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Introduction to Proteomics

1. Overview of shotgun proteomics

2. Searching raw data against protein databases

3. Protein grouping

4. Protein quantification

5. Tutorial 1: Data analysis from single-shot label-free DDA data

Time permitting:

1. Other data types – fractionated, TMT, glycoproteomics, phosphoproteomics

2. Tutorial 2: Data analysis from TMT data

3. Tutorial 3: Data analysis from glycoproteomics data

Nov 29: Intro to proteogenomics



Please download these files for the tutorial

1. Install R and Rstudio

2. Have these packages installed: ggplot2, reshape2, data.table

1. To install packages: install.packages(“ggplot2”)

3. Download these datafiles:

1. source_file.R

2. LFQ – lfq_script.R, parameters.txt, proteinGroups.txt, summary.txt, tables.pdf

3. TMT – proteinGroups.txt, summary.txt, tables.pdf, tmt_script.R

4. Glyco – Asn-_AspSites.txt, glyco_script.R, tables.pdf



Proteomics





Sample Preparation



Sample Preparation

Giansanti et al 2016 Nature Protocols (https://www.nature.com/articles/nprot.2016.057.pdf?origin=ppub)

https://www.nature.com/articles/nprot.2016.057.pdf?origin=ppub


https://www.broadinstitute.org/files/shared/proteomics/Fundamentals_of_Biological_MS_and_Proteomics_Carr_5_15.pdf

https://www.broadinstitute.org/files/shared/proteomics/Fundamentals_of_Biological_MS_and_Proteomics_Carr_5_15.pdf
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Sample Preparation

Giansanti et al 2016 Nature Protocols (https://www.nature.com/articles/nprot.2016.057.pdf?origin=ppub)

Reduction & Alkylation

Carbamidomethylation (C)

https://www.nature.com/articles/nprot.2016.057.pdf?origin=ppub




Proteome is vastly more complex

Splice isoforms

Truncations

Post translational modifications

Microproteins (from lncRNA, circRNA, etc)



Fractionation

Organellar fractionation - nuclear, 

mitochondrial, cytosolic, etc

Fluids – blood, urine, conditioned 

media

Peptide fractionation

(Biophysical properties)

- Acidity/Basicity: SCX, SAX

- pH: high pH reversed-phase
Liquid Chromatography (LC)

Hydrophobicity: C18 reversed-phase

Isoelectric point: capillary 

electrophoresis PTM enrichment

Cell surface: Glycocapture, 

Cell-surface capture

Phosphoproteomics

Protein separation (Biophysical properties): SDS-PAGE, IEF, 2D gel 



Single-shot DDA workflow

Reduction & Alkylation

Mass spectrometry
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m/z = mass of peptide / charge



(Data Dependent Acquisition)



Peptide Spectrum Match (PSM): MS2 spectrum that matches to a peptide and passes peptide FDR 



MaxQuant



MaxQuant

Documentation wiki: 

http://www.coxdocs.org/doku.php

?id=:maxquant:start

Tutorial: 
https://www.nature.com/articles/np
rot.2016.136

http://www.coxdocs.org/doku.php?id=:maxquant:start
https://www.nature.com/articles/nprot.2016.136


Search parameters



Search parameters

Variable modifications: Includes modified and unmodified peptide in database search



Search parameters

Enzymes: Trypsin/P (C-ter cleavage at K, R, even if followed by P)

Maximum 2 missed cleavages
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Specify database

1. Specify species-specific database

If protein sequence is not in the database, you won’t see it in your data!

2. Include common contaminants database

3. Specify fixed modification

Will only match alkylated peptides

4. Specify peptide length of 7-22 amino acids



Target-Decoy search strategy

List of experimental spectra

Search engine

• Andromeda

• OMSSA

• Comet

• X!Tandem

• Mascot

• MSFragger

• MSGF+

List of theoretical spectraUniprot reference sequence (human)

in silico digestion

P02768-1
KWVTFISLLFLFSSAYSRGVFRRDAHKSEVAH
RFKDLGEENFKALVLIAFAQYLQQCPFEDHVK

(K)WVTFISLLFLFSSAYSR
(R)DLGEENFK
(K)ALVLIAFAQYLQQCPFEDHVK
(K)SEVAHRFK

Decoy database

(K)SYASSFLFLLSIFTVWR
(R)FNEEGLDK
(K)VHDEFPCQQLYQAFAILVLAK
(K)FRHAVESK

Scoring

1% FDR

Protein Grouping



Set FDR = 1%



Protein Quantitation

Label-free quantitation (LFQ): Applies normalization to raw intensities to exclude 

some “outliers”

• Actual normalization algorithm unknown but seems to work best compared to 

other normalization strategies e.g. median normalization of raw intensities

• Use this number for quantitation if comparing samples in the same search



Protein Quantitation

iBAQ quantitation: sum of detected peptide intensities / number of theoretically observable peptides

- Similar to mRNA seq dividing by transcript length

- “Intensity-Based Absolute Quantification”

- iBAQ values are proportional to the molar quantities of the proteins.

- Assumes that all peptides were ionized and detected at the same efficiency

- Use if comparing between separate MQ searches



MaxQuant outputs

Glycoproteomics: Asn-_AspSites.txt

Phosphoproteomics: Phospho(STY).txt Modified sites ≠ modified peptides!



Tutorial 1: Filtering label-free single-shot DDA data



Filtering data

1. Read in proteinGroups.txt file

2. Remove false hits (Reverse, Potential.contaminant, Only.identified.by.site)

• Reverse: False positives

• Potential.contaminant: Proteins that match to contaminant database

• Only.identified.by.site: Proteins identified based on only modified peptides

3. Apply filter of minimum 2 unique peptides per protein group

4. (Optional) Filter out proteins detected in 2 or more replicates

• Note: Only do this if there are at least 3 replicates



Get intensities

1. Get LFQ intensities (“^LFQ.intensity.”)

• Use this if comparing samples within the same search

2. Get iBAQ intensities (“^iBAQ.”)

• Use this if comparing samples in different searches

• May need additional normalization

3. Log-2 transform data -> to get normal distribution

Note on missing values:

• Missing peptides could either mean that (1) the peptide is present but not detected in that run, or (2) the 

peptide is absent.



Checking data quality

Sinha et al 2014 Biochem Biophys
Res Comm

Options for plotting chromatograms

1. XCalibur (paid software)

2. RforProteomics (R package on 

Bioconductor)

3. msScans.txt

=> “Base.peak.intensity” vs “Retention.time”

Retention Time (min)
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Checking data quality

Sinha et al 2014 Biochem Biophys
Res Comm



Checking data quality

R
et

e
n

ti
o

n
 t

im
e

Samples

Chromatographic performance



Data analysis

Gene enrichment

Protein abundance vs rank
Comparing against other databases

Note: if comparing against RNA-seq data, 

make protein list gene-centric

Others:

Heatmaps, volcano plots, etc.



Protein inference problem

• Mass spec detects peptides (peptide-centric)

• The same peptide can be present in multiple different 

proteins -> shared peptides

• We’re interested in knowing what proteins are present in the 

sample

• Protein detection based on unique peptides

Good review: https://www.mcponline.org/content/mcprot/4/10/1419.full.pdf

https://www.mcponline.org/content/mcprot/4/10/1419.full.pdf


Protein inference problem: Case studies

Not detected

Conclusion: Isoforms are indistinguishable from each other



Protein inference problem: Case studies



Protein groups

None of the proteins was detected with a unique peptide



Peptide grouping scenarios

Set of all detected proteins = the minimum 

number of proteins sufficient to explain all 

observed peptides

• Includes distinct and differentiable 

proteins

• Situations c-f: presented as a protein 

group



Razor vs unique peptides

Unique peptide: Peptide unique to one protein group

Razor peptide: Peptide shared between protein groups, but assigned to the protein group with 

more peptides

Protein A Peptide A, Peptide B, Peptide C, Peptide D

Protein B Peptide A, Peptide B, Peptide E

Protein C Peptide A



Unique peptide: Peptide unique to one protein group

Razor peptide: Peptide shared between protein groups, but assigned to the protein group with 

more peptides

Protein A Peptide A, Peptide B, Peptide C, Peptide D

Protein B Peptide A, Peptide B, Peptide E

Protein C Peptide A

Razor peptides

Razor vs unique peptides



Protein IDs

Unique peptide: Peptide unique to one protein group

Razor peptide: Peptide shared between protein groups, but assigned to the protein group with 

more peptides

Protein A Peptide A, Peptide B, Peptide C, Peptide D

Protein B Peptide A, Peptide B, Peptide E

Protein C Peptide A

Razor peptides

Protein A; Protein C

Protein B



Majority protein IDs

Unique peptide: Peptide unique to one protein group

Razor peptide: Peptide shared between protein groups, but assigned to the protein group with 

more peptides

Protein A Peptide A, Peptide B, Peptide C, Peptide D

Protein B Peptide A, Peptide B, Peptide E

Protein C Peptide A

Razor peptides

Protein A; Protein C

Protein B

Protein A

Protein B

Protein.IDs

Majority 

Protein.IDs



Factors affecting peptide detection

• Presence of tryptic sites – Arg (R) and Lys (K)

• Accessibility to enzyme - PTMs

• Length – 7-22 amino acids

• Low abundance

• Poor ionization

• Difficult to fragment



Data repositories

MassIVE – Mass Spectrometry Interactive Virtual Environment

https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp

• Raw files

• MaxQuant search output

ProteomeXchange

http://www.proteomexchange.org/

• PXDxxxxxx

https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp
http://www.proteomexchange.org/


TMT 
iTRAQ



http://www.mtoz-biolabs.com/itraq-tmt.html

Multiplexing (TMT, iTRAQ) – MS2 level quantitation

http://www.mtoz-biolabs.com/itraq-tmt.html




Multiplexing

PROS CONS

• Requires fractionation

• Can only compare samples within a set

• Requires fixed study design i.e. if you 

want to run more samples later on, new 

samples might not be directly 

comparable to older samples

• Reduced run-to-run variation

• “High-throughput”: Up to 11 samples at once

• More robust quantitation

• Higher sensitivity for low abundance peptides
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Multiplexing

PROS

• Reduced run-to-run variation

• “High-throughput”: Up to 11 samples at once

• More robust quantitation

• Higher sensitivity for low abundance peptides

CONS

• Requires fractionation

• Can only compare samples within a set

• Requires fixed study design i.e. if you 

want to run more samples later on, new 

samples might not be directly 

comparable to older samples



TMT experimental design

12 fractions 12 mass spec runs



TMT experimental design

More than one TMT run

Set 1

Set 2

Set 3

Pooled

control

Fractions

1-12

Fractions

13-24

Fractions

25-36



Setting up TMT database search

Reporter ion MS2 or Reporter MS3 depending on acquisition method

-> MS2: quantitation from MS2 level spectra

-> MS3: (SPS-MS3) quantitation from MS3 level spectra



Tutorial 2: Filtering TMT DDA data



Glycoproteomics

Cogger et al 2017 Nat Comms

(Asp -> Asn)

Specify Asn -> Asp (-1 Da)

as variable modification in search



Glycoproteomics

Sinha et al 2019 Cell Systems

(Asp -> Asn)



Tutorial 3: Filtering Glycoproteomics DDA data



Phosphoproteomics

Specify Phospho(STY) 

(+79.99 Da) as variable 

modification in search





Proteomics part #2: Proteogenomics

• Data imputation

• Integrated “omics” analysis

• Protein identification from lncRNA, circRNA, etc



Supplementary slides



Longer peptides: less likely to be identified by chance

PEP score proteins: multiply peptide PEPs. Only 
peptides with distinct sequences and highest-
scoring peptides are used.


