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Abstract

Heat treatment reduces the quality of Antarctic krill (Euphausia superba) meat, thus greatly limiting its industrial application.
It was found that L-Lys immersion pretreatment can effectively improve the quality of heat-treated Antarctic krill meat; the
underlying mechanism is unclear. Therefore, this study aimed to investigate the effect of L-Lys concentrations (0, 25, 50,
100, and 200 mM) on the aggregation behavior and structure of Antarctic krill myofibrillar protein solution before and after
heat treatment. Compared with the untreated group, L-Lys decreased the surface hydrophobicity and particle size of the heat-
treated Antarctic krill protein by 2.38 times and 18.27 times while increasing the solubility by 3.59 times. Furthermore, L-Lys
intervention inhibited the formation of disulfide bonds in myofibrillar protein of the heat-treated Antarctic krill, enhanced
the intermolecular hydrogen bonding force, improved the orderliness of the secondary structure, and “exposed” the tyrosine
residues of the protein molecule. As a result, the polarity of the microenvironment was enhanced while the tertiary structure
of the protein was altered, thus inhibiting thermal aggregation. This study reveals the mechanism of L-Lys inhibition of
thermal aggregation behavior of Antarctic krill myofibrillar protein. Our results provide insights into the development and
utilization of Antarctic krill protein in the food industry.
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Introduction

Antarctic krill (Euphausia superba) is a crustacean zoo-
plankton found in Antarctic waters, with an estimated bio-
mass of about 379 million tons (Atkinson et al., 2009). Ant-
arctic krill is rich in proteins, including crude protein content
of 64.44% and 11.9-15.4% in dried Antarctic krill and fresh
Antarctic krill, respectively (Cavan et al., 2019). Therefore,
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Antarctic krill may be the future source of high-quality pro-
tein for humans since it contains many essential amino acids
and has a higher biological value than milk or other animal
proteins (Zheng et al., 2019). Antarctic krill also contains
trace minerals, vitamins, enzymes, chitin, astaxanthin, etc.
However, Sun et al. (2023) found that heat treatment rap-
idly deteriorates the quality of Antarctic krill meat due to
severe moisture loss and increased hardness, which results
in a rough texture and poor sensory acceptability.

The application of basic amino acids (as phosphorus-free
additives) in the meat industry has received much attention in
recent years. Basic amino acids are a safe, non-toxic, nutri-
tious, healthy, and inexpensive small molecule green food
additive, which interacts with proteins to change their struc-
tural and functional properties to improve the quality and
sensory properties of meat and meat products (Zhang et al.,
2017a). Cao et al. (2021) found that the L-Lys added to myofi-
brillar protein from pigs can significantly reduce the cook-
ing loss of thermally induced gels, improve gel strength, and
enhance gel properties. Furthermore, Bao et al. (2021) found
that L-Arg or L-Lys can reduce the thawing loss of frozen pork
and the cooking loss during the process. Zheng and Sciences
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(2017) found that L-Arg or L-Lys can induce smooth and
dense microstructure of low-sodium emulsified pork sausage,
thus improving the textural properties (hardness, adhesiveness,
and chewiness). In conclusion, basic amino acids can improve
the quality of meat products.

As a result, several studies have explored the mechanisms
by which these basic amino acids improve food quality. For
example, Fu et al. (2017) found that L-Lys can induce confor-
mational and charge changes in myofibrillar proteins and inter-
act with aromatic and acidic groups on myofibrillar proteins.
As aresult, L-Lys can enhance the solubility of myosin and
the hydration capacity of myofibrillar proteins, thereby signifi-
cantly improving the tenderness of chicken meat and reducing
cooking losses. Wachirasiri et al. (2016) found that L-Lys can
improve the quality of frozen white shrimp by affecting its pH.
As a result, the interaction of polar and non-polar groups on
the amino acid side chains with myofibrillar proteins is altered,
thereby increasing the water holding capacity of myofibrillar
proteins and improving the textural properties. Guo et al. (2015)
found that L-Lys can induce the structural unfolding of myosin,
expose more reactive sulfhydryl groups and other groups, and
improve the interaction between myosin and water molecules,
thus increasing its solubility. However, the effects of these basic
amino acids on Antarctic krill have not been reported.

One of our previous study found that simple soaking treat-
ment with L-Lys can improve the water holding capacity and
textural properties of heat-treated Antarctic krill meat, and
the improvements were better than in the 3% STPP (sodium
tripolyphosphate)-treated group (Lin et al., 2022). However, it
was unclear how L-Lys could improve the quality of Antarctic
krill. Therefore, it is necessary to further explore how Lys affects
key structural proteins of Antarctic krill. In this study, differ-
ent L-Lys concentrations were used to determine the solubility,
turbidity, and particle size of the myofibrillar protein before and
after heat treatment and characterize the aggregation behavior of
Antarctic krill myofibrillar protein. UV spectroscopy, intrinsic
fluorescence spectroscopy, Fourier transforms infrared spec-
troscopy, and Raman spectroscopy were used to investigate
the mechanism by which L-Lys improves myofibrillar protein
aggregation in Antarctic krill. The results of the study can help
to understand the mechanism of L-Lys to improve the meat
quality of Antarctic krill and then promote the application of
basic amino acids in the deep-processing industry of Antarctic
krill as well as in the field of meat products.

Materials and Methods
Materials and Chemicals
The frozen Antarctic krill (Euphausia superba) was sourced

from Dalian Liaoyu Group Co., Ltd. (Dalian, China). L-lysine
was obtained from Aladdin Bio-Chem Technology Co., Ltd.

(Shanghai, China). Potassium bromide (KBr) was of spectral
grade, while other chemicals were of analytical grade.

Extraction of Antarctic Krill Myofibrillar Proteins

Myofibrillar proteins were extracted from Antarctic krill
(beheaded and peeled) as Sun et al. (2022) described. Briefly,
the Antarctic krill meat was homogenized (T-25; IKA, Guang-
zhou, China) in an ice-water bath at 8000 rpm for 1 min after
adding five times the volume of cooling low-salt phosphate
buffer (0.05 M NaCl, 50 mM NaH,PO,/Na,HPO,, pH 7.0).
The sample was centrifuged at 8000 X g for 10 min (4 °C)
to remove the water-soluble protein and fat. This step was
repeated thrice, and then, the precipitate was mixed with five
times the volume of cooling high-salt phosphate buffer (0.6 M
NaCl, 50 mM NaH,PO,/Na,HPO,, pH 7.0) and homogenized
at 8000 rpm for 1 min. The sample was kept at 4 °C for 1 h
to fully extract myofibrillar proteins. Finally, the suspensions
were centrifuged at 8000 X g for 10 min (4 °C) to remove
insoluble impurities. The bicinchoninic acid (BCA) method
was used to determine the concentration of supernatant
myofibrillar proteins. The supernatant was then diluted to the
required concentration using the extracted buffer.

Sample Preparation

Sample was prepared as described by Qin et al. (2015) with
some modifications. L-Lys was added to the protein solution
and equilibrated at 4 °C for 1 h. The final concentration of
L-Lys in the myofibrillar protein solution was 0, 25, 50, 100,
and 200 mM, while the protein concentration was 2.5 mg/
mL. The samples were heated in a water bath at 95 °C for
10 min then cooled in an ice-water bath for 30 min. Notably,
the samples were analyzed before and after heating.

Solubility

Solubility was determined as Liu et al. (2020) previously
described, with minor modifications. Briefly, the samples
were centrifuged at 8000 X g for 10 min (4 °C). Protein con-
centration of the supernatant was analyzed using the BCA
method. The absorbance of the mixture was read at 562 nm
by a microplate reader (Synergy H1, BioTek Instruments,
Inc., Winooski, USA). Protein solubility was expressed as a
percentage of the supernatant protein concentration relative
to the protein concentration before centrifugation.

Turbidity

The turbidity of myofibrillar protein solution was analyzed
as Barut Gok (2021) described with minor modifications.
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Briefly, the turbidity was measured at 340 nm using a
UV-5200 spectrophotometer (Yuanxi Instrument Co.,
Shanghai, China) and expressed as an absorbance value.

Particle Size

A Zetasizer 3000HSA (Malvern Panalytical Ltd., UK) was
used to determine the particle size at excitation wavelength
and scattered light intensity detector angle of 633 nm and
173°, respectively. The particle size was measured ten times
and averaged.

Fluorescent-Inverted Microscope

The morphology of protein samples after different treat-
ments was assessed as described by Wang, Shi et al.
(2017) with slight modifications. Briefly, 1 mL of the treated
protein samples and 20 pL of 0.1% Nile Blue fluorescent dye
were mixed and incubated in the dark for 15 min at room
temperature (22 °C). The stained sample was put on a slide
and quickly covered with a coverslip for visualization using
an inverted fluorescent microscope (Leica Microsystems,
Wetzlar, Germany).

Surface Hydrophobicity

Surface hydrophobicity was measured as Lin et al. (2022)
described, with minor modifications. Briefly, 200 uL of
1 mg/mL bromophenol blue (BPB) in distilled water was
added into 1 mL sample, oscillated at room temperature
for 20 min, and then centrifuged at 2000 X g for 15 min at
room temperature (22 °C). A control had the same condi-
tions except for the slurry that was replaced with the buffer.
The absorbance of the supernatant was measured at 595 nm
by a microplate reader (Synergy H1, BioTek Instruments,
Inc., Winooski, USA) against a phosphate buffer blank. The
amount of BPB bound was determined as follows:

BPB bound (pg) = 200ug X (Acomrol - A /A

control

ey

sample)
where A represents absorbance at 595 nm.

Contents of Sulfhydryl Groups and Disulfide
Bridge (S-S)

The content of total sulfhydryl groups in L-Lys-treated
myofibrillar proteins before and after heating was deter-
mined as Zhang et al. (2017b) reported, with slight modifi-
cations. Specifically, 1 mL myofibrillar protein suspension
was mixed with a 9 mL phosphate buffer (8 M urea, 10 mM
EDTA, 50 mM NaH,PO,/Na,HPO,, pH 7.0), followed by the
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addition of 1 mL of 0.1% 5, 5’-dithiobis-(2-nitrobenzoic acid)
(DTNB). The mixture was then incubated at 40 °C for 25 min,
and absorbance was recorded at 412 nm by a microplate
reader (Synergy H1, BioTek Instruments, Inc., Winooski,
USA). SH content was determined using the molar extinction
coefficient of 13,600 L-M~'-cm~!. The content of reactive
sulthydryl group content (RSH) was determined using the
same reaction buffer in the absence of urea as follows:

The contents of sulfhydryl groups

(umol/g)=A,;, X D x 10°/(C x 13600) @)

where A,;,, D, and C represent the absorbance at 412 nm,
dilution of multiple samples, and protein concentration of
the samples, respectively.

The content of the disulfide bridge was calculated as follows:

The contents of disulfide bridge (pmol/g)= (Ml - Mz)/2

3
where M, and M, represent the contents of total sulthydryl
and reactive sulfhydryl groups, respectively.

Ultraviolet-Visible (UV-Vis) Absorption
Spectra Measurements

The UV spectra were determined as Fadimu et al. (2021)
previously described with slight modifications. Briefly,
the samples were diluted to 1 mg/mL with the extraction
buffer, and double-distilled water was used as the blank. An
ultraviolet spectrophotometer (Lambda 35, Perkin Elmer,
Massachusetts, USA) was used for analysis at 230-400 nm
(acquisition interval; 0.5 nm).

Fluorescence Spectroscopy

The fluorescence spectra were determined by reference
to the method of Chen et al. (2022), with minor modi-
fications. An RF-6000 fluorescence spectrophotometer
(Shimadzu Co, Tokyo, Japan) was used to determine the
fluorescence spectra of the samples at excitation and emis-
sion bandwidths of 5 nm and 5 nm, respectively. Moreo-
ver, the excitation wavelength and the measurement range
of emission spectra were set at 280 nm and 300—450 nm,
respectively. The acquisition rate and data interval were
6000 nm/min and 1 nm, respectively.

Fourier Transform Infrared Spectroscopy

The Fourier transform infrared spectroscopy were assayed
according to the method of Cueto et al. (2018). First, the
L-Lys-treated Antarctic krill myofibrillar protein solu-
tion was freeze-dried. An appropriate amount of the
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freeze-dried powder was mixed with the dried KBr pow-
der, ground, and pressed. An infrared spectrophotometer
(Perkin Elmer, Salem, MA, USA) was used to obtain the
sample spectral data at 4000-400 cm~! and a resolution
of 4 cm™".

Raman Spectroscopy

The protein Raman spectroscopy was referred to Zielinska
et al. (2022) with minor modifications. The Antarctic krill
myofibrillar protein solutions were diluted to 0.5 mg/mL
with the extraction buffer, put onto glass slides, and then
analyzed using Raman spectroscopy (LabRAM HR, Horiba
Scientific, Longjumeau, France) at an excitation of 532 nm
(scan range; 400-2000 cm™h. Phenylalanine (1001 cm™h
was used as an internal standard for normalizing the data.
The peak separation was calculated for the amide I band.
The characteristic peaks from 1645 to 1658 cm™! corre-
sponded to the a-helix structure, while those from 1665 to
1680 cm™! were related to the p-sheet structure.

Statistical Analysis

Each experiment was performed in triplicate. Data were
presented as mean + standard deviation (SD). Origin 2019
software (OriginLab Corp., Northampton, MA, USA) was
used to plot the figures. ANOVA using the SPSS 25 statisti-
cal analysis program (SPSS Inc., Chicago, IL, USA) was
used for all statistical analyses. Duncan’s multiple range test
of means was used to determine the significant differences.
P <0.05 was considered statistically significant.
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Results and Discussion
Solubility Analysis

Solubility can reflect the degree of protein aggregation
(Turgay-izzetoglu et al., 2022). The effect of L-Lys on
the solubility of Antarctic krill myofibrillar protein before
and after heat treatment is shown in Fig. 1a. The solubil-
ity of unheated myofibrillar protein without L-Lys inter-
vention was 53.74%. However, the solubility significantly
increased with increasing L-Lys concentration. For example,
the solubility at 200 mM L-Lys was 64.63%. In Fig. S1, it
can be seen that L-Lys increases the basicity of the myofi-
brillar protein solution, and this increased basicity inhibits
the aggregation of myofibrillar filaments, which affects the
solubility (Guo et al., 2015).

Furthermore, heat treatment decreased the solubility of
myofibrillar proteins without L-Lys intervention to 12.18%
due to changes in the secondary structure of the protein at
high temperatures, which exposed non-polar groups within
the molecule and reduced the affinity of the protein surface
for water, leading to aggregation (Li et al., 2020). Compared
with the untreated group, the solubility of heat-treated Ant-
arctic krill myofibrillar protein significantly increased with
increasing L-Lys concentration (to 43.72%, an increase of
3.59 times).

Turbidity Analysis
Turbidity reflects the size and number of insoluble sus-

pended particles in a solution system, and thus it can be used
as an indicator of protein aggregation (Igual et al., 2014).
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Fig. 1 Effect of L-Lys on Antarctic krill myofibrillar protein before and after heat treatment; a solubility and b turbidity. Data are presented as
means + standard deviation (n=3). Different letters (a, b, ¢, A, B, C) indicate significant differences (P <0.05) between different treatments
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The turbidity changes in Antarctic krill myofibrillar protein
before and after heat treatment at different L-Lys concen-
trations are shown in Fig. 1b. The turbidity of the unheated
Antarctic krill myofibrillar protein solution decreased with
increasing L-Lys concentration. The decrease in protein tur-
bidity indicated increased solubility (Thorarinsdottir et al.,
2002). This may be due to the fact that L-Lys is inhibiting
the intermolecular self-assembly behavior of the protein at
low temperatures, which affects the turbidity of myofibrillar
proteins of the unheated group of Antarctic krill (Grewe &
Schwarz, 2020).

Moreover, heat treatment increased the turbidity of Ant-
arctic krill myofibrillar protein solutions without L-Lys
intervention from 0.244 to 0.679, mainly due to protein
aggregation. However, L-Lys might significantly decrease
the turbidity of heat-treated Antarctic krill myofibrillar
protein solutions by affecting covalent and non-covalent
bonds, especially disulfide bonds. Disulfide bonds are the
most dominant covalent bonds in protein cross-linking and
aggregation and are stronger than electrostatic interactions
at high temperatures, thus inhibiting protein unfolding or
aggregation at high temperatures (Yu et al., 2017).

Particle Size Analysis

The particle size can reflect the degree of aggregation of the
protein. Besides, particle size analysis is a macroscopic rep-
resentation of the protein structure (Stefanovic et al., 2017).
The effect of L-Lys on the particle size of Antarctic krill
myofibrillar protein before and after heat treatment is shown
in Fig. 2a. The particle size of unheated Antarctic krill
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Fig.2 Effect of L-Lys on Antarctic krill myofibrillar protein before
and after heat treatment; a particle size and b surface hydrophobic-
ity. Data are presented as means + standard deviation (n=3). Differ-
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myofibrillar protein was 419.83 nm. However, 25 mM L-Lys
significantly decreased the particle size of myofibrillar pro-
tein to 326.13 nm. Notably, the particle size of myofibrillar
protein was not significantly different at 25 mM L-Lys and
concentration ~ 25 mM. Although L-Lys inhibits random
aggregation between proteins by enhancing electrostatic
repulsion, the aggregation cannot be increased indefinitely
due to the balance of covalent and non-covalent interactions
within the protein molecule (Wagner et al., 2020).

Heat treatment increased the particle size of Antarc-
tic krill myofibrillar protein without L-Lys intervention
to 7268.03 nm. However, the particle size of heat-treated
Antarctic krill myofibrillar protein significantly reduced to
398.61 nm with increasing L-Lys concentration. Proteins
form soluble aggregates under high temperatures through
disulfide bonds, while they aggregate to form insoluble
aggregates under hydrophobic interactions (Huang et al.,
2021). These findings indicate that L-Lys may affect
disulfide bond formation or hydrophobic interactions of the
protein, thus affecting protein aggregation.

Surface Hydrophobicity Analysis

Surface hydrophobicity can be used to assess the physicochem-
ical changes in proteins, indirectly reflecting the conformation
of proteins and intermolecular interactions (Zhao et al., 2020).
In this study, the effect of L-Lys on the surface hydrophobic-
ity of Antarctic krill myofibrillar protein before and after heat
treatment is shown in Fig. 2b. The untreated Antarctic krill
myofibrillar protein had a BPB binding of 65.77 pug. However,
L-Lys significantly decreased the BPB binding, indicating
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between different treatments
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decreased surface hydrophobicity. Decreased surface hydro-
phobicity decreases protein aggregation and promotes solubil-
ity, consistent with the solubility results.

Furthermore, heat treatment increased the surface hydro-
phobicity of Antarctic krill myofibrillar protein to 115.06 pg.
Firstly, heat causes peptide chain cleavage and structural
unfolding of a protein molecule, thus exposing the hydropho-
bic groups within the molecule (Jia et al., 2016). Secondly,
the hydrophobic interactions on the protein surface change
from a hydrophilic to a hydrophobic state, causing aggrega-
tion of protein molecules and re-embedding of some of the
hydrophobic groups (Vate & Benjakul, 2016). The super-
position of the two eventually increases the surface hydro-
phobicity. Compared with the untreated group, the surface
hydrophobicity of the heat-treated Antarctic krill myofibrillar
protein significantly decreased with increasing L-Lys con-
centration. Notably, 200 mM L-Lys decreased the surface
hydrophobicity by 2.38 times (48.38 ug). These results indi-
cate that L-Lys can influence the protein aggregation state by
affecting structural changes during thermal denaturation and
decreasing hydrophobic interactions on the protein surface.

Macroanalysis of Aggregated States

The effect of L-Lys on the aggregation state of Antarctic
krill myofibrillar protein before and after heat treatment is
shown in Fig. 3a and b. The sample images were taken after
the myofibrillar protein solution stood for 30 min. In the
fluorescence image, the myofibrillar protein solution was
oligomeric at 0 mM L-Lys (UH-0), and each blue spot was
formed by aggregation of a few proteins (Fig. 3a). In this
unheated state, there were fewer blue spots in the fluores-
cence image under the intervention of Lys, but there was no
obvious change in the macro level of the sample solution.

Antarctic krill myofibrillar protein aggregated in large
quantities without the intervention of L-Lys by heated, thus
forming large fluorescent blue spots (H-0). Moreover, the
protein solution showed obvious precipitation at the macro
level. After L-Lys intervened, the fluorescence image
showed more dispersion in the field of view and appeared
as small particles. It can be seen that the protein sedimen-
tation decreased with increasing L-Lys concentration and
then disappeared and showed a suspended colloidal state.
Macroscopic changes verified the effects of L-Lys on the
solubility, turbidity, and particle size changes of Antarctic
krill myofibrillar protein after heat treatment.

Total Sulfhydryl (-SH) and Disulfide Bond (S-S)
Content Analysis

The sulthydryl group is the most reactive functional group in
myofibrillar proteins and plays a key role in the myofibrillar

proteins (Liang et al., 2017). Total sulthydryl groups include
sulfhydryl groups embedded within the protein molecule
and sulfhydryl groups free on the protein surface (Chen
et al., 2019). The effect of L-Lys on the sulfhydryl content
of Antarctic krill myofibrillar protein before and after heat
treatment is shown in Fig. 4. The decrease in solubility may
be due to cross-linking between myofibrillar proteins caused
by the formation of disulfide bonds (Xia et al., 2019). High
temperatures also promote the formation of a new disulfide
bond in the protein, thus decreasing solubility (Ding et al.,
2014). Figure 4a and b show the L-Lys did not significantly
affect the sulfhydryl and total sulfhydryl group contents of
non-heat-treated Antarctic krill myofibrillar protein. This
indicates that no disulfide bonds were formed, and thus, the
physicochemical properties of Antarctic krill myofibrillar
protein were not altered. This also confirms that L-Lys did
not significantly affect the solubility, turbidity, and particle
size of non-heat-treated Antarctic krill myofibrillar protein.

However, L-Lys significantly reduced the free and total
sulthydryl contents of heat-treated Antarctic krill myofi-
brillar protein (Fig. 4a and b). Heat treatment unfolds the
structure of the protein, thus exposing the sulthydryl groups
inside the protein molecule, which are easily oxidized to form
disulfide bonds (Buamard & Benjakul, 2017). The change in
the disulfide bond content after heat treatment is shown in
Table 1. The disulfide bond content was 9.13 umol/g with-
out Lys intervention, but it could be significantly reduced to
6.75 umol/g under the influence of Lys (100 mM), indicating
that L-Lys inhibits the production of disulfide bonds. L-Lys
inhibits the oxidation of protein sulfhydryl groups induced
by hydroxyl radicals, thus preventing the formation of related
oxides, such as intramolecular and intermolecular disulfide
bonds (Zhang et al., 2021). L-Lys can also affect the spatial
structure of the protein when exposed to heat, further mask-
ing the internal sulfhydryl groups and decreasing total sulf-
hydryl content (Bao et al., 2022).

Ultraviolet-Visible Absorption Spectra Analysis

Thermal aggregation of proteins is associated with confor-
mation changes in the protein, which can be determined
using UV-Visible absorption spectroscopy (Panpipat &
Chaijan, 2020). Protein molecule contains several chromog-
enic groups, including tyrosine residues and tryptophan resi-
dues, which can absorb light in the UV region at a certain
wavelength to produce a corresponding UV absorption spec-
trum (Zhang et al., 2020). In this study, the effect of L-Lys
on the UV absorption spectra of Antarctic krill myofibrillar
protein before and after heat treatment is shown in Fig. 5a
and b. The ultraviolet absorption peaks of most amino acids
are concentrated at 200 ~220 nm (Wang, Luo, et al., 2017).
The UV absorption peak appeared at around 280 nm due to
superimposed UV absorption of various aromatic amino acid
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Table 1 Effect of L-Lys on disulfide bond of Antarctic krill myofi-
brillar proteins after heat treatment

Lys (mM) Disulfide bond (umol/g)
0 9.13+0.68°

25 7.72+0.21%

50 7.18+0.24

100 6.75+0.064

200 8.34+0.36

Data are presented as means + standard deviation (n=3)

abcSigniﬁcant differences (P <0.05) between different treatments

residues; the absorption peak of Lys in solution had no effect
on the UV absorption peak. The intensity of the UV absorp-
tion peak increased with increasing L-Lys concentration,

mainly due to the “exposure” of tryptophan and tyrosine
residues in the protein molecule caused by conformational
changes. These results indicate that L-Lys can affect the ter-
tiary structure of Antarctic krill myofibrillar protein (Guo
et al., 2015). Notably, UV absorption significantly increased
in the heat-treated group than in the unheated group.

Fluorescence Spectroscopy Analysis

The transformation of the protein structure can alter the
fluorescence of the protein in the solution. The effect of
L-Lys on the endogenous fluorescence spectrum of Ant-
arctic krill myofibrillar protein before and after heat treat-
ment is shown in Fig. 5c and d. The 4,,,, intensity of the
non-heat-treated protein without L-Lys intervention was
329 nm. However, 4., gradually increased and redshifted
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Fig.5 Effect of L-Lys on UV absorption spectra of Antarctic krill
myofibrillar protein a before and b after heat treatment. Effect of
L-Lys on endogenous fluorescence spectra of Antarctic krill myofi-
brillar protein ¢ before and d after heat treatment. UH-0: 0 mM Lys
and unheated; UH-25: 25 mM Lys and unheated; UH-50: 50 mM
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with increasing L-Lys concentration (340 nm). Furthermore,
Amay 10 the heat-treated group increased from 330 to 345 nm.
The change in 4, can represent changes in the polarity of
the microenvironment of tryptophan and tyrosine residues of
the protein. In this study, L-Lys caused a red shift before and
after heat treatment, indicating that L-Lys affects the micro-
environment of tryptophan and tyrosine in the protein by
increasing its regional polarity and reducing environmental
hydrophobicity (Mao et al., 2016). However, the redshift in
Amax was greater in the heated group than in the non-treated
group, indicating that heat significantly affects the protein
structure and microenvironment, consistent with surface
hydrophobicity analysis. Furthermore, L-Lys decreased the
fluorescence intensity of Antarctic krill myofibrillar pro-
tein, probably because the fluorescence of tryptophan and
tyrosine is very sensitive to microenvironmental polarity,
indicating that changes in the microenvironment of the pro-
tein solution can quench the fluorescence (Qiu et al., 2014).

Fourier Transform Infrared Spectroscopy Analysis

Infrared spectroscopy can be used to reflect changes in the
conformation of proteins and thus is crucial for the analysis
of protein structures (Hassoun et al., 2021). The effect of
L-Lys on the infrared spectra of Antarctic krill myofibrillar
protein before and after heat treatment is shown in Fig. 6a
and b. A characteristic absorption peak appeared at around
3418 cm™! (3600-3300 cm™!), mainly characterizing O—-H
stretched vibrations; N—H stretched vibrations with intra-
molecular and intermolecular hydrogen bonds formed by
the O-H group in the bound water with the C=0 in the
amino acid. The amide I band (1700-1600 cm™') mainly
characterizes C = O stretched vibrations, while the amide 11
band (1600-1500 cm™") mainly characterizes C-N stretched
vibrations or N—-H bend vibrations (Zhao et al., 2008). It
could be seen that the peaks of the unheated and heated
Antarctic krill myofibrillar proteins appeared at 3415 cm™"
and 3418 cm™, respectively. L-Lys led to a weak red shift of
the maximum absorption peak, indicating that the hydrogen
bond has changed slightly (Zheng et al., 2019). Moreover,
in the heat treatment group, the red shift of the absorption
peak was greater, indicating that L-Lys plays a greater role.
The absorption peaks of the amide I and amide II bands at
1660 cm™! and 1540 cm™! were shifted towards lower wave
numbers after L-Lys intervention, indicating that L-Lys
enhances intermolecular interactions by affecting hydrogen
bonds. Meanwhile, the change of the peak shape of amide I
band also showed that L-Lys has an effect on the conforma-
tion of myofibrillar protein of Antarctic krill.

@ Springer

Raman Spectroscopy Analysis

Raman spectroscopy detects structural changes in proteins
based on changes in the shape, displacement, and relative
intensity of the spectral peaks in a detailed manner (Cai
et al., 2018). The effects of L-Lys on the Raman spectra
of Antarctic krill myofibrillar protein before and after heat
treatment are shown in Fig. 6¢ and d, respectively. The
amide I band (1700-1600 cm™") reflects the conformational
changes of the protein. With the intervention of L-Lys, the
peak shape of amide I band in the heat treatment group has
changed greatly, which further indicated that L-Lys might
influence the conformation of protein during thermal dena-
turation. The relative contents of a-helix and p-sheet are
shown in Tables 2 and 3. The change in the relative content
of a-helix and p-sheet in unheated Antarctic krill myofi-
brillar protein a before heat treatment was not significantly
different after L-Lys intervention. In contrast, L-Lys signifi-
cantly increased the relative content of the heat-treated Ant-
arctic krill myofibrillar protein a-helix and slightly changed
the B-sheet content. These results suggest that L-Lys pro-
motes the formation of tighter a-helix structures of heat-
treated Antarctic krill myofibrillar proteins, thus enhanc-
ing the orderliness of the protein secondary structure. This
explains how L-Lys significantly reduces the cooking loss
and improves the textural characteristics of krill in Antarctic
krill (Lin et al., 2022).

A range of 450-600 cm™' generally represents the change
of disulfide bonds or aliphatic residues in protein, and
proteins are generally accompanied by the formation and
change of disulfide bonds under heat induction. The normal-
ized intensity of the peaks at 450-600 cm™! increased after
heating, indicating that disulfide bonds are generated dur-
ing heating (Fig. 6¢ and d). Furthermore, the peak appeared
at 510 cm™! without L-Lys intervention, indicating a fully
distorted conformation of S—S. However, the overall relative
intensity of the peaks in the heat-treated group decreased
after L-Lys intervention, indicating decreased disulfide
bond production. Besides, new absorption peaks appeared
at 540 cm™! in the unheated and heat-treated groups after
200 mM L-Lys treatment, indicating trans-twisted-trans
conformation of S—S (Ngarize et al., 2004). The variation
in wave number suggested that L-Lys intervention can influ-
ence the conformation of some disulfide bonds. Further-
more, the changes in peak intensity in the heat-treated group
indicate that L-Lys can inhibit the formation of disulfide
bonds in the protein under high temperatures, consistent
with disulfide bond content analysis.
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shifts from an encapsulated hydrophobic to a polar micro-
environment. The effect of L-Lys on the relative intensities
of some Raman spectra bands of Antarctic krill myofibrillar

Table 2 Effect of L-Lys on

the relative intensity of Raman L-Lys (mM) oHelix p-Sheet fre0 Tsso/lxso

spectra and secondary structure 0 30.13+1.42% 24.65+0.82" 1.60+0.03* 1.27+0.01¢

?rfezf;:ﬁ“c krill before heat 25 32.9943.75° 26.01+3.32" 1.28+0.02° 1.2240.04°
50 32,12+ 1.65%® 21.83+0.81¢ 0.72+0.04¢ 1.66+0.10°
100 31.20+1.75%® 27.27 +2.65% 0.67 £0.04¢ 2.42+0.23
200 28.11+1.88° 30.57 +1.90* 0.46+0.01¢ 2.25+0.09*

Data are presented as means + standard deviation (n=3)

abeSionificant differences (P < 0.05) between different treatments
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Table 3 Effect of L-Lys on

the relative intensity of Raman LLys (mM) oHelix p-Sheet Fe0 Tyso/Tss0

spectra and secondary structure () 20.69+0.97° 24.28+0.86 0.95+£0.01° 1.53£0.10%

giﬁ;ﬁ::;ﬁ“c krill after heat 25 25.49+2.68 23.27+3.16% 0.75+0.02¢ 1.45+0.02"
50 26.14+0.17° 29.18£0.59* 0.43 +0.02¢ 1.48 +0.02%
100 31.72+1.87* 19.75+0.87¢ 0.43+0.05¢ 1.61+0.10°
200 3266+ 1.85" 22.13+2.98" 0.81+0.03° 1.59 +0.07°

Data are presented as means + standard deviation (n=3)

abeSignificant differences (P < 0.05) between different treatments

protein after heat treatment is shown in Tables 2 and 3. L-Lys
significantly decreased the I,4, of the samples before and after
heating, indicating that the tryptophan residues were gradually
exposed to a polar microenvironment, consistent with endog-
enous fluorescence spectra analysis (Yang et al., 2021).
Peaks at 830 cm™! and 850 cm™! were related to vibra-
tions of tyrosine residues para-substituted to the benzene
ring. Moreover, the ratio (Ig5y/I33,) was influenced by the
tyrosine microenvironment and the hydrogen bonding on the
phenolic hydroxyl group. A lower Ig54/Ig5, value (0.7 to 1.0)
indicates that tyrosine may be internal or acts as a donor for
strong hydrogen bonds. Besides, Igsy/lgs, value * 1 indicates
that the tyrosine residue is exposed on the protein surface and
interacts with the solvent as a hydrogen bond donor or accep-
tor (Du et al., 2021). In this study, Igs/lg3, value was 1.27
before heat treatment and 1.53 after heat treatment, indicating

Native-MPs
Myosin head

Myosin filaments

Head CH,

Myosin CH,

L-lysine

J_AA_ Hydrogen Bond

@ Sulfhydryl @—@ Disulfide bond ‘Surface hydrophobicity

that heating increased tyrosine exposure. Moreover, L-Lys
increased Igs/Ig5, indicating enhanced hydrogen bonding.

These results indicate that L-Lys can inhibit heat-induced
aggregation of Antarctic krill proteins. The heated natural
Antarctic krill proteins aggregated, probably due to sulthy-
dryl disulfide bond interchanges in the structural domain of
the head of myosin (Fig. 7). In contrast, L-Lys enhanced the
formation of hydrogen bonds of Antarctic krill myofibrillar
protein during heat treatment (Table 3), thus forming a more
dense a-helix structure (Table 3) and inhibiting the genera-
tion of disulfide bonds (Table 1). Moreover, L-Lys enhanced
the microenvironmental polarity of Antarctic krill myofibril-
lar protein, reduced the hydrophobic interactions of proteins
(Fig. 2b), altered the conformation of the protein, reduced
particle size (Fig. 1a), and inhibited the thermal aggregation
of myofibrillar protein.

a-helix

content

Aggregation inhibited

Fig. 7 The mechanism by which L-Lys inhibits thermal aggregation behavior of Antarctic krill myofibrillar protein
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Conclusion

Compared with the untreated group, L-Lys enhanced the
formation of hydrogen bonds of Antarctic krill myofibril-
lar protein during heat treatment, formed a tighter a-helix
structure, inhibited the generation of disulfide bonds,
enhanced the microenvironmental polarity of Antarctic
krill myofibrillar protein, reduced surface hydrophobic-
ity by 2.38 times, decreased the hydrophobic interaction
of the protein, affected the protein conformation, and
decreased particle size by 18.27 times, thus inhibiting
thermal aggregation of myofibrillar proteins. Also, L-Lys
increased the solubility of Antarctic krill myofibrillar pro-
teins after heat treatment (by 3.59 times); the increased
solubility results in improved water-holding capacity
and tenderness of heat-treated Antarctic krill. This study
provides a theoretical basis and technical support for the
development and utilization of Antarctic krill protein and
the expansion of L-Lys application.
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