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RIBOSOME PROFILING

Ingolia N. et al., Nature Protocols, 2012
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causes ribosome accumulation at translation inrtiation site (TI1S)




1. Next generation sequencing

RIBO-seq
HiSeqg/MiSeq (lllumina)
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2. Quality control

sequence quality
metagenic functional annotation

FASTQC/custom

3. Species specific annotation

STAR indexes

iGenomes: mapping indexes
annotation (UCSC/Ensembl)
sequences

RNA

4. Transcriptome mapping

> STAR/TOPHAT 2

splice & fusion

junctions
alignment
SAM/BAM
indels ATAGCAGGGTACACAGGTAC
BED ATAGC---GTACACTGGTAC

. SNP calling 6. TIS calling
samtools/mpileup SVM / rule-based
dbSNP classification
SNP features new transcripts
VCF GTF

PROTEOFORMER PIPELINE

Amino acids

> 7. Translation

TIS aware combine chosen
proteoform aware awarenesses
SNP aware —> 1RF translation

/N

complete (UniProtKB)
transcriptome

remove redundancy
map to public protein database (Swiss-Prot)
based on sequence similarity

Eite J

MS/MS spectra —— 8. MS-based proteomics/peptidomics

Results

@ SearchGUI X!Tandem, OMSSA, MSGF+
| Ny PeptideShaker 1% FDR on protein, peptide, PSM level

peptide
identification

protein
identification

9. Visualisation ¢
resolve inference problems

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


http://www.biobix.be/PROTEOFORMER

RIBOSORFS PIPELINE

Next Generation Sequencing € TIS Calling O Conservation

I b d | f‘| nm9 ATGGCGGCTCCCAGGGCGGCCGCCACAGCCTGA
R uie dSe CiasSSiTiCa tl on rnd ATGGCGGCTCCCAGGGCGGCCGGCGCAGCCTGA
R I B O . oryCunl ATGGCGGCTCCCAGGGCGGCAGGCGCAGCCTGA
-Se q -min count hg18 ATGGCGGCTCCCACGGCGGCAGGCGCAGCCTGA

sorAral ATGGCGGLTCCC-==m e e TGA

. . bosTau3 ATGGCGGCTCCCAGGGCGGCAGGCGCAGCCTGA

I I I u m | n a H |Se q - thm - RC hX echTell ATGGCGGCTCCCACAGCGGCAGGCGCAGCTTGA
monDom4 ATGGCGGCTCCCAGCGCTGTGGCAGCGGCCTGA

Custom Perl PhyloCSF

© Sequence processing € sORF Assembly
STAR / TopHat

© Floss Score
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Reads Reads

— Custom Perl

Annotation ' | |
FLOSS: Y, || f.() - £,() ||

lgenomes / Ensembl Custom Perl/R

RESULTS




PIPELINES IN GALAXY
PROTEOFORMER RIBOSORFS

Step 1: Mapping (can be both RIBO- % Step 2: Transcript calling x Step 3: TIS calling x
seq or RNA-seq) Sqlite DB with RIBO-seq data after Sqlite DB with RIBO-seq data after StEp/Le Mapoing RIBO sen) * _ Step 2: TIS calling .
choose the FASTQ file (untreated mapping transcript translation choose the FASTQ file (untreated Sglite DB with mapped RIBO-seq
RIBO-seq: no drug or CHX or Single : : : . RIBO-seq: no drug or CHX) d
| ata
End RNA-seq or Paired End RNA-seq out_sqlite_db (sqlitedb) out_sqlite (sglitedb) |
file 1) choose the FASTQ file (treated RIBO- out_sglite (sqlitedb)
seq: PUR, LTM, HAR)
choose the FASTQ file (treated RIBO-
seq: PUR, LTM, HAR or Paired End untreat_sam (sam) .
RNA-seq file 1) Step 5: SNP calling x i Step 5: sORF translation assembly %
; : treat_sam (sam
untreat sam (sam) &® SQLite DB with RIBO-seq data after DR & IS aNanASSEuY % . Sqlite DB with information of steps 1-
e mapping Sqlite DB with information of steps 1- untreat_s_bg (bedGraph) @ 2, optionally 4
treat_sam (sam @ < :
Select the sam file with the mapped 2=3. optionally'3 untreat_as_bg (bedGraph) e out_sqlite (sqlitedb)
untreat_s_bg (bedGraph) & untreated reads out_sqglite (sqglitedb) treat_s_bg (bedGraph) &®
untreat_as_bg (bedGraph) i i
9 P - sqlite_out (sqlitedb) treat_as_bg (bedGraph) &
treat_s_bg (bedCraph) & _ :
out_sqlite (sglitedb)
treat_as_bg (bedGraph) ®
out_sqlite (sglitedb) Step 7: Translation Database x
Enter SQlite translation product Step 6a: Create PhvloCSF input x
database : 2 g Step 7: FLOSS calculation x
Sqlite DB with information of steps 1- , L ,
translation_db (fasta) & > optionally'4 Sqlite db with information from at
' least mapping, TIS calling and
summary (text) out_sqlite (sglitedb) assembly.
out_sqlite (sqlitedb)
Step 6b: SORF coding/non-coding X
analysis
QUALITY CONTROL 1: " QUALITY CONTROL 2: " Sqlite DB with information of steps 1-
2-5-6a, optionally 4
Sqglite DB with RIBO-seq data after Sglite DB with RIBO-seq data after Step 8: Translation Assembly x

. Sqlite db with information from
out_tablel (tabular) out_table (tabular) mapping, TIS calling, assembly and
optionally PhyloCSF and Floss

out_table2 (tabular) out_pdfl (pdf) &
out_pdfl (pdf) & out_pdf2 (pdf) & out_sqlite (sqglitedb)
out_pdf2 (pdf) & out_pdf3 (pdf) & ~ fasta_out (fasta)

http://www.biobix.be/PROTEOFORMER

= Galaxy



http://www.biobix.be/PROTEOFORMER

PROTEOFORMER: EXPERIMENTAL SETUP

e The PROTEOFORMER method was evaluated and optimized using available mouse embryonic
stem cell (mESC) RIBO-seq data. Ingolia N. et al., Cell, 2011

e Matching shotgun and N-terminal COFRADIC proteomics experiments data were generated to
validate our setup.

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

Shotgun proteomics N-terminal COFRADIC positional proteomics
Staes A. et al., Nature Protocols, 2011
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PROTEOFORMER: QUANTITATIVE CORRELATION
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. overall improved identification PROTEOFORMER: ALLOWS DEEP PROTEOME COVERAGE

rate
2. improved protein score Shotgun proteomics

Mouse Human

n = 2853

B Shared ribo-seq/SwissProt - Equal protein score Bl New protein
[ 1] |Isoform/Homolog

[ Unique ribo-seq Bl SNP variant

[ ] Unique SwissProt ] 5' Extension
B LORF

[ Shared ribo-seq/SwissProt - Improved protein score



|. new translation products: 5’ext, 5’trunc, PROTEOFORMER: ALLOWS DEEP PROTEOME COVERAGE
uORF

2. @ near cognate start sites

>CD

N-terminal COFRADIC positional proteomics

probability
o
(&)

drzcl\i

o
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Mouse Fuman
3. multiple TIS per transcript

B dbTIS
[ 5'Extension [l Near-cognate start site
B dTIS [l Cognate start site



§-extension  UBC12 HUMAN PROTEOFORMER: NOVEL EVENTS

rubalehel N I 1pt
generic | ENSTO0000253023_19_59070069_SUTR | P61081 MARARKE RPRAVGAGPGGPENSR IWPSAAERVRGAGPGRSRTTGAEAGRAVGAERSGAAR NH2-V A'A|A|A|E|E|A=A|A|A Gy PyR-COOH
SDIPGIOSTIRCIZ RN~~~ e S

Int

generic|ENSTO0@00253023_19_59070069_SUTR | P61081 QAGRVAAAAEEAAAAGPRSGGDAGGGGGPGGRGPGPRGGGSGGGGGRMIKL FSLKQQKKE +
SPIPE1081IUBCIZ_HUMAN  [re—— . . . . . .= MIKL FSLKQQKKE
LR R R R 6,0004
genericienstomnnnzsozs |G RV AAAAE E AAAAGPRS Glossesoroounecviceoeaes oo
sp|P61081 |UBC12_HUMAN DISFSDPDDLLNFKLVICPDEGFYKS
BERARARRERAERERRERARREaE" 4&0&
genericlENsTOO@O0253023 1) T T T T T T EGNVCLNILREDWKPVLTINSITYGLQ 3,000
sp|P61081 | UBC12_HUMAN GNVCLNILREDWKPVLTINSITYGLQ
LA LR R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R Looo
generic| ENSTO0000253023_19_59070069_SUTR | P61081 YLFLEPNPEDPLNKEAAEVLQNNRRLFEQNVQRSMRGGYIGSTYFERCLK 1,000
sp|P61081 | UBC12_HUMAN YLFLEPNPEDPLNKEAAEVLQNNRRLFEQNVORSMRGGYIGSTYFERCLK _ : ,
LR R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R c - Y . . — . > . —— "Vz
0 250 500 750 1,000 1,250
Mutation RL13_HUMAN
generic| ENSTO0000311528_16_89627368_aT1S|P26373 MAPSRNGMVLKPHFHKDWQRRVATIWFNQPARKIRRRKARQAKARR TAPRPASGPIRPIVR NH2-5 TIEESEL!Q!TENEVEQER“CWH
sp!1P26373 IRL13_HUMAN MAPSRNGMVLKPHFHKDWQRRVATWFNQPARKIRRRKARQAKARRTAPRPASGPIRPIVR
sp1P26373-2 IRL13_HUMAN MAP SRNGMVLKPHFHKDWQRRVATIWFNQPARKIRRRKARQAKARRTAPRPASGPTRPTVR
LR AR R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R ) 'n'
-~
generic| ENSTO0000311528_16_8962 KKVARTIGISVDPRRRNKSTESLOTNVORLKEY
sp|P263731RL13_HUMAN NKST E S L TNV R L KKVARTIGISVDPRRRNKSTESLQANVQRLKEY 5,0001
sp|P26373-2 IRL13_HUMAN AR e SO
- 4,000
genericlENSTO0000311528_16_8962 NKST E S LQANVQRL TQLTGPVMPVRNVYKKEKARVITEEEKNFKAFA cis
sp|P26373 IRL13_HUMAN TQLTGPVMPVRNVYKKEKARVITEEEKNFKAFA :
spIP26373-2 IRLI3_HUMAN =~ e—— O, A TQL TGPVMPVRNVYKKEKARVI TE EEKNFKAFA
LR AR R R R R R R R R R R R R R R R R R R R R R R R R 2&0@
generic| ENSTO0000311528_16_89627368_aTIS|P26373 SLRMARANARL FGIRAKRAKEAAEQDVEKKK -
sp1P26373 IRL13_HUMAN SLRMARANARL FGTRAKRAKEAAEQDVEKKK '
sp!P26373-2 IRL13_HUMAN SLRMARANARL F G IRAKRAKE AAEQDVEKKK | , ) ‘ |
BESEERESREREERERAERER AR AR AR kS °' e - - - s ——— —— nuz
0 250 500 750 1,000
Isoform CLCA_HUMAN
splP@9496-5ICLCALHUMAN e NSRKQEAEWKEKATKEL EEWYARQDEQLQKTKANNRA - - - - - - - - - = - m o m o
sp|P09496-4 | CLCA_HUMAN LEALDANSRKQEAEWKEKATKE L EEWYARQDEQUOKTKANNS - - - - = == = == = -
generic|ENSTO0000345519_9_36191054_aTIS|PO9496 L EALDANSRKQEAEWKEKATKE L EEWYARQDEQLOQKTKANNRAA - - - -~~~ -~~~ -~ -
sp1P@9496-2 | CLCA_HUMAN LEAL DANSRKQEAEWKEKATKE L EEWYARQDEQLOKTKANNRAA - - -~~~ ~— -~~~ —-

AEEAFVNDIDESSPGTEWER
TNINHPCYSLEQAAEEAFVNDIDESSPGTEWER "

EEAFVNDIDESSPGTEWER .

EEAFVNDIDESSPGTEWER Sl

NRVADEAFYKQPFADVIGYV ININHPCYSLEQAAEEAFVNDIDESSPGTEWER S

NRVADEAFYKQPFADVIGYVA AEEAFVNDIDESSPGTEWER -
generic|ENSTO0000345519_9_36191054_aTIS|PO9496 LKQAPLVH 10,0001
sp|P@9496-2 | CLCA_HUMAN LKQAPLVH
sp|P@9496 | CLCA_HUMAN LKQAPLVH 5,000
sp|1P@9496-3 | CLCA_HUMAN LKQAPLVH

LA AL L L 2 2

-]

0 250 500 750 1,000 1,250 1,500 1,750



" b. HDGF_MOUSE

Scale

ched 87,907,000 | 87,908,000 |

1 b lu-lh
oo |

Hdaf e

PROTEOFORMER: NOVEL EVENTS

TIS @ near cognate start sites

{ mm10
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UCSC Genes (RetSeq, GenBank, IRNAs & Comparative Genomics)
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Mouse mANAS from GenBank
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: 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

4 CODING SORFs

\\Canonlcal peptides
- - \\
- o
- \
Peptides from sORF

Polaris: 3 peptides: 8,9, 36 AA
Rotundifolia4: | peptide: 53 AA

—nod40: 2 peptides: |2 and 24 AA
larsal-less/pri: 4 peptides: | | and 32 AA
Sarcolipin/Sarcolamban/Myoregulin:
29129146 AA

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



RIBOSORFS PIPELINE

Next Generation Sequencing € TIS Calling O Conservation

I b d | f‘| nm9 ATGGCGGCTCCCAGGGCGGCCGCCACAGCCTGA
R uie dSe CiasSSiTiCa tl on rnd ATGGCGGCTCCCAGGGCGGCCGGCGCAGCCTGA
R I B O . oryCunl ATGGCGGCTCCCAGGGCGGCAGGCGCAGCCTGA
-Se q -min count hg18 ATGGCGGCTCCCACGGCGGCAGGCGCAGCCTGA

sorAral ATGGCGGLTCCC-==m e e TGA

. . bosTau3 ATGGCGGCTCCCAGGGCGGCAGGCGCAGCCTGA

I I I u m | n a H |Se q - thm - RC hX echTell ATGGCGGCTCCCACAGCGGCAGGCGCAGCTTGA
monDom4 ATGGCGGCTCCCAGCGCTGTGGCAGCGGCCTGA

Custom Perl PhyloCSF

© Sequence processing € sORF Assembly
STAR / TopHat

© Floss Score

| TIS aware i
o L. R Genic & intergenic regions A

Reads Reads

— Custom Perl

Annotation ' | |
FLOSS: Y, || f.() - £,() ||

lgenomes / Ensembl Custom Perl/R

RESULTS




RIBOSORF: RESULTS

5UTR sORFs 23 593 i A e
Coverage 7 360 :ﬂ S — 01 —
Translation H 778 — o
Conservation 296
Exonic sORF's 33 741
Coverage 4 199
Translation 4 093
Conservation 231
Intronic sORF's 4 554
Coverage 637
Translation 604
Conservation 95
3’UTR sORFs 1 025
Coverage 200
Translation 189
Conservation 40
ncRNA sORFs 1412
Coverage 377
Translation 195
Conservation 14
Intergenic sORF's 4 018
Coverage 479 4018 1412
Translation 373 j intronic intergenic
Conservation 34

P Tl

No overlap = Not In frame
SUTR ] exonic

_|Overlap } {




RIBOSORF: MS VALIDATION

Sample Collection

|

= specific enrichment, extraction and separation

Exosome enrichment
Synaptosome separation
Specific cell lines

Peptide Extraction ]

20/9/1 (methanol/H20/acid) extraction solvent
heat-inactivation

l

[
|
[

size filtration (3kDa/ 10 kDa) MTS J
2 DHEE Separation (RP—LC at hlgh/|OW pH) { PSM Validation ]

PRI B

| PRIDE Reshake

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



“Inc-NPHP1-1:5 sORF " Inc-SPATA21-1:2 sORF “\ RIBOSORF: RESULTS

csood PhyloCSF good PhyloCoF
csood RIBOseq coverage

mm9 MADVSERTLQVSVLVAFASGVVL GWQANRLRRRYLDWRKRRLQDKLATTQKKLDLA*
S S S S S : .
rnd MADVSERTLQVSVLVAFASGVVLGWQANRLRRRYLDWRKRRLQDKLATTQKKLDLA* "
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SS S N SSS SN SSS SS SS SNS S mKKS UORF
hg18 MADVSERTLQLSVLVAFASGVLLGWQANRLRRRYLDWRKRRLQDKLAATQKKLDLA*
S S NSSSS S NN SSS SSS N SSSSNSS S
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monDom4 MKE IGDRKVRVAVVVSFASGFFVGNQACRLWRRFLNWRKGRLQEQLQE TQRRLDMY *

csood PhyloCSF
sood RIBOseq coverage Mwe ML TGV DORTHL AU ASPERT

Human MSLRNLWRDYKVLVVMVPLVGLIHLGWYRIKSSPVFQIPKNDDIPEQDSLGLSNLQKSQIQGK

cood RIBOseq coverage and MS validation
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SORF VALIDATION

Attention while validating the sORF identifications!

* UORFs or 5’extension! (NELFB)

* below threshold scoring PSM vs. reference DB &~

Search multiple DB’s (multi-stage)

/ Swiss-Prot
* Mouse SMIM20 (69 AA): trEMBL to Swiss-Prot frEMBL

(re-annotate) RefSeq

* SORF or variant reference peptide’ e

\ CRAP-DB
Check for possible contaminations
Isobaric masses (I,L)

Automate these validation steps:\Work in Progress... Near-isobaric masses (K, Q)

2 AA equal1AA(G-A=Q)
PTMs (E = Ace-S)

Nesvizhskii A., 2014, Nature Methods



Graphical representation
FLOSS-score

RPF-coverage

0.10
0.05
0.00 -
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- E14_mESC:10000
| Reference

[C] FLOSS™: The FLOSS algorithm distinguises true
coding from non-coding sequences based on the

RPF-length distribution.

SORFS.ORG

A COMPREHENSIVE REPOSITORY OF SORFS BASED ON RIBO-SEQ

OME

Welcome to sORFs.org

SORFs.org is a repository of SORFs based on RIBO-seq

While no consensus has been reached, small open reading frames (SORFs) are defined as open reading frames smaller than
100 amino acids. Although inherent to all genomes, these "SORFs" were historically disregarded to have any coding potential
overlooking its importance. A major contributer to this historical ignorance of SORFs is represented by the evolutionairy
trajectory of different tools in the field of bioinformatics/genomics/proteomics which were designed to reduce noise, and as
an side-effect, neglected SORFs, However, recent scientific breakthraughs have discovered coding potential in these SORFs
with clinical significance, verifying their importance. ' 2.4 . In particular, the invention of ribosome profiling * {RIBO-seq, REF ),
a next generation deep sequencing technique, providing a genome-wide snapshot of the translating machinery in a cell, has
provided great contributions to the discovery of SORFs.

The value and importance of the overlooked SORFs is becoming widely recognized & 7 and ribosome profiling data is
becoming more abundant. A public repository for SORFs, providing information resulting from different analytical tools,
seems a necessity in order to aid research in micropeptide discovery. With this in mind, we like to introduce sORF.org, a
public repository for SORFs. The main purpose is to allow researchers to examine individual SORFs or to perform searches
based on several criteria for furtner large-scale studies. Different data sources, both experimental and in silico (based on
various bioinformatics tools), are collected. SORF.org currently holds 185814 SORFs across three different species (human,

mouse and fruitfly), derived from multiple RIBO-5eq experiments and is expanding as more data becomes available.

Recent updates
SORFs.0rgv1.0

* ORFscore calculation added
# variational data added

* spliced-aware assembly

Tweets

S=—— :ORFs.org E:0RFdb
sORFsorg is now operational ! Please feel free to

sORFs.org Biomart database
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[D] ORFscorel!: The ORFscore calculates the preference of

RPFs to accumulate in the first frame of coding sequences.

A COMPREHENSIVE REPOSITORY OF SORFS BASED ON RIBO-SEQ
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sORF.org database representation

Below the default SORF.org default database is represented. A user guide concerning the SORFs default database representation can be found here.

For more advanced querying and custom export functions, feel free to consult our Biolart SORFs database implementzrion. Information concerning

the different datasets can be found here
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[E] PhyloCSF'® :Cross species conservation is a general adopted tech-
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[F] sORFs.org: A public repository for sORFs based on RIBO-seq.

[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.
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MicropepID: HCT116:14401

Basic information

SORF ID:

Gene location:

strand:

Transcript length:
Biotype:

Annotation:

Predicted mass:
Downstream gene distance:
Upstream gene distance:
start codon:

Exon overlap:

spliced:

RNA sequence:

HCT116:14401
chr: 10 pos: 75010663 75010707
anti-sense
45bp (1533)
protein_coding
exonic
1,547.66Da
not available
not available
ATG

1.00

Not spliced

ATGCTGAGAGACTGCGAAGGAAACGGGCACGTGAAGTCCTGTTAG

Predicted AA-sequence:
MLRDCEGNGHVKSC*

Variation analysis

variation name: 15104894168

variation name: Mutation

source: dbsnP

phenotype: COMBINED OXIDATIVE PHOSPHORYLATION DEFICIENCY 2

variation name: 15104894168

variation name: Mutation

source: dbsnP

phenotype: COMBINED OXIDATIVE PHOSPHORYLATION DEFICIENCY 2
Experiment information &

Cell line: HCT116

Species: human

Ensembl version: 75

Used mapper: STAR

Only unique maps: ¥

Adapter sequence: AGATCGGAAGAGCACACGTC

Total CHX reads: 233648830

Total CHX genomic reads: 71440855

Total CHX reads mapped to rRNA: 153580313

Total CHX reads mapped to CDS: 43500618

Total HARR/LTM reads: 238756367

Total HARR/LTM reads mapped to rRNA: 144644868

Total HARR/LTM reads mapped to CDS: 58306331

R o previous page

sORF analysis data

{Mouse over the different attributes for a more detailed

description)
RPKM: 53.810
Ritmsmars-Remxt 53.810
Coverage: 0.400
Coverage uniformity:  10.670
Peakshift: 10
Min count: 254
PhyloCSF-scare: -202.372
FLOSS-reads: 173
FLOSS-classification: Good
FLOSS-score: 0.2158
ORFscore: -4.7608
in-frame coverage: 0.2310

Graphical representation FLOSS-score bl
Giaphical reprasntation OnFscore. 1)

Graphical representation
FLOSS-score

RPF-coverage

15 20 3 W 3 40

RPF-length
|| HCT116:14401
- Reference

Graphical representation ORFscore

7.5

RPF-count

25

0.0

in_frame u Kl

Frame

Thiz graph visualizes the amount of RPF fragments
mapped in-frame and the amount of RPF mapped to
open reading frames in the +1/+2 frame of cananical
spliced transcripts. Only RPF's with fragment lengths
corresponding to the most abundant, in-frame RPF
found in canonical protein coding transcripts,are
used.

[H] Automated PRIDE resprocessing!®®®l: The PRIDE!'? database is explored to find Mass
spectrometry evidence for the translation of SORFs into functional micropeptides.

SORFsS.ORG

Combining ribosome
profiling and proteomics to
discover micropeptides,
%% translation products from
o small open reading frames.
Poster 467
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http://sORFs.ORG

CONCLUSIONS

/' Multi-omis approaches help the identification of novel
proteoforms

v PROTEOFORMER pipeline: www.biobix.be/proteoformer
v RIBOsSOREF pipeline and sORFs DB: www.sORFs.org



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