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The sequence diversity of individual human genomes has been extensively analyzed for variations and phenotypic
implications formRNA, miRNA, and long non-coding RNA genes. TRNA (tRNA) also exhibits large sequence diversity in the
human genome, but tRNA gene sequence variation and potential functional implications in individual human genomes
have not been investigated. Here we capitalize on the sequencing data from the 1000-genomes project to examine
the diversity of tRNA genes in the human population. Previous analysis of the reference human genome indicated an
unexpected large number of diverse tRNA genes beyond the necessity of translation, suggesting that some tRNA tran-
scripts may perform non-canonical functions. We found 24 new tRNA sequences in > 1% and 76 new tRNA sequences in
> 0.2% of all individuals, indicating that tRNA genes are also subject to evolutionary changes in the human population.
Unexpectedly, two abundant new tRNA genes contain base-pair mismatches in the anticodon stem. We experimentally
determined that these two new tRNAs have altered structures in vitro; however, one new tRNA is not aminoacylated but
extremely stable in HeLa cells, suggesting that this new tRNA can be used for non-canonical function. Our results show
that at the scale of human population, tRNA genes are more diverse than conventionally understood, and some new
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tRNAs may perform non-canonical, extra-translational functions that may be linked to human health and disease.

Introduction

The availability of whole genome sequencing at low cost
enabled sequencing of many organisms, and many individuals
of the same organism. The recently completed 1000-genomes
project provides DNA sequencing data for more than 1000
human individuals from many diverse ethnic groups.*? The
1000-genomes data have been extensively analyzed for variations
in protein coding regions, DNA regulatory elements, or long
non-coding RNA genes (e.g., refs. 3-9). These results have pro-
vided significant insights into human genetic variations.

An often neglected class of genes in large scale genome anal-
ysis is sequence variation of tRNA genes. tRNAs read mRNA
codons in protein synthesis and bridge the nucleic acid and the
amino acid worlds. Analysis by tRNAscan-SE indicates that
the hgl9 reference human genome contains 613 tRNA genes.'
Among these, 446 genes have a tRNAscan score of 2 50: these
tRNAs can fold into the canonical cloverleaf structure with
zero or at most one mismatch in the stem; these tRNAs are
divided into 280 different sequences (Table 1). One hundred
and sixty-seven genes have a tRNAscan score of < 50: more
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than one mismatch is present in the stems and these tRNAs
are divided into 160 different sequences (Table 2). A mature
tRNA contains 74-93 nucleotides; therefore, the entire rep-
ertoire of human tRNA genes is made of only ~60000 base
pairs, representing just 1.9 x 107 or 0.0019% of all genome
sequences. Since individual human genomes are ~99.5% identi-
cal, we expect to see ~-300 new tRNA single nucleotide poly-
morphisms (SNP), assuming random mutation frequencies and
distributions. On the other hand, tRNA sequences are highly
restricted through secondary and tertiary structural as well as
functional constraints. Given that the reference human genome
already contains an unexpectedly large number of diverse tRNA
sequences,'®"!
population analysis. In any case, finding additional diversity

we may find very few new tRNA sequences in the

in the human population may enhance the potential useful-
ness of tRNA in a myriad of ways such as fine-tuning transla-
tion or performing extra-translational functions where tRNA
molecules may be used to regulate a wide range of cellular
processes.'*¢

Distinct tRNAs with the same anticodon but with sequence
variations in the body—termed tRNA isodecoders'—can
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Table 1. tRNA isodecoder genes in the hg19 reference human genome with scores > 50

(from ref. 10)
# New #New
Amino acid | Anticodon | # Genes | #lsodecoders | #Reads | variant
reads | seduences
Ala AGC 26 19 73488 10 2
CGC 5 5 3645
TGC 9 8 11887
Arg ACG 7 2 26614 30 1(1)
CCG 4 2 2981
TCG 6 6 11101
cCT 5 5 10903
TCT 6 5 50969 10 2
Asn ATT 1 1 2048
GTT 23 15 76577 18 3
Asp GTC 15 5 34214
Cys GCA 30 24 207063 79 6 (1)
GIn CTG 13 7 53467
TG 6 4 11616
Glu CTC 8 2 40167
TTC 8 5 18824 6 1
Gly GCC 14 5 43046 3 1
Cccc 7 5 13301
TCC 9 4 67427 14 3
His GTG 10 2 16427
lle AAT 14 9 62572 21 1(1)
GAT 3 1 823
TAT 5 3 88809 21 2(1)
Leu AAG 9 4 28073
CAG 9 2 86177
TAG 3 3 9130
CAA 7 6 441612 1181 4(3)
TAA 4 4 10577
Lys cTT 16 1 41580 13 2
7T 14 10 28393
Met-i CAT 9 2 12798
Met-e CAT 10 7 29580
Phe GAA 12 7 39527 97 3(2)
Pro AGG 9 2 5250
CGG 4 2 2378
TGG 7 3 4,372
SeC TCA 2 2 5737
Ser AGA 10 5 24101
CGA 4 4 12249
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serve biologically non-redundant roles. Selective
tRNA isodecoder expression analyzed by Chip-
seq using RNA pol III antibodies and by direct
RNA-seq has been shown to depend on cell
type and cell state.”” The silkworm Bombix Mori
displays differential tRNA gene expression for
tRNA**(AGC) isodecoders.’™ A unique tRNA
isodecoder is exclusively transcribed in silk glands,
whereas another is transcribed ubiquitously in
all cell types. An E. coli tRNA™ isodecoder
contains a sequence change in the D-stem, yet,
this isodecoder completely switches its decoding
from UGG to UGA codon.?® A systematic study
of human tRNA isodecoders as UAG suppres-
sors showed a 20-fold difference in stop codon
suppression efficiency in a human cell line, even
though all isodecoders shared similar aminoac-
ylation capacity and stability in vivo.” A human
tRNA isodecoder modulates the expression level
of a tRNA synthetase gene through direct inter-
action with the 3'UTR of its mRNA, leading to
the formation of alternate polyadenylation sites.”
Other roles for tRNAs have been suggested,”
including a recent demonstration that tRNAs
interact with a wide range of human proteins in
the cell, these proteins are previously not known
to interact with any RNA.'

Here we capitalize on the data provided by
the 1000-genomes project to examine the diver-
sity of tRNA genes in the human population.
Starting from the known tRNA genes in the
hgl9 reference genome, we first identify SNPs
in all tRNA genes that contain new sequence
variations in the tRNA body. We then exam-
ine the distribution of these new SNPs among
tRNA species and map the new sequence change
hotspots on the tRNA structure. We then focus
on the tRNA genes with tRNAScan score of
> 50 and break down how these new genes are
distributed across the ancestries of people par-
ticipating in the 1000-genomes project. We link
human ancestries to the occurrence of specific
new genes and vice versa. Surprisingly, two
abundant new isodecoders contain sequence
changes in the anticodon stem that disrupt
Watson-Crick base pairing. We experimentally
compare the structural differences between
three pairs of isodecoder transcripts—with and
without the disrupted stem—and found that
two new isodecoders with mismatch in the anti-
codon stem indeed fold differently compared
with the standard tRNA. We also show that one
new isodecoder with anticodon stem mismatch
has the same half-life in cells as its counterpart,
but is charged at much lower levels compared
with the standard tRNA in vivo. Our results
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Table 1. tRNA isodecoder genes in the hg19 reference human genome with scores > 50

(from ref. 10) (continued)

Hence, if the same read can be aligned at two

or more genomic loci, the locus with the high-

# New # New est score retains the read, and other mappings

Amino acid | Anticodon | # Genes | #lsodecoders | #Reads | variant sequences are discarded (Fig. S2A). As tRNA isodecoder
reads genes often share significant sequence overlap,

TGA 4 4 11047 mappings of equal scores are all kept, regardless

GCT 8 6 75198 of the number of targeted genes. About 70% of

Sup — : : 1288 individuals contain at least 500 mapped reads
on their tRNA genes (Fig. S2B). The number

Thr AGT ° 6 16476 of mapped reads depends on the extent of the
caGr 5 5 5354 genomic footprint of tRNA genes (estimated

TGT 6 6 17215 to be ~60000 on 3.2 billion nucleotides or

T A . 5 14745 0.0019%) and also on the deep-sequencing
depth or coverage. A grand total of 3810510

v ATA ! ! 7672 ! 2 reads found a hit on tRNA genes, with input
GTA 12 236582 262 402 read lengths between 26-174 nucleotides

Val AAC 10 6 13976 (Fig. S2C). The resulting mapped alignment
CAC 15 0 24976 lengths (Fig. S2D) showed an expected expo-

nential decrease with spikes corresponding to

TAC > 4 8809 input lengths. In an effort to understand how

Total 446 280 2141895 37.(1) degenerate tRNA fragments can be with respect

suggest that some new tRNA isodecoders may perform non-
canonical functions in distinct human populations.

Results

Bioinformatics pipeline

The huge amount of data stemming from the sequencing of
more than 1000 people warrants a careful plan for bioinformat-
ics surveys (Fig. S1). Two databases were used to carry out our
analysis: the genomic tRNA database' (Fig. S1A), in which all
tRNAs from the hgl9 version of the human genome have been
tabulated (Fig. S1B), and the 1000 genomes project® (Fig. S1C)
containing genome-wide, deep-sequenced DNA fragments for n
= 1617 individuals (Fig. S1D). The 1000 genomes project was
launched to provide a comprehensive resource on human genetic
variations. DNA from a pool of cells from a given individual
was fragmented to small pieces and then sequenced at a depth of
~4x coverage. This coverage was not enough to reconstruct each
individual’s genomes, but sufficient to find most genetic variants
that have frequencies of at least 1% in the studied populations.
About two weeks of computations on 20 quad-cores CPU cluster
(~1100 CPU-days) were required to perform ~93000 of a three-
step job (average of 17 min/job) (Fig. S1E): (1) download deep-
sequencing reads data file pertaining to an individual from the
1000-genomes project website; (2) map the data on tRNA genes;
and (3) save the mappings aside and wipe out the reads data file
(as their cumulative size would be too large to store on our file
server).

Mapped deep sequencing reads

Deep-sequencing reads were mapped on the known tRNA
genes in the reference human genome and subsequently
assigned a score (Fig. §2). The score of an aligned read is sim-
ply the number of matches minus the number of mismatches.
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to the whole human genome, we broke down all

tRNA genes into 22 nucleotides fragments and
mapped them back on RNA transcripts and repetitive elements.
Three genomic loci showed up with significant overlap with
some tRNA genes (Fig. S3)—sequencing reads mapping on
these loci will not be possible to determine their true genomic
origin with certainty.

To uncover new SNPs in tRNA, hence new tRNA isodecoder
genes, one ideally starts by assembling a person’s chromosomes
from DNA sequencing data. The program tRNAscan-SE**
can then be used to identify all tRNA genes. This method has
been previously applied to identify tRNA genes in the reference
human genome.” The sequencing reads from the 1000-genomes
project are too short and sequencing coverage not deep enough to
enable assembly of individual chromosomes. The application of
tRNAscan-SE would not work in our case to identify new tRNA
SNPs. Therefore, we matched any potential new tRNA SNP to
the existing pool of known tRNA genes in the reference human
genome (Fig. 1).

The coverage along a given tRNA gene is generally not uni-
form because most tRNA isodecoder genes share identical sub-
sequences in certain regions. To get a quantitative view on how
“degenerate” are these sub-sequences in a family of tRNA isode-
coders, we devised a “degeneracy index” plot (Fig. 1). This plot
shows what fraction of tRNA isodecoders share the same 22-mer
starting at a given gene position. For instance, the degeneracy
index for the 5" end of tRNA™(CAA) is ~0.5, meaning that half
of tRNA™(CAA) isodecoders have the same 5" sub-sequence
(Fig. 1A). The sequence around the anticodon stem-loop is more
unique to each isodecoder family as the degeneracy index drops
then rises again toward the 3’ end. We found that the deep-
sequencing coverage qualitatively agrees with the degeneracy
index.

Mapped reads on tRNA genes can give hints as to where the
hotspots of variation on particular tRNAs are. Indeed, a census of
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Table 2. tRNA isodecoder genes in the hg19 reference human genome with scores < 50 (from ref. 10)

# New # New
Amino acid Anticodon | #Genes | #Isodecoders # Reads variant sec(q:e;:/:es
reads population)
Ala AGC 4 4 4,697
CGC
TGC 2 2 6,377 19 2
Arg ACG
[€«c]
TCG
CCcT 5 4 7,252
TCT
Asn ATT
GTT 12 8 17,969 4 1
Asp GTC 5 5 6,647
Cys ACA 1 1 206,118 2496 4(4)
GCA 1 1 1,573
GIn CTG 13 7 47,285 55 6 (1)
TTG 6 4 314,169 20 5
Glu CTC 16 16 22,886 3 1
TTC 11 11 20,322 6 1
Gly GCC 1 1 1,463
CccC 2 2 6,464
TCC 2 2 18,335 17 1(1)
His GTG 1 1 1,122
lle AAT 3 3 5,018
GAT
TAT
Leu AAG 4 4 12,789 3 1
CAG 1 1 3,992 3 1
TAG 1 1 2,763
CAA 1 1 1958
TAA 7 7 424,907 340 4(2)
Lys CTT 5 5 6,833
TTT 7 7 9,184
Met-i CAT 1 1 1,830
Met-e CAT
Phe GAA 5 5 7,052
Pro AGG 4 4 24,926 4 1
GGG 1 1 1,470
TGG 3 3 8,978 26 1(1)
SeC TCA 1 1 1,460
Ser AGA 2 2 4,207
CGA
1856 RNA Biology

the most varied tRNA positions points
to a few tRNA genes where the matched
sequences do not agree with the tRNA
genes in the hgl9 reference genome
(Fig. 1). Sequencing error rates as high
as those seem unlikely, and thus, these
positions are candidates for new tRNA
SNPs. A more thorough examination
of tRNA position or column cover-
age shows that about 65% of the total
tRNA gene positions have at least 1000-
fold coverage (Fig. S4A), with more
than half of tRNA gene positions (55%)
exhibiting a variation rate less than or
equal to 0.5% (Fig. S4B). We found
no correlation between the coverage in
a tRNA gene position and its variation
rate (Fig. S4C) nor its sequence entropy
(Fig. S4D). Finally, most tRNA gene
positions have low sequence entropies
(Fig. S4E), and entropy increases as
a function of a column’s variation rate
(Fig. S4F). Figure S4G shows the varia-
tion rates vs. column coverage for the
5" 30 nucleotides of tRNA genes with
scores = 50, and another plot for the 3’
40 nucleotides with scores < 50. There is
no correlation between deep sequencing
coverage and the variation rates for these
specific areas.

Mapped reads per individual

The distribution of ancestry codes
from the sampled individuals shows a
rough uniform coverage per ancestry
code (Fig. S5A). If we instead look at
the number of individuals for whom we
have deep-sequencing information for
a particular tRNA isodecoder, only 20
isodecoders of the possible 280 (with
tRNAscan-SE score = 50) are pres-
ent in at least half of the population
(Fig. S5B). Furthermore, only about
30% of the individuals have more
than 1000 tRNA gene positions with
> 10x coverage among the total of 21
787 unique tRNA sequence positions
(Fig. S5C). Most individuals contain
no new positions, and the vast majority
of people carry less than 10 new SNDs
(Fig. S5D). Even though these numbers
seem low, they are consistent with the
small footprint of tRNA genes on the
whole human genome. It also validates
the hgl9 genome as a good “reference”
genome as few new tRNA isodecoders
are found.
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Table 2. tRNA isodecoder genes in the hg19 reference human genome with scores <50 (from

ref. 10). (continued)

rather than sheared, so that the imino A =
A base pair would stay near isosteric?’

AN # New but slightly weaken the overall structure
ew
Aminoacid | Anticodon | #Genes | #Isodecoders | #Reads | variant sequ?:ces upon the loss O.f an out-of-plane hydro-
reads (>I % gen bond provided by G.?* The other
population) sequence change of G6 = C67 would
TGA 3 3 199,533 16 2 introduce an A6 = C67 base pair, also
ACT 1 1 654 near isosteric, but may require the A to
29
Sup TTA 2 2 70,512 254 403) be protonated. .
p— A total of 11 new isodecoders are
! ! 38,092 353 2 found in at least 1% of the population
Thr AGT 1 1 2,314 (Fig. 2A). Six of the 11 sequence changes
CGT 1 1 1,360 are in the D stem-loop (Fig. 2B).
TGT Analysis of tRNA function highlights
- n the fact that the D-stem/loop contains
il 2 2 10549 7 ! fewest tRNA determinant and antide-
Tyr ATA terminant elements for aminoacylation
GTA 4 4 10,881 and in ribosome decoding compared
Val AAC ] ] 1345 with the acceptor stem, anticodon, and
T stem-loops.*® Two of the 11 sequence
CAC 5 4 11,349 3 1 .
changes are in the acceptor stem and
TAC 1 1 121,980 three of the 11 in the anticodon stem.
Total 167 160 1,668,615 | 3,629 39 (13) The T stem-loop is completely devoid of

New isodecoder gene occurrences

Because we focus on tRNA gene diversity, we need to define
what we call a “new” isodecoder gene. For a given individual, if
more than 2/3 of a tRNA position with > 10x coverage disagree
with the reference genome sequence but consistently display the
same nucleotide change, we flag that tRNA position as changed.
Isodecoder sequences are almost all identical to one another so it
is difficult to say exactly which isodecoder gene in the reference
genome (Tables 1 and 2) is altered in a given individual. At the
least, the very presence of an altered position in one or several
tRNA isodecoders hints at the presence of a new tRNA isode-
coder instance in the individual’s genome. Unfortunately, the
limited sequencing depth does not allow us to flag those tRNA
isodecoder genes that are absent in an individual with respect to
the reference hgl9 genome.

We separated the reference tRNA genes into two groups,
one with tRNAscan-SE score > 50 (Table 1) and the other with
the score < 50 (Table 2) to facilitate analysis. The high scoring
tRNAs are generally expected to fold into the canonical clover-
leaf structure needed to function in translation. Among the high
scoring tRNAs, the most abundant new tRNA isodecoder genes
are tRNA™(CAA) (53%) followed by tRNAP"(GUA) (22%)
(Fig. 2A). For tRNA™(CAA), the majority of sequence varia-
tions are found in the D stem-loop, and others in the acceptor
stem. The most frequent sequence change is U16 to C, which
is not expected to affect tRNA structure and function in any
significant way.”® Other sequence changes switch the C12 = G23
base pair to a U = G wobble, G6 = U67 wobble to a G = C, and
G13 = U22 to an A = U. All these base pair changes are isosteric
or near isosteric.”’ For tRNA®*(GUA), the most frequent change
replaces the G26 = A44 purine pair with an A = A pair. In the
tertiary structure of tRNA, the G = A mismatch is in imino-form
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any new isodecoders. We did not thor-
oughly analyze sequence changes occur-
ring in the variable loop because those positions are difficult to
align due to a greater number of insertions and deletions.

We further assessed the 11 new tRNA isodecoder sequences
with all isodecoders in the reference genome (Fig. S6). For six new
isodecoders, the assessment is unambiguous because no isodecoder
in the reference genome contains the specific altered nucleotide
(Fig. S6A-F). In five other cases, other isodecoder sequences from
the same isoacceptor family in the reference genome contain the
same nucleotide identity as the new isodecoder. In these cases,
more thorough analysis shows that the entire sequencing reads
containing the altered nucleotide in our new isodecoders matches
only to specific isodecoders in the reference genome (Fig. S6G-K).
For example, the new tRNA™*(CAA) isodecoder contains a C at
position 16 and CAGA in the anticodon stem located 13—16 nucle-
otides downstream of C16 (Fig. S6G). Although several known
genes in the tRNA™(CAG) isoacceptor family also contain C16,
these tRNA genes have UGCG instead in the anticodon stem.
Therefore, the new isodecoder with C16/CAGA only matches the
U16/CAGA (RNA™*(CAA) in the reference genome.

New isodecoder gene occurrences are not distributed equally
among individuals. More than half of all individuals (54%)
carry one new occurrence; about one-quarter (27%) have no new
occurrence (Fig. 2A inset). Only one person in five (20%) has
two or more new occurrences. A breakdown by ancestry shows
that individuals from European ancestry have more new isode-
coder occurrences; individuals from East Asian ancestry seem to
have fewer new isodecoders (Fig. 2C). The reason for this dis-
crepancy is unclear, it may be related to the choice of individual
samples in the 1000-genomes sequencing project. Alternatively, it
is possible that the Europeans indeed have a slightly higher tRNA
genome diversity than East Asians.
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Figure 1. Coverage and sequence mismatch frequencies on selected
tRNA genes. Deep sequencing data of DNA of individuals participating
in the 1000-genomes project mapped on tRNA genes shows coverage
along the gene and highlights sequence mismatches for each gene's
positions. All baseline sequences are from the corresponding tRNA gene
sequences in the hg19 reference genome.'° The coverage is determined
by piling up all deep sequencing reads that map to the gene, and shown
as vertical black bars. Sequence mismatch frequencies per position are
marked by red triangles set at heights proportional to the frequencies:
higher red bars indicate higher mismatch frequencies. Five highest
mismatched columns are highlighted in green. Selected tRNAs are: (A)
tRNAY(CAA). The well-shaped coverage is due to the fact that only a few
tRNA' genes have introns at positions corresponding to the bottom of
the well. (B) tRNA™(GUA). Greater coverage at the 5’ region of the tRNA
gene gives an indication of the degeneracy of that region among the

isodecoders. (C) tRNAAI(ACG). (D) tRNAYS(GCA).
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Thelow-scoring tRNAs generally have two or three mismatches
in the stems. Among these tRNAs, the most abundant new tRNA
isodecoder genes fall in two groups from tRNA“*(ACA) (36% for
the top of the group) followed by tRNAS**(CTA/TTA) (9.6% for
the top of the group) (Fig. 2D). The reference genome contains
one annotated tRNA“*(ACA), one annotated tRNAS*(CTA),
and two annotated tRNAS*(TTA) genes (Table 2). The high
abundance of new isodecoder occurrences in these low-copy
tRNA genes suggests that low scoring tRNA genes are under
low evolutionary pressure for conservation. In two cases, the new
sequence variants restore base pair mismatches to Watson-Crick
base pairs (Fig. 2D; CysACA from CxU to C-G and SupT'TA
from AxC to A-U), which could “rescue” a poorly folded tRNA
into a canonical structure. In contrast to the high-scoring tRNAs,
most new variants among this group contain sequence changes in
the acceptor and the T stems (Fig. 2E). These tRNA regions are
more subject to canonical tRNA function constraints including
aminoacylation and ribosome decoding. The high degree of vari-
ation in these regions is consistent with the low scoring tRNAs
serving potential non-canonical roles, e.g., in gene expression
control through direct binding to specific mnRNA."

New isodecoder genes vs. ancestries

We applied Bayes’ theorem to uncover any relationship
between specific nucleotide content in specific tRNA positions
with respect to ancestries. Bayes’ theorem computes conditional
probabilities. A conditional probability reassesses a probability
of an event given the conditional knowledge that another event
took place. Consider the probability that a person in our analy-
sis is from the Finnish ancestry, noted as P(FIN). Consider also
the probability that a person features a C at position 26 in one
of its tRNA isodecoders, noted as P(C@26). These two events
may or may not be linked. In a contingency table (Fig. S7), the
counts of various ancestry codes are compiled in columns and
the nucleotide content at position 26 in rows, we can compare
the marginal probability P(FIN) with the conditional probabil-
ity P(FIN|C@26), the latter being the probability of a person
to be of Finnish ancestry given that it contains C26 in a given
tRNA. Likewise, we can compare the marginal P(C@26) with
the conditional P(C@26|FIN). When a conditional probability
is higher than the marginal a priori probability, the knowledge
of the condition yields higher probabilities than the a priori ones:
hence a gain—the ratio of the conditional to the marginal proba-
bilities. Selected conditional probabilities with gains greater than
1.5 are presented in Figure 3.

Some ancestry codes can be deduced with almost cer-
tainty when considering the presence of certain nucleotides at
given positions (Fig. 3; Fig. §7). For instance, finding C26 in
tRNAD*(GUA) almost certainly predicts a Finnish ancestry.
Other such conditional probabilities are also present (Fig. S7D).
On the other hand, there is only a 2% probability for all indi-
viduals with Finnish ancestry with C26 in tRNA®*(GUA). For
tRNAT*(GUA), the probability to find A26 for individuals from
East Asia is 50%, whereas the probably to find G26 for indi-
viduals from West Asia is 90% (Fig. S7D). For tRNA™*(CAA),
South Asians have a C at position 16, while West Africans and
Europeans a U half of the time (Fig. 3A and B).
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Figure 2. For figure legend see page 1860.

www.landesbioscience.com

RNA Biology

1859



Figure 2 (see previous page). Distribution of new tRNA genes. All reference genome tRNA genes are separated into two groups according to their
tRNAscan-SE scores to facilitate analysis. (A-C) Scores > 50 listed in Table 1; (D-E) Scores < 50 listed in Table 2. (A) High-scoring tRNA group. Distribution
of new isodecoder instances per isoacceptor family. The most frequently occurring new isodecoder codes for leucine (53%), followed by tyrosine (22%).
Only those tRNAs with more than five new instances are shown. Unique new isodecoder instances found in > 1% of the population is also shown. Each
instance is tagged with a Roman number. The nucleotide positions are adjusted according to the standard tRNA nomenclature. The new genes indi-
cated by a star were tested experimentally for their folding and in vivo charging and stability. (Inset) Distribution of new isodecoder instances among
individuals. Over half (54%) of all individuals carry at least one new isodecoder. Most individuals (81%) carry only one or none new isodecoder, while few
individuals have as many as 11 new tRNA isodecoders. (B) Sequence change for the 11 new genes that are present in > 1% population mapped onto the
canonical tRNA structure. Roman numerals correspond to those of the previous panel. (C) Box-and-whisker plot showing the distribution of new isode-
coder instances per ancestry codes. Thick horizontal bars indicate the median, while the bottom and top of the boxes the first and third quartiles of the
distributions, respectively. (D) Low-scoring tRNA group. Distribution of new isodecoder instances per isoacceptor family. The most frequently occurring
new isodecoder codes for cysteine (57%), followed by a suppressor tRNA (17%). Only those tRNAs with more than five new instances are shown. Unique
new isodecoder instances found in > 1% of the population is also shown. Each instance is tagged with a Roman number. The nucleotide positions are
adjusted according to the standard tRNA nomenclature. (E) Sequence change for the 13 new genes that are present in > 1% population mapped onto

the canonical tRNA structure.

We further focused on the three new isodecoders that alter
base pairs in the tRNA anticodon stem, a critical region for
tRNA function (Fig. 3C-F). These three isodecoders occur in
11-27% of all individuals. For tRNA"*(GUA), the reference
genome tRNA features a G26 = A44 purine pair, the new iso-
decoder changes this to an A26 = A44 pair (Fig. 3C and D). As
discussed previously, the effect of the G26-to-A change on the
tRNA structure may be negligible. For tRNA*%#(ACG), the ref-
erence genome tRNA features a G30 = C40 Watson-Crick base
pair, the new isodecoder changes this to G30 = G40 (Fig. 3E).
Not only would the G = G mismatch impact the double-helix
grooves leading to a greater distortion, but depending on the
flanking base pairs, G = G can also oscillate between two mir-
ror-image conformations, going from (syn)H/W(anti) to (anti)
W/H (syn) and back.?! For tRNA®*(GCA), the reference genome
tRNA features a U28 = A42 Watson-Crick base pair, the new
isodecoder changes this to G28 = A42 (Fig. 3F). The surround-
ing structural context may drive this G = A mismatch in a (syn)
H/W (anti) base pair, where the adenosine would be protonated.?

Comparative structural mapping of tRNA isodecoders in
vitro

We were surprised to find two new tRNA isodecoders con-
taining anticodon stem mismatches that are abundantly present
in the human population (Fig. 3E and F). These mismatches
may not significantly affect the tRNA structure so that they can
also be used in translation. Alternatively, these mismatches could
have strong effects on tRNA structure and consequently hinder
its function in translation. In the latter case, either the presence
of these isodecoders is simply tolerated in cells or these isode-
coders perform extra-translational functions that avoid the com-
petition by the ribosome.”? We therefore experimentally tested
whether the isodecoders containing anticodon stem mismatches
indeed affect the tRNA structure in vitro (Fig. 4) and its stability
and aminoacylation in vivo (Fig. 5).

To test whether the introduction of specific mismatches in the
anticodon stem affects tRNA structure, we selected all three iso-
decoder pairs in Figure 3D-F that are either of standard tRNA
configuration (for those in the reference genome) or contain one
base pair change in the anticodon stem (new isodecoders). All
three tRNA isodecoders from the reference genome are made
of standard tRNA configuration as depicted by their predicted
secondary structures (Fig. 4). Each of the new isodecoders for
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tRNA*2(ACG) and tRNA®*(GCA) introduces a purine—purine
mismatch. The new tRNA®*(GUA) isodecoder changes the G26
= A44 pair to an A26 = A44 pair. The structure of the isode-
coder pairs was compared by structural mapping of T7 RNA
polymerase transcripts using the single-stranded-specific nucle-
ase S1 and the double-stranded/stacking-specific nuclease V1
(Fig. 4). For tRNA*¢(ACG) (Fig. 4A), the S1 digestion signature
increases significantly in the new isodecoder (G40), both in the
vicinity of G40 and in the D loop. The V1 digestion signature
increases in the D stem region and is expanded in the anticodon
stem. These results indicate that the C40 to G40 change in the
new isodecoder alters the structure of the anticodon and the D
stem-loops. For tRNA“*(GCA) (Fig. 4B), the S1 digestion sig-
nature increases slightly in the new isodecoder (G29), both in the
anticodon loop and in the D loop. The V1 digestion signature
increases in the D stem and markedly in the anticodon stem-loop
region. These results again indicate that the U29 to G29 change
in the new isodecoder alters the structure of the anticodon and
the D stem-loops. For tRNA®*(GUA) (Fig. 4C), very little differ-
ence is observed as anticipated between the reference isodecoder
(G26) and the new isodecoder (A26), indicating that this new
isodecoder folds into a standard tRNA structure. The structural
mapping results support the notion that the two new isodecoders
with purine—purine mismatch in the anticodon stem contain a
distinct structure compared with a standard tRNA.

We also performed tRNA folding analysis under non-denatur-
ing conditions to validate that the structural difference between
the two tRNA¢ variants is not derived from the process of dena-
turation/renaturation (Fig. 4D). Both tRNA”® transcripts in the
T7 RNA polymerase transcription mixture were directly loaded
on native gels. The folding difference between these two variants
was easily visualized.

Comparative analysis of tRNA stability and charging in vivo

To determine whether structural changes affect tRNA func-
tion, we further compared the stability and the charging effi-
ciency of the tRNA*%¥(ACG) isodecoder pair in vivo (Fig. 5).
tRNA transcripts were ?P-labeled at the terminal A76 residue
using o-*P-ATP and the recombinant CCA-adding enzyme.*
The radiolabeled tRNAs were transfected into HeLa cells for up
to 96 h. To measure stability, total RNA was extracted at various
time intervals and analyzed using denaturing PAGE (Fig. 5A).
For both the reference isodecoder (C40) and the new isodecoder
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(G40), the relative amount of 3*P-labeled tRNA in
the total RNA comprises of two phases (Fig. 5B).
Within the first 36 h after transfection, the amount
increases and reaches a plateau; this result is likely
due to the increased uptake of tRNA during this
time. From 36-96 h, the amount follows a steady
decline by ~50% every 24 h; this result is consistent
with the dilution of the radiolabeled tRNA upon
additional cell growth. In any case, both isodecod-
ers show similar uptake and decline kinetics, indi-
cating that they are similarly stable in HelLa cells.
We also measured the charging level of both
tRNA*2(ACG) isodecoders at 12 and 24 h after
transfection (Fig. 5C and D). Here, total RNA
from transfected cells was extracted under acidic
conditions to maintain charged tRNAs. The
charged tRNAs were then treated with nuclease
P1, and the free **P-labeled A76 (p*A) and charged
A76 (p*A-arg) were separated by thin-layer chro-
matography.* The reference genome isodecoder
(C40) is charged at similar levels at both 12 and
24 h, whereas the new isodecoder (G40) is charged
at 5-10 times lower levels (Fig. 5D). The absolute
charging level of the C40 isodecoder is just a few
percent: this result is consistent with the literature
showing that transfected (tRNA transcripts are
generally charged at levels below 10%, presum-
ably due to the lack of modification status, incor-
rect processing pathway, incorrect localization, or
a combination of all three.?* For other tRNAs
investigated previously, this low percentage charg-
ing is still sufficient to demonstrate their useful-
ness in translation.? In any case, the extremely low
charging levels of the new tRNA*%¢(ACG) isode-
coder indicates that it is not useful for translation,
even though it is equally stable as a standard tRNA.

Discussion

tRNA isodecoder gene diversity in the human
population

The presence of an unexpectedly large tRNA iso-
decoder diversity in the mammalian genomes has
been a paradox since their initial identification."
In single cell organisms such as bacteria and yeast,
many tRNA genes with the same anticodon, i.e.,
within the same isoacceptor family, have identical
sequences. For example, Saccharomyces cerevisiae
contains 275 tRNA genes distributed within just 51
different sequences for a gene number/gene sequence
ratio of 5.4. The hgl19 reference human genome con-
tains 446 tRNA genes (those with tRNAScan-SE
score of = 50) distributed within 280 sequences for
a gene number/gene sequence ratio of 1.59. At a first
glance, large tRNA gene diversity may harm the
cell through increased propensity of misacylation
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Figure 3. Population analysis of the most frequent new tRNA sequences among the high
scoring tRNA group. (A) Sequence change mapped onto the canonical tRNA second-
ary structure for tRNALeu(CAA), the tRNA gene with the most abundant new instances.
Square bubbles indicate the nucleotide substitution frequencies. Conserved nucleo-
tides are shown in black, while the anticodon nucleotides in gray. Dotted lines show
base paired positions. (B) Probability table conditioned on ancestry for position 16 of
tRNALY(CAA). The SoAs label stands for South Asian, Amer for Americas, WeAf for West
Africa and Euro for European. (C) Sequence change mapped onto the canonical tRNA sec-
ondary structure for tRNAY(GUA), the tRNA gene with the second most abundant new
instances. (D) Probability table conditioned on ancestry for position 26 of tRNAY(GUA).
The SoAs label stands for South Asian, EaAs for East Asian. (E and F) Sequence changes
in the anticodon stem in two other abundant new isodecoders. The sequence changes
introduce a purine mismatch in the anticodon stem. (E) Position 40 of tRNA*"9(ACG) occur-
ring in 15.5% population. (F) Position 27 of tRNA%$(GCA) occurring in 11.3% population.
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variants fold very differently.

Figure 4 (see previous page). Structural mapping of pairs of tRNA isodecoder transcripts in vitro. Structural mapping of selected tRNA isodecoder pairs
was performed by limited nuclease V1 and S1 digestion. Sequences in the context of standard tRNA secondary structure and mapping of tRNAA9(ACG)
(A), tRNA95(GCA) (B), and tRNA™(GUA) (C). Positions of RNA cuts were identified through alkaline hydrolysis (BH lane) and T1 ladder (T1 lane). The
sequence change in the new tRNA isodecoder is indicated by red arrows and corresponds to the position of the red dot in gel. tRNA structural regions
are indicated on the right side of the gel. (D) tRNA folding analysis by native gel electrophoresis. tRNA transcripts from T7 RNA polymerase reaction was
directly loaded on 8% native gel containing 25 mM trisOAc, pH 7.5, 5 mM Mg(OAc),. The amount of transcription reaction loaded in the left and right pan-
els were 1 and 10 pl, respectively. Consistent with the structural mapping results, tRNAY(GUA) variants fold in the same manner, whereas tRNA*9(ACG)

by non-cognate tRNA synthetases. Investigations by Chip-seq
of RNA polIll subunits and transcription factors indicate that a
majority of the tRNA isodecoder genes are transcribed in differ-
ent cell types.”” Interestingly, different cell types transcribe a small,
common set of tRNA genes, but a large, distinct set of tRNA iso-
decoder genes, suggesting each cell type may have a unique expres-
sion pattern of tRNA isodecoder transcripts.®’

The human reference genome is composed of pooled DNA
from several dozen individuals.** Hence, the tRNA isodecoder
gene collection in the genomic tRNA database!® does not rep-
resent simultaneous tRNA genes present in any particular indi-
vidual. In the absence of assembled genome sequences from the
1000-genomes project, it is very difficult to detect tRNA gene
insertions and deletions, so the exact composition of tRNA genes
in any particular individual cannot yet be determined. This
uncertain knowledge poses an inherent limitation in our approach
to determine the composition of all tRNA genes in individuals.
Hence, our study only focuses on the identification of new tRNA
sequences or SNPs. An initial calculation estimates that if tRNA
gene mutations are random, the probability of finding new iso-
decoders would be ~300, i.e., 16 x 10° (0.5% variations between
two individual genomes) * 1.9 x 107 (the fraction of all tRNA
gene base pairs in a human genome). For the high score tRNA
genes, we ended up with 11 new isodecoders present within > 1%
of human population. This is one order of magnitude lower than
expected as derived from random mutations. This result suggests
that the high scoring human tRNA gene sequences are under
structural and functional constraints. Structural constraints can
be derived from the need to maintain appropriate secondary and
tertiary structures; and functional constraints can be derived
from the need to efficiently participate in translation, or to per-
form extra-translational functions.

The sample size of 11 new isodecoders is not large enough to
enable marking specific ethnic groups with unique tRNA iso-
decoder genes. However, if we decrease the threshold of find-
ing new isodecoder sequences to below 1%, the number of new
sequence changes increases by many folds, depending on the
tRNA species. At this time, we cannot determine whether these
additional sequence variations are bone fide tRNA isodecoder
genes or derived from sequencing errors. If we assume that some
of these are indeed new isodecoder genes, then the total num-
ber of tRNA isodecoder genes in the human population would
increase significantly. Whether many of these isodecoder genes
contain functionally relevant changes or simply are the result of
neutral drift remains to be determined. More sequencing data
will be needed to investigate the ultimate size and sequence varia-
tions of human tRNA isodecoder genes. Nevertheless, decreas-
ing the threshold from 1% to 0.2% population increases the
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number of new isodecoders derived from high scoring tRNA
genes increases from 11 to 37 (Table 1). This kind of diversity
would be sufficient to render tRNA isodecoders as markers of
human population.

The low scoring tRNA genes show much greater degree of
sequence diversity in the reference genome and in the human pop-
ulation (Table 2). From the start, these genes are thought to poten-
tially perform non-canonical functions as was demonstrated for a
tRNA*P gene of this group.” Among the 167 low scoring tRNA
genes, 13 contain new sequence variants in > 1% of population.
Expanding this analysis to >0.2% of population identified 39 new
sequences. The most significant indicator of these new sequences
may perform non-canonical tRNA function is that the sequence
variations are located in structurally and functionally more con-
straint regions in a canonical tRNA (compare Fig. 2B and E).

Potential functions of new tRNA isodecoders

The default functional hypothesis for new tRNA isodecod-
ers is that they fine-tune translation in a cell type or cell state
dependent manner. For instance, sequence change in the tRNA
body can modulate the efficiency of aminoacylation, modifica-
tion status or ribosome loading.**** Using a stop codon sup-
pression assay in HeLa cells, it was shown that tRNA isodecoder
sequences from the same isoacceptor family indeed show a wide
range of suppression efficiencies.? Interestingly, the best suppres-
sion efficiency was achieved by isodecoder sequences that do not
occur naturally.?! This result suggests that not all natural isode-
coder sequences are optimized for translational efficiency.

tRNAs are known to participate in a wide range of extra-trans-
lational activities. In mammalian cells, charged tRNAs can be
used as carriers of chemically activated amino acids for metabolic
enzymes or N-terminal amino acid transferases.’>*” Uncharged
tRNAs are activators of the protein kinase GCN2 that regulates
global translation activity in response to cellular nutrient avail-
ability.”! tRNAs can bind to cytochrome C in the cytoplasm to
prevent premature apoptosis.'* During oxidative stress, tRNAs
are cleaved to produce fragments that are used as small interfering
RNAs to regulate the activity of translation factors.**% A tRNA-
A jsodecoder folds into a non-canonical structure and this tRNA
molecule associates with mRNA to regulate alternative 3’ end for-
mation.” We have shown that tRNA interacts with a wide array of
cellular proteins involved in a diverse range of cellular processes.'®
For example, direct tRNA interaction with farnesyl-transferase or
histone H3K9 methyl-transferase may enable cellular communica-
tion between global translation activity with the process of protein
modification. In each of these cases, distinct tRNA body sequence
likely plays a role to tune the efficiency for these functions.

The most obvious candidates among the 11 new isodecoders
to perform extra-translational function are the two isodecoders
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Concluding remarks

We have shown here that the
human population has signifi-
cant tRNA sequence diversity,
and some abundant, new tRNA
isodecoders do not fold like
standard tRNAs. These results
raise the possibility that tRNA
function, in particular those not
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Figure 5. Stability and charging level of tRNAArg(ACG) isodecoder pair in vivo. (A) tRNA transcripts 32P-labeled
at the terminal A76 were transfected into HelLa cells. Total RNA was isolated at designated time points, and
equal amount of total RNA was loaded in each lane. tRNA*9(ACG) from the reference genome has C40 and is
indicated as C lanes; the new isodecoder has G40 and is indicated as G lanes. (B) Quantitative analysis of the
32P-labeled tRNA bands in panel A. Data are normalized to the 36 h time point where it has the highest level of
radioactivity. (C) tRNA transcripts 32P-labeled at the terminal A76 were transfected into HelLa cells. Total RNA
under acidic conditions was isolated at designated time points. Equal amount of total RNA was digested with
nuclease P1 and run on TLC. Different charging level of tRNA isodecoders at different time points analyzed by
TLC. Free and acylated tRNA are indicated on the right side. (D) Quantitative analysis of the p*A and p*A-arg
spots in panel A. The y-axis corresponds to the % of p*A-arg spot over p*A+p*A-arg signals.

However, major hurdles remain
to accurately determine the
function of individual tRNA
isodecoders. The first hurdle
is the current lack of quanti-
tative methods to accurately
tRNA

expression at single nucleotide

determine isodecoder

resolution. Despite the recent

that introduce base pair mismatch in the anticodon stem. Our
results show that these isodecoders from the tRNA“*(GCA)
and tRNA*%(ACG) isoacceptor families indeed have different
structures in the anticodon and D stem-loop regions compared
with the standard tRNAs. Further, we show that the G40-
tRNA*%(ACG) has the same stability as the standard, C40-
tRNA*%(ACG) isodecoder in HeLa cells over several days, and
we found no stable tRNA fragments derived from the 3’ portion
of this tRNA (Fig. 5). The anticodon stem sequence change in
the new tRNA®*(GCA) and tRNA*¢(ACG) isodecoders should
not significantly decrease the overall cellular capacity of tRNA-
©* and tRNA*% in translation. The tRNA“*(GCA) isoaccep-
tor family contains 30 genes in the reference genome. Here, the
presence of one or even two of the G28 isodecoder genes should
hardly make a dent in the translational capacity of this isoac-
ceptor family. The tRNA*8(ACG) isoacceptor family contains
7 genes in the reference genome. Although the G40 isodecoder
renders this tRNA incapable to be charged in vivo, this sequence
change may occur only in one of the 7 genes, so that the capacity
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advances in RNA sequencing,

quantitative tRNA sequencing
remains unavailable due to the presence of numerous post-tran-
scriptional modifications that interfere with ¢cDNA synthesis.
The second hurdle is the difficulty to manipulate tRNA levels in
cells.* In this regard, recent advances on genomic gene deletion
in mammalian cells® could be useful to assess the function of
individual tRNA isodecoders. Once these hurdles are overcome,
functional investigations of tRNA isodecoders should reveal why
mammalian genomes contain such a large diversity of tRNA
genes.

Materials and Methods

Bioinformatics

All deep sequencing reads were mapped on tRNA genes in
the hgl9 version of the Homo Sapiens genome. The tRNA genes
are those proposed in the GtRNAdb database'® with score greater
or equal to 50 (Fig. S1A). Introns in tRNA genes are retained,
as the deep sequencing data comes from DNA (Fig. S1B). Deep
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sequencing reads were mapped using an in-house mapper, that
allows for at most one mismatch and no gaps (pessimistic mapper).
A read aligned to a tRNA gene has a score made up by adding 1
point per match and subtracting 1 point per mismatch. The mini-
mum alignment score allowed is 20: an alignment of length 22
with 1 mismatch (pessimistic specificity). The tRNA isodecoder
that features the highest alignment score for a read keeps that read,
while other lower-scored matches are discarded. This approach is
necessary using the 1000-genomes data that are not assembled into
chromosomes. If the genomes of individuals were assembled then
we could use the tRNAscan-SE* program instead.

Deep sequencing reads are provided by the 1000 genomes proj-
ect' (Fig. S1C). A grand total of n = 1,617 individuals were ana-
lyzed, whose data table has been fetched from the 1000-genomes
project FTP site on June 11th, 2012 (Fig. S1D and Table S1).
All deep sequencing data pertaining to an individual is gath-
ered together. A genomic position for an individual is declared
mutated if that position is covered at least 10x and at least 2/3 of
the mapped reads show a common nucleotide distinct from the
reference genome at that position. As deep sequencing machines
are prone to miscall nucleotide identity at the first read position,
mismatches that occur at the first read position are not consid-
ered in our study. Because tRNA isodecoders share a great deal
of sub-sequences among themselves (Tables 1 and 2), it is impos-
sible to determine exactly which isodecoder sequence is actually
being changed in an individual. However, because of the pres-
ence of new sequence variations, we can at the least deduce the
presence of new isodecoders.

A computer cluster was employed to help plow through the
task of aligning all the deep sequencing data from all these indi-
viduals (Fig. S1E). Basically, a computer node downloads the
deep sequencing data from the FTP site of the 1000 genomes
project, align the data on the tRNA genes, then discard the deep
sequencing data to facilitate space conservation. Downloading of
the data is tricky: only a few concurrent connections are allowed
at any time of the FTDP server; connection failures would result
in a node to sleep a random amount of time then re-attempting a
download upon awakening. A total of 20 quad-cores CPUs com-
pleted the whole task in about two weeks.

tRNA structural probing

tRNA isodecoder transcripts were synthesized by T7 RNA
polymerase using templates generated from PCR with overlap-
ping DNA oligonucleotides. tRNAs were purified on 10% poly-
acrylamide urea gel and extracted by soaking gel slices overnight
at 4 °C in 50 mM KOAc and 200 mM KCI, pH7. After ethanol
precipitation, tRNAs were resuspended in RNase-free H,O.

Purified tRNAs (40-80 pmole) were 5'- labeled with [y-**P]
ATP and T4 polynucleotide kinase (USB) after dephosphoryla-
tion with calf intestine phosphatase (Roche). The end-labeled
and gel-purified RNAs were dissolved in RNase-free H,O.
Equivalent amount of labeled tRNA pairs were subjected to lim-
ited nuclease cleavage for structural mapping as described previ-
ously.?! Before nuclease treatment, tRNAs were renatured at 85
°C for 2 min and folded in folding buffer (50 mM TRIS-HCI,
pH 7.4, 10 mM MgCl,, 100 mM KCl, 0.1 pg/ul E. coli tRNA) at
37 °C for 5 min. Double-strand specific nuclease V1 (Ambion)
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or single-strand specific nuclease S1 (Fermentas) was added at
a final concentration of 0.005 U/pl and 1 U/pl, respectively.
Cleavage reactions proceeded for 2 min at 37 °C. Equal volume
of RNA loading buffer (9 M urea, 50 mM EDTA, XC/BPB)
was then added and the samples were split in two and immedi-
ately loaded on 8% and 20% polyacrylamide urea gels. Alkaline
hydrolysis ladder and RNase T1 hydrolysis ladder are used to
indicate the position of RNA cuts. Gels were imaged using phos-
phorimaging (Biorad).

tRNA stability and charging assays

To profile stability and charging levels of the pair of
tRNA*€(ACG) isodecoders, tRNA isodecoder transcripts were
labeled with [a-*>P]ATP and the recombinant E. coli CCA add-
ing enzyme.” The reaction condition contains 40 pmole tRNA,
20 mM MgCl,, 50 mM glycine, pH 9.0, 50 mM pyrophosphate,
20 mM CTP, 5.5 pmole [o-**PJATP, and 0.5 pg CCA add-
ing enzyme, and incubation for 10 min at 37 °C. Gel-purified
RNAs were transfected into Hela cells using Lipofectamine
reagent (Invitrogen) according to the manufacturer’s instruc-
tions. Transfected cell in triplicates were grown in 6-well plates
in DMEM at 37 °C under 5% CO,. Total RNAs were extracted
at different time points (12 h, 24 h, 36 h, 48 h, 60 h, 72 h, 84
h, 96 h) using acidic phenol/CHCI, (pH 4.5). After ethanol pre-
cipitation, RNAs were resuspended in 10 mM NaOAc/HOAc/1
mM EDTA (pH 4.8). Equal amount of extracted RNAs at dif-
ferent time points were loaded on 10% polyacrylamide urea gel,
exposed and imaged using phosphorimager.

To analyze charging level of tRNA isodecoders, the same
amount of extracted RNAs were spotted on pre-washed cellulose
PEI plate (TLC, Analtech) and migrated with 5% glacial acetic
acid and 100 mM NH,Cl. TLC plate was exposed and quantifi-
cation of radioactive spots was performed using phosphorimager.

tRNA folding under native condition

We performed tRNA folding analysis under non-denaturing
conditions to validate that the structural difference between the
two tRNA” variants is not derived from the process of denatur-
ation/renaturation. Twenty pl of the T7 RNA polymerase tran-
scription reaction was mixed with 2 pl 80% glycerol, and either
1 or 10 pl of the whole reaction mixture was directly loaded on
8% native polyacrylamide gels containing 25 mM tris-acetate,
pH 7.5 and 5 mM Mg(OAc),. Gels were run in the same buffer
in the cold room for 4h, and stained with ethidium bromide for
visualization under UV.
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