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Gawron D. et al., 2014, Proteomics;    Smith L.M. et al., 2013, Nat Methods

A single term – 
proteoforms – may be used 
to describe the molecular 

forms of proteins 
derived from individual 

genes, thus capturing the 
complete biological 

variability and all 
possible modifications of 
protein primary structure

PROTEOFORMS
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- truncation
- SAV
- sORF



- Harringtonine 
- Lactimidomycin (LTM)
- Puromycin

causes ribosome accumulation at translation initiation site (TIS)

Ingolia N. et al., Cell, 2011

Lee S. et al., PNAS, 2012

Fritch C. et al., Gen. Research, 2012

Ingolia N. et al., Nature Protocols, 2012

(1) Generation of cell extracts in which ribosomes have been 
faithfully halted along the mRNA they are translating in vivo  

(2) Nuclease digestion of RNAs that are not protected by the 
ribosome followed by recovery of the ribosome-protected 
mRNA fragments  

(3) Quantitative conversion of the protected RNA fragments 
into a DNA library 

(4) That can be analyzed by deep sequencing

(1)

(2)

(3) (4)
RIBOSOME PROFILING



http://www.biobix.be/PROTEOFORMER

Crappé J. et al., NAR, 2015;    Koch A. et al., Proteomics, 2014;   Menschaert G. et al., MCP, 2013

PROTEOFORMER PIPELINE

http://www.biobix.be/PROTEOFORMER


RIBOSORFS PIPELINE



PIPELINES IN GALAXY

PROTEOFORMER RIBOSORFS

http://www.biobix.be/PROTEOFORMER

http://www.biobix.be/PROTEOFORMER


• RIBO-­‐seq	
  and	
  matching	
  MS	
  data	
  on	
  HCT116	
  cells	
  	
  were	
  obtained	
  to	
  repeat	
  our	
  approach.

N-terminal COFRADIC positional proteomics
Staes A. et al., Nature Protocols, 2011
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Ingolia N. et al., Cell, 2011

• The	
  PROTEOFORMER	
  method	
  was	
  evaluated	
  and	
  opCmized	
  using	
  available	
  mouse	
  embryonic	
  

stem	
  cell	
  (mESC)	
  RIBO-­‐seq	
  data.

• Matching	
  shotgun	
  and	
  N-­‐terminal	
  COFRADIC	
  proteomics	
  experiments	
  data	
  were	
  generated	
  to	
  

validate	
  our	
  setup.

PROTEOFORMER: EXPERIMENTAL SETUP
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• aTIS
• RFP count >= 200
• spectral count >= 2

PROTEOFORMER: QUANTITATIVE CORRELATION



Shotgun proteomics

Unique SwissProt

Unique ribo-seq

Shared ribo-seq/SwissProt - Improved protein score

Shared ribo-seq/SwissProt - Equal protein score
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1. overall improved identification 

rate

2. improved protein score

PROTEOFORMER: ALLOWS DEEP PROTEOME COVERAGE



Near-cognate start site
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N-terminal COFRADIC positional proteomics

1. new translation products: 5’ext, 5’trunc, 

uORF

2. @ near cognate start sites

3. multiple TIS per transcript
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PROTEOFORMER: ALLOWS DEEP PROTEOME COVERAGE



PROTEOFORMER: NOVEL EVENTS



PROTEOFORMER: NOVEL EVENTS

TIS @ near cognate start sites

- near-cognate initiation site (GTG)
- N-terminus was acetylated (Ace-)
- initiator methionine removed (MAP)



Canonical bio-active peptides: 
-cleaved from precursor
-signal peptide @ N-terminus
-secretory pathway

Micropeptides:
-translated directly from sORF
-lacking signal sequence
-released in cytoplasm

Polaris: 3 peptides: 8, 9, 36 AA 
Rotundifolia4: 1 peptide: 53 AA
Enod40: 2 peptides: 12 and 24 AA
Tarsal-less/pri: 4 peptides: 11 and 32 AA
Sarcolipin/Sarcolamban/Myoregulin:  
29/29/46 AA

CODING SORFS

Andrews S.J., Rothnagel J.A., 2014, Nat Gen. Rev;   Crappé J. et. al., 2014, Eupa Open Proteomics



RIBOSORFS PIPELINE



RIBOSORF: RESULTS



➡ specific enrichment, extraction and separation

• Exosome enrichment
• Synaptosome separation
• Specific cell lines

• 90/9/1 (methanol/H20/acid) extraction solvent
• heat-inactivation
• size filtration (3kDa/ 10 kDa)

• 2D LC separation (RP-LC at high/low pH)

RIBOSORF: MS VALIDATION

Sample Collection

Peptide Extraction

LC Separation

MS/MS

PSM Validation

➡ search in-house and public (PRIDE Reshake) MS data 



RIBOSORF: RESULTSlnc-NPHP1-1:5 sORF

good PhyloCSF

good RIBOseq coverage

lnc-SPATA21-1:2 sORF

good PhyloCSF
good RIBOseq coverage
MS validation: PRIDE ReShake

mKKS uORF

good PhyloCSF

good RIBOseq coverage and MS validation



Attention while validating the sORF identifications!
SORF VALIDATION

• uORFs or 5’extension? (NELFB)

• Mouse SMIM20 (69 AA): trEMBL to Swiss-Prot
(re-annotate)

• below threshold scoring PSM vs. reference DB 

• sORF or variant reference peptide?

Search	
  multiple	
  DB’s	
  (multi-­‐stage)

Swiss-­‐Prot	
  
trEMBL	
  
RefSeq	
  
Ensembl	
  
CRAP-­‐DB

Check	
  for	
  possible	
  contaminations

Isobaric	
  masses	
  (I,L)	
  
Near-­‐isobaric	
  masses	
  (K,	
  Q)	
  
2	
  AA	
  equal	
  1	
  AA	
  (G-­‐A	
  =	
  Q)	
  
PTMs	
  (E	
  =	
  Ace-­‐S)

 Automate these validation steps: Work in Progress…

Nesvizhskii A., 2014, Nature Methods



Ribosome profiling (RIBO-seq) captures and subsequently sequences the +/-30bp RNA- fragments captured within ribo-

somes (the protein translation machinery). This technique differs from a regular RNA-seq setup, as a ‘snap-shot’ is pro-

vided of what is currently being translated in a cell, rather than what is expressed in a cell. In this context, it provides the 

opportunity to detect small open reading frames (sORFs) that are being translated and possibly could encode functional 

peptides or small proteins [A]. 

Additionally ribosome profiling allow the identification of translation initiation sites (TIS). RIBO-seq can be performed in 

presence of different antibiotics, which can either accumulate ribosomes at the TIS or stall ribosome at their current po-

sition [B].

[1] Kondo T., Plaza S., Zanet J., Benrabah E., Valenti P., Hashimoto Y., Kobayashi S., Payre F., Kageyama Y. (2010). Small peptides 
switch the transcriptional activity of Shavenbaby during Drosophila embryogenesis. Science Jul 16 329(5989):336-9.
[2] Magny E., Pueyo J., Pearl F., Cespedes M., Niven J., Bishop S., Couso J. (2013). Conserved regulation of cardiac calcium uptake by 
peptides encoded in small open reading frames. Science. Sep 6 341(6150):1116-20.
[3] Ingolia N., Ghaemmaghami S., Newman J., Weissman J. (2009). Genome-wide analysis in vivo of translation with nucleotide resolu-
tion using ribosome profiling. 
Science Apr 10 324(5924):218-23
[4] Ingolia N., Brar G., Stern-Ginossar N., Harris M., Talhouarne G., Jackson S., Wills M., Weissman J. (2014). Ribosome profiling re-
veals pervasive translation outside of annotated protein-coding genes. Cell Rep. Sep 11 8(5):1365-79
[5] Ariel B., Timothy J., Romain C., Sebastian M., Benedikt O., Elizabeth F., Charles V., Miler L., Nikolaus R., Tobias W., Antonio G. 
(2014). Identification of small ORFs in vertebrates using ribosome footprinting and evolutionary conservation. The EMBO Journal 33, 
981-993
[6] Michael L., Irwin J., Manolis K., (2011). PhyloCSF: a comparative genomics method to distinguish protein coding and non-coding re-
gions. 
Bioinformatics 27 (13): i275-i282.
[7] Hulstaert N., Reisinger F., Rameseder J., Barsnes H., Vizcaíno J., Martens L. (2013). Pride-asap: automatic fragment ion annotation 
of identified PRIDE spectra. Proteomics. Dec 16;95:89-92
[8] Vaudel M., Barsnes H., Berven F., Sickmann A., Martens L. (2011). SearchGUI: An open-source graphical user interface for simulta-
neous OMSSA and X!Tandem searches. Proteomics Mar;11(5):996-9.
[9] Marc V., Julia B.,  René Z., Eystein O., Frode B., Albert S., Lennart M., Harald B. (2015). PeptideShaker enables reanalysis of MS-de-
rived proteomics data sets.
Nature Biotechnology 33, 22–24
[10]     Juan A.V., Richard C., Attila C., José D., Antonio F., Joseph F., Johannes G., Emanuele A., Melih B., Javier C., Gavin O., Andreas 
S., David O., Yasset P., Florian R., Daniel R., Rui W. and Henning H. (2013). The Proteomics Identifications (PRIDE) database and as-
sociated tools: status in 2013. Nucl. Acids Res. (1 January 2013) 41 (D1): D1063-D1069.
[11] Anderson D., Anderson K., Chang C., Makarewich C., Nelson B., McAnally J., Kasaragod P., Shelton J., Liou J., Bassel-Duby R., Ol-
son E. (2015). A micropeptide encoded by a putative long noncoding RNA regulates muscle performance. Cell. 2015 Feb 12;160(4):595-
606.

• Identification of small 

open reading frames 

(sORFs) through ribo-

some profiling

• Generation of addition-

al in silico metrics to pre-

dict the coding potential of 

sORFs

• Automated search for 

mass spectrometry evi-

dence using PRIDE and 

peptideshaker

• Providing a public reposi-

tory for sORFs, facilitating 

research in the micropep-

tide field

Even though no consensus has been reached, small open reading frames (sORFs) can be 

defined as open reading frames smaller than 100 amino acids.These “sORFs” are inherent to 

all genomes, but are historically ignored to have any coding potentia. A major contributor to 

this historical ignorance of functional sORFs is represented by the taken evolutionary trajec-

tory of different tools in the field of bioinformatics/genomics/proteomics that were designed to 

reduce noise, neglecting the identification of these sORFs as a side effect. However, “recent” 

scientific breakthroughs[1][2] have discovered coding potential in several sORFs with clinical 

significance, indicating their importance. In particular, the invention of ribosome profiling[3]

(RIBO-seq), a next generation sequencing technique, providing a genome-wide snapshot of 

the translation machinery has provided great contributions to the discovery of sORFs.

While RIBO-seq provides data on many putative translating sORFs, ribosomal activity does 

not always point to functionality of the peptides. Currently only a handful of sORFs are shown 

to produce functional micropeptides. To close the gap between sORFs and micropeptides 

several in silico tools have been designed measuring the coding potential of sORFs. For in-

stance, analyzing the ribosome protected fragments, cross-species conservation and phe-

notype associated variations can provide an indication of the coding potential. The most 

straightforward way to measure the coding potential of sORFs is by acquiring MS-based ev-
idence. In order to facilitate micropeptide research, a public platform (sorfs.org) has been 

created combining ribosome profiling data, metrics depending the coding potential of sORFs 

and proteomics evidence.

     Combining Ribosome Profiling and Proteomics to Discover Micropeptides, Translation Products from Small Open Reading Frames.
Volodimir Olexiouka, Jeroen Crappéa ,Steven Verbruggena,Kenneth Verheggen ,Gerben Menschaerta,Wim Van Criekingea

Overview

Methods

Introduction Results Conculusion & future perspective

References

Contact
[G] Variation analysis: Information embedded in phenotype related mutations, insertions and 
deletions provide an additional source for evidence in favor of the coding potential of sORFs.

[H] Automated PRIDE resprocessing[7][8][9]: The PRIDE[10] database is explored to find Mass 
spectrometry evidence for the translation of sORFs into functional micropeptides. 

F

HG

The micropeptide research field has grown significantly, but still remains in its infancy. In 

order to take micropeptide research to the next level a public platform has been created, 

combining genomics and proteomics in order to facilitate micropeptide discovery. 

Both RIBO-seq and micropeptide research shows an evident increase in interest, rep-

resented by the exponential increase in publications. As a result we expect to ellabo-
rate on the number of datasets represented as well as the number of species supported 

as more data becomes available. Additional metrics concerning the coding potential of 

sORFs are currently being development alongside visual tools in order to facilitate man-

ual inspection of sORFs. Undoubtedly more micropeptides will be discovered in the near 

function and we are confident that our public repository will contribute significantly.

Example micropeptide

el tissue-specific 

Myoregulin influences the 

[C] FLOSS[4]: The FLOSS algorithm distinguises true 

coding from non-coding sequences based on the 

RPF-length distribution.

[D] ORFscore[5]: The ORFscore calculates the preference of 

RPFs to accumulate in the first frame of coding sequences. 

[E] PhyloCSF[6] :Cross species conservation is a general adopted tech-

nique in order to acquire evidence for genomic important regions. 

[F] sORFs.org: A public repository for sORFs based on RIBO-seq. Providing a platform for scientist to inspect, query and retrieve information regarding sORFs.
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✓ PROTEOFORMER pipeline: www.biobix.be/proteoformer   
✓ RIBOsORF pipeline and sORFs DB: www.sORFs.org 

✓ Multi-omis approaches help the identification of novel 
proteoforms

CONCLUSIONS

http://www.biobix.be/proteoformer
http://www.sORFs.org
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