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ABSTRACT: Mass spectrometric analysis of peptides con- | ™" "'—I:‘: EF'—""'-’_
tained in enzymatically digested hydrolysates of proteins is

increasingly being used to characterize potentially bioactive or | &
otherwise interesting hydrolysates. However, when prepara- |&
tions containing mixtures of enzymes are used, from either T“::«:_
biological or experimental sources, it is unclear which of these |z
enzymes have been most important in hydrolyzing the sample. |
We have developed a tool to rapidly evaluate the evidence for —
which enzymes are most likely to have cleaved the sample. EnzymePredictor, a web-based software, has been developed to (i)
identify the protein sources of fragments found in the hydrolysates and map them back on it, (ii) identify enzymes that could
yield such cleavages, and (iii) generate a colored visualization of the hydrolysate, the source proteins, the fragments, and the
predicted enzymes. It tabulates the enzymes ranked according to their cleavage counts. The provision of odds ratio and standard
error in the table permits users to evaluate how distinctively particular enzymes may be favored over other enzymes as the most
likely cleavers of the samples. Finally, the method displays the cleavage not only according to peptides, but also according to
proteins, permitting evaluation of whether the cleavage pattern is general across all proteins, or specific to a subset. We illustrate
the application of this method using milk hydrolysates, and show how it can rapidly identify the enzymes or enzyme
combinations used in generating the peptides. The approach developed here will accelerate the identification of enzymes most
likely to have been used in hydrolyzing a set of mass spectrometrically identified peptides derived from proteins. This has utility
not only in understanding the results of mass spectrometry experiments, but also in choosing enzymes likely to yield similar
cleavage patterns. EnzymePredictor can be found at http://bioware.ucd.ie/ ~enzpred/Enzpred.php

KEYWORDS: hydrolysate, protein digestion, enzyme cleavage, peptides, fermentation, mass spectrometry,
mass spectrometry visualization

B INTRODUCTION be enriched as a result of fermentation. For example, the
fermentation of soy not only makes the end product more
digestible, it can also improve flavor and texture, appearance
and aroma, synthesize vitamins, destroy undesirable flavors,
reduce carbohydrates, decrease cooking time, and transform
what might otherwise be agricultural wastes into tasty and
nutritious human food. In this work, we focus on pure
enzymatic degradation of food proteins, but our work can also
extend to bacterial fermentation. The end products of both
bacterial and enzymatic digestion of a food sources are referred

Food fermentation is the use of certain bacterial organisms
(Food grade ones, such as Lactobacillus sp.) to digest and
degrade the food elements, such as cleaving the food proteins
with the protease produced by many bacteria. It is one of the
oldest ways of preservation that ensures required levels of
quality from the initial time of manufacturing right until
consumption." Fermented products have a preservative effect,
enabled by limiting the growth of spoilage in the food product.
The utilization and harvesting of fermentation by humans is 1 .
thought to date back approximately 8000 years." The reality is to as hydrol}fsates .

most likely that human consumption of fermented food It is only in the past few years that the technology has
preceded this date, but was not cultured per se. Research has developed capabilities to efficiently analyze the products and
shown that fermentation can inhibit pathogenic bacteria that
otherwise could cause disorders. Toxins and antinutritive Received: August 3, 2012
factors can also be reduced. Besides, the nutritive value can Published: October 25, 2012
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Table 1. Enzyme Names Classified by Alphabetical Order Used in EnzymePredictor, the Known Cleavage Pattern, and Their
Corresponding References

cleavage pattern

enzyme P4 P3 P2 P1 P1’ P2’ ref
Arg-C proteinase - - - R - - 20
Asp-N endopeptidase” - - - - D - 20
Caspase 1 F,W,Y,orL - H, A, D notP,E,D,Q - 21
orT K, or R
Caspase 2 D \% A D not P, E, D, Q - 2
K, or R
Caspase 3 D M Q D not P, E, D, Q - 21
K, or R
Caspase 4 L E A% D not P, E, D, Q - 21
K, or R
Caspase S Lor W E H D - - 2!
Caspase 6 A\ E Horl D not P, E, D, Q - 21
K, or R
Caspase 7 D E v D not P, E, D, Q - 21
K, or R
Caspase 8 TorL E T D not P, E, D, Q - 21
K, or R
Caspase 9 L E H D - - 2
Caspase 10 I E A D - - 2!
Chymotrypsin high specificity (C-term to - - - ForY not P - 20
[FYW], not before P)
- - - w not M or P - 20
Chymotrypsin low specificity (C-term to - - - F,LorY not P - 20
[FYWML], not before P)
- - - w not M or P - 20
- - - M not PorY - 20
- - - H not D, M, P, - 20
or W
Enterokinase DorN DorN DorN K - - 22
Factor Xa AF,GLLT DorE G R - - 23
V, or M
Formic acid - - - D - - 2
Glutamyl endopeptidase - - - E - - s
GranzymeB I E P D - - 2126
Hydroxylamine - - - N G - 27
Todosobenzoic acid - - - w - - 28
Lys-C - - - K - - 20
NTCB (2-nitro-$-thiocyanobenzoic acid)® - - - - C - 2
Pepsin (pH1.3) - not H, K, or R not P not R F, L WorY not P 20
- not H, K, or R not P F,L,WorY - not P 20
Pepsin (pH > 2) - not H, K, or R not P not R ForL not P 20
- not H, K, or R not P ForL - not P 20
Proline-endopeptidase - - H, K, P not P - 2030
or R
Staphylococcal peptidase I - - not E E - - 20
Thrombin - - G R G - 20
AFGLLT AFGLLTV, P R not D or E not D 20
V,or M W, or A or E
- - - Kor R not P - 20
Trypsin - - w K P - 20
- - M R P - 20
- - CorD K D - 20
- - C K HorY - 20
- - C R K - 2
- - R R Hor R - 20
Modified chymotrypsin - - - F,W,Y,orL not P - Used by
CRUX"
Elastase - - - A V,LL GorR G,P,ALorF - Used by
CRUX"
Cyanogen bromide - - - M - - 3t
Proline endopeptidase diff - - - P - - Used by
CRUX"
Plasmin - - - Kor R - - 32
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Table 1. continued

cleavage pattern

P4 P3

enzyme
Cathepsin D

P2 P1 Pl’ P2’ ref
AV,LLP,M AVLILP M, 32
F, or W or F

“Enzymes represented in bold cleave at the C-terminus of residues in position P1’

benefits of the fermented foods. Mass spectrometry (MS) has
helped researchers to have a deeper and more detailed
investigation of these hydrolysates. For many years, MS has
been widely employed for the identification and character-
ization of proteins.” There is a broad diversity in the objectives
for which MS analysis has been applied to studies on food
proteins.® These include the detection and characterization of
biomolecules in complex mixtures (such as milk), structural
information, or locating post-translational modifications. The
sheer volume of data generated by MS warrants the need for
sophisticated data handling systems prediction and visual-
ization.* The objective of computationally predicting the most
likely cleavage proteases is not only relevant to mass
spectrometrically identified fragments from hydrolysates, but
also to peptides from data sets of peptides obtained in a more
targeted way from a protein preparation, such as approaches
that focus on peptides with free N-termini,” a subset of which
reflect cleavage by particular proteases.

In this work, we focus on the peptides produced in a
hydrolysate. We have constructed “EnzymePredictor”, a
software that allows the visualization of the hydrolysate and
the prediction of sets of enzymes that have been used or can be
used to generate the current hydrolysate’s identified peptides.
The predictions are based on a set of known patterns of 35
characterized enzymes (Table 1). The software has a friendly
visualization output that allows the user to quickly view the
peptides that have been detected by MS in the hydrolysate. The
user can simultaneously view the positional information of the
peptides on their source protein and the possible enzymes that
have been used to produce them.

B MATERIALS AND METHODS

1. Input

1.1. Experimental Hydrolysate Generation.
1.1.1. Chemicals and Sample Set. C18 columns were
purchased from Supelco, while the enzymes trypsin and a-
chymotrypsin were obtained from Promega and Sigma,
respectively. All reagents and solvents used were either of
analytical grade or better. Human milk samples from four
different mothers (obtained from an ongoing project in our
research group) at the third month of lactation were combined
in a pooled sample.

1.1.2. Sample Preparation. 0.1 mL of the human milk pool
was mixed with 0.4 mL of ammonium bicarbonate S0 mM (pH
~ 8.2) and centrifugated at 4 °C and 3000 rpm for 30 min. The
top layer consisting of fat was carefully removed and discarded.
The rest of the sample was resuspended, and three fractions of
50 uL were collected and heated up to 80 °C for 10 min. Once
the fractions cooled, trypsin, chymotrypsin or both enzymes (in
all cases 1 pug of total enzyme) were added. Incubation was
allowed to proceed during 8 h at 37 °C with agitation and was
stopped by heating at 80 °C for 15 min. The digestions were
centrifugated at 15 000 rpm for 30 min in order to separate the
insoluble fraction composed of undigested protein complexes
and cellular residues. The peptidic content of the supernatants
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was purified via solid phase extraction in C18 columns.
Peptides were eluted from the cartridge with a 60% ACN, 0.1%
TFA solution. Finally, the samples were completely dried in the
speed vac and reconstituted in 25 pL of nanopure water prior
to the mass analysis.

1.1.3. Mass Spectrometry Analysis. The peptidic digestion
was analyzed using an Agilent 1200 series LC system coupled
to an Agilent 6520 Q-TOF mass spectrometer. The instrument
has been previously described in detail.® The tandem mass
spectra of the peptides were acquired in a data-dependent
manner following LC separation on the microfluidic chip. A C-
18 chip was used. Both pumps used binary solvent: A, 3.0%
ACN/water (v/v) with 0.1% formic acid; B, 90% ACN /water
(v/v) with 0.1% formic acid. A flow rate of 4 #L/min of solvent
A was used for sample loading with 2 yL injection volume. The
drying gas temperature was set at 325 °C with a flow rate of 4
L/min of filtered dry grade compressed air. MS and MS/MS
spectra were acquired in the positive ionization mode with an
acquisition rate of 0.63 spectra per second. MS data were
acquired over a mass range of 300—3000 m/z, while MS/MS
data were acquired over 100—3000 m/z mass range. Mass
calibration was enabled using reference masses.

For the MS/MS analysis, peptides were subjected to collision
induced disociation with nitrogen as the collision gas and using
a collision energy that was dependent on the relation mass to
charge of the different signals detected according to the
equation Vg 0n = m/z (3.8/100 Da) Volts —4.2 V.

1.1.4. Data Analysis. The tandem-MS data was extracted
from the chromatogram using the MassHunter software
(Agilent Technologies Inc.). Peptide identification was
accomplished using the database searcher Mass Spectral-
Generating Function Database (MS-GFDB) against a human
milk protein library. The human milk library was constructed
based on a query to the UniProt database. The query returned
only proteins from Homo sapiens and at least one of the
following: “tissue specificity” keyword “milk” or “mammary”,
“tissue” keyword “milk” or “mammary” or gene ontology
“lactation”. This query returned a list of 1472 proteins. For the
database search, masses were allowed with a 40 ppm error. No
complete modifications were included, but up to four potential
modifications were allowed on each peptide. Potential
modifications allowed were phosphorylation of serine,
threonine or tyrosine and oxidation of methionine. A
nonspecific cleavage ([X]I[X]) (where X’ is any amino acid)
was used to search against the protein sequences. The
fragmentation method selected in the search was CID, and
the instrument selected was TOF. Peptides generated in the
output were accepted if their p-values were less than or equal to
0.01 corresponding to confidence levels of 99%.

1.2. Software Input File Format. The input file should be
a tab-delimited text file with header line that contains a
minimum of two columns. The first column should contain the
UniProt accession number or the entry name of protein, while
the second column should contain the peptide sequence (see
Supporting Information Table S1 for example). Other columns
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may also be placed in the table, but these will not be taken into
account. An initial input file is generated using a database
searcher such as X!tandem, MS-GDF (as in this study), or
Mascot, from the mass spectrometry reading of the hydrolysate.
In some cases the UniProt accession name (or entry name) and
the peptide sequence can be provided by these database
searchers, but might still need to be rearranged as mentioned
above to suit the software input format (into column 1 and 2,
respectively). In some cases, the searcher provides a long
UniProt identification for the protein source such as “spl
PO5814ICASB_BOVIN”, in this case the UniProt accession
name needs to be extracted and provided in the fist column as
“POS814”.

2. Steps Performed in EnzymePredictor

Figure 1 represents a schematic overview of the methods
section and how EnzymePredictor operates. Three main steps
are performed with the input files.

il

Visualization

-1

>Parent Protein fasta file

Using Table 1 1

-—

™

Enzyme predictions

l

Likelihood ratio test (LAT)

Peptide localization

-—

Figure 1. Schematic overview of the main steps performed by
EnzymePredictor. The initial part of the figure contains the main
experimental steps to generate the tables. Table numbering
corresponds to the tables in the manuscript.

2.1. Data. We use the UniProt accession number or the
entry name of protein provided in the first column of the input
file (Supporting Information Table S1) to retrieve the
corresponding FASTA sequence of the protein source (the
protein containing the peptides prior fermentation/digestion).
We extract the protein from the UniProt database.® The
peptides are then mapped onto their source protein to obtain
their localization and neighboring amino acids on the protein.

2.2. Enzymes Search. 2.2.1. Predicting the Enzymes Used
to Generate the Hydrolysate. We define for each peptide a
pattern consisting of the amino acids that are positioned on
both sides of the peptide. Four amino acids upstream and 2
downstream of the N and C terminal cleavage sites were used
to build a pattern consisting of 6 amino acids. The four
upstream positions correspond to the positions P4, P3, P2 and
Pl (in this order reading N-to-C terminal). The positions
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downstream of the N-terminal are represented as P1’and P2’.
The cleavage patterns we adopted for each enzyme are
presented in Table 1. We currently have cleavage patterns for
35 known enzymes (Table 1), obtained from PeptideCutter’
and Crux."

2.2.2. Predicting the Enzymes That Could Cleave within
the Current Peptides Found in the Hydrolysate. We
distinguished between enzymes that have been used to create
the hydrolysate and enzymes that could be used but most likely
will not give the same overall result. To investigate this, we used
the exact same approach described above to examine the
number of times the predicted enzymes have been found to
cleave within the sequence of the current peptides.

2.3. Displaying the Results. In order to decipher between
the possible enzyme(s) that were used to obtain this
hydrolysate, we tabulate the following for each enzyme: (1)
the compiled total number of times each enzyme has cleaved at
the termini of each peptide, (2) the total number of times the
enzyme has uniquely cleaved a residue, (3) the total number of
times each enzyme can possibly cleave within the identified
peptides, (4) the total number of proteins that have been
cleaved at peptide termini by this enzyme’s pattern, and (S) the
calculated odds ratio for each enzyme’s tendency to cut at
termini rather than the interior of peptides, along with its
standard error.

In order to get a visual display of the hydrolysate, we find and
collect all the information regarding the peptide’s localization in
the parent protein (Figure 2), the number of times each
peptide was detected by MS (Figure 2), and finally the enzymes
for each peptide N- and C-terminus (from the above; Figure 3).

3. Output

3.1. Tabulated Outputs. The user can choose to download
a document that contains a number of tables describing the
hydrolysate. The first table describes the overall picture of all
the enzymes that possibly cleave the hydrolysate (Tables 2—4).
All enzymes that have cleaved at least once are represented in
this table (Tables 2—4). Enzymes are ranked according to their
total number of peptide cleavages, from the highest to the
lowest number of cleavages.

The second table that is provided by the software contains
more specific information. This table provides the cleavage
details of each peptide present in the hydrolysate (Supporting
Information Table S2).

3.2. Visualization. EnzymePredictor generates a PDF file
for each source protein detected in the hydrolysate. The source
protein is displayed at the top of the PDF (Figure 3). The
amino acids are shown in different colors representing their
biochemical properties. Peptides that are detected by MS are
represented under the source protein. The number of times a
peptide has been found in the hydrolysate is displayed at their
right (Figure 3). Vertical gray lines connect the peptide
cleavage to the enzyme(s) that could cleave this pattern. The
list of enzymes predicted to cleave the protein is placed below
the peptides (Figure 3; Table 2).

A food hydrolysate may contain very small or very large
numbers of peptides. The visualization is coded to take this into
account and size the image according to (1) the number of
peptides, (2) amino acids of the source protein, and (3) the
number of predicted enzymes.

3.3. Ranking the Enzymes. We wanted to rank the
enzymes on the basis of the enrichment of their cleavage sites at
termini over the interior of a series of identified peptides. To do
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Figure 2. Part of the visualization output for human breast milk f-casein resulting from trypsin, chymotrypsin, and the combination of both trypsin
and chymotrypsin digestions. -Casein resulting from (a) trypsin digestion; (b) chymotrypsin digestion; and (c) the combination of both trypsin and
chymotrypsin. In each panel the top sequence represents part of the source protein (f-casein). The sequences under the source protein represent the
peptides detected in the hydrolysate by mass spectrometry. The amino acid residues are colored depending on their biochemical properties. The
colors we used are red, blue, green, cyan, yellow, orange, pink and magenta.
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Figure 3. Part of the visualization output for human breast milk -casein resulting from trypsin digestion and the corresponding predicted enzymes.
The entry name of the protein, or its UniProt accession number, is displayed at the left side of the sequence. This allows the users to easily know
which protein sequence is represented. Gray vertical lines show the enzymatic cleavage sites representing the starting and ending position of each

peptide. Each layer below the peptide visualization corresponds to an enzyme. The presence of “x” indicates that the enzyme can cleave at this
position. The numbers represented after each peptide indicate the number of times the peptide has been detected by MS in the hydrolysate.

this we used the information collected by EnzymePredictor. 1 1 1 1 1
The odds ratio (OR) is calculated for each enzyme (A) as se = exp(— + 3 + -+ E)
a c
axd
OR = b When one or more of the four groups is zero, 0.5 was added to
xe each cell'' (see Tables 2—4).

Comparison of two enzymes is facilitated by comparing their
OR values. If the OR values differ by more than the sum of
their two standard errors, this provides an indication that this
difference is more likely to be significant. If the two OR values
for two enzymes are not clearly distinguished (standard error

where a is the total number of sites cleaved by enzyme “A” at
the peptide termini (column 4 entitled “total cleavage” in
Tables 2—4); b is the total number of all sites cleaved by any
enzyme except “A”; ¢ is the total number of sites enzyme “A”

could have cleaved within the current peptides (column 6 ranges overlap) then this is a good sign that the number of
entitled “number of expected cleavages within the peptide” in peptides sampled in the analysis is too small to distinguish
Tables 2—4); and finally d is the number of sites all enzymes, between the patterns inferred to be associated with the two
aside from A, could have cleaved within the current peptides. enzymes under comparison. Bear in mind that these
We also calculated the standard error (s.e.), as follows: comparisons make assumptions regarding the true hydrolysis
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Table 2. Predicted Enzymes and Counts for Trypsin Digestion of Human Breast Milk

N-terminus C-terminus total unique  number of expected cleavages number of
enzymes cleavage count  cleavage count cleavage cleavage within the peptide proteins cleaved odds ratio std error

Plasmin 132 153 285 0 15 28 67.857143 1.3074944
Trypsinl 130 150 280 0 N 28 199.41645 1.5731303
Lys-C 73 86 159 0 10 26 48.699429 1.3886571
Arg-C proteinase 59 67 126 0 S 25 74.517621 1.5802984
Elastase 20 22 42 0 254 20 0.4060516 1.1862273
Pepsin (pH 1.3) 1 19 13 32 0 290 11 0.264299 1.2092908
Pepsin (pH > 2) 1 16 11 27 0 205 10 0.3250176 1.2313509
Asp-N 9 7 16 0 68 11 0.6060326 1.3235303

endopeptidase
Modified 9 3 12 0 321 9 0.0866544 1.3449995

chymotrypsin
Chymotrypsin lowl 9 3 12 0 292 9 0.0964266 1.345689S
Cathepsin D 7 1 8 0 378 S 0.0476912 1.4322391
NTCB 0 6 6 0 0 S 34.007292 4.340791
Chymotrypsin low4 2 3 S 0 25 4 0.5179786 1.634392
Pepsin (pH > 2) 2 4 1 S 0 189 S 0.0642993  1.5755456
Pepsin (pH 1.3) 2 4 1 S 0 277 S 0.0423284 1.5726549
Chymotrypsin 3 1 4 0 154 4 0.0639516 1.6616281

highl
Cyanogenbromide 3 0 3 0 23 2 0.3374099  1.8495536
Proline 0 2 0 161 2 0.030442 2.0389672

endopeptidase diff
Chymotrypsin low3 2 0 2 0 18 1 0.287683 2.1090899
Thrombin2 0 1 1 1 0 1 7.8098694 5.1212737
FactorXa 1 0 1 1 0 1 7.8098694 51212737
Thrombinl 1 0 1 1 0 1 7.8098694 5.1212737

patterns of the enzymes, which are not always true, and may be
particularly dependent on the lysis conditions as well as
peculiarities of the proteins being digested. Thus, the
comparison is valid, so long as the user bears in mind the
various assumptions that are made.

The user is required to take two factors into account when
interpreting the output: first, which enzymes account for more
potential terminal cleavages, and to what extent do those
enzymes show a strong enrichment for terminal over internal
cleavages. The enzymes were ranked according to their total
number of cleavages, since an enzyme that is key in the
hydrolysis of a sample would present a high number of
cleavages. The OR is then used to distinguish between the
enzymes with the highest cleavage totals that most likely have
been important in hydrolyzing the sample. An enzyme with a
combined high total of cleavages and a high OR is to be
considered as a leading candidate in the creation of the
hydrolysate.

B RESULTS AND DISCUSSION

1. Enzyme Prediction

To assess the software’s performance, we experimentally
generated a hydrolysate. We used human breast milk as the
raw material, and performed three independent digestions (see
Materials and Methods). We chose to use human milk as
opposed to a “clean” protein digestion because of its complex
nature, which represents the reality of a food hydrolysate. We
carried out a digestion with trypsin, one with chymotrypsin, and
a digestion using the combination of both trypsin and
chymotrypsin (see Materials and Methods). The latter
digestion is to examine if the software is sensitive to the
usage of a combination of enzymes. The resulting hydrolysates
were then passed through mass spectrometry and the
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MassHunter software (Agilent Technologies Inc.) to yield the
list of peptides (see Materials and Methods).

These results are represented in Table 2 for trypsin digestion.
Table 3 represents the results for chymotrypsin, and Table 4 for
an experiment in which there was digestion of the samples with
a combination of both trypsin and chymotrypsin. As explained
in methods, the most likely enzymes to have contributed to the
shaping of the hydrolysate are the ones with a combined
highest number of cleavage sites and highest OR.

2. Digestion of Human Milk Using One Enzyme

2.1. Trypsin. EnzymePredictor correctly predicts trypsin
and places this enzyme at the top of all 22 predicted enzymes.
Indeed, trypsin has the highest number of cleavages, and the
highest OR (Table 2).

The OR values indicate that certain enzymes are over-
represented and others under-represented. Given the similar-
ities of many cleavage patterns for many enzymes, it is not
surprising that the digestion patterns for multiple enzymes are
enriched at peptide termini. However, the software clearly
distinguishes the first enzyme from all others with this
particular sample. Interpretation of results should take into
account the possibility of hydrolysis of the sample by enzymes
other than those added experimentally. Milk is a complex
mixture; it contains many elements including enzymes.'?
Certain enzgrmes are transferred from blood into milk, such
as plasmin.”® The presence of plasmin as a likely contributor to
the creation of this hydrolysate is not surprising, given that this
enzyme is a blood enzyme that is known to make its way into
milk. Our software however also shows other predicted
enzymes with a similar likelihood (based on OR and total
number of cleavages), and these are lysC and Arg-c (Table 2).
It is important to note that both enzymes overlap with plasmin
specificity (Table 1). The milk enzyme plasmin cleaves at lysine
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Table 3. Predicted Enzymes and Counts for Chymotrypsin Digestion of Human Breast Milk

N-terminus C-terminus total unique
enzymes cleavage count cleavage count  cleavage  cleavage

Modified 31 37 68 0
chymotrypsin

Chymotrypsin 31 30 61 0
lowl

Pepsin 17 30 47 0
pH 1.3) 2

Chymotrypsin 17 21 38 0
highl

Cathepsin D 17 14 31 0

Pepsin 10 11 21 0
PH > 2) 2

Elastase 11 7 18 0

Plasmin 11 4 15 0

Trypsinl 11 4 15 0

Lys-C 7 2 9 0

Pepsin S 4 9 0
pH 1.3) 1

Chymotrypsin 3 S 8 0
low3

Cyanogen 3 N 8 0
bromide

Chymotrypsin 0 7 7 0
high2

Chymotrypsin 0 7 7 0
low2

Todosobenzoic 0 7 7 0
acid

Pepsin S 2 7 0
(pH>2) 1

Arg-C proteinase 4 2 0

Asp-N 2 3 0
endopeptidase

Proline 2 0 2 0
endopeptidase
diff

NTCB 0 1 1 1

number of expected cleavages number of

within the peptide proteins cleaved odds ratio std error
S1 22 3.2091097 1.2174368
S0 22 2.8775684 12235983
41 18 2.6235512 1.2501768
14 17 6.2613636 1.3758716
176 19 0.3189099 12282394
35 15 1.2861789 1.3272827
113 14 0.3053097 1.2991589
32 12 0.9925 1.3759276
31 12 1.0258065 1.3780937
19 7 1.0033154 1.5059106
47 9 03915229  1.4465523
10 7 17089005 1.613451S
11 7 1.5516421 1.598042
1 6 15.078329 2.9178048
1 6 15.078329 2.9178048
1 6 15.078329 2.9178048
39 7 0.3688157 1.5146531
13 6 0.9771635 1.6444685
41 3 0.2486538 1.6124701

97 2 0.0387395 2.048521
3 1 0.7052271 3.1782752

or arginine at position P1, while lys-C cleaves at lysine at
position P1, and Arg-c cleaves arginine at position P1. This
overlap is likely to be the reason all three enzymes are highly
ranked. But as explained above, it is only plasmin that is most
likely the enzyme that has participated in the creation of this
hydrolysate.

Other enzymes are also predicted by EnzymePredictor but
are ranked very low, given the combined OR and total number
of cleavages; in other words, they have most likely not
contributed to the creation of the hydrolysate. The prediction
of these enzymes by EnzymePredictor may reflect three
scenarios. First, many of the enzymes in our database are
nonspecific, compared to the more specific ones like trypsin. In
other words, they share common patterns to other enzymes,
such as the example above where Lys-C shares a similar pattern
to that of plasmin. Second, because our database contains only
35 enzymes (Table 1) some of the enzymes in our data set may
overlap in specificity with ones that we do not have so far. As
our database will grow, this will be less of an issue. Finally, the
cleavages may reflect off-target or nonenzymatic cleavage of the
proteins.

2.2. Chymotrypsin. Similarly to trypsin, our software
correctly predicts chymotrypsin as the main enzyme that has
been used. Table 3 shows that three versions of chymotrypsin
are highly ranked. The highest being chymotrypsin high affinity
with the highest combined OR and total number of cleavages
(Table 3). Other enzymes such as cathepsin D also have high
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number of cleavages but a low OR, which indicates a low
likelihood that these enzymes were the main drivers behind the
creation of the hydrolysate. Cathepsin D detection by
EnzymePredictor comes as a result of this enzyme being a
naturally occurring milk enzyme. Although it seems that this
enzyme participates highly in the cleavage of many of the
peptides, EnzymePredictor results show that it is not a key
enzyme in the creation of this hydrolysate.

Interpretation can be made on the basis of various attributes,
depending on the criteria the user wants to take into
consideration, to sort the enzymes. A sample interpretation
was performed for the hydrolysate containing the peptide
fragments digested by chymotrypsin. A scatter plot graph was
plotted against the total number of sites cleaved by an enzyme
at the termini and its odds ratio (Figure 4). This highlights four
enzymes that have very strong enrichment of terminal cleavage
(and high OR). Of these, modified chymotrypsin accounts for
many more of the total set of terminal cleavages, and is the
leading candidate enzyme for cleaving this hydrolysate. This
graph is relatively easy to interpret, and the highlighted enzyme
is indeed the enzyme that was used experimentally (modified
chymotrypsin in this case). However, in other cases the user
needs to weigh up the evidence favoring one enzyme that has a
high OR but accounts for relatively little terminal cleavage
versus an enzyme with a lower OR but accounting for a greater
proportion of terminal cleavage. Visualization such as that in
Figure 4 can greatly assist in such interpretation.

dx.doi.org/10.1021/pr300721f | J. Proteome Res. 2012, 11, 6056—6065



Journal of Proteome Research

Table 4. Predicted Enzymes and Counts for Trypsin and Chymotrypsin Digestion of Human Breast Milk

number of
number of expected proteins

cleavages within the peptide cleaved odds ratio std error
84 20 1.6968919 1.2169433
81 19 1.5852144 1.225123S8
24 19 5.0087719 1.3107984
22 18 5.3061224 1.3217471
68 18 14933696 1.249898S

182 19 0.449258S 1.232969

24 15 3.6602564 1.332562
10 13 7.489577S 1.4675798
127 16 0.5055737 1.2699228
14 10 2.9307241 1.4767146
60 10 0.6043716 1.3797828
72 10 0.4554193 1.3899913
63 9 0.4757591 1.4129552
9 8 2.7795796 1.6316134
10 8 2.499459S 1.6129868
NV 4 0.36 1.5467835
4 4.1461676 2.1513003
4 4.1461676 2.1513003
4 4.1461676 2.1513003
51 3 0.174902 1.8168062
10 2 0.6148936 2.1746516
3 2 2.0620567 24962674

52 1 0.0568251 2.749245
46 1 0.0645831 2.7526479
95 1 0.0299037 2.7374629

N-terminus C-terminus total unique
enzymes cleavage count  cleavage count cleavage cleavage
Modified chymotrypsin 14 30 44 0
Chymotrypsin lowl 13 27 40 0
Plasmin 24 12 36 0
Trypsinl 24 11 35 0
Pepsin (pH 1.3) 2 9 23 32 0
Cathepsin D 12 17 29 0
Chymotrypsin highl 6 21 27 0
Lys-C 17 6 23 0
Elastase 10 12 22 0
Arg-C proteinase 7 6 13 0
Pepsin (pH > 2) 2 3 9 12 0
Pepsin (pH 1.3) 1 S 6 11 0
Pepsin (pH > 2) 1 S N 10 0
Chymotrypsin low3 4 4 8 0
Cyanogen bromide 4 4 8 0
Asp-N endopeptidase 3 3 6 0
Chymotrypsin high2 1 3 4 0
Chymotrypsin low2 1 3 4 0
Iodosobenzoic acid 1 3 4 0
Formic acid 2 1 3 0
Chymotrypsin low4 2 0 2 0
NTCB 1 1 2 0
Glutamylendopeptidase 1 0 1 1
Staphylococcalpeptidasel 1 0 1 1
Proline endopeptidase diff 1 0 1 1
100 4
+
) wi + Chymotrypsin
= (.'hym_on'yps:'n " Lawk
r.fé Highl . +
2 Pepsin(PH13)2  Chymetiypsin
e 117 ¥ =
=4 0 20 40 60 80 100 120
01 » *
0.01

Total cleavage at termini
=

Figure 4. A logarithmic scatter plot graph plotted using odds ratio and
the total sites cleaved by the enzyme at termini. The plot represents
the odds ratio. The total number of sites cleaved at the termini by an
enzyme is plotted in the X-axis with the odds ratio plotted in the Y-
axis.

3. Digestion of Human Milk Using a Combination of Two
Enzymes, Trypsin, and Chymotrypsin

EnzymePredictor correctly identifies both enzymes trypsin and
chymotrypsin (Table 4). Indeed both these enzymes have the
highest combined total number of cleavages and OR (Table 4).
Although three specificities of chymotrypsin are represented as
likely enzymes, the OR output highlights chymotrypsin-high-
affinity as the main contributor. The prediction of modified
chymotrypsin and chymotrypsin-low-affinity is most likely a
result of them sharing a very similar cleavage pattern (see Table
1). The next most likely enzyme is pepsin, known to have
broad cleavage specificity. The prediction of pepsin is most
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likely due to the overlap of specificity of this enzyme with both
trypsin and chymotrypsin’s specificity (Table 1).

The results above show that the software predicts the correct
enzyme(s) for all three digestions (Tables 2—4). The software
also identifies other enzymes for each digestion (Tables 2—4).
Some such as plasmin, a blood enzyme, make it through into
milk and act on cleaving the milk proteins. Relatively few
instances of unique cutting sites for enzymes such as proline
endopeptidase and thrombin were observed, which may reflect
in part enzymatic activities present in the milk itself. Finally a
reasonable explanation to their presence in milk is that the
cleavages they are responsible for were mistakenly assigned to
these enzymes by our software. Indeed our database of enzyme
is currently limited to 35 enzymes, and some enzymes may
share very similar patterns, or are very unspecific to a degree
whereby they can share many cleavage patterns.

4. Visualization

Figure 3 represents the software’s visualization for f-casein, a
major milk protein. Many of the peptides are present in one or
more copies. Some regions are densely represented, such as the
region running from position 5SS to 102 (the position count
includes the signal peptide). These densely represented regions
maybe important as they may carry a bioactivity.'* The coloring
of the different amino acids is a great way to visually quickly
assess pockets of similar amino acids (similar biochemical
properties), for example, pockets of charged residues.

Both Figures 2 and 3 show that mass spectrometry failed to
identify the fragments in many regions of the proteins. For
example we have no information for region 44—53 in f-casein
(Figure 3). The poor coverage can be a problem, especially
when researchers want to identify what exactly is occurring in
these regions, or identify possible bioactive peptides.* Our
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software helps shed light on the possible cleaved peptides in
this area. Indeed, knowing the enzymes that have been used to
cleave the proteins will help the researchers to assess what
peptides may occur in these obscure areas of the protein.”*
Our database is currently restricted to 35 enzymes, and
despite this small number, the software can assign many
enzymes to each cleavage. This is interesting because it allows
the researcher to replace an enzyme by another one that cleaves
part of the protein that they choose, increasing or decreasing
specificity as required. It is also interesting in the scenario
where a bacterium was used to generate a hydrolysate. And
although this hydrolysate might have some excellent aspects,
the bacteria may have some negative effects (e.g, not be
approved for food use). Replacing the bacterium by some
enzymes (such as food grade enzymes) that show similar
patterns to those of the bacteria is a great solution to generate a
similar hydrolysate with no side effects, such as bacteria toxicity.

B CONCLUSIONS

Our software successfully identifies the enzymes that have been
used to generate the hydrolysate. This was the case for both
single enzyme use (trypsin, chymotrypsin), or a when a
combination of enzymes was used (Figures 2, 3, Tables 2—4).

Besides identifying the enzymes, our software “EnzymePre-
dictor” provides a clear visualization of the MS output. The
visualization is realized for each protein independently and
shows the areas that MS identifies with the highest coverage. It
helps the researchers rapidly assess pockets of peptides with
similar biochemical properties, peptides densely represented,
and gray areas that mass spectrometry fails to identify.*

Figure 3 shows that these gray areas represent an important
part of the proteins. This maybe for a variety of reasons, one of
which maybe post-translational modification such as phosphor-
ylation or glycosylation."> But regardless of the reasons
underlining the absence of information in those regions,
knowing the enzymes that were used to generate the
hydrolysate can shed light on what exactly is happening in
these regions. By using our predicted enzyme(s), researchers
can get the fragments (using PeptideCutter tool’ or similar
software) that cannot be seen by MS, hence filling the gaps
especially when it comes to searching for bioactive peptides.”

The growing interest in generating and examining a
hydrolysate comes as a result of their effects in an array of
human health benefits. These human health benefits scan a
diverse array of diseases such as diabetes,16 inflammation,'” and
even cancer.'® The effects of the hydrolysate come as a result of
the food proteins releasing peptides via digestive enzymes.* It
has been discussed that some of these regions that contain
bioactive peptides may be under positive selection.*'® These
peptides happen to carry a bioactivity with a beneficial
functionality. However, identifying these active peptides in a
hydrolysate has been a challenge. Even though the hydrolysate
shows activity in a given assay, the large number of peptides
released from enzymatic digestion in the mixture makes it hard
to identify the bioactive(s) that is performing that function of
interest.* By combining the possible enzymes that have cleaved
the hydrolysate, and the densely represented regions of the
proteins, this software may allow the user to pinpoint bioactive
regions and peptides.
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