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Introduction to Proteomics

“The Machinery of Life”

Watercolor by David S. Goodsell, 2009

What is the Proteome?

Proteome – All proteins expressed by a genome, cell, tissue, organism, etc.

• Cellular proteome

• Complete proteome

• Serum proteome, urine proteome

• Organ/tissue proteome

Tyers and Mann (2003) Nature
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“Proteomics includes not only the identification and 

quantification of proteins, but also the determination of their 

localization, modifications, interactions, activities, and, ultimately, 

their function.” -Stan Fields in Science, 2001.

What is Proteomics?

Tyers and Mann (2003) Nature

Genome vs. Proteome

The Proteome is complex!

Organism Genes Protein-coding Proteins

Mouse 36,817 22,670 54,567

C. elegans 45,461 20,389 29,872

Drosophila 14,892 13,804 21,999

Yeast 7,130 6,696 6,696

E. coli 4,377 4, 290

L. Monocytogenes 2,926 2,853

Human mitochondria  37 13

ϕX174 (E. coli virus) 11 11

mimivirus (amoeba virus)  1,018 979

M. Genitalium 485 485 381 are essential

Human 43,334 20,848 79,481

3

4



3/29/2022

3

Schjoldager, et al. (2012) Biochim Biophys

Proteome Complexity

Alternative splicing

Post-translational modification

Genome vs. Proteome

5-6 splice variants per gene  ~100,000 transcripts

8-10 PTMs per protein  ~1,000,000 species 

Proteins interact as complexes and function in pathways

http://dlab.cl/complex-systems/mapk_g_proteinhttp://www.rcsb.org/pdb/101/motm.do?momID=
72

ATP Synthase Complex MAPK G-Coupled Protein Receptor Pathway

Proteins do not act alone!
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Proteins can be difficult to work with as well

mRNA Protein
Able to amplify (PCR) No amplification

High dynamic range (>109) 

Variable solubility/extractibility

Readily soluble

Simple extraction

JOE SUTLIFF

How do we overcome the complexity of the proteome?
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Electrospray Ionization (ESI)

Ion Source

Ion 
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Mass 

Analyzer
Detector

Mass Analyzer

Magnetic Sector MS
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Quadrupole

Mass Analyzer

Credit: F.G. Banica

AC and DC electric fields are applied

If AC > DC, low m/z destabilized

If AC < DC, high m/z destabilized

Only ions of particular m/z will pass

Ion 

Source

Mass 

Analyzer
Detector

Mass Analyzer

Orbitrap: Fourier Transform MS

A single ion “orbits” the central electrode at a specific frequency based on 

its mass and charge, and this frequency can be visualized as a waveform.
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Mass Analyzer

Orbitrap: Fourier Transform MS

Ion 

Source

Mass 

Analyzer
Detector

Mass Analyzer

Orbitrap: Fourier Transform MS

When multiple ions of distinct m/z are present, the various waveforms 

are combined in the readout, leading to a complex waveform.
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Mass Analyzer

Orbitrap: Fourier Transform MS

Fortunately, the complex waveform can be mathematically

deconvoluted into its individual components by Fourier transform, with

each individual component corresponding to a specific ion in the scan.

Ion 

Source

Mass 

Analyzer
Detector

Orbitrap Fusion Tribrid Mass Spectrometer
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Neutral Desorption Extractive Electrospray Ionization 

(ND-EESI)

Ion Source

Chen, et al. (2008) Nature Protocols

Ion 

Source

Mass 

Analyzer
Detector

Chen, et al. (2008) Nature Protocols

ND-EESI
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Chen, et al. (2008) Nature Protocols

Nicotine!!!

Caffeine!!!

ND-EESI

195 196 197 198194193192

100
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25

Caffeine

Formula:  C8H10N4O2

Nominal Mass:  194

Monoisotopic Mass:  194.0804

Average Mass:  194.1932
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Mass/Charge (m/z)

What does a mass spectrum tell us?
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Relative Abundance of Isotopes

Sykes and Williamson, BMC Bioinformatics, 2008

What does a mass spectrum tell us?

100 101 102 103 104 105
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Sykes and Williamson, BMC Bioinformatics, 2008

What does a mass spectrum tell us?

100 101 102 103 104 105

1 m/z

13C = 0

13C = 1

13C = 2

13C = 3 13C = 4

Sykes and Williamson, BMC Bioinformatics, 2008

What does a mass spectrum tell us?

100 101 102 103 104 105

1 m/z

13C = 0

13C = 1

13C = 2

13C = 3 13C = 4

Monoisotopic Mass [MH]+ = 100.6 Da
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Sykes and Williamson, BMC Bioinformatics, 2008

What does a mass spectrum tell us?

13C = 0

13C = 1

13C = 2

13C = 3 13C = 4

Monoisotopic Mass [MH]+ = ?

0.5 m/z

100.0 100.5 101.0 101.5 102.0 102.5

Sykes and Williamson, BMC Bioinformatics, 2008

What does a mass spectrum tell us?

13C = 0

13C = 1

13C = 2

13C = 3 13C = 4

0.5 m/z

100.0 100.5 101.0 101.5 102.0 102.5

[M+2H]/2 = 100.3

Monoisotopic Mass [MH]+ = ?
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Sykes and Williamson, BMC Bioinformatics, 2008

What does a mass spectrum tell us?

13C = 0

13C = 1

13C = 2

13C = 3 13C = 4

0.5 m/z

100.0 100.5 101.0 101.5 102.0 102.5

[M+2H]/2 = 100.3

[M+2H] = 200.6 Da

Monoisotopic Mass [MH]+ = ?

Sykes and Williamson, BMC Bioinformatics, 2008

What does a mass spectrum tell us?

13C = 0

13C = 1

13C = 2

13C = 3 13C = 4

0.5 m/z

100.0 100.5 101.0 101.5 102.0 102.5

[M+2H]/2 = 100.3

[M+2H] = 200.6 Da

Monoisotopic Mass [MH]+ = 199.6
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Classic approach: 2D gel electrophoresis and mass spectrometry 

Isoelectric Focusing

Low pH High pH

S
D

S
-P

A
G

E

High MW

Low MW

Proteomic analysis requires novel methods

Individual bands excised for MS analysis

Protein separations reduce sample complexity, increase sensitivity

A Typical Shotgun Proteomics Experiment
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Collision Activated Dissociation (CAD)

Trapping Activation

10-1000s of collisions

Fragments

Collision Induced Dissociation (CID)

Higher Energy Collision Dissociation (HCD)

E-G-V-N-D-N-E-E-G-F-F-S-A-R

The fragmentation spectrum (MS2) reveals a ladder of sequential amino acids

BY4741_30C_insol_1c_110210 #21924 RT: 143.68 AV: 1 NL: 9.97E7

T: FTMS + c NSI Full ms [300.00-1500.00]
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BY4741_30C_insol_1c_110210 #21917 RT: 143.64 AV: 1 NL: 9.33E3

T: ITMS + c NSI d Full m s2 943.50@cid35.00 [245.00-2000.00]

300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

m /z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
e

la
ti
ve

 A
b
u

n
d

a
n
c
e

1233.54

1067.81

1145.85840.15

896.75

822.51
1011.67

1289.49
776.11

1341.43
931.55

626.92
981.52

694.20 1576.61

559.28 736.16 1678.87446.32
1461.54

364.18 1874.74 1932.781762.77310.57 1647.82

MS1 MS2

A precursor ion is selected from the full spectrum (MS1) and isolated

The ion is energetically fragmented (CID, HCD, ETD, etc.)

CID

Precursor Ion Fragmentation
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Peptide-Spectrum Matching by Database Search

Peptide-Spectrum Matching by Database Search
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A Typical Shotgun Proteomics Experiment

Retention Time 

% ACN

How do we quantify?

We use an elution gradient to fractionate peptides
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Peptides elute as individual peaks at specific retention times

Retention Time 

PEPTIDE

% ACN
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How do we quantify?
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How do we quantify?
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B Y4 74 1 _ 3 0 C _ i n s o l_ 1 c _1 1 0 2 1 0  # 2 1 92 4 R T : 1 4 3 .6 8 AV: 1 N L : 9 .9 7 E7

T : FTMS +  c N SI Fu ll  m s  [3 0 0 .0 0- 1 5 0 0.0 0 ]
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MS1

How do we quantify?

MS1 spectra track the peak intensity over the course of elution
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MS1 intensities can be integrated to calculate the peak area

Quantification by Peak Intensity/Area
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B Y4 74 1 _ 3 0C _in s o l_ 1c _1 1 0 2 10  # 2 1 9 17 R T: 1 4 3 .64 AV: 1 N L : 9.3 3 E 3

T : IT MS  + c  N SI d  F u l l  m s2  9 4 3 .5 0@ c id 35 .0 0  [2 4 5. 00 - 2 0 00 .0 0 ]
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MS2

MS2 spectra identify the peptide-spectral matches (PSMs)

The sum of PSMs for a protein is the spectral count

Quantification by Spectral Counting

One common strategy for relative quantification

using isotopically labeled samples

(e.g. 15N vs. 14N, 13C vs. 12C, etc.)

SILAC = stable isotope labeling with 

amino acids in cell culture

Mallick & Kuster (2010) Nat Biotech

What’s the difference between relative

and absolute quantification?

How might we measure absolute

quantities of proteins?
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Differential Protein Expression Analysis

Fatty Acid Beta Oxidation

Differential Protein Expression Analysis

Fatty Acid Biosynthesis
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Original by Roche, interactive version at http://biochemical-pathways.com/; this PNG version from http://www.cc.gatech.edu/~turk/bio_sim/articles/

Biochemical Pathways are Complex

Original by Roche, interactive version at http://biochemical-pathways.com/; this PNG version from http://www.cc.gatech.edu/~turk/bio_sim/articles/

Biochemical Pathways are Complex

Original by Roche, interactive version at http://biochemical-pathways.com/; this PNG version from http://www.cc.gatech.edu/~turk/bio_sim/articles/
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How Complete is the Annotated Proteome?

The (Annotated) Human Proteome

Kim, et al. (2014) Nature
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The (Annotated) Human Proteome

www.humanproteomemap.org/

The (Annotated) Human Proteome
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The (Annotated) Human Proteome

www.proteomicsdb.org/

Transcriptome vs. Proteome
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RNA levels are an excellent proxy (in general) 

for protein presence

Vogel, et al. (2010) Mol Sys Biol

Vogel, et al. (2010) Mol Sys Biol

Yet transcript abundances only partially 

predict protein abundances

e.g. in a mouse cell line:
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Vogel, et al. (2010) Mol Sys Biol

e.g. in a mouse cell line:

Why?

Yet transcript abundances only partially 

predict protein abundances

Transcriptome vs. Proteome

Regulation
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Schwanhäusser (2011) Nature

mouse fibroblast cells

These quantification methods can be used to measure the 

differences between mRNA and protein levels discussed earlier

½ life (hours) Abundance (copies/cell)

Schwanhäusser et al. (2011) Nature

Protein abundances are amplified compared to 

mRNA levels
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Vogel, et al. (2012) Nat Rev Genetics

Steady-state protein abundances are determined by a balance of 

regulation occurring at the levels of both RNA and protein 

~85% of the variation in protein abundance

can be explained

Proteome
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mRNA

Model

Fraction explained

Schwanhäusser et al. (2011) Nature
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Laurent, et al. (2010) Proteomics

Protein levels show far greater conservation 

across species than mRNA levels

The #’s are

correlation

coefficients.

Laurent, et al. (2010) Proteomics

Protein levels show far greater conservation 

across species than mRNA levels

The #’s are

correlation

coefficients.
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Figure adapted from Plotkin,  Mol Sys Bio 2010

Controls on/off state,

roughly sets

protein abundance

Fine-tune

protein 

abundances

Transcription is the switch, downstream 

regulation the rheostat

Compton and Kelleher (2012) Nat. Methods

Top Down Proteomics
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O’Brien et al. (2014) J. Am. Chem. Soc.

Top Down Proteomics

Mass Specs with friggin’ lasers on them!

Brodbelt (2014) Chem. Soc. Rev.

Beyond Mass Spec: High-throughput Protein Mapping 

www.proteinatlas.org
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Human Protein Atlas

Human Protein Atlas
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Human Protein Atlas

Human Protein Atlas
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