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Pseudouridine (W) is one of the most abundant RNA modificationsin
human cells, introduced post-transcriptionally by pseudouridine synthases

(PUS). Despiteits prevalence, the biological functions of W remain poorly
understood, largely due to the limited knowledge linking specific PUS
enzymes to their targets. Here, to address this gap, we systematically
knocked out or knocked down nine stand-alone PUS in HCT116 cells and
mapped their W profiles using 2-bromoacrylamide-assisted cyclization
sequencing. Through this approach, we uncovered previously unknown
targets of several PUS enzymes, including RPUSD1, RPUSD2, PUS3, PUSL1 and
PUS7L.Inaddition, we revealed that TRUB1 and PUS10 function redundantly
to catalyse the highly conserved W55 modification in cytosolic tRNAs.
Intriguingly, we found that RPUSD3 and TRUB2 do not exhibit noticeable
enzymatic activities in human cells. By integrating these findings with earlier
results for TRUBI, PUS7 and PUS1, we constructed a comprehensive map of
stand-alone PUS-dependent W modifications across human tRNAs. Using
this map, we further demonstrated that different PUS enzymes introduce W
modifications at distinct stages of pre-tRNA processing.

Pseudouridine (W) is the first identified and the most abundant RNA
modification, predominantly found in noncoding RNAs (ncRNAs),
including ribosomal RNA (rRNAs), small nuclear RNAs (snRNAs) and
transfer RNAs (tRNAs)". W plays important rolesin translation, splicing
and RNA stability’. W is deposited by a class of enzymes called pseu-
douridine synthases (PUS)*. A total of 13 PUS enzymes (PUSI, PUSL,
PUS3, PUS7,PUS7L, PUS10, TRUB1, TRUB2, RPUSD1-4 and DKC1) have
been annotated inthe human genome, which are associated with vari-
ous genetic diseases and cancer’. Therefore, there is a clear need to
elucidate their enzymatic targets within the cells.

Based on the catalytic mechanisms, there are two types of human
PUS. DKC1 utilizes box H/ACA small nucleolar RNAs (snoRNAs) to cata-
lyse pseudouridylation, which predominantly works on cytosolic rRNAs
and spliceosomal snRNAs’. By comparison, the other 12 human PUS

are considered ‘stand-alone’ enzymes. Most existing studies on human
stand-alone PUS have focused on those conserved from their correspond-
ing Escherichia coliand Saccharomyces cerevisiaehomologues, including
TRUBL, PUS7 and PUS1 (Supplementary Table1). TRUB1 s found to modify
the highly conserved W55 sitesin tRNA T-loops®’ and serves as the major
PUS for mRNA pseudouridylationwitha GUWCNA (N=A, C, G or U) motif
for tRNA mimicry®’. PUS7 is known to catalyse the W13 site in the tRNA
D-arm'®", aswell as the W35sitein theanticodon™, withaUNWAR (N = A,
C, G or U; R=A or G) sequence motif*. Unlike TRUB1 and PUS7, PUS1
modifies consecutive W27-28 sitesin human tRNAs'"*, whichlacks aclear
sequence motif butinstead relies on structural motifs'®.

Traditionally, the detection of W hasrelied heavily on N-cyclohexyl-
N’-(2-morpholinoethyl) carbodiimide methyl-p-toluenesulfonate
(CMC) chemistry". However, this method is known to suffer from
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high background noise, difficulty in mapping W at single-base resolu-
tion, limited ability to quantify W stoichiometry and failure to detect
densely modified W sites. To overcome these limitations, we recently
developed 2-bromoacrylamide-assisted cyclization sequencing (BACS)
for direct, quantitative and base-resolution sequencing of W through
inducing W-to-C mutations'®. BACS outperformed traditional CMC®"
and bisulfite-based methods'** in terms of higher sensitivity, con-
siderably lower background noise, more precise determination of
Y positions, more accurate quantification of W stoichiometry and
more robust detection of densely modified W sites. We have applied
it to study the targets of human TRUBI, PUS7 and PUSI1 in HeLa cells
demonstrated that these three PUS enzymes have broader target
ranges than previously thought'® (Supplementary Table 1). However,
the targets of the other nine human stand-alone PUS have not been
thoroughly studied*?.

Tobuild acomprehensive stand-alone PUS-dependent W map, we
individually knocked out seven PUS enzymes (PUS3, PUS7L, PUSIO,
PUSL1and RPUSD1-3) and knocked down two PUS enzymes (RPUSD4
and TRUB2) in HCT116 colorectal cancer cells. We then used BACS to
detect W across ncRNAs (Extended Data Figs. 1-4). By comparing the
results with those from wild-type (WT) cells, we demonstrated that
RPUSD1and RPUSD2 areresponsible for several previously unknown ¢
targetsin tRNAs, while RPUSD4 predominantly works on 16S mitochon-
drial rRNA (mt-rRNA). In addition, we found that TRUB1and PUS10 are
redundant for W55 in human cytosolic tRNAs (cy-tRNAs), while PUS3
and PUSL1 catalyse W38-40 sitesin cy-tRNAs and mitochondrial tRNAs
(mt-tRNAs), respectively. In stark contrast to PUS7, PUS7L displays
unique activities on cy-tRNA variable loops. Interestingly, two PUS
enzymes (RPUSD3 and TRUB2) do not present noticeable enzymatic
activitieson their predicted rRNA or tRNA targets. Compared with their
E. coli and S. cerevisiae homologues, human PUS enzymes generally
exhibit more diverse enzymatic activities. Finally, benefitting from
this comprehensive stand-alone PUS-dependent tRNA W map, we
demonstrated that human PUS enzymes install W at various stages of
precursor tRNA (pre-tRNA) processing.

Results

RPUSD1-4 exhibit distinct enzymatic activities

Human RPUSD1-4 enzymes belong to the RIuA family, whose ances-
tral bacterial RIuA presents dual activities on both rRNAs and tRNAs*
(Extended Data Fig. 5a). However, the targets of human RPUSD1-4 have
not been extensively studied.

Wefirstfocused on RPUSD1and RPUSD2, two PUS with unknown
enzymatic activities (Extended Data Fig. 1). Interestingly, we found
that, although these two enzymes both work on tRNAs, they have dis-
tinct targets and sequence motifs. RPUSDI1 catalyses the formation
of W30 and W72in cy-tRNAs, while RPUSD2 installs W modification at
position 31-32in both cy-tRNAs and mt-tRNAs as well as the antico-
don position 34 in cy-tRNAs (Fig. 1a,b and Supplementary Table 4).
We further demonstrated that RPUSD1 possesses a strict GKWRCYW
(K=GorU;R=AorG;Y=CorU;W=AorU) motif, whichmayaccount
forits limited targets (Fig. 1c). In comparison, RPUSD2 adopts amuch
looser VNWHWNNDNNH (V=A,CorG;N=A,C,GorU;H=A,Cor
U; W=Aor U; D=A, Gor U) motif, enabling more diverse catalytic
events (Fig. 1d). Itis noted that RPUSD2 is the other PUS that works
at anticodon positions (W34 in cy-tRNA"*™T) in addition to PUS7
(W35 in cy-tRNA™ ™ and W36 in cy-tRNAETCT)8 suggesting that
their depletion may affect the decoding fidelity of corresponding
cy-tRNAs. To validate RPUSD1 enzymatic activities, we performed
rescue experiments viare-expression of the WT or catalytically inac-
tive mutant (D67A) form of RPUSD1 in the RPUSD1-knockout (KO)
cells (Extended Data Fig. 6 and Supplementary Table 5). As expected,
the expression of WT, but not the mutant form of RPUSD], success-
fully rescued the formation of W30 and W72 in cy-tRNAs, consistent
with our KO results.

Incontrast to targeting tRNAs, RPUSD4 has been demonstrated to
install W1397in16S mt-rRNA?. To confirm this, we generated RPUSD4
heterozygous deletion cells showing asubstantial reductionin RPUSD4
level**, which can therefore be considered RPUSD4-knockdown (KD)
cells (Extended Data Fig. 1). Indeed, we observed that only W1397 in
16S mt-rRNA was substantially reduced upon RPUSD4 KD, thereby
confirming previous findings (Fig. 1e and Supplementary Table 4).
In comparison, RPUSD3 has lost its catalytic aspartate residue and
therefore was predicted to be catalytic inactive* (Extended DataFigs.1
and 5a). Indeed, our data showed that RPUSD3 does not exhibit
any noticeable activity on rRNAs and tRNAs, both of which are
considered the canonical targets of PUS enzymes (Fig. 1f and
Supplementary Table 4). Therefore, we suggest that RPUSD3 might
notbe a functional active human PUS in vivo.

TRUB1 and PUS10, but not TRUB2, are redundant for human
cy-tRNA W55

In our earlier study, we demonstrated that TRUBI, but not TRUB2,
installs all W55 in mt-tRNAs, while depletion of TRUB1 in HeLa cells
doesnoteradicate the W55in cy-tRNAs, suggesting that thereis atleast
oneredundant enzyme responsible for this modification' (Fig. 2a and
Supplementary Table 6). TRUB2, another member of the TruB fam-
ily, was proposed to be involved in the formation of W55 owing to its
sequence similarity with TRUB1* (Extended Data Fig. 5b). In addition,
PUS10 could serve as another candidate, because its ancestral archaeal
Pus10 can catalyse both W54 and W55 in tRNAs?*%.

To find the redundant PUS for cy-tRNA W55 modification, we
generated PUS10 monoclonal KO in HCT116 cells (Extended
DataFig.2a,b). Using the PUS10-KO cells, we demonstrated that PUS10
is responsible for both W54 and W55 sites in cy-tRNAs (Fig. 2b and
Supplementary Table 4). More specifically, W54 is fully dependent on
PUS10, while W55 is only partially dependent, which indicates PUS10
is a redundant enzyme to TRUBI for cy-tRNA W55. Compared with
our earlier results'®, we found that depletion of TRUB1 can induce
a more dramatic decrease of cy-tRNA W55 levels than depletion
of PUSI10, suggesting that TRUB1 is the major PUS responsible for
this modification (Fig. 2a,b). Given the redundancy of TRUB1 and
PUSI10, we further define their dependent W55 sites as those show-
ing amore than 20% reduction in the corresponding KO cells. Using
this criterion, TRUB1-dependent cy-tRNA W55 sites generally pos-
sess a GUWCRANYC (R=A or G; Y = C or U) motif, which varies little
from the fundamental tRNA sequence motif (Fig. 2¢). By contrast,
PUS10 adopts a GWUCRARUC (R = A or G) motif for W54, while most
PUS10-dependent W55 sites share a GUWCRAWWC (R=AorG;,W=A
or U) motif, which favours A at the +4 and +5 positions compared with
the fundamental tRNA motif (Fig. 2d). Indeed, the differences between
TRUB1and PUS10 motifs can be attributed to their distinct targeting of
cy-tRNA subsets, which show varying dependency on these enzymes.
However, their activities are not strictly separated, because deple-
tion of neither TRUB1 nor PUS10 can eradicate the W55 site in the vast
majority of isodecoders (Fig. 2e). For example, TRUB1 KO reduces
W55 levels in cy-tRNAY?TAC sybstantially, while PUS10 KO induces
greater decrease of W55 levels in cy-tRNAY*AC and cy-tRNA*"°A¢ but
residual W55 modifications are consistently detected in 11 out of 12
isodecoders of cy-tRNA" in both TRUB1-KO and PUS10-KO cell lines
(Extended Data Fig. 7a). The only exception is W55 in cy-tRNAYaAAC4
which is eliminated after PUS10 depletion. Interestingly, this tRNA
isodecoder has amismatch withinits T-stem (Extended DataFig. 7b).
Inaddition, W55 sites in cy-tRNAM*ACC81 gre also mainly dependent on
PUSI10, both of which possess GAUCGA within their T-loops (Fig. 2e and
Extended DataFig. 7c). This sequenceisnot compatible with the TRUB1
GUWCNA (N =A, C,GorU) motifand thereforeis predominantly modi-
fied by PUS10. Nevertheless, both TRUB1KO and PUS10 KO induce only
aminorreduction of W55 levels among the cy-tRNAs that possess W54,
suggesting that both enzymes can catalyse these W55 modifications
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Fig. 1| Characterization of human RPUSD1-4 enzymatic activities.

a, Comparison of the modification levels of W sites at selected positions of human
tRNAs upon RPUSD1 depletion. Box plots visualize all W sites at each position;
boxes represent the 25th to 75th percentiles with a line at the median; whiskers
correspond to 1.5 times the interquartile range (cy-tRNA: W30, n =7 Wssites; W72,
n=7Wsites). b, Comparison of the modification levels of W sites at selected
positions of human tRNAs upon RPUSD2 depletion. Box plots visualize all ¥ sites
ateach position; boxes represent the 25th to 75th percentiles with aline at the

median; whiskers correspond to 1.5 times the interquartile range (cy-tRNA: W31,
n=5¥32,n=19; W34, n=3; mt-tRNA: W31, n = 1; W32, n = 3). ¢, Sequence motif
of RPUSD1-dependent W sites in human tRNAs. d, Sequence motif of RPUSD2-
dependent Wssitesin human tRNAs. e, Scatter plotillustrating the distribution of
all Wsites across human rRNAs and tRNAs following RPUSD4 KD. W1397 in human
16S mt-rRNA is highlighted to reveal a decrease in stoichiometry upon RPUSD4
KD.f, Scatter plot illustrating the distribution of all W sites across human rRNAs
and tRNAs following RPUSD3 depletion.

efficiently (Extended Data Fig. 7d). Again, this observation confirms
that TRUB1and PUS10 are not strictly separated to certain subsets of
cy-tRNAs. Taken together, our results strongly counter the previous
model that TRUB1and PUS10 are not redundant, with their activities
restricted to different subsets of cy-tRNAs?®, butinstead indicate that
TRUB1and PUSI0 largely function collaboratively. Unlike TRUB1 and
PUS10, we were unable to generate a complete TRUB2-KO in HCT116
and Hela cells, which is consistent with the finding that TRUB2 is
essential for a series of human cell lines?**°. Alternatively, we gener-
ated TRUB2-KD using short hairpin RNA in HCT116 and HeLa cells
(Extended DataFig.2c). Using BACS, we could not identify any W sites
dependent on TRUB2 in both cell lines, suggesting TRUB2 might be
another inactive PUS in vivo (Fig. 2f,g, Extended Data Fig. 7e,f and
Supplementary Tables 4 and 6).

The activities of PUS3 and PUSL1 are compartmentalized,
acting on tRNAs in distinct cellular locations

PUSI, PUS3 and PUSL1 are the three human PUS that belong to the
TruA family. Our earlier study has shown that PUS1is predominantly
responsible for W27-28 in both cy-tRNAs and mt-tRNAs'® (Fig. 3a and
Supplementary Table 6). Although there are only a few studies on the
enzymatic activities of human PUS3, itis predicted to modify ¥38-40
inboth cy-tRNAs and mt-tRNAs*, similar to PUS1. Recent research con-
firms PUS3 can modify W39 in human cy-tRNAs*"*?, To further eluci-
date PUS3 activities, we quantified the W levels in PUS3-KO cells using
BACS (Extended Data Fig. 3). Surprisingly, we found that PUS3 activi-
ties are restricted to W38-40 in cy-tRNAs, indicating there is another
enzyme catalysing the $38-40 modification in mt-tRNAs (Fig. 3¢,d
and Supplementary Table 4). Given that PUSL1 has been identified as
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Fig.2| TRUB1and PUS10 but not TRUB2 are redundant for human cy-tRNA
W55, a, Comparison of the modification levels of W sites at selected positions
of human tRNAs upon TRUB1 depletion. Box plots visualize all W sites at each

position; boxes represent the 25th to 75th percentiles with a line at the median;

whiskers correspond to 1.5 times the interquartile range (cy-tRNA: W55,

n=181Wsites; mt-tRNA: W55, n = 6 Wsites). Results are adapted fromref. 18.

b, Comparison of the modification levels of W sites at selected positions of
human tRNAs upon PUS10 depletion. Box plots visualize all W sites at each

position; boxes represent the 25th to 75th percentiles with aline at the median;
whiskers correspond to 1.5 times the interquartile range (cy-tRNA: W54, n =28

Wsites; W55, n =195 Wsites). ¢, Sequence and differential sequence motifs of

W modification level
in shCTRL (%)

TRUBI-dependent W sites in human tRNAs. Jensen-Shannon (JS) divergence is
used to estimate the difference between motifs. Results are adapted from ref.
18.d, Sequence and differential sequence motifs of PUS10-dependent W sites in
human tRNAs. e, Heat map showing the dependency of W55 on TRUB1 and PUS10
across various human tRNA isodecoders. f, Comparison of the modification
levels of Wssites at selected positions of HCT116 tRNAs upon TRUB2 KD. Box plots
visualize all W sites at each position; boxes represent the 25th to 75th percentiles
withaline at the median; whiskers correspond to 1.5 times the interquartile
range (cy-tRNA: W55, n =196 W sites; mt-tRNA: W55, n = 7 Wssites). g, Scatter
plotillustrating the distribution of all W sites across HCT116 rRNAs and tRNAs
following TRUB2 KD.
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Fig. 3| Elucidation of PUS3 and PUSL1 targets in human tRNAs. a, Comparison
of the modification levels of W sites at selected positions of human tRNAs upon
PUS1 depletion. Box plots visualize all W sites at each position; boxes represent
the 25th to 75th percentiles with aline at the median; whiskers correspond to 1.5
times the interquartile range (cy-tRNA: W27/28, n =126 W sites; mt-tRNA: W27/28,
n=21Wsites; W66/67/68,n =4 W sites; W20, n =1Wsite; W25, n =1Wsite). Results
are adapted fromref.18. b, Sequence motifs of PUS1-dependent W sites in human
cy-tRNAs (top) and mt-tRNAs (bottom). Results are adapted from ref. 18.

¢, Comparison of the modification levels of W sites at selected positions of human
tRNAs upon PUS3 depletion. Box plots visualize all W sites at each position;

boxes represent the 25th to 75th percentiles with a line at the median; whiskers
correspond to 1.5 times the interquartile range (cy-tRNA: W38, n = 28 W sites; W39,
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n=286Wsites; W40, n =12 Wsites).d, Comparison of W38-40 modification levels
inhuman cy-tRNAs and mt-tRNAs following PUS3 or PUSL1 depletion. Box plots
visualize all W sites at each position; boxes represent the 25th to 75th percentiles
withaline at the median; whiskers correspond to 1.5 times the interquartile range
(cy-tRNA: W38/39/40, n =126 W sites; mt-tRNA: W38/39/40, n =16 W sites).

e, Comparison of the modification levels of W sites at selected positions of human
tRNAs upon PUSL1depletion. Box plots visualize all W sites at each position;
boxes represent the 25th to 75th percentiles with a line at the median; whiskers
correspond to 1.5 times the interquartile range (mt-tRNA: W38, n =2 Wssites; W39,
n=9Wsites; W40, n =5 Wsites). f, Sequence motif of PUS3-dependent W sites in
human tRNAs. g, Sequence motif of PUSL1-dependent W sites in human tRNAs.

a PUS that predominantly localized to mitochondria®, we proposed
that it would be the responsible PUS (Extended Data Fig. 3). Indeed,
PUSL1KO leads to a depletion of W38-40 in mt-tRNAs (Fig. 3d,e and
Supplementary Table 4). More specifically, PUSL1 can modify W39 in
mt-tRNAP"™, which can serve as structural constituents in the mitoribo-
somal large subunit (mt-LSU). Taken together, the enzymatic activities
of PUSL1 on mt-tRNAs may provide a possible explanation for why
PUSL1isrequired for efficient mitochondrial translation®. We further
analysed the sequence motifs of PUS3 and PUSLL. Similar to PUS1",
both PUS3 and PUSL1do not possess a clear sequence motif, suggest-
ing that they may also rely on structural motif's (Fig. 3b,f,g). Our motif
analysis aligns with earlier reports on PUS1** and PUS3™, suggesting this
substrate preference may be conserved across TruA family enzymes.

PUS7L displays unique catalytic activities within

the variable loops

PUS7L,ahomologue to PUS7, has long been amysterious PUS enzyme
since its discovery. Previously, we have revealed PUS7 modifies 5 and
1 positions in cy-tRNAs and mt-tRNAs, respectively' (Fig. 4a and
Supplementary Table 6). To understand PUS7L enzymatic activities,
we profiled the W landscape of PUS7L-KO cells (Extended Data Fig. 4).
Interestingly, we observed a clear reduction in modification levels
of Wel2 and Welssites, both of which are located within the variable
loops (Fig. 4b and Supplementary Table 4). We further analysed its
sequence preference within cy-tRNAs. Instark contrast to the UNWAR
(N=A,C,GorU;R=AorG) plus UGYKG (K = G or U) motif for PUS7%,
we could identify only aweak UNWBY (N=A,C,GorU;B=C,Gor U;
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Fig. 4| Human PUS7L catalyses pseudouridylation within the variable loops
of cy-tRNAs. a, Comparison of the modification levels of W sites at selected
positions of human tRNAs upon PUS7 depletion. Box plots visualize all W sites

at each position; boxes represent the 25th to 75th percentiles with aline at the
median; whiskers correspond to 1.5 times the interquartile range (cy-tRNA: W13,
n=43Wsites; W20B, n =12 Wsites; W35, n =7 Wsites; W36,n =4 Wsites; W50,n=3
Wsites; mt-tRNA: W50, n =1Wsite). Results are adapted fromref. 18.

b, Comparison of the modification levels of W sites at selected positions of
human tRNAs upon PUS7L depletion. Box plots visualize all W sites at each
position; boxes represent the 25th to 75th percentiles with aline at the median;
whiskers correspond to 1.5 times the interquartile range (cy-tRNA: Wel2, n=17 ¢
sites; Wel, n= 6 Wsites; Wel3, n=1Wsite). ¢, Sequence motif of PUS7-dependent W
sitesin human tRNAs. Results are adapted fromref. 18. d, Sequence motif of PUS7L-
dependent W sites in human tRNAs. e, Variable loop structures of PUS7L targets.

Y = C or U) motif for PUS7L (Fig. 4c,d). Notably, PUS7L also displays a
relatively high activity in a unique isodecoder cy-tRNA*"™%2 where
it modifies the e13 and el positions (Fig. 4e). Given the close proxim-
ity of e12, e13 and el positions, we proposed that PUS7L may rely on a
structural motifto modify W sites within the 5’-side of variable loops, in
away thatissimilar to the TruA family members PUS1, PUS3 and PUSL1.
We therefore plotted the structures of variable loops in cy-tRNA"
and cy-tRNAS (Fig. 4e). Indeed, only uridines located within the e12,
el3 and unpaired el positions will be modified by PUS7L. The detailed
mechanism underlying the distinct enzymatic properties of PUS7L
compared with PUS7 requires further investigation.

A comprehensive PUS-dependent W map of human tRNAs

By integrating the above results with our earlier data on TRUBI,
PUS7 and PUS1'®, we can generate a comprehensive PUS-dependent
Wmap of human tRNAs (Fig. 5, Extended Data Fig. 8 and Supplemen-
tary Fig. 1). Compared with the previously established E. coli and
S. cerevisiae maps>*~°, human cells possess many more abundant W
sites within tRNAs. Consistent with this, there are more PUS enzymes
acting on tRNAs in human cells compared with bacteria and yeast.
Even conserved PUS enzymes exhibit broader activity compared
with their bacterial and yeast homologues. Together, these obser-
vations suggest a more important role for W in the biogenesis of
human tRNA.

Human PUS enzymes modify pre-tRNAs at different stages

Ineukaryotes, nuclear tRNA genes are initially transcribed as pre-tRNAs,
whichwillundergo aseries of processing steps, including removal of the
5’-leader and 3’-trailer sequences, addition of CCA to the 3’-end, splic-
ing of theintronif presents, and introducing a wide range of chemical
modifications®*®, Given the high abundance of W in mature cy-tRNAs,
understanding the temporal order of pseudouridylation could pro-
vide valuable insights into the pre-tRNA processing. However, the W

profile of pre-tRNAs s only partially elucidated in yeast® * and Xenopus
laevis**. With BACS and the comprehensive PUS-dependent W map of
human tRNAs, we were able to investigate the specific stage of pre-tRNA
processing at which each PUS enzyme introduces W modifications.
To detect W modifications in human pre-tRNAs, we applied stringent
filtering to the BACS reads generated from HeLa cells. More specifi-
cally, we discarded all reads that were mapped to mature cy-tRNAs but
kept the reads covering atleast one of the 5’-leader, 3’-trailer or intron
sequences of pre-tRNAs.

We first focused on intron-containing pre-tRNAs in human
cells, including pre-tRNA*®™T, pre-tRNA"®™T, pre-tRNA“¢** and
pre-tRNA""¢™ Interestingly, we found these pre-tRNAs possess
several intron-sensitive W sites, especially for those localized close
to introns, such as RPUSD1-dependent W30 and PUS3-dependent
W38-40 (Fig. 6a,b and Extended Data Fig. 9a-c). Interestingly,
the intron of pre-tRNA"""“* also largely blocks the formation of
PUS7L-dependent Wel2, which is relatively far from the intron
(Extended Data Fig. 9a,c). In addition, W27-28 sites are also partially
modified by PUS1in pre-tRNA*®TT (Extended DataFig. 9¢). By contrast,
theanticodon W34/35/36sites are allintroduced before theintronsplic-
ing, which s consistent with their yeast counterparts*** (Fig. 6a,b and
Extended Data Fig. 9b). It is noted that, although all three anticodon
positions can be modified in yeast and human cells, different enzymes
are responsible for these modification events. W34 and W36 are both
modified by Puslp inyeast cy-tRNA"™ (ref. 45), while human RPUSD2
and PUS7 modify W34 in cy-tRNA"™™Tand W36 in cy-tRNA*E™T respec-
tively. Only W35in cy-tRNA"°™is conserved installed by yeast Pus7p*
and its human homologue PUS7. Despite being catalysed by different
PUS enzymes, ¥ modifications within anticodons in human and yeast
cells are introduced in a similar manner, indicating the importance
of tRNA introns. In addition to the above W sites, we also observed
that pre-tRNA™"“** Y20B and pre-tRNA*ETT W54/55 are introduced
before the trimming of 5’-leader and 3’-trailer sequences, respectively,
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suggesting these W sites are installed at a very early stage of pre-tRNA
processing (Fig. 6a,c and Extended Data Fig. 9a).

We further expanded our analysis to intron-free pre-tRNAs, which
represent the majority of pre-tRNAs in human cells. Consistent with
intron-containing pre-tRNAs, we confirmed PUS7-dependent W13 and
W20Bsites and TRUB1-dependent W55 sites are highly modified before
the trimming of the 5’-leader and 3’-trailer sequences of intron-free
pre-tRNAs, respectively (Fig. 6d and Extended Data Fig. 9d). How-
ever, PUS10-dependent W55 sites are not fully modified before the
removal of the 3’-trailer sequence (Extended Data Fig. 9d). Interest-
ingly, W54, another PUS10-dependent site, is also partially modified

at the same stage (Fig. 6d). By contrast, W72, a site present only in
cy-tRNA*E T and cy-tRNA*ETCC is not found in their pre-tRNAs (Fig. 6d
and Extended DataFig. 9e,f). This phenomenon could be explained by
thealtered secondary structure and the absence of a3’-CCA end. Nota-
bly, 5-methylcytidine (m°C) at position 72 is also found to be installed
in the mature tRNA stage*®, where the 3’-CCA end plays an important
role for NSUN6 recognition?, suggesting a similar mechanism for
RPUSD1 recognition of its W72 substrate. Due to short read lengths
and the difficulty in mapping, we had low coverage of W sites located
in the middle of intron-free tRNAs, including W27/28, W30/31/32,
W38/39/40, Wel2/e13/eland W50. Nevertheless, our results suggest that

Nature Cell Biology


http://www.nature.com/naturecellbiology

Resource

https://doi.org/10.1038/s41556-025-01803-w

5'-leader Intron 3'-trailer
} | | |
100 T T T T 2.6
Arg-TCT1-1 | ! ! !
pre-tRNA ' 1 1 1
8 : : : :
& 504 : : : i 1.3
- 1 1 1 1
g ' ' ' ' 5% cut-off S
L . | . 1 . 5
§ of . Tommoes — TR pommmemmay o8
® 100 4 ‘ | ' ' 12 @
;g Arg-TCT-1 ! w27 w36 ! | wao W55 ! 5‘
he) mature tRNA
B | w28 : ' el 1 8
€ 504 1 1 1 1 Le
5 | | | |
| ] i ] 5% cut-off
1 1 1 1
e L b IR L poooeteeeee o
b 5'-leader Intron 3'-trailer
| i i i
100 T T T T 10
Ile-TATA1 ! ! ! !
pre-tRNA : : : :
& 501 : : : ' L5
- 1 1 1 1
4 ' u u 5% cut-off ' O
k) 1 1 1 1 2
- 1 1 1 1
§ ofTTmiees Caaaeaamssnss s aans e hsmana A . Lo 3
g 100 4 1 1 1 1 L 20 «Q
2 Ile-TAT1 ' waa |  wso Y55 | %
'-g mature tRNA | i i i 8
€ 50 | Y30 | | | L 10
> i i i i
' J ' I 5% cut-off |
1 1 1 1
| | | \
[ I ] I e e e T -0
(] Intron-containing tRNAs d
__ 1004 100 |
-~ 4 = =
Q 754 Q75
K <
s ES] Pre-tRNA = 3 Pre-tRNA
2 o
5 50+ o E&] Mature tRNA 5 50 E&J Mature tRNA
= ° & o
T 254 o 8 254
£ £ 5 ®
S P = S 5% e CICILCTREN . SORRE S ORI 5%
I I I I I I I I
cy-tRNA cy-tRNA cy-tRNA cy-tRNA cy-tRNA cy-tRNA cy-tRNA cy-tRNA
W20B w54 w55 W13 W208B w54 w55 w72
e Intron-containing tRNAs

A

+ ok F

Fig. 6 | Investigation of W modification in human pre-tRNAs. a, Comparison of ¢
modification levels between human pre-tRNA*®T™1 and mature cy-tRNAA®TCT,
b, Comparison of W modification levels between human pre-tRNA" ™™ and
mature cy-tRNA"™, ¢, Comparison of W modification levels at selected
positions in human intron-containing pre-tRNAs and mature tRNAs. Box plots
visualize all W sites at each position; boxes represent the 25th to 75th percentiles
with aline at the median; whiskers correspond to 1.5 times the interquartile range
(pre-tRNA: W20B, n =5 W sites; W54, n = 4 Wsites; W55, n =22 Y sites; mature
tRNA: W20B, n =4 Wsites; W54, n =3 Wsites; W55, n =16 Wsites).d, Comparison of
W modification levels at selected positions in human intron-free pre-tRNAs and

Intron-free tRNAs

mature tRNAs. Box plots visualize all W sites at each position; boxes represent
the 25th to 75th percentiles with a line at the median; whiskers correspond to 1.5
times theinterquartile range (pre-tRNA: W13, n = 63 W sites, W20B, n = 9 Wsites;
W54, n=52Wsites; W55, n=261Wsites; W72, n=6 Wsites; mature tRNA: W13,
n=32Wsites, W20B, n=5Wsites; W54, n =27 Wsites; W55, n =143 Wsites; W72,
n=6Wsites). e, Summary of W profiles in human pre-tRNAs and mature tRNAs.
The 5’-leader, intron and 3’-trailer sequences are highlighted in red, orange and
green, respectively. Blue dots indicate W sites present at the pre-tRNA stage,
while yellow dots denote W sites specific to the mature tRNA stage. Colour
shadingreflects relative W modification levels.

PUSI-dependent W27/28 and PUS3-dependent W39 display comparable
modification levels in pre-tRNAs and mature cy-tRNAs, while W38/40
have lower stoichiometries in pre-tRNAs compared with mature
cy-tRNAs (Extended Data Fig. 9g). Similarly, RPUSD2-dependent
W31/32, PUS7L-dependent Wel2/el13/el and PUS7-dependent W50 can
all be installed at the pre-tRNA stage, but their stoichiometries are

substantially lower than the corresponding sites in mature cy-tRNAs
(Extended Data Fig. 9g). We were unable to map W30 in intron-free
pre-tRNAs owing to insufficient coverage, and its modification status
requires further investigation. Taken together, we demonstrated that
PUS enzymes modify W at different stages of pre-tRNA processing
(Fig. 6e).
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Discussion

W has long been an enigmatic RNA modification, despite its high
abundance in human cellular RNAs. This issue can be attributed to
the highly sophisticated landscape of W in human cells compared with
those of bacteria and yeast and the lack of ideal W sequencing meth-
ods. To overcome this problem, we used BACS to map the W profile of
12 individual PUS-KO or PUS-KD cell lines and elucidated the primary
targets of all stand-alone PUS enzymesin human cells, including PUS1,
PUS3, PUSL1, PUS7, PUS7L, RPUSD1-4, TRUB1, TRUB2 and PUS10. Our
results demonstrated a conserved but also much more sophisticated
PUS-dependent W map of human tRNAs compared with E. coli and
S. cerevisiae. Benefitting from this comprehensive map, we further
revealed the temporal order of pseudouridylationin pre-tRNA process-
ing by different human PUS enzymes.

PUS can be divided into six different families, named after
the bacterial or archaeal enzymes: TruA, TruB, TruD, RIuA, RsuA
and Pus10. Human PUS enzymes cover all except the RsuA family
(Supplementary Fig. 1). Among them, the TruD family has been pro-
posed as the most ancient one*. In most species, there is only one
conserved member within this family, named TruD for bacteria and
archaea, and PUS7 for eukaryotes (Extended DataFig. 8). Nevertheless,
we observed substantial expansion of their activities during evolution.
In bacteria, archaea or lower eukaryotes such as yeast, TruD/Pus7p is
responsible for only one or two W sites (W13 or W13 and W35), while
human PUS7 can catalyse three additional W sites, including W20B,
W36 and W50, suggesting that it may play a more important role in
tRNA modification. Inaddition to the conserved PUS7, vertebrates also
evolved another enzyme belonging to the TruD family, namely PUS7L
(Extended Data Fig. 8), which exhibits unique enzymatic activities
towards el2, e13 and el positions within the variable loops. Compared
with PUS7, PUS7L lacks a well-defined sequence motif and instead
functions in a manner that induces consecutive W sites, resembling
the activity of TruA family members. This difference indicates that
even PUS enzymes within the same family may still display distinct
properties in pseudouridylation, highlighting the importance of hav-
ing acomprehensive PUS-dependent W map.

Withinthe TruAfamily, E. coli TruA, S. cerevisiae Pus3p and human
PUS3 appear to be well-conserved PUS enzymes (Extended DataFig. 8),
as all of them catalyse the formation of W38-40 within the anticodon
arm, suggesting the importance of these W modifications. Human
and other higher eukaryotes also evolved a unique PUS3 homologue,
PUSL], to catalyse the pseudouridylation of $38-40 in mt-tRNAs
(Extended DataFig. 8).Inaddition to PUS3 and PUSL1, PUSlis another
TruA family member found in most eukaryotes, from yeast to humans
(Extended Data Fig. 8). PUS1 shares similarity with PUS3 and PUSL1in
that they mostly rely onstructural motifs to modify consecutive Wsites.
However, in contrast to PUS3, PUS1 mainly targets W27-28 within the
anticodonstem. Although PUS1and PUS3 canbothinduce consecutive
Wsites, PUS1 clearly shows more diverse activities, exemplified by W1,
W34,W36, W65 and W67 inyeast cy-tRNAs, and W20, W25and W66-68
in human mt-tRNAs. In human cells, PUS1 appears to be a major PUS
enzyme in mitochondria, as we previously demonstrated PUS1is also
responsible for all eight W sites within mt-mRNAs'.

Three human PUS enzymes belong to the TruB family, includ-
ing two stand-alone enzymes, TRUB1 and TRUB2, as well as one
snoRNA-dependent enzyme, DKC1 (Extended Data Fig. 8). DKC1 relies
on box H/ACA snoRNA to guide site-specific pseudouridylation, which
predominantly works on cytosolic rRNAs and spliceosomal snRNAs. In
comparison, stand-alone TRUB1and TRUB2 are traditionally believed to
actontRNA position 55, as their bacterial and yeast homologues®*. The dis-
tinct PUS10 family, presentinarchaeaand humans but absentinbacteria
and yeast, exhibits similar enzymatic activity at position 55, along with
additional activity at position 54 (Extended Data Fig.8). Therefore, TRUBI,
TRUB2and PUS10 are predicted to be potential redundant PUS enzymes
for W55in cy-tRNAsand mt-tRNAs*. However, our results strongly indicate

that only TRUBI and PUSIO are functional active enzymes responsible
for W55in cy-tRNAs, and TRUB1 also serves as the sole responsible PUS
enzyme for W55in mt-tRNAs. By contrast, TRUB2 does not display notice-
able PUS enzymatic activities in both cy-tRNAs and mt-tRNAs. Interest-
ingly, earlier screening indicated that TRUB2 is directly involved in the
mitochondrial PUS module together with RPUSD4 and RPUSD3, and
the biochemical study of TRUB2 suggested its possible role in mt-LSU
assembly*®. However, the catalytic domain of TRUB2 has diverged from
that of other members within the TruB family, which may account for
its loss of catalytic activity in vivo (Extended Data Fig. 5b). Moreover,
TRUB2is predicted to formacomplexwithMTERF3*’, a highly conserved
member in the MTERF family that plays critical roles in mitochondrial
ribosomal biogenesis™ (Extended Data Fig. 5¢). It is noted that another
member within this family, MTERF4, forms a complex with NSUN4, the
12S mt-rRNA m°C methyltransferase®’. The NSUN4-MTERF4 complex
has also been proposed to play an essential role in mt-LSU assembly*?,
which has recently been confirmed by cryo-electron microscopy*°.
Compared with its bacterial counterparts RsmB* and RsmF***’, NSUN4
has lost its RNA-binding domain during evolution®. Therefore, it needs
to bind MTERF4 before acting on mt-rRNAs. We suggest that a similar
scenariomay apply to TRUB2, as DKC1—another member of the TruB fam-
ily—retains both the PUS domain and the archaeosine transglycosylase
(PUA) domain, which enables its interaction with box H/ACA snoRNA®'
(Extended Data Fig. 5c). Mutation in the catalytic domain, loss of the
PUA domain and binding with MTERF3 may relocate TRUB2 function
from mt-tRNA pseudouridylation to mitoribosome assembly. Aligned
with this view, TRUB2 appears to be well conserved across the meta-
zoan, consistent with its functional importance (Extended Data Fig. 8).
Conversely, TRUBL s predicted to be lost in Caenorhabditis elegans and
Drosophila, as its enzymatic functions can be compensated by PUS10
(Extended Data Fig. 8). This functional redundancy is also believed
to account for the loss of PUS10 in S. cerevisiae and other species®. In
human cells, we found that TRUB1 and PUSIO0 largely work in a collabo-
rative rather than separated manner, although both of them display
preference towards certain subsets of cy-tRNAs.

RIuA family is one of the most sophisticated PUS families, due
to its dual activities on tRNAs and rRNAs (Supplementary Fig. 1).
E. coli possesses four members of RIuA family: RIuA, RIuC, RluD and
TruC**. Among them, RIuA works on both tRNAs and rRNAs, while
TruC and RluC/RIuD specifically target tRNAs and rRNAs, respectively
(Supplementary Fig. 1). It is noted that RIuA family has not been iden-
tified in archaea, suggesting eukaryotes inherited this family solely
from bacteria (Extended Data Fig. 8). Indeed, bacterial RluA and RIluC
may serve as the ancestors of eukaryotic RPUSD2 and RPUSD4, respec-
tively (Extended DataFig.8). Compared with bacterial RluA, eukaryotic
RPUSD2 has lost its activity towards rRNAs, while its function on tRNA
W32iswell maintained. Yeast evolved three RluA homologues, namely
Pus6p, Pus8p and Pus9p, and expanded their activities to modify adja-
cent tRNA W31and W32. In human cells, RPUSD2 itself can catalyse the
W31 and W32 modifications in both cy-tRNAs and mt-tRNAs as well as
W34 withinthe anticodon. Vertebrates further evolved RPUSD1, aclose
homologue to RPUSD2 (Extended DataFig. 8), to catalyse cy-tRNA W30
and W72.However, RPUSD1works only on cy-tRNAs and displays distinct
sequence preferences from RPUSD2, which may suggest their functional
divergence.Incontrast tothe tRNA enzymes RPUSD1/2, RPUSD4 is well
conserved frombacterial RluC (Extended Data Fig. 8), as all consistently
catalyse a highly conserved W site in bacterial or mitochondrial 16S
rRNA, suggesting their biological importance. However, we noticed
thatsomesspecies, suchas C. elegans and Drosophila, may have lost their
RPUSD4 homologues during evolution (Extended DataFig. 8).In verte-
brates, thereis aclose homologue to RPUSD4, named RPUSD3, yet with
its catalytic aspartate residue mutated to glycine (Extended DataFig. 5a
and 8). Consistent with this, we confirmed that RPUSD3 might not be
afunctional active PUS enzyme in vivo. The actual biological function
of RPUSD3 remains to be discovered.
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Despite the divergence of stand-alone PUS activities among
different species, their W targets are primarily determined by two
factors: the subcellular localization of the PUS enzyme and its pre-
ferred W-recognition motifs. Proper localization is the prerequisite
for PUS to modify certain RNAs. For example, human PUSL1* and
RPUSD4*** predominantly localize to the mitochondria, and their
activities are restricted to mt-tRNAs and 16S mt-rRNAs, respectively.
Certain enzymes, suchas PUS1"?° and TRUBY’, are localized toboth the
nucleus and mitochondria, which may explain their ability to modify
both cy-tRNAs and mt-tRNAs. Beyond localization, most stand-alone
PUS preferentially target certain secondary or tertiary structures in
tRNAs (Supplementary Fig. 2). For instance, RPUSD2 mainly targets
thefirst unpaired uridine within the anticodon loop, while PUS1/PUS3/
PUSL1and PUS7L can modify multiple consecutive uridines within the
anticodon arm and the variable loop, respectively. In addition, some
stand-alone PUS enzymes recognize specific sequence motifs for
pseudouridylation, suchasthe GUYNNA (N = A, C, G or U) motif within
the stem-loop structures for TRUB1 and the UNWAR (N=A,C,Gor U;
R =Aor G) motif within more variable structures for PUS7.

The above theory could explain why different PUS are utilized
to modify the same W sites among different species. For example,
both W34 and W36 are induced by Puslp in yeast pre-tRNA"™T while
human pre-tRNA"™T possesses only RPUSD2-dependent W34. This
divergence could be attributed to the differentintron sequences and
different secondary structures of introns between yeast and human
pre-tRNA"™T (Supplementary Fig. 3). Yeast pre-tRNA"™™T contains a
muchlongerintronsequencethatis proposedtofoldintoastructure
that favours yeast Puslp for W34 and W36 modifications, because the
local structure is similar to that of its canonical substrates W27/28.
In comparison, human pre-tRNA"™T intron is proposed to fold in
a different way, with U34 located in a stem-loop structure that is
analogous to an extended anticodon arm, which is more suitable
for RPUSD2 modification. Because RPUSD2 modifies only the first
unpaired uridine in the anticodon loop, U36 is not modified in human
pre-tRNA"™T Similarly, the human pre-tRNA*€TT anticodon loop
possesses a UCUAG motif, where U36 can serve as an ideal substrate
for PUS7 modification.

W and human PUS enzymes have recently garnered increasing
attention, with emerging evidence linking human PUS enzymes to
genetic diseases and cancer’. However, most research on human
stand-alone PUS has been focusing on those conserved from their
yeast homologyes, such as PUS1", PUS3*"**¢* and PUS7'%""%5°¢7 The
difficulty in identifying the true targets of human PUS hampers their
further investigation. Here we mainly focused on the canonical targets
of 12 human stand-alone PUS, especially tRNAs. We uncovered that
humanstand-alone PUS enzymes are generally involved inmore diverse
W modification events than their yeasthomologues, indicating thereis
aclear need torevisit earlier human PUS research that relied on yeast
results. In addition, our PUS-dependent W map provides a valuable
resource for studying PUS enzymes in other key model organisms,
including C. elegans, Drosophila and zebrafish. We anticipate that our
BACS method and comprehensive PUS-dependent tRNA W map canbe
widely adopted to elucidate the biological functions of W and human
PUS enzymes.
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Methods

Cell culture

HCT116 (American Type Culture Collection (ATCC), CCL-247) and HeLa
(gifted from P. ). Ratcliffe, University of Oxford; originally obtained
from ATCC, CCL-2) cells were cultured in McCoy’s 5A (Modified)
Medium (Gibco) and Dulbecco’s modified Eagle medium (Gibco),
respectively, supplemented with 10% (v/v) foetal bovine serum
(Gibco) and 1% penicillin-streptomycin (Gibco) at 37 °C with 5% CO.,.
The HCT116 cell line was authenticated by ATCC short tandem repeat
(STR) profiling.

Generation of CRISPR KO celllines

Monoclonal PUS-KO HCT116 cells were generated using CRISPR-Cas9
technology. In brief, single guide RNA sequences were cloned into
PX459 plasmids®®. Transfection was performed using Lipofectamine
3000 Transfection Reagent (Invitrogen) following the manufac-
turer’s protocol. Cells were then selected by 2 pg ml™ puromycin
(Thermo). Serial dilution was performed to achieve clonal isolation.
Finally, clones were expanded and picked for western blot and Sanger
sequencing validation. The single guide RNA sequences are presented
inSupplementary Table 2.

KD of TRUB2 in HCT116 and HeLa cells

Lentiviral vectors carrying short hairpin RNAs targeting TRUB2
(Supplementary Table 2, Sigma) were packaged using calcium chloride
(Sigma) to produce viral supernatant, which was then concentrated
with 40% polyethylene glycol (Promega), as previously described®.
HCT116 or HeLa cells were transduced by concentrated lentiviral par-
ticlesand 5 pg ml™ polybrene (Santa Cruz), followed by selection with
2 pg ml™ puromycin (Gibco). The TRUB2 KD efficiency was confirmed
by western blot analysis.

Re-expression of RPUSD1 in the RPUSD1-KO cells

The pcDNA3.1-FLAG-RPUSDI1 construct was generated by replacing the
METTL3sequenceinthe pcDNA3.1-FLAG-METTL3 plasmid (Addgene,
160250; https://www.addgene.org/160250/)’° with the open reading
frame of WT RPUSDI1. The pcDNA3.1-FLAG-RPUSD1-D67A construct
was generated using Q5 Site-Directed Mutagenesis Kit (NEB) and oligo-
nucleotides listed in Supplementary Table 2. All construct sequences
were verified by Sanger sequencing. RPUSD1-KO cells were transfected
with the specified construct using Lipofectamine 3000 Transfection
Reagent (Invitrogen). Expression of each construct was verified by
western blot.

Western blot

WT, PUS-KO and PUS-KD HCT116 cells were lysed in RIPA buffer (0.1%
SDS, 400 mM NaCl,1 mM EDTA, 50 mM Tris-HCland 1% Triton X-100)
supplemented with protease inhibitor cocktail (Thermo). Protein
samples were quantified using Pierce BCA Protein Assay Kit (Thermo)
according to the manufacturer’s protocol. Fifty micrograms of total
proteinextract wereincubated at 95 °C and separated on10-12% acryla-
midegeland transferred to Trans-Blot Turbo Midi 0.2 um nitrocellulose
membrane (Bio-Rad). Membranes were then blocked with 5% bovine
serum albumin in 1x Tris-buffered saline solution with Tween 20, fol-
lowed by incubation with the primary antibody either overnight at
4°Cor for1hat room temperature. The following primary antibod-
ies were used: RPUSD1 antibody (Invitrogen, PA5-59448, lot R37969;
1:1,000 dilution), RPUSD2 antibody (Proteintech, 25707-1-AP, lot
00057317;1:1,000 dilution), RPUSD3 antibody (Santa Cruz, sc-393209,
lot 10413; 1:500 dilution), RPUSD4 antibody (Sigma, HPA039689, lot
A118277;1:1,000 dilution), PUS10 antibody (Abcam, ab313622, lot
1059517-4; 1:1,000 dilution), TRUB2 antibody (Proteintech, 19891-
1-AP, lot 00076382; 1:1,000 dilution), PUS3 antibody (Proteintech,
17248-1-AP, lot 00099351; 1:1,000 dilution), PUSL1 antibody (Sigma,
HPA032057, lot R32031; 1:1,000 dilution), and anti-vinculin antibody

(Invitrogen, 700062, lot 2616511, clone number 42H89L44;1:3,000
dilution). Anti-rabbit (Cell Signaling, 7074S, lot 33; 1:5,000 dilution)
oranti-mouse (Cell Signaling, 7076S, lot 36;1:5,000 dilution) antibody
was used as the secondary antibody. Blots were visualized using Clarity
ECL Substrate (Bio-Rad).

RNA isolation

Total RNA was isolated using Quick-RNA Miniprep Kit (Zymo)
according to the manufacturer’s protocol. Ribo” RNA was isolated
using RiboMinus Eukaryote System v2 (Invitrogen) according to the
manufacturer’s protocol.

BACS for W detection
BACSand control libraries were constructed as previously described®.
Inbrief, RNA was fragmented by NEBNext Magnesium RNA Fragmen-
tation Module according to the manufacturer’s protocol. The frag-
mented RNA was 3’-end repaired using T4 PNK (NEB) and then ligated
to RNA adapter (5’-/5rApp/AGATCGGAAGAGCGTCGTG/3SpC3/-3")
using T4 RNA Ligase 2, truncated KQ (NEB). Excess adapters were
digested using 5’-deadenylase (NEB) and RecJ; (NEB). For BACS, RNA
was treated with 250 mM 2-bromoacrylamide (Enamine) in 625 mM
phosphate buffer (pH 8.5) at 85 °C for 30 min. Both treated and control
RNA were then reverse transcribed using reverse transcription (RT)
primer (5-ACACGACGCTCTTCCGATCT-3’) and Maxima H™ Reverse
Transcriptase (Thermo). Excess RT primers were digested using Exo
I (NEB). RNA was hydrolysed by sodium hydroxide (Sigma) and then
neutralized by HCI (Sigma). The cDNA was ligated to cDNA adapter (5'-
/5Phos/NNNNNNAGATCGGAAGAGCACACGTCTG/3SpC3/-3’) using T4
RNA Ligase 1, high concentration (NEB). The ligated cDNA was finally
amplified with NEBNext Multiplex Oligos for Illumina (96 Unique Dual
Index Primer Pairs) and NEBNext Ultra Il Q5 Master Mix according to
the manufacturer’s protocol. The PCR products were purified with
0.8x AMPure XP beads. BACS and control libraries were sequenced on
aNextSeq2000 (60-bp paired end reads) with no PhiX added.

To process multiple samplesin one batch, multiplex BACS canbe
performed using barcoded RNA adapters as previously described”.

Data preprocessing

Raw sequencing reads were processed by Cutadapt (v.4.9)”*to remove
low-quality bases (-q 20) and short reads (-m 18), as well as to trim
adaptors. 6-mer unique molecular identifiers (UMIs) were extracted
by UMI-tools extract (v.1.0.1)”>and used for deduplication. Paired reads
were then merged into single reads using fastp (v.0.23.2)™.

Read alignment

Cleaned reads were first mapped to synthetic spike-ins and rRNA refer-
ences using bowtie2 (v.2.4.4)”. The unaligned reads were subsequently
mapped to tRNA references. High-confidence human tRNA sequences
(hg38) were downloaded from GtRNAdb™. Only non-redundant tRNA
sequences were kept and appended with a3’-CCA end.

The aligned reads were then filtered and sorted using SAM-
tools (v.1.16.1)”. For synthetic spike-ins and rRNAs, only reads with
MAPQ =10 were kept. For tRNAs, only reads with MAPQ >1 were kept.
Deduplication was performed using UMI-tools dedup (v.1.0.1)".
Reads with correct strand information were kept. Finally, muta-
tions were counted by SAMtools mpileup (v.1.16.1)’” and cpup
(v.0.1.0) (https://github.com/y9c/cpup).

Calling PUS-dependent W sites

High-confidence W sites in tRNAs were called on the basis of the fol-
lowing criteria: (1) coverage >50 in both BACS and control libraries;
(2) background conversion rate <0.01 or T-to-C mutation counts <2
in control libraries; (3) background T-to-R (R = A or G) mutation ratio
<0.10 in control libraries; (4) W modification level >0.10 in cy-tRNA
and >0.05 in mt-tRNA; (5) a P value was calculated for each site using
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the motif-specific false-positive rates and then adjusted following the
Benjamini-Hochberg procedure; the adjusted P value is required to
be <0.001. Only W sites identified in expressed cy-tRNA isodecoders
were reported. To assess PUS dependency, W sites with coverage >20
inboth KO replicates were used.

Downstream analysis

TheRNA structures were visualized using r2r (v.1.0.6)’%. Sequence logos
were generated using ggseqlogo (v.0.2)”. Differential sequence logos
were generated using DiffLogo (v.2.32.0)%°.

Published data

Related published data were downloaded from the Gene Expression
Omnibus (GEO) database: TRUB1-KO, PUS7-KO and PUS1-KO HelLa
cells (GSE241849),

Statistics and reproducibility

For PUS-KO and PUS-KD clones, two or three biologically independent
replicates were used. Paired, two-tailed ¢-tests were used to calculate
the statistical significance of differences between groups. Data dis-
tribution was assumed to be normal, but this was not formally tested.
Individual data points were shown in all box plots. Statistical test and
datavisualization were performed by R (v.4.0.3).

No statistical method was used to predetermine sample sizes, but
our sample sizes are similar to those reported in our previous publica-
tion'®. No datawere excluded from the analyses. The experiments were
not randomized. Theinvestigators were not blinded to allocation dur-
ing experiments and outcome assessment. Data collection and analysis
were not performed blind to experimental conditions, as consistency
in cell culture, sample preparation, reagents, and experimental set-
tings was necessary.

In certain cases, the n number is less than 3 as it represents the
number of high-confidence W sites in the specific positions. In Fig. 1b,
n<3asn=1representstheonly W31siteinmt-tRNA.InFig.3a,n<3as
n=1representsone W20 site and one W25 site in mt-tRNA; results are
adapted from ref. 18. In Fig. 4a, n <3 as n=1represents one W50 site
in mt-tRNA; results are adapted from ref. 18. In Fig. 4b,n<3asn=1
represents one Wel3 site in cy-tRNA.

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

Data availability

All sequencing data are available at the GEO database (accession
GSE285932). All relevant additional data have been published with
this Resource, either as part of the main text or in the Supplementary
Information. Source data are provided with this paper. All other data
supportingthe findings of this study are available from the correspond-
ingauthor onreasonable request.

Code availability
The analysis scripts are available via GitHub at https://github.com/
lkong888/.
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a
PAM SgRNAL
WT GCCCTGGGCCACCCCGTGGTGGGCGACCTGACCTACGGAGAAGTCTCGGGC
RPUSD1-KO1 GCCCTGGGCCACCCCGTG-TGGGCGACCTGACCTACGGAGAAGTCTCGGGC
6CCCTG666CCACCCCGTGBTGG6G6CG6A CT6ACCTACGGAGAAGTCT CG6G6G6C
PAM SgRNA2
WT CTGCGCATCCCCACGGACACCGAGTGTGTGGAGGTCTGCACGCCTGACCCC

RPUSD1-KO2 CTGCGCATCCCCACG-ACACCGAGTGTGTGGAGGTCTGCACGCCTGACCCC

CT6CG6CATCCCCACGACACCGAGTGTGTG66AGG6TCTGECACGCC TG ACCCC

A Ao g A AAAAAAA AN A

PAM SgRNA
WT CCCTGTGGCCGCTTCCGACACAACACAGTTATCTTCATCCTAGGCAAGGAG
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Extended Data Fig. 1| Validation of RPUSD1-3 KO and RPUSD4-KD cells. (a) Sanger sequencing of RPUSD1-3 KO and RPUSD4-KD cells, illustrating CRISPR-induced
indelsin HCT116 cells. (b) Representative immunoblots from two independent experiments depict the efficiency of two distinct monoclonal KOs or KDs in HCT116

cells. Anti-Vinculin served as aloading control.
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Extended Data Fig. 2 | Validation of PUS10-KO and TRUB2-KD cells. (a) Sanger
sequencing of PUS10-KO cells, illustrating CRISPR-induced indels in HCT116 cells.
(b) Representative immunoblots from two independent experiments depict

the efficiency of two distinct monoclonal PUS10-KOs in HCT116 cells. Anti-
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Extended Data Fig. 5| RPUSD3 and TRUB2 might not be active PUS enzymes other members of the TruB family. Deviations from the consensus motif are
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Extended Data Fig. 9| See next page for caption.
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Extended Data Fig. 9| Mapping of W in human pre-tRNAs. (a) Comparison of
W modification levels between human pre-tRNA'"* A" and mature cy-tRNA" A1,
(b) Comparison of W modification levels between human pre-tRNA® €™ and
mature cy-tRNA"" ™1, (c) Comparison of W modification levels at selected
positions in human intron-containing pre-tRNAs and mature tRNAs. Box plots
visualize all W sites at each position; boxes represent the 25th to 75th percentiles
withaline at the median; whiskers correspond to 1.5 times the interquartile
range (pre-tRNA: W27/28, n =10 W sites; W38/39/40, n = 22 W sites; Wel2,n=4 W
sites; mature tRNA: W27/28, n = 8 W sites; W38/39/40, n =16 Wsites; Wel2,n=3
Wsites). (d) Comparison of PUS10- and TRUB1-dependent W55 modification
levels in humanintron-free pre-tRNAs and mature tRNAs. Box plots visualize
all Wsites at each position; boxes represent the 25th to 75th percentiles with
aline at the median; whiskers correspond to 1.5 times the interquartile range

(PUS10-dependent: pre-tRNA, n =21 Wsites; mature tRNA, n = 14 W sites; TRUB1-
dependent: pre-tRNA, n =97 Wssites; mature tRNA, n =49 Wsites). (¢) Comparison of
W modification levels between human pre-tRNA*&““™1and mature cy-tRNAAE T,
(f) Comparison of W modification levels between human pre-tRNA*€T¢¢213nd
mature cy-tRNA*TC%2_ (g) Comparison of W modification levels at selected
positions in human intron-free pre-tRNAs and mature tRNAs. Box plots visualize
all Wsites at each position; boxes represent the 25th to 75th percentiles with a

line at the median; whiskers correspond to 1.5 times the interquartile range (pre-
tRNA: W27/28, n = 69 Wsites; W31/32, n = 18 W sites; W38/40, n = 22 Wsites; W39,
n=38Wsites; Wel2/el3/el, n =18 Wsites; W50, n = 3 Wsites; mature tRNA: W27/28,
n=49 Wsites; W31/32, n =14 Wsites; W38/40, n =16 Wsites; W39, n = 26 Wssites;
Wel2/el3/el, n =12 Wsites; W50, n =3 Wsites).
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Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

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

Sample size No statistical methods were used to predetermine the sample size. All sample sizes were determined based on our prior experiences on
similar experiments and published studies (Xu et al., Nat. Methods 2024).

Data exclusions  No data were excluded from the analyses.
Replication Yes, as described in figure legends and Methods.

Randomization  Randomization was not relevant to this study. Controlling covariates was not necessary because experimental and control samples were
processed in parallel.

Blinding Blinding was not required because the results of measurement or analysis was not affected by knowledge of sample identities.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
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Plants

Antibodies

Antibodies used RPUSD1 antibody (Invitrogen, PA5-59448, lot R37969; 1:1,000 dilution);
RPUSD?2 antibody (Proteintech, 25707-1-AP, lot 00057317; 1:1,000 dilution);
RPUSD3 antibody (Santa Cruz, sc-393209, lot 10413; 1:500 dilution);
RPUSD4 antibody (Sigma, HPA039689, lot A118277; 1:1,000 dilution);
PUS10 antibody (Abcam, ab313622, lot 1059517-4; 1:1,000 dilution);
TRUB2 antibody (Proteintech, 19891-1-AP, lot 00076382; 1:1,000 dilution);
PUS3 antibody (Proteintech, 17248-1-AP, lot 00099351; 1:1,000 dilution);
PUSL1 antibody (Sigma, HPA032057, lot R32031; 1:1,000 dilution);
Anti-vinculin antibody (Invitrogen, 700062, lot 2616511, clone number 42H89L44; 1:3,000 dilution);
Anti-rabbit antibody (Cell Signaling, 7074S, lot 33; 1:5,000 dilution);
Anti-mouse antibody (Cell Signaling, 7076S, lot 36; 1:5,000 dilution).

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<

Validation RPUSD1 antibody (Invitrogen, PA5-59448; 1:1,000 dilution): https://www.thermofisher.com/antibody/product/RPUSD1-Antibody-
Polyclonal/PA5-59448
Positive WB detected in HEK293T cells

RPUSD2 antibody (Proteintech, 25707-1-AP; 1:1,000 dilution): https://www.ptglab.com/products/RPUSD2-Antibody-25707-1-AP.htm
Positive WB detected in HEK-293, Hela cells
Positive IHC detected in human colon cancer tissue, human breast cancer tissue

RPUSD3 antibody (Santa Cruz, sc-393209; 1:500 dilution): https://www.scbt.com/p/rpusd3-antibody-c-2
Positive WB detected in HEL 92.1.7, Hep G2 cells

RPUSD4 antibody (Sigma, HPA039689; 1:1,000 dilution): https://www.sigmaaldrich.com/GB/en/product/sigma/hpa039689
Positive WB detected in HEK293T cells
Antonicka et al., EMBO Rep. 2017

PUS10 antibody (Abcam, ab313622; 1:1,000 dilution): https://www.abcam.com/en-us/products/primary-antibodies/pus10-antibody-
epr26272-66-ab313622
Positive WB detected in HEK293T, HepG2, Hela, PC-3 cells

TRUB?2 antibody (Proteintech, 19891-1-AP; 1:1,000 dilution): https://www.ptglab.com/products/TRUB2-Antibody-19891-1-AP.htm
Positive WB detected in HT-1080, Hela, HepG2, K-562 cells

Positive IHC detected in human colon cancer tissue

Antonicka et al., EMBO Rep. 2017

PUS3 antibody (Proteintech, 17248-1-AP; 1:1,000 dilution): https://www.ptglab.com/products/PUS3-Antibody-17248-1-AP.htm
Positive WB detected in A549, HEK-293, Hela, Jurkat cells
Qi et al., Anal. Chem. 2022

PUSL1 antibody (Sigma, HPA032057; 1:1,000 dilution): https://www.sigmaaldrich.com/GB/en/product/sigma/hpa032057
Positive WB detected in SCLC-21H cells
Busch et al., Cell Rep. 2019

Anti-vinculin antibody (Invitrogen, 700062; 1:3,000 dilution): https://www.thermofisher.com/antibody/product/Vinculin-Antibody-
clone-42H89144-Recombinant-Monoclonal/700062

Anti-rabbit antibody (Cell Signaling, 7074S; 1:5,000 dilution):
https://www.cellsignal.co.uk/products/secondary-antibodies/anti-rabbit-igg-hrp-linked-antibody/7074

Anti-mouse antibody (Cell Signaling, 7076S; 1:5,000 dilution):
https://www.cellsignal.co.uk/products/secondary-antibodies/anti-mouse-igg-hrp-linked-antibody/7076




Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

HCT116 cells (#CCL-247) was obtained from ATCC. Hela cells were gifted from Prof Peter J. Ratcliffe (University of Oxford)
(originally obtained from ATCC, #CCL-2).

HCT116 cell line was authenticated by ATCC STR profiling.

Mycoplasma contamination All cell lines were negative for mycoplasma test.

Commonly misidentified lines  No commonly misidentified cell lines were used.

(See ICLAC register)

Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied.
Describe-any-atithentication-procedures foreachseed stock-tised-or-novel-genotype generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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