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SUMMARY
mRNAs continually change their protein partners throughout their lifetimes, yet our understanding of mRNA-
protein complex (mRNP) remodeling is limited by a lack of temporal data. Here, we present time-resolved
mRNA interactome data by performing pulse metabolic labeling with photoactivatable ribonucleoside in
human cells, UVA crosslinking, poly(A)+ RNA isolation, and mass spectrometry. This longitudinal approach
allowed the quantification of over 700 RNA binding proteins (RBPs) across ten time points. Overall, the
sequential order of mRNA binding aligns well with known functions, subcellular locations, and molecular in-
teractions. However, we also observed RBPs with unexpected dynamics: the transcription-export (TREX)
complex recruited posttranscriptionally after nuclear export factor 1 (NXF1) binding, challenging the current
view of transcription-coupledmRNA export, and stress granule proteins prevalent in agedmRNPs, indicating
roles in late stages of the mRNA life cycle. To systematically identify mRBPswith unknown functions, we em-
ployed machine learning to compare mRNA binding dynamics with Gene Ontology (GO) annotations. Our
data can be explored at chronology.rna.snu.ac.kr.
INTRODUCTION

The life cycle of eukaryotic mRNA involves several distinct

stages: transcription, precursor mRNA (pre-mRNA) processing,

nuclear export, translation, and decay. In each stage, mRNAs

interact with a specific set of RNA-binding proteins (RBPs) to

formmRNA-protein complexes (mRNPs).1,2 These RBPs govern

the activity, localization, and stability of mRNA and influence its

transition to the subsequent stage of the life cycle. Therefore, un-

veiling the stage-specific repertoire of RBPs is vital for under-

standing mRNA regulation.

Since the initial observation of mRNPs in the 1950s, many re-

searchers have biochemically purified mRNPs and discovered

coremRNPcomponents, such as cap binding proteins, heteroge-

neous nuclear ribonucleoproteins (hnRNPs), serine/arginine-rich

(SR) splicing factors, and poly(A) binding proteins (PABPs).1,3,4

More recently, studies have explored the interaction between

mRNAs and RBPs comprehensively, employing high-throughput

approaches such as the RNA interactome capture (RIC). In RIC

experiments, RNA-protein partners are first crosslinked, followed

by RNP enrichment, protein digestion, and liquid chromatog-

raphy-tandem mass spectrometry (LC-MS/MS).5–8 MS-based

techniques collectively reported more than 6,000 human proteins

as potential RBPs,9 and it is believed that the human genome en-

codes at least 1,542 RBPs.10 These methods have been applied
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to numerous biological contexts, revealing the diverse biological

roles of RBPs.11–14

While the aforementioned approaches greatly advanced our

knowledge of RNA-protein interactions, they provide unsynchro-

nized mixed pools of mRNPs without temporal resolution. Since

mRNPs involved in distinct stages of the mRNA life cycle (e.g.,

processing vs. translation) are expected to be fundamentally

different from one another, there is a need to collect and analyze

mRNPs specific to each stage. Time-resolved profiling would

help reveal the compositional changes, offering a more compre-

hensive understanding of RBP functions. An earlier study exam-

ined nascent RNPs by using 5-ethynyluridine labeling followed

by click chemistry-based RNA capture, but this approach mainly

yielded proteins bound to abundant noncoding RNAs and had a

limited number of time points (0.5, 2, and 16 h).15

In this study, we aimed to investigate mRNP remodeling over

time by developing a time-resolved RIC technique. We enriched

mRNAs of specific ‘‘ages,’’ using pulse-chase metabolic label-

ing with 4-thio-uridine (4sU) and selective crosslinking under

365 nm light (ultraviolet light A [UVA]) across 10 time points.16,17

This longitudinal analysis revealed the RNA binding dynamics of

734 mRNA binding proteins (mRBPs). We further integrated

these temporal RNA interaction data with subcellular localiza-

tion, RNP granule formation, protein-protein interaction (PPI),

protein-mRNA interaction, viral RNA interaction, and Gene
4, 1–19, May 2, 2024 ª 2024 Elsevier Inc. All rights reserved. 1
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Ontology (GO) data to identify RBPs with as-yet-unknown func-

tions and provided critical insights into mRNP remodeling. The

chronological data of mRNA-protein interaction from this study

can be accessed at: https://chronology.rna.snu.ac.kr/.

RESULTS

Time-resolvedmRNA interactome profiling by 4sU pulse
chasing
To identify RBPs that associate with mRNAs at specific time

points following RNA synthesis, we employed a pulse-chase

approach (Figures 1A and 1B). HeLa cells were metabolically

labeled with 0.5 mM 4sU for 10 min, the shortest period that

provided sufficient amounts of crosslinked material needed

for our proteomic analyses. This brief labeling period did not

significantly affect the composition of the transcriptome, as

confirmed by RNA sequencing (RNA-seq) (Figure S1A). After

10 min labeling, 4sU was washed away and chased with un-

modified uridine until reaching the desired time points. We

selected ten time points spanning from 0 to 5 h (0, 15, 30, 45,

60, 90, 120, 180, 240, and 300min), aiming to covermost stages

of the mRNA life cycle based on the reported half-life of human

mRNAs (average, 6.9 h; median, 3.4 h).18,19 Photoactivatable

ribonucleoside (PAR)-enhanced crosslinking was induced be-

tween 4sU-labeled RNA and its associated proteins in close

contact, by exposing the cells to UVA irradiation on ice,20 and

the cells were immediately harvested. After cell lysis, poly(A)+

mRNA molecules were captured with oligo(dT) beads and

washed under stringent conditions containing 4 M urea to spe-

cifically capture proteins that bind directly to 4sU-labeled

mRNAs. For control, we also performed experiments without

4sU labeling (‘‘No-4sU’’) to identify non-specific proteins and

assess background levels.

To estimate the 4sU incorporation rate under our conditions,

we digested RNA into single nucleosides and analyzed them

by high-performance liquid chromatography (HPLC) (Figure 1C).

Immediately after the 10-min labeling period (chase time =

0 min), 4sU constituted approximately 1.2% of total uridines in

the oligo(dT)-captured RNAs. Over the next 30min, the 4sU frac-

tion increased to 2.3%, likely due to residual intracellular 4sU

and delayed phosphorylation of 4sU into 4-thio-uridine triphos-

phate (4sUTP).21 Subsequently, this 4sU fraction decreased,

possibly as a result of intron removal and decay of labeled tran-

scripts. These results indicate that our pulse-chase conditions

labeled approximately 2% of uridine residues, corresponding

to around ten 4sU incorporated per mRNA molecule of 2 kb,

and the labeling occurred within a relatively narrow time window

of about 30–40 min.

Silver staining showed that the captured proteins reached the

maximal level at approximately 30min chase time and then grad-

ually diminished after 60 min (Figure 1D). In the absence of 4sU,

protein bands were scarcely visible, which indicates the speci-

ficity of 4sU-mediated crosslinking and the stringent washing

process used. We conducted experiments in biological tripli-

cate, using approximately 60 million cells for each time point

sample. The captured proteins were digested with trypsin,

labeled with tandem mass tags (TMT) 11-plex, and analyzed us-

ing liquid chromatography tandem mass spectrometry (LC-
2 Molecular Cell 84, 1–19, May 2, 2024
MS3).22,23 Protein quantities from triplicate samples were as-

sessed for enrichment against an unlabeled control (Figure S1B).

We identified 801 confidently quantified RBPs by employing

two criteria: enrichment over the unlabeled control and repro-

ducibility across replicates (Figure 1E; STAR Methods). To

assess the specificity of our method in identifying RBPs, we

compared these proteins with previously identified RBPs.9

More than 90% (734/801) of the confidently quantified proteins

in our study matched those previously reported as mRNA inter-

actors, with over 80%of them annotatedwith ‘‘RNA binding’’ GO

term (Figure 1F). Furthermore, we found 58 Pfam domains that

were significantly enriched in the confidently quantified proteins

over all human proteins, at a false discovery rate (FDR) of 1%

(Figure 1G).24 A majority of these enriched domains (35 out of

58), such as RNA recognition motif (RRM), helicase C, Asp-

Glu-Ala-Asp (DEAD), and K homology (KH), were experimentally

verified as RNA binding domains (RBDs) or enriched in earlier

RIC studies (Table S1).5,8 Taken together, these results indicate

that our method successfully captures mRBPs.

To examine the captured RNAs under our conditions, we per-

formed RNA-seq on oligo(dT)-enriched RNAs at chase times 0,

30, and 300 min (Figures S1C and S1D; see STAR Methods).

We also carried out an extra enrichment procedure by using

methane thiosulfonate conjugated to biotin (MTS-biotin) to specif-

ically biotinylate and isolate 4sU-labeled RNAs for sequencing.

We found no substantial difference between 0 and 30 min. After

300 min, unstable mRNAs (bottom 20% in half-life) showed a

modest reduction (from 21.1% to 20.1% in read fractions normal-

ized against the unlabeled spike control) (Figure S1D; see STAR

Methods). Nevertheless, the majority (98%) of genes detected

at 0 min remained detectable at 300 min (read count per million

[RPM] > 10). This indicates that our experimental conditions

represent the majority of mRNA species, although we acknowl-

edge that differential mRNA decay rates may influence the

mRBP repertoire at later time points.

Overall RNA binding dynamics of RBPs align well with
their known functions and localizations
When we examined the confidently quantified and previously re-

ported 734 RBPs, we found substantial variations in their tempo-

ral binding patterns. To investigate their RNA binding dynamics

quantitatively, we merged normalized protein quantities using

a univariate spline (Figure S2A). We defined the ‘‘peak binding

time’’ for each RBP as the moment when the spline curve hits

its maximum (Figure S2A). This approach facilitated a compari-

son of the binding dynamics among RBPs. It should be noted

that this peak binding time may be different from the true value,

owing to the inevitable delay in 4sU uptake, resulting in a lag time

of up to 10 min, and also because of 4sU persisting in cells after

washing, leading to a residual labeling for about 30 min.

We performed k-means clustering, based on Z score-normal-

ized log2 protein intensity and peak binding time, resulting in

seven temporal clusters (Figure 2A; Table S2; see also STAR

Methods). The GO term analyses revealed unique enrichment

patterns within each cluster (Figure S2B).25 For example, cluster

I is associated with transcription and 30 end processing, whereas

cluster II shows enrichment in terms related to pre-mRNA

splicing. Clusters III and IV are enriched with diverse terms

https://chronology.rna.snu.ac.kr/
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Figure 1. Identification of time-resolved mRNPs using pulse-chase RNA interactome capture (RIC)

(A) Schematic of modified RIC for time-resolved mRNP capture.

(B) Design of high temporal resolution mRNP pulse-chase labeling using 4sU and U nucleosides. Arrows indicate harvest time points.

(C) Proportion of 4sU relative to total U as measured by HPLC after single-nucleotide digestion, using total RNA (black) or oligo(dT)-enriched RNA (green).

(D) Silver staining visualizing the proteins eluted in the RIC experiments.

(E) Venn diagram showing the number of previously reported human mRBPs, proteins enriched over the control (No-4sU) in this study, and of those that are

reproducibly quantified.

(F) Gene Ontology (GO) annotations of the confidently quantified RBPs (n = 801). RNA-related GO term was defined as any GO term containing ‘‘RNA.’’

(G) Top 20 enriched Pfam protein domains among the confidently quantified proteins (n = 801). p values were calculated by Fisher’s exact test and adjusted by

Benjamini-Hochberg method. Dashed line indicates an adjusted p value of 0.01.
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including nucleocytoplasmic transport and rRNA processing,

and cluster V is linked with nonsense-mediated decay (NMD),

mRNA transport, and translation. Finally, clusters VI and VII are
marked by translation regulation, stress granule (SG), and

mRNA stability terms. Because this initial list included 156

RBPs known to interact with mitochondrial mRNAs, small
Molecular Cell 84, 1–19, May 2, 2024 3
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Figure 2. RBP-centric clustering analysis defines temporal stages of mRNP life cycle

(A) Clustering analysis based onmRNA binding dynamics. Each row of the heatmap represents the Z score-normalizedmRNA binding dynamics of a protein. Out

of 801 confidently quantified proteins, 734 proteins that were previously reported as mRNA binders were used for clustering analysis.

(B) Bubble plot showing the mean peak binding time (x axis) of the RBPs sharing the same GO: biological process (BP) terms. The significance of similarity in

mRNA binding dynamics of the RBP group sharing the same terms is shown in y axis, as p values derived from two-sided Mann-Whitney U test on the Euclidean

distances between proteins with the same GO annotations vs. those between proteins without the same GO annotations. Dashed line indicates p = 0.01. To

reduce the over-representation of general (higher level) GO terms, the elim algorithm25 was applied during the p value calculation. Color code indicates the most

frequently occurring cluster among the RBPs annotated with each GO term. Area of each circle is proportional to the number of RBPs annotated with each GO.

Mitochondrial mRNA binders (n = 65) and potential noncoding RNA binders (n = 65, e.g., ribosomal proteins, snoRNA binders) were excluded from this and

following analyses (see STAR Methods for the list).

(C) The same as (B) except for using the GO: cellular component.

(legend continued on next page)
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nucleolar RNAs (snoRNAs), and rRNAs, which is likely due to pol-

yadenylated mitochondrial mRNAs and abundant noncoding

RNAs with internal adenosine-rich sequences (Figures S2C

and S2D), we excluded these RBPs from our analysis hereafter,

so as to focus on proteins in the nuclear genome-encoded

mRNA pathway. However, we note that investigation of the

RBPs in the mitochondrial mRNA and noncoding RNA pathways

would be interesting topics for future research.

We expanded our analysis on 578 mRBPs by grouping them

based on the ‘‘biological process (BP)’’ GO terms and calculating

the mean peak binding time of those belonging to the same GO

term group. Proteins with transcription-related terms exhibited

the earliest mean peak binding times (Figure 2B, shown in x

axis) and were primarily affiliated with cluster I or II (Figure 2B, a

main cluster indicatedby color). Proteinswith processing-related

termsand translation-related terms also generally followed antic-

ipated temporal orders, albeit with some unexpected observa-

tions, such as certain EIF3 subunits (the ‘‘formation of cyto-

plasmic translation initiation complex’’ GO group) appearing at

late time points. The same analysis was applied to ‘‘cellular

component (CC)’’ GO terms to observe temporal changes in

mRNP organizations (Figure 2C). The mean peak binding times

of proteins belonging toRNApolymerase complex and transcrip-

tion elongation factor complex were the earliest. They were fol-

lowed by those associated with cleavage and polyadenylation

specificity factor (CPSF) complex and spliceosome. Compo-

nents of exon junction complex (EJC), polysome, P-body (PB),

EIF4F complex, and EIF3 complex took longer to bind to

mRNA. Thus, the RNA binding dynamics overall align well with

known temporal order of mRNP remodeling. Our data suggest

that the transition from nuclear mRNP to cytoplasmic mRNP oc-

curs at around 60–120 min chase time. Thus, considering the lag

period of approximately 30 min in our labeling scheme, the tran-

sition may take 30–90 min after transcription. This is not far from

the reported time needed for mRNA export (30–40 min).26,27

We further examined subcellular localization of RBPs using the

Human Protein Atlas, which is based on immunofluorescence

staining experiments.28 We learned that proteins in cluster I are

predominantly nuclear, as expected (Figure 2D). The fraction of

nuclear proteins decreases in later clusters while the fractions

of cytoplasmic proteins and those that are in both the nucleus

and cytoplasm increase. We also cross-referenced proximity

labeling-based localization data29 and found that most early

binders are associated with chromatin, nucleoplasm, splicing

speckles, and paraspeckles, while late binders are primarily in

cytoplasmic RNP granules (Figure 2E).

Target mRNAs of RBPs
Next, we examined RBPs’ binding sites on mRNAs. For this, we

re-analyzed the enhanced crosslinking and immunoprecipitation

(eCLIP) followed by high-throughput sequencing data from the

Encyclopedia of DNA Elements (ENCODE) project.30–32 The
(D) Proportion of nuclear and cytosolic proteins in each cluster, according to the an

located in both the nucleus and the cytosol.

(E) Beeswarm plot (left) and dot plot (right) of subcellular localization of RBPs. The

location, provided by the HumanCellMap. The x axis of the left plot shows the pe

cluster of each circle. The radius of each circle in the right plot is proportional to
eCLIP datasets from K562 and HepG2 cells revealed RNA inter-

action sites for 85 and 76 confidently quantified RBPs, respec-

tively. We calculated the proportion of eCLIP peaks mapped to

the intron, 50 untranslated region (UTR), coding sequence

(CDS), and 30 UTR (Figure 3A). Although some clusters are rep-

resented with only a few eCLIP datasets, we observed consis-

tent patterns from both cell lines. Many early binders in clusters

I, II, and III bind mainly to intronic regions, indicating their major

roles in pre-mRNPs. In contrast, late binders in clusters V, VI, and

VII exhibited fewer eCLIP peaks in introns and a large number of

peaks in CDS and 30 UTR, consistent with their functions in

mature mRNA complexes.

When we examined the half-lives of their target mRNAs, we

found a weak positive correlation between the RBP’s peak bind-

ing time and the mean half-life of target mRNAs (Figures 3B and

S3A). This suggests that RBPs interacting with stable mRNAs

tend to be captured at later time points. LARP4, EIF3G, and

SND1 bind to stable mRNAs, suggesting that their temporal

binding pattern is mainly determined by their RNA specificity.

But some cluster VII proteins bind to a very broad spectrum of

targets, including many unstable ones (e.g., DDX3X, UPF1,

FXR2, and FAM120A), implying that they may be recruited in a

stage-specific manner.

Frequent PPIs between RBPs with similar dynamics
Because RBPs often function within complexes by interacting

with other RBPs,33,34 we analyzed PPIs of all RBPs identified in

this study (Biological General Repository for Interaction Datasets

[BioGRID]35). We found that proteins within the same cluster

tend to interact frequently with one another (Figure 3C, shown

in color). By measuring the number of PPIs between RBPs, we

confirmed that the frequency of PPIs within the same cluster or

between neighboring clusters were significantly higher than

randomly selected protein pairs (Figure 3D). Similar patterns

were observed when we included proteins interacting indirectly

via one neighbor (Figure S3B). These results suggest that pro-

teins interacting with one another bind to mRNAs at similar

time points, via PPIs as well as RNA-protein interactions, collec-

tively forming stage-specific RNP complexes.

To statistically validate this result, we quantified temporal differ-

ences inmRNAbinding by calculating the Euclidean distance (ED)

of RNA binding dynamics between protein pairs (see STAR

Methods). Protein pairs with physical interaction evidence show

similar RNA binding dynamics, resulting in small EDs, compared

with non-interacting protein pairs (Figure S3C). Additionally, we

cross-examined known protein complexes (from comprehensive

resource of mammalian protein complexes [CORUM], marked as

‘‘CORUM complexes’’)36 by comparing the distances in mRNA

binding dynamics. RBPs within the same complexes (Figure 3E,

left, red) displayed significantly smaller EDs, compared with

randomly selected proteins (Figure 3E, left, white). We re-

analyzed previous data, which classified mRNP complexes
notation in Human Protein Atlas. ‘‘Both’’ refers to proteins that are known to be

y axis of both plots indicates proximity labeling-based prediction of subcellular

ak binding time of each protein, and the x axis of the right plot represents the

the number of proteins belonging to each category.
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Figure 3. Protein-RNA and protein-protein interactions comply with temporal mRNP remodeling

(A) Location of eCLIP peaks of 76 RBPs in HepG2 (left) and 85 RBPs in K562 (right), which overlap between our data and the ENCODE data. The number of

proteins in each cluster is shown on the right.

(B) Scatterplots illustrating the correlation between peak binding time of each RBP (x axis) and median half-lives of eCLIP-identified target mRNAs (y axis, from

Tani et al.18). Only target mRNAs with exonic eCLIP peaks were considered for median half-life calculation. The color of each dot represents the number of target

genes with exonic peaks. Gray dashed line indicates the median half-life of all mRNAs with exonic peaks in any RBP’s eCLIP. See Figure S3A for additional

information. Pearson’s correlation coefficients (r) are indicated in each plot.

(C) A protein-protein interaction (PPI) network of RBPs found in this study (color-coded to indicate their respective clusters). A graph with the largest number of

connected proteins (n = 355) was chosen for visualization. The proteins with the most interactions in each cluster are shown as square nodes.

(legend continued on next page)
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(from differential fractionation [DIF-FRAC] method, marked as

‘‘DIF-FRAC’’ complexes)33 into two groups based on RNase

sensitivity: ‘‘apo-stable’’ RNPs (RNase-insensitive;RNA-indepen-

dent) and ‘‘structural RNPs’’ (RNase-sensitive; RNA-dependent).

The apo-stable RNP components demonstrated significantly

smaller distances in RNA dynamics, compared with random pro-

tein sets (Figure 3E, middle), while structural RNP components

did not (Figure 3E, right). This result implies that proteins interact-

ing with one another independently of RNA tend to join mRNP

simultaneously. Overall, PPI and mRNA binding dynamics are in

good agreement, indicating that proteins interacting with one

another constitute stage-specific RNPs together.

Despite the good overall agreement between PPI and mRNA

binding dynamics, some RBPs display markedly different dy-

namics from their known PPI partners, represented by large

EDs (Figure S3D; Table S3). For instance, a late binder MOV10

(cluster VII) has been reported to interact with both early binders

(such as XRN2) and late binders (such as UPF1, STAU2, and

IGF2BPs) and has been implicated in splicing, translation, and

mRNA stability control (Figure S3E). The RNA binding time re-

vealed in this study suggests that the majority of MOV10 mole-

cules act in the late stage of the mRNA life cycle, at least under

our experimental conditions.

Early binders involved in transcription and processing
We examined individual representative RBPs with well-estab-

lished functions (Figure 4A). Large subunits of RNA polymerase

II (RNA Pol II) (POLR2A and POLR2B) exhibited the maximal

level of interaction at chase time 0 min, then swiftly declined

(Figures 4A and 4B). Similar or slightly delayed binding patterns

were observed with transcription elongation factor (SUPT5H),

anti-termination factors (SCAF4 and SCAF8), histone chap-

erone facilitates chromatin transcription (FACT) complex com-

ponents (SSRP1/FACT80 and SUPT16H/FACT140), transcrip-

tional regulators (PHF3 and ZNF579), and the epigenetic

regulator human silencing hub (HUSH) complex components

(FAM208A/TASOR and PPHLN1). Considering the delayed

4sU incorporation resulting from cellular uptake and the time

required for transcriptional elongation (4–12 min for a median-

length human gene of 24 kb37), it is likely that RBPs enriched

at 0 min are associated mostly with newly transcribed tran-

scripts. Given our experimental design using oligo(dT) capture,

their presence was unanticipated as these proteins function

before the polyadenylation step. To see if the nascent RNAs

were captured due to internal A-rich sequences, we analyzed

the MTS-biotin-RNA-seq data (Figure S4A). We could not find

a significant enrichment of internal A-rich sequences in the

labeled RNAs captured at 0 min. Thus, our data are more

consistent with a recent proposal that Pol II and newly tran-

scribed transcripts may incorporate into RNP complexes in nu-

clear matrix, where poly(A)-tailed pre-mRNAs are retained for

further processing steps for some period.38
(D) PPIs within and between clusters. To calculate the normalized enrichment of

clusters. This generated null distributions for PPI counts, from which the Z score

(E) Violin plots of average Euclidean distances of mRNA binding dynamics, per pro

Boxplots inside the violin plots show the median (center dot), first and third qua

range (whiskers). CORUM: all protein complexes in the CORUM database. DIF-F
At 0 min, we also detected 30 end processing factors, but their

levels increased further to reach their peak binding times at

10–30 min. We detected the components of cleavage stimulation

factor (CstF) complex (CSTF3, CSTF2, and CSTF1), CPSF com-

plex (FIP1L1, WDR33, CPSF4, and RBBP6), and cleavage factor

Im (CFIm) complex (CPSF6, CPSF7, and CPSF5/NUDT21), which

are known to interact with the downstream U/GU-rich element,

AAUAAA polyadenylation signal, and upstream U-rich/UGUA-

rich element, respectively. It is noted that these factors remain

bound to processed mRNAs.39 In contrast, non-RNA binders

and enzymes, such as CPSF1/CPSF160, CPSF2/CPSF100,

CPSF3/CPSF73, Symplekin, poly(A) polymerase, and the CFIIm

components, were not detected in our experiment, consistent

with the notion that these factors do not directly or stably interact

with mRNA (Figure S4B).39

Compared with the 30 end processing factors, splicing-related

factors showed slightly delayed dynamics (Figures 4C and S4C,

peak binding times 20–40 min). Given that our method enriches

polyadenylated RNAs, our result indicates that a proportion of

spliceosomes may assemble posttranscriptionally after polya-

denylation. We detected the U1 and U2 small nuclear ribonu-

cleoprotein particle (snRNP) components and the A complex

proteins slightly earlier than the U4/U6.U5 tri-snRNP compo-

nents and proteins associated with the B, Bact, and C complexes

(Figure S4C). The peak binding times of U1 and U2 components

are 7min earlier on average than those of tri-snRNP components

(p = 0.002, two-sided t test). This result is consistent with the

known order of spliceosome assembly.

Nuclear pre-mRNA/mRNA binding proteins, such as nuclear

cap binding protein 2 (NCBP2/CBP20), hnRNPs, SR proteins,

and nuclear PABP (PABPN1), peaked at similar or slightly later

time points (approximately 45 min), compared with splicing fac-

tors (Figure 4C). Immediately following these proteins, we found

the nuclear export factor 1 (NXF1) (peak binding time, 50 min).

Intriguingly, the transcription-export (TREX) complex compo-

nents (ALYREF/THOC4, UAP56/DDX39B, CHTOP, and SARNP/

CIP29) known to recruit NXF1 were not detected until later

(maximal peak times, 67–77 min) (Figure 4D), suggesting that

the majority of NXF1 molecules may be recruited independently

of TREX. At comparable time points, many other proteins re-

ported to be involved in mRNA export are also recruited:

RBM33, ZC3H11A, FYTTD1/UIF, POLDIP3/SKAR, NCBP3,

API5, CCDC9, and LRPPRC (Figure S4D). Our result indicates

that the export-competent mRNP is assembled mainly at

60–70 min chase time (considering the labeling time, this may

correspond to 30–80 min posttranscription). Thus, a drastic re-

configuration may take place at this point to generate an mRNP

with distinct composition and structure.

The high temporal resolution of our data allowed us to observe

differences between related proteins. For instance, while most

hnRNPs, which bind and regulate pre-mRNAs, showed similar

dynamics (Figure S4E), one notable exception was HNRPQ
PPIs, Z scores were calculated through 10,000 iterations of randomly shuffling

s were derived.

tein complex. p values were calculated by the two-sidedMann-Whitney U test.

rtiles (lower and upper box limits, respectively), and 1.5 times the interquartile

RAC complexes: RNA binding protein complexes, defined by Mallam et al.33
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Figure 4. Expected and unexpected mRNA binding dynamics of mRBPs

(A) mRNA binding dynamics of RBPs known to participate in mRNA transcription.

(B) mRNA binding dynamics of RBPs known to participate in transcription or putative mRNA transcription regulators enriched at 0 min (peak binding time = 0),

shown as log2 fold change over control (No-4sU).

(C–E) mRNA binding dynamics of RBPs known to bind nuclear mRNAs (C), participate in mRNA export (D), and compose exon junction complexes (EJCs, E).

(F) Schematic diagram of m6A RNA modification and mRNA binding dynamics of m6A RNA modification-related proteins.

(G) mRNA binding dynamics of RBPs known to bind cytosolic mRNAs.
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(also known as hnRNP Q or SYNCRIP), detected substantially

later than the other hnRNPs. This observation supports previous

findings that HNRPQ/SYNCRIP modulates mRNA translation

and decay.40,41

Furthermore, the core EJC components (EIF4A3, MAGOH,

and RBM8A/Y14) precede CASC3/MLN51/BTZ that is not

essential for EJC formation and mainly located in the cytoplasm.

PYM1 that functions in EJC recycling in the cytoplasm is indeed

detected substantially later than the core EJC subunits

(Figure 4E).42

Factors involved in m6A modification present another inter-

esting example of dynamic mRNA interaction (Figure 4F). The

nuclear writer complex components (VIRMA, RBM15, and

ZC3H13) are followed by the nuclear reader (YTHDC1), nuclear

eraser (ALKBH5), and cytoplasmic readers (e.g., YTHDF2,

YTHDF3, YTHDC2, and YTHDF1).43,44 The writer complex com-

ponentswere detected earlier than EJC (Figures 4E and 4F), sug-

gesting that the loading of the m6A writer may begin before

splicing and EJC loading. Whether or not the modification reac-

tion takes place before EJC assembly is currently unclear and

will be an interesting topic to investigate.

mRNP remodeling in the cytoplasm
Cytoplasmic PABPs (PABPC1 and PABPC4) increase gradually,

reaching the maximal level at 120–140 min (Figure 4G). In part,

this result may reflect large variations in the rates of export and

cytosolic remodeling between mRNA species. Alternatively,

but not mutually exclusively, PABPCmolecules may accumulate

on poly(A) tail incrementally rather than all at once after nuclear

export. Note that the fourth RRM motif of PABPCs have low

specificity, allowing their binding and crosslinking to the 30

UTR.45 High-density loading of PABPCs on poly(A) tail would

allow frequent interaction between the 30 UTR and PABPC.

Translation factors like EIF4A1 and EIF4G peak at around

100min chase time (corresponding to 70–110min posttranscrip-

tion), indicating active translation by this point (Figure 4G). EIF4E,

the cytosolic canonical cap binding protein, was not detected in

our experiment, likely due to its poor crosslink ability. We identi-

fied EIF3D, alongside its co-factor EIF4G2/DAP5, exhibiting

slightly delayed dynamics, compared with EIF4G/EIF4G1, which

implies their preferential binding to aged mRNAs and/or their

specificity to a subset of mRNAs.

Posttranscriptional suppressors such as the Argonaute pro-

teins (AGO2 and AGO3), Pumilio proteins (PUM1 and PUM2),

and YTHDF proteins (YTHDF2 and YTHDF3) also emerged at

similar time points (Figure S4F), suggesting that they may start

to impact translation and deadenylation soon after nuclear

export.

We noticed that the majority of RBPs show a single peak, but

some proteins bind to RNA across a broad range of chase time

rather than at a specific time point (Figure S4G). GEMIN5 is

known to function in snRNP assembly through its N-terminal

domain and regulates mRNA translation via its C-terminal

domain.46 GEMIN5 seems to peak both at 30–45 and 240 min,

reflecting its multiple roles. Similarly, SND1 and NFX1, also

known to be multifunctional, exhibited broad binding patterns.

Our current findings help us rethink the current model of

mRNP remodeling (Figure 5A). For validation of mRNA binding
dynamics, we conducted western blot analyses after 4sU-label-

ing, PAR-crosslinking, and oligo(dT) capture (Figure 5B). Consis-

tent with the mass spectrometry data, the Pol II subunit POLR2

was detected primarily at the earliest time point, which was fol-

lowed by nuclear RBPs such as hnRNPA1, SRSF7, PABPN,

and TDP-43. The export receptor NXF1 appeared prior to

eIF4A3, the EJC subunit, and ALYREF, the TREX component.

Cytosolic translation factors, PABPC4 and EIF4G2, were de-

tected later. Late binders such as LARP1, FMRP, and G3BP1

reached the highest levels at 4–5 h. Thus, the results from west-

ern blotting confirmed our mass spectrometry-based dataset.

Aged mRNPs are enriched with SG proteins
It was intriguing to us that the clusters VI and VII are highly en-

riched with GO terms related to ‘‘cytoplasmic RNP granules’’

and ‘‘SG assembly’’ (Figures 2B and 2E), even though we did

not expose the cells to any stressors.Whenwe performed immu-

nofluorescence experiments with an antibody against G3BP1,

an SG marker, we did not see any discernible foci (Figure 6A),

indicating that SGs were not formed under our experimental

conditions.

Despite the absence of SGs, we found that a majority (63%) of

cluster VII proteins overlap with ‘‘G3BP1 interactome’’47 (Fig-

ure 6B), which include G3BP1, FMR1, LSM14A, and UBAP2/

UBAP2L. Most of these proteins have been reported to bind to

G3BP1 independently of stress.47 We further compared our

RBPs with those known to localize to cytosolic granules such

as SGs and PBs.48–50 Remarkably, 67% and 74% of cluster VI

and VII proteins were described as SG proteins, respectively,

while PB proteins are not strongly enriched in late clusters (Fig-

ure 6C; Table S4). Furthermore, 26% of cluster VII proteins were

annotated as the regulators of SG formation as well as the struc-

tural core proteins of SG (Figure 6D). Out of 36 proteins previ-

ously reported as SG regulators and core proteins, 16 proteins

belong to cluster VI or VII (Figure 6E). Therefore, aged mRNPs

detected in our experiments are similar to SGs in its protein

composition.

We observed frequent PPIs within and between clusters VI

and VII (Figures 3D and 6F). Themajority of these interacting pro-

teins are indeed SG proteins, while those not participating in the

interaction networks are predominantly non-SG proteins (Fig-

ures 6F and 6G). The considerable overlap between the SG pro-

teome and late mRNPs, along with the frequent PPIs among late

binders, suggests that late-stage mRBPs may form submicro-

scopic RNPs with similar properties to SGs.

Interaction between viral RNAs and late binders
Cluster VII also contains many RBPs that are known to interact

with RNA viruses. Proteomics-based approaches on RNA vi-

ruses have identified a large number of RBPs known to interact

with viral RNAs (viral RBPs [vRBPs]).51–55 We found that 354

RBPs identified in our study have previously been described as

vRBPs (Figure S5A; Table S4).

All seven temporal clusters contain vRBPs; however, we

observed marked enrichment of vRBPs among late binders,

most notably in cluster VII (Figure S5B). Transcripts of single-

stranded positive-sense RNA viruses such as coronaviruses (se-

vere acute respiratory syndrome coronavirus 2 [SARS-CoV-2]
Molecular Cell 84, 1–19, May 2, 2024 9
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Figure 5. A model for mRNP remodeling through mRNA life cycle and validation of mRNA binding dynamics with western blots

(A) Suggested model of mRNP remodeling through mRNA life cycle, based on mRNA binding dynamics.

(B) Validation by western blotting. Input represents 0.01% of the lysate that is used in the 0min RIC sample. No-4sUmeans the RIC elution sample obtained from

unlabeled cells. All blots were generated with the same set of samples except hnRNPA1, which was loaded at one-third the amount of the other samples.
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and human coronavirus OC43 [HCoV-OC43]) and flaviviruses

(dengue virus and zika virus), which replicate within the cyto-

plasm, showed particularly strong enrichment with late clusters.

This enrichment is not solely attributed to the cytosolic localiza-

tion of late binders, as the same analysis restricted to the cyto-

solic proteins also exhibited higher enrichment in clusters VI

and VII (Figure S5C). Moreover, we noticed that SG proteins

frequently appeared among vRBPs in clusters VI and VII (Fig-

ure S5D). The SG protein proportion among vRBPs was higher

than that among the host mRNA interactome across all clusters.

In the intersection among cluster VII, SG, and vRBP, we found

well-known antiviral proteins such as DDX3X and ZC3HAV1/

ZAP. These associations imply the roles of the granule-forming

late binders in viral life cycle.

Systemic identification of RBPs with unexpected RNA
binding dynamics
While mRNA binding dynamics align well with previously re-

ported characteristics in general, some RBPs showed signifi-
10 Molecular Cell 84, 1–19, May 2, 2024
cant discrepancies between their RNA binding times and known

functions, localizations, and PPIs, implying undiscovered

functions for these RBPs. To systematically identify RBPs with

unexpected dynamics, we developed a regression method

that predicts mRNA binding dynamics based on annotated

characteristics (Figure 7A; for detailed information, see the

STAR Methods section). We compiled a gene-GO term table

that includes the RBPs identified in this study along with their

corresponding GO term annotations. Due to the redundancy

of certain GO terms (e.g., RNA binding and ‘‘nucleic acid bind-

ing’’), we applied multiple correspondence analysis (MCA) to

compress the information into a lower dimension. Subse-

quently, with the MCA-converted GO annotations, we fitted a

ridge regression model to predict the Z score of a given

RBP’s quantity at each time point.

The coefficient of determination (R2) between the observed

and expected Z scores at each time point ranged 0.55–0.79 (Fig-

ure S6A). Despite the overall high performance of our prediction

model on well-annotated RBPs (Figure S6B; Table S5), we
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Figure 6. Stress granule proteins are enriched in aged mRNPs

(A) Immunofluorescence against G3BP1 (green) and DAPI (blue) in HeLa cells. Sodium arsenite treatment was used as a positive control for stress granule (SG)

formation.

(B) Proportion of stress-dependent (purple) or stress-independent (orange) G3BP1 interactors in each cluster. The list of G3BP1 protein interactors were from

Markmiller et al.47

(C) Proportion of SG and P-body (PB) proteins in each cluster. The tier 1 SG and PB lists from the RNA granule database (v1.0) were utilized.

(D) Proportion of SG core constituents (enriched in SG pull-down proteome) and SG regulators (necessary for SG formation, identified by genetic screening) that

belong to each cluster. ‘‘Both’’ indicates proteins that were reported as both SG core and SG regulators. The protein lists were obtained from Yang et al.48

(legend continued on next page)
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observed some RBPs with substantial differences between the

expected and observed mRNA binding dynamics (Figures 7B–

7D and S6C; Table S5). Under-characterized RBPs, sparsely

covered in literature, generally displayed high prediction errors

(Figure S6D). We sorted RBPs based on the difference between

the expected and observed dynamics (Figures 7B–7D). RBPs at

the top or bottom of this list bind to mRNA earlier or later than

our model predicts. For example, LSM14B, FAM120A, and

FAM120C, which are poorly studied and associated with only a

few GO terms (‘‘ribonucleoprotein complex,’’ ‘‘mRNA binding,’’

RNA binding, and ‘‘regulation of translation’’), were predicted

as an intermediate binder (cluster V), but they actually associate

with mRNAs at very late time points (cluster VII). The dynamics of

these RBPs suggests their function in the last stage of mRNA life

cycle. Thus, our temporal RNA interaction data not only supple-

ment current knowledge but are also useful for identifying under-

characterized RBPs.

DISCUSSION

This study is the first longitudinal proteomic analysis of mRNPs

with a high temporal resolution. Although numerous studies

have been performed for decades to assign the functions and lo-

calizations of RBPs, from which the sequential orders of mRNA

binding have been inferred, direct and quantitative data have

not been available. The high resolution of our data allows us to

detect even subtle differences in mRNA binding dynamics, es-

tablishing the chronological orders of RNA-protein interactions

throughout the mRNA life cycle.

To foster community access to our data, we developed an

interactive web application available at https://chronology.rna.

snu.ac.kr (Figure S7A). This platform enables the search for

specific RBPs via their UniProt accessions or gene symbols.

For each RBP, we provide detailed and comprehensive infor-

mation on mRNA binding dynamics, subcellular localization,

GO-based prediction of mRNA binding dynamics, and protein

interactors. Furthermore, our web application allows re-

searchers to compare the mRNA binding dynamics of multiple

RBPs of interest and to create combined line plots of the

mRNA binding dynamics. This tool is very useful for comparing

proteins with related functions. In addition, our web application

may assist the studies on RBPs implicated in human diseases

(Figure S7B). For instance, TDP43, EWS, TAF15, FUS, and

hnRNPA1 whose mutations are implicated in amyotrophic

lateral sclerosis belong to cluster II or III, indicating their original

roles in nuclear pre-mRNP processing. FMRP, responsible for

fragile X syndrome, belongs to cluster VII, along with its paral-

ogs FXR1 and FXR2, which is consistent with their proposed

role as translational repressors.56 An oncogene, SND1, has

been implicated inmultiple steps from transcription and splicing

to mRNA stabilization. SND1 showed a broad binding pattern in

the late time points after 90 min, indicating its major role as a

posttranscriptional regulator.
(E) Number of SG proteins that belong to different temporal clusters. SG regulato

(F) Interaction networkmap of proteins belonging to cluster VI, cluster VII, and thei

marked as square nodes. Gene names of cluster VI and VII proteins are marked

(G) The number of SG and non-SG proteins among the connected cluster VI, VII
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The temporal sequence of RBPs’ binding is largely consistent

with their subcellular location and molecular interaction data.

However, there were many unanticipated findings. Particularly

interesting was the strong overlap between cluster VII and

SG proteome, which includes FMR1/FXR1/FXR2, G3BP1/2,

UPF1, MOV10, DDX3X, YBX1/3, LSM14A/B, STAU2, PURA/B,

IGF2BP1/2/3, UBAP2/UBAP2L, FAM120A/C, LARP1/4B, SND1,

and ZC3HAV1. Recent studies have shown that SG components

interact with one another and co-localize in the cytoplasm even in

the absence of stress, implying that there might be a ‘‘pre-SG’’

complex in normal cell condition.47,57 One can envision that at

least part of these proteins are recruited to old mRNAs, forming

submicroscopic complexes. This RNP assembly might be part

of the natural process ofmRNAaging even under unstressedcon-

ditions. Given that some of these proteins are implicated in trans-

lational repression and decay, this aged mRNP complex may be

in a ‘‘retired’’ state, in which mRNA translation is less active,

compared with those in ‘‘younger’’ mRNPs. Because SG forma-

tion per se does not prevent translation,58 the assembly of the

SG proteins on old mRNAs is likely to be a consequence, rather

than a cause, of the natural process of ‘‘translational retirement.’’

Whether or not this complex is indeed less active in translation,

what triggers the changes in mRNP composition, how ‘‘old’’

mRNA is distinguished from ‘‘young’’ mRNAs, and if liquid-liquid

phase separation is involved in this process will be interesting

topics for future studies.

It is also noteworthy that this very late-binding group is highly

enriched with proteins that bind to viral transcripts (vRBPs),

particularly those from coronaviruses and flaviviruses, which

possess mRNA-like positive-sense single-stranded RNA ge-

nomes. Such vRBPs, including DDX3X and ZC3HAV1/ZAP,

may play roles in antiviral defense, possibly by sequestering viral

RNAs, while some of them could be repurposed by viruses to

facilitate viral proliferation.59,60 It will be interesting to investigate

the functions of these late-binding RBPs in the viral infec-

tion cycle.

Another intriguing observation involves nuclear export fac-

tors. The export receptor NXF1 is known to be recruited by

‘‘adapter proteins’’ like TREX and SR proteins (SRSF3/SRp20

and SRSF7/9G8).61,62 Our current data show that NXF1 is cate-

gorized under cluster III and is recruited shortly after SR pro-

teins (mainly cluster II) but before TREX (cluster V) (Figures 4D

and 4E). NXF1 can directly interact with mRNAswithout adapter

molecules in vitro, and it has been detected in many mRNA in-

teractome capture studies.9 Ultraviolet light C (UVC)-based

CLIP sequencing (CLIP-seq) analyses revealed that NXF1 binds

broadly to exons, with a modest enrichment in the 30 UTR near

SRSF binding sites.63 This implies that SRSF proteins might

assist NXF1’s direct binding to RNA. It is worth noting that

UVC-based CLIP-seq data show that the splicing index of

target RNAs of NXF1 is comparable to that of the SRSF proteins

(Figures S8A and S8B),63 while ALYREF shows a stronger pref-

erence for spliced mRNAs (exon-exon boundary) compared
r and SG core protein were from Yang et al.48

r interactors (n = 298). SG proteins (SG tier 1 in RNA granule database [v1.0]) are

above their respective nodes.

proteins in (F) and not connected (singleton) cluster VI, VII proteins.

https://chronology.rna.snu.ac.kr
https://chronology.rna.snu.ac.kr
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Figure 7. RBPs of unexpected mRNA binding dynamics

(A) Schematic of themRNA binding dynamics prediction model based on GO-term annotations. The gene-GO term table is encoded to numbers and transformed

to the lower dimensions, by themultiple correspondence analysis (MCA, left column). For each time point, a ridge regressionmodel is fitted to find the relationship

between theMCA-convertedGO annotations and Z score-normalized intensities. Model fitting was repeated for all 10 time points (middle column). The difference

between the observed and expected values reveals RBPs that bind earlier or later than predicted (right column).

(B andC) Unexpected early (B) or late (C) binders. Shown are RBPswhose slope of the observed-minus-expected Z score is higher than 0.15 or lower than�0.15.

(D) Observed and expected mRNA binding dynamics of selected RBPs.
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with NXF1 (Figures S8C and S8D).63–65 Taken together, NXF1

might be largely recruited before ALYREF. While we do not

exclude the potential role of TREX in NXF1 recruitment, it seems
that TREX primarily functions either at the final stages of nuclear

mRNP remodeling or binds to a subset of mRNAs, which are

processed more slowly and extensively (Figure 5A).66
Molecular Cell 84, 1–19, May 2, 2024 13
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Importantly, the EJC core proteins (EIF4AIII, MAGOH, and

RBM8A/Y14) and the TREX components (ALYREF/THOC4,

UAP56/DDX39B, CHTOP, and SARNP/CIP29) show distinctly

delayed dynamics (as cluster V, at 60–70 min chase time),

compared with 30 processing factors (clusters I or II), PABPN

(cluster II), spliceosome components (mainly cluster II), and SR

proteins (cluster II). The components of apoptosis- and splicing-

associated protein (ASAP) complex (RNPS1, SAP18, and

ACIN1) and its alternate componentPNN,whichare knownaspe-

ripheral EJC proteins, belong to cluster IV and bind to mRNA

slightly earlier than EJC (Figure 4E). Because transcription-

related factors are strongly reduced by 30–45 min and PABPN

reaches its maximal level at 30–45 min, it is highly likely that

ASAP, EJC, and TREX join the mRNP primarily after the comple-

tion of splicing andpolyadenylation. These findings are surprising

given that TREX is known to function in conjunction with RNA po-

lymerase and is recruited co-transcriptionally.67Ourdata demon-

strate that humanmRNP undergoes a drastic posttranscriptional

remodeling after the completion of transcription and RNA pro-

cessing. A large number of RBPs, including ASAP, EJC, and

TREX, join the processed mRNP at 60–70 min chase time (which

corresponds to about 30–80 min after transcription). This remod-

eling step might allow the compaction and preparation of

mRNP for nuclear export and be largely ‘‘uncoupled’’ from tran-

scription. This finding challenges the current view of mechanistic

‘‘coupling’’ between transcription and export.

Other cluster IV or V proteins may also play important roles in

mRNP remodeling and export. A notable example is ZC3H14, a

deeply conserved nuclear PABP whose homolog, Nab2, is

known to be required for poly(A) tail length control and mRNA

export in yeast, fly, and human.68 Although Nab2 was thought

to couple multiple processes from transcription, polyadenyla-

tion, and export, a recent in-depth analysis showed that human

Nab2/ZC3H14 interacts with EJC and TREX and that it mediates

mRNA export,69 which is in line with our temporal data. Two nu-

clear PABPs, PABPN1 (cluster II) and ZC3H14 (cluster IV), show

different dynamics, indicating distinct roles. It awaits further

studies as to if and how these two proteins co-occupy the

same mRNA and which role each protein plays (Figures 4C

and S4D). Apart from ZC3H14, clusters IV and V contain many

other proteins implicated in mRNA export, including RBM33

(IV), ZC3H11A (IV), FYTTD1/UIF (V), POLDIP3/SKAR (V),

NCBP3 (V), API5 (V), CCDC9 (V), and LRPPRC (V).70–73 These

proteins may constitute and mark the export-competent

mRNP, which is likely to be protein-rich and compact. By

comparing spliceosome Bact complex and TREX, we can esti-

mate that it takes approximately 25 min to form the export-

competent mRNP complex after posttranscriptional splicing

(Figure 5A). Our time-resolved data highlight the need to re-visit

the mechanisms of nuclear mRNP remodeling and mRNA

export. It will be interesting to find out how these RBPs are orga-

nized and interact with one another to construct a compact

structure. Our discovery of RBPs marking this stage will help pu-

rify and examine the composition, structure, and function of the

mature export-competent mRNP.

In this study, we found many RBPs with unanticipated binding

dynamics. To systematically identify them, we trained a machine

learning model to predict mRNA binding dynamics from GO an-
14 Molecular Cell 84, 1–19, May 2, 2024
notations. This model was then applied to screen under-charac-

terized RBPs by comparing the observed and expected dy-

namics. We found numerous RBPs that bind to mRNA earlier

or later than expected, revealing proteins with potentially un-

known functions and/or multiple functions. For instance, we

discovered ILF3/NF90 as an early binder in cluster III (Figure 7D).

ILF3 has been implicated in various processes such as transcrip-

tion, microRNA maturation, pre-mRNA splicing, RNA export,

translation, and mRNA degradation.74,75 However, recent eCLIP

experiments showed a high proportion of intron peaks (Fig-

ure S7C), suggesting ILF3’s binding to pre-mRNAs rather than

mature mRNAs. This aligns with our data and suggests a role

of ILF3 mainly in pre-mRNA processing. Another example is

CIRBP identified as an early binder in cluster II (Figure 7D).

Although CIRBP has been described as a regulator of mRNA sta-

bilization and translational activation,76,77 it is predominantly in

the nucleus and partially relocates to the cytoplasm only under

stress conditions.78 Our result supports its nuclear function in

unstressed conditions. Our annotation-based predictionmethod

and the temporal RNA binding data will provide a useful resource

for RBP research.

The methodology used in this study is readily adaptable to

other biological contexts, provided that pulse chasing and UVA

crosslinking are feasible. For instance, a loss-of-function study

could be combined with this method to explore an RBP’s func-

tion in mRNP remodeling. Given that some RBPs are associated

with genetic disorders, examining the impact of their mutations

in disease models could be informative. One could also scruti-

nize the effects of pharmacological inhibitors/agonists on

mRNP remodeling. Investigating themolecular effects of splicing

or translation inhibitors, currently under clinical trials or in use for

cancer and genetic diseases, could be enlightening.79–82 More-

over, temporal mRNP profiling during cell reprogramming and

under stress conditions could reveal potential alterations in

mRNP remodeling in cells coping with differentiation signals

and stressors, such as amino acid deprivation, endoplasmic re-

ticulum (ER) stress, heat shock, viral infection, and inflammation.

This approach could introduce a time dimension to the under-

standing of posttranscriptional gene regulation.

We have excluded RBPs with well-established functions in the

mitochondrial RNA and rRNA pathways from our analyses. How-

ever, these proteins were quantitated reproducibly in our exper-

iments, providing useful additional information. Proteins involved

in mitochondrial mRNA transcription and processing factors

bind to RNA earlier than decay factors and stability regulators,

as expected (Figure S7D).83 We could also quantitate RNA bind-

ing dynamics of nucleolar RBPs, which are overall consistent

with their proposed sub-organellar localizations (Figure S7E).84

Given their abundance, time-resolved profiling is readily attain-

able for mitochondrial RNAs, rRNAs, and small nuclear RNAs

(snRNAs) and therefore could offer valuable insights into the

complex processes of mitochondrial gene regulation, ribosome

biogenesis, and spliceosome biogenesis.

Limitations of the study
Aswe used PAR-crosslinking, our data do not fully capture RBPs

that bind to RNA in uridine-depleted regions or those that cannot

be crosslinked efficiently by UVA. In the future, orthogonal
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crosslinking methods will help us to gain a more comprehensive

view of RNP remodeling.

The current study utilized an oligo(dT) capture method to

analyze poly(A)+ mRNAs. Thus, our protocol depletes mRNAs

that either lack a poly(A) tail (such as replication-dependent his-

tonemRNAs) or possess very short poly(A) tails (such as nascent

transcripts and decay intermediates). As a result, the RBPs

quantified in this study do not fully represent co-transcriptional

processing factors or decay factors (Figure 5A, indicated within

dotted boxes). Future studies might consider using organic

phase separation-based methods to capture total RNPs,

although this could introduce its own limitations due to a lack

of RNA specificity.85,86

Ideally, future studies should aim to isolate and analyze gene-

specific mRNPs, using specific antisense oligos as baits, to

overcome the limitations of bulk analysis. Bulk mRNA capture

used in this study does not account for gene-specific regulatory

mechanisms. Also, with bulk analyses, the proportion of stable

mRNAs modestly increased over time, enriching RBPs that pref-

erentially associate with stable mRNAs at later time points.

Currently, gene-specific capture presents a major technical

challenge due to the low copy numbers of individual mRNA spe-

cies and the detection limits of mass spectrometry. Therefore, a

substantial technical improvement in mass spectrometry is

needed to overcome these limitations.
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MS-GF+ Kim and Pevzner88 version 2020.07.02

ProteomeDiscoverer Thermo Fisher Scientific version 2.4

python https://www.python.org/ version 3.8.5

The scipy python package https://scipy.org/ version 1.4.1

The numpy python package https://numpy.org/ version 1.23.5

The pandas python package https://pandas.pydata.org/ version 1.1.3

The scikit-learn python package https://scikit-learn.org version 0.23.2

R version 3.6.3 https://www.r-project.org/ version 3.6.3

The DEqMS R package Zhu et al.89 version 1.4.0

The EmpiricalBrownsMethod R package Poole et al.90 version 1.14.0

R version 4.1.0 https://www.r-project.org/ version 4.1.0

The org.Hs.eg.db R package https://bioconductor.org/packages/

release/data/annotation/html/

org.Hs.eg.db.html

version 3.14.0
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, V. Narry

Kim (narrykim@snu.ac.kr).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Published datasets used in the study are provided in the key resources table under Deposited Data. All LC-MS3 data used in

this study is available at the PRIDE database under accession number: PXD039054. RNA-seq data are available at Gene

Expression Omnibus (GEO) under accession number GSE256124. The original images of the study are publicly available at

https://doi.org/10.5281/zenodo.10688611.

d The data analysis codes are available at https://doi.org/10.5281/zenodo.10688611.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All cell lines used in this study tested mycoplasma-negative. HeLa (gift from C.-H. Chung at 580 Seoul National University) was

authenticated by ATCC (STR profiling) and were grown in DMEM (Welgene, LM 001-05) containing 10% fetal bovine serum (FBS

[Welgene, S001-01]).

METHOD DETAILS

Capture of the pulse-chased RNA interactome
HeLa cells were maintained in DMEM (Welgene) supplemented with 9% FBS (Welgene, cat#S001-01) and cultured at 37�C with 5%

CO2. Four 150mm dishes were used for each time point sample. For pulse-labeling, cells were incubated with 0.5mM 4-thiouridine

(Sigma-Aldrich, cat#T4509) for 10min as suggested in previous papers.91,92 After washing three timeswith cold PBS, cells were incu-

bated with DMEM supplemented with 1mM uridine until UV irradiation. A ‘‘No-4sU’’ sample was used as a negative control. After

incubation with the uridine supplemented DMEM for a certain designated incubation time (0-5 h), the pulse-chased cells were

washed with cold PBS and irradiated with 365nm UV for 0.45J/cm2. After crosslinking, cells were immediately harvested and

snap frozen in liquid nitrogen, and kept at �80 �C until further processing. Cell pellets were treated with TURBO DNase solution

(160 Units per 150 mm dish, 1X TURBO DNase buffer in PBS) at 37�C for 30 min following the protocol in Lee et al.51 The 2X lysis

buffer (40mM Tris-HCl pH 7.5, 1M LiCl, 1% LiDS wt/vol, 1% NP40 wt/vol, 2mM EDTA, 10mM DTT, 8M Urea) were added to lyse

the DNase treated cells. Lysates were homogenized by passing the lysate with a 21G needle. After measuring the amount of total

protein with BCA assay, samples containing equal amounts of proteins (15mg) were used for RNA interactome capture (RIC). RIC
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was performed as in previous papers5 with the following modifications. Oligo(dT) bead (NEB, cat#S1419S), which was washed with

lysis/binding buffer (20mMTris-HCl pH 7.5, 500mMLiCl, 0.5% LiDSwt/vol, 0.5%NP40wt/vol, 1mMEDTA, 5mMDTT, 4MUrea), was

added to the lysate and incubated at room temperature for an hour. Beads were collected with the magnet, and the supernatant

(‘‘flowthrough’’) was transferred to a new tube and stored at 4�C for the additional capture (see below). The collected beads were

washed once with lysis/binding buffer followed by two washes with wash buffer 1 (20 mM Tris-HCl pH 7.5, 500 mM LiCl, 0.1%

LiDS wt/vol, 0.5% NP40 wt/vol, 1 mM EDTA, and 5 mM DTT), wash buffer 2 (20 mM Tris-HCl pH 7.5, 500 mM LiCl, 0.5%

NP40 wt/vol, 1 mM EDTA, and 5 mM DTT), and wash buffer 3 (20 mM Tris-HCl pH 7.5, 200 mM LiCl, 1 mM EDTA and 5 mM

DTT). All wash steps were performed at room temperature using pre-chilled wash buffers. For elution, beads were resuspended

in 300 ml of elution buffer (20 mM Tris-HCl pH 7.5, 1 mM EDTA) and incubated for 3 min at 65�Cwith agitation before the supernatant

containing eluted proteins was transferred to a fresh tube and stored. The elution step was repeated. The beads and the flowthrough

from the first capture step were mixed to capture the residual RNPs remaining in the flowthrough. The incubation, wash, and elution

steps were repeated, and the eluted proteins were combined with the eluted proteins from the first round.

Peptide sample preparation and TMT labeling for quantitative proteomics analysis
RNA-binding proteome samples collected via oligo(dT) bead pull down were first concentrated to 80 ml using speed-vac (Concen-

trator plus, Eppendorf) and then reduced with 20 mM dithiothreitol (DTT) (Sigma-Aldrich) at 37�C for 1h. The samples were placed

onto 30kDa molecular weight cut off (MWCO) filter (Amicon 30kDa, Merck Millipore) along with the 200 ml of urea buffer (8 M urea in

25 mM HEPES buffer, pH 8.5), followed by centrifugation at 15,0003g for 15 min at 24�C. Each sample was then reconstituted with

200 ml of the urea buffer and centrifuged again (twice). The samples were then alkylated with 200 ml of 80mM iodoacetamide (Sigma-

Aldrich) in the urea buffer and incubated at 37�C for 1 hour in the dark, followed by centrifugation. Each sample was then washedwith

200 ml of the urea buffer twice and with 200 ml of 25 mM HEPES buffer (pH 8.5) twice. 100 ng of trypsin (�1:50 w/w, based on the

estimation from TIC area) in 200 ml of HEPES buffer was added to each sample and incubated at 37�C for overnight. Samples

were then centrifuged and the collected flow-throughs were concentrated to 40 ml using the speed-vac. Total of 11 samples were

labeled with the TMT11plex reagents following the protocol provided by the manufacturer (Thermo Fisher). TMT labeled samples

were combined and desalted using the C18 SPE cartridge (Supelco) and the elute from the cartridge was completely dried using

the speed-vac and reconstituted with 50 ml of 10 mM ammonium bicarbonate (ABC) buffer.

A concatenated mid-pH (pH 8) RPLC off-line fractionation was carried out at micro-scale for multidimensional LC-MS3 analysis to

improve the quantitative profiling depth. For micro-scale fractionation, a RPLC capillary column (320 mm i.d. x 55 cm) was in-house

packed with Jupiter C18 beads (Phenomenex, 3 mm). The 50 ml of combined TMT11-labeled peptide sample was loaded onto the

capillary column. A linear gradient of solvent A (10 mM ABC in water, pH 8) and solvent B (10 mM ABC in 90% acetonitrile) was

applied on nanoAcquity (Waters) at a flow rate of 7 mL/min; 2% solvent B isocratic for initial 14 min, 2 to 10% solvent B for following

2 min, 10 to 40% solvent B for next 56 min. The eluent was automatically concatenated into 6 fractions using TriVersa NanoMate

(Advion) and reconstituted with 25 mM ABC buffer for further LC-MS3 analysis.

Liquid chromatography and tandem mass spectrometry analysis
The TMT11-labeled 6 fractions were analyzed using an Orbitrap Eclipse via MS3mode (Thermo Fisher Scientific) coupled with nano-

Acquity UPLC system (Waters), which was equipped with an in-house packed trap (150 mm i.d. x 3 cm) and analytical column (75 mm

i.d. x 100 cm) using 3 mm of Jupiter C18 particle (Phenomenex). During the analysis, the analytical capillary column was heated at

45�C with the column heater (Analytical Sales and Services). A linear gradient of solvent A (water with 0.1% formic acid) and solvent

B (acetonitrile with 0.1% formic acid) was applied at a flow rate of 300 nl/min as follows: 5 to 8% solvent B for initial 10 min, 8 to 35%

solvent B for next 195min. Total run time for the SPS-MS3 analysis were 220min with the following set up for MS acquisition; Full MS

scans (m/z 400–1600) were acquired at a resolution of 120k (at m/z 200) with 4E5 of AGC target value and 50 ms of ITmax. Selected

precursor ions were first isolated at 0.7 Th of isolation window and subjected to HCD fragmentation for MS2 scans in orbitrap at a

resolution of 15k (ITmax 60 ms, AGC 5E4 and NCE 30%). The 10most intense MS2 fragment ions were synchronously isolated in ion

trap for final HCDMS3 scans at a resolution of 50k and 0.4 Th of isolation width (AGC 13E5, ITmax 150ms, and NCE 65%). Overall 3 s

of cycle time was applied. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via

the PRIDE (Perez-Riverol et al.93) partner repository with the dataset identifier PXD039054.

Total RNA analysis
For comparison between conventional RIC and our modified RIC method described above, one 150mm dish of HeLa cells were har-

vested and lysedwith RIC lysis/binding buffer (20mMTris-HCl pH 7.5, 500mMLiCl, 0.5%LiDSwt/vol, 0.5%NP40wt/vol, 1mMEDTA,

5mM DTT). After the RIC procedure described above, RNA was isolated from the elution. For total RNA isolation from inputs, 1 ml of

TRIzol (Invitrogen) was added to 2.5%of input lysates (which is about 50 ul). The rRNA ratio was estimated by using Tapestation RNA

screen tape.

Measuring 4sU labeling efficiency
HeLa cells were pulse-labeled with 0.5 mM 4sU for 10 min and used directly for RNA purification to obtain total RNA population or

used for oligo(dT) enrichment. During RNA purification with TRIzol, DTT was added to aqueous phase in the final 0.1 mM and total
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RNA was eluted in 1 mM DTT solution to prevent oxidation of the 4sU labeled RNA. For oligo(dT) enriched RNA samples, 5 mM DTT

was added to the elution buffer after RIC. The eluted RNA was digested and dephosphorylated to single nucleosides with bacterial

alkaline phosphatase (Invitrogen, final 1.6U/ml) and Phosphodiesterase I (Worthington, final 0.2 U/ml) as previously described in Her-

zog et al.94

Nucleoside samples prepared from each experimental condition was reconstituted in 50 ml of solvent A (200mM triethylammonium

acetate) and loaded onto a BEH C18 column (2.1 mm i.d. x 300 mm, 1.7 mm particle) (Waters) coupled with the 1290 Infinity UHPLC

system (Agilent) and the column heater was set at 25�C. A linear gradient of solvent A and solvent B (90%methanol) was applied at a

flow rate of 100 ml/min as follows: 100% isocratic solvent A for initial 5 min, 0 to 20% solvent B for 20 min, 20 to 30% solvent B for

20 min, 30 to 90% solvent B for 10min, and 90 to 0% solvent B for 2 min, followed by isocratic 100% solvent A for 33 min. UV absor-

bance at 260 nm and 330 nmweremonitored. U and 4sU standards with concentration of 8 mMand 800 mM, respectively, were either

analyzed individually or as a mixture of 1:1 ratio (v/v) to determine the respective retention times of U and 4sU. Relative amount of U

and 4sU in nucleoside sample prepared for each experimental condition was estimated based on the UV signal, area under the curve,

obtained by 260 nm and 330 nm UV detection at the respective retention times of U and 4sU.

Conventional protein analyses
RIC samples were resolved on SDS-PAGE and analyzed by silver staining using EzWay Protein-Silver Staining Kit (KOMABIOTECH,

cat#K14040D). For western blot analysis, the eluates of RIC were first concentrated with Amicon 30K Ultra-0.5 (Millipore) and treated

with RNase A (Thermo Scientific, cat#EN0531) and Benzonase (Sigma-Aldrich, cat#E1014). The concentrated samples were then

loaded on 10%Novex WedgeWell Tris-Glycine Mini Gel (Invitrogen). After transferring to a methanol-activated PVDFmembrane (Milli-

pore), the membrane was blocked in PBS-T containing 5%milk, probedwith primary antibodies, and washed three times. Anti-mouse

or anti-rabbit HRP-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) were incubated and washed three

times again. Chemiluminescence was performed with West Pico Luminol reagents (Thermo), and the signals were detected

by ChemiDoc XRS+ System (BioRad). In detail, a sample was divided into three equal parts, and three gels were run for western

blotting analysis to examine bands of similar sizes. LARP1 (Bethyl Cat# A302-087A, RRID:AB_1604274), ALYREF (Bethyl Cat# A302-

892A, RRID:AB_10663772), TDP-43 (Proteintech Cat# 10782-2-AP, RRID:AB_615042) and G3BP1 (BD Biosciences Cat# 611126,

RRID:AB_398437) were first detected, then the membrane was stripped with WSE-7240 EzReprobe (2332530) and restained with an-

tibodiesagainst hnRNPA1 (gift fromGideonDreyfuss),SRSF7 (MBL InternationalCat#RN079PW,RRID:AB_11161213) andFMR1 (MBL

International Cat# RN016P, RRID:AB_1953044). Additionally, PABPN (Abcam Cat# ab75855, RRID:AB_1310538), PABPC4 (Thermo

Fisher Scientific Cat# A301-466A, RRID:AB_999661), POLR2 (Santa Cruz Biotechnology Cat# sc-56767, RRID:AB_785522), eIF4G2

(MBL International Cat# RN003P, RRID:AB_1570636) were first detected, then the membrane was stripped and restained with

IGF2BP3 (Santa Cruz Biotechnology Cat# sc-365640, RRID:AB_10847223). NXF1 (Abcam Cat# ab129160, RRID:AB_11142853),

EIF4A3 (Proteintech Cat# 17504-1-AP, RRID:AB_2097393) were detected on the last gel.

Immunofluorescence and confocal microscopy
HeLa cellswere cultured on 8-chamber slide glass (Thermo, 154461PK). The cellswere labeled for 10minwith 4sU, followedby a 5hrs

chase with uridine-supplemented media, as previously described. To induce cellular stress, cells were treated with 0.5mM sodium

arsenite for 1 hour. Subsequently, the cells were fixed using 4% paraformaldehyde for 10 min and permeabilized with 0.1% Triton

X-100. After blocking with a 5% BSA buffer, the cells were incubated with anti-G3BP1 antibody (BD Biosciences Cat# 611126, RRI-

D:AB_398437) for 2 hours at room temperature. Following washing steps, the cells were incubated with an anti-mouse Alexa Fluor

488-conjugated secondary antibody and DAPI (D9542) for 1 hour. Images were captured using a Nikon ECLIPSE Ti2 microscope.

LC-MS3 data processing for peptide identification
For all proteome data analysis, canonical protein sequences (SwissProt) of UniProt human reference proteome UP000005640 (last

modified on Dec 3th, 2018, 20303 proteins were included) was used. Pig trypsin (UniProt accession P00761) and the cRAP (common

Repository of Adventitious Proteins) protein sequences version 2012.01.01 (http://www.thegpm.org/crap/) were appended to the

search space, to mark the peptides from the common contaminant proteins. To estimate peptide level FDR, decoy sequences

were generated by reversing target protein sequences. The RAW format LC-MS3 data file was first converted into mzXML format

usingmsconvert (ProteoWizard version 3.0.1908, Adusumilli et al.87) with the following parameters: –ignoreUnknownInstrumentError

–mzXML –filter "peakPicking true [1,2]" –filter "msLevel 1-2". Then, peak count filtering (R 20 peaks), charge suggestion (within

range +1 - +7) and mzXML to MGF conversion was done by MzXML2Search (v5.2.0) with the following parameters: -mgf -B0

-T20000 -c1-7 -P20. Resulting MGF files were subjected to the MS-GF+ (v2020.07.02, Kim et al.88) for peptide identification at

the search tolerance 10ppm. For MS-GF+ search, we set carbamidomethylation of cysteine and TMT labeling of peptide N termi-

nus/Lysine as static modification, and oxidation of methionine and acetylation of protein N terminus as variable modification.

Also, -m 3 option was set for the HCD fragmentation.

Peptide to protein grouping and assigning MS3 quantities to protein groups
Protein groups were generated from the identified MS2 scans by inhouse script, which implements the greedy algorithm

described in Zhang et al.95 Protein group level FDR was calculated using decoy proteins, with formula Ndecoy / Ntarget. To obtain
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the TMT label quantities from MS3 scans, RAW files were processed with ProteomeDiscoverer (version 2.4) with isotope impu-

rity correction for TMT labels (Thermo Fisher Scientific TMT reagent, lot number UL292365 and UK288917), by setting ‘‘Apply

Quan Value Corrections’’=True in ‘‘reporter ions quantifier’’ node. Low quality MS3 scans were discarded with SNR R 5 and

isolation interference < 70% cutoffs. MS3 scans analyzed by ProteomeDiscoverer were mapped to the MS-GF+ identified

PSMs, by inhouse script comparing the scan number (MS2 scan number < MS3 scan number) and the precursor ion m/z (within

1E-9 Th). Quantity of a protein group was calculated by adding up quantities of all matched PSMs, including both unique and

razor PSMs.

Protein quantity processing and contaminant filtering
We carried out the following procedures to generate each protein’s quantity dynamics from triplicate experiments. First, protein

quantities were normalized against the quantity of pig trypsin (UniProt accession P00761), which was equally added to each sample

during sample preparation. Subsequently, to remove the background from non-specific binders, the protein intensity from each

channel was subtracted by that from the No4sU control channel. Pseudo intensity was set as the bottom 5% quantity of each repli-

cate and added to all peptides’ intensities to avoid division by zero. To ensure each replicate contributes the same to the final protein

quantity, protein intensities of each replicate were normalized so that the intensity sum of a protein in each replicate is the same with

the median of summed intensity of single replicate in all proteins. Normalized and log2-transformed replicate quantities were merged

and smoothed by univariate quadratic spline (using scipy version 1.4.1, https://scipy.org/), using time points as independent vari-

ables and quantities as dependent variables. The univariate spline was unsuccessful on 18 proteins with very high variance among

replicates, so those proteins were discarded. The peak binding time of RBP was found from the fitted spline line, interpolated at

0.1 min interval. Reproducibility of protein quantification was defined as the ratio between per replicate variation and per time-point

variation. In practice, it was calculated as root mean squared error (RMSE) between measured quantities and merged protein quan-

tity spline (per replicate variation) divided by standard deviation (std) of merged protein quantities (per time-point variation). Proteins

with RMSE / std ratio above 1 were discarded.

Before further analyzing data, proteins marked as common lab contaminants by cRAP database were discarded. Also, human ker-

atin and histone proteins were removed before the analysis, because those proteins are less likely to act as real RBP, and showed

high variance between replicates.

Statistical enrichment analysis for mRNP capture
To determine the enrichment of RBPs in captured mRNPs, we compared labeled samples from 10 time points with the non-labeled

(‘‘No-4sU’’) sample. This comparison was performed iteratively for a total of 10 times and the results were subsequently combined,

with the following procedure. Initially, protein quantities were normalized and subjected to a log2 transformation. The DEqMS pack-

age89 was then utilized to calculate the differential expression p-value for each labeled sample versus the No-4sU sample pair. Next,

the 10 individual p-values were merged into a single p-value using the empirical Brown’s method.90 Considering the large number of

proteins (�1,000) tested, multiple test correction was applied to the merged p-values of each protein using the Benjamini-Hochberg

method. Proteins that had an adjusted P value < 0.01 andweremore abundant in the labeled sample than in the No-4sU sample were

defined as enriched RBP.

Previously identified mRNP list from RBP2GO
Weadopted previously identifiedmRNP list from themeta analysis database, RBP2GO.9 All humanRBP datasets were taken, except

for in vitro experiments, in silico prediction, review or meta analysis, and non-poly(A) enrichment datasets. The RBP2GO identifiers of

used datasets are following: Baltz_HEK293_2012, Castello_HeLa-S3_2012, Beckmann_HuH-7_2015, Castello_HeLa-S3_2016,

Conrad_K562_2016, Milek_MCF7_2017, Perez-Perri_Jurkat_RIC_2018, Perez-Perri_Jurkat_eRIC_2018, Garcia-Moreno_HEK293_

2019,Backlund_HuH-7_Cytoplasmic_2020, Backlund_HuH-7_Nuclear_2020, Kramer_HeLa_2014, Panhale_HEK293_2019,Mullari_

HEK293_2017.

Protein domain enrichment analysis
Taxon 9606 (human) protein domain annotations in Pfam database (version 32.0) was used for protein domain enrichment analysis.

One-sided Fisher’s exact test was applied to estimate the statistical enrichment of a particular domain among the quantified RBPs.

Benjamini-Hochberg method was applied to the p-values for the multiple test correction.

Clustering analysis on temporal dynamics of RBPs
For the feature standardization, log-transformed quantities were z-score transformed for protein-wise direction, by the mean and

standard deviation of all time points for each protein. Also, the peak binding time of each protein was z-score transformed at

feature-wise direction, by themean and standard deviation of peak binding time of all RBPs. K-means clustering using above normal-

ized features was done by scipy version 1.4.1 (https://scipy.org/). Themean distortion of clustering result was calculated as themean

Euclidean distance between the feature values and the cluster centroids. The number of clusters were manually set to 7 after testing

several cluster numbers (5%K%10), based on the mean distortion of clustering results.
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Filtering out non-protein-coding RNA binders and mitochondrial mRNA binders
Several RBPs in our data are primarily known as non-coding RNA or mitochondria-coded mRNA binders, even after we filtered

RBPs with previously reported mRNP list. Thus, we defined annotation and knowledge based blacklist for the further analyses. First

of all, mitochondrial mRNA binders were defined as genes annotated with GO ‘‘mitochondrial matrix’’ but not with GO ‘‘cytosol’’.

Then, we added ribosomal proteins and mitochondrial ribosome proteins to the blacklist. Next, GO ‘‘pre-snoRNP complex’’,

‘‘sno(s)RNA-containing ribonucleoprotein complex’’, and ‘‘preribosome’’ annotated genes were added to the blacklist. Lastly, three

proteins (DCAF13, FTSJ3, NGDN) were removed from the blacklist and re-included to the mRNP list, as there are literatures support-

ing their binding on nuclear-coded mRNAs. ‘‘Ribosome or mitochondria related blacklist’’ column in Table S2 shows the list of pro-

teins filtered out by this process.

Pulse-chased RNA sequencing
One 150 mm culture dish of HeLa cell for each time point was used for the experiment. Followed by 10 min of 4-thiouridine labeling,

cells were harvested after incubation for 0 min, 30 min, and 5 hrs of uridine supplemented media. As a negative control, a no-4-thi-

ouridine-labeled sample (‘‘No-4sU’’) was also prepared. Cells were harvested without UV crosslinking and then treated with DNaseI.

For spike-in RNAs, in vitro transcribed non-human RNAs were prepared with or without 4-thiouridine and then polyadenylated with

ePAP (NEB). After adding spike-in RNAs to the same amount of lysate, the RIC protocol described above was used to enrich poly(A)

RNA in the lysate except elution buffer (20 mM Tris-HCl pH 7.5, 1 mM EDTA, and 1mM DTT). The eluted samples were precipitated

with ethanol. Enrichment of 4-thiouridine labeled RNAwas performed based on the previously described protocol96 with the following

alterations. 50ug of poly(A) enriched RNAswere used forMTS-pull-down. MTS-biotin was diluted in N,N-Dimethylformamide (Sigma,

cat#227056). RNAs were incubated with diluted MTS-biotin at room temperature for 2 hrs and purified with RNAclean XP (Beckman,

cat#A63987). Dynabeads MyOne Streptavidin C1 (Invitrogen, cat#65002) were washed with nuclease-free water and high salt buffer

(10 mM Tris, 1 mM EDTA, 100 mM NaCl, 0.05 % Tween-20 wt/vol) and then blocked with blocking buffer (10 mM Tris, 1 mM EDTA,

100 mM NaCl, 0.05 % Tween-20 wt/vol, 5 ug/ul glycogen) for an hour at room temperature. Biotinylated RNAs were heated at 65�C
for 10 min and placed on ice. 10X High salt buffer was added to RNA solution to make it 1X concentration, and pre-washed beads

were added to RNAs. Biotinylated RNA and streptavidin beads were incubated in dark for 15min. The first supernatants were kept as

flow-through. After washing beads with high salt buffer three times, 4-thiouridine labeled RNAs were eluted from beads with elution

buffer (100 mMDTT, 5% 2-Mercaptoethanol, 20 mMHEPES pH 7.6, 1 mM EDTA, 100 mMNaCl, 0.05% Tween-20 wt/vol). RNA-seq

libraries were constructed using MGIEasy RNA Directional Library Prep Kit V2.0 (MGI, cat#1000006385) and sequenced by paired-

end run on MGI sequencer.

RNA-seq sequence processing and alignment
The initial parts of sequence analysis were done by using Cutadapt version 3.0.97 For 50 and 30 end of each read, the low-quality bases

below Phred quality of 30 were trimmed. After trimming, 30 adaptor sequences of both the first and second read of each pair were

removed (Table S6). Read pairs with any read shorter than 70 bases were removed after trimming and adopter clipping. To get the

readcount for each gene and spike-in, a transcript reference was build based on spike-in sequences (Table S6), UCSC Genome

Browser hg38RefGene annotation (downloaded on February 20, 2020), and hg 38 genome, byRSEM (v1.3.1).98 Pre-mRNA transcript

models were also generated and added to the transcript reference by in-house software, since un-splicedmRNAsmight be included

in the early stage mRNPs. The read pairs were aligned to the above transcript reference by STAR version 2.7.6a.99 The read count of

each gene and spike-in was calculated by RSEM (v 1.3.1).98 Spike-in normalization was done by the ratio of geometric mean of spike-

in TPMs.

Normalizing RNA-seq read counts to estimate 4sU labeled mRNA counts in pulse-chased RNA sequencing results
In the oligo(dT) + MTS-biotin pull-down RNA-seq samples, we observed non-negligible amounts of 4sU-unlabeled RNA spike-ins.

This indicates that MTS-biotin pull-down method does not fully remove the 4sU-unlabeled mRNAs. Thus, we calculated the portion

of 4sU-unlabeled mRNAs and subtracted that portion, by following two steps: 1) normalizing RNA-seq read count values using 4sU-

unlabeled spike-ins, and 2) subtracting the normalized read count of oligo(dT) capture-only sample from the normalized read count of

oligo(dT) + MTS-biotin labeling and pull-down sample. We justify this procedure as follows.

Let the observed read count value of the transcript t in sample x enriched by enrichment method e (MTS or dT) asOt x e. Let the true

RNA amount of the same transcript in the same sample with 4sU labeling status l (4sU or No4sU) as Tt x l. Also, let the efficiency of the

oligo(dT) capture-only and oligo(dT) +MTS-biotin labeling and pull-down in sample x for labeling status l as Ex l and Fx l, respectively.

Then, following relationships between observed read count values and the true RNA amount can be formulated.

Observed read count and true RNA amount of transcript t in sample x, oligo(dT) + MTS-biotin labeling and pull-down library:

Ot x MTS = Ex MTSTt x No4sU + Fx MTSTt x 4sU
0Tt x 4sU =
1

Fx MTS

ðOt x MTS � Ex MTS Tt x No4sUÞ � (Equation 1)
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Observed read count and true RNA amount of transcript t in sample x, oligo(dT) capture only library:

Ot x dT = Ex dT ðTt x No4sU + Tt x 4sUÞ
0Tt x No4sU =
1

Ex dT

Ot x dT � Tt x 4sU � (Equation 2)

By substituting Tt x No4sU equation in Equation 1 by Equation 2,

Tt x 4sU =
Ex MTS

Fx MTS

�
1

Ex MTS

Ot x MTS � 1

Ex dT

Ot x dT+Tt x 4sU

�

0Tt x 4sU =
1�

Fx MTS

Ex MTS

� 1

��
1

Ex MTS

Ot x MTS � 1

Ex dT

Ot x dT

� (Equation 3)

Here, the ratios of sequencing efficiency Ex l and Fx l can be obtained from the spike-in read counts. Let the observed read count

value of the spikie-in with 4sU labeling status l in sample x enriched by enrichment method e (oligo(dT) only or oligo(dT) + MTS-biotin

labeling and pull-down) as Px e l. Let the true RNA amount of the same spike-in in the same library as Ux e l. Then, following relation-

ships between spike-in read counts and sequencing efficiencies can be established. Of note, many species of spike-in were included

in practice, so the geometric mean of all spike-in read counts was used as the observed read count Px e l.

4sU labeled spike-ins in sample x, oligo(dT) only:

Px dT 4sU = Ex dTU4sU

4sU labeled spike-ins in sample x, oligo(dT) + MTS-biotin labeling and pull-down):

Px MTS 4sU = Fx MTSU4sU

Non-4sU labeled spike-ins in sample x, oligo(dT) only:

Px dT No4sU = ExdTUNo4sU

Non-4sU labeled spike-ins in sample x, oligo(dT) + MTS-biotin labeling and pull-down):

Px MTS No4sU = Ex MTSUNo4sU

Using the above equations, the relationship between sequencing efficiency value Ex l and Fx l can be formulated as following:

1

Ex dT

=
UNo4sU

Px dT No4sU

� (Equation 4)
1

Ex MTS

=
UNo4sU

Px MTS No4sU

� (Equation 5)
Fx MTS =
Px MTS 4sU

U4sU

� (Equation 6)
UNo4sU

U4sU

=
Px dT No4sU

Ex dT

$
Ex dT

Px dT 4sU

=
Px dT No4sU

Px dT 4sU

� (Equation 7)
Fx MTS

Ex MTS

=
Px MTS 4sU

U4sU

$
UNo4sU

Px MTS No4sU

=
Px MTS 4sU

Px dT 4sU

$
Px dT No4sU

Px MTS No4sU

� (Equation 8)

By applying Equations 4, 5, 6, and 8 to Equation 3:

Tt x 4sU =
1

Px MTS 4sU

Px dT 4sU

$
Px dT No4sU

Px MTS No4sU

� 1

�
Ot x MTS

Px MTS No4sU

� Ot x dT

Px dT No4sU

�
UNo4sU
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Since the input amount of the spike-in among all libraries are the same, UNo4sU could be considered as a constant. Also,
1

Px MTS 4sU

Px dT 4sU
$
Px dT No4sU

Px MTS No4sU
� 1

part is only affected by the sample x and capture method, but not changed by the transcript t. Hence,

for the proportion of 4sU labeled mRNAs of transcript t in sample x in MTS-biotin captured libraries, the below proportional expres-

sion is established.

Tt x 4sUf

�
Ot x MTS

Px MTS No4sU

� Ot x dT

Px dT No4sU

�

Thus, to obtain values proportional to 4sU mRNA quantities, we can simply normalize the mRNA read count using the 4sU-unla-

beled spike-ins, then subtract normalized read count of oligo(dT) capture-only from the normalized read count of oligo(dT) + MTS-

biotin labeling and pull-down.

Gene Ontology and subcellular localization analysis
As previously described, ribosomal proteins, snoRNA related factors, and RBPs exclusively localized to the mitochondrial matrix

were removed in this analysis. All GO gene annotations used in this study were obtained from the org.Hs.eg.db R package (version

3.14.0). To gain functional insights to each cluster, GO term enrichment analysis was done by Fisher’s exact test, by setting all 1035

proteins identified by MS as the statistical background. P-values were adjusted for GO hierarchy and local dependencies by

weight01 algorithm in topGORpackage.25 To test GO terms enriched at a specific time point, we utilized pairwise distances between

RBPs used in prior clustering analysis. Per eachGO term, pairwise distances within RBPs annotated with GO term and not annotated

with GO term were compared by Mann-Whitney U test. To remove redundantly enriched parent-child GO terms, the elim algorithm

(described in Alexa et al.25) was applied to adjusted p-values. To classify nuclear/cytoplasmic RBPs, we utilized image-based data

from Human Protein Atlas (downloaded March 8, 2019) and combined localizations with reliability of Enhanced, Supported, or

Approved. For deeper analysis of protein subcellular localizations, we downloaded Human cell map database v129 which provides

two sets of predictions, from the SAFE and the NMF algorithm. We primarily used SAFE results and supplemented them using NMF,

as described in Lee et al.51 Detailed procedures for merging SAFE and NMF results can be found in the deposited source code

(https://doi.org/10.5281/zenodo.10688611).

Binding site mapping of RBPs
As previously described, ribosomal proteins, snoRNA related factors, and RBPs exclusively localized to the mitochondrial matrix

were removed in this analysis. The binding locations of RNA-binding proteins (RBPs) were determined based on eCLIP peak loca-

tions provided by the ENCODE project.30–32 To generate non-redundant transcript annotations, we initially calculated read counts for

duplicated RNA-seq data from HepG2 and K562 cell lines using RSEM, as previously described (ENCODE data accession:

ENCFF002DKZ, ENCFF002DLC, ENCFF002DLE, ENCFF002DLG for HepG2; ENCFF001RDE, ENCFF001RCW, ENCFF001RDD,

ENCFF001RCV for K562). Subsequently, we selected the most abundant transcript for each protein-coding gene, based on TPM

values calculated by RSEM. The transcript regions were then divided into subregions, including introns, 50 UTRs, CDS, and 30

UTRs. Finally, for all overlapping subregions, we selected the subregion from the most abundant transcript. In cases where TPM

values were tied, which was very rare, we prioritized genes with the smallest RefSeq accession number. The overlap between eCLIP

peaks and transcript annotations was determined using the intersect tool in Bedtools, with aminimum requirement ofR 50%overlap

relative to the span of the eCLIP peak.100

Protein-protein interaction network and protein complex analysis
As previously described, ribosomal proteins, snoRNA related factors, and RBPs exclusively localized to the mitochondrial matrix

were removed in this analysis. We downloaded PPI data from the BioGRID database (release 4.2.191, Stark et al.35). Also, we consid-

ered only human PPIs (1) classified as physical interaction and (2) found from at least two different types of experiments, and (3)

supported by at least two publications. The networkx python package was used for graph visualization. For the protein complex

annotation, we utilized the CORUM database (release 3.0_03.09.2018_coreComplexes).

To quantitatively measure the differences among the mRNA binding dynamics of protein within PPI pairs or protein complexes, we

calculated Euclidean distances between mRNA binding dynamics vectors, defined as [log2 protein intensity at 0 min, log2 protein

intensity at 15min,., log2 protein intensity at 300min, peak binding time]. Before calculating Euclidean distances, protein intensities

and peak binding times were normalized as described in ‘‘clustering analysis on temporal dynamics of RBPs’’ section.

mRNA binding dynamics prediction from GO annotations
As previously described, ribosomal proteins, snoRNA related factors, and RBPs exclusively localized to the mitochondrial matrix

were removed in this analysis. To generate a Boolean table of RBPs versus GO, we utilized the org.Hs.eg.db R package (v3.14.0).

Each cell in this table was marked as "true" if an RBP was annotated with a GO term, and "false" otherwise. To remove less infor-

mative annotations, we excluded GO terms with fewer than 7 annotated or unannotated RBPs. Subsequently, we performedmultiple

correspondence analysis (MCA) to convert the Boolean table into numeric values and reduce its dimensionality. From the MCA
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transformed features, we selected the top 30% (323 features), which retained approximately 98% of the original Boolean table’s

information. As the presence of imbalanced numbers of early and late binder RBPs could introduce prediction accuracy bias, we

mitigated this bias by oversampling RBPs. This involved duplicating certain RBPs in clusters with fewer members, ensuring that

all clusters contained an equal number of RBPs (200). For each time point, we trained a ridge regressionmodel to predict the z-scores

of individual RBPs using the MCA transformed features. To determine the optimal model parameters, we performed 5-fold cross-

validation. The scikit-learn python package (v0.23.2, https://scikit-learn.org) was utilized for fitting the regression models and

conducting cross-validation.

QUANTIFICATION AND STATISTICAL ANALYSIS

Proteome and transcriptome quantification procedures are described in the method details section. Statistical analyses were con-

ducted as outlined in figure legends and method details section, with additional details available in the deposited source code

(https://doi.org/10.5281/zenodo.10688611).
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