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A 64 amino acid residue sialylated phosphorylated glycomacropeptide (GMP) from bovine sweet
whey can be detected as a Coomassie blue-staining peptide by electrophoresis on sodium dodecyl
sulfate (SDS)-polyacrylamide gels. There is, however, limited information available concerning detec-
tion of GMP as a sialylated phosphorylated compound. Samples of GMP were electrophoresed on
SDS-polyacrylamide gels or cellulose acetate strips (CAS). Immediately following electrophoresis,
fractions obtained by cutting gels or strips were subjected to sialic acid determination by the thiobar-
bituric acid reaction and phosphorus determination by the malachite green dye reaction. Both deter-
minations were found to be sensitive enough to detect approximately 20 and 40 µg of GMP in CAS
and SDS gels, respectively. Further studies demonstrated that sialylated phosphorylated GMP can
be detected on either SDS gels or CAS loaded with whey products or whey-added margarine residues.
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INTRODUCTION

Bovine sweet whey contains 64 amino acid residue sialylated
phosphorylated glycomacropeptides (GMPs), which are released
from κ-casein by the action of chymosin, a proteinase used to
coagulate the milk casein complex during cheesemaking (see
refs1-4 for reviews). The proteinase cleaves the peptide bond
between Phe-105 and Met-106 to yield insoluble para-κ-casein
(residues 1-105), which remains with the curd formed, and
soluble GMP (residues 106-169), which is released into sweet
whey. GMP contains oligosaccharides including those composed
of N-acetylneuraminic acid (sialic acid), galactose, andN-
acetylgalactosamine, which are O-glycosidically linked to the
peptide through threonine residues (e.g., Thr-131, Thr-133, and
Thr-135; ref 1). Sialic acid is a specific indicator of GMP
accounting for approximately 80% of total sialic acid in sweet
whey (5). Phosphorylation in GMP occurs at Ser-149 (6). GMP
lacks aromatic amino acids (phenylalanine, tyrosine, and tryp-
tophan) and is thought to be suitable for the source of dietary
amino acids for patients suffering from phenylketonuria. GMP
is also known to have various biological activities (e.g.,
protection against toxins, bacteria, and viruses and modulation
of immune responses) (2-4). GMP as a dietary source of sialic
acid may be important in brain growth of infants (7).

GMP has been isolated from sweet whey or casein hydroly-
sate and analyzed by various methods. Electrophoresis is one
of the important techniques used to characterize GMP. On
electrophoresis with sodium dodecyl sulfate-polyacrylamide
gels (SDS gels), GMP gives a band stained with Coomassie
blue R250 (CB), which is a dye commonly used to stain the
peptide portion of GMP (8). However, not much is known about
an electrophoretic method to detect GMP as a sialylated
phosphorylated peptide. Such a method is needed for the
characterization of GMP.

Glossmann and Neville (9) extracted glycoproteins from rat
cell membranes, electrophoresed them on SDS gels, and detected
sialic acid in gel slices by a colorimetric method with the
thiobarbituric acid reaction. There is little information available
concerning sialic acid assay in GMP electrophoresed on SDS
gels. This study was undertaken to develop a method to
determine phosphorus as well as sialic acid in GMP electro-
phoresed on SDS gels and cellulose acetate strips (CAS).
Techniques developed using purified samples of GMP were then
tested for the detection of GMP in whey products and whey-
added margarine samples.

MATERIALS AND METHODS

Materials. Fresh bovine milk was obtained from the Dairy Unit at
the University of Alberta Farm. Sweet whey was prepared from the
fresh milk by chymosin treatment (10). It was dialyzed in water and
freeze-dried to obtain whey protein concentrate (WPC). For preparation
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of acid whey, the fresh milk was adjusted to pH 4.6 with 1 N HCl and
incubated at 50°C for 20 min. The acid whey formed was then
separated from casein and fat by centrifugation, dialyzed in water, and
freeze-dried to obtain WPC. This product prepared without chymosin
proteolysis contained no GMP when examined by gel chromatography
on Sephacryl S-200, which showed no sialic acid peak withKav at or
near 0.40 seen in highly purified GMP (5). Commercial samples of
WPC, whey protein isolate (WPI), and whey permeates were obtained
from local milk processors. Samples of whey permeate were dialyzed
in water, and the nondialyzable fractions obtained were used for
chemical analysis and electrophoresis.

Diethylaminoethyl (DEAE)-Sephacel was a product of Pharmacia-
Biotech, Baie d’Urfé, Quebec, Canada. Caseinoglycopeptide from
bovine casein (GMPa), sialic acid (N-acetylneuraminic acid from sheep
submaxillary mucin), and Sephacryl S-200-HR were obtained from
Sigma-Aldrich Canada Ltd., Mississauga, ON, Canada. Bovine GMP
(GMPb) was provided by Davisco Foods International, Inc., Eden
Prairie, MN. Cellulose acetate strips (Sepraphore III, 2.5 cm× 15.2
cm) were obtained from Gelman Sciences Inc., Ann Arbor, MI.
Malachite green was from Difco Laboratories, Detroit, MI. Margarine
samples (each labeled as a whey-added product from a different
processor) and those without whey were obtained from a local food
store. These samples were delipidated with chloroform/methanol (2:1)
(11). The insoluble residue obtained after delipidation was dialyzed in
water to give a margarine residue.

Chromatographic Separation of GMP.A sample of WPC prepared
from fresh milk (see Materials) was chromatographed on a DEAE-
Sephacel anion-exchange column at pH 3.0 (12). Eluates obtained were
monitored for sialic acid, a constituent sugar of GMP, and those
containing GMP adsorbed on the anion-exchanger and eluted with 2
M NaCl were pooled, dialyzed in water, and freeze-dried. This
preparation was further fractionated by gel chromatography on Seph-
acryl S-200-HR to obtain high-purity GMP.

Analytical Methods. The sialic acid content was determined by the
thiobarbituric acid reaction (5) after hydrolysis of samples in 0.1 N
sulfulic acid at 80°C for 1 h. The reaction mixture for the sample of
GMP preparation, whey product, or margarine residue consisted of 0.2
mL of hydrolysate of sample in 0.1 N sulfuric acid; 0.1 mL of 0.2 M
sodiumm-periodate/9 M phosphoric acid (solution A); 1 mL of 10%
(w/v) sodium arsenite/0.5 M sodium sulfate/0.1 N sulfuric acid (solution
B); and 3 mL of 0.6% (w/v) thiobarbituric acid/0.5 M sodium sulfate
(solution C). The hydrolysate of sample was first incubated with solution
A for 20 min at room temperature. Solution B was then added to the
mixture of hydrolysate and solution A and mixed until a yellow-brown
color disappeared. Solution C was added to this preparation, and the
mixture was heated in boiling water for 15 min. The chromophore
formed was extracted with 4.3 mL of 1-propanol, and its absorbance
at 549 nm was read against blank solution prepared with 0.2 mL of
0.1 N sulfuric acid.

For the assay of sialic acid in SDS gel or CAS fractions (see below),
the volume of reaction mixture was reduced to increase the sensitivity
of the assay method. To a sample hydrolyzed in 0.2 mL of 0.1 N sulfuric
acid was added a half-volume of each solution (0.05, 0.5, and 1.5 mL
of solutions A, B, and C, respectively). The chromophore formed after
heating the reaction mixture was extracted with 2.3 mL of 1-propanol,
and its absorbance was read against blank solution prepared with SDS
gel or CAS having no loaded sample. Absorbance was approximately
1.7-fold higher in the assay with reduced volumes of reaction mixture
and solvent (1-propanol) compared to the original assay (see above).

The phosphorus content was determined by the malachite green dye
reaction (13) in samples ashed at 550°C overnight. Amino acid analysis
was performed by using a Beckman model 6300 amino acid analyzer
on samples hydrolyzed under nitrogen at 110°C for 20 h in glass-
distilled 6 N HCl containing 0.1% (w/v) phenol. The content of
galactose was estimated by the anthrone reaction (14) using galactose
as a standard, and that of galactosamine was estimated by the indole
reaction (15) using galactosamine-HCl as a standard.

Electrophoresis of GMP on SDS Gels.Electrophoresis in 0.1%
SDS was carried out on 12% polacrylamide gels in 0.1 M Tris-borate
buffer, pH 8.6 (16). Gels were prepared using a mini-PROTEAN II
cell (Bio-Rad, Mississauga, ON, Canada) with a 0.75 mm thick spacer

and 10 well combs. Samples were dissolved in 0.04 M Tris-borate
containing 2% (w/v) SDS and 8 M urea, pH 8.6, and boiled for 10
min prior to application. Electrophoresis for each sample was repeated
until a sufficient number of gels were obtained for GMP staining and
colorimetric determinations of sialic acid and phosphorus.

Gels were stained with 0.5% (w/v) CB in 50% (v/v) methanol
containing 12.5% (w/v) trichloroacetic acid and destained in 5% (w/v)
trichloroacetic acid (8). For colorimetric determinations of sialic acid
and phosphorus, two adjoining wells were used for the same samples
one for sialic acid assay and the other for phosphorus assay. A portion
of unstained gel, which was a strip (6 cm× 1 cm) containing a single
lane (6 cm× 0.5 cm) in its inner part, was equally cut with a razor
blade into 12 serial fractions of 0.5 cm× 1 cm in size. Fraction 1
contained the top of the gel corresponding to the origin, and fraction
12 contained the anodal end of the gel corresponding to the mobility
of marker dye, bromophenol blue. Every fraction for sialic acid analysis
was collected in a glass test tube containing 0.2 mL of 0.1 N sulfuric
acid, cut into small pieces with the tip of spatula, and heated at 80°C
for 1 h to release sialic acid. More than 50% of the total sialic acid
electrophoresed was released from the gel into 0.1 N sulfuric acid.
Fractions used for phosphorus analysis were ashed at 550°C overnight
and subjected to the colorimetric assay with malachite green dye
reaction (see above).

For sialic acid assay, unstained gels should be used. No significant
amount of sialic acid was detected from CB-stained gels. Relatively
large amounts of dye in the CB-stained gel also interfered with the
assay by giving a blue color in the reaction mixture.

Electrophoresis of GMP on CAS.Samples were electrophoresed
by applying a constant current of 1 mA/cm CAS for 1 h in either 0.1
M potassium phosphate buffer, pH 7.0, or 0.1 M pyridine/1.2 M acetic
acid buffer, pH 3.5. Two samples were applied to a 2.5 cm wide strip
giving a 1.25 cm wide space per sample. Following electrophoresis,
the strip was stained with 0.5% (w/v) CB in 50% (v/v) methanol
containing 12.5% trichloroacetic acid and destained with water. CAS
was also subjected to a colorimetric determination of sialic acid or
phosphorus. A portion (1.25 cm× 6 cm mini-strip) of each CAS loaded
with GMP was equally cut to obtain 12 serial fractions of 1.25× 0.5
cm in size, in that fraction 1 contained the origin and fraction 12 was
the farthest portion of the mini-strip examined. For sialic acid analysis,
every CAS fraction was collected in a glass test tube containing 0.2
mL of 0.1 N sulfuric acid and hydrolyzed as described above. Most
(close to 100%) of the GMP sialic acid electrophoresed was released
into 0.1 N sulfuric acid during hydrolysis. Sialic acid was assayed in
CAS from both potassium phosphate and pyridine/acetic acid buffers.
Phosphorus was determined in CAS from the pyridine/acetic acid buffer
only. Phosphorus was not analyzed in CAS from phosphate buffer,
which interfered with the assay by giving high absorbance in the blank
solution.

Detection of GMP in Whey Products and Margarine Residues.
Samples of WPC, WPI, whey permeate, and margarine residues were
electrophoresed on either SDS gels or CAS. For SDS-gel electro-
phoresis, a sample (∼5 mg) was mixed with 100µL of sample buffer
and heated in boiling water for 10 min. A 10µL aliquot of supernatant
obtained after centrifugation of the mixture at 12000gfor 5 min was
then mixed with 2µL of 1% (w/v) bromophenol blue and applied to
the well. For electrophoresis on CAS, a sample (∼5 mg) was mixed
with 100µL of 0.1 M pyridine/acetic acid, pH 3.5, and a 10µL aliquot
of supernatant obtained after centrifugation of the mixture as described
above was applied to the CAS in the same buffer. Two samples were
loaded in a strip. Immediately following electrophoresis, unstained gels
or CAS were subjected to sialic acid and phosphorus determinations.

RESULTS

Chromatographic Separation of GMP. An average 9.4%
of WPC applied to the column of DEAE-Sephacel was adsorbed
on the anion exchanger and eluted with 2 M NaCl as a single
sialic acid peak, which accounted for 77.8% of total recovered
sialic acid (chromatogram not shown). Chromatography of the
sialic acid peak fraction on Sephacryl S-200 gave a single peak
with Kav ) 0.39 (Figure 1), accounting for 98.5% of total sialic
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acid recovered. TheKav value was close to that (0.40) of GMP
aggregates eluted from Sephacryl S-200 (5), indicating that the
peak contained GMP sialic acid. The sialic acid containing
eluates were pooled as indicated inFigure 1 to obtain two
fractions, I and II (referred to as GMP I and GMP II,
respectively), which accounted for, respectively, 2.6 and 3.8%
of WPC applied to the column of DEAE-Sephacel.

Table 1 shows chemical compositions determined in four
GMP samples: GMPa; GMPb; GMP I; and GMP II. All
samples except GMPb had undetectable levels of phenylalanine
and tyrosine, which are the aromatic amino acids not found in
GMP. GMPb had an undetectable amount of tyrosine and a
negligible amount of phenylalanine. The sialic acid content was
the highest in GMP I, higher in GMP II than in GMPb, and the
lowest in GMPa. Variations were also observed in galactose,
galactosamine, and phosphorus contents. However, the content
of each carbohydrate or phosphorus was within the range of
that of the corresponding GMP constituent reported elsewhere

(17). These results indicated that all GMP preparations were of
high purity usable for electrophoretic studies using SDS gels
or CAS.

Electrophoresis of GMP on SDS Gels.All samples of
bovine GMP showed a relatively broad CB-staining major band
with average mobility greater than that of dimericâ-lactoglo-
bulin (36.6 kDa) (Figure 2). This is consistent with the
previously reported gel electrophoretic pattern of GMP (18) and
provides evidence of the formation of aggregate of monomeric
GMP with its molecular mass of∼8 kDa. The average mobility
of GMP aggregate varied among the samples withRf values
being 0.60, 0.62, 0.55, and 0.57 for GMPa, GMPb, GMP I,
and GMP II, respectively. A GMP fraction from DEAE-
Sephacel, from which GMP I and GMP II were separated, had
anRf value of 0.56. The slightly lower mobility in GMP I than
in GMP II confirms the chromatographic result (Figure 1). The
higher contents of sialic acid, galactose, and galactosamine in
GMP I than in GMP II (Table 1) may be related to the higher
molecular size in GMP I. The CB-stained gel also showed minor
band(s) in GMPa (Rf values of 0.29 and 0.32, both with weak
staining), GMPb (Rf 0.84), GMP I (Rf values of 0.32 and 0.84,
both with weak staining), and GMP II (Rf values 0.84 and 0.99).

Results of sialic acid and phosphorus determinations in gel
fractions are shown inFigure 3. The peak of sialic acid content
expressed as absorbance was seen at fraction 7 in GMPa and
GMP I and at fraction 8 in GMPb and GMP II. The difference
in the peak position between GMP I and GMP II is consistent
with that in the mobility of CB-stained band between the two
preparations of GMP (see above). The peak position apparently
corresponded to the mobility of CB-stained band in GMPa,
GMPb, and GMP I, but not in GMP II, which had its
CB-staining band in the area corresponding to fraction 7 instead
of fraction 8 (see above). The peak of phosphorus was seen at

Figure 1. Chromatography of major sialic acid containing fraction from
DEAE-Sephacel. A sample (67 mg) was dissolved in 1 mL of 0.1 M sodium
acetate buffer, pH 7.0, and applied to a 1 × 110 cm column of Sephacryl
S-200-HR equilibrated and eluted with the same buffer. Fractions of 1
mL were collected at a flow rate of 9 mL/h. Aliquots of 5 µL were removed
and assayed for sialic acid. A bar indicates fractions pooled for further
study. V0 (void volume) and Vt (total column volume) were determined
using blue dextran and tritiated water, respectively.

Table 1. Analysis of GMP Samples

GMPa GMPb GMP I GMP II

Amino Acid (mol %)
Asx 7.1 7.7 7.4 7.3
Thr 18.9 18.5 20.0 16.4
Ser 13.1 11.1 12.6 15.0
Glx 15.3 16.9 15.6 18.4
Gly 1.9 2.0 1.9 2.2
Ala 7.5 7.5 7.4 6.0
Val 7.8 7.3 7.6 7.2
Met 1.2 1.3 1.2 1.1
Ile 8.2 8.6 8.4 8.2
Leu 1.9 2.3 1.7 3.1
Tyr nda nd nd nd
Phe nd 0.3 nd nd
His 0.2 0.2 nd 0.1
Lys 4.2 4.5 4.5 4.0
Arg nd 0.3 nd 1.0
Pro 12.7 11.5 11.8 10.0

Carbohydrate and Phosphorus (µg/mg of Dry Weight)
sialic acid 65.0 77.6 116.7 94.4
galactose 47.1 44.2 71.5 50.2
galactosamine 27.8 47.5 64.2 56.9
phosphorus 7.0 5.8 4.6 6.3

a Not detected.

Figure 2. Electrophoresis of GMP preparations on SDS−polyacrylamide
gels: lane 1, GMPa; lane 2, GMPb; lane 3, GMP-containing fraction from
DEAE-Sephacel; lane 4, GMP I; lane 5, GMP II. Approximately 50 µg of
sample was applied to the well. CB was used to stain GMP. The origin
and the migration position of dimeric â-lactoglobulin (36.6 kDa) are shown.
The vertical scale bar was given beside the gel so that one can compare
the mobility of the CB-staining band with the positions of fractions, which
were obtained by cutting an unstained gel for determination of sialic acid
or phosphorus.
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or near the position of the sialic acid peak in all samples
examined, indicating that GMP is phosphorylated.

Detection of GMP in SDS Gels Loaded with Whey
Products. In our preliminary experiment, SDS-gel electro-
phoresis of WPC gave three major CB-staining bands including
those of monomeric and dimericâ-lactoglubulin (18.3 and 36.6
kDa, respectively) andR-lactalbumin (14.2 kDa). There was

no clear band seen with the mobility of GMP (electrophoreto-
gram not shown), which, if detectable, should show a band of
GMP aggregate with mobility greater than that of dimeric
â-lactoglobulin (see above). However, using the colorimetric
methods we could detect sialic acid and phosphorus specific to
GMP in most of the gels loaded with samples of WPC, WPI,
and whey permeates (seeTable 2 for sialic acid and phosphorus
concentrations determined in these samples prior to electro-
phoresis).

All WPC samples (Figure 4) except one (see below) had a
sialic acid peak at fraction 7 or 8 with a phosphorus peak at or
near the position of the sialic acid peak. This is consistent with
the results obtained by electrophoresis of GMP (Figure 3). No
appreciable peak of sialic acid was found in a sample of WPC
from acid whey (containing no GMP, see Materials), as expected
(Figure 4h). Therefore, significant amounts of phosphorus
observed in fractions 1-8 from this sample were unlikely
specific to GMP. Only one commercial sample (Figure 4g) had
a sialic acid peak detected at fraction 3 with a relatively low
content of phosphorus. No further investigation was carried out
for this sialic acid containing material.

In WPI, a peak of sialic acid or phosphorus was seen in
fraction 7 in two samples (Figure 5a,b) as found in WPC,
whereas no peak was seen in a sample (Figure 5c) with a low
content of sialic acid or phosphorus (Table 2). Electrophoresis
of the nondialyzable fraction of whey permeates, accounting
for an average of 1.2% of the dry weight of whey permeate,
demonstrated that the first sample had two sialic acid peakss
one at fraction 5 and the other at fraction 9 (Figure 6a). The
second sample gave a single sialic acid peak at fraction 7
(Figure 6b). All sialic acid containing fractions contained
significant amounts of phosphorus.

Electrophoresis of GMP on CAS.Electrophoretic profiles
with CB staining were different between samples or systems
with different buffers. With 0.1 M potassium phosphate, pH
7.0 (Figure 7), GMPa (lane a) gave two broad bands with
different staining intensities, whereas GMPb (lane b) gave three
broad bands, among which the band with the slowest mobility
was very weakly stained. The staining intensity of the fastest
migrating band in GMPb was higher than that of the fast-
migrating band of GMPa. Both GMP I (lane c) and GMP II
(lane d) gave apparently single broad bands with higher staining

Figure 3. Analyses of sialic acid and phosphorus in SDS−polyacrylamide
gels loaded with ∼50 µg of GMP samples: (a) GMPa; (b) GMPb; (c)
GMP I; (d) GMP II.Sialic acid was determined by the thiobarbituric acid
reaction (absorbance at 549 nm, 9). Phosphorus was determined by the
malachite green dye reaction (absorbance at 610 nm, 2).

Table 2. Sialic Acid and Phosphorus Concentrations (Micrograms per
Milligram of Dry Weight) in Whey Products

samplea sialic acid phosphorus

WPC
1 13.4 3.2
2 16.3 2.0
3 12.8 1.4
4 14.6 2.7
5 13.0 2.8
6 14.3 1.5
7 24.3 4.1
8 6.1 2.0

WPI
1 13.2 1.5
2 12.7 1.0
3 1.1 0.1

Whey Permeate
1 0.1 21.6
2 0.1 141.0

a WPC sample 1 was prepared by us from fresh milk (see Materials). WPC
samples 2−7 were commercial products. WPC sample 8 was prepared by us from
acid whey. All samples of WPI and whey permeate were commercial products.

Silalylated Phosphorylated Glycomacropeptide J. Agric. Food Chem., Vol. 55, No. 7, 2007 2717



Figure 4. Analyses of sialic acid and phosphorus in SDS−polyacrylamide gels loaded with WPC: (9) sialic acid determined by the thiobarbituric acid
reaction (absorbance at 549 nm); (2) phosphorus determined by the malachite green dye reaction (absorbance at 610 nm); (a) sample prepared by us
from fresh milk (see Materials); (b−g) commercial samples; (h) sample prepared from acid whey. Results shown in diagrams a−h were obtained with
WPC samples 1−8 (Table 2), respectively.
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intensity in the latter. The mobilities of these bands were similar,
but higher than that of the fast-migrating band from GMPa.

GMP samples electrophoresed on CAS in 0.1 M potassium
phosphate buffer were then assayed for sialic acid (Figure 8).
Phosphorus was not analyzed due to the difficulty of assay in
the presence of potassium phosphate (see Materials and
Methods). GMPa had a sialic acid peak at fraction 7, which
corresponded to the area with little CB-stained band (Figure
7, lane a). No sialic acid was detected in fractions 5 and 6,
which corresponded to the area showing a major CB-stained
band from GMPa. The other samples (GMPb, GMP I, and GMP
II) had a sialic acid peak at fraction 8. Therefore, in GMPb
(Figure 7, lane b), only a small amount of sialic acid corre-
sponding to∼5% of total recovered sialic acid (estimated from
absorbance values shown inFigure 8b) was detected in the
areas corresponding to fractions 4-7 (Figure 7, lane b), where
most of the CB-staining bands were seen. In contrast, most
(∼70%, Figure 8b) of the sialic acid in GMPb was found in
the area corresponding to the fast-migrating portion of the fastest

CB-staining band. In GMP I and GMP II (Figure 7, lanes c
and d, respectively),>60% of total recovered sialic acid (Figure

Figure 5. Analyses of sialic acid and phosphorus in SDS−polyacrylamide
gels loaded with WPI: (9) sialic acid determined by the thiobarbituric
acid reaction (absorbance at 549 nm); (2) phosphorus determined by
the malachite green dye reaction (absorbance at 610 nm). Results shown
in diagrams a−c were obtained with WPI samples 1−3 (Table 2),
respectively.

Figure 6. Analyses of sialic acid and phosphorus in SDS−polyacrylamide
gels loaded with whey permeates: (9) sialic acid determined by the
thiobarbituric acid reaction (absorbance at 549 nm); (2) phosphorus
determined by the malachite green dye reaction (absorbance at 610 nm).
Results shown in diagrams a and b were obtained with whey permeate
samples 1 and 2 (Table 2), respectively.

Figure 7. Electrophoresis of GMP preparations (∼50 µg) on CAS in 0.1
M potassium phosphate buffer, pH 7.0: (a) GMPa; (b) GMPb; (c) GMP
I; (d) GMP II. The horizontal scale bar was given above the CAS so that
one can compare the mobility of the CB-staining band with the positions
of fractions, which were obtained by cutting an unstained CAS for
determination of sialic acid or phosphorus.
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8c,d) was found in the area corresponding to the slow-moving
portion of the CB-staining band.

With pyridine/acetic acid, pH 3.5 (Figure 9), GMPa (lane a)
had two discrete bands with different staining intensities,

whereas GMPb (lane b) gave a very broad band the middle
portion of which was densely stained. GMPb also gave a very
weakly stained broad band with its mobility similar to that of
the fast-migrating band of GMPa. GMP I (lane c) gave the
broadest band extended from the origin to the position close to
the end of the slow-moving band from GMPb. GMP I also had
a very weakly stained broad band with its average mobility faster
than that of the slow-migrating band of GMPb. GMP II (lane
d) showed two bandssone had a mobility slower than the
migrating front of major broad band from GMP I, and the other
was a weakly stained band having its average mobility slower
than that of the fast-migrating band from GMP I.

Sialic acid assay in CAS fractions (Figure 10) displayed a
peak at fraction 6 in GMPa, at fraction 7 in GMP I and GMP
II, and at fraction 8 in GMPb. The peak position for GMPa or
GMPb apparently corresponded to the mobility of its weakly
stained portion of the CB-staining band (Figure 9), whereas
the peak position for GMP I or GMP II did not correspond to
the mobility of its CB-stained band (Figure 9). The peak of
phosphorus was seen at or near the position of the sialic acid
peak in all samples examined. It was concluded that the sialic
acid peak position is not closely related to the mobility of the
CB-staining band on cellulose acetate electrophoresis in either
potassium phosphate or pyridine/acetic acid buffer.

Detection of GMP in CAS Loaded with Whey Products.
Results of sialic acid and phosphorus determinations in CAS
loaded with WPC, WPI, and whey permeates are shown in
Figures 11, 12, and13, respectively. A sialic acid peak was
found at fraction 7 or 8, as found in GMP samples (see above),
in all samples of WPC and WPI analyzed, with the exception
of those of WPC from acid whey (Figure 11h) and WPI with
a low sialic acid content (Figure 12c), in which no sialic acid
peak was seen, confirming gel electrophoresis results (see

Figure 8. Analyses of of sialic acid in CAS loaded with GMP (∼50 µg)
in 0.1 M potassium phosphate buffer, pH 7.0: (a) GMPa; (b) GMPb; (c)
GMP I; (d) GMP II; (9) sialic acid determined by the thiobarbituric acid
reaction (absorbance at 549 nm).

Figure 9. Electrophoresis of GMP preparations (∼50 µg) on CAS in 0.1
M pyridine/acetic acid, pH 3.5: (a) GMPa; (b) GMPb; (c) GMP I; (d)
GMP II. The horizontal scale bar was given above the CAS so that one
can compare the mobility of the CB-staining band with the positions of
fractions, which were obtained by cutting an unstained CAS for
determination of sialic acid or phosphorus.
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above). Sialic acid containing fractions showed significant
amounts of phosphorus in all samples examined. Whey perme-
ates gave sialic acid peaks at fractions 7 and 9 in sample 1 and

in fractions 9 and 10 in sample 2 (Figure 13b) with significant
amounts of phosphorus in all sialic acid containing fractions.

Detection of GMP in Whey-Added Margarine Residues.
An average 0.08% (w/w) of whey-added margarine was
extracted as margarine residues. Sialic acid and phosphorus
concentrations determined in samples of margarine residues
averaged 17.4 and 6.1µg/mg of dry weight, respectively (Table
3). The portion of each sample was then electrophoresed on
SDS gels or CAS, and fractions of gel or CAS obtained were
monitored for sialic acid and phosphorus. All samples showed
a sialic acid peak at fraction 7 or 8 with a significant amount
of phosphorus on either electrophoresis (Figure 14). Margarine
samples without whey, which had an undetectable level of sialic
acid, were not studied.

DISCUSSION

CB has been used for the detection of GMP aggregates on
SDS gels (18). However, this dye is not specific to carbohydrate
moieties of GMP, and thus in the present study the electro-
phoretic mobility of sialylated GMP on SDS gels or CAS was
determined by the assay of sialic acid, a specific indicator of
GMP (5). Our results suggest that the mobility of the CB-
staining band does not always reflect that of sialylated GMP
on either SDS gel or CAS and that the sialic acid assay should
be used to detect sialylated GMP. It appears that GMP with
negatively charged sialic acid and phosphate has a low affinity
to CB having a negative charge. The sialic acid assay, however,
cannot be used for the detection of nonsialylated glycomac-
ropeptide found as a relatively minor component in bovine sweet
whey.

The thiobarbituric acid reaction used for sialic acid assay was
a convenient, inexpensive, and reliable method, in that the
chromophore that can be formed in the presence of gel or CAS
fragments was extracted into a layer containing a water-miscible
solvent, 1-propanol. The sensitivity of the assay was herein
improved by reducing the volume of reaction mixture (see
Analytical Methods). The sensitivity could further be improved
by approximately 1.3 times by replacing 1-propanol with
cyclohexanone (T. Nakano and L. Ozimek, unpublished obser-
vation), which is a water-immiscible solvent used to extract
chromophore in the original method of thiobarbituric acid
reaction reported by Warren (19). However, cyclohexanone was
not used in this study because it is a highly hazardous solvent
not practical for the assay of many samples. We have also tested
other solvents including methanol, ethanol (95%), and 2-pro-
panol, with which the absorbance of chromophore obtained was,
respectively, 1.6, 1.4, and 1.4 times lower compared to that with
1-propanol.

Because the amount of sialic acid released during hydrolysis
is greater in CAS than in SDS gels (see Materials and Methods),
the latter requires a larger amount of sample (approximately
twice) to be loaded for the detection of GMP sialic acid.
Approximately 20µg of GMP or 200µg of whey products and
margarine residues loaded on CAS can be easily detected by
the sialic acid assay used in the present study. We have studied
GMP using gel chromatography on Sephacryl S-200 and showed
a GMP sialic acid peak eluting at or near the position of dimeric
â-lactoglobulin (36.6 kDa) peak (5). The sample size and time
required to detect sialylated GMP is much less in the electro-
phoretic methods developed in this study compared to the
previous gel chromatographic method (5).

Little information is available concerning phosphorus deter-
mination in GMP electrophoresed on SDS gels or CAS. The
malachite green dye reaction used in this study is a simple,

Figure 10. Analyses of sialic acid and phosphorus in CAS loaded with
GMP (∼50 µg) in 0.1 M pyridine/acetic acid, pH 3.5: (9) sialic acid
determined by the thiobarbituric acid reaction (absorbance at 549 nm);
(2) phosphorus determined by the malachite green dye reaction
(absorbance at 610 nm); (a) GMPa; (b) GMPb; (c) GMP I; (d) GMP II.
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Figure 11. Analyses of sialic acid and phosphorus in CAS loaded with WPC: (9) sialic acid determined by the thiobarbituric acid reaction (absorbance
at 549 nm); (2) phosphorus determined by the malachite green dye reaction (absorbance at 610 nm); (a) sample prepared by us from fresh milk (see
Materials); (b−g) commercial samples; (h) sample prepared by us from acid whey. Results shown in diagrams a−h were obtained with WPC samples
1−8 (Table 2), respectively.
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inexpensive, and sensitive method. Our results now confirm that
GMP is a phosphorylated peptide derived from bovineκ-casein
(1-4, 6).

We have tested fluorescent dyes, Pro-Q Emerald 488 and
Pro-Q Diamond (both obtained from Invitrogen Corp., Burl-
ington, ON, Canada), for staining GMP on SDS gels (T. Nakano
and L. Ozimek, unpublished data). Pro-Q Emerald 488 reacts
with periodate-oxidized carbohydrates to produce fluorescence
on glycoproteins, whereas Pro-Q Diamond reacts with phosphate
groups attached to tyrosine, serine, and threonine residues. Little
information is available concerning staining of GMP with these

fluorescent dyes. Using these dyes, we could visualize fluores-
cent bands of GMP samples and confirmed that they are
glycosylated phosphorylated compounds. However, staining
intensity varied among samples, and the mobility of the
fluorescent band did not always reflect that of sialylated or
phosphorylated GMP determined by the colorimetric analysis
used in this study. Thus, we concluded that staining gels with
these fluorescent dyes is not reliable for the detection of
glycosylated phosphorylated GMP. We have also attempted to
detect GMP on gels using periodic acid/Schiff staining (9) and
confirmed that the GMP aggregate was localized as a major
band with its mobility similar to that stained with CB (T. Nakano
and L. Ozimek, unpublished data). However, the sensitivity of

Figure 12. Analyses of sialic acid and phosphorus in CAS loaded with
WPI: (9) sialic acid determined by the thiobarbituric acid reaction
(absorbance at 549 nm); (2) phosphorus determined by the malachite
green dye reaction (absorbance at 610 nm). Results shown in diagrams
a−c were obtained with WPI samples 1−3 (Table 2), respectively.

Figure 13. Analyses of sialic acid and phosphorus in CAS loaded with
whey permeates: (9) sialic acid determined by the thiobarbituric acid
reaction (absorbance at 549 nm); (2) phosphorus determined by the
malachite green dye reaction (absorbance at 610 nm). Results shown in
diagrams a and b were obtained with whey permeate samples 1 and 2
(Table 2), respectively.

Table 3. Sialic Acid and Phosphorus Concentrations (Micrograms per
Milligram of Dry Weight) in Whey-Added Margarine Residues

sample sialic acid phosphorus

1 20.7 3.0
2 20.9 4.3
3 12.8 3.3
4 18.6 9.4
5 13.8 10.5
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Figure 14. Analyses of sialic acid and phosphorus in SDS−polyacrylamide gels (A) and CAS (B) both loaded with margarine residues: (9) sialic acid
determined by the thiobarbituric acid reaction (absorbance at 549 nm); (2) phosphorus determined by the malachite green dye reaction (absorbance at
610 nm). Results shown in diagrams a−e were obtained with margarine residue samples 1−5 (Table 3), respectively.
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this method was approximately 10 times lower than that with
the sialic acid assay used in the present study.

Cellulose acetate electrophoresis of acid whey proteins has
been reported (20). However, there is little information available
concerning cellulose acetate electrophoresis of GMP. We have
tested electrophoresis of GMP using a procedure similar to
that reported by the previous authors (20) and found that
Ponceau S, an anionic dye used by them to stain whey proteins
separated on CAS, does not stain GMP on CAS (T. Nakano
and L. Ozimek, unpublished observation). Our preliminary study
also demonstrated that (1) GMP having an isoelectric point (pI)
< 3.8 (12) migrates more rapidly than do most bovine whey
proteins (pI > 4) includingâ-lactoglobulin,R-lactalbumin, IgG,
and serum albumin on cellulose acetate electrophoresis in
potassium phosphate buffer, pH 7.0; and (2) in pyridine/acetic
acid buffer, pH 3.5, the above whey proteins do not show any
significant positive mobilities, whereas GMP has a relatively
fast positive mobility. Cellulose acetate electrophoresis may be
a useful method for a small-scale isolation and purification of
GMP from WPC, assuming that most of the GMP electrophore-
sed will be recovered from CAS.

It has been reported that WPI prepared by membrane
technology with microfiltration and ultrafiltration contains GMP,
which is not found in WPI prepared with an ion-exchange
process (21). The WPI with very low concentrations of GMP
sialic acid and phosphorus found in this study (Figures 5c
and 12c) might have been prepared with an ion-exchange
process.

There is little information available concerning analysis of
whey permeate. The extremely high content of phosphorus found
in sample 2 (Table 3) may be due to the presence of phos-
phorus-rich insoluble matter present in it. Results of SDS
gel electrophoresis suggest that the sialic acid peak at frac-
tion 9 from sample 1 (Figure 6a) and that at fraction 7 from
sample 2 (Figure 6b) may contain degraded product of GMP
and nondegraded aggregated GMP, respectively. Electrophor-
etic profiles on CAS were also different between the two
samples (Figure 13). It is unknown whether the two sialic acid
peaks observed on CAS are related to those observed on SDS
gels.

Sweet whey has been used as an ingredient in various
processed foods (e.g., margarine, bakery products, and bever-
ages). In commercial margarine, sweet whey is used as an
emulsifier to stabilize the water-in-oil emulsion. The present
study clearly showed that the whey-added margarine samples
contain sialylated phosphorylated bovine GMP (and thus sweet
whey, but not acid whey). Interestingly the sialic acid concen-
trations in margarine residues (13-21 µg/mg of dry weight,
Table 3) are fairly comparable to those in WPC and WPI
(13-24µg/mg of dry weight,Table 2).

The present study demonstrates an inexpensive and reliable
qualitative method, which can be used for the detection of GMP
in sweet whey-added food products including margarine. It is
suggested that sialic acid assay by the thiobarbituric acid reaction
is the first step, and then electrophoresis on SDS gels or CAS
is carried out to detect sialylated phosphorylated GMP by sialic
acid and phosphorus determinations. Cellulose acetate electro-
phoresis, which requires less time than SDS-gel electrophoresis,
may be more convenient, but SDS-gel electrophoresis is also
an important technique to confirm the formation of GMP
aggregates, a property characteristic to this peptide. The high
recovery (∼100%, see Materials and Methods) of GMP sialic
acid from CAS observed in this study suggests that cellulose
acetate electrophoresis may be used for the quantitative deter-

mination of GMP sialic acid. It appears that the sialic acid and
phosphorus analyses described here can be applied to electro-
phoretic characterization of sialylated and/or phosphorylated
proteins (or peptides other than GMP).

In conclusion, this study provides previously unreported
information on the method of detection of sialylated phospho-
rylated GMP on SDS gels and CAS by analyzing sialic acid
and phosphorus with the thiobarbituric acid and malachite green
dye reactions, respectively. The method is specific and can be
directly applied to the detection of GMP in whey products and
whey-added margarine.

ABBREVIATIONS USED

CAS, cellulose acetate strips; CB, Coomassie blue R250;
DEAE, diethylaminoethyl; GMP, glycomacropeptide;Kav, parti-
tion coefficient; pI, isoelectric point; SDS, sodium dodecyl
sulfate; WPC, whey protein concentrate; WPI, whey protein
isolate.
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