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Transfer RNA (tRNA) is the most abundant cellular RNA family in terms of copy

numbers. It not only folds into defined structures but also has complex cellular
interaction networks involving aminoacyl-tRNA synthetases, translation fac-
tors, and ribosomes. The human tRNAome is comprised of chromosomal-
encoded tRNAs with a large sequence diversity and mitochondrial-encoded
tRNAs with A/U-rich sequences and noncanonical tertiary interactions. How
tRNA folding and interactions in a eukaryotic cell respond to stress is poorly
understood. Here, we develop DM-DMS-MaPseq, which utilizes in vivo
dimethyl-sulfate (DMS) chemical probing and mutational profiling (MaP)
coupled with demethylase (DM) treatment in transcriptome-wide tRNA
sequencing to profile structures and the cellular interactions of human chro-
mosomal and mitochondrial-encoded tRNAs. We found that tRNAs maintain
stable structures in vivo, but the in vivo DMS profiles are vastly different from
those in vitro, which can be explained by their interactions with cellular pro-
teins and the ribosome. We also identify cytosolic and mitochondrial tRNA
structure and interaction changes upon arsenite treatment, a type of oxidative
stress that induces translational reprogramming, which is consistent with
global translation repression in both compartments. Our results reveal varia-
tions of tRNA structurome and dynamic interactome that have functional
consequences in translational regulation.

M Check for updates

RNAs are both carriers of genetic information and adapters that many in vitro RNA structures have been resolved through X-ray crys-

mediate biomolecular interactions. In cells, RNAs fold into secondary
and tertiary structures to detect metabolites'>, recruit proteins**, and
regulate phase separation®. Stable RNA structures also impact
RNA-RNA interactions and affect RNA stabilities. In biological pro-
cesses, including transcription, mRNA splicing, and translation, RNA
structures play universal and profound regulatory roles. Although

tallography, NMR, and Cryo-EM, it was not until the development of
in vivo chemical probing coupled with next-generation sequencing
that mapping RNA structures in cellular contexts at the transcriptome
level became possible’™.

Chemical probing examines RNA nucleotide reactivity with cer-
tain chemicals to assess their structural accessibilities. Commonly
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applied chemical probing reagents include dimethyl sulfate (DMS)",
kethoxal®, selective hydroxyl acylation analyzed by primer extension
(SHAPE) reagents™, and RNases”, which either introduce structure-
dependent chemical adducts or strand scissions on RNAs. Among
these reagents, DMS was the first to be applied for RNA in vivo struc-
ture mapping'®, as its chemical properties endow excellent cell per-
meability, high reactivity with RNA bases in cells, and reaction times in
just minutes®. DMS alkylates N! of (A) and N° of (C) on the Watson-
Crick face of unpaired RNAs, which could be detected as stops or
mutations by reverse transcriptases during cDNA synthesis®*". In
2014, three parallel studies combining DMS chemical probing and
deep sequencing reported the first cellular mRNA structuromes in A.
thaliana, S. cerevisiae, and human cells®°. Strikingly, mRNA structure
mapping revealed that in vitro mRNA structures can be drastically
different from their in vivo forms. Notably, many stable mRNA struc-
tural motifs in vitro are more unstructured in vivo. While the in vitro
mRNA structures are largely driven by thermodynamic forces, in vivo
mRNA structures are predominantly determined by energy-dependent
unwinding processes and intricate interactions with metabolites,
proteins, and other nucleic acids. Therefore, comprehending RNA
functions and their regulatory roles requires a realistic view of RNA
native structures within cells.

In vivo chemical probing can also be used to study RNA-protein
interactions, as proteins can leave footprints by shielding RNA regions
from chemical modifications'>""”'%, It has been proposed that a large
part of the differences between in vitro and in vivo chemical probing
signals could be indicative of the protein-binding motifs on
mRNAs""8, However, the complexity of whole-cell RNA-protein
interactions, the transient nature of many binding events, and the low
coverage of individual mRNA structure elements limited these studies
to the analyses of a few well-characterized mRNA-protein interactions
and those between rRNAs and ribosomal proteins™”'%,

RNA structures are also fundamental to the function of other
types of RNAs, including long non-coding RNAs, microRNAs (miRNAs),
small-nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), and
tRNAs. Luo et al. applied a SHAPE-based method to study the pre-
miRNA substrates for Dicer and uncovered genetic elements crucial to
Dicer binding and cleavage, providing an example of the small RNA
structurome contributing to exciting biology'. tRNAs have highly
conserved secondary and tertiary structures among the three king-
doms of life. They are often described as the classic cloverleaf sec-
ondary structures and “L-shaped” tertiary structures. Despite
abundant studies on tRNA in vitro structures with X-ray crystal-
lography and various chemical probing methods, the in vivo structures
of tRNAs have been largely taken for granted to resemble their in vitro
forms. However, tRNAs have many well-characterized protein inter-
actions and modifications in vivo, which led us to hypothesize that
their in vivo structural states could be more diverse and dynamic.
Recently, Yamagami et al. applied tRNA structure-seq to examine
in vivo structures of E. coli tRNAs and revealed dynamics of tRNA
folding under heat stress?. tRNA structure-seq results significantly
improved tRNA structure prediction under in vivo conditions and
revealed tRNA structural dynamics under heat stress which also cor-
related with changes in tRNA abundance.

The reference human genome encodes a diverse set of over 600
putative tRNA gene”, among which 429 are considered tRNA genes
with high confidence, i.e., they likely fold into the canonical tRNA
structures based on their predicated base pairing and tertiary inter-
action properties. Nevertheless, whether chromosomal-encoded tRNA
transcripts fold into a canonical tRNA structure in vivo has not been
tested systematically. As tRNA function in translation requires the
canonical structure, in vivo structural information would serve as a
validation of tRNA functionality. Moreover, tRNAs represent an
excellent model system for studying RNA-protein interactions by
in vivo chemical probing since the structures of tRNAs and many of

their interacting protein complexes are well characterized. Beyond
cytosolic tRNAs, the human mitochondrial genome (mt) contains a
distinct set of 22 mt-tRNAs. Mt-tRNAs have A/U-rich sequences, and
most have noncanonical tertiary interactions. Thus, they are structu-
rally weaker than cytosolic tRNAs?’. Mapping the mt-tRNA structures
in vivo would provide insights into the differences between cytosolic
and mitochondrial translation systems. As demonstrated in a recent
study using in organello DMS structure mapping, human mt-mRNA
structures are actively regulated and contribute to mitochondrial
translation kinetics®.

Here, we develop an in vivo structural mapping method for tRNA
and other structured non-coding RNAs using DMS mapping with
mutation profiling® coupled with m'A/m*C demethylase (DM) treat-
ment in tRNA-seq library construction to enhance the efficiency and
accuracy of structural mapping for the highly structured tRNA. DMS
reaction in cells with highly structured RNA generates lower reactiv-
ities than mRNA. As reverse transcriptases may also generate muta-
tions at modified RNA nucleotides and structural motifs, an AlkB DM
treatment was applied to selectively remove the m'A/m°C methyl
groups before cDNA synthesis and thereby revealing DMS-specific
mutations in sequencing reads. We term the method DM-DMS-
MaPseq. We unveiled the in vivo tRNA structurome for cytosolic
tRNAs at the isodecoder level and for mitochondrial tRNAs. We found
that small sequence variations between isodecoders can have a visible
impact on tRNA structural features. For mt-tRNAs with noncanonical
base-pairing and tertiary interactions, the in vivo environment seemed
to be crucial for stabilizing their structures. We derived tRNA-protein
interaction insights by comparing in vivo and in vitro DMS signals.
Furthermore, we revealed the dynamic cytosolic and mitochondrial
tRNA folding and protein interaction during arsenite stress-induced
translational reprogramming.

Results

DM-DMS-MaPseq development

DM-DMS-MaPseq is a combination of in vivo DMS chemical probing
and multiplexed small RNA sequencing (MSR-seq), which was
recently developed to achieve efficient sequencing of highly struc-
tured and highly modified tRNA species®. Although tRNAs had been
difficult to sequence due to their stable structure and numerous
modifications, recent advances in tRNA-seq have overcome most of
these challenges® 5. The major steps of DM-DMS-MaPseq are
depicted in Fig. 1a. For in vivo structure profiling, the protocol star-
ted with DMS treatment on live human HEK293T cells. Total RNAs
were extracted and used directly as the input for library preparation.
For in vitro structure profiling, DMS treatment was performed on
extracted, deproteinated total RNA. Following the MSR-seq
protocol*, total RNAs, including deacylated tRNAs, were ligated to
barcoded, biotinylated multiplexing adapters. Multiple barcoded
samples were combined and immobilized on streptavidin beads. The
combined samples were split into two, one mock and the other
treated with two recombinant E. coli AIkB DM, which selectively
demethylated m'A and m3C?*?, Library construction proceeded with
reverse transcription using the thermostable Superscript IV reverse
transcriptase and an optimized reaction condition, followed by on-
bead second adapter ligation and PCR to generate DNA libraries for
lllumina sequencing. The sequencing data were processed to obtain
mutation signatures at each nucleotide position. We obtained
4.4-16.8 million reads mapped to human chromosomal and
mitochondrial-encoded tRNA genes from these libraries, with map-
ping rates ranging from 55 to 71% (Supplementary Table S1). The read
counts between biological replicates are highly correlated (Supple-
mentary Fig. S1a). As expected, most mapped reads are tRNAs, with
the remainder mostly mapped to 55/5.8S rRNAs and other abundant
noncoding RNAs, such as snRNAs and snoRNAs, that are of similar
length to tRNAs (Supplementary Fig. S1b). Our data have very high
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Fig. 1| DM-DMS-seq method recapitulates rRNA and tRNA conformations

in vitro and in vivo. The parameters used here are: DMy = mutation rate

(-DM) - mutation rate (+DM). DMS signal = DM;gr (+DMS) - DMy;ir(-DMS).

a Schematic diagram showing the demethylase, dimethylsulfate, mutation map
sequencing (DM-DMS-MaPseq) experimental setup and data analysis workflow.

b Line graphs of in vitro and in vivo positional DM values of 5S rRNA with (blue)
or without (red) 5% DMS treatment (n = 3 biological replicates for each). ¢ Line
graphs of in vitro and in vivo positional DMS signals of 5S rRNA with (blue) or
without (red) 5% DMS treatment (n = 3 biological replicates for each). d Line graphs
of in vivo positional DMS signals in the loop C region of 5S rRNA with 0% (red), 2%
(light purple), or 5% DMS (blue) treatment (n = 3 biological replicates for each).
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e Cryo-EM structures of 5S rRNA in the human 80S ribosome (shown as 5S rRNA
alone or in the ribosome, PDB: 4UGO) overlaid with in vitro and in vivo DMS signals
of high (red), medium (orange), or low (yellow). f Line graphs of in vitro and in vivo
positional DMS signals of tRNA™ with (blue) or without (red) 5% DMS treatment
(n=3biological replicates for each). g Secondary structure of tRNAM* overlaid with
in vitro and in vivo DMS signals (average of three biological replicates for each
group). Each A or C nucleotide is colored based on DMS signal values: no color:
<0.00125; light blue: 0.00125-0.0025; blue: 0.0025-0.005; yellow: 0.005-0.01;
orange: 0.01-0.02; red: >0.02. h Line graphs of in vivo positional DMS signals in the
anticodon region of tRNAM with 0% (red), 2% (light purple), or 5% DMS (blue)
treatment (n =3 biological replicates).

positional coverage for many tRNAs, which enables in-depth analysis
of the tRNA structure and interactions in vivo.

DMS predominantly methylates the Watson-Crick face of the
unpaired A and C residues. The resulting m'A and m*C can be read as
mutation signatures in our sequencing data, as thermostable RTs can
read through them?**?”%, Given the presence of abundant and diverse
tRNA modifications and the interference of tRNA structure to the RT
reaction, it is critical to validate bona fide DMS signatures in our
experiment. This is because compared to mRNA, DMS signals for
tRNAs are substantially weaker, and many endogenous modifications
present in tRNAs leave mutation signatures (Supplementary Fig. Sic).
Additionally, some tRNA modifications contribute to the background

mutation rates of nearby residues; therefore, enzyme treatment to
remove these modifications is necessary. The E. coli wild-type AIkB DM
selectively reverses the DMS products of m'A or m*C back to the
unmodified A or C. Therefore, comparing sequencing libraries with
and without DM treatment could more confidently assign the mutation
signatures derived from m'A or m*C. In addition to the wild-type AIkB,
we also included the E. coli AlkB D135S mutant during DM treatment,
which demethylates m'G*, to further lower background mutation rates
and reduce RT stops. Globally, the removal of natural modifications
with DM is >95%, as shown by the largely reduced mutation rates of the
native m'A modifications from a mean of ~70% to <1% with DM treat-
ment (Supplementary Fig. S1d). When comparing the mutation rate
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without and with DM treatment (DMgjr=Mutation rate
(-DM) - Mutation rate (+DM), Fig. 1a) at different nucleotides, only A
and C residues show high and positive mutation rate differences in
DMS-treated samples, validating the selectivity of demethylation
(Supplementary Fig. 1e).

We present two abundant non-coding RNAs to illustrate the fea-
sibility of DM-DMS-MaPseq. The 5S rRNA is part of the 60S ribosomal
subunit in vivo and has a well-defined secondary structure and high-
resolution structure in the ribosome. To showcase the effect of DM
treatment, DMy under various treatment conditions in vitro and
in vivo are shown for the 5S rRNA (Fig. 1b). Our demethylase treatment
was highly effective in removing the methylation-induced mutation
signatures for both in vitro and in vivo samples. To quantify the DMS
reactivity at each nucleotide, we introduce “DMS signal,” which is equal
to the difference between DMg;¢r with and without DMS reaction (DMS
signal = DMgjt(+DMS) — DMy;s(—-DMS), Fig. 1a). The in vivo DMS signal
is drastically lower than the in vitro DMS signal (Fig. 1c), which could be
due to the overall lower effective DMS concentration in vivo caused by
inefficient diffusion and/or the fact that 5S rRNAs are protected as part
of the ribosome in vivo. Zooming into the in vivo high reactivity region
around A42, the three in vivo conditions show the expected results of
zero DMS signal for untreated, high DMS signal for high DMS con-
centration, and intermediate DMS signal for low DMS concentration
(Fig. 1d). The in vitro DMS signal pattern largely recapitulates the
known 5S rRNA secondary structure (Fig. 1e). The residues with the
highest DMS signals in vivo include A42, A90, A101, and A103, among
which A42, A101, and A103 are located in the loop regions and on the
surface of the ribosome, thus are expected to be more prone to DMS
reaction (Fig. 1e). These results validate our experimental approach for
the assessment of highly structured RNA in vitro and in vivo.

The DMS signals for the chromosomally encoded cytosolic
initiator tRNAM (tRNAM®) are also much higher in vitro than in vivo
(Fig. 1f). The known natural modifications m'A58 and m'G9 in this
tRNA* produce strong mutation rates, which are largely reversed
upon demethylase treatment. DMS reaction generates additional
mutation signatures primarily in the D, anticodon, variable, and
anticodon loop regions in vitro, consistent with tRNAM* folding into
the canonical secondary structure (Fig. 1g). DMS signals in these
regions are drastically reduced in vivo, consistent with tRNA;M* being
protected in vivo, presumably through its interactions with the initia-
tion factor elF2B and the 40S ribosome®*’. Zooming into the antic-
odon loop region of the in vivo samples again shows the expected no
DMS signal for untreated, high DMS signal for high DMS concentra-
tion, and intermediate DMS signal for low DMS concentration (Fig. 1h).
The DMS signal at A37 is saturated at intermediate DMS treatment
which may be related to tRNAM* A37 being modified to Né6-
isopentenyladenosine (i°A). We therefore focus our downstream
tRNA analysis on the in vivo untreated and high DMS concentration
samples.

To further demonstrate that the in vivo DMS signals are not just a
reduced reactivity version of the in vitro signals, we did three addi-
tional analyses. First, we compared the in vivo DMS signals for the
cytosolic tRNA and mitochondrial tRNAs (Supplementary Fig. SIf).
Because of the low structural stability, the mitochondrial tRNAs are
expected to have higher DMS reactivity which is what we observe.
However, in cells, mitochondrial tRNAs are enclosed in mitochondria
with extra membrane protection against DMS diffusing in. Therefore,
higher in vivo reactivity of mitochondrial tRNAs contradicts a model of
systematic low reactivity of in vivo versus in vitro conditions. Second,
we mapped the DMS reactivity in mRNA reads in our sequencing data.
MSR-seq uses total RNA as input, so 0.5-1 million mRNA reads are still
present together with the tRNA reads. We found that the mRNA
median Adenosine mutation rates were ~10 times higher than those in
tRNAs (Supplementary Fig. S1g), indicating that our in vivo DMS con-
dition is within the range of reactivity in other mRNA structural

mapping studies. Third, we made a Gini plot comparing the in vitro and
in vivo DMS signal profiles of the same tRNAs (Supplementary Fig. 1h).
The in vitro and in vivo profiles have drastically different shapes,
consistent with different factors contributing to these profiles.

Chromosomal-encoded tRNA structurome in vivo

More than 600 tRNA genes are annotated in the human chromosome.
Each tRNA gene is assigned a tRNAScan score in the genomic tRNA
database, which correlates with its predicted secondary structure
formation strength and conservation of residues that form tertiary
interactions®. By convention, a tRNAScan score of >50 is considered a
high confidence tRNA that likely forms a canonical tRNA structure, a
cloverleaf secondary structure comprised of four stems and four loops
with the nucleotides 14-21 (conventional tRNA nomenclature) in D,
32-39 in anticodon, 44-48 in variable, and 54-60 in T loops (Supple-
mentary Fig. S2A). The tertiary structure is formed by a network of
interactions among nucleotides in the D, T, and variable loops (Sup-
plementary Fig. 2b). A total of 429 high-confidence tRNA genes are
present in the hg38 genome, composed of 267 unique tRNA sequences
(isodecoders)®. Given the diversity of tRNA sequences and the varia-
tion among their predicted structural stabilities, we systematically
tested to what extent cytosolic tRNAs conform with canonical struc-
tures in vivo.

The in vitro and in vivo DMS signal profiles for the most abundant
cytosolic tRNA isodecoders among each of the 47 tRNA families with
different anticodons are shown in Fig. 2a. Both in vitro and in vivo DMS
signals show clearly discernable patterns based on the tRNA secondary
structure, where loop regions and the 3’'CCA have significantly higher
DMS signals than stem regions. The anticodon loop region shows the
highest DMS signals which is consistent with this region forming the
least extent of tertiary interactions among all loops: D, variable, and T
loops form the tertiary structural core in the canonical tRNA tertiary
structure. For these most abundant tRNAs in each anticodon family,
the DMS signals are all consistent with the formation of the canonical
secondary structure.

Putting aside the mutations derived from incomplete demethy-
lation of the naturally occurring m'A, m*C, m'G, and m%*G modifica-
tions (marked in Fig. 2a), the in vitro DMS signals are always higher
than the in vivo DMS signals. This is also confirmed by examining the
in vitro and in vivo averaged DMS signal distribution among all tRNAs
in each loop region (Fig. 2b). Given that tRNAs form highly stable
structures in vitro, lower DMS signal in vivo may be attributed to lower
DMS reactivity in vivo, as DMS diffusion into cells may result in lower in
cellulo DMS concentration. On the other hand, tRNAs interact exten-
sively with proteins and ribosomes in cells, which can protect them
from reacting with DMS. As an exemplar, the interaction model is more
consistent with the much higher DMS signals seen in the 3’NCCA
region in vitro than in vivo: for each tRNA, this region binds to the EF-
1A protein or is buried in the ribosome in vivo, which can explain in
part the dramatic difference.

To further explore how sequence variations between high-
confidence isodecoders impact tRNA folding in vivo, we compared
only the in vivo DMS signal profiles of two pairs of tRNA isodecoders
with different tRNAScan scores. tRNAS'(AGA)-1 and —4 have three
nucleotide differences: C25 and U25 (standard tRNA nomenclature)
that form a G10-C25 or G10-U25 pair at the end of D-stem, U39 and
C39 that forms an A31-U39 pair in SerAGA-1, but an A31-C39 in Ser-
AGA-4, and U50e and C50e in the loop of the variable stem-loop that
is not involved in any base pairing in the tRNA. Despite just three
sequence changes, tRNA>(AGA)-4 has significantly higher DMS
signals, suggesting that it has a less stable structure in vivo compared
to tRNAS"(AGA)-1 (Fig. 2¢). The conversion of A31-U39 in Ser(AGA)-1
to A31-C39 in Ser(AGA)-4 likely weakens the anticodon stem and
leads to markedly increased DMS signals in the anticodon loop. The
G10-U/C25 pair at the end of D stem is located -15 A away in the 3D
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Fig. 2 | DMS mapping of chromosomal-encoded tRNAs reveals in vitro versus
in vivo, and in vivo isodecoder differences. The parameters used here are: DMS
signal = DMgjgr (+DMS) - DMy;r(-DMS). a Heatmap showing the in vitro and in vivo
positional DMS signals for the most abundant tRNA isodecoder in each anticodon
family. Native modifications® that are incompletely removed by demethylases are
marked with “X”. tRNA positions are according to the standard tRNA nomenclature,
and residues missing in specific tRNAs are marked in gray. b Box-whisker plots of
DMS signal differences for each A and C residue in every tRNA using the formula
(x - in vitro), where x = in vitro (1), or in vivo (2) in D, T, anticodon, variable loops,
and the 3’ unpaired CCA regions. P-values are calculated with standard two-sided
Wilcox rank-sum test; ***: p <10*. The exact P-values for each box-whisker plot are
as follows: D-loop = 1.6 x 107%, anticodon loop p=1.3 x10%, variable loop
p=13x10", Tloop=19x 02, CCA p=4.9x10%, In each box-whisker plot, the

maxima represent the first quantiles, the middle lines represent the medians, the
minima represent the 75th quantiles, the crosses in the center represent the means,
and the whiskers represent the standard deviation. ¢ Secondary structures of two
tRNAS"(AGA) isodecoders with different tRNAScan scores™: Ser-AGA-1, 90.4, and
Ser-AGA-4, 78.8, overlaid with in vivo DMS signals. Sequence differences are indi-
cated as circled nucleotides. d Tertiary structures of Ser-AGA-1 and Ser-AGA-4
overlaid with in vivo DMS signals (modified from the E site tRNA in the human 80S
ribosome, PDB: 6Z6M)*°. e Secondary structures of two tRNAY?(UAC) isodecoders
with different tRNAScan scores®: Val-UAC-1, 82.9, and Val-UAC-4, 68.7, overlaid
with in vivo DMS signals. Sequence differences are indicated as circled nucleotides.
f Tertiary structures of Val-UAC-1 and Val-UAC-4 overlaid with in vivo DMS signals
(modified from the tRNA'? in the human METTL1-WDR4-tRNA(Val) complex, PDB:
8CTI)”.

structure to the end of the variable loop region. Thus, the conversion
of G10-C25 to G10-U25 may be responsible for the DMS signal
increase in the variable loop (Fig. 2d), perhaps transmitting long-
range effects in structural change through the tertiary interaction
network of tRNA. tRNAY?(UAC)-1 and tRNAY?(UAC)—4 differ at 15 out
of 76 positions in acceptor, anticodon, and T stems and multiple loop
regions. All stem sequence changes are matched with compensatory
changes that maintained the Watson-Crick base pairs, whereas the
loop changes can weaken noncanonical base pairs or tertiary inter-
actions, such as U54 in Val(UAC)-1 to G54 in Val(UAC)-4, which can
disrupt the G18-U54 tertiary interaction. These sequence changes
result in higher DMS signals in Val(UAC)-4 than in Val(UAC)-1
(Fig. 2e). Again, the structural change permeates throughout the

tRNA structure (Fig. 2f). In both tRNAS(AGA) and tRNAY?(UAC)
cases, the respective high tRNAScan-scoring isodecoder indeed has
lower DMS signals than the low-scoring isodecoder. On the other
hand, the difference in structural accessibilities between these tRNA
isodecoders does not translate to varied abilities to engage with the
ribosome. Both tRNA isodecoders still fold like tRNA, as suggested by
the participation of both isodecoders in translation at comparable
ratios in the input and in the polysome (Supplementary Fig. S2c).
DM-DMS-MaPseq can characterize the in vivo tRNA structures for
“rare” tRNA isodecoders as well, defined here as present at <10% levels
of the most abundant isodecoder tRNA of the same anticodon family
(Supplementary Fig. S2d). As an exemplar, we present the in vivo DMS
profiles of seven isodecoders in the tRNA**(AGC) family together with
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their tRNAScan scores to showcase the diverse structural accessi-
bilities among them (Supplementary Fig. S2e).

In vivo-in vitro difference in DMS signals reflects cytosolic tRNA-
protein/ribosome interactions

Previous structure mapping studies on mRNAs have concluded that
mRNAs are prone to denature in vivo due to energy-driven cellular
interactions, thereby showing higher DMS reactivities in vivo’***, In
our case, however, the in vitro DMS signal for chromosomal-encoded
tRNA is substantially higher than in vivo. Cytosolic tRNA-protein
interactions can reduce the in vivo DMS signals of the interacting tRNA
motifs, resulting in a region-specific decrease in DMS signals®*’.

Dominant cytosolic tRNA binding partners include the highly
abundant aminoacyl-tRNA synthetases (aaRSs), the elongation factor
EF1A, and the ribosome. tRNAs are aminoacylated (a.k.a., charged) by
20 aaRsSs, one for each amino acid. Cellular tRNA charging levels are
high, but charged tRNAs turn over quickly during translation, so that
tRNA-aaRS interaction occurs constantly’®**. Charged tRNAs are
bound by EF1A, which delivers tRNAs to the ribosome. EF1A is among
the most abundant cytosolic proteins in a human cell*” and the primary
interacting protein for all cytosolic tRNAs. During translation, tRNAs
occupy the A-, P-, and E-sites on the ribosome, and approximately one-
third of all tRNAs can be bound by ribosomes in cells. As all three types
of tRNA-protein interactions involve distinct combinations of tRNA
structural elements, we set out to deduce these interaction modes by
comparing the in vivo and in vitro DMS signals.

To assess the in vivo and in vitro differential DMS signals in indi-
vidual tRNA regions and infer information on tRNA-protein interac-
tion, we introduce the 7 score, which is the normalized difference
between in vitro and in vivo DMS signals at each nucleotide relative to
the largest delta across the entire molecule for each tRNA isodecoder
(Supplementary Fig. S3a). In part due to the inefficient diffusion of
DMS into cells, which can lower the overall DMS reactivity in vivo, the
normalization of 7 score is critical to compensate for the global DMS
reactivity differences between the in vivo and in vitro conditions. The T
score is between O and 1; a higher 7 score implicates stronger pro-
tection of DMS reaction by tRNA interacting partners in vivo.

Our 7 score normalization differs from other internal global nor-
malization methods used in the literature*** which apply a single
normalization factor for each experimental condition that is the mean
of a certain percentile range (e.g., 90-98th or 90-95th). These meth-
ods are generally very effective when the data are more consistent
internally and differ significantly under different conditions. In our
tRNA study, however, such normalization methods can have two
caveats: (i) they do not consider the heterogeneity between different
tRNAs, which is far greater than mRNAs and other noncoding RNAs. (ii)
They select a percentile range that is close to the maximum mutation
rate in tRNAs, which are typically from the non-DMS-derived, heavily
modified residues whose signals cannot be removed through deme-
thylation, thus not relevant to “real” DMS signals.

The high tRNA variability in abundance, variety, and modification
density necessitates choosing a balance between minimizing internal
bias and cross-conditional bias in choosing in vivo versus in vitro
normalization methods. In essence, the question comes down to
whether (i) a specific tRNA is more comparable between in vitro and
in vivo conditions or (ii) under either condition, different tRNAs are
more comparable to each other. Given our interest in unveiling bio-
logical insights into the differences among tRNAs, we prioritized
minimizing internal bias. The 7 score first calculates the positional DMS
signal differences between in vitro and in vivo conditions. Next, for
each tRNA transcript, we normalized the positional DMS signal dif-
ference to the maximum difference. The advantage of our approach is
that it compares tRNA by tRNA and position by position. For heavily
modified tRNA positions, mutation signals tend to be very high both
in vivo and in vitro, and the subtraction can partially reduce the gap

between positions. The normalization to the maximum difference
simply brings the scale of the 7 score between 0 and 1.

The positional T scores of the most abundant isodecoder from all
tRNA anticodon families show that the loop regions tend to have
higher 7 scores, which are derived from their higher DMS reactivities
in vivo and in vitro (Fig. 3a). Disregarding the incomplete demethyla-
tion of the natural tRNA modifications, we readily identify the D-loop,
anticodon loop, T-loop, and the 3'CCA as hotspots of high 7 scores. We
subsequently used the 7 scores from these regions to infer tRNA
interacting with the aaRS, EF-1A, and the ribosome.

AaRSs recognize their cognate tRNA substrates through identity
elements that involve many regions in tRNA in an idiosyncratic
manner**¢, Seventeen aaRSs require anticodon recognition for char-
ging. However, SerRS and LeuRS interact with the unique extra-long
variable arm of their cognate tRNAs (Supplementary Fig. S3b), while
AlaRS recognizes a G3:U70 base pair in the acceptor stem*”**, We find
that the anticodon loop 7 scores of tRNAS, tRNA™", and tRNA*? as a
group are significantly lower than t scores of other tRNAs as a group,
consistent with a lack of protein protection at the anticodon region for
the tRNAs for these three amino acids (Fig. 3b). Unexpectedly,
tRNA*E(ACG) shows a much higher 7 score for the anticodon loop than
all other tRNA*"®s (Supplementary Fig. S3c). Human tRNA*&(ACG) has
an unusual C13-A22 mismatch at the end of the D stem, whereas all
other tRNA*es have a conventional U13-A22 or C13-G22 base pair
(Supplementary Fig. S3d). The C13-A22 mismatch may loosen the D
loop structure that contains the U20 identity element for ArgRS
recognition (Supplementary Fig. S3e), thereby increasing the 7 score of
tRNAME(ACG).

EF1A delivers all aminoacylated tRNAs (aa-tRNAs) to the A-site of
the elongating ribosome and forms extensive interactions with the T
stem, the acceptor stem, and the 3'CCA of tRNAs**. Previous studies
with prokaryotic tRNA-EF-Tu binding in vitro have established a near-
uniform elongator protein binding affinities to all correctly aminoa-
cylated aa-tRNAs which minimizes decoding bias and the loading of
misacylated tRNAs on the ribosome™ %, tRNAs that bind to EF-Tu at
high affinity alone have cognate amino acids with low binding affinity
to EF-Tu and vice versa. This paradigm was established using prokar-
yotic systems in vitro®*¢, however, it remains to be determined whe-
ther this model also works for human EF1A-aa-tRNA interactions
in vivo. As the stem residues show very low DMS signals, we used the T
scores of the 3’ C;4C5sA as a proxy to study EF1A binding. The high-
resolution structure of EF-1A-tRNA reveals that C75 and A76 interact
directly with EF1A but not C74 (Supplementary Fig. S3f). However, A76
with the charged amino acid is completely masked by EF1A, so only the
C75 71 score serves as a good proxy for EFIA-tRNA binding in vivo.
Plotting the average C75 7 score across tRNAs for each amino acid with
the estimated energy contribution by the tRNA body alone® or by the
amino acid alone®® (Fig. 3c) shows a positive correlation of tRNA
(Pearson’s r=0.64) and a negative correlation of the amino acid
(Pearson’s r=—0.58) which is consistent with the prokaryotic tRNA-EF-
Tu interaction paradigm.

Next, we examined tRNA engagement with the ribosome using the
Tscores of the tRNA “elbow” region, where the D- and the T-loops form
tertiary interactions; this region interacts mostly with the ribosome
(Supplementary Fig. S3g)*°. Ribosome interacts with the tRNA elbow
region in all three of its tRNA binding sites to stabilize tRNA posi-
tioning, propel translation elongation, and enable proofreading™.
Therefore, the tRNA D- and T-loop 7 scores can be proxies to examine
ribosome binding to aa-tRNAs. We find a strong positive correlation
between the D- and T-loop 7 scores of all most abundant tRNA iso-
decoders from each anticodon family (Pearson’s r=0.95 excluding
tRNA*2(ACG), Fig. 3d), which is consistent with stable D- and T-loop
tertiary interactions in vivo. Recent findings suggest that the human
ribosome decodes G/C-ending codons more efficiently than A/U-end-
ing codons?*°. To see whether this decoding property also reflects
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.02 Il
-0.02 0 0.02 0.04
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deviation. ¢ Scatter plot showing energetic contribution by tRNA binding or by
amino acid binding to EF-Tu AG (kcal/mol) and T scores at C75 averaged

across all isoacceptors for each tRNA anticodon family. The x-axis scale is from
Asahara et al.”>*°. d Scatter plot showing D and T loop  score medians for the most
abundant isodecoders in each anticodon family. Pearson’s r is calculated excluding
the outlier tRNA*#(ACG). e Box-whisker plot showing D loop 7 score averages in the
most abundant isodecoders grouped by the wobble nucleotide identity, either I/U
at the wobble position (n=23) or G/C (n =24). P-value is calculated with a standard
two-sided t-test excluding the outlier tRNA*€(ACG). In the box whisker plot, the
maxima represent the first quantiles, the middle lines represent the medians, the
minima represent the 75th quantiles, the crosses in the center represent the means,
and the whiskers represent the standard deviation.

tRNA-ribosome interactions, we group tRNAs based on their wobble
anticodon nucleotide identities: A/U-ending codons are more readily
decoded by 134/U34 tRNAs (A34 in tRNA gene is always modified to
Inosine in tRNA transcript)® and C/G-ending codons by G34/C34
tRNAs. We find tRNAs with G34/C34 with higher 7 scores, consistent
with stronger interaction with the ribosome (Fig. 3e). tRNA*¥(ACG) is
once again an outlier for both D-/T-loop 7 score correlation and

ribosome interaction, which may be derived from its C13-A22 mis-
match in the D-stem altering its interaction with the ribosome.

Even though C74 shows a wide range of 7 scores (Fig. 3a), we fail to
identify a good correlation of it to anything specifically. One possibility
is that because of its proximity to the interaction centers of tRNA, C74
is involved in interacting with the tRNA synthetase, EF-1A, and the
ribosome in similar proportions.
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indicate the residues that show a large DMS profile change under arsenite stress.
The orange line indicates the anticodon nucleotides. b Heatmap of the positional
ADMS signal of the most abundant isodecoder in each anticodon family, red:
higher, blue: lower DMS signal with arsenite. Native modifications™ that are
incompletely removed by demethylases are marked with “X”. tRNA positions are
according to the standard tRNA nomenclature, residues missing in specific tRNAs
are marked in gray. ¢ Anticodon loop (excluding position 37) average ADMS signals
in tRNA groups with different modification status at position 37. Only the most
abundant isodecoders from each isoacceptor family are included. tRNAs are
grouped as follows: A37 (n=14): Asp, GIuCTC, GIuTTC, GlyCCC, GlyGCC, GIyTCC,
GInCTC, GInTTC, ThrAGT, ThrCGT, ThrTGT, ValAAC, ValCAC, ValTAC; t6/i6A37
(n=12): lleAAT, lleTAT, LysCTT, LysTTT, Met, iMet, Asn, SerAGA, SerCGA, SerGCT,

SerTGA, ArgCCT, ArgTCT; m1G/m1l/W37 (n=19): AlaAGC, AlaCGC, AlaTGC,
ArgACG, ArgCCG, ArgTCG, Cys, His, LeuAAG, LeuCAG, LeuTAG, LeuCAA, LeuTAA,
Phe, ProAGG, ProCGG, ProTGG, Trp, Tyr. P-values are calculated with two-sided
Wilcoxon signed-rank test. In each box whisker plot, the maxima represent the first
quantiles, the middle lines represent the medians, the minima represent the 75th
quantiles, the crosses in the center represent the means, and the whiskers represent
the standard deviation. d Box-whisker plot of DMS signal differences for each A and
Cresidues in every tRNA in D, T, anticodon, variable loops, and the 3’ unpaired CCA
regions. Depleted (=1) or enriched (=2): tRNAs that are significantly decreased or
increased in the polysomes with arsenite, respectively. Average n =42 for the
depleted group and n =14 for the enriched group for each region. P-values are
calculated with a standard two-sided Wilcox rank-sum test; n.s.: not significant, **:
p <102 The exact P-values for each box-whisker plot are as follows: D loop p =0.15,
Anticodon loop p = 0.0046, Variable loop p = 0.67, T loop p = 0.31, CCAp=0.018.In
each box whisker plot, the maxima represent the first quantiles, the middle lines
represent the medians, the minima represent the 75th quantiles, the crosses in the
center represent the means, and the whiskers represent the standard deviation.

Oxidative stress induces cytosolic tRNA structurome and inter-
actome changes

In cells, global translation regulation is tightly linked to cellular
metabolism and stress. As the critical components of the translation
system, tRNAs undergo significant reprogramming in their expres-
sion, modification, charging, and fragmentation under stress>*®>%,
To understand the dynamics of cellular tRNA structure and interac-
tion in response to stress, we treated cells with sodium arsenite to
induce oxidative stress, which is a common stress condition for the
studies of translational stress response. Arsenite exposure induces
strong phosphorylation of elF2a, which leads to significant down-
regulation of translation initiation®*. Indeed, under our experimental
settings, global translation activities were reduced by ~12-fold (Sup-
plementary Fig. S4a). Since arsenite stress inhibits translation initia-
tion, we first examine the DMS signal changes of the initiator tRNAM

(tRNAM®, Fig. 4a). We use the term “ADMS signal” to describe the
DMS signal changes with and without stress (Supplementary Fig. 4b).
Consistent with a high reduction of translation initiation, which
corresponds to decreased utilization of tRNA® in the scanning
ribosome®, the DMS signal strongly increases for the 5" half of the
anticodon loop of residues C3;C;3,Cs3 in the presence of arsenite
(anticodon nucleotides for tRNAM* are Cs3AU). DMS signal in the
D-loop also increases, which is consistent with decreased ribosome
interaction with the tRNAM®. Arsenite exposure leads to a strong
reduction of the DMS signal at C70, consistent with an altered
interaction between tRNAM® with elF2B (Supplementary Fig. S4c)
and/or the scanning ribosome.

We examined the DMS signal changes for the most abundant
isodecoders from all anticodon families (Fig. 4b). Arsenite stress
induces widespread changes in cytosolic tRNA structures and/or
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protein/ribosome interactions. In general, the loop regions have the
most DMS signal changes under stress, but changes in the acceptor
stem are also detectable, and the direction of the changes is not con-
sistent across tRNAs. To provide a better focus, we zoom into the
anticodon loop region by grouping the tRNAs according to their
modification status at position 37 (Fig. 4c), the immediate 3’ nucleotide
to the anticodon nucleotides. Group 1is A37 and unmodified, group 2
is A37 and modified to Né6-threonylcarbamoyl adenosine (t°A) or N6-
isopentenyl adenosine (i°A), and group 3 is G37 that are modified to
m'G, m'l, or wybutosine (W)®. Intriguingly, group 1tRNAs without A37
modifications generally have positive ADMS signals, i.e., higher DMS
signals in the presence of arsenite, whereas group 2 tRNAs with A37
modifications have zero ADMS signals on average, and group 3 tRNAs
with G37 modifications have negative ADMS signals on average. The
purine at tRNA position 37 closely interacts with the 18S rRNA in the
ribosome which stabilizes codon-anticodon interaction at the A site
(Supplementary Fig. 4d)®"°%, This result is consistent with tRNA mod-
ifications at position 37 positively contribute to ribosome usage of
tRNA, and thus, tRNAs that lack modification at position 37 are the first
to be affected by arsenite stress.

Cytosolic tRNA translational usage was profiled under the same
arsenite stress condition in HEK293T cells with polysome-enriched
tRNA sequencing in our previous study**. We re-analyzed the data
and identified three significantly enriched and five significantly
depleted tRNAs in polysome with or without arsenite treatment
(Supplementary Fig. S4e). The three polysome-enriched tRNAs,
tRNA"(AAU), tRNA"(UAU), and tRNA®*(UUU), have been described
in our previous study with Northern blot validation**. We analyzed
the ADMS signal by comparing the group of significantly polysome-
enriched tRNAs and the group of significantly polysome-depleted
tRNAs by >1.5-fold (Fig. 4d). The ADMS signals at A and C residues in
the anticodon loop and 3’ CCA are higher in the polysome-depleted
tRNAs compared to the polysome-enriched tRNAs, consistent with
the loss of tRNA-ribosome interactions due to the reduced transla-
tion usage for polysome-depleted tRNAs under arsenite stress.

Structural mapping of mitochondrial tRNAs in vivo

Human mitochondria have their own translation system that utilizes a
separate set of 22 tRNA genes encoded by the mitochondrial DNA.
Mitochondrial tRNAs (mt-tRNAs) have noncanonical tertiary interac-
tions and lower melting temperatures in vitro due to higher numbers
of A-U base pairs in the stems®. Our sequencing data contain both
chromosomal and mitochondrial encoded tRNAs. To examine the
folding and interaction properties of mt-tRNAs, we first plot the
positional DMS signals for all 22 mt-tRNAs both in vitro and in vivo
(Fig. 5a). Consistent with their weaker structures compared to cyto-
solic tRNAs, mt-tRNAs show high DMS signals throughout the tRNA
bodies in vitro, including the stem regions. However, the in vivo DMS
signals for mt-tRNAs are still much lower than those in vitro, reminis-
cent of the in vitro and in vivo differences seen for cytosolic tRNAs,
consistent with mitochondrial protein and ribosome interactions
making a major contribution to the stability of mt-tRNA structures in
the cellular environment.

To examine the structure data in more detail, we overlayed the in
vivo and in vitro DMS signals to the predicted secondary structures of
all mt-tRNAs. The folding of mt-tRNAs is categorized into three
types*>®®. Type | secondary structure is represented by mt-
tRNAS"(UGA), which has only one nucleotide between the acceptor
stem and the D stem, a small D loop, and an extended anticodon
stem’’. Most other mt-tRNAs fold into type Il structures. Most of them
lack the conserved interaction between G;5G,o in the D-loop and UssCsg
in the T loop, which maintains the stable “L-shape” tertiary structure of
cytosolic tRNAs””2, Type Il structure is unique for mt-tRNAS(GCU),
which lacks the entire D stem’®”>. Mt-tRNAS"(UGA) and most type Il mt-
tRNAs roughly resemble the reference structure but display various

structural nuances in at least one of the stems (Supplementary
Fig. 5a-c). Mt-tRNA"™(UAA) is considered to be one of the most stable
mt-tRNAs, and the lack of in vivo DMS signals confirms its mostly stable
stems. Despite that, we see DMS signals for the unpaired A12:C23 at the
D stem and A31:C39 at the anticodon stem in vitro (Fig. 5b). Type Il mt-
tRNAS(GCU) is believed to be the least stable among all mt-tRNAs
in vitro. However, its structure is largely stabilized in vivo, as shown by
the reduced number of DMS reactive nucleotides in all three
stems (Fig. 5¢).

The mt-tRNA®*(UUU) has been shown to misfold in the absence of
the m'A9 modification in vitro™. In the presence of m'A9, mt-tRNA™S
folding is consistent with its predicted cloverleaf secondary structure
in vitro and in vivo (Fig. 5d).

Mt-tRNAY is unique among all mt-tRNAs because it is also a
component of the mitochondrial ribosome in place of the 5S rRNA in
the cytosolic ribosome’>’°, The DMS signals for mt-tRNA"* have much
higher values throughout this tRNA in vitro but were largely reduced
and more restricted in the D and anticodon loops in vivo (Fig. 5e). The
D and anticodon loop regions of mt-tRNAY? interact extensively with
the components of the mitochondrial ribosome (Fig. 5f), suggesting
that its ribosome interaction at least in part explains its reduced DMS
signals in vivo.

We further examined mt-tRNA interactions by examining the
positional T scores, i.e., the normalized in vitro-in vivo differences for
each mt-tRNA (Supplementary Fig. 5d). The mt-tRNA T score inter-
pretation is more complex than cytosolic tRNAs through its inclusion
of both folding and interaction components. Focusing on the C75 t
scores, which are strongly associated with mt-tRNA interaction with
mitochondrial EF-Tu protein (Supplementary Fig. 5e), we still find an
inverse correlation between tRNA-EF-Tu and amino acid-EF-Tu inter-
actions (Pearson’s r-values of -0.64 and 0.62, Fig. 5g). This result
suggests that the principle of balancing tRNA and charged amino acid
binding strength to EF-Tu still holds for human mitochondrial trans-
lation to maintain translation fidelity.

Arsenite stress induces mt-tRNA structural changes

Arsenite stress is known to significantly reduce mitochondrial activ-
ities, including translation’”’®. Indeed, mt-tRNAM®, which works in both
mitochondrial translational initiation and elongation, shows a large
increase in DMS signal in the anticodon loop upon arsenite treatment,
consistent with its decreased participation in mitochondrial transla-
tion (Fig. 6a). Analysis of previously published data under the same
arsenite stress condition?* shows a reduction in mt-tRNAM* charging as
well (Supplementary Fig. 6a), which may account for its loss of multiple
types of protein interactions in vivo under arsenite stress. We also
observe a reduction of the DMS signal for the equivalent of C;;A5o
residues in mt-tRNAM®, reminiscent of the C71 DMS signal reduction of
cytosolic tRNAM® (Fig. 4a). It remains to be seen whether this acceptor
stem response to arsenite stress may also relate to mt-tRNAM® struc-
tural change and its contribution to the reduction of mitochondrial
translation under stress.

Arsenite stress also induces universal and notable alterations for
all mt-tRNAs (Fig. 6b). Overall, mt-tRNAs show far more drastic chan-
ges throughout the tRNA bodies, whereas cytosolic tRNA structural
changes are more concentrated in loop regions. This mitochondrial
versus cytosolic tRNA change may be exacerbated by the severe loss of
mitochondrial translation under arsenite stress’®.,

We also examined the polysome association of mitochondrial
tRNAs with and without arsenite stress from our previous
publication®. Strikingly, mt-tRNA*? shows the highest enrichment in
the polysome fraction, followed by several other mt-tRNAs (Fig. 6¢).
Asp accounts for only 1.85% of all codons in human mitochondrial
proteins®’; the mt-tRNA*P enrichment in the polysome fraction is
unlikely to be attributed to Asp codon usage in mitochondrial trans-
lation. Mt-tRNA*P shows an increased DMS signal in the D-loop and
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Fig. 5 | DMS mapping of mitochondrial-encoded tRNAs reveals in vitro versus
in vivo differences and in vivo interaction. The parameters used here are: DMS
signal = DMgigr (+DMS) - DMgier(-DMS). a Heatmap showing the in vitro and in vivo
positional DMS signals on the mitochondrial (mt) tRNAs. Native modifications®
that are incompletely removed by demethylases are marked with “X”. tRNA posi-
tions are according to the standard tRNA nomenclature, residues missing in specific
tRNAs are marked in gray. b Secondary structure of mt-tRNA"*'(UAA) overlaid with
in vitro and in vivo DMS signals according to the colored scale bar. ¢ Secondary
structure of mt-tRNAS"(GCU) overlaid with in vitro and in vivo DMS signals
according to the colored scale bar. The acceptor stem, anticodon stem, and T stem
are marked. d Secondary structure of mt-tRNA"¥*(UUU) overlaid with in vitro and

A ey Asp

Gly

Energetic contribution by tRNA/
binding to EF-Tu AG (kcal/mol)

in vivo DMS signals according to the colored scale bar. The dashed lines connect
the residues in this schematic for mt-tRNAs. The dashed lines connect the resi-
dues in this schematic for mt-tRNAs. Mt-tRNA positions are according to ref. 28.
e Heatmap showing the in vitro and in vivo positional DMS signals of mt-tRNA".
Native modifications® that are incompletely removed by demethylases are
marked with “X”. f The Cryo-EM structure of mt-tRNA"? in the human mt-
ribosome (PDB: 6ZMé6°%) overlaid with DMS signals of high (red), medium
(orange), and low (yellow). g Scatter plot showing energetic contribution by mt-
tRNA binding or by amino acid binding to EF-Tu AG (kcal/mol) and t scores at C75
averaged across all isoacceptors for each tRNA anticodon family. The x-axis scale
is from Asahara et al.>>*.

anticodon loop and a reduced DMS signal in the acceptor stem under
arsenite stress (Fig. 6d). Paradoxically, aside from mt-tRNAM*, mt-
tRNA*P is the only other mt-tRNA with reduced charging under
arsenite stress (Supplementary Fig. 6a). Uncharged tRNA may

accumulate in the E-site of the ribosome. One possible explanation
would be a unique inability of mt-tRNA*? to be released from the
ribosome under arsenite stress, thereby contributing to a reduction of
mitochondrial translation through its accumulation in the polysome.
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Fig. 6 | Mitochondrial tRNA structure and interaction in response to arsenite
stress. The parameters used here are: ADMS signal = DMS signal™ ‘402 - DMS
signal™vivo<ontrol g Heatmap showing the positional ADMS signals on mt-tRNAM®, red:
higher, blue: lower DMS signal with arsenite. Native modifications™ that are
incompletely removed by demethylases are marked with “X”. tRNA positions are
according to the standard tRNA nomenclature, residues missing in specific tRNAs
are marked in gray. b Heatmap showing the positional ADMS signals on each mt-
tRNA, red: higher, blue: lower DMS signal with arsenite. Native modifications® that
are incompletely removed by demethylases are marked with “X”. ¢ Mt-tRNA
abundance fold changes in polysome fractions under arsenite treatment. The
dotted vertical lines indicate a 1.5-fold change, and the dotted horizontal line
indicates p = 0.05. P value was determined by using a two-sided t-test with Bon-
ferroni correction between mt-tRNA reads per million of Polysome-AsO, over

polysome-unstressed. Data from ref. 24 and NCBI GEO GSE198441. d Secondary
structure of mt-tRNA*® overlaid with in vivo DMS signals with or without arsenite
treatment. e Box-whisker plots of DMS signal differences for each A and C residues
in every tRNA in D, T, anticodon, variable loops, and the 3’ unpaired CCA regions.
Depleted (=1) or enriched (=2): tRNAs that are significantly decreased or increased
in the polysome fraction with arsenite, respectively. P-values are calculated with a
standard two-sided Wilcox sum-rank test; n.s.: not significant, *: p < 0.05, **:
p<0.01;*** p<10* The exact P-values for each box-whisker plot are as follows: D
loop p=0.18, variable loop p=2.5x 0", T loop p=2.2x 072, CCA p=0.54. In each
box whisker plot, the maxima represent the first quantiles, the middle lines
represent the medians, the minima represent the 75th quantiles, the crosses in the
center represent the means, and the whiskers represent the standard deviation.

Finally, we compared the ADMS signals of the polysome-enriched
mt-tRNAs versus the polysome-depleted mt-tRNAs in different stem
and loop regions (Fig. 6e). In contrast to cytosolic tRNAs in polysomes,
the anticodon, variable, and T loops of the polysome-enriched mt-
tRNAs show higher DMS signals under arsenite stress compared to no
stress. This result suggests that polysome-associated mitochondrial
tRNAs on the polysome respond to arsenite stress differently from the

polysome-associated cytosolic tRNAs. It is possible that mitochondrial
and cytosolic translation systems use different modes of tRNA inter-
actions in arsenite stress response.

Discussion
The rapid development of high-throughput sequencing methods for
highly structured RNAs made it possible to examine transcriptome-
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wide tRNA structures and interactions in living cells. With DM-DMS-
MaPseq, we present comprehensive in vivo structure and interaction
studies for human chromosomal and mitochondrial encoded tRNAs.
Compared to DMS mapping of mRNAs, in vivo DMS signals for tRNA
are much lower; therefore, additional considerations need to be
implemented to ensure that the observed mutations are indeed from
DMS reactions, not spurious reverse transcriptase events or other
processes. This was accomplished here by treating the DMS-reacted
RNA samples with a m'A/m*C demethylase before RT and considering
only the mutation differences at nucleotides with and without deme-
thylase treatment. This strategy ensures a more accurate interpreta-
tion of the DMS mapping results.

Our result is consistent with human chromosomal-encoded tRNAs
folding into canonical tRNA structures in vivo, similar to the results in
an E. coli tRNA study in vivo®. In contrast to E. coli, the human genome
contains many tRNA genes that have the same anticodon but different
body sequences termed isodecoders. This exceptional sequence
diversity of human tRNAs offers an opportunity to compare the folding
patterns of tRNA isodecoders that all have sufficiently high tRNAScan
scores to predict to fold into canonical tRNA structures but possess
distinct base pairing or tertiary interaction patterns. A brief inspection
of all tRNAScan predicted “high confidence” tRNA isodecoders present
at sufficiently high abundance in our sample did not identify a tRNA
that may fold into a noncanonical structure in vivo. On the other hand,
our results show that a mere three-nucleotide difference between two
isodecoders can generate local structural variations in the proximity of
the sequence changes. This result provides experimental evidence of
the tRNAScan score as a valuable tool for predicting local structural
variations.

The tRNA structural mapping differences between E. coli*® and our
study on human cells can be attributed to both the different experi-
mental conditions and the biological differences. HEK293T cells are
adherent cells that grow as a thin layer attached to the bottom of the
cell culture dish. E. coli cells were suspended when treated with DMS.
Although the E. coli study used a gentler DMS treatment, human cells
with more complex cell membranes may uptake DMS from the culture
solution at different efficiencies than E. coli cells, leading to a lower
intracellular DMS concentration in human cells. Furthermore, it is also
possible that human tRNAs are better protected by proteins than E. coli
due to the distinct tRNA processing and biological regulation of
translation between eukaryotic and prokaryotic systems.

The most striking difference we observe is between the in vitro
and in vivo DMS signatures, where tRNAs in vitro generally always have
significantly higher DMS reactivities than in vivo, consistent with cel-
lular protein/ribosome interactions with tRNA contributing greatly to
the in vivo DMS footprints. The idea of using the DMS reactivity dif-
ferences between in vitro and in vivo to study RNA-protein interac-
tions has been implemented for well-characterized interactions
between ribosomal proteins and rRNAs”'°, as well as RNA binding
protein RBFOX2 with its mRNA binding targets”. Transcriptome-wide
mRNA-protein interaction studies can be very challenging due to the
low coverage of individual structural motifs in mRNAs and the tran-
sient nature of these interactions. Therefore, cytosolic tRNAs can be a
promising model system to study RNA-protein interactions using DMS
mapping. Indeed, we were able to approximate each of the three most
predominant tRNA-protein/ribosome interactions to aaRS, EF1A, and
the ribosome semi-quantitively by extracting DMS probing informa-
tion from distinct sets of structural elements in tRNA, including using
tRNA anticodon 7 scores to relate with the known modes of aaRS
substrate recognition and using tRNA D- and T-loop 7 scores to sup-
port the model of C/G versus A/U-ending codon-tRNA interactions on
the ribosome.

Our analysis of tRNA C75 7 scores supports the same EF1A-tRNA
uniform binding paradigm originally identified from in vitro prokar-
yotic EF-Tu-tRNA studies. Given that the 7 score reflects the average

interaction strength of the tRNA with EF1A among a dynamic ensemble
of in vivo tRNAs, our result suggests that the average interaction
strength at the tRNA 3’ end also inversely correlates with the amino
acid binding affinity and the tRNA body sequence binding affinity to
EFIA. Since tRNAs are generally highly charged in vivo* and C75 is
located close to the charged amino acid, this result provides evidence
for a similar EF1A-aa-tRNA interaction paradigm in human cells as
previously described for E. coli EF-Tu-aa-tRNA.

To examine the tRNA structure and protein/ribosome-interaction
dynamics in response to environmental changes, we applied arsenite
treatment to induce oxidative stress in cells and compared the in vivo
DM-DMS-MaPseq results with and without stress. Arsenite stress
induces large-scale changes in the in vivo DMS footprints that can be
interpreted in the context of severely reduced global translation
activity and detailed translational reprogramming, such as the tRNA;M
DMS signal changes. Intriguingly, tRNAM exhibits a high in vivo signal
of C71 (tRNA nomenclature; C70 in the tRNAM* position, Fig. 1f) in the
acceptor stem, which base pairs with G2 in its structure. This DMS
signal is absent in vitro, suggesting that the C71-G2 base pair is wea-
kened in vivo, potentially through its interaction with the elF2B com-
plex or the 48S scanning ribosome®. C71 forms the second base pair in
the acceptor stem of tRNA"®, so this result may implicate the melting
of two base pairs in the elF2B-tRNAiMet-40S or other higher-order
complexes in vivo. tRNAM® has an A1-U72 base pair instead of the most
common G1-C72 base pair in elongator tRNAs, which may facilitate this
melting at the end of the acceptor stem. An unexpected finding was
that the modification status at position 37, the nucleotide immediately
3’ to the anticodon, determines the DMS sensitivity of tRNA towards
stress. This result implicates a distinct modification-dependent trans-
lational response to arsenite stress for sub-groups of tRNA.

Human cells also contain 22 separate, mitochondrial-encoded
tRNAs that are required for mitochondrial protein synthesis. Unlike
chromosomal-encoded tRNAs, mt-tRNAs have A/U-rich sequences,
and most do not have loop residues for forming canonical tertiary
interactions. The human cytosolic tRNAs contain an average of 13
modifications, whereas the human mt-tRNAs contain an average of
only 5-6 modifications®***. This lower number of mt-tRNA modifica-
tions can also contribute to their lower stability. Our in vitro DMS
mapping result shows that mitochondrial tRNAs do not fold into stable
structures, but the in vivo DMS data show that they do fold into
canonical structures in general. This result is consistent with mt-tRNA
interacting very extensively with cellular proteins/mt-ribosomes
in vivo. It is likely that the mt-tRNA only folds into a tRNA-like structure
in vivo because of its intracellular interactions. We also find an inverse
correlation between mt-tRNA and amino acid binding affinity to
human EF-Tu, consistent with the binding paradigm originally identi-
fied from in vitro prokaryotic studies.

Arsenite stress induces large-scale changes in mt-tRNA DMS
reaction profiles that include both stem and loop regions, consistent
with mt-tRNA folding in vivo undergoing widespread change once mt-
tRNA is no longer engaged in translation under arsenite stress, where
they likely lose protein/mt-ribosome interaction. For the mt-tRNAs
enriched in the polysome fraction under arsenite stress, their DMS
reactivities are higher compared to the mt-tRNA depleted in the
polysome fraction, pointing to an alternative mode of tRNA-ribosome
interaction, in this case, perhaps in the possibly stalled mt-polysome.
Human mt-tRNA abundance at the steady state is highly uneven. This
abundance is mostly derived from differential degradation rates of
individual mt-tRNAs, as mitochondrial transcription synthesizes equal
amounts of 11 tRNAs in the plus strand and 8 mt-tRNAs in the minus
strand®. How individual mt-tRNAs fold without protein/mt-ribosome
interaction or upon altered mt-ribosome interaction likely contributes
to their degradation rates.

In summary, we present the DM-DMS-MaPseq method to inves-
tigate the in vivo structure and interactions of tRNA. In addition to
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tRNAs, DM-DMS-MaPseq also captures reads for other abundant and
highly structured noncoding RNAs, such as Y RNA and snRNAs in their
cellular context. Similar analyses can be conducted to understand the
structural dynamics of these RNAs and their associated RNPs. In the
future, a simple add-on procedure would be to first fractionate dif-
ferent RNPs from DMS-treated cells before sequencing library con-
struction. This would highly enrich the in vivo DMS footprints in
specific cellular components such as the monosome, polysome,
snRNPs, and larger snRNP complexes, which will facilitate more in-
depth and accurate interpretation and reveal new biological insights
about the cellular dynamics of these RNPs.

Methods

Cell culture and arsenite treatment

HEK 293T cells (ATCC, CRL-11268) were cultured with complete
DMEM medium under standard conditions according to ATCC.
Briefly, HEK 293T cells were grown in Hyclone DMEM medium (GE
Healthcare Life Sciences, SH30022.01) with 10% FBS and 1%
Pen-Strep (Penicillin-Streptomycin) to 80% confluency and pas-
saged. Cells were collected, and total RNA was extracted using TRIzol
(Thermo Fisher, 15596026) by following the manufacturer’s protocol
when cells reached 80-90% confluency. Arsenite stress was induced
by incubating cells in media containing 300uM NaAsO, at
37°C for 2 h.

In vivo DMS treatment of HEK 293T cells

To a 10-cm dish of HEK 293T cells cultured in 15 ml media, 300 uL or
750 uL of DMS were added to reach a final concentration of 2% or 5%,
respectively. After the addition of DMS, cells were incubated at 37 °C
for 5 min. The media was then aspirated off, and the cells were washed
with PBS twice and harvested for total RNA extraction with TRIzol
(Thermo Fisher, 15596026) following the manufacturer’s protocol.

In vitro DMS treatment of HEK 293T total RNA

Total RNA was extracted from 80 to 90% confluent HEK 293T cells with
TRIzol (Thermo Fisher, 15596026) following the manufacturer’s pro-
tocol. 4 ug of HEK 293T total RNA in 10 uL H,O was combined with
10 pL of the 2x refolding buffer (200 mM NacCl, 12 mM MgCl,, 20 mM
Tris, pH 8.0) and incubated at 30 °C for 30 min. DMS was added to
each sample to reach a final concentration of 5% at room temperature
for 5 min. DMS treatment was stopped by adding an equal volume of
2x DMS quench buffer (60% -mercaptoethanol, 0.6 M NaOAc, pH 5.5).
DMS-treated total RNA samples were precipitated with ethanol.

Whole-cell translation assay by >S pulse labeling

HEK 293T cells were cultured in a CO, incubator at 37 °C with com-
plete DMEM (Cytiva, SH30022.01) supplemented with 10% fetal
bovine serum (Thermo, 16140071) and 1% Pen/Strep (Thermo,
15070063). For the whole-cell translation assay, 0.3x10° HEK
293T cells were seeded in each well of a six-well plate. Cells were
incubated in a CO, incubator at 37 °C for 2 days. Cells were treated
with either sterile H,O or 300 uM NaAsO, (Sigma, 1062771000) for
2 hin a CO;incubator at 37 °C. Labeling medium without methionine
was prepared by supplementing DMEM medium without methionine
and cysteine (Thermo, 21013024) with 10% fetal bovine serum, 4 mM
glutamine (25030081, Thermo), 0.063 g/L (0.2 mM) L-Cystine-2HCI
(Sigma, C2526-100G). The labeling medium and normal complete
medium were warmed in a cell incubator for >30 min. After NaAsO,
treatment, the culture medium was removed, and the cells were
washed with warmed labeling media twice. 3 ml labeling medium was
then added to each well, and cells were incubated in a CO, incubator
at 37 °C for 30 min. 62.5 uCi (1mCi/16) *S-labeled methionine (Per-
kinElmer, NEG709A001MC) was added into each well and incubated
for 60 min. The labeling mixture was then removed from the plate
and disposed of as radioactive waste. 3ml of warmed normal

medium was added to the plates and incubated for 10 min. The
medium was then removed from the plate, and the cells were washed
with ice-cold PBS three times. Cells were then harvested with cell
lifter, and cell lysate was then extracted with CelLytic M lysis buffer
(Sigma, C2978) supplemented with 1x protease inhibitor (Roche,
11873580001) and 25-250 U/ml Benzonase (Sigma, E1014) and rotate
for 2 h or overnight at 4 °C. Equal amount of cell lysate from each
sample was then loaded onto SDS-PAGE gel for protein separation.
Gel was first stained with Coomassie blue to visualize the total pro-
tein loading amount. The gel was then dried using a gel dryer and
exposed to a phosphorimaging plate for scanning and analysis.

tRNA sequencing with MSR-seq
Approximately 1pg of in vivo or in vitro DMS treated-total RNA sam-
ples were used to build tRNA sequencing libraries, following a pre-
viously published MSR-seq protocol*. Briefly, RNAs were first
deacylated by incubating at 37°C in a 33 mM sodium tetraborate
buffer for 30 min. Next, 5uL of a PNK reaction stock (4 U/uL NEB T4
PNK, 40 mM MgCl,, 200 mM Tris-HCI, pH 6.8) was added to repair the
3" end, and the sample was incubated at 37 °C for 20 min and then
incubated at 65 °C for 10 min to inactivate the PNK enzyme. Following
3" end repair, 30 uL of an RNA ligation reaction mix was added to the
sample while still in the 3’ end repair mix (final concentration: 15% PEG
8000, 1x T4 RNA ligase I buffer, 50 uM ATP, 5% DMSO, 1mM hex-
aamide cobalt (Ill) chloride, and 1 U/uL T4 RNA ligase I) and incubated
overnight at 16 °C. This mix also included the barcoded RNA ligation
linker/RT primer oligo at a 1.2:1 molar ratio to the input RNA. After
ligating the RNA overnight, the sample was bound to streptavidin-
coated MyOne C1 dynabeads (ThermoFisher) at room temperature on
rotation for 15min to facilitate the library construction process by
minimizing sample loss and enabling rapid washes and buffer
exchanges between reactions. “+DM” samples were treated according
to the established demethylase protocol below. “+DM” and “~DM”
samples were then dephosphorylated using a CIP reaction mix (0.2 U/
uL CIP, 10 mM MgCl,, 0.5 mM ZnCl,, 20 mM HEPES, pH 7.5) for 30 min
at 37 °C to liberate the 3’ end of the RT primer. Next, samples were
resuspended in 25 uL of 1x SuperScript IV VILO mix and incubated at
55°C for 10 min and then at 37°C overnight. Next, samples were
treated with an RNase H reaction mix (0.4 U/uL NEB RNaseH, 1x RNase
H buffer) for 15 min at 37 °C. Subsequently, samples were treated with a
solution of 50 mM sodium periodate in 15 mM sodium acetate, pH 5.0,
for 30 min at room temperature to oxidize any non-extended RT pri-
mer. Following this, an overnight, room temperature cDNA ligation
step was performed to enable PCR amplification of the cDNA (50 uL
reaction; final concentrations: 2 U/uL T4 RNA ligase I, 25% PEG 8000,
7.5% DMSO, 50 uM ATP, 1 mM hexaamine cobalt (IlI) chloride, 2 mM
barcoded cDNA ligation oligo, 1x T4 RNA ligase | buffer). Finally, the
libraries were amplified by PCR with Illumina primers.

Sequencing was conducted using Illumina NovaX 6000, 100-bp
paired-end.

AlkB demethylase treatment

Demethylase buffer conditions were modified from published
protocols**®, Three stock solutions were made fresh immediately
before the reaction: l-ascorbic acid 200 mM, 2-ketoglutarate 3 mM,
and ammonium iron sulfate 5mM. The final reaction mixture con-
tained 2 mM Il-ascorbic acid, 1 mM 2-ketoglutarate, 0.3 mM ammonium
iron sulfate, 100 mM KCI, 50 mM MES pH 6, 50 ng/uL BSA, 4 uM wild-
type AIkB, and 4 uM AIkB-D135S (purified as described previously®*).
About 50 pL of the reaction mixture was added to 5-20 pL of decanted
streptavidin bead slurry after ligation, immobilization, and washing.
The reaction continued for 30 min at 37 °C. Following the reaction,
beads were washed once with high salt wash buffer (1M NaCl, 20 mM
Tris-HCI pH 7.4) and once with low salt wash buffer (100 mM NaCl,
20 mM Tris-HCI pH 7.4).
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Overexpression plasmids for recombinant E. coli AIkB and AlkB-
D135S are available from Addgene (https://www.addgene.org/Tao_
Pan/).

Data analysis

The data analysis followed the MSR-seq data processing pipeline.
Libraries were sequenced from Illumina NovaSeq platforms as pre-
viously described. The resulting paired-end reads were demultiplexed
by the identification of barcode sequences using Je demultiplex with
the following parameters: BPOS=BOTH BM=READ2 LEN=6:4
FORCE =true C=false®. These options were optimized for samples
where the barcode sequence is present on read 2. Barcode sequences
were previously described®. Following demultiplexing, data was
aligned using bowtie2 (version 2.3.3.1) with the following parameters:
-q -p 10 --local --no-unal®’. These reads were aligned to a curated human
tRNA reference. This reference contained sequences of HG38 versions
of 5S and 5.8S rRNA, snoRNA, Y tRNA, and tRNA genes that were
curated for non-redundancy, with a tRNA-scan SE score >47, removing
intron sequences, and 3’ “CCA” appended. The Bowtie2 output sam
files were converted to bam files, which were then sorted by samtools’
sort function®. IGVtools count was used to collapse reads into 1nt
windows using the following parameters: -z 5 -w 1 -e 250 —bases. The
resulting IGV output wig files were reformatted using a custom Python
script to obtain mutation rate and read coverage compatible with R for
data visualization and analysis. To obtain canonical position informa-
tion for all tRNA genes, the pair-end reads were processed by mim-
tRNAseq® with the following parameters: --species Hsap --cluster-id
0.95 -threads 4 --min-cov 0.0005 --max-mismatches 0.1 --control-
condition --no-cca-analysis -n hek_mods_correl. The resulting mis-
match table file contained deconvoluted tRNA gene sequences with
canonical tRNA position information. For tRNA genes that could not be
deconvoluted, canonical positioning was done by hand following tRNA
nomenclature guidelines as described in Sprinzel et al. *. For data
visualization, a>600 read coverage filter was used to ensure only
positions with sufficient coverage. Following this, the mutation rates
were used for analysis as described below.

Formulas
1.

DMdiff = Mutation rate”® — Mutation rate*™"

DMS signal = DMdiff *°™* — pmdiff~°M* M

7 score= DMS signal™ """ — DMS signal™""’

[DMS signal™™*° — DMS signal™ ”"’"]

max position in each isodecoder

2

3. In arsenite stress conditions:

ADMS signal = DMS signal™"*°**%2 _ pMS signal'™ "*°-"rol - (3)

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

Data availability

The data supporting the findings of this study are available from the
corresponding authors upon request. The sequencing data generated
for this study have been deposited to NCBI GEO accession number

GSE262888. The sequencing data used for polysome unstressed can be
retrieved from NCBI GEO accession number GSE198441.

Code availability

The MSR-seq analysis code, including mutation rate analysis with and
without demethylase treatment, is available on GitHub (https://github.
com/ckatanski/CHRIS-seq).
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