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Quantitative profiling of pseudouridylation 
landscape in the human transcriptome

Meiling Zhang1,7, Zhe Jiang    1,7, Yichen Ma2,3, Wenqing Liu4,5, Yuan Zhuang    1, 
Bo Lu1, Kai Li2,3, Jinying Peng1 & Chengqi Yi    1,2,6 

Pseudouridine (Ψ) is an abundant post-transcriptional RNA modification 
in ncRNA and mRNA. However, stoichiometric measurement of individual 
Ψ sites in human transcriptome remains unaddressed. Here we develop 
‘PRAISE’, via selective chemical labeling of Ψ by bisulfite to induce 
nucleotide deletion signature during reverse transcription, to realize 
quantitative assessment of the Ψ landscape in the human transcriptome. 
Unlike traditional bisulfite treatment, our approach is based on quaternary 
base mapping and revealed an ~10% median modification level for 2,209 
confident Ψ sites in HEK293T cells. By perturbing pseudouridine synthases, 
we obtained differential mRNA targets of PUS1, PUS7, TRUB1 and DKC1, with 
TRUB1 targets showing the highest modification stoichiometry. In addition, 
we quantified known and new Ψ sites in mitochondrial mRNA catalyzed 
by PUS1. Collectively, we provide a sensitive and convenient method to 
measure transcriptome-wide Ψ; we envision this quantitative approach 
would facilitate emerging efforts to elucidate the function and mechanism 
of m RN A p se udouridylation.

More than 170 different post-transcriptional RNA modifications have 
been identified to date1. Pseudouridine (Ψ), catalyzed by pseudouri-
dine synthase (PUS), is the most abundant modification and occurs in 
all three domains of life2,3. It is widespread in ribosomal RNA (rRNA), 
small nuclear RNA (snRNA) and transfer RNA (tRNA)3,4. In messenger 
RNA (mRNA) of mammalian cells, it represents the second most abun-
dant5. By now, Ψ has been found to impact various biological processes 
including translation, splicing, RNA stability, protein–RNA interaction 
and response to cellular environments6,7. Recently, its importance is 
further exemplified by the success of the COVID-19 mRNA vaccine, 
which is modified by Ψ derivatives8.

Ψ synthases have been found to affect cellular activities and lead to 
pathological conditions. PUS7-mediated pseudouridylation can affect 
cap-dependent protein translation by altering the properties of mTOG 
tRNA derived fragments9,10. In addition, it can inhibit codon-specific 
translation of tRNAs in glioblastoma11. PUS1, PUS7 and RPUSD4 have 

been found to modulate alternative pre-mRNA processing12. Some 
functions of PUS are independent of their activity, for instance, PUS10 
is reported to promote pri-miRNA processing13, and TRUB1 regulates 
the maturation step of miRNA let-7 (ref. 14). Mutations in Ψ synthases 
are associated with various human diseases, including mitochondrial 
myopathies and intellectual disability6.

Our study and understanding of RNA modifications are greatly 
facilitated by advances in modification detection approaches. A 
selective chemical labeling strategy utilizing N-cyclohexyl-N′-β-
(4-methylmorpholinium) ethylcarbodiimide p-tosylate (CMCT) 
has been developed to identify Ψ in a primer-extension assay15. This 
chemistry has also been coupled to high-throughput sequencing to 
enable transcriptome-wide detection of Ψ5,16–18. Other than CMCT, 
additional chemistry has been proposed to realize selective reactions to 
Ψ19–21. More recently, nanopore-based direct RNA sequencing has been  
developed to profile RNA modifications including Ψ22,23.
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improved24. Nanopore sequencing methods were designed to directly 
detect RNA modifications based on base-calling errors, which are 
bioinformatically demanding and highly sensitive to the abundance 
of the transcripts as well as modification levels. Hence, a quantita-
tive, accurate and sensitive method for global Ψ detection is urgently  
needed.

Despite the progress, measurement of Ψ stoichiometry in the 
human transcriptome remains challenging. As a matter of fact, the 
identification of Ψ sites in the transcriptome is still problematic at 
the moment. While the four next-generation sequencing (NGS)-based 
methods first enabled Ψ profiling, the limited overlap between the 
studies suggests that their accuracy and specificity remain to be 
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Fig. 1 | Bisulfite-Ψ adduct induces nucleotide deletion during reverse 
transcription. a, The reaction of bisulfite with Ψ to yield two ring-opened, 
monobisulfite adducts 1 (S-adduct) and 2 (O-adduct). b, Scheme of bisulfite 
reaction with Ψ. HEK293T total RNA and detection for Ψ1367. The bisulfite 
reaction contains two sequential steps, which are bisulfite/sulfite treatment 
and desulfonation. RNA was then reverse transcribed followed by targeted 
PCR, TA cloning and sanger sequencing of individual clones for Ψ1367 in 18S 
rRNA. c, Structure of sulfite and bisulfite ions and transformations among 
them. In bisulfite solution (pH = 5.1), sulfite ion 3 (SO3

2−) is in equilibrium with 
bisulfite species (HSO3

−) 4 and 5, which are two tautomers. At high concentration 
of bisulfite (>10−2 M), these two tautomers interact by hydrogen bonding 
and convert to bisulfite ion dimer 6, which is in turn in equilibrium with the 

pyrosulfite ion 7 (S2O5
2−). d, The deletion rate of Ψ1367 site in 18S rRNA under 

standard bisulfite condition (cyan) and 50% sulfite/50% bisulfite condition 
(orange). e, The conversion rate of C-to-T under standard bisulfite condition 
(n = 2,205) and 50% sulfite/50% bisulfite condition (n = 2,205). f, The conversion 
rate of C-to-T under different proportions of sulfite and bisulfite (n = 2,205 for 
all conditions). The ratio of the sulfite reagent ranges from 60% to 85%, and the 
conversion rate substantially decreases with the increase in the sulfite ratio. In 
e and f, boxplot middle lines mark the median and the boundaries of the box 
indicate the 25th and 75th percentiles; whiskers encompass all data that are not 
considered outliers. g, The deletion rate of Ψ1367 site in 18S rRNA under different 
sulfite/bisulfite conditions. The ratio of sulfite reagent ranges from 60% to 85%, 
and the deletion rate remained stable with the increase of sulfite ratio.
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In this study, we develop a transcriptome-wide method to quan-
titatively detect Ψ at single-base resolution. This method relies on 
bisulfite-induced deletion signature during reverse transcription, thus 
enabling quantitative pseudouridine assessment via bisulfite/sulfite 
treatment (named ‘PRAISE’). In the transcriptome of HEK293T cells, 
we were able to identify 2,209 confident Ψ sites, showing an ~10% 
median modification level. We assigned differential Ψ sites to PUS1, 
PUS7, TRUB1 and DKC1 enzymes. Moreover, we identified known 
and new Ψ sites in mitochondrial mRNA, which are catalyzed by a 
mitochondria-localized isoform of PUS1. Collectively, our approach 
reveals the quantitative landscape of Ψ in the human transcriptome 
and provides a reliable and sensitive method for the elucidation of 
biogenesis and function of mRNA pseudouridylation.

Results
Bisulfite-Ψ adduct induces deletion in reverse transcription
We sought to identify a small molecule that could effectively distin-
guish Ψ from regular U. Interestingly, literature from more than half 
a century ago reported that pseudouridine can be irreversibly modi-
fied by bisulfite to yield two ring-opening monoadducts25,26 (Fig. 1a). 
A later study found that ring-opened abasic site structures can block 
translesional synthesis and lead to deletions during DNA synthesis27. We 
thus hypothesized that Ψ in RNA could be labeled by the bisulfite reac-
tion and subsequently generate nucleotide deletions during reverse 
transcription.

Because bisulfite treatment has been adopted for m5C detection 
in RNA28,29, we applied the literature reaction (Methods) to total RNA 
of HEK293T cells and analyzed the signal of Ψ1367, a highly modified 
Ψ site in 18S rRNA. We found a 38% deletion rate for the site (Fig. 1b,d). 
The result is consistent with recent papers for transcriptome-wide m5C 
detection, in which Ψ is simultaneously detected as a side product28,30. 
While the data clearly show the potential of bisulfite in Ψ detection, the 
chemistry suffers from two fundamental limitations. First, Ψ stoichiom-
etry is severely underestimated; we only observed a 38% deletion signal 
for a site that is modified to greater than 95% level. Second, the current 
bisulfite condition converted all cytosines to uridines. Such reduced 
sequence complexity is expected to lead to low mapping rates and 
inaccurate Ψ identification, particularly within CU-enriched regions.

To tackle the first challenge and improve the reaction efficiency, 
we looked into the chemical mechanism of the reaction. While bisulfite 
(HSO3

−) is believed to act as the effective nucleophile, literature in the 
1970s has clearly documented that within the high concentration of 
sodium bisulfite solution, the predominant component is bisulfite ion 
dimer and pyrosulfite ion (S2O5

2−)31, which is inactive toward Ψ (Fig. 1c). 
Hence, we speculated that by increasing the proportion of sulfite and 
decreasing that of bisulfite, the effective nucleophile concentration 
can be improved. We found that when the molar proportion of sulfite 
was increased to 50%, the deletion rate of Ψ1367 was increased to 90% 
(Fig. 1d and Extended Data Fig. 1a). Among the deletion signals, 1-bp 
deletion accounts for 90%, and 2-bp deletion accounts for 10%. Hence, 
the efficiency of bisulfite-Ψ addition reaction can be greatly improved 
by increasing the concentration of the effective nucleophile.

We then set out to solve the C-to-U conversion problem. Under 
the improved condition for deletion detection, we still observed a high 
C-to-U conversion rate (~60%; Fig. 1e). Because cytosine deamination 
prefers acidic conditions while bisulfite-Ψ addition could occur under 
relatively basic conditions (Extended Data Fig. 1b,c). We thus further 
increased and tested a range of sulfite proportions. We found that the 
conversion rate substantially decreased with a higher proportion of 
sulfite (Fig. 1f). Notably, under the 85% sulfite condition, an extremely 
low C-to-U conversion rate (<0.5%) was observed, without compromis-
ing the deletion signal of Ψ (Fig. 1g).

Lastly, we optimized some of the key steps of the reaction, includ-
ing the incubation temperature, incubation time, desulfonation time 
and the choice of RTases (Extended Data Fig. 1e,f). Fragment analysis 
suggested that the bisulfite reaction caused visible but acceptable 
RNA degradation (Extended Data Fig. 1g). We further systematically 
compared the performance of several commercially available RTases. 
We found that Maxima H minus, which is used in scRNA-seq32, demon-
strated excellent RT efficiency and high deletion frequency at the sites 
of Ψ-bisulfite adduct (Extended Data Fig. 1h). Collectively, we identified 
an optimized bisulfite condition that minimizes C-to-U conversion 
while maximizes Ψ detection based on chemical-induced deletion 
signature during RT.

A customized bioinformatics pipeline of PRAISE
We then coupled the labeling reaction with NGS to develop the 
‘PRAISE’ technology for global identification and quantification of 
individual Ψ sites (Fig. 2a). However, there exist several challenges 
during NGS data analysis. First, the default setting of existing map-
ping software is to remove reads with gaps, especially those with 
multiple gaps. Thus, current mapping strategies are anticipated to 
cause underestimation of Ψ stoichiometry or even false negatives 
in Ψ identification, particularly for RNA sequences with dense Ψ 
sites. Another problem is that when a gap is present within the seed 
region during read mapping, the gap will be soft-clipped, eventually 
leading to the loss of genuine modification sites. To deal with these 
challenges, we proposed a bioinformatics pipeline composed of two 
key procedures. In the first step, we chose hisat2 (ref. 33) and used 
the ‘very sensitive’ parameter to prevent overfiltering of sequenc-
ing reads. In the second step, we carried out local alignment using a 
tailored scoring matrix and filter to obtain accurate mapping results 
(Methods). In case there is a gap in the seed region, we retain the gap 
and extend the reference sequence to fit results with deletion signals. 
After incorporating these changes, we were able to achieve more 
accurate deletion signals and hence Ψ profiling. For instance, there 
are four highly modified Ψ sites in the region 3665–3720 of 28S rRNA34. 
Using the default alignment parameters, we observed significant 
underestimation of these sites with ~30% modification level. After 
adopting our in-house made alignment method, we observed dele-
tion rates of about 90% for the four Ψ sites, while the flanking bases 
exhibited a very low deletion rate (<1%; Fig. 2b). Thus, we believe 
that the customized pipeline is suitable for PRAISE-enabled Ψ  
identification.

Fig. 2 | PRAISE accurately measures Ψ stoichiometry in rRNA and synthetic 
spike-in oligos. a, Schematic illustration of PRAISE. DNase I treated RNA 
is first fragmentated to ~150 nt, and treated with the optimized bisulfite/
sulfite conditions. ‘Untreated’ sample is set as a negative control. After library 
construction, Ψ sites are identified as deletion signals during sequencing. An 
8 nt UMI is added through the reverse transcription step to remove potential PCR 
duplications, further improving the confidence of quantitative Ψ identification. 
b, Representative IGV results for dense Ψ sites within region 3665–3720 of 28S 
rRNA. The NGS data after bisulfite/sulfite treatment is mapped by default (upper 
panel) or customized strategies (lower panel), respectively. Four highly modified 
Ψ sites, including Ψ3672–3674, Ψ3694, Ψ3708–3709 and Ψ3713 are shown by the 

dotted lines. c, PRAISE reliably detects Ψs in 18S rRNA. The deletion rates in one 
replicate are shown. d, PRAISE reliably detects Ψs in 28S rRNA. Many Ψ sites tend 
to densely locate in a short region, for instance, two regions near the 3′ end of 28S 
rRNA. e, PRAISE reliably detects the 2 Ψs in 5.8S rRNA. f, Deletion rates between 
the two biological replicates, showing a high quantitative reproducibility of 
PRAISE. g, Venn diagram shows the overlap of rRNA Ψ sites within single U 
context in PRAISE and MS-based method34. h, PRAISE quantifies Ψ stoichiometry 
of five synthetic spike-in RNA. Scatterplot comparing deletion rates measured 
by PRAISE (y axis) with Ψ stoichiometries as expected (x axis). The Pearson 
correlation coefficient (R2) and the trend line equation are denoted.
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PRAISE sensitively measures Ψ stoichiometry in rRNA
We then applied the bioinformatics approach to detect Ψ modifica-
tion in rRNA. In total, PRAISE identified 45, 62 and 2 Ψ sites in 18S, 28S 

and 5.8S rRNA, respectively (Fig. 2c–e and Supplementary Dataset 1). 
PRAISE also demonstrates excellent repeatability for Ψ ratio meas-
urement between two technical replicates (R2 = 0.990; Fig. 2f). We 
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then compared the sequencing results by PRAISE with orthogonal 
mass spectrometry data34. We classified all Ψ sites into two scenarios 
as follows: Ψ within single U context or within consecutive Us. For both 
situations, we observed a high consistency between the two methods 
as follows: for the 17, 35 and 2 Ψ sites residing in single U context in 18S, 
28S and 5.8S rRNA, they were all detected unambiguously (Fig. 2g); for 
the 26 and 26 known Ψ sites residing in consecutive U context in 18S 
and 28S rRNA, PRAISE is capable to report the modification within the 
consecutive U sequence. For instance, region 1847–1850 of 28S rRNA 
has four consecutive Us, the IGV view clearly suggests the presence 
of two discontinuous Ψ sites (Extended Data Fig. 2a). Besides reliably 
detecting the known Ψ sites (with reference to the MS and database 
results35), PRAISE also identified three Ψ sites in rRNA that were not 
reported by the MS-based method. Notably, our previous CeU-seq 
technology provided orthogonal evidence to the presence of Ψ1315 
in 18S rRNA and Ψ4095 in 28S rRNA5. To validate the new Ψ1172 site in 
18S rRNA, we knocked down the DKC1 enzyme, which is responsible 
for rRNA pseudouridylation (Extended Data Fig. 2b–d). Indeed, Ψ1172 
showed a substantially decreased deletion rate upon DKC1 KD, as well 
as the other two Ψ sites (Extended Data Fig. 2e). In addition, derivatives 
of Ψ modification, including m1acp3Ψ and Ψm, could also be identified 
at high confidence (Extended Data Fig. 2f). Moreover, we did not find 
any of other rRNA modification types showing a deletion rate greater 
than 2%, demonstrating the high specificity of PRAISE (Extended  
Data Fig. 2g,h).

To further assess the quantitative capability of PRAISE, we chemi-
cally synthesized five spike-in RNA oligos containing a single Ψ site, 
respectively, mixed the fully modified RNA with the matched, unmodi-
fied RNA to ratios ranging from 0% to 100% and measured the dele-
tion signal in PRAISE. We achieved excellent quantitative agreement 
(R2 = 0.992) between the expected Ψ values and the experimentally 
determined Ψ levels, even at the 5% modification level (Fig. 2h). Taken 
together, sequencing results from both rRNA and spike-in oligos 
showed that PRAISE is capable of quantitatively detecting Ψ sites.

A quantitative Ψ landscape in the human transcriptome
Having validated the unbiased and quantitative ability of PRAISE, we 
next characterized the transcriptome-wide Ψ modification sites and 
stoichiometry. We were able to identify 2,960 and 2,971 Ψ sites in the 
two technical replicates, respectively, with 2,209 shared Ψ sites (~75%), 
thus demonstrating high reproducibility of PRAISE (Fig. 3a and Sup-
plementary Dataset 2). The marginal RNA degradation by our bisulfite/
sulfite condition does not affect the overall quality of the sequencing 
libraries and Ψ calling (Extended Data Fig. 3). To evaluate the reproduc-
ibility of our method, we performed PRAISE to additional biological 
replicates and/or used additional commercially available library con-
struction kits; the results among these replicates are highly consistent 
with each other in terms of modification sites and level (Extended Data 
Fig. 4). To further evaluate the reliability of our method, we employed 
a recently established in vitro transcribed RNA (IVT RNA) library from 
HEK293T transcriptome as a negative control36. We first confirmed 

that ~80% of genes were recovered in the IVT library, and the read 
coverages across transcripts were similar in IVT and PRAISE libraries 
(Extended Data Fig. 5a,b). We could only identify 22 and 14 Ψ sites in 
two technical replicates of IVT RNA, respectively, with five shared Ψ 
sites (Extended Data Fig. 5c). Moreover, only three Ψ false-positive 
sites from IVT RNA were found in 2,209 Ψ sites (Fig. 3b). Therefore, 
the Ψ landscape obtained via PRAISE is highly reliable. As shown in a 
representative example, ~90% deletion rate was detected in cellular 
RNA while <1% deletion rate in the IVT replicates (Fig. 3c).

Among the 2,209 shared modification sites, 1,895 and 314 sites 
are located in mRNA and ncRNA (excluding rRNA) of HEK293T cells, 
respectively (Fig. 3d). The Gene Ontology (GO) analysis found highly 
significant enrichment of categories corresponding to metabolic 
process and the mitochondrial inner membrane. (Fig. 3e and Extended 
Data Fig. 5d). These results indicate that Ψ-containing transcripts are 
involved in cellular metabolism and could be important for mitochon-
dria function.

Within mRNA, Ψs are distributed along the 5′ UTR, CDS and 3′ 
UTR, with an enrichment in CDS and an underrepresentation in 5′ UTR  
(Fig. 3f and Extended Data Fig. 5e), consistent with our previous find-
ing5. We then analyzed the codon preference of Ψ sites (Extended Data 
Fig. 5f). We found that UUC and GUU codons, encoding phenylalanine 
and valine, are the most frequently modified (Fig. 3g and Extended 
Data Fig. 5g). Ψ is mainly present in the second and third positions; 
interestingly, 2 Ψ sites were detected in the AUG start codons, while 2 Ψ 
sites were detected in stop codons (Fig. 3d and Extended Data Fig. 5g).

Although transcriptome-wide Ψ distribution has been investi-
gated previously5,16–18, the absolute level of Ψ modification in mRNA 
has not been reported. We first analyzed the modification level of the 
2,209 Ψ sites, and found that their deletion rates are highly reproduc-
ible (R2 = 0.946; Fig. 3h). Globally, ~80% of the Ψ sites were modified at 
a low level (Ψ level <20%) in HEK293T mRNA and ~10% of the sites were 
highly modified (Ψ level >40%; Fig. 3i). The median modification level 
of mRNA Ψ sites was about 10%, which is similar to the level of m5C in 
human mRNA37.

We next analyzed the stoichiometry of Ψ sites in different sequence 
contexts. We found that 39% Ψ sites possess a modest ‘GUG’ motif and 
that 40% ‘UU’ sites prefer a ‘GUUCNA’ motif (Fig. 3j). The top 10 Ψ motifs 
are shown in Fig. 3k—‘UGUAG’ is the most enriched motif, resembling 
the preferred sequence context of PUS7, while the ‘GUUCNA’ motif is 
reminiscent of the reported targets of TRUB1 (Fig. 3k). Such motifs 
are consistent with previous studies by us and other labs5,38. Ψ sites 
conforming to the ‘GUUCNA’ motif exhibit a much higher modification 
level (median Ψ level > 40%) than those within the ‘UGUAG’ motif (5–15% 
median level; Fig. 3l). Thus, such distinct Ψ context and modification 
level suggests the differential activity of various sequence-specific 
modification machinery toward human mRNA5,18.

The quantitative PUS-dependent Ψ maps
We next sought to define the molecular basis for targeting the mRNA 
and ncRNA transcripts for pseudouridylation. Previous efforts to map 

Fig. 3 | The quantitative landscape of Ψ in the human transcriptome. a, Venn 
diagram shows the overlap of Ψ sites in the two biological replicates. b, Venn 
diagram shows the overlap of Ψ sites in the cellular RNA library (2,209 Ψ sites) 
and the modification-free, IVT RNA library (5 Ψ sites). c, Representative views 
of one Ψ site on the transcript of NM_173614.4 (NOMO2). Deletion rate (left y 
axis) and read counts (right y axis) are both shown in PRAISE-rep1, PRAISE-rep2, 
IVT-rep1 and IVT-rep2 samples. Gray background color denotes reads coverage. 
Ψ site is indicated with a red background. d, Pie chart showing the proportion 
of Ψ sites in mRNA and ncRNA. e, GO enrichment analysis (BP) for the 2,209 
transcriptome-wide Ψ sites in a. P values were adjusted using the Benjamini–
Hochberg procedure. f, Metagene profiles showing the distribution of Ψ sites 
in human mRNA. g, The counts of Ψ sites in different codons as well as positions 

are shown. h, Deletion rates of all mRNA Ψ sites between the two biological 
replicates, showing a high correlation. The color gradient denotes the density of 
overlapping modification sites. i, Curve graph showing the proportion of Ψ sites 
with different modification levels. j, Motif analysis of identified Ψ sites within 
‘U’ (top panel) and ‘UU’ contexts (bottom panel). k, The proportion of top ten 
sequence contexts containing Ψ sites. The blue and red colors denote the TGTAG 
and GTTCNA motifs, respectively. The gray color denotes the remaining motifs. 
l, The deletion rate of Ψ sites within the top ten motifs (n numbers are shown in 
k). The middle white spot of the violin plot marks the median and the black edges 
indicate the 25th and 75th percentiles; whiskers encompass all data that are not 
considered outliers; the outer shape stands for the distribution of all data points.
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Ψ sites yielded sites that could be attributed to PUS1/PUS7/TRUB1 
(refs. 5,16,18,38), yet the confidence and stoichiometry information 
is limited due to the incomplete labeling efficiency of the CMC-based 
methods. To determine if PRAISE could precisely and quantitatively 

map PUS-dependent Ψ sites, we applied it to several HEK293T cell lines 
we generated previously5,39, with one candidate PUS enzyme being 
knocked out at a time. In addition, we generated a new TRUB1 knockout 
(KO) cell line; using quantitative MS, we found a notable decrease of Ψ 
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structure of 346 TRUB1-dependent Ψ sites. The red color denotes base pairing 
while the blue color denotes nonbase-paring. k, Boxplot showing the RPKM level 
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level for the small RNA (<200 nt) population, consistent with the role 
of TRUB1 in modifying tRNA and thus the usefulness of the new TRUB1 
KO cell line (Extended Data Fig. 6a).

We applied PRAISE to the cellular polyA+ RNA of three KO cell 
lines. Overall, we identified the 37, 165 and 346 targets for PUS1, PUS7 
and TRUB1, respectively (Fig. 4a–c and Supplementary Dataset 3). The 
median modification level of PUS1- and PUS7-dependent Ψs are ~10%, 
while TRUB1-dependent Ψ sites are ~35% (Fig. 4d–f), indicating a high 
enzymatic activity of TRUB1 in vivo. The sequence analysis revealed 
that TRUB1-dependent Ψ sites are highly enriched in a ‘GUUCNA’ con-
sensus sequence (Fig. 4i), while the majority of PUS7-dependent Ψ 
sites are highly enriched in a ‘UGUAG’ motif (Fig. 4h) and PUS1 targets 
shared a weak ‘GUG’ sequence motif (Fig. 4g). The secondary structure 
of the 346 TRUB1 targets was predicted to give rise to a typical hairpin, 
consisting of a 5-bp stem and a 7-nt loop, with the Ψ site being the sec-
ond base in the loop (Fig. 4j). Thus, PRAISE data revealed that TRUB1 
recognizes a conserved motif and hairpin structure in mRNA and tRNA, 
confirming a previous study38. On the other hand, the structural con-
straint was modest for the PUS1- and PUS7-dependent Ψs (Extended 
Data Fig. 6k,l).

Because a large amount of Ψ sites remained unassigned, we further 
performed DKC1 knockdown and applied PRAISE for Ψ identification. 
We were able to identify a total of 473 DKC-dependent Ψ sites, account-
ing for 21.4% (473/2209) of the total mRNA Ψ sites (Extended Data 
Fig. 6g and Supplementary Dataset 3). Similar to the PUS1 and PUS7 
targets, we found that DKC1-dependent Ψs were also lowly modified, 
with a median of 10% modification ratio (Extended Data Fig. 6h). We 
did not find a prominent motif for DKC1-dependent Ψ sites, suggest-
ing multiple snoRNAs could be involved in mRNA pseudouridylation 
(Extended Data Fig. 6i). Collectively, we now have assigned ~50% Ψs 
(1,021 Ψ sites) to a particular PUS enzyme, and the remaining Ψ sites 
are expected to be mediated by the other 9 PUS enzymes and need to 
be further investigated.

We further analyzed the distribution of these PUS-dependent 
Ψ sites. TRUB1 and DKC1-dependent sites were enriched in the CDS 
region, with the latter showing a stronger enrichment (Extended Data 
Fig. 6b,d,f,j). PUS7-dependent sites appear to be more evenly distrib-
uted along the transcript (Extended Data Fig. 6c,e). We then examined 
the potential role of Ψ in gene expression and found no difference in 
expression level between the wild-type (WT) and KO cells (Fig. 4k and 
Supplementary Dataset 4). This observation suggested that Ψ does 
not affect RNA stability.

Comparison of PRAISE and available Ψ sequencing methods
To further evaluate the reliability and performance of PRAISE, we com-
pared our PRAISE results with available CMC-based Ψ sequencing meth-
ods5,16,18. In general, 108 of 339 (31.8%), 52 of 97 (53.6%) and 567 of 1,440 
(39.4%) Ψ sites in Ψ-seq, Pseudo-seq and CeU-seq, respectively, overlap 
with that of PRAISE (Extended Data Fig. 7a–e). Because CeU-seq is the 
most sensitive among the CMC-based methods (due to its chemical 
pull-down feature), we then performed a detailed comparison of Ψ 
sites between PRAISE and CeU-seq. For the 873 CeU-only Ψ sites, the 
majority of them have about 2% deletion rates, which are below our 5% 
cutoff (Extended Data Fig. 7f,g). For the 1,642 PRAISE-only Ψ sites in 
CeU-seq data, around half of them were not detected because of low 
coverage while the rest have low stop signal (Extended Data Fig. 7h,i). 
More recently, the three CMC-based datasets were integrated into 
high confident Ψ sites38. We observed a high overlap ratio, with 62 of 
the 74 (80.5%) ‘highest confidence’ sites and 451 of the 993 (45.4%) 
‘high-confidence’ sites detected by PRAISE (Extended Data Fig. 7j–m). 
Thus, while CMC-based methods could be complicated by partial labe-
ling efficiency and RNA structure, they were able to capture a subset 
of the genuine Ψ sites in the transcriptome.

During the revision of this work, another method named ‘BID-seq’ 
was published, which also uses the bisulfite treatment and achieves 

quantitative detection of transcriptome-wide Ψ modification40. While 
there are significant differences in both the reaction and RT conditions 
as well as the bioinformatic approaches, the results of PRAISE and 
BID-seq agree with each other in general—(1) we found very consist-
ent Ψ sites in rRNA and mRNA stop codon by two studies (Extended 
Data Fig. 8a–d); (2) both works identified mitochondrial mRNA Ψ sites 
(see our Mitochondrial Ψ landscape section below; Extended Data  
Fig. 8e); (3) for transcriptome-wide Ψ sites in HEK293T mRNA, 291 of 543 
(53.6%) overlapped with those of PRAISE (Supplementary Fig. 1a), with 
a highly consistent median deletion rate of over 20% (Supplementary  
Fig. 1b,c). Of the 252 BID-seq-only Ψ sites, 241 of them have high cov-
erage in PRAISE, but their deletion rate is below our cutoff (Supple-
mentary Fig. 1d–f). As a matter of fact, the lower deletion rates of 
BID-seq-only Ψ sites in BID-seq hint that they are less confident than 
the overlapping sites. Of the 1,918 PRAISE-only Ψ sites, 570 Ψ sites show 
above 5% deletion rate in all three biological repeats, and another 680 
Ψ sites show above 5% deletion rate in one or two datasets of BID-seq; 
thus these sites demonstrate modification signals in BID-seq as well 
(Supplementary Fig. 1g,h). Moreover, we were able to assign 43.9% 
of PRAISE-only Ψ sites to one of the four modification enzymes we 
tested (Supplementary Fig. 1i), further supporting the sensitivity and 
specificity of PRAISE.

We also picked four mRNA Ψ sites for validation, including two 
sites (IBA57 and IDI1) also detected in CMC-based datasets and two new 
sites (NBAS and UNC13B) by PRAISE (Extended Data Fig. 9a,b). We chose 
an established qPCR-based method39 that is orthogonal to PRAISE and 
successfully validated all four Ψ sites (Extended Data Fig. 9c). Moreover, 
the results showed the melting-curve shift of IBA57 is only sensitive to 
PUS7 KO, suggesting it is a PUS7-dependent site. Likewise, IDI1, NBAS 
and UNC13B were validated to be TRUB1-dependent (Extended Data 
Fig. 9b,c). Thus, the above analysis and data collectively support the 
reliability of PRAISE.

Mitochondrial Ψ landscape
In addition to the transcriptome-wide Ψ modification in nuclear-coded 
transcripts, we also investigated Ψ sites in the mitochondrial tran-
scripts. Using our polyA+ samples, we identified 2, 7 and 4 Ψ sites from 
rRNA, tRNA and mRNA in a mitochondrial heavy strand, respectively 
(Fig. 5a and Supplementary Dataset 5). It is worth mentioning that 
using a small RNA fraction (<200 nt) of HEK293T cells (Extended Data  
Fig. 10a), we were able to identify 42 Ψ sites in mt-tRNA, which overlaps 
well with the reported mt-tRNA sites obtained by MS data41 (Extended 
Data Fig. 10b,c and Supplementary Dataset 6).

For mt-mRNA, the Ψ stoichiometry ranges from 10% to 26%. Ψ sites 
at position 6294 in MT-CO1 mRNA and position 9904–9906 in MT-CO3 
mRNA are known42; expectedly, they demonstrated the highest modifi-
cation level among mt-mRNAs, which are 26.0% and 22.1%, respectively 
(Fig. 5b). A new Ψ sites were identified in MT-ND4 and MT-CYB mRNA, 
respectively, which are Ψ11154 and Ψ14868. They bear a modification 
level of about 21.2% and 10.4%, respectively (Fig. 5b).

Mitochondrial Ψ enzymes
We next aimed to explore Ψ synthases responsible for pseudouridyla-
tion in mt-RNAs. It is known that one of the two PUS1 isoforms contains 
a mitochondrial targeting signal in its N-terminal region (Extended Data 
Fig. 10d) and has been shown to modify Ψ27 and Ψ28 in mt-tRNAs43; 
we thus examined whether PUS1 may have additional targets in the 
mitochondria. We first performed immunofluorescence staining of 
the two PUS1 isoforms in Hela cells, and expectedly we found that 
PUS1 isoform 1 was mainly located in the mitochondria while isoform 
2 was abundant in the nucleus (Extended Data Fig. 10e). We then com-
pared the mitochondrial Ψ profile between the wild type and PUS1 KO 
cells using polyA+ samples. We found that modification signals for 1, 5 
and 4 Ψ sites in mt-rRNA, mt-tRNA and mt-mRNAs disappeared com-
pletely upon PUS1 knockout, suggesting that they are PUS1-dependent  
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(Fig. 5c and Extended Data Fig. 10f). We also validated the pres-
ence and PUS1-dependency of Ψ6293 in MT-CO1 mRNA39 (Fig. 5d). 
Upon PUS1 knockout, the melting-curve alteration disappeared 
completely, which is in good agreement with our results via PRAISE  
(Fig. 5d).

We next sought to identify the modification enzyme for the 
Ψ3286 site in mt-Leu tRNA. Because it shows a ‘GUUCAA’ motif, 

we suspected that it could be catalyzed by TRUB1. Expectedly, 
the deletion signal of Ψ3286 was almost absent in TRUB1 KO sam-
ples (Extended Data Fig. 10g), suggesting that Ψ occurs at posi-
tion 3286 and is TRUB1-dependent. As a comparison, after the 
nuclear-localized PUS7 was knocked out, no significant changes 
in Ψ stoichiometry were observed in any mt-RNAs (Extended Data  
Fig. 10h).
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Fig. 5 | Mitochondrial Ψ landscape and Ψ enzymes. a, Ψ sites identified in the 
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tRNA, rRNA and mRNA, respectively. The red line in the inner circle represents 
the difference in deletion rate (treated–untreated) of individual nucleotides, 
while each red dot represents an identified Ψ site. b, The sequencing depth of 

regions surrounding four mt-mRNA Ψs and the corresponding deletion rate in 
HEK293T (WT) treated samples are plotted. c, The sequencing depth of regions 
surrounding four mt-mRNA Ψs and the corresponding deletion rate in PUS1 
KO-treated samples are plotted. d, High-resolution melting analysis results for 
position Ψ6293 in MT-CO1 mRNA, from the HEK293T (WT) and PUS1 KO cell lines.
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Discussion
In this study, we developed a new base-resolution technology that ena-
bles quantitative Ψ detection. PRAISE uses Ψ-monobisulfite adducts 
induced deletion signal during cDNA synthesis, which allows for 
more accurate detection for Ψ compared to CMC-based methods. All 
reagents used by PRAISE are commercially available, circumventing 
the multiple-step chemical synthesis required for azide-derivatized 
CMC compound in our previous method5. In addition, PRAISE can be 
readily adopted for locus-specific and quantitative interrogation of 
Ψ sites39,44. One limitation of PRAISE is that it cannot precisely define 
Ψ sites within constitutive ‘U’ contexts. In addition, a high sequenc-
ing depth is required for transcriptome-wide quantification of Ψ 
sites. The detailed mechanism for the generation of deletion signal 
in RT remains unclear at the moment, but it is clearly influenced by 
the type of RTases and the condition of RT. Future elucidation of the 
mechanism may help further optimize the method for more biological  
contexts.

Epitranscriptomic technologies to detect multiple modifications 
at the single-molecule resolution are highly desired but remain to be 
established. PRAISE could be combined to map additional RNA modi-
fication types simultaneously37,45,46. Potential crosstalk of diverse RNA 
modifications may be investigated via such approaches. For instance, 
m6A has been found to modulate A-to-I RNA editing47. In addition, the 
various chemical/biochemical treatments developed for different 
modifications, including the PRAISE methodology reported herein, 
can be coupled to third-generation sequencing platforms22,23, such 
as nanopore sequencing, to directly identify multiple modifications 
including Ψ at the single-molecule level.

Ψ in stop codons has been found to suppress translation termina-
tion and promote protein readthrough48. We found rare but existing 
cases in which Ψ is present in the stop codon of endogenous mRNA 
transcripts (two sites) in vivo, which is consistent with BID-seq. In fact, 
very recently we show that targeted pseudouridylation can mediate 
readthrough of premature termination codons in cell lines and primary 
cells49. Also, we found two examples in which the start codon is modi-
fied by Ψ; whether or not it may alter translation initiation is unclear. 
In addition, our analysis focused on Ψ distribution and level in mature 
mRNA; it is known that Ψ could be installed cotranscriptionally and 
function during mRNA processing, for instance, alternative pre-mRNA 
splicing12. Thus, PRAISE can be readily applied to reveal the modifica-
tion level of Ψ in nascent transcripts.

Because human contains 13 PUS enzymes, it has been specu-
lated that redundancy may exist in terms of mRNA pseudouridyla-
tion16. Yet, our data reveal the PUS-dependent Ψ sites do not overlap. 
Functionally, PUS7- and TRUB1-mediated Ψ has been implicated 
to stabilize transcripts18,40; yet, our results revealed no effect of Ψ 
on mRNA stability. This could be due to differential biological con-
texts of the studies, as Ψ affects mRNA expression levels under heat 
shock but not normal conditions18, or due to different experimental 
approaches (transient KD versus stable KO, which could lead to com-
pensation). Alternatively, it is tempting to speculate that Ψ could 
function in biological processes, for instance, in discriminating ‘self’ 
from ‘nonself’ RNA in nucleic acid sensing, which is an established 
role for inosine50. We hope that the transcriptome-wide, quantitative 
power of PRAISE could aid new discoveries of the ancient Ψ modifica-
tion as well as the future development of therapeutics involving RNA  
modifications.
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Methods
Cell culture
HEK293T cells were cultured in DMEM medium (Corning) supple-
mented with 10% (vol/vol) FBS (Gibco), 1% GlutaMAX (Gibco) and 0.5% 
penicillin–streptomycin (Gibco) at 37 °C with 5% CO2. Cells within pas-
sages 3–6 were used for experiments.

Generation of stable knockdown or CRISPR knockout cell lines
The shRNA targeting DKC1 (TRCN0000010325) was cloned into pLKO.1 
vector. A scrambled shRNA was used as the mock control. Cell trans-
fection was performed according to Broad Institute. The knockdown 
efficiency was verified by qPCR and western blot. Sequences of qPCR 
primers of DKC1 and GAPDH were listed in Supplementary Table 1. 
The DKC1 and GAPDH proteins were detected using the antibodies 
anti-DKC1 (Santa Cruz, sc-373956; 1:1,000) and anti-GAPDH (CWBIO, 
CW0100; 1:2,000).

PUS1 KO HEK293T cells and PUS7 KO HEK293T cells were from 
the literature5,39. TRUB1 KO HEK293T cells were generated by CRISPR–
Cas9 technology51. sgRNA sequences of TRUB1 were listed as follows: 
TRUB1-sgRNA—TTCGGATCCGGTCCTGGCCG.

mRNA purification
Total RNA was extracted with TRIzol (Invitrogen, 15596018) followed 
by isopropanol precipitation, according to the manufacturer’s instruc-
tions. The resulting total RNA was treated with DNase I (NEB, M0303L) 
to avoid DNA contamination. For polyA+ RNA isolation, size selec-
tion was first performed using MEGAclear transcription clean-up kit 
(Ambion, AM1908) to deplete small RNA, and RNA was subsequently 
purified with two sequential rounds of polyA tail purification using 
oligo(dT)25 Dynabeads (Invitrogen, 61005).

Quantification of Ψ level by LC–MS/MS
Isolated mRNA of 200 ng was digested into single nucleosides by 0.5 U 
nuclease P1 (Sigma-Aldrich, N8630) in 20 μl buffer containing 10 mM 
ammonium acetate, pH 5.3 at 42 °C for 6 h, then mixed with 2.5 μl 
0.5 M MES buffer, pH 6.5 and 0.5 U shrimp alkaline phosphatase (NEB, 
M0371S), in a final reaction volume of 25 μl adjusted with water, and 
incubated at 37 °C overnight. The nucleosides were separated by ultrap-
erformance liquid chromatography with a ZORBAX SB-Aq column 
(Agilent, 827975-914), and then detected by a triple-quadrupole mass 
spectrometer (SCIEX, QTRAP 6500). A multiple reaction monitoring 
mode was adopted—m/z 245.0 to 179.1 for Ψ, m/z 245.0 to 113.1 for U. 
A 5 μl of the solution was injected into LC–MS/MS. Standard curves 
were generated by running a concentration series of pure commercial 
nucleosides (Berry & Associates). Concentrations of nucleosides in 
RNA samples were calibrated by standard curves.

Synthesis of spike-in RNA oligos
Five pairs of 150 nt synthetic RNA oligos containing either Ψ or U were 
used to examine the deletion signal of Ψ in a quantitative manner. 
Short Ψ/U-oligos (70 nt) and doner RNA oligos (80 nt) for subsequent 
ligation were synthesized by Shanghai Primerna Biotechnology (Shang-
hai, China). The 5′-end of the doner RNA was phosphorylated and 
3′-end of the doner RNA was blocked by a ddC (2′,3′-deoxyCytosine) 
to avoid self-ligation. Splint ligation was performed according to the 
literature52. Briefly, a mixture of short Ψ/U-oligos, doner RNA and the 
complementary splint DNA strand were annealed at a molar ratio of 
1:2:1.5 in T4 DNA ligase buffer (NEB, B0202S) by incubation for 3 min at 
65 °C, followed by 5 min at 25 °C. Next, T4 RNA ligase 2 (NEB, M0239L) 
and RiboLock RNase inhibitor (Thermo Fisher Scientific, EO0384) were 
added to the annealed mixtures and incubated at 37 °C for 1 h. Then the 
splint Ψ/U-oligos were gel purified, and selected regions of the gel cor-
responding to 150 nt were excised and recovered. Mixed Ψ-oligos with 
paired U-oligos at indicated ratios—100%, 70%, 50%, 40%, 30%, 20%, 
10%, 5% and 0%. Four hundred picogram spike-in oligos was mixed with 

500 ng total RNA, and the Ψ stoichiometries were detected by PRAISE. 
Splinted RNA oligos sequences were listed in Supplementary Table 2.

Locus detection of Ψ1367 in 18S rRNA for bisulfite/sulfite 
conditions screening
RNA preparation. Five hundred nanogram total RNA for one sample 
was treated with DNase I at 37 °C for 30 min, then RNA was fragmented 
to ~150 nt by magnesium RNA fragmentation buffer (New England 
Biolabs, E6150S) for 4 min at 94 °C, followed by chilling on ice. The reac-
tion was stopped by RNA fragmentation stop solution and purified by 
ethanol precipitation. After ethanol precipitation, RNA was dissolved 
in 5 μl nuclease-free water.

Bisulfite/sulfite treatment. Standard bisulfite treatment referred 
to the conditions of literatures28,29, the bisulfite solution was freshly 
prepared by dissolving 4.05 g of sodium bisulfite (Sigma-Aldrich, 
243973) in 5.5 ml of RNase-free water, adjusting the pH to 5.1 with 10 M 
sodium hydroxide, and adjusting the volume to 10 ml with water. The 
100 mM hydroquinone was prepared freshly by adding 11.01 mg of 
hydroquinone (Sigma-Aldrich, H9003) to 1 ml of RNase-free water. 
For standard bisulfite treatment, 5 μl of RNA fragments was dissolved 
in 50 μl bisulfite solution, which is a 100:1 mixture of bisulfite solution 
and 100 mM hydroquinone, and subjected to heat incubation at 50 °C 
for 16 h.

For our improved bisulfite/sulfite treatment conditions, we 
weighed and mixed potassium sulfite and sodium bisulfite in the pro-
portions. The 100 mM hydroquinone was prepared freshly by adding 
11.01 mg of hydroquinone (Sigma-Aldrich, H9003) to 1 ml of RNase-free 
water. For bisulfite/sulfite treatment, 5 μl of RNA fragments was dis-
solved in 50 μl bisulfite/sulfite solution, which is a 100:1 mixture of 
bisulfite/sulfite solution and 100 mM hydroquinone, and subjected 
to heat incubation at 70 °C for 5 h. The reaction mixture was desalted 
by passing it through Micro Biospin 6 chromatography columns twice 
(Bio-Rad, 7326200).

Desulfonation. Desalted RNA was transferred to a new 1.5 ml 
nuclease-free tube and adjusted to 100 μl with RNase-free water, then 
incubated with an equal volume of 1 M Tris–HCl (pH 9.0) at 75 °C for 
30 min. The reaction was then immediately stopped by chilling on ice 
and ethanol precipitation.

RT-PCR. Bisulfite/sulfite-treated RNA was reverse transcribed into 
cDNA using random hexamers (Thermo Fisher Scientific, SO142) with 
Maxima H minus Reverse Transcriptase (Thermo Fisher Scientific, 
EP0753) according to the manufacturer’s instructions. Briefly, after 
ethanol precipitation, the RNA was resuspended in 10 μl of RNase-free 
water, with the addition of 1 μl 100 μM RT primer. RNA-primer mix was 
denatured at 80 °C for 2 min followed by chilling on ice immediately. 
Further, 4 μl 5× first-strand buffer, 1 μl 10 mM dNTPs, 2 μl 0.1 M DTT, 1 μl 
40 U μl−1 RNase Inhibitor and 1 μl Maxima H minus were added into the 
denatured RNA-primer mix. Reverse transcription was performed by 
incubating at 25 °C for 5 min, 42 °C for 3 h and heat-inactivated at 70 °C 
for 15 min. Next, 1 μl of the cDNA was used for PCR reaction (total vol-
ume of 50 μl) using specific forward and reverse primer of Ψ1367_18S 
and Zymotaq DNA polymerase (Zymo Research, E2004) for 34 cycles. 
Five microliter PCR products for Ψ1367_18S was then assessed on 3% 
agarose gel. The remaining PCR products were recovered, cloned into 
TOPO-TA cloning vectors and transformed to Escherichia coli compe-
tent cells. The deletion rate of Ψ1367_18S and C-to-T conversion rate of 
PCR products were assessed by Sanger sequencing at least 25 individual 
clones. PCR primer of Ψ1367_18S is listed in Supplementary Table 1.

Comparison of different reverse transcriptases
Commercially available reverse transcriptases were compared to deter-
mine which enzyme caused the highest deletion rate and yielded the 
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most cDNA. Ten reverse transcriptases including Maxima H minus 
(Thermo Fisher Scientific, EP0753), SuperScript II (Thermo Fisher 
Scientific, 18064014), SuperScript III (Thermo Fisher Scientific, 
18080044), SuperScript IV (Thermo Fisher Scientific, 18090050), 
Revert Aid (Thermo Fisher Scientific, EP0441), M-MLV (Thermo Fisher 
Scientific, 28025013), AMV (New England Biolabs, M0277L), Proto-
Script II (New England Biolabs, M0368L), Recombinant HIV (Worthing-
ton, LS05003) and HiScript III (Vazyme, R302-01) were tested. All RT 
enzymes were used according to the manufacturer’s protocol. The 
yield in treated samples of AMV and Revert Aid was too low to be used 
for sequencing and analysis. For another eight reverse transcriptases, 
the deletion rate of all rRNA Ψ sites was compared.

Validation of Ψ sites by the locus-specific qPCR-based method
The radiolabeling-free, qPCR-based method was performed as 
described in ref. 39. Briefly, 6 μg polyA+ RNA was fragmented to ~200 nt 
at 94 °C for 2.5 min, and purified by ethanol precipitation. Half of the 
fragmented RNA was treated with 0.2 M CMC (Sigma-Aldrich, C106402) 
in BEU buffer as CMC (+) samples, while the other half was treated with 
BEU buffer as CMC (−) samples. Both CMC (+) and CMC (−) RNA sam-
ples were then synthesized using SuperScript II reverse transcriptases 
(Thermo Fisher Scientific, 18064014) with random hexamer primers, 
and the reactions were carried out at 25 °C for 10 min, 42 °C for 3 h and 
70 °C for 15 min. After reverse transcription, 10× diluted cDNAs were 
analyzed by qPCR using TB Green Premix Ex Taq II (Takara, RR820A) and 
LightCycler 96 (Roche). The results were analyzed with GraphPad Prism 
9 software, and the qPCR primers are listed in Supplementary Table 3.

PRAISE
Fragmentation. First, 500 ng DNase I treated total RNA or mRNA of 
each technical replicate was fragmented to ~150 nt by magnesium RNA 
fragmentation buffer (New England Biolabs, E6150S) for 4 min at 94 °C, 
followed by chilling on ice. The reaction was stopped by RNA fragmen-
tation stop solution and purified by ethanol precipitation. After ethanol 
precipitation, RNA was resuspended in 6 μl nuclease-free water. One 
microliter of fragments (~75 ng) is transferred into a new nuclease-free 
tube and used as ‘untreated’ and stored at −80 °C. Remained RNA was 
subjected to bisulfite/sulfite treatment.

Sulfite/bisulfite treatment. The 85% sulfite/15% bisulfite solution was 
prepared freshly by adding 2.58 g of potassium sulfite (Sigma-Aldrich, 
658510) and 0.30 g sodium bisulfite (Sigma-Aldrich, 243973) to 8 ml 
of RNase-free water and the solution was vortexed to clear (pH value 
is ~7.5). The 100 mM hydroquinone was prepared freshly by adding 
11.01 mg of hydroquinone (Sigma-Aldrich, H9003) to 1 ml of RNase-free 
water. For sulfite/bisulfite treatment, 5 μl of RNA fragments was dis-
solved in 50 μl sulfite/bisulfite solution, which is a 100:1 mixture of 85% 
sulfite/15% bisulfite solution and 100 mM hydroquinone, and subjected 
to heat incubation at 70 °C for 5 h. The reaction mixture was desalted 
by passing it through Micro Biospin 6 chromatography columns twice 
(Bio-Rad, 7326200).

Desulfonation. Desalted RNA was transferred to a new 1.5 ml 
nuclease-free tube and adjusted to 100 μl with RNase-free water, then 
incubated with an equal volume of 1 M Tris–HCl (pH 9.0) at 75 °C for 
30 min. The reaction was then immediately stopped by chilling on ice 
and ethanol precipitation. After ethanol precipitation, the RNA was 
resuspended in 10 μl of RNase-free water, and the concentration of RNA 
was quantified by Qubit RNA HS Assay Kit (Thermo Fisher Scientific, 
Q32855). Take 50 ng RNA (~1 μl) as ‘treated’ sample for subsequent 
library construction.

Library construction. Fifty nanogram ‘treated’ RNA sample and 10 ng 
‘untreated’ RNA sample were 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 
several modifications. Briefly, for first-strand cDNA synthesis, Max-
ima H minus Reverse Transcriptase (Thermo Fisher Scientific, EP0753) 
was used instead of SMARTScribe II Reverse Transcriptase. Second, 
pre-PCR library was purified twice by 0.8× AMPure XP reagent (Beck-
man Coulter, A63881) and finally eluted with nuclease-free water. 
Because Ψ-containing rRNA fragments in sulfite/bisulfite treated 
sample can induce deletion signal, it cannot be digested by R-Probes 
v3, thereby potentially interfering with quantification of Ψ sites in 
rRNA. Therefore, we note that the step of ribosomal cDNA depletion 
was skipped. Eleven cycles were used for untreated and treated RNA 
in the second round of PCR. Remained procedures were performed 
with the SMARTer Stranded Total RNA-Seq Kit v3 (Pico Input Mamma-
lian) according to the manufacturer’s instructions. Library sequenc-
ing was performed on llumina Hiseq ×10 with paired-end 2 × 150 bp  
read length.

Preprocessing of raw sequencing data of PRAISE
Strand orientation of the original RNA as preserved in the process of 
library construction and reads R2 yields sequences sense to the original 
RNA. Thus, only reads R2 was used in our study. Illumina sequencing 
reads were first treated with cutadapt (version 3.5) for adapter removal 
and quality trimming. Work commands are as follows: cutadapt -j 28 
--times 1 -e 0.1 -O 3 --quality-cutoff 25 -m 55. We then used Seqkit (ver-
sion 0.13.2) to deduplicate based on 8 bp unique molecular identifier 
(UMI) at the 5′ end of reads R2, key process parameters are as follows: 
seqkit rmdup -s. Finally, umi_tools (version 1.0.0) was used to remove 
the 8 bp UMI in the deduplication read. Six bases after the UMI added 
during library construction at the 5′ end of inserted sequences and 
the six bases at the 3′ end of inserted sequences were also removed, 
using the key parameters: umi_tools extract --extract-method=string 
--bc-pattern=NNNNNNNNNNNNNN and umi_tools extract 
--extract-method=string --3prime --bc-pattern=NNNNNN.

PRAISE-tools and code availability
After the reads cleaning steps, the analysis of PRAISE data mainly 
includes two major parts, which are the alignment of reads and 
identification of pseudouridine sites with quantified deletion signal 
level. To make the analysis pipeline easy to implement, we developed 
PRAISE-tools, a computational pipeline that quantifies the deletion 
signals with high confidence. PRAISE-tools takes cleaned reads as input 
and finally reports the deletion rate of T sites as modification level.

Alignment of reads
PRAISE-tools firstly got all possible mapped positions to reference 
transcriptome (GRCh38) using HISAT2 (version 2.2.1) very sensi-
tive mode. The key parameters are as follows: hisat2 -q --repeat 
--no-spliced-alignment --very-sensitive. After removing unmapped 
reads, we used our own tailored realignment based on the customized 
biopython pairwise alignment to remove low confidence alignments 
and get accurate deletion sites. The key parameter is python realign-
ment.py –fast -ms 4.8. Next, the multiple-mapping reads with lower 
mapping scores will be removed and the deletion signal just one bp 
before reads’ terminal will be removed using remove_multi-mapping.
py and remove_end_signal.py. After getting the final mapping results in 
BAM, convert it into mpileup format with the key parameter of samtools 
mpileup -d 1500000 -BQ0 --ff UNMAP, QCFAIL -aa. Finally, the mpileup 
file will be counted and transferred into a specific BMAT format file.

Call Ψ signal
To call Ψ signal, we next applied a statistical test to each of the T sites 
(contingency table test between the treated sample and untreated 
sample). The calculated significance of P value is required to be 
<0.0001, and the calculated deletion rate difference between treated 
and untreated samples is required to be >5%. Because we mapped read 
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to the transcriptome, the same sites will be counted repeatedly in the 
different transcripts of one gene. Therefore, we finally removed those 
repeated signals in one gene by converting sites in the transcript into 
sites in the genome and kept the longest transcript using site_merge.
py to give the Ψ lists of one sample. To give our final Ψ signal list, we 
overlapped two lists from two samples, only counted overlapped sig-
nals into our final Ψ list, and took the average deletion rate of two 
samples as its Ψ level.

Call Ψ signal in KO samples
To call Ψ signal in KO samples, we took our final Ψ list as a reference to 
find the deletion rate in KO samples. Then, we calculated the deletion 
rate difference between KO samples and WT samples as well as the dele-
tion rate decreasing rate. For enzyme-dependent sites, the deletion rate 
difference is required to be >5%, and the decreasing rate of deletion is 
required to be >5%. To exclude the situations in which the sites are not 
covered in the KO samples, the total counts in KO sample is required 
to be 10. To give our final KO-dependent sites list, we overlapped two 
lists from two KO repeats, and only counted overlapped signals into 
our final KO-dependent list.

RNA secondary structure prediction
To analyze RNA secondary structure, we first extract the sequences near 
the Ψ sites (±12 nt), and sort them by the deletion rate of Ψ to create a 
fasta file. Then, we used RNAfold to predict RNA secondary structure 
with the following key parameters—RNAfold–temp=37 -p.

Quantification and statistical analysis
The P values were calculated using two-sided Student’s t-test. *P < 0.05; 
**P < 0.01; ***P < 0.001; NS. Error bars represent mean ± s.d.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
Raw and processed sequencing data have been deposited into the 
NCBI Gene Expression Omnibus (GEO) under the accession number 
GSE212210. The public datasets of Ψ-seq, Pseudo-seq, CeU-seq and 
BID-seq were downloaded from the GEO database with the acces-
sion numbers: GSE60047, GSE58200, GSE63655 and GSE179798. 
The reference transcriptome GRCh38 was downloaded from the 
following link: https://www.ncbi.nlm.nih.gov/data-hub/genome/
GCF_000001405.40/. The reference of mitochondrial genome 
was downloaded from the following link: https://www.ncbi.nlm.
nih.gov/nuccore/251831106. Source data are provided with  
this paper.

Code Availability
PRAISE tools, including a modified biopython package and several 
python scripts, were deposited on GitHub (https://github.com/
Zhe-jiang/PRAISE). Besides, a detailed bioinformatics guide is avail-
able to help conduct the whole pipeline of PRAISE.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Performance of different chemical reaction and RTase 
on capturing Ψ-induced deletion signature under different conditions. 
(a) The deletion rate of Ψ1367 site in 18S rRNA under different sulfite/bisulfite 
conditions. The standard bisulfite reagent (pH=5.1) is equivalent to a molar 
mixture of 95% bisulfite and 5% sulfite (bisulfite:sulfite=19:1). The proportion 
of sulfite and bisulfite was increased from 95% sulfite/5% bisulfite to 50% 
sulfite/50% bisulfite, and the pH values are showed in the horizontal axis. 50% 
sulfite/50% bisulfite reagent is corresponding to pH 6.5. (b) Chemical mechanism 
of conversion from cytidine to uridine, which is both acid-dependent and 
sulfite-dependent. (c) Chemical mechanism of reaction between pseudouridine 
and sulfite reagent. After Michael addition, Ψ-SO3 generates two isoforms. 
Then, after two steps of reverse Michael addition and Michael addition, 

the final products are two ring-open isoforms. (d) Chemical mechanism of 
transformation from uridine to uridine-bisulfite adduct. After alkaline treatment 
during the desulfonation step, the bisulfite group can be removed reversibly.  
(e) The deletion rate of Ψ1367 site in 18S rRNA under different time and 
temperature conditions. The horizontal axis represents time and temperature, 
and the vertical axis represents the deletion rate. (f) Fragments analysis of 
oligo RNA after Tris-HCl treatment for different time. ‘1 h’, ‘30 min’ and ‘15 min’ 
represent different treatment time. (g) Fragment analysis of fragmented total 
RNA. ‘untreated’ represents fragmented total RNA without treatment and 
‘sulfite/bisulfite (85%/15%)’ represents fragmented total RNA with sulfite/
bisulfite treated. (h) Heatmap of deletion rate of Ψs in rRNA under different 
reverse transcriptase conditions.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Identification of known and novel rRNA sites under 
DKC1 knockdown and evaluation of the deletion rate for other RNA 
modifications. (a) An IGV view of read mapping showing deletion signals in 
position 1840–1860 of 28S rRNA. Two deletion sites were marked between 
four consecutive Ts in 1847–1850. (b) Boxplot representing the relative mRNA 
expression level of shControl and shDKC1 samples detected by qPCR. n = 2 
biological replicates. (c) The protein expression level of DKC1 knock-down 
cells was determined by Western blot. GAPDH was used as a loading control. 

(d) Heatmap of deletion rates of all Ψ sites in 5.8S rRNA, 18S rRNA and 28 rRNA 
between shControl and shDKC1 sample. (e) Deletion rate of three additional Ψ 
sites in rRNA in shControl and shDKC1 sample. Each sites have two replicates 
of shControl and shDKC1 sample. (f) Deletion rate of treated and untreated 
samples on known Ψm and m1acp3Ψ sites in rRNA. (g) Deletion rate of treated 
and untreated samples on known Am (n = 34), Cm (n = 24), Gm (n = 32), and Um 
(n = 19) sites in rRNA. Error bars represent mean ± SD. (h) Deletion rate of treated 
and untreated samples on known m6

2A, m6A, m1A, ac4C, and m5C sites in rRNA.
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Extended Data Fig. 3 | Quality and statistics of sequencing libraries. 
(a) Distribution of fragments size in two treated WT libraries after library 
construction. (b) Distribution of fragments size in two untreated WT libraries 
after library construction. (c) Distribution of sequencing reads length in two 

pairs of treated and untreated WT libraries. Data from Illumina is analyzed by 
FastQC. (d) Mapping rates of WT and KO libraries from WT, PUS1, PUS7, and 
TRUB1 knock-out cell lines.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Performance comparison of PRAISE data from 
different biological replicates and KAPA RNA-seq kit. (a, b) The performance 
of a new batch of HEK293T cells using Takara v3 library construction. a, Venn plot 
depicting ~78% overlapping between two technical replicates. b, Correlation of 
deletion rates of overlapping 2,749 Ψ sites detected in both technical replicates 
(R2 = 0.965). (c) Venn plot depicting the 84.6% overlapping between two 
biological replicates using Takara v3 library construction. ‘Overlapped sites 
of 1st batch’ represents 2,209 Ψ sites originally reported in HEK293T cells, and 
‘Overlapped sites of 2nd batch’ represents 2,749 Ψ sites detected in two technical 
replicates of 2nd batch cells. (d) Correlation of deletion rates of overlapped 
Ψ sites in (c) of two biological replicates (R2 = 0.966). (e, f) The performance 

of a new batch of HEK293T cells using KAPA library construction kit (KAPA 
Stranded RNA-Seq Kit, #kk8400). e, Venn plot depicting the ~86% overlapping 
between two technical replicates. f, Correlation of deletion rates of 2,055 Ψ 
sites detected in two technical replicates (R2 = 0.980). (g) Venn plot depicting 
the 67.5% overlapping between two biological replicates using Takara v3 library 
construction and KAPA kit. ‘Overlapped sites of 1st batch’ represents originally 
2,209 Ψ sites reported in HEK293T cells, and ‘Overlapped sites of 3rd batch’ 
represents 2,055 Ψ sites detected in two technical replicates of 3rd batch cells.  
(h) Correlation of deletion rates of overlapped Ψ sites in (g) between two 
biological replicates (R2 = 0.959).
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Extended Data Fig. 5 | Quality control of IVT samples and codon usage of 
cellular Ψ sites. (a) Venn diagram depicting gene overlap between wild type 
cellular RNA sample (red) and IVT sample (blue). IVT, in vitro transcription.  
(b) Read coverage from the 5’ end to the 3’ end of transcripts in wild type cellular 
RNA (orange) and IVT RNA (blue) libraries. Each library has two replicates 
and are combined and scaled to a normalized gene model. (c) Venn diagram 
depicting overlap of Ψ sites between IVT replicate 1 (red) and IVT replicate 2 
(blue). (d) Genes containing Ψ sites are analyzed using gene ontology of cellular 

components. P values were adjusted using the Benjamini–Hochberg procedure. 
(e) Bar plot of relative enrichment distribution of 2,209 Ψ sites across transcript 
segments. CDS, coding sequence. (f) Pi chart representing proportions of Ψ sites 
within ‘T’, ‘TT’ and ‘≥TTT’ contexts in human mRNA. (g) The counts of Ψ sites in 
codon types as well as positions are shown. Ψ sites observed at the first (purple), 
second (pink) and third (blue) codon position are indicated. Note that only Ψ 
sites present in the single and double U contexts (accounting for approximately 
39% and 40% of all Ψ sites) were used for the codon preference analysis.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Distribution and secondary structure of PUS-
dependent Ψ sites. (a) Quantification of Ψ modification of small RNA (<200 nt) 
in wild type and PUS knocked out cell lines. Values and error bars represent 
mean ± s.d. of n = 3 biological replicates. (b) Distribution of PUS1 dependent Ψ 
sites in human mRNA (32) and ncRNA (5). CDS, coding sequence. (c) Distribution 
of PUS7 dependent Ψ sites in human mRNA (145) and ncRNA (19). (d) Distribution 
of TRUB1 dependent Ψ sites in human mRNA (305) and ncRNA (38). (e) Bar plot 
of relative enrichment distribution of 165 PUS7-dependent Ψ sites in HEK293T 
mRNA. CDS, coding sequence. (f) Bar plot of relative enrichment distribution 
of 346 TRUB1-dependent Ψ sites in HEK293T mRNA. CDS, coding sequence. (g) 
Deletion rates of Ψ sites in mRNA in WT and DKC1 KD cells. The horizontal axis 
represents deletion rates of mRNA Ψ sites in WT HEK293T cells, and the vertical 
axis represents deletion rates of mRNA Ψ sites in DKC1 KD cells. (h) Bar plot of 

deletion rate of Ψ sites (n = 473) in mRNA between wild type and DKC1 KD sample. 
Box plot middle lines mark the median and the boundaries of the box indicate the 
25th and 75th percentiles; whiskers encompass all data that are not considered 
outliers. (i) Motif analysis of DKC1-dependent Ψ sites within the single U context. 
(j) Distribution and relative enrichment across transcript segments of 473 
DKC1-dependent Ψ sites in HEK293T mRNA. (k) Heatmap depicting secondary 
structure of 37 PUS1 dependent Ψ sites. A 24 nucleotides interval around Ψ site 
(at position 0) is selected. Paired bases are marked in red and unpaired bases are 
marked in blue. (l) Heatmap depicting secondary structure of 165 RNA strands 
containing PUS7 dependent Ψ sites. A 24 nucleotides interval around Ψ site (at 
position 0) is selected. Paired bases are marked in red and unpaired bases are 
marked in blue.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Comparison of PRAISE and the CMC-based Ψ methods, 
including Ψ-seq, Pseudo-seq, CeU-seq. (a) Venn diagram depicting the overlap 
of Ψ sites detected in mRNA between PRAISE and Ψ-seq. (b) Deletion rates of 
Ψ-seq-only sites in PRAISE (n = 231) and random ‘U’ sites in PRAISE (n = 2,000). 
They had about 2% deletion rates and are higher than the background signal, but 
were not called because they are below our 5% cutoff. (c) Read coverage of Ψ-seq-
only sites in PRAISE (n = 231) and PRAISE-only sites in Ψ-seq data (n = 2,101). (d) 
Venn diagram depicting the overlap of Ψ sites detected in mRNA between PRAISE 
and Pseudo-seq. (e) Venn diagram depicting the overlap between PRAISE and 
CeU-seq Ψ sites. (f) Pi chart of CeU-seq-only sites in PRAISE data. ‘Low coverage’ 
represents the coverage is lower than 20 reads. ‘High p value’ represents the 
p-value is higher than 0.0001 in PRAISE data. (g) Deletion rates of CeU-seq-only 

sites with sufficient reads in PRAISE (n = 776) and random U sites in PRAISE 
data (n = 2,000). (h) Pi chart of 1,642 PRAISE-only sites in CeU-seq data. (i) Stop 
rates of 48.2% of PRAISE-only sites with read coverage in CeU-seq data (n = 791). 
Data from three replicates are shown. (j, k) Venn diagram depicting the overlap 
between PRAISE sites and highest ( j) or high (k) confidence sites from Safra et al 
in Genome research 2017. (l) Deletion rate of non-overlapped ‘high-confidence’ 
sites in PRAISE (n = 542) and random U sites in PRAISE data (n = 2,000). (m) Read 
coverage of non-overlapped ‘high-confidence’ sites in PRAISE data (n = 542) and 
PRAISE-only sites in Ψ-seq data (n = 1,758). Box plot middle lines mark the median 
and the boundaries of the box indicate the 25th and 75th percentiles; whiskers 
encompass all data that are not considered outliers.
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Extended Data Fig. 8 | Comparison of PRAISE and BID-seq data. (a, b) Deletion 
rates of Ψ sites in 18 s rRNA(a) and 28 s rRNA(b) detected by PRAISE and BID-seq. 
(c) Deletion rates of all detected Ψ sites in 18 rRNA and 28S rRNA between PRAISE 
and BID-seq. The horizontal axis represents deletion rates of rRNA Ψ sites in 
PRAISE, and the vertical axis represents deletion rates of rRNA Ψ sites in BID-seq. 

(d) Venn diagram depicting two Ψ sites (Ψ in MDK and NDUFS2) detected in 
stop codon by both PRAISE and BID-seq. (e) Venn diagram depicting four Ψ sites 
detected in mitochondrial mRNA by PRAISE (Ψ in MT-CO1, MT-CO3, MT-ND4, and 
MT-CYB), two of which are also detected by BID-seq (Ψ in MT-CO1 and MT-CO3).
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Validation of four mRNA Ψ sites in HEK239T cells 
identified by PRAISE. (a) Four representative mRNA Ψ sites identified by PRAISE 
only or also by CMC-based approaches and BID-seq. Noted that they were all 
assigned to a particular Ψ writer by PRAISE; Ψ sites in NBAS and UNC13B were 
only detected by PRAISE. (b) Deletion rates of the four mRNA sites in HEK293T 

wild-type and PUS1, PUS7, TRUB1 knock-out cell lines in PRAISE data. (c) Melting 
curves of qPCR products containing four mRNA sites detected by CMC-assisted, 
qPCR-based method. The curves were obtained by high-resolution melting 
analysis.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Ψ sites in mt-tRNA and mitochondrial targets 
assigned to PUS1. (a) Schematic diagram of PRAISE to identify Ψ sites in 
mitochondrial tRNAs. Total small RNAs are first treated by Alkb demethylase 
to demethylase m1A and m3C, and then treated with 85% sulfite/15% bisulfite 
solution. RNA was then followed by 3’ adapter ligation, reverse transcription, 
5’ linker ligation, PCR, and sequencing. The ‘Untreated’ sample is set as a 
negative control. (b) Venn diagram depicting the overlap of Ψ sites detected 
in mitochondrial tRNA between PRAISE and previously reported method 
(Suzuki T et al.41). (c) Deletion rates of 51 known Ψ sites and 1 novel of Ψ sites in 
mitochondrial tRNA. For each site, deletion rates of treated and untreated are 
marked with different symbols. (d) Sequence alignment and comparation of PUS1 
isoform 1 and isoform 2 in human cell line. Mitochondrial target sequence of PUS1 
isoform 1 is marked in red color. (e) Double immunofluorescence staining of HeLa 

cells transfected with expression vectors encoding Flag-tagged PUS1 isoform 1 
and 2 (green) and DAPI (blue). The left panels show the expression vectors, and 
the right panels show the green and blue images merged in Adobe Photoshop. 
Representative images were obtained under the same exposure condition from 
n = 3 biological repeats. (f) Deletion rates of Ψ sites in mitochondrial RNA (mt-
RNA) in PUS1 KO and HEK293T cells. The horizontal axis represents deletion rate 
of mt-RNA Ψ sites in HEK293T cells, and the vertical axis represents deletion rate 
of mt-RNA Ψ sites in PUS1 KO cells. (g) Sequencing depth of regions surrounding 
Ψ3286 in mt-Leu tRNA and the corresponding deletion rate in HEK293T (WT) 
and TRUB1 KO treated samples are plotted. (h) Deletion rate of Ψ sites in mt-RNA 
in PUS7 KO and HEK293T cells. The horizontal axis represents deletion rate of 
mt-RNA Ψ sites in HEK293T cells, and the vertical axis represents deletion rate of 
mt-RNA Ψ sites in PUS7 KO cells.
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