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To determine the mechanism underlying the flow of genetic information, it is important to
understand the relationship between a tRNA and its binding enzyme, a member of the
aminoacyl-tRNA synthetase (aaRS) family. We have developed a novel method to project
the interacting regions of tRNA-aaRS complexes, obtained from their three-dimensional
structures, onto two-dimensional space. The interacting surface between each tRNA
and its aaRS was successfully identified by determining these interactions with an atomic
distance threshold of 3.3 A. We analyzed their interactions, using 60 mainly bacterial and
eukaryotic tRNA-aaRS complexes, and showed that the tRNA sequence regions that
interacted most strongly with each aaRS are the anticodon loop and the CCA terminal
region, followed by the D-stem. A sequence conservation analysis of the canonical
tRNAs was conducted in 83 bacterial, 182 archaeal, and 150 eukaryotic species. Our
results show that the three tRNA regions that interact with the aaRS and two additional
loop regions (D-loop and TWC-loop) known to be important for formation of the tRNA
L-shaped structure are broadly conserved. We also found sequence conservations
near the tRNA discriminator in the Bacteria and Archaea, and an enormous number
of noncanonical tRNAs in the Eukaryotes. This is the first global view of tRNA evolution
based on its structure and an unprecedented number of sequence data.

Keywords: tRNA, Aminoacyl-tRNA synthetase, RNA-protein complex, interacting surface, molecular evolution

INTRODUCTION

Transfer RNAs (tRNAs) are short noncoding RNAs, and typical cytoplasmic tRNAs are
approximately 70-90 ribonucleotides long. The secondary structure of almost all tRNA molecules
is a cloverleaf fold with four arms (the acceptor arm, D-arm, anticodon arm, and TW-arm) and is
essentially conserved in the three domains of life, the Bacteria, Archaea, and Eukarya (Fujishima
and Kanai, 2014). tRNAs adopt an L-shaped three-dimensional structure, with the anticodon region
at one end and the CCA acceptor sequence at the other. They function as adaptor molecules, acting
as the physical link between mRNAs and the amino acid sequences of proteins. Over the last decade,
we have discovered novel disrupted tRNA genes encoding multiple-intron-containing tRNAs, split
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and tri-split tRNAs, and permuted tRNAs (Fujishima and Kanai,
2014). We have also investigated and discussed the evolution
of the tRNA genes and their introns (Fujishima et al., 2010;
Hamashima et al., 2016). Many noncoding RNAs act in concert
with their binding proteins or specific RNA enzymes. For
example, pre-tRNAs are processed by the endoribonuclease
RNase P (Pannucci et al, 1999; Agrawal et al, 2014), an
enzyme usually composed of an RNA-protein complex or a
protein complex, such as that in the human mitochondrial
system (Holzmann et al., 2008). The ribonucleotides in tRNAs
are chemically modified by many modification enzymes (Bjork
and Hagervall, 2014; Hori, 2014) to generate mature, functional
tRNAs. Therefore, the characterization of aminoacyl-tRNA
synthetase (aaRS), one of the key tRNA enzymes directly involved
in the translation step, is very important in understanding the
evolution of the tRNA molecules and the genetic code system.
aaRs is the enzyme that attaches a specific amino acid to the
appropriate tRNA molecule. It is a multidomain protein that
includes a catalytic domain and an anticodon-binding domain
(Giegé and Springer, 2016). Some aaRSs also have additional
domains such as an RNA-binding domain and an editing domain
(Fukunaga and Yokoyama, 2005). The aaRSs are divided into six
classes (classes Ia, Ib, Ic, IIa, IIb, and IIc) based on the structure
of their catalytic sites (Giegé and Springer, 2016), although all
the enzymes bind the highly conserved L-shaped structure of
tRNAs. The tRNA molecule contains specific ribonucleotides,
called “tRNA identity nucleotides” (Ibba et al., 1996; Giegé et al.,
1998), that comprise the set of ribonucleotides responsible for
the specific aminoacylation of tRNA with its cognate amino acid.
Clarifying the structural biology of the tRNA-aaRS complexes
is crucial for defining the similarities and/or differences among
these complexes.

The structures of various RNA-protein complexes have
already been determined with methods such as X-ray
crystallography, nuclear magnetic resonance spectroscopy,
and electron microscopy. As of May 16 2017, 2,207 RNA-protein
complexes have been submitted to the Protein Data Bank (PDB)
(Burley et al., 2017), and various bioinformatic algorithms and
tools have been developed to utilize these structural data. For
example, homology analyses at the structural level, based on
root-mean-square deviations (Maiorov and Crippen, 1994),
are used for the comparative analysis of molecular structures.
Visualization and analytical methods based on contact map
algorithms (Holm and Sander, 1996) are commonly used to
determine the characteristics of protein-protein interactions,
and these methods have also been applied to various RNA-
protein complexes (Pietal et al, 2012). Machine learning
techniques have been used to predict undetermined RNA-
protein interactions (Fernandez et al., 2011; Muppirala et al.,
2011; Akbaripour-Elahabad et al., 2016), where the interacting
molecules in known structures are often used as the training and
test data to achieve highly accurate predictions. Recent studies
have also been successful in predicting interacting residues and
ribonucleotides based on evolutionarily conserved sequence
pairs (Li et al., 2014; Weinreb et al., 2016). Furthermore, the
development of biological experimental protocols using high-
throughput instruments, such as next-generation sequencing

and mass spectrometry, has allowed the large-scale identification
of interacting RNA and protein sequences (Scheibe et al., 2012).
This knowledge has now been drawn together and published
in several databases, including the Protein-RNA Interface
Database (PRIDB) (Lewis et al., 2011), the Nucleic acid—Protein
Interaction DataBase (NPIDB) (Kirsanov et al., 2013), and
RBPmap (Paz et al., 2014). A comprehensive understanding of
the characteristic RNA-protein interacting regions is especially
important in the field of molecular biology, and a comparison of
these interacting regions is essential for such an understanding.

Although various tRNA-aaRS$ structural data are available,
in many cases, these data are only used for individual studies.
However, it is necessary to analyze quantitatively and compare
the overall interactions within these structures. Our purpose
here was to determine the interaction characteristics of tRNA-
aaRS complexes and the ribonucleotide conservation within
each tRNA among the three domains of life. Therefore, in this
study, we conducted a global analysis of almost all available
tRNA-aaRS$ co-crystalized structures, and present a method to
quantitatively compare the interaction information available for
them. We detected common features and also heterogeneity
among the tRNA-aaRS interactions across the three domains
of life. Integrating these RNA-protein interaction data with
a sequence conservation analysis, we demonstrate strikingly
conserved regions in the tRNA-aaRS across all three domains of
life, as well as domain of life-specific conserved tRNA positions.
Together, these data provide a fundamental molecular resource
for the fields of tRNA and aaRS research.

MATERIALS AND METHODS

Data Sources

Three-dimensional structural data for 48 bacterial, two archaeal,
and 10 eukaryotic tRNA-aaRS complexes were downloaded from
the PDB (Burley et al.,, 2017) at http://www.rcsb.org/ on 5 May
2017. The amino acid sequences of the aaRSs, together with
their annotations, were obtained from UniProtKB/Swiss-Prot
(UniProt, 2015) using the ID cross-reference given in the PDB
file. The original tRNA sequences of the species used in the
PDB dataset were obtained from the Genomic tRNA Database
(GtRNAdb) (Chan and Lowe, 2016). Mitochondrial tRNA-
aaRS complexes were not considered in this analysis, because
only one structure was available in the PDB. The information
is summarized in Table1 and Supplementary Table SI. In
numbering the tRNA positions, the universal conventional tRNA
position rule (Sprinzl et al., 1998) was used to specify the tRNA
identity nucleotides in each tRNA and to compare the positions
among the different sequences.

For the evolutionary conservation analysis, 83 bacterial,
182 archaeal, and 150 eukaryotic tRNA sequences, together
with their secondary structures, were obtained from GtRNAdb
(Chan and Lowe, 2016) on 15 April 2017. If more than two
identical species were found in GtRNAdb, the tRNA data for
the most recently registered genome were used for the analysis.
The National Center for Biotechnology Information (NCBI)
(O’Leary et al., 2016) reference genome list (downloaded on 26
July 2016 from ftp://ftp.ncbi.nlm.nih.gov/genomes/GENOME_
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TABLE 1 | Numbers of interacting ribonucleotides and amino acids in tRNA-aaRS complexes.

aaRS class  tRNA type Species PDB ID No. of interacting No. of interacting amino No. of interacting amino acids/No.
(anticodon)  (tRNA/aaRS)’! ribonucleotides’? acids¥3 of amino acids on surface
(A) BACTERIA
la Cys (GCA) E. coli 1UOB 16/74 (0.22) 25/461 (0.054) 25/249 (0.10)
la lle (GAT) S. aureus 1FFY 27/75 (0.36) 39/917 (0.043) 39/446 (0.09)
la Leu (TAA) E. coli 4ARC 21/71 (0.30) 29/813 (0.036) 29/420 (0.07)
la Leu (TAA) E. coli 374U 16/80 (0.20) 22/820 (0.027) 22/421 (0.05)
la Leu (TAA) E. coli 4ARI 18/80 (0.23) 22/821 (0.027) 22/413 (0.05)
la Leu (TAA) E. coli 4AQ7 25/79 (0.32) 33/860 (0.038) 33/435 (0.08)
la Leu (TAA) E. coli 32GZ 24/82 (0.29) 32/860 (0.037) 32/433 (0.07)
la Leu (TAA) E. coli 4ASH 16/83 (0.19) 22/812 (0.027) 22/416 (0.05)
la Leu (TAA) E. coli 37T 20/83 (0.24) 23/820 (0.028) 23/420 (0.05)
la Leu (TAA) E. coli 37V 15/85 (0.18) 20/813 (0.025) 20/416 (0.05)
la Leu (n.d.) E. coli 4CQN 26/82 (0.32) 43/860 (0.050) 43/418 (0.10)
la Met (CAT) A, aeolicus 2CT8 9/74 (0.12) 15/465 (0.032) 15/218 (0.07)
la Met (CAT) A, aeolicus 20SX 9/75 (0.12) 13/464 (0.028) 13/219 (0.06)
la Val (CAC) T. thermophilus 1GAX 20/75 (0.27) 33/862 (0.038) 33/421 (0.08)
la Val (CAC) T. thermophilus VS 19/75 (0.25) 30/862 (0.035) 30/422 (0.07)
b GIn (CTG) E. coli 4JXX 22/71 (0.31) 36/536 (0.067) 36/275 (0.13)
I Gin (TTG) E. coli 40%7 20/71 (0.28) 33/538 (0.061) 33/273 (0.12)
I GIn (CTG) E. coli 1EXD 24/73(0.39) 43/529 (0.081) 43/264 (0.16)
o GIn (CTG) E. coli 1EUY 21/73(0.29) 36/529 (0.068) 36/261 (0.14)
I Gin (CTGQ) E. coli 1GTR 24/74 (0.32) 34/529 (0.064) 34/266 (0.13)
o GIn (CTG) E. coli 1GTS 23/74 (0.31) 37/529 (0.070) 37/267 (0.14)
o Gin (CTGQ) E. coli 1QRS 27/74 (0.36) 43/529 (0.081) 43/265 (0.16)
Ib GIn (CTG) E. coli 1QRT 27/74 (0.36) 46/529 (0.087) 46/269 (0.17)
Ib GIn (CTG) E. coli 1QRU 27/74 (0.36) 51/529 (0.096) 51/271 (0.19)
Ib GIn (CTG) E. coli 1QTQ 22/74 (0.30) 30/529 (0.057) 30/268 (0.11)
I Gin (CTQ) E. coli 2RD2 19/74 (0.26) 34/529 (0.064) 34/265 (0.13)
I Gin (CTQ) E. coli ORE8 20/74 (0.27) 32/529 (0.060) 32/261 (0.12)
I Gin (CTQ) E. coli 1ZIW 21/74 (0.28) 36/529 (0.068) 36/265 (0.14)
Ib GIn (CTG) E. coli 100B 23/74 (0.31) 38/529 (0.072) 38/264 (0.14)
b GIn (CTG) E. coli 100C 21/74 (0.28) 37/529 (0.070) 37/270 (0.14)
I Glu (CTG) T martima 3AKZ 23/74 (0.31) 35/463 (0.076) 35/237 (0.15)
I Glu (CTO) T. thermophilus 1N77 16/75 (0.21) 32/468 (0.068) 32/253 (0.13)
I Glu (CTO) T. thermophilus 1N78 19/75 (0.25) 35/468 (0.075) 35/251 (0.14)
b Glu (CTC) T. thermophilus 2CV1 15/75 (0.20) 32/468 (0.068) 32/253 (0.13)
b Glu (CTC) T. thermophilus 2CV2 17/75 (0.23) 32/468 (0.068) 32/246 (0.13)
o Glu (CTO) T. thermophilus 2DXI 18/75 (0.24) 32/468 (0.068) 32/251 (0.13)
o Glu (CTO) T. thermophilus 20V0 19/75 (0.25) 34/468 (0.073) 34/252 (0.13)
I Glu (CTO) T. thermophilus 1G59 20/75 (0.27) 34/468 (0.073) 34/247 (0.14)
Ic Tyr (GTA) T. thermophilus 1H3E 19/84 (0.23) 20/854 (0.026)(dimer) 22/429 (0.05)(dlimer)
lla His (GTG) T. thermophilus 4RDX 14/77 (0.18) 22/409 (0.054) 22/237 (0.09)
lla Pro (CGG) T, thermophilus 1H4Q 11/67 (0.16) 21/465 (0.045) 21/420 (0.05)
lla Ser (GGA) T. thermophilus 1SER 13/65 (0.20) 12/372 (0.032) 12/375 (0.03)
lla Thr (CGT) E. coli 1QF6 18/76 (0.24) 29/641 (0.045) 29/331 (0.09)
lib Asp (GTC) T. thermophilus 1EFW 11/73 (0.15) 13/580 (0.022) 13/324 (0.04)
lIb Asp (GTC) S. cerevisiae/E. coli 1IL2 22/75 (0.29) 35/585 (0.060) 35/323 (0.11)
lib Asp (GTO) E. coli 1C0A 21/77 (0.27) 33/585 (0.056) 33/319 (0.10)
llc Phe (GAA) T, thermophilus 21Y5 24/76 (0.32) 17/672 (0.025) (alpha x 2) 32/1,027 (0.03)
15/1,562 (0.010) (oeta x 2) (dimer x 2)
llc Phe (GAA) T. thermophilus 1EIY 16/76 (0.21) 11/690 (0.016) (alpha x 2) 21/1,048 (0.02)
10/1,570 (0.006) (oeta x 2) (dimer x 2)

(Continued)
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TABLE 1 | Continued

aaRS class  tRNA type Species PDB ID No. of interacting No. of interacting amino No. of interacting amino acids/No.
(anticodon) ribonucleotides®? acids¥® of amino acids on surface

(B) ARCHAEA

la Leu (CAA) R horikoshii 1wz2 16/88 (0.18) 27/948 (0.028) 27/463 (0.06)

Ic Tyr (GTA) M. jannaschii 1J1U 10/75 (0.13) 18/598 (0.030)(dimer) 18/282 (0.03)(dimer)

aaRS class  tRNA type Species PDB ID No. of interacting No. of interacting amino No. of interacting amino acids/No.
(anticodon) (tRNA/aaRs)’! ribonucleotides? acids®3 of amino acids on surface

(C) EUKARYA

la Arg (ICG) S. cerevisiae 1F7U 21/75 (0.28) 32/606 (0.053) 32/297 (0.10)

la Arg (ICG) S. cerevisiae 1F7V 15/72 (0.21) 23/606 (0.038) 23/301 (0.08)

llc Trp (CCA) B. taurus/H. sapiens  2AKE 8/72 (0.11) 16/746 (0.021)(dimer) 16/346 (0.05)(dimer)

Ic Trp (CCA) B. taurus/H. sapiens ~ 2DR2 13/75 (0.17) 22/746 (0.029)(dimer) 22/348 (0.06)(dimer)

lla Gly (CCO) H. sapiens 5E6M 22/74 (0.30) 31/1,038 (0.029)(dimer) 31/497 (0.06)(dimer)

lla Gly (CCQ) H. sapiens 4QE! 19/69 (0.28) 30/1,124 (0.027)(dimer) 30/591 (0.05)(dimer)

lla Gly (CCQ) H. sapiens 4KR2 17/69 (0.25) 23/916 (0.025)(dimer) 23/430 (0.05)(dimer)

lla Gly (CCC) H. sapiens 4KR3 20/70 (0.29) 30/932 (0.032)(dimer) 30/436 (0.07)(dimer)

b Asp (GTO) S. cerevisiae 1ASY 14/75 (0.19) 32/490 (0.065) 32/426 (0.08)

b Asp (GTO) S. cerevisiae 1ASZ 15/75 (0.20) 31/490 (0.063) 31/423 (0.07)

§1 If two species names occur in one column, the first represents the organism from which the tRNA is derived and the second the organism from which the aaRS is derived.
§2 Ratio of the number of interacting ribonucleotides to the total number of ribonucleotides used in the structural analysis (ratio).
§3 Ratio of the number of interacting amino acids to the total number of amino acids used in the structural analysis (ratio).

n.d.: not determined.

REPORTS/prok_reference_genomes.txt) was used to select the
representative bacterial genomes. For detailed information, see
Supplementary Table S2.

Routine Software Used in This Study
The Biopython package version 1.6 (Cock et al., 2009) was used
for preprocessing and analysis of the structural data. Because
some of the tRNA sequences in the PDB files differ from the
original sequences, in terms of either deleted or substituted
ribonucleotides, a BLAST (Camacho et al., 2009) search of
GtRNAdb was performed using an E-value cut-off of 1le—25, to
determine the original tRNA sequences in each dataset. ClustalW
(Larkin et al., 2007) was used to align the sequence of the
crystallized molecule with the original tRNA sequence to allow
insertion of gaps. tRNAscan-SE version 1.3.1 was used to predict
the secondary structures to determine the tRNA anticodons. We
defined the amino acid residues present on the aaRS$ surface as
those meeting the following criterion:

relative accessible surface area (RSA) < 20%

The RSA was calculated by DSSP (Kabsch and Sander, 1983;
Touw et al., 2015) using the accessible surface area prediction
method of Rost and Sander (Rost and Sander, 1994).

Distance Calculations within tRNA-aaRS

Complexes

Before any distances were calculated, the atomic coordinates
of the tRNA-aaRS complexes were obtained from the
corresponding PDB files. In this study, atom pairs of tRNA
and aaRS$ within a distance of 3.3 A were defined as interacting.

The distance between a tRNA ribonucleotide and an aaRS amino
acid was calculated with the following equation:

distance (X,Y) = inf {d (xy) | xe X,y € Y}

where X represents all the atoms included in an amino acid of
aaRS, Y represents all the atoms included in a ribonucleotide of
tRNA, and d is the Euclidean distance. The interacting atoms and
amino acid residues calculated in this study are summarized in
Supplementary Table S3.

Determination and Visualization of the
Three-Dimensional Interacting Structures
of the tRNA-aaRS Complexes

The interacting regions of the tRNA-aaRS complexes were
determined with a Python script using Biopython (Cock et al.,
2009). The three-dimensional structural data for each tRNA and
tRNA-aaRS complex were visualized with the Python interface
of Chimera (Pettersen et al., 2004). The interacting region of the
tRNA-aaRS complex was determined based on the calculation of
the Euclidean distances, as described above. Using consecutive
visualizations based on multiple distance cut-off points, we
determined the distance threshold that met most of the following
criteria: (a) minimized the distances between the components of
the tRNA-aaRS complex; (b) maximized the numbers of tRNA
positions known as tRNA identity nucleotides within the region;
and (c) included only one strand of tRNA regions forming a stem.
In some cases, biological assemblies had been created for the
aaRS complexes, which act as multimeric proteins, based on the
BIOMT records in the PDB files. When more than two biological
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assemblies were registered in the structure file, the first biological
assembly declared in the BIOMT annotation of the PDB file was
used for the analysis. If more than two tRNAs were included
in the assembly, one of the tRNA molecules in the assembly
was selected and used for the analysis, because the interaction
patterns between the two tRNA were almost the same.

Systematic Analysis of the Interacting
Region of Each tRNA-aaRS Complex

Based on the output of the tRNAscan-SE secondary structure
prediction file, the tRNAs were divided broadly into 15 sequence
regions (S1-S15) based on their cloverleaf structure. For each
tRNA sequence region, we calculated the normalized number
of interacting amino acids, as follows. First, the sum of
the number of interacting amino acids per ribonucleotide
within each sequence region was calculated. The numbers
were then normalized to the number of ribonucleotides in the
sequence region. tRNA positions that were undetermined in the
PDB file were excluded from the calculation. When a tRNA
sequence region included 25% or more ribonucleotides that
were structurally undetermined in the PDB file, the sequence
region was regarded as undetermined. A representative tRNA
dataset with a minimum number of undetermined positions
(up to three, corresponding to each amino acid) was selected
for further analysis. To handle the datasets with undetermined
tRNA sequence regions, the R (version 3.4.0) function cor() with

option “pairwise.complete.obs” in R was used to calculate the
correlation distance (one minus the Pearson product-moment
correlation coefficient) between the data. The interacting features
were hierarchically clustered using the furthest neighbor method.

Analysis of Evolutionarily Conserved
Regions in the tRNA Sequences

For each species, a unique tRNA sequence was selected and
used for the analysis, regardless of its tRNA copy number in
the genome. Using tRNA information from GtRNAdb, the tRNA
that fulfilled the following criteria was extracted: (a) was not
a pseudogene; (b) had a structure that followed the universal
tRNA positioning rules (Sprinzl et al., 1998); and (c) did not
contain characters other than “A, U, G, and C,” because letters
“R”and “N” occur in some tRNA sequences. The tRNA sequences
corresponding to the same amino acid were aligned according
to their secondary structures. The aligned tRNA sequences used
for this analysis are summarized in Table 2. From the aligned
sequences, a conservation score for each tRNA position was
calculated using Claude Shannon’s entropy:

H() = —%f (b)) ogs  (b),

where H(/) is the entropy at tRNA position , b represents each
ribonucleotide (A, U, G, and C), and f(b,]) is the frequency of base
b observed at position L. Gaps in the alignment were skipped in
calculating the entropy for each position. The entropy value was

TABLE 2 | Number of canonical and noncanonical tRNAs used in this study.

tRNA type Bacteria (n = 83) Archaea (n = 182) Eukaryotes (n = 150)
No. of canonical No. of No. of canonical No. of No. of canonical No. of
tRNA non-canonical tRNA non-canonical tRNA non-canonical
tRNA tRNA tRNA
Ala 325 2 583 9 4,139 11,391
Arg 417 17 832 21 3,328 4,168
Asn 189 1 208 2,292 1,125
Asp 188 2 208 2,188 663
Cys 91 1 249 48 1,799 1,135
Gin 185 5 356 1 2,125 1,858
Glu 232 1 379 7 4,150 6,589
Gly 365 5 569 12 3,629 12,297
His 97 1 179 4 1,374 534
lle 194 1 206 5 1,870 1,414
Leu 477 3 691 215 1,911 3,875
Lys 251 1 355 4 3,881 4,712
Met 389 12 581 2 1,903 1,847
Phe 131 1 207 5 1,234 710
Pro 224 3 490 11 1,423 2,567
Ser 337 23 539 165 2,013 3,540
Thr 295 2 520 29 2,840 1,786
Trp 93 0 181 1 952 1,007
Tyr 130 3 181 6 1,079 1,181
Val 307 2 537 25 1,763 4,570

See Figure 3 and Supplementary Table S2 for information on canonical tRNAs.
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divided into nine ranks to measure the degree of conservations.
tRNA positions with the prefix “e” (part of the V-arm) and the
CCA terminal sequence region were excluded from the analysis.
The calculated conservation scores were mapped to the tRNA
positions based on the universal tRNA positioning rules. The
arrangement and color scheme used to map the conservation

scores were according to ConSurf (Ashkenazy et al., 2016).

RESULTS AND DISCUSSION

Determination of tRNA-aaRS Interacting
Regions

In this study, we defined the interacting regions of the
tRNA-aaRS complexes as follows. A tRNA and amino acid
were considered to interact when the atoms comprising the
ribonucleotides and amino acids occurred within a specific
distance (the Euclidean distance between the atoms). We
established the appropriate distance threshold by taking the
bacterial tRNAS™-GInRS complex as an example. The tRNAG? -
GInRS interacting surface based on various distance thresholds is
shown in Supplementary Figure S1 (for tRNA ribonucleotides)
and Supplementary Figure S2 (for aaRS amino acids). The
Euclidean distance thresholds tested ranged from 2.0 to 5.0 A
in 0.1 A increments and the atoms involved in each interacting
region were analyzed. As a result, 3.3 A was selected as the
threshold interaction distance. This threshold was also suitable
for specifying the interacting surfaces of other tRNA-aaRS
complexes (Supplementary Figure S3) from both sides: from
the ribonucleotides of the tRNAs and from the amino acids
of the aaRSs. When distances smaller than 3.3 A were used
as the threshold, the distance threshold did not meet the
necessary criteria for neighboring molecules (see the section
“Determination and visualization of the three-dimensional
interacting structures of the tRNA-aaRS complexes” in the
Materials and Methods). When distance thresholds greater than
3.3 A were used, molecules other than those involved in the
interacting surface were included.

Figure 1 illustrates the interacting tRNA molecules in the
tRNAS"_GInRS and tRNAY2-ValRS complexes based on a
threshold of 3.3 A. The interacting surfaces of the tRNAs and
aaRSs were identified in these tertiary structures. We then
analyzed these interacting regions together with the tRNA
positions (Figure 2) to generate a two-dimensional map of the
interacting regions, which is also illustrated in Figure 1. In
Figure 2A, the anticodon loop region (C34-G36 in Figure 1A)
and the CCA region (G73-A76 in Figure 1A) of Escherichia coli
tRNAS!™ interact with GInRS at a distance of ~2.7 A. When 3.3 A
was selected as the threshold distance, ribonucleotides including
the tRNA identity nucleotides G2, G3, G10, C34, U35, G36, A37,
U38, A72, and G73 (Figure 2A, red-colored ribonucleotides)
were included in the interacting region. Ribonucleotides G2
and G3, which occur in the two ribonucleotide pairs G2:C70
and G3:C71 and are reported to correspond to tRNASI
identity nucleotides, were included in the interacting region.
Although it has been reported that these pairs are tRNA identity
nucleotides, this result suggests that ribonucleotides G2 and

Ad2 U33 A35

FIGURE 1 | Visualization of the interacting ribonucleotides in tRNA-aaRS
complexes. Three-dimensional illustrations of (A) the tRNAGIN_GINRS complex
(PDB ID: 1exd) and (B) the tRNAYE_valRs complex (PDB ID: 1gax) are shown.
Amino acid residues in aaRS are colored blue; nucleotides in tRNA that are
within 3.3 A of aaRS are colored red; and other nucleotides in tRNA are
colored white. Numbers following the base symbols (A, U, G, and C) indicate
the nucleotide positions in tRNAs. Nucleotide numbers in this figure are based
on the universal conventional numbering system for tRNA positions (Sprinz!

et al., 1998).

G3 play an even more important role in the interaction of
the complex components. Similarly, when 3.3 A was selected
as the threshold for the tRNAY¥-ValRS complex, as shown in
Figure 2B, positions G19, A20, and C56 (also see Figure 1B),
which are known to strongly influence the k., value of tRNA
aminoacylation, were included in the interacting region. The
reported tRNA identity nucleotides of Thermus thermophilus
tRNAY? include the anticodon ribonucleotides A35 and C36
(Fukai et al., 2003), and these two ribonucleotides are also
included in the interacting region. Ribonucleotide C34 is located
further from aaRS than the other two ribonucleotides, although
the difference was only 1 A. It has been reported that C34 is
not recognized by ValRS (Fukai et al., 2003), supporting the
proposition that the distance threshold should be less than 4.2
A (Figure 2B). Because C34 corresponds to the third position
of the codon, and because the third position of Val includes
all four ribonucleotides (A, U, G, and C) in the standard
bacterial codon table, the observation that ValRS recognizes
the two non-variable ribonucleotides in the anticodon region
is convincing. Most importantly, these results suggest that the
interacting region is involved in the function of the tRNAY-
ValRS complex. Therefore, the interacting region identified with
the 3.3 A threshold is suitable for drawing conclusions about the
tRNA-aaRS complex.
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FIGURE 2 | Mapping the interacting ribonucleotides in tRNA-aaRS complexes
in bacterial tRNA-aaRS complexes. Two-dimensional maps of the interacting
ribonucleotides in the E. coli tRANASIN-GINRS complex (A) and the
T. thermophilus tRNAVA_valRs complex (B). The x-axis indicates the
ribonucleotide positions in tRNAs from the 5’ end, and the y-axis indicates the
Euclidean distance between the nucleotide and an amino acid. Blue dashed
horizontal line shows the position of the threshold distance of 3.3 A. Colors
(white to dark red) of the bar correspond to the cumulative numbers of amino
acid residues involved in the interaction with tRNA. Structurally undetermined
ribonucleotides and gapped regions, determined from an alignment with the
original tRNA sequence, are shown in the vertical blue bar. Numbers above the
bars show the universal conventional tRNA positions, with conventional base
symbols. Important ribonucleotides required for tRNA functions, such as the
tRNA identity nucleotides and those affecting aminoacylation efficiency, are
shown in red (see text for details).

An increase in the interacting distance threshold from 3.3 A
had a relatively small effect on the number of ribonucleotides
found to be included in the interacting region (Figure 2);
thus, we assume that the biological conclusions drawn using
the 3.3 A threshold are robust to some extent. Furthermore,
the average distance between the alpha carbons of the amino
acids is approximately 3.8 A (Podtelezhnikov and Wild, 2008),
and increasing the threshold distance beyond this value may
increase the risk of including amino acids outside of the
interacting region. The distance thresholds used in recent studies
to determine residue-ribonucleotide interactions were 2.7-3.9 A
(Jones et al., 2001), 3.5 A (Li et al., 2014), and 5 A (Ren and Shen,

2015), and our distance threshold of 3.3 A is similar to those
values.

Systematic Analysis of the Interacting
Regions of tRNA-aaRS Complexes

To determine the common features and the heterogeneity of
the molecular interactions in the tRNA-aaRS complexes, the
tRNAs were divided broadly into 15 sequence regions based
on their cloverleaf structure (Figure 3). Each ribonucleotide
was determined according to the universal tRNA positioning
rules (Sprinzl et al, 1998) (Figure3A). An example of the
sequence regions of the tRNAY? cloverleaf structure and its L-
shaped structure are shown (Figure 3B). The interacting score
for each sequence region was calculated for 14 kinds of the 48
representative bacterial tRNA-aaRS complexes (Figure 4A), two
kinds of the two archaeal tRNA-aaRS complexes (Figure 4B),
and four kinds of the 10 eukaryotic tRNA-aaRS complexes
(Figure 4C). A clustering analysis of the interacting scores
revealed features of the tRNA stems and loop regions at a glance,
so that the data could be readily compared between different
complexes.

The interacting ribonucleotides of the tRNAs were similar
among Bacteria, Archaea, and Eukarya (see also Supplementary
Figure S4). The most-interactive regions in the tRNA molecules
were the anticodon loop (S8) and the CCA region (S15). The
interaction involved the anticodon region in all complexes,
except in two cases: in the first, no interaction was observed
in one (4cqn) of the bacterial Leu complexes, and in the other
case, the anticodon region was not determined in the crystal
structures of the bacterial Leu (4arc, 3zjt, 4asl, 3zjv, 4ari, 3zju,
3zgz, and 4aq7) and Ser (1ser) complexes. It has been reported
that bacterial tRNAMY, tRNAS", and tRNAA® do not contain
tRNA identity nucleotides in the anticodon loop region (Giegé
et al., 1998). The interaction was observed in all the complexes
with structurally determined tRNA CCA regions. Because the
structural data for the CCA region was largely or completely
missing in the datasets for the bacterial Asp (lefw), Ile (1ffy),
Met (2ct8 and 2csx), Pro (1h4q), and Ser (1ser) samples and
the eukaryotic Arg (1f7v), Gly (4kr2, 4kr3, and 4qei), and Trp
(2ake) samples, the interactions of the CCA regions in these
complexes could not be determined. Followed by the CCA
region and anticodon loop region, one side of the D-stem (S3)
region and one side of the acceptor stem region (S14) of many
tRNAs interact with aaRSs. These characteristic interactions are
basically conserved among all the domains of life, but it is
difficult to discuss the generality of the interaction patterns in the
Archaea because only two tRNA-aaRS complexes are available.
The variable region of the V-arm (positions indicated with an “e”
in Figure 3A) was not evaluated in the current study, because
comprehensive and comparative analyses of this region are
difficult. Of the individual long-V-arm-containing tRNAs (i.e.,
bacterial tRNATY", tRNAS", and tRNA"), tRNA™Y" (PDB ID;
1h3e) possesses a V-arm containing 14 ribonucleotides, 4 (28.6%)
of which interact with the TyrRS. In the case of tRNAS" (PDB
ID; Iser), although the crystal structures of 8 ribonucleotides
in its V-arm (containing 22 ribonucleotides) have not been
determined, 6 of the 14 ribonucleotides (42.9%) that were
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FIGURE 3 | Definition of the tRNA numbering rule and the sequence regions used in the clustering analysis. (A) Schematic representation of the tRNA secondary
structure and each tRNA sequence region (S1-S15) are shown; acceptor stem (S1 and S14), D-stem (S3 and S5), D-loop (S4), anticodon stem (S7 and S9),
anticodon loop (S8), TWC-stem (S11 and $13), variable region (S10), TWC-loop (S12), 3’-terminal CCA region (S15), and the residues between the stems (S2 and S6).
Each sequence region is shown in a different color. Ribonucleotide positions are defined as follows; S1 (positions 1-7), S2 (positions 8-9), S3 (positions 10-13), S4
(positions 14-21), S5 (positions 22-25), S6 (position 26), S7 (positions 27-31), S8 (positions 32-38), S9 (positions 39-43), S10 (positions 44-48), S11 (positions
49-53), S12 (positions 54-60), S13 (positions 61-65), S14 (positions 66-72), and S15 (positions 73-76). The figure was adapted from Sprinzl et al. (1998), with some
modifications (B) Example of the universal tRNA numbering rule applied to tRNAVal (PBD ID: 1gax) (see also Figure 1B). Left column: schematic representation of the
tRNA clover leaf structure and bipartite tRNA sequence regions. Right column: schematic representation of the tRNA tertiary structure and the bipartite tRNA
sequence regions.

structurally determined interact with SerRS. Finally, tRNA"  the long-V-arm-containing tRNAs interact with each cognate
(PDB ID; 4arc) possesses a V-arm containing 14 ribonucleotides, ~ aaRS via the long V-arm region, and this characteristic is unique
2 (14.3%) of which interact with LeuRS. These results showed that  to these tRNAs.
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FIGURE 4 | Clustering analysis of tRNA sequence regions that interact with aaRS. Heatmap of the interacting scores (normalized number of amino acids that interact
with each tRNA sequence region) in (A) Bacteria, (B) Archaea, and (C) Eukarya are shown. Red colors in each cell indicate the rank of the interacting score. Note that
the maximum interacting amino acid number (i.e., interacting score = 1.0) differs among the domains: 4.25 for Bacteria, 3.25 for Archaea, and 4.0 for Eukarya.
Structurally undetermined tRNA sequence regions (see Materials and Methods) are shown in black. Dendrogram on the left side of each heatmap indicates similarities
among tRNAs. The numbers shown at the bottom of the figure represent the sequence regions described in Figure 3.

The 5’ half of each tRNA molecule contains more interacting
ribonucleotides than the 3’ half of the molecule. When the
interactions within the tRNA-aaRS complexes were considered,
sequence regions S2, S3, S5, and S6 projected onto the interacting
surface (Figure 3, see also Figure 1). One strand (S3) of the
D-stem interacts with a number of amino acids (in 15 of
the 23 bacterial tRNAs and six of the 10 eukaryote tRNAs).
As mentioned above, because tRNAs form three-dimensional
L-shaped structures to interact with aaRSs, this stem region
is expected to project into the interacting surface when the
anticodon and CCA regions interact with aaRS. Some tRNA-
aaRS complexes, such as the bacterial Leu, Tyr, Val, Phe,
and Ser complexes and the eukaryotic Gly complex, had

relatively high scores for the interacting ribonucleotides in the
3’ half of the tRNA molecule. For example, the interacting
region in the TWC-arm (S12) of bacterial tRNAY? interacts
with the tRNA-binding arm (coil-to-coil domain) in ValRS
(Supplementary Figure S5).

aaRSs can be categorized into six classes (Ia, Ib, Ic, IIa, IIb,
and IIc) by the sequence homology of their catalytic domains.
The dendrogram in the Figure 4 shows the aaRS classes classified
according to the similarities in their patterns of interaction
with their tRNAs. In Bacteria, these six classes of aaRSs occur
in a mosaic pattern, in which the tRNA-aaRS complexes
corresponding to each class are intermingled (Figure 4A). This
result suggests that the variations in the interaction features of
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tRNA-aaRS$ do not always depend on the aaRS class in Bacteria.
The numbers of interacting tRNA ribonucleotides and aaRS
amino acids are summarized in Table 1. In some cases, the
numbers of interacting molecules (ribonucleotides or amino acid
residues) in a distinct structural experiment differed, even for the
same tRNA-aaRS complex within the same species. This could
be because of sequence variations in the aaRS and/or tRNA,
different sets of small ligands present during crystallization, or
additional differences in crystallization or other conditions that
lead to different conformations of the complex in the crystalline
lattice that are likely of functional relevance.

Therefore, we calculated the average numbers of interacting
molecules in all the available tRNA-aaRS complexes (bacteria,
48; archaea, two; and eukaryotes, 10). The average number of
interacting ribonucleotides and amino acids were: 19.5 + 4.6
ribonucleotides and 30.7 + 8.6 amino acids in Bacteria, 13.0 £ 3.0
ribonucleotides and 22.5 & 4.5 amino acids in Archaea, and 16.4
=+ 4.0 ribonucleotides and 27.0 £ 5.3 amino acids in Eukarya.
These numbers correspond to approximately 25.0% of the tRNA
molecule sequence and 4.9% of the aaRS molecule sequence.
When we compared the ratio of the interacting amino acid
residues to the amino acid residues present on the aaRS surface,
9.3% of residues were involved in the interaction. Although
the aaRS molecule is much larger than the tRNA molecule, the
proportion of interacting ribonucleotides in the tRNA is much
greater than the proportion of interacting amino acids in the
protein. Precise information on each interacting ribonucleotide
and amino acid residue is available in Supplementary
Table S3.

Comparative Analysis of the Interacting
Regions and Evolutionarily Conserved
Regions in tRNA-aaRS Complexes

To determine how the interacting surfaces of tRNAs have
been conserved during evolution, we performed an exhaustive
sequence conservation analysis of the bacterial, archaeal, and
eukaryotic tRNAs (Figure 5). The CCA terminal sequence region
was not used in this analysis because it is not always encoded in
the tRNA gene. Figure 5 shows the overall characteristics of the
tRNA interactions, in which certain areas of the tRNA molecule
are broadly conserved among the 20 types of tRNAs: all three loop
regions (D-loop, S4; anticodon loop, S8; and TWC-loop, S12) and
two of the eight stem regions (D-stem, S3 and S5) are highly
conserved (also see Supplementary Figure S6).

Taking the bacteria as an example, all the regions in the
D-loop, anticodon loop, and TWC-loop had high conservation
scores (average conservation scores: S4, 7.76; S8, 8.38; and S12,
8.43). When the stem regions of the tRNA molecules were
considered, the D-stem regions had high conservation scores
(average conservation scores: S3, 8.01; S5, 8.09), whereas the
conservation scores were relatively low in the other stem regions,
compared with those in the loop regions (average conservation
scores: S1, 5.69; S7, 5.07; S9, 5.10; S11, 6.26; S13, 6.17; S14,
5.55). We assume that the base pairs forming these stem regions
have important functions, although the sequences are relatively
variable (see below). The highly conserved regions include most

of the interacting tRNA sequence regions mentioned in Figure 4
(S3, S8, and S15).

When we precisely compared the patterns of conserved tRNA
positions among the three domains of life, the conservation
patterns of each ribonucleotide were very similar in the Bacteria
and Archaea. However it has been reported that a phylogenetic
analysis of the aaRS sequences revealed a strong distinction
between the bacterial and archaeal aaRSs (Woese et al., 2000).
When we compared the conservation patterns between the
prokaryotes and eukaryotes, the degree of conservation was
relatively low. The conservation scores in the loop regions (54,
S8, and S12) were also high within the eukaryotes (average
conservation scores: S4, 7.54; S8, 8.36; S12, 7.84), but in
the anticodon (S7 and S9) and TWC stem (S11 and S13)
sequence regions, the level of conservation was slightly higher
in eukaryotes (average conservation scores: S7, 5.72; S9, 5.5;
S11, 6.59; S13, 6.54). It should be noted that the conservation
of the first two base pairs (positions 1 and 72, and positions 2
and 71) in the acceptor stem (S1 and S14) region was markedly
reduced in the eukaryotes (see Supplementary Figure S7A).
Furthermore, over 59% (66,969 of 112,862) of the eukaryotic
tRNAs did not conform to the conventional tRNA numbering
rules shown in Figure 3A; for example, some eukaryotic tRNAs
included an unusual bulge loop or had a shorter/longer stem. The
numbers of conventional and non-conventional tRNAs observed
in the three domains of life are summarized in Table 2. In fact,
our research group has reported the presence of noncanonical
tRNA rules in several eukaryotic tRNAs (Hamashima et al,
2016).

Is this conservation of tRNA ribonucleotides reflected by
the base sequence specificity? To answer this question, the
nucleotide frequency of each tRNA position was calculated
for all 20 types of tRNAs (Figure6). In all three domains
of life, positions 8, 10, 14, 18, 19, 33, 53, 54, 55, 56,
58 and 61 are conserved or semi-conserved (Supplementary
Figure S7B). Moreover, tRNA ribonucleotide positions are
specifically conserved for the corresponding types of amino
acids (Supplementary Figure S7A). Among these positions,
two bases present in the anticodon (positions 35 and 36) are
typical examples of bases conserved for specific cognate amino
acids. The ribonucleotide pair (positions 1 and 72) next to the
discriminator (position 73) is conserved for specific cognate
amino acids, in that it is highly conserved in Bacteria but less
conserved in Eukarya. The second ribonucleotide pair at the
acceptor stem (positions 2 and 71) is also conserved in Archaea
(Supplementary Figure S7A).

To summarize the relationships between the interacting
ribonucleotides and conserved ribonucleotides, a schematic
representation of the important ribonucleotides in the structures
of select bacterial tRNAs and a scatter plot are presented
(Figure 7). The anticodon loop (S8) and D-stem (S3 and
S5) regions interact and have been conserved throughout
bacterial evolution (Figure 7B). Because the terminal CCA is
sometimes missing from the genomic sequence but added
post-transcriptionally to the 3’ end of the corresponding
tRNA, we could not estimate the degree of conservation in
this region, although the CCA sequence is apparently highly
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FIGURE 5 | Evolutionary conservation analysis of ribonucleotide positions of tRNAs. For each tRNA position, the conservation score based on Claude Shannon’s
entropy in (A) Bacteria (83 species), (B) Archaea (182 species), and (C) Eukarya (150 species) are shown as nine ranks, ranging from variable (rank 1: cyan) to
conserved (rank 9: magenta). The X row lists the 20 families of isoaccepting tRNAs (with their corresponding amino acids displayed in the single-letter code). The Y
column shows the tRNA ribonucleotide positions based on the universal conventional tRNA positions (Sprinzl et al., 1998), and the tRNA sequence regions described
in Figure 3. Missing ribonucleotides in the tRNA positions (at positions 17, 17a, 20a, 20b, 45, 46, and 47) and tRNA positions with prefix ‘e’ (Sprinzl et al., 1998) (part
of V-arm) were excluded from the analysis and the cells are colored black. Note that the conservation score was calculated for each position of all tRNAs according to
their cognate amino acids from a number of each species, but not between tRNA with different cognate amino acids.

conserved. Moreover, we found that two loop regions (D-  ribonucleotides identified in the current analysis. Note that the
loop (S4) and TWC-loop (S12)) have also been conserved  gap region (S2) between the accepter and D-stem is highly
throughout bacterial evolution. It has been reported that tRNA  conserved, although there are only two ribonucleotides in this
ribonucleotides at positions 8, 11, 14, 15, 18, 19, 21, 24, region; the position 8 ribonucleotides in this region are highly
48, 55, and 56 are important for L-shape formation, while conserved and are important for L-shape formation. These
those at positions 53, 54, 57, 58, 60, and 61 are important  observations are basically true in archaeal and eukaryotic tRNAs
for TWC-loop formation (Giegé et al, 2012) (Figure7A).  aswell

These ribonucleotides are found mainly in the D-stem, D-loop, One factor that must also be considered together with the
and TWC-loop, and many are consistent with the conserved  conservation of the tRNA sequence is the modification of specific
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tRNA ribonucleotides. Although not all the modified positions 20, 34, and 37) in some complexes (Supplementary Figure S4).
of tRNAs are known, E. coli tRNAs are reported to be modified =~ Meanwhile, we obtained information for each ribonucleotide
at 19 positions: 8, 13, 16, 17, 18, 20, 20a, 32, 34, 37, 38, 39, modification from 21 PDB entries (Supplementary Table SI).
40, 46, 47, 54, 55, 65, and 67 (Bjork and Hagervall, 2014). The =~ We found that each artificial ribonucleotide modification
positions of the modified sites are biased toward loop regions, in ~ within the 3’ end of bacterial tRNA" (PDB IDs: 3zju, 4ari,
that 13 modified sites are located in loop regions, four in stem  4asl, 3zjt, and 3zjv) enhanced the interaction between each
regions, and two in the V-arm region. Five of the 19 modified  ribonucleotide and aaRS (Supplementary Figure S4). However,
sites have high sequence conservation scores (positions 8, 18,37,  because there were insufficient structural data for comparisons
54, and 55). Except for position 55, the positions corresponding  of each ribonucleotide with versus without modifications, we
to dihydrouridine (16, 17, 20, and 20a) and pseudouridine  could not demonstrate the exact effects of other ribonucleotide
(W-uridine) modifications (13, 38, 39, 40, 55, and 67) have  modifications on the interaction. Based on these observations,
relatively low conservation scores. The sequence ratios shown in ~ we suggest that the modified positions are not always involved
Figure 6 indicate that these low-scoring positions do not always  in the tRNA-aaRS interaction, but in some cases, they may
encode uridine. Interactions with the aaRSs were observed at  contribute to the interaction. This should be clarified in future
six of the 19 reported modified positions (position 8, 13,16,  research.
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Helm et al. (2000) with modifications. (B) Scatter plot of the number of interacting amino acids versus the sequence conservation score among tRNA sequence
regions. See Figure 3A for the tRNA sequences (5S1-S14). The x-axis indicates the average number of amino acids (AA) interacting with each sequence region. The
y-axis indicates the average conservation score for the different sequence regions (see Figure 5). Error bars represent the standard error of the mean.
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CONCLUDING REMARKS AND FUTURE
PROSPECTS

In this study, we quantitatively analyzed the molecules involved
in the interactive surface between tRNA and aaRS. A comparative
analysis of tRNA-aaRS complexes was performed by mapping
the interacting ribonucleotides in two-dimensional space, using
the coordinates of the universal tRNA positioning rules and the
specific regions of the cloverleaf tRNA structure. We successfully
identified the interacting regions in the tRNA-aaRS complex
and the evolutionarily conserved ribonucleotides in the tRNA
molecule. Ribosomal proteins, elongation factors, as well as many
tRNA-modifying enzymes are additional tRNA-binding partners
(Kanai, 2014), and systematic analyses of the interacting surfaces
of tRNA-aaRS complexes will open new doors in the study of
tRNA evolution.

We emphasize again that we have developed a basic method
for considering the relationships of the interacting molecules
in the tRNA-aaRS complex. When the three-dimensional
structures of DNA/RNA-protein complexes are available, our
newly developed approach could be applied to these complexes.
Therefore, the interacting regions between the components of
these complexes can be visualized and the sequence conservation
discussed. Here, our sequence conservation analysis identified
many of the putative functional regions, and some of these
regions may correspond to interacting regions. It is assumed that
the DNA/RNA-binding regions of DNA/RNA-binding proteins
are more strongly conserved than other regulatory regions.
In other words, these DNA/RNA-binding regions may be
evolutionarily fundamental. Therefore, using our approach, we
can identify two sets of regional information: (a) the original
and fundamental functional regions; and (b) the more recently
acquired functional regions. For example, although the basic
function of aaRSs is in the activation of amino acids and their
transfer to specific RNAs, the enzymes of this group participate
in other cell processes (Lee et al., 2004; Guo and Schimmel,
2013; Motzik et al., 2013). The approach developed here may
allow the distinction of these two functional domains. We believe

REFERENCES

Agrawal, A., Mohanty, B. K., and Kushner, S. R. (2014). Processing of the seven
valine tRNAs in Escherichia coli involves novel features of RNase P. Nucleic
Acids Res. 42, 11166-11179. doi: 10.1093/nar/gku758

Akbaripour-Elahabad, M., Zahiri, J., Rafeh, R., Eslami, M., and Azari, M. (2016).
rpiCOOL: a tool for in silico RNA-protein interaction detection using random
forest. J. Theor. Biol. 402, 1-8. doi: 10.1016/j.jtbi.2016.04.025

Ashkenazy, H., Abadi, S, Martz, E, Chay, O., Mayrose, I, Pupko, T.,
et al. (2016). ConSurf 2016: an improved methodology to estimate and
visualize evolutionary conservation in macromolecules. Nucleic Acids Res. 44,
W344-W350. doi: 10.1093/nar/gkw408

Bjork, G. R, Hagervall, T. G. (2014). RNA
modification: presence, synthesis, and function. EcoSal Plus 6, 1-68.
doi: 10.1128/ecosalplus. ESP-0007-2013

Burley, S. K., Berman, H. M., Kleywegt, G. J., Markley, J. L., Nakamura,
H., and Velankar, S. (2017). Protein Data Bank (PDB): the single global

Mol. Biol. 1607, 627-641.

and Transfer

macromolecular structure archive. Methods
doi: 10.1007/978-1-4939-7000-1_26

that this approach is also applicable to other complexes, such as
transcription factors and their target DNAs, and long noncoding
RNAs and their binding proteins. The methods demonstrated
in this paper can also be applied to other complexes, including
translation initiation complexes, spliceosomes, and ribosomes.

AUTHOR CONTRIBUTIONS

ST and AK conceived and designed the study, and wrote the
manuscript. ST and HS performed the analyses. ST, MT, and AK
edited the manuscript. All authors have read and approved the
final manuscript.

FUNDING

This work was supported, in part, by JSPS KAKENHI Grant-
in-Aid for Scientific Research (A) (Grant number 26242075)
and JSPS KAKENHI Grant-in-Aid for Scientific Research on
Innovative Areas “Hadean Bioscience” (Grant number 26106003)
(to AK), and by research funds from the Yamagata Prefectural
Government and Tsuruoka City, Japan. The funding bodies
played no role in the study design, data collection or analysis,
decision to publish, or preparation of the manuscript.

ACKNOWLEDGMENTS

The authors thank Dr. Joséphine Galipon (Institute for Advanced
Biosciences of Keio University, Japan) and Dr. Tadasu Nozaki
(National Institute of Genetics, Japan) for critically reviewing the
manuscript. We also thank all members of the RNA Group at the
Institute for Advanced Biosciences of Keio University (Japan) for
their insightful discussions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2017.00227/full#supplementary-material

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., et al.
(2009). BLAST+: architecture and applications. BMC Bioinformatics 10:421.
doi: 10.1186/1471-2105-10-421

Chan, P. P, and Lowe, T. M. (2016). GtRNAdb 2.0: an expanded database of
transfer RNA genes identified in complete and draft genomes. Nucleic Acids
Res. 44, D184-D189. doi: 10.1093/nar/gkv1309

Cock, P. J., Antao, T., Chang, J. T., Chapman, B. A, Cox, C. J., Dalke, A,
et al. (2009). Biopython: freely available Python tools for computational
molecular biology and bioinformatics. Bioinformatics 25, 1422-1423.
doi: 10.1093/bioinformatics/btp163

Fernandez, M., Kumagai, Y., Standley, D. M., Sarai, A., Mizuguchi, K., and Ahmad,
S. (2011). Prediction of dinucleotide-specific RNA-binding sites in proteins.
BMC Bioinformatics 12(Suppl. 13):S5. doi: 10.1186/1471-2105-12-513-S5

Fujishima, K., and Kanai, A. (2014). tRNA gene diversity in the three domains of
life. Front. Genet. 5:142. doi: 10.3389/fgene.2014.00142

Fujishima, K., Sugahara, J., Tomita, M., and Kanai, A. (2010). Large-scale
tRNA intron transposition in the archaeal order Thermoproteales represents
a novel mechanism of intron gain. Mol Biol. Evol. 27, 2233-2243.
doi: 10.1093/molbev/msql11

Frontiers in Genetics | www.frontiersin.org

14

January 2018 | Volume 8 | Article 227


https://www.frontiersin.org/articles/10.3389/fgene.2017.00227/full#supplementary-material
https://doi.org/10.1093/nar/gku758
https://doi.org/10.1016/j.jtbi.2016.04.025
https://doi.org/10.1093/nar/gkw408
https://doi.org/10.1128/ecosalplus.ESP-0007-2013
https://doi.org/10.1007/978-1-4939-7000-1_26
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1093/nar/gkv1309
https://doi.org/10.1093/bioinformatics/btp163
https://doi.org/10.1186/1471-2105-12-S13-S5
https://doi.org/10.3389/fgene.2014.00142
https://doi.org/10.1093/molbev/msq111
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Tamaki et al.

Systematic Analysis of tRNA-aaRS Complexes

Fukai, S., Nureki, O., Sekine, S., Shimada, A., Vassylyev, D. G., and Yokoyama,
S. (2003). Mechanism of molecular interactions for tRNA(Val) recognition by
valyl-tRNA synthetase. RNA 9, 100-111. doi: 10.1261/rna.2760703

Fukunaga, R., and Yokoyama, S. (2005). Structural basis for non-cognate amino
acid discrimination by the valyl-tRNA synthetase editing domain. J. Biol. Chem.
280, 29937-29945. doi: 10.1074/jbc.M502668200

Giegé, R, Jiihling, F., Piitz, J., Stadler, P., Sauter, C., and Florentz, C. (2012).
Structure of transfer RNAs: similarity and variability. Wiley Interdiscip. Rev.
RNA 3, 37-61. doi: 10.1002/wrna.103

Giegé, R., Sissler, M., and Florentz, C. (1998). Universal rules and
idiosyncratic features in tRNA identity. Nucleic Acids Res. 26, 5017-5035.
doi: 10.1093/nar/26.22.5017

Giegé, R., and Springer, M. (2016). Aminoacyl-tRNA Synthetases in the Bacterial
World. EcoSal Plus 7, 1-83. doi: 10.1128/ecosalplus.ESP-0002-2016

Guo, M., and Schimmel, P. (2013). Essential nontranslational functions of tRNA
synthetases. Nat. Chem. Biol. 9, 145-153. doi: 10.1038/nchembio.1158

Hamashima, K., Tomita, M., and Kanai, A. (2016). Expansion of noncanonical
V-arm-containing tRNAs in eukaryotes. Mol Biol. Evol. 33, 530-540.
doi: 10.1093/molbev/msv253

Helm, M., Brulé, H., Friede, D., Giegé, R., Piitz, D., and Florentz, C. (2000). Search
for characteristic structural features of mammalian mitochondrial tRNAs. RNA
6, 1356-1379. doi: 10.1017/S1355838200001047

Holm, L., and Sander, C. (1996). Mapping the protein universe. Science 273,
595-603.

Holzmann, J., Frank, P., Loffler, E., Bennett, K. L., Gerner, C., and Rossmanith,
W. (2008). RNase P without RNA: identification and functional reconstitution
of the human mitochondrial tRNA processing enzyme. Cell 135, 462-474.
doi: 10.1016/j.cell.2008.09.013

Hori, H. (2014). Methylated nucleosides in tRNA and tRNA methyltransferases.
Front. Genet. 5:144. doi: 10.3389/fgene.2014.00144

Ibba, M., Hong, K. W., Sherman, J. M., Sever, S., and Séll, D. (1996). Interactions
between tRNA identity nucleotides and their recognition sites in glutaminyl-
tRNA synthetase determine the cognate amino acid affinity of the enzyme. Proc.
Natl. Acad. Sci. U.S.A. 93, 6953-6958. doi: 10.1073/pnas.93.14.6953

Jones, S., Daley, D. T., Luscombe, N. M., Berman, H. M., and Thornton, J. M.
(2001). Protein-RNA interactions: a structural analysis. Nucleic Acids Res. 29,
943-954. doi: 10.1093/nar/29.4.943

Kabsch, W., and Sander, C. (1983). Dictionary of protein secondary structure:
pattern recognition of hydrogen-bonded and geometrical features. Biopolymers
22, 2577-2637. doi: 10.1002/bip.360221211

Kanai, A. (2014). Welcome to the new tRNA world! Front. Genet. 5:336.
doi: 10.3389/fgene.2014.00336

Kirsanov, D. D., Zanegina, O. N., Aksianov, E. A., Spirin, S. A., Karyagina, A. S., and
Alexeevski, A. V. (2013). NPIDB: Nucleic acid-Protein Interaction DataBase.
Nucleic Acids Res. 41, D517-D523. doi: 10.1093/nar/gks1199

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. A,,
McWilliam, H., etal. (2007). Clustal W and Clustal X version 2.0. Bioinformatics
23, 2947-2948. doi: 10.1093/bioinformatics/btm404

Lee, S. W., Cho, B. H,, Park, S. G., and Kim, S. (2004). Aminoacyl-tRNA
synthetase complexes: beyond translation. J. Cell Sci. 117(Pt 17), 3725-3734.
doi: 10.1242/jcs.01342

Lewis, B. A., Walia, R. R, Terribilini, M., Ferguson, J., Zheng, C., Honavar, V.,
et al. (2011). PRIDB: a Protein-RNA interface database. Nucleic Acids Res 39,
D277-D282. doi: 10.1093/nar/gkq1108

Li, S., Yamashita, K., Amada, K. M., and Standley, D. M. (2014). Quantifying
sequence and structural features of protein-RNA interactions. Nucleic Acids
Res. 42, 10086-10098. doi: 10.1093/nar/gku681

Maiorov, V. N., and Crippen, G. M. (1994). Significance of root-mean-square
deviation in comparing three-dimensional structures of globular proteins.
J. Mol. Biol. 235, 625-634. doi: 10.1006/jmbi.1994.1017

Motzik, A., Nechushtan, H., Foo, S. Y., and Razin, E. (2013). Non-canonical roles
of lysyl-tRNA synthetase in health and disease. Trends Mol. Med. 19, 726-731.
doi: 10.1016/j.molmed.2013.07.011

Muppirala, U. K., Honavar, V. G., and Dobbs, D. (2011). Predicting RNA-protein
interactions using only sequence information. BMC Bioinformatics 12:489.
doi: 10.1186/1471-2105-12-489

O’Leary, N. A., Wright, M. W, Brister, J. R, Ciufo, S., Haddad, D., McVeigh,
R, et al. (2016). Reference sequence (RefSeq) database at NCBI: current
status, taxonomic expansion, and functional annotation. Nucleic Acids Res. 44,
D733-D745. doi: 10.1093/nar/gkv1189

Pannucci, J. A., Haas, E. S., Hall, T. A., Harris, J. K., and Brown, J. W. (1999). RNase
P RNAs from some Archaea are catalytically active. Proc. Natl. Acad. Sci. U.S.A.
96, 7803-7808. doi: 10.1073/pnas.96.14.7803

Paz, L, Kosti, L, Ares, M. Jr., Cline, M., and Mandel-Gutfreund, Y. (2014). RBPmap:
a web server for mapping binding sites of RNA-binding proteins. Nucleic Acids
Res. 42, W361-W367. doi: 10.1093/nar/gku406

Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M.,
Meng, E. C,, etal. (2004). UCSF Chimera-a visualization system for exploratory
research and analysis. J. Comput. Chem. 25, 1605-1612. doi: 10.1002/jcc.
20084

Pietal, M. J., Szostak, N., Rother, K. M., and Bujnicki, J. M. (2012). RNAmap2D
- calculation, visualization and analysis of contact and distance maps for
RNA and protein-RNA complex structures. BMC Bioinformatics 13:333.
doi: 10.1186/1471-2105-13-333

Podtelezhnikov, A. A., and Wild, D. L. (2008). CRANKITE:
polypeptide backbone conformation sampler. Source Code Biol. Med. 3:12.
doi: 10.1186/1751-0473-3-12

Ren, H., and Shen, Y. (2015). RNA-binding residues prediction using structural
features. BMC Bioinformatics 16:249. doi: 10.1186/s12859-015-0691-0

Rost, B., and Sander, C. (1994). Conservation and prediction of solvent
accessibility in protein families. Proteins 20, 216-226. doi: 10.1002/prot.3402
00303

Scheibe, M., Butter, F., Hafner, M., Tuschl, T., and Mann, M. (2012). Quantitative
mass spectrometry and PAR-CLIP to identify RNA-protein interactions.
Nucleic Acids Res. 40, 9897-9902. doi: 10.1093/nar/gks746

Sprinzl, M., Horn, C., Brown, M., Toudovitch, A., and Steinberg, S. (1998).
Compilation of tRNA sequences and sequences of tRNA genes. Nucleic Acids
Res. 26, 148-153. doi: 10.1093/nar/26.1.148

Touw, W. G., Baakman, C,, Black, J., te Beek, T. A., Krieger, E., Joosten, R. P., et al.
(2015). A series of PDB-related databanks for everyday needs. Nucleic Acids Res.
43, D364-D368. doi: 10.1093/nar/gku1028

UniProt, C. (2015). UniProt: a hub for protein information. Nucleic Acids Res. 43,
D204-D212. doi: 10.1093/nar/gku989

Weinreb, C., Riesselman, A. J., Ingraham, J. B., Gross, T., Sander, C., and Marks,
D. S. (2016). 3D RNA and functional interactions from evolutionary couplings.
Cell 165, 963-975. doi: 10.1016/j.cell.2016.03.030

Woese, C. R, Olsen, G. J., Ibba, M., and Séll, D. (2000). Aminoacyl-tRNA
synthetases, the genetic code, and the evolutionary process. Microbiol. Mol. Biol.
Rev. 64, 202-236. doi: 10.1128/ MMBR.64.1.202-236.2000

a fast

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Tamaki, Tomita, Suzuki and Kanai. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

January 2018 | Volume 8 | Article 227


https://doi.org/10.1261/rna.2760703
https://doi.org/10.1074/jbc.M502668200
https://doi.org/10.1002/wrna.103
https://doi.org/10.1093/nar/26.22.5017
https://doi.org/10.1128/ecosalplus.ESP-0002-2016
https://doi.org/10.1038/nchembio.1158
https://doi.org/10.1093/molbev/msv253
https://doi.org/10.1017/S1355838200001047
https://doi.org/10.1016/j.cell.2008.09.013
https://doi.org/10.3389/fgene.2014.00144
https://doi.org/10.1073/pnas.93.14.6953
https://doi.org/10.1093/nar/29.4.943
https://doi.org/10.1002/bip.360221211
https://doi.org/10.3389/fgene.2014.00336
https://doi.org/10.1093/nar/gks1199
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1242/jcs.01342
https://doi.org/10.1093/nar/gkq1108
https://doi.org/10.1093/nar/gku681
https://doi.org/10.1006/jmbi.1994.1017
https://doi.org/10.1016/j.molmed.2013.07.011
https://doi.org/10.1186/1471-2105-12-489
https://doi.org/10.1093/nar/gkv1189
https://doi.org/10.1073/pnas.96.14.7803
https://doi.org/10.1093/nar/gku406
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1186/1471-2105-13-333
https://doi.org/10.1186/1751-0473-3-12
https://doi.org/10.1186/s12859-015-0691-0
https://doi.org/10.1002/prot.340200303
https://doi.org/10.1093/nar/gks746
https://doi.org/10.1093/nar/26.1.148
https://doi.org/10.1093/nar/gku1028
https://doi.org/10.1093/nar/gku989
https://doi.org/10.1016/j.cell.2016.03.030
https://doi.org/10.1128/MMBR.64.1.202-236.2000
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Systematic Analysis of the Binding Surfaces between tRNAs and Their Respective Aminoacyl tRNA Synthetase Based on Structural and Evolutionary Data
	Introduction
	Materials and Methods
	Data Sources
	Routine Software Used in This Study
	Distance Calculations within tRNA–aaRS Complexes
	Determination and Visualization of the Three-Dimensional Interacting Structures of the tRNA–aaRS Complexes
	Systematic Analysis of the Interacting Region of Each tRNA–aaRS Complex
	Analysis of Evolutionarily Conserved Regions in the tRNA Sequences

	Results and Discussion
	Determination of tRNA–aaRS Interacting Regions
	Systematic Analysis of the Interacting Regions of tRNA–aaRS Complexes
	Comparative Analysis of the Interacting Regions and Evolutionarily Conserved Regions in tRNA–aaRS Complexes

	Concluding Remarks and Future Prospects
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


