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Transfer RNAs (tRNAs) are important adapter molecules linking the genetic information
of messenger RNAs (mRNA) with the primary amino acid sequence of proteins. In all
kingdoms of life, these small RNA transcripts have a typical cloverleaf-like secondary
structure, consisting of an acceptor stem, a D-arm, an anticodon arm, a variable loop,
and a T-arm. The 3’ terminus ends with the CCA sequence, which is often post-
transcriptionally added by CCA-adding enzymes. The CCA-tail is an important
prerequisite for the attachment of the correct amino acid by aminoacyl-tRNA
synthetases (aaRS). Mitochondrial (mt) tRNAs show a high derivation from this
canonical tRNA structure with reduced D- or T-arms, or even completely lack one of
these elements. An extreme case of structural truncations can be observed in
mitochondria of Enoplea. Here, mitochondrial tRNAs of half of the size of their cytosolic
counterparts are present, representing the smallest tRNAs identified so far. It could
already be shown that several of these miniaturized armless tRNAs are indeed
functional in the nematode worm Romanomermis culicivorax. This situation raises
several questions concerning the molecular mechanisms of co-evolution of tRNAs and
their partner proteins, which ensure the maintenance of a functional protein synthesis.

This study aims the biofunctional characterization of such “bizarre” tRNAs in defining
their structural properties, and in studying different aspects of their functionality,
especially their interactions with CCA-adding enzymes and aaRSs from different
organisms. For this purpose, in vitro transcripts were used for structure probing
approaches, such as enzymatic and chemical probing, nuclear magnetic resonance
(NMR) spectroscopy, and small-angle X-ray scattering (SAXS). We show that armless
tRNAs form a hairpin-shaped secondary structure, including an internal double bulge

that replaces D- and T-arms of the secondary cloverleaf structure of classical tRNAs. 3D



structures are characterized by a high intrinsic flexibility, which probably allows to
compensate structural reduction.

The Rcu CCA-adding enzyme and mt ArgRS coding sequences have been identified, and
were cloned for the first time. Recombinant proteins have been studied for their
interaction with armless and cytosolic tRNAs in CCA-incorporations assays, and
aminoacylation assays. We demonstrate that armless mt tRNAs represent functional
molecules for CCA-incorporation, indicating adaptations of CCA-adding enzymes to
armless tRNAs without losing their ability to recognize cytosolic tRNAs. Initial tests
could not demonstrate aminoacylation activity of the Rcu mt ArgRS. However, the mt
ArgRS from R. culicivorax exhibits a structural particularity because it lacks an
important domain that normally recognizes the elbow region of tRNAs that is no longer
present in armless tRNAs due to the missing D-and T-arm. This suggests a co-evolution

event of both partner molecules.
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INTRODUCTION



1. Exploring the RNA world: From origins of life to contemporary RNA

Scientists have always wondered about the origin of life, and many theories have been
developed. Certainly, no simple and clear answer can be given on this issue yet. Today, it
is believed that ribonucleic acids (RNA) arose very early in evolution, and that they
belong to the oldest molecules on Earth (Alberts B, Johnson A, Lewis ], et al,, 2002;
Robertson and Joyce, 2012). RNAs have long been underestimated. First, they have been
perceived just as a blueprint of deoxyribonucleic acid (DNA) that allows the formation of
proteins by encoding the genetic information (Crick, 1968). But due to intensive studies,
we have a better understanding about RNAs now. It is nowadays known that RNAs are
versatile molecules that fulfill multiple roles in living cells. Beside its role as a key
component of protein biosynthesis (e.g., in the forms of mRNA, tRNA, and rRNA) (Lodish
H, Berk A, Zipursky SL, et al., 2000), it can act as enzymes (Doherty and Doudna, 2001),
occupy different sub-cellular structures (Nevo-Dinur et al, 2012), regulate the splicing
machinery (Konarska and Query, 2005), and control gene expression through a variety
of mechanisms (Cannell et al, 2008). Interestingly, there is increasing evidence that RNA
encoded genetic information long before DNA, and has played a crucial role in the early
evolution of life on Earth (Gilbert, 1986; Orgel, 1968). Our present knowledge about
RNA can be told from two perspectives that belong to two different worlds. One is the
“primordial RNA world” in which RNA functioned at once as information storage and
biocatalyst, long before the arising of DNA, and secondly the “contemporary RNA world”
in which mRNA, long non-coding RNA, and small non-coding RNA (e.g., tRNA, siRNA,
miRNA, and a variety of other RNAs) play a central role (Robertson and Joyce, 2012;
Eddy, 2001).

1.1. Once up one a time - The early RNA world
Since the discovery of the DNA structure by Watson and Crick in 1953 (Watson and
Crick, 1953), DNA and proteins have been described as dominant macromolecules in the
living cell, while RNA was thought to act only as a supporting tool to create proteins
from the DNA templates (Crick, 1968). Today, we know that the expression of genetic
information requires a highly complex machinery. The question is, how did this
machinery arise? One theory is that an RNA world existed on Earth before modern cells
arose. The term early or primordial “RNA world” was first used by W. Gilbert in 1986 to
describe the hypothesis that RNA may have evolutionarily predated DNA and proteins

10



(Gilbert, 1986). This hypothesis is based on the breakthrough discovery of catalytic RNA
that can serve not only as a genetic information carrier, but also as a catalyst that could
have originally carried out both, catalysis and replication (Cech, 1986). RNA molecules
that possess catalytic activity are called “ribozymes”, a composition of “RNA” and
“enzyme” (Joyce, 1996). A ribozyme with self-splicing activity was first discovered by T.
Cech in the cilated protozoa Tetrahymena thermophile, where a self-splicing RNA was
found inside an intron of an mRNA transcript that can remove itself from the transcript
(Cech, 1986). Another catalytic RNA was identified by S. Altman and colleagues, who
were studying the bacterial ribonuclease-P complex in Escherichia coli, where the RNA
content of the enzyme is responsible for the cleavage of the phosphodiester bond of
immature pre-tRNAs (Guerrier-Takada et al.,, 1983). T. Cech and S. Altman were honored
in 1989 with the Nobel Prize in chemistry for their "discovery of catalytic properties of
RNA."

A further interesting example of a ribozyme are ribosomes because their catalytic site is
composed exclusively of RNA that catalyzes specifically peptide bond formation. This
was confirmed with the deciphering of the 3D structure of the ribosome in 2000 (Ban et
al, 2000; Schluenzen et al, 2000; Yusupov et al, 2001). These findings revealed
important insights into reaction mechanisms and evolution because it was shown that
protein enzymes would not have been necessarily needed to catalyze the synthesis of
new RNA at the beginning of evolution. Additionally, many critical cofactors, e.g., ATP,
Acetyl-CoA, and NADH, are either nucleotides or related to them, and many components
of the cell are composed partially or entirely of RNA and represent remnants of the RNA
world (Cech, 2012; Yarus, 2011). Thus it seems likely that an RNA world existed initially
at the beginning of the evolution of life, while DNA and proteins appeared later (Gilbert,
1986). The next question is, why and how did then proteins and DNA arise from a RNA
world? Probably RNA could bind and arrange activated amino acids based on an RNA
template as it is the case inside the ribosomal core. That would lead to first proteins
with a faster and more efficient enzymatic activity, replacing the role of RNA. Finally,
DNA could have appeared by reverse transcription from an RNA molecule, and thus
could have taken over the role of information storage due to its increased stability
(Alberts B, Johnson A, Lewis ], et al,, 2002).

The RNA world hypothesis is widely accepted today, and the chicken and egg problem

seems to be solved for the question about what was first, DNA or protein (Cech, 2012;

11



Lehman, 2010). A summary of probable events during the evolution of the “early RNA
world” as presented by Cech is given in Figure 1.

While coding RNAs have an important role as a physical intermediate during the
translation of DNA into protein, also RNA molecules that do not encode proteins, so-
called non-coding RNAs (ncRNAs), were shown to be indispensable for many cellular
processes (Mattick and Makunin, 2006). The analysis of genomic, transcriptomic and
proteomic data revealed, that almost the entire genomic DNA is transcriptionally active
in eukaryotes, but only 5 to 15 % are actually translated into proteins, whereas the vast
majority of active DNA was found to be transcribed into functional ncRNAs (The
ENDCODE project consortium, 2012). During the last decades, the understanding of the
diversity and the role of ncRNAs has considerably expanded. A multitude of ncRNAs are
known to play key roles in a number of biological processes required for cell viability
and function in both, prokaryotes and eukaryotes (Mattick and Makunin, 2006; Cao,
2014).
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Figure 1: RNA world model.
An RNA world model for the successive appearance of RNA, proteins and DNA during the evolution of life
on Earth (modified from Cech, 2012).

1.2. Non-coding RNAs in the modern RNA world

The best known representatives of ncRNAs are likely to be transfer RNAs (tRNA) and
ribosomal RNAs (rRNA). Both play a decisive role in the translation of genetic
information into proteins. In 1955, Francis Crick was the first that pronounced an
“adapter hypothesis”. He predicted an adaptor molecule that mediates the translation of
genetic information, encoded in DNA or RNA, into the sequence of amino acid of proteins
(Crick, 1955). This “adapter hypothesis” was convincingly confirmed by the discovery of
tRNA molecules in 1956, and its adapter function in the course of the translation process
(Zamecnik et al, 1956). During the 1950s, RNA was also found to be a structural
component of ribosomes (Palade, 1955). Because neither tRNA nor rRNA carries
instructions for specific proteins, they are referred to as ncRNAs.

Besides rRNAs and tRNAs, a large number of other ncRNAs exist in eukaryotic and

prokaryotic cells. They can be grouped into long and small ncRNAs. These molecules
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own a variety of important functions, and it is supposed that many of them have not
been validated for their function yet (Wilusz et al., 2009; Mattick and Makunin, 2006). Of
particular interest for this work is the very diverse group of small regulatory RNAs
(sRNAs). This group has been classified into a number of sub-categories, such as small
nuclear RNAs (snRNA), small nucleolar RNAs (snoRNA), small interfering RNAs (siRNA),
micro RNAs (miRNA) (Mattick and Makunin, 2005). They are involved in many cellular
processes like translation, RNA splicing, DNA replication, or in gene regulation. A
summary of all known types of ncRNAs is given in Figure 2.

snRNA are involved in splicing of RNA exons, and play therefore a critical role in gene
regulation. The most abundant molecules of this group are U1, U2, U5 and U4 /U6, which
are found inside the nucleus. They are involved in the splicing of pre-mRNAs, a crucial
step during the maturation of mRNAs (Valadkhan and Gunawardane, 2013). snoRNAs
are mostly found inside the nucleolus, where they are involved in the processing and
modification of ribosomal RNAs. snoRNAs are associated with proteins in a complex,
called small nucleolar ribonucleoprotein particle (snoRNP). The modifications
introduced by one of the two classes of snoRNAs (i.e., S/D box or H/ACA box families)
are either methylations or pseudouridylation of specific nucleosides in immature rRNAs,
which are essential for the function of the ribosome during translation (Kiss, 2002).
Micro RNAs are a class of small RNA molecules (between 22 to 26 nt long), which bind to
complementary mRNAs. They often regulate gene expression by an inhibition of
translation. Initially, miRNAs were found in the nematode Caenorhabditis elegans, but
have been later identified in a wide variety of other species (e.g. in flies, mice, and
humans) (He and Hannon, 2004).

siRNA are single or double stranded RNA molecules that are 20 bp to 25 bp long, and are
formed by cleavage of large double-stranded RNA molecules. siRNAs are expressed in
various cell types, often with the aim to destroy foreign RNA after an infection with an
RNA virus. Furthermore, siRNA play a role in gene regulation via post transcriptional
gene silencing through determining selectivity (McManus and Sharp, 2002). Beyond
that, miRNA and siRNA are used as a major scientific tool to inhibit the expression of
specific genes in cells during in vivo and in vitro experiments (Divan, 2013).

As mentioned above, another group of RNAs with catalytic activity are commonly

referred to as ribozymes. In addition to their role for the origin of life, they play

13



important roles for replication, mRNA processing and splicing (Serganov and Patel,
2007).

A lot of interesting examples of non-coding RNA, such as riboswitches, are also found in
prokaryotes. Riboswitches are RNA elements that are mostly found within the
untranslated regions of mRNAs. There, they form a specific secondary and tertiary
structure, and thereby recognize low molecular weight metabolites. This recognition
results in a conformational change of the riboswitch, leading to an inhibition of
transcription or translation. Most riboswitches where found in prokaryotes, with only
some exceptions in eukaryotic cells (Serganov and Patel, 2007).

Since a lot more types of RNAs exist, and probably not all are discovered yet, RNA
research is still under ongoing development (Morozova and Marra, 2008). Certainly
many alternative functions of RNAs have not been clarified yet, and we are just at the
beginning of understanding the complex role of RNA molecules for life. However, among
all forms of ncRNAs, tRNAs belong to one of the oldest and most intensively studied
molecules in living organism. Since its first mention in 1955, innumerable publications
and textbook chapters have been dedicated to this fascinating molecule. Nevertheless,
tRNAs still deserve our attention as new discoveries are made regularly. The following

paragraph will focus on this exceptional molecule and its characteristics.

Type of RNA molecules

| \
MRNA NCRNA

Protein-coding RNA Non-coding RNA. Transcribed RNA
with a structural or catalytic role

rRNA tRNA snRNA snoRNA RNAi Other
Ribosomal RNA Transfer RNA Small nuclear RNA | | Small nucleolar RNA RNA interference, Include long ncRNA
Participate in Interface Inc. RNA that form Found in nucleolus, small non-coding RNA | | with roles in chromatin
protein synthesis between mRNA part of involved in involved in regulation structure and
& amino acids spliceosome modification of rRNA of expression imprinting
[
\
miRNA siRNA
Micro RNA Small interfering RNA
Small RNA involved in Active molecules in RNA
regulation of expression interference

Figure 2: Schematic overview of different RNA types.

RNA can be divided in two groups, coding RNA representing messenger RNA (mRNA) and non-coding
RNA including ribosomal RNA (rRNA), transfer RNA (tRNA), small nuclear RNA (snRNA), small nucleolar
RNA (snoRNA), interfering RNA (RNAi), which is subdivided in micro RNA (miRNA) and small interfering
RNA (siRNA), and other RNAs, including long ncRNA.
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2. Transfer RNAs : canonical structure, structural evolution and origin

In principle, protein bio-synthesis follows the same procedure in all kingdoms of life.
This fact is already an indication that the protein synthesis system has been developed
early in evolution (Noller, 2012). An mRNA transcript is always translated in 5’23’
direction, one codon (i.e., a triplet of three nucleotides) after another. Thereby, the
protein is synthesized sequentially by a chemical linkage of amino acids, one after
another. tRNAs recognize only the corresponding codons by Watson-Crick base pairing
that encode for the amino acids that they carry. Therefore, they represent an adapter
molecule that serves as a physical link that translates mRNA information into amino acid
sequences of proteins (Crick, 1970).

Today, in the era of large scale-genomics, a huge number of complete genome sequences
are available from 3,316 Bacteria, 202 Archaea, 179 Eukaryote, 6,149 organelles and
4,026 Viruses (October 2016; https://www.ebi.ac.uk/genomes/). Despite their
relatively short nucleotide sequences, a large diversity of gene structures and RNA
secondary structures of pre- and mature tRNAs have been discovered in the three
domains of life so far (Fujishima and Kanai, 2014).

The following paragraph will highlight the characteristic properties of cytosolic,
mitochondrial tRNAs and tRNA-derived fragments.

2.1.Cytosolic tRNAs

Cytosolic tRNAs possess a highly conserved structure and are therefore called classical
or canonical tRNAs (Giegé et al,, 2012). tRNAs are composed of approximately 75 - 100
nucleotides with a universal CCA-3’ terminus (Jithling et al, 2009). Although each tRNA
molecule has a unique nucleotide sequence, the general secondary and tertiary
structures are very similar to each other. The first 3D structure of a tRNA was obtained
from yeast tRNAPhe, and was solved by X-ray crystallography (Robertus et al., 1974; Kim
et al, 1974). Therefore, the crystal structure of the tRNAPhe is often used as a standard
reference model for the 3D structure of canonical tRNAs.

Secondary structure of canonical tRNAs resembles a cloverleaf (Figure 3). Accordingly,
they have various common structural features, and are composed of 6 sub-domains. The
amino acid accepting stem (AAS) is composed of 7 base-pairs (bp) and terminates at the
5’-end with a pN1 (with an additional N-1 in tRNAHis species), and at the 3’-end with the

discriminator base (N73) followed by the CCA-tail. Next, there is a connector domain
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with 2 nt (Us, No), followed by the D-stem and loop (DSL) (N10-N2s), a 4 bp stem ending
in a loop of 7 to 11 nt. This loop often contains the name-giving modified base
dihydrouridine, and a sequence of the conserved residues Ais, R15, and G1sG19. The
anticodon stem and loop (ASL) (N27-N43), consists of a 5 bp stem and a 7 nt loop
containing Us3 and the anticodon triplet N34, N35, N3s. The fifth domain is a variable
region of normally 4 to 24 nt (N4- N4s). Finally, all tRNAs contain a T-stem and loop
(TSL) (N49-Nes) with a 5 bp stem and a 7 nt loop containing the sequence Ts4Wss5Cse
where W is pseudouridine (Giegé et al., 2012).

The tertiary structures of several tRNAs (~25 PDB entries of free tRNA molecules, and
~150 PDB entries in complex with interaction partner) were solved by crystallography
or NMR spectroscopy. The shape of the three-dimensional structure of tRNAs resembles
an upside down letter “L” (Figure 3). This universal structure is the result of two-by-two
coaxial stacking of the helices formed by the stems. Although variations in the angle
formed by the two branches are recognized, the overall tertiary structure of all tRNA
molecules is rather conserved. Thereby, the tertiary interaction network maintains and
stabilizes the L-shape structure of canonical tRNAs. It requires the participation of 12
phylogenetically conserved and semiconserved residues (U8, Y12, A14, R15, G18, G19,
R20, R23, Y48, W55, C56, and R57), and is associated with long range tertiary

interactions found in the elbow of the molecule (Giegé et al., 2012).
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Figure 3: Secondary and tertiary structure of canonical tRNAs.

2D cloverleaf and 3D L-shape structure of canonical tRNAs. The amino acid acceptor stem (AAS), yellow;
D-stem loop (DSL), green; anticodon stem loop (ASL), blue; T-stem loop (TSL), orange are highlighted in
the two structures with the same color code (modified from Giegé et al, 2012).
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Many functional tRNAs contain a variety of chemically modified nucleosides. Nowadays
more than 100 of such modified nucleosides have been identified (Machnicka et al,
2013; Grosjean, 2015). Often these modifications are deaminated or methylated
derivatives of the four nucleotides adenine (A), cytosine (C), guanine (G) and uracil (U),
which are formed by specific modification enzymes (Bjork and Hagervall, 2014).
However, the variety of modifications is huge, and may differentially affect the tRNA
structure and/or function (Jackman and Alfonzo, 2013)

The different types of modifications can be subdivided into three main categories
(Machnicka et al., 2013). The first group comprises all modified nucleosides for which
both, position and identity, are conserved in the majority of tRNA species, such as
dihydrouridine (D) in the D-loop or 5-methyluridine (m>U) and pseudouridine (¥) in
the TWYC-loop. Modified residues for which only the position, but not necessarily the
identity of modification is conserved, correspond to the second category. It contains
uridines and purines found at positions 34 and 37 of the anticodon loop, respectively,
that undergo by far the largest diversity of post-transcriptional modifications (Gustilo et
al., 2008). Often these hyper-modified nucleotides ensure correct decoding at the
wobble position (position 43), or play roles in maintaining the reading frame (position
37) (El Yacoubi et al.,, 2012). The third group comprises all other modified nucleotides
that consist usually of simple chemical alterations, such as methylation of the base or the
ribose, or isomeric derivatives. Modified residues of the third class are found at unique
positions of only a limited group of tRNA species (Machnicka et al., 2013).

Most of these modifications are crucial for a correct folding and the stability of tRNA
molecules (Motorin and Helm, 2010). They play an important role for the functionality
of a variety of cellular processes, for example by modulating interactions with other
cellular macromolecules such as amino-acyl tRNA synthetases and translation factors
(Giegé and Lapointe, 2009), or by ensuring the accurate decoding of mRNAs at the
ribosome (Duechler et al.,, 2016).

2.2. Mitochondrial tRNAs
So far, most attention was dedicated to the function, structure, and evolution of classical
tRNAs. Nonetheless, in eukaryotes, tRNAs are not only present in the nucleus but also in
organelles such as chloroplasts and mitochondria. Mitochondria encode a specific set of

mitochondrial tRNAs (mt tRNA) in their own genome, and possess therefore an
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appropriate own translation machinery. A very surprising discovery was made in 1980
after sequencing the mt tRNASer from beef heart. This revealed the absence of the DSL
domain (Arcari and Brownlee, 1980; Bruijn et al., 1980) (Figure 4). This discovery
changed completely the view on classical tRNA structures, and led to the question
whether the D-armless tRNASer is just an exception, or whether it represents a much
larger portion of previously unknown tRNAs in animals. The answer to this question is

the focus of attention of this chapter.
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Figure 4: D-armless bovine tRNASer (GCU).

Secondary structure of mt D-armless bovine tRNASer (GCU) highlighting the acid acceptor stem (AAS) in
blue, the anticodon stem loop (ASL) in red, and the T-stem loop (TSL) in green (modified data from
tRNAdD, Jihling et al., 2009).

Mitochondria are organelles that are present in nearly all eukaryotes. They are
commonly described as the “powerhouse” of the cell since they generate most of the
energy by supplying the cell with ATP (Tzameli, 2012). The true origin of mitochondria
remains unclear. However, it is often hypothesized that mitochondria originate from an
ancient endosymbiotic living proteobacterium (Gray, 2012). The presence of an own
genome, also called mitogenome, supports this theory. The sizes of mitogenomes differ
extremely between different species, and range from 6 kb in Plasmodium falciparum to
over 100 kb in plant mitochondria. The average genome size of mammalian
mitochondria is approximately 16 kb. Although animal mt DNA evolves about ten times
faster than the nuclear genome (Brown et al., 1979), they possess a well preserved gene
content, encoding for 13 proteins, 2 rRNAs and 22 tRNAs (20 for the standard amino

acids and 1 additional for each, leucine and serine isoacceptors).
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The high amount of mt DNA copies in a cell (varies between 100 and 100,000 copies
depending on cell type (Reznik et al,, 2016)) and its small size makes the mt genome
favorable for sequence analysis. Next-generation sequencing (NGS) techniques and
improved bioinformatics tools have made it quick, easy and cheap to sequence and
assemble entire mitochondrial genomes from almost any eukaryotic species (Smith,
2016). Today, more than 6,000 mitogenomes are sequenced and the subject of large-
scale comparative studies (Smith, 2016).

Initial sequencing studies and further computational analysis of mitochondria led to the
discovery that, in contrast to cytoplasmic tRNAs, mitochondrial tRNAs show non-
canonical structural features with various deviations, such as reduced size, or length
variations in D-and T-loops (Wolstenholme et al., 1987). It turned out that the above
mentioned D-arm loss of tRNASer is not only an exception in bovine mitochondria, but is
represented in most metazoans. However, the D-armless tRNASer is the biggest
structural exception in animal mitochondria, while mostly all other tRNAs still occupy a
cloverleaf-like structure.

Interestingly, already in the 1980s, a complete set of truncated mitochondrial tRNAs was
found in the nematode worms Caenorhabditis elegans and Ascaris suum. 20 of the 22 mt
tRNAs are T-armless, while both serine tRNAs lack the D-arm. It could be shown that
these truncated tRNAs are indeed functional (Okimoto and Wolstenholme, 1990). Some
other bizarre tRNAs with reduced size (lacking the T-arm) could also be identified in
some Mollusca (Yamazaki et al., 1997) and Arthropoda (Masta, 2000).

The increasing number of genomics data, and the potential of the existence of more
unusual tRNA genes require efficient tRNA annotation tools. Classical annotation tools
(e.g., tRNAscan-SE) are based on searching for the above mentioned conserved signature
motifs of canonical tRNAs that are absent in mt tRNAs (Lowe and Eddy, 1997; Laslett
and Canback, 2004; Kinouchi and Kurokawa, 2006). Thus, these approaches are highly
sensitive for canonical tRNAs and report only few false positive hits in the nuclear
genome, but are unsuitable for the detection of mt tRNA genes because of their

miscellaneous structural deviations.
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Figure 5: Secondary and tertiary structure of truncated mt tRNAMet in A. suum.

(A) Secondary structure of T-arm-lacking tRNAMetin A. suum highlighting the amino acid acceptor stem
(AAS) in blue, the D-stem loop (DSL) in yellow the anticodon stem loop (ASL) in red, and the TV-
replacement loop in black. (B) L-shape model of the same tRNA (adapted from Watanabe et al., 2014).

In 2012, Juhling et al. developed a specialized bioinformatics tool called MiTFi
(Mitochondrial tRNA Finder) for the detection of any bizarre tRNA gene (Jiihling et al,
2012a). About 1,800 metazoan mitochondrial genomes within a wide range of different
taxonomic groups were investigated in this analysis, resulting in a global view on the
level of degeneracy of mitochondrial encoded tRNAs in metazoan through the
identification of a wide range of exceptional tRNA structures (Jithling et al,, 2012a). A
summary with the most interesting cases is shown in Figure 6. Deuterostomia, including
Mammalia, possess a complete set of mt tRNA sequences with classical cloverleaf
structures. Only the D-domain is missing in all tRNASerl and occasional missing in
tRNAC®s and other tRNAs. In contrast, basal Metazoa, including Placozoa and Proifera,
possess frequently tRNASerl with a classical cloverleaf structure and/or an incomplete
set of mt tRNAs. Two major groups of protostomes (Lophotrochozoa and Ecdysozoa)
show a high diversity in presence and absence of D- and T-domains. Nearly all
taxonomic sub-classes show a lot of occasionally exceptions from the classical cloverleaf
structure with missing D- or T-domains in tRNA®s and other tRNAs (apart from the
usually D-arm missing tRNASerl). Interestingly, in Nematoda nearly all tRNASer2 Jack the

D-arm, and either the D- or the T-arm is lost in most of the other tRNAs.
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Figure 6: Exceptional structures of mt tRNA genes and loss of tRNA genes in different taxonomic
groups.

‘o’ indicates occasional events, ‘+’ frequent (>50%) events and ‘#’ highlights taxa that all share the same
abnormality. The ‘Ser1’ column summarizes tRNASe1 genes exceptionally featuring the classical cloverleaf
(‘Cl") or commonly lost the D-domain (‘D). Columns ‘Ser2’, ‘Cys’ and ‘others’ indicate tRNA genes that lost
the D-domain (‘D’), the T-domain (‘T") or both domains (‘D/T’). The ‘missing’ column summarizes where it
was not possible to find a complete set of 22 tRNA genes within the genomes. The most interesting group
for this study, the Nematodes, are highlighted in red (modified from Jihling et al, 2012a).

In this study, an extreme case of structural deviations was found in the mitochondria of
Enoplea, a subgroup of nematodes. The newly discovered tRNAs were predicted to lack
both at once, D-arm and T-arm, and were thus called “armless” tRNAs (Figure 7). A
comparison of armless tRNAs within different nematode species indicated that these
minimized tRNA genes are highly conserved, and that the loss of sequences,
corresponding to the structural domains, seemed to have evolved multiple times within
these species (Juhling et al., 2012b).

With the increased number of available sequenced mitochondrial genomes (from 1,800
in 2012 to over 6000 in 2016), more and more armless tRNA genes similar to that of

Enoplea have been identified, especially in Arthropods (Xue et al. 2016). Most mt tRNAs
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are highly truncated in these animals including, e.g, mites, spiders, and
pseudoscorpions. Accordingly, these bizarre tRNA structures seem to be rather the rule

than an exception in these animal lineages.

Organism ACDEFGHIKILIIL2MNPOQRSI S2TVWY
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Xiphinema americanum - 44444 44 4 44444 F FA44 |

Mermithida

Agamermis sp BH-2006 | 444 4 | 4 4 4 4 4 4 F 4] 4 |
Hexamermis agrotis 44 | 4] | 4 4 4 4 4 4 F 44 4 |
Romanomermis culicivorax 44 ] 4 | 44 4 4 -4+ F R ] 44 ]
Romanomermis iyengari 44 | 4] | 44 4 4 4 4 F | 4 4 |
Romanomermis nielseni | 44 | 4] | 4 4 4 4 4 4 F | 4 4 |
Strelkovimermis spiculatus 44| 4 | 44 4 4 | F A4 A4 |
Thaumamermis cosgrovei 44 | 4] | 4 4 4 4 444 F F 4 4 |
Trichocephalida
Trichinella spiralis 44+ 4444+ + + + + 444+ F F 44

Figure 7: Secondary structures of predicted mt tRNAs in Enoplea.

The first row enumerates all 20 amino acids. As mitochondrial genomes encode two distinct tRNALe» and
tRNASer genes, both are listed twice as L1/L2 and S1/S2, respectively. Typical nematode tRNAs with a D-
arm but no T-arm are indicated by (). The two serine tRNAs have retained their T-arm and lack the D-
arm (+). Structures lacking both the T-arm and the D-arm are denoted by (|). The intact clover-leaf
structures in Trichinella spiralis are shown as (+). The used model organism in this study, Romanomermis
culicivorax is highlighted in red (modified from Jiihling et al., 2012b).

2.3. Armless mitochondrial tRNAs

The discovery of armless tRNAs raised several questions concerning their functionality,
and if functional, the molecular mechanisms of co-evolution of these unusual molecules
and their partner proteins, ensuring the maintenance of a functional protein synthesis
machinery. Related questions are for example: "Do armless tRNAs exist in vivo? (not only
the gene, but also the transcribed RNA)”, “Are they functional?”, “How are they
recognized by their partner proteins?”, and “Are they biological relevant”?

As mentioned above, the appearance of truncated mt tRNAs has evolved to an extreme
case in nematodes species. The roundworm Romanomermis culicivorax belongs to the
group of nematode species that were predicted to carry armless mitochondrial tRNAs. In

2014, Wende and colleagues provided the first biological evidence for the existence of
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armless tRNAs by sequencing RNA extracts from this worm (Wende et al., 2014). A first
hint for the functionality of these bizarre tRNA was the presence of a CCA-tail in each
identified transcript at the 3’ end. Because this sequence is not encoded in the genome, it
has to be post-transcriptionally added by a CCA-adding enzyme. By consequence, the
CCA-addition event exists in vivo in the nematode worm, and armless tRNAs are
processed at this essential maturation step. Thus, the first question concerning the
existence of the RNA expression of the gene, and its possible functionality could be
positively considered for at least a subgroup of tRNAs.

The study presented here was designated to continue the work presented by S. Wende
and colleagues, in order to characterize armless tRNAs from a structural, functional and
evolutionary point of view. Therefore, two specific cases where chosen, i.e.,, tRNAA™8 and
tRNA!e from R. culicivorax, for performing a more profound investigation. The reasons
for these choices are the following. First, the complete sequences as proposed by
(Juhling et al., 2012b) could be confirmed for both tRNAs by sequencing of RNA extracts.
Second, tRNAA'g and tRNA!le belong with a length of only 45 nt and 50 nt (including CCA-
tail), respectively, to the shortest tRNAs ever described, and are thus highly interesting
study objects. Third, tRNAA8 was chosen because aminoacylation studies of the human
mt arginyl-tRNA synthetase are in progress at the host laboratory in Strasbourg. This
offered the possibility to establish a comparative study between different mitochondrial
arginyl-tRNA synthetases and their substrates. Finally, Wende et al. also proposed
secondary and tertiary structure predictions of both tRNAs calculated by bioinformatic
structure prediction tools (Figure 8). The tertiary structure prediction revealed that
armless tRNAs may fold into an L-shape-like structure that resembles canonical tRNAs.
This might be the case although the distance between the anticodon and the
aminoacylation site appears to be much shorter in armless tRNAs (56 A for tRNAA™e and
46 A for tRNAU®) compared to 63 A for the human mt tRNAAte, The authors suggested
that either the armless tRNAs possess an increased flexibility to compensate for the
missing distance, or that the mt translation machinery of R. culicivorax has somehow
adapted to the reduced tRNA size (Wende et al, 2014). Thus, it appeared highly
interesting to evaluate these predictions experimentally, and to confirm or to refute

their predictions.
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Figure 8: Structure prediction of mt tRNAAs and mt tRNA!e from R. culicivorax.

In the secondary structure models, the truncations of D- and T-arms are visible, leading to replacement
bulges. The anticodon is highlighted red, and the CCA-end green. The predicted 3D structures resemble
the standard L-shape of canonical tRNAs, even if acceptor- and anticodon stems show considerable
deviations in distance (modified from Wende et al.,, 2014).

2.4.tRNA-derived fragments (tRFs) - a novel class of small RNAs

The development of next-generation sequencing methods led to a dramatic progress in
our understanding of the cellular transcriptome, revealing the existence of many
different functional small non-coding RNAs. A novel class of such small RNAs, which is
distinct from miRNAs an siRNAs, has been discovered recently by several research
groups (reviewed in (Sobala and Hutvagner, 2011). These molecules result from
enzymatic cleavage of mature tRNAs or precursor tRNA transcripts, and are referred to
as tRNA-derived fragments (tRFs) (Kumar et al., 2015). tRFs arise from cytosolic as well
as mitochondrial tRNA templates (Pliatsika et al., 2016), and are processed by several
tRNA-specific nucleases such as Dicer (Cole et al., 2009), ELAC2 (Lee et al, 2009), RNase
Z, RNase P (Diebel et al,, 2016) or Angiogenin (Yamasaki et al, 2009). To date, it has
been reported that expression of tRFs is regulated by cellular stresses (Emara et al,
2010), cell proliferation (Lee et al, 2009), or hormone stimulation (Honda et al.,, 2015).

Five structural types of fragments have been identified so far (Pliatsika et al, 2016)

(Figure 9): (i) 5’-halves and (ii) 3’-halves that result from Angiogenin cleavage of tRNA
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within the anticodon loop are composed of 30-35 nt fragments (iii) 5’-tRFs and (iv) 3’-
tRFs are shorter and originate from cleavages within the D- and T-arm respectively.
Finally, (v) internal tRFs (i-tRFs) correspond to internal cleavages of the tRNA and vary
in length (i.e.,, 14 - 33 nt).

5'-tRFs 3'-tRFs

ST =

5'-halves \ ’ 3'-halves

G w—p
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Figure 9: Structural types of tRNA derived fragments.

This is a pictorial summary of the five structural categories of tRNA fragments that are now known to
arise from mature tRNAs, both mitochondrial-and nuclear-encoded ones (adapted from Pliatsika et al,
2016).

The composition and abundance of these fragments is extremely versatile, and they
exhibit significant changes between sexes, population origin, tissue, and disease status.
It has been also shown that tRFs are not restricted to humans, but exist also in other
animals (e.g., mice, flies, and worms), bacteria, fungi, yeast and plants (Haiser et al,
2008; Jochl et al., 2008; Thompson and Parker, 2009; Zhang et al., 2009).

Their functions are diverse and still largely unknown (Nolte-'t Hoen et al., 2012). Among
others, tRFs have been shown to regulate cell proliferation (Lee et al., 2009), to mediate
RNA silencing (Gebetsberger and Polacek, 2013), tumor suppression in breast cancer
cells (Goodarzi et al., 2015), and to influence human translation processes (Sobala and
Hutvagner, 2013; Ivanov et al,, 2011).

The numerous and variable features of tRFs in the cell as well as their presence in a wide
variety of organisms and cell lines indicate that this new class of small RNAs probably is
not just a random by-product or degradation product of tRNA processing and

biogenesis, but has indeed a specific biological importance (Shigematsu et al., 2014).
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2.5.Evolution and origin of tRNAs
It is still unclear from where tRNA molecules originated, and how they got involved in
the context of protein synthesis. Several evolutionary models have been proposed for
the origin and evolution of tRNAs (Weiner and Maizels, 1999; Widmann et al., 2005; Sun
and Caetano-Anolles, 2008).
Since secondary structures are very similar for tRNAs, one hypothesis is, that tRNA
genes arose through gene duplication. One gene that encoded an original tRNA got
duplicated, and the two copies developed independently, so that ultimately tRNA
molecules emerged with different amino acid specificities. This process was repeated
several times during evolution (LaRue et al., 1981; Di Giulio, 1995).
In contrast, Weiner and Maizels have introduced a Genomic tag Hypothesis, which
suggests that tRNAs have evolved independently from two structural and functional
units, (Weiner and Maizels, 1999). While one unit ("top half") includes the acceptor arm
and the TWC-arm, the other "bottom half" includes the D-arm and the anticodon arm.
The "upper" unit could first have been evolved as a 3'-terminal genomic tag that marked
single stranded RNA genomes for replication in a primordial RNA world as proposed by
(Gilbert, 1986). Later, with the beginning of protein synthesis, the "lower" unit could
have developed separately (Weiner and Maizels, 1999).
However, it is still unclear from where tRNAs originated, and an ongoing debate is still in
process in the field of tRNA evolution (Weiner and Maizels, 1999; Widmann et al., 2005;
Sun and Caetano-Anolles, 2008; Randau and Soll, 2008; Di Giulio, 2012).

3. tRNA biogenesis and function

The biosynthesis of tRNAs comprises multiple processing steps. After its initial
transcription, the tRNA transcript is processed and several modifications are performed,
including the removal of its 5’ leader and 3’ trailer, splicing of introns (if present), CCA-
tail addition, and multiple modifications of nucleotide residues. Finally, every mature
tRNA is aminoacylated, i.e., the proper amino acid is added to the CCA-tail at its 3' end.
Modified and aminoacylated tRNA may than be used in translation. for the synthesis of
proteins (Hopper and Phizicky, 2003). After the delivery of the amino acid to the
ribosome, uncharged tRNAs may be aminoacylated again, or marked for degradation by

adding a second CCA triplet to its 3' end (Wilusz et al,, 2011).

26



Beside the transcription and processing of cytosolic tRNAs, tRNA biosynthesis takes also
place in organelles (e.g., mitochondria and chloroplasts) (Hopper et al, 2010). Since
processing enzymes are coded in the nucleus, and expressed in the cytosol, they have to
be imported into the organelles (Alberts B, Johnson A, Lewis |, et al., 2002). The overall
function of tRNAs as well as their processing, modification, charging and translation
remain the same inside organelles. However, some peculiarities regarding structures
and mechanisms can be observed for proteins that are dedicated to organelles. One
interest of this thesis is concentrated on direct mitochondrial tRNA-interacting proteins.
The following paragraph will described the main steps of tRNA biogenesis in detail, and
thereby also compare cytosolic tRNA processing enzymes (such as RNase P, RNase Z,
CCA-adding enzyme) and other partner molecules in translation (such as aminoacyl-
tRNA synthetases, elongation factors and ribosomes) with those from mitochondrial and

bacterial origins.

3.1.From primary transcripts to functional tRNA molecules

tRNA transcription

The biosynthesis of nuclear encoded tRNAs starts with their transcription by the RNA
polymerase III (Pol III) (Roeder and Rutter, 1969). Pol Il is primarily guided by two
transcription factors, i.e., TFIIIC and TFIIIB that recognize two internal promoter
sequences (block A and B). The A-block and B-block are part of the D- and T-stems
(Asin-Cayuela and Gustafsson, 2007) and loops, respectively (White, 2011).

The human mitogenome is transcribed by a specialized machinery that includes a
monomeric RNA polymerase, the mitochondrial transcription factor A, and a
mitochondrial transcription factor B homolog (Asin-Cayuela and Gustafsson, 2007). The
human mitogenome is transcribed into three polycistronic RNA molecules, which is then
processed and split into individual tRNA and RNA molecules (Ojala et al., 1981). This
mode of RNA processing is known as the “tRNA punctuation model” (Asin-Cayuela and
Gustafsson, 2007). In general, pre-tRNA transcription products contain additional 5’ and
3’ RNA sequences, and in some cases tRNA precursors contain an intron in the anticodon

arm, which have to be spliced out during processing of the tRNA (Abelson et al., 1998).
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5’- and 3’-end maturation

The ribonuclease P (RNase P) cleaves 5’-leader sequences of tRNA precursors (Altman,
2000). This ribozyme is a ubiquitous endoribonuclease, found in Archaea, Bacteria and
Eukaryotes. Interestingly, RNase P is usually a ribozyme composed of a catalytic active
RNA chain and at least one protein (Evans et al,, 2006). The crystal structure of bacterial
and eukaryotic RNase P confirmed the location of the active site in the RNA part (Reiter
et al, 2010). Surprisingly, in mitochondria and chloroplasts of various animals and
plants another type of RNase P exist. This other type is a proteinous enzymes and
termed PRORP for “protein-only RNase P” (Holzmann et al., 2008; Gobert et al., 2010).
Its counterpart, the endonuclease RNase Z removes the 3’-trailer of primary transcripts,
and leaves a 3’-hydroxy group at the tRNA end (Ceballos and Vioque, 2007). In
eukaryotes two different forms of RNase Z exist, i.e., a long form (RNase Z') and a short
form (RNase ZS). RNase ZSis localized in the cytosol, whereas the human RNase Z-was
found in both, mitochondria and nucleus (Rossmanith, 2011). Some pre-tRNAs contain
introns. These are either removed by several tRNA-splicing exonucleases, or are self-
splicing group I introns in bacteria and in higher eukaryote organelles (Tocchini-

Valentini et al., 2009).

CCA-incorporation

In all three domains of life, mature tRNAs contain a CCA-sequence at their 3’-end to
allow the correct attachment of the appropriate amino acid. These three bases are
usually not encoded in the tRNA gene in eukaryotes, but have to be post-
transcriptionally added during the processing of the pre-tRNA transcript (Yue et al,
1996). The enzyme responsible for this process is a [ATP(CTP):tRNA
nucleotidyltransferase] (CCA-adding enzyme, or a CC- and A-adding enzyme) (Tomita et
al, 2004; Neuenfeldt et al., 2008). Thereby, the CCA-addition is performed in a highly
specific, template independent manner (Xiong and Steitz, 2006). In some bacteria, e.g,,
E. coli, tRNA genes encode already the CCA sequence. Nevertheless, even in these
organisms the CCA-enzyme is important because it functions as a repair enzyme for
tRNAs with an incomplete CCA triplet (Zhu and Deutscher, 1987). One main interest of
this work is the characterization of the CCA-adding enzyme of the nematode R.
culicivorax (Chapter 3). Therefore, section 4 is dedicated to a more accurate description

of the structural specificities and the features of this interesting enzyme.

28



tRNA modifications

Mature tRNAs can contain up to 10 % bases that are different from the usual 4 bases, i.e,,
adenine (A), guanine (G), cytosine (C) and uracil (U). These bases are modified by
specific tRNA modification enzymes during the processing of the transcript (Jackman
and Alfonzo, 2013). To date, more than more than 160 modification enzymes have been
identified (Grosjean, 2015). tRNA modification enzymes can be divided into two groups.
The first group ensures a stabilization of the tRNA structure, and is thus independent
from the presence of the L-shaped tertiary structure. These modifications concern often
nucleotides of the acceptor and the TWYC arm (Grosjean et al., 1995). Modifications in
these domains comprise mainly methylated nucleotides, pseudouridines, or
dihydrouridines (Helm, 2006). The enzymes belonging to the second group, however,
are dependent on tRNA secondary and tertiary structures. These modifications are
mainly found in the anticodon arm and the D-arm (Grosjean et al.,, 1995). Many of these
enzymes can modify both, cytosolic and mt tRNAs. This group, for example, includes
(guanine- N1)-methyltransferase (Trm5p) and Pseudouridylat synthase 1 (PUS1)
(Fernandez-Vizarra et al., 2007; Lee et al, 2007). However, some are mitochondrial
specific enzymes, e.g., 2-Thiouridylase 1 (MTU1) is responsible for the formation of 5-
Taurinomethyl-2-thiouridine (tm5s2U) at the anticodon wobble position of

mitochondrial mt tRNALYs (Umeda et al., 2005).

Aminoacylation

The aminoacylation reaction is catalyzed by specific aminoacyl-tRNA synthetases
(aaRS). In contrast to RNase P, RNase Z, or the CCA-adding enzyme that are all able to
recognize different tRNAs, each aaRS recognizes specifically its cognate tRNA or family
of tRNA isoacceptors, and esterifies the tRNA 3’-end with the specific amino acid. The
aminoacylation reaction consists of a two-step reaction including the formation of an
aminoacyl-adenylate intermediate, followed by the transfer of the activated aminoacyl
group to either the 2'- or 3'-OH of their cognate tRNAs (Ibba and Soll, 2000).

The eukaryotic nuclear genome encodes two or three distinct sets of aaRSs. One set is
specific for cytosolic, mitochondrial or chloroplastic translation. The sets can be
distinguished by their sequences (Berglund et al., 2009).

Experimental characterization of the mammalian mt aminoacylation systems is still at

the beginning, which is probably due to the limited number of recombinant mammalian
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mt aaRSs that have been obtained so far. However, the dual origin of the two partner
molecules and the mechanisms of reciprocal recognition and of co-evolution of aaRS$
makes them very interesting study objects and deserve further attention (Florentz et al,
2013). More information about structural, biophysical and functional properties of
cytosolic and mitochondrial aaRS is given in section 5 and characteristic peculiarities of

the arginyl-tRNA synthetases will be further reviewed in chapter 4 of this study.

Elongation factors EF-Tu

The elongation factor EF-Tu (an acronym for “elongation factor thermo unstable”)/GTP
complex binds and transports aminoacyl-tRNAs to the A site of the ribosome (Clark and
Nyborg, 1997). EF-Tu binds to the acceptor stem and T-arm of cytosolic tRNAs (Nissen
et al, 1995). It has been shown that it cannot bind to a tRNA analogue missing the T-arm
(Rudinger et al, 1994). Interestingly, the mitochondrial counterpart of EF-Tu in
nematodes has developed a different strategy to recognize T-arm missing tRNAs. In fact,
nematode mitochondria possess two EF-Tu homologs: EF-Tul binds T-arm lacking
tRNAs, while EF-Tu2 binds exclusively D-arm lacking tRNAsSer (Ohtsuki et al., 2002b). In
C. elegans, EF-Tul presents a C-terminal extension of ~60 amino acids that likely
compensates for the missing T-arm. In contrast, it is not able to bind full-size tRNAs.
EF-Tu2 has an approximately 15 amino acid extension at the C-terminus and seems to
be adapted especially to D-arm missing tRNASer backbones (Sato et al, 2006).
Interestingly, two distinct mt EF-Tu genes were also discovered in arthropods carrying

T-armless and D-armless tRNAs (Ohtsuki and Watanabe, 2007).

Translation

The ribosomal translation of mRNAs is a central step of protein biosynthesis, and is
found in all living organisms. Translation occurs in the cytoplasm, in mitochondria and
in chloroplasts. Ribosomes are composed of proteins and RNA, and act through
ribozyme activity (Ban et al, 2000). They are composed of two subunits that differ in
size and function. During translation, they assemble into a functional complex, wherein
the large subunit links the amino acids to the nascent protein chain, and the small
subunit is the location of translation where tRNA’s anticodons bind mRNA (Alberts B,

Johnson A, Lewis |, et al.,, 2002).
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The mass of the ribosome is characterized by their sedimentation in centrifugation that
is specified in Svedberg units (S). An overview of the subunit sizes and the RNA/protein
proportion is given in Table 1. The cytosolic ribosome of eukaryotes corresponds to 80S,
containing a large 60S and a small 40S subunit. Its protein:RNA mass ratio is
approximately 1:1, while it consists of 4 rRNAs (i.e., 28S, 18S, 5.8S, and 5S) and 79
ribosomal proteins (Ban et al., 2000; Wilson and Doudna Cate, 2012). Bacteria possess a
70S ribosome with a large subunit of 50S, and a small subunit of 30S. In contrast to their
eukaryotic counterpart, they possess a higher RNA content with a protein:RNA mass
ratio of 1:3. Thereby, bacterial ribosomes contain about 50 different proteins, and three
rRNAs (i.e., 23S, 5S, and 16S rRNAs) (Yusupov et al, 2001; Schuwirth et al., 2005). The
mammalian mitoribosome contains a large 39S and a small 28S subunit, together
forming a 55S mitoribosome (O'Brien, 1971). Unlike eukaryotic ribosomes and their
bacterial ancestors, the mitoribosome is protein rich with a protein:RNA mass ratio of
3:1, and consists of 77 proteins and 3 RNAs (i.e., 16S, 5S, and 12S) (Sylvester et al,,
2004). Interestingly, the solved crystal structures of human and porcine mitoribosome
revealed the presence of tRNAs (tRNAVal and tRNAPhe, respectively) replacing the 5S RNA

when comparing with the yeast mitoribosome (Brown et al., 2014; Greber et al., 2015).

Table 1: Overview of the composition of ribosomes in Eukaryotes, Prokaryotes and mammalian
mitochondria.

The exact size, weight and number of proteins varies from organism to organism (modified from Greber
and Ban, 2016).

Ribosome Molecular Subunits | rRNAs Number
(Sedimentation | weight of
coefficient and proteins
RNA:protein
ratio
Eukaryotes 80S 3.3-43 MDa | 60S 26S-28S 46-47
RNA: 50 % 5.8S
Protein: 50 % 5§
40S 18S 33
Prokaryotes 70S 2.3 MDa 50S 23S 33
RNA: 67 % 5S
Protein: 33 % 30S 16S 21
Mammalian 558 2.7 MDa 39S 16S 52
mitochondria RNA: 31 % CP tRNA (73-75 nt)
Protein: 69 % mt tRNAVal (human)
mt tRNAPhe(pork)
28S 12§ 30
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Mitochondrial ribosomal proteins are encoded in the nucleus, and post-translationally
targeted into mitochondria. Additional ribosomal proteins that have evolved to replace
RNAs tend to have no recognizable homologs in prokaryotic or eukaryotic cytoplasmic
proteomes, and are evolving faster than cytoplasmic ribosomal proteins (O'Brien, 2002).
Nematode ribosomes are even more striking in their rRNA loss, and are much more
protein-enriched (Figure 10) (Watanabe, 2010; Zhao et al, 2005). The figure illustrates
that the amount of RNA is reduced in mammalian and C. elegans mitoribosomes. Only
the region containing the catalytic site is highly conserved. These observations strongly
suggest that enlarged mitoribosomal proteins can compensate for the deficit in

mitoribosomal RNAs (Suzuki et al., 2001).
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H. marismortui Manmalian C. elegans
mitochondria mitochondria

Figure 10: 3D models for large mitoribosomal RNA

3D models for large mitoribosomal RNA (gray) of mammalian (middle) and C. elegans (right)
mitochondria, based on the crystal structure of a bacterial 50S subunit from H. marismortui (pdb 1FFK)
(left). The outline shows an edge line of the crystal structure of the 50S subunit from the crown view.
Some functional rRNA domains are colored: red, P loop; blue, A loop; green, S/R loop; light blue, L2
binding helix (H66). The topological orientation of the ribosomal protein is based on the model for the
mammalian mitoribosome (adapted from Watanabe, 2010).

Alternative roles of tRNAs

Beyond their canonical role during protein biosynthesis, tRNAs can be involved in
additional processes in eukaryotes, prokaryotes and archaea (Raina and Ibba, 2014).
Several tRNAs participate in energy metabolism and amino acid synthesis. One example,
which is found in all domains of life, although not present in all organisms, is the
formation of the exceptional 21st amino acid selenocysteine, which is mostly formed
indirectly through the modification of a tRNASer precursor (Sheppard et al.,, 2008).

In bacteria, tRNAs participate in the regulation of siRNAs, that interfere in mRNA
silencing during stress conditions (Lee and Feig, 2008). tRNASY is involved in cell-wall

synthesis (Navarre and Schneewind, 1999). tRNAPhe and tRNALev are used to tag proteins
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with Phe and Leu for degradation, while tRNALYs and tRNAA2 are involved in remodeling
membrane lipids (Roy and Ibba, 2008).

In eukaryotes, it has been shown that tRNAGt takes part in the chlorophyll and heme
biosynthesis (Jahn et al, 1992). tRNAA'8 is used for N-terminal arginylation of proteins,
thus effecting cell motility, and it may contribute to cardiovascular development and
angiogenesis (Karakozova et al, 2006). Furthermore, specific cytosolic tRNAs are
involved in the initiation of reverse transcription in retroviruses (Miller et al.,, 2014). Mt
tRNAs can interfere with a cytochrome c-mediated apoptotic pathway, and promote cell
survival (Hou and Yang, 2013). One should also not neglect the emerging role of tRNA
derived fragments that are known to be present in various organisms of all kingdoms of
life, where they perform crucial and diverse functions, e.g, in the regulation of
translation or stress responses (Nolte-'t Hoen et al, 2012; Shigematsu et al, 2014;
Pliatsika et al, 2016). A schematic overview about tRNA biogenesis and function is

represented in Figure 11.
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Figure 11: tRNA biogenesis and function

The 5'-sequence is removed by RNase P, whereas the 3'-end is removed by RNase Z. The CCA nucleotide
sequence is added by CCA-adding enzymes at the 3’-end of tRNAs. Modification enzymes modify the tRNA.
tRNA fragments (tRFs) result through the cleavage of exonucleases or cleavage enzymes. Aminoacyl-tRNA
synthetases are specialized for one tRNA family and transfer the cognate amino acid to the tRNA. Finally,
aminoacyl-tRNAs are delivered to the ribosome by elongation factor (EF-Tu) where they participate in
protein synthesis. Despite their fundamental role in translation, mature tRNAs can fulfill additional
functions. Maturation and processing steps marked in green are performed by enzymes that recognize all
tRNA families, while aminoacylation and modification (red) are mostly performed by specialized enzymes.
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4. Structure and function of CCA-adding enzymes

The CCA-adding enzyme catalysis the synthesis and regeneration of the nucleotide
sequence C-C-A at the 3’-end of tRNAs missing one, two or all three 3’-terminal
nucleotides (Sprinzl and Cramer, 1979). In several prokaryotes, this function is
accomplished by separate enzymes for CC- and A-addition (CC-adding enzyme and A-
adding enzyme), which share conserved motifs with CCA-adding enzymes in the N-
terminal catalytic core (Bralley et al, 2005). In some bacteria like E. coli or Mycoplasma
genitalium the CCA terminus is encoded in all tRNA genes. An inactivation of this enzyme
is not lethal for these organisms but decreases the growth rate. Thus, the CCA-adding
enzyme functions here primary as a repair enzyme (Reuven et al, 1997; Zhu and
Deutscher, 1987; Lizano et al., 2008). For eukaryotes, some archaea, and many bacteria
that do not encode the 3’-terminal CCA sequence the CCA-addition is an essential step in
tRNA biogenesis (Yue et al., 1996; Shi et al., 1998).

According to their primary sequence CCA-adding enzymes belong to the superfamily of
DNA polymerases B (Holm and Sander, 1995). Enzymes of this family of all the three
kingdoms, Eubacteria, Bacteria and Archaea share a common active site signature:
hG[GS]x(7-13DhS[DE]h (x - any amino acid, h - hydrophobic amino acid) (Martin and
Keller, 2004). They can be further divided into two classes. Class I includes the 3-DNA
polymerases, terminal deoxynucleotidyltransferases (TdT), eukaryotic poly(A)
polymerases (PAP), kanamycin nucleotidyltransferases, three protein
nucleotidyltransferases (GInB-uridylyltransferase, glutamine synthase
adenylyltransferase and streptomycin adenylyltransferase), and archaeal tRNA
nucleotidyltransferases (Aravind and Koonin, 1999; Holm and Sander, 1995; Martin and
Keller, 1996; Yue et al, 1996). Beside the two highly conserved primary structural
motifs (DxD and RRD; x - any amino acid) in the catalytic domain that possess all
members of this class no more sequence homology can be determined. Class Il enzymes
represent those of bacterial and eukaryotic origin and include bacterial poly(A)
polymerases, and eukaryotic and eubacterial tRNA nucleotidyltransferases (Yue et al.,

1996).

Reaction mechanism
CCA-adding enzymes recognize tRNA precursors or tRNA-like molecules, and select the

correct incoming nucleotide (CTP or ATP). After nucleotide selection, the enzyme adds
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two Cytosines, and terminates nucleotide incorporation by the addition of a final
Adenosine. Thereby, CCA-adding enzymes do not require any nucleic acid template to
fulfill this complex function (Betat et al., 2010). Nucleotide incorporation by CCA-adding
enzymes takes place according to a common two-metal ion mechanism as known for
polymerases (Doublie et al., 1998) (Figure 12). Two highly conserved carboxylates (DxD,
DxE) bind and coordinate two divalent metal Mg2* ions. Metal ion A subtracts the proton
from the 3’-OH group of the tRNA primer, and thus facilitates a nucleophilic attack on
the a-phosphate group of the incoming nucleotide. The second metal ion B stabilizes the
triphosphate group of the incoming nucleotide, and facilitates the cleavage from the

pyrophosphate group (Steitz, 1998).

7 | NTP

Figure 12: Schematic representation of the two-metal ion mechanism of CCA-adding enzymes.
Polymerization mechanism of CCA-addition according to the general two-metal ion-catalyzed reaction.
The two metal ions (Me?*, grey balls) are bound to the two catalytic carboxylates. Metal ion A
deprotonates the 3'-OH group of the tRNA primer (grey), and activates the resulting 3'-0- (red) for an
attack at the a-phosphate of the incoming nucleotide (red arrows). The second metal ion B stabilizes the
triphosphate moiety of the NTP, and facilitates the separation of the pyrophosphate group (adapted from
Betat et al.,, 2010).

Structural organization

The resolution of crystal structures of an archaeal CCA-adding enzyme (Archaeoglobus
fulgidus), bacterial (Bacillus stearothermophilus) and the human CCA-adding enzyme (Li
et al, 2002; Augustin et al., 2003; Okabe et al, 2003) brought further insights into the
structural organization of CCA-adding enzymes and revealed that they can be divided in
four structural domains: head, neck, body and tail (Li et al., 2002; Xiong et al., 2003)
(Figure 13). The general division into the four domains is the same for the classes I and
Il enzymes although differences exist between the two classes regarding the secondary

structure and the mechanism of CCA-addition (Xiong and Steitz, 2006).
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In class Il the head domain is composed of anti-parallel (-sheets, including the
catalytic site with the signature motif DxD. The neck domain is composed of a-helical
elements containing the EDxxR motif, necessary for the detection of incorporated
nucleotides. In contrast to class I enzymes, class II CCA-adding enzymes use amino acid
side chains, which form a protein template for the selection of incoming nucleotides (Li
et al, 2002). The body and tail domains are responsible for tRNA recognition, which
takes place exclusively via the sugar-phosphate backbone of the tRNA. This means that
the CCA-adding enzyme is capable of binding any tRNA in a sequence-independent
manner (Xiong and Steitz, 2006).

Class | CCA-adding enzyme Class Il CCA-adding enzyme

(Archaeoglobus fulgidus) (Geobacillus staerothermophilus)

Figure 13: Structure comparison of class I and class Il CCA-adding enzymes.

Crystal structures of the class I CCA-adding enzyme of A. fulgidus (pdb 1SZ1) (left) and the class Il CCA-
adding enzyme of G. stearothermophilus (pdb 1MIV) (right). Both enzyme classes exhibit head, neck, body
and tail domains, but the allocation of secondary structure elements are quite different. The class I
enzyme consists of a-helices and B-folds. The class Il enzyme, on the other hand, has a seahorse-like
structure and consists exclusively of a helices outside the head domain. A gray arrow points to the
catalytic center of both enzymes. The enzymes are shown from the N- to the C-terminus in a rainbow
pattern (from blue to red) (modified from Vértler and Mérl, 2010).

Class I CCA-adding enzymes

The class I CCA-adding enzyme employs both an arginine side chain and a phosphate
backbone of the bound tRNA to recognize incoming nucleotides. However, selection of
the ribonucleotides takes place only when the tRNA primer is present. The switch from
C to A addition is done through changes in the size and shape of the nucleotide-binding
pocket, which is progressively altered by the elongated 3'-terminus of the tRNA (Xiong
and Steitz, 2006). After incorporation of the full CCA sequence, the CCA end reaches a

stabilized conformation by stacking interactions. As a result, A76 is no longer positioned
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in the primer binding site and no further additions are performed (Martin and Keller,

2007; Xiong and Steitz, 2006).

Enzyme

tRNA 3'-end " tRNA 3'-end

Figure 14: Nucleotide binding pocket of class I CCA-adding enzymes.

A highly conserved arginine (green) and the phosphate groups of the tRNA backbone (gray) form specific
hydrogen bonds to the bound nucleotides CTP and ATP (red). The collaboration of both protein and tRNA
is responsible for an efficient and accurate templating during CCA-addition. The crystal structure
originates from the A. fulgidus CCA-adding enzyme (pdb 1SZ1) (adapted from Betat et al. 2010).

Class II CCA-adding enzymes

All members of class II nucleotidyltransferases possess a highly conserved 25 kDa N-
terminal region that includes characteristic active site signature motifs A-E. Motif A
represents the common signature motif of nucleotidyltransferases of the [3-superfamily
and contains the conserved amino acids GGxVRD and DxD, which are essential for the
metal ion catalysis (Steitz et al, 1994). Motif B consists of the amino acids DxxRRD,
which are important for the discrimination between NTPs and dNTPs (Li et al,, 2002). A
recent study revealed that motif C (Dx(3,4)Gx(9)R) contributes to the switch in nucleotide
specificity during polymerization (Ernst et al., 2015). The neck domain contains motif D,
which consists of the amino acids EDxxR and plays a crucial role for nucleotide substrate
specificity. It represents therefore an amino-acid based template for nucleotide selection
(Li et al., 2002). Less is known about motif E. It is described as a stabilizing element
between the individual domains of the enzyme. Another important structural element is
referred to as a flexible loop due to its high flexibility and missing conserved signature.
This element is essential for the terminal A incorporation (Neuenfeldt et al., 2008).

The C-terminal part is involved in the binding of the tRNA. Interestingly, this domain
exhibits a high degree of variation and shows no sequence conservation when

comparing CCA-adding enzymes (Yue et al.,, 1996; Betat et al., 2004).
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Figure 15: Structural organization of Class II CCA-adding enzymes.

The upper part of the figure shows the highly conserved motifs in red boxes from the N- to the C-terminus
Furthermore, the crystal structure of the CCA-adding enzyme of Thermotoga maritima (pdb 3H38) is
shown from the N- to the C-terminus in a rainbow pattern (from blue to red). The conserved motifs are
located in the head and neck domains and are shown in dark red. The lower part of the figure shows the
nucleotide binding site (green) for incoming CTP or ATP (red) in motif D. The nucleotide-binding site
structure is derived from the pdb entry of the Geobacillus stearothermophilus CCA-adding enzyme (pdb
1MIY, 1MIW) (modified from Betat et al., 2010).

From a genomic point of view, a single gene encoded in the nucleus of eukaryotic cells
provides the enzyme activity for the CCA-addition of both, cytoplasmic and
mitochondrial tRNAs. The mitochondrial enzyme carries an amino-terminal
mitochondrial import sequence that derives from an alternative start codon for

translation of the mRNA.

tRNA recognition and substrate specificity of CCA-adding enzymes

tRNAs represent the main substrates of CCA-adding enzymes. Class I as well as class 11
CCA-adding enzymes recognize tRNAs in a sequence-independent manner. Both, class |
and II CCA-adding enzymes recognize the size, form and charge of the tRNAs. This allows
binding of all different tRNA molecules (Xiong and Steitz, 2006; Betat et al, 2010).
Binding of tRNAs to these enzymes takes mainly place at the sugar phosphate backbone
of the T-arm, the T-loop and the acceptor arm of tRNAs (Xiong and Steitz, 2006). CCA-

adding enzymes do not require a complete tRNA for substrate identification, but only
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the upper half of the L-shaped structure. Therefore, tRNA minihelices consisting of
acceptor and T-arm of CCA-adding enzymes are also recognized as substrates (Li et al.,
1997; Dupasquier et al., 2008; Lizano et al., 2008).

It has been shown that enzymes from various organisms strictly recognize the elbow
region of tRNAs formed by conserved D- and T-loops. However, many mammalian mt
tRNAs lack of consensus sequences in both loops, or even miss one of the loops
completely. In 2001, Nagaike and colleagues demonstrated that the human mt CCA-
adding enzyme is capable to repair cytosolic tRNAs, human mt tRNAs as well as non-
cognate nematode mt tRNAs that lack the T-arm. Its bacterial counterpart, in contrast,
was only poorly able to process mt tRNAs, which indicates an adaptation of
mitochondrial CCA-adding enzymes to the unusual structure of mt tRNAs (Nagaike et al,
2001).

Alternative substrates for CCA addition are often tRNA-like molecules or hairpin
structures imitating the upper half of tRNA structures. Indeed, alternative non-tRNA-like
molecules have been shown to be appropriate substrates for CCA-addition. For example,
the 3'-terminal RNA structure in the tobacco mosaic virus resembles a tRNA structure,
which is recognized by both, E. coli and S. cerevisiae CCA-adding enzymes (Hegg et al,
1990). Furthermore, CCA nucleotides are post-transcriptional added to the mRNA of
rps12 in Zea mays (Williams et al., 2000). And 65% of mature human spliceosomal U2
snRNAs carry a 3'-CCA sequence, where at least the terminal A has been added post-
transcriptionally. Structure of the 3'-stem of U2 snRNAs resemble a tRNA minihelix (Cho
et al, 2002). The substrate requirements for the human CCA-adding enzyme were
studied more in detail and revealed that transcripts lacking a tRNA-like 3’-end are also
accepted for CCA addition and that the discriminator position in tRNAs, which is
normally an identity element for aminoacyl-tRNA synthetases, has a great impact on
CCA incorporation (Wende et al, 2015). All these examples emphasize the diversity of
alternative substrates of CCA-adding enzymes. However, the biological relevance of

these alternative substrates for CCA addition is still unclear.

39



5. Structure and function of aminoacyl-tRNA synthetases

Before an amino acid can be used for protein synthesis, it must be transferred to a
specific tRNA molecule. This process is of particular importance as it allows the
implementation of the genetic code. Specific aminoacyl-tRNA synthetases (aaRSs) are
key enzymes in this process. The aminoacylation of a tRNA is a highly specific two-step
reaction. First, the amino acid is activated into an aminoacyladenylate (aminoacyl-AMP)
at the expense of ATP. In the second step the aminoacyl-group is transferred from the
aminoacyl-AMP to a specific tRNA molecule resulting in aminoacyl-tRNA (Ibba and Soll,
2000).

The two classes of aaRSs

Interestingly, these enzymes differ in sequence, size, shape and oligomer composition
and share little sequence homology (Schimmel, 1987). They can be divided into two
classes (Eriani et al, 1990). Class I enzymes are mostly monomeric and contain a
characteristic Rossman fold catalytic domain (Sugiura et al, 2000). The Rossman fold
displays two conserved signature amino acid sequences: “HIGH” and “KMSKS” (Barker
and Winter, 1982; Webster et al, 1984). The aminoacyl group is coupled to the 2'-
hydroxyl of the substrate tRNA. Class Il aminoacyl-tRNA synthetases are mostly dimeric
or multimeric and share an anti-parallel beta-sheet fold flanked by alpha-helices and
contain three characteristic homologous motifs. The class Il enzymes attach the amino

acid to the tRNA 3'-hydroxyl site.

Class| Class
ArgRS AlaRS
CysRS AsnRS

Human mt-TyrRS GInRS AspRS Human mt-AspRS
GIuRS GlyRS
lleRS HisRS
LeuRS LysRS-II

LysRS-I PheRS
MetRS ProRS
TrpRS SerRS
TyrRS ThrRS
ValRS

Figure 16: Schematic overview of the two classes of aminoacyl tRNA synthetases.

The 20 aminoacyl-tRNA synthetases comprise two distinct families of enzymes. Class I enzymes are
characterized by an active site domain that has a Rossmann nucleotide-binding fold composed of
alternating 8 strands and o helices. Class Il enzymes are made up of a seven-stranded 3 sheet with
flanking a helices. Classical examples of the crystal structures of the two classes are shown with the
human mt TyrRS (pdb 3ZXI) and human mt AspRS (pdb 4AH6) (modified from Ribas de Pouplana and
Schimmel, 2001).
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Many efforts have been brought over decades, towards understanding of the recognition
code of tRNAs by aminoacyl-tRNA synthetases. This “second genetic code” is crucial for
the accuracy of translation since it allows a specific amino-acid to be linked precisely
and exclusively to the corresponding tRNA (Beuning and Musier-Forsyth, 1999; Giegé
and Eriani, 2001).

tRNA recognition and specific “identity elements” have been deciphered for each aaRS in
E. coli and S. cervisiae and have been partially determined for other organisms, e.g.,
T. thermophilus, C. elegans, A. thaliana and H. sapiens (McClain, 1993; Beuning and
Musier-Forsyth, 1999; Giegé et al, 2012). Most aaRSs recognize their cognate tRNAs
through direct interactions with the anticodon and acceptor stem regions (Rich and
Schimmel, 1977; Giegé et al., 1998). But also other structural regions or even concrete
nucleotides can represent additional tRNA identity elements such as the variable loop
region of tRNASer (Lenhard 1999), the tRNA elbow of tRNALet and tRNAVal (Du, 2003;
Fukai et al, 2000), single nucleotides such as the discriminator base at position 73 (Piitz
etal, 1991), base pairs like G3:U70 in tRNAAR (Chihade et al., 1998) or even chemically
modified bases for example in the anticodon loop of E. coli tRNAs specific for Ile, Glu and

Lys (Giegé et al., 1998).

Mitochondrial aaRSs

Usually mitochondria do not encode any aaRSs in their own genome. All aaRS that are
needed for mitochondrial translation, are encoded in the nuclear genome, and imported
into mitochondria. Mt aaRSs are translated in the cytosol, and imported into
mitochondria, thanks to a MTS, which is cleaved during the import process. The
identification of a MTS is still challenging since sequence lengths and amino acid
compositions are not conserved (Gakh et al., 2002; Chacinska et al.,, 2009).

In mammals, cytosolic and mitochondrial synthetases are usually encoded by two
different genes. The only exceptions are LysRS and GlyRS, which are encoded by the
same gene. The protein, which is dedicated to mitochondria is generated by either
alternative splicing (Tolkunova et al, 2000) or by processing from alternative
translation start site (Mudge et al, 1998). A different exception represent GInRS, as no
mitochondrial homolog could been identified in mammalian genomes so far, indicating
the existence of an alternative pathway for tRNAGI" formation (Nagao et al, 2009;

Frechin et al., 2009; Bullwinkle and Ibba, 2014).
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Mammalian mitochondrial aaRSs tend to show size and structural homology to their
corresponding enzymes from the three domains of life. They exhibit classical signature
motifs for amino acid specificity, and specific signature motifs either for class I, or for
class II aaRS (Bonnefond et al., 2005). The oligomeric state of mt aaRSs is generally the
same as that of the cytosolic aaRSs. However, two exceptions exist, which concern mt
GlyRS and mt PheRS. Mt GlyRS is dimeric like other eukaryotic cytosolic enzymes, while
a heterotetrameric form is present in most bacteria (Tang and Huang, 2005). PheRS
appears as a monomer in mitochondria, and thus not as a classical tetramer (Klipcan et
al., 2008).

The evolutionary origin of mt aaRSs has been investigated intensively, but still remains
obscure. Phylogenetic analysis revealed that many mt aaRS originate from bacteria, but
are not closely related to any known a-proteobacterial ancestor, suggesting that various
horizontal gene transfer events took place during evolution (Brindefalk et al.,, 2007).

A first comprehensive analysis of mt aaRS was performed in 2005, which was based on
an annotation of a full set of mt aaRSs and presented a functional characterization of the
mt AspRS and mt TyrRS (Bonnefond et al.,, 2005). Results have been validated then also
for several other mt enzymes. Interestingly, some mt aaRSs show slower enzymatic
activity compared to their cytosolic or E. coli homologs (Bullard et al, 1999; Bullard et
al, 2000).

Nowadays, crystal structures of human mt TyrRS (Bonnefond et al, 2007), mt PheRS
(Klipcan et al., 2012), mt AspRS (Neuenfeldt et al., 2013), bovine mt SerRS (Chimnaronk
et al, 2005), and yeast mt ThrRS (Holman et al, 2016) have been solved. Although mt
enzymes exhibit similar architectures when compared to their prokaryotic homologs,
they can be distinguished by more electropositive surface potentials, or by enlarged
grooves for tRNA accommodation. This indicates an adaptation to degenerated mt
tRNAs (Neuenfeldt et al., 2013).

Following the endosymbiotic theory on the origin of mitochondria, it should be possible
that mt aaRSs may have preserved the ability to aminoacylate prokaryotic tRNAs, and
vice versa. Indeed, it has been shown that bovine mt extracts efficiently aminoacylate
eubacterial tRNAs, whereas prokaryotic enzymes are unable to aminoacylate bovine mt
tRNAs (Kumazawa et al., 1991). In another study, cross aminoacylation of human mt and
cytosolic extracts from HeLa cell has been compared. It could be shown that 12 mt aaRSs

were able to aminoacylate corresponding cytosolic tRNAs, whereas several cytosolic
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aaRSs were not capable to efficiently charge mt tRNAs (Lynch and Attardi, 1976). LeuRS
and LysRS activities of human mt placenta extracts were capable to charge both, E. coli
and yeast cytosolic total tRNAs, but LysRSs from E. coli and yeast cytoplasm could not
charge human mt tRNAs (Ibba et al, 2009). These examples illustrate the higher
capability of mt aaRSs to recognize cytosolic tRNAs than that of cytosolic aaRSs to
recognize mt tRNAs. Rare cases of cross reactivities between both, cytosolic and mt
enzymes, may be correlated to sequence homologies and/or similar structural features

of mt and cytosolic tRNAs (Suzuki et al., 2011).

This study focused especially on mt arginyl-tRNA synthetases because a cognate tRNAA8
from R. culicivorax was one of the tRNAs, which was also further characterized. A
detailed description and characterization of classical arginyl-tRNA synthetases is

presented in Chapter 4 of the results part.

6. Objectives of the study

This study aims the functional characterization of armless tRNAs in defining their
structural properties and studying different aspects of their functionality, especially
their interaction with CCA-adding enzymes and with the cognate aminoacyl-tRNA
synthetase. For this study we chose to characterize the armless tRNAA and tRNA!'e from

R. culicivorax. The objectives of this work are divided into two parts

6.1. Structural characterization of armless mitochondrial tRNAs
Our goal is to understand into which structures the unusual transcripts do fold. All
known translational systems require tRNA molecules that fold into an L-shaped tertiary
structure on the basis of a cloverleaf-like secondary structure. The L-shaped 3D
structure is the requirement for functional activities including to be substrate and/or
interactor with the macromolecules involved in translation. The armless tRNAs from
R. culicivorax mitochondria, however, show such a strong deviation from regular
structures in terms of size, of nucleotide content and cloverleaf folding, that on a
theoretically basis they would not fold into a conventional three-dimensional tRNA
structure. The aim of this project is to describe the actual structural features of these
transcripts as a prerequisite for understanding the interplay between the tRNAs and

their processing enzymes. For this purpose in vitro transcripts are used in structure
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probing approaches, such as enzymatic and chemical probing. We will also use nuclear
magnetic resonance (NMR) spectroscopy, and small-angle X-ray scattering (SAXS) to
study the intramolecular interactions in armless tRNAs. These approaches will provide
details about the tRNA size and shape at the 3D level and will also allow for comparison
with classical tRNAs.

The elucidation of structural and functional properties of armless tRNAs will help to
verify if the smallest known tRNA is compatible with life and will give further insights to

possible co-evolutional processes between armless tRNA and partner proteins.

6.2. Functional study of armless tRNA maturation and aminoacylation
CCA-adding enzyme and the mitochondrial arginyl-tRNA synthetase from R. culicivorax
will be used for functional analysis. In general, one CCA-adding enzyme recognizes two
different sets of tRNAs (cytosolic and mitochondrial), while the mitochondrial
aminoacyl-tRNA synthetases are specialized enzymes exclusively adapted to
mitochondrial tRNAs. The gene sequence of both enzymes have yet to be identified and
confirmed by PCR and sequencing methods, as the genome annotation of this particular
nematode worm became only recently available and is still incompletely annotated,
especially for the arginyl-tRNA synthetase. The identified gene sequences will be cloned
and the corresponding proteins expressed in order to identify their functional
properties in regard to armless tRNAs. For this purpose, CCA-incorporation assays and
aminoacylation assays will be performed with the respective protein using in vitro
transcribed armless tRNAs as substrate. The properties of these enzymes will be
compared with those of homologous enzymes of human mitochondria and E. coli,
respectively, already or in the process to be characterized in the two host laboratories.
Enzymes that recognize tRNAs can be divided into two groups, based on their range of
recognition. Proteins like CCA-adding enzymes, EF-Tus, and ribosomes need to
recognize the full variety of all tRNA molecules in an organism, and possess therefore a
broad substrate spectrum. On the other hand, the range of recognition of each aaRS is
restricted to only one or a few tRNAs that all bind the same amino acid. To cover both
groups, one representative protein from each group has been chosen for functional and

structural characterization in this study.
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7. Material
Chemicals, kits, enzymes, cell material, bacterial strains, plasmids, DNA primers, media,
buffers and solution as well as software used in this study are listed in the following

paragraphs.

7.1.Sources for chemicals
Unless otherwise mentioned, all chemicals used in this study were purchased in
the highest quality available from the following companies AppliChem (Darmstadt), Carl
Roth (Karlsruhe), Sigma-Aldrich (Munich), and Merck (Darmstadt).

7.2.Kits
The following table (Table 2) contains the kits used in this study.

Table 2: Kits

Product Source

BigDye® Terminator 1.1 Cycle Sequencing Kit GE Healthcare
Clone]ET™ PCR Cloning Kit Thermo Scientific
Gene]ET™ Gel Extraction Kit Thermo Scientific
Gene]ET™ PCR Purification Kit Thermo Scientific
Gene]ET™ Plasmid Miniprep Kit Thermo Scientific
GeneElute™ mRNA Miniprep Kit Sigma-Aldrich
NucleoSpin® plasmid Macherey-Nagel
RACE DNA Purification System Life Technologies
TOPO® TA Cloning® Kit Life Technologies
Wizard® SV Gel and PCR clean-up System Promega

7.3.Enzymes and tRNAs
The commercially available enzymes used in this study are listed in Table 3, and non-

commercial enzymes are listed in Table 4. The utilized tRNA material is listed in Table 5.

Table 3: Commercial enzymes

Enzyme Source

BamHI New England Biolabs

Dpnl New England Biolabs

EcoRV New England Biolabs

HindIll New England Biolabs

Ncol Thermo Scientific

Xbal Thermo Scientific

Pfu DNA polymerase Fermentas and Thermo Scientific
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Phusion High Fidelity DNA Polymerase
RevertAid Reverse Transcriptase

Thermo Scientific
Thermo Scientific

Nuclease S1 Fermentas

Ribonuclease V1 Applied Biosystems

Ribonuclease T1 Applied Biosystems

T4 DNA ligase New England Biolabs

T4-PNK New England Biolabs and
Thermo Scientific

T4 RNA ligase | New England Biolabs

Terminal deoxynucleotidyl transferase (TdT) Invitrogen

Thermostable inorganic pyrophosphatase (TIPP) New England Biolabs

Table 4: Non-commercial enzymes

Enzyme Source

Taq DNA polymerase In house preparation

T7 RNA polymerase In house preparation

H. sapiens CCA-adding enzyme

E. coli CCA-adding enzyme

R. culicivorax CCA-adding enzyme
E. coli mt arginyl-tRNA synthetase

S. cerevisiae mt arginyl-tRNA synthetase

In house preparation

In house preparation

This study

Provided by S. X. Lin (Laval University,
Canada)

Provided by G. Eriani (University of
Strasbourg)

R. culicivorax mt arginyl-tRNA synthetase This study

Table 5: tRNAs

tRNAs Source

Total E. coli tRNA Sigma-Aldrich

Total yeast tRNA G. Eriani (University of Strasbourg)

R. culicivorax mt tRNAArs
R. culicivorax mt tRNAArg-CCA
R. culicivorax mt tRNA!e
R. culicivorax mt tRNA!e_CCA

C. Lorenz (University of Leipzig)
This study
This study
This study

7.4. Cell material

Living Romanomermis culicivorax worm material was provided by Edward G. Platzer

(University of California, Riverside). The nematodes were snap-frozen using liquid

nitrogen and stored at -80°C. Saccharomyces cerevisiae strains AH109 and Y187 were

used in this study (Table 6).
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Table 6: S. cerevisiae strains

Strain Genotype Source or reference
AH109 MATaq, trp 1-901, leu2-3, 112, ura 3-52, his3-200, gal4A, Clontech

gal80A, LYS2: GAL1uas-GAL1tata-HIS3, GALZuas-GALZtara-

ADE2, URA3: MEL1uas-MEL1rtata-LacZ
Y187 MATa, ura3-52, his3-200, ade2-101, trp1-901, leu2-3,112,  Clontech

gal4A, met-, gal80A, MEL1, RA3::GAL1yas-GAL1rara-lacZ

7.5.Bacterial strains and plasmids

Bacterial strains and plasmid used in this study are listed in Table 7 and Table 8.

Table 7: Bacterial strains

E. coli strain

Genotype Source or reference

Top10 F- mcrA A(mrr-hsdRMS-mcrBC) @80lacZAM15 Invitrogen
AlacX74 recAl araD139 A(ara-leu)7697 galU
galK rpsL (StrR) endA1 nupG

BL21(DE3) F-ompT hsdSs (rB- mB-) gal dcm (DE3) Novagen

Rosetta™2 F- ompT hsdSs(rs- ms-) gal dem (DE3) pRARE2 Novagen
(CamR)

Arctic Express™(DE3)  F-ompT hsdS(rB-mB-) dcm* Tet" gal A(DE3) Agilent

endA Hte [cpn10 cpn60 Gent']

Technologies

Table 8: Plasmids

Plasmid

Source or reference

Used for cloning of tRNA genes

pCR®2.1-TOPO Invitrogen
Used for cloning of protein genes
pET28a Novagen
pTrcHisA Invitrogen
pUCIDT IDT
pDEST Invitrogen
pJJH378 Provided by A. Briiser (University of Leipzig)

7.6. Primers

DNA primer used in this study were acquired from Biomers and Sigma and are listed in

Table 9. The numbering used in the laboratory is given as well as the name, sequence in

5’ to 3’ direction, and the purpose of each primer. Small letters indicate restriction sites.
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Table 9: Primer

N° Primer name Sequence (5'23’) Purpose
M537 HH_tRNAlle_Rcu_fw1 AGACTGAAGATTTAAGCTGATGAGTC
CGTGAGGACGAAACG
M538 HH_tRNAlle_Rcu_rev1l CTCTATTAAGGACGGTACCGGGTACC
GTTTCGTCCTCACGGAC
M539 HH_tRNAlle_Rcu_fw?2 CGGTACCGTCCTTAATAGAGAACAAT
TTAAATTGATAATTTAAATTAA In vitro
M540 HH_tRNAlle_Rcu_rev2 TCTTAAATTTTAATTTAAATTATCAA synthesis, and
TTTAAATTGTTCTC cloning of
M541 Rcu_tRNAlle_QuikChange_fw CTAATACGACTCACTATAGGGAGACT tRNAle
GAAGATTTAAGCTGATGAG constructs
M542 Rcu_tRNAlle_QuikChange_ rev. =~ GATGCCATGCCGACCCTCTTAAATTT
M611 Rcu_tRNAlle_H39neu fw TAATTTAAATTATCAATTTAAATTG
M612 Rcu_tRNAlle_H39neu rev GAGATGCCATGCCGACCCTC
553 M13fw GTTTTCCCAGTCACGAC Sequencing
554 M13rev AGCGGATAACAATTTCACACAGGA and
L46  HDV-Ampl-fw GGGTCGGCATGGCATCTCCAC amplification
L768 T7_Promoter_for GGAGATCTAATACGACTCAC of tRNA
L769 HDV_rev AAA CGA CGG CCA GTG CCA AG constructs
M658 HDV+T7_fw GTCGGCATGGCATCCTAATAC
M577 Rcu_CCA_BamHI_fw GCGTTAggatccATGAAAATCGATTCG
CCGCAATTTCG
M578 Rcu_CCA_BamHI rev CCAGCGaagcttTCATTGTTTGGAATGA
ATAGGCGACC
M732 Rcu_CCA_BamHI in yeast_for GCGTTAggatccAATGAAAATCGATTC
GCCGCAATTTCG
: : GTCCAGaagcttTCAGTGGTGATGGTGA
M733 Rcu_CCA_HindlIIl in yeast_rev TGATGTTGTTTGGAATGAATAGGCGA
CCTG Cloning and
M734 Rcu_CCA_6His-tagin yeast rev. TCAGTGGTGATGGTGATGATGTTGTT sequencing of
TGGAATGAATAGGCGACCTG Rcu CCA-
M735 Link RcuCCA_6His-tag+3'UTR  GAAAGTGTAATAAAAGGTCATTTTCT adding enzyme
in yeast_rev TTCAGTGGTGATGGTGATGATGTTGT
M736 3'UTR ScPFK2_for AAGAAAATGACCTTTTATTACACTTT
CTATTATTAATG
M733 3'UTR ScPFK2_MCS_rev CAGAGGAAGCTTCGTCGATAGAGATA
AAAAAAAAGAATTATAGAC
M760 -165_Seq_MCS_p]JJH378_for GGGTAATTAATCAGCGAAGCG
M761 +99 Seq_MCS_pJJH378_rev GTGAGTTAGCTCACTCATTAGG
L648 pTrcHisZ_rev_sequ GTT CGG CAT GGG GTC AGG TG
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GSP1
GSP2
GSP3
AAP

AUAP

T10

T11

T12

T13

T14

T15

T16

T17

T18

T19

T20

T21

T22

T23

T24

T25

T26

ArgRS_intern_RP1
ArgRS_intern_RP2
ArgRS_intern_FP1
Abridged Anchor Primer

Abridged Universal
Amplification Primer

RP ArgRS modi

start +24 ArgRS modi
start +28 ArgRS modi
start +30 ArgRS modi
start +36 ArgRS modi
RP C-His all

FP FL C-His pDEST
FP 16 C-His pDEST
FP 17 C-His pDEST
FP 18 C-His pDEST
FP 23 C-His pDEST
FP 24 C-His pDEST
FP 25 C-His pDEST
FP 28 C-His pDEST
FP 29 C-His pDEST
FP 31 C-His pDEST

pDEST FP intern

GTGCCGTCACTTTTGGATAACGG
GGTCTCAAAGTTATCGAGGAGC
GACCAAGTTATCGGGTGTACAGG
GGCCACGCGTCGACTAGTACGGGIIGG
GIIGGGIGG
GGCCACGCGTCGACTAGTAC

gtgcAAGCTTTTACAGTTTTTCAATCG
GGT
gataGGATCCATGCCGTGTCTGCCGGA
TAG
gttaGGATCCATGGATAGCGTTAGCAG
CATTG
ggaaGGATCCATGGTTAGCAGCATTGC
AAAAGG
gtctGGATCCATGGGCACCAGCATTGG
TCTG
ACCGTCTCGAGCAGTTTTTCAATCGG
GTCCAG
taagtccATGGGGCAACTGATTAGCCGT
GAAATC
gctatccATGGGGGATTTTAGCGCAATT
CGTCGTC
gtcttccATGGGGTTTAGCGCAATTCGT
CGTCTG
cgtctccATGGGGAGCGCAATTCGTCGT
CTGC
atggtccATGGGGCTGCCGTGTCTGCCG
GATA
cgataccATGGGGCCGTGTCTGCCGGAT
AGC
gattgccATGGGGTGTCTGCCGGATAGC
GTTAG
cgttaccATGGGGGATAGCGTTAGCAGC
ATTGC
gataaccCATGGGGAGCGTTAGCAGCATT
GCAAAAG
cattaccATGGGGAGCAGCATTGCAAAA
GGCAC
CAGC@IGLCATUTITAT GTGG

5’'RACE PCR

Cloning and
sequencing of
Rcu ArgRS and
N-terminal
variants

7.7.Media, buffers and solutions

Media, buffers and solutions used in this study are listed in Table 10 Table 11. Media

were dissolved using Milli-Q water (Purification System, Millipore) and autoclaved. For

solid media, 15 g/1 agar was added to the media prior autoclaving.
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Table 10: Media

Media Mixture

LB medium 10g/l Tryptone
5g/l Yeast extract
5g/1 NaCl

SOC medium 20 g/l Tryptone
5g/l Yeastextract
0.6 g/l NaCl
0.288 g/l KCl
20 mM Glucose
After autoclaving addition of 10 mM MgCl2*6H20
10 mM MgS04*7H20
YPDA medium pH 6.5 10 g/l Yeast extract
20 g/l Peptone
55.6 ml/l Glucose 40 %
20ml/l1 Adenosine hemisulfate 0.2 %

After autoclaving addition of

SD medium (-Leu) 0.67 % Yeast nitrogen base

0.06 % Complete synthetic mix

Lithium-Sorbitol-buffer

Lithium-PEG-buffer

Table 11: Buffers and solutions

Media

2%

10 mM
100 mM
1 mM
1M

10 mM
100 mM
1 mM
40 %

Mixture

Glucose

Tris-HCI pH 8.0
Lithium acetate
EDTA pH 8.0
Sorbitol

Tris-HCI pH 8.0
Lithium acetate
EDTA pH 8.0
PEG 3350

Buffers for DNA manipulation and plasmid purification

TBE (10x)

DNA loading buffer (5x)

890 mM
890 mM
20 mM

30 % (v/v)
0.25 % (w/v)
0.25 % (w/v)

Tris base
Boric acid
EDTA-Na:

Glycerol
Bromphenol bleu
Xylene cyanol
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RNA loading buffer (3x)

Ethidium bromide solution

Taqg-PCR buffer (10x)

Buffers for tRNA manipulation
3‘-Tagging buffer (2x):

Transcription buffer (10x)

Dephosphorylation buffer (10x):

T4-PNK buffer (1x)

Buffers for tRNA structure analysis
RNase V1 buffer (10x)

Nuclease S1 buffer (5x)

52

10 mM

80 % (v/v)
0.25% (w/v)
0.25 % (w/v)

1 mg/1

200 mM
100 mM
100 mM
20 mM
1% (v/v)

100 mM

20 mM

2 mM

0,4 mg/ml
25 % (w/v)

800 mM
220 mM
50 mM

10 mM
1.2 mg/ml

1M

100 mM
100 mM

1 mM

200 pg/ml

50 mM
10 mM
5 mM

400 mM
100 mM
400 mM

200mM
1.5M
10 mM

Tris-HCI pH 7.6
Formamide
Bromphenol bleu
Xylene cyanol

Ethidium bromide

Tris-HCI, pH 8,8
(NH4)2504

KClI

MgS04
Triton®X-100

Tris-HCI pH 8.0

MgCl2

Hexaamminecobalt(III) chloride
BSA

PEG 8000

Tris-HCl pH 7.5
MgCl2

DTT
Spermidine
BSA

Imidazole-HCl pH 6.0
MgCl2
B-mercaptoethanol
ATP

BSA

Tris-HCI pH 7.6
MgCl2
DTE

Tris-HCl pH7.5
MgCl2
NaCl

NaAc
NaCl
ZnSO4 pH 4.5



RNase T1 buffer (10x)

In-line buffer (5x)

AH buffer

100 mM
300 mM
5 mM

500 mM
20 mM

100 mM

Protein purification of R. culicivorax CCA-adding enzyme

Lysis buffer CL

Dissociation buffer DBC

Wash buffer CW

Elution buffer CE

SEC buffer

Protein purification of R. culicivorax mt ArgRS

Wash buffer AW

Urea wash buffer AU

20 mM
500 mM
10 mM
5 mM

20 mM
150 mM
10 mM

5 mM

0.5 mg/ml
20 mM
500 mM
10 mM

50 mM

20 mM
500 mM
10 mM
500 mM

20 mM
150 mM
10 mM

50 mM
500 mM
10 mM
10 %
20 mM

50 mM
500 mM
2M

10 mM
10 %
20 mM

Tris-HCl pH7.5
NaCl
EDTA

Glycine/NaOH pH 8.5
DTT

Na2C03/NaHCOs pH 9.75

Tris-HCl pH 7.6
NacCl

MgCl2
Imidazole

Hepes-KOH pH 8.0

KCl

MgCl2

ATP

Denatured E. coli proteins
Tris-HCl pH 7.6

NaCl

MgCl2

Imidazole

Tris-HCl pH 7.6
NaCl

MgCl2
Imidazole

Tris-HCI pH 7.6
NaCl
MgCl2

K2HPO4/KH2PO4 pH 7.5
KCI

B-mercaptoethanol
Glycerol

Imidazole

K2HPO4/KH2PO4 pH 7.5
KCl

Urea
B-mercaptoethanol
Glycerol

Imidazole
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Elution buffer AE

Dialysis buffer A1

Dialysis buffer A2

Dissociation buffer DBA

Buffers for SDS-PAGE
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Separating buffer (pH 8.8)
for 2 gels

Stacking buffer (pH 6.8)
for 2 gels

Protein loading dye

Coomassie blue staining solution

50 mM
500 mM
10 mM
10 %
400 mM

50 mM
150 mM
10 mM
1 mM
10 %

50 mM

150 mM
10 mM

0.1 mM
10 %

20 mM
150mM
10 mM
20 mM
10 mM

5 mM

4 ml
2.5ml
3.3 ml
0.1 ml
0.1 ml

0.004 ml

2.7 ml

0.5 ml
0.67 ml
0.04 ml
0.004 ml
0.0004 ml

188 mM
1,9 mM

0,2 mM

30 % (v/v)
6 % (v/v)

24,8 % (v/v)
0,8% (v/v)

K2HPO4/KH2PO4 pH 7.5
KCl

B-mercaptoethanol
Glycerol

Imidazole

K2HPO4/KH2PO4 pH 7.5
KCl

B-mercaptoethanol
EDTA

Glycerol

K2HPO4/KH2PO4 pH 7.5
KCl

-mercaptoethanol
EDTA

Glycerol

Hepes-KOH pH 7.5
KClI
B-mercaptoethanol
Imidazole

MgCl2

ATP

H20

Tris-base pH 8.8
Acrylamide-mix (30 %)
SDS

APS (10 %)

TEMED

H20

Tris-base pH 6.8
Acrylamide-mix (30 %)
SDS

APS (10 %)

TEMED

Tris-HCI pH 6.7
-Mercaptoethanol
Bromphenol bleu
Glycerol

SDS

Methanol
Roti®-Blue



Destaining solution

10 x SDS-Electrophoresis buffer

Buffers for western blot analysis
2x Blotting buffer

1x Transfer buffer

10x TBS

5x TBSTT

Blocking solution

1x TBST

Buffers for activity tests
CCA-addition buffer (10x):

Mitochondrial aminoacylation
buffer (MRM) (5x)

25% (v/v)
7% (v/v)

250 mM
1.92 M
1% (w/v)

28.8 g/l
6.06 g/l
3.75 ml/l

100 ml
40 ml
60 ml

1.5M
100 mM

2.5M
100 mM
1%
0.25 %
3% BSA

50 mM
150mM
1%

300 mM
300 mM
60 mM

50 mM
25 mM
0.2 pg/ul
1 mM

12 mM
2.5 mM

Methanol
Acetic acid

Tris-base
Glycerol
SDS

Glycine
Tris-base
20 % SDS

2x Blotting buffer
Methanol
ddH20

NaCl
Tris-HCI pH 7.6

NacCl

Tris-HCI pH 7.6
Triton X-100
Tween 20

In 1x TBS

Tris-HCI pH 7.5
NacCl
Tween-20

Hepes-KOH pH 7,6
KCl
MgCl2

Hepes KOH pH7.5
KCI

BSA 10 mg/ml
Spermidine
MgCl2

ATP
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Rcu aminoacylation buffer (MRR) (5x) 50 mM
30 mM

0.2 pg/ul

1 mM

1 mM

4 mM

4 -40 mM

Sce aminoacylation buffer (MRC) (5x) 50 mM
30 mM

0.5 ug/ul

2.5 mM

15 mM

10 mM

Eco aminoacylation buffer (MRE) (5x) 50 mM
25 mM

0.2 ug/ul

1 mM

10 mM

4 mM

Dilution buffer 100 mM
10%

S5 pg/ul
1 mM

7.8. Software and databases

Software or database

Hepes KOH pH7.5
KCl

BSA 10 mg/ml
DTT

Spermidine
MgCl2

ATP

Hepes KOH pH7.5
KCl

BSA

Spermidine
MgCl2

ATP

Hepes KOH pH7.5
KClI

BSA

DTT

MgCl2

ATP

Hepes KOH pH 7.5
Glycerol

BSA

DTT

Purpose

ApE-A plasmid Editor
http://biologylabs.utah.edu/jorgensen/wayned/ape/

Argus X1® V3.3.1 (Biostep)
Assemble?2 http://bioinformatics.org/s2s/

ATSAS 2.7.2
https://www.embl-hamburg.de/biosaxs/software.html

BLAST®
https://blast.ncbi.nlm.nih.gov/Blast.cgi

Clustal Omega
https://www.ebi.ac.uk/Tools/msa/clustalo/

GenBank
http://www.ncbi.nlm.nih.gov/genbank/

ImageQuant 5.0 GE Healthcare
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Analysis and editing of
sequences

Scanner software

Prediction and editing of 2D
structures, 3D modelling

A program suite for small-angle
scattering data analysis from
biological macromolecules

Comparison of nucleotide and
protein sequences

multiple sequence alignment
program

Search and annotation of DNA
sequences

Image analysis software


http://biologylabs.utah.edu/jorgensen/wayned/ape/
http://bioinformatics.org/s2s/
https://www.embl-hamburg.de/biosaxs/software.html
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.ncbi.nlm.nih.gov/genbank/

[-TASSER
http://zhanglab.ccmb.med.umich.edu/I-TASSER/

Lasergene 6 DNASTAR

MITOPROT
https://ihg.gsf.de/ihg/mitoprot.html

MitoFates
http://mitf.cbrc.jp/MitoFates/cgi-bin/top.cgi

Mfold 3.2
http://mfold.rna.albany.edu/?q=mfold

OligoCalculator
http://mcb.berkeley.edu/labs/krantz/tools/oligocalc.html

ProtParam
http://web.expasy.org/protparam/

PyMOL Schrodinger (Portland, USA)

RNAfold
http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi

tRNAdb / mitotRNAdb
http://trnadb.bioinf.uni-leipzig.de/

Prediction of protein 3D
structure

Analysis of DNA sequences

Prediction of mitochondrial
targeting sequences

Prediction of mitochondrial
targeting sequences

Prediction of RNA secondary and
tertiary structure

Calculation of oligonucleotide
statistics

Computation of protein statistics

3D modelling of protein
sequences

Prediction of RNA secondary
structure

Search, annotation and
comparison of tRNA genes and
structures
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8. Methods

8.1. General nucleic acid methods

8.1.1. Measurement of DNA and RNA concentrations
DNA and RNA concentrations were estimated by measuring the absorbance at 260 nm
and 280 nm using a NanoDrop®ND-1000 or NanoDrop®ND-2000 spectrophotometer

(both Thermo Scientific) according to the manufacturer’s instructions.

8.1.2. Extraction and precipitation of DNA and RNA
DNA and RNA fragments were purified using the phenol-chloroform extraction method
(Sambrook et al, 1989). A reaction volume of 200 pl was added to 200 pl of a
phenol:chloroform:isoamyl alcohol (25:24:1) mix, vortexed, and centrifuged (3 min,
6000 rpm). The aqueous upper phase was transferred to a new reaction tube and
treated with 200 pl chloroform, vortexed and centrifuged (3 min, 6000 rpm). After
centrifugation the aqueous upper phase was transferred to a new reaction tube and the
nucleic acids were precipitated by the addition of sodium acetate to 0.3 M final
concentration and 2 volume of absolute ethanol. Occasionally, glycogen (1 pg/ml) was
added to the reaction as a carrier to increase the efficiency of the precipitation. The
solution was incubated 30 min at -20°C or 10 min at -80°C and afterwards centrifuged at
14.000 rpm for at least 20 min at 4°C. The nucleic acid pellet was washed with 70 %
ethanol and resuspended after drying in ddH20. Alternatively, the nucleic acid was
stored as an alcohol precipitate for several months at -80°C.
PCR products were also purified using the Gene]ET™ PCR Purification Kit (Thermo
Scientific), or were extracted from the gel using the GeneJ]ET™ Gel Extraction Kit
(Thermo Scientific). All purifications steps were carried out according to the

manufacturer's instructions.

8.1.3. DNA sequencing
Sequencing of PCR products and plasmid DNA was carried out using the chain
termination method (Sanger et al., 1977). For this purpose, the BigDye® Terminator
Cycle Sequencing Kit 1.1 was used according to the manufacturer's instructions.

Sequencing was performed on an ABI Prism 3730-sequencing unit (Amersham
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Pharmacia Biotech) at the Max Planck Institute for Evolutionary Anthropology in
Leipzig. In Strasbourg, DNA samples are sequenced using the sequencing service from

GATC Biotech.

8.2. DNA manipulation
Standard methods were used for plasmid isolation, restriction enzyme digestion,
ligation, transformation, and agarose gel electrophoresis (Sambrook et al, 1989). A
schematic representation of the different PCR methods used in this study is shown in

Figure.

8.2.1. PCR Methods
Amplification PCR

The polymerase chain reaction (PCR) allows a specific in vitro amplification of DNA
fragments. A standard PCR consists of 50 pl reaction volume and contains the following
components: 10-50 ng DNA template, 0.4 uM Primers, 0.2 mM dNTP 1x Pfu or Taq
reaction buffer and between 2.5 U and 5 U Pfu or Taq DNA Polymerase. The reaction was

carried out according to the following temperature-time diagram:

Initial denaturation 95°C 5 min
Denaturation 95°C 1min |
Annealing 54°C - 64°C 1 min 30x
Elongation 68/72°C 30 sec -2 min

Final elongation 68/72°C 5min
Storage 10 °C oo

The annealing temperature was set to 2°C below the melting temperature (TM) of the
two primers. This temperature was calculated using the web tool “Oligo Calculator”.
Calculated elongation temperatures were appropriate for the used DNA polymerase:
68°C for Pfu, and 72°C for Taq DNA polymerase. All reactions were performed in a
Robocycler® (Stratagene), a M] ™ thermal cycler (Biorad), or a C-1000 Touch™ thermal

cycler (Biorad).
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Overlap-Extension PCR

Overlap extension PCRs were performed when two DNA fragments needed to be
connected. In these cases, the overlapping region of both single-stranded DNA fragments
was at least 15 nt. 300-500 ng of these overlapping DNA fragments were used in the
overlap extension PCR. The PCR was stopped after ten cycles and in a second step
400 nM primers that are complementary to the outer ends of the target construct were
added. 20 - 25 additional PCR cycles were performed in order to amplify and extend the
DNA construct. The reaction was carried out according to the temperature-time diagram

described above.

QuikChange Mutagenesis PCR

QuikChange mutagenesis PCRs were used to introduce or delete DNA sequences, or to
exchange base pairs in plasmid sequences. For this purpose, chemically synthesized
DNA oligonucleotides were used as DNA megaprimer. The QuikChange mutagenesis
method was performed using Pfu DNA polymerase, or Phusion® DNA polymerase in
corresponding buffers. A typical reaction mixture included also dNTPs (200 nM), DNA
megaprimer (500 ng) and the target plasmid (depending on size 50 to 150 ng).
Reactions were carried out according to the temperature-time diagram described above.
The elongation times were calculated as 30 s/kb plasmid size for both DNA

polymerases, and 18-25 amplification cycles were performed.

A Standard PCR B Overlap-Extension PCR C Mutagenesis PCR
5 5 P —p

5' —

5 I — 5
5' N
-4 —

Figure 17: Schematic overview of standard PCR, overlap-extension PCR and mutagenesis PCR.

(A) Standard PCR served for simple amplification of DNA templates (blue). (B) During the first step of
overlap-extension PCR, two DNA fragments (red) that overlap at their 3'-ends are elongated by a DNA
polymerase. In the second step, the amplification of the product was carried out using single-stranded
DNA primers (green). (C) For mutagenesis a DNA megaprimer pair that contains the mutation site (green)
binds to both strands of the target plasmid DNA (blue). The primers were extended by a DNA polymerase
resulting in a plasmid with the inserted mutation site.
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Colony PCR

Colony PCR is an easy way to rapidly screen positive clones. For this purpose, a single
bacterial colony was picked using a sterile pipet tip, dissolved in 10 pl ddH20, and
incubated at 95°C for 10 min. 5 pl of this cell suspension were then used for a standard

amplification PCR.

8.2.2. Cloning of DNA fragments

Standard Ligation

DNA fragments obtained by restriction digestion were inserted into the corresponding
vector through ligation. For this purpose, the vector and DNA insert were treated with
the same restriction endonucleases. About 50 ng of the vector was mixed with the DNA
fragment in a molar ratio of 1:3 or 1:5. The ligation was carried out in a final volume of
20 pl for 10-20 min at room temperature or at 16°C for 16 h. A typical reaction
contained 1x DNA ligation buffer and the corresponding amount of vector, as well as the

insert DNA and 40 units of T4 DNA ligase.

Blunt end cloning

The CloneJet™ PCR Cloning Kit (Thermo Scientific) was used according to the
manufacturer to clone DNA fragments obtained by standard or overlap-extension PCR

into a plasmid.

TA cloning
The efficient and ligation independent cloning of (unpurified) PCR products into the

pCR®2.1-TOPO vector was carried out using the TOPO TA Cloning® kit (Invitrogen)
according to the manufacturer. Only PCR products generated by Taq DNA polymerase
are suitable for this cloning method because of the necessity of 3'-dA overhangs

produced by the Taq DNA polymerase.

8.2.3. Plasmid purification for cloning and sequencing
Plasmids were purified from a bacterial culture grown overnight at 37°C using the
QIAprep Spin Miniprep kit (Qiagen) or the GeneJET™ Plasmid Miniprep Kit (Thermo
Scientific), following the manufacturer’s instructions. The quantity and quality of the

plasmid DNA was determined as described in section 8.1.1.
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8.2.4. Restriction analysis of DNA
The restriction of plasmid DNA or PCR products was carried out using restriction
enzymes (New England Biolabs) according to the manufacturer’s instructions. A typical
100 pl reaction mixture contained 500-2000 ng of PCR product or 250-500 ng of
plasmid DNA, 1x restriction buffer, and 10 U/pl restriction enzyme. The digestion
mixture was incubated at 37°C for 3h. The restriction was verified with analytical

agarose gel electrophoresis, followed by purification as described in section 8.1.2.

8.2.5. Agarose gel electrophoresis
Analytical or preparative agarose gels were used for the separation of DNA molecules.
The routine analysis of DNA molecules of 100 to 5.000 base pairs in size was done by
electrophoresis on 1% to 2 % agarose gels (according to the expected DNA size) with 1x
TBE as running buffer. The samples were loaded with 1x DNA loading buffer and a DNA
ladder (2 log or 50 bp DNA ladder from New England Biolabs) was applied adjacent to
the samples in order to verify the fragment sizes. The electrophoresis was carried out at
90 V for 60 min. The agarose gels contained 0.5 pg/ml ethidium bromide or 1x Gel Red

solution in order to allow visualization of the DNA fragments under UV light at 254 nm.

8.3. RNA manipulation

8.3.1. RNA preparation from R. culicivorax
Total RNA from R. culicivorax was recovered using the guanidine thiocyanate method
from (Chomczynski and Sacchi, 1987). 100 mg cell material was treated with 1 mL
TRIZOL®, and lysed using Precellys® ceramic beads with a diameter of 1.4 mm in a
FastPrep®-24 homogenizer twice for 40 s at 6 m/s. The mixture was then centrifuged for
30 min at 16,000 g and 4°C. The upper phase was transferred to a new reaction tube and
300 pl chloroform were added and mixed. The mixture was centrifuged at 16,000 g for 5
min at 4°C. The upper phase was removed and ethanol precipitation (see section 8.1.2)

was performed. The pellet was taken up in 250 pl water.
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8.3.2. mRNA purification from total RNA
The GenElute™ mRNA Miniprep Kit (Sigma-Aldrich) was used for the isolation of
polyadenylated mRNA from previously prepared total RNA according to the

manufacturer's instructions.

8.3.3. 5’-Rapid amplification of cDNA ends (RACE)

A 5’-RACE DNA purification system kit (Invitrogen) was used for the analysis of the 5'-
ends of the R. culicivorax ArgRS mRNA according to manufacturer's instructions. Total
RNA and mRNA from R. culicivorax was prepared as described above, and served as
templates for cDNA production. First strand cDNA synthesis was primed using a gene-
specific antisense oligonucleotide (GSP1). Following cDNA synthesis using SuperScript I
RT, the mRNA template was degraded by digestion with a supplemented RNase mix. The
first strand product was purified from unincorporated dNTPs and GSP1. TdT (Terminal
deoxynucleotidyl transferase) was used to add a poly C-tail to the 3' ends of the cDNA.
The tailed cDNA was then amplified by standard PCR using a nested gene-specific
primer (GSP2), which anneals 3' to GSP1; and an Abridged Anchor Primer (AAP), which
permits amplification from the homopolymeric tail. This allows amplification of
unknown sequences between the GSP2 and the 5'-end of the RNA template.
Reamplification of the PCR product can be performed using an Abridged Universal
Amplification Primer (AUAP) and GSP2 or a nested GSP. The amplified PCR product was
introduced by TA-cloning into the pCR®2.1-TOPO plasmid, and sequenced.
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mRNA

GSP1

Anneal first strand
primer, GSP1, to mRNA

Copy mRNA into cDNA
with SurerScrirr™I| RT

I o o -
— I — Degrade RNA with
IW 5 RNase Mix
Purity cDNA with

GLassMAX Spin Cartridge

Tail purified cDNA with

gCC--CC dCTP and TdT

Abridged Anchor Primer

SC—g I 1GD
#CC--CC —

PCR amplify dC-tailed cDNA
using the Abridged Anchor Primer
and nested GSP2

AUAP

—
s Gl-16 - > Reamplify primary PCR product
3 _1CC---CC . using AUAP, or UAP, and
4= nested GSP

nested
GSP

Figure 18: Schematic overview of the 5 RACE procedure.

5'-RACE cDNA synthesis starts with a gene specific primer (GSP1) in the coding region that binds in
antisense direction of the mRNA template. The resulting cDNA contains the complete 5'-region.
Subsequently, the mRNA is degraded by means of an RNase Mix. The remaining cDNA is purified. Then,
the TdT and dCTPs are used to attach a polyC-tail to the end of the cDNA molecule. The product serves as a
template in a PCR reaction. To do so, a first sense primer consisting of an oligo (dG) (Abridged Anchor
Primer) and GSP2 are used for a first amplification. With the aid of the first primer, the anchor is attached
to the PCR products. A second PCR provides a specific amplification by using the AUAP and a nested GSP.
(Adapted from 5’-RACE DNA purification system kit manual - Invitrogen.)

8.4.tRNA manipulation

8.4.1. Construction of tRNA transcription templates

DNA templates for the production of individual tRNAs by in vitro transcription, included
a T7 promoter for T7 RNA polymerase, a sequence for the hammerhead (HH) ribozyme,
the respective tRNA sequence, and a sequence for the hepatitis delta virus (HDV)
ribozyme (Figure 19).

The tRNA!le transcription template was generated by PCR extension of two overlapping
primer pairs. The two resulting megaprimers were combined during overlap extension
PCR. The resulting product was further amplified using primers that align to the 5’- and
3’-ends carrying overlaps that allowed cloning into a pCR®2.1-TOPO plasmid by

mutagenesis PCR. The mt tRNAA8 from R. culicivorax and the cytosolic tRNAPhe from
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yeast were already available on a pCR®2.1-TOPO plasmid and kindly provided by
C. Lorenz and E. Lizano, respectively. The CCA sequence necessary for aminoacylation
assays was introduced in the tRNA transcription templates using site-directed

mutagenesis PCR.

>tRNA!e transcription template

5’- GGAGATCTAATACGACTCACTATAGGGAGACTGAAGATTTAAGCTGATGAGTCCGTGAGG
ACGAAACGGTACCCGGTACCGTCCTTAATAGAGAACAATTTAAATTGATAATTTAAATTAAAATTTAA
GAGGGTCGGCATGGCATCTCCACCTCCTCGCGGTCCGACCTGGGCTACTTCGGTAGGCTAAGGGAGAAG
CTTGGCACTGGCCGTCGTTT -3’

>tRNAArg transcription template

5’- GAGATCTAATACGACTCACTATAGGGAATAAGTTTCTGATGAGTCCGTGAGGACGAAACG
GTACCCGGTACCGTCAAACTTTTAGCAGGATTTCGAATCCTAATTTATATAAGTTTTGGGTCGGCATG
GCATCTCCACCTCCTCGCGGTCCGACCTGGGCTACTTCGGTAGGCTAAGGGAGAAG -3’

>tRNAPhe transcription template

5’- GGAGATCTAATACGACTCACTATAGGGAGAAATCCGCCTGATGAGTCCGTGAGGACGAAA
CGGTACCCGGTACCGTCGCGGATTTAGCTCAGTTGGGAGAGCGCCAGACTGAAGATCTGGAGGTCCTG
TGTTCGATCCACAGAATTCGCAGGGTCGGCATGGATCTCCACCTCCTCGCGGTCCGA
CCTGGGCTACTTCGGTAGGCTAAGGGAGAAGCTTGGCACTGGCCGTCGTTT -3’

1st Overlap-Extension PCR 1st Overlap-Extension PCR
5 > 5 >
5 - 5
2nd Overlap-Extension PCR
5 -
- 5
5\ ¢
o
=
v ~

Mutagenesis PCR

pCR®2.1-TOPO

Figure 19: Construction of tRNA transcription templates.

(Upper part) tRNAA®, tRNAle and tRNAPhe transcription template sequences. (Lower part) tRNA
transcription templates were generated by two combined overlap-extension PCRs followed by
mutagenesis PCR in order to introduce the construct into pCR®2.1-TOPO plasmid. The components of the
construct are a T7 promoter (red), a HH ribozyme sequence (blue), a tRNA gene sequence (black), and a
HDV ribozyme sequence (green).
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8.4.2. Invitro Transcription

R. culicivorax mt tRNAA® and mt tRNAle transcripts were obtained by run-off
transcription with T7 RNA polymerase following the protocol described in (Schiirer et
al, 2002). The template used for the reaction consisted either of a linearized plasmid,
digested with the restriction endonuclease EcoRV, or of a PCR fragment. In both cases,
the template contained a promoter for the T7 RNA polymerase, an upstream
hammerhead ribozyme sequence, the gene for the tRNA and a downstream sequence of
a hepatitis delta virus (HDV) ribozyme.

The transcription reaction was carried out in a 30 pl reaction volume at 37°C for 6-16 h,
and contained, in addition to the template (1 pug of plasmid DNA or 100 ng of PCR
product), 1x transcription buffer, 3.3 mM DTT, 4 mM of each NTP, 1 unit of
pyrophosphatase, and 50 units of T7 RNA polymerase. tRNAs were internally labelled by
adding 10 pCi [y-32P]-ATP to the transcription reaction.

The self-cleaving activity of the flanking ribozymes allows the production of tRNA
molecules with defined 5’- and 3’-ends. The resulting tRNAs carry a 5’-terminal hydroxyl
group and a 2’, 3’-cyclic phosphate group at the 3’-terminus after transcription (Schiirer
et al, 2002). To overcome a low ribozyme cleavage efficiency due to a possible
missfolding, 10 denaturing/renaturing cycles of 3 min at 60°C / 3 min at 25°C were
performed on the 30 pl sample following transcription. The reaction products were
separated on a denaturing (8 M urea) polyacrylamide gel (“sequencing gel”). tRNAs

were then extracted from the gel as described in 8.4.4.

Transcription template:
HH ribozyme tRNA HDV ribozyme

l run-off transcription

X ~ "

autocatalytlc cleavage separation

during PAGE %

Figure 20: Schematic representation of the preparation of in vitro transcribed tRNAs.

The in vitro transcription templates consist of a T7 RNA polymerase promoter (red), a hammerhead (HH)
ribozyme sequence (blue), the gene for the tRNA (black) and a hepatitis delta virus (HDV) ribozyme
sequence (green). RNA products are separated on a denaturing PAA-gel.
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8.4.3. Separation of RNA via denaturing PAGE and detection
The preparative separation of RNA was carried out by gel electrophoresis in a 10 %,
12.5 % or 15 % denaturing polyacrylamide gel (8 M urea in 100 mM Tris-Borate, 2 mM
EDTA, pH 8.3). The samples were completed with 5 pul RNA loading buffer and
electrophoresis was performed in vertical chambers at 20-40 W with 1x TBE as running
buffer until the xylene cyanol reached the lower part of the gel. Radiolabeled RNA was
subsequently detected by autoradiography. For this purpose, the gel located on a glass
plate was wrapped in a polyethylene film, on which a phosphor screen was placed. The
exposure was carried out in a cassette overnight at 4°C. The visualization of RNA bands
was performed with a Phosphor imager (Storm 860TM Optical Scanner or Typhoon
Scanner). The position of non-labelled RNA bands was determined by UV shadowing.
For this purpose, the gel was transferred onto white paper. The nucleic acid bands were

visible as a shadow upon irradiation with UV light of 254 nm.

8.4.4. Extraction of RNA from denaturing polyacrylamide gels
tRNA-bands of interest were excised from gel with a sterile scalpel, and placed into an
Eppendorf tube. RNA was eluted by overnight incubation in 400 pl ddH20 at 4°C under

shaking. After recovery of the supernatant, RNA was precipitated with ethanol.

8.4.5. 3’-end dephosphorylation
The co-transcriptional self-cleavage of the terminal HDV ribozyme cassette results in a
2’,3’-cyclic phosphate at the 3’-end of the tRNA transcripts. The 3’-terminal
cyclophosphate was removed by the phosphatase activity of T4 PNK (polynucleotide
kinase). A 3’-end dephosphorylation reaction was carried out in a 50 pl volume
incubation for 6 h at 37°C. The reaction mixture contained up to 500 pmol of RNA,
10 units of T4 PNK and 1x dephosphorylation buffer. The efficiency of the reaction was
verified by running a sub-sample on a 10 % polyacrylamide denaturing gel. The removal
of the phosphate group leads to a reduced net charge, which results in a lower
electrophoretic mobility of the dephosphorylated tRNAs as compared to the untreated
tRNAs. Once dephosphorylation was completed, tRNAs were purified by phenol-

chloroform extraction followed by ethanol precipitation.
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8.4.6. 5’-end labeling of tRNAs
5'-end labeling of tRNAs was performed in a 30 pl reaction with PNK buffer A (50 mM
glycine-NaOH pH 8.5, 2 mM DTT), 1.5 pg BSA, 6.7 mM DTT, 10 uCi [y-32P]-ATP, 10 units
T4 polynucleotide kinase, and 10 ug RNA (extracted from PAA gel). The reaction mixture
was incubated at 37°C for one hour. The separation of RNA was performed in 10 %

denaturing PAGE followed by the isolation from gel.

8.5. Determination of tRNA structures

8.5.1. Native polyacrylamid-gelelectrophoresis (native PAGE)
Native polyacrylamide gels electrophoresis was performed to elucidate the
conformation of tRNA transcripts. 5 pl of native RNA loading dye was added to the
purified tRNA samples. Separation was performed in a 15 % native polyacrylamide gel

with 0.5x TBE as running buffer at 4°C. Detection was performed by autoradiography.

8.5.2. Enzymatic analysis

Ribonuclease V1 cleavage

Ribonuclease V1 (RNase V1) from Naja oxiana was used to detect paired nucleotides in
tRNA structures. Prior to use, tRNAs were denaturated 2 min at 65 °C, and then cooled
down to room temperature. The reaction mixture (20 pl) was prepared on ice in RNase
V1 reaction buffer in the presence of 1 pg of total tRNA from E. coli, 0.005 U RNase V1
and 40 pmol of 5’-labeled tRNA. The reaction was carried out at 5°C, 15°C, or 37°C for 5
minutes. The reaction was stopped with the addition of 5 pul RNA loading dye, and
immediately frozen at -20°C. Reaction products were separated on 15 % denaturing PAA

gel.

Nuclease S1 cleavage

Nuclease S1 from Aspergillus oryzae catalyzes the nonspecific endonucleolytic cleavage
of single-stranded DNA and RNA at phosphodiester bonds. The catalysis requires the
presence of zinc ions. Prior to use, tRNAs were denaturated 2 min at 65 °C, and then
cooled down to room temperature. 20 pl of a reaction mixture contained 1x nuclease S1
reaction buffer, 1 pg of total tRNA from E. coli, 40 pmol of 5’-labeled tRNA, and 5 U

nuclease S1. The reaction was incubated at 5°C, 15°C, or 37°C for 5 minutes. The

68



reaction was stopped with the addition of 5 pul RNA loading dye, and immediately frozen

at -20°C. Reaction products were separated on 15 % denaturing PAA gel.

Ribonuclease T1 cleavage

Ribonuclease T1 (RNase T1) from Aspergillus oryzae cleaves single-stranded RNA
downstream (3’ side) of guanine residues. A typical reaction mixture (10 pl) contained
1x RNase T1 reaction buffer, 1 pg of total tRNA from E. coli, 40 pmol labeled tRNA and
5 U RNase T1. The reaction mixture was incubated at 5°C, 15°C, or 37°C for 5 minutes,
stopped with the addition of 5 pul RNA loading dye, and immediately frozen at -20°C.

Reaction products were separated on 15 % denaturing PAA gel.

8.5.3. In-line probing
In-line probing assays rely on non-enzymatic self-cleavage of RNA under mild alkaline
conditio (Regulski and Breaker, 2008) Intrinsic higher reactivity of phosphodiester
bonds in single-stranded domains are linked to higher flexibility of RNA chains as
compared to double-stranded or higher-ordered domains. 40 pmol of 5’-labeled tRNA
were incubated in a 10 pl volume containing 1x in-line probing buffer, and 1 pg of total
tRNA from E. coli. The reaction was incubated at room temperature. 2 pl samples were
taken after 15 h, 24 h, and 40 h. 5 pl of RNA loading dye were added to stop the reaction.
Separation and analysis of reaction products were performed on 15 % denaturing PAA

gel.

8.5.4. Alkaline hydrolysis

Radioactively labeled tRNA molecules were hydrolyzed in a strong alkaline environment
to generate a systematic (but still statistic) cleavage at each phosphodiester bond. Co-
migration of the cleavage fragments on denaturing gels enables an assignment of the
reaction products generated by enzymatic and chemical cleavages. The reaction leads to
a “ladder” as the RNA is cleaved after each nucleotide. The reaction was carried out at
90°C for two minutes in a 10 pl reaction volume containing a strongly alkaline buffer,
1 ug total tRNA from E. coli, and 40 pmol of 5'-labeled RNA. The reaction was stopped
with the addition of 5 pl RNA loading dye. The analysis of the hydrolysis products was
carried out on 15 % denaturing PAA gel.

69



8.5.5. Nuclear magnetic resonance (NMR) spectroscopy

Proton NMR spectra of armless tRNAs were measured in collaboration with Dr. Elke
Durchardt-Ferner from the laboratory of Prof. Jens Wohnert (Goethe University
Frankfurt). The method is based on the principle that the nuclei of some atoms (e.g. 1H,
13C, 19F) can change its spin states (resonate) when placed between the poles of a
powerful magnet. The spinning nuclei will align with or against the applied field, and
thereby creating an energy difference. This energy difference can be measured. An NMR
spectrum is a plot of the radio frequency (chemical shift in ppm) applied against
absorption (intensity). A signal in the spectrum is referred as a resonance. The number
of signals indicates how many different types of hydrogen are in the molecules. This
means that hydrogens that resonate at the same applied field are magnetically and
chemically equivalent. Positions of signals indicate the type of hydrogen. For example,
primary and secondary H resonate at 0.9 ppm and 1.3 ppm, respectively, while aromatic
H resonate between 6 - 8.5 ppm (Levitt, 2013).

For NMR measurements, 1.05 mg of tRNAA8 and 1.17 mg of tRNA!le were dissolved in
500 upl buffer containing 25 mM phosphate and 50 mM KCl at pH 6.2. The final
concentration of tRNA was 100 uM. Mg2+* ions were added in chloride form to reach a
final concentration of 2 mM. The solution was transferred to a Wilmad 508CP NMR
microtube, and NMR spectra were recorded in a Bruker AV 950 NMR spectrometer. Data

was collected at different temperatures between 5°C and 25°C.

8.5.6. Small angle X-ray scattering (SAXS)
SAXS measurements were performed in collaboration with Dr. Claude Sauter
(IBMC/CNRS, University of Strasbourg) at the SWING beamline, SOLEIL synchrotron
(Saint-Aubin, France). tRNAA©¢ and tRNA!le samples were concentrated using
centrifugation in an Amicon Ultra-4 (cut off 3K) at 5000 rpm to a final concentration of 6
mg/ml (tRNAAr8) and 3.5 mg/ml (tRNA!e) in 200 pl buffer containing 50 mM Hepes
pH 7.4 and 5 mM MgClz. 70 pl and 50 pl of these solutions containing tRNAA™8 and
tRNAlle, respectively, were loaded onto a size exclusion chromatography (SEC) HPLC
column (BioSEC3-150, Agilent) in order to separate monomers from aggregates. Elution
was performed using an Agilent HPLC system at 0.2 ml/min in the concentration buffer,
as well as in a similar buffer containing 150 mM KCIl. Samples were exposed to an X-ray

beam directly downstream to the SEC column and the resulting scattering signal was
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collected (240 images of 1 min exposure). The scattering signal from the buffer
(=background) was collected as well to be subtracted from the RNA signal. The
scattering curve, I(q) results then from the subtraction of the buffer from the sample
signal. SAXS images were processed with FOXTROT, and resulting curves were analyzed
with the package ATSAS 2.7.2 (Petoukhov et al, 2012), including various tools e.g., to
evaluate the integral parameters from Guinier plots such as radius of gyration Rg
(PRIMUS) (Konarev et al, 2003), and to evaluate the particle distance distribution
function P(r) (GNOM) (Svergun, 1992). 3D model reconstructions were obtained using
the DAMMIF software (Franke and Svergun, 2009). Atomic models were compared with
SAXS curves using CRYSOL (Svergun et al., 1995). A schematic representation of the

experimental setup of a typical SAXS analysis is shown in Figure 21.
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Figure 21: Experimental setup of typical SAXS analysis.

(A) Schematic representation of a SAXS experiment. The sample is exposed to X-rays and the scattered
radiation is registered by a detector. The result is a scattering curve from which a low resolution model
can be created. (Modified from biosax.com) (B) Characteristic SAXS curves for five objects of different
shapes but same Dmax and same molecular weight (modified from Svergun and Koch, 2003).
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8.6. E. coli culture and transformation

8.6.1. Plating
To cultivate E. coli, LB-agar plates supplemented with the necessary corresponding
antibiotics were used and inoculated with transformation products, or with bacteria

stored in glycerol. The plates were incubated overnight at 37°C.

8.6.2. Liquid cultures
Incubation of E. coli in liquid cultures was usually performed at 37°C and shaking at
200 rpm. A pre-culture was grown overnight in a volume of 5 ml LB from a single colony.
Main cultures were incubated for several hours until the desired optical density was
reached. The growing temperature for main cultures varied between 13 °C and 37°C,
and was adapted to the corresponding E. coli strain used for protein expression (see

section 8.6.6).

8.6.3. Storage
LB agar plates were stored at 4°C for 3-5 days. Liquid cultures (1 ml) were stored under

glycerol (40 % final concentration) at -80°C.

8.6.4. Chemical transformation of E. coli
Chemically competent E. coli cells were prepared following the calcium chloride method
described by (Sambrook et al, 1989) aliquoted and stored at -80°C. Up to 50 ng of
purified plasmid (or the ligation mixture, see section 8.2.2) was directly used for
transformation of competent Top10 E. coli cells. 10 pl of plasmid solution or ligation
mixture were added to 200 pl of competent cells and gently mixed. The cells were
incubated on ice for 20 min. Afterwards, a heat shock was performed for 30 sec at 42°C
in a water bath followed by incubation on ice for 3 min. 800 pl of SOC medium was
added, and the cells were incubated at 37°C for 1 h under shaking. Finally, 100 pl cells
were plated on LB plates with the appropriate antibiotic for the resistance gene present

on the transferred plasmid. LB plates were incubated at 37°C overnight.
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8.6.5. Transformation by electroporation of E. coli

To transform electro-competent E. coli cells, corresponding bacterial aliquots were
thawed on ice. The cells were mixed, either with the plasmid DNA, or with the ligation
product. Subsequently, the mixture was transferred to a previously cooled
electroporation cuvette (1 cm), and electroporation was performed in an electroporator
(E. coli Pulser, Bio-Rad) according to the manufacturer’s instructions. After
electroporation, the cells were rinsed from the cuvette with 1 ml of SOC-medium. LB-
agar plates with the corresponding antibiotic for selection of the transformants were
spread out with 100-500 pl of the transformation product, and the plates were
incubated overnight at 37°C.

8.6.6. Expression of recombinant proteins in E. coli
The expression protocol of recombinant proteins was adapted to the different

expressing E. coli strains used in this study.

BL21 (DE3) Rosetta™?2 Arctic Express™ (DE3)

Preculture Inoculation of 5 ml LB | Inoculation of 5 ml LB | Inoculation of 5 ml LB
containing containing Cam + containing Gm +
corresponding corresponding corresponding
antibiotic, growth at antibiotic, growth at antibiotic, growth at
37°C overnight 37°C overnight 37°C overnight

Main culture | Inoculation of 800 - Inoculation of 800 - Inoculation of 800 -
2000 ml LB medium 2000 ml LB medium 2000 ml LB medium
containing the containing the containing NO
appropriate antibiotic | appropriate antibiotics with 4-5 ml
with 4-5 ml antibiotics with 4-5 ml | preculture, growth at
preculture, growth at | preculture, growth at | 30°C
37°C 30°C

Induction Growth until ODesoo = Growth until ODeoo = Growth until ODeoo =
0.6 or 1.5 (for late 0.6 or 1.5 (for late 0.6; addition of 1 mM
induction); addition of | induction); addition of | IPTG (final
1 mM IPTG (final 1 mM IPTG (final concentration)
concentration) concentration)

Expression | Growth at 37°C for 3 h | Growth at 30°C for 3 h | Growth at 13°C for 16 h

Harvest Centrifugation for 15 | Centrifugation for 15 | Centrifugation for 15
min at 3500 x g and min at 3500 x g and min at 3500 x g and
4°(C, storage at -20°C 4°(C, storage at -20°C 4°(C, storage at -20°C
until use. until use. until use.
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8.7. Handling of S. cerevisiae

8.7.1. Gene construct
For expression in yeast the plasmid pJJH378 (kindly provided by A. Briiser, University of
Leipzig) was used. The plasmid contains an inducible Gal promoter and the gene
sequence of a phosphofructokinase subunit (PFK2), which was removed by BamHI and
Hindlll digestion and replaced by the Rcu CCA-adding gene sequence equally digested by
BamH]I and HindIll. The gene construct contained still the 3’ untranslated region (UTR)
of the PFK2 gene (about 100 nt after the N-terminal 6xHis-tag and stop codon) to allow a

successful termination of translation.

8.7.2. Transfection of S. cerevisiae
S. cerevisiae strain AH109 and Y187 were transfected with pJJH378 plasmid containing
the Rcu CCA-adding enzyme coding sequence. Cells were thawed on ice, and 1 pl of
plasmid (100-200 ng/pl) and 150 pl of LiPEG were added. The cell suspension was
vortexed, and incubated for 20 min at room temperature. 17.5 ul DMSO was added, and
the solution was shortly vortexed before the heat shock treatment was performed at
42°C for 15 min. Cells were centrifuged at 2000 rpm for 2 min, and the supernatant was
removed. The cell pellet was re-suspended in 100 pl H20, and plated on SD(-Leu) agar
plates. Agar plates were incubated at 30°C together with a bowl filled with H20. Cell

growth was verified after 3-4 days.

8.7.3. Protein overexpression in S. cerevisiae

A preculture of the S. cerevisiae AH109 or Y187 strain was used to inoculate 5 ml of SD
selection medium (-Leu), and incubated overnight with shaking at 180 rpm at 30°C.
Overnight cultures were vortexed for 0.5-1 min to disperse cell clumps. 50 ml aliquots
of YPDA medium were inoculated with the preculture to a final ODesoo of 0.001. The
culture was incubated overnight until an ODeoo = 2 was reached. Cells were centrifuged
at 400 rpm for 20 min. Protein expression was induced by the addition of the same
YPDA medium volume supplemented with 2 % galactose. Cells were harvested after
growth of 24 h (ODsoo = 15) by centrifugation at 4000 rpm for 20 min at 4°C. The cell
pellet was stored at -20°C.
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8.8. In vitro translation
The Easy Express® Protein Synthesis Kit from Qiagen was used for in vitro synthesis of

the Rcu CCA-adding enzyme following the manufacturer's instructions.

8.9. Protein Methods

8.9.1. Purification of Rcu CCA-adding enzyme

Gene construct

The CCA-adding enzyme coding sequenced was available with a N-terminal 6xHis-tag
sequence in the pET28b vector (kindly provided by O. Gotze), and was cloned in this
study into a pTrcHis A plasmid, also with N-terminal 6xHis-tag sequence. Protein
expression in the pET system was controlled by a T7 promoter, and therefore
appropriate for E. coli (DE3) strains that express T7 RNA polymerase, and are controlled
by a Lac regulatory construct. In contrast, protein expression on pTrcHis vectors was
directly under the control of a trc promoter. The expression is induced for both
constructs by the addition of IPTG. The resulting proteins have a molecular weight of
53 kDa and a theoretical pl of 8.5 or 7 for the recombinant protein translated from

pET28b or pTrcHis A vector, respectively.

Affinitychromatography via AKTA

The cell pellet obtained from overexpression (section 8.6.6) was thawed on ice and
resuspended in 5 ml binding buffer. The cell suspension was mixed with 5 g
Zirconia/Silica beads and lysed with a FastPrep®-24 homogenizer for 30 s at 6 m/s. The
supernatant was separated from the cell pellet by centrifugation at 42,000 rpm for 40
min. The protein solution was further clarified from particles by filtering through a 0.22
pum syringe filter. The lysate was diluted 1:2 with binding buffer and loaded onto a His
Spin Trap column, which was equilibrated in lysis buffer CL. The column was washed
with 40 ml of dissociation buffer DBC (1 ml/min), followed by 20 ml of wash buffer CW
(2 ml/min). The protein was eluted with 15 ml elution buffer CE in 1 ml fractions

(1 ml/min).
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Affinity chromatography via Batch-method

The cell pellet obtained from overexpression (section 8.6.6) was thawed on ice and
resuspended in 5 ml lysis buffer CL. The cell suspension was mixed with 5 g
Zirconia/Silica beads and lysed with a FastPrep®-24 homogenizer for 30 s at 6 m/s. The
supernatant was separated from the cell pellet by centrifugation at 42,000 rpm for 40
min. The protein solution was further clarified from particles by filtering through a 0.22
um syringe filter. The lysate was diluted 1:2 with lysis buffer CL containing denatured
E. coli proteins (0.1 mg/ml final concentration). 2 ml of Ni-NTA slurry (1 ml bed volume)
were pipetted into a 15 ml tube and briefly centrifuged. The supernatant was removed
and 2 ml of lysis buffer CL were added. After centrifugation the supernatant was
removed. 8 ml of cell lysate were added to the matrix and gently mixed by shaking (200
rpm on a rotary shaker at 4°C for 60 min). The mixture was centrifuged and washed 2
times with 2.5 ml washing buffer CW. All centrifugation steps were carried out for 2 min
at 1000 rpm. The whole procedure was performed in a cooling room at 4 °C.

The lysate-Ni-NTA mixture was loaded onto a column with the bottom outlet capped.
The bottom cap was removed and the flow-through was collected for SDS-PAGE
analysis. The column was washed twice with 2 ml dissociation buffer DBC, followed by
two wash steps with 2 ml wash buffer CW. All wash fractions were collected. The protein
was eluted 4 times with 1 ml elution buffer CE. The eluate was collected in 4 tubes and

analyzed together with the other fractions by SDS-PAGE.

Size-exclusion chromatography

Size-exclusion chromatography (SEC) was performed to separate the Rcu CCA-adding
enzyme from remaining protein contaminations and to remove imidazole from elution
buffer. A HiLoad 16/60 Superdex 75 pg column (1 column volume = 120 mL) was
equilibrated with 250 ml SEC buffer. Subsequently, 2 ml of the elution fractions
(obtained from affinity chromatography) were injected. The elution was performed in

0.5 ml fractions, and the elution fractions were stored until use at 4°C.

Concentration and storage

Before the concentration procedure was performed, the absorbance and concentration
of the protein solution was determined at OD2so (NanoDrop) using the theoretical

extinction coefficient (e = 43047). The protein containing fractions were transferred into
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a dialysis membrane tube (cut off 30 kDa) and directly put onto a bed of high molecular
weight polyethyleneglycol (PEG) 20,000 chips (e.g. 10 g per 5 ml). Incubation time (in
general 1 h) was adapted, if necessary, to reach the favored volume reduction. Samples
with Rcu CCA-adding enzyme were either stored in SEC-buffer at 4°C or were

supplemented with 40 % (v/v) glycerol and stored at -20°C.

8.9.2. Purification of Rcu mt ArgRS

Gene construct

The coding sequence of the full length Rcu mt ArgRS and its variants were cloned with a
C-terminal 6xHis-tag in pET28a vector under the control of an inducible T7 promoter. A
codon optimized full length gene sequence for expression in E. coli was generated and
synthesized using the IDT services. Additionally, codon modified variants were cloned
into the pDEST vector with an N-terminal 6xHis-tag and were also under the control of
an inducible T7 promoter. The different protein variants varied in the length of their N-
terminal sequence. They were transferred into different E. coli strains, and expressed as

mentioned in section 8.6.6.

Affinity chromatography

After cultivation and recombinant protein expression, cells were harvested by
centrifugation and resuspended in 30 ml of buffer AW. Two protease inhibitor tablets
(Roche) were added. Cell lysis was performed by sonication on ice 8 times for 10 sec at
120 V with a pause of 30 sec between each sonication step. The cell suspension was
centrifuged at 35,000 g for 40 min at 4°C. The supernatant was loaded onto a 5 ml
NiNTA resin column (QIAGEN), which was equilibrated in buffer AW. Afterwards the
column was washed with 40 ml urea wash buffer AU (1 ml/min), followed by 20 ml
dissociation buffer DBA (1 ml/min) and 20 ml wash buffer AW (2 ml/min). The protein

was eluted using 15 ml elution buffer AE in 1 ml fractions (1 ml/min).

Dialysis and Concentration

Fractions containing the Rcu ArgRS were pooled and dialyzed against 500 ml dialysis
buffer A1 overnight. The buffer was exchanged by fresh buffer A1 and dialysis was
continued for 2 h. In a final dialysis step, the buffer was replaced by 500 ml dialysis

buffer A2 and the protein was dialyzed additional 2h. The protein solution was
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concentrated by means of centrifugation using Amicon® Ultra-4 (cut-off: 30 kDa) at
5000 x g. The protein concentration was determined at OD2so (NanoDrop) using the

theoretical extinction coefficient of Rcu ArgRS (e =39100).

8.9.3. Protein Separation in SDS-polyacrylamide gel electrophoresis
The separation of proteins, depending on their size was performed as described in
(Sambrook et al, 1989) on a SDS-polyacrylamide gels. The gels contained a 10 %
resolving gel solution (pH 8.8) and a 4 % stacking gel solution (pH 6.8). Protein samples
were mixed with 5x protein loading buffer and boiled at 95°C for 5 min. Samples were
then briefly centrifuged and loaded onto the gel. Electrophoresis was performed with 1x
TGS as running buffer at 100 V and 180 V for the stacking and resolving gels,
respectively. To visualize the protein bands, the gel was stained with SDS-staining

solution for at least 30 min, and then washed with destaining buffer.

8.9.4. Western blot analysis
The Trans-blot Turbo Transfer System from Biorad was used for the detection of His-
tagged proteins. Samples were prepared as described in 8.9.3 and separated on a Mini-
Precast Gel (Biorad) at 200 V. The transfer to the membrane was performed following
the manufacturer’s instructions. For immuno detection, the PVDF membrane was
blocked with 5 % milk in 1x TBST for 30 min. Incubation with the HRP-conjugated
primary Anti-His antibody (abcam) (diluted 1:10,000 in 1x TBST + 1% milk) was
performed at 4°C overnight. After incubation, the membrane was washed three times
with 1% TBST, and briefly dried on Whatman paper. The Pierce ECL Western Blotting
Substrate 1 and 2 (Thermo Scientific) were mixed at a 1:1 ratio and added to the
membrane. After incubation of 1 minute excess reagent is drained. The membrane was

covered in a clear plastic wrap and exposed to X-ray film.

8.10. Protein aectctivity assays

8.10.1. CCA-incorporation assay
An assay contained 1x CCA reaction buffer, 1 mM NTPs, 4 pmol of radioactively labeled
tRNA and 50 ng of enzyme. The reaction was incubated between 30 min and 2h at 30 °C
in a final volume of 10 pl. The reaction was stopped by precipitating the RNA with
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ethanol/0.3 M NaAc and centrifugation at 14,000 rpm for 20 min at 4°C. The
precipitated RNA pellet was directly resuspended in RNA loading buffer and then
separated on denaturing PAA gels. The reaction products were visualized using

autoradiography.

8.10.2. Aminoacylation assay

Before starting the aminoacylation reaction the in vitro synthesized tRNAs were
denatured for 1 min at 60 °C and then slowly renatured at room temperature (at least
min 4 min) to improve the correct refolding of tRNAs. An assay contained between 27
and 40 pmol tRNA, 500 pM arginine and 25 puM radioactively labeled 3H L-arginine
(40 ci/mmol), and 1x reaction buffer. The aminoacylation reaction mixture was
equilibrated to 25 °C before the addition of enzyme to a final volume of 50 pl. Aliquots of
10 pl were removed at varying time points and spotted onto Whatman 3MM papers
whetted with 5% TCA. These papers were placed immediately in a cold 5 % TCA
solution for 10 min. The TCA solution precipitates the tRNA. Free amino acids remain in
the solution. The papers are washed 2 times with 5% TCA and then dehydrated by
rinsing with ethanol. The dried papers were put in counting vessels containing 2.5 ml of
scintillation liquid (Ecoscint 0™, National diagnostics). The radioactivity corresponding
to amino acid charged to the tRNA, fixed on the paper, was measured in a scintillizer
(LS6500, Beckmann Coulter) for 1 min per assay.

However, there were indications that the arginyl-tRNA synthetases used in this study
was sensitive to the ratio ATP/Mg?* in the reaction buffer. So the reaction buffer was
adjusted for each of the synthetases. MRE and MRC buffer was used for E. coli and for
S. cerevisiae ArgRS respectively. For R. culicivorax ArgRS MMR buffer with varying Mg2*

concentration was used.
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CHAPTER 1: Genomic analysis of the nematode worm R. culicivorax

Romanomermis culicivorax is a nematode roundworm. The phylum Nematoda consists of
two classes: Chromadorea, which include, e.g., Caenorhabditis elegans and Ascaris suum,
and Enoplea, which include, e.g., Trichinella spiralis and R. culicivorax (Schiffer et al,
2013) (Figure 22). R. culicivorax inhabits freshwater environments like ponds and lakes.
While its original habitat is situated in the United States, particularly in Louisiana,
Florida, and Utah, humans have distributed the species around the world (Levy R et al,
1979).

R. culicivorax is an obligatory endoparasite and penetrates a broad range of mosquito
species. Its body is long and narrow, with a whitish color. Its body size ranges from 5 up
to 25 mm. R. culicivorax undergoes four molts during the first 3-6 weeks while it grows
up from the first instar larvae stadium to an adult. During this time, the infective
preparasite stage hatches from eggs as a second-stage larva, and swims freely in fresh
water until it finds a host, i.e, a mosquito larvae (e.g. different Aedes and Anopheles
species). Upon successful contact, the preparasite attaches to the mosquito larvae by
means of a stylet, and enters the hemocoel through a hole cut into the host’s cuticle. The
parasite then matures inside the host during the following 7-8 days. Afterwards, the
postparasitic stage emerges by rupturing a hole in the host's cuticle through simple
mechanical pressure, which is always lethal for the host. After its emergence, the free-
living larvae molts again, and finally reaches the adults stage, and thereby sexual
maturity. After mating in fresh water and laying eggs, the parasitic life cycle restarts
again (Shamseldean and Platzer, 1989).

As mentioned above, R. culicivorax can infest different mosquito species, which are
transmitters of major infectious diseases, e.g., malaria and dengue. It has been shown
that R. culicivorax can infest Anopheles and larvae of other species under laboratory as
well as under natural conditions (Kobylinski et al., 2012). Malaria is a highly infectious
disease caused by parasites belonging to the Plasmodium type, and is commonly
transmitted by the bite of an infected female Anopheles mosquito. Therefore,
R. culicivorax is of considerable interest because of its potential to be used as a
biological remedy against these insect’'s pest (Petersen and Chapman, 1979;
Kamareddine, 2012). Even if R. culicivorax would be able to theoretically reduce the

prevalence of malaria within the human population, the effectiveness of this parasite to
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act against malaria vectors is often dependent on biological limitations in his habitat
(e.g. temperature, humidity, polluted environments, and natural enemies) (Petersen and

Cupello, 1981).
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Figure 22: R. culicivorax and a simplified phylogenetic tree of the phylum Nematoda.

(Left) The phylogeny, simplified from (Schiffer et al, 2013), emphasizes the position of the main species of
interest in this study: species from the Mermithida (such as R. culicivorax), T. spiralis, A. suum and
C. elegans. (Right) R. culicivorax animals were kindly provided by G.E. Platzer (University of California,
USA). Photo was taken by S. Wende.

Beside this, R. culicivorax is of high interest for genomic research because its
mitochondrial genome and genes exhibit various peculiarities.

Its mitochondrial genome was sequenced and analyzed already in the 1980s. This
revealed (as it is the case for most other animals) the presence of genes for 13 structural
proteins, whose products are predicted to contribute to the electron transport chain and
oxidative phosphorylation, two ribosomal RNAs (rRNA), and 22 transfer RNAs (tRNAs)
molecules (Powers et al, 1986). The mitochondrial genome size is particularly large
with 26 kb as compared to other nematodes worms with an average size of 14-18 kb
(Hyman, 1988). The unusual large size extension is probably caused by several tandem

duplications within the mt DNA (Hyman et al., 1988; Azevedo and Hyman, 1993).

83



In contrast to former genome annotations, a recently updated version annotated mt
tRNA genes with an extremely reduced size. Throughout the 22 mt tRNA genes, 11
correspond to D-armless tRNAs, 2 correspond to T-armless tRNAs, and 9 correspond to
tRNAs missing both arms (Jihling et al, 2012b). It appears that tRNAA8 and tRNAlle
belong to those that miss both arms. Chapter 2 focuses on the structural properties of

these tRNAs, which are one of the main interests of this study.

9. Analysis of mitochondrial small and large rRNA in R. culicivorax

The discovery of shortened tRNA genes in Nematodes in general, led to the presumption
that the mitochondrial translation machineries of these parasitic worms could differ
considerably from that in plants or mammals. In fact, not only tRNAs but also other
ncRNA genes are of shorter size. Indeed, the rRNA components of nematode
mitoribosomes are among the smallest characterized thus far, indicating that some of
the nematode mt ribosomal proteins are likely to be recruited to compensate for the
reduced size of the mt rRNAs during evolution (Okimoto and Wolstenholme, 1990;
Okimoto et al., 1992; Okimoto et al., 1994; Suzuki et al., 2001). Thus, it is of high interest
whether reduced rRNAs are also present in the mitoribosome of R. culicivorax. Both
genes, coding for the small and large rRNA, were compared herein to those from C.
elegans, representing the shortest rRNAs identified so far. Additionally, they were
compared to human mt rRNA genes, which serve as a reference. Thereby, the estimation
of rRNA gene sizes was based on the annotations that are available at the NCBI database
(www.ncbi.nlm.nih.gov).

This analysis revealed that both annotated rRNAs of R. culicivorax are shorter than these
of C. elegans. The large rRNA is with 839 nt more than 100 nt shorter than this of
C. elegans (953 nt). The length of the small rRNA is with 662 nt slightly shorter
compared to its counterpart in C. elegans (697 nt). Both mt rRNA genes from both
nematodes are significantly shorter than those from human mitochondria, which are of
954 nt and 1,559 nt for the small and large rRNA gene, respectively (see Table 12 for a
detailed overview). We hypothesize that the reduction in size of the mitochondrial RNA
content (for tRNA and rRNA sequences) in R. culicivorax is potentially correlated to an
increased protein content in the mitoribosome as it was shown for other mammals
(Okimoto et al., 1992; Wolstenholme et al, 1994; Suzuki et al, 2001). However, this

hypothesis has still to be verified for R. culicivorax.
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Table 12: Size comparisons of mt rRNA genes from R. culicivorax, C. elegans, and H. sapiens

Organism Size of large mt rRNA gene  Size of small mt rRNA gene
R. culicivorax 839 nt 662 nt

C. elegans 953 nt 697 nt

H. sapiens 1,559 nt 954 nt

The nuclear genome of R. culicivorax has been sequenced and published in 2013
(Schiffer et al., 2013). The annotations for several protein coding genes that are relevant
for this study are still incomplete, or only partially correct. Unfortunately, this makes an
accurate analysis of the nuclear encoded genes, which should be analyzed in this study
to a challenging task. However, the mRNA sequences coding for proteins characterized
in this study were determined by reverse transcription on RNA extracts, and were then

verified by an own annotation using the original RNAseq data (see Chapter 3 and 4).
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CHAPTER 2: Structural characterization of armless mt tRNAs

This chapter is dedicated to the structural investigation of armless mitochondrial tRNAs
of the nematode R. culicivorax, with special regards to tRNAA™8 and tRNA!e. This study
continues the work of Frank Jihling and Sandra Wende about the bioinformatic
prediction of truncated tRNAs, and the initials hints for their biological existence
(Juhling et al., 2012b; Wende et al., 2014).

In the following paragraphs a comparative tRNA gene analysis is presented and in a
second part the secondary and tertiary structure of armless tRNAs are identified using
enzymatic and chemical probing as well as biophysical methods such as nuclear

magnetic resonance (NMR) spectroscopy and small angle X-ray scattering (SAXS).

10.Primary sequence analysis of armless mt tRNA genes

In order to obtain a better structural overview of these extremely truncated tRNAs,
alignments were built containing a variety of tRNAA'g or tRNAlle genes from different
organisms. The comparisons is based on alignments presented in 2012 by Jiihling and
colleagues for all mt tRNA genes of several nematode worms of the Mermithidae family (i.e.
Romanomermis nielseni, Hexamermis agrotis, Strelkovimermis spiculatus, Thaumamermis
cosgrovel, and Agamermis sp. BH-2006) that are closely related to R. culicivorax (Juhling et
al, 2012b). Here we focus especially on the tRNAA8and tRNA!le, while the peculiarities of
both tRNAs are highlighted through a comparison with several other mitochondrial and
cytosolic tRNA gene sequences. These alignments that are presented below include
therefore also mt tRNA sequences of nematodes that are more distantly related, e.g,
Caenorhabditis elegans, Ascaris suum, and Trichinella spiralis. Furthermore, the annotated
mt tRNAAg and tRNA!e genes of some arthropods, more precisely, of two mites (Pireneitega
taishanensis and Dermatophagoides farina), a spider (Tetragnatha nitens), and a
pseudoscorpion (Paratemnoides elongates) are included into this alignment. In addition, a
typical human mt tRNA is added as a reference for typical metazoan mt tRNAs. Moreover,
cytosolic tRNAs of classical model organisms, such as C. elegans, Homo sapiens,
Saccharomyces cerevisiae, and Escherichia coli were added to complete the comparative
analysis between cytosolic, mitochondrial and armless tRNAs. The complete overview of
all tRNAs showing the different gene sequences and their alignments with each other are
shown in Figure 23. It can be clearly seen that the nucleotide composition of each tRNA

differs strongly from one organism to another. Only anticodons of tRNAs of similar
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isoacceptor families are conserved among each other.

The alignment of cytosolic tRNA gene sequences was included since these tRNAs represent
a group with the classical cloverleaf secondary structures, with strongly conserved lengths
of structural domains, and served thus as reference for this analysis. The domains (i.e.,
acceptor/anticodon/D/T-stem) of the cloverleaf structure are highlighted in specific colors
to facilitate the discrimination of these domains.

When taking a closer look on mt sequences, it is obvious that the mammalian human
mt tRNAAS and tRNAlle genes are still quite similar to cytosolic tRNAs. However, the
sequence content in the D- and T-domains is different, the domains appear to be shorter,
and conserved motifs (e.g., the T¥YC motif in the T-loop) are absent.

Interesting examples for reduced tRNA genes can be found in the roundworms C. elegans,
A. suum, and T. spiralis. Although the D-stems of their tRNAs are still conserved with 4 base
pairs, the D-loop is shortened to 4 - 7 nt (except in C. elegans mt tRNAAr8). The T-domain of
both tRNA families is significantly reduced, and a stem is even absent, since no base pairs
and thus no stem can be formed. Instead of the presence of a classical domain, T-arms and
variable loops are replaced by elements of 7-13 nt that are called TV-replacement loops
(Wolstenholme et al., 1994).

In recent years, a complete set of truncated tRNAs genes have been also identified in the
mitochondrial genome of some arthropods (Masta, 2000; Klimov and Oconnor, 2009).
Here, four different species have been chosen to represent this phylum. The complete loss
of the T-domain in tRNAA8and tRNA!e of T. nitens and P. elongates is very striking, and only
a highly reduced D-arm is still present. Particularly, in both mite species, D. farinae and
P. taishanensis, most tRNA genes are clearly shortened. The T-stem-loop (TSL) and D-stem-
loop (DSL) are completely absent. A small D-stem consisting of 3 base pairs is present only
in the tRNA!e of D. farinae.

The mt tRNA sequences of R. culicivorax and the other Mermithids are extremely shortened
compared to other mitochondrial and to cytosolic tRNAs. Both, the classical DSL and TSL
regions are completely lost and replaced by short replacement loops with a length of 4-15
nucleotides. The identified sequences of mt tRNAAs and mt tRNA!e from R. culicivorax
consist of 42 nt and 47 nt, respectively. Both sequences have a very low G and C content of
24 % for tRNAATg and 13 % for tRNAll, and their calculated (by means of OligoCalculator)
melting temperatures are very low, with approximately 27°C for both tRNAs. In contrast,

classical tRNAs with a balanced nucleotide content have a melting temperature of about
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75°C and mitochondrial tRNAs from higher eukaryotes exhibit a melting temperature of
about 55°C (Yokogawa et al.,, 2010). Interestingly, the optimal range of temperature for the
development of R. culicivorax is 21°C-33°C (Platzer, 2007). Thus, it is possible that armless

tRNAs are stabilized by base modifications or other (so far unknown) factors.
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Figure 23: Alignment of cytosolic and mitochondrial tRNAArs and tRNA!e gene sequences.
The 18 selected tRNAA8 and tRNAlle gene sequences from R. culicivorax, R. nielseni, H. agrotis, S. spiculatus, T. cosgrovei, A. sp. BH-2006, P. taishanensis, D. farina,
T. nitens, P. elongates, C. elegans, A. suum, T. spiralis, H. sapiens, S. cerevisiae, and E. coli are aligned according to secondary structural domains (acceptor stem, orange;
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of clarity (modified from Jithling et al., 2012b).
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11.Construction of DNA templates and in vitro transcription of tRNAs without
3’-CCA-end

In order to elucidate the secondary and tertiary structures of both armless tRNAs, these
molecules were produced by in vitro transcription. The tRNA gene containing plasmids or
PCR products that served as template for in vitro transcription were synthesized and
cloned into a pCR®2.1-TOPO vector following the protocol described in section 8.4.1.
Therein, the sequence encoding the tRNA gene, flanked upstream by a hammerhead-
ribozyme sequence and downstream by a HDV-ribozyme sequence, is located
downstream of a T7 promoter. While the T7 promoter ensures the binding of the T7 RNA
polymerase and defines the transcription start, both ribozymes self-cleave
autocatalytically after transcription and make thus sure that produced tRNA molecules
possess homogeneous 5°- and 3'-ends (Schiirer et al, 2002). Transcription and the
following purification of the transcript was performed as described in section 8.4.2. The
overall quality of the RNA preparations was assessed by electrophoresis on a denaturing
12.5 % PAA-gel. This method allows first evaluation about RNA quantities. A typical result
of RNA migration using a denaturing gel system is shown in Figure 24 A. In this example,
the RNA was internally radioactively labeled with «a-32P-ATP. The resulting bands
represent tRNA molecules (tRNAPhe from yeast in lane 1 as control, mt tRNA!e in lane 2
and mt tRNAATg in lane 3) as well as the RNA molecules corresponding to the cleaved
hammerhead ribozyme and HDV-ribozyme, respectively, are all clearly identifiable. The
ribozymes have different sizes, because their nucleotide sequences have been adapted to
the corresponding tRNA sequences to ensure an exact cleavage of the specific tRNA ends,
and to facilitate the size discrimination between RNA products. Bands corresponding to
RNA products of larger size probably represent transcription products in which the
ribozyme cleavage did not occur. These bands are very weak and can be neglected. The
released tRNAs were excised from the gel and purified. The yield from a typical 30 pl
reaction volume of transcription was about 300 pmol of tRNA molecules. The yeast
cytosolic tRNAPhe was prepared as a positive control for the transcription procedure, and
served later as an activity control for the CCA-incorporation assays.

The tRNA gene transcription product carries a 5’-hydroxyl group, which can be converted
to a radioactively labeled 5’-phosphate. This property required for structure probing
assays. At the 3’-end, a 2’, 3’-cyclic phosphate group is generated during the ribozyme
cleavage, which has to be removed by dephosphorylation with T4 PNK if the tRNA is used
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in functionality assays. The removal of the phosphate group can be monitored by
denaturing PAGE because the missing phosphate group leads to a reduced net charge of
the transcript, which leads to a lower electrophoretic mobility compared to untreated
RNA. The different migration profiles of phosphorylated (P) and dephosphorylated (DP)

tRNA transcripts are monitored in Figure 24 B.

A B
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uncleaved
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Figure 24: 12.5 % PAA gel after in vitro transcription and dephosphorylation of tRNA transcripts.

(A) After autocatalytic ribozyme cleavage, transcription products were separated on a 12.5 % denaturing
PAA gel. Individual reaction products were visualized by autoradiography. The transcribed tRNAPe from
yeast with a size of 73 nt served as a length standard (lane 1). Furthermore, the cleavage of both the HDV
ribozyme (94 nt) and HH ribozyme (53 nt) from the tRNAPhe after transcription can be detected. In lane 2
and 3 the transcription of mt tRNA!e (47 nt) and mt tRNAA™8 (42 nt) is visible. The size of the ribozymes was
adapted to the size of the tRNAs to allow the identification of the transcription products in the gel. (B) tRNA
transcripts were dephosphorylated by T4 PNK in order to remove the terminal 2’, 3’-cyclic phosphate
group, which remains after the ribozyme cleavage. Dephosphorylated tRNAs (DP) migrate slower than
untreated tRNAs (P) carrying the 2’, 3’-cyclic phosphate in a denaturing PAA gel because of a missing
negative charge.
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12. Structural analysis of armless mitochondrial tRNAs
Conformation and structures of armless mitochondrial tRNAA8 and tRNAle of the
nematode R. culicivorax were analyzed via native PAGE, enzymatic probing, in-line

probing, NMR, and SAXS. The results are discussed in the following sections.

12.1. Analysis of RNA conformation by native PAGE

In native gels, RNA electrophoretic mobility depends not only on the size of RNA
molecules, but also on their secondary structures. Therefore, polyacrylamide gel
electrophoresis under native conditions provides a useful method for studying nucleic
acid conformations. In particular, heterogeneity with respect to certain conformations
can be detected. Basically, compact folded RNAs run much faster through a native gel
compared to unstructured RNAs, even if both have the same molecular weight.
Accordingly, it can be assumed that an altered electrophoretic mobility or the presence of
multiple bands represents different structural conformations of a single RNA species and
may indicate changes in structures of the RNA molecules (Woodson and Koculi, 2009).

The secondary structure of tRNAA® and tRNAle was investigated by native gel
electrophoresis on a 12.5 % polyacrylamide gel (Figure 25). One concrete band is visible
for both tRNAs. Even a different treatment of denaturation/renaturation of the RNA
molecules (either slowly cooling at room temperature (RT) or fast cooling on ice after
denaturation at 65°C) did not affect the migration behavior and thus the RNA
conformation. As no additional bands are visible for tRNAA8 and tRNA!e it can be

suggested that both tRNA molecules adopt only one conformation.

mt tRNA"® mt tRNAA™
4°C RT 4°C RT

Nh—u

Figure 25: Analysis of armless tRNAs in a 12.5 % native PAGE.
Mt tRNAA and tRNA!e from R. culicivorax are heated for 2 min at 65°C, cooled down either to room
temperature (RT) or to 4°C and loaded onto a 12.5 % native PAA gel before migration.
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12.2. Secondary structure analysis by enzymatic probing
The secondary structure of an RNA molecule can be determined by means of enzymatic
structural analysis. In this case, specific nucleases are used in order to allow the accurate
determination of single-stranded nucleotides and of nucleotides involved in higher
ordered domains (unpaired and paired nucleotides respectively) in an RNA molecule. To
study the secondary structure of mt tRNAA™¢ and mt tRNA!le both molecules were labeled
at their 5’-end with y-32P-ATP.
Nuclease S1 was used for the identification of single-stranded regions in the tRNAs.
Additionally, RNase V1 was used to cleave nucleotides that are present within double-
stranded or stacked regions of the tRNAs. For each enzymatic cleavage it is important that
the enzymes cut statistically not more than once per molecule (Ehresman et al., 1987).
Therefore, total tRNA from E. coli was added as competitor to regulate the occurrence of
cuts in a tRNA molecule. Negative controls were set up without any enzyme. The digestion
mixtures were incubated for 5 min at 4°C, 15°C, and 30°C. The resulting RNA fragments
were separated in a 15 % denaturing PAA gel. Positions of residues digested by the
nucleases could be mapped to individual nucleotides through the comparison of RNase
digestion profiles with an RNase T1 ladder and the alkaline hydrolysis profile of both
tested tRNAs.
Figure 26 andFigure 27 represent the enzymatic probing profiles for mt tRNAA™¢ and mt
tRNA!e, respectively. Green bars mark the cleavage sites that result from nuclease S1
digestion. Positions that are cleaved by RNase V1 are marked by red bars. In order to
facilitate the evaluation of the results, the identified cleavage sites are indicated by
arrows in the same color code in a secondary structure prediction determined in silico
using the RNAfold program.
The cleavage profiles of both tRNAs vary slightly at different temperatures. At 4°C, both
tRNAs seem to have more stable conformations, however, enzymes are also less active.
The optimal activity temperature of nucleases is about 30°C, which is, however, very close
to the calculated melting temperature of about 27°C of the armless tRNAs (see above).
Therefore, performing the experiments at 15°C seems to be the best compromise between
optimal activity temperature for the nucleases and an optimal temperature for stable
tRNA conformations. Nuclease S1 cleaves the tRNAA™8 molecules in three different regions.
Two of them are located in predicted single stranded regions including the anticodon loop

(C19-A22) and the bulge region (Uso-As2). The third one is a single cleavage site after
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position Az, which is localized in the acceptor stem. Apparently, RNase V1 cuts
significantly at several positions. Some are located in the predicted double stranded
regions like the anticodon stem (G13/G14 and C24-U26) and the acceptor stem (A3z7/Gss).
Surprisingly, some cleavages took place in bulge regions, i.e., such as in position Us-As and
A27. Since the Us-As region contains many U nucleotides, and is located opposite of Az7,
internal interactions may be formed in the bulge, which could have been recognized by
RNase V1. Control incubations performed under the same conditions in absence of
nuclease S1 and RNase V1 and T1 confirm that no degradation of tRNA molecules took
already place.

The results of the enzymatic probing analysis of mt tRNAAr¢ indicate that nuclease S1 is
preferentially active in predicted single-stranded region (anticodon loop and bulge),
while RNase V1 cuts preferentially in stem regions (anticodon and acceptor stem), except
for one region, which is located in the bulge. Since not every region in the mt tRNAArs
molecules could be determined structurally by enzymatic probing, further investigation

using more sensitive methods were necessary (see the following sections).
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Figure 26: Enzymatic structure probing analysis of mt tRNAArg,

(Left) Autoradiogram of 15 % PAA gel resulting from enzymatic probing of mt tRNAArs, 5’-labelled mt
tRNAAg from R. culicivorax was subjected to nuclease S1 and RNase V1 digestion at varying temperatures
(4°C, 15°C, and 30°C), to RNase T1 digestion as well as alkaline hydrolysis (AH). Negative controls (NC)
contain no enzyme. tRNA positions were precisely mapped with the T1 and alkaline ladders. Green and red
bars indicate cleavage sites for nuclease S1 and RNase V1, respectively. (Right) The same positions are
marked in the RNAfold 2D structure prediction by arrows using the same color code. The numbering of the
nucleotides is straight forward, starting with nucleotide 1 at the 5’-end.

In the cleavage profile of tRNA!e, nuclease S1 cuts in 3 regions: between Uz and G1o, which
belongs partially to the acceptor stem and bulge region, in the anticodon loop at A2s and
U2¢,and in the 3’-end of the acceptor stem downstream of nucleotides A44 and Ass.

RNase V1 leads to cleavages mainly in the predicted anticodon stem at positions A14, U17-
A20, U31-As3, Use, and in the acceptor stem at positions Us, A4 and U4s. Surprisingly, RNase
V1 cuts after Us and A7 that are also cleaved by nuclease S1, and which are located in the

bulge region of the 2D model.
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Figure 27: Enzymatic structure probing analysis of mt tRNAle,

(Left) Autoradiogram of 15 % PAA gel resulting from enzymatic probing of mt tRNA'e. 5’-labelled mt tRNAe
from R. culicivorax was subjected to nuclease S1 and RNase V1 digestion at varying temperatures (4°C, 15°C,
and 30°C), to RNase T1 digestion as well as alkaline hydrolysis (AH). Negative controls (NC) contain no
enzyme. tRNA positions were precisely mapped with the T1 and alkaline ladders. Green and red bars
indicate cleavage sites for nuclease S1 and RNase V1, respectively. (Right) The same positions are marked in
the RNAfold 2D structure prediction by arrows using the same color code. White arrows indicate positions
that are cleaved by nuclease S1 as well as RNase V1. The numbering of the nucleotides is straight forward,
starting with nucleotide 1 at the 5’-end.

The results of the enzymatic probing analysis of mt tRNA!le reveals that nuclease S1 and
RNase V1 cut mostly at different positions in the tRNA molecule. Although nuclease S1 is
preferentially active in single-stranded regions, and RNase V1 in double-stranded regions,
a few contradictory cleavages happen, and suggest that the enzymatic cleavage pattern of
tRNA!e does not fit completely with the secondary structure predictions. Further
investigations were performed in order to determine the structure of armless tRNAs

more in detail.
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12.3. Secondary structure analysis by in-line probing
A simple - and compared to the S1 probing more reliable - chemical technique to analyze
secondary structure is in-line probing (Regulski and Breaker, 2008). RNAs are incubated
at slightly alkaline pH, and the spontaneous cleavage of the sugar backbone by adjacent
2'- hydroxyl groups is monitored. Single stranded regions will faster degrade over time
because they are more flexible and unstable than double stranded RNA.
For in-line probing structure analysis the tRNAs were radioactively labelled at the 5’-end,
incubated in alkaline conditions and the cleavage fragments were analyzed by
electrophoresis on a 15 % denaturing PAA gel.
Results from in-line cleavage for mt tRNAA"¢ and tRNA!e are shown in Figure 28 and
Figure 29. During the incubation in the alkaline environment the cleavage pattern for mt
tRNAArg appears exclusively in areas where loops (anticodon) and bulges were predicted.
These positions are located between Us-C11, U17-A21 and A27-Uss.
Looking at the in-line profile of mt tRNA!e one can observe that, similar to mt tRNAArs,
cleavages occur only in areas that were predicted as single-stranded regions. These
regions correspond to positions between Ue-C13, U23-U26 and Ase-U41, indicating that the
in-line probing results for both mt tRNAs correlate perfectly with their computationally
predicted secondary structure.
One striking result is that both tRNAs behave in an unexpected manner regarding their
chemical stability. Indeed, it is well known that RNAs are more sensitive to chemical
hydrolysis at 5’-CpA-3’ or 5’-UpA-3’ sequences than at any other sequence (Kaukinen et
al., 2002). Despite, there are six of these sequences in tRNAA™® and four in tRNA!le, their
natural cleavage (degradation) is very restricted. This suggests that both tRNAs are
chemically stable, which is very different from other mitochondrial tRNAs, especially

those from human (Motorin and Helm, 2010; Helm and Attardi, 2004).
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Figure 28: In-line probing analysis of mt tRNAArs,

(Left) Autoradiogram of 15 % PAA gel resulting from in-line probing of mt tRNAAr, 5’-labelled mt tRNAArs
from R. culicivorax was subjected to in-line probing conditions and samples were taken at different time
points (Oh, 24h, and 48h). The mt tRNAAr8 was also subjected to RNase T1 digestion and alkaline hydrolysis
(AH). In negative controls (NC) probing buffer was replaced by H20. tRNA positions were precisely mapped
with the T1 and alkaline ladders. Blue bars indicate the hydrolysis pattern. (Right) The same positions are
marked in the RNAfold 2D structure prediction by arrows with the same color code. The numbering of the
nucleotides is straight forward starting with nucleotide 1 at the 5’-end.
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Figure 29: In-line probing analysis of mt tRNAle,

(Left) Autoradiogram of 15 % PAA gel resulting from in-line probing of mt tRNAlle, 5’-labelled mt tRNAle
from R. culicivorax was subjected to in-line probing conditions and samples were taken at different time
points (Oh, 16h, 24h, and 48h). The mt tRNA!* was also subjected to RNase T1 digestion and alkaline
hydrolysis (AH). In negative controls (NC) probing buffer was replaced by H20. tRNA positions were
precisely mapped with the T1 and alkaline ladders. Blue bars indicate the hydrolysis pattern. (Right) The
same positions are marked in the RNAfold 2D structure prediction by arrows with the same color code. The
numbering of the nucleotides is straight forward starting with nucleotide 1 at the 5’-end.
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12.4. tRNA structure analysis by NMR
NMR spectroscopy provides a powerful tool to analyze the hydrogen-bonded structures
of tRNAs in solution (Puglisi and Puglisi, 2007). The proton spectra of mt tRNAA®8 and
tRNA!e from R. culicivorax were analyzed using NMR spectroscopy. Also the effects of

temperature and Mg2+ ions on the structure of these tRNAs was investigated.

12.4.1. Effect of temperature and Mg?* to the proton spectra of mt tRNAArg

The complete 1H spectra of tRNAArg at different temperatures are shown in Figure 30 A.
The spectra are characterized by several peaks that appear between 14.2 and 12.2 ppm.
The major peaks are numbered from 1 to 7. Typical Watson-Crick A-U base pairs resonate
upfield of 13 ppm, while G-C base pairs resonate upfield of 12 ppm. Therefore, all H
bonds, represented by the peaks in the spectra, participate in canonical Watson-Crick
base pair interactions.

The first spectrum is measured at 5°C. The temperature of the sample is then increased
gradually up to 25°C. Upon raising the temperature to 25°C, which is close to the
calculated melting temperature of tRNAA8, resonances decrease (e.g., peak 1 and 4), or
even completely disappear (one shoulder of peak 3). This is probably due to the “melting”
effect of the secondary structure at higher temperatures. A slightly increase at higher
temperatures is detectable for the peaks 6 and 7 between 12 and 13.2 ppm. This effect is
possibly associated with the gain or stabilization of H bonds. Peak 2 and 5 showed no
change during the measurements.

It has been shown that millimolar Mg?* concentrations have the ability to stabilize RNA
tertiary structures (Romer and Hach, 1975; Stein and Crothers, 1976). In order to verify
whether this is also true for armless tRNAs, the effect of magnesium ionsto the proton
spectrum of tRNAA™8 was measured at 10°C and 25°C (Figure 30 B). At 10°C, no significant
difference is measured in presence of 2 mM Mg?* compared to the spectra at the same
temperature without Mg2*. Also the spectra measured at 25 °C with and without Mg?*are
similar to each other. Only peak 3 and 4 are increased, suggesting stabilized H bonds. For

the remaining resonances no detectable changes are observed in the presence of Mg?2+.
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Figure 30: 1H spectra of mt tRNAA'e measured by NMR spectroscopy.

(A) Temperature dependence of the 'H spectrum of mt tRNAA™s from R. culicivorax. Temperatures at which
each spectrum was recorded are indicated (B) Effect of 2 mM Mg2+ on the NMR spectra of mt tRNAA™e, The
tRNA spectra were collected in a buffer containing 25 mM phosphate and 50 mM KCl at pH 6.2. Major peaks
are numbered from 1 to 7.
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12.1.1.Effect of temperature and Mg?2+ to the proton spectra of mt tRNAlle
The proton spectra of mt tRNA!le was measured at 5°C, 10°C, 15°C, and 25°C (Figure 31 A).
The effect of different temperatures on this tRNA is shown in Figure A. Five main peaks
(numbered from 1 to 5) are present between 13.8 and 12.75 ppm, indicating that this
tRNA consists only of classical Watson-Crick base pairs. Three resonances (i.e., peak 1, 3,
and 4) showed a loss of intensity with increasing temperatures. While this difference is
low for peak 3, peaks 1 and 4 are completely lost at 25°C. At this temperature, which is
close to the melting temperature, the tRNAs probably melt and loss their ordered state,

which is associated with a loss of secondary and possibly tertiary base pair interactions.
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Figure 31: 1H spectra of tRNA!"e measured by NMR spectroscopy.

(A) Temperature dependence of the 'H spectrum of tRNA! from R. culicivorax. Temperatures at which each
spectrum was recorded are indicated (B) Effect of 2 mM Mg2* on the NMR spectra of mt tRNAAr8. The tRNA
spectra were collected in a buffer containing 25 mM phosphate and 50 mM KCI at pH 6.2. Major peaks are
numbered from 1 to 5.

In contrast, peak 2 shows an improved resolution at higher temperatures. It seems that
this change has a stabilizing effect to the H bonds associated to this peak. No detectable
changes are observed for peak 5.

After the addition of MgZ* to a final concentration of 2 mM the proton spectra of mt
tRNA!e was measured at 5°C, 15°C, and 25°C (Figure 31 B). Magnesium has no significant
effect on the structure of mt tRNA!le at low temperature. There are only minor changes
detectable at moderate temperatures compared to the spectra without magnesium. Peaks
2 and 3 are slightly decreased at 15 °C, and peak 5 is slightly increased at 25 °C.
Potentially, magnesium has simultaneously a degrading, and a stabilizing effect on

different H bonds in the tRNA structure represented by these peaks.
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12.2. tRNA structure analysis by SAXS
Armless mt tRNA samples were further studied by small-angle X-ray scattering (SAXS), a
method that allows for structural characterization of biological molecules in solution, by
providing information on the size and shape (Putnam et al, 2007; Lipfert and Doniach,
2007; Mertens and Svergun, 2010). Additionally, commercial cytosolic yeast tRNAPhe was
analyzed with SAXS and the measured parameters were compared to those that were
obtained for armless tRNAs. Because low salt concentrations may provoke aggregation
problems during SAXS measurements, the behavior of both tRNAs was measured with

and without the presence of 150 mM KCI.

12.2.1. Separation by chromatography
Before the SAXS measurements were started, a HPLC was setup on line with the SAXS
cell. The elution of molecules by size exclusion chromatography (SEC) was used to
separate individual populations, and to obtain more monodisperse samples along SEC
peaks. The HPLC profiles of the four tRNA samples (mt tRNAArg/lle, with /without KCl) are
shown in Figure 32. Three peaks appeared in the HPLC profiles of tRNAA™8 and two peaks
for the tRNA!® samples. These peaks represent different populations of the molecules,
which likely correspond to monomers (peak 2), dimers or multimers (peak 1 and 0). The

presence of salt in the buffer does not significantly change the HPLC profile of both tRNAs.
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Figure 32: Figure HPLC-SEC profile of mt tRNAA"¢ and mt tRNAUe,

HPLC-SEC profile of mt tRNAA™g (left) and mt tRNA!e (right) without KCI (above) and with 150 mM KCl
(below). Sample injection was 50-70 pl at 6 mg/ml for tRNAA™e and 3 mg/ml for tRNAlle, The tRNAA8 sample
is a mixture of at least three populations as indicated by the three peaks. The tRNA"e sample is a mixture of
at least two populations as indicated by the two peaks.
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12.2.2. SAXS data collection

The resulting data from an SEC-SAXS experiments represent a time series of SAXS
intensity curves (blue lines in Figure 33). Additionally, a corresponding radius of gyration
(Rg) curve can be estimated for each image (red and orange lines in Figure 33).

A plateau in the Rg curve indicates a stable conformation of the molecules in the
corresponding peak. Such a plateau is measured for peak 1 of mt tRNAA8between the
SAXS signals 126-143 and in presence of KCl between 124-132. Peak 2 forms a plateau
between 160-181 and with 150 mM KCIl between 154-173. For mt tRNAlle, a plateau for
peak 2 can be observed between the SAXS signals 159-181 and presence of KCl between
144-180. No clear plateau is visible for peak 1. Instead, the signal decreases slowly but
continuously. This suggests that the molecules causing this signal have no uniform size or
shape, and may forming dimers or multimers. However, the signals in presence of KCl
between 101 and 109 were used for the calculation of the SAXS curve.
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Figure 33: SAXS images of tRNAA™8 and tRNAle,

SAXS images of mt tRNAAte (left) and mt tRNA!e (right) are represented as a function of intensity at zero
scattering angle I(0), (red line without KCl, orange line in presence of 150 mM KCl) and as a function of the
radius of gyration Rg in A, (dark blue line without KCl, light blue line in presence of 150 mM KCI).

The scattering signal of images within a plateau of the Rg curves as mentioned above
were averaged, and used to generate characteristic SAXS curves as representatives of
every tRNA population (peak 1 and 2 of tRNAA¢ and tRNA!e in presence and absence of
KCI). A commercial cytosolic tRNAPke from yeast was also analyzed with SAXS and served
as a reverence for comparison with armless tRNAs.

The SAXS curves obtained from peak 1 and peak 2 are separated in two diagrams shown
in Figure 34. The recorded scattering profiles spanned a g-range from ~0.02 A1 to ~3 A1,
where q = 4m sin(0)/A (20 is the scattering angle, and A is the wavelength of the incident
radiation). The resulting SAXS curves, characteristic for each tRNA are compared with

each other. A significant difference is visible in the shape of the scattering curves
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produced by the samples in peak 1 and 2. The curves that result from peak 2 resemble the
curve obtained from tRNAPhe, They resemble a convex shape, whereas the curves that
result from peak 2 populations possess a concave shape. An increased slope at very low
angles (beginning of the curve), as it is the case for peak 1 curves, is often a sign of
aggregation in the sample.

The shape of the SAXS curves is directly related to the shape of the molecule. The shape of
the curve corresponding to the tRNAPhe is characteristic for a rod-shaped molecule. The
curves of both armless tRNAs present in peak 2 are similar to the curve of tRNAPhe,

indicating that armless tRNAs possess a similar shape to that of a classical tRNAs.
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Figure 34: Characteristic SAXS curves of each tRNA population.

Comparison of the experimental SAXS curves obtained for yeast tRNAPhe (violet) and for tRNA population
from peak 2 (left) and peak 1 (right) of HPLC-SEC, including mt tRNA!e (yellow), and mt tRNA!e +KCl
(green), mt tRNAA™g (blue), and mt tRNAAe +KCI (red). Shape of SAXS curves is directly related to the shape
of the molecule. While tRNA populations from peak 2 seem to reassemble a classical tRNA (cyt tRNAPhe),
SAXS data of tRNA populations from peak 1 result in a curve characteristic for aggregates.

The generated SAXS curves of each tRNA population were used to determine the radius of
gyration Rg, the pair-distribution function P(r), and the maximal intramolecular distances

Dmax. The results are presented in the following sections.

12.2.3. The Guinier plot

The lowest resolution (low angle) portion of SAXS curves is dictated by a single size
parameter, the radius of gyration, which is the square root of the average distance of each
scatterer (atom) from the particle center. The Guinier plot of log(I(q)) against q2 gives a
straight line from which Rg and I(0) can be extracted. This leads to a direct estimation of
the overall size of the tRNA molecules. Figure 35 shows the Guinier plots of yeast tRNAPhe
and those that were obtained for peak 1 and peak 2 of mt tRNAA8 and tRNA!ein presence
of 150 mM KCL.
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The radius of gyration is 24.2 A for tRNAPhe, while Rg observed for both armless tRNAs in
peak 2 is clearly lower with ~22 A. Interestingly, the overall particle size of the armless
tRNAs present in peak 1 seems to be higher than that of tRNAFhke as indicated by the
significantly increased Rg of 38.2 A (tRNAA™) and 36.2 A (tRNAl€). These increased values
are probably due to aggregation or a dimerization of the molecules from this population.

The quality of the fit is indicated by the lower green line that corresponds to the standard
deviation. The flatter this line, the better the quality of the Guinier fit. An excellent fit is
obtained for tRNAPhe, but also for experimental data from peak 2 of both armless tRNAs.
The tRNA population presented in peak 2 clearly corresponds to a monomer in solution.

In contrast to that, the Guinier fit of the data for peak 1 (tRNAAr¢ and tRNA!e) shows
outliers, which results in an uneven line. The lack of linearity can be a sign for
interparticle interactions, which is already indicated by the increased Rg for these

molecules.

Radius of gyration Rg

tRNAPhe tRNAA tRNA'e

Peak 1 g Peak1

Rg=38.2A ’ Rg=36.2A

Peak 2 B Peak 2
Rg=242A Rg=219A | . Rg=224A

Figure 35: Guinier plots of Sce tRNAFPhe, Rcu tRNAAre, and Rcu tRNAle,

Guinier plots, derived from SAXS curves indicating the radius of gyration Rg for yeast tRNAPhe, Rcu tRNAAr8
from two populations (peak 1 and peak 2) and Rcu tRNA!e from two populations (peak 1 and peak 2). The
quality of the fit is indicated by the lower green line that corresponds to the standard deviation.

12.2.4. The pair-distance distribution function
The pair-distance distribution function P(r) is directly calculated through a Fourier

transformation of the scatting curve I(q) into real space. It provides direct information
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about the distribution of distances within atoms that compose the molecule weighted by
their respective electron densities. The Fourier transformation indicates therefore the
average distance between electrons inside the tRNA molecule, and the maximum
intramolecular distance (Dmax). This information can be used to obtain an estimation of
the shape of the molecule by ab initio modelling.
The average distance in the P(r) corresponds to the Rg and is indicated by the peak in the
diagrams shown in Figure 36. The estimated Rg for tRNAA™8 and tRNA!e from peak 2 are
21.8 A and 22.9 A, respectively, and thus very close to the value for tRNAPhe with Rg =
24 A. The tRNA populations of peak 1, however, have an increased Rg with 32 A for
tRNAA'g and 33.9 A for tRNAl, as already observed in the Guinier plot.
The Dmax for classical tRNAs represents in general the distance between the A of the CCA-
tail and the base 35 in the anticodon. The calculated Dmax for tRNAPhe is with 85 A
significantly higher than for tRNAA™s and tRNAle (both from peak 2) with Dmax= 68 A and
76 A, respectively. However, it should be considered that the analyzed armless tRNAs do
not carry the CCA-tail. It is questionable whether this sequence can compensate the
missing length of about 10-20 A to reach the Dmax of tRNAPhe Interestingly, the spatial
distribution of one nucleotide is estimated 3-4 A. We assume that armless tRNAs carrying
the CCA-tail are close to the Dmax of tRNAPhe and are probably able to compensate the

missing distance. The Dmax of the other tRNA population from peak 1 is significantly

increased with 100 4, indicating aggregated tRNA molecules.
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Figure 36: Pair-distance distribution functions of Sce tRNAPhe, Rcu tRNAAre, and Rcu tRNATe,
Pair-distance distribution functions, derived from SAXS curves indicating Rg and Dmax for yeast tRNAPhe, Rcu
tRNAA®® from two populations (peak 1 and peak 2) and Rcu tRNAe from two populations (peak 1 and

peak 2).
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The obtained SAXS parameters are summarized in Table 13. This table contains, beside
the presented parameters above, also those that were determined for the tRNA samples

that did not contain 150 mM KCl in the buffer solution.

Table 13: Summary of parameters obtained from SAXS measurements.

Sizes, derived from Guinier and Fourier transformation for tRNAPhe, and different tRNAAe and tRNAle
populations (peak 1 and 2) in absence or presence of 150 mM KCl are given in Angstrom. Guinier
transformation indicates overall size of tRNA molecules. Fourier transformation indicates the average
distance between electrons inside tRNA molecules, and the maximum intramolecular distance (Dmax).
tRNAAg and tRNA!" molecules do not carry a CCA-tail. Bold numbers indicate results that are detailed

analyzed in this study.

tRNAPhe | tRNAAe | tRNAATE tRNAA®e | tRNAATE tRNAle tRNAlle | tRNAle
peak 1 peak 1 + peak 2 peak 2 + peak 1 + peak 2 | peak 2 +
150 mM KCl 150 mM KCl | 150 mM KCl 150 mM KCl

Guinier 242 A |396A [382A 242 A | 2194 36.2 A 221 A | 224 A
trans-
formation
Fourier 247 A |346A [324A 2254 | 2184 339 A 226 A | 229 A
trans-
formation
P(r)in Rg
Dmax 85 A 110 A 100 A 69 A 68 A 100 A 76 A 76 A

12.2.5. 3D modeling

SAXS is also used to determine the structure of a particle in terms of average particle size
and shape. Based on measured and calculated SAXS parameters, we were able to
determine ab initio molecular envelops for all three analyzed tRNAs. Resulting 3D models
consist of pseudo atoms, or beads that reproduce the experimental scattering curve.
Several series of models can be created that fit the experimental data. Figure 37 shows
nine representative 3D models obtained for tRNAA™8 and tRNA!e and 5 SAXS models
obtained for tRNAPhe, as well as its crystal structure at 1.9 A resolution (pdb 1EHZ). SAXS
models of tRNAPhe are very similar to each other but seem to adopt a different, slightly
more open conformation, compared to the classical L shape represented by the crystal
structure. This is probably due to resolution limitations of the SAXS method, and due to
the fact that the analysis is performed in solution to allow more flexibility in the tRNA
backbone.

The 3D SAXS models that were obtained for the armless tRNAs seem to be smaller in size

compared to the SAXS models of the tRNAPhe, which corresponds to the determined data
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for Rg and Dmax (which are smaller for the armless tRNAs). Nevertheless, the overall
shape is similar to that of the cytosolic tRNAs and resembles a curved tube that was
termed the “boomerang” shape, in memory of the initial crystal structure description of
the yeast tRNAAsp (Moras et al, 1980), and because it suggests a higher flexibility in the
angle of armless tRNAs that would probably allow to compensate for the reduced tRNA
sequence content.

SAXS 3D model predictions

tRNAPre

Yeast tRNAP
(pdb 1EHZ)

tRNA#9 tRNA'®

Figure 37: Low-resolution 3D electron density map for Sce tRNAPhe, Rcu tRNAArE, and Rcu tRNAMe,
SAXS data analysis allows ab initio determination of molecular envelops for Sce tRNAPhe, Rcu tRNAATE, and
Rcu tRNA!e, 5 and 9 different models are shown for tRNAPhe and tRNAAre/lle, respectively. Furthermore, the
crystal structure of Sce tRNAPhe is included (pdb 1EHZ). SAXS 3D models consist of pseudo atoms, or beads
that represent the experimental scattering curve. SAXS models of armless tRNAs seem to be smaller in size
compared to the SAXS models of the tRNAFte, while the overall shapes are similar to each other and
resembles a “boomerang” shape.
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13.Discussion

Transfer RNAs play a major and essential role in protein biosynthesis. The accuracy of
their functionality is mostly directly correlated with a correct folding into precisely
defined secondary and tertiary structures that are recognized by several proteins. Thus,
the detailed determination of structural features is of high importance for the
understanding of tRNA functions. In a more general sense, RNA folding is important for
any RNA function. Moreover, and per se, RNA folding and 3D organization of RNA
undergoes a very large variety of possibilities, which makes a major difference with DNA
structures. It is thus of interest to explore if very small tRNAs possess unprecedented
folding features or if they are based on already known motifs and features.

The discovery of armless tRNA, missing both, D-and T-arm, leads to the question in which
2D and 3D structure they fold, and whether, despite from their reduced size, they
represent functional molecules that can still be recognized by important interacting
proteins. One aim of this thesis was to elucidate the structural properties of armless

mitochondrial tRNAATg and tRNA!e from the nematode worm R. culicivorax.

13.1. Structural characteristics of in vitro transcribed mt tRNAA"8 and mt
tRNAlle

Structural properties of in vitro transcribed mt tRNAA™® and mt tRNA!e from R. culicivorax
were analyzed using appropriate methods, such as enzymatic and chemical (in-line)
probing to identify secondary structures, and biophysical methods like NMR spectroscopy
and SAXS to identify tertiary interactions, and to analyze the 3D shape of these molecules.
The results of enzymatic structure probing revealed that the cleavage pattern of RNase V1
digestion is mainly specific for regions predicted as double-stranded. The nuclease S1 is
mainly active in the single-stranded regions of the predicted secondary tRNA structures.
Although, a few regions remained undigested or were ambiguously cleaved by this
nuclease, making a complete structural determination of both armless tRNA substrates a
difficult task. Nuclease S1 is known for its partially unspecific cleavage pattern (M. Morl,
personal communication) Nevertheless, we conclude that the cleavage profile of
enzymatic probing corresponds at least partially to the 2D structure of armless tRNAs
that was predicted by in silico analyses (Wende et al., 2014).
The in-line structure probing approach was used to complete the 2D structure profile of

armless tRNAs for regions that could only ambiguously be resolved by enzymatic probing.

110



This technique uses the natural tendency for RNAs to degrade slowly through a
nucleophilic “in-line” attack of the 2’0H to the phosphorus center (Regulski and Breaker,
2008). The speed of this reaction is strongly dependent on the structural environment of
each RNA linkage: single-stranded RNA degrades faster because of missing of stabilizing
base pair interactions. Interestingly, in-line probing revealed a very detailed and clear
result for secondary structure profiles of both studied mt tRNAs. Exactly three regions
could be determined to be accessible for degradation. These regions correspond perfectly
with single stranded sequence stretches in bulge regions and anticodon loops of the
secondary structure prediction for both mt tRNAs (Wende et al., 2014). In-line probing is
thus preferable to nuclease S1 for the analysis of single-stranded domains.

Surprisingly, no internal tertiary interactions in the bulge regions were detected by this
approach. In general, the 3D structure of classical tRNAs is stabilized by long-range base
pair interactions, and base stacking, especially between D- and T-loop regions (Giegé,
2008). Although both, D-and T-arm, are missing in armless tRNAs, we initially supposed
that specific tertiary interactions would be needed to allow a formation of stable 3D
structures. However, based on our results, this seems not to be the case, which could be
confirmed by NMR spectroscopy (see below).

Another striking observation was that the structures appeared to be stable and robust
under different conditions since no alternative conformations and no unspecific
damage/degradation could be detected, despite their primary composition in favor of
ApU sequences due to high A and U nucleotide content (76 % and 87 % for tRNAA™8 and
tRNA!e, respectively). Usually, ApU and CpU sequences are preferred cleavage positions in
RNA molecules (Sissler et al, 2008). This high stability of armless tRNAs is a very
particular characteristic compared to other in vitro transcribed mt tRNAs (Sampson and
Uhlenbeck, 1988; Derrick and Horowitz, 1993; Alexandrov et al., 2006; Bhaskaran et al,
2012), and is further discussed in section 13.2 of this chapter.

Regarding enzymatic and in-line structure probing analysis, we conclude that both, mt
tRNAAs and mt tRNA!e from R. culicivorax form a hairpin-shaped secondary structure.
This includes an internal double bulge replacing both, the D- and T-arm, in the secondary
cloverleaf structure as compared to classical tRNAs. We found no hints for any internal

long-range nucleotide interaction.
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NMR spectroscopy is a powerful technique to detect tertiary intramolecular interactions
and has been widely applied for structure determination of proteins, DNA, and RNA so far
(Varani et al., 2004). In this study NMR spectroscopy was used for the structural analysis
of Rcu armless mt tRNAA™8 and mt tRNA!e,

The results of this investigation revealed that all detected resonances corresponding to
nucleotide interactions in both tRNAs were present between 14-12 ppm in the 'H spectra,
corresponding to classical Watson-Crick AU and GC base pair interactions.

Here, again the armless tRNAs show an overall stable conformation even under different
conditions (absence and presence of Mg?2+). Mg?*ions are known to stabilize the tRNA
structure (Draper, 2004). However, this effect could not be observed here because no
significant change in the spectra of both tRNAs (with and without Mg?*) was detected.
Only the change in temperature had an impact on the conformation of the tRNAs. This
was monitored by resonance that disappeared at higher temperatures (20-25°C), which
was close to the calculated melting temperature (Tm=27°C) of both tRNA molecules.
Decreasing resonances correspond to the loss of nucleotide interactions and indicate a
melting effect of the corresponding molecules.

In conclusion, the NMR measurements confirm that the analyzed armless mt tRNAs are
exclusively composed of classical Watson-Crick base pairs forming helices that contribute
to the secondary structure. No signal for long-range base interactions was detectable,
suggesting the absence of internal tertiary interactions in the bulge regions. This absence
is remarkable since such interactions usually stabilize 3D structures of RNAs, and in

particular tRNAs (Westhof and Auffinger, 2001; Giegé et al,, 2012).

SAXS was used to measure physical characteristics related to shapes and tertiary
dimensions of classical and armless mt tRNAs. This method allows to compare
determined physical parameters as well as calculated 3D shapes representing molecular
envelopes with the features of classical tRNAs. The results of the size exclusion
chromatography (SEC-)SAXS experiments revealed the existence of different tRNA
populations (three for tRNAArs, and two for tRNA!€). The SAXS parameters Rg, P(r), and
Dmax determined for each population indicate that they correspond to tRNA monomers
(peak 2) and to tRNA dimers or multimers (peak 0 and 1). tRNA aggregates are

characterized by significantly increased values for the determined parameters.
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For comparison with the classical tRNAPhe only the values obtained for the monomeric
tRNA populations were used. The overall size (Rg) derived from the Guinier
transformation and the pair-distribution function for armless tRNA molecules is slightly
lower compared to tRNAPhe indicating a more compact shape of armless mt tRNAs
compared to the classical tRNA.

Another interesting result represents the determination of Dmax of the tRNA molecules.
The Dmax calculated by SAXS for tRNAPhe was 85 A. This is significantly increased compared
to the Dmaxof 75 A that can be determined for the crystal structure of the same tRNA. This
raises the question, how this difference can be explained? The distance between the ends
of the two arms is usually 75 A, and corresponds to the distance between phosphates 76
and 34 in the crystal structure of yeast tRNAPhe, which adopts an L-shape with an angle of
90° (pdb 1EHZ) (Shi and Moore, 2000). Indeed, it has been demonstrated that the tRNAPhe
core can exhibit higher intrinsic flexibility in solution (Friederich et al, 1998). We suggest
that Dmax effectively reflects the opening of the angle of this tRNA molecule, which is
probably more important in solution than in a crystal, which selects a priori a more stable
form. We suggest a similar intrinsic flexibility for armless tRNAs, which concerns mainly
the hinge of these molecules. The presence of many A/U nucleotides, and the
simultaneous absence of nucleotide interactions within the bulge regions support this
hypothesis.

The maximal distances determined for armless tRNAs seem extremely small with 68 A
and 76 A compared to tRNAPhe (Dmax=85 A). However, it should be considered that in
contrast to tRNAPhe, armless tRNA transcripts do not carry a CCA-tail. Since the size of an
individual nucleotide is approximately 3-4 A, the maximal distance of armless tRNAs
could be extended theoretically by approximately 10 A. This hypothesis has to be
confirmed by SAXS analysis of armless tRNAs carrying the CCA-tail. If we consider an
increased intrinsic flexibility for armless tRNAs with a CCA-tail, the maximum size of
these molecules in solution would be comparable to that of classical tRNAs. These
molecules are probably no longer restricted to the typical L-shape, but possess a more
relaxed form that is more likely to correspond to a boomerang-shaped structure. We
suppose that this characteristic intrinsic flexibility of armless tRNAs allows interactions
with important partner proteins, and preserves therefore tRNA biosynthesis and protein

translation processes in nematode mitochondria.
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Scattering data provide only low-resolution structural information, and cannot be used to
define a detailed 3D structure. A computational generated 3D structure prediction was
published for the mt tRNAA® and mt tRNA!e (Wende et al, 2014). Thus, it would be
interesting to compare experimental SAXS data with computed SAXS profiles data that are
based on these 3D structure predictions. Preliminary data suggest that computed SAXS
data fit well with the experimentally obtained SAXS profiles. This indicates that structural
predictions are very close to the actual structure of armless mt tRNAs (C. Sauter, personal
communication).

A next step, to determine structures of armless mt tRNAs in higher resolution implies the
application of X-ray crystallography. While different crystal structures already exist for
various different cytosolic tRNAs (Giegé et al., 2012) no crystal structure is available for a
complete mitochondrial tRNA, except for the human mt tRNAVal and the porcine mt
tRNAPhe, which were co-crystallized in the mitoribosome complex. For both tRNAs the
structure is incomplete since the elbow region could not be resolved (Brown et al,, 2014;
Greber et al., 2015). So far, the experimental verification of secondary and tertiary
structures of mt tRNAs is mainly based on native gel electrophoresis, enzymatic digestion,
chemical probing, and NMR spectroscopy (Bruijn and Klug, 1983; Bonnefond et al., 2008;
Messmer et al., 2009; Ohtsuki et al., 2002a).

The attempt to crystallize armless tRNAs is certainly a difficult but exciting challenge.
However, the unexpected high stability of these tRNAs is an excellent prerequisite that

they represent good substrates for this analysis in future.

13.2. Stability of armless mt tRNAs

As mentioned above, a striking observation was the fact that analyzed armless tRNAs are
highly stable, and that they can be incubated over several days in an unfavored
environment without their complete degradation. This is a very unusual characteristic for
many in vitro transcribed mt tRNAs that are generally more sensitive and unstable
compared to native tRNAs (Sampson and Uhlenbeck, 1988; Derrick and Horowitz, 1993;
Alexandrov et al, 2006; Bhaskaran et al, 2012). This sensitivity is especially true for
mammalian mt tRNAs because they are all A, U and C rich, while mt tRNAs from plants for
example, have a more random nucleotide content (Piitz et al.,, 2010).

Posttranscriptional modifications of tRNAs can increase the stability of correct tRNA

structures, and are simultaneously necessary for various biochemical processes, such as
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an accurate translation and a correct processing of tRNAs (Kirino and Suzuki, 2005; Helm,
2006). Many mt tRNAs exhibit several different modifications, which seem to be of great
importance (Suzuki and Suzuki, 2014). For the nematode A. suum, e.g., it has been shown
that the modification m1A9 is indispensable for the structure and function of most mt
tRNAs (Sakurai et al., 2005). Furthermore, for mt tRNAAr8, additional modifications have
been detected, e.g., m!As, W22, 26, 29, 35, W(U)3s,51, and m1Gs4 (Suzuki and Suzuki, 2014).
Several modifications have also been determined for mt tRNA!le, For example, the bovine
mt tRNA!e includes, among others, modifications at positions m1Go, m22Gz2e, ¥27, t6A37, and

mlAsg (Watanabe et al., 1997)(Figure 38).
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Figure 38: Modified nucleotides in 2D structure of A. suum mt tRNAA'8 and B. taurus mt tRNAUe,

(A) Post-transcriptional modifications of A. suum mt tRNAArs. The positions of modified nucleotides m!A,
m!G, m?G, and ¥ are indicated. Letters in parentheses indicate residues partially modified. (B) Post-
transcriptional modifications of bovine mt tRNAlle. Newly identified modified bases are represented in bold
type. The positions of modified nucleotides m!A, m!G, m%G, t°A, and ¥ are indicated (modified from
Watanabe et al.,, 1997; Suzuki and Suzuki, 2014).

It would be interesting to verify whether armless mt tRNAs are also modified in vivo in
R. culicivorax and if so, whether these modifications have an influence on the structure

and stability of the tRNA transcript and their structures.

13.3. Evolution of armless mt tRNAs
The motivation to study characteristic structural and functional features of armless mt
tRNAs from R. culicivorax was based on the previous findings regarding the degeneracy of
mt tRNA genes (Jiihling et al, 2012a). In general, most animal mt tRNAs, possess some
special features compared to cytosolic tRNAs. They have shortened loop sequences and

stem sequences, and structural domains are less conserved. A very prominent example is
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the mt tRNASer that is lacking the complete D-arm in most animal mitochondria. During
the recent years, other mt tRNAs with extremely truncated sequences have been
identified also in other animal lineages. Even complete set of all mt tRNAs to be truncated
tRNAs were identified, especially in molluscs, arthropods, and nematodes, which exhibit
mt tRNAs with the most extreme reduction of tRNA gene sizes (Yamazaki et al, 1997;
Masta, 2000; Wolstenholme et al., 1987; Jihling et al., 2012b).

The high diversity of mt tRNA genes led to the conclusion that armless mt tRNAs seem not
to be an exception only, but are actually the general rule for many organism (Juhling et al,
2012b). The observation that truncated mt tRNA genes are very conserved in many
organisms throughout different animal lineages led to the consideration to accept

“bizarre” tRNAs as “normal” situation.

The discovery of these reduced tRNA sequences (which is in many studies still based on
computational predictions only) raises the question, where (i.e., in which animal linages),
how, and why armless mt tRNAs did arise during evolution. It is still a challenging task to
give a complete and satisfying answer to these questions. Theories about mt tRNA
evolution are very complex. However, it was shown that the evolution of mt tRNAs is also
highly dependent on evolutionary aspects of the organisms. This may explain the high
diversity of sequences and structures, e.g.,, when comparing plant and animal mt tRNAs
(Salinas-Giegé et al,, 2015).

However, the answer whether reduced mt tRNA sequences appear only in phylogenetic
niches (such as extremely truncated mt tRNAs that have been identified only in
nematodes and arthropods, so far) or also in other species will surely soon be better
understood thanks to the incredible improvement of sequencing and bioinformatics tools.
This will led to an increased availability of mitochondrial genome sequences, and thus to
an improved identification of maybe even unknown tRNA structures. Since extremely
reduced mt tRNAs have only been discovered in the last few years, it is very likely that
more and more truncated tRNAs will be found in the near future, maybe even in
organisms that have already been studied, but in which no complete set of mt tRNA genes
could be identified yet.

The tRNA degeneracy is highly interesting in the context of adaptation and co-evolution
partner proteins. During tRNA biosynthesis, tRNAs have to be recognized by a variety of

proteins, such as maturation enzymes, modification enzymes, aminoacyl-tRNA
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synthetases, elongation factors, and ribosomes. The flexibility of the interplay between
tRNAs and their interacting partner proteins is probably one factor for the occurrence of
armless tRNAs. If partner proteins had not evolved the ability to compensate for the RNA,
the prerequisite that would have favored the evolution of armless tRNAs would not exist.
However, this process is certainly the result of co-evolutional events between both, mt
tRNAs and partner proteins. Hereby, tRNA structures are probably mostly governed by
enzymes that have to recognize all tRNAs at once (e.g., CCA-adding enzymes, elongation
factors, and ribosomes), and not by enzymes that interact only with one or a subset of
tRNAs (e.g.,, aminoacyl-tRNA synthetase) (Watanabe et al, 2014). It could already be
shown that two nuclear encoded EF-Tu homologs exist in nematode mitochondria. They
are specialized to D-arm or T-arm lacking mt tRNAs thanks to a C-terminal extensions
(Ohtsuki and Watanabe, 2007; Watanabe et al, 2014). Another example are enlarged
proteins that compensate for reduced 12S and 16S rRNA sequences in mammalian
mitoribosomes (Mears et al, 2002; Sharma et al, 2003). The different mode of
compensation of interacting proteins may represent one explanation why truncated mt
tRNAs have evolved, but further investigations are still needed to better understand the
exact binding and recognition between armless mt tRNAs and their co-evolved partner

proteins (Fujishima and Kanai, 2014).
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CHAPTER 3: Structural and functional characterization of the mt CCA-adding
enzyme from R. culicivorax

This chapter will address the characterization of the mt CCA-adding enzyme from
R. culicivorax (Rcu). The newly identified open reading frame (ORF) coding for the Rcu
CCA-adding enzyme has been cloned and analyzed for this study. Several expression and
purification studies were performed to establish an optimal protocol. The subsequent
functional characterization was examined via activity assays, also known as CCA-addition
assays. To ensure a comparative study, human and E. coli CCA-adding enzymes were

included, and their activity on armless tRNAs was analyzed

Preliminary work for this study

As previously mentioned, a draft genome annotation for R. culicivorax was published only
shortly before the beginning of this study (Schiffer et al., 2013). However, until now a
complete and verified genome assembly is still missing, making the identification of
protein coding genes a challenging task. Yet, based on the available data, a putative gene
sequence encoding for a CCA-adding enzyme was identified and was composed of eight
exons. A reverse transcription PCR reaction on isolated mRNA was performed by O. Gotze
at the Institute of Biochemistry, University of Leipzig, in order to verify the protein coding
sequence. 0. Gotze was able to isolate and sequence two variants, a long variant with a
length of 1434 nt and a splice variant, missing one exon of 159 nt. Figure 39 shows a
sequence alignment of both Rcu protein variants in comparison with the human CAA-
adding enzyme. This sequence analysis revealed that the splice variant lacked important
sequence motifs (flexible loop and motive B), which are characteristic for CCA-adding
enzymes (see below). Furthermore, expression of the short protein variant in bacterial
cells was not possible. Thus, this study was continued with the long protein variant. A
putative mitochondrial targeting sequence (MTS) was predicted with a high probability
(0.94) using the MitoProt online tool. The cleavage site of the MTS for the mitochondrial
Rcu CCA-protein was chosen accordingly to the cleavage site of the human mitochondrial
CCA-adding enzyme. This resulted in a protein sequence with an alternative translation

start very similar to the well characterized human protein.
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Figure 39: Multiple sequence alignment of identified Rcu and Hsa CCA-adding enzymes.

Clustal Omega was used to build the multiple sequence alignment. Grey, predicted mitochondrial targeting
sequence; red, alternative translation start for mt CCA-adding enzymes, yellow, deletion of 53 amino acids
in the splice variant. Sequence motifs are marked in blue frames. Conserved nucleotides are indicated by
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“*” strongly similar amino acids are indicated by “:”, weakly similar amino acids are indicated by “.”.

13. Sequence alignment and comparison of CCA-adding enzymes

First, sequence comparisons of the amino acid composition of biochemically
characterized CCA-adding enzymes from Escherichia coli (Eco), Saccharomyces cerevisiae
(Sce), Caenorhabditi elegans (Cel), Homo sapiens (Hsa) and the newly identified
Romanomermis culicivorax (Rcu) CCA-adding enzyme were performed. For this purpose,
protein sequences were aligned to each other using the online tool Clustal Omega, and
analyzed for similarities and differences. The Rcu CCA-adding enzyme shows the highest
sequence similarity to the human CCA-adding enzyme with an overall sequence identity
of 46 %. Sequences of bacterial and yeast enzymes are more different to the worm
enzyme with both only around 20 % identity. A high level of sequence identity were
identified especially in the N-terminal domain of all analyzed enzymes. In class II CCA-
adding enzymes, this domain usually corresponds to the catalytic center carrying five

highly conserved motifs A-E. This alignment was used to verify whether the Rcu enzyme
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sequence is similar to these of other CCA enzymes or whether additional domains are
required to compensate for armless tRNAs, as is the case for e.g., the EF-Tu in C. elegans.
The identified long protein variant of the Rcu CCA-adding enzyme possesses all the
characteristic motifs A-E in the catalytic center with conserved amino acids and a non-
conserved flexible loop region (Figure 40). However, no additional sequence domains or

other particularities could be identified at the sequence level.

N- B (o mEE -C

Motif A Flexible loop Motif B
E.coli . .MKIYLVGGAVRDALLGLPVKDRDWVVV. . . .EYALARTE GSGYTGFTCYAAPDVTLELDLKRRDLTINALA. .
S.cerevisiae . . LTLRITGGWVRDKLLGQGSHDLDIAIN. . . . EVDFVNLRSEKYTELSRIPKVCFGTPE--EDALRRDATLNALF . .
C.elegans . . YEAYFVGGSVRDMLLHKPISDVDIATS. . . .EVITFRTEZEGYEDFRHPDKVTFVRSLE--EDLEKRRDETINALA . .
H.sapiens . . HELRIAGGAVRDLLNGVRPQDIDFATT. . . . EITTLRIDVITDGRHAEVEFTTDWQ----EDAERRDLTINSMF . .
R.culicivorax . . FELRIAGGAVRDILLGQVPHDIDFATT. . . .EITTLRIDXLCDGRRAEVEFTTDWY----EDANRRDLTVNSIF. .
S kk kkk k ok k- * b dkkk kak: -
Motif C Motif D Motif E
E.coli . .GEIIDPYNGLGDLONRLLRHVSPA---FGEDPLRVLRVARFAARY . . . .LTPERVWKETESALTTR. .
S.cerevisiae . . EVEDFTKRGLODLEKDGVLRTPLPAKQTFLDDPLRVLRLIRFASRF . . . . ISRERVGVEMEKILVGP. .
C.elegans . .DQLIDFFDGIGDLERQCIRCVGDAKERFNEDALRMFRAVREFVGOL. . . . VAVERMEVEFEKMIQSS. .
H.sapiens . .GTLFDYFNGYEDLKNKKVRFVGHAKQRIQEDYLRILRYFRFYGRI. . . . ISGERIWVELKKILVGN. .
R.culicivorax . .GTVYDYFDGIEHLKARKILFVGDAKTRIQEDYLRILRYFRFFGRL. . . .VSGERLWTEFKRIVTGR. .
* Lk H * sk kk: ok *k - s1 k. * -

Figure 40: Alignment of the catalytic center of CAA-adding enzymes.
Biochemically characterized CCA-adding enzymes are compared based on their amino acid sequence of
motif A-E (highlighted in red) in the catalytic center. The flexible loop region is indicated by a red box.
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Conserved nucleotides are indicated by “*”, strongly similar amino acids are indicated by “:”, weakly similar
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amino acids are indicated by “.”.

The I-TASSER protein structure prediction algorithm (Zhang, 2008) was used to build a
3D structure prediction model of the Rcu CCA-adding enzyme (Figure 41). The program
is a template-based modeling using PDB structure entries. The I-TASSER model
prediction proposed five different models for the Rcu CCA-adding enzyme, consisting
mainly of a-helices. A superposition of these models revealed high structural similarities
in the N-terminus but different conformations of the C-terminus. This result is in
agreement with the results obtained from the sequence alignments (above), which
showed that the Rcu protein has a conserved N-terminus, which is similar to other CCA-
adding enzymes. A superposition of the I-TASSER model 1 with the crystal structure of a
bacterial CCA-adding enzyme from Geobacillus stearothermophilus (pdb 1MIV) shows that
the similarity is not only found at the sequence level but also in the structural

organization of the enzyme.
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Figure 41: I-TASSER 3D models of Rcu CCA-adding enzyme

(Top) Five different 3D structure prediction models were obtained for the Rcu CCA-aading enzyme using
the I-TASSER online tool. (Middle) Superposition of the five 3D models (same color code as used before).
(Below) Superposition of crystal structure of CCA-adding enzyme from G. stearothermophilus (pdb 1MIV)
(red) and 3D model 1 of Rcu CCA-adding enzyme (green).

14. Cloning, expression and purification of the recombinant CCA-adding enzyme

The identified gene sequence of the open reading frame (ORF) of the Rcu CCA-adding
protein was cloned into a pTrc-His A plasmid during this study following the protocol
described in section 8.9.1. The recombinant protein sequence carries an N-terminal
6xHis-tag, which is used for purification by means of affinity chromatography on nickel
columns. Protein expression is under the control of a trc promoter in this construct. The
same gene sequence was also available on a pET28a vector designated for expression
under the control of a strong T7 promoter.

Intensive studies on eukaryotic and bacterial CCA-adding enzymes led to the

establishment of well-functioning expression and purification protocols in the host
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laboratory in Leipzig (Lizano et al, 2008; Neuenfeldt et al, 2008). These protocols were
also used for the production of the recombinant Rcu protein. However, since these
protocols did not provide a satisfactory yield of proteins, intensive studies were

undertaken in order to optimize the quantity and purity of the isolated protein.

14.1. Expression in S. cerevisiae
Since the Rcu CCA-adding enzyme originate from an eukaryotic organism, we assumed
that this protein, would probably show good expression rates in an eukaryotic system.
Therefore, expression and purification studies in the yeast strains AH109 were
attempted. The cloning and expression protocol was performed as described in 8.7.3. The
results of the SDS-PAGE analysis (data not shown) reveal that it was not possible to
determine on the SDS-gel whether the recombinant protein was overexpressed. In
addition, no dominant protein band corresponding to the size of the Rcu CCA-adding
enzyme (53 kDa) was present in the elution fractions. Thereon, the experiment was
repeated with another S. cerevisiae strain (Y187). But here again, no protein was purified
with the corresponding size. Therefore, it is questionable whether the protein was
sufficiently overexpressed in both yeast strains. In summary, it can be concluded that

yeast is not suitable for the expression and purification of the Rcu CCA-adding enzyme.

14.2. Invitro protein translation

In parallel to the expression studies in yeast, an in vitro expression system was used for
the production of the protein. The two protein containing plasmids pET28a and pTrcHis A
containing the Rcu CCA-enzyme coding sequence were each added to a reaction mix
(using the Easy Express® Protein Synthesis Kit) and incubated at 37°C for 1 h. The
functionality of the kit was checked by performing a positive-control reaction containing
a PCR product encoding the 32 kDa elongation factor EF-Ts with a C-terminal 6xHis-tag.
In a negative control, no DNA template was added. The results were analyzed by SDS-
PAGE (Figure 42).

The results show a dominant band of about 32 kDa in the positive control that
corresponds to the size of the EF-Ts. Thus the in vitro translation reaction was functional.
However, no difference could be observed between the samples containing the pET28a or
the pTrcHis A vector and the negative control. This indicates that in vitro protein

translation of the Rcu CCA-adding enzyme was not successful.
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Figure 42: In vitro translation of the Rcu CCA-adding enzyme.

The Easy Express® Protein Synthesis Kit (Qiagen) was used for the production of the Rcu CCA-adding
enzyme. The plasmids pET28a and pTrcHis A containing the ORF of the Rcu CAA-enzyme were subjected to
the reaction mixture (supplied with the kit). A positive control contained a PCR product encoding the 32
kDa elongation factor EF-Ts protein. In a negative control, no DNA template was added. Samples were taken
after 1 h of incubation at 37°C, and loaded onto a 12.5 % SDS-gel. The protein ladder was loaded on the
lanes designated with “Ladder” (sizes are indicated on the right side of the gel). The expected size of the Rcu
CCA-adding enzyme containing the N-terminal 6xHis-tag is 53 kDa, but could not be detected in the gel.

14.3. Expression in E. coli BL21 (DE3)

Escherichia coli BL21 (DE3) was chosen for the overexpression of the recombinant
protein. The bacterial culture was grown under standard conditions (37°C, induction at
ODeoo = 0.6, and harvest after 3 h). Purification was performed in phosphate buffer at pH
6.5. on an AKTA purifier system as described in 8.9.1. Both, overexpression as well as
purification of the recombinant CCA-adding enzyme was controlled on SDS-PAGE (Figure
43). The protein could be expressed, which was verified by a visible band at the
corresponding size (53 kDa) in the SDS-PAGE. However, the majority of the protein was
only present in the pellet fraction after disruption and centrifugation of the cells,
suggesting that the protein is not soluble under these conditions and may be sequestered
as insoluble aggregates within inclusion bodies.

A dominant band of about 60 kDa appeared in the elution fractions in the SDS-gel,
probably representing a heat shock protein (Hsp). Hsp60, corresponding to GroEL in
E. coli is a well-characterized chaperone with ~60 kDa and, which appears in the pathway

of misfolding and aggregation (Fenton and Horwich, 2003).
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Figure 43: Expression and purification of the Rcu CCA-adding enzyme in Bl121 (DE3).

E. coli BL21(DE3) cells transformed with the plasmid pET28a carrying the ORF for the Rcu CCA-adding
enzyme were used for expression and purification. Samples were taken during expression (after induction),
after sonication and centrifugation (soluble fraction and pellet fraction) and during purification (flow
through, wash, and elution fractions), and were loaded onto a 12.5 % SDS-gel. The expected size of the Rcu
CCA-adding enzyme containing the N-terminal 6xHis-tag is 53 kDa and an arrow indicates its putative
presence. A dotted arrow indicates the presence of a possible heat shock protein (Hsp60), whose identity
was not clarified. The protein ladder was loaded on the lanes designated with “Ladder” (sizes are indicated
on the right side of the gel).

In order to increase the yield of soluble recombinant protein, another expression method
was performed. During the “late induction” method, the gene expression is induced in a
late log phase culture, which have been shown to contribute to protein quantity and
solubility (Galloway et al, 2003). Otherwise the bacterial culture was treated as described
before. The expression and purification was controlled by SDS-PAGE (Figure 44).

Using the late-induction method, the amount of soluble product could indeed be
increased. Furthermore, more protein contaminations were eliminated compared to the
standard method, although two large protein contaminations remained in the elution

fractions, indicating that the Rcu enzyme fractions were still not pure enough for assays.
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Figure 44: Expression and purification of the Rcu CCA-adding enzyme in Bl21 (DE3) following the
late-induction protocol.

E. coli BL21 (DE3) cells transformed with the plasmid pET28a carrying the ORF of the Rcu CCA-adding
enzyme were used for expression and purification. Samples were taken during expression (before and after
induction), after sonication and centrifugation (soluble fraction and pellet fraction) and during purification
(flow through, wash, and elution fractions), and were loaded onto a 12.5 % SDS-gel. The expected size of the
Rcu CCA-adding enzyme containing the N-terminal 6xHis-tag is 53 kDa. The protein ladder was loaded on
the lanes designated with “Ladder” (sizes are indicated on the left side of the gel).

14.4. Expression in E. coli Rosetta-gami 2

The eukaryotic codon usage of the Rcu protein could lead to problems in expression in
E. coli. In order to limit this factor, a special E. coli strain was used that contains codons
rarely used in E. coli. The Rosetta-gami 2 strain allows for enhanced disulfide bond
formation and enhanced expression of eukaryotic proteins. This strain carries an
additional plasmid, pRARE2, which supplies tRNAs with rare codons, AUA, AGG, AGA,
CUA, CCC, GGA, and CGG under the control of their native promoter. Indeed, the Rcu CCA-
adding gene sequence carries 40 of these rarely used codons.

The use of the Rosetta-gami 2 cells resulted in an improvement of the expression rate of
the Rcu CCA-adding enzyme (Figure 45). However, the presence of protein contamination
could not be reduced, which is illustrated by the strong band at 60 kDa in the SDS-gel. The

size of 60 kDa corresponds to the E. coli chaperone GroEL.
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Figure 45: Expression and purification of the Rcu CCA-adding enzyme in Rosetta-gami 2.

E. coli Rosetta-gami 2 cells transformed with the plasmid pTrc-His A carrying the ORF of the Rcu CCA-
adding enzyme were used for expression and purification. Samples were taken during expression (before
and after induction), after sonication and centrifugation (soluble fraction and pellet fraction) and during
purification (flow through, wash, and elution fractions), and were loaded onto a 12.5 % SDS-gel. The
expected size of the Rcu CCA-adding enzyme containing the N-terminal 6xHis-tag is 53 kDa. The protein
ladder was loaded on the lanes designated with “Ladder” (sizes are indicated on the right side of the gel).

In addition to the different bacterial strains and the different expression methods
described in the previous paragraphs, several other purification methods were tested,
using different buffer systems (containing phosphate, Tris-base, or Hepes), different
supplements (salts, detergents) and different purification strategies (e.g. lon-exchange-
chromatography, ammonium-sulfate precipitation). However, none of these changes

could significantly improve the purity of the protein elution.

14.5. Expression in E. coli Arctic Express (DE3)

Cultivation at lower temperatures, potentially increase the yield of active, and soluble
recombinant protein (Schein, 1989). Arctic Express was used, a cold-adapted E. coli strain
that derived from BL21-Gold competent cells. This strain, allows for high-level expression
of heterologous proteins that tend to be insoluble. It co-expresses the chaperones Cpn10
and Cpn60 from the psychrophilic bacterium, Oleispira antarctica. These proteins have
high amino acid identity with the E. coli GroEL and GroES chaperones but possess high
protein refolding activities at temperatures of 4-12°C (Hartinger et al.,, 2010).

The Arctic Express (DE3) strains are designed for expression of recombinant proteins
from an inducible T7 promoter. A pET28a vector containing a N-terminal His-tagged gene
sequence was used for transformation. Various purification methods (using different

combinations of buffer systems) have been performed to reach the highest purity.
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The final protein purification protocol involved three steps: first, incubation of the cell
lysate in binding buffer, including denaturated E. coli proteins; second, purification using
an affinity tag on a nickel matrix in a batch system, including a wash step with
dissociation buffer (containing 5 mM ATP), and finally separation by Size-exclusion
chromatography.

Samples were taken during expression and purification and loaded on a 12.5 % PAA-gel.
A single band is visible at the corresponding size (53 kDa). Using western blot analysis the
presence of the CCA-adding enzyme was successfully verified (result not shown). The
protein containing fractions were concentrated to a final concentration of 75 pg/ul. The

purified protein was subsequently used for CCA-incorporation assays.
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Figure 46: Expression and purification of the Rcu CCA-adding enzyme in Arctic Express.

E. coli Arctic Express cells transformed with the plasmid pET28a carrying the ORF of the Rcu CCA-adding
enzyme were used for expression and purification. Samples were taken during expression (before and after
induction), after sonication and centrifugation (soluble fraction and pellet fraction) and during purification
(flow through, wash, and elution fractions), and were loaded onto a 12.5 % SDS-gel. The expected size of the
Rcu CCA-adding enzyme containing the N-terminal 6xHis-tag is 53 kDa. The protein ladder was loaded on
the lanes designated with “Ladder” (sizes are indicated on the right side of the gel).

15. Activity test of the recombinant CCA-adding enzyme from R. culicivorax

A nucleotide-incorporation assay was performed in order to test the activity of the
purified Rcu CCA-adding enzyme. For this purpose, the two elution fractions of the Rcu
CCA-adding enzyme obtained from the previous purification procedures were first tested
on a well-established standard substrate for CCA-addition, the classical tRNAPhe from
yeast (Nagaike et al, 2001; Lizano et al, 2008). Additionally, E. coli and human CCA-

adding enzyme were used as positive controls. The results are shown in (Figure 47).
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Nucleotide incorporation results in a different migration behavior of the tRNA in the gel,
which is indicated by a shift between the control incubation of tRNAPhe without enzyme
(mock) and the tRNA samples that were incubated with protein, and where nucleotides
were incorporated. Such a shift was detected for tRNAPhe incubated with Eco, Hsa and Rcu
CCA-adding enzymes. Therefore, it can be concluded that the Rcu CCA-adding enzyme is

active on classical tRNAs.

Rcu
mock  Eluton1 Eltion2 Eco Hsa mock

Yeast tRNAPHE e whi

Figure 47: CCA-incorporation assay with yeast tRNAFPhe

Autoradiograms of yeast tRNAPhe subjected to different CCA-adding enzymes are shown. The tRNA was
incubated respectively with CCA-adding enzymes from R. culicivorax (Rcu), E. coli (Eco), and H. sapiens
(Hsa), respectively and without any enzyme (mock) for 120 min at 37°C and then separated on a 10 % PAA
gel. A migration shift between the negative control and tRNA incubated with protein indicates a change in
the nucleotide length and thus the incorporation of nucleotides.

A further activity test based on the described armless mitochondrial tRNAs from
R. culicivorax was performed to determine whether these tRNAs can be substrates for the
human, bacterial or worm enzyme. For this purpose, internally radioactively labeled Rcu
mt tRNAA™¢ and Rcu mt tRNA!e were used. The reaction was stopped after 30, 60 and 120
min, and samples were loaded onto a 10 % PAA gel, and visualized by autoradiography (

Figure 48).
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Figure 48: CCA-incorporation assay of armless Rcu mt tRNAA™€ and mt tRNAle,

Autoradiograms of Rcu mt tRNAAs and mt tRNA!e subjected to different CCA-adding enzyms are shown.
tRNAs were incubated each with CCA-adding enzymes from H. sapiens (Hsa), E. coli (Eco), R. culicivorax
(Rcu), and without any enzyme (tRNA mock) for 120 min at 37°C, and then separated on a 10 % PAA gel. A
migration shift between the negative control and tRNA incubated with protein indicates a change in the
nucleotide length and thus the incorporation of nucleotides.

The results show that the human enzyme is able to recognize both tRNAs, but CCA
addition is not complete after 2 h, neither for mt tRNAAr¢ nor for mt tRNA!le, The bacterial
enzyme is also not able to add the complete CCA sequence during the prescribed
incubation time. It recognizes the armless tRNAs only weakly. In contrast, the
R. culicivorax enzyme accepts its cognate tRNAs as substrate, and nucleotide

incorporation is finished already after 30 min.
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16. Discussion

16.1. Preparation of mt CCA-adding enzyme from R. culicivorax
The newly identified ORF coding for the Rcu CCA-adding enzyme was cloned for
overexpression and purification of the corresponding mature protein. Standard
purification protocols for the human and bacterial CCA-adding enzymes, well established
in the host laboratory in Leipzig (Lizano et al., 2008; Neuenfeldt et al., 2008), could not be
applied for the purification of the Rcu CCA-adding enzyme due to low protein quantity,
and due to the inability to eliminate bacterial contaminations. These correspond mainly
to heat shock proteins (bacterial chaperones). Analyses of large-scale protein expression
trials demonstrated that purification of eukaryotic proteins in bacterial cells can be
difficult in high yield. Only 10 % of eukaryotic proteins can be expressed in E. coli in
soluble form (Galloway et al, 2003; Graslund et al, 2008). Additional factors should be
considered that might alter the expression of a eukaryotic protein in a prokaryotic hosts,
e.g., codon bias or codon preference, stability of mRNAs and protein folding (Sahdev et al,
2008; Khow and Suntrarachun, 2012). Additionally, the right choice about the buffer
system used for protein purification is often a critical question because an appropriate
buffer solution can help to improve the stability and can protect the integrity of protein
molecules (Graslund et al, 2008). Accordingly, several expression and purification
strategies were tested, including different expression systems (E. coli BL21 (DE3),
Rosetta-gami 2, Arctic Express (DE3), and yeast cells), different expression methods
(standard, late or cold induction), different buffer compositions (different pH, buffer,
salts), and several purification approaches (Affinity chromatography via HPLC or batch
purification, IEC, and SEC). Unfortunately, neither the expression in E. coli BL21 (DE3) or
Rosetta-gami 2 strains, nor in yeast cells worked optimally. In addition, no change in the
expression approaches or buffer compositions led to a significant improvement of
expression and purification of Rcu CCA-adding enzymes. Only the use of E. coli Arctic
Express cells resulted in a sufficient yield of soluble protein. This improved protein
solubility is probably due to the low growth temperatures, and due to the co-expression
of GroEL/GroES chaperone homologues that promote proper refolding of the
recombinant protein (Ferrer et al, 2003). A disadvantage of this strategy is that these
chaperones are often co-purified (Haacke et al., 2009), which was also the case in this

study. The undesired co-purification of chaperones seemed to be a very serious and
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general problem that is described in different publications. Different solutions were
proposed how co-purification can be prevented (Joseph and Andreotti, 2008; Hartinger et
al, 2010; Rial and Ceccarelli, 2002; Belval et al, 2015). These protocols are, however,
often specially adapted to a certain protein of interest, and are therefore not applicable
for any protein in general. In the case of the Rcu CCA-adding enzyme, a combination of the
methods described by (Rial and Ceccarelli, 2002; Joseph and Andreotti, 2008) turned out
to be the most successful approach to reduce the amount of unwanted chaperone
contamination. This method includes incubation of the soluble protein fraction with
denatured E. coli proteins, and an additional washing step with a special dissociation
buffer. The denatured E. coli proteins are added to compete with the recombinant protein
for binding to the chaperones, and thereby may facilitate the release of chaperones from
the expressed recombinant protein. The dissociation buffer contained 5 mM ATP because
it could be shown that GroEL/GroES activity is ATP-dependent (Tyagi et al, 2009). The
purification protocol is finalized by size exclusion chromatography, which is necessary to

allow the complete elimination of chaperone contaminations in elution fractions.

16.2. Functional characterization of CCA-adding enzymes

Purified protein was tested for its ability to incorporate nucleotides to the 3'-end of
armless tRNAs (in vitro transcripts lacking the CCA). For a comparative analysis, classic
cytosolic tRNAs, human mt and Eco CCA-adding enzymes were purified and included into
this study.

The results show that the Rcu CCA-adding enzyme is active, and able to recognize armless
tRNAs as well as a cytosolic tRNA. The incorporation of the “CCA” sequence was
completed for all substrates. However, heterologous Hsa and Eco CCA-adding enzymes
seem not to be fully compatible with armless tRNAs. These results comply with the theory
of an evolutionary adaptation of the Rcu CCA-adding enzyme to the unusual structure of
armless tRNAs, or a co-evolution of both partners. Interestingly, Tomari and colleagues
obtained a similar result when studying the mt CCA-adding enzyme from the nematode
C. elegans. They could demonstrate that C. elegans CCA-adding enzymes exhibit a broad
substrate specificity toward nematode mt tRNAs lacking the entire T- or D-arms (Tomari
et al, 2002). However, also those CCA-adding enzymes can still recognize canonical

tRNAs.
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The results of the CCA-incorporation assay demonstrate that the human CCA-enzyme
weakly recognizes armless mt tRNAs and partially adds nucleotides. In contrast, the
bacterial enzyme does not recognize the armless tRNAs as its substrate. E. coli does not
possess any unusual tRNAs, but only classical tRNAs that are present in its cytosol. The
fact that the Eco CCA-adding enzyme does not recognize armless mt tRNAs from
R. culicivorax suggests that the ability to modify unconventional tRNAs was not acquired
by bacterial enzymes during evolution. Interestingly, it could already been shown that the
Eco enzyme does also not recognize other animal mt tRNAs that show even less structural
deviations than nematode mt tRNAs (Nagaike et al,, 2001).

In contrast to bacterial CCA-adding enzymes, eukaryotic CCA-adding enzymes have to
recognize two sets of tRNAs, cytosolic tRNAs with highly conserved structures, and
simultaneously mt tRNAs partially lacking highly conserved sequences, which is
considered to be important for CCA addition (Li et al, 1996). Another study has shown
that the human mt CCA-adding enzyme efficiently repairs mt tRNAs besides cytosolic
tRNAs (Nagaike et al., 2001). Thus, eukaryotic mitochondrial CCA-adding enzymes have
probably adapted evolutionarily to their cognate mt tRNAs. The adaptation of the human
CCA-adding enzyme to animal mt tRNA structures results in a relaxed substrate
specificity, which may explain the partial ability to recognize armless tRNAs from
R. culicivorax. Interestingly, this lowered substrate specificity toward tRNAs seems to be a
characteristic feature also of other mitochondrial enzymes, such as mt aminoacyl-tRNA
synthetases (Kumazawa et al., 1991) and elongation factors (Schwartzbach and Spremulli,
1991).

Since the CCA-adding enzyme from R. culicivorax recognizes both, cytosolic as well as
armless mt tRNAs, we assume that this enzyme has adapted to the reduced size of armless
tRNAs without losing the ability to recognize classical tRNAs and their extended
structures. Consequently, no complete adaptation, which is exclusively intended for the
recognition of armless tRNAs, happened during evolution. A decisive difference to the
elongation factor EF-Tu in other nematodes is that the Rcu CCA-adding enzyme is not
structurally distinguished from its bacterial counterpart (no additional or missing
domains), while the mitochondrial EF-Tus from, e.g., C. elegans show a C-terminal
elongation. This raises the question for the decisive factor that led to this rather slight
adaptation. Possible answers to this question will be discussed in the next section, where

differences between Rcu and Eco CCA-adding enzymes are examined.
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The various approaches applied in this thesis work to establish an optimal expression and
purification protocol for the preparation of the Rcu CCA-adding enzyme, as well as for the
initial experiments to test protein functionality in regards to cytosolic and armless mt
tRNAs, provide an excellent basis for further characterization of these enzymes.

Purified Rcu CCA-adding enzyme can be used to characterize its nucleotide incorporation
activity with different tRNA substrates by determining kinetic parameters, i.e., Km and Kcat.
These values need to be compared to those already determined for the E. coli and human
CCA-adding enzymes in combination with canonical and bovine mt tRNAs (Nagaike et al,
2001). It has been shown that the human mt CCA-adding enzyme recognized efficiently
mt tRNAs with non-conserved T-loop and unusual structures, while the Eco CCA-adding
enzyme recognized only cytosolic tRNAs. As an outlook, a comparative study on different
CCA-adding enzymes from human, E. coli and R. culicivorax in combination with armless
mt tRNAs and other (mt) tRNA substrates would complete the characterization of Rcu
CCA-adding enzymes, and could, e.g., help to validate its superior efficiency for CCA-

incorporation also for other unconventional tRNA structures.

16.3. Structural characterization of Rcu CCA adding enzyme in an evolutionary
context

The amino acid sequence of the Rcu CCA-adding enzyme was aligned to other CCA-adding
enzymes from different organisms. These alignments contributed to understand the
secondary organizations of these enzymes. In comparison with the human mt CCA-adding
enzyme, an overall sequence identity of 46 % can be observed for the Rcu CCA-adding
enzyme. In particular, the N-terminal domain, typically corresponding to the catalytic site
(responsible for the recognition and addition of nucleotides) has a high level of identity
(66 %), while the C-terminal domain is more variable. It was shown that substrate
binding of CCA-adding enzymes takes place at its low conserved C-terminal region
(Tomita et al., 2004; Tretbar et al, 2011). I-TASSER analysis revealed 5 putative 3D
models, of the Rcu CCA-adding enzyme. All of them exhibit different conformation of the
C-terminal, indicating a putative high flexibility of this domain. Thus, we suspect that a
flexible C-terminus of the Rcu CCA-adding enzyme has adapted to allow for recognizing
armless tRNAs. It would be interesting to verify this hypothesis by creating protein

chimeras, e.g., by exchanging C-terminal parts of Eco CCA-adding enzymes with these

133



from Rcu CCA-adding enzymes. The study of several enzyme chimeras, including
exchanges in N-terminal and/or C-terminal regions has been successfully performed
already, and helped to decipher the role of these domains in CCA-adding enzymes (Betat
et al, 2004; Neuenfeldt et al.,, 2008; Toh et al.,, 2009).

Studies on the CCA-adding enzyme from E. coli have also shown that it is possible to
delete large portions of the C-terminal region without losing the CCA-adding activity
(Betat et al., 2004). The generation of C-terminal deletion variants of the R. culicivorax
enzyme would bring further insights into the importance of this part for recognizing and
processing armless tRNAs.

Other highly interesting methods that can be used to measure, e.g., protein interaction,
enzymatic activity, or conformational changes are, e.g., fluorescent labelling of proteins
(FRET) (Toseland, 2013; Jager et al., 2006), Electron paramagnetic resonance (EPR), and
electron spin resonance (ESR) spectroscopy. Especially, the EPR/ESP approach has been
applied for a CCA-adding enzymes already (Ernst et al, 2015). These methods may help to
understand inter-domain movements and, to determine the structural features of the Rcu

CCA-adding enzyme more in detail.
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CHAPTER 4: Structural and functional characterization of the mitochondrial
arginyl-tRNA synthetase from R. culicivorax

Arginyl-tRNA synthetases (ArgRS) catalyze the esterification of arginine amino acid to
their cognate tRNAs. Aminoacylation is typically achieved by a two-step reaction: the
amino acid is first activated, and then transferred to the tRNA molecule. Together with the
glutamyl-tRNA synthetase (GluRS) and glutaminyl-tRNA synthetase (GInRS), ArgRS
represents a peculiarity of this rule. It has been shown for some organisms that these
synthases require their cognate tRNAs already for the first step of amino acid activation
(Mehler and Mitra, 1967; Kern and Lapointe, 1980; Rath et al, 1998). Several crystal
structures of cytosolic ArgRSs from different organisms (e.g., S. cerevisiae, H. sapiens, E.
coli, and T. thermophilus) have been solved, either in free form or in complex with their
substrates (Delagoutte et al.,, 2000; Shimada et al, 2001b; Kim et al, 2014; Bi et al, 2014).
This contributed considerably to a better understanding about structural organizations,
mechanisms of arginine activation, and aspects of tRNA recognition. The crystal structure
of a typical ArgRS is shown in Figure 49.

ArgRSs belongs to the class I aminoacyl-tRNA synthetase family and are monomeric
enzymes. The structure of ArgRSs is predominantly composed of a-helices, and can be
divided into three major domains. The N-terminal domain, also called “additional domain”
is probably involved in the recognition of edge-regions of tRNAs that is formed by long
range nucleotide interactions between the D- and T-loop (Cavarelli et al, 1998). The
second domain is a catalytic domain, which contains the typical sequence motifs “HIGH”
and “KMSKS”. The HIGH sequence is often equivalent to “HVGH” of some organism, and is
probably involved in binding of ATP (Oguiza et al., 1993). The classical KMSKS motif,
which constitutes the active site, is missing or differs in some ArgRS sequences, e.g.,
FKTRS in cytosolic ArgRS of H. sapiens as well as C. elegans (Kim et al., 2014). Finally, the
C-terminal anticodon binding domain is implicated in specific tRNA recognition.

The last chapter of this study is dedicated to the structural and functional
characterization of the mt arginyl-tRNA synthetase from R. culicivorax. The special
interest in the ArgRS of this worm is not only due to intensive studies performed (or in
progress) at the host laboratory in Strasbourg on other ArgRSs of different species, but
also because the cognate mt tRNAA'8 represents one of the shortest identified tRNA
molecules known so far. Therefore, it is of high interest to explore putative structural and

functional adaptations of this enzyme in regard to armless tRNAs. During this study, the
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sequence of the mt arginyl-tRNA synthetase from R. culicivorax was identified, cloned,
expressed and purified for the first time. The protein sequence has been analyzed and
compared to heterologous enzymes. Its activity when interacting with different tRNA
substrates was tested, and compared to cytosolic ArgRSs from bacterial and eukaryotic

species.

Anticodon binding domain

Figure 49: Crystal structure of cytosolic S. cerevisiae ArgRS and its cognate tRNAArs,

The 2.2 A crystal structure of cytosolic yeast ArgRS in complex with its cognate tRNAA (pdb 1F7V). Main
domains are indicated by different colors: additional domain (orange), catalytic domain (green), anticodon-
binding domain (red).

17. Identification of mitochondrial ArgRS from R. culicivorax and sequence
comparison

Two open reading frames (ORF) that code for putative ArgRS proteins were previously
identified using next-generation sequencing of the nuclear genome as well as the
transcriptome of R. culicivorax (Schiffer et al., 2013). One ORF encodes an amino acid
sequence for a protein that is similar to cytosolic ArgRS from other organisms (data not
shown). The second ORF consisted of two fragments coding for sequences that resemble
the N- and C-terminus of an ArgRS with mitochondrial origin. These fragments were
chosen for further analysis. A merged sequence consisting of the N- and C-terminal part
was inserted into a multiple sequence alignment, made of ArgRS sequences from 92
completed genomes, which cover the phylogeny of all kingdoms of life (Bacteria, Archaea,
and Eukarya). This alignment reveals that the N- and C-terminus correspond indeed to a

mt ArgRS protein, while the validity of an internal linker sequence of 12 aa between both

136



parts remained unclear. Thus we decided to verify the gene sequence using reverse
transcription on total RNA and mRNAs extracted from R. culicivorax. For this purpose,
gene specific primers were designed that are complementary to the 5-end of the N-
terminus and to the 3’-end of the C-terminus to cover the full length of the coding
sequence. A PCR fragment with the size of ~1,500 bp appeared after PCR amplification
and was sequenced (Figure 50). It turned out that the initially annotated gene sequence is
only partially correct. The dubious internal sequence was solved and could be corrected.
Furthermore, a 5’ RACE PCR was performed to obtain the full-length sequence of the RNA
transcript (data not shown). No alternative start codon was detected with this technique
and confirmed thus the correctness of the predicted start codon. Additionally, the original
RNAseq data that were kindly provided by P. Schiffer (University of Cologne) was used to
build a new transcriptome annotation. This allowed to confirm the mt ArgRS sequence,
which was identified by both previously mentioned PCR approaches. The newly identified
complete protein sequence from R. culicivorax was aligned to other mt ArgRS sequences
from C. elegans, H. sapiens, and S. cerevisiae to search for conserved sequence motifs, and

to identify possible sequence peculiarities.

Template
Ladder total mRNA predicted
RNA identifided
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identifided
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Figure 50: Identification of mt ArgRS sequence from R. culicivorax.

(Left) 10 % agarose gel with PCR product obtained after reverse transcription PCR on purified total RNA
and mRNA from R. culicivorax. The size of the identified PCR fragment corresponds to the expected size of
the ArgRS nucleotide sequence of 1521 bp. (Right) Sequence alignment of predicted and identified protein
sequence of the Rcu mt ArgRS. The red box indicates the linker sequence that was corrected after
sequencing of the reverse transcription product.
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Figure 51: Schematic overview and sequence alignment of ArgRS.

(Top) Schematic representation of the functional domains of mt AspRS compared to mt ArgRS from
R. culicivorax. An mt ArgRS is typically composed of a mitochondrial targeting sequence (MTS) (blue) that is
cleaved after mitochondrial import, an additional domain (orange), a catalytic domain (green), and an
anticodon binding domain (red). (Below) Cytosolic and mitochondrial ArgRS from different organism are
compared based on their amino acid sequence. The conserved sequence motifs of class I synthetases, i.e.,
“HIGH” and “KMSKS”, are highlighted in green boxes. Conserved nucleotides are indicated by “*”, similar

«.n

amino acids are indicated by “” in the bottom line. Numbers in brackets indicate positions of the first
residues in the given alignment in the amino acid sequence of corresponding ArgRS. Eco, Escherichia coli;
Hsa, Homo sapiens; Sce, Saccharomyces cerevisiae; Cel, Caenorhabditis elegans, Rcu, Romanomermis
culicivorax.

Additionally, bacterial and cytosolic ArgRS from C. elegans, H. sapiens, and S. cerevisiae
were used to complete this comparative analysis (Figure 51). The alignment reveals that
the Rcu mt ArgRS possesses conserved residues that correspond partially to the typical
sequence motifs “HIGH” and “KMSKS”. In this case the last motif is equivalent to LSTRRG.
It is striking that the Rcu mt ArgRS exhibits the smallest size in the alignment with only
507 aa (58 kDa). Another rather small enzyme is the mt ArgRS from C. elegans with 512
aa. The remaining enzymes are longer than 570 aa. This size difference is particularly
remarkable in the additional domain, which is completely absent in the Rcu mt ArgRS

sequence. Only a few residues remain, which may form a putative mitochondrial targeting
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sequence (MTS). This domain is also absent in the protein sequence of the mt ArgRS in
C. elegans. It has been shown in a crystal structure of the cytosolic yeast ArgRS that the
additional domain, which is apparently missing in R. culicivorax and C. elegans,
presumably recognizes the elbow region of the tRNA (Cavarelli et al., 1998; Delagoutte et
al, 2000). The elbow region arises from the interactions of the D- and T-stem-loops, and
stabilizes the canonical L-shape of tRNA tertiary structures. Interestingly, the additional
domain is a unique structural feature of ArgRS and not present in other class I aaRSs. Mt
tRNAs from C. elegans and R. culicivorax probably do not build a typical elbow region due
to the missing D-and T-stem loops, suggesting that the mt ArgRS of these nematodes may
have evolutionary adapted to armless tRNAs.

The Rcu ArgRS protein sequence was used as input for the computational structure
prediction tool I-TASSER (Zhang, 2008) to create a possible 3D structure model (Figure
52 A). The predicted tertiary structure is mainly composed of alpha helices, and its
composition is compared to the crystal structure of the yeast ArgRS (pdb 1BS2) (Figure
52 B). The high structure similarity is probably a result of the template-based approach
modeling of the program. Nevertheless, the I-TASSER structure prediction demonstrates
the absence of the additional domain in the N-terminal part of the Rcu mt ArgRS. Instead,
a single alpha helix replaces this domain in the N-terminus, which may represent a
putative targeting signal for mitochondria. A docking model of the Rcu mt ArgRS and
yeast tRNAPhe was constructed (Figure 52 C) and compared to the crystal structure of the
cytosolic yeast ArgRS in complex with its cognate tRNAArg (Figure 52 D). It shows that a
classical tRNA would theoretically fit into the recognition pocket of the 3D model
prediction, which indicates a high structural similarity between the catalytic domain and
the anticodon binding domain of yeast and Rcu ArgRS. The most striking difference
between both structures is the missing N-terminal domain in the nematode enzyme. As
mentioned above, this domain is involved in recognition of the elbow region of classical
tRNAs (Cavarelli et al, 1998). We hypothesize that this ability is probably not necessary
for the recognition of armless tRNAs anymore, because these do not possess the classical

D- and T-loops, and thus probably also not the canonical elbow structure.
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Figure 52: 3D structure prediction of Rcu mt ArgRS.

(A) I-TASSER structure prediction for Rcu mt ArgRS. (B) The crystal structure of cytosolic yeast ArgRS (pdb
1BS2) is used for structural comparison. (C) Docking model of the Rcu mt ArgRS 3D prediction and yeast
tRNAPre, (D) Crystal structure of cytosolic yeast ArgRS in complex with its cognate tRNAFPke (pdb 1F7V).
Compared to the yeast ArgRS, a loss of the additional domain in the Rcu mt ArgRS structure prediction is
particularly noticeable, indicating a possible evolutionary adaptation to armless tRNAs. Main domains are
indicated by different colors: putative mitochondrial targeting sequence (MTS) (blue), additional domain
(orange), catalytic domain (green), anticodon binding domain (red).

18. Cloning, expression and purification of Rcu mt ArgRS

18.1. Cloning of different ArgRS variants
Various mt enzymes possess an N-terminal MTS, which is cleaved during the import into
mitochondria, resulting in a mature protein (Chacinska et al, 2009; Schmidt et al., 2010).
The knowledge about the cleavage site is an important prerequisite for the design of
protein variants that are compatible with efficient production in bacterial strains (Gaudry
etal, 2012). The identification of the correct cleavage site is not always straight forward
since the MTS is variable in size and lacks common consensus sequence (Gavel and

Heijne, 1990). Although cleavage site motifs follow loose rules, it has been observed that
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MTSs often possess an increased content of arginine residues and positively charged

amino acids, which may form amphiphilic helices (Fukasawa et al, 2015).

In the case of the Rcu mt ArgRs it was difficult to predict a MTS using conventional
bioinformatics tools. The prediction tools TargetP (Emanuelsson et al., 2000), Predator
(Small et al, 2004), and TPpred2 (Savojardo et al., 2014) did not detect a targeting signal,
while Mitoprot (Claros and Vincens, 1996) and MitoFates (Fukasawa et al, 2015)
predicted a cleavage site at D16 (Mitoprot) and L23 (MitoFates), but only with a low
probability (0.17 and 0.024, respectively). However, the putative presence of an
amphipathic helix in the N-terminal part of the Rcu mt ArgRS supports the hypothesis that
the N-terminal sequence represents a MTS. To identify a transcript sequence which is
most suitable for expression in bacterial strains, different cleavage sites were introduced
within or downstream of the identified amphipathic helix, resulting in various protein
variants that vary in length of their N-terminal sequence (Figure 53). The protein variants
are named after the corresponding cleavage site. The protein coding sequence for P24,
V30, and G36 was first cloned into a pET28a plasmid with an N-terminal 6xHis-tag.
Additionally, the full-length (FL) protein variant was cloned in this vector because it was
not verified whether the N-terminal sequence represents indeed a MTS. Since the
influence of the N-terminal His-tag on the structure or activity of the ArgRS variants could
not be estimated, other variants (D16, C25, D28 and S29) were cloned into a pDEST
plasmid with a C-terminal 6xHis-tag. The expression of all protein variants was under the

control of a T7 promoter in both plasmids.
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Figure 53: Protein variants of Rcu mt ArgRS possessing different N-terminal start sites.

Schematic overview of the manually introduced cleavage sites that result in the creation of different protein
variants, varying in the length of their N-terminal sequence. The variants are named after the
corresponding cleavage site (protein P24 for example starts with P24, etc.) and are cloned into a pET28a
(red arrows) and pDEST vector (green arrows). The sequence forming an a-helix (blue barrow) and the
conserved motif “HIGH” (underlined) are highlighted.
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18.2. Expression of FL, P24, V30, G36 in E. coli
The gene sequences of full-length ArgRS and variants P24, V30, and G36 were cloned into
a pET28a vector with a N-terminal 6xHis-tag. These constructs were transferred into
BL21 (DE3) and Arctic Express (DE3) E. coli strains. Expression was performed following
the described protocol in 8.6.6. Cell extracts containing the expressed protein variants
were disrupted through sonication, and were centrifuged afterwards. Soluble fractions as
well as cell extract of disrupted cells were loaded and separated in a 10 % SDS-gel.
Protein bands were detected by Western blot analysis using anti-His antibodies (Figure
54). In BL21 cells, only the full-length protein was expressed, however, it was not present
in the soluble fraction. No bands are detected for the other proteins variants suggesting

that they are probably unstable, toxic or are degraded in E. coli BL21.
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Figure 54: Solubility test of recombinant expressed protein variants FL, P24, V30, and G36.

FL, P24, V30, G36 are expressed in BL21 (DE3) (left) and Arctic Express (DE3) (right). Cell extracts and
soluble cell lysate fractions were loaded and separated onto a 10 % SDS-gel and detected by Western blot
analysis using anti-His antibodies. The expected size of the Rcu mt ArgRS variants containing the N-terminal
His-tag is 58 kDa. Arrows indicate the position of the mt ArgRS variants. Protein ladder was loaded on the
lanes designated with “Ladder” (sizes are indicated on the left side of the blots).

ArgRS variants
(expected size
~58 kDa)

Expression in Arctic Express cells leads to an increased solubility at least for variant P24
and V30. The full-length protein is probably also expressed and soluble, but the result
remains unclear due to an overload of corresponding samples onto the gel. Dominant
bands appear at the expected size for ArgRS variants of 58 kDa, except for V30, which
appears to be smaller than expected. A re-sequencing of the corresponding plasmid
revealed a point mutation that introduced an early stop codon resulting in a shorter

amino acid sequence, and thus in a smaller protein size.
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18.3. Expression of D16, C25, D28, and S29 in E. coli

It is generally accepted that codon usage biases are different when comparing different
species. It reflects the composition of the respective genomic tRNA pool. Thus, four codon
optimized mt-ArgRS genes named, i.e., D16, C25, D28, and S29, were cloned into a pDEST
plasmid with a C-terminal His-tag and used for bacterial expression to ensure fast
translation rates and high accuracy.

Expression was performed in Rosetta2 (DE3) and Arctic Express (DE3) cells following the
described protocol in section 8.6.6. Cell extracts and soluble fractions, obtained after cell
lysis and centrifugation, were loaded onto a 10 % SDS-gel. Protein bands were detected
by Western blot analysis using anti-His antibodies (Figure 55). The protein variants D16,
D28, and S29 are expressed in both bacterial strains. However, in Rossetta2 (DE3) the
expressed proteins were detected only in the cell extract fraction, indicating that these
protein variants are not soluble in this strain under the tested conditions. In contrast, the
expression in Arctic Express (DE3) cells results in an increased solubility of all protein
variants with one exception. Only variant C25 was not expressed in both bacterial strains.
As variants D16 and S29 showed the best expressions rate and solubility in Arctic Express

cells, they were chosen for purification and further analysis.
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Figure 55: Solubility test of recombinant expressed protein variants FL, P24, V30, and G36.

FL, P24, V30, and G36 are expressed in Rosetta2 (DE3) (left) and Arctic Express (DE3) (right). Cell extracts
and soluble cell lysate fractions were loaded and separated onto a 10% SDS-gel and detected by Western
blot analysis using anti-His antibody. The expected size of the Rcu mt ArgRS variants containing the N-
terminal His-tag is about 57 kDa. The protein ladder was loaded on the lanes designated with “Ladder”
(sizes are indicated on the left side of the blots).
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18.4. Purification of Rcu ArgRS variants D16 and S29

Bases on previous experiences with the purification of the Rcu CCA-adding enzyme, it
became clear that the preparation of recombinant proteins from Arctic Express can cause
problems because protein expression is associated with the co-expression of chaperons
Cpn60 and Cpn10. Therefore, the protocol that was established earlier in this study for
the preparation of the Rcu CCA-adding enzyme was applied for the purification of Rcu mt
ArgRS variants. However, the application of this method could not significantly improve
the release of chaperons from the synthetase.

In 2015, a purification protocol was published describing a method, which allows the
release of Cpn60 from expressed protein using urea at a sub-denaturing concentration
(Belval et al., 2015). This method was applied and optimized for the purification of Rcu mt
ArgRS variants. The final protocol that allows almost entirely eliminating chaperons
(visible as dominant band at 60 kDa in the soluble fraction in Figure 56 and Figure 57)
consists of three washing steps. The first washing buffer contains 2 M urea, followed by a
washing step with dissociation buffer, and a final step include washing with classical
buffer that is already used for cell lysis. The protein was eluted in elution buffer. All steps
were examined on an AKTA purifier system. Several samples were taken during
preparation of D16 and S29 ArgRS variants, and loaded onto a 10 % SDS-gel (Figure 56
and Figure 57).
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Figure 56: Expression, purification and concentration of the Rcu mt ArgRS variant D16.

(Left) E. coli Arctic Express (DE3) cells transformed with the plasmid pDEST carrying the Rcu mt ArgRS D16
coding sequence were used for expression and purification. Samples were taken during expression (before
and after induction), after sonication and centrifugation (pellet fraction and soluble fraction) and during
purification (flow through, and elution fractions 5-8), and were loaded onto a 10 % SDS-gel. The protein
ladder was loaded on the lanes designated with “Ladder” (sizes are indicated between both gels). (Right)
Samples obtained before and after concentration of the eluted protein were loaded onto a 10 % SDS-gel.
The expected size of the Rcu mt ArgRS D16 variant is 58 kDa (indicated by an arrow).
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Protein elution for both protein variants was almost pure. Only weak protein
contaminants were still present (Figure 56: elution 7 and 8; Figure 57: elution 12 and 13).
Since the quantity of both protein variants was very weak after purification, they were
concentrated by centrifugation (Amicon Centricon cut off 30 kDa). Samples were taken
before and after the concentration procedure and loaded onto a 10 % SDS-gel (Figure 56
and Figure 57). It turned out that it was not possible to concentrate the variant D16.
Eventually, concentration through centrifugation is not an appropriate method for this
protein variant. In contrast to that, S29 was well concentrated, but as a result, the
remaining impurities were also concentrated and are clearly identifiable in the gel. The
protein concentration was measured and the portion of the Rcu mt ArgRS was estimated

at 0.08 mg/ml. The prepared S29 variant was used for aminoacylation assays.
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Figure 57: Expression, purification and concentration of the Rcu mt ArgRS variant S29.

(Left) E. coli Arctic Express (DE3) cells transformed with the plasmid pDEST carrying the Rcu mt ArgRS S29
coding sequence were used for expression and purification. Samples were taken during expression (before
and after induction), after sonication and centrifugation (pellet fraction and soluble fraction) and during
purification (flow through, and elution fractions 10-13), and were loaded onto a 10 % SDS-gel. The protein
ladder was loaded on the lanes designated with “Ladder” (sizes are indicated between both gels). (Right)
Samples obtained before and after concentration of the eluted protein were loaded were loaded onto a 10
% SDS-gel. The expected size of the Rcu mt ArgRS S29 variant is 56 kDa (indicated by an arrow).

19. Aminoacylation assays

The purified enzyme was used in aminoacylation assays in order to verify whether the
protein can aminoacylate its cognate and other tRNA substrates. For that purpose, Rcu
armless tRNAAr8 CCA carrying the CCA tail was prepared. Commercial total tRNA from E.
coli, and total tRNA from yeast (kindly provided by G. Eriani, University of Strasbourg)
were used in parallel in these assays.

Since no positive controls are available to verify the functionality of the Rcu mt ArgRS and

the Rcu mt tRNAA8 in aminoacylation assays, it was absolutely necessary to test whether
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the experimental setup is functioning. Therefore, assays with cytosolic ArgRS from
S. cerevisiae and E. coli were integrated, and aminoacylation activity was verified for their

cognate tRNA substrates as well as for Rcu armless tRNAArs,

An aminoacylation assay using 10 nM Sce ArgRS (kindly provided by G. Eriani, University
of Strasbourg) and 30 pmol of tRNA was performed in MRC buffer. This buffer is adapted
for cytosolic enzymes and is characterized by an [Mg2*]/[ATP] ratio of 1.5. Samples were
taken after 0 min, 4 min, 8 min, 15 min, and 20 min of incubation at 25°C. The results of
the assay are shown in (Figure 58), revealing that the yeast ArgRS is not active on the Eco
or Rcu tRNA substrates, but efficiently aminoacylates its cognate tRNAs, (even up to 52
pmol, indicating that the initial calculated tRNAA8 concentration was underestimated).
However, yeast synthetase is active at least on its cognate tRNA, suggesting that the

experimental set up is appropriate.
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Figure 58: Aminoacylation activity of Sce ArgRS.

Aminoacylation assay was performed using 10 nM Sce ArgRS and 30 pmol tRNA4'8 from E. coli, S. cerevisiae,
and R. culicivorax in buffer MRC. Aliquots of 10 pl have been taken after 0, 4, 8, 15 and 20 min.

Eco ArgRS (kindly provided by S. X. Lin, CHUL, Québec) was used to test the arginylation
activity on different tRNA substrates in an additional assay. In a first attempt, the enzyme
was applied in the same buffer conditions as described before: 40 pmol of tRNA was
subjected to 100 nM Eco ArgRS in MRC buffer. The results are shown in Figure 59. About
8 pmol of yeast tRNA is charged by Eco ArgRS, which corresponds to 20 %. No activity is

detected for the armless tRNAs or the cognate Eco tRNAs. Actually, arginylation in E. coli
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is a well-established system and shows normally excellent aminoacylation activity. We
suspected that commercial purchased Eco tRNAs were damaged or otherwise not useable.
For subsequent experiments, total Eco tRNAs were prepared in house and tested. Test
aminoacylation reactions on freshly prepared Eco tRNAs have been performed by A.

Gaudry, University of Strasbourg (Figure 60).

Aminoacylation activity of Eco ArgRS in buffer MRC
(ratio [Mg®*]/[ATP] = 1.5)

9
8 b
*
’Té“ 7
[

& & . Eco tRNA
E
Z 4 #Sce tRNA
=
o3
o
5 2 Rcu tRNA
i -
O

omn n a - n

3 6 12 18
-1
Time (in min)

Figure 59: Aminoacylation activity of Eco ArgRS.
Aminoacylation assay was performed using 100 nM Eco ArgRS and 40 pmol tRNAAe from E. coli, S.
cerevisiae, and R. culicivorax in buffer MRC. Aliquots of 10 pl have been taken after 0, 4, 8, 15 and 20 min.

Proper buffer conditions for the E. coli enzymes in activity assays have been described
before (Igloi and Schiefermayr, 2009). These protocols revealed an adapted [Mg?2+]/[ATP]
ratio of 2.5, but no substantial change of the other buffer components. An adapted buffer
(named MRE) was prepared and tested again with Eco ArgRS and the three different tRNA
substrates. The results are shown in Figure 60.

The enzyme efficiently aminoacylates its cognate tRNA (in house preparation).
Interestingly, the Eco ArgRS does also recognize yeast tRNAs in the adapted MRE buffer.
Up to 58 pmol tRNA are charged, corresponding to an increase of approximately 10-fold,
compared to the test performed with the MRC buffer. These results indicate that arginyl-
tRNA synthetases are probably sensitive to buffer conditions, especially to the
[Mg2+]/[ATP] ratio, which needs apparently to be optimized for every ArgRS.

The E. coli enzyme shows no activity with the Rcu tRNAs. We assume that the armless Rcu
mt tRNAAT8 represents probably not an appropriate substrate for the E. coli enzyme due to

its extreme size reduction.
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Figure 60: Aminoacylation activity of Eco ArgRS in adapted buffer.

(Left) Aminoacylation assay was performed using 1 nM Eco ArgRS and 60 pmol Eco tRNAAt8 in buffer MRE.
Aliquots of 10 pl have been taken after 0, 2, 4, and 6 min (assay performed by A. Gaudry). (Right)
Aminoacylation assay was performed using 100 nM Eco ArgRS and 40 pmol tRNAA'g from S. cerevisiae, and
R. culicivorax in buffer MRE. Aliquots of 10 pl have been taken after 0, 4, 8, 15 and 20 min.

We suspected that Rcu ArgRS may be also sensitive for buffer composition, and
performed a test series using 10 pl of purified Rcu ArgRS S29 and 24 pmol of tRNAAT8 by
varying [Mg?*]/[ATP] ratio from 1 to 10 (Figure 61). However, no enzyme activity could
be detected in any of the tested condition. The Rcu enzyme was also not active on Eco and
Sce tRNA extracts (data not shown), suggesting that all tested conditions are not optimal
for the enzyme yet, that the enzyme quality or quantity was insufficient, or that the tRNAs

do not represent appropriate substrates.
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Figure 61: Aminoacylation activity of Rcu ArgRS in adapted buffer.

Aminoacylation assay was performed with 10 pl of Rcu mt ArgRS S29 eluate and 30 pmol Rcu tRNAA™ in
buffer MRR with varying Mg2* concentrations ([Mg2+]/[ATP] ratio of buffer MRR 1 = 1, [Mg?2*]/[ATP] ratio of
buffer MRR 2 = 2, etc.). Aliquots of 10 pl have been taken after 0, 4, 8, 15 and 20 min.
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20.Discussion

20.1. Identification and preparation of Rcu mt ArgRS

The initial (published) annotation predicted two fragments that showed similarity for N-
terminal and C-terminal parts compared to ArgRS sequences from other organism, that
were identified by multiple sequence alignments. Nevertheless, a linker sequence
between both fragments remained unclear, but could successfully be identified by reverse
transcription PCR. In addition, the Rcu mt ArgRS sequence was complemented and
confirmed by an own annotation, based on the original RNA-seq data. These studies led to
the identification of the nucleotide sequence coding for the Rcu mt ArgRS, and revealed
the first complete and verified sequence of an aminoacyl-tRNA synthetase from R.
culicivorax. This protein is available for structural and functional analysis now.

Many proteins that are translated in the cytosol but dedicated to mitochondria, carry
often a N-terminal MTS, which leads to a mature protein after cleavage of the precursor
protein (Schmidt et al, 2010). With regards to protein characterization, the
determination of correct cleavage sites is not only important for efficient expression and
purification of the mature proteins, but also for the determination of their activities.
Several cleavage motifs are known. However, they lack a common consensus sequence
(Gavel and Heijne, 1990). MTSs are often characterized by positively charged amino acids
and may form amphiphilic helices. This and other sequence features are used by
bioinformatics tools for the prediction of cleavage sites (Fukasawa et al.,, 2015).

It was extremely difficult to identify the precise cleavage site of the Rcu mt ArgRS
sequence. Commonly used prediction tools either did not detected a precise cleavage site
at all (TargetP, Predotar, and TPpred2), or predicted a cleavage site only with a low
probability (MitoProt, MitoFates). In some cases a wrongly predicted cleavage site led to
weak protein amounts after bacterial expression. Only the correction by the removal or
addition of several N-terminal amino acids, as it was the case for the human mt LysRS
(Bullard et al,, 2000; Yao et al., 2003) and the human mt AspRS (Gaudry et al, 2012;
Neuenfeldt et al., 2013) led to soluble active proteins. The identification of the correct
cleavage site demands special caution and should be moreover experimentally
determined. For this reason, eight Rcu mt ArgRS variants, which differ in the definition of
their N-terminus of the mature proteins (lacking the putative MTS), were cloned and

tested for expression, purification and activity. However, it should also be considered that
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the putative MTS of the Rcu mt ArgRS may not be cleaved and that a full-length protein is
active in R. culicivorax.

We observed that most variants were not suitable for expression in BL21 (DE3) and
Rosetta (DE3) E. coli strains, as they were not detectable by Western blot analysis or they
were only present as aggregates in the pellet fraction. The best yield, sufficient for
purification, was obtained by expression in E. coli Arctic Express cells at low temperature
for the protein variants D16, D28, and S29. Several other studies reported already about
the increased solubility of recombinant expressed protein in this bacterial strain (Gopal
and Kumar, 2013; Belval et al,, 2015).

However, the main disadvantage of this cell line is that the two cold-adapted chaperons
Cpn60 and Cpn10, which are co-expressed to allow the proper folding of the recombinant
protein, are also often co-purified and thus impair the purity of the eluted protein
solution. An appropriate purification protocol has to be adapted for every recombinant
expressed protein when using this cell line because the described protocols in the
literature and also the newly developed protocol for the purification of the Rcu CCA-
adding enzyme with denatured proteins and dissociation buffer did not led to an
improved purification. The only protocol that finally led to a significantly release from
chaperons consisted of a washing step with 2M urea in combination with a dissociation
buffer. The urea concentration is under denaturing condition, and is compatible with
affinity chromatography on nickel columns (Belval et al, 2015). Only one of the
numerously tested variants, i.e., S29, was finally achieved in very small quantities and

could be used for initial aminoacylation assays.

20.2. Functional characterization of Eco, Sce and Rcu (S29) ArgRS interacting
with armless mt tRNAArg

Aminoacylation assays were performed in order to characterize arginylation activity of
the prepared mt-ArgRS variant S29 from R. culicivorax. The protein was subjected to in
vitro transcribed armless mt tRNAArg.CCA and total tRNA extracts from E. coli and yeast.
Arginylation of Sce and Eco ArgRS have been intensively studied already (Sissler et al.,
1996, 1998; McShane et al., 2016; Tamura et al., 1992; Aldinger et al., 2012), and have
thus been used in this study to monitor and confirm the functionality of the experimental
setup and to perform a comparative analysis of the test results. Eco and Sce ArgRSs have

therefore been tested with their cognate tRNAs as well as with armless tRNAs from
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R. culicivorax. We confirmed that both cytosolic enzymes recognize their cognate tRNAs
as substrates.

We could also show that the E. coli and yeast enzymes have optimal activities in distinct
buffers with [Mg2*]/[ATP] ratio of 2.5 and 1.5, respectively. This observation is of
particular importance for the E. coli synthetase, where the charging level increases 10-
fold in low [Mg?*]/[ATP] MRE buffer compared to high [Mg?*]/[ATP] MRC buffer. We
conclude that reaction buffers are not only important for maintaining pH and solubility of
enzymes, but also may influence enzyme activity, and therefore need to be carefully
selected and optimized for each aaRS.

However both, Eco and Sce ArgRS, did not recognize the armless tRNAAT¢ from
R. culicivorax. We assume that truncated tRNAs are probably not appropriate substrates
due to missing structural identity elements, which have been reported to be important for
tRNAArg recognition. Indeed, identity elements determine the specific recognition
between aminoacyl-tRNA synthetases and tRNAs (Vasil’eva and Moor, 2007). In most
tRNAs, the majority of recognition determinants are located in the anticodon and the
acceptor stem region (Giegé et al, 1998). In addition to leucine and serine, arginine is
genetically encoded by six different codons, which means that a corresponding synthetase
must be able to recognize six different tRNA molecules with six different anticodons. This
leads to the assumption that additional identity elements are required, beside those
present in anticodons and acceptor stems, to maintain nevertheless specificity (McShane
etal, 2016).

It has been demonstrated for Eco tRNAA® that identity elements are present in three
distinct regions: within C3s and G/Us3e in the anticodon loop, within the discriminator base
G73 or C73, which contribute only modestly to recognition, and within Azo in the single-
stranded region of the D-loop (Tamura et al., 1992). Azo is highly conserved among the
tRNAArg species in most organisms (Sprinzl, 1998), and is one of the major identity
elements of tRNAA® (Shimada et al, 2001a). Since classical D-arms and loops are not
present in armless tRNAsAr8, arginylation activity of Eco ArgRS seems to be strongly
dependent on the presence of this major recognition element at position 20, and because
it has been shown elsewhere that Eco ArgRS could not recognize animal mt tRNAArg (Buck
and Nass, 1969; Igloi and Leisinger, 2014), it was likely that the Eco enzyme did not

aminoacylate the armless mt tRNAs from R. culicivorax due to the absence of A2o.
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Interestingly, tRNAAT8 does not exhibit a conserved Ao in S. cerevisiae and most animal
mitochondria. Instead, this nucleotide is often replaced by U, dihydrouridine (D), or C at
position 20 (Sprinzl, 1998). It has been demonstrated that C3s and G/Use in yeast tRNAAr8
are essential for aminoacylation, and therefore represent major identity elements (Sissler
etal, 1996). Rcu tRNAsA8 possesses both identity elements (i.e., C3s and Uss), and should
therefore theoretically be accepted by Sce ArgRS. However, armless mt tRNAsA™8 are not
aminoacylated by this enzyme. This leads to the question, whether specific recognition
elements exist for mt arginyl tRNAs. In 2014, Igloi and Leisinger presented a large study
on identity rules of mt tRNAsA™8 from a wide range of animal taxa, and revealed that
identity elements of metazoan mt tRNAsAre stayed highly conserved during evolution.
Their identity elements resemble those that have been identified for the cytoplasmic
system in yeast. However, the authors hypothesize that alternative identity elements, or a
modulated recognition mechanism may exist for nematode mt tRNAs (Igloi and Leisinger,
2014).

Concerning armless tRNAsA8 from R. culicivorax it is possible that major identity elements
are present in the anticodon loop, which is supported by the presence of conserved
nucleotides C3s and Use. It would be interesting to study, and to identify the presence of
possible other identity elements for Rcu tRNAA™8, once enzyme activity is determined. For
this purpose, different tRNA mutants that carry point mutations could be prepared and
tested. However, it should be considered that probably not only single nucleotides are
responsible for tRNA recognition, but the whole particular tRNA architectures of armless

tRNAs may play an important role.

So far, no enzyme activity could be obtained for Rcu mt-ArgRS neither with armless mt
tRNAs, nor with cytosolic tRNAs under the tested conditions. Several reasons may be
responsible for this phenomen: (i) It is possible that the quantity or quality of the enzyme
was not sufficient. The preparation of this enzyme variant, i.e., S29, was performed under
suboptimal conditions. Expression was only possible in Arctic Express cells, and yielded
only in low quantities. Additionally, eluted protein was still contaminated by other
proteins, whose impact on structure and functionality of the ArgRS is unknown. Further
investigations are needed to improve the yield and purity of Rcu mt ArgRS.

(ii) It could be possible that S29, which represents the protein variant that is best

producible by protein preparation compared to the other tested protein variants, is only
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poorly active. Therefore, further protein variants need to be screened to identify
alternatives that can be expressed and purified, and that are suitable for activity analysis.
(iii) Since we were able to show that Eco ArgRS is sensitive to the buffer conditions, we
conclude that adapting buffer conditions is crucial for studies on all involved synthetases.
Therefore, a series of tests with different buffer compositions, varying in the ratio of
[Mg?*]/[ATP], was performed. However, the S29 variant showed no activity under any of
the tested conditions. (iv) The in vitro transcribed tRNA substrates were carefully
prepared, following the described protocol. However, it is still unknown whether Rcu
ArgRS accepts in vitro products, or only in vivo synthesized tRNAs carrying
posttranscriptional modifications. Although, it is usually possible to aminoacylate
unmodified substrates, the impact of modification is still unclear and is maybe much more
important for the stability of armless tRNAs. Each of the mentioned problems still needs
to be further investigated to ultimately perform successful aminoacylation studies.

An interesting alternative assay to classical aminoacylation assays would be binding tests,
in which the affinity of enzymes to the tRNAs could be determined, as described by
(McShane et al.,, 2016). In such an experiment, also referred to as electrophoretic mobility
shift assay (EMSA), tRNAs and enzymes are incubated together, and separated by
electrophoresis. A shift between both samples (tRNAs with and without enzyme) would
indicate tRNA binding. Since aminoacylation is normally a two-step reaction, one could
additionally detect the activation of amino acids. However, it has been shown that ArgRSs
require usually tRNAs for amino acid activation. If this is a characteristic also for Rcu mt-

ArgRS, it would make this analysis to perform more challenging.

20.3. Co-evolution of Rcu mt ArgRS and armless tRNAs
Once the complete protein sequence of Rcu mt-ArgS was identified, it was compared and
aligned to other ArgRSs of different organisms. A multiple sequence alignment revealed
that the mt-ArgRS sequence that we propose for R. culicivorax, can be assigned to a
subgroup of cytosolic and mitochondrial sequences from eukaryotes, and is more distant
to bacterial ArgRS sequences. The conserved sequence motif “HIGH” and an eqivalent
sequence to the conserved “KMSKS” motif could be identified in this comparison.
Nevertheless, a striking observation was made in the N-terminal region of the nematode
protein. Typically, the N-terminal region contains a structural domain of about 100 amino

acids, which is unique among the class I of aaRSs (Bi et al, 2014). It has been
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demonstrated by crystal structure analysis that this additional N-terminal domain
interacts with the D-loop of tRNAs, and is thus involved in the recognition of the elbow
region (outer corner of the L-shape), formed by long range D- and T-loop interactions in
classical tRNAs (Cavarelli et al., 1998; Shimada et al, 2001a). A sequence comparison and
an [-TASSER 3D structure prediction demonstrate that this additional domain is not
present in the Rcu enzyme, and seem to be also absent, or at least truncated, in equivalent
enzymes of at least one other nematode (C. elegans). The loss of this structural domain
may indicate a co-evolutionary adaptation to armless tRNAsA™8 in which the typical elbow
region does not exist.

Interestingly, recent studies revealed that co-evolution interferes with different mutation
rates between mitochondrial and nuclear DNA encoded factors in animals, indicating that
nuclear encoded proteins have a higher mutation rate, and evolve therefore faster than
their cytosolic counterparts (e.g., mitochondrial ribosomal proteins as compared to
cytosolic ribosomal proteins, or mt aaRS compared to cyt aaRS) (Levin et al.,, 2014; Adrion
et al, 2016). Beside the animal mitoribosome, that seems to compensate reduced RNA
content by an extension of protein content (Sharma et al.,, 2003; Mears et al., 2006), other
proteins, e.g., involved in interactions with mt tRNAs, are known for their mitochondrial-
nuclear co-evolution. Examples of these proteins, for which co-evolutionary processes
related to truncated mt tRNAs have been reported, are elongation factors EF-Tul and EF-
Tu2 in the nematodes C. elegans and Trichinella (Ohtsuki et al., 2001; Arita et al., 2006).
Both, mt EF-Tul and mt EF-Tu2, possess a specific C-terminal extension which allows
these enzymes to interact with mt tRNAs lacking T- or D-arms (Watanabe et al.,, 2014).
Furthermore, one single enzyme, i.e., the mammalian mt SerRS, can recognize canonical
tRNAsSer as well as D-armless mt-tRNAsSer. This particular recognition mechanism is
accomplished through small N- and C-terminal extensions (Chimnaronk et al, 2005). The
given examples show a tendency to an increased protein content in nuclear encoded mt
proteins, which is supposed to compensate for the loss of RNA content in mitochondria
(Suzuki et al., 2001). This is in contrast to the observation that we made for the Rcu mt
ArgRS, where the protein content is reduced. The intended function of an extra domain
(recognition of the elbow region) appears to be no longer necessary for the functionality
of this protein, resulting in a loss of this domain. However, it is possible that this
evolutionary adaptation is not limited to Rcu mt ArgRS, but may also be the case for other

mt ArgRS of species carrying armless mt tRNAs as already indicated in C. elegans.
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21. The role of tRNAs in the RNA world

Since the central dogma of molecular biology was proposed in 1950, the role of RNAs in
protein synthesis has been widely appreciated. Fundamental research has shown how
important different RNAs are for these processes. While mRNAs are essential for the
transcription process and rRNAs built up ribosomes, tRNAs represent the physical linkage
between the genetic code and the amino acid sequence of proteins during translation
(Lodish H, Berk A, Zipursky SL, et al., 2000).

tRNAs and rRNAs belong to the group of non-coding RNAs (ncRNAs), because they are not
translated into a protein. Beside them, a variety of other ncRNAs (e.g.,, snRNAs, RNAj,
miRNAs, and siRNAs), were shown to be indispensable for many cellular processes
(Mattick and Makunin, 2006).

Even though tRNAs represent one of the oldest molecule discovered in all domains of life,
they are still fascinating study objects (Fujishima and Kanai, 2014). Classical tRNAs are
characterized by a cloverleaf secondary structure, which is composed of 4 domains: the
amino acid accepting stem, the D-arm, the anticodon arm, and the T-arm. Their tertiary
structures resemble the letter “L”. This general structure is mainly conserved over all
kingdoms of life. In eukaryotes, protein translation is not restricted to the nucleus, but
also takes place in organelles, such as chloroplasts and mitochondria. Mitochondria
encode a specific set of tRNAs in their own genome, and possess an appropriate
translation machinery. In contrast to cytoplasmic tRNAs, metazoan mt tRNAs show
unusual structures with reduced sizes, and can even lack complete arms. More and more
unusual mt tRNAs, which exhibit extremely truncated sequences, have been discovered in
different animal lineages over the last years (Yamazaki et al, 1997; Masta, 2000;
Wolstenholme et al., 1987; Jiihling et al., 2012b). Truncated mt tRNAs have evolved to an
extreme case in nematode species. The roundworm Romanomermis culicivorax belongs to
the group of nematode species, that were predicted to carry truncated mt tRNAs that even
lack both, D-arm and T-arm, and were thus called “armless” tRNAs. Armless tRNAs were
predicted to be considerably smaller than their cytosolic counterparts with about 45 nt as
compared to 76 nt. This discovery has led to many questions concerning their
functionality as well as the molecular mechanisms of co-evolution that I tended to answer

during this thesis work.
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21.1. Do armless tRNAs exist in vivo?

The improvement of specialized bioinformatics tools allows now for the detection of
bizarre tRNA genes. This led to the discovery of the shortest tRNA genes identified,
lacking both lateral arms (Jihling et al., 2012a; Jihling et al., 2012b). These discoveries
are mainly based on computational predictions. Structural or functional experimental
validations were not performed for most of these predicted mt tRNAs, so far.

However, S. Wende and colleagues were able to show recently, that such putative tRNA
genes are indeed transcribed in R. culicivorax. They could prove the existence of six of
these armless mitochondrial tRNAs by sequencing of RNA extracts using 5’- and 3’-RACE
PCR (Wende et al.,, 2014). Each of the identified in vivo transcripts carried the nucleotides
C-C-A at its 3’ end, while not encoded in the mt genome. This study provides therefore
first hints for the existence of functional armless mt tRNAs in vivo. Their structural and
functional characterization were the main objectives of this study. These results lead to a
significant contribution to the knowledge about these specific molecules, whose role has

not been fully elucidated, yet.

21.2. Do armless tRNAs fold into classical structures?

The approaches used in this study provided details about the size and shape of the
armless mt tRNAs, and led to the reconstruction of secondary and tertiary structure
predictions. This allowed us to compare structural properties with those from classical
tRNAs, and to identify the minimal architectural requirements of tRNA structures, that are
still compatible with their functionality.

Based on the performed secondary structure analysis, we conclude that armless mt tRNAs
in R. culicivorax form a hairpin-shaped secondary structure. This includes an internal
double bulge replacing both, D- and T-arms, in the secondary cloverleaf structure as
compared to classical tRNAs. We found no hint for any internal long-range nucleotide
interactions, which could be confirmed by additional NMR measurements. We conclude
that armless mt tRNAs are exclusively composed of classical Watson-Crick bases pairs
forming helices that contribute solely to the formation of secondary structures.

Scattering data obtained from SAXS analysis provided physical parameters that allowed
the reconstruction of low-resolution 3D models. In contrast to the L-shape structure of

cytosolic tRNA, the tertiary structure models of armless tRNAs resemble rather a
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boomerang-shape. This suggests that armless mt tRNAs possess high intrinsic flexibility,
that can compensate the predicted truncated maximal distance between the extremities
despite their reduced size. Thus, intrinsic flexibility probably facilitates armless tRNAs to
interact with partner proteins, and preserves therefore tRNA biosynthesis and protein

translation processes in nematode mitochondria.

21.1. Are armless tRNAs biological relevant?

During this study, Rcu CCA-adding enzymes and mt ArgRS coding sequences have been
identified, and were cloned for the first time. The recombinant proteins have been studied
for their interaction with cognate and cytosolic tRNAs in CCA-incorporations assays and
aminoacylation assays, respectively. These experiments could be performed only after
establishing appropriate expression and purification protocols. The capacity to recognize
different tRNA substrates has been compared to the activity of heterologous enzymes
from human, yeast, and E. coli.

We could show that the Rcu CCA-adding enzyme is active, and can efficiently recognize
armless tRNAs as well as a cytosolic tRNA, indicating a broad substrate specificity.
However, heterologous Eco and Hsa CCA-adding enzymes seem to be not or only partially
compatible with armless tRNAs. We conclude that the incorporation of nucleotides by
CCA-adding enzymes works best with the cognate enzyme, and that the Rcu enzyme has
adapted to the small size of armless mt tRNA during evolution. This study provides
therefore in vitro evidence for a biological relevance of armless mt tRNAs, especially in
terms of CCA-adding processes.

We supposed that Rcu mt ArgRS possesses a MTS, like many other mt proteins do, to
allow for their import into mitochondria. Many efforts have thus been made to identify a
protein variant (deprived of the putative MTS) that is most compatible with expression
and purification protocols. So far, only one of the different tested enzyme variants, i.e.,
S29, could be obtained in low quantity and quality. However, it could be used for
aminoacylation assays. The results of this initial study reveal that the Rcu enzyme does
not recognize either armless tRNAs, nor cytosolic tRNAs under the tested conditions. A
comparative analysis with cytosolic ArgRS from yeast and E. coli showed that both
enzymes have optimal activities in distinct buffers with [Mg2+]/[ATP] ratio of 2.5 and 1.5,
respectively. These initially obtained data lead to our assumption that reaction buffers

have to be carefully selected and optimized for each ArgRS. Since both, E. coli and yeast
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ArgRS, do not aminoacylate armless tRNAsA™8, we suppose that truncated tRNAs are not

an appropriate substrate, most likely due to missing identity elements.

21.3. Did evolutionary adaptation take place?
Possible co-evolution events have been revealed during this study, concerning mostly
tRNAs and proteins that are partner in the mitochondrial translation machinery.
Identified sequences of the Rcu CCA-adding enzyme, and the mt ArgRS have been
analyzed using multiple sequence alignments, including heterologous enzymes from
different organism as references. Furthermore, bioinformatic structure prediction tools
have been used to build 3D models of these enzymes to provide insights into their co-
evolution with armless tRNAs.
Compared to other class Il CCA-adding enzymes, the Rcu CCA-adding enzyme shows high
sequence similarity, especially in its N-terminal catalytic core, while the C-terminal
domain, which is involved in tRNA recognition, is less conserved. A high flexibility of the
C-terminal region may be a possible reason why the Rcu CCA-adding enzyme has adapted
to armless mt tRNAs without losing its ability to recognize cytosolic tRNAs at the same
time. However, it is almost impossible to determine, based only on sequence
comparisons, whether the C-terminal part contains the decisive factor that is responsible
for the recognition of armless tRNAs. This is the case because CCA-adding enzymes
usually show a high degree of variation, but no sequence conservation when comparing
their C-terminal regions among each other. It is conceivable, that through the creation of
protein mutants or protein chimeras, specific elements of the Rcu CCA-adding enzymes
that play a decisive role in the recognition of armless tRNAs, will be identified.
Typically, the structure of ArgRSs contains an additional N-terminal domain. It is involved
in the recognition of the edge-region of tRNAs. Both, Sequence comparison and a 3D
structure prediction highlight that this additional domain is missing in the R. culicivorax
enzyme. It seems that the loss of this structural domain indicates a co-evolutionary
adaptation to armless tRNAAr, for which the typical elbow region does not exist. It will
become possible to explore this hypothesis, once active Rcu mt ArgRS will be obtained.
However, the main structural differences between classical and Rcu mt ArgRS concerning
tRNA recognition are schematically represented in Figure 62. The figure illustrates the
characteristic loss of the N-terminal domain for the Rcu mt ArgRS, in combination with

the ability of armless tRNAs to compensate the typical distances between the acceptor
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stem and anticodon stem through an increased intrinsic flexibility. We hypothesize that
these structural adaptations of both, synthetase and tRNA, lead to a possible interaction

between enzymes and armless mt tRNAs in R. culicivorax.

Recognition of cytosolic tRNAs Recognition of armless tRNAs
by classical ArgRS by mt-ArgRS from R. culicivorax

Figure 62: Schematic representation of possible recognition mode of armless tRNAs in ArgRS.

(Left) Classical ArgRSs possess an additional N-terminal domain that interacts with the edge region of
classical tRNAs, which folds into a typical L-shape 3D structure. (Right) In contrast, mt ArgRS from
R. culicivorax has completely lost the additional N-terminal and its cognate tRNA will probably fold into a
boomerang-shape 3D structure. The distance between the extremities of acceptor stem and anticodon loop
(dotted arrows) is probably compensated by the predicted intrinsic flexibility of the armless tRNA based on
the SAXS analysis. ArgRSs are represented in pink, tRNA molecules in blue, aminoacid in green.

During translation, tRNAs interact with several sites of the ribosome. It would be thus
very interesting to elucidate how recognition of armless mt tRNAs is achieved in the
nematode ribosome. It has already been shown that animal mitoribosomes compensate a
reduced mt RNA content through an increased protein content. We found indications that
the rRNA content is also reduced in R. culicivorax, and suppose a ribosomal organization
similar to that of animal mitoribosomes. We assume that a combination of an adapted
mitoribosome (high protein, low RNA content) together with the proposed high intrinsic
flexibility of armless tRNAs may facilitate tRNA recognition in R. culicivorax, and thus

supports a functional translation process.

21.1. Do armless tRNAs fulfill alternative functions?
It has already been shown that bacterial, eukaryotic, mitochondrial, and even viral tRNAs
can fulfill alternative functions in the cell. Beside their conventional role in protein

biosynthesis, several tRNAs participate, e.g., in energy metabolism, amino acid synthesis,
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regulation of transcription, translation processes, and protein degradation (Kirchner and
Ignatova, 2015).

Latest studies in RNA research revealed that small non-coding RNAs play an highly
important role in cellular processes. The development of breakthrough next-generation
sequencing (NGS) technologies combined with RNA biochemical studies has dramatically
advanced our understanding of the cellular transcriptome, and revealed the existence of
various different small non-coding RNAs with divers functions (Derks et al., 2014).
Armless mitochondrial tRNAs should be considered as members of this family of
molecules. We can therefore assume that armless tRNAs from R. culicivorax could also
perform alternative functions. Until today, new forms and functions of small non-coding
RNAs are discovered regularly. Almost a new research field has been developed with the
discovery of tRNA-derived fragments, which are involved in a variety of metabolic
processes with different functions in various organisms of all kingdoms of life (Nolte-'t
Hoen et al, 2012; Shigematsu et al.,, 2014; Pliatsika et al., 2016). It is possible that armless
tRNAs give rise to such tRFs, or function in a similar manner. This demonstrates that
much more work is required to completely understand contribution of armless mt tRNAs

to cellular functions.

22. General conclusion and perspectives

The present work has contributed to decipher structural properties of armless
mitochondrial tRNAs. Furthermore, the functionality of the Rcu CCA-adding enzyme has
been determined. Aminoacylation activity of the Rcu mt ArgRS could not be proven, so far.
Structural particularities of both tRNA interacting partner proteins have been elucidated
and suggest evidence for co-evolutionary adaptation of the proteins and armless tRNAs.
However, this work still represents a starting point for more profound studies as many
questions still remain unanswered.

Since this thesis work was part of a joint PhD program between the University of Leipzig
and the University of Strasbourg, biological aspects concerning armless mt tRNAs and
their interacting partner proteins will be further elucidated in both host laboratories.

In Leipzig, Oliver Hennig will further study and characterize the enzymatic activity of the
Rcu CCA-adding enzyme by determining kinetic parameters during his thesis work.
Characteristic features of armless tRNAs (not only from R. culicivorax) and enzymes

chimeras will play a central role for his work to determine, e.g., recognition modes and
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parameters. In Strasbourg, Agnes Gaudry will continue to determine optimal assay
conditions to allow a characterization of enzymatic activities of the Rcu mt ArgRS. It
would be also very interesting to analyze characteristic features of other partner proteins
that interact with armless tRNAs in R. culicivorax, such as EF-Tu, RNase Z, or RNAse P.
Here, the group of Philippe Giegé in Strasbourg is already in progress to analyze the mt
RNase P of this interesting nematode worm. Additionally, further studies are needed to
finally verify 3D structures of armless tRNAs in detail. The collaboration with Claude
Sauter (University of Strasbourg) represented already a great starting point for an initial
tertiary structure analysis, but can be continued, e.g., with crystallographic studies. As
shown in this study, armless mt tRNAs are very stable, and may therefore represent

appropriate substrates for crystal structure analysis.

Transfer RNAs play a central role in the origin and evolution of fundamental biological
processes, and have fascinated many scientists for over 60 years now. Since they belong
to the class of RNAs, they have already largely contributed to our understanding in RNA
structure and biology (Phizicky and Hopper, 2015). The fact that tRNAs, and RNAs in
general, have a great influence on our organism is clearly shown by the long list of Nobel
Prize laureates who have been awarded for their work in the field of RNA biology. For
example, for the discoveries concerning the molecular structure of nucleic acids (Wilkins,
Crick and Watson in 1962), for the discovery of the catalytic properties of RNAs (S.
Altman, T. R. Check in 1989), for the discovery of RNA interference (A. Z. Fire and C. C.
Mello in 2006), and for studies of the structure and function of the ribosome (A. Yonath, V.
Ramakrishnan, and Thomas A. Steitz in 2009), just to mention a few of them.

Many other discoveries concerning, e.g, RNA biogenesis, processing and regulation
(reviewed in (Phizicky and Hopper, 2015) are very interesting and crucial for our
understanding of RNA biology. The discovery of armless tRNAs in mitochondria, and their
structural as well as functional characterization, represent also very exciting discoveries
in my opinion.

[ am sure that with the development of new technologies or the improvement of already
existing tools (e.g., NGS tools, spectrometric methods, growth conditions, and others),
many new discoveries are just waiting to be investigated, and will further delight our

understanding about tRNA and RNA biology.
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Résumé

Les ARN de transfert (ARNt) jouent un réle fondamental dans la biosyntheése des
protéines. Ils sont en effet des partenaires clés de la machinerie ribosomique de la
traduction de l'information génétique en protéines, en fournissant les acides aminés
spécifiques permettant la syntheése progressive de la chaine peptidique a partir du
message codé sur ’ARN messager. Molécules « adaptatrices » imagées d’'un point de vue
théorique comme une nécessité par Francis Crick en 1958 avant méme leur découverte,
les ARNt ont fait 'objet d’études incessantes depuis lors et restent aujourd’hui encore au
centre de nombreuses découvertes (Crick, 1955; Phizicky and Hopper, 2015). Ces petits
ARN non codants ont, de maniere classique une structure largement conservée avec une
constitution moyenne de 75 nucléotides. Leur structure secondaire ressemble a une
feuille de trefle, qui se compose de quatre tiges et trois boucles: la tige acceptrice, sur
laquelle sera estérifié l'acide aminé correspondant a 1I'ARNt, le bras D, le bras de
I'anticodon, qui reconnait et s'associe aux codons de 1'ARN messager, et le bras T. La
structure tertiaire ressemble a la lettre L, 'anticodon étant a 'une des extrémités et la
fixation de I'acide aminé se faisant a I'autre (Giegé et al., 2012). Les structures secondaires
et tertiaires sont complétées par l'action d'une série d’enzymes de maturation et de
modifications post-transcriptionnelles. Les ARNt matures sont alors substrats de la
famille d’enzymes, les aminoacyl-ARNt synthétases, qui chargent les ARNt avec leur acide
spécifique. Chez les eucaryotes, il coexiste une machinerie de synthese protéique
cytosolique et une machinerie dans les organelles, tels que les chloroplastes et les
mitochondries. Ainsi, il existe également des jeux d’ARNt dédiés a ces syntheses,
partiellement ou totalement codés par les génomes de ces organelles (Salinas-Giegé et al.,
2015). Les mitochondries, en particulier des animaux, codent pour un ensemble complet
d’ARNt dans leur propre génome permettant une traduction appropriée de I'information

génétique de ’ADN mitochondrial.

Alors que les ARNt cytoplasmiques ont des motifs structuraux fortement conservés, les
ARNt des mitochondries des animaux présentent des structures inhabituelles, des
dégénérescences et bizarreries diverses. Nombreux sont ceux qui ont une taille réduite,

ont perdu des éléments de structures typiques, ou ont perdu des domaines complets. Un
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cas extréme de ces écarts structuraux a été trouvé dans les mitochondries d’Enoplea (une
classe de vers nématodes). Ces ARNt nouvellement découverts sont dépourvus aussi bien
du bras D que du bras T et ont été appelés ARNt "manchots". Romanomermis culicivorax
correspond a un représentant des Enoplea dans le génome mitochondrial duquel de
nombreux genes d’ARNt prédisent l'existence de tels ARNt manchots (Jiihling et al,
2012b). Des premiers indices quant a I'existence d’ARNt manchots dans des extraits de
R. culicivorax ont rapidement été apportés par le séquencage de petits ARN, et de leur
possible activité biologique, par la démonstration d’'un événement de maturation post-
transcriptionnelle, a savoir I'incorporation du triplet terminal CCA non codé par le géne

(Wende et al., 2014).

L’objet de cette thése concerne la caractérisation d’ARNt "manchots" portant sur leurs
propriétés structurales et I'’étude de différents aspects de leur fonctionnalité, en
particulier leur interaction avec deux enzymes partenaires, I'’ARNt nucleotidyltransferase
(CCAse) - une enzyme de maturation, et 'aminoacyl-ARNt synthétase. Pour cette étude,
nous avons choisi de caractériser les ARNtA™8 et ARNt!le mitochondriaux de R. culicivorax.
Dans un premier temps la structure en solution des deux ARNt (obtenu par transcription
in vitro) a été établie. Les approches telles que le sondage enzymatique et chimique, la
spectroscopie de résonance magnétique nucléaire (RMN), et la diffusion des rayons X aux
petits angles (small angle X-ray scattering ou SAXS) ont été utilisées. Ceci a permis de
définir les éléments de structure secondaire, de rechercher des interactions
intramoléculaires ainsi que d'aborder les enveloppes globales de structures
tridimensionnelles. Les protéines partenaires, a savoir la CCAse de R. culicivorax et
I'arginyl-ARNt synthétase mitochondriale ont été identifiés a partir d'un génome
partiellement annoté, et clonés par amplification a partir d’ARN total extrait du ver, et
surexprimées afin de défricher certaines de leurs propriétés fonctionnelles, en particulier
leur capacité a reconnaitre les ARNt manchots comme substrats. Ainsi, des essais
d'incorporation de CCA et d'aminoacylation ont été effectués. Certaines propriétés de ces
enzymes sont également comparées a celles des enzymes homologues d’E. coli, de la
levure et de la mitochondrie humaine (en cours d’étude dans les laboratoires hotes) afin
de décrypter les relations évolutives des couples ARNt manchots/protéines partenaires

de R. culicivorax.
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Analyse de la structure de deux ARNt manchots

Afin d'étudier la structure des ARNtA™® et ARNtle de R culicivorax, les génes
correspondants ont été clonés et les ARN obtenus par transcription in vitro. Trois
approches différentes et complémentaires d’analyses structurales ont été utilisées : i) les
sondages enzymatique et chimique (in-line probing), ii) la spectroscopie RMN et iii) la
diffusion des rayons X aux petits angles (SAXS).

Les approches de sondage enzymatique et chimique sont des méthodes permettant
I'étude de la structure en identifiant les régions de I'ARN en simple ou double brin. Les
résultats de cette analyse ont révélé que les deux ARNt forment une structure secondaire
en forme d’épingle a cheveux comprenant un double renflement (bulge) aux endroits
remplacant les deux bras latéraux dans une structure secondaire en feuille de trefle
classique. Les données collectées par cette approche n’‘ont pas permis de détecter la
présence d'interactions nucléotidiques internes au sein des renflements. Les structures
sont stables et robustes (pas de dégradations, pas de conformations alternatives) malgré
leur composition primaire tres biaisée en faveur des nucléotides A et U (76 % et 87 %
pour ARNtA™g et ARNt!le respectivement).

En utilisant la spectroscopie RMN qui est une technique puissante pour détecter les
interactions intramoléculaires tertiaires nous pouvons confirmer que les ARNt manchots
possédent exclusivement des paires de bases classiques Watson-Crick formant les hélices
de la structure secondaire. Aucun signal en faveur de paires de bases inhabituelles n’a été
détecté, suggérant I'absence d’interactions tertiaires dans les zones des renflements. Cette
absence est remarquable puisque de telles interactions servent a stabiliser les structures
3D des ARN et des ARNt en particulier.

Le SAXS nous a servi a mesurer certaines caractéristiques physiques reliées a la forme et
aux dimensions de la structure 3D des ARNt. Cela nous a permis de calculer des formes
3D (enveloppes moléculaires) pour chacun des deux ARNt qui, sans étre identiques, sont
tres comparables a celles obtenues par I'analyse SAXS d’'un ARNt « classique » (ARNtPhe de
levure). Etonnamment, la dimension maximale de ces objets en solution (correspondant a
la distance maximale entre les atomes les plus éloignés dans la structure) est du méme
ordre. Une différence concerne une plus grande variabilité des enveloppes pour les ARNt
manchots, suggérant une plus grande flexibilité intrinseque de la structure 3D.

Les résultats obtenus par les différentes méthodes utilisées montrent que les transcrits in

vitro des ARNt manchots ont apparemment une structure trés simple, qui se compose de
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paires de bases classiques de type Watson-Crick formant deux hélices séparées par un
renflement central, que les structures ne contiennent pas de connexions tertiaires
internes particulieres qu'elles sont chimiquement stables et ne conduisent pas a des
structures secondaires alternatives. Au niveau 3D cependant une plus grande
souplesse/flexibilité anticipe une adaptabilité plus importante pour l'interaction avec les

protéines partenaires.

L’ARNt nucleotidyltransferases (CCAse) de R. culicivorax

Habituellement, dans les eucaryotes un seul gene de la CCAse existe codant a la fois pour
I'enzyme cytosolique et une enzyme mitochondriale. L'enzyme mitochondriale est
produite a partir d’'un codon d'initiation alternatif et contient une «séquence d’adressage
mitochondrial" (MTS), localisée a I'extrémité N-terminale. La MTS est clivée au cours du
processus d'importation, résultant en une protéine mature. Le seul géne codant pour une
CCAse que nous avons détecté dans le génome nucléaire de R. culicivorax possede un site
de clivage trés similaire a celui de '’enzyme humain lequel nous avons utilisé pour le
clonage.

La séquence protéique résultant du gene cloné a été alignée a d’autres CCAses de
différents organismes. Ces alignements ont permis de conforter I'organisation secondaire.
En comparaison avec la CCAse mitochondriale humaine nous constatons une identité de
séquence globale de 46 %. En particulier, le domaine N-terminal, correspondant
classiquement au site catalytique (responsable et de ’addition des nucléotides) a un taux
d’identité élevé (66 %) alors que le domaine C-terminal, dont la fonction est de la
reconnaitre les ARNt, présentent un degré élevé de variation. Les séquences de la bactérie
et de la levure sont plus éloignées de la séquence du ver avec seulement 21 % d’identité.
La séquence du geéne de la CCAse a été clonée en vue d’une surexpression et purification
de l'enzyme mature correspondante. Un protocole de purification pour les CCAse
humaines et bactériennes bien établi dans le laboratoire hote a Leipzig n'a pas pu étre
appliqué pour la purification de I'enzyme de R. culicivorax en raison du faible rendement
et de I'impossibilité d’éliminer des contaminants bactériens. Par conséquent, plusieurs
souches bactériennes ont été testées en vue d’une expression suffisante, et un protocole
de purification mis au point. La protéine finalement purifiée et a été testée pour ses
capacités a incorporer des nucléotides C-C-A a l'extrémité 3’ des ARNt manchots

(transcrits in vitro dépourvus du CCA). Pour une analyse comparative, un ARNt classique
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cytosolique ainsi que les CCAses mitochondriale humaine et d’E. coli ont aussi été
purifiées et testées.

Les résultats montrent que l'enzyme de R. culicivorax est active: elle est capable de
reconnaitre les ARNt manchots et reconnait également les ARNt classiques.
L'incorporation de la séquence CCA se fait de maniere complete pour tous les substrats.
Cependant, fait intéressant, les CCAses hétérologues ont beaucoup de difficultés a
reconnaitre les ARNt manchots. Alors que I'enzyme humaine reconnait encore faiblement
les ARNt bizarres et ajoute partiellement les nucléotides CCA, I'enzyme bactérienne ne
reconnait pas du tout les ARNt manchots comme substrat.

Ces résultats sont en faveur soit d'une adaptation évolutive de lI'enzyme du ver a la
structure inhabituelle de ses ARNt mitochondriaux soit d’'une coévolution des deux
partenaires. Le fait que 1'enzyme d’E. coli ne reconnaisse pas les ARNt mitochondriaux
manchots de R. culicivorax, suggére que I'évolution n’a pas permit a cette enzyme de
s’adapter a ces ARNt non classiques, due a I'absence de mitochondrie chez les bactéries.
Contrairement a I'enzyme humaine, qui elle s’est adapté évolutivement a ses ARNt
mitochondriaux bizarres. D’ou leur capacité partielle a reconnaitre les ARNt manchots de

R. culicivorax.

L’arginyl-ARNt synthétase (ArgRS) mitochondriale de R. culicivorax

La séquence du gene de I'ArgRS mitochondriale de R. culicivorax a été prédite par
annotation du génome, puis complétée et corrigée par une annotation propre basée sur
les données d'origine RNA-seq et par PCR a transcription inverse. Le géne ainsi défini a
été cloné en vue de la surexpression de la protéine a des fins d’analyse enzymatiques. La
séquence protéique a alors été comparée et alignée a d'autres ArgRS de différents
organismes a l'aide d'outils bio-informatiques. Alors que la séparation entre les grands
groupes d’especes est peu visible pour les ArgRS, la séquence d’ArgRS que nous
proposons pour R. culicivorax se trouve dans un sous-groupe de séquences cytosoliques
et mitochondriales d’eucaryotes et est trés distante des séquences d’ArgRS bactériennes.
Habituellement, la structure secondaire d'une ArgRS est composée d'un domaine
catalytique, d'un domaine de liaison a I'anticodon et d'un domaine N-terminal qui est
impliqué dans la reconnaissance de I’ARNt. Ce dernier domaine est absent dans I'enzyme
de R. culicivorax et est également absent ou tronqué pour les enzymes équivalentes dans

d’autres nématodes. De maniére intéressante la reconnaissance de I’ARNt se fait au
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niveau du coude du L, formé par l'interaction des boucles D et T d’'un ARNt classique.
Cette perte pourrait signifier une adaptation aux ARNt manchots (pour lesquels le coude
du L n’existe pas) et représente peut-étre un indice pour un événement co-évolutif entre
ARN et protéine partenaire.

Comme d’autres protéines qui sont dédiés aux mitochondries, I'’ArgRS porte aussi une
«séquence d’adressage mitochondrial" (MTS) a l'extrémité N-terminale. Dans ce cas il
était plus difficile a identifier le précis site de clivage. Pour cette raison, 8 variantes de
I’ArgRS qui différent dans la définition de 1'extrémité N-terminale de la protéine mature
(dépourvue du MTS), ont été clonés et testés pour I'expression, la purification et I'activité.
Nous avons observé que seulement quelques variantes ne s’agregent pas et juste une
seule variante que nous avons nommé S29, a pu étre obtenu en tres faibles quantités et a
été testé.

Les tests d’aminoacylation ont été effectués avec I'enzyme purifiée et ’ARNtA™8 manchot et
I'ARNt totaux d’E. coli et de la levure. Pour contréler et comparer la fonctionnalité de
'essai, les ArgRS d’E. coli et de la levure ont été également utilisées et testées avec leurs
ARNt homologues et celui de R. culicivorax. Les enzymes d’E. coli et de la levure ont des
activités optimales dans des tampons distincts, ou les rapport [Mg2+]/[ATP] sont de 2,5 et
1,5, respectivement. Alors que nous avons pu confirmer que chacune de ces deux
enzymes reconnaissent leur substrat homologue, mais que aucune de ces deux enzymes
ne reconnait pas le transcrit de 'ARNtA8 de R. culicivorax. En outre, l'enzyme de
R. culicivorax n’était active ni avec les ARNt manchots ni avec les ARNt classiques. Cela
peut avoir plusieurs raisons. Entre autre il est possible que la quantité ou la qualité de
I'enzyme ne soit pas suffisante ou que cette enzyme soit également sensible aux
conditions de la réaction. Nous avons donc effectué une série de tests avec des
compositions de tampon différentes. Mais jusqu'a présent l'enzyme ne montre aucune

activité dans les conditions testées.

Conclusion & Perspectives

Nos travaux apportent des éléments en faveur d'une réalité biologique pour les ARNt les
plus petits au monde, du moins en ce qui concerne des informations de structure et la
maturation par la CCAse. Nos travaux ont également permis de déchiffrer des éléments de
coévolution entre les partenariats ARN/protéine de la machinerie traductionnelle des

mitochondries.
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Grace aux résultats obtenus on comprend mieux leurs caractéristiques structurelles aussi
bien des ARNt que des deux protéines étudiées. Les approches utilisées dans cette étude
ont fourni des détails sur la taille et la forme des ARNt mitochondriaux manchots. A partir
de ces investigations nous sommes capable de reconstruire une prédiction de structure
secondaire et tertiaire. Cela permet une comparaison avec les structures des ARNt
classiques et d'identifier les éléments les plus minimes d'un ARNt qui sont compatible
avec la vie. En effet, il a déja été montré que des mini-hélices d’ARNt peuvent étre des
substrats pour la CCAse et étre aminoacylées. Ceci suggere que la taille et la structure
ARNt manchots tels que découverts dans les Enoplea ne sont peut-étre pas les formes les
plus petites d’ARNt qui existent dans le vivant. D'autres études sont nécessaires afin de
résoudre la structure 3D de maniére détaillée. A ce jour, aucune structure cristalline
complete d'un ARNt mitochondrial n’existe, ce qui rend cette démarche un challenge
important mais difficile.

Pour la premiére fois nous avons purifié des protéines recombinantes de R. culicivorax, en
particulier la CCAse et I’ArgRS mitochondriale et nous avons étudié leur interaction avec
les ARNt. Les deux protéines du ver ressemblent en séquence et structure plus a leurs
homologues d’eucaryote en particulier celles d’autres nématodes. Cependant nous avons
identifié des changements structuraux pour les deux enzymes, qui pourraient étre
I'expression d'une adaptation aux ARNt manchots.

Concernant la CCAse, il nous reste a vérifier si I'extrémité C-terminale de la CCAse est en
effet un facteur responsable pour l'acceptance des ARNt manchots comme substrat.
Cependant nous pouvons conclure que l'incorporation de nucléotides par la CCAse
fonctionne le mieux avec I'enzyme apparentée comme I'’enzyme du ver qui s’est adaptée
apparemment a la taille réduite des ARNt mitochondriaux manchots au cours de
I'évolution.

L’étude de l'arginyl-ARNt synthétase nous a fourni des indications en termes de
coévolution des protéines. Concernant le changement structural de I’ArgRS, il semble que
la perte du domaine N-terminal soit une adaptation évolutive a la perte des deux bras de
cet ARNt bizarre. Nous serons en mesure d’explorer cette hypotheése, une fois qu’'une
ArgRS mitochondriale active de R. culicivorax sera obtenue. Au cours des tests
d’aminoacylation les autres enzymes d’E. coli et de la levure ont aminoacylé les ARNt
classiques mais pas I’ARNt manchot, nous en concluons que sa déviation structurelle est

probablement trop extréme pour ces enzymes.
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Enfin, les petits ARN non-codants jouent un role de plus en plus important dans notre vie.
IIs sont impliqués dans une variété des processus métaboliques avec différentes
fonctions. Les petits ARNt mitochondriaux manchots devrait faire partie a ce membre de
cette famille de molécules. Nous pouvons donc supposer que les ARNt manchots de
R. culicivorax peuvent également exécuter des fonctions alternatives. Leur caractérisation
structurale et fonctionnelle méne certainement a une contribution importante a ces

molécules spécifiques dont leur réle n'a pas encore été completement élucidé.
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Zusammenfassung

Transfer RNAs (tRNAs) tibernehmen eine wichtige Rolle bei der Proteinbiosynthese,
indem sie die spezifischen Aminosduren fiir die schrittweise Synthese der Peptidkette
bereitstellen und somit als Bindeglied zwischen dem genetische Code der Boten-RNA
(mRNA) und der Aminosduresequenz der Proteine fungieren. Bereits vor ihrer
Entdeckung um 1958, wurde die Notwendigkeit bestimmter "Adapter” Molekiile von
Francis Crick vorausgesagt (Crick, 1955). Seitdem waren diese faszinierenden Molektile
von entscheidender Bedeutung fiir viele Entdeckungen und sie sind nach wie vor Zentrum
zahlreicher Studien (Phizicky and Hopper, 2015). Diese kleinen nicht-codierende RNAs
besitzen eine charakteristische hoch konservierte Struktur mit durchschnittlich 75
Nukleotiden. Die Sekundarstruktur ahnelt einem Kleeblatt, das aus vier Doméanen besteht:
dem Akzeptor-Stamm, auf dem die Aminosdure an die tRNA geladen wird, dem D-Arm,
dem Anticodon-Stamm, welcher die Codons der mRNA erkennt und verbindet, und dem
T-Arm. Die Tertidrstruktur gleicht dem Buchstaben L, wobei der Anticodon-Stamm die
eine Achse und der Akzeptor-Stamm die andere Achse der L-Struktur bildet (Giegé et al.,
2012). Sekundar- und Tertiarstruktur werden von =zahlreicher Reifungs- und
Modifikationsenzymen erkannt und prozessiert. Reife tRNAs sind auch Substrate von
Aminoacyl-tRNA-Synthetasen. Diese Familie von Enzymen beladen die tRNA mit ihrer
spezifischen Aminosdaure. In Eukaryoten koexistiert neben der zytosolischen
Proteinsynthesemaschinerie auch solch eine Maschinerie in den Organellen, wie den
Chloroplasten und den Mitochondrien. Folglich gibt es ein zusatzliches Set an tRNAs,
welches komplett oder teilweise auf dem Genom dieser Organellen kodiert ist und fiir
deren Proteinsynthesen bestimmt ist. Vor allem tierische Mitochondrien, kodieren einen
vollstindigen Satz von tRNAs in ihrem eigenem Genom, welches fiir die richtige
Ubersetzung der genetischen Information der mitochondrialen DNA verantwortlich ist
(Salinas-Giegé et al., 2015).

Wahrend die zytosolischen tRNAs hochkonservierte Strukturmotive haben, zeigen die
tRNAs von tierischen Mitochondrien ungewodhnlichen Strukturen und Eigenarten. Viele
mitochondriale tRNAs haben eine reduzierte Grofde und typische Strukturelemente sind
teileweise oder komplett verloren gegangen. Ein extremer Fall dieser minimalisierten
tRNAs wurde in den Mitochondrien von Enoplea, welche zur Klasse der Nematoden

gehoren, gefunden. Diesen neu entdeckten tRNAs fehlen sowohl der D-Arm, als auch der
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T-Arm. Sie wurden deshalb ,armlose” tRNAs genannt. Der Rundwurm Romanomermis
culicivorax ist ein typischer Vertreter der Enoplea, in dessen mitochondrialem Genom
solche armlosen tRNAs vorhergesagt wurden (Jiihling et al, 2012b). Die Existenz dieser
armlosen tRNAs wurde durch Sequenzierung von RNA Extrakten aus R. culicivorax
nachgewiesen. Aufderdem konnte gezeigt werden, dass zumindest ein post-
transkriptioneller Reifungsprozess erfolgt, was auf eine mogliche biologische Aktivitat

der kleinen tRNAs hindeutet (Wende et al,, 2014).

Das Ziel dieser Arbeit ist die Charakterisierung von ,armlosen“ tRNAs. Dabei sollen vor
allem ihre strukturellen Eigenschaften und ihrer Funktionalitadt, insbesondere in Bezug
auf ihre Interaktion mit Partnernproteinen, wie der tRNA-Nukleotidyltransferase und der
Aminoacyl-tRNA-Synthetase untersucht werden. Fiir diese Studie wurden beispielhaft die
armlose mitochondriale tRNAA®® und tRNA!e aus R. culicivorax charakterisiert. Zunachst
wurde die Struktur der beiden tRNAs, die durch in vitro Transkription hergestellt wurden,
mit Hilfe verschiedener Methoden, wie dem enzymatischen und chemischen Probing, der
Kernspinresonanzspektroskopie (NMR) und der Kleinwinkel-Rontgenstreuung (SAXS)
analysiert. Dies erlaubte uns ihre Sekundarstruktur zu definieren, sowie intramolekulare
Wechselwirkungen und den globalen Umfang ihrer dreidimensionalen Struktur zu
bestimmen. Die Partnerproteine, wie die tRNA-Nukleotidyltransferase und die Arginyl-
tRNA-Synthetase, wurden aus dem teilweise annotiertem Genom von R. culicivorax
kloniert und exprimiert. Dariiber hinaus wurden einige ihrer Eigenschaften identifiziert,
vor allem in Bezug auf ihre Funktionalitat gegenliber armlosen tRNAs. So wurden z.B.
CCA-Additionstest und Aminoacylierungstest durchgefiihrt. Die strukturellen und
funktionellen Eigenschaften wurden mit denen homologer Proteine aus E. coli, der
Backerhefe (S. cerevisiae) und denen aus humanen Mitochondrien (die ebenfalls in den
jeweiligen Arbeitsgruppen untersucht werden) verglichen. Dies gab uns auch die
Moglichkeit die evolutiondren Beziehungen von zwischen armlosen tRNAs und ihren

Partnerproteinen aus R. culicivorax zu charakterisieren.
Strukturanalyse von armlosen mitochondrialen tRNAs

Um die Struktur der mt tRNAArg und tRNA!e qus R. culicivorax zu untersuchen, wurden die

entsprechenden Gene Kkloniert und durch in vitro Transkription hergestellt. Drei
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verschiedene Methoden wurden fiir eine komplementére Strukturanalysen verwendet: i)
enzymatisches und chemisches Probing, ii) NMR-Spektroskopie und iii) SAXS.
Enzymatisches und chemisches Probing sind spezifische Verfahren, um einzel- oder
doppelstriangige Bereiche in der Sekundéarstruktur einer RNA zu identifizieren. Die
Ergebnisse dieser Analysen zeigen, dass beide tRNAs eine Haarnadel-dhnliche
Sekundarstruktur bilden mit einer zentralen Ausbuchtung (bulge), die die beiden
seitlichen Arme in einer Kklassischen Kleeblattstruktur ersetzt. Die Ergebnisse dieser
Methoden zeigen auch, dass offenbar keine internen Wechselwirkungen der Nukleotide
innerhalb der Ausbuchtung gebildet werden. Die Strukturen sind stabil und robust (keine
Beschadigungen, keine alternativen Konformationen) trotz ihrer primaren, sehr
einseitigen Zusammensetzung aus A und U Nukleotiden (jeweils 76 % und 87 % fir
tRNAA8 und tRNAle),

Mittels NMR-Spektroskopie, welches eine sehr gute Methode ist, um tertidare
intramolekulare Wechselwirkungen zu identifizieren, konnten wir bestatigen, dass die
armlosen tRNAs fiir die Ausbildung der Sekundarstruktur ausschliefilich klassische
Watson-Crick-Basenpaarungen eingehen. Es wurde kein Signal fiir ungewdhnliche
Basenpaarungen nachgewiesen, was auf eine Abwesenheit von tertidren
Wechselwirkungen in dem Bereich der Ausbuchtung hindeutet. Solche
Wechselwirkungen werden normalerweise oft fiir die Stabilisierung der 3D-Strukturen
von RNAs und insbesondere tRNAs eingesetzt.

Mit Hilfe von SAXS wurden einige interessante physikalische Eigenschaften der tRNA, wie
Grofde, Form, sowie die Dimension ihrer 3D-Struktur gemessen. Dadurch konnten wir 3D-
Modelle mit niedriger Auflosung konstruieren, und diese mit dem 3D-Modell einer
,klassischen“ tRNA vergleichen, das ebenfalls mittels SAXS generiert wurde. Obwohl die
3D-SAXS Modelle der armlosen tRNAs mit der einer ,klassischen“ tRNA (tRNAPhe qus der
Hefe) nicht identisch sind, sind sie in ihrer Form doch sehr &dhnlich. Ein erster
offensichtlicher Unterschied, den wir festgestellt haben, betrifft die grofRere Variabilitat
des Umfangs der armlosen tRNAs, welches auf eine grofiere innere Flexibilitat hindeutet.
Was dazu fiihrt, dass die 3D Struktur der armlosen tRNAs nicht einer typischen L-Form,
sondern eher einer ,Boomerang-Form"“ dhnelt.

Die Ergebnisse der unterschiedlichen Methoden, zeigen dass die in vitro transkribierten
armlosen tRNAs offenbar eine sehr einfache Struktur haben, die sich aus zwei Helices mit

klassischen Watson-Crick Basenpaarungen zusammengesetzt. Die zwei Helices werden
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durch eine zentrale Ausbuchtung getrennt, die keine spezifischen internen tertidren
Basenpaarungen enthalt. Die Struktur der armlosen tRNAs ist chemisch stabil und bildet
augenscheinlich keine alternativen Sekundarstrukturen. Jedoch nehmen wir aufgrund der
konstruierten 3D-Struktur eine groflere Flexibilitit fiir die Interaktion mit

Partnerproteinen an.

Die tRNA Nukleotidyltransferase (CCA-addierendes Enzym) aus R. culicivorax

Die CCA-Sequenz am 3‘-Ende einer tRNA ist eine wichtige Voraussetzung fiir deren
Aminoacylierung. Sie ist in den meisten Organismen nicht kodiert, sondern wird mit Hilfe
des CCA-addierenden Enzyms post-transkriptionell addiert (Betat et al, 2010).
Ublicherweise existiert bei Eukaryoten ein Gen, welches sowohl fiir das zytosolische, als
auch das mitochondriale kodiert. Das mitochondriale Enzym wird von einem alternativen
Startcodon transkribiert und enthalt eine mitochondriale Import-Sequenz (mitochondrial
Targeting-Sequence, MTS) am N-terminalen Ende. Die MTS wird wahrend des
Importprozesses gespalten, wodurch ein ,reifes“ Protein entsteht. Das fiir das CCA-
addierende Enzym kodierende Gen, welches wir in dem Kerngenom von R. culicivorax
identifiziert haben, besitzt eine Spaltungsstelle, die der des menschlichen Enzyms sehr
dhnlich ist. Diese Spaltungsstelle wurde fiir eine Klonierung des Gens verwendet. Die
Proteinsequenz des CCA-addierendes Enzyms aus R. culicivorax wurde mit der von
homologen Proteinen aus anderen Organismen verglichen. Im Vergleich mit dem human
mitochondrialen CCA-addierenden Enzym konnten wir eine 46 %-ige Sequenzidentitat
feststellen. Insbesondere der N-Terminus, der typischerweise, die katalytisch aktiven
Domanen enthalt (Erkennung und die Prozessierung der tRNAs) ist zu 66 % identisch,
wahrend die C-terminale Domane, ein erhohtes Mafd an Variabilitit darstellt. Die
Sequenzen der entsprechenden Enzyme aus E. coli und S. cerevisiae sind jeweils nur mit
21 % zu der Proteinsequenz aus R. culicivorax identisch.

Die Gensequenz des CCA-addierenden Enzyms wurde fiir die Uberexpression und
Reinigung des entsprechenden Enzyms kloniert. Reinigungsprotokolle, welche bereits fiir
das humane und das bakteriellen CCA-addierende Enzym in der Leipziger Arbeitsgruppe
etabliert waren, Kkonnten aufgrund von niedriger Ausbeute und bakteriellen
Verunreinigungen fiir die Reinigung des Enzyms aus R. culicivorax nicht libernommen
werden. Es wurden daher mehrere Bakterienstimme getestet, um eine ausreichende

Expression zu erzielen und alternative Reinigungsprotokolle wurden dementsprechend
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entwickelt. Ein Protokoll, welches die Verwendung eines speziellen Dissoziationspuffers
enthielt, gefolgt von einer Gelfiltration fiihrte zur erfolgreichen Reinigung des Proteins.
Das gereinigte Protein wurde im Hinblick auf seine Kapazitit getestet, die CCA Sequenz an
das 3'-Ende der armlosen tRNAs zuzufligen. Fiir eine vergleichende Analyse, wurden
zusatzlich zu den armlosen tRNAs auch eine klassisches zytosolische tRNA verwendet.
Auflerdem wurde das humane sowie ein bakterielles CCA-addierende Enzym gereinigt
und getestet.

Die Ergebnisse dieser Tests zeigen, dass das R. culicivorax Enzym in der Lage ist, sowohl
die armlosen tRNAs als auch die klassischen tRNAs zu erkennen und zu prozessieren. Die
Einarbeitung der CCA-Sequenz ist fir alle Substrate vollstindig abgeschlossen.
Interessanterweise haben im Gegensatz dazu die heterologen Enzyme grofde
Schwierigkeiten die armlosen tRNAs zu erkennen. Wahrend das humane Enzym diese
tRNAs noch schwach erkennt und teilweise Nukleotide einbaut, nimmt das bakterielle
Enzym die beiden armlosen tRNAs als Substrat nicht an. Das CCA-addierenden Enzym aus
R. culicivorax, hat demzufolge ein grofies Substratspektrum. Im Gegensatz dazu toleriert
das bakterielle Enzym keine strukturellen Varianten. Anscheinend begiinstigte eher eine
sleichte adaptive” Evolution das Enzym aus R. culicivorax diese grofde Substratvarianz zu
akzeptieren und nicht unbedingt eine komplette und uneingeschrankte Anpassung nur an

armlose tRNAs.

Die mitochondrialen Arginyl-tRNA-Synthetase (ArgRS) aus R. culicivorax

Die Gensequenz der mt ArgRS aus R. culicivorax wurde durch reverse Transkriptions-PCR
identifiziert und konnte durch eine eigene Annotation von originalen RNA-seq Daten
bestatigt werden. Die Proteinsequenz wurde mittels bioinformatischer Methoden mit
ArgRS Sequenzen aus verschiedenen Organismen verglichen. Die Familie der ArgRSs hat
eine komplexe Evolutionsgeschichte ohne eindeutig erkennbare Cluster. Die identifizierte
ArgRS Sequenz aus R. culicivorax ist von einer bakteriellen Untergruppe weit entfernt,
kann aber zu den zytosolischen und mitochondrialen Sequenzen von eukaryotischen
Organismen eingeordnet werden. Durch diesen Vergleich haben wir eine interessante
Eigenschaft fiir das Protein feststellen konnen. Ublicherweise besteht die Proteinstruktur
einer ArgRS aus einer katalytischen Domane, einer Bindungsdomine und einer N-
terminalen Domane, die die Ellenbogenregion in der L-Struktur einer herkémmlichen

tRNA erkennt, welche durch die Wechselwirkung der D- und T-Schleifen gebildet wird.
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Diese N-terminale Domane ist nicht ldnger in der Struktur des Enzyms aus R. culicivorax
vorhanden und fehlt teilweise oder ganz auch in der ArgRS Proteinsequenz von anderen
Nematoden. Dieser Verlust konnte auf eine mogliche Anpassung auf armlose tRNAs (fiir
die die Ellbogenregion nicht existiert) hindeuten und kénnte auch ein Hinweis auf ein ko-
evolutiondres Ereignis zwischen RNA und Proteinpartner darstellen.

Proteine, welche im Zytosol translatiert, aber zu den Mitochondrien transportiert werden,
tragen in der Regel am N-Terminus eine "mitochondriale Import-Sequenz" (MTS). Die
MTS wird wahrend des Importprozesses abgespalten, wodurch ein ,reifes” Protein
resultiert. Oftmals ist es schwierig, die spezifische Spaltungsstelle zu identifizieren, da die
MTS in ihrer Aminosdurezusammensetzung und -lange variiert. Um ein funktionelles
rekombinantes Protein zu erhalten, wurden 8 ArgRS-Varianten, die sich in der Lange
ihrer N-terminalen Sequenz unterscheiden, kloniert und ihre Eigenschaften beziiglich
Expression, Reinigung und Aktivitat getestet. Wir stellten fest, dass nur einige Varianten
wahrend der Expression nicht aggregieren. Die Variante, die sich am besten reinigen und
konzentrieren liefd war S29 und wurde fiir nachfolgende Experimente verwendet.
Aminoacylierungstests wurden mit dem gereinigten Enzym und der armlosen tRNAAr8
durchgefiihrt. Um die Funktionalitit des Versuchs zu kontrollieren, wurde ein
Vergleichstest mit der ArgRS aus E. coli und Hefe und deren homologe tRNAs, sowie der
amlosen tRNAA¢ aus R. culicivorax durchgefiihrt. Die ArgRS aus E. coli und Hefe haben
optimale Aktivitaten in unterschiedlichen Puffern, die sich hauptsachlich im [Mg2+]/[ATP]
Verhaltnis unterscheiden. Wir konnten zeigen, dass beide Enzyme ihre eigenen tRNAs,
aber nicht diese von R. culicivorax aminoacylieren. Das R. culicivorax Enzym hat weder die
armlosen tRNAs noch die klassischen tRNAs als Substrat erkannt. Dafiir knnen mehrere
Ursachen in Frage kommen. Zum Einem ist es moglich, dass die Enzymkonzentration oder
Qualitat nicht ausreichend waren oder dass es, wie das E. coli Enzym empfindlich
gegeniiber Reaktionsbedingungen ist. Wir fiihrten daher eine Reihe von Tests mit
verschiedenen Pufferzusammensetzungen durch. Bisher konnte aber in keinem der

getesteten Reaktionsbedingungen Enzymaktivitat nachgewiesen werden.

Fazit und Ausblick
Wir konnten zeigen, dass die kleinsten tRNA der Welt eine funktionelle Rolle haben,
zumindest was die Prozessierung mit CCA-addierenden Enzymen betrifft und sie somit

wahrscheinlich eine echte biologische Bedeutung haben.
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Mit Hilfe der erzielten Ergebnisse konnen wir nun ihre strukturellen Eigenschaften besser
charakterisieren. Dank der in dieser Studie verwendeten Methoden konnen wir nun
genaue Angaben liber die Grofde und Form der armlosen mt tRNAs machen. Wir sind in
der Lage eine detaillierte Sekundarstruktur Vorhersage zu konstruieren. Dies ermdglicht
einen Vergleich mit den klassischen tRNAs und die kleinst-mdglichen Strukturelemente
einer tRNA zu identifizieren, die mit dem Leben kompatibel sind. Dariiber hinaus sind
weitere Untersuchungen notwendig, um die 3D-Struktur mehr im Detail aufzuklaren, was
dazu beitragen wird, die Funktionalitit von armlosen tRNA besser zu verstehen. Da
bisher noch keine vollstindig aufgeloste Kristallstruktur einer mt tRNA existiert, stellt
dieses Vorhaben eine schwierige, aber sehr spannende Herausforderung dar.

In dieser Studie wurden zum ersten Mal rekombinante Proteine aus R. culicivorax,
namlich das CCA-addierenden Enzymen und die mt ArgRS, exprimiert und gereinigt.
Sequenz und Struktur beide Proteine dhneln mehr ihren eukaryotischen als bakteriellen
Homologen, insbesondere denen aus anderen Nematoden. Allerdings konnten wir auch
strukturelle Veranderungen fiir beide Enzyme feststellen, welche eine Anpassung an die
armlosen tRNAs darstellen konnte. Es muss noch iiberpriift werden, ob das nicht-
konservierten C-terminale Ende des CCA-addierenden Enzyms tatsdchlich eine
Bedeutung fiir die Akzeptanz von armlosen tRNAs als Substrat hat, oder ob andere
Faktoren eine Rolle spielen. Was die mt ArgRS betrifft, so scheint es, dass der Verlust der
N-terminalen Domane eine evolutionare Antwort auf den Verlust der beiden Arme dieser
seltsamen tRNA ist. Der Nachweis von enzymatischer Aktivitdt fiir die ArgRS aus
R. culicivorax wiirde diese Hypothese endgliltig unterstiitzen.

Wahrend dieser Arbeit wurde die Interaktion zwischen den in der Translation beteiligten
tRNAs und zwei ihrer Partnerproteinen untersucht. Die Analyse des CCA-addierenden
Enzyms und der Arginyl-tRNA Synthetase bietet interessante Einblicke in Bezug auf die
Koevolution von Proteinen. So konnten wir feststellen, dass der Nukleotideneinbau bei
armlosen tRNAs am besten mit verwandten CCA-addierenden Enzym aus R. culicivorax
funktioniert, welches sich offenbar erfolgreich auf die reduzierte Grofde der armlosen
mitochondrialen tRNA im Laufe der Evolution angepasst.

Waihrend der Aminoacylierungstests zeigte die ArgRS aus R. culicivorax bisher keine
Aktivitdit unter den getesteten Bedingungen. Wir schliefSen daraus, dass wir die

Testbedingungen, sowie die Menge und Qualitiat des Enzyms optimieren miissen.
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Letztendlich, spielen kleine nicht-kodierende RNAs eine immer grof3ere Rolle in unserem
Leben, da sie mit einer Vielzahl an unterschiedlichen Funktionen an wichtigen
Stoffwechselprozessen beteiligt sind. Kleine mt armlose tRNAs kann man auch zu den
Mitgliedern dieser Familie von Molekiilen zdhlen. Neben ihrer zentralen Rolle in der
Proteinsynthese, haben einige tRNAs auch alternative Funktionen. Ihnen wurde z.B. der
Einfluss auf Replikation, Transkription oder Proteinexpression nachgewiesen. Man kann
deshalb vermuten, dass die armlosen tRNAs aus R. culicivorax eventuell auch noch
alternative Funktionen ausfiihren. Ihre strukturelle und funktionelle Charakterisierung

fiihrt sicherlich zum besseren Verstandnis diese spezifischen Molekiile.
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Transfer RNAs (tRNAs) are important adapter molecules linking the genetic information
of messenger RNAs (mRNA) with the primary amino acid sequence of proteins. In all
kingdoms of life, these small RNA transcripts have a typical cloverleaf-like secondary
structure, consisting of an acceptor stem, a D-arm, an anticodon arm, a variable loop, and
a T-arm. The 3’ terminus ends with the CCA sequence, which is often post-
transcriptionally added by CCA-adding enzymes. The CCA-tail is an important
prerequisite for the attachment of the correct amino acid by aminoacyl-tRNA synthetases
(aaRS). Mitochondrial (mt) tRNAs show a high derivation from this canonical tRNA
structure with reduced D- or T-arms, or even completely lack one of these elements. An
extreme case of structural truncations can be observed in mitochondria of Enoplea. Here,
mitochondrial tRNAs of half of the size of their cytosolic counterparts are present,
representing the smallest tRNAs identified so far. It could already be shown that several
of these miniaturized armless tRNAs are indeed functional in the nematode worm
Romanomermis culicivorax. This situation raises several questions concerning the
molecular mechanisms of co-evolution of tRNAs and their partner proteins, which ensure
the maintenance of a functional protein synthesis.

This study aims the biofunctional characterization of such “bizarre” tRNAs in defining
their structural properties, and in studying different aspects of their functionality,
especially their interactions with CCA-adding enzymes and aaRSs from different
organisms. For this purpose, in vitro transcripts were used for structure probing
approaches, such as enzymatic and chemical probing, nuclear magnetic resonance (NMR)
spectroscopy, and small-angle X-ray scattering (SAXS). We show that armless tRNAs form
a hairpin-shaped secondary structure, including an internal double bulge that replaces D-
and T-arms of the secondary cloverleaf structure of classical tRNAs. 3D structures are
characterized by a high intrinsic flexibility, which probably allows to compensate
structural reduction.

The Rcu CCA-adding enzyme and mt ArgRS coding sequences have been identified, and
were cloned for the first time. Recombinant proteins have been studied for their
interaction with armless and cytosolic tRNAs in CCA-incorporations assays, and
aminoacylation assays. We demonstrate that armless mt tRNAs represent functional
molecules for CCA-incorporation, indicating adaptations of CCA-adding enzymes to
armless tRNAs without losing their ability to recognize cytosolic tRNAs. Initial tests could
not demonstrate aminoacylation activity of the Rcu mt ArgRS. However, the mt ArgRS
from R. culicivorax exhibits a structural particularity because it lacks an important
domain that normally recognizes the elbow region of tRNAs that is no longer present in
armless tRNAs due to the missing D-and T-arm. This suggests a co-evolution event of both
partner molecules.



