
1 | Institut Pasteur Presentation | July 2019

L’Institut Pasteur

Mass spectrometry-based 
proteomics

Mariette Matondo

Quality Control 2022 5th April 2022



2

Definition & Goals of Proteomics

20-25k human genes

Genome

~ 100,000 transcripts

Transcriptome
Ø 1,000,000 proteoforms

Proteome

Gene polymorphisms
Alternative splicing
Alternative promoters
mRNA editing

translationtranscription

§ From genomics, transcriptomics to proteomics

Post-translational modifications

ADN ARN Proteins

What can happen? What might be happening? What is happening?
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What is a proteoform?

Smith, L.S., Kelleher, N.L., & The Consortium for Top-Down Proteomics, Nat. Methods, 2013, 10, 186–187.

Cannonical
Sequence
(UniProtKB)

Endogenous proteolysis, mRNA splicing, 
Mutations, SNPs

Site specific features:
Govern activity, localization, interactions, half-life

§ A distinct molecular form of a protein product arising from a single gene
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Analyzing Protein Structure and Function

Cryo-electron microscopy
Cross-linking mass spectrometry
& Molecular Modeling

Cryo-electron microscopy
& Atomic modeling
X-ray crystallography
Nuclear magnetics resonance (NMR)

Cryo-electron microscopy
& Atomic modeling
Saxs

Quantitative mass spectrometry
Quantitative immunoblotting

Mass spectrometry
Cross-linking
Two-Hybrid System

SAXS
Cryo-electron microscopy

Mass spectrometry (HDX, LiPs, XL) 
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What does a mass spectrometer do?

Measuring Intact Proteins 
(Simple idea!)

It measures masses with high accuracy.
It can give information about chemical structures
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c

Mass Spectrometer

§ A mass spectrometer is a device for measuring the mass-to-charge ratio of ionized 
molecules. 

Source Analyzer Ion 
detector

Data 
systemInlet

Sample
analyte

Mass Spectrum
Vacuum pumps (high vacuum, 107mbar)

Gas phase ions Ion sorting Ion detection

• ESI
• DESI
• MALDI
• APCI
• Etc …

• Quadrupole
• Time of Flight (ToF)
• Ion Trap (Linear, 3D)
• Orbitrap
• FT-ICR, Etc …

Multiple Fragmentation mode: 
CID, HCD, ETD, ECD, EThCD, 

UVPD, IRMP,…

Makes ions Separates ions Presents 
information: mass 

spectrum



Ionisation techniques 

MALDI (Matrix Assisted Laser Desorption Ionisation)
The sample is mixed with a matrix , dried on plate and MH+ ions are formed after laser shot

§ For biomolecules (thermolabile): MALDI or electrospray

MALDI ionization is appropriate for imaging

c



Ionisation techniques 

§ Example of MALDI-TOF spectrum

No protein identification using only molecular weight (MW)
TOF: Time Of Flight

c



Major application of MALDI: Imaging

From, D. J. Ryan, et al., Current Opinion in Chemical Biology, 2019(48), 64-72.

• Tissue sample is sectioned, washed
to remove interfering salts and
lipids, and coated homogenously
with a MALDI matrix.

• The sample is loaded into the
instrument and the section is
irradiated by a laser, moving a
defined lateral distance which
dictates the spatial resolution of
the image.

• A mass spectrum is generated at
each pixel location.

• Ion intensities for a selected mass
range are then plotted in a
coordinate system within the
sampled tissue area, creating an
ion image.

c



Major application of MALDI: discrimination of microorganisms

c

• Bacterial or fungal growth is isolated from plated culture media and applied
directly onto the MALDI plate.

• Samples are then overlaid with matrix and dried.
• MALDI-TOF MS spectrum is matched against a reference library to lead to an

identification.

MALDI-TOF MS spectrum



Ionisation techniques 

Electrospray (ESI)
• Ions are preformed in solution and multiply charged ions(M+nH+)n+ are formed

after droplet desolvation
• ESI can be direcly coupled to liquid chromatography (LC)

§ For biomolecules (thermolabile): MALDI or electrospray

Its concentration dependant 

c



Nobel Prize in Chemistry (2002)

12

Koichi TANAKAJohn FENN

Electrospray MALDI
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c

Mass Spectrometer

§ A mass spectrometer is a device for measuring the mass-to-charge ratio of ionized 
molecules. 

Source Analyzer Ion 
detector

Data 
systemInlet

Sample
analyte

Mass Spectrum
Vacuum pumps (high vacuum, 107mbar)

Gas phase ions Ion sorting Ion detection

• ESI
• DESI
• MALDI
• APCI
• Etc …

• Quadrupole
• Time of Flight (ToF)
• Ion Trap (Linear, 3D)
• Orbitrap
• FT-ICR, Etc …

Multiple Fragmentation mode: 
CID, HCD, ETD, ECD, EThCD, 

UVPD, IRMP,…

Makes ions Separates ions Presents 
information: mass 

spectrum



What happens in the mass analyzer ?

• It operates under high vacuum to keep ions from bumping into gas molecules
• Ions are separated according to their mass-over-charge (m/z) ratio

c

Measured in Dalton (Da)
1Da = one twelfth of the mass of a neutral atom of carbon-12



What happens in the mass analyzer ?

Key specifications of the analyzer are :

Resolution

Mass accuracy

sentitivity

Mass range 

Acquisition 
speed



What happens in the mass analyzer ?
Key specifications of the analyzer are :

c

Example:
Orbitrap analyzer can have up to 1,000,000 
FWHM ultra-high resolution

Difference between measured mass and
calculated exact mass, linked to
resolution. Generally given as relative
mass accuracy in parts per million ( ppm)

Example:
Measured mass (Mmeas) : 1000,001
Calculated exact mass (Mtheo) : 1000,000
Difference: 0,001
Relative mass accuracy/mass error: 
0,001/1000 = 1.10-6= 1 ppm

As important as for microscopy or structural
biology, describes the ability of the
instrument to resolve neighboring peaks

Resolution Mass accuracy 



What happens in the mass analyzer ?

Key specifications of the analyzer are :

c

sensitivity 
Amount needed to see signal

Avogadro number
N = 6, 022045 . 1023

amol(10-18) sensitivity, 1 attomole equals ≈ 600 000 molecules



Performance of the analyser 

• A broad range of analyzers with different performances and cost
• Trend: higher resolution (R) and accuracy at higher speed



Importance of  Isotopes

c

• Most of the elements exist in nature as a mixture of isotopes
• Two atoms are called isotopes if they have the same number of protons but 

different number of neutrons

– Atomic number Z (number of protons)
–Mass number A (number of protons + neutrons)

An element is defined by :

AEZ
Isotopes: atoms of same atomic number (Z)  but with different mass numbers (A)



Importance of  Isotopes

c



Importance of  Isotopes

c



Effect of the presence of isotopes on MS detection

c



Example of spectrum 
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Mass Spectrometers available at the Institut Pasteur

Velos
OrbiTrap pro

2 Q-exactive
plus

Q-exactive HF 2 Orbitrap Lumos/ 
Eclipse

Synapt G2-Si HDMS

In
st

ru
m

en
ts
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ur
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s

G
eo

m
et

ry

Trap
Orbitrap

Hybrid
Quadrupole-

Orbitrap

Hybrid
Quadrupole-

Orbitrap

Quadrupole-
Trap

Orbitrap
Quadrupole

-IMS-ToF

Ap
pl

ic
at

io
ns

ESI
ESI

High resolution, high sensitivity, high 
precision

Structural 
proteomics

• Native MS
• IMS
• HDX-MS
• Top-down proteomics
• Single cell proteomics

• Protein quantification (label-free, TMT, SILAC etc…)
• PTMs characterization
• Protein identification
• Interactomics
• X-link etc …

Adapted from S. Brier

ESI
High resolution, high sensitivity, high 

precision
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Mass Spectrometers available at the Institut Pasteur

Bruker Ultraflex

Instrument Source Geometry

ToF -ToF

Applications

MALDI

• QC proteins
• QC peptides
• Lipids
• Oligonucleotides
• Etc …
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MALDI-TOF/TOF

TOF principle



27

MALDI-TOF/TOF

Isotopic resolution

Resolution : 12739

MALDI-TOF MS spectrum of 100 fmol yeast ADH digested with trypsin
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MALDI-TOF/TOF spectrum
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MS-based proteomics
General workflows and strategies
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Overview of MS-based Proteomics Workflows

§ The aim of the MS-based proteomics is to identify and quantify all proteins and
their post translational modifications (PTMs)

Linda Switzar & al., Journal of Proteome Research 2013

Protein 
extraction

• Tissues
• Cells 
• Biofluids
• Pathogens
• Parasites
• Virus…
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Top-down proteomics
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Top-down  

Protein
(proteoform)

MS/MS

Ionization
(LC-MS or Infusion-MS)

Protein
ions

Protein fragment ions

b355+ y6+

b304+ y11+

b223+ y222+

b143+ y273+

b102+ y314+

b4+ y375+

7+

Proteoform
Database

Proteoform characterization 
(potentially 100% sequence 

coverage)
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• Poor protein solubility (SDS frequently used)

• Greater sample diversity at protein level (charge, hydrophobicity)

• Lack of « proteotypic » protein

• Decreased chromatographic resolution

• Lower throughput and reproducibility concerns

A. Doucette et al., Exp. Rev. Proteomics 8(6) 787-800 (2011) 

Top-down proteomics challenges
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§ Reverse Phase columns
- C4, C5, C8 porous particles

- C4, C5, C8 core-shell

Home-made tip-packed nanoLC column (75 um, 50 cm)

Y. Shen et al. J. Chrom. A In press

Monolithic column
(PS-DVB)Classical column

§ Monolithic columns: pepswift PS-DVB, proswift RP-4H, proswift C4 RP-5H 
(Thermo Fisher)

Online LC separation of intact proteins



Pepswift PS-DVB 25cm, 
PS-DVB 200um 5 mm

C4 5um, 75um 60cm,
C4 5um, 150 um, 3cm

PLRP-S, 1000A, 75um 50cm, 
PLRP-S, 1000A 2cm

Proswift RP-4H 100um 50cm,
PS-DVB 200um 5 mm

Proswift C4 RP-5H 100um 50cm, 
PS-DVB 200um 5 mm

211/322

189/300

155/224

221/445

150 min gradient (15-50% B)

185/314

Online LC separation (E. coli) – Different phases  
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Bottom-up proteomics
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Bottom-up 

§ Most used approach

Protein

Peptides

Enzymatic 
Digestion

Protein
Database

Protein identification 
based on peptide 

identification (partial 
sequence coverage)

Peptide 
fragment 

ions

y2+

y4+

y72+

y82+

b92+

b72+

b4+

b3+

b72+

b6+

b3+

b2+ y72
+

y52
+

y3+
y2+

LC-MS/MS



Peptide fragmentation

Peptide bond is the weakest bond
Preferential fragmentation, tryptic peptides appropriate
Mass difference between two intense peaks corresponds to an amino acid

ETD c/z
CID/HCD b/y
etc…

Fragmentation mode



Example of MS/MS spectrum 

• MS/MS fragmentation Spectrum of a peptide
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Bottom-up Proteomics workflows

Enzymatic digestion

% acetonitrile

LC

• Tissue
• cell
• Plasma
• …

• Trypsin
• Lys C
• Gluc
• Pepsin
• …

§ Bottom-up proteomics is the most used and mature workflow
- Common method to identify proteins and characterize their amino acid sequences and post-translational

modifications (PTMS) by proteolytic digestion of proteins prior to the LC-MS/MS analysis

• Fractionation
• PTM enrichment
• Immunoprecipitation
• …

• More enrichment
• Isobaric labelling
• Sample “desalting”
• …

Protein extract

1

digestion

2

Colonne C18 

Peptides separation 

LC-MS/MS

MS acquisition 

3

Data analysis

4
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§ Proteins are heterogenuous chemical entities

Bottom-up approach: Protein diversity 
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Bottom-up Proteomics workflows

Protein extract

• Tissue
• cell
• Plasma
• …

§ Protein extraction: main issue in global protein analysis

• Fractionation
• PTM enrichment
• Immunoprecipitation
• …

1
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§ Impact of the dynamic range: Plasma, Serum 

Plasma protein concentration as described by Anderson and Anderson (2002)

Bottom-up approach: Sample preparation

Depletion of high-abundant proteins
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§ Fractionation at protein level

2D Gels SDS-PAGE HPLCOFFGEL

Bottom-up approach: Sample preparation
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Bottom-up Proteomics workflows

Protein extract Enzymatic digestion

digestion

C18 column 

% acetonitrile

Peptides separation 

LC-MS/MS

LC

MS acquisition Data analysis

• Tissue
• cell
• Plasma
• …

• Trypsin
• Lys C
• Gluc
• Pepsin
• …

§ Protein digestion

• Fractionation
• PTM enrichment
• Immunoprecipitation
• …

• More enrichment
• Isobaric labelling
• Sample “desalting”
• …

2
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§ Protein digestion: from proteins to peptides

Proteins Peptides

digestion

Bottom-up approach: Protein digestion 
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Amino acid composition of the human proteome

§ Sample Preparation : Protein digestion 

Bottom-up approach: Protein digestion 

Lys (K) and Arg ( R) are:

• Relatively abundant amino acids in the human

• Well distributed throughout a protein.

• Basic amino acid : Positive charge, ionization 
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§ Importance of the combined enzymes for the digestion:

Piero Giansanti & al., Nature Protocols volume 11, pages 993–1006 (2016)

Bottom-up approach: Protein digestion 

LC-MS analysis of E. coli lysate digests 
E. coli 

Digestion
With combined 
enzymes

Peptides
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Linda Switzar & al., Journal of Proteome Research 2013

§ Protein digestion: take home message

§ Trypsin is most widely applied in bottom-up proteomics (gold standard)

§ Tryptic peptides lead to high quality MS/MS fragmentation spectra and 

confident peptide identification in protein database searches.

§ Arg-C and Lys-C : retain two basic amines in the peptide, N-terminal and 

Lys or Arg side chain leading to doubly protonated peptides. 

§ Double digestion  Trypsin / LysC for complex proteome

Bottom-up approach: Protein digestion 
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§ Peptide Clean-UP: desalting 

Sep-Pak 

Spin Column 

Stage Tip

Use of C18 materials in tips or columns to eliminate impurities/salt

Bottom-up approach: Sample clean-up
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§ Stage Tips

Bottom-up approach: sample clean-up
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§ Peptides fractionation

Bottom-up approach: Peptide mixture simplification 
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§ Peptide separation and ionization

Protein extract Peptide

digestion

C18 nanoflow HPLC

% acetonitrile

Peptide separation 
and ionization Mass Spectrometer

LC
Data analysis

and

interpretation

Bottom-up approach: Liquid Chromatography 

ElectroSpray Ionization (ESI)
peptide ionization (positive charge)
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MS-based Proteomics : Bottom-up Proteomics

§ Separation of peptides using reverse phase nanoLC (C18) coupled to the mass 
spectrometer   

LC MS profile, 3h gradient
Proxeon, C18, 1.9µm, 100A 35 cm long, 75µm int Diam

> 5000 proteins identified
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§ Sample preparation :Protein digestion

Protein extract Peptide

digestion

C18 Material

% acetonitrile

Peptide separation 
and ionization Mass Spectrometer

LC Data analysis 
and 

interpretation

Bottom-up approach: Mass spectrometer acquisition
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§ Three main MS acquisition methods

Data Dependant 
Acquisition (DDA)

Targeted

Data Independant
Acquisition (DIA)

SRM

PRM

Bottom-up approach: Proteomics Workflows

Christine Carapito
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Bottom-up Proteomics

§ Data Dependent Acquisition (DDA)- Tandem Mass Spectrometry (LC-MS/MS) 
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cycles of MS and 
MS/MS spectra

Tandem Mass Spectrometry

peptide masses

peptide fragment
masses

MS/MS spectra

MS spectra
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§ Data analysis and interpretation

Protein extract Peptide

digestion

C18 Material

% acetonitrile

Peptide separation 
and ionization Mass Spectrometer

LC Data analysis 
and 

interpretation

Bottom-up approach: data analysis and Interpretation

+++hydrophobicity
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• Data analysis
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Algorithm to identify peptide & protein
(Mascot, Andromeda, Sequest…)
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Protein database

Spectra

In silico digestion
Theoretical spectra
Mass list 
Comparison 

See Christine Carapito Part

DDA mode

Bottom-up approach: data analysis and Interpretation
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Quantitative Proteomics
Mass-spectrometric exploration of the proteome
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Quantitative Proteomics

Mark Larance and Angus I. Lamond Mol Cell Bio 2015

§ Aim: Quantifying individual proteins and their modifications in biological systems
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§ Strategies for quantitative proteomics

Bottom-up approach: Proteomics Workflows
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Bottom-up Proteomics workflows

§ Strategies to enrich for post-translational modification (PTM)

The most common PTMs in eucaryotic
cells:

- Phosphorylation (S, T and Y) 
- Ubiquitinylation (K)
- Glycosylation (N and O mainly) 
- Acetylation (K, S)
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Bottom-up Proteomics workflows

§ How to identified PTMs by mass spectrometry ?
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Bottom-up Proteomics workflows

§ PTM Enrichment Strategies

PTM Enrichment at the Protein Level PTM Enrichment at the Protein Level

Antibody-based
Phosphorylation (Y), Methylation
(R,K), Acetylation (K),Ubiquiti-like (K)

Ionic-interaction-based
Phosphorylation (S, T, R)

Enzymatic-Based
Protein ligase (SUMO), PNGase
(Glyco), Subtiligase (proteomysis)

ion-exchange
size-exclusion

Typically requires high input
amounts (100s to 1000s of ug
starting material)

Doll & Burlingame, ACS Chem Biol, 2015 
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Discussion 
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Quantitative Proteomics

Mark Larance and Angus I. Lamond Mol Cell Bio 2015

§ Aim: Quantifying individual proteins and their modifications in biological systems
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Integrative structural biology

§ Combined techniques to solve the structure of large dynamics complexes


