t  a 
h igher  t e m p e r a t u r e .  

The  pressure  of  w a t e r - v a p o u r  over  so lu t ions  of  su lphur ic  acid of k n o w n  concen t r a t i on  changes  
regu la r ly  wi th  the  t empe ra t u r e ,  and  t he  m a g n i t u d e  of the  effect  is c o m p a r a t i v e l y  small .  Prote ins ,  
however ,  show so m a r k e d  a change  in capac i ty  for ' b ind ing '  wa te r  wi th  change  in t e m p e r a t u r e  t h a t  
some p re l imina ry  inves t iga t ion  wi th  the  e x p e r i m e n t a l  ma te r i a l  to be used was necessary .  

The water-relations of the casein-glucose system 
I nves t i ga t i on  of the  wa te r  re la t ions  of the  casein-glucose s y s t e m  was compl ica ted  b y  t he  neces-  

s i ty  for equ i l ib ra t ing  the  samples  suff icient ly rap id ly  to avoid  changes  resu l t ing  f rom c o m m e n c e m e n t  
of  the  amino -a ldehyde  and  i ts  s econdary  react ions .  Th i s  m e a n t  the  use of sma l l  we igh ts  and  l a rge  
surface  areas,  which  mi l i t a t ed  aga i n s t  the  a t t a i n m e n t  of  a h igh  degree of accuracy .  The  d a t a  g ivon 
in Fig. x were ob ta ined  by  b r ing ing  the  weighed samples  of  casein-glucose in to  equ i l ib r ium first w i th  
a n  a t m o s p h e r e  of 85 % R.H.  and  s u b s e q u e n t l y  wi th  the  requi red  re la t ive  h u m i d i t y  a t  to  ° C. Dur ing  
the  2 or 3 days  requi red  for th i s  process chemica l  change  was  negligible.  The  samples  were t h e n  t r ans -  
ferred to a t m o s p h e r e s  a t  37 ° C so chosen  t h a t  on ly  a ve ry  sma l l  fu r ther  q u a n t i t y  of wa te r  would be 
g iven  up,  and  weighed in situ a t  in t e rva l s  up  to 48 
hours .  F r o m  the  curves  ob ta ined  by  p lo t t ing  change  in  
weight  aga ins t  t ime  a correct ion for a n y  loss of volat i le  
m a t t e r  due to c o m m e n c e m e n t  of  the  chemical  r eac t ion  
could be made .  In  general ,  t he  correct ion was zero or 
ve ry  sma l l  for the  dr ies t  samples ,  b u t  was qu i te  appre-  
ciable in the  region of m a x i m u m  reac t ion  veloci ty  (ca 
7 o %  R.H.) .  The  mois tu re  con t en t s  of the  var ious  
samples  were t h e n  ob ta ined  by  re la t ing  t h e m  to the  
or iginal  ma te r i a l ,  t he  wa te r  c o n t e n t  of  which  was 
found  by  d ry ing  in vacuo  over  a n h y d r o n e  (magnes i um 
perchlorate)  a t  o ° C for 3 weeks  and  t h e n  a t  37 ° C to 
c o n s t a n t  weight .  

A t  t e m p e r a t u r e s  above  37 ° C the  ra te  of  chemi-  
cal change  was so g rea t  t h a t  adso rp t ion  d a t a  could 
no t  be ob ta ined  direct ly .  T he  i so the rms  required a t  
55, 7 ° and  9 °0 C were therefore  der ived wi th  sufficient  
accu racy  f rom those  a t  xo and  37 ° C by  the  ex t rapo la -  
t ion of  isosteres  on  a logar i thmic  plot  xt. W i t h  the  a id  of  
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Fig. I. The  re la t ion  be tween  wa te r  con-  
t e n t  and  equ i l ib r ium re la t ive  h u m i d i t y  
for the  casein-glucose s y s t e m  a t  PH 6.3 

the  appropr i a t e  i so the rms  samples  of  casein-glucose could be a d j u s t e d  a t  xo ° C to wa te r  c o n t e n t s  
which  would be in equ i l ib r ium wi th  a wide range  of a t m o s p h e r e s  a t  h igher  t e m p e r a t u r e s ,  and  the  
ini t ia l  s tages  of the  reac t ions  would no t  therefore  be compl ica ted  by  unneces sa ry  ga in  or loss of  water .  

Storage 
a) Constant relative humidity. M a n y  of the  e x p e r i m e n t s  were carr ied ou t  in a room wi th  rap id  

air  c i rculat ion,  t he rmos t a t i c a l l y  control led a t  37 -[- o . I°  C. Six or e igh t  2oo m g  samples  in  th in-wal led  
glass  tubes ,  a f t e r  equ i l ib ra t ion  a t  xo ° C were s toppered,  hea ted  rap id ly  to 37 ° C, opened  and  t r an s -  
ferred to a i r t i gh t  jars  con ta in ing  su lphur ic  acid p roduc ing  the  requi red  re la t ive  h u m i d i t y .  A s imi la r  
t e chn ique  was employed  for s torage  a t  28.5, 2o, xo and  o ° C. 

The  e x p e r i m e n t s  a t  55 ° C[7o % R .H.  and  7 °0 C]7 o % R.H.  were carr ied ou t  in an  a i r t i gh t  jar  
pa r t l y  failed wi th  sod ium n i t r a t e  solut ion of su i tab le  s t r eng th ,  and  m a i n t a i n e d  a t  r eac t ion  t e m p e r a t u r e  
b y  to ta l  immer s ion  in a wa te r  t h e r m o s t a t .  The  samples ,  a f te r  a d j u s t m e n t  to the  correct  mo i s tu re  
c o n t e n t  a t  xo ° C were compressed  aga ins t  the  f iat  b o t t o m s  of t he  t ubes  to improve  t h e r m a l  c o n t a c t  
wi th  the  glass, and  rap id ly  hea t ed  by  pa r t i a l ly  i m m e r s i n g  the  tubes  in the  s o d i u m  n i t r a t e  solut ion.  
A th in  film of Silicone grease on  the  ou t s ides  of  the  t ubes  p reven ted  'c reeping '  of the  sa l t  so lu t ion  
in to  the  conten ts .  

b) Constant moisture content. Samples  of  ioo  m g  each,  wi th  mois tu re  c o n t e n t s  a d j u s t e d  to 6.o, 
xo. 3 and  z3.9 %, were hea t ed  in closed con ta ine r s  in which  the  free space was  so sma l l  t h a t  i t  could 
be s a t u r a t e d  a t  reac t ion  t e m p e r a t u r e  by  the  evapora t i on  of less t h a n  2 % of the  wate r  p re sen t  in the  
mater ia l .  A t  37 ° C the  ma t e r i a l  was  packed  into glass spec imen  tubes  of vo lume  a p p r o x i m a t e l y  2 ml,  
closed wi th  rubbe r  s toppers  a n d  sealed wi th  wax ;  a t  7 ° and  9 o ° C  i t  was  compressed  in to  discs  
a p p r o x i m a t e l y  2 cm in d i a m e t e r  and  o. 5 m m  th ick  be tween  two shee ts  of pure  t in  foil wh ich  were t h e n  
sealed by a tr iple fold a long the  open  edges.  T h i s  l a t t e r  t ype  of package  was used because  it  no t  
on ly  had  a smal l  i n t e rna l  vo l ume  b u t  could also be hea t ed  rap id ly  be tween  two h e a v y  copper  blocks 
(ca 3 kg each) con ta ined  in a n  electr ic oven.  Bo th  blocks were drilled for t h e r m o m e t e r s  and  the  uppe r  
carried an  insu la ted  hand le  to faci l i ta te  rap id  m o v e m e n t .  Af ter  h e a t i n g  for t he  desi red period t he  
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/o i l -wrapped s amp le  was removed,  chilled lx:twt, en  cold me ta l  blocks and  weighed (for e s t ima t i on  
of h)ss of mois ture)  prior  to chemical  e x a m i n a t i o n .  Th i s  t echn ique  is an  a d a p t a t i o n  of t h a t  employed  
by WRIGHT 13 in an  inves t iga t ion  of the  effect of hea t  on the  solubi l i ty  of mi lk  powder.  
Estimation of free amino groups 

The  d e t e r m i n a t i o n  of free amino-N was carr ied ou t  by the  maxlometric  me thod  t)f VAN SI.YKE 
accord ing  to the  procedure  p rev ious ly  descr ibed la, e m p l o y i n g  a reac t ion  t ime  (,f 3 ° m i n u t e s  a t  2o ~" t." 
and  a correct ion of "-2 mg a m i n o - N / g  total  N to allow h)r comple t ion  ¢,l the  react ion.  The  (Irv 
s ample  was usua l ly  dispersed by ' w e t t i n g '  wi th  I ml of glacial aor t ic  acid in the  gradt,  a ted  cup ot 
the  a p p a r a t u s ,  followed i m m e d i a t e l y  by  d i lu t ion  wi th  wa te r  and  wash ing  into the  react ion chamber .  
There  was no evidence  t h a t  th i s  procedure  caused a n y  l ibera t ion  of combined  a m i n o  gmut)s .  Alter-  
na t iwqy ,  the  s a m p h '  was dispersed in wat(.r by, s tan( l ing  for three  hours  in a 5 ml cup  tittc(1 with a 
tap,  t h r o u g h  which  the  v iscous  so lu t ion  could be d r awn  into the  a t )para tus .  Th i s  m e t h o d  was used,, 
a f t e r  a p r e l imina ry  sh redd ing  wi th  scissors,  for the  th in  discs of compressed  mate r ia l  t)roduced by 
the  copper  block t ( 'chnique.  

Measurement of colour 
The  s tored s amp l e s  were packed in a s t anda rd i zed  m a n n e r  into smal l  porcelain d ishes  an(i 

e x a m i n e d  in the  LOVIBOND-SCHoFIELD T i n t o m e t e r .  I l l umina t i on  was by C.I .E.  S t anda rd  I l l u m i n a n t  B, 
cons i s t ing  of gas-filled me t a l  f i l ament  l a m p s  ope ra t i ng  a t  a colour t e m p e r a t u r e  of  28480 K, used  in 
c o m b i n a t i o n  wi th  the  specified colour  filter so lu t ions .  Li t t le  use of the  o b t u r a t o r  vane  was necessary  
over  the  l imi ted  range  of b r igh tness  encoun te red  in the  e x p e r i m e n t s  and ,  for s impl ic i ty ,  colours  have  
been recorded as the  s u m  of  the  yellow and  red un i t s  used.  

R E S U L T S  

CHANGES IN FREE AMINO-N 

Effect o/activity o/water on reaction velocity 

The results summarized in Figs 2A and 2B were obtained in two experiments 
covering respectively 0-64 and 0-2 days at 37 ° C. In the first, casein-glucose weighed 
at 60% R.H. was adjusted to the required moisture contents and relative humidities 
without any pre-treatment. Some of the samples therefore reached equilibrium by 
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Fig. 2. The  re la t ion  be tween  a c t i v i t y  of wa te r  and  loss 
of  free a m i n o - N  in t he  casein-glucose s y s t e m  a t  37 ° C 
and  PH 6.3. A and  B were ob ta ined  w i t hou t  p re -ad jus t -  
m e n t  of  wa te r  con ten t ,  C and  D by d e h y d r a t i o n  (conti- 

nuous  line) or h y d r a t i o n  (broken line). 

hydration, and some by dehydration. 
It is known that a number of proteins 
display a slight hysteresis between 
I5 and 65 %15, material equilibrated 
by dehydration retaining appreciably 
more moisture than similar material 
equilibrated to the same relative 
humidityby hydration. In thesecond 
experiment, therefore, the casein- 
glucose was roughly equilibrated at 
13-15% R.H. before adjustment to 
the required value, so that all the 
samples attained equilibrium by ab- 
sorption o f  w a t e r ;  t h e  d a t a  f o r  I a n d  

2 d a y s  in  F i g .  2 B  a p p e r t a i n  t o  t h i s  

e x p e r i m e n t .  N o  m a j o r  d i s c r e p a n c y  

b e t w e e n  t h e  r a t e s  o f  r e a c t i o n  in  t h e  

t w o  s e r i e s  o f  s a m p l e s  is  a p p a r e n t .  

W h i l e  t h i s  w o r k  w a s  in  p r o g r e s s ,  

t h e  d a t a  o f  MELLON, KORN,  AND 

HOOVER TM appeared, according to which the hysteresis  water of isoelectric casein, which 
can amount  to as much as 2 % at 51% R . H . ,  is still  present to the extent  of approximate ly  
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1.2 % at 6 % R.H. and requires virtually complete drying for its removal. A double range 
of samples was therefore prepared from a fresh preparation of sodium caseinate for a 
third experiment. For the dehydration series, the weighed samples of casein-glucose 
were equilibrated at lo°C and 85% R.H. before adjustment to the correct moisture 
contents and transference to 37 ° C for storage at the required relative humidities. For 
the hydration series, the casein-glucose was dried as intensively as was practicable 
without inducing chemical change (anhydrone in vacuo for several weeks at o°C 
followed by 4 days at 20 ° C) before adjustment of the moisture contents at IO ° C and 
storage at 37 ° C. 

Changes in free amino-N during storage of the dehydration and of some of the 
hydration materials are shown in Fig. 2C ; the remaining hydration curves are omitted for 
the sake of clarity. While the behaviour of dehydration and hydration samples on storage 
was not identical (Fig. 2D), the differences were considered to be of doubtful significance 
and it was concluded that the rate of disappearance of the protein amino groups was 
mainly determined by the equilibrium relative humidity of the system and was not 
seriously influenced by the route by which equilibrium had been attained. Measurement 
of the weight of the samples at intervals during storage failed to indicate any consider- 
able difference between the water contents of the corresponding hydration and dehy- 
dration materials. It  must be borne in mind, however, that any conversion of glucose 
from the hygroscopic supercooled "glass" to the comparatively non-hygroscopic crystal- 
line form, which might occur as a result of exposure to a moist atmosphere, would tend 
to counterbalance the effect of hysteresis in the protein. 

To obtain 0% R.H. the casein-glucose was dried over anhydrone at o ° C for several 
weeks before storage over anhydrone at 37 ° C. A sample dried for a shorter period and 
stored over 'concentrated' sulphuric acid, which also should provide an atmosphere of 
virtually o % R.H., showed an appreciably higher rate of reaction, thereby emphasizing 
the difficulty of removing chemically active water from the nearly dry protein. Toluene 
and chloroform were present in the atmospheres of the vessels containing the IOO, 96 ¼, 
92 ½ and 9o% R.H. samples, in order to retard microbial attack. In separate runs at 
85% R.H. with and without the antiseptic no difference in reaction rate attributable 
to its presence could be detected. The 'IOO%' R.H. sample, which was stored over 
water, was still absorbing water at the end of the experiment. The low reaction rate 
observed for this material (Figs 2A and 2B) must, therefore, have been too high. A 
sample stored in concentrated aqueous solution in the presence of toluene showed a 
very slow and approximately linear increase in free amino N, presumably as the result 
of hydrolysis. 

The results at 92 ½ % R.H. and below disclose a relatively rapid initial drop in amino- 
N, varying greatly in rate and extent with relative humidity, and failing away after 5-15 
days to a slow drift downwards. The data at 96 ¼ and lOO% could not be completed 
because of the appearance of signs of microbial attack, but  showed a much slower 
initial rate of reaction. Figs 2B and 2D, in which the reduction in free amino N after 
various periods of storage has been plotted against the relative humidity of the atmos- 
phere in equilibrium with the sample, show that the initial rate of combination of the 
free amino groups of casein with glucose displays a comparatively sharp maximum in 
the region of 65 or 70% R.H., and falls away at higher and lower humidities. At low 
moisture contents the reaction slows down or stops after only a small proportion of the 
free amino groups have reacted. 
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Effect of Pn 

Port ions of the stock sodium caseinate (PH 6.3), after dispersal in water and the 
addit ion of one equivalent  of glucose, were adjusted to PH values in the regions of 2, 3, 
4 .6, 7, 8, 9 and IO, shock frozen, freeze dried, equilibrated at o or io ~ C, and stored at 
37°C and 55 or 70% R.H. Sodium hydroxide solutions were used for corltrolling the 
vapour  pressures of the more alkaline samples. Control samples of protein alone at 
PH 3, 9 and IO, without  glucose, remained unchanged in free amino group content  during 
storage for over 2 months  at 37°C and -/o°~/o R.H. A decided tendency was noticed, 
however,  for the amino-N content  of the most  acid samples, before storage, to be 
higher than the normal  initial value of 53-55, and the rate of combinat ion of protein 
and  sugar at  PH 2 could not  be determined with any  accuracy, since at this acidi ty  the 
apparen t  free amino content  of a casein-glucose mixture (as well as of casein alone) 
increased during storage at 37 ° C and 55°./o R.H.,  possibly as a result of the conversion 
of anaide groups to ammonia  which is known to interfere with the VAN SLYKE deter- 

TABLE I 
T H E  E F F E C T  O F  P H  O N  T H E  R A T E  O F  L O S S  O F  F R E E  

A M I N O - N  I N  C A S E I N - G L U C O S E  A T  37°C A N D  5 5  O R  

70% R.H. 

PH 
Initial rate of loss of amino-N* 

55 % R.H. 

3 .0 4 
4.6  ---- 
6.3 35 
7.0 41 
8.0 55 
9 .0 53 

i o .o  63 

7 ° ''.,o R.H. 

7 
I 4  

44 
68 
71 

* Reciprocal of the number of days required for reaction of 20% of the free amino-N × roo 

minationlL Correction for the 'b lank '  determinat ion without  glucose indicated a rate 
of reaction at Pn 2 even slower than  the already slow rate obtaining at Pn 3 and 55% 
R.H.  Measurement of the rate of reaction between casein and glucose at Prt 4.6 and 70% 
R.H.,  was also unsat isfactory owing to the impossibility of making an int imate homo- 
geneous mixture  as casein is vir tually insoluble at this PH, and the value obtained may  
be low. 

Table I shows tha t  the initial reaction between casein and glucose is compara t ive ly  
slow under  acid conditions, and increases with increasing Pn at least as far as Pit 8. 
The course of the reaction beyond  this point was difficult to ascertain by  the technique 
employed. Storage at 55% R.H. for example showed, in one experiment,  a much slower 
rate of increase (Table I), and in another  even a slight falling off in reaction rate between 
PH 8 and IO. The freshly prepared materials at  PH 9 and io, however, possessed appre- 
ciably lower initial amino-N values than did the samples at  Pu 6.3, 7 and 8, and if the 
experimental  da ta  were corrected on the assumption that  the difference in initial values 
(2 ½ and 4 units in the case of the Pri IO samples) represented reaction of very labile 
groups during preparat ion then a comparat ively  smooth extension of the PH 3-8 curve 
was obtained. 
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At 70% R.H. much larger decreases in reaction rate above p~ 8 were observed and 
when combination became very slow after about 30 days at  37 ° C the amino-N content 
of the PH 9 and PH IO samples had  only fallen by  some 26 and 19 units respectively, 
in place of the 34 units observed at PH 6.3, 7 and 8. Considerable losses of free amino-N 
observed in samples at PH 9 and IO during preparation and equilibration prior to storage 
were again suggestive of a very rapid reaction at alkaline PH of some of the free amino 
groups present. 

I t  seems reasonable to conclude therefore, on the evidence available, that  the rate 
of combination of the free amino groups of casein with glucose probably continues 
to increase with increasing alkalinity beyond PH 8, although the methods used were 
unable to establish the point with certainty. 

Effect of temperature 
Casein-glucose, pre-dried to 13% R.H. for four days at o ° C before adjustment  at  

i o ° C  to the required moisture content, was held in equilibrium with an atmosphere 
of 7o% R.H. at temperatures of o, IO, 2o, 28.5, 37 and 55 ° C, as described above, and 
examined at intervals for free amino-N content and for colour. Above 55 ° C the reaction 
became so rapid that  appreciable errors could be introduced during the brief t ime 
required for the samples to at tain reaction temperature and to adsorb or desorb any 
small quantities of water necessitated by  slight errors in the isotherms. A further ex- 
periment was, however, performed at 7 °0 C to obtain a figure of less accuracy. 

When the results were plotted it was found that  all the curves of amino loss against 
t ime were of the same general shape and tended to the same final value. The rates 
could therefore be compared quite adequately by  considering only the initial reaction 
rate determined by  drawing the tangent at zero time to the smoothed curve. A number  
of readings were taken at short reaction times to ensure the accuracy of the initial por- 
tion of the curve. The values for the initial rate, expressed as % loss of amino-N per 
hour, were o ° C-o.ooi5; IO ° C-o.oo67; 2o ° C-o.o34; 28.5 ° C-o.2I ; 37 ° C-o.7I;  55 ° C-9.3; 
7 °° C-58. 

A second series of samples was heated at constant moisture content, par t ly  for 
comparison with the constant relative humidity results and part ly  because this system 
was the only practicable one at the higher reaction temperatures. The casein-glucose 
was first dried over magnesium perchlorate at 1o ° C, equilibrated at I o °C  to three 
different moisture contents of 6.0, lO.3 and 13.9% and then heated at 37°C in glass 
tubes or at 7o or 9 °° C between copper blocks as previously described. The accuracy 
of the method at high temperatures was limited by  the fact that  the tinfoil packets 
allowed small losses of moisture over long periods, and by  unavoidable errors of the 
order of + 5 seconds in the time and 4- o.2°C in the temperature of heating. Each 
reading, however, was taken in triplicate, and the general agreement was found to be 
good. Smooth curves were plotted and the initial rates determined as before. Casein 
heated alone at 9 °0 C for one hour under the conditions of the experiment showed no 
significant loss of amino-N. 

The results of the two experiments are summarized ill the ARRHENIUS plots of 
Figs 3 A and 3B, and the following conclusions can be drawn. 

a) The data at constant relative humidity show a good straight line relationship, with a 
temperature coefficient of 5.4 between 15 and 25 ° C, or 3.6 between 6o and 7 °0 C. A value of 
29 ooo cal for the apparent  energy of activation can be deduced from the slope of the graph. 
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Fig. 3. The relation I~tween temperature and 
the initial rate of loss of free amino-N in casein 
glucose (A) at a constant relative humidity of 

o/ 7 ° /o  and (]3) at constant water contents of 
6.0, IO. 3 and 13.9 %. (Rate is measured in % 
loss of free amino-N per day. Figures on graph 
(B) are the approximate relative humidities at 

the specified temperatures). 
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Tom~Oture °C 
b) Whereas at 37 ° C the sample con- 

! 

ta in ing  13.9% of moisture reacted fastest, 
and  that  conta in ing  6.o% was slowest, the 
opposite applied at 0o ~ ('. At 7 °° C the 

o/ lO.3 ,,, sample was faster than the other 
two. These apparent  discrepancies dis- 
appear  if the actual  relative humid i ty  at 
the tempera ture  of reaction is considered. 
The figures obta ined  from the isotherms 
(derived by extrapolat ion from data  at io  
and  37 ̀o C) are shown against  the individual  
points  in Fig. 3 B, and al though these values 
can only be approximate  they suffice to 
show that  at high as well as at low tempe- 
ratures the m a x i m u m  reaction rate occurs 
in the region of 65% R.H. and  falls away 
at  humidi t ies  above and below this value. 

c) The react ion rates at  70 and  9 °0 C are sufficiently consistent  with those observed 
at lower tempera tures  to indicate tha t  the rate increases uni formly  with tempera ture  
from o to 9 °0 C. 

CHANGES IN COLOUR 

The effects of the ac t iv i ty  of water  at  a cons tan t  Pn of 6.3, and  of the PH of the 
system at  activit ies of water  corresponding to 7o% R.H.,  on the development  of a 
b rown discoloration in casein-glucose at  37 ° C are shown in summarized  form in Table II .  
The development  of colour in all cases was preceded by a lag period which became pro- 
gressively shorter  with increasing R.H. or PH. This lag period was followed by an  ini t ial  

TABLE II 
THE EFFECT OF ACTIVITY OF WATER AND OF P H  ON THE DEVELOPMENT OF COLOUR IN CASEIN-GLUCOSE 

% R.H. (at PH 6.3) 2 i 64 - 

2O 

4 ° 
55 
7 ° 
85 
92½ 
961//4 

PH (at 7 o% R.H.) 

3.O 
4.6 
6.3 
7.0 
8 .0  
9 .0  

I 0 . 0  
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I 

O.I 
0 .2  

Lovibond Y + R units after days at 37 ° C 

I 8 i6 .32 4 L 

- -  O.O 
O.I  [ 0 . 8  
o.i 0.8 
o.i 0.8 

O.O O.I  
O.I ().~ 
0.8 1.9 
1.9  3-7 
1-9 3.3 
2 . I  

O.O 
0. 4 
0 . 8  

O.I 
0 .2  
O.I 
O. 3 
0. 7 
1.2 
I .  7 

o.2 0. 5 
0. 4 T .0 
0.9 T .8 
I . I  2 .0  
1.6  2.. t 
2 .2  3 . o  
2 . 6  3 .4  

I 

I 0 .2  
o . 6  

I" 5 
0-. 7 

L 
! 

I . I  
1 .9 

i 2 . 6  
2.9 
3.4 
3.8 
4"4 
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rate of development of colour which was more rapid the higher the R.H. or PH but 
which tended to fall away progressively with time, except under very acid conditions 
(PH 3 and 4.6) when the rate of increase of colour appeared to be almost linear. The 
development of colour by protein in tlae absence of sugar under the conditions of the 
storage experiments was negligible. 

The colour data show no sign of the comparatively sharp maximum in initial 
reaction velocity observed in the region of 65 or 70% R.H. for the disappearance of 
free amino-N (Fig. 2). Instead, colour development was approximately twice as rapid 
at 85, 92 ½ and 96 ¼%, the highest humidities at which it could be measured, as at 
70% R.H. The measurement of colour became increasingly less satisfactory at humi- 
dities higher than 85 %, owing to changes in physical structure of the material leading 
to shrinking and 'stickiness'. 

Table II shows that at 37°C and 70% R.H. the rate of discoloration increased 
continually with increasing PH from 3 to IO. At 55% R.H. results were generally similar, 
the rates at PH 3, 6.3 and xo being of the order of 45, 65 and 80% respectively of the 
corresponding rates at 70% R.H. 

The effect of temperature cannot be reported in detail, the different physical states 
of the samples after the various temperature treatments rendering accurate colour 
comparison difficult. I t  was evident, however, that  the progressive increase in rate of 
colour development with increasing water content occurred at all temperatures, the 
samples containing 13.9% water discolouring more rapidly than those with lO.3 and 
6.0% even at 9 °0 C, where the 6 % sample showed the most rapid loss of amino-N. At a 
constant relative humidity of 70% the temperature coefficient was of the same order 
as that  for the disappearance of the amino-N, and the initial lag period persisted at all 
temperatures. There was some indication, however, that  the temperature coefficient 
was slightly higher than for the amino reaction, and that  the lag period was relatively 
slightly less at the higher temperatures. 

CHANGES IN SOLUBILITY 

In the case of the reaction between reducing sugars and dialysed milk proteins 
at 37 ° C ~s it was observed that  after a brief initial lag period the protein rapidly became 
insoluble. The casein-glucose complex on the other hand has a definite affinity for water 
even when deterioration is marked and considerable colour has developed. Samples 
with more than half their free amino-N remaining were found to be completely soluble 
at a concentration of 5 %, and even after long storage at 37 ° C the material could still 
be reconstituted to a viscous gel. After very long storage at high temperatures however 
(e.g., 8o minutes at 9 o0 C) water imbibition was slow even in the presence of acid, and 
for practical purposes the material could be regarded as being insoluble. The relationship 
of the development of insolubility to the amino-reducing sugar reaction is being further 
investigated. 

DISCUSSION 

In all of the experiments it has been considered advisable to base conclusions 
mainly on the earlier stages of the reaction, owing to the probability of partial destruc- 
tion of the glucose by side or consecutive reactions on continued storage, and to the 
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possibility of interaction between protein amino groups and sugar degradation products. 
The most striking feature of the reaction between casein and glucose appears to 

be the nature of its dependence on the activity of water in the system, whereby a 
maximum rate is observed at a moisture content corresponding to an atmospheric 
humidity in the region of 65 or 70%, while the change is very slow at very low or very 
high humidities. Since a mild dehydration t reatment  only could be applied to the casein- 
glucose mixture it seems quite likely that  the small initial reaction observed at 0% R.H. 
(Fig. 2) was due to water still retained by the protein and that  the reaction rate in the 
absence of moisture would be zero. As the water content increased the rate of the initial 
reaction and the ex ten t  of the change before the reaction slowed down or stopped both 
increased. After passing the opt imum R.H. the initial rate of reaction fell away again 
quite sharply, but the level of amino-N at which the reaction slowed down or stopped 
could not be ascertained in this case because of the onset of microbial decomposition. 

The relative humidity at which the reaction rate reaches a maximum corresponds 
with the end of the approximately linear portion of the adsorption isotherm, above 
which the curve swings steeply upwards (Fig. i). BULI. 15 has suggested, on the basis 
of the general multilayer adsorption theory of BRUNAUER, EMMETT, AND TELLER TM, 

that  this point on the isotherm of proteins represents the completion of a double layer 
of water molecules between the protein planes, and probably also the point at which 
the exposed polar groups of the protein have become saturated with water. Under these 
conditions the force of attraction between the protein molecules will be greatly decreased 
and their capacity for movement  and re-arrangement increased*. As the water vapour 
pressure is further increased the protein will tend to go into solution. MELI.ON, KOR~, 
AND HOOVER le, 2o have recently a t tempted  to carry the mat ter  further by determining 
the proportion of the bound water which is associated with the free amino groups of 
isoelectric casein. They conclude that  at very low water vapour pressures (o-6% R.H.) 
one molecule of water is probably held between two amino groups. As the water vapour 
pressure increases the quant i ty  of water held by the amino groups increases linearly 
to reach saturation of the hydrogen bonding capacity at about 2 ~ molecules, per 
amino group at 60-70% R.H. Above 7o%, and particularly above 80% R.H. there is 
a rapid increase in the water adsorbed on the amino groups, probably by condensation 
of water on the water molecules already bound. A fraction varying from one quarter  
to one third of the total water held by the protein at various humidities was considered 
to be associated with the amino groups, but this included none of the water responsible 
for the phenomenon of hysteresis. 

On the basis of these data is it not dif~cult to account for an increasing rate and 
extent of the reaction between casein amino groups and glucose with increasing R.H. 
up to 65 or 7o%, but less easy to understand the marked falling off in reaction rate as 

* In  this respect  the work  of BARKE;R 91 on the effect of relative humid i ty  on tile t empera ture  
of dena tura t ion  of egg albumin,  and on the effect of dena tura t ion  on the water  relations of a lbumin  
is of interest.  BARKER equi l ibrated his samples  of egg a lbumin  to a wide range of relative humidi t ies  
a t  room tempera ture ,  heated them in sealed tubes  at  6o to 16o ° C for xo or 6o minutes  and deduced 
a s t ra igh t  line relat ionship between the t empera ture  required for denatura t ion  and the relative 
humidi ty .  The samples  were therefore heated a t  cons tan t  moisture  content  and, if allowance be 
made for the large effect of the high t empera tu res  used on the equi l ibr ium R.H. of the system, it 
becomes clear tha t  dena tura t ion  only occurred above 65-7 o % R.H. Recalculation of the data  in 
detail has not, however, been a t t empted ,  since no account  appears  to have been taken in the experi-  
men t s  of loss of water  into the free space above the samples,  which may  have influenced the resul ts  
seriously a t  the higher  tempera tures .  
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the humidity continues to increase beyond this point. I t  may be that a simple dilution 
effect is coming into play after sufficient water has been added to bring all the glucose 
into solution, or that  an increasing thickness of aqueous film is tending to keep apart 
amino and potential aldehyde groups which, while both hydrophylic, have no great 
affinity for one another as evidenced by their slow and incomplete reaction in aqueous 
solution. Separate experiments which showed that the rate of reaction at 7o% R.H. can 
be considerably increased by increasing the concentration of glucose above the level 
employed in these experiments would seem to militate against the simple solubility 
theory. 

The conflicting nature of the conclusions drawn from previous investigations of 
the effect of p~ on the reactions between sugars and amino acids or peptides in aqueous 
solution has already been commented upon (page 314), and the problem is not sim- 
plified by the substitution of protein for amino acid and of the "dry" state for aqueous 
solution. The term PH itself is of very doubtful significance in the presence of so little 
water, and it has been used in the present work only to indicate the reaction of the 
aqueous dispersion, from which the solid reaction mixture was prepared by freeze 
drying. Inevitably, this value will tend to fall as the strongly basic amino groups react, 
and it may be depressed further by the formation of acidic degradation products from 
the sugar. With protein, however, these changes are comparatively small below PH 8, 
and are unlikely to influence the reaction perceptibly in its earlier stages; at Pa 9 and IO 
a more marked fall in PH commences during drying and continues during storage. T~e 
effect of PH on the reaction between "d ry"  casein and glucose differs from that found 
by FRANKEL AND KATCHALSKY 8 for amino acids or peptides and glucose in aqueous 
solution in that it proceeds at a very appreciable rate even under quite strongly acid 
conditions, but is similar in that  it increases with increasing PH at least as far as PH 8, 
and probably up to PH IO. 

The temperature coefficient of 5.4 between 15 ° and 25 ° C. for the casein-glucose 
reaction is somewhat lower than the value of "a t  least 6" deduced from the earlier 
experiments on the deterioration of stored milk powdel 1, but this latter figure included 
a contribution from a change in relative humidity due to the crystallization of lactose, 
a process which possessed a higher temperature coefficient even than the amino-sugar 
reaction. 

The production of a brown colour from the protein-glucose mixture only when 
loss of free amino groups occurs, and under conditions where protein and sugar alone 
are stable, coupled with the existence of a distinct "lag" in the appearance of colour 
after the fall of amino-N has commenced, supporl; the view that  discoloration results 
from secondary changes in a first formed, colourless protein-glucose complex. The 
maintenance of a high rate of colour production as the relative humidity is increased 
above 70%, while the primary reaction between the amino groups and glucose is slowing 
down, suggests further that  increasing concentrations of water considerably beyond 
7 o% R.H. have an accelerating effect on the secondary reactions leading to discoloration. 
The mechanism of the production of colour will, however, be considered further in work 
on the preparation and properties of the casein-glucose complex now in progress. 

Technical assistance in this work was given by Mr L. J. PARR AND Mr D. N. RI~ODES. 
The work was carried out as part of the programme of the Food Investigation Organiza- 
tion of the Department of Scientific and Industrial Research. 
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SU~IMARY 

I. The reaction between casein and glucose (one molecule per fr(,e amino group of the c;tsein) 
in the "dry" state  has been studied by de terminat ion  of free amino-N and measurement  of chang,.s 
in colour. 

2. The rate of loss of amino-N has tx,en found to depend on the following factors : 
a) I t  is powerfully influenced by the act ivi ty  of w.tter in the system, showing ;, ma x imum at 

water  contents  corresponding approx imate ly  to 65 or 7 ° % relative humidi ty,  and falling away to 
low values a t  very high and very low water  contents.  This relat ionship has been found to apply 
at  37, 7 ° and 9 °0 C. 

b) I t  increases with PH from low values at PH 3 up to PH 8 a t  least, and probal)ly up to PH IO. 
c) I t  shows a progressiw, increase with t empera ture  from o to 9o°C and, when the relatiw, 

humidi ty  is kept  constant  ~tt 7 ° %, conforms to the ARRHEN,US equat ion  with a Q~015-25° c of 5.4- 
3. The development  of colour increases wi th  increase of water  contetlt, PH and  tenli~er;tture. 
4. Possible mechanisms relating the effects of water  to the mul t i layer  adsorpt ion theory  of 

BRUNAUER, EMMETI', AND "I'ELLER are discussed. 

R~SUML." 

I. Nous avons examin6 la r6action entre la cas6ine et la glucose (I nlol~cule par  groupe amin6 
libre de la cas6ine) en 6tat  "see"  par  la d6terminat ion dc l 'azote amin6 libre et  par  lc mesurage des 
changements  de couleur. 

2. Nous avons observ6 que la vitesse des pt, rtes de l'azotc amin6 d6pcnd des facteurs su ivants :  
a) Elle est  pu i s sammen t  influenc6e par  l 'activit6 de l 'eau dans le syst~me. Elle est  au m a x i m u m  

quand le contenu aqueux  correspond ~ une humidit6 relative du 65 ou 7 ° % ; elle est petite quand le 
contenu aqueux  est  tr~s 61ev~ et  quand  il est  tr~s r6duit. Cette relat ion a 6t6 observ6e ~. des temp6ra-  
tures de 37, 7 ° , e t  9 °0 C. 

b) Elle augnlente avec le PH, de pet i tes  valeurs X PIt 3, j u squ ' au  moins "5. PH 8, s inon "~ PH IO. 
c) Elle angmente  progress ivement  a v e c l a  tenxp6rature de o A 9o ° C, et, si l 'humidit6 relative 

reste fix6e X o/ 7 ° ~o. elle est conforme ~. l '6quation d'ARRI-IENIUS avec Q101~-~° c de 5.4. 
3. La coloration augmente  avec l ' augmenta t ion  du contenu aqueux,  du PH et  de la temp6rztture. 
4. Nous examinons  la quest ion des m6canismes possibles qui me t t r a i en t  les effets de l'eau en 

relation avec la th6orie de l 'adsorpt ion mult iples  couches de BRUNAUER. EMMETT ET TELLER. 

ZUSAMMENFASS UNG 

I. Die wechselseitigc Reakt ion von Kasein und Glukose (1 ~Iolekiil per freie Aminogruppe des 
Kaseins) in " t rockenem"  Zustand wurde dutch  Bes t immung  des freien Anlino-Stickstoffs und Messung 
des Farbenwechsels  geprflft. 

2. Es zeigte sich, dass die Vt, rlustgesctlwindigkeit  von Amino-Stickstoff von den folgenden 
Faktoren  abh~.ngt : 

a) Sic wird s ta rk  yon der Wasseraktivit~.t im System beeinflusst, erweist  sich an1 gr6ssten, 
wenn der Wassergehal t  65-7 ° % relat iver Feucht igkei t  entspricht ,  f~,llt auf  kleine \Verte bei sehr  
hohem und sehr  niedrigem Wassergehalt .  Dieses Verh~,ltnis zeigte sich bed 37, 7 ° und 9 °0 C. 

b) Sie steigt  mit  dem pH-\Vert an. von niedrigen Wer ten  l~0i PH 3, his zu mindes tens  PH 8, 
wahrscheinlich bis zu PH IO. 

c) Sie steigt  progressiv an bei Ttmlpera turzunahme yon 0-9 °0 C. und entspricht ,  wenu di,, 
relative Feucht igkei t  kons tan t  bei 7 ° % gehalten wird, dt, r Gh,ichung yon ARRHENII;S rail Q1015-25° c 
von 5.4- 

3. Farbenbi ldung ist gesteigert  bei Zunalune yon Wassergehalt ,  PH und Temt×,ratur.  
4" Eventuelle ~Iech;~nism~.n zur ]~eziehung des \Vass~,r~,ff~,kt~ auf  (lic vielschichtige Adsorptions- 

theoric von BRUNAUER, EMMETT UND TELLER werden erbrter t .  
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