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Abstract: Mass spectrometry is a powerful tool in the hand of life science researchers, who constantly develop
and apply new methods for the investigation of biomolecules, such as proteins, peptides, metabolites, lipids,
and glycans. In this review, we will discuss the importance of mass spectrometry for the life science sector, with
a special focus on the most relevant current applications in the field of proteomics. Moreover, we will comment
on the factors that research groups should consider when setting up a mass spectrometry laboratory, and on the
fundamental role played by academic core facilities and industrial service providers.
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1. Mass Spectrometry in the Life Sciences

Mass spectrometry (MS) has evolved from a technology to
characterize small chemical molecules to an indispensable tool
in the hands of researchers in all life sciences. Thanks to their
analytical power and versatility, MS-based methods enable the
investigation of proteins, peptides, metabolites, lipids, glycans,
and biomolecules in general. Many life science studies involve
MS at some step, either to check the quality of molecules (e.g.
identity of a protein), to characterize them in detail (e.g. glycan
profiling of an antibody), to discover new markers for biological
processes (e.g. metabolites involved in a specific disease), or to
validate findings obtained by other analytical means (e.g. increased
level of specific protein post-translational modifications). Mass
spectrometry is increasingly relevant also in the biopharmaceutical
sector, where the filing of new biotechnological products
follows detailed characterization procedures defined in the ICH
guidelines (International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use).

Given its broad range of applications, MS is a field of
research and technology development on its own, with branches
concentrating on different life science disciplines, and more
specifically on distinct types of biomolecules and applications.
Examples of these disciplines are proteomics, metabolomics,
lipidomics and glycomics, which focus on the large-scale studies
of proteins, metabolites, lipids and glycans, respectively. The
analysis of these classes of biomolecules requires different
analytical workflows and instrument capabilities, but also distinct
technical and scientific expertise.

While some specialized research groups have their own mass
spectrometers for the development and improvement of MS-
methods, most life science research groups use mass spectrometry
primarily to answer a specific biological question, for which they
rely on the infrastructure and expertise of collaborators, academic
core facilities, or commercial service providers.

In the following, we will describe the most important
technological and analytical developments that shaped the
field of life science mass spectrometry, with a particular focus
on the field of proteomics. We will provide examples on how
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proteomics is applied to unravel cellular mechanisms, to analyze
protein interaction networks, or to characterize protein structures.
We will also comment on the importance of data analysis and
bioinformatics.

Finally, we will discuss the challenges associated to the
provision of life science MS services and support, and the
relevance of training life scientists in mass spectrometry.

2. Technological Developments Enabling today’s Use
of Mass Spectrometry

Alreadyin 1959, thefirstapplication of electronionization mass
spectrometry to peptide sequencing was published by the group of
K. Biemann.!!I Nearly two decades later, this technique was used
to sequence entire proteins exclusively by mass spectrometry, or
in combination with DNA sequencing data.l?l Mass spectrometry
was limited to small and thermostable molecules for a long time
because of the lack of soft desorption and ionization methods.
Biological mass spectrometry was revolutionized by the
development of ionization methods that allowed the ionization of
large, involatile, and fragile molecules.

The almost simultaneous introduction of electrospray
ionization (ESI)I3 and matrix-assisted laser desorption (MALDI)!*I
for the analysis of peptides and intact proteins represented a
major advance and brought mass spectrometry of these large
biomolecules closer to real applications. Online coupling of
liquid chromatography (LC) to an ESI-MS instrument enabled
sequencing of femtomole amounts of peptides by D. Hunt et al.
already in 1992.551 Shortly afterwards, J. Yates et al. introduced
a software tool (SEQUEST) to correlate tandem mass spectra of
peptides with amino acid sequences in protein databases.[®! This
combination of LC, ESI mass spectrometry, and protein sequence
database searches remains at the heart of mass spectrometry-
based peptide and protein analysis.

Mass spectrometry technology has been greatly improved in
terms of sensitivity, acquisition speed, massaccuracy and resolution
over the past 30 years. A variety of different mass analyzers,
hybrid instruments containing more than one analyzer, and MS/
MS fragmentation methods have been developed. Electrospray
ion sources were first connected to single and triple quadrupole
mass spectrometers. In a tandem mass spectrometry experiment
using a triple quadrupole instrument, the first quadrupole is used
as a mass filter to select precursor ions with specific mass-to-
charge (m/z) values, the intermediate quadrupole is used as a
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collision cell, and the third one is utilized to perform analyses of
fragment ions.

Quadrupole ion traps and later linear ion traps equipped with
electrospray ion sources are another type of mass spectrometers
that have been and still are in wide use for peptide and protein
analysis.[”l Their mass resolution and accuracy are relatively
low, but they provide particularly rapid and highly sensitive
fragment ion scanning. MS instruments with high resolution
and high mass accuracy analyzers were developed, most notably
quadrupole time-of-flight(® and Orbitrap®! mass spectrometers,
which also provided high sensitivity and high acquisition speed.
These substantial improvements increased confidence in the
identification of peptides and post-translational modifications.

Different types of hybrid mass spectrometers containing more
than one ion analyzer or mass filter have been created. Among
them, quadrupole Orbitrap mass spectrometers have become
particularly popular in proteomics research.l'% These instruments
combine precursor ion selection in a quadrupole mass filter and
ion fragmentation in a collision cell with highly accurate mass
detection of ions in an Orbitrap mass analyzer. A related and
even more complex instrument is the quadrupole/linear ion trap/
Orbitrap tribrid mass spectrometer.l'!l In a standard proteome
analysis performed on this instrument, intact peptide ions are
analyzed in the Orbitrap with high mass accuracy, and the less
abundant fragment ions are typically analyzed in the linear ion
trap, which provides low detection limits even at high scan speed.

In recent years, there has been growing interest in the combin-
ation of MS and ion mobility spectrometry, an analytical technique
used to separate ions in the gas phase based on their mobility
in a carrier buffer gas. A trapped ion mobility spectrometry
(TIMS) device was coupled to a quadrupole time-of-flight mass
spectrometer, to provide an added dimension of separation in
addition to LC and MS: precursor ions can be accumulated in
parallel and sequentially released from the TIMS device based
on their ion mobility. A new method called parallel accumulation
serial fragmention (PASEF) was developed, which provides
higher sensitivity and increased numbers of peptide and protein
identifications.l'2) A different type of ion mobility technique
denoted as high field asymmetric waveform ion mobility
spectrometry (FAIMS) has been implemented to separate peptides
or other analytes between liquid chromatography and mass
spectrometry.[13] As a means of online fractionation, it enhances
detection of analytes in complex samples by selectively passing
through different sets of ions upon changes of the electric field.

Collision-induced dissociation (CID), where neutral gas
atoms or molecules collide with analyte ions, is one of the most
commonly used fragmentation methods. CID fragmentation
mainly results in cleavage of the peptide backbone amide
bonds. Electron transfer dissociation (ETD) fragmentation!!4]
and related fragmentation methods are particularly suitable
for the analysis of labile protein modifications. ETD, which
involves the transfer of an electron to multiply charged peptide
ions, causes peptide backbone cleavage, while leaving labile
posttranslational modifications largely intact. High-energy
collisional dissociation (HCD),[!5I which is conceptually related
to other beam-type implementations of CID in collision cells,
became available in Orbitrap mass spectrometers. Furthermore,
a combination of HCD and ETD, electron-transfer and higher-
energy collisional dissociation known as EThcDI!0l was
implemented in hybrid ion trap/Orbitrap mass spectrometers.
EThcD spectra show fragment ions resulting from both HCD
and ETD fragmentation processes.

3. Mass Spectrometry-based Proteomics

ESI and MALDI mass spectrometry were and still are useful
in determining the molecular weights of biomolecules, and in
the characterization of single, purified proteins. A number of

developments in analytical technologies and bioinformatics
allowed the application of MS-based protein analyses to more
complex samples and eventually enabled actual proteomic
studies. As the name implies, proteomics (from protein and
genomics) aims to investigate the entire content of proteins
present in cells, tissues, body fluids, whole organisms, or in any
type of biological sample. Mass spectrometry-based proteomics
is now the most comprehensive approach for quantitative
profiling of proteins, their interactions and localizations in cells,
and for the identification of protein modifications. Proteomics
has benefitted greatly from the genetic information of various
genome projects and from the availability of commercial
instruments enabling automated selection and fragmentation of
precursor ions during LC-MS analyses.

The basic proteomics workflow includes the following steps:
protein extraction from biological samples, cleavage with trypsin
or with other proteolytic enzymes, and online LC-MS analysis
of the resulting peptides. For typical data-dependent acquisition
(DDA) measurements, also called ‘shotgun proteomics’, a
survey scan is performed, and the N precursor ions of highest
abundance are then selected for MS/MS analysis based on their
m/z values. Eventually, the sequences of peptides and associated
proteins are identified by database search algorithms (Fig. 1).
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Fig. 1. Overview of a typical proteomics workflow.
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Prefractionation of proteolytic peptides, for example by using
alternative chromatographic methods is a possibility to achieve
even deeper proteome coverage.!!”l Furthermore, comprehensive
analysis of protein modifications typically requires a specific
enrichment of modified peptides.

4. Major Proteomics Applications and Methods

In this section, we will describe the most common proteomics
workflows, together with some examples of their application to
research questions (summarized in Table 1).

Table 1. Examples of proteomics methods and their application to
research questions

Examples of research questions Methods

Protein identification and
quantification:

Metabolic labeling,®!

chemical labeling,!"*2" label-
free analysis,?!! targeted
quantification (SRM,?*! PRM, >3
DIARY)

e Identification of protein
content and of differentially
expressed proteins

e Biomarker discovery

e Study of cellular mechanisms

e Quantification of target
proteins

Interaction proteomics:
Affinity purification (AP-MS);%!
proximity labeling (BioID, !

e Analysis of protein complexes
and interaction networks

APEX127))
Understanding proteins Post-translational
e Signaling modifications (PTMs):
e Turnover Phosphorylation,?*!
e Interaction acetylation,” methylation,*"!
e Crosstalk ubiquitination,®" ADP-
e Localization ribosylation, 3234
e Enzymatic activity glycosylation!®>3!

Characterization of
protein structures (e.g.
biopharmaceuticals)

Protein characterization:
Disulfide bridges;*” N-Terminal
analysis®®!

e Protein conformation

e Protein stability

e Drug-target deconvolution

e Stoichiometry and structure of
protein complexes

Structural proteomics:
Limited proteolysis (LiP);?%
cross-linking,"“*#! native M S+

4.1 Protein Quantification
4.1.1 Discovery-based Proteome Quantification

To understand the functions of proteins, it may be of interest
to measure changes of protein abundance upon treatment or other
changes of the biological system (e.g. for the discovery of protein
biomarkers in clinical samples, or the identification of molecular
pathways affected by a drug treatment). A number of quantitative
protein profiling approaches have been developed based on the
original workflow for protein identification.

Stable isotope labeling using amino acids in cell culture
(SILAC) is an accurate and well-established method used to
identify and quantify relative changes of proteins in complex
samples.!'8] SILAC involves in vivo incorporation of heavy '*C-
or "N-labeled amino acids into proteins in cell cultures. Cells
grown under differing conditions in light or heavy media are then
mixed, and all following sample processing and analysis steps are
conducted on the combined sample. For this reason, variability due
to sample processing is greatly reduced, resulting in particularly
accurate protein quantification.

Chemical labeling with isobaric reagents, for example
iTRAQI®I and TMT,2% is a generally applicable alternative to

SILAC. It can be used to quantify relative changes in complex
protein samples in a single analysis across multiple experimental
conditions, it is applicable with all kinds of samples, and it is not
restricted to cell cultures. iTRAQ and TMT reagents are isobaric
tags, which consist of a reporter group, a linker and an amine-
reactive group, which reacts with N-termini of peptides and lysine
residues. Unique reporter ions are generated from each tag during
MS/MS fragmentation, and the peptide and protein quantification
is based on relative reporter ion intensities.

Label-free peptide and protein quantification involves
comparing the abundances of peptide ion signals in different
samples withoutthe use ofisotopiclabels.2lSamples are separately
processed and analyzed by LC-MS in label-free quantification
experiments. The approach is applicable to biomarker studies in
complex proteome samples, but also to single proteins or protein
complexes of interest. The label-free quantification experiments
have the advantages that the number of samples is not limited,
samples can be of any origin, and all MS/MS fragmentation
techniques are applicable.

4.1.2 Targeted Proteome Quantification

Data-dependent acquisition methods can certainly identify
large numbers of peptides and proteins, but complete coverage
of specific biological pathways or of functional classes of
proteins (for example kinases or transcription factors) remains
challenging. The aim of a targeted proteomics experiment is to
monitor selected peptides and proteins of interest with even higher
sensitivity, reproducibility and quantitative accuracy across
multiple samples. In the following paragraph, we describe three
widely applied targeted mass spectrometry techniques.

Selected reaction monitoring (SRM) conducted on a triple
quadrupole mass spectrometer enables sensitive detection and
reproducible quantification of preselected peptides or other
analytes.[22] In these experiments, a precursor ion is isolated in
the first quadrupole, fragmented in the collision cell, and the
previously determined fragment ions are then selected in the third
quadrupole and transferred to the detector. In parallel reaction
monitoring (PRM) experiments, 23! the third quadrupole of a triple
quadrupole is substituted with a high-resolution mass analyzer
to permit the parallel detection of all target product ions in one
mass analysis. Quadrupole Orbitrap or quadrupole time-of-flight
instruments, which provide good precursor ion mass selection and
high resolution and mass accuracy, are typically utilized for PRM.
Data-independent acquisition (DIA) aims to combine advantages
of targeted and untargeted acquisition methods.[24l It involves
acquisition of tandem mass spectra by sequentially isolating and
fragmenting broad ranges of m/z, for example 25-Da precursor
selection windows. From DIA data sets, peptides and respective
proteins are identified and quantified either directly or by targeted
data extraction using reference spectra previously obtained by
standard data-dependent acquisition.

4.2 Interaction Proteomics
4.2.1 Affinity Purification MS of Protein Complexes

The analysis of protein complexes and of protein—protein
interaction networks is of central importance in biological
research. The combination of affinity purification and mass
spectrometry (AP-MS) has been applied to characterize numerous
protein complexes and even entire protein—protein interaction
networks. Comprehensive reviews of affinity purification MS
methods and applications are provided in refs [25] and [44]. In
summary, proteins of interest (bait proteins) are expressed with
an N- or C-terminal tag, which is then used to purify the bait
protein together with interacting proteins. These enriched protein
samples are subjected to proteolysis and analyzed. Good controls
are required to differentiate interacting proteins from ubiquitous
and abundant proteins. The AP-MS technique only generates a list
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of proteins identified in a given sample and does not necessarily
reveal the composition of individual protein complexes. Not
only protein contaminants, but also weakly interacting binding
partners represent a problem in affinity purification and mass
spectrometry data. Only protein—protein interactions resistant to
lysis and affinity purification conditions can be detected by mass
spectrometry.

4.2.2 Proximity Labeling

Proximity labeling is an approach to determine proteins in the
region around a protein of interest, without requiring high affinity
of protein—protein interactions. Two different proximity labeling
methods named BioID2¢l and APEXI271 have been developed.
Proximity labeling involves enzymatic labeling of proteins or
other biomolecules near a protein of interest: by creating a gene
fusion between this protein and a labeling enzyme (biotin ligase
BirA or ascorbic acid peroxidase) in cells, biotin is attached to
proximal proteins. Biotin-marked proteins are then subjected
to affinity purification and MS analysis. Proximity labeling has
been applied for protein—protein interaction studies and also for
identifying components of organelles and cellular structures.
Recent developments in the field of proximity dependent
biotinylation and applications in proteomics studies are reviewed
in ref. [45].

4.3 Protein Characterization

Post-translational protein modifications (PTMs) often regulate
protein activity or function and eventually modify signaling
pathways and cellular processes. Many protein modifications
are reversible, and specific enzymes catalyze the addition (for
example kinases, acetyltransferases, methyltransferases) or the
removal (phosphatases, deacetylases) of modifications. Several
hundred types of PTMs have been reported in the literature,[46]
but only a few of them have been widely studied, most notably
phosphorylation and glycosylation of proteins. Sample preparation
methods and workflows for PTM analysis are similar to those for
standard peptide and protein analysis, however, comprehensive
and proteome-wide detection of PTMs of interest typically requires
an enrichment step. Alternatively, single proteins are isolated
and characterized with respect to all PTMs. Furthermore, MS/
MS spectra should contain sufficient fragment ion information
to identify the modified amino acid residue. Some PTMs with
particularly labile structures may require the application of ETD
or ETheD fragmentation.

4.3.1 Protein Phosphorylation

There are many roles of protein phosphorylation in cell
biology. The addition of phosphate groups to serine, threonine,
tyrosine, or other amino acids is fast and reversible, and represents
an important process for the regulation of protein activity and
signal transduction. Mass spectrometry-based phosphoproteomics
studies have been essential for our understanding of biological
processes altered by protein phosphorylation.[28]

A number of enrichment protocols with high specificity
for phosphopeptides have been developed, which often
result in a phosphopeptide proportion >90%. The two most
commonly utilized methods are immobilized metal ion affinity
chromatography (IMAC), for example Fe**- and Ti**-IMAC, and
metal oxide affinity chromatography, usually based on titanium
dioxide. Fe*-IMAC-based phosphopeptide enrichment and
technical advances in mass spectrometric analysis enabled the
first proteome-wide phosphorylation studies published by the
research groups of D. Huntl7l and S. Gygi.[*8] Meanwhile, tens
of thousands of phosphorylation sites have been identified in
large-scale proteomic studies. In principle, both label-free and
label-based peptide quantification approaches as well as targeted
methods are applicable in phosphoproteomic analyses. However,

quantitative analysis of single modified peptides is more difficult
compared to protein quantification, where quantitative information
is usually derived from at least two peptides.

IMAC- and metal oxide-based methods equally enrich
phosphopeptides with phosphoserine, phosphothreonine, and
phosphotyrosine residues. If tyrosine kinases and the relatively
rare tyrosine phosphorylation sites are of special interest, anti-
phosphotyrosine antibodies are frequently employed to enrich
peptides containing phosphotyrosine for MS analyses.[4%]

4.3.2 Protein Acetylation, Methylation, Ubiquitination and
ADP-ribosylation

Phosphoproteomics and glycoproteomics are important
subdisciplines of proteomics, but also acetylation of lysine
residues, methylation of lysine and arginine, and ubiquitination
of lysine represent widely studied protein modifications. A
comprehensive review of large-scale analysis of these prominent
PTMs by mass spectrometry was provided by J. Olsen and M.
Mann.5% Modification-specific antibodies against acetylated
lysinel?! and mono- and dimethylated arginine and lysine
residues3% are available and have been successfully utilized in
proteome-wide PTM studies.

The attachment of ubiquitin or of ubiquitin-related proteins
is another biologically significant protein modification, which
was difficult to study for a long time. Protein ubiquitination
and polyubiquitination events are not only involved in protein
degradation, but also in various other biological processes
including gene expression and DNA repair. In most cases, linkages
are formed between lysine residues and the C-terminal carboxylic
acid of ubiquitin. Trypsin cleavage leaves two C-terminal glycine
residues of ubiquitin on the modified lysine residues, and global
analysis of lysine ubiquitination was made possible by antibodies
against these diglycyl-lysine residues.3!1 Thousands of peptides
containing ubiquitination sites can now be enriched from complex
samples and analyzed by mass spectrometry.

ADP-ribosylation of proteins is an example of a biologically
important protein modification, which is rather understudied by
proteomic approaches for several reasons: (i) the modification
is relatively large and unstable, particularly in its polymeric
form; (ii) poly-ADP-ribosylations need to be reduced to mono-
ADP-ribosylations for analytical purposes; (iii) analysis of the
modification requires enrichment of respective peptides, which
is accomplished by using ADP-ribose-binding protein domains.
ETD or ETD-like fragmentation methods, which leave the attached
ADP-ribose largely intact, have been applied, allowing accurate
localization and assignment of the modified amino acid.[3?!
Alternatively, analyses were performed using combined HCD
and EThcD data sets.[3* The amino acid acceptor sites are still
a matter of debate, although serinel3233 and argininel*#! are now
recognized as major ADP-ribosylation sites.

4.3.3 Glycoproteomics

Glycosylation is a ubiquitous and heterogeneous post-
translational modification, regulating the activity of proteins in a
largenumber and variety of biological processes. Glycoproteomics,
which includes localization and structural analysis of glycans on
proteins, is a major subdiscipline of proteomics. The two main
types of glycosylation on eukaryotic proteins are N-glycans
linked to asparagine at consensus sites and O-glycans occurring
mainly on serine and threonine residues. Proteome-wide studies
and automated identification of intact glycopeptides comparable
to those for other PTMs has been a longstanding goal in
glycoproteomics. Proteins are first cleaved with proteases into
peptides and glycopeptides, then the samples are either enriched for
glycopeptides, for example by lectin affinity chromatography or by
hydrophilic interaction chromatography, or directly subjected to
LC-MS analysis. In principle, this approach allows identification
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of glycoproteins and of their glycosylations at specific sites, but
these proteome-wide studies are still challenging because of the
structural diversity of glycans. Several groups recently published
improved software tools for this purpose.51-531

Glycomic studies involve MS-analysis of glycan structures
released from proteins. N-glycans are released mainly by
enzymatic methods, and O-glycans by chemical or enzymatic
methods. Chemical derivatization of glycans, most commonly
permethylation, is usually performed, to increase sensitivity and
facilitate structural analysis. Glycans may be analyzed by MALDI
mass spectrometry or by electrospray mass spectrometry coupled
with liquid chromatography. In addition to analyses at the levels
of glycans and glycopeptides, directanalysis of intact glycoproteins
by high-resolution MS methods was proposed by the group of A.
Heck.351 A very detailed and comprehensive review of mass
spectrometric glycomic and glycoproteomic analyses was recently
published by L. Ruhaak er al.3¢1 A schematic of the glycan and
glycoproteomics workflows is depicted in Fig. 2.
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Fig. 2. Schematic of the MS-based workflows for glycan and
glycoproteomics analysis.

4.3.4 Disulfide Bonds

Disulfide bonds formed between two cysteine residues occur
in a significant number of proteins. They have structural and
functional roles, and they ensure proper protein folding, hence it
is particularly important to confirm correct formation of disulfide
bonds in protein therapeutics such as antibodies. Although the
assignment of disulfide bonds has been performed by MS for
several decades, it is still not a trivial task.

A typical workflow for the analysis of disulfide bonds requires
complete alkylation of free cysteines. Cleavage of native disulfide
bonds and formation of new bonds may occur during proteolysis,
particularly in the presence of free cysteines. Subsequently,
proteolytic digestion of the protein using suitable enzymes is
performed, avoiding high temperatures and alkaline pH values to
minimize disulfide bond artifacts. The disulfide-linked peptides
are then analyzed by mass spectrometry, with the aim to assign

the disulfide bridges in the protein. CID and HCD fragmentation
mainly result in peptide backbone fragmentation and leave the
disulfide bonds intact, while ETD and related fragmentation
methods primarily cleave the disulfide bonds. Experimental
strategies, LC-MS techniques, and algorithms for disulfide bond
assignment have been extensively reviewed by Labkub et al.[37]

4.3.5 Protein N-Termini

Identification of the N-termini of mature proteins and of
N-terminal modifications is an important aspect of protein
characterization. N-terminal maturation of proteins includes partial
cleavage of the initial methionine, acetylation or the addition of
other modifications, and removal of signal peptides. A strategy
for the proteome-wide determination of real protein N-termini
and of cleavage products of proteases has been developed by C.
Overall and others.[38] Their approach, named terminal amine
isotopic labeling of substrates (TAILS), includes the following
steps: (i) isotopic labeling of untreated proteomes and of
proteomes cleaved with an endogenous protease, for example by
using iTRAQ or TMT reagents; (ii) mixing of these samples and
digestion with trypsin; (iii) capture of internal tryptic peptides
with an amine-reactive polymer. In this way, a negative selection
of peptides containing blocked N-termini (the peptides containing
the N-termini of the original proteins) is achieved. Following this
approach, the N-terminal peptides of the mature proteins and
those generated by the protease of interest are isolated and can be
subjected to MS analysis.

4.4 Structural Proteomics

MS-based proteomics is not limited to the generation of protein
inventories of biological samples. A number of methods that yield
proteome-wide information on structures of proteins and protein
complexes have been developed. Limited proteolysis coupled
to MS, cross-linking MS, and mass spectrometric detection of
noncovalent protein—ligand or protein—protein complexes belong
to the most widespread structural proteomics approaches.

4.4.1 Limited Proteolysis

Limited proteolysis followed by mass spectrometry analysis
(LiP-MS) is a proteomics approach that enables the identification
of structural changes of proteins on a proteome-wide scale
and directly in biological extracts.[31 Applications of LiP-MS
include identification of structural changes of proteins under
different conditions, profiling of protein stability, and even
identification of protein targets of small molecules. In the LiP-
MS workflow, proteins are initially extracted from biological
samples under native conditions. Protein extracts are subjected to
different conditions, and subsequently partially cleaved with an
unspecific protease. These partially cleaved samples and control
samples are denatured, completely cleaved at lysine and arginine
residues, and analyzed and quantified by mass spectrometry.
The general idea behind the analysis of LiP-MS data is that
protein regions containing LiP cleavage sites are identified by
an abundance decrease of the associated fully tryptic peptides or
by the appearance or increased intensity of peaks corresponding
to peptides with nontryptic termini (half-tryptic peptides) in the
native samples compared with that in the control samples.

4.4.2 Cross-linking Proteomics

Another rapidly advancing method in structural proteomics is
cross-linkingmassspectrometry,“%-4!lwhichdeterminesinteracting
proteins by covalent crosslinking of residues in close proximity
and MS identification of cross-linked peptides. It provides distance
constraints to study the structures of proteins, protein—protein
interactions, and even large multiprotein complexes. A typical
application of cross-linking MS are studies of the topology of
purified protein complexes of known composition. Furthermore,
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the method may provide complementary information for AP-
MS-based interactome studies, particularly if protein interactions
are not well-preserved during cell lysis and purification. A large
variety of cross-linkers are available, but all of them consist of
reactive end groups and spacers of different lengths. The cross-
linking MS workflow involves the reaction of cross-linkers with
proteins, proteolytic digestion, optional enrichment of cross-
linked peptides, and MS analysis. The detection of cross-linked
peptides in complex peptide mixtures is still a main difficulty of
these experiments.

4.4.3 Studies of Noncovalent Protein Complexes by
Native Mass Spectrometry

Electrospray ionization is a particularly gentle ionization
technique, and it allows the detection of noncovalent protein—
protein and protein-ligand complexes if their native structures
are retained in solution and at least partially in the gas phase.
In principle, the stoichiometry of protein complexes can be
obtained using mass measurements of intact complexes.[2431 In
this respect, studies of non-covalent protein interactions by native
MS are complementary to other methods for protein complex
analyses. However, there is no general agreement to what extent
protein structures in solution can be preserved in the gas phase.
Applications of native mass spectrometry include studies of
protein heterogeneity, of protein assemblies, and of noncovalent
protein interactions with metal ions, lipids, carbohydrates, and
drug molecules. Even binding affinities were assessed from these
analyses. The field has strongly benefited from technical advances
in mass spectrometry, regarding sensitivity, resolution and mass
accuracy, and in particular upper limits of the mass range.

5. Proteome Bioinformatics

Thanks to the rapid development of MS-based bioanalytical
workflows, thousands of proteins can be concurrently measured
in a single sample. Each experiment generates a large amount of
data that needs to be processed. The results need to be interpreted
in the context of the research question (e.g. identification of
the proteins involved in the disease development or regulation
of a specific cellular mechanism). A plethora of software and
bioinformatics methods focusing on different aspects of the MS-
data analysis process have been developed over the last years and
recently reviewed by Chen et al.54

The first step of a standard proteomics bioinformatics analysis
consists of peptide and protein identification. Search engine
software (e.g. Mascotl53] or SEQUESTI®)) matches MS/MS
fragmentation spectra, typically acquired using DDA methods,
against organism-specific protein sequence databases available
in public repositories such as Uniprot, NCBI or Ensembl. Given
that most proteomics datasets are very large and lead to the
identification of hundreds or thousands of peptides and proteins,
the identification results may include false positives. For this
reason, a statistical validation is required and a False Discovery
Rate (FDR) estimation is always performed to correct for multiple
testing of hypotheses.[5¢]

Protein quantification can be performed as an additional
step after protein identification. Commonly used software for
quantification includes MaxQuant,57] Spectronaut (Biognosys),
Proteome Discoverer (Thermo Scientific) or Skyline.581 Once a
list of proteins with their corresponding quantitative information
has been generated, data are usually normalized to remove any
non-biological variation; this is a critical process where the right
normalization method should be selected depending on the setup
and the design of the experiment. After this step, the statistical
analysis is performed to detect significant protein abundance
changes in conditions of interest by applying statistical tests such
as the t-test,59 ANOVA, 19 or LIMMA..[61] Typically, at this point
of the proteomics data analysis, data are subjected to enrichment

analysis with the goal to identify proteins that are overrepresented
in specific sets of proteins or genes (e.g. a biological process such
as signaling). During these steps, it is possible to link the protein
lists with the biological events occurring in the studied organism.

6. Proteomics Infrastructure and Expertise

The selection of MS-based proteomics applications described
above offers solutions for research questions ranging from
protein quantification and characterization to the study of protein
structures and functions. Each of these applications consists of
one or multiple analytical methods and workflows, which allows
for a customization of the analytical strategy to the specific
biological research question, but poses a significant challenge
to identify and implement the optimal approach. Proteomics
experts need to have extensive knowledge and experience with
many of these workflows, as well as access to appropriate high-
end MS instrumentation, to successfully design and perform
experiments. As proteomics is a highly data-rich analytical
area, experts are also required to profoundly understand the
structure of the resulting MS data and to be able to apply
advanced bioinformatics and statistical methods. Applying
MS-based proteomics in biological research is an inherently
interdisciplinary activity and using proteomics, even more so the
setting up of a proteomics laboratory, is a highly complex task. In
the following, we discuss selected practical and strategic aspects
for the use or even establishment of proteomics in a research
entity. We also illustrate the advantages of collaborating with
academic core facilities and service providers for researchers
without specialized know-how in the area.

6.1 Using Proteomics in Research Entities or in
Collaboration with Specialized Support Providers

On the infrastructure side, mass spectrometers are expensive
instruments with significant running costs and infrastructure
requirements (e.g. heating, noise, space). They need regular
maintenance procedures performed either by the members of
the research group or by qualified personnel from the instrument
vendors. Service and support contracts are expensive and
only affordable when instruments are fully utilized. Finally,
instruments at the cutting edge are outdated in a few years, with
consequences for amortization and re-investment timelines. On
the personnel side, trained specialists are required to operate
and maintain the MS systems and to use them optimized to the
research question at hand, including data processing and data
analysis workflows. To establish the respective knowledge easily
takes years and requires multiple experts to cover the broad field
of proteomics. It is therefore problematic if research groups that
are not primarily interested in proteomics research, establish the
respective expertise with temporary staff at the PhD student or
post-doc level, who leave the entity after a few years.

As a consequence, most research groups in the life sciences
rely on third parties for the mass spectrometry or even larger
proteomics parts of their projects. Researchers from industry
often use commercial proteomics services, for which a small set
of specialized providers exist. Academic researchers may search
for collaboration with specialized research groups having their
own MS instruments and application expertise, which are often
developing new workflows or even instrumentations. Academic
core facilities are a support structure in between service providers
and collaborations. By combining the research needs of whole
universities or large research institutions, core facilities focus
on optimal use of equipment and capacity, and on the provision
of a large portfolio of standard and customized applications,
ranging from proteomics, to protein analysis, metabolomics,¢2!
lipidomics[®3 and even glycomics.[333¢1 The specialized service
and support organizations, be it commercial or academic, take care
of long-term know-how establishment, expansion and securement,
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as well as the capital expenses for equipment, software, and data
processing hardware and infrastructures.

6.2 Training of Proteomics Scientists

To cover the know-how gap between experts in the field
and researchers in need of proteomics data but without a MS or
analytical focus, an increasing number of academic institutions
offer courses covering bioanalytical applications of mass
spectrometry, including sample preparation, data acquisition and
data analysis. These courses are mostly concentrated within a
few weeks and lay an important basis for the education of future
expert users of proteomics. Beyond this level, practical and
extensive hands-on experience can be gained at academic core
facilities through their training of life scientists running long-
term MS projects. In these cases, steps of the workflows can
be extensively trained and practiced, leading to expert users that
can better understand the structure of the data and the potential
of the methods, including their pitfalls. These scientists are then
in the best-possible position to make optimal use of proteomics
technologies and methods, and to extract knowledge from
the resulting data, applying their specialized expertise on the
biological system under investigation.

7. Conclusions and Outlook

Advances in mass spectrometry-based protein analysis and
proteomics methods are contributing to a better understanding
of biological processes in most life-science fields. Important
technological and analytical improvements have been achieved
over the last years, increasing the sensitivity of the methods and
expanding the horizon of MS-based proteomics applications. The
field of single-cell and low-input proteomics is now becoming
accessible,!**! allowing to apply mass spectrometry to projects
studying heterogeneous cell populations or other biological
samples where large protein amounts are not always available
(e.g. the systematic profiling of organelles and protein complexes,
or the study of low abundant protein modifications). Finally,
the development of bioinformatics solutions is enabling the
integration of proteomics data with the results from other omics
fields such as metabolomics, lipidomics and transcriptomics.
Integrating these types of data enables scientists to answer both
clinical and fundamental research questions of higher complexity,
with increased scientific confidence and accuracy. The combined
improvements and new possibilities led to a significant growth of
the proteomics field and an increase in the number of academic
and industrial research groups requiring access to proteomics
instrumentation and knowledge. As a consequence, the technical
and scientific progress has been paralleled by the organizational
development of proteomics core facilities. They play afundamental
role by providing infrastructure, expertise, services and trainings
and continue to contribute to the present and future increased
impact of proteomics on basic and applied research.
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