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CHAPTER 1
Introduction1

1.1 INTRODUCTION

Functional food is a term used to designate all those foods that have 

beneficial physiological functionality beyond adequate nutritional effects (1, 2). It 

is now known that there are some food components (added or not) that help to 

improve the state of health or reduce the risk of disease. Lactoval in milk, 

phytosterols in margarine, folic acid in bread, soluble fiber on fruit juice and (3- 

carotene in carrots are some examples. Therefore, functional foods have become 

an important area in food science and nutrition.

According to Horton (3), Hilliam (1) and Roberfroid (2), there is evidence 

that the European, Japanese and American markets are becoming increasingly 

interested for functional foods. The increase in life expectancy, the belief that it is 

possible to influence one’s own health and the awareness of the importance of 

prevention are the main factors that influence the demand for these kinds of 

products. Consequently, there is a strong intention by some governments to 

make functional foods an integral part of nutritional promotion in order to 

stimulate and develop this field for the benefit of consumers’ health (1-3).

Milk, the first food for mammalian neonates, contains diverse constituents 

with physiological functionality (4). Some of these bio-active milk compounds (or 

their derived products) are already being used in several commercial products, 

such as lactoperoxidase in toothpaste (anti-cavities), lactoferrin in infants’ 

formulas (anti-bacterial) and lactulose as a bifidogenic product (3, 4). However, 

more dairy products could be used as functional foods, but they have yet to be 

exploited.

1 Part of of this chapter has been published. Silva-Hernandez, E.R.; Nakano, T.; Ikawa, N.; 
Ozimek, L. Goat kappa-casein Glyco-macropeptide In: Food Science and Product Technology. 
Research Signpost. India. 2002, Pp. 104-110.
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Nowadays, many conventional dairy products can be considered foods 

with physiological functionality (4). This characteristic of extending beyond 

ordinary nutritional effects is attributed to many milk constituents, such as 

proteins, lipids, carbohydrates and even hydrolyzed milk compounds. In addition, 

some dairy byproducts have become an important source of nutrients. Whey 

proteins, for example, are well known because of their high nutritional value in 

addition to their versatile functional properties in food products (5). Furthermore, 

value-added fractionated milk ingredients are rapidly becoming economically 

important (6).

Use of sweet whey proteins has not only helped to prevent the pollution 

caused by the disposal of this byproduct of cheese-making but also has made 

this byproduct economically significant. However, there are other uses that might 

add even more value to sweet whey, such as the isolation of glycomacropeptide.

Glycomacropeptide (GMP), found in sweet whey (or cheese whey), is a C- 

terminal hydrophilic glycopeptide released from K-casein after chymosin 

hydrolysis (7-9). This glycopeptide is also referred to as caseinomacropeptide or 

caseinoglycopeptide. GMP lacks aromatic amino acids (phenylalanine, tyrosine 

and tryptophan), and contains varying amounts of phosphate and sugars, 

including sialic acid, galactose and N-acetylgalactosamine (8, 10). Structure and 

composition of bovine GMP have been studied (9, 11-16). Bovine GMP has a 

number of biological activities (7, 17-19), and is thought to be a potential 

ingredient for functional foods and pharmaceuticals.

In contrast to bovine GMP, there is relatively limited information available 

concerning goat GMP. Alais and Jolles (20) and Jolles etal. (21) isolated GMP 

from caprine K-casein and reported its chemical composition. Mercier etal. (13, 

22) reported the amino acid sequence of K-casein. There are, however, few 

reports of attempts to purify GMP from goat sweet whey, or comparative studies 

of when GMP is obtained from raw or pasteurized milk.

During the isolation of the GMP, a fraction referred to as GMP-depleted 

whey is also produced. There is limited information available concerning 

chemical composition of this GMP-depleted whey fraction. Such information may
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be important for developing value-added products with this fraction as well. Due 

to the relatively high content of the amino acid threonine in GMP, it was 

suggested that the use of GMP-depleted whey fraction (reduced in threonine) 

may be useful as an ingredient in infants’ formulas to prevent hyperthreoninemia 

(abnormally high threonine in blood), a well-known irregularity found in infants fed 

sweet whey-based formulas (23).

Production of GMP-depleted whey might be more practical if whey powder 

were used as a raw material. Currently, the use of bovine sweet whey powder in 

the dairy industry is convenient due to costs, storage and transportation issues 

and because of milk-production fluctuations.

Therefore, this chapter introduces the fundamentals of the studies 

presented in the subsequent chapters. The topics covered in these chapters 

include isolation and characterization of goat GMP, a comparison of this 

glycomacropeptide when it is isolated from raw and pasteurized goat’s milk, and 

the chemical characterization of GMP-depleted whey obtained from goat’s milk, 

and also from cow’s sweet whey powder.

1.2 SIALIC ACID CONCENTRATION IN GOAT SWEET WHEY AND MILK

Since most sialic acid in bovine or goat sweet whey is found in GMP (24, 

25), the concentration of sialic acid in sweet whey is an important indicator for 

estimating the amount of GMP present. Our recent study (24) showed that the 

concentration of sialic acid in sweet whey prepared from commercial goat’s milk 

is 79 (xg/ml. This is apparently lower than the sialic acid concentration (116 

pg/ml) found previously in bovine sweet whey (25).

There is little published information available on the sialic acid content in 

goat sweet whey. It can, however, be estimated from the total sialic acid content 

in goat’s milk, assuming that 99.9 % (26) of sialic acid is attached to protein (but 

not ganglyoside) and released into sweet whey, which account for 75% of milk 

(v/v, ref. 24). The sialic acid concentration in goat sweet whey shown above is 

comparable to the corresponding value (68 |ig/ml) calculated from the data (5.1 

mg sialic acid in 100 ml of mid-lactation goat’s milk) reported by Morrisey (27)
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The sialic acid concentration in milk changes during lactation. Puente etal. 

(26), in a study of goat's milk during the first two months lactation period, 

reported that the sialic acid concentration in milk was the highest on day 1 (1147 

mg/kg), rapidly decreased to 558 mg/kg on day 2, and gradually decreased to 

203 mg/kg after two months. The value after two months is, however, three-fold 

higher than that found in the mid-lactation goat's milk by Morrisey (27) (see 

above). Whether this difference is due to animal variation or other factors 

involved is unknown.

1.3 ISOLATION OF GMP

Bovine GMP has been isolated from sweet whey or whey protein 

concentrate by various techniques, including ultrafiltration, gel filtration 

chromatography, protein precipitation, ion-exchange chromatography and 

hydrophobic interaction chromatography (reviewed in ref. 28).

Highly purified GMP is difficult to prepare by a single-step procedure of 

either ultrafiltration or gel filtration chromatography. Anion-exchange 

chromatography may be the most practical method. Removal of small molecular 

weight materials from sweet whey by dialysis, is important to maximize the yield 

of GMP adsorbed to the anion-exchanger. Elimination of minor impurities from 

GMP fraction prepared by anion-exchange chromatography may be achieved by 

ethanol precipitation of proteins, hydrophobic interaction chromatography and 

cation-exchange chromatography (28).

In chapters 2 and 3, a procedure to purified GMP from non-dialyzable 

fraction of goat's milk sweet whey using a two-step technique is presented. This 

process includes anion-exchange chromatography on DEAE-Sephacel and 

hydrophobic interaction chromatography on phenyl-agarose. This method 

provided GMP fraction with its amino acid composition showing a trace of 

phenylalanine (24). In addition, the GMP-depleted whey, obtained during the 

ion-exchange chromatography, showed a significantly lower content of threonine, 

which might be suitable for its use as an ingredient in threonine-reduced infants’
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formulas (see “hyperthreoninemia and gmp-depleted whey” below and chapters 

3, 4 and 5).

1.4 CHEMICAL COMPOSITION AND STRUCTURE OF GMP

Published information on the carbohydrate and phosphorous analysis in 

goat GMP is limited to the report of Alais and Jolles (20). These authors isolated 

GMP from goat K-casein, and reported the contents of sialic acid, galactose, 

galactosamine and phosphorous to be 3.0, 4.0, 2.8 and 0.72%, respectively, by 

dry weight. The content of sialic acid is comparable to that (2.5%) we found (24), 

but three times lower than that in bovine GMP reported by Kawakami et al. (29) 

(average 8.03% calculated from the author’s results) or Nakano and Ozimek (28) 

(7.75%). From the phosphorous content of Alais and Jolles (20), it is estimated 

that the GMP contains approximately 1.7 residues of phosphate per peptide, 

which was calculated assuming that the molecular weight of goat GMP is 7.6 kDa 

(see below). This appears to be consistent with the previous reports showing that 

in caprine GMP Ser-151 and Ser-168 are phosphorylated (9, 10, 22).

From the concentrations of carbohydrates and phosphorous (see above), 

the proportion of peptide in goat GMP is estimated to be approximately 90%.

Both amino acid sequence and composition of goat GMP (residues 106-171) 

differ from those of bovine GMP (residues (106-169). Amino acid sequences of 

caprine and bovine GMPs are given in Figure 1.1. There are 19 substitutions and 

two insertions (Val-132 and His-133) in the goat sequences compared to the 

bovine sequence (9, 13, 22). Differences in the primary structure of GMP among 

goats and other species, including humans, pigs, sheep and buffalo, have been 

discussed elsewhere (13,30).

Table 1.1 shows amino acid composition determined in GMP purified from 

either goat or bovine sweet whey in our laboratory, and theoretical amino acid 

composition of GMP for either species. Threonine and glutamic acid (and/or 

glutamine) are the most abundant amino acids in either GMP. The third abundant 

amino acids are serine and proline, respectively, in goat and bovine GMPs. 

Glycine and leucine, which are found in bovine GMP, do not occur in goat GMP,
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and histidine, absent in bovine GMP, occurs in goat GMP. Traces (<1 residue/ 

peptide) of glycine and leucine detected in the goat GMP purified from sweet 

whey (Table 1.1) were probably derived from contaminating protein and/or 

peptide.

In a study of species differences in GMP structure, Plowman etal. (15) 

predicted that the residues 136-152 of bovine K-casein are largely in the helical 

conformation, and that the occurrence of helical structure is in a low probability in 

goat GMP. Residues Glu-140, Ser-114, Ala-144 and Leu-146 found in the bovine 

sequence are replaced by Val, Gin, Asp and Pro, respectively in the goat 

sequence, suggesting a species difference in GMP conformation.

1.5 ISOELECTRIC POINT

By using a program, Compute pl/Mw tool (http://www.expasy.ch/toois/pi_tooi.htmi), 

the isoelectric point (pi) of peptide can be computed. The pi of the 66-residue 

goat GMP peptide is 4.18. This is slightly higher than the pis (4.04 and 4.14 for 

genetic variants A and B, respectively) of the 64-residue bovine GMP peptide. 

The pi of goat GMP with sialic acid (pKa=2.6, ref. 31) and phosphate (pKa=2.0) is 

expected to be lower than that of its peptide (see above). The precise pi value of 

goat or bovine GMP is unknown. A previous study indicated that the apparent pi 

of bovine GMP determined by chromatofocusing is <3.8 (32). However, this 

technique does not give accurate measurements for a pi below 4 (Pharmacia 

Fine Chemicals, 1980).

1.6 GEL ELECTROPHORESIS

We have recently studied goat GMP using sodium dodecyl sulfate (SDS)- 

gel electrophoresis in the presence and absence of 8 M urea (24). The GMP 

g a v e  m a jo r  a n d  m in o r  b a n d s  on  u re a -fre e  g e ls  w ith  th e ir  a v e ra g e  m o b ilit ie s  b e in g  

faster than those of carbonic anhydrase (31.0 kDa) and lysozyme (14.4 kDa), 

respectively (Figure 1.2). However, when electrophoresed on gels containing 8 M 

urea (dissociative condition), the GMP demonstrated a major broad band with its 

average mobility slightly faster than that of lysozyme (Figure 1.3). These results

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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suggest that the majority of goat GMP forms dimmers on urea-free gels and 

dissociates into monomers on gels containing 8 M urea. Similar findings have 

been reported in bovine GMP (32, 33). This may be due in part to the acidic 

nature of GMP (see above) to which sufficient amounts of SDS cannot bind to 

dissociate the aggregated GMP. If so, the electrophoretic mobility of GMP is 

dependent on its size and charge, and thus an accurate estimation of an 

apparent molecular weight (Mr) using SDS-gel electrophoresis is difficult. The 

mechanism of dimerization of GMP is unknown. Previous studies of bovine GMP 

(34) also suggest that determination of its Mr using gel chromatography on 

Sephadex G-75 in the presence of 6 M guanidine hydrochloride (dissociative 

solvent) is difficult because there is no appropriate glycoprotein or glycopeptide 

standards available to calibrate the gel chromatographic column. Use of protein 

standards to calibrate the column results in an overestimation of the Mrof GMP 

(34). We therefore, suggest other methods, including mass spectrometry, 

sedimentation equilibrium and light scattering techniques, to determine the Mrof 

GMP. The Mr of goat GMP should be close to 7.6 kDa. This value can be 

obtained from summation of the theoretical molecular weight of the 66-residue 

peptide (6.824 kDa), and the molecular weights of sialic acid, galactose, N- 

acetylgalactosamine and phosphate estimated from the analytical data for goat 

GMP reported by Alais and Jolles (20) (see above).

Results from our laboratory also showed that goat GMP in SDS-gel is 

intensely stained with Coomassie blue in 50% methanol containing 12.5% (w/v) 

trichloroacetic acid (solution-A), but shows very weak staining in 45% methanol 

containing 10% acetic acid (solution-B), a commonly used preparation to stain 

protein (11). Similar results were demonstrated previously in bovine GMP (33). It 

appears that the acidic GMP with low pi (see above) can bind to anionic 

Coomassie blue in solution-A (pH=~1.6), but not in solution-B (pH=~3.5). 

Coomassie blue is, however, not specific to GMP. Immunological methods (e.g, 

immunoblotting) are superior to Coomassie blue staining for identification of 

GMP, if specific antibodies are available. Little information is available concerning 

antibodies raised against goat GMP.
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1.7 HYPERTHREONINEMIA AND GMP-DEPLETED WHEY

Hyperthreoninemia is a well-known phenomenon characterized by 

abnormally high levels of threonine in blood. It has been reported that 

hyperthreoninemia is relatively common in infants fed with sweet whey-based 

formulas (35-40). Rigo etal., (23) have suggested that high levels of threonine in 

blood should be avoided since it might cause problems during brain 

development. Reduction of threonine in diets has been suggested as effective to 

decrease hyperthreoninemia (42, 43). GMP is rich in threonine, and perhaps the 

most important component that causes hyperthreoninemia. Depletion of GMP 

from sweet whey would provide a product with a reduced threonine content, 

which might be used in infants’ formulas to prevent hyperthreoninemia. Chapters 

4 and 5 present the chemical characterization of GMP-depleted whey, and its 

comparison with human milk.

1.8 RESEARCH OBJECTIVES

Adequate isolation and characterization of potential functional foods and 

ingredients must be carried out before reaching the market. Cow 

glycomacropeptide has been extensively studied. There is, however, relatively 

limited information available concerning structure and composition of goat GMP. 

Little is known about the effect of pasteurization of milk on the structure and 

composition of GMP, as well as little information available regarding the GMP- 

depleted whey fraction. This study is comprised of four experiments. The first 

experiment was undertaken to isolate GMP from goat sweet whey by anion- 

exchange and hydrophobic interaction chromatography and to characterize it 

using chemical analyses, gel chromatography and electrophoresis. The second 

compared GMP isolated from raw and pasteurized goat’s milk using chemical 

analysis and sodium dodecyl sulfate (SDS) gel electrophoresis. The third and 

fourth experiments were carried out to prepare GMP-depleted whey fraction 

prepared from goat’s milk, as well as from bovine sweet whey powder, and to
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determine whether they are suitable for infants’ formulas by examining their 

chemical composition.
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Table 1.1. Amino acid compositions of goat and bovine GMPs.

Purified GMPs Theoretical values3

Amino acid
Goat

GMPb
Cow GMPC Goat GMP

Cow GMP 

(Va)

Cow GMP

(Vb)

Asx 11.4 i n

Mol % 

10.6 7.8 6.3

Thr 14.3 16.3 16.7 18.8 17.2

Ser 10.7 8.9 12.1 9.4 9.4

Glx 17.9 16.7 13.6 15.6 15.6

Gly 0.8 2.6 0 1.6 1.6

Ala 12.3 8.5 13.6 7.8 9.4

Val 7.6 10.0 9.1 9.4 9.4

Met ND 1.0 1.5 1.6 1.6

lie 8.5 9.4 7.6 9.4 10.9

Leu 1.3 1.8 0 1.6 1.6

Tyr 0d 0 0 0 0

Phe 0.4 0 0 0 0

His 1.8 0.2 1.5 0 0

Lys 4.3 4.1 4.5 12.5 12.5

Arg 0 0 0 0 0

Pro 8.8 12.8 9.1 12.5 12.5

3 Each va lue  is based on the prim ary structure of goat GMP (13,22) or cow  GM P (8). 

b S ilva-H ernandez e t al. (24) 

c N akano e ta l.  (41).

dA  va lue o f “zero” in purified GM P fraction ind icates undetectable level of am ino acid. 

ND: Not determ ined.
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110 115 120 125

Goat 106 M A i P P K K D Q D K T E V P A I N T I A S

Cow 106 M A I P P K K N Q D K T E I P T I N T I A S

110 115 120 125

130 135 140 145

Goat

Cow

E P T V H S T P T T E A I V N T V

E P T S T P T T E A V E S T V

130 135 140

D N P 

A T L

145

E

E

150

Apr -

D S -

155 160 165 170

Goat - S E S I A S A S E T N T A

Cow - P E V I E S P P E I N T V

Q V T S T E V

Q V T s T A V

171

169

150 155 160 165

Figure 1.1. Amino acid sequences of bovine variant A and caprine GMPs.

Boxes denote identical residues between the two species, and 

introduced gaps are designated by dots. Phosphorylated serines are in 

boldface type (adapted from ref. 9).
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1 2

97.4 kDa

66.2 kDa

45.0 kDa

31.0 kDa

21.5 kDa

L  144 kDa
‘3f*S

Figure 1.2. SDS-gel electrophoresis of goat GMP (24).

Approximately 50pig of GMP purified from goat 

sweet whey was electrophoresed on a 12% 

polyacrylamide gel containing no urea. The gel 

was stained with Coomassie blue R250 as 

previously described (32). Lane 1; the purified 

GMP. Lane 2, Standard proteins, 

phospholylase b, serum albumin, ovalbmin, 

carbonic anhydrase, trypsin inihibitor and 

lysozyme in descending order of molecular 

weight.
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-•t

Figure 1.3. SDS-gel electrophoresis of goat

GMP containing 8 M urea (24). Arrow 

shows the mobility of lysozyme (14.4 

kDa). See Fig. 1.2 for details.
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CHAPTER 2

Isolation and Analysis of K-Casein 

Glycomacropeptide from Goat Sweet Whey1

2.1 INTRODUCTION

Glycomacropeptide (GMP) found in cheese whey (or sweet whey) is a C- 

terminal hydrophilic glycopeptide released from K-casein by the action of 

chymosin during cheese making. Glycomacropeptide lacks aromatic amino acids 

(phenylalanine, tyrosine and tryptophan) (1, 2), and contains varying amounts of 

sugars including N-acetylneuraminic acid (sialic acid), galactose and N- 

acetylgalactosamine (1, 3). Glycomacropeptide has been isolated from bovine 

sweet whey and its chemical composition analyzed (4 - 6). Glycomacropeptide 

has a number of biological activities (7 -10), and is thought to be a potential 

ingredient for functional foods and pharmaceuticals.

There is relatively limited information available concerning chemical and 

quantitative analysis of goat GMP. Jolles etal. (11) and Alais and Jolles (12) 

isolated GMP from caprine K-casein and reported its chemical composition.

Amino acid sequence in goat GMP differs from that of bovine GMP (2, 13, 14). 

The present study was, therefore, undertaken to isolate GMP from goat sweet 

whey by anion-exchange and hydrophobic interaction chromatography and to 

characterize it using chemical analyses, gel chromatography and 

electrophoresis.

1 A version of this chapter has been published. Silva-Hernandez, E.R.; Nakano, T.; Ozimek, 

L. Isolation and Analysis of K-Casein Glycomacropeptide from Goat Sweet Whey. J. Agric. 

Food Chem. 2002, 50, 2034-2038.
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2.2 MATERIALS AND METHODS

2.2.1 Materials.

Samples of pasteurized homogenized milk were obtained from local milk 

processing plants in Alberta, Canada. Sweet whey was prepared by chymosin 

treatment (15) followed by centrifugation at 20,000g and 4 °C for 30 min to 

remove fat and protein precipitate (16). The goat sweet whey obtained was 

dialyzed using dialysis tubes with 6-8 kDa molecular weight cut-off. After 

dialysis, the sweet whey sample was stored at -25 °C for approximately one 

month before it was analyzed. Phenyl-agarose, sialic acid from sheep 

submaxillary glands, 2-thiobarbituric acid, galactose and galactosamine-HCI were 

obtained from Sigma Chemical Co., Mississauga, Ontario, Canada. 

Diethylaminoethyl (DEAE)-Sephacel, Sephacryl S-200 and blue dextran were 

from Pharmacia Biotech Inc., Baie d’Urfe, Quebec, Canada. Molecular weight 

standards for gel electrophoresis were from Bio-Rad Laboratories Canada Ltd., 

Mississauga, Ontario, Canada.

2.2.2 Fractionation of Goat Sweet Whey.

Samples of sweet whey were thawed and centrifuged at 20,000g and 10 

°C for 15 min. After centrifugation, the supernatant was adjusted to pH 3.0 with 

acetic acid and applied to a 1.5 x 5.5 cm column of DEAE-Sephacel equilibrated 

with water adjusted to pH 3.0. Materials adsorbed on the column were eluted by 

applying 1 M NaCI. Fractions (5 mL) were collected at a flow rate of 20 mL/h and 

monitored for sialic acid by the thiobarbituric acid reaction, and protein and/or 

peptide (protein/peptide) by measuring absorbance at 230 nm. Major sialic acid 

containing fractions from the DEAE-Sephacel column were pooled, dialyzed in 

water and freeze-dried. A portion of freeze-dried sample was dissolved in 0.01 M 

sodium phosphate buffer, pH 6.8 containing 5 M NaCI (buffer-A) and applied to a

1.5 x 5.5 cm column of phenyl-agarose equilibrated with buffer-A (17). The 

column was eluted first with 10-15 bed volumes of buffer-A, and then water to 

release materials adsorbed on the column. Fractions (2 mL) were collected at a 

flow rate of 20 ml_/h and monitored for sialic acid, and protein/peptide contents
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(see above). Fractions containing GMP sialic acid were pooled, dialyzed in water 

and freeze-dried to obtain the final preparation of GMP.

Sweet whey contains relatively small amounts of sialylated proteins 

including immunoglobulins and lactoferrin. These proteins having higher 

isoelectric points (pis) or hydrophobicity than GMP are supposed to be desorbed 

from DEAE-Sephacel or adsorbed on phenyl-agarose under the experimental 

conditions. Thus, the major sialic acid peak eluting from the phenyl-agarose 

column is supposed to contain sialic acid from GMP but not from the sialylated 

sweet whey proteins.

2.2.3 Gel Chromatography.

The purified GMP was applied to a 1 x 109 cm column of Sephacryl S-200 

equilibrated and eluted with 0.1 M sodium acetate, pH 7.0 containing 0.02% 

sodium azide. Fractions (1 mL) collected at a flow rate of 9 ml_/h were monitored 

for sialic acid and protein/peptide contents (see above). Blue dextran and 

tritiated water were used to determine void volume (V0) and total column volume 

(Vt), respectively. The partition coefficient (Kav) of sialic acid peak was 

calculated from the formula Kav= (Ve -  V0) / (Vt-  V0), in which Ve represents the 

volume of the peak fraction. No attempt was made in this study to estimate the 

apparent molecular weight (Mr) of GMP because there were no appropriate 

glycoprotein or glycopeptide standards available to calibrate the column of 

Sephacryl S-200. Use of protein standards to calibrate a column results in an 

overestimation of the Mr of GMP (16).

2.2.4 Analytical Methods.

Sialic acid contents in goat sweet whey samples and chromatographic 

fractions were determined by the thiobarbituric acid reaction as previously 

described (16, 18). Amino acid analysis was performed by using a Beckman 

Model 6300 amino acid analyzer on samples hydrolyzed under nitrogen at 110 

°C for 24 h in glass-distilled 6 N HCI containing 0.1% (w/v) phenol. The content 

of galactose was estimated by the anthron reaction (19) using galactose as a
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standard, and that of galactosamine by the indole reaction (20) using 

galactosamine-HCI as a standard. The content of phosphorus was determined 

by using molybdate-vanadate reagent (21).

2.2.5 Gel Electrophoresis.

Electrophoresis in 0.1% (w/v) sodium dodecyl sulfate (SDS) was carried 

out on 12% polyacrylamide gels in Tris-borate buffer, pH 8.6 (22) using a mini- 

PROTEAN II cell (Bio-Rad, Laboratories) with 0.75 mm thick spacers and 10 well 

combs. Samples were dissolved in 0.04 M Tris-borate containing 2% (w/v) SDS, 

6 M urea and 10% (v/v) 2-mercaptoethanol, and boiled for 5 min prior to 

application. Two gels per sample were prepared at the same time. One was 

stained with 0.5% (w/v) Coomassie blue R250 in 50% (v/v) methanol containing 

12.5% (w/v) trichloroacetic acid (solution-A) and destained in 5% (w/v) 

trichloroacetic acid (5, 23). The other was stained with 0.1% (w/v) Coomassie 

blue R250 in 45% (v/v) methanol containing 10% glacial acetic acid (solution-B) 

and destained in 10% glacial acetic acid (24). Electrophoresis was also 

performed using the same 12% polyacrylamide gels (see above) but containing 8 

M urea, and gels were stained as described above. The mobility of 

electrophoretic band was expressed using the Rf value, which is calculated as a 

ratio of the migration distance of electrophoretic band to that of marker dye, 

bromophenol blue.

2.3 RESULTS

After chymosin treatment, average 75% (v/v) of goat milk was recovered 

as sweet whey. The content of sialic acid determined in sweet whey averaged 

79 pg/mL. Non-dialyzable fraction of sweet whey was then chromatographed on 

DEAE-Sephacel (Figure 2.1). Average 97% of recovered sialic acid 

(carbohydrate moiety of GMP) was adsorbed on the column and eluted as a 

single peak, while the remaining 3% of sialic acid did not bind to the column.

This indicated that most GMP sialic acid was adsorbed on the anion-exchanger. 

The sialic acid peak fraction (tube numbers 31 to 35) from DEAE-Sephacel
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(Figure 2.1) was then chromatographed on phenyl-agarose (Figure 2.2). Most 

(96%) of the recovered sialic acid was not adsorbed on the column and eluted as 

a single peak, while the remaining small proportion (4%) of sialic acid tightly 

bound to the column. The eluates from the major sialic acid peak were pooled as 

indicated in Figure 2.2 to obtain the final product, referred to as GMP fraction.

The eluates containing small amounts of sialic acid adsorbed on the column were 

not analyzed further. The dry matter of GMP fraction accounted for 0.06% (w/v) 

of sweet whey. This corresponded to 0.8% of dry weight of sweet whey. The 

GMP fraction was further examined for its chemical composition and molecular 

size.

Table 2.1 shows amino acid profiles for major fractions obtained during 

purification of GMP and the theoretical composition of amino acid in goat GMP. 

The contents of glycine, leucine and phenylalanine, the amino acids absent in 

goat GMP, were relatively high in the GMP-containing fraction from DEAE- 

Sephacel, and rapidly decreased in the GMP fraction, a final product obtained by 

chromatography on phenyl-agarose. The GMP fraction contained traces (each 

<1 residue/peptide estimated from the data in Table 2.1) of glycine, leucine and 

phenylalanine, indicating that the GMP is of high purity. The contents of all 

amino acids present in the GMP fraction with the exception of threonine, and 

glutamine/glutamic acid were in general comparable to their theoretical contents 

in goat GMP. The content of threonine was lower, and that of glutamine/glutamic 

acid was higher compared to the theoretical content of each amino acid.

Sialic acid, galactose, galactosamine and phosphorus contents 

determined in the GMP fraction were 25.2, 31.9, 20.5 and 1.9 |ig/mg dry weight, 

respectively. The sialic acid content was 25 times higher than that in sweet whey 

(1.0 pg/mg dry weight).

Gel chromatography of the GMP fraction on Sephacryl S-200 (Figure 2.3) 

gave a major peak (Kav= 0.46) of sialic acid accounting for approximately 84% of 

recovered sialic acid. The peak eluted later than dimeric (3-lactoglobulin (36.6 

kDa). The GMP fraction also demonstrated two minor sialic acid peaks (Kav =

0.29 and 0.64) both accounting for approximately 8% of recovered sialic acid.
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The first peak eluted slightly earlier than bovine serum albumin (66.0 kDa), while 

the second peak eluted later than a-lactalbumin (14.2 kDa).

On gel electrophoresis (Figure 2.4), the GMP fraction gave major and 

minor broad bands stained with Coomassie blue in solution-A (Figure 2.4a, lane 

1). The average Rf values were 0.55 and 0.78 for the major and minor bands, 

respectively. The major band had a mobility faster than that of carbonic 

anhydrase (31.0 kDa), while the minor band had its slowest moving portion 

showing the mobility similar to that of lysozyme (14.4 kDa). The major band was 

irregularly stained with Coomassie blue and showed presence of at least three 

components (Rf = 0.52, 0.56 and 0.59). The broadness and irregularly stained 

pattern of the band are probably due in part to variations in the content of sialic 

acid among GMPs. The GMP fraction also demonstrated two weakly stained 

minor bands (Rf = 0.42 and 0.89). The first one had a mobility slower than that of 

of carbonic anhydrase (31.0 kDa), and the second one a mobility much faster 

than that of lysozyme (14.4 kDa).

Electrophoresis of the major sialic acid peak fraction from Sephacryl S-200 

(Figure 2.3) gave major and minor bands (electrophoretogram not shown). Both 

the staining intensity and Rf value for each band were similar to those observed 

in the corresponding band from the GMP fraction (Figure 2.4a, lane 1). This 

suggests that the majority of goat GMP contains at least two separate 

components, one that does not dissociate and the other that dissociates in the 

presence of SDS, but the latter is the minor component.

Electrophoresis was further carried out on gels containing 8 M urea 

(dissociative condition) (Figure 2.4b). The GMP fraction demonstrated a major 

broad band with its average mobility slightly faster than the mobility of lysozyme 

(14.4 kDa), indicating that the majority of goat GMP forms dimmers and 

dissociates into monomers in the presence of 8 M urea. In contrast to the above 

results, all bands containing goat GMP were very weakly stained with Coomassie 

blue in solution-B (eletrophoretogram not shown) and demonstrated slight pink 

coloration (metachromasia).
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2.4 DISCUSSION

There is little information available on the sialic acid content in goat sweet 

whey. It can be estimated from the total sialic acid content in goat milk assuming 

that 99.9% (25) of sialic acid is attached to protein (but not ganglyoside) and 

released into sweet whey, which accounts for 75% (v/v, see Results) of milk.

The sialic acid concentration found in goat sweet whey in this study is 

comparable to the corresponding value (68 pg/ml_) calculated from the data (5.1 

mg sialic acid in 100 mL of goat milk) reported by Morrissey (26). The sialic acid 

concentration in goat sweet whey is, however, 1.5 fold lower than that found in 

bovine sweet whey (18) reflecting the lower concentration of sialic acid in goat 

GMP (see below).

From the amino acid composition (Table 2.1), it is suggested that the goat 

GMP prepared in this study using the two step procedure with anion-exchange 

chromatography on DEAE-Sephacel and hydrophobic interaction 

chromatography on phenyl-agarose is of considerably high purity. However, the 

higher than theoretical content of glutamine/glutamic acid and the presence of 

amino acids not specific to goat GMP observed in the GMP fraction are probably 

due to the small amounts of contaminating protein/peptide present. The lower 

than theoretical content of threonine observed in the goat GMP fraction may be 

due to degradation during acid hydrolysis (27).

Amino acid composition and sequence of goat GMP (residues 105-171) 

differs from that of bovine GMP (residues 105-169). There are 19 substitutions 

and two insertions (Val-132 and His-133) in the goat sequence compared to the 

bovine sequence (2, 13, 14). These differences between the species are in part 

reflected by the present findings in the GMP fraction of traces of glycine and 

leucine (the amino acids which do not occur in goat but in bovine GMP), and of 

histidine occurring in goat (but not in bovine) GMP with its concentration close to 

the theoretical content (Table 2.1).

The concentrations of sialic acid, galactose and galactosamine in the GMP 

fraction (see above) are fairly comparable to those of sialic acid (30 pg/mg), 

galactose (40 pg/mg) and galactosamine (28 pg/mg) reported by Alais and Jolles
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(12) in GMP prepared from caprine K-casein. The sialic acid concentration in the 

GMP fraction is, however, approximately three times lower than that in bovine 

GMP reported by Kawakami etal. (ref. 4, average 80.3 |J.g/mg) or Nakano and 

Ozimek (ref. 17, 77.5 pg/mg). Assuming that the Mr of goat GMP is 7.5 kDa (see 

below for the estimation of Mr), the number of sialic acid residues per peptide 

calculated from its content in the GMP fraction (see above) is 0.6. This value is 

within the range (0.2 to 1.9 moles/mole) of sialic acid residue in goat K-casein 

(and thus GMP) reported by Addeo et at. (3). Most (99 %) of sialic acid in goat k -  

casein is found in its GMP position (28).

Sialic acid is an acidic sugar with pKa value of 2.6 (Svennerholm, 1956, 

cited by ref. 29). A higher concentration of sialic acid in GMP gives lower pi of 

this glycopeptide as demonstrated by previous studies, in which higher 

concentrations of sialic acid resulted in tighter binding of GMP to anion- 

exchanger (4, 6). The pi of 66-residue peptide in goat GMP computed by a 

Compute pl/Mw tool (http://www.expasy.ch/tools/pi_tool.html) is 4.18. This is 

slightly higher than pis (4.04 and 4.14, respectively) for 64-residue peptide from 

bovine GMP variants A and B. Since the concentration of phosphate (pKa = 2.0), 

which also contributes to the low pi of GMP, is similar between the bovine (17) 

and goat (see above) GMP, the lower concentration of sialic acid found in the 

latter (see above) suggests that the pi is higher in the goat GMP prepared in the 

present study. This may be related to the difference observed in the staining 

intensity with anionic Coomassie blue between the bovine (30) and goat (see 

Results) GMPs on SDS-polyacrylamide gels. The goat GMP showed very weak 

but significant metachromatic staining (an evidence of dye binding) in solution-B 

containing 45% methanol and 10% acetic acid, while the bovine GMP showed no 

detectable staining under the same condition (30). The precise pi value of goat 

GMP is unknown. A recent chromatofocusing study from our laboratory indicated 

the pi of bovine GMP to be below 3.8 (6). Occurrence of metachromasia in GMP 

has not been reported previously. Little is known about the factor involved in the 

formation of pink coloration in goat GMP.
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The present results indicate that the majority of goat GMP forms dimmers. 

A similar situation occurs in bovine GMP, which is observed as an aggregate 

when examined by gel chromatography (16) or gel electrophoresis (30). The 

mechanism of aggregation is unknown. It is also not well understood why the 

aggregate of GMP does not dissociate in SDS-gels. Our speculation is that the 

affinity of SDS to anionic GMP is too weak to dissociate the dimeric GMP. If so, 

the electrophoretic mobility of GMP is dependent on its size and charge, and thus 

an accurate estimation of Mr using protein standards is difficult. The Mr of GMP 

can be determined by other methods including mass spectrometry, sedimentation 

equilibrium and light scattering techniques. Since its theoretical molecular weight 

of the 66-residue peptide is 6.824 kDa, the Mr of goat GMP calculated by 

including its concentrations of carbohydrates and phosphorous (see above) is 

approximately 7.5 kDa.

Most (-80% of total, ref. 18) of sialic acid from sweet whey is found in 

GMP. However, relatively small amounts of sialic acid are also found in 

sialylated sweet whey proteins including immunoglobulins and lactoferrin. In this 

experiment, we suggest that all sialic acid peaks eluting from Sephacryl S-200 

(Figure 2.3) contained sialic acid from GMP only. Contamination with sialylated 

proteins unlikely occurs (see Methods). The three sialic acid peaks with Kav 

values 0.29, 0.46 and 0.64 appear to coincide with the electrophoretic bands with 

Rf values 0.42, 0.55 and 0.78, respectively. It is unknown whether the fourth 

band with Rf 0.89 contained GMP. More specific detection of GMP may be 

possible if antibodies raised against goat GMP are available.

Bovine GMP has been reported to have a number of biological activities (7 

-10). For example, bovine GMP was shown to bind cholera toxin to neutralize it 

(31). Oh etal. (32) reported that the cholera toxin-binding activity is rapidly 

reduced when the GMP was treated with N-acetylneuraminidase (sialidase), 

suggesting the importance of sialic acid for the binding activity of GMP. These 

authors, however, did not report the content of sialic acid in GMP used in their 

experiment. It is interesting to know whether the sialic acid concentration in the 

goat GMP prepared in this study is sufficient to neutralize cholera toxin.
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Because of the absence of phenylalanine, GMP has been reported to be 

useful for the dietary treatment of phenylketonuria (PKU), a hereditary disorder of 

phenylalanine metabolism. The goat GMP prepared in this study with a 

negligible amount of phenylalanine (see above) can be used for partial 

replacement of amino acids in commercial diets for PKU patients.

Goat milk is an important source of nutrients in many parts of the world. 

World production of goat milk has been more rapidly increasing compared to that 

of cow milk during the past two decades (33). Chemical composition of goat milk 

protein has been relatively extensively studied (34). However, there are few 

reports of chemical and quantitative analysis of goat GMP. The present study 

provides previously unreported data on the purification and analysis of GMP from 

goat sweet whey, a by-product of cheese manufacturing. The information may 

contribute to the development of beneficial ways of utilization of goat cheese 

whey by producing value-added products. Such approach is of economical 

importance in the dairy industry especially in European countries and Mexico, 

where the majority (about 70% calculated from the data obtained from refs. 35 

and 36) of caprine milk is used for cheese production. Utilization of goat sweet 

whey also contributes to the prevention of pollution caused by disposal of this by

product, a long standing problem of dairy industry.

In conclusion, acidic hydrophilic GMP can be isolated from goat sweet 

whey by anion-exchange and hydrophobic interaction chromatography. The 

isolated GMP is of high purity sufficient for partial substitution of amino acids 

used for dietary treatment of PKU. Goat GMP differs from bovine GMP in amino 

acid composition, sialic acid concentration and staining intensity with Coomassie 

blue.
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Table 2.1. Amino acid compositions of GMP-containing fraction from DEAE-

Sephacel (Figure 2.1, GMP-DEAE) and GMP fraction (Figure 2.2) and

the theoretical amino acid composition of goat GMP.

Amino acid GMP-DEAE GMP fraction Goat GMPa

Mol%

Asparagine and aspartic 

acid
10.4 11.4 10.6

Threonine 12.4 14.3 16.7

Serine 11.1 10.7 12.1

Glutamine and glutamic 

acid
18.6 17.9 13.6

Glycine 1.3 0.8 0

Alanine 10.3 12.3 13.6

Valine 7.5 7.6 9.1

Methionine ND ND 1.5

Isoleucine 7.9 8.5 7.6

Leucine 2.6 1.3 0

Tyrosine 0.3 0b 0

Phenylalanine 1.0 0.4 0

Histidine 2.0 1.8 1.5

Lysine 5.1 4.3 4.5

Arginine 0.7 0 0

Proline 8.8 8.8 9.1

Cysteine ND ND 0

Tryptophan ND ND 0

a Values are based on the primary structure of goat GMP (13, 14). 

b A value of “zero” in the GMP fraction indicates undetectable level of amino 

acid.

ND: Not determined.
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Figure 2.1. Anion-exchange chromatography of goat sweet whey (44 ml) on 

DEAE-Sephacel: (•— •) sialic acid; (-—) protein/peptide. An arrow 

shows the position of application of 1 M NaCI. A horizontal bar 

denotes eluates pooled for further study. See Methods for other 

details.
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Figure 2.2. Hydrophobic interaction chromatography on phenyl-agarose of major 

sialic acid containing fraction from DEAE-Sephacel (Figure 2.1): A 

sample containing approximately 46 mg of sialic acid in 5 ml of buffer- 

A was chromatographed. (•— •) sialic acid; (—-) protein/peptide. An 

arrow shows the position of application of water. A horizontal bar 

denotes eluates pooled for further study. See Methods for other 

details.
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Figure 2.3. Gel chromatography of goat GMP on Sephacryl S-200:

Approximately 9 mg of the GMP fraction from phenyl-agarose (Figure 

2.2) was chromatographed. (•— •) sialic acid; (—-) protein/peptide. 

Elution positions of protein standards, bovine serum albumin (66.0 

kDa), dimeric (3-lactoglobulin (36.6 kDa) and a-lactalbumin (14.2 kDa) 

are shown. A horizontal bar denotes eluates pooled for further study. 

Vo and Vt show void and total column volumes, respectively. See 

Methods for other details.
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Figure 2.4. Gel electrophoresis of goat GMP: The GMP fraction from phenyl- 

agarose (Figure 2) (approximately 50 jag/well) was electrophoresed 

on SDS-gels containing no urea and those containing 8 M urea, a) 

Gel containing no urea: Lane 1; the GMP fraction. Lane 2; Mr 

standards, phospholylase b (97.4 kDa), serum albumin (66.2 kDa), 

ovalbumin (45.0 kDa), carbonic anhydrase (31.0 kDa), trypsin 

inihibitor (21.5 kDa) and lysozyme (14.4 kDa). The bars indicate the 

three components in the major band, b) Gel containing 8 M urea: 

See Methods for other details.
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CHAPTER 3
Comparison of Glycomacropeptide Isolated from 

Raw and Pasteurized Goat Milk1

3.1 INTRODUCTION

A proteinase, chymosin added to goat milk for cheese making, catalyzes 

cleavage between Phe105 and Met106 in K-casein. This results in generation of 

two polypeptides, a hydrophobic N-terminal para-K-casein (residues 1-105), and a 

hydrophilic phosphorylated and glycosylated C-terminal polypeptide (residues 

106-171). The latter is known as caseinomacropeptide or glycomacropeptide 

(GMP), which is recovered in whey (more commonly called sweet whey), a by

product containing (3-lactoglobulin and a-lactalbumin as major proteins.

We have recently isolated GMP from goat sweet whey and characterized it 

using chemical analysis, gel chromatography and gel electrophoresis (1). This 

sweet whey was, however, prepared from pasteurized milk (but not raw milk), 

which led us to question if pasteurization or heat treatment of milk affects the 

structure and composition of GMP. There has been no published information 

available in this regard. The present study was, therefore, undertaken to investi

gate such a possibility. GMP fractions prepared from goat milk with and without 

heat treatment were examined using chemical analysis and gel electrophoresis, 

and results obtained were compared. A sweet whey fraction obtained after isolat

ing GMP (GMP-depleted whey fraction) was also analyzed. Methods of heat 

treatment included high temperature short time (HTST), and low temperature long 

time (LTLT) pasteurizations. Since goat cheese is made from raw as well as pas-

1 A version of this chapter has been published. Silva-Hernandez, E.R.; Nakano, T.; Verdalet- 

Guzman, I.; Ozimek, L. Comparison of glycomacropeptide isolated from raw and pasteurized goat 

milk. Milchwissenschaft. 2004, 1-2, 27-31.
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teurized milk, the present approach may be of importance to researchers study

ing goat cheese technology.

3.2 MATERIALS AND METHODS 

3.2.1 Materials.

Samples of fresh raw goat milk were obtained from a local supplier (Natricia 

Dairy, Alberta, Canada). A portion of each sample was subjected to HTST pas

teurization (72 °C for 15 s) and another portion to LTLT pasteurization (63.5 °C 

for 30 min), while the remaining portion of sample was used as raw milk without 

pasteurization. Sweet whey was prepared from raw and pasteurized milk by 

chymosin treatment (2) followed by centrifugation at 20,000 g and 4 °C for 

30 min to remove fat and protein precipitate (3). The goat sweet whey obtained 

was dialyzed using dialysis tubes with 6-8 kDa molecular weight cutoff to obtain 

a non-dialyzable fraction of sweet whey. This was stored at -20 °C until used for 

isolation of GMP. Diethylaminoethyl (DEAE)-Sephacel was obtained from Phar

macia Biotech Inc., Baie d’Urfe, Quebec, Canada. Phenyl-agarose, sialic acid 

from sheep submaxillary glands, 2-thiobarbituric acid, galactose and galactosa- 

mine-HCI were from Sigma Chemical Co., Mississauga, Ontario, Canada. Molecu

lar weight standards for gel electrophoresis were from Bio-Rad Laboratories 

Canada Ltd., Mississauga, Ontario, Canada.

3.2.2 Purification of GMP.

Samples of non-dialyzable fraction of sweet whey (see above) were thawed 

and centrifuged at 20,000 g and 10 °C for 15 min. After centrifugation, the su

pernatant was adjusted to pH 3.0 with acetic acid and applied to a 1.5 x 5.5 cm 

column of DEAE-Sephacel equilibrated with water adjusted to pH 3.0. Materials 

adsorbed on the column were eluted by applying 1 M NaCI. Fractions (5 ml) were 

collected at a flow rate of 20 ml/h and monitored for sialic acid content by the 

thiobarbituric acid reaction, and protein and/or peptide (protein/peptide) content by 

measuring absorbance at 230 and 280 nm. Major sialic acid containing fractions
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from the DEAE-Sephacel column were pooled, and applied to a 1.5 x 5.5 cm 

column of phenyl-agarose equilibrated with 0.01 M sodium phosphate buffer, 

pH 6.8 containing 5 M NaCI (buffer-A) (4). The column was eluted first with 10- 

15 bed volumes of buffer-A, and then water to release materials adsorbed on the 

column. Fractions (2 ml) were collected at a flow rate of 20 ml/h and monitored 

for sialic acid, and protein/peptide contents (see above). Fractions containing 

GMP sialic acid were pooled, dialyzed in water and freeze-dried to obtain the fi

nal preparation of GMP.

Sweet whey contains relatively small amounts of sialylated proteins includ

ing immunoglobulins and lactoferrin. These proteins having higher isoelectric 

points or hydrophobicity than GMP are supposed to be desorbed from DEAE- 

Sephacel or adsorbed on phenyl-agarose under the experimental conditions. 

Thus, the major sialic acid peak eluting from the phenyl-agarose column is sup

posed to contain sialic acid from GMP but not from the sialylated sweet whey 

proteins.

3.2.3 Analytical methods.

Sialic acid contents in goat sweet whey samples and chromatographic frac

tions were determined by the thiobarbituric acid reaction as previously described 

(3, 5). Amino acid analysis was performed by using a Beckman Model 6300 

amino acid analyzer on samples hydrolyzed under nitrogen at 110 °C for 24 h in 

glass-distilled 6 N HCI containing 0.1% (w/v) phenol. The content of galactose 

was estimated by the anthron reaction (6) using galactose as a standard, and 

that of galactosamine by the indole reaction (7) using galactosamine-HCI as a 

standard. The content of phosphorus was determined by using a molybdate- 

vanadate reagent (8). Calcium contents were determined by using a Perkin 

Elmer Model 400 atomic absorption spectrophotometer (8). Protein contents 

were estimated by the method of L o w ry  etal. (9) using bovine serum albumin as 

a standard.
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3.2.4 Gel electrophoresis.

Electrophoresis in 0.1% (w/v) sodium dodecyl sulfate (SDS) was carried out 

on 12% polyacrylamide gels in Tris-borate buffer, pH 8.6 (10) using a mini- 

PROTEAN II cell (Bio-Rad, Laboratories) with 0.75 mm thick spacers and 10 well 

combs. Samples were dissolved in 0.04 M Tris-borate containing 2% (w/v) SDS,

6 M urea, and 10% (v/v) 2-mercaptoethanol, and boiled for 5 min prior to applica

tion. Gels were stained with 0.5% (w/v) Coomassie blue R250 in 50% (v/v) 

methanol containing 12.5% (w/v) trichloroacetic acid, and destained in 5% (w/v) 

trichloroacetic acid (11, 12). Destained gels were scanned using a Bio-Rad 

Model GS-670 imaging densitometer. Coomassie blue R250 in 45% (v/v) metha

nol containing 10% glacial acetic acid, a commonly used preparation to stain pro

tein (13), was not suitable for staining GMP. It stained bovine and goat GMP very 

poorly giving weak metachromasia with the latter (1). The mobility of electropho

retic band was expressed using an Rf value, which is calculated as a ratio of the 

migration distance of electrophoretic band to that of marker dye, bromophenol 

blue.

3.3 RESULTS AND DISCUSSION

Quantitative data obtained for preparation and chromatographic fractiona

tion of sweet whey were similar among raw and pasteurized samples of goat 

milk. The recovery of sweet whey averaged 76.3% (v/v) of milk, and that of dry 

matter of non-dialyzable product 0.56% (w/v) of sweet whey (Table 3.1). The av

erage concentration of sialic acid determined in sweet whey was 79 pg/ml, which 

corresponded to 1.5 pg/mg dry weight. The non-dialyzable product of sweet 

whey was then fractionated by column chromatography on DEAE-Sephacel (Fig

ure 3.1). An average 90% of recovered sialic acid was adsorbed on the column 

and eluted as a single peak, while the remaining 10% of sialic acid did not bind 

to the column. This indicated that most GMP sialic acid (and thus GMP) was ad

sorbed on the DEAE-Sephacel anion-exchanger. The sialic acid peak fraction 

(tube no. 41 to 48, Figure 3.1) was further chromatographed on phenyl-agarose

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



41

(Figure 3.2), while the material desorbed from the anion exchanger (tube no. 12 

to 15, Figure 3.1), referred to as GMP-depleted whey fraction, was subjected to 

chemical analyses (see below).

On phenyl-agarose chromatography, most (92%) of the recovered sialic 

acid was desorbed from the column and eluted as a single peak, while the re

maining small portion (8%) of sialic acid tightly bound to the column (Figure 3.2). 

The eluates from the major sialic acid peak were pooled as indicated in Fig

ure 3.2 to obtain a GMP fraction. The minor sialic acid peak fraction (Figure 3.2) 

was not analyzed further. The dry matter of the GMP fraction accounted for an 

average 20.7% of dry weight of non-dialyzable fraction of sweet whey. This cor

responded to 0.16% (w/v) of sweet whey, which is close to the yield of bovine 

GMP (0.12-0.15%) reported elsewhere (14).

Carbohydrate and mineral concentrations determined in the GMP fractions 

are shown in Table 3.2. There was apparently no treatment effect on the concen

trations of sialic acid, galactose, galactosamine and phosphorous, averaging 

21.3, 34.8, 39.2 and 3.7 pg/frig dry weight, respectively. The calcium concentra

tion was, however, higher in the raw than in the pasteurized sample, suggesting 

loss of calcium ions attached to phosphorylated serine in K-casein during heating 

of milk. This may be expected, but not much information is available concerning 

heat susceptibility of calcium in GMP.

Amino acid compositions (Table 3.3) were similar among the GMP fractions 

from the raw and pasteurized milk both of which contained traces (each < 1 resi

due/peptide estimated from the data in Table 3.3) of glycine, leucine, tyrosine, 

phenylalanine and arginine (amino acids not found in goat GMP). The contents 

of threonine and valine were lower and those of serine and glutamine/ 

glutamic acid were higher than the theoretical contents (Table 3.3). However, the 

contents of remaining amino acids present in the GMP fractions were in general 

comparable to their theoretical contents. These results indicate that the purity of 

each preparation of GMP is considerably high. The high contents of serine and 

glutamine/glutamic acid and amino acids not specific to GMP (see above) ap
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pear to contribute to the small amount of impurity present. The reason for the low 

contents of threonine and valine is unknown.

SDS gel electrophoresis patterns for the purified GMP samples are given in 

Figure 3.3a. A densitometric scan of each electrophoretogram is also shown in 

Figure 3.3b. All samples produced an irregularly stained broad band with its mo

bility faster than that of carbonic anhydrase (31.0 kDa) but slower than that of 

trypsin inhibitor (21.5 kDa). The broad band appears to reflect variability in the 

contents of carbohydrates including sialic acid present in GMP. The mobility of 

the band suggests that goat GMPs having molecular weight of approximately

7.5 kDa (1) form aggregates on SDS gels. Each band had at least 3 compo

nents, but its profile varied among the samples with different treatments. The 

sample from raw milk (Figures. 3.3a-lane 2 and 3.3b-lane 2) displayed compo

nents with Rf values of 0.65, 0.71 and 0.76, which were inversely related to their 

staining intensity and broadness. This was apparently different from the electro

phoretic patterns of samples prepared from pasteurized milk, in which the third 

component (Rf = 0.76) detected in the GMP prepared from raw milk (see above) 

was not clearly seen (Figures 3.3a-lanes 3 and 4, and 3.3b-lanes 3 and 4). In

stead the samples from pasteurized milk had a component with faster mobility 

(Rf = 0.78) as the third component with the staining intensity being less in the 

sample with HTST treatment (Figures 3.3a-lane 3 and 3.3b-lane 3) than that with 

LTLT treatment (Figures 3.3a-lane 4 and 3.3b-lane 4). The staining intensity and 

broadness for the first component (Rf = 0.65) as well as the second component 

(Rf = 0.71) tended to be the greatest in the sample from raw milk and greater in 

the sample with HTST treatment compared to that with LTLT treatment. These 

results suggest that the structure of goat GMP is affected by the heat treatment 

of milk with a greater extent by the LTLT than the HTST treatment. Little informa

tion is available concerning the mechanism of heat induced changes detected by 

SDS gel electrophoresis. Only the sample with LTLT treatment (Figures 3.3a- 

lane 4 and 3.3b-lane 4) demonstrated a band (Rf = 0.59) with its mobility similar 

to that of carbonic anhydrase (31.0 kDa). This band was not characterized fur

ther.
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Gel electrophoresis results obtained in this study are consistent with the 

previous report from this laboratory demonstrating occurrence of a single broad 

band of aggregated GMP purified from bovine sweet whey (17). The present 

findings, however, do not confirm the previous report showing occurrence of 

monomeric GMP as a minor component of goat GMP detected by SDS gel elec

trophoresis (1). No satisfactory explanation is available concerning the formation 

of monomeric GMP.

Analysis of GMP-depleted whey fraction showed that the concentrations of 

protein, sialic acid, phosphorous and calcium (Table 3.4) and amino acid compo

sitions (Table 3.5) were relatively constant among the preparations from raw and 

pasteurized milk samples. The GMP-depleted whey fraction had high contents of 

glutamine/glutamic acid, leucine, asparagine/aspartic acid and lysine. Since GMP 

contains relatively large amounts of threonine and sialic acid, the GMP-depleted 

fraction generated after removal of GMP from sweet whey is expected to contain 

less threonine and sialic acid than sweet whey. The sialic acid concentration was 

approximately 6-fold lower in the GMP-depleted whey fraction (average 

2.0 pg/mg, Table 3.4) compared to sweet whey (11.5 pg/mg, E.R. Silva- 

Hernandez, T. Nakano and L. Ozimek, unpublished data), and the threonine con

tent (5.8 mol%, Table 3.5) was 69% of that found in sweet whey (8.4 mol%, E.R. 

Silva-Hernandez, T. Nakano and L. Ozimek, unpublished data). Most sialic acid 

is present in non-GMP materials (e.g. immunoglobulins) in the GMP-depleted 

whey fraction, while GMP sialic acid is a component of oligosaccharide attached 

to threonine. The higher contents of phenylalanine (3.1 mol%) and tyrosine 

(2.7 mol%) observed in the GMP-depleted whey fraction (Table 3.5) than in goat 

sweet whey (2.4 and 1.8 mol% for phenylalanine and tyrosine, respectively (E.R 

Silva-Hernandez, T. Nakano and L. Ozimek, unpublished data obtained from dia

lyzed samples) are also not surprising because goat GMP does not contain 

these aromatic amino acids.

The GMP-depleted whey fraction that contains less threonine than does 

sweet whey (see above) may be useful as an ingredient for infant formulas. It 

has been reported that the threonine rich GMP is the major factor causing hyper-
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threoninemia, a well known phenomenon in preterm infants fed sweet whey 

based formulas, and that feeding acid whey based formula free of GMP prevents 

hyperthreoninemia (18). The GMP-depleted whey fraction may be as effective as 

acid whey to prevent the abnormality.

The whole experiment including preparation and analysis of GMP and 

GMP-depleted whey fraction was repeated with goat milk samples obtained from 

the same supplier (see Materials) but different from those used in the first ex

periment. Results obtained were in general consistent with those obtained in the 

first experiment.

In conclusion, the present study provides previously unreported information 

on GMP prepared from goat milk with and without pasteurization. Results 

showed that GMP from non-pasteurized milk contained more calcium than that 

from pasteurized milk, and that pasteurization generates GMP aggregates with 

increased mobility determined by SDS gel electrophoresis. We have also shown 

that the GMP-depleted whey fraction obtained after purification of GMP is a 

product with low threonine content useful as an ingredient for infant formula.
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Table 3.1. Recoveries of goat sweet whey and GMP from raw milk 

and HTST and LTLT pasteurized milk.

Raw HTST LTLT

Sweet whey (ml/100 ml of milk) 75 77 77

Non-dialyzable fraction of sweet whey 

(g/100 ml of sweet whey)
0.60 0.52 0.57

GMP (g/100 ml of sweet whey) 0.14 0.16 0.19

GMP (g/100 g of dried sweet whey) 19 19 24

GMP (g/liter of milk) 1.05 1.23 1.46
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Table 3.2. Analysis of goat GMP isolated from raw 

milk, HTST and LTLT pasteurized milk 

(pg/mg dry weight)

Raw HTST LTLT

Sialic acid 23.0 19.8 21.2

Galactose 32.7 37.0 34.7

Galactosamine 41.3 32.4 44.4

Phosphorus 3.8 3.4 3.8

Calcium 15.7 12.7 11.8
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Table 3.3. Amino acid compositions of goat GMP isolated from raw milk and 

HTST and LTLT pasteurized milk and theoretical amino acid 

composition of goat GMP (Mol %)

Raw HTST LTLT Goat GMP*

Asparagine and 

aspartic acid
9.9 10.9 10.9 10.6

Threonine 14.1 14.8 14.7 16.7

Serine 13.7 14.4 14.1 12.1

Glutamine and 

glutamic acid
15.9 15.9 16.7 13.6

Glycine 0.6 0.7 0.6 0

Alanine 12.3 11.7 11.6 13.6

Valine 6.3 6.5 6.2 9.1

Methionine ND ND ND 1.5

Isoleucine 7.7 7.1 7.3 7.6

Leucine 1.6 1.5 1.8 0

Tyrosine 0.3 0.2 0.2 0

Phenylalanine 0.6 0.6 0.7 0

Histidine 1.6 1.5 1.7 1.5

Lysine 5.6 5.0 4.6 4.5

Arginine 0.7 0.7 0.6 0

Proline 9.2 8.5 8.4 9.1

Cysteine ND ND ND 0

Tryptophan ND ND ND 0

*Values are based on the primary structure of goat GMP (15, 16). ND: Not

determined
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Table 3.4. Analysis of the GMP-depleted goat whey fractions 

obtained from raw milk and HTST and LTLT pasteur

ized milk*

Raw HTST LTLT

Protein 79.3 86.7 78.6

Water 8.2 6.0 7.1

Ash 9.9 7.3 8.6

Sialic acid 1.8 2.1 2.0

Phosphorus 0.4 0.2 0.3

Calcium 1.7 2.0 2.1

‘ Contents of protein, water and ash: g/100 g of dry weight, of 

sialic acid, phosphorus and calcium: pg/mg dry weight.
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Table 3.5. Amino acid compositions of the GMP-depleted goat whey 

fractions obtained from raw milk and HTST and LTLT pas

teurized milk (Mol%)

Raw HTST LTLT

Asparagine and 

aspartic acid
10.6 11.4 11.0

Threonine 6.0 5.7 5.7

Serine 5.6 5.6 5.8

Glutamine and glu

tamic acid
15.4 16.5 16.6

Glycine 3.8 3.6 3.5

Alanine 9.0 8.5 8.4

Valine 6.4 6.0 6.1

Methionine ND ND ND

Isoleucine 5.3 5.2 5.1

Leucine 11.3 12.6 12.6

Tyrosine 2.7 2.8 2.7

Phenylalanine 3.3 3.0 3.0

Histidine 2.1 1.9 2.0

Lysine 10.6 10.3 10.1

Arginine 1.8 1.8 1.8

Proline 6.0 5.2 5.6

Cysteine ND ND ND

Tryptophan ND ND ND

ND: Not determined
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Figure 3.1. Anion-exchange chromatography of goat sweet whey (44 ml) on

DEAE-Sephacel: ( • — • )  sialic acid; (—-) absorbance at 230 nm, and 

(A—A) absorbance at 280 nm. Absorbance at 230 nm was read in 

tubes 36-65 only. An arrow shows the position of application of 1 M 

NaCI. Bars denote eluates pooled for further study.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sia
lic

 
ac

id 
(m

g/
m

l)

53

0 10 20 30 40 50 60 70 80
Tube number

Figure 3.2. Hydrophobic interaction chromatography on phenyl-agarose of major 

sialic acid containing fraction from DEAE-Sephacel (Fig. 3.1): ( • — • )  

sialic acid; (---■-) absorbance at 230 nm, and (A—A) absorbance at 

280 nm. An arrow shows the position of application of water. A bar 

denotes eluates pooled for further study.
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Figure 3.3a. Gel electrophoresis of goat GMP: (a) GMP fractions from phenyl- 

agarose (Fig. 3.2) (-50 pg/well) were electrophoresed on SDS-gel. 

Lane 1; Molecular weight standards, phospholylase b (97.4 kDa), 

ovalbumin (45.0 kDa), carbonic anhydrase (31.0 kDa), trypsin in

hibitor (21.5 kDa) and lysozyme (14.4 kDa). Lanes 2-4: GMP iso

lated from raw milk, and HTST and LTLT pasteurized goat milk, 

resp. Bars indicate components in major band.
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Figure 3.3b. Gel electrophoresis of goat (GMP). Densitometric scans of 

electrophoretograms (lanes 2-4 in Fig. 3.3a).
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CHAPTER 4
Chemical Composition of Glycomacropeptide- 

Depleted Goat Sweet Whey and its Potential Use 

in Infant Formulas1

4.1 INTRODUCTION

Production of novel high value-added nutraceuticals from milk has been the 

subject of increasing interest in the pharmaceutical and food industries, and thus 

much attention has been given to fractionating milk proteins and peptides into 

individual components to take advantage of their biological and/or functional 

properties. We have recently isolated a glycomacropeptide from goat sweet whey, 

and reported that the GMP preparation with traces of aromatic amino acids (e.g. 

phenylalanine) may be suitable for the diet of patients suffering from 

phenylketonuria, a hereditary disorder of phenylalanine metabolism (1). There is 

limited information available concerning chemical composition of the fraction 

(referred to as GMP-depleted whey fraction) obtained after separation of GMP. 

Such information may be important for developing value-added products with this 

fraction.

It has been reported that infants fed with bovine sweet whey-based 

formulas suffer from hyperthreoninemia (2-7), which is a condition manifested as 

abnormally high concentrations of serum threonine. GMP, a threonine rich 

sialylated peptide found in sweet whey is suggested as a compound contributing 

to the cause of this abnormality. If so, use of GMP-depleted whey fraction as an 

ingredient of infant formula may help prevent hyperthreoninemia, which may affect 

brain development (8). The present study was, therefore, undertaken to prepare

1 A version of this chapter has been submmited to be considered for publication. Silva- 

Hernandez, E.R.; Nakano, T.; Ozimek, L. Chemical Composition of Glycomacropeptide- 

Depleted Goat Sweet Whey and its Potential Use in Infant Formulas. Brit. J. Nutr. 2004.
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GMP-depleted whey fraction from goat milk and to determine whether it is suitable 

for infant formulas by examining its chemical composition.

4.2 MATERIALS AND METHODS

4.2.1 Materials.

Samples of pasteurized goat milk were obtained from local milk processing 

plants in Alberta and British Columbia, Canada. Sweet whey was prepared by 

chymosin treatment (9) of milk, followed by centrifugation at 20,000g and 4 °C for 

30 min to remove fat and protein precipitate (10).

All samples of sweet whey were dialyzed using dialysis tubes with 6-8 kDa 

molecular weight cut-off. A portion of dialyzed sweet whey was freeze-dried and 

stored at 4 °C until used for chemical analysis. The remaining portion of dialyzed 

whey was stored at -25 °C for approximately one week before it was fractionated 

by anion-exchange chromatography. Diethylaminoethyl (DEAE)-Sephacel was 

obtained from Pharmacia Biotech Inc., Baie d’Urfe, Quebec, Canada. Sialic acid 

from sheep submaxillary glands, and 2-thiobarbituric acid were from Sigma- 

Aldrich, Canada Ltd., Oakville, Ontario, Canada.

4.2.2 Preparation of GMP-depleted whey fraction.

Frozen samples of dialyzed sweet whey (see above) were thawed and 

centrifuged at 20,000g and 10 °C for 15 min. After centrifugation, each 

supernatant obtained was adjusted to pH 3.0 with acetic acid and applied to a 1.5 

x 5.5 cm column of DEAE-Sephacel equilibrated with water adjusted to pH 3.0. 

Fractions (2 ml) were collected at a flow rate of 20 ml/h and monitored for protein 

content by measuring absorbance at 230 nm, and for the sialic acid content 

determined by the thiobarbituric acid reaction (10). Fractions containing protein 

desorbed from the anion-exchanger were pooled, dialyzed in water, and freeze- 

dried to obtain a GMP-depleted whey fraction. GMP was adsorbed on the anion- 

exchanger and eluted with 1M NaCI (1).
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4.2.3 Analytical methods.

Amino acid analysis was performed by using a Beckman Model 6300 

amino acid analyzer on samples hydrolyzed under nitrogen at 110 °C for 24 h in 

glass-distilled 6 N HCI containing 0.1% (w/v) phenol. The content of phosphorus 

was determined by using a molybdate-vanadate reagent (11), and that of calcium 

by using a Perkin Elmer Model 400 atomic absorption spectrophotometer (11). 

Protein contents were estimated by the method of Lowry etal. (12) using bovine 

serum albumin as a standard.

4.2.4 Homology of amino acid composition.

Amino acid profiles obtained from goat sweet whey and GMP-depleted goat 

whey fraction were compared to those from human milk by calculating the index 

(SAQ) value proposed by Marchalonis and Weltman (13) for the difference of 

amino acid composition. The index value was calculated from the formula:

SAfi  =  £ ( X , J - X , J )2
j

where / and k identify the products being compared and Xs is the content, in 

mol/100 mol, of the amino acid of type j. Pairs of homologous amino acid profiles 

generally have SzlQ below 100.

4.3 RESULTS AND DISCUSSION

Concentrations of protein, ash and calcium in the sweet whey (Table 4.1) 

are fairly comparable to those (93.7 and 6.0 g/1 OOg and 4.1 pg/mg, respectively) 

calculated from the corresponding values reported by Pintado et al. (14). The 

GMP-depleted whey fraction obtained after DEAE-Sephacel chromatography 

accounted for 71% of total protein recovered. The protein concentration of GMP- 

depleted fraction was similar to that of sweet whey averaging 89.6 g/1 OOg dry 

weight. Phosphorous and calcium concentrations were, however, approximately 

three times lower in GMP-depleted whey fraction.

Amino acid analysis (Table 4.2) showed that the GMP-depleted whey 

fraction has high contents of glutamine/glutamic acid, leucine, asparagine/aspartic
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acid and lysine. The contents of threonine and serine were lower and those of 

leucine and lysine were higher in the GMP-depleted whey fraction compared to 

sweet whey. The contents of remaining amino acids in the GMP-depleted whey 

fraction were similar to those in sweet whey. Comparison of amino acid 

composition between the human milk and GMP-depleted whey fraction indicated 

that the contents of glutamine/glutamic acid, alanine, leucine and lysine are higher 

and the content of proline is lower in the latter (Table 4.2). The contents of 

remaining amino acids including threonine were similar between the two products.

The SzlO values calculated between the GMP-depleted whey fraction and 

human milk A or B were 57 and 61, respectively. The corresponding values (47 

and 54) between the goat sweet whey and human milk A or B were slightly lower. 

Marchalonis and Weltman (13) reported that pairs of homologous amino acids 

profiles generally have SzlQ values below 100. Therefore, the index values 

obtained in this study indicate that there is high homology of amino acid 

composition between human milk and goat GMP-depleted whey fraction. The 

homology is slightly higher in goat sweet whey (with lower SzlO value) compared 

to its GMP-depleted whey fraction.

Bovine sweet whey has been used as an ingredient for various food 

products including baby formulas. However, Rigo et al. (8) reported that feeding 

infants with sweet whey-based formulas with high threonine content causes 

hyperthreoninemia. The present results suggest that GMP-depleted whey fraction 

with its threonine content lower than that found in sweet whey but similar to that in 

human milk can be used as an ingredient suitable for baby formulas. The GMP- 

depleted whey fraction with high protein content (Table 4.1) could also be used to 

replace sweet whey to be added to various processed food products including 

bakery products and beverages.
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Table 4.1. Analysis of goat sweet whey and GMP-depleted whey fraction*.

Component Sweet whey
GMP-depleted whey 

fraction

Protein 91.4 ±3.1 87.7 ±5.1

Ash 4.0 ± 1.1 1.8 ±0.3

Phosphorous 3.3 ±0.2 1.1 ±0.1

Calcium 7.7 ±0.6 2.8 ± 1.2

* Contents of protein and ash are expressed as g/100 g of dry weight, and those

of phosphorus and calcium as pg/mg dry weight.
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Table 4.2. Amino acid compositions of goat sweet whey and GMP-depleted whey 

fraction, and human milk. Contents are expressed as moles of amino acid

per 100 moles of total amino acids.

Goat sweet
Amino acid

whey

GMP- 

depleted 

whey fraction

Human milk

A B
Asparagine

and aspartic 10.6 11.3 9.7 9.3

acid

Threonine 7.9 5.8 5.8 5.1

Serine 9.3 6.9 5.7 6.3

Glutamine and
17.8

glutamic acid
17.2 16.2 15.0

Glycine 2.8 3.6 4.1 4.7

Alanine 8.1 8.2 5.2 5.6

Cysteine ND ND 3.2 1.6

Valine 5.5 5.2 6.2 5.7

Methionine ND ND 1.3 1.1

Isoleucine 5.0 4.2 5.5 5.1

Leucine 9.2 12.2 10.1 9.7

Tyrosine 1.9 2.6 2.9 3.6

Phenylalanine 2.5 3.1 3.2 3.7

Histidine 1.8 1.7 2.2 2.9

Lysine 8.5 10.3 6.1 6.4

Tryptophan ND ND — 1.5

Arginine 1.5 1.8 2.5 2.9

Proline 7.8 6.1 10.2 10.0

A: Calculated from Darragh & Moughan (15) 

B: Calculated from Rigo etal. (16)

ND: Not determined
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CHAPTER 5
Analysis of Glycomacropeptide-Depleted Sweet 

Whey Fraction1

5.1 INTRODUCTION

Sweet whey, a by-product of cheese manufacturing, can be separated into 

glycomacropeptide (GMP)-rich and GMP-depleted fractions by ion-exchange 

chromatography (1-3). We have analyzed a GMP-rich fraction, accounting for 

approximately 18% of dry weight of dialyzed sweet whey, and confirmed that 

GMP is a sialylated peptide with high threonine content (3). However, not much 

information is available concerning chemical composition of GMP-depleted whey 

fraction.

It has been reported that infants fed with sweet whey-based formulas 

frequently suffer from hyperthreoninemia (4-9), which is a condition manifested 

as abnormally high serum threonine levels. GMP (a threonine rich peptide) 

present in sweet whey is suggested as a compound contributing to the cause of 

this abnormality. Replacement of sweet whey by GMP-depleted whey fraction in 

infant formulas may help prevent occurrence of hyperthreoninemia. The present 

study was, therefore, undertaken to analyze chemical composition of GMP- 

depleted whey fraction prepared from sweet whey powder, and to determine 

whether the GMP-depleted fraction is suitable as an ingredient for infant 

formulas.

1A version of this chapter has been submitted to be considered for publication. Silva- 

Hernandez, E.R.; Nakano, T.; Ozimek, L. Analysis of Glycomacropeptide-depleted Sweet 

whey fraction. Int. J. Food Sci. Technol., 2004.
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5.2 MATERIALS AND METHODS

5.2.1 Materials.

Samples of bovine sweet whey powder were obtained from Dairyland 

Canada, Vancouver, British Columbia, Canada, and Alpha Milk Co., Red Deer, 

Alberta, Canada. Six grams of each sample were mixed with 100 ml of water, 

and the mixture was dialyzed using dialysis tubes with 6-8 kDa molecular weight 

cut-off. A portion of dialyzed sweet whey was freeze-dried and stored at 4 °C 

until used for chemical analysis. The remaining portion of dialyzed whey was 

stored at -25 °C for approximately one week before it was fractionated by anion- 

exchange chromatography. Diethylaminoethyl (DEAE)-Sephacel was obtained 

from Pharmacia Biotech Inc., Baie d’Urfe, Quebec, Canada. Sialic acid from 

sheep submaxillary glands, and 2-thiobarbituric acid were obtained from Sigma- 

Aldrich, Canada Ltd., Oakville, Ontario, Canada.

5.2.2 Preparation of GMP-depleted whey fraction.

Frozen samples of dialyzed sweet whey (see above) were thawed and 

centrifuged at 20,000g and 10 °C for 15 min. After centrifugation, each 

supernatant obtained was adjusted to pH 3.0 with acetic acid and applied to a 1.5 

x 5.5 cm column of DEAE-Sephacel equilibrated with water adjusted to pH 3.0. 

Fractions (2 ml) were collected at a flow rate of 20 ml/h and monitored for protein 

content by measuring absorbance at 230 nm, and for the sialic acid content 

determined by the thiobarbituric acid reaction (10). Fractions containing protein 

desorbed from the anion-exchanger were pooled, dialyzed in water, and freeze- 

dried to obtain a GMP-depleted whey fraction. GMP was adsorbed on the anion- 

exchanger and eluted with 1M NaCI (11).

5.2.3 Analytical methods.

Amino acid analysis was performed by using a Beckman Model 6300 

amino acid analyzer on samples hydrolyzed under nitrogen at 110 °C for 24 h in 

glass-distilled 6 N HCI containing 0.1% (w/v) phenol. The content of phosphorus 

was determined by using a molybdate-vanadate reagent (12), and that of calcium
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by using a Perkin Elmer Model 400 atomic absorption spectrophotometer (12). 

Protein contents were estimated by the method of Lowry etal. (13) using bovine 

serum albumin as a standard.

5.2.4 Homology of amino acid composition.

Amino acid profiles obtained from sweet whey and GMP-depleted whey 

fraction were compared to those from human milk by calculating the index (S^O) 

value proposed by Marchalonis and Weltman (14) for the difference of amino 

acid composition. The index value was calculated from the formula:

S A Q ^ X ^ - X ^ ) 2
j

where / and k identify the products being compared and Xj is the content, in 

mol/100 mol, of the amino acid of type j. Pairs of homologous amino acid profiles 

generally have SAQ below 100.

5.3 RESULTS AND DISCUSSION

Analysis of sweet whey (Table 5.1) showed that concentrations of protein, 

ash, and phosphorous in the sweet whey are fairly comparable to those (95.8 

and 4.2 g/1 OOg and 4.4 |ng/mg, respectively) calculated from the corresponding 

values of WPC reported by Sienkiewicz & Riedel (15). Although the calcium 

content in sweet whey found in this study was higher than that in whey protein 

concentrate (3.3 |ig/mg) calculated from Sienkiewicz & Riedel (15), it was 

comparable to the corresponding value reported for whey protein concentrate 

(7.6 |J.g/mg) calculated from Pintado etal. (16).

Figure 5.1 shows a representative DEAE-Sephacel chromatogram. The 

GMP-depleted whey fraction accounted for 69% of total protein recovered.

The protein concentration of GMP-depleted fraction was similar to that of 

sweet whey averaging 97.7 g/1 OOg dry weight. Phosphorous and calcium 

concentrations were, however, approximately twice lower in GMP-depleted whey 

fraction.
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Amino acid analysis (Table 5.2) showed that the GMP-depleted whey 

fraction has high contents of glutamine/glutamic acid, leucine and 

asparagine/aspartic acid. The contents of threonine, serine and proline were 

lower and those of leucine and asparagine/aspartic acid were higher in the GMP- 

depleted whey fraction compared to sweet whey. The contents of remaining 

amino acids in the GMP-depleted whey fraction were similar to those in sweet 

whey. Comparison of amino acid composition between the human milk and 

GMP-depleted whey fraction indicated that the contents of leucine, alanine, 

lysine, asparagine/aspartic acid, glutamine/glutamic acid and serine are higher 

and the content of proline is lower in the latter (Table 5.2). The contents of 

remaining amino acids including threonine were similar between the two 

products.

Homology values (SdQ) calculated between the GMP-depleted whey 

fraction and human milk A (Ref. 17) or B (Ref. 18) were 55 and 62, respectively. 

The corresponding values (41 and 50) between the sweet whey and human milk 

A or B were slightly lower. Marchalonis and Weltman (14) indicated that pairs of 

homologous amino acids profiles of proteins usually have SzlQ values below 100. 

Therefore, the homology index values obtained in this study show that there is 

high homology of amino acid composition between human milk and GMP- 

depleted whey fraction. The homology is slightly higher in sweet whey (with lower 

SzlQ value) compared to its GMP-depleted whey fraction.

Sweet whey powder has been used as an ingredient for numerous food 

products including infant formulas. However, it has been reported that feeding 

infants with sweet whey-based formulas causes hyperthreoninemia (19). The 

present findings suggest that GMP-depleted whey fraction with its threonine 

content lower than that found in sweet whey but similar to that in human milk can 

be used as an ingredient suitable for infant formulas. The GMP-depleted whey 

fraction with high protein content (Table 5.1) could also be used to replace sweet 

whey used as an ingredient in various food products.
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Table 5.1. Analysis of sweet whey and GMP-depleted whey fraction*.

Component Sweet whey
GMP-depleted whey 

fraction

Protein 97.0 ±0.7 98.4 ±4.3

Ash 2.4 ±0.1 1.1 ±0.5

Phosphorous 2.7 ±0.3 1.2 ± 0.1

Calcium 8.5± 0.5 3.9 ±0.4

* Contents of protein and ash are expressed as g/100 g of dry weight, and those

of phosphorus and calcium as pg/mg dry weight.
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Table 5.2. Amino acid compositions of sweet whey and GMP-depleted whey 

fraction, and human milk. Contents are expressed as moles of amino

acid per 100 moles of total amino acids.

Amino acid Sweet whey
GMP- 

depleted 
whey fraction

Human milk

A B
Asparagine

and aspartic 11.2 12.3 9.7 9.3

acid

Threonine 8.4 6.0 5.8 5.1

Serine 8.9 7.5 5.7 6.3

Glutamine and 

glutamic acid
17.3 17.6 16.2 15.0

Glycine 3.2 3.3 4.1 4.7

Alanine 7.5 7.6 5.2 5.6

Cysteine ND ND 3.2 1.6

Valine 5.5 5.0 6.2 5.7

Methionine ND ND 1.3 1.1

Isoleucine 5.5 4.8 5.5 5.1

Leucine 10.4 12.9 10.1 9.7

Tyrosine 2.2 2.7 2.9 3.6

Phenylalanine 2.4 3.0 3.2 3.7

Histidine 1.4 1.7 2.2 2.9

Lysine 7.4 8.3 6.1 6.4

Tryptophan ND ND — 1.5

Arginine 1.7 1.8 2.5 2.9

Proline 7.1 5.7 10.2 10.0

A: Calculated from Darragh & Moughan (1998) 

B: Calculated from Rigo etal. (1994)

ND: Not determined
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Figure 5.1. Anion-exchange chromatography of sweet whey powder (1,2g in 20 

ml) on DEAE-Sephacel: ( • — • )  absorbance at 230 nm, and (A — A) 

Sialic acid. An arrow shows the position of application of 1 M NaCI to 

release the GMP adsorbed oOn the column. A bar denotes eluates 

pooled for further study. Eluates containing GMP adsorbed on the 

column were not analyzed further.
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CHAPTER 6
Final Remarks1

6.1 INTRODUCTION

Research in functional foods has increased during the last fifteen years 

with the intention of increasing life expectancy and improving human health 

conditions. Probiotics, prebiotics, bioactive peptides or proteins, dietetic fibers 

and fatty acids, as well as the addition of fitochemical compounds in dairy 

products have become important areas of research in functional foods (1-3). The 

increase in life expectancy, the belief that it is possible to influence one’s own 

health and the awareness of the importance of prevention of disease are the 

main factors that influence the demand for these kinds of products. Milk contains 

diverse constituents with physiological functionality (4), which might change the 

traditional point of view that we have about drugs. The topic of functional foods in 

general, and specifically the area related to milk and dairy products, has still not 

been completely explored.

6.2 SUMMARY OF RESEARCH FINDINGS

The goat glycomacropeptide (GMP) purified in our laboratory with 

negligible amount of phenylalanine appears to be useful for the dietary treatment 

of phenylketonuria, a hereditary disorder of phenylalanine metabolism (5). Gel 

electrophoresis of GMP demonstrated that pasteurization generates GMP 

aggregates with increased mobility on SDS gels and that the low-temperature, 

long-time compared to high-temperature, short-time pasteurization is more 

effective in inducing this change.

The GMP-depleted whey fraction, obtained from goat sweet whey as well 

as from bovine sweet whey powder, analyzed in our laboratory showed a high

1 Part of of this chapter has been published. Silva-Hernandez, E.R.; Nakano, T.; Ikawa, N.;
Ozimek, L. Goat kappa-casein Glyco-macropeptide In: Food Science and Product Technology.
Research Signpost. India. 2002, Pp. 104-110.
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homology in its amino acid composition, when compared to human milk. The 

GMP-depleted whey fraction from either goat or bovine sources has a threonine 

content similar to that of human milk (6, 7), making it suitable for use in infants’ 

formulas that might prevent hyperthreoninemia (8). This condition, observed as 

abnormally high serum threonine levels, has frequently been reported in infants 

fed with whey-based formulas (9-14).

6.3 RECOMMENDATIONS FOR FUTURE RESEARCH

Although results presented in this document appear as a strong evidence 

of the potential of the caprine glycomacropeptide and the GMP-depleted whey, 

more research work should be performed with more samples to confirm the 

findings expressed here. Experiments in which individual samples are 

considered, as well as control of the seasonal variables, stage of lactation, and 

breed of the animals should be included in subsequent analyses. In addition, 

finding economical ways to separate GMP from sweet whey is required when 

considering the industrial production of this product.

Development of practical techniques to analyze contents of phenylalanine 

in GMP and threonine in GMP-depleted whey should be considered as well. 

Currently, estimations of phenylalanine and theronine are usually determined 

through acid hydrolysis of proteins and peptides, followed by the use of an amino 

acid analyzer such as the Beckman Model 6300. However, this technique is 

expensive and time consuming. Therefore, it might be interesting, for example, to 

see if it is possible to estimate the content of threonine in GMP-depleted whey 

through indirect methods. For instance, the thiobarbituric acid reaction used for 

the determination of sialic acid in this report might help in the estimation of 

theronine, since it seems that the amount of sialic acid in GMP-depleted whey is 

correlated to its threonine content.

Use of different sources of GMP and GMP-depleted whey may be an 

important consideration as well. Cow’s milk is the most important milk in the 

world, and research related to the isolation of bioactive compounds from this kind 

of milk is also the most important in the dairy industry nowadays. However, the
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use of other sources of milk would open new areas of research. This document 

presented the isolation and characterization of goat’s GMP and GMP-depleted 

whey, but preparation and characterization of these products from milk obtained 

from other species, such as sheep and buffalo, might be important to be studied 

as well.

Numerous biological activities have been reported as associated with 

bovine GMP (15-18). It would be interesting to know whether goat GMP, whose 

composition and structure differ from those of bovine GMP, has the same 

biological activities as bovine GMP.

Goat’s milk is an important source of nutrients in many parts of the world. 

World production of goat’s milk has been increasing more rapidly than cow’s milk 

during the past two decades (19). Chemical composition of goat-milk protein has 

been relatively extensively studied (20). However, there is still limited information 

available concerning goat sweet whey components, including GMP and GMP- 

depleted whey. Research into the potential uses of goat GMP and GMP-depleted 

whey in the pharmaceutical, cosmetic and functional food sectors may be 

important. This is especially the case in European countries and Mexico where 

the majority of caprine milk is used for cheese production. Utilization of goat 

sweet whey also helps prevent pollution caused by disposal of this byproduct, a 

long-standing problem for the dairy industry.

Milk and dairy products as sources of functional foods and ingredients are 

currently a reality. Many people around the world are already consuming them. 

However, many aspects in this field still remain to be explained before reaching 

firm conclusions. In addition, more studies in humans are needed, along with 

consideration of milk sources other than cow’s milk. Exploring milk from other 

species, such as goats, sheep and buffalo, might be worthwhile.
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