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genetic variation

RNA editing

alternative splicing

alternative translation
initiation

stop codon readthrough

ribosomal frameshifting

protein processing,
co-translational and
post-translational
protein modifications
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PROTEOFORMS

PROTEOFORM

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

forms of proteins
derived from individual
genes, thus capturing the
complete biological
variability and all
possible modibcations of
protein primary structure

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

Other proteoform:
- extension
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Canonical protein
Other proteoform:

- extension
- truncation
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Other proteoform:

- extension
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Steps 1-17: cell lysis,

nucigase footprinting and ribosome recovery
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Steps 18-29: lootprint fragment purification
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Steps 30-35: linker ligation

i
o
'
g
-
{
(—
l : y
oM
O \CQ O
*
+ e i
O "0

Steps 47-54: rRNA depletion
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Steps 55-64: PCR amplification
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Steps 65 and 66: sequencing and analysis

Ingolia N. et al., Nature Protocols, 2012

RBOSOMBROFILINC

(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
iInto a DNA library

(4).That can be analyzed by deep sequencing

Reads Reads

initiation

I ‘ | No Drug

Harringtonine

<

- Harringtonine
- Puromycin

causes ribosome accumulation at translation initiation site

Ingolia N. et al., Cell, 2011
- Lactimidomycin (LTM)Lee s. et al., PNAS, 2012

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




1. Next generation sequencing

RIBO-seq
HiSeqg/MiSeq (lllumina)

j W - l Hamringtonine
0= A
3 WO - | No Drwg
0 A&Mm;u.
Iinfation

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

PROTEOFORMHERPELINE

Amino acids

Results

=

> 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

J

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

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

peptide
identification

protein
identification

9. Visualisation ¢

resolve inference problems

http://iwww.biobix.be/PROTEOFORMER

CrappZ J. et al., NAR, 2015;

Koch A. et al., Proteomics, 2014: Menschaert G. et al., MCP, 2013
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RBOSORFHPELINE

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




PIPELINESN (RALAXY
PROTEOFORMER RIBOSORES

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://Iwww.biobix.be/PROTEOFORMER

= Galaxy
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PROTEOFORMEBXPERIMENTARTUF

I S1(*?"%>@%A%"4@"*.(/16-*8+"* (B+7<+/(-*+,-*6,C.2D(-*<'2,3B#27+.7(*.6<'(*(..9E6,20
1(FO(7TT*R' (" G*'#P%&'()*-+/+= IngolaN. etal, Cell, 2011
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Shotgun proteomics N-terminal COFRADIC positional proteomics
Staes A. et al.,, Nature Protocols, 2011
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Mouse

Human
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PROTEOFORMERQUANTITATIVEORRELATIO

r-=0.714

* Instability < 30

¢ Instability >= 30 & < 50

e Instability >= 50 & < 100

Instability >= 100

r<=0.643

¥ aTllS
¥ RFP count >= 200
¥ spectral count >= 2




1. overall improved identibcation PROTEOFORMERLLOWSDEEPFROTEOMEOVERAG!

rate
2. improved protein score Shotgun proteomics

Mouse Human
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1. new translation products: 50ext, 50trunc, PROTEOFORMERALLOWSDEEPPROTEOMEDVERAGIH
UORF

2. @ near cognate start sites
: AC A'|' N-terminal COFRADIC positional proteomics
2 CAC
“LelACLVL
s Mouse Human
3. multiple TIS per transcript
N

B 3/P5(
O 2@:A&™#" [E&2,09-D"2.&*.2, *#.&
B 3P5( I O-D"2.8*.2. .%#.&



5’-extension UBC12_HUMAN PROTEO FORM ERbVE LE/ENTS

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 |

il

= kbh
'909,000 | 87.910,000 | 87911000 87912000 | 87,913,000

PROTEOFORMERDVELB/ENTS

TIS @ near cognate start sites
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- near-cognate initiation sitg3TG)
- N-terminus was acetylatedi\¢e-)
- Initiator methionine removedNIAP)



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

Micropeptides:

-translated directly from sORF
-lacking signal sequence
-released In cytoplasm

CODINGORIS

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

Andrews S.J., Rothnagel J.A., 2014, Nat Gen. Rev; CrappZ J. et. al., 2014, Eupa Open Proteomics
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RIBGORF: BSULTS



RIBGORF: MSAYIDATION

| specibenrichment, extractiorandseparation Sample Collectlor]

|

Peptide Extractlon]

KWK

Synaptosome separation
Specibc cell lines

K

LC Separatior J

|

MS/MS }

|

¥ 2D LC separation (RP-LC at high/low pH) { PSM Validatior ]

K

90/9/1 (methanol/H20/acid) extraction solvent

heat-Inactivation
size Pltration (3kDa/ 10 kDa)

K

[
Exosome enrichment [
[
[

K

| searchn-house and publiPRIDE ReshakdS data



"Inc-NPHP1-1:5 SORF
good PhyloCS

good RIBOseq covera

™

"Inc-SPATA21-1:2 SORF  |RIBGORF: BsuLT:

good PhyloCS
good RIBOseq covera

L MS validation: PRIDE ReSj
"mKKS uORF D

good PhyloCS

good RIBOseq coverage and MS validatior




SORR/ALIDATION

¥ UORFsor 50extensién(NELFB)

¥ below thresholascoring PSM veferenceDB &~ " HY68 () -+ JOL'2()*+ 31 +H#4A"5
PASY& ()" +,-77./01°2()"+,31+#4"

. / "#$$%&'()*
¥ Mouse SMIM20 (69 AAYEMBLto Swiss-Prot ot
(re-annotate) /Oilbz*
¥ sORF owariant reference peptide? \ J7r/38$8(L)(;l26

hO-

6&"%7'89%-911,:*"%9: +#(,:#+,9:1

, $(5;'#<*4;$90%*=:>.7*
Automatethese validation steps Work in ProgressE @O0;'%#3(5; #<*4,$$03*=A>"
C*88*02D;6*E*88*=F%8*G*E
&H,$*=+*G*8<0%!?

Nesvizhskii A., 2014, Nature Methods
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Combining ribosome
probPling and proteomics to
discover micropeptides,
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Poster 467
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CONCLUSION:!

Multi-omis approaches help the identibcation of novel
proteoforms

" PROTEOFORMER pipelinewww.biobix.be/proteoformer
- RIBOsORF pipeline and sORFs Dwww.SORFEs.org
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