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Abstract

Protein-RNA interactions regulate RNA fate and function, and defects can lead to various
disorders. Such interactions have mainly been studied with nucleoside-based UV cross-linking
methods, which lack broad in vivo compatibility and the ability to resolve specific amino acids.
Here we genetically encoded latent bioreactive unnatural amino acids into proteins to react with
bound RNA via proximity-enabled reactivity, and demonstrated genetically encoded chemical
cross-linking of proteins with target RNA (GECX-RNA) in vivo. Applying GECX-RNA to an
RNA chaperon Hfq in £. coliidentified target RNAs with amino acid specificity. Combining
GECX-RNA with immunoprecipitation and high-throughput sequencing on a N6-methyladenosine
(m6A) reader protein in mammalian cells allowed /n vivo identification of unknown m6A on RNA
with single-nucleotide resolution throughout transcriptome. GECX-RNA affords resolution at the
nucleotide and amino acid level for interrogating protein-RNA interactions /n7 vivo. It also enables
precise engineering of covalent linkages between a protein and RNA, which will inspire innovative
solutions for RNA-related research and therapeutics.

Editorial Summary:

Protein-RNA interactions regulate RNA fate and function, and are generally noncovalent and
reversible. Genetically introducing a latent bioreactive amino acid into a protein has now been
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shown to enable the protein to covalently crosslink to a bound RNA molecule in vivo. This method
offers innovative avenues for developing protein-RNA research and applications.

INTRODUCTION

RNA-binding proteins (RBPs) regulate almost all aspects of RNA molecules inside cells,
from pre-mRNA splicing, 3’ tail processing, to RNA modification, translation, degradation,
and localization?. These regulatory roles of RBPs are essential for cells and organisms to
maintain normal physiological status. Functional defects of RBPs could be the causes of
many disorders, such as neurodegeneration and cancer?3. Numerous monogenic diseases
have mutations enriched in RNA-binding regions, suggesting they arise from altered RNA
binding®. Inside cells, most RBPs have a specific or multiple subcellular localizations,
where they could interact with different sets of target RNA molecules through competing
or collaborating with other RBPs®. In addition, hundreds of RBPs have recently been
uncovered to lack conventional RNA-binding domains (RBDs) and many bind RNA with
intrinsically disordered regions®. Some RBPs may even be inversely regulated by RNA.

To understand the complex regulatory mechanisms and emerging novel aspects of RBPs,

it is critical to identify the interactions between RBPs and their endogenous target RNA
molecules under physiological conditions, ideally with nucleotide resolution and amino acid
resolution.

Interactions of RBP and RNA /n vivo are generally dynamic, transient, and weak’.

To preserve RBP-RNA interactions for identification, the most widely used approach is
nucleoside-based UV cross-linking®, in which nucleoside base produces radicals in response
to UV-irradiation to cross-link with proximal amino acid residues®. Various technologies
based on this mechanism have been developed for improving protein-RNA cross-linking.
For example, photoactivatable ribonucleosides 4-thiouridine (4sU) or 6-thioguanosine (6sG)
have been introduced into cell culture for incorporation into nascent RNA molecules,

which allow RNA to cross-link with protein using UV-A (365 nm) light in higher
efficiency911, Together with immunoprecipitation (IP) and high-throughput sequencing
techniques (CLIP-seq), RNA targets of many RBPs can be determined, which has largely
expanded our understandings of RNA regulations®19-15 However, nucleoside-based UV
cross-linking has strong nucleotide bias toward uridine or incorporated photoactivatable
ribonucleosides®1%:16, making it difficult to study RBPs lacking uridines in the target RNA
regions. The high reactivity of nucleoside radicals tends to lead to more non-productive side
reactions, decreasing detection sensitivity. Due to poor tissue penetrance, UV cross-linking
cannot be applied to intact nontransparent animals for /n7 vivo studies. More importantly,

as the cross-linking moiety is generated on RNA and radicals cross-link with amino acid
residues nonspecifically, nucleoside-based UV cross-linking makes amino acid resolution
for RBPs technically demanding. For instance, RNA targets of different RNA-binding
regions of an RBP cannot be reliably resolved. Moreover, nonspecific cross-linking of RNA
to protein residues makes it infeasible to rationally design and engineer of proteins-RNA
complex with precise covalent linkages.
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Recently, latent bioreactive unnatural amino acids (Uaas) have been genetically incorporated
into proteins in live cells, which react with specific natural amino acid residues via
proximity-enabled reactivityl’18, These latent bioreactive Uaas permit the selective
chemical cross-linking of protein with protein both /n vitro and in vivo, which has enabled

a broad range of new applications such as pinpointing ligand-receptor binding, capturing
elusive protein-protein interactions, and developing covalent protein drugs1®-21. To date,
latent bioreactive Uaas have been applied to chemically cross-link proteins only, but not any
other class of biomolecules.

Here we established a general biocompatible chemical method, genetically encoded
chemical cross-linking of proteins with RNA (GECX-RNA) via latent bioreactive Uaas,
which allows the site-specific introduction of covalent linkages between proteins and
RNAs /n vivo for the first time. We genetically incorporated two latent bioreactive Uaas,
fluorosulfate-L-tyrosine (FSY) and o-sulfonyl fluoride- O-methyltyrosine (SFY), that were
able to react with all four RNA nucleotides via proximity-enabled SuFEXx reaction only
when the RNA bound to RBP, irreversibly capturing target RNA on RBP in both £. coli
and mammalian cells. By applying GECX-RNA to the RNA chaperon Hfq in £. colj,

we demonstrated RNA identification with protein residue specificity /n vivo. In addition,
through genetic incorporation of SFY into the YTH domain in mammalian cells and
combining with high-throughput sequencing, we devised a new, antibody-free method for
in vivo identification of Af-methyladenosine (m6A) sites on RNA in the transcriptome
with single-nucleotide resolution, uncovering previously unknown méA sites. GECX-RNA
now enables the study of protein-RNA interactions /n vivo with single-nucleotide resolution
for RNAs as well as amino acid specificity for proteins. Furthermore, selectively targeting
RNA via proximity-enabled reactivity will open new avenues of generating stable covalent
protein-RNA complex for research and therapeutic applications.

Developing GECX-RNA to cross-link RNA to RBP via genetically encoding latent
bioreactive Uaas

The latent bioreactive Uaa fluorosulfate-L-tyrosine (FSY) has recently been genetically
incorporated into proteins in £. col/iand mammalian cells via a newly evolved orthogonal
tRNAPYI/FSYRS pair?2. Through proximity-enabled SUFEX reaction, the incorporated FSY
specifically cross-links with proximal Lys, His, and Tyr side chains, forming covalent
linkages within or between proteins in vive?2. When there is no nucleophiles placed in close
proximity, the aryl fluorosulfate of FSY remains intact in proteins and inside cells. Based
on such selective reactivity, we reasoned that SUFEX reactions could potentially target the
nucleophilic 2’-hydroxyl group of ribose or amine groups of base in proximal nucleotides,
thus forming specific covalent linkages between a protein and its bound RNA (Fig. 1a).

To test this hypothesis, we used Cas13 as the model protein to examine whether FSY-
incorporated RBPs could cross-link with interacting target RNA. Cas13b is a class 2 type
VI RNA-guided RNA-targeting CRISPR-Cas effector?3-25, Catalytically inactive Cas13b
from Prevotella sp. P5-125 (dPsCas13b) maintains targeted RNA binding activity and
could only bind to targeted RNA through guidance of CRISPR RNA (crRNA)25. Based
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on the crystal structure of homologous Cas13a-crRNA-target RNA ternary complex26 (Fig.
1b), we first prepared the catalytically inactive Cas13b (dPsCas13b) mutant by mutating
His133 and His1058 of PsCas13b into alanine (Fig. 1b)24. These two His are conserved
catalytic residues responsible for RNA backbone cleavage. We thus incorporated FSY
separately into position 133 and 1058 of dPsCas13b, reasoning that at these positions

FSY side chain should aim at the 2’-OH group of RNA backbone (Fig. 1b). The

wildtype dPsCas13b (dCas13-WT) and two FSY-incorporated dPsCas13b mutant proteins
(dCas13b-133FSY, dCas13b-1058FSY) were expressed and purified, and then incubated
with crRNA (crRNA-1) and target RNA (ssRNA-1). After incubation, electrophoretic
mobility shift assay (EMSA) was performed by separating the samples on denaturing
Urea-PAGE. RNA with cross-linked dCas13b proteins would run slower than RNA

alone on Urea-PAGE. Indeed, we observed protein-RNA cross-linked bands for samples
containing dCas13b-133FSY, whereas no such band for samples containing dCas13b-WT or
dCas13b-1058FSY (Fig. 1c), suggesting that FSY-incorporated at His133 of dCas13b could
cross-link with RNA.

To further validate whether the cross-linked bands were the cross-linking products of FSY-
incorporated protein and RNA, we treated the cross-linked product of dCas13b-133FSY
with proteinase K and re-analyzed with denaturing Urea-PAGE (Fig. 1c¢). Concomitant with
the disappearance of the cross-linked bands, the target and guide RNA bands reappeared,
indicating they were captured by dCas13b-133FSY protein. Apart from the target SSRNA,
the excess guide crRNA was also covalently cross-linked by dCas13b-133FSY, which is
consistent with the collateral RNA cleavage activity of cas13b in vitre?’. In addition, we
verified the cross-linked band contained the target sSRNA by using 5’-florescently labeled
target sSRNA (IRD680-ssRNA-1), which showed fluorescence in the cross-linked band (Fig.
1d). Moreover, in the absence of the guide crRNA, no cross-linked protein-RNA bands were
detected (Fig. 1d). Since the presence of guide RNA is necessary for cas13b to bind and
cleave RNA, this result indicated that the covalent cross-link of RNA to dCas13b-133FSY
depends on RNA binding, which places RNA in close proximity to the FSY located at the
catalytic site 133.

We next investigated whether FSY could cross-link the 2’ hydroxyl group on the ribose
agnostic to the base identity. To do so, we used another cleavage feature of Cas13b protein.
In addition to the cleavage site responsible for target RNA cleavage, Cas13b protein also
contains another cleavage site that site specifically cleaves precursor crRNA (pre-crRNA)
into mature crRNAZ3.27.28 Based on the crystal structure of Bergeyella zoohelcum Cas13b-
crRNA binary complex28 (Fig. 1e), we reasoned that positively charged amino acids on
B-sheets 5 and 6 are involved in pre-crRNA cleavage because they are in close contact with
two cleavage nucleotides located directly 3’-downstream of the hairpin repeat region of pre-
crRNA (Fig 1f)28, To identify the positively charged amino acids of PsCas13b involved in
pre-crRNA cleavage, we mutated K367, K370, R378, and R380 of dPsCas13b into alanine,
respectively, based on homology alignment (Fig. S1, Extended Data Fig. 1a). A pre-crRNA
containing a 38-nt sequence at 3’-downstream of the hairpin repeat region of pre-crRNA
was used as the cleavage target. We found that dPsCas13b-WT was active in pre-crRNA
cleavage (Extended Data Fig. 1b). For dPsCas13b alanine mutants, K367A, K370A, and
R378A mutants were still active in pre-crRNA cleavage, while R380A mutant abolished
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pre-crRNA cleavage (Extended Data Fig. 1b). Considering R380 site is conserved among
Cas13b proteins from different species (Fig. S1, Extended Data Fig. 1a) and its homologous
R459 is in close contact with the backbone of the two cleavage nucleotides in the crystal
structure of Bergeyella zoohelcum Cas13b-crRNA binary complex, R380 of dPsCas13b
must play an important role in pre-crRNA cleavage. Thus, we mutated R380 of dPsCas13b
into FSY, and incubate dPsCas13b-380 mutant proteins separately with four pre-crRNAs
that had different nucleotide compositions at cleavage sites of pre-crRNA (Fig. 19). As
expected, no cross-linking was observed for dPsCas13b-380Ala incubations. Gratifyingly,
dPsCas13b-380FSY protein was able to cross-link each pre-crRNA with all four types

of nucleotides separately at the cleavage site (Fig 1g), indicating an inclusive nucleotide
cross-linking reactivity of FSY when targeting the ribose 2’-hydroxyl.

These results together demonstrated that FSY incorporated into RBP could cross-link with
RNA bound in proximity /n vitro, representing the first proximity driven, genetically
encoded chemical cross-linking of RNA (GECX-RNA) in an inclusive nucleotide-cross-
linking manner.

GECX-RNA enables cross-linking of target RNA to RBP with amino acid specificity in E.

coli

To test if GECX-RNA was suitable for capturing interactions of RBPs with target RNAs

in vivo, we first examined if it could be applied for cross-linking the endogenous RNA
targets of a bacterial RBP, host factor required for Qp replication (Hfq), in £. coli. Hfq is

a widely conserved bacterial RNA chaperone??, interacting with hundreds of SRNAs and
more than one thousand mRNAs in Gram-negative bacteria, such as £. co/f%32. In light of
the structure of £, coli Hfq binding to target RNA33, we introduced FSY into the binding
interface at sites 25, 30, and 49 of £. coli Hfq protein (Fig. 2a), respectively. The £. coli
Hfg-WT, Hfg-25FSY, Hfg-30FSY, or Hfg-49FSY protein was separately expressed in £. coli
DH10B strain. After culturing, Western blot analysis of cell lysates showed cross-linking
bands in all three samples expressing FSY-incorporated Hfq, but not Hfg-WT (Fig. 2b).
These cross-linking bands disappeared or were down-shifted when samples were treated
with RNase, indicating that the cross-linking products were Hfg-FSY proteins cross-linked
with RNAs (Fig. 2b).

To determine whether the RNAs cross-linked with the Hfg-FSY proteins were endogenous
target RNAs of Hfq, we expressed and purified Hfq proteins from £. coli, and examined
the abundances of rpoS RNA, one known Hfq target RNA, co-purified with different Hfq
proteins (Fig. 2c, Fig. S2a). rpoS RNA showed similar up-regulations in both Hfg-WT and
Hfg-FSY expressing cells, suggesting that FSY-incorporated Hfq proteins were functional
in E. coli cells (Fig. S2b). More importantly, RT-gPCR analysis showed that, in comparison
with the RNA samples co-purified with Hfg-WT, those co-purified with Hfg-25FSY and
Hfg-30FSY were more enriched in rpoS RNA (Fig. 2d). Hfg-49FSY did not enrich rpoS
RNA, possibly because site 49 locates differently from sites 25 and 30 on the ring-shaped
Hfg homo-hexamer (Fig. 2a) and rpoS RNA binds to Hfq in a position dependent manner.
These results demonstrate that FSY-incorporation in Hfg could specifically cross-link and
enrich target RNAs in £. coli cells.

Nat Chem. Author manuscript; available in PMC 2023 July 01.
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A key potential of GECX-RNA is to capture and identify RNA with amino acid specificity
of RBPs, since the chemical cross-linker is site-selectively introduced into RBP and not

in RNA. To demonstrate this ability, we combined GECX-RNA with immunoprecipitation
(GRIP) to determine RNA cross-linking sites of specific amino acid positions on RBPs
(Fig. 2e). In general, RBP with FSY incorporated at a desired site will be expressed in

cells to allow RNA cross-linking /n vivo. Following cell lysis, RBP-FSY together with
cross-linked RNA will be purified and digested with proteinase K to remove RBP and
release the cross-linked RNAs. The RNAs will be reverse transcribed with gene-specific
primer targeting a downstream region of cross-linked positions, which will terminate at the
cross-linking site due to the cross-linked FSY residue. After removal of RNA, cDNA will be
ligated to an adaptor at the 3’ end and then amplified with PCR. The PCR products will be
sequenced, from which the Uaa-induced cross-linking sites on target RNA will be identified
at the ligation sites of PCR amplicons.

Site 25 of Hfq protein has been proposed to contact with an (AAN)4 element on rpoS

RNA for regulation34, but all evidence is from either in vitro experiments or indirect /in
vivo indications. To directly detect the binding nucleotides of Tyr25 of Hfq protein in £
coli cells, we applied GRIP on Hfg-25FSY expressed in £. coli cells using gene-specific
RT and PCR primers for rpoS. As expected, in the final PCR product, Hfg-WT sample

had no insertion, while Hfg-25FSY sample had distinct insertion (Fig. S2c), indicating that
crosslinking-mediated reverse-transcription-termination on rpoS RNA could be achieved
with Hfg-25FSY but not Hfg-WT. Sanger sequencing of PCR products from the Hfg-25FSY
sample revealed that reverse transcription was terminated at the (AAN)4 element or its
immediate 3’ region (Extended Data Fig. 2). These results indicate that site 25 of Hfq
protein contacted with the (AAN)4 element on rpoS RNA in £. coli cells, providing in vivo
evidence to support previous /7 vitro studies34.

We further applied GRIP with gene-specific RT and PCR primers for another Hfq target
mMRNA, ptsG3%:36, Previously, it has been predicted that the ARN motifs in the UTR region
of ptsG interact with Hfq proteins in £. coli cells35, but there is no direct evidence of
which domain of Hfg protein binds with ptsG mRNA /n vivo. After Sanger sequencing of
PCR products from the Hfg-25FSY sample, similar to the result for rpoS gene, we also
identified that reverse transcripts of ptsG mRNAs terminated at the (ARN)4 element or its
immediate 3’ region (Fig. S2d), indicating that site 25 of Hfq directly contacts the (ARN)4
element of the ptsG RNA. These results from rpoS and ptsG mRNAs presented direct /n
vivo experimental evidence of site 25 of Hfq binding with ARN elements on target RNAs,
demonstrating the power of GECX-RNA in probing /in vivo protein-RNA interactions with
amino acid specificity.

GECX-RNA enables specific cross-linking of target RNA to RBP in mammalian cells

We next tested whether GECX-RNA could work in mammalian cells and enable cross-
linking of RBP with target RNA specifically. dCas13b proteins bind to specific endogenous
RNA targets via the guidance of crRNA in mammalian systems24:25 which should serve

as an excellent system to test GECX-RNA for cross-linking and specificity. We therefore
co-transfected plasmids expressing wild type dPsCas13b (WT) or FSY-incorporated
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dPsCas13b (dPsCas13b-133FSY) together with crRNA expressing plasmids into HEK293T
cells. Western blot analysis confirmed the successful expression of dPsCas13b-WT and
dPsCas13b-133FSY protein (Fig. S3). They were purified through immunoprecipitation and
digested by proteinase K to release the bound RNA (Fig. 3a). The RNAs were then reverse
transcribed and quantified by gPCR using primers specific for the same gene as the guide
crRNA. In the first case where target RNA was ACTB (Fig. 3b), in the negative control
without introducing guide crRNA, dPsCas13b-133FSY had no enrichment of target RNA
over dPsCas13b-WT, indicating that dPsCas13b-133FSY did not cross-link the target RNA
when it was not bound. In contrast, in the presence of crRNA, dPsCas13b-WT still did not
enrich target RNA over the control, while dPsCas13b-133FSY showed 4-fold enrichment
over dPsCas13b-WT, indicating that at least for this system, cross-linking is necessary for
target RNA enrichment. Similar results were also obtained for NEAT1 RNA using two guide
crRNAs targeting different regions of NEAT1 RNA, respectively (Fig. 3b). These results
demonstrate that GECX-RNA could cross-link and enrich target RNA in mammalian cells,
and the cross-linking was dependent on RNA binding with RBP.

Genetically encoding SFY in mammalian cells to expand SuFEx-based cross-linking in

cells

FSY has the SUFEXx group at the para position, which has limited reaction area. To cope with
different orientations of protein-RNA interactions, it would be desirable to encode a Uaa
containing the SUFEx group at the meta position to expand reaction area3’. We thus evolved
new orthogonal Mm-tRNAPY//MmSFYRS and Ma-tRNAPY!/MaSFYRS pair to genetically
incorporate o-sulfonyl fluoride- O-methyltyrosine (SFY) into proteins in £. coli (Fig. 4a).
Here we demonstrate the incorporation of SFY into proteins in mammalian cells and the
ability of SFY to cross-link proximal nucleophilic amino acid sidechains via SUFEXx directly
in E. coli and mammalian cells.

To test SFY incorporation in mammalian cells, we transfected HEK293 cells with plasmid
pcDNA-EGFP-40TAG expressing EGFP gene containing a TAG codon at site Tyr40 and
plasmid pNEU-MmSFYRS expressing the Mm-tRNAPY//MmSFYRS. Fluorescence confocal
microscopy showed that, in the presence of SFY, strong EGFP fluorescence was observed
throughout the cells, and cell morphology remained normal (Fig. 4b), indicating SFY

was incorporated at the TAG site to produce full-length EGFP. No fluorescence signal

was detected when SFY was not added. HEK293 cells expressing pcDNA-EGFP-40TAG
and Mm-tRNAPY/MmSFYRS or Ma-tRNAPY//MaSFYRS were further quantified by flow
cytometry (Fig. 4c, Fig. S4). Strong EGFP fluorescence was measured from cells only
when SFY was added, and the fluorescence intensity increased with tRNAPY! copy number.
The incorporation efficiency of SFY was comparable with FSY. In addition, we did not
observe obvious toxicity of SFY to HEK293T cells (Fig. S5), a valuable property for in cell
applications.

To determine which amino acid residues could react with SFY via proximity-enabled
reactivity directly in cells, we coexpressed in E. colithe Z protein and an affibody (Afb)
that specifically binds the Z protein. Based on the crystal structure of Afb-Z complex,
we introduced SFY at site 24 of the Z protein and various natural residues at site 7 of
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the affibody (Fig. 4d), placing the two residues in close proximity upon Afb-Z binding?2.
After expression of Afb-24SFY and Z-7X (X = target residue) for 6 h, cells were lysed

and analyzed with Western blot under denatured conditions (Fig. 4e). Cross-linking bands
corresponding to the adduct of Afb and Z were detected for target residue His, Tyr, and Lys,
for both Mm-tRNAPY/MmSFYRS and Ma-tRNAPY//MaSFYRS. We then purified 6xHis-
tagged Z and Afb proteins from cells and analyzed with SDS-PAGE. Consistently, a protein
band corresponding to the cross-linked Z with Afb was clearly observed for Afb-7Lys,
Afb-7His, and Afb-7Tyr (Fig. 4e). We further tested if SFY could cross-link with these
residues in mammalian cells. GST is a dimeric protein, whose structure shows that residue
103 of one monomer is close to residue 107 of the other monomer at the dimer interface
(Fig. 4f), which has been used to determine proximity-enabled reactivity38. We incorporated
SFY at site 103 of GST and mutated residue 107 to various target residues. HEK293T

cells expressing these GST mutants were lysed and Western blotted to detect covalent GST
dimer formation (Fig. 4g). Clearly SFY was shown to react with His, Tyr, and Lys placed in
proximity in mammalian cells.

We also verified if SFY incorporated into Hfg could covalently capture RNA in £. coli cells.
E. coliDH10B cells expressing Hfg-25SFY or Hfg-49SFY were lysed and analyzed with
Urea-PAGE (Fig. 4h). Cross-linking bands were detected, some of which disappeared when
samples were treated with RNase, indicating that Hfg-SFY was able to cross-link RNASs in
E. coli. In addition, to check if SFY could cross-link nucleotides, we incubated 50 mM SFY
with 50 mM different nucleoside monophosphates (NMPs: AMP, UMP, CMP, or GMP) at
37 °C for 16 h. Cross-linking adducts of SFY with all four NMPs were detected using MS,
confirming SFY could also cross-link all four nucleotides (Fig. S6).

Due to the respective metaand para positioning of warheads in SFY and FSY, they
should complement each other in targeting His, Tyr, and Lys with different side chain
orientations in proteins. In addition, sulfonyl fluoride of SFY is chemically more reactive
than fluorosulfonate of FSY, which enables SFY to covalently target weaker nucleophiles
elusive to FSY, such as the hydroxyl group of glycans (companion manuscript).

An in vivo method for detecting m6A in mammalian cells with single-nucleotide resolution

AB-methyladenosine (m6A) is a widespread RNA modification that play important roles

in the regulations and functions of MRNA39. Identification of the m6A sites in RNA is
critical for understanding m6A function. Although many m6A detection methods have been
reported*0-42, the majority of them lack single nucleotide resolution and rely on the use of
m6A-specific antibody, in which the recognition of m6A is /n vitro in nature. Enlightened
by the success of applying GRIP in identifying the cross-linked nucleotides of rpoS RNA in
E. coli above, we reasoned that GRIP could be adapted for capturing m6A sites on RNA in
vivo for subsequent identification, which may better preserve m6A physiological status than
the /in vitro methods. Specifically, we proposed to use a reader protein of m6A to recognize
mG6A sites on RNA, and to incorporate a bioreactive Uaa into the m6A binding site of the
reader to cross-link nucleotides neighboring m6A (Fig. 5a). Expression of the reader-Uaa
protein in cells would cross-link at m6A sites on RNA, enabling the recognition and capture
of m6A J/n vivo. Immunoprecipitation of the reader protein followed with proteinase K
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digestion then release the captured RNAs for reverse transcription, adaptor ligation, and
sequencing (Fig. 5a). The identified Uaa-cross-linked nucleotides thus reveal m6A site to be
immediately adjacent.

We decided to use the YTH domain of human YTHDFL1 protein, which is a conserved

m6A reader#344. Based on the crystal structure of YTHDF1 in complex with a 5-mer

m6A RNA%3, we chose Tyr397, a residue next to the binding pocket of m6A, as the site

for incorporating the bioreactive Uaa, to aim the Uaa side chain for targeting nucleotides
upstream of m6A (Fig. 5b). Initial incorporation of FSY at site 397 of the YTH domain
failed to cross-link any RNA. A more careful analysis of the structure revealed a Lys469 at
the para-position of Tyr397, which is known to react with FSY. Therefore, we changed to the
new SUFEXx capable bioreactive Uaa, SFY, which has similar proximity-enabled reactivity
as FSY in cross-linking nearby Lys, His, and Tyr. As SFY has sulfonyl fluoride installed at
the meta-position of the phenyl ring, which should avoid Lys469 contact and reactivity (Fig.
4a, Fig. 5b). As shown below, YTH-397SFY was indeed able to cross-link m6A containing
RNAs in mammalian cells.

To detect endogenous m6A sites in mammalian cells throughout the transcriptome, we
developed GRIP-seq through combining GRIP for m6A with high-throughput sequencing,
enabling identification of m6A sites /n vivo with single-nucleotide resolution (Fig. 5a).

In brief, HEK293T cells expressing YTH-397SFY protein (Fig. S7a) were lysed and
treated with RNase to partially digest RNA into short fragments. After GRIP for these

cell lysates (Fig. S7a), the purified protein-RNA cross-links were treated with proteinase

K to release the cross-linked RNA fragments, which were converted into a cDNA library
through adapting the enhanced CLIP protocol4® and then subjected to high-throughput
sequencing. All m6A sites cross-linked by YTH-397SFY protein /n vivowould be captured
and identified by reverse transcription termination at the upstream cross-linked nucleotides.

We generated four pairs of GRIP-seq libraries. For each pair, we generated one library for
the INPUT sample, which represents the RNA fragments from the whole cell lysate, and one
library for the IP sample, which represents the RNA fragments cross-linked with the purified
YTH proteins. These four pairs included one pair from HEK293 cells expressing YTH-WT
protein serving as quality control, and three pairs from the three biological replicates of
HEK293 cells expressing YTH-397SFY protein. For each library, around 10 to 35 million
reads were obtained (Table S2). After removing adaptors, we first mapped the reads to the
transcriptome. For IP libraries, we then used the CLIPPER algorithm?® to identify enriched
peaks, which would represent RNA regions covering the reverse transcriptional termination
sites and the cross-linking sites. While only 16,659 peaks were identified from the YTH-WT
IP sample, 118,746, 151,153, and 139,741 peaks were separately identified from the three
YTH-397SFY IP samples. Aside from the drastic difference in total peak numbers between
YTH-397SFY and YTH-WT IP samples, comparisons of each gene’s peak numbers among
the three YTH-397SFY IP samples indicated high reproducibility (Pearson’s r > 0.96, Fig
S7b), while the comparison of each gene’s peak numbers between YTH-397SFY-2 and
YTH-WT IP samples showed low correlation (Pearson’s r = 0.29, Fig S7b). These results
demonstrate that the peaks in YTH-397SFY replicates were specifically introduced through
SFY incorporation and cross-linking.
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To determine if YTH-397SFY IP samples enriched m6A sites, we first identified the
cross-linking-caused reverse-transcription-termination sites in these peaks (see materials and
methods). Next, we performed the sequence logo analysis of the sequences surrounding
these reverse-transcription-termination sites. In all YTH-397SFY IP samples, the highest
enriched motif was DRACH motif, which matched exactly the preferred consensus motif
for m6A%0-4244 (Fig. 6a, Fig. S7c). On the other hand, such DRACH motif could not be
found enriched in the YTH-WT IP sample (Fig S7¢). In addition, the metagene profiles

for the reverse-transcription-termination sites from the YTH-397SFY IP samples followed
the typical distributions of m6A along MRNAs with strong enrichments around the stop
codon (Fig. 6b), while those from the YTH-WT IP sample did not. Moreover, examinations
of many individual RNAs, for example, JUN mRNA and DICER1 mRNA, showed that
peaks from YTH-397SFY IP samples specifically enriched and terminated at previously
identified m6A sites*’ (Extended Data Fig. 3). These data indicated that in vivo expression
of YTH-397SFY protein specifically cross-linked and enriched m6A modified RNA in
mammalian cells.

In our design, the SFY residue in YTH-397SFY protein should cross-link with the
nucleotide at the close upstream of m6A (Fig. 5a, 5b). To pinpoint which nucleotide next
to m6A was cross-linked by YTH-397SFY, we analyzed the position of the cross-linked
nucleotide relative to the DRACH motif in DRACH-containing reads from the enriched
peaks. Indeed, if we denoted the middle A (m6A) in DRACH motif as position 0, cross-
linking occurred at position =3 in 80.4% of DRACH-containing reads, and at position

-4 in 9.3% of DRACH-containing reads (Fig. 6¢), demonstrating that GRIP-seq could
identify the m6A site with single-nucleotide-resolution. Moreover, analyzing the nucleotide
composition of the cross-linked nucleotides revealed that SFY could cross-link with all four
RNA nucleotides /n vivo (Fig. 6d, Fig. S7d), consistent with our /n vitro experiment data
(Fig. 1i, Fig. S6).

Based on these features, we predicted a total of 13,968 m6A sites from the GRIP-seq data
(Table S3). To further validate the m6A sites identified in GRIP-seq, we applied individual
m6A GRIP procedures for two RNA regions that contain known m6A sites in JUN mRNA
and DICER mRNA?7, employing gene-specific reverse transcription, ligation, amplification,
and Sanger sequencing (Fig. S7e). As expected, in final PCR products YTH-WT samples
had no insertion, while YTH-397SFY samples showed distinct insertions for both genes
(Fig. S7f). After cloning and Sanger sequencing of YTH-397SFY PCR products, the
identified cross-linking sites from Sanger sequencing matched the cross-linking sites from
the GRIP-seq data (Fig. S7g, S7h), confirming that GRIP-seq was able to correctly identify
m6A sites in mammalian cells as designed. Interestingly, apart from the known m6A site*’,
in the amplified region of JUN gene, we also identified one novel m6A site using GRIP with
Sanger sequencing capacity (Fig. S7g), which was also identified in the GRIP-seq data.

To further evaluate the capacity of GRIP-seq for identifying novel m6A sites, we compared
the m6A sites from GRIP-seq with the known human m6A sites from the m6A-atlas*’,

a comprehensive database for human m6A sites collected from seven published m6A-
identification methods. The 6,072 m6A sites from GRIP-seq were known m6A sites that
have been annotated in the m6A atlas, further validating GRIP-seq’s ability in identifying

Nat Chem. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sunetal.

Page 11

m6A. Interestingly, 7,896 m6A sites from GRIP-seq have not been reported by any method
in the m6A-atlas. Sequence logo analysis of these novel m6A sites from GRIP-seq showed
strong enrichment of DRACH motif (Fig. S7i), and the metagene profile of these novel m6A
sites also followed the typical distributions of m6A along mRNAs (Fig. S7j). These results
demonstrated that GRIP-seq was able to identify new m6A sites undiscovered before.

RNA secondary structure could alter the ability of RBPs’ binding to target RNA*8 and

the reactivity of RNA nucleotides®®. To assess the potential effect of RNA secondary
structure on GECX-RNA, we analyzed the predicted structural potential®® in RNA regions
surrounding m6A sites from GRIP-seq and from the m6A-atlas*’, respectively. The m6A
regions from GRIP-seq displayed a slightly less potential for stable secondary structures
than the m6A regions from the m6A-atlas (Fig. S7k). However, most of m6A sites from
the m6A-atlas were identified through detecting m6A on purified RNA molecules in vitro,
while GRIP-Seq detected m6A on native cellular RNAs /n vivo. In vitro purification and
detection could disrupt stable /n vivo RNA secondary structures and allow m6A more
accessible for detection. We thus further compared the predicted structural potential in
RNA regions surrounding m6A sites from GRIP-seq with those from DART-seq, another
method that detects m6A sites /n vivo**47. Interestingly, the m6A regions from GRIP-seq
showed a much greater potential for secondary structures than those from DART-seq (Fig.
S7Kk). Together, these results suggest that secondary structure folding in m6A regions from
GRIP-seq is likely reflecting the /n vivo binding preference of YTH domain for m6A RNAs.

The proximity driven reactivity of GECX-RNA would enable cross-link with target RNA
continuously whenever interaction occurs, allowing enriching the cross-linked product over
a long period to improve the capture of interactions on low abundance RNAs. To determine
if GRIP-seq was able to detect unknown m6A modifications on low abundance RNAs, we
examined the abundance of mMRNAs containing m6A sites detected by GRIP-seq. Among the
mMG6A sites identified with GRIP-seq, 6,072 sites were also detected by previous methods and
thus termed as “known m6A sites”, while 7,896 sites were detected by GRIP-seq only and
termed as “novel m6A sites”. Between the group of genes containing only the known m6A
sites and the group of genes containing only the novel m6A sites, we found that the genes
containing only the novel m6A sites had slightly yet significantly lower RNA abundances
(Fig. 6e). Such low RNA abundances probably caused the neglect of these “novel” m6A
sites in other m6A detection methods. Therefore, these results demonstrate that GRIP-seq
was capable of capturing protein-RNA interactions on the low abundance RNAs.

DISCUSSION

In summary, through genetic incorporation of latent bioreactive Uaas capable of reacting
with RNA in proximity, we developed a novel method, genetically encoded chemical cross-
linking of proteins with RNA (GECX-RNA) in vivo. GECX-RNA was able to covalently
capture target RNA onto RBP when they interacted /in7 vitro, in E. coli, and in mammalian
cells, providing resolution of not only nucleotide but also amino acid residue. By applying
GECX-RNA on RNA chaperon Hfq in £. coli, we demonstrated RNA cross-linking and
identification with amino acid specificity of Hfg. Adapting GECX-RNA in mammalian
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cells, we developed a GRIP method for /in vivo detection of m6A sites on RNA in the
transcriptome with single-nucleotide resolution.

GECX-RNA affords several advantages over the common nucleoside-based UV cross-
linking for studying protein-RNA interactions. Nucleoside-based UV cross-linking cross-
links with uridine predominantly®19:16 making it unsuitable for RBPs that bind uridine-
lacking RNAs, such as poly-A binding proteins®1:52, By targeting the 2’-OH group of
ribose, GECX-RNA could cross-link all four nucleotides. While UV cross-linking occurs
in the short UV irradiation window, GECX-RNA continuously captures RNA whenever
they interact, allowing enriching the cross-linked product over a long period to improve
detection sensitivity??, which is particularly valuable for detecting dynamic RNA events
with weak and transient interactions’ or events on low abundance RNAs. UV light offers
spatiotemporal control but cannot be applied in nontransparent animal models. In contrast,
GECX-RNA reacts spontaneously upon binding, obviating the external light trigger and
timing issue. Giving the ability to genetically encode Uaas in animals such as C. efegans and
mouse®3, GECX-RNA should be compatible for in vivo use in animals for interrogation in
physiological settings.

Compared with existing methods recognizing m6A /n vitro via antibody, our GECX-RNA
based GRIP method represents an antibody-free approach for identifying m6A with single-
nucleotide resolution /n vivo, which should reflect m6A physiological status more closely.
Combination of GRIP with high-throughput sequencing!® (GRIP-seq) enabled precise
mapping m6A sites in the transcriptome. The large number of novel m6A sites identified
from GRIP-seq demonstrated its ability for discovering unknown target RNA sites. GRIP-
seq could also be applied on different m6A recognition proteins to measure/compare their
m6A binding behaviors /n vivo. In addition, the GRIP strategy can be generalized to map
other RNA modifications /7 vivo for which a reader or binder exists.

A key advance of GECX-RNA is gaining amino acid resolution for RBPs, which is
technically demanding and often unsuccessful for nucleoside-based UV cross-linking
methods. GECX-RNA possesses dual resolutions of nucleotide for RNA and of amino

acid for RBP, thus dramatically expanding the scope of protein-RNA studies. As a proof-of-
principle, we demonstrated RNA identification of Hfq specific for site 25. Indeed, many
RBPs possess multiple RNA-binding domains, co-operations among which are critical for
the RBP function4930, A large number of novel RNA-binding regions in unconventional
RBPs have recently been identified*6, and mutations causing Mendelian genetic diseases
are found enriched in these RNA-binding regions, emphasizing the need to study these
RNA-binding regions with amino acid resolution*. RNA-GECX will provide useful tools to
investigate these emerging novel aspects of protein-RNA interactions i vivot®.

Possible limitations of GECX-RNA are noted. First, although GECX-RNA could enrich

the RBP-RNA cross-links over a long period to enhance the detection sensitivity, such
continuously cross-linking between RBP and RNA could potentially perturb the process
under study. The potential side effects can be monitored, such as using RNA-seq to

monitor the RNA global profile changes, and can be mitigated by decreasing the amount

of covalent RBP. Second, structural information of RBP-RNA interactions is highly valuable
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for selecting the appropriate sites for Uaa incorporation to achieve covalent targeting of
RNA. The Uaa incorporation site should have no direct contacting natural residues that
could react with the Uaa. In the absence of structural guidance, screening a large number of
sites of the RBP is also feasible by harnessing the genetic encoding nature of GECX-RNA.
Fortunately, recent rapid development in the accurate prediction of protein structures and
interactions®®:57 will help make a broad range of proteins amenable to GECX-RNA. Third,
when detecting RBP-RNA interaction, RNA secondary structure could be a factor affecting
the cross-linking efficiency. In GECX-RNA, the cross-linking reaction is determined by the
chemical nature and proximity of the Uaa and the target RNA nucleotide. RNA secondary
structure could affect the binding ability of the RBP and thus indirectly the cross-linking
efficiency. Using different RBPs preferring various RNA secondary structures as the binder
or sensor would yield a more comprehensive coverage as well as RBP-specific mapping of
RNA interaction.

Other than cross-linking-based methods, another strategy for detecting RBP-RNA
interaction is to fuse RNA-modifying modules, such as nucleoside deaminases, to RBPs-of-
interest. The resultant fusion protein can modify RNA nucleotides neighboring with the
bound-RNA for subsequent detection*458:59, Although such strategy could circumvent the
need for IP, it could not attain single-nucleotide-resolution in detecting RNA-binding sites,
since the modified sites often do not have exactly fixed distances to the RNA-binding sites.

Lastly, we demonstrate here the selective targeting of RNA via proximity-enabled reactivity
of genetically encoded latent bioreactive Uaas, which was previously limited to targeting
proteins!8. The ability to selectively engineer covalent bonds between proteins has led to

a range of innovative applications, such as pinpointing ligand-receptor on live mammalian
cells and developing covalent protein drugs'921.60, Similarly, judicious engineering of a
covalent linkage between protein and RNA, enabled by GECX-RNA here, will inspire
novel avenues for RNA-related research and therapeutics, such as live transcript imaging,
epitranscriptomic modification, interrogation of InNcRNA, translational modulation, gene
editing, and so on.

METHODS

All oligonucleotides are synthesized at IDT. Sequences of all oligonucleotides in materials
and methods are listed in Table S1.

Cloning of pBAD-dCas13 plasmids

pBAD-PsCas13b plasmids—PsCas13b was PCR amplified from pC0046-EF1a-
PspCas13b-NES-HIV plasmid (addgene #103862) with primers of pBAD-Ndel-GA-
PsCas13b-F and pBAD-Hind3-GA-3HA-R. To generate pPBAD-PsCas13b plasmid, the PCR
product was cloned into pBAD vector pre-digested with Ndel and HindlIl using Gibson
Assembly kit (New England Biolabs).

To generate pBAD-dLwCas13b plasmid, residues 133 and 1058 of PsCas13b gene in pBAD-
PsCas13b were mutated into alanine codons using site-directed mutagenesis with following
primers: primer pair of PspCas13b-H133A-mut-F and PspCas13b-H133-mut-R for H133A
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mutation; primer pair of PsCas13b-H1058A-2-mut-F and PsCas13b-H1058-2-mut-R for
H1058A mutation.

pBAD-dPsCas13b-TAG-mutants for crRNA-1 and ssRNA-1 cross-linking

To generate pBAD-dPsCas13b-TAG mutant plasmids for crRNA-1 and ssSRNA-1 cross-
linking, residues 133 and 1058 of dPsCas13b gene in pBAD-dPsCas13b were mutated into
an amber stop codon TAG, respectively, using site-directed mutagenesis with following

primers:

primer pair of PspCas13b-H133TAG-mut-F and PspCas13b-H133-mut-R for
133TAG mutation, final plasmid: pBAD-dPsCas13b-133TAG;

primer pair of PsCas13b-H1058 TAG-2-mut-F and PsCas13b-H1058-2-mut-R for
H105TAG mutation, final plasmid pBAD-dPsCas13b-1058TAG.

All pBAD-PsCas13b plasmids contain HA tag and 6His tag at C-terminals.

pBAD-dPsCas13b-mutants for pre-crRNA cleavage and cross-linking assay

To generate pBAD-dPsCas13b mutant plasmids for pre-crRNA cleavage and cross-linking
assay, residues 367, 370, 378, and 380 of dPsCas13b gene in pPBAD-dPsCas13b were
mutated into either an alanine codon or an amber stop codon TAG, respectively, using
site-directed mutagenesis with following primers:

primer pair of Ps13b-K367A-v-F and Ps13b-K367A-v-R for K367A mutation,
final plasmid: pBAD-dPsCas13b-367A.

primer pair of Ps13b-K370A-v-F and Ps13b-K367A-v-R for K370A mutation,
final plasmid: pBAD-dPsCas13b-370A.

primer pair of Ps13b-R378A-v-F and Ps13b-R378A-v-R for R378A mutation,
final plasmid: pBAD-dPsCas13b-378A.

primer pair of Ps13b-R380A-v-F and Ps13b-R380A-v-R for R380A mutation,
final plasmid: pBAD-dPsCas13b-380A.

primer pair of Ps13b-K367U-v-F and Ps13b-K367U-v-R for K367TAG
mutation, final plasmid: pBAD-dPsCas13b-367TAG.

primer pair of Ps13b-K370U-v-F and Ps13b-K367U-v-R for K370TAG
mutation, final plasmid: pBAD-dPsCas13b-370TAG.

primer pair of Ps13b-R378U-v-F and Ps13b-R378U-v-R for R378 TAG mutation,
final plasmid: pBAD-dPsCas13b-378TAG.

primer pair of Ps13b-R380U-v-F and Ps13b-R380U-v-R for R380TAG mutation,
final plasmid: pBAD-dPsCas13b-380TAG.

All pBAD-PsCas13b plasmids contain HA tag and 6His tag at C-terminals.
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dCas13b protein expression and purification

dPsCasl13b-WT; dPsCasl13b-360A; dPsCasl13b-367A; dPsCas13b-370A;
dPsCas13b-378A; dPsCas13b-380A—pBAD-dPsCas13b plasmid (dPsCas13b-
WT, dPsCas13b-360A, dPsCas13b-367A, dPsCasl3b-370A, dPsCas13b-378A, or
dPsCas13b-380A) was transformed into DH10B E. coli chemical competent cells. The
transformants were plated on an LB-Amp100 agar plate and incubated overnight at 37 °C.
A single colony was inoculated into 5 mL of 2xYT- Amp100 and cultured overnight at 37
°C. On the following day, 1 mL of overnight cell culture was diluted into 50 mL 2xYT-
Ampl00 and agitated vigorously at 37 °C. When OD600 reached 0.4~0.6, the cell culture
was induced with 0.2% arabinose, then incubated at 18 °C for 18 h. Cell pellets were
collected by centrifugation at 4200 g for 30 min at 4 °C and stored at =80 °C.

dPsCasl13b-133FSY; dPsCas13b-1058FSY; dPsCas13b-360FSY;
dPsCas13b-367FSY; dPsCas13b-370FSY; dPsCas13b-378FSY;
dPsCas13b-380FSY—pBAD-dPsCas13b TAG mutant plasmid (pBAD-
dPsCas13b-133TAG, pBAD-dPsCas13b-1058TAG, dPsCas13hb-360TAG,
dPsCas13b-367TAG, dPsCas13b-370TAG, dPsCas13b-378 TAG, or dPsCas13b-380TAG)
was co-transformed with pEvol-FSYRS?2(encoding FSY-tRNA synthetase-tRNA system for
expression in e. coli cells) into DH10B E. coli chemical competent cells, respectively. The
transformants were plated on an LB-Amp100Cm34 agar plate and incubated overnight at
37 °C. Asingle colony was inoculated into 5 mL of 2xYT- Amp100Cm34 and cultured
overnight at 37 °C. On the following day, 1 mL of overnight cell culture was diluted into 50
mL 2xYT- Amp100Cm34 and agitated vigorously at 37 °C. When OD600 reached 0.4~0.6,
the cell culture was induced with 0.2% arabinose and 1 mM FSY (FSY was chemically
synthesized as previously reported?2), then incubated at 18 °C for 18 h. Cell pellets were
collected by centrifugation at 4200 g for 30 min at 4 °C and stored at =80 °C.

His-tag protein purification

Above cell pellets were resuspended in 14 mL lysis buffer (20 mM Tris-HCI pH 7.4,

500 mM NacCl, 20 mM imidazole, lysozyme 1 mg/mL, and proteinase inhibitors). The

cell suspension was lysed at 4 °C for 30 min. Cell lysate was sonicated with Sonic
Dismembrator (Fisher Scientific, 30% output, 3 min, 1 sec off, 1 sec on) in an ice-water
bath, followed by centrifugation (20,000 g, 30 min, 4 °C). The soluble fractions were
collected and incubated with pre-equilibrated Protino®Ni-NTA Agarose resin (400 L) at
4 °C for 1 h with constant mechanical rotation. The slurry was loaded onto a Poly-Prep®
Chromatography Column, washed with 5 mL of wash buffer (20 mM Tris-HCI pH 7.4, 500
mM NaCl, 20 mM imidazole, 2 mM DTT) for 3 times, and eluted with 200 pL of elution
buffer (20 mM Tris-HCI pH 7.4, 500 mM NaCl, 500 mM imidazole, 2 mM DTT, 10%
glycerol) for 5 times. The eluates were concentrated, and buffer exchanged into 100 pL of
protein storage buffer (20 mM Tris-HCI pH 7.4, 500 mM NaCl, 2 mM DTT, 10% glycerol)
using Amicon Ultra columns, and stored at —80 °C for future analysis.
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RNA transcription and labeling

Templates for crRNA (crRNA-1) were PCR amplified with following primers (T7pro-Ps13b-
cr-1-F and Ps13b-crRNA-1-R) to yield dsDNA and then incubated with T7 polymerase

at 37°C overnight using the MAXIscript T7 transcription kit (Thermo Fischer Scientific).
crRNA-1 was purified using Clean and Concentrator columns (Zymo Research).

Templates for target RNA (ssSRNA-1) were PCR amplified with following primers (primer
pair of T7pro-ssRNA-1-F and ssRNA-1-R for target RNA ssRNA-1) to yield dsDNA and
then incubated with T7 polymerase at 37°C overnight using the MAXIscript T7 transcription
kit. Target RNAs (ssSRNAs) were purified using Clean and Concentrator columns. 5’

end labeling was performed on target RNA (ssRNA-1) using the 5’ oligonucleotide kit
(\VectorLabs, Burlingame, CA) and with a maleimide-IR800 probe (LI-COR Biosciences,
Lincoln, NE). Labeled target RNAs (5’IRD680-ssRNA-1) were purified using Clean and
Concentrator columns.

Templates for pre-crRNAs were PCR amplified using PCR amplicon of crRNA-1 as
template with following primers (primer pair of T7pro-ssRNA-1-F and Ps13b-pre-crRNA-
AAA-R for pre-crRNA-AAA; primer pair of T7pro-ssRNA-1-F and Ps13b-pre-crRNA-
UUU-R for pre-crRNA-UUU; primer pair of T7pro-ssRNA-1-F and Ps13b-pre-crRNA-
CCC-R for pre-crRNA-CCC; primer pair of T7pro-ssRNA-1-F and Ps13b-pre-crRNA-GGG-
R for pre-crRNA-GGG) to yield dsDNA and then incubated with T7 polymerase at

37°C overnight using the MAXIscript T7 transcription kit (Thermo Fischer Scientific).
pre-crRNAs were purified using Clean and Concentrator columns (Zymo Research).

dCas13b-crRNA-ssRNA in vitro cross-linking assay

dCas13b cross-linking assays were performed with 10 nM of unlabeled or 5’-IRD-680
labeled ssRNA target, 100 nM purified dPsCas13b proteins, and 30 nM crRNA in 40 mM
Tris-HCI, 60 mM NaCl, 10 mM EDTA, 10 pg/mL heparin, pH 7.4. Incubations were
performed at 37°C overnight. After incubation, the samples were then denatured with
laemmli sample buffer (1% LDS, 50 mM DTT) at 95°C for 5 minutes. Samples were
analyzed by denaturing gel electrophoresis on 10% 8 M Urea TBE PAGE. Gels were imaged
by scanning fluorescent signal after SybrGold staining (for ssRNA-1), or by direct scanning
with an Odyssey scanner (LI-COR Biosciences) (for 5’-IRD680-ssRNA-1).

pre-crRNA cleavage assay

pre-crRNA cleavage assays were performed with 0.2 uM of pre-crRNA-AAA and 1 pM

of purified dPsCas13b proteins in 40 mM Tris-HCI, 60 mM NaCl, 10 mM EDTA, 5

mM MgCl,, pH 7.4. Incubations were performed at 37°C for 45 min. After incubation,

to quenched the reactions, the samples were immediately denatured with laemmli sample
buffer (1% LDS, 50 mM DTT) at 95°C for 5 min. Samples were analyzed by denaturing gel
electrophoresis on 10% 8 M Urea TBE PAGE. Gels were imaged by scanning fluorescent
signal after SybrGold staining.
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dCas13b-380 mutant proteins and pre-crRNA in vitro cross-linking assay

pre-crRNA cross-linking assays were performed with 40 nM of different pre-crRNAs (pre-
crRNA-AAA, pre-crRNA-UUU, pre-crRNA-CCC, or pre-crRNA-GGG) and 200 nM of
different purified dPsCas13b-380 mutant proteins (380A or 380FSY) in 40 mM Tris-HCl,
60 mM NaCl, 10 mM EDTA, pH 7.4. Incubations were performed at 37°C overnight. After
incubation, electrophoretic mobility shift assay (EMSA) was performed on the samples. In
brief, the samples were denatured with laemmli sample buffer (1% LDS, 50 mM DTT) at
95°C for 5 min. Samples were analyzed by denaturing gel electrophoresis on 10% 8 M Urea
TBE PAGE. Gels were imaged by scanning fluorescent signal after SybrGold staining.

Cloning of pBAD-Hfq plasmids

To generate pBAD-Hfg-WT plasmid, the Hfq encoding gene was amplified by colony PCR
with primer pair of Hfg-Ndel-F and Hfg-6H-Hind3-R, digested with Nde I and Hind 111, and
ligated into the pBAD vector pre-treated with the same restriction enzymes.

To generate pBAD-Hfg-TAG mutant plasmids, residue 25, 30 and 49 of Hfq gene in pBAD-
Hfg-WT were mutated into an amber stop codon TAG, respectively, using site-directed
mutagenesis with following primers:

. primer pair of Hfg-Tyr25TAG-F and Hfg-Tyr25TAG-R for 25TAG mutation,
final plasmid: pBAD-Hfg-25TAG;

. primer pair of Hfg- 11e30TAG-F and Hfg-11e30TAG -R for 30TAG mutation, final
plasmid: pBAD-Hfg-30TAG;

. primer pair of Hfq-Thr49TAG-F and Hfg-Thr4d9TAG-R for 49TAG mutation,
final plasmid: pBAD-Hfg-49TAG.

All pBAD-Hfq plasmids contain 6His tag at C-terminals.

Expression of exogenous Hfq proteins in E. coli cells (Hfg-WT and Hfg-FSY samples)

pBAD-Hfg-WT was transformed into DH10B E. coli chemical competent cells. The
transformants were plated on an LB-Amp100 agar plate and incubated overnight at 37 °C. A
single colony was inoculated into 5 mL of LB- Amp100 and cultured overnight at 37 °C. On
the following day, 1 mL of overnight cell culture was diluted into 15 mL LB- Amp100 and
agitated vigorously at 37 °C. When OD600 reached 0.4~0.6, the cell culture was induced
with 0.2% arabinose, then incubated at 37 °C for 16 h. Cell pellets were collected by
centrifugation at 4200 g for 30 min at 4 °C and stored at —80 °C.

pBAD-Hfg TAG mutant plasmids (pBAD-Hfg-25TAG, pBAD-Hfg-30TAG, pBAD-
Hfg-49TAG) was co-transformed with pEvol-FSYRS22 into DH10B E. coli chemical
competent cells, respectively. The transformants were plated on an LB-Amp100Cm34 agar
plate and incubated overnight at 37 °C. A single colony was inoculated into 5 mL of LB-
Ampl00Cm34 and cultured overnight at 37 °C. On the following day, 1 mL of overnight cell
culture was diluted into 15 mL LB- Amp100Cm34 and agitated vigorously at 37 °C. When
OD600 reached 0.4~0.6, the cell culture was induced with 0.2% arabinose and 1 mM FSY,
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then incubated at 37 °C for 16 h. Cell pellets were collected by centrifugation at 4200 g for
30 min at 4 °C and stored at —80 °C.

RNase treatment and detection for exogenous Hfg-expressing E. coli cells (Hfg-WT and
Hfg-FSY samples)

For exogenous Hfg-expressing £. coli cell pellets (Hfg-WT and Hfg-FSY samples), 100

uL PBS were added to resuspended the cell pellets. Then 200 uL 0.5mm glass beads were
added. The samples were then put into dry ice, and then lyophilized for 3hr. Dried cells were
disrupted by vortexing for 5 min, at intervals of 1 min to avoid warming the sample. The
disrupted samples were then resuspended in 1ml PBS. For RNase treated samples, 10 uL of
resuspended disrupted sample was aliquoted, added with 1U/uL of RNase A (Qiagen) and
proteinase inhibitors, shaking-incubated @ 37 °C for 1hr, then boiled with laemmli buffer
and loaded on SDS-PAGE. For samples without RNase treatment, 10 uL of resuspended
disrupted sample was directly boiled with laemmli buffer and loaded on SDS-PAGE. The
SDS-PAGE was then separated via electrophoresis and immunoblotted with 1:10000 anti-
his monoclonal antibody (Proteintech #HRP-66005) to detect exogenously expressed Hfq
proteins.

Purification and quantification for Hfg-RNA binding

For exogenous Hfg-expressing £. coli cell pellets, 100 uL PBS were added to resuspended
the cell pellets. Then 200 uL 0.5 mm glass beads were added. The samples were then

put into dry ice, and then lyophilized for 3hr. Dried cells were disrupted by vortexing for

5 min, at intervals of 1 min to avoid warming the sample. The disrupted samples were

then resuspended in 1.4 ml of 6M GuHCI, 400mM NaCl, 1xPBS, 10mM imidazole, 0.2%
TritonX100, 0.5mM DTT, and centrifuged at 10 °C, 150009 for 10min. Two sets of 10 pL
of the supernatants were preserved as cell lysate samples for RNA extraction and western
blot detection. The supernatant was added with 20 pL of HisPur magnetic beads (thermo
fisher) and rotated at room temperature for 1.5 hr. Then the beads were washed twice

with 6 M GuHCI, 400 mM NacCl, 1xPBS, 10 mM imidazole, 0.2% TritonX100, 0.5 mM
DTT, washed once with 1x 150 mM NacCl, PBS at 4 °C, washed once with 1 x PBS at

4 °C, shaking-incubated with 50 pL TurboDNase (2U) at 37 °C for 15min, washed once
with ddH,O at room temperature. 1/10 of the beads was then aliquoted as purified samples
preserved for western blot detection. The rest of beads was then shaking-incubated with 50
pL of 5mg/ml proteinase K, 2M urea at 37 °C for 1h.

Preserved cell lysate samples and beads for western blot detection were boiled with laemmli
buffer, separated on SDS-PAGE, and immunoblotted with 1:10000 anti-his monoclonal
antibody (Proteintech #HRP-66005) to detect Hfq proteins.

RNA from proteinase-treated beads (purified samples) and preserved cell lysate samples
were purified using QuickRNA micro prep kits (Zymo Research). Purified RNA was reverse
transcribed to cDNA using SuperScript IV First-Strand Synthesis System (Thermofisher).
Enrichments of target RNA was quantified with quantitative PCR (gPCR) using ChamQ
Universal SYBR qPCR Master Mix (Vazyme). All gPCR reactions were performed in 10-pl
reactions with 3 technical replicates in 96-well format and read out using a LightCycler 96
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Instrument (Roche). Enrichment was quantified for samples compared with their matched
control samples without Hfg exogenously expression. gPCR primers are listed in Table S1.

GRIP for detecting in vivo RNA cross-linking sites of FSY-incorporated Hfq proteins

GECX-RNA with immunoprecipitation (GRIP) was performed on RNA from purified
Hfg-WT and Hfg-25FSY samples (Materials and Methods, section “Purification and
quantification for Hfg-RNA binding. In general, RNA from purified Hfq samples was
reverse-transcribed with gene-specific RT primers targeting different cross-linking genes and
regions (rpoS-XL-RT and ptsG-xL-RT, listed in Table S1) with SuperScript IV First-Strand
Synthesis System (Thermofisher). The cDNA was treated with EXoSAP-IT to remove free
primers, and then treated with NaOH to degrade RNA molecules. After clean-up with
DynaBeads MyONE Silane (Thermofisher), a 5’ linker (Rand3Tr3 adaptor, Table S1) was
ligated to cDNA molecules by T4 RNA ligase in on-beads solution with high concentration
of PEG8000 at room temperature for 16hr. The ligated product was cleaned up again with
DynaBeads MyONE Silane, and then amplified with primers targeting gene-specific regions
and the 57 linker (PCR primer pair for the eCLIP region from rpoS RNA are primers
pBADf-rpoS-xL-pF and pBADr-eCLIP-Rand103tr3-pR; PCR primer pair for the eCLIP
region from ptsG RNA are primers pBADf-ptsG-xL-pF and pBADr-eCLIP-Rand103tr3-pR).
The PCR product was separated on agarose gel. The insertion bands were cut out, purified
and cloned into pBAD vector, transformed into DH10B competent cells, and plated onto
LB-Amp100 agar plate and incubated overnight at 37 °C. Plasmids were then extracted from
colonies and sequenced. The sequenced inserts from plasmids were aligned to target RNA
(rpoS RNA or ptsG RNA). The ligation sites of 5’ linker represent the cross-linking sites of
Hfg-25FSY proteins on target RNA molecules.

Cloning of pcDNA3.1-dPsCas13b plasmids

To generate plasmids suitable for expressing dPsCas13b proteins in mammalian cells,
dPsCas13b-WT insert and dPsCas13b-H133TAG insert were amplified from pBAD-
dPsCas13b and pBAD-dPsCas13b-H133TAG using primer pair of pcDNA31-Hind3-
PsCas13b-F and pcDNA31-BamH1-PsCas13b-R, and cloned into pcDNA3.1 vector pre-
digested with BamHI and HindlIll using Gibson Assembly kit (New England Biolabs).

Cloning of pC0046-crRNA plasmids

To generate plasmids suitable for expressing crRNA of dPsCas13b in mammalian cells,
different crRNA inserts were PCR amplified with different pairs of primers (primers for
crACTB are pc43-Ps13b-crACTB1-F and pc43-Ps13b-cr-R; primers for crNEAT1-1 are
pc43-Ps13b-NEAT1-1-F and pc43-Ps13b-cr-R; primers for crNEAT1-2 are pc43-Ps13b-
crNEAT1-2-F and pc43-Ps13b-cr-R), and cloned into pC0043-PspCas13b crRNA backbone
(addgene #103854) vector pre-digested with Kpnl and Bbsl using ClonExpress 11 one step
cloning kit (Vazyme).
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Purification and quantification for dPsCas13b-RNA binding in mammalian cells with RNA
immunoprecipitation

For RNA immunoprecipitation experiments, HEK293T cells were plated in six-well

plates and transfected with 1 pg of pcDNA3.1-dPsCas13b plasmids and 1 pg of pC0043-
PspCas13b crRNA plasmids, with an additional 1 ug of pMP-FSYRS plasmid?2(encoding
FSY-tRNA synthetase-tRNA system for expression in mammalian cells) and 1 mM

FSY for conditions involving Cas13b-133FSY protein expression. Forty-eight hours after
transfection, cells were washed twice with ice-cold PBS, and centrifuged to collect as cell
pellets. Cells were lysed with 200 L of 1x RIPA Buffer (Thermofisher) supplemented with
proteinase inhibitors and RNase inhibitors. Cells were lyzed on ice for 10 min and then
passed through 26G-needles for 10 times to achieve full lysis. Lysates were then pelleted by
centrifugation at 16,000 g for 10 min at 4 °C, and the supernatants containing cleared lysates
were used for pulldown with magnetic beads.

To conjugate antibodies to magnetic beads, 100 puL per sample of Dynabeads Protein G for
Immunoprecipitation (Thermo Fisher Scientific) were pelleted by application of a magnet,
and the supernatant was removed. Beads were resuspended in 200 uL of wash buffer (PBS,
0.02% Tween 20) and 5 pug of anti-HA antibody (Thermo Fisher Scientific #26183) was
added. The sample was incubated for 10 min at room temperature on a rotator for antibody-
beads conjugation. After incubation, beads were pelleted using a magnet, supernatant was
removed, and beads were washed twice with wash buffer, and resuspended in 200 pL 1x
RIPA with proteinase inhibitors and RNase inhibitor. 200 L of sample lysate were added to
beads and rotated overnight at 4 °C.

After incubation with sample lysate, beads were pelleted, washed four times with 1x RIPA,
0.02% Tween 20, and then washed with DNase buffer (350 mM Tris-HCI (pH 6.5); 50 mM
MgCI2; 5 mM DTT). Beads were resuspended in DNase buffer and TURBO DNase was
added to a final concentration of 0.1 U/uL. DNase was shaking-incubated for 30 min at 37
°C. Proteins were then digested by shaking-incubation with 50 pL of 5mg/ml proteinase K,
2M urea at 37 °C for 1hr.

RNA was purified using QuickRNA micro prep kits. Purified RNA was reverse transcribed
to cDNA using SuperScript IV First-Strand Synthesis System. Enrichments of target RNA
was quantified with qPCR using ChamQ Universal SYBR gPCR Master Mix. All gPCR
reactions were performed in 10-pL reactions with 3 technical replicates in 96-well format
and read out using a LightCycler 96 Instrument. Enrichment was quantified for samples
compared with their matched control cells without crRNA transfection. qPCR primers used
are listed in Table S1.

Cloning of pNEU-MmMSFYRS-4xU6M15 plasmid

The MMSFYRS gene was amplified with primers HR-MmPyIRS-Nhel-F/HR-
MmPyIRS-Notl-R and ligated into pNEU-XYRS-4xU6M15 (derived from pNEU-
hMbPyIRS-4xU6M15, a gift from Irene Coin, Addgene plasmid # 105830) which was
linearized with Nhel/ Nodl to generate pPNEU-MmSFYRS-4xU6-M15.
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Cloning of pNEU-MaSFYRS-NxU6-MaPyIT (N = 1 to 4) plasmids

The MaSFYRS and Ma-PyIT expression cassettes were cloned into pNEU-
XYRS-4xU6M15. Specifically, the U6 promoter was amplified from pNEU-
XYRS-4xU6M15 with primers U6-F1/U6-R1, and the evolved Ma-PyIT(6) was amplified
from pEvol-MaSFYRS with primers Ma-PyIT(6)-F2/Ma-PyIT(6)-R2. The resulting
fragments were joined together by overlapping PCR with primers U6-F1/Ma-PyIT(6)-

R2 and then amplified again with primers HR-pNEU-tRNA-Xhol-F/HR-pNEU-tRNA-
Sall-R to generate a monomeric U6-MaPyIT expression cassette containing Xbal- Xhol

and Sall restriction sites. The first monomeric U6-MaPyIT expression cassette was

ligated into pNEU-XYRS-4xU6M15 vector which was linearized with Xhol/Sal to
generate pNEU-XYRS-1xU6-MaPyIT. Then the MaSFYRS was amplified from pEvol-
MaSFYRS with primers HR-Ma-SFYRS-Nhel-F/HR-Ma-SFYRS-NotlI-R and ligated into
pNEU-XYRS-1xU6-MaPyIT vector which was linearized with Nhel/ Nofl to generate
pPNEU-MaSFYRS-1xU6-MaPyIT. The second U6-MaPyIT cassette was digested with Xbal/
Sall and ligated into pNEU-MaSFYRS-1xU6-MaPyIT vector that was linearized with Xbal/
Xhol to generate pPNEU-MaSFYRS-2xU6-MaPyIT. Two more U6-MaPyIT cassettes were
tandemly introduced into the pNEU-MaSFYRS vector following the same procedure to
construct the pNEU-MaSFYRS-4xU6-MaPyIT.

Cross-linking of MBP-Z24SFY and Afbga-7X in live e. coli cells

The pET-Duet-Afbsa-7X-MBP-Z24TAG (X= A, C, S, T, H, Y, or K)22 was co-transformed
with pEvol-MmSFYRS and pEvol-MaSFYRS? respectively into BL21(DE3) E. coli
chemical competent cells. The transformants were plated on an LB-Amp100Cm34 agar
plate and incubated overnight at 37 °C. A single colony was inoculated into 5 mL of 2xYT-
Ampl00Cm34 and cultured overnight at 37 °C. On the following day, 1 mL of overnight
cell culture was diluted into 50 mL 2xYT- Amp100Cm34 and agitated vigorously at 37 °C.
When ODgq reached 0.4~0.6, the cell culture was induced with 0.5 mM IPTG and 0.2%
arabinose in the presence of 1 mM SFY, and then incubated at 37 °C for 6 h. 1 mL of cell
pellets were collected by centrifugation at 21000 g for 5 min at 4 °C and directly applied for
immunoblot analysis. The rest of cell pellets were collected by centrifugation at 4200g for
30min at 4 °C. The cross-linking products of MBP-Z24SFY and Afbsa-7X (X=H, Y, or K)
with affinity chromatography as described previously?2.

Cross-linking of GST-103SFY-107X in live mammalian cells

One day before transfection, 3x10° HEK293T cells were seeded in a Greiner 6-well cell
culture dish containing 2 mL of DMEM media with 10% FBS, and incubated at 37 °C in a
CO, incubator. 1 pg of pcDNA-GST-103TAG-107X (X= A, H, Y or K)3 and 1 pg of pNEU-
MmSFYRS-4xU6M15 were co-transfected into target cells using 5 pL of lipofectamine
2000 following the manufacturer’s instructions. Six hours post transfection, the media were
replaced with complete DMEM media with or without 1 mM SFY. The cells were incubated
at 37 °C for additional 48 h, collected, and applied for immunoblot analysis.
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Fluorescence confocal microscopy

One day before transfection, 3x10° HEK293T cells were seeded in a Greiner 6-well cell
culture dish containing 2 mL of DMEM media with 10% FBS, and incubated at 37 °C in

a CO, incubator. Plasmids pcDNA-EGFP-40TAG (1 pg) and pNEU-MmSFYRS-4xU6M15
(1 ug) were co-transfected into target cells using 5 pL of lipofectamine 2000 following

the manufacturer’s instructions. Six hours post transfection, the media were replaced with
complete DMEM media with or without 1 mM SFY. The cells were incubated at 37 °C for
additional 24-48 h and imaged with Nikon Eclipse Ti confocal microscope.

FACS analysis of SFY incorporation

One day before transfection, 3x10° HEK293T cells were seeded in a Greiner 6 well-cell
culture dish containing 2 mL of DMEM media with 10% FBS, and incubated at 37 °C

in a CO; incubator. Plasmids pcDNA-EGFP-40TAG (1 pg) and pNEU-MaSFYRS-NxU6-
MaPyIT (N=1 to 4) (1 ug) were co-transfected into target cells using 5 uL of lipofectamine
2000 following the manufacturer’s instructions. Six hours post transfection, the media
containing transfection complex were replaced with fresh DMEM media with 10% FBS

in the presence or absence of 1 mM SFY. After incubation at 37 °C for 24-48 h, transfected
cells were trypsinized and collected by centrifugation (1500 rpm, 5 min, r.t.). The cells were
resuspended in 500 pL of FACS buffer (1xPBS, 2% FBS, 1 mM EDTA, 0.1% sodium azide,
0.28 uM DAPI) and analyzed by BD LSRFortessa" cell analyzer. The FlowJo (Tree Star
Inc., Ashland, OR, USA) was used for the data analysis.

Cell viability assay
2x104 cells/well of HEK293T cells were seeded in a 96-well plate. On the next day, the
media were replaced with fresh DMEM media supplemented with 0, 0.0625, 0.125, 0.25,
0.5, or 1 mM of SFY. The SFY-treated and control cells were cultured for an additional
24-48 h at 37 °C and then analyzed with CellTiter-Blue® Cell Viability Assay following the
manufacturer’s instructions.

RNase treatment and detection for exogenous Hfg-expressing E. coli cells (Hfg-SFY
samples)

The procedure is the same as the RNase treatment and detection for exogenous Hfg-
expressing £. colicells (Hfg-WT and Hfg-FSY samples), with the following modifications:

For the transformations, pBAD-Hfq TAG mutant plasmids (pBAD-Hfg-25TAG, pBAD-
Hfg-49TAG) was co-transformed with pEvol-MmSFYRS into DH10B E. coli chemical
competent cells, respectively.

For the exogenous expression of Hfg-SFY proteins, the cell culture was induced with 0.2%
arabinose and 1 mM SFY.

In vitro incubations of NMPs and SFY

50 mM SFY (HCI salt) and 50 mM NMP was incubated in DI H20. 50 mM NaOH was
added to neutralize the HCI salt. The mixture was incubated at 37 °C for 48 h. Then
the reaction mixture was diluted for 50 times in HoO/acetonitrile (50/50, v/v, with 0.1 %
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trifluoracetic acid) and subjected to mass spectrum analysis using positive mode. Mass
spectrum analysis was performed on SCIEX MDS, 3200 Q TRAP system.

The molecular weight (MW) of addict products between SFY and NMP was calculated
following this equation: MW (adduct product) = MW (SFY) + MW (NMP) - MW (HF).
The calculated MWs are listed in Table S4.

Cloning of YTH domain from human YTHDF1 protein

To generate plasmids expressing YTH domain from human YTHDF1 protein with
TwinStrep tag and HA tag at C-terminal in mammalian cells, three PCR products were
prepared. Insert with YTHDF1 domain was amplified with primer pair of pc31-Hd3-
YTHDF1-F and YTHDF1-2xstrep-R using cDNA reverse-transcribed from total RNA of
HEK?293T cells as template. Insert with TwinStrep tag was amplified with primer pair

of 2xstrep-tag_Hs-F and 2xstrep-tag_Hs-R. pcDNA3.1 vector backbone was amplified
with primer pair of pc31-HA-strep-F and pc31-Ndel-R using empty pcDNA3.1 vector

as template. The final plasmid pcDNA3.1-HsYTHDF1-WT expressing wildtype YTHDF1
domain with TwinStrep tag and HA tag at C-terminal was cloned by ligating these three
PCR products together using ClonExpress Il one step cloning kit (Vazyme).

To generate pcDNA3.1-HsYTHDF1-397TAG mutant plasmid, residue 397 of YTHDF1
gene in pcDNA3.1-HsYTHDF1-WT were mutated into an amber stop codon TAG using
site-directed mutagenesis with following primers: YTHDF1-Y397TAG-F and YTHDF1-
Y397TAG-R.

Library preparation for GRIP-seq

HEK?293T cells were plated in 15-cm plates and transfected with 15 pg of pcDNA3.1-
HsYTHDFL1 plasmids, with an additional 15 pg of pNEU-SFYRS plasmid (encoding SFY-
synthetase-tRNA system for expression in mammalian cells) and 1 mM SFY for conditions
involving YTHDF1-397SFY protein expression. Forty-eight hours after transfection, cells
were washed twice with ice-cold PBS, and centrifuged to collect as cell pellets. The library
preparation procedure for GRIP-seq was similar to the protocol from eCLIP#°. In brief, the
cell pellets were lysed in 1 mL of eCLIP lysis buffer4®, partially digested with RNase |
(Invitrogen). 20 pL of the cell lysate was stored as “INPUT” sample for subsequent direct
library preparation (similar as in eCLIP protocol#?). The remainder of the cell lysate (~1
mL) was immunoprecipitated using 200 pL of pre-washed strep-tactin-XT magnetic beads
(Iba-lifesciences) targeting 2xStrep-tag sequence fused at C-terminal of YTH proteins, and
stringently washed (twice with high-salt denaturing buffer (PBS buffer with 6 M Urea, 1

M NaCl, 1 mM DTT) and twice with PBS buffer). After dephosphorylation with FastAP
(ThermoFisher) and T4 PNK (NEB), a barcoded RNA adaptor (1:1 mixed RNA_X1A

and RNA_X1B adaptors, Table S1) was ligated to the 3" end (T4 RNA Ligase, NEB) of
cross-linked and co-purified RNA. Ligations were performed on-bead. Next, Samples were
run on protein gels and transferred to nitrocellulose membranes. On the membranes, the
regions containing YTH protein-RNA cross-links were excised (membrane regions 75 kDa
above the YTH protein) and treated with proteinase K to release the cross-linked RNA. RNA
was then reverse-transcribed with SuperScript IV reverse transcriptase (ThermoFisher) and
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ARL7 primer (Table S1), and treated with EXoSAP-IT (ThermoFisher) to remove excess
oligonucleotides. A second DNA adaptor (Rand3Tr3 adaptor, Table S1) was then ligated

to the 3’ end of the cDNA fragment (T4 RNA Ligase, NEB). After cleanup (Dynabeads
MyOne Silane, ThermoFisher), an aliquot of each sample was first subjected to gPCR for
determining the proper number of PCR cycles. Then, the remainder was amplified (Phanta
Max Super-Fidelity DNA Polymerase, Vazyme) with a pair of PCR primer for final library
amplification (P1A-ON-F and P1A-ON-R, “N” represents the specific index for different
sample, Table S1) and size selected via agarose gel electrophoresis. Samples were sequenced
on the Illumina NovaSeq S4 platform with paired-end 2x100 format.

Data analysis for GRIP-seq

Read processing—After standard illumina Hiseq demultiplexing, GRIP-seq libraries
were first processed with Fastp tool®2 to remove PCR duplications and cut illumina adaptors,
and then processed with Fastp tool®2 to remove the GRIP-seq adaptors and retrieve the
inserted RNA sequences according to the following GRIP-seq final library structure.

Library structure with X1A_adaptor: (Readl) NNNNNCCTATAT-INSERT-
NNNNNNNNNN (Read?2)

Library structure with X1B_adaptor: (Readl) NNNNNTGCTATT-INSERT-
NNNNNNNNNN (Read2)

Note: “N” in library structures representing random nucleotides.

Read mapping

Reads were mapped with STARS3 to the human genome (hg19) by default setting.

Identification of m6A clusters and reverse-transcription-termination sites

After mapping, CLIPper® was applied on the mapped reads 2 (reads 2 is the read starting
right after the cross-linking site (Fig. 5a)) with options “--FDR 0.01 --poisson-cutoff 1e-10
--minreads 5 --binomial 0.01” to identify the read clusters. After cluster identification, the
precise reverse-transcription-termination sites of clusters were identified by scanning all
sites within the cluster using the following criteria: If the read number covering the scanned
site was > 1.5-fold bigger and had > 40 reads than the read number covering the neighboring
site, this site will be designated as reverse-transcription-termination site.

Metagene and motif analyses

After reverse-transcription-termination site was identified, the sequences spanning a region
10-nt up- and downstream of termination sites were extracted and used as input for motif
discovery using MEME®4, Metagene analysis was performed with reads mapped within
m6A clusters using metaPlotR%5.
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Analysis of cross-linking site positions relative to the m6A motif

Reads 2 overlapping with regions containing motif DRACH from motif analysis were
extracted. The numbers of reads 2 starting right after each position relative to DRACH motif
(the middle A in the motif was designated as position 0) were calculated and plotted.

Analysis of nucleotide composition at cross-linking sites

For reads in m6A clusters, the cross-linking sites were designated as the nucleotides 1-nt
upstream of read 2 starting positions.

Identification of m6A sites

After the position of cross-linking site relative to m6A motif was revealed, the precise mé6A
sites were assigned according to the distance to the revers-transcription-termination sites.

Secondary structure analysis around m6A sites

The coordinates of published m6A sites were from m6A-atlas database®’. The coordinates
of m6A sites from DART-seq were m6A sites from “HEK293T, DART-seq, control sample”
in m6A-atlas database?’. For each m6A site, a sliding window of 30 nucleotides with a step
of 3 nucleotides was used to calculate RNA minimum fold free energy (MFE) spanning the
regions 120-nt up- and downstream of m6A sites. For each window, MFE was calculated
by ViennaRNA®6, using default parameters. For m6A sites from different datasets, a mean
MFE in each window was calculated by averaging MFE values of the windows in the same
position.

Analysis of GRIP identified novel m6A sites

To calculate how many m6A sites were novel, sites identified by GRIP were compared with
known Human m6A sites from m6A-Atlas database?’. Those sites which have exactly same
chromosome coordinates in the database were considered as known ones, while others were
considered novel.

GRIP for individual in vivo m6A detection

HEK?293T cells were plated in 15-cm plates and transfected with 15 pg of pcDNA3.1-
HsYTHDF1 plasmids, with an additional 15 pug of pNEU-SFYRS plasmid (encoding
SFY-tRNA synthetase-tRNA system for expression in mammalian cells) and 1 mM SFY

for conditions involving YTHDF1-397SFY protein expression. Forty-eight hours after
transfection, cells were washed twice with ice-cold PBS, and centrifuged to collect as cell
pellets. Cells were lysed with 1.5 mL of 1x RIPA Buffer supplemented with proteinase
inhibitors and RNase inhibitor. Cells were lysed on ice for 10 min and then passed through
26G-needles for 20 times to achieve full lysis. Lysates were then pelleted by centrifugation
at 16,000 g for 10 min at 4 °C, and the supernatants containing cleared lysates were used for
pulldown with magnetic beads.

For strep-tactin-XT magnetic beads (Iba-lifesciences), 200 uL per sample of beads were
pelleted by application of a magnet, and the supernatant was removed. Beads were washed
twice with wash buffer (PBS buffer with 6 M Urea, 1 M NaCl, 1 mM DTT), and
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resuspended in 11.25 mL of wash buffer (PBS buffer with 6M Urea, 1 M NaCl, 1 mM
DTT). 750 pL of sample lysate were added to beads and rotated overnight at 4 °C.

After incubation with sample lysate, beads were pelleted, washed three times with 6M Urea,
1 M NaCl, PBS buffer, 1 mM DTT, wash once with PBS buffer with 1 M NaCl, wash once
with PBS buffer, and then washed with Dnase buffer (350 mM Tris-HCI (pH 6.5); 50 mM
MgCI2; 5 mM DTT). Beads were resuspended in Dnase buffer and TURBO Dnase was
added to a final concentration of 0.1 U/pL. Dnase was shaking-incubated for 30 min at 37
°C. Proteins were then digested by shaking-incubation with 50 pL of 5 mg/mL proteinase K,
2 M urea at 37 °C for 1 h. RNA was purified using QuickRNA micro prep Kkits.

RNA samples were reverse-transcribed with gene-specific RT primers targeting different
cross-linking genes and regions (DICER1-m6A-1-RT, and JUN-m6A-1-RT, as listed in
Table S1) with SuperScript IV First-Strand Synthesis System. The cDNA was treated

with EXoSAP-IT to remove free primers, and then treated with NaOH to degrade RNA
molecules. After clean-up with DynaBeads MyONE Silane, a 5 linker (Rand3Tr3 adaptor,
Table S1) was ligated to cDNA molecules by T4 RNA ligase in on-beads solution with

high concentration of PEG8000 at room temperature for 16 h. The ligated product was
cleaned up again with DynaBeads MyONE Silane, and then amplified with primers targeting
gene-specific regions and the 5’ linker (PCR primer pair for the GRIP region of DICER1
RNA are primers pBADf-DICER1-m6A-1-pF and pBADr-eCLIP-Rand103tr3-pR; and PCR
primer pair for the GRIP region of JUN RNA are primers pBADf-JUN-m6A-1-pF and
pBADr-eCLIP-Rand103tr3-pR). The PCR product was separated on agarose gel. The
insertion bands were cut out, purified and cloned into pBAD vector, transformed into
DH10B competent cells, and plated onto LB-Amp100 agar plate and incubated overnight at
37 °C. Plasmids were then extracted from colonies and sequenced. The sequenced inserts
from plasmids were aligned to target RNA regions (DICERL, or JUN), the ligation sites

of 5’ linker represent the cross-linking sites of YTHDF1-397SFY proteins on target RNA
molecules, thus also representing m6A sites on target RNA molecules.

Statistics and Reproducibility

The experiments in the following figures were repeated for at least three times
independently: Fig 1c, 1d, 1g, 2b, 4b, 4e, 4g-h, Extended Data Fig 1b, Fig S2a, S2c, S3,
S7a, and S7f.
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Extended Data

a

BS

BzoCasl3b 435 |TLp83QV|H|L[ENY LH
PspCasl3b 352
RanCasl3b 353
PguCasl3b 368

PbuCasl3b 376

QLEYPOIDILIETYHE

Ladder WT 367A 370A 378A 380A

150nt — ‘-

-

: - - —— <4— pre-crRNA

80nt — -

"~ — ; - 4— CcrRNA

Extended Data Fig. 1. Identification of the positively charged residues of PsCas13b involved in
pre-crRNA cleavage.

a) Multiple sequence alignment of Cas13b proteins from different species (Bzo: Bergeyella
zoohelcum, Psp: Prevotella sp. P5-125, Pqu: Porphyromonas gingivalis, Pbu: Prevotella
buccae, and Ran: Riemerella anatipestifer) for p-sheets 5 and 6 involved in pre-crRNA
cleavage. The secondary structure of BzoCas13b is shown above the sequence?8. Identical
and similar residues are highlighted in red and white boxes, respectively. Positive charged
catalytic residues in BzoCas13b involved in the pre-crRNA cleavage on B-sheets 5 and 6
(450R, 452K, 459R) are marked with green stars on the bottom. Positive charged residues in
PsCas13b located on B-sheets 5 and 6 (367K, 370K, 378R, 380R) are marked with purple
squares. Multiple sequence alignment of full-length Cas13b proteins from different species
is shown in Fig. S1. b) Denaturing urea-PAGE demonstrating the pre-crRNA cleavage

by dPsCas13b-WT and dPsCas13b-Ala-mutants speculatively involved in the pre-crRNA
processing. dPsCas13b-WT and dPsCas13b-Ala-mutants were incubated with pre-crRNA
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and then separated on denaturing urea-PAGE. The Urea-gel was stained with SybrGold for
fluorescent detection of RNA.

rpoS RNA 5’ UTR region
cross-linking sites (Reverse-transcription-termination sites)

CGGGAACAACAAGAAGTTAAGGCGGGGCAAAAAATA
(AAN)4 element

Sequenced clone examples

adaptor random 10-mer target RNA sequence

GACGTGTGCTCTTCCGATCTGCCCTTGCGCGTTAAGGCGGGGCAAAAAAT

Hhhh“l n‘u \

adaptor random 10-mer target RNA sequence

GACGTGTGCTCTTCCGATCTGACCC CCATGTGGCGGGGCAAAAAATAGCGA

Extended Data Fig. 2. GRIP results demonstrate that site 25 of Hfq directly binds with (AAN)4
elements of rpoS RNA.

GRIP identified the binding sites of Tyr25 of Hfg on rpoS RNA in £. coli cells. Red
triangles indicate cross-linking sites identified from GRIP for rpoS RNA from Hfg-25FSY
expressing £. colicells. Two examples of Sanger sequencing of clones from Hfg-25FSY
sample were shown below.
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JUN 3

YTH-WT-INPUT
YTH-WT-IP
YTH-397SFY-1-INPUT
YTH-397SFY-1-IP
YTH-397SFY-2-INPUT 2
YTH-397SFY-2-IP
YTH-397SFY-3-INPUT
YTH-397SFY-3-IP
RT-termination sites A A A A A

Known m6A sites A A A

> >
> >

DICER1

0

&

YTH-WT-INPUT
YTH-WT-IP
YTH-397SFY-1-INPUT
YTH-397SFY-1-IP
YTH-397SFY-2-INPUT
YTH-397SFY-2-IP

L S B P lesmell I

YTH-397SFY-3-INPUT
YTH-397SFY-3-IP

RT-termination sites A A A A A A
Known m6A sites A A A A

P s

o 8o 8. 8. 8. 8. . 8.

Extended Data Fig. 3. Examples of GRIP-seq data for m6A identification.
Genome browser tracks of GRIP-seq data in JUN and D/CERI mRNA regions. Reverse-

transcription-termination sites (RT-termination sites) from GRIP-seq were marked as yellow
triangles. Known m6A sites from published datasets were marked as grey triangles.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. GECX-RNA enables FSY-incorporated dPsCas13b to cross-link target RNA in vitro.

a) Scheme showing proximity-enabled SUFEX reaction between FSY and a nucleophilic
group of RNA, which can be 2’-OH on ribose or amino group on base. The binding

of protein with RNA places FSY in close proximity to the target nucleophile in the

RNA, driving the formation of a specific covalent linkage. b) Structure of Cas13-crRNA-
target RNA ternary complex showing sites 133 and 1058 (yellow stick) chosen for FSY
incorporations in dPsCas13b protein (PDB: 5XWP). ¢) EMSA on denaturing Urea-PAGE
gel demonstrating dPsCas13b-133FSY cross-linked with the target RNA (ssRNA-1) with
guidance of crRNA (crRNA-1). After incubation, samples were treated with or without
proteinase K followed with separation on denaturing Urea-PAGE. The Urea-gels were
stained with SybrGold for fluorescent detection of RNA. d) EMSA on denaturing Urea-
PAGE gel demonstrating cross-linking of target RNA (IRD680-ssRNA-1) required guidance
of crRNA. dPsCas13b-WT or 133FSY protein was incubated with different combinations of
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crRNA-1 and target RNA fluorescently labeled with IRD680 at 5’ end (IRD680-sSRNA-1).
After incubation, samples were separated on denaturing Urea-PAGE. The gel was imaged
by scanning IRD680 signal. e) Structure of BzoCas13b-crRNA binary complex showing
positively charged amino acids (yellow stick) located on B-sheets 5 and 6 (magenta colored)
involved in pre-crRNA cleavage. crRNA was shown as salmon-color stick (PDB: 6AAY).

f) Scheme of Cas13b processing pre-crRNA at the phosphodiester bond connecting two
nucleotides located directly 3’-downstream of the hairpin repeat region. Red arrow indicates
the cleavage site. g) EMSA on denaturing urea-PAGE demonstrating FSY cross-linking of
all four RNA nucleotides. dPsCas13b-380A or dPsCas13b-380FSY was incubated with pre-
crRNAs containing different nucleotide compositions at cleavage site. Nucleotide sequences
at cleavage sites (as NNN shown in (f)) were placed as AAA, UUU, CCC, or GGG in the
indicated pre-crRNAs. After incubation, samples were separated on denaturing Urea-PAGE.
The Urea-gels were stained with SybrGold for fluorescent detection of RNA.
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Fig. 2. GECX-RNA enables FSY-incorporated Hfq proteins to cross-link target RNA in E. cali.
a) Structure of £. coli Hfq bound to target RNA. Hfq is a ring-shaped homo-hexamer,

with each monomer colored differently. RNA is in grey. The three chosen sites (Y25, 130,
and T49) for FSY incorporation were shown in pink stick on one monomer (PDB: 4HT8).
b) Western blot analysis demonstrating FSY-incorporated Hfq proteins cross-linked with
RNA molecules in E. colicells. Hfg-FSY proteins were expressed in £. co/f DH10B strain.
Cell lysate samples were treated with or without RNase before loading, and an anti-His
antibody was used to detect the 6xHis tag appended at the C-terminus of expressed Hfq.

¢) Scheme of reverse transcription (RT) and quantitative-PCR (qPCR) of RNA cross-linked
by Hfg. d) RT-qPCR analyses of Hfg co-purified RNA demonstrate that FSY-incorporated
Hfq proteins cross-linked and enriched target RNA rpoS in £. coli cells. Hfg-WT and
Hfg-FSY proteins were separately purified from £. coli cells, and RT-gPCR analysis was
performed on co-purified RNA samples. Enrichment fold changes were calculated based on
normalizations to input-RNA samples using rnpB gene as reference. Control sample was
cells without exogenous Hfq expression. Fold-changes of target RNAs in Hfg-FSY samples
compared to Hfg-WT samples were shown. Bar heights represent mean; Error bars represent
s.e.m.; n = 3 independent biological replicates; ** p < 0.01; n.s., not significant; multiple

t test. P-values (control vs WT; 0.0026; WT vs 25FSY: 0.0089; WT vs 30FSY: 0.0025;

WT vs 49FSY: 0.5371). e) Scheme of GRIP. After proteinase K treatment, co-purified
Hfq-cross-linked RNA were reversely transcribed by gene-specific RT primer, followed by
RNA removal and ligation of a 3’s cDNA adaptor containing a random-10mer at the ligation
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site. After ligation, PCR was performed with a primer pair, one targeting gene-specific
region and the other targeting 3’s cDNA adaptor region. Sequencing of the PCR product
could identify the ligation sites, indicating RT terminating sites and the cross-linking sites
(red triangle).
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Fig. 3. GECX-RNA enables FSY-incorporated dPsCas13b proteins to cross-link target RNA in
mammalian cells.

a) Scheme showing the procedures for quantification of RNA co-purified with dPsCas13b
from mammalian cells. b) RT-qgPCR analysis of dPsCas13b co-purified RNA showed that
dPsCas13b-133FSY enriched more target RNA molecules than dPsCas13b-WT with the
guidance of crRNA. Control samples had no crRNA plasmid transfected, while crACTB,
crNEAT1-1, and crNEAT1-2 samples were transfected with distinct crRNA plasmids
targeting ACTB mRNA or NEAT1 RNA. Bar chart showed the fold-changes of target RNAs
in crRNA transfected samples compared to control samples (hormalized to GAPDH RNA
abundance). Bar heights represent mean; Error bars represent s.e.m.; n = 4 independent
biological replicates; ** p < 0.01; *** p < 0.001; n.s., not significant; multiple t test
(p-values: WT-control vs 133FSY-control: 1.00; WT-control vs WT-crACTB: 0.93; WT-
crACTB vs 133FSY vs crACTB: 0.0032; WT-control vs WT-crNEAT1-1: 0.10; WT-control
vs WT-crNEAT1-2: 0.15; WT-crNEAT1-1 vs 133FSY- crNEAT1-1: 0.0024; WT-crNEAT1-
1 vs 133FSY- crNEAT1-1: 0.00015).
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Fig. 4. Genetically encoding SFY allows cross-linking of His, Tyr, Lys residues in protein and of
RNA in cells.

a) Structure of SFY. b) Fluorescence confocal images HEK293 cells expressing
EGFP(40TAG) gene and the Mm-tRNAPY/MmSFYRS with and without 1 mM SFY.

c) Flow cytometric analysis of SFY incorporation into EGFP(40TAG) in HEK293 cells
using Ma-tRNAPY//MaSFYRS. d) Structure of Afb-Z complex (PDB: 1LP1) showing two
proximal sites for SFY and target residue X incorporation. €) Analysis of cross-linking of
Afb(24SFY) with MBP-Z(7X) in E. coli cells. Left: Western blot of £. coli cell lysate;
Right: SDS-PAGE of proteins purified from £. colivia Ni2* affinity chromatography.
Maltose binding protein (MBP) was fused to the N-terminus of Z protein to better separate
Z from Afb in size. f) Crystal structure of £. coli GST (PDB: 1A0F) showing site 103 and
107 at the dimer interface. g) Western blot analysis of lysate of HEK293T cells expressing
GST(103SFY-107X). X is the target residue indicated. h) Western blot analysis E. coli cells
expressing Hfg with SFY incorporated at site 25 or 49. Cell lysate samples were treated with
or without RNase before loading, and an anti-His antibody was used to detect the 6xHis tag
appended at the C-terminus of expressed Hfq. Star indicates a cross-linked band.
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Fig. 5. Design of GRIP-seq for in vivo detection of m6A on RNA with single-nucleotide

resolution.

a) Scheme showing the principle of using GRIP-seq to detect RNA modifications /n7 vivo,
using m6A as an example. A reader protein recognizing the RNA modification is expressed
in cells, with a latent bioreactive Uaa (SFY) incorporated near the recognition site to
cross-link bound RNA for identification. This is followed by partial RNase digestion and
an immunoprecipitation enriching reader-proteins and their cross-linked RNA fragments.
After dephosphorylation and 3’ adaptor ligation with RNA fragments, the cross-linked
protein-RNA are separated by SDS-PAGE and transferred to a nitrocellulose membrane.
The membrane regions above the read-protein (75 kDa above) are excised and treated with
proteinase K to release the cross-linked RNA fragments. The released RNA fragments

are further prepared into libraries for pair-end high-throughput sequencing. In the final
libraries, read 2 begins with a random-mer sequence (random 10mer, added with 3’

cDNA adaptor ligation) followed by the sequence corresponding to the 3’ end of reverse-
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transcribed cDNA, the junction of which indicates the cross-link sites causing the revers-
transcription termination (See materials and methods). b) Structure of YTH domain (from
human YTHDF1) binding with m6A nucleotide (PDB: 4RCJ). Tyr397, the site chosen for
incorporation of SFY is shown in grey stick. RNA is colored in yellow and YTH protein in
green.
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Fig. 6. GRIP-seq in vivo detected m6A on RNA with single-nucleotide resolution in mammalian
cells.

a) The most enriched motif found in GRIP-seq data of YTH-397SFY-IP samples. The
enriched DRACH motif was identical to the published m6A consensus motif. b) Reverse-
transcription-termination sites identified from YTH-397SFY IP samples showed metagene
distribution profiles typical for m6A c) Plot showing the cross-links enriched at the upstream
of the DRACH motif. X-axis indicated the position relative to m6A (0 position) in the
DRACH motif. Y-axis indicated the read numbers (representing RNA molecules) of cross-
links at the corresponding positions from YTH-397SFY IP samples. d) Pie chart showing
the nucleotide composition at the cross-linking sites. ) Violin plot (with box plot inside)
presenting the distribution of RNA abundance of the two gene groups: genes containing only
novel m6A sites (salmon, //=1,699), and genes containing only known m6A sites (grey,
N=1,826). Y-axis: TPM (Transcript per million reads) values in log10 scale, representing
the RNA abundance. TPM values of each gene in HEK293T cells were from Protein

Atlas database5l. Boxes extend from the 25% to 75% of values, with center line denoting
median; whiskers denote values within 1.5 interquartile range of the 25t and 75t percentile.
Two-sided Wilcox rank-sum test for the RNA abundance of the two gene groups: **** p <
0.0001 (p value: 4.645 x 10719),
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