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ABSTRACT: The objective of the current study was to evaluate the effects of lipid peroxidation products, malondialdehyde
(MDA), hexenal, and 4-hydroxynonenal (HNE), on calpain-1 function, and liquid chromatography and tandem mass spectrometry
(LC-MS/MS) identification of adducts on calpain-1. Calpain-1 activity slightly increased after incubation with 100 μM MDA but not
with 500 and 1000 μM MDA. However, calpain-1 activity was lowered by hexenal and HNE at 100, 500, and 1000 μM. No
difference in calpain-1 autolysis was observed between the control and 1000 μM MDA. However, 1000 μM hexenal and HNE
treatments slowed the calpain-1 autolysis. Adducts of MDA were detected on glutamine, arginine, lysine, histidine, and asparagine
residues via Schiff base formation, while HNE adducts were detected on histidine, lysine, glutamine, and asparagine residues via
Michael addition. These results are the first to demonstrate that lipid peroxidation products can impact calpain-1 activity in a
concentration-dependent manner and may impact the development of meat tenderness postmortem.
KEYWORDS: calpain-1, lipid peroxidation products, post-translational modifications, proteolysis

■ INTRODUCTION
Calpains are a family of intracellular calcium-dependent
cysteine proteases.1 Calpain-1 and calpain-2 are heterodimers,
which contain identical 28 kDa subunits and distinct 80 kDa
subunits, and their activation requires the presence of both
calcium and a reducing environment.1,2 Both calpain-1 and
calpain-2 activities significantly contribute to the proteolysis of
cytoskeletal and myofibrillar proteins and the postmortem
tenderization of meat.3−6 Thus, these proteins play an
important role in meat acceptability through tenderness
development, a trait that significantly affects consumer
satisfaction and, thus, the repeat of the purchase at the point
of sale.7−9

Muscle tissue contains mono- and poly-unsaturated fatty
acids, and oxidation of these during the postmortem period
can lead to the formation of various aldehydes and
ketones.10−12 These lipid oxidation products are known to
limit protein and enzyme functionality.13−15 Some critical
effects of these lipid oxidation products include impacts on
meat color16 and flavor.17 Likewise, oxidative conditions
generated by irradiation18 and high-oxygen modified atmos-
phere packaging19 (HiOx-MAP; 80% O2, 20% CO2) can also
lower the proteolysis rate and tenderness in postmortem
muscle during cold storage. These processes are often
accompanied by increased lipid-derived aldehyde generation.19

Calpain-1 activity and activation can be inhibited by reactive
oxygen species, such as hydrogen peroxide2,20,21 and nitric
oxide.22 However, the effect of covalent modification on
calpain-1 functionality by lipid oxidation product adduction is
not yet understood.

Protein lipoxidation refers to the post-translational mod-
ification of proteins by reactive or electrophilic lipid species.

Malondialdehyde (MDA; 3-carbon), hexenal (6-carbon), and
4-hydroxynonenal (HNE; 9-carbon) are lipid-oxidation-
derived aldehydes that have been identified in fresh meat
under aerobic packaging.11 These aldehydes can cause protein
lipoxidation by forming covalent bonds with proteins in
meat,15,23,24 and their reactivity varies with carbon number.13,14

Therefore, the objective of the current study was to investigate
the effect of lipid peroxidation products, MDA, hexenal, and
HNE, on calpain-1 activity and autolysis in vitro coupled with
liquid chromatography and tandem mass spectrometry (LC-
MS/MS) identification of adducts on the protein. We
hypothesized that calpain-1 activity would change after
exposure to lipid peroxidation products, and these changes
would be associated with the covalent binding of aldehydes on
calpain-1.

■ MATERIALS AND METHODS
Purification of Calpain-1. Calpain-1 was purified from porcine

semimembranosus skeletal muscle using a method described by
Thompson and Goll25 with minor modifications detailed by Liu et
al.26 One unit of calpain-1 activity was defined as the amount
necessary to generate an increase in absorbance of trichloroacetic
acid-soluble peptides at 278 nm by one unit after 1 h of incubation
with activity assay (40 mM Tris−HCl, 3.5 mg/mL casein, 5 mM

Received: February 26, 2023
Revised: April 21, 2023
Accepted: April 27, 2023

Articlepubs.acs.org/JAFC

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.jafc.3c01225
J. Agric. Food Chem. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

IO
W

A
 S

T
A

T
E

 U
N

IV
 o

n 
M

ay
 1

6,
 2

02
3 

at
 1

5:
55

:0
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chaoyu+Zhai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steven+M.+Lonergan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elisabeth+J.+Huff-Lonergan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Logan+G.+Johnson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kitty+Brown"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jessica+E.+Prenni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jessica+E.+Prenni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mahesh+N+Nair"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jafc.3c01225&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c01225?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c01225?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c01225?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c01225?goto=supporting-info&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jafc.3c01225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org/JAFC?ref=pdf


CaCl2, 0.1% MCE, pH 7.4 at 25 °C).27 The purified calpain-1 used in
the experiment had a specific activity of 60−70 units/mg protein.
Influence of Lipid Oxidation Products on the Activity of

Calpain-1. The methodology described by Lametsch et al.21 was
utilized to determine the effects of MDA (Sigma-Aldrich), hexenal
(trans-2-hexenal; TCI America), and HNE (Sigma-Aldrich) on
calpain-1 activity. Pure calpain-1 (5 μg) was dialyzed for 3 h against
a TEM buffer (40 mM Tris−HCl pH 7.4, 1 mM ethylenediaminete-
traacetic acid (EDTA), and 0.1% β-mercaptoethanol (MCE)) at 4 °C
using Slide-A-Lyzer Mini dialysis units (molecular weight cutoff of
7000 Da; Pierce, Rockford, Illinois). Calpain-1 was then incubated
with 100, 500, or 1000 μM of MDA, hexenal, or HNE, or equal
volumes of TEM (controls) buffer for 24 h at 4 °C. The MDA stock
solution (10 mM) was prepared in ddH2O, while hexenal and HNE
stock solutions (10 mM) were prepared in 100% ethanol. After
incubation, the activity of calpain-1 was determined immediately in
triplicate using the caseinolytic assay.27 Each experiment was repeated
six times (n = 6). The activity of each oxidant treatment was
expressed as a percentage of the activity of the control samples within
each experiment. Twenty-four hours of incubation at 4 °C with less
than 20% ethanol did not affect the calpain-1 activity in the current in
vitro system.
Influence of Lipid Oxidation Products on Autolysis of

Calpain-1. Pure calpain-1 (20 μg) was dialyzed against TEM for 3 h
at 4 °C. The dialyzed calpain was incubated with 1000 μM treatments
of MDA, hexenal, or HNE, or equal volumes of the solvent of oxidant
stock solutions (controls) for 24 h at 4 °C. After incubation, 5 μg of
protein from each incubation was removed before adding CaCl2. Each
preparation was then adjusted to 500 μM CaCl2 to initiate autolysis
and incubated on ice for 15, 30, and 60 min. Autolysis was
immediately arrested by adding a protein denaturing buffer containing
3% (wt/vol) sodium dodecyl sulfate (SDS), 30% (vol/vol) glycerol, 3
mM EDTA, 30 mM Tris−HCl, and 0.001% (wt/vol) pyronin Y, pH
8.0 and 0.1 volume of MCE.28 Each sample was resolved on a 10%
sodium dodecyl sulfate poly(acrylamide) gel electrophoresis (SDS-
PAGE) gel in duplicate to evaluate the 80 kDa catalytic subunit
autolysis. The control sample without CaCl2 and the samples at 60
min autolysis from all treatments were resolved on a 15% SDS-PAGE
gel in duplicate to evaluate 28 kDa regulatory subunit autolysis.
Electrophoresis was run at a constant voltage of 90 V at 25 °C using
Mini-PROTEAN systems (Bio-Rad). The gel running buffer

contained 25 mM Tris, 192 mM glycine, 2 mM EDTA, and 0.1%
[w/v] SDS. All of the gels were visualized by silver staining following
the manufacturer’s instructions (FASTsilver Gel Staining Kit, Sigma-
Aldrich) and imaged with an iBright CL750 imaging system
(Invitrogen).
LC-MS/MS Characterization of Oxidized Calpain-1. Dialyzed

calpain-1 (50 μg) was incubated for 24 h at 4 °C with treatments of
1000 μM of MDA, hexenal, or HNE, or equal volumes of the solvent
of oxidant stock solutions (controls), followed by precipitation in
methanol at −80 °C and centrifugation at 18,000g (4 °C) for 20 min.
Samples were processed using the EasyPep Mini MS Sample Prep Kit
(Thermo Fisher Scientific) following the manufacturer’s instructions.
Briefly, 50 μg of precipitated protein was reconstituted in lysis buffer
(100 μL for each calpain sample). Reduction and alkylation solutions
(EasyPep Mini MS Sample Prep Kit; Thermo Fisher Scientific) were
sequentially added, followed by incubation at 95 °C for 10 min. After
cooling to room temperature, 5 μg of a Trypsin/Lys-C mixture was
added, and samples were digested by shaking at 37 °C for 2.5 h. The
enzymes were then deactivated with the Digestion Stop Solution, and
contaminants were removed using mixed-mode peptide cleanup
columns. The peptide eluate was dried in a vacuum evaporator and
resuspended in 5% acetonitrile/0.1% formic acid. After solubilization,
the absorbance at 205 nm was measured by a NanoDrop (Thermo
Scientific). The total peptide concentration was subsequently
calculated using an extinction coefficient of 31.29

Reverse-phase chromatography was performed by using water with
0.1% formic acid (A) and acetonitrile with 0.1% formic acid (B). An
online enrichment column (Waters Symmetry Trap C18 100 Å, 5 μm,
180 μm ID × 20 mm) was used to purify and concentrate 0.75 μg of
peptides. A reverse-phase nanospray column (Waters, Peptide BEH
C18; 1.7 μm, 75 μm ID × 150 mm, 45 °C) was used to perform
subsequent chromatographic separation, using a 30 min gradient: 3−
8% B over 3 min followed by 8−35% B over 27 min at a flow rate of
350 nL/min. Peptides were directly eluted into the mass spectrometer
(Orbitrap Velos Pro, Thermo Scientific) equipped with a Nanospray
Flex ion source (Thermo Scientific). Spectra were collected over a m/
z range of 400−2000 under positive-mode ionization. Ions (+2 or +3)
were accepted for MS/MS using a dynamic exclusion limit of 2 MS/
MS spectra of a given m/z value for 30 s (exclusion duration of 90 s).
The instrument was operated in the FT mode for MS detection with a
resolution of 60,000 and in the ion trap mode for MS/MS detection

Table 1. Detected MDA Schiff Base Formation in Tryptic Peptides of Porcine Calpain-1 from both the Control Group and
MDA Treatment (1000 μM)

subunit and domain
MDA

adduction site peptide position and peptide sequence

projected protein
residue

accessibility

projected intramolecular
noncovalent interaction on the

side chain

substitution
(MutPred2

score)

catalytic subunit,
domain IIB

Lys(K)-229a 229−240; KAPSDLYSIILK accessible hydrogen bond (Glu-226) K229Y (0.714)
K229F (0.722)
K229W

(0.693)
catalytic subunit,

domain III
Asn(N)-367 365−376; NWNTTLYEGTWR accessible hydrogen bond (Ser-515);

hydrogen bond (Glu-516)
N367Y (0.451)
N367F (0.386)
N367W

(0.438)
catalytic subunit,

domain III
Arg(R)-473 472−481; ARSEQFINLR accessible none R473Y (0.615)

R473F (0.561)
R473W

(0.504)
catalytic subunit,

domain IV, EF-hand 1
Asn(N)-595 592−604; SMVNLMDRDGNGK accessible none N595Y (0.685)

N595F (0.594)
N595W

(0.684)
regulatory subunit,

domain VI, EF-hand 1
(helix)

Gln(Q)-105 101−124;
RLFAQLAGDDMEVSATELMNILNK

accessible none Q105Y (0.630)
Q105F (0.678)
Q105W

(0.635)
aAdduction site showing deleterious effect (MutPred2 score ≥ 0.680) after substitutions with all three hydrophobic amino acids.
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with the normalized collision energy set to 35%. Xcalibur 3.0 software
(Thermo Scientific) was used to generate compound lists of the
resulting spectra with an S/N threshold of 1.5 and 1 scan/group.

ProteoWizard MsConvert (version 3.0) was used to extract,
deconvolute charge state, and deisotop tandem mass spectra. Mascot
(Matrix Science, London, U.K.; version 2.6.0) was used to search for
spectra from all samples against reverse concatenated databases.
Databases were the Uniprot reference proteome for Sus scrofa
(UP000008227downloaded Jan 24, 2022) and cRAP (common
contaminants downloaded on Oct 5, 2018). Mascot searched with a
fragment ion mass tolerance of 0.80 Da and a parent ion tolerance of
20 PPM, assuming the digestion enzyme trypsin. To reduce search
space, adducts were queried in separate Mascot tasks. Each task
involved oxidation of methionine, and the adducts of interest on
cysteine (Cys), lysine (Lys), histidine (His), arginine (Arg),
glutamine (Gln), and asparagine (Asn) were set as variable
modifications.30−36

Samples’ search results were imported and combined using the
probabilistic protein identification algorithms37 implemented in the
Scaffold software (version Scaffold_5.1.2, Proteome Software Inc.,
Portland, OR).38 Peptide thresholds were set as 90% based on hits to
the reverse database.39 Protein identifications were established at
greater than 99.0% probability and contained at least two identified

peptides. The Protein Prophet algorithm was used to assign protein
probabilities.40 Proteins with similar peptides but that could not be
differentiated based on MS/MS analysis alone were grouped to satisfy
the principles of parsimony. Specifically, mass additions of 5435 and
134 Da33,41 were searched to identify MDA Schiff base formation and
fluorescent DHP−lysine adduct, respectively. The mass increments
for hexenal Schiff base adducts were 80 Da in nonreduced adducts
and 82 Da in reduced adducts.42 For hexenal Michael adducts, the
mass increments were 98 Da in nonreduced adducts and 100 Da for
the reduced adducts.42 Pyridinium-type adducts (mass additions of
158 and 160 Da) of hexenal were also searched.42 HNE Schiff base
formation was searched with mass additions of 138 and 140 Da in
nonreduced and reduced adducts, respectively.36,43,44 HNE Michael
adduct formation was searched with mass additions of 156 Da in
nonreduced adducts and 158 Da for the reduced adducts.45 A
reported stable pyrrole-type HNE−lysine adduct (mass addition of
120 Da) was also searched.46 The representative spectrum of
adducted peptides and their fragmentation tables are included in
the Supporting Materials.
Adduction Annotation and Protein Variation Effect Anal-

ysis. Identified adduction sites were annotated according to the
porcine calpain-1 structure projected by the AlphaFold database (AF-
P35750-F1 and AF-P04574-F1)47,48 and visualized on the hetero-

Table 2. Detected MDA Schiff Base Formation in Tryptic Peptides of Porcine Calpain-1 after MDA Treatment (1000 μM)

subunit and domain
MDA

adduction site
peptide position and

peptide sequence

projected protein
residue

accessibility
projected intramolecular noncovalent

interaction on the side chain

substitution
(MutPred2

score)

catalytic subunit, domain I Lys(K)-24 23−36;
AKELGLGRHENAIK

accessible hydrogen bond (Glu-372); ionic
interaction (Glu-158)

K24Y (0.733)
K24F (0.671)
K24W (0.697)

catalytic subunit, domain I Lys(K)-36a 31−46;
HENAIKYLGQDYEQLR

accessible hydrogen bond (Asp-41) K36Y (0.808)
K36F (0.806)
K36W (0.825)

catalytic subunit, domain IIB Lys(K)-270a 268−280;
LVKGHAYSVTGAK

accessible hydrophobic contact (Ile-254) K270Y (0.812)
K270F (0.784)
K270W

(0.804)
catalytic subunit, domain IIB,

active site
His(H)-272a 268−280;

LVKGHAYSVTGAK
buried weak hydrogen bond (Gln-109);

hydrophobic contact (Val-269)
H272Y (0.897)
H272F (0.898)
H272W

(0.931)
catalytic subunit, domain III Lys(K)-398 386−400;

NYPATFWVNPQFKIR
buried hydrogen bonds (Gln-456; Glu-493);

hydrophobic contacts (Gln-522;
Leu-524)

K398Y (0.551)
K398F (0.591)
K398W

(0.577)
catalytic subunit, domain IV,

EF-hand 2
Lys(K)-650 642−653;

MAIESAGFKLNK
accessible weak hydrogen bond (Gln-645) K650Y (0.699)

K650F (0.681)
K650W

(0.651)
regulatory subunit, domain VI

, EF-hand 2 (helix)
Lys(K)-170 164−171; YLWNNIKK accessible hydrogen bond (Asn-167) K170Y (0.776)

K170F (0.768)
K170W

(0.727)
regulatory subunit, domain VI

, EF-hand 2 and 3 (helix)
Lys(K)-171a 171−177; KWQAIYK accessible hydrogen bond (Ala-199) K171Y (0.764)

K171F (0.815)
K171W

(0.803)
regulatory subunit, domain VI

, EF-hand 3 (helix)
Lys(K)-177a 172−183;

WQAIYKQFDVDR
accessible hydrogen bonds (Asp-131); hydrophobic

contact (Leu-132)
K177Y (0.797)
K177F (0.819)
K177W

(0.781)
regulatory subunit, domain VI

, EF-hand 5 (helix)
Lys(K)-242a 240−246; AFKSLDK accessible hydrogen bond (Tyr-74) K242Y (0.822)

K242F (0.831)
K242W

(0.815)
aAdduction sites showing deleterious effects (MutPred2 score ≥ 0.680) after substitutions with all three hydrophobic amino acids.
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meric complexes projected by ColabFold49 (Figures 5 and 6).
Detailed annotations of each adduction site, such as subunit, domain,
amino acid, detected peptide position/peptide sequence, projected
protein residue accessibility, and projected intramolecular non-
covalent interaction of the side chain, are presented in Tables 1 and

2. MutPred2 was used to predict whether a side-chain adduction
impacted the biological function50 by substituting the adducted amino
acid with three different hydrophobic amino acids (tyrosine,
tryptophan, and phenylalanine). MutPred2 analysis filters side-chain
variants to identify adduction sites predicted to be functionally

Figure 1. Effect of malondialdehyde (MDA; (A)), hexenal (B), and 4-hydroxynonenal (HNE; (C)) on purified porcine skeletal muscle calpain-1
activity (n = 6) after 24 h incubation. The least-squares means for the enzyme activity of different treatments without a common letter (a−d) differ
(P < 0.05). Standard errors for the activity of calpain-1 after incubation with each lipid peroxidation product were: MDA = 0.0229, hexenal =
0.0186, HNE = 0.0234.

Figure 2. Progression of autolysis of the calpain-1 80 kDa catalytic subunit after exposure to various lipid oxidation products (malondialdehyde;
MDA, hexenal, and 4-hydroxy-nonenal; HNE, 1000 μM). The 80 kDa catalytic subunit undergoes autolysis from the N-terminus, resulting in the
conversion of the 80 kDa subunit to a 76 kDa form through a 78 kDa intermediate.
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important to calpain-1. The score threshold was set at 0.68 for binary
classification (i.e., neutral: <0.680 vs deleterious: ≥0.680) with a 10%
false positive rate.50 Adduction sites showing deleterious effects after
substituting all three hydrophobic amino acids were identified.
Statistical Analysis. The effect of each lipid peroxidation product

on calpain-1 relative activity was evaluated independently. A one-way
analysis of variance (ANOVA) was conducted, followed by a least-
square means test (em means function in R) to estimate the difference
due to concentration (P < 0.05).

■ RESULTS AND DISCUSSION
Effect of Each Lipid Peroxidation Product on Calpain-

1 Activity and Autolysis. The calpain-1 activity assay results
after incubation with the lipid oxidation product under
reducing conditions (0.1% MCE) are shown in Figure 1.
Compared to the control, calpain-1 activity significantly
increased after incubation with 100 μM MDA (P < 0.05;
Figure 1A) but was not different after incubation with 500 and
1000 μM MDA (P > 0.05; Figure 1A). Incubations with
hexenal (Figure 1B) and HNE (Figure 1C) significantly
decreased calpain-1 activity at all three concentrations (100,
500, and 1000 μM) compared to the control (P < 0.05).
Specifically, an inverse relationship was observed with a
significant decrease in calpain-1 activity with increasing
concentrations of hexenal (Figure 1B) and HNE (Figure
1C) from 100 to 1000 μM (P < 0.05).

There was no visible difference in the progression of the
autolysis of the 80 kDa subunit of calpain-1 between control
and MDA treatments; however, incubation with hexenal and
HNE slowed down the autolysis of the 80 kDa subunit (Figure
2). In addition, no visible differences were observed in the
autolysis of the 28 kDa subunit between the control and the
lipid peroxidation product treatments (Figure 3).

Proteins are the principal molecular machines of the cell and
derive their function from their amino acid sequence’s unique
three-dimensional folding structure.51 The dominant contrib-
utors to protein folding include the hydrophobic effect,
conventional hydrogen bonding, and Coulombic and van der
Waals interactions.52 However, additional contributors, such as
strong interactions involving protein side chains, can also play
an important role in protein folding.53 Previous studies have
demonstrated that MDA and HNE adducts on the side chain
of an amino acid not only change the residue’s chemical
properties but also affect the interaction of this residue with
the surrounding main chain, residues, and aqueous environ-
ment and, therefore, impacts protein functionality.54

The modification of proteins by electrophilic lipid
peroxidation products occurs under basal conditions and
increases in situations associated with oxidative stress.55,56 In
vitro MDA adducts have been identified in metabolic
enzymes34 and transport proteins.31 Likewise, in vitro and in
vivo HNE adducts have been identified in cytoskeletal
proteins,57−59 metabolic enzymes,60−62 chaperones,63,64 mem-
brane receptors,65 regulatory proteins,66,67 signaling pro-
teins,68−71 and transport proteins.24,32,72 The increased levels

of MDA and HNE adduction in proteins are also associated
with acute and chronic diseases,55,73 such as cardiovascular,
Alzheimer’s, Parkinson’s, and liver diseases.

MDA is a standard compound used to evaluate lipid
oxidation levels in meat using the thiobarbituric acid reactive
substance method.74 It is also well known that lipid oxidation
products can compromise meat color stability13−15,23,75−77 and
flavor.17 However, the effect of lipid peroxidation products on
proteolytic enzymes is still an area with limited knowledge.
Calpain-1 and 2 play a significant role in the postmortem
proteolysis of cytoskeletal and myofibrillar proteins and in the
postmortem tenderization of meat.3,5,6 Calpain-1 is largely
responsible for postmortem proteolysis during the early
postmortem period.78 During postmortem aging, calpain-1
can translocate from the sarcoplasm to myofibrils, and the
myofibril-bound calpain-1 still has proteolytic activity.6 More-
over, post-translational protein modification, such as s-
nitrosylation79 and oxidation,21,80 has been demonstrated to
impact calpain-1 activity.

The current study is the first to demonstrate that lipid
peroxidation products (MDA, hexenal, and HNE) affect
calpain-1 activity and autolysis in vitro. Specifically, HNE
and hexenal decreased calpain-1 activity at all three
concentrations compared to the control (100, 500, and 1000
μM; P < 0.05). Calpain-1 activity gradually decreased with the
increase in the concentration of hexenal and HNE from 100 to
1000 μM (P < 0.05). However, calpain-1 still showed some
proteolytic activity after incubation with 1000 μM HNE or
hexenal, which were approximately 51% and 66% of the
control group activity, respectively. Interestingly, MDA did not
decrease calpain-1 activity at any concentration. In fact,
compared to the control, 100 μM MDA slightly increased (P
< 0.05) calpain-1 activity (by about 13%). This increase
became insignificant when the MDA concentration increased
to 500 and 1000 μM (P > 0.05). Previous studies have shown
that MDA adduction can inhibit the functionality of proteins,
such as lactate dehydrogenase,13 NADH-dependent metmyo-
globin reductase,13 and pyruvate kinase.34 Although MDA
further adducted on 11 different amino acid residues of
calpain-1 after incubation with 1000 μM MDA (Table 2), at
this concentration, it did not decrease the calpain-1 activity in
vitro compared to the control group. In contrast, in the current
study, a significant decrease in calpain-1 activity was observed
at all three concentrations (100, 500, and 1000 μM) of HNE
treatment. At 1000 μM concentration, HNE further adducted
on three amino acid residues in calpain-1 (Table 4), which was
fewer than observed with MDA treatment. These results are
consistent with previous studies13,34 and indicated that HNE is
more harmful to protein functionality than MDA at a similar
concentration.

These observed activity changes were also reflected in the
autolysis assay of calpain-1 after incubation with 1000 μM
MDA, hexenal, or HNE. In postmortem muscle, the presence
of autolysis of calpain-1 is associated with the prior activity of

Figure 3. Sixty-minute autolysis of the calpain-1 28 kDa regulatory subunit after exposure to various lipid oxidation products (malondialdehyde;
MDA, hexenal, and 4-hydroxy-nonenal; HNE, 1000 μM).
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calpain-1 and indicates that calpain has been active.81,82

Calpain-1 autolysis is a calpain intermolecular event resulting
in the cleavage of the 80 and 28 kDa subunits.83 The 80 kDa
catalytic subunit of calpain-1 undergoes autolysis from the N-
terminus, resulting in its conversion to a 76 kDa form (through
a 78 kDa intermediate) upon activation by CaCl2.

84,85 There
was no visible difference in 80 kDa subunit autolysis
progression between the control and MDA treatment (Figure
2). Conversely, hexenal and HNE treatments appeared to slow
down the autolysis of the 80 kDa subunit, especially in the 60

min samples (Figure 2). In general, both 78 and 76 kDa
autolysis products were less visible in hexenal and HNE
treatments as compared with the control treatment. The 78
and 76 kDa autolysis products were not different in the MDA
treatment compared to the control (Figure 2). Importantly,
calpain-1 showed autolysis regardless of oxidant treatment or
concentration. This is consistent with the observation that
while treatment with HNE and hexenal decreased calpain-1
activity, it did not inhibit calpain-1 activity. Autolysis of the
calpain-1 28 kDa regulatory subunit was resolved on 15% SDS-

Table 3. Detected HNE Michael Addition in Tryptic Peptides of Porcine Calpain-1 from both the Control Group and HNE
Treatment (1000 μM)

subunit and domain
HNE

adduction site peptide position and peptide sequence
projected protein

residue accessibility

projected intramolecular
noncovalent interaction on the

side chain

substitution
(MutPred2

score)

regulatory subunit,
domain VI, EF-hand 1
(helix)

Gln(Q)-105 102−124;
LFAQLAGDDMEVSATELMNILNK

accessible none Q105Y (0.630)
Q105F (0.678)
Q105W

(0.635)
regulatory subunit,

domain VI, EF-hand 1
(helix)

Asn(N)-120 102−124;
LFAQLAGDDMEVSATELMNILNK

accessible none N120Y (0.593)
N120F (0.579)
N120W

(0.648)
regulatory subunit,

domain VI, EF-hand 1
(helix)

Lys(K)-124 102−124;
LFAQLAGDDMEVSATELMNILNK

accessible none K124Y (0.602)
K124F (0.653)
K124W

(0.593)

Table 4. Detected HNE Michael Addition in Tryptic Peptides of Porcine Calpain-1 after HNE Treatment (1000 μM)

subunit and
domain

HNE
adduction site

peptide position and peptide
sequence

projected protein
residue accessibility

projected intramolecular noncovalent
interaction on the side chain

substitution
(MutPred2 score)

catalytic subunit,
domain IIA

His(H)-179 175−193;
LVFVHSAQGNEFWSALLEK

accessible hydrophobic contact (Leu-175) H179Y (0.527)
H179F (0.623)
H179W (0.681)

catalytic subunit,
domain IIA

Gln(Q)-182 175−193;
LVFVHSAQGNEFWSALLEK

accessible none Q182Y (0.440)
Q182F (0.499)
Q182W (0.396)

catalytic subunit,
domain IIA

Asn(N)-184a 175−193;
LVFVHSAQGNEFWSALLEK

accessible hydrogen bond (Asn-94) N184Y (0.719)
N184F (0.703)
N184W (0.744)

aAdduction site showing deleterious effect (MutPred2 score ≥ 0.680) after substitutions with all three hydrophobic amino acids.

Figure 4. Predicted structures of identified MDA Schiff base formation (A) and HNE Michael addition (B) to amino acid residues in calpain-1
peptides.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.3c01225
J. Agric. Food Chem. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acs.jafc.3c01225?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c01225?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c01225?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c01225?fig=fig4&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.3c01225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


poly(acrylamide) gel electrophoresis (SDS-PAGE) gels
(Figure 3). It is known that autolysis of the 28 kDa regulatory
subunit of calpain-1 to an 18 kDa product happens subsequent
to autolysis of the 80 kDa subunit.84,85 After 24 h incubation
with 1000 μM MDA, hexenal, and HNE and 60 min of
autolysis after the addition of CaCl2, there was no visible
difference in the autolysis of the 28 kDa subunit between the
control and any of the lipid peroxidation product treatments.

Previous studies have reported that calpain-1 activity and
autolysis could be inhibited in postmortem muscle stored
under an oxidizing environment,18,86,87 a result that would
account for the slower postmortem proteolysis and lower
tenderness in meat under high-oxygen packaging than vacuum
packaging.18,19,86,87 However, it has also been demonstrated
that the lipid-derived aldehyde formation is higher in high-
oxygen packaging,19 and the type of lipid peroxidation
products formed during storage varies under different
packaging systems.10,12,88 Thus, based on the results of the
current study, the reduced calpain-1 activity and tenderness in
postmortem muscle under high-oxygen packaging compared to
anaerobic packaging18,19,86,87 could be partially attributed to
the covalent reaction between lipid peroxidation products and
calpain-1.
Adducts of Lipid Peroxidation Products on Calpain-1.

The detailed annotations (subunit, domain, amino acid,
detected peptide position/peptide sequence, projected protein
residue accessibility, projected intramolecular noncovalent
interaction of side chain, and MutPred2 score of each
substitution) of detected MDA adduction sites are summarized

in Tables 1 and 2, and HNE adduction sites are summarized in
Tables 3 and 4. MDA and HNE adductions sites are visualized
in Figures 5 and 6, respectively.

Schiff base-type adducts of MDA were detected in calpain-1
from the control and treatment groups on the side-chain
groups of Lys-229, Asn-367, Arg-473, and Asn-595 in the
catalytic subunit as well as Gln-105 in the regulatory subunit
(Figure 4A, Figure 5A, and Table 1). Incubation with 1000 μM
MDA further formed Schiff base-type adducts on the side-
chain groups of Lys-24, Lys-36, Lys-270, His-272, Lys-398, and
Lys-650 in the catalytic subunit as well as Lys-170, Lys-171,
Lys-177, and Lys-242 in the regulatory subunit (Figure 4A,
Figure 5B, and Table 2). Among these MDA adduction sites,
His-272 and Lys-398 are the buried protein residues in the
protein core, while the rest of the adduction sites are accessible
amino acid residues on the protein surface. The MutPred2
score revealed that the adductions on Lys-36, Lys-229, Lys-
270, and His-272 in the catalytic subunit and Lys-170, Lys-171,
Lys-177, and Lys-242 in the regulatory subunit (Tables 1 and
2) have high confidence (score ≥ 0.680) and can impact
calpain-1 functionality with substitution of all three amino
acids.

Nonreduced Michael addition adducts of HNE were
observed in calpain-1 from the control and treatment groups
on the side chains of Gln-105, Asn-120, and Lys-124 in the
regulatory subunit (Figure 4B, Figure 6A, and Table 3).
Incubation with 1000 μM HNE further formed adducts on
His-179, Gln-182, and Asn-184 in the catalytic subunit via
Michael addition (nonreduced; Figure 4B, Figure 6B, and

Figure 5. (A) Visualization of shared MDA adduction sites in the projected 3D structure of porcine calpain-1. (B) Visualization of additional
adduction in the projected three-dimensional (3D) structure of porcine calpain-1 caused by 1000 μM MDA incubation.

Figure 6. (A) Visualization of shared HNE adduction sites in the projected 3D structure of porcine calpain-1. (B) Visualization of additional
adduction in the projected 3D structure of porcine calpain-1 caused by 1000 μM HNE incubation.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.3c01225
J. Agric. Food Chem. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acs.jafc.3c01225?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c01225?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c01225?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c01225?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c01225?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c01225?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c01225?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c01225?fig=fig6&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.3c01225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Table 4). All HNE adduction sites are accessible on the protein
surface. The MutPred2 score revealed that the adductions on
Asn-184 in the catalytic subunit have a high confidence (score
≥ 0.680) in affecting calpain-1 functionality. Hexenal-adducted
peptides were not identified in the current study.
Shared Adduction in Calpain-1 between Control and

Treatment Samples. Schiff base-type adducts of MDA were
detected in calpain-1 from both control and MDA (1000 μM)
treatments on the side-chain groups of Lys-229, Asn-367, Arg-
473, and Asn-595 in the catalytic subunit as well as Gln-105 in
the regulatory subunit (Figure 4A, Figure 5A, and Table 1).
Nonreduced Michael additions of HNE were detected in
calpain-1 from both control and HNE (1000 μM) treatments
on the side-chain groups of Gln-105, Asn-120, and Lys-124 in
the regulatory subunit (Figure 4B, Figure 6A, and Table 3).
Hexenal-adducted peptides were not identified in the current
study. This could be attributed to the neutral loss of adducts
during collision-induced dissociation,64,89 which inhibited the
efficient fragmentation needed for peptide identification.
Future studies using alternative fragmentation methods may
enable the detection of intact adducts of hexenal on calpain-1
amino acid residues. To our knowledge, the current study is
the first to report lipid peroxidation products’ adduction sites
to calpain-1. Notably, these adductions were shared between
the control and MDA or HNE treatment. Further studies are
necessary to characterize these adducts in vivo and understand
their effect on calpain-1 functionality.
Additional Adduction in Calpain-1 Caused by MDA

and HNE Incubation. After incubation with 1000 μM MDA,
six additional adduction sites of MDA were detected on the
catalytic subunit (Lys-24, Lys-36, Lys-270, His-272, Lys-398,
and Lys-650), and four were detected on the regulatory
subunit (Lys-170, Lys-171, Lys-177, and Lys-242; Figure 5B,
Table 2). Based on the MutPred2 score (≥0.680), the
adductions on Lys-36, Lys-270, and His-272 in the catalytic
subunit (Table 2) and Lys-170, Lys-171, Lys-177, and Lys-242
in the regulatory subunit (Table 2) were projected to be the
most significant for the changes in calpain-1 functionality. Lys-
36 has an accessible side chain located in domain I of the
catalytic subunit, which is projected to have a hydrogen bond
with buried Asp-41. Lys-270 has an accessible side chain in
domain IIB of the catalytic subunit, which is projected to have
hydrophobic contact with accessible Ile-254. His-272 is one of
the three amino acids (Cys-115, His-272, and Asn-296)
composing the active site in porcine calpain-1 whose side chain
is buried in domain IIB of the catalytic subunit. This His-272
side chain is projected to have a weak hydrogen bond with
buried Gln-109 and a hydrophobic contact with buried Val-
269. Lys-170, Lys-171, and Lys-177 have accessible side chains
in domain VI of the regulatory subunit, the helix structure of
EF-hand 3. Lys-170 and Lys-171 are projected to have
hydrogen bonds with accessible Asn-167 and buried Ala-199,
respectively. Also, Lys-177 is projected to have two hydrogen
bonds with accessible Asp-131 and hydrophobic contact with
buried Leu-132. Lys-242 has an accessible side chain located in
domain VI of the regulatory subunit, the helix structure of EF-
hand 5, which is projected to have a hydrogen bond with
buried Tyr-74.

Interestingly, two of these amino acids (His-272 and Lys-
398) are projected to be buried in the internal space of the
calpain-1 molecular structure, which theoretically gives limited
access to molecules, like MDA, for covalent binding.
Therefore, these two adductions might be the result of

covalent binding occurring subsequent to MDA adductions on
other accessible amino acid residues. The initial MDA adduct
formation would alter the protein tertiary structure, making
some buried residues, including His-272 and Lys-398,
accessible to the potent electrophile in the surrounding
environment. Cys-115 (the active site of calpain-1) is located
in domain IIA, while the other two (His-272 and Asn-296) are
in domain IIB. Upon calcium ions binding to protease core
sites, salt bridges that maintain the “open configuration” will be
disrupted, resulting in the active configuration of the active
site; the three components of the active site will come together
and result in proteolytic activity.90 A previous study
demonstrated that oxidation of the active site (Cys-115)
leads to the reversible loss of calpain-1 activity.21 Likewise,
MDA adduct formation on the side chain of His-272 could
make this residue hydrophobic and decrease the proteolytic
activity. In our calpain-1 activity data (Figure 1), incubation
with 100 μM MDA increased calpain-1 activity in vitro by
about 13%. However, higher concentration treatments of MDA
(500 and 1000 μM) did not result in a change of calpain-1
activity. This result suggests that there may be dynamic protein
folding changes caused by the cumulative adduction of MDA
to calpain-1 when the MDA concentration increases.
According to the adduction annotation and protein variation
effect analysis (i.e., neutral: <0.680 vs deleterious: ≥0.680;
Table 2), Lys-36 and Lys-270 in the catalytic subunit as well as
Lys-170, Lys-171, Lys-177, and Lys-242 in the regulatory
subunit are the accessible amino acids projected to have the
greatest impact on calpain-1 protein functionality. Notably,
Lys-270 is spatially close to His-272 (Figure 5B). Adduct
formation on the side chain of Lys-270 could affect the spatial
proximity of Lys-270 to His-272, leading to changes in protein
folding and protein functionality. Specifically, it is possible that
adduction of MDA from a low-concentration treatment (100
μM) changed the protein tertiary structure by altering the
noncovalent interaction with near amino acid residues and the
aqueous environment, resulting in an increased calpain-1
activity and exposure of the His-272 residue to the surrounding
environment. When the MDA treatment concentration was
increased to 1000 μM, additional adduction of MDA on His-
272 compromised the subtly increased activity and did not
impact calpain-1 activity overall. Future studies are necessary
to confirm this possibility.

After incubation with 1000 μM HNE, three additional
adduction sites were detected on the catalytic subunit (His-
179, Gln-182, and Asn-184; Figure 6B and Table 2). All HNE-
adducted amino acids in calpain-1 are accessible. Among these
amino acids, the adduction on Asn-184 in the catalytic subunit
was projected to be the most significant for the changes in
calpain-1 functionality (Table 4). Asn-184 is an accessible
amino acid located in domain IIA of the catalytic subunit and
is projected to have a hydrogen bond with accessible Asn-94.
Similar to what was observed with MDA adduction, HNE
adduction to the Asn-184 side chain made this amino acid
more hydrophobic. This could change the protein tertiary
structure through the noncovalent interaction with nearby
amino acids and the aqueous environment, explaining the
observed decrease in caplain-1 activity. Again, additional
studies are needed to confirm this possibility.

The current study is the first to demonstrate that lipid
peroxidation products have differential impacts on calpain-1
activity in a concentration-dependent manner in vitro.
Incubation with hexenal and HNE decreased the calpain-1
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activity and the autolysis rate, whereas incubation with MDA
slightly increased the calpain-1 activity. MDA adducts were
detected on glutamine, arginine, lysine, histidine, and
asparagine residues of calpain-1 via Schiff base formation,
while HNE adducts were detected on lysine, histidine,
glutamine, and asparagine residues via Michael addition.
These results lay the groundwork for future investigations to
understand the mechanistic basis of these differences, including
their impacts on calpain activity in postmortem muscle and the
development of meat tenderness.
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