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Theincorporation of non-canonical amino acids (ncAAs) enables customized chemistry
to tailor protein functions'. Genetic code expansion offers a general approach for

ncAA encoding by reassigning stop codons as the ‘blank’ codon; however, it is not
completely orthogonal to translation termination for cellular transcripts. Here, to
generate more bona fide blank codons, we developed an RNA codon-expansion (RCE)
strategy that introduces and decodes bioorthogonally assignable pseudouridine (W)
codons (WGA, WAA or WAG) on specified mRNA transcripts to incorporate ncAAs

in mammalian cells. The RCE strategy comprises a programmable guide RNA*, an
engineered decoder tRNA, and aminoacyl-tRNA synthetase. We first developed the
RCE(WGA) system, whichincorporates functional ncAAs into proteins via the WGA
codon, demonstrating a higher translatome-wide and proteomic specificity compared
with the genetic code expansion system. We further expanded our strategy to produce
the RCE(WAA) and RCE(WAG) systems, with all three W codon:(W codon)-tRNA™! pairs
exhibiting mutual orthogonality. Moreover, we demonstrated that the RCE system
cooperates compatibly with the genetic code expansion strategy for dual ncAA
encoding. Insum, the RCE method utilized W as a post-transcriptional ‘letter’ to encode
and decode RNA codons in specific mRNA transcripts, opening a new route for genetic
alphabet expansion and site-specific ncAA incorporation in eukaryotic cells.

The rapidly growing repertoire of ncAAs represents a broad range of
chemical structures and functions, whose incorporation enables the
probing, dissection and modulation on various proteins of interest
in living systems’ . The genetic code expansion (GCE) strategy has
been developed to reassign stop codons as a genetic blank codon'?in
order to specifically incorporate ncAAs into proteins. However, reas-
signing stop codons is not completely orthogonal to the translation
termination of cellular transcripts, because this may result in off-target
readthrough for endogenous stop codons in the translatome. Alter-
native strategies have been devised to create genetic blank codons
in Escherichia coli, including: (1) orthogonal ribosome evolution for
quadruplet codon recognition®”’; (2) genome engineering® ' to cre-
ate genomically recoded organisms such as synél (ref. 12), rE.coli-57
(refs.10,13) and Ochre™; and (3) the development of unnatural base
pairs with hydrophobic interactions™*. However, transplanting these
genetic blank codons into mammalian cells encounters challenges
such as potential cytotoxicity, global translation byproducts and the
complex eukaryotic genome”. Instead, two strategies have emerged
to exploit translation processes. An artificial, membraneless organelle
was created in mammalian cells to achieve orthogonal translation for
the UAG stop codon’®*, In addition, RNA base editors have converted

sense codons into stop codons?. Nevertheless, GCE utilizes genetic
blank codons transcribed from DNA to RNA, which have been limited
tostop codonsinmammalian cells, and these interfere with translation
termination of cellular transcripts.

Alongside the central dogma, the genetic information contained
in RNA codons in the GCE strategy remains the same as in upstream
DNA codons. However, given that diverse and abundant RNA modi-
fications are independent of DNA codons and can directly influence
the decoding process? 23, we postulate that it is possible to create
RNA-based blank codons outside of the canonical 64 genetic codons.
Therefore, we proposed that generating the post-transcriptional letter
as RNA-based blank codons might help to overcome the issues associ-
ated with leveraging existing genetic blank codonsin the translatome.
This could berealized by programming specific encoding and decoding
processes of atargeted codon of interestin specified mRNA transcripts.
For instance, as a representative RNA modification, programmable
installation of pseudouridine (W) on specified mRNAs via guide small
nucleolar RNAs (gsnoRNAs)*?** could generate W-modified nonsense
codons (W codons) withenhanced, near-cognate decoding, probably
owing to W-promoted base pairing, base stacking and strengthen-
ing sugar-phosphate backbone”. However, there is a current lack of
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specificdecoder tRNAs that are capable of recognizing modified RNA
codons from the 64 genetic codons, posing challenges for harnessing
the modified RNA codons as orthogonal blank codons to expand the
genetic alphabet.

Here we developed an RCE approach to assign modified RNA codons
as new blank codons for ncAA incorporation in mammalian cells,
which are independent of the endogenous codon assignment in the
translatome. To decode the three generated W codons (WGA, WAA
and WAG) on specified mRNA transcripts, we generated three specific
decoder tRNAs to three W codons: (WGA)-tRNA™, (WAA)-tRNA™ and
(WAG)-tRNA™'. These W codon-tRNAs exhibited a robust preference
forthe corresponding W codons compared with endogenous codons,
whichwereretainedinthetranslatome. RCE(WGA) achieved high speci-
ficity forncAAincorporationinribosome profiling and proteome analy-
sis, preserving the UGA codon which represents around 52% of stop
codonsinthe humangenome. We demonstrated that the three pairs—
WGA:(WGA)-tRNAP, WAA:(WAA)-tRNA™Y and WAG:(WAG)-tRNA™ —are
orthogonaltoeachother, enabling the specificincorporation of ncAAs
carrying different side chains into mammalian proteins. Moreover,
our RCE approach cooperated with the current GCE system, confirm-
ing the compatibility of different codon-expansion strategies for
encoding dual ncAAs within cells. Overall, the RCE method enabled
programmable encoding and decoding of modified RNA codons via
independent W codon:(W codon)-tRNA™ pairs, significantly improving
the translatome-wide specificity of ncAA incorporation, allowing for
the precise investigation and modulation of proteins of interest under
various in vivo settings.

Rationale of RCE

RNA modifications are well-studied for their dynamic influences on
the decoding process of the targeted codon during translation?,
independent of the central dogma. To harness RNA modifications
as post-transcriptional letters and expand the genetic alphabet, we
programmed the RCE using a two-step process: encoding and decod-
ing (Fig. 1a). For encoding using RNA modifications, we utilized the
programmable pseudouridylation tool RESTART* (RNA editing to spe-
cific transcripts for pseudouridine-mediated premature termination
codonreadthrough) to producessite-specific W codons, converting the
targeted uridine (U) to W on specific mRNA transcripts. For decoding,
we identified specific decoder tRNAs for the modified RNA codons by
screening the wild-type and engineered tRNA™ constructs. Therefore,
using programmable encoding and decoding processes, we were able
to assign the modified RNA W codons as new blank codons for ncAA
incorporation that operate orthogonally to canonical codon assign-
ment for protein biogenesis throughout the translatome.

Programmable encoding of the WGA codon

To implement the RCE approach, we first ensured that the W codon
installation method wasrobust. Asthe proposed RCE approachincludes
ternary components containing the RESTART tool for Winstallation, a
non-canonical aminoacyl-tRNA synthetase (RS) and a decoder tRNA
for W codon decoding, we evaluated the efficiency and robustness of
programmable and targeted RNA pseudouridylation as the initial step
to create the W codon** for the RCE system.

We constructed several dual-fluorescent mCherry-linker-GFP
reporters, with a target UGA codon in the linker sequence (Supple-
mentary Table 1). We then designed guide RNAs targeting the UGA
codon, following the principle of RESTART*for W installation. To quan-
titatively determine W ratios, we used PRAISE, a W detection method
that utilizes sequencing® (Supplementary Fig. 2). We found high W
ratios for the targeted UGA with different flanking sequences in the
reporters, ranging from 55% to 96% (average ratio approximately 71%).
We also tested different stoichiometry between the gsnoRNAs and
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the corresponding reporters (such as 1:4, 1:2 and 1:1), and observed
consistently high W installation efficiency (Fig.1b,c and Extended Data
Fig.1a-c). After we tested a series of tRNA dosages, we found that the
tRNA dosage did not influence W ratio (Fig. 1d,e and Extended Data
Fig. 1d). Together, these results demonstrated that our designed
gsnoRNAs operated robustly and efficiently for ¥ codon encoding
during the RCE process.

To further verify the encoding specificity, we determined the
transcriptome-wide off-target W sites” (Supplementary Table 2 and
Supplementary Fig. 3). Because the guide RNAs were carefully designed
to minimize off-targets, we identified only 9 off-target sites with arela-
tively low W ratio (ranging from10.7% to 25.2%) as well as a consensus
sequence motif resembling the on-target sequence (Extended Data
Fig.2a-f).Of note, none of these off-target sites resides at endogenous
stop codons (Extended Data Fig. 2g). Inaddition, we showed that these
off-target W sites had negligible impact on RNA expression and ribo-
some footprints (Extended Data Fig. 2h,i). In sum, we conclude that
our programmable and targeted RNA pseudouridylation is efficient
and specific for creating W codons.

Generating a decoder tRNA for WGA

To make WGA abioorthogonally assignable codon for reprogramming,
adecoder tRNA is necessary to efficiently suppress WGA but not the
UGA codon with customized ncAAs. This is difficult, not only because
UGA represents the most prevalent stop codon (approximately 52%
of stop codons) in the human genome, but also because UGA is natu-
rally prone to readthrough among the 3 stop codons®, Initially, we
evaluated whether wild-type tRNAP'(UCA) could distinguish WGA from
the cognate UGA codon. We selected three representative wild-type
tRNAP' molecules from distinct species: Methanosarcina mazei
(Mm) tRNAP(UCA), Methanomethylophilus alvus (Ma) tRNAP'(UCA)
from class A *"™'tRNAs, and Methanomassiliicoccus intestinalis (Mi)
tRNAP!(UCA) from class B2"?'tRNAs?. Notably, minimal readthrough
differences between WGA and UGA were observed for the three
wild-type tRNA™ decoder tRNAs.

Toproduce adecoder tRNA with a high WGA preference, we focused
on the anticodon stem-loop (ASL) of tRNA and attempted to identify
possible variant tRNAs with desired properties, relying on ASL muta-
tions to influence stability, flexibility and proximal interactions of the
tRNA™ decoder tRNAs during decoding in the small subunit of the ribo-
some’, thereby potentially swaying the decoding preference toward
WGA. Itis equally important that the ASL mutations do not affect the
interaction of PyIRS with tRNA™ (refs. 31,32), so that we can generate
tRNAM variants without affecting its aminoacylation activity.

To assess the possibilities, we screened 150 tRNA™ variants for all
combinations of single-nucleotide mutations within the ASL region
of the three representative wild-type tRNA™(UCA) decoder tRNAs
(Fig.2a). We used the dual-fluorescent reporter Screen-TGA to measure
thereadthrough efficiency of tRNA variants (Supplementary Fig. 4a),
and the fold change between the readthrough ratios of WGA and UGA
as ameasure for the WGA preference. We determined that more than
half of the mutations at the ASL produced at least 1.5-fold WGA prefer-
ence, with mutations at position 37 generally producing a high WGA
preference (greater thantwofold) (Fig. 2b and Supplementary Table 3).
Screening these tRNA variants, we determined that although the exact
identity of the 37th nucleotide had to be experimentally tested, posi-
tion37improved the WGA preference in general (Fig. 2b). This finding
mirrors previous structural insights, which revealed that nucleotide
37 consistently stacks between anticodon nucleotides, contributing
to overall ASL stability and flexibility*°. Therefore, from a series of
tRNA variants responding to WGA, we selected MmtRNA™(UCA)-37G
owingtoits higher specificity for the WGA codon as well as its efficiency
for incorporating various ncAAs, and we named this decoder tRNA
(WGA)-tRNA™,



RNA: A C G

Post-transcriptional letter

RNA modification: \¥...

RCE

Protein: Genetic codon

Expanded codon

Modified RNA codon for ncAA

1. Encoding: produce ¥ codon on intended mRNA
u ¥ Target Translatome-wide specificity
o 0}
G
EF I5F]
| NH A A HN NH = 0>
N (0] H = [¢]
=i =
~ JJOo\ ~ ~ %o ~ T
Restart ncAA incorporation on POI
UGA/UAA/UAG WGA/YAA/YAG Probing, dissecting or modulating
¥ codon: \YGA/'YAA/YAG
Non-target Oy
O
Programmable ¥ % %
~ 0%e_ ~ _ > ~ e00e_ ~ @
via gsnoRNA W codon (E ~ ~ ~
Translation termination Undisturbed
~ -~~~ e%a ~ -~~~ 0%~ Non-target
~_o%a - - Non-target stop codon ~_o%a_ - - ? & éf;%%
~ ~ ~ “0e® - ~ Unmodified ~ ~ ~ “ee® - ~ ﬁ’"‘
1 "
~ Undisturbed
\ ~ ©o® ~ e - / \ Ribosome disassembly /
/ RCE components Legend \
_ 9@
T gsnoRNA oo ~ o~ ~
Endogenous targeted sequence S e
PY UGA/UAA/UAG
— — — ~ o%a -~~~ ~ e ~
ncAA _e®¢

PyIRS to aminoacylate ¥ codon: Specified MRNA Non-target mRNA Ribosome

\ gsnoRNA ¥ codon-tRNA”"  p codon-tRNA™ with ncAA VOAPANTAG %
b gsnoRNA dosage per reporter = 0.25 gsnoRNA dosage per reporter = 1 d PyIRS-tRNA™ per reporter = 1 PyIRS-tRNA™ per reporter = 4
30 bp 30 bp 30 bp 30 bp
[0-2206244] [0-1795897] [0-1482475] i [0-3600313]

CCTATATCACCGGAt gaGGATCAGCCCCA  CCTATATCACCGGAt ga GGATCAGCCCCA
v

Deletion at \¥' site

Deletion at V' site

100
<
Oz 75 o ° o
557}
@ 50
S L
o0
3
x
§< o5
>
0 U T T T T
gsnoRNA dosage getrl 02 12 1
(per reporter) o
GCE PyIRS-tRNA" + gsnoRNA gsnoRNA

Fig.1|See next page for caption.

CCTATATCACCGGAt gaGGATCAGCCCCA

Deletion at ‘¥’ site

CTATATCACCGGAt gaGGATCAGCCCCAG

Deletion at V' site

100 4
<
S_ 75+ o ° °
5 5 o B
2T
[
>0
S¥ 50 4
o8
5>
<8
8% 251
(9] T T T T
PyIRS—tRNA”" 0 1 4 8
dosage (per reporter) gsnoRNA PyIRS—tRNA™ + gsnoRNA

Nature | www.nature.com | 3



Article

Fig.1|Schematic overview of the RCE strategy and yields ofencoded WGA
codoninthespecified mRNA transcript. a, The RCE strategy contains the
encodingand decoding processes for amodified RNA codon. For encoding,
the RESTART system was used, including a programmable gsnoRNA and DKC1.
AgsnoRNAwas constructed to target the specified mRNA transcript via

base pairing, interacting with the DKC1and the endogenous proteins to
pseudouridylate the U of the intended codon, thus sequence-specifically
producing W codon (WAA/WAG/WGA) from stop codons (UAA/UAG/UGA). For
decoding, (W codon)-tRNA™ decoder tRNAs were generated from tRNA!
mutants withasingle-nucleotide mutationinthe red region for the installed
Wcodons, whereas the endogenous stop codons remained undisturbed. Thus,
the RCE system could discriminate the W-modified RNA codons (W codons)
from usual stop codons. The hexagonrepresents ancAA, thekey representsthe

decoder tRNA, thelock representsthe W codonand the yellow star represents
the mutationin decoder tRNA. POI, protein of interest. b,c, Representative
IGVviews of theinstalled W at targeted Usites (b) and corresponding bar plots
of WGA codonyields (c) intarget mRNA undera1:4 or 1:1stoichiometric ratio
of gsnoRNA-TGA to the targeted Venus-TGA reporter. Following selective
chemicallabelling of W with the PRAISE method, W sites were identified as
deletionsignals during sequencing, and normalized to the deletion ratio of
Wsites (W1347 and W1367) in18S ribosomal RNA (rRNA) for WGA codonyields.
Dataare shown as mean values (n=2independent experiments). gctrl,
controlnon-targeting guide RNA. d,e, Representative IGV views (d) and
corresponding WGA codonyields (e) inintended mRNA with different dosages
of RS-tRNA relative tothe targeted reporter. Data are shown as mean values
(n=2biologicallyindependentreplicates).

Next, we validated that (WGA)-tRNA™ exhibited arobust preference
for the WGA codon onthe dual-fluorescence LDLR,AGXT and CFTR-TGA
reporters (Supplementary Table 1), whose WGA codons reside in differ-
entsequence contexts adapted from approximately 200-nt segments
of the CFTR, AGXT and LDLR transcripts surrounding the annotated
premature termination codons (PTC) in Clinvar®® (Supplementary
Fig. 5). With a 45.1-99.1% yield for the WGA codons (Supplementary
Fig. 6a), we found that (WGA)-tRNAP! demonstrated a 2.7- to 11.7-fold
WGA preference and adequate readthrough efficiencies (approximately
19-21%) in the presence of ncAA-CbzK (carbobenzyloxy-L-lysine)
(Fig. 2c-fand Supplementary Fig. 6b,c). Besides HEK293T cells, we
also confirmed evident WGA preference of the RCE(WGA) system
to four additional cell lines (Supplementary Fig. 7). Finally, we con-
firmed that (WGA)-tRNA™' decoded the WGA codon specifically with
ncAAbut not natural amino acids by identifying readthrough product
usingliquid chromatography-mass spectrometry (LC-MS) and liquid
chromatography-tandem mass spectrometry (LC-MS/MS), and the
tRNA charging with acid-denaturing gel northernblots (Extended Data
Fig.3 and Supplementary Fig. 8).

We alsoinspected the structural basis for the observed WGA codon
preference. We performed all-atom molecular dynamics simulation
based on cryo-electron microscopy (cryo-EM) structures of ribo-
some, mMRNA and tRNA (Extended Data Fig. 4a-c). By extracting the
tRNA ASL and mRNA for restrained simulations, we investigated
the codon-anticodon pairing probability for nine selected tRNAs
with and without W codon preference. We found enhanced pair-
ing probabilities for WGA compared with UGA for tRNAs with WGA
preference (Extended Data Fig. 4d). For instance, MmtRNA™ (UCA)-
37G formed more stable hydrogen bonds with the WGA codon than
with the UGA codon (Extended Data Fig. 4e-h), indicating that the
strengthened pairing with the WGA codon may account for the codon
preference. Overall, we successfully established a decoder tRNA,
(WGA)-tRNAM, that preferentially decoded the WGA codon, and thus
distinguished the WGA codon from endogenous allocations of the
64 genetic codons.

Translatome-wide decoding specificity

We next evaluated the decoding specificity of the RCE(WGA) system,
which consists of the WGA codon and (WGA)-tRNA™', by evaluating
the potential off-target readthrough events on the UGA codon (which
accounts for around 52% of stop codons) across the translatome. Ribo-
some profiling has been widely utilized to assess global off-target
activities of suppressor tRNAs>*, as well as to examine the relevant
pathologies resulting from upregulated stop codon readthrough,
involving protein mislocalization®, aggregation®, instability* and
the cascades of nontrivial magnitude®*’. It should also be suitable for
the evaluation of the translatome-wide specificity of the RCE system
alongside the GCE system. By design, the RCE(WGA) system should
incorporate ancAA at the produced WGA codon on specified mRNAs,

4 | Nature | www.nature.com

while leaving the endogenous stop codons less disturbed compared
tothe GCE(UGA) system. Therefore, we performed ribosome profiling
experiments for the RCE(WGA) system to measure its off-target activi-
ties, which directly reflect interferences on translation termination
within cells.

To provide a holistic perspective on stop codon readthrough ratios
in the translatome, we calculated the ribosome readthrough score
(RRTS)*** values for all transcripts with identified ribosome foot-
printsonthe 3’ untranslated region (UTR). As expected, the RCE(WGA)
and GCE(UGA) systems did notinduce off-target readthrough on UAA
and UAG codons (Supplementary Fig. 9). For the UGA codon of the
intended transcript, RCE(WGA) and GCE(UGA) systems exhibited simi-
lar on-target RRTS values of 0.366 and 0.375 using the intended UGA
as the stop codon (Supplementary Fig. 10). For the UGA codons of
globally non-targeting transcripts, the median RRTS value in GCE(UGA)
cells, RCE(WGA) cells and control cells was found to be 0.057, 0.014
and O, respectively (Fig. 3a). These findings suggest that RCE exhibited
amedian fourfold reduction in global off-target readthrough ratios
and asimilar on-target readthrough efficiency to GCE(UGA) cells, dem-
onstrating a median fourfold ncAA incorporation specificity for the
intended transcript in the translatome.

To further investigate the off-target transcripts, we used the RRTS
value of a transcript in control cells as background, and designated
the transcript as off-target if the transcript possessed obvious RRTS
fold changes in RCE(WGA) or GCE(UGA) cells. Regardless of the
RRTS fold-change cut-off that we used, we consistently identified
lower off-target transcripts for RCE(WGA) cells than for GCE(UGA)
cells (Fig. 3b). For instance, using a strict cut-off of a tenfold change,
we observed that the number of off-target transcripts significantly
decreased from 63 in GCE(UGA) to 34 in RCE(WGA) (Fig. 3b). We also
evaluated the gene ontology (GO) terms of off-target transcripts, and
determined that GCE(UGA) led to 16 enriched pathways. Notably,
the top enriched term appears to be related to ribosome biogenesis.
Off-target transcripts in RCE(WGA) were enriched across only four
pathways (Fig. 3c), demonstrating substantially reduced enrichment
inribosome biogenesis and no enrichmentin DNA damage and repair.

Giventhat natural stop codon readthrough events are associated with
diverse pathologies, we next examined the RRTS of reported transcripts
with naturally occurring readthrough events at the UGA codon. After
excluding transcripts with low footprint coverage, we identified two
representative transcripts, MDHI (ref. 28) and THGIL (ref. 41), which
exhibited distinct readthrough in control cells. In RCE(WGA) cells,
we identified numbers of readthrough events that resembled those
in control cells, suggesting a minimal impact of the RCE system on
these transcripts. In GCE(UGA) cells, the readthrough activities were
significantly enhanced. For MDH1,the RRTSin control cells, RCE(WGA)
cellsand GCE(UGA) cells was 0.021,0.033 and 0.169, respectively. Thus
the off-target readthrough ratio on MDHI of RCE(WGA) exhibited a
12-fold reduction compared with the GCE(UGA) system, with a dis-
tinctincrease in RRTS of 0.148 induced by the GCE system (Fig. 3d).
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Fig.3| The RCE(WGA) system exhibited high translatome-wide decoding
specificity without transcriptome-wide disturbance. a, Jitter plot of RRTS
values for transcripts containing canonical UGA stop codons with 3’ UTR
footprintsin GCE(UGA), RCE(WGA) and control cells viaribosome profiling
experiments for (n =909 transcripts) fromn = 2biologically independent
replicates. The centre horizontalline indicates the median RRTS and error bars
represent 50% confidenceintervals. Pvalues for RRTS values between groups
were computed using atwo-sided Mann-Whitney Utest. b, Bar plot depicting
the number of potential off-target transcripts detected in GCE(UGA) and
RCE(WGA) cellsatindicated RRTS fold-change thresholds. c, Comparison of
enriched GO terms of off-target transcripts in GCE(UGA) and RCE(WGA) cells.
Pvalue was calculated by hypergeometric test and subsequently corrected by

For THGIL, the RCE(WGA) cells possessed no clear off-target read-
through on THGIL, whereas the GCE(UGA) system induced an RRTS
increase of 0.153 (Fig. 3e). These lower off-target stop codon read-
throughratiosin RCE(WGA) cells were directly supported by the counts
per million mapped reads (CPM) viewed using the Integrated Genome
Viewer (IGV) (Fig. 3f,g).

In addition to ribosome profiling, we also conducted RNA-seq
experiments to assess any potential effects of the RCE approach on
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the Benjamini-Hochberg method. SSU-rRNA, small subunit rRNA.d,e, RRTS
values of MDHI (d) and THGIL (e) in GCE(UGA), RCE(WGA) and control cells.
Dataareshownas mean values (n =2 biologicallyindependent replicates).
f.g, Zoomed-inIGV views of ribosome footprints on representative MDHI (f)
and THGIL (g) transcriptsin which natural readthrough efficiencies on the
canonical stop codon, UGA, were upregulated (n =2 biologically independent
replicates). h,i, RNA sequencing, illustrating consistent RNA transcription
levels between RCE(WGA) and control cells (h), and between RCE(WGA) and
GCE(UGA) cells (i), including off-target transcripts (red dots), MDHI1 and THGIL
(blue dots), and other transcripts (grey dots). Dataare shown as mean values
(n=2biologicallyindependentreplicates).

gene expression. We found no interference in the transcriptome of
RCE(WGA) or GCE(UGA) cells, supported by robust correlations among
RCE(WGA), GCE(UGA) and control cells (Fig. 3h,i). This indicated that
the interferences of codon-expansion methods probably occur in
the translatome but not the transcriptome, consistent with previous
reports*. Collectively, these results demonstrated that the RCE(WGA)
system exhibits higher specificity during codon expansion than the
GCE(UGA) approach.
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Site-specificncAA encoding via RCE

After examining the incorporation specificity in the translatome, we
demonstrated the applicability of the RCE strategy for incorporating
ncAAswith diverse functionalities, which would facilitate the probing
and modulation of protein activity, location and interactions within
living cells. We selected SRC kinase, awell-known non-receptor protein
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the standard GCE system is much more enriched in misincorporated biological
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tyrosine kinase that participates in signalling pathways that control a
widerange of biological activities. As lysine 295 iniits catalytical pocket
is crucial for ATP docking and phosphoryl transfer, we produced a
SRC(K295*/Y527F)-GFP construct**** (Fig. 4a), in which a ncAA was
incorporated at residue 295 in the catalytic pocket, and the Y527F
mutation abolishes autoinhibition by Y527 phosphorylation, thereby
mimicking the constitutive phosphorylation activity of SRC.
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To validate the incorporation capability of different ncAAs, we
selected threerepresentative ncAAs, including an aromatic lysine deriv-
ative, CbzK, achemically caged lysine analogue, TCOK-a (axialisomer
of trans-cyclooctene-caged lysine amino acid), and the bioorthogonally
clickable AzK (Fig.4b). With a 60.9% yield for the WGA codon (Supple-
mentary Fig. 11a), we determined that (WGA)-tRNA™ had a high WGA
preference (from 5.1- to 8.3-fold) in the presence of CbzK, AzK and
TCOK-a (Fig. 4c,d). For the ncAA incorporation efficiency, we identi-
fied similar readthrough efficiencies of RCE(WGA) and GCE(UGA) on
the SRC(K295*/Y527F)-GFP constructin the presence of CbzK, AzK or
TCOK-a (Supplementary Fig.12a,b). Therefore, the RCE(WGA) system
incorporated ncAAs into proteins as efficiently as the standard GCE
system.

Thesesite-specifically incorporated ncAAs allowed specific protein
labelling via the bioorthogonal ligation reaction®, as well as in situ pro-
tein activation via the bioorthogonal cleavage reaction inside cells*.
Inparticular, chemically caged ncAAs that can undergo bioorthogonal
cleavable reactions have been extensively applied for gain-of-function
study of proteins under native cellular context*¢, Among them, TCOK-a
hasbeenincreasingly used as it can undergo rapid and biocompatible
inverse electron-demand Diels-Alder (invDA) reactioninthe presence
of 3,6-dimethyl-1,2,4,5-tetrazine (Me,Tz)* (Fig. 4e). To this end, we
utilized this reaction pair and the RCE(WGA) method for bioorthogo-
nal SRC kinase activation in living cells. We first demonstrated that
RCE(WGA) achieved efficient expression of the caged oncogenic SRC
mutant (SRC(K295TCOK-a/Y527F)-GFP), similarly to the previous
GCE(UGA) strategy** (Fig. 4f and Supplementary Fig. 11b-d). Of note,
incorporation of TCOK-a at SRC Lys295 temporally blocked SRC acti-
vity, which could berescued by adding Me, Tz to trigger the regenera-
tion of the native SRC protein (Fig. 4f and Supplementary Fig. 12c-e).

Wethen performed functional investigations in amass spectrometry-
based proteomics study. Although investigating SRC substrates remains
difficult owing to the dynamic and low-abundance tyrosine phospho-
rylation, we successfully profiled the phosphoproteome changes upon
SRC decaging. Using an affinity purification-mass spectrometry strat-
egy*®, we identified significantly upregulated phosphotyrosyl (pTyr)
sites (Fig. 4g and Supplementary Table 4), several of which have been
previously shown as direct substrates of SRC (Fig. 4h). Furthermore,
many of the identified pTyr sites contain the characteristic SRC sub-
strate motif (Fig. 4i and Supplementary Fig. 12f,g). We also detected
phosphorylation at Y416, the auto-phosphorylation site**, upon SRC
activation (Fig. 4f and Supplementary Fig. 12e). These results collec-
tively demonstrated that our gain-of-function SRC decaging strategy
effectively elicits cellular responses that are directly attributable to
the enzymatic function of SRC. Together, we demonstrated that the
RCE(WGA) method enabled orthogonal control and functional study
of enzyme activity in a gain-of-function manner in living cells.

Next, weinvestigated the specificity of bioorthogonal protein label-
ling of the RCE system. We used a GCE(UGA) system with awidely used
MmPyIRS-tRNA pair*~!, whichwe referred to here as TetRS-tRNA™, to
incorporate TetBu (3-(6-butyl-1,2,4,5-tetrazin-3-yl)-L-phenylalanine), a
commercially available ncAA (Extended Data Fig. 5a). For the RCE(WGA)
system, we adopted tRNA™-37G with WGA preference (Extended Data
Fig.5b). Although the on-target constructs were expressed atan endog-
enous concentration in the GCE and RCE system, the off-target signal
from the RCE system was significantly lower than the GCE system,
demonstrating the ncAA incorporation specificity (Extended Data
Fig. 5b-d).

We furtherillustrated the negligible disturbance of the RCE system on
endogenous transcripts by measuring potential off-target TetBuincor-
porations without transfecting any exogenous reporters (Extended
DataFig. 5e,f). Finally, we detected the off-target TetBu-incorporated
proteins via mass spectrometry, and identified 43 and 113 off-target
TetBu-incorporated proteins for RCE and GCE, respectively (Extended
DataFig. 6). Of note, the off-target incorporations induced by RCE are
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nearly asubset of thatinduced by GCE, further demonstrating the supe-
rior specificity of the RCE system (Fig. 4i,j and Supplementary Table 5).
Collectively, our results demonstrated that the RCE(WGA) method
couldintroduce functional ncAAs as efficiently as the GCE(UGA) strat-
egy while maintaining high specificity on the WGA, allowing applica-
tions ranging from specific protein labelling to functional modulations
in living cells.

Expanding mRNA codons beyond WGA

Following the establishment of the RCE(WGA) system, we next extended
the RCE rationale to create additional W codons for ncAAincorporation
by adapting the similar encoding and decoding processes. To develop
the RCE(WAA) system, we developed two representative reporters,
LDLR-TAA and AGXT-TAA, adapted from the LDLR-TGA and AGXT-TGA
reporters (Supplementary Table 1). When producing the WAA codon,
we observed high WAA yields of ~-100% on AGXT-TAA reporters with the
corresponding gsnoRNA-AGXT (Supplementary Fig.13a). Viaascreen-
ing process (Supplementary Fig. 14) which is similar to that for WGA,
weidentified tRNA variants showing preference for WAA, and selected
MitRNA™(UUA)-37G with 2.1-fold WAA preference and GCE-comparable
efficiency as (WAA)-tRNA™ (Fig. 5a-e and Supplementary Fig. 13b,c).
For the RCE(WAG) system, we screened the WAG-preferring tRNA vari-
ants without obtaining satisfying variants with high WAG preference
and readthrough. Given that mutations at position 37 improved WAG
preference and mutations at position 31 exhibited a higher readthrough
efficiency (Supplementary Fig. 15), we performed a second round of
screening for tRNAs with double mutations at positions 31and 37. To
our delight, the MmtRNA™'(CUA)-31G37G exhibited a 2.1-fold WAG
preference and ~15% WAG readthrough efficiency, and thus was chosen
as (WAG)-tRNA™! (Supplementary Table 6 and Supplementary Fig. 16).

We then examined the preference of (WAG)-tRNA™ on the produced
WAG codonin pS3transcripts. We produced a pS3***"-EGFP construct,
encoding a p53 variant in which the AAG codon for lysine 305 that is
crucial for nuclear localization®***was replaced by a UAG codon (Fig. 5f),
and then used our RCE(WAG) system for TCOK-aincorporationto con-
trol p53 protein localization. With a high WAG yield of 74.2% (Supple-
mentary Fig. 17), (WAG)-tRNA™ exhibited a 12.3-fold WAG preference
onthe p53*°*-EGFP construct (Fig. 5f). The RCE(WAG) system demon-
strated ayield of10.7% (Fig. 5f), and the produced p53(K305TCOK-a)-
EGFP protein was specifically located in the cytoplasm (Fig. 5g). After
Me,Tz-mediated TCOK-a decaging, the decaged protein p53-K305-
EGFP regained its nuclear localization (Fig. 5g and Supplementary
Fig. 18). Notably, the three specific W codon:(W codon)-tRNA™ pairs
are mutually orthogonal, as the anticodon of (¥ codon)-tRNA™ specifi-
cally pairs withits corresponding W codon (Fig. 5h and Supplementary
Fig.19).

RCE is compatible with GCE

Finally, we demonstrated that the RCE strategy could cooperate com-
patibly with other codon-expansion methods, andin particular the GCE
strategy. We integrated the RCE(WGA) and the GCE(UAG) strategy to
incorporate two different ncAAs (Fig. 5i). As the catalytic activity of SRC
kinase relies onits lysine 295 and can be inhibited by phosphorylation
at Y527 (ref.43),its activity could be caged through the incorporation
of TCOK-a at residue 295 and the ncAA BocK at residue 527.
Toillustrate dual ncAA incorporation in SRC, we used the MaRS-
Ma*™RNA™'(CUA)(19) pair® as the GCE(UAG) system to introduce
BocK. For the RCE(WGA) system to install TCOK-a, we utilized the
MmPyIRS-306A384F-MmtRNAP'(UCA)-6T37G pair, inwhicha C at posi-
tion 6 of MmtRNA™(UCA)-37G was mutated toa T to ensure orthogonal-
ity with MaPyIRS® according to the acceptor arm on Methanosarcina
spelaei (Spe)tRNA™, The MmtRNAP'(UCA)-6T37G, still exhibited strong
WGA preference regardless of the presence of the GCE(UAG) system



-ncAA

WAA

mCherry

UAA

tRNA variant library

GFP

UAA

LDLR-TAA

d -ncAA

mCherry

1. ¥ codon preference
2. Readthrough on ¥ codon

'

¥ codon-tRNA™"

GFP

UAA YAA UAA

<
+BocK c 7_88’_‘x10 5 —
0.125 | [ (PAA)-tRNA™ 9
WAA - on UAA >
> RCE(WAA) 4
o5 0100
s ]
cE S 3
g2 0075 o i
oo o
£ < a
=0
B E 0050 < 27
&g > e
[©)
0.025 14
0 - 0 - T T
-ncAA +Bock WT (AA)-tRNA™
+BocK e 2.4 1
2.77 x10°
[ 22
] (WAA)-tRNA™ - .
~ 0091 on UAA
= e
oa [ RCE(WAA) 8 2.0 .
e g
{2
55 006 S 1.8
3= a
g é
£
5¢ = 16
s E
2T 0.03 .
&) 1.4
.

AGXT-TAA
f UAG or WAG
Y Hoechst 53
] )

P53(K305A)

a

-ncAA WT  (PAA)-tRNA”

+BocK

Merged Hoechst

Merged

¥,
&
3.19 x 10
O ncAA
S B TCOK-a o
cw g
38 °®
=% )
S R 5 Decaging
9& 6 2 —_—
26 o
F=an |
55
22 3
o
8
0 = -
(YAG)-tRNA™ on UAG RCE(¥AG)
S
O ooooo
Readtrvougn rai NN
eadthrough ratio @? GCE(UAG)
]
Ny ‘ +TCOK-a, -BocK +TCOK-a, +Bock
vl
(YGA-RNA At residue 9%65 At residue 527
- ’( " Caged Decaged Caged Decaged
‘<
z kpa UGA WGA UGA YGA UGA ¥GA UGA ‘YGA
T (PAARNA™ Ful o5 “ ‘
S ( ) g length
Q
8
> SRC 70
truncation ‘ — ‘
(PAG)-tRNA™ at527 55
P )
SRC 43
YGA  WAA  VAG ™ . e —
¥ codon RCE(¥GA) GCE(UAG) at295 33

Fig.5|The RCE strategy is expandable to other modified RNA codons and
iscompatible with the GCE strategy. a, Schematic of the screening strategy
for (WAA)-tRNA™. b,c, Representative fluorescenceimages of cells (b) and bar
plots and dot plots (c) showing the readthrough performances of (WAA)-tRNAP
onUAAand WAA codonsofthe LDLR-TAAand AGXT-TAAreporters.Scalebar,
200 pm.Dataare mean £ s.d. (n =3 biologicallyindependentreplicates).

d,e, Representative fluorescence images of cells (d) and bar plots and dot plots (e)
showing thereadthrough performances of (WAA)-tRNA™ on LDLR-TAA and
AGXT-TAAreporters.Scalebar,200 um. Dataaremean + s.d. (n = 3 biologically
independentreplicates). Pvalues were calculated by a two-sided Student’s
t-test. f, Readthrough ratios of (WAG)-tRNA™ on the UAG and WAG codons of

the p53**°-GFP construct in the absence and presence of TCOK-a. Data are
mean *s.d. (n=3biologicallyindependent replicates). Pvalues were calculated
byatwo-sided Student’s -test. NLS, nuclear localization signal. g, Representative

fluorescenceimages of cells containing RCE(WAG)-produced p53(K305TCOK-a)-
GFP protein before and after decaging. Cells expressing p53-K305A-GFP and
p53-K305-GFP were used as cytoplasm-and nucleus-localized protein controls,
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verified by western blotting, which was repeated twice independently with
similar results.
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(Fig.5j), and obtained orthogonality to MaPylIRS. This orthogonality was
also demonstrated viamass spectrometry***> (Supplementary Fig. 20).

This adaption implied that based on properly arranged orthogo-
nal RS-tRNA pairs?, we could integrate and program various codon-
expansion methods as orthogonal modules for encoding different
ncAAs. Thus, we have demonstrated the adaptability of the (W codon)-
tRNA™ in the RCE approach, enabling RCE to serve as anindependent
codon-expansion module that work compatibly with the GCE strategy.

Discussion

In summary, we established a general applicable RCE strategy
and obtained three triply orthogonal pairs, WGA:(WGA)-tRNA™,
WAA:(WAA)-tRNAP! and WAG:(WAG)-tRNAP, for site-specific ncAA
incorporationinto proteinsinmammalian cells. Using ribosome profil-
ing and proteomics analysis, we demonstrated the translatome-wide
decoding specificity of the RCE strategy, which significantly reduced
off-target stop codon readthroughs compared with the standard GCE
method. The high specificity of the RCE strategy was verified through
multiple approaches, indicating that RCE-based protein decaging offers
ageneral strategy for activation of enzymes of interest. In the encod-
ing component, we identified high W codon yields on these specified
mRNA transcripts with specified gsnoRNAs*. In the decoding compo-
nent, the (W codon)-tRNA™' decode W codons with robust W codon
preferences across various transcripts, consistent with the globally
reduced off-target readthrough events. The specificities in encoding
and decoding processes contributed to the overallncAA-incorporating
specificity of our RCE strategy, which could be further advanced by
engineering the relevant mRNAs, small nucleolar RNAs (snoRNAs) and
decoder tRNAs. In addition, although we focused on the stop codons
inthis study, our RCE strategy could in principle be extended to sense
codons, owingto its programmability and specificity during the encod-
ing and decoding processes. Indeed, a new GCE strategy leveraging
rare codons has been reported recently®.

In addition to pseudouridine, the RCE approach may allow for the
utilization of various post-transcriptionally modified RNA-expanded
codons for translation. More than 150 types of chemical modifica-
tion have been identified in cellular RNAs so far, most of which can
influence the stability, structure and interactions of RNA to a certain
extent, including Né-methyladenosine, N*-methylpseudouridine,
5-methylcytosine and 2’-O-methylation??*, We anticipate that we could
generate additional blank RNA codons by adapting the corresponding
encoding and decoding processes. The encoding of these varied RNA
modifications can be attained with molecular precision—for instance,
by using Cas13-directed methyltransferase®® or CRISPR-Cas9 based
enzymes®. For decoding, the engineering and characterization of
(W codon)-tRNA™' decoder tRNAs could enable the development of
specific decoder tRNAs for other modified RNA codons. Collectively,
the RCE approach enables a subtantial expansion of the four-letter
(A, U, Cand G) transcription ‘alphabet’.

Furthermore, the RCE approach can act as an adaptable strategy
thatis compatible with the current approaches that exploit translation
processes, such as RNA base editors* and orthogonally translating
organelles'®'”, RNA base editors can deaminate the C to U, converting
sense codons into stop codons on endogenous mMRNA transcripts?.
In the same transcripts, the gsnoRNA for encoding in the RCE system
could pseudouridylate the produced U of the targeted stop codon,
followed by decoding in the RCE system. Similarly, the RCE approach
could operate compatibly with the orthogonally translating organelles
to spatially confine UAG codons'®", This is due to the molecular basis
of the RCE strategy, in which the W codon and the (W codon)-tRNA™,
which are compatible with the RNA motifs and the fused PyIRS™",
promote phase separation. Collectively, our RCE approach offers a
post-transcriptional codon-expansion strategy for ncAA incorpora-
tion, inwhich the modified RNA codons canbe assigned independently
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of the native 64 heritable codons, dynamically enriching the genetic
alphabet in mammalian cells.
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Methods

Cell culture

HEK293T, U-20S, COS-7 and HeLa cells were cultured in DMEM medium
(Corning, 10-013-CVR) and CHO-K1 cells were cultured in DMEM/F12
medium (Gibco). All cells were cultured with medium containing 10%
FBS and 1% penicillin/streptomycin (both from Gibco, v/v) at 37 °C
with 5% CO,. To passage cells, they were initially rinsed with PBS (Corn-
ing), and then treated with 0.25% Trypsin (Gibco) before incubation
(37 °C, 1 min). Following this, the trypsin was neutralized by adding
FBS-containing medium. The cells were subsequently collected by
centrifugation (500g, 5 min), counted, and divided for various exper-
imental uses. All cells were confirmed to be free from mycoplasma
contamination using amycoplasmadetection kit (TransGene Biotech,
FM311-01) prior to use.

Plasmid construction

Dual-fluorescent reporters were generated based on previously
described dual-colour reporters using site-directed mutagenesis
with FastPfu polymerase (Transgene) following the manufacturer’s
guidelines. For the construction of hU6-driven gsnoRNA expression
constructs, gsnoRNA fragments were amplified using an overlapping
PCR strategy involving one sense strand and three antisense strands,
and subsequently integrated into the pLenti-sgRNA-lib 2.0 backbone
(Addgene, #89638) using Golden Gate cloning. The secondary struc-
tures of gsnoRNAs were predicted using RNAfold*®*® (http://rna.tbi.
univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) with default settings.
The sequences of gsnoRNAs and synthetases are provided in Supple-
mentary Table 1. Synthetases and tRNAs were custom synthesized by
Beijing Qsingke Biotechnology Company. p53and SRCgenes were also
synthesized by Beijing Qsingke Biotechnology Company and inserted
into the pcDNA3.1-GFP vector using Gibson assembly with NEBuilder
HiFi DNA Assembly Master Mix (NEB). RS3#-2x(WAG)-tRNA™ and
RS3#-2x(WGA)-tRNAM! constructs were generated by recombining
PCR-amplified RS3# and Decoder sequences using NEBuilder HiFi
DNA Assembly Master Mix (NEB). All clones were verified by Sanger
sequencing. Plasmids for transfection were purified using the EndoFree
Mini Plasmid Kit Il (Tiangen Biotech).

Screening assay for decoder tRNA based on high-content imaging
HEK293T cells were rinsed with PBS and treated with 0.25% Trypsin at
37 °Cfor 1 min. Trypsin activity was halted by adding FBS-containing
medium. After centrifugation at 500g for 5 min, the cells were enumer-
ated and diluted to a concentration of 4 x 10° cells per ml. Subsequently,
the cells were seeded into individual wells of 96-well flat-bottom plates
(LABSELECT, 11514) that had been pre-coated overnight witha20 ng pl™
poly-D-lysine (Beyotime, ST508) solution and rinsed with water. Follow-
ing 16-24 h of incubation, each tRNA mutant was separately assessed
under both the UGA and WGA conditions.

For each tRNA mutant, a WGA mixture was prepared by combin-
ing 62.5 ng of the Screen-TGA reporter, 15.6 ng of gsno-TGA, 7.8 ng of
DKCl-is03, 62.5 ng of synthetases, and 122.5 ng of the tRNA mutant with
0.5 pl of Lipofectamine LTX reagent (Invitrogen) and 0.2 pl of PLUS
reagent (Invitrogen), following the manufacturer’sinstructions. Simi-
larly, for the UGA mixture, 62.5 ng of the Screen-TGA reporter, 15.6 ng
of gctrl, 7.8 ng of DKCl1-vector, 62.5 ng of synthetases, and 122.5 ng of
the tRNA mutant were mixed with 0.5 pl of Lipofectamine LTX reagent
(Invitrogen) and 0.2 pl PLUS reagent (Invitrogen) in the same manner.

The UGA and WGA mixtures were added to separate wells contain-
ing HEK293T cells cultured in a medium supplemented with 200 uM
ncAA (CbzK or BockK, corresponding to the synthetases). After 24 h,
the transfected cells were provided with fresh culture medium. At
48-72 hpost-transfection, cellimaging was conducted using the Imag-
eXpress Micro 4 high-content imaging system (Molecular Devices).
Fourimages from different regions of asingle well on the 96-well plates

were captured using al0x microscope objective, and these images were
subsequently analysed automatically using MetaXpress software (MX
version 6.2.3.733; CME version 6.2.3.991). The intensities of mCherry or
EGFP were determined as the intensity per cell multiplied by the number
of positive cellsin the fluorescence images. The readthrough ratio was
calculated as the GFP intensity divided by the mCherry intensity, and
then normalized to the DF-Read reporter without any truncations.

Readthrough product enrichments

HEK293T cells were seeded into 6-well plates (Corning, 3516) and incu-
bated for 16-24 h. For general readthrough reporters with adequate
gsnoRNAs, 1 pug of expression reporter, 250 ng of gsnoRNA, 125 ng
of DKC1-is03, and 1 ug of RS-2xDecoder plasmids were transfected
using PEI (Yeasen, 40816ES02) following to the manufacturer’s direc-
tionsin the presence of ncAAs. The culture medium was changed after
24 h of transfection. At 96 h post-transfection, the cells were rinsed
with PBS and collected with PBS. Following centrifugation, the cells
were resuspended with a TBS-containing protease inhibitor (Roche)
and 1 mM DTT. After ultrasonic lysis, the cell lysate was centrifuged at
21,000 rpmat4 °C. The supernatant was obtained and incubated for2 h
alongside anti-Flag M2 magnetic beads (Sigma Aldrich) for flag-tagged
readthrough product purification following the manufacturer’s direc-
tions. The beads were rinsed with TBST three times, TBS three times,
and finally with H,0. Samples with a concentration of 2 mg ml” of 3xFlag
peptidein TBS were used to elute the enriched readthrough products
at37°Cfor2h.

Amino acid characterization at specified locations by mass
spectrometry

Following the enrichment of readthrough products as described
above, the elution was supplemented with 5x SDS loading buffer
(Beyotime), and subjected to boiling at 95 °C for 30 min. Subsequently,
centrifugation at 21,000 rpm for 10 min facilitated the separation of
the supernatant, which was then loaded onto a 4%-15% SDS-PAGE
gel (Beyotime) along with Blue Plus V Protein Marker (DM141-01,
Transgene) markers. After staining with Coomassie blue, the correct
proteinbands were excised and destained using a solution containing
25 mMammoniumbicarbonatein 50% acetonitrile. Following reduction
with dithiothreitol and alkylation with iodoacetamide, the proteins
were subjected to overnight digestion with porcine trypsin (Sequenc-
ing grade modified; Pierce) at 37 °C. The resulting tryptic peptides
were extracted from the gel pieces using acetonitrile supplemented
with 0.1% formic acid. Subsequently, the samples were dried using a
vacuum centrifuge concentrator at 30 °C and reconstituted in 10 pl
of 0.1% formic acid/H,0. LC-MS/MS analysis was conducted using
an Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific).
Data analysis was performed using Proteome Discoverer (Thermo)
against the UniProt database (https://www.uniprot.org) using human
proteome (UP000005640), along with a custom database (Supple-
mentary Table 1) containing reporter sequences featuring 20 differ-
ent natural amino acids at positions corresponding to the premature
termination codon location. Variable modifications of CbzK, TCOK-a
and BocK were considered during the search process according to their
molecular weight. Abundances of peptides containing different amino
acids were used to calculate the incorporation percentage of different
amino acids.

Western blotting

HEK293T cells were seeded into 24-well plates (Corning, 3526) and
incubated for 16-24 h. For the WGA condition of HA-SRC(K295*/
Y527F)-GFP, 500 ng of HA-SRC***>¥2F GFP, 125 ng of gsnoRNA-SRC,
62.5 ng of DKC1-is03, and 500 ng of RS3#-2x(WGA)-tRNAP! plasmids
were transfected using Lipofectamine LTX reagent (Invitrogen) sup-
plemented with PLUS reagent (Invitrogen) following the manufacturer’s
directions. For the UGA condition of HA-SRC-(K295*/Y527F)-GFP,
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500 ng of HA-SRC***>"YS2F_GFP, 125 ng of gctrl, 62.5 ng of DKC1-is03, and
500 ng of RS3#-2x(WGA)-tRNA™' plasmids were transfected using Lipo-
fectamine LTX reagent (Invitrogen) supplemented with PLUS reagent
(Invitrogen). The UGA and WGA conditions encompassed two copies,
onewas suppliedto cellsincubated with100 pM ncAA, while the other
was provided to cellsunder standard cell culture conditions asacontrol.
For evaluating ncAA incorporation, the TetRS-2x(WGA)-tRNA™ plasmid
was used for RCE, the TetRS-2xtRNA™ (wild-type tRNA™') plasmid was
used for GCE, others remain unchanged in transfection.

For the WGA condition of HA-SRC(K295*/Y527*)-GFP, 500 ng of
HA-SRC*¥*5¥52"GFP, 125 ng of gsno-SRC, 62.5 ng of DKC1-is03, 500 ng
of RS3#-2x(WGA)-tRNA™ (based on SpetRNA™), 500 ng of MaPyIRS,
and 980 ng of Ma*“tRNAP'(CUA)(19) plasmids were transfected using
Lipofectamine LTX PLUS reagent (Invitrogen). For the UGA condition
of HA-SRC(K295%/Y527%)-GFP, 500 ng of HA-SRC*?> """ - GFP, 125 ng of
gctrl, 62.5 ng of DKCI-vector, 500 ng of RS3#-2x(WGA)-tRNA™ (based
on SpetRNA™), 500 ng of MaPyIRS, and 980 ng of Ma*“tRNAP'(CUA)(19)
plasmids were transfected using Lipofectamine LTX PLUS reagent. The
UGA and WGA conditions both encompassed four copies, the first was
supplied to cellsunder common cell culture conditions, the second was
suppliedto cellsincubated with 100 uM TCOK:-a, the third was supplied
to cellsincubated with100 uM BocK, while the fourth was supplied to
cellsincubated with 100 pM TCOK-a and 100 uM BocK.

At 24-48 h post-transfection, cells were rinsed with cold PBS and
centrifuged at 500g at 4 °C for 5 min. The cell pellets were mixed with
1x SDS loading buffer, boiled at 95 °C for 30 min, and centrifuged at
21,000 rpm for 10 min. Proteins in supernatants were separated via
electrophoresis on 4%-15% SDS-PAGE gel and transferred to PVDF
membranes (Millipore). These membranes were blocked using 5% BSA
and incubated with primary antibodies for 2 h at room temperature,
rinsed three times with TBST, and then incubated with horseradish
peroxidase (HRP)-conjugated antibodies for1 hat room temperature.
The protein bands were visualized using a ChemiDoc MP Imaging
System (Bio-Rad). The intensity data were collected by Fiji (64-bit
for Windows; https://imagej.net/software/fiji/downloads, released
30 May 2017).

Forimmunoblotsshownin figures, the corresponding antibody and
their dilution are as follows: mouse anti-Flag (Sigma Aldrich, F1804,
1:2,000 or 1:750 dilution); B-actin mouse monoclonal antibody (CWBIO,
CWO0096M,1:5,000 dilution); phosphotyrosine (P-Tyr-1000) MultiMab
rabbit monoclonal antibody mix (herein referred as pY1000) (CST,
8954,1:2,000 or 1:750 dilution); phospho-SRC family (Tyr416) (E6G4R)
rabbit monoclonal antibody 59548 (herein referred as pSRC Y416)
(CST, 1:1,000 dilution); elF2a antibody 9722 (CST, 1:1,000 dilution);
phospho-elF2a (Ser51) (D9G8) XP rabbit monoclonal antibody 3398
(CST, 1:1,000 dilution); ATF-4 (D4B8) rabbit monoclonal antibody
11815 (CST, 1:1,000 dilution); biotin antibody (33):s¢c-101339 (Santa
Cruz, 1:2,000 dilution); p53 antibody 9282 (CST, 1:1,000 dilution);
phospho-p53 (Serl5) antibody 9284 (CST, 1:1,000 dilution); goat
anti-mouse IgG, HRP conjugated (CWBIO, CW0102, 1:5,000 dilu-
tion); goat anti-rabbit IgG, HRP conjugated (CWBIO, CW0103,1:5,000
dilution).

Confocal imaging of subcellular localization

HEK293T cells cultured in wells were diluted to 4 x 10° cells per ml as
outlined above and seeded on 20-mm glass-bottom dishes following
coating with 20 ng pl™ poly-D-lysine (Beyotime) solution overnight and
pre-rinsed with water. After 16-24 h of incubation, in the presence of
TCOK-a, 500 ng of p53***"~EGFP reporter, 125 ng of gsno-P53, 62.5 ng
of DKC1-iso3, and 500 ng of RS3#-2x(WAG)-tRNAM were transfected
into one specific dish according to numbering, using Lipofectamine
LTX reagent (Invitrogen) supplemented with PLUS reagent (Invitro-
gen) following the manufacturer’s directions. Each transfection con-
dition consisted of two dishes providing TCOK-a; one was incubated
with200 uM Me,Tzin medium to decage TCOK-a, while the other was

recycled with the standard medium. After 2 h, cells were incubated
with 10 pg ml™ Hoechst (Beyotime) in DMEM for 10 min and rinsed
with DMEM three times. A Spin SR (Evident, Olympus) was used to
capture images, measure colocalization and fluorescence intensity
using 63x magnification.

mRNA sequencing

Total RNAs were extracted from the same cell lysates utilized in the
ribosome profiling step, and used for RNA-seq by Guangzhou Epibiotek.
Library concentrations were determined using a Qubit 2.0 fluorometer
with the Qubit dsDNA HS Assay kit (Invitrogen), while size distribution
was assessed using the Agilent 4150 TapeStation System with High
Sensitivity D1000 ScreenTape. Finally, sequencing of the libraries was
performed on the lllumina Hiseq X-ten platform, generating 2 x150 bp
paired-end raw reads.

Analysis of RNA-seq data

The raw reads were quality-controlled using Trim galore®® (version
0.6.6) to exclude adaptor sequences and low-quality reads. Clean
reads (length >30 bp) were mapped to the human reference genome
(GRCh38) with HISAT2 (ref. 61) (version 4.8.5). Expression abundance
values were computed using featureCount® (version 2.0.4), and genes
withareads perkilobase per million mapped reads (RPKM) value below
1were removed for subsequent analysis.

Quantification of W via PRAISE

HEK293T cells were plated in 24-well plates and allowed to incubate
for 16-24 h. Each well received transfection with 500 ng of reporter,
along with either 125 ng or 500 ng of Gsno (RCE samples) or Getrl (GCE
samples), 62.5 ng of DKC1-is0o3,and 500 pg of RS3#-2xDecoder plasmids
using Lipofectamine LTX reagent (Invitrogen) supplemented with PLUS
reagent (Invitrogen), following the manufacturer’s directions. Total
RNA extraction was performed using TRIzol (Life Technologies), fol-
lowed by isopropanol precipitation, per the manufacturer’s protocol
(Invitrogen). A portion of 200 ng of total RNA from each sample was
subjected to DNase I treatment at 37 °C for 30 min. Subsequently, RNA
was fragmented to approximately 150 nt using magnesium RNA frag-
mentation buffer (New England Biolabs) for 4 minat 94 °C, followed by
cooling onice. The reaction was quenched using RNA fragmentation
stop solution and then purified by ethanol precipitation. Following
ethanol precipitation, RNA was resuspended in 5 pl of nuclease-free
water. A fresh bisulfite solution was freshly prepared by dissolving
4.05 g of sodium bisulfite (Sigma Aldrich) in 5.5 ml of RNase-free water,
adjusting the pHto 5.1with 10 M sodium hydroxide, and adjusting the
volume to 10 ml with water. Additionally, a100 mM hydroquinone
solution was freshly prepared by adding 11.01 mg of hydroquinone
(Sigma Aldrich) to 1 ml of RNase-free water. A sample of 5 pl of RNA
fragments was dissolved in 50 pl of bisulfite/sulfite solution, consist-
ing of a100:1 mixture of bisulfite/sulfite solution and 100 mM hydro-
quinone, and heated to 70 °C for 5 h. The reaction mixture was then
desalted by movingit twice through Micro Bio-Spin 6 chromatography
columns (Bio-Rad). The desalted RNA was transferred to anew 1.5-ml
nuclease-free tube and adjusted to 100 pl with RNase-free water, fol-
lowed by incubation with an equal volume of 1 M Tris-HCI (pH 9.0) at
75 °C for 30 min. The reaction was promptly halted by chilling onice
and ethanol precipitation.

Fortargeted amplicon sequencing, the bisulfite/sulfite-treated RNA
was subsequently reverse transcribed into cDNA using random hex-
amers (Thermo Fisher) with Maxima H minus Reverse Transcriptase
(Thermo Fisher). For transcriptomic sequencing, mRNA or total RNA
foreach sample was subjected to library construction using SMARTer
Stranded Total RNA-Seq Kit v3 Pico Input Mammalian (Takara Bio,
634485) according to the manufacturer’s protocol, with a substitu-
tion of reverse transcriptase Maxima H minus Reverse Transcriptase
(Thermo Fisher).
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Analysis of PRAISE data

Theidentification of Wsites and the assessment of modification levels
were conducted accordingto the established PRAISE pipeline (https://
github.com/Zhe-jiang/PRAISE). Initially, only read 1and 2 underwent
further processing. Raw reads underwent adaptor removal and qual-
ity control utilizing cutadapt (version 2.10)*°. PCR redundancy was
then eliminated using Seqkit (version 0.14.0)®* according to the unique
molecular identifiers (UMIs) of 4 bp and 6 bp located at the 5’ and 3’
ends of reads R1, respectively. UMIs were sequentially removed by
umi_tools (version 1.0.0)%*. The obtained cleaned reads were aligned
to the reference sequences using the PRAISE tool (version 4.8.5) with
default parameters?. Based on the realigned bam file, we first calcu-
lated the deletion rate for W sites, and then normalized them to the
averaged deletion ratio of 18S W1347 and W1367 so as to obtain the
actual Wlevel. Toidentify the transcriptome-wide off-target W editing
of the RCE system, we used following criteria: (1) the deletion ratio in
control samples should be less than 5%; (2) the difference in deletion
ratio between RCE samples and the control samples should be greater
than 10%; (3) the deletion ratio in RCE samples should be statistically
significantly great than that in control samples with a false discovery
rate (FDR) value < 0.05. Primers for targeted deep sequencing were
listed in Supplementary Table 7.

Ribosome profiling

HEK293T cells were seeded into 10-cm dishes and incubated for
16-24 h as described above. For RCE samples, 40 pg of SRC¥¥5/Y527F—
GFPreporter,10 pgof gsno-SRC, 5 ug of DKC1-is03, and 40 pg of RS3#-
2x(WGA)-tRNA™ plasmids were transfected into four dishes using
Lipofectamine LTX reagent (Invitrogen) supplemented with PLUS rea-
gent (Invitrogen) alongside 200 pM CbzK. For GCE samples, 40 pg of
SRCK¥SYS2F_GFP reporter, 10 pg of getrl, 5 pg of DKC1-vector, and 40 pg
of RS3#-2xMmtRNAP (wild-type MmtRNA™) plasmids were transfected
into four dishes using Lipofectamine LTX reagent (Invitrogen) sup-
plemented with PLUS reagent (Invitrogen) alongside 200 uM CbzK.
The culture medium was changed after 12 h of transfection. At 48 h
post-transfection, the cells were cycled into fresh DMEM medium con-
taining10% FBS and 0.1 mg ml™ cycloheximide (CHX), and incubated at
37 °Cwith 5% CO,for 10 min. The cells were rinsed with pre-chilled PBS
containing 0.1 mg mI™ CHX 3 times and collected with the pre-chilled
PBS containing 0.1 mg ml™ CHX.

The primary procedures followed the ribosome profiling protocol®
and were conducted by Guangzhou Epibiotek, incorporating the use of
RNaseItoenhancebase resolution during treatment of the cell lysates.
RNA fragments between 26 and 32 nucleotidesin length wereisolated
via urea-PAGE and utilized for library construction.

Analysis of Ribo-seq data

Raw sequencing reads had their adaptors trimmed and low-quality
bases were trimmed using Trim_galore®® along with standard settings.
Reads mapping to rRNA and tRNA were removed, and the remaining
reads were mapped to the human genome (hg38, GENCODE v44). The
mapping was performed using bowtie® (version 1.3.0) with the follow-
ing parameters to allow one mismatch and acquire uniquely mapped
reads:-m1-v1--best -strata’. Inthe reference annotationfile, only the
annotated transcript containing the longest coding sequence (CDS)
foreachgenewas utilized for further evaluation. RiboWaltz® (version
1.2.0) was used to characterize the P-sites for each ribosome-protected
fragment.

Toidentify transcripts that have undergone stop codon readthrough,
we used RRTS*?. RRTS represents a ratio of the ribosome density
between the natural stop codon and the next in-frame stop codon to
theribosome density inthe CDS. Toincrease the read depth of the initial
samples, biological replicates were pooled during the comparison of
RRTS between samples. AMann-Whitney Utest was utilized to assess

significant differences in RRTS values across diverse samples. The genes
that experience atwofold increase in RRTS after the treatment of GCE
or RCE tools are defined as potential off-targets to conduct GO enrich-
ment analysis. To alleviate background noise, we additionally require
that the RRTS of off-target genes must exceed 0.02. GO enrichment
analysis was performed using R package clusterProfiler®® (v4.8.3). We
listed the transcripts with off-target UGA codon readthrough events
by ribosome profilingin Supplementary Table 6.

Quantitative tyrosine phosphoproteomic profiling

Cells were collected in lysis buffer, which contained 50 mM Tris-HCI,
pH 8.5, 7 M urea, 1% Triton X-100, 7 M urea, 1 mM PMSF, protease
inhibitors mixture (RHAWN) and phosphatase inhibitor mixtures
(HY-K0022). The protein concentration was measured by the BCA
protein assay kit (Pierce). Cellular proteins were precipitated by the
chloroform-methanol method, and were solubilized in 50 mM Tris-HCI
buffer (with 8 M urea, pH 8.5) with sonication. The soluble proteins
were reduced with DTT, alkylated with iodoacetamide and digested
with trypsin (Sigma Aldrich). The digested proteins were acidified
by 10%TFA to pH 2-3, purified by the CAE-Ti-IMAC (J&K), and further
enriched by the pTyr superbinder*®**’, The obtained peptides were
desalted and identified with LC-MS/MS (Orbitrap Fusion Lumos Tribid
LC-MS).

The phosphoproteomic datawere processed following reported pro-
tocol”, using Maxquant (version 2.6.5) with the Homo sapiens (organ-
ism_id:9606) proteome databases (as UP000005640) downloaded
from Uniprot (https://www.uniprot.org). The phosphotyrosine (pTyr)
proteomic data were processed as previous study. We first removed
the pTyr sites from reverse sequences and potential contaminants or
showing localization probability less than 0.75. The intensities were
log,-transformed, and the Pearson correlation values were calculated.
Dataimputation was performed using Perseus software (version 4.8.5)
with parameters: downshift =1.8 and width = 0.3. pTyr sites with log,
fold change greater than one and analysis of variance adjusted P value
were kept as significantly changed pTyr sites.

Proteomic profiling the mis-incorporations

HEK293T cells were seeded into 10-cm dishes and incubated for
16-24 h as described above. For RCE samples, 40 pg of SRC<¥5/Y527F—
GFP reporter, 10 pg of gsno-SRC, 5 pg of DKCI1-iso3, and 40 pg of
TetRS-2x(WGA)-tRNA™ plasmids were transfected into four dishes
using Lipofectamine LTX reagent (Invitrogen) supplemented with
PLUS reagent (Invitrogen) alongside 200 M CbzK. For GCE samples,
40 pg of SRC*?*>SF_GFP reporter, 10 pg of gctrl, 5 pg of DKCI-vector,
and 40 pg of TetRS-2xtRNA™ (wild-type tRNA™) plasmids were trans-
fected into 4 dishes using Lipofectamine LTX reagent (Invitrogen) sup-
plemented with PLUS reagent (Invitrogen) alongside 200 uM CbzK. At
48 h post-transfection, the cell were collected with modified RIPA buffer
following previous protocol®. The proteins in cell lysate were denatured
with PBS buffer (containing 8 Murea), reacted with TCO-biotin probe
(Confluore) for 2 h, precipitated with chloroform-methanol method.
The proteins were redissolved in 2% SDS with sonication, diluted with
PBS to final SDS concentration at 0.2%, and incubated with Streptavi-
dinagaroseresin beads (Thermo, 20353). The peptides onbeads were
reduced with DTT, alkylated withiodoacetamide, digested with trypsin,
desalted and identified under data-independent acquisition mode via
LC-MS/MS (Bruker, TIMS-TOF Pro2).

Data were analysed with DIA-NN software (version 1.9.2) under
default parameters”™, with the H. sapiens (organism_id:9606) pro-
teome database (as UP000005640) downloaded from Uniprot
(https://www.uniprot.org)’. Proteins were filtered to include only
those identified in both replicates of at least one condition. The fil-
tered proteins were then used as input for DEP Bioconductor package
(version 1.14.0)% to conduct differential enrichment analysis. Miss-
ing values were imputed using the MinProb method with g = 0.01.
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Proteins were considered differentially enriched if they exhibited log,
fold changes greater than 1 relative to the control samples, with an
adjusted Pvalue < 0.05.

Detecting tRNA aminoacylation

Total RNA was extracted using TRIzol reagent (Invitrogen), chloroform
(TGREAG), 3 M sodium acetate (pH 4.5) and ethanol (TGREAG). The
RNA samples were dissolved in 0.1 M sodium acetate (pH 4.5), mixed
with 2x RNA loading buffer (0.1 Msodium acetate pH 4.5, 90% glycerol,
0.03% xylene cyanide, and 0.03% bromophenol blue), and fractionated
by electrophoresis at a constant 18 W on a 10% urea-PAGE gel (0.1M
sodium acetate, pH 4.5) at 4 °C. Each blots contain the control tRNA
samples from cells which were transfected with wild-type tRNA™ or
decoder tRNA but lack ncAA. We use the dye indicator, Xylenecyanol FF,
whichisreportedtoindicate 55-nt RNAin the 10% urea-PAGE gel”. The
RNA was then transferred to nylon membrane (MILLIPORE) whichwas
then crosslinked using UVLink 1000 Crosslinker (Jena). The tRNA was
detected by Digoxigenin (DIG)-labelled DNA probes (Sangon), and visu-
alized with Anti-Digoxigenin-AP (Roche). DIG-labelled probes were as
follows: MmtRNA, CGGAAACCCCGGGAATCTAACCCGGCTGAACGGA;
MatRNA, CGAGAGACCGGGGCGTCGAACCCCGCTGGCTAGG; MitRNA,
CGAAGTGCCCGGGAGTTGAACCCGGCTGCCGTGG. Each probe was
modified with DIG at both 5’ and 3’ ends.

Molecular dynamics simulation

The mRNA-tRNA-ribosome complex was built from crystal structures,
with the mRNA and ribosome (Protein Data Bank (PDB) ID: 4JYA) and
tRNA (PDB ID: 5UDS5) from crystal structures. Molecular dynamics
workflows wereimplemented using AmberTools (version 23) for force
field parameter assignment and system setup”™, OpenMM (version
8.1.2) for simulation execution”, and MDTraj (version 1.9.8) for trajec-
tory analysis’. The simulation system utilized Amber99sb*-ildn”” for
proteins, OL3 (ref. 78) for nucleic acids, GAFF2 (ref. 79) with AM1-BCC
charges for the cofactor, and Amber parameters with RESP charges®°
for W (derived from HF/6-31 G* calculations). The structure was then
solvated using TIP3P waters®*ina12 A buffer supplemented with 0.2 M
MgCl,, followed by system preparation through energy minimization
and sequential equilibration stages.

Initial equilibration comprised 40 ns constant-temperature,
constant-pressure (NVPT; number of particles N, pressure P, tempera-
ture T) ensemble simulation under 100 k) mol™ A™ restraints applied
to the ribosome-mRNA-tRNA complex. Subsequent relaxation was
achieved through three consecutive 20 ns NPT simulations with pro-
gressively reduced restraints of 50, 20, 5 kJ/mol/A. In the production
phase, 50 ns NPT simulation was performed for tRNA while maintain-
ing 5 kJ/mol/A restraints on the ribosome-mRNA backbone. The 5kJ/
mol/A restraints on the ribosome-mRNA backbone were not lifted
because the mRNA provided in the crystal structure contains only 5
bases. Additional restraints were necessary to maintain consistency
with the crystal structure.

ThetRNA-mRNAbindingstructure were extracted form mRNA-tRNA-
ribosome complex, and performed restrained simulation based on the
codon-anticodon binding geometries were aligned to the correspond-
ing region in 4JYA. Solvation and equilibration followed established
protocols, with production simulations extended to 200 ns.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All next-generation sequencing data generated for this study have
been depositedinthe NCBISequence Read Archive (SRA) under acces-
sion code PRJNA1090628. The human reference genome GRCh38

(December 2013) was downloaded from the following link: https://
hgdownload.soe.ucsc.edu. The H. sapiens proteome database
(UP000005640) was downloaded from https://www.uniprot.org. The
custom database containing reporter sequences featuring 20 differ-
ent natural amino acids at positions corresponding to the premature
termination codon location is provided in Supplementary Table 1.
The tRNA reference sequences were derived from GtRNAdb®! (http://
gtrnadb.ucsc.edu/; accessed September 2024). ISR-related genes were
collected fromthe GeneCards database (https://www.genecards.org/;
accessed September 2024). Source data are provided with this paper.

Code availability

Custom codes are available on GitHub (https://github.com/yanxue-
qing621/RCE_project). These scriptsinclude the pipelines for off-target
Wsitesidentification based on PRAISE sequencing data, evaluation of
potential off-target readthrough events based on Ribo-seq data, and
RNA-seq data analysis.
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Extended DataFig.3|Evaluating the ncAAincorporationfidelity of the
RCE system. a, Schematicillustration of the workflow foridentifying peptides
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RCE (WAA) (j). Eachexperiment was independently repeated twice with similar
results. k, Diagram of the integrated stress response pathway. I, Western
blotting demonstrating that the integrated stress response was notactivatedin
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m, Scatterplot showing the translation level of ISR-related genes measured

by Ribo-seq. Dataare represented as the mean values (n =2 biologically
independentreplicates).
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Extended DataFig. 5| The RCEsystem exhibited a high translational
specificity when the reporter construct was expressed at anendogenous
level. a, Incorporated tetrazine-containingncAA—TetBu could be labeled with
TCO-biotinviabioorthogonal ligation. b, Western blotting of N-terminal
HA-tagged products demonstrating that the protein product of the on-target
reporter was expressed at endogenous concentration. RS/(WGA)-tRNA™ alone
was used to show the readthrough of tRNA™ on the UGA codon of targeted
reporter. The experiment wasindependently repeated twice with similar
results. c,d, Westernblotting (c) and quantitative analysis (d) showing the

55kD-

biotin signal for the GCE and RCE systems, demonstrating that the RCE system
exhibited alow mis-incorporation level close to the background levels of
endogenous biotinylated proteins. Data of bar plots are presented as the mean
values (n =2biologically independent experiments). e,f, Western blotting (e)
and quantitative analysis (f) comparing the off-target TetBu incorporation of
the GCE(UGA), RS/(WGA)-tRNA™ alone, and RCE(WGA) systems, without the
targetedreporter, further demonstrating the ncAA incorporation specificity
ofthe RCE system. Data of bar plots are presented as the mean values (n =2
biologicallyindependent experiments).
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Extended DataFig. 6 | Proteome analysis demonstrated high translational
specificity ofthe RCE(WGA) system. a, Schematicillustration of the affinity-
based enrichment method for detecting the biotinylated peptides.b,c, Volcano
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ncAA-incorporated endogenous proteins. P-values were calculated by linear
models and subsequently adjusted via the Benjamini-Hochberg method. X-axis
isfold change of protein abundance in the GCE(UGA)- or RCE(WGA)-treated
cellscomparedto the control cells.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX O O OX OOOS

X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Next-generation sequencing data was collected and demultiplexed by Illumina NovaSeq and BGI MGl platform.
Cells were imaged using the ImageXpress Micro 4 high-content imaging system.
Subcellular colocalization were imaged using Evident(Olympus) Spin SR microscope.
The blots were imaged using ChemiDoc MP Imaging System (Biorad).
Proteomic data were collected using LC-MS/MS (Orbitrap Fusion Lumos Tribid LC-MS) and LC-MS/MS (Bruker, TIMS-TOF Pro2).

Data analysis RNAfold (online version)
Trim_galore (version 0.6.6)
HISAT2 (version 4.8.5)
featureCount (version 2.0.4)
bowtie (version 1.3.0)
RiboWaltz (version 1.2.0)
clusterProfiler (version 4.8.3)
cutadapt (version 2.10)
Seqgkit (version 0.14.0)
PRAISE tool (version 4.8.5)
Perseus (version 2.1.3.0)
DIA-NN (version 1.9.2)
umi_tools (version 1.0.0)
OpenMM (version 8.1.2)




Ambertools (version 23)

MDtraj (version 1.9.8)

MetaXpress (MX version 6.2.3.733;CME Version 6.2.3.991 )

Fiji(64-bit for windows, released at May 30, 2017)

The custom codes are provided to public in the Github(http://github.com/yanxueqing621/RCE_project).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All next-generation sequencing data generated for this study has been deposited in the NCBI Sequence Read Archive, under accession code PRINA1090628.

The reference genome GRCh38 was download from the following link: https://hgdownload.soe.ucsc.edu/downloads.html. UniProt database was download from
the following link: https://www.uniprot.org. The tRNA reference sequences were derived from GtRNAdb(http://gtrnadb.ucsc.edu/). The customed protein
databases of proteins with different amino acids were provided in the Supplementary Table 1, whcih should be used together with the human proteome database
above in case of quality control.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Not involving animals or humans

Reporting on race, ethnicity, or  Not involving animals or humans
other socially relevant

groupings

Population characteristics Not involving animals or humans
Recruitment Not involving animals or humans
Ethics oversight Not involving animals or humans

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size. For experiments with analysis, a minimum of 2 technical replicates were
performed to confirm reproducibility.For the sequencing experiments, the sample size was determined based on our prior experiences (Song
et al., Mol Cell. 2023(PMID: 36521489);Zheng et al, Nat Methods. 2015 (PMID: 26214130)).
For the western blotting experiments, we found the two biological replicates are similar; if there is a need to quantify the graylevel, we use
three biological replicates for statistic analysis (Weng et al., Nat Chembiol. 2024(PMID:38167916)).
For statistic analysis of localization, we have used a sample size of 50 for quantitation, which is above the published sample size used for the
same purpose (Li et al., Nat Chem.,2024(39501047); Gautier et al.,J.A.C.S., 20218600).

Data exclusions  No data was excluded.

Replication To verify the reliability of the results, we performed experiments in different cell lines (HEK293T, CHO-K1, COS-7, and U-2 OS),and evaluated
via multiple methods (fluorescence, sequencing, and proteomic profiling). We also performed 2 or more independent experiments and all
atempts to replicate data were successful.
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Randomization  Because the sample size is small, randomization was not relevant for this study. Covariates were controlled for by running controls in parallel
whenever applicable.

Blinding Blinding was not performed as experimental conditions were evident. All samples were treated identically through standard procedures.

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.
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Data collection
Timing

Data exclusions
Non-participation

Randomization

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description
Research sample
Sampling strategy

Data collection

Timing and spatial scale
Data exclusions
Reproducibility
Randomization

Blinding

Did the study involve field work? |:| Yes |:| No

Field work, collection and transport

Field conditions

Location
Access & import/export

Disturbance

Reporting for specific materials, systems and methods
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Antibodies

Antibodies used ANTI-FLAG® M2 magnetic beads (Sigma Aldrich, M8823);
mouse anti-Flag (Sigma-Aldrich, F1804, 1:2000 or 1:750 dilution);
Anti B-Actin Mouse Monoclonal (clone name: 3E8) Antibody (CWBIO, CW0096M, 1:5000 dilution);
Phospho-Tyrosine (P-Tyr-1000) MultiMab® Rabbit mAb mix (Cell Signaling Technology, #8954, 1:2000 or 1:750 dilution)
Goat Anti-Mouse 1gG, HRP Conjugated (CWBIO, CW0102, 1:5000 dilution);
Goat Anti-Rabbit 1gG, HRP Conjugated (CWBIO, CW0103, 1:5000 dilution);
Phospho-Src Family (Tyr416) (E6G4R) Rabbit mAb #59548(CST,1:1000 dilution );
elF2a Antibody #9722 (CST, 1:1000 dilution);
Phospho-elF2a (Ser51) (D9G8) XP® Rabbit mAb #3398 (CST, 1:1000 dilution);
ATF-4 (D4B8) Rabbit mAb #11815 (CST, 1:1000 dilution);
Biotin Antibody (33): sc-101339 (Santa Cruz, 1:2000 dilution);
p53 Antibody #9282 (CST, 1:1000 dilution);
Phospho-p53 (Serl5) Antibody #9284 (CST, 1:1000 dilution).

Validation ANTI-FLAG® M2 magnetic beads: validated by manufacturer by enrichments of two different FLAG®-tagged baits either from a Hela-
S3 nuclear extract (Nuc. Extr.) or from a Hela-S3 cytoplasmic fraction (Cyto. Extr.).
mouse anti-Flag: validated by manufacturer by dot blot against FLAG-BAP fusion protein;
Anti B-Actin Mouse Monoclonal (clone number: 3E8) Antibody: validated by manufacturer by western blotting against whole cell
lysates from Hela cell line;
Phospho-Tyrosine (P-Tyr-1000) MultiMab® Rabbit mAb mix: validated by manufacturer by Western blot analysis of extracts from
A-431 cells, untreated (-) or treated with Human Epidermal Growth Factor (hEGF) #8916 (100 ng/ml, 5 min; +)
Goat Anti-Mouse 1gG, HRP Conjugated & Goat Anti-Rabbit 1gG, HRP Conjugated: Conjugates have been been specifically tested and
qualified for Western blot and ELISA assay applications by manufacturer;
Phospho-Src family (Tyr416): validated by western blot analysis of extarcts from Colo 201 cells, untreated (-) or treated with Dasatinib
#9052 (200nM, 24hr;+) by the manufacturer;
elF2a antibody #9722 AND phospho-elF2a (Ser51)#3398: validated by western blot analysis of extracts from PC12 cells, untreated or
thapsigargin-treated by manufacturer;
ATF4 (D4B8): validated by western blot analysis of extracts from 293 and Hela cells, untreated (-) or tunicamycin-treated;
Biotin Antibody (33): validated by western blot analysis of biotin conjugated goat IgG and normal goat IgG by manufacturer;
p53 antibody #9282 was validated by western blot analysis of cell extracts and simpleChIP Enzymatic Chromatin IP Kits by the
manufacturer.
Phospho-p53 (Serl5) Antibody #9284 was validated by western blot analysis of a p53 fusion protein, untreated or phosphorylated by
DNA-PK, using Phospho-p53 (Ser15) Antibody (upper) and p53 Antibody #9282 (lower)by the manufacturer.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) source: ATCC;
cell lines used: HEK293T cells (ATCC CRL-3216), U-2 OS (HTB-96), Hela (CCL-2), COS-7 (CRL-1651),CHO-K1(CCL-61)

Authentication No method of cell line authenticated was used.
Mycoplasma contamination Cells tested negative for mycoplasma as detailed in the Methods.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
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Laboratory animals
Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration
Study protocol
Data collection

Outcomes

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area
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Experiments of concern

Does the work involve any of these experiments of concern:

Yes

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen
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Novel plant genotypes
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ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links
May remain private before publication.

Files in database submission

Genome browser session
(e.g. UCSC)

Methodology
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Data quality
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Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.
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Instrument

Software

Cell population abundance
Gating strategy

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Behavioral performance measures
Acquisition

Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ] Used [ ] Not used

Preprocessing

Preprocessing software
Normalization
Normalization template
Noise and artifact removal
Volume censoring
Statistical modeling & inference
Model type and settings
Effect(s) tested

Specify type of analysis: [ | whole brain || ROI-based [ ] Both




Statistic type for inference

(See Eklund et al. 2016)
Correction

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis
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Graph analysis

Multivariate modeling and predictive analysis
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