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Principles of Mass Spectrometry (MS) 
 

• In a mass spectrum we measure m/z (mass-to-charge) 
 

• For proteins we measure peptide m/z 
 

• A sample has to be ionizable in order to be analyzed 



Basic Components of a Mass Spectrometer 



-  Electrospray Ionization (ESI) 
 

 Fenn, J.B. et al, Science, 1989, 246, 64. 

 

 

-  Matrix Assisted Laser Desorption Ionization (MALDI) 
 

 Karas, M.; Hillenkamp, F., Anal. Chem., 1995, 60, 2299 

 

 

MS based Proteomics is born: 
 

- MS to measure weight of large intact proteins 

- Non-covalently bonded protein complexes can also be measured (ESI only) 

- Intact peptides measured and “sequenced”  

Two major ionization techniques enabled the 

success of mass spectrometry in the life sciences. 
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*Fenn - Discovered Electrospray Ionization (ESI) 
 

    *Pioneering work at Yale University in the Department of Chemical Engineering 

 

Tanaka - Discovered Matrix Assisted Laser Desorption Ionization (MALDI) 

Mass Spectrometry takes the 

2002 Nobel Prize in Chemistry  

Awarded to John B. Fenn  & Koichi Tanaka 

http://www.nobel.se/chemistry/laureates/2002/index.html
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Typical work flow for LC-MS 
“shotgun proteomics” 

Proteins and Protein Structure 
(Branden, C. and Tooze, J.  Introduction to Protein Structure) 

Trypsin cuts after Lys (K ) & Arg (R) 

Peptide Pool 



β-actin 

Trypsin digest followed by LC-MS: Examples of “Sequence Coverage” 

Band 3 Anion Transporter 
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Peptide ions have  
a mass (m) and 
a charge (z). 
 
100 Da peptide: 
+1 = 100 m/z 
+2 = 50 m/z 
+3 = 33.3 m/z 
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Peptide ions  
are isolated and 
“sequenced” 
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Computational Steps: massive amounts of MS data are read & 
interpreted. Databases searched to match peptide sequences. 



Proteomics 
 
The study of the expression, location, interaction, 
function, and structure of all the proteins in a given  
cell, organelle, tissue, organ, or whole organism. 
 
 
[Study of post-translational modifications (protein phosphorylation,  
acetylation, glycosylation …) via MS has grown in recent years to 
dramatically expand the field of Proteomics] 



2000 & 2001 
Uetz et al, A comprehensive analysis of protein-protein interactions in Saccharomyces cerevisiae. Nature .  
&  Ito et al, A comprehensive two-hybrid analysis to explore the yeast protein interactome . PNAS. 

 Large scale yeast two hybrid screens to map proteome wide interactions. 
 

2001 
Washburn, et al. Large-scale analysis of the yeast proteome by multidimensional protein identification technology. Nature Biotechnol. 

 Established the ‘shotgun’ technology by showing that many proteins in a yeast-cell lysate could be identified in a 
single experiment. 
 

2002 
Ho, Y. et al. Systematic identification of protein complexes in Saccharomyces cerevisiae by mass spectrometry. Nature.    
& Gavin, A. C. et al. Functional organization of the yeast proteome by systematic analysis of protein complexes. Nature . 

 Protein–protein interaction maps can be obtained by MS; the yeast cell is organized into protein complexes. 
 

2003 
Ghaemmaghami, S. et al. Global analysis of protein expression in yeast. Nature.   &  Huh, W. K. et al. Global analysis of protein localization in 
budding yeast. Nature. 

 TAP-Tag and expression studies  &  GFP-Tag and localization studies 
 

2006 
Krogan NJ, et al. Global landscape of protein complexes in the yeast Saccharomyces cerevisiae. Nature.  

 TAP-Tag and Protein-Protein Interaction 
  

2008 
de Godoy LM, et al. Comprehensive mass-spectrometry-based proteome quantification of haploid versus diploid yeast. Nature. 

 SILAC based quantitation of an entire proteome. 
 

2009 
Picotti P, et al. Full dynamic range proteome analysis of S. cerevisiae by targeted proteomics. Cell. 

 Towards proteome wide targeted proteomics. 

A tour of proteomics: Studies with the budding yeast Saccharomyces cerevisiae  



Yeast proteome reported in Washburn et al. Nature Biotech 2001: 
~82 hours* = 1,484 proteins 
     *estimates from paper: 3 fractions @ 15 X 110 minute “runs” for each fraction 

 
Yeast proteome by Hunter, Colangelo, Rinehart, et al unpublished 2010: 
One 60 minute run = 1,286 proteins 

AB SCIEX TripleTOF 5600 
58,857 MS/MS 

The *pace of proteomics is set by a combination of techniques and technological advances. 
*orders of magnitude behind genomics and transcriptomics  
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Uetz et al, Nature 2000 
Ito et al, PNAS 2001 

A comprehensive analysis of protein-protein interactions in Saccharomyces cerevisiae. 

Yeast Two Hybrid Assay 

Mat a Mat  

Clone bait and prey constructs and 
place in separate strains. 

Mate a +  



Uetz et al, Nature 2000 
Ito et al, PNAS 2001 



 
Advantages: 
- In vivo assay 
- Simple 
 
Some Disadvantages 
- Hard to execute on large scale 
- False positives: a real interaction or “possible” interaction 
- Interaction in nucleus (required for GAL system) 
- Clones are fusion proteins and sometimes “partial” proteins 
- Multiple protein complexes not “captured” 

 

Uetz et al, Nature 2000 
Ito et al, PNAS 2001 

A comprehensive analysis of protein-protein interactions in Saccharomyces cerevisiae. 

Yeast Two Hybrid Assay 



Human Two Hybrid Map 
8,100 ORFs (~7,200 genes) 

10,597 interactions 





Protein-Protein interaction maps: 
 
Proteins are represented by nodes and interactions are represented by edges between nodes. 

Bonetta, Nature 2010 

node 

edge 

Human Interactome in 2010 
(~100,000) 



Protein-Protein interactions: 
 
 
Some examples: 

- Physical and direct 
- Physical and indirect 

- Multi-protein complexes 
- Scaffolds 

- Transient 
- Kinase & substrate 

- Metabolic 

Kinase 

Substrate 

Enz A Enz B 



2000 & 2001 
Uetz et al, A comprehensive analysis of protein-protein interactions in Saccharomyces cerevisiae. Nature .  
&  Ito et al, A comprehensive two-hybrid analysis to explore the yeast protein interactome . PNAS. 

 Large scale yeast two hybrid screens to map proteome wide interactions. 
 

2001 
Washburn, et al. Large-scale analysis of the yeast proteome by multidimensional protein identification technology. Nature Biotechnol. 

 Established the ‘shotgun’ technology by showing that many proteins in a yeast-cell lysate could be identified in a 
single experiment. 
 

2002 
Ho, Y. et al. Systematic identification of protein complexes in Saccharomyces cerevisiae by mass spectrometry. Nature.    
& Gavin, A. C. et al. Functional organization of the yeast proteome by systematic analysis of protein complexes. Nature . 

 Protein–protein interaction maps can be obtained by MS; the yeast cell is organized into protein complexes. 
 

2003 
Ghaemmaghami, S. et al. Global analysis of protein expression in yeast. Nature.   &  Huh, W. K. et al. Global analysis of protein localization in 
budding yeast. Nature. 

 TAP-Tag and expression studies  &  GFP-Tag and localization studies 
 

2006 
Krogan NJ, et al. Global landscape of protein complexes in the yeast Saccharomyces cerevisiae. Nature.  

 TAP-Tag and Protein-Protein Interaction 
  

2008 
de Godoy LM, et al. Comprehensive mass-spectrometry-based proteome quantification of haploid versus diploid yeast. Nature. 

 SILAC based quantitation of an entire proteome. 
 

2009 
Picotti P, et al. Full dynamic range proteome analysis of S. cerevisiae by targeted proteomics. Cell. 

 Towards proteome wide targeted proteomics. 

A tour of proteomics: Studies with the budding yeast Saccharomyces cerevisiae  



Cannavo E et al. J. Biol. Chem. 2007 

“Bait” “Molecular Handles” 



2003 
Ghaemmaghami, S. et al. Global analysis of protein expression in yeast. Nature.   &  
Huh, W. K. et al. Global analysis of protein localization in budding yeast. Nature. 

 TAP-Tag and expression studies  &  GFP-Tag and localization studies 

Global TAP Tagging in yeast 



2002 
Ho, Y. et al. Systematic identification of protein complexes in Saccharomyces cerevisiae by mass spectrometry. Nature.    
& Gavin, A. C. et al. Functional organization of the yeast proteome by systematic analysis of protein complexes. Nature . 

 Protein–protein interaction maps can be obtained by MS; the yeast cell is organized into protein complexes. 
 
 

2006 
Krogan NJ, et al. Global landscape of protein complexes in the yeast Saccharomyces cerevisiae. Nature.  

 TAP-Tag and Protein-Protein Interaction 

Krogan et al. observed 7,123 protein–protein interactions: 
 
Important aspects: 
- Tagged the native genes and did not overexpress the fusion proteins 
- Could immediately validate partners (reciprocal purification in data set) 
- Complementary MS techniques, deeper coverage of complexes 
- Authors state, “…rigorous computational procedures to assign confidence 

values to our predictions…” 

Collection of tagged “bait” 
expression strains 

TAP bait + Interacting proteins 
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& SDS-PAGE with MS on individual proteins 



• 4,562 tagged proteins 
 

• 2,357 successful purifications  
 

• Identified  4,087 interacting proteins 
~72 % proteome  
 

• Majority of the yeast proteome is  
organized into complexes 
 
• Many complexes are conserved in 

other species 
 
 

Krogan NJ, et al. Nature. 2006 

Interconnected complexes 

Complexes with little or no interconnectivity 



Pearson Prentice Hall, Inc. 2005 
www.stolaf.edu/people/giannini/cell/lys.htm 

 
2005 Pearson Prentice Hall, Inc. 

Particle 
Autophagy   



Transfect tagged “bait” 

IP Bait + Interacting proteins 
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Multiple runs of  “shot gun” LC-MS/MS 

~65 bait proteins 
LC-MS/MS identifies  
2553 proteins 
 
Data analysis to  sort out real  
interaction from background 
 
Authors use CompPASS 
to identify High-Confidence 
Interacting Proteins (HCIP) 
 
763 HCIPs identified that compose 
The Autophagy Interaction Network 
 
 
 

Autophagy Interaction Network 

Behreands et al, Nature 2010 



Concatenating Data:  Supplementing observed protein complexes with the  
Protein-Protein Interaction Databases: MINT, BioGRID, STRING 

Behreands et al, Nature 2010 



Behreands et al, Nature 2010 

http://www.imgenex.com 

A Functional Organization of the Network  

Phenotype after siRNA 

More autophagosomes 

Less autophagosomes 



Protein-Protein Interaction Databases 

2013 

http://www.ebi.ac.uk/intact/ 

+ 197,555    interactions 
+     45,777  proteins 2014 



Protein interaction networks: 
 

Some of the many important aspects: 
  - Parts List 
  - Organization and assembly 
  - Biological function can be inferred 
 
 
 
However: 
  - Interaction data is largely static 
 

Next Step: 
  - How do protein interaction networks change over time? 
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Computational Steps: massive amounts of MS data are read & 
interpreted. Databases searched to match peptide sequences. 
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Typical work flow for LC-MS 
“shotgun proteomics” 
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Protein 
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Typical work flow for LC-MRM 
“targeted proteomics” 

Fragment 
peptide 

Select Peptide Select Fragment 

Detect Fragment 

Multiple Reaction Monitoring (MRM) MRM Spectra 

Peptide Pool 



Red Blood Cell 

RBC membrane: 
a native multi-protein complex 

 

RBC membrane proteome 

Shotgun Proteomics 
1ug Peptides (242 Proteins) 

RBC membrane proteome 

Coomassie Stained  

SDS-PAGE (250 ug Protein) 

~16 bands 
Spectrin  
Spectrin β 

Band 3  

Band 4.1 

β-actin 

# peptides (unique) 

 MS Data is not inherently quantitative, but …  

Rinehart et al., unpublished 



 
Quantitative Proteomics 

 

S.I.L.A.C. - Stable isotope labeling with amino acids in cell culture 
 

 -Ong S.E. et al. Molecular & Cell Proteomics 2002 
 
 

 

• Stable isotopes are not radioactive, and they occur 

naturally in nature. For example, 99% of all carbon in 

the world is carbon-12 (12C) and 1% is carbon-13 (13C).   

 

• SILAC reagents have enriched stable isotopes that 

have been placed into compounds in abundances 

much greater than their natural abundance.   

 

• We can obtain labeled compounds with ~95-99% 13C. 

 

• Because a mass spectrometer separates ions by 

mass, we use mass spectrometry to distinguish 

isotopes in compounds by their mass.  

 

• Simultaneous comparison in the same MS run is key 



2000 & 2001 
Uetz et al, A comprehensive analysis of protein-protein interactions in Saccharomyces cerevisiae. Nature .  
&  Ito et al, A comprehensive two-hybrid analysis to explore the yeast protein interactome . PNAS. 

 Large scale yeast two hybrid screens to map proteome wide interactions. 
 

2001 
Washburn, et al. Large-scale analysis of the yeast proteome by multidimensional protein identification technology. Nature Biotechnol. 

 Established the ‘shotgun’ technology by showing that many proteins in a yeast-cell lysate could be identified in a 
single experiment. 
 

2002 
Ho, Y. et al. Systematic identification of protein complexes in Saccharomyces cerevisiae by mass spectrometry. Nature.    
& Gavin, A. C. et al. Functional organization of the yeast proteome by systematic analysis of protein complexes. Nature . 

 Protein–protein interaction maps can be obtained by MS; the yeast cell is organized into protein complexes. 
 

2003 
Ghaemmaghami, S. et al. Global analysis of protein expression in yeast. Nature.   &  Huh, W. K. et al. Global analysis of protein localization in 
budding yeast. Nature. 

 TAP-Tag and expression studies  &  GFP-Tag and localization studies 
 

2006 
Krogan NJ, et al. Global landscape of protein complexes in the yeast Saccharomyces cerevisiae. Nature.  

 TAP-Tag and Protein-Protein Interaction 
  

2008 
de Godoy LM, et al. Comprehensive mass-spectrometry-based proteome quantification of haploid versus diploid yeast. Nature. 

 SILAC based quantitation of an entire proteome. 
 

2009 
Picotti P, et al. Full dynamic range proteome analysis of S. cerevisiae by targeted proteomics. Cell. 

 Towards proteome wide targeted proteomics. 

A tour of proteomics: Studies with the budding yeast Saccharomyces cerevisiae  



 2008 
de Godoy LM, et al. Comprehensive mass-spectrometry-based proteome quantification of haploid versus diploid yeast. Nature.  
 SILAC based quantitation of an entire proteome. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

2009 
Picotti P, et al. Full dynamic range proteome analysis of S. cerevisiae by targeted proteomics. Cell. 
 Towards proteome wide targeted proteomics. 

S.I.L.A.C. - Stable isotope labeling with amino acids in cell culture 
 -Ong SE et al. Molecular & Cell Proteomics 2002. 
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 2008 
de Godoy LM, et al. Comprehensive mass-spectrometry-based proteome quantification of haploid versus diploid yeast. Nature.  
30;455(7217):1251-4. 
 SILAC based quantitation of an entire proteome. 

 
 
 
 
 
 
 
 
 
 

 
 
 

2009 
Picotti P, et al. Full dynamic range proteome analysis of S. cerevisiae by targeted proteomics. Cell.  
 Towards proteome wide targeted proteomics. 



 2008 
de Godoy LM, et al. Comprehensive mass-spectrometry-based proteome quantification of haploid versus diploid yeast. Nature.  
 SILAC based quantitation of an entire proteome. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

2009 
Picotti P, et al. Full dynamic range proteome analysis of S. cerevisiae by targeted proteomics. Cell. 
 Towards proteome wide targeted proteomics. 

Network expression 
dynamics 

Pheromone signaling  
is required for mating 
of haploid cells and is 
absent from diploid cells. 
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Protein 
Regulators? 
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Vermeulen et al., Cell 2010 



TFIID 

Active Genes 

Vermeulen et al., Cell 2010 



Vermeulen et al., Cell 2010 



A SILAC approach to study protein phosphorylation dynamics 



Major technological advances in mass spectrometers and 
phosphopeptide enrichment 

Phosphopeptides 

TiO2 Enrichment 
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mixture 
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* Phosphopeptide signatures in MS 

P 
+80 Da 
in precursor 

-98 Da loss of phosphoric acid H3PO4 
during fragmentation  
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SILAC 

ON! 
De-phosphorylation  

activates KCC3 

“Cell swelling” 

P 

Adapted from Rinehart, et al. Cell, 2009 



wikimedia.org 

Phosphorylation dynamics  
after EGF stimulation 

Olsen, et al. Cell, 2006 

SILAC approach enables dynamic analysis 

MS spectra triplets 

Quantitative Proteomics Reveals Dynamics in Signaling Networks 



wikimedia.org 

Phosphorylation dynamics  
after EGF stimulation 

Olsen, et al. Cell, 2006 
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