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ABSTRACT

RNA-binding proteins (RBPs) form highly diverse
and dynamic ribonucleoprotein complexes, whose
functions determine the molecular fate of the
bound RNA. In the model organism Sacchromyces
cerevisiae, the number of proteins identified as
RBPs has greatly increased over the last decade.
However, the cellular function of most of these
novel RBPs remains largely unexplored. We used
mass spectrometry-based quantitative proteomics to
systematically identify protein–protein interactions
(PPIs) and RNA-dependent interactions (RDIs) to cre-
ate a novel dataset for 40 RBPs that are associ-
ated with the mRNA life cycle. Domain, functional
and pathway enrichment analyses revealed an over-
representation of RNA functionalities among the en-
riched interactors. Using our extensive PPI and RDI
networks, we revealed putative new members of
RNA-associated pathways, and highlighted potential
new roles for several RBPs. Our RBP interactome
resource is available through an online interactive
platform as a community tool to guide further in-
depth functional studies and RBP network analysis
(https://www.butterlab.org/RINE).

GRAPHICAL ABSTRACT

INTRODUCTION

Throughout their life cycle, mRNAs are bound by different
RNA-binding proteins (RBPs) forming transient ribonucle-
oprotein (RNP) complexes. RNP complexes are critical to
determine the downstream effects of the bound mRNAs (1).
These downstream effects involve the initial mRNA pro-
cessing, export from the nucleus, transport and localization
within the cytoplasm and ultimate translation and degrada-
tion of the mRNA. mRNA processing mechanisms, includ-
ing the initial steps of capping, splicing and polyadenyla-
tion, typically require RBP-mediated modifications of the
mRNA. These modifications are later recognized by ad-
ditional RBPs that trigger further coupled processes (2–
4). Then, transmembrane RBPs play a critical role in
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facilitating the passage of mRNA from the nucleus into
the cytoplasm (5,6). Once the mRNA has reached the cyto-
plasm, RNP complexes are again assembled in a sequential
and contemporaneous manner to regulate mRNA cellular
fate, such as localization, translation or degradation within
a large interconnected network (7).

This web of connections is facilitated by interactions with
a unique combination of RBPs, as either core or regulatory
factors. Core factors are the central players in RNA pro-
cesses and can be found to interact with a plethora of RNA
species. For example, Pab1 is a critical core factor playing
a central role in several steps of mRNA processing and
metabolism (8,9). Regulatory factors, on the other hand,
are more specific; they include, among others, the post-
translational regulators interacting with specific sequences
or structures of untranslated regions in mRNA (10). There
is an interplay between core and regulatory factors, and
the recruitment of the latter may result in the assembly of
complexes that dictate exchange amid the core factors (11).
Thus, the RBP combination of an mRNA determines its
cellular fate.

Several large-scale approaches have been applied to dis-
cover RBPs in Saccharomyces cerevisiae. Previously, RBPs
were identified by using protein arrays in which the capabil-
ity of each arrayed protein to capture fluorescently labelled
RNAs was measured (12,13). Additionally, mass spectrom-
etry (MS) proteomics techniques were developed, including
oligo(dT) capture (12) and in vivo RNA interactome cap-
ture (RIC), either with conventional cross-linking (14,15)
or with photoactivatable ribonucleoside-enhanced cross-
linking (16). Furthermore, MS-based techniques have been
applied to identify RBPs by validation of a short RNA rem-
nant fragment after cross-linking (17). Over the last decade,
these studies have been consolidated into a census of 1273
proteins annotated as RBPs in S. cerevisiae (18). Within this
census, there are a large number of proteins lacking canon-
ical RNA-binding domains (RBDs), such as the eukaryotic
RNA-recognition motif (RRM) or the heterogeneous nu-
clear RNP K homology (KH) domain. Of the seven stud-
ies included in the S. cerevisiae RBP census, the two largest
contributors only reported 7% and 34% of proteins con-
taining classical RBDs (15,16).

Among these proteins without canonical RBDs are a
high number of metabolic enzymes. In recent years, there
have been an increasing number of studies on the presence
and evolutionary conservation of metabolic proteins having
a secondary role as RBPs (19,20). In S. cerevisiae, 10% of
the RBPs in the census are classified as metabolic enzymes
(18). For instance, glyceraldehyde-3-phosphate dehydroge-
nase (21) and cytosolic aconitase (22,23) are well character-
ized to function as RBPs. This recurrent evidence showing
metabolic enzymes acting as RBPs suggests an extensive en-
zyme activity regulation network acting through RNAs.

To better understand these RBPs, we need to accompany
the RBP catalogue expansion with functional characteriza-
tion of these proteins (24). Thus, it becomes paramount to
correctly identify functional roles for the plethora of RBPs.
One strategy used previously is to connect RBPs with a
specific RNA sequence or structure to facilitate functional
studies (25–27). Another strategy is to use the interconnec-
tion of RBPs binding to specific subsets of RNAs to dis-

entangle functionality (28). To implement this experimen-
tally, RBPs can be immunoprecipitated in the presence or
absence of RNA to describe concurrent interactions with
other RBPs. This can be used to suggest the involvement
of the bait RBP in functional pathways (29). Indeed, RNA-
dependent protein interactors are more likely to be RBPs
themselves, which has been used to predict RBPs from
protein–protein interaction (PPI) networks (30). We rea-
soned that with sufficient data, this strategy can be extended
to identify functional associations for previously unchar-
acterized RBPs. Thus, we immunoprecipitated 40 S. cere-
visiae RBPs involved in different RNA pathways and iden-
tified their concurrent RNA-dependent and -independent
interactors by quantitative proteomics. We further quanti-
fied proteome-wide protein expression level changes upon
knockout of 13 of these RBPs. Integration of these data with
pathway and protein complex annotations revealed new as-
sociations and functions of selected RBPs within core RNA
maturation and regulation pathways, such as splicing.

MATERIALS AND METHODS

Yeast culture and lysis

Saccharomyces cerevisiae tandem affinity purification
(TAP)-tagged strains (31) or knockout (KO) strains (32)
(Horizon discovery) were grown for 2 days at 30◦C on YPD
agar plates. The resulting isolated colonies were inoculated
on 15 ml of YPD medium and grown at 30◦C and 180 rpm
until saturation. Saturated cultures were spiked into 500 ml
(RBP interactome screen) or 100 ml (KO screen) of YPD
and grown (30◦C and 180 rpm) until exponential growth
(OD600 between 0.8 and 1.0 absorbance units), when cells
were harvested at 3000 g for 5 min. Pelleted cells were
suspended in 200 �l of Buffer 1 [50 mM Tris pH 7.5,
150 mM NaCl, 5 mM MgCl2 and freshly added 1 �g/ml
pepstatin and leupeptin, 1 mM phenylmethylsulphonyl
fluoride (PMSF) and 0.5 mM dithiothreitol (DTT)] and
transferred to a 2 ml screw lid tube containing 0.5 mm
diameter zirconia/silica beads (Roth). Cells were lysed on
a FasPrep-24 (MP Biomedicals) with two 30 s cycles at 6.5
m/s, allowing the samples to cool on ice in between. Cell
lysates were topped up with 800 �l of Buffer 2 (Buffer 1 +
0.2% IGEPAL), vortexed and transferred into a new tube,
leaving the beads behind. Cell lysates were centrifuged
at 15 g twice for 5 min at 4◦C, and the supernatant was
transferred into a clean tube after each cycle. Finally, the
protein concentration was measured with a Bradford assay
(Protein Assay Dye Reagent, Bio-Rad).

Immunoprecipitation

Protein G magnetic Dynabeads (30 mg/ml, Invitrogen)
were separated with a magnetic rack and washed twice with
1 ml of Buffer 2 (see ‘Yeast culture and lysis’). Beads [20
�l/immunoprecipitation (IP)] were coupled with 1 �g/IP
anti-TAP antibody (0.5 mg/ml, GenScript Biotech) in 500
�l of Buffer 2 for 30 min on a rotating wheel at room tem-
perature. Then, the beads were washed twice with 200 �l of
Buffer 2 and suspended in 100 �l of Buffer 2. For each im-
munoprecipitation, 12 mg of protein lysate was combined
with the 100 �l of suspended beads and incubated for 3 h
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on a rotating wheel at 4◦C. Then, the beads were washed
with 1 ml of Buffer 2 and split into two groups. One group
was washed three times with 200 �l of Buffer 3 (Buffer 2
+ 10% glycerol) containing 50 �g/IP RNase A from bovine
pancreas (Sigma-Aldrich); the other was washed three times
with 200 �l of Buffer 3 containing 0.5 �l/ml Ribolock
RNase inhibitor (40 U/�l, Fisher Scientific). Finally, the
beads were spun down and eluted with 30 �l of lithium do-
decylsulphate (LDS) + 10 mM DTT.

MS sample preparation

Both RBP interactome screen immunoprecipitation elution
products and KO screen protein lysates (100 �g in 30 �l
LDS + 10 mM DTT) were heated for 10 min at 70◦C. Pro-
teins were then each separated on either a 4–12% (RBP
interactome screen) or a 10% (KO screen) NOVEX gra-
dient SDS gel (Thermo Scientific) for 8 min at 180 V in
1× MES buffer (Thermo Scientific). Proteins were fixed
and stained with a Coomassie solution [0.25% Coomassie
Blue G-250 (Biozym), 10% acetic acid, 43% ethanol]. The
gel lane was cut into slices, minced and destained with a
50% ethanol/50 mM ammonium bicarbonate pH 8.0 solu-
tion. Proteins were reduced in 10 mM DTT for 1 h at 56◦C
and then alkylated with 50 mM iodoacetamide for 45 min
at room temperature, in the dark. Proteins were digested
with LysC (Wako Chemicals) overnight at 37◦C. Peptides
were extracted from the gel twice using a mixture of ace-
tonitrile (30%) and 50 mM ammonium bicarbonate pH 8.0
solution, and three times with pure acetonitrile, which was
subsequently evaporated in a concentrator (Eppendorf) and
loaded on activated C18 material (Empore) StageTips as
previously described (33).

MS data acquisition and analysis

Peptides were separated on a 25 cm self-packed col-
umn (New Objective) with a 75 �m inner diameter filled
with ReproSil-Pur 120 C18-AQ (Dr. Maisch GmbH)
with reverse-phase chromatography. The EASY-nLC 1000
(Thermo Fisher) was mounted on a Q-Exactive plus mass
spectrometer (Thermo Fisher) and peptides were eluted
from the column in an optimized 90 min (RBP interactome
screen) or 4 h (KO screen) gradient from 2% to 40% MS-
grade acetonitrile/0.1% formic acid solution at a flow rate
of 200 nl/min. The mass spectrometer was used in data-
dependent acquisition mode with one MS full scan and up
to 10 MS/MS scans using HCD fragmentation. Raw MS
data were searched using the Andromeda search engine (34)
integrated into MaxQuant software suite 1.6.5.0 (35) using
the S288C Genome Release 64-2-1 orf trans all.fasta pro-
tein sequences from the Saccharomyces Genome Database
(SGD) (36). For the analysis, carbamidomethylation at cys-
teine was set as a fixed modification and methionine oxida-
tion and protein N-acetylation were variable modifications.
The match between runs option was activated.

Knockout library validation

For 18 of our 40 investigated RBPs, deletion strains are
available in the S. cerevisiae KO collection (32). For the 18

available strains, we were able to validate the respective RBP
knockout on the proteome level for 10 strains, visible as a
strong down-regulation due to imputation of missing LFQ
(label-free quantitation) values. In four cases, knockout val-
idation was not possible because the target RBP was not
detected in the wild type (WT). For the cdc2-� strain, Cdc2
expression levels in the KO strain were equal to those in the
WT strain. We thus decided to check all strains by colony
polymerase chain reaction (PCR) targeting the respective
open reading frame (ORF) and the presence of an incorpo-
rated kanamycin resistance marker, which should be present
in all KO clones.

KO and WT strains were streaked on YPD agar plates
and grown for 3 days at 30◦C. A single colony was re-
suspended in 10 �l of fresh 0.02 N NaOH, and incu-
bated in PCR tubes at 99◦C for 10 min. The supernatant
was transferred to a fresh tube, and chilled on ice for 10
min. To amplify the samples, OneTaq (NEB, M0480S) was
used according to the manufacturer’s instructions, contain-
ing 2 �l of yeast lysis supernatant in a 25 �l reaction.
Horizon discovery ‘YKO Primers from SGDP’ were used.
A confirmation primer and B confirmation primer were
used to detect the WT allele, and A confirmation primer
and kanB were used to detect the KO allele. The annealing
temperature was set at 50◦C and used with a 90 s elonga-
tion cycle. Samples were separated on a 1% agarose gel and
imaged with Gel Doc™ XR+ (Bio-Rad) with a 1 s exposure.

This validated 13 KO strains––the 10 previously validated
with proteome evidence and another three previously not
detected by MS. The two strains without validation (cdc2-
� and msl1-�) were excluded from further downstream
analysis.

Bioinformatics analysis

For protein quantification, contaminants, reverse database
hits, protein groups only identified by site and protein
groups with <2 peptides (at least one of them classified as
unique) were removed by filtering from the MaxQuant pro-
teinGroups.txt file. Missing values were imputed by shifting
a beta distribution, obtained from the LFQ intensity values,
to the limit of quantitation. Further analysis and graphi-
cal representation were performed on an R framework (37)
incorporating ggplot2 (38), for visualization, among other
packages. For the RBP interactome screen, the protein en-
richment threshold was set to a P-value <0.05 (Welch t-
test) and fold change >2, c = 0.05. Enriched proteins were
overlapped with all interactors with physical evidence re-
ported at The Biological General Repository for Interaction
Datasets (BioGRID) (39) and with proteins in the RBP cen-
sus (18). For the KO screen, the protein enrichment thresh-
old was set to a P-value <0.05 (Welch t-test) and to abs(fold
change) >2, c = 0.05.

For the protein signature enrichment analysis, domains
were queried with InterProScan version 5.50-84.0 (40), and
hits in the Pfam (41) and SUPERFAMILY (42) databases
were selected for downstream analysis. Signatures for a par-
ticular group of enriched proteins were tested for over-
representation (P-value <0.01; Fisher’s exact test) against
all signatures found in the background (defined as all
quantified proteins in the comparison, enriched or not).
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Signatures found to be over-represented in at least two bait
RBPs were selected for graphical representation.

For the molecular function enrichment analysis, terms
were queried in the Gene Ontology (GO) database (43)
with the ClusterProfiler R package (44). Terms for a
particular group of enriched proteins were tested for
over-representation {adjusted P-value [false discovery rate
(FDR)] <0.05; Fisher’s exact test} against all terms found
in the background (defined as all quantified proteins in
the comparison, enriched or not). The top five most found
terms per group, which were over-represented in at least two
bait RBPs, were selected for graphical representation.

For the pathway enrichment analysis, terms were queried
in the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(45) and Reactome (46) databases with the ClusterProfiler R
package (44). Terms for a particular group of enriched pro-
teins were tested for over-representation [adjusted P-value
(FDR) <0.05; Fisher’s exact test] against all terms found in
the background, defined as all other quantified proteins in
the comparison.

For the protein complex analysis, enriched proteins were
overlapped with the manually curated heteromeric protein
complexes included in the CYC2008 data (47). A ratio for
each complex was calculated by dividing the number of pro-
teins overlapping with a particular complex by the total
number of proteins in that complex. For the RBP inter-
actome screen data, protein complexes with a ratio >0.5
were selected for graphical representation. Meanwhile, for
the KO screen data, the threshold was set at a ratio ≥0.5.

Finally, protein networks were generated with in-house
scripts based on an R framework incorporating igraph (48),
with the Fruchterman–Reingold force-directed layout algo-
rithm implementation, among other packages. All networks
were drawn with the spoke model. For the PPI and RNA-
dependent interaction (RDI) global networks, bait RBPs
with an associated KEGG term and their prey were selected
as nodes. For the functional subnetworks, bait RBPs and
their prey were included as nodes when associated with a
particular functionality via KEGG analysis, even when as-
sociated with multiple terms. Preys were then coloured in
grey tones when reported to BioGRID (to any of its inter-
acting baits) and blue tones when not, and with darker tones
when reported at the RBP census and lighter tones when
not. For the complex subnetworks, bait RBPs and their prey
were selected as nodes when interacting or being part of a
particular complex. The network explorer interactive plat-
form was developed with the Shiny R package (49).

RESULTS AND DISCUSSION

Quantitative interactomics screen identifies protein–protein
and RNA-dependent interactions

We selected RBPs from pathways that span the RNA life
cycle, including less characterized RBPs from recent RIC
studies (14–16). These RBPs are involved in seven major
RNA-associated processes: (i) capping; (ii) splicing; (iii)
cleavage; (iv) polyadenylation; (v) nuclear export; (vi) trans-
port and localization; and (vii) degradation (Figure 1A). To
select the individual RBPs for the interactome screen, we
queried the RBP census (18) for proteins annotated with

these roles in the KEGG and Reactome databases (Supple-
mentary Figure S1). Notably, we included 40 RBPs covering
various stages of the mRNA life cycle either with special-
ized roles in particular pathways or with broader functional
descriptions (highlighted with an asterisk in Figure 1A). Of
these 40 RBPs, two (Spt5 and Sto1) are involved in capping,
14 in splicing, three (Cft1, Mpe1 and Rna14) in cleavage,
Pab1 in polyadenylation and Puf3 in transport/localization.
Furthermore, two RBPs (Ndc1 and Mex1) were selected
for nuclear export and 17 RBPs are associated with RNA
degradation.

We performed a quantitative label-free proteomics
screen with the 40 chosen TAP-tagged RBPs (31) us-
ing two different conditions and a WT (Figure 1B),
which allowed us to differentiate between protein–protein
associations/interactions (PPIs) and RNA-dependent
associations/interactions (RDIs). To identify the PPIs, we
compared immunoprecipitated tagged RBP against WT
lysate, both treated with RNase A to digest the RNA,
similar to previous large-scale yeast PPI screens (50,51). We
also included a second condition where we immunoprecipi-
tated the tagged RBP, but omitted the RNase A treatment,
which reveals the RDIs that are only observable in the
presence of RNA. Each condition comprised multiple
replicate IP experiments that were prepared in parallel and
measured on the mass spectrometer as a set applying LFQ.

This study design allowed for quality control benchmark-
ing within each IP set using the bait RBP and RNase A
treatment. In the case of RBP-IP compared with the WT
lysate, the tagged RBP was expected to be enriched (P-value
<0.05 and fold change >2, c = 0.05) (Figure 2A). Indeed,
38 of 40 bait RBPs showed strong enrichment, between 3.3-
and 14.1-fold (Supplementary Figure S2). The remaining
two tagged RBPs, Ndc1 and Spt5, also showed enrichment
of 2.4- and 2.1-fold, respectively, despite slightly less statis-
tical significance of P-value = 0.07 and P-value = 0.10. Ad-
ditionally, when comparing the RBP IPs with and without
RNase treatment, the tagged RBP is expected to be equally
abundant (Figure 2B). Again, this was the case for almost
all experiments (39 of 40), with only Sub2 showing a slight
offset (Supplementary Figure S3). Similarly, we clearly see
that RNase A is found in the non-enriched background
cloud of proteins, when comparing the RBP IPs with RNase
treatment [IP RNase (+) versus WT]. Meanwhile, we ob-
served the RNase A enriched, with a negative fold change,
when comparing the non-treated with the treated RBP IPs
[IP RNase (–) versus IP RNase (+)] (Figure 2A, B; Supple-
mentary Figures S2 and S3).

We obtained valuable information for the PPIs (Fig-
ure 2C; Supplementary Table S1) and RDIs (Figure 2D;
Supplementary Table S2) for the 40 chosen RBPs. For the
PPI group, the number of enriched proteins ranged from 4
(Dbp2) to 112 (Mpe1) (Figure 2C), while for the RDI group,
the number of enriched proteins ranged from 5 (Upf3)
to 143 (Nam7) (Figure 2D). We then used BioGRID, a
database of established protein interactions, to check how
many of the identified interactions had been previously re-
ported with physical experimental evidence (light grey, left
side, Figure 2C and D). The ratio of reported interactions
was dependent on the bait RBP, ranging from 0 (for Dbp2,
among others) to 80% (for Dhh1) for PPIs and from 0 (for
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A B

Figure 1. RBP interactome screen. (A) The 40 selected bait RBPs are listed with a schematic drawing of their RNA biological processes. Proteins highlighted
with an asterisk are associated with multiple processes. (B) Schematic representation of the experimental design to screen for protein–protein interactors
and RNA-dependent ineractors in parallel.

Dbp2, among others) to 82% (for Dhh1) for RDIs. As ex-
pected, the percentage of previously identified interactions
in the BioGRID database was overall higher for PPIs than
for RDIs. For 11 RBPs, our PPIs included at least half of the
previously described interactions, while for our RDIs, this
was the case for only two bait RBPs (Supplementary Fig-
ure S4A, B). Additionally, for 26 of our investigated RBPs,
BioGRID classifies more than half of the reported interac-
tions as ‘Affinity Capture-MS’, confirming the experimen-
tal results of our approach (Supplementary Figure S4C).
Irrespective of PPIs or RDIs, we found high overlap with

RBPs included in the published RBP census (18) (black,
right side, Figure 2C, D). However, the fraction of RBP-
annotated proteins was higher within RDIs compared with
PPIs. While the RDI partners of 34 bait RBPs consisted of
>70% of RBPs, only 14 bait RBPs showed this high fraction
for their PPI partners (Supplementary Figure S4D). Finally,
when we checked the overlap of the interactors among the
PPI and RDI groups of each bait RBP, we observed that 0
(for Dbp1, among others) to only 22% (for Sto1) are identi-
cal (dark grey, Figure 2E), clearly showing that they are two
specific subsets of interactors.
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Figure 2. RBP interactome screen reveals different PPIs and overlapping RDIs among bait RBPs. (A) Volcano plot of PPIs for Pab1 comparing enriched
proteins of the Pab1-TAP IPs digested with RNase A (n = 4) or WT (n = 4) determined by label-free quantitative proteomics. The enrichment threshold
(dotted line) is set to P-value <0.05 (Welch t-test) and fold change >2, c = 0.05. Each dot represents a protein; enriched proteins are shown in black.
Pab1-TAP (red) and RNaseA (orange) are indicated. (B) Volcano plot of RDIs for Pab1 comparing enriched proteins of Pab1-TAP IPs (n = 4), with or
without RNase A digestion, determined by label-free quantitative proteomics. The enrichment threshold (dotted line) is set to P-value <0.05 (Welch t-test)
and fold change >2, c = 0.05. Each dot represents a protein; enriched proteins are shown in black. Pab1-TAP and RNaseA are not enriched (orange). (C
and D) Bar plot of PPIs (C) and RDIs (D) for the 40 bait RBPs. Each bar represents the number of enriched proteins [P-value <0.05 (Welch t-test) and
fold change >2, c = 0.05]. Each bar is mirrored to show the protein’s overlap with reported interactors at the BioGRID database (left side, dark grey) and
with the RBP census (right side, black). Proteins not contained in either are coloured in light grey. (E) Bar plot depicting all enriched interactors of the 40
bait RBPs: unique PPI (green), unique RDI (orange) and shared interactors (grey).
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Overall, our label-free quantitative RBP interactome
screen resulted in two distinct groups of enriched interac-
tors among the PPI and RDI datasets. In the case of RDIs,
the majority of protein interactors were included in the
RBP census, outlining that our approach is able to uncover
hitherto unknown RDIs among a large set of RBPs. With
this, we provide complementary information to the previ-
ous large-scale screens in yeast that were designed to only
report RNA-independent PPIs.

RNA-related functionalities are over-represented among en-
riched interactors

We wanted to investigate whether RNA functionalities were
over-represented and shared among our enriched inter-
actors, from the structural protein domain to the func-
tional pathway level. Thus, we queried for protein signa-
tures among the enriched interactors with InterProScan.
For this analysis, we noted that the descriptors ‘RNA recog-
nition motif domain’ and ‘RNA-binding’ (Figure 3A) were
significantly over-represented (P-value <0.01) among mul-
tiple bait RBPs for both PPIs and RDIs in the struc-
tural domain databases Pfam and SUPERFAMILY. Within
the PPIs, there were three baits with enrichment of these
terms (green, Figure 3A; Supplementary Table S3). We
then applied the same protein signature analysis for the
enriched RDIs. RNA binding-related domains were most
prevalent among the over-represented protein domains (or-
ange, Figure 3A; Supplementary Table S4). For instance,
‘RRM’ (Pfam) and ‘RNA-binding domain’ (SUPERFAM-
ILY) were over-represented among the interactors of 17 and
18 of our 40 bait RBPs, respectively. Overall, this shows a
general trend of the RDIs having a larger amount of canon-
ical RBDs.

Further interrogation of the enriched PPI set using GO
revealed an over-representation [adjusted (FDR) P-value
<0.05] of molecular function GO terms such as ‘nucleic
acid binding’ among the interactors of nine bait RBPs and
‘RNA-binding’ among the interactors of six bait RBPs
(Figure 3B; Supplementary Table S5). Over-represented
RNA-related GO molecular function terms were also iden-
tified for the enriched RDI set and were more predominant
than in the PPI set (Figure 3B; Supplementary Table S6). In
particular, the term ‘mRNA binding’ was over-represented
among the enriched RDIs for 26 of our 40 bait RBPs. De-
spite the domain and GO molecular function analysis re-
vealing an enrichment for RNA binding functionalities, es-
pecially for RDI partners, the number of canonical RBDs
among the bait RBPs’ interactors is low (Supplementary
Tables S3 and S4) albeit still significant for the RRM do-
main (Figure 3A; Supplementary Figure S5). This high-
lights that among our enriched interactors, RBPs lacking
canonical RBDs might be abundant and thus may have less
studied functions in the context of RNA biology.

To investigate shared functionalities among our inter-
actors, we queried the KEGG for over-represented path-
ways among interactors in the PPI and RDI datasets [ad-
justed (FDR) P-value <0.05; Supplementary Tables S7 and
S8, respectively]. As expected, for both PPIs and RDIs,
we obtained over-represented KEGG terms associated with
known bait RBP functionality in several cases (Figure 3C).

In particular, within the 14 selected splicing-associated
RBPs, the KEGG term ‘spliceosome’ was over-represented
among PPIs of the bait RBPs Snp1, Ist3 and Hsh49, as well
as for the RDIs of the bait RBP Msl1. For Cbc2 and Lsm2,
the ‘spliceosome’ term was over-represented for both PPIs
and RDIs. The degradation-associated RBPs Rrp40, Dhh1,
Dis3, Sup35 and Hbs1 had RNA degradation-associated
KEGG terms over-represented among their PPIs, while
Sgn1 and Tif4631 showed this among their RDIs. We also
enriched interactors related to ‘ribosome’ and ‘ribosome
biogenesis in eukaryotes’ in four RDI (Cbc2, Mtr4, Mud2
and Tif4631) and two PPI (Gbp2 and Hsh49) datasets. Ad-
ditionally, while not among our selection criteria for the
bait RBPs, we observed a strong over-representation of
metabolic and synthesis pathways among the interactors
for 7 and 13 baits of the PPI and RDI groups, respectively.
There were 525 metabolism-related proteins within the com-
bined PPI and RDI datasets, which included 70 of the 154
metabolic RBPs described in the RBP census. Previously,
metabolic proteins have been characterized to have unusual
RNA binding function, which coincides with the lack of en-
richment of canonical RBDs across all RBPs (18). Through
our unbiased, global analysis, our dataset adds more evi-
dence to the growing field of metabolic enzymes with RBP
functionalities (18,20).

Overall, despite a high number of interactors without
canonical RBDs, we confirm that interactors of both PPI
and RDI groups are involved in RNA biology through as-
sociation with structural domains, molecular functions and
biological pathways. This is in agreement with the SONAR
dataset, where they already used this observation on a
smaller set of baits for the prediction of hitherto unknown
RBPs (30).

RBP knockouts reveal possible processes regulated by these
RBPs

RBPs that interact with a certain set of mRNAs have some-
times been associated with the post-transcriptional regula-
tion of genes belonging to a specific biological process or
protein complex (10,52). To further investigate the down-
stream biological processes that are likely to be regulated by
the action of our bait RBPs, we aimed to identify proteins
that are differentially expressed at the protein level upon
knockout of our selected RBPs. For 18 of our 40 investi-
gated RBPs, deletion strains were available in the S. cere-
visiae KO collection (32). Of the 22 unavailable KO strains,
21 correspond to essential genes and one is not included in
the library. Further experimental validation of the 18 avail-
able strains resulted in the confirmation of RBP knockout in
10 strains at the proteomic level, and an additional 3 strains
at the genomic level (Supplementary Figures S6 and S7A, B;
see also the Materials and Methods). Thus, 13 RBP strains
were utilized for further experimental investigations; these
included five RBPs involved in mRNA nuclear processing,
one in RNA transport and localization, and seven in degra-
dation (Supplementary Figure S1A).

We measured the proteomes of WT and individual KO
clones by MS and performed label-free quantification with
multiple replicates (Figure 4A). Per knockout, we quantified
between 2854 and 3184 proteins (Supplementary Table S9),
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Figure 3. Computational analysis links the enriched interactors with RNA-related functionalities. (A) Bar plot of PPI (green) and RDI (orange) protein
signatures. Each bar represents the number of bait RBPs with the over-represented signature (P-value <0.01; Fisher’s exact test) found for at least two
different bait RBPs. RNA binding-related signatures are in bold. (B) Bar plot of the PPI (green) and RDI (orange) GO molecular function terms. Each
bar represents the number of bait RBPs with the over-represented term [adjusted (FDR) P-value <0.05; Fisher’s exact test] for at least two bait RBPs.
The top five terms per group are shown. RNA binding-related signatures are in bold. (C) Heat map of the PPI (green) and RDI (orange) KEGG analysis.
Each row contains an over-represented KEGG term [adjusted (FDR) P-value <0.05; Fisher’s exact test], with a blue colour gradient representing the gene
ratio. The second horizontal bar represents the bait RBP functional selection criterion. The vertical bar represents the global function of the KEGG terms
associated with the interactors.

approximately two-thirds of the expressed yeast proteome
(53). To determine significant protein expression changes,
we compared the WT with the KOs, setting a threshold
at P-value <0.05 and abs(fold change) >2, c = 0.05 (Fig-
ure 4B). For the 13 RBP KOs, significant protein expression
changes ranged from 7 to 230 proteins, representing on av-
erage a higher number of differentially expressed proteins
than observed for a genome-wide KO screen performed in

Schizosaccharomyces pombe (54) and being on a par with
expression changes observed for their S. pombe homologues
(Figure 4C; Supplementary Figures S6 and S8; Supplemen-
tary Table S10). This shows that the knockout of the se-
lected RBPs led on average to more profound expression
changes than knockout of other genes. As expected, we ob-
served that differentially expressed proteins overlapped lit-
tle with prey identified in the PPI and RDI datasets of each
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Figure 4. Protein expression changes among the 13 RBP KO strains. (A) Schematic representation of the KO screen experimental design. (B) Volcano plot
of ski2-� comparing its proteome with that of the WT by label-free quantitative proteomics (n = 4). The enrichment threshold (dotted line) is set to P-value
<0.05 (Welch t-test) and abs(fold change) >2, c = 0.05. Each dot represents a protein; enriched proteins are shown in black with Ski2 highlighted (red).
(C) Bar plot of the altered proteins in the 13 RBP KOs. Each bar shows the number of altered proteins with highlighted overlap for PPI (green) and RDI
(orange) with the RBP interactome screen. (D) Heat map of the KEGG analysis for the 13 RBP KOs. Each row contains an over-represented KEGG term
[adjusted (FDR) P-value <0.05; Fisher’s exact test] with a blue colour gradient for the gene ratio. The horizontal bar delineates up- and down-regulated
proteins. (E) Network of the protein complexes with at least half of their subunits included among the differentially expressed proteins in the RBP KOs.
Nodes are RBP KOs (purple) and protein complexes (blue gradient). Edges are highlighted for up-regulated (red) or down-regulated (blue) proteins.

respective bait RBP; ranging from 0 (for gbp2-�, among
others) to 4.4% (for sto1-�) (Figure 4C). This supports our
initial hypothesis that the differentially expressed proteins in
the KO strains point to downstream processes regulated by
the RBPs and are thus different from the RBP-associated
proteins. However, differential expression of some pro-
teins can also be the result of functional compensation
mechanisms.

To further characterize the biological pathways that are
affected and likely to be regulated by the knocked out
RBPs, we tested for KEGG pathway enrichment among
the up- and down-regulated proteins separately in each
strain (Figure 4D; Supplementary Tables S11 and S12).
Only three pathways related to RNA were over-represented
in three KO strains, ‘aminoacyl-tRNA biosynthesis’,
‘mRNA surveillance pathway’ and ‘ribosome’ (Figure 4D).
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A

B

Figure 5. PPI and RDI networks link novel interactors to RNA-related functionalities. (A and B) PPI network (A) and RDI network (B) with all bait RBPs
labelled. Bait RBP nodes and edges are coloured according to single (colour indicated in the key) or multiple (purple) higher order KEGG-associated
functions. The nodes of the RBP prey are light grey and node sizes are determined by the number of interactors. The networks are drawn with the spoke
model.

Interestingly, amino acid and nucleic acid synthesis path-
ways as well as various metabolic pathways were enriched
among proteins that were down-regulated in KOs of RBPs
related to splicing (ist3-� and gbp2-�) and to degrada-
tion (sgn1-�, mip6-�, ski2-�, dhh1-�, upf3-� and hbs1-�).
However, these do not overlap with the over-represented
metabolic KEGG pathways from the RBP interactome
screen.

To further interrogate cellular processes that are likely
to be regulated by the selected RBPs, we identified known
yeast protein complexes for which at least half of all
subunits were either up- or down-regulated in the indi-
vidual KO strains (Figure 4E). We primarily obtained
dimeric complexes (27 of 31) across the 13 selected RBPs.
These complexes covered a wide range of functionali-
ties. Some were expected, such as the down-regulation of
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D E

Figure 6. Splicing subnetworks link bait RBPs with protein complexes. (A and B) PPI splicing (A) and RDI splicing (B) subnetworks, with bait RBPs
possessing interactors, with KEGG-associated splicing pathways highlighted in pink. Interactors reported at BioGRID (light grey), at the RBP census
(dark blue) or at both (dark grey) are indicated. Interactors not found in BioGRID or the RBP census are indicated in light blue. The node size of the
bait RBPs is determined by the number of interactors. The networks are drawn with the spoke model. (C) Combined (PPI and RDI) network, with bait
RBPs having interactors with KEGG-associated splicing pathways in pink. Edges are highlighted for unique PPI (green), unique RDI (orange) or shared
interactors (grey). The network is drawn with the spoke model. (D) Protein complex Cleveland dot plot. Protein complexes with a coverage ratio >0.5 are
represented. The number of proteins in the network (purple) and in the complex (orange) are shown as dots. (E) Heat map of the protein complexes. Each
row names a protein complex, with a blue colour gradient for the coverage ratio. The horizontal bar indicates the bait RBP functional selection criterion.

the PAN complex that is directly related to the knock-
out of one of its subunits, Pan3. Others echoed with the
over-represented KEGG pathways. For instance, we ob-
tained several metabolism-related complexes that were up-
regulated in dhh1-�. Similarly, mip6-� and gbp2-�, both
having KEGG metabolic pathways down-regulated, had a
subunit of the Pmt3p/Pmt5p complex down-regulated. Ad-

ditionally, we obtained further insights into RBPs when ex-
amining the up- and down-regulated complex members. In
dhh1-� we found a down-regulation of mismatch repair
proteins. This is in line with the involvement of Dhh1 in
DNA repair (55). Dhh1 has also been shown to be crit-
ical to G1/S phase cell cycle progression, and its dele-
tion causes ionizing radiation sensitivity (56). There are
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Figure 7. Spliceosome protein complex subnetworks reveal novel bait RBP functionalities. Spliceosome complexes shared by more than one bait RBP and
with a coverage ratio >0.5 are shown. Bait RBPs being part of (dark orange) or associated with (purple) a protein complex are shown. Prey being part
of a protein complex (light orange) are shown. Edges are coloured for PPI (green), RDI (orange) or both (grey). The networks are drawn with the spoke
model.

emerging studies that have linked RBPs with DNA repair
processes (57,58). Taken together, this KO dataset could
lead to the further association of RBPs with metabolism
and DNA repair.

These results collectively point to interesting hypotheses
for possible downstream processes regulated by the selected
RBPs and can guide future experimental investigations.

Network analysis identifies putative new members of RNA
pathways

To connect information from the individual experiments
and visualize shared interactors among the RBPs, we built
an extensive interaction network for the PPI (Figure 5A;
Supplementary Table S13) and RDI (Figure 5B; Supple-
mentary Table S14) datasets. Within each network, the
bait RBPs and their interactors were included when en-
riched for a KEGG term (Figure 3C). These KEGG terms
were grouped as degradation, export, metabolism, ribo-
some, splicing, synthesis or multiple. Each of these indi-
vidual categories was used to create specific subnetworks.
To gain further insights into which complexes are captured
within our subnetworks, we annotated our proteins with
the manually curated heteromeric protein complexes in-
cluded in the CYC2008 dataset (47). We calculated for each
complex a coverage ratio by dividing the number of sub-

units included in the network by the total number of com-
plex members, and those with a ratio >0.5 were included
in the downstream analysis. Within all splicing, export, ri-
bosome, synthesis, metabolism and degradation subcom-
plexes, 56 unique complexes were identified. These com-
bined networks as well as individual subnetworks are avail-
able online for each enriched biological process within the
RBP interactome network explorer (RINE) at https://www.
butterlab.org/RINE.

We wanted to check the presence of expected and unex-
pected complexes as well as cross-talk between these com-
plexes in an exemplary RNA process. Thus, we further ex-
amined the PPI and RDI subnetworks of the baits en-
riched for splicing-related KEGG terms, which have been
widely studied in S. cerevisiae (59). Within the interac-
tions, there were seven baits included in the PPI subnetwork
(Ist3, Lsm2, Cbc2, Dhh1, Snp1, Sto1 and Hsh49) (Fig-
ure 6A; Supplementary Table S15), and there were four bait
RBPs included in the RDI subnetwork (Ist3, Cbc2, Msl1
and Lsm2) (Figure 6B; Supplementary Table S16). We had
15 and 20 previously unreported interactions in the PPIs
and RDIs, respectively, when compared with BioGRID and
RBP census data (Figure 6A, B). Among these PPIs, there
were three uncharacterized interactors, namely YHR214C-
B and YMR315W with bait RBP Hsh49, and YPL225W
with bait RBP Lsm2. We additionally integrated both the

https://www.butterlab.org/RINE
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PPI and RDI interactomes into one combined subnetwork
(Figure 6C; Supplementary Table S17).

Using the protein complexes from the CYC2008 dataset,
we established complexes present at a ratio >0.5 within
the combined RDI and PPI subnetwork (Figure 6D; Sup-
plementary Table S18). There were 19 complexes within
the PPIs and RDIs with over-represented splicing-related
KEGG pathways that surpassed this threshold. These com-
plexes contained the anticipated spliceosome components
as well as other complexes that are involved in the mRNA
life cycle. The complexes that were not spliceosome compo-
nents function in capping, degradation, nuclear export and
translation (Figure 6D). For example, the transcription ex-
port (TREX) complex, which contains the THO complex,
were both found among the interactors. These complexes
are critical for the nuclear export of mRNA (60). There were
six baits with interactors that are components of the TREX
complex (Figure 6E). Of these, Msl1, Snp1 and Hsh49 are
considered splicing-associated proteins, while Dhh1 is con-
sidered to be degradation associated. This shows the inter-
connectedness of mRNA splicing, export and degradation.
An unexpected complex was the RENT complex, which is
responsible for rDNA silencing in S. cerevisiae. The bait
RBPs Ist3 and Msl1, which are both splicing proteins, had
members of the RENT complex among their PPI interac-
tors. This association had not been previously reported.

While there were complexes with a wide range of func-
tionalities in the splicing subnetwork, most identified sub-
units were part of the spliceosome (Figure 6E). We built a
network for each annotated spliceosome complex shared by
more than one bait (Figure 7; Supplementary Table S19).
Within these baits, 16 of the 21 members of the commit-
ment complex (or E complex), were detected (61). The three
baits with the largest number of E complex subunits were
Snp1, Sto1 and Cbc2. Snp1 is a portion of U1 small nuclear
RNP (snRNP), and Sto1 and Cbc2 are capping proteins,
and are all part of the S. cerevisiae commitment complex
(59,62). This demonstrates that our approach is able to iden-
tify known complexes. The U2-associated complex SF3a/b
had a high average coverage ratio across many baits (ratio =
0.67 and 0.83, respectively). However, the other U2 snRNP-
associated complex, called RES, was exclusively found in
the interactome of its complex member and bait RBP, Ist3.

The U4/U6 × U5 tri-snRNP complex (ratio = 0.82) joins
splicing complex A (including the U1 and U2 snRNP com-
plex) to form the preB splicing complex. However, despite
the thorough U6 coverage (ratio = 1.0), its complex mem-
bers were found only with Lsm2 and Dhh1. Lsm2 is a well
known complex member of U6 snRNP, whereas Dhh1 has
not been characterized in detail as a U6 snRNP-associated
protein. Dhh1 facilitates decapping and inhibits transla-
tion (63,64). Nevertheless, there has been a yeast two-hybrid
study confirming the Lsm2 and Dhh1 interaction (65), and
there have been studies associating Lsm4 and Dhh1 with
P-granules, which in turn are associated with inhibition of
translation (66,67). We noticed that Dhh1 association was
limited to snRNPs that join the spliceosome later during the
splicing process.

Another unexpected interaction occurred between the
RES complex subunit Ist3 and the U5 snRNP complex.
The RES complex is critical for the successful formation

of the pre-spliceosome complex via its interaction with U2
snRNP (3). Within the diverse roles of the RES complex,
no association with the U5 complex apart from Prp8 was
described (63,64). However, within our network analysis we
found several PPIs between Ist3 and the U5 snRNP com-
plex members Prp8, Brr2 and Snu114. These data suggest
that there might be more U5 members serving as a bridge
to the RES complex.

In summary, we found complexes that were critical to
the overall mRNA life cycle, with particular enrichment of
complexes needed for the assembly and catalytic activity of
the spliceosome with putative new roles for RBPs based on
concurrent binding patterns.

CONCLUSIONS

Here, we provide an extensive S. cerevisiae RBP interac-
tome network to systematically map both PPIs and RDIs.
The approach to study RDIs at a larger scale gives the
unique opportunity to group RBPs by concurrent bind-
ing patterns and thus provides suggestions for functions
for the RBPs themselves as well as for their interaction
partners. An additional integration of the RINE resource
with next-generation sequencing data containing informa-
tion about the RNAs bound to RBPs would provide fur-
ther insights into the functionalities of both the RBPs and
their associated RNAs. By providing interactive and vi-
sual access to the data of this study, the RINE resource
(https://www.butterlab.org/RINE) can serve as a starting
point for further data analysis and exploration of individual
candidates.
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