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Mechanistic Peptidomics: Factors That Dictate
Specificity in the Formation of Endogenous
Peptides in Human Milk*□S

Andres Guerrero‡§, David C. Dallas¶�, Stephanie Contreras‡, Sabrina Chee‡,
Evan A. Parker‡, Xin Sun‡, Lauren Dimapasoc‡, Daniela Barile¶�, J. Bruce German¶�,
and Carlito B. Lebrilla‡§

An extensive mass spectrometry analysis of the human
milk peptidome has revealed almost 700 endogenous
peptides from 30 different proteins. Two in-house compu-
tational tools were created and used to visualize and
interpret the data through both alignment of the peptide
quasi-molecular ion intensities and estimation of the dif-
ferential enzyme participation. These results reveal that
the endogenous proteolytic activity in the mammary gland
is remarkably specific and well conserved. Certain pro-
teins—not necessarily the most abundant ones—are di-
gested by the proteases present in milk, yielding endog-
enous peptides from selected regions. Our results
strongly suggest that factors such as the presence of
specific proteases, the position and concentration of
cleavage sites, and, more important, the intrinsic disorder
of segments of the protein drive this proteolytic specificity
in the mammary gland. As a consequence of this selective
hydrolysis, proteins that typically need to be cleaved at
specific positions in order to exert their activity are prop-
erly digested, and bioactive peptides encoded in certain
protein sequences are released. Proteins that must re-
main intact in order to maintain their activity in the mam-
mary gland or in the neonatal gastrointestinal tract are
unaffected by the hydrolytic environment present in milk.
These results provide insight into the intrinsic structural
mechanisms that facilitate the selectivity of the endoge-
nous milk protease activity and might be useful to those
studying the peptidomes of other biofluids. Molecular &
Cellular Proteomics 13: 10.1074/mcp.M113.036194, 3343–
3351, 2014.

Peptidomics is defined as the systematic, comprehensive,
and quantitative analysis of the low-molecular-weight fraction
of proteins present in a biological sample at a defined time
point (1). This protein fraction includes biologically active pep-
tide sequences, protein degradation products, and small pro-
teins such as cytokines and signaling peptides (2). Endoge-
nous peptides are produced from their corresponding
proteins through the action of proteases naturally present in
the same biological system. Consequently, the peptidome
and proteome are intrinsically linked, and their balance is
controlled by the presence of proteases and modulated by the
levels of protease activators and inhibitors. This relationship
between proteins and their hydrolytic products has fueled the
emergence of peptidomics as a subdiscipline of proteomics.
Human biofluids such as blood (3), cerebrospinal fluid (4),
saliva (5, 6), tears (7), and urine (8) have been analyzed for
endogenous peptides. As naturally occurring peptides reflect
both the protein content of a tissue and a specific configura-
tion of the proteolytic machinery, they represent a promising
target for biomarker discovery (9–13). From a functional per-
spective, a number of peptidomic studies have revealed dif-
ferent bioactivities in endogenous sequences (14–17).

Peptidomic research has revealed that the endogenous
low-molecular-weight protein fraction is generally composed
of overlapping ladder peptide products originating from a few
regions of specific proteins. This proteolytic pattern is ex-
plained as a result of the action of endopeptidases cleaving in
specific protein regions and the subsequent partial degrada-
tion of these initial fragments by exopeptidases (18). The
presence and abundance of the resulting endogenous pep-
tides has been correlated with the amounts of both substrate
proteins and proteolytic components (9, 19, 20); however, the
determinants of the peptidase selectivity are still a matter of
scientific debate. It is accepted that four factors determine the
specificity of the proteolysis: (i) the coexistence of protease
and substrate protein in the same space and time; (ii) the
presence of exosites that, although not involved in the prote-
olysis itself, increase the affinity of the protease for specific
substrates; (iii) the presence of the correct amino acid motif;
and (iv) the structural context of the excisable bond (21). The
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last factor is related to the accessibility of the enzyme to the
cleaving site, and it is commonly accepted that proteolysis
happens in solvent-exposed, flexible substrate regions (22,
23). However, recent investigations have demonstrated that
limited proteolysis frequently happens also in helix and b-
sheet secondary structures (21, 24).

Milk is a unique fluid for peptidomics. The proteins in milk
are well characterized, as are many of the proteases that are
present. However, milk has been little studied from a peptido-
mic viewpoint. The vast majority of studies have focused on
the discovery of bioactive milk peptides released from iso-
lated milk proteins via in vitro digestion processes. In these
studies, milk proteins were degraded by bacteria cultures
(25–27) or commercial proteases (28) in environments that
might or might not mimic biological conditions (e.g. stomach
conditions (29, 30)), and the resulting released peptides were
analyzed for function. Through this approach, dozens of pro-
tein fragments, mostly from bovine milk, but also from human
milk, have been shown to have different functions (31), includ-
ing antimicrobial (32, 33), antihypertensive (34, 35), immuno-
modulatory (36, 37), and opioid-like (38) actions. However,
such in vitro digestion approaches fail to reveal the peptide
content present endogenously in milk. Only a few attempts
have been reported to characterize the naturally occurring
peptide content in human milk, but those have focused on the
description of peptides produced from a small number of milk
proteins (20, 39). More recently, our group developed an
analytical procedure to purify and analyze the endogenous
peptide content in human milk (40).

In this study, we analyzed the milk peptidome as a whole
and confirmed that the endogenous sequences produced in
milk derive from specific regions of selected proteins. By
combining degradation maps, we revealed that the proteoly-
sis exhibited in the mammary gland is governed by the pro-
tease specificities and by the degree of disorder of the di-
gested proteins. This study is the most extensive to date on
the underlying mechanisms of proteolytic control for in vivo
degradation of human milk. The conclusions regarding milk
peptides are generalizable and provide insights about the
formation of endogenous peptides in other biofluids.

EXPERIMENTAL PROCEDURES

Chemicals and Sample Set—Acetonitrile, formic acid, and trifluo-
roacetic acid were obtained from Thermo Fisher Scientific (Waltham,
MA), and trichloroacetic acid was obtained from EMD Millipore
(Darmstadt, Germany). Bovine serum albumin and bicinchoninic acid
were obtained from Sigma-Aldrich.

Mature milk samples from 15 mothers were collected at day 90 of
lactation. Milk was collected as part of a University of California, Davis
Institutional Review Board–approved observational study. Samples
were taken from milk expressed with breast milk pumps, transferred
into sterile plastic containers, and immediately stored in home freez-
ers. Milk samples were transported on dry ice to the laboratory and
stored at �80 °C until the moment of sample preparation. Keeping
the samples frozen was previously shown to be as effective as boiling

in preventing further protein hydrolysis (40). The peptide purification
procedure has been previously described (40).

Mass Spectrometry Analysis—Samples were analyzed in positive
mode on an Agilent (Santa Clara, CA) nano-LC-chip-Q-TOF-MS/MS
instrument (Chip-Q-TOF) with a chip C18 column at a flow rate of 0.3
�l/min. The gradient elution solvents were (A) 3% acetonitrile/0.1%
formic acid and (B) 90% acetonitrile/0.1% formic acid. The gradient
employed was ramped from 1% to 8% B from 0–5 min, 8% to 26.5%
B from 5–24 min, and 26.5% to 99% B from 24–48 min, and then it
was held at 99% B for 10 min and 99% A for 10 min to re-equilibrate
the column. The drying gas was 325 °C, and the flow rate was 5 l/min.
The required chip voltage for consistent spray varied from 1700 to
1850 V. Automated precursor selection based on abundance was
employed to select peaks for tandem fragmentation. The collision
energy was set using the formula (Slope) � (m/z)/100 � Offset, with
slope � 3.6 and offset � �4.8. Mass calibration was performed
during data acquisition based on an infused calibrant ion.

All ion molecules fragmented in an MS/MS experiment were incor-
porated into an exclusion list for the subsequent round of mass
spectrometry. The exclusion list was composed of mass-to-charge
signals, charge states, and retention times. Ions on the exclusion list
were thus ignored by the instrument and were not fragmented again.
Each sample was analyzed in the MS/MS mode using the iterative
exclusion lists method four times. This methodology helps the instru-
ment to fragment peaks of lesser abundance, which in turn allows
deeper exploration of the samples. Finally, each sample was analyzed
once in the MS mode using the same parameters to obtain ion
counting information.

Protein Quantification—An aliquot of 5 �l from each human milk
sample was used to determine the protein content using the BCA
method (41). 10 �l of ethanol were added to each sample to precip-
itate out the proteins. The liquid phase was carefully removed and
discarded. The remaining protein pellet was then sonicated in 5%
SDS for 30 min and diluted 20-fold for BCA analysis. Bovine serum
albumin was used as the standard and serially diluted to build a
standard curve. The samples were incubated with the BCA reagent at
37 °C for 30 min, and absorbances were measured using a Genesys
20 spectrophotometer (Thermo Scientific). The protein content was
finally determined by means of interpolation of the absorbance values
with the bovine serum albumin standard curve.

Data Analysis

Database Search—Data files were exported as MGF files using
MassHunter Work Station B.05.00 (Agilent). Peptide identification was
accomplished using the database searcher X! Tandem included on
GMP Manager 2.2.1 (42) against a human milk protein library com-
posed of 975 entries constructed on the basis of previous proteomic
studies (43–45) and compiled from UniProt. Masses were allowed 60
ppm error. No complete peptide modifications were allowed. Poten-
tial modifications allowed included serine, threonine, and tyrosine
phosphorylation; methionine and tryptophan oxidation; asparagine
and glutamine deamidation; and glutamine dehydration. A nonspe-
cific cleavage ([X] [X]) (where X is any amino acid) was used to search
against the protein sequences. No model refinement was employed.
Peptide matches were accepted if e-values were less than or equal to
0.01, corresponding to a 99% confidence level.

Library Construction and Application—The results from X! Tandem
were processed computationally in a library that included retention
times, peptide sequence, neutral mass, protein of origin, and the
number and nature of modifications that the peptide contained. Du-
plicate peptide entries were removed, and their corresponding reten-
tion times were averaged. The library was used to identify and quan-
titate, via ion counting, the peptides present in each sample. MS
experiments were used for this purpose. Quasimolecular ion signals
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corresponding to different charge states of the same compound were
grouped and searched against the library using both retention time
and mass. The intensity of each signal matching an entry from the
library was calculated as the area under the curve of its elution time.

Grouping and Visualizing Peptide Signals—Peptide signal intensi-
ties were normalized to the total protein content of each sample.
Peptide sequences and their normalized intensities were aligned over
their corresponding proteins of origin using an in-house script written
in Python (PepEx). Protein sequences were analyzed with the Disprot
VL3E neural network (46) to identify intrinsically disordered regions.
The predicted degree of disorder was plotted with the proteolytic
maps obtained with PepEx.

Determining Differential Enzymatic Participation—A custom script
written in Python was used to estimate the activity of selected enzy-
matic systems. The program locates the position of each peptide on
its corresponding protein. The termini of each peptide were compared
with a selected set of proteolytic enzyme rules. As a measure of
simplification, rules were assumed to only act on P1 and P1�. P1 is the
amino acid directly before the cleavage site on the N-terminal side,
and P1� is the amino acid directly after the cleavage site on the
C-terminal side. Enzymatic cleavage rules were derived from a list
published on ExPASy (47). Peptides having termini that pass a com-
parison to an enzymatic rule have their mass spectral intensity (peak
volume) added to the sum of the respective enzyme. If a peptide
matches multiple enzyme rules simultaneously, the full intensity of
that peptide is added to each enzymatic sum; thus the intensity value
output represents potential activity rather than uniquely specific ac-
tivity. Peptides failing all enzymatic comparisons have their intensity
added to a list of remainders whose purpose is to assist in the
identification of new enzymatic systems.

RESULTS

Nano-LC Mass Spectrometry Analysis of Endogenous Pep-
tides in Milk—Peptides were identified using MS/MS. How-
ever, the duty cycle associated with MS/MS means that the
number of peptides identified in a single run will be limited. To
obtain a greater number of peptide identifications, we per-
formed multiple analyses using an iterative-exclusion list for
MS/MS. The samples were analyzed four times, increasing

the number of peptide identifications 4-fold relative to a single
MS/MS analysis (supplemental Fig. S1). After the results were
compiled, a library composed of nearly 700 peptide se-
quences from 30 different proteins was obtained (supplemen-
tal Table S1).1 Peptides’ accurate masses and retention times
in the library were matched with the results of a final MS
analysis performed on each sample. Ion abundances were
used for label-free quantitation, variations in ionization effi-
ciency and suppression effects notwithstanding. Finally,
abundances were normalized to the total protein content of
each sample measured via the BCA method (supplemental
Table S2).

The identified peptides originated from 30 human milk pro-
teins; however, 95% of the peptides were proteolytic prod-
ucts from only four proteins, namely, �-casein, �s1-casein,
osteopontin, and polymeric immunoglobulin receptor (pIgR)2

(Fig. 1). Although ion intensities are not strictly quantitative,
the results obtained were essentially similar for all milk sam-
ples. �-casein and �s1-casein are the most abundant milk
proteins and were expected to contribute significantly to the
peptide products. Osteopontin and pIgR, in contrast, are typ-
ically found in significantly lower abundances in human milk.
Additionally, other abundant proteins in milk such as lactofer-
rin and �-lactalbumin were not represented in the peptide
fragments in any appreciable amounts. These results strongly
suggest a large degree of selectivity during the in vivo prote-
olysis leading to the production of the endogenous milk pep-
tides from specific proteins.

1 Data uploaded at the Peptide Atlas repository, www.peptideatlas.
org/PASS/PASS00495.

2 The abbreviation used is: pIgR, polymeric immunoglobulin
receptor.

3 E. A. Parker (2014), Peptide Extractor, Github Repository, https://
github.com/eparker05/Peptidomics-enzyme-estimator.

FIG. 1. Average (15 samples) nor-
malized ion intensities of the total en-
dogenous peptides by protein of ori-
gin. Error bars show the standard
deviation from the average.
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Proteolytic Mapping with PepEx—To determine the site
specificity of the proteolysis, we developed a computational
program called Peptide Extractor (PepEx) in our laboratory.
PepEx uses a list of peptide entries and their corresponding
abundances as input. The program localizes the position of
each peptide in the respective proteins and plots the abun-
dance over the sequence. The output of the software or
proteolytic map is illustrated for �-casein in Fig. 2. In the
horizontal axis, the sequence of the protein is represented
from the N terminus to the C terminus (left to right). In the
vertical axis, ion intensities (as a number of counts) are plot-
ted. Each color area represents a peptide with its associated
intensity aligned over the protein sequence. For example, the
�-casein peptide RETIESLSSSEESITEYKQKVEK (Fig. 2, blue
band) was the most abundant peptide from the N terminus of
this protein. Shorter sequences such as RETIESLSSSEESIT-
EYK or ETIESLSSSEESITEYK (red and green bands, respec-
tively) were also observed, but in slightly lower abundances.
Mapping the peptide intensities in this way allows visualiza-
tion of the overall proteolytic activity toward the protein. The
results shown in Fig. 2 indicate that �-casein was preferen-
tially digested at the N and the C termini. The middle protein
region also generated endogenous peptides, but in signifi-
cantly lower abundances.

The proteolytic characteristics of the same protein can also
be compared over several samples using PepEx.3 PepEx
compiles the total abundances associated with each amino
acid of the protein sequence by summing the endogenous
peptides that contain them. In this way, one can readily com-
pare proteolytic maps of different samples. The proteolytic
maps of �-casein for the 15 milk samples are shown in Fig. 3.

Each colored line represents the map of a different sample. A
strict quantitative comparison between milk samples, which is
out of the scope of this study, would require steps like the use
of internal standards. Nonetheless, the mere collation of the ion
intensities revealed a remarkably constant proteolytic pattern
for �-casein. In all the samples, the protein termini seemed to
generate the majority of the endogenous fragments, and low-
intensity peptides were found from internal regions of �-casein.
Furthermore, the shape of the proteolytic map is highly con-
served between samples so that the changes in the ion inten-
sities along the protein sequence overlap. The arrows in Fig. 3
indicate specific proteolytic cleavages that can be assigned to
the activity of distinct enzymes.

The selectivity of the in vivo proteolysis was not limited to
�-casein. Similar results were obtained for the other three
proteins, namely, osteopontin, �s1-casein, and pIgR (Fig. 4).
Three different regions of osteopontin generated endogenous
milk peptides. Both the N- and the C-terminal regions were
digested, but the majority of the peptides derived from an
internal region of the protein, mostly between residues S169
and K203 (Fig. 4A). Although pIgR contains 746 amino acid
residues, all the endogenous peptides found in human milk
from this protein arose from a single region in all the samples:
between residues A598 and V650 (Fig. 4C). Endogenous pep-
tides from exactly the same region of pIgR have been previ-
ously found in tears (7), suggesting that the specificity of the
proteolysis of this protein is not exclusive to breast milk.
Similarly, only one region of �S1-casein generated endoge-
nous peptides, namely, the N-terminal region of the protein
(Fig. 4B). Analyses of the peptides of other proteins (supple-
mental Table S1) were also performed. Without exception,

FIG. 2. Endogenous proteolytic map of �-casein in milk determined by PepEx. The height of each area represents the ion intensity of
the corresponding peptides.
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peptides were localized on specific regions of their respective
proteins.

Determination of Enzyme Participation—To determine what
proteases acted on what proteins, we developed a computer
program called Peptidomics Enzyme Tabulator (PEnTab) in
our laboratory (this program is available online).3 PEnTab uses
a list of peptide entries and their corresponding abundances
as input. The program localizes the position of each peptide in
the respective proteins and determines the amino acid resi-
dues that flank it. The termini of each peptide were compared
with a selected set of proteolytic enzyme rules. Peptides

having termini that pass a comparison to an enzymatic spec-
ificity have their abundances added to the sum of the respec-
tive enzyme. Proteases known to be present in milk include
plasmin (48), trypsin (49, 50), elastase (50), cathepsin-D (51),
and thrombin (39). In addition, undefined carboxy/amino pep-
tidases have been proposed to act in milk (20). Based on the
protease specificity (cleavage rules), PEnTab groups these
enzymes in the systems plasmin/trypsin and cathepsin-D/
elastase. Peptides failing all enzymatic comparisons are
added and listed as “others.” Thrombin, which is known to
specifically cleave osteopontin (39), was included as a sepa-

FIG. 3. Endogenous proteolytic map of �-casein (15 samples) determined with PepEx. Arrows indicate the positions of cleavage sites
for plasmin/trypsin (blue) and cathepsin-D (red).

FIG. 4. Proteolytic maps of (A) osteopontin, (B) �s1-casein, and (C) pIgR (15 samples) determined with PepEx. Arrows indicate the
positions of cleavage sites for plasmin/trypsin (blue) and cathepsin-D (red).
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rate heading in the analysis of this protein. Fig. 5 shows the
results of the PEnTab analysis for pIgR, �-casein, �s1-casein,
and osteopontin.

A strict peptide-based study of enzyme participation can-
not be achieved without quantification of the peptides. Ion
intensities were used for this purpose but might overestimate
the enzymatic participation of some enzymes such as the
system trypsin/plasmin. These proteases generate peptides
with basic amino acids at the C terminus (R and K residues)
that might show a higher ionization response on the electro-
spray. Nevertheless, the results in Fig. 5 show a rather low
standard deviation between samples and may be discussed
from a qualitative point of view. Both trypsin/plasmin and
elastase/cathepsin-D acted on pIgR and �-casein. For the
milk protein osteopontin, thrombin and plasmin/trypsin were
the main enzymes involved; the low participation of elastase/
cathepsin-D may be explained by the low number of potential
cleavage sites for these enzymes in osteopontin. Enzyme
miscleavages and in-source fragmentation can partially ex-
plain the high proportion of unknown cleavages, but the par-
ticipation of other enzymes might be involved too. �S1-casein
is an interesting case based on this analysis. Most of the
endogenous fragments identified for �S1-casein are not asso-
ciated with the enzymes included in this analysis. These re-
sults clearly indicate the activity of one or more additional
enzymes that selectively generate the endogenous peptides
from this protein.

DISCUSSION

Intrinsic Disorder and Proteolysis—Both �-casein and os-
teopontin are “naturally unfolded” proteins (52), as they lack a
tight and stable tertiary structure. Because of their loose
structure, more cleavage sites are exposed to proteolytic
enzymes. The same reasoning can be applied for pIgR and
�S1-casein. To understand the correlation between local dis-
order and the formation of peptide products, we calculated
the local disorder of the pIgR and �S1-casein sequences. The

local degree of disorder of these two proteins was calculated
with a computational program, the VLE3 predictor (46). The
VLE3 predictor scores the likelihood of local structural disor-
der based on the amino acid sequence. Regions with a score
higher than 0.5 (on a 0–1 scale) are more likely to be unfolded.
The result of the VLE3 predictor calculation for pIgR and
�S1-casein superimposed with their proteolytic map is shown
in Fig. 6.

Two major regions of disorder were present in pIgR, both at
the C-terminus of the protein sequence, separated by a few
amino acid residues (Fig. 6A). pIgR is involved in the trans-
portation of polymeric immunoglobulins IgA and IgM across
epithelial cells. At the end of the transcytosis process, pIgR is
proteolytically cleaved from its transmembrane anchor (Fig.
6A), releasing the secretory component into milk (53). The
domain where the proteolytic cleavage takes place corre-
sponds to an unstructured sequence of the protein called the
linker motif (53). The peptides from pIgR are formed from this
linker motif region. Consequently, they are the result of the
proteolytic release of the secretory component into the milk
and represent side-products of the transcytosis of pIGR. The
second disordered region, at or near the C-terminal region,
does not produce detectable peptides. pIgR is a transmem-
brane protein with the C-terminal region residing in the cyto-
solic domain (53). Fragments formed from this region of the
protein will therefore likely remain inside the cell, rather than
be secreted in the milk.

A similar comparison between the proteolytic map and the
degree of disorder was performed for �s1-casein (Fig. 6B).
This protein contrasts with pIgR in that a large fraction of the
protein is determined to be disordered (around 70%). Again,
the peptide products were localized and focused near the N
terminus. No peptides were found from the ordered region.

All abundant peptides identified (�99% of identified signal
intensity) in this study derived only from regions of predicted
disorder. These results strongly indicate that intrinsic protein
disorder is a crucial requisite for in vivo proteolysis of milk
proteins within the mammary gland. A similar relationship
between protein disorder and proteolysis has been observed
for the ubiquitin-independent degradation of proteins medi-
ated by proteasomes (54). Our results extend this structure-
based mechanism of proteolytic control to an extracellular
biofluid.

Intramolecular Specificity of the Proteolysis—Although in-
trinsic disorder explains why some proteins are selectively
digested in the mammary gland, our results show that not all
unstructured regions inside the protein are equally digested.
For example, the entire �-casein sequence is disordered, but
regions close to the termini generated more peptides than
internal regions (Fig. 3). Similarly, �s1-casein (Fig. 6B) was
preferentially digested at the N terminal, even though 70% of
the protein is intrinsically unfolded and hence accessible to
the proteases. The higher abundance of sequences near the
termini may be explained by the fact that only one cleavage is

FIG. 5. Relative participation of the proteases in the formation
of endogenous peptides by protein (15 samples) estimated with
EnTab. Error bars indicate standard deviation from the mean.
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necessary to generate these species, whereas releasing an
internal fragment requires two cleavages. Interestingly, the
terminal regions of the casein proteins are known to exert
different bioactivities: the C-terminal domain of �-casein is
known to generate peptides with antibacterial properties (55),
and peptides from the N-terminal regions of both �-casein
and �s1-casein, abundantly phosphorylated (supplemental
Table S1), are known to have a role as calcium carriers be-
cause of their abundant phosphorylation (56).

Osteopontin is also an intrinsically disordered protein and,
similarly to �-casein, yields peptides from the terminal re-
gions. The predominant digested region, however, is the
internal region. The action of thrombin, which has high pro-
teolytic specificity, explains the particular endogenous pro-
teolytic pattern of osteopontin in human milk. Thrombin is
known to specifically cleave between osteopontin residues
R168 and S169, exposing the integrin binding domain
SVVYGLR (57) and thereby regulating the ability of osteopon-
tin to interact with different targets. Thrombin is known to be
present in human milk (39). We may conclude that the expo-
sure of cleavage sites in disordered regions, the requirement
of a single cleavage for the generation of peptides from the
termini, and the participation of specific enzymes such as

thrombin explain the specificity of the endogenous proteolytic
activity in the mammary gland.

Limited Proteolysis in Human Milk—The similarity between
human milk and other biofluid peptidomes is remarkable,
especially when compared with serum. Peptidomic studies of
serum have shown that the most abundant peptides from this
biofluid, similar to those from human milk, collapsed in a small
group of clusters derived from a few proteins, and not nec-
essarily the more abundant ones (18). The serum peptidome is
mostly the consequence of a couple of well-described pro-
teolytic cascades: coagulation and complement activation.
However, coagulation does not occur in human milk, and
although in this study we found peptides from complement
C4-A (Fig. 1), their abundance was negligible. It has also been
shown in analyses of serum peptides not proceeding from
coagulation or complement activation that proteolysis takes
place in exposed regions with special incidence at the N and
C termini (58). Similar results have been obtained in analyses
of cell line peptides not proceeding from the caspase cascade
(59). The human milk peptidome seems more in line with these
proteolytic processes in serum masked by the predominant
proteolytic cascades. Unstructured proteins are abundant in
milk, and in the absence of a known tissue-specific proteolytic

FIG. 6. Proteolytic map of (A) pIgR and (B) �s1-casein overlaid with the predicted degree of disorder for each part of the sequence.
Values of disorder higher than 0.5 represent naturally unfolded regions.
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cascade, proteolysis happens at the most accessible sites.
Nevertheless, the products of this process are, at least par-
tially, known bioactive products (e.g. �-casein phosphopep-
tides) or side-products of activation processes (e.g. pIgR-
derived peptides). The barrier between what seems to be
accidental good substrates for the peptidases present in milk
and a limited proteolysis targeted to the production of specific
products becomes narrow. Not all the peptides found in this
study can be tracked to bioactive compounds, and further
investigation of these peptides for functional properties is
warranted.
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9. Shen, Y., Tolić, N., Liu, T., Zhao, R., Petritis, B. O., Gritsenko, M. A., Camp,
D. G., Moore, R. J., Purvine, S. O., Esteva, F. J., and Smith, R. D. (2010)
Blood peptidome-degradome profile of breast cancer. PLoS One 5,
e13133

10. Ling, X. B., Mellins, E. D., Sylvester, K. G., and Cohen, H. J. (2010) Urine
peptidomics for clinical biomarker discovery. Advances in Clinical Chem-
istry (Gregory, S. M., Ed), Vol. 51, pp. 181–213, Elsevier, London, UK

11. Wen, Q., Liu, L. Y., Yang, T., Alev, C., Wu, S., Stevenson, D. K., Sheng, G.,
Butte, A. J., and Ling, X. B. (2013) Peptidomic identification of serum
peptides diagnosing preeclampsia. PLoS One 8, e65571

12. Quintana, L. F., Campistol, J. M., Alcolea, M. P., Bañon-Maneus, E., Sol-
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