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RNA-binding ubiquitin ligases (RBULs) have the potential to link RNA-mediated mechanisms to
protein ubiquitylation. Despite this, the cellular functions, substrates and interaction partners of
most RBULs remain poorly characterized. Affinity purification (AP) combined with quantitative mass

. spectrometry (MS)-based proteomics is a powerful approach for analyzing protein functions. Mapping

. the physiological interaction partners of RNA-binding proteins has been hampered by their intrinsic

. properties, in particular the existence of low-complexity regions, which are prone to engage in non-
physiological interactions. Here, we used an adapted AP approach to identify the interaction partners
of human RBULs harboring different RNA-binding domains. To increase the likelihood of recovering
physiological interactions, we combined control and bait-expressing cells prior to lysis. In this setup,

. only stable interactions that were originally present in the cell will be identified. We exploit gene

© function similarity between the bait proteins and their interactors to benchmark our approach in its
ability to recover physiological interactions. We reveal that RBULs engage in stable interactions with
RNA-binding proteins involved in different steps of RNA metabolism as well as with components of the
ubiquitin conjugation machinery and ubiquitin-binding proteins. Our results thus demonstrate their
capacity to link posttranscriptional regulation with the ubiquitin system.

Posttranscriptional RNA processing provides a fundamental step in the regulation of gene expression.
RNA-binding proteins (RBPs) play a key role in posttranscriptional regulation by determining the fate and func-
tion of their target transcripts. Recent large-scale mRNA interaction profiling studies have demonstrated that
eukaryotic cells express >1,200 RBPs'=>. In addition to their RNA binding capability, many of these RBPs possess
: catalytic activities, thus introducing an additional layer of complexity into posttranscriptional regulation'?. A
: particularly interesting class of proteins in this context are RNA-binding ubiquitin ligases (RBULSs) that contain
- either a HECT, RING or ring between ring (RBR) ubiquitin ligase domain. The human genome encodes at least
. 26 putative RING-type RBULSs, which can be assigned to five different families according to their RNA-binding
. domains (RBDs), including CCCH zinc fingers, K-homology (KH) domains, RNA recognition motifs (RRM) and
 KKKTK (K-rich) regions®. The existence of the RNA-binding and ubiquitin ligase functions in a single protein
- has the potential to link posttranscriptional regulation of gene expression with the ubiquitin system. Despite this,
. only a few RBULSs have been characterized to date and most previous studies focused on a specific function of a
single RBUL.

Mapping of protein interaction partners is frequently employed to analyze cellular functions of poorly charac-
terized proteins. To this end, a bait protein and its interaction partners are purified by antibodies or affinity resins,
and the interaction partners are identified by liquid chromatography-tandem mass spectrometry (LC-MS/MS).

. This approach allows to efficiently discriminate physiological interactions from background binders, when com-
* bined with quantitative MS approaches such as stable isotope labeling with amino acids in cell culture (SILAC)°.
However, several characteristics of RBPs impede the identification of physiological interactions in proteomics
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approaches. RBPs often contain disordered regions, including repetitive sequences and low-complexity domains,
which can promote dynamic interactions with other proteins even in cell lysates®®. Native ribonucleoprotein
complexes were previously shown to extensively reassemble already during cell lysis, thereby concealing the inter-
action landscape of the native cell’. In addition, several RBPs were recently described to harbor the ability to tran-
sition into a hydrogel-like state that likely facilitates non-physiological protein associations®. Taken together, the
above-mentioned properties of RBPs interfere with a specific enrichment of physiological interactions through
affinity purification (AP) and create a demand for well-adapted sample preparation strategies.

Depending on the stability of the studied interactions, different sample preparation strategies have been
developed. For instance, the conventional SILAC-AP workflow efficiently captures both stable and transient
interactions by separately processing all samples until after AP (Fig. 1a). In contrast, purification after mixing
(PAM)-SILAC employs combining of differentially isotope-labeled cell lysates prior to AP?. In this setup, tran-
sient interactors with high on/off rates quickly reach an equilibrium of light and heavy labeled forms, resulting in
SILAC ratios close to background levels. Conversely, stable associations that are maintained throughout purifi-
cation retain high SILAC ratios. However, neither of the two sample preparation strategies is immune to proteins
that engage in non-physiological interactions already during cell lysis. Although not occurring under physiolog-
ical conditions, such newly formed protein associations might display high stability, for instance if high-affinity
binders had been precluded from each other in vivo by cellular compartmentalization. Here, we present an
adapted SILAC-based AP approach (referred to adapted AP) that employs mixing of equal amounts of differ-
entially isotope-labeled cells prior to the cell lysis (Fig. 1b). Because light and heavy isotope-labeled forms of all
proteins are mixed during lysis, newly established interactions will display low SILAC ratios irrespective of their
biophysical properties. Consequently, the described approach specifically recovers stable interactions that were
present within the intact cell and is complementary to other approaches, such as the conventional SILAC-AP,
tandem affinity purifications (TAP) and biotin-based proximity tagging (APEX and BioID)'%-'%. We benchmark
our approach in its ability to recover physiological interactions using Gene Ontology (GO) similarity measures to
score the coherence of functional annotations between the bait and its putative interaction partners. Employing
the described approach, we identify the interaction partners of six human RBULs (ARIH2, MEX3B, MKRN1,
MKRN?2, RNF17 and PRPF19). In addition to at least one RING E3 ubiquitin ligase domain, the selected RBULs
harbor different RBDs, such as WD repeats (PRPF19), KH domains (MEX3B), Tudor domains (RNF17) or
CCCH zinc fingers (MKRN1/2). We further include ARTH2, which does not show an obvious RBD according to
current predictions, but was previously found in association with the nuclear polyA-binding protein PABPN1'3.

For all investigated RBULS, our analyses highlight their extensive involvement in ubiquitin-mediated func-
tions, illustrated for instance by the interaction of five RBULs with the ubiquitin-dependent co-chaperone VCP.
In addition, we find evidence that the studied RBULSs are involved in different posttranscriptional pathways,
including translational regulation, ribonucleoprotein assembly and splicing. The benchmarking of our approach
using GO similarity testing further supports the notion that combining cells prior to lysis increases the likelihood
of recovering stable physiological interactions when studying RBPs.

Results

Strategy for recovering stable interaction partners of RNA-binding ubiquitin ligases. Ina
conventional SILAC-based AP experiment, the bait and control pulldowns are performed separately and the
enriched proteins are combined after the washing steps. This setup enables the quantitative comparison of dif-
ferent conditions and minimizes the intra-sample variance'*. However, we reasoned that this approach might be
suboptimal when analyzing RBPs, which are prone to form non-physiological interactions in the cell lysate. We
therefore employed an adapted AP that disfavors dynamically exchanging or newly established protein interac-
tions after cell lysis to analyze the stable interaction partners of RBULs. To this end, heavy isotope-labeled cells
expressing the GFP-tagged bait are combined already prior to cell lysis with light isotope-labeled control cells
expressing GFP only (Fig. 1b). Interaction partners with high exchange rates will display both labels with equal
probability, resulting in low, close-to-background SILAC ratios for these transient interactions. Reversely, stable
physiological interaction partners that associated with the bait protein in the cell will remain constantly bound
during the sample preparation, thus displaying high SILAC ratios (Fig. 1b).

In order to test the performance of our adapted AP, we analyzed its ability to identify the interaction partners
of the well-characterized RBUL PRPF19. PRPF19 is part of the PRP19/CDC5L complex (also known as Nineteen
complex [NTC]) and the XAB2 complex and plays a role in the catalytic activation of the spliceosome!>'%.
GFP-tagged PRPF19 was expressed in human HEK293T cells. Western blot experiments with a PRPF19-specific
antibody that detects both endogenous and GFP-tagged PRPF19 suggested a 37-fold lower expression compared
to the endogenous counterpart (Suppl. Figure 3a). Apart from the previously described nuclear localization
(Human Protein Atlas'?, http://www.proteinatlas.org/), we found a fraction of GFP-PRPF19 also in the cytoplasm
(Fig. 2e, Suppl. Table 6). For isotopic labeling, GFP-PRPF19-expressing cells were grown in medium containing
heavy isotope-labeled arginine and lysine, while empty vector-expressing cells grown in medium containing light
isotope-labeled arginine and lysine served as control. Equal numbers of light and heavy isotope-labeled cells
were combined, followed by lysis and AP using GFP-Trap agarose beads. Inmunoprecipitated proteins were
digested on-bead with trypsin, and peptides were identified by LC-MS/MS?. In total, we quantified 1,061 protein
groups in at least two replicate experiments (at least two peptides, including one unique peptide, and two ratio
counts; Suppl. Table 3). The quantified SILAC ratios were log, transformed and converted into z-scores?"*:. We
confirmed the reproducibility of our measurements by comparing independent experimental replicates (Fig. 1d).
All proteins with an average z-score > 2 across five replicate experiments, meaning that they differ by at least two
standard deviations from the mean of the positive values in the distribution, were considered as putative inter-
action partners (dashed line, Fig. 1c). Out of 1,061 quantified proteins, 91 proteins displayed a z-score > 2 in the
GFP-PRPF19 pulldown compared to control, thus representing putative stable interaction partners of PRPF19
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Figure 1. The adapted SILAC-based AP approach efficiently recovers known interactors of PRPF19. (a) In the
conventional SILAC-AP, GFP alone is expressed in light-isotope labeled cells (light blue), while GFP-tagged
PRPF19 is expressed in heavy isotope-labeled cells (dark blue). Upon cell lysis, GFP/GFP-tagged bait proteins
are subjected to affinity purification (AP) with GFP-trap agarose beads. Enriched proteins are mixed in a 1:1
ratio and analyzed by LC-MS/MS. (b) For the adapted AP protocol, differentially isotope-labeled cells are mixed
at equal amounts and lysed as a pool. Upon AP and on-bead digest with trypsin, enriched proteins are analyzed
by LC-MS/MS. In this setup, only stable interactions that were already present in vivo will obtain high SILAC
ratios (H/L), whereas transient interactors and any associations formed after cell lysis will display equalized
label occurrences. (¢) The adapted AP for GFP-PRPF19 identifies 13 previously known PRPF19 interactors.
Shown are the SILAC ratios of one individual biological replicate after z-score normalization plotted against
log,, transformed intensities. PRPF19 is labeled in dark blue. Previously described PRPF19 interactors that
were biochemically shown to interact'® or assigned by genetic evidence’* are displayed by round or square
purple symbols, respectively. The applied cut-off at z-score > 2 is labeled by a dashed line. (d) Comparison

of two independent biological replicates of the adapted AP with GFP-PRPF19. Visualization and labeling as

in (c). A linear regression line is indicated by a grey dashed line. (e) Pulldowns of GFP-PRPF19 following

the conventional SILAC-AP protocol. SILAC ratios (after z-score normalization) are plotted against log,,
transformed intensities of one biological replicate. Visualization and labeling as in (c).

(Figs 1c and 3, Suppl. Tables 1-3). Notably, 17 out of these 91 (19%) proteins have been previously described as
PRPF19 interaction partners according to the Human Integrated Protein-Protein Interaction Reference (HIPPIE)
database?® (Suppl. Table 5). Moreover, 13 of these represent well known PRPF19 interactors, including the com-
plete NTC core module (CDC5L, PLRG1, and BCAS2) as well as XAB2 and AQR from the XAB2 complex'>'6
(Fig. 1c). To validate the performance and specificity of our approach, we performed a conventional SILAC-AP
for GFP-PRPF19, in which samples are combined after AP. In order to discriminate RNA-mediated interactions,
we included an additional condition, in which the samples were subjected to optimized RNase A/RNase T1 digest
after the AP (Suppl. Figures 1 and 2a). We quantified 632 protein groups, out of which 16 had a z-score > 2
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Figure 2. Experiments following the adapted AP approach and GO similarity analyses for six RBULs. (a)
Benchmarking of the GO similarity strategy by comparing the W1 distribution of interacting protein pairs
from the INstruct database (turquoise) to the control set of disconnected protein pairs (lilac). Applying a 10%
FDR, a ‘true positive’ interactor is defined by a WI > 0.414 (dashed blue line). (b) Precision-Recall curves of
the conventional SILAC-AP data without (blue) or with RNase treatment (dark blue), and the adapted AP data
(red) for GFP-PRPF19. Detected proteins were ranked according to their SILAC ratios, and precision and recall
of GO evidence-supported interactors were calculated based on the similarity of BP GO terms between bait
and prey proteins (WI>0.414). The dashed green line indicates applied cut-off at z-score > 2. n, number of
PRPF19 interactors. Legend shown in (f). (c) Predicted domain architecture of the six tested RBULs. Domains
are indicated on the right. (d) Expression of GFP-RBULs measured by Western blot. GFP-tagged RBULs

were transiently expressed in HEK293T cells, and their expression analyzed by Western blot. A representative
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is shown in Supplementary Figure 3c. All GFP-tagged RBULs are detected at the expected size. (e) Subcellular
localization of GFP-tagged RBULs. GFP-tagged RBULs were expressed in HEK293T cells and their subcellular
localization was analyzed by confocal microscopy. Scale bars indicate 10 um. (f) Ratio-intensity plots of adapted
AP experiments and Precision-Recall curves for the RBULs ARIH2, MEX3B, MKRN1, MKRN2, and RNF17
are shown. Combined SILAC ratios from three independent biological replicates are plotted against log,,
transformed intensities. Bait proteins (blue) and selected preys with high SILAC ratios are indicated.

and were thus regarded as putative interaction partners of GFP-PRPF19 (Suppl. Tables 1 and 3). Among these,
only one known interaction partner was recovered (compared to 13 in the pulldown applying the adapted AP)
(Fig. le). 5 of 16 proteins were lost after RNase digestion, indicating that RNA-mediated protein interactions
account for a minor fraction of detected interactions when analyzing RBPs (Suppl. Figure 2b). In summary, we
show that the adapted AP based on combining proteins already at the cell level enabled us to substantially increase
the recovery rate of known interaction partners compared to the conventional SILAC-AP. These results underline
the increased performance and specificity of the adapted AP approach in analyzing the interaction partners of
RBPs.

Functional coherence of the identified interaction profile of PRPF19. As outlined above, the
adapted AP is suited to capture stable interaction partners, whereas loosely associated proteins will be catego-
rized as background binders. We postulated that physiological interaction partners are more likely to partici-
pate in the same cellular processes as the bait protein compared to spuriously associated proteins. We therefore
investigated the similarity of the associated Gene Ontology (GO) terms*. To this end, we computed the Wang’s
Index (WI) as a measure of pair-wise similarity of Biological Process (BP) GO terms between the bait and the
putative interaction partners identified by the adapted AP?>%. To benchmark this approach, we extracted known
high-quality protein interactions from the structurally resolved INstruct network and compared the WI distribu-
tions of connected and disconnected protein pairs?”-?%. This analysis showed that W1s of connected proteins are
significantly higher than those of disconnected pairs (P value < 2.2 x 10~'¢, Mann-Whitney U test; Fig. 2a), con-
firming that they offer meaningful evidence for true interactions. Based on the W1 distribution for disconnected
pairs, we estimated an empirical false discovery rate (FDR) and defined a cut-off at FDR <10% (corresponding to
a WI=0.414; Fig. 2a). Under this premise, we consider a RBUL-interactor pair as ‘true’ (i.e. supported by GO evi-
dence), if the associated GO-BP terms yield a WI> 0.414, enabling us to compile a reference set of ‘true-positive’
functionally coherent interactions. This method thus enables us to evaluate potential protein-protein interactions,
identified by the adapted AP, for their probability to interact physiologically.

Based on the GO evidence, we compared the performance of the adapted AP with the conventional SILAC-AP
based on Precision-Recall curves (Fig. 2b). To this end, we ordered the RBUL-interactor pairs by decreasing
SILAC ratios and iteratively considered an increasing number of interaction pairs from the top of the list. For each
set of interaction pairs, we computed the fraction of functionally coherent interactions (WI > 0.414) with respect
to the current set (precision) and the full list (recall). Putative PRPF19 interactors determined by the adapted AP
showed strong signal enrichment, with increased precision associated with higher SILAC ratios. As expected,
precision is sacrificed beyond a certain level of sensitivity (recall) when unspecific interactions begin to prevail.
Notably, the adapted AP performs considerably better than the conventional SILAC-AP, underlining its ability
to identify physiological interaction partners of RBPs. In line with the notion that some unspecific interactions
could be mediated by RNA, the additional RNase digest slightly improved the performance in the GO similarity
scoring. In summary, our adapted AP in combination with computational evaluation based on GO similarities
offers a useful approach to identify stable protein interactions of RBPs and can be used complementary to the con-
ventional SILAC-AP. We benchmarked this approach on the example of PRPF19, which enabled the identification
of previously known as well as novel interaction partners of this RBUL.

Defining the interaction profiles of selected RBULs. Reassured by the high efficiency in recovering
known protein interaction partners of PRPF19, we applied our adapted AP and the computational evaluation
steps to further RBULs. We selected MEX3B, MKRN1, MKRN2 and RNF17, which contain different RBDs and
represent different RBUL families (Fig. 2c). We additionally included ARIH2, which does not harbor an RBD but
was previously shown to interact with the nuclear polyA-binding protein PABPN1". We first used fluorescence
microscopy to confirm the subcellular localization of the tagged proteins (Fig. 2e). All GFP-tagged RBULSs local-
ized to the expected compartments as reported in the Human Protein Atlas' and previous publications (Fig. 2e,
Suppl. Table 6). For MEX3B, we additionally performed Western blots with a specific antibody that detects both
endogenous and GFP-tagged MEX3B, estimating a 13-fold increased expression level of the tagged version com-
pared to the endogenous counterpart (Suppl. Figure 3a).

Using our adapted AP, we identified between 9 and 42 stable interaction partners which displayed a z-score
> 2 with the different RBULs (ARIH2, 42; MEX3B, 35; MKRN1, 9; MKRN2, 17; RNF17, 17; Figs 2f and 3, Suppl.
Tables 1, 2, 3). Among these, we find a small number of likely contaminants, including HSP70 chaperone family
members, such as HSPA1A, that act as disaggregases for newly translated proteins and thus represent common
contaminants in AP experiments*~*°. In line with the notion that these interactions could be a secondary effect of
ectopic RBUL expression, HSPA1A reproducibly interacted with GFP-tagged PRPF19 and MEX3B, but showed
only minor interaction with endogenous PRPF19 in independent validation experiments (Fig. 4c,d, Suppl.
Figure 3b).

In order to assess the functional coherence of the identified interactomes, we employed the GO similarity
scoring approach. This confirmed that the interactomes of the six RBULs are enriched for RBUL-interactor pairs
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Figure 3. The core interactomes of six RBULs. The core interactomes of the six RBULs ARTH2, MEX3B,
MKRN1, MKRN2, RNF17 and PRPF19 were identified using the adapted AP. Baits are shown in filled circles,
and preys in framed boxes.

with WI > 0.414, suggesting that they generally represent physiological interactors. The exception is RNF17,
which is mainly annotated with superordinate GO terms such as ‘cellular process’ and hence not appropriate for
GO similarity scoring. The applied cut-off (z-score > 2) consistently falls within the margin of specific enrich-
ment, supporting the choice of this threshold to detect meaningful interactions. For comparison, we subjected the
five RBULSs to the conventional SILAC-AP with and without RNase treatment (Suppl. Figure 2a,b, Suppl. Tables 1
and 3). Similar to the initial observation with PRPF19, our adapted AP consistently outperforms the conventional
SILAC-AP in the Precision-Recall evaluation for these RBULs (Fig. 2f). Accordingly, we find hardly any overlap
between the interactome lists from the two approaches (Suppl. Figure 2c). This nicely illustrates the conceptual
differences of the two protocols and their target interactions, but may also result at least in parts from the inherent
limitations of quantitative proteomics in terms of coverage and sensitivity>!.

Integration of all datasets revealed that a major fraction of the interactors of each RBUL are unique and not
shared with any other tested RBUL (38% [RNF17] - 88% [ARIH2]; Fig. 3), suggesting broad functional diver-
gence. In order to get insights into their cellular functions, we used GO annotations (Biological Process and
Molecular Function) to classify the interaction partners into the categories ‘RNA;, ‘Ubiquitin’ and ‘Other’ Notably,
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Figure 4. The RBULs link posttranscriptional processes to the ubiquitin system. (a) The BP and MF GO terms
of the interactors of the six RBULs were grouped into the categories “RNA” (blue), “Ubiquitin” (turquoise),
and “Other” (rose). The distribution of the categories among the interactomes is shown. (b) A summary

of GO terms for MEX3B interaction partners is shown. (c,d) Validation of RBUL interaction partners by
pulldowns and Western blot. (c) Endogenous PRPF19 was pulled down with a PRPF19-specific antibody from
HEK293T cells. Experiments omitting the antibody served as control. Western blot analysis was performed
with antibodies specific against BAG2, BAG6, VCP, and HSPA1A, as well as against PRPF19 itself to validate
the immunoprecipitation (IP). Left: Cropped images of input and IP samples (replicate 1). Images of full
membranes and different exposure times for all antibodies and replicates are presented in Supplementary
Figure 4a—c. Right: Quantifications of the PRPF19-specific IPs normalized to control of three independent
biological replicates are shown in a dot plot, including mean and standard error (s.e.m.). (d) GFP (empty
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vector, EV) and GFP-MEX3B were expressed in HEK293T cells and pulled down with a GFP-specific antibody.
Western blot analysis was performed using specific antibodies against POLR1A, POLR3A, VCP, and HSPA1A,
as well as GFP. Left: Cropped images of input and AP samples (replicate 1). Images of full membranes and
different exposure times for all antibodies are presented in Supplementary Figure 4d-f. Right: Quantification of
the APs normalized to EV are shown as in (c).

the interaction partners of all studied RBULSs are implicated into both, posttranscriptional processes as well as the
ubiquitin system (Fig. 4a). In accordance with their ubiquitin ligase function, the interaction partners of RBULs
are linked to core functionalities of the ubiquitin system. First, we find ubiquitin itself (RPS27A) as a stable inter-
action partner of all six RBULSs, which could be indicative of auto-ubiquitylation. In addition, cross-targeting
between different E3 ligases has also been described as a mode of activity regulation®. In line with this notion, we
observe stable associations with other E3 ligases, including RNF20, CUL5, and MID1 (ARIH2) as well as HUWE1
(MEX3B and PRPF19). For PRPF19, we also identify an interaction with the ubiquitin-specific peptidase USP19
(Fig. 3). Moreover, we detect the ubiquitin-dependent co-chaperone VCP (also known as p97) in stable associa-
tion with all RBULSs (Fig. 3). VCP is an ATPase that structurally remodels ubiquitylated proteins before their deg-
radation through the ubiquitin-proteasome or the autophagy-lysosome pathway*>. We verified the interaction of
VCP with GFP-tagged MEX3B and PRPF19 as well as endogenous PRPF19 using pulldown experiments followed
by Western blot (Fig. 4c,d, Suppl. Figure 3b).

In addition to the ubiquitin-related functions, mapping of the RBUL interactomes reveals links to different
posttranscriptional processes. For instance, several RBULs interact with translation initiation factors, including
EIF4G1 (PRPF19 and MEX3B) and EIF1AX (ARIH2), and ribosomal proteins, such as RPLP2 (RNF17), RPS27L
(MKRNT1), RPL37A, and RPS12 (MKRN2). More generally, comparison of the RBUL interaction profiles with
several large-scale mRNA interaction profiling screens'- reveals that 68 out of the total of 170 interactors (40%)
have been found in direct contact with poly(A) -+ RNA, underlining the strong commitment of the studied RBULs
to RNA-mediated processes.

Interestingly, a fraction of the identified interactors is involved in other cellular processes, such as protein
transport, cell cycle or DNA damage repair (‘Other;, Fig. 4a). Additionally, stable interaction of PRPF19 and other
RBULs with RNA polymerase components predicts a function in transcriptional regulation (POLR2A, POLR2B
[PRPF19], POLR1A, POLR1C, POLR2H [MEX3B], POLR3A [PRPF19, MEX3B and ARIH2]; Fig. 3). As PRPF19
has been previously implicated in the regulation of transcription®?**, this observation underlines the capacity of
our approach to identify physiologically functional networks. In line with a putative role in transcriptional regu-
lation, we also identify multiple components of the prefoldin-like complex as stable PRPF19 interactors (PFDNI,
PFDN2, VBP1/PFDN3, PFDN4 and PFDNG6). Prefoldin acts as a co-chaperone in the cytoplasmic assembly of
cytoskeletal and non-cytoskeletal complexes, but also modulates transcriptional activation when present in the
nucleus®. Moreover, we find multiple proteins that are involved in the DNA damage response to interact with
PRPF19, such as DDB1, MDC1, CDC5L, SNW1 and DNAJAL. In line with this notion, PRPF19 has been recently
implicated in the DNA damage response by ubiquitylation of the single-strand DNA-binding protein RPA¥.
Finally, we also detect a stable interaction of PRPF19 with all subunits of the BAT3 complex, composed of BAG6/
BAT3, UBL4A and GET4/TRC35, which is involved in chaperoning and degrading ER-associated proteins®.
To substantiate this finding, we validated the interaction of BAG6 in pulldown experiments against endoge-
nous as well as GFP-tagged PRPF19 followed by Western blot (Fig. 4c, Suppl. Figure 3b). Similarly, we also con-
firmed the interaction with BAG2 which was previously implicated to function together with VCP in proteolytic
pathways®>*.

Taking MEX3B as an example, we used the DAVID database to assess coherent functions of its interactors*.
Consistent with previous reports*"*%, we find that the interactors of MEX3B are involved in biological processes
such as ‘regulation of mRNA stability’ (adjusted p-value < 0.05, Benjamini-Hochberg correction) (Figs 3 and 4b,
Suppl. Table 4). Among the GO Molecular Function (MF) terms, ‘poly(A) RNA binding’ appears as a predomi-
nant term, reflecting the stable association of MEX3B with proteins involved in RNA metabolism, such as DHX36
and TNRCG6A. Finally, a significant fraction of the identified interactors suggest a direct role of MEX3B in the
regulation of transcription, including subunits of RNA polymerases (pol) L, IT and III, regulatory proteins such
as the transcriptional repressor ZGPAT, as well as multiple histone-associated proteins. We validated the interac-
tions with two RNA pol I and III subunits for GFP-MEX3B (Fig. 4d). Altogether, these findings place MEX3B and
the other RBULs into the context of several pathways of transcriptional and posttranscriptional gene regulation,
forming a basis for future studies regarding the role of RBULs in these cellular processes. In summary, we were
able to identify novel protein-protein interaction partners of six human RBULs and link them to cellular pathways
by applying our adapted AP protocol followed by bioinformatics analyses.

Discussion

In this study, we analyzed the interaction profiles of six human RBULs containing different RNA-binding domains
using a modified AP approach coupled to LC-MS/MS. Previous studies have suggested that RBPs are particularly
prone to engage in non-physiological interactions that hamper the identification of physiological interaction part-
ners”®, For instance, the reassembly of ribonucleoprotein complexes in cell lysates can lead to false positive results
when studying the in vivo interaction partners of RBPs”**. Moreover, the disruption of cellular compartmentali-
zation during cell lysis promotes artificial associations that would be impossible i vivo due to spatial separation*.
The propensity of RBPs for re-assortment is augmented by the prevalence of disordered regions in these proteins,
which often contain repetitive sequences and low-complexity domains. Such disordered regions can facilitate
RNA recognition but also promote association with other molecules®®. In line with this notion, it has been found
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that many RBPs undergo a concentration-dependent phase transition into a hydrogel-like state®*>4. In the cel-
lular context, this might play an important role in driving the assembly of non-membrane-bounded subcellular
structures, such as RNA granules or liquid-like clusters. However, this biophysical behavior is likely to interfere
with reliable proteomic characterizations, as the granules reversibly aggregate and disaggregate in solution which
may entrap proteins in non-physiological associations***”. Altogether, the biochemical and biophysical properties
of RBPs make them challenging targets for unbiased protein-protein interaction profiling.

In order to overcome these obstacles, we modified the conventional SILAC-based AP workflow to make it
more suitable for RBPs. By combining the differentially SILAC-labeled cell populations prior to cell lysis and AP,
the SILAC ratios become indicative of the stability of the detected interaction. Only kinetically stable interactions
will maintain high SILAC ratios, while any association that newly forms or changes in the lysate will display an
equalized/background SILAC ratio. Our approach thereby advances the mixing of samples to an earlier step
compared to PAM-SILAC, which is commonly employed to study stable protein interactions*. Previous studies
established that a mixing of samples at different stages of the AP protocol allows to reliably distinguish between
stable and transient interactions, a strategy that was successfully applied e.g. to dissect the dynamic interactome
of transcription factor complexes® or the human 26 S proteasome’.

In order to facilitate quick, clean and reproducible immunoprecipitations, our adapted AP approach relies
on the ectopic expression of GFP-tagged bait proteins. GFP has been evaluated as a suitable tag of choice for
quantitative proteomics due to its minimal non-specific binding to cellular proteins®. Moreover, it can be com-
bined with control cells expressing unfused GFP, which has been suggested as an important internal control to
further eliminate non-specific contaminants®. Our Western blot experiments show that the GFP-tagged RBULs
display a certain deviation in expression levels compared to the endogenous counterpart (37-fold less and 13-fold
more for PRPF19 and MEX3B, respectively; Suppl. Figure 3a), which might partially impair protein folding and
function. Accordingly, we detect recurrent interactions with several HSP70 family members, which can func-
tion as disaggregases for newly translated proteins and were previously reported as recurrent GFP-associated
contaminants®?’. Nevertheless, we reliably recover a large number of known physiological interaction partners,
indicating that the overall functionality of the GFP-tagged RBULSs is preserved. Moreover, the GFP-tagged RBULs
mostly localize to the correct cellular compartment, supporting the notion that the majority of the tagged pro-
teins is properly folded and delivered. It is important to note that our protocol is also compatible with standard
antibodies against endogenous proteins, which usually support an efficient immunoprecipitation on a similar
timescale. This would allow to circumvent the ectopic expression of tagged bait proteins in future applications.

In order to validate the performance of our approach, we used the well-characterized RBUL PRPF19 as an
example. PRPF19 has been described to engage in at least three different sub-complexes that confer distinct
cellular functions in human cells*'. Using the adapted AP, we recover the interactions of PRPF19 with the NTC
core complex as well as components of the XAB2 complex, a second PRPF19 sub-complex involved in genome
maintenance®. Moreover, we identify multiple components of the ubiquitin-proteasome system such as VCP,
HSP90ABI, UBL4A, GET4 as well as several proteasome subunits (PSMC1, PSMC2, PSMC5, PSMC6, PSMD2).
Although we do not detect PSMB4, a subunit of the catalytic core of the proteasome that was previous reported
to interact with PRPF19, the identified interaction partners strongly support the idea of a proteasome-dependent
function of PRPF19-mediated ubiquitylation. The interactions with proteasome components were previously
interpreted as a potential link of PRPF19 to protein degradation via substrate delivery to the proteasome®!. Finally,
the observation that PRPF19 interacts with the BAT3 complex, which we independently validated for both the
GFP-tagged as well as the endogenous protein, suggests a role in chaperoning and targeting proteins within the
cytosol®. In summary, the recovery of known PRPF19 interactors supports the validity of our approach to iden-
tify physiological protein interactions from the native environment of the cell.

The identified protein-protein interactions could be regulators as well as ubiquitylation substrates of the
RBUL. For instance, PRPF19 was previously shown to transfer a non-proteolytic K63-linked ubiquitin chain to
PRPF3 within the U4 snRNP, thereby stabilizing the U4/U6.U5 tri-snRNP during spliceosome remodeling®2.
Subsequent de-ubiquitylation is a prerequisite for spliceosome activation. In the adapted AP, we do not iden-
tify PRPF3; however, PRPF8 as well as several other components of the tri-snRNP are found (such as SNRPE,
SNRPD3, SNRNPD40 and SNRNP200), which might represent regulators or substrates of PRPF19. To distin-
guish ubiquitylation substrates from regulators of protein function, further experiments including ubiquitin
remnant profiling in ubiquitin ligase knockdown cells or pulldowns using catalytically dead mutants could be
performed>>>,

Using the adapted AP, we characterized the core interactomes of five additional RBULs, including ARIH2/
TRIAD1, MEX3B, MKRN1, MKRN2 and RNF17. In total, we detected 170 interactors, which will be a valuable
resource for future studies on RBUL functions in human cells. In line with the composite domain architecture,
our results suggest that all tested RBULSs interact both with components of the ubiquitin system as well as with
RBPs involved in different posttranscriptional processes (116 out of 170 interactors belonging to either cate-
gory; 68%). For example, the hnRNP family of RNA-binding proteins has been reported to interact with ubiq-
uitin ligases such as TRIM28, PRPF19, and CUL1%. In accordance, we find PRPF19 in stable association with
HNRNPC.

There are multiple known examples of regulatory associations between ubiquitylation and RNA. On the one
hand, ubiquitylation can control the activity of large RNA processing machineries, as mentioned above for the
modification of PRPF3 by PRPF19 during spliceosome remodeling. Similarly, non-proteolytic ubiquitylation of
CNOT7 by the RBUL MEX3C activates de-adenylation by the CCR4-NOT machinery, which is the rate-limiting
step in eukaryotic mRNA decay. Notably, the ubiquitin modification has no effect on basal de-adenylation activ-
ity of CNOT?7 but is important for the decay of specific mRNAs that are recognized by MEX3C on the level of
RNA binding®. The RNA-binding/ubiquitylation-mediated CCR4-NOT activation thus introduces an additional
layer of specificity for distinct RNAs that might be relevant under certain cellular conditions such as during cell
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differentiation or disease®. On the other hand, a reverse relationship has also been observed in which the RNA
functions as a regulatory molecule to control activities within the ubiquitin system. For instance, RNA binding of
the Roquin paralog RC3H2 influences its E3 ubiquitin ligase function in vitro®’. Moreover, the long non-coding
RNA HOTAIR was found to act as a molecular assembly platform for protein ubiquitylation®®. This is achieved
through adjacent RNA binding of the RBULs DZIP3 and MEX3B together with their respective client proteins
Ataxin-1 and Snuportin-1, which facilitates their ubiquitylation and accelerates their degradation, e.g. during
cellular senescence. It is conceivable that similar mechanisms are at work to control transcription and translation.

Notably, we find that RBULs form stable interactions with RNA polymerase subunits as well as with com-
ponents of the translation machinery. In line with the notion that the RBULs could be involved in transla-
tional regulation, several studies demonstrated a role for ubiquitin as a modulator of translation. For instance,
K63-linked poly-ubiquitylation of ribosomal proteins and translation elongation factors was recently shown to
promote translation during oxidative stress in baker’s yeast™. Similarly, 40S ribosomal proteins in human cells
were found to be ubiquitylated due to the activation of the unfolded protein response and inhibition of transla-
tion®’. Moreover, the E3 ubiquitin ligase CUL3 has been implicated in the ubiquitin-dependent formation of a
ribosome modification platform that alters the translation of specific mRNAs®!. Future studies will be needed to
understand the molecular mechanisms by which RBULs link ubiquitylation to posttranscriptional processes. Our
results provide evidence for an extensive crosstalk between these two modes of gene regulation.

In summary, we conclude that the adapted AP approach is capable of detecting so far unknown protein-protein
interactions of RBPs and enables embedding those protein-protein interactions into a functional context. It
proves particularly valuable for studying RBPs that are prone to engage into non-physiological interactions dur-
ing cell lysis. Our approach thereby adds a useful tool to complement existing protocols.

Material and Methods

Cell culture. HEK293T cells were purchased from DSMZ (Catalog no. ACC 635) and maintained in DMEM
(Life Technologies, 21969035) complemented with 1% penicillin/streptomycin (Life Technologies, 15140-122),
1% L-glutamine (Life Technologies, 25030-029) and 10% fetal bovine serum (Life Technologies, A15-101). All
cells were cultured at 37 °C in a humidified incubator containing 5% CO,. For SILAC labeling, cells were cul-
tured in media containing either L-arginine and L-lysine (light SILAC label), L-arginine (**C¢) and L-lysine
(*H,) (medium SILAC label), or L-arginine (**C¢-'°N,) and L-lysine ("*C¢-'°N,) (heavy SILAC label) (Cambridge
Isotope Laboratories).

Vectors/plasmids. The following entry vectors, suitable for Gateway Cloning, were obtained from the IMB
Core Facility ORFeome Collection®®: pENTR221-ARIH2, pENTR201-MEX3B, pENTR221-MKRN]1, pEN-
TR221-MKRN2, pENTR221-PRPF19 and pENTR223.1-RNF17. Coding sequences of six RNA-binding ubiquitin
ligases were cloned into the mammalian expression vector pMX-DEST53-IP-GFP by LR Gateway cloning accord-
ing to manufacturer’s recommendations (Gateway® LR Clonase® IT Enzyme mix; Life Technologies, 11791-100),
then ectopically expressed in HEK293T cells using Polyethylenimine MAX 4000 (Polysciences, 24885-2).

Immunoprecipitations. For GFP-APs, HEK293T cells transiently expressing GFP empty vector or a
GFP-tagged RBUL were used. For endogenous APs, untransfected HEK293T cells were used. The cells were
washed with ice-cold phosphate-buffered saline (PBS) and lysed in modified RIPA (mRIPA) buffer (50 mM
Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% sodium deoxycholate). The mRIPA buffer was
supplemented with protease inhibitors (protease inhibitor cocktail, Sigma). Lysates were cleared at 16,000 x g for
15 min. Protein concentrations of the cleared lysates were estimated by BCA Protein Assay (Thermo Scientific).
GFP-trap agarose beads (Chromotek) were washed in mRIPA buffer before they were incubated with the cleared
lysate for 1h at 4°C. After three washes with NET buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 5mM EDTA,
0.1% Triton X-100) and three washes with ultrapure water, the beads were resuspended in LDS sample buffer (Life
Technologies) and boiled at 70 °C for 10 min.

Western blotting. Denatured proteins were separated by SDS-PAGE on a NuPAGE 4-12% Bis-Tris pro-
tein gel (Life Technologies) and transferred to a 0.45 um nitrocellulose membrane (VWR). For detection,
HRP-conjugated secondary antibodies and WesternBright Chemiluminescent Substrate (Biozym Scientific) or
SuperSignal West Pico Chemiluminescent Substrate (Life Technologies) were used. Western blots were quantified
by determining the background-subtracted densities of the protein of interest using Image J. The signal from
the IP (against endogenous PRPF19) or AP (against GFP-tagged PRPF19 and MEX3B) was normalized to the
respective control samples omitting the antibody or expressing the empty vector, respectively.

Antibodies. The following antibodies were used: anti-GFP (B-2 clone; Santa Cruz; sc-9996), anti-HSP70
(Enzo Life Sciences; N15F2-5), anti-BAG6 (Cell Signaling Technology, 8523), anti-VCP (Cell Signaling
Technology; 2649), anti-BAG2 (Sigma Alrich; HPA018862), anti-PRPF19 (Abcam; ab27692), anti-POLR1A
(Santa Cruz; sc-48385), anti-POLR3A (D5Y2D; Cell Signaling Technology, 12825).

Immunofluorescence microscopy. HEK293T cells were seeded on microscopy cover slips and trans-
fected with GFP-tagged RBULs using Polyethylenimine “Max” (Mw 4,000) (Polysciences Inc). Cells were washed
with ice-cold PBS and fixed with 4% paraformaldehyde (Affymetrix) for 20 min. Cells were stained with DAPI
(Sigma) and rinsed in PBS, wash buffer (10 mM Tris-HCI, pH 7.5) and water. The samples were mounted with
ProLong Diamond Antifade Mountant (Life Technologies). For analysis, a Leica SP5 II confocal system (Leica
Microsystems GmbH) with a 63 oil immersion NA1.4 objective lens was used, and four pictures were taken per
frame for each RBUL. Images were processed in Fiji®.
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Sample preparation for the conventional SILAC workflow. HEK293T cells transiently expressing
GFP were cultured in light SILAC medium, while cells expressing GFP-tagged RBULs were cultured in medium
and heavy SILAC medium. In the conventional SILAC-AP experiments, enriched protein fractions extracted
from GFP-RBUL-expressing heavy isotope-labeled cells were used for RNase digestion. The cells were washed
with ice-cold PBS and lysed in mRIPA buffer. The mRIPA buffer was supplemented with protease inhibitors,
10 mM N-ethylmaleimide (NEM), 1 mM sodium orthovanadate, 5mM (3-glycerophosphate, and 5mM sodium
fluoride. Lysates were cleared at 16,000 x g for 15min. The Pierce BCA Protein Assay Kit (Thermo Fisher) was
used to estimate protein concentrations of the cleared lysates. GFP-trap agarose beads were washed in mRIPA
buffer before they were incubated with the cleared lysate for 1h at 4°C. After two washes in NET buffer, the
heavy SILAC labeled lysate was incubated with 0.5 U/ul RNase A (Qiagen) and 20 U/ul RNase T1 (Thermo Fisher
Scientific) for 30 min at 4 °C, while the light and medium SILAC-labeled protein precipitates were kept on ice.
All three differentially SILAC-labeled pulldown samples were washed twice with NET buffer and twice with
ultrapure water, then combined, and washed once more with ultrapure water. The beads were resuspended in
digestion buffer and incubated with 10 mM dithiothreitol (DT T; Sigma, D5545) for 20 min at RT and with 50 mM
2-Chloroacetamide (CAA; Sigma, C0267) for 20 min at RT in the dark®.

Sample preparation for the adapted SILAC-based AP protocol. HEK293T cells transiently express-
ing GFP were cultured in light SILAC medium, while cells expressing GFP-tagged RBULs were cultured in heavy
SILAC medium. Cells were washed with ice-cold phosphate-buffered saline. Light and heavy SILAC labeled cells
were mixed in equal amounts. Then, the combined cell fraction was lysed in mRIPA (as described above). Lysates
were cleared at 16,000 x g for 15min. Pierce BCA Protein Assay Kit was used to estimate protein concentrations
of the cleared lysates. GFP-trap agarose beads were washed in mRIPA buffer before they were incubated with the
cleared lysate for 1h at 4°C. After three washes with NET buffer and three washes with ultrapure water, the beads
were resuspended in digestion buffer and incubated with 10 mM DTT for 20 min at room temperature (RT) and
with 50mM CAA for 20 min at RT in the dark®.

MS sample preparation. The enriched proteins were digested on-bead with trypsin for 2h at RT.
Supernatants were transferred to new microcentrifuge tubes, while the beads were re-incubated with diges-
tion buffer for 5min at RT. Afterwards, supernatants were combined with the supernatants collected before and
trypsin was added to continue protein digestion overnight at RT?°. For two PRPF19 experiments (replicates 1
and 2 of the conventional SILAC-AP and the adapted AP), proteins were resolved by SDS-PAGE on a NuPAGE
4-12% Bis-Tris protein gel (Thermo Fisher Scientific) and submitted to in-gel digest using trypsin. Subsequently,
peptides were extracted from the gel. To concentrate, clear and acidify the peptides, they were bound to C18
StageTips as described previously®>.

MS analysis. Peptide fractions were analyzed on a quadrupole Orbitrap mass spectrometer (Thermo Q
Exactive Plus, Thermo Scientific) coupled to an UHPLC system (EASY-nLC 1000, Thermo Scientific)®’. Peptide
samples were separated on a C18 reversed phase column (length: 20 cm, inner diameter: 75 um, bead size: 1.9 um)
and eluted in a linear gradient from 8 to 40% acetonitrile containing 0.1% formic acid in 105 min. The mass
spectrometer was operated in data-dependent positive mode, automatically switching between MS and MS?
acquisition. In the Orbitrap, the full scan MS spectra (m/z 300-1650) were acquired. Sequential isolation and
fragmentation of the ten most abundant ions was performed by higher-energy collisional dissociation (HCD)®.
Peptides with unassigned charge states, as well as with charge states less than +2 were excluded from fragmenta-
tion. The Orbitrap mass analyzer was used for acquisition of fragment spectra.

Peptide identification and quantification. Using the MaxQuant software (version 1.5.28), raw data files
for each RBUL (conventional and adapted AP) were analyzed and peptides were identified’*. Parent ion and MS?
spectra were compared to a database containing 92,578 human protein sequences obtained from UniProtKB,
released in May 2016, coupled to the Andromeda search engine®. Cysteine carbamidomethylation, oxidation, and
NEM were set as fixed modifications. The mass tolerance for the spectra search was set to be lower than 6 ppm in
MS and 20 ppm in HCD MS? mode. Spectra were also searched with strict trypsin specificity and allowing up to
three miscleavages. Site localization probabilities were determined by MaxQuant using the PTM scoring algorithm
as described previously*"®. Filtering of the dataset was based on the posterior error probability to arrive at a false
discovery rate below 1% estimated using a target-decoy approach”. Proteins that were categorized as “only iden-
tified by site”, known contaminants and reverse hits were removed. Only proteins identified with at least two pep-
tides (including at least one unique peptide) and a SILAC ratio count at least two were used for analysis. The SILAC
ratios were log, transformed and converted into an asymmetric z-score based on the mean and interquartile range
of the distribution as described previously?!. In order to extract interactors for the six RBULS, we log, transformed
the SILAC ratios. For proteins that were detected in at least two replicate experiments for a given RBUL and AP
protocol, we applied a cut-off at mean z-score > 2 to identify putative interaction partners®>*. Interactions from
the conventional SILAC-AP experiments were additionally classified as RNA-dependent or RNA-independent
based on z-score < —1 or >—1, respectively, when comparing GFP-RBUL + RNase vs. GFP-RBUL SILAC ratios
determined by conventional SILAC-AP. Ratio-Intensity plots were created in R (version 3.2.3).

GO similarity approach and GO enrichment analysis. The guilt-by-association principle states that
proteins that interact with each other usually participate in the same biological process or pathway?%. Under
this premise, we considered the interactions between RBULs and putative protein partners as biologically
meaningful if the Gene Ontology (GO) similarity between the putative interactors was high. We used the R
package GOSemSim?* to compute GO similarities between RBULs and their interaction partners based on the
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Wang’s Index (WI) comparing their Biological Process (BP) GO terms (state June 2017). WI was developed
specifically for GO and emits similarities that are consistent with manually curated GO-gene associations®. To
benchmark our approach, we calculated the WI distribution of interacting proteins in INstruct, a high-quality
database of structurally resolved protein interactions, containing 3,354 proteins (N) with 6,093 edges (L, inter-
actions) between them?”?%. As a negative control, we used all disconnected protein pairs that are not connected
by edges within the INstruct network (N * (N — 1)/2-L =5,616,888 non-edges). As expected, the BP GO simi-
larity of connected protein pairs in the INstruct network is significantly higher than that of disconnected pairs
(p-value < 2.2 x 107!, Mann-Whitney U test). Based on the control distribution, we estimated an empirical false
discovery rate (FDR) and a cut-off at FDR <10%, corresponding to WI=0.414 (Fig. 2a).

In order to construct the Precision-Recall curves, we sorted the list of RBUL-interactor pairs in decreasing
order by their normalized SILAC ratios from a given AP approach, and considered an interaction as ‘true’ i.e.
functionally coherent if its WI was at or above 0.414. We then progressively went over the entire range of ratios,
assessing an increasing number of protein interaction pairs (using stepwise increase of one interaction pair in
each iteration). In each iteration, the fraction of true protein pairs from the total determines the ‘Precision, while
the fraction of true protein pairs at the current step from the total of true interactions in the list determines the
‘Recall. After the evaluation of the full range of SILAC ratios, all Precision-Recall value pairs were used to con-
struct a curve that measures the ability of the AP approach to preferentially assign high SILAC ratios to function-
ally coherent interactions. If no GO term was available for a prey, the WI was set to —1.

All computational analyses were executed on a Lenovo ThinkPad 64-bit with 7.7 GB of RAM and an Intel Core
i7-4600U CPU @ 2.10 GHz x 4, running Ubuntu 16.04 LTS.

Functional annotation of RBUL interactors. To assess the involvement of interacting proteins in posttran-
scriptional (‘RNA) or in ubiquitin-mediated processes (‘Ubiquitin;, Fig. 4a) we used a manually curated list of GO
terms for ‘Biological Process, ‘Molecular Function’ and ‘Cellular Component. GO enrichment analyses were performed
using the DAVID (Database for Annotation, Visualization and Integrated Discovery) tool for all three GO domains®.
Enriched GO terms (adjusted p-value < 0.05, Benjamini-Hochberg correction) were visualized using REVIGO”!
(Reduce & Visualize Gene Ontology), allowing medium GO term similarity (Fig. 4b). All identified RBUL-interactor
pairs with a z-score > 2 from the adapted AP (170 in total) were queried against the Human Integrated Protein-Protein
Interaction Reference (HIPPIE) database?. Out of 170 interactions in total, only 19 were reported to date. HIPPIE con-
fidence scores, number of interactions reported for each of the six RBULs in HIPPIE and the kind of experiment used
to measure in combination with PMIDs and reporting databases were extracted from HIPPIE.

Data availability. All datasets generated in the current study are available from the corresponding author
on request.

References
1. Baltz, A. G. et al. The mRNA-bound proteome and its global occupancy profile on protein-coding transcripts. Mol Cell 46, 674-690 (2012).
2. Beckmann, B. M. et al. The RNA-binding proteomes from yeast to man harbour conserved enigmRBPs. Nat Commun 6, 10127 (2015).
3. Castello, A. et al. Insights into RNA biology from an atlas of mammalian mRNA-binding proteins. Cell 149, 1393-1406 (2012).
4. Cano, F, Miranda-Saavedra, D. & Lehner, P. ]. RNA-binding E3 ubiquitin ligases: novel players in nucleic acid regulation. Biochem
Soc Trans 38, 1621-1626 (2010).
5. Ong, S. E. et al. Stable isotope labeling by amino acids in cell culture, SILAC, as a simple and accurate approach to expression
proteomics. Mol Cell Proteomics 1, 376-386 (2002).
6. Lunde, B. M., Moore, C. & Varani, G. RNA-binding proteins: modular design for efficient function. Nat Rev Mol Cell Biol 8, 479-490
(2007).
7. Mili, S. & Steitz, J. A. Evidence for reassociation of RNA-binding proteins after cell lysis: implications for the interpretation of
immunoprecipitation analyses. RNA 10, 1692-1694 (2004).
8. Weber, S. C. & Brangwynne, C. P. Getting RNA and protein in phase. Cell 149, 1188-1191 (2012).
9. Wang, X. & Huang, L. Identifying dynamic interactors of protein complexes by quantitative mass spectrometry. Mol Cell Proteomics
7,46-57 (2008).
10. Puig, O. et al. The tandem affinity purification (TAP) method: a general procedure of protein complex purification. Methods 24,
218-229 (2001).
11. Roux, K. ], Kim, D. I, Raida, M. & Burke, B. A promiscuous biotin ligase fusion protein identifies proximal and interacting proteins
in mammalian cells. ] Cell Biol 196, 801-810 (2012).
12. Hung, V. et al. Spatially resolved proteomic mapping in living cells with the engineered peroxidase APEX2. Nat Protoc 11,456-475 (2016).
13. Raz, V. et al. A novel feed-forward loop between ARIH2 E3-ligase and PABPNI1 regulates aging-associated muscle degeneration. Am
J Pathol 184, 1119-1131 (2014).
14. Ong, S. E., Foster, L. J. & Mann, M. Mass spectrometric-based approaches in quantitative proteomics. Methods 29, 124-130 (2003).
15. Makarova, O. V. et al. A subset of human 35S U5 proteins, including Prp19, function prior to catalytic step 1 of splicing. EMBO ] 23,
2381-2391 (2004).
16. Grote, M. et al. Molecular architecture of the human Prp19/CDC5L complex. Mol Cell Biol 30,2105-2119 (2010).
17. Chan, S. P, Kao, D. L, Tsai, W. Y. & Cheng, S. C. The Prp19p-associated complex in spliceosome activation. Science 302, 279-282 (2003).
18. Ohi, M. D. & Gould, K. L. Characterization of interactions among the Cef1p-Prp19p-associated splicing complex. RNA 8,798-815 (2002).
19. Thul, P. J. et al. A subcellular map of the human proteome. Science 356 (2017).
20. Baymaz, H. L, Spruijt, C. G. & Vermeulen, M. Identifying nuclear protein-protein interactions using GFP affinity purification and
SILAC-based quantitative mass spectrometry. Methods Mol Biol 1188, 207-226 (2014).
21. Cox, J. & Mann, M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-
wide protein quantification. Nat Biotechnol 26, 1367-1372 (2008).
22. Brannan, K. W. et al. SONAR Discovers RNA-Binding Proteins from Analysis of Large-Scale Protein-Protein Interactomes. Mol Cell
64, 282-293 (2016).
23. Alanis-Lobato, G., Andrade-Navarro, M. A. & Schaefer, M. H. HIPPIEv2.0: enhancing meaningfulness and reliability of protein-
protein interaction networks. Nucleic Acids Res 45, D408-D414 (2017).
24. Oliver, S. Guilt-by-association goes global. Nature 403, 601-603 (2000).
25. Yu, G. et al. GOSemSim: an R package for measuring semantic similarity among GO terms and gene products. Bioinformatics 26,
976-978 (2010).

SCIENTIFICREPORTS |7: 16582 | DOI:10.1038/s41598-017-16695-6 12



www.nature.com/scientificreports/

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

64.
65.

66.

Wang, J. Z., Du, Z., Payattakool, R., Yu, P. S. & Chen, C. F. A new method to measure the semantic similarity of GO terms.
Bioinformatics 23, 1274-1281 (2007).

Wang, X. et al. Three-dimensional reconstruction of protein networks provides insight into human genetic disease. Nat Biotechnol
30, 159-164 (2012).

Meyer, M. ], Das, J., Wang, X. & Yu, H. INstruct: a database of high-quality 3D structurally resolved protein interactome networks.
Bioinformatics 29, 1577-1579 (2013).

Mellacheruvu, D. et al. The CRAPome: a contaminant repository for affinity purification-mass spectrometry data. Nat Methods 10,
730-736 (2013).

Trinkle-Mulcahy, L. et al. Identifying specific protein interaction partners using quantitative mass spectrometry and bead
proteomes. ] Cell Biol 183, 223-239 (2008).

Rost, H. L., Malmstrom, L. & Aebersold, R. Reproducible quantitative proteotype data matrices for systems biology. Mol Biol Cell 26,
3926-3931 (2015).

de Bie, P. & Ciechanover, A. Ubiquitination of E3 ligases: self-regulation of the ubiquitin system via proteolytic and non-proteolytic
mechanisms. Cell Death Differ 18, 1393-1402 (2011).

Meyer, H., Bug, M. & Bremer, S. Emerging functions of the VCP/p97 AAA-ATPase in the ubiquitin system. Nat Cell Biol 14, 117-123
(2012).

Kuraoka, L. et al. Isolation of XAB2 complex involved in pre-mRNA splicing, transcription, and transcription-coupled repair. ] Biol
Chem 283, 940-950 (2008).

David, C.J., Boyne, A. R., Millhouse, S. R. & Manley, J. L. The RNA polymerase II C-terminal domain promotes splicing activation
through recruitment of a U2AF65-Prp19 complex. Genes Dev 25, 972-983 (2011).

. Millan-Zambrano, G. & Chavez, S. Nuclear functions of prefoldin. Open Biol 4 (2014).
. Marechal, A. et al. PRP19 transforms into a sensor of RPA-ssDNA after DNA damage and drives ATR activation via a ubiquitin-

mediated circuitry. Mol Cell 53, 235-246 (2014).

. Mariappan, M. et al. A ribosome-associating factor chaperones tail-anchored membrane proteins. Nature 466, 1120-1124 (2010).

. Dai, Q. et al. Regulation of the cytoplasmic quality control protein degradation pathway by BAG2. ] Biol Chem 280, 3867338681 (2005).
. Jiao, X. et al. DAVID-WS: a stateful web service to facilitate gene/protein list analysis. Bioinformatics 28, 1805-1806 (2012).

. Takada, H. et al. The RNA-binding protein Mex3b has a fine-tuning system for mRNA regulation in early Xenopus development.

Development 136, 2413-2422 (2009).

Pereira, B., Le Borgne, M., Chartier, N. T., Billaud, M. & Almeida, R. MEX-3 proteins: recent insights on novel post-transcriptional
regulators. Trends Biochem Sci 38, 477-479 (2013).

Stubbs, S. H. & Conrad, N. K. Analysis of RNA-protein interactions by cell mixing. Methods Enzymol 539, 67-80 (2014).

Kittur, N., Darzacg, X., Roy, S., Singer, R. H. & Meier, U. T. Dynamic association and localization of human H/ACA RNP proteins.
RNA 12, 2057-2062 (2006).

Kato, M. et al. Cell-free formation of RNA granules: low complexity sequence domains form dynamic fibers within hydrogels. Cell
149, 753-767 (2012).

Lin, Y, Protter, D. S., Rosen, M. K. & Parker, R. Formation and Maturation of Phase-Separated Liquid Droplets by RNA-Binding
Proteins. Mol Cell 60, 208-219 (2015).

Kwon, I. et al. Poly-dipeptides encoded by the C9orf72 repeats bind nucleoli, impede RNA biogenesis, and kill cells. Science 345,
1139-1145 (2014).

Hein, M. Y. et al. A human interactome in three quantitative dimensions organized by stoichiometries and abundances. Cell 163,
712-723 (2015).

Mousson, F, Kolkman, A., Pijnappel, W. W,, Timmers, H. T. & Heck, A. J. Quantitative proteomics reveals regulation of dynamic
components within TATA-binding protein (TBP) transcription complexes. Mol Cell Proteomics 7, 845-852 (2008).
Trinkle-Mulcahy, L. et al. Repo-Man recruits PP1 gamma to chromatin and is essential for cell viability. ] Cell Biol 172, 679-692 (2006).
Chanarat, S. & Strasser, K. Splicing and beyond: the many faces of the Prp19 complex. Biochim Biophys Acta 1833, 2126-2134 (2013).
Song, E.J. et al. The Prp19 complex and the Usp4Sart3 deubiquitinating enzyme control reversible ubiquitination at the spliceosome.
Genes Dev 24, 1434-1447 (2010).

Wagner, S. A. et al. A proteome-wide, quantitative survey of in vivo ubiquitylation sites reveals widespread regulatory roles. Mol Cell
Proteomics 10(M111), 013284 (2011).

Heidelberger, J. B., Wagner, S. A. & Beli, P. Mass Spectrometry-Based Proteomics for Investigating DNA Damage-Associated Protein
Ubiquitylation. Front Genet 7, 109 (2016).

Cano, E, Rapiteanu, R., Sebastiaan Winkler, G. & Lehner, P. ]. A non-proteolytic role for ubiquitin in deadenylation of MHC-I
mRNA by the RNA-binding E3-ligase MEX-3C. Nat Commun 6, 8670 (2015).

Wahle, E. & Winkler, G. S. RNA decay machines: deadenylation by the Ccr4-not and Pan2-Pan3 complexes. Biochim Biophys Acta
1829, 561-570 (2013).

. Zhang, Q. et al. New Insights into the RNA-Binding and E3 Ubiquitin Ligase Activities of Roquins. Sci Rep 5, 15660 (2015).
. Yoon, J. H. et al. Scaffold function of long non-coding RNA HOTAIR in protein ubiquitination. Nat Commun 4, 2939 (2013).
. Silva, G. M., Finley, D. & Vogel, C. K63 polyubiquitination is a new modulator of the oxidative stress response. Nat Struct Mol Biol

22, 116-123 (2015).

. Higgins, R. et al. The Unfolded Protein Response Triggers Site-Specific Regulatory Ubiquitylation of 40S Ribosomal Proteins. Mol

Cell 59, 35-49 (2015).

. Werner, A. et al. Cell-fate determination by ubiquitin-dependent regulation of translation. Nature 525, 523-527 (2015).
. Collaboration, O. The ORFeome Collaboration: a genome-scale human ORF-clone resource. Nat Methods 13, 191-192 (2016).
. Schindelin, J., Rueden, C. T., Hiner, M. C. & Eliceiri, K. W. The Image] ecosystem: An open platform for biomedical image analysis.

Mol Reprod Dev 82, 518-529 (2015).

Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat Methods 9, 676-682 (2012).

Rappsilber, J., Mann, M. & Ishihama, Y. Protocol for micro-purification, enrichment, pre-fractionation and storage of peptides for
proteomics using StageTips. Nat Protoc 2, 1896-1906 (2007).

Cox, J. et al. A practical guide to the MaxQuant computational platform for SILAC-based quantitative proteomics. Nat Protoc 4,
698-705 (2009).

. Michalski, A. et al. Mass spectrometry-based proteomics using Q Exactive, a high-performance benchtop quadrupole Orbitrap mass

spectrometer. Mol Cell Proteomics 10(M111), 011015 (2011).

. Olsen, J. V. et al. Higher-energy C-trap dissociation for peptide modification analysis. Nat Methods 4, 709-712 (2007).
. Cox, J. et al. Andromeda: a peptide search engine integrated into the MaxQuant environment. J Proteome Res 10, 1794-1805 (2011).
. Elias, J. E. & Gygi, S. P. Target-decoy search strategy for increased confidence in large-scale protein identifications by mass

spectrometry. Nat Methods 4, 207-214 (2007).

. Supek, E, Bosnjak, M., Skunca, N. & Smuc, T. REVIGO summarizes and visualizes long lists of gene ontology terms. PLoS One 6,

€21800 (2011).

. Papasaikas, P, Tejedor, J. R., Vigevani, L. & Valcarcel, J. Functional splicing network reveals extensive regulatory potential of the core

spliceosomal machinery. Mol Cell 57, 7-22 (2015).

SCIENTIFICREPORTS |7: 16582 | DOI:10.1038/s41598-017-16695-6 13



www.nature.com/scientificreports/

Acknowledgements

Support by the IMB Proteomics Core Facility and the use of its DFG-funded Mass Spec Q Exactive Plus (INST
247/766-1 FUGG) is gratefully acknowledged. We wish to thank Anja Freiwald in particular for her assistance
with mass spectrometry. The authors furthermore wish to thank the Microscopy Core Facility for the received
technical support and the use of its instruments. K.Z. was supported by the LOEWE program Ubiquitin Networks
(Ub-Net) of the State of Hesse (Germany) and the SFB 902 (B13) of the German Research Foundation. P.B. was
supported by the Emmy Noether Program (BE 5342/1-1), the SFB 1177 of the German Research Foundation and
the Marie Curie Career Integration Grant from the European Commission (grant agreement number: 630763).
J.K. was supported by the SPP 1935 of the German Research Foundation (KO 4566/3-1).

Author Contributions

A.H. performed all mass spectrometry experiments. G.A. and M.A.A. developed a method for evaluation of
the adapted AP. G.A. performed computational functional analyses. J.K. and P.B. designed and supervised the
experiments. PB., J.K., G.A., and A.H. analyzed the data. A.V. and A.H. performed the Western blot validations.
K.Z. contributed ideas; and K.Z. and A.H. wrote the manuscript. All authors read and commented on the
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-16695-6.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 16582 | DOI:10.1038/s41598-017-16695-6 14


http://dx.doi.org/10.1038/s41598-017-16695-6
http://creativecommons.org/licenses/by/4.0/

	Interaction profiling of RNA-binding ubiquitin ligases reveals a link between posttranscriptional regulation and the ubiqui ...
	Results

	Strategy for recovering stable interaction partners of RNA-binding ubiquitin ligases. 
	Functional coherence of the identified interaction profile of PRPF19. 
	Defining the interaction profiles of selected RBULs. 

	Discussion

	Material and Methods

	Cell culture. 
	Vectors/plasmids. 
	Immunoprecipitations. 
	Western blotting. 
	Antibodies. 
	Immunofluorescence microscopy. 
	Sample preparation for the conventional SILAC workflow. 
	Sample preparation for the adapted SILAC-based AP protocol. 
	MS sample preparation. 
	MS analysis. 
	Peptide identification and quantification. 
	GO similarity approach and GO enrichment analysis. 
	Functional annotation of RBUL interactors. 
	Data availability. 

	Acknowledgements

	Figure 1 The adapted SILAC-based AP approach efficiently recovers known interactors of PRPF19.
	Figure 2 Experiments following the adapted AP approach and GO similarity analyses for six RBULs.
	Figure 3 The core interactomes of six RBULs.
	Figure 4 The RBULs link posttranscriptional processes to the ubiquitin system.




