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Post-translational 
Modifications

• Definition
– Covalent modification of side chains in 

proteins after they are translated and exit 
from the ribosomes.

• General Purpose:
– To alter the function, destination, or fate 

of the translated protein

– To expand the functional group 
repertoire of proteins beyond the 20 
'natural' amino acids.



Post-translational Modifications
• Proteolytic Cleavage

– Conversion of an inactive protein precursor 
(proprotein) to the active form

– Removal of a signal peptide from a preprotein.

– Conversion of zymogens to active enzymes

– Removal of initiating methionine

Preprotein

Signal Sequence

Signal Peptidase

Endoplasmic Reticulum

Excreted / Membrane Bound



Post-translational 
Modifications

• Glycoproteins
– Proteins covalently linked to carbohydrate (Glucose, 

galactose, mannose, fucose, GalNAc, GlcNAc, NANA).



Post-translational 
Modifications

• Glycosidic bonds
– O-linked (Ser, Thr, Hydroxy-Lys), 

– N-linked (predominant).
GalNAc linkage to Ser, Thr GlcNAc linkage to Asn



Post-translational Modifications
• Oligosaccharides

http://www.med.unibs.it/~marchesi/protmod.html



Post-translational Modifications
• N-terminal and Lysine side-Chain Acylation

–  acetylation

–  myristoylation

–  palmitoylation



Post-translational Modifications

• Cys Lipidation

– Prenylation

• Farnesylation

• Geranylgeranylation

– Palmitoylation



Post-translational Modifications
• Methylation

– Lysine 

– Arginine

– C- terminal 

• Glu Methylation and Carboxylation



Post-translational Modifications

• Phosphorylation

http://anx12.bio.uci.edu/~hudel/bs99a/lecture26/lecture7_3.html



Post-translational Modifications

• Sulfation



Post-translational Modifications

• Selenocysteine



Post-translational Modifications
Carbohydrates
N-linked oligosaccharides
O-linked oligosaccharides
Glycophosphoinositol-lipid anchors
C-Mannosylation

Lipids
Acylation
Palmitylation
Myristylation
Farnesylation
Prenylation
Geranylgeranylation

Cross-linking
Disulfide formation
Thiolester formation
Transglutamylation

Amino acid modification
Amidation–deamidation
Cysteinylation
Formylation
Citrullination
Isoaspartylation
Detyrosination
Thioether addition
Gamma-carboxylation
Deimidation

Small adducts
Phosphorylation
Sulfation
Nitration
Acetylation
Formylation
Methylation
Oxidation
Hydroxylation
Iodination
Biotinylation



Post-translational Modifications



Post-translational Modifications

• Many PTMs have been discovered serendipitously 
during studies of individual proteins and 
biological processes.

• Direct PTM analysis provides a complete analysis, 
but is slow and sometimes not even possible for 
certain proteins because of problems of isolation 
and obtaining sufficient amounts.

• Proteomics analysis is high throughput, but 
typically incomplete in its ability to completely 
characterize the protein primary sequence

• How can proteomics be applied to the analysis of 
PTMS?



Isolation of Modified Proteins

• Consideration: A single gene can have many 
gene products due to alternative splicing and 
multiple modification combinations.

• A lot of protein is necessary (~1ug).



Isolation of Modified Proteins

• A suitable expression 
(eg baculovirus) can 
sometimes be employed 
to recombinantly 
express the protein(s) to 
be studied.

• Caveat: recombinant 
systems do not always 
produce identical PTMs 
to the those of 
mammalian cells.



Isolation of Modified Proteins

• 2D Gel electrophoresis typically can 
be used to separate modified 
proteins.



PTM Mapping a Purified Protein

Protease A Protease BDigestion

Sequencing

Interpretation



PTM Mapping a Purified Protein
• Sequencing: Edman degradation

Purified 
Protein

Digestion HPLC Sequencing



PTM Mapping a Purified Protein
• Sequencing: Edman degradation



PTM Mapping a Purified Protein
• Sequencing: Mass Spectrometry

Protease A Protease BDigestion

Mass Spectrometry

Interpretation



PTM Mapping a Purified Protein

Peptide Mass Fingerprinting 
(MALDI, LC/ESI-MS)
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Post-translational Modifications

http://www.abrf.org/index.cfm/dm.home



PTM Mapping a Purified Protein

Mann M, Jensen ON. (2003) Nat Biotechnol.  21:255-61.



PTM Mapping a Purified Protein

• Unmatched masses can arise from 
several sources:
– Contaminating proteins

– Chemical modifications (eg MetO)

– Unexpected cleavage

• The remaining unmatched matches 
can be considered PTMs.



PTM Mapping a Purified Protein
• MS-based protein 

sequence prediction 
software can look for a 
limited set of 
modifications if they are 
known or suspected in 
advance.

• The combinatorial 
explosion involved in 
matching modified 
masses between 
thousands of 
experimental spectra 
and millions of database 
peptides is intractable.



PTM Mapping a Purified Protein

• “Second pass” software has been 
written to help identify PTMs after 
protein identification.
– FindMod

– GlycoMod

– FindPept

– Salsa



FindMod

http://ca.expasy.org/tools/findmod/



FindMod
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FindMod
• Example: Lysine Dimethylation in E. coli 

elongation factor TU



FindMod
• Example: Lysine Dimethylation in E. coli 

elongation factor TU



FindMod
• Post Source Decay Spectrum of 

AFDQIDNAPII-K(dimethyl)-AR



FindMod

http://prospector.ucsf.edu/ucsfhtml4.0/msprod.htm



FindMod



FindMod

Wilkins et al. (1999) J. Mol. Biol. 289:645-657



FindMod

• Considers about 30 modifications

• Cannot handle complex modifications 
such as glycosylation (except O-
GlcNac).



GlycoMod

• Glycosylation is one of the most 
common PTMs (estimated >50% of all 
proteins are glycosylated).

• Glycosylations can be quite complex

• GlycoMod finds all possible 
compositions of a glycan structure 
from its experimentally determined 
mass.



Glycosylation
• O-linked 

– Ser, Thr, Hydroxy-Lys, or hydroxy-Pro

– Glycan can be linked to Ser or Thr via a 
phosphate group (a phosphodiester linkage).



Glycosylation
• N-linked 

– Linkage is through amide nitrogen of Asparagine

– Almost always have GlcNAc at the reducing 
terminus

– Consensus sequence:  -Asn-[!Pro]-[Ser|Thr|(Cys)]



Glycosylation
• N-linked 

– Almost always contains the core pentasaccharide 
Man(1-6)[Man(1-3)]Man(1-4)GlcNAc(1-4)GlcNAc(1-4)



Glycosylation
• N-linked 

– High mannose type



Glycosylation
• N-linked 

– Complex type



Glycosylation
• N-linked 

– Hybrid type



Glycosylation
• PNGase



Glycosylation
• O-Glycosidase



Glycosylation

• MS cannot distinguish between monosaccharides with the 
same mass:

“Hexoses”



Glycosylation

Kjeldsen et al. Anal. Chem.2003, 75,2355-2361



GlycoMod
• Finds all possible 

compositions of a 
glycan structure from 
its experimentally 
determined mass by 
comparing the the 
mass against a list of 
precomputed glycan 
masses.

• http://ca.expasy.org/tools/glycomod/



GlycoMod

 Cooper et al. (2001) Proteomics 1:340-349



GlycoMod

Example: 2-aminopyridine derivatised N-linked oligosaccharide
From horseradish peroxidase



GlycoMod

Example: 2-aminopyridine derivatised N-linked oligosaccharide
From horseradish peroxidase

•Mass Value: 1143.4
•Mass Type: monoisotopic
•IonMode/Adducts: [M+Na]+
•N-linked oligo form: Derivatised oligosaccharide
•Reducing terminal derivative id: 'PA'
•Reducing terminal derivative monoisotopic mass:  94.053



GlycoMod

Example: 2-aminopyridine derivatised N-linked oligosaccharide
From horseradish peroxidase



FindPept

• Identifies the origin of “missing” 
peptide masses resulting from 
unspecific proteolytic cleavage, 
missed cleavage, protease 
autolysis or keratin 
contaminants.

• Takes into account PTMs and 
protease autolysis peaks (and 
keratin peaks).

http://ca.expasy.org/tools/findpept.html



FindPept



FindPept
• Example: Atypical cleavage of chicken lysozyme

• Scenario:  Chicken lysozyme C (P00698)  digestion with 
lysyl endopeptidase (Lys C) gives a mass at 1262.591 
that cannot be explained by the cleavage rule for this 
enzyme (carboxy side of Lys, including Lys Pro).



FindPept
• Example: Atypical cleavage of chicken lysozyme

• MS-MS analysis confirms (K)GTDVQAWIRGC(R).

• Myxobacter Lys C has been shown to cleave C-
term of Carboxymethylcysteine.



SALSA
• MS/MS-based sequence prediction packages 

cannot identify 'unanticipated' modifications.
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(M+H)+ = X+m (M+H)+ = X

• SALSA (Scoring ALgorithm for Spectral Analysis)
Uses pattern recognition identify motifs and PTMs 
in MS/MS data.



SALSA



SALSA

• SALSA uses Sequences to find 
patterns in MS/MS spectra; this is the 
opposite of sequence prediction 
programs like Mascot and SEQUEST.

• Can find modified peptides by 
specifying the peptide sequences 
manually

• SALSA score is not statistically 
formulated.



PTMS and The Hypergeometric 
Distribution

• The hypergeometric distribution models 
the total number of “successes” in a fixed 
size sample drawn without replacement 
from a finite population.

– Eg. A deck of 52 cards has 16 face cards.  
Say you were to draw randomly 10 cards from 
the deck.  What is the probability of getting 8 
face cards?



The Hypergeometric Distribution
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= −y= fx∣M , K , n=
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16
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2 
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36!
2!34!
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=5.1×10−4

nx= n!
n!n−x!

Where:
M   is the size of the population (52 cards).
K     is the number of items with the desired 
       characteristic in the population (16 face cards).
n     is the number of samples drawn (10).  
x     is the desired outcome (8 face cards).



The Hypergeometric Distribution

1. Perform an in silico digestion of the protein database 
and identify the (M+H)+ mass for each peptide.

2. Perform an in silico fragmentation of each peptide and 
associate them with the parent ion.

3. Extract all the peptides from the database with a 
parent (M+H)+ mass matching the experimental 
parent mass and count the number of fragments for 
each.  The total number all these fragment masses is 
the population size,  M .



The Hypergeometric Distribution

4. Identify the number of these fragment ion 
masses from peptide sequences that have a 
match to a peak in the experimental spectrum, 
K.

5. For each peptide sequence, the total number 
of theoretical fragment ion masses is the 
sample size, n. 

6. The number of matches between the 
theoretical and experimental spectrum is x.



The Hyergeometric Distribution

• Example:   ATHILDFGPGGASGLGVLTHR Against 
the NCBI Non-redundant Protein Database

.

M   is the total number of theoretical fragment
       ions from the database  that have (M+H)+ 
       masses matching the experimental 
       spectrum (5 284 150).
K    is the subset of these fragment ions that 
       match a fragment ion peak in the 
       experimental spectrum (569 160).
n     is the number of fragment ions for the 
       peptide sequence under consideration (40).
x    is the number of fragment ion matches 
       between the experimental  and theoretical
       fragmentation spectra (34).



The Hypergeometric Distribution

y= fx∣M , K , n=
Kx M−K

n−x 
Mn 

nx= n!
n!n−x!

y=
569160

34 34714990
6 

5284150
40 

=

569160!
34!569126!

4714990!
6!4714984!

5284150!
40!5284110!

=1.0×10−26.62



The Hypergeometric Distribution

• Significance of a match: How many peptides in a 
database are expected to have the same or better 
matches to the experimental spectrum?

• P-Value (Expectation Value)
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The Hypergeometric Distribution

• The hypergeometric model is database 
independent:

The same experiment 
conducted against the S. 
cerevisiae databases (6200 
sequences) gives a match 
probability of 10-26.51 (vs 10-26.62 
for NCBI NR).



• Current protein sequence prediction packages 
have limited ability to detect posttranslational 
modifications.
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Identifying Posttranslational 
Modifications
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Identifying Posttranslational 
Modifications

1. Assume each of the spectra corresponds to a 
candidate peptide.

2. Calculate the (M+H)+ difference between the 
spectrum and the candidate peptide and determine m.

3. Assign m to each residue in the sequence, in turn.
4. Calculate the hypergeometric probability of the 

spectrum and this candidate peptide.
5. If the match score improves over the original score, 

then it is more probable that the spectrum corresponds 
to a PTM peptide.

6. A look-up table can be used to identify the probable 
PTM and determine if is compatible with the modified 
residue.



Identifying Posttranslational 
Modifications

LASSLSVVVSLLLIPEDVCEK
IIGGNEVTPHSR
PYMVLLSLDR
TICAGALIAK
DWVLTAAHCNLNKR
ITTTYEEPTK
QIMLVK
EFPYPCYDPATR
EGDLKLL

PTM Candidate Peptides

   b Ions          Fragment          y Ions

 -----------      I  TTTYEEPTK   1062.54 
  215.14       IT  TTYEEPTK     961.50 
  316.19       ITT  TYEEPTK     860.45 
  417.23       ITTT  YEEPTK     759.40 
  573.34       ITTTY  EEPTK     603.30 
  702.38       ITTTYE  EPTK     474.26 
  831.42       ITTTYEE  PTK     345.21 
  928.47       ITTTYEEP  TK     248.16 
1029.52       ITTTYEEPT  K     147.11
1175.62       ITTTYEEPTK     -----------

   b Ions          Fragment          y Ions

 -----------      I  TTTYEEPTK   1062.54+m 
  215.14       IT  TTYEEPTK     961.50+m 
  316.19       ITT  TYEEPTK     860.45+m 
  417.23       ITTT  YEEPTK     759.40+m 
  573.34+m  ITTTY  EEPTK     603.30 
  702.38+m  ITTTYE  EPTK     474.26 
  831.42+m  ITTTYEE  PTK     345.21 
  928.47+m  ITTTYEEP  TK     248.16 
1029.52+m  ITTTYEEPT  K     147.11
1175.62+m  ITTTYEEPTK     -----------
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Identifying Posttranslational 
Modifications

LASSLSVVVSLLLIPEDVCEK
IIGGNEVTPHSR
PYMVLLSLDR
TICAGALIAK
DWVLTAAHCNLNKR
ITTTYEEPTK
QIMLVK
EFPYPCYDPATR
EGDLKLL

PTM Candidate Peptides
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  573.34       ITTTY  EEPTK     603.30 
  702.38       ITTTYE  EPTK     474.26 
  831.42       ITTTYEE  PTK     345.21 
  928.47       ITTTYEEP  TK     248.16 
1029.52       ITTTYEEPT  K     147.11
1175.62       ITTTYEEPTK     -----------

   b Ions          Fragment          y Ions

 -----------      I  TTTYEEPTK   1062.54+m 
  215.14       IT  TTYEEPTK     961.50+m 
  316.19       ITT  TYEEPTK     860.45+m 
  417.23       ITTT  YEEPTK     759.40+m 
  573.34+m  ITTTY  EEPTK     603.30 
  702.38+m  ITTTYE  EPTK     474.26 
  831.42+m  ITTTYEE  PTK     345.21 
  928.47+m  ITTTYEEP  TK     248.16 
1029.52+m  ITTTYEEPT  K     147.11
1175.62+m  ITTTYEEPTK     -----------
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Identifying Posttranslational 
Modifications
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Identifying Posttranslational 
Modifications
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(M+H)+ = 1175.62+m


