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Course outline
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1. Proteomics and mass spectrometry

Introduction to protein analysis and proteomics; Reminders in mass spectrometry; Why proteomics and mass spectrometry?; Ionization 
sources, analysers, and detectors used in proteomics; Latest generation of mass spectrometers used in proteomics

2. Mass spectrometry-based proteomic strategy and workflows

Bottom-up versus top-down strategies; Data-dependent acquisition (DDA) and data-independent acquisition (DIA) approaches; Sample
preparation

Lab visit of the Proteomics Laboratory at Nestlé Research (EPFL Innovation Park)

3. Quantitative proteomic workflows

Label-free methods; Labelling-based techniques; Other quantitative techniques

4. Proteomic bioinformatics

Databases; Identification of protein; Quantification of proteins; Bioinformatics tools; Practical examples

5. Applications to biology, clinical research, and beyond

What strategy?; Experimental design & randomization; Biomarker discovery; Industrialized and population proteomics; Forensics; 
Targeted mass spectrometry-based approaches; Other biological applications of mass spectrometry; Advanced innovations (single-cells, 
4D proteomics, multi-omics) and emerging technologies; Limitations and ethical consideration

Additional support/information on Separations techniques in proteomics



Course outline

• 2. Proteomic strategy and workflows

Bottom-up versus top-down strategies; Sample preparation
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Choice of the proteomic strategy

doi:  10.1016/j.cbpa.2008.07.024

Sample preparation
and separation

Mass spectrometry

Data processing
and analysis



2.1. Bottom-up proteomics

5J. Proteome Res., 2013, 12 (3), pp 1067–1077



Why bottom-up proteomics?
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• Large proteins are derived into smaller peptides which are easier to separate 
and analyse with MS

• Fragmentation of tryptic peptides well understood
• Reliable software available for analysis
• It is the most commonly used method to identify proteins
• Several quantitative methods are available
• It is compatible with many workflows and methodologies
• It is robust and sensitive

But:
• Protein sequence coverage might be limited
• There might be ambiguity because of non-unique sequences (protein 

inference problem)
• Post-translational modification (PTM) information may be lost



MASKRALVILAKGAEEMETVIPVDVMRRAGIKVTVAGLAGKDPVQCSRDVVICPDASLEDAKKEGPYDVVVLPGGNLGAQNLSESA
AVKEILKEQENRKGLIAAICAGPTALLAHEIGFGSKVTTHPLAKDKMMNGGHYTYSERVEKDGLILTSRGPGTSFEFALAIVEALNGKEV
AAQVKAPLVLKD

DIGEST

Trypsin

How to identify proteins from peptides with MS?
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Q99497 (PARK7_HUMAN)



Peptide mass fingerprinting (PMF)
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P00698 (LYSC_CHICK)

MRSLLILVLC FLPLAALGKV FGRCELAAAM KRHGLDNYRG YSLGNWVCAA KFESNFNTQA 
TNRNTDGSTD YGILQINSRW WCNDGRTPGS RNLCNIPCSA LLSSDITASV NCAKKIVSDG 
NGMNAWVAWR NRCKGTDVQA WIRGCRL 

DIGEST WITH TRYPSIN

Theoretical massesExperimental masses



Here, we measure masses of peptide-fragment ions

We match with theoretical fragments

MS2 scan
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Protein identification using MS/MS data
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Protein identification using MS/MS data (MS/MS ion search)
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DOI: 10.1038/nmeth1088

n experimental tandem mass spectra l theoretical tandem mass spectra



PMF versus MS/MS ion search
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Experimental fragment massesExperimental masses

versus

Q1: Which one(s) do(es) work for purified 
proteins? Which one(s) do(es) work for complex 

protein mixtures?  



Direct analysis of complex protein mixtures
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doi:10.1038/85686

DOI: 10.1186/s40169-014-0034-1

John R. Yates III

• Thousands of proteins generate hundreds of 
thousands of peptides

• Mass spectrometry need to be coupled to a 
separation technique

• A systematic methodology should be applied
• This is shotgun proteomics!
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Data-dependent acquisition (DDA)

Cycle Cycle Cycle Cycle

RP - HPLC

SEPARATE

MASS SPECTROMETRY

Liquid chromatography tandem mass spectrometry (LC-MS/MS)
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DIGEST => complex 
peptide mixture

Note: other MS data acquisition types 
will be seen in next chapters



MS survey scan

MS2 scan

MS2 scan MS2 scan

MS2 scan

Data-dependent acquisition (DDA)
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2 technical LC-MS/MS replicates of the same sample (HeLa cells)

DDA is a stochastic process (1)



Top 4 DDA (most intense ions-
based selection)

Same 4 precursors 
selected

NOT same 4 
precursors 
selected

NOT same 4 
precursors 
selected

The selection of precursors is not always reproducible -> intrinsic stochastic nature of DDA, partial reproducibility of data collection

DDA is a stochastic process (2)



The acquisition method is defined by the user in the 
mass spectrometer software 
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DOI: 10.1021/ac403115c

Where does it happen in our mass spectrometer? 



Data-independent acquisition (DIA)

19Mol. Omics, 2021, 17, 29-42, doi: 10.1039/D0MO00072H 



… And finally, we identify peptide and proteins

20Detailed information on the database search principle will be given in Chapter05



A snapshot of protein characterization with bottom-
up proteomics 

21



Protein inference in bottom-up proteomics 
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DOI: 10.1016/j.compbiolchem.2015.02.009 DOI: 10.1016/j.jprot.2015.07.006



2.2. Top-down proteomics
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J. Proteome Res., 2013, 12 (3), pp 1067–1077

• Proteins are kept intact and directly analyze with MS

• Protein intact and fragment ions masses are measured

• This approach routinely allows for 100% sequence coverage and full 
characterization of proteoforms

doi:  10.1016/j.bbrc.2014.02.041



Why top-down proteomics?
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DOI: 10.3748/wjg.v20.i12.3231

In Human

http://proteomique.ipbs.fr/front-page/top-down-
proteomics/
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Top-down workflows

https://doi.org/10.1016/j.bbrc.2014.02.041

• Size-based separation

• Reversed-phase liquid chromatography 
(RPLC), hydrophobic interaction liquid 
chromatography (HILIC), and ion exchange 
chromatography (IEX) are three of the most 
common liquid chromatography approaches 
applied to intact proteins

• C1-C18-bonded phases had their own limits 
for eluting various sizes of proteoforms

https://doi.org/10.1016/j.chroma.2017.01.008
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MS and fragmentations

• Multiple type of fragmentations 
(CID often yield selective cleavage 
of the most labile bonds; electron 
capture dissociation (ECD) and ETD 
yield more random and extensive 
fragmentation; 193 nm ultraviolet 
photodissociation (UVPD) yields 
good performances for the 
characterization of intact proteins)

Q2: What mass analyser(s) 
would you recommend?

DOI: 10.1021/ja4029654

https://doi.org/10.1016/j.jprot.2012.05.034

CID ECD

• High resolution mass spectrometry is a must!
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Data analysis
• Need of dedicated software solution

• The software uses the precursor mass and mass tolerance window to generate a 
possible list of candidates from a larger annotated database

• The theoretical fragment ions from the candidates are then compared to the 
experimentally determined fragment ions within a fragment mass tolerance

• A P-score is calculated for each hit, representing the probability that a random 
sequence could account for the matching ions 

https://doi.org/10.1016/j.bbrc.2014.02.041

doi:  10.1002/pmic.201570050
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Native mass spectrometry

https://doi.org/10.1186/gm457

doi:  10.1007/s13361-016-1545-3

• Many diseases are the result of incorrect protein folding 
that can hamper the binding of their cofactor and 
subsequently lead to nonspecific protein aggregation

• Native MS can reveal the composition, stoichiometry, 
dynamics, stability, and also the spatial arrangement of the 
subunits of protein assemblies

https://doi.org/10.1016/j.jasms.2009.12.010

J. Loo C. Robinson A. Heck
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Applications of top-down proteomics

• Assessment of PTMs and sequence variations

• Comprehensive structural characterization of mAbs (therapeutic 
glycoproteins) to ensure their stringent quality control

http://www.topdownproteomics.org/
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Applications of top-down proteomics

• The Human Proteoform Project

doi: 10.1126/sciadv.abk0734
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Challenges moving forward

• Technical difficulty of proteome-wide analysis
• Sample preparation methods
• Protein separation

DOI: 10.1186/s13072-015-0006-8
N. Kelleher



2.3. Middle-down proteomics
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J. Proteome Res., 2013, 12 (3), pp 1067–1077

• Middle-range peptides (i.e., 3.0 kDa < MW < 10 kDa)

• The middle-down approach (middle) uses a “limited” digest (e.g., Glu-C 
or Asp-N)

• Good sequence coverage and retention of PTM information
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One example in our lab

Western blots with phospho-specific antibodies

DOI: 10.1016/j.celrep.2021.109565

KSKPIPIMPAS[Phos]PQKGHAVNLLDVPVPVARKLS[Phos]ARE
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In summary

https://doi.org/10.1021/pr301201x



2.4. Sample preparation
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2-DE

SAMPLING
(tissue, cell, biological fluid…)

SAMPLE PREPARATION
(purification, solubilization…)

PROTEIN EXTRACT
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RP - HPLC

Protein level fractionation Peptide level fractionation (Shotgun)

GEL-FREE
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CE 
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SEPARATE

M. Abonnenc and M. Mayr, 2012, Inflammation and Atherosclerosis, 249-266, DOI: 10.1007/978-3-7091-0338-8_13
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The steps of protein and peptide sample preparation

• Sampling
• Extract the proteins
• Protein derivatization
• Digest the proteins

• Peptide derivatization
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Finoulst et al., J. Biomed. Biotechnol., 2011, 245291

Sampling and sample complexity

Samples are complex by number of analytes to 
measure

Samples are complex by wide range of abundances

Sampling reproducibility
Sample storage

https://www.thermofisher.com



Lysis, solubilization and denaturation

38doi:  10.3390/ijms16023537

• Cell lysis is frequently the first step and 
can be accomplished either physically or 
by using reagents

• Use of different buffers, detergents, salts 
and reducing agents

• Lysis goes with stabilization to protect 
extracted proteins from degradation or 
artifactual modification (e.g., protease 
and phosphatase inhibitors)

https://doi.org/10.1371/journal.pone.0175838
doi:10.3390/mi8030083



Protein extraction

39
doi:  10.3390/ijms16023537

http://www.bio-rad.com/en-ch/category/protein-extraction



Depletion and enrichment

40

• Depletion and enrichment strategies are often 
employed to remove high-abundance proteins of 
no analytical interest and isolate target proteins in 
the sample

https://www.sigmaaldrich.com/

https://www.profacgen.com/Co-Immunoprecipitation-Co-IP.htm

http://www.bioradiations.com/



Reduction and alkylation

41

http://sites.psu.edu/msproteomics/2014/05/30/tcep-or-dtt/

Reduction step: open the protein 

Alkylation step: avoid re-oxidation of proteins

https://www.gbiosciences.com
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Protein digestion

DOI: 10.1021/pr301201x

Q3: Why trypsin is so 
popular in proteomics?



43doi:10.1111/febs.13287doi:  10.1021/pr900863u

Protein digestion
Q4: Why using different enzymes?
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In-solution or in-gel digestion

https://www.thermofisher.com



Filter aided sample preparation (FASP)

45

doi:  10.3390/ijms16023537 https://www.biochem.mpg.de/226356/FASP

https://www.biochem.mpg.de/226356/FASP


Automated proteomic sample preparation

• Reduction/alkylation/digestion

• Labeling

• Purification

Dayon et al., Methods in Molecular Biology
46

Q5: Why automation is 
valuable?



Q6: What procedure(s) would you follow?

47

https://www.thermofisher.comhttp://masse-spec.fr/proteomique https://en.wikipedia.org/wiki/Tau_protein



Summary of the MS-based proteomic strategies

48

• Bottom-up and shotgun proteomics

• Top-down proteomics

• Middle-down proteomics

• Procedures to prepare samples for bottom-up, top-down, and middle-
down proteomics (as well as peptidomics)

But now:

• You will need to further separate or fractionate your complex samples

• You will need not only to identify but also to quantify your proteins 
with MS
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