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e Plant SCR events are not conserved, and SCR proteins have

functional signals

Zhang et al., 2024, Cell Reports 43, 113723
February 27, 2024 © 2024 The Author(s).
https://doi.org/10.1016/j.celrep.2024.113723

Authors

Yugian Zhang, Hehuan Li,
Yanting Shen, ..., Zhixi Tian, Shu-Biao Wu,
Liuji Wu

Correspondence

zxtian@genetics.ac.cn (Z.T.),
shubiao.wu@une.edu.au (S.-B.W.),
wlj200120@163.com (L.W.)

In brief

Zhang et al. identify 1,009 stop codon
readthrough events in four plants using a
proteogenomic strategy, which generate
C-terminally extended protein isoforms
with multiple functional signals. Notably,
the finding that three stop codons can be
recoded as 20 standard amino acids
provides insights into the flexibility of
genetic decoding.
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SUMMARY

Stop codon readthrough (SCR) has important biological implications but remains largely uncharacterized.
Here, we identify 1,009 SCR events in plants using a proteogenomic strategy. Plant SCR candidates tend
to have shorter transcript lengths and fewer exons and splice variants than non-SCR transcripts.
Mass spectrometry evidence shows that stop codons involved in SCR events can be recoded as 20 stan-
dard amino acids, some of which are also supported by suppressor tRNA analysis. We also observe
multiple functional signals in 34 maize extended proteins and characterize the structural and subcellular
localization changes in the extended protein of basic transcription factor 3. Furthermore, the SCR events
exhibit non-conserved signature, and the extensions likely undergo protein-coding selection. Overall,
our study not only characterizes that SCR events are commonly present in plants but also identifies
the recoding plasticity of stop codons, which provides important insights into the flexibility of genetic

decoding.

INTRODUCTION

The rules of the genetic code were long considered universal
dogma in all organisms after the standard genetic code was de-
ciphered decades ago. However, exceptions to the rules have
been increasingly observed in different species over the years,
substantially altering the perception of the decoding rules from
static to dynamic."? Living organisms are now widely under-
stood to employ various modes to expand the coding potential
of their genome, such as alternative translation initiation,> ribo-
some frameshifting,* translational bypassing,® and downstream
open reading frame translation in 3’ untranslated regions
(UTRs).® Stop codon readthrough (SCR) is another important
means of recoding that is also classified as a non-canonical
translational event.””® SCR occurs when the ribosome reads a
stop codon (UGA, UAG, or UAA) as a sense codon rather than
the stop signal with the translation terminating at a later in-frame
stop codon.® This process can generate a C-terminally
extended protein isoform that may acquire novel biological func-
tions, since the amino acid sequence appended at the C termi-
nus possibly alters the activity,'® stability,’" and/or subcellular
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localization of the protein.”'? Indeed, SCR proteins have
been implicated in a variety of biological processes, such as
the regulation of intercellular cytoplasm flow,'® neuronal integrity
and reproductive health,'* cellular redox homeostasis,”'® and
angiogenesis. 1"

Initially discovered in viruses as a strategy to expand protein-
coding potential,’®?° SCR was subsequently identified in other
organisms, such as plant pathogens,” yeast,?'?? fruit fly,?>2
and mammals.'®?°7 |n plants, there was one study that re-
ported 144 readthrough genes in Arabidopsis by ribosome
profiling analysis.?® In SCR events, it is crucial to identify the
amino acids decoded at the stop codon sites, as they can
strongly affect the functionality or stability of readthrough protein
isoforms.'%2920 Multiple factors have been identified to influ-
ence SCR and/or amino acid incorporation at stop codon sites.
In addition to cis and trans elements such as proximal nucleo-
tides, motifs, and particular proteins, '*>°° the presence of spe-
cific transfer RNAs (tRNAs) constitutes a fundamental factor in
facilitating readthrough and amino acid incorporation. Currently,
two tRNA species have been identified to participate in SCR:
suppressor tRNAs that form conventional base pairing with the
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Figure 1. Proteogenomic workflow for identifying plant stop codon readthrough (SCR) events

The strategy consists of two procedures: shotgun proteomics experiment (green box) and customized database construction (pink boxes). Total protein was
extracted from plant leaves and subjected to digestion, fragmentation, and LC-MS/MS analysis for identification of spectra datasets. For customized database
construction, plant genome sequences were subjected to in silico translation. The annotated stop codon sites were replaced with “X,” which represented one of
the 20 standard amino acids during translation each time. The translation was assigned to terminate at the next in-frame stop codon, producing 20 customized
databases containing theoretical readthrough proteins. The distal 3' UTR represents the portion of the 3 UTR downstream of the putative readthrough extension.
MS/MS spectra datasets were searched against the 20 customized databases merged with the public plant protein database by MaxQuant. We defined the MS/
MS-identified peptides that exclusively spanned the annotated stop codon sites as “through” peptides. A merged SCR protein group that contained proteins
sharing one common stop codon site spanned by a detected through peptide was defined as an SCR event.

stop codon at all three nucleotide positions of the anticodon and
the near-cognate tRNAs with unconventional base pairing at a
single position of the anticodon with the stop codon.*'>* Previ-
ous studies have reported a portion of amino acids that could be
specified by the stop codons (see Table S1 for details). However,
knowledge about the amino acids translated at stop codon sites
in SCR events remains unknown in Plantae. In addition, the po-
tential of stop codons to be recoded as amino acids other than
those reported has not been investigated yet.

Here, we employed a mass spectrometry (MS)-based proteo-
genomic strategy to study SCR events in different plants and
identify the amino acids at the readthrough stop codon sites.
We detected a total of 1,009 SCR events in the monocots maize
and rice and dicots soybean and Arabidopsis and characterized
their features. Interestingly, we discovered that the three stop
codons could be recoded as all 20 standard amino acids, which
reveals the unprecedented recoding plasticity of stop codons
and the dynamic nature of genetic decoding. We also delineated
a comprehensive landscape of SCR events in plants at the pro-
tein level, uncovering a collection of previously unknown read-
through proteins to further explore their biological functions.

2 Cell Reports 43, 113723, February 27, 2024

RESULTS

A proteogenomic strategy to identify SCR events in
plants

The SCR event is a means of alternative translation by redefining
UGA, UAG, or UAA to specify amino acids, thus extending the
translation at the C terminus. The most definitive evidence for
SCR occurrence is the direct detection of translation at the
stop codon sites. However, SCR events are non-canonical and
cannot be identified by a typical proteomic strategy. Therefore,
we implemented a proteogenomic strategy integrating MS-
based proteomics with 20 customized databases to identify
SCR events in maize at the protein level (Figure 1). First, total pro-
tein was extracted from maize leaves, followed by digestion,
fractionation, and liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) analysis to obtain MS/MS datasets of pep-
tides for subsequent identification. We then constructed 20
customized databases based on the assumption that the anno-
tated stop codons of genes were readable as sense codons
and could be decoded as one of the 20 standard amino acids.
Each of the 20 customized databases therefore contained the
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in silico-translated protein isoforms whose annotated stop
codon sites were replaced by one of the 20 standard amino
acids, and the protein sequences were extended to the subse-
quent in-frame stop codon.

Next, we used the obtained MS/MS data to search against the
20 SCR customized databases with the MaxQuant search en-
gine. We defined a peptide that spanned the position of the
stop codon site in MS identification as a “through” peptide
(i.e., “SCR” peptide) and those proteins that contained a unique
through peptide with high confidence as SCR proteins. A
merged SCR protein group that contained proteins sharing one
common stop codon site spanned by a detected through pep-
tide was defined as an SCR event. Accordingly, one SCR event
contains one or more SCR proteins based on the isoform anno-
tation of the gene. The strategy identified 708 unique through
peptides. For further quality control of MS data, we next applied
more stringent criteria for through peptides to identify SCR
events and proteins with high confidence (see STAR Methods).
The screening steps resulted in much more reliable “through”
peptides, which corresponded to 367 high-confidence SCR
events involving 1,063 SCR proteins (Table S2).

The overall SCR frequency at the genomic level in maize was
3.2%, calculated by dividing the number of SCR events by the
total number of SCR events and non-SCR events. All identified
peptides for SCR proteins are listed in Table S3. Previous studies
have shown that SCR is mRNA context dependent, which can be
influenced by multiple cis elements, such as the stop codon
identity, nucleotides immediately surrounding the stop codon
(typically from —2 to +9 position, and the first nucleotide of
stop codon is assigned +1), and downstream secondary struc-
tures.”®%?° Based on these factors, those different mRNA iso-
forms that share one common readthrough stop codon site
and have a similar sequence context around the stop codon
may undergo SCR events. Collectively, these results not only
demonstrate the abundance of readthrough events naturally
occurring in maize but also uncover a previously unknown
source of protein isoforms produced by SCR.

Cell Reports

Verifying SCR events in maize

To verify the SCR events in maize identified above, we retrieved
the available ribosome profiling (Ribo-seq) datasets of 56 maize
samples from NCBI to analyze the SCR events at the translation
level. Four Ribo-seq datasets were finally retained after further
screening for their high quality (see STAR Methods), as was
also indicated by the clear three-nucleotide (3-nt) periodicity
observed in the coding sequences (CDSs) (Figure 2A). In addition
to using the methods applied in the studies on SCR events,”'?
we had attempted to use another method for Ribo-seq analysis,
and no visible 3-nt periodicity was observed in the CDSs, sug-
gesting that the datasets may apply to specific methods. RNA-
seq analyses in the four datasets showed that the average
expression level of transcripts in SCR events was significantly
lower than that of non-SCR events (p < 0.001, Figure S1),
revealing a different expression pattern of SCR and non-SCR
genes. The expression levels of transcripts involved in SCR
events are listed in Table S4. We then analyzed the 3-nt period-
icity of the Ribo-seq reads (30-mers) in putative extensions and
distal 3' UTRs. The results showed that the putative extensions
exhibited a visible hallmark of 3-nt periodicity (p < 0.05), which
is consistent with that of the CDSs (p < 0.05, Figure 2A). By
contrast, such difference was not observed in the distal 3’
UTRs. More importantly, the major component of the 3-nt peri-
odicity in putative extensions occurs in the same reading frame
as that in the coding regions (Figure 2A). In addition, the average
ribosome footprint density (in RPKM) of putative extensions was
significantly higher than that of distal 3' UTRs in all four datasets
(p < 0.001, Figure 2B), although it was still lower than that of the
CDSs (p < 0.001). These results collectively suggest the pres-
ence of coding potential within the putative extensions, and
readthrough (as opposed to, for example, frameshifting) is the
major contributor to the accumulation of ribosome footprints in
the putative extensions. After applying the conditions described
in the STAR Methods for the four Ribo-seq datasets to verify
SCR, we found that 55 out of the 367 SCR events identified by

Figure 2. Verifying SCR events in maize

(A) Three-nucleotide periodicity of 30-mers in the CDSs, putative extensions, and the distal 3' UTRs in the Ribo-seq datasets of the four samples. Data are mean +
SD. The error bar is the standard deviation of the average read ratio among samples of the four Ribo-seq datasets. Different letters indicate significant differences
at p < 0.05 by one-way ANOVA with Tukey’s multiple comparisons test. Green, light green, and gray bars represent frame 0, frame 1, and frame 2, respectively.
(B) Distribution of ribosome footprint density in CDSs, putative extensions, and the distal 3' UTRs in the four Ribo-seq datasets. Distal 3' UTR was defined as the
region 40 codons after the next stop codon or the region from the next stop codon to the third stop codon within 40 codons. Box edges represent the 0.25 and
0.75 quantiles. The bold lines within boxes represent the median, and whiskers represent the 1.5 X interquartile range (IQR). Statistical significance was
determined using a Wilcoxon signed rank test, ***p < 0.001.

(C) The proportion of SCR events confirmed by ribosome profiling among those identified by proteogenomics.

(D-K) Validation of two readthrough examples, ZmH3C2 (D-G) and ZmCEQORH (H-K). (D and H) The complete protein sequences with the extended region to
the next in-frame stop codon of the two genes. The underlined peptides were identified by mass spectrometry analysis, and the through peptides are in bold. The
amino acids translated at the stop codon sites in through peptides are highlighted in red, which are alanine [A] at UAG in (D) and glutamate [E] at UGA in (H). (E and
1) Footprint signals in the C-terminal extensions of the two transcripts revealed by Ribo-seq analysis. Dashed lines represent the annotated stop codon and the
next in-frame stop codon. (F and J) Readthrough activities of ZmH3C2 and ZmCEQORH measured by the in vitro translation experiment. Plasmids containing test
cDNA-stop codon-ISR-Fluc were firstly transcribed in vitro, followed by in vitro translation using wheat germ extract. Luciferase activities were used to represent
the readthrough activities. Constructs with the stop codon mutated to a sense codon were used as a positive control to measure the efficiency of SCR. The non-
SCR gene Zm00001d009138 with its TAG and ISR sequence fused with Fluc (Zm00001d009138-TAG-ISR-Fluc) was used as the SCR-negative control, as it
showed no SCR sign in either proteogenomics or Ribo-seq analysis. All samples were tested in biological triplicates. Data are mean + SEM (n = 3). Asterisks
indicate statistical significance by two-sided Student’s t test (**p < 0.001). ISR, inter-stop codon region (extended region). (G and K) Different types of peptides
labeled as “before,” through (bold), and “after” identified by MS/MS (top) and the MS/MS spectra (bottom) of the identified through peptides AAAAGRPDRPWR
forZmH3C2 (G) and GGAAEETR for ZmCEQORH (K) readthrough products expressed from (F) and (J), respectively. See also Figure ST and Tables S2, S3, 54, S5,
and S12.
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proteogenomic approach were also corroborated by Ribo-seq
analysis (Figure 2C; Table S5).

We selected two SCR representative genes, ZmH3C2 and
ZmCEQORH, which exerted functional roles in distinct biological
processes related to chromatin assembly and stress response,
respectively, for further analysis. For ZmH3C2, which encodes
HISTONE H3.2, MS analysis identified the readthrough peptide
AAAAGRPDRPWR with its second alanine (A) translated at the
UAG site (Figure 2D). The readthrough of this gene was also
evidenced by ribosome footprints within the extended region
downstream of the annotated stop codon (Figure 2E). For
ZmCEQORH, encoding CHLOROPLAST ENVELOPE QUINONE
OXIDOREDUCTASE, MS analysis identified the through peptide
AQEVWAKSIDGHATGKIVVEMGGAAEETR, in which the ante-
penultimate glutamate (E) was incorporated at the UGA site (Fig-
ure 2H). We also observed ribosome footprints beyond the anno-
tated stop codon of the corresponding transcript (Figure 21).

Ribo-seq analysis provided readthrough clues for the two
genes. However, considering the complexity of ribosomal footprint
interpretation and low abundance of readthrough,'®*® we next
performed in vitro translation experiments using wheat germ
extract to further demonstrate the readthrough of the above two
genes. The results showed that ZmH3C2 and ZmCEQORH had
significantly higher readthrough activities compared to the SCR-
negative gene Zm00001d009138 (p < 0.001), as demonstrated
by the detection of luciferase activities. The in vitro SCR rates of
ZmH3C2 and ZmCEQORH were 12% and 5%, respectively
(Figures 2F and 2J). The much higher readthrough rates of the
two genes than the basal translation error (<0.1%)° evidenced
they underwent programmed SCR events. Further MS analysis
identified different types of peptides, including STGGKAPR,
and RLVREIAQD, QSSAVAALQEAAEAY labeled as before,
AAAAGRPDRPWR as through, as well as WRSLFSEVCTSGRV
and WKSLLMCANLRAA as after, were detected in the
readthrough protein of ZmH3C2 (Figure 2G, top). In addition,
peptides including GEVVELGS, NVLVTAASGGVGHYAVQLAK,
and YDAVAHCATGTPWSVFAPVLADR labeled as before,
GGAAEETR as through, and LVLGEDAK as after were identified
in the readthrough protein of ZmMCEQORH (Figure 2K, top). Among
them, the through peptides AAAAGRPDRPWR and GGAAEETR

Cell Reports

for the two genes were detected, where the UAG and UGA were
recoded as alanine and glutamate (Figures 2G and 2K, bottom),
respectively. Taken together, the Ribo-seq analysis, in vitro trans-
lation experiments, and MS analysis validated the SCR events
identified using proteogenomics in maize and demonstrated the
feasibility of the proteogenomic method for large-scale identifica-
tion of SCR events in plants.

Characteristics of SCR events and recoding plasticity of
stop codons in maize

To understand the characteristics of SCR events in maize, we
first analyzed the stop codon preferences. All three stop codons
were readthrough among the 367 SCR events: UGA was
involved in 174 events (47.4%), followed by UAG in 102 events
(27.8%) and UAA in the remaining 91 events (24.8%) (Figure 3A).
We found that UGA was the most frequent next in-frame stop
codon following these readthrough stop codons, accounting
for 76 cases after the readthrough UGA, 46 cases after the read-
through UAG, and 40 cases after the readthrough UAA (Fig-
ure 3A). The genome-wide distribution pattern showed that
these SCR events were distributed heterogeneously across
each chromosome of maize, and many of the SCR events
were closer to the telomeres (Figure 3B). In addition, a collection
of 379 hotspot regions were obtained, 244 of which were SCR
hotspot regions (Figure 3B). These results revealed the wide dis-
tribution of SCR events in the maize genome.

Furthermore, the length and complexity of transcriptsin SCR and
non-SCR events were compared. We designated transcripts
involved in SCR events as SCR candidates, and transcripts whose
proteins were solely detected with before peptides (peptides map-
ped within the protein sequence of the coding regions) were
defined as non-SCR transcripts. Interestingly, we observed that
the lengths of primary transcripts for SCR candidates were signifi-
cantly shorter than the non-SCR transcripts (Figure 3C). The
average lengths of the elements from the primary transcripts,
including CDSs, introns, and 3’ UTRs, were also markedly shorter
in SCR events than those innon-SCR events (Figure 3C). Moreover,
SCR candidates had significantly fewer exons (Figure 3D) and
splice variants (Figure 3E) than those of non-SCR counterparts.
This consistency is expected, as there was a positive correlation

Figure 3. Characteristics of SCR events and recoding plasticity of stop codons in maize

(A) Frequency of the readthrough stop codon and the next in-frame stop codon in SCR events. Stop codon 1, readthrough stop codon; Stop codon 2, the next in-
frame stop codon.

(B) Genome-wide distribution of SCR events (pink) and non-SCR events (green) in the chromosomes of maize. For each chromosome, the distribution contains
three columns. Left: SCR events (pink) and non-SCR events (green) across the chromosomes. Black dots: centromeres. Middle: curves showing the distribution
patterns of SCR events (pink) and non-SCR events (green), using a 20-Mb sliding window with a 2-Mb step based on the B73 reference genome. Right: dis-
tribution of hotspot regions for SCR events (pink) and non-SCR events (green) shown with asterisks. We defined hotspot regions as >5 SCR events and >335
non-SCR events in a 20-Mb window.

(C) Violin plot describing the length distribution of primary transcripts and transcript elements in SCR and non-SCR events. Internal boxplots show the median
values (white dots in the center) and the interquartile range (IQR; 0.25 and 0.75 quantiles) of the length distribution.

(D) Number of exons in SCR and non-SCR primary transcripts.

(E) Number of splice variants of the primary transcripts in SCR and non-SCR events. For (C)-(E), ***p < 0.001, two-sided Student’s t test. For all boxplots, box
edges represent the 0.25 and 0.75 quantiles. The bold lines represent the median values, and the whiskers represent 1.5 x IQR.

(F) Frequency of amino acids specified by the three stop codons.

(G) Previously reported amino acids translated at UGA, UAG, and UAA in different species. Blue, virus; orange, bacteria; light blue, fungi; yellow, animal; green,
algae.

(H) Predicted secondary structures of example suppressor tRNAs for UGA, UAG, and UAA. I-VI are tRNAM®* (UCA) and tRNAYS (UCA) for UGA, tRNAS"Y (CUA) and
tRNAT™ (CUA) for UAG, and tRNAYS (UUA) and tRNAMS (UUA) for UAA, respectively. See also Figures S2, S3, S4, S5, S6, S7, and S8, Tables S1, S2, and S6, and
Data S1.
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between exon numbers and the number of splice variants in maize
(Pearson’sr=0.944, p < 0.01). In addition, we found that the factor
exon number (regression coefficient = —1.710e-02, p < 0.05) made
a more significant contribution to the correlation with SCR
compared to the primary transcript length (regression coefficient =
—1.204e-05, p < 0.05) by using the logistic regression analysis.
Furthermore, we explored the motifs in the flanking sequences
downstream of the readthrough stop codons. The results showed
that the extended regions downstream of the annotated stop co-
dons in the SCR candidates were enriched with featured sequence
motifs (Data S1). These motifs enriched in extended regions likely
exert effects on the particular facets of SCR by interacting with spe-
cific proteins.

Since translation of the stop codon is crucial for SCR events, we
examined which amino acids were translated at every readthrough
stop codon site based on the MS data. We found that with the
exception of UAA, which was recoded to 19 amino acids (except
serine), UGA and UAG were translated to all 20 standard amino
acids in maize SCR events (Figure 3F). Among all the recoded
amino acids, glutamate was the most recoded amino acid for
UGA (in 17 SCR events, 8.9%), methionine for UAG (in 17 cases,
15.6%), and aspartate for UAA (in 11 cases, 11.6%). The result is
quite unexpected since previous literature has reported only
several amino acids that were able to be translated at stop codon
sites in different species (Figure 3G; Table S1). The remarkable di-
versity in amino acid translation at stop codon sites has not been
documented in other species, prompting us to explore the reasons
behind the recoding plasticity of the stop codons.

Suppressor tRNAs, the specific tRNA species that can form
conventional base pairing with the stop codon in all three nucleo-
tide positions of the anticodon, have been identified in different eu-
karyotes leading to readthrough.®"*® Suppressor tRNAs can be
predicted through genome-wide searches followed by sequence
alignments with canonical tRNAs from databases to confirm their
identity.®” We thus conducted a genome-wide search for potential
suppressor tRNAs capable of reading stop codons in maize by
running tRNAscan-SE and ARAGORN.®®%° As a result, we ac-
quired a collection of UGA-, UAG-, and UAA-recognizing tRNAs.
Multiple sequence alignments of the predicted suppressor tRNAs
against the NCBI Nucleotide (NT) database resulted in different
groups of suppressor tRNAs well aligned with the canonical tRNAs
of a range of amino acids (Table S6). We identified six classes of
UGA suppressor tRNAs (Tables S1 and S6): tRNAM{(UCA), tRNA-
LS(UCA), tRNAVE(UCA), tRNASY(UCA), tRNA"S(UCA), and tRNA-
ThHUCA). The predicted secondary structures of the first two
UGA suppressor tRNAs are shown in Figures 3H-I1 and 3H-II, and
their nucleotide sequence alignments are presented in Figures S2A
and S2B. We also detected six classes of UAG suppressor tRNAs
(Tables S1 and S6): tRNA®YCUA) (Figures 3H-IIl and S3A),
tRNATP(CUA) (Figures 3H-IV and S3B), tRNAMY(CUA), tRNA*SP(-
CUA), tRNASY(CUA), and tRNADS(CUA). Furthermore, we
identified eight classes of UAA suppressor tRNAs (Tables S1 and
S6): tRNAYS(UUA) (Figures 3H-V and S2C), tRNAMS(UUA)
(Figures 3H-VI and S2D), tRNAMIUUA), tRNA"(UUA),
tRNASY(UUA), tRNAPS(UUA), tRNAME(UUA), and tRNATM(UUA).
Collectively, the suppressor tRNAs identified in maize provide po-
tential reasons for the translation of at least some amino acids at
stop codon sites.
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SCR events and recoding plasticity of stop codons in
other plants

In light of the abundant SCR events identified in maize, we ques-
tioned if SCR also occurred in other plant species. We thus fol-
lowed the same proteogenomic method with the respective 20
custom databases to explore SCR events in rice, soybean, and
Arabidopsis. Indeed, we detected abundant SCR events in these
species with similar features to those in maize. We identified 198
SCR events in rice, 179 SCR events in soybean, and 265 SCR
events in Arabidopsis (Table S7), corresponding to 269, 385,
and 468 proteins, respectively. The overall SCR frequency at
the genomic level was 2.1% in rice, 1.7% in soybean, and 2.9%
in Arabidopsis. We also analyzed the available Ribo-seq datasets
for rice and Arabidopsis using the same pipeline as in maize to
further verify SCR events at the translation level. The results
showed that of the 198 SCR events identified by MS in rice, 45
were further corroborated by the Ribo-seq analysis (Table S8).
In the case of Arabidopsis, 65 out of the 265 MS-detected SCR
events were verified by the Ribo-seq evidence (Table S8). In addi-
tion, seven of the MS-identified SCR events in Arabidopsis were
reported by the previous study of Sahoo et al. (Table S9).%®

In rice, we observed that the stop codon usage in SCR
events was in the order of UGA > UAA > UAG, and it was
UGA > UAA > UAG in both soybean and Arabidopsis
(Figures 4A-4C). The next in-frame stop codon following the
readthrough stop codons also displayed a preference for UGA
in rice and soybean, and UAA for Arabidopsis (Figures 4A-4C).
Genome-wide distribution analysis showed that SCR events
were distributed across all chromosomes in their respective
plant species (Figures 4D-4F). We also analyzed the features
of SCR candidates in the three plants. In rice, the lengths of
primary transcripts and transcript elements including CDSs,
introns, and the 5 UTR of SCR candidates were shorter than
those of non-SCRs (p < 0.05, Figures S4A and S4B). In addition,
the SCR candidates tended to possess fewer exons (Figure S4C)
and had significantly fewer splice variants (p < 0.001, Fig-
ure S4D) than non-SCR transcripts. In the dicots soybean and
Arabidopsis, these transcript features of SCR candidates
showed a similar trend, though they were not as significant as
that in the monocots (Figures S4E-S4L).

Analysis of the recoded amino acids at stop codon sites re-
vealed that UGA exhibited great plasticity to be recoded as the
20 standard amino acids in all three plant species (Figures 4G-
41). For UAG, it was recoded to 18 amino acids (except serine
and tryptophan) in rice (Figure 4G), 17 amino acids (except
cystine, aspartate, and phenylalanine) in soybean (Figure 4H),
and 18 amino acids (except aspartate and arginine) in Arabidop-
sis (Figure 4l). Similarly, UAA was translated to 17, 16, and 20
amino acids in rice, soybean, and Arabidopsis, respectively
(Figures 4G-4l). These results further uncover the high recoding
plasticity of stop codons in plant SCR events.

Likewise, we conducted the prediction of suppressor tRNAs in
these three plant species. The results showed that five classes of
UGA suppressor tRNAs were predicted in rice (Table S10),
including tRNASY(UCA), tRNA®(UCA), tRNAZS(UCA), tRNAMet
(UCA), and tRNAT™(UCA). In soybean, we predicted six classes
of UGA suppressor tRNAs (Table $10), namely, tRNA*P(UCA),
tRNAGY(UCA), tRNADS(UCA), tRNAMSYUCA), tRNATP(UCA),
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Figure 4. SCR events and recoding plasticity of stop codons in other plants
(A-C) Frequency of the readthrough stop codon and the next in-frame stop codon of SCR events in rice (A), soybean (B), and Arabidopsis (C). Stop codon 1, the

readthrough stop codon; Stop codon 2, the next in-frame stop codon.

(D-F) Circos plots showing the genome-wide distribution of SCR and non-SCR events in rice (D), soybean (E), and Arabidopsis (F). Each Circos plot consists of
seven layers. 1, chromosomes; 2-3, distribution patterns of SCR events and non-SCR events across the chromosomes; 4-5, distribution patterns of SCR events
and non-SCR events determined using a 4-Mb window size with a step of 400 kb based on the Nipponbare reference genome for rice (D), a 10-Mb window with a
1-Mb step based on the ZH13 reference genome (E), and a 1.2-Mb window with a 100-kb step based on the Columbia-0 reference genome (F); 6-7, distribution of
hotspot regions for SCR and non-SCR events. Hotspot regions were defined as >3 SCR events and > 178 non-SCR events in a 4-Mb window for rice, >2 SCR
events and >253 non-SCR events in a 10-Mb window for soybean, and >4 SCR events and >157 for non-SCR events in a 1.2-Mb window for Arabidopsis.

(G-1) Frequency of amino acids specified by the three stop codons inrice (G), soybean (H), and Arabidopsis (I) SCR events. The x axis represents the 20 standard
amino acids. The y axis is the number of SCR events. See also Figures S4, S5, S6, S7, and S8 and Tables S7, S8, S9, and S10.

and tRNAY#(UCA). Five classes of UAA suppressor tRNAs
including tRNAAS(UUA), tRNA”ST(UUA), tRNASY(UUA), tRNASYS
(UUA), and tRNATP(UUA) were also predicted. In Arabidopsis,
four UGA suppressor tRNA species, containing tRNASY(UCA),
tRNADS(UCA), tRNAMY(UCA), and tRNAT™(UCA), as well as
two classes of UAA suppressor tRNAs, including tRNAMEY{UUA)
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and tRNA®S"(UUA), were identified (Table S10). By comparing
the nucleotide sequences of two classes of suppressor tRNA
species that were predicted in all four plant species, including
UGA suppressor tRNAs for methionine and lysine, we found
that they had a high degree of similarity within the alignments
(Figure S5). However, due to the very low abundance of
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Figure 5. C-terminal extensions in maize SCR events contain multiple functional signals

(A) Multiple functional signals predicted in the extensions of SCR events.

(B) Readthrough validation of ZmBTF3 using the in vitro translation experiment. The plasmid containing ZmBTF3-TAA-ISR-Fluc was firstly transcribed in vitro,
followed by in vitro translation using wheat germ extract. ZmBTF3 with TAA mutated to ACA was used as the positive control to measure the efficiency of SCR.
The Zm00001d009138-TAG-ISR-Fluc was used as the SCR-negative control. Luciferase activity reflects the readthrough activity. All experiments were per-
formed in triplicates. Data are mean + SEM (n = 3). ***p < 0.001, two-sided Student’s t test. ISR, inter-stop codon region.

(C) SDS-PAGE and immunoblot analysis of the ZmBTF3x-Fluc (ZmBTF3-TAA-ISR-Fluc), ZmBTF3xA®A-Fluc (ZmBTF3-ACA-ISR-Fluc), and ZmBTF3-Fluc fusion
proteins. Top: Coomassie brilliant blue (CBB)-stained gel of expressed products from (B). Bottom: immunobilot of the ZmBTF3x-Fluc, ZmBTF3x"“A-Fluc, and
ZmBTF3-Fluc fusion proteins using an anti-Fluc antibody. The ZmBTF3x"®A-Fluc was used as the positive control. The Zm00001d009138-TAG-ISR-Fluc was
used as the negative control.

(D) MS/MS analysis of the digested peptides of ZmBTF3x-Fluc fusion protein excised from the CBB gel in (C). Top: sequences of MS-detected peptides labeled
as before, through, and after. Bottom: the MS/MS spectrum of the through peptide EPEEKKESTFCCV. UAA was recoded as threonine [T], shown in red.

(legend continued on next page)
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suppressor tRNA species, the experimental validation of sup-
pressor tRNA expression is still challenging in the current tech-
nical situation.

In addition to tRNAs, we further explored other potential factors
associated with amino acid translation at stop codon sites in these
plant species. Recent studies have revealed that the nucleotide
immediately following the stop codon can exert an influence on
the amino acid incorporation at this site.*°*? We calculated the fre-
quencies of the subsequent nucleotide of those readthrough stop
codons with the most frequently translated amino acids in the four
species. The results showed a prevailing presence of uracil or
adenine following these stop codons across all four species.
Notably, in the monocots, more uracil was observed as the subse-
quent nucleotide after the readthrough stop codons, whereas
adenine was most frequent at this position in dicots (Figure S6).

C-terminal extensions in maize SCR events contain
multiple functional signals

To examine the biological implications of SCR events, we
searched the functional signals in all C-terminal extensions of read-
through proteins in maize. As a result, multiple functional signals
were detected in 34 extensions, including the transmembrane do-
mains in 28 extensions, nuclear localization signals in two exten-
sions, and peroxisomal targeting signals (PTS1) in four extensions
(Figure 5A; Table S11). Among them, we selected basic transcrip-
tion factor 3 (ZmBTF3), which was predicted to possess a trans-
membrane domain in its C-terminal extension (54 amino acids),
for further analysis. The in vivo SCR rate of this gene was 7%, as
calculated by dividing the average intensity of the through peptide
by the sum of the average intensity of detected before peptides
and the through peptide. Next, luminescence-based SCR assays
were performed as previously described®® to validate the read-
through of this gene. We cloned the cDNA of ZmBTF3 with its
stop codon TAA and inter-stop codon regions (ISRs) upstream of
and in-frame with the cDNA of firefly luciferase without its start
codon. A non-SCR gene (Zm000071d009138) was constructed as
the background level of luciferase activity. ZmBTF3 with TAA
mutated to ACA was used as the positive control to measure the
efficiency of SCR. The results of in vitro transcription followed by
in vitro translation using wheat germ extract showed that
ZmBTF3-TAA-ISR had a significantly higher luminescence activity
compared to the background level, with anin vitro SCR rate calcu-
lated as 15% (Figure 5B). The results revealed that ZmBTF3 was
readthrough and generated a novel isoform (hereafter termed
ZmBTF3x). Then, we confirmed the expression of the fusion pro-
tein ZMBTF3x-Fluc by immunoblotting using an anti-Fluc anti-
body. The results showed that the molecular weight of the read-
through protein ZmBTF3x-Fluc was the same as its positive
control ZmBTF3x"“-Fluc and higher than that of ZmBTF3-Fluc

Cell Reports

(Figure 5C). By contrast, no visible band of readthrough products
expressed from the SCR-negative control Zm00001d009138-
TAG-ISR-Fluc was observed in the immunoblot (Figure 5C). The
fusion protein ZmBTF3x-Fluc was then subjected to mass spec-
trometric analysis, resulting in the detection of different types of
peptides labeled as before, through, and after, which further vali-
dated the production of the readthrough protein isoform
ZmBTF3x (Figure 5D, top). The spectrum for the through peptide
“EPEEKKESTFCCV” revealed that the stop codon UAA was trans-
lated as threonine (T) (Figure 5D, bottom).

The single transmembrane domain predicted in the C terminus
of ZmBTF3x was found to contain 20 amino acid residues
crossing the membrane (Figure 5E). The predicted 3D structures
of ZmBTF3 and ZmBTF3x revealed an a helix appended at the
ZmBTF3x C terminus that was not present in ZmBTF3 (Fig-
ure 5F). Furthermore, the o helix exactly corresponded to the re-
gion of the predicted transmembrane domain (Figure 5F). To
examine the biological significance of the C-terminal extension
derived from SCR of ZmBTF3, we constructed 35S:ZmBTF3-
GFP and 35S:ZmBTF3x-GFP vectors and individually trans-
fected them in maize protoplasts for subcellular localization
analysis using confocal microscopy. The results showed that
ZmBTF3 localized to the nucleus and cytosol (Figure 5G),
consistent with the previous study reporting that Arabidopsis
BTF3 acted as the transcription factor and the B subunit of
nascent polypeptide-associated complex.*> By contrast, the
readthrough protein ZmBTF3x localized to the plasma mem-
brane and cytosol (Figure 5G), confirming the localization
change between the isoforms ZmBTF3 and ZmBTF3x. In sum-
mary, these results indicate that SCR can lead to the structural
and subcellular localization change of the readthrough protein
isoform, highlighting the significance of SCR events in plants.

Extensions of SCR events in plants are likely undergoing
protein-coding selection
Next, we explored the evolutionary signatures of the identified
SCR events based on their abundance and common traits
among monocot and dicot plants. We first determined the orthol-
ogous relationships of the SCR genes among the four species.
For each plant species, fewer than 10% of SCR genes had ortho-
logs that also underwent readthrough in at least one other plant
(Figure S7A). In total, we identified 75 SCR genes with SCR or-
thologs among the four species, with 72 orthologous in two spe-
cies and three orthologous in three species (Figures S7A and
S7B). These results suggest that SCR events are not conserved.
Secondly, we used the ratio of nonsynonymous to synony-
mous substitutions (dN/dS) to assess the potential selective
pressure acting on the extensions of the SCR genes. We identi-
fied a total of 19 SCR single-copy orthogroups among the four

(E) Top: the amino acid sequence from the annotated stop codon to the next in-frame stop codon of ZMBTF3x. Bottom: transmembrane domain predicted in the
C terminus of ZmBTF3x. The blue, red, and magenta lines represent residues 1-201 inside the membrane, 202-221 as a transmembrane helix, and 222-223

outside the membrane, respectively.

(F) AlphaFold structural models for ZmBTF3 and its readthrough protein ZmBTF3x. Green: ZmBTF3; dark blue: parent protein region of the readthrough protein
ZmBTF3x; magenta: C-terminal extended region of ZmBTF3x. The predicted o helix is shown at the C terminus.

(G) Subcellular localization of ZmBTF3 and ZmBTF3x. GFP-vector transfected protoplasts were used as the control. The experiments were performed three times
with similar results. HY5-mCherry was the nucleus marker, and PDCK7-mCherry was the plasma membrane marker. Scale bars, 5 um. See also Tables S2, S11,

and S12.
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plant species for subsequent dN/dS calculation. Each of these
orthogroups comprised four single-copy genes from maize,
rice, soybean, and Arabidopsis, with at least one of them being
identified as an SCR gene. Then, we compared the dN/dS ratios
in different regions within these 19 orthogroups. The analysis
revealed that the dN/dS ratio of the extensions in the 19 SCR
single-copy orthogroups was significantly higher than that of
the main ORF (false discovery rate [FDR] <0.01, Figure S7C)
but lower than the distal 3 UTRs (FDR <0.01, Figure S7C). These
results suggest that the extensions are more conserved
compared to the distal 3’ UTRs, and they are likely undergoing
protein-coding selection. A similar tendency was also observed
in the GLYCERALDEHYDE-3 DEHYDROGENASE (GAPDH) or-
thogroup, which contained four GAPDH orthologs with three of
them being detected as SCR genes from maize, rice, and Arabi-
dopsis. The extensions of GAPDH orthologs showed intermedi-
ate dN/dS values between the main ORFs and distal 3’ UTRs
(Figure S7D). Collectively, these results suggest that SCR events
in plants are not conserved, which is consistent with those re-
ported in previous studies,'>?%** and the extensions are likely
undergoing selection for protein coding.

DISCUSSION

In the current study, we employed a high-resolution MS-based
proteogenomic strategy to analyze SCR events in different plants
and to identify the amino acids translated at stop codon sites. Us-
ing this strategy, we detected 1,009 SCR events corresponding to
a collection of 2,185 readthrough proteins in four plant species.
Our systematic analysis of SCR events in these plant species re-
vealed their similar characteristics among the four plant species.

Firstly, SCR events occur in all chromosomes of the four spe-
cies, indicating no chromosomal preference; and SCR events
are prone to be dispersively distributed in the chromosome,
except in maize where the higher distribution of SCR was closer
to telomeres. Previous studies have identified a lot of non-ca-
nonical peptides derived from the 3’ UTR in plants,*>*® and it
is likely that some of them may originate from the extended pro-
teins generated by SCR events. Secondly, consistent with previ-
ous studies,”*®> UGA is the most preferential readthrough stop
codon, and it also turns out to be the most preferred next in-
frame stop codon. We suggest that this preference could be
attributed to the higher prevalence of TGA in the genome of
the two monocots (Figures S8A and S8B). However, it is less
likely due to the same reason for the two dicots, as TAA is the
most frequent annotated stop codon and the next in-frame
stop codon in their genomes (Figures S8C and S8D). In addition,
SCR candidates in plants tended to have shorter transcript
lengths and fewer exons and splice variants than non-SCR
transcripts. As reported previously, SCR in organisms with small
genomes such as virus and yeast allows them to expand the
functional versatility of genes to survive in fluctuating environ-
ments.'®?! Plants may employ a similar strategy to enrich the
functional diversity of those short genes, which may function in
adapting to different environments. However, in animals like
D. melanogaster and Anopheles gambiae, SCR candidates
were found to have much longer transcript lengths than the
non-SCR transcripts, possibly because the occurrence of SCR
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requires more regulatory elements embedded in their longer
transcripts.?>* Our findings suggest that the regulation of
SCR in plants might differ from that in animals.

In addition, we found that the stop codons can be recoded as
all 20 standard amino acids in the SCR events of these plant spe-
cies, which has not been reported elsewhere. This result sug-
gests a greater recoding potential of stop codons underesti-
mated in the past and reveals a more flexible mode of
decoding. Since tRNA is the adapter molecule in decoding a
codon to an amino acid, we explored the reasons for the plas-
ticity of stop codons by tRNA analysis. Suppressor tRNAs, of
which the anticodon could fully form canonical base pairing
with stop codons at all three nucleotide positions, have
been reported to contribute to the translation of stop co-
dons.?#3%3747 Here, we detected an array of suppressor tRNAs
in different plant species, which may be the underlying reason for
the translation of different amino acids at UGA, UAG, and UAA
sites. In addition to suppressor tRNAs, it has been shown that
near-cognate tRNAs can also lead to SCR due to non-canonical
base pairing with the stop codon at a single nucleotide position
of the anticodon. Therefore, near-cognate tRNAs also explain a
subset of amino acids translated at stop codons.®****8:49 For
maize, suppressor tRNAs respectively constitute 30%, 30%,
and 42.1% of the total tRNA usage for UGA, UAG, and UAA re-
coding. Near-cognate tRNAs represented 30%, 35%, and
31.6% of the total tRNA usage for the recoding of the three
stop codons in SCR events. However, there remains a portion
of the 20 amino acids recoded at stop codons that cannot be ex-
plained by either the suppressor tRNAs or near-cognate tRNAs
in our results. Indeed, these amino acids are not exclusively
observed in this study, as previous studies have also reported
some of their translations at stop codon sites.'®*%°%°" These
cases suggest that our present understanding of stop codon
reading by suppressor or near-cognate tRNAs is stillincomplete.

In summary, we implemented a proteogenomic strategy and
identified abundant SCR events across the genomes of four
plant species. Stop codons in these SCR events could be re-
coded as all 20 standard amino acids. We demonstrated that
SCR events are commonly present in plant species and
uncovered the unprecedented plasticity of stop codons. Our
findings provide evidence that genetic decoding is far more flex-
ible than has been recognized. We also identified a large volume
of novel protein isoforms derived from SCR, which not only ex-
pands the plant proteome diversity but also lays a foundation for
further exploring the functionality of SCR proteins.

Limitations of the study

In this study, we discovered that three stop codons involved in
plant SCR events could be recoded as all 20 standard amino acids,
which unveils the unprecedented recoding plasticity of stop co-
dons. Although we performed suppressortRNA analysis to explore
potential reasons behind the recoding plasticity of the stop co-
dons, the mechanisms underlying SCR have not been thoroughly
elucidated. In addition, we have demonstrated that SCR can lead
to the structural and subcellular localization changes of the read-
through protein ZmBTF3x in the study, which revealed the signifi-
cance of plant SCR. In future studies, more in-depth investigations
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of ZmBTF3x and other SCR events are needed to fully elucidate
the biological roles and mechanisms of SCR in the plant kingdom.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-Fluc Abcam Cat#ab185924; RRID: AB_2938620
Bacterial and virus strains

Escherichia coli strain DH5a WEIDI Cat#DL1001
Chemicals, peptides, and recombinant proteins

Trypsin Promega Corporation Cat#V5113

BCA Protein Assay Reagent Sigma-Aldrich Cat#QPBCA-1KT
T7 RNA polymerase Promega Corporation Cat#P2075

DTT Promega Corporation Cat#P1171
Recombinant RNasin Promega Corporation Cat#N2511
Ribonuclease Inhibitor Promega Corporation Cat#N2515

rATP Promega Corporation Cat#E6011

rUTP Promega Corporation Cat#E6021

rGTP Promega Corporation Cat#E6031

rCTP Promega Corporation Cat#E6041

PVDF membranes (0.45 um) Biosharp Cat#BS-PVDF-45
Chymotrypsin Promega Corporation Cat#V1061
Pepsin Promega Corporation Cat#V1959
Critical commercial assays

GeneJET RNA Purification kit Thermo Fisher Scientific Cat#K0731
Wheat Germ Extract Promega Corporation Cat#L4380

Deposited data

Proteomics raw datasets ProteomeXchange PXD035958; PXD038762
Experimental models: Organisms/strains

Zea mays: B73 inbred line Widely distributed N/A
Oryza sativa L. ssp. japonica cv. Nipponbare Widely distributed N/A
Glycine max L., ZH13 Widely distributed N/A
Arabidopsis thaliana: Columbia-0 Widely distributed N/A
Oligonucleotides

See Table S12 for primers used in this study This work N/A
Recombinant DNA

358:ZmBTF3-GFP This work N/A
358:ZmBTF3x-GFP This work N/A
358:ZmPDCK7-mCherry This work N/A
35S:AtHY5-mCherry This work N/A

Software and algorithms

EMBOSS 6.6.0

MaxQuant v.1.6.1.10
fastax v.36.06
cutadapt v.1.13
seqkit v.0.5.4

STAR v.2.7.3a

R package v.3.2.5

The European Molecular Biology

Open Software Suite
Tyanova et al.>?

Cold Spring Harbor Laboratory

Martin et al.>®

Shen et al.>*

Dobin et al.*®

R Development Core Team

https://emboss.sourceforge.net/index.html

https://www.maxquant.org/maxquant/
http://hannonlab.cshl.edu/fastx_toolkit/
https://cutadapt.readthedocs.io/en/stable/
https://bioinf.shenwei.me/segkit/
https://code.google.com/archive/p/rna-star/
https://www.r-project.org
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

ribosomeProfilingQC v.1.10.0

MEME-ChIP v.5.4.1

Tomtom v.5.0.5
tRNAscan-SE v.2.0
ARAGORN
BLASTn

TMHMM v.2.0
cNLS Mapper
PTS1 Predictor

Bioconductor

Machanick et al.*®

Gupta et al.”’

Chan et al.*®

Laslett et al.*°

Camacho et al.®

Krogh et al.*®

Kosugi et al.®”

Neuberger et al.®’

https://bioconductor.org/packages/release/
bioc/html/ribosomeProfilingQC.html

https://meme-suite.org/meme/doc/meme-chip.html|?
man_type=web

https://meme-suite.org/meme/tools/tomtom
http://trna.ucsc.edu/tRNAscan-SE/
http://www.ansikte.se/ARAGORN/
https://ftp.ncbi.nim.nih.gov/blast/executables/blast+
https://services.healthtech.dtu.dk/services/TMHMM-2.0/
http://nls-mapper.iab.keio.ac.jp/
https://mendel.imp.ac.at/pts1/

PrePS Maurer-Stroh et al.®? https://mendel.imp.ac.at/PrePS/index.html
Microsoft Office Microsoft 365 https://www.microsoft.com/zh-cn/microsoft-365
Alphafold v.2.0 Jumper et al.%® https://alphafold.ebi.ac.uk/
Zen Zeiss https://www.zeiss.com/microscopy/en/products/
software/zeiss-zen.html

OrthoFinder v.2.3.11 Emms et al.® http://www.stevekellylab.com/software/orthofinder
Muscle Edgar et al.®® https://www.ebi.ac.uk/Tools/msa/muscle/

Madeira et al.®®
PAL2NAL v. 14 Suyama et al.®” http://www.bork.embl.de/pal2nal/
PAML package v.4.8 Yang et al.®® http://abacus.gene.ucl.ac.uk/software/paml.html

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Liuji Wu
(wlj200120@163.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® The raw datasets of proteomics have been deposited at the ProteomeXchange under the accession ID PXD035958 and
PXD038762. This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plant material and growth conditions

Maize (Zea mays, B73 inbred line), rice (Oryza sativa L. ssp. japonica cv. Nipponbare), Arabidopsis thaliana (Columbia-0), and soy-
bean (Glycine max L., ZH13) plants were grown in a temperature- and light-controlled greenhouse. The growth conditions for maize
were a 15-h light/9-h dark photoperiod and a 28/25°C day/night air temperature, and samples were collected at the three-leaf stage.
For rice, the growth conditions were a 12-h light/12-h dark photoperiod and a 28/25°C day/night air temperature, and samples were
collected on day 56. Arabidopsis plants were grown in a greenhouse under a 16-h light/8-h dark photoperiod and a 22/21°C day/night
air temperature, and samples were collected on day 21. Soybean plants were grown in a greenhouse under a 16-h light/8-h dark
photoperiod and a 22/21°C day/night air temperature until the trifoliate leaves were fully expanded. Three replicates of leaf samples
for each of the plant species were harvested, frozen in liquid nitrogen, and stored at —80°C until analysis.

METHOD DETAILS
Protein extraction

Total proteins from each sample were extracted as previously reported.®® Briefly, leaf tissues (1 g) for each plant species were pul-
verized in liquid nitrogen, and the powder was precipitated in 10% (w/v) trichloroacetic acid/acetone solution containing 65 mM
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dithiothreitol (DTT) at —20°C for 1 h. Then, the solution was centrifuged at 10,000xg at 4°C for 45 min and the supernatant was
removed. The precipitate was then vacuum-dried and solubilized in 1/10 volumes of SDT buffer (4% [w/v] SDS, 100 mM DTT,
and 150 mM Tris-HCI, pH 8.0). After a 3-min incubation in boiling water, the suspensions were ultrasonicated (80 w, ultrasonic
10 s/time, every 15 s, repeated 10 times) and incubated at 100°C for 3 min. The extract was centrifuged at 12,000xg at 25°C for
10 min, and the total protein contents were quantified using BCA Protein Assay Reagent (Sigma-Aldrich, USA). The supernatants
were stored at —80°C until subsequent analysis.

Protein digestion and peptide fractionation

The total proteins (250 pg for each sample) were digested by FASP procedure using trypsin (Promega Corporation, USA) as
described previously.®® Then, the digested peptide filtrate was fractionated by strong cation exchange (SCX) chromatography using
an AKTA Purifier system (GE Healthcare, USA). The dried peptide mixture was reconstituted and acidified with 2 mL buffer A (10 mM
KH>PO4 in 25%(v/v] of ACN, pH = 2.7) and loaded onto a PolySULFOETHYL 4.6 x 100 mm column (5 um, 200 A, PolyLC Inc, USA).
The peptides were eluted at a flow rate of 1 mL/min buffer B (500 mM KCI, 10 mM KH,PO, in 25% of ACN, pH 2.7) in a gradient of
0-10% (v/v) for 2 min, 10-20% (v/v) for 25 min, 20-45% (v/v) for 5 min, and 50-100% (v/v) for 5 min. The elution was monitored by
absorbance at 214 nm, and fractions were collected every 1 min. The 30 collected fractions were combined into 15 pools and de-
salted on C18 Cartridges (Empore SPE Cartridges C18 standard density, bed I.D. 7 mm, volume 3 mL, Sigma-Aldrich, Germany).
Each fraction was concentrated by vacuum centrifugation and reconstituted in 40 pL of 0.1% (v/v) trifluoroacetic acid. All samples
were stored at —80°C before LC-MS/MS analysis.

Liquid chromatography-tandem mass spectrometry analysis

The samples were analyzed on a Q-Exactive HF-X mass spectrometer coupled to the Easy nLC 1200 (Thermo Fisher Scientific, USA).
Peptide (2 ng) was loaded onto a 25 cm, 75 um inner diameter C18-reversed phase column packed with 3 um resin (EASY-Column
Capillary Columns, Thermo Fisher Scientific, USA) in buffer A (2% [v/v] acetonitrile and 0.1% [v/v] formic acid) and separated with a
linear gradient of buffer B (80% [v/v] acetonitrile and 0.1% formic acid) at a flow rate of 250 nL/min controlled by IntelliFlow technology
over 90 min. MS data were acquired using a data-dependent top 10 method dynamically choosing the most abundant precursor ions
from the survey scan (m/z 300-1,800) for higher-energy collision dissociation fragmentation (HCD). Determination of the target value
was based on predictive Automatic Gain Control (p)AGC). The dynamic exclusion duration was 25 s. Survey scans were acquired at a
resolution of 70,000 (m/z 200), and the resolution for HCD spectra was set to 17,500 (m/z 200). Normalized collision energy was 30 eV,
and the underfill ratio, which specifies the minimum percentage of the target value likely to be reached at maximum fill time, was
defined as 0.1%. The instrument was run with peptide recognition mode enabled. MS experiments were conducted in triplicate
for each sample.

Customized database construction

The complete genome sequences of the four plants were downloaded from Ensembl Plants (http://ftp.ensemblgenomes.org/pub/plants/
release-41/fasta/zea_mays/dna/) for maize, MSU Rice Genome Annotation Project (http:/rice.uga.edu/pub/data/Eukaryotic_Projects/
o_sativa/annotation_dbs/pseudomolecules/version_7.0/all.dir/) for rice, the National Genomics Data Center (http://download.big.ac.
cn/gwh/Plants/Glycine_max_Gmax_ZH13_v2.0_GWHAAEV00000000.1/GWHAAEV00000000.1.genome.fasta.gz) for soybean,
and TAIR 10 (http://ftp.ensemblgenomes.org/pub/plants/release-28/fasta/arabidopsis_thaliana/dna/Arabidopsis_thaliana. TAIR10.28.
dna.toplevel.fa.gz) for Arabidopsis in FASTA format. The tailored databases for SCR event identification were generated from the compu-
tational translation of plant genome sequences to amino acid sequences by EMBOSS 6.6.0, as previously described with modifications.”’
In silico translation followed the principle that the annotated stop codon (UGA, UAG, or UAA) of a given gene was considered a translatable
codon to be designated as the symbol "X", representing any one of the 20 standard amino acids, and the elongation terminated at the next
in-frame stop codon in the 3' UTR. The in silico translation was conducted based on Shell under a Linux environment to produce 20
customized databases for each plant species. Each database has been in conjunction with a public plant protein database for every plant
species as follows: Ensembl Plants (http://ftp.ebi.ac.uk/ensemblgenomes/pub/release-41/plants/fasta/zea_mays/pep/Zea_mays.
B73_RefGen_v4.pep.all.fa.gz) for maize, MSU Rice Genome Annotation Project protein database (http://rice.uga.edu/pub/data/
Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_7.0/all.dir/all.pep) for rice, the National Genomics Data Center
(https://download.cncb.ac.cn/gwh/Plants/Glycine_max_Gmax_ZH13_v2.0_GWHAAEV00000000.1/GWHAAEV00000000.1.Protein.
faa.gz) for soybean, and Ensembl Plants (http://ftp.ensemblgenomes.org/pub/plants/release-51/fasta/arabidopsis_thaliana/pep/
Arabidopsis_thaliana. TAIR10.pep.all.fa.gz) for Arabidopsis. The conjunction of the public protein database ensured the searching pre-
cision and calculation of the false discovery rate (FDR) in the subsequent searching stage.

Identification of SCR events by MaxQuant

The raw data were analyzed using MaxQuant software (v.1.6.1.10).? The spectra were searched against the 20 customized data-
bases for each of the four plant species. The initial search was set at a precursor mass window of 6 ppm. The search followed an
enzymatic cleavage rule of trypsin and allowed a maximum of two missed cleavage sites and a mass tolerance of 20 ppm for
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http://ftp.ensemblgenomes.org/pub/plants/release-51/fasta/arabidopsis_thaliana/pep/Arabidopsis_thaliana.TAIR10.pep.all.fa.gz
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fragment ions. Carbamidomethylation of cysteines was defined as fixed modification, while methionine oxidation was defined as var-
iable modification for database searching. The cutoff of global FDR for peptide and protein identification was set to 0.01. Protein
quantification was calculated by normalized spectral protein intensity.

All matched peptides were then relocated to the corresponding positions of protein sequences in the reference databases and
mapped to their genomic locations. Every stop codon site was given an ID for genomic position recognition. Peptides that were
exclusively mapped to a specific location of a given gene across protein databases generated from all transcript isoforms were
defined as unique peptides. The non-redundant peptides uniquely mapped to the regions spanning the annotated stop codon
were labeled as through, the peptides mapped to the coding sequence (CDS) region were labeled as before, and the peptides
mapped to the 3’ UTR were labeled as after. We further implemented more stringent criteria to determine the through peptides
to identify SCR events. Only the unique through peptides that met the following conditions were retained: (1) presented in at least
two of the three replicates in the MS experiment; (2) at least two of the quality scores were higher than 20. We merged proteins
sharing one readthrough stop codon site spanned by a unique through peptide into one group and the group was defined as one
SCR event.

Ribosome profiling analysis

We obtained ribosome profiling (Ribo-seq) datasets of 56 maize samples from previous reports for SCR event analyzing.”"* The
Ribo-seq data was analyzed according to the methods described by Dunn et al.’® and Sapkota et al.” with modifications. Briefly,
the ribosomal sequencing data were quality-controlled using fastax (v.36.06) or cutadapt (v.1.13)° to remove low-quality bases,
adaptor sequences, and random primers. Reads of 25-35 nucleotides (nts) were retained by segkit (v.0.5.4)>* for subsequent anal-
ysis. The remaining reads were aligned to the maize genome by STAR (v.2.7.3a).°° Ribosome-protected footprint alignments were
mapped to their estimated P-sites as follows: 12 nt were cut from each end of the alignment, resulting in a fragment of nxnt in length
(n =1-12 x 2). Each genomic position covered by a nucleotide remaining in the truncated alignment was then incremented by 1/n
(count number). Then, the reads were mapped to the following positions: 12 nts after the start codon, 15 nts before and 9 nts after
the first stop codon, and 15 nts after the second stop codon. This resulted in four regions remaining in the transcripts: the 5’ UTR,
CDS, readthrough region, and the distal 3’ UTR.

We then analyzed the length distribution of Ribo-seq reads in each dataset. Four Ribo-seq datasets’® in which the read length
was mainly distributed in 30-nt (30-mer) and prepared with RNase | (little cutting bias) were finally retained for further SCR vali-
dation. For analysis of 3-nt periodicity (phasing) of footprints, R package ribosomeProfilingQC (v.1.10.0) was used and only
30-nt RPFs were counted, as shown in maize with good-phased footprint population.”® Reads were then counted in all putative
extended regions. Mean value of normalized RPKM (reads per kilobase per million mapped reads) was calculated in R (v.3.2.5) in
the four datasets. The ribosome footprint density of putative extensions, the distal 3' UTRs, and the coding regions were calcu-
lated in RPKM. Distal 3" UTR was defined as the region 40 codons after the next stop-codon or the region from the next stop-
codon to the third stop codon within 40 codons. Only extensions with RPKM >1, read coverage >10%, and no overlap with
any annotated 5’ UTRs, CDSs, and other non-coding RNAs were retained and regarded as readthrough. Full data of the expres-
sion levels of transcripts involved in the SCR events in the four maize sample datasets are shown in Table S4. The transcript
expression levels of SCR candidates and non-SCR genes were calculated and compared in RPKM using RNA-seq data of the
four sample datasets.””

For the Ribo-seq analyses of SCR events in rice and Arabidopsis, we retrieved their respective Ribo-seq data from the previous
studies”®"® and applied the same pipeline as that used in maize (the analysis was not conducted for soybean due to a lack of avail-
able Ribo-seq datasets for the cultivar ZH13).

Distribution of readthrough events at the genomic level

The genome-wide density of SCR and non-SCR events in maize chromosomes was plotted using a sliding window of 20 Mb with
2-Mb steps according to the annotated maize genome in Ensembil (hitps://plants.ensembl.org/index.html). We used "hotspot re-
gion" to reflect the distribution density of SCR and non-SCR events. Hotspot regions were defined as > 5 SCR events for SCR
hotspots and >335 for non-SCR events in a window size of 20 Mb. The chromosomal distributions of rice SCR and non-SCR
events were drawn using a window size of 4 Mb with a step of 400 kb based on the annotated rice genome from MSU (http://
rice.uga.edu/). The same distribution pattern was plotted with a window size of 10 Mb with a 1-Mb step based on the ZH13 refer-
ence genome (https://ngdc.cncb.ac.cn/gwh/Assembly/652/show) for soybean. For Arabidopsis, the SCR and non-SCR genomic
localizations were obtained by a 1.2-Mb sliding window with a step size of 100 kb according to the annotated Arabidopsis genome
in TAIR (https://www.Arabidopsis.org/). Hotspot regions were defined as >3 for SCR events and >178 for non-SCR events in a
window size of 4 Mb for rice, >2 for SCR events and >253 for non-SCR events in a window size of 10 Mb for soybean, and >4
for SCR events and >157 for non-SCR events in a window size of 1.2 Mb for Arabidopsis.

Motif analysis of extended regions within SCR events in maize

Transcription factor-binding motifs in readthrough regions of SCR candidates in maize were identified using the MEME-ChIP web-
server (v.5.4.1),°° and the annotations of the obtained motifs were searched against the available databases for comparison using
Tomtom (v.5.0.5) with default parameters.®’

18 Cell Reports 43, 113723, February 27, 2024


https://plants.ensembl.org/index.html
http://rice.uga.edu/
http://rice.uga.edu/
https://ngdc.cncb.ac.cn/gwh/Assembly/652/show
https://www.Arabidopsis.org/

Cell Reports ¢? CellPress

OPEN ACCESS

Logistic regression analysis

The logistic regression analysis using R was performed to assess the contribution of the exon number and the primary transcript
length to the correlation with SCR. The exon number and the primary transcript length were set as the two independent variables,
and the occurrence of SCR was the dependent variable with the SCR event set as 1 and the non-SCR event as 0. The absolute values
of regression coefficients for the two factors were compared at a significance level of 0.05.

Identification and alignment of suppressor tRNAs

The complete genome sequences of the four plant species were downloaded as described above. A genome-wide search for sup-
pressor tRNA genes was conducted using tRNAscan-SE (v.2.0)*® with default settings and ARAGORN®® with both default settings
and 0.95 default settings as a lower scoring threshold. This analysis generated a collection of suppressor/suppressor-like tRNAs
recognizing the three stop codons from each search. Comparison of the canonical tRNAs from different species with these predicted
suppressor tRNAs was performed using BLASTn (v.2.5.0+)°® against the NCBI GenBank nucleotide (NCBI NT) database as previ-
ously described.®”**” The potential identity of the suppressor tRNAs corresponding to different amino acids could be predicted
from the high similarity of the sequence alignment between the suppressor tRNAs and the canonical tRNAs of the standard amino
acids.

Functional signal and structure prediction of C-terminal extended proteins in maize

C-terminal extensions at least 20 amino acids in length in maize SCR events were scanned for transmembrane helices using TMHMM
(v.2.0)°° with default settings and for nuclear localization signals using cNLS Mapper.5°C-terminal extensions at least 12 amino acids
in length were searched for peroxisomal targeting signals using PTS1 Predictor®’ and prenylation signals using PrePS.% The 3D
structures of ZmBTF3 and ZmBTF3x were predicted using Alphafold (v2.0).%°

Plasmid construction
Luciferase constructs for the luminescence-based SCR assay were generated in the reconstructive pFN19K T7 SP6 flexi
vector (Promega Corporation, USA). The coding sequences of the tested genes, ZmH3C2, ZmCEQORH, ZmBTF3, and
Zm00001d009138, along with their canonical stop codons and inter-stop codon regions (ISRs, the extension regions) were cloned
upstream of the coding sequence of the firefly luciferase gene (Fluc) without ATG between EcoRl and Kpnl sites. A linker sequence
(5" GGCGGCTCCGGCGGCTCCCTCGTGCTCGGG 3') was added upstream of the Fluc sequence to avoid potential distortions be-
tween the tested protein and Fluc in the fusion protein.'®%*® Primer sequences are listed in Table S12.

For subcellular localization analysis, the ZmBTF3 and ZmBTF3x coding sequences were introduced into the pAN580 vector con-
taining the 35S promoter and the coding sequence for GFP. GFP was fused to the C terminus of ZmBTF3 and ZmBTF3x. Primer se-
quences are listed in Table S12.

In vitro translation for SCR assay

For SCR assay, we used the in vitro translation system based on Wheat Germ Extract (Promega Corporation, USA), which has been
used for SCR validation as reported previously.”>® The constructed plasmid DNA including the test gene and Fluc (no ATG) was
linearized using BamH | or Xbal enzyme, and 2 pg of the linearized DNA was transcribed in vitro using T7 RNA polymerase (Promega
Corporation, USA). The obtained RNA was then purified using GeneJET RNA Purification kit (Thermo Fisher Scientific, USA). The con-
centration and purity of the RNA were measured using Nanodrop 2000 (Thermo Fisher Scientific, USA). A total of 2 ug purified RNA
was translated in vitro using the Wheat Germ Extract at 25°C for 2 h according to the manufacturer’s instructions. Luciferase activity
was then measured at room temperature (below 25°C) using the Luciferase Assay System (Promega Corporation, USA) in a Glomax
luminometer (Promega Corporation, USA) with a 10-s measurement read for luciferase activity. The in vitro SCR rate was calculated
by dividing the average luciferase value of the SCR protein by the average luciferase value of the corresponding extended protein with
the stop codon mutated to a sense codon. 62528

Immunoblotting and mass spectrometric analysis

The proteins extracted from the in vitro protein expression system were separated by 10% (w/v) SDS-polyacrylamide gel electropho-
resis (SDS-PAGE). One PAGE gel was stained with Coomassie Brilliant Blue (CBB), while another was transferred to a polyvinylidene
difluoride membrane (0.45 um, Biosharp, China). Proteins were detected by immunoblotting with anti-Fluc antibodies (1:10,000,
ab185924, Abcam, UK). The regions of interest in the CBB staining gel were excised manually according to the immunoblotting
band, and then destained with 30% (v/v) ACN in 100 mM NH4HCO3; and dried in a vacuum centrifuge. The extracted proteins
were reduced with dithiothreitol (DTT) (10 mM DTT in 100 mM NH4HCO3) for 30 min at 56°C, then alkylated with iodoacetamide
(200 mM IAA in 100 mM NH4HCOg) in the dark at room temperature for 30 min. Gel pieces were briefly rinsed with 100 mM
NH4HCO3; and ACN, respectively. The gel pieces were then divided equally into three parts and separately digested overnight in
12.5 ng/uL trypsin, overnight in chymotrypsin in 25 mM NH4HCO3, and for 30 min in 12.5 ng/uL pepsin in PH3 HCI. The peptides
were extracted using 60% (v/v) ACN in 0.1% (v/v) trifluoroacetic acid (TFA) three times, and the extracts were pooled and dried
completely by a vacuum centrifuge.
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LC-MS/MS was performed on a Q-Exactive HF-X mass spectrometer coupled to Easy nLC 1200 (Thermo Fisher Scientific, USA).
The peptide mixture was loaded onto a C18-reversed phase column (15 cm, 75 um inner diameter) packed in-house with RP-C18
(5 um resin, Thermo Fisher Scientific) in buffer A (0.1% [v/v] formic acid in HPLC-grade water) and separated with a linear gradient
of buffer B (0.1% formic acid in 84% [v/v] ACN) at a flow rate of 250 nL/min controlled by IntelliFlow technology over 60 min. MS data
were acquired using a data-dependent top-10 method dynamically choosing the most abundant precursor ions from the survey scan
(m/z 300-1,800) for HCD fragmentation. The target value was determined based on pAGC. The dynamic exclusion duration was 20 s.
Survey scans were acquired at a resolution of 70,000 (m/z 200) and the resolution for HCD spectra was set to 17,500 (m/z 200).
Normalized collision energy was 27 eV and the underfill ratio, which specifies the minimum percentage of the target value likely to
be reached at maximum fill time, was defined as 0.1%.

The MS data were then separately searched against the target protein sequences (readthrough protein sequences of H3C2,
ZmCEQORH, and ZmBTF3) using MaxQuant software (v.1.6.1.10).°2 An initial search was set with a precursor mass window of
6 ppm. The search followed an enzymatic cleavage rule of "unspecified" and a mass tolerance of 20 ppm for fragment ions. Carba-
midomethylation of cysteines was defined as fixed modification, while methionine oxidation was defined as variable modification for
database searching. The cutoff of the global FDR for peptide and protein identification was set to 0.01.

Subcellular localization of ZmBTF3-GFP and ZmBTF3x-GFP fusions

The GFP fusion plasmids were transformed into maize mesophyll protoplasts by polyethylene glycol-mediated transformation.
Protoplast preparation and transfection were conducted as previously described.”” A plasma membrane-localized marker
355:ZmPDCK7-mCherry and a nucleus-localized marker 35S:AtHY5-mCherry were used for colocalization analyses.”®® Fluores-
cence signals were observed on an LSM800 confocal laser scanning microscope (Zeiss, Germany).

Evolutionary analysis of SCR events

The CDSs and protein sequences of maize, rice, soybean, and Arabidopsis genes and proteins, respectively, were downloaded from
the public databases described earlier. Orthogroups among the four species were predicted based on the protein sequences by
OrthoFinder (v.2.3.11)® with default parameters. A total of 19 SCR single-copy orthogroups were detected, and each group con-
tained at least one SCR gene. Next, the ratio of nonsynonymous to synonymous substitutions (dN/dS) of the main ORF, extensions,
and the distal 3 UTR of the 19 single-copy orthogroups were calculated. Protein sequences were aligned by Muscle®®°; the aligned
protein sequences were then used to guide the codon-wise alignment of the annotated transcript using PAL2NAL (v. 14)°”; and after
removing gaps and stop codons, the multiple sequence alignment results were uploaded to codeml embedded in the PAML package
(v.4.8),°% and the dN/dS ratio was computed for each ortholog pair. The parameters of codeml were set as: runmode = 2, model = 2,
NSsites = 2, CodonFreq = 2, fix_kappa = 0, and fix_omega = 0. Sequence alignment and dN/dS calculation were performed for the
main ORF, extension, and distal 3' UTR (120 bp downstream of the second stop codon), respectively. A permutation test was used for
dN/dS comparisons. The number of permutations was set to 1,000.

To calculate the distribution of the dN/dS ratio and sequence identity for the orthogroup containing GADPH orthologs that under-
went SCR simultaneously in three plant species, one representative paralog that harbored multiple gene copies in one orthologous
group was selected in each species. The paralog that showed the shortest branch length among all the paralogs was selected to
minimize the effect of species-specific changes in the dN/dS calculation. The protein sequence, including the main ORF, extension,
and the distal 3’ UTR (120 bp downstream of the second stop codon), were aligned by Muscle (v.3.5) and edited by GeneDoc (v.2.7.0).
The codon-wise and non-gap alignment of the annotated transcripts were obtained using PAL2NAL (v.14) as mentioned above.
Finally, the dN/dS ratio was computed in sliding windows throughout the alignment, with a width of 30 codons and a step size of
one codon using codeml embedded in PAML package (v.4.8) with the parameters described above. Sequence identity at nucleotide
level was calculated on the same alignment in a sliding window using BLASTn (v.2.6.0)°® with the following settings: -task blastn-
short, evalue = 0.001.

QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical analyses were conducted using R Software (version 3.2.5) or Microsoft Office Excel 2019. The number of samples and

the statistical details relating to specific experiments can be found in Figure legends. Adobe lllustrator was used for final adjustment
of fonts, colors, and positions of figures. Drawings were also created in Adobe lllustrator.
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