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ABSTRACT

RNA-protein interactions play key roles in epige-
netic, transcriptional and posttranscriptional regula-
tion. To reveal the regulatory mechanisms of these in-
teractions, global investigation of RNA-binding pro-
teins (RBPs) and monitor their changes under vari-
ous physiological conditions are needed. Herein, we
developed a psoralen probe (PP)-based method for
RNA tagging and ribonucleic-protein complex (RNP)
enrichment. Isolation of both coding and noncoding
RNAs and mapping of 2986 RBPs including 782 un-
known candidate RBPs from HelL a cells was achieved
by PP enrichment, RNA-sequencing and mass spec-
trometry analysis. The dynamics study of RNPs by
PP enrichment after the inhibition of RNA synthesis
provides the first large-scale distribution profile of
RBPs bound to RNAs with different decay rates. Fur-
thermore, the remarkably greater decreases in the
abundance of the RBPs obtained by PP-enrichment
than by global proteome profiling suggest that PP en-
richment after transcription inhibition offers a valu-
able way for large-scale evaluation of the candidate
RBPs.
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INTRODUCTION

Eukaryotic genomes encode a large number of RNA-
binding proteins (RBPs) that interact with RNAs to form
dynamic complexes to execute biological functions. These
RBPs extensively control every stage of the life cycle of
RNA (1,2), including the synthesis and maturation of
mRNA, the activation of noncoding RNAs (ncRNAs) in
chromatin remodelling and epigenetic regulation and the
final decay of RNAs. Thus, RNA-protein interactions are
increasingly considered a diverse and critical layer of tran-
scriptome and proteome regulation (3,4). Considering their
functional importance, the precise composition and dynam-
ics of RBPs in ribonucleic-protein complex (RNP) under
cell stress are receiving increasing attention. The disrup-
tion of RBPs may lead to cellular dysfunction and numer-
ous diseases, including metabolic disorders, muscular atro-
phies, neurological disorders, autoimmune disease and can-
cer (5,6). Therefore, the systematic identification of RBPs
and the quantification of their dynamic changes in RNPs is
of great significance for understanding their diverse roles in
regulating fundamental cellular functions and disease states
(7). The comprehensive mapping of RBPs and the elucida-
tion of their dynamic assembly in RNPs demand efficient
tools for the specific and unbiased enrichment of RBPs.
Extensive efforts have been devoted to obtain a global
view of RBPs and RNPs in recent years (8). Benefitting
from UV irradiation-induced cross-linking that ‘freezes’
natural RNPs in intact cells, cross-linking and immunopre-
cipitation (CLIP)-based strategies have enabled the large-
scale analysis of RBPs in different kinds of cells (9,10). Hun-
dreds to thousands of RBPs have been identified by mass
spectrometry analysis using enrichment strategies that ex-
ploit the polyA tails of mRNA (11,12), alkynyl uridine ana-
log labelling (13,14), solubility of RNPs in organic solvents
(15-17) or silica affinity (18,19). These methods largely pro-
moted high-through profiling of RBPs and discovered po-
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tential new functions of RBPs in regulating cellular activ-
ity. Despite the rapidly expanding RNA-binding proteome,
there are still some limitations in the current methods. For
alkynyl uridine analog-based RNPs enrichment, metabolic
labelling may interfere the physiological process of the cell.
Although do not involve using non-canonical uridine, the
solubility- or silica affinity-based methods may face the
glycoprotein contamination issue, due to the similar sol-
ubility or silica affinity between RNPs and glycoproteins
(16,20-22). Therefore, we developed a photoreactive pso-
ralen probe (PP) for the global enrichment of in vivo UV
cross-linked RNPs (Scheme 1) and RBPs identification by
mass spectrometry (MS). In this strategy, the specific iso-
lation of RNPs is achieved by psoralen tagging of RNA
upon 365 nm UV irradiation. Psoralens are a class of pla-
nar, three-ring heterocyclic compounds that can form co-
valent bonds through cycloaddition reactions with uridine
in RNA upon irradiation with 320-410nm UV (23-25). Al-
though DNA can also react with psoralen via thymine and
be captured by streptavidin beads, UV crosslinking of pro-
tein to DNA is much less efficient than that between pro-
teins and RNA (15,26) and requires energy doses 10-100
times higher than that used for protein-RNA crosslinking
(27). Furthermore, RNase A treatment is adopted for elu-
tion of the enriched RBPs by RNA degradation, further
eliminating contamination by DNA-binding proteins. By
the cycloaddition reactions between psoralen and uracil,
the comprehensive isolation of both coding and noncoding
RNPs achieved without the need of metabolic labelling of
RNAs. In total, 2986 RBPs, including 782 putative novel
RBPs were identified by MS analysis after PP enrichment
from HeLa cells. These proteins cover ~70% of the RBPs
obtained from the same cell line by previously reported
polyA-dependent and polyA-independent strategies in five
different works (11,13-15,28). The 782 candidate RBPs in-
clude 178 metabolism related proteins distributed among
a variety of pathways, indicating a possibly broader inter-
play between RNA and metabolism than previously antic-
ipated, which deserves further exploration. Furthermore,
the large-scale dynamic investigation of the PP-enriched
RBPs in the RNPs during RNA transcription inhibition
reveals distinct decreasing patterns compared with the
corresponding RBPs in global proteome profiling, there-
fore, providing further evidence to support the candidate
RBPs. This finding suggests the potential of this strategy
as a high-throughput way for evaluation of the candidate
RBPs. Considering the different enrichment mechanism of
PP, phase-separation and silica affinity methods (covalent-
binding/dissolution property/affinity adsorption), com-
bined application of these complementary methods is ad-
vantage for achieving more comprehensive enrichment and
deeper coverage of RNA-binding proteome.

MATERIAL AND METHODS
Synthesis of the psoralen probe (PP)

The synthesis steps and characterization of PP are shown
in the Supplementary Figure SIA—C, Supporting Informa-
tion.
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Cell and culture conditions

HeLa cells were grown in DMEM (Gibco) supplemented
with 10% FBS (Gibco), 100 U/ml penicillin, and 100 pg/ml
streptomycin (Gibco) at 37°C in a 5% CO, atmosphere.
For the actinomycin D (ActD) treatment experiment, HeLa
cells were treated with 5 uM ActD (J&K Scientific) at 37°C
in DMEM medium (10% FBS, 100 U/ml penicillin, and 100
g/ml streptomycin) for 0, 2, 5 and 9 h before collecting the
cells.

Isolation of RNPs by in vivo cross-linking and RNA tagging
by PP

All the buffers were prepared using RNase-free H,O. The
HeLa cells were washed with SmL cold PBS for three times,
followed by irradiation with 254-nm UV light at 0.25 J /cm?
on ice using a UV cross-linker (CL-1000; UVP). After
adding 2 ml cold PBS, the cells were harvested using a cell
lifter (Corning) and collected in a 1.5-ml RNase-free tube.
After centrifugation and discarding the supernatants, the
cells were re-suspended in 250 pl lysis buffer I [PBS, 0.5%
SDS, EDTA-free protease inhibitor mixture (Thermo), ri-
bonucleoside vanadyl complex (New England Biolabs)] and
homogenized by passing through a narrow needle, followed
by incubation at 4°C with gentle rotation for 20 min. All
the buffers were prepared using RNase-free H>O. Next, the
homogenate was adjusted with 1 ml lysis buffer II contain-
ing PBS, 0.1% Triton X-100, EDTA-free protease inhibitor
mixture (Roche) and ribonucleoside vanadyl complex (New
England Biolabs) and homogenized by passing through a
narrow needle, followed by incubation at 4°C with gentle ro-
tation for 20 min. The cell lysates was centrifuged at 16 000
g for 10 min and the supernatant was transferred to another
1.5 ml RNase-free tube. The supernatant was treated with
5 wM PP at 4°C for 20 min, followed by irradiation on ice
with 365-nm UV light at 2 J/cm? using a UV cross-linker
(CL-1000; UVP) for 4 min. The supernatant was concen-
trated to a final volume of 100 I by an Amicon Ultra-2 cen-
trifugal filter unit (molecular weight cutoff of 10 kDa, Milli-
pore) and washed three times with 500 wl cold PBS. The PP
treated lysate was adjusted to a volume of 500 wl with 2 M
urea, and mixed with 100 wl precleared streptavidin mag-
netic beads (Thermo), followed by incubation with gentle
rotation at 4°C for 1 h. After discarding the supernatant,
the beads were washed twice with 200 w1 PBS containing
0.2% SDS for 1 min, twice with 200 wl PBS containing 8 M
urea for 1 min, twice with 200 pl PBS for 1 min and twice
with 50 mM NH4HCOj; buffer for 1 min. For RBPs elution,
the beads were incubated with 20 w10.01 g/l RNase A at
37°Cfor 1 h. The eluted RBPs were analysed by SDS-PAGE
with silver staining or MS-based proteomic analysis. For
control samples in MS-based proteomic analysis, the cells
and lysates were subjected to the same treatment, except
that the beads were incubated the with 0.1 g/l RNase
A at 37°C for 1 h before the washing step and discarding
the washing solution.

Analysis of the PP captured RNA

Preparation of the RNA sample. The RNPs from HelLa
cells were captured by streptavidin magnetic beads using the
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Scheme 1. Schematic overview of the PP-based RNP enrichment for large-scale RNA sequencing and RBP identification by MS.

method as described above. Subsequently, the beads were
resuspended in 400 pl elution buffer (12.5 mM biotin, 75
mM NaCl, 7.5 mM, Tris-HCI, pH 7.5, 1.5 mM EDTA,
0.15% SDS, 0.075% sarkosyl and 0.02% Na-deoxycholate
dissolved in RNase-free H,O) and were incubated at RT for
20 min on a shaker, followed by heating at 65°C for 10 min.
The solution was collected and the beads were eluted again
to give 800 wl solution in total. 800 wl Proteinase buffer (100
mM Tris-HCI, pH 7.5, 12.5 mM EDTA, 150 mM NacCl
and 2% SDS dissolved in RNase-free H;O) and 2 mg/ml
Proteinase K (Ambion) was added and incubated at 55°C
for 1 h. The eluted RNAs were further purified by TRIzol
following the manufacturer’s instructions. Next, the RNA
samples were prepared with the TruSeq RNA Library Prep
Kit v2 (Illumina, not stranded). The samples in total were
barcoded to be sequenced on HiSeq2500.

Analysis of RNA-Seq Data. For estimation of the rRNA
content of libraries, reads were aligned to a collection of hu-
man ribosomal sequences which retrieved from NCBI nu-
cleotide database. All reads were aligned to those sequences
using bowtie2 and reads that failed to align were saved as
non-rRNA reads file. Reads in this file were aligned to the
complete hg38 assembly by using STAR. Percentage of the
rRNA content was estimated by comparing the number of
reads aligning to the rRNA sequences and the residual reads
aligning to the complete hg38 assembly. For estimating the
content of RNA biotypes in libraries, reads were aligned to
the hg38 assembly using STAR. Subsequently, counting was
performed with HTSeq-count using the geneset annotated
by GENCODE Release 21 (GRCh38) and using the GTF
feature ‘gene’ for counting.

Proteomic analysis of the enriched RBPs

After releasing the PP enriched RBPs by RNase A elu-
tion, the RBPs were digested by filter aided sample prepara-
tion method (FASP) (29). Stable isotopic dimethyl labelling
was conducted as previously described (30) for quantitative
comparison between the enrichment group of the RBPs and
the control. Detailed experimental procedures were pro-
vided in the Supporting information.

Proteomic identification by LC-MS/MS. The FASP di-
gested and dimethyl labelled peptide samples were dissolved
in 0.1% FA and were loaded into an in-house made 15 cm
length reverse phase column (150 nm id) packed with Ulti-
mate XB-Cjs 1.9 pum resin (Welch materials). An Easy nLC
1000 system (Thermo) was used to separate the peptides us-
ing the following gradient: 5-8% B for 8 min, 8-22% B for
50 min, 22-32% B for 12 min, 32-90% B for 1 min, and
90% B for 7 min (A is 0.1% formic acid in water and B is
0.1% formic acid in acetonitrile). A constant flow rate of 600
nl/min was applied. The eluted peptides were sprayed into
an Orbitrap Fusion™ Tribrid™ mass spectrometer (Thermo)
equipped with a nanoelectrospray ionization source. The
mass spectrometer was operated in data-dependent mode
with a full MS scan (300-1400 m/z) at a resolution of 120
000, a maximum injection time of 100 ms and an AGC tar-
get value of Se5, followed by Higher-energy Collision Dis-
sociation (HCD) with 32% normalized collision energy. The
MS?2 spectra were acquired in the ion trap with an AGC tar-
get value of 5000 and a maximum injection time of 35 ms.
The dynamic exclusion was set to 18 s.

Mass spectrometric data analysis. The raw data files were
searched using MaxQuant (version 1.5.2.8) against UniProt
database (release on 2015, 20 198 entry). Trypsin was set as
the digestion enzyme with a maximum of two missed cleav-
ages and the minimal peptide length was set to six amino
acids. Carbamidomethyl cysteine was set as fixed modifica-
tion and methionine oxidation and acetyl N-terminal were
set as variable modifications. For peptide identification, the
mass tolerances were 20 ppm for precursor ions and 0.5 Da
for fragment ions. The false discovery rate was set <1% at
spectra and protein level. Missing values were imputed us-
ing the minimum values in each dataset (31). For RBP fil-
tering, proteins with a minimum of two identified unique
peptides in at least two tests and a fold change of two or
greater with P < 0.01 in the experimental groups compared
with the control groups were considered as RBPs. The abun-
dance changes of the PP enriched RBPs at different time
points after ActD treatment were acquired based on their
label-free intensity provided by MaxQuant and were further
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normalized by their corresponding reduction in the global
proteome level to acquire the actual binding and crosslink-
ing abundance (BCA) variation of the RBPs.

RESULTS

Establishment of the psoralen probe (PP)-based RNP enrich-
ment strategy

In this work, we developed a PP-based RNA tagging strat-
egy for the highly specific enrichment of the RNPs by ex-
ploiting the photoreactivity of psoralen analogs with uracil
under 365 nm UV irradiation (Scheme 1). First, 254 nm
UV irradiation was applied to living cells to establish cross-
linking between RNA and RBPs. After cell lysis, PP was
introduced to the cell lysate to covalently tag both coding
and noncoding RNAs under 365 nm UV irradiation. The
PP-tagged RNPs and RNAs were next captured by strep-
tavidin beads and subjected to either RNA sequencing or
mass spectrometry analysis. The synthetic route of the bi-
functional PP is shown in Supplementary Figure S1A (Sup-
porting Information). PP is composed of a uracil reactive
psoralen, a biotin and a spacer arm. HNMR was carried
out to confirm the successful synthesis of PP (Supplemen-
tary Figure S1B and C). The feasibility of PP-based RNP
isolation was first demonstrated by gel electrophoresis and
RNA staining (Supplementary Figure S2). RNA bands are
discovered after treating the isolation products with pro-
teinase K to remove proteins from RNAs. In contrast, the
RNA bands are completely abolished upon RNase A diges-
tion or by the omission of PP, indicating the binding and
isolation RNPs by PP.

The PP-enriched RNPs were further characterized by
SDS-PAGE after eluting the beads-captured RBPs by
RNase A treatment. Clear proteins bands of the PP enrich-
ment products are displayed in Figure 1A. In contrast, pro-
teins bands can barely be observed without PP or 254/365
nm UV treatment, indicating a high selectivity of this en-
richment method with only marginal nonspecific adsorp-
tion of non-RBPs. Using RNase A containing buffer in the
washing step results in the disassociation of the RNPs and
the loss of the RBPs before elution, therefore serving as a
stringent negative control for this method. As expected, the
protein bands are almost completely abolished by RNase A
washing before elution, confirming the RNA dependence
of the observed protein bands (Supplementary Figure S3).
The successful enrichment of the RBPs was further demon-
strated by the detection of known RBPs in western-blotting
analysis, as shown in Figure 1B. ELAVLI, nucleolin and
PTBP1 were clearly enriched by PP and were undetectable
in the negative controls without PP or 254/365 nm UV
treatment. Similar to the large-scale enrichment, RNase A
treatment depletes the protein bands of three RBPs, con-
firming that these RBPs were directly bound and cross-
linked to RNAs. The high selectivity of this method was
also proven by B-tubulin and B-actin. No obvious sign of
non-specific adsorption of these two non-RBPs was found
in the PP enrichment products. Next, the concentration of
PP and the reaction time with cell lysates were evaluated. As
shown in Supplementary Figure S4A and B, optimized en-
richment was obtained with 5 wM PP and 4 min 365 nm UV
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Figure 1. (A) SDS-PAGE characterization of PP enriched RBPs. (B)
Western-blotting analysis of PP enriched ELAVLI, Nucleolin and PTBPI,
B-tubulin and B-actin.

irradiation. No obvious degradation of RNA was observed
under these condition (Supplementary Figure S4C).

RNA sequencing and proteome identification of the RINPs ob-
tained by PP enrichment

To further explore the type and relative distribution of the
PP isolated RNAs, the captured RNPs were treated with
proteinase K to digest and remove the RBPs. Control exper-
iments were also conducted by extracting RNAs using the
traditional TRIzol method. The resulting RNAs were ana-
lyzed by RNA sequencing (Supplementary Figure S5). The
PP enrichment products and the TRIzol controls exhibit
consistent RNA distribution patterns. In addition to rRNA,
other major types of RNA were also found by PP enrich-
ment, including protein-coding mRNAs and various types
of noncoding RNAs, such as lincRNA, antisence RNA,
snRNA and miRNA. These results demonstrate the com-
prehensiveness of PP tagging and its capability to enrich
RBPs bound to various kinds of RNAs, although psoralen
analogs were originally used for probing double-stranded
regions of RNAs (23). We noticed the relatively high con-
tent of mRNA in the PP enrichment product, which may
be attributed to underestimation of tRNA, since it is small
and highly modified and difficult to sequence by standard
methods (13,32). Presence of tRNA was revealed using gel
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electrophoresis by the peak around 100 nt in Supplementary
Figure S6.

For large-scale RBP profiling by mass spectrometry, it is
crucial to differentiate and remove the non-RBPs in the re-
sults. To evaluate the proper and stringent control condi-
tions for obtaining reliable RBPs, quantitative proteomics
analysis was carried out using the Experiment and the Con-
trol design illustrated in Supplementary Table S1. As shown
in Supplementary Figure S7, Control 4 showed stronger in-
tensity than the other three controls, indicating it included
more false positive hits. This result was not unexpected,
since Control 4 had gone through all the treatments that
may introduce false positive hits (254 nm UV irradiation,
PP-treatment & 365 nm UV irradiation), while the other
three controls had gone through only two of the three treat-
ments. Therefore, Control 4 was chosen for further inves-
tigation of the PP-assay using the scheme shown in Figure
2A. Washing with RNase A before elution in the control
group degrades RNA and removes the RNPs from the sam-
ple. In contrast, RNase A is not applied in the washing step,
but in the elution step for the experiment group, which leads
to specific elution of the beads-PP captured RBPs without
the possible co-elution of DNA-binding proteins. Further-
more, a stringent screening cut-off was applied, which re-
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quired a fold change >2 and a P value <0.01 with a mini-
mum of two identified unique peptides in at least two tests.
In this way, we identified 2986 highly confident RBPs with
good reproducibility (Pearson correlations > 0.85 in three
technical replicates) (Figure 2B, Supplementary Figure S8
and Table S2 of the Supporting Information).

Domain analysis of the identified RBPs shows that
most of the top represented domains comprise classical
RBDs, such as RRM, KH and DEAD domains as well
as other non-classical RBDs (Figure 3A). Interestingly,
we found ‘SPEC’ domain was also enriched in our RBPs,
which was not previously reported as a RBD. We con-
ducted nucleotide-crosslinked peptide analysis of the en-
riched RBPs to locate the RNA-binding site and to further
determine the identity of ‘SPEC’ using reported methods
(15). MS analysis of the enriched cyclic-U modified pep-
tides resulted in seven RBPs identified with SPEC domain
(Supplementary Table S4). The high RNA correlation of
the identified RBPs is confirmed by the top enriched path-
ways, which are almost all associated with RNA process-
ing, such as ribosomal subunite formation and hydrolysis,
rRNA processing, nonsense mediated decay and mRNA
translation (Figure 3B). Consistently, gene ontology (GO)
analysis in Figure 3C reveals highly enriched GO terms re-
lated to RNA. The most enriched molecular function and
biological process terms exhibit an over-representation of
RNA binding and other RNA related GO terms, suggest-
ing that the dataset contains a large number of known
RBPs. Other GO terms, such as ‘Catalytic activity’ and
‘Ubiquitin-specific protease activity’ are also enriched in
the molecular function. In the ‘catalytic activity’ category,
many nucleotide-binding and ATP-binding proteins were
found, which is consistent with previous studies (13,14). For
‘ubiquitin-specific protease activity’, more than twenty E3
ubiquitin ligases were previously found overlap with RNA-
binding proteome (33,34) and we further expanded this cat-
egory by identifying >50 E3 ubiquitin ligases/transferases
and related proteins. Interestingly, extracellular exosome
was found to be the fourth top enriched term in the cellular
component analysis. Further comparison with the exosome
protein database (ExoCarta) showed that 83 of the top 100
most identified exosome proteins were found in our RBPs.
Such high coverage of exosome proteins was not reported
in other studies using either polyA-dependent or polyA-
independent enrichment strategies. Considering that RNAs
in exosomes have been extensively studied in recent years
as functional regulators and biomarkers for disease diag-
nostics and that few reports on their interacting proteome
have been published, the PP-based strategy may facilitate
the deeper exploration of RBPs in extracellular exosome.

Compared with the reported RBPs enriched from HeLa
cells by polyA-dependent and polyA-independent strategies
(11,13-15,28), the products of PP enrichment show over-
lapping but distinct results. As displayed in Figure 4, PP-
based enrichment not only covered majority of the reported
RBPs in Hela cells, but also provided >1000 additional
RBPs, presumably due to the facile and efficient RNA tag-
ging via the cycloaddition reaction by the psoralen group
of PP, which is capable of pulling down both coding and
non-coding RBPs. We noticed that even after combining
three large-scale RBP data obtained by polyA independent
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methods and ours, 121 RBPs were still exclusively identi-
fied by the polyA dependent enrichment methods (Figure
4C). Failure to cover these RBPs by the polyA independent
methods may be attributed to the low abundancy of coding
RNA in the total RNA. Coding RNA binding proteins may
be overwhelmed by the more abundant non-coding RNA
binding proteins and lost in mass spectrometry analysis.
Next, we compiled an MS identified RBP dataset of 4758
RBPs from studies using different cell lines. Although the

size of RBP data has been substantially expanded by the
recently reported RBP enrichment methods, our PP-based
enrichment still provided 782 candidate RBPs that were not
found in previous large-scale RBP profiling (Supporting
Information Supplementary Table S3). We compared the
physiochemical characteristics of the PP identified all RBPs,
782 candidate RBPs and that of the literature reported
RBPs, including positively charged amino acid, isoelec-
tric point, hydrophobicity and disorder. The RNA-binding
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proteomes were divided into polyA interactome and non-
polyA interactome following the way described previously
(15). As shown in Supplementary Figure S9, the distribu-
tion curves of both of the PP identified all RBPs and candi-
date RBPs resemble that of the previously known RBPs and
fall within the range of those of the RBPs obtained by phase
separation-based methods (OOPS and XRNAX) (15,16)
or metabolic labelling-based methods (RICK and CARIC)
(13,14). Interestingly, the non-poly(A)-binding proteins are
clearly distinct when compared to poly(A)-binding proteins.
The poly(A)-binding RBPs are less hydrophobic and obvi-
ously more disordered. Whereas the non-poly(A)-binding
RBPs do not have bimodal isoelectric points (IPs) distri-
bution and generally have more acidic IPs and less con-
tent of positively charged amino acids. The 782 candidate
RBPs (red) exhibit an obviously lower abundance distribu-
tion in Supplementary Figure S10A, while the previously
reported RBPs (blue) found in this work are more concen-
trated in region of higher abundance. Similar trends are also
found in Supplementary Figure SI0B. The median abun-
dance of the candidate RBPs is ~10-fold lower than that of
the reported RBPs. To further explore the function of these
candidate RBPs, we conducted GO enrichment analysis of
the 782 candidate RBPs that were not reported by other

works (11-16,35,36) (Supplementary Figure S11A). Inter-
estingly, we found that the GO terms ‘membrane’ and ‘GT-
Pases activity’ are among the top enriched GO terms in the
cellular component and molecular function. Although not
previously reported as RBPs, proteins in both terms regu-
late protein transport and membrane trafficking via binding
with RNA for correct targeting towards specific organelles
(37,38). DNA-binding RBPs were previously reported via
enrichment using the serIC method (39). 75% of the DNA-
binding RBPs enriched by serlC were also identified our PP-
assay (Supplementary Table S4). Further inspection on the
782 candidate RBPs revealed additional 55 DNA-binding
proteins (DBPs) not discovered in previous work, includ-
ing [poly [ADP-ribose] polymerase 2 (PARP-2), that are in-
volved in diversified functions. Although the RNA-binding
abilities of these DBPs have not been discovered in previ-
ous large-scale RBP identification, the SAP domain con-
taining PARP-2 was reported to bind to specific transcripts
for RNA regulation in an individual protein study (40), in-
dicating the reliability of these candidate RBPs. Further-
more, GO (biological process) and pathway analysis in Sup-
plementary Figure S11A both exhibited overrepresented
‘Metabolism’ among the candidate RBPs, especially the cit-
ric acid (TCA) cycle. TCA cycle have long been related to
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RNA-binding activities. PP enrichment approach managed
to identify 70 RBPs that associated with TCA cycle and cov-
ered more than 80% of the previously reported TCA cycle-
related RBPs (4,5) (Supplementary Figure S11B). The bind-
ing between RNA and numerous metabolic enzymes also
has been previously documented to regulate the expression
of the bound mRNA in response to metabolite levels or,
conversely, to control the activity of the bound enzyme (41).
Compared with the RBPs identified by PP-assay, 79 of the
104 reported RNA-binding enzymes (42,43) were covered
(Supplementary Table S4). Based on the Reactome path-
way analysis (44), we found that the 782 candidate RBPs in-
clude 178 metabolism related proteins (Supplementary Fig-
ure S11C) that are distributed among a variety of pathways,
including TCA cycle, carbohydrate and lipid metabolism.
These candidates expanded the scale of RBP, suggesting
that the interplay between RNA, DNA, membrane, protein
and metabolite may be broader than previously realized and
deserves further exploration.

Next, we selected WDRS82, ARL2, ARF5 and ELP3 from
the 782 candidate RBPs that were not reported in previ-
ous large-scale RBP investigations for validation via cross-
linking and immunoprecipitation (CLIP) and western-
blotting (45,46). The four proteins were selected from dif-
ferent function categories and subcellular locations to avoid
bias towards a particular subgroup. WDRS2 is a chromatin
binding protein and mainly locates in nucleus (47). ARL2
regulates formation of new microtubules and centrosome
integrity and locates in cytoplasm, cytoskeleton, mitochon-
drion and nucleus (48). ARFS5 is a GTP-binding protein in-
volved in protein trafficking and may modulate vesicle bud-
ding, and locates in cytoplasm, Golgi apparatus and mem-
brane (49). ELP3 is a RNA polymerase II core binding pro-
tein involved in transcriptional elongation and locates in cy-
toplasm and nucleus (50). FLAG-tagged candidate RBPs
were expressed in HeLa cells and irradiated with 254-nm
UV light. The tagged RBPs were pulled down together with
the cross-linked RNA and characterized by western blot-
ting, after shortening the RNA and labelling it with biotin.
As shown in Supplementary Figure S12A, similar to the
positive control using known RBP (ELAVLI1), the positive
existence of RNA was revealed by the corresponding gel
bands for the four candidate RBPs and demonstrated their
RNA-binding activity. To further evaluate our validation
result, we performed PP isolation assay to pull-down all the
RNPs and characterized the four candidate RBPs (ELP3,
WDRS82, ARFS5 and ARL2) by antibody-based western-
blotting. As shown in Supplementary Figure S12B, cor-
responding protein bands were found only in the experi-
ment group (with 254, 365 nm UV-irradiation, PP treat-
ment, but not RNase A washing) and the input group. No
false positive bands were discovered in any of the control
groups.

Actinomycin D (ActD)-assisted RNP stability/dynamics
study and large-scale evaluation of the candidate RBPs

RBPs regulate various biological processes by associating
and disassociating with RNAs, therefore the stability and
dynamics of the corresponding RNPs under different cel-
lular states hold great significance. We conducted a large-
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scale investigation on the stability/dynamics of RNPs un-
der ActD treatment using our PP-based enrichment strat-
egy. ActD blocks RNA transcription and leads to decreas-
ing levels of RNAs and disassociation of the RNPs in the
cell. As shown in Supplementary Figure S13, the levels of
various kinds of RNAs in the cell continually decrease af-
ter ActD treatment, with protein-coding RNA displaying
the most distinct drop of ~60%. Similarly, the inhibition
of RNA transcription results in a decreased number of PP-
enriched RBPs, with 2137, 1921, 1742 and 786 RBPs (Sup-
plementary Table S2) identified at 0, 2, 5 and 9 h after ActD
treatment, respectively, indicating increased disassembly of
RNPs due to the reduced RNA levels. The dynamics of
RBPs in the RNPs were determined by quantitative com-
parison of the PP-enriched RBPs in the ActD-treated cells
with the corresponding RBPs in the untreated cells. The
quantity of the RBPs obtained by PP-assay is controlled
by UV crosslinking between RNA and protein, which may
be influenced by multiple factors, such as binding geome-
try of RNA, nucleotide and amino acids composition, and
duration of the interaction (51). Therefore, the same UV-
irritation condition must be applied for the cells treated
with different ActD conditions to minimize the variation
induced by UV crosslinking. Furthermore, to exclude the
reduced abundance of RBPs caused by protein degradation
and RNA synthesis inhibition, the global proteome level
of each RBP at different time points during ActD treat-
ment was determined by proteome profiling. After normal-
izing the change in abundance of the PP-enriched RBPs by
the corresponding reduction in their global proteome levels
to obtain their actual binding and crosslinking abundance
(BCA) variation, the true dynamic trends of RBPs in the
RNP are shown in Figure 5SA. Since our PP strategy actu-
ally isolates the RNPs, the dynamic trends of each identi-
fied RBP can be used as an indication of the stability of
the RNPs. The stability/abundance of RNPs can be divided
into three categories. Approximately 5% of the RBPs are in
relatively stable RNPs, which are present in almost the same
abundance throughout the ActD treatment (blue zone). An
obviously greater descending trend is displayed in the green
zone, with most of the RBPs decreasing below the detection
limit of the PP enrichment method after 5 h RNA synthesis
inhibition, indicating that these RBPs are present in unsta-
ble RNPs with high decay rates. The rest of the RBPs are
in RNPs with median decay rates, which disassociate from
two to nine hours after ActD treatment.

Although RNA-binding of the candidate RBPs can be
validated individually by the traditional CLIP and western-
blotting strategy as mentioned above, the particularly low-
throughput of this method is a severe bottleneck for the
large-scale evaluation of the hundreds to thousands of can-
didate RBPs discovered in recent years. Inspired by the
ActD induced inhibition of RNA transcription and the dy-
namic changes of RNPs, we propose a high-throughput
way to further evaluate RNA-binding of the 782 candidate
RBPs that were not discovered by other large-scale RBP
identification studies. As shown in Figure 5B, close to 90%
(red) of the candidate RBPs display normalized BCA >0 af-
ter nine hours of ActD treatment, which may be attributed
to either the decrease of the available RNA and disassem-
bly of RNPs after inhibition of RNA synthesis or changes
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Figure 5. (A) heat map and (B) scatter plot of normalized BCA variation
of the RBPs after treating cells with ActD for 0, 2, 5 and 9 h (T0-T9).
Normalized BCA of RBPs (T0 versus T9) = fold change (TO versus T9) of
RBPs in PP-assay/fold change (TO versus T9) of the corresponding RBPs
in the whole cell lysate.

in the binding activity of the RBPs, though cannot be as-
sessed with the current available data.

DISCUSSION

In this work, we developed a photo-induced RNA tagging
and RNP enrichment strategy. We demonstrated the capa-
bility of PP tagging to enrich RBPs bound to various kinds
of RNAs, although psoralen analogs were originally used
for probing the double-stranded regions of RNAs (23). Us-
ing this strategy, we successfully identified 2986 RBPs from
HeLa cells, including 782 candidate RBPs that were not dis-
covered in previous large-scale studies. PP strategy is sim-
ple and does not need metabolic labelling. The high en-
richment specificity and free of possible contamination of
glycoproteins (16) make this approach advantageous in dis-
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covering new candidate RBPs. Interestingly, GO analysis of
the 782 candidate RBPs reveals that metabolism and related
terms are overrepresented in molecular function and bio-
logical process. The 178 metabolism pathways related pro-
teins in the candidate RBPs indicate a possible deeper in-
volvement of RBPs in the regulation of metabolic process
than previously known, and the mechanisms of this regu-
lation are yet to be investigated. Furthermore, PP can be
used as a powerful tool to study the dynamic association of
RNPs in the cell. Large-scale investigation on the pertur-
bations of RNPs during RNA transcription inhibition us-
ing our PP-based enrichment strategy reveals the first dis-
tribution patterns of RBPs bound to RNA with different
decay rates. More importantly, this strategy provides a high
throughput way to evaluate candidate RBPs by exploiting
their obviously greater abundance decrease in the RNPs
than that in the global proteome due to the continued dis-
association of the RNPs after the inhibition of RNA syn-
thesis. Though successfully applied in a non-polyA depen-
dent manner and is theoretically capable of enriching both
coding and non-coding RNA binding-proteins at the same
time, there are still some limitation in the PP-assay. Consid-
ering coding RNAs are only 3% in the total RNAs, many
of the coding RNA-binding-proteins may be overwhelmed
by the more abundant non-coding RNA-binding proteins in
the enrichment products and leads to biased RBPs identi-
fication. Therefore, for studies targeting at mRNA-binding
proteins, polyA dependent enrichment methods should be
a better choice (51).
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