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Supplementary Note 1: Comparison of UV and FA crosslinking 

UV irradiation at 254 nm is a robust method to create covalent “zero length” crosslinks between 

nucleotides and neighbouring amino acid residues. Since the reaction is initiated by excitation of 

nucleobases in RNA the covalent crosslinks are formed specifically between RNA and protein 

and not intra- or inter-protein. Although, inter-peptide crosslinks mediated by UV have been 

reported they require either extensive UV irradiation for 30 minutes1 or with laser based UV 

irradiation2. Also, the rapid kinetics of the reaction make the interaction specific to neighbouring 

amino acids3–5. The covalent bond between nucleotides and proteins is stable and can 

withstand highly stringent detergent and temperature washing conditions6,7. Thus UV irradiation 

is highly suited to study RNA protein interactions. However, UV has a bias towards single-

stranded RNA regions and crosslinks mediated via the nucleobase uridine7–9.  

Formaldehyde (FA) is the shortest bifunctional chemical crosslinker and can undergo diverse 

chemical reactions10. It can quickly diffuse through living cells thereby freezing biomolecular 

interactions and preventing intercompartment mixing11. FA can form intra- and intermolecular 

covalent bonds between nucleic acids and proteins. Similar to UV-mediated crosslinks, these 

crosslinks can withstand stringent detergent washes, however the covalent bonds can be 

reversed with heat. Hence, FA has been extensively used to study chromatin/DNA-protein 

interactions (e.g. ChIP, Bio-TAP-XL12, PiCh13, RIME14, CAPTURE15 and reviewed in Hoffman, 

E.A. et al.16). It has also been used to study protein complexes17–19. FA has also been recently 

used to investigate RNA-protein interactions of specific RNAs using biotinylated antisense 

probes as part of the CHIRP-MS20, dCHIRP21 and CHART22 protocols. It has also been used in 

protein-centric approaches to interrogate short range RNA-protein interactions in the RIPiT-Seq 

technique23. Under the crosslinking conditions and short incubation times (0.1% fresh 

monomeric FA incubated for 10 min at room temperature) used in the present study, most of the 

reactions would be driven through immonium cations and largely limited to lysine, tryptophan 

side chains, and the amino termini of proteins10. We additionally ensured that FA crosslinking 

does not create extensive networks of crosslinks by optimising for its yields to be similar to UV 

irradiation. 

Supplementary Note 2: Adjacent versus crosslinked peptides 

Crosslinked peptides emanating from a single location in close proximity to RNA are more 

diverse than corresponding adjacent peptides(Supplementary Fig. 5a). This diversity arises from 

the various combinations of amino acids and nucleotides which can occur at the crosslinking 
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site and the variable number of nucleotides left behind after RNase digestion. Each of these 

heteroconjugate peptides are detected separately in mass spectrometric analysis. The adjacent 

peptides on the other hand are homogeneous and thus more abundant and easier to detect.  

Supplementary Note 3: Adjacent peptide extension 

We extended adjacent peptides to the neighbouring LysC digestion sites. The resulting ADJ-

peptides encompass the predicted crosslinking sites. In many cases a single LysC ADJ-peptide 

may be composed of more than one internal tryptic adjacent peptide. Adjacent peptides add up 

to the coverage shown for each of the ADJ-peptides in the protein profiles shown in the 

manuscript. 

Supplementary Note 4: Crosslinked peptide analysis 

RNA-protein interactions can be studied by covalently fixing them through UV irradiation 

(wavelength 254 nm). UV selectively excites ribonucleobases, which preferentially form covalent 

adducts with hydrophobic and aromatic amino acids (W, Y, F, H, M, I, L, V, G, A, C) (reviewed 

in Schmidt et al.24). RNA-peptide heteroconjugates suitable for LC-MS are generated by 

trimming the RNA to the length of one to maximally three ribonucleotides using nucleases and 

converting the proteins into peptides by using specific endoproteinases like trypsin.  

The ionization efficiency of heteroconjugates is usually decreased by the presence of the 

phosphodiester backbone that partially remains negatively charged (pKa values of non-bridging 

oxygen atoms < 1.5) at the pH value (2-3) of the LC-MS buffer systems in use. Moreover, the 

presence of the highly polar ribose moiety can potentially lead to unfavourable chromatographic 

behaviour (impaired retention, peak shape distortion) on C18 reversed phase columns. As a 

consequence, identification of crosslinked peptides requires much higher sample amounts 

compared to standard MS-based proteomics experiments (similar to phosphoproteomics). To 

overcome this, enrichment strategies harnessing the physicochemical properties of the ribose 

phosphodiester backbone have been established25.  

Previous studies have demonstrated that the mass of a crosslinked RNA-peptide 

heteroconjugate is additive, i.e. the mass of the molecule equals the sum of the masses of its 

constituents, peptide and oligonucleotide26. The latter has been exploited in the context of 

homogeneously purified RNPs to screen MS1 spectra for the presence of precursor ion masses 

that can be matched by allowing a combinatorial permutation of ribonucleotide masses to be 
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added to known peptide ion masses7. In later studies, crosslinked peptide spectra were 

extracted from MS2 data by first identifying nucleobase marker ions, which result from (partial) 

collision-induced dissociation of the covalently bound ribonucleotides during MS2 

fragmentation8,25. These marker ions are usually observed for three of the four RNA bases in the 

lower mass range of MS2 spectra, (e.g. m/z 112 for C (H+), m/z 136 for A (H+), m/z 152 for G 

(H+) and the rarely observed m/z 113 for U (H+)). Assuming a crosslink is exclusively 

established via the nucleobase, the presence of marker ions can only be observed for RNA-

peptide heteroconjugate molecular ions, which harbor at least a dinucleotide modification. This 

knowledge was integrated into a computational tool (RNPXL) embedded in the OpenMS 

environment8, which enables semi-automated RNA-protein crosslink identification. RNPXL 

executes a highly stringent and sophisticated multi-step filtering at the MS raw data level 

thereby trying to remove all MS2 spectra that are not likely to be RNA-peptide heteroconjugates. 

From the remaining MS1 precursor ion masses RNPXL performs a permuted subtraction of the 

calculated exact masses of (user-defined) possible combinations of ribonucleotide adducts (e.g. 

UA, UG, UC, UU, UAA, UAG and so on). This returns a list of theoretically possible precursor 

ion masses exclusively considering the mass of the peptide moiety present in a crosslinked 

species. Finally, the latter are iteratively searched together with their corresponding MS2 

spectra (OMSSA search engine) against a protein database in order to identify the peptide 

sequences of RNA-peptide heteroconjugates. Recently, a fast database search-based peptide 

identification tool, MSFragger, was described. MSFragger implements a novel fragment-ion 

indexing method to identify many RNA crosslinked peptides27. 

Supplementary Note 5: FA-based RBD capture 

While UV is biased towards crosslinking of pyrimidines in single-stranded RNA (reviewed in 

Moore, K.S. and ‘t Hoen, P.A.C., 20199), FA favours reactions with purines and is also able to 

target RNA double helices28. Moreover, UV can even photoactivate ribonucleobases buried in 

the core of protein structures. To the contrary, FA mainly freezes molecular interactions taking 

place at surface-exposed and accessible residues, at least under the conditions employed in the 

current work. Nevertheless, FA has some limitations for studying RNA-protein interactions, 

namely the additional formation of intra- and inter-protein crosslinks as well as the metastable 

nature of the covalent crosslink bonds.  
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Supplementary Note 6: Disordered amino acids in IDRs 

Nucleic acid-binding proteins are known to contain the highest proportion of intrinsically 

disordered regions (IDRs) in the proteome. More than 30% of CAPRI-peptides mapped to IDRs, 

indicating a high preference for RNA-binding regions to be located in IDRs. The sequence 

composition of these regions is rich in disorder-promoting amino acids like proline (P), glycine 

(G), serine (S), glutamine (Q) and arginine (R) when compared to CAPRI peptides mapping to 

globular domains or to the proteome (Supplementary Fig. 16a,b). Interestingly, asparagine (N) 

was enriched in Drosophila IDRs(Supplementary Fig. 16a,c) whereas aromatic residues like 

tyrosine (Y) and tryptophan (W) were found in higher abundance in humans (Supplementary 

Fig. 16b,d). The disordered regions are composed of low sequence-complexity repeats and 

show high evolutionary sequence divergence29. We hence scanned these regions for enriched 

short regular expressions of amino acids using the DREME tool30. We found that the same 

triplets of amino acids including RGG, RSS, GFG and YGG were enriched in both species 

(Supplementary Fig. 16e,f). Interestingly, repeats of such triplets have been predicted to bind 

RNA31–33 
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Supplementary Figure 1: RNA interactome capture in biological 
triplicates. 
  
a. RNA profiles of total RNA and mRNA isolation by different oligo-dT-coupled beads. 

b. Optimisation of formaldehyde crosslinking. Protein profiles analysed by silver staining after 
interactome capture with varying concentrations of formaldehyde (lanes 3-8). The RNA yields 
(rounded percent) relative to uncrosslinked samples are shown in the lane below the gel 
image. Proteins isolated from an equivalent number of UV crosslinked cells were loaded in 
lane 9 for comparison with FA yield. 

c. Monitoring protein content through washing steps and elution in the UV and FA RNA 
interactome capture protocols. The first three washes (30% of each W1, W2, W3) have been 
included in lanes 4 to 15 to show the depletion of non-specifically interacting proteins in each 
of the conditions. 

d. Nucleic acid yields (Qubit assay) No UV: sample derived from non-irradiated cells; UV: 
sample derived from UV-irradiated cells; no FA: sample without formaldehyde crosslinking; 
FA: formaldehyde-crosslinked sample; FA RNase: formaldehyde-crosslinked and RNase-
pretreated sample. (Error bars represent standard deviation (s.d.) of three biological 
replicates. A single replicate of FA RNase sample was used.). Source data are provided as a 
Source Data file. 

e. Analysis of RNA profiles from all biological replicates of interactome capture procedure by 
agarose gel electrophoresis (using equal volumes of eluate). 

f. Fraction of genomic DNA (%) relative to the respective mRNA amounts based on qPCR 
quantification of the genes (mRNA and genomic DNA) hxk, rpl22 and roX2. Quantification 
was performed on equal volumes of reverse transcribed eluate (cDNA) and non-reverse 
transcribed eluate (genomic DNA). Error bars represent standard deviation (s.d.) of three 
biological replicates. Source data are provided as a Source Data file. 

g. RNA quantitative PCR analysis was performed to estimate recovery and enrichment of 
mRNA (tubulin, actin, RPL32) as compared to 18s rRNA in each of the biological replicates. 
The recoveries of RNA were measured relative to the corresponding input samples. Error 
bars represent s.d. of three biological replicates, except the actin no UV sample: s.d. of two 
biological replicates. Source data are provided as a Source Data file. 

h. Silver staining analysis of all three biological replicates (lanes 3-14). 
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Supplementary Figure 2: Analysis of Interactome capture for UV and 
FA-RBPome. 
a. Volcano plot displaying log2 fold change of UV crosslinked over non-crosslinked protein 

intensities versus -log10 adjusted p-values calculated using moderated t-test and applying 
Benjamini Hochberg correction for multiple hypothesis testing. Proteins showing a log2 fold 
change > 3 (right side of the vertical dotted line) and FDR of 1% (above horizontal dotted 
line) were selected as the UV-RBPome (red dots). 

b. Volcano plot for Drosophila FA-RBPome as in (a) above. 

c. K-means clustered Heatmap (k=3) representing the -log2 transformed iBAQ intensity 
(intensity based absolute quantification) values for each of protein groups detected in the 
interactome capture protocols. Each column represents a biological replicate with conditions 
described at the bottom. Proteins selected in the UV-RBPome are depicted with maximum 
intensity on the leftmost column of the heatmap. The proteins in FA-RBPome are shown with 
maximum intensity on the opposite side of the heatmap. 

d. Overlap between the UV-RBPome and FA-RBPome. 

e. Scatter plots of UV crosslinked protein intensities (UV-Biorep 1,2,3) vs the respective non- 
crosslinked protein intensities (no UV-Biorep 1,2,3). Each protein is represented by a dot, 
which is coloured according to the protein's corresponding -log10 adjusted p-values 
calculated as in (a). The majority of the selected interactome proteins (-log10 p-value > 2 ) lie 
above the tenfold change dashed grey line and fifty fold dashed line. 

f. As in (e) for formaldehyde crosslinked samples. 
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Supplementary Figure 3: Enriched Gene Ontology terms and enriched 
RNA related KEGG pathways  
a. Bar chart of -log10 Benjamini adjusted p-values of enriched Gene Ontology terms for 

Molecular Functions (GO MF) using DAVID tool34 in both UV- and FA-RBPomes. 

b. As in (a) for Biological Processes (GO BP). 

c. Generic Spliceosome KEGG pathway representing all Drosophila components in green 
boxes. The proteins belonging to each of the subcomplexes (like Prp19 or U2 complexes) are 
listed below with their respective names (Left). The proteins members of the FA-RBPome are 
denoted by red stars. Proteins in white boxes do not have any known Drosophila ortholog.  

d. Generic RNA transport KEGG pathway annotated as in (c). 

e. Generic mRNA surveillance KEGG pathway annotated as in (c). 

  

10



e

Number of proteins

RBPome Benjamini

0 25 50 75 100 125 150

Double-stranded RNA binding motif

Helicase associated domain (HA2)

Oligonucleotide binding (OB)-fold

KH domain

PH domain

Elongation factor Tu domain2

50S ribosome-binding GTPase

Protein kinase domain

WD domain, G-beta repeat

RNA recognition motif

DEAD/DEAH box helicase

Helicase conserved C-terminal domain

UV-RBPome Count
FA-RBPome Count
Proteome Count

2.22e-25

8.95e-22

1.17e-18

7.05e-09

2.07e-06

8.29e-05

0.0012

0.0014

0.0027

0.0028

0.0074

0.0314

TCA cycle

Supplementary Figure: 4

c

b

d

a

Number of proteins

DNA Replication Valine, Leucine and Isoleucine Degradation

FA-RBPome count

UV-RBPome count

KEGG metabolic pathways

Fly: CG3902
Human: ACADSB

Fly: CG17896
Human: ALDH6A1

11



 
 

Supplementary Figure 4: KEGG pathways representing proteins from 
FA-RBPome and enriched Pfam domains in UV and FA RBPomes. 
a. Members of the generic eukaryotic DNA replication machinery (from KEGG) representing all 

Drosophila components (green boxes) annotated for members from the FA-RBPome (red 
star). 

b. Generic valine, leucine and isoleucine degradation KEGG pathway. Each of the enzymes is 
denoted by its KEGG enzyme number. Enzymes present in Drosophila are represented 
green boxes with a member of the FA-RBPome annotated with a red star.  Proteins CG3902 
(Drosophila ortholog of human ACADSB - orange box) and CG17896 (Drosophila ortholog of 
human ALDH5A1 - blue box) are highlighted with coloured boxes as they are validated to 
bind RNA in Fig. 6d. 

c. Tricarboxylic acid (TCA) KEGG cycle as in (b).  

d. Bar chart representing number UV- and FA-RBPomes protein members in some of the 
metabolic pathways (KEGG). 

e. Bar chart representing the number of proteins with enriched Pfam domains. Protein counts 
from the entire proteome, UV-RBPome and FA-RBPome are represented for each domain. 
The Benjamini corrected p-values using DAVID tool34 of only FA-RBPome are shown. 

  

12



b c

%
 r

e
c
o
v
e
ry

 w
.r

.t
. 
re

s
p
e
c
ti
v
e
 I
n
p
u
t 

+− +−
Input Eluate

InputMW

Kb

Flowthrough 

UA UB UB Trypsin

Eluate
Flowthrough

UA UB UB Trypsin

Eluate

Amicon 30kD filter Microcon 30kD filter

0.1
0.2
0.3
0.5

10.0
3.0

1 2 3 4 5 6 7 8 9 10 11 12 13 14

65.2381

142.1965

169.4611

139.7887

189.3048

217.6471

0

100

200

4M 2M 1M
Urea Concentration

%
 R

ec
ov

er
y

Bezonase

RNAse T1 + A

Recovery Microcon 10 kDa [%]
Recovery Microcon 30 kDa [%]
Recovery ROTH 30 kDa  [%]

F
ra

c
ti
o

n
 o

f 
L

y
s
-C

 d
ig

e
s
te

d
 p

e
p

it
d

e
s

0 1 2 3 4 5

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.878

0.113

0.006

Number of missed cleavages

100

30

25

20

15

10
5

3.4

Input
0.5%

− ++

Sup

− +

Eluate

1 2 3 4 5 6

(kDa)

UV:
UV :

1 2 3 4

*

d e

f g

h

Bases

6000

4000

2000

1000

500

200

25

Supplementary Figure 5

a

R

K

Difficult to analyse

but more informative

Higher resolution

More Abundant

R

K

R
A G

R
C

R
U

RR R R R

RNA bases

variation

Amino acid

position

variation

Crosslinked peptide

XL-peptide

Adjacent peptide

ADJ-peptide

LysC Digested peptides 

Diversity decreases 

abundance of unique peptides

Easy to analyse

Lower resolution:

In silico extension

Higher

abundance

K

RNA

0

50

100

150

No UV UV No UV UV No UV UV No UV UV 

18s rRNA Actin Tubulin Rpl32 

13



 
 

Supplementary Figure 5: RNA and protein controls for ProDIRP 
protocol. 
a. Schematic representation of comparative characteristics of adjacent and XL-peptides. The 

right panel shows the origin of heterogeneity in crosslinked peptides. The adjacent peptide 
is homogenous and can be detected at higher abundance, however, it is extended in silico 
to the nearest Lys-C site. 

b. RNA profiles of Drosophila RNA after on-bead digestion were detected by Bioanalyzer for 
no UV (-) / UV (+) inputs and eluates. 

c. On-bead digestion of captured Drosophila interactome proteins was evaluated by observing 
profiles of released peptides in digested supernatant solution (Sup 5%) and eluted peptides 
(Eluate) from beads followed by digestion with RNase A.  

d. Drosophila RNA quantitative PCR analysis was performed to show recovery and enrichment 
of mRNA (GAPDH, HPRT, POLG) as compared to 18s rRNA after on-bead digestion and 
elution. The recoveries of RNA were measured with respect to (w.r.t.) the respective input 
samples (no UV and UV). Error bars represent s.d. of three biological replicates. Source 
data are provided as a Source Data file. 

e. Retention of PolA+ RNA by Amicon 30 kD MWCO and Microcon 30 kD MWCO filters. The 
RNA profile was analysed by gel electrophoresis: input (lane 2), RNA isolated from 
flowthrough (30%) after each stringent wash of RNA-FASP (lanes 3-6 and 9-12) (see 
methods for details), RNA collected from each of the filters by inversion (lanes 14). 

f. Screening of commercial filters (Microcon 10 kD MWCO, Microcon 30 kD MWCO, Roth 30 
kDa MWCO) to check for recovery of nucleic acid oligos of varying sizes (36, 21, 11 and 6 
mers) passing through the filter by measuring UV absorbance of the oligos. 

g. Optimisation of urea concentration in buffer for activity of Benzonase and RNase T1+A on 
RNA. RNA recovery from the Microcon 30 kD MWCO filters was evaluated by examining the 
RNA concentrations in input and RNAse-digested flowthrough using UV absorbance.  

h. Missed cleavage observed in Lys-C cleaved peptides released on FASP filters and collected 
as flowthrough. 
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Supplementary Figure 6: Automated peptide mapping and Human 
CAPRI-RBPome. 
a. An example of peptide intensity coverage plots for Drosophila larp protein. The tracks from 

top to bottom are as follows: full protein peptide intensities from the interactomes (UV, No 
UV, FA, No FA - green); intensities of adjacent peptides (UV, No UV - blue); Log average 
intensity of statistically significant adjacent peptides (blue), Log average intensity of 
extended adjacent peptides (ADJ-peptides, dark blue), crosslinked peptide coverage (XL-
peptides), FA-dom-peptide coverage (orange), regular expression tracks showing tryptic 
cleavage sites (K and R), regular expression tracks showing RS and RG rich regions, 
protein profile annotated with InterPro domains (orange boxes) and disordered region (grey 
boxes). The peptide intensities for each of the biological replicates are scaled to the same 
maximum intensity.   

b. Enriched Gene Ontology terms (Biological Processes) from Adjacent peptide protein 
interactome (ADJ-RBPome) in Drosophila.  

c. Validation of the human interactome capture by Western blot of selected proteins. 
Antibodies against previously known Drosophila RNA binding proteins (DHX9, HNRNPM, 
EIF4A1, KHDRBS1) were used as positive controls, whereas antibodies against Actin, H3 
and H4 were used as negative controls. Source data are provided in Supplementary Fig. 19. 

d. On-bead Lys-C digested and eluted RNA profiles from human cells were analysed by 
Bioanalyzer and compared to input RNA (equal amount of RNA was loaded in all lanes). 

e. Quantitative PCR analysis was performed in HEK293T cells to show recovery and 
enrichment of mRNA (GAPDH, HPRT, POLG) as compared to 18s rRNA after on-bead 
digestion and elution. The recoveries of RNA were measured with respect to the 
corresponding input (No UV / UV) samples. Error bars represent s.d. of three biological 
replicates, except the HPRT UV sample: s.d. of two biological replicates. Source data are 
provided as a Source Data file. 

f. Fraction of peptides mapping to RNA binding domains in human FP-peptides and ADJ-
peptides. 

g. Enriched GO Biological Processes from ADJ-RBPome in humans. 

h. As in (g) for GO Molecular Functions. 

  

16



e PA2G4  :  A(+112.03)(+517.05)FFSEVER 
        => A(U’+C+rest)FFSEVER

2 ADJ-peptides

co
ve

ra
ge

1 XL-peptide
Peptidase M24 W-HTH-DBD

0 50 100 150 200 250 300 350

 Winged helix-turn-helix 
DNA-binding domain

d

f

[pep]

NH

O

ON

O

OHOH

HH

HH

O

P

HO

HO O

[pep]
U

CELF2: O95319 : M(+112.03)(+212.01)FVGQIPR
         M(U’)(rest)FVGQIPR

5
ADJ_peptides

co
ve

ra
ge

4
XL-peptides

RNA recognition motif domainRNA recognition motif domain
E9PC62

CELF2

c

a XL-peptide PEAKS Analysis
LC MS/MS Raw Data

Automated Screening and 
Manual validation

Automated screening for RNA PTM combinations
Selection based on Spectrum quality
Manual assignment of unannotated high intensity peaks:
 RNA marker ions
 internal peptide ions
 Peptide RNA fragments

Novel RBD identification: Annotation of peptides mapping to novel RNA binding regions

Denovo peptide analysis

Only Standard mods
Standard mods

4 RNA base PTMs
A’ G’ C’ U’

Standard mods

34 RNA PTMs including
 bases and 

nucleotide combinations
    

Standard mods

34 RNA PTMs including
 bases and 

nucleotide combinations

Standard mods

34 RNA PTMs including
 bases and 

nucleotide combinations

Standard mods

34 RNA PTMs including
 bases and 

nucleotide combinations

Only Standard mods
Standard mods

4 Mods of bases
A’ G’ C’ U’

Standard mods
All 34 RNA PTMs

PTM search

SS1 SS2 SS3

Time: ~30 min Time: ~8hrs Time: ~6days

b

Database Search

[M+] –U 

[M+] 

1271.690

NH

O

ON

O

OHOH

HH

HH

O

P

HO

HO O

[pep]

[M+], -H3PO4 

[M+], -rest

1173.566

NH

O

ON

O

OHOH

HH

HH

1069.533

NH

O

ON

[pep]

4
ADJ-peptides

co
ve

ra
ge

14
XL-peptides

RNA recognition motif domain
G3V4C1

HNRNPC
RAW XL-peptide SS3 dme

0 100 200 300 400 500
Number of XL-peptides

single_nucleotide

two_nucleotide

single_base

wrong_combination

two_or_more_bases

three_nucleotide

rest_without_baseKi
nd

s o
f c

ro
ss

lin
k

100 200 300 400 5000
Number of XL-peptides

single_nucleotide

two_nucleotide

single_base

three_nucleotideKi
nd

s o
f c

ro
ss

lin
k

XL-peptide SS3 dme

In silico and manual removal of peptides

N

NN

N

NH2

NH

O

ON

O

OHOH

HH

HH

OPO

OH

O

O

OH

HH

HH

OPHO

OH

O

AU
653.0884

U’ (uracil)
112.0273

NH

O

ON
H

C4H4N2O2

+ A + rest
541.0611

U’ (uracil)
112.0273

NH

O

ON
H

C4H4N2O2

+ UU + rest
824.0592

Example of Trinucleotide crosslink: UUU

Example of Dinucleotide crosslink: AU

NH

O

ON

O

OH

HH

HH

OPHO

OH

O

NH

O

ON

O

OH

HH

HH

O

P

O

HO O

NH

O

ON
O

OHOH

HH

HH

O

P

O

HO O

UUU
936.0865

U’ (uracil)
112.0273

NH

O

ON
H

C4H4N2O2

+ rest
212.0086 

NH

O

ON

O

OHOH

HH

HH

OPHO

OH

O

U

Example of Mononucleotide crosslink : U

U
324.0359

Q9UQ80

U’ 
(uracil base only)

NH

O

ON
H

NH2-PEPTIDE-COOH NH2-PEPTIDE-COOH

NH

O

ON

O

OHOH

HH

HH

OPHO

OH

O

U nucleotide
U’+rest

g h

Supplementary  Figure 7

17



 
 

Supplementary Figure 7: Crosslinked peptide analysis by PEAKS. 
a. Illustration of RNA PTM combinations exemplified by a single nucleotide (U), two 

nucleotides (AU) and three nucleotides (UUU). See Methods for details. 

b. Workflow for analysis of crosslinked peptides by three search strategies in PEAKS. PEAKS 
consists of three steps of peptide identification: de novo peptide analysis, database search 
and PTM-search each with selected PTMs. Three search strategies (SS1,2,3) were used 
differing with respect to the search stage where RNA-PTMs are taken into consideration 
during the analysis. For search strategy 1 the RNA-PTMs are included only for the final PTM 
matching step and hence takes the least amount of time. In search strategy 2 the RNA base 
modifications (A’,G’,C’,U’) which remain covalently attached to the peptide fragments are 
used for de novo analysis. The rest of the RNA-PTMs are considered during the PTM 
search. In search strategy 3 all the RNA-PTMs are used in the de novo peptide analysis 
stage. The time required for each of the strategies is indicated as well. The crosslinked 
peptides were further pruned to remove wrong combinations of RNA-PTMs and remaining 
were manually curated. See Methods for details. 

c. Bar charts showing classes of crosslinks observed in Drosophila XL-peptide raw data (Top) 
and in silico curated data (Below). See Methods for details. 

d. (Top) Peptide coverage for human HNRNPC protein showing XL- and ADJ-peptides. 
(Below) Peptide coverage as seen in PEAKS software (amino acids 15-62) enabling 
visualisation of crosslinked peptide canonical peptide coverage. Each unique peptide is 
shown in blue mapped under the sequence. The nucleobase PTMs (A’, G’, C’, U’ 
modifications) are shown in red and “rest” containing PTMs of the nucleotides are shown in 
purple. Canonical PTMs are shown in blue. All the PTMs are stacked together on top of the 
protein sequence.  

e. Sequence coverage for human protein PA2G4 / ebp1 depicting an XL-peptide and an ADJ-
peptide in the DNA binding domain. 

f. (Top) Peptide coverage for human protein CELF2. (Below) Annotated spectrum of a peptide 
with single nucleotide (U) crosslink. 

g. Illustration of RNA-PTMs on a hypothetical peptide with the sequence PEPTIDE used to 
depict a canonical single nucleotide crosslink of uridine 5’-monophosphate (uridine 
nucleotide U = U’+rest). 

h. As in (g) for a novel crosslink with uracil base only: U’ 
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Supplementary Figure 8: Comparison of CAPRI with existing methods 
for identifying RNA binding regions. 

a. Comparison of CAPRI technique with recently published RBD identification methods8,35–38 
highlighting the advantages of CAPRI.  

b. Stacked bar chart showing the fraction of peptides identified in all the RBD capture 
experiments. The peptides are classified into four categories (PFAM RBD, new Pfam 
domain, IDR and the remaining unclassified novel regions. 

c. Row-wise clustered heatmap representing the identification of all the human CAPRI PFAM 
domains along with their identification in other mammalian RBD capture methods35–38. The 
PFAM domain is marked in green if it is a known RBD.  
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Supplementary Figure 9: Identification of RBDs by CAPRI peptides. 
(a-e) Representation of peptide coverage for Drosophila (Left) and human orthologs (Right) 
with ADJ- (blue) and XL- peptides (red) identifying the canonical K-Homology domain and the 
non-canonical Pumilio, R3H, CCHC/CCCH zinc finger and Cold shock protein domains. 
Coverage profiles of FA-dom-peptides are depicted in Drosophila proteins when present. 
Coverage profiles of Castello extended RBDpeptides36 and Mullari extended pCLAP 
peptides38 are also depicted in the human proteins. 
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Supplementary Figure 10: FA domain peptides analysis. 
a. RNA profiles for the FA based interactome capture in Drosophila cells analysed by 

Bioanalyzer and compared to input RNA (equal amount of RNA was loaded in all lanes). 
Asterisk marks 25 bases marker. 

b. Clustered heatmap of peptide raw intensities (log2) measured in three biological replicates. 
The FA-dom-peptides were selected by using a moderated t-test and a Benjamini Hochberg 
correction for multiple testing with an FDR of 0.15 followed by a heuristic cutoff of eight-fold 
intensity increase in the crosslinked relative to the non-crosslinked samples. They are 
depicted in the last lane with maximum intensity. 

c. Enriched Gene Ontology terms (Molecular Functions) from FA-dom-peptide protein 
interactome (FA-dom-RBPome) in Drosophila. 

d. Venn diagram representing the overlap of FA-dom-RBPome with the full protein 
interactomes UV- and FA-RBPomes. 

e. Venn diagram showing the overlap of FA-dom-RBPome with the CAPRI interactomes ADJ- 
and XL-RBPomes. 

f. Clustered heatmap representing the distribution of FA-dom-peptides overlapping with Pfam, 
RBD-Pfam and IDR. Different categories of peptides are annotated on the left of each panel. 

g. Overlap  between XL-peptides with or without extension and FA-dom-peptides (left). 
Overlap between FA-dom-peptides with or without extension and ADJ-peptides (right). 
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Supplementary Figure 11: Hierarchy of RNA protein complexes.  

a. Overlap between the UV- and FA- and CAPRI-RBPomes.  

b. A graphical representation of layered interactome for Ccr4-Not complex after combining 
information from Drosophila FA-, UV-, Adj- and XL- RBPomes. The proteins are arranged in 
concentric circles where the confidence and resolution of the site of interaction increases 
with increasing proximity to the RNA node (blue) shown in the centre. The layers going from 
outside to inside: not-detected (grey), FA-RBPome (green), UV-RBPome (light red),  Adj-
RBPome (red) and XL-RBPome (dark red).  

c. The RNA interacting regions for CNOT1 and its fly ortholog Not1 in the top two protein 
profiles. Rga (a fly ortholog of human CNOT2) protein domain peptide coverage  at the 
bottom. 

d. As in (b) for cytoplasmic ribosome. 

e. As in (b) for 55S mitochondrial ribosome. 

f. As in (b) for TREX complex. 
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Supplementary Figure 12: RNA binding domains of proteins involved 
in oxidative phosphorylation. 
a. Generic oxidative phosphorylation KEGG pathway representing all Drosophila components 

in green boxes. Proteins belonging to complexes I-V in the electron transport chain are 
listed below with their respective names (Below). Proteins which had been identified in the 
FA-, UV- and CAPRI-RBPomes are denoted by red,orange and blue stars, respectively. 
Proteins in white boxes do not have any known Drosophila ortholog.  

b. Representation of peptide coverage for Drosophila and human orthologs of 
extramembranous subunit (F1) of mitochondrial membrane ATP synthase.  

c. Peptide coverage for Drosophila mt:ND1 (mitochondrial NADH-ubiquinone oxidoreductase 
chain 1) and human MT-ND1 proteins. 

d. Peptide coverage for Drosophila COX1 (Cytochrome c oxidase subunit 1) and ND-20L 
proteins (NADH dehydrogenase (ubiquinone) 20 kDa subunit-like). 
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Supplementary Figure 13: Verification of new RNA binding proteins 
by large RNA interactome capture. 
a. Workflow for isolating large RNA binding proteins. Briefly, UV irradiated and non-irradiated 

cells were resuspended in RLTplus buffer and passed through genomic DNA binding 
columns. Ethanol was added to the flowthrough to make up 35% of the final volume. The 
mixture was loaded on an RNA binding Midi column. The column was washed with RW1, 
RPE buffers and then dried by centrifugation. The RNA along with bound proteins was 
eluted from the column using hot nuclease-free water.  

b. Bioanalyzer profiles of the eluted large RNA from crosslinked and non-crosslinked cells was 
analysed along with total RNA from the same cells. Asterisk denotes the 25 bases marker. 

c. Silver stained protein profiles representing all large RNA bound proteins.  

d. Western blots used to validate the PIRP protocol with classical RBPs (ADAR, DHX9, 
HNRNPM1, HUR3A2, POLRMT and non-classical RBPs like GAPDH. Source data are 
provided in Supplementary Fig. 20.  

e. Validation of new RBPs involved in oxidative phosphorylation (ATP5A, SDHA), in tRNA 
import and protein import (TOMM20) and in DNA repair (MSH6 and XRCC5). Source data 
are provided in Supplementary Fig. 21. 

  

30



New domain identified by CAPRI Globular domain

Color keys for globular domain annotation

Known RBD

e

b

d

c

HTH La-RRM DM15

3 ADJ-peptides

1 XL-peptides

RG/SR rich

0 200 400 600 800

LARP1B

6
ADJ-peptides

Zinc finger, C2H2 DZF domain

0 100 200 300 400 500 600 700 800

Zn72D

2 ADJ-peptides

Zinc finger, C2H2-like DZF domain

0 200 400 600 800 1000

ZFR

a

2

ADJ-peptides

RG / GR

SAP domain SPRY domain P-loop containing nucleoside

 triphosphate hydrolase

HNRNPU-like

 protein 1

SAP domain SPRY domain P-loop containing nucleoside

 triphosphate hydrolase

0 100 200 300 400 500 600 700 800

HNRNPUL1
7

ADJ-peptides

RG / GR

0 200 400 600 800 1000 1200

CG30122

F
ly

 C
A

P
R

I

H
u
m

a
n
 a

ll

M
o
u
s
e
 a

ll

Detected

Not detected

presence

absence

No CAPRI

peptide

R
B

D

N
o
v
e
l

R
B

D

N
o
v
e
l

0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

3 0 0

3 5 0

4 0 0

4 5 0

5 0 0

5 5 0

6 0 0

6 5 0

7 0 0

O
rt

h
o

lo
g

 P
a

ir
s

731 

tRNA-splicing ligase, RtcB

ATPase, F1 complex, gamma subunit

Short-chain dehydrogenase/reductase SDR

Aminotransferase, class I/classII

Transketolase-like, pyrimidine-binding domain

Aldehyde dehydrogenase domain

Thiolase, N-terminal

Methionyl/Leucyl tRNA synthetase

Ubiquitin-conjugating enzyme E2

Protein kinase domain

Peptidase M24

FKBP-type peptidyl-prolyl cis-trans isomerase domain

Peptidase C19, ubiquitin carboxyl-terminal hydrolase

Crotonase superfamily

Cyclophilin-type peptidyl-prolyl cis-trans isomerase domain

ABC transporter-like

Alkyl hydroperoxide reductase subunit C/ Thiol specific antioxidant

Alpha/beta hydrolase fold-1

Dehydrogenase, E1 component

NADH:ubiquinone oxidoreductase, subunit 1/F420H2 oxidoreductase subunit H

NADH:quinone oxidoreductase/Mrp antiporter, membrane subunit

Aminoacyl-tRNA synthetase, class II (G/ P/ S/T)

Cytochrome c oxidase subunit II C-terminal

5-formyltetrahydrofolate cyclo-ligase

Glucosamine/galactosamine-6-phosphate isomerase

MIT, C-terminal phospholipase D-like domain

DNA topoisomerase, type IA, central

Aminotransferase class V domain

PTP type protein phosphatase

Dual specificity phosphatase, catalytic domain

Ras GTPase-activating protein

Protein phosphatase 2A, regulatory B subunit, B56

Asparagine synthase

Cytochrome c oxidase subunit I

Carboxylesterase, type B

Myo-inositol-1-phosphate synthase

NADH:ubiquinone oxidoreductase-like, 20kDa subunit

Gamma-glutamylcyclotransferase, AIG2-like

Glycosyl hydrolase family 38, C-terminal

CTP synthase, N-terminal

Acetyl-CoA hydrolase/transferase C-terminal domain

Rho GTPase-activating protein domain

GTP1/OBG domain

Glycine cleavage T-protein-like, N-terminal

Protein kinase, C-terminal

Protein-lysine N-methyltransferase Efm5

P
ro

te
in
 m

od
ifi
ca

tio
n

M
et

ab
ol
ic
 e

nz
ym

e

Metabolic enzyme

Protein modification

 Supplementary Figure 14 

31



 
 

Supplementary Figure 14: Conserved novel globular domains. 
a. Clustered heatmap showing the identification of Pfam-RBD or novel domains by peptides for 

each of the ortholog pairs. 

b. Peptide coverage for human LARP1B. 

c. Domain peptide coverage for Drosophila CG30122 and human HNRNPUL1 proteins. 

d. Domain peptide coverage for Drosophila Zn72D and human ZFR proteins. 

e. New metabolic and protein modification related Pfam domains identified in Drosophila. 

  

32



New domain identified by CAPRI Globular domain

Color keys for globular domain annotation

Known RBD

1

ADJ-peptides

2

XL-peptides

RRM
 MTHFSD

5-FTHF cyclo-ligase

2

ADJ-peptides

Protein kinase domain

Protein kinase domain

SRPK

2

ADJ-peptides

SRPK1
Protein kinase domain

3

ADJ-peptides

7

XL-peptides

5-FTHF cyclo-ligase

5-FTHF cyclo-ligase

lost   
RRM

6

ADJ-peptides

DUF3546 Ars2

Ars2

Ars2RRM

DUF3546 Ars2RRM

1

ADJ-peptides

SRRT

5

ADJ-peptides

Pinin/SDK/MemA protein
PNN

1

ADJ-peptides

Pinin/SDK/MemA protein

Pinin/SDK/MemA protein

Pnn

RAP domain

3

ADJ-peptides

FAST-2FAST_Leu-rich

RAP domain

FASTKD2

FAST_Leu-rich
RAP domain

FAST-2

2

ADJ-peptides

CG13850

1

Protein phosphatase 2A, regulatory B subunit, B56 PPP2R5E 

1
ADJ_peptides

Protein phosphatase 2A, regulatory B subunit, B56 wdb 

1
ADJ_peptides

Small heat shock protein HSP20Alpha crystallin/Heat shock protein
Hsp22

2

2

Small heat shock protein HSP20Alpha crystallin/Heat shock protein
HSPB1

1
ADJ_peptides

Cyclophilin-type peptidyl-prolyl cis-trans isomerase
Cyp1

1
ADJ-peptides

1

Cyclophilin-type peptidyl-prolyl cis-trans isomerase
PPIA

1

Transketolase, N-terminal Transketolase-like, 
pyrimidine-binding domain

Transketolase, 
C-terminal domain

Transketolase, N-terminal Transketolase-like, 
pyrimidine-binding domain

Transketolase, 
C-terminal domain

TKT
Castello et al RBDpep ext.

Mullari et al pCALP ext.

Castello et al RBDpep ext.

Mullari et al pCALP ext.Mullari et al pCALP ext.

1 ADJ_peptides

CG8036

Supplementary Figure 15

33



 
 

Supplementary Figure 15: New Pfam domains detected in Drosophila 
and humans. 

Protein coverage profiles of all newly identified conserved RNA binding domains summarised in 
Fig. 8f. 
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Supplementary Figure 16: Amino acid composition comparison. 
a, b. Amino Acid enrichment analysis of ADJ-peptides mapping to IDRs versus those mapping 
to globular RBDs of the respective organisms. Fisher’s exact test was used and the p-values 
were corrected for multiple hypothesis testing by Benjamini-Hochberg correction (*, 10% FDR 
and **, 1% FDR) as in Castello et al36. 

c,d. Amino acid enrichment analysis of ADJ-peptides mapping to IDRs versus total proteome of 
the respective organisms. Statistical testing as in (a, b). 

e,f. Discriminative Regular Expression Motif Elicitation (DREME) analysis39. Representation of 
enriched amino acid triplets in ADJ-peptides mapped to disordered regions versus sequences of 
all the proteins in the respective RBPomes of Drosophila (e) and humans (f). The E-value is 
enrichment p-value (Fisher’s Exact test) times the number of candidate motif counts. The counts 
are calculated either after erasing (or without erasing) the sites that matched previously found 
motifs. 
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Supplementary Figure 17: Repeat motifs identified in Drosophila and 
humans. 
a. Repeat motif identified in EIF3A (human) and eIF3-S10 (Drosophila) using MEME Motif tool. 

E-values as calculated by the MEME tool30 and represent a modified p-value from a Fisher’s 
t-test. The number of sites (n) are shown for each of the motifs. 

b. Peptide coverage for human protein EIF3A and Drosophila ortholog eIF3-S10. Repeats 
matching the Regular Expression representing the repeat motif are shown in green. Other 
RD/E repeats are shown in blue. 

c. Repeat motifs observed in RBM12B, PP1R10 and pih1d1 proteins annotated as in (a). 

d. Clustered heatmap of ortholog pairs representing whether a novel IDR was recognised in 
the ortholog of the respective species. 
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Supplementary Figure 18: Conservation of novel RNA binding IDRs. 
a. Sequence conservation of RG repeats in human protein UBAP2L and Drosophila protein Lig 

including other model organisms. The conservation bar and consensus sequence are shown 
below the alignment. The R and G residues are coloured in green and pink respectively. 

b. (Left) Peptide coverage representing the conservation of C-terminal peptide in API5 and 
Aac11. (Right) Sequence alignment of the same region  annotated using the same colour 
scale as in (a). 

c. (Top) Peptide coverage representing the conservation of C-terminal RNA binding region in 
Capr (Left) and CAPRIN1 (Right). (Below) Multiple sequence alignment of the C terminal 
region of CAPRIN1 with model organisms annotated using the same colour scheme as in 
(a).  

d. (Top) Peptide coverage representing the conservation of C-terminal RNA binding region in 
caz (Left) and FUS (Right). (Below) Multiple sequence alignment of the C terminal region of 
CAPRIN1 with model organisms annotated using the same colour scheme as in (a). Only 
Drosophila and human sequences are shown. 

e. Peptide coverage tracks (Left) of cold shock domain proteins yps (Drosophila) and YBX1 
(human). Amino acids enriched (Right) in the disordered regions covered by CAPRI 
peptides in each of the proteins Yps and YBX1 proteins are evaluated by Composition 
Profiler tool40. 
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Uncropped blots for Supplementary Fig. 13d
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Uncropped blots for Supplementary Fig. 13e
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