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The effects of low doses of sodium nitrite on yak meat colouring, myoglobin oxygenation status, myoglobin
aggregation and myoglobin structure were evaluated using Fourier transform infrared spectroscopy, laser micro-
Raman spectroscopy and liquid chromatography-electrospray ionization tandem mass spectrometry. The results
showed that the yak meat redness value increased steadily relative to that of the control after the addition of low
dose sodium nitrite. The nitrosomyoglobin level gradually increased and was significantly higher in the sodium
nitrite-treated group than in the control group. The secondary structures were also transformed. The Cy-N bond

extended and then contracted, the area of the haem core decreased and then increased and the frequency of
contraction increased. A total of 34 nitrosylated peptides were identified, of which 15 were stable and 19 were
unstable. These findings show that low doses of sodium nitrite facilitated the dynamic transformation of the
myoglobin nitrosylated peptide fragment, which in turn preserved the colour of the meat.

Introduction

The colour and quality of meat products may have a significant effect
on consumer decisions when purchasing meat products; therefore,
colour is a very significant factor when choosing meat products (Ram-
anathan et al., 2020). Myoglobin is the main colouring substance in
meat products (Suman & Joseph, 2013). Yaks are mainly found in China
on the Tibetan Plateau and have a high myoglobin content (Chen et al.,
2015), which means their meat is dark reddish-brown in colour.
Therefore, sodium nitrite is often added during processing to give yak
meat a vivid red colour.

Nitrite can be broken down to NO, which reacts with myoglobin
(Mb) in meat to form a red nitroso compound (Skibsted, 2011; Vossen &
Smet, 2015), which is more stable. Nitrites are usually added to meat
and meat products during the curing process to stabilize the meat colour
(Bozkurt & Erkmen, 2004). The antioxidant capacity of western ham is
positively correlated with the amount of sodium nitrite added and varies
with storage time when the amount of sodium nitrite added is altered
(Feng et al., 2016). During thermal processing, sodium nitrite reacts
with other compounds in meat to form nitroso compounds, which have
antioxidant properties (Denisa et al., 2018; Sassykova et al., 2019).
Sodium nitrite reacts with the carbon-carbon double bonds in unsatu-
rated fatty acids and inhibits oxygen radical attacks on lipids, which

* Corresponding author.
E-mail address: 297493468@qq.com (G. Ma).

https://doi.org/10.1016/j.fochx.2022.100434

means that it also has anti-lipid oxidation properties (Haile et al., 2013).
Although the role of sodium nitrite in meat products has been studied,
there have been no reports on the colour protection mechanisms asso-
ciated with sodium nitrite, particularly how it affects myoglobin struc-
ture and the nitrosylation binding site.

Raman spectroscopy has made great progress as an important
research method for the molecular or complex molecular system. It has
been applied in investigations in many fields (Das & Agrawal, 2011).
Protein Raman spectroscopy not only reflects the skeletal vibration of
the peptide chain but also reflects changes in the microenvironment
around the side chains. Its advantage lies on its wide application ranges.
Protein Raman spectroscopy can be used both in non-aqueous and
aqueous solutions, such as powders and especially, colloids (Eberhardt
et al., 2015). The Fourier transform infrared spectroscopy (FTIR)
method can be customized not only for qualitative analysis of the pro-
tein secondary structures but also for quantitative analysis. Fourier
deconvolution and second derivative can be used to further decompose
the peaks that cannot be resolved by the amide band in the infrared
spectrum into multiple subpeaks. Fourier deconvolution and second
derivative can also indicate the peak positions of the subpeaks and fit the
curve of the quantitative analysis of the protein secondary structure
content (Zheng et al., 2017). Novel detection technologies, including
omics technology (Kuang et al., 2012), nanotechnology (Wang et al.,
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2020), etc., are increasingly prominent in the detection of biological
macromolecules. However, the use of FTIR spectroscopy and laser
micro-Raman spectroscopy to study the role of NaNOs in the structure of
myoglobin has not been reported.

Therefore, this study assessed yak meat colouration, myoglobin
oxidation state, dityrosine content, turbidity changes, secondary struc-
ture, interatomic (molecular) interactions and nitrosylated peptides and
sites during wet curing using Fourier transform infrared (FTIR) spec-
troscopy, laser micro-Raman spectroscopy and liquid chromatography-
tandem mass spectrometry techniques (LC-ESI-MS/MS). We also
discuss the key role of sodium nitrite in this process and finally provide a
potential mechanism for meat colour stabilization by sodium nitrite.

Materials and methods
Sample collection and processing

Five male yaks (mean age: 2-3 yr, mean live weight: 200 + 10 kg)
were randomly obtained from the same pastureland in the Tibetan
Autonomous Prefecture of Gannan, Gansu Province, China, on an equal
diet from the same batch of feed. Samples (5 kg) of longissimus dorsi
muscles (from the 12th thoracic vertebra to the 5th lumbar vertebra)
were collected directly after humane slaughter at commercial yak meat
processing companies (Gannan Minsheng Tibetan Yak Breeding Farmers
Cooperative, Hezuo City, Gansu province, China) according to the
’Operating Procedures of Cattle Slaughter’ - the National criterion P.R.
of China (China, 2018). Visible fat and connective tissue were removed,
and samples were sliced into cubes of 10 x 5 x 3 cm® and then divided
into two sections. The 90 mg/L sodium nitrite solution (Ma et al., 2019)
was injected into the treatment group. Each sample cube was injected by
needle injection at distance of 1.5 cm, with a needle penetration depth of
1.5 cm (approximately half the thickness of the meat). After removal of
the needle, each injection site was subjected to a gentle massage for 20 s
to ensure the uniform diffusion of NaNO; in the meat. To achieve a
weight of 120 % of the original meat weight reported, the treatment
group was injected to ensure that the amount of NaNO; solution was
equal to 20 % of the initial meat weight; this was not achieved in the
control group. Both samples were processed for storing at 4 + 0.5 °C and
taken from the refrigerator for calculation and examination at the end of
days O (no injection), 1, 3, 5, and 7. The experiment was repeated three
times.

Determination of redness values (a*)

The values of muscle redness (a*) were calculated by a colourimeter
(CR410) (Claus & Du, 2014). At each point in time, three samples were
obtained from each of the two groups. Fresh cuts were measured for
20-30 min after air exposure.

Extraction of myoglobin

By reference to the Thiansilakul et al. (2012) process, myoglobin was
extracted. Muscle samples were mixed at a stock-to-solution ratio of 1:3
with an extraction buffer solution (10 mM Tris-HCI, pH 8.0, containing
1 mM EDTA and 10 g/L Triton X-100, 0-4 °C). At 10,000 rpm for 1 min,
the supernatant was then homogenized, centrifuged at 10,000 rpm for
10 min at 4° C and filtered onto filter paper. Impurity proteins were
removed using 50 % and 90 % saturated ammonium sulphate, respec-
tively, and the precipitate was solubilised with a minimum volume of 5
mM Tris-HCI pH 8.5 pre-cooled (4 °C) buffer solution, followed by
dialysis using 5 mM Tris-HCI pH 8.5 for 24 h. The dialysate was purified
using a Sephadex G-100 column (1.5 x 100 cm). The mobile phase was
5 mM Tris-HCI pH 8.5 buffer. The UV absorbance values were monitored
at 280 nm and the eluate was collected using an automatic collector. The
concentration of myoglobin in the eluate was determined using the
Biuret method.
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Determination of myoglobin oxidation status

The content of myoglobin was set to 1 mg/mL. Simultaneous UV
spectrophotometry reported the absorbance values at 525, 545, 565 and
572 nm and the relative contents of oxymyoglobin (OMb) and met-
myoglobin (MMb) were determined according to the Tang et al. (2004).

Determination of myoglobin dityrosine content

The content of myoglobin was set to 2 mg/mL. Fluorophotometry
(Morzel et al., 2006) calculated the dityrosine content at an emission
wavelength of 420 nm (slit 5 nm) and an excitation wavelength of 325
nm (slit 5 nm). Relative fluorescence values were expressed as the
dityrosine content (Arbitrary Units (AU)).

Determination of turbidity of myoglobin

The turbidity was measured by UV spectrophotometry and the
absorbance values at 340 nm were recorded and expressed as OD values
(Kaspchak et al., 2019).

Measurement of secondary structure changes in myoglobin

Measurements were made at 400-4000 cm ! using a scanning FTIR.
Subsequently, the Peakfit 4.12 package for Gaussian fitting study of
myoglobin secondary structure shifts was used to derive data from 1600
to 1700 em™ (Li et al., 2019).

Myoglobin Raman spectroscopy determination

With slight modifications by Farhane et al. (2016), laser micro-
Raman spectroscopy was identified. As a laser micro-Raman spectrom-
eter, the Lab Ram HR800 was used. The parameters were set as follows:
532 nm laser wavelength, 7.63 mW power, 200 pm slit diameter, 400
level/cm grafting density, 200-1800 cm™! scan range and 20 s scan
time. Furthermore, three integrations of phenylalanine as the normali-
zation factor were performed. The curves were smoothed after collecting
the raw spectra using Origin 8.0 software to exclude other interferences
and the peaks were fitted to measure the peak areas in the 1335-1650

em! range.

Determination of nitrosomyoglobin content

The reaction solution was 80 % acetone and 20 % water. The ma-
terial to liquid ratio was 1:5, homogenised and centrifuged at 5000g for
5 min. The supernatant was scanned for spectra from 500 to 700 nm, and
the absorbance was measured at 640 nm multiplied by 680 to give the
total heme content (ppm), and at 540 nm multiplied by 290 to give the
nitrosomyoglobin content (ppm) (Wojciak & Dolatowski, 2015).

Visible spectroscopy of myoglobin

Compared to Honikel (2008), a 50 mL polypropylene centrifuge tube
was transferred to the muscle (1 g), then 10 mL cold 5 mM Tris-HCI (pH
8.5) was applied. The mixture was homogenized at 13,000 rpm for 20 s
and then centrifuged at 4 °C at 3,000 g for 30 min. The supernatant was
filtered onto filter paper. In the 510 to 610 nm scale, the myoglobin
solution and nitrosomyoglobin (NOMb) absorption spectrums were
measured.

Myoglobin nitrosylation assay

Sample preparation

All samples in the lysis buffer was homogenized (4 % SDS, 1 mM
DTT, 150 mM Tris-HCl pH 8.0). The homogenate was incubated in
boiling water for 3 min and then placed in an ice bath. The crude extract
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was clarified at 16000 g and 25 °C for 10 min and BCA protein assay
reagent was used to assess protein content (Bio-Rad, Hercules, CA, USA).
The supernatants were then stored at —80 °C until needed.

Protein digestion

Digestion of protein (250 pg for each sample) was performed ac-
cording to the FASP procedure described by (Luber et al., 2010;
Schwanhausser et al., 2011). Briefly, detergents, DTT, and other low-
molecular-weight components were removed using 200 pL UA buffer
(8 M urea, 150 mM Tris-HCl, pH 8.0) by repeated ultrafiltration
(Microcon units, 10 kDa) combined with centrifugation. Then, 100 pL of
0.05 M iodoacetamide in UA buffer was added to block reduced cysteine
residues and the samples were incubated for 20 min in the dark. The
filter was washed three times with 100 pL UA buffer and then twice with
100 pL 25 mM NH4HCOs. Finally, the protein suspension was digested
overnight with 3 pg trypsin (Promega, Madison, WI, USA) in 40 pL 25
mM NH4HCOj3 at 37 °C and the resulting peptides were collected as a
filtrate.

Liquid chromatography (LC)-Electrospray ionization (ESI) tandem MS
(MS/MS) analysis by Q Exactive

The peptide of each sample was desalted on C18 Cartridges
(Empore™ SPE Cartridges C18 (standard density), bed I.D. 7 mm, vol-
ume 3 mL, Sigma), then concentrated by vacuum centrifugation and
reconstituted in 40 pL of 0.1 % (v/v) trifluoroacetic acid. MS experi-
ments were performed on a Q Exactive mass spectrometer that was
coupled to Easy nLC (Proxeon Biosystems, now Thermo Fisher Scienti-
fic). 5 pg peptide was loaded onto the Cl8-reversed phase column
(Thermo Scientific Easy Column, 10 cm long, 75 pm inner diameter, 3
pm resin) in buffer A (2 % acetonitrile and 0.1 % Formic acid) and
separated with a linear gradient of buffer B (80 % acetonitrile and 0.1 %
Formic acid) at a flow rate of 250 nL/min controlled by IntelliFlow
technology over 60 min. MS data were acquired using a data-dependent
top10 method dynamically choosing the most abundant precursor ions
from the survey scan (300-1800 m/z) for HCD fragmentation. Deter-
mination of the target value is based on predictive Automatic Gain
Control (pAGC). Dynamic exclusion duration was 25 s. Survey scans
were acquired at a resolution of 70,000 at m/z 200 and resolution for
HCD spectra was set to 17,500 at m/z 200. The normalized collision
energy was 30 eV and the underfill ratio, which specifies the minimum
percentage of the target value likely to be reached at maximum fill time,
was defined as 0.1 %. The instrument was run with peptide recognition
mode enabled. MS experiments were performed triply for each sample.

Sequence database searching and data analysis

The MS data were analyzed using MaxQuant software version
1.3.0.5. MS data were searched against the UniProtKB bos taurus data-
base (46718 total entries, downloaded 202001010). An initial search
was set at a precursor mass window of 6 ppm. The search followed an
enzymatic cleavage rule of Trypsin/P and allowed maximal two missed
cleavage sites and a mass tolerance of 20 ppm for fragment ions. Car-
bamidomethylation of cysteines was defined as a fixed modification,
while methionine oxidation and all anmio acid NO, were defined as
variable modifications for database searching. The cutoff of global false
discovery rate (FDR) for peptide and protein identification was set to
0.01.

Statistical analysis

Using one-way ANOVA by SPSS 20.0.0 (IBM, Armonk, NY, USA),
statistical analysis of the discrepancy was done. With Duncan’s multiple
range checks, significance was calculated among the groups. The level of
importance was set at P < 0.05.
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Results
Changes in meat colour of yak meat

The use of sodium nitrite marinade resulted in the brighter red meat
colour of yak meat, as can be seen from Fig. 1a. Compared to the control
group a*, it was 1.60, 5.12, 2.91 and 2.02 higher on days 1, 3, 5 and 7,
respectively, with significant differences on days 1, 3 and 5 (P < 0.05).

Changes in myoglobin oxidation status

As can be seen from Fig. 1b, the oxymyoglobin (OMb) content of the
control group gradually decreased (P < 0.05) as the marination time
increased. However, on the first day of marination, the OMb content of
the sodium nitrite group substantially decreased by 41.20 % (P < 0.01).
The sodium nitrite group had a significantly lower OMDb content than the
control group (P < 0.01). In the control group, the MMb content
increased gradually (P < 0.05), whereas in the sodium nitrite-treated
group, the MMb content increased and then levelled off (P < 0.05)
(Fig. 1c).

Myoglobin aggregation

Tyrosine is a sensitive amino acid that is prone to attack by reactive
oxygen radicals and its oxidation results in the formation of dityrosine.
Fig. 1 shows that the content and turbidity of yak meat myoglobin
dityrosine had similar patterns and that they increased over time (P <
0.05). The yak meat myoglobin dityrosine content and turbidity in the
group with sodium nitrite curing were slightly higher than those in the
control group (P < 0.01), with values of 3.19, 2.42, 3.44, 1.61 (Fig. 1d),
and 0.03, 0.04, 0.04, and 0.02 (Fig. 1e), respectively, at 1, 3, 5, and 7 d,
respectively. Thus, sodium nitrite improved the dityrosine content and
turbidity of yak meat myoglobin during wet curing.

Structural changes in myoglobin

Changes in the secondary structure content of yak meat myoglobin

Fig. 2a shows that as time progressed, the a-helix content of the
control group first increased and then decreased, the f-sheet content
decreased, the p-turn content first decreased and then increased and the
random coil content first increased and then decreased. In the sodium
nitrite treatment, the a-helix content increased and then decreased, the
B-sheet content increased and then decreased, the p-turn content
decreased and then increased and the random coil content increased and
then decreased. The a-helix content was 0.99 % lower, the p-sheet
content was 4.48 % higher, the p-turn content was 4.71 % lower and the
random coil content was 0.58 % higher on the third day in the sodium
nitrite-treated group compared to those in the control group. Further-
more, the o-helix content was 2.02 % lower, the p-sheet content was
0.28 % higher, the p-turns content was 0.08 % lower and the random coil
content was 1.27 % higher on the seventh day in the sodium nitrite-
treated group compared to those in the control group.

Laser micro-Raman spectroscopy detection qualitative analysis

Fig. 2b is the original Laser micro-Raman spectroscopy spectrum.
The findings in Table 1 and Table 2 were obtained after examining the
initial spectrum of Laser micro-Raman spectroscopy, according to the
band’s data from Ma et al. (2019).

Heme ring skeleton vibration correlation band. The control group
demonstrated a stretching pattern with increases in C,-N bond length,
Co-N symmetrical stretching (amide I), as seen in Tables 1 and 2. The
sodium nitrite-treated group first extended and then contracted, and the
Ca-N bond length increased. The peak area for amide II (Cy-C,, Sym-
metrical stretching) decreased and then increased in the control group,
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Fig. 1. Effect of sodium nitrite on meat colour, myoglobin oxygenation status and myoglobin aggregation in yak meat. (a) Changes in redness values. (b) OMb
content. (c) MMb content. (d) Dimeric tyrosine content. (e) Changes in turbidity. The small letters indicated the significant difference of the control group and the
capital letters indicated the significant difference of the treatment group (P < 0.05). The * indicates the significant difference between groups, *: (P < 0.05); **: (P

< 0.01).

and the distance between a-carbon atoms and other carbon atoms
increased, suggesting a stretching pattern, but there was no significant
difference between the third and seventh days. However, the peak area
of the sodium nitrite-treated group decreased and then increased, and
the distance between the a-carbon atoms and other carbon atoms first
increased and then decreased. In the control and sodium nitrite-treated
groups, the peak areas for amide IV and V (C,-Cp symmetrical stretching)
decreased and then increased, but the length of the amide V C,-Cy bond
increased and then decreased as time progressed. The control group
amide VI (Cg-Cg Symmetrical Stretching), Cp-Cp followed a stretching
pattern as time progressed, with an increase in bond length and a
decrease in peak area. In contrast, Cg-Cg in the sodium nitrite-treated

group showed a stretching trend with an increase in bond length and
a decrease in peak area. There was also an increase in peak area. The
amide III (Heme core size) and the control and sodium nitrite group
areas tended to decrease and then increase as time progressed.
Furthermore, the peak area for the sodium nitrite-treated group on the
seventh day was greater than that at 0 h; the bond-to-bond pattern of the
control group was extended and the length of the bond increased.

Fe-ligand correlation bands. The bond lengths between the Fe atoms and
other atoms in the control group increased over time, indicating a pull-
up pattern, as shown in Tables 1 and 2, but the bond lengths between the
Fe atoms and the nitrogen and oxygen atoms showed a contraction trend
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Fig. 2. Effect of sodium nitrite on the structure of myoglobin in yak meat. (a) Changes in secondary structure of myoglobin. (b) Changes in Raman spectra

of myoglobin.

Table 1
Peak area (or intensity) of Laser micro-Raman spectroscopy.

Peak Position (cm-1) Peak area (or intensity)

Control NaNO2

od 3d 7d od 3d 7d
1560-1600 5818.82 3702.98 3786.90 5818.82 1326.66 3652.99
1605-1645 11998.95 3959.26 7333.76 11998.95 3839.41 18184.71
1550-1590 6288.60 3658.13 4355.44 6288.60 1268.21 5715.99
1535-1575 8087.26 3745.96 5596.30 8087.26 1653.23 10905.63
1470-1505 4768.05 2267.80 2410.05 4768.05 952.52 10066.18
1340-1390 15752.90 12516.30 9967.99 15752.90 3871.26 37006.69
574 177.59 75.69 144.42 177.59 54.92 454.18
567 137.28 83.64 146.47 137.28 55.77 424.83
549 78.91 62.86 114.32 78.91 41.81 125.13
500 232.88 89.19 150.88 232.88 56.22 456.36
453 186.99 70.35 98.13 186.99 54.78 432.03
419 295.53 98.08 132.07 295.53 67.80 691.26
413 344.09 102.32 158.59 344.09 73.04 758.27
412 351.13 103.52 164.56 351.13 72.39 769.88
200-225 2066.52 871.92 1420.04 2066.52 851.14 5415.88

1560-1600, 1605-1645, 1550-1590, 1535-1575, 1470-1505, 1340-1390 and 200-225 cm ! are represented by peak areas; 574, 567, 549, 500. 453, 419, 413 and

412 cm™! are represented by peak intensity.

on the seventh day, which reduced their lengths. The bond lengths
increased between the Fe atoms and other atoms in the sodium nitrite-
treated group on the third day, indicating a pull-up pattern; however,
the bond lengths shortened on the seventh day, which suggested
contraction or bending. The peak strength of both groups declined and
then increased. There was a decline on the third day in the sodium
nitrite-treated group, but the increase on the seventh day was higher
than that in the control group.

Fe-His correlation bands. As can be shown from Tables 1 and 2, the bond
lengths in the control group between the Fe atoms and the proximal
histidine increased over time, indicating a stretching pattern; the bond
lengths in the sodium nitrite treated group between the Fe atoms and the
proximal histidine first increased and then decreased, showing a
stretching and then bending trend. In both cases, the peak area reduced
and then increased, with a higher increase in the group treated with
sodium nitrite than in the control group on day 7.

Analysis of NOMb content and nitrosation

In the sodium nitrite treated group, the NOMb content of yak meat
rose steadily over time (P < 0.05) and was slightly higher than in the

control group (P < 0.01). The absorbance increased first and then
decreased at each wavelength of the sodium nitrite treated group
(Fig. 3a, 3b).

The main mass spectra for nitrosated myoglobin were shown in
Fig. 3¢, 3d, 3e, 3f and 3 g. The control and treated groups contained 34
nitrosated peptides, 136 potential nitrosation sites and 17 computer
simulation sites. Of these, 44 nitrosylation sites were common to the
control and sodium nitrite-treated groups, 14 were unique to the control
group, and 6 were unique to the sodium nitrite-treated group. A total of,
28 nitrosylation sites were found in the 0 d samples, four of which were
obtained through computer simulations. Compared to 0 d, 29 nitro-
sylation sites were identified in the 3 d control community. There were
five new sites, three had disappeared and two were computer simulation
sites. A total of 30 sites were detected at 7 d. There were four new sites,
two had disappeared and four were computer simulation sites. A total of
24 sites were detected in the 3 d sodium nitrite treatment group, with
three new, seven disappeared, and two computer simulation sites, and
26 sites were detected in the 7 d sodium nitrite treatment group, with
three new, seven reduced, and two computer simulation sites. The dif-
ferences between the two groups were shown in Table 3.



G. Ma et al.

Food Chemistry: X 15 (2022) 100434

Table 2
Qualitative Analysis of Variations of Laser micro-Raman spectroscopy.
Band  Contribution Control NaNO2
od 3d 7d od 3d 7d
Vi Cp-Cp Symmetrical / Significant Stretch, Significant Stretch, / Extremely significant Stretch,
stretching bond length growth bond length growth Stretch, bond length growth
bond length growth
\Y Ca-Cp Symmetrical / Extremely significant Stretch, bond  Significant Stretch, / Extremely significant Extremely significant
stretching length growth bond length growth Stretch, shrinkage,
bond length growth bond length shortening
v Ca-Cp Symmetrical / Extremely significant Stretch, bond  Significant Stretch, / Extremely significant Significant Stretch,
stretching length growth bond length growth Stretch, bond length growth
bond length growth
111 Heme core size / Extremely significant Stretch, bond Significant Stretch, / Extremely significant Significant shrinkage,
length growth bond length growth Stretch, bond length shortening
bond length growth
I Ca-Cm Symmetrical / Extremely significant Stretch, bond  Extremely significant Stretch, / Extremely significant Extremely significant
stretching length growth bond length growth Stretch, shrinkage,
bond length growth bond length shortening
I Co-N Symmetrical / Significant Stretch, Extremely significant Stretch, / Extremely significant Extremely significant
stretching bond length growth bond length growth Stretch, shrinkage,
bond length growth bond length shortening
Fe(IN)-C—O Bending / Extremely significant Stretch, bond  Significant Stretch, / Extremely significant Extremely Significant
vibration length growth bond length growth Stretch, bending,
bond length growth bond length shortening
Fe-02 Stretching / Extremely significant Stretch, bond  Significant Stretch, / Extremely significant Extremely significant
vibration length growth bond length growth Stretch, shrinkage,
bond length growth bond length shortening
Fe-NO Stretching / Significant Stretch, Significant shrinkage, / Significant Stretch, Significant shrinkage,
vibration bond length growth bond length shortening bond length growth bond length shortening
Fe(I)-CO Stretching / Extremely significant Stretch, bond  Significant Stretch, / Extremely significant Extremely significant
length growth bond length growth Stretch, shrinkage,
bond length growth bond length shortening
Fe(III)-CN Stretching / Extremely significant Stretch, bond  Extremely significant Stretch, bond  / Extremely significant Extremely significant
length growth length growth Stretch, shrinkage,
bond length growth bond length shortening
Fe—O—O Bending / Extremely significant Stretch, bond Significant Stretch, / Extremely significant Extremely Significant
vibration length growth bond length growth Stretch, bending,
bond length growth bond length shortening
Fe-N Stretching / Extremely significant Stretch, bond  Extremely significant Stretch, bond  / Extremely significant Extremely significant
vibration length growth length growth Stretch, shrinkage,
bond length growth bond length shortening
Fe(III)-C—N Bending / Extremely significant Stretch, Extremely significant Stretch, / Extremely significant Extremely Significant
vibration bond length growth bond length growth Stretch, bending,
bond length growth bond length shortening
Fe-His Stretching / Extremely significant Stretch, bond  Significant Stretch, / Extremely significant Extremely Significant

length growth

bond length growth

Stretch,
bond length growth

bending,
bond length shortening

Bond length means the linear distance between two atoms.
Discussion

Curing meat is popular among consumers and one of the most
important techniques is wet curing (Gamage et al., 2017). Sodium nitrite
plays an important role in the curing process and is a necessary additive
when producing cured foods (Solano et al., 2013). During the meat
curing process, sodium nitrite also serves as an inter-colour and anti-
botulism agent (Lee et al., 2017), and available data indicate that so-
dium nitrite can form cherry-red NOMb with myoglobin in meat, leading
to a bright red colour (Ahn et al., 2003). However, there have been no
published studies on the dynamics of the binding site that binds sodium
nitrite to myoglobin. Therefore, this study used previous research, FTIR,
and microlaser confocal Raman spectroscopy to explore the impact of
low sodium nitrite doses on the secondary structure and intermolecular
forces associated with yak meat myoglobin during curing, which is
another subject and novelty of this paper. These findings provide useful
insights into sodium nitrite function and its mechanism during wet
curing.

Sodium nitrite and myoglobin develop cherry-red NOMb during the
meat curing phase, thereby giving the meat an appealing bright red
colour (Gupta et al., 2018; Witting et al., 2001). This method includes
three major reactions: 1) sodium nitrite oxidation of myoglobin to create

MetMb and nitric oxide; 2) the nitric oxide reaction with MetMb to
create high nitrous iron myoglobin (nitrosylmetmyoglobin), which is
not stable (Mcclure et al., 2011), and 3) reduction to light red NOMb in
the presence of reducing substances in the meat. In this study, after
curing with sodium nitrite, the OMb content significantly decreased, the
MMDb content increased and then levelled off, and the NOMb content
steadily increased. The increase in MMb content was attributed to so-
dium nitrite oxidation, illumination, temperature and myoglobin
autoxidation, and the plateauing was possibly due to the conversion of
some myoglobin into NOMb and other reducing substances in meat. The
NOMD content was positively associated with the curing phase, and the
OMb, MMb and NOMb dynamics contributed to the stability of the
redness values (a*) for the cured yak beef (King et al., 2011).
Oxidation contributes to increased levels of dityrosine, a natural
cross-linking covalent protein that facilitates protein aggregation
(Mukherjee et al., 2019). The composition and size of the aggregates are
correlated with changes in the turbidity of protein dispersions, which is
another significant predictor of protein aggregation (Rifai et al., 2020).
In this study, the addition of sodium nitrite facilitated the development
of dityrosine myoglobin and increased turbidity, which in turn pro-
moted myoglobin aggregation. Aggregation between proteins requires
the involvement of free radicals (Mannino et al., 2020) and NO plays a
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Fig. 3. Effect of sodium nitrite on nitrosomyoglobin content, visible spectrum of myoglobin and nitrosylation in yak meat. (a) nitrosomyoglobin content. (b) Visible
spectrum of myoglobin at 510-610 nm. (c-g) LC-MS/MS primary mass spectra of nitrosylation. c: 0d, d: control 3d, e: NaNO2 3d, f: control 7d, g: NaNO2: 7d. The
small letters indicated the significant difference of the control group and the capital letters indicated the significant difference of the treatment group (P < 0.05). The

* indicates the significant difference between groups,

*: (P < 0.05); **: (P < 0.01).
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Table 3
Identification results of nitroslated peptides.

No. Sequence Length Missed cleavages Mass Start and end position Control NaNO2

od 3d 7d od 3d 7d
1 ALELFRNDMAAQYK 14 1 1668.83 135 148 v Vv v v v
2 ALELFRNDMAAQYKVLGFHG 20 2 2279.15 135 154 v v Vv # #
3 ASEDLKK 7 1 789.42 58 64 # v #
4 ASEDLKKHGNTVLTALGGILK 21 2 2164.22 58 78 v/
5 FKHLKTEAEMK 11 2 1360.72 47 57 v Vv # Vv v
6 GHHEAEVK 8 0 905.44 81 88 v Y/ v v
7 GHHEAEVKHLAESHANK 17 1 1892.92 81 97 v v v v
8 GHHEAEVKHLAESHANKHK 19 2 2158.08 81 99 v v v
9 GLSDGEWQLVLNAWGK 16 0 1771.89 2 17 v v Y/ v v/ v
10 GLSDGEWQLVLNAWGKVEADVAGHGQEVLIR 31 1 3345.71 2 32 v v # #
11 HGNTVLTALGGILK 14 0 1392.81 65 78 v v v v v v
12 HGNTVLTALGGILKK 15 1 1520.90 65 79 v Vv v v v v
13 HLAESHANK 9 0 100550 89 97 v # v v v #
14 HLAESHANKHK 11 1 1270.65 89 99 # v # v v
15 HLAESHANKHKIPVK 15 2 1707.95 89 103 v Vv v v v v
16 HLKTEAEMK 9 1 1085.55 49 57 # v # # v
17 HLKTEAEMKASEDLK 15 2 1728.87 49 63 v v v
18 HPSDFGADAQAAMSK 15 0 1531.67 120 134 v v v v v v
19 HPSDFGADAQAAMSKALELFR 21 1 2261.09 120 140 v Vv v v v #
20 IPVKYLEFISDAITHVLHAK 20 1 2305.32 100 119 v # v
21 KGHHEAEVK 9 1 103353 80 88 # v v # v
22 KGHHEAEVKHLAESHANK 18 2 2021.02 80 97 Vv Vv
23 KHGNTVLTALGGILK 15 1 1520.90 64 78 v v v v v v
24 LFTGHPETLEK 11 0 1270.66 33 43 v v v v v v
25 LFTGHPETLEKFDK 14 1 1660.85 33 46 v Vv v Vv v v
26 LFTGHPETLEKFDKFK 16 2 1936.01 33 48 V/ v v v v v
27 NDMAAQYK 8 0 939.41 141 148 v v v v v/ v
28 NDMAAQYKVLGFHG 14 1 1549.73 141 154 v Vv v Vv v Vv
29 TEAEMKASEDLK 12 1 1350.63 52 63 # v v # v
30 TEAEMKASEDLKK 13 2 147873 52 64 v v v v v v
31 VEADVAGHGQEVLIR 15 0 1591.83 18 32 v Vv v v v Vv
32 VEADVAGHGQEVLIRLFTGHPETLEK 26 1 2844.48 18 43 \/ #
33 YLEFISDAITHVLHAK 16 0 1868.02 104 119 v v / v / v
34 YLEFISDAITHVLHAKHPSDFGADAQAAMSK 31 1 3381.68 104 134 v v v v

3 V/: By MS/MS; #: By matching.

key role in the aggregation of myoglobin. Elevated levels of dityrosine
indicate that the myoglobin has become oxidized, which corresponds to
the elevated MMb levels. It has been suggested that nitrosylation of
proteins prevents the formation of dityrosine, which in turn prevents
protein cross-linking (Traore et al., 2012); however, the dityrosine
content did not decrease in this study, possibly due to the oxidation of
sodium nitrite.

The secondary protein structure is the local spatial structure of a
peptide chain and is the bridge between primary and tertiary structures.
There are four major types: a-helix, B-sheet, f-turns, and random coil.
The stability of the structure is essential if the protein is to function
correctly (Srour et al., 2017). In this study, the addition of sodium nitrite
during the curing process resulted in loose and tight dynamic shifts in
the myoglobin secondary structure, which improved the preservation of
colour consistency and slowed colour degradation during the curing
process. This result was consistent with the Raman spectroscopy find-
ings. The myoglobin Raman spectrum reacts to the haem ring, the size of
the haem core, the spin state of the Fe ions, and the distance between the
Fe ions and the haem ring surface. The high-frequency area (1200-1700
cm ') describes the vibrational pattern of the haem skeleton and is a
band that is sensitive to changes in haem composition. Minor distortions
in the haem planar and axial Fe coordination bonds were expressed in
the low-frequency range (200-700 cm™!). Microscopic laser Raman
spectroscopy analysis showed that sodium nitrite curing caused the
myoglobin amide I (1340-1390 cm 1), a-carbon and the nitrogen atoms
to expand and then compress, which led to an increase in the stretch
frequency. In amide ITI (1535-1575 cm 1), the size of the middle part of
the haem ring skeleton dynamically increased and then decreased.
Therefore, the addition of low doses of sodium nitrite during the curing
phase also helps preserve the complex shifts in myoglobin composition

and hence meat colour stability.

In this study, a total of 34 nitrosylated peptides were found, 15 of
which were stable nitrosylated peptides that could be endogenous
myoglobin nitrosylated peptides. Nineteen unstable nitrosylated pep-
tides were detected and exogenous addition of sodium nitrite may be
responsible for the interconversion of these nitrosylated peptides. As
seen in Table 3, the interconversions among these unique, but
dysfunctional nitrosated peptides, may be the key factor leading to the
bright red colour of the beef.

The bright red colour of meat is one of the most critical influences in
the rise in the willingness of consumers to buy meat. Meat colour sta-
bilization is a complex biochemical process, and meat scientists still
deserve to research the role of sodium nitrite and the fundamental
mechanisms at play.

Conclusion

In this study, the low-dose sodium nitrite treatment improved the
redness of yak meat during wet curing and, after 3 days of curing, gave it
a stable, bright red colour for four potential reasons: 1) the trans-
formation of OMb and MMb into NOMb, which was the key cause for the
bright red colour of yak meat; 2) the low sodium nitrite did promoted
dynamic transformation of the myoglobin secondary structure and
maintained its relative stability; 3) the low sodium nitrite did raised the
interatomic vibration frequency of the central part of myoglobin haem
and retained the dynamic haem balance and 4) the interconversions
among dysfunctional nitrosylated peptides and sites were facilitated by
the low sodium nitrite did treatment, which may be correlated with the
bright red colour of yak meat.
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