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Abstract The study analysed mechanically deboned chicken
meat subjected to washing and separation of fat and connec-
tive tissue in order to produce a preparation of myofibrillar
proteins (MP). The preparation was modified using microbial
transglutaminase (MTG). For this purpose, MP was supple-
mented with 3 g/kg MTG and modified at 6–7 °C for 5 h.
Changes in the dynamics of water binding, which occurred in
the course of heating and cooling within the temperature range
of 20–70–20 °C, were analysed in the tested systems.
Relaxation times T1 and T2 were determined using the low-
field nuclear magnetic resonance (NMR). Enzymatic modifi-
cation ofMP and heating resulted in significant changes in the
dynamics of bulk water binding in the tested protein systems.
Due to the presence of transglutaminase in the preparation, the
changes begin and end at lower temperatures. Analysis of
relaxation time T1 showed that the addition of the enzyme to
MP causes water binding in the sample up to 48 h after gel
cooling. The addition of the enzyme toMP reduces the energy
barrier determined, based on activation energy.

Keywords Mechanically recovered chickenmeat . Myofibril
preparation . Transglutaminase . Nuclear magnetic resonance

Introduction

The considerable amount of meat left on poultry carcasses
after trimming of breast and thigh muscles has been an incen-
tive for the development of effective methods for its recovery.
Material obtained as a result of mechanical deboning (me-
chanically recovered meat, MRM) is characterised by a vari-
able chemical composition and low microbiological stability
as well as a high variability of functional processing traits
(Trindade et al. 2004; Negrão et al. 2005; Serdaroğlu and
Turp 2005; EFSA 2013). The composition of proteins in poul-
try MRM indicates that their most valuable fraction is com-
posed of myofibrillar proteins. No other fraction of muscle
proteins and no other protein substitute used in the food in-
dustry exhibit such advantageous functional properties as
myofibrillar proteins. The results of many studies clearly in-
dicated that based on the principles of fish surimi technology,
it is feasible and viable to recover from mechanically recov-
ered poultry meat (MRPM) this technologically and nutrition-
ally most valuable protein fraction (Yang and Froning 1994;
Nowsad et al. 2000; Stangierski and Kijowski 2000; Perlo
et al. 2006; Ramadhan et al. 2011; Cortez-Vega et al. 2012,
2015). The production method of fish surimi was developed
and patented in Japan in the 1960s. Surimi is an original
Japanese term referring to white, odourless and tasteless myo-
fibril preparations obtained from mechanically recovered fish
meat, washed several times with water and mixed with cryo-
protectants (Lee 1984). European countries expressed their
interest in this technology already in the early 1970s.
Fractionation of MRPM may be divided into three stages:
mixing of the raw material with water, buffer solution or low
ionic strength aqueous saline solution; separation of fat, sepa-
ration of the connective tissue fraction or without it; and iso-
lation of the isolate (surimi) or the preparation of myofibrillar
proteins with the tendinous fraction (Laage et al. 2010).
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At present, MRPM is a relatively common component of
cheap, finely comminuted thermally processed meat products
of low shelf life. This is obviously connected with the eco-
nomic aspect, i.e. the low price of such a raw material. In turn,
the scope of applications for isolates of myofibrillar proteins
(poultry surimi) is expanded to include the potential substitu-
tion of chicken breast muscle and to use it as a valuable binder
in restructured products or as an addition to more expensive
and less perishable meat products. Moreover, new high-
protein products may be obtained using this preparation as
the main protein matrix component. Other solutions include
the application of the myofibril protein isolate from the meat
of chickens, after their laying period as an addition to the
injection of brine (Li 2006) or to extruded products combining
plant and animal origin materials (Stangierski and Kijowski
2007).

An adequate technological quality of the raw myofibril
preparation (MP) is very important, as it modifies the func-
tional properties of thermally formed gels. Enzymatic
methods are being increasingly used to control the technolog-
ical properties of food raw materials (Rossi-Márquez et al.
2014; Ribota et al. 2010; Roccia et al. 2012). In the meat
industry, proteins are cross-linked using transglutaminase
(EC 2.3.2.13) (TG), both endogenous, found in fish meat,
and supplemented as an additive in the course of processing.
This makes it possible to produce novel meat products such as
products from restructured meat (hamburgers, poultry meat
balls, shao-mai), chicken kebab or various types of sausages
(Tseng et al. 2000; Kilic 2003; Murphy et al. 2004; Serrano
et al. 2004; Perlo et al. 2006). Muscle proteins, which as a
result of thermal processing do not form a gel with the re-
quired rheological attributes, may be gelled using this enzyme.
Enzymatic modification of proteins makes it possible to mod-
ify their technological quality to provide desirable, uniform
and, what is even more important, repeatable functional
properties.

The effect of transglutaminase on the final quality of the gel
product has been thoroughly investigated. However, there is
limited available information on the behaviour of water mol-
ecules in a modified protein system, subjected to heating and
cooling, which is typical of the meat industry. Determination
of the functional characteristics of enzymatically modifiedMP
is only possible with the application of physical analyses suf-
ficiently sensitive to follow changes in intramolecular interac-
tions taking place in the investigated systems. They should
supply information on molecular mechanisms in protein sys-
tems, while at the same time preserving the microstructure of
the biopolymer system. An example of such a method is a
technique used to identify interactions between water mole-
cules in the tested system, i.e. nuclear magnetic resonance
(NMR), particularly the so-called low-field relaxation. It re-
sults from a review of available literature that low-field NMR
has an increasing number of applications in tested food

materials due to the non-invasive character of the measure-
ment (Andersen and Rinnan 2002; Bertram et al. 2002a;
Pitombo and Lima 2003).

The intensity of the signal is proportional to the numbers of
nuclei found in the system. The signal decay rate reflects mo-
lecular mobility in the investigated system (microdynamics)
(Pedersen et al. 2001; Bertram et al. 2002b, 2004). The return
process from the state of excitation to the state of equilibrium
is referred to as spin–lattice relaxation, described by time T1.
In the case of the surimi-type protein preparation, we deal with
a system, in which we observe the presence of large mole-
cules. Water molecules interact with molecules of proteins by
binding, and the process of water transfer in the system is
slowed down. In turn, spin–spin relaxation time (T2) reflects
interactions of neighbouring spins, even within the same mac-
romolecule. In the case of a protein preparation, i.e. a sub-
stance of high viscosity, field components induced by
neighbouring nuclei are considerable and time T2 is signifi-
cantly shorter than time T1 (Laurent et al. 2000).

This study is devoted to an analysis of the effect of
transglutaminase on myofibril proteins in chicken muscles at
the molecular level, which significantly affect the functional
and technological quality of poultry surimi. For this reason,
the aim of this study was to analyse changes in the degree of
water binding by the protein system during heating and
cooling of a poultry preparation subjected to the catalytic ac-
tion of transglutaminase. The tested temperature ranges were
typical of the conditions found in commercial scale meat
processing.

Materials and Methods

Sample Preparations

The raw material for analyses comprised meat mechanically
recovered from carcasses of broiler chickens, trimmed to re-
move breast and leg muscles and obtained using a Lima RM
500 apparatus (Lima S.A.S.; Quimper, France). The meat ma-
terial was purchased at a local poultry abattoir and processing
plant (Zakłady Drobiarskie BKoziegłowy^ Sp. z o.o., Poland).
The temperature of MRPM immediately after separation did
not exceed +6 °C. After mixing the material to make it more
homogenous, the prepared batch of raw material was divided
into portions weighing about 1 kg, packed into polyester bags
and frozen in industrial conditions to the temperature of
−35 °C. Prior to experiments, samples were defrosted at the
temperature of 4–5 °C for the period of approximately 18 h.
The method of myofibril preparation (MP) production was
adopted following the procedure described in a patent claim
(Kijowski et al. 1996). Meat material was washed with a 1 %
aqueous sodium chloride solution (0.169 mol/L) and then wa-
ter (MRPM/water, 1:3 w/v), and fat and the connective tissue
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were separated on sieves. Obtained MP samples were modi-
fied using an addition of 3 g/kg of enzymatic preparation for
5 h at 6–7 °C. The amount of the applied transglutaminase
supplementation as well as the treatment duration of the pro-
tein preparation was established on the basis of earlier re-
search results (Stangierski and Kaczmarek 2012). For this
purpose, a commercial preparation ACTIVA WM by
Ajinomoto Co., Ltd. (Barentz, Poland) was used. The prepa-
ration contained 1 % microbial transglutaminase (MTG;
Streptoverticillium sp.) with an activity of 100 U/g preparation
and 99 % maltodextrin serving as the enzyme carrier
(Ajinomoto’s specifications). One unit was the amount of
the enzyme which catalysed the formation of 1 μmol of
hydroxamic acid per minute at 37 °C.

Determination of Dynamics of Water Binding Using
the 1H NMR

The poultry surimi samples were placed into 8-mm NMR
tubes that were then sealed with Parafilm® to prevent moisture
loss during the experiment. The NMR measurements were
performed using a PS 15T pulse spectrometer operating at
15 MHz (Ellab, Poznań, Poland) and equipped with an inte-
gral temperature control system.

The inversion recovery pulse sequence (π−τ−π/2) was
applied to the spin–lattice relaxation time T1 experiment.
The distance between the RF pulse (τ) ranged from 20 to
3500 ms; the repetition time TR was from 20 s. During each
measurement of spin–lattice relaxation time, 32 signals of free
induction delay (FID) and 110 points on each FID signal were
collected. For the measurements of spin–spin T2, the Carr–
Purcell–Meiboom–Gill (CPMG) pulse train was used (Carr
and Purcell 1954; Meiboom and Gill 1958). The distance be-
tween spin echoes was adjusted depending on the tempera-
ture. It changed from 2 ms (20 °C) to 8 ms (70 °C). The
amplitudes of 100 spin echoes were recorded. Five signal
accumulations were applied with a repetition time of 20 s.
The rate of heating/cooling was 2 °C/min.

For temperature dependencies of relaxation times, the mea-
surements were recorded at temperatures increasing from 20
to 70 °C and then at temperatures decreasing to 20 °C, at every
10 °C or 5 °C (for higher temperatures) after a 20-min
stabilisation. The time dependencies of relaxation times were
analysed every 24 h for 7 days after cooling at 20 °C. The
parameters of pulse sequences (inversion recovery and
CPMG) were the same as for the measurement of 20 °C.
Between the experiments, the samples were stored at 5 °C.
Both measurements of temperature and time dependencies of
T1 and T2 were recorded for the same samples. This procedure
provides an analysis without the need to take into account
individual characteristics of the biological material.

All the determinations were performed in two replications.
Experiments were carried out in two variations. This refers to

the systems with and without the addition of transglutaminase.
Each time, fresh protein preparations were prepared in accor-
dance with the procedure described earlier. The data presented
in the figures are the result of averaging the results obtained in
the individual procedures. Mean values as well as standard
deviations were calculated with the assistance of the
STATISTICA PL v. 10.0 software by StatSoft.

Results and Discussion

Changes in T1 and T2 During Heating

Values of spin–lattice relaxation times T1 depend on the rela-
tive proportions between free and bound water in the tested
biological system. The material containing more free water is
characterised by a longer relaxation time. In the course of
heating in the investigated protein systems, three characteristic
ranges of temperatures were distinguished (Fig. 1a). Similar
temperature dependencies of relaxation times were observed
in the case of heating of starch–water systems (Baranowska
et al. 2010, 2011). In the first area, relaxation time T1 increased
with an increase in heating temperature. The molecular dy-
namics of water increased as a result of the increase in tem-
perature. For the control system (MP), the maximum T1 was
found at 50 °C. Reduction of the spin–lattice relaxation time at
temperatures exceeding 50 °C, observed in the second area,
should be attributed to the process of protein denaturation and
the formation of the gel network. Temperature changes in
proteins of various origins were described in more detail in
earlier publications (Goetz and Koehler 2005; Stangierski and
Baranowska 2008; Stangierski et al. 2012). On all thermo-
grams generated by differential scanning calorimetry (DSC),
two basic peaks of changes were recorded, where T1 (for
myosin) corresponded to the temperature range from 56.94
°C to 57.79 °C. In the case of T2 (for actin) temperatures
differences in the transition temperatures were for all incuba-
tion times, fell within the range from 70.18 °C to 70.81 °C.
The presented values of temperatures refer to the MP with an
addition of enzymatic preparation. The mean values of T1 and
T2 were 57.65 °C and 70.62 °C, respectively for the control
sample (Stangierski et al. 2013).

Conformation changes in proteins, manifested in the re-
duced values of T1 with an increase in temperature, are ob-
served at a temperature range of 50–60 °C. Above this tem-
perature, in the third area, the systems are characterised by a
repeated increase in T1 values with an increase in heating
temperature. The temperature of changes in the spin–lattice
relaxation time in the first and third areas is caused solely by
thermal proton movement. The second area, in which despite
an increase in temperature the relaxation time is reduced, is
connected with the process of water binding in the forming
protein network (Tornberg 2005).
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Probably due to the low ionic strength of the system, the
molecules of myosin and actin are not dissolved but linked
only through filament structures. Thus, in the analysed sys-
tem, we may find both free molecules of myosin and actin as
well as actin–myosin complexes. Cross-linking of proteins
occurring at low temperatures probably results from interac-
tions between heads of some free myosin molecules and
myosin and actin. Wang and Smith (1994a) identified in the
myosin isolated from the chicken breast muscle ten different
protein domains. Smyth et al. (1996) showed that the domain
containing α-helix of light meromyosin was unfolded as a
result of heating within the temperature range of 20–46 °C.
This suggests a thermal process of partial unfolding of

myosin, as a result of which new, previously unavailable hy-
drophilic and hydrophobic groups were revealed. This led to
an increased capacity of interactions between its chains, on the
one hand via disulfide bonds and on the other hand via em-
bedded water molecules and their attachment via hydrogen
bonds with polar radicals of amino acids, which to a consid-
erable degree are found on the surface of protein molecules
(Niwa 1992). Intensification of structuring processes,
resulting from the partial unfolding of myosin, is particularly
evident in sys tems conta in ing t ransglutaminase
(Yongsawatdigul and Piyadhammaviboon 2005). As a result
of the catalytic action of transglutaminase, cross linkages are
formed between basic peptide groups of proteins, and they are
bound with no involvement of water. Partial unfolding of the
structure of muscle proteins, induced either enzymatically or
thermally, results in the formation of a spatial protein network
of varying concentrations of segments, exhibiting strong elas-
tic properties.

Water molecules are actively involved in the formation of
gel structure. The fraction of bound water has a markedly
reduced mobility as a result of ionic or hydrogen bonding with
polymer macromolecules (Laage et al. 2010). In turn, bulk
water found in the system interacts with the fraction of bound
water through a rapid chemical exchange of protons. This is
indicated by one spin–lattice relaxation time. In comparison to
the control system in enzymatically modified samples, the
maximum T1 was recorded at a lower temperature (Fig. 1a).
The displacement of T1 minimum was probably the result of
protein denaturation changes of the examined system in the
presence of microbial origin transglutaminase preparation
(MTGP). This seems to be corroborated by the thermodynam-
ic analysis (DSC) of the myofibril preparation modified by
transglutaminase. In the case of samples with the addition of
enzymatic preparation, we can see a certain decrease in the T1
(for myosin) temperature by approximately 1 °C (after 5-h
modification) in relation to the control sample (Stangierski
et al. 2013). The effect of the transglutaminase addition on
thermal properties of proteins was similar to the results of
investigations conducted by Aktaş and Kiliç (2005) on myo-
fibril preparations obtained from beef. A much greater reduc-
tion in transformation temperatures of myofibril proteins ob-
tained from bovine hearts under the influence of the enzyme
was reported by Ramirez-Suarez et al. (2001). A
transglutaminase addition resulted in a statistically significant
reduction in the heat of transformation corresponding to my-
osin. A decrease in transformation temperature of myosin may
indicate lower thermostability of the system.

It needs to be stated here that the addition of microbial
origin transglutaminase preparation (MTGP) results in the
shift of the range of temperatures connected with the denatur-
ation processes and the formation of protein network towards
temperatures lowered by several degrees. However, it is not a
drastic reduction of these values. This was also observed in

Fig. 1 a Temperature changes in spin–lattice relaxation times during
heating (from 20 to 70 °C) of myofibril preparation (MP) samples. The
values are expressed as means±SD (n=6). b Temperature changes in
spin–spin relaxation times during heating (from 20 to 70 °C) of myofibril
preparation (MP) samples. The values are expressed as means±SD (n=6)
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studies using differential scanning calorimetry (DSC)
(Kazemi et al. 2011; Stangierski et al. 2013) and rheological
analyses (Stangierski et al. 2014).

Measurements of spin–spin relaxation times confirm earli-
er observations concerning the process of protein gelation
occurring in unheated MP and MP+MTGP systems
(Stangierski and Baranowska 2008). The onset of structural
changes in protein systems is manifested in the separation of
spin–spin relaxation time into two components (Fig. 1b).
Components of relaxation time are referred to as the short
component (T22), for lower values, and the long component
(T21), describing greater values. Components of relaxation
time reflect molecular dynamics of bound water (T22) and
bulk water (T21) (Chan-Ick et al. 2011). The short component,
similarly to time T2 at lower temperatures, is characterised by
a slight reduction of values. The long component of spin–spin
relaxation time shows a drastic increase in values from 55 °C
for the control (MP) and 50 °C for the sample with the addi-
tion of MTGP. This is related to changes in the organisation of
water in the protein system as a result of myosin denaturation,
which probably initiates the formation of the gel network (Lee
1984). Similar results were recorded when observing a con-
siderable increase in values of the modulus of elasticity G1 at
temperatures above 65 °C, occurring in both tested systems. It
is connected with further structural changes in myosin mole-
cules (Stangierski et al. 2014). At a temperature above 70 °C,
significant changes also occur in the G-actin monomer
(Ziegler and Acton 1984). An increase in elasticity of myosin
gel within the range of 51–80 °C is caused first of all by the
involvement of heads of myosin molecules. Within the range
of 60–65 °C, the network structure is strengthened by a large
number of actin–myosin complexes (Yasui and Samejima
1990). Probably, this effect is enhanced by the catalysing ef-
fect of transglutaminase. Sulfhydryl groups (−SH) oxidised
during heating at a temperature above 70 °C lead to the for-
mation of strong S–S covalent bonds in proteins. This rapid
increase in the modulus of elasticity above 65 °C is also in-
fluenced by changes in structures observed within the hydro-
colloid continuous phase as a result of thermal changes in
sarcoplasmic proteins (Wright et al. 1977).

Changes in T1 and T2 Values During Cooling

Analyses conducted during the cooling process in both sys-
tems showed only a reduction of T1 values with a decrease in
temperature (Fig. 2a). Values of the short component T22 of
spin–spin relaxation time did not change significantly over the
entire analysed range of temperatures. The small decrease of
short components of T22 to about 45 °C could have been
connected with the temperature effects in dynamics of water
molecules (Fig. 2b). It was also found that the system with
transglutaminase is characterised by markedly greater values
of the T22 component.

The process of MP cooling showed a maximum at 55 °C
for the preparation with transglutaminase (MP+MTGP). In
turn, the long component of the spin–spin relaxation time in
the MP system decays at low temperatures. Below 40 °C, the
system has one spin–spin relaxation time. These differences
probably need to be attributed to the different courses of pro-
tein gel stabilisation.

Earlier studies by Stangierski et al. (2014) showed that
during sample cooling from the temperature of 76 to 23 °C,
the modulus of elasticity G1 in the control system increased
monotonically. This may be connected with transformations
within the intermolecular hydrogen bonds. Wang and Smith
(1994b) showed that in myosin isolated from chicken breast
muscles, heated to a temperature above 55 °C and next cooled

Fig. 2 a Temperature changes in spin–lattice relaxation times during
cooling (from 70 to 20 °C) of myofibril preparation (MP) samples. The
values are expressed as means±SD (n=6). b Temperature changes in
spin–spin relaxation times during cooling (form 70 to 20 °C) of myofibril
preparation (MP) samples. The values are expressed as means±SD (n=6)
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to 25 °C, hydrogen bonds were formed in the β-structure of
proteins. It contributes to the stabilisation and increased elas-
ticity of the actin–myosin gel lattice and an enhancement of its
elastic properties.

Cooling of the tested protein systems, containing
transglutaminase to approximately 35 °C, leads to a slight,
linear reduction of G1 values (Stangierski et al. 2014). This
may be connected with a weakening of hydrophobic interac-
tions accelerating with a reduction of the temperature in the
system. This is suggested by changes in elasticity, which are
entropic in character as it is characteristic of covalently bound
polymers (Case et al. 1992). Below 35 °C, similarly as was the
case in the control system, the spatial gel network is stabilised
by hydrogen bonds. This is reflected in the values of the lost
tangent. In the MP system with an addition of MTGP, more
water is found outside the lattice, in the hydrocolloid phase.
This phase is not involved in the modification of the elastic
property of the entire system but is rather a viscous agent.

The addition of MTGP promotes protein–protein interac-
tion very effectively, particularly at higher temperatures. This
is manifested in the observed increase in the mobility of mol-
ecules of water unbound with the protein matrix. Under iden-
tical temperatures, the absence of this enzyme results in the
dominance of protein–water interactions over protein–protein
interactions. Thus, the reduction of T22 values observed
for water molecules is connected with a limitation of
freedom of mobility.

Determination of Activation Energy Values

The utilisation of low-field NMR to analyse the molecular
dynamics of water in biological systems, apart from the quan-
titative (T1) and qualitative (T2) description, makes it also
possible to determine the mean correlation time for rotational
and translational movements of water molecules. It is a pa-
rameter which definitely characterises mobility at the molec-
ular level. If relaxation times meet the condition, T1>T2, then
the correlation time varies within the range from 10−9 to 10−7 s
(Coyle et al. 1996). Measured spin–lattice and spin–spin re-
laxation times made it possible to determine the mean corre-
lation time τc for the rotational movement of water molecules
in the system (Tang and Belton 1999). Determination of τc
values for individual surimi systems was provided by the an-
alytical solution of the equation describing frequency depen-
dencies of relaxation times in terms of this parameter. In turn,
temperature dependencies of the mean correlation times take
the Arrhenius form:

τ c ¼ τ0exp
ΔEa

RT

� �

whereΔEa is the activation energy of molecule reorientation,
R is a gas constant, T is the absolute temperature, and τ0 is the

pre-exponential factor corresponding to the correlation time at
an infinite temperature.

Values of activation energyΔEa in the heating and cooling
processes of the tested systems were determined based on
experimental data and calculations. During the heating of pro-
tein preparations, a structural transition was observed. It was
also observed that the onset of conformation changes in the
systemwith the addition of transglutaminase was recorded at a
temperature of approximately 45 °C, while in the control sys-
tem, it was above 50 °C (Figs. 1a, b). Relaxation studies
showed that above the transition temperature, two proton frac-
tions were observed, relaxing at different spin–spin relaxation
times. Based on temperature dependencies of mean correla-
tion times, the values of activation energy were calculated for
the water molecule reorientation in the system. Below the
transition temperature, this energy amounts to 5.1 kJ/mol for
the protein preparation and 4.1 kJ/mol for the preparation with
an addition of the enzyme. For the proton fraction, revealed as
a result of structural changes, a considerable increase was
observed for values of activation energy. In the protein prep-
aration, this energy was 16.8 kJ/mol, while in the system of
proteins modified enzymatically, it was 18.3 kJ/mol. At low
temperatures, the small and only slightly different values of
activation energy indicate that reorientation of water mole-
cules is inhibited in neither of these two systems. The addition
of the enzyme reduces the value the of energy barrier. This is
probably related, among other things, with the effect of the
displacement of water from the protein system as a result of
the presence of transglutaminase. This negative effect of
transglutaminase on animal protein systems is probably a con-
sequence of the reduced capacity of water binding by proteins
soluble in salt, resulting from the formed cross-linkages. Such
an effect was observed at an excessive addition of the enzyme
and at a too high temperature of the cross-linking reaction
(40 °C) (Ruiz-Carrascal and Regenstein 2002; Stangierski
and Kaczmarek 2012). Values of activation energy for poultry
protein systems determined at high temperatures were compa-
rable to those recorded for starch systems (Baranowska et al.
2010). This indicates the formation of the polymer network, in
which mobility of water molecules is strongly inhibited as a
result of the binding of somewater molecules on the surface of
proteins.

In the course of system cooling, at a temperature above
50 °C, the activation energy of free water in the protein system
was 7.6 kJ/mol and it was approximately two times smaller
than during heating. In the area of low temperatures (below
50 °C), where the relaxation time component describing the
molecular dynamics of bulk water declines, activation energy
decreases to 3.6 kJ/mol. Such a low value of this parameter
indicates that heating and cooling of the tested protein prepa-
ration result in the evacuation of water outside the network of
denatured protein. Cooling of the system with the enzyme is
also reflected in the lower value of activation energy at high
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temperatures (13.6 kJ/mol). However, it is a markedly higher
value than that recorded for the control. This may suggest a
significant effect of the enzyme on water binding processes
also in the course of sample cooling. In this system, we ob-
serve the presence of two independent water fractions over the
entire range of temperatures (Fig. 2b). At a temperature below
45 °C, values of activation energy for molecular movement in
both fractions are similar—4.7 kJ/mol for bound water and
3.0 kJ/mol for bulk water.

Both relaxation times were measured jointly within 168 h
(7 days) after both systems had cooled. The beginning of the
measurements (t=0) was assumed to be the moment at which
the system reached +20 °C after cooling. In the MP system
with the addition of the enzyme over the entire analysed peri-
od, two components of spin–spin relaxation time were ob-
served (Fig. 3a). This effect was not recorded in the control
system. This may mean that the addition of MTGP caused a
change in the organisation of water in the system. The short
component of T2 in the PM+MTGP system has slightly lower
values than relaxation time T2 of the control. Thus, in the
PM+MTGP system, one of the water fractions is slightly less
mobile than water in the control system. Lower mobility is
probably connected with a lower number of water molecules
bound with proteins. The other water fraction, i.e. bulk water,
is found in the system and exhibits considerable mobility.
These resu l t s seem to conf i rm the theory tha t
transglutaminase, under certain conditions, is a factor causing
displacement of water from the system, rather than its binding.
This is also confirmed by the results of temporal changes in T1
values (Fig. 3b). We may observe a considerable increase in
values of this parameter in comparison to the control system
measured over the entire period of the analyses. A threefold
increase of the value T21 and about 15 % increase of the value
T1 imply that in time to 72 h, a myofibril preparation with
transglutaminase increases the quantity of bulk water. This
can be explained as a change in protein system. An increase
in the distance between thin and thick filaments was reflected
in the results of the analyses conducted using NMR as an
increase in relaxation times (Bertram et al. 2004). Relaxation
times recorded in another study by Bertram et al. (2006) indi-
cate that the main changes in the characteristics of water
contained in porcine meat tissue, observed during heating
within the range of 25 °C up to 75 °C, take place between
40 and 50 °C. At the same time, the authors of that study
indicated a correlation between denaturation of myosin tails
and light chains at approximately 53–58 °C and thermally
induced changes in the degradation of water found in myofi-
brils, based on DSC and NMR analyses.

An important technological conclusion may be derived
from the analysis of spin–lattice relaxation times and the long
component of the spin–spin relaxation times conducted for the
enzymatically modified MP sample. The addition of
transglutaminase to proteins leads to the binding of water in

the system for the first 48 h after cooling. Next, we observe a
considerable increase in T1 values. Maxima of the above men-
tioned relaxation times in the MP system modified with
transglutaminase were observed 72 h after cooling. After that
time, the values of both parameters decrease, reaching the
values recorded 24 h after cooling. Probably, in the system,
a temporal change in the dynamic status of water molecules is
connected with the long-term action of transglutaminase. The
initial elongation of relaxation times indicates a displacement
of water from the system. This means that in the case of these
cold-stored samples after 3 days, we may expect a significant
drip of water from these samples. The control MP is
characterised by a reduction of T1 values up to 96 h after
cooling. This shows that in the analysed period, water binding
takes place in the system. After that time, a slight increase is
observed in T1. Similarly to the MP+MTGP system, after
7 days, the T1 values are the same as at 24 h after cooling.

Fig. 3 a Temporal changes in spin–spin relaxation times of myofibril
preparations (MP). The values are expressed as means±SD (n=6). b
Temporal changes in spin–lattice relaxation times of myofibril
preparation (MP). The values are expressed as means±SD (n=6)
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Values of spin–spin relaxation times are constant.
Additionally, the system non-modified enzymatically at 24 h
after cooling has one spin–spin relaxation time.

Conclusion

The adopted analytical technique was to provide insight into
molecular mechanisms accompanying the formation of spatial
protein structures and their changes under the influence of ther-
mal processing. Aiming at the determination of the essence of
molecular transformations accompanying the formation of spa-
tial structure protein, we analysed the kinetics of structuration
processes. The molecular mechanism responsible for the phe-
nomena described above is complex. This results from the fact
that the protein preparation produced from MRPM in reality,
apart from the actin–myosin complex and other myofibrillar
proteins, also contains certain amounts of sarcoplasmic proteins
and connective tissue. Thermal processing contributes to the
formation of a new physical system of proteins, characterised
by the complete change of the initial structural parameters of all
its components. The presence of transglutaminase in the protein
system results in a situation when the process of changes begins
and ends at lower temperatures. Denaturation of proteins in the
presence of the enzyme ismanifested in an increase of activation
energy values. This is connected with the displacement of a
portion of the water molecules outside the formed biopolymer
network. This results in the increase of spin–lattice relaxation
times observed during sample cooling in the system of the en-
zymatically modified myofibril preparation. This is also con-
firmed by the twofold lower value of activation energy for the
molecular movements of protons. The conducted analyses of
heated and then cooled samples clearly showed that the addition
of MTGP to the MP system causes displacement of water out-
side the protein network formed during gelation. Analysis of
values of relaxation time T1 showed that the addition of the
enzyme to MP causes water binding in the sample up to 48 h
after gel cooling. This means that after 3 days of cold storage, a
significant water dripmay take place frommodified protein gels.
The effect of the enzyme, observed earlier at the macroscopic
level, provided grounds only for the statement on an increase in
network rigidity. Analyses at the submolecular level showed that
the mechanism of water displacement observed, e.g. after sev-
eral days of storage of gels, produced from enzymatically mod-
ified MP is probably caused by the competitiveness of protein–
protein and protein–water bonds in the polymer network.
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