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INTROD UCTION 

In the first pape~ of this series 1 the effects of activity of water, of PH and of tempera- 
ture on the reaction between glucose and the free amino groups of casein were studied. 
A reaction mixture containing glucose and casein in the ratio of one molecule of glucose 
for each free amino group of the protein was used throughout, and comparisons of the 
rates of reaction were mainly confined to the earlier stages of the process in order to 
minimize interference due to side reactions. The effects observed on long storage re- 
mained relatively unexplored, among these being the fact that even under favourable 
conditions, namely at an activity of water corresponding to a relative humidity of 
65 or 7o%, the loss of free amino-N always slowed down or stopped when about 70% 
of the VAN SLYXE nitrogen initially present had disappeared: at lower activities of 
water the proportion was still smaller. 

Attempts have now been made to carry the reaction more nearly to completion 
by simple physical changes in the system. The disappearance of the free amino groups 
of the protein has also been examined in greater detail by means of the fluorodinitro- 
benzene technique of SANGER ~', and information has been obtained regarding the number 
and reactivity of the e- and a-amino groups of casein. A new attack based partly on 
the determination of glucose by use of the highly specific glucose oxidase (notatin) has 
revealed that the sugar is involved to an appreciable extent in changes other than the 
simple condensation with free amino groups. Finally, preliminary observations have 
been made on the behaviour of the protein-sugar complex to hydrolysis by dilute acid 
and alkali. 

EXPERIMENTAL RESULTS 

E~ect o/ re-solution on the rate o] the reaction 

The observed failure of a proportion of the amino groups of casein to react with 
glucose might be due (a) to a lower chemical reactivity of these groups, (b) to steric 
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factors dependent upon the configuration of the protein molecule or the prior intro- 
duction of the carbohydrate molecules already present or (c) simply to the limitation 
of access of the reactive groups to one another in the absence of sufficient moisture. 
If hypothesis (c) were correct re-solution of the reaction mixture after the rate had 
begun to slow down might be expected to increase the extent of the reaction. 

Method 
Sodium caseinate in 2% sointion at  PH 6.3 was mixed with L5 equivalents of glucose (on the 

amino-N basis), frozen by rapid evaporation in glass tubes, and freeze-dried. The dried samples, after 
preliminaxy equilibration to the required moisture content were held at  37 ° C and 2o or 7o% R.H. 
After 6 days under these conditions the contents of a number of the tubes were re-dispersed in water, 
freeze-dried, equilibrated and returned to 37 ° C for a further period. This process of re-dispersion 
and re-drying (which itself had no effect on the free amino content) was repeated once more after 
a total period of I2 days at  37 ° C. In  this way three sets of samples of casein-glucose with o, x and 2 
re-dispersions were obtained, and the progressive loss of amino-N in each was followed by the 
VA~ SLYK~ method. 
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Fig. I. Effect of re-solution after 6 and 12 days on the casein-glucose reaction at  20% (o) or 70% 
(/k) R.H. The suffixes I and 2 indicate that  the sample has been re-dissolved once or twice. 

Results 

The free amino-N values plotted in Fig. I show that, at 2o% R,I-I. the simple 
process of re-dispersion of the solid in water and re-drying brings sugar molecules into 
positions from which they Call attack other amino groups, and thereby progressively 
increases the total reaction. Calculation of the velocity constant of the reaction (assumed 
for this purpose to be of the second order) at the commencement of the experiment and 
immediately after the first and second re-solutions indicates no appreciable falling off 
in the rate of reaction, and shows that the -NH~ groups which combine first with 
glucose are no more reactive than those attacked somewhat later. 

When storage was at 7o% R.H. the effect of the first re-solntion process was very 
small, and of the second virtually nil (Fig. I). I t  appears therefore that the slower 
reaction of the last one third of the free amino groups of the casein may be due rather 
to factors listed under (a) or (b) above than under (c). 
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Effect o~ concentration o~ glucose on the rate and extent o~ the reaction 

As a second possible means of increasing the extent of the reaction between prot~in 
amino groups and glucose, the effect of increasing the concentration of glucose was 
studied. 

Method 

Sodium case inate-g lucose  m i x t u r e s  con ta in ing  from one to  e igh t  equ iva l en t s  of glucose per  fre(' 
a m i n o  group  were p repa red  as descr ibed above  and  held  a t  37 ° C and  7 0 %  R.H.  

Results 

From the results of the amino-N determinations (Table I) it can be seen that a 
considerable increase in the rate of combination of casein with glucose can be achieved 
by increasing the concentration of glucose up to about three equivalents, on the 
amino-N basis, but that  little further improvement is obtainable beyond this point. 
Theoretical implications of these findings are discussed later (page 528). 

The colour estimations (Table I) showed the usual initial 'lag' period during which 
one half to two thirds of the protein amino groups disappeared before perceptible 
discoloration occurred. The brown colour continued to increase in inte.nsity, although 
somewhat more slowly, after the amino-aldehyde reaction had virtually ceased. 

T A B L E  I 

EFFECT OF CONCENTRATION OF GLUCOSE ON THE REACTION WITH CASEIN AT 700//0 R.I-I. 

N u m b e r  of Free  a m ino -N  (as % in i t i a l  value)  r e m a i n i n g  a f te r  days  a t  37 ° C 
equ iva l en t s  

of glucose I 2 I 4 

74 
64 
60 
6o 

41 
41 

I 82 
2 77 
4 73 
8 73 

i o.I  
2 0. I 

4 o.I  
8 o.I 

Colour developed  (Lovibond 

51 
31 
22 
22 

8 i 6  32 

4 ° 33 
19 i i  
io  6 
i o  6 

Y + R units) 

0. I 

O.I  

0 . I  

0. I 

o.I 
o.I 
o.I 
o.I  

0.3 
0. 5 
I.O 
1.2 

I.O 
I. 3 
2.3 
2.7 

1.8 
2. 7 
4.1 
4.6 

Investigation by the use o] 1.2.4-fluorodinitrobenzene 
A specimen of fresh sodium caseinate (C3) and two specimens of the casein-glucose 

complex, prepared as described below, were selected for a more detailed investigation 
by the FDNB method of the loss of protein amino groups. Samples 5D and 3oD 
(Table II) had been stored for 5 and 3o days respectively and the unreacted sugar 
removed. They contained respectively 52o and 95o mg of bound carbohydrate per gram 
of total nitrogen, corresponding approximately to 7 and 13% of the weight of the 
dry material. 

Method 
The m e t h o d  was  essen t ia l ly  as  descr ibed b y  SANGER g and  PORTER AND SANGER 3, and  consis ted 

of r eac t ion  of t he  p ro t e in s  w i t h  the  F D N B  reagent ,  fol lowed by  hydro lys i s  of t he  D N P - p r o t e i n s  
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for 24 hours in 20% (w/w) HC1 and examination of the hydrolysate by  a chromatographic technique. 
The relatively long hydrolysis of the  DNP-protein was found to be essential to ensure t h a t  all 
peptides were completely broken down, the  labile DNP-glycine (estimation of which would demand 
a much shorter period of hydrolysis) having been shown to be absent  by  a preliminary examinat ion 
of a 4 hour hydrolysate. No a t t empt  was made to search for DNP-proline or DNP-hydroxyproline,  
the  other labile derivatives. 

The crude hydrolysate was extracted with ether and the aqueous and ethereal fractions run  
separately on silica gel part i t ion chromatograms. The properties of the  silica are critical; t h a t  used 
was prepared by  Dr SANGER. The caseinglucose samples gave rise during hydrolysis to a considerable 
amount  of humin,  which remained almost entirely in the  aqueous phase and was s ta t ionary on the 
columns used. A small amount  of humin which occasionally passed into the ether phase could be 
readily separated from the DNP-amino acids on an ether column. 

Results 

The main results are summarized in Table II.  
Free e-amino groups o] lysine. The fraction of the hydrolysa.te which on extraction 

with ether remained in the aqueous phase separated into two bands when run on 66% 
methyl ethyl ketone-ether and 15 % butanol-chloroform columns. One of these bands, 
which was brown in colour, was fast on both columns and was discarded as an artefact. 
The other was the typical e-DNP-lysine band (R 0.6 and o.3 in the two solvents) and 
was collected, evaporated to dryness, dissolved in N HC1 and compared colorimetricaUy 
with a standard. For this purpose a Spekker photoelectric absorptiometer with a purple 
eolour filter (No. 6Ol) was used. 

TABLE I I  
DISTRIBUTION OF THE FREE AMINO GROUPS (a) IN FRESH CASEIN AND IN THE CASEIN-GLUCOSE COMPLEX 

Protein 

asein (C3) 

asein-glucose (5 D) 

asein-glucose (3oD) 

Total-NH, by 
VAN SLYKE 

determination 
(b) 

Lysine 
e-NH~ by 
chemical 
analysis 4 

55.1  

16. 7 

4.5 

PDNB da ta  

a-NHs groups 

Band Band 
B (d) C 

Lysine 
e-NH~ 

(c) 

F 
51.o ] 49.5 -b I.O 

- -  I8 .O "~ I .O 

- -  4 . 5  : k  0.5 
L 

Band 
A 

a) As mg-NH, nitrogen]g protein total  nitrogen 
b) 30 minute values 
c) Sum of e-DNP-lysine + half bis-DNP lysine 
d) One half o1 the  measured figure: this band is bis-DNP-lysine 

0.45 

o,I 5 

0.32 0.35 

0.01 0 . I 0  

Total 

I . I 2  

o.26 

The figures shown in column 4 of Table II  are based on readings obtained in this 
way, plus a small contribution from the ether phase as described below. For the native 
casein they are in good agreement within (the experimental error of the method) with 
published figures for direct chemical determination of the lysine content 4, and therefore 
none of the lysine e-NH~ groups can be unreactive to FDNB, as has been found to be 
the case in some proteins a. Moreover, a comparison of the figures in columns 2 and 4 
:shows that  FDNB reacts with all the residual free amino groups of the casein-glucose 
complex available to the VAN SLYKE reagents, and that  the extent of the reaction with 
glucose as indicated by the VAN SLYKE method is the same as that  measured under 
the milder conditions of the FDNB technique (PH 8.5). 
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Free a-amino groups. The ether extract of the hydrolysate when run on a chloro- 
form column showed three distinct bands (besides the usual artefact band which was 
rejected), the R values being: band A, 0.8; band B, 0.2; band C, stationary. 

Band A when run on an ethanol-ligroin column was seen to be composite, containing 
at least three components. 

Band B was identified as bis-DNP-l-lysine by its behaviour on 33 % ether-ligroin 
and glycol-benzene columns, separating from DNP-glycine on the former and from bis- 
DNP-tyrosine on the latter, but from bis-DNP-lysine on neither. 

Band C ran slowly on a 1% butanol-chloroform column; on a 3 % butanol-chloro- 
form column it gave an R value of 0. 4 and appeared to be composite. It  is possible 
that  this band contained decomposition products of the DNP-amino acids in Band A. 

In view of the complexity of the mixture and the relative weakness of the bands, 
detailed identification, of the a-DNP-amino acids present was not attempted. The 
intensities of the corresponding bands in the native and deteriorated proteins (both after 
24 hours hydrolysis) could however be compared colorimetrically, and these figures 
(columns 5, 6 and 7 of Table II) show that  the a-NH., groups as well as the e-NH 2 
groups of casein have reacted with glucose, and that their reactivities are of the same 
order. If the reactivities had been exactly equal the figures for the 5 D casein-glucose 
would have been A, o.16; B, 0.0 4 and C, o.12 (B being proportionately weaker owing 
to the lower probability of a terminal lysine molecule retaining both its amino groups 
flee to react with FDNB), as compared with the observed values of o.15, o.oi and o.Io. 
The experimental values, moreover, are all likely to be slightly low owing to the con- 
siderable effect, on bands as weak as these, of adsorbtion losses on the silica gel - -  the 
effect being most marked with band B which was very faint. 

On none of the columns used could any bands be separated which might correspond 
to lysine substituted on one -NH~ group by a DNP-group, and on the other by glucose 
or its decomposition product. 

The [tee a-amino groups o[ casein. I t  is possible  to ob ta in  f rom the  expe r imen t a l  d a t a  a t e n t a t i v e  
e s t ima t e  of t he  to ta l  n u m b e r  of free a-NHz groups  in na t ive  casein,  if two a s s u m p t i o n s  are  made .  
The  first, based  on the  obse rva t ion  8 t h a t  t he  absorp t ion  spec t ra  of all t he  D N P - a m i n o  acids  so far  
e x a m i n e d  show a p ronounced  m a x i m u m  a t  35 °o  ]k, is t h a t  t he  e x t e n t  of t he  absorp t ion  a t  th is  wave-  
l eng th  p roduced  by  each of the  b a n d s  dissolved in i % N a H C O  3 is a m e a s u r e  of t he  n u m b e r  of  N - D N P  
l inkages.  (The O - D N P  g roup  f rom ty ros ine  which  would in terfere  e was  shown  to t he  a b s e n t  f rom the  
e the r  phase) .  The  second a s s u m p t i o n  concerns  t he  correct ions  to be appl ied  for b r e a k d o w n  dur ing  
t he  d iges t ion  wi th  2 0 %  HC1. Af te r  inspect ion  of t he  figures for t he  pe rcen tages  of t he  va r ious  D N P -  
a m i n o  acids  r ema in ing  af te r  hydro lys i s  3, the  following figures for 24 hour s  hydro lys i s  were adop t ed  
as  r ea sonab ly  r ep resen ta t ive :  b a n d  A 6 5 % ;  b a n d  B 8 5 % ;  b a n d  C 6 0 % .  F igures  incorpora t ing  
these  two a s s u m p t i o n s  can  on ly  be app rox i ma t e ,  b u t  t he  error  is p r o b a b l y  no t  large and  t he  figures 
suffice to show t h a t  the  a - N H  2 con t en t  of casein is ve ry  low - -  of t he  order  of one g roup  per  90000 
molecular  weight ,  which  accoun t s  for a r ead ing  of a p p r o x i m a t e l y  i . I  m g  a m i n o - N  per  g total -N,  
or  c 2 %  of t he  to ta l  con t en t  of free amino-N.  

The  va lues  shown  for bands  A and  C in Table  I I  are  der ived on t he  above  basis ;  for b a n d  13 
t h e y  are  half  t he  expe r i men t a l l y  de t e rmi ned  figure. The  o ther  ha l f  of  th is  l a t t e r  f igure r ep resen t s  
e-NH~ groups  wh ich  ha ve  been inc luded  in the  va lue  shown  in c o l u m n  4, as m e n t i o n e d  earlier. I t  
shou ld  be no ted  t h a t  all a p p r o x i m a t i o n s  used  in in te rp re t ing  the  expe r imen ta l  d a t a  have  been appl ied 
equa l ly  to the  control  casein  and  to the  casein-glucose samples ,  so t h a t  the  rat io  be tween  the  two 
- - w h i c h  represen t s  t he  p ropor t ion  which  ha s  reac ted  wi th  g lucose - -wi l l  be una l te red .  

A completely different sample of casein, prepared in the laboratory from fresh 
milk, gave the same results as the casein (purified from a commercial source) which was 
used in the above-described work. I t  appears likely, therefore, that  the observed distri- 
bution of free a-amino groups is characteristic of the protein. No other investigations 
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publ ished to date give details of an  examina t ion  of casein b y  the F D N B  method,  a n d  
the identif ication of lysine at  the end of a polypeptide chain  also appears to be unique.  

Relationship between the numbers o /pro te in  amino groups and glucose molecules reacting 

The results which have previously been reported wi th  skim milk powder 7 and  dia- 
lysed milk protein  plus lactose or glucose* indicated tha t  for each prote in  amino  group 
inac t iva ted  dur ing  storage very  approximate ly  one molecule of sugar was bound to the 
protein.  The na tu re  of the substrates  used and  the unsat isfactory methods avai lable 
for the de terminat ion  of sugar combined with protein,  however, p revented  a ny  close 
approach to accuracy in the de terminat ion  of this ratio. The ma t t e r  has therefore been 
re- invest igated for the casein-glucose system using glucose oxidase (notatin) as a means  

of differentiat ing quan t i t a t ive ly  between unchanged  glucose a nd  reducing substances  
other t h a n  glucose. 

The properties of the enzyme have been fully described b y  KEILIN AND HARTREE 9, 
who showed it  to be almost  completely specific for glucose. 

Methods 
Sodium caseinate (PH 6"3) was mixed in 2°/o solution with x.o, x. 5 or 4.0 equivalents of glucose, 

freeze-dried, equilibrated to the required moisture content and held at 37 ° C and 7o% R.H. Samples 
taken at intervals were examined as follows. 

I. Glucose by notaJin. The method employed was essentially that of KSlLIN AND HARTIa~Eg, 
the oxygen absorbed being measured manometrically in the presence of ethanol and horse-liver 
catalase to ensure destruction of the hydrogen peroxide produced in the reaction. Neither protein 
nor any other component of the system interferred with the determination, although high concen- 
trations of salts such as could result from the neutralization of acid hydrolyzates were objectionable. 
Calibrations were carried out with pure glucose under the conditions of the determination to check 
the activity of the enzymes. Glucose combined with casein was no~ oxidized by notatin, and samples 
of the casein-glucose complex containing as much as xS~/o of combined carbohydrate gave no reaction 
for glucose. 

2. Reducing substances (as glucose) by the cuprometric method. 5 ml portions of solution containing 
approximately i mg of glucose were heated with 5 ml of the copper reagent of SOMOGYI l0 in a freely 
boiling water bath for io minutes. Free glucose and part of the combined glucose are oxidized under 
these conditions. 

Determinations were carried out (a) di,ectly on the casein-glucose sample, to give the "total" 
reducing power, and (b) on the filtrate after precipitation of the protein by zinc sulphate and barium 
hydroxide (SOMoGYI lx) to give the 'free' reducing power. The difference between (a) and (b) measured 
the 'bound' reducing power, i.e., that precipitated with the protein. A second estimate of the bound 
reducing power was obtained directly (c) by the cuprometric method after removal of all 'free' 
reducing substances by dialysis through cellulose at o ° C. The presence of protein in determinations 
(a) and (c) decreased the sharpness of the end point, and casein itself showed a small apparent 
reducing power which was difficult to determine accurately. Calibration experiments with mixtures 
of glucose and protein in the range of compositions normally encountered indicated a recovery of 
95% of the glucose added: a corresponding correction has therefore been applied to determinations 
by the cuprometric method in the presence of protein. 

3. 'Bound' carbohydrate by ~veighL The stored casein-glucose samples, after dialysis at o ° C to 
remove free sugar, were freeze-dried, and then dried in vacuo over anhydrous magnesium perchlorate 
(anhydrone) at Io ° C, 37 ° C, and finally for several hours at 7 °0 C. By removing practically all the 
water present before heating, decomposition during drying was largely prevented, and there was 
little or no change in weight at 7 °0 C. From these data and the total nitrogen content of the samples 
the weight of the carbohydrate residue attached to the protein could be calculated. 

Results 

I n  pre l iminary  exper iments  two casein-glucose mixtures  (p~ 6.3) conta in ing  
respectively (a) I.O and  (b) 1. 5 equivalents  of glucose per free amino group were freeze- 
dried from a 2% solution, stored at  37 ° C and  70% R.H.  a nd  examined at  in tervals  for 
loss of free amino-N and  loss of free glucose. The results (Table III) showed tha t  while 
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d u r i n g  t h e  f i r s t  few d a y s  t h e  losses  of  g lucose  a n d  of a m i n o - N  were  a p p r o x i m a t e l y  

e q u i v a l e n t ,  a p p r e c i a b l y  m o r e  s u g a r  w as  l o s t  s u b s e q u e n t l y  t h a n  c o u l d  b e  a c c o u n t e d  for  

b y  t h e  loss  of a m i n o - N ,  t h e  d i s c r e p a n c y  i n c r e a s i n g  w i t h  t h e  d u r a t i o n  of s t o r age .  

TABLE 111 
R E L A T I O N  B E T W E E N  T H E  LOSS O F  F R E E  A M I N O - N  A N D  O F  F R E E  G L U C O S E  I N  C A S E I N - G L U C O S E  M I X T U R E S  

C O N T A I N I N G  I N I T I A L L Y  I . O  A N D  I .  5 E Q U I V A L E N T S  O F  G L U C O S E  P E R  F R E E  A M I N O  G R O U P  

Ini t ial  concentration 
of glucose (equiv.) 

( a )  i , o  

(b) 1. 5 

Days at  37 ° C 
and 7O~/o R.H. 

2 

5 
I O  

32 
3 

Loss of amino-N 
(milli equiv./gT.N.) 

1.13 
1.8I 
2.32 
2.96 
1.69 

Loss of glucose* 
(milli mol]g T.N.) 

1.i2 
1.82 
2.48 
3-49 
1.69 

6 2.41 
9 (1) 2.82 

12 (I) 3.02 
12 (2) 3.03 
15 (2) 3.18 
18 (2) 3.28 
24 (2) 3.39 
3 ° 3.38 
3 ° (I) 3.46 
3 ° (2) 3.45 

2.49 
2.94 
3.25 
3.34 
3.75 
4.04 
4.25 
4.52 
4.57 
4.59 

Loss of glucose 
Loss of amino-N 

0.99 
1 .O1  

i.o 7 
1.18 
I .OO 

I.O 3 
i .o 4 
1.o8 
i.IO 
1.18 
1.23 
1.25 
1.34 
1.32 
1.33 

* Determined in expt  (a) by  notatin,  and in expt  (b) by  the  cuprometric method after precipi- 
ta t ion of the  protein 

i) = re-dissolved once; 2) = re-dissolved twice 

8 

2 ~ ' ~ -  

0 fO 20 30 

m~. 
7 ~  

i S 

( 0  

A ~  ~ 6 2 

I 

0 fo 20 30 
Days at 37°C 

Fig. 2. Changes in the concentration of free amino-N and of glucose during the storage of casein- 
glucose containing (A) 1.5 and (B) 4.o equivalents of glucose per amino group. I. Loss of amino-N; 
2. Loss of glucose (by nota t in  on the whole sample) ; 3. Loss of free reducing power (by the cupro- 
metric method after clearing with zinc hydroxide) ; 4. Net loss of reducing power (by the cuprometric 
method on the  whole sample); 5. Increase in bound reducing power (2-4); 6. Increase in bound 
reducing power (3-4); 7. Increase in bound reducing power (by the cuprometric method after 
dialysis); 8. Loss of glucose (notatin) other than  by  combination with amino groups (2-1); 9. Loss 

of free reducing power other than  by combination with amino groups (3-1). 
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The matter was therefore investigated in greater detail with results (Fig. z) which 
may be summarized as follows: 

a) The ratio between the rates of disappearance of glucose (curves 2 and 3) and of 
free amino-Bl (curve I) approximated to unity in the early stages of the reaction but 
increased to 1.4o after 32 days, and 2.I8 after 30 days in Figs 2A and 2B respectively. 

b) A progressive loss of the 'total' reducing power of the system occurred during 
storage (curve 4), indicating conversion of some of the glucose to non-reducing or less 
strongly reducing forms. 

c) The close agreement between curves 2 and 3 indicates that  virtually all the 
reducing power remaining in solution after precipitation of the protein with zinc was 
unchanged glucose. 

d) The three estimates of the increase in bound reducing power obtained (curves 
5, 6 and 7) agreed reasonably well with the observed loss of free amino-N (curve I) 
in Fig. 2A. In presence of the larger excess of sugar agreement was less good (Fig. 2B), 
possibly owing in part to error inherent in a result obtained by subtraction of two 
much larger quantities. 

.S ,...,., 5 ~" 
~.~ 

(t5 

J 
J 

. ~ . .  . , C  t 

I 2 3 4 5 6 ? 8 g 
C, lucose Io~t crniltlmol/g T.N) 

Fig. 3. The relationship between the quantity of glucose lost from a casein-glucose system and 
the increase in weight of the protein. Open symbols -~ glucose by notat~in; solid symbols ----- glucose 
by the cuprometric method. Circles and triangles represent data obtained with glucose concentra- 
tions of 1.5 and 4.0 equivalents respectively. The line represents the addition to the protein of one 

carbohydrate residue of weight I62 (CsH,~O6-H20) for each molecule of glucose lost. 

e) The progressive increase in weight of the undialysable fraction of the samples 
during storage (Fig. 3) showed that  in both experiments nearly all of the glucose which 
had disappeared had become attached to the protein. Part  of the sugar had therefore 
become attached to the protein otherwise than by combination with amino groups. 

f) The fact that the loss of glucose (or reducing power) other than by combination 
with amino groups (curves 8 and 9) approaches in magnitude the net loss of reducing 
power of the whole sample (curve 4), suggests that  the carbohydrate attached to the 
protein otherwise than by combination with free amino groups has little or no reducing 
power. 

g) Direct determination of the 'bound' reducing power of the dialysed samples 
(calculated as glucose) gave values (curve 7) which, in the early stages of the reaction 
were equal to or even slightly in excess of the corresponding amino-N loss (curve x). 
Apparently, glucose freshly bound to the amino groups has a reducing power towards 
the copper reagent of the same order as that  of the free sugar. With continued storage 
however a gradual decline in reducing power occmred, probably associated with a 
certain amount of 'degradation' of the combined sugar. 
Re/erences p. 53-r. 
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Preparation o[ bulk samples o/the casdn-glucose complex 

F o r  inves t iga t ion  of the  proper t ies  of the  casein-glucose complex  two samples  
represen t ing  respec t ive ly  a c o m p a r a t i v e l y  ea r ly  and a la te  s tage of the  reac t ion  were 
p r e p a r e d  in a q u a n t i t y  of severa l  hund red  grams,  as follows. 

Method 
Casein, purified by re-precipitation at PH 4 .6 and solution in sodium hydroxide at PH 6.3, was 

mixed with 4.ocequivalents of glucose and freeze-dried. For adjustment of the water content to a 
suitable value the dried product was agitated for 8 days in a revolving io litre glass vessel at IO ° C 
while moist nitrogen was passed into the space above it. The moistened powder, which now contained 
water equivalent to a relative humidity of 68-69% at 37 ° C, was packed into a series of gas-tight 
vessels, in an atmosphere of nitrogen, and stored at 37 ° C part of it for 5 days and the remainder for 
3 ° days. For the removal of unreacted glucose both products were taken up in distilled water and 
diaiysed for several days at o ° C against water at PH 8 (to prevent loss of sodium from the casein). 
After completion of dialysis the products (at PH 6.3) were freeze-dried, adjusted to a water content 
corresponding approximately to 60% R.H. at 2o ° C, packed in a number of small moisture-proof 
vessels and held at - - 2 o  ° C until required. 

The  free amino-N conten ts  of the  5D and  3oD mate r i a l s  are  g iven in Table  I I  
They  con ta ined  respec t ive ly  a b o u t  7 and  13% of ' bound '  ca rbohydra t e .  

Hydrolysis by dilute acid and alkali 

Since the  proper t ies  of the  p ro te in - sugar  complex  in respect  of i ts  res is tance to  
hydro lys i s  or  decompos i t ion  b y  di lu te  acids  and  enzymes  are  of in teres t  from the  bio- 
logical  a n d  nu t r i t i ona l  po in ts  of view, a few p re l im ina ry  inves t iga t ions  confined to 
a t t e m p t s  a t  r ecovery  of comple te  sugar  molecules f rom the  complex  b y  mi ld  hyd ro ly t i c  
procedures  are  r e p o r t e d  a t  th is  stage.  

I n  previous  (unpubl ished)  work  on mi lk  powder  and  mi lk  p ro te in  i t  h a d  become 
a p p a r e n t  t h a t  the  c a r b o h y d r a t e  res idue in the  p ro te in - sugar  complexes  formed in the  
d r y  s ta te  was a t t a c h e d  to the  p ro te in  much  more s t rong ly  than  in the  reduc ing  sugar-  
amino  acid  or  pep t i de  complexes  formed in aqueous  solut ion a t  s l ight ly  a lkal ine  p~.  
These l a t t e r  a p p a r e n t l y  dissociate  more  or less comple te ly  wi th  regenera t ion  of the  
or iginal  r eac t an t s  on acidif icat ion TM. T r e a t m e n t  of a d ia lysed  mi lk  prote in- lac tose  
p roduc t  wi th  ho t  d i lu te  ac id  had,  in fact ,  fai led to  l ibera te  much  more  free reducing 
power  t han  would be expec ted  from rup tu r e  of the  lactose chain wi th  l ibera t ion  of 
galactose,  leaving  glucose a t t a c h e d  to the  prote in .  

A t t e m p t s  to de tec t  glucose af ter  hydro lys i s  of the  casein-glucose complex  h a d  
perforce to be confined to condi t ions  which would  not  br ing  abou t  too grea t  a des t ruc t ion  
of free glucose. Para l le l  de t e rmina t ions  wi th  known quant i t i es  of glucose in the  presence 
of the  correct  p ropor t ion  of p ro te in  were therefore  car r ied  out  side b y  side wi th  those 
on the  d ia lysed  casein-glucose complex  5D. Free  glucose was searched for, a f te r  hydro-  
lysis  of the  complex,  b y  t r e a t m e n t  wi th  no ta t i n  a t  PH 5.6. N HC1 at  IOO ° C in an a tmos-  
phere  of n i t rogen  was found to cause no l ibera t ion  of glucose af te r  I ,  2, 6 and  24 hours ;  
decompos i t ion  of free glucose was 3 % af te r  2 hours  and  6 % af ter  6 hours.  In  o. I N N a O H  
no glucose was l ibe ra ted  dur ing  2 or 4 hours  a t  37 ° C, or 0. 9 or 1.75 hours  a t  7 °o C: 
des t ruc t ion  of free glucose under  these condi t ions  was of the  order  of 4 o, 60, 75 and  95 % 
respect ive ly .  I t  was not  p rac t icab le  to follow hydro lys i s  of the  p ro te in -sugar  complex  
b y  amino-N de te rmina t ion ,  since t r e a t m e n t  of casein i tself  wi th  acid  or a lkal i  resu l ted  
in increases in the  a p p a r e n t  VAN SLYKE-N, p r e s u m a b l y  owing to the  hydro lys i s  of 
amide  or pep t ide  l inkages.  

Re/erences p. 53I. 
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Although no free glucose could be regenerated by the treatment of the protein- 
sugar complex 5D with dilute acid or alkali, a considerable amount of soluble reducing 
substance was spht off by the action of hot dilute acid. The 'total' reducing power shown 
in Fig. 4 was obtained by direct application of the cuprometric method to the product 
after hydrolysis and neutralisation. The 'free' reducing power was obtained after 
precipitation with zinc sulphate and barium hydroxide, and the 'bound' reducing power 
by difference. 

The nature of the reducing substances split off from the casein-glucose complex 
by the action of hot dilute acid has not been determined. Examination of the products 
after hydrolysis for 3/4 and 2 hours showed that no reducing substance fermentable 
by bakers' yeast was present, so that fructose as well as glucose was absent. Traces 
of furfurals, as detected by the SELIWANOFF reaction, were present. 

600 

500, 

406 

300 • \ 

~ 200 I ,/ ~oo! 

J 
0 f 

",,.. 

I I  
I-Fre i ~duci~ power 

, ~ n d  reducing power 

---1 

4 5 6 7 8 
Hours ot fO0°C 

Fig. 4. Hydrolysis of the casein-glucose complex (sample 5 D) by 2N HCI 

DISCUSSION 

The Van Slyke determination on casein and the casein-glucose complex 

It has previously been shown x3 that the reaction between nitrous acid and casein 
or milk protein in the VAN SLYKE apparatus at 20 ° C proceeds at a very rapid rate during 
the first few minutes, and then falls away, merging after about 6o minutes into a very 
slow and approximately linear rate of increase. This slow increase was attributed to 
secondary reactions the effect of which could be eliminated by extrapolating the linear 
portion of the curve back to zero time or, approximately, by adding 2 mg amino-N/g 
T.N. to the 3 ° minute value. 

With the demonstration that the concentration of free a-amino groups in casein 
is of the order of I mg amino-N/g T.N., and that all the e-amino groups (51 mg amino- 
N/g T.N.) are free, it becomes apparent that the total concentration of free amino-N 
actually present in casein is approximately 52 mg amino-N/g T.N. This compares with 
3o minute VAN SLYKE figures of 52-55 obtained on several samples of isoelectric casein 
or sodium caseinate PH 6.3. On a sample of casein-glucose complex (sD) the concen- 
tration of free amino groups found by the FDNB method was approximately 18, as 
compared with approximately 17 by the VAN SLYKE (3 ° minute) method. On sample 
Re]erences p. 53x. 
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3 ° D the value was 4.5 by both methods, and extrapolation to zero time of the amino- 
N/time of reaction curve gave a value of approximately 5.0. 

In view of these results the 3 ° minute VAN SLYKE value, without correction, has 
been taken in the present paper  as representing the free amino-N content of the various 
experimental  samples, although it is realized that  for fresh or nearly fresh casein the 
result is likely to be slightly too high. 

Physical aspects o/ the reaction between the amino groups and glucose 

The present experiments provide further support  for the conception of the reaction 
between the glucose and the free amino groups as taking place in a film of water on the 
surface of the protein, the film increasing with increasing relative humidi ty until it 
covers the suriace in the region of 65% R.H. This interpretation, as already pointed 
out 1, is based on the observations of BULL 14 and accounts for the fact that,  in a mixture 
containing one molecule of glucose per free amino group, the rate of loss of amino groups 
1;eaches a maximum at 65-70% R.H. The marked effect, now observed, of re-solution 
at 20% R.H. as compared with the negligible effect at  70% R.H. is obviously in agree- 
ment  with such a picture, and a closer examination of the effect of increasing the 
concentration of glucose shows that  this too is consistent. If, following BULL, each water 
molecule is assumed to occupy a surface area of Io.65 A s at 37 ° C, the amount  of water  
known to be present at 70% R.H. and 37 ° C would, if in a unimol~cular layer, cover an 
area of 0.56 sq. metres/rag of dry protein. I t  can then be seen that  the concentration 
of glucose which produces a maximum reaction rate, i.e., approx. 3 equivalents per 
amino group (33 g/Ioo g dry protein), could also cover this area with a unimolecular 
film if the area occupied by each glucose molecule was 5 ° A s. This is in fact the average 
of the approximate  figures of 4 ° to 60 A s for a glucose molecule with the plane of its 
ring respectively perpendicular to and parallel to the surface, as quoted by  ADAM 15 
from work with cellulose and its derivatives: the figures for a tilted molecule could lie 
anywhere between these limits. The conditions for maximum reaction would therefore 
seem to be those in which unimolecular layers of both water  and glucose are present 
on the protein surface. 

The nature o[ the union between the carbohydrate and the protein 

From the data relating the loss of amino groups to the disappearance of glucose 
(p. 524) it appears that  the reaction with free amino groups is the mechanism by  which 
glucose combines most rapidly with the protein, and that  this mechanism accounts for 
the greater par t  of the sugar destroyed in the early stages of storage, particularly when 
conditions are unfavourable for rapid reaction (e.g., at low relative humidity) or when 
the quant i ty  of glucose present is small. The fact that  the compound formed by this 
reaction has a reducing power of the same order as that  of free glucose, and the further 
observation that  glucose cannot be regenerated from it by  t reatment  with acid indicates 
that  the product of the reaction between glucose and the free amino groups of casein 
is not a simple N-glycoside, although such a substance may well be first formed and 
immediately undergo isomerization by  some intramolecular change such as the AMADORI 
rearrangement.  

Under favourable conditions, e. g., at  70% R.H., and in the presence of excess sugar, 
glucose continues to disappear from the system after the reaction with amino groups 
has virtually ceased. This extra glucose, comparable in amount with that  combined 
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wi th  t h a  amino  groups,  is found also to  be ' bound '  to  the  prote in ,  b u t  the  na tu re  of 
the  union wi th  the  pro te in  has  y e t  to be es tab l i shed  wi th  ce r ta in ty .  A l t e rna t ive  possi-  
b i l i t ies  are (a) a chemical  reac t ion  between glucose and  react ive  groupings  in the  pro te in  
o the r  t han  free amino groups,  and  (b) caramel iza t ion  of glucose, ca ta lysed  in some 
w a y  b y  the  pro te in  and  followed b y  adsorp t ion  of the  caramel ized  p roduc t  on to  the  
casein. 

The colour of the  da rkes t  ma te r i a l  ob ta ined  was only  a l ight  brown or 'b i scu i t '  
shade,  a n d  the  average  a m o u n t  of wa te r  lost  b y  the  sugar  in becoming  ' bound '  to  the  
p ro te in  a p p e a r e d  to  be only  of the  order  of one molecule  of wa te r  pe r  glucose residue.  
This  does no t  suggest  a n y  ve ry  extens ive  degree of caramel iza t ion .  F u r t h e r m o r e ,  the  
' e x t r a '  sugar  he ld  b y  the  casein seemed to have  l i t t le  or no copper  reduc ing  power,  
while some, a l though  no t  all  of the  s impler  sugar  anhydr ides  do possess reduc ing  proper -  
ties. Two a t t e m p t s ,  made  wi th  ho t  me thy l  alcohol and  cold o . I  N sulphur ic  ac id  respec-  
t i v e l y ,  fa i led to  elute any  apprec iab le  q u a n t i t y  of reducing  ma te r i a l  f rom casein-  
glucose complex  conta in ing 13 % of ' bound '  ca rbohydra te ,  of which a p p r o x i m a t e l y  half  
was combined  wi th  amino  groups.  

In  fur ther  work  now in progress  inves t iga t ion  is being made  of the  degT.ee of de- 
s t ruc t ion  of ind iv idua l  amino acids as disclosed af te r  comple te  hydro lys i s  of the  p ro te in  
b y  s t rong acid,  and  af ter  digest ion b y  p ro teo ly t i c  enzymes.  
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SUMMARY 

I. The reaction of the free amino groups of casein with glucose has been further investigated 
by VAN SLYXE determinations. 

a) The extent of the reaction at a water content corresponding to 20% R.H. has been found 
¢o depend on the degree of hydration of the protein surface. Most of the individual amino groups 
appear to have the same reactivity. 

b) At 70% R.H. the rate and extent of the reaction approach a maximum when three equiva- 
lents of glucose are present, this quantity approximating to that required to provide a unimolecular 
layer on the surface of the protein. 

2. 1.2. 4 fluorodinitrobenzene has also been used for estimation of the free amino groups, 
a) I t  has been shown that all the e-amino groups of the lysine side chains (51 mg amino-N/g 

T.N.) are free to react with the reagent, and that a small quantity of free a-amino groups (ca I mg 
amino-N/g T.N.) occur at the ends of polypeptide chains: these a-groups are derived from at least 
five amino acids, one of which is lysine. 

b) The loss of amino-N during the reaction with glucose, as found by the VAN SLYKg method, 
has been quantitatively confirmed. Both the ~-amino groups and the a-amino groups have approxi- 
mately the same reactivity towards glucose. 

3. The rate of disappearance and the fate of the glucose have been followed by various proce- 
dures, including use of the specific glucose oxidase (notatin). 

a) Combination of the free amino groups of casein, each with one molecule of glucose, has been 
confirmed as the most rapid and virtually the only reaction occurring at 20% R.H., and, in the earliest 
stages at 7o% R.H. As storage proceeds at the higher humidity progressively more carbohydrate 
becomes bound to the protein than can be accounted for by combination with free amino groups:  
its weight indicates an average loss of one molecule of water per glucose molecule. 

Re/erences p. 53J:. 
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b) The  n a t u r e  of t he  un ion  be tween  t he  ex t r a  c a r b o h y d r a t e  and  the  pro te in  is still uncer ta in .  
I t  m a y  be a chemical  un ion  wi th  reac t ive  g roups  of t he  pro te in  molecule  o the r  t h a n  a m i n o  groups ,  
i.e., with  a m i n o  acid res idues  o the r  t h a n  those  of lysine.  Al te rna t ive ly ,  b u t  less probably ,  it  m a y  
be t he  resu l t  of  ca ramel iza t ion  of t he  glucose followed by  adsorp t ion  of the  p roduc t  on to the  protein.  

c) None  of t he  c a r b o h y d r a t e  combined  wi th  (or adsorbed  by) the  casein can  be oxidized by  
no ta t in .  

d) Hydro lys i s  wi th  di lute  acid or alkali  fails to regenera te  a n y  glucose (or fructose) f rom the  
casein-glucose complex ,  a l t hough  o the r  reduc ing  subs t ances  inc lud ing  fur fura ls  are l iberated by  
the  acid. 

R ~ S U M £  

i.  Nous  a v o n s  poursu iv i  pa r  les d6 te rmina t ions  de VAN SLYKE, l ' e x a m e n  de la r6act ion des  
g roupes  a m i n o  libres de la cas6ine avec  du glucose. 

a) E t a n t  donn6 u n  con tenu  a q u e u x  co r r e spondan t  A 2 0 %  d ' h u m i d i t 6  relat ive,  nous  a v o n s  
cons ta t6  que  la mesu re  de la rdact ion d6penda i t  du  degr6 d ' h y d r a t a t i o n  de la sur face  prot6ique.  La  
p l u p a r t  des g roupes  a m i n o  indiv iduels  s emb l en t  poss6der  la re@me r6ac t iv i t£  

b) A 7 0 %  d ' h u m i d i t 6  relat ive,  la v i tesse  et  l ' 6 t endue  de la r@action t e n d e n t  vers  un  m a x i m u m ,  
en pr@sence de 3 6qu iva len t s  de glucose, c 'es t -h-dire  d ' u n e  quan t i t 6  qui  suffit  ~ peu  pros pou r  obteni r  
une  couche  unimoldcula i re  sur  la sur face  prot6ique.  

2. Nous  nous  s o m m e s  6gale lnent  servis  du 1.2. 4 f luorodini t robenz~ne pour  e s t imer  les g roupes  
a m i n o  libres. 

a) Nous  avons  d6mont r6  que  t o u s l e s  g roupes  e -amino des cha ines  latdrales  de lysine (51 m g  
a m i n o - N / g  N total)  son t  libres de r6agir  avec  le r6actif,  et  q u ' u n  pe t i t  n o m b r e  de g roupes  a - amino  
libres (env. i m g  a m i n o - N / g  N total)  se t r o u v e n t  a u x  ex t r6mi t6s  de cha tnes  polypept ides ,  lesquels  
g roupes  a son t  d@riv6s de 5 acides amin6s  au moins ,  don t  nn,  la lysine. 

b) Nous  avons  confirm6 q u a n t i t a t i v e m e n t  la pe r te  (constat6e p a r  la m6 thode  de VAN SLYK~) 
de l ' amino-N,  p e n d a n t  la r6act ion avec  le glucose. Les  g roupes  e -amino  et  a - a m i n o  poss6den t  tous  
deux  une  r6act ivi t6 h peu  pros iden t ique  avec  le glucose. 

3- Nous  avons  suivi  la d ispar i t ion  du glucose et  son des t in  /~ l 'a ide  de proc6d6s vari6s, d o n t  
l ' emploi  de l 'ox idase  sp6cifique du glucose (notat ine) .  

a) Nous  avons  cons ta t6  que  la rdact ion des g roupes  a m i n o  fibres de la cas6ine, chacun  avec  une  
mol6cule  de glucose,  6 ta i t  la p lus  rap ide  et, en  fait, l ' un ique  r@action observable  ~ 2 0 %  d ' h u m i d i t 6  
relat ive,  et  a u x  6 tapes  init iales,  ~ 7 0 %  d ' h u m ,  rel. Q u a n d  la r6act ion progresse  a l ' humid i td  p lus  
61ev6e une  q u a n t i t 6  de l ' h y d r a t e  de ca rbone  p r o g r e s s i v e m e n t  sup6r ieure  /t celle c o r r e s p o n d a n t  ~ la 
combina i son  avec  les g roupes  a m i n o  libres, es t  liSe A la prot@ine: le poids  de celle-l£ suggSre une  
per te  m o y e n n e  d ' u n e  moMcule d ' e au  pa r  c h a q u e  mol6cule  de glucose.  

b) La  n a t u r e  la combina i son  de l ' h y d r a t e  de carbone  en exc@s et  de la prot6ine  res te  A 6claircir. 
Peut-@tre s 'agi t - i l  d ' u n e  combina i son  ch i mi que  avec  des  g roupes  r6actifs  de la moldcule pro t6 ique  

l ' exc lus ion  des  g roupes  amino ,  c.-~-d, avec  des r6sidus  d 'ac ides  aminds,  /L l ' except ion  de la lysine.  
Ou bien, ce qui  es t  moins  probable ,  s 'agi t - i l  d ' u n e  caram61isat ion du  glucose suivie  d ' u n e  adso rp t ion  
du p rodu i t  sur  la prot6ine.  

c) L ' h y d r a t e  de carbone  combin6 avec (ou adsorb6 par)  la casdine n ' e s t  pus  oxyd6  p a r  la no ta t ine .  
d) L ' h y d r o l y s e  avec  de l 'acide ou de l 'alcali  dilu6s ne  p a r v i e n t  pa s  ~ rdg6n6rer le glucose (ou 

le fructose) du  complexe  cas6ine-glucose,  bien que  d ' a u t r e s  s u b s t a n c e s  r6ductr ices,  don t  des  furfurols ,  
so ient  lib6rdes pa r  l 'acide.  

Z U S A M M E N F A S S U N G  

i. Die R e a k t i o n  der  freien A m i n o - g r u p p e n  des Kase ins  m i t  Glukose wurde  m i t  HiKe yon  VAN 
SLYKE B e s t i m m u n g e n  wei ter  un t e r such t .  

a) Das  A u s m a s s  der R e a k t i o n  bei e inem W a s s e r g e h a l t  e n t s p r e c h e n d  2 o %  re la t iver  Feuch t igke i t  
h ing  von  d e m  Grade  der  H y d r a t a t i o n  der  P ro te inober f l i che  ab. Die me i s t en  indiv iduel len  Amino -  
g r u p p e n  sche inen  die gleiche Reakt ivi t~i t  zu besi tzen.  

b) Bei  7 0 %  re la t iver  F euch t i gke i t  er re ichen Geschwind igke i t  u n d  A u s m a s s  der  R e a k t i o n  ein 
M a x i m u m ,  wenn  drei E q u i v a l e n t e  Glukose  v o r h a n d e n  sind,  da  diese ~¢ienge ungef i ihr  ausre icht ,  eine 
m o n o m o l e k u l a r e  Schichte  an  der  Proteinoberf l / iche zu bilden.  

2. 1 .2 .4-Fluorodini t robenzol  wurde  a u c h  zur  B e s t i m m u n g  yon  freien A m i n o g r u p p e n  ve rwende t .  
a) Es  w u r d e  gezeigt,  dass  alle e - A m i n o - g r u p p e n  der  L y s i n  Se i t enke t t e  (51 m g  A m i n o - N / g  

Gesamt -N)  frei s ind,  m i t  d e m  Reagenz  zu reagieren,  u n d  dass  eine kleine A n z a h l  von  freien a -Amino -  
g r u p p e n  (ca I m g  A m i n o - N / g  Gesamt -N)  an  den  E n d e n  der  P o l y p e p t i d - K e t t e n  au f t r i t t :  diese a-  
G r u p p e n  lei ten s ich yon  z u m i n d e s t  5 AminosEuren  ab, yon  welchen  eine Lys in  ist. 
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b) Der Verlust an  Amino-N wghrend der Reaktion mit  Glukose, wie m i t d e r  VAN SL'ZKE Methode 
best immt,  wurde quant i ta t iv  bestiitigt. ~-Amino-gruppen und a-Amino-gruppen besitzen ungefAhr 
gleiche Reakt ivi tg t  gegeniiber Glukose. 

3- Das Mass des Verschwindens und das Los der Glukose wurde mi t  verschiedenen Verfa~ren 
verfolgt, einschliesslich der Verwendung der spezifischen Glukose Oxidase (Notatin). 

a) Kombinat ion der freien Amino-gruppen des Kaseins, jede mit  einem Molekiil Glukose, wurde 
best~t igt  als die schnellste und eigentlich die einzige Reaktion, die bei 2o% r.F. und, in den Anfangs- 
stadien bei 7o% r.F., auftri t t .  Mit fortschreitender Aufbewahrung bei der h6heren Feucht igkei t  
verbindet  sich mehr  Kohlenhydrat  mit  dem Protein als der Kombinat ion mit  freien Amino-gruppen 
entspricht :  ihr Gewicht zeigt den durchschnit t l ichen Verlust eines Molekiils Wasser per  Molekiil 
Glukose an. 

b) Die Natur  der Verbindung zwischen dem Extra-Kohlenhydra t  und  dem Protein ist  noch 
unbest immt.  Es k•nnte eine chemische Verbindung sein mit  anderen reaktiven Gruppen des Prote in  
Molekiils ausser den Amino-gruppen, z.B. mit  andern Amino-si~ureresten als denen des Lysins. 
Anderseits, abet  weniger wahrscheinlich, k0nnte es das Resul tat  sein yon einer Karamehsierung der 
Glukose, mi t  nachfolgender Adsorption des Produkts  an dem Protein. 

c) Kein Teil des mi t  dem Kasein verbundenen (oder daran adsorbierten) Kohlenhydrats  kann  
mit  Notat in  oxydiert  werden. 

d) Glukose (oder Fruktose) konnte  yon dem Kasein-Glukose Komplex dutch Hydrolyse mi t  
verdfinnter SAure oder Alkali n icht  zuriickgewonnen werden, obwohl andere reduzierende Sub- 
stanzen, einschhesslich Furfurale, dureh die Siiure freigesetzt wurden. 
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