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SU)£~IARY 

The sialic acid content of skimmilk proteins has been examined, using a 
modification of Warren's thiobarbiturie acid method. Lactose interferes with 
this method and was removed by thorough washing of the proteins. K-casein 
and proteose-peptone appear to be the only two skimmilk proteins containing 
significant amounts of sialie acid. Treatments with DEAE cellulose ahnost 
completely renmved the low concentrations of sialie acid present in a~: and 
fl-caseins, and examination of these caseins by starch gel eleetrophoresis indi- 
cates that such removal involved traces of K-casein. 

Since the stability of a~-K-casein mixtures in the presence of calcium ap- 
peared to be directly related to the sialic acid content of the mixture at all 
levels below the 0.37% (uncorrected for moisture) needed to give complete sta- 
bility, it is concluded that sialic acid mcasurenmnts can be used as an index of 
the intact K-casein content of such mixtures. 

Proteose-peptone is precipitated by 12% TCA, but remains in solution at 
pH 4.5, so analysis of sialic acid can also be used as an index of the K-casein 
concentration of whole acid casein. Values of 0.26-0.59% sialic acid were ob- 
tained in washed whole acid caseins prepared from individual lots of milk, 
indicating that the proportion of K-casein is variable. The sialic acid content 
of K-casein appears to be close to 2.3%; on this basis, the proportion of K-casein 
in whole acid casein varies between 11-26%. 

The K-casein fraction of bovine milk pro- 
tein contains a glyeomacropeptide which can 
be released by the action of rennin (1, 7, 12). 
The peptide and glucide portions of this glyco- 
peptide have been characterized (1, 7), and it 
has been shown that the glucide portion con- 
tains a sialic acid (1) present solely as N- 
acetyl-neuraminic acid (5). 

Since K-casein appears to be the fraction 
which stabilizes the casein micelle (22, 24), a 
measure of its concentration in normal milks 
would be of considerable interest. Sialic acid 
deternfinations have been used as a nleasure 
of K-casein in sedimented fractions of whole 
casein (17), but various other casein frac- 
tions appear to contain some sialic acid (1, 2, 
13) and, if so, sialic acid cannot be used as a 
measure of K-casein in milk. 

Several authors have compared methods for 
the determination of sialic acids, and have re- 
ported that Warren's  thiobarbituric acid method 
(21) is sensitive, specific, and convenient (1, 
4, 14). Some workers (1~ 3) have reported that 
it gives slightly lower values than Svenner- 
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hohn's resin-resorcinal method (18), whereas 
others have noted excellent agreement between 
the two methods (4, 14). Other methods for 
the determination of sialic acid can give er- 
roneously high results, caused by decomposition 
products fornmd during hydrolysis (4). The 
work reported herewith represents an attempt 
to estimate the extent to which sialic acid de- 
ternfinations indicate the K-casein content of 
bovine milk. 

~A~SRIALS A~D ~ET~ODS 

Casein from individual lots of raw skfinmilk 
was obtained by adjusting 5.0-ml samples to 
p t I  4.5 (ca. 0.25 ml 1.0 ~ HC1) in conical 
centrifuge tubes. Total milk protein was sfini- 
larly obtained by adding trichloracetic acid to 
a final concentration of 12% (1.3 nfl 60% 
TCA/5 nfl milk). Casein precipitates were 
washed four times by suspension in 5-ml ali- 
quots of acetate buffer, pH 4.5; TCA-precipi- 
rated proteins required five washings with ace- 
tate buffer. This extensive washing was neces- 
sa~'y to remove lactose which interferes with the 
determination of sialic acid by giving rise to an 
orange color (max. absorption at 490 m~). 

Alpha-casein complex (i.e., the a-K-mixture 
usually designated as a-casein) and fi-casein 
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TABLE 1 

Recovery of sia]ic acid added to whole acid casein 

Whole acid 
casein 

obtained 
f rom: 

~g Sialic acid 

Added to Determined 
casein in hydroly- 

prior to  sis-wash Total Per  cent 
hydrolysis solution expected recovery 

5.0 ml skimmilk 

2.5 ml skimmilk 

0 435 
50 487 485 100.4 

I00 520 5~5 97.2 
150 591 585 101.0 

0 226 
50 282 276 102.2 

100 345 326 1~5.8 
150 380 376 101.1 

Avg 101.3 

were p r e p a r e d  by  u r e a  f r a e t i o n a t i o n  (6) .  
CMclum-sensi t ive casein (a . -case in)  was  p re -  
p a r e d  as descr ibed by  M o r r  (10) ,  and  K-casein 
by  var ious  procedures  (9, 10, 19, 25) .  All  
casein p r e p a r a t i o n s  were f reeze-dr ied  and  
s tored a t  4 C. Al l  casein f rac t ions ,  inc lud ing  
those pur i f ied by  ch roma tog raphy ,  were char-  
acter ized by  s t a rch  gel e lec t rophores is  (11) .  
S t a r c h  gel e lec t rophore t ie  p a t t e r n s  of  Samples  
1, 2, and  4 of Table  2 (also F i g u r e  3) have  
been pub l i shed  (11) .  

TABLE 2 

Sialic acid content of casein fractions 

% Sialic acid 
in casein 

Present  Cayen 
study et al. (2) 

K-caseins 
1. Swaisgood-Brunner (19) 2.14 2.22* 
2. Mort  (10) 1.81 
3. Zittle (2.5) 1.81 
4. McKenzie-Wake (9) 

Prepara t ion  2 (11) 1.25 
5. Prepara t ion I (11) 0.65 
6. S-B (19) + rennin 0.24 
Other fractions 

a-casein complex (6) 0.45 0.41 
as-casein (10) j 0.0'6 0.06** 

o.os 
(6) ~ o.18 0.1~ 

0.23 

* Fract ion A (2).  
** a-Casein--Fract ion A (2).  

Chroma tog raph ic  pur i f ica t ion  of  casein f rac -  
t ions on D E A E  cellulose was done according  
to the  p rocedure  out l ined by  R i badeau - D um as  
(13) ,  except  t h a t  the  sodium chloride g r a d i e n t  
was 0 to 0.4 ~ .  0 h e - h a l f  g r a m  of casein was 
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FIG. 2. Removal of sialic acid-containing con- 
taminants  from as- and fl-caseins by chromatog- 
raphy on DEAE cellulose. 
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Fro. 3. Relation between the sialic acid content 
and the stability Of suspensions of a~- and ~- 
casein in the presence of 0.020 ~ Ca ++. Composi- 
tion of the mixtures was as follows: Samples 1-6: 
four parts a~-casein containing 0.07% sialic acid 
plus one part of: 1) K-casein, Swaisgood and 
t~runner (19); 2) K-casein, Morr (10); 3) ~-ca- 
sein, Zittle (25); 4) K-casein, McKenzie-Wake 
(9), Preparation 2; 5) same as 4) but Prepara- 
tion 1; 6) K-casein, Swaisgood-Brunner (19) 
treated with rennin. 

placed on the column for each treatment;  
10-ml fractions were collected, combined ac- 
cording to their light absorption at 280 m~ 
(Gilson Medical Electronic meter),  dialyzed 
against running tap water for  24 hr, then 
against distilled water for  24 hr, and finally 
freeze-dz%d. Moisture content of all freeze- 
dried casein preparat ions was determined by 
vacuum drying at 85 C. 

Warren 's  thiobarbituric acid method (21) 
was selected for  use in this study. This color- 
imetric method measures free sialic acid only, 
and consists of a prelinfinary nfild acid hy- 
drolysis of the sample, followed by periodic 
acid oxidation, arsenite addition, color develop- 
ment with 2-thiobarbituric acid, and extrac- 
tion of the red pigment with cyelohexanone. 
Af ter  extensive prel iminary testing this method 
was slightly modified, (a) by using a 0.5-ml 
aliquot of test sample instead of 0.2 ml, and 
(b) by using exactly 4.0 nfi of eyclohexane per  
test. Aqueous aliquots below 0.2 ml or above 
0.7 ml decreased the sensitivity of the method. 

A standard curve, i.e., 5-40 /~g sialic acid, 
was prepared from a mueoid compound con- 
taining 18.3% N-acetyl-neuranfinic acid (Nu- 
tritional BiochemicMs Corp.),  hydrolyzed in 
0.1 ~ I-I~SO, for  60 rain at 80 C. Af ter  ad- 
justment to p H  4.5, a~ld addition of chloro- 
form as a preservative, the hydrolyzate (100 
/~g N-acetyl-neuraminie acid/ml) could be 
stored for  approximately 1 wk at  5 C. Ab- 

sorption readings were made with a Coleman 
Jr.  spectrophotometer at  545 m/~, with a 1-cm 
light path. 

F o r  analysis of isolated casein fractions, the 
samples (100-800 ~g sialic acid) were weighed 
directly into 15-ml capacity conical tubes, then 
hydrolyzed. To hydrolyze, the material was 
wetted with 4.5 ml of water and 0.5 ml of 1.0 N 
sulfuric acid was added, and the suspension 
held at 80 C for  exactly 45 rain. The samples 
were then cooled in water for  3 rain, and 0.45 
ml of 0.1 ~ sodimn hydroxide added (final p H  
ca. 4.5) with thorough mixing. The precipi- 
tated protein was sedimented (2 min, 1,000 
× g),  the supernatant  decanted into a gradu- 
ated cylinder, and the precipitate washed once 
with 5.0 ml of acetate buffer. The washing 
was added to the first supernatant,  the final 
volmne was recorded (i.e., 10.3--+ 0.5 ml),  and 
the solution was clarified by shaking with 0.1 
ml chloroform (16). A 0.5-ml aliquot of this 
solution was used for  the sialic acid analysis. 
Sialic acid is reported on a dry weight basis. 

RESULTS 

Liberation of sialic acid from casein. The 
liberation of sialic acid from acid casein dur- 
ing hydrolysis a t  80 C in 0.1 ~ sulfuric acid 
appeared to be complete in 15 rain (Figure  1),  
although more than one washing of the pre- 
cipitate was necessary to remove the liberated 
sialic acid. Increased hydrolysis times up  to 
45 min increased recovery of sialic acid in the 
original supernatant,  and in the combined solu- 
tion af ter  one washing, presumably by altering 
the properties of the hydrolyzed protein. A 
45-rain hydrolysis and one washing step ap-  
peared to be optimal for  the determination of 
sialic acid. Fur ther  washings diluted the solu- 
tion and made accurate analysis of low levels 
of sialie acid difficult. Hydrolysis for  more 
than 60 rain reduced the apparent  sialic acid 
content of whole casein by 10 to 16%/hr  (el. 
2, 4). 

Repeated hydrolysis in fresh acid did not 
release fur ther  sialic acid from casein pre- 
viously hydrolyzed 15, 30, or 45 rain and 
washed three times. 

Recovery of added sialic acid from whole 
casein undex these conditions averaged 101.3, 
with a s tandard deviation of -----2.5% (Table 
1). 

Siallc acid content o f  casein fractions. The 
sialic acid content of the casein fractions pre- 
pared by accepted methods varied from a low 
of 0.06% in a~-casein to a high of 2.14% in 
K-casein (Table 2). The values obtained are 
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in good agreement with those of Cayen et al. 
(2). Repeated chromatographic purification of 
a~-casein on DEAE cellulose reduced the sialie 
content to very low values (ca. 0.01%; Figure 
2). (The sensitivity of the siMic acid method 
became limiting under these conditions, and it 
is probable that the sialic acid content of this 
~-casein was approaching zero.) Repeated 
chromatographic purification of fl-casein re- 
duced its sialic acid content by 75 to 80%, and 
i t  appeared possible that  repeated chromatog- 
raphy would remove additional sialic acid (Fig- 
ure 2). 

The removal of sialic acid from these casein 
fractions by chromatographic purification was 
accompanied by a removal of contaminating 
proteins. With  a,-casein, absorption data (280 
m~) on the effluent from the DEAE column 
indicated that  the proport ion of material in 
the major  component (based on areas under 
the absorption curve) increased from 77% on 
the first treatment to 86% on the third. With  
fl-casein, the corresponding figures were 72 
and 85%. The amount of components present 
as minor peaks was insufficient to permit  
further  study. Two treatments with the DEAE 
column reduced the minor protein components 
of a~-casein below the level that  could be de- 
tected by starch gel eleetrophoresis, using 4 
mg protein (this amount overloaded the gel 
with the major  component, but increased the 
probabil i ty of detecting minor fractions).  
Three treatments with the Dl~AE column were 
required to reduce the minor components of 
fl-casein below the level detectable by starch 
gel electrophoresis. 

The sialie acid content of K-caseins shown 
in Table 2 was dete~nined by direct hydroly- 
sis of the freeze-dried preparations.  Prelim- 
inary  studies had revealed that  many K-casein 
preparat ions contained some sialic acid soluble 
in acetate buffer at p H  4.5, and a few con- 
tained some sia]ic acid soluble in 12% tri- 
chloroacetic acid. This soluble sialic acid was 
not present as the free compound. Solubility 
at  p H  4.5 was especially noticeable in K-casein 
preparat ions of high moisture content, whereas 
solubility in 12% TCA may have been favored 
by storage and /o r  drastic treatment. How- 
ever, a thorough study of these factors was 
not undertaken at  this time. K-Casein was the 
only casein fraction that  lost any sialic acid 
to acetate buffer or trichloracetic acid solution. 

The stabilizing power of the K-casein prep-  
arations which did not give essentially 100% 
stabilization of an a~-casein in the presence of 
calcium [when tested at  a 4:1 rat io (11)] was 
directly related to their sialic acid content (Fig- 

ure 3), and a preparat ion in which the sialie 
acid content had been reduced by treatment 
with rennet (Point  6 of Figure 3) also showed 
this relation. Presumably, these samples were 
impure, so that their sialic acid content and 
stabilizing powers were reduced by the pres- 
ence of components which did not contain 
sialic acid. This contaminating material may 
have been denatured protein in our McKenzie 
and Wake preparat ions (9). When several 
preparations of K- and of ~-casein,  differing 
in their  sialic acid content, were tested at  vari- 
ous a, :K-casein ratios, the total sialic acid of 
the mixture appeared to control its stability 
(data not shown). The observed relation was 
linear from 10 to 100% stability, and extrapo- 
lated to zero stabili ty at 0.06% sialie acid and 
to 100% stability at  0.37% sialic acid in the 
test mixture (uncorrected for  moisture). The 
lat ter  result (ca. 0.40% when corrected for  
moisture) is close to the values reported for  
a-casein complex (~s + K-casein) [(1, 2) and 
Table 2]. 

Recombined casein fractions. As a check 
on the accuracy of the sialic acid determina- 
tion, mixtures of various casein fractions were 
prepared and analyzed. To secure some re- 
combination of the fractions into complex 
micelles, they were dissolved in sodium hy- 
droxide at p H  12, to form the monomers; then, 
within 25 rain, they were acidified to p H  4.5 
in the presence of calcium, magnesium, phos- 
phate, and citrate (Table 3 headnote), so as 
to form and coagulate micelles. A sample of 
whole acid casein was similarly treated. Af te r  
the alkali treatment, some of the sialic acid 
originally present in the a.-K-casein mixture 
was soluble at p H  4.5. Therefore, all super- 
natant  solutions were hydrolyzed and ana- 
lyzed. 

The total amount of sialic acid recovered 
agreed closely with the amount calculated from 
the analyses of the individual fractions (Table 
3). Factors affecting the amount of sialic acid 
present in the supernatant  af ter  alkali t reat-  
ment of certain casein mixtures are being in- 
vestigated further. 

Sialic acid content of  skimmilk proteins. Pre-  
l iminary tests with skimmilk indicated that  
some 17 to 28% more sialic acid was present 
in the proteins precipitated with trichlora- 
cetic acid than in casein precipitated at p H  4.5. 
Analysis of the heat-coagulable whey proteins 
showed that they contained little or no sialie 
acid. Precipitat ion of the proteose-peptone 
fraction from the serum of heated sk~mmilk 
(95 C, 15 rain) with triehloracetie acid yielded 
a fraction (sedimented in 1 mill at 10,000 rpm 
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TABLE 3 

Recovery of sialie acid from recombined casein fract ions 
(0.020 ~ Ca, 0.005 ~ lilg, 0.020 ~ P, 0.010 ~ Cit;  25 C) 

Total /zg sialie acid found in:  

Casein 
hydroly- Superna- 

zate-wash t an t  hydro- Per  cent 
Type of casein solution lyzate a Sum Expected ~ recovery 

45 mg as + 40 mg fl 100 0 100 100 100.0 
60 mg ~ + 10 mg r 306 0 306 310 98.7 
60 mg as + 15 mg ~ 358 94 452 450 100.4 

150 mg whole casein 549 0 549  553  ¢ 99.3 

a 0.61 ml of 1.0 Iv I-I2SO4 was added to the supernatant  solution (5.5 ml) prior to 
hydrolysis. 

b Based on values of Table 2, using the Swaisgood and Brunner  (19) n-c~sein. 
Based on prior analysis of this whole casein. 

in  a Spineo L centr i fuge ,  No. 30 head)  con- 

t a i n ing  abou t  1 .8% sialic acid ( sialio 
N × 6.38 % 

X 100 ) .  The sialic acid conten t  of th is  f rac -  

t ion accounted fo r  the ent i re  difference between 
the sialic acid conten t  of  acid casein and  of  
milk pro te ins  p rec ip i t a t ed  wi th  t r ichloracet ic  
acid (Table  4) .  

TABLE 4 

Sialic acid content of casein, proteose-peptone, 
and TCA-precipitated protein 

~g Sialic acid 
per  milliliter 

of original milk 
or serum 

Milk 1 Milk 2 

Whole acid casein 78.4 ] 72.4 ] 
100.4 ~ 89.4 

Proteose-peptone 22.0 j 17.0J  
Total TCA-precipi- 

ta ted protein 100.7 91.6 

The sialic acid conten t  of caseins f rom dif-  
f e r e n t  milks var ied  f r o m  0.26 to 0.59% (Ta-  
ble 5) .  I nd iv idua l  values in  the  l i t e ra ture ,  i.e., 
0.21-0.43% (1, 2, 8, 14, 17) ,  show a s imi lar  
var iabi l i ty .  The sialic acid con ten t  of  the  pro-  
teose-peptone  f r ac t ion  var ied  to abou t  the  
same extent ,  bu t  i ndependen t ly  of case in-bound 
sialic acid (Table  5) .  

DISCUSSION 

Es t ima t ion  of  the  K-casein conten t  of mi lk  
by  de te rmina t ion  of  the  sialic acid con ten t  is 
possible  i f  the  fo l lowing condi t ions  a re  fu l -  
filled : 

a) Only  casein sialic acid is n leasured and  it  
is measured  complete ly ;  

TABLE 5 
Routine analysis of sialie acid in whole acid 
casein of bulk and individual raw skimmilks 

Sialic acid 
in proteose- 

peptone 
Per  cent 

sialie ~g per Per  cent 
acid in milliliter of ca- 

Type whole of orig- sein 
of Per  cent acid inal sialie 

milk casein" casein milk acid 

Bulk 2.81 .29 
2.31 .33 
2.64 .41 
2.23 .53 20.8 17.6 

Individual  2.78 .26 ]9.2 26.7 
2.25 .31 
2.39 .31 
2.15 .34 
2.30 .34 22.3 28.3 
3.07 .37 30.7 27.0 
2.10 .38 
2.63 .39 
2.47 .40 
2.95 .46 
1.98 .50 
3.35 .59 

Casein N × 6.38. 

b) I f  o ther  casein f r ac t ions  conta in  l i t t le  or  
no sialic acid, and  

c) I f  the  sialic acid con ten t  of  K-casein is 
known and  is constant .  

W i t h  r e g a r d  to condi t ion (a ) ,  t he  da ta  
(Tab le  4) show t h a t  noncase in  sialic acid is 
p re sen t  in  the  p ro teose -pep tone  f r ac t i on  of  
skimmilk  pro te in .  However ,  t h i s  f r ac t ion  is 
no t  p r ec ip i t a t ed  wi th  casein a t  p H  4.5 (15) .  
The complete  recovery  of  sialic acid added  to 
casein before  hydrolys is  (Table  1) indica tes  
the re l iab i l i ty  of  the  t h ioba rb i t u r i c  acid method  
fo r  the de t e rmina t ion  of sialic acid. Also, the  
ag reement  between de te rmined  and  calculated 
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(based on analyses of the individual fractions) 
sialic acid contents of reconstituted casein mix- 
tures (Table 3) would appear to indicate that 
this method determines all of the sialic acid 
present in mixtures of various casein frac- 
tions. I t  is, therefore, reasonable to assmne 
that all of the sialic acid present in whole acid 
casein will be determined by this procedure. 

With reference to condition (b), the results 
obtained on a~- and fl-easein purified by re- 
peated chromatography on DEAE cellulose in- 
dicate that most, and probably all, of the sialic 
acid found in normal preparations of these 
fractions is present as an impurity. Starch 
gel electrophoresis of the usual preparations 
of a~- and fl-casein has indicated the presence 
of a small proportion of protein having a mo- 
bility similar to that of K-casein (11), and the 
present work shows that this is removed by 
chromatographic purification on DEAE cellu- 
lose. Therefore, it can be concluded that the 
sialie acid found in preparations of a~- and 
~-easein indicates contamination of these frac- 
tions with K-casein. Since a~-, fl-, and K-casein 
appear to be the three major fractions of 
whole casein, a reasonable corollary is that 
K-casein is the only major fraction containing 
a significant amount of sialic acid. 

With reference to condition (c), the vari- 
able sialic acid content of different prepara- 
tions of K-casein does not necessarily indicate 
that the composition of K-casein is variable. 
These preparations are impure (11), and the 
preparation preferred on the basis of calcium 
stabilization of ~-casein (11) is also the one 
with the highest sialic acid content. If, as 
suggested by Waugh (22, 23), a,- and K-casein 
associate in constant proportions, then the true 
~-casein content of these impure K-casein prep- 
arations should be related to the amount of 
a~-casein it can stabilize in the presence of 
calcium. The observed linear relation between 
the stability and the sialic acid content of the 
mixture (Figure 3) is, thus, a strong indica- 
tion that the measured sialic acid content re- 
flects the amount of intact K-casein (i.e., in- 
cluding the glycomacropeptide) present in 
these preparations. Specific removal of sialic 
acid, presumably without other change in the 
molecule, did not reduce its stabilizing power 
proportionately (20). 

The highest sialie acid value found in K- 
casein during the present study was 2.14%. 
Swaisgood and Brunner (19) have stated that 
the K-casein prepared by their method is ap- 
proxinmtely 92% pure, so the true sialic acid 
content of this K-casein is probably 2.3%. Val- 
ues of 2.4 (1) and 2.5% [resorcinol-HCl 

method (20)] have been reported by others 
for K-casein, and Cayen et al. (2) have found 
2.22% in their Fraction A. Sialie acid con- 
tents of 0.42 (present work), 0.41 (2), and 
0.38% (1) have been reported for a-casein 
complex. If, as seems probable, the urea 
method (6) isolates a specific complex in which 
a~- and K-caseins are associated in a weight 
ratio of 4:1 (22, 23), these values would indi- 
cate sialic acid contents of 2.10, 2.05, and 
1.90%, respectively, in the K-casein portion of 
the complex. However, this calculation does 
not correct for fi-casein, which may be present 
as an impurity. Further work is required to 
establish the sialic acid content of K-casein. 

These results indicate that the procedure used 
in the present work fulfills the conditions that 
must be met if sialie acid determinations are 
to be used as an index of the K-casein content 
of skimmilk. The only exception is that the 
exact sialic acid content of K-casein has not 
been established, but a value of 2.3% is sug- 
gested as an approximation pending further 
studies. The 0.26-0.59% sialic acid observed" 
in whole acid casein thus indicates the propor- 
tion of K-casein varies between 11-26%. This 
range is similar to that observed by Sullivan 
et al. (17) in sedimented caseins of varying 
particle size. 

We have since found values as low as 0.21% 
in whole acid casein. 
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