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ABSTRACT
Aminoacyl-tRNA synthetases (aaRSs) are part of the cellular translation machinery and as such, they are essential enzymes for
every known cell. Due to their ubiquitous nature, their evolutionary history has been intensely researched to better understand the
origins of life on a molecular level. Herein, we examine the evolutionary relatedness of leucyl-tRNA synthetases (LeuRS) from
each major eukaryotic branch through the speciation process. This research effort was centered on amino acid sequence data as
well as generating homology protein models for each LeuRS enzyme. Comparative analysis of this sequence and structural data
for LeuRS amongst eukaryotes has indicated a high level of conservation within the active sites of these enzymes. Phylogenetic
analysis confirmed this high degree of conservation as well as established evolutionary relatedness between these LeuRS enzymes.
Based on this data, vertical gene transfer propagated LeuRS throughout the eukaryotic domain. Horizontal gene transfer and
domain acquisition events were not observed within the eukaryotic organisms studied. Our data also highlighted LeuRS
adaptation through the speciation process due to slight variability of scaffolding residues outside of the active site regions. We
hypothesize that this variability may be due to mechanistic differences amongst LeuRS enzymes that have assumed nontranslational functionality through the evolutionary process.
KEYWORDS
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INTRODUCTION
Aminoacyl-tRNA synthetases (aaRSs) are the evolutionary link between an ancient RNA-based world and the contemporary
amino acid-driven world.1 Hypotheses developed from substantiated data has determined that aaRSs are an ancient family of
enzymes that displayed greater fitness for aminoacylation catalysis, thus displacing ribozymes from this catalytic niche.1-2 As such,
aaRSs chemically link nucleic acids and amino acids through the aminoacylation reaction, which plays a central role in translation.3
The aminoacylation reaction consists of aaRSs binding to their cognate amino acid as well as tRNA to generate a hybrid
aminoacylated tRNA structure.4 Thus, aaRSs are ubiquitous throughout nature and as such their evolutionary origins have been
the subject of numerous research studies.1, 5-9
It is thought that aaRSs evolved to better adapt an existing genetic code to a changing biological environment, in which the kinetic
efficiency of the aminoacylation reaction needed to improve to meet the needs of a developing primordial cell or cellular
community.7-8 The intense evolutionary pressure that existed in the early stages of the emergence of life resulted in evolutionary
convergence within the aaRS family of enzymes.1 This family of enzymes was thus subdivided into class I and class II aaRSs, with
the result: one aaRS per amino acid.10-11 Interestingly, class I and class II aaRSs are structurally dissimilar, however, this family of
enzymes almost evenly divided with approximately 10 aaRSs in each subgroup.10-13 This suggests that a level of evolutionary
coordination existed between these two classes of aaRSs.
Given that the family of aaRSs is comprised of approximately 20 enzymes and that there is high catalytic fidelity displayed by each
enzyme, the evolutionary path for each class of aaRS necessitated structural divergence from two separate ancient aaRS primordial
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enzymes.5 Divergence and propagation of each aaRS subclass may have been precipitated through horizontal gene transfer
(HGT), gene duplication, and domain acquisition events.7-9 Evidence of HGT and domain acquisition events within the family of
aaRSs have been used to explain the complicated phylogeny of these enzymes, since they do not seem to adhere to the canonical
organismal phylogeny proposed by Carl Woese.5, 7, 14-16 Thus, the molecular evolution of aaRSs is a complex story, in which the
details are continuing to unfold.
Class I aaRSs are multi-domain enzymes, with the main domain harboring the aminoacylation active site, with the core catalytic
site being comprised of a Rossmann nucleotide binding fold.17-18 The Rossmann fold binds to cognate amino acid and tRNA as
well as ATP to catalyze the aminoacylation reaction.10 Several of the class I aaRSs have a secondary editing domain that is an
insertion into the Rossmann fold and is thought to be a later evolutionary addition to these enzymes.16, 19 In contrast to class I
aaRSs, the class II aaRS active site is comprised of antiparallel 廐-strands, which are flanked by 庤-helices.20
The leucyl-tRNA synthetase (LeuRS) enzyme is a class I aaRS that is thought to have diverged from a common ancestral aaRS
that also gave rise to isoleucyl-tRNA synthetase (IleRS) and valyl-tRNA synthetase (ValRS).16, 21 This divergence event is thought
to have occurred before the time of the last universal common ancestor (LUCA).9 Originally, it was thought that the LeuRS
molecular phylogeny was one of the only examples of aaRSs that followed Carl Woese’s Archaea-Bacteria-Eukaryota
trichotomy.14 However, other research evidence suggests that the LeuRS evolutionary history may have been subject to HGT
events, as is the case for other aaRSs.7-9 These HGT events complicate the molecular phylogeny of LeuRS, but may help explain
its ubiquitous nature as well as its biochemical conservation through the speciation process of all three domains of life.
In this study, we analyzed the sequence and structural features of LeuRS enzymes through the eukaryotic lineage to establish
evolutionary relatedness. Though we focused our research efforts on LeuRS divergence through the speciation of eukaryotes, we
started our comparative analysis with a bacterial example of LeuRS since it is thought that the Archeae and Eukaryota branches
split from the bacterial branch.22 Highlighting LeuRS evolution through eukaryotic speciation, starting from a bacterial example,
shed light on LeuRS propagation throughout the eukaryotic domain of life. Additionally, these studies demonstrate the possibility
of pharmacological cross-reactivity potential amongst this group of LeuRS enzymes.
METHODS AND PROCEDURES
Sequence Comparisons
Multiple sequence alignments were conducted with amino acid sequences for LeuRS enzymes from the following organisms with
the corresponding National Center for Biotechnology Information (NCBI) protein identification numbers: Escherichia coli
(BAA35289.1), Saccharomyces cerevisiae (EDN60985.1), Arabidopsis thaliana (NP_172433.2), Draosophila melanogaster (AGV77169.1),
Danio rerio (XP_698279.6), Xenopus laevis (NP_001087393.1), Anolis carolinensis (XP_003224146.1), Taeniopygia guttata
(XP_002189937.1), Mus musculus (NP_598898.2), and Homo sapiens (NP_064502.9). Retrieval of these protein sequences was
achieved with the Basic Local Alignment Search Tool (BLAST).23 These sequences were then subjected to various multiple
sequence alignment analyses using Clustal Omega and PRALINE.24-25 The PRALINE sequence alignment results were used to
determine relative conservation between LeuRS enzymes, which was in turn used in determining LeuRS structural comparisons.
An additional multiple sequence alignment was conducted using tRNALeu sequence data from the following sources: Escherichia coli
tRNALeu sequences with the anticodons: CAA, CAG, GAG, TAA and TAG; Saccharomyces cerevisiae tRNALeu sequences with the
anticodons: TAA, CAA and TAG; Homo sapiens tRNALeu sequences with the anticodons: TAA, AAG and TAG. These tRNALeu
sequences were retrieved from the tRNA Genomic Database.26 The subsequent multiple sequence alignment analysis was
conducted using the T-Coffee alignment tool.27
Homology Protein Modeling and Structural Comparisons
To generate the LeuRS homology models, in silico protein structure prediction techniques were utilized. The development and
refinement of these LeuRS computational models, including fold recognition methodologies, were conducted using SPARKX and
I-TASSER software.28-30
The I-TASSER platform is commonly used to generate 3D models of a target protein sequence. It utilizes a composite method
that involves amino acid threading, which is guided by sequence alignment and secondary structure prediction paired with various
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structural refinement techniques. Each final homology model is evaluated via a confidence score (C-score), which is based on the
threading template alignment quality as well as the convergence of structures coming from the assembly simulations. The Cscores are usually in the range of -5 to 2 with values above -1.5 considered to be significantly more reliable.30 Additionally, the
models are evaluated by a TM-score, which measures structure similarity of the best threading alignment with the average of all
the alignments generated. Models with TM-scores above 0.5 are considered topologically reliable.30 Please refer to Table 1 for a
complete listing of these reliability scores.
Organism
Arabidopsis thaliana
Draosophila melanogaster

C-score
0.44
-1.18

TM-score
0.77 +/-0.1
0.57 +/-0.15

Xenopus laevis
Homo sapiens
Mus musculus
Saccharomyces cerevisiae
Taeniopygia guttata
Danio rerio

-1.51
-1.57
-1.55
0.56
-1.29
-1.11

0.53 +/-0.15
0.52 +/-0.15
0.52 +/-0.15
0.79+/-0.09
0.55 +/-0.15
0.58 +/-0.14

Anolis carolinensis

-1.33

0.52 +/-0.14

Table 1. I-TASSER Reliability Scores for all Homology models.

Once the protein homology models were generated, various structural comparisons were made through their superimposition.
This was accomplished through the Chimera software suite.31-33 Additional structural manipulations, coloring changes, protein
fragmentation as well as rotations were also done using the Chimera software suite.
Phylogenetic Tree Development
Determination of LeuRS amino acid sequence conservation as well as evolutionary relatedness was confirmed with the
development of a phylogenetic tree. This phylogenetic tree was generated using the following LeuRS amino acid sequences:
Escherichia coli (BAA35289.1), Saccharomyces cerevisiae (EDN60985.1), Arabidopsis thaliana (NP_172433.2), Draosophila melanogaster
(AGV77169.1), Danio rerio (XP_698279.6), Xenopus laevis (NP_001087393.1), Anolis carolinensis (XP_003224146.1), Taeniopygia
guttata (XP_002189937.1), Mus musculus (NP_598898.2), and Homo sapiens (NP_064502.9). The phyloT: a tree generator software
program was utilized to compile this sequence information into a final phylogenic tree.34-35
RESULTS
The process of modern translation of the genetic code is facilitated by an ancient family of enzymes called aminoacyl-tRNA
synthetases (aaRSs).36 In vitro evolution experiments of ribozymes with aminoacylation activity, suggests that as the ancient RNAbased world evolved, aaRSs may have been one of the first enzymes to develop and displace this ribozyme catalytic niche.1-2 As
such, it has been hypothesized that the genetic code pre-dates the existence of aaRSs, and due to evolutionary pressure to improve
the catalytic efficiency of the aminoacylation reaction, amino acid-based primordial aaRSs evolved.7 These ancestral aaRSs
structurally diverged into a family of 20 aaRS enzymes: one for each canonical amino acid.7 This structural divergence is largely
attributed to horizontal gene transfer (HGT) and domain acquisition events that predate the time of the last universal common
ancestor (LUCA).7, 9 Further structural divergence of aaRSs occurred as the speciation process gave rise to the three domains of
life.7 Interestingly, aaRS domain arrangement and their basic catalytic features have remained relatively unchanged since the time
of LUCA.9 The ancient origins of a particular aaRS, leucyl-tRNA synthetase (LeuRS), has been well characterized.8 This research
effort focuses on the structural divergence of LeuRS through the evolution of the eukaryotic lineage starting from bacteria.
The LeuRS enzyme consists of two main catalytic centers, housed within the aminoacylation domain and the connective
polypeptide 1 (CP1) domain (Fig. 1).19, 37 The aminoacylation domain active site binds to leucine, ATP and cognate tRNA Leu to
facilitate the aminoacylation reaction.3, 38 The CP1 domain active site hydrolyzes misaminoacylated products that are generated by
the aminoacylation reaction.39 The LeuRS aminoacylation domain is hypothesized to be the most ancient proteinaceous functional
unit of LeuRS, evolving from a common ancestor aaRS that structurally diverged into LeuRS, IleRS and ValRS.16, 21 Using
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BLAST, Clustal Omega and PRALINE multiple sequence alignment tools, we generated numerous sequence alignments of the
catalytic core of the LeuRS aminoacylation domain from Escherichia coli (E. coli), Saccharomyces cerevisiae (S. cerevisiae), Arabidopsis
thaliana (A. thaliana), Draosophila melanogaster (D. melanogaster), Danio rerio (D. rerio), Xenopus laevis (X. laevis), Anolis carolinensis (A.
carolinensis), Taeniopygia guttata (T. guttata), Mus musculus (M. musculus) and Homo sapiens (H. sapiens)(Fig. 2A). This sequence alignment
focuses on the signature sequences HIGH and KMSKS from the Rossmann nucleotide binding motif, which is the catalytic core
of the LeuRS aminoacylation domain.3 The sequence alignment of all the organisms in Figure 2A indicates that there is
considerable conservation within these signature sequences, underscoring their essential function as well as their ancient nature.
The PRALINE sequence alignment tool uses a scoring scheme based on conservation, with 0 being the least conserved and 10
being the most conserved. This numeric gradient is paired with a color gradient where 0 is dark blue and 10 is red. As seen in
Figure 2A, all the positions within the HIGH and KMSKS signature sequences have conservation values of 6 or greater,
excluding E. coli LeuRS. Due to E. coli LeuRS being significantly smaller than the eukaryotic LeuRS enzymes and algorithmic
limitations of this sequence alignment tool, the E. coli KMSKS region was not included in this sequence alignment. However, the
E. coli LeuRS KMSKS region can be visualized in Figure 2B. Figure 2B highlights the extreme conservation of the
aminoacylation active site within this diverse group of organisms, in which LeuRS homology protein structures were predicted
and the structure of the HIGH and KMSKS regions from each organism were superimposed. Based on these results, and given
the fact that these organisms span approximately 3.4 billion years of evolutionary time, it is remarkable that these signature
sequences and their corresponding structures have remained largely unchanged.40 This supports the hypothesis that LeuRSs’
catalytic core domain originated prior to the time of LUCA and remained largely unchanged over billions of years.8 Thus, vertical
gene transfer events predominated the propagation of LeuRS throughout the eukaryotic domain.

Figure 1.37 X-ray crystallography structure of E. coli LeuRS. The E. coli LeuRS crystal structure while in the editing conformation. The aminoacylation domain is
blue and the CP1 editing domain is green. The bound Leu-tRNALeu is highlighted in orange.
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Figure 2B.

Figure 2. Multiple sequence alignment (2A.) and superposition (2B.) of the Aminoacylation active site “HIGH” and “KMSKS” signature sequence regions.
2A.3 Brackets above the multiple sequence alignment highlight the “HIGH” and “KMSKS” signature sequences, which are universal sequences found within the
LeuRS active site. The signature sequences bind and stabilize ATP and the adenylate intermediate.
2B.37 The E. coli LeuRS X-ray crystallography structure is red. The E. coli LeuRS crystal structure is overlaid with the following computationally generated LeuRS
homology models. Organism abbreviations and color labels are as follows: Escherichia coli (Ec), Saccharomyces cerevisiae (Sc) (yellow), Arabidopsis thaliana (At) (purple),
Draosophila melanogaster (Dm) (green), Danio rerio (Dr) (orange), Xenopus laevis (Xl) (blue), Anolis carolinensis (Ac) (magenta), Taeniopygia guttata (Tg) (cyan), Mus musculus
(Mm) (gray) and Homo sapiens (Hs) (pink).

Additional support for this hypothesis is displayed in the superimposed structures of the entire catalytic core docking site for
ATP, leucine and the 3’ acceptor stem end of tRNALeu from E. coli and S. cerevisiae (Fig. 3), which indicates a high level of
preservation through eukaryotic evolution. The E. coli LeuRS structure is red and the S. cerevisiae LeuRS structure is yellow. Given
that these organisms are thought to be separated by 1.5 billion years of evolutionary time and are structurally dissimilar in many
other ways (refer to Fig. 7), it is remarkable the that active sites of these two enzymes are extremely similar.40 This result provides
evidence that the LeuRS active site originated from a common ancestral aaRS and has virtually remained unchanged. Additionally,
these results support the assertion that the root of the three domains of life be placed along the bacterial branch with the Archaea
and Eukaryota branches being clustered closely together.22, 41

Figure 3.37 Aminoacylation active site superimposition of E. coli and S. cerevisiae. Superimposition of the entire aminoacylation active site. The E. coli LeuRS X-ray
crystallography structure is red and the S. cerevisiae LeuRS homology model is yellow.
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Figure 4.39 Multiple sequence alignment of the CP1 Editing Domain. The black box on the multiple sequence alignment highlights the “threonine-rich” region.
The threonine-rich region provides chemical specificity to the CP1 domain hydrolytic active site. Organism are as follows: Escherichia coli, Saccharomyces cerevisiae,
Arabidopsis thaliana, Draosophila melanogaster, Danio rerio, Xenopus laevis, Anolis carolinensis, Taeniopygia guttata, Mus musculus, and Homo sapiens.
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Figure 5. CP1 Domain superimposition.37, 39 5A. Superimposition of the entire CP1 domain. 5B. Superimposition of the “threonine-rich” region within the
hydrolytic active site of the CP1 domain. The E. coli LeuRS X-ray crystallography structure is red. The E. coli LeuRS crystal structure is overlaid with the following
computationally generated LeuRS homology models: S. cerevisiae (yellow), A. thaliana (purple), D. melanogaster (green), D. rerio (orange), X. laevis (blue), A. carolinensis
(magenta), T. guttate (cyan), M. musculus (gray), and H. sapiens (pink).

Figure 6. Multiple sequence alignment of tRNALeu Isotypes. The multiple sequence alignment of tRNALeu from E. coli, S. cerevisiae, and H. sapiens shows sequence
variability amongst these different isotopic forms. The tRNALeu isotypes of CAA, CAG, GAG, TAA, TAG, and AAG originate from E. coli, S. cerevisiae, and H.
sapiens. These three organisms were chosen because they represent the greatest evolutionary time lapse amongst organisms on the eukaryotic branch.

LeuRS domain insertions are thought to be later evolutionary additions to LeuRS, to improve catalytic efficiency.16, 21, 42 Indeed,
the auxiliary LeuRS domains like the CP1 domain and the ZN-1 domain have been biochemically analyzed and shown to
drastically improve LeuRS catalysis.39, 43 The CP1 domain is a unique insertion into the Rossmann fold and serves to hydrolyze
misaminoacylated products.39 The CP1 domain is crucial to maintain LeuRS function and fidelity due to the structurally
promiscuous nature of the aminoacylation active site, which can readily accommodate structural homologs of leucine.44 The
structural ambiguity of the aminoacylation active site would be a natural evolutionary consequence since LeuRS, IleRS and ValRS
all structurally diverged from a common aaRS ancestor and the cognate amino acids that these aaRSs charge, namely leucine,
isoleucine and valine, are all structurally similar.16, 21, 42 Therefore, the CP1 domain functions as an editing domain that allows the
LeuRS enzyme to distinguish between leucine and other amino acid structural homologs. To determine the extent of conservation
within the CP1 domain, sequence alignment data was gathered for the entire sequences of the CP1 domains from E. coli, S.
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cerevisiae, A. thaliana, D. melanogaster, D. rerio, X. laevis, A. carolinensis, T. guttata, M. musculus and H. sapiens (Fig. 4). From this data, it
is evident that there is significant sequence conservation within the CP1 domains for these organisms, with the one outlier being
E. coli. This finding may be a computational artifact due to E. coli’s CP1 domain being generally smaller than the CP1 domains
from the eukaryotic sources. Based on the sequence alignment, the CP1 domains from E. coli and S. cerevisiae had 31% identity and
48% homology. The CP1 domains from S. cerevisiae and A. thaliana share 45% identity and 64% homology. The CP1 domains
from A. thaliana and D. melanogaster share 56% identity and 73% homology. The CP1 domains from D. melanogaster and D. rerio
share 64% identity and 81% homology. The CP1 domains from D. rerio and X. laevis share 84% identity and 92% homology. The
CP1 domains from X. laevis and A. carolinensis share 87% identity and 93% homology. The CP1 domains from A. carolinensis and T.
guttata share 88% identity and 94% homology. The CP1 domains from T. guttata and M. musculus share 85% identity and 94%
homology. The CP1 domains from M. musculus and H. sapiens share 93% identity and 94% homology. Therefore, to build upon
these results, structural superimpositions of the entire CP1 domain as well as the hydrolytic active site were generated (Fig. 5A
and 5B). Computational models were generated for all CP1 domains to provide consistent analysis, which were based off existing
crystal structures of LeuRS. From Figure 5A, there is considerable structural conservation within all the CP1 domain structures.
Some structural variation is observed within the loop regions of the CP1 domain. This finding is expected since these
disorganized protein structural features are difficult to computationally model. Therefore, these slight structural perturbations may
be a computational artifact. An alternative explanation could be that some of these loop regions could interact with tRNALeu,
helping to facilitate its translocation between the active sites of LeuRS.45 Since there is variability amongst tRNALeu sequences
across species lines (Fig. 6), a reasonable assumption would be that regions within the CP1 domain that interact and bind with
tRNALeu would also have variability.
Close examination of the CP1 domain hydrolytic active site pocket in Figure 5B indicates that there is considerable structural
conservation. Indeed, amongst the eukaryotic species the hydrolytic active site sequences that comprise the threonine-rich region
are completely conserved.39 When compared to the E. coli threonine-rich region, there are only two amino acids that deviate from
the eukaryotic sequences, the T248 and D251 residues. A similar result was found by Pang. et. al. through an amino acid sequence
comparison of the threonine-rich region from dissimilar organisms such as E. coli and H. sapiens.46 Evolutionarily, this would
indicate that the CP1 domain would have evolved early-on as LeuRS structurally diverged from its common ancestral aaRS to
provide chemical specificity for the accurate incorporation of leucine during protein synthesis. Thus, based on these results, we
hypothesize that the CP1 domain would have probably been the first leucine-specific domain adaptation, which allowed a more
catalytically efficient LeuRS to replace an existing ribozyme for leucine aminoacylation catalysis.
In addition to examining how the aminoacylation and CP1 domain active sites evolved, other sequence and structural features
were studied to gain a more global perspective on how LeuRS evolved through the speciation of eukaryotes. Therefore, a
qualitative evolutionary tree was generated to visually follow the molecular evolution of LeuRS structure through the speciation of
eukaryotes starting from a bacterial example (Fig. 7). Each node represents a major split between taxa within the eukaryotic
domain of life.40 Since it is thought that the eukaryotic domain of life is rooted from the bacterial domain, the E. coli LeuRS
structure was used as the initial point of reference.22, 41 Hence, the E. coli LeuRS structure is entirely gray, any subsequent changes
within the LeuRS structure are highlighted in red. Structural deviations for each species were determined through generating a
sequence alignment of the LeuRS from the organism of interest and the LeuRS from the organism on the next lower branch.
These pairwise sequence alignments were generated using the PRALINE sequence alignment tool. Residues with a conservation
score of “4” or less were highlighted in red. Therefore, the S. cerevisiae LeuRS structural deviation from E. coli LeuRS was
determined through a sequence alignment of E. coli LeuRS and S. cerevisiae LeuRS. In like manner, the A. thaliana LeuRS structural
deviation from S. cerevisiae LeuRS was determined through a sequence alignment of S. cerevisiae LeuRS and A. thaliana LeuRS. This
same pattern of sequence comparison for each LeuRS was used to determine LeuRS structural deviations throughout the
evolutionary tree.
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Figure 7. Evolutionary changes of LeuRS Among Eukaryotes. This qualitative phylogenetic tree compares LeuRS structures from each taxon within the
eukaryotic domain of life, starting from a bacterial example. Universal features of LeuRS are gray and regions that have been subject to evolutionary change are
red. Since the eukaryotic domain is thought to have arisen from bacterial origins, the E. coli LeuRS crystal structure is entirely gray 22, 37.

Figure 7 shows that there is significant structural deviation in the initial comparison between E. coli LeuRS and S. cerevisiae LeuRS.
In part, this structural deviation is due to the size difference between these two enzymes. The S. cerevisiae LeuRS enzyme is 230
amino acids larger than the E. coli LeuRS enzyme. The size difference between these two enzymes as well as the other eukaryotic
LeuRSs highlighted in this study could be due to additional non-translational catalytic functionality that was assumed by
eukaryotic LeuRSs through the evolutionary process.47 Emerging evidence indicates that many aaRSs within eukaryotes have
evolved critical roles that maintain cellular function outside of their canonical role in translation.47 Specifically, eukaryotic LeuRSs
are known to participate in the TOR metabolic pathway, which functions to maintain amino acid metabolism.47-49
The observed sequence and structural deviations seem to occur within scaffolding residues. As has been previously stated, the
aminoacylation active site and CP1 domain hydrolytic active site are highly conserved, thus structural deviation was not observed
within these regions. The highest frequency of sequence and structural changes were observed between the lower-order
eukaryotic species, namely; S. cerevisiae, A. thaliana, D. melanogaster and D. rerio. These sequence and structural differences may be
due to mechanistic adaptation within the catalytic functionality of these enzymes. For example, it has been reported that S.
cerevisiae LeuRS has an altered mechanistic behavior within the TOR metabolic pathway when compared to that of H. sapiens
LeuRS mechanistic behavior within the same pathway.48-50 Mechanistic adaptation would be a natural consequence of the
evolutionary process, especially since these enzymes function in different cellular environments with different extracellular ques.
When considering the high frequency of sequence and structural changes within the lower-order eukaryotes, it is important to
consider that this set of organisms differs greatly in their overall biology. The diversity within the lower-order eukaryotes can most
simply be stated through general comparisons between the organisms, such as: single-cellular vs. multi-cellular; photosynthetic vs.
non-photosynthetic; terrestrial vs. aquatic. Diversity within these biological systems would necessitate evolutionary adaptation,
giving rise to LeuRS enzymes that have altered mechanistic function and potentially a different repertoire of molecular binding
partners within each of these cell types. To further support this assertion, close examination of the LeuRS structures originating
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from higher-order organisms along the animal branch, namely; X. laevis, A. carolinensis, T. guttata, M. musculus, and H. sapiens, have
very little sequence and structural deviation. Again, a general biological comparison of these organisms could be used to explain
these results. This group of animals are multicellular, terrestrial and share many of the same physiological processes, albeit with
some obvious differences. In short, these organisms are more biologically related than the lower-order eukaryotes. Within the
higher-order eukaryotes, subgroup comparisons of LeuRSs shows extreme conservation. These subgroups are A. carolinensis : T.
guttata and M. musculus : H. sapiens. This finding is not surprising given that lizards and birds are close evolutionary relatives.51 The
evolutionary relationship between mice and humans is even more closely linked, as they are both mammals and are separated by
only 96 million years of evolutionary time: less than half of the evolutionary time that separates lizards and birds.51-53
The evolutionary relationships between eukaryotic LeuRS enzymes that have been reported herein were further verified through
the generation of a quantitative molecular phylogenetic tree based on LeuRS amino acid sequences (Fig. 8). This phylogenetic
tree was developed through the PhyloT software program and verified through sequence analysis for the evolutionary hierarchy
established with the Figure 7 results. The phylogenetic tree indicates that E. coli LeuRS and S. cerevisiae LeuRS are more closely
related to each other when compared to the other lower-order eukaryotic organisms. From A. thaliana LeuRS to X. leavis LeuRS
there is step-wise evolutionary relatedness for each of the branch points. This degree of evolutionary connectivity between the
lower-order organisms has been previously explained for the Figure 7 results. In like manner, the subgroupings of A. carolinensis :
T. guttata and M. musculus : H. sapiens LeuRS enzymes within this molecular phylogenetic tree have also been explained in the
context of Figure 7 results. Therefore, the molecular phylogenetic tree confirms the Figure 7 results and associated hypotheses.

Figure 8. Molecular Phylogenetic Tree of Eukaryotic LeuRS. 22 This phylogenetic tree compares LeuRS amino acid sequences from each taxon within the
eukaryotic domain of life, starting from a bacterial example. Since the eukaryotic domain is thought to have arisen from bacterial origins, the E. coli LeuRS
sequence is included.

Lastly, each of the LeuRS homology structures were superimposed on their nearest evolutionary relative using the Chimera
software program. Therefore, E. coli LeuRS and S. cerevisiae LeuRS were superimposed on one another (Fig. 9A). This
superimposition provided an essential structural comparison of these two LeuRS enzymes. Again, E. coli LeuRS is in red and S.
cerevisiae LeuRS is in yellow. From this structural overlap, the greatest differences are within the CP1 and C-terminal domains.
These differences are largely related to the overall size of these domains. Given that S. cerevisiae LeuRS has adopted additional
non-translational functionality, these size differences could support these non-translational catalytic and binding functions. hese
LeuRS structural differences may be due to sequence differences within the individual tRNALeu for each organism, which
subsequently affects the tRNALeu structures (Fig. 6).
The superimposition of A. thaliana LeuRS (purple) and D. melanogaster LeuRS (green) (Fig. 9B) as well as the superimposition of
D. rerio LeuRS (orange) and X. laevis LeuRS (blue) (Fig. 9C) shows some structural differences largely within the CP1 and Cterminal domains. Again, these differences may be due to the very different biological environments in which these LeuRS
enzymes operate, which would give rise to mechanistic differences in the catalytic functions of these enzymes. The
superimposition of A. carolinensis, LeuRS (magenta) and T. guttate LeuRS (cyan) indicates that these enzymes are almost identical,
albeit with some slight changes in a secondary structural elemental feature within the aminoacylation domain for T. guttate LeuRS,
which may be an artifact of the protein modeling process (Fig. 9D). The fact that these two enzymes are structurally very similar
is indicative of their close evolutionary relatedness, as previously explained. Lastly, the superimposition of the M. musculus LeuRS
(gray) and H. sapiens LeuRS (pink) enzymes shows that they are virtually identical (Fig. 9E). This was an expected result given that
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these enzymes have mammalian origins, which are separated by very little evolutionary time. Thus, the superimposition of these
LeuRS structures spanning the eukaryotic lineage supports our previous evolutionary assertions as well as provides the data
necessary to visually compare how LeuRS changed or was conserved through evolutionary time.

Figure 9A.

Figure 9B.

Figure 9D.

Figure 9C.

Figure 9E.

Figure 9.37 Superimposition of the LeuRS enzyme structures to compare and contrast structural changes amongst eukaryotic organisms.
9A. The E. coli LeuRS X-ray crystallography structure is red, overlaid with the S. cerevisiae LeuRS homology model in yellow.
9B. The A. thaliana LeuRS homology model (purple) is overlaid with the D. melanogaster LeuRS homology model (green).
9C. The D. rerio LeuRS homology model (orange) is overlaid with the X. laevis LeuRS homology model (blue).
9D. The A. carolinensis LeuRS homology model (magenta) is overlaid with the T. guttate LeuRS homology model (cyan).
9E. The M. musculus LeuRS homology model (gray) is overlaid with the H. sapiens LeuRS homology model (pink).
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DISCUSSION
The evolutionary origins of aaRSs have been well characterized by numerous research studies focused on understanding the
development of the aminoacylation domain and aaRS catalytic specificity.1, 5, 7-9, 21 Consensus among these research efforts is that
aaRS enzymes have ancient origins that predate LUCA. To build upon these previously reported findings, this research effort
aimed to understand the more contemporary evolutionary history of LeuRS, specifically through the eukaryotic lineage. The
results reported herein indicate that the aminoacylation active site as well as the CP1 domain active site are both highly conserved.
Indeed, a comparison of these active sites across domain and species lines indicates that there is very little variation within the
sequences or structures of LeuRSs from these different species. This was a surprising result given that there are billions of years of
evolutionary history separating the species highlighted in this research study.
Though the active sites of LeuRS are highly conserved, the results indicated that there was sequential and structural variation that
occurred mainly within the scaffold residues. Particularly scaffold residues within the CP1 and C-terminal domains. A dramatic
example of LeuRS structural variation were the superimposed structures of E. coli LeuRS and S. cerevisiae LeuRS enzymes, which
was not surprising given that these enzymes originate from organisms in different domains of life and are separated by
approximately 1.5 billion years of evolutionary time.14, 40 Accordingly, these enzymes had the most sequence and structural
variation compared with the other enzymes in this research study, which is likely due to non-translational functionality assumed
by LeuRS enzymes through eukaryotic speciation to facilitate complex biological processes not present in bacteria. However, with
this noted, the active sites for these enzymes were highly conserved, supporting the hypothesis that LeuRS enzymes diverged
from a common ancestor aaRS.7, 9
Additional sequential and structural comparisons of LeuRS enzymes were generated, determining that through the speciation of
eukaryotes there were only minor evolutionary changes. This was especially apparent when comparing LeuRS enzymes amongst
higher-order eukaryotes. Comparisons between A. carolinensis LeuRS : T. guttate LeuRS and M. musculus LeuRS : H. sapiens LeuRS
indicated very minor structural deviations. This result could be due to the relative short amount of evolutionary time between
these organisms as well as their close physiologies.51-53 Contrasting this result with the lower-order organisms, the LeuRS enzymes
within this group displayed more variability. This is likely due to longer evolutionary time spans between these organisms as well
as dissimilar physiologies.40 Thus, the eukaryotic lineage carefully maintained LeuRS structure through the speciation process with
the actives sites being strictly conserved.
CONCLUSIONS
These research findings show a high level of sequence and structural conservation amongst the eukaryotic LeuRS enzymes that
were examined. Evolutionarily, this would indicate that vertical gene transfer events fostered the propagation of LeuRS through
the speciation of eukaryotes. Unlike what has been reported for the bacterial and Archaeal domains, which have both been shown
to have experienced LeuRS HGT and domain acquisition events.7-9 Additionally, both bacterial and Archaeal domains have robust
mechanisms in place to facilitate HGT events. Thus, these results are expected, especially since the Eukaryota domain was the last
domain to have emerged through the evolution of life and is more molecularly complex.40 Therefore, gene transfer events in
eukaryotic cells are more restrictive than gene transfer events in bacteria or Archaea, thus the likelihood of LeuRS HGT events
occurring amongst eukaryotes is almost non-existent. Especially due to LeuRS being part of the translational machinery. Enzymes
that mechanistically drive the molecular central dogma were likely acquired before or at the time of LUCA, thus many of them
would phylogenetically be deeply rooted at the base of the tree of life. Therefore, later acquisition of these enzymes by eukaryotes
is improbable. As such, we propose that LeuRS was transferred through the eukaryotic speciation process via vertical gene
transfer, which explains the high rate of LeuRS conservation within each taxa of the eukaryotic domain.
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PRESS SUMMARY
Enzymes known as Aminoacly-tRNA synthetases are an important part of every known cell. Because they are so widespread,
there is considerable research that can be done on how this enzyme has evolved over time. This study focuses on the specific
enzyme leucyl-tRNA synthetase. It shows how the enzyme has changed, what aspects of it are essential to its function, and that it
may have potential in pharmaceuticals.
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