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ABSTRACT

Characterization of RNA–protein interaction is fundamental for understanding the metabolism and function of RNA. UV
crosslinking has beenwidely used tomap the targets of RNA-binding proteins, but is limited by lowefficiency, requirement
for zero-distance contact, and biases for single-stranded RNA structure and certain residues of RNA and protein. Here, we
report the development of an RNA–protein crosslinker (AMT–NHS) composed of a psoralen derivative and an N-hydrox-
ysuccinimide ester group, which react with RNA bases and primary amines of protein, respectively. We show that AMT–
NHS can penetrate into living yeast cells and crosslink Cbf5 to H/ACA snoRNAs with high specificity. The crosslinker in-
duced different crosslinking patterns than UV and targeted both single- and double-stranded regions of RNA. The cross-
linker provides a new tool to capture diverse RNA–protein interactions in cells.

Keywords: RNA-binding protein; chemical crosslinker; CLIP; psoralen; H/ACA snoRNP

INTRODUCTION

Interactions between RNA and protein are important at ev-
ery stage of the life cycle of mRNA, including transcription,
processing, modification, translation, localization, and de-
cay. Many noncoding RNAs exert their functions in the
form of RNA–protein complex (RNP). Experimental charac-
terization of RNA–protein interactions has greatly acceler-
ated the study of RNA biology.

Over the past few decades, methods have been devel-
oped to map the targets and binding sites of RNA-binding
proteins (RBPs) at the transcriptome level (Ule et al. 2018;
Wheeler et al. 2018). In RNA immunoprecipitation (RIP),
an RBP is purified by binding to its antibody and the asso-
ciated RNAs are subsequently profiled, for example, by
high-throughput sequencing. As RIP needs to be carried
out under mild conditions to preserve noncovalent RNA–
protein interactions, indirectly or nonspecifically bound
RNAs are frequently detected. In the crosslinking and im-
munoprecipitation (CLIP) technique (Ule et al. 2003), RNA
and protein are covalently linked, which allows stringent
conditions to be used in RNP purification. Crosslinked
RNPs can be resolved in denaturing SDS-PAGE and trans-

ferred to nitrocellulose that binds only protein, but not free
RNA. The RNPof interest can be selectively cut out for RNA
extraction. These measures greatly improve the specificity
of analysis.

RadiationwithUV light at 254-nmwavelength can induce
covalent bonds between RNA bases and proteins and has
beenwidely used inCLIPexperiments (Ule et al. 2003; Lica-
talosi et al. 2008). UV is applicable to unmodified cells or tis-
sues and highly selective by only crosslinking amino acid
residues and RNA bases that directly contact. However,
UV crosslinking has a low efficiency of 1%–3% and biases
for certain amino acid residues, pyrimidines, and single-
stranded RNA. Double-stranded RNA (dsRNA) is poorly
crosslinked by UV because base pairs are often shielded
from protein contact. Only RNA and protein with favorable
interacting configuration are amenable to UV crosslinking.
Variants of CLIP have been developed to optimize the
steps of UV crosslinking, RNP purification and sequencing
library construction (Granneman et al. 2009; Hafner et al.
2010; Konig et al. 2010; Van Nostrand et al. 2016; van
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Nues et al. 2017; Gu et al. 2018), but do not change the in-
herent biases of UV crosslinking.
Alternatively, RNA and protein can be crosslinked by

chemical agents. Formaldehyde has been used to cross-
link dsRNA and protein (Kim and Kim 2019), but its appli-
cation is limited by its promiscuous activity to crosslink
protein–protein and protein–DNA. There is still a need to
develop a chemical crosslinker to capture diverse types
of protein–RNA interactions in vivo with high efficiency
and specificity. In this study, we reported the synthesis
and characterization of a novel RNA–protein crosslinker
that can permeate living yeast cells and crosslink protein
with diverse RNA structures.

RESULTS

Synthesis of AMT–NHS

To develop a specific RNA–protein chemical crosslinker, a
psoralen-derivative 4′-aminomethyltrioxsalen (AMT) was
linked to anN-hydroxysuccinimide es-
ter group (NHS) (Fig. 1A). Psoralen is a
three-ring aromatic compound which
can insert into RNA duplex and un-
dergo cycloaddition with pyrimidines
upon activation by 365-nm UV, form-
ing monoadducts or diadducts
(Cimino et al. 1985). The NHS group
reacts with the ε-amine group in lysine
residue and the amino terminus of
polypeptide.
AMT–NHS was synthesized in three

steps (Fig. 1A). Briefly, trioxsalen
was chloromethylated at its 3′-carbon
with formaldehyde and hydrogen
chloride. A 3-mercaptopropanoic
acid linkerwasadded through the sub-
stitution of arylmethyl chloride. The
terminal carboxyl group was further
activated by N-hydroxysuccinimide
to afford AMT–NHS. The compounds
produced at each step were verified
by hydrogen nuclear magnetic reso-
nance (1H-NMR).

RNA–protein crosslinking activity
of AMT–NHS in yeast

We chose Cbf5, a major RNA-binding
protein in the box H/ACA snoRNP of
Saccharomyces cerevisiae, to test the
RNA–protein crosslinking activity of
AMT–NHS.AnH/ACAsnoRNP is com-
posed of a distinct H/ACA snoRNA
and four core proteins: Cbf5, Nop10,

Nhp2, and Gar1 (Kiss et al. 2010; Yu and Meier 2014).
Most H/ACA snoRNPs catalyze site-specific conversion of
uridine to pseudouridine in rRNA and snRNAwith specific-
ity determined by H/ACA snoRNA. All H/ACA snoRNAs
share a consensus secondary structure of hairpin-hinge-
hairpin-tail and contain the conserved H (ANANNA) and
ACA motifs in the hinge and 3′ tail regions, respectively.
Each hairpin can harbor a large internal loop, termed the
pseudouridylation pocket,whichbinds a substrateby form-
ing two short duplexes with the sequences flanking the tar-
get uridine to be modified. Each hairpin is associated with
one set of four core proteins. Cbf5 extensively binds the
lower stem of the hairpin and the H or ACA motif with its
PUA domain and loosely contacts the empty pseudouridy-
lation pocket with its catalytic domain (Li and Ye 2006). As
the interaction between Cbf5 and H/ACA snoRNA has
been structurally characterized and H/ACA snoRNAs con-
tain both single- and double-stranded RNA structures,
Cbf5 would be ideal to test the efficiency, specificity, and
structural preference of AMT–NHS mediated crosslinking.

E

B

A

C D

FIGURE 1. RNA–protein crosslinking activity of AMT–NHS. (A) Synthesis of AMT–NHS. (B)
Flowchart of crosslinking, RNP purification, sequencing library construction, and data process-
ing. (C–E) Autoradiogram of crosslinked Cbf5–RNA complex resolved in SDS-PAGE. RNA and
protein were crosslinked by 254-nm UV light (C ) or by AMT–NHS in vitro (D) or in vivo (E). RNA
was digested by increasing amounts of RNase A/T1 in UV crosslinking and by 0.5 units of
RNase A/T1 in all AMT–NHS crosslinking.
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Weadopted the procedure of UV crosslinking and cDNA
analysis (CRAC) to tag and purify Cbf5 and prepare se-
quencing libraries (Fig. 1B; Granneman et al. 2009; Lin
et al. 2013). The genomic CBF5 gene was carboxy-termi-
nally fused to a His6-TEV cleavage site-Protein A (HTP)
tag. After crosslinking with AMT–NHS or 254-nm UV light
as comparison, Cbf5-HTP was bound to IgG-coated beads
and released with TEV protease digestion. Following
partial digestion of crosslinked RNA,
Cbf5-His6 was further purified with Ni
beads under denaturing conditions.
The crosslinked RNA on beads was
dephosphorated, linked to the 3′

adaptor, and 5′-32P radiolabeled.
Cbf5-His6 was eluted, resolved in
SDS-PAGE, and blotted to nitrocellu-
lose membranes. Proteins crosslinked
to radiolabeled RNAs can be visual-
ized by an autoradiograph (Fig. 1C–
E). The Cbf5 proteins bound with
RNA fragments of various sizes ap-
peared as up-shifted smeared bands.
In the case of UV crosslinking, the
size of RNP was gradually reduced
when the crosslinked RNAwas digest-
ed by increasing amounts of nucleas-
es, as expected (Fig. 1C). Following
excision of RNP bands and digestion
ofproteins, theassociatedRNAwasex-
tracted, ligated to the 5′ adaptor, and
reverse transcribed into cDNA. The
cDNA libraries were amplified with in-
dexed primers and sequenced by Illu-
mina HiSeq X10 in the paired-end
150 bp mode. After the adaptor and
barcode sequences were trimmed
and PCR duplicates cleaned, the reads
were aligned to the yeast genomic
sequence.

AMT–NHS was added to lysed cells
to test its ability to crosslink RNA and
protein (called in vitro treatment) or
directly to living cells to additionally
assess its ability to enter yeast cells
(called in vivo treatment). Crosslinking
of AMT–NHS to RNA was induced by
radiationof 365-nm light for 30min ac-
cording to the previous application of
AMT (Lu et al. 2016). Visualization
of radiolabeled RNPs showed that
AMT–NHS induced RNA crosslinking
of Cbf5 in both lysed and living cells
in a dose-dependent manner (Fig.
1D,E). Background levels of Cbf5
were radiolabeled evenwithout cross-

linking treatments (lanes 1 in Fig. 1D,E). This could be due
tophosphorylation by contaminatingprotein kinases (Tawk
et al. 2017) or RNA-crosslinking by environmental UV light
(see below).

UV crosslinking of Cbf5 was extremely specific as the
reads were exclusively (99.3%) contributed by a total of
29 H/ACA snoRNAs in yeast (Fig. 2A). In AMT–NHS in vitro
crosslinking, 94% of reads came from H/ACA snoRNAs for

E F

BA

C D

FIGURE 2. Different crosslinking patterns by AMT–NHS and UV. (A) RNA class distribution of
reads. Two UV crosslinking samples (lanes 1 and 2) were digested by 5 and 0.5 U of RNase A/
T1. The last sample was the sequencing data of total RNA from non-crosslinked cells. (B)
Heatmaps of H/ACA snoRNAs drawn on read per million (RPM). (C,D) Scatter plots of H/
ACA snoRNA read counts from AMT–NHS in vivo crosslinking versus AMT–NHS in vitro cross-
linking (C ) or UV crosslinking (D). Read counts are the averages of two or three data sets with
similar treatment. (E) Read coverage of snR49. The sequence motifs of snR49 are shown be-
neath the x-axis. (F ) Box plot showing read coverage change between two types of crosslink-
ing. Read coverage was normalized to an area of 10,000 for each H/ACA snoRNA and
averaged from two or three data sets with similar treatment. Absolute changes of read count
at each position of snoRNA were summed. P-value was from two-tailed t-test.
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all three tested concentrations of crosslinker. This suggest-
ed that AMT–NHS crosslinking was slightly less specific
than UV crosslinking. The specificity did not improve with
increasing concentrations of crosslinker, indicating that
the minimal concentration used (0.05 mM) was sufficient
for crosslinking in vitro. For AMT–NHS in vivo crosslinking,
the percentage of H/ACA snoRNA reads increased from
72% to 86% when the concentration of crosslinker rose
from 0.1 to 1.5 mM. Higher concentrations of crosslinker
allowed more crosslinker molecules to enter yeast cells,
hence improved the yield of crosslinked H/ACA snoRNA
and the specificity of crosslinking. These data indicate
that AMT–NHS can enter yeast cells and crosslink Cbf5
to H/ACA snoRNAs.

AMT–NHS and UV induce different crosslinking
patterns

The sequencing data showed that AMT–NHS and UV
crosslinked Cbf5 to H/ACA snoRNAs in different patterns

(Fig. 2B). The abundance of 29 H/ACA snoRNAs was
strongly correlated (Pearson’s correlation coefficient R=
0.9) between AMT–NHS in vitro and in vivo crosslinking
(Fig. 2C), suggesting that the crosslinker reacted similarly
in cell lysates and living cells. In contrast, the abundance
of snoRNAs was weakly correlated (R=0.35) between
AMT–NHS and UV crosslinking (Fig. 2D). Moreover, the
read coverage profiles of snoRNAs were significantly
more dissimilar between AMT–NHS and UV crosslinking
than between AMT–NHS in vivo and in vitro crosslinking
(Fig. 2E,F). These data suggest that Cbf5 and H/ACA
snoRNAwere crosslinked differently by AMT–NHS andUV.
Crosslinked RNA reads often contain mutations and de-

letions (mut/del) that are indicative of the actual sites of
crosslinking. Crosslinked RNAs contain at least one cova-
lently linked amino acid residue after protein digestion.
The amino acid adduct would interfere with reverse tran-
scriptase, causing mutations or deletions in reads or block-
ing cDNA synthesis. Any site with ≥20 reads and a ≥5%
rate of mut/del was considered as a crosslinking site and

B

A C D

FIGURE 3. AMT–NHS and UV crosslink Cbf5 to different sites on H/ACA snoRNAs. (A) Crosslinking sites on snR8. The secondary structures and
sequence motifs are labeled. Crosslinking sites are shown as circles colored by crosslinking approach. (B) Distribution of crosslinking sites on H/
ACA snoRNA secondary structures. Others refer to large insertions present in several snoRNAs. Each crosslinking site is denoted by a circle whose
radius is proportional to mut/del rates. The sequences around the H and ACA motifs are shown and the mut/del sites of UV crosslinking are col-
ored magenta. (C ) Venn plot of crosslinking sites in UV, AMT–NHS in vivo and AMT–NHS in vitro crosslinked H/ACA snoRNAs. (D) Venn plot of
crosslinking sites in H/ACA snoRNAs from UV crosslinked samples and an untreated sample.
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analyzed for the location in secondary structures of H/ACA
snoRNAs (Fig. 3A,B), the overlap between different cross-
linking treatments (Fig. 3C,D), the enrichment of nearby
short sequencemotifs (Fig. 4A), and the structural contexts
(Fig. 4B,C).

UV crosslinking predominantly occurred at uridine (56%)
and cytidine (26%) and at single-stranded regions (92%)
(Fig. 4A,B), which is consistent with its known preferences.
The H and ACA motifs were hot spots for UV crosslinking.
The crosslinking sites in the H and HACA motifs showed
much higher mut/del rates (average 62.2% for 13 sites)
than those of the other sites (average 12.5% for 37 sites),
indicating a high degree of crosslinking at the conserved
protein-binding sites. Moreover, crosslinking occurred in
seven of eight cases where a uridine occupies the second
position of the ACA or H motif (Fig. 3B). The uridine is

stacked on an isoleucine in the PUA domain of Cbf5
(Li and Ye 2006) and this particular configuration appears
to render the uridine highly susceptible for UV crosslink-
ing. This preference also caused “AUA” as the most fre-
quent 3-mer motif near UV crosslinking sites (Fig. 4A).

Surprisingly, nine mut/del sites could be detected in the
H and ACAmotifs of H/ACA snoRNAs from total RNA of an
untreated sample (Fig. 3B). Thesemut/del sites completely
overlapped with the UV crosslinking sites (Fig. 3D), sug-
gesting that they resulted from crosslinking by environ-
mental UV light. In support of this suggestion,
background levels of radiolabeled Cbf5 were detected
even without UV or AMT–NHS treatment (lane 1 in Fig.
1D–E).

AMT–NHS in vitro and in vivo crosslinking shared 71%
and 75% of crosslinking sites with each other, but shared

B

A

C

FIGURE4. AMT–NHS andUV have different sequence and structure preferences in crosslinking of Cbf5 andH/ACA snoRNAs. (A) Histogramof 1-
mer, 2-mer (NX and XN), and 3-mer (NXN) motifs aroundmut/del sites (X). (B) Fraction of crosslinked nucleotides in double-stranded regions. (C )
Percentage of crosslinked nucleotides in double- and single-stranded regions. Yeast H/ACA snoRNAs have 3621 and 3268 nt in double- and sin-
gle-stranded regions, respectively.
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only 14.1% and 20.5%, or 12.8% and 13.7% if excluding
those background UV crosslinking sites present in the un-
treated sample, of crosslinking sites with UV crosslinking
(Fig. 3C). The comparison indicated that AMT–NHS and
UV select crosslinking sites in different ways. The crosslink-
ing sites of AMT–NHS were distributed all over the struc-
tures of H/ACA snoRNAs (Fig. 3A,B) and located in both
double-stranded (∼27%) and single-stranded (∼73%) re-
gions (Fig. 4B). Single-stranded regions were crosslinked
by UV and AMT–NHS with similar frequency, but double-
stranded regions were five times more likely crosslinked
by AMT–NHS than UV (Fig. 4C). Mutations and deletions
most frequently occurred at uridine (∼40%) and cytidine
(∼32%) in AMT–NHS crosslinking (Fig. 4A). Psoralen is
thought to preferentially crosslink staggered uridines lo-
cated on the two strands of RNA duplex. AU and UA
were among the top dinucleotide motifs, but not signifi-
cantly enriched over other motifs. These data suggest
that AMT–NHS preferentially crosslinks uridine and cyti-
dine located in diverse structural contexts.

DISCUSSION

We have synthesized AMT–NHS and demonstrated that it
was able to enter yeast cells and efficiently crosslink Cbf5
with H/ACA snoRNAs. This study provided a proof-of-con-
cept that AMT–NHS can be used to map RNA–protein inter-
actions in vivo. In the case of Cbf5, the efficiency and
specificity of AMT–NHS crosslinking appears to be less than
that of UV crosslinking, but is still practically decent. It is note-
worthy that UV crosslinking of Cbf5 and snoRNAwas remark-
ably efficient and even induced by background UV light.
We found that AMT–NHS crosslinks H/ACA snoRNA on

sites that are distinct from those induced by UV, which
would subsequently affect the abundance and distribution
of reads. As a medium-sized chemical compound (MW=
443.47 g/mol), AMT–NHS should crosslink RNA bases
and amine groups that are <10.5 Å apart (distance be-
tween the center of the psoralen ring and the ester oxy-
gen). Compared with UV crosslinking that requires zero-
distance interaction between RNA and protein, the chem-
ical crosslinker is capable of capturing interactions involv-
ing more distantly spaced sites and more diverse RNA
structures, especially dsRNAs. These unique properties
should allow AMT–NHS to capture interactions that are
otherwise hard to detect by UV crosslinking. The full po-
tential of AMT–NHS should be further assessed on RBPs
that bind dsRNAs and are crosslinked poorly with UV.
AMT–NHS has several disadvantages as compared to

UV. As a chemical compound, AMT–NHS only reacts
with sites on the surface of RNPs, but the penetrable UV
is able to crosslink buried sites. AMT–NHS needs to be ap-
plied to a concentrated solution of cells and requires near-
ly an hour to enter yeast cells and react with RNA and
protein. The long incubation time would disturb gene ex-

pression patterns and alter transient RNA–protein interac-
tions. In contrast, UV can be directly applied to actively
growing cells and induce crosslink in seconds, allowing
detection of transient and dynamic interactions (Hahn
et al. 2012; Turowski et al. 2014; van Nues et al. 2017).
Like UV, AMT–NHS also has biases to crosslink pyrimi-
dines. At the protein side, AMT–NHS reacts specifically
with lysine residues which are often, but not always, pres-
ent at RNA-binding interfaces.
Compared to highly specific UV crosslinking of Cbf5,

AMT–NHS crosslinking produced approximately 6% of
reads that were not fromH/ACA snoRNAs at in vitro saturat-
ing conditions and even larger percentages of nonspecific
reads when the concentration of crosslinker was limiting at
in vivo conditions. The long arm of AMT–NHS may allow it
to access and crosslink nonspecific RNAs. To further assess
the potential of AMT–NHS, we crosslinked another yeast
protein Rnt1 by UV and AMT–NHS (Supplemental Fig. S1).
Rnt1 is an RNase III endonuclease that cleaves double-
stranded regions on pre-rRNA, pre-snoRNA, pre-snRNA,
and pre-mRNA (Elela et al. 1996; Chanfreau et al. 1998;
Kufel et al. 1999; Gagnon et al. 2015; Abou Elela and Ji
2019). We found that Rnt1 could be crosslinked to RNA by
UV and AMT–NHS (Supplemental Fig. S1A,B), but mostly
in a nonspecific manner. Most reads were from tRNAs and
mature rRNAs that are not targets of Rnt1 (Supplemental
Fig. S1C). Of the reads from known substrates of Rnt1, only
a small fraction were derived from the Rnt1-binding sites
(Supplemental Fig. S1D). Rnt1 appears to make very tran-
sient interactions with substrates and cannot be efficiently
crosslinked to substrates by either UV or AMT–NHS. The
data of Rnt1 showed that AMT–NHS can induce significant
nonspecific crosslinking of protein with abundant tRNAs
and rRNAs when specific binding is difficult to capture.
Psoralen preferentially reacts with pyrimidines in dou-

ble helical regions of RNA, but is also able to react with
pyrimidines in single-stranded regions with much less ef-
ficiency (Cimino et al. 1985). In the case of helical re-
gions, psoralen first reacts with a pyrimidine in one
strand to form a monoadduct, and then reacts with an ad-
jacent pyrimidine in the opposite strand to generate a
diadduct. We expect that the diadduct that crosslinks
two RNA strands would severely affect the processivity
of reverse transcriptase, yielding prematurely terminated
cDNA that cannot be amplified. Our method likely mainly
detects monoadducts formed on double- and single-
stranded regions. This would cause reduction of cross-
linking signals from helical regions and account for the
observation that AMT–NHS crosslinked nucleotides are
more enriched in single-stranded regions than double-
stranded regions (Fig. 4B,C). The iCLIP approach is prob-
ably more suitable for library preparation of AMT–NHS
crosslinked RNA since it includes a step of cDNA circula-
tion and is capable of recovering prematurely terminated
cDNA (Konig et al. 2010).
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MATERIALS AND METHODS

Synthesis of AMT–NHS

Step 1: Synthesis of 3-(chloromethyl)-2,5,9-trimethyl-
7H-furo[3,2-g]chromen-7-one (compound 2)

A mixture of trioxane (217 mg, 2.4 mmol) and concentrated HCl
(20 mL) was vigorously stirred when trioxsalen (compound 1, 500
mg, 2.2 mmol) was added portion-wise. The reaction was stirred
overnight and then diluted with 100 mL water. Subsequently, the
mixture was extracted with dichloromethane, washed three times
with water, and dried with sodium sulfate. The organic solvent was
concentrated to obtain compound 2 as a white solid (420 mg,
70%): 1H NMR (CDCl3, 500 MHz) δ 7.60 (s, 1H), 6.26 (t, J=9.2 Hz,
1H), 4.75 (s, 2H), 2.62–2.54 (m, 3H), 2.54–2.45 (m, 6H).

Step 2: Synthesis of 3-(((2,5,9-trimethyl-7-oxo-7H-furo[3,2-
g]chromen-3-yl)methyl)thio) propanoic acid (compound 3)

To a solution of compound 2 (100 mg, 0.36 mmol) and 3-mercap-
topropanoic acid (38 µL, 0.44 mmol) in THF (4 mL), dimethylbi-
guanide (100 µL, 0.79 mmol) was added at room temperature.
The reaction was heated to reflux for 24 h and then the solvent
was evaporated to dryness. Themixturewas dissolved in dichloro-
methane and washedwith water and brine. Afterward, the solvent
was dried by sodium sulfate and evaporated to obtain a crude
product. Further purification by column chromatography afforded
compound 3 as awhite solid (75mg, 60%):1HNMR (d-DMSO, 500
MHz) δ 7.77 (s, 1H), 6.31 (s, 1H), 3.92 (s, 2H), 2.60 (t, J = 6.0 Hz, 2H),
2.53 (t, J = 7.0 Hz, 2H), 2.46 (m, 6H), 2.43 (s, 3H).

Step 3: Synthesis of 2,5-dioxopyrrolidin-1-yl 3-(((2,5,9-
trimethyl-7-oxo-7H-furo[3,2-g] chromen-3-yl)methyl)thio)
propanoate (AMT-NHS)

Compound 3 (20 mg, 0.055 mmol) was dissolved in dichlorome-
thane (3mL), followed by the addition ofN-hydroxysuccinimide (7
mg, 0.061 mmol) and dicyclohexylcarbodiimide (12.5 mg, 0.061
mmol) at room temperature. After stirring for 2 h, the mixture
was extracted with dichloromethane and the organic phase was
washed with water and brine. Solvent was evaporated under vac-
uum to give the crude product, which was purified by column
chromatography to afford AMT-NHS as a white solid (15 mg,
60%):1H NMR (CDCl3, 500 MHz) δ 7.64 (s, 1H), 6.26 (s, 1H), 3.89
(s, 2H), 2.90 (t, J = 7.0 Hz, 2H), 2.85 (s, 4H), 2.82 (t, J = 6.5 Hz,
2H), 2.59 (s, 3H), 2.53 (s, 3H), 2.50 (s, 3H). AMT–NHS was dis-
solved in DMSO in a concentration of 30 mM.

Yeast plasmid and strains

Yeast experiments were conducted in accordance with standard
protocols. All strains were derived from BY4741 (Mat a, leu2Δ0,
Met15Δ0, ura3Δ0). A cassette containing the HTP tag was PCR
amplified from plasmid pBS1539 (Granneman et al. 2009) and in-
serted at the end of CBF5 and RNT1 genes by homologous re-
combination. Positive clones were selected with Synthetic
Complete medium lacking Ura.

RNA–protein crosslinking

Yeast cells were grown in YPD media (1% yeast extract, 2% pep-
tone, and 2% glucose) to A600=0.8–1.0, collected and washed
once with phosphate buffered saline (PBS). Each crosslinking ex-
periment used 1.5 g of yeast cells.

For UV crosslinking, the cells were dissolved in 1.5mLof PBS and
dispersed in a plastic Petri dish. The cells were placed on ice and
irradiated at 254-nm wavelength for a total dose of 1.6 J with a
UVP CL-1000 UV CrossLinker. The cells were collected by centrifu-
gation and resuspended in 1.5mLof lysis buffer (20mMHEPES-Na
[pH 7.5], 1.5 mMMgCl2, 150 mMNaCl, 0.1% Nonidet P-40, and 5
mM β-mercaptoethanol) supplemented with Complete EDTA-free
Protease Inhibitor Cocktail (Roche). The cell suspension was frozen
by dropping into liquid nitrogen and broken with steel balls in a
Tissuelyser-24 (JingXin) or stored at −80°C.

For AMT–NHS in vivo crosslinking, the cells were resuspended
in 1.5 mL of PBS containing 0.1, 0.5, or 1.5 mM of AMT–NHS or
DMSO as control. The samples were incubated at 30°C in the
dark with low-speed rotation for 30 min. The cells were washed
by PBS to remove crosslinker, resuspended in 1.5 mL of PBS,
and transferred to a Petri dish. The cells were placed on ice, irra-
diated at 365-nm wavelength for 30 min with a UVP CL-1000 UV
CrossLinker and agitated every 10 min. The cells were then lysed
as described above.

For AMT–NHS in vitro crosslinking, the cells were first lysed as
described above. The supernatant was collected by centrifuga-
tion at 30,000g for 30 min and added with 0.05, 0.1, or 0.2 mM
of AMT–NHS or DMSO. The samples were incubated at 30°C in
the dark with low-speed rotation for 30 min. The crosslinker was
neutralized by the addition of 20 mM Tris-HCl (pH 7.5). The sam-
ples were irradiated at 365-nm wavelength as described above.

Purification of crosslinked RNP and construction
of sequencing library

The crosslinked RNA was purified and cloned as previously de-
scribed (Granneman et al. 2009; Lin et al. 2013). The adaptors
and primers for sequencing library construction were previously
reported (Wu et al. 2021). After crosslinking and cell lysis, the clar-
ified supernatant was incubated with 300 µL of IgG Sepharose
beads (GE Healthcare) at 4°C for 2.5 h with rotation. The beads
were washed three times with lysis buffer and incubated with
TEV protease for 10 h to release proteins. The eluate was digest-
ed with RNase A/T1 mixture (Thermo) at 37°C for 10 min. The re-
action was adjusted to contain 6 M guanidine HCl, 300 mM NaCl
and 10 mM imidazole and incubated with 30 µL of MagneHis Ni-
Particles (Promega) at 4°C for 12 h.

The beads were washed with wash buffer (20 mM HEPES-Na
[pH 7.5], 6 M Guanidine HCl, 300 mM NaCl, 20 mM imidazole,
0.1% Nonidet P-40, and 5 mM β-mercaptoethanol) and then
with PNK buffer (20 mM HEPES-Na [pH 7.5], 10 mM MgCl2, and
5 mM β-mercaptoethanol). The dephosphorization, ligation, and
radiolabeling reactions were all conducted in a ThermoMixer
(Eppendorf) with intermittent shaking. For RNA dephosphoriza-
tion, the beads were added with 4 units of FastAP (Thermo) and
50 units of RNasin Plus RNase Inhibitor (Promega) in 50 µL PNK
and incubated at 37°C for 30 min. The beads were washed three
times with wash buffer and three times with PNK buffer.
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The 3′ DNA adaptor [5′-TNNNTAGNNNTGGAATTCTCGG
GTGCAAGG (NH2)-3′, barcodes are underlined] was preadenyl-
ated with Mth RNA Ligase (NEB) according to the manufacturer’s
instructions. To ligate the 3′ adaptor, the beads were added with
25 units of T4 RNA ligase 2, truncated KQ (NEB), 100 pmol of pre-
adenylated 3′-adaptor, 50 units of RNase Inhibitor (Promega), and
15% PEG8000 in 50 µL PNK and incubated at 25°C for 2.5 h and
then at 22°C for 16 h. The beads were washed three times with
wash buffer and three times with PNK buffer.

To radiolabel RNA, the beads were added with 20 units of T4
polynucleotide kinase (NEB), 2 µL of 32P–γATP (PerkinElmer),
and 40 units of RNase Inhibitor in 50 µL PNK and incubated at
37°C for 30 min. After brief centrifugation, the reaction was add-
ed with 1 µL of 50 mM cold ATP and incubated for an additional
10 min. The beads were washed four times with wash buffer and
four times with PNK buffer.

The beads were resuspended in 16 µL of 2× Ni elute buffer
(40 mM HEPES-Na [pH 7.5], 100 mM NaCl, 600 mM Imidazole,
0.2% Nonidet P-40, and 10 mM β-mercaptoethanol) and 16 µL
of 2× NuPAGE loading buffer (Invitrogen) and heated at 70°C
for 10 min. After centrifugation, the dissolved protein was re-
solved in a 4%–12% Bis-Tris NuPAGE gel (Invitrogen) and blotted
onto nitrocellulose membranes (Bio-Rad).

Radiolabeled RNPs were visualized on X-ray films. Bands of inter-
est were excised and chopped into pieces. Slicedmembraneswere
added with 200 µL of digestion solution containing 20mMHEPES-
Na (pH7.5), 4mg/mL proteinaseK (Promega), 50mMNaCl, and 10
mM EDTA and incubated at 37°C for 30 min with shaking. The re-
actionwas addedwith 200 µLof solution containing 20mMHEPES-
Na (pH7.5), 50mMNaCl, 10mMEDTA, and 7MUrea and incubat-
ed at 60°C for 30 min. The solution containing released RNAs was
transferred to a new tube, extracted with phenol/chloroform, pre-
cipitated with isopropanol, and dissolved in 6 µL of H2O.

The RNA was mixed with 20 pmol of the 5′ RNA linkers (5′-AC
ACGACGCUCUUCCGAUCUNNNCGNNNU-3′ and 5′-ACACGA
CGCUCUUCCGAUCUNNNAUNNNC-3′, barcodes are under-
lined) and heated at 80°C for 90 sec in a PCR machine and then
placed on ice. The RNA mixture was added with 2 µL of 10 mM
ATP, 40 units of RNase Inhibitor, 2 µL of T4 RNA Ligase 1
(NEB), 6 µL of 50%PEG8000, 2 µL of 10× PNK, andwater to a total
volume of 20 µL. The ligation reaction was incubated at 25°C for
2.5 h and then at 22°C for 18 h.

RNA was extracted by phenol/chloroform and precipitated with
isopropanol. RNA was resuspended in 11 µL of H2O and added
with 10 pmol of reverse transcription primer (5′-GCCTTGGCAC
CCGAGAATTCCA-3′). The RNA mixture was heated at 80°C for
2 min and placed on ice. The mixture was added with 4 µL of 5×
First strand buffer, 1 µL of 0.1 M DTT, 1 µL of 10 mM dNTPs, 40
units of RNase Inhibitor and 1 µL of SuperScript III (Invitrogen) to
a total volume of 20 µL. The reaction was incubated in a PCR ma-
chine at 55°C for 30 min, 50°C for 30 min, and 70°C for 15 min.

The first round PCR reaction contained 3 µL of cDNA solution, 4
µL of 5× HF buffer (NEB), 0.4 µL of 10 mM dNTPs, 1 µL of 10 mM
DP5 primer (5′-ACACGACGCTCTTCCGATCT-3′), 1 µL of 10 mM
DP7 primer (5′-CCTTGGCACCCGAGAATTCC-3′), and 0.2 µL of
Phusion DNA polymerase (NEB) in a total volume of 20 µL. The
DNA was denatured at 98°C for 30 sec, amplified for 21 cycles
(98°C for 8 sec, 65°C for 20 sec, and 72°C for 15 sec) and extend-
ed at 72°C for 5 min. The DNAwas resolved in a 10% native poly-
acrylamide gel and visualized with DNA SYBR Gold (Invitrogen).

DNA bands of 80–200 bp were excised, crushed, and soaked
out overnight in buffer containing 10 mM Tris-HCl (pH 8.0), 300
mM NaCl, and 1 mM EDTA.
The second round of PCR was conducted with the first round

PCR product as template and 10 pmol each of indexed primers
P5 (5′-AATGATACGGCGACCACCGAGATCTACACXXXXXACA
CTCTTTCCCTACACGACGCTCTTCCGATCT-3′) and P7 (5′-CAA
GCAGAAGACGGCATACGAGATXXXXXXGTGACTGGAGTTCC
TTGGCACCCGAGAATTCCA-3′) with a similar setting as above.
The extension time was changed to 20 sec and a total of five cy-
cles were performed. DNA of 170–300 bp was recovered as de-
scribed above.
The total RNA from untreated cells was hydrolyzed at mild alka-

line conditions and converted into sequencing libraries according
to the RiboMeth-seq procedure as previously described (Wu et al.
2021).

Data processing and analysis

The librarieswere sequencedonan IlluminaHiSeqX10machineus-
ing the paired-end 150 bpmode byAnnoroad. Readswere demul-
tiplexed according to the index sequences in primers P5 and P7.
Adaptor sequences were trimmed by cutadapt (v1.18) with a mini-
mal length of 33 nt (including 19 nt of barcodes) for reads (Kechin
et al. 2017). PCR duplicates that share the same barcode and
RNA sequence were reduced with a home-written Python script.
Barcodes at both ends of reads were trimmed and recorded in
the name of reads. Reads were aligned to the genome sequence
of Saccharomyces cerevisiae (GCF_000146045.2_ R64_genomic.
fna) with NovoAlign (V3.09.00, http://novocraft.com). The reads
that shared the samebarcodes, the samestartgenomic coordinates
and the same “CIGAR” words, which encode information of dele-
tion and insertion but no mutation, were reduced in the second
round removal of PCR duplicates. These PCR duplicates acquired
mutationduringPCRamplificationandwouldescape the first round
of PCR duplicate removal. The aligned reads were stored as sam or
bam files and visualized on IGV (2.7.22.7.2) (Robinson et al. 2011).
Statistics of reads and mutation/deletion were analyzed by bed-
tools, samtools, and home-written scripts (Quinlan and Hall 2010).
For mutation/deletion and crosslinking site analysis, data sets

from similar treatments (UV, AMT–NHS in vivo and AMT–NHS in
vitro) were combined. The terminal residues of reads were some-
times mutated for unknown reasons, and these terminal muta-
tions were not counted. Crosslinking sites must have at least 20
reads and a mut/del rate equal or greater than 5%. Multiple con-
tinuous mut/del sites, which likely resulted from a single crosslink-
ing event, are represented by one middle crosslinking site.
Secondary structures of H/ACA snoRNAs were predicted by the
RNAcentral database (RNAcentral Consortium 2021).

DATA DEPOSITION

The sequencing data have been deposited into the National
Genomics Data Center (bigd.big.ac.cn) under GSA accession
code CRA004708.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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MEET THE FIRST AUTHORS

Xuzhen Guo Yan Han

Meet the First Author(s) is a new editorial feature within RNA,
in which the first author(s) of research-based papers in each is-
sue have the opportunity to introduce themselves and their
work to readers of RNA and the RNA research community.
Yan Han and Xuzhen Guo, the co-first authors of the paper
“Development of an RNA–protein crosslinker to capture pro-
tein interactions with diverse RNA structures in cells,” were
graduate students at the Institute of Biophysics, Chinese
Academy of Sciences in the laboratories of Drs. Keqiong Ye
and JiangyunWang, respectively. Yan focused on the develop-
ment of RNA–protein crosslinking agents and analysis of ribo-
some assembly factors by RNA–protein crosslinking and
structural biology methods. Xuzhen was in a chemical biology
laboratory and interested in synthesizing new compounds
to capture RNA–protein, RNA–RNA, and protein–protein
interactions.

What are the major results described in your paper
and how do they impact this branch of the field?

In this study, we developed a new compound called AMT–NHS to
crosslink RNA and protein. AMT–NHS is composed of a psoralen
derivative, which can intercalate in RNA helices and react with py-
rimidines upon photo-activation, and an N-hydroxysuccinimide
ester group, which mainly links lysine residues of protein. We test-
ed AMT–NHS to crosslink H/ACA snoRNPs in yeast and found that
it can enter living yeast cells and efficiently crosslink the Cbf5 pro-
tein with H/ACA snoRNAs. Compared with UV, AMT–NHS cross-
linked RNAs in a different pattern and targeted more sites on
double-stranded RNAs. We expected that the crosslinker would
become a new tool to detect RNA–protein interactions in cells,
particularly those involving double-stranded RNAs.

What led you to study RNA or this aspect of RNA science?

YH: I have been analyzing the RNA binding sites of ribosome as-
sembly factors using classic UV-crosslinking methods and learned
several limitations of UV. When our collaborators synthesized a
new RNA–protein crosslinker that was expected to better target
dsRNA than UV, I readily tested its crosslinking activity in yeast.

XG: I became interested in RNA research when I was involved in
developing an enzymatic method for site-specific labeling of
RNA. After learning the lack of an efficient RNA–protein crosslinker
targeting dsRNA, I embarked to synthesize AMT–NHS.

During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

YH: I initially did not observe any crosslinked Cbf5–RNA complex
in SDS-PAGE. I was frustrated after many failed attempts. I
then carefully monitored Cbf5 after every experimental step and
found that the protein disappeared after phosphatase treatment.
I suspected that the phosphatase was contaminated with proteas-
es that degraded my protein. After changing to another brand of
phosphatase, strong signals of crosslinked Cbf5 miraculously
emerged. From this experience I learned how to troubleshoot
when something went wrong.

If you were able to give one piece of advice to your
younger self, what would that be?

YH: I would tell myself not to be afraid of failures. When an exper-
iment does not work, we should go back and check every detail.

XG: Rome was not built in a day. Stay calm and patient; you will
find appropriate solutions eventually.

What are your subsequent near- or long-term career plans?

YH: I am interested in RNA drug development and want to tackle
diseases in my future research.

XG: I hope to set up my own research group in the future and
develop novel chemical agents for biomedical research, disease
diagnosis, and clinical treatment.

What were the strongest aspects of your collaboration
as co-first authors?

The study depended on complementary expertise of the two co-
first authors. Yan was experienced in biochemistry and yeast ge-
netics, whereas Xuzhen was well-trained in chemical synthesis.
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