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Peptidomic analysis reveals proteolytic activity of kefir
microorganisms on bovine milk proteins

David C. Dallas®P, Florine Citerne?, Tian Tian, Vitor L. M. Silva?, Karen M. Kalanetra?,
Steven A. Frese?, Randall C. Robinson?, David A. Mills2P, and Daniela Barile2P
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Avenue, Davis, CA 95616, United States
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Abstract

Scope—The microorganisms that make up kefir grains are well known for lactose fermentation,
but the extent to which they hydrolyze and consume milk proteins remains poorly understood.
Peptidomics technologies were used to examine the proteolytic activity of kefir grains on bovine
milk proteins.

Methods and results—Gel electrophoresis revealed substantial digestion of milk proteins by
kefir grains, with mass spectrometric analysis showing the release of 609 protein fragments and
alteration of the abundance of >1,500 peptides that derived from 27 milk proteins. Kefir contained
25 peptides identified from the literature as having biological activity, including those with
antihypertensive, antimicrobial, immunomodulatory, opioid and anti-oxidative functions. 16S
rRNA and shotgun metagenomic sequencing identified the principle taxa in the culture as
Lactobacillus species.

Conclusion—The model kefir sample contained thousands of protein fragments released in part
by kefir microorganisms and in part by native milk proteases.
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1 Introduction

Food fermentation is one of the oldest methods of extending shelf-life, and more than 3,500
fermented foods are known (Farnworth, 2003). Kefir, an acidic, fermented milk beverage
that originated thousands of years ago in the Caucasus Mountains, is still consumed
worldwide. To produce it, kefir grains—a complex of polysaccharides, proteins, symbiotic
lactic acid bacteria (e.g. Lactobacillus, Lactococcus, Leuconostoc and Streptococcus) and
yeast (e.g. Saccharomyces, Candida, Kluyveromyces, Debaryomyces and Torulaspora)—are
incubated with heat-treated milk under aerobic conditions (Angulo, Lopez, & Lema, 1993;
Leite, Miguel, Peixoto, Rosado, Silva, & Paschoalin, 2013; S.-Y. Wang, Chen, Lo, Chiang,
Chen, Liu, et al., 2012). The fermentation of milk lactose by these microorganisms results in
acidification of the product, which prevents the growth of spoilage organisms. Typically,
kefir grains are inoculated at 2-8% concentration and allowed to incubate for 18-24 h at 20—
25 °C (Otles & Cagindi, 2003). After incubation, the kefir is allowed to mature further at 4
°C for 20-24 hours (Otles & Cagindi, 2003).

Though the lactic acid bacteria in kefir are known to hydrolyze casein, which is critical for
texture and flavor development (Kunji, Mierau, Hagting, Poolman, & Konings, 1996), the
extent to which caseins and other milk proteins are hydrolyzed by kefir microorganisms
remains unclear. This study employed mass spectrometry-based peptidomics and gel
electrophoresis to examine the peptides released from bovine milk proteins by the kefir
microorganisms. To determine whether peptides in kefir were the result of kefir
microorganism activity, were naturally occurring peptides, or were released by native milk
proteases during incubation, this study compared peptides in heat- and kefir-treated raw milk
with those in unincubated raw milk and in heat-treated incubated milk without kefir.

Milk peptides released during kefir fermentation were examined for homology with milk
peptides known to have antimicrobial, antihypertensive, immunomodulatory, opioid and
prebiotic properties (Clare & Swaisgood, 2000). Determining which functional peptides are
released can lead to exploration of possible peptide-induced health benefits from kefir
consumption.

2 Materials and methods

2.1 Samples

Fresh milk was collected from a pool of six healthy Holstein cows at the University of
California, Davis (USA) as described previously (D. Dallas, Guerrero, Parker, Garay,
Bhandari, Lebrilla, et al., 2013). Before attaching the milking pumps, all four teats were
washed with water and then dipped in an antiseptic solution (Chlorhexidine Active Mastitis
Prevention) with 0.5% chlorhexidine gluconate as the active ingredient. The milk was
immediately frozen at =30 °C until use. Kefir grains were purchased from Fusion Teas
(McKinney, Texas, USA) and were preserved in pasteurized milk at 4 °C.

2.2 Sample preparation

After thawing and gently mixing, the freshly collected, frozen raw milk was apportioned
into twelve 1-mL subsamples (3 subsamples for each of the 4 study groups). Three
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subsamples were frozen at =20 °C to serve as the untreated control (Raw Milk, RM). The
nine remaining subsamples were heated at 93 °C for 7 min using a thermomixer (Thermo
Mixer C, Eppendorf, Hamburg, Germanyy), cooled in an ice bath for 20 min and brought to
room temperature. This heat treatment was selected based on previous literature on kefir
production (Otles & Cagindi, 2003). To have a concentration of 4.15% kefir grains, 41.5 mg
of kefir grains were added to three of the nine samples (Kefir, group K). Prior to collection,
the kefir grain supply was thoroughly mixed to ensure a representative sample was
collected. The nine samples were incubated on a thermomixer at 23 °C for 24 h at 800 rpm
and then matured at 4 °C for 24 h. During the incubation and maturation steps, the three
sample vials with kefir grains (group K) were kept open to match the aerobic conditions
typical for kefir production. To control for any environmental contamination by airborne
microorganisms, three of the six vials of heat-treated milk without kefir grains were closed
(heat-treated milk with closed vials, group HMc), whereas the remaining three were open
(heat-treated milk with open tubes, group HMo). The three vials of raw milk (group RM)
were defrosted and all 12 subsamples were centrifuged at 16,000 xg at 4.5 °C for 10 min to
separate and remove the milk fat and 500 L of delipidated milk were collected from each
vial.

2.2.1 Trichloroacetic acid protein precipitation—Skim milk proteins in each of the
twelve subsamples were precipitated by addition of trichloroacetic acid (200 g/L TCA, EMD
Millipore, Darmstadt, Germany) in a 1:1 v/v ratio. After centrifugation at 4,000 xg, at 20 °C
for 10 min, 850 uL of the supernatant from each of the twelve subsamples were collected for
extraction of peptides.

2.2.2 Extraction of peptides with C18 microplate—Sugars, salt and TCA were
removed from the supernatants using a C18 solid-phase extraction microplate procedure (D.
C. Dallas, Smink, Robinson, Tian, Guerrero, Parker, et al., 2015) with no modifications.
Peptide fractions were dried by centrifugal evaporation (miVac Quattro, Genevac, Ipswich,
UK) at 44 °C and preserved at —20 °C.

2.3 Sample analysis

2.3.1 Mass spectrometry-based peptide analysis—LC separation was performed on
a Waters Nano Acquity UHPLC (Waters Corporation) with a Proxeon nanospray source.
The peptides were reconstituted in 2% ACN, 0.1% TFA. Two micrograms of each sample
were loaded onto the column based on measured absorbance at 280 nm. Peptides were first
loaded onto the trap column (a 100 um x 25 mm Magic C18 100A 5U reverse-phase
column) for online desalting and then onto a 75 pm x 150 mm Magic C18 200A 3U reverse-
phase column (Waters, Milford, MA) for analytical separation. Peptides were eluted using a
gradient of 0.1% formic acid (A) and 100% acetonitrile (B) with a flow rate of 300 nL/min.
The 60-min gradient was designed as follows: 5-35% B over 50 min, 35-80% B over 3 min,
80% B for 1 min, 80-5% B over 1 min and then held at 5% B for 5 min. Each sample
injection was followed by a 30 min column wash.

Mass spectra were collected on a Q Exactive Plus hybrid quadrupole-Orbitrap mass
spectrometer (Thermo Fisher Scientific) in a data-dependent mode with one MS precursor
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scan followed by 15 MS/MS scans. A dynamic exclusion of 20 s was used. MS spectra were
acquired with a resolution of 70,000 and a target of 1 x 106 jons or a maximum injection
time of 30 ms. MS/MS spectra were acquired with a resolution of 17,500 and a target of 5 x
10* ions or a maximum injection time of 50 ms. Peptide fragmentation was performed using
higher-energy collision dissociation with a normalized collision energy value of 27.
Unassigned charge states as well as ions > +6 were excluded from MS/MS fragmentation.

2.3.2 Spectral analysis and peptide identification—Spectra were analyzed by
database searching in X!Tandem as described previously (D. Dallas, Guerrero, Khaldi,
Castillo, Martin, Smilowitz, et al., 2013; D. Dallas, Guerrero, Parker, et al., 2013), with
minor modifications. No complete (required) modifications or potential modifications were
allowed. Spectra were searched against a bovine milk library compiled from previous bovine
milk proteome literature. The data were deposited to the ProteomeXchange with identifier
PXD001826.

2.3.3 Peptide peak area determination—An in-house curated bovine milk protein
library was imported in .fasta file format into Skyline (Schilling, Rardin, MacLean,
Zawadzka, Frewen, Cusack, et al., 2012). A library of identified peptides was uploaded from
the .xml outputs of the X!Tandem program for each sample to create the spectral library.
After applying all settings, the spectral library was searched against the raw data files (.raw)
to extract the peaks for each peptide in each sample.

The settings for the extraction were as follows. Precursor mass was calculated based on the
monoisotopic ion. Allowed precursor charges were 1-6. lon types were set as precursor
only. The ion match tolerance was set to 0.5 m/z. The instrument acquisition window was
set between 300 and 1,600 m/z with a tolerance of 0.055 m/z. For MSL1 filtering, isotope
peaks included by count were employed. The precursor mass analyzer was set to “Orbitrap.”
The resolving power was set to 60,000 at 400 m/z. The precursor isotopic import filter was
set to a count of 3 (M, M+1, M +2). MS/MS filtering was set to none. Retention time
filtering was set to 1 min of the MS/MS identifications.

After data import, all peaks were manually inspected for proper peak picking of the MS1-
filtered peptides. Only peaks with <3 ppm mass error and an idotp score of =80 were
retained. Peaks were selected based on mass error and retention time proximity to the
identified peptide retention time. Peaks that did not match these criteria were deleted. Peaks
too close to the noise level to be visually discernable were excluded.

After manual inspection, the data were exported to a .csv file. To reassign the protein name
to peptide sequence and collapse multiple charge states into a single compound, the file was
processed through an in-house script.

2.3.4 Functional peptide search—Identified peptide sequences from the samples were
searched against a library of known functional milk peptides from the literature (Hayes,
Stanton, Fitzgerald, & Ross, 2007; Maruyama, Nakagomi, Tomizuka, & Suzuki, 1985;
Minervini, Algaron, Rizzello, Fox, Monnet, & Gobbetti, 2003; Recio & Visser, 1999).
Peptides in the samples that completely encompassed a known functional peptide were
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counted for the bioactive peptide table, and only peptides with 100% homology to known
functional peptides were reported.

2.3.5 Electrophoresis gel—Another set of samples for the four experimental groups
were created in triplicate. After maturation, the fat was removed by centrifugation at 16,000
xgat 4.5 °C for 10 min. The upper fat layer was removed with a pipette tip and the mix of
skim and pelleted proteins for each sample were collected and frozen at =20 °C. The
centrifugally pelleted proteins were intentionally collected as part of the sample for gel
electrophoresis to avoid potential loss of casein micelles. In addition, five commercial kefir
products were purchased and examined in the gel as a comparison.

To determine whether milk proteins were hydrolyzed extensively by the kefir microbiota,
electrophoresis was performed using a 12% polyacrylamide gel (Kesenkas, Yerlikaya, &
Ozer, 2013). The quantity of proteins in each sample was determined with the A280 method.
Twenty microliters of each sample were mixed with 6.6 pL of 4x Laemmli loading buffer
(277.8 mM Tris-HCI, pH 6.8, 4.4% lithium dodecyl sulfate, 44.4% (w/v) glycerol, 0.02%
bromophenol blue (Bio-Rad)) and 2.75 uL of 1 M DTT, and heated at 95 °C for 5 min. Each
sample (50 pg) was loaded into the gel using a Mini Protean Il apparatus (Bio-Rad). 200 V
were applied to the gel for 35 min at room temperature. The gel was fixed in three baths of
nanopure water for 15 min each, stained with BioSafe Coomassie G 250 solution (Bio-Rad)
and destained in nanopure water overnight. Sample bands were compared with 10 blue-
stained recombinant protein bands (molecular weight standards) from 10 to 250 kDa (Bio-
Rad).

2.4 Statistical analysis

All statistical analyses were conducted in R software, version 3.1.2. Peptides with p <0.05
were considered significant.

2.4.1 Number of unique peptides across treatment group—The identified peptides
were grouped by milk treatment (raw milk, RM; milk with heat treatment and fermented by
kefir grains, K; heat-treated milk with tubes opened, HMo; heat-treated milk with tubes
closed, HMc). The number of peptides in each sample was modeled as a function of
treatment using the generalized linear model with quasi-Poisson distribution. For pairwise
comparisons, the Tukey’s familywise comparison was employed.

2.4.2 Total peptide abundance across sample groups—To model the overall mean
abundance of peptides, a linear regression model was applied. Analysis of variance
(ANOVA) was used to compare the groups with this model.

2.4.3 Individual peptide peak area across sample groups—To compare the peak
areas of individual peptides, all missing values were transformed to “1” for log
transformation. Peptides absent from >75% of the samples (i.e. >9 samples) were omitted.
Peak areas were transformed into natural log scale. To examine the main effect of the
different treatments, a linear regression model was built for each peptide’s abundance across
the four groups. Peptides that had a significant treatment effect were analyzed via post-hoc
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testing of all pairwise comparisons between the different groups with Tukey’s honest
significant difference (HSD) method.

2.4.4 Number of peptides per protein across sample groups—To model the
number of unique peptides for each protein as a function of treatment (sample groups), the
generalized linear model with quasi-Poisson distribution was applied. For proteins with
significant differences, Tukey’s HSD methods were employed for all pairwise comparisons
between groups. No proteins were removed from this analysis as none was absent in >75%
of samples.

2.4.5 Peptide abundance (summed peptide intensities) per protein across
sample groups—nPeptide intensities across groups on the protein level were compared by
one-way ANOVA. The Tukey’s HSD test was employed to determine which proteins
differed in total peptide abundance across treatment groups. Proteins included in this
comparison were the most abundant by peptide count and intensity.

2.5 Sequence alignment visualization

Peptide sequences identified were aligned to the protein sequences and their intensities were
summed to visualize the origins of peptides from each protein across the sample groups, as
described previously (A. Guerrero, Dallas, Contreras, Chee, Parker, Sun, et al., 2014).

2.6 Microbial analysis

Total genomic DNA was extracted from 150 mg kefir grain samples (performed in
duplicate) using the ZR Fecal DNA Miniprep Kit (Zymo Research, Irvine, CA). DNA
library construction was carried out as previously described with the exception that the PCR
reaction conditions were an initial 94°C for 3 min, followed by 25 cycles of 94°C for 45 sec,
50°C for 60 sec, and 72°C for 90 sec with a final extension at 72°C for 10 min (Bokulich,
Thorngate, Richardson, & Mills, 2014). The DNA library was submitted to the UC Davis
Genome Center DNA Technologies Core for sequencing on an Illumina MiSeq instrument.
The resulting sequencing data was analyzed with QIIME software package 1.8.0, which was
used for quality filtering and demultiplexing (Caporaso, Lauber, Walters, Berg-Lyons,
Lozupone, Turnbaugh, et al., 2011). Operational taxonomic units were assigned using
UCLUST based on 97% pairwise identity (Edgar, 2010) and taxonomic classification was
based on the Ribosomal Database Project classifier against a representative subset of the
greengenes 16S rRNA database (gg_otus_13_8 release) (DeSantis, Hugenholtz, Larsen,
Rojas, Brodie, Keller, et al., 2006; Q. Wang, Garrity, Tiedje, & Cole, 2007).

For metagenomics analysis, genomic DNA from kefir was prepared for 200bp single reads
on an lon Torrent Proton, which yielded 11,572,313 sequences with a mean sequence length
of 148 bp after the removal of DNA mapped as originating from the bovine genome, quality
filtering, and analysis using the MG-RAST server (http://metagenomics.anl.gov), where the
data are now publicly available. To estimate the total fungal population, quantitative PCR
was carried out on the kefir grains. Primers ITS1f (5 - CTTGGTCATTTAGAGGAAGTAA
-3 and ITS2 (5 - GCTGCGTTCTTCATCGATGC - 3") were used to amplify the ITS
region (Smith & Peay, 2014). QPCR was performed on each sample in triplicate in 20 uL
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reaction mixtures including 2 pL of the DNA template, 1 pL of each 4 uM primer, and 10 pL
of 2x SYBR® Premix Ex Taq"" Il (Tli RNase H Plus), ROX Plus (Takara Clontech,
Mountainview, CA). Fungal cell concentrations were determined by comparison to a
standard curve of serially diluted Saccharomyces cerevisiae of known concentration.

3.1 pH changes with fermentation

The samples with kefir grains added (K) showed a decrease in pH from an initial mean of
6.55 (SD = 0.007) to a final mean of 4.54 (SD = 0.050) after 48 h of incubation and
maturation. No pH change was observed for the samples without kefir grains (the raw milk
with no incubation group (RM) and the heat-treated milk groups without kefir with tubes
opened (HMo) and closed (HMc) during incubation). The pH commonly decreases during
kefir fermentation due to the production of lactic acid (Otles & Cagindi, 2003; Zhou, Liu,
Jiang, & Dong, 2009).

3.2 Protein analysis by gel electrophoresis

The electrophoresis gel (Fig. 1) shows that all the milk samples, including those with kefir
grains (the raw milk with no incubation group (RM), the kefir group (K) and the heat-treated
milk groups without kefir with tubes opened (HMo) and closed (HMc) during incubation)
had the same protein profiles. Milk proteins, including as;-casein, ag-casein, -casein, k-
casein, B-lactoglobulin and a-lactalbumin, were clearly visible for all groups. The five
commercial kefir products (A, B, C, D and E) show the same protein profile as the RM, K,
HMo and HMc groups.

3.3 Number of peptides identified

The peptidomic technique developed here allows for the most in-depth profile of the
naturally occurring milk peptides and those released by kefir microorganisms to date.
Overall, 2,689 peptides were identified in the four treatment groups (RM, K, HMo, HMc).
All identified peptide sequences were deposited along with the XITandem result files and
MS/MS raw data in the ProteomeXchange with identifier PXD001826.

The K samples contained 1,591 peptides. To determine which of these peptides were
naturally occurring in milk (D. Dallas, Guerrero, Khaldi, et al., 2013; D. Dallas, Guerrero,
Parker, et al., 2013), the K samples were compared with the RM group. To determine which
peptides in the K samples were released by native milk enzymes during incubation, the K
samples were compared with the two control groups HMo and HMc. Of the peptides
identified in kefir, 609 were not present in the three control groups (Fig. 2). These peptides
represented, by count, 38.3% of the total peptides identified in kefir (20.3% by abundance).
These newly released peptides derived from 20 proteins, including B-casein (38.3% by
count, 48.7% by abundance), ag1-casein (14.1% by count, 6.2% by abundance), polymeric
immunoglobulin receptor (13.8% by count, 28.1% by abundance), k-casein (9.2% by count,
3.5% by abundance), glycosylation-dependent cell adhesion molecule 1 (8.1% by count,
4.3% by abundance) and agp-casein (4.8% by count and 4% by abundance).
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The HMo and the HMc samples contained 63 and 47 peptides, respectively, that were absent
from the RM samples. Removing duplicates, the 70 peptides present in the combined list of
HMo and HMc samples but absent from RM samples derived from 17 proteins, including 8-
casein (18 peptides by count), polymeric immunoglobulin receptor (9 peptides), ag-casein
(9 peptides), asp-casein (7 peptides), k-casein (5 peptides), glycosylation-dependent cell
adhesion molecule 1 (4 peptides), lactoferrin (3 peptides), osteopontin (3 peptides) and other
proteins with less than 3 peptides.

One thousand thirty-nine peptides from 23 proteins were present in all three controls (RM,
HMo and HMc groups) but absent from the K samples. These 23 proteins included xanthine
dehydrogenase/oxidase, actin cytoplasmic 1, platelet glycoprotein 4, synaptosomal-
associated protein and staphylococcal nuclease domain-containing protein 1.

3.4 Number of unique peptides in each treatment group

On average, the K samples contained fewer peptides (1,421 + 42, SD) than the three control
group samples (HMo, 1,965 + 8; HMc, 1,917 + 46; and RM, 1,942 + 21). Based on the
generalized linear model, the number of unique peptides in the K group was different from
each of the three control groups (p <1 x 1074).

3.5 Total peptide abundance across sample groups

ANOVA based on the linear regression model indicated no significant treatment effect
(difference among the groups) based on total peptide abundance (p = 0.6466). The minimum
average was 3.10 x 1012 ion counts and the maximum average was 3.91 x 1012 ion counts.

3.6 Individual peptide peak area across sample groups

Around 1,500 peptides were significantly different in intensity between the K group and
each of the three control groups (Table 1). The intensities of 58.9% of these peptides were
increased in the K group and 37.4% were decreased. HMo compared with RM and HMc
compared with RM had fewer significantly different peak areas than K compared with RM
(Table 1). Comparison of HMo and HMc revealed the least number of significantly different
peptide abundances.

3.7 Number of peptides per protein across sample groups

Of the milk proteins, 40-45 were significantly different in peptide count between the K
group and the three control groups (RM, HMo and HMc) (Table 1). Only a few proteins
differed significantly by count between the HMo and RM samples (three proteins), and
between the HMc and RM samples (four proteins). Only one protein differed significantly in
peptide count between the HMo and HMc groups.

3.8 Peptide abundance (summed peptide intensities) per protein across sample groups

Identified peptides were derived from 55 milk protein precursors. The peptide intensity
means for each protein were significantly different across the four treatment groups for 53
out of the 55 proteins identified. Peptides from -casein, polymeric immunoglobulin
receptor and a-lactalbumin were significantly more abundant in K than in the control groups
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(Fig. 3 and Supplemental Table 1). Peptides derived from ag1-casein, agp-casein, fibroblast
growth factor-binding protein 1, perilipin, butyrophilin, lipoprotein lipase, lactoperoxidase,
mucin 1, mucin 15, serum amyloid A protein, 3-1,4-galactosyltransferase 1 and parathyroid
hormone 1 receptor were significantly less abundant in the K group than in the other groups
(Fig. 3 and Supplemental Table 1). As was true for peptide counts, osteopontin (p = 0.319)
and B-lactoglobulin (p = 0.161) were the only protein precursors from those selected that
were not altered significantly across the groups in terms of peptide abundance means. The p-
values of the peptide abundances grouped by protein are shown in the Supplemental Table 1.
Forty-five to forty-nine proteins (up to 81% of the total number of proteins identified) in the
K group differed significantly in peptide abundance compared with the three control groups
(Table 1). Seven and eleven proteins differed by peptide abundance between the RM group
and the HMc and HMo groups, respectively. Only four proteins differed between the two
heat-treated controls. Proteolytic maps for selected proteins, showing the regions from
which the peptides for each treatment group originated in terms of total ion abundance, were
created with PepEx software (Supplemental Figs. 1-7) (A. Guerrero, et al., 2014; Parker,
2014). These maps demonstrate that the extent to which specific protein regions were
represented by identified peptides changed upon fermentation with kefir microorganisms,
even in the cases of B-lactoglobulin and osteopontin (Supplemental Fig. 2), which had no
overall statistical difference in peptide abundance.

3.9 Comparison of identified peptides with the functional peptide database

Peptides in all samples were compared for sequence matches with an in-house database of
known functional peptides. Across the categories, 29 peptides had exactly the same
sequence as the library peptides (i.e. sequence similarity = 100%) (Table 2). These peptides
represented, by count, 0.95% of peptides in samples without kefir grains and 1.76% of
samples with kefir grains. Sixteen of these 29 peptides were present in samples from all four
groups. All 29 peptides derived from ag1-, as-, B- and x-casein. Five of these peptides were
antibacterial, 15 were antihypertensive, 2 were immunomodulatory, 5 were opioid, one a
strong anti-oxidant and one (casecidin-17) antimicrobial, antihypertensive,
immunomodulatory and a strong anti-oxidant. Of these 29 peptides, the mean abundances of
20 were significantly different between the K group and the control groups (p < 0.05). The
peptide abundances of p-casein f.177-183 (3-casokinin-7, antihypertensive), f-casein f.114—
121 (casohypotensin, antihypertensive), B-casein f.193-209 (casecidin-17, antimicrobial), p-
casein f.114-119 (B-neocasomorphin-6, opioid), f-casein f.166-175 (antihypertensive) and
f3-casein .192-209 (immunomodulatory) were significantly higher in the K group than the
control groups. Seven functional peptides were present only in the K group: p-casein £.193—
207 (casecidin-15, antimicrobial), p-casein f.63-68 (immunomodulatory), B-casein f.183-
190 (antihypertensive), -casein f.60-72 (Prog-B-casomorphin-13, opioid), -casein f.60-68
(Prog-p-casomorphin-9, opioid), -casein .73-82 (antihypertensive) and -casein f.59-68
(V-B-casomorphin-9, anti-oxidative). However, the peptide abundance of ag;-casein f.95—
105 (antihypertensive), agp-casein f.30-37 (antimicrobial), f-casein f.124-133
(antihypertensive), ag;-casein f.25-32 (antihypertensive) and ag;-casein f.24—
31(antihypertensive) were significantly lower in the K group than the control groups. Two
peptides in the three controls were absent from in the kefir group: ag;-casein f.30-38
(caseicin B, antimicrobial) and ag;-casein £.201-212 (antihypertensive).
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3.10 Microbial ecology and metagenomic sequencing

16S rRNA marker gene sequencing of the V4 region demonstrated that 99.9% of all bacteria
in the kefir grain were members of the Lactobacillaceae family. Fungal gPCR showed 1.18
x 108 cfu of yeast per 150 mg kefir grain sample (2.32 x 107 standard deviation from
triplicate analysis). Species-level classifications via shotgun metagenomic sequencing
identified six dominant bacterial species of Lactobacillus in the sample via 16S rRNA
classification as L. kefiranofaciens, L. acidophilus, L. helveticus, L. crispatus, L. kefiri, and
L. delbrueckii, and other species composing minor proportions of the kefir community (Fig.
4). A small proportion (0.05% of those assigned to Lactobacilliaceae) were classified as
fungal metagenomic reads. These reads were overwhelmingly mapped to
Saccharomycetaceae.

Metagenomic sequencing found that after chaperone-related ATP-dependent intracellular
proteases (Clp proteases), the most abundant proteases were HtrA-like serine proteases,
which have been well characterized for their activity on milk proteins (Kok & De Vos,
1994). These HtrA-like serine proteases have signal peptides and transmembrane domains
and are predicted to be extracellular. These extracellular proteases could be responsible for
the milk protein hydrolysis observed. Of the 4,023 reads annotated as possible serine
proteases, MG-RAST found that 65% belonged to L. acidophilus (average sequence match
at 88.69%), 32% belonged to L. helveticus (average sequence match at 90.10%) and the
remaining reads corresponded to other minor taxa, each contributing <1% of total reads.
While L. helveticus and L. acidophilus are well known for their ability to hydrolyze milk
proteins via extracellular proteases (Altermann, Russell, Azcarate-Peril, Barrangou, Buck,
McAuliffe, et al., 2005; Beganovi¢, Kos, Lebo§ Pavunc, Uroi¢, DZidara, & Suskovi¢, 2013)
it is interesting to consider the individual proteolytic contributions of specific taxa. Future
studies investigating these contributions and the peptide products produced by species-
specific proteases would be of value.

Though more abundant, the ATP-dependent Clp proteases are intracellular and, therefore,
would not be expected to contribute to extracellular milk protein hydrolysis during kefir
fermentation per se. These intracellular proteases could, however, contribute to milk protein
hydrolysis in the case of cell lysis. Peptidases were also identified but they were annotated
as internally localized peptidases.

4 Discussion

4.1 Kefir microorganisms had proteolytic activity on milk proteins and peptides and likely
consumed small peptides

Numerous findings indicated that the kefir microorganisms hydrolyzed milk proteins and
peptides. 1,039 peptides from 23 proteins present in the control groups were absent from the
K samples. These peptides were likely either hydrolyzed further by extracellular kefir
microorganism proteases or taken up by the kefir microorganisms. Some kefir
microorganisms, including Lactobacillus identified in the kefir grains used in the present
study, have extracellular proteolytic capabilities. Many lactic acid bacteria are auxotrophic
for several amino acids—that is, they depend on external amino acids for growth (Kunji,
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Mierau, Hagting, Poolman, & Konings, 1996). Lactobacillus have extracellular cell
envelope proteinases that hydrolyze proteins into protein fragments (oligopeptides and
amino acids) (Pritchard & Coolbear, 1993). Lactic acid bacteria transporters carry di- and
tripeptides and an Opp protein system transports larger peptides into cells (Doeven, Kok, &
Poolman, 2005; Savijoki, Ingmer, & Varmanen, 2006) where proteases hydrolyze small
peptides to amino acids (Kunji, Mierau, Hagting, Poolman, & Konings, 1996). The action of
the extracellular proteinase and peptide transport systems in Lactobacillus can explain the
disappearance of large peptides in the K samples that were present in the control groups.
This point aligns with the finding that the K samples contained statistically fewer peptides
than the control samples. The K samples contained 609 peptides derived from 20 proteins
that were not present in the control samples were likely the result of the Lactobacillus
extracellular proteinases. The finding that ~1,500 peptides differed in intensity between K
and the control groups (58.9% increased, 37.4% decreased) demonstrated that kefir
microorganisms hydrolyzed proteins to release more peptides, and either further hydrolyzed
or absorbed peptides present in the milk. That 40-45 proteins that differed in peptide count
and 45-49 proteins differed in peptide abundance between K and the control groups also
indicated that kefir microorganisms hydrolyzed milk proteins. Many protein total peptide
intensities and total peptide counts of proteins were altered significantly in the kefir samples:
jB-casein and a-lactalbumin increased in intensity and count, indicating that kefir organisms
released additional peptides from these proteins, and ag;-casein and agp-casein decreased in
intensity and count, indicating that kefir peptides either took these peptides up or hydrolyzed
them further.

Despite the clear proteolytic activity shown via peptidomics, the electrophoretic gel image
revealed little to no difference in the protein profile between the K samples and the samples
without kefir grains (RM, HMo and HMc). These results demonstrate that a more detailed
perspective than gel electrophoresis, such as peptidomics, is required to observe the
proteolytic activity of kefir grains on milk proteins in the typical fermentation period for
kefir production. Longer fermentation periods may have allowed visualization of changes in
the protein profile via gel electrophoresis.

The absence of peptides in the peptidomics data from the K samples did not necessarily
indicate absorption into the cell by the kefir microorganisms. The database searching
approach for peptidomics applied is unlikely to identify peptides <5 amino acids in length.
Therefore, peptides that appeared to be absorbed may have been hydrolyzed to peptides too
small to be identified with this approach. Despite this caveat, the results clearly indicated
that kefir microorganisms’ proteases were active on milk proteins.

While Lactobacillus in the sample contribute to milk protein proteolysis, the identified yeast
—Saccharomyces—Ilikely did not hydrolyze milk proteins. While S. cerevisiae can take up
free amino acids via amino acid permeases as a source of nitrogen or for direct use in protein
generation (Regenberg, Diiring-Olsen, Kielland-Brandt, & Holmberg, 1999), previous
research shows that S. cerevisiae do not possess extracellular proteolytic activity (Strauss,
Jolly, Lambrechts, & Van Rensburg, 2001).

Food Chem. Author manuscript; available in PMC 2017 April 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dallas et al. Page 12

4.2 Milk proteases survived heat treatment and were active during incubation

Multiple pieces of evidence indicated that native milk proteases survived the heat treatment
and were active during incubation. Milk contains numerous proteases, protease activators
and inhibitors that are active on milk proteins within the mammary gland and after
expression (D. Dallas, Guerrero, Khaldi, et al., 2013; D. Dallas, Guerrero, Parker, et al.,
2013; D. C. Dallas, Guerrero, Khaldi, Borghese, Bhandari, Underwood, et al., 2014; D. C.
Dallas, et al., 2015; Holton, Vijaykumar, Dallas, Guerrero, Borghese, Lebrilla, et al., 2014;
Khaldi, Vijayakumar, Dallas, Guerrero, Wickramasinghe, Smilowitz, et al., 2014). Though
pasteurization denatures and inhibits the activity of many enzymes, milk plasmin activity
increases with pasteurization due to the degradation of inhibitors but not the enzyme (Prado,
Sombers, Ismail, & Hayes, 2006). The data from this study demonstrated that the native
milk enzymes continued to act after pasteurization. HMo and HMc contained 63 and 47
peptides, respectively, that were absent in the RM samples, indicating their release by native
milk enzymes during incubation. These peptides released by the native milk enzymes
derived from B-casein, agq-casein, polymeric immunoglobulin receptor, agp-casein and -
casein. The point that native milk proteases survived heat-treatment and continued to be
active is substantiated by the many statistical differences between HMo and HMc compared
with RM, including the 201 and 217 peptides, respectively, different in abundance, the 3 and
4 proteins, respectively, different by peptide count and the 7 and 11 proteins, respectively,
different by peptide abundance. These findings demonstrate that native milk enzymes
survived heat-treatment and acted upon the milk proteins during the incubation steps.

4.2.1 Native milk protease activity post heat-treatment was minimal compared
with kefir microorganisms’ protease activity—Though the evidence suggests that
some native milk enzymes survived the heat-treatment and continued to hydrolyze proteins
during incubation, the degree of proteolysis due to native milk enzymes was less than that
due to kefir microorganisms. This point is supported by several findings. Compared with the
K group, HMo and HMc contained fewer peptides that were absent from RM, fewer
peptides that differed in intensity from RM and fewer proteins that differed in peptide count
and abundance from RM. Visual inspection of the gel did not reveal evidence of protein
hydrolysis when comparing HMc and HMo with RM. Furthermore, proteolytic maps
(Supplemental Figs. 1-7) of selected proteins show relatively little variation between the
raw milk and heat-treated controls. Therefore, though peptidomic analysis revealed that
native milk enzymes continued to function during incubation in the heat-treated milk, this
proteolysis was minimal compared with that carried out by the kefir microorganisms’
proteases.

4.3 No effect of atmosphere or contamination was observed

The study design included two heat-treated controls—one with vials kept open during
incubation (HMo) and one with vials closed during incubation (HMc). These controls were
selected because the K samples, like traditional kefir, were incubated with open vials, and it
was important to verify whether proteolysis observed was due to the kefir microorganisms
or to contaminating air-borne microbes. HMo with HMc were compared on a variety of
metrics and there were very few differences, indicating that keeping the vials open or closed
did not affect the final proteolytic outcomes. HMo and HMc were similar in the following
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ways: HMo compared with HMc had the fewest differences in peak intensity and the fewest
proteins different in peptide count (1) and peptide abundance (4). The gel image showed no
clear differences between HMo and HMc. All of these points substantiated the claim that
incubating the samples in open or closed vials had little, if any, effect on proteolysis.

4.4 Kefir microorganisms’ proteolysis was protein-specific

Though the kefir microorganisms’ proteases hydrolyzed most milk proteins (caseins and
larger whey proteins), some proteins, including osteopontin and p-lactoglobulin were
relatively unaffected. Osteopontin and p-lactoglobulin were not altered across groups in
terms of total peptide abundance. However, the PepEx maps of osteopontin and -
lactoglobulin show that peptide abundance decreased for some regions of the protein
sequences and increased in others (Supplemental Fig. 2), indicating that the kefir
microorganisms did act upon the proteins to some extent. However, the statistical evidence
suggests that this action was relatively mild. The peptidomics data revealed that peptide
peak intensity for a-lactalbumin increased in the K samples over that in the RM samples,
indicating that some hydrolysis occurred. These data suggest that p-lactoglobulin, a-
lactalbumin and osteopontin were more resistant to kefir microorganism hydrolysis than
other milk proteins. These findings support previous reports that the kefir microbiota
digested B- and a-caseins but failed to hydrolyze p-lactoglobulin, even with extended
fermentation time (Ferreira, Pinho, Monteiro, Faria, Cruz, Perreira, et al., 2010).

4.5 Kefir microorganisms released functional peptides

Of 29 functional peptides identified—including antibacterial, antihypertensive, opioid and
anti-oxidative functions—26 were present in the K samples that derived from ag;-, aso-, B-
and k-casein. Six functional peptides were more abundant in K samples than the controls.
Seven functional peptides were present only in the K samples, including peptides with
antimicrobial, antihypertensive, opioid and anti-oxidative functions. Seven functional
peptides were in common with those previously identified (Ebner, Arslan, Fedorova,
Hoffmann, Kigukgetin, & Pischetsrieder, 2015), including those with antihypertensive, anti-
oxidative, opioid, antimicrobial and immunomodulatory functions. These data demonstrate
that kefir microorganisms release functional peptides that could enhance product
functionality. These peptides are likely the result of extracellular serine proteases found in L.
acidophilusand L. helveticus.

4.6 Comparison with previous works

The number of peptides identified to date is limited. A study of the antihypertensive
properties of caprine kefir identified 16 peptides by RP-HPLC-MS/MS (Quirds, Hernandez-
Ledesma, Ramos, Amigo, & Recio, 2005). The peptide profiles of kefirs made with
traditional kefir grains were compared with those made with commercial starter culture
using nano-ESI-LTQ-Orbitrap MS, and 97 casein-derived peptides were common to the two
varieties, out of 257 total peptides (Ebner, Arslan, Fedorova, Hoffmann, Kii¢iikcetin, &
Pischetsrieder, 2015). When compared with 257 peptides identified in raw milk, 237 were
unique to kefir. However, the peptides in kefir were not compared with those in heat-treated
controls incubated without kefir microorganisms, thus precluding determination of whether
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peptides were released by native milk proteases or by kefir microorganisms. The present
study of the peptide profile of kefir made from traditional kefir grains identified 1,591
peptides, 609 of which were unique to kefir. Therefore, the present study is the most
exhaustive analysis to date of the kefir peptidome and the first to include controls that
distinguished peptides released by native milk enzymes from those released by kefir
microorganisms.

This work reveals higher numbers of peptides present in raw bovine milk (mean 1,942 + 21)
than previously reported. Our previous research identified 159 (D. Dallas, Guerrero, Parker,
et al., 2013), 238 (David C Dallas, Weinborn, de Moura Bell, Wang, Parker, Guerrero, et al.,
2014) and 234 (Andres Guerrero, Dallas, Contreras, Bhandari, Canovas, Islas-Trejo, et al.,
2015) peptides in non-mastitic bovine milk. The higher number of peptides identified in the
present study reflects improvements in mass spectrometry techniques applied. Our previous
research employed an Agilent 6520 Q-TOF, whereas a Q Exactive Plus hybrid quadrupole-
Orbitrap mass spectrometer was applied in the present study. The Orbitrap instrument used
allows for faster spectral acquisition (50 ms maximum allowed MS/MS spectral acquisition
time compared to our optimized Q-TOF settings: 1 MS/MS spectra/s) while maintaining
adequate ion abundance (a target of 5 x 104 ions), which allowed for higher numbers of
molecules fragmented and increased numbers of peptides identified.

4.8 Kefir-induced protein hydrolysis can improve digestibility

The present study demonstrates that kefir microorganisms hydrolyze milk proteins
extensively. Beyond releasing functional peptides, this hydrolysis may be beneficial to
consumers in that it improves milk protein digestibility. In a comparison of milk with lactic
acid bacteria-fermented milks (kefir, yogurt and sour milk) via in vitro pepsin digestibility
assays of free amino-nitrogen and by growth rate in rats, milk fermentation improved the
digestibility and biological value of the protein component (Vass, Szakaly, & Schmidt,
1983). In a 10-month study (Puri, Mahapatra, Bijlani, Prasad, & Nath, 1994), rats fed yogurt
made from fermented spray dried milk maintained body weight with lower caloric intake
than rats fed unfermented spray dried milk, pointing to increased feed efficiency of partially
digested fermented milk proteins. In other studies, fermentation of milk to yogurt also
improved digestibility and feed efficiency in rats (Lee, Friend, & Shahani, 1988), and in
vitro digestibility of yogurt was greater than that of non-fermented milk (Breslaw & Kleyn,
1973). The partial digestion of milk proteins that accompanies kefir microorganism
fermentation may be advantageous for specific consumer groups with lowered digestive
function. The enhanced digestibility of proteins in kefir could limit the production of
inflammatory metabolites by putrefactive bacteria in the colon and thus improve gut health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Kefir-induced degradation of milk proteins was examined via peptidomics.

Kefir microorganisms released 609 peptides from milk proteins.

Native milk enzymes degraded proteins to a lesser extent than kefir
microorganisms.

Kefir contains functional peptides that may affect consumer health.
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Figure 1.
Electrophoresis gel (15% polyacrylamide gel) of the proteins in the raw milk group (RM),

the kefir group (K), and the heat-treated milk groups without kefir with tubes opened (HMo)
and closed (HMc) during incubation. Lanes A, B, C, D and E are 5 commercial kefir
products for comparison.
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0 0

A: Venn diagram of peptide numbers that were the same and unique in each group (Raw
milk group, RM; kefir group, K; heat-treated milk groups with vials open, HMo, and with
vials closed, HMc). A peptide present in at least one of a triplicate’s samples was considered
present. B: Venn diagram of protein numbers that released peptides in the K, RM, HMo and

HMc groups. A protein present in at least one of a triplicate’s samples was considered

present.
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Figure 3.
Peptide abundance for each protein by treatment group (K, RM, HMo and HMc; see Fig. 1

for abbreviations). The letters (a, b, ¢) indicate whether the peptide abundances between the
different groups were significantly different (p <0.05) for each protein. Values are mean +
SEM. asl-casein, CASAL; as2-casein, CASA2; B-casein, CASB; glycosylation-dependent
cell adhesion molecule 1, GLCM1; polymeric immunoglobulin receptor, PIGR; fibroblast
growth factor-binding protein 1, FGFP1; osteopontin, OSTP; perilipin-2, PLIN2;
butyrophilin subfamily 1 member A1, BT1AL; lipoprotein lipase, LIPL; lactoperoxidase,
PERL; k-casein, CASK; mucin-1, MUC1; mucin-15, MUC15; serum amyloid A protein,
Q56J78; p-1,4-galactosyltransferase 1, BAGT1; B-lactoglobulin, LACB; parathyroid
hormone, PTHR; lactoferrin, TRFL; and a-lactalbumin, LALBA.
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Figure 4.
Relative abundance of taxonomic assignments by species, as assigned by MG-RAST

annotation of shotgun 16S rRNA sequencing.
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Table 1

Comparison of statistically significant changes between treatment groups for peptides, proteins by peptide

count and proteins by total peptide abundance.

Comparison Number of peptides | Number of proteins (by count) | Number of proteins (by peptide abundance)
Global 1,689 51 53

K vs. RM 1,531 40 45

Kvs. HMc 1,515 45 45

K vs. HMo 1,572 45 49

RM vs. HMc 217 3 11

RM vs. HMo 201 4 7

HMc vs. HMo | 97 1 4

Column 2: Number of peptides significantly different (p <0.05) in abundance in treatment groups. Column 3: Number of proteins significantly
different (p <0.05) in unique peptide count between treatment groups. Column 4: Number of proteins significantly different (p <0.05) in peptide
abundance between treatment groups. The raw milk group, RM; the kefir group, K; the heat-treated milk groups with vials open, HMo, and with

vials closed, HMc.
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