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Introduction of Proteomics
• Determine the functions of genes and their products, allowing them 

to be linked into pathways and networks, and ultimately providing a 
detailed understanding of how biological systems work.
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From Genomics to Proteomics
• Proteomics is a rapid growing area of molecular biology that is aimed 

to characterize the entire proteins of a cell line, tissue, or organism.

Genome



Complexity of Proteomics

https://www.researchgate.net/profile/Floris-Van-Den-Brink/publication/313535513/figure/fig4/AS:460194112118787@1486730234132/The-human-proteome-contains-many-more-species-compared-to-the-human-genome-making-it.png

1. Numbers of proteins
2. Diversity of cells or tissues
3. Dynamic changes in protein levels

https://www.researchgate.net/profile/Juan-Pelta/publication/342275076/figure/fig1/AS:904991556530176@1592778209035/Overview-of-proteome-complexity-Numerous-factors-contribute-to-the-generation-of-complex.ppm



Proteomics Types and Application

Graves PR, Haystead TA. Molecular biologist's guide to proteomics. Microbiol Mol Biol 
Rev. 2002;66(1):39-63. doi:10.1128/MMBR.66.1.39-63.2002



Proteomics – How do we want to achieve?

1. Identify and quantify proteins in complex mixtures/complexes
   MS and MS/MS

2. Identify global protein-protein interactions
   MS and MS/MS, Y2H

3. Define protein localizations within cells
 High-throughput microscopy, organelle pull-down

4.  Measure and characterize post-translational modifications
   MS techniques

5. Measure and characterize activity (e.g., substrate specificity, etc.)
    Protein arrays



General Workflow in Proteomics Analysis
Sample Selecting and Storing

Protein Separation (Simplify sample)

Protein Identification

Chemical Sequencing Mass Spectrometry Sequencing

Database enquiry

Protein Structure/Function Screening, etc.

- Edman (N-terminal sequence) 
- C-terminal sequence

2DGE and/or multidimensional LC
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Digestion into peptides

Multidimensional Liquid chromatography

Strategies 
for Protein 
Separation2

• ExPASy - ProtParam tool (https://web.expasy.org/protparam/): 
A computation tool to calculate various physical and chemical parameters for a given protein

• The charged groups, hydrophobic region, size and specific 
ligand binding affinity largely determine the purification 
behavior of proteins.

Or

https://web.expasy.org/protparam/


ExPASy - ProtParam tool

Beer’s Law
A = ebc



Multi-Dimensional Liquid Chromatography

• Pros:
• Large sample volume
• Detect low abundancy protein 
• Good for separating membrane 

proteins or very basic proteins
• Separate both proteins and 

peptides
• Connect directly to MS 

• Cons:
• Can not know the pI and MW of 

proteins
• Need to consider the compatibility 

of buffers or solvents in different 
steps



General Workflow in Proteomics Analysis
Sample Selecting and Storing

Protein Separation (Simplify sample)

Protein Identification

Chemical Sequencing Mass Spectrometry Sequencing

Database enquiry

Protein Structure/Function Screening, etc.

- Edman (N-terminal sequence) 
- C-terminal sequence



Mass Spectrometry-based Protein Identification



General Scheme of a Mass Spectrometer

https://dgms.eu/en/about-dgms/this-is-mass-spectrometry/mass-spectrometers/

ElectroSpray Ionization (ESI)

Matrix-Assisted Laser 
Desorption/Ionization (MALDI)
etc.

Triple Quadrupole, Time of Flight (TOF), 
Ion trap, Fourier transform ion cyclotron 
resonance (FT-ICS), etc.

RP-HPLC,  
Sample Plate, 
CE, etc.



MS Basics

1. Soft Ionization 
       Goal:  ionize (i.e., charge) peptide fragments without destroying molecule

• Positive ionization (protonate amine groups) 

• Negative ionization (deprotonate carboxylics and alcohols)

• Two common ionization methods used in proteomics:

— MALDI (Matrix-Assisted Laser Desorption/Ionization)

— ESI (ElectroSpray Ionization)



MALDI
• Peptide/protein analytes of interest are 

mixed with an excess of an aromatic 
matrix molecule and are co-crystallized 
on the MALDI target plate 

• The crystals are targeted by a shorter 
laser pulse (UV pulse)

• Matrix molecules absorb energy and the 
heat released results in the desorption 
(sublimation) 

• Analyte is ionized by gas-phase proton 
transfer (perhaps from ionized matrix 
molecules)
• Protonation with one charge (H+)

https://www.creative-proteomics.com/images/MALDI-TOF-mass-spectrometry-1-MALDI.png
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ESI
• Analyte dissolved in a suitable 

solvent flows through a small 
diameter capillary tube
• ESI is compatible with liquid 

chromatography (LC)

• Liquid in the presence of a 
high electric field generates a 
fine “mist” or aerosol spray of 
highly charged droplets
• Multiple charged ions are 

possible (1+, 2+, 3+, 4+, etc.)



MS Basics

2. MS analyzers
    Goal:  Separate ions based on m/z (mass/charge) ratio

• Time-of-flight (TOF)
• Triple quadrupole
• Ion trap
• Fourier Transform Ion Cyclotron Resonance (FT-ICR)



TOF

https://www.tes.com/teaching-resource/mass-spectrometer-time-of-flight-12386261



TOF

• Increase of resolution

• MALDI-TOF
• MALDI produces singly charged ions
• The time of flight of any ions in TOF is 

inversely proportional to the square 
foot of the molecular mass.

• MALDI-tandem TOF or MALDI-hybrid Quadrupole-
TOF analyzers are more sensitive for high-
throughput analysis.

MALDI



Quadrupole

Triple quadrupole

Video on how triple quadrupole works: 
https://www.youtube.com/watch?v=og2DUvF29zI

https://www.youtube.com/watch?v=og2DUvF29zI


Ion Trap

https://pubs.rsc.org/image/article/2006/cc/b516348j/b516348j-f1.gif

• To monitor the ions coming from the source, 
the trap continuously repeats a cycle of 
filling the trap with ions and scanning the 
ions according to their m/z values.

End cap 
electrode

Ring electrode

End cap 
electrode

Collects and stores ions in 
order to perform MS/MS 
analyses on them.



Fourier Transform Ion Cyclotron Resonance
• A mass analyzer for determining the mass-to-charge ratio (m/z) of 

ions based on the cyclotron frequency of the ions in a fixed magnetic 
field.

Ions are injected into a magnetic field , that causes them to travel in circular paths. 

Excitation with oscillating electrical field increases the radius and enables a frequency measurement

• High resolution

• High accuracy

• Very sensitive (the minimal 
quantity for detection is in the 
order of several hundred ions)

• Non destructive – the ions don’t 
hit the detection plate so they can 
be selected for further 
fragmentation

https://jlab.chem.yale.edu/research/techniques/fourier-
transform-ion-cyclotron-resonance-mass-spectrometryVideo:

https://jlab.chem.yale.edu/research/techniques/fourier-transform-ion-cyclotron-resonance-mass-spectrometry
https://jlab.chem.yale.edu/research/techniques/fourier-transform-ion-cyclotron-resonance-mass-spectrometry


MS/MS (Tandem MS) Terminology

• Tandem mass spectrometry, also known as MS/MS or MS2, is a technique in instrumental 

analysis where two or more mass analyzers are coupled together using an additional reaction step 

to increase their abilities to analyze samples. 

• Molecular ion / precursor ion (parent ion)

Ion formed by ionization of the analyte species

• Fragment ions / product ions (daughter ions)

Ions formed by the gas-phase fragmentation of the molecular ion

https://nationalmaglab.org/images/users/icr/techniques/tandem_scheme.png



QqTOF

Sílvia Lacorte and Amadeo R. Fernandez-Alba. Mass Spectrometry reviews, 2006, 25 (866-800) 

Triple Quadrupole (QqQ)



How to Calculate Mass?
• Elements and their isotopes have unique masses.

For Glycine (C2H5NO2), the nominal mass is 12x2+1x5+14x1=75

If one of the carbons is 13C, the nominal mass of Gly is 12x1+13x1+1x5+14x1=76H3N C C

O

H

H

O

Glycine



How to Calculate Mass?
• Elements and their isotopes have unique masses.
• Monoisotopic Mass: Exact mass of an ion or molecule calculated using the mass of 

the most abundant isotope of each element.
• Average Mass: Mass of an ion or molecule weighted for its isotopic composition.
• Accurate Mass: Experimentally determined mass of an ion of known charge

ATOM Nominal Mass Average Mass Monoisotopic Mass
C 12 x 2 = 24 12.0011 x 2 = 24.022 12.0000 x 2 = 24.0000
H 1 x 5 = 5 1.008 x 5 = 5.04 1.0078 x 5 = 5.039
O 16 x 2 = 32 15.999 x 2 = 31.998 15.9949 x 2 = 31.9898
N 14 x 1 = 14 14.0067 x 1 = 14.0067 14.0031 x 1 = 14.0031
S 32 x 0 = 0 32.065 x 0 = 0 31.9720 x 0 = 0

75 75.0667 75.0319
Low Resolution Chemistry Calculations High Resolution

For Glycine, 
(C2H5NO2),

H3N C C

O

H

H

O



Recognizing Multiple Charged Ions
• Mass spectrometers operate on the basis of mass-to-charge ratio (m/z, unit: 

Thomson or Th). In other words, the analytes (peptides) need to be charged (ions).  

• Single charge (MALDI)  m/z = (M+H+)

• Double charge (ESI)   m/z = (M+2H+)/2

• n charge (ESI)   m/z = (M+nH+)/n

m/z= m+z
z
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Mass Resolution

• The ability of the instrument to resolve two closely placed peaks.

Resolution = Dm/z
m/z

full width at half maximum

low resolution, Resolution =1737 (868.5/0.5)

Dm/z
(0.5Da)

high resolution, resolution = 48,250 (868.5/0.018)
m/z 868.5, peak width ~0.018

https://fiehnlab.ucdavis.edu/projects/seven-golden-rules/mass-resolution

C-12 isotope - 868.5 Da

C-13 isotope - 869.5 Da



Isotopes of doubly charged ions are 
separated by 0.5 Da

m/z= m+z
z

Isotopes of singly charged ions are 
separated by 1 Da



MS Spectrum (i.e., peptide ions)

Each peak is a different peptide, separated based on m/z
A single peptide is selected by the instrument for the second MS

What is the charge state of this peptide?



Mass Accuracy
• The relative percent difference between the measured mass and 

the true mass (usually represented in ppm).
• The lower the number the better the mass accuracy



Transmit all ions
MS I

Scan to acquire spectrum
MS II

Transmit all ions
Collision cell

Mass select a single m/z
MS I

Scan to acquire spectrum
MS II

CID
Collision cell

MS I MS IICollision cell

Scanning linked to MS II
MS I MS IICollision cell

A. Mass spectrum scan

D. Neutral loss scan

C. Precursor ion scan

B. Product ion scan

CID

CIDScan to acquire spectrum Mass select a single m/z

Scanning linked to MS I

Linked to maintain a constant mass difference

Tandem Mass Spectrometry Experiments

A scan which determines, in a single experiment, 
all the product ion m/z that are produced by the 
reaction of a selected precursor ion.

A scan which determines, in a single 
experiment, all the precursor ion m/z that 
react to produce a selected product ion m/z 
(sometimes called a ‘precursor ion scan’).

Protein ID, DDA-Data Dependent Analysis.

Protein post-translational modification analysis.



Protein Identification Using Data from MS

1. Peptide mass fingerprinting (aka. Peptide mapping )

2. Fragment ions analysis
Determine protein sequence de novo by MS



1. Peptide Mass Fingerprinting (PMF)
• Principle: each protein can be uniquely identified by the masses of its 

constituent peptides.

• A single protein or a simple mixture
e.g., a spot on 2D gel or a single LC fraction 

• The sample is digested by 1 or more specific cleavage reagent (e.g., trypsin)
• The masses of the peptides are determined, usually by MALDI-TOF.
• Search databases for correlative searching
• The algorithm carries out a virtual digest of each protein in the databases 

with the same specific cleavage and calculate the theoretical peptide 
masses
• The algorithm attempts to correlate the theoretical masses with the 

experimentally determined ones. Then Rank proteins from the database in 
order of best correlation (number of peptides matched).



• Proteins and peptides are 
generally analyzed in the 
positively mode, which favors 
production of protonated 
(M+H+) ions
• In the presence of some buffer 

ions, sodium (M+ Na+), 
potassium (M+K+), and 
ammonium (M+ NH4

+) adducts 
may be formed.

Mass spectrum of the peptide FGGFTG.
The MW of the peptide is 584.26.

Website for peptide mass calculation: 
https://web.expasy.org/peptide_mass/

M+H+

M+ Na+

M+K+

1 Da





MALDI-MS Database Searching
Peaklist



Web-based ProFound Search Engine

The majority of the available 
search engines allow one to define 
certain experimental parameters  
to optimize a particular search.

• Minimum number of peptides to be 
matched

• Allowable mass error
• Monoisotopic versus average mass 

data
• Mass range of starting protein
• Type of protease used for digestion
• Information about potential protein 

modification, such as N- and C-
terminal modification, 
carboxymethylation, oxidized 
methionine, etc.



ProFound Search Result



Searching with Peptide Mass Fingerprints (PMF): 
Limitations

• Most protein databases contain primary sequence information only

• Any shift in mass incorporated into the primary sequence as a result of post-
translational modification, amino acids substitution will result in an 
experimental mass that is in disagreement with the theoretical mass, even a 
protein with a great deal of homology in the database can not be identified. 

• Non-specific cleavage, isobaric peptide (same mass but different 
order), etc.



LC-MS/MS for Protein Identification
• An improvement in throughput of the overall method can be obtained by 

performing LC-MS/MS in the data-dependent mode.
– As full scan mass spectra are acquired continuously in LC-MS mode, any ion detected with a signal 
intensity above a pre-defined threshold will trigger the mass spectrometer to switch over to MS/MS 
mode. Thus, the mass spectrometer switches back and forth between MS (molecular mass information) 
and MS/MS mode (sequence information) in a single LC run.
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throughput for protein
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2. Fragment Ion Analysis1
• Peptide can be fragmented by collision-induced dissociation (CID) (and 

other methods)
—Collisions with neutral inert gas molecules (nitrogen, argon, etc.)
—Charge stays on either the ʻleftʼ (a, b, or c) or ʻrightʼ (x, y, or z) side of cleavage
— Cleavage along the CO-NH bond is most common, generating ʻbʼ and ʻyʼ ions
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H2N

N terminus

y1 • Letter: Indicates the 
bond broken and the 
terminus contained in 
the fragment

• Number: Indicates the 
number of C𝛼	in the 
fragment



2. Fragment Ion Analysis2



Peptides Fragment by CID

First Step: Protonation of peptides
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Peptides Fragment by CID

Second step: Cleavage along the CO-NH bond is most common, 
generating b and y ions
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For a singly protonated peptide,

Peptides Fragment by CID

Singly charged N term ion (+H+) and neutral C-term

Neutral N term and Singly charged C-term ion (+H+)

From Wysocki et al., J. Mass Spectrom. (2000) 35:1399

OR



For a doubly protonated peptide, both N- and C-terminal fragments can 
be generated from a single dissociate event.

Peptides Fragment by CID
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Proton 
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from N-terminus



Peptide Sequencing A B C D EN-terminal C-terminal

n Ideally, one can measure the spacings between product ion peaks to deduce the 
sequence
n if each amide bond dissociates with equal probability
n if only a single amide bond fragments for each molecule
n if only C-terminal or N-terminal products ions are formed

n In reality, this is not the case…



Fragmentation Results in a Peptide “Ladder”



Mass Spectrum (Assignment of b- and y-ions)

https://www.researchgate.net/profile/Rebecca-Levin-2/publication/49660823/figure/fig2/AS:214315966701573@1428108316420/Tandem-mass- 
spectrometry-MS-MS-spectrum-of-labeled-lysine-peptide-MS-MS-of-the-H3.png

The mass of the precursor is 1454 (the 
observed ion was doubly charged)
728.382 x 2 - 2 = 1454.764 Da
Precursor ion (M+2H+) is 1456.764 Da.

• Mixture of b ions and y ions
• MS/MS of 2+ charged tryptic 

peptides yield (often) 1+ charged 
product ions (but 2+ charged 
products can be observed as well)

• Not all b ions or y ions are visible
Difference= 147.12 
Phenylalanine (F)



By Huimin Zhong - Own work, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=38953363By Huimin Zhong - Own work, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=38953364

Mass of b2 ions in peptide fragmentation
Mass of amino acid fragment ion



Protein Identification and Characterization 
Map

Mass 
Spec

Protein DB 
Search MS/MS

DB search

De novo sequencing

Protein identified

Protein not 
identified



Databases

• Three components are required for database searching support of 
proteomics: MALDI or MS/MS data, the algorithms used to search 
protein databases, and the protein databases.

• A challenge for database searching is that these protein databases 
are constantly changing, making database search results potentially 
obsolete as new entries are added that better fit the MALDI or MS 
data.
• Even as genomes are completed, there is still flux as new coding regions are 

identified and novel mechanisms of increased translational complexity are 
better understood, such as alternative splice products, RNA editing, and 
ribosome slippage leading to novel, unexpected translation products.



Some Representative Internet Sources for Protein 
Identification from Mass Spectrometric Data

Program Web Address

BLAST http://www.ebi.ac.uk/blastall/

Mascot http://www.matrixscience.com/cgi/index.pl?page=/home.html

MassSearch http://cbrg.inf.ethz.ch/Server/ServerBooklet/MassSearchEx.html

MOWSE http://srs.hgmp.mrc.ac.uk/cgi-bin/mowse

http://www.narrador.embl-
PeptideSearch

heidelberg.de/GroupPages/PageLink/peptidesearchpage.html

Protein Prospector http://prospector.ucsf.edu/

Prowl http://prowl.rockefeller.edu/

SEQUEST http://fields.scripps.edu/sequest/

http://www.ebi.ac.uk/blastall/
http://www.matrixscience.com/cgi/index.pl?page=/home.html
http://cbrg.inf.ethz.ch/Server/ServerBooklet/MassSearchEx.html
http://srs.hgmp.mrc.ac.uk/cgi-bin/mowse
http://www.narrador.embl-/
http://prospector.ucsf.edu/
http://prowl.rockefeller.edu/
http://fields.scripps.edu/sequest/

