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Proteomics is…

…the high-throughput analysis of 
the expressed protein 
complement of a cell.



Proteomics is…

…one of the pillars of systems biology

- Genotyping
- SNP arrays
- (RT-)PCR, Multiplexed PCR
- Resequencing

- Gene expression
- Expression Arrays
- RT-PCR.



Proteomics is…

Gene / Transcript / Protein
Measurement Predetermined Unknown
Discrete Genotyping

Continuous Gene 
Expression

Proteomics



Celera Proteomics

The high-throughput identification of
diagnostics markers &
therapeutics targets 

by 
differential protein abundance

in 
healthy and diseased samples. 



Celera Proteomics

Key technologies
- Cell biology
- Liquid chromatography (LC)
- Mass spectrometry (MS)
- Isotope-coded affinity tags (ICAT)
- Tandem Mass Spectrometry (MS/MS)
- Automation, Pipelines, Data-Volume
- Bioinformatics



LC/MS for Protein Expression

Enzymatic Digest
and

Fractionation



LC/MS for Protein Expression

Liquid Chromatography

Mass
Spectrometry

LC/MS: 1 MS spectrum every 1-2 seconds



LC/MS for Protein Expression



LC/MS for Protein Expression



NCI-FDA Proteomics

The identification of
diagnostic patterns 

by 
statistical data-mining

of spectra from
healthy and diseased

samples. 



Protein Profiling Toolbox



Protein Profiling Toolbox



LC/MS/MS for Protein Id

Tandem MS/MS

LC/MS/MS: 1 MS 
spectrum followed by 
2-5 Tandem MS/MS 
spectra every 5-10 sec.



LC/MS/MS for Protein Id

- 1 experiment produces 1000’s of MS/MS 
spectra

- Suitable for complex mixtures
- 100’s of proteins identified from a single 
experiment

-High-throughput protein identification!



Tandem Mass Spectrometry



Peptide Fragmentation

Peptides consist of amino-acids 
arranged in a linear backbone.N-terminus

H…-HN-CH-CO-NH-CH-CO-NH-CH-CO-…OH

Ri-1 Ri Ri+1 C-terminus

AA residuei-1 AA residuei AA residuei+1



Peptide Fragmentation

Peptides consist of amino-acids 
arranged in a linear backbone.N-terminus

H…-HN-CH-CO-NH-CH-CO-NH-CH-CO-…OH

Ri-1 Ri Ri+1 C-terminus

H+

AA residuei-1 AA residuei AA residuei+1

Ionized peptide (addition of a proton)



Peptide Fragmentation

Peptides consist of amino-acids 
arranged in a linear backbone.N-terminus

H…-HN-CH-CO NH-CH-CO-NH-CH-CO-…OH

Ri-1
Ri Ri+1

H+

AA residuei AA residuei+1 C-terminusAA residuei-1

Fragmented peptide
C-terminus fragment observed



Peptide Fragmentation

-HN-CH-CO-NH-CH-CO-NH-

Ri CH-R’

bi

yn-i-1

bi+1

yn-i

i+1

R”i+1



Peptide Fragmentation
Peptide: S-G-F-L-E-E-D-E-L-K
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b7 SGFLEED            ELK 389

b1 S            GFLEEDELK 1080

b5 SGFLE            EDELK 633

b2 SG            FLEEDELK 1022
b3 SGF            LEEDELK 875

b6 SGFLEE            DELK 504

b8 SGFLEEDE            LK 260
b9 SGFLEEDEL            K 147



Peptide Fragmentation

145 292 405 534 663 778 907 1020 116688 b ions
S G F L E E D E L K
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Peptide Fragmentation
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Peptide Fragmentation

145 292 405 534 663 778 907 1020 116688 b ions
S G F L E E D E L K

1166 1080 1022 875 762 633 504 389 260 147 y ions
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Sequence Database 
Search
- Compares peptides from a protein 
sequence database with spectra

- Filter peptide candidates by
- Parent mass
- Digest motif

- Score each peptide against spectrum
- Generate all possible peptide fragments
- Match putative fragments with peaks
- Score and rank



Peptide Fragmentation

-HN-CH-CO-NH-CH-CO-NH-

Ri CH-R’

bi
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Peptide score statistics

- Peptide fragmentation not well 
understood

- Current scoring models are like blast 
e-values without PAM matrices

- Results often difficult to interpret 



Sequence Databases

Issues:

- Search engines need exact sequence

- Sequence databases contain 
redundant sequence

- Protein annotation is poor



Simple Linear Scan

Query Mass = 2018.07

MKWVTFISLLFLFSSAYSRGV…
0.0131.04259.16445.21544.28   … 1871.012034.071903.031990.062146.162018.07

Output: WVTFISLLFLFSSAYSR

1831.99



Search engines need 
exact sequence
- Enrich sequence database content

- Protein isoforms
- Post-translational modifications
- Alternate splice forms
- SNPs and polymorphism

- Link proteomics to genomics!
- Phenotypic or clinical annotations



Swiss-Prot



Swiss-Prot 
Variant Annotations



Swiss-Prot 
Variant Annotations



Swiss-Prot Sequence



Swiss-Prot

- VarSplic enumerates all variants, 
conflicts, isoforms

- Swiss-Prot sequence size:
- 56 Mb

- VarSplic sequence size:
- 90 Mb

- How many more peptide candidates?



Alternate Splice Forms 
and SNPs
- Map all types of sequence evidence to 

genome

- Enumerate sequence appropriately & 
encode evidence

- Peptide to evidence decoding



Sequence Databases are 
Redundant
- Search times are typically proportional 

to database size
- Protein isoform enumeration makes for 

very redundant databases
Sequence
Database

Swiss-Prot Swiss-Prot
All Isoforms

Size
30-mers 44 Mb 45 Mb

Overhead 27% 97%   

56 Mb 90 Mb



Swiss-Prot 
Variant Annotations

Feature viewer

Variants



Swiss-Prot VarSplic
Output

P13746-00-01-00      MAVMAPRTLLLLLSGALALTQTWAGSHSMRYFYTSVSRPGRGEPRFIAVGYVDDTQFVRF

P13746-01-01-00      MAVMAPRTLLLLLSGALALTQTWAGSHSMRYFYTSVSRPGRGEPRFIAVGYVDDTQFVRF

P13746-00-00-00      MAVMAPRTLLLLLSGALALTQTWAGSHSMRYFYTSVSRPGRGEPRFIAVGYVDDTQFVRF

P13746-00-03-00      MAVMAPRTLLLLLSGALALTQTWAGSHSMRYFYTSVSRPGRGEPRFIAVGYVDDTQFVRF

P13746-01-03-00      MAVMAPRTLLLLLSGALALTQTWAGSHSMRYFYTSVSRPGRGEPRFIAVGYVDDTQFVRF

P13746-00-04-00      MAVMAPRTLLLLLSGALALTQTWAGSHSMRYFYTSVSRPGRGKPRFIAVGYVDDTQFVRF

P13746-01-04-00      MAVMAPRTLLLLLSGALALTQTWAGSHSMRYFYTSVSRPGRGKPRFIAVGYVDDTQFVRF

P13746-00-05-00      MAVMAPRTLLLLLSGALALTQTWAGSHSMRYFYTSVSRPGRGEPRFIAVGYVDDTQFVRF

P13746-01-05-00      MAVMAPRTLLLLLSGALALTQTWAGSHSMRYFYTSVSRPGRGEPRFIAVGYVDDTQFVRF

P13746-01-00-00      MAVMAPRTLLLLLSGALALTQTWAGSHSMRYFYTSVSRPGRGEPRFIAVGYVDDTQFVRF

P13746-00-02-00      MAVMAPRTLLLLLSGALALTQTWAGSHSMRYFYTSVSRPGRGEPRFIAVGYVDDTQFVRF

P13746-01-02-00      MAVMAPRTLLLLLSGALALTQTWAGSHSMRYFYTSVSRPGRGEPRFIAVGYVDDTQFVRF

******************************************:*****************



Swiss-Prot VarSplic
Output

P13746-00-01-00      SSQPTIPIVGIIAGLVLLGAVITGAVVAAVMWRRKSS------DRKGGSYTQAASSDSAQ

P13746-01-01-00      SSQPTIPIVGIIAGLVLLGAVITGAVVAAVMWRRKSSGGEGVKDRKGGSYTQAASSDSAQ

P13746-00-00-00      SSQPTIPIVGIIAGLVLLGAVITGAVVAAVMWRRKSS------DRKGGSYTQAASSDSAQ

P13746-00-03-00      SSQPTIPIVGIIAGLVLLGAVITGAVVAAVMWRRKSS------DRKGGSYTQAASSDSAQ

P13746-01-03-00      SSQPTIPIVGIIAGLVLLGAVITGAVVAAVMWRRKSSGGEGVKDRKGGSYTQAASSDSAQ

P13746-00-04-00      SSQPTIPIVGIIAGLVLLGAVITGAVVAAVMWRRKSS------DRKGGSYTQAASSDSAQ

P13746-01-04-00      SSQPTIPIVGIIAGLVLLGAVITGAVVAAVMWRRKSSGGEGVKDRKGGSYTQAASSDSAQ

P13746-00-05-00      SSQPTIPIVGIIAGLVLLGAVITGAVVAAVMWRRKSS------DRKGGSYTQAASSDSAQ

P13746-01-05-00      SSQPTIPIVGIIAGLVLLGAVITGAVVAAVMWRRKSSGGEGVKDRKGGSYTQAASSDSAQ

P13746-01-00-00      SSQPTIPIVGIIAGLVLLGAVITGAVVAAVMWRRKSSGGEGVKDRKGGSYTQAASSDSAQ

P13746-00-02-00      SSQPTIPIVGIIAGLVLLGAVITGAVVAAVMWRRKSS------DRKGGSYSQAASSDSAQ

P13746-01-02-00      SSQPTIPIVGIIAGLVLLGAVITGAVVAAVMWRRKSSGGEGVKDRKGGSYSQAASSDSAQ

*************************************      *******:*********



Substring Density (ρ)



Peptide Candidates

- Parent ion
- Typically < 3000 Da

- Tryptic Peptides 
- Cut at K or R 

- Search engines
- Don’t handle > 4+ well 
- Long peptides don’t fragment well

- # of distinct 30-mers upper bounds 
total peptide content



Sequence Databases are 
Redundant
- Compressed sequence is guaranteed

- Complete, Correct, Compact

Sequence Database Swiss-Prot Swiss-Prot
All Isoforms

Original Size
Distinct 30-mers 44 Mb 45 Mb

SBH-Graph Comp. Size 53 Mb 55 Mb
Overhead 27% 97%   

SBH-graph Compression

56 Mb 90 Mb

93% 61%



Protein Annotation is Poor

- FASTA file deflines are inconsistent, difficult 
to parse, and lack controlled vocabularies

- Proteomics workflows interrogate a whole lot 
more than mass!

- Need to provide slice and dice, by
- Organism
- Genomic region
- Cellular location
- Molecular function



NCBI - NRAA
>gi|4504255|ref|NP_002097.1| H2A histone family, member Z; H2AZ histone [Homo sapiens]
>gi|7949045|ref|NP_058030.1| H2A histone family, member Z; histone H2A.Z [Mus musculus]
>gi|12083611|ref|NP_073165.1| H2A histone family, member Z [Rattus norvegicus]
>gi|27807373|ref|NP_777234.1| H2A histone family, member Z [Bos taurus]
>gi|121994|sp|P17317|H2AZ_HUMAN Histone H2A.z (H2A/z)
>gi|89608|pir||S03642 histone H2A.Z - bovine
>gi|92380|pir||S03644 histone H2A.Z - rat
>gi|106267|pir||A35881 histone H2A.Z - human
>gi|11513399|pdb|1F66|C Chain C, 2.6 A Crystal Structure Of A Nucleosome Core Particle 

Containing The Variant Histone H2a.Z
>gi|11513403|pdb|1F66|G Chain G, 2.6 A Crystal Structure Of A Nucleosome Core Particle 

Containing The Variant Histone H2a.Z
>gi|410|emb|CAA36554.1| histone H2A.Z (AA 1-127) [Bos taurus]
>gi|31975|emb|CAA36553.1| histone H2A.Z (AA 1-127) [Homo sapiens]
>gi|57808|emb|CAA36552.1| histone H2A.Z (AA 1-127) [Rattus sp.]
>gi|163150|gb|AAA30566.1| histone (H2A.Z)
>gi|184060|gb|AAA35984.1| histone (H2A.Z)
>gi|204599|gb|AAA41329.1| histone (H2A.Z)
>gi|1575713|gb|AAB09578.1| histone H2A.Z [Mus musculus]
>gi|3649600|gb|AAC61625.1| histone [Homo sapiens]
>gi|17389988|gb|AAH18002.1|AAH18002 H2A histone family, member Z [Homo sapiens]
>gi|18089228|gb|AAH20936.1|AAH20936 H2A histone family, member Z [Homo sapiens]
>gi|18535649|gb|AAL71863.1| histone H2A.Z [Ovis aries]
>gi|18535651|gb|AAL71864.1| histone H2A.Z [Mus musculus]
>gi|26353770|dbj|BAC40515.1| unnamed protein product [Mus musculus]
>gi|26389789|dbj|BAC25791.1| unnamed protein product [Mus musculus]
MAGGKAGKDSGKAKTKAVSRSQRAGLQFPVGRIHRHLKSRTTSHGRVGAT
AAVYSAAILEYLTAEVLELAGNASKDLKVKRITPRHLQLAIRGDEELDSL
IKATIAGGGVIPHIHKSLIGKKGQQKTV



Mascot & Organism

Mascot slices sequence databases by 
organism at run-time!

- Organism name from defline
- NCBI controlled vocabulary & 

synonyms
- NCBI taxonomy tree

- Specify mammals, rodents, humans.



Other Annotations

- Panther 
- Biological Process 
- Molecular Function

- Gene Ontology
- Chromosome Cytobands

- 12p4 – 12p6
- Biochemical Properties

- Hydrophobicity
- Iso-Electric Point



Final words

- Many unsolved bioinformatics 
challenges in protein identification

- Disconnect between sequence 
databases and their use in proteomics

- Good quality protein annotation is 
important



Questions?


