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Abstract Glycomacropeptide (GMP) is a C-terminal part (f 106-169) of kappa-
casein which is released in whey during cheese making by the action of
chymosin. GMP being a biologically active component has gained much atten-
tion in the past decade. It also has unique chemical and functional properties.
Many of the biological properties have been ascribed to the carbohydrate
moieties attached to the peptide. The unique set of amino acids in GMP makes
it a sought-after ingredient with nutraceutical properties. Besides its biological
activity, GMP has several interesting techno-functional properties such as wide
pH range solubility, emulsifying properties as well as foaming abilities which
are shown to be promising for applications in food and nutrition industry.
These properties of GMP have given new dimension for the profitable utiliza-
tion of cheese whey to the dairy industry. A number of protocols for isolation
of GMP from cheese whey have been reported. Moreover, its role in detection
of sweet/rennet whey adulteration in milk and milk products has also attracted
attention of various researchers, and many GMP-specific analytical methods
have been proposed. This review discusses the chemico-functional properties
of GMP and its role in the detection methods for checking cheese or sweet
whey adulteration in milk. Recent concepts used in the isolation of GMP from
cheese whey have also been discussed.
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1 Introduction

In the middle of the twentieth century, scientists first found evidence about the
presence of protein bound sialic acid in milk (Gyorgy et al. 1954) while working
on a variant of Lactobacillus bifidus. They observed that human and cow milk
contain some bifido-factor which is not destroyed or altered in its activity even by
autoclaving, although the ash was found to be inactive. However, it was the pioneer-
ing work of French workers (Delfour et al. 1965) who for the first time established
that milk contains a sialic acid bound protein called kappa-casein (k-CN). They also
reported that glycomacropeptide (GMP), a sialic acid rich peptide, is formed by the
cleavage of k-CN between Phegs-Metog by the action of rennet (chymosin) during
the manufacture of cheese. It took many more years when GMP was taken as a new
product opportunity. The GMP preparations until then were not pure enough to
replace synthetic amino acid mixtures in the management of phenylketonuria and
severe liver disease (Marshall 1991). Although GMP is released from k-CN during
cheese making by the action of rennet, smaller concentrations of GMP also exist in
bovine milk. However, GMP released from casein is almost ten times higher than free
GMP in mature milk (Furlanetti and Prata 2003). GMP constitutes 20-25% of total
proteins in whey products viz., whey powder, whey protein isolates (WPI), whey
protein concentrates (WPC) etc., manufactured from cheese whey (Farias et al. 2010).
It is recognized as a bioactive peptide and is thought to be an ingredient with a
potential use in functional foods, and thus great interest has been generated for its
isolation. The composition of GMP is variable and depends on the particular whey
source and the fractionation technology employed in its isolation (Martin—Diana et al.
2006). Earlier, attempts were mainly made to review the isolation and biological
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Fig. 1 Primary structure of bovine GMP variant A. The enclosed amino acids represent the sites
corresponding to B variant (Eigel et al. 1984)

properties of GMP (Brody 2000; El-Salam et al. 1996; Thoma-Worringer et al. 20006).
This article aims to discuss the chemical and functional properties of GMP and its
role in the detection methods for checking cheese whey adulteration in milk and milk
products. Some of the recent concepts used for the isolation of GMP from cheese
whey are also discussed.

2 Chemical properties of GMP

GMP is significantly rich in the amino acids Pro, Glu, Ser, and Thr but depleted in
Trp, Tyr, Phe, and Cys (Fig. 1). Of the three branched chain amino acids viz., Leu, Ile,
and Val, GMP is rich in Ile and Val. The true 3D structure of GMP could not be
established as crystallization has not been possible and a theoretical model has been
suggested (KreuB3 et al. 2009b). It has been predicted that GMP is a random coil or
intrinsically disordered peptide without a defined secondary or tertiary structure and
there is change in the conformation with change of ionic strength, pH, and presence
of other molecules. These authors have predicted the 3D structure of GMP through
protein modeling and have shown that a large part of the peptide has a strong negative
charge, while there are three small positively charged domains at the N terminus.
They also reported that at pH 7.0, the grand average of hydropathicity has a value of
—0.322, characterizing the peptide as more hydrophilic than hydrophobic. This value
should be significantly decreased (more hydrophilic) in the case of glycosylated GMP
due to the sialic acid residues.

2.1 Glycosylation

The carbohydrates are attached to k-CN at Thrys;, i35, 135, 142 and Ser;4; positions
through O-glycosylation linkages (Eigel et al. 1984). These positions are located
more or less in the middle of the peptide backbone. The heterogeneous carbohydrate
chains are the unique characteristics of GMP, not found in the remaining part (1 to
105) of k-CN. Each of the GMP fractions with different carbohydrate chains might be
responsible for different biological functions (Li and Mine 2004). The distribution of
monosaccharide, disaccharide, trisaccharide (straight and branched), and tetrasac-
charide chains is 0.8%, 6.3%, 18.4%, 18.5%, and 56.0%, respectively, as determined
by HPLC (Saito et al. 1991). Moll¢é and Léonil (1995) using electrospray—ionization
mass spectrometry (ESI-MS) found that out of five potential glycosylation sites, a
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maximum of three are substituted with highly glycosylated carbohydrate chains
which may contain up to six N-acetyl neuraminic acid (NeuNAc) residues per
molecule. GMP is particularly rich in sialic acids which are substituted neu-
raminic acid derivatives, and the main representative forms of sialic acid are
NeuNAc and N-glycolylneuraminic acid (Salcedo et al. 2011). The majority of
the carbohydrate chains contain NeuNAc as a terminal residue «2-3 or x2—6
linked to GalNAc or Gal, respectively (Cherkaoui et al. 1997). Commercially
available GMP with 78-83.7% protein content contains 7-9% of sialic acid
(Arla Food Ingredients and Davisco Foods International, Inc.). Sialic acid offers
one route of determining GMP concentration in a protein mixture. This is
achieved by its reaction with certain compound leading to the formation of
chromophore/fluorescent derivative which can be quantified (Neelima et al.
2012). On the basis of glycosylation, GMP can be classified into two major
fractions: the glycosylated and phosphorylated glyco-peptide (gGMP), and the
non-glycosylated but phosphorylated aglyco-peptide (aGMP) (KreuBB et al.
2009b). Fourteen glycosylated forms of GMP have been identified (Moll¢ and
Léonil 1995) and gGMP form of GMP represent about 50% of the total GMP
(Mollé and Léonil 2005). Heating of the milk or whey prior to isolation of
GMP has an influence on the extent of glycosylation in isolated GMP; more
severe heating produces GMP with less glycosylation (Taylor and Woonton
2009). Many of the biological and functional properties of GMP have been
attributed to sialic acids (Fernando and Woonton 2010), but others have been
linked to peptide part and still others are due to both peptide as well as glycan
part (Table 1). Due to heterogeneity of GMP (because of glycosylation), GMP
does not separate as a single peak in RP-HPLC, and this creates a problem in
interpretation of cheese whey detection methods which are based on HPLC.

Table 1 Role of carbohydrate moiety and peptide backbone in various biological properties of GMP

Biological properties Role of Role of peptide References
carbohydrate backbone
moiety
Reduction of gastric secretion v Aleinik et al. (1984)
Bifido-factor v Azuma et al. (1984)
Anti-cariogenic effect v Neeser et al. (1988, 1994);
Aimutis (2004)
Inhibition of cholera toxin v Kawasaki et al. (1992)
Modulation of immune response v v Otani et al. (1992);
Requena et al. (2010)
Hemagglutination inhibition v Kawasaki et al. (1993a)
Stimulation of cholecystokinin release v v Beucher et al. (1994);
Burton-Freeman (2008)
Prevention of intestinal infection v Nakajima et al. (2005)
Nutritional management of phenylketonuria v LaClair et al. (2009); van
Calcar and Ney (2012)
Antibacterial and probacterial activity v Robitaille et al. (2012)

of pepsin-treated GMP
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2.2 Isoelectric point (p/)

GMP is an acidic peptide with p/ of around 4, highly soluble and heat stable (Thoma
et al. 2006). This relatively acidic p/ is related to the high amount of acidic amino acid
side chains (Glu and Asp). GMP does not have a single p/ because of heterogeneity in
glycosylation and phosphorylation (Cherkaoui et al. 1997; KreuB3 et al. 2008; Lieske
et al. 2004; Nakano and Ozimek 2002; Silva-Hernandez et al. 2002). Using anion
exchange chromatography, it was suggested that all sialylated GMP had an apparent
pl <3.8 (Nakano and Ozimek 2000b). The p/ of 64 amino acids is around 4, but the
sialate and phosphate have relatively low pK, values of 2.6 and 2.0, respectively. The
pl of GMP depends upon sialic acid and phosphate content present in it. Using laser
Doppler electrophoresis and zeta potential measurement data, the p/ of gGMP and
aGMP was found to be 3.15 and 4.15, respectively (KreuB3 et al. 2009b). GMP
contains two Asp, seven or eight Glu (depending on genetic variants), one phosphor-
ylated Ser, and three Lys residues. Below the p/, GMP molecules lose the negative
charge of the Glu and Asp residues, carboxyl group at the C terminus, and the sialic
acid residues. The positive charge of GMP below its p/ is because of the Lys residue
and the positively charged N terminus, while all Glu and Asp residues are protonated
(Farias et al. 2010; KreuB et al. 2009b). The variation in the p/ of GMP among aGMP
and gGMP leads to multiple peaks which may affect the interpretation of the result in
capillary electrophoresis (CE)-based cheese whey detection methods. Difference in p/
of gGMP and aGMP has been exploited for the selective isolation of gGMP from
commercial GMP preparations (Kreufl and Kulozik 2009).

2.3 Molecular weight

Using liquid chromatographic ESI-MS, the aGMP form of GMP was observed to
have a molecular mass between 6,755 and 6,787 Da depending on the genetic variant
of k-CN from which it was derived. The average molecular mass of total gGMP is
about 7,500 Da with the highest mass of up to 9,631 corresponding to highly
glycosylated form (Moll¢ and Léonil 1995, 2005). It has also been suggested that
the mass ratio between aGMP and the state of maximum glycosylation of gGMP
differs from 7,000 Da to 11,000 Da with 36.4% overall molecular mass contribution
of glycans (KreuB3 et al. 2009b). In literature, often the molecular weight of GMP is
given two to three times greater than the theoretical one which is caused by the
association of monomers to form aggregates. The behavior of GMP on SDS-PAGE
indicates that peptide is in polymeric form with molecular weight ranging from 14 to
30 kDa (Farias et al. 2010; Galindo-Amaya et al. 2006). It has been suggested that
GMP has the ability of associating and dissociating under selected pH conditions.
Earlier, it was proposed that the 9-kDa monomer of GMP is obtained at pH <4 and the
polymer of 45-50-kDa GMP is obtained at pH higher than 4 (Kawasaki et al. 1993b).
On the contrary, Nakano and Ozimek (1998) used gel chromatography over
Sephacryl S-200 gel and suggested that GMP is an aggregate of three monomers,
and the molecular weight was not affected by changes in pH.

It has also been suggested that pH-dependent interactions between GMP mole-
cules seem to take place within the k-CN micelles which influence the resulting GMP
product arising from enzymatic cleavage. GMP units in k-CN appear to associate
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reversibly depending on pH, whereas the GMP monomers do not tend to associate
once they have been formed. The apparent aggregation of GMP is not solely
influenced by the actual pH and strong hydrophobic contacts have been hypothesized
which hold together polymeric forms. The tetrameric form of GMP is more hydro-
phobic than the dimeric and monomeric forms (Mikkelsen et al. 2005). Using
dynamic light scattering technique, recent studies indicate that pH is very important
in controlling GMP aggregation. GMP undergoes a pH-dependent self-assembly at
room temperature. At pH below 4.5, GMP self-aggregates due to hydrophobic
interactions ultimately leading to gelation. The size of aggregate and gelation further
increases on decreasing the pH and in this role of sialic acid which retains a negative
charge at pH 2.2 is important. It has been concluded that self-assembled structures
formed at room temperature are partially pH-reversible, but hydrophobically formed
dimers appear to be resistant to pH changes once formed (Farias et al. 2010; Martinez
et al. 2012). Self-aggregation of GMP can create problem in its identification and its
use as a marker peptide in cheese whey adulteration detection methods which are
based on electrophoresis and Western blot. Self-aggregation of GMP may be of
interest to protein chemists as the phenomenon is not still fully understood. The
separation of individual GMP monomer and its visualization on SDS-PAGE has not
yet been achieved. More research efforts are required to delineate the conditions
under which GMP exists in monomeric form. This would also pave the way for the
development of a simple method for detection of cheese whey adulteration in milk as
presence of a 7-kDa (monomeric form of GMP) band in electrophoretic separation of
whey obtained after precipitation of casein at 4.6 would ascertain the presence of
GMP in suspected milk sample.

2.4 UV characteristics

GMP lacks aromatic amino acids (Phe, Trp, and Tyr) and, therefore, it has no
absorption at 280 nm. It is known that GMP is only detected in the range of 205-
226 nm, and differences in the absorption at 210 and 280 nm are frequently used to
characterize GMP (Oliva et al. 2002); this has been the most commonly used tool to
perceive the presence of GMP during HPLC.

3 Isolation of GMP

Developments in the knowledge about GMP during the last four decades, comprising
its isolation techniques, biological properties, and functional properties used/discov-
ered by different researchers, are compiled in Table 2. Isolation of GMP from cheese
whey has been attempted by various techniques such as trichloroacetic acid (TCA)
precipitation (Lieske and Konrad 1996), ethyl alcohol precipitation (Saito et al.
1991), ultrafiltration (UF) (Kawasaki et al. 1993b), and chromatographic techniques
such as gel chromatography (Nakano and Ozimek 2000a), affinity chromatography
(AC) (Saito et al. 1991), hydrophobic interaction chromatography (HIC) (Silva-
Hernandez et al. 2002), and ion exchange chromatography (IEC) (Tanimoto et al.
1992). Most of the time, it is the combination of different techniques which work
best, and these various combinations used for GMP isolation have been categorized
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Table 2 Chronological order of isolation, biological properties, and functional properties used by various
workers for GMP

Year Isolation techniques Biological properties Functional properties

1970-1980 — IEC (Burton and

1980-1990

1990-2000

2000-2010

2010 onwards

Skudder 1987)

— Gel filtration, IEC,

and AC (Morr and
Seo 1988)

— Alcohol precipitation and

AC (Saito et al. 1991)—

UF (Kawasaki et al. 1993b)—

TCA precipitation (Lieske
and Konrad 1996)- IEC
(Tanimoto et al. 1992)—
Gel chromatography
(Nakano and Ozimek
2000a)

— HIC (Silva-Hernandez

et al. 2002)— Enzyme
cross-linking (Tolkach
and Kulozik 2005)—
MAC (KreuB and Kulozik
2009)— ATPS (da Silva

et al. 2009)

— UF (Robitaille et al. 2012)

— Bifido-factor (Gyorgy
et al. 1954)— Inhibition
of gastric secretion
(Vasilevskaya et al.
1977)

— Anti-cariogenic (Neeser
et al. 1988)— Modulation

of immune system (Otani

and Monnai 1993; Otani
et al. 1992)

— Inhibition of cholera
toxin binding (Kawasaki
et al. 1992)

— Prevention of
intestinal infection
(Nakajima et al. 2005)—
Nutritional management
of phenylketonuria
(LaClair et al. 2009)

— Antibacterial and
probacterial activity
of pepsin-treated GMP
(Robitaille et al. 2012)

— Gelation (Burton
and Skudder 1987)

— Emulsification
(Chobert et al. 1989)

— Overrun
(Marshall 1991)

— Interfacial behavior
studies (Kreu$3 et al.
2009b)— Emulsification
(Martin-Diana et al.
2005)— Gelation
(Farias et al. 2010)

— Foaming properties
of GMP-f3-lg mixed
systems (Martinez
et al. 2012)

IEC ion exchange chromatography, AC affinity chromatography, UF ultrafiltration, 7CA trichloroacetic
acid, HIC hydrophobic interaction chromatography, ATPS aqueous two-phase systems, MAC membrane
adsorption chromatography

(Tullio et al. 2007) into three different approaches: (a) selective precipitation using
heating/alcohol/acetic acid/TCA, (b) membrane filtration using UF/microfiltration
(MF)/dialysis/reverse osmosis/electrodialysis, and (c) selective adsorption using
IEC/HIC/AC.

In a comparative study (Li and Mine 2004) based on the chromatographic profile
of GMP isolated by three methods (TCA fractionation, ethanol precipitation, and UF)
from WPI, UF was found to be the most effective in recovering GMP. The method is
based on the concept given earlier by Kawasaki et al. (1993b) that at pH 3.5 GMP
permeates through UF membranes with a molecular weight cut-off (MWCO) ranging
from 20 to 50 kDa and majority of whey proteins such as 3-lactoglobulin, o-
lactalbumin, immunoglobulins, and bovine serum albumin being held back. The pH
of permeate is then adjusted to 7.0 where GMP forms non-covalent linked polymers
and is then concentrated using the same membrane. The recovery rate of GMP using
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this particular technique was around 34% with more than 80% GMP in the glycosy-
lated form. The authors recommended a combination of UF and anion exchange
chromatography as a suitable and practical approach on an industrial scale. The less
recovery obtained by these workers makes the method unsuitable for commercial
purpose. The formation of self-assembled aggregates of GMP at low pH has been
reported in some of the recent studies (Martinez et al. 2009; Farias et al. 2010), and it
is possible that during UF most of GMP remains with the retentate at pH 3.5 as GMP
is already in aggregated or dimer form.

Using an altogether different approach, Tolkach and Kulozik (2005) isolated GMP
by enzymatic cross-linking technique. This approach involves pre-treatment of WPC
with the enzyme transglutaminase (Tgase). GMP can be cross-linked by Tgase due to
the presence of two glutamic acid and three lysine residues in its primary structure.
Further, it has been stressed that the presence of sugar residues in GMP provides its
hydrophilic character which facilitates the enzyme action. On the other hand, native
whey proteins show much less sensitivity to be cross-linked by the Tgase due to their
globular structure with relatively little exposure of the protein chain to the exterior.
The GMP aggregates are then removed by MF or diafiltration (DF). However, the
procedure only separates native whey proteins from GMP and may not be applicable
to heated whey. As cross-linking of other milk proteins by Tgase changes its
functional properties (Bonisch et al. 2007; Czernicka et al. 2009), it is expected that
functional properties of GMP isolated by Tgase would also change. Further investi-
gation in this regards is required.

The pl of GMP is around 4.0 while p/ of other major whey proteins is above 4.8
(Fox and McSweeney 1998). This difference in p/ has been used in the pilot-scale
isolation of GMP using anion-exchange membrane adsorption chromatography
(MAC) (Kreuf3 and Kulozik 2009). The chemistry and binding conditions were given
earlier by the same group (Kreu83 et al. 2008), who developed and optimized a process
for separation of glycosylated and non-glycosylated fractions of the macropeptide
using MAC. The module consisted of a spiral packed cellulose-based strong anionic
membrane coiled around a solid core. The fouling was decreased by prior MF of
whey or by increasing the temperature of the adsorption process. The process
development further included a desalting and concentration step, which was per-
formed by a 10-kDa MWCO UF/DF. The efficiency of the UF was strongly influ-
enced by the pH of the solutions and showed best performance at pH 4.1 for the
eluate. Using this technique, 91% purity of GMP (glycosylated form) could be
achieved. Fouling of the membrane was found to be a major issue in this isolation
procedure. This approach allows selective isolation of glycosylated form of GMP
from commercial GMP preparation and may appeal to manufacturers of GMP for its
further fractionation and product diversification.

The aqueous two-phase systems (ATPS) have been widely used in biochemistry,
cell biology, and biotechnology (Oliveira et al. 2002). An ATPS is formed when two
water-soluble polymers, such as polyethylene glycol (PEG) and dextran, or a polymer
and a salt are dissolved in water beyond a critical concentration at which two
immiscible phases are formed. Partitioning of GMP using ATPS has been attempted
by da Silva et al. (2009). In their study, the use of PEG and sodium citrate as ATPS for
the partitioning of GMP has been proposed. The parameters (PEG molar mass, tie
line length, pH, NaCl concentration, and temperature), which affect the partitioning
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behavior of the protein, were also investigated. It was verified that larger tie line
lengths and higher temperatures favor GMP partition to the PEG phase. Furthermore,
PEG molar mass and concentration had a slight effect on GMP partition. The increase
in the molar mass of PEG induced a reduction of the protein solubility in the top
PEG-rich phase. A protein recovery higher than 85% was obtained in the top phase
(PEG-rich phase) of these systems, demonstrating its suitability as a starting point for
the isolation of GMP. Later, PEG/ammonium sulfate ATPS was also used to separate
GMP (Wu et al. 2012). It was found that the molecular weight of PEG and concen-
tration of both the phases influence the partitioning of GMP. These experiments
showed that 18% (w/w) PEG6000 and 15% (w/w) ammonium sulfate were the
optimum system in which the protein recovery was around 70%. The removal of
polymers from isolated GMP requires another step of chromatography like size-
exclusion chromatography which makes the isolation procedure tedious.

All the aforementioned novel approaches for the isolation of GMP from cheese
whey are in their preliminary stages. The earlier literature indicates that combination
of ion-exchange chromatography and UF provides the best result in terms of recovery
as well as for scale-up operations. The manufacturer of GMP would be interested in
those approaches which allow the use of the spent whey for other food applications.
Since the p/ of GMP varies with extent of glycosylation, more research may be
required to elaborate the optimum conditions of pH, type of exchanger, elution buffer,
temperature conditions, etc. to recover maximum GMP from cheese whey.

4 Functional properties of GMP

The functional properties of GMP which have received attention include its emulsi-
fication, foaming, and gel formation ability. Like the biological properties, functional
properties are equally affected by the glycosylation of GMP. It is worth mentioning
here that the solubility of GMP in aqueous medium is proportional to its glycolsy-
lation (Taylor and Woonton 2009).

4.1 Emulsification and foaming properties

Emulsifying and foaming properties are among the most important functional prop-
erties of milk proteins, and the characteristics of most dairy products depend on how
the milk protein fraction is organized at fat—serum and air—serum interfaces (Dick-
inson 2003). GMP present in WPC also contributes to the emulsification (Chobert et al.
1989). When compared with WPC, the emulsifying activity index of GMP was shown
to be significantly lower (36 m*> g ' for GMP and 185 m” g~' for WPC), but GMP had
more stable emulsifying activity index with respect to pH than WPC, suggesting the
possible utilization of GMP as emulsifier in foods which undergo large pH variations
during processing, i.e., fermented dairy products (Martin-Diana et al. 2005). The
glycosylated and non-glycosylated GMP fractions exhibit different emulsification prop-
erties as glycan moiety significantly affect the surface activity (Fig. 2a). In a study by
KreuB et al. (2009b), aGMP showed a higher emulsifying activity index of 150.7 m* g~
while gGMP achieved a lower value of 98.5 m” g~'. Also, the stability of emulsions was
1.4 times higher for aGMP as compared to gGMP. The pH of the emulsion greatly
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II STAGE

influences both the formation and stability of the emulsions formed by GMP. At the oil—
water interface, above the p/ there is an average stabilized adsorption of peptide with
negative repulsion between individual oil droplets. At the p/, due to lack of repulsive
forces, the oil droplets coalesce. Below the p/, there is repulsive positive charge which
stabilizes the oil droplets.

The hydrophilic nature of GMP reduces the emulsifying activity as compared to
native amphipathic k-CN. Attempts have been made to modify the emulsification
activity of GMP by conjugating it with other molecules such as lactose (Moreno et al.
2002) and fatty acids (Wong et al. 2006). Lactose has been conjugated with GMP
using Maillard reaction chemistry and such conjugation has been reported to increase
the emulsifying activity without significantly reducing the macropeptide solubility
(Moreno et al. 2002). Long-chain fatty acids have been conjugated to GMP
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using lipophilization reaction involving N-hydroxysuccinimide fatty esters
(Wong et al. 2006). The modified GMP has been shown to have improved
functionality as a surfactant with enhanced antibacterial activity towards gram-
negative bacteria.

Like emulsification, foaming ability also depends upon glycosylation. GMP is a
good foam-building peptide as it efficiently reduces surface tension and assures high
gas content during foaming but makes unstable foams compared to foams made with
WPI (Thoma-Worringer et al. 2007). Moreover, 10% of whole GMP solution was
found to give a higher overrun, but inferior foam stability compared with egg white
(Marshall 1991). KreuB3 et al. (2009a) studied both gGMP and aGMP for their
foaming properties in terms of overrun, foam rigidity, and drainage at pH 6.0. They
found that aGMP-stabilized foams show significantly higher foam rigidity and
stability than foams stabilized with gGMP, whereas both fractions yield a high
foaming ability with overruns of around 600%. They hypothesized that a combination
of steric and electrostatic repulsion of the glycan is responsible for this difference.

4.2 Gel formation

Gel is an intermediary form between solid and liquid. Food processing and the
development of new products require ingredients such as the gelling agents, which
build up a structural matrix that supplies food its desirable texture. It has been
proposed that GMP has the capability to form gel and this is because of strong
hydrophobic links between the monomer molecules. At neutral pH, most of the
hydrophobic domains (containing Val, Pro, Ile, Ala, and Met) cannot interact as these
are masked by strong charge density of negatively charged amino acids (Glu and
Asp). Above pH 6.5, Glu and Asp get deprotonated which produces a strong negative
shield thereby preventing GMP self-association. Below pH 6.5, the protonation of
these acidic amino acids increases which decreases their shielding effect, allowing the
hydrophobic domains to interact causing self-assembly. GMP solutions (3—10%, w/
w) below pH 4.5 show time-dependent self-assembly at room temperature leading to
gelation. A GMP self-assembly model (Fig. 2b) has been proposed according to
which self-assembly occurs in two different stages—a first stage of hydrophobic
interaction to form dimers and in the second stage the dimers further interact through
electrostatic bonds to form gels. In the second stage, the presence of charged
glycosidic side chain plays an important role as it contributes to the negative charge
at low pH (Farias et al. 2010).

The effect of added WPC and GMP on the rheological and structural properties of
fermented milk prepared from goat milk has been studied. The addition was found to
enhance elasticity versus viscosity of the gel, thereby favoring the use of GMP in
fermented milks leading to the formation of a more orderly and structured gel
compared to using WPC (Martin-Diana et al. 2004).

5 Role of GMP in detection of cheese whey adulteration in milk

Adulteration of milk continues to represent a major concern not only for consumers
but for manufacturers also, as it affects the quality of dairy products. Adulteration of
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milk by adding cheese whey is economically attractive because cheese whey cost is
four to five times lower than milk and it does not adversely affect the sensory
perception of product. Furthermore, because of its high biological oxygen demand,
disposal of cheese/rennet whey is a problem, and is often used for adulteration of milk
and milk products (Chavez et al. 2008; Martin-Herndndez et al. 2009).Various
methods for detection of cheese whey in milk have been reported. The developed
methods can broadly be categorized into two different groups. One group consists of
methods based on the compositional difference between cheese/rennet whey and milk
(non-GMP-based methods). These include the determination of the ratio of casein and
whey protein using derivative spectroscopy (Miralles et al. 2000), electrophoretic
analysis (De Souza et al. 2000), by analyzing casein bound phosphorus index
(Wolfschoon-Pombo and Furtado 1989) and the quantification of cysteine and cystine
ratio through polarography (Mrowetz and Klostermeyer 1976). The other group
includes methods which are mainly based on the presence of GMP in the suspected
samples and are known as GMP-based methods. Although free GMP is also present
in mature milk, as mentioned before, but as the concentration is very small, it
becomes an important marker of adulteration of cheese whey in milk. The techniques
used for the detection of cheese whey in milk based on GMP are presented in Table 3
and explained as follows:

5.1 Colorimetric methods

In one approach, reaction of sialic acid with thiobarbituric acid, as suggested by
Warren (1959), has been exploited for detection of cheese whey in milk. In a method
proposed by Koning et al. (1966), precipitation of milk proteins has been done by
TCA followed by GMP precipitation by phosphotungustic acid. In the GMP precip-
itates, sialic acid is estimated by TBA assay which is then correlated to the presence
of GMP. This method was further used by Josephson et al. (1980) to detect cheese
whey replacement for non-fat milk solids in ice milk mixes. Samples with GMP
precipitate (per 100 g mix) having a dry weight above 55 mg were said to be
suspected.

Nakano and Ozimek (1999) reported that the estimation/detection of sialic acid in
the reaction mixture after the removal of interfering k-CN can provide indication of
the presence of cheese whey in suspected milk or milk product samples. Fukuda et al.
(1994) adapted a technique described earlier (Yao et al. 1989) wherein acidic ninhy-
drin was used as a chromophore for the determination of the concentration of sialic
acid in sialoglycoprotein. In the same year, Fukuda (1994) proposed a spectrophoto-
metric (470 nm) acidic ninhydrin method for quantitative determination of sialic acid,
free or linked to the glycoprotein in fluid milk and rennet whey. This method required
addition of TCA (final concentration 12%) to remove the interfering proteins fol-
lowed by precipitation of GMP using phosphotungstic acid. Alternatively, milk
proteins can also be removed by 8% TCA followed by GMP precipitation with
14% TCA (Rao et al. 2012). The precipitates on heating with acid ninhydrin reagent
produced a yellow color, the absorbance of which was measured spectrophotometri-
cally. Fukuda et al. (1996) proposed 4479 <0.300 (<5.14 pg free sialic acid per liter in
milk samples) for the negative category, 4479 between 0.300 and 0.600 (5.14 and
10.64 pg free sialic acid per liter of milk) for suspect, and A47¢ >0.600 (>10.64 ng
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free sialic acid per liter in milk samples) for positive category of milk samples. Prata
(2002) also confirmed that acidic ninhydrin reaction method can be efficiently used in
fraud detection of whey addition to milk. In April 2003, the technique of acidic
ninhydrin reaction for the quantitative determination of sialic acid was approved by
the Brazilian Ministry of Agriculture as an Official method (Ministry of Agriculture
Livestock and Food Supply of Brazil 2003). Later on, in their study, Fukuda et al.
(2004) compared the acidic ninhydrin spectrophotometric method with European
Union recommended HPLC method (Official Journal of the European Communities
L 037, 2001) and found good correlation in these two methods.

Although sialic acid determination methods have been claimed to be sensitive, it is
worth mentioning that the colorimetric methods for the determination of sialic acid
(both TBA as well as ninhydrin based) are not specific and interfering substances
may alter the results. This is evident by the presence of high blank values reported by
Fukuda et al. (2004). Later, Matsuno and Suzuki (2008) have developed a new
fluorimetric method for the estimation of sialic acid in glycoproteins. This method
involves periodate oxidation of sialic acid (both bound as well as unbound) to
formaldehyde followed by its estimation by Hantzsch reaction wherein a fluorescent
compound is formed. The method is claimed to be specific for sialic acid and has
been applied for detection of adulteration of milk with cheese whey (Neelima et al.
2012). In this method, selective precipitation of GMP was done using TCA wherein
its concentration in milk was first raised to 5% to precipitate milk proteins, especially
k-CN, followed by raising the TCA concentration to 14% to precipitate out GMP. In
the precipitates, sialic acid was estimated using fluorimetric method and the fluores-
cence intensity was found to be linked to the level of sweet whey in adulterated milk
samples. The method was found to detect the presence of 5% sweet whey in milk. As
these methods are based on the presence of sialic acid in GMP, loss of sialic from
GMP during sample processing can significantly affect the results.

5.2 SDS-PAGE

A SDS-PAGE-based method has been developed for the detection of GMP in milk
after the selective precipitation of GMP from milk using TCA. Galindo-Amaya et al.
(2006) have isolated GMP from milk and adulterated milk sample with sequential
precipitation in TCA (8% and 16%), treatment with ethanol-ether, and re-suspension
in Tris—HCI buffer. Precipitates were analyzed by SDS-PAGE and GMP was
evidenced as a trimer of 20.8 kDa in samples of sweet whey, and mixtures of whey
and milk (1%, 5%, 10%, and 50%), but absent in samples of acid whey and raw milk.
The authors claim that the detection of GMP in milk using SDS—PAGE is a sensitive
and specific method of detecting milk adulteration with whey, to levels as low as 1%.
The experience in authors’ laboratory suggests that the trimer of GMP and k-CN
move closely and usually it is difficult to distinguish between them.

5.3 Capillary electrophoresis
CE has been proven to be a useful technique in the analysis of proteins, peptides, and

their glycoforms (Chen et al. 1991; Kakehi and Honda 1996; Righetti 1996). In CE,
small amounts of fluids are injected into a separation channel by using plug injection.
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Substances are separated based on their electrophoretic mobility, which is propor-
tional to their charge to size in the interior of a small capillary filled with an
electrolyte. Otte et al. (1995) have described a CE method for the separation of the
major whey proteins using acidic and basic conditions. Under acidic conditions
(70 mM phosphate, pH 2.5), a GMP peak was separated from the other whey
proteins. Van Riel and Olieman (1995) employed the CE method for the detection
of rennet whey solids in skim milk and buttermilk powder, based on the non-
glycosylated A and B genetic variants of GMP. Later, Cherkaoui et al. (1997)
validated a method for the analysis and quantitative determination of a GMP mixture.
Commercially available GMP was used for method development and it was not
applied to milk or whey samples. They used the 20-mM sodium citrate buffer at
pH 3.5. At this pH, all GMP forms were anionic and the other whey proteins were
cationic providing selectivity to the method. Recio et al. (1996, 2000) demonstrated
the suitability of the CE method to identify GMP in liquid milk sample and observed
the presence of detectable GMP in stored UHT milk samples incubated with psy-
chrotrophs. The authors have observed that this might give rise to false-positive
results when the presence of rennet whey is being investigated by CE. The CE-
based method has not been used in the subsequent years as the result interpretation is
difficult (due to fluctuation in migration) and the technique itself is technically
demanding.

5.4 Chromatographic methods

HPLC using ion-exchange, gel permeation, hydrophobic interaction, and reverse-
phase (RP) separations have become important techniques for separation and quan-
tification of milk proteins as these combine versatility and short analysis time.
Detection of GMP in cheese whey has been attempted by HPLC with a reasonable
success. The work in this direction was initiated by Van Hooydonk and Olieman
(1982) who described a gel permeation HPLC as a fast and sensitive method to
monitor the action of chymosin in milk. Olieman and Bedem (1983) used this method
to detect and estimate the presence of milk serum solids obtained by the action of the
rennin in skimmed milk powder (SMP). The GMP detection by HPLC depends on
the removal of the other proteins using TCA. To prevent interfering factors in the
determination of GMP by chromatography, 8% TCA is considered as the best
concentration at which the cheese whey proteins are virtually absent (Van Hooydonk
and Olieman 1982). It has been reported that low concentrations of TCA result in
removal of the whey proteins in low proportion, while high concentrations cause
precipitation of larger amounts of GMP. Later on, Kawakami et al. (1992) described a
method for determination of glycosylated and non-glycosylated GMP by size-
exclusion chromatography using two coupled TSK gel G3000 PW columns and
anion-exchange chromatography on a Mono Q HR 5/5 column without pre-
treatment of samples with TCA. The superiority of the method described was to
distinguish heterogeneous GMP by the variations in carbohydrate moiety and to
determine GMP content without pre-treatment of milk samples with TCA. The
concepts developed for all these methods were later on used for the development of
European Union (EU) methods for the detection of frauds of addition of whey for the

manufacture of dried milks.
I
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Adulteration of SMP is particularly attractive as the EU subsidizes the public
storage of SMP and the processing of these powders intended for animal feed. To be
eligible for EU subsidy, milk powders must be prepared exclusively from skim milk
and should not contain solids from whey. To combat subsidy fraud, the EU has
imposed two-step methods (screening followed by confirmatory) for the detection of
rennet whey in dried milks (Official Journal of the European Communities L 037,
2001). The initial screening method involved gel permeation chromatography for all
samples, followed by a confirmation step using RP-HPLC. Both methods detect the
presence of GMP in the sample. The screening method requires reconstitution of the
SMP, removal of fat and proteins with TCA, followed by centrifugation. GMP is then
determined in the supernatant by gel filtration HPLC using UV detection at 205 nm.
The results are then required to be evaluated vis-a-vis results obtained for the samples
by reference to standard samples consisting of SMP with or without the addition of a
known percentage of whey powder. If the sample indicates the presence of GMP by
the preliminary method, the results are further confirmed by a RP-HPLC procedure
using UV—vis detection at 210 nm. The method could detect presence of 1% rennet
whey solids in SMP. Ferreira and Oliveira (2003) have employed the RP-HPLC using
polystyrenedivinylbenzene column which has excellent chemical and pH stability and
is quite robust. The workers have employed pH 4.6 filtrate from the adulterated
samples, and the sample was eluted using the gradient of two solvents. Solvent A was
0.1% trifluoroacetic acid (TFA) in water and solvent B was 95% acetonitrile—5%
water—0.1% TFA. The eluate was monitored by a UV detector at 214 nm and enabled
the separation of three peaks, two of which corresponded to the aGMP components of
the two principal genetic variants (A and B), and were cluted after the less well-
resolved gGMP components. GMP in samples was calculated from integrating and
peak identification was carried out by comparison with commercially purified bovine
whey protein standards.

5.5 Immunological methods

In these types of methods, antibodies are raised against GMP or k-CN which is then
used to develop various techniques to visualize antigen—antibody reaction. Although
immunological methods are credited for their specificity, they give false-positive
results if even a trace amount of k-CN (from which GMP derives) is present in the
sample. Some of these techniques are described below:

5.5.1 Enzyme-linked immunosorbent assay (ELISA)

An inhibition ELISA for the detection of bovine rennet whey solids in SMP and
buttermilk powder has been developed (Bremer et al. 2008). The affinity purified
monoclonal antibodies developed against bovine k-CN which could recognize bovine
GMP were used in this ELISA. The removal of k-CN was achieved by precipitation
of all milk proteins using TCA. The rennet whey content was determined in a
neutralized TCA sample extract by binding of the soluble GMP to a peroxidase-
labeled anti-bovine-k-CN monoclonal antibody. For quantitative assay, calibration
curves were constructed by analyzing SMP standards with different known concen-
trations of rennet whey (0-5.8%, w/w). The assay has a limit of detection of 0.1% (w/

@ Springer % Im



Chemico-functional properties & role of GMP 37

w) rennet whey powder in SMP with high repeatability and reliability. Recently, a
sandwich ELISA for the detection and quantification of whey in raw milk and milk
products has been developed using a polyclonal rabbit anti-GMP antibody (Chavez et
al. 2012). In the assay, 96-well microplates are coated overnight with rabbit anti-GMP
antibodies. GMP in the TCA-treated sample is then conjugated to it followed by
binding with biotinylated rabbit anti-GMP antibody. The complex is then made to
react with HRP-avidin followed by addition of substrate. The method can detect
presence of 0.047% of cheese whey in milk with quantification limit of 0.14% (v/v).

5.5.2 Western blot

Western blotting (protein blotting or immunoblotting) is a powerful and important
procedure for the immunodetection of proteins post-electrophoresis, particularly
proteins that are of low abundance. Chavez et al. (2008) have developed a Western
blot protocol for the detection of GMP in adulterated milk samples. The method was
developed using affinity purified specific polyclonal anti-GMP antibodies. When
used in Western blot, these anti-GMP antibodies recognized two bands of 20.1 and
14 kDa for pure GMP. In cheese whey, one more band of molecular weight of 45 kDa
was visualized. This phenomenon of recognition of different bands has been ascribed
to the self-aggregation of GMP leading to the formation of dimers, trimers, tetramers,
etc. (Galindo-Amaya et al. 2006). The authors have reported more abundance of
GMP aggregates of 20.1 kDa than 14 or 45 kDa in pure GMP as well as in whey,
indicating the higher amount of trimer form. They have finally recommended the
presence of a GMP-specific band at 20.1 kDa as marker of adulteration. Sample
preparation involves mixing of liquid samples with TCA to a final concentration of
8% in order to precipitate k-CN which cross-react with GMP. The GMP was
precipitated with 14% TCA and used for immunoblot after dissolving in buffer. This
method can detect 0.5% (v/v) of liquid whey in milk in 4.5 h. The use of polyclonal
antibodies instead of monoclonal antibodies is justified since different food process-
ing techniques can affect their proteins or peptides, for example, by destroying
specific epitopes.

5.5.3 Immunochromatographic strips

The lateral flow assay (LFA), also called the immunochromatographic assay or the strip
assay, is a simple device intended to detect the presence (or absence) of a target analyte
in the sample (matrix). This technique is based on an immunochromatographic proce-
dure that utilizes antigen—antibody properties and enables rapid detection of the analyte.
A LFA-based dipstick test has been developed for the fast detection of bovine rennet
whey in liquid milk and milk powder (Martin-Hernandez et al. 2009). The test is based
on the binding of GMP by two different anti-bovine k-CN monoclonal antibodies and
has a visual detection limit of around 15 ng mL™" for GMP and 1% (v/v) for rennet whey
in milk using standards and spiked samples. The dipstick performance was evaluated in
a collaborative trial using SMP and raw, pasteurized, and UHT milk. These researchers
also demonstrated the suitability of the dipstick in comparison with gel permeation—high
performance liquid chromatography and a colorimetric method by analyzing 60 raw
milk samples collected from farms in Brazil. The dipstick results correlated well with the
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HPLC results and were more reliable than those obtained with the colorimetric method.
The dipstick test correctly identified all raw milk samples with rennet whey content
above 4%. Since monoclonal antibodies were raised against k-CN, the prior removal of
k-CN from the milk sample is necessary and this has been done by adding 20% TCA to
a final concentration of 8%. The technique has been commercialized by Operon under
the brand name Immunostick c-GMP. The method has been evaluated by Oancea (2009)
and has found its applicability in unprocessed and processed milk, condensed milk,
powdered milk, and dairy beverages of cappuccino, chocolate, banana, and strawberry
flavors. For quantitative analysis, an immunochromatic reader was used.

5.6 Biosensors for detection of GMP

Haasnoot et al. (2006) have developed a surface plasmon resonance (SPR)-based
biosensor for the detection of fraudulent addition of whey in milk and milk powder.
The SPR method is based on optical measurement of refractive index changes
associated with the binding of analyte molecules in a sample to biorecognize mole-
cules immobilized on the SPR sensor. In their study, the authors have immobilized
monoclonal antibodies raised against k-casein onto the chip surface and the binding
of GMP was measured using SPR. The authors have used Biacore biosensors
(Biacore AB, Uppsala, Sweden) which have been proven to be robust analytical
tools for the automated immunochemical detection of whey in milk and milk powder.
However, the significant cost of the instruments is a disincentive for their wide
application in food control laboratories. The authors have also proposed an alternative
low-cost optical biosensor (Spreeta; Texas Instruments, Attleboro, MA, USA). Using
this prototype biosensor, an inhibition immunoassay for bovine k-CN was evaluated
for the detection of bovine rennet whey powder in milk powder. Comparable sensi-
tivities were obtained for Spreeta-based biosensor and a Biacore 3000 instrument.
The method has been claimed to detect the presence of 1% bovine rennet whey
powder in milk powder.

Although a number of approaches have been attempted to develop methods for the
detection of cheese whey in milk using GMP as a marker, these methods have not
been validated and are not in use with a few exceptions (ninhydrin and HPLC-based
methods). Also, in the authors’ laboratory different attempts have been made to
develop a protocol for the detection of cheese whey in milk involving electrophoresis,
Western blot using antibody and carbohydrate-based detection, and LFA (unpub-
lished data). It has been experienced that the chances of getting false-positive results
are greater with all these sensitive methods. It appears that native GMP in pure milk
samples, as indicated earlier also by Furlanetti and Prata (2003), may be the cause of
high false-positive data. This warrants more research to establish the presence of
native GMP in pure milk which may appear in milk due to incomplete synthesis of k-
CN in mammary gland or due to microbial action post-milking.

6 Conclusions

GMP is a bioactive peptide with unique chemical properties (glycosylation, absence
of aromatic amino acids, self-association, etc.) present in cheese or rennet whey.
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Apart from the many biological properties, the peptide has a number of functional
properties (emulsification and foaming properties, gel formation) making it an ingredi-
ent of choice. Some of the dairy ingredient companies have already realized the potential
and is being promoted as a premium ingredient isolated from whey. Potential applica-
tions of GMP include its addition in the diet of hepatic and phenylketonuria patients. The
addition of GMP to infant formula has been questioned due to its high threonine content
(12 to 13 threonine residues) which resulted in higher plasma threonine concentrations
(hyperthreoninemia) in GMP containing formula-fed infants vis-a-vis breastfed infants
(Rigo et al. 2001). However, later work (Sandstrom et al. 2008) has not found any such
disparity and suggested that the difference in plasma threonine concentrations between
formula-fed and breastfed infants could be due to a difference in threonine metabolism.
This fact needs to be studied further to arrive at a definite conclusion. The application of
GMP as a functional ingredient coupled with its wide pH range solubility and heat
stability in specialized products needs to be further explored. However, the high cost of
GMP may be a hindrance in its use as a functional ingredient. The research challenge is
in its selective isolation from cheese whey on a commercial scale, while keeping the
other whey component or protein intact for other uses. Although there are numerous
protocols for GMP isolation, there is a tremendous scope to develop simplified and
reproducible methods for its large-scale production. The exact reason behind the self-
association of GMP at different pH is still required to be investigated thoroughly. GMP
as a marker of adulteration of milk with cheese whey has been exploited to a great
extent, and almost all of the detection protocols except some chromatographic methods
have employed TCA for the removal of interfering k-CN from milk samples. Among the
sensitive immunological techniques, ELISA and Western blot are technically demand-
ing but LFA is convenient. Although the LFA method appears to be promising and it has
been commercialized, it inherits the problem of false-positive results like other sensitive
methods. The efficacy of these methods also needs to be validated in stored and
fermented milk wherein proteolysis may give rise to GMP-like peptides.

Open Access This article is distributed under the terms of the Creative Commons Attribution License
which permits any use, distribution, and reproduction in any medium, provided the original author(s) and
the source are credited.
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