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INTRODUCTION
Why do we do proteomics?

Graves & Haystead, Microbiol. Mol. Biol. Rev. 2002;66:39-63

άProteins form the structural fabric of cells and underpin all metabolic processes and regulatory mechanismsΦ Χ¢ƘŜǊŜŦƻǊŜΣ 
understanding protein structureςfunction relationships in cell biology not only requires the identification of proteins but 
ŀƭǎƻ ǘƘŜ ŘŜǘŀƛƭŜŘ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ ǇǊƻǇŜǊǘƛŜǎ ǘƘŀǘ ŎƻƴǎǘƛǘǳǘŜ ǘƘŜ ŘƛƳŜƴǎƛƻƴǎ ƻŦ ǘƘŜ ǇǊƻǘŜƻƳŜΦέ όLarance & Lamond, 
Nature 2015)



INTRODUCTION
Definitions

Proteomics: large-scale study of the functions, structures, and interactions of proteins.

Proteome: the entire complement of proteins that is or can be expressed by a cell, tissue, or organism.

Proteoform: all of the different molecular forms in which the protein product of a single gene can be found, 
encompassing all forms of genetic variation, alternative splicing of RNA transcripts, and post-translational 
modifications (PTMs).

Post-translational modifications (PTMs): modifications that occur following the synthesis of the protein. Very diverse 
and account for much of the proteome complexity. Phosphorylation, glycosylation, etcΧ

Mass spectrometry (MS): identify the amount and type of chemicals present in a sample 
by measuring the mass-to-charge ratio and abundance of gas-phase ions. 
Mass = weight, charge= number of proton       Spectra Ą

Bottom-up (BU) proteomics: identify proteins and characterize their amino acid sequences and post-translational 
modifications by proteolytic digestion of proteins prior to analysis by MS. Peptides.

Top-down (TD) sequencing: protein identification that uses an ion trapping mass spectrometer to store an isolated 
protein ion for mass measurement and tandem mass spectrometry analysis. Intact proteins.

Deconvolution: transformation of a charge state series into a molecular mass.
Protein mass.
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INTRODUCTION
Bottom-up vs. top-down

Peptide fragments along the sequence (never 100% coverage, <10%)

Fragmentation of whole protein from N- and C-termini (100% coverage)

H
ig

h
ly

 c
o

m
p

le
m

e
n

ta
ry

intact

digested

Top-down sequencing (TDS)

Bottom-up proteomics (peptides)

bottom

up

-    Allelic variation
-    Protein quantitation

+   all MWs
-   Dynamic range

Top-down proteomics (proteins)

down

top+  Protein quantitation
+  Allelic variation

-   Small-mid MWs (<50kD)
-   Dynamic range

proteoforms

Allelic variantPTM1

PTM2



INTRODUCTION
Bottom-up vs. top-down

Bottom-up (AA sequence=protein ID) Top-down (variants & PTMs)
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INTRODUCTION
Proteoforms

Genetic 
variation

PTMs

1 protein

Many proteoforms 
in a given sample 
(e. g. milk).

many proteins !



Cells are crowded!

http://angstrom3d.com
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TECHNICALITIES
Extraction

Many protocols available (e.g. TCA/acetone precipitation, Phenol/ammonium 
acetate partition); most apply the same principles : denaturation and reduction of 
proteins (not native and not protein complexes) Ą subunits.

Denaturation using chaotropes (IV and III structures disrupted)
Urea
Thiourea
Guanidine-HCl

Reduction of disulfide bonds (II structure disrupted)
DTT
TCEP
TBP
2-ME

Alkylation of reduced bonds (I structure maintained)
IAA

Protein content measured using a BCA assay

Ą quality control, normalisation, trait

Complex (IV, III) Ą subunit (II) Ą denatured (I)



TECHNICALITIES

Proteases most  widely used in proteomic  analysis:  

1.Trypsin (R, K) by far the most widely used protease in proteomic analysis.

2.Other proteases and cleavage reagents

           Glu-C (E)

Lys-C (K)

           Chymotrypsin (F, W, Y)

           Asp-N (N)

3.Non specific proteases 

Subtilysin

Pepsin (F, L)

Proteinase K 

Pronase (mixture of endo- and exo-proteinases)

Elastase (A, G, S, V)

Thermolysine (I, M, F, W, Y, V)

Digestion (bottom-up)

A protease (also called peptidase or proteinase) is any enzyme that performs proteolysis, by hydrolysis of the peptide bonds 
that link amino acids together in a polypeptide chain.
Trypsin (EC 3.4.21.4) is a serine protease, found in the digestive system of many vertebrates, where it hydrolyses proteins.



TECHNICALITIES
Separation

SDS-PAGE

2-DE

HPLC

2-D-LC
(fraction collection)

Nano Ą capillary Ą normal Ą analytical flow
400nL/min        3uL/min             0.2mL/min           1mL/min 

HPLC separation columns:
RPC (C18, C8, C4), IEC, SEC

Gel-based proteomics not covered here.

high-throughput analyses.



TECHNICALITIES
HPLC

High-performance liquid chromatography (HPLC) separates the components in a mixture, to identify and quantify each 
component. The components bind to the separation column (stationary phase) and are eluted by increasing concentration 
of solvent (mobile phase). A component is then defined by its retention time (min) and abundance. Great diversity of 
ƳŜǘƘƻŘǎ όwtΣ btΣ L9/Σ {9/ΧύΦ

(1) Solvent reservoirs, (2) Solvent degasser, (3) Gradient 
valve, (4) Mixing vessel for delivery of the mobile phase, (5) 
High-pressure pump, (6) Switching valve in "inject position", 
(6') Switching valve in "load position", (7) Sample injection 
loop, (8) Pre-column (guard column), (9) Analytical column, 
(10) Detector (i.e. IR, UV), (11) Data acquisition, (12) Waste 
or fraction collector. (Wikipedia)

3%

40%

90%

MS

Parameters: 
Flow rate
Mobile phases
Temperature
Stationary phase
Length, Diameter
Particle size
Gradient
Duration



TECHNICALITIES
RP-HPLC

Aguilar M-I 2004 Methods in Molecular Biology: 
HPLC of Peptides and Proteins 251:9-22.

C18

Reversed phase-HPLC (RP-HPLC) is typically used for peptides or proteins (non polar). One common stationary phase is a 
silica with a straight chain alkyl group such as C18, C8 or C4.

C8
C4

beads usually porous in order 
to increase the surface area of 
the beads available for binding

Binding/Washing Detection

Mobile phase (aqueous)

unbound 
components to 
ǿŀǎǘŜ όǎŀƭǘǎΧύ

Elution

Mobile phase (solvent)



TECHNICALITIES
Mass spectrometry (MS)
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TECHNICALITIES
1/ ion formation
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TECHNICALITIES
Ionisation

Ionisation is the process by which an atom or a molecule acquires a negative or positive charge by gaining or losing 
electrons to form ions. In mass spectrometry (MS), ionization refers to the production of gas phase ions. Ionization occurs in 
the instrument ion source. 
Soft ionization refers to the processes which impart little residual energy onto the subject molecule and as such result in 
little fragmentation. In proteomics, electrospray ionization (ESI), or matrix-assisted laser desorption/ionization (MALDI) are 
commonly used. 

R

K



TECHNICALITIES
MALDI

Matrix-assisted laser desorption/ionization (MALDI) is a soft ionization technique mostly producing singly-charged ions in 
the gas phase (mass readily obtained from the m/z spectra as z=1). The mass analyzer must be capable of measuring ions 
with very high m/z ratios.
Workflow: 1/ the sample is mixed with a suitable matrix (acidic) and applied to a metal plate, 2/ a pulsed laser irradiates the 
sample, triggering ablation and desorption of the sample and matrix, 3/ the analyte is ionized by being protonated or 
deprotonated in the hot plume of ablated gases, and can then be accelerated into a mass spectrometer.

Spotting (1-2 L˃) on target plates. Dry spots.
MALDI source (Bruker).

Common matrices (acidic solution).

CHCA DHB

Examples of applications:
1/ Microbial identification using Maldi 
Biotyper
2/ Protein identification following gel 
separation and trypsin digestion.



TECHNICALITIES
ESI

Electrospray ionization (ESI) produces ions using an electrospray in which a high voltage is applied to a liquid to create an 
aerosol. ESI produces multiply charged ions. The maximum number of charges is roughly dependent on the number of basic 
AA (K,R, H). This extends the mass range of the analyser to accommodate the kDa-MDa orders of magnitude observed in 
proteins and their associated polypeptide fragments. Another important advantage of ESI is that solution-phase information 
can be retained into the gas-phase.
Highly compatible with HPLC which can be coupled online with the MS ESI source.

LC MS

ESI source (Thermo)



TECHNICALITIES
2/ ion separation
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TECHNICALITIES
Mass analyser

The ions are accelerated so that they all have the same kinetic energy. The ions are then 
deflected by a magnetic field according to their masses. The lighter they are, the more they 
are deflected. The more the ion is charged, the more it gets deflected. The beam of ions 
passing through the machine is detected electrically.



TECHNICALITIES
Types of mass analysers

Q-IT

QQQ

Q

Q-TOF

ORBITRAP

LTQ-ORBITRAP



TECHNICALITIES
Example of Mass Spectrometers

Q-TOF

Q-TOF

QQQ

QQQ

MALDI-TOF/TOF

LTQ-Orbitrap

Bruker

Agilent

Agilent

Thermo Thermo

Bruker

Bruker
NMR 700HzQE-Orbitrap

Thermo

GC-MS
Agilent



TECHNICALITIES
Fragmentation modes (MS/MS)

Fragmentation is a type of chemical dissociation used in MS to find the structural formula of a molecule through mass 
spectrum analysis, a process called structural elucidation.
It can occur in the ion source (in-source fragmentation, i.e. MALDI) where it is generally not a desired effect as it is less 
controlled. 
Desired fragmentation is made in the collision zone (post-source fragmentation) of a tandem mass spectrometer. Different 
types of mass fragmentation:

-collision-induced dissociation (CID),
-electron-capture dissociation (ECD),
-electron-transfer dissociation (ETD),
-negative electron-transfer dissociation (NETD),
-electron-detachment dissociation (EDD),
-photodissociation, 
-surface-induced dissociation (SID),
-Higher-energy C-trap dissociation (HCD),

-charge remote fragmentation.

CID



TECHNICALITIES
3/ ion detection
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TECHNICALITIES
Mass resolution

High resolution Ą isotope pattern Ą monoisotopic mass Ą high mass accuracy Ą reliable ID
Low resolution Ą isotopes not resolved Ą average mass Ą low mass accuracy Ą less reliable

If the mass analyser used has sufficient resolution it will allow the separate detection of the different isotopic forms of an 
ion. 

To determine the full width at half-maximum (FWHM) resolution of a peak in a mass spectrum divide the m/z of the peak by 
the width of that peak at 50% of its intensity. An value of this number that is greater than 10,000 will give excellent 
separation of isotopic peaks.

Resolution:
991.0494/0.02326
=42600

991.03860 991.06186

0.02326

apex
88000000

Half apex
44000000



2018-04-16_TD1113_39min_28-40B_FT_MS1-15K_MS2-30K_30eV #788-822 RT: 15.40-16.01 AV: 18 SM: 7B NL: 7.00E5
F: FTMS + p ESI sid=15.00  Full ms [600.00-2000.00]
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TECHNICALITIES
Why does resolution matter?

30K resolution too low

2018-04-16_td1113_39min_28-40b_ft_ms1-60k_ms2-60k_30ev #453-481 RT: 14.66-15.39 AV: 9 NL: 1.25E6
F: FTMS + p ESI sid=15.00  Full ms [600.00-2000.00]

908.80 908.85 908.90 908.95 909.00 909.05 909.10 909.15 909.20 909.25 909.30 909.35 909.40 909.45 909.50 909.55 909.60 909.65
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60K resolution isotopically-resolved

2018-04-16_td1113_39min_28-40b_ft_ms1-120k_ms2-120k_30ev #288-310 RT: 14.64-15.64 AV: 8 NL: 1.39E6
F: FTMS + p ESI sid=15.00  Full ms [600.00-2000.00]

908.80 908.85 908.90 908.95 909.00 909.05 909.10 909.15 909.20 909.25 909.30 909.35 909.40 909.45 909.50 909.55 909.60 909.65
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120K resolution baseline-resolved

2018-04-16_old-td1113_ftms-240k_sid15ev_39min_28-40b #173-181 RT: 14.70-15.36 AV: 9 NL: 8.67E5
F: FTMS + p ESI sid=15.00  Full ms [600.00-2000.00]

908.80 908.85 908.90 908.95 909.00 909.05 909.10 909.15 909.20 909.25 909.30 909.35 909.40 909.45 909.50 909.55 909.60 909.65
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240K resolution peak-separated
High resolution Ą charge state (z)
z known Ą accurate mass (from m/z)

Example: aS1CN B
    Average mass = 23614 Da
    Accurate mass = 23600.2 Da
    14 Da difference



TECHNICALITIES
Charge state of peptide (MS1)

MS spectrum

0.5

0.5

0.5

0.5

isotopic peaks

Total ion chromatogram (TIC)
Summation of all the peptide ions.
Peak profile and abundance should match 
those of the LC chromatogram.

TIC

EIC m/z 991.0447

Need isotopic distribution to figure out peptide 
charge state, and therefore peptide accurate mass. 
z=1/ɲ(m/z)=1/0.5=2
In this case: Mmono=(m/z*z)-z=(990.5461*2)-2=1979.0922

Monoisotopic mass=most abundant isotopes



TECHNICALITIES
Charge state of peptide (MS1)

MS spectrum

0.33

0.33

0.33

0.33

isotopic peaks

TIC

EIC m/z 661.0340

z=1/diff=1/0.33=3
Mmono=(m/z*z)-z=(660.7007*3)-3=1979.1021
Same mass than before, probably same peptide.

The greater the 
charge state (ESI 
only), the greater the 
chance to detect the 
ion along the m/z 
scanning window. 
Essential for large 
molecules such as 
proteins. 

2+

3+



TECHNICALITIES
Fragmentation of peptides (MS2)

Most abundant precursor ions are 
fragmented in MS/MS experiments (20 
ions/3.6 sec).

MS spectrum

etc...



TECHNICALITIES
Fragmentation of peptides (MS2)

MS/MS spectrumMS/MS spectrumMS/MS spectrumMS/MS spectrumMS/MS spectrumMS/MS spectrumMS/MS spectrumMS/MS spectrum



TECHNICALITIES
Peptide sequencing (MS2)

The diagram below illustrates how peptides are sequenced using MS/MS data.

1+

3+

MS

CID on most abundant ion
m/z 785.84

MS/MS
EGVNDNEEGFFSAR y ions

F
147

G
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E
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N
114

D
115

V
99

F
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G
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E
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E
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N
114

333 480 627 684 813 942 1056 1171 1285 1384 1441 1570y ions

EGVNDNEEGFFSAR

b ions EGVNDNEEGFFSAR

R
156

400 515 629 758 887 944 1091 1238 1325 1396 1552b ions

D
115

E
129

G
57

F
147

S
87

N
114

A
71

E
129

F
147

2+

Not every spectral 
peak is annotated for 
this peptide, hence 
the need for 
powerful algorithm 
to figure this out! 



TECHNICALITIES
Charge state of protein (MS1)

MS spectrum
Charge envelope

This 23.6 kD protein 
needs to be charged at 
least 12 times to fit on the 
600-2000 m/z scanning 
window.

BPC

Diff= 1027.65702-1027.61361=0.04341
z=1/diff=1/0.04341=23.03617 ~23
Mavg=(m/z*z)-z=(1027.65702*23)-23=23613.11 Da (Av. aS1CN B-8P)
Mono=(1st m/z*z)-z=(1027.09142*23)-23=23600.10 Da (Mo. aS1CN B-8P)

isotopic peaks

Diff= 762.74729-738.94302=23.80427
z= 738.94302/23.80427=31.0425 ~ 31
Mavg=(m/z*z)-z=(762.74729*31)-31=23614.166 Da (Av. aS1CN B-8P)



TECHNICALITIES
Fragmentation of a protein (MS2)

HCD fragmentation
of 1027.70 m/z
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aS1CN B-8P 23600.1 Da

CID fragmentation
of 1027.70 m/z



TECHNICALITIES
Fragmentation of a protein (MS2)

HCD fragmentation
of 887.90 m/z

HCD ς 32% coverage

CID ς 31% coverage

aLA B 14177.23 Da

CID fragmentation
of 887.90 m/z
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TECHNICALITIES
Data Analysis

Softwares:
Xcalibur, Proteome Discoverer, ProSightPC, Protein Deconvolution (Thermo)
Mass Hunter, Spectrum Mill (Agilent)
FlexAnalysis, DataAnalysis, Biotools, SequenceEditor (Bruker)
Genedata expressionist



TECHNICALITIES
Protein databases

Proteomics immensely benefits from genomics and genome sequencing projects as their annotation steps include defining 
gene models from which protein sequences are inferred. Since more genomes are being sequenced all the time, protein 
databases keep on growing. 

InterPro is a bioinformatics resource that provides 
functional analysis of protein sequences by classifying 
them into families and predicting the presence of 
domains and important sites. Linked with UniProtKB.

UniProt provides the scientific community with a 
comprehensive, high-quality and freely accessible resource of 
protein sequence and functional information. 

NCBI Protein database is a collection of sequences from several 
sources, including translations from annotated coding regions in 
GenBank, RefSeq and TPA, as well as records from SwissProt, PIR, PRF, 
and PDB. Protein sequences are the fundamental determinants of 
biological structure and function.

DŜƴŜ ƳƻŘŜƭǎ ŘƻƴΩǘ ƛƴŦƻǊƳ ƻƴ t¢aǎ 
(phospho, glycoproteins...)



TECHNICALITIES
Automated search algorithms

Peptides are identified from mass spectra by using search algorithms which compare experimentally obtained mass spectral 
peaks to the theoretical masses derived from protein sequences. 

sitemaker.umich.edu/iwsmoi/home

Sequest was first such algorithm wherein scoring for matches is based on number of spectral peaks that 
are common to theoretical and experimental spectra (Eng et al 1994). Customised libraries.
  
X! tandem generates theoretical spectra for peptide sequences using information about intensity 
associated with amino acids. These spectra are compared with experimental data to generate an 
expectation value (Craig and Beavis 2003; Craig and Beavis 2004). 
 
Mascot, a probabilistic algorithm, estimates the probability that a predicted peptide sequence 
generated the experimentally observed peptide by chance (Kapp et al 2005). Uniprot libraries 
maintained by MatrixScience.
 
Scaffold is a computer program that integrates search results from the above three algorithms (Sequest, 
X! tandem and Mascot) to generate peptide identification and protein identification probabilities. 
  
Phenyx uses a scoring scheme based on signal detection theory and pattern recognition to calculate a 
likelihood ratio that distinguishes true from false peptide identifications (Colinge et al 2003). 
  
Paragon, a search algorithm that is a part of ProteinPilot suite of softwares, uses Sequence Temperature 
Values along with feature probabilities for identification of peptides from a database (Shilov et al 2007). 
For iTRAQ experiments.
 
OMSSA, Sonar and Spectrum Mill...  different approach to identify peptides. 



TECHNICALITIES
Search algorithms

Kapp et al 2005 and Balgley et al 2007

Search algorithms all implement different methods which therefore will lead to slightly different results (different peptide 
hits Ą different proteins). Best to use several algorithms and use the common hits as the list of identified proteins. 
Algorithm most commonly used is Mascot.



TECHNICALITIES
Protein identification

For 1 peptide:
Accurate mass of the precursor ion (ex. m/z 868.38)

Accurate masses of the MS/MS fragment ions 
(y- and b-ions)
Great confidence in the peptide sequence

P  |   E  |   P  |   T  |   I  |   D  |   E |  S
P

E
P

T
ID

E
S

T
R

Y
P

S
IN

T  |   R  |   Y  |   P  |   S  |   I  |   N

Database search:
THISPROTEINISMADEOFLOTSOFPEPTIDESAMENABLETOTRYPSINDIGESTION

15/60 = 25% sequence coverage

Several peptides per protein:
Lots of masses!
The more peptides, the greater the confidence in protein identity
Usually, at least 2 different peptides/proteins
(unless proteins are of low MW).

Real example: Bovine Serum 
Albumin (BSA, bottom-up 
standard)

mass db ion

868.38 seditpep precursor

868.38 eppdesit precursor

868.38 tippeesd precursor

868.38 peptides precursor

87.03 s y1

97.05 p b1

216.07 ES y2

226.10 PE b2

323.15 PEP b3

331.10 DES y3

424.20 PEPT b4

444.19 IDES y4

537.28 PEPTI b5

545.23 TIDES y5

642.29 PTIDES y6

652.31 PEPTID b6

771.33 EPTIDES y7

781.35 PEPTIDE b7

mass db ion

831.42 nispyrt precursor

831.42 nytirsp precursor

831.42 tripsyn precursor

831.42 TRYPSINprecursor

101.05 t b1

114.04 n y1

227.13 in y2

257.15 TR b2

314.16 SIN y3

411.21 PSIN y4

420.21 TRY b3

517.26 TRYP b4

574.28 YPSIN y5

604.30 TRYPS b5

717.38 TRYPSI b6

730.38 RYPSIN y6

Limitations:
Only enzyme-released peptides are searched
Assumption that protein is intact (could be truncated)



Protein identificationProtein identification

71 tryptic 
peptides

82.54% coverage (in green)

K lysine
R arginine


