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Abstract

In this study the effect of transglutaminase (tgase) on individual bovine milk proteins in skim milk samp-
les was investigated with a kinetic approach in skimmilk samples. Raw and preheated (80 °C/ 5 minutes)
samples were incubated with tgase with 2 different enzymes with the protein ratios of 1:10 and 1:20 for
upto 4 hours at 3 different incubation temperatures (4, 30 and 42 °C). It was found that tgase had no effect
on the native whey proteins. The highest reaction rate constant value (k) was found for k-casein, and it was
followed by [B-casein and a-casein, respectively in heated and unheated skimmilk samples. The crosslin-
king reaction was almost completed within the first 5 minutes at 42 °C for k-casein. The E_ value (activa-
tion energy) of B-casein (29 kj/mol) was found to be lower than that of a-casein (45 kj/mol). On the other
hand, when the kinetic parameters were evaluated, it is postulated that tgase can be used for cheese manu-
facturing (30 °C, at 1:10 E:P ratio) and yoghurt production (42 °C, at 1:20 E:P ratio). This approach will be
investigated in further studies.
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TRANSGLUTAMINAZ ILE INEK SUTU PROTEIN
SISTEMININ MODIFIKASYONU

Ozet

Bu calismada, yagsiz siit 6rneklerinde tranglutaminazin (tgaz) siit proteinleri tizerine etkisi, kinetik bir yak-
lasimla arastirilmistir. Cig ve 6n 1s1l islem gérmiis 6rnekler (80 °C/ 5 minutes), tgaz ile 1:10 ve 1:20 olmak
tizere iki farkli enzim: protein oraninda 4 saate kadar 3 farkli inkiibasyon sicakliginda inkiibe edilmistir (4,
30 and 42 °C). Tgazin dogal serum proteinleri izerine etkisi olmadig1 ortaya konulmustur. Isil islem gérmiis
ve gdrmemis yagsiz siit orneklerinde, en yiiksek reaksiyon hiz sabiti k-kazein i¢in bulunmustur; bunu sira-
siyla B-kazein ve a-kazein izlemistir. k-kazein i¢in ¢apraz baglanma reaksiyonunun 42 °C’de ilk 5 dakikada
neredeyse tamamlanmustir. B-kazein icin E_ degeri (aktivasyon enerjisi) (29 kj/mol), a-kazeininkinden (45
kj/mol) daha diisitk bulunmustur. Diger taraftan, bu kinetik parametreler degerlendirildiginde, tgazin pey-
nir tiretimi (30 °C, 1:10 E:P oraninda) ve yogurt tiretimi (42 °C, 1:20 E:P oraninda) i¢in kullanilabilecegi or-
taya konulmustur. Bu yaklasim, daha sonra yapilacak bir calisma ile degerlendirilmeye alinacaktur.

Anahtar kelimeler: siit, proteinler, transglutaminaz, capraz baglanma
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INTRODUCTION

Transglutaminase (tgase, E.C. 2.3.2.13, protein-
glutamine y-glutamyl-transferase) catalyses the
acyl transfer reaction between y-carboxyamide
groups of peptid-bound glutamine residues (acyl
donor) and the primary amino groups in a vari-
ety of amine compounds (acyl acceptor), including
peptide-bound e-amino groups of lysine residues.
As a result of crosslinking of glutamine and lysine
residues, high molecular weight protein polymers
are formed (1).

There are a lot of researches on the application of
tgase to modify the functional properties of milk
proteins. Caseins are the major proteins in milk.
It is well known that tgase have high reactivity on
caseins. It is possibly caused by the open physical
structure of the caseins. (2-7).

It is reported that the globular whey proteins are
unsuitable substrate for tgase-induced crosslin-
king in their native state. Some modifications, es-
pecially denaturation is required in their structu-
re (2, 3, 8,9). On the other hand it is reported that
the milk whey powder proteins (a-lactalbumin and
B-lactoglobulin) show reactivity tgase without the
need for any prior treatment (10).

It is observed that tgase have higher reactivity
on (- and k-casein than that of a-casein (11, 12).
[-casein undergoes a temperature-dependent self-
association into micelles. O’Connell and de Kru-
if (13) suggested that the intramolecular crosslin-
king of the -casein prevents shifting of monomers
from micelles, and intermolecular crosslinking in
the micelles prevents dissociation with changing of
the temperature.

Possible use of tgase in bovine milk processing has
been studied for a few years. However, there is a
lack of knowledge on the kinetics of the reactions
between tgase and milk proteins. The aim of this
study was to determine the susceptibility of indi-
vidual bovine milk proteins towards tgase-induced
crosslinking with a kinetic approach. The influen-
ce of enzyme concentration and incubation tem-
perature on crosslinking of milk proteins with tga-
se was also investigated.

MATERIALS AND METHODS

Samples, Standards and Reagents

Raw bovine milk samples were obtained from a lo-
cal dairy (A.O.C. Dairy Plant, Ankara, Turkey). All
milk samples were skimmed at 5000 rpm, 7 °C for

10 minutes. Sodium azide solution was added to
the skim milk samples at a ratio of 1:10000 (w/v) to
prevent microbial growth. The samples were sto-
red at 7 °C.

Microbial transglutaminase (Tgase) was supplied
from Ajinomoto Foods Deutschland (ACTIVA-
MP, Germany).

For identification of milk proteins and preparation
of the model systems, several standards containing
purified bovine milk proteins [k-CN (#C-0406),
a,-CN (#C-6780), B-CN (#C-6905), a-la (#L-5385),
-1g (#L-3908)] which were purchased from Sigma
(Germany) were prepared.

Acetonitrile (JT Baker, #9012) and trifluoroacetic
acid (TFA) (JT Baker, #9470) and ultra-pure water
were HPLC grade. All other chemicals were analy-
tical grade.

Sample Preparation and Treatment with Trans-
glutaminase

Preparation of reaction model systems

The standard proteins model system consisted of
heated (at 80 °C for 5 minutes) and unheated f-lg,
a-la and B-lg-a-la-k-CN-a -CN-B-CN  mixture.
Standard proteins were dissolved in a phosphate
buffer (pH 6.8) to achieve a molar ratio of prote-
ins that is same as the molar ratio of original bovi-
ne milk proteins. The samples were incubated with
transglutaminase (E/P=1/10 and E/P= 1/20) for up
to 4 hours at 30 °C and 42 °C.

After incubation, tgase were inactivated with
NH,CI (14) in all samples and then stored at -20 °C.

Preparation of skim milk samples

Raw skim milk and preheated skim milk (at 80 °C
for 5 minutes) were incubated with tgase (E/P=
1/10 and E/P= 1/20) for up to 4 hours at 4 °C, 30
°C and 42 °C.

All samples were incubated with transglutaminase
for 0, 5, 15, 30, 60, 90, 120, 180 and 240 minutes at
4 °C, 30 °C and 42 °C, individually.

After incubation, tgase were inactivated with
NH,CI (14) in all samples and then stored at -20 °C

RP-HPLC

The standard proteins and the skim milk samples
were diluted in solvent A and solvent B mixture
(70:30) and then they were filtered through 0.45 pum
cellulose acetate filter (EG0492-1) before injection.
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The Agilent 1100 series HPLC sytem; consisted
of a quaternary pump (Agilent, G1311A), a ma-
nual injection block (Agilent, G1328B), a variable
wavelengthUV-detector (Agilent, G1314A), a co-
lumn thermostat (Agilent, G1316A) and degas-
ser (Agilent, G1379A) was used. The equipment
was controlled by a software (Agilent ChemStati-
on) that controlled the solvent gradient, data ac-
quisition and data processing. A silica-based C-18
RP-HPLC column (250 mm length x 4.6 mm i.d.,
Agilent Zorbax 300SB-C18, particle size 5um, pore
size 30 nm) was used for protein seperation. All so-
lutions were filtered through a nylon filter (47 mm,
0.45 um, EG0492-1).

Chromatographic conditions were as follows; Sol-
vents. A: Acetonitrile, water and trifluoroacetic
acid in a ratio 100:900:1 (v/v/v). B: Acetonitrile,
water and trifluoroacetic acid in a ratio 900:100:1
(v/v/v). Total run time; 30 minutes. Column tem-
perature; 25 °C. Flow rate; 1.0 mL/minute. Detec-
tion wavelength; 220 nm. Injection volume of final
sample solution; 20 pL

A solvent gradient programme started at 20% of
solvent B, and it was generated immediately af-
ter sample injection by increasing gradually to the
proportion of solvent B to 46% at the end of the
run. Then it was returned to the initial conditions
in 2.4 minutes.

RESULTS

Model Systems

When heated B-lg solution incubated with tgase
at 42 °C and 1:10 enzyme protein ratio, it was ob-
served that danatured B-lg cross-linked with tgase
whereas native -lg did not react with tgase (Figure
1a). Figure la shows that all of the denatured -Ig
(denatured complex) cross-linked at the end of the
120* minute of the reaction while the peak areas of
native form of -1g were stable.

Peak areas of a-la did not change and denatured
a-la did not form during heat treatment at 80 °C
for 5 minutes heat treatment. a-la found to be stab-
le to the heat treatment and unsuitable substrate
for cross-linking reactions. The peak area of a-la
did not change during the tgase incubation (Figu-
re 1b). The process temperatures for cheese and
yogurt productions are 30 and 42 °C, respectively.
The study was repeated at these temperatures to
determine optimum enzyme concentration and in-
cubation time for tgase reaction.
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Figure 1a. RP-HPLC chromatograms of the (1) unheated
B-Ig solution, (2) heated (80 °C/ 5 minutes) -Ig solution and
(3) heated B-Ig solution with incubated tgase at 42°C for
120 minutes.

Figure 1b. RP-HPLC chromatograms of the (1) unheated
o-la solution, (2) heated (80 °C/ 5 minutes) a-la solution and
(3) heated a-la solution with incubated tgase at 42 °C for
210 minutes.

Standard protein mixture (B-lg-a-la-k-CN-o -CN-
B-CN) was incubated with tgase at 30 and 42 °C.
Evaluatuation of RP-HPLC chromatograms sho-
wed that, the protein profiles were almost the same
for the combination of enzyme concentrations and
reaction temperatures of [1:20]/42 °C and [1:10]/30
°C for 90 minutes (P<0.01) (Figure 2).

The difference between peak areas of the proteins
for 90 minutes and 120 minutes reaction times was
found to be insignificant for both of the combinati-
on of enzyme concentrations and reaction tempe-
ratures of [1:20]/42°C and [1:10]/30°C (p>0.05) (Fi-
gure 3 and 4). According to the results, it is postu-
lated that tgase can be used for cheese manufactu-
ring (30 °C, 1:10 E:P ratio) and yogurt production
(42 °C, 1:20 E:P ratio). It was also found that 90 mi-
nutes was sufficient as incubation time with tgase
for both of the combinations.

347



348

Z. Yiksel, Y.K. Erdem

1 N

a0

%0

25 5 75 10 25 15 75 Y 25

Figure 2. RP-HPLC chromatograms of the standard protein
mixture with incubated tgase for 210 minutes. (1) 42 °C,
1/20 E/P, (2) 30 °C, 1/10 E/P (3) 30 °C, 1/20 E/P

Figure 3. RP-HPLC chromatograms of the standard
protein mixture 42 °C, 1/20 E/P, (1) control, (2) the mixture
with incubated tgase for 90 minutes, (3) the mixture with
incubated tgase for 120 minutes.
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Figure 4. RP-HPLC chromatograms of the standard
protein mixture 30 °C, 1/10 E/P (1) control, (2) the mixture
with incubated tgase for 90 minutes, (3) the mixture with
incubated tgase for 120 minutes.

Skim Milk

The effect of transglutaminase (tgase) on major
bovine milk proteins was also investigated in skim
milk samples by a kinetic approach.

The RP-HPLC chromatograms were evaluated for
calculation of the kinetic parameters. The peak
areas in the chromatograms which give informati-
on about the concentration of each protein fracti-
on were calculated. During the crosslinking betwe-
en the proteins catalyzed by tgase, a decrease in the
peak area was observed. It means that the concent-
ration of native protein fraction decreased with
crosslinking during the reaction with tgase.

The rate constant (k), activation energy (E) and
initial reaction rate were used as kinetic parame-
ters. The protein concentration versus incubation
time graphics were used for calculation of k values
and initial rates at three different incubation tem-
peratures. The E_ was calculated from the slope of
the plot of Ink versus 1/T.

According to the well-known enzyme kinetics, it
was used the rate equations as follows;

-r= - d[c]/dt= k.c®
-Inr= Ink+n.Inc

(eq.1)
(eq.2)

When the estimated Inr was evaluated versus Inc
and the reaction order was found to be almost 1.0.
Thus it was assumed that the reaction followed
first-order kinetics.

According to this assumption, the rate equations
were as follows;

-dc/dt= k.c (eq.3)
c=c.e™ (eq. 4)
The first situation given in Figure 5a showed
that major whey proteins (B-lactoglobulin and

a-lactalbumin) were not suitable substrates for
tgase in their undenatured (native) state. The vari-
ation of RP-HPLC peak areas of each whey protein
during the incubation could not be evaluated be-
cause they were denatured by heat treatment befo-
re incubation with tgase. It is well known that the
decreasing of peak area of denatured whey prote-
ins are caused by heat-denaturation process. For
this reason the interactions between tgase and
whey proteins denatured by RP-HPLC method co-
uld not observed. The same situation was also ob-
served during the evaluation of k-casein peaks be-
cause of the interactions between denatured whey
proteins and k-casein in heat-treated samples.
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All RP-HPLC peak areas were calculated for each
major protein fraction and they were converted to
the protein concentration in skim milk samples.
The rate constants (k) of the crosslinking reaction
were estimated for 2-different E:P ratios, 3 diffe-
rent incubation temperatures of proteins in skim
milk samples with or without preheat treatment.
Calculated k values were given in Table 1.

Table 1. Rate constant values (k, 1/min) of skim mik samp-
les (Cn; -casein, Cn; -casein, Cn; -casein, -1/20 and -1/10;
E:P ratio, H---; preheated at 80 °C/ 5 minutes)

T (K)

Casein fractions 277.15 303.15 315.15
kCn-1/20 0.0065 0.0716 0.1452
xCn-1/10 0.0096 0.0771 0.165

aCn-1/20 0.0005 0.0026 0.0044
aCn-1/10 0.0009 0.0038 0.0049
BCn-1/20 0.0017 0.0054 0.0066
BCn-1/10 0.0027 0.0067 0.0099
HxCn-1/20 0.0094 0.1387 0.268

HxCn-1/10 0.1985 0.2393 0.3328
HoCn-1/20 0.0004 0.0018 0.0025
HoCn-1/10 0.001 0.0031 0.0039
HBCn-1/20 0.0013 0.0045 0.005

HBCn-1/10 0.0021 0.0057 0.0063

It was observed that the rate constant of the ma-
jor bovine casein fractions increased with incre-
asing incubation temperature and E:P ratio. As
shown in Table 1 the highest k value was found
for k-casein, and it was followed by -casein and
a-casein, respectively in unheated and heated skim
milk samples. However, the reactivity of tgase on
K-casein and a-casein increased in heat-treated
skim milk samples while it decreased for -casein.
The «-casein fraction of all samples reacted with
tgase in 5 minutes, and then its peak could not be
detected in the chromatograms. This can be expla-
ined as that k-casein reacts with tgase first and fas-
ter than that of other caseins. It is observed that
the k-casein peaks were detectable up to 5 minu-
tes at 42°C, up to 15 minutes at 30 °C and up to 240
minutes at 4 °C at 1:10 E:P ratio.

It is assumed that the most reactive substrate for
tgase was k-casein. The initial rate and E, parame-
ters were not calculated for k-casein as it reacted
within first 5 minutes.

As expected the initial cross-linking rate of the
proteins increased with the increasing ratio of the
E:P (Table 2).

oCn

Figure 5a. RP-HPLC chromatograms of the unheated
(1) and preheated (2) skim milk samples incubated with
transglutaminutesase (the E:P ratio was 1:10) at 42 °C at
the begining of the incubation (0 minute).
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Figure 5b. RP-HPLC chromatograms of the unheated
(3) and preheated (4) skim milk samples incubated with
transglutaminase (the E:P ratio was 1:10) at 42 °C at the
end of the incubation (240 minutes).

Table 2. Initial rates (pg/min) of the skim milk samples (42-,
30-, 4-; incubation temperatures as °C, -1/20 and -1/10;
E:P ratio, H42, H30, H4-; the samples were preheated at
80 °C).

Samples 0o-Cn B-Cn
42-1/20 0.025+0.001 0.025+0.002
42-1/10 0.026+0.002 0.025+0.002
H42-1/20 0.017+0.001 0.017+0.001
H42-1/10 0.026+0.002 0.025+0.002
30-1/20 0.016+0.001 0.019+0.001
30-1/10 0.023+0.002 0.026+0.001
H30-1/20 0.012+0.001 0.015+0.001
H30-1/10 0.017+0.001 0.018+0.001
4-1/20 0.003+n.a. 0.005+n.a.
4-1/10 0.006+n.a. 0.009+n.a.
H4-1/20 0.006+n.a. 0.005+n.a.
H4-1/10 0.006+n.a. 0.007+n.a.
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As the E:P ratio increased from 1:20 to 1:10, the ef-
fect of incubation (reaction) temperature on initial
reaction rate of a-casein and [3-casein decreased at
42 °C and 30 °C. It can be explained as lower con-
centration of tgase was requred for higher reaction
temperatures. The initial rates at 4 °C was found to
be lowest, as expected. The lower enzyme content
requires to crosslinking of milk proteins with tgase
relatively, the higher incubation temperature was
applied to the skim milk samples. It means that the
E:P ratio can be used as 1:20 for incubation at 42
°C (i.e. yoghurt process) while as 1:10 for incubati-
on at 30 °C (i.e. cheese manufacture). It can be exp-
lained as the reaction rates are almost same for the
combination of enzyme concentrations and reacti-
on temperatures of [1:20]/ 42 °C and [1:10]/ 30 °C.

On the other hand the difference of initial reac-
tion rate caused by incubation temperatures at
42°C and 30°C was found to be more negligible for
B-casein than a-casein. The E_ values of bovine ca-
seins (B-casein and a-casein) found to be between
27- 45 kj/mol (Table 3).

Table 3. Activation energy (E,) (ki/mol) of the unheated skim
milk samples (Cn; o-casein and BCn; B-casein; -1/20 and
-1/10; E:P ratio).

Casein fractions E_(ki/mol)
a-Cn-1/20 45.31+2.21
a-Cn-1/10 36.31+1.98
B-Cn-1/20 29.08+1.11
B-Cn-1/10 26.59+1.42

The E_ value of B-casein was found to be lower than
that of a-casein. This possibly means that -casein
was a more suitable substrate than a-casein. Furt-
hermore the effect of E:P ratio on E_ for -casein
was negligible while it was found to be signifi-
cant for a-casein (P<0.05). It is suggested that less
energy was needed for crosslinking reaction for
[-casein.

It was found that k-casein was the most susceptible
casein fraction to tgase-induced crosslinking. Ad-
ditionally, B-casein was more attractive to enzyma-
tic crosslinking than a-casein.

CONCLUSION

It is suggested that tgase can be used for cheese-
making practice at relatively low temperatures and
at higher E:P ratio. On the other hand, it also can
be used in yoghurt production contrarily at higher

temperature with relatively low E:P ratio. This ki-
netic approach will contribute to the future rese-
arches on tgase utilization in fermented milk pro-
cessing.
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