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Abstract

Background The question of whether the coronavirus genome contain as-yetununderstood genetic component.

Purpose (Objective) Elucidate the novel functions of the discovered tRNA-like base sequence and lead to the development
of novel therapeutic agents.

Methods A novel tRNA-like base sequence was found in the sequences complementary to the genomes of severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) and SARS-CoV. By comparing mutations in the tRNA-like base sequences
of these two viruses, it was found that base pairing in the cloverleaf model of SARS-CoV-2 was more robust than that of
SARS-CoV.

Results The results of homology search between a short sequence of the coronavirus tRNA-like base sequence and human
genes suggest that the molecule produced by this novel tRNA-like sequence may be involved in the splicing of human mes-
senger RNA.

Conclusions Experimental molecular evidence of the tRNA-like base sequence discovered in this study is urgently needed.

Keywords Coronavirus - Cloverleaf model of tRNA - Mutation - Base sequence - Intron

Introduction

Infection with severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) is now widespread, and the associ-
ated coronavirus disease (COVID-19) has become a pan-
demic worldwide. By December 3, 2021, 199,936,878 cases
were confirmed in more than 110 countries, with 4,254,571
deaths (Elflein 2021). SARS-CoV-2 is the seventh corona-
virus known to infect humans (Coronaviridae Study Group
of the International Committee on Taxonomy of Viruses
2020; Wu et al. 2020; Zhou et al. 2020). Among these,
SARS-CoV, Middle East respiratory syndrome coronavirus
(MERS-CoV), and SARS-CoV-2 can cause severe disease,
whereas human coronaviruses HKU1, NL63, OC43, and
229E are associated with mild symptoms (Coronaviridae
Study Group of the International Committee on Taxonomy
of Viruses 2020; V’kovski et al. 2021). In this perspective
study, comparative analysis of genomic data was performed
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to deduce the characteristics of the SARS-CoV-2 genome.
This revealed the notable features of a novel SARS-CoV-2
tRNA sequence, whose mechanism of action was also
hypothesized.

Materials and methods

A 330-base tRNA-like sequence was visually identified
in the complementary strand of the SARS-CoV-2 genome
without using any software such as tRNA Scan-SE. This
method was based on the detection of the T-loop sequence
(G/CNNNRANNC/G) and on subsequent examination of
the following stem structure (T-stem). Next, the sequence
was extended in the 3’ direction to search for amino acid
acceptor stems (AA-stem). The analysis tool “Analyze this
sequence”/“Find in this sequence” included in the NCBI
gene database was used to detect both of these sequences.
Meanwhile, an ochre anticodon sequence was searched at a
position approximately 20 bases away from the T-stem in the
5" direction, and it was investigated whether an anticodon
stem of five bases could be assembled. Finally, a D-loop/
stem and an intron were placed, several cloverleaf structure
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models were drawn one by one, and the best structural model
was selected.

Homology search between short sequences (eight
bases) of coronavirus and human genes (one million
bases or less) was conducted using the same “Analyze this
sequence”’/*Find in this sequence” tool, and the number and
position of the highlighted sequences that appeared on the
PC screen were annotated. For all analyses, a Toshiba Dyna-
book Satellite L5-C Series PC was used.

Results

The cloverleaf model of the novel tRNA-like base
sequence, consisting of 330 bases, as well as its position
(12,940-13,296) on the genome of SARS-CoV-2 (NCBI/
Nucleotide/NC_045512.2 complement) are shown in
Fig. 1. Although the cloverleaf model, showing a stem and
loop structure, is consistent with the conventional model
(Dirheimer et al. 1995), it has the following peculiar char-
acteristics: (1) it contains an intron consisting of 260 bases
between the D-stem and the AC-stem; (2) its anticodon
is TTA, corresponding to the ochre stop codon; and (3)
although the number of bases in its T-loop, consisting of

Fig. 1 Cloverleaf model of the
330-base tRNA-like sequence

: 12901 agtgtt t ataa
found in the genome of the 15961 o 2 aga ¢ 8 gga o C?
new coronavirus SARS-CoV-2. ]ggg} gttgttgtac ctcgg

: < cctatttgta cttta
The tRNA-like base sequence 13141 agtg gtg% te taggt
occupies 330 bases at positions 13201 tcacgtacag tagca
12,940-133,269 of the NCBI/ 13261  tetgetgc@a aaage

Nucleotide/NC_045512-2
genome (complement). It

seven bases, matches that of conventional T-loops, the static
base sequence G5;TTCsg is substituted with Cs3TTTsy

The mutations present in the genome of the new corona-
virus SARS-CoV-2 at bases 16,635-16,964, based on 4787
sequenced deposited in the NCBI database as of March 25,
2021, are shown in Fig. 2a. After identification of these
mutations, this region of the SARS-CoV-2 genome was com-
pared with that of the previously widespread Tor2 isolate
of SARS-CoV (NCBI/Nucleotide/NC_004718.3) (Fig. 2b).
Fifty-two mutations were identified in the 330-base tRNA-
like sequence. The comparison of exons and introns of the
330-base tRNA-like sequences of different SARS-CoV-2
isolates revealed a smaller number of mutations in the exon
region. Presumably, this depends on the bias of exons form-
ing the secondary structure of the tRNA in the cloverleaf
model, suggesting the validity of the assumed stem struc-
ture of the discovered tRNA base sequence. Conversely,
the comparison of the tRNA structures of SARS-CoV and
SARS-CoV-2 strains pointed at five mutations in the stem
region. These mutations are in the direction of stabilizing
base pairing in the stem, and there are no reverse mutations.
In addition, a mutation (C— T) at position 33 of the constant
base is consistent with the general model of the tRNA struc-
ture. These results indicate that the increased pathogenicity

¢ 12,940

tagtgctctt) gtggcactag
caccaacatt
ctttttcaaa
taaagacata

gt aarrctaaca
tg tgatgtcagc
ac
tt

aacagcatca
tttagttalca

tgtaggtgca
taatttgtaa

ggtgtactct
atttcggtta

acc aacttcccat attctctgtc agacagcact
tacc ataagacagt aaatgtct cctcagtagc tttgagcgtt
tgag tctttcagtg caggtgttag ctaaaatgta atcaccagca

contains an intron consisting of 1T @ A2
260 bases. The exon regions are GecC
highlighted in color (orange, 5’ TOG
side and blue, 3’ side). The eight
bases in the sequence chart GoT
(TTTAGTTA), surrounded by GeC
ared line, represent the central cCeG
part of the 330-base tRNA-like
sequence, which was used for C AeN cT (fl:_” T61G c GA
homology search. Although U AT 12 T
should be used in the cloverleaf A GTGA eOeO e G
model of tRNA, T was used TAG
for the purpose of sequence oo GA 51 CmT %
description (@ indicates T G C 2 CT A c C 53
Watson-Crick-type pairing, and
QO indicates non-Watson-Crick intron / 27 A ®T 43 N
base pairing) 260 nt 8G ® Ca2
Ae T
CeG
AeT
G
3T A
T T A
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Fig.2 Mutations found in the 330-base tRNA-like sequence. a The
base sequence starting at position 16,635 represents the 330-base
tRNA-like sequence of the new coronavirus [NCBI/Nucleotide/
NC_045512.2, (+) strand], while the base sequence starting at posi-
tion 16,561 represents the 330-base tRNA-like sequence of SARS-
CoV Tor2 [NCBI/Nucleotide /NC_004718.3, (+) strand]. Mutated
bases are shown in capital letters between the two base sequences.
Bases differing between SARS-CoV-2 (upper base sequence) and
SARS-CoV (lower base sequence) are surrounded by a red line.
@3 indicate the section number of the 330-base tRNA-like
sequence. b Cloverleaf model of the 330-base tRNA-like sequence of
SARS-CoV Tor2. Note that the model is drawn from complementary
strands.—»O indicates a mutation in the novel strain, SARS-CoV-2
(Fig. 1)

in the new coronavirus strain compared to the previous strain
is partially proportional to the stability of its tRNA structure.

To obtain information about the possible validity and
importance of the novel tRNA-like base sequence, a homology
search between this 330-base tRNA-like sequence and human
genes was carried out. The 330-base tRNA-like sequence was
divided into 33 sections [O in Fig. 2a], and four fragments
with different complementarity and orientation were generated
in each section. The results of screening of 10 large and small
olfactory receptor genes using these eight-base fragments are

shown in Supplementary Table S1. Considering these results,
the fragment no. 4 of section @ (ATTGATTT) was selected
for further investigation. This choice was made based on the
large number of homologous sequences to this fragment,
which filled up a whole PC monitor; the absence of mutations
in this section; and the fact that section @) is located exactly in
the center of the 330-base tRNA-like sequence.

The position of an A base at the 5" end of fragment no.
4 of section @ (ATTGATTT) on the human genes, as well
as the position of the codon corresponding to the TTA anti-
codon located upstream, are shown in Fig. 3a. The num-
ber of homologous hits is almost proportional to the size of
the gene, and homologous sequences are scattered within
the gene. When focusing on the interval between these
sequences, it was found that the ATTGATTT sequence exists
in pairs at a constant distance (461 +2 bases) in some human
olfactory receptor genes, and that there is always a codon
corresponding to the TTA anticodon located upstream at a
fixed position of 120+ 3 bases. The data for seven genes,
including SFTPD, PGL, and IL7, out of approximately 150
genes obtained by searching “Homo sapiens genes, COVID-
19” in the NCBI database, are shown in Fig. 3.

Although the S’ ATTGATTT3' sequence is often found in
human genes, only the 3’ATTGATTTS' sequence is found
in section @) of the coronavirus genome, and these two
sequences do not pair by Watson—Crick complementarity
even if they are arranged side by side. Interestingly, how-
ever, these sequences can form complementary pairs by
shifting one of the sequences by two bases to the left or
right and considering the non-Watson—Crick G-T and T-T
base pairs, which are often found in the cloverleaf model of
tRNA (Clark 1979; Ozeki et al. 1987).

The position of the ATTGATTT sequence, existing in
pairs, and that of the stop codons located upstream thereof
on the base sequence of the human olfactory receptor gene
OR2L13 are shown in Fig. 3b. As an example, it is shown
that these sequences can undergo complementary pairing
by shifting two bases to the right (Fig. 4). To carry out pair-
ing by two-base shift, one of the two bases adjacent to the
ends of ATTGATTT in human genes must not be C. Nota-
bly, all of the ATTGATTT—(461 + 2 bases)—ATTGATTT
sequences illustrated in Fig. 3 do not have C in at least one
of the two positions adjacent to the ends of ATTGATTT.

Despite its relevance within the scope of the study, the
ATTGATTT—(461 +2 bases)—ATTGATTT sequences
found in human genes were not located in the exons, but
rather in the introns. On the other hand, considering all
eight-base fragments of the 330-base tRNA-like sequence,
no other eight-base sequence was found to appear in pairs at
regular intervals except for the ATTGATTT sequence from
the central part of the tRNA-like base sequence.
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a b
OR1A1 (ID: 8,383) OR4F16 (ID: 81,399) OR14J1 (ID: 442,191) SFTPD (ID: 6441) AR (ID:367) NCAM!1 (ID: 4684)
1 3529 110,972 1 865 1 4,662 1 9,802 1 14,357 (TGA)
2 4334 2 33,366 9,133 (TAA) 2 15114 2 27,886 14,496 —)727
OR1B1 (ID: 347,169) 3 34,491 2 9252 - 119 21,653(TA_A)) 3 48,582 463< 14,837 (TA'-I'_))
1 8563 OR5V1 (ID: 81,696) 463( 9,594 (TAG) 3 21,771 118 4 83,781 14,959 122
2 9,056 1 33,880 379715 - 121 462< 22,116(TT_T)) 84,339 (TG:’-\)) 14,940 (TGS))
3 9,360 2 41197 4 10,283 I 22,233 117 5 84,458 119 2 15,062 122
4 9,666 3 48,483 5 10,368 PGL (ID:5340) 463 < 84, 800 (TAA) 459 < 15,403 (TAi\))
5 10,347 4 65464 ORS51BS5 (ID: 282,763) 1 4,170 & 84,921 121 15,521 118
6 14,956 5 74,308 1 18,108 2 15,631 7 96,101 3 15474
OR2L13 (ID: 284,521) 90,975 (TAA) 2 23,299 41,192 (TAG) 8 101,801 16,380 (TAA)
17,757 6_-91,092 —)177 23,856 (TTG) 3 41,309 —)717 9 101,871 16,497 —)717
2 8,042 458 < 91,431 (TAG) 3 23,973 —)717 462 41,651 (TAG) 10 113,047 460 < 16,834 (TAG)
3 14,075 791,550 —)179 463 24,315(TAb 4 41,771 —)720 116,918(TA_A)) 4 16,957 —)723
19,492 (TAA) 8 96,999 4 24,436 121 IL7 (ID: 3574) 11_ 117,035 177 5 24,796
4_ 19,610 > 118 OR8B2 (ID: 26,595) 5 25005 1 10574 463 117,377 (TALL\)) 6 37,004
451< 19,952 (TAA)) 4,766 (TT(_;)_D 6 39,847 2 10,735 127 117,498 121 7 43,563
5 20,071 119 1_4,887 121 7 72,300 3 15179 13 118,134 8 7041
6 20,729 463 < 5,229 (TTD 8 84,053 4 31,906 14 125347 9 107,611
7 81,854 275,350 121 88,937 (TA/i)) 37,358 (TAA) 15 128,502 113,528 (TAf))
8 95,563 OR9Q1 (ID: 219,956) 9 89,055 118 5 37476 118 161,350 (TAA) 113,648 120
9 114,204 1 16,016 463( 89,400 (TTI)) 462 < 37,818(TA_A)) 16 161,467 —)117 463 < 113,992 (TAi\))
117,490 (TAG) 2 19,108 10 89,518 118 6 37,938 120 |463 161,809 (TAA) 100 114,111 119
10_ 117,607 17 3 32,704 11 109,262 7 52,612 17 161,930 121 1 132,828
460 117,946 (TAA) 4 56,527 12 118,361 8 57,539 18 162,590 155,612 (TAG)
11 118,067 )127 5 62,996 13 128,484 9 65,907 19 176,551 155,729 —)717
12 119,107 65,990 (TT—TD 146,221 (TAi\)) 10 84,902 EGFR (ID:1956) 460 < 156,069 (TTI))
139,391 (TTG) 6_-66,108 118 | 14 146,339 718 11 98,247 112,260 127 156,189 120
13 139,508 )117 461 < 66,450 (TA:B)) 462( 146,680 (TA_A)) 12 116,147 2 113,127 159,024 (TA—G))
4sz< 139,849 (TAG) 7 66,569 119 | 15 146,801 121 13 126,950 4 125026 13_ 159,144 120
14~ 139,970 )127 8 67,226 16 147,460 LPA (ID: 4018) 5 149,022 461 < 159,482 (TG_A))
15 152,821 9 67,361 110,411 178,203 (TT_TD 159,605 123
16 154,942 10 71,979 2 57,965 178,323 120 14 177,964
OR3A2 (ID: 4995) 11 96,826 95,352 (TTG) 463 6 178,335 15 184,801
134,281 12 117,643 3 95468 —)116 451 178,665 (TAA) 16 214,011
34,841 (TAA_)) 13 128,695 461 < 95,810 (TAG) 178,786 —)121 17 238,043
2 34,959 118 14 129,731 I~ 95929 —)719 463< 179,132 (TAG)
461( 35299 <TAA)) 5 102,661 179,132 —)1 77
37 35,420 121 8 186,849

Fig. 3 Positions and intervals of the eight-base fragment ATTGAT
TT and the stop codon. a Human olfactory receptor genes; b COVID-
19-related human genes. Numbers in each gene name indicate their
order of discovery. The numerical values on the right side indicate the
position of each gene in the genome. The numbers in bold red on the

Discussion

The above results allowed to hypothesize the mechanism of
action of the 330-base tRNA-like sequence on human genes
(Fig. 5). Splicing of messenger RNA is essential for the
normal function of human genes containing introns (Sharp
1994); this reaction involves spliceosomes, which bind
to the intron regions (Warf and Berglund 2010; Will and
Lithrmann 2011). However, if the intron of a human gene
contains a pair of ATTGATTT sequences spaced 461 +2
bases apart and an upstream codon corresponding to the
ochre anticodon at a distance of 120+ 3 bases, two 330-base

@ Springer

semi-elliptical line indicate the distance (number of bases) between
the eight-base fragments. Stop codons are enclosed in parentheses at
their respective positions. The distance (number of bases) between
the eight-base fragment and the stop codon is indicated by red num-
bers in italics

tRNA-like molecules may form a dimer by complementary
pairing with the intron of messenger RNA. This process
would interfere with the binding of spliceosomes and thus
impair splicing of messenger RNA. Such interference would
cause fatal damage to gene expression, leading to a defi-
ciency in gene function.

According to the model, the tRNA structural base
sequence (intron sequence) contains functional sites simi-
lar to those of transfer-messenger RNA (tmRNA) found
in prokaryotes (Keiler 2008; Komine et al. 1994; Ushida
et al. 1994); in particular, the intron does not need to be
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OR2L13 (Gene ID:284,521)
117481 tt cccttatt_agetgtattc tattatottt
17541 atcanlc//tg atttggottt ctgectgtet gttgetggag totaggattg cttgagattt
117601 ctgcadattg attttgtatc ctgagagttt gatgaatttg cttatcaget taagaageot
117661 t £ tttctagata
117721 gafttpottt cttcotattt goatacoott totttatttc ctttgatiga ttgocstggt
117781 dhtadottce aacacteat tgaataagag toatgagaga ttgcatectt gtottgtgot
117841/aattftcaaa ccagtttttg ctgtggattt
gtegftaaatg gotottatta tittgatgta tgttocttaa atacotaatt tgttgagagt
17861 titthacatg gaattttttt totgfotota
148021 cafgtagttt ttgtctttag ttctgtttat gtgatggatt aghttcattq atttgtgtat

stta?c 5‘Cta|a|t3‘
SATTS 3'ATT5'
acattgattttgtatc ‘acattgatttgtatc®
ATTGATTTS ATTEATTTS

Fig.4 Position of a pair of eight-base sequences with regu-
lar intervals in the base sequence of the human olfactory recep-
tor gene OR2L13 (NCBI/Gene ID: 284521), and positions of stop
codons located upstream of the pair of eight-base sequences. These
sequences are highlighted in the gene sequence chart, and comple-
mentary pairing is shown with the TTA anticodon and the eight-base
sequence from the 330-base tRNA-like sequence of SARS-CoV-2
(using uppercase letters). Complementary bonds of the Watson-Crick
type, solid lines; non-Watson-Crick type, dotted lines

1T o A72
a GeC
TOG
GoT
GeC
CeG

Hniebijeby

Spliceosome

Fig.5 Explanatory diagram of the hypothetical mechanism of action
of the 330-base tRNA-like sequence on the splicing of messenger
RNA of human genes. a The spliceosome binds to the intron and
splicing occurs normally; however, b when a dimeric molecule of the

EXON
L. mebped) ee mmueﬁueﬁl eej}

spliced out of the tRNA base sequence for the latter to
be functional.

The genes described in this study were identified
manually through an informatics search, focusing only
on a few genes thought to be related to SARS-CoV-2
infection. More genes will likely be identified by con-
ducting a similar homology analysis on genes and short
segment/fragment base sequences in the human genome
using large-scale and modern information processing
technology. Although it is unlikely that all these genes
are involved in coronavirus infection, it will be surely
possible to identify groups of genes that cause exacer-
bation and sequelae of infection by combining different
research approaches. In any case, experimental molecu-
lar evidence of the tRNA-like base sequence discovered
in this study is urgently needed. I firmly believe that
basic molecular biology research on tRNA genes will be
one of the driving forces behind humankind’s victory in
the fight against the coronavirus.

1T @ AT2 1T o AT2
GeC GeC
ToG I~ ToG
GoT %\ GoT
GeC ’ GeC
CeG
63_ (G A® T, _63_(CG
cTTTG" A c CTTTG™ A
rex G ATGTGAT 0606 G
GATAGCTTTG xXxx GATéGCTTT
G
CACTx
TS T TG 28 Jj Ae TG T
42 288°Cs2
Ae T
Ce G
AeT
A G
A 33T A
TTA

2 N A
. 1mebpnedy eey .
No splicing

=T

Spliceosome

330-base tRNA-like sequence binds to the intron by complementary
binding, the spliceosome cannot bind to the intron, and splicing does
not occur

@ Springer



1404

Genes & Genomics (2022) 44:1399-1404

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13258-022-01299-w.
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