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E. coli genome editing technologies to change 

321 native UAG stop codons to UAA and produced 

the First Whole Genome Edited Organism

Native Genome
Uses UAG, UAA, UGA
RF1= STOP at UAG

Native Genome
Uses only UAA, UGA and RF2
RF1 deletion
Can install new amino acid

UAG=STOP UAG=Sense

RF

STOP Sense

mRNA

protein

ribosome

(Lajoie et al. Science 2013:PMID: 24136966 )



+RF1

-RF1 with 321 UAG

-RF1 with 0 UAG

Translation through 321 native 
UAG STOP codons was ablated 

with genome editing

protein

proteinSTOP at native UAG or translation 
to next in-frame TAA

Whole genome editing = Whole proteome editing

(Lajoie et al. Science 2013:PMID: 24136966 )



Proteomics

The study of the expression, location, modification,
interaction, function, and structure of all the proteins in
a given cell, organelle, tissue, organ, or whole organism.



Overview

• Techniques & Technologies

- Mass Spectrometry

- Protein-Protein Interactions

- Quantitative Proteomics

• Applications

- Representative Studies

• Putting it all together….

- Databases & Pathways 

Proteomics & Protein-Protein Interactions



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 JB, *Mann M, Meng CK, Wong SF, Whitehouse CM. Science. 1989

• Matrix Assisted Laser Desorption Ionization (MALDI)
Tanaka K, Waki H, Ido Y, et al. Rapid Commun Mass Spectrom 1988

• 2002 Nobel Prize in Chemistry awarded to 

John B. Fenn & Koichi Tanaka

• Enabled direct measurement and “sequencing” of intact 

peptides & MS based Proteomics is born

Two major ionization techniques enabled the 

success of mass spectrometry in the life sciences.

*Matthias Mann (Yale University; Ph.D.; 1988; Chemical Engineering) trained with John Fenn during some of the breakthrough work at Yale



MS
MS/MSisolate

& fragment

peptidepeptide
peptide

peptide fragments

Peptide Pool

Trypsin

Digest

LC

n-UPLC

LTQ-Orbitrap MS

Protein

mixture

Typical work flow for LC-MS
“shotgun proteomics”



LC

n-UPLC

LTQ-Orbitrap MS

Protein

mixture

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

Trypsin

Digest



β-actin

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

Band 3 Anion Transporter



Peptide Pool

Enz.

Digest

LC

n-UPLC

LTQ-Orbitrap MS

Protein

mixture

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



Peptide Pool

Enz.

Digest

LC

n-UPLC

LTQ-Orbitrap MS

Protein

mixture

Peptide ions 
are isolated and
“sequenced”



Peptide Pool

Enz.

Digest

LC

n-UPLC

LTQ-Orbitrap MS

Protein

mixture

Computational Steps: massive amounts of MS data are read & 
interpreted. Databases searched to match peptide sequences.



Yeast proteome reported in Washburn et al. Nature Biotech 2001:

~82 hours* = 1,484 proteins         ~0.3 proteins/ min
*estimates from paper: 3 fractions @ 15 X 110 minute “runs” for each fraction

The *pace of proteomics is set by a combination of techniques and technological advances.
*orders of magnitude behind genome technologies (sequencing)

The one hour yeast proteome. Hebert AS, et a, Coon JJ. 
Mol Cell Proteomics. 2014 PMID: 24143002   &    Nat Protoc. 2015. PMID: 25855955 



Yeast proteome reported in Washburn et al. Nature Biotech 2001:

~82 hours* = 1,484 proteins  ~0.3 proteins/ min
*estimates from paper: 3 fractions @ 15 X 110 minute “runs” for each fraction

The *pace of proteomics is set by a combination of techniques and technological advances.
*orders of magnitude behind genome technologies (sequencing)

The one hour yeast proteome. Hebert AS, et a, Coon JJ. 
Mol Cell Proteomics. 2014 PMID: 24143002   &    Nat Protoc. 2015. PMID: 25855955 

On average, each one hour analysis achieved detection of 3,977 proteins

“ …the identification of up to 4,002 proteins, This protocol, which includes cell lysis, overnight 
tryptic digestion, sample analysis and database searching, takes ~24 h to complete.”  



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



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



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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Multiple runs of  “shot gun” MS
& 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

Cellular proteins are organized into complexes



How do we learn more about the 
organization of the human proteome?



http://wren.hms.harvard.edu/bioplex/

~25% of human genes used as baits

5,891 IP-MS experiments

56,553 interactions from 10,961 proteins 

BioPlex (Biophysical Interactions of ORFeome-derived complexes)

BioPlex 1.0  Huttlin et al, Cell. 2015, PMID: 26186194

BioPlex 2.0  Huttlin et al, Nature. 2017 PMID: 28514442 

http://wren.hms.harvard.edu/bioplex/


Krogan NJ, et al. Nature. 2006 PMID: 16554755 Huttlin et al, Nature. 2017 PMID: 28514442 

Cellular proteins are organized into complexes and this 
proteome organization is conserved

Yeast: Interaction Network of Complexes Human: Protein Complex “Communities”



Hein MY, et al. Mann M, Cell. 2015 PMID: 26496610

• GFP-tagged proteins are expressed in mammalian cell lines from BAC transgenes with 
near-endogenous expression patterns 

• Human interactome dataset connecting 5,400 proteins with 28,500 interactions

• Three quantitative dimensions measure specificities, stoichiometries, and abundances
• Stable complexes are rare but stand out by a signature of balanced stoichiometries
• Weak interactions dominate the network and have critical topological properties



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



Kwon Y, et al. Science 2013; Couzens AL, et al. Sci Signal 2013; Wang W, et al. Mol Cell Proteomics 2014 



Lambert JP, et al., Gingras AC. J Proteomics. 2015 PMID: 25281560

*

*

* *

*

*

**

*Captured *Missed



Protein-Protein Interaction Databases

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

2017

+  136,553 interactions
+    10,152 proteins

2018
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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?



MS
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& fragment
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peptide fragments

Peptide Pool

Enz.

Digest

LC

n-UPLC

LTQ-Orbitrap MS

Protein

mixture

Typical work flow for LC-MS
“shotgun proteomics”



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



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



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



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.

Fragment 
peptide

Select Peptide Select Fragment

Multiple Reaction Monitoring (MRM) Synthetic peptide



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.



WT
Disomic
Chr. V



Histone 3

“Tail”
Lysine 4

“Readers”

Vermeulen et al., Cell 2010



TFIID

Active Genes

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

Flow Through

Enriched

Protein

mixture



P
Phosphopeptide

MS

P

P

MS/MS

isolate
& fragment

*

*

*Phosphopeptide signatures in MS

P
+80 Da
in precursor

-98 Da loss of phosphoric acid H3PO4

during fragmentation 



V

H 803.3869

M 666.3280

T 535.2875

W 434.2398

T 248.1605

K 147.1128

-18

V

H 785.3763

M 648.3174

T 517.2769

W 434.2398

T 248.1605

K 147.1128

VHMTWTK    m/z  451.7  +2

VHMTPWTK    m/z 491.7 +2

(Threonine changes to 2-aminodehydrobutyric acid, -18 Da)

P +80 Da
in precursor

- H3PO4, 98 Da

*
*

*

*

*
* *

*



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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DNA      RNA     PROTEIN

Mass-spectrometry-based draft of the human proteome. PMID: 24870543

A draft map of the human proteome. PMID: 24870542

Initial sequencing and analysis of the human genome. PMID: 11237011

The Sequence of the Human Genome. PMID: 11181995

20142001



Mass-spectrometry-based draft of the human proteome; Wilhelm & Bernhard Kuster et al., PMID: 24870543

• Large Assembly of new and existing data:
• ProteomicsDB, database designed for the real-time analysis of big data 

https://www.proteomicsdb.org

https://www.proteomicsdb.org/


Mass-spectrometry-based draft of the human proteome; Wilhelm & Bernhard Kuster et al., PMID: 24870543

• Large Assembly of new and existing data:
• ProteomicsDB, database designed for the real-time analysis of big data 

https://www.proteomicsdb.org

6,

Wilhelm et al. carried out 6,380 LC-MS experiments (or runs):

How long would it take to get the same data?

In 2001?  ~61 years

In 2014?   ~265 Days

https://www.proteomicsdb.org/


A draft map of the human proteome; Kim & Akhilesh Pandey et al., PMID: 24870542

• New, large collection of 
proteomics data
• 30 histologically normal 

human samples
• 17 adult tissues, 
• 7 fetal tissues
• 6 purified primary 

haematopoietic cells

• 17,294 genes accounting for 
approximately 84% of the total 
annotated protein-coding genes 
in humans.



http://www.peptideatlas.org/builds/

Proteomics Databases:  Peptide depositories

Protein Identification Terminology used in PeptideAtlas
http://www.peptideatlas.org/docs/protein_ident_terms.php

• Each PeptideAtlas build is associated with a reference database usually a combination of several protein sequence 
databases (Swiss-Prot, IPI, Ensembl ...) 

• From the reference database, any protein that contains any observed peptide is considered to be a member of the 
Atlas. 

• It is easy to see that the entire list of proteins in an Atlas is going to be highly redundant. Thus, we label each Atlas 
protein using the terminology below.
• The term '''observed peptides''' in this context refers to the set of peptides in the PeptideAtlas build. 
• These peptides are selected using a PSM (peptide spectrum match)

http://www.peptideatlas.org/docs/protein_ident_terms.php


http://thegpm.org/GPMDB/index.html

Proteomics Databases:  Peptide depositories

The Minimum Information About a Proteomics Experiment (MIAPE)
http://www.psidev.info/node/91
Nature Biotechnology 25, 887 - 893 (2007) PMID: 17687369 
Methods Mol Biol. 2014;1072:765-80. PMID: 24136562

http://thegpm.org/GPMDB/index.html
http://www.psidev.info/node/91


Proteomics Databases:  Peptide depositories

Kim & Akhilesh Pandey et al., Nature , 2014. PMID: 24870542



Proteomics Databases:  Integrated Resources

http://www.proteomexchange.org/

Slide  modified from "Computational Mass Spectrometry-Based Proteomics 6th Maxquant Summer School" 21-25 July 2014
Emanuele Alpi, UniProt and PRIDE Development



Protein-Protein Interaction Databases

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

2017

+  136,553 interactions
+    10,152 proteins

2018



http://www.proteinatlas.org/

Proteomics Databases:  Integrated Resources  Beyond Mass Spectrometry

http://www.proteinatlas.org/
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