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Abstract

Previous work demonstrates that proteases present in human milk release hundreds of peptides derived from milk proteins.
However, the question of whether human milk protein digestion begins within the mammary gland remains incompletely
answered. The primary objective of this study was to determine whether proteolytic degradation of human milk proteins into
peptides begins within the mammary gland. The secondary objectives were to determine which milk proteases participate in
the proteolysis and to predict which released peptides have bioactivity. Lactating mothers (n=4) expressed their milk directly
into a mixture of antiproteases on ice followed by immediate freezing of the milk to limit post-expression protease activity.
Samples were analyzed for their peptide profiles via mass spectrometry and database searching. Peptidomics-based protease
prediction and bioactivity prediction were each performed with several different approaches. The findings demonstrate that
human milk contains more than 1,100 unique peptides derived from milk protein hydrolysis within the mammary gland.
These peptides derived from 42 milk proteins and included 306 potential bioactive peptides. Based on the peptidomics data,
plasmin was predicted to be the milk protease most active in the hydrolysis of human milk proteins within the mammary
gland. Milk proteases actively cleave milk proteins within the mammary gland, initiating the release of functional peptides.
Thus, the directly breastfed infant receives partially pre-digested proteins and numerous bioactive peptides.
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Introduction identified in human milk [6]. These enzymes were also

shown to be present in their active forms within milk—

Human milk has evolved to assist infants in digestion and
development of the immune system and microbiome. Part
of these functions may derive from mother’s milk proteases,
which appear to initiate the digestion of milk proteins into
functional peptides within the mammary gland. Previous
work shows that milk contains hundreds of peptides derived
from proteolysis of milk proteins [1-3]. Moreover, a vari-
ety of proteases are known to be present in human milk [4,
5]. Our bioinformatic analyses predicted that these milk
proteases were responsible for the cleavage of the peptides
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including, from highest to lowest active concentration, car-
boxypeptidase B2, kallikrein, plasmin, elastase, thrombin
and cytosol aminopeptidase [7]. Based on these observa-
tions, we hypothesized that proteases begin to break down
milk proteins into peptides after milk is synthesized inside
the mammary gland. Though previous peptidomic studies
[1-3] took precautions to limit possible proteolysis after
expression by freezing the milk as soon as possible, and
by limiting thaw time and extraction time, these techniques
did not fully control for post-expression proteolysis. In one
study [1], heat-treatment of a single milk sample was used to
control for post-expression proteolysis; however, proteases
remain active until milk reaches the temperature needed to
inactivate them, and plasmin, which is very heat-stable [8],
may not have been fully inactivated after heating, which may
have allowed for some post-expression proteolysis.
Therefore, the question of whether breast milk protein
digestion begins in the mammary gland remained incom-
pletely answered. Should proteolysis occur in the mammary
gland, the biological importance of this proteolysis has yet to

@ Springer


http://orcid.org/0000-0002-6990-2200
http://orcid.org/0000-0002-9696-0967
http://crossmark.crossref.org/dialog/?doi=10.1007/s10911-018-9388-0&domain=pdf
https://doi.org/10.1007/s10911-018-9388-0

252

Journal of Mammary Gland Biology and Neoplasia (2017) 22:251-261

be determined, though it may aid in milk protein digestion in
infants prior to complete gastrointestinal tract development
or exert intra-mammary gland function.

In order to test the hypothesis that digestion of milk pro-
teins occurs within the mammary gland, breast milk was
pumped directly into a mixture of protease inhibitors on ice,
mixed and then frozen on dry ice before immediate transfer
to a — 80 °C freezer to prevent any possible post-expression
proteolysis. After peptide extraction, peptidomics analyses
using an Orbitrap Fusion Lumos mass spectrometer were
performed to determine if peptides were present in these
samples, and thus, if they were produced via proteolysis
within the mammary gland.

Materials and Methods
Chemicals

HPLC-grade acetonitrile (ACN) was obtained from Fisher
Scientific (Waltham, MA), trifluoroacetic acid (TFA) and
HPLC-grade formic acid (FA) were obtained from EMD
Millipore (Billerica, MA), and trichloroacetic acid was
obtained from Sigma-Aldrich (St. Louis, MO).

Participants and Samples

The study was approved by the Institutional Review Board at
Oregon State University and informed consent was obtained
from all participants. Duplicate human milk samples were
collected from four mothers at 2—4 months of lactation; all
mothers gave birth to term infants (Table 1). Exclusion cri-
teria for the study included any signs of clinical mastitis and
current antibiotic usage. All human milk samples were col-
lected between 9:00 and 10:00 AM and approximately three
hours after last milk expression. Prior to pumping, mothers
thoroughly washed their hands and cleansed their nipples
with a moist single-use paper towel. Breasts were pumped
using a hospital-grade Medela Symphony electrical pump
(Salem, Oregon, USA). All components that contacted the

Table 1 Demographic information of mothers and their infants par-
ticipating in this study

Mothers (1) 4

Infant sex (male/female) 1/3
Gestational age (weeks) 39+2
Lactation age (weeks) 13.1+4.3
Mothers age at delivery (years) 31+4.2
Number of pregnancies 1.8+0.5
C-section 1

Vaginal birth 3

@ Springer

mother or her milk were single use. The milk was pumped
into an 80-mL breastmilk collection container (6109S-100;
Medela) prepared with protease inhibitor solution and held
on ice. To make the protease inhibitor solution, one tablet
of a protease inhibitor cocktail (cOmplete™ mini protease
inhibitor cocktail tablets, 11,836,153,001, Roche, Basel,
Switzerland) was added to 1 mL of MilliQ water, according
to the manufacturer’s instructions. The exact components
of the cocktail are proprietary and withheld; however, they
inhibit a wide array of serine, cysteine and metalloproteases
as well as calpains. Pumping was continued until the level
of milk reached a premarked line for 10 mL. Immediately
after this line had been reached, the mother stopped pumping
and passed the milk bottle to the researchers. The milk was
immediately mixed well by gentle shaking and divided into
1-mL aliquots in 1.5-mL Eppendorf tubes and placed on dry
ice in a closed and isolated storage box, within one minute
after expression. For each mother, a second milk sample was
collected immediately after the first, following the above
procedure. The samples were immediately transported on
dry ice to storage in a —80 °C freezer (reaching the freezer
within 30 min of expression) until further analysis. Milks
were stored at — 80 °C for a maximum of 3 weeks prior to
peptidomic analyses.

Sample Preparation

One milliliter aliquots of the eight milk samples (two sam-
ples from each of four mothers) were thawed on ice (approx-
imately 30 min). Peptide extraction was performed accord-
ing to the method described previously [1]. Briefly, milk
fat was removed and the infranate was collected by pipette.
Milk proteins were then precipitated from the skimmed milk
by addition of trichloroacetic acid and 600 uL of the super-
natant containing the peptides were collected.
Trichloroacetic acid, salts, oligosaccharides and lactose
were removed from the peptide solution and peptides were
extracted via C18 reverse-phase preparative chromatography
96-well plates (Glygen, Columbia, MD) according to the
previous procedure [9]. The purified peptide solutions were
frozen at — 80 °C and lyophilized using a freeze dry system
(Labconco FreeZone 4.5 L, Kansas City, MO). After drying,
the samples were rehydrated in 40 uL of 0.1% FA in water.

Liquid Chromatography Nano-electrospray
lonization Mass Spectrometry

Liquid chromatography (LC) separation was performed on
a Waters nanoAcquity UPLC (Waters Corporation, Mil-
ford, MA, USA) with a nanospray source. One microliter
of each sample was loaded onto the column. Peptides were
first loaded onto a 180 um X 20 mm, 5-pum bead 2G nanoAc-
quity UPLC trap column (reverse phase) for enrichment and
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online desalting, and then onto a 100 um X 100 mm, 1.7-um
bead Acquity UPLC Peptide BEH C18 column (Waters) for
analytical separation. Peptides were eluted using a gradient
of 0.1% FA in water (A) and 99.9% ACN, 0.1% FA (B) with
a flow rate of 500 nL/min. The 120-min gradient consisted
of 3—10% solvent B over 3 min, 10 —30% solvent B over
99 min, 30 —90% solvent B over 3 min, 90% solvent B for
4 min, 90 — 3% solvent B over 1 min, and finally held at 3%
solvent B for 10 min. Each sample was followed by a 30-min
column wash.

The mass spectrometry instrument used was a Thermo
Scientific Orbitrap Fusion Lumos. Spectra were collected
with positive-ionization mode and an electrospray voltage
of 2,400 V. The MS scan range was 400—-1500 m/z at a reso-
lution of 120K. The automatic gain control target was set
to 4.0x 10°, with a maximum injection time of 50 ms. The
fragmentation mode was set to collision-induced dissocia-
tion and the collision energy was 35%. The MS cycle time
was set to 3 s, with data-dependent analysis and automated
precursor peak selection. Precursors were excluded (within
10 ppm mass error) after one fragmentation for 60 s. Precur-
sors were selected for fragmentation based on the following
criteria: most intense peaks, ion-intensity threshold 5.0 x 10°
and charge state 2—7. Fragments were detected with the ion
trap with an automatic scan range.

Spectra were analyzed by database searching in Thermo
Proteome Discoverer (v2.1.0.81) using an in-house human
milk protein sequence database. Potential modifications
included phosphorylation of serine and threonine and oxida-
tion of methionine. Only peptides identified with high confi-
dence were included (P <0.01), and peptide sequences with
multiple modifications were grouped into a single peptide
for counts. Counts measured the number of unique peptide
sequences identified in a sample. Abundance measured the
area under the curve of the eluted peak (ion intensity).

Data Analysis

Identified peptides were examined for homology with liter-
ature-identified bioactive peptides using our recently cre-
ated Milk Bioactive Peptide Database (MBPDB) [10]. The
MBPDB is a comprehensive source for all milk bioactive
peptides. The search was performed as a sequence search
that searches for bioactive peptides matching the query pep-
tide sequence. The similarity threshold was set to 80%, with
the amino acid scoring matrix set to identity. “Get extra out-
put” was selected to obtain the specific percentage similarity
between the query sequence and the database sequence.
Peptides were mapped to the parent sequence of the
major human milk proteins using an in-house tool (PepEx)
[2], which can be accessed at http://mbpdb.nws.oregonstat
e.edu/pepex/. PepEx mapping provides a visual overview of
the position of peptides released within the parent protein

sequence by totaling the abundance or count of each amino
acid from the peptidomic data. The protein hydrophobicity
distribution was determined using the method described by
Tanford [11]. The hydrophobicity was calculated as an aver-
age of seven amino acids and a linear weight variation with
25% relative weight of the amino acids at the window edge.

Excel was used to create tables of which amino acids were
present in the P1 and P1’ positions of the N- and C-termini
of each peptide identified. The cleavage specificity of known
milk proteases were mapped to these amino acids for visual
interpretation in the figures (based on the most abundant
amino acids listed at P1 and P1’ for Merops proteases [12]):
plasmin (MEROPS ID: S01.233), thrombin (MEROPS ID:
S01.217), elastase (MEROPS ID: S01.131), kallikrein 6
(MEROPS ID: S01.236) and kallikrein 11 (MEROPS ID:
S01.257). To our knowledge, of the known kallikreins, only
kallikreins 6 and 11 have been identified in human milk [13].

Proteasix, an online tool, was used to predict enzymes
involved in cleavage sites using a cleavage site database built
from information on human proteases from the cleavage site
specificity matrix within the Merops database [14]. Proteasix
was used to predict which proteases were involved in pep-
tide cleavage within the eight milk samples. The enzymes
searched against were plasmin (PLG; P00747), neutrophil
elastase (ELANE; P08246), thrombin (F2; P00734), kal-
likrein 6 (KLK 6; Q92876) and kallikrein 11 (KLK 11;
QI9UBX?7). Predicted and observed cleavages were com-
bined in the result output.

Results

In total, 1,107 unique peptide sequences derived from 42 dif-
ferent proteins were identified in the eight human milk sam-
ples from four mothers, based on a database search against
the human milk proteins with >99.9% confidence. These
peptides derived mostly from B-casein (32% of the total
peptide abundance), osteopontin (22%), a;-casein (10%),
butyrophilin subfamily 1 member Al (9%), polymeric
immunoglobulin receptor (7%), perilipin 2 (4%), bile salt-
activated lipase (4%), mucin 1 (3%) and fibrinogen a-chain
(2%). Of the 1,107 peptides, 319 peptide sequences were
identified in at least one of the two breast milk samples from
all four mothers (Supplementary Table 1). The combined
abundance of these 319 peptides accounted for 95 +5% of
the total abundance of peptides. Another 317 peptides were
found in only one of the mothers’ milks (40 in mother 1,
102 in mother 2, 94 in mother 3, and 81 in mother 4). These
peptides made up < 1% of total peptide abundance.

On average, 532 + 38 peptides were identified in the eight
milk samples. Identified peptides derived mainly from,
in order of peptide count, B-casein (174 + 13 sequences),
osteopontin (115 +48), ay,-casein (59 + 12), butyrophilin
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(50+6), polymeric immunoglobulin receptor (43 +5), bile
salt-activated lipase (19 +4), perilipin-2 (16 +7), mucin 1
(15 +2) and fibrinogen a-chain (10+4) (Fig. 1a). Though
k-casein and lactoferrin are among the most abundant pro-
teins in milk, < 4 k-casein-derived peptides (six total) and
0-1 lactoferrin-derived peptides (one total) were identified
in each sample. Peptides from k-casein and lactoferrin only
accounted for less than 0.01% of the total peptide abundance
(Fig. 1b). Both in terms of count and abundance, peptides
found in all four mothers’ milks were greater than peptides
found in only three, only two, or in just one mother across
all major milk proteins. However, the percentage of total
abundance of peptides found in all four (95 +5%) is higher
than the percentage of total count of peptides found in all
four (53 +6%).

Enzyme Cleavage

Each of the 532 + 38 peptides identified in human milk sam-
ples have both an N- and C-terminus, resulting in potentially
double the number of cleavage sites as peptides identified.
However, of these peptides, 36 +7 and 39+ 5 peptides had
C- and N-termini, respectively, which matched the parent
protein’s C- and N-termini and therefore did not count as a
cleavage site. The final number of potential cleavage sites
was therefore 990 +74. To identify which enzymes in human
milk were responsible for cleaving the proteins in milk into
peptides, we used several methods. First, we investigated
the amino acids at the P1 and P1’ position of each cleavage
site. The highest number of peptides had Lys or Arg in the
P1 position (33.6%, Fig. 2), which accounted for 64% of the
total abundance of peptides. This finding suggests that the
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Fig.1 Count (a) and abundance (b) of peptides derived from milk
proteins and identified in human breast milk. Results are shown as
means +SD, n=8. CASB, p-casein; OSTP, osteopontin; CASAI,
ag-casein; BT1A1, butyrophilin subfamily 1 member Al; PIGR,
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majority of cleavages within the mammary gland are due to
plasmin/kallikrein/thrombin (all of which can cleave after a
Lys or Arg, and so cannot be distinguished based on their P1
cleavage specificity). The high count of Ser at P1’ matches
with known specificities for elastase/thrombin/kallikrein 6.
These results were conserved when examining the peptide
abundances (Fig. 3) with few exceptions. Additionally, of the
1,107 peptides identified, 348 + 56 peptides were identified
that differed from another peptide by the removal of one
N-terminal amino acid, and 328 +43 peptides that differed
by the removal of one C-terminal amino acid (making up
74 +7% of the total peptide abundance). These sets of pep-
tides may result from exopeptidase activity.

For cleavage count (Fig. 2), all four mothers had highly
similar numbers for each amino acid at both the P1 and P1’
positions. For cleavage abundance (Fig. 3), although the
abundance of each amino acid at the P1 and P1’ positions
were slightly different between the mothers, the overall
trend of which amino acids were more abundant than others
remained highly conserved.

To extend the analysis of enzymes active in milk within
the mammary gland, an online tool (Proteasix) was used to
predict which enzyme could have caused the cleavage of
milk proteins into the identified peptides. Proteasix assigned
162 + 17 cleavage sites to one of the specified enzymes
whereas 816+ 50 cleavage sites were not assigned to an
enzyme. Proteasix predicted that plasmin and elastase were
most involved in cleaving the human milk proteins inside the
mammary gland (Table 2). No cleavage sites were assigned
to kallikrein 11. Next, we examined how many peptides
assigned to a specific protease were found in all four mothers
(Fig. 4). Overall, 32.7% of the predicted cleavages resulted
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Fig.3 Abundance of peptides derived from milk proteins and identified in human breast milk and distributed according to their cleavage site.

Results are shown as means +SD, n=8

Table 2 Counts of cleavages by proteases predicted to be involved in protein cleavage of human breast milk proteins as estimated by Proteasix.

Results are shown as means +SD, n=38§

Count of cleavages

Plasmin Elastase Thrombin

Kallikrein 6

Kallikrein 11

Unassigned

99.0+16.1 30.9+4.0 244435

83+29 0.0+0.0

816.1+50.2

@ Springer



256 Journal of Mammary Gland Biology and Neoplasia (2017) 22:251-261
Fig.4 Count of peptides 180
predicted by Proteasix to derive
from specific protease activity 1604 —— Four mothers
[ Three mothers
1404 HEEE Two mothers
I One mother
o 1207
=)
3
8 1004
()
2 80
a
)
[
60 -
404
20
0 _

in peptides that were identified in all four mothers (22.9%
for elastase, 33.3% for thrombin, 15.8% for kallikrein 6, and
37% for plasmin).

As described above, the cleavage site specificities of
thrombin, plasmin and kallikrein 6 are overlapping and
might not be distinguishable in all situations. On average,
18 +3 of the cleavage sites were assigned to two or more
enzymes by Proteasix. The Proteasix results also identify
which of the cleavage sites have been previously observed
to occur with a specific protease and a specific protein pre-
cursor. Of the 163 + 17 cleavages matched to the searched
enzymes, 77 + 18 had previously been observed; and of
these known cleavages, 66 + 16 were assigned to plasmin
and 11 +2 were assigned to thrombin.

Peptide Distribution

The PepEx peptide distribution analysis demonstrates
that though varying in peptide count and abundance,
proteases from all four mothers released peptides from
similar regions across the sequence of a;-casein, -casein
and osteopontin (Fig. 5 and Supplementary Fig. 1). This
pattern was also apparent for polymeric immunoglobulin
receptor, butyrophilin subfamily 1 member A1 and bile
salt-activated lipase (Supplementary Fig. 2—4). The pep-
tide abundance peaks and peptide count peaks align in all
three figures. The regions that generated the highest abun-
dance of peptides were osteopontin f(169-246), B-casein
f(16-54) and ag-casein f(16-51). These areas were 13.5
times, 11.4 times and 176 times higher in abundance
than the peptides from the rest of their protein sequence,
respectively. The position of the two major cleavage site
amino acids, Arg and Lys, are also shown, along with the
hydrophobicity distribution of o -casein, B-casein and
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Elastase Thrombin  Kallikrein 6 Plasmin

osteopontin on their respective protein sequences. The
cleaved Arg and Lys sites that released the largest abun-
dance of peptides were found in osteopontin (Arg 152,
Lys 154, Lys 159, Lys 187, Lys 225), p-casein (Arg 1, Lys
18, Lys 23, Lys 39) and ay;-casein (Arg 36). Consistently
across all three proteins, the cleavage sites giving rise to
the highest count of peptides and with the strongest ion
intensities were in hydrophilic areas of the three proteins.
The only exception was Lys 187 of osteopontin, which lies
in a neutral part of the protein sequence.

Bioactive Peptides

Searching the identified peptides against the MBPDB
revealed 37 unique peptides in the milk samples that were
highly homologous (>80% sequence match) to previ-
ously identified bioactive peptides. Two of these peptides
are identical to the known bioactive peptides P-casein
f(185-211) QELLLNPTHQIYPVTQPLAPVHNPISV
[15] and B-casein f(105-117) SPTIPFFDPQIPK [16],
with antimicrobial and BALB/c3T3 (mouse fibroblast)
cell-proliferation stimulatory effects, respectively. Multi-
ple peptides homologous to these two were also identi-
fied in the milk samples (Table 3). We identified 21 other
peptides highly homologous to -casein f(185-211) and 5
to B-casein f(105-117). The high degree of sequence simi-
larity suggests the possibility for antimicrobial and cell-
proliferation-inducing activity within these 26 peptides. Of
the remaining peptides, nine were derived from p-casein
and are homologous with known ACE-inhibitory peptides,
and one derived from lactoferrin and is homologous with
a known antimicrobial peptide.
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Fig.5 Abundance of peptides identified in human breast milk from
four mothers mapped on the sequence of f-casein (a), osteopontin
(b) and ag,-casein (c). Results are shown as means, n=2. Grey verti-

Discussion

Due to the measures taken to limit post-expression pro-
teolytic activity (expressing into antiproteases held on
ice followed by immediate freezing), the 1,107 milk

cal lines represent Arg or Lys P1 cleavage sites. The hydrophobicity
score is shown as a heat map. Green is hydrophobic, red is hydro-
philic

protein-derived peptides found in these milk samples most
likely represent the result of proteolytic activity within the
mammary gland. However, the quantitative degree of this
intra-mammary gland protein digestion was not examined
and should be measured in future studies. Milk expression
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Table 3 Bioactive peptides identified in the human breast milk samples by searching the Milk Bioactive Peptide Database (MBPDB), with a

threshold value of 80%. n=238

Query peptide Protein Bioactive peptide Function Alignment
QELLLNPTHQIYPVTQPLAPVHNPISV  f-casein QELLLNPTHQIYPVTQPLAPVHNPISV Antimicrobial 100.0
NQELLLNPTHQIYPVTQPLAPVHNPISV B-casein QELLLNPTHQIYPVTQPLAPVHNPISV Antimicrobial 96.4
ELLLNPTHQIYPVTQPLAPVHNPISV pB-casein QELLLNPTHQIYPVTQPLAPVHNPISV Antimicrobial 96.3
NQELLLNPTHQIYPVTQPLAPVHNPIS  B-casein QELLLNPTHQIYPVTQPLAPVHNPISV Antimicrobial 96.3
QELLLNPTHQIYPVTQPLAPVHNPIS pB-casein QELLLNPTHQIYPVTQPLAPVHNPISV Antimicrobial 96.3
LNQELLLNPTHQIYPVTQPLAPVHN- pB-casein QELLLNPTHQIYPVTQPLAPVHNPISV Antimicrobial 93.1
PISV
LNQELLLNPTHQIYPVTQPLAPVHNPIS f-casein QELLLNPTHQIYPVTQPLAPVHNPISV Antimicrobial 92.9
ELLLNPTHQIYPVTQPLAPVHNPIS B-casein QELLLNPTHQIYPVTQPLAPVHNPISV Antimicrobial 92.6
NQELLLNPTHQIYPVTQPLAPVHNPI B-casein QELLLNPTHQIYPVTQPLAPVHNPISV Antimicrobial 92.6
LLNQELLLNPTHQIYPVTQPLAPVHN-  f-casein QELLLNPTHQIYPVTQPLAPVHNPISV Antimicrobial 90.0
PISV
LLNQELLLNPTHQIYPVTQPLAPVH- fB-casein QELLLNPTHQIYPVTQPLAPVHNPISV Antimicrobial 89.7
NPIS
LLNQELLLNPTHQIYPVTQPLAPVHNPI f-casein QELLLNPTHQIYPVTQPLAPVHNPISV Antimicrobial 89.3
LLLNPTHQIYPVTQPLAPVHNPIS pB-casein QELLLNPTHQIYPVTQPLAPVHNPISV  Antimicrobial 88.9
LLNPTHQIYPVTQPLAPVHNPISV pB-casein QELLLNPTHQIYPVTQPLAPVHNPISV  Antimicrobial 88.9
NQELLLNPTHQIYPVTQPLAPVHNP pB-casein QELLLNPTHQIYPVTQPLAPVHNPISV  Antimicrobial 88.9
LLNPTHQIYPVTQPLAPVHNPIS pB-casein QELLLNPTHQIYPVTQPLAPVHNPISV  Antimicrobial 85.2
LNPTHQIYPVTQPLAPVHNPISV pB-casein QELLLNPTHQIYPVTQPLAPVHNPISV  Antimicrobial 85.2
ALLLNQELLLNPTHQIYPVTQPLAPVH- f-casein QELLLNPTHQIYPVTQPLAPVHNPISV  Antimicrobial 84.4
NPISV
LLNQELLLNPTHQIYPVTQPLAPVH B-casein QELLLNPTHQIYPVTQPLAPVHNPISV  Antimicrobial 81.5
LNPTHQIYPVTQPLAPVHNPIS B-casein QELLLNPTHQIYPVTQPLAPVHNPISV Antimicrobial 81.5
NPTHQIYPVTQPLAPVHNPISV B-casein QELLLNPTHQIYPVTQPLAPVHNPISV  Antimicrobial 81.5
NQELLLNPTHQIYPVTQPLAPVH B-casein QELLLNPTHQIYPVTQPLAPVHNPISV  Antimicrobial 81.5
SPTIPFFDPQIPK B-casein SPTIPFFDPQIPK Stimulates cell proliferation 100.0
KSPTIPFFDPQIPK B-casein SPTIPFFDPQIPK Stimulates cell proliferation ~ 92.9
SPTIPFFDPQIPKL B-casein SPTIPFFDPQIPK Stimulates cell proliferation ~ 92.9
SPTIPFFDPQIP B-casein SPTIPFFDPQIPK Stimulates cell proliferation ~ 92.3
LKSPTIPFFDPQIPK B-casein SPTIPFFDPQIPK Stimulates cell proliferation ~ 86.7
SPTIPFFDPQIPKLTD B-casein SPTIPFFDPQIPK Stimulates cell proliferation ~ 81.3
DTVYTKGRVMP B-casein TVYTKGRVMP ACE-inhibitory 90.9
KDTVYTKGRVMP B-casein TVYTKGRVMP ACE-inhibitory 83.3
TVYTKGRVMPVL B-casein TVYTKGRVMP ACE-inhibitory 83.3
PFFDPQIPK B-casein PFFDPQIP ACE-inhibitory 88.9
FFDPQIPK B-casein PFFDPQIP ACE-inhibitory 87.5
LRQAQEKFGKDKSPKFQL Lactoferrin  WNLLRQAQEKFGKDKSPK Antimicrobial 83.3
IYPSFQPQPLI B-casein YPSFQPQPLIYP ACE-inhibitory 83.3
IYPSFQPQPLI B-casein PSFQPQPLIYP ACE-inhibitory 81.8
IYPSFQPQPLI B-casein IYPSFQPQPLIYP ACE-inhibitory 84.6
DKIYPSFQPQPL fB-casein DKIYPSFQPQPLIYP ACE-inhibitory 80.0
QDKIYPSFQPQPL B-casein DKIYPSFQPQPLIYP ACE-inhibitory 80.0

typically takes place every 3-5 h at 2—4 months of lacta-
tion. In the time between milk expressions, milk proteins
and enzymes exit the mammary epithelial acinar cells and
are stored in lactiferous ducts for a sufficient incubation time
to allow indigenous proteases to hydrolyze milk proteins.

@ Springer

As most of the milk proteases are active at body tempera-
ture [17-19], storage of milk within the mammary gland
provides favorable conditions for activity of milk proteases.
Most milk proteases also function well at the neutral pH
of breast milk (including plasmin, kallikrein, thrombin,
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elastase, carboxypeptidase B2 and cytosol aminopeptidase)
[7]. Only cathepsin D is nonfunctional at milk’s pH and
requires activation at a more acidic pH [7].

The identification of numerous milk protein-derived pep-
tides within milk that was treated to prevent post-expres-
sion proteolysis in the present study matches well with the
findings of the only previous study to address this ques-
tion of whether milk proteases are active within the mam-
mary gland. In the previous study [1], the determination of
whether milk peptides were created within the mammary
gland relied on a single sample of breast milk and controlled
post-expression proteolysis by heat-treatment after milk
was collected. The present study more carefully examined
this question by analyzing two milk samples from each of
four mothers with post-expression proteolysis prevented by
immediate application of antiproteases, pumping on ice and
immediate freezing. Therefore, the present study greatly
substantiates the preliminary findings of the previous study,
more strongly supporting that proteolysis does indeed occur
within the mammary gland.

The present study identified a much larger count of unique
sequences (1,107) than were identified in previous studies of
human milk peptidomics. Previous studies included peptides
with different modifications in their total count, which were
not used herein. When including modified peptides as unique
sequences, the total peptide count identified in the present
study is 1,578, which is substantially higher than the 328 [1],
445 [3], 579 [2], and 649 peptides [20] identified in human
milk in previous studies. The lactation stage of these previ-
ous studies range from 2 weeks to 8 weeks, which is slightly
earlier than in the current study (13.1 +£4.3). Although the
peptide profile differentiates over lactation stage [21], the
increased number of peptides identified in this study likely
derives from the use of the Orbitrap Fusion, which allows
for faster spectral acquisition than the Q-TOF used in earlier
studies, allowing increased chances for peptide identifica-
tion. The present study identified peptides derived from 42
human milk proteins in milk. The most abundant peptide
parent proteins in this study (B-casein, a,;-casein, osteopon-
tin, polymeric immunoglobulin receptor and butyrophilin)
were also the most abundant in previous studies of pepti-
domics of human milk samples [1, 2, 20]. Additionally,
the location of abundant peptides within the parent protein
sequences aligns between the studies. The overall alignment
of peptide results in this study with those of previous studies
suggests that the peptides observed in those studies were
generated via digestion within the mammary gland.

All four mothers’ milk samples had unique components
of their peptide profiles. Many of the peptide sequences
identified were absent in one or more of the mothers’ milk
samples. This differential peptide release likely results from
variations in the proteolytic activity of the native milk pro-
teases between mothers. However, as mentioned above,

the peptides that were shared between all four mothers
accounted for more than 95% of the total peptide abundance.
The peptides that were found in only one to three of the
mothers’ milk thus represent a very small portion of the
peptide component of human milk, indicating that protease
activity is highly similar between mothers.

The results from the P1-P1’ Excel analysis, and to a lesser
extent the Proteasix prediction, support this conclusion.
The cleavage counts of each amino acid at the P1 and P1’
positions were conserved across the four mothers (Fig. 2),
indicating similar rates of activity for all native proteases.
The cleavage abundances of each amino acid were different
between mothers (Fig. 3). However, the relative amounts
of amino acid cleavage within each mother’s milk followed
a similar trend for all four. Thus, the mothers have differ-
ent degrees of protease activity, yet the comparative rates
of activity of the different proteases is similar. From Pro-
teasix, roughly one-third of all peptides predicted to result
from specific enzyme activity were found in all four mothers
(Fig. 4). Again, the overall proteolytic activity in the mam-
mary gland is highly similar between mothers.

The combined examination of predicted cleavage sites in
Excel and Proteasix suggests that plasmin is the most active
enzyme in cleaving milk proteins into peptides. Plasmin,
kallikrein and thrombin all have closely related P1 and P1’
cleavage specificity. Proteasix was used to distinguish among
these enzymes as it uses more complex cleavage specificity
by accounting for amino acids from P4 to P2’ and P4 to P4/,
respectively. Results from Proteasix confirmed plasmin to
be the most active enzyme, but it also found several cleav-
ages that matched the specificity of thrombin and kallikrein
6. The distinction between thrombin and plasmin activity
comes from the additional cleavage site specificities that
thrombin has (Pro at P2, hydrophobic amino acids at P3 and
P4, not Asp or Glu at P1). In support of our in silico data,
we previously measured the activity of proteases in human
milk post-expression and found that plasmin, elastase, kal-
likrein and thrombin were all active [7]. However, meas-
uring enzyme activity post-expression does not fully rep-
resent what occurs inside the mammary gland. Using the
peptidomics data of the milk samples to predict for enzyme
activity based on released peptides might be the current best
approach to circumvent this limitation.

In bovine milk, indigenous plasmin activity has been
shown to hydrolyze ay;-, a,- and B-casein but not k-casein
during storage [22]. Similarly, in our study, we found that
human milk proteases hydrolyzed both pB-casein and o;-
casein, whereas little digestion of k-casein was identified.

Milk also contains cytosol aminopeptidase and car-
boxypeptidase B2, which can sequentially release amino
acids from the N- and C-termini, respectively. The activi-
ties of carboxypeptidase B2 and cytosol aminopeptidase
are harder to determine by cleavage site prediction, but
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our previous study has confirmed their activity in human
milk post-expression [7]. Carboxypeptidase B2 cleaves
Lys and Arg residues off the C-terminus [23] and may
account for some of the cleavages with a Arg or Lys at the
P1’ position (Fig. 2). Cytosol aminopeptidase preferen-
tially cleaves Leu from the N-terminus and has activity for
all other amino acids as well [24]. These enzymes were not
available for inclusion in the Proteasix analyses and could
account for much of the unassigned cleavages in these
analyses. Many of the identified peptides corresponded to
a set of peptides with sequential removal of amino acids
from the N- and C-termini, which indicates exopeptidase
activity in the human mammary gland.

Besides proteases, milk also contains a wide array
of protease inhibitors, including (from highest to low-
est abundance) a-1-antitrypsin, antithrombin III, a-1-
antichymotrypsin, a-2-antiplasmin and plasma serine
protease inhibitor [7]. In this study, no peptides were iden-
tified from these inhibitors. This finding implies either that
these protease inhibitors are not degraded by milk pro-
teases within the mammary gland, or that the concentra-
tions of their released peptides are too low to be detected.
The fact that some proteolysis occurs in the mammary
gland despite the presence of numerous protease inhibitors
suggests that the activity of protease inhibitors is not as
high as the activity of proteases.

The regions of peptide release in the mammary gland
are highly conserved across all four mothers (Figs. 4 and
5) in terms of peptide abundance and count. For milk from
all four mothers, the majority of peptide release came
from the regions a,-casein f(16-51), p-casein f(16-54)
and osteopontin f(169-246). The near identical release of
peptides from these regions suggests that there may be a
physiological role for peptide release. Indeed, a large num-
ber of bioactive peptides were predicted to derive from
these regions.

Only two peptides matched the exact sequence of known
bioactive peptides; however, 35 sequences had > 80% homol-
ogy to known bioactive peptides. These two bioactive pep-
tides were also identified in previous studies on peptides in
human milk [1, 6]. Though this number of homologous bio-
active peptides is small compared with the overall number
of peptides identified, it is not unexpected. These bioactive
peptides may exert their action inside the mammary gland
or within the infant. However, the effect of these peptides
has only been confirmed using in vitro studies, and for the
infant to benefit from them, they would need to survive fur-
ther digestion from the infant digestive enzymes. Survival
may be enhanced by post-translational glycosylation of milk
proteins which can release peptides more resistant to proteo-
lytic digestion [25, 26]. Determining whether site-selective
glycosylation improves the survivability of peptides with
bioactive function necessitates further research.

@ Springer

Human milk proteins as a source of bioactive peptides
have been studied far less than bovine proteins [10]. The
fewer number of identified peptides limits the number of
results the homology search can produce, as the search
relies on comparisons with previously identified bioactive
peptides. Additionally, most studies that identified bioac-
tive peptides in human milk only did so after incubation of
milk with additional proteolytic enzymes, thus they did not
examine the peptides naturally released in the milk [27,
28]. The overlap in peptides identified from these types of
studies and the present one may be minimal. Most of the
identified bioactive peptides from human milk derive from
either f-casein or lactoferrin. However, in this study, we
were unable to find significant proteolysis of lactoferrin by
indigenous milk proteases in the mammary gland, as only
one peptide was identified from this protein in milk from
only one of the mothers. However, this peptide matched
closely to a known antimicrobial peptide. Lactoferrin
digestion and release of lactoferrin-derived bioactive
peptide begins in the infant stomach [20]. Interestingly,
to date, no bioactive peptides have been identified from
osteopontin despite it being one of the largest contributors
of peptides in milk.

Overall, these findings clearly support for the first
time that milk protease digestion of milk proteins begins
within the mammary gland. Therefore, the directly breast-
fed infant receives partially digested proteins and an array
of bioactive peptides within milk. We do not yet know
how significant the contribution of this early digestion is
to the infant’s overall protein digestion. Future research
could further investigate whether lactation age, gestational
age, mother age and number of pregnancies affect protein
digestion inside the mammary gland.
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