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Gramatikoff K. in Abgent Catalog (2004-5) p.263 



Choudhary&Mann, Nat Rev Mol Cell Biol 2010 



Choudhary&Mann, Nat Rev Mol Cell Biol 2010 



EVOLUTION OF 
PHOSPHOSITES 
- phosphosites were shown to be under evolutionary 

constraint because they are having key roles in protein 
function 

 Boekhorst et al. Genome Biol 2008  

 Gnad et al., Genome Biol 2007 

- but at the same time a lot of phosphosites were found with 
a more rapid evolutionary turnover or unknown function 
(i.e. unspecific phosphorylation <> non-functional 
phosphorylation) 

 Ubersax&Ferrell Jr, Nat Rev Mol Cell Biol 2007 

 Lienhard, Trends Biochem Sci 2008 

 Malik et al., Bioinformatics 2008 



Scientific question: 
Does the 
phosphoproteome 
(here pS/pT) have a 
slower evolutionary 
turnover than the 
non-phosphorylated 
proteome (here S/T)? 



 
 

Song et al. Biochemistry 2006 

Landry et al., Trends Gen 09 
 



HOW MANY NON-FUNCTIONAL 
PHOSPHOSITES ARE THERE? #1 

1st assumption: non-functional phosphorylations are likely to 
represent off-target interactions >> rare molecular events >> 
should have lower abundance than (stochiometrically) higher 
phosphorylated sites 

Humans Yeast Landry et al., Trends Gen 09 
 



2nd assumption: if rapidly evolving sites results from non-
functional (supposedly non-specific) phosphorylation events 
>> underrepresentation in common protein kinase 
recognition motifs  

HOW MANY NON-FUNCTIONAL 
PHOSPHOSITES ARE THERE? #2 

Humans 



Last assumption: phosphosites with assigned function (e.g. 
site-directed mutagenesis and functional assay) evolve 
slower than those without assigned function 

Humans 

HOW MANY NON-FUNCTIONAL 
PHOSPHOSITES ARE THERE? #3 



CONCLUSIONS 
1) Phosphoproteomes evolve at a similar rate to that of non-

phosphorylated residues 
Possible explanations:  
- Most phosphosites occur in disordered regions and these 

evolve rapidly  
- The experimental setups used to charactarized those site 

are highly sensitive and detect a fraction of non-functional 
sites 

2) For assessment of potentially meaningful (i.e. functional) 
phosphosites, more information about the protein should 
be taken into consideration, like 
- Kinase recognition motifs 
- Abundance of phosphosites 

 



Analysis of conservation of phosphoproteomes from high-
&low-throughput mass-spectrometry in yeast (S. cerevisiae), 
fly (D. melanogaster) and worm (C. elegans) with human 
reference set 

positionally conserved sites  conserved kinase-substrate 
interactions (not necessarily 
positionally conserved) 



Workflow of the study 
(similar MS and computational 
alignment  pipelines throughout  
the groups) 





Conservation between 
compared species and 
human reference set, 
of all sites in 75 protein 
domain families: 
- 57 at least in 2 

target species 
- 17 in all 3 target 

species 
 
For kinase specificity, 
CDK1+CDK2 as well 
as casein kinase 2 
were amongst most 
frequently predicted 
kinases 



SEQUENCE HOMOLOGY IN 
OTHER SPECIES 

>> High rates of conservation concerning phosphorylated 
sequence motifs across species 



CREATING A 
PHOSPHORYLATION-
INTERACTION-
NETWORK  

 
 
 
 
 
Randomized network 
analysis showed that those  
interactions were unlikely to  
have been occuring by  
chance 
 



ENRICHED CORE-
SITES/CONSERVED 
KINASE-
SUBSTRATE 
RELATIONSHIPS IN 
CANCER GENES? 

 
 
 Enriched genes 

(amongst others) 
FOXO1,3,4 
CREB1 
SMAD2 
HSP90 



CONCLUSIONS 
- Pro: Comparing phosphorylation patterns between 

humans (reference set) and multiple target species 
provides clues to disregulated phosphorylation hubs in 
cancer and other human diseases  

- Contra: no functional validation provided 



Scientific question: How to refine and identify functionally 
relevant protein posttranslational modifications (PTM) – 
«most significant bottleneck in proteomic studies of 
posttranslational modification» 
 



SYSTEMATIC FUNCTIONAL 
PRIORITIZATION OF PROTEIN 
POSTTRANSLATIONAL MODIFICATIONS 

- Compilation of ~ 200.000 phosphorylation, acetylation and 
ubiquitination sites from 11 eukaryotic species (incl. H. 
sapiens and M. musculus) 

- Experimental determination of ~ 2.500 ubiquitination sites 
for S. cerevisiae  

 

Beltrao et al., Cell 2012 



DATA SETS 
- Phosphorylation data set  
3 fungi (S. cerevisiae, Schizosaccharomyces pombe, and Candida albicans) 
2 plant species (Arabidopsis thaliana and Oryza sativa) 
3 mammals (Homo sapiens, Mus musculus, and Rattus norvegicus)  
+ Xenopus laevis, Drosophila melanogaster, and Caenorhabditis elegans 
- 13,133 lysine acetylation sites  
H. sapiens, M. musculus and Drosophila melanogaster 
- 22,000 human ubiquitylation sites  
- MS approach to experimentally determine 2,500 ubiquitylation sites in 
S. cerevisiae to facilitate comparative studies.  
Using a set of 12 different S. cerevisiae phosphoproteomics experiments, 
estimated false discovery rate  < 4% of false-positive sites 
 

Human data set = reference data set 



PHOSPHORYLATION DATA SET  
 

observed conservation            ratio observed/random conservation 

Beltrao et al., Cell 2012 



OBSERVED VS EXPECTED 
PHOSPHOSITES 

error bars = 1 s.d. 

Beltrao et al., Cell 2012 

Conclusion: more functional assignments to 
PTMs are needed to improve data quality 



FUNCTIONALITY OF PTMS IN 
UNSTRUCTURED DOMAINS 

Beltrao et al., Cell 2012 (supplemental data) 

Hunter, Mol Cell 2007 

Question: can functionality be assigned to PTM sites that are 
multiply posttranslationally modified? 



ASSOCIATION OF PROTEIN 
PHOSPHORYLATION WITH LYSINE 
POSTTRANSLATIONAL MODIFICATIONS 

Beltrao et al., Cell 2012 



PTMS AS 
REGULATORS OF 
PROTEIN-PROTEIN 
INTERACTIONS 



S. CEREVISIAE PHOSPHOSITES ARE MORE 
LIKELY TO BE CONSERVED AT INTERFACE 
RESIDUES THAN AVERAGE PHOSPHOSITES 



OTHER PTMS ARE ALSO MORE LIKELY TO BE 
CONSERVED WHEN RESIDING AT INTERFACE 
RESIDUES 

Conclusion: acetylation and phosphorylation, but not ubiquitylation 
are regulators of binding affinity of protein interactions 



TESTING PROTEIN-PROTEIN 
INTERACTION DEPENDENCY ON 
PHOSPHORYLATION STATUS 



PHOSPHOSITE 
SIMILARITY 

~ 50% of phosphorylated interfaces 
in S. cerevisiae are conserved in  
H. sapiens while only ~ 18% of the  
interface residues (i.e. AA) are 
conserved. 
True observation? Lack of coverage? 



POSTTRANSLATIONAL 
HOT SPOTS WITHIN 
DOMAIN FAMILIES 

enrichment of PTM hot spots 
across 11 species above  
random expectation 

HSP70 was taken for further 
experiments 



HSP70 

nucleotide binding 
pocket peptide binding groove 

SSA1 is a cytosolic HSP70 in yeast >> D and A 
mutations in phosphosite hotspots 



Yeast spotting assay Binding of HSP70 to polysomes 

HSP70 assist the refolding of 
denaturated proteins 



CONCLUSIONS 
- Robust source of nearly 200.000 PTMs across 11 different 

species to investigate PPIs through protein-interfaces or 
domain activity 

- Practical&theoritical example of functional priorization of 
PTMs  

- Could also be used to study the evolution of 
posttranslational regulation 
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