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The dynamic proteome
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“Our analysis implies that the phenomenon of modification is much more widespread 
than previously thought”
Tsur, Tanner, Frank, Zandi, Bafna, Pevzner, Nat. Biotech  2005

“The estimated level of modified peptides present at >1% level is approaching one  
modification per amino acid on average.”
Nielsen, Savitski, Zubarev, Mol Cell Prot 2006

“The number of peptides observed from a single protein is at least one order of 
magnitude greater than previously assumed”
Picotti, Aebersold, Domon, Mol Cell Prot 2007

MYPEK
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Modified peptide 
LARG*E

Tandem Mass Spectrometry (MS/MS)

Peptide LARGE

MS/MS spectrum

Modification: any event 
that changes the mass 

at a specific site.

Mass shifts
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PTM database search:                                    
⇒ Virtual database size restricts the allowed number of modifications  
⇒ Becomes computationally heavy (i.e., slow)
⇒ Stricter thresholds for same False Discovery Rate 

Modified variants of P

Methylation

Phosphorylation

Oxidation
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Computational strategies

• InsPecT: tag-based search
– Derives amino acid sequence tags from each modified spectrum 

and only considers DB peptides containing one of the reconstructed 
tags

– Pro: filtered virtual database reduces FDR; much faster than 
standard approaches

– Con: misses identifications if spectrum has no correct sequence tag 
(typically 95%+ sensitivity for top 50 tags)

• Alternative approach: two-pass search
– First identify proteins using spectra from unmodified peptides then 

search for modifications only on proteins from the first pass
– Pro: speedup inversely proportional to complexity of the sample
– Con: misses modified proteins with no unmodified peptides, 

difficulties estimating FDRs (small Decoy databases, should not re-
search spectra identified in first pass)

Tanner et al, Anal Chem 2005
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PTMs may change fragmentation

Phosphorylation: weak signal in b and y ions due to 
phosphate loss

Payne et al, J Prot Res 2008
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Modification Changes Fragmentation

• New ion observed, fragment neutral loss
Offset Frequency Function, Y ion
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InsPecT Scoring Paradigm

• Ions generated by 
fragmentation are not 
independent

• Peak intensities taken 
into account

• Model the probability of 
observing in CID with a 
Bayesian network. 
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Payne et al, J Prot Res 2008
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InsPecT results

• Benchmark with SEQUEST and X!Tandem
– 6410 LTQ MS/MS, IMAC, S. cerevisiae
– Up to 2 phosphorylations (+80 on S,T,Y) per peptide
– 1% FDR

Run Time
Inspect: 30 min
X!Tandem: 6 hours
SEQUEST: 36 hours

Payne et al, J Prot Res 2008
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Blind search: MS-Alignment

• Inspect is a viable methodology 
for anticipated modifications 
(phosphorylations etc.)

• Identification of PTMs:
– Can we search reliably for 

unanticipated modifications?
– Putative PTM mass is parent 

mass difference between 
peptide and spectrum

– Dynamic Programming can be 
used to capture mass-offsets 
(putative PTMs)

• Validation of PTMs:
– Alignment makes it possible to 

detect modifications, but how 
can we validate them?
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PTM Frequency Matrix: strength in numbers

A C D E F G H I K L M N P Q R S T V W Y
10 1 1 3 2 0 4 0 0 2 1 1 0 7 2 3 5 4 3 0 0
11 7 2 0 1 1 6 0 1 1 1 1 2 0 0 0 7 2 1 0 1
12 2 2 1 1 6 3 1 0 5 2 3 1 0 5 0 2 1 3 0 0
13 4 0 3 2 0 5 1 4 4 5 3 1 0 2 2 5 4 2 2 1
14 12 2 5 16 1 12 0 7 ## 4 43 3 5 2 2 13 4 20 0 3
15 5 0 3 2 2 8 0 7 16 7 18 5 3 4 1 6 1 12 0 1
16 6 0 20 63 2 21 5 73 2 63 ## 14 10 18 2 7 8 10 ## 6
17 5 0 7 8 3 9 2 18 2 23 ## 32 5 18 0 8 2 5 29 3
18 0 3 3 3 3 10 1 6 4 9 15 7 43 5 1 5 3 5 2 1
19 2 0 0 3 0 7 1 3 9 4 3 3 7 1 0 7 1 12 4 0
20 3 3 0 3 2 5 0 2 3 3 1 3 2 1 0 4 0 0 0 0
21 8 0 1 3 0 3 0 1 1 5 0 1 1 4 2 2 1 2 1 2
22 12 0 25 25 15 39 8 20 5 25 1 29 7 27 1 39 27 22 1 13
23 1 1 3 6 0 14 0 3 4 5 0 26 6 2 1 3 2 0 0 2
24 0 0 1 2 0 6 1 4 1 2 0 0 1 1 4 6 1 3 0 1
25 1 6 2 0 1 4 1 0 3 8 0 0 0 4 1 6 0 8 0 0
26 1 2 1 2 2 5 0 1 0 4 0 2 4 3 1 6 2 3 0 1
27 2 1 1 2 0 4 0 2 3 3 1 1 1 3 0 2 2 3 1 0
28 5 5 2 2 4 1 1 12 ## 29 2 2 4 1 6 40 1 56 0 2
29 4 0 0 1 4 3 2 4 28 5 1 6 1 0 3 11 1 9 0 1
30 6 1 1 3 3 20 0 6 13 1 2 3 2 13 1 6 4 4 1 1
31 3 3 4 1 4 6 1 8 8 9 7 1 2 19 2 7 8 6 0 0
32 5 3 0 0 4 7 1 2 1 5 ## 3 1 4 9 1 2 6 43 0
33 1 1 0 1 2 6 1 1 3 9 33 2 0 4 2 6 1 1 8 3
34 5 0 2 2 2 8 4 7 9 19 3 7 1 5 4 4 1 0 0 2
35 0 1 0 2 1 7 0 1 5 2 1 2 2 1 0 2 2 3 0 2

Oxidation

OxidationMethylation

Sodium

Double oxidation
Dimethylation

• Over-represented 
mass-shifts 
represent the 
ubiquitous 
modifications.

• Can we reliably 
detect the lower 
abundance 
modifications?

Tsur et al, Nat Biotech 2005
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PTMFinder

Overlapping peptides help confirm modifications

Tsur et al, Nat Biotech 2005
Tanner et al, J Prot Res 2007
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1  KQGGTLDD  LEE  QAREL

2  KQGGTLDD  LEE  QARE

3  KQGGTLDD  LEE  QAR

4  KQGGTLDD  LEE  QA

5  KQGGTLDD  LEE
-18
QAR

6  KQGGTLDD  LEE
-18
Q

7   QGGTLDD  LEE  QAR

8   QGGTLDD
-53
LEE  QAR

Spectral Networks

Enzymatic digestion
Tandem 

Mass Spectrometry
Proteins

Peptides

…
Large set of 

MS/MS spectra …

- Each node is a spectrum
- Each edge is a spectrum/spectrum 
alignment



Center for
Computational
Mass
Spectrometryhttp://proteomics.ucsd.edu

Spectral Alignment

Spectral alignment reveals the mass and location of post-
translational modifications.

Modification mass
Modification site

Sample of cataractous lens from a 93-year old patient
• Collaboration with Larry David @ Oregon Health and Science University
• Lens proteins do not turnover and accumulate modifications over time
• Intensively studied in Searle et al.’04, Tsur et al.’05 and Wilmarth et al.’06 
• Detected over 70,000 spectral alignments

Bandeira et al, PNAS 2007
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Modifications on cataractous lens

carboxyethylation72K
carboxymethylation58K
unknown55R
carboxylation44W
carbamylation43K,non-terminal
carbamylation43N-term
acetylation42N-term
double methylation28S,H
oxidation16M,W
methylation14H
cross-linking-2W
deamidation-17Q
dehydration-18S,T

Putative annotationModification 
Mass

Location

unknownunknown271N-term
In-vivo N-term modification?carboxyamidomethylationunknown57N-term

reported in cataractous lensesformylkynureninePTM32W
unknownunknown30/73S

reported in cataractous lenseskynureninePTM4W
reported on same siteloss of methane sulfenic acidChem. artifact-48M

CommentPutative annotationTypeModification 
mass

Location

Table 1: Rediscovered all 
modifications previously 
identified by blind database 
search.

Table 2: Identified 6 new modification events

Bandeira et al, PNAS 2007
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Spectral networks of modified variants

Focus on a single peptide: MDVTIQHPWFK

Bandeira et al., PNAS 2007

All modifications discovered on 
cataractous lens were supported by 
spectral networks.
-PTMs without a database
-Triply-modified peptide
-All unrestricted modifications
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C+71

C+209

C+71

DHA+16

DHA

DHA

C+71

C+71

M+16

M+16

C+223

- Markers of true amino acid masses

- Start/end of assembled spectra

- Sequenced mass intervals

- Sequenced mass intervals (with modifications)

Target sequence

Characterizing monoclonal antibodies

Recombinant sequences 
create a challenge for de 
novo sequencing
– Full characterization 

includes PTMs
– Mutations are a “special 

kind of modification”
(see PSGR, Tue 10:45am)

Bandeira et al, Nat Biotech 2008
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Conclusions

Possible strategies
– Known modifications: filtration, PTM-specific scoring
– Blind search: search any mass offsets, singly-modified 

peptides
– Spectral Networks: search spectra against spectra, 

consensus interpretation, highly modified peptides

Main considerations
– False Discovery Rate stringency depends on size of virtual 

database, strategies may not be Target/Decoy compliant
– PTM site assignments are often ambiguous 

• AScore, Phospho-Loc. Score (PLS)
– Charged PTMs are typically not considered (e.g., 

phosphopantetheinyl)
– Glycosylation, SUMOylation and Ubiquitination (chains) 

require special approaches
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Center for Computational Mass 
Spectrometry

Compute-intensive 
discovery proteomics at 

the click of a button
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