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The main objective of this work was to identify and characterize the peptides generated by simulated

gastrointestinal digestion of pork meat (longissimus dorsi) by the sequential action of pepsin and

pancreatin. The obtained hydrolysate was analyzed by liquid chromatography coupled to a

quadrupole time-of-flight mass spectrometer equipped with a nanoelectrospray ionization source

(nano LC-ESI-MS/MS). Using this technique 51 different peptides were identified in the hydro-

lysate, corresponding to fragments of the main structural muscle proteins and some well-known

sarcoplasmic proteins. To the best of our knowledge, this constitutes the highest number of peptides

identified in pork meat digests. Peptide fragment size ranged from six to sixteen amino acids, being

rich in proline residues and thus making them more resistant to further degradation by digestive

enzymes. The present study constitutes a clear evidence of the extensive degradation that pork

muscle proteins would undergo after gastrointestinal digestion, giving rise to a wide variety of short

peptides. So, the use of in vitro digestion contributes to a better knowledge about the generation of

peptides from diets with high protein quality.
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INTRODUCTION

Meat is widely used as a nutritional source of high quality
proteins (1). In fact, such proteins have been considered an
important source of essential amino acids and organic nitrogen.
Themajormeat proteins include structural proteins such as actin,
collagen and myosin. Meat proteins contain amino acids that are
not usually found in plant proteins, such as for example methyl-
histidine and hydroxymethyllysine (2). The quality of a protein
ingest depends on their composition and concentration in essen-
tial amino acids and also on the capacity of the organism to
absorb amino acids and peptides during the digestive process (3).
More recently, other parameters have been proposed to asses the
value of dietary proteins, such as the rate of protein digestion (3,
4) or the concept of food-derived peptides showing biological
activity, like the antihypertensive, antithrombotic, opioid, im-
munomodulatory, antimicrobial or antioxidant activities (5, 6).
Bioactive peptide sequences are present in most dietary proteins.
However, these peptides need first to be released during food
processing or gastrointestinal digestion in order to exhibit biolo-
gical activity (7). Peptides are absorbed in the form of small
peptides, mainly di- and tripeptides; however, low quantities of
larger peptides and small proteins can also be absorbed (8).
Absorption of peptides is considered to be a more efficient
method of amino acid intake compared to absorption of an
equivalent amount of free amino acids (9). This is due to the
existence of specific peptide transport systems followed by a

subsequent terminal phase of peptide digestion into free amino
acids by the action of cytoplasmic peptidases within the entero-
cytes, before transport to the blood circulation (10, 11). Thus,
specific foods can be incorporated into the diet because of their
ability to release bioactive peptides. The potential of many
food proteins to release bioactive peptides has been widely
studied (12-14). However, little is known about the release of
bioactive peptides from meat and meat products.

The proteolytic degradation of muscle structure constitutes an
important part of the meat aging process which results in the
production of different protein fragments. Several endogenous
muscle enzyme groups are assumed to be involved in this process.
This include calpains, cathepsins and proteasome.Recently, some
authors have also suggested a relevant role of the caspase system
in this protein degradation (15-17). In the case of dry-curedmeat
products, the longer processing times causes the initial protein
fragments generated by the action of these endopeptidases to be
further degraded to smaller peptides and free amino acids by the
action of muscle endopeptidases, thus contributing to reach the
characteristic flavor of these products. It is assumed, for example,
that dipeptidyl peptidases contribute to this degradation, gener-
ating dipeptides from deN-terminal of the polypeptides resulting
from the actionofmuscle endopeptidases (18).On the other hand,
little is known about the peptides that can be released from pork
meat after gastrointestinal digestion.

In this context, the objective of this study was to identify and
characterize peptides released from porcine longissimus dorsi
muscle during simulated in vitro human digestion through
sequential digestion with pepsin and pancreatin, analyzing the
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hydrolysate by the use of nano LC-ESI-MS/MS mass spectro-
metry. Pancreatin is a mixture of alpha-chymotrypsin, trypsin
andother pancreatic enzymes. In thisway, sequential digestion by
pepsin followed by pancreatin provides a proper model to
estimate the release of peptides in the gut system.

MATERIALS AND METHODS

Materials. Fresh pork skeletal muscle (longissimus dorsi) was
obtained from “Industrias C�arnicas Vaquero S.A” (Madrid, Spain).
Pepsin (from hog stomach) was purchased from Fluka Chemie Gmbh
(Buchs, Switzerland); pancreatin (from porcine pancreas) was purchased
from Sigma Chemical Co. (St. Louis, MO). Other chemicals were from
Sharlau Chemie S.A (Sentmenat, Spain).

In Vitro Digestion of Pork Meat. Human digestion of pork muscle
proteins was simulated in vitro using both pepsin and pancreatin. For this
purpose, 4 g of raw porkmeat (longissimus dorsi) was suspended in 40mL
of bidistilled water. After simulating human mastication by using a
Stomacher for 1 min, the pH was adjusted to 2.0 with 6 M HCl. After
that, pepsin was added at a 1:100 enzyme to substrate ratio. After 2 h of
digestion at 37 �C and continuous stirring, the enzyme was inactivated by
adjusting the pH to 7.2with 1MNaHCO3 . Following this, pancreatinwas
added at a 1:50 enzyme to substrate ratio. After 3 h of digestion at 37 �C,
enzyme activity was terminated by heating at 95 �C for 10 min. The
reaction mixture was then centrifuged at 10000 rpm for 20 min, and the
resulting supernatant was collected, constituting the porcine muscle
protein hydrolysate.

The hydrolysate was then deproteinized by adding 3 vol of methanol
while maintaining the sample 20 min at 4 �C. After that, the sample was
centrifuged (24500g for 20 min at 4 �C) and the supernatant was collected
and dried using a rotatory evaporator. The dried deproteinized hydro-
lysate was redissolved in 1 mL of 0.1% trifluoroacetic acid (TFA) in
bidistilled water and used for the separation and identification of peptides

Separation and Peptide Identification by Nano LC-ESI-MS/

MS. Peptides contained in the deproteinized protein hydrolysate were
separated and identified by liquid chromatography coupled to a quadru-
pole time-of-flight mass spectrometer equipped with a nanoelectrospray
ionization source (nano LC-ESI-MS/MS) using an Ultimate nano-LC
system (LCPackings, Amsterdam, TheNetherlands) coupled to a protana
nanoelectrospray ion source (Protana, Odense, Denmark) and a QSTAR
XL Q-TOF hybrid mass spectrometer (MDS Sciex, Applied Biosystems,
Concord, Canada). Sample (5 μL of the initial protein hydrolysate is
diluted to 60 μL with 0.1% TFA) was delivered to the system using a
FAMOS autosampler (LC Packings) at 40 μL/min with solvent A (0.1%
TFA in water), and the peptides were trapped onto a PepMap C18
precolumn (5 mm� 300 μm i.d.; LC Packings). Peptides were then eluted
onto a PepMap C18 analytical column (15 cm� 75 μm i.d.; LC Packings)
at 300 nL/min and separated using a linear gradient from 5% to 50%
solvent B (95%ACN in 0.1%TFA, v/v) during 120 min. The QSTARXL
was operated using an information-dependent acquisition mode, in which
a 1 s TOF MS scan from 100 to 1000m/z was performed, followed by 3 s
product ion scans from 100 to 1000 m/z on the most intense ions. The
QSTAR XL Q-TOF was calibrated with a mixture of CsI 10-5 M
(132.9054 m/z) and the peptide H-ALILTLVS-OH (829.5398 m/z).

Automated spectral processing, peak list generation, and database
search were performed usingMascot search v1.6b21 script for Analyst QS
1.1 (AppliedBiosystems, FosterCity, CA) in combinationwith theMascot
search engine (Matrix Science, Inc., London, U.K.) and ProteinPilot 2.0.1
software (Applied Biosystems, Foster City, CA) with Paragon algorithm.
Identification of the protein origin of peptides was performed using the
National Center for Biotechnology Information (NCBI) nonredundant
protein database. Automated matches of MS/MS spectra against peptide
sequences contained in the database were subsequently verified manually.

Nano LC-ESI-MS/MS analysis of the deproteinized protein hydro-
lysate was done in triplicate in order to validate the results and confirm the
peptide sequences.

RESULTS AND DISCUSSION

Proteins are broken down into peptides of different sizes and
free amino acids as a result of the cleavage of peptide bonds by the
action of digestive enzymes. The sequence of the peptides released

after in vitro digestion of muscle proteins was investigated in
this work by use of liquid chromatography coupled to a qua-
drupole time-of-flight mass spectrometer equipped with a nano-
electrospray ionization source (nano LC-ESI-MS/MS). The
obtained peptide separation profile is shown in Figure 1. A
detailed analysis of all the MS/MS information provided by this
analysis allowed the identification of peptides originated from
sarcoplasmic, myofibrillar and collagen muscle proteins. As
shown in Tables 1, 2 and 3, peptides have been sequenced by
matching theMS/MS spectra of ions containing 1, 2, 3, or 4 posi-
tive charges. By this way, the sequence of 12 peptideswas deduced
from singly charged ions, whereas the sequence of 35 peptideswas
obtained from the fragmentation spectra of double charged ions.
In addition, the sequence of 3 peptides was obtained from MS/
MS data of triply charged ions, and only one peptide sequence
was obtained from an ion with four charges. Sequences of pep-
tides containing a high proportion of basic amino acids (histidine,
lysine, arginine) were obtained from ions containing two or more
charges, as expected.Tables 1, 2 and 3 also indicate the exact posi-
tion of the identified peptides within the protein of origin, their
observed and calculated masses as well as their sequence mod-
ifications if any. Blast sequence similarity searches revealed 100%
homology of the identified sequences with pork proteins with the
exception of one peptide that showed homology with protein
alpha 2, type I, collagen from Bos taurus (Table 3). Since not all
pork proteins have been completely identified yet, as for example
this protein, it is believed that this peptide might have been also
originated frompork.All spectrawere interpretedusing the online
form of the Mascot program, the Paragon algorithm and also
manually. Figure 2 shows theMS/MS spectrum corresponding to
peptide PAPAPPKE as an example of the obtained spectra.

In the present study, we have identified and characterized
peptides from the in vitro digestion of raw pork meat. Results
carried out in our laboratory showed no differences in terms of
primary structure of raw and cooked meat muscle proteins. The
only remarkable difference between raw and cooked meat was
related to denaturation of sarcoplasmic proteins in cookedmeats,
but this had not a significant effect in the hydrolysis of the
primary sequence of proteins (results not shown). So, we consider
that our experiment with raw meat can provide, as a first app-
roach, a good model for the estimation of the peptides generated
after simulating human digestion. In this way, we have identified
peptides which are in size concordance with the reported size of
peptides that can passmore easily through the gut lumen (19) and
can exert a nutritional or bioactive function (20). In our study, we

Figure 1. Chromatogram corresponding to the separation of the pork
meat hydrolysate obtained after in vitro digestion of pork meat using a nano
LC coupled to a QSTAR XL Q-TOF hybrid mass spectrometer.
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found peptide fragments of six to sixteen amino acid residues (see
Tables 1, 2 and 3). This peptide length is in agreement with the
peptide length reported in other studies after digestion of different
animal proteins (21-23).

Extensive proteolysis of pork muscle proteins has been ob-
served after in vitrodigestionwith pepsin and pancreatin, showing
the effective action of the digestive enzymes. This fact can be
observed looking at the complexity of the chromatographic

Table 1. Peptides Originated from Myofibrillar Proteins in Pork Meat Hydrolysates after Sequential in Vitro Digestion of Raw Pork Meat with Pepsin and Pancreatin

aPosition of the peptide inside the parent protein identified for porcine species. bMolecular ion mass observed in the nano LC-ESI-MS/MS system calculated in daltons (Da).
cCalculated relative mass (Da) of the matched peptide. dResults presenting extensive homology (p < 0.005). Peptides marked with an “X” were observed by using Paragon
algorithm and Mascot search engine.

Table 2. Peptides Originated from Sarcoplasmic Proteins in Pork Meat Hydrolysates after Sequential in VitroDigestion of Raw Pork Meat with Pepsin and Pancreatin

aPosition of the peptide inside the parent protein identified for porcine species. bMolecular ion mass observed in the nano LC-ESI-MS/MS system calculated in daltons (Da).
cCalculated relative mass (Da) of the matched peptide. dResults presenting extensive homology (p < 0.005). Peptides marked with an “X” were observed by using Paragon
algorithm and Mascot search engine. eGlyceraldehyde 3-phosphate dehydrogenase. fOne asparagine deamidation. gOne aspartic acid methylation.
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separation of the pork meat hydrolysate (Figure 1). Even if an
important number of peptides have been identified from this
complex extract (see Tables 1, 2 and 3), it is supposed that many

other peptides may have been generated during in vitro digestion
but it is assumed, within the size range studied and contrasted
with other peptide sizes previously reported (23, 24), that the

Table 3. Peptides Originated from Collagen Proteins in Pork Meat Hydrolysates after Sequential in Vitro Digestion of Raw Pork Meat with Pepsin and Pancreatin

aPosition of the peptide inside the parent protein identified for porcine species. bMolecular ion mass observed in the nano LC-ESI-MS/MS system calculated in daltons (Da).
cCalculated relative mass (Da) of the matched peptide. dResults presenting extensive homology (p < 0.005). Peptides marked with an “X” were observed by using Paragon
algorithm and Mascot search engine. e Parent protein Bos taurus. fOne proline oxidation. gOne arginine oxidation.

Figure 2. MS/MS spectrum of ion 403.722þ obtained from the analysis of the pork meat hydrolysate by nano LC-ESI-MS/MS. Peptide sequence matching
the product ion spectrum (PAPAPPKE) is shown in capital letters. b and y ions matched by the MASCOT search engine are shown in bold letters.
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peptides identified in thisworkmay have been those present in the
highest quantities in the hydrolysate. This aspect is reinforced
due to the fact that all identified peptides were fragments from
the most abundant muscle proteins, such as actin, myosin or
creatine kinase.

Proteolytic enzymes hydrolyze the peptide linkage between
amino acids of proteins, yielding amixture of peptides of different
molecular size and free amino acids. The ability of peptidases to
hydrolyze proteins is highly variable, so that selection of the
suitable enzymes to produce hydrolysates, having defined physi-
cochemical and nutritional characteristics, is essential (25). In our
study, we have selected the digestive enzymes pepsin and the
mixture of pancreatic enzymes known as pancreatin. Pepsin is an
endopeptidase acting at stomach level which hydrolyses peptide
bonds within protein molecules randomly to produce relatively
large peptides. Pepsin digestion affects protein structure, opening
protein chains and offering more accessible sites for subsequent
pancreatin hydrolysis. It is reported that hydrolysis with pepsin
often generates peptides containing Y, F or L in N-terminal
position (3). This is the case of different peptides possessing these
amino acids in such a position, such as peptide LTEAPLNPK
from alpha-actin (Table 1) or the peptide FKSPDDPS originated
from enolase 3 (Table 2). Furthermore, amino acids M, F or
L are frequently found in the C-terminal position of peptides
generated after digestion by pepsin (26). In this respect, some
peptides having these amino acids at theC-terminal position have
been identified in this work such as TGVDNPGHPF, a peptide
originated from creatine kinase (Table 2). Following pepsin
hydrolysis, the next step in gastrointestinal digestion is the
cleavage of the generated polypeptides by pancreatic peptidases.
This was done using pancreatin, which is a mix of different
peptidases such as trypsin, alpha-chymotrypsin, elastase and
carboxypeptidasesA andB.All these enzymes,with the exception
of carboxypeptidases, are endopeptidases. Carboxypeptidases
are exopeptidases that systematically remove amino acids from
the C-terminal end of peptides. In this work we observed gene-
rated peptides having a C-terminal leucine, a fact that is char-
acteristic of hydrolysis by chymotrypsin (27). This could be the
case of peptide PEILPDGDHDL coming from fructose-bispho-
sphate aldolase A (Table 2). On the other hand, peptides having a
C-terminal arginine or lysine would be characteristic of a trypsin
action (28), as in the case of IIAPPER, for example, originated
from beta-actin (Table 1). It is observed that the initial use of
endopeptidases facilitates the further action of exopeptidases in
order to achieve a more complete protein degradation. Another
remarkable fact is the number of identified peptides originated
from collagen with high proportion of glycine, as in the case of
peptide GPRGPPGPAGA (Table 3). Collagen is the major
connective tissue protein containing high amounts of glycine
and proline. As shown in Table 3, all the identified peptides from
collagen contained one oxidized proline. In addition to this,
peptide GPRGPPGPAGA had an additional arginine oxidation.
In Table 2, we can also observe peptides with additional modi-
fications. Thus, peptide GVNLPGAA, originated from pyruvate
kinase 3 isoform 3, contained one asparagine deamidation,
whereas peptide IKHTDPVPDPR, originated from sarcoplasmic/
endoplasmic reticulum calcium ATPase, contained one aspartic
acid methylation.

It is important to highlight the fact that all the identified
peptides in this work, with the exception of few of them, have a
large proportion of proline in their sequences, suggesting their
resistance to further proteolysis. In fact, peptides containing
proline have been reported to be generally resistant to the
action of digestive enzymes (29 , 30). Furthermore, the propor-
tion of proline in the sequenced peptides was in accordance

with the average abundance of this amino acid in meat
proteins (31).

It is also important to point out certain similarities between the
peptides identified in this study and those reported in previous
works. Some peptides released after in vitro digestion of pork
muscle alpha-actin (Table 1) shared partial sequence homology
with some peptide sequences previously found in a study concern-
ing peptides generated during in vivo digestion in pigs of proteins
coming from beef and trout (22). As an example, the peptide
AGDDAPR (Table 1) found in this study shares partial sequence
homology with peptide AGDDAPRAVF, which was obtained
after in vivo digestion of beef actin (22). The peptide IGMESAGI
(Table 1) shares also partial sequence homology with the peptide
IGMESAGIHE obtained after in vivo digestion of trout actin (22).

The observed sequence differences between the peptides iden-
tified in our study and those previously reported may be due to
the differences between the model of digestion, the type of food,
sample preparation and/or the different techniques employed for
the identification of peptides. Despite these differences, the
resemblance in the peptide generation between theseworkswould
be indicative of a similar efficiency of the digestive process (22).

The generation of peptides after pork meat hydrolysis by
different peptidases that act asACE inhibitors, thus exerting anti-
hypertensive activity, has been reported in the literature (32, 33).
It is known that ACE binds preferably to peptides with proline at
the C-terminal position (34), inhibiting the enzyme activity. In
this respect, we identified some peptides ended by proline, such as
peptide GVQGPPGPAGKP, derived from alpha 1, type V,
collagen. It has been also proposed that amino acids such as
arginine or lysine, placed at the C-terminal position, can con-
tribute to inhibitory ACE activity (35). We have sequenced
peptides such as FAGDDAPR (Table 1) or GRPDGIPMPDK
(Table 2) which ended by these two amino acids, respectively.
Results reported in this work would suggest that physiological
digestion of pork proteins may generate peptides with biological
activity. Nevertheless, a further study of the identified peptides
would be needed to determine if they can effectively exert some
inhibitory action of ACE activity.

The present study shows that porkmeat can serve as a source of
animal proteins, but it could also be an important source of
peptides with biological activity. The protein hydrolysates obtained
by the sequential use of pepsin and pancreatin could provide
the means to effectively analyze and categorize the hydrolyzed
proteins responsible for the potential biological activity of pork
meat digests.

In conclusion, the presentwork underscores the utility of both in
vitro digestion and proteomic technology as a way to identify and
characterize the peptides that can be generated after muscle
proteins digestion. To date, there is little information about the
sequence of peptides generated after digestion of meat proteins.
The sequences identified in this work show that between the
main products of the digestion of pork muscle proteins are
peptides ranging from six to sixteen amino acids in length. Peptides
identified in this work are indicative of how proteins can be
broken down into small fragments that can be more easily
absorbed and could thus better exert their nutritional and/or
biological function. Despite this, further studies are required for
deeper knowledge.
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NOTE ADDED AFTER ASAP PUBLICATION

The original ASAP publication of March 31, 2010, contained
errors in the footnotes of Table 3. These have been corrected in
the ASAP publication of April 6, 2010.
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