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Introduction

Advancements in big-data capture are required to aid scientists in better understanding
processes in systems biology and the design of industrial bioprocesses. The requirement
for high-quality big-data is driving the necessity for increased chromatographic and
mass spectrometric selectivity, as well as detector sensitivity, dynamic range, and
acquisition speed, which should be achieved along with increasing analytical throughput.
As maximising analyte coverage increases the cost and complexity of associated targeted
analysis, untargeted analysis plays an important role in the discovery and relative
guantification of metabolites in biological systems. Thus, untargeted analysis acts as an
important prerequisite step for the subsequent quantitative targeted analysis.

Peptides are a class of compounds that are analysed in both metabolomics,
where they occur as native metabolites, and proteomics, where they are analysed as
intermediaries for protein identification and quantification. Most of the recent
peptidomics methodologies are affected by lower throughput and sample preparation,
which results in diminished profiling of the lower molecular weight peptidome.

This thesis aims to provide an overview of the application of liquid chromatography,
coupled with mass spectrometry for peptidome profiling and semi-quantitative
screening in different fermentation matrices, such as cheese, synthetic grape must, and
beer wort. Special focus was put on improving the throughput, ease of use and flexibility
of peptidome profiling and screening in complex biological matrices. The summary of
theoretical and practical knowledge given in the literature review, published articles
and supplementary materials, present a basis and progression from a very sensitive
nano-UHPLC! with data-independent acquisition workflow toward a higher-throughput
workflow utilising low-flow UHPLC!-coupled IMS?-enabled data-independent acquisition
and simplified sample preparation. As a result, the reader is provided with a better
understanding of critical correlations between chromatographic performance, data
acquisition strategies and data processing workflows.

1 Ultrahigh pressure liquid chromatography
2 lon mobility separation



1 Literature Review

Metabolomics and proteomics are fields of analytical chemistry that provide
complementary information to other omics techniques, such as genomics and
transcriptomics. While metabolomics focuses on smaller molecular weight compounds
(typically up to 1500 Da), the advancement in genome sequencing has sparked the
interest in the functional analysis of gene products, resulting in the establishment of
proteomics (typically over 10 kDa) (Martini et al. 2021). However, the increasing interest
in the analysis of peptides in their native form has resulted in the subdivision of
peptidomics as a separate compound-class-centric field of analytics. Due to various
practical reasons, discussed later, the analysis of small peptides has been recently
attracting particular interest across many industries.

The two approaches of omics include targeted and untargeted workflows. According
to Gerstman and Barshop (2018), targeted workflows aim to accurately quantify specific,
known compounds within an established range of concentrations while untargeted
workflows focus on all detectable analytes to statistically establish what compounds
(if any) significantly differentiate samples or groups of samples. Subsequent analysis of
the data generated by the untargeted analysis typically allows for the identification of
the unknown compounds, but it can also provide relative quantitative information across
sample groups. This may be useful for further targeted analysis of compounds of interest
(Schrimpe-Rutledge et al., 2016). As the core principles of both metabolomics and
proteomics significantly overlap with peptidomics workflows, they also introduce the
associated benefits and inherent challenges of both into the peptide analysis (discussed
in the dedicated sections) (Figure 1).

Metabolomics Proteomics

________________________________________________________________________

’ Statistical analysis of all detectable analytes to establish significant variation between samples \

Identification: Identification:
+ Metabolite DB » Protein DB
« De Novo « De Novo

Main Challenges:

- ID Accuracy

+ Dynamic Range

« Ionisation Efficiency

Main Challenges:

« Throughout

+ Dynamic Range

+ Sample Complexity

Proteins >50AA 1

__________________

Targeted < - > Untargeted

Small Molecules Molecular Weight Large Molecules
Figure 1. Overview of LC-MS-based omics and respective challenges.

Although the ultimate goal of metabolomics is to analyse the entire chemical space
of a biological system, the current state-of-the-art technology is still far from reaching
that goal (Pinu et al., 2019). While optimising the peptidomics workflows, this thesis
focuses on highlighting and overcoming some of the challenges associated with the
untargeted analysis of peptides in complex matrices.



1.1 Peptides as a Chemical Class

Peptides are considered one of the major classes of polymeric biomolecules consisting
of peptide bond-linked amino acids (AA). Amino acids consist of amino (-NH2), carboxyl
(-COOH) and side chain (R) groups that are connected by an intervening carbon
atom (Figure 2).

Side Chain

R

H O
\N C C/

/ AN

OH

Amino Carboxyl
Group Group

Figure 2. Structure of amino acid. Adapted from “a-amino acid structure” by Aouniti et al., 2017.

The peptide bond is an amide-type covalent chemical bond linking two consecutive
amino acids from the carbon of one amino acid (C-terminus) and the nitrogen of another
(N-terminus), along a peptide or a protein chain (Figure 3).

H\ ,R }-Ii |O| H\ /R IT' I
H o) /N\ /C\ /H_’H\ /C\ AN, /C\ /H
\N/C\CH:/ \H + H /C\ O ,\Il ICI /C\ O + HZO
H O R H H O R H

Figure 3. Formation of a peptide bond from two amino acids. Adapted from “peptide bond
formation by a condensation reaction” by H. Panayiotou, 2004.

The diversity of amino acid properties, attributed to their side chains (Figure 4), and
the very high degree of combinations possible result in peptides’ diverse physicochemical
properties and the ability to form various structural conformations, including the formation
of cyclic peptides which makes their analytical determination and identification a
challenge.
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Figure 4. Amino acid classification and their physicochemical properties. Adapted from “amino acid
chart” by K. Steward, 2019.

Finally, further complicating the peptide chemical class, there are over 300 types of
modifications that may be associated with peptides including, oxidation, methylation,
acetylation, phosphorylation, glycosylation and lipidation that frequently play important
biological or technological roles (Zhao and Jensen, 2009).

1.2 Scientific and Technological Interest in the Analysis of Peptides

Peptides play many important roles in the processes and products of various industries.
Among others, these include the pharmaceutical, food, feed, and biotechnology
industries. Some examples which further justify the requirement for (untargeted)
peptide analysis are given below.

Peptides as flavour compounds. Naturally and artificially occurring proteolytic
mechanisms in foods and beverages (such as cheese, yoghurt, soy sauce etc.) produce
taste-active peptides that are often attributed to the organoleptic properties of the final
product. Although five taste categories (sour, salty, sweet, bitter and umami) are
recognised, sweetness, bitterness and umami are considered the most important for
food acceptance or rejection of the product (Temussi., 2011). Temussi (2011)
summarised the classification of taste-active peptides as sour peptides (acidic AA rich),
bitter peptides (hydrophobic AA rich), and peptides with little to no taste (balanced AA
composition). Although there are no naturally occurring sweet peptides, synthesised
short peptides (for example aspartame) play an important role as artificial sweeteners.
It is important to note that the taste of peptides is not directly related to the taste of
amino acids, and it is often affected by the conformation of the peptide. In addition to
the hydrolytic enzyme-driven peptide-producing mechanisms, the heat- or acid-induced
peptide bond cleavage of proteins during food processing can also result in the formation
of peptides (Bikaki et al., 2021). For example, hydrophobic peptides, formed during
coffee bean roasting and brewing, contribute to the distinct taste associated with coffee
beverages.

Bioactive peptides. Peptides that can carry out specific biological functions, next to
being an important source of amino acids, are referred to as bioactive peptides. One of
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the mechanisms of the formation of the bioactive peptides is the proteolytic effect of
food processing and namely by the activity of probiotic bacteria (Romero-Luna et al.,
2022). Agyei and Danquah (2011) claim that the advantages of bioactive peptides, such
as a wide action spectrum and low toxicity as well as high biospecificity, made them one
of the prime research foci of the biopharmaceutical industry. Food-derived bioactive
peptides, discovered in fermented foods as well as in both animal and human intestinal
digesta, are reported to have a positive influence on digestive, endocrine, immune, nervous
as well as cardiovascular systems (Moughan et al., 2014). For example, plant-derived
peptides with an angiotensin-converting enzyme and pancreatic lipase inhibitory
properties are reported to help modulate hypertension and diabetes (Urbizo-Reyes
et al., 2021).

Peptides as a nitrogen source during fermentation. Alongside free amino acids,
peptides can also provide an important assimilable organic nitrogen that, unlike inorganic
nitrogen, can be utilised by a broad range of species of microorganisms. Peptones and
yeast extracts, depending on the raw material and proteolytic enzymes used, can contain
a wide variety of peptides which can be easily assimilated by industrially important
microorganisms and thus, the study of peptides in such complex fermentation
ingredients or of the proteolytic activity of various proteases used to produce them is yet
another important application of peptidomics (Proust et al., 2019). In addition to industrial
microbial cultivations, certain naturally occurring peptides in many food and beverage
fermentations (beer wort, grape must, whisky mash etc.) also act as a valuable nitrogen
source and thus, making peptide analysis even more important as mostly smaller
peptides can be assimilated by yeast (Kevvai et al., 2016).

While overlapping with proteomics and metabolomics, the diversity of chemical
properties of peptides as well as the wide scope of their applications, has justified
peptidomics emerging as a separate subdivision of omics to tackle the challenges unique
to the analysis of this class of compounds. The major challenges of peptidomics include
the identification of short (2-4 AA) peptides as well as their quantification (discussed
below), especially in complex natural matrices.

1.3 Experimental Design for Untargeted Peptidomics Experiments

Despite the proposals for various approaches in untargeted omics, a universal workflow
to account for all challenges associated with the untargeted peptidomics pipeline is yet
to be fully established and widely recognised (Sumner et al., 2007). Any untargeted omics
experiment that aims to provide meaningful and statistically significant results consists
of several critical steps that play an important role in the overall success of a study. Those
steps can be generalised into four main parts: 1) experimental design, 1) pre-analytical,
Il1) analytical, and IV) post-analytical stages. Proficiency in untargeted peptidomics comes
from understanding and balancing the trade-offs intrinsic to any analytical methodology
associated with each of the four steps.

The main goal of an efficient experimental design is to minimise the required study
input while maximising the output. Higher throughput can be partially achieved by
limiting types of experiments that would inherently provide little additional information
or discriminatory power. Power analysis is a statistical tool that can provide valuable
information on the number of samples or replicates required for analysis to achieve
group differentiation at a desired significance level (Dicker et al., 2010; Nakayasu et al.,
2021). Power analysis is especially useful in the case of large cohort studies, where
running even one additional replicate per sample can result in days of extra instrument
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usage time. Moreover, preliminary knowledge about the sample (e.g., protein sequence,
chemical modification, or protease cleavage specificity) can also often provide valuable
insight.

Although statistical analysis is typically one of the last steps in the untargeted
workflow it is greatly affected by the experimental design. Thus, the background
knowledge for a sample and a suitable number of biological and technical replicates are
vital to ensure the best data quality possible.

1.4 Pre-Analytical Steps for Untargeted Peptidome Analysis

Even though numerous analytical methods, such as nuclear magnetic resonance,
capillary electrophoresis, and various types of chromatographic techniques coupled to
mass spectrometry (MS) are commonly utilised in untargeted omics, the most used
technique to study peptides is liquid chromatography (LC) coupled to mass spectrometry
(LC-MS). Hence, all pre-analytical steps discussed next are concerned with LC-MS-based
analysis.

Sampling and storage. As with any other analytical technique, the untargeted
peptidome analysis process starts with the collection of a sample and its preparation for
the subsequent instrumental analysis. That includes representativeness of sampling,
fixation, and storage of the sample before downstream sample preparation. Lyophilised
peptides (or samples containing peptides) are generally considered stable when stored
at - 20 °C in dry, anaerobic, and light-free conditions. However, additional precautions
should be considered when storing peptides in solution or as a part of a complex
biological sample. Namely, the number of freeze-thaw cycles should be minimised and
thus, for repeated use samples should be aliquoted. Further, additional concerns for
long-term storage of peptides are oxidation and residual proteolytic activity in many
biological matrices, which might require storage at even lower temperatures (< - 80 °C)
for full inactivation (Morris and Marchesi, 2016). Finally, non-specific binding of the
peptides to various container surfaces (plastic, glass, and metal) can occur and thus,
when possible, strategies to minimise sample loss should be in place to maximise peptide
recovery (Delano et al., 2021).

Sample preparation. The main goal of sample preparation for analysis is to ensure the
sample’s compatibility with downstream sample manipulations. As with any untargeted
omics study, peptidomics typically aims to characterise as broad a peptide profile in a
sample as possible, and thus, sample preparation might present a unique set of
challenges. Due to the broad range of peptides’ physicochemical properties (polarity,
electrical charge, and molecular size) in the biological samples, an increased sample
preparation selectivity for peptides with specific chemical properties will typically result
in a diminishing global profiling coverage (Finoulst et al., 2011). For example, commonly
used peptide desalting and clean-up (solid-phase extraction, SPE) after tryptic digestion
of proteins (used in proteomics) might not be well suitable to analyse smaller naturally
occurring peptides due to differences in hydrophobicity and thus, potentially resulting in
their loss during reversed-phase SPE. Peptides with up to 6 amino acid residues are
typically fully dissolved in water unless the entire sequence of the peptide consists of
hydrophobic amino acids, such as W, L, I, F, M, V and Y. However, longer peptides might
require adjustment of pH or the addition of an organic solvent to ensure full solubility.
Therefore, for untargeted peptidomics, the least invasive and balanced sample
preparation that ensures sample solubility and compatibility with subsequent analysis is
often preferred due to the least adverse effect on the sample composition.
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Protein precipitation is a frequently used technique to remove peptides and proteins
that, under reversed-phase (RP) and hydrophilic interaction chromatography (HILIC)
conditions used for peptidomics, might otherwise precipitate during instrumental
analysis, potentially resulting in loss of the sample or even damage to the hardware
(Fic et al., 2010). However, the precipitation solvent and protocol should be carefully
designed to avoid diminishing recovery of peptides due to sugaring-out, associated with
precipitation of biological matrices rich in sugars (Wang et al., 2008).

Another sample preparation method that provides easy sample clean-up with
minimal undesired side effects is ultrafiltration (Boukil et al., 2018). Ultrafiltration allows
the analysis of specific molecular weight ranges, unobstructed by compounds outside of
the desired molecular weight range. However, ultrafiltration should be used with some
caution as it might not remove all compounds, precipitation of which might occur under
the aforementioned conditions.

Lastly, chromatographic sample fractionation is often considered part of sample
preparation, while it is an equally valid part of two-dimensional liquid chromatography
(2DLC). In this thesis, chromatographic fractionation will be further discussed in the
section on peptide separation by liquid chromatography.

1.5 Instrumental Steps for Untargeted Peptide Analysis

This thesis primarily focuses on the hyphenation of liquid chromatography to
electrospray ionisation-based (ESI) high-resolution mass spectrometry (HRMS). Even
after many decades of continuous research, improvement, and application of both liquid
chromatography and mass spectrometry, there is still significant room for further
improvement of sensitivity, linear and dynamic ranges, ion mobility resolution, and
identification accuracy. The technicalities of each will be discussed in subsequent
sections.

1.5.1 Sample Introduction in LC-MS Analysis of Peptides

Sample introduction is an intermediate step between sample preparation and
instrumental analysis. Although there are two main ways of introducing the sample into
the system, namely infusion and injection, the latter is used in combination with LC.
Sample introduction should facilitate the transfer of the prepared sample into the LC
system without causing sample/analyte alternations or loss.

As mentioned in the sample preparation section, one of the most prominent issues
encountered during sample introduction (but which also applies to many subsequent
sections) are non-specific interactions of analytes with the sample-wettable metal-based
surfaces, such as storage containers, sample needles, transfer tubing as well as analytical
columns (Delano et al., 2021; Liu et al., 2022). For example, phosphorylated compounds,
including but not limited to phosphopeptides, are known to non-specifically adsorb onto
sample-wettable surfaces of the regular LC systems (Guimaraes et al., 2022). A common
counteraction against this is the replacement of commonly used stainless-steel
components with those from alternative materials, e.g., titanium-based and polyether
ether ketone (PEEK)-lined components. Although titanium-based hardware shows
improvement compared to stainless steel, titanium is still a metal and does not fully
mitigate the issue. PEEK-lined hardware greatly minimises secondary interactions but
suffers from reduced structural integrity compared to metal-based hardware and thus
cannot be fully deployed in ultrahigh pressure applications. One of the most promising
developments is the proprietary surface treatments that mitigate the undesired
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interactions. One such treatment is MaxPeak high-performance surface (HPS) treatment
by Waters (Milford, MA, USA). Surface treatment can not only be applied to the LC
hardware but also to the inner surface of analytical columns showing great recovery of
the intensity of such challenging compounds such as phosphopeptides (Isaac et al.,
2022). HPS can also be applied to the sample container surfaces greatly improving the
long storage recovery and sensitivity of “sticky” compounds (Liu et al, 2022).

Although not peptide-specific, another important aspect that is often overlooked is
the specifics of various injection mechanisms. The main injection mechanism types
employed in LC are either a fixed loop (FL) or a flow-through needle (FTN) (Gritti et al.,
2022). Unlike FTN, FL is characterised by the sample needle not being part of the main
mobile phase flow path. A sample is aspirated into a loop, that is isolated from the flow
path during aspiration, which is then incorporated into the flow part via a fluidics valve
position switch. In the FTN configuration, the needle is a part of the main flow path and
acts as a sample loop, facilitating aspiration, storage, and transfer of the sample.
Although serving the same purpose, both systems have notable differences. The first
difference is the volume of sample needed with sample aspiration, which might be crucial
for applications with a limited sample quantity. In FTN-based systems, the injected
volume is typically the same or very close to the consumed sample volume. However,
in FL-based systems, the consumed sample volume needs to be adjusted for the sample
needle volume (typically 10-30 uL) which facilitates the transfer of the sample from the
sample vial to the loop. The second difference is the increased system volume of
FTN-based compared to FlL-based and consequently, increased system dispersion.
Minimisation of system dispersion typically results in increased chromatographic
performance.

1.5.2 Peptide Separation by Liquid Chromatography

Three main types of LC-based applications in combination with MS can be used in
peptidomics. First, flow injection analysis (FIA) is an application of LC-MS without any
chromatographic separation and relies purely on the resolving power of the mass
spectrometer (Nanita and Kaldon, 2016). Although this type of experiment is typically
characterised by very high throughput with analytical runs often lasting as little as a few
seconds per sample, it greatly suffers reduced peak capacity (maximum number of
chromatographically resolvable peaks) and selectivity due to the lack of chromatographic
separation (Sarvin et al., 2020). The second and most common type is single-dimensional
chromatography which relies on the selectivity of a single column to separate analytes
that are detected by the MS upon elution. Last, the most complex but showing the
highest potential is multidimensional chromatography which combines multiple
complementary separation mechanisms into one analysis.

Chromatographic selectivity considerations for peptide analysis. Similar to sample
preparation for liquid chromatography, the three primary characteristics of peptides that
determine their separation in LC are polarity, electrical charge, and molecular size
(Bagdett et al., 2018). For untargeted peptidomics of small molecular weight peptides,
the most often used separation methods are reversed-phase (Figure 5), which are
often characterised by poor retention of polar analytes, and HILIC (Figure 6). Both
reverse-phase and HILIC are used to separate analytes primarily based on their polarity.
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Figure 5. RP chromatogram of yeast extract. Poor retention (coelution and peak broadening) of
polar analytes can be seen within the first 2.5 minutes of the chromatogram.
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Figure 6. HILIC chromatogram of yeast extract.

Unlike RP, HILIC often benefits from the improved signal intensity of eluting analytes
due to a higher ratio of organic solvent in the initial mobile phase (easier to evaporate
compared to the highly aqueous mobile phase used for RP), which results in higher
ionisation efficiency of analytes.

Although typically with lesser efficiency, the size exclusion chromatography (Figure
7) (Heusel et al., 2019) and ion exchange/exclusion chromatography can also be used for
specific peptidomics applications (Valeja et al., 2015).
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Figure 7. Size exclusion chromatogram of yeast extract.

Most frequently applied RP chromatography is based on C18 column chemistry that
is often modified to withstand higher concentration aqueous mobile phases and provide
additional retention of highly polar compounds (especially useful for smaller polar
peptides) compared to unmodified (bare silica) C18. Among HILIC-type columns,
the most common ones are unmodified HILIC, amide, amine, and sulfobetaine-based
column chemistries. A wide range of column selectivity options coupled with specific
conditions, such as mobile phase modifiers, provides scientists with a great toolkit to
tackle the most challenging of samples. However, the complexity of biological samples
still often exceeds the selectivity and peak capacity of a single column and thus,
two-dimensional chromatography (2DLC) has a great potential for further selectivity,
sample concentration and dynamic range improvement (Zhu et al., 2021).

Two-dimensional applications for peptide analysis. There are two main types of 2DLC:
online and offline. First, online 2DLC implies the use of both columns within the same
analytical run, i.e., peptides separated by the first column are then further separated by
the second column. However, unlike two-dimensional gas chromatography (GCxGC)
(Ralston-Hooper et al., 2008), where analyte trap/release is efficiently implemented by a
thermal modulator (as a major compound elution mechanism primarily depends on the
temperature), trap/release on online 2DLC can be achieved under very specific
conditions that are typically not very applicable for untargeted analysis of smaller
peptides (Liu et al., 2007). For example, coupling complementary RP and HILIC into online
2DLC is not feasible as the mobile phase with weak elution strength for the first
dimension acts as a mobile phase with high elution strength for the second dimension,
making a separation in the second phase ineffective. Offline 2DLC (introduced in the
sample preparation section), on the other hand, benefits from intermediate sample
manipulation, such as eluent removal and reconstitution with a suitable solvent for the
second dimension, before further separating analytes in the second column. Even though
such sample handling requires more steps and can potentially lead to increased
variability, it is highly scalable to multiwell plate formats, remarkably increasing the
method throughput. Moreover, stacked fractionation injections can be used to
significantly concentrate compounds present in low concentrations.

Column dimensions considerations for peptide analysis. Continuous improvement of
analytical columns’ properties, as well as diversification of column chemistries and
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dimensions, allows scientists to find solutions that are specifically tailored for peptide
applications. Reduction in particle size to sub 2 micrometres resulted in the transition of
LC-based methods from conventional high-pressure liquid chromatography (HPLC) to the
so-called ultrahigh pressure liquid chromatography (UHPLC), that in comparison to HPLC
is characterised by increased resolving power (theoretical plate number) even at higher
linear velocities and increased column backpressure for the column with the same
dimensions.

Particle size, column length, and column internal diameter (ID) are the major
parameters when it comes to balancing between the sample throughput and the analyte
coverage depth, as well as the amount of sample that can be efficiently loaded onto a
column. Columns as short as 30 and 50 mm are typically used for applications where
sample throughput is more important (e.g., for samples with low complexity) than the
depth of the analyte coverage. Alternatively, columns upwards of 500 mm in length are
frequently applied for metaproteomics to study samples with higher complexity to
achieve the deepest profiling coverage possible (Roberg-Larsen et al., 2021). However,
such applications are limited by extremely low throughput, where analytical runs can
sometimes last over 10 hours. As a result, columns 100-150 mm in length are most
frequently found in the methodological sections of untargeted metabolomics studies,
providing the best balance between peak profile, sample capacity, resolution, and
throughput.

In addition to particle size reduction, the improvement of manufacturing precision
and accuracy resulted in the ability to produce and pack columns of smaller and smaller
IDs. The transition from HPLC to UHPLC resulted in a reduction of analytical column ID
from typically used 4.6-7.8 mm to 2.1 mm or narrower. The main positive change
associated with the reduction of column ID is the reduction of mobile phase flow rate to
achieve the same performance, which is highly beneficial for applications using MS, as
ionisation efficiency is highly dependent on the ability to dissolve eluent in addition to
the ability to sample the resulting ion plume. The typical UHPLC mobile phase flow rates
used with 1-2.1 mm ID analytical columns are 100-1000 pL per minute. In contrast,
nanoUHPLC-based applications are characterised by columns with a typical ID between
75 and 150 um, resulting in flow rates as little as 100 nL per minute. An intermediate
solution bridging the two is microUHPLC, which is typically represented by capillary
columns with an ID of 300 to 500 um and flow rates of 1-30 uL per minute.

For higher throughput applications, the higher mobile phase flow rate required to
achieve a higher linear velocity with analytical columns results in not only a significant
solvent consumption of expensive LC-MS-grade solvents, but also in a significant
overspray as mass spectrometers’ sampling efficiency is typically limited at around
100 pL per minute. Although benefiting from significantly increased sensitivity (Figure 8),
the application of nanoUHPLC columns can often result in the requirement for longer
equilibration times between runs and dedicated hardware for low-flow applications
which are prone to leaks that are hard to detect. The nano emitters or sprayers, used for
low-flow applications, due to their narrower inner diameter (1-10 um), are also highly
sensitive to a column overload and can result in a blockage due to too concentrated
sample injected and may require additional sample load normalisation steps during
sample preparation.
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Figure 8. Signal response increase with a decrease in flow rate (Reprinted with permission from
Schmidt et al., 2003. Copyright 2022 American Chemical Society).

MicroUHPLC applications, despite also requiring specialised hardware to optimise
system volume and low flow rate stability, coupled with column length of 100-150mm,
strike the best balance in terms of sample throughput, chromatographic and mass
spectrometric performance.

Analysis of peptides is often characterised by shallow analytical gradients that start
with nearly 100% aqueous mobile phase and reach 30%-40% organic mobile phase.
A binary solvent manager suits this kind of application best, as it provides the highest
mobile phase mixing accuracy in addition to minimal system volume (compared to a
quaternary system), especially when coupled to a fixed loop sample manager.

All available technical options described above and variability in column chemistries
dictate the importance of understanding the advantages and limitations of each
configuration to be able to tailor a system for specific application needs.

1.5.3 Peptide Analysis by Mass Spectrometry
The mass spectrometer is a mass selective detector, suggesting that it does not only
record a signal corresponding to the concentration of an analyte and its intensity but also
records resolving mass spectra (MS?) (Ramachandran and Thomas, 2021). The most
common types of mass spectrometers used in untargeted analysis are high-resolution
mass spectrometers that are based on time of flight (TOF) or Fourier transform (FT)
technologies (orbitrap and Fourier transform ion cyclotron resonance). Like in
chromatography, due to the ever-increasing requirement for chemical space profiling
depth, in mass spectrometry, there is never enough selectivity, sensitivity and dynamic
range (Liu et al., 2007). High-resolution mass spectrometers are characterised by higher
resolving power, but also by the ability to measure accurate mass. The resulting
accurately recorded and isotopically resolved ion species lay the foundation for the
guantitation and identification process, namely deconvolution and generation of the
compound’s molecular formula. However, this alone is insufficient to identify a
compound.

Common peptide fragmentation mechanisms. A combination of various mass analysers
allowed for not only improvement of selectivity, but also sensitivity and dynamic range
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(accurate detection and measurement of intensity within a broader range of
concentrations or same spectrum) of many instruments (Valletta et al., 2021). The most
frequent combination of HRMS is with a quadrupole (Q) mass analyser and a collision
cell, allowing for various types of additional experiments, the most useful of which is the
fragmentation of quadrupole isolated precursor ions, the fragment ions of which are
resolved and detected by the high-resolution mass analyser, commonly referred as
MS/MS or MS? (daughter scan) experiment. Recorded MS? spectra are used for
interpretation of the molecular structure of a precursor ion or, in targeted analysis, also
for quantitative purposes. Despite seeming similar, it must be pointed out that an MS?
experiment does not equate to an MS/MS experiment. Unlike the MS? spectrum, which
is simply a result of fragmentation (which may not involve precursor ion isolation),
an MS/MS experiment refers to precursor ions isolation before fragmentation. In the
case of specific instrument configurations (ion trap, FT or systems with multiple collision
cells) multiple fragmentation experiments MS/MS/MS or MS3/MS" can be carried out to
further improve identification accuracy (Olsen and Mann, 2004).

There are multiple options to fragment an ion. When it comes to the analysis of
peptides, the most common fragmentation methods are collision-induced dissociation
(CID), higher energy collision dissociation (HCD, used in FT instruments), and electron
transfer dissociation (ETD) (Ramachandran and Thomas, 2021). During CID and HCD,
the kinetic energy of ions is increased via collisions with collision gas, which results in an
internal conversion of kinetic energy into vibrational activation (Michalski et al., 2012).
During ETD, positively charged ions are fragmented by electron transfer and, unlike CID
and HCD, efficient application of ETD is limited to multiply charged species only (Kim
et al., 2010). Although the application of ETD is limited for very small peptides (that
commonly ionise as singly charged species), it still finds uses for the detection of labile
post-translational modification in native oligopeptides (Huang et al., 2019) as well as
complementary to the CID/HCD fragmentation mechanism for longer peptides.
Instruments capable of MS" can even be configured to combine ETD and CID/HCD. When
it comes to differences between CID and HCD, it must be highlighted that for FT
instruments under similar conditions, HCD tends to result in a capture of a higher number
of smaller fragment ions. For instruments with a linear pass-through collision cell (such
as QTOF), using a collision energy ramp with CID results in a wide range of fragments that
would be characteristic of multiple collision energy states and thus, is preferential for
high throughput applications, as it reduces the number of MS? experiments required for
broader profiling.

The differences in the fragmentation mechanisms result in different peptide
backbone fragmentation patterns. During peptide backbone cleavage up to 6 distinct
site-specific fragment types can form (Figure 9). While CID and HCD typically result in the
formation of b- and y-type fragments, a-type fragments, as well as the loss of ammonia
(in RKNQ amino acids) and loss of water (in STED amino acids), can also be sometimes
observed. ETD typically results in c- and z-type fragments.

Similar to CID, in-source fragmentation is referred to as any ion fragmentation which
takes place before the collision cell. Although typically preferred to be avoided, in-source
fragmentation is often applied on instruments lacking a collision cell to produce
pseudo-MS? or increase the number of subsequent fragmentations using a collision cell.
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Figure 9. Peptide backbone fragmentation pattern. Adapted from “peptide fragmentation
nomenculature” by C. Rath, 2011

Data acquisition strategies for untargeted analysis of peptides. For complex samples
with unknown composition, automation and parallelisation of MS? spectra generation
and processing were required to achieve a higher number of identified compounds per
sample. An acquisition mode known as data-dependent acquisition (DDA) was proposed
to help with automation (Bateman et al., 2014). DDA operates under the premise of
automated triggering MS/MS experiment upon reaching the precursor ion (e.g., peptide)
intensity threshold in MS? and hence, is called data dependent. State-of-the-art mass
spectrometers usually allow for rapid acquisition of data from multiple MS/MS
experiments within one cycle. Although this strategy provides clearer fragmentation
information (due to active narrow isolation of precursor ions with quadrupole before
fragmentation), it often cannot keep up with sample complexity and modern separation
techniques. Every additional MS/MS event requires additional time that extends the
overall cycle time thus reducing acquisition speed. Although the required data point
number per chromatographic peak in the untargeted analysis is less strict than in
targeted analysis, an accurate and reproducible peak integration must still be ensured.
Reduction of acquisition speed limits the high throughput separation applications that
are typically characterised by faster separation and thus, narrower chromatographic
peaks. It is not only challenging to combine high throughput with DDA, but also the
possibility of missing an MS/MS experiment due to limited time within the
chromatographic peak complicates the matter even further. Moreover, within biological
systems, there is a great likelihood of variability in the analyte concentration that leads
to a potential situation where the concentration of peptides might remain below the
MS/MS-triggering threshold resulting in a false negative result in some of the samples.
Additionally, unlike TOF, FT-based systems’ resolving power depends on the scanning
speed, i.e., the higher acquisition speed, the lower instrument’s resolution, thus
diminishing the highest advantage of FT-based systems (resolving power).

Although HRMS is characterised by the higher resolution of the main analyser,
the precursor ion isolation is still carried out by a typically low-resolution analyser, such
as a quadrupole or ion trap. This can often result in coeluting compounds with similar
near-isobaric mass-to-charge ratios (m/z) being co-fragmented and interfering with each
other’s identification (chimeric spectra). Moreover, after a successful MS/MS experiment
the precursor ion is typically excluded for the following 30-60 seconds after acquisition
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resulting in an increased chance of not triggering the MS/MS experiment for closely or
co-eluting peptides with similar or identical m/z.

Considering the limitations of DDA, data-independent acquisition (DIA) has been
introduced as an alternative (Jiang et al., 2022). Unlike DDA, native DIA does not rely on
the threshold-based triggering of quadrupole-based isolation and hence, is not dependent.
DIA operates by sequentially alternating between non-fragmenting collision energy
(low energy) and fragmenting collision energy (high energy). In contrast to DDA,
this approach ensures no missed data and benefits from a wider dynamic range, but it
suffers from inaccuracies during the alignment of fragment and precursor ions as DIA
relies exclusively on the accurate integration of the peak’s lift-off, apex, and touch-down
points. Further improvements to the DIA experiment include increased selectivity for
complex samples to reduce dependency on chromatography. Two main strategies such
as stepping/scanning quadrupole and ion mobility separation (IMS) were introduced and
discussed next (Puyvelde et al., 2022).

DIA selectivity enhancement strategies. Quadrupole-enhanced DIA is a hybrid
between DDA and native DIA (Chen et al., 2021). Instead of isolating a narrow m/z
window (1-4 m/z) that has been selected by software based on MS?* scan precursors, the
quadrupole indiscriminately steps or scans over the user-defined m/z range with an
application optimised transmission window (typically 10-50 m/z) providing higher MS?
spectral clarity than native DIA. It is important, however, to highlight the difference
between stepping (SWATH, Sciex AB) and scanning quadrupole (SONAR, Waters) DIA
approaches. Although quadrupole-enhanced DIA modes decrease the overall duty cycle
on an instrument (number of ions entering the MS vs number of ions reaching the
detector), as stepping and scanning quadrupoles affect both MS? and MS! scans, it greatly
improves spectral clarity and identification accuracy, thus profiling depth for application
without sample quantity limitations. In the case of complex samples, where the coeluting
analytes can often fall within the same quadrupole transmission window, SONAR
provides improved discrimination power due to the scanning of the transmission
window. In practice, during quadrupole scanning, unless isotopic patterns of two
coeluting compounds overlap, there is a higher likelihood of the quadrupole transmission
window reaching the analyte with lower m/z before it reaches any subsequent analytes
of higher m/z.

The ion mobility (IM) presents a complementary separation mechanism, which
unlike quadrupole-based selectivity enhancement approaches, utilises alternative to
mass-to-charge ratio ion properties (Puyvelde et al., 2022). lon mobility generates and
measures the effect that an electric field has on the ions moving through a gas phase.
According to Gongyu et al. (2020), the ion mobility separation (IMS) mechanisms that are
frequently applied to HRMS can be subdivided into 3 main categories:

e Temporally dispersive
o  Drift tube IMS (DTIMS)
o Travelling wave IMS (TWIMS)
e Field dispersive
o Trapped IMS (TIMS)
e  Spatially dispersive
o Field asymmetric IMS (FAIMS); cylindrical geometry
o Differential mobility separation (DMS); planar geometry
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Unlike the spatially dispersive ion mobility separation mechanisms, both temporally
and field dispersive ion mobility separations that use a trap/eject mechanism can be
calibrated to measure the ions’ collision cross section (CCS). Not only are DT-/TW-/TIMS
used to increase the peak capacity and spectral clarity while maintaining or improving
the duty cycle (unlike the quadrupole enhanced DIA and spatially dispersive IMS),
but the CCS has also started gaining additional value as an extra identification qualifier
(Tejada-Casado et al., 2018). In some cases, the use of IMS also results in the
improvement of the method’s sensitivity, due to background noise reduction after the
application of the IMS filter.

All IMS-MS mechanisms to a lesser or greater degree can be tuned to allow the
transmission of ions of a particular charge state. This is frequently applied for the analysis
of oligopeptides with great success by excluding the transmission of singly charged ions
and thus, eliminating the interfering background. Recent studies demonstrate the
application of FAIMS combined with DIA for longer peptide identification, resulting in a
higher number of proteins identified (Bekker-Jensen et al., 2020). However, it must be
pointed out that the same studies also show that the operation of FAIMS in combination
with DDA results in a reduction of peptide and protein identifications.

The attempts to combine IMS with quadrupole-enhanced DIA have been made. Most
notable was the recently introduced parallel accumulation serial fragmentation
combined with the data-independent acquisition (diaPASEF) by Matthias Mann’s group
in collaboration with Bruker (Meier et al. 2020). The method capitalises on the
correlation between mass to charge ratio and ion’s mobility to further improve the duty
cycle of the instrument while proving an even greater increase for the precursor
identification specificity. However, despite all the recent advancements, there is still a
significant room for further improvement in selectivity and acquisition performance.

1.6 Post Instrumental Steps

1.6.1 Data Pre-Processing

Pre-processing of HRMS data plays an important role to correct mass axis deviations and
prepare data for subsequent analysis. Pre-processed peak intensities are often
normalised between different analytical runs (either using spiked standards or other
kinds of housekeeping ions) and chromatographic profiles are aligned based on retention
time (RT). The resulting data is then used to co-detect peaks based on m/z, RT and,
if available, CCS or drift time across the study sample set. As DDA is known to suffer from
data completeness issues, “match between runs” algorithms were developed to try to
mitigate the problem by extrapolating the data from the peaks that triggered MS/MS to
the peaks that were below the triggering intensity threshold.

With a high chemical complexity of the sample comes an even higher complexity of
the data. This is especially true for data recorded as profile (opposed to centroid) and
containing IMS data. Working with such information-rich data requires high
computational resources in addition to application-specific workflows for both alignment
and identification.

1.6.2 Statistical Analysis

Depending on the sample, the data generated from untargeted peptidomics analysis can
be often very complex, for example, resulting from a high number of proteins with
unknown sequences hydrolysed by proteases with unknown specificities. Steps to reduce
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the data complexity which in turn reduces processing time should be taken. Statistical
analysis and subsequent data filtration can help with multiple aspects associated with
untargeted workflows. First, statistical methods such as ANOVA are often used to
exclude the differences between the mean values of different groups that are not
statistically significant or are random (Nakayasu et al., 2021). The use of principal
component analysis and orthogonal/partial least squares-discriminant analysis
(O/PLS-DA) allows feature clustering and visualisation of grouping differences (Windarsih
et al., 2022). Not only does it help to visualise the differences and grouping, but also, in
the case of using pooled QC sample, ensures the validity of the experimental design.
Blank samples are invaluable assets in eliminating background from the analysis.
As previously mentioned, power analysis is used to calculate the minimum number of
samples required to detect a statistically significant difference between groups.

1.6.3 Peptide Identification in Complex Matrices

As the ultimate goal of peptide profiling (i.e., peptide identification) is to elucidate its
amino acid sequence, three main peptide identification strategies are commonly used.
Firstly, peptide mapping or database search is effectively used when peptides originate
from a protein the sequence of which is known. Considering protease/peptidase
specificity (if known), unknown peptides are matched against all theoretical peptides
that can be a result of the hydrolysis of a given protein(s). Secondly, in case of unknown
protein sequence or unelucidated protease/peptidase specificity de novo sequencing can
be carried out that attempts to predict oligopeptide composition purely based on the
fragment ions of particular precursor ions. Thirdly, in the case of small peptides, typically
2-5 AA, identification can often be carried out via the existing in-silico databases
(ChemSpider Peptides and METLIN) that have been generated before the analysis.

One of the biggest challenges in peptide identification is insufficient identification
accuracy for unambiguous identification assignments. Unlike higher molecular weight
oligopeptides, which due to a higher number of peptide bonds tend to ionise with a
higher charge state (> 2+), smaller molecular weight peptides (2-5 AA) most commonly
ionise as singly charged ions. The singly charged species produce fewer selective fragments,
which leads to a reduced identification accuracy, which unlike longer peptides, renders
short peptides not highly applicable to de novo sequencing. Fragmentation of quadrupole
isolated precursor ions at various fixed collision energies can provide defining fragment
ion ratios, resulting in a higher degree of confidence in identification results, but such
experiments are ultimately aimed at identification confirmation of a small number of
molecules against standards of peptide candidates and are not very applicable to large
studies where identification of hundreds or thousands of peptides is a priority.

lon mobility separations capable of measuring the ion’s CCS provide an extra qualifier
to reduce false positive, potentially separate isobaric peptides and result in higher
confidence in identification results. While CCS measurement is a relatively novel
application and empirical CCS libraries are being constantly updated with new entries
(including different adducts), a computational approach provides a more cost-efficient
alternative to profiling thousands of compounds (Zhou, Tu and Zhu., 2018).

Finally, another useful tool for validation of identification is the adducts (including
neutral loss) formed during ionisation (Liu et al., 2015). For example, in positive
electrospray ionisation adducts would commonly include protonation of various degrees,
and formation of sodium, potassium, and ammonia adducts. Neutral loss, such as loss of
water, is frequently observed and can be either result of an analyte-specific ionisation
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mechanism or a result of unoptimised voltages leading to in-source fragmentation.
In some cases, two conflicting adducts can result in misidentification. For example, even
though the loss of water is a likely event during the ionisation of some organic and amino
acids, it is not very common during peptide ionisation. For example, a protonated
tripeptide Ala-Pro-Leu and protonated with a loss of water tripeptide Ser-Val-Leu will
result in the same deconvoluted molecular formula of CisH27N3Os and practically
indistinguishable fragmentation patterns. Hence, loss of water should be considered for
peptide identification with precaution.

1.6.4 Peptide Quantification

Quantification presents the last, but, perhaps, one of the most challenging processes in
the untargeted peptide analysis of biological samples. The analyte concentration ranges
are often greater than the dynamic range of any modern MS instruments (Beri et al.,
2015). Accurately measuring the concentration of analytes in one analysis is very
challenging as the concentrations may differ up to several orders of magnitude.

Mass spectrometry is intrinsically not quantitative. However, using internal (including
isotopically labelled) and external standards, it can be calibrated to produce an absolute
concentration value for a particular analyte of interest. This forms the basis of targeted
analysis, where all compounds of interest are measured against a calibration curve of
response ratios between the analyte and an isotopically labelled version of the analyte
(Feteisi et al., 2015). However, this approach is not the most cost-efficient and with an
increasing number of analytes increases the associated cost of analysis. Relative
quantification or screening (for previously identified/profiled compounds) typically uses
a normalised sample load combined with a spike with a set of non-endogenous to the
sample standards to account for inter- and intra-sample variation (Kultima et al., 2009;
Graw et al., 2020). Analyte response values normalised against spike standards provide
relative amounts of the same analyte that can be used for comparison between samples.
The quantitative accuracy of this approach is highly limited compared to the targeted
workflow, but the use of relative abundances still allows for making decisions on the
statistical importance of the chemical space of the sample.

Label-free quantification (LFQ) used in proteomics relies on the quantification of
post-digest oligopeptides, ionisation efficiency of which levels out with an increase in
peptide length (>6 AA). Shorter peptides have been demonstrated to have a vast
difference in ionisation efficiency and are not applicable for LFQ (Liigand et al., 2018).

In recent years, computational approaches to estimate ionisation efficiency are being
proposed. The studies are, however, frequently limited by the experimental design of
the studies and a lot of further research is required to utilise similar approaches to
mainstream applications (Liigand et al., 2018).

1.6.5 Peptide Derivatisation

Derivatisation of short peptides could potentially allow tackling some of the
shortcomings of identification and quantification workflows. Qiao et al. (2012) claim that
derivatisation of unmodified peptides with hydrophobic and/or basic groups will result
in not only improved reversed-phase chromatographic performance (increased
hydrophobicity resulting in higher column retention of polar peptides) but also increased
ionisation efficiency (hydrophobic peptides undergo gas-phase protonation more easily).
Moreover, neutralisation/derivatisation of the negative charge of the carboxyl group via
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derivatisation could further improve ionisation efficiency as well as increase the peptide’s
charge state (Frey et al., 2013).

Selective derivatisation of the C- and/or N-terminus of a peptide could result in the
generation of specific fragments that would further improve identification assignment
accuracy (Wang et al., 2009). However, this approach would require extended sample
preparation to account for kinetics experiments with time series, where derivatisation
would be required after each time point. Moreover, a dedicated software workflow
would need to be created to account for peptide modifications caused by derivatisation.
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2 Aims of the Dissertation

The main objective of this thesis was to investigate and further develop methodologies
for the analysis of peptides in various biological samples to improve the profiling
coverage and throughput of untargeted peptides screening.

The developed workflows were tested for the following applications and categorised into
three case studies:
e Case Study I: Profiling of peptide composition during cheese ripening (Publication
| and Publication Il)
e (Case Study II: Characterisation of protein hydrolysate composition produced with
the protease of unknown specificity and screening of peptide consumption by
yeast during alcoholic fermentation (Publication Ill, Supplementary Study I)
e (Case Study lll: Untargeted peptide analysis to study the effects of different
brewers’ malts and mashing regimes on wort peptide profile (Supplementary
Study 1)
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3 Materials and Methods

More specific information regarding the methods used in each published study can be
found in the corresponding publications (Appendix 1, Appendix 2, and Appendix 3).
The following sections are presented as a consolidated part of the materials and
methods, providing a broader overview, as well as outlining important aspects of
supplementary studies.

3.1 Sample Matrices

In Publications | and Il, peptide profiling of two different kinds of cheese (Gouda and
Emmental) was developed and carried out in response to different ripening conditions.

In Publication Il and Supplementary Study I, a methodology for analysis of the
composition of small peptides in protein hydrolysates prepared with protease(s) of
unknown specificity was developed and used to monitor their consumption by yeast
during fermentation of hydrolysate spiked synthetic grape must.

In Supplementary Study I, the effect of different mashing regimes of malt was
explored on peptides composition in the resulting worts.

3.2 Sample Preparation

In Case Study | (Publications | and Il), sample preparation of cheese water-soluble
extracts (pH 4.6) for LC-MS analysis was accompanied by protein precipitation with
acetonitrile and the following removal by centrifugation. Unlike in Publication 1, in
Publication Il the requirement to normalise the sample load on the column was mitigated
by using a larger internal diameter analytical column with higher load tolerance as well
as a regular ESI source and thus, sample load normalisation was omitted.

In Case Study Il (Publication lll and Supplementary Study 1), sample preparation of
synthetic grape must and bovine serum albumin hydrolysate for LC-MS analysis was
carried out by ultrafiltration and protein precipitation with acetonitrile and centrifugation.
In Supplementary Study |, the enzymatic hydrolysis of bovine serum albumin (40 g/L) was
performed in 10 mL potassium phosphate buffer (0.5M, pH 7) at 45°C for 24 hours. Three
commercial proteases: Corolase® 7089, Corolase® 8000 and Corolase® APC (AB Enzymes,
Darmstadt, Germany), and combinations thereof were studied. Samples preparation of
BSA hydrolysate consisted of ultrafiltration and protein precipitation, as used in
Publication IlI.

In Case Study Ul (Supplementary Study IlI), different malts (Chateau Pilsen 2RS,
Chateau Pale Ale and Chateau Distilling) were acquired from La Malterie du Chateau SA
(Verviers, Belgium). The worts were produced by mashing 440 grams of milled malt in
2 litres of distilled water. For each malt, three different mashing regimes were applied
(Figure 10): mash 1 (67°C for 60 min); mash 2 (20 minutes at 50°C followed by 60 minutes
at 67°C); mash 3 (20 minutes at 40°C, then 20 minutes at 50°C, followed by 60 minutes
at 67°C). After mashing, the worts were boiled for 60 minutes and then cooled down to
room temperature on ice. The worts were subsequently centrifuged at 4667 g to remove
insoluble debris.
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Figure 10. Temperature profiles of the different mashing regimes used in Supplementary Study .

Due to the low peptide concentrations in the obtained worts, the samples required
concentration before further analysis by HRMS. For concentration via evaporation,
viscosity-increasing fermentable sugars were removed by fermentation of worts with a
yeast strain in which the genes encoding for peptide transporters were knocked out
(Becerra-Rodriguez et al., 2021). To promote dextrin hydrolysis, glucoamylase (0.1% w/w,
MEGA PACIFIC TECHNOLOGY INC, Arcadia CA, USA) was also added.

3.3 Instrumental

3.3.1 Liquid Chromatography

In Publication |, a nanoUHPLC-FL (NanoAcquity, Waters Corporation, Milford, MA, USA)
system was used. The LC system operated in forward-trap mode. A short column with a
larger diameter and particle size (Acquity UPLC® Symmetry C18 Nanoacquity 10 k 2 g
V/M, 100A, 5 um, 180 um x 20 mm, Waters Corporation, Milford, MA, USA) was used to
trap peptides that were then analysed with a nanoUHPLC column (Acquity UPLC® M-Class
HSS T3, 1.8 um, 75 um x 150 mm, Waters Corporation).

In Publication Il and Ill, as well as Supplementary Study | and Il, an analytical
UHPLC-FL (I-Class Plus, Waters Corporation, Milford, MA, USA) using Acquity UPLC® HSS
T3 (1.8 um, 1 x 150 mm, Waters Corporation) was used. Chromatographic conditions
used in Supplementary Study | and Il were identical to Publication III.

3.3.2 Mass Spectrometry

For Publication I, a MALDI SYNAPT G2-Si mass spectrometer (Waters Corporation,
Milford, MA, USA) with NanolockSpray exact mass ionisation source was used.
The instrument was operated in MSE (DIA mode) as the travelling wave ion mobility
separation option was not enabled.
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For the remaining publications and supplementary studies, Vion IMS QTof mass
spectrometer (Waters Corporation, Milford, MA, USA) was used and operated in HDMSE,
TWIMS-enabled DIA.

3.4 Data Processing and Analysis

Data processing was carried out using various software packages and workflows.

In Publication I, MassLynx (Waters Corporation, Milford, MA, USA) and Progenesis QI
for Proteomics (Nonlinear Dynamics, Newcastle, UK) were used to acquire, process, and
analyse the raw data.

In Publication Il, UNIFI large molecule package (Waters Corporation, Milford, MA,
USA) in conjunction with in-house data analysis and visualisation scripts written in the
Python™ programming language (Python Software Foundation, Wilmington, USA) were
used to acquire, process, analyse and visualise the raw data.

In Publication Il and Supplementary Studies | and Il, UNIFI Large molecule package
(Waters Corporation, Milford, MA, USA) and Progenesis QI (Nonlinear Dynamics,
Newcastle, UK) in conjunction with in-house data analysis and visualisation scripts
written in the Python™ programming language (Python Software Foundation, Wilmington,
USA) were used to acquire, process, analyse and visualise the raw data.
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4 Results and Discussion

The results presented below are based on three publications and two supplementary
studies. Considering the variability of the aims of the studies and the experiment design
used, a summary of the main outcomes and the scientific/technological impact
concerning methodology and respective outcomes are given in Table 1. In Case Study |
(Publications I (P1) and Il (P2)), the methodology development and optimisation of the
analytical throughput for the cheese peptide profiling during ripening were carried out.
In Case Study Il (Publication Ill (P3) and Supplementary Study | (S51)), peptide profiling
of BSA hydrolysates prepared with different proteolytic enzymes was carried out.
In Publication Ill, peptide profiling of BSA proteolytic digest prepared with the industrial
protease of unknown specificity was carried out, including an assessment of consumption
of these peptides by yeast during fermentation in synthetic must. In Case Study Il
(Supplementary Study Il (SS2)) we explored the effect of different malt types and
mashing regimes on the resulting peptide composition in the wort.

Table 1. Outcome and impact of the studies.

Case Study | (Cheese) Case Study Il (Synthetic Wine) Case Study Ill (Wort)
P1and P2 P3 and S51 S52
. Peptide profiling during Peptide consumption Untargeted peptide profiling
Study Aim S . ; .
cheese ripening screening by yeasts in brewer's wort
P1: 70-min
Instrumental|  nanoUHPLC-DIA-HRMS P3 +551: 18.5-min $52: 18.5-min
Steps P2: 48.5-min UHPLC-IMS-DIA-HRMS UHPLC-IMS-DIA-HRMS
UHPLC-IMS-DIA-HRMS
P1: Progenesis QI for
Post- . .
Proteomics P3 + SS1: UNIFI LMP/ SS2: Progenesis Ql
Instrumental ) )
Stens P2: UNIFI LMP and Progenesis Ql and Python Script| Fully Untargeted Workflow
P Python Script
P1:Increased throughput of | P3:Increased throughput of |ss2: Developed methodology
Study nanoUHPLC peptide profiling |peptide consumption screening| for differentiation of worts
Outcome | p2:Increased throughput of | SS1:Increased throughput of |Prepared from different malts
UHPLC peptide profiling protease specificity profiling and mashing regimes

4.1 Case Study I: Peptide Profiling and Screening During Cheese Ripening
(Publications | and Il)

Case Study | aimed at investigating the improvement of the analytical throughput of
cheese ripening characterisation using peptide profiling via different approaches:
application of nanoUHPLC (75 pm ID, flow rate of 0.3 pL/min) combined with
data-independent acquisition mode (Publication 1) and a narrow bore analytical column
on UHPLC (1 mm ID, flow rate of 100 pL/min) was used in combination with ion mobility
enabled DIA mode to characterise cheese proteolysis (Publication II).

Chromatographic conditions relative to sensitivity and sample preparation. Although
the column load on the nanoUHPLC column (200 ng) was significantly lower than on the
analytical column, the resulting base peak intensity (BPI) profile from nanoUHPLC (4.5e6)
was more than 25-fold higher than the BPI profiles acquired using the analytical column
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(1.8e5) (Figure 11). However, a significantly higher loading capacity of the analytical flow
system resulted in simplification of the sample preparation that did not require sample
concentration normalisation and thus, no further back-calculation to the original sample
concentrations.

T e mm | mm Wm | em s am

Mem name: 23 0 HZ Tl
Channel rame: 2 HD TOF MSe (50-2000] 61 ESle [851)

100300

1790

Figure 11. Comparison of cheese BPI profiles (retention time vs intensity): Top- nanoUHPLC-HRMS
(Publication 1); Bottom- UHPLC-IMS-HRMS (Publication II).

Peptide retention profiles. The overlay of total ion current (TIC) chromatograms of
peptide profiles acquired in Publication Il (Figure 12) better illustrates not only early
eluting species that might have been lost with nanoUHPLC (due to loading into a trap
column, Figure 11 Top) but also far better gradient utilisation to analyse the samples.
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Figure 12. Cheese starting point sample TIC profiles (retention time vs intensity) UHPLC-IMS-HRMS
overlay (Publication I).

MS sensitivity relative to the instrumentation used. In Publication II, the overall
sensitivity loss, resulting from using travelling wave IMS-DIA (estimated at 20-30% versus
native DIA) was mitigated by the higher sensitivity of the Vion IMS QTof (Water
Corporation) compared to the SYNAPT G2-Si (Waters Corporation), used in Publication I.
Considering the sensitivity performance characteristics of both systems, the nanoUHPLC
demonstrated superior sensitivity results compared to analytical UHPLC.

The number of peptides identified. Both methods allowed the identification of over
400 peptides arising from casein hydrolysis. However, comparing BPI profiles from both
publications, a significant delay in the elution profile from nanoUHPLC can be observed
(Figurell). The main reason for such delay was the requirement of the trap-elute step
prior to separation on the analytical column. Moreover, sample complexity observed in
the TIC profile of UHPLC (Figure 12) suggests that further improvement to the elution
profile should have been made.

Although other studies have demonstrated higher numbers of identifiable peptides
in similar studies (that are typically achieved with 2-4 hour analytical gradients), the final
sample comparison is often narrowed down to the most significant peptides (abundance
or fold change; typically less than 500, Taivosalo et al., 2018), thus making increased
throughput (with no significant detrimental effect on the statistical model) a higher
priority than deeper profiling capabilities.

The software played an important role in the analysis of data. PQl for Proteomics
(Nonlinear Dynamics) used in the Publication | allowed for automated peak alignment,
normalisation and processing, all of which had to be done manually or with help of
Python script in the former study described in Publication II.

The addition of TWIMS in Publication Il revealed the presence of peptides with the
same sequence, CCS values of which were not identical. This allowed for even finer
alignment and filtering as many peptides were either coeluting or eluting very closely.
One of the possible explanations is that the peptides can originate from different protein
isoforms, the structural conformation of which might be different. These peptides would
have been fully missed with DDA mode due to dynamic exclusion, typically for 30-60 s,
of species of the same m/z and therefore would have not been selected for
fragmentation.
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Finally, reflecting on the benefits and drawbacks of the methods tested in both
publications, a combination of 300 um ID column and IMS-enabled DIA is highly
recommended for peptide analysis in cheese to achieve high throughput while
maintaining high sensitivity.

4.2 Case Study II: Peptide Mapping and Screening of Protein Hydrolysate
Consumption During Alcoholic Fermentation (Supplementary Study |
and Publication IlI)

In Case Study ll, the use of UNIFI-based peptide mapping in combination with Progenesis
Ql (Nonlinear Dynamics) for profiling and screening of smaller molecular weight peptides
was investigated.

First, the proteolytic activity of three commercial proteases or a combination of those
was characterised to find a suitable protease for BSA hydrolysis (Supplementary Study I).
As the goal of Publication Ill was to develop a methodology for assessment of peptides
assimilation by yeast, the main criterium was to find a protease or combination of
proteases that produces a peptide mixture from BSA with the maximum number of
small MW (2-5 AA) peptides assimilable to yeast, with the least release of free amino
acids. Based on this criterium, Corolase® 7089 (AB Enzymes, Darmstadt, Germany) was
chosen for its ability to generate a significant number (123 peptides chosen for relative
quantification) of small MW (di- to penta-) peptides while leaving the lowest concentration
of free AA (Table 2).

Table 2. Comparison of performances of different industrial proteases and their combinations.

Protease Combination

COROLASE | COROLASE |COROLASE®|COROLASE®| COROLASE® |COROLASE®| COROLASE®
® 7089 ® 8000 APC 7089 & 8000 | 7089 & APC | 8000 & APC | 7089 & 8000 & APC
Free Amino Acid

[Concentration (mg/L)]  33.42  [I486lo> [I67145 [11802 67 [1658471 | | 69341

Number identified peptides

Dipeptides 23 38 45 45 43 50 49

Tripeptides 56 89 105 115 126 128 133
Tetrapeptides 47 76 73 88 91 81 95
Pentapeptides 45 62 60 61 57 52 57
Hexapeptides M 40 48 38 39 34 41
Heptapeptides 22 26 29 35 25 19 17
Octapeptides 19 21 23 25 16 18 20
Nonapeptides 16 10 23 16 15 8 13
Decapeptides 16 10 13 9 9 8

Number of summed peptides

15
[ @ 265 0 283 ] 309 M 317 ] 311 1l 334

Although small peptide sequence identification using this method remains a challenge
(due to uncertainty in absolute identification assignment of short peptides), the tentative
peptide identification still provides useful information about peptides' chain length and
amino acid composition. The proposed methodology, relying on the reduced sample
complexity, benefits from a significantly shortened time required for sample analysis,
namely 18.5 min (compared to 70 and 48.5 min for Publications | and Il respectively).
For large cohort studies, even sub-20-minute analytical runs can result in weeks-long
sample sets. Therefore, further improvement of the method throughput should be
investigated.
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4.3 Case Study lll: Untargeted Peptide Profiling During Wort Production
(Supplementary Study Il)

Based on the results of Publication Ill and namely, the correlation of identification
assignment accuracy between peptide mapping and untargeted analysis, Supplementary
Study Il was carried out to evaluate the effects of different malt types and mashing
regimes on the resulting peptide composition in the respective worts. Figure 13 (from
Publication Ill) reiterates the applicability of the fully untargeted peptidomics approach,
where protein sequence might not be available. Namely, assignment of peptide length
and peptide amino acid composition (non-discriminating to leucine and isoleucine) by
fully untargeted workflow matched 90.5% and 71.4% of the assignment by the peptide
mapping approach (using BSA sequence and non-specific cleavage). Being fully based on
the untargeted workflow, Supplementary Study Il was most dependent on the statistical
evaluation of the samples. Table 3 provides a short recap of the samples studied.

1 Mismatch

I Match
180
i 16
160 (9.5%)
48
140 - (28.6%)
¥ 120 4 105
g, (62.5%)
a
Q100 -
ks
& 80 - 152
£ (90.5%)
5 120
2 60 (71.4%)
40 -
20 -
O -

Absolute J Absolute J Composition Length

Figure 13. The dependence of the peptide matching specificity criteria on the peptide identification
assignment discrepancy (Arju et al., 2022).
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Table 3. Malt types, mashing regimes, and respective sample numbers (Figure 10).

Malt
1 2 3
Chateau Pilsen 2RS® Chateau Pale Ale® Chateau Distilling®
. 1 1.1 2.1 3.1
“:':;'::;g 2 12 2.2 3.2
3 13 2.3 3.3

Based on the tentative identification of 183 peptides (Chemspider_Peptides database)
with a fold change over 1.5, the PLS-DA showed a distinct separation of samples prepared
with different malt types (Figure 14) and mashing regimes (Figure 15).

500
400
300
200

100

-100

mort 2.1 [1)

-200 | W — i mWort 1.1 [1]
-300

-400

-500

-600 -500 -400 -300 -200 -100 0 100 200 300 400 500 600

1

Figure 14. PLS-DA, grouping accordingly to malt type. Blue- Pale Ale and Distilling malts; Red- Pilsner
malt (Table 3).
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Figure 15. PLS-DA, grouping accordingly to mashing regime. Red- mashing 1; Blue- mashing 2;
Green- mashing 3 (Table 3).

Further data review confirmed the trends between relative peptide abundances of
Pilsner, Pale Ale, and Distilling malts (Figures 16 and 17) as well as between mashing
regimes 1, 2 and 3 (Figures 18 and 19).

23 ST s s

standardised Normalised Abundance

— === //iﬁ);;?gg’)ﬁ

2

Figure 16. Relative peptide abundance changes due to different malt types (higher in Pilsner malt).
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Figure 17. Relative peptide abundance changes due to different malt types (higher in Pale Ale and
Distilling malts).
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Figures 16 and 17 highlighted two trends that contribute to the differentiation
observed in Figure 14. Namely, worts prepared from Pilsner malt (1.1-1.3) differentiated
those from Pale Ale (2.1-2.3) and Distilling (3.1-3.3) malts. Each line in the graph
represents the relative abundance of the most notable peptides (i.e., those with the
highest fold change observed during individual experiments, Table 4).

Table 4. Example of top 5 peptides with highest fold change differentiating the malt types used in
Case Study Il. Trend 1 represents peptides in Figure 16; Trend 2 represents peptides in Figure 17.

Trend 1 (Total 14 peptides) Trend 2 (Total 26 peptides )

Peptide Max Abundance | Fold Chahnge Peptide Max Abundance | Fold Chahnge
Tyr-Leu-Glu-Glu 2800 6 Trp-Thr-Tyr 795 8.7
Lys-His-Asn-Asn 4560 4.4 Arg-lle-lle 882 4.5
Lys-Val-His-Asn 865 3.2 lle-Pro-Val-GiIn 584 3.2
Gly-Arg-Gly-Ser 915 3.1 Val-Asp-Lys-Pro 700 3

Glu-GIn-GIn 2225 3 Glu-Pro-Leu-Leu 560 2.7

Figure 15 highlights trends contributing to the differentiation observed in the mashing
regimes (Figures 18 and 19), most notable (highest fold change top 5) of which are
presented in Table 5.

[T s ] 22 23

Figure 18. Peptide relative concentration trends due to differences in the mashing regimes
(increasing peptide abundance with every additional mashing step).
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Figure 19. Peptide relative abundance trends due to differences in the mashing regimes (decreasing
peptide abundance with every additional mashing step)
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Table 5. Peptides with highest fold change differentiating the mashing regimes used in Case Study
Il. Trend 3 represents peptides in Figure 18; Trend 4 represents peptides in Figure 19.

Trend 3 (Total 6 peptides) Trend 4 (Total 2 peptides)
Peptide Max Abundance | Fold Chahnge Peptide Max Abundance | Fold Chahnge
lle-Glu-Ala 725 2.1 Tyr-Ala-Ala-Phe 802 3
Glu-Leu 690 2 Lys-Asn-Asp 499 1.5
lle-Val-Asp 634 1.9
Glu-Val-val 551 1.8
Val-Glu-Leu 638 1.7

Comparison between Tables 4 and 5 revealed that there was not only a higher
number of peptides that differentiates the malt types (trend 1 and 2 (14/26) vs trend 3
and 4 (6/2)) but also the maximum fold change was higher (trend 1 and 2 (6/8.7) vs trend
3 and 4 (2.1/3)), compared to what was observed in case of different mashing regimes.
These results suggest that malt type might have higher impact on the composition of the
peptides than the applied mashing regimes. Thus, peptides composition in the worts
prepared from Pale Ale and Distilling malts are much more similar than those from Pilsner
malt.

Even though this study was carried out as proof of a concept, it has still managed to
provide significant evidence to justify the continuation of the research, due to the high
technological value in it. The outcome of this study, demonstrating differences in peptide
compositions and relative concentrations in response to malt types and mashing regimes
has high importance for the food and fermentation industry and deserves further
research with a more optimised experimental design to achieve better differentiation
and higher result confidence levels. Additionally, similar studies can be used not only to
investigate the effect of different processing parameters on peptide composition but also
for authentication of different products or raw materials, based on the peptide profile.
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5 Conclusions

The main objective of this thesis was to develop and implement higher throughput
methodologies for peptide composition profiling and peptide consumption screening in
various biological matrices applicable to food- and biotechnology. The developed
methodologies were based on nanoUHPLC-DIA-HRMS and UHPLC-IMS-DIA-HRMS and
were tested with three practical matrix-based case studies.

In the first case study, the development and implementation of peptide profiling
during cheese ripening were carried out. The nanoUPLC-DIA-HRMS method was
developed for peptide profiling of the Gouda-type cheese ripening and a significant
reduction in analysis time (70-min) was achieved. However, the drawbacks of the
improved throughput were found to be an underutilised elution profile of peptides and
a longer equilibration time due to the use of nanoUHPLC. The reduction in the overall
number of peptide identifications (c.a. 500 in the most peptide-rich samples) was found
to be sufficient for effective sample differentiation and evaluation of the proteolytic
activity during cheese ripening. For peptide profiling during Emmental cheese ripening,
the UHPLC-IMS-DIA-HRMS method was developed. Not only was a further reduction in
analysis time (less than 50-min) achieved, but also an improvement of the peptide
elution profile along with simplified sample preparation protocol were realised due to
the use of UHPLC. Additionally, the use of IMS has revealed the presence of previously
unreported peptide structural isomers, detection of which was made possible due to the
combined use of IMS and DIA. However, the use of UHPLC resulted in a lower overall
peptide signal response compared to the peptide signal response in the previously
described work with Gouda-type cheese. Similar to the methodology used for
Gouda-type cheese, the drawback of the improved throughput in this work was a reduction
in the overall number of peptide identifications (c.a. 450 in the most peptide-rich samples).

In the second case study, the peptide mapping method was developed for rapid
elucidation of proteolytic enzyme cleavage specificity using UHPLC-IMS-DIA-HRMS.
The developed method allowed for analysis of peptides composition in protein
hydrolysate within less than a 20-min analytical run and consequently has contributed to
a significant improvement of the sample throughput. The methodology was then applied
for the untargeted screening of short peptide consumption during microbial fermentation.
Another important outcome of this study is that the developed methodology can be used
to profile the short peptide (2-4 AA) composition of previously unelucidated protein
sources with a certain degree of confidence (peptide length and AA composition).
Successful completion of this study allowed for a critical large-cohort-data evaluation and
proposition of additional changes to further improve the methodology’s throughput.

In the third case study, the same UHPLC-IMS-DIA-HRMS methodology was further
shown applicable for untargeted evaluation of peptide composition in unelucidated
complex natural matrices.
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Abstract

Development and implementation of high throughput
peptidomics for microbial studies

Peptides are a class of highly diversified biopolymeric molecules that find many practical
uses. However, their chemical diversity result in many challenges associated with their
analysis , which is especially evident in the case of complex natural matrices containing
peptides from undefined proteins and proteases with unelucidated specificities.

This manuscript aims to develop liquid chromatography (LC) mass spectrometry (MS)
methodologies for peptide analysis in different food matrices. The primary focus was on
the untargeted workflows using ultrahigh pressure liquid chromatography (UHPLC)
coupled with the data-independent acquisition (DIA) high-resolution mass spectrometry
(HRMS) to improve throughput and flexibility of peptidome profiling and untargeted
peptide consumption screening capabilities in various matrices such as cheese, synthetic
grape must and beer wort.

Theoretical and practical knowledge created in this work, along with published data
and supplementary materials present progression from a rather complex workflow
based on nano-UHPLC and DIA-HRMS to a well-streamlined, high-throughput workflow
utilising UPLC coupled with ion-mobility separation enabled (IMS) DIA-HRMS with
substantially simplified sample preparation applicable for peptidome analysis in food-
and biotechnological studies.
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Lihikokkuvote

Suure labilaskevoimega peptidoomika meetodite
arendamine ja juurutamine mikrobioloogilisteks uuringuteks

Peptiidid on paljude erinevate funktsioonidega aminohapetest koosnevad biomolekulid,
millede madaramine voib omada tihti praktilist tahtsust. Tulenevalt oma keemilisest
mitmekesisusest on peptiidide anallis seotud mitmete valjakutsetega, eelkdige
keeruliste bioloogiliste maatriksite puhul, kus peptiidid parinevad maaratlemata
aminohappelise jarjestusega valkudest ja/v6i on tekkinud teadmata spetsiifilisusega
proteaaside toimel.

Kdesoleva doktoritéé peamiseks eesmargiks oli tootada valja kombineeritud
vedelikkromatograafia ja massispektromeetria metoodikad peptiidide analiisiks
erinevates komplekssetes maatriksites. T66 pohifookus oli suunatud mittesihitud
analltsi meetodite valjatootamisele, parandades peptidoomiprofiilide maaramise
joudlust erinevate maatriksite naitel, nagu juust, viinamarja- ja Ollevirre.

Too teoreetilised ja praktilised valjundid koos avaldatud andmete ja tdiendavate
materjalidega tutvustavad edasiminekut nano-UHPLC-DIA-HRMS-il (ingl. k. nano ultrahigh
pressure liquid chromatorgaphy data-independnent acquisition high-resolution mass
spectrometry) pohinevalt suhteliselt komplitseeritud ja todmahukalt metoodikalt suure
labilaskevbimega metoodikale, mis baseerub UPLC-IMS-DIA-HRMS-il (ingl. k. ultrahigh
pressure liquid chromatography ion mobility separation data-independent acquisition
high-resolution mass spectrometry) ja vdimaldab seejuures kasutada ka oluliselt
lihtsustatud proovide ettevalmistust peptidoomi analiitsiks toidu- ja biotehnoloogilistes
protsessides.
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Abstract: Until now, cheese peptidomics approaches have been criticised for their lower throughput.
Namely, analytical gradients that are most commonly used for mass spectrometric detection
are usually over 60 or even 120 min. We developed a cheese peptide mapping method using
nano ultra-high-performance chromatography data-independent acquisition high-resolution mass
spectrometry (nanoUHPLC-DIA-HRMS) with a chromatographic gradient of 40 min. The 40 min
gradient did not show any sign of compromise in milk protein coverage compared to 60 and 120 min
methods, providing the next step towards achieving higher-throughput analysis. Top 150 most
abundant peptides passing selection criteria across all samples were cross-referenced with work from
other publications and a good correlation between the results was found. To achieve even faster
sample turnaround enhanced DIA methods should be considered for future peptidomics applications.

Keywords: dairy product analysis; cheese peptidomics; cheesemaking; data-independent acquisition

1. Introduction

During cheese ripening, caseins undergo a progressive breakdown by enzymatic action, releasing
peptides and amino acids, which contributes to the development of cheese flavour and texture [1].
The term “peptidomics” has been extensively used in dairy science for comprehensive analysis of
peptides released during proteolysis in different cheese varieties [2-4] as well as characterisation of
bioactive peptides with potential nutritional and health-promoting effects [5,6]. Several researchers
have been focusing on the identification of phosphorylated peptides [7] and the determination of
specific bitter peptides and their contribution to cheese flavour [8,9]. Many studies have been carried
out to evaluate the effect of different adjunct cultures on the formation of peptides in cheese and thus
to adjust the taste and aroma characteristics of a final product [10,11].

The key analytical tool employed in cheese peptidome research (i.e., increasing the knowledge of
proteolytic events occurring during ripening) as well as exploring the possibilities of controlling the
cheese maturation process, is currently mass spectrometry (MS) coupled with liquid chromatography
(LC) [12-14]. The most widely used hyphenation is nano ultra (high) performance liquid chromatography
(nanoUHPLC) coupled with high-resolution mass spectrometry (HRMS) based on data-dependent
acquisition (DDA) mode [15-17].
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The samples complexity combined with the slow acquisition rate of DDA modes as well as
the ever-growing demand for higher protein coverage typically results in analytical gradients that
exceed 60 or even 120 min, making such methods less appealing for higher-throughput studies [4,14].
Data-independent acquisition (DIA) is an alternative acquisition mode to DDA. DIA, unlike DDA,
does not rely on precursor isolation. DIA is based on a principle of a rapid alternation between low and
high collision energies to acquire MS! and MS? spectra. DIA relies on a chromatographic alignment of
MS! and MS? for fragment-precursor assignment. Operating at higher acquisition rates and being
compatible with faster gradients, DIA has been employed in several food research applications such as
food safety, authenticity testing and peptide profiling of various food matrices [18,19]. Using DIA it is
possible to simultaneously acquire both qualitative and quantitative data.

The aim of this study was to develop an LC-DIA-MS-based methodology for cheese peptide
profiling with a sub-60 min analytical gradient without compromises in chromatographic performance
and protein coverage.

2. Materials and Methods

2.1. Materials

Hi3 EColi STD (p/n: 186006012) and [Glul]-Fibrinopeptide (p/n: 700004729) were purchased
from Waters Corporation (Milford, MA, USA). Peptide quantitation was performed using Pierce™
Quantitative Colorimetric Peptide Assay (C/N: 23275, Thermo Fisher Scientific, Waltham, MA, USA).
Nanosep® Centrifugal Devices with Omega"™ membrane 3 K were obtained from Pall (p/n: OD003C34,
Port Washington, NY USA). Ultrapure water (18.2 MQ.cm) was prepared with MilliQ® Direct-Q®
UV (Merck KGaA, Darmstadt, Germany). Acetonitrile (MeCN; LiChrosolv, hypergrade for LC-MS,)
and formic acid (FA; LC-MS grade) were acquired from Sigma-Aldrich (Darmstadt, Germany).

2.2. Cheese Manufacture and Sampling

Three Gouda-type cheeses (Cheese 1, Cheese 2 and Cheese 3) were produced using three different
DL-starter cultures (DL1 and DL2 by Chr. Hansen Ltd., Hersholm, Denmark and DL3 by DuPont™
Danisco®, Copenhagen, Denmark) at a dairy plant from 600 L of pasteurised (at 74 °C for 15 s) milk.
Animal rennet (25 mL 100 1/L; 230 IMCU 1/g; 20/80) of chymosin and bovine pepsin, (Chr. Hansen
Ltd., Hersholm, Denmark) was added to milk. After coagulation, the curd was cut, whey removed,
and cheese grains stirred and heated at 32 °C for 30 min. Cheeses were prepressed under whey,
moulded, pressed for 1.5 h, brine salted (pH 5.1) for 36 h, waxed and ripened at 10-15 °C for 90 days.
Samples were taken from each cheese at 0 (after salting), 14, 30 and 90 days of ripening, grated and
stored at —20 °C for further analysis.

2.3. Sample Preparation

To prepare water-soluble extracts (WSE) of cheeses, 2.5 g of grated cheese was homogenised
in 22.5 mL of MilliQ® water (12,500-13,000 rpm) using Polytron PT 2100 dispersing aggregate with
a diameter of 20 mm (Kinematica AG, Switzerland). Samples were heated for 10 min at 75 °C and
centrifuged for 20 min at 4 °C at 13,302 g. Supernatants were stored in 1.5 mL Eppendorf® Protein
LoBind microcentrifuge tubes (Eppendorf AG, Germany) at —20 °C until further purification. Thawed
sample supernatants (250 uL) and MilliQ® water (250 uL) were transferred into the Eppendorf® tube
and vortexed for 30 s. Obtained mixture (400 L) was added to Nanosep® with 3 K Omega™ spin
filter. Samples were centrifuged at 11,200 g for 15 min. For peptide quantification 30 uL of filtrate was
mixed with 970 uL of working reagent. After 30 min incubation at room temperature, absorbance
was measured at 480 nm (Helios Gamma, Thermo Electron Corporation, Waltham, MA, USA) and
concentrations calculated using a blank-adjusted calibration curve. For HRMS analysis, 30 uL of filtrate
was mixed with 970 uL of MilliQ® water (1% MeCN and 0.1% FA). Using results from the peptide
concentration measurement samples were further diluted to result in 100 ng/uL equalising column
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load across all the samples. The sample (195 uL) was transferred into a vial and spiked with 5 uL of
1 pmol/uL of Hi3 EColi STD.

2.4. Liquid Chromatography Mass Spectrometry

Samples were analysed using Waters nanoAcquity UPLC® system (Waters Corporation, Milford,
MA, USA) coupled with a Waters MALDI SYNAPT G2-Si Mass Spectrometer equipped with
NanoLockSpray Exact Mass lonisation Source and controlled by Waters MassLynx 4.1 (V4.1 SCN916,
Waters Corporation, Milford, MA). Mobile phases were as follows: (A) MilliQ® + 0.1% formic acid
and (B) MeCN + 0.1% formic acid. Injection volume was 2 pL. Samples were loaded onto Acquity
UPLC® Symmetry C18 Nanoacquity 10 k 2 g V/M Trap column (100A, 5 um, 180 pum x 20 mm,
Waters Corporation, Milford, MA, USA). Loading was carried out for 1 min at 5 pL/min using 1%
B. Loaded sample was further analysed using Acquity UPLC® M-Class HSS T3 Column (1.8 um,
75 pm x 150 mm, Waters Corporation, Milford, MA, USA) kept at 40 °C. The gradient was as follows:
0-1 min hold at 1% B, 1-10 min linear gradient 1-15% B, 10-40 min linear gradient 15-35% B, 40-45 min
linear gradient 35-95% B, 45-53 min hold at 95% B, 53-55 min linear gradient 95-1% B, 55-70 min hold
at 1% B. Analytical flow rate was 0.3 uL/min.

The instrument was operated in positive polarity and resolution mode (35000 FWHM at
785.8426 m/z). Data were acquired in MSE mode with a scan time of 0.5 s between 1 and 50 min.
Recorded mass range was from 50 to 2000 m/z for both low and high energy spectra. The collision
energy was ramped from 15 to 45 V in the trap cell of the instrument. Cone voltage was set to 40 V
and capillary voltage was set to 2.4 kV. Source offset was 60, source temperature was 80 °C. Cone gas
was 50 L/h, nano flow gas was 0.3 bar and purge gas was 100 L/h. [Glul]-Fibrinopeptide was used as
LockMass for mass axis correction and was acquired every 30 s.

2.5. Raw Data Processing

The raw data files were imported to the Progenesis QI for proteomics software (Nonlinear
Dynamics, Newcastle, UK). During the import masses were lock mass corrected with 785.8426 m/z,
corresponding to doubly charged [Glul]-Fibrinopeptide B. Default parameters for peak picking and
alignment algorithm were used.

The peptides were searched against beta-casein (3-CN; P02666), alpha ¢-casein (os1-CN; P02662)
and alpha g-casein (ogp-CN; P02663) sequences from bovine species obtained with the UniProt
database [20].

The protein identifications were done against sequences added with a spike in Hi3 standard ClpB
protein sequence, CLPB_ECOLI (P63285). Nonspecific cleavage was chosen and zero missed cleavages
were allowed. Fragment and peptide error tolerances were set to auto and false discovery rate to
<1%. One or more fragment ions per peptide were required for ion matching. The following variable
post-translational modifications were used in the analysis: oxidation (M), acetyl-(protein N-terminal),
deamidation (NQ) and phosphorylation (STY). The analysis of each post-translational modification
was done separately, and the results were combined. Absolute mass error for a peptide was set to
5 ppm and we included peptides with one to three charges in the analysis. In the sample grouping,
the within-subject design was used, fold changes and repeated measures of ANOVA were used for
statistics. Filtered data were exported and then subjected to the normalisation of peptide abundances
based on the coefficients of each sample dilution.

2.6. Data Analysis

An additional batch of samples was analysed using the methodology described by
Taivosalo et al. [14] to highlight differences in results between two approaches. DDA experiment raw
data files were imported to MaxQuant proteomics software (https://www.maxquant.org/) for data
analysis as described in the publication and subsequently exported for intramethod correlation analysis.
Filtered data were exported and then subjected to the normalisation of peptides abundances based on
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the coefficients of each sample dilution. Normalised abundances were used to construct a data matrix
to identify differences between sample peptide compositions.

The comparison of the DIA and DDA methods was done with the help of in-house data analysis
and visualisation scripts written in the Python™ programming language (Python Software Foundation).
For both methods for each measured sample, the top 150 peptides with the highest intensities were
found. The locations of those peptides were then found on the protein sequences the peptides originated
from, and peptide coverage profiles were created for each casein in every sample for both methods,
showing the peptides coloured by the intensity and laid out on their corresponding protein sequences.

3. Results

Overall, 558 peptides were identified among the analysed samples across 90 days of ripening
using our method. The variation in peptide profiles and abundances was evaluated.

Ten per cent of samples (Day 0 of each cheese) were injected as triplicates. Relative standard
deviation for all replicates equated to 10.88%.

It was found that at Day 90, Cheese 2 had the lowest number of peptides (Figure 1).
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Figure 1. Number of identified peptides with unique amino acid sequences across 90 days of ripening.

Cheese 1 and Cheese 3 had 6.7- and 6-times higher summed peptide intensities compared to
Cheese 2 (Figure S1).

At the same time, the average length of peptides in Cheese 2 was found to be longer than in other
cheeses (Figure S2). All cheeses were subjected to comparative analysis to identify unique peptides at
each measured point during cheese ripening. Results of the comparison are illustrated in Figure 2 that
displays four Venn diagrams [21] for different days of ripening.

It was found that identified peptides during the first month of ripening were highly similar and
accounted for approximately 93% identified peptides in all samples. During the ripening process,
similarities in peptide composition between cheeses started to decrease. At the 90th day of ripening,
Cheese 1 and Cheese 3 were more similar in peptide composition compared to Cheese 2, including
over 60 identified peptides that were not present in Cheese 2.

Figure 3 indicates the difference in peptide accumulation and degradation pattern between days
0 and 90 for all three cheeses. Cheese 2, unlike the other two, displays the prevalence of peptide
degradation compared to accumulation. This pattern is also consistent with the summed peptide
intensities of each sample.
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Figure 2. Venn diagrams of peptide distribution for Cheese 1, 2 and 3: (a) 0 days of ripening, (b) 14 days
of ripening, (c) 30 days of ripening, (d) 90 days of ripening. Percentages in brackets denote proportion
of all identified peptides across all cheeses.

For comparison between DDA and DIA-based approaches, the top 150 most abundant peptides
per method were selected by their normalised intensities at the 90th day of ripening. It was found that
70 unique peptide sequences with a median length of nine amino acids were similar between DIA and
DDA approaches, based on the identified peptides from Cheese 1. DIA-based approach results showed
80 unique peptide sequences with a median length of a peptide of seven amino acids. On the other
hand, the DDA-based approach results showed 80 unique peptide sequences with a median length of
10 amino acids (Figure 4).

As for peptides identified in Cheese 2 sample, 58 unique peptides sequences (median length:
9 AA) were common between two methodologies, 92 unique peptide sequences (median length: 7 AA)
belonged to DIA-based approach results and 92 unique peptides sequences (median length: 10 AA)
were found only in the DDA-based approach results (Figure 5).
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Figure 3. Cheese peptide profile trends between Days 0 and 90.

Figure 4. Cheese 1 «4-CN: (a) data-independent acquisition (DIA)-MS and (b) data-dependent
acquisition (DDA)-MS. Cheese 1 3-CN: (c¢) DIA-MS and (d) DDA-MS. The X-axis represents the
casein amino acid sequence, the Y-axis represents a number of peptides and colour represents the
logarithmically scaled intensity of peptides.
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© )

Figure 5. Cheese 2 «g1-CN: (a) DIA-MS and (b) DDA-MS. Cheese 2 3-CN: (¢) DIA-MS and (d) DDA-MS.
The X-axis represents the casein amino acid sequence, the Y-axis represents a number of peptides and
colour represents the logarithmically scaled intensity of peptides.

Peptides identified in Cheese 3 showed a similar trend as 74 unique peptide sequences (median
length: 8 AA) were in common between two methodologies, 76 unique peptide sequences (median
length: 7 AA) were found in DIA-based approach results and 76 unique peptide sequences (median
length: 11 AA) belonged to the DDA-based approach (Figure 6).

Across all samples analysed with either DIA- or DDA-based approaches, peptides from ag;-CN
and 3-CN comprised the majority of all detected peptides in the top 150 most abundant peptides.

In this study, we have also found several peptides, that have been previously reported to show
bioactivity [6,22]: VPITPT (os-CN f117-122), MPFPKYPVEPF (3-CN 109-119), EPVLGPVRGPFP
(B-CN f195-206), DKIHPF (3-CN f47-52), YPFPGPIPN (3-CN f60-68), TPVVVPPFLQPE (3-CN f80-91),
VPGEIVE (3-CN £8-14), VPSERYL (ot5;-CN £86-92), VLGPVRGPFP (3-CN f197-206) and YPFPGPI
(B-CN £60-66).
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© ()

Figure 6. Cheese 3 «g1-CN: (a) DIA-MS and (b) DDA-MS. Cheese 3 3-CN: (¢) DIA-MS and (d) DDA-MS.
The X-axis represents the casein amino acid sequence, the Y-axis represents a number of peptides and
colour represents the logarithmically scaled intensity of peptides.

4. Discussion

During chromatographic method development, three peptide elution profiles were evaluated.
The separation was performed with 40, 60 and 120 min analytical gradients to compare chromatographic
performances and MS method compatibility. Figure 7 displays a base peak intensity chromatogram for
a 40 min analytical gradient method. The narrowest extracted peak chromatogram was at 10 s at the
base of the peak, providing a sufficient number of data points per peak (Figure S3). Therefore, as 60
and 120 min methods did not result in a higher number of identified peptides, a 40 min analytical
gradient was selected as the one facilitating the best throughput.

Although the conventional DDA approach provides cleaner MS? spectra due to active isolation of
the precursor, it suffers from a phenomenon known as data completeness problem [19]. While most
abundant species get their corresponding MS? spectra recorded, less abundant species can potentially
be missed. Due to sample-to-sample variation in analyte concentration in combination with precursor
selection criteria even a peptide eluting at the same time might be missed out.

DIA is not only not subjected to the aforementioned drawback of DDA, but it also operates
at a significantly higher acquisition speed due to minimising the time between MS! and MS? scan
acquisition. Therefore, faster acquisition rate does not only allow to record data qualitatively, but also
quantitatively. However, DIA-based methods with a quadrupole set for static transition exceedingly rely
on chromatographic separation to minimise peptide coelution and hence, acquire cleaner MS? spectra.
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Figure 7. Base peak intensity (BPI) chromatogram of 40 min analytical gradient.

Furthermore, during synthesis in the mammary gland, caseins undergo post-translational changes
in their primary structure [23]. One of the most important post-translational modifications in caseins is
phosphorylation (at Ser, Thr and Tyr residues) and thus, analysis of phosphorylated peptides requires
additional enrichment and purification step to decrease ion ionisation competition between non- and
phosphorylated peptides [24]. With the current method, it is not possible to robustly analyse the
peptides with every possible modification.

In recent years methods of further enhancement of a conventional DIA approach are gaining
significant popularity. Active scanning (SONAR®, Waters and Scanning SWATH®) or stepped
(SWATH®, Sciex) quadrupole and ion mobility separation (HDMSF®, Waters and PASEF®,
Bruker)-based DIA methods further expand the capabilities of DIA [25]. Active scanning or stepping
quadrupole-based DIA methods significantly improve spectral clarity of MS? spectra by allowing
fragmentation of only the ions confining within a quadrupole transmission profile. However, it loses a
portion of the beam not confining to a quadrupole transmission window and hence, results in decreased
overall sensitivity. lon mobility separation based DIA, on the other hand, operates under a principle
of preion mobility separation ion accumulation and subsequent release and hence, does not suffer
from the ion loss of the quadrupole-based methods. As fragments can only exist when a precursor is
present and fragments are inheriting the same drift time as the precursor due to the fact that mobility
separation takes place before the fragmentation, it has been reported that ion mobility separation
achieves a similar type of MS? clarity using the alignment of drift times and chromatographic profile
of a precursor and fragments (HDMSF®/PASEF®) [26,27]. Implementation of enhanced DIA methods
would allow for even faster gradients and is worth further investigation.

A cut-off filter (3 kDa) was selected for sample preparation due to the unclear interaction of shorter
cheese peptides with reversed-phase solid-phase extraction. In our work, we observed bias towards
shorter peptides compared to Taivosalo et al. [14]. This bias could have been caused by either a natural
bias of the given system towards shorter peptides, a decreased loss of shorter peptides due to not
using of reverse-phase solid-phase extraction, or an increased loss of longer peptides due to the use of
3 kDa cut-off filter. As the overall number of peptides identified was lower than anticipated the use of
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3 kDa cut-off filter should be further reviewed for its performance against conventional reversed-phase
solid-phase extraction methods.

5. Conclusions

A rapid method was developed and successfully applied to the cheese peptidomics studies. The study
allowed to indicate differences in cheese ripening caused due to the use of different starter cultures.
Further methodology development is possible via the deployment of enhanced DIA approaches.
Enhanced transmission of shorter peptides presents additional interest for future studies due to
recorded bioactivity and sensory effects.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/8/979/s1,
Figure S1: Summed peptide intensities of Cheese 1, 2 and 3 at the day 90, Figure S2: Peptide length distribution
across 3 cheeses at the day 90, Figure S3: Overlay of Base Peak Intensity and Extracted Ion Chromatogram for
narrowest peak corresponding to an identified peptide.
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The effect of B-casein reduction (LB) and high heat treatment (HHT, 120 °C x 15 s) of whey protein-
reduced milk on the ripening properties of Emmental cheese was investigated. Cheeses were manu-
factured from low-heat skim milk powder (LH), micellar casein concentrate powder (MCC) and f-casein
reduced MCC powder (LB- or HHT LB) respectively, then ripened for 120 days. There was no significant
difference between the ripening properties of LB and MCC cheeses. Compared with the other treatments,

HHT LB cheese had significantly lower plasmin activity (day 120 of ripening) and flowability (days 70 and
120 of ripening), higher level of a-value (redness), and similar numbers of peptides and levels of casein
hydrolysis (days 1 and 120 of ripening). Overall, reduction of f-casein by 4.25% in MCC did not influence
the maturation properties of Emmental cheese; however, high heat treatment of whey protein-reduced
milk impaired cheese functionality and appearance.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Microfiltration (MF) can selectively separate native whey pro-
tein from milk and produce micellar casein concentrate (MCC) as
retentate and a virgin whey protein stream as permeate (Ardisson-
Korat & Rizvi, 2004). The virgin whey protein is free from fat,
chymosin, starter culture, cheese fines, cheese colorant, and
caseinomacropeptide, and has been called ‘ideal whey’ due to its
superior technological and functional properties compared with
cheese whey (Bacher & Kanigsfeldt, 2000). MF is usually carried out
at 45—55 °C (warm MF) to achieve high permeate flux (Holland,
Corredig, & Alexander, 2011). However, microfiltration of refriger-
ated milk at low temperature (4—15 °C, cold MF) is attracting
research interest, as it can minimise bacterial growth and heat
damage to protein (France, Kelly, Crowley, & O'Mahony, 2021;
Raghunath & Hibbard, 1997).

Since the association of B-casein with casein micelles is
temperature-dependent, holding milk at 1—4 °C for 12—48 h can

* Corresponding author.
E-mail address: Diarmuid.Sheehan@teagasc.ie (J.J. Sheehan).

https://doi.org/10.1016/j.idairyj.2022.105540
0958-6946/© 2022 Elsevier Ltd. All rights reserved.

weaken the hydrophobic interactions between B-casein and casein
micelles and liberate -casein from the casein micelles into the milk
serum phase (O'Mahony, Smith, & Lucey, 2014). As a result, in
addition to native whey protein, cold MF can also remove a portion
of B-casein from milk into the permeate (O'Mahony et al., 2014). p-
Casein is (i) an effective stabiliser for emulsion and foam systems
(Li, Auty, O'Mahony, Kelly, & Brodkorb, 2016), (ii) a precursor for
bioactive compounds (Kaminski, Cieslinska, & Kostyra, 2007), and
(iii) an important component in infant milk formulae (Li et al.,
2019). Thus, isolation of B-casein from milk is desirable. As the
by-product of both B-casein isolate and whey protein isolate, -
casein-reduced MCC, when used for the production of model
Cheddar cheese, showed increased meltability on heating
(O'Mahony et al., 2014). However, the effect of using B-casein-
reduced MCC as a basis for cheese-making on the proteolysis, vol-
atile profile and other maturation indexes of such cheeses have not
been reported previously.

Plasmin, the primary indigenous proteinase in milk, mainly acts
on B-casein and is the most important milk-derived proteinase for
cheese ripening, especially so for cheese types made with high
cooking temperature (>50 °C) like Emmental (Ardo, McSweeney,
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Magboul, Upadhyay, & Fox, 2017), due to inactivation of chymosin
during such cooking. After heat treatment, the free thiol-disulphide
groups exposed on the denaturation of p-lactoglobulin (B-LG) can
form covalent bonds with the thiol-rich region of plasmin and
plasminogen, and the activity of plasmin and plasminogen is
reduced subsequently (Aaltonen & Ollikainen, 2011). Heating milk
at 90 °C for 15 s significantly decreased the plasmin activity in the
resultant cheese (Benfeldt, Serensen, Ellegard, & Petersen, 1997).
However, the thermal inactivation of plasmin is decreased by partly
removing whey protein from milk using MF before heating
(95 °C x 15 s) (Aaltonen & Ollikainen, 2011). One focus of the
current study was to determine whether the plasmin activity of
whey protein-reduced milk produced by MF was influenced by
application of a heat treatment of 120 °C x 15 s, as opposed to
95 °C x 15 s in previous studies.

Xia et al. (2022) reported that partially removing p-casein from
milk did not influence the rennet coagulability of cheesemilk or the
composition and yield of Emmental cheeses made therefrom;
applying high heat treatment (120 °C x 15 s) to whey protein-
reduced milk significantly impaired its rennet coagulation prop-
erties without affecting the composition (except fat content) and
yield of cheese made therefrom. The objective of the current study
was to determine the effect of p-casein reduction and high heat
treatment of micellar casein concentrate on the patterns and levels
of proteolysis, texture and volatile profile of such Emmental
cheeses during ripening.

Proteolysis is widely considered one of the most important ac-
tivities during cheese maturation, and tests such as measurement
of levels of pH 4.6 soluble nitrogen, urea-PAGE and plasmin activity
test are typically conducted to evaluate cheese proteolysis. How-
ever, these measurements are only able to quantify the intact casein
level in cheese and, overall levels of breakdown of ag1-, as2- and f-
casein without giving a more comprehensive and accurate picture
of cheese proteolysis. LC—MS offers the capability to separate and
identify peptides generated from cheese proteolysis, giving re-
searchers much more information on casein breakdown pathways
(Taivosalo et al., 2018). LC—MS has been used to characterise pro-
teolysis in Cheddar cheese (Upadhyay et al., 2004), Camembert
cheese (Mane & McSweeney, 2020) and Old Saare cheese (Taivosalo
et al,, 2018); one objective of this research was to use LC—MS to
evaluate proteolysis in Emmental cheese for the first time.

2. Materials and methods
2.1. Chemicals

Ultrapure water (18.2 MQ cm) was prepared with MilliQ® 1Q
7000 equipped with LC-Pak (Merck KGaA, Darmstadt, Germany).
Acetonitrile (MeCN; LiChrosolv, hypergrade for LC—MS) and formic
acid (FA; LC—MS grade) were acquired from Sigma-Aldrich
(Darmstadt, Germany). Hi3 E.coli STD (p/n: 186006012) and
Leucine-Enkephalin (p/n: WT186006013) were purchased from
Waters Corporation (Milford, MA, USA).

2.2. Preparation of Emmental cheese

Miniature (500 g) Emmental cheeses were manufactured from
low heat skim milk powder (LHSMP), micellar casein concentrate
powder (MCC powder) and B-casein reduced micellar casein
concentrate powder (LB MCC powder) at pilot scale at Moorepark
Technology Limited, Fermoy, Co. Cork, Ireland as described by Xia
et al. (2022).
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2.2.1. Powder production

Pasteurised skim milk (Dairygold, Mitchelstown, Co Cork,
Ireland, 1000 kg) was chilled and divided into three portions; one
portion (400 kg) of milk was evaporated and spray-dried, the
powder generated therefrom was called LHSMP. The second
portion (300 kg) was microfiltered at 47 °C, with 56.38% of whey
protein being removed, and the resultant whey protein reduced-
milk was called MCC. The third portion (300 kg) was micro-
filtered at 8.5 °C, depleting 53.60% of whey protein and 4.25% of f3-
casein from the milk to generate LB MCC. Both MCC and LB MCC
were subsequently evaporated and spray-dried producing MCC or
LB MCC powder respectively. All powders were packed, sealed and
stored at 4 °C after production.

2.2.2. Cheese manufacture

On day 1, four fat-free milk types, i.e., LH-, MCC-, LB- and HHT LB
milk, were prepared from LHSMP, MCC powder, LB MCC powder,
milk permeate powders (Profile™ P8 permeate powder W463,
Kerry Group, Listowel, Ireland), CaCl, (calcium chloride anhydrous
powder Reag. Ph Eur, Merck Chemicals Ltd, Nottingham, UK) and
RO water as described in Xia et al. (2022), the milk was stored at
4 °C. The contents of casein, lactose and ash in milks were stand-
ardised to 2.89%, 5.07% and 0.77%, respectively. On day 2, the LH-,
MCC- and LB MCC milk samples were pasteurised at 72 °C for 15 s
and HHT LB milk was high heat treated at 120 °C for 15 s. Milk
samples were chilled to 4 °C immediately after heat treatment and
were refrigerated at this temperature afterwards. On day 3, pas-
teurised cream was added to each milk to standardise the cheese-
milks (CMs) to a casein-to- fat ratio of 0.79:1, and Emmental
cheeses were then manufactured in 10 L cheese vats as described in
Xia et al. (2022). Subsequent to pressing and brining, the cheeses
were vacuum-packed and ripened at 8 °C from day O to day 14 (pre-
ripening), at 22 °C from day 15—70 (warm room ripening) and at
4 °C from day 71—120 (cold room ripening). Quadruplicate trials
(trials 1, 2, 3 and 4) were carried out.

2.3. Texture, pH, colour and flowability

Emmental cheeses were sampled at day 1, 14, 70 and 120 of
ripening, where the texture profile (fracture stress, fracture strain
and firmness, tested at day 1 and 14 of maturation), pH, colour
(levels of L*, a* and b*) and flowability (tested at day 70 and 120 of
maturation) of cheese samples were measured as described by Hou,
Hannon, McSweeney, Beresford, and Guinee (2012), Fenelon,
O'connor, and Guinee (2000), Sheehan, Patel, Drake, and
McSweeney (2009) and McCarthy, Wilkinson, Kelly, and Guinee
(2016), respectively.

2.4. Plasmin activity

The plasmin activity in LB MCC milks (unheated, pasteurised or
high heat treated), cheesemilks and experimental cheeses at day
120 of maturation was monitored by the coumarin peptide assay
(Richardson & Pearce, 1981). Results were expressed as nmol
AMC mL ™! min~, which equates to one unit of plasmin activity.

2.5. Urea-PAGE and pH 4.6 SN

Emmental cheeses were sampled at day 1, 14, 70 and 120 of
ripening, and primary proteolysis levels were determined in two
ways: (i) by urea-polyacrylamide gel electrophoresis (PAGE) on a
cheese weight basis as described by Lamichhane, Sharma, Kennedy,
Kelly, and Sheehan (2019) and Xia at al. (2021); (ii) by measuring
levels of % pH 4.6 soluble nitrogen in a fixed weight of cheese (pH
4.6) as described by Fenelon et al. (2000).
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2.6. Liquid chromatography—mass spectrometry (LC—MS)

The peptide profile in the pH 4.6 soluble extracts from day 1 and
120 of ripening in trial 1 and trial 2 were measured by LCMS in
triplicate.

2.6.1. Sample preparation

Prior to peptide analysis, pH 4.6- water-soluble extracts (100 pL)
were mixed with acetonitrile (100 pL) in Eppendorf® tubes
(Eppendorf AG, Germany) to precipitate proteins, vortexed for 30 s
and centrifuged at 11,200 x g for 15 min. Then, the supernatant
(100 pL) and MilliQ® water (900 pL) were transferred into a new
Eppendorf® tube and vortexed for 30 s. The obtained mixture
(130 pL) was transferred into a low-volume insert and spiked with
20 plL of 1 pmol pL~! Hi3 E.coli STD as housekeeping ions.

2.6.2. LC—MS

Peptides were identified using liquid chromatography—mass
spectrometry. The system comprised a Waters I-Class Plus (BSM,
SM-FL and CH-A) ultra-performance liquid chromatography
(UPLC®) system hyphenated to a Waters Vion ion mobility
separation-quadrupole time-of-flight (IMS-QTOF) mass spectrom-
eter (3.1.0) equipped with LockSpray exact mass ionisation source
and controlled by Waters UNIFI (1.9.4). Nitrogen was used as
collision gas. Samples (1 pL) were injected onto Waters Acquity
UPLC® HSS T3 column (1.8 um, 1 x 150 mm, p/n:186003537) in
triplicate. The column temperature was maintained at 40 °C while
samples were kept pre-injection at 8 °C in a temperature-
controlled autosampler. Mobile phase A consisted of 0.1% formic
acid in MilliQ® water, mobile phase B consisted of 0.1% formic acid
in acetonitrile, weak needle wash consisted of 90:10 MilliQ® water:
acetonitrile, strong needle wash consisted of 10:90 MilliQ® water:
acetonitrile, and seal wash consisted of 50:50 MilliQ® water:
acetonitrile. The initial analytical flow rate was 0.1 mL min~.
Samples were eluted with the following gradient: 0—0.5 min hold
at 1% B, 0.5—40.5 min linear gradient 1-30% B, 40.5—42.5 min
linear gradient 50—99% B accompanied by linear flow rate increase
0.1-0.2 mL min ™', 42.5—44.5 min hold at 99% B, 44.5—45 min linear
gradient 99-1% B accompanied by linear flow rate decrease
0.2—0.1 mL min~, 45-48.5 min hold at 1% B.

The mass spectrometer was operated in positive polarity and
sensitivity mode (35,000 FWHM at 556.2771 m/z). Data were ac-
quired in HDMSE mode with a scan time of 0.3 s. The recorded mass
range was from 50 to 2000 my/z for both low and high energy
spectra. The collision energy was ramped from 10 to 63 V. Capillary
voltage was set to 0.5 kV, cone voltage to 30 V, and source offset to
50 V. Source temperature was set to 120 °C, desolvation tempera-
ture to 500 °C, desolvation gas flow to 700 L h~! and cone gas flow
to 50 L h~ L. The system was calibrated using Waters Major Mix (p/
n:186008113) and a solution of leucine enkephalin (Leu—Enk,
50 pg pL~!) was infused at 15 pL min~! for automatic lock mass
correction every 5 min, as well as before and after each run.

2.6.3. Raw data processing and analysis

Peptide identification and quantification was carried out using
UNIFI Large Molecule Package with Peptide Map (IMS) workflow.
Peptide mapping was carried out using UNIFI Large Molecule
Package (LMP) by searching for peptides against ogsi-casein (os1-
CN; P02662), asy-casein (as-CN; P02663), B-casein (B-CN; P02666)
and k-casein (k-CN, P02668) sequences from bovine species ob-
tained with the UniProt database. Peptide search was set to non-
specific digest with no missed cleavages allowed, and minimum
sequence length was set to 4. The following filters were applied:
mass error between —5 and 5 ppm, matched first gen primary ions
greater than or equal to 1, fragment label not containing in-source
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fragments, loss of H,0 and loss of NH3. The following variable post-
translational modifications were used in the analysis: oxidation
(M), acetyl-(protein N-terminal), deamidation (NQ) and phos-
phorylation (STY).

Processed data from UNIFI were exported into Microsoft Excel
for grouping, alignment, and filtration based on the retention time
(0.1 min), observed molecular mass (0.01 Da per charge) and
collision cross section (10% RSD). The aligned data were then
further used to construct a data matrix for revision and removal of
outliers and false-positive identifications.

The identified and quantified peptides, as well as their nor-
malised and averaged intensities, were further analysed and
visualised with the help of in-house data analysis and visualisation
scripts written in the Python™ programming language (Python
Software Foundation). Averaged values of peptide intensities of
technical triplicates were further averaged to produce average
peptide intensity values of biological replicates. Both sets of data
were plotted as peptide maps and cleavage sites, as described by
Taivosalo et al. (2018).

2.7. Volatile compounds

The volatile profiles of each of the cheeses were measured at day
120 of ripening by solid phase micro-extraction (SPME)—gas
chromatography—mass spectrometry (GC—MS) as described by
Lamichhane et al. (2018b). All tests were performed in triplicate.

2.8. Statistical analysis

Emmental cheeses were manufactured in quadruplicate pilot
plant trials over a period of 5 weeks. One-way ANOVA analysis was
carried out to compare the effect of treatments on the plasmin
activities in milk samples, cheesemilk and cheeses as well as on the
volatile compounds in experimental cheeses, using IBM SPSS sta-
tistics 24.0 (IBM Corp., 2016, Chicago, IL, USA). The effect of treat-
ments, ripening time and their interactions on the levels of pH, pH
4.6-SN, texture profile, flowability and colour in cheeses were
determined by a split-plot design, split-plot design analysis was
carried out using the PROC MIXED procedure of SAS software
version 9.4 (SAS Institute, 2012). The level of significance (P < 0.05)
of differences between means was determined by Tukey's test.

3. Results and discussion
3.1. Composition of cheese

The gross composition and pH of experimental cheeses at day 14
of maturation were reported in detail by Xia et al. (2022) and are
summarised in Supplementary material Table S1. In brief, among
the four cheeses types, LH cheese had the highest contents of
moisture and MNFS, as well as the lowest contents of calcium and
calcium per gram of protein, MCC cheese had the highest pH, and
HHT LB cheese had the lowest FDM content. The levels of protein,
salt and S/M were similar between the experimental cheeses.

32. pH

Curd washing with water is sometimes applied to decrease the
residual lactose content in Emmental cheeses (Frohlich-Wyder
et al., 2017; Heino, 2008) and, as a result of this and of meta-
bolism of lactate, the pH of Emmental cheeses often increases from
~5.2 in day 1-5.6—5.7 by day 52—180 (Lamichhane, Kelly, &
Sheehan, 2018a; Lawrence, Creamer, & Gilles, 1987; Lopez,
Camier, & Gassi, 2007). However, the pH of experimental
Emmental cheeses in the current study decreased significantly
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Table 1

Statistical significances (adjusted P-values) for mean changes of maturation indexes
during ripening in Emmental cheeses as affected by treatment or time as well as the
interactive effect of treatment and time.*

Parameter Treatment Time Interactive effect
(treatment x time)

pH NS ok NS

% pH 4.6 SN 100 g~ ' cheese NS ok NS

Firmness (N) * NS *

Fracture stress (N) NS NS NS

Fracture strain NS NS NS

Flowability (%) whE NS NS

L* (whiteness) NS ok NS

a* (redness) hid hiid NS

b* (yellowness) NS hbid NS

@ The levels of pH, % pH 4.6 SN 100 g~ ' cheese, L*, a* and b* in cheese were
measured and compared at day 1, 14, 70 and 120 of ripening separately; the firm-
ness, fracture stress and fracture stain in cheese were monitored at day 1 and day 14
of maturation respectively; the cheese flowability was determined at day 70 and
120. Significant levels: NS, P> 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.

5.5
5.4+
5.3
xx
[=9
5.2
5.1
5.0 T T T 1
0 30 60 90 120

Ripening time (days)

Fig. 1. pH during ripening of Emmental cheeses manufactured from low heat skim
milk powder (O ), micellar casein concentrate powder () or f-casein reduced micellar
casein concentrate powder that were pasteurised (A) or high heat treated (V).

during ripening, from 5.30—5.40 on day 1 to 5.10—5.25 on day 120
(P < 0.0001, Table 1, Fig. 1). The lactose content of the four exper-
imental milks was standardised to 5.07%, which was close to the
average lactose content in bovine milk (4.9%) (Fox, Uniacke-Lowe,
McSweeney, & O'Mahony, 2015). The absence of curd washing to
control final cheese pH in this study might have led to the presence
of residual lactose in the experimental cheeses, resulting in a
decrease in pH in cheese over maturation due to bacterial
fermentation of residual lactose (O'Sullivan, McSweeney, Cotter,
Giblin, & Sheehan, 2016).

The pH of cheese can influence cheese texture by affecting the
level of casein hydration and the levels of primary proteolysis in
cheese through modulating the activity of plasmin or residual
chymosin (Hickey et al., 2017; Li et al., 2020). Similarly, levels of
primary proteolysis can also affect the intensity of flavour in cheese
(McSweeney & Sousa, 2000) through the production of substrates
for secondary proteolysis. By obtaining the desired pH value for a
given cheese type, cheesemakers can produce cheeses with desired
texture, taste and flavour characteristics. During the formulation of
MCC-, LB- and HHT LB milks, milk permeate powder was added to
fortify the lactose content in milk. By adding a lower quantity of
milk permeate powder, the lactose content in these milks could be
decreased from 5.07% to a level where water addition could be
eliminated to achieve the desired cheese pH (Heino, 2008).
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Although the MCC cheese had a significantly higher pH at d 14 of
ripening, when mean pH levels across ripening were considered,
there was no significant effect of reduction of B-casein levels in the
cheesemilk nor application of high heat treatment (120 °C x 15 s) to
the milk on cheese pH during maturation, which may be due to
their similar contents of protein, moisture and ash (Supplementary
material Table S1).

3.3. Texture

The firmness of experimental cheeses sampled on day 1 of
ripening was not significantly different from that of cheese sampled
on day 14 (Table 1), which was not surprising, since the main
decrease of firmness in brine-salted semi-hard cheeses is usually
observed during warm room ripening (Lamichhane et al., 2019).
Due to eye formation after 14 days of maturation, the texture of
Emmental cheeses was not measured at later time points.

On both day 1 and day 14 of ripening, the firmness and fracture
stress in MCC cheese were higher than the other cheeses (Fig. 2),
which might be related to the higher calcium content (Lawrence,
Heap, & Gilles, 1984) and significantly higher pH level in this
cheese (Supplementary material Table S1). A higher cheese pH can
increase the amount of calcium bound to para-casein, resulting in
greater levels of para-casein aggregation and a firmer cheese gel
structure, and thus a higher cheese firmness (Hou, Hannon,
McSweeney, Beresford, & Guinee, 2014). O'Mahony et al. (2014)
reported that removing 9—10% of the p-casein from milk signifi-
cantly reduced the firmness of a model Cheddar cheese. However,
and possibly due to the much lower level of f-casein reduction in
the present study (4.25%), no significant differences in levels of
fracture stress, fracture strain and firmness between LH cheese and
cheeses LB- and HHT LB were observed (P > 0.05).

3.4. Plasmin activity

The plasmin activity in LB MCC decreased significantly when
increasing the heat treatment from no heat treatment to pasteur-
isation (72 °C for 15 s) to HHT (120 °C for 15 s) (Fig. 3A). Since only
53.60% of whey proteins were removed from LB MCC by micro-
filtration (data not shown), heat-induced denaturation of B-LG and
binding with plasmin and plasminogen might explain the very low
plasmin activity in HHT LB MCC. As a result, the cheese milk and
Emmental cheese made from HHT LB MCC also had a much lower
plasmin activity compared with those prepared from PS LB MCC
(Fig. 3B and C).

No significant difference in plasmin activity was observed be-
tween MCC- and LB CM and their associated cheeses, as expected
(Fig. 3B and C). Whey proteins, especially B-LG, can decrease the
activity of plasmin and plasminogen activators in milk and, as both
plasmin and plasminogen are associated with casein micelles
(France et al., 2021), they can be retained in whey protein-reduced
MCC after microfiltration, resulting in MCC with higher plasmin
activity than its original feed milk, as shown by Aaltonen and
Ollikainen (2011). Thus, it was not surprising to observe a signifi-
cantly lower plasmin activity in LH CM compared with those in
MCC- and LB CM (Fig. 3B), with similar results also reported by Li
et al. (2020). However, this difference was not carried forward to
the respective cheeses, in contrast to the findings of Li et al. (2020).
Further research is required to determine the reason for this.

3.5. Urea-PAGE
The patterns of proteolysis of ¢s;- and B-caseins in Emmental

cheeses were evaluated using urea-PAGE, where cheese samples of
similar protein levels were loaded on a weight basis (Fig. 4). For
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Fig. 2. Fracture stress (A), fracture strain (B) and firmness (C) of Emmental cheeses
manufactured from low heat skim milk powder (O), micellar casein concentrate
powder (O) or B-casein reduced micellar casein concentrate powder that were pas-
teurised (A) or high heat treated (V) at day 1 and day 14 of ripening.

each treatment, significant hydrolysis of asi- and B-caseins was
observed during warm-room ripening, with little further break-
down during cold-room ripening. The high temperature (22 °C) of
the warm ripening can accelerate the hydrolysis of both as1- and -
caseins, as reported by Sheehan, Wilkinson, and McSweeney
(2008) and Lamichhane et al. (2019).

From day 14 of maturation onwards, proteolysis of as- and f
caseins in MCC-, LB- and HHT LB cheeses was much more extensive
than those in the LH cheese. Plasmin has been widely considered
the main proteinase that hydrolyses f-casein during the course of
cheese maturation (Ardo et al., 2017). The level of intact B casein in
LH cheese was much higher than those in cheeses MCC- and LB,
suggesting a lower plasmin activity in LH cheese as a result of lower
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Fig. 3. Plasmin activity in micellar casein concentrates (A), cheese milks (B) and
Emmental cheeses at day 120 of ripening (C). Abbreviations are: plasmin activity (PA),
milk prepared from B-casein reduced micellar casein concentrate were not heated (UN
LB milk); pasteurised (PS LB milk) or high heat treated (HHT LB milk), cheese milks
were prepared from low heat skim milk powder (LH CM), micellar casein concentrate
powder (MCC CM) or B-casein reduced micellar casein concentrate powder that were
pasteurised (LB CM) or high heat treated (HHT LB CM); the Emmental cheeses made
therefrom were called LH-, MCC-, LB- or HHT LB cheese respectively. Results are means
of quadruplicate trials, values within a figure not sharing the same lowercase letter
differ significantly (P < 0.05).
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Fig. 4. Urea-polyacrylamide gel electrophoretograms of Emmental cheeses at day 1, 14, 70 and 120 of ripening. Abbreviations are: M, marker (sodium caseinate); Emmental cheeses
manufactured from low heat skim milk powder (LH), micellar casein concentrate powder (MCC) or B-casein reduced micellar casein concentrate powder that were pasteurised (LB)
or high heat treated (HHT). Numbers are: 1, B-casein (f106—209); 2, B-casein (f29—-209); 3, B-casein (f108—209); 4, B-casein; 5, B-casein (f1-192); 6, asi-casein; 7, osq-casein

(f102—199); 8, usq-casein (f24—199).

plasmin activity in its cheese milk. A much higher level of B-casein
breakdown was expected in the MCC- and LB cheeses than that in
HHT LB cheese due to their higher plasmin activities (Fig. 3C);
however, similar levels of proteolysis of B-casein in these three
cheeses suggest that analytical approaches more sensitive than
urea-PAGE, such as mass spectrometry, may be required to
discriminate the effect of treatments on cheese proteolysis.

Hydrolysis of as-casein was also observed in the four types of
experimental cheese. Both Cryphonectria parasitica proteinase (also
called Endothia parasitica proteinase, used as coagulant in this
research) (Gagnaire, Mollé, Herrouin, & Léonil, 2001) and cathepsin
D (Hayes et al, 2001) can hydrolyse ogj-casein during cheese
ripening. It has been reported that the activity of C. parasitica pro-
teinase in cheese may be totally inactivated after cooking at
50—-55 °C for 30—60 min (Garnot & Mollé, 1987; Winwood, 1989).
However, in this study, the curds were cooked to 50 °C and drained
immediately after reaching this temperature; and the size of the
derived Emmental cheeses (0.5 kg per cheese) were also much
smaller than those of industrial Emmental (75 and 120 kg)
(Frohlich-Wyder et al.,, 2017). As a result, the temperature of the
experimental cheeses is likely to have decreased from 50 °C towards
room temperature shortly after cooking and, for the reason of having
an elevated temperature for a relatively short time, the C. parasitica
proteinase in experimental cheeses might only have been partly
inactivated.

As the indigenous milk proteinase cathepsin D can partly survive
pasteurisation of cheesemilk (72 °C x 15 s, 8% survival), cooking in
cheesemaking (55 °C x 30 min, 45% survival) (Hayes et al., 2001) or
even heating at 99 °C for 60 s (Larsen et al., 2000), it was possible
that cathepsin D also played a role in the hydrolysis of as;-casein in
experimental cheeses during maturation. The levels of asj-casein
hydrolysis in MCC-, LB- and HHT LB cheeses were much higher than
that in LH cheese. However, more studies are required to (i) eluci-
date which enzyme(s) is responsible for the hydrolysis of o.s;-casein
in this research and (ii) explain why LH cheese had higher levels of
intact asq-casein than MCC-, LB and HHT LB cheeses.

3.6. Levels of pH 4.6 SN 100 g ! cheese

The level of primary proteolysis in cheese was expressed as a
percentage of pH4.6 soluble nitrogen (SN) 100 g~! cheese, where a
higher content of pH 4.6 SN 100 g~ ! cheese indicates a higher level
of primary proteolysis in experimental cheese (McCarthy,
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Fig. 5. pH4.6 SN 100 g ! cheese of Emmental cheeses manufactured from low heat skim
milk powder (O ), micellar casein concentrate powder () or f-casein reduced micellar
casein concentrate powder that were pasteurised (A) or high heat treated (V).

Wilkinson, & Guinee, 2017). The levels of pH4.6-SN 100 g '
cheese in all experimental cheeses increased significantly during
the warm room period (day 14 to day 70, 22 °C, P < 0.0001) (Table 1,
Fig. 5), in line with the previous reports for Swiss-type (O'Sullivan
et al., 2016; Sheehan et al., 2008) and Maasdam (Lamichhane
et al, 2018a) cheeses. However, the change was not significant
from day 1 to day 14 (8 °C, P> 0.05) or from day 70 to day 120 (4 °C,
P > 0.05) of maturation (results not shown), presumably due to the
lower ripening temperature.

Variations in the contents of whey protein, B-casein and the
thermal history of the cheese milk did not affect the levels of pH 4.6
SN 100 g~ ! cheese (P > 0.05), suggesting that these treatments did
not affect levels of primary proteolysis. This contrasted with urea-
PAGE results, where it was seen that LH cheese had much higher
levels of intact casein than those in MCC, LB and HHT LB cheeses at
day 14, 70 and 120 of ripening. As a result, LC—MS was carried out
to provide a more detailed understanding of cheese proteolysis.

3.7. Peptide analysis by LC—MS
A total number of 177 peptides with unique sequences were

identified in pH 4.6-soluble extracts from LH cheese on day 1 of
ripening, and this number increased to 488 on day 120, as a result
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Fig. 6. Number of unique peptides identified in pH4.6 soluble extracts of Emmental
cheeses manufactured from low heat skim milk powder (LH cheese), micellar casein
concentrate powder (MCC cheese) or f-casein reduced micellar casein concentrate
powder that were pasteurised (LB cheese) or high heat treated (HHT LB cheese) at day
1 (white) or day 120 (black) of ripening.

of ongoing proteolysis (Fig. 6). A higher number of peptides was
identified from MCC, LB, and HHT LB cheeses compared with the LH
cheese on both ripening days (Fig. 6). The total intensity of peptides
originating from ag1-, os2-, B- or k-casein also increased from day 1
to day 120 of maturation (Fig. 7) for all cheeses.

At both ripening times, the overall numbers of k-casein-derived
peptides were much lower than those of asq-, os- or B-casein-
derived peptides (Fig. 7) as was also found in Old Saare cheese
(Taivosalo et al., 2018) and Irish farmhouse Camembert cheese
(Mane & McSweeney, 2020). On both day 1 and day 120 of ripening,
the summed intensities of peptides originating from asi-, asy-, B- or
k-casein in MCC, LB and HHT LB cheeses were roughly 1.5 to 3 times
higher than those in LH cheeses (Fig. 7). This was in agreement with
the urea-PAGE results and indicates higher levels of intact caseins
and a lower level of primary proteolysis in LH cheese (Fig. 4).

On day 1, the summed intensity of B-casein derived peptides in
LH cheese was higher than that of agj-casein derived peptides
(Fig. 7A). Taivosalo et al. (2018) reported the same phenomenon in
Old Saare cheese and suggested this could be because the hydro-
lysis of B-casein by plasmin started in milk, whereas the proteolysis
of asj-casein only took place during cheese ripening. Since the
plasmin activity in both MCC and LB CMs was higher than that in LH
CM (Fig. 3B), this could also explain the higher level of peptide
intensity derived from B-casein in the 1 day old MCC and LB cheeses
than that in LH cheese (Fig. 7A). As the plasmin activity in HHT LB
CM was much lower than that in the other CMs, it was hard to
explain the higher intensity of B-casein derived peptides in 1 day
old HHT LB cheese than that in LH cheese. The reason for the higher
level of agq-casein proteolysis than that of B-casein in MCC, LB as
well as HHT LB cheeses on day 1 of ripening (Fig. 7A) requires
further exploration as well.

In all experimental cheeses, the intensities of ¢si-casein-derived
peptides were higher than those from B-casein at day 120 of
ripening (Fig. 7B). In addition, the proportion of as;- and B-casein
derived peptides increased and decreased (Supplementary material
Fig. S1), respectively, from day 1 to day 120 of ripening, which
might be related to the lower pH in day 120 cheeses (Fig. 1), being
more favourable for chymosin action (Li at al., 2020).

In Emmental cheese, plasmin is the primary enzyme driving the
hydrolysis, preferentially cleaving - and osp-caseins after the Lys
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Fig. 7. Summed intensity of peptides derived from og;- (black), as,- (stripe), f- (dot),
or k-casein (white) identified in pH4.6 soluble extracts of Emmental cheeses manu-
factured from low heat skim milk powder (LH cheese), micellar casein concentrate
powder (MCC cheese) or B-casein reduced micellar casein concentrate powder that
were pasteurised (LB cheese) or high heat treated (HHT LB cheese) at day 1 (A) and day
120 (B) of ripening.

and Arg residues (Upadhyay et al., 2004). Fig. 8 shows the hydro-
lysis patterns of B-, asy-, and asq-caseins for all cheeses at two
ripening points. For that, the intensities of all amino acids located at
the same positions from all identified peptides were totalled and
located on the corresponding casein sequences. Thus, the most
intensively hydrolysed regions and regions with a low abundance
of peptides can be seen and compared between the cheeses. Most
of the B-casein derived peptides were produced from the N-ter-
minal region f1—119 of B-casein, and the region f164—209 was less
hydrolysed in all cheeses at both ripening time points (Fig. 8A).
Proteolytic patterns of MCC, LB, and HHT LB cheeses were very
similar, whereas LH differed considerably from other cheeses at
both ripening points (Fig. 8A).

To further evaluate the enzyme cleavage sites, we summed the
intensities of all identified peptides starting or ending with the
same respective N- or C-terminal amino acids corresponding to the
abundance of terminal amino acids adjacent to the cleavage sites,
and plotted them on the B-casein sequence (Fig. 9). Hereafter, these
are referred to as the intensities of terminal amino acids around the
cleavage sites. A higher intensity of terminal amino acids around
the cleavage sites was evident in the day 120 cheeses compared
with the beginning of ripening (data not shown). The enzyme
cleavage sites analysis of PB-casein showed no considerable
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difference between MCC and LB cheeses; in general, the intensity of
terminal amino acids around the cleavage sites on fB-casein was
lower in HHT LB cheese. In LH cheese, f-casein was hydrolysed at
the same bonds but the intensity of terminal amino acids around
the cleavage sites was lower (Fig. 9). The abundant cleavage sites
were Leug—Asny [possibly hydrolysed by cell envelope proteinases
(CEP) of Lactococcus lactis (L. lactis) (Kunji, Mierau, Hagting,
Poolman, & Konings, 1996)], Glujz—Serys [(by enzymes of ther-
mophilic starter) (Miclo et al., 2012)], Lysag—Lysag [(by plasmin)
(Fox & McSweeney, 1996)], Lysyo—Ilesg, Gluzi—Lyss3y, Glngo—Thrygg
[(by CEP of lactococci) (Fox & McSweeney, 1996)], Gluas—Lueys,
Glnges—Aspay [(by CEP of lactococci) (Sadat-Mekmene et al., 2011)],
Phes,—Alass [by CEP of L. lactis (Kunji et al., 1996), enzymes of
Streptococcus thermophilus (St. thermophilus) (Miclo et al., 2012),
cathepsin D (Larsen, Benfeldt, Rasmussen, & Petersen, 1996)],
Glnss—Sersy [by CEP of lactococci (Miclo et al, 2012; Sadat-
Mekmene et al, 2011), enzymes of thermophilic bacteria]
Leusg—Valsg, Prog,—Asngs, Valg,—Valgs [(CEP of lactococci (Miclo
et al, 2012; Sadat-Mekmene et al., 2011), enzymes of thermo-
philic bacteria)] Metgz—Glyg4 [CEP of lactococci (Kunji et al., 1996;
Miclo et al., 2012; Sadat-Mekmene et al., 2011), enzymes of ther-
mophilic bacteria], Lysgo—Gluygp (Fig. 8).

Looking specifically at plasmin activity based on the peptides
identified in pH4.6 soluble extracts, the abundance of plasmin
primary cleavage sites Lysys—Lysyg, Lysios—Hisi06/Glnigs, and
Lys107—Gluyog (Fox & McSweeney, 1996) was considerably lower in
LH and HHT LB cheeses compared with MCC and LB cheeses (Fig. 9).
Nevertheless, the proteolysis driven by other enzymes towards
plasmin-derived peptides seemed to be scarcely affected, which
could be seen from the numerous cleavage sites and production of
corresponding peptides.

In the case of as,-casein, the majority of peptides arose from the
C-terminal part, f98—207, of the sequence, while the N-terminal
part was less hydrolysed (Fig. 8B). The difference in the proteolytic
pattern of LH cheese from other ones is greater than between other
cheeses at both 1 and 120 days of ripening (Fig. 8B, red lines).
Considering plasmin activity toward wgp-casein, the intensity of
terminal amino acids around the plasmin-preferred cleavage sites
Argiig—Asnys,  Lysiao—Llysiso,  Lysiso—Thrisi,  Lysiss—Aspiso,
Lys197—Thrygg (Le Bars & Gripon, 1989) was lower in HHT LB cheese
compared with MCC and LB cheeses, similarly to the case with -
casein (Miclo et al., 2012; Monnet, Ley, & Gonzalez, 1992; Sadat-
Mekmene et al., 2011) (Supplementary material Fig. S2). However,
bacterial proteases could also largely contribute to the cleavage of
these sites. The plasmin-specific cleavage site Lys;;—Glnyy, usually
not hydrolysed by other proteases, was not seen in the pattern of
asp-casein cleavages.

Proteolytic patterns of ¢si-casein indicated the same differences
in the profiles of cleavage sites between cheeses like in the case of
B- and asy-casein; more intense hydrolysis, represented by a higher
intensity of terminal amino acids around the cleavage sites, was
seen in MCC and LB cheeses compared with LH and HHT
(Supplementary material Fig. S3). asi-casein is known to be
hydrolysed by plasmin more slowly than - and os-casein, while
the activity towards k-casein (Sousa, Ardo, & McSweeney, 2001) is
very low. Three major plasmin-specific cleavage sites were found
on the sequence of asj-casein, Lyss—Hiss, Lys7o9—Hisgg, and
Arggo—Tyrg; (McSweeney, Olson, Fox, Healy, & Hajrup, 1993); the
intensity of terminal amino acids around the cleavage sites was
lower in LH cheese compared with other ones, but no evident
differences were seen between MCC, LH, and HHT cheeses. Other
plasmin-specific cleavage sites, Lysiay—Aspss, Lysss—Glnsg, and
Argqi9—Leupo (McSweeney et al., 1993), were not discernible in the
pattern of asj-casein cleavages (Supplementary material Fig. S3).
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3.8. Flowability

The flowability of the cheeses was measured at day 70 and day
120 of ripening, with no significant change observed in all treat-
ments during this time (Table 1, Fig. 10), possibly due to the absence
of significant changes in levels of primary proteolysis as demon-
strated by levels of pH4.6-SN 100 g~ ! cheese. Increased levels of
casein breakdown are conducive to increased levels of casein hy-
dration, encouraging the heat-induced detachment of adjacent
layers of the para-casein network upon heating (Sheehan & Guinee,
2004).

On increasing the heat treatment temperature from 72 to
120 °C, the flowability of HHT LB cheese was significantly lower at
both day 70 and day 120 of ripening in comparison with LH, MCC
and LB cheeses, possibly due to the higher levels of denatured B-LG
in HHT LB cheese (Xia et al., 2022). Rynne, Beresford, Kelly, and
Guinee (2004) also reported a negative impact of increased heat-
ing temperature applied to cheese milk, from 72 to 87 °C, on the
flowability of half-fat Cheddar cheese. It was suggested that the
continuity of the protein network in cheese made from HHT milk
was enhanced due to the inclusion of denatured B-LG in the cheese
matrix through disulphide bonds formed between $-LG and para-
casein, as well as increased hydrophobic interactions between hy-
drophobic sites on denatured B-LG in heated cheese (Rynne et al.,
2004). Reduction in the level of (intact) B-casein in the cheese
through partly depleting B-casein from the cheesemilk (by 9—10%)
can enhance its meltability upon heating (O'Mahony et al., 2014);
however, the lower amount of B-casein reduction in LB MCC (by
4.25%) achieved in the present study did not result in cheeses with
a significantly higher flowability than the LH- and MCC (P > 0.05,
Fig. 10) cheeses.

3.9. Colour

The colour of Emmental cheeses was monitored over 120 days of
maturation, and was expressed as L* (lightness, 0—100, from black
to white), a*(—100 to 100, from green to red) and b* values (—100 to
100, from blue to yellow) (Table 1, Fig. 11). For cheeses subjected to
different treatments, the levels of L*, a* and b* were significantly
affected by ripening time (P < 0.0001) (Table 1). The whiteness (L*)
(P < 0.0001) and redness (a*) (P < 0.0001) of experimental cheeses
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Fig. 10. Flowability of Emmental cheeses manufactured from low heat skim milk
powder (black), micellar casein concentrate powder (stripe) or f-casein reduced
micellar casein concentrate powder that were pasteurised (dot) or high heat treated
(white) at day 70 and 120 of maturation.
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Fig. 11. Colour expressed as L* (a), a* (b) and b* (c) values of Emmental cheeses
manufactured from low heat skim milk powder (O), micellar casein concentrate
powder (O) or B-casein reduced micellar casein concentrate powder that was pas-
teurised (A) or high heat treated (V) at different ripening stage.

increased significantly during warm room period; however, the
yellowness (b*) decreased significantly during both the warm room
(P <0.05) and the subsequent cold room ripening (P < 0.01) periods
(data not shown).

The hue for each cheeses, on visual observation, was yellow on
day 14 and turned more red at day 70 of ripening, in contrast to the
results of Rohm and Jaros (1996), who found that the yellowness
(b*) of Emmental cheese increased after 10 weeks of maturation,
giving the cheese a slightly orange appearance. Sulejmani and
Hayaloglu (2016) suggested that the increasing concentration of 8-
carotene in cheese during storage caused by moisture loss might
explain increased yellowness over cheese maturation. Dairy prod-
ucts, including heat-treated milk, powder and cheese manufactured
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from heated milk, darken upon intensive heat treatment (temper-
ature and holding time) and storage due to the Maillard Reaction
(MR), where lactose and lysine-rich proteins react to generate pro-
tein bound-brown compounds (Al-Saadi, Easa, & Deeth, 2013;
Morales & Van Boekel, 1998). Due to the absence of water addition
in our trials, the residual lactose content in the resultant cheeses
might be much higher compared with that in typical Emmental
cheese, as was also postulated previously in this study. Reducing
sugars like lactose in cheese can inhibit cheese discolouration
through the MR during storage (Igoshi, Sato, Kameyama, & Murata,
2017), while high storage temperature can also enhance this reac-
tion and the formation of brown pigments (Rufian-Henares, Guerra-
Hernandez, & Garcia-Villanova, 2006).

From day 1 to day 120 of ripening, the redness (a*) of LH-, MCC-
and LB cheeses were not significantly different from each other;
however, they were all significantly lower than that in HHT LB
cheese (Table 1, Fig. 11b). Similar results were also reported by
Aydemir and Dervisoglu (2010), who reported that Kulek cheese
made from heat-treated milk (75 °C x 5 min) is redder than that

Table 2

Mean volatile compounds peak areas in Emmental cheeses manufactured from
whey protein reduced cheese milk of different thermal histories and B-casein con-
tents at day 180.%

Volatile compounds LH cheese MCC cheese LB cheese HHT LB cheese
Acids
Acetic acid 6044958* 7120178* 6576524 6325249*
Propanoic acid 3012263* 2931604* 1485808* 1499614°
Butanoic acid 4531009% 4325022°  4870161¢ 4762408*
3-Methylbutanoic acid 307866  703223% 753178* 4287317
2-Methylbutanoic acid 336575  974505% 779338 608154
Pentanoic acid 57626 ob 32619* 50209*
Hexanoic acid 3073759 2152036% 3214334 2896043
Octanoic acid 826304  258498° 655585* 6363707
Decanoic acid 79378* ob 33720° 57047*
Alcohols
Ethanol 237154*  372296° 660507* 1193719%
Isopropyl alcohol 58527* 44355 20227 29643
1-Propanol 4418 134917 64352 56552
2-Butanol 49922° 105283? 7500* 129936°
Phenylethyl alcohol 6512° 4912° 6753* 6861°
Aldehydes
Benzaldehyde 99779* 11873% 16877% 21383
Benzeneacetaldehyde 7065 4149* 44722 6203
Esters
Ethyl propanoate 10611 64753 110199* 207135%
Ethyl butanoate ob ob 133562  198964°
Ethyl acetate 13052° 25702 28688* ob
Ethyl hexanoate 11414 168967 73062 1062917
Ethyl octanoate 3450* 5821 28791 56891
Ethyl decanoate ob ob 45712 8294
Ketones
Acetone 139185°  108964° 111559*  137318°
2,3-Butanedione 1271319 1265061 866712* 12396317
2-Butanone 143795 100391 73052 1532947
2-Pentanone 994334*  352255*"  319853"  654446%"
Acetoin 3550901* 2638519% 2931821 1521708%
2-Heptanone 1708946° 496740° 766794* 13110577
2-Nonanone 310660*  75267° 129052* 222331
2-Undecanone 17716* 10474 13362° 15054
Lactones
y-Decalactone 3928 5101? 3760% 3688*
Sulphur compounds
Dimethyl sulphide 1636 1132° 1194° 2212°
Dimethyl sulphone 71582 o® o° o°
Terpene
p-Limonene 1938¢ 347877 14424 14484°

2 Emmental cheeses were manufactured from low heat skim milk powder (LH
cheese), micellar casein concentrate powder (MCC cheese) or B-casein reduced
micellar casein concentrate powder that were pasteurised (LB cheese) or high heat
treated (HHT LB cheese). Results are means of triplicate trials, values within a row
not sharing the same superscript letter differ significantly (P < 0.05).
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Fig. 12. Principal component analysis (PCA) bi-plot of separation based on volatile profile of Emmental cheese at day 120. Emmental cheeses manufactured from low heat skim milk
powder (LH cheese, V1), micellar casein concentrate powder (MCC cheese, V2) or B-casein reduced micellar casein concentrate powder that were pasteurised (LB cheese, V3) or high

heat treated (HHT LB cheese, V4). Results are means of triplicate trials.

made from raw milk. The increase in a* value indicated the for-
mation of brown pigment in HHT LB cheese (Le, Bhandari, Holland,
& Deeth, 2011), which may be correlated with the visually
increased brownness observed in HHT LB cheese in comparison
with those in the other cheeses. No significant difference was
observed in colour between unheated, pasteurised and high heat-
treated LB milk (data not shown); however, HHT LB cheese was
redder than the other cheeses from day 1 of ripening (Fig. 11b). This
suggests that low levels of MR might have occurred in HHT LB milk,
but the level of browning reaction was so low that the measured
milk colour was not changed after being heated at 120 °C for 15 s.
Since the brown compounds produced from MR are bound to
casein (Morales & Van Boekel, 1998), the colour formed in heat-
treated milk might be retained and concentrated in the resultant
cheese, giving the fresh HHT LB cheese a brown look.

The Maillard reaction is undesirable for cheese makers due to
discolouration and impaired nutritional value (measured by lysine
loss) in cheese (Aydemir & Dervisoglu, 2010; Patel, Modi, Patel, &
Aparnathi, 2013; Rufidn-Henares et al., 2006). It has been shown
that processed cheese made from natural cheese with a darker
appearance tends to show higher levels of discolouration (Arai
et al,, 2020). Since lactose is a limiting factor in MR, normalising
the lactose content in cheese milk by adding less milk permeate
powder (which provided lactose to the cheese milk in this study),
or applying HHT to milk before adding milk permeate, might avoid
undesirable MR.

Regardless of the treatment applied, the whiteness and yel-
lowness of experimental cheeses were not significantly different
(Table 1).

3.10. Volatile compounds

Thirty-four volatile compounds were detected in experimental
cheeses with HS-SPME GC—MS, which included 9 acids, 5 alcohols,
2 aldehydes, 6 esters, 8 ketones, 1 lactone, 2 sulphur compounds
and 1 terpene (Table 2). LH cheese had higher levels of aldehydes (2

out of 2), ketones (8 out of 8) and sulphur (1 out of 2) compounds
than MCC-, LB- and HHT LB cheeses (Table 2), indicating higher
levels of amino acid metabolism, lipid oxidation and lactose
metabolism in LH cheese.

Principal component analysis was carried out to evaluate the
effect of treatments on volatile profile in Emmental cheeses; the
total variance was 83.3% with axis PC-1 accounting for 50.6% of the
difference and PC-2 axis 32.7% of the difference (Fig. 12). Cheeses
made from B-casein reduced MCC, i.e., LB- and HHT LB cheeses,
were located on the positive side of PC-2, and the other two cheeses
on the negative side (Fig. 12). LB- and HHT LB cheeses were char-
acterised by higher levels of esters (5 out of 6) and ethanol as well
as lower levels of isopropyl alcohol and propionic acid compared
with LH- and MCC cheeses (Table 2). The high levels of ethanol in
cheeses LB- and HHT LB, which a suggest high level of lactose
degradation, could explain the high level of ethyl ester in these
cheeses, since ethanol is often considered as the rate-limiting step
for ethyl ester formation (Thierry, Maillard, Richoux, & Lortal,
2006).

It was proposed earlier that the Maillard reaction might have
taken place in HHT LB cheese; however, MR-related volatile com-
pounds, such as furfural and furfuryl alcohol (Newton, Fairbanks,
Golding, Andrewes, & Gerrard, 2012), were not detected in such
cheese.

4. Conclusion

Reduction of B-casein level in MCC by 4.25% did not influence
the level of pH, plasmin activity, primary proteolysis (Urea-PAGE),
production of water-soluble peptides (LC—MS), texture profile,
flowability or colour in Emmental cheeses made therefrom. How-
ever, by partly removing whey proteins, which are inhibitors of
plasmin and plasminogen activators, from pasteurised skim milk
using microfiltration, the plasmin activity in MCC- and LB cheese-
milks was significantly higher than in LH cheesemilk. This resulted
in lower levels of ag1- and B-casein hydrolysis in the resultant LH
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cheese compared with MCC- and LB cheeses (as measured by urea-
PAGE and LC—MS) even though there was no significant difference
in plasmin activity between these cheeses, further research is
required to understand this phenomenon.

Although 53.60% of whey protein was removed from feed milk
prior to high heat treatment, the plasmin activity in HHT LB milk
and its cheese was largely inhibited, probably due to the formation
of disulphide bonds between remaining denatured B-LG and
plasmin. As a result, the intensity of plasmin primary cleavage sites
on B-casein was significantly lower in HHT LB cheese in comparison
with LB cheese (as demonstrated using LC—MS). HHT LB cheese also
had a significantly lower level of flowability as well as a higher
redness than other treatments, possibly due to the enhanced hy-
drophobic interaction between denatured whey protein or early-
stage Maillard reaction, respectively.

Both B-casein and native whey protein are valuable dairy in-
gredients; based on our results, these two components can be
partly removed from milk before cheesemaking without changing
Emmental cheese quality during ripening. Due to its impaired
flowability on heating and colour, the Emmental cheese made from
high heat-treated whey protein-reduced milk may not be appealing
to consumers. Future research should focus on the potential to
mitigate this by increasing the casein content on a total protein
basis, as well as decreasing the lactose content in whey protein-
reduced-milk before high heat treatment; and developing
cheeses with higher levels of plasmin activity, primary proteolysis
and flowability, together with a less red colour. Overall, as a side
stream in the production of both native whey protein and p-casein,
B-casein reduced MCC shows good heat stability and can be used to
manufacture Emmental cheese of high quality.
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Abstract: Several studies have shown the ability of yeast to consume peptides as a nitrogen source
in single-peptide containing media. However, a suitable and cost-effective methodology to study
the utilization of peptides by yeast and other microorganisms in a complex peptide mixture has
yet to be put forward. This article addresses this issue by presenting a screening methodology for
tracking the consumption of peptides by yeast during alcoholic fermentation. As a peptide source,
the methodology makes use of an in-house prepared peptide-mapped bovine serum albumin (BSA)
proteolytic digest, which was applied to a synthetic grape must. The peptide uptake was analyzed
using high-throughput ultra-high-pressure liquid chromatography coupled to data-independent
acquisition-based ion mobility separation-enabled high-resolution mass spectrometry (UPLC-DIA-
IMS-HRMS) analysis. The relative changes of abundance of 123 di- to hexapeptides were monitored
and reported during fermentations with three commercial wine strains, demonstrating different
uptake kinetics for individual peptides. Using the same peptide-mapped BSA hydrolysate, the
applicability of an untargeted workflow was additionally assessed for peptide profiling in unelu-
cidated matrixes. The comparison of the results from peptide mapping and untargeted analysis
experiments highlighted the ability of untargeted analysis to consistently identify small molecular
weight peptides on the length and amino acid composition. The proposed method, in combination
with other analytical techniques, such as gene or protein expression analysis, can be a useful tool for
different metabolic studies related to the consumption of complex nitrogen sources by yeast or other
microorganisms.

Keywords: liquid chromatography mass spectrometry; ion mobility separation; yeast assimilable
peptides; alcoholic fermentation; protein hydrolysate

1. Introduction

Sufficient assimilable nitrogen content is a prerequisite for successful alcoholic fer-
mentation. Saccharomyces cerevisiae, the main microorganism used in the production of
alcoholic beverages and bioethanol, is known to utilize ammonia, free amino acids and
short peptides as nitrogen sources [1]. While the consumption preferences of S. cerevisiae
are well studied for ammonia and free amino acids, the role of peptides as a yeast nitrogen
source requires further elucidation.

Many feedstocks used in alcoholic fermentation contain a significant proportion of
peptides that could be considered as an important nitrogen source for yeast. Peptides thus
have a significant technological value. For example, in grape must, about 17% of the total
nitrogen can be attributed to oligopeptides, while for beer wort, this number is estimated
at around 40% [2,3]. The nitrogen levels in grape must are dependent on the grape variety
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and grape cultivation conditions used. Due to these factors, the nitrogen levels in some
cases can be deficient [4]. Similarly, high gravity fermentation with substantial content
of adjuncts in beer and whisky production is a process that may suffer from nitrogen
limitation [2,5].

In any fermentation, nitrogen deficiency can result in premature cessation or even
complete arrest of the fermentation process, as well as in poor flavor properties of the
product [6-8]. Fermentation nutrients, such as yeast autolysates, rich in free amino acids
and peptides, are often used in industry to overcome this problem. Regardless of whether
the peptides are present in the fermentation feedstock naturally or are supplemented with
nutrients, a suitable screening methodology is required to characterize yeast strains for
their ability to take up different peptides. The information obtained from such a screening
method would be useful to better anticipate nitrogen deficiency and to avoid related
fermentation problems through either specific nitrogen supplementation or the selection of
yeast strains with broader peptide consumption capabilities.

S. cerevisiae can internalize peptides of different sizes through multiple membrane
peptide transporters [9]. Di- and tripeptide transport is facilitated by Ptr2p, Dal5p and
fungal oligopeptide transporters (Fot1-3p) found in oenological yeast [10-14]. However, it
is not excluded that FOT transporters can also transport longer peptides [9]. Oligopeptide
transporters (Optlp and Opt2p) have been shown to be involved in tetra- and pentapeptide
transport [15-17].

The current knowledge on functionality of different yeast peptide transporters has
been mainly obtained using experiments with single synthetic peptides as the sole nitrogen
source [10,14-18]. This type of experiment provides accurate information about the ability
of yeast strains to utilize the selected peptide as a nitrogen source. However, they do not
provide information on the kinetics of peptide utilization throughout different time points
during fermentation on complex peptide-rich media, such as wort, grain mash and grape
must. Moreover, the characterization of peptide transporters in more complex matrices and
peptide utilization capability by different yeasts is challenging due to the lack of suitable
cost-efficient screening media with defined and diverse peptide composition. Another
challenge is the lack of accurate semi-quantitative analyses for monitoring the uptake of
these peptides during fermentation.

Liquid chromatography coupled to mass spectrometry (LC-MS) is currently one of the
most promising techniques for short peptide analysis [19-22]. The two biggest analytical
challenges are insufficient short peptide identification accuracy for unambiguous identity
assignment and throughput limitation caused by data-dependent acquisition (DDA). Unlike
longer peptides (pentapeptides and longer) that, due to a higher number of peptide bonds,
tend to ionize with a higher charge state (>2+), shorter peptides (di- to tetrapeptides)
most commonly ionize as singly charged ions. The singly charged peptides produce fewer
selective fragments, which leads to reduced identification accuracy [23].

Even though DDA is known to produce higher quality fragmentation spectra due to
active quadrupole-based selection of precursor ions prior to fragmentation, it comes at he
cost of a reduced acquisition rate that often results in missing data and prolonged analytical
gradients [24]. In contrast, data-independent acquisition (DIA) minimizes the likelihood of
missing data by rapidly alternating between low and high collision energies and assigning
fragments based on the chromatographic elution profile [25]. For fermentation matrices
with highly diverse peptide composition, the main drawback of such data acquisition is
the generation of complex fragmentation spectra that are often caused by simultaneous
fragmentation of closely eluting precursor ions.

A rapid gas-phase separation of ions, also commonly referred to as ion mobility
(IM) separation, is often used as an orthogonal method of separation that complements
chromatography and mass spectrometry [26]. Hyphenation of travelling wave ion mobility
separation (TWIMS) with DIA results in similar drift times for both fragment and precursor
ions, allowing alignment by both the chromatographic and ion mobility elution profiles
and thus improving the spectral clarity. Moreover, the “trap-release” mode of operation
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of the TWIMS results in not only increased peak capacity but also in increased duty cycle
of the mass spectrometer. This allows for shorter analytical gradients and the use of the
collisional cross section (CCS) as an additional identification qualifier.

This study reports a screening methodology for tracking the consumption of a wide
range of peptides by yeast during alcoholic fermentation. The methodology makes use of an
in-house prepared peptide-mapped (against a known protein sequence) proteolytic digest
of bovine serum albumin (BSA) as a peptide source that was applied to a synthetic grape
must. The peptide composition in the hydrolysate as well as the consumption of peptides
by yeast in the synthetic grape must were analyzed using high-throughput ultra-high-
pressure liquid chromatography coupled with data-independent acquisition-based ion
mobility separation-enabled high-resolution mass spectrometry (UPLC-DIA-IMS-HRMS).

To simulate the analysis of an unelucidated matrix, untargeted data analysis (that does
not rely on a protein sequence) of the BSA hydrolysate was additionally performed and
compared to the results of peptide mapping to assess the identification accuracy of the
untargeted analysis.

2. Materials and Methods

An LC-MS methodology was developed for analyzing peptide composition in BSA
proteolytic digest (peptide mapping), as well as for monitoring the relative concentration
changes of these peptides during fermentation with three commercial wine yeast strains
(screening). A modified synthetic grape must with a reduced concentration of free amino
acids and ammonia was used as a base fermentation medium and was supplemented with
additional nitrogen in the form of peptides from proteolytic digest of BSA. The relative
changes of peptide abundances during fermentation were monitored and reported.

Peptide mapping requires a protein sequence to identify peptides. However, when
analysing fermentation feedstocks with unknown protein/peptide content, such informa-
tion is not always available. Therefore, the peptide identification accuracy of an untargeted
workflow should be investigated. For this purpose, the peptide identification results ob-
tained by untargeted data analysis against a short peptide database were compared to the
results obtained by peptide mapping.

2.1. Chemicals

Hi3 E.coli STD (p/n: 186006012) and Leucine-Enkephalin (p/n: WT186006013) were
purchased from Waters Corporation (Milford, MA, USA). Ultrapure water (18.2 M) xcm)
was prepared with MilliQ® IQ 7000 equipped with LC-Pak (Merck KGaA, Darmstadt,
Germany). Acetonitrile (MeCN; LiChrosolv, hypergrade for LC-MS), formic acid (FA; LC-
MS grade), bovine serum albumin (lyophilized powder, >96%), fructose, cobalt chloride,
boric acid, ammonium molybdate tetrahydrate, ergosterol, oleic acid, all vitamins and
cysteine were acquired from Sigma-Aldrich (Darmstadt, Germany).

Histidine, methionine, glutamic acid and arginine were acquired from SERVA Elec-
trophoresis GmbH (Heidelberg, Germany). Alanine, aspartic acid, cysteine, glutamine,
glycine, isoleucine, leucine, lysine, phenylalanine, proline, serine, threonine, tryptophan,
tyrosine and valine were acquired from Thermo Fisher Scientific (Waltham, MA, USA).
Hydrogen chloride (HCl, 36%) was acquired from Labbox Labware (Barcelona, Spain).
Liquified phenol was acquired from Avantor® (Wayne, PA, USA).

2.2. Fermentation Media
2.2.1. BSA Hydrolysate

Hydrolysis of BSA (40 g/L dH,0) was conducted in a 1 L benchtop fermenter (Ap-
plikon, Delft, The Netherlands) using the industrial protease COROLASE®7089 (AB En-
zymes, Darmstadt, Germany), which was selected based on its endoproteolytic activity.
This facilitated the greater production of low molecular weight peptides, which were po-
tentially assimilable by yeast. The protease dose rate was 0.5% w/w of BSA, and hydrolysis
was performed at pH 7 (maintained by titration using 2 M NaOH) for 20 h at 50 °C. Af-
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ter completion of the BSA hydrolysis, the hydrolysate was filtered with a Vivaflow®200
10 kDa cut-off Hydrosart crossflow cassette (Sartorius, Gottingen, Germany) to remove
the protease as well as larger peptides. It was then freeze-dried and stored at —20 °C until
further use.

As the scope of this research was to develop a methodology for following small
molecular weight peptide consumption by yeast during alcoholic fermentation, the nitrogen
content of peptides smaller than 1 kDa in the fraction was determined from the bound
amino acid content and used to calculate the amount of total hydrolysate to be added into
the nitrogen deficient synthetic grape must. The sub-1-kDa fraction for amino acid analysis
was prepared by rehydrating the BSA hydrolysate (1 g/L dH,O) and filtering through a
Pall® Microsep Advance 1K Omega™ centrifugal filter device (Pall® Corporation, Port
Washington, NY, USA).

The amounts of free and total amino acids in this fraction were analyzed on a Waters
ACQUITY UPLC® system (Waters Corporation, Milford, MA, USA) that was coupled to
a TUV detector after derivatization using Waters AccQ-Tag chemistry as described by
Fiechter and Mayer [27]. For the total amino acids, the samples were first hydrolyzed with
6M HCl + 1% (v/v) phenol for 22 h in a vacuum using an Eldex H/D workstation (Eldex
Laboratories Inc., Napa, CA, USA). The amount of bound amino acids was calculated by
subtracting the free amino acids from the total amino acid concentration.

2.2.2. Synthetic Grape Must

A synthetic grape must (MS300) as described by Salmon and Barre [28] was prepared
with a reduced initial nitrogen content. The free amino acid and NHj3 concentrations were
both reduced by 75% to provide 116 mg/L of nitrogen, which was considered insufficient
to ferment 210 g/L of fermentable sugars in the synthetic grape must [29,30]. The amino
acid and NHj concentrations can be found in Table A2. An additional 136 mg/L of nitrogen
was then supplemented in the form of peptides from the BSA hydrolysate, resulting in
252 mg/L nitrogen in the synthetic grape must.

2.3. Fermentation

Three commercial S. cerevisiae wine yeast strains (Lalvin™ ICV Opale 2.0, Lalvin™
Persy and Lalvin™ QA23), provided by Lallemand Inc. (Montreal, QC, Canada), were
used in this study. All strains were obtained as active dry yeast cultures. Inoculum was
prepared by rehydrating 1 g of dry culture in 10 mL of sterile 0.9 % NaCl for 15 min at
room temperature. The synthetic grape must was then pitched to give an initial yeast
concentration of about 5-10° cells/mL.

All fermentations were performed at 24 °C in 250 mL Pyrex™ bottles equipped
with a GL45 open top PBT screw cap and PYREX™ Medjia Bottle Septum (Corning Inc.,
Corning, NY, USA). A sampling port was assembled with size 13 Masterflex™ Norprene™
Food L/S™ Precision Pump Tubing (Masterflex SE, Gelsenkirchen, Germany), connected
with a metal tubing piercing through the septum. A gas outlet was installed to prevent
overpressure by piercing the septum with a Sterican® @ 0.8 x 40 mm single-use hypodermic
needle (B. Braun, Melsungen, Germany) attached to a Millex-FG 0.2 um hydrophobic PTFE
filter (Merck KGaA, Darmstadt, Germany).

The initial volume of synthetic grape must was 200 mL. Samples (3 mL) were collected
at 0, 24, 48, 72 and 168 h. For each strain, a control fermentation was performed in parallel
without the addition of BSA hydrolysate.

2.4. Sample Preparation

Prior to peptide analysis, samples (200 puL) were mixed with MeCN (200 uL) in an
Eppendorf® tube (Eppendorf AG, Hamburg, Germany) to precipitate proteins, vortexed
for 30 s and centrifuged at 11,200 x g for 15 min. The supernatant (100 uL) and MilliQ®
water (900 pL) were then transferred into a new Eppendorf® tube and vortexed for 30 s.
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The obtained mixture (100 uL) was transferred into a low-volume insert and spiked with
20 pL of 1 pmol/uL of Hi3 E.coli STD.

Before and after injection of the batch of samples, a blank (MilliQ® water) and a blank
(100 ul MilliQ® water) spiked with 20 uL of 1 pmol/uL of Hi3 E.coli STD were injected
to determine the baseline and system variability. A pooled sample (100 uL) spiked with
20 pL of 1 pmol/uL of Hi3 E.coli STD was also injected three times at the beginning of the
experiment and one time after each strain to determine the intra-batch variability.

2.5. Liquid Chromatography Mass Spectrometry

Samples were analyzed using Waters I-Class Plus (SM-FL) UPLC® system (Waters
Corporation, Milford, MA, USA) coupled with a Waters Vion IMS-QTof Mass Spectrometer
equipped with LockSpray IT Exact Mass source enclosure and ESI Tool-free Mk3 UPC?
probe (50 um x 750 mm, p/n: 700011376) directly connected to the column outlet. Nitrogen
was used as collision gas. The instrument was controlled by Waters UNIFI 1.9.4 (3.1.0,
Waters Corporation, Milford, MA, USA).

Mobile phases (MP) were as follows: (A) MilliQ® + 0.1% formic acid and (B) MeCN
+0.1% formic acid. The weak needle wash was 90:10 (MilliQ®:MeCN), the strong needle
wash was 10:90 (MilliQ®:MeCN), and the seal wash was 50:50 (MilliQ®:MeCN). Injection
volume was 2 uL. Samples were analyzed using Acquity UPLC® HSS T3 Column (1.8 um,
1 x 150 mm, Waters Corporation, Milford, MA, USA) kept at 40 °C. The initial flow rate
was 0.1 mL/min. The gradient was as follows: a 0-0.5 min hold at 1% B, 0.5-10.5 min linear
gradient 1-50% B, 10.5-12.5 min linear gradient, 50-99% B accompanied by a linear flow
rate increase of 0.1-0.2 mL/min, 12.5-14.5 min hold at 99% B, 14.5-15 min linear gradient
99-1% B accompanied by a linear flow rate decrease of 0.2-0.1 mL/min, and 15-18.5 min
hold at 1% B.

The instrument was operated in positive polarity, sensitivity mode (33,000 FWHM at
556.2766 m/z) and labile ion mobility tune. The analysis type was set as Peptide Map (IMS)
and the experiment type was set to MSe. Data was acquired in HDMSe mode with a scan
time of 0.2 s. The following manual quadrupole profile was used: mass 150/300/600 (1m1/z),
dwell time 50/30 (%scan time), ramp time 10/10 (%scan time). The recorded mass range
was from 50 to 1000 m/z for both low and high energy spectra. The collision energy was
ramped from 10 to 63 V.

The cone voltage was set to 30 V, capillary voltage was set to 0.5 kV and source offset
was set to 50 V. Source temperature was set to 120 °C and desolvation temperature set
to 500 °C. Cone gas flow rate was set to 50 L/h and desolvation gas flow rate was set to
700 L/h. Leucine-enkephalin (50 pg/uL at 15 uL/min) was used as LockMass for mass
axis correction and was acquired before and after each acquisition as well as every 5 min
during the acquisition.

2.6. Data Processing

For peptide identification in the BSA hydrolysate, peptide mapping was conducted
using UNIFI Large Molecule Package (LMP) by searching the peptides against the sequence
of bovine serum albumin (ALBU_BOVIN; P02769). Low energy intensity threshold of
2000 counts and high energy intensity threshold of 200 counts were used. The retention
time range was set between 1 and 12 min. Peptide search was set to non-specific digest
with no missed cleavages allowed, and the minimum sequence length was set to 2.

The following filters were applied: mass error between —3 and 3 ppm, matched first
gen primary ions greater than or equal to 1, fragment label not containing in-source frag-
ments, loss of H,O and loss of NHj. For relative quantification (screening of peptide uptake
by yeast) and untargeted analysis of short peptides the data was exported using UNIFI
Export Package (UEP) to Progenesis QI (PQI) software (Nonlinear Dynamics, Newcastle,
UK). During the import, masses were lock mass corrected with 556.2766 m/z, corresponding
to singly charged Leucine-enkephalin. Data was subjected to normalization of compound
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abundances based on a set of reference housekeeping peptides (spiked Hi3 E.coli STD).
Automatic sensitivity at level 2 was used.

Automatic retention time alignment was conducted, and the retention time limits were
set between 1 and 12 min. Fragment sensitivity of 1% of the base peak was used. The
following adducts were used for peptide mapping: M+H, M+2H and M+3H. ChemSpider
data source: peptides (PQI_CS_Peptides), containing in-silico database of short peptides
(2-4 AA), were used for de novo identification. The precursor ion tolerance was set to
3 ppm and fragment ion tolerance was set to 5 ppm. One or more fragment ions per peptide
were required for ion matching.

2.7. Data Analysis

Peptide peaks identified by peptide mapping and untargeted analysis of short peptides
were aligned using observed mass to charge ratio, charge, observed retention time (min) as
well as collision cross section (A2). Peptides without a distinct consumption trend were
filtered out using PQI software. Peptides with up to six amino acids in length and an initial
abundance higher than 0.1% of the summed abundance of all peptides were considered
and reported for each fermentation experiment.

The aligned data was further used to construct a data matrix for the aforementioned
data processing methods. The comparison between two identification methods was per-
formed with the help of in-house data analysis and visualization scripts written in the
PythonTM programming language (Python Software Foundation, Wilmington, DE, USA).
The identification accuracy and reproducibility assessment between peptide mapping and
untargeted analysis was performed based on four categories: absolute amino acid sequence
match (Absolute), amino acid sequence match while leucine (L) and isoleucine (I) were
not differentiated and annotated as “J” (J Absolute), and amino acid composition match (J
Composition) and peptide length match (Length).

3. Results
3.1. BSA Hydrolysate Composition

The total nitrogen in the BSA hydrolysate was determined in three fractions: free
amino acids, peptides with molecular weight (MW) smaller than 1 kDa and peptides with
MW higher than 1 kDa. Most of the nitrogen (69%; 81.4 mg/g) came from peptides with
MW below 1 kDa. Endoproteolytic activity of COROLASE® 7089 was apparent as only 7%
of total nitrogen could be assigned to free amino acids (8.1 mg/g). The remaining 24% of
nitrogen (29 mg/g) was present in the higher than 1 kDa fraction. The degree of hydrolysis
was calculated, as described by Adler-Nissen [31] and was 40%.

3.2. LC-MS Method Reproducibility

We observed that the default settings of the ion optics and quadrupole of Vion IMS-
Qtof resulted in a lower response of the lower molecular weight peptides. Combination of
the labile ion mobility tune and a manual short peptide specific quadrupole transmission
profile resulted in an increased response of di- and tripeptides. The system performance
was found to be highly reproducible as illustrated by Figure 1 (overlay of three technical
replicates). The standard deviation of the peptide retention times was below 0.1 min,
and the PQI alignment score was over 95% for the six QC samples and over 92% for all
36 samples.
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Figure 1. Overlay of triplicate injection of Hi3 E.coli STD spiked pooled-sample base peak intensity
(BPI) chromatograms.

Moreover, the starting points of all three fermentations display an average relative
standard deviation of 5.27% for the intensities of the peptides of interest. The average
peak width at 10% of peak height was 8 s, thus, resulting in not only enough data points
for reliable qualitative and quantitative integration but also in a sufficient number of data
points for accurate tracking of the peak’s lift-off, apex and touch-down points for improved
high-to-low energy spectra association.

3.3. Fermentation and Peptide Uptake Kinetics

The maximum CO, production rate was reached at about 48 h in case of all strains.
However, the fermentations supplemented with the BSA hydrolysate showed increased
sugar consumption, higher CO, production and faster biomass accumulation compared to
the corresponding controls without the hydrolysate (Figure 2). At the final experimental
point (168 h), up to 95% of sugars were consumed in fermentations with added BSA
hydrolysate, whereas up to 83% of sugars were consumed without hydrolysate addition
(Table AT).

In total, 123 peptide candidates complying with data analysis filtration criteria
(19 dipeptides, 41 tripeptides, 31 tetrapeptides, 19 pentapeptides and 13 hexapeptides) were
monitored throughout the fermentation experiments. The relative changes of individual
peptide candidate intensities during the fermentation of the synthetic grape must are shown
in Figures 3-7 and Tables A4-A8.

All three strains demonstrated similar uptake trends of di-, tri- and tetrapeptides.
For all strains, di- and tripeptides were consumed during the first 48 h of fermentation,
simultaneously with the free amino acids (Figure 8). The uptake rate of di- and tripeptides
was higher by Lalvin Persy™ compared to Lalvin ICV Opale 2.0™ and Lalvin QA23™, as
several peptides were consumed by this strain already at 24 h.
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Figure 2. The optical density (OD) and CO, production rate in fermentations with Lalvin ICV Opale
2.0™, Lalvin Persy™ and Lalvin QA23™ of the modified synthetic must with (solid line) and without
(dashed line) added BSA hydrolysate as the peptide source.
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Figure 3. The relative consumption trends of 19 dipeptides in fermentation with Lalvin ICV Opale
2.0™ (A), Lalvin Persy™ (B) and Lalvin QA23™ (C) of the modified synthetic must with added BSA
hydrolysate as the peptide source. The five dipeptide candidates with the highest abundance are
shown in colour. Other dipeptide candidate sequences and their observed relative consumption
trends are shown in Table A4.
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Figure 4. The relative consumption trends of 41 tripeptides in fermentation with Lalvin ICV Opale
2.0™ (A), Lalvin Persy™ (B) and Lalvin QA23™ (C) of the modified synthetic must with added BSA
hydrolysate as the peptide source. The five tripeptide candidates with the highest abundance are
shown in colour. Other tripeptide candidate sequences and their observed relative consumption
trends are shown in Table A5.
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Figure 5. The relative consumption trends of 31 tetrapeptides in fermentation with Lalvin ICV Opale
2.0™ (A), Lalvin Persy™ (B) and Lalvin QA23™ (C) of the modified synthetic must with added BSA
hydrolysate as the peptide source. The five tetrapeptide candidates with the highest abundance are
shown in colour. Other tetrapeptide candidate sequences and their observed relative consumption
trends are shown in Table A6.
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Figure 6. The relative consumption trends of 19 pentapeptides in fermentation with Lalvin ICV Opale
2.0™ (A), Lalvin Persy™ (B) and Lalvin QA23™ (C) of the modified synthetic must with added BSA
hydrolysate as the peptide source. The five pentapeptide candidates with the highest abundance are
shown in colour. Other pentapeptide candidate sequences and their observed relative consumption
trends are shown in Table A7.
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Figure 7. The relative consumption trends of 13 hexapeptides in fermentation with Lalvin ICV Opale
2.0™ (A), Lalvin Persy™ (B) and Lalvin QA23™ (C) of the modified synthetic must with added BSA
hydrolysate as the peptide source. The five hexapeptide candidates with the highest abundance are
shown in colour. Other hexapeptide candidate sequences and their observed relative consumption
trends are shown in Table A8. * DTHKSE elutes within the void volume.
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Figure 8. Free amino acid consumption trends in fermentations with Lalvin ICV Opale 2.0™ (A),
Lalvin Persy™ (B) and Lalvin QA23™ (C) of the modified synthetic must with (solid line) and
without (dashed line) added BSA hydrolysate as the peptide source.

Unlike di- and tripeptides, not all tetra- to hexapeptides were fully depleted (signal to
noise ratio < 3:1), and their uptake ceased when the growth of cells entered the stationary
phase (Lalvin ICV Opale 2.0™ and Lalvin QA23™) or slowed down remarkably (Lalvin
Persy™) after 72 h. The differences in peptide uptake between strains were most notable for
penta- and hexapeptides. Thus, the relative abundances of pentapeptides at 168 h decreased
on average by 49% for Lalvin Persy™ and 58% for Lalvin QA23™, and hexapeptides
decreased by 35% for both strains. The respective values for Lalvin ICV Opale 2.0™ were
98% for pentapeptides and 93% for hexapeptides.

3.4. Untargeted Peptide Analysis

The results of the untargeted data analysis (using the PQI_CS_Peptides database)
were compared against the results obtained by peptide mapping to assess the identification
accuracy of the untargeted workflow.

Figure 9 highlights the ability of the untargeted approach to identify all di- to tetrapep-
tides in the BSA hydrolysate in comparison to the peptide mapping. A trend emerged
highlighting how the number of peptides assigned identically by both search engines
depends on the identification specificity. Only 27.4% of the peptides were matched on
the level of absolute amino acid sequence and 37.5% on the level of “] Absolute” where
leucine (L) and isoleucine (I) were not differentiated and annotated as “J”. On the level of “J
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Composition”, where the order of the amino acids in the sequence was ignored and only the
amino acid compositions of the peptide was considered, 71.4% of peptides were matched.
Lastly, on the level of “Length”, where only the length of the peptide was considered, 90.5%
of peptides were matched.

1 Mismatch

I Match
180
4 16
160 (9.5%)
48
140 A (28.6%)
0 120 A 105
) (62.5%)
a
Q 100 A
G
@ 80 - 152
g (90.5%)
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40 n 63
(37-5%)
20 A
0 .

Absolute ) Absolute J Composition Length

Figure 9. The dependence of the peptide matching specificity criteria on the peptide identification
assignment discrepancy: absolute amino acid sequence match (Absolute), amino acid sequence match,
where leucine (L) and isoleucine (I) were not differentiated and are annotated as “J” (J Absolute),
amino acid composition match (J Composition) and peptide length match (Length).

Figure 10 displays the identification discrepancies between the two methods regarding
the peptide length assignment for all di- to tetrapeptides. For dipeptides, the match was
100%: all 29 dipeptides were assigned by the untargeted method and the peptide mapping.
The tripeptide length assignment displayed minimal discrepancy: out of 62 tripeptides
identified by the untargeted method, only one (1.6%) was assigned as a tetrapeptide by the
peptide mapping.

A larger discrepancy was observed for tetrapeptides: out of 77 tetrapeptides assigned
by the untargeted method, three (3.9%) were assigned as tripeptides by peptide mapping,
and 12 (15.6%) were assigned as pentapeptides by peptide mapping. The larger mismatch
for tetrapeptides can be partly explained by the fact that the PQI_CS database contains
sequences only up to tetrapeptides. While the peptide mapping approach resulted in a
higher number of total identifications (not limited to di- to hexapeptides), a consistently
low number (<10%) of unique (picked only by PQI) peptides were detected by the untar-
geted approach.
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Figure 10. Length assignment discrepancies by the untargeted method in relation to peptide map-
ping. Green circles represent peptide identification overlap between the two identification methods,
whereas red circles represent mismatches between peptide identifications. Circle areas are scaled to
represent the ratios between matched and mismatched peptides.

4. Discussion

In this study, we explored the application of an in-house produced BSA protein
hydrolysate as a cost-efficient model mixture of peptides for yeast studies. The results
indicate the potential of this method for screening yeast strains for their ability to consume
different peptides during alcoholic fermentation, for studying peptide transporters, as well
as for evaluating the effect of peptides as a nitrogen source on fermentation kinetics. The
hydrolysis of BSA with COROLASE® 7089 resulted in 123 di- to hexapeptides, followed by
their consumption by different wine yeast strains during fermentation experiments.

The results highlight differences in penta- and hexapeptide consumption trends,
indicating the need for further research. Until now, the studies of peptide consumption by
S. cerevisine have focused on di- to pentapeptides, mainly in single peptide-based systems
and small volumes, mostly due to the higher cost of synthetic peptides. An example of
such a system is the Biolog (Hayward, CA, USA) Phenotype MicroArrays (PM) used by
Becerra-Rodriguez et al. [10] to characterize FOT transporter knock-out strains for their
ability to utilize 270 dipeptides and 14 tripeptides as nitrogen sources using a 96-well plate
system. The ability of yeast to consume an individual peptide was assessed based on the
growth in the medium containing a single peptide as the nitrogen source.

Despite being a high-throughput method for screening, this approach, due to its set-up
(one single peptide per experiment) and very small volume, imposes several limitations for
more in-depth studies of peptide consumption. These limitations exclude the possibility
to determine fermentation and peptide uptake kinetics as well as peptide transporter
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expression analysis in the continuously changing environment of fermentation processes.
The application of in-house-prepared protein hydrolysates allows for a more versatile and
cost-effective approach to studying yeasts and other microorganisms for their ability to
utilize various peptides in environments with more complex peptide compositions, which
resemble more natural fermentation environments.

For this study, COROLASE® 7089 was chosen due to its high and broad endoprote-
olytic activity, which resulted in a higher number of di- to hexapeptides, which is important
when peptide consumption by yeast is studied. However, the endoprotease and the protein
source could be easily substituted with alternatives producing hydrolysates with different
peptide compositions, allowing the tailor-made production of peptide mixtures based on
various (micro-)organism-specific requirements [32-35].

For peptide composition analysis, it is typically recommended to hydrolyze a single
protein with a known amino acid sequence. The identification of peptides against a known
protein sequence allows for an additional degree of confidence in the identification accuracy.
However, a protein sequence is not always available, and thus de novo identification should
be used. The challenge of characterizing peptide mixtures using industrial proteases is
often accompanied by unelucidated cleavage specificity of the proteases. This is also
evident when peptide composition in natural fermentation feedstocks is to be analyzed,
emphasizing the importance of the identification accuracy.

The results generated in this work by the untargeted analysis suggest that the method
does not allow for small peptide unambiguous absolute sequence identification, which
might be crucial for studying peptide transporters specificities. However, the method
allows for peptide identification at the level of peptide length (“Length”, 90.5%) and amino
acid composition, where isoleucine or leucine are not differentiated (“J Composition”,
71.4%), suggesting its potential for characterization of the composition of unelucidated
natural peptide-containing fermentation matrices, such as grain mash, wort or grape must.

Even though the TWIMS used in this study increased the peak capacity and allowed
for a shorter gradient time, the IMS resolution of the system was insufficient to reliably
distinguish between isobaric peptides of the same length and different sequences. However,
the collision cross section values were found to provide an extra qualifier when aligning
features between two peak picking methods.

Quantitative representation of the content and consumption of all peptides remains
a topic of further research. Due to the variation in the ionization efficiency of different
peptides [36], consumption trends could only be used for tracking individual peptides
across different samples, setting a limitation regarding the analysis of specific consumption
rates of individual peptides by yeast in complex environments. The absolute quantitation of
peptides remains reliant on labelled isotope dilution or tandem-mass-tag labelling [37-39].

5. Conclusions

We developed a methodology for characterization of the peptide composition in
enzymatically produced hydrolysates of bovine serum albumin and implemented high-
throughput monitoring of the peptide consumption trends of yeast during the alcoholic
fermentation of a BSA-hydrolysate-supplemented synthetic grape must.

A correlation between the identification results of peptide mapping and untargeted
analysis of di- to tetrapeptides (limited by the PQI_CS_Peptides database) suggests the
potential of the untargeted analysis for following the peptide composition in unelucidated
matrices, such as grain mash, wort or grape must. The method can additionally be used for
profiling various enzymatically produced protein hydrolysates. However, consumption
trends can only be used for tracking individual peptides across different samples. For
the absolute quantitation of short peptides, the applications of tandem-mass-tag labelling
must be further studied. The proposed methods, in combination with other analytical
techniques, such as gene or protein expression analysis, can be a useful tool for different
metabolic studies related to the consumption of complex nitrogen sources by yeast or other
microorganisms.
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Appendix A

Sugars and ethanol were measured using the Waters Alliance 2695 system (Waters
Corporation, Milford, MA, USA). The flow rate used was 0.6 mL/min. The mobile phase
was isocratic for 25 min on 100% v/v 0.5 mmol H,SO, in MilliQ water. The column used for
analyses was Bio-Rad HPX-87H column (Bio-Rad Laboratories Inc, Hercules, CA, USA)
with the dimensions 7.8 x 300 mm and 9 pum particle size, coupled to a Micro-Guard Cation
H Cartridge pre-column (Bio-Rad Laboratories Inc, Hercules, CA, USA). The analytes were
detected by the refractive index detector.

Table Al. Glucose, fructose and ethanol measurements at the start and end of fermentation with
Lalvin ICV Opale 2.0™, Lalvin Persy™ and Lalvin QA23™ of the modified synthetic must. ‘Control’
is without added peptides. ‘BSA” is with added peptides.

Glucose Fructose Ethanol
Strain Consumed Consumed Produced
(gL-1) (gL1 (gL1
Lalvin ICV Control 97.3 72.4 77.5
Opale 2.0™ BSA 102.8 97.3 95.4
. Control 97.4 76.8 81.4
T™M
Lalvin Persy BSA 104.4 101.2 95.7
Control 90.1 66.9 75.5
1 ™
Lalvin QA23 BSA 100.0 92.1 96.0
Appendix B

Free amino acids and ammonium chloride in a modified synthetic must

Table A2. Free amino acid and ammonium chloride concentrations in a modified synthetic must.

Amount Amount

Compound (mg-L-1) Compound (mg-L-1)
Tryptophan 38.7 Alanine 314
Phenylalanine 8.2 Threonine 16.4

Isoleucine 7.1 Glutamic acid 26.0
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Table A2. Cont.

Compound (ﬁlrgiujllt) Compound (ﬁlngliu:t)
Leucine 10.5 Aspartic acid 9.6
Valine 9.6 Glycine 4.0
Methionine 6.8 Arginine 80.8
Tyrosine 4.0 Glutamine 109.1
Lysine 3.7 Serine 17.0
Cysteine 2.8 Asparagine 0.0
Proline 132.2 Histidine 7.1
NH,4CL 102.5
Appendix C

Observed nitrogen consumption

Table A3. The observed nitrogen consumption of free amino acids (FAA), bound amino acids (BAA)
and ammonia during fermentation with Lalvin ICV Opale 2.0™, Lalvin Persy™ and Lalvin QA23™
of the modified synthetic must. ‘Control” is without added peptides, ‘BSA” is with added peptides.
Standard deviations represent measurements in three technical replicates.

Strain N from FAA N from BAA N from NHy N Total

rat (mg-L-1) (mg-L-1) (mg-L-1) (mg-L-1)
Lalvin ICV Control 70.20 + 0.07 - 18.08 + 6.87 88.2 + 6.87
Opale 2.0™ BSA 77.44 £0.22 744 +212 2249 £223 174.3 £ 3.08
Lalvin Control 75.8 +£0.17 - 26.96 + 6.35 102.8 & 6.65
Persy™ BSA 72.0+0.18 57.3 £0.53 2541 +5.07 1547 £5.10
Lalvin Control 75.50 £ 0.20 - 25.13 £+ 6.19 100.6 + 6.49
QA23™ BSA 73.79 £0.16 51.7 £5.87 2541 +5.07 1509 £7.76

Appendix D

The proposed peptide candidates and their relative consumption by yeast

Table A4. The proposed dipeptide sequences and observed relative consumption during fermentation
with Lalvin ICV Opale 2.0™, Lalvin Persy™ and Lalvin QA23™ of the modified synthetic must.
Peptide sequences were acquired by peptide mapping to bovine serum albumin protein sequence
(UniProtKB-P02769 (ALBU_BOVIN)). Additionally presented are the retention time, observed m/z,
collision cross section values, as well as the averaged peptide intensities at the starting point and
associated relative standard deviations.

. Lalvin ICV . .
Peptide . Average Lalvin Persy™  Lalvin QA23™
Cfndi- Retenthn Observed Charge CCS (A2) Origir?al RSD Opale Z'O,TM (Consumpti)(,m, (Consumption,
date Time (min) mlz Intensity (Consumption, %) %)
%)
AH 2.68 227.1134 1 150.41 807 4.86 99.97 100.00 99.98
AW 5.40 276.1338 1 160.10 1914 5.03 100.00 100.00 100.00
AY 4.56 253.1177 1 157.67 1470 6.44 100.00 100.00 100.00
FT 3.72 267.1335 1 163.99 5487 3.53 100.00 100.00 100.00
FW 7.03 352.1652 1 156.33 2617 5.18 100.00 100.00 100.00
FY 538 329.1487 1 179.32 698 3.61 97.94 95.49 95.50
JT 3.18 233.1492 1 156.95 2875 4.95 99.99 100.00 100.00
KQ 239 275.1709 1 160.14 1164 2.32 99.99 99.82 99.87
KT 1.40 248.1601 1 156.18 2201 8.75 99.97 99.98 100.00
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Table A4. Cont.

. Lalvin ICV . .
Peptide . Average Lalvin Persy™  Lalvin QA23™
Cfndi- I.{etentu.)n Observed Charge CCS (A2) Origir:gal RSD Opale Z'O.TM (Consumpti}:)n, (Consumption,
date Time (min) mlz Intensit (Consumption, %) %)
¥ %)
LL 5.84 245.1856 1 166.83 20,475 3.04 100.00 100.00 100.00
Ly 4.88 295.1648 1 171.64 4360 3.64 100.00 100.00 100.00
TF 478 267.1335 1 160.50 1507 3.99 100.00 99.87 100.00
TK 251 248.1600 1 156.18 2070 2.46 100.00 100.00 100.00
VE 214 247.1285 1 154.51 6009 6.03 99.96 99.98 99.95
VF 5.50 265.1542 1 164.08 5044 4.39 100.00 100.00 100.00
VN 1.37 232.1288 1 150.14 1012 2.78 99.98 100.00 100.00
VR 3.30 274.1866 1 167.20 1039 5.77 100.00 100.00 100.00
YE 3.72 311.1229 1 172.79 1091 4.24 99.67 100.00 100.00
YY 4.55 345.1441 1 184.22 5445 5.16 100.00 100.00 100.00
Table A5. The proposed tripeptide sequences and observed relative consumption during fermentation
with Lalvin ICV Opale 2.0™, Lalvin Persy™ and Lalvin QA23™ of the modified synthetic must.
Peptide sequences were acquired by peptide mapping to bovine serum albumin protein sequence
(UniProtKB-P02769 (ALBU_BOVIN)). Additionally presented are the retention time, observed m/z,
collision cross section values, as well as the averaged peptide intensities at the starting point and
associated relative standard deviations.
. Lalvin ICV . .
Peptide . Average Lalvin Persy™  Lalvin QA23™
Cfndi- Ifetentlt.)n Observed Charge CCS (A?) Origingal %RSD Opale Z'O.TM (Consumpti};n, (Consumption,
date Time (min) mlz Intensit (Consumption, %) %)
Y %)
AEF 527 366.1656 1 181.69 5873 4.08 100.00 100.00 100.00
AWS 4.68 363.1658 1 181.79 2470 4.50 100.00 100.00 100.00
DAF 521 352.1496 1 176.71 1100 2.70 100.00 100.00 100.00
DLL 5.76 360.2124 1 189.23 2953 6.90 100.00 100.00 100.00
DQF 4.88 409.1712 1 195.14 728 3.28 100.00 100.00 100.00
ELT 4.01 362.1919 1 187.32 3543 2.99 99.98 99.62 99.92
FKD 3.53 205.1072 2 249.17 7981 3.00 100.00 100.00 100.00
FKG 3.33 176.1043 2 242.20 2685 2.41 100.00 100.00 100.00
FLG 5.65 336.1910 1 182.71 734 3.52 100.00 100.00 100.00
FQE 4.32 423.1866 1 198.49 658 3.50 100.00 100.00 100.00
FSA 473 324.1549 1 174.09 3223 2.23 100.00 100.00 100.00
FTF 7.23 414.2020 1 194.99 3313 6.62 100.00 100.00 100.00
FVE 4.88 394.1970 1 190.00 3242 3.60 100.00 100.00 100.00
GSF 4.64 310.1391 1 167.50 1014 6.12 100.00 100.00 100.00
TIAE 3.72 332.1811 1 175.60 2444 4.33 100.00 100.00 100.00
IAF 6.63 350.2071 1 180.40 5291 6.60 100.00 100.00 100.00
IAH 2.66 340.1973 1 182.57 1628 7.50 100.00 100.00 100.00
TIAR 3.08 359.2396 1 185.57 2132 6.89 100.00 100.00 100.00
ISL 6.42 332.2170 1 182.85 933 548 100.00 100.00 100.00
IVR 331 194.1387 2 253.10 4260 4.53 99.92 99.99 99.80
KIE 3.26 195.1228 2 243.74 2444 6.39 99.61 99.86 99.84
KQI 2.40 194.6309 2 246.86 8652 6.83 100.00 100.00 100.00
LAK 2.50 331.2332 1 181.06 482 3.99 100.00 100.00 100.00
LEE 3.90 390.1876 1 188.27 1557 517 100.00 93.10 94.29
LFT 5.92 380.2172 1 190.43 706 3.45 100.00 100.00 100.00
LLF 8.00 392.2539 1 197.53 1399 591 100.00 100.00 100.00
LSQ 3.30 347.1919 1 178.69 3179 5.20 100.00 100.00 100.00
LVE 4.37 360.2126 1 183.71 18,437 5.06 100.00 100.00 100.00
LVN 3.77 345.2125 1 180.57 990 4.59 100.00 100.00 100.00
LYE 4.68 424.2076 1 196.58 9328 3.77 100.00 100.00 100.00
LYY 6.08 458.2284 1 207.03 3200 6.61 100.00 99.99 100.00
SQY 3.78 397.1714 1 186.22 3568 5.93 100.00 100.00 100.00
SVL 5.63 318.2013 1 176.11 265 7.45 100.00 100.00 99.94
TEF 523 396.1756 1 189.94 620 3.45 100.00 100.00 100.00
TLV 4.44 332.2174 1 181.03 1307 2.71 100.00 100.00 100.00
VAF 6.01 336.1915 1 175.46 10,184 2.70 100.00 99.96 100.00
VNE 3.12 361.1714 1 178.22 5809 4.62 100.00 100.00 100.00
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Table A5. Cont.

. Lalvin ICV . .
Peptide . Average Lalvin Persy™  Lalvin QA23™
Cfndi- I.{etentu.)n Observed Charge CCS (A?) Origir:g’al %RSD Opale Z'O.TM (Consumpti};n, (Consumption,
date Time (min) mlz Intensit (Consumption, %) %)
Y %)
VTF 5.96 366.2019 1 179.87 1740 6.69 100.00 100.00 100.00
VTK 1.40 347.2286 1 180.50 3469 6.77 100.00 100.00 100.00
YEY 5.06 474.1869 1 208.53 3085 5.50 99.98 100.00 99.99
YNG 3.07 353.1448 1 183.95 737 3.00 100.00 100.00 100.00
Table A6. The proposed tetrapeptide sequences and observed relative consumption during fermenta-
tion with Lalvin ICV Opale 2.0™, Lalvin Persy™ and Lalvin QA23™ of the modified synthetic must.
Peptide sequences were acquired by peptide mapping to bovine serum albumin protein sequence
(UniProtKB-P02769 (ALBU_BOVIN)). Additionally presented are the retention time, observed m/z,
collision cross section values, as well as the averaged peptide intensities at the starting point and
associated relative standard deviations.
Lalvin ICV
Peptide . Average Lalvin Persy™  Lalvin QA23™
CzI:ndi- Retention Observed Charge CCS (A?) Origingal %RSD Opale 2o (Consumpti)(,m, (Consumption,
date Time (min) mlz Intensit (Consumption, %) %)
Y %)
ALVE 5.13 431.2496 1 200.15 3448 7.14 100.00 98.07 99.34
FAKT 3.49 233.6360 2 266.06 2319 7.68 100.00 100.00 100.00
FEGK 5.44 269.1441 2 279.98 9697 525 74.05 46.42 96.43
FEKL 527 268.6570 2 276.78 1106 8.84 96.81 95.23 93.37
FHAD 3.66 245.1077 2 262.19 5008 5.24 100.00 100.00 99.99
FKDL 5.26 261.6491 2 277.18 3826 7.25 100.00 100.00 99.40
FLGS 5.62 423.2233 1 198.49 1214 1.92 100.00 100.00 100.00
FSQY 5.07 544.2400 1 222.40 5451 4.56 99.89 99.65 99.77
GERA 1.71 216.6131 2 254.59 646 5.90 84.37 71.04 78.31
IETM 5.11 493.2326 1 215.78 10,279 5.05 100.00 95.85 98.39
IKQN 1.91 251.6520 2 261.81 745 8.35 100.00 95.20 98.59
ISSK 1.99 217.6335 2 257.65 1951 10.49 100.00 99.71 99.07
KDAF 4.45 480.2451 1 204.55 4169 6.61 93.70 37.87 4144
LEKS 2.52 238.6388 2 262.58 3371 5.37 100.00 100.00 99.97
LGSF 6.08 423.2236 1 196.61 7284 4.72 93.04 76.01 95.77
LILN 6.24 472.3125 1 218.28 2581 5.87 100.00 100.00 100.00
LIVR 4.82 250.6806 2 277.82 1165 3.78 75.70 49.87 50.76
LLEK 413 251.6648 2 271.33 4134 3.64 91.38 48.34 49.20
LRET 3.30 259.6495 2 267.68 915 7.21 100.00 100.00 100.00
LTAD 3.81 419.2132 1 194.85 2055 6.78 100.00 100.00 100.00
LTEF 6.28 509.2602 1 217.34 2520 6.27 100.00 100.00 100.00
LVEL 6.85 473.2970 1 214.35 7655 5.36 100.00 99.36 99.86
LVNE 4.15 474.2558 1 208.53 6118 6.06 99.95 99.71 99.98
LVTD 4.33 447.2446 1 201.61 8109 3.72 100.00 99.72 99.85
MENF 5.75 540.2122 1 22249 2536 6.75 100.00 100.00 100.00
TQTA 2.58 420.2083 1 196.70 1160 6.33 100.00 100.00 100.00
VASL 2.93 195.1228 2 253.02 1457 5.55 99.77 99.68 99.85
VEVS 4.02 433.2284 1 198.21 2150 6.29 98.70 97.71 97.77
VFDK 4.02 254.6413 2 267.97 1976 5.98 69.07 35.82 53.99
VSEK 1.95 231.6310 2 259.87 2212 7.45 99.97 97.52 92.49
VVST 3.70 405.2340 1 191.53 3913 3.23 100.00 100.00 100.00
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Table A7. The proposed pentapeptide sequences and observed relative consumption during fermen-
tation with Lalvin ICV Opale 2.0™, Lalvin Persy™ and Lalvin QA23™ of the modified synthetic must.
Peptide sequences were acquired by peptide mapping to bovine serum albumin protein sequence
(UniProtKB-P02769 (ALBU_BOVIN)). Additionally presented are the retention time, observed m/z,
collision cross section values, as well as the averaged peptide intensities at the starting point and
associated relative standard deviations.

. Lalvin ICV . ™ . ™
Peptld.e Retention Observed 22 Av'er.a 8¢ Opale 2.0™ Lalvin Pers'y Lalvin QA2.3
Candi- . . Charge CCS (A?) Original RSD . (Consumption, (Consumption,
d Time (min) mlz . (Consumption, o o
ate Intensity %) %) %)
AFDEK 391 305.1472 2 27491 15,458 6.56 99.93 36.21 41.18
AIPEN 4.24 543.2772 1 218.50 8777 4.98 96.76 33.49 33.68
ALVEL 7.32 544.3338 1 230.33 912 741 99.99 40.31 48.36
FDEKL 5.50 326.1703 2 300.05 5931 5.12 100.00 58.69 61.54
FLGSF 7.55 570.2920 1 231.74 934 6.74 99.96 33.44 31.64
FYAPE 5.74 626.2814 1 244.72 2299 4.18 100.00 66.49 66.40
GFQNA 4.50 536.2458 1 220.62 1214 7.16 78.76 34.47 38.77
KFWGK 5.00 333.1909 2 296.41 878 4.19 100.00 99.98 100.00
LAKEY 4.23 312.1727 2 277.79 4602 2.52 100.00 61.22 91.98
LFGDE 6.00 580.2609 1 227.53 825 7.83 99.79 28.10 35.07
LGEYG 495 538.2504 1 218.61 831 3.51 90.99 32.33 35.78
LILNR 5.33 314.7094 2 287.40 797 7.07 99.75 30.78 4793
LPKIE 542 300.1912 2 284.85 8843 6.91 100.00 60.78 99.87
LVELL 7.98 586.3803 1 241.49 707 5.49 90.22 33.34 64.02
LVEVS 5.21 546.3130 1 22432 4239 0.63 99.26 39.13 54.87
TAPEL 6.26 592.2976 1 235.28 15,546 5.29 100.00 93.48 93.12
TVFDK 4.61 305.1650 2 284.60 2748 4.80 99.98 66.96 61.71
VEVTK 3.65 288.1730 2 275.74 7041 8.04 98.83 39.91 48.04
VVSTQ 3.53 533.2928 1 218.72 3638 5.90 98.97 43.60 46.92
Table A8. The proposed hexapeptide sequences and observed relative consumption during fermenta-
tion with Lalvin ICV Opale 2.0™, Lalvin Persy™ and Lalvin QA23™ of the modified synthetic must.
Peptide sequences were acquired by peptide mapping to bovine serum albumin protein sequence
(UniProtKB-P02769 (ALBU_BOVIN)). * Elution within void volume. Additionally presented are the
retention time, observed m/z, collision cross section values, as well as the averaged peptide intensities
at the starting point and associated relative standard deviations.
Lalvin ICV . ™ . ™
Peptide Retention Observed CCs Av.er.a ge o Opale 2.0™ Lalvin Pers.y Lalvin QA2.3
. . . Charge <2 Original %RSD . (Consumption, (Consumption,
Candidate  Time (min) mlz (A?) . (Consumption, o o
Intensity %) %) %)
AFDEKL 5.70 361.6892 2 288.60 36,673 6.08 88.2 42.5 409
DAFLGS 391 305.1472 2 27491 15,458 6.56 99.9 36.2 41.2
DTHKSE * 1.19 358.6637 2 292.00 4537 2.90 95.4 8.3 11.6
KDAIPE 4.55 336.6810 2 286.40 952 7.69 71.7 35.6 27.2
KFGERA 3.66 354.1946 2 298.79 1133 3.60 93.9 2211 279
KFPKAE 4.01 360.2070 2 308.56 2291 5.69 100.0 394 443
LFGDEL 743 693.3452 1 253.69 902 10.18 100.0 34.2 32.5
LLPKIE 6.10 356.7331 2 315.47 1720 7.65 100.0 41.7 46.1
LPKIET 5.60 350.7149 2 292.34 7905 6.27 96.9 31.0 31.1
NLPPLT 6.57 654.3815 1 248.25 1517 7.63 80.2 51.5 43.0
TVFDKL 6.40 361.7072 2 295.17 2718 5.65 100.0 359 40.2
VEGPKL 5.33 321.6941 2 280.58 9864 5.33 85.6 38.7 39.6
VSTPTL 6.14 617.3495 1 238.79 674 5.56 100.0 43.6 46.0
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[bookmark: _Toc517344495]Advancements in big-data capture are required to aid scientists in better understanding processes in systems biology and the design of industrial bioprocesses. The requirement for high-quality big-data is driving the necessity for increased chromatographic and 
mass spectrometric selectivity, as well as detector sensitivity, dynamic range, and acquisition speed, which should be achieved along with increasing analytical throughput. As maximising analyte coverage increases the cost and complexity of associated targeted analysis, untargeted analysis plays an important role in the discovery and relative quantification of metabolites in biological systems. Thus, untargeted analysis acts as an important prerequisite step for the subsequent quantitative targeted analysis.

Peptides are a class of compounds that are analysed in both metabolomics, 
where they occur as native metabolites, and proteomics, where they are analysed as intermediaries for protein identification and quantification. Most of the recent peptidomics methodologies are affected by lower throughput and sample preparation, which results in diminished profiling of the lower molecular weight peptidome.

This thesis aims to provide an overview of the application of liquid chromatography, coupled with mass spectrometry for peptidome profiling and semi-quantitative screening in different fermentation matrices, such as cheese, synthetic grape must, and beer wort. Special focus was put on improving the throughput, ease of use and flexibility of peptidome profiling and screening in complex biological matrices. The summary of theoretical and practical knowledge given in the literature review, published articles 
and supplementary materials, present a basis and progression from a very sensitive nano-UHPLC[footnoteRef:2] with data-independent acquisition workflow toward a higher-throughput workflow utilising low-flow UHPLC1-coupled IMS[footnoteRef:3]-enabled data-independent acquisition and simplified sample preparation. As a result, the reader is provided with a better understanding of critical correlations between chromatographic performance, data acquisition strategies and data processing workflows. [2:  Ultrahigh pressure liquid chromatography]  [3:  Ion mobility separation] 






[bookmark: _Toc114431484][bookmark: _Toc120698037]Literature Review

Metabolomics and proteomics are fields of analytical chemistry that provide complementary information to other omics techniques, such as genomics and transcriptomics. While metabolomics focuses on smaller molecular weight compounds (typically up to 1500 Da), the advancement in genome sequencing has sparked the interest in the functional analysis of gene products, resulting in the establishment of proteomics  (typically over 10 kDa) (Martini et al. 2021). However, the increasing interest in the analysis of peptides in their native form has resulted in the subdivision of peptidomics as a separate compound-class-centric field of analytics. Due to various practical reasons, discussed later, the analysis of small peptides has been recently attracting particular interest across many industries. 

The two approaches of omics include targeted and untargeted workflows. According to Gerstman and Barshop (2018), targeted workflows aim to accurately quantify specific, known compounds within an established range of concentrations while untargeted workflows focus on all detectable analytes to statistically establish what compounds 
(if any) significantly differentiate samples or groups of samples. Subsequent analysis of the data generated by the untargeted analysis typically allows for the identification of the unknown compounds, but it can also provide relative quantitative information across sample groups. This may be useful for further targeted analysis of compounds of interest (Schrimpe-Rutledge et al., 2016). As the core principles of both metabolomics and proteomics significantly overlap with peptidomics workflows, they also introduce the associated benefits and inherent challenges of both into the peptide analysis (discussed in the dedicated sections) (Figure 1). 
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Figure 1. Overview of LC-MS-based omics and respective challenges. 







Although the ultimate goal of metabolomics is to analyse the entire chemical space of a biological system, the current state-of-the-art technology is still far from reaching that goal (Pinu et al., 2019). While optimising the peptidomics workflows, this thesis focuses on highlighting and overcoming some of the challenges associated with the untargeted analysis of peptides in complex matrices. 

[bookmark: _Toc114431485][bookmark: _Toc120698038]Peptides as a Chemical Class

Peptides are considered one of the major classes of polymeric biomolecules consisting of peptide bond-linked amino acids (AA). Amino acids consist of amino (-NH2), carboxyl (-COOH) and side chain (R) groups that are connected by an intervening carbon atom (Figure 2).  
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Figure 2. Structure of amino acid. Adapted from “α-amino acid structure” by Aouniti et al., 2017.

The peptide bond is an amide-type covalent chemical bond linking two consecutive amino acids from the carbon of one amino acid (C-terminus) and the nitrogen of another (N-terminus), along a peptide or a protein chain (Figure 3). 
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Figure 3. Formation of a peptide bond from two amino acids. Adapted from “peptide bond formation by a condensation reaction” by H. Panayiotou, 2004.

The diversity of amino acid properties, attributed to their side chains (Figure 4), and the very high degree of combinations possible result in peptides’ diverse physicochemical properties and the ability to form various structural conformations, including the formation of cyclic peptides which makes their analytical determination and identification a challenge. 

[image: ]

Figure 4. Amino acid classification and their physicochemical properties. Adapted from “amino acid chart” by K. Steward, 2019.

Finally, further complicating the peptide chemical class, there are over 300 types of modifications that may be associated with peptides including, oxidation, methylation, acetylation, phosphorylation, glycosylation and lipidation that frequently play important biological or technological roles (Zhao and Jensen, 2009).

[bookmark: _Toc114431486][bookmark: _Toc120698039]Scientific and Technological Interest in the Analysis of Peptides

Peptides play many important roles in the processes and products of various industries. Among others, these include the pharmaceutical, food, feed, and biotechnology industries. Some examples which further justify the requirement for (untargeted) peptide analysis are given below.

Peptides as flavour compounds. Naturally and artificially occurring proteolytic mechanisms in foods and beverages (such as cheese, yoghurt, soy sauce etc.) produce taste-active peptides that are often attributed to the organoleptic properties of the final product. Although five taste categories (sour, salty, sweet, bitter and umami) are recognised, sweetness, bitterness and umami are considered the most important for food acceptance or rejection of the product (Temussi., 2011). Temussi (2011) summarised the classification of taste-active peptides as sour peptides (acidic AA rich), bitter peptides (hydrophobic AA rich), and peptides with little to no taste (balanced AA composition). Although there are no naturally occurring sweet peptides, synthesised short peptides (for example aspartame) play an important role as artificial sweeteners. It is important to note that the taste of peptides is not directly related to the taste of amino acids, and it is often affected by the conformation of the peptide. In addition to the hydrolytic enzyme-driven peptide-producing mechanisms, the heat- or acid-induced peptide bond cleavage of proteins during food processing can also result in the formation of peptides (Bikaki et al., 2021). For example, hydrophobic peptides, formed during coffee bean roasting and brewing, contribute to the distinct taste associated with coffee beverages. 

[bookmark: _Hlk114471192]Bioactive peptides. Peptides that can carry out specific biological functions, next to being an important source of amino acids, are referred to as bioactive peptides. One of the mechanisms of the formation of the bioactive peptides is the proteolytic effect of food processing and namely by the activity of probiotic bacteria (Romero-Luna et al., 2022). Agyei and Danquah (2011) claim that the advantages of bioactive peptides, such as a wide action spectrum and low toxicity as well as high biospecificity, made them one of the prime research foci of the biopharmaceutical industry. Food-derived bioactive peptides, discovered in fermented foods as well as in both animal and human intestinal digesta, are reported to have a positive influence on digestive, endocrine, immune, nervous as well as cardiovascular systems (Moughan et al., 2014). For example, plant-derived peptides with an angiotensin-converting enzyme and pancreatic lipase inhibitory properties are reported to help modulate hypertension and diabetes (Urbizo-Reyes 
et al., 2021).

Peptides as a nitrogen source during fermentation. Alongside free amino acids, peptides can also provide an important assimilable organic nitrogen that, unlike inorganic nitrogen, can be utilised by a broad range of species of microorganisms. Peptones and yeast extracts, depending on the raw material and proteolytic enzymes used, can contain a wide variety of peptides which can be easily assimilated by industrially important microorganisms and thus, the study of peptides in such complex fermentation ingredients or of the proteolytic activity of various proteases used to produce them is yet another important application of peptidomics (Proust et al., 2019). In addition to industrial microbial cultivations, certain naturally occurring peptides in many food and beverage fermentations (beer wort, grape must, whisky mash etc.) also act as a valuable  nitrogen source and thus, making peptide analysis even more important as mostly smaller peptides can be assimilated by yeast (Kevvai et al., 2016).

While overlapping with proteomics and metabolomics, the diversity of chemical properties of peptides as well as the wide scope of their applications, has justified peptidomics emerging as a separate subdivision of omics to tackle the challenges unique to the analysis of this class of compounds. The major challenges of peptidomics include the identification of short (2-4 AA) peptides as well as their quantification (discussed below), especially in complex natural matrices.

[bookmark: _Toc114431487][bookmark: _Toc120698040]Experimental Design for Untargeted Peptidomics Experiments

Despite the proposals for various approaches in untargeted omics, a universal workflow to account for all challenges associated with the untargeted peptidomics pipeline is yet to be fully established and widely recognised (Sumner et al., 2007). Any untargeted omics experiment that aims to provide meaningful and statistically significant results consists of several critical steps that play an important role in the overall success of a study. Those steps can be generalised into four main parts: I) experimental design, II) pre-analytical, III) analytical, and IV) post-analytical stages. Proficiency in untargeted peptidomics comes from understanding and balancing the trade-offs intrinsic to any analytical methodology associated with each of the four steps. 

The main goal of an efficient experimental design is to minimise the required study input while maximising the output. Higher throughput can be partially achieved by limiting types of experiments that would inherently provide little additional information or discriminatory power. Power analysis is a statistical tool that can provide valuable information on the number of samples or replicates required for analysis to achieve group differentiation at a desired significance level (Dicker et al., 2010; Nakayasu et al., 2021). Power analysis is especially useful in the case of large cohort studies, where running even one additional replicate per sample can result in days of extra instrument usage time. Moreover, preliminary knowledge about the sample (e.g., protein sequence, chemical modification, or protease cleavage specificity) can also often provide valuable insight.

Although statistical analysis is typically one of the last steps in the untargeted workflow it is greatly affected by the experimental design. Thus, the background knowledge for a sample and a suitable number of biological and technical replicates are vital to ensure the best data quality possible.

[bookmark: _Toc114431488][bookmark: _Toc120698041]Pre-Analytical Steps for Untargeted Peptidome Analysis

Even though numerous analytical methods, such as nuclear magnetic resonance, capillary electrophoresis, and various types of chromatographic techniques coupled to mass spectrometry (MS) are commonly utilised in untargeted omics, the most used technique to study peptides is liquid chromatography (LC) coupled to mass spectrometry (LC-MS). Hence, all pre-analytical steps discussed next are concerned with LC-MS-based analysis.

Sampling and storage. As with any other analytical technique, the untargeted peptidome analysis process starts with the collection of a sample and its preparation for the subsequent instrumental analysis. That includes representativeness of sampling, fixation, and storage of the sample before downstream sample preparation. Lyophilised peptides (or samples containing peptides) are generally considered stable when stored at - 20 °C in dry, anaerobic, and light-free conditions. However, additional precautions should be considered when storing peptides in solution or as a part of a complex biological sample. Namely, the number of freeze-thaw cycles should be minimised and thus, for repeated use samples should be aliquoted. Further, additional concerns for long-term storage of peptides are oxidation and residual proteolytic activity in many biological matrices, which might require storage at even lower temperatures (≤ - 80 °C) for full inactivation (Morris and Marchesi, 2016). Finally, non-specific binding of the peptides to various container surfaces (plastic, glass, and metal) can occur and thus, when possible, strategies to minimise sample loss should be in place to maximise peptide recovery (DeLano et al., 2021).

Sample preparation. The main goal of sample preparation for analysis is to ensure the sample’s compatibility with downstream sample manipulations. As with any untargeted omics study, peptidomics typically aims to characterise as broad a peptide profile in a sample as possible, and thus, sample preparation might present a unique set of challenges. Due to the broad range of peptides’ physicochemical properties (polarity, electrical charge, and molecular size) in the biological samples, an increased sample preparation selectivity for peptides with specific chemical properties will typically result in a diminishing global profiling coverage (Finoulst et al., 2011). For example, commonly used peptide desalting and clean-up (solid-phase extraction, SPE) after tryptic digestion of proteins (used in proteomics) might not be well suitable to analyse smaller naturally occurring peptides due to differences in hydrophobicity and thus, potentially resulting in their loss during reversed-phase SPE. Peptides with up to 6 amino acid residues are typically fully dissolved in water unless the entire sequence of the peptide consists of hydrophobic amino acids, such as W, L, I, F, M, V and Y. However, longer peptides might require adjustment of pH or the addition of an organic solvent to ensure full solubility. Therefore, for untargeted peptidomics, the least invasive and balanced sample preparation that ensures sample solubility and compatibility with subsequent analysis is often preferred due to the least adverse effect on the sample composition. 

Protein precipitation is a frequently used technique to remove peptides and proteins that, under reversed-phase (RP) and hydrophilic interaction chromatography (HILIC) conditions used for peptidomics, might otherwise precipitate during instrumental analysis, potentially resulting in loss of the sample or even damage to the hardware 
(Fic et al., 2010). However, the precipitation solvent and protocol should be carefully designed to avoid diminishing recovery of peptides due to sugaring-out, associated with precipitation of biological matrices rich in sugars (Wang et al., 2008).

Another sample preparation method that provides easy sample clean-up with minimal undesired side effects is ultrafiltration (Boukil et al., 2018). Ultrafiltration allows the analysis of specific molecular weight ranges, unobstructed by compounds outside of the desired molecular weight range. However, ultrafiltration should be used with some caution as it might not remove all compounds, precipitation of which might occur under the aforementioned conditions. 

Lastly, chromatographic sample fractionation is often considered part of sample preparation, while it is an equally valid part of two-dimensional liquid chromatography (2DLC). In this thesis, chromatographic fractionation will be further discussed in the section on peptide separation by liquid chromatography. 

[bookmark: _Toc114431489][bookmark: _Toc120698042]Instrumental Steps for Untargeted Peptide Analysis

This thesis primarily focuses on the hyphenation of liquid chromatography to electrospray ionisation-based (ESI) high-resolution mass spectrometry (HRMS). Even after many decades of continuous research, improvement, and application of both liquid chromatography and mass spectrometry, there is still significant room for further improvement of sensitivity, linear and dynamic ranges, ion mobility resolution, and identification accuracy. The technicalities of each will be discussed in subsequent sections. 

[bookmark: _Toc114431490][bookmark: _Toc120698043]Sample Introduction in LC-MS Analysis of Peptides

Sample introduction is an intermediate step between sample preparation and instrumental analysis. Although there are two main ways of introducing the sample into the system, namely infusion and injection, the latter is used in combination with LC. Sample introduction should facilitate the transfer of the prepared sample into the LC system without causing sample/analyte alternations or loss. 

As mentioned in the sample preparation section, one of the most prominent issues encountered during sample introduction (but which also applies to many subsequent sections) are non-specific interactions of analytes with the sample-wettable metal-based surfaces, such as storage containers, sample needles, transfer tubing as well as analytical columns (DeLano et al., 2021; Liu et al., 2022). For example, phosphorylated compounds, including but not limited to phosphopeptides, are known to non-specifically adsorb onto sample-wettable surfaces of the regular LC systems (Guimaraes et al., 2022). A common counteraction against this is the replacement of commonly used stainless-steel components with those from alternative materials, e.g., titanium-based and polyether ether ketone (PEEK)-lined components. Although titanium-based hardware shows improvement compared to stainless steel, titanium is still a metal and does not fully mitigate the issue. PEEK-lined hardware greatly minimises secondary interactions but suffers from reduced structural integrity compared to metal-based hardware and thus cannot be fully deployed in ultrahigh pressure applications. One of the most promising developments is the proprietary surface treatments that mitigate the undesired interactions. One such treatment is MaxPeak high-performance surface (HPS) treatment by Waters (Milford, MA, USA). Surface treatment can not only be applied to the LC hardware but also to the inner surface of analytical columns showing great recovery of the intensity of such challenging compounds such as phosphopeptides (Isaac et al., 2022). HPS can also be applied to the sample container surfaces greatly improving the long storage recovery and sensitivity of “sticky” compounds (Liu et al, 2022).

Although not peptide-specific, another important aspect that is often overlooked is the specifics of various injection mechanisms. The main injection mechanism types employed in LC are either a fixed loop (FL) or a flow-through needle (FTN) (Gritti et al., 2022). Unlike FTN, FL is characterised by the sample needle not being part of the main mobile phase flow path. A sample is aspirated into a loop, that is isolated from the flow path during aspiration, which is then incorporated into the flow part via a fluidics valve position switch. In the FTN configuration, the needle is a part of the main flow path and acts as a sample loop, facilitating aspiration, storage, and transfer of the sample. Although serving the same purpose, both systems have notable differences. The first difference is the volume of sample needed with sample aspiration, which might be crucial for applications with a limited sample quantity. In FTN-based systems, the injected volume is typically the same or very close to the consumed sample volume. However, 
in FL-based systems, the consumed sample volume needs to be adjusted for the sample needle volume (typically 10-30 µL) which facilitates the transfer of the sample from the sample vial to the loop. The second difference is the increased system volume of 
FTN-based compared to FL-based and consequently, increased system dispersion. Minimisation of system dispersion typically results in increased chromatographic performance.

[bookmark: _Toc114431491][bookmark: _Toc120698044]Peptide Separation by Liquid Chromatography

Three main types of LC-based applications in combination with MS can be used in peptidomics. First, flow injection analysis (FIA) is an application of LC-MS without any chromatographic separation and relies purely on the resolving power of the mass spectrometer (Nanita and Kaldon, 2016). Although this type of experiment is typically characterised by very high throughput with analytical runs often lasting as little as a few seconds per sample, it greatly suffers reduced peak capacity (maximum number of chromatographically resolvable peaks) and selectivity due to the lack of chromatographic separation (Sarvin et al., 2020). The second and most common type is single-dimensional chromatography which relies on the selectivity of a single column to separate analytes that are detected by the MS upon elution. Last, the most complex but showing the highest potential is multidimensional chromatography which combines multiple complementary separation mechanisms into one analysis.

Chromatographic selectivity considerations for peptide analysis. Similar to sample preparation for liquid chromatography, the three primary characteristics of peptides that determine their separation in LC are polarity, electrical charge, and molecular size (Bagdett et al., 2018). For untargeted peptidomics of small molecular weight peptides, the most often used separation methods are reversed-phase (Figure 5), which are 
often characterised by poor retention of polar analytes, and HILIC (Figure 6). Both reverse-phase and HILIC are used to separate analytes primarily based on their polarity.
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Figure 5. RP chromatogram of yeast extract. Poor retention (coelution and peak broadening) of polar analytes can be seen within the first 2.5 minutes of the chromatogram.
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Figure 6. HILIC chromatogram of yeast extract.

Unlike RP, HILIC often benefits from the improved signal intensity of eluting analytes due to a higher ratio of organic solvent in the initial mobile phase (easier to evaporate compared to the highly aqueous mobile phase used for RP), which results in higher ionisation efficiency of analytes.

Although typically with lesser efficiency, the size exclusion chromatography (Figure 7) (Heusel et al., 2019) and ion exchange/exclusion chromatography can also be used for specific peptidomics applications (Valeja et al., 2015). 
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Figure 7. Size exclusion chromatogram of yeast extract.



Most frequently applied RP chromatography is based on C18 column chemistry that is often modified to withstand higher concentration aqueous mobile phases and provide additional retention of highly polar compounds (especially useful for smaller polar peptides) compared to unmodified (bare silica) C18. Among HILIC-type columns, 
the most common ones are unmodified HILIC, amide, amine, and sulfobetaine-based column chemistries. A wide range of column selectivity options coupled with specific conditions, such as mobile phase modifiers, provides scientists with a great toolkit to tackle the most challenging of samples. However, the complexity of biological samples still often exceeds the selectivity and peak capacity of a single column and thus, 
two-dimensional chromatography (2DLC) has a great potential for further selectivity, sample concentration and dynamic range improvement (Zhu et al., 2021). 

 Two-dimensional applications for peptide analysis. There are two main types of 2DLC: online and offline. First, online 2DLC implies the use of both columns within the same analytical run, i.e., peptides separated by the first column are then further separated by the second column. However, unlike two-dimensional gas chromatography (GCxGC) (Ralston-Hooper et al., 2008), where analyte trap/release is efficiently implemented by a thermal modulator (as a major compound elution mechanism primarily depends on the temperature), trap/release on online 2DLC can be achieved under very specific conditions that are typically not very applicable for untargeted analysis of smaller peptides (Liu et al., 2007). For example, coupling complementary RP and HILIC into online 2DLC is not feasible as the mobile phase with weak elution strength for the first dimension acts as a mobile phase with high elution strength for the second dimension, making a separation in the second phase ineffective. Offline 2DLC (introduced in the sample preparation section), on the other hand, benefits from intermediate sample manipulation, such as eluent removal and reconstitution with a suitable solvent for the second dimension, before further separating analytes in the second column. Even though such sample handling requires more steps and can potentially lead to increased variability, it is highly scalable to multiwell plate formats, remarkably increasing the method throughput. Moreover, stacked fractionation injections can be used to significantly concentrate compounds present in low concentrations.

 Column dimensions considerations for peptide analysis. Continuous improvement of analytical columns’ properties, as well as diversification of column chemistries and dimensions, allows scientists to find solutions that are specifically tailored for peptide applications. Reduction in particle size to sub 2 micrometres resulted in the transition of LC-based methods from conventional high-pressure liquid chromatography (HPLC) to the so-called ultrahigh pressure liquid chromatography (UHPLC), that in comparison to HPLC is characterised by increased resolving power (theoretical plate number) even at higher linear velocities and increased column backpressure for the column with the same dimensions. 

 Particle size, column length, and column internal diameter (ID) are the major parameters when it comes to balancing between the sample throughput and the analyte coverage depth, as well as the amount of sample that can be efficiently loaded onto a column. Columns as short as 30 and 50 mm are typically used for applications where sample throughput is more important (e.g., for samples with low complexity) than the depth of the analyte coverage. Alternatively, columns upwards of 500 mm in length are frequently applied for metaproteomics to study samples with higher complexity to achieve the deepest profiling coverage possible (Roberg-Larsen et al., 2021). However, such applications are limited by extremely low throughput, where analytical runs can sometimes last over 10 hours. As a result, columns 100-150 mm in length are most frequently found in the methodological sections of untargeted metabolomics studies, providing the best balance between peak profile, sample capacity, resolution, and throughput. 

 In addition to particle size reduction, the improvement of manufacturing precision and accuracy resulted in the ability to produce and pack columns of smaller and smaller IDs. The transition from HPLC to UHPLC resulted in a reduction of analytical column ID from typically used 4.6-7.8 mm to 2.1 mm or narrower. The main positive change associated with the reduction of column ID is the reduction of mobile phase flow rate to achieve the same performance, which is highly beneficial for applications using MS, as ionisation efficiency is highly dependent on the ability to dissolve eluent in addition to the ability to sample the resulting ion plume. The typical UHPLC mobile phase flow rates used with 1-2.1 mm ID analytical columns are 100-1000 µL per minute. In contrast, nanoUHPLC-based applications are characterised by columns with a typical ID between 75 and 150 µm, resulting in flow rates as little as 100 nL per minute. An intermediate solution bridging the two is microUHPLC, which is typically represented by capillary columns with an ID of 300 to 500 µm and flow rates of 1-30 µL per minute.

 For higher throughput applications, the higher mobile phase flow rate required to achieve a higher linear velocity with analytical columns results in not only a significant solvent consumption of expensive LC-MS-grade solvents, but also in a significant overspray as mass spectrometers’ sampling efficiency is typically limited at around 
100 µL per minute. Although benefiting from significantly increased sensitivity (Figure 8), the application of nanoUHPLC columns can often result in the requirement for longer equilibration times between runs and dedicated hardware for low-flow applications which are prone to leaks that are hard to detect. The nano emitters or sprayers, used for low-flow applications, due to their narrower inner diameter (1-10 µm), are also highly sensitive to a column overload and can result in a blockage due to too concentrated sample injected and may require additional sample load normalisation steps during sample preparation. 
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Figure 8. Signal response increase with a decrease in flow rate (Reprinted with permission from Schmidt et al., 2003. Copyright 2022 American Chemical Society).

MicroUHPLC applications, despite also requiring specialised hardware to optimise system volume and low flow rate stability, coupled with column length of 100-150mm, strike the best balance in terms of sample throughput, chromatographic and mass spectrometric performance.

Analysis of peptides is often characterised by shallow analytical gradients that start with nearly 100% aqueous mobile phase and reach 30%-40% organic mobile phase. 
A binary solvent manager suits this kind of application best, as it provides the highest mobile phase mixing accuracy in addition to minimal system volume (compared to a quaternary system), especially when coupled to a fixed loop sample manager.

All available technical options described above and variability in column chemistries dictate the importance of understanding the advantages and limitations of each configuration to be able to tailor a system for specific application needs.

[bookmark: _Toc114431492][bookmark: _Toc120698045]Peptide Analysis by Mass Spectrometry

The mass spectrometer is a mass selective detector, suggesting that it does not only record a signal corresponding to the concentration of an analyte and its intensity but also records resolving mass spectra (MS1) (Ramachandran and Thomas, 2021). The most common types of mass spectrometers used in untargeted analysis are high-resolution mass spectrometers that are based on time of flight (TOF) or Fourier transform (FT) technologies (orbitrap and Fourier transform ion cyclotron resonance). Like in chromatography, due to the ever-increasing requirement for chemical space profiling depth, in mass spectrometry, there is never enough selectivity, sensitivity and dynamic range (Liu et al., 2007). High-resolution mass spectrometers are characterised by higher resolving power, but also by the ability to measure accurate mass. The resulting accurately recorded and isotopically resolved ion species lay the foundation for the quantitation and identification process, namely deconvolution and generation of the compound’s molecular formula. However, this alone is insufficient to identify a compound. 

Common peptide fragmentation mechanisms. A combination of various mass analysers allowed for not only improvement of selectivity, but also sensitivity and dynamic range (accurate detection and measurement of intensity within a broader range of concentrations or same spectrum) of many instruments (Valletta et al., 2021). The most frequent combination of HRMS is with a quadrupole (Q) mass analyser and a collision cell, allowing for various types of additional experiments, the most useful of which is the fragmentation of quadrupole isolated precursor ions, the fragment ions of which are resolved and detected by the high-resolution mass analyser, commonly referred as MS/MS or MS2 (daughter scan) experiment. Recorded MS2 spectra are used for interpretation of the molecular structure of a precursor ion or, in targeted analysis, also for quantitative purposes. Despite seeming similar, it must be pointed out that an MS2 experiment does not equate to an MS/MS experiment. Unlike the MS2 spectrum, which is simply a result of fragmentation (which may not involve precursor ion isolation), 
an MS/MS experiment refers to precursor ions isolation before fragmentation. In the case of specific instrument configurations (ion trap, FT or systems with multiple collision cells) multiple fragmentation experiments MS/MS/MS or MS3/MSn can be carried out to further improve identification accuracy (Olsen and Mann, 2004).

There are multiple options to fragment an ion. When it comes to the analysis of peptides, the most common fragmentation methods are collision-induced dissociation (CID), higher energy collision dissociation (HCD, used in FT instruments), and electron transfer dissociation (ETD) (Ramachandran and Thomas, 2021). During CID and HCD, 
the kinetic energy of ions is increased via collisions with collision gas, which results in an internal conversion of kinetic energy into vibrational activation (Michalski et al., 2012). During ETD, positively charged ions are fragmented by electron transfer and, unlike CID and HCD, efficient application of ETD is limited to multiply charged species only (Kim 
et al., 2010). Although the application of ETD is limited for very small peptides (that commonly ionise as singly charged species), it still finds uses for the detection of labile post-translational modification in native oligopeptides (Huang et al., 2019) as well as complementary to the CID/HCD fragmentation mechanism for longer peptides. Instruments capable of MSn can even be configured to combine ETD and CID/HCD. When it comes to differences between CID and HCD, it must be highlighted that for FT instruments under similar conditions, HCD tends to result in a capture of a higher number of smaller fragment ions. For instruments with a linear pass-through collision cell (such as QTOF), using a collision energy ramp with CID results in a wide range of fragments that would be characteristic of multiple collision energy states and thus, is preferential for high throughput applications, as it reduces the number of MS2 experiments required for broader profiling.

The differences in the fragmentation mechanisms result in different peptide backbone fragmentation patterns. During peptide backbone cleavage up to 6 distinct site-specific fragment types can form (Figure 9). While CID and HCD typically result in the formation of b- and y-type fragments, a-type fragments, as well as the loss of ammonia (in RKNQ amino acids) and loss of water (in STED amino acids), can also be sometimes observed. ETD typically results in c- and z-type fragments. 

Similar to CID, in-source fragmentation is referred to as any ion fragmentation which takes place before the collision cell. Although typically preferred to be avoided, in-source fragmentation is often applied on instruments lacking a collision cell to produce 
pseudo-MS2 or increase the number of subsequent fragmentations using a collision cell.
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Figure 9. Peptide backbone fragmentation pattern. Adapted from “peptide fragmentation nomenculature” by C. Rath, 2011



Data acquisition strategies for untargeted analysis of peptides. For complex samples with unknown composition, automation and parallelisation of MS2 spectra generation and processing were required to achieve a higher number of identified compounds per sample. An acquisition mode known as data-dependent acquisition (DDA) was proposed to help with automation (Bateman et al., 2014). DDA operates under the premise of automated triggering MS/MS experiment upon reaching the precursor ion (e.g., peptide) intensity threshold in MS1 and hence, is called data dependent. State-of-the-art mass spectrometers usually allow for rapid acquisition of data from multiple MS/MS experiments within one cycle. Although this strategy provides clearer fragmentation information (due to active narrow isolation of precursor ions with quadrupole before fragmentation), it often cannot keep up with sample complexity and modern separation techniques. Every additional MS/MS event requires additional time that extends the overall cycle time thus reducing acquisition speed. Although the required data point number per chromatographic peak in the untargeted analysis is less strict than in targeted analysis, an accurate and reproducible peak integration must still be ensured. Reduction of acquisition speed limits the high throughput separation applications that are typically characterised by faster separation and thus, narrower chromatographic peaks. It is not only challenging to combine high throughput with DDA, but also the possibility of missing an MS/MS experiment due to limited time within the chromatographic peak complicates the matter even further. Moreover, within biological systems, there is a great likelihood of variability in the analyte concentration that leads to a potential situation where the concentration of peptides might remain below the MS/MS-triggering threshold resulting in a false negative result in some of the samples. Additionally, unlike TOF, FT-based systems’ resolving power depends on the scanning speed, i.e., the higher acquisition speed, the lower instrument’s resolution, thus diminishing the highest advantage of FT-based systems (resolving power). 

Although HRMS is characterised by the higher resolution of the main analyser, 
the precursor ion isolation is still carried out by a typically low-resolution analyser, such as a quadrupole or ion trap. This can often result in coeluting compounds with similar near-isobaric mass-to-charge ratios (m/z) being co-fragmented and interfering with each other’s identification (chimeric spectra). Moreover, after a successful MS/MS experiment the precursor ion is typically excluded for the following 30-60 seconds after acquisition resulting in an increased chance of not triggering the MS/MS experiment for closely or co-eluting peptides with similar or identical m/z.

Considering the limitations of DDA, data-independent acquisition (DIA) has been introduced as an alternative (Jiang et al., 2022). Unlike DDA, native DIA does not rely on the threshold-based triggering of quadrupole-based isolation and hence, is not dependent. DIA operates by sequentially alternating between non-fragmenting collision energy 
(low energy) and fragmenting collision energy (high energy). In contrast to DDA, 
this approach ensures no missed data and benefits from a wider dynamic range, but it suffers from inaccuracies during the alignment of fragment and precursor ions as DIA relies exclusively on the accurate integration of the peak’s lift-off, apex, and touch-down points. Further improvements to the DIA experiment include increased selectivity for complex samples to reduce dependency on chromatography. Two main strategies such as stepping/scanning quadrupole and ion mobility separation (IMS) were introduced and discussed next (Puyvelde et al., 2022). 

DIA selectivity enhancement strategies. Quadrupole-enhanced DIA is a hybrid between DDA and native DIA (Chen et al., 2021). Instead of isolating a narrow m/z window (1-4 m/z) that has been selected by software based on MS1 scan precursors, the quadrupole indiscriminately steps or scans over the user-defined m/z range with an application optimised transmission window (typically 10-50 m/z) providing higher MS2 spectral clarity than native DIA. It is important, however, to highlight the difference between stepping (SWATH, Sciex AB) and scanning quadrupole (SONAR, Waters) DIA approaches. Although quadrupole-enhanced DIA modes decrease the overall duty cycle on an instrument (number of ions entering the MS vs number of ions reaching the detector), as stepping and scanning quadrupoles affect both MS2 and MS1 scans, it greatly improves spectral clarity and identification accuracy, thus profiling depth for application without sample quantity limitations. In the case of complex samples, where the coeluting analytes can often fall within the same quadrupole transmission window, SONAR provides improved discrimination power due to the scanning of the transmission window. In practice, during quadrupole scanning, unless isotopic patterns of two coeluting compounds overlap, there is a higher likelihood of the quadrupole transmission window reaching the analyte with lower m/z before it reaches any subsequent analytes of higher m/z.

The ion mobility (IM) presents a complementary separation mechanism, which 
unlike quadrupole-based selectivity enhancement approaches, utilises alternative to 
mass-to-charge ratio ion properties (Puyvelde et al., 2022). Ion mobility generates and measures the effect that an electric field has on the ions moving through a gas phase. According to Gongyu et al. (2020), the ion mobility separation (IMS) mechanisms that are frequently applied to HRMS can be subdivided into 3 main categories:

· Temporally dispersive

· Drift tube IMS (DTIMS) 

· Travelling wave IMS (TWIMS)

· Field dispersive

· Trapped IMS (TIMS)

· Spatially dispersive 

· Field asymmetric IMS (FAIMS); cylindrical geometry

· Differential mobility separation (DMS); planar geometry



Unlike the spatially dispersive ion mobility separation mechanisms, both temporally and field dispersive ion mobility separations that use a trap/eject mechanism can be calibrated to measure the ions’ collision cross section (CCS). Not only are DT-/TW-/TIMS used to increase the peak capacity and spectral clarity while maintaining or improving the duty cycle (unlike the quadrupole enhanced DIA and spatially dispersive IMS), 
but the CCS has also started gaining additional value as an extra identification qualifier 
(Tejada-Casado et al., 2018). In some cases, the use of IMS also results in the improvement of the method’s sensitivity, due to background noise reduction after the application of the IMS filter. 

All IMS-MS mechanisms to a lesser or greater degree can be tuned to allow the transmission of ions of a particular charge state. This is frequently applied for the analysis of oligopeptides with great success by excluding the transmission of singly charged ions and thus, eliminating the interfering background. Recent studies demonstrate the application of FAIMS combined with DIA for longer peptide identification, resulting in a higher number of proteins identified (Bekker-Jensen et al., 2020). However, it must be pointed out that the same studies also show that the operation of FAIMS in combination with DDA results in a reduction of peptide and protein identifications.

The attempts to combine IMS with quadrupole-enhanced DIA have been made. Most notable was the recently introduced parallel accumulation serial fragmentation combined with the data-independent acquisition (diaPASEF) by Matthias Mann’s group in collaboration with Bruker (Meier et al. 2020). The method capitalises on the correlation between mass to charge ratio and ion’s mobility to further improve the duty cycle of the instrument while proving an even greater increase for the precursor identification specificity. However, despite all the recent advancements, there is still a significant room for further improvement in selectivity and acquisition performance.

[bookmark: _Toc114431493][bookmark: _Toc120698046]Post Instrumental Steps

[bookmark: _Toc114431494][bookmark: _Toc120698047]Data Pre-Processing 

Pre-processing of HRMS data plays an important role to correct mass axis deviations and prepare data for subsequent analysis. Pre-processed peak intensities are often normalised between different analytical runs (either using spiked standards or other kinds of housekeeping ions) and chromatographic profiles are aligned based on retention time (RT). The resulting data is then used to co-detect peaks based on m/z, RT and, 
if available, CCS or drift time across the study sample set. As DDA is known to suffer from data completeness issues, “match between runs” algorithms were developed to try to mitigate the problem by extrapolating the data from the peaks that triggered MS/MS to the peaks that were below the triggering intensity threshold. 

With a high chemical complexity of the sample comes an even higher complexity of the data. This is especially true for data recorded as profile (opposed to centroid) and containing IMS data. Working with such information-rich data requires high computational resources in addition to application-specific workflows for both alignment and identification.

[bookmark: _Toc114431495][bookmark: _Toc120698048]Statistical Analysis

Depending on the sample, the data generated from untargeted peptidomics analysis can be often very complex, for example, resulting from a high number of proteins with unknown sequences hydrolysed by proteases with unknown specificities. Steps to reduce the data complexity which in turn reduces processing time should be taken. Statistical analysis and subsequent data filtration can help with multiple aspects associated with untargeted workflows. First, statistical methods such as ANOVA are often used to exclude the differences between the mean values of different groups that are not statistically significant or are random (Nakayasu et al., 2021). The use of principal component analysis and orthogonal/partial least squares-discriminant analysis 
(O/PLS-DA) allows feature clustering and visualisation of grouping differences (Windarsih et al., 2022). Not only does it help to visualise the differences and grouping, but also, in the case of using pooled QC sample, ensures the validity of the experimental design. Blank samples are invaluable assets in eliminating background from the analysis. 
As previously mentioned, power analysis is used to calculate the minimum number of samples required to detect a statistically significant difference between groups. 

[bookmark: _Toc114431496][bookmark: _Toc120698049]Peptide Identification in Complex Matrices

As the ultimate goal of peptide profiling (i.e., peptide identification) is to elucidate its amino acid sequence, three main peptide identification strategies are commonly used. Firstly, peptide mapping or database search is effectively used when peptides originate from a protein the sequence of which is known. Considering protease/peptidase specificity (if known), unknown peptides are matched against all theoretical peptides that can be a result of the hydrolysis of a given protein(s). Secondly, in case of unknown protein sequence or unelucidated protease/peptidase specificity de novo sequencing can be carried out that attempts to predict oligopeptide composition purely based on the fragment ions of particular precursor ions. Thirdly, in the case of small peptides, typically 2-5 AA, identification can often be carried out via the existing in-silico databases (ChemSpider Peptides and METLIN) that have been generated before the analysis. 

One of the biggest challenges in peptide identification is insufficient identification accuracy for unambiguous identification assignments. Unlike higher molecular weight oligopeptides, which due to a higher number of peptide bonds tend to ionise with a higher charge state (≥ 2+), smaller molecular weight peptides (2-5 AA) most commonly ionise as singly charged ions. The singly charged species produce fewer selective fragments, which leads to a reduced identification accuracy, which unlike longer peptides, renders short peptides not highly applicable to de novo sequencing. Fragmentation of quadrupole isolated precursor ions at various fixed collision energies can provide defining fragment ion ratios, resulting in a higher degree of confidence in identification results, but such experiments are ultimately aimed at identification confirmation of a small number of molecules against standards of peptide candidates and are not very applicable to large studies where identification of hundreds or thousands of peptides is a priority.

Ion mobility separations capable of measuring the ion’s CCS provide an extra qualifier to reduce false positive, potentially separate isobaric peptides and result in higher confidence in identification results. While CCS measurement is a relatively novel application and empirical CCS libraries are being constantly updated with new entries (including different adducts), a computational approach provides a more cost-efficient alternative to profiling thousands of compounds (Zhou, Tu and Zhu., 2018).

Finally, another useful tool for validation of identification is the adducts (including neutral loss) formed during ionisation (Liu et al., 2015). For example, in positive electrospray ionisation adducts would commonly include protonation of various degrees, and formation of sodium, potassium, and ammonia adducts. Neutral loss, such as loss of water, is frequently observed and can be either result of an analyte-specific ionisation mechanism or a result of unoptimised voltages leading to in-source fragmentation. 
In some cases, two conflicting adducts can result in misidentification. For example, even though the loss of water is a likely event during the ionisation of some organic and amino acids, it is not very common during peptide ionisation. For example, a protonated tripeptide Ala-Pro-Leu and protonated with a loss of water tripeptide Ser-Val-Leu will result in the same deconvoluted molecular formula of C14H27N3O5 and practically indistinguishable fragmentation patterns. Hence, loss of water should be considered for peptide identification with precaution.

[bookmark: _Toc114431497][bookmark: _Toc120698050]Peptide Quantification

Quantification presents the last, but, perhaps, one of the most challenging processes in the untargeted peptide analysis of biological samples. The analyte concentration ranges are often greater than the dynamic range of any modern MS instruments (Beri et al., 2015). Accurately measuring the concentration of analytes in one analysis is very challenging as the concentrations may differ up to several orders of magnitude.

Mass spectrometry is intrinsically not quantitative. However, using internal (including isotopically labelled) and external standards, it can be calibrated to produce an absolute concentration value for a particular analyte of interest. This forms the basis of targeted analysis, where all compounds of interest are measured against a calibration curve of response ratios between the analyte and an isotopically labelled version of the analyte (Feteisi et al., 2015). However, this approach is not the most cost-efficient and with an increasing number of analytes increases the associated cost of analysis. Relative quantification or screening (for previously identified/profiled compounds) typically uses a normalised sample load combined with a spike with a set of non-endogenous to the sample standards to account for inter- and intra-sample variation (Kultima et al., 2009; Graw et al., 2020). Analyte response values normalised against spike standards provide relative amounts of the same analyte that can be used for comparison between samples. The quantitative accuracy of this approach is highly limited compared to the targeted workflow, but the use of relative abundances still allows for making decisions on the statistical importance of the chemical space of the sample. 

Label-free quantification (LFQ) used in proteomics relies on the quantification of post-digest oligopeptides, ionisation efficiency of which levels out with an increase in peptide length (>6 AA). Shorter peptides have been demonstrated to have a vast difference in ionisation efficiency and are not applicable for LFQ (Liigand et al., 2018).

In recent years, computational approaches to estimate ionisation efficiency are being proposed. The studies are, however, frequently limited by the experimental design of the studies and a lot of further research is required to utilise similar approaches to mainstream applications (Liigand et al., 2018).

[bookmark: _Toc114431498][bookmark: _Toc120698051]Peptide Derivatisation

Derivatisation of short peptides could potentially allow tackling some of the shortcomings of identification and quantification workflows.  Qiao et al. (2012) claim that derivatisation of unmodified peptides with hydrophobic and/or basic groups will result in not only improved reversed-phase chromatographic performance (increased hydrophobicity resulting in higher column retention of polar peptides) but also increased ionisation efficiency (hydrophobic peptides undergo gas-phase protonation more easily). Moreover, neutralisation/derivatisation of the negative charge of the carboxyl group via derivatisation could further improve ionisation efficiency as well as increase the peptide’s charge state (Frey et al., 2013).  

Selective derivatisation of the C- and/or N-terminus of a peptide could result in the generation of specific fragments that would further improve identification assignment accuracy (Wang et al., 2009). However, this approach would require extended sample preparation to account for kinetics experiments with time series, where derivatisation would be required after each time point. Moreover, a dedicated software workflow would need to be created to account for peptide modifications caused by derivatisation.

[bookmark: _Toc114431499][bookmark: _Toc120698052]Aims of the Dissertation

The main objective of this thesis was to investigate and further develop methodologies for the analysis of peptides in various biological samples to improve the profiling coverage and throughput of untargeted peptides screening.



The developed workflows were tested for the following applications and categorised into three case studies:

· Case Study I: Profiling of peptide composition during cheese ripening (Publication I and Publication II)

· Case Study II: Characterisation of protein hydrolysate composition produced with the protease of unknown specificity and screening of peptide consumption by yeast during alcoholic fermentation (Publication III, Supplementary Study I) 

· Case Study III: Untargeted peptide analysis to study the effects of different brewers’ malts and mashing regimes on wort peptide profile (Supplementary Study II)



[bookmark: _Toc114431500][bookmark: _Toc120698053]Materials and Methods

More specific information regarding the methods used in each published study can be found in the corresponding publications (Appendix 1, Appendix 2, and Appendix 3). 
The following sections are presented as a consolidated part of the materials and methods, providing a broader overview, as well as outlining important aspects of supplementary studies. 

[bookmark: _Toc114431501][bookmark: _Toc120698054][bookmark: _Toc95217313]Sample Matrices

In Publications I and II, peptide profiling of two different kinds of cheese (Gouda and Emmental) was developed and carried out in response to different ripening conditions. 

In Publication III and Supplementary Study I, a methodology for analysis of the composition of small peptides in protein hydrolysates prepared with protease(s) of unknown specificity was developed and used to monitor their consumption by yeast during fermentation of hydrolysate spiked synthetic grape must.

In Supplementary Study II, the effect of different mashing regimes of malt was explored on peptides composition in the resulting worts.

[bookmark: _Toc114431502][bookmark: _Toc120698055]Sample Preparation

In Case Study I (Publications I and II), sample preparation of cheese water-soluble extracts (pH 4.6) for LC-MS analysis was accompanied by protein precipitation with acetonitrile and the following removal by centrifugation. Unlike in Publication I, in Publication II the requirement to normalise the sample load on the column was mitigated by using a larger internal diameter analytical column with higher load tolerance as well as a regular ESI source and thus, sample load normalisation was omitted.

In Case Study II (Publication III and Supplementary Study I), sample preparation of synthetic grape must and bovine serum albumin hydrolysate for LC-MS analysis was carried out by ultrafiltration and protein precipitation with acetonitrile and centrifugation. In Supplementary Study I, the enzymatic hydrolysis of bovine serum albumin (40 g/L) was performed in 10 mL potassium phosphate buffer (0.5M, pH 7) at 45°C for 24 hours. Three commercial proteases: Corolase® 7089, Corolase® 8000 and Corolase® APC (AB Enzymes, Darmstadt, Germany), and combinations thereof were studied. Samples preparation of BSA hydrolysate consisted of ultrafiltration and protein precipitation, as used in Publication III. 

In Case Study III (Supplementary Study II), different malts (Château Pilsen 2RS, Château Pale Ale and Château Distilling) were acquired from La Malterie du Château SA (Verviers, Belgium).  The worts were produced by mashing 440 grams of milled malt in 
2 litres of distilled water. For each malt, three different mashing regimes were applied (Figure 10): mash 1 (67°C for 60 min); mash 2 (20 minutes at 50°C followed by 60 minutes at 67°C); mash 3 (20 minutes at 40°C, then 20 minutes at 50°C, followed by 60 minutes at 67°C). After mashing, the worts were boiled for 60 minutes and then cooled down to room temperature on ice. The worts were subsequently centrifuged at 4667 g to remove insoluble debris. 
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Figure 10. Temperature profiles of the different mashing regimes used in Supplementary Study II.

Due to the low peptide concentrations in the obtained worts, the samples required concentration before further analysis by HRMS. For concentration via evaporation, viscosity-increasing fermentable sugars were removed by fermentation of worts with a yeast strain in which the genes encoding for peptide transporters were knocked out (Becerra-Rodríguez et al., 2021). To promote dextrin hydrolysis, glucoamylase (0.1% w/w, MEGA PACIFIC TECHNOLOGY INC, Arcadia CA, USA) was also added. 

[bookmark: _Toc114431503][bookmark: _Toc120698056]Instrumental

[bookmark: _Toc114431504][bookmark: _Toc120698057]Liquid Chromatography

In Publication I, a nanoUHPLC-FL (NanoAcquity, Waters Corporation, Milford, MA, USA) system was used. The LC system operated in forward-trap mode. A short column with a larger diameter and particle size (Acquity UPLC® Symmetry C18 Nanoacquity 10 k 2 g V/M, 100A, 5 µm, 180 µm × 20 mm, Waters Corporation, Milford, MA, USA) was used to trap peptides that were then analysed with a nanoUHPLC column (Acquity UPLC® M-Class HSS T3, 1.8 µm, 75 µm × 150 mm, Waters Corporation).

In Publication II and III, as well as Supplementary Study I and II, an analytical 
UHPLC-FL (I-Class Plus, Waters Corporation, Milford, MA, USA) using Acquity UPLC® HSS T3 (1.8 µm, 1 × 150 mm, Waters Corporation) was used. Chromatographic conditions used in Supplementary Study I and II were identical to Publication III.

[bookmark: _Toc114431505][bookmark: _Toc120698058]Mass Spectrometry

For Publication I, a MALDI SYNAPT G2-Si mass spectrometer (Waters Corporation, Milford, MA, USA) with NanoLockSpray exact mass ionisation source was used. 
The instrument was operated in MSE (DIA mode) as the travelling wave ion mobility separation option was not enabled.

For the remaining publications and supplementary studies, Vion IMS QTof mass spectrometer (Waters Corporation, Milford, MA, USA) was used and operated in HDMSE, TWIMS-enabled DIA.

[bookmark: _Toc114431506][bookmark: _Toc120698059][bookmark: _Toc95217314]Data Processing and Analysis

Data processing was carried out using various software packages and workflows.

In Publication I, MassLynx (Waters Corporation, Milford, MA, USA) and Progenesis QI for Proteomics (Nonlinear Dynamics, Newcastle, UK) were used to acquire, process, and analyse the raw data. 

In Publication II, UNIFI large molecule package (Waters Corporation, Milford, MA, USA) in conjunction with in-house data analysis and visualisation scripts written in the PythonTM programming language (Python Software Foundation, Wilmington, USA) were used to acquire, process, analyse and visualise the raw data.

In Publication III and Supplementary Studies I and II, UNIFI Large molecule package (Waters Corporation, Milford, MA, USA) and Progenesis QI (Nonlinear Dynamics, Newcastle, UK) in conjunction with in-house data analysis and visualisation scripts written in the PythonTM programming language (Python Software Foundation, Wilmington, USA) were used to acquire, process, analyse and visualise the raw data.



[bookmark: _Toc114431507][bookmark: _Toc120698060]Results and Discussion

The results presented below are based on three publications and two supplementary studies. Considering the variability of the aims of the studies and the experiment design used, a summary of the main outcomes and the scientific/technological impact concerning methodology and respective outcomes are given in Table 1. In Case Study I (Publications I (P1) and II (P2)), the methodology development and optimisation of the analytical throughput for the cheese peptide profiling during ripening were carried out. In Case Study II (Publication III (P3) and Supplementary Study I (SS1)), peptide profiling of BSA hydrolysates prepared with different proteolytic enzymes was carried out. 
In Publication III, peptide profiling of BSA proteolytic digest prepared with the industrial protease of unknown specificity was carried out, including an assessment of consumption of these peptides by yeast during fermentation in synthetic must. In Case Study III (Supplementary Study II (SS2)) we explored the effect of different malt types and mashing regimes on the resulting peptide composition in the wort. 



Table 1. Outcome and impact of the studies.
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[bookmark: _Toc114431508][bookmark: _Toc120698061][bookmark: _Toc95217318]Case Study I: Peptide Profiling and Screening During Cheese Ripening (Publications I and II)

Case Study I aimed at investigating the improvement of the analytical throughput of cheese ripening characterisation using peptide profiling via different approaches: application of nanoUHPLC (75 µm ID, flow rate of 0.3 µL/min) combined with 
data-independent acquisition mode (Publication I) and a narrow bore analytical column on UHPLC (1 mm ID, flow rate of 100 µL/min) was used in combination with ion mobility enabled DIA mode to characterise cheese proteolysis (Publication II). 

Chromatographic conditions relative to sensitivity and sample preparation. Although the column load on the nanoUHPLC column (200 ng) was significantly lower than on the analytical column, the resulting base peak intensity (BPI) profile from nanoUHPLC (4.5e6) was more than 25-fold higher than the BPI profiles acquired using the analytical column (1.8e5) (Figure 11). However, a significantly higher loading capacity of the analytical flow system resulted in simplification of the sample preparation that did not require sample concentration normalisation and thus, no further back-calculation to the original sample concentrations. 
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Figure 11. Comparison of cheese BPI profiles (retention time vs intensity): Top- nanoUHPLC-HRMS (Publication I); Bottom- UHPLC-IMS-HRMS (Publication II).

Peptide retention profiles. The overlay of total ion current (TIC) chromatograms of peptide profiles acquired in Publication II (Figure 12) better illustrates not only early eluting species that might have been lost with nanoUHPLC (due to loading into a trap column, Figure 11 Top) but also far better gradient utilisation to analyse the samples.
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Figure 12. Cheese starting point sample TIC profiles (retention time vs intensity) UHPLC-IMS-HRMS overlay (Publication II).

MS sensitivity relative to the instrumentation used. In Publication II, the overall sensitivity loss, resulting from using travelling wave IMS-DIA (estimated at 20-30% versus native DIA) was mitigated by the higher sensitivity of the Vion IMS QTof (Water Corporation) compared to the SYNAPT G2-Si (Waters Corporation), used in Publication I. Considering the sensitivity performance characteristics of both systems, the nanoUHPLC demonstrated superior sensitivity results compared to analytical UHPLC.

The number of peptides identified. Both methods allowed the identification of over 400 peptides arising from casein hydrolysis. However, comparing BPI profiles from both publications, a significant delay in the elution profile from nanoUHPLC can be observed (Figure11). The main reason for such delay was the requirement of the trap-elute step prior to separation on the analytical column. Moreover, sample complexity observed in the TIC profile of UHPLC (Figure 12) suggests that further improvement to the elution profile should have been made.

Although other studies have demonstrated higher numbers of identifiable peptides in similar studies (that are typically achieved with 2-4 hour analytical gradients), the final sample comparison is often narrowed down to the most significant peptides (abundance or fold change; typically less than 500, Taivosalo et al., 2018), thus making increased throughput (with no significant detrimental effect on the statistical model) a higher priority than deeper profiling capabilities.

The software played an important role in the analysis of data. PQI for Proteomics (Nonlinear Dynamics) used in the Publication I allowed for automated peak alignment, normalisation and processing, all of which had to be done manually or with help of Python script in the former study described in Publication II.

The addition of TWIMS in Publication II revealed the presence of peptides with the same sequence, CCS values of which were not identical. This allowed for even finer alignment and filtering as many peptides were either coeluting or eluting very closely. One of the possible explanations is that the peptides can originate from different protein isoforms, the structural conformation of which might be different. These peptides would have been fully missed with DDA mode due to dynamic exclusion, typically for 30-60 s, of species of the same m/z and therefore would have not been selected for fragmentation. 

Finally, reflecting on the benefits and drawbacks of the methods tested in both publications, a combination of 300 µm ID column and IMS-enabled DIA is highly recommended for peptide analysis in cheese to achieve high throughput while maintaining high sensitivity.

[bookmark: _Toc114431509][bookmark: _Toc120698062]Case Study II: Peptide Mapping and Screening of Protein Hydrolysate Consumption During Alcoholic Fermentation (Supplementary Study I and Publication III)

In Case Study II, the use of UNIFI-based peptide mapping in combination with Progenesis QI (Nonlinear Dynamics) for profiling and screening of smaller molecular weight peptides was investigated. 

First, the proteolytic activity of three commercial proteases or a combination of those was characterised to find a suitable protease for BSA hydrolysis (Supplementary Study I).  As the goal of Publication III was to develop a methodology for assessment of peptides assimilation by yeast, the main criterium was to find a protease or combination of proteases that produces a peptide mixture from BSA with the maximum number of 
small MW (2-5 AA) peptides assimilable to yeast, with the least release of free amino acids. Based on this criterium, Corolase® 7089 (AB Enzymes, Darmstadt, Germany) was chosen for its ability to generate a significant number (123 peptides chosen for relative quantification) of small MW (di- to penta-) peptides while leaving the lowest concentration of free AA (Table 2). 



Table 2. Comparison of performances of different industrial proteases and their combinations.
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Although small peptide sequence identification using this method remains a challenge (due to uncertainty in absolute identification assignment of short peptides), the tentative peptide identification still provides useful information about peptides' chain length and amino acid composition. The proposed methodology, relying on the reduced sample complexity, benefits from a significantly shortened time required for sample analysis, namely 18.5 min (compared to 70 and 48.5 min for Publications I and II respectively). 
For large cohort studies, even sub-20-minute analytical runs can result in weeks-long sample sets. Therefore, further improvement of the method throughput should be investigated.

[bookmark: _Toc114431510][bookmark: _Toc120698063]Case Study III: Untargeted Peptide Profiling During Wort Production (Supplementary Study II)

Based on the results of Publication III and namely, the correlation of identification assignment accuracy between peptide mapping and untargeted analysis, Supplementary Study II was carried out to evaluate the effects of different malt types and mashing regimes on the resulting peptide composition in the respective worts. Figure 13 (from Publication III) reiterates the applicability of the fully untargeted peptidomics approach, where protein sequence might not be available. Namely, assignment of peptide length and peptide amino acid composition (non-discriminating to leucine and isoleucine) by fully untargeted workflow matched 90.5% and 71.4% of the assignment by the peptide mapping approach (using BSA sequence and non-specific cleavage). Being fully based on the untargeted workflow, Supplementary Study II was most dependent on the statistical evaluation of the samples. Table 3 provides a short recap of the samples studied.
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Figure 13. The dependence of the peptide matching specificity criteria on the peptide identification assignment discrepancy (Arju et al., 2022).















Table 3. Malt types, mashing regimes, and respective sample numbers (Figure 10).

		

		Malt



		

		1

		2

		3



		

		Château Pilsen 2RS®

		Chateau Pale Ale®

		Chateau Distilling®



		Mashing regime

		1

		1.1

		2.1

		3.1



		

		2

		1.2

		2.2

		3.2



		

		3

		1.3

		2.3

		3.3







Based on the tentative identification of 183 peptides (Chemspider_Peptides database) with a fold change over 1.5, the PLS-DA showed a distinct separation of samples prepared with different malt types (Figure 14) and mashing regimes (Figure 15).
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Figure 14. PLS-DA, grouping accordingly to malt type. Blue- Pale Ale and Distilling malts; Red- Pilsner malt (Table 3).
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Figure 15. PLS-DA, grouping accordingly to mashing regime. Red- mashing 1; Blue- mashing 2; Green- mashing 3 (Table 3).

Further data review confirmed the trends between relative peptide abundances of Pilsner, Pale Ale, and Distilling malts (Figures 16 and 17) as well as between mashing regimes 1, 2 and 3 (Figures 18 and 19).
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Figure 16. Relative peptide abundance changes due to different malt types (higher in Pilsner malt).
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Figure 17. Relative peptide abundance changes due to different malt types (higher in Pale Ale and Distilling malts).

Figures 16 and 17 highlighted two trends that contribute to the differentiation observed in Figure 14. Namely, worts prepared from Pilsner malt (1.1-1.3) differentiated those from Pale Ale (2.1-2.3) and Distilling (3.1-3.3) malts. Each line in the graph represents the relative abundance of the most notable peptides (i.e., those with the highest fold change observed during individual experiments, Table 4).



Table 4. Example of top 5 peptides with highest fold change differentiating the malt types used in Case Study II. Trend 1 represents peptides in Figure 16; Trend 2 represents peptides in Figure 17.
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Figure 15 highlights trends contributing to the differentiation observed in the mashing regimes (Figures 18 and 19), most notable (highest fold change top 5) of which are presented in Table 5.
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Figure 18. Peptide relative concentration trends due to differences in the mashing regimes (increasing peptide abundance with every additional mashing step).



[image: ]

Figure 19. Peptide relative abundance trends due to differences in the mashing regimes (decreasing peptide abundance with every additional mashing step)







Table 5. Peptides with highest fold change differentiating the mashing regimes used in Case Study II. Trend 3 represents peptides in Figure 18; Trend 4 represents peptides in Figure 19.
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Comparison between Tables 4 and 5 revealed that there was not only a higher number of peptides that differentiates the malt types (trend 1 and 2 (14/26) vs trend 3 and 4 (6/2)) but also the maximum fold change was higher (trend 1 and 2 (6/8.7) vs trend 3 and 4 (2.1/3)), compared to what was observed in case of different mashing regimes. These results suggest that malt type might have higher impact on the composition of the peptides than the applied mashing regimes. Thus, peptides composition in the worts prepared from Pale Ale and Distilling malts are much more similar than those from Pilsner malt.

Even though this study was carried out as proof of a concept, it has still managed to provide significant evidence to justify the continuation of the research, due to the high technological value in it. The outcome of this study, demonstrating differences in peptide compositions and relative concentrations in response to malt types and mashing regimes has high importance for the food and fermentation industry and deserves further research with a more optimised experimental design to achieve better differentiation and higher result confidence levels. Additionally, similar studies can be used not only to investigate the effect of different processing parameters on peptide composition but also for authentication of different products or raw materials, based on the peptide profile.



[bookmark: _Toc114431511][bookmark: _Toc120698064]Conclusions

The main objective of this thesis was to develop and implement higher throughput methodologies for peptide composition profiling and peptide consumption screening in various biological matrices applicable to food- and biotechnology. The developed methodologies were based on nanoUHPLC-DIA-HRMS and UHPLC-IMS-DIA-HRMS and were tested with three practical matrix-based case studies. 

In the first case study, the development and implementation of peptide profiling during cheese ripening were carried out. The nanoUPLC-DIA-HRMS method was developed for peptide profiling of the Gouda-type cheese ripening and a significant reduction in analysis time (70-min) was achieved. However, the drawbacks of the improved throughput were found to be an underutilised elution profile of peptides and a longer equilibration time due to the use of nanoUHPLC. The reduction in the overall number of peptide identifications (c.a. 500 in the most peptide-rich samples) was found to be sufficient for effective sample differentiation and evaluation of the proteolytic activity during cheese ripening. For peptide profiling during Emmental cheese ripening, the UHPLC-IMS-DIA-HRMS method was developed. Not only was a further reduction in analysis time (less than 50-min) achieved, but also an improvement of the peptide elution profile along with simplified sample preparation protocol were realised due to the use of UHPLC. Additionally, the use of IMS has revealed the presence of previously unreported peptide structural isomers, detection of which was made possible due to the combined use of IMS and DIA. However, the use of UHPLC resulted in a lower overall peptide signal response compared to the peptide signal response in the previously described work with Gouda-type cheese. Similar to the methodology used for 
Gouda-type cheese, the drawback of the improved throughput in this work was a reduction in the overall number of peptide identifications (c.a. 450 in the most peptide-rich samples). 

In the second case study, the peptide mapping method was developed for rapid elucidation of proteolytic enzyme cleavage specificity using UHPLC-IMS-DIA-HRMS. 
The developed method allowed for analysis of peptides composition in protein hydrolysate within less than a 20-min analytical run and consequently has contributed to a significant improvement of the sample throughput. The methodology was then applied for the untargeted screening of short peptide consumption during microbial fermentation. Another important outcome of this study is that the developed methodology can be used to profile the short peptide (2-4 AA) composition of previously unelucidated protein sources with a certain degree of confidence (peptide length and AA composition). Successful completion of this study allowed for a critical large-cohort-data evaluation and proposition of additional changes to further improve the methodology’s throughput. 

In the third case study, the same UHPLC-IMS-DIA-HRMS methodology was further shown applicable for untargeted evaluation of peptide composition in unelucidated complex natural matrices. 
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Development and implementation of high throughput peptidomics for microbial studies

Peptides are a class of highly diversified biopolymeric molecules that find many practical uses. However, their chemical diversity result in many challenges associated with their analysis , which is especially evident in the case of complex natural matrices containing peptides from undefined proteins and proteases with unelucidated specificities. 

This manuscript aims to develop liquid chromatography (LC) mass spectrometry (MS) methodologies for peptide analysis in different food matrices. The primary focus was on the untargeted workflows using ultrahigh pressure liquid chromatography (UHPLC) coupled with the data-independent acquisition (DIA) high-resolution mass spectrometry (HRMS) to improve throughput and flexibility of peptidome profiling and untargeted peptide consumption screening capabilities in various matrices such as cheese, synthetic grape must and beer wort.

Theoretical and practical knowledge created in this work, along with published data and supplementary materials present progression from a rather complex workflow based on nano-UHPLC and DIA-HRMS to a well-streamlined, high-throughput workflow utilising UPLC coupled with ion-mobility separation enabled (IMS) DIA-HRMS with substantially simplified sample preparation applicable for peptidome analysis in food- and biotechnological studies.
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Suure läbilaskevõimega peptidoomika meetodite arendamine ja juurutamine mikrobioloogilisteks uuringuteks 

Peptiidid on paljude erinevate funktsioonidega aminohapetest koosnevad biomolekulid, millede määramine võib omada tihti praktilist tähtsust. Tulenevalt oma keemilisest mitmekesisusest on peptiidide analüüs seotud mitmete väljakutsetega, eelkõige keeruliste bioloogiliste maatriksite puhul, kus peptiidid pärinevad määratlemata aminohappelise järjestusega valkudest ja/või on tekkinud teadmata spetsiifilisusega proteaaside toimel.

Käesoleva doktoritöö peamiseks eesmärgiks oli töötada välja kombineeritud vedelikkromatograafia ja massispektromeetria metoodikad peptiidide analüüsiks erinevates komplekssetes maatriksites. Töö põhifookus oli suunatud mittesihitud analüüsi meetodite väljatöötamisele, parandades peptidoomiprofiilide määramise jõudlust erinevate maatriksite näitel, nagu juust, viinamarja- ja õllevirre.

Töö teoreetilised ja praktilised väljundid koos avaldatud andmete ja täiendavate materjalidega tutvustavad edasiminekut nano-UHPLC-DIA-HRMS-il (ingl. k. nano ultrahigh pressure liquid chromatorgaphy data-independnent acquisition high-resolution mass spectrometry) põhinevalt suhteliselt komplitseeritud ja töömahukalt metoodikalt suure läbilaskevõimega metoodikale, mis baseerub UPLC-IMS-DIA-HRMS-il (ingl. k. ultrahigh pressure liquid chromatography ion mobility separation data-independent acquisition high-resolution mass spectrometry) ja võimaldab seejuures kasutada ka oluliselt lihtsustatud proovide ettevalmistust peptidoomi analüüsiks toidu- ja biotehnoloogilistes protsessides.
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