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RNA-protein interactions are precisely regulated by RNA secondary structures in various biological
processes. Large-scale identification of proteins that interact with particular RNA structure is important
to the RBPome. Herein, a kethoxal assisted single-stranded RNA interactome capture (KASRIC) strategy
was developed to globally identify single-stranded RNA binding proteins (ssRBPs). This approach
combines RNA secondary structure probing technology with the conventional method of RNA-binding
proteins profiling, realizing the transcriptome-wide identification of ssRBPs. Applying KASRIC, we
identified 3180 candidate RBPs and 244 candidate ssRBPs in Hela cells. Importantly, the 244 candidate
ssRBPs contained 55 previously reported ssRBPs and 189 novel ssRBPs. Function analysis of the
candidate ssRBPs exhibited enrichment in cellular processes related to RNA splicing and RNA
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Introduction

Cellular RNAs exhibit diverse biological functions, which are
related to their flexible structures. RNAs usually form complex
secondary and tertiary structures, which are governed by Wat-
son-Crick base pairs or interactions with other biomolecules."
Importantly, RNA binding proteins (RBPs) interact with RNAs
throughout their life cycle via the recognition modules in RNAs,
such as RNA structures, sequences, and modifications,>* which
regulate gene expression, splicing, and RNA degradation.*” For
example, CNBP, a well-known single-stranded RNA binding
protein, promotes translation by resolving G4-RNA structures.®
Given the importance of RBPs for RNA structure regulation, the
discrimination of protein binding to different RNA structures
will benefit the study related to RNA-protein biology.

To date, there have been many progressive methods devel-
oped to investigate the binding sites of RNA and its secondary
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degradation. The KASRIC strategy will facilitate the investigation of RNA—protein interactions.

structures in RNA-protein interactions.’** Meanwhile, there are
also numerous progressive methods that have been developed
for transcriptome-wide RBP identification, which combine UV
cross-linking with diverse enrichment methods such as poly(A)-
dependent capture,®"” click reaction-based affinity enrich-
ments,'" and phase separation-based enrichments.***' Aside
from experimental methods, a progressive sequence-based
approach RBPPred was developed to predict 6657 possible
RBPs using computational prediction methods.”” Although
there have been various advanced methods developed for RBP
identification,  experimental = methods enabling the
transcriptome-wide identification of RBP binding to particular
RNA structures are needed. To date, the main methods devel-
oped for the identification of ssRBPs include electrophoretic
mobility shift assay (EMSA),>* X-ray crystallography,** nuclear
magnetic resonance (NMR),> and computational predic-
tions,>** which provide precise insight into RNA-protein
interactions. However, the implementation of these methods
primarily relies on prior knowledge of the sequence or structure
of RNA and protein, which may be difficult to obtain. To
complete the repertoire of ssRBPs, a novel approach enabling
the large-scale identification of ssRBPs is necessary.

A number of probes, such as dimethyl sulfate (DMS),*” 2-
methylnicotinic acid imidazolide-azido (NAI-N;),* glyoxal,>
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC),*
have been developed for RNA structure mapping. Recently, our
group and co-workers found that Nj-kethoxal could efficiently
label the Watson-Crick interface of unpaired guanines in
single-stranded RNAs (ssRNAs) and cause limited protein
modifications,®® making it a powerful tool to profile
transcriptome-wide RNA secondary structures and intervene in
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the interaction between ssRNAs and ssRBPs. Herein, combining
an Nj-kethoxal labeling method with an mRNA interactome
capture approach,'** we developed a kethoxal assisted single-
stranded RNA interactome capture (KASRIC) strategy for the
transcriptome-wide identification of ssRBPs. Using KASRIC, we
identified 244 candidate ssRBPs, providing a valuable resource
for the research of RNA-protein biology.

Results and discussion
Development of a KASRIC strategy for ssRBP identification

Many ssRBPs make contact with RNA bases via hydrogen bonds
or stacking interactions that exist at the interface of RNA-
protein complexes.**** However, double-stranded RNA binding
proteins (dsRBPs) recognize target RNAs in a largely sequence
independent way by interacting with the RNA backbone and
minor groove.** Herein, an Nj-kethoxal was used to specifically
label unpaired guanines in ssRNAs. The specific labeling of
ssRNAs with the N;-kethoxal disrupts the contact between the
bases and amino acid residues, blocking the binding of ssRBPs
to ssRNAs. Therefore, when cells were subjected to 254 nm UV
irradiation, the level of cross-linking of RNAs and ssRBPs
reduced in Nj-kethoxal treated cells compared to in untreated
cells, whereas the cross-linking of RNAs and dsRBPs remained
unaffected. Then, cross-linked RNA-protein complexes were
isolated using oligo(dT) magnetic beads, and proteins were
quantified by MS after being released by RNase treatment.
Proteins with reduced MS intensity in Nj-kethoxal and UV
treated samples (Block-cCL), compared to UV treated samples
(cCL), were identified as ssRBPs (Fig. 1).

It needs to be noted that only ssRBPs that dynamically bind
to ssRNAs could be identified. In the KASRIC strategy, the

Block-cCL
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identification of ssRBPs heavily relied on the Nj-kethoxal
labeling of RNA. Proteins that bind RNA stably would prevent
N;-kethoxal to label RNA, and thus were failed to be identified.
To identify as many ssRBPs as possible, we incubated HeLa cells
with Nj;-kethoxal for a long period of time, so that more ssRBPs
could bind to target RNAs dynamically. The concentration and
incubation time of N;-kethoxal were set to be 5 mM and 30 min,
respectively, which were determined by MTT assay to minimize
the disturbance induced by Ns-kethoxal treatment (Fig. S17).

Experimental validation of the KASRIC strategy

We initially tested this strategy by EMSA to explore how the
labeling of N3-kethoxal influences the binding affinity of protein
to its target RNA. The recombinant proteins, CNBP and TRBP,
which are known to bind to ssRNA and double-stranded RNA
(dsRNA), respectively,***° were expressed and purified (Fig. S27).
The binding affinity assays of the purified proteins verified that
CNBP specifically binds to ssRNA with G-rich elements and
TRBP preferentially binds to dsRNA (Fig. S31). Additionally, the
selective reaction activity of Nj-kethoxal to ssRNA was also
verified (Fig. S41). When RNA was treated with Nj-kethoxal
before being incubated with the corresponding protein, the
binding affinity of CNBP significantly declined in a concentra-
tion dependent manner, whereas TRBP showed no obvious
change (Fig. 2a and b). These results indicated that N3-kethoxal
could successfully block the binding of ssRBP to ssRNA and
have a rare influence over the binding of dsRBP to dsRNA.
Considering the possible reactivity of N;-kethoxal with lysine,
cysteine, and arginine residues in proteins,’” we investigated
whether protein modification caused by Nj-kethoxal would
influence the binding affinity of protein to RNA. Gratifyingly,
pretreating proteins (either CNBP or TRBP) with Nj-kethoxal
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Fig. 1 Schematic representation of the KASRIC procedure. ssRNAs were labeled with N3-kethoxal specifically, which blocked the binding of
ssRBPs to ssRNAs, and prevented the cross-linking of ssRBPs and ssRNAs. After 254 nm UV irradiation, fewer ssRBPs were isolated by oligo(dT)
magnetic beads in N3-kethoxal treated samples (Block-cCL) compared to untreated samples (cCL). Then, ssRBPs were identified by quantitative
proteomic analysis by comparing the MS peak intensity between Ns-kethoxal treated and untreated samples. Proteins with reduced MS intensity

in Block-cCL compared to cCL were identified as ssRBPs.
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Fig. 2 Characterization of Ns-kethoxal labeling. (a) EMSA of CNBP and ssRNA (CNTR). First, ssRNA (0.5 uM) was treated with increasing
concentrations of N3-kethoxal, and then incubated in the presence or absence of 1 uM CNBP. (b) EMSA of TRBP and dsRNA (CNTR-ds). dsRNA
(0.5 uM) was annealed from CNTR and its complementary RNA, and treated with increasing concentrations of Nsz-kethoxal before being
incubated with 5 uM of TRBP. (c) SDS-PAGE analysis of proteins purified by oligo(dT) magnetic beads. Cells were incubated in the presence of
5 mM of Nz-kethoxal for 30 min (Block-cCL) or absence (cCL), and RNA-protein complexes were isolated using oligo(dT) magnetic beads.
Isolated proteins were visualized by silver staining. (d) Western blot analysis of PNPT1 and PKR in cell lysates (input) and elution solution
(enrichment). Cells were treated with increasing concentrations of Ns-kethoxal for 30 min and treated in the presence or absence of formal-
dehyde. GAPDH was used as a negative control. (e and f) RT-qPCR analysis of GAPDH and B-tubulin mRNA in (e) enrichment and (f) input. Error

bars represent the mean + SD of three biological experiments. Significance was assessed by two-tailed Student’s t-test (ns, not significant).

had no visible impact on their binding affinity towards the
target RNA (Fig. S5t), which was probably due to the lower
reaction activity or accessibility of these amino acid residues
towards Nj-kethoxal.

Given the satisfying results in vitro, we examined the block-
ing efficiency of Ns-kethoxal in HeLa cells. Firstly, oligo(dT)
isolated RBPs were analyzed by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and silver staining
(Fig. 2¢). Clear protein bands could be observed in both cCL and
Block-cCL. However, there was a significant reduction in the
intensities and numbers of bands observed in Block-cCL
compared to cCL, indicating the successful blocking of

4040 | Chem. Sci, 2023, 14, 4038-4047

proteins in Block-cCL. Furthermore, a known ssRBP PNPT1 and
a known dsRBP PKR were selected to examine in vivo Nj-
kethoxal blocking efficiency by western blot. The enrichment
abundance of PNPT1 negatively correlated with the concentra-
tion of N;-kethoxal, whereas the enrichment abundance of PKR
remained unaffected by N;-kethoxal even at a concentration of
10 mM (Fig. 2d). Meanwhile, the abundance of both PNPT1 and
PKR in the input was not influenced by N;-kethoxal, suggesting
that Nj-kethoxal treatment did not affect native protein levels.
RNA analysis revealed that mRNAs were substantially enriched
to a similar degree between different samples (Fig. S61). RT-
gPCR exhibited that GAPDH and f-tubulin mRNA were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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effectively deleted by oligo(dT) capture (Fig. S71), and both had
almost equal RNA abundance in ¢CL and Block-cCL (Fig. 2e and
f), indicating that Nj-kethoxal treatment did not influence
enriched RNA abundance.

All these results indicated that Nj-kethoxal successfully
blocked the binding of ssRBP to ssSRNA and did not affect the
binding of dsRBP to dsRNA. Meanwhile, N;-kethoxal exhibited
a limited effect towards native protein levels and RNA levels,
showing the feasibility of using the KASRIC strategy to identify
SssRBP.

Proteome identification of proteins captured by KASRIC

In the case of proteomic analysis, proteins isolated by oligo(dT)
magnetic beads were released from RNA-protein complexes
using RNase and digested into peptides with trypsin, which
were further analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Protein abundance was assessed by
data-independent acquisition (DIA) mass spectrometry (Dataset
S1). DIA is an emerging quantitative technique that shows
excellent reproducibility and accuracy in quantification,®®
making it valuable for ssRBP identification. In summary, 3824,
3862, and 670 proteins were identified and quantified at least
twice in three independent replicates of cCL, Block-cCL, and
control, respectively (Fig. S8f). And, the quantitative value
showed a strong correlation between three biological replicates
(Fig. 3a). 3180 proteins were quantified both in c¢CL and Block-
cCL, and meanwhile enriched in ¢CL with a fold change of =3
and a p value of <0.01 compared to the control (Fig. 3b and c).
We considered these enriched 3180 proteins as candidate RBPs
identified by KASRIC (Dataset S2).

To further analyze the fidelity of the 3180 candidate RBPs, we
integrated human RBPs that had been identified by previous
experimental methods, producing a poly(A) RNA interactome
containing 1462 proteins (Dataset S3),"*2%***> and a RNA
interactome containing 5020 proteins (Dataset S4).'520%
Among the 3180 candidate RBPs identified by KASRIC, 1015
proteins (32%) overlapped with previously reported poly(A) RNA
interactome or mRNA binding proteins (mRBPs) datasets in
gene ontology (GO) (Fig. 3d), covering 67% of reported poly(A)
RNA interactome and 63% of GO annotated mRBPs, respec-
tively. And, 2528 proteins (79%) overlapped with reported RNA
interactome or RBPs datasets in GO (Fig. 3d). Taken together,
2529 candidate RBPs overlapped with datasets reported using
previous experimental methods, which we referred to as high-
confidence RBPs (Dataset S5). Importantly, 651 novel RBPs
were identified by KASRIC (Dataset S5). These data suggested
that the majority of proteins captured by KASRIC were valid
RBPs, indicating that the KASRIC strategy was credible for
identifying RBPs.

In this work, we mainly intended to identify novel ssRBPs. For
the reliability of ssRBP identification, only 2529 high-confidence
RBPs were taken into account for further screening of the
ssRBPs. Under the blocking of N;-kethoxal, the quantification of
ssRBPs was less for Block-cCL than for cCL. In this work, RBPs
which were down-regulated by 1.5 fold and greater with a p value
of <0.05 in Block-cCL compared to cCL, were regarded as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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candidate ssRBPs (Fig. 3e). In summary, we identified 244
candidate ssRBPs (Dataset S6), which included 15 GO annotated
ssRBPs (Fig. 3f), such as CNBP, RBM7, U2AF2, CBX4, and PNPT1
(Fig. 3e). What is more, another 40 ssRBPs that had been re-
ported in previous studies but not annotated in GO datasets were
also contained by 244 candidate ssRBPs. Taken together, we
identified 55 high-confidence ssRBPs that had been reported in
previous studies (Dataset S6). Importantly, 189 novel ssRBPs
were identified by KASRIC (Dataset S6). The MS intensity changes
between Block-cCL and cCL of several candidate ssRBPs were
verified by western blots. All the candidate ssRBPs, including
three novel ssRBPs, showed less intensity in Block-cCL compared
to cCL (Fig. 3g). Additionally, three GO annotated dsRBPs
(MBNL1, SUPV3L1, and EIF4B) were included by the 244 candi-
date ssRBPs, all of which also exhibited binding activity to
ssRNA, which has been reported in a range of studies (Fig. 3f).**
These results implied that some RBPs have multiple binding
patterns, which is consistent with previous studies.”

To exclude the disturbance caused by changes in native
protein levels, we also investigated the influence of N;-kethoxal
treatment on native protein levels. Proteins in the HeLa whole-
cell lysates treated or untreated with N;-kethoxal were quanti-
fied by MS (Dataset S7). 5220 proteins were quantified at least
twice in both cCL and Block-cCL. 5104 proteins (98%) showed
equal quantification values even at a stringent screening cut-off
with a fold change of =1.2 (either increase or decrease) and a p
value of <0.05 (Fig. S97). 186 out of 244 candidate ssRBPs were
quantified in whole-cell lysates, all of which showed no signif-
icant down-regulation in Block-cCL compared to cCL (Dataset
S7), excluding the possibility that Ns-kethoxal treatment influ-
enced native protein levels.

Functional analysis of proteins captured by KASRIC

We performed GO analysis and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis of the 2529 high-
confidence RBPs and 244 candidate ssRBPs identified by KAS-
RIC using Metascape.* “RNA binding” related GO terms were
significantly overrepresented in both high-confidence RBPs and
candidate ssRBPs (Fig. 4a-d). However, both “single-stranded
RNA binding” and “double-stranded RNA binding” GO terms
were significantly enriched in 2529 high-confidence RBPs
(Fig. 4a), suggesting that conventional mRNA interactome
capture methods could not enable the discrimination of ssSRBPs
and dsRBPs. Whereas, only a “single-stranded RNA binding”
GO term was significantly overrepresented in candidate ssRBPs
(Fig. 4b), verifying that KASRIC was an efficient method to
selectively identify sSRBPs.

With the insight into the function of the candidate ssRBPs, it
is intriguing that mitochondrial gene expression and RNA
metabolic process related GO terms were obviously enriched in
the candidate ssRBPs (Fig. 4d), implying that ssRBPs play
essential roles in mitochondrial RNA biology regulation.
However, it was unclear whether there were biases caused by
cellular metabolism disorder which may be induced by Nj-
kethoxal. Hence, more comprehensive study was required to
reveal the potential function of ssRBPs in mitochondria.

Chem. Sci., 2023, 14, 4038-4047 | 4041
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Fig. 3 Proteomic analysis of proteins isolated by KASRIC. (a) Pearson correlation coefficient of different samples. (b and c) Volcano plot dis-
playing the log, fold change and —log;q p value of the identified proteins between (b) cCL and Ctrl and (c) Block-cCL and Ctrl. Proteins with a fold
change of =3 and a p value <0.01 were considered as being significantly enriched. (d) Venn diagram showing the overlap of 3180 candidate RBPs
with known poly(A) RNA interactome or RNA interactome. (e) Volcano plot displaying quantitative proteomic comparison of high-confidence
RBPs quantified in Block-cCL and cCL. Proteins with a p value <0.05 and a minimum of 1.5-fold down-regulation in Block-cCL were considered
as candidate ssRBPs (blue). (f) Venn diagram showing the overlap of the candidate ssRBPs with GO annotated ssRBPs and GO annotated dsRBPs.
(g) Western blot analysis showing the abundance of several candidate ssRBPs in cell lysates (input) and elution solution (enrichment). B-Tubulin
and GAPDH were used as a negative control. Novel ssRBPs are marked in red.
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KEGG pathway analysis revealed the specific function of
high-confidence RBPs and candidate ssRBPs (Fig. 4e and f).
The KEGG pathways of candidate ssRBPs were highly
concentrated. Spliceosome were mostly overrepresented in
candidate ssRBPs, which included several reported ssRBPs,
such as DHXS,* FUS,* PCBP1,”> and U2AF2. Other KEGG
terms of candidate ssRBPs revealed a prominent correlation
with mRNA surveillance and degradation. Three out of the top
ten down-regulated proteins in Block-cCL were involved in
mRNA decay. Current research has revealed that two general
mRNA decay pathways heavily rely on the 5 — 3’ exonuclease
activity of XRN1 and the 3° — 5’ nuclease activity of

exosome.****

Both pathways conduct processive single-
stranded hydrolysis. Considering the complicated secondary
structures of mRNAs in cells, ssRBPs could play important
roles in mRNA decay by regulating the single-stranded RNA
structure. Indeed, a processive RNA helicase UPF1 involved in
the nonsense-mediated mRNA decay (NMD) pathway was
significantly identified as ssRBPs in our work (2-fold greater
down-regulated in Block-cCL). UPF1 was found to translocate
over long ssRNAs, and thus unwind the double-stranded RNA
structure and remodel RNA-protein interactions, thus accel-
erating mRNA decay.*®

© 2023 The Author(s). Published by the Royal Society of Chemistry

Profiles of RNA binding domains

Domain analysis of the identified RBPs was performed accord-
ing to the Pfam database. Most of the high-confidence RBPs and
candidate ssRBPs contained classical RNA binding domains
(RBDs), non-classical RBDs, and several unknown RBDs
(Fig. 5a-c). What is more, several classical RBDs such as RRM,
KH, and zf-CCCH, which are widely accepted to bind to sSRNA,**
were significantly overrepresented in the candidate ssRBPs.
However, DSRM that binds to dsRNA specifically was only
overrepresented in the high-confidence RBPs.

We also calculated the average amino acid frequency in the
identified RBDs. The results showed no significant difference
between the amino acid composition of the high-confidence
RBPs and candidate ssRBPs (Fig. 5d). Tyrosine (Y), tryptophan
(W), and histidine (H) were underrepresented in the identified
RBDs, which is consistent with previous research.”” Gratifyingly,
in our work, arginine, lysine, and cysteine showed almost
similar amino acid frequency in the RBDs contained in the
candidate ssRBPs and high-confidence RBPs, implying that the
candidate ssRBPs identified by KASRIC showed no preference to
the proteins enriched with arginine, lysine, and cysteine. The
results highlighted the previous point that N;-kethoxal caused
limited protein modification, which may be disrupted ssRBP
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Fig. 5 RBDs representation of proteins identified by KASRIC. (a, b, and c) Number of identified proteins containing (a) classical RBDs, (b) non-
classical RBDs, and (c) unknown RBDs. (d) Average amino acid frequency in RBDs contained by identified proteins. The percentage of every
amino acid in the individual RBDs was calculated. The mean and median values of amino acid frequency among the different classified RBDs are

represented.

identification. Certainly, the amino acid modification in every
individual candidate ssRBP required meticulous investigation
to greatly eliminate the biases caused by protein modification.

Validating ssRNA binding activity of the candidate ssSRBPs

Previously, the RNA secondary structures in RNA binding sites
of the 168 RBPs were profiled using the PrismNet method,
which integrates RNA structural data with CLIP-seq data to
accurately predict dynamic RBP binding."* Twenty of our
candidate ssRBPs were predicted to prefer the ssRNA structure
in transcriptome. Additionally, altogether there were 55 high-
confidence ssRBPs identified by KASRIC, which contained 15
GO annotated ssRBPs and 40 ssRBPs that had been reported by
a range of studies but not annotated in GO datasets (Dataset S6).

4044 | Chem. Sci, 2023, 14, 4038-4047

The data proves that KASRIC enables the identification of 55
known ssRBPs.

To further verify that the candidate ssRBPs we identified
were reliable, we performed EMSA experiments to validate the
ssRNA binding activities of several candidate ssRBPs. We
successfully expressed three proteins: MBNL1, SUPV3L1, and
SRP19 (Fig. S107). MBNL1 and SUPV3L1 were annotated as
dsRBP in GO datasets; however, previous studies revealed that
they probably also have ssRNA binding activity.*>** SRP19,
a novel ssRBP identified by KASRIC, is known to recognize
a particular stem-loop RNA structure of signal recognition
particle (SRP) RNA.*® EMSA experiments showed that there were
obvious ssRNA bands that mobilized slower under electropho-
resis (Fig. 6), revealing that all the proteins possessed sSRNA

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Validation of candidate ssRBPs by EMSA. (a) EMSA of MBNL1
and ssRNA or dsRNA. (b) EMSA of SUPV3L1 and ssRNA or dsRNA. (c)
EMSA of SRP19 and ssRNA or dsRNA. dsRNA was annealed from two
complementary RNA. RNAs were incubated with proteins for 30 min
and separated using a non-denaturing polyacrylamide gel.

binding activity. The novel ssRBP SRP19 preferred to bind
SSRNA strongly. As reported, MBNL1 and SUPV3L1 apparently
possessed both ssRNA and dsRNA binding activities; however,
they exhibited stronger binding activity toward ssRNA. The
results, consistent with previous study,"” indicated that some
RBPs have multiple binding patterns, and that work needs to be
done to reveal the mechanism of RNA-protein interactions. The
upper results confirm that we have developed an efficient
strategy for discovering novel ssRBPs.

Conclusions

In summary, we have demonstrated the use of KASRIC for the
transcriptome-wide identification of ssRBPs. Nj-kethoxal labels
unpaired guanines in sSRNAs with satisfying reaction efficiency,
making it a powerful tool to investigate ssRBPs. Our studies
verified that Njz-kethoxal modification of ssRNAs successfully
blocked the binding of ssRBPs to ssRNAs. Applying KASRIC, we
identified 244 credible candidate ssRBPs, which contained 55
reported ssRBPs and 189 novel ssRBPs. KASRIC substantially
complemented the current list of ssRBPs. The ssRNA binding
activity of three candidate ssRBPs was validated by EMSA,
including two controversial RBPs (MBNL1 and SUPV3L1) and
one novel ssRBP (SRP19). Function analysis of the candidate
ssRBPs showed a significant overrepresentation of the “single-
stranded RNA binding” GO term, and revealed that candidate
ssRBPs could play important roles in biological processes
related to RNA splicing and RNA degradation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The ssRBPs dataset generated by KASRIC could serve as
a reference in the investigation of RNA-protein interactions.
Our method, together with other advanced techniques, will
offer new insights into RNA-protein biology. Further efforts
should be made to optimize the blocking efficiency of the probe,
which could facilitate the identification of ssSRBPs.
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