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Abstract

RNA molecules are involved in numerous key cellular processes. Recent findings
consolidated the current view that RNA is no longer regarded solely as a passive
transporter of the genetic code, but as an extremely versatile class of molecules
actively participating in all steps of gene expression. Major objectives are the
design and preparation of RNA molecules with predicted structure and func-
tion in order to tackle hitherto unsolvable medical and pharmaceutical problems.
Transfer RNAs provide excellent models for the determination of new properties,
which mostly can be interpreted as features of RNA molecules in general.

A thorough investigation of eubacterial tRNA sequences revealed a considerable
influence of base modifications on both the thermodynamic stability and the ki-
netic folding behaviour. An overwhelming amount of natural modified sequences
indeed possess the established cloverleaf fold as minimum free energy structure in
thermodynamic calculations. In kinetic folding simulations, however, the natural
conformation is not necessarily formed directly by the majority of folding trajec-
tories which are usually distributed among several conformations of substantial
structural diversity partitioning the conformation space into basins separated by
high energy barriers. The frequency of cloverleaf formation is not related to its
appearance as mfe structure. Only sporadically, the cloverleaf presents the only
structure that comes into question.

The fact is even more pronounced for the unmodified sequences. Apart from
a decrease of the free energy difference between the ground state and the first
suboptimal conformation, the lack of modified nucleotides leads to an enlarged
amount of structures otherwise prevented to form, several of which offer alterna-
tive and more efficient pathways.

Insights concerning characteristic behaviour of natural tRNAs were subsequently
applied to the design of artificial tRNA molecules. Using the complete sets of
identity elements of some E. coli tRNAs as sequence constraints in inverse fold-
ing, a large amount of thermodynamically very stable sequences was obtained and
subsequently sorted out due to inefficient folding behaviour. The yeast tRNA*P
system was chosen as the first test object in collaboration with the team of
Richard Giegé in Strasbourg because many data were available. Four designed
tRNA sequences were synthesized by means of in vitro transcription. The test for
aminoacylation capacity indicated that none of the sequences could be charged
by the cognate synthetase. This result can be explained either in terms of the
high mutation rate (Hamming distance of at least 30 to the natural tRNA?P)
or the lack of nucleotides known to participate in tertiary interactions with the
enzyme. Another reason for the lack of aspartylation activity could lie in the
rigidity of the system imposed by the strong stability constraint. Without a cer-
tain amount of flexibility to position the necessary nucleotides in close contact
with the synthetase, no interaction can take place.



Zusammenfassung

RNA Molekiile sind an zahlreichen mafigebenden zelluliren Prozessen beteiligt.
Jiingste Erkenntnisse untermauern die geldufige Ansicht, dal RNA nicht mehr
ausschlieflich als passiver Ubermittler des genetischen Codes, sondern als eine
auBerst vielseitige Klasse an Molekiilen mit aktiver Teilnahme an allen Schrit-
ten der Genexpression betrachtet werden sollte. Zu wichtigen Zielen gehoren das
Design und die Synthese von RNA Molekiilen mit vorgebbaren Strukturen und
Funktionen zur potentiellen Losung medizinischer und pharmazeutischer Prob-
leme. Transfer RNAs stellen exzellente Modelle fiir die Ermittlung neuer Eigen-
schaften dar, die sich meist als allgemeine Charakteristika von RNA Molekiilen
herausstellen.

Eine griindliche Untersuchung von eubakteriellen tRNA Sequenzen offenbarte
einen betrachtlichen Einflu von Modifikationen auf sowohl die thermodyna-
mische Stabilitat als auch die kinetische Faltbarkeit. Der iiberwiegende Anteil an
modifizierten natiirlichen Sequenzen besitzt tatsachlich die klassische Kleeblatt-
struktur als Struktur mit minimaler freier Energie in thermodynamischen Berech-
nungen. In kinetischen Faltungssimulationen jedoch wird diese natiirliche Kon-
formation nicht notwendigerweise direkt von dem Hauptanteil der Faltungstrajek-
torien gebildet; letztere sind normalerweise auf mehrere unterschiedlichste Struk-
turen verteilt, die den Konformationsraum in Becken mit hohen Energiebarrieren
aufteilen. Die Haufigkeit der Kleeblattbildung steht nicht in Korrelation zu ihrem
Auftreten als Struktur mit der niedrigsten Gesamtenergie. Nur selten stellt das
Kleeblatt die einzige wahrscheinliche Strukturmoglichkeit dar.

Diese Tendenz ist noch ausgepragter fiir unmodifizierte Sequenzen. Abgesehen
von einer Abnahme der freien Energiediefferenz zwischen dem Grundzustand
und der ersten suboptimalen Konformation fiihrt die Abwesenheit von modi-
fizierten Nukleotiden zu einer grofleren Menge ansonsten verbotener Strukturen,
von welchen einige alternative und effizientere Faltungswege ermoglichen.
Erkenntnisse iiber das charakteristische Verhalten natiirlicher tRNAs wurden an-
schlieBend zum Design von kiinstlichen tRNA Molekiilen herangezogen. Der
vollstindige Satz an ”identity elements” einiger E. coli tRNAs wurde als Se-
quenzvorgabe bei der Umkehr der konventionellen Vorhersage von RNA Sekun-
darstrukturen benutzt. Die resultierende, umfangreiche Menge thermodynamisch
sehr stabiler Sequenzen wurde in der Folge angesichts schlechter Faltungseigen-
schaften reduziert. Das gut untersuchte und mit vielen Daten belegte Hefe
tRNA?P System wurde in Kollaboration mit der Forschungsgruppe von Richard
Giegé in Strasbourg als erstes Testobjekt gewahlt. Vier nicht natiirliche tRNA
Sequenzen wurden mittels in vitro Transkription synthetisiert. Der Test auf
Aminoacylierungsaktivitaet zeigte allerdings an, dafl keine der Sequenzen von
der entsprechenden Synthetase beladen werden konnte. Dieses Resutat 148t sich
entweder auf die hohe Mutationsrate (Hamming-Distanz von zumindest 30 zu der
natiirlichen tRNA®P) oder auf den Mangel an tertidiren Kontakten mit der Syn-



thetase beteiligter Nukleotide zuriickfiihren. Eine andere Erklarung fiir die nega-
tive Aspartylierungsaktivitdt konnte die in der Forderung nach hoher Stabilitat
begriindete Starrheit des Systems bieten. Ohne ein gewisses Mafl an Flexibilitat
konnen die notwendigen Nukleotide nicht in engen Kontakt mit der Synthetase
treten und folglicherweise kann keine Wechselwirkung erfolgen.
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1 Introduction

Given their broad range of functions, the most essential biopolymers, namely
proteins and nucleic acids (DNA and RNA), are constructed from an apparently
moderate number of building blocks. As opposed to proteins which contain 20
different amino acid subunits, nucleic acids are built up by only four monomers
with similar chemical properties. Whereas DNA is the carrier of genetic infor-
mation, proteins are responsible for directing protein synthesis. The role of RNA
molecules as intermediate stages in the translation of the genetic code and the
subsequent synthesis of important biological molecules has been a well-established
fact all along. A more recently acknowledged finding concerns RNA ability to
exhibit catalytic activity. Naturally occurring ”"ribozymes” have been shown to
efficiently catalyze the formation and cleavage of nucleic acid phosphodiester
bonds. This narrow range of catalyzed reactions has soon been expanded by
directed in wvitro evolution methods to yield a wide variety of aminoacyl trans-
ferase ribozymes, including self-aminoacylating RNAs [55], amide and peptide
synthetases [148] as well as 3’ to 2’ or 5’ acyl transferases [57,83]. The discovery
of such diverse catalytic functions led to a reconsideration of the origin of life and
the order of appearance of DNA, RNA and proteins during early biological evo-
lution. The 'RNA World’ hypothesis [59-62] assumes that the chemical processes
resulting in the appearance of life were carried out by RNA molecules which im-
plies the ability to catalyze RNA replication and govern peptide synthesis. A
most recent result supporting the idea reports the isolation of a ribozyme by in
vitro evolution that can specifically aminoacylate a tRNA [74].

Furthermore, RNA seems to provide a system simple enough to study genotype-
phenotype relationships. Spiegelman [69] identifies the nucleotide sequence as the
genotype and the molecular structure as its phenotype. Thus they represent two
different expressions within the same molecule. Such sequence-structure map-
pings can be modeled by means of a sophisticated algorithm [36].

While direct computation of full three-dimensional structures from sequences
remains a challenging task in bioinformatics and structural biology, secondary
structures as coarse-grained versions of the spatial structure are accessible for
dynamic programming algorithms [51] which yield either the minimum free en-
ergy (mfe) structure [150] alone or together with Boltzmann weighted suboptimal
conformations in the sense of a partition function [90]. As an alternative, com-
puter programs designed to determine kinetic structures [43,87,96,97] take the



time limit for RNA folding into account. RNA folding is commonly accepted as
proceeding in a hierarchical fashion [11]. Folding of the polynucleotide backbone
leads to next-neighbour interactions which give rise first to secondary structure
elements and then to 3D architectural motifs which finally assemble to form the
tertiary structure. Among the molecules for which experimental data is available
on both structure levels, tRNAs present a most interesting group.

Transfer RNAs are the interfaces between DNA storing the genetic information
and proteins in which this information is unfolded. Apart from presenting key
elements in the translation apparatus, they are also assumed to take part in tran-
scription. In fact, tRNAs are involved in retroviral genome replication [79,85,142]
and tRNA-like domains participate in plant viral RNA replication [86,103]. RNA
function is closely related to its spatial structure, therefore theoretical predictions
and modeling of tRNA structure may help to shed light on the molecular reasons
for the different functioning of "tRNA” in viruses, procaryotes and eucaryotes.
Our present understanding of RNA folding is still largely based on classical stud-
ies of tRNAs. The early determination of tRNAPE® crystal structure [65,116] lay
the foundation for speculation of a compact, globular fold which has since been
confirmed by the analysis of 3D structures [32] of the hammerhead ribozyme, the
hepatitis delta virus ribozyme and the P4-P6 domain of Tetrahymena group I
intron in recent years. Thermal unfolding experiments [21,22,115] and kinetic
measurements [14,129,130] of tRNA helped to elucidate the role of ion binding.
Since most of the knowledge gained through studies of tRNA holds true for vari-
ous RNA molecules, transfer RNAs are obviously well suited as models aimed to
discover novel properties applicable to the RNA field in general.

The design and subsequent synthesis of artificial sequences with predetermined
properties and functions is one of the most interesting and challenging objec-
tives as it opens up new perspectives. For example, the first steps towards a
site-specific incorporation of non-natural amino acids into proteins in vivo have
been successfully carried out [80]. The most important requirement for such
an expansion of the genetic code is the creation of a new synthetase-tRNA pair.
Aminoacyl-tRNA-synthetases catalyze the linkage of tRNAs to amino acids. Spe-
cific recognition of the correct tRNA and repulsion of all others is ensured by the
occurrence of ’identity elements’. Protein engineering in the way mentioned above
implies mutation of both synthetases and tRNAs in order to guarantee interac-

tion with an artificial amino acid. An alternative goal is the synthesis of new



molecules meant specifically to inhibit tRNA-recognizing enzymes.

With this work we present reasonable sequence proposals for both approaches.
First, a thorough analysis of naturally occurring tRNAs is conducted in order to
gain information concerning their thermodynamic and kinetic properties. Special
regard is given to base modifications and the discrepancy in the behaviour of un-
modified sequences. This knowledge is subsequently utilized to exclude artificial
sequences from a very large pool of variants. Application of two criteria essential
for the reliability of structure prediction, thermodynamic stability and kinetic
“foldability”, leads to a considerable reduction in the number of candidates. The
introduction of coaxial stacking as an important interaction in the folding al-
gorithm resulted in a strong stabilization of the cloverleaf fold. For systems of
which the complete sets of identity nucleotides are determined, their considera-
tion further rules out some of the sequences. The remaining sequences fulfilling

all these vital constraints are regarded as promising variants for synthesis.



2 General features of tRNAs

Transfer RNAs play a central role in gene expression as adaptor molecules that
translate the codons in mRNA to amino acids in a protein. Exploration of the
role of tRNAs in protein synthesis, determination of their primary sequences and
clarification of their tertiary structure have posed an attractive challenge to re-
searchers since their discovery about four decades ago. As is the case for proteins,
the structural knowledge of RN As is imperative in order to understand their func-
tion. One of the first techniques for the prediction of RNA secondary structure
was the comparative analysis of an aligned set of sequences, which was success-
fully demonstrated for tRNAs in as early as 1965 by Holley et al. [54]. In just a few
tRNA sequences (the first verified one being the one of tRNA22) they observed
regions in the sequence showing covariation according to a base-pairing scheme
from which they were able to deduce the now commonly accepted cloverleaf-
model. The significance of their suggestion (using the fact that the probabil-
ity of the base-pairing covariations arises randomly) was further validated by
finding confirming patterns in subsequently elucidated tRNA sequences [37, 38].
Levitt [76] correctly predicted several isolated base pairs and a base triplet a few
years later. With the determination of the yeast tRNAPh® crystal structure [117],
many of Holley’s and Levitt’s assumptions were confirmed. Since then, over 4250
sequences have been found, the majority by means of sequencing the correspond-
ing genes.

Complete sets of tRNAs from one organism, including at least one isoacceptor
species for each of the twenty amino acids, are known for several eubacteria (My-
coplasma capricolum, Bacillus subtilis, Escherichia coli), yeast (Saccharomyces
cerevisiae) and chloroplasts (Fuglena gracilis, Marchantia polymorpha, Nicotiana
tabacum) or mitochondria (Torulopsis glabra, ratus ratus). The number of genes
for a particular isoaccepting tRNA varies depending on the organism. Although
these genes might have the same primary structure, it is more common that
isoacceptor tRNAs feature the same anticodon but slightly differing sequences.
In yeast, for example, the two tRNAZY, [63] and the two tRNAMX [141] are
identical except two nucleotides. Compensatory mutations frequently occur in
the case when the difference between two isoacceptors is located in a stem. Again
in yeast tRNAPP an A-U base pair in the amino acid acceptor stem is exchanged
for a G-C pair. The same replacement is found in yeast tRNA'"" albeit in the
T stem.



Figure 1: The characteristic secondary structure of tRNAs presenting a cloverleaf. Conserved
nucleotides are emphasized (R = purine, Y = pyrimidine).



The canonical cloverleaf model first proposed by Holley [54] and illustrated in
figure 1 consists of three hairpins, a variable region, a terminal stack and a 3’
single-stranded NCAA oy end to which the amino acids become attached. Stems
and loops can be related to their different domains according to their size. Ac-
ceptor stems are composed of seven base pairs, and thus represent the longest
stems. There are five base pairs to be found in both anticodon and T% stems,
and three or four pairs in D stems, depending on the class. The former D stem
length is characteristic for class II tRNAs. This family of tRNAs is differentiated
from class I by the length of the variable region which in the former case is ex-
tended to 10 to 24 nucleotides. Class II only comprises leu, ser and eubacterial
and organellar tyrosine-specific tRNAs.

The frequent occurence of non-canonical G-U base pairs [88] is a noticeable fea-
ture of stem regions. Since their first discovery in tRNA22 [54], other possible
non-canonical pairs (for example A-A, C-C, C-U, G-A, U-U, U-Y) have been de-
tected in the stems of various tRNAs [75]. G-U “wobble” pairs, however, occur
with the highest frequency. As to stems, a frequently occuring length can be
attributed to loops as well. Anticodon and T loops contain seven nucleotides,
whereas D loops and variable regions are areas of various lengths.

An important discovery regarding the primary structure was made in the early
1970s. Certain positions in tRNAs are occupied by invariant or semi-invariant
nucleotides. Twenty-seven residues show this characteristic (Us, Rg, Rio, Y11,
Ai4, Ris, Gig, Gug, Aor, Rog, Yaos, Yo, Uss, Rar, Yag, Re, Gss, Tsa, ¥ss, Rsr, Ass,
Yoo, Co1, Yoo, Cra, Cr5, Azs: R = purine, Y = pyrimidine). Their positions are

indicated in Figure 1.

Transfer RNA is the most extensively modified nucleic acid in the cell. Modified
nucleotides are contained in tRNAs from all three phylogenetic domains (archaea,
bacteria, eucarya [127,143]). The modifications are not introduced during tran-
scription, but are formed after the synthesis of the polynucleotide chain, serving
for an improvement of the specificitiy and efficiency of tRNA biological func-
tions. To date, more than eighty modified residues have been discovered and
their chemical structures revealed [10]. Modified nucleotides are located at 61
different positions in tRNAs, mainly in loop regions. A large variety is present
in the anticodon area, especially in the first position of the anticodon (position
34), and one base 3’ to the anticodon (position 37). Apart from one exception

(archaeosine at position 15 in archael tRNAs [28], all hypermodified residues are
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found in this region. Minor modifications like methylated or thiolated derivatives
are usually situated outside the anticodon, with only one or two kinds of modi-
fied nucleosides present at each position. Some are common to almost all species,
such as Dihydrouridine in D loops and Ribothymine in T loops, whereas others
are characteristic of specific tRNAs. Examples are found in the hypermodified
wybutosine residue (a guanosine derivative) at position 37 in almost all eukary-
otic tRNAP™ (except that from Bombyz mori and Drosophila melanogaster) and
queueosine (another complicated post-transcriptional modification of guanosine)
at the first anticodon position of certain tRNAs specific for tyr, his, asn and
asp from eubacteria and eukaryotes. In both domains, modification takes place
at different stages during the processing of precursor tRNA, depending strongly
on the concentration of the substrate as well as on both the amount and the
activity of tRNA-modifying enzymes. Several studies have been carried out on
precursor tRNAW", The biosynthesis in Xenopus laevis oocytes initiated by injec-
tion of the yeast tRNAW" gene into either the nucles or the cytoplasma revealed
that most base modifications occur in a sequential fashion in the nucleus before
splicing [94,100]. In particular, 135 is introduced in the intron-containing pre-
tRNA [58], a fact which has been confirmed by respective findings in Drosophila
melanogaster and plants [128]. Apart from this nucleotide, though, modifications
in the anticodon region, especially in positions 34 and 37, are primarily synthe-
sized in the mature tRNA, and seem to mark the end of the complicated tRNA

maturation process [124].

While modified nucleosides in several positions (8, 26, 32, 38, 39, 40, 46, 47,
54, 55) have proven to exert no significant influence on the aminoacylation effi-
ciency, certain modifications in the anticodon effect an altered conformation and
therefore play an important role in codon recognition [78]. For example, the
modification of cytidine to lysidine at position 34 of E. coli tRNAL® [95] leads to
a direct involvement in the aminoacylation process. The aminoacylation identity
is switched from methionine to isoleucine by means of this single modification.

Correct expression of the genetic code at translation is directly correlated with
tRNA identity. Recognition and specific aminoacylation of tRNAs by aminoacyl-
tRNA-synthetases (aaRS) is therefore a key step in protein synthesis. Codon-
anticodon interactions between messenger RNA and tRNA that lead to selection
of amino acids during translation are independent of the nature of the amino
acid esterified to the tRNA. Misaminoacylation of a tRNA would therefore un-
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avoidably result in the incorporation of an erroneous amino acid in the protein.
To synthesize the proper protein, the tRNA must exhibit high specificity in both
translation and aminoacylation. The latter depends on the interaction with the
cognate synthetase.

There are twenty different aminoacylation systems, one for each amino acid and
tRNA type. Accurate discrimination between tRNAs presents a difficult chal-
lenge to aaRS enzymes because of the relative structural conformity among the
various tRNAs. In contrast to tRNAs, the synthetases vary considerably in size
and oligomeric state. Based on sequence similarities and the universal conserva-
tion of two mutually exclusive sets of sequence motifs, aaRS were split into two
classes [30], with entirely different ATP-binding domains [24]. Class I aaRS’s show
a dinucleotide fold previously reported for dehydrogenase enzymes and aminoa-
cylate the 2’-OH group of the terminal adenosine of the tRNA, whereas class 11
enzymes attach the amino acid to the 3’-OH group and contain an ATP-binding
domain found in very few proteins.

The differentiation between systems is mediated by sets of certain structural ele-
ments, called “identity determinants” [40,91,92,101,104,121], in both the tRNA
and synthetase. They are not to be confused with the recognition elements,
the term of which applies to nucleotides in contact or close proximity with syn-
thetases. Other residues can still cause interaction with the protein by putting
other nucleotides in a correct position for contact. The concept of identity deter-
minants implies the probability of complex formation between chemical groups
of both tRNA and synthetase.

With the before-mentioned exception of L34 in E. coli tRNA!®, and a thiolated
uridine derivative at position 34 in E. coli tRNA8™ [119] which both help to
govern specific recognition and aminoacylation, post-transcriptionally modified
nucleosides do not constitute major identity elements. Neither do conserved or
semi-conserved residues. As the anticodon specifies the decoding capacity of a
tRNA, it would seem to be a potential candidate for tRNA acceptor identity. The
assumption was soon verified in many cases (for a review of results dating before
1985, see [66]). The most convincing way to demonstrate that an anticodon dic-
tates the aminoacylation of a tRNA is to replace the anticodon of one tRNA with
that of another, thereby showing that the amino acid acceptor identity coincides
with the anticodon [64].

However, the anticodon per se cannot possibly be a basis for discrimination due

to the degeneracy of the genetic code. Nucleotides in the distal part of the ac-
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ceptor arm constitute another group playing an important role in recognition,
especially the first three base pairs and residue 73. The latter contributes to
the identity of virtually every tRNA species, even when a family of tRNA isoac-
ceptors contain different nucleotides at this site; it is appropriately called the
“discriminator” base [93]. It is known to avert interactions with non-cognate
aminoacyl-tRNA synthetases [136], and to stabilize the transition state of the
acylation reaction [31,34,72,126].

A compilation of identity determinants in both FE.coli and S.cerevisiae is listed
in Table 1 [41], presented according to the partition of synthetases in two classes.
For E. coli, identity elements are known for all aminoacylation systems, while
14 sets have been compiled for S. cerevisiae. Mostly standard nucleotides are
concerned, modified residues only play an important role as determinants in F.
coli tRNAs specific for ile, glu and lys as well as ile in yeast. In these cases, the
modifications involved in recognition are restricted to the anticodon loop. There
is some flexibility with respect to the spatial distributions of identity elements
in different tRNAs. For both FE. coli and S. cerevisiae aminoacylation systems,
the identity nucleotides are predominantly located in the anticodon and acceptor
arm regions. Position 37 in the anticodon loop only contributes to the identity
of tRNAs charged by class II enzymes. Nucleotides in other domains (nt 8-31
and 39-65) are involved in six class I (ile, leu, cys, glu, gln, arg) and four class
IT (ala, ser, pro, phe) identities. Altogether, 40 positions have been discovered
to serve as identity determinants, including all seven positions of the anticodon
loop, the discriminator base N73 and the last five base pairs of the acceptor stem.
The remaining base pairs of the acceptor arm as well as the entire T stem never
participate in tRNA identity. Taking a closer look at the distribution of identity
elements in E. coli, it is remarkable that out of 16 systems where tRNA identity
depends on anticodon residues, the middle position 35 is always used. Positions
34 and 36 appear less often and with variable nucleotides in ile, gln and arg. Only
leu, ser and ala are devoid of anticodon identity determinants. The discriminator
base N73 makes a contribution to 18 E. coli systems (glu [125] and thr [48] being
the exceptions). The situation is similar for yeast. However, the ala and arg
identity sets do not include the discriminator position, and anticodon residue 35
does indeed determine leu identity.

Since identity elements are a prerequisite for proper tRNA function, their inclu-

sion poses a relevant constraint in sequence design.
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E.coli S.cerevisiae A
AT73;G3:C70;U4:A69 AT73

A35;C36 A35 val
A73;C4:G69 -

G34;A35;U36;t6A37;A38 134;A35;U36 ile
U12:A23;C29:G41 -

AT3 AT3

- A35;G37 leu
U8-Al14 -

A73;U4:A69;A5:U68 AT73

C34;A35;U36 C34;A35;U36 + 4 other AC loop nts | met
- D arm

U73;G2:C71;C3:G70 u73

G34;C35;A36 - cys
G15-G48;A13-A22 ;

AT3 A73;C1:G72

U35 G34;935 tyr
G73;A1:U72;G2:C71;G3:C70 | -

(C34;C35;A36 C34;C35 trp
G1:C72;U2:A71 -

s4U34;U35;A37 - glu
U11:A24;U13:G22-A46;d47 | -

G73;U1:A72;G2:C71;G3:C70 | -

Y34;U35;G36;A37;U38 - gln
G10 -

A/GT73 -

C35;U/G36 C35;U/G36 arg
A20 -

Table 1: Identity elements in tRNAs aminoacylated by class I (A) and class II (B) synthetases.
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E.coli S.cerevisiae B
G73;C72;G2:C71;A3:U70;C11:G24;R4:Y69 | -

- - ser
C11:G24; variable loop variable loop
G1:C72;C2:GT71 G1:C72

G34;G35;U36 G35;U36 thr
AT73;G72 -

G35;G36 - pro
G15-C48 -
U73;G1:C72;C2:G71;G3:C70 A73;C2:G71;G3:C70
C35;C36 C35;C36 gly
G73:G1 A73;G1

anticodon G34;U35 his
G73;G2:C71 G73

G34;U35;C36;C38 G34;U35;C36;C38 asp
G10 G10-U25

AT3 -
U34;U35;U36;mnm’s?U34 - lys
G73 -

G34;U35;U36 - asn
AT3 AT73
G34;A35;A36;G27:C43;G28:C42 G34;A35;A36;1°A37 | phe
U20;G44;U45;U59;U60 G20
A73;G2:C71;G3-U70;C4:C69 G3-U70

- - ala

G20

Table 1 continued.
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2.1 Processing of tRNAs

Transfer RNAs are synthesized in the form of larger transcripts (pre-tRNAs),
which undergo cleavage at both ends, en route to becoming mature tRNAs. Aside
from tRNAs embedded in pre-rRNA transcripts, the other tRNAs are synthesized
in transcripts that contain one to seven tRNAs each, all surrounded by long
flanking sequences. Since the discovery of tRNA precursors over two decades
ago, a great amount of research has dealt with the decoding of the processing
pathway from initial transcript to functional tRNA. The number and possible
compulsory order of the individual steps, identity and function of the nucleases
and the structure of intermediate products are only a few questions that have
been posed and partly answered. Extensive studies on E. coli and bacteriophage-

infected E. coli led to the elucidation of the processing pathway in bacteria.

o Endonucloase
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one by one
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G
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Figure 2: Post-transcriptional processing of bacterial tRNA (Example: E. coli tRNAWT).
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The maturation steps are summarized in figure 2, taking the well-studied case of
E. coli tRNAY" as an example.

The process is subdivided into five distinctive steps:

1.

Maturation starts with an endonuclease that cleaves at a stem/loop struc-
ture on the 3’ end of the tRNA sequence.

. Ribonuclease D carries out exonucleolytic cleavage to a point two neu-

cleotides removed from the CCA sequence at the 3’ end.

. The 5" end is created by Ribonuclease P which cleaves to leave a phosphate

on the 5 terminal guanosine. This enzyme provides the 5’ terminus for
all tRNA molecules. The structural features recognized by RNase P have
not yet been explicitly determined, for different sequences are found at
the cleavage sites. Ribonuclease P consists of one RNA molecule of 377
nucleotides and one protein molecule with a moleculuar weight of about
20.000. Both components are essential for full catalytic activity, but under
nonphysical conditions the RNA part alone can catalyze accurate cleavage.
RNase P therefore belongs to the class of ribozymes whose characteristic is
catalytic function.

. After the proper 5’ terminus has been created, RNase D removes the re-

maining two nucleotides from the 3’ end. Some tRNA genes do not code for
the 3’ terminal CCA. In these cases, the last three nucleotides are added
by an enzyme that specifically recognizes the 3’ end of tRNAs lacking the
amino acid binding site.

Creation of the modified bases common to tRNAs occurs at the final stage,
including methylations, thiolations, reduction of uridine to dihydrouridine,
and so forth.

In contrast to eubacteria, no uniform mechanism has yet been determined for

eucaryotes. Different precursors show different maturation even in the same cell

extract. Since most eucaryotic substrates lack a proper amino acid binding site,

an additional step in the processing pathway described above is required. Nucle-

ases creating final 3’ maturation can only remove trailer sequences in a way that
allows tRNA nucleotidyltransferase to add the CCA end.
The continuity of tRNA genes is frequently interrupted by intervening sequences
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that are not present in the mature tRNAs. Transcripts of these genes also contain
the extra nucleotides (introns). Their excision (splicing) constitutes an additional
maturation step before the functional tRNA can be exported into the cytoplasm.
Introns are found in the tRNA genes of organisms in all three of the great lines
of descent : the bacteria, the archaea, and the eucarya. However, the splicing
mechanism of their precursors is distinctly different. The first introns in tRNA
genes were discovered in yeast S. cerevisiae [138]. Experiments by Hopper and
co-workers revealed a source of precursor substrates which led to the develop-
ment of the first in vitro RNA splicing system [67,102]. Based on this system,
the tRNA splicing pathway could be deduced [68,105].

pre-tRNA tRNA halves

A A
C C
c

CPDose
Endonuclease (ngose)
—————eee
Kinase +ppG

Ligase-3-A
Aﬂpp& _ )| ASTase
Ligase

A A A
C [4 C
C C C
2'-PTase Ligase
mature tRNA spliced tRNA A

Figure 3: Splicing pathway in yeast.
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The splicing reaction in yeast is a stepwise process where each step is catalyzed
by a distinct enzyme (see figure 3).

The first step consists of the site-specific cleavage by an endonuclease, produc-
ing two tRNA half-molecules and the linear intron with 5-OH and 2’,3’-cyclic
phosphate ends. The following ligation of the splicing intermediates is in itself
a three-step process. The cyclic PO, ~ is opened to a 2’-phosphate by phospho-
diesterase action. The second step arranges the phosphorylation of the 5-OH
by polynucleotide kinase. After the ligase is adenylated, transfer of its AMP to
the 5’-phosphate end occurs. The ligase joins the two halves under the release
of AMP. Finally, the 2’-phosphate having remained at the splice junction has to
be removed by (NAD)-dependent 2’-phosphotransferase action. Since there is no
conservation of sequence either in the introns between families or at the splice
junction among the 10 different tRNA precursors in yeast, it was previously as-
sumed that the intron itself plays no major role in the recognition by the splicing
enzyme. The secondary structures of pre-tRNAs can be predicted from their ma-
ture counterparts and were indeed verified in a few cases [73,132]. As only the
conformation of the mature domain is retained in pre-tRNAs, it was proposed
that endonuclease recognizes the splice sites by measuring the distance from the
conserved domain to the splice sites. Changing features of the mature domain
by means of insertion or deletion mutations strongly affected splicing specificity.
Recent results have indicated that the intron actually takes an active part in the
recognition process. According to Tocchini-Valentini and co-workers, recognition
in Xenopus laevis depends on a tertiary base pair interaction between a conserved
purine residue in the intron (located three nucleotides upstream of the 3’ splice
site) and a pyrimidine at position 32 in the anticodon loop [5].

Similar as in eucarya, archael introns are also small and often interrupt the an-
ticodon loop immediately 3’ to the anticodon (although other sites have been
detected as well, including the D stem). However, the ligation step must differ
from the one observed in eucarya since no homologue of the eucaryal tRNA splic-
ing ligase has been found in the complete genome sequence of several members
of the Archaea. Furthermore, recognition of the splice sites depends solely on a
conserved structural motif consisting of two loops of three bases connected by
a four base pair helix, the bulge-helix-bulge motif [135]. Characteristics of the
mature domain do obviously not constitute a decisive factor in the recognition
mechanism. Despite the differences in both substrate and recognition process be-

tween eucaryal and archael systems, it seems that the arrangement of the active
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sites is conserved between the respective enzymes [77].

A controversial issue which remains unsolved, is whether introns are ancient fea-
tures of gene structure (“introns early”) or whether they are more recently ac-
quired elements obtained through horizontal gene transfer (“introns late”). In
support of the more recent acquisition of introns is evidence that some introns
are mobile elements. However, the intron early view suggests that introns were
present in the earliest progenitors of modern cells and there has been a trend
in some organisms to lose introns, thus streamlining their genome and and al-
lowing for more rapid growth and response to environmental factors. The class
of self-splicing introns, called Group I introns, which occur in the tRNA genes
of chloroplasts of higher plants, bacteriophages and viruses, archaebacteria, and
(recently discovered) in certain eubacteria (a- and b-proteobacteria, cyanobacte-
ria, [114]) lends credibility to the ancient origin of these sequences.

The first discovery of eubacterial group I introns occured in the tRNALY, genes
of five cyanobacterial species. A homologous intron was observed at the same
position in several plastid genomes, suggesting an inheritance from a common
ancestor. The tRNA{Y, therefore represents the most likely example of an an-
cient intron, its origin predating the cyanobacterial endosymbiosis giving rise
to plastids. A challenge to the introns early view was however presented by
the identification of tRNAY, introns in the cyanobacterium Microcystis aerug-
inosa, which seem to have developed independently of the previously mentioned
cyanobacterial ones through horizontal transfer. Phylogenetic analysis and com-

parison with two other eubacterial self-splicing introns [113] in the tRNAZ

(Azoarcus sp. BH72, a S-purple bacterium) and the tRNAéggU (Agrobacterium
tumefaciens, an a-purple bacterium) have led to the conclusion that the Mycro-
cystis introns share a more recent common ancestor with the latter than either
does with the other cyanobacterial tRNAYY, introns.

Many attempts have been made to bring the introns early/late debate to a satisfy-
ing resolution in the last few years. However, arguments for either hypothesis are
abundant. Recently, Rzhetsky and co-workers reasoned that the pattern of intron
distribution in a large gene family resembles more one of addition or movement
than loss [120], and Cho and Doolittle derived from intron position alignment
that the distribution in genes encoding proteins is due to random insertion in-
stead of loss [18]. De Souza et al. on the other hand claim that about 35% of
present day intron positions in ancient proteins have been identified as ancient

introns which supports the introns late theory [26].
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3 RNA structure

The structure formation of RNA can be viewed as a two-stage process. First,
the string of bases, called the sequence or primary structure, is converted
into a set of complementary base pairs denoted as the secondary structure. In
the second phase, the planar graph folds into a three-dimensional object which
is known as the spatial structure.

3.1 Base interactions and other molecular forces

RNA molecules are composed of only four monomers or ribonucleotides which are
linked together by covalent binding. Each nucleotide consists of three molecular
fragments: sugar, heterocycle and phosphate. The sugar (5-D-ribose) is phos-
phorylated in 5’ position and forms a $-glycosyl-C1’-N bond with one of the four
possible heterocycles. These include the purine bases adenine (A) and guanine
(G) as well as the pyrimidine derivatives cytosine (C) and uracil (U). Figure 4
shows a short strand of RNA. The phosphate groups link the 5’ end of one ribose
to the 3’ end of the next, thereby imposing directionality on the backbone. The
two free ends at the top and the bottom of figure 4 are consequently referred to

as b’ and 3’ ends, respectively.

RNA usually occurs single-stranded, but complementary base pairing via hydro-
gen bonding leads to helix formation. Although the standard four bases can be
arranged in 28 different ways, helices exist almost exclusively of Watson-Crick
type G-C and A-U pairs. Such canonical pairings have anti base-sugar conforma-
tions, locally anti-parallel strands and glycosidic bonds oriented cis with respect
to each other (for a detailed review on geometric parameters for classifying nucleic
acid pairs see [75]. Isostericity of all four pairs is the remarkable characteristic
of Watson-Crick base pairing geometry, implying possible substitution for each
other without distortion or even disruption of the double helices they are part of.
The degeneracy of the genetic code (caused by the fact that 20 amino acids are
coded by base triplets of the four nucleotides) gives rise to the so-called ”wob-
ble” hypothesis which states that while the first two base pairs formed between
mRNA codon and tRNA anticodon are of the standard Watson-Crick type, the
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Figure 4: A short strand of RNA.
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third may be an unusual pair (for example G-U, I-U, I-A| etc.), due to steric mis-
alignment. The G-U pair which is slightly less stable than Watson-Crick pairs
frequently substitutes for canonical pairs without distorting RNA double helices.
Base pairing is mediated by mainly electrostatic hydrogen bonding between dif-
ferently polarized atoms. One has to differentiate between five hydrogen-bonding
modes [75]. Apart from standard interactions of the type N-H—N and N-H—O,
bifurcated systems where two acceptors compete for the same hydrogen atom
have been observed. Furthermore, water molecules may open up and take active
part in a base pairing. Another possibility is presented by hydrogen atoms cova-
lently attached to aromatic carbon atoms [3]. Finally, hydrogen bonds involving
sugar OH-groups have been found.

Hydrogen bonding dominates in nonpolar solvents, whereas base stacking - the
second important base-base interaction - is most pronounced in water where sol-
vent molecules compete for the binding sites and hydrogen bonding is therefore
suppressed. Dipol-induced dipole interactions, with the permanent dipole (C=0
and C-H-N2 groups) superposed over the conjugated 7 electron system of the
adjacent base, strongly favour vertical base pair stacking.

In addition, the hydrophobic effect plays an important role in aqueous solution.
In order to hide the mostly hydrophobic bases from the solvent, base pairs tend to
aggregate which leads to helix formation. Dipolar and London dispersion forces
also contribute significantly to the stacking process, accounting for the fact that
stacking is more pronounced in purines than in pyrimidines, and is additionally

enhanced by alkylation.

3.2 Tertiary contacts

In the last few years, a growing number of three-dimensional RNA structures de-
termined by NMR or X-ray cristallography became available (reviewed by [33]),
leading to a more profound understanding of the principles governing the archi-
tecture of RNA folds. Several of the base interactions discussed in the previous
section participate in tertiary motifs and stabilize RNA 3D structures. Such

molecular modules are:

1. Mismatches
Base covariation analysis ascertained the probability of non-canonical base
pairs [38], a large number of which have actually been discovered in RNA

molecules (figure 5). Scattered among Watson-Crick pairings within an
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Figure 5: Interactions in the base pair plane [50]. a.) Hydrogen bonding between coplanar
bases gives rise to A-form RNA helices. b.) Mismatches alterating with Watson-Crick pairs
lead to a distortion of the grooves [20], and c.) participate in stacking interactions as in the
loop B of the hairpin ribozyme [12]. d.) Base triples extend grooves for protein interaction
in BIV TAR RNA [146] and e.) mediate the tertiary contact between tetraloops and helical
loop-receptors, as in the group I ribozymes [15]. f.) The loop of an RNA pseudoknot [131]
is stabilized by a base quadruple. g.) Platforms arise through the interaction of consecutive
bases within one strand, first discovered in adenosine platforms in group I ribozymes [16], h.)
another adenosine platform in the L11-binding domain of 23 S rRNA [19], and i.) consecutive
A and C residues bring about an A-C platform in a theophylline aptamer RNA [149].



RNA helix, mismatch pairs may be involved in stacking interactions (fig-
ure 5c) and bring about a distortion of the grooves (figure 5b). As the
most common among non-canonical pairs, the homopurine G-A pairs are
mostly found at the end of helices (examples include the R26-R44 base pair
flanking the anticodon stem of some tRNAs).

2. Base triples and quadruples
Both Watson-Crick and non-canonical pairs take part in such motifs. In-
teraction of a nucleotide in a loop with a base pair in a helix gives rise to
a base triplet [17]. In group I ribozymes (figure 5e, [15,133], a base triple
is responsible for the tertiary contact between a tetraloop and its receptor.
The same motif also serves as an example of a G-A-C:G quadruple where

an additional guanosine is associated by hydrogen bonding.

3. Platforms
Consecutive base pairing within one strand accounts for the formation
of platforms, the first of which has been observed for side-by-side paired
adenosines in the P4-P6 domain of group I ribozymes (figure 5g, [16]).

Monovalent metal ions provide stabilization.

4. Cross-strand stacking

Base stacking, the major contribution to a molecule’s overall free energy,
usually refers to interactions between consecutive nucleotides within one
strand. In several molecules, however, stacking of (mostly purine) bases
belonging to different strands has also been discovered. The term ”base
zipper” motif denotes this form of interdigitation which occurs for example
in the junction of D and T loops in tRNA [65,116] and the loop B of the
hairpin ribozyme [13].

5. Ribose zippers
Apart from associating bases on complementary strands, hydrogen bonds
can also connect the 2’ OH group of a sugar in one strand with both the 2’
OH group on the ribose and either the pyrimidine O2 or the purine N3 atom
of a nucleotide on the other strand (noticed for example in the hammerhead
ribozyme [108]).

All of these described helix motifs are arranged to result in a compact three-

dimensional fold. The most common way to reach a closely packed architecture
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is by means of end-to-end stacking of double helices (which will be described in
detail in section 4.3). The single-stranded stretches connecting the helices can
themselves form structural elements. Base pairing between two complementary
loop sequences (”kissing loops”) is a recurring tertiary interaction in tRNA (be-
tween the D and T loops) [111]. A pseudoknot is characterized by base pairing
between nucleotides in the loop of a conventional hairpin with a complementary
sequence outside that loop. A compact fold results from the coaxial stacking of
both double helical segments (for a description of various possible stacking ar-
rangements see [1].

An essential component without which complex RNA folds form secondary struc-
ture motifs, but little, if any, tertiary structure, is the presence of divalent cations,
especially magnesium. As counter-ions for the negatively charged backbone, they
are crucial for the structural integrity and biological function of RNA. While the
predominant amount of cations is delocalized and involved in non-specific, elec-
trostatic interactions, a number of them participates in site-specific binding to
anionic ligands [71,98]. For example, the junction connecting the acceptor helix
and the D loop in tRNA, where folding of the RNA backbone arranges phosphate
groups in close proximity, is sufficiently screened by magnesium ions [53,112].

3.3 RNA Secondary Structures

A secondary structure consists of a set of vertices
V={12,..,4,..,N} and a set of edges S = {i-j,1 <i < j < N} fulfilling

(1) For1<i<mn,i-(i+1)€S.
(2) For each ¢ there is at most one h #4 — 1,7+ 1 such that i-h € S.
(3) Ifi-jeSandh-l€ Sandi<h < j, theni<l<j.

The first statement simply implies that RNA is a linear polymer, the second
condition restricts each base to at most a single pairing partner, and the last
condition states that base pairs must not cross, and thus, that knots and pseu-
doknots are not allowed.

The exclusion of pseudoknots from the secondary structure definition results more
from a practical point of view (as they are incompatible with most dynamic
programming routines) than from knowledge-based considerations. While pseu-

doknots have been proven to play an essential role in some molecule’s function
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(for example in RNase P [25]), little information is yet available on their en-
ergy parameters and their integration into the mathematical model could not be
accomplished without considerable computational effort. They should therefore
rather be viewed as a first step towards prediction of the tertiary structure.

In addition to the three conditions, steric constraints can be specified, allowing
for example for a minimum loop size of three nucleotides or excluding isolated

base pairs.

A computation of full three-dimensional RNA structures from sequences cannot
yet be achieved with desirable reliability. Prediction of RNA structures, how-
ever, is feasible on the level of the secondary structure for which a broad range
of thermodynamic parameters, most of them having been directly measured in
experiments, are available. The principle of hierarchical folding [2,11] implies
that the formation of secondary structure elements is seldom disrupted by the
subsequent development of tertiary interactions (an interesting counter-example
is discussed in [144]). The concept of the secondary structure as a coarse graining
of the full three-dimensional structure provides a convenient theoretical construct

and is justified by the following observations:

e The secondary structure of RNA molecules is well defined. In that aspect,
RNAs differ from proteins.

e A secondary structure represents a relevant and experimentally verified in-
termediate in kinetic folding [6], and its formation constitutes the dominant
part of the free energy of folding.

e RNA secondary structures are often well conserved in evolutionary phy-
logeny [44] and have been successfully relied upon for a correct interpreta-
tion of RNA function and reactivity.

e Secondary structures do not only provide the major set of distance con-
straints guiding the formation of the spatial structure, but they are also

discrete and therefore easy to handle and compare computationally.

Secondary structures are composed of five distinct loop types as shown in fig-
ure 6.

Stacked base pairs lead to the elongation of helices and are one of the major
driving forces for secondary structure formation. The hairpin, composed of a

double-stranded region (helix or stem) and a connecting single-stranded part
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Figure 6: Secondary structure motifs

(loop) is the most prominent of these structural motifs. Other possibilities are
the bulge (which has unpaired bases on just one side of the stem), the internal
loop (unpaired nucleotides on both sides of the stem), and the multiloop (several
stems connected by single-stranded junctions).

Any given position i < k < j of a given pair (i, j) is called interior of (i, j). The
notation directly interior of (i, j) refers to position k if there is no base pair (p,
q) such that i < p < k < ¢ < j. The loop closed by (i, j) is then the set of all
positions directly interior of (i, j) including (i, j).

A classification of loops can be achieved according to their degree which com-
prises the number of base pairs within the loop. Hairpin loops therefore belong
to the group of degree 1, bulges and interior loops of degree 2, and the category
with degree > 3 is composed of multi-loops. The number of unpaired nucleotides
in the loop is defined as the loop size. Thus a stacked base pair is considered a
loop of size zero.

Secondary structures can be uniquely decomposed in the described loops. With
an additional virtual base pair enclosing the whole structure, the graph is equiva-
lent to an ordered rooted tree (see left side of figure 7). An internal node (black)
indicates a base pair, a leaf node (white) corresponds to an unpaired nucleotide,
and several leafs branching off the same node constitute a loop.
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Secondary structure representation

Secondary structures are most commonly displayed as planar graphs with each
vertex representing a nucleotide and edges connecting consecutive nucleotides
and base pairs (see left side of figure 8).

In case of larger structures, the composition of the molecule is however easier
to survey in the so-called “mountain” representation [52]. In a two-dimensional
graph, the x-coordinate presents the position k of a nucleotide in the sequence,
while the y-coordinate depicts the number m(k) of base pairs that enclose nu-
cleotide k. In other words, peaks are equivalent to hairpins, plateaus point to
unpaired bases, and valleys denote unpaired regions separating secondary struc-
ture elements.

Finally, secondary structures can be stored in a string consisting of the symbols
“(“, ) and “.”, representing nucleotides that are paired with a partner towards
the 3’ end, the 5’ end or unpaired, respectively. Matching brackets therefore
constitute a base pair.
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4 Methods

4.1 Vienna RNA Package

The package contains computer codes based on dynamic programming algorithms
to allow and facilitate the correct prediction of secondary structures. The most
simple approach to RNA structure prediction yields a single optimal solution, the
minimum free energy structure [150]. While it is not too intricate to program and
undeniably easy to interpret, a single result cannot come up to the truth, for at
room temperature, an RNA molecule fluctuates between different states. A single
structure may not be sufficient to characterize the thermodynamic equilibrium
ensemble which, while often dominated by the mfe structure, may include widely
differing conformations of similar energy. A remedy is presented for example by
Zuker’s algorithm (1989) which sends additional suboptimal structures to output.

For each possible pair the best structure containing that pair will be computed.
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Figure 9: Dot plot of unmodified tRNAP"® : the lower left triangle displays the minimum free
energy structure, while the upper right triangle shows significant base pairing from suboptimal

conformations.
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An alternative method, McCaskill’s algorithm, procures the partition function
Q = Xexp(—AG(S)/kT) and equilibrium probabilities for all possible pairs. One
obtains the frequency with which each base pair occurs in the Boltzmann weighted
ensemble of all structures which can be conveniently represented in a so-called
“dot plot”. For each base pair (i, j), the equilibrium frequency p is plotted by
a square of area p;; in position i, j on a two-dimensional grid (illustrated in fig-

ure 9).

As opposed to just maximizing the number of base pairs (concept of earlier
model), the standard energy model calculates the energy of a structure as the
sum over the energy contributions of its constituent loops. It is thus based on

the loop decomposition explained above.

E(S)=>_E() (1)
les
The term “nearest-neighbour” rules has been established, indicating that the
energy contributions of a base pair in the midst of a helix depend only on the
previous and the following pair. Whereas hairpin and interior loop energies are
well tabulated, thermodynamic measurements on multiloops are scarce. The
energy function reads:

EGML =a+b-n+c-k +AGdanglea (2)

where n denotes the loop size and k the loop degree. AGgangle is an energy bonus
describing the stacking interactions between a pair and one adjacent unpaired
base. Dangling ends are thus similar to mismatch energies except that the latter
are composed of two terms derived from the unpaired nucletide 5’ and 3’ of the
pair. In case of larger loops, the linear approach is frequently replaced by the
logarithmic Jacobson-Stockmayer function so as not to overestimate the energy
penalty.

Since a secondary structure consists of many micro states, the result is a free

energy that can be split into an enthalpic and an entropic term.
AG=AH —TAS (3)

The standard set of energy parameters is measured for 7' = 37°C', but can be
extrapolated using the temperature dependence of the free energy. The most

recent compilation can be found in [89].
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The Vienna RNA Package consists of several algorithms. As the most basic,
RNAfold takes an input sequence and calculates its minimum free energy struc-
ture, on request also the partition function and the base pair probability matrix.
It returns the mfe structure in bracket notation, together with its energy, the
free energy of the thermodynamic ensemble and the frequency of this particular
structure in the ensemble. In additon, it generates two Postscript files showing
the respective secondary structure graph as well as the dot plot of the base pair-
ing matrix.

True to its name, RNAinverse represents an inversion of the folding algorithm;
it thus searches for sequences folding into specified structures. It also yields the
Hamming distance to the start sequence (if none is specified, a random sequence
will be used as starting point). The Hamming distance corresponds to the mini-
mal number of point mutations required to convert two sequences into each other
and serves as a metric in the abstract sequence space. A very useful application
is the design of sequences whose thermodynamic ensemble is dominated by the
target structure. The possible input of sequence constraints is an additional fea-
ture which may shift the result in the desired direction.

RNAsubopt generates all suboptimal conformations within a user-defined energy
range above the mfe. It therefore gives a practical overview of structure possi-
bilities in case of short sequences. For larger molecules, the information becomes
difficult to survey, as a tRNA sequence for example gives rise to more than a
million structures within 15 kcal of the mfe. The output may, however, be fur-
ther utilized for a thorough exploration of the energy landscape (see following
section).

These algorithms and other programs for the computation and comparison of
RNA secondary structures are included in the Vienna RNA Package which is

freely available from http://www.tbi.univie.ac.at/RNA.

4.2 Kinfold and Barriers

Structure prediction based on thermodynamic parameters has been described in
the previous section. This chapter, on the other hand, focuses on the dynamics
of RNA folding on an energy landscape. A molecule’s energy landscape can be
described as a hyper-dimensional plot of the free energy versus the positions of
its atoms. Due to the considerable number of degrees of freedom in a non-linear

molecule (3N-6, with N stating the number of atoms), this concept gives rise to
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highly complex landscapes in case of nucleic acids. A basic requirement for a
detailed analysis of an RNA energy landscape is a compilation of all suboptimal
structures within a predefined energy range as well as a measure of structural
similarity between two conformations. A set of rules determining which operation
is allowed in conformation space is called a move set. It lays down the topology of
the energy landscape by defining which structures are neighbours of each other.
The resulting folding trajectories get more realistic the smaller structural changes
in a single step are allowed.

The most elementary move set on the level of RNA secondary structure consists of
the addition or removal of a single base pair. These moves can be easily followed
by means of the circular representation of RNA structures (see figure 10 moves
B and C). The closing of another base pair is displayed by an additional chord in
the diagram. With the help of just these two moves, a folding path between every
arbitrarily chosen pair of structures can be constructed. The move set induces
a metric onto conformation space. To permit and promote rapid chain sliding
along a helix, a third move was included in the move set. The “shift” move
combines base pair insertion and deletion in a way that one of the two positions
of a given base pair is converted into a new one. This behaviour is demonstrated
in figure 10 moves D and E with a displacement of a chord while one end stays
fixed.

Complete suboptimal folding can be accomplished with the RNAsubopt program

described in the previous section.

With the two requirements - a move set and a list of suboptimal conformations -
available, a more thorough investigation of the energy landscape is within reach.
Due to pairing rules and high stability of RNA secondary structures, the folding
landscape is rugged, composed of many deep local minima in which the folding

process may come to a temporary standstill.

In a short summary, the used algorithm simulates folding kinetics while based
on a continuous time Monte Carlo method and passes repeatedly through the

following phases:
1. Generation of all neighbours using the move set
2. Calculation of transition probabilities for each step (P; = exp(—AE/2kT))

3. Selection of a move with probability to its rate
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Figure 10: Circle representation of secondary structure and explanation of the move set : a.)
secopndary structure, b.) insertion of a base pair, c.) deletion of a base pair, d.) shift move
upstream, e.) shift move downstream.
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Although founded upon the same model, the two folding algorithms Kinfold and
Barriers tackle different tasks.

Kinfold makes a statement about the folding dynamics, most importantly about
the folding time, which in this context refers to the first passage time from some
initial state to the ground state. It takes an input sequence and simulates the
folding starting from the open chain or a user-defined start structure. In addi-
tion, the stop structure can be specified if it differs from the minimum free energy
structure. This way, the algorithm presents the possibility of refolding, for ex-
ample for computing the folding time for a molecule to reach the mfe structure

after it got trapped in a meta-stable state.

To gather further information on the influence of such kinetic traps on the folding
pathway, Barriers is used. It requires the complete range of suboptimal confor-
mations sorted after energy (an RNAsubopt output file) as input and generates
a list of all local optima, together with their energies, barrier heights and basin
widths. The decisive factor for the importance of such a basin of attraction is the
barrier height. If a molecule encounters a local minimum with a high barrier on
its way to the mfe structure, the chance of getting trapped is increased, resulting
in at least a longer folding time. Sometimes the escape and the continuation to
the ground state do not lie within the time-scale of the simulation. The distri-
bution of energy barriers is highly sequence dependent.

In order to help visualize the folding path, a tree of local minima is computed
which contains the global minimum, all local minima as well as the saddle points
connecting them on the folding landscape. Energy barriers divide the resulting
tree of local minima into several subtrees, each of them dominated by the respec-
tive conformation with the lowest energy.

Figure 11 illustrates the partition of the conformation space for an unmodified
sequence: four different folding funnels are visible, leading to conformations S1,
S7, S2 and S5, respectively. Although each of these subtrees in turn split up into
several basins, their conformations are of minor significance in the folding path-
way. With a barrier below or around five kcal/mole, an energy valley is not deep
enough to hinder a molecule that has fallen into it from reaching the next saddle
point within a reasonable period of time. From there, a descent into another local
minimum and, finally, to the structure lying topmost of the particular subtree,
is possible. It is those structures that represent (partly long-lived) intermediates

in the folding process.
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Figure 11: The tree of local minima as leaves and the transition states as internal nodes; the
height of the energy barriers is represented by the branch lengths.

4.3 Kinetic folding with coaxial stacking

Multi-branched loops are a commonly distributed feature of RNA secondary
structures. Their energy contributions have been described above, but no con-
sideration has yet been given to another important characteristic of these motifs,
and that is the possibility of coaxial stacking. It concerns a favourable interaction
between two helices that are either directly adjacent or separated by at most one
intervening mismatch. As a result of the strength of base pairing and stacking
interactions, such two helices tend to stack end on end, forming a continuous
helix. Coaxial stacking usually induces an enhancement of stability. For adja-
cent helices without a mismatch the energy bonus corresponds to the free energy
parameter of a normal stacked pair. Coaxial stacking can, however, also take
place in the case of one intervening base between the helices if there is another
nucleotide to form a mismatch with (either 5’ to the 5’ helix or 3’ to the 3’ helix).

The energy is then composed of the parameter for terminal mismatches combined
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with a sequence independent value (-2.1 kcal/mole). The used program takes into
account coaxial stacking by reevaluating the energy of structures by means of a

more complex multiloop energy function (for n > 6)
AGML =a++ b-6 + 175RTZTL(TL/6) +c- k + AGsmckmg (4)

(a = 10.1;b = -0.3; ¢ = -0.3 kcal/mole; parameters compiled in [89]).

AG gtacking includes the favourable free energy of coaxial stacking and terminal
mismatch or dangling end stacking as described above.

Coaxial stacking leads to a relevant improvement of the accuracy of secondary
structure prediction. For molecules with multi-branched loops, like tRNAs, the
effect of increased stability will be most apparent. As shown in figure 12, tRNAPh®
folds neatly into two coaxial helical stacks meeting at right angles and character-

izing the well-known L-shape.
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Figure 12: Secondary structure of tRNAP"® building two coaxial stacks. Main-chain crossovers
are displayed by thick lines, tertiary interactions by thin dotted lines.
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5 Comparison of natural tRNAs

All the natural tRNAs investigated in the course of this thesis were downloaded
from the aligned sequence database COMPILATION OF tRNA SEQUENCES
AND SEQUENCES OF tRNA GENES located in Bayreuth [127]. The major
amount of tRNA sequences were isolated from genes (3704), only a small part of
the available ones were directly sequenced (550). Out of the latter, only Eubac-
teria were selected for analysis, the restriction necessarily arising from the rather
time-consuming calculations. Apart from that, previous results have shown that
most eucaryotes, especially mitochondria, show a peculiar folding behaviour and
do not possess the typical cloverleaf structure as ground state, therefore the ex-
amination was confined to eubacterial sequences (list in the appendix). They
were classified according to the twenty amino acids. Results in the following sec-
tion are discussed and compared within the different amino acid families as well
as in a certain organism in case of remarkable findings. All sequences contain
several modified nucleotides (especially methylations) , one of the characteristics
of tRNAs in contrast to other types of RNA. Since up until now, no experimental
data for the energy contributions of the different kinds of modified bases have
been available, all algorithms constituting the Vienna RNA Package treat a nu-
cleotide other than A/C/G/U as a base that is not allowed to pair, although
the stacking energy remains the same as for the unmodified base. Methylations
were marked with an M, other or unknown modifications with an N. The essence
of base modification never becomes more apparent then when one tries to draw
comparison to the respective unmodified sequences. The influence of modified nu-
cleosides on both structure and function has been facilitated by means of in vitro
transcription methodology and solid-state synthesis which permit the synthesis
of tRNAs lacking base modifications [46,122]. Primarily employed to investigate
its interaction within the translation machinery, unmodified tRNAs often retain
their ability to bind to their cognate synthetase [4,8,56,99,107,123] and react
with both elongation factor TU [47] and tRNA-modifying enzymes [23]. The
ease with which they fulfill their roles in the described processes might indicate
a similarity in the gross strcuctures of unmodified and native tRNAs. To study
the different folding behaviour and the effect of base modifications, a second set
of these tRNAs were employed where the modified nucleotides were substituted

for their standard counterparts.



5.1 Natural modified sequences

In order to make an assertion about the thermodynamic stability of a particular
sequence, it is essential to gain knowledge about the suboptimal conformations
in a certain energy range. The RNAsubopt program generates all suboptimal
structures in a user-defined energy range above the minimum free energy. For
small molecules, it can be rewarding to study the complete list of structure prob-
abilities. However, for a molecule the size of a tRNA, the information (quickly)
becomes difficult to survey, as it can comprise more than a million structures
within about 10 kcal/mole of the mfe structure.

The following calculations were generally carried out using an energy range of
Ae = 15 kcal/mole above the mfe. Only in the case of class IT tRNAs (leu, ser,
tyr), the limit was reduced to 13 kcal/mole in order to account for their increased
length and number of structure possibilities. As most natural tRNAs have a
minimum free energy around -25 kcal/mole, the open chain does not lie within
the predefined energy interval. Table 2 presents a list of the mfe and the energy
difference between mfe and first suboptimal conformation. The value of the min-
imum free energy ranges from about -17 kcal/mole to -29 kcal /mole, reaching up
to -37 kcal /mole for class IT tRNAs, depending more on the length of the sequence
and the ratio of G-C to A-U or G-U pairs than the number of modifications. The
serine sequence RS1661 turns out to be the thermodynamically most stable one
(-37.28 kcal /mole), which does not come as a surprise considering its exceptional
length of 93 nucleotides. In contrast to most other tRNAs which tend in the
direction of 76 bases (forming around 22 base pairs in the cloverleaf structure),
this particular sequence displays 28 pairs due to increased pairing probability in
the variable region. In addition to the mere number of base pairs, their compo-
sition is of great importance. Drawing for example comparison between the two
isoleucine sequences RI1180 and RI1580 reveals that, regardless of their identi-
cal length (77) and number of base pairs (21) as well as modifications (7), the
difference between their minimum free energies amounts to almost 10 kcal/mole.
In absence of other decisive factors, this result can only be explained in terms of
base pair composition. As has been described in the section 4, G-C pairs provide
a larger contribution to thermodynamic stability than A-U or even G-U pairs.
Five more G-C and the lack of any G-U pairs are responsible for the low energy
of the ground state of RI1580.

The energy gap between the mfe structure and the first suboptimal state varies
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tRNA | mfe [kcal/mol] | AE [kcal/mol] || tRNA | mfe [kcal/mol] | AE [kcal/mol]
RA1140 -27.56 -0.96 RG1661 -28.26 -0.90
RA1180 -28.90 -0.70 RG1662 -26.21 -0.01
RA1540 -28.76 -0.84 RH1140 -21.70 -0.20
RA1660 -26.16 -0.40 RH1660 -21.86 -1.14
RA1661 -27.20 -0.18 RH1700 -21.86 -1.14
RA1662 -26.86 -0.06 RI1140 -23.56 -1.24
RR1140 -20.90 -0.13 RI1141 -18.16 -0.74
RR1141 -23.36 -0.55 RI1180 -18.06 -0.74
RR1540 -25.56 -0.84 RI1580 -27.96 -0.64
RR1660 -22.96 -1.04 RI1660 -20.72 -0.79
RR1661 -23.96 -1.04 RI1661 -20.72 -0.79
RR1662 -22.80 -0.40 RI1662 -28.67 -0.82
RR1663 -24.48 -0.14 RI1540 -24.26 -1.14
RR1664 -25.12 -0.90 RL1140 -21.66 -0.14
RN1140 -24.27 -1.21 RL2020 -21.60 -0.05
RN1660 -17.86 -1.42 RL2100 -27.78 -0.78
RN1720 -20.57 -0.50 RL2101 -27.46 -0.58
RN1721 -19.50 -0.50 RL1141 -23.75 -0.07
RD1140 -27.46 -0.76 RL1142 -23.41 -0.32
RD1580 -21.60 -0.20 RL1460 -28.28 -0.41
RD1660 -20.32 -0.22 RL1540 -27.54 -0.00
RC1140 -20.96 -0.50 RL1660 -30.38 -0.93
RC1660 -20.42 -0.22 RL1661 -24.90 -0.41
RQ1140 -21.06 -0.36 RL1662 -30.48 -1.60
RQ1660 -21.16 -0.86 RL1700 -24.90 -0.41
RQ1660 -23.36 -0.90 RK1140 -17.46 -0.02
RE1140 -22.89 -0.29 RK1141 -26.96 -0.26
RE1660 -29.54 -0.33 RK1540 -20.36 -0.64
RE1661 -27.74 -0.34 RK1541 -20.36 -0.64
RE1662 -27.85 -0.35 RK1660 -22.27 -0.91
RE2140 -28.40 -0.50 RM1140 -25.86 -0.70
RG1140 -21.76 -0.76 RM1540 -25.42 -0.25
RG1700 -30.30 -0.60 RM1580 -28.36 -0.10
RG1701 -26.21 -0.01 RM1660 -18.59 -1.48
RG1180 -21.76 -0.30 RF1140 -23.36 -1.06
RG1310 -27.20 -0.90 RF1460 -22.26 -1.36
RG1380 -20.03 -0.13 RF1540 -23.99 -0.13
RG1381 -22.40 -0.57 RF1580 -20.22 -0.27
RG1540 -19.10 -0.64 RF1660 -25.76 -1.60
RG1660 -27.80 -0.54 RF2020 -26.06 -1.04

Table 2: Modified natural tRNAs: minimum free energy and energy gap between the mfe and

the first suboptimal conformation.
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tRNA | mfe [kcal/mol] | AE [kcal/mol] || tRNA | mfe [kcal/mol] | AE [kcal/mol]
RF2060 -18.36 -1.01 RT1660 -26.96 -0.90
RP1140 -24.76 -1.10 RT1661 -25.70 -0.40
RP1180 -28.90 -0.60 RW1140 -20.23 -0.86
RP1540 -21.06 -0.66 RWi1141 -21.56 -1.00
RP1700 -22.06 -0.30 RW1250 -20.06 -1.00
RP1701 -24.06 -0.84 RW1251 -18.80 -0.05
RP1702 -22.71 -0.59 RW1540 -18.60 -0.34
RS1140 -27.28 -0.03 RW1660 -22.86 -0.54
RS1663 -31.64 -0.06 RY1140 -30.76 -0.21
RS1664 -29.14 -0.86 RY1460 -28.77 -0.70
RS1141 -27.70 -0.01 RY1540 -28.30 -0.00
RS1180 -32.09 -0.39 RY1541 -28.30 -0.00
RS1540 -28.80 -0.64 RY1660 -25.54 -1.42
RS1541 -34.40 -0.10 RY1661 -25.54 -1.42
RS1542 -27.68 -0.70 RV1140 -23.17 -0.80
RS1660 -35.64 -0.06 RV1180 -25.10 -0.60
RS1661 -37.28 -0.06 RV1460 -25.16 -0.94
RS1662 -31.74 -0.06 RV1540 -25.06 -0.64
RT1140 -19.07 -0.57 RV1660 -27.26 -0.84
RT1141 -20.20 -0.84 RV1661 -23.26 -1.04
RT1180 -19.80 -0.84 RV1662 -26.66 -1.04
RT1540 -20.32 -0.01

table 2 continued

considerably, within a certain amino acid as well as in a specific organism. Nei-
ther is there a correlation between the value and the ability to form the cloverleaf
as minimum free energy structure.

Only three sequences show degenerate minimum free energies (RL1540, RY 1540,
RY1541). They all belong to class IT tRNAs whose lengths give rise to an ex-
traordinarily high amount of suboptimal conformations. The sequence with the
largest gap (1.60 kcal/mole for RL1662) also falls into this class, while the smallest
possible difference (0.01 kcal/mole for RG1701, RG1662, RT1540) occurs several
times in the other category.

The cloverleaf secondary structure model first established by Holley et al. [54]
over 35 years ago, has proven to be valid and common to all tRNAs discovered
since [127]. The thermodynamic calculations carried out are compatible with the

proposed motif. The results are presented in table 3. Out of 123 test sequences,
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78 show the predicted cloverleaf fold as mimimum free energy structure. Further-
more, the first suboptimal structure also presents a slightly different cloverleaf
for as much as 59 of them. In almost all of these cases, the main difference be-
tween the two cloverleaves lies in the closing of an additional base pair which
accounts for a stabilizing contribution. While the T and the anticodon helices
are also among the possible areas of change, the preferred elongation takes place
at the acceptor stem. The insertion of a base pair closest to the multiloop is
favoured, whereas the first base pair is only sporadically involved. This finding
is in agreement with the assumption that this stem forms last in kinetic simu-
lations. Results concerning the structure with an opened terminal stack show
that its energy is usually about one half to one third of the cloverleaf minimum
free energy. This is consistent with the opinion that the inner hairpins form first
and a barrier height of such magnitude has to be overcome to close the decisive

multiloop [35].

Among the amino acid families, only ile and val show uniform behaviour. All of
their representative sequences have cloverleaves as ground state and first subopti-
mal conformation. The free energy gap reaches exceptional values (1.24 kcal /mole
for RI1140), its minimum still being 0.64 kcal/mole (RI1580) and 0.60 kcal/mole
(RV1180), respectively. Out of the seven sequences of tRNAP™® which are often
cited as examples folding exceptionally well into the cloverleaf, two (RF1540 and
RF2060) do not possess the native state as minimum free energy structure. The
latter is in fact incapable of forming the cloverleaf due to a C-A mismatch in-
terrupting the acceptor stem. Comparing results within a particular organism
turns out to be difficult as in very few cases, the primary sequence has been de-
termined for each amino acid family. F. coli present the only organism of which
an inspection is reasonable since it has representatives in each amino acid group.
A thorough examination of all 43 E. coli sequences revealed that apart from a
handful of sequences, the cloverleaf characterizes the thermodynamically most
stable conformation. Only seven exceptions can be found (RA1661, RM1660,
RR1663, RG1662, RL1661, RS1662, RS1663), the first two of which have the
natural fold as first suboptimal conformation. RM1660 is remarkable for the
fact that its minimum free energy structure lacks the entire anticodon stem and
shows an extensive Tt loop (consisting of 15 nucleotides) in its place. The an-
ticodon arm is, however, established in the lowest-lying suboptimal structure,

albeit composed of only two base pairs. The energy difference between those two
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states is accordingly rather high (1.48 kcal/mole). Mind though, that while E.
coli sequences preferably fold into a cloverleaf structure, the variations in stem

and loop sizes are manifold.

The classical cloverleaf model as depicted in figure 1 has the following stem
lengths: a seven base pair acceptor stem, five base pairs in the anticodon as
well as the T4 helix, and a D stem consisting of three or four pairs (depending
on the class of tRNAs). The following table indicates the percentage of occur-
rence of these conventional stem lengths in the computation. Out of 122 test
objects, the 7 base pair acceptor stem is formed by the vast majority of 107 nat-
ural sequences. Other possible stem lengths are 4, 5, 6 and 8 base pairs, which
only occur in a few cases. The cloverleaf of 59 sequences consists of a 5 base pair
anticodon, but there is also a considerable number with the stem shortened by
one base pair (32-fold). On the other hand, an additional base pair is formed in
16 cases. Other possiblities constitute stem sizes of 2, 3 or 7 base pairs which are
rare. The proposed T stem of seven base pairs is obtained by the overwhelming
amount of 109 sequences, with only a few exceptions each building a helix of 3,
4 and 6 pairs. The result is not as clear for the D stem: for 76 sequences, it is
composed of 4 base pairs. However, a substantial amount of cloverleaves (35) lack
one of these base pairs, a feature which appears with exceptional majority for
class IT tRNAs (25-fold). Other stem lengths in the D arm include 2, 5 and 6 base
pairs, each with low probability. Concerning the loops, the proposed classical size
of seven unpaired nucleotides in the T loop is unmistakably predominant (113-
fold). Other possible sizes contain 5, 6, 8, 10, 13 and 15 bases, each occurring
with minimal probability. The anticodon loop is written down with seven residues

in 63 cases which amounts to just the majority of sequences. The opening of a

number of bp | acceptor D anticodon T
2 - 2.4% 0.8% -
3 - 28.7% 6.6% 3.3%
4 1.6% 62.3% 26.2% 4.1%
5 0.8% 5.7% 48.4% 89.3%
6 5.7% 0.8% 13.1% 3.3%
7 87.7% - 4.9% -
8 4.1% - - -

Table 4: An overview of the frequency of different helix lengths occurring in the cloverleaves
listed in table 3.
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base pair and the resulting elongation of the loop to nine nucleotides does also
appear with high frequency (40-fold). This finding is in accordance with favoured
anticodon lengths mentioned above. For class II tRNAs, the 9 base pair loop is
the most frequent one (formed by 17 out of 29 sequences). Sizes 3, 5, 6, 11 and
13 have also been detected. The D loop presents considerable variation in size.
Forty-one cloverleaves depict 8 unpaired nucleotides in this loop region, while 30
have an additional residue. An increase to 11 bases is also frequently found for
25 sequences, most prominently however for class II tRNAs. In combination with
the preferred D stem size of 3 base pairs, it appears that class II tRNAs accomo-
date their increased length by enlarging the D arm area as well as, of course, the
variable region. The latter serves as a criterium for partitioning tRNAs in the
two known categories, after all. It may comprise 10 to 24 nucleotides for class II
tRNAs. As the applied algorithms appoint a favourable energy contribution to
every base pair that is formed, it does not come as a surprise that an additional
stem is built in the extra arm. Calculated stem sizes range from 2 to 7 base
pairs, with a pronounced occurrence of 5, while the loops contain predominantly
4 nucleotides. Triloops are also common in this area. In four cases (RL1440,
RL1441, RL1442, RS1541), a seamless transition between the three stem regions
(anticodon, variable and T arm) takes place. For class I tRNAs on the other
hand, the variable region is devoid of base pairs, the number of unpaired nu-
cleotides stretching from 2 to 7 residues, with a clear dominance of 5.

As there is mostly a substantial majority of a certain stem or loop length, it can
be expected that it is also maintained within an individual amino acid family.
This is indeed the case, most noticeably where the T? stem is concerned. The
sizes of both T stem and loop are conserved in no less than nine families (asn,
cys, gly, his, phe, ser, thr, tyr and val). In ala, asp, glu, ile and lys, at least
the number of unpaired nucleotides in the T loop is constant. Likewise, the
acceptor stem is retained in 12 different families (asn, asp, cys, gln, gly, his, ile,
pro, ser, trp, tyr, val), composed of seven residues except in the case of his where
its size is enlarged by one base. The dimension of the D stem is invariable in arg,
asp, ile, met, ser and trp, while in five families (ala, gln, phe, pro and thr), even
the entire D arm is conserved. The largest variations of size are found in the
anticodon area. Either the loop or the stem is maintained (in asp, glu and ile,
respectively). The phe family stands out as all D, anticodon and T arms are
entirely conserved in all six representatives. If it was not for sequence RF1580

that has a modified residue on position 6 which is, according to the used algo-
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rithms, unable to participate in a base pair, and therefore restricts the acceptor
stem to only five base pairs, the whole cloverleaf would be conserved.

As the other extreme, the leu family shows the greatest diversity of stem and loop
sizes which is no doubt at least partly due to its large number of representatives
(12) in comparison to all other families.

Going into a few peculiarities, it can be pointed out that gly sequences show a
tendency to form an extended anticodon stem consisting of seven base pairs, and
a resulting triloop. Furthermore, two representatives have a D stem composed
of the minimal number of two base pairs and an extended region before the be-
ginning of the anticodon arm. The cloverleaf structures of two lys sequences are
also remarkable in the D region, where they describe a hairpin with a three base
pair helix and a tetraloop, the smallest D loop size to be found among all test

sequences.

In the majority of cases, thermodynamic calculations based on suboptimal fold-
ing confirm the conception of the cloverleaf as the native conformation of tRNAs.
As for the few exceptions, the free energy difference between the minimum free
energy structure and the cloverleaf is mainly small.

The next interesting aspect is the study of the molecule’s folding dynamics and
the determination whether the modifications also exert an effect on the folding
pathway leading to the native state. Far from taking the direct route, many
RNAs pass through a series of metastable states before finding their natural con-
formation. Such local minima represent potential folding traps, due to the high
thermodynamic stability of RNA double helices. The stability bonus provided
by base pair stacking is usually sufficient (that is to say large compared to the
thermal energy) to postpone or even prevent an opening of an existing helix. In
the latter case, the molecule does not reach the ground state within the time scale
of the simulation. The first 100 local minima were determined with the help of
Barriers. Whether a certain metastable state represents a potential kinetic trap
was decided by means of its barrier height.

Only local minima with a barrier equal or over 6 kcal/mole were chosen as possi-
ble stop structures for Kinfold simulations. However, the cloverleaf fold with the
lowest energy (for there are frequently several conformations with this distinc-
tive pattern of four helices to be found, only differing in their respective lengths)
was picked out regardless of its other attributes or its position in the tree of local

minima. In order to determine the distribution of trajectories, a 1000 Kinfold sim-
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Figure 13: Tree of local minima for a modified tRNA8Y: Significant local minima and their
stop structures are indicated by arrows, with the percentage of trajectories leading to them
printed underneath. The cloverleaf appears as the ground state.

ulations were performed for each sequence. The glycine tRNA from Mycoplasma
capricolum (RG1140) will be quoted as an example for illustration of the typical
folding behaviour of modified sequences. Its tree of local minima is presented in
figure 13. The cloverleaf does coincide with the mfe structure and is therefore
displayed on top of the figure, ruling over a large basin composed of numerous
tiny folding funnels whose barrier heights are not sufficient to prevent refolding
into the lowest-lying conformation (S1). Apart from this extensive subtree, only
two other basins are visible on the bottom of the figure, leading to conforma-
tions S70, a long hairpin-like structure, and S25 (closer related to the natural
conformation in its composition of secondary structure motifs. By the looks of
the tree, one might speculate that a molecule that has landed in a local minimum
contained in the upper folding funnel will continue its way and will eventually
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reach the correct ground state. Accordingly, the great majority of trajectories
fold efficiently into the cloverleaf (70.5%). The remaining trajectories are divided
among the other two structures, with a clear preference of S70 (21.4%). Only
8.1% of the simulations end in conformation S25.

This sequence was selected in order to draw comparison to the results of the re-
spective unmodified sequence as well as to study the effect of coaxial stacking on
the folding behaviour which are discussed in detail in the following two sections.
Furthermore, it represents the typical properties of modified tRNAs. The folding
characteristics defined by the number of potential folding traps and the percent-
age of trajectories forming the cloverleaf is diverse among the modified sequences
as can be seen in table 5. As would be expected, there is a general correlation
between the number of possible stop structures in Kinfold runs and the amount of
simulations leading to the cloverleaf. With an increased variety of local minima,
the frequency of cloverleaf formation usually declines in proportion. In half of the
cases, the natural conformation is favoured against the other chosen meta-stable
states by the major part of folding trajectories, just as in the quoted sequence. It
can be checked in table 3 that only in a handful of sequences (RG1310, RK1140,
RF1540, RW1251 and RL2101), the cloverleaf does not correspond to the ground
state at the same time. On the other hand, its occurrence as mfe structure does
not serve as a guarantee for excellent folding behaviour. Folding kinetics cannot
necessarily be predicted from thermodynamic properties [35].

In order to further investigate this possible connection between thermodynamic
and kinetic characteristics, a thorough cloverleaf analysis was conducted. As it
turned out, several cloverleaf structures with differing helix lengths (up to sixteen
for a single sequence) are usually located among the first hundred local minima
calculated by Barriers. Selecting all these correctly folded states as input for
Kinfold simulations, the calculations yielded a surprising result. The major part
of the computer experiments ended in the natural folds listed in table 3. Nev-
ertheless, in 1/4 of the cases, the cloverleaf found with the highest percentage
of trajectories is not the thermodynamically most stable one. Free energy dif-
ferences between the two respective conformations rise up to nearly 6 kcal /mole,
although only a small energy gap usually turns the balance for a higher energy
cloverleaf. A rearrangement in both the acceptor and D arms is the main struc-
tural difference, with a reduction of D loop size and seamless transition between
these two helices obviously shifting the result in the direction of the less stable

structure.
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tRNA | stops | % clov || tRNA | stops | % clov || tRNA | stops | % clov
RA1140 7 12.6% | RG1661 6 46.4% || RP1140 5 68.0%
RA1180 6 16.9% | RG1662 3 20.0% || RP1180 7 14.0%
RA1540 7 24.8% || RH1140 2 10.1% | RP1540 3 16.4%
RA1660 | 11 13.2% || RH1660 1 100.0% || RP1700 2 72.5%
RA1661 13 12.1% || RH1700 1 100.0% || RP1701 2 86.1%
RA1662 | 12 3.3% | RI1140 4 84.0% || RP1702 4 13.2%
RR1140 3 84.9% || RI1141 5 32.9% || RS1140 8 0.6%
RR1141 6 16.3% || RI1180 6 35.4% || RS1663 | n.v. n.v.
RR1540 2 91.2% || RI1580 7 13.2% || RS1664 3 89.1%
RR1660 2 95.8% || RI1660 5 35.1% || RS1141 11 3.2%
RR1661 2 90.8% || RI1661 9 16.4% | RS1180 | 10 5.6%
RR1662 2 14.0% | RI1662 1 100.0% || RS1540 5 26.8%
RR1663 4 42.1% || RI1540 4 73.8% || RS1541 7 6.4%
RR1664 1 100.0% || RL1140 5 17.8% | RS1542 9 2.8%
RN1140 | 20 14.3% || RL2020 3 23.8% || RS1660 4 69.5%
RN1660 3 85.8% || RL2100 5 68.1% || RS1661 7 45.4%
RN1720 5 24.4% || RL2101 6 38.8% || RS1662 | n.v. n.v.
RN1721 6 14.6% || RL1141 9 5.7% || RT1140 2 14.4%
RD1140 4 33.0% || RL1142 5 27.5% || RT1141 7 10.9%
RD1580 2 57.1% || RL1460 4 14.3% || RT1180 | 12 8.6%
RD1660 3 46.3% || RL1540 7 3.3% || RT1540 2 77.1%
RC1140 6 3.0% || RL1660 5 33.8% || RT1660 2 73.5%
RC1660 2 60.6% || RL1661 | n.v. n.v. || RT1661 4 12.3%
RQ1140 5 7.1% || RL1662 3 77.7% || RW1140 1 100.0%
RQ1660 3 88.7% || RL1700 | n.v. n.v. | RWi141 1 100.0%
RQ1660 4 59.2% || RK1140 2 76.2% || RW1250 3 76.0%
RE1140 3 39.5% || RK1141 2 87.9% || RW1251 3 54.1%
RE1660 4 27.6% || RK1540 7 1.6% || RW1540 2 62.0%
RE1661 3 29.6% || RK1541 7 2.1% || RW1660 1 100.0%
RE1662 3 5.5% || RK1660 2 75.4% || RY1140 | n.v. n.v.
RE2140 4 25.5% | RM1140 1 100.0% | RY1460 7 21.6%
RG1140 3 70.5% || RM1540 6 34.4% | RY1540 9 7.2%
RG1700 4 25.6% | RM1580 3 1.4% || RY1541 9 7.2%
RG1701 3 21.4% || RM1660 2 4.6% || RY1660 2 81.4%
RG1180 4 43.2% || RF1140 4 46.5% | RY1661 1 100.0%
RG1310 3 55.0% || RF1460 2 98.5% || RV1140 8 11.0%
RG1380 3 5.7% || RF1540 3 74.0% || RV1180 6 21.5%
RG1381 4 5.5% || RF1580 7 9.7% || RV1460 3 83.1%
RG1540 2 94.5% || RF1660 1 100.0% || RV1540 5 53.1%
RG1660 2 69.4% || RF2020 1 100.0% || RV1660 4 40.9%

Table 5: The number of potential kinetic traps and the percentage of trajectories leading to the

)

lowest-lying cloverleaf (compare table 3) for each sequence. “n.v.” indicates that no cloverleaf

was found among the first hundred local minima.
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Before making a comparison to the respective unmodified sequences, a short
insertion shall draw attention to an interesting feature frequently occurring in
tRNAs.
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5.1.1 RNA molecular switches

The determination of RNA switches is one of the most interesting features re-
vealed by the calculation of local minima on the folding landscape. Its analysis
on the level of the secondary structure has shown that non-native conforma-
tions are often energetically comparable to the ground state, albeit being sep-
arated from it by very high energy barriers. Experimental results of various
RNA molecules point to the existence of stable alternative conformations [29,49].
Within the same RNA, they are related to and responsible for entirely different
functions [7,106]. Replication of SV11 by Qf replicase [9] for example strongly
depends on the molecule’s structure. There are two major conformations, a
meta-stable multi-component structure and a rod-like conformation presenting
the native state, explicitly separated by an immense energy barrier. The meta-
stable conformation alone is an active template for the Qg replication assay. The
transformation from inactive, yet stable, and active, meta-stable state can be
accomplished by melting and rapid quenching of the molecule [147]. Another
switch has been reported to be responsible for codon-anticodon interaction and
the specific recognition of tRNA at the ribosomal A site [82,139].

The capability of RNA molecules to form multiple (meta-) stable conformations
with varying function is used in nature to implement molecular switches adjusting
and modulating the flow of a number of biological processes. The computation
of low-energy local minima on the folding landscape marks the starting point for
a determination of possibly recurring structural characteristics.

Based on the visual evidence presented by the tree of local minima, a program
was developed to calculate the energy differences between successive conforma-
tions and establish a connection to individual secondary structure motives. The
presumption was confirmed: a considerable number of structure pairs with the
same energy gap and only differing by a single structural element usually appear
throughout the tree.

A very convincing example is illustrated by the tree of local minima of a modified
serine tRNA sequence in figure 14. The distinction between the mfe structure
and the next following conformation, which happens to be the cloverleaf in this
case, is attributed to a structural rearrangement of just seven nucleotides which
is shown in figure 15. The correctly folded anticodon loop of the natural confor-
mation is energetically not as favourable as the formation of two additional A-U

base pairs which gives rise to an internal loop and restricts the anticodon loop to
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three residues. The energy difference accounting for this conformational change
amounts to -0.70 kcal/mole. The same value is repeatedly found and each time
indicates the structural switch between the internal loop/triloop combination and
the enlarged loop, while the remainder of the conformation naturally differs be-
tween arbitrary structure pairs. It follows from the markings in figure 14 that this
switch does not only recur within one folding funnel, but instead pervades the
entire tree, no less than 25 times. This feature of switching structural elements
appears in most of the trees of both modified and unmodified tRNAs, with a wide
variety regarding the nature and the number of occurrences. The question arises

Figure 14: Tree of local minima for a modified serine tRNA; boxes indicate the existence of the
same conformational switch between structure pairs.
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S1 S2

Figure 15: The recurring structural switch between an internal loop/triloop formation and the
opening to a large loop, illustrated for mfe structure and first suboptimal conformation.

whether these modular units could actually be related to biological functions. In
any case, the result suggests the feasibility of the design of RNA switches with
predetermined alternative conformations, the first tests of which have already
been successfully reported [42].

5.2 Unmodified sequences

The analysis of unmodified tRNAs was conducted in order to draw a parallel to
the naturally occurring form of these sequences and to emphasize the effect of
base modifications. Modified nucleotides prevent base pairing, but are allowed
to contribute to the overall free energy in form of single base interactions, like
terminal mismatches accounting for stacking on top of double helices. Conditions
for suboptimal folding are as described in the previous section.

The minimum free energy and the energy difference between the mfe structure
and the first suboptimal conformation for each sequence are given in table 6. The
limits of the mfe are -19.00 kcal/mole (RW1251) and -37.81 kcal/mole (RS1660)
for the lower and upper value, respectively. The free energy gap is as expected
markedly smaller than for the modified sequences. Base modification effects
tRNA stability by imposing a strong constraint on secondary structure formation.
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tRNA | mfe [kcal/mol] | AE [kcal/mol] || tRNA | mfe [kcal/mol] | AE [kcal/mol]
RA1140 -32.10 -0.70 RG1661 -28.96 -0.46
RA1180 -32.10 -0.70 RG1662 -26.91 -0.01
RA1540 -29.56 -0.30 RH1140 -26.20 -0.40
RA1660 -27.06 -0.30 RH1660 -25.46 -0.60
RA1661 -29.30 -0.03 RH1700 -25.46 -0.60
RA1662 -30.30 -0.20 RI1140 -26.60 -0.60
RR1140 -29.70 -0.40 RI1141 -19.90 -0.30
RR1141 -26.30 -0.10 RI1180 -19.90 -0.30
RR1540 -27.70 -0.44 RI1580 -27.43 -0.60
RR1660 -27.50 0.00 RI1660 -30.37 -0.40
RR1661 -27.29 0.00 RI1661 -24.90 -0.20
RR1662 -24.50 -0.40 RI1662 -24.90 -0.20
RR1663 -30.50 -0.50 RI1540 -34.70 -0.60
RR1664 -30.16 -0.06 RL1140 -26.20 -0.60
RN1140 -23.87 -0.97 RL2020 -26.17 -0.27
RN1660 -22.40 -0.60 RL2100 -33.53 0.00
RN1720 -21.70 -0.43 RL2101 -32.80 -0.60
RN1721 -20.20 -0.5 RL1141 -28.60 -0.30
RD1140 -27.56 0.00 RL1142 -30.60 -0.60
RD1580 -28.66 -0.20 RL1460 -35.10 0.00
RD1660 -26.10 -0.60 RL1540 -37.10 0.80
RC1140 -26.00 -0.50 RL1660 -35.88 -0.18
RC1660 -28.50 -0.90 RL1661 -31.20 -0.24
RQ1140 -24.30 -0.34 RL1662 -32.50 -0.57
RQ1660 -26.90 -0.90 RL1700 -31.20 -0.24
RQ1661 -28.60 -0.90 RK1140 -22.27 -0.07
RE1140 -25.40 -0.31 RK1141 -28.80 -0.20
RE1660 -33.66 -0.10 RK1540 -25.97 -0.37
RE1661 -31.86 -0.10 RK1541 -25.97 -0.37
RE1662 -31.86 -0.50 RK1660 -26.80 -0.60
RE2140 -29.20 -0.50 RM1140 -27.30 -0.60
RG1140 -22.30 -0.24 RM1540 -29.60 -0.40
RG1700 -31.10 -0.70 RM1580 -31.16 -0.60
RG1701 -26.91 -0.01 RM1660 -22.70 0.00
RG1180 -22.06 -0.17 RF1140 -27.40 0.00
RG1310 -28.70 0.00 RF1460 -25.96 -0.20
RG1380 -22.60 -0.10 RF1540 -28.69 -0.49
RG1381 -23.70 -0.40 RF1580 -22.30 0.00
RG1540 -20.90 -0.30 RF1660 -26.80 -0.30
RG1660 -31.10 -0.70 RF2020 -24.30 -0.20

Table 6: Unmodified natural tRNAs: minimum free energy and energy gap between the mfe

and the first suboptimal conformation.
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tRNA mfe [kcal/mol] | AE [kcal/mol] || tRNA | mfe [kcal/mol] | AE [kcal/mol]
RF2060 -24.60 -0.20 RT1660 -28.36 -0.60
RP1140 -29.80 -0.60 RT1661 -27.56 -0.40
RP1180 -29.8 -0.60 RW1140 -20.70 -0.21
RP1540 -28.90 -0.60 RW1141 -21.56 -0.60
RP1700 -28.00 -0.20 RW1250 -22.76 -0.10
RP1701 -28.80 -0.10 RW1251 -19.00 -0.20
RP1702 -30.46 -0.49 RW1540 -22.50 -0.20
RS1140 -28.23 -0.05 RW1660 -26.00 -0.30
RS1663 -34.48 0.00 RY1140 -32.00 -0.20
RS1664 -35.30 -1.60 RY1460 -35.10 -0.20
RS1141 -30.30 -0.34 RY1540 -33.80 -0.20
RS11180 -34.70 -0.34 RY1541 -33.80 -0.20
RS1540 -32.67 -0.07 RY1660 -29.44 -0.20
RS1541 -39.20 -0.60 RY1661 -29.44 -0.20
RS1542 -34.68 -0.38 RV1140 -24.90 -0.10
RS1660 -37.81 -0.40 Rv1180 -24.90 -0.10
RS1661 -45.30 -0.60 RV1460 -29.73 -0.10
RS1662 -34.48 0.00 RV1540 -28.40 -0.40
RT1140 -22.07 -0.17 RV1660 -28.60 -0.20
RT1141 -22.50 -0.03 RV1661 -24.70 -0.13
RT1180 -22.50 -0.03 RV1662 -31.20 -0.55
RT1540 -25.80 -0.20

table 6 continued

Without this restriction, additional suboptimal conformations are allowed, lead-
ing to a decrease of the energy difference. Nine sequences have in fact degenerate
ground states. With the exception of RS1664, which features the largest energy
gap (-1.60 kcal/mole), its average lies around -0.60 kcal /mole. Energy differences
vary among the amino acid groups (although not as drastically as in the modified
case), the tyr family presenting the exception to the rule with a constant value
of -0.20 kcal/mole.

Lacking modified nucleotides that preclude base pairs at a few essential posi-
tions and thus direct cloverleaf formation, unmodified sequences do not favour
the predicted fold. Only 19 out of 123 tRNAs have the natural conformation
as mfe structure (let us recall that the value amounted to 76 for the modified

sequences).
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RG1661 | ((C(((." PRSTT DI (O )’;;) T S M) 212007 28.sub
RG1662 | ((C((C." '(( SR e ))))) """ ((((' ...... NN DN ... 134'sub
RH1140 | (CCCCCC7" (e NN e D) JPPPIRTRIY ) NNNN... e
RH1660 | ((CCC((." PPTI ). (s ’);; """ ) . ... e
RHI700 | ((CCCCC." A ). e )’;)) """ POOPIRTRERIS O ). ... o e
RI1140 | ((CCC(." (s »NN. (O CECCOIE e ) 2000 19, sub
RIT141 | (CCCCC." PP ). e )’;;; """ PPPPIRTRIY ) MNMIM.... I
RI1180 | ((C(C(." (e »NN. (O RO e ) DN 41.5ub
RI1580 | ((((((." e NN (S 200 REETEY ) 2200 '
: 2 MN e e 19.sub
RI1660 | (C((((. JPPIRTERRIS M. (e o RYTIREREEE ) 222000 21.sub
RI1661 | ((C(((." RIS »NN. (O ) y o e ) DN 21, gub
RI1662 | ((C(((." VRIS NN (O ));;) v e )N ). 33, sub
RI1663 | (CCC((." ) D ) PO e ) (((' ...... NN NN ... 125‘sub
RKL140 | (CCCC."" " I (.o N a e ) NN S
RK1141 | (CCCCCC.7" " e M. (((((<.""’;;;;)) - POMIIR O3S DIPDDIIVRY e
RK1540 | (CCCC(." PR M. e o i PPPPIRRT ) NN nte
RK1641 | (((((C." (((' ....... NN ... (PR ;;))) ((((' ...... N I ... 4 oub
RK1660 | ((((((." JPPRTEITIeS N e Sy T JPPPVIREOL DO NNM.... i
RM1140 | (CCC(C.” S M. e T Ce N NN -een '
: (G220 MN e e 149.sub
RM1540 | (((((CC. (RIS M. €44 NN NN ... 2.sub
RM1580 | .(((((." ' 959 PRIy M e CCCCCeee "2l 152D ) PO o aub
RU1660 | (CC((. S4TI9, CCOLEREEERE R ' 10, sab
RF1140 | ((CC((." ' .

table 7 continued




€9

AR Y ARRRRRR)

tRNA Acceptor o D yy))y. (((_--anticodéﬂ) -+« VR (O "\F‘::: :::::::A'c'c'eptor rank

RF1460 (e D ) (e »ny o . e S 1.sub
. (.nr e . s NN) MMM

RF1540 | (CCLCC o M) e DI (o ) IMNN.... 8.sub

RF1580 |  ((((." ((c. DY) (. 6 cub
(e NN e e SR ) I ...

RF1660 (™ M. (e MM CCC. 51.sub
_ PP IRRPRPS NN (e 2 PPPREIIEE 1)) ININN ...

RF2020 . (e nN. (QCCCe. 7222277272 T N MNINN.... 28.sub

RP1140 e . . ((((((."))))))) """ cc. N MM 99.sub

RP1180 CCCeee.” EEE ........ NN. ((((((."))))))) """ SIS M) )))))))”” 99.sub

RP1540 e . M. e NI ) NN ... 29. sub

RP1700 e, L NN (. 33.sub
(((rereeees NN.... (220 R M) NN ...

RP1701 . . ). ((((((_"))))))) """ . M) NN 577 .sub

RP1702 CCCeee.” 14 O AU )P - et 10.sub
PPRRTITIY NN. (2220 AR 1)) ININN ...

RT1140 CCCeCe.” e e NN - CCC. 6.sub
(e NN 14 A M) NN ...

RT1141 CeCeCe.” Ny e e NN - (. 1.sub
PSR ) Q2T A M) M.

RT1180 CCCCCC.” NN e e »» L (. 1.sub
(e NN L€ NN NN ...

RT1540 CeCeC. " . SO (. 47 .sub
(e ). CCCCCC T ooeoies T M) NN ...

RT1660 CCCeCe.” . SIODNN (¢ nfe
(e M. e e SR NN NN ...

RT1661 e CUNYYY ol M CCC. 2.sub
(. ). 1S M) NN ...

RW1140 CeCeCe.” s e m» . (. 3.sub
(e N CCCC.mmmmmreees T MmN INNN....

RW1141 e, C UNNY e deeeeeas )DD D B CC. mfe
. R TORRRREE NN. . 99 (o M. INNN....

RW1280 | (CCCCC e NN. 2 e ))) NIIM.... mfe

RW1251 CeCeCe.” s e NN (. 29.sub
JPPIRRERS NN (2220 R 1) NN ...

RW1540 CCCCCC.” o M. e o » (. 1.sub

RWIG6O | (CCC(C.” (. . e 1)) . (gD 202000 17. sub

RVI140 | (CCCCC. (e s NN . e 33 BIP3: mfe

RVLLB0 | (CCL(C e @I PSPRIRIE SIS M 915 OO nte

RV1460 CCCeee.” NN g e MmN (. 107.sub
) (O NN (. 19 NPT I IV ...

RV1540 e (e NN. (22200 . M) ININN ... 53.sub

RV1660 CeCeqCe.” NN g e DDD DD (. 3.sub
(e NN CCCCrrrmrrnnnmn T e )] INDNN ...

RVI661 | (CCCCC el M. .M a c 5.5ub

RV1662 e, CC. 4.sub
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tRNA [Acceptor o D .. (((_-antic&ddﬁ ((((:::;:\'{ ” ;(?t:...))).T... ))))))) . Acceptor rank
RL1140 |CCCCC(." e ) CCCee. e 2200 (CC. M. (e NN INNN ... 45.sub
RL2020 |((CCCC." ((_' _________ M CCee. oo 20 (. m.. . MM INNN.... 1330.sub
RL2100 CCCccq. " (o ') PPPPITTT D)) (.o SIS e M) INNN.... 57.sub
RL2101 [((C(((." (;‘; _________ . (e NN € o PP N MM ... 35.sub
RL1141 |(CCCCC.T o M. e NN ((((:-))))“ (e IODDD. INNN ... 2.sub
RL1142 [((CCCC." - Dy )2 (.o e ) MM 472.sub
RL1460 |(CC(((." ((((' __________ ) (.MM (((('...)))). PPIPIETITTS MmN NN ... 29.sub
RL1540 [CCCCCC.™ M) (O NN (((-“.))))” (e NN NN.... 1476 .sub
RL1660 |(((((C.~ ((((' .......... M 2)2))) C om.. e M NI mte
RL1661 [(((. " . 30 CCCCE. e NN cc. N PRI N NN.... 3428.sub
RL1662 |((((((." . 3y ) (.U RS ))))) INNN.... 2.sub
RL1700 |(((. """ (.o 35 PPIPPIRTTTIY )N ccee. s PPPIRTITES NN NN ... 3428.sub
RS1140 |CCCCCC.” . ) e NN [T ’ ’ %) 19)) 2.sub
RS1663 |((((((." S ). ) - CSEURITNS 550 PR §) 550 S 00 8.sub
) q4q¢ DN CCC.
RS1664 [((CC(((. (G 8y 2. C. .. PPPIETITTS M) NN ... 35.sub
RS1141 |CCCccc.” . ). (e NN (.= ")), . (e NN NN ... 257 .sub
RS1180 |((((((." EE ____________ 3y G NN (e TS PPPPIRTRIS 1)) INNN ... 195.sub
RS1540 [(CCCCC.” ) (A NN (CCeCC. YY) CCC. e DODD)) INNN ... 144.sub
RS1541 |(CCCC(." """ (C. LONNN : : 25 .sub
PREITIEEes ) CCCCC w2222 B . IDID)! INNN....
RS1642 |((((((." DN €. 4 cub
NN Qe M) WCTTI000y  cpee e MY NN -
RS1660 |((((((. (7720 o NN ((((((':::53333)_»-- ((EEF= ..... NN I nfe
RS1661 |(CCCCC(C (((((.........).).).)....).).).. (EEEE( ..... 1IN ((((.”)))”. (((((.___))))))_ VNN ... 5.sub
RS1662 [(((C((C." ((' __________ ) e NN e e M) M. .. 8.sub
RY1140 [(((C(C." : <)) (. 436.sub
_____ N ((((("""')))))) . ) ( R 2)))] DN ...
RY1460 1 ((C(C(( (. N CCCee. = MNNN oo e )N ININN ... 451.sub
RY1540 [C(CCC(( o o ) (("')))"' CCC. I 19)) 15.sub
RY1541 |(CCCC(C (e M) ..... (((( ....... ). (())) (A 15.sub
__________ N . ... ((((.......))))) NN ...
RY1660 [((CC((. [T ). . 1.sub
RYL681 |CCCCCC. PPPIFTRTITYY M) . L oub

table 7 continued




The cloverleaf motives presented in table 7 mostly belong to high-energy sub-
optimal states. A remarkable example is noted by a glutamine tRNA from
Mycoplasma capricolum (RQ1140) which retained the cloverleaf found for the
modified case, however accompanied by a descent from 32" to 1142"¢ subopti-
mal rank. With so few ccurrences as mfe structure, this feature is unlikely to
be maintained within an amino acid group. All representatives of the ile family
which showed uniform behaviour before have cloverleaves lying in the suboptimal
range. In addition to a considerable shift towards less stable confomations, the
detected cloverleaves often differ from their modified counterparts, due of course

to the unconstrained possibility of base pairing.

Nevertheless, the proposed helix lengths are still formed by the majority of se-
quences as pointed out in table 8. The acceptor stem consists of seven nucleotides
in 102 cases, considerably out-weighing the possibility of 4, 5, 6 or 8 base pairs.
Five pairs is the favoured length of of the anticodon stem (52-fold), with the size
resulting from either insertion or deletion of a single base pair occurring with
almost equal frequency (25-fold and 24-fold, respectively). An extension of the
anticodon helix to seven pairs is much more common as in the modified case
(19-fold as opposed to just 6-fold), a fact which is obviously attributed to the
lack of the clustering of modifications in the anticodon area. A reduction to
only three base pairs, on the other hand, only occurs twice. The conventional
T stem length of five base pairs is met by the vast majority of 106 sequences.
Other stem sizes of 3, 4 or 6 pairs are accordingly rare. In three cases, an eight
base pair helix is built, unseen for the modified sequences and due to the reasons
mentioned above. While not favoured to the same extent as the T stem, the

proposed D helix of four base pairs is indeed formed by 81 sequences. As before,

number of bp | acceptor D anticodon T
2 - 2.5% - -
3 - 23.8% 1.6% 2.8%
4 2.5% 66.4% 19.7% 4.1%
5 2.5% 5.7% 42.6% 86.9%
6 5.7% 1.6% 20.5% 4.1%
7 83.6% - 15.6% -
8 5.7% - - 2.5%

Table 8: An overview of the frequency of different helix lengths occurring in the cloverleaves
listed in table 7.
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class IT tRNAs usually present one base pair less in this region.

From all the components of the cloverleaf fold, the Tt arm is the one best ful-
filling the predictions of its size. Accordingly, 108 cloverleaves contain the seven
nucleotide loop. The same loop size is predominant in the anticodon area (82-
fold). The high frequency of nine residues found for the modified tRNAs is
drastically reduced (12-fold), in favour of a triloop (15-fold) whose occurrence is
related to the seven base pair helix. The situation is not as obvious for the D
loop. Whereas forty sequences form a loop composed of eight nucleotides, the
probability of an additional residue is almost as high (38-fold). As mentioned
before, class II tRNAs mostly have an extended D arm, caused primarily by a
rise to eleven nucleotides in the loop, a feature which is found exclusively in this
category. The same is true for base pairing in the variable region. Four to five
pairs are accomodated in this area, with a preferred loop length of four residues.
In class tRNAs, the variable region is composed of 2 to 7 nucleotides, with size five
prevailing. Surprisingly often (11-fold), and not detected in the modified case, the
variable region disappears altogether, for the benefit of either an enlarged T1) arm
(RA1140, RA1180 and RR1441), or, more often, an extended anticodon region
(RR1140, RG1310, RK1540, RK1541, RK1660, RT1140, RT1141 and TR1180).
This feature accumulates in both the lys and tyr families. In all cases, a stretch
of four unpaired nucleotides between D and anticodon stems implies a shift of
the variable region. Unmodified tRNAs show a wide variety of stem and loop
sizes. Nevertheless, some arms are conserved within an amino acid family, above
all the Ty arm in asn, asp, cys, his, ile, phe, pro and val. At least the length
of the T loop is constant in arg, glu and lys. The acceptor stem is maintained
in ten groups (asn, asp, cys, gln, his, ile, pro, trp, tyr and val), only in the his
family composed of eight instead of the usual seven base pairs. The entire D arm
remains unchanged in ala, gln, phe and thr. The anticodon arm is responsible
for the clear distinction between the cloverleaves. Only in ile, at least the loop
size is uniform. The other exception is presented by the asp family which has the
entire cloverleaf conserved, a result that does not occur in the table of modified
tRNAs. Both the pro and ile families come close, with just one representative
preventing the perfect outcome.

In general, a tendency to close additional base pairs and thus extend the helices
constituting the cloverleaf fold, is observed for most of the unmodified sequences.
Suboptimal folding shows that the lack of modifications impairs thermodynamic

properties, but they were also expected to exert an effect on the folding dynamics.
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Figure 16: Tree of local minima for the unmodified glycine tRNA. Significant local minima and
their stop structures are indicated by arrows.

The glycine tRNA from Mycoplasma capricolum serves again as an example, this
time however with the four modifications replaced by their standard nucleotides.
Figure 16 illustrates the partition of the conformation space for the unmodified
sequence: four different folding funnels separated by large energy barriers are
visible, leading to conformations S1, S3, S4 and S16, respectively. The natural
conformation does not coincide with the minimum free energy structure as in
the modified case. The cloverleaf appears right underneath as structure S2. The
structural similarity between these two is thus obvious. The T and acceptor
stem are correctly folded, but a shortened D arm and the introduction of an

internal loop in the anticodon stem are the distinguishing features of structure
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S1. In order to determine the distribution of trajectories, the native state was
chosen as a possible stop structure in addition to the four previously mentioned
conformations for Kinfold calculations. Although the cloverleaf itself does not
possess a barrier high enough to qualify as a relevant local minimum, still 26.5%
of the folding trajectories of 1000 Kinfold simulations fold into it. In comparison,
only 17.9% of the runs end in the minimum free energy structure. Nevertheless,
the mfe structure and the two conformations S4 and S16, with the frequency of
trajectories leading to them being 24.7% and 25.4%, respectively, represent true
long-lived meta-stable states, since molecules that have reached one of these local
minima are not likely to escape from them without considerable increase of the
folding time because of the high barriers separating them. The only exception to
this approximately equal distribution of folding trajectories among the specified
stop structures is S3, a long hairpin-like structure which is formed by a rather
insignificant amount of 5.5% of the trajectories. While in case of the unmodified
tRNA, the folding path to the natural conformation is not kinetically favoured
against alternative pathways leading to other basins of attraction, this sort of
competition is substantially reduced by the introduction of modified nucleotides.
As was pointed out in the previos section, base modification changes the sequence
of conformations and turns the cloverleaf into the ground state (70% of the fold-
ing trajectories).

Table 9 presents the equivalent to table 4, only concerning the unmodified se-
quences. As a consequence of several local minima being only reachable via very
high energy barriers, the number of specified stop structures for Kinfold simu-
lations often amounted to twelve or more, while the average value was limited
to six in the modified case. With such a variety of structure probabilities, it
comes to no surprise that the percentage of trajectories forming the cloverleaf is
usually one-figured or at least not much higher. In less than 10% of the cases,
the majority of simulations end in the natural conformation.

A comparison between different cloverleaf folds could not be carried out because,
as opposed to the behavour of modified tRNAs, the exclusion of easily attainable
meta-stable states lead to unacceptably long computation times.

The presented results indicate that just a few modified nucleotides at crucial po-
sitions both strongly affect thermodynamic properties and considerably improve

the folding kinetics.
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tRNA | stops | % clov || tRNA | stops | % clov || tRNA | stops | % clov
RA1140 | 11 4.3% || rRG1661 9 15.2% || rRP1140 | 12 7.1%
RA1180 | 11 3.5% || RG1662 3 22.4% || RP1180 | 12 6.2%
RA1540 | 23 12.6% | RH1140 4 33.7% || RP1540 | 16 0.4%
RA1660 | 16 12.5% || RH1660 3 69.7% || RP1700 | 10 4.2%
RA1661 | 13 27.7% || RH1700 4 55.9% || RP1701 8 13.1%
RA1662 19 2.5% || RI1140 8 31.9% | RP1702 8 2.3%
RR1140 4 70.9% || RI1141 | 17 3.0% || RS1140 8 0.6%
RR1141 7 2.4% || RI1180 17 2.6% || RS1663 | n.v. n.v.
RR1540 8 17.7% || RI1580 10 14.6% || RS1664 3 89.1%
RR1660 11 6.3% | RI1660 17 3.4% || RS1141 11 3.2%
RR1661 | 12 6.1% || RI1661 | 11 4.7% || RS1180 | 10 5.6%
RR1662 4 12.2% | RI1662 | 11 4.8% || RS1540 5 26.8%
RR1663 8 26.8% || RI1540 6 12.5% | RS1541 7 6.4%
RR1664 | 11 13.2% || RL1140 5 17.8% | RS1542 9 2.8%
RN1140 | 20 9.1% || RL2020 3 23.8% || RS1660 4 69.5%
RN1660 | 11 17.7% || RL2100 5 68.1% || RS1661 7 45.4%
RN1720 | n.v n.v. || RL2101 6 38.8% || RS1662 | n.v. n.v.
RN1721 | n.v. n.v. || RL1141 9 5.7% || RT1140 5 7.8%
RD1140 7 0.3% | RL1142 5 27.5% | RT1141 17 1.8%
RD1580 5 33.4% || RL1460 4 14.3% || RT1180 | 17 2.4%
RD1660 | 13 0.2% || RL1540 7 3.3% || RT1540 | 11 10.2%
RC1140 8 4.3% || RL1660 5 33.8% || RT1660 9 25.6%
RC1660 7 17.9% | RL1661 | n.v. n.v. | RT1661 5 38.0%
RQ1140 | n.v. n.v.% || RL1662 3 77.7% || RW1140 6 23.0%
RQ1660 7 8.8% || RL1700 | n.v. n.v. || RWi141 3 80.4%
RQ1660 9 11.5% || RK1140 8 1.6% || RW1250 5 34.7%
RE1140 6 16.0% | RK1141 8 19.2% | RW1251 6 20.8%
RE1660 7 8.3% || RK1540 | 17 1.5% || RW1540 7 27.2%
RE1661 7 1.8% || RK1541 | 17 2.0% || RW1660 5 57.0%
RE1662 6 7.4% || RK1660 7 8.3% || RY1140 | n.v. n.v.
RE2140 5 16.2% | RM1140 6 35.2% || RY1460 7 21.6%
RG1140 5 26.5% || RM1540 | 13 1.8% || RY1540 9 72%
RG1700 3 33.5% || RM1580 | 14 5.3% || RY1541 9 7.2%
RG1701 3 21.4% || RM1660 6 n.v. || RY1660 2 81.4%
RG1180 4 42.7% || RF1140 | n.v. n.v. || RY1661 1 100.0%
RG1310 4 20.0% | RF1460 7 32.3% || RV1140 11 7.1%
RG1380 4 1.9% || RF1540 7 73.6% | RV1180 11 6.7%
RG1381 4 3.7% || RF1580 18 1.9% || RV1460 13 21.3%
RG1540 3 41.3% || RF1660 | n.v. n.v.% | RV1540 5 53.1%
RG1660 3 32.8% || RF2020 | 13 9.8% || RV1660 4 40.9%

Table 9: The number of potential kinetic traps and the percentage of trajectories leading to
the lowest-lying cloverleaf (compare table 7) for each sequence.
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5.3 Comparison and the influence of coaxial stacking

In RNA molecules, four-way junctions are folded by pairwise coaxial stacking of
helical arms [140], even in absence of added metal ions (in contrast to DNA [27]).
The compact fold of a few RNAs determined by X-ray crystallography (tRNAPh®,
hammerhead ribozyme, the P4-P6 domain of the Tetrahymena group I intron,
hepatitis delta virus ribozyme [32]) is based on the packing of coaxial helical

stacks.

The computation of tRNA multiloops without consideration of this characteristic
will remain a crude approximation. Since tRNAs are well-known for their clover-
leaf fold, this tertiary interaction has definitely be taken into account to improve
the accuracy of prediction. As has been previously mentioned, this is accom-
plished by re-evaluating the energy using an alternative parameter set compiled
in [89].

The consideration of coaxial stacking results in an increased stability of the mfe
structure in both modified and unmodified sequences. The ground state is stabi-
lized by one to four kcal/mole, with larger values applying to modified tRNAs.
However, the frequency of cloverleaf folds as native states is not importantly af-
fected. A slight improvement in the unmodified case (23 as to 19 occurrences)
is noted. A few times, the former mfe structure is moved to a slightly higher
suboptimal rank. Accordingly, coaxial stacking changes a suboptimal cloverleaf
into the mfe structure. It is interesting to note that this behaviour is mainly
found for class IT tRNAs, a fact which is obviously attributed to the additional
helix formed in the variable region and the augmented development of coaxial
stacks. As described in the section 4, stacking contributions are computed and
compared for directly adjacent helices as well as for stems separated by one in-
tervening nucleotide. It turned out that the latter case often results in increased
stability. Consequently, the cloverleaf folds seldom remain the same as predicted
by the normal parameter set. It frequently comes to an opening of a single base

pair in the acceptor or T stem to introduce this crucial mismatch.

70



Figure 17: Tree of local minima for the modified glycine tRNA sequence computed with coaxial
stacking considered. All trajectories lead to the cloverleaf which dominates the folding tree as
minimum free energy structure.

Whereas base modification leads to an obvious enhancement of the folding abil-
ity, the incorporation of coaxial stacking should help to stress the dominance of
the natural fold still further. As can be seen for the example of glycine tRNA in
figure 17, the implementation of this important tertiary interaction allows for a
straightforward folding into the cloverleaf. It clearly controls the entire folding
tree, and, as a consequence of presenting the only structure with a high barrier,
is formed by all trajectories. It also slightly differs from the one displayed in
figures 13 and 16. Since in this case, a single mismatch between stacking helices
results in a higher stability bonus than that provided for directly adjacent helices,
a base pair in the D stem is opened to accomodate this situation. A summarizing
overview of the folding kinetics of both the unmodified and the modified glycine
tRNA as well as the influence of coaxial stacking on the latter’s folding behaviour

is presented in figure 18. Solid lines denote the fraction of folded sequences as a

71



1 r T T
\\
08 + Y 4
v ‘\
o 1
= \\
3 \
o 06 —— maodified
E unmodified
'8 modified with coaxal stacking
]
2
©°
c 04 B -1
2
fr"' e
0.2 - f \\ =
0 o . I . L %q_kh‘_r'd___““k 1
0 1000 2000 3000 4000

tolding time[arbitrary units]

Figure 18: Folding kinetics of both modified and unmodified glycine tRNA, as well as of the
modified sequence computed with consideration of coaxial stacking. Solid lines display the
fraction of simulations that have found the ground state as a function of time. Dashed lines
indicate the density of folding times, scaled in a way that the maximum has height one.

function of time, whereas dashed lines show the density of folding times (which in
this context refers to the first passage time from some initial state to the ground
state).

Recapitulating the last chapters, the percentage of folded molecules rises from
26.5% to over 70% through the introduction of just four modified nucleotides.
Allowing the helical arms of the multiloop to stack coaxially further increases the
folding efficiency of the modified tRNA which subsequently found the cloverleaf
ground state in all of the 1000 simulations. The respective curve in the diagram
has not saturated yet, a fact which results from very differing folding times and
the wish to point out their distribution. A very high value for the time limit has
been set in order to ensure that all sequences reach a ground state within the
simulation time. The modified sequence is an exceptionally fast folder, whereas
the unmodified and the coaxially stacked tRNAs have comparable time factors
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and fold much more slowly. Regarding the density of folding times, the curves
are almost equally smooth for both cases of modified tRNAs. The unmodified
sequence, on the other hand, presents a very irregular curve, with several peaks
instead of a continuous descent, even at high folding times.

This observation holds true for all unmodified tRNAs. In general, it can be said
that the consideration of modified nucleotides entails increased thermodynamic
stability as expressed by the free energy gap between mfe structure and first
suboptimal conformation as well as the lack of additional suboptimal structures.
While this result was more or less taken for granted, the situation for the folding
behaviour was not as predictable. It will be shown in the section 7 that it is fairly
easy to design sequences to be extraordinarily stable, but without appropriate
folding properties. The latter cannot be predicted by the knowledge of thermo-
dynamic qualities.

In the case of natural tRNAs, however, it seems allowed to infer kinetic folding be-
haviour from thermodynamic calculations, a result which is probably attributed
to the optimization by evolutionary processes.

Table 10 provides a comparison between the folding efficiency of modified and
unmodified sequences, computed without and with coaxial stacking. Only 15
sequences out of 122 show a higher percentage of trajectories leading to the
cloverleaf in the unmodified case, the majority of which encompass class II tR-
NAs. They present a special case as additional base pairing in the variable region
offers alternative cloverleaf possibilities.

The results obtained from the introduction of coaxial stacking are not as unequiv-
ocal. Considering only the modified tRNAs, the amount of trajectories folding
into the cloverleaf is increased by the tertiary interaction for the preponderant
quantity of sequences. However, about 1/3 of the simulations show converse be-
haviour. A similar distribution of the results describes the influence of coaxial
stacking on the unmodified sequences. Since the fraction of trajectories forming
the cloverleaf is mostly very low to begin with, the tertiary interaction seldom
brings about a significant improvement. Futhermore, no cloverleaf structure is
located among the first hundred local minima in Barriers for a number of unmodi-
fied tRNAs, thus preventing a calculation and rendering a comparison impossible.
The maximum value of 100% of the trajectories is not found once, in contrast to
the modified sequences for which this result occurs 13 times after all.

Summing up, it can be said that the behaviour of the different sets of sequences

usually met the expectations: modest thermodynamic stability and moderate ki-
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Percent cloverleaf

normal coaxial
tRNA mod unmod mod unmod
RA1140 12.6% 2.1% 41.7% 4.3%
RA1180 16.9% 2.2% 18.7% 4.7%
RA1540 24.8% 12.6% 26.3% 7.7%
RA1660 13.2% 12.5% 34.6% 6.6%
RA1661 12.1% n.v.% 18.0% 8.5%
RA1662 3.3% 2.5% 16.3% n.v.
RR1140 84.9% n.v. 92.1% 6.7%
RR1141 16.3% 0.6% 51.1% 2.8%
RR1540 91.2% 17.7% 54.4% 4.1%
RR1660 95.8% 6.3% 82.2% 6.3%
RR1661 90.8% 6.1% 100.0% 9.5%
RR1662 14.0% 12.2% 62.9% 21.9%
RR1663 42.1% 26.8% 38.4% 29.0%
RR1664 100.0% n.v. 100.0% 7.5%
RN1140 14.3% 0.6% 50.3% 20.2%
RN1660 85.8% 17.7% 77.1% 31.1%
RD1140 33.0% 0.3% 35.3% n.v.
RD1580 57.1% 33.4% 65.2% 7.8%
RD1660 46.3% 0.2% 70.1% 4.6%
RC1140 3.0% 1.8% 10.5% 1.0%
RC1660 60.0% 17.9% 53.4% 6.4%
RQ1140 71% n.v. 43.1% 7.5%
RQ1660 88.7% 8.8% 96.3% 6.1%
RQ1661 69.2% 11.5% 85.6% 7.3%
RE1140 39.5% 16.0% 11.1% 5.5%
RE1660 27.6% 8.3% 10.3% 19.4%
RE1661 29.3% 1.8% 40.7% 13.7%
RE1662 5.5% 7.4% 50.0% 45.1%
RE2140 25.5% 16.2% 16.1% 6.8%
RG1140 70.5% 26.5% 100.0% 37.7%
RG1180 43.2% 42.7% 44.8% 34.6%
RG1310 55.0% 19.6% 70.8% 19.9%
RG1380 5.7% 1.9% 87.4% n.v.
RG1381 5.5% 3.7% 3.3% n.v.
RG1540 94.5% 41.3% 100.0% 32.2%
RG1660 69.4% 32.8% 76.1% 67.4%
RG1661 46.4% 15.2% 67.8% 15.2%
RG1662 20.0% 22.4% 25.5% 21.3%
RG1700 25.6% 33.5% 56.7% 69.0%

Table 10: Effects of modifications and coaxial stacking on the amount of trajectories leading
to the cloverleaf. “n.v.
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indicates the absence of a cloverleaf structure.




Percent cloverleaf

normal coaxial
tRNA mod unmod mod unmod
RG1701 21.4% 21.4% 23.2% 21.4%
RH1140 10.1% 33.7% 9.8% 12.2%
RH1660 100.0% 69.7% 100.0% 69.4%
RH1700 100.0% 55.9% 100.0% 64.4%
RI1140 84.0% 31.9% 92.8% 24.1%
RI1141 32.9% 3.0% 33.4% 3.3%
RI1180 35.4% 2.6% 28.9% 3.6%
RI1540 13.2% 14.6% 17.1% 15.1%
RI1580 35.1% 3.4% 45.9% 4.6%
RI1660 16.4% 4.7% 16.2% 6.4%
RI1661 100.0% 4.8% 35.4% 6.6%
RK1140 76.2% 1.6% 100.0% 12.0%
RK1141 87.9% 19.2% 73.1% 15.7%
RK1540 1.6% 1.1% 18.7% 3.5%
RK1541 2.1% 1.8% 20.3% 1.8%
RK1660 75.4% 8.3% 80.4% 16.6%
RL1140 2.7% 7.5% 6.1% 6.0%
RL2020 23.8% n.v.% 27.7% n.v.
RL2100 68.1% 23.4% 92.7% 49.6%
RL2101 38.8% 32.7% 33.8% n.v.
RL1141 5.7% 19.7% 56.5% 25.6%
RL1142 27.5% 39.4% n.v. 45.0%
RL1460 14.3% 17.1% 32.8% 35.6%
RL1540 3.3% 9.1% 11.7% n.v.
RL1660 33.8% 54.4% 80.6% 46.6%
RL1661 36.5% n.v. n.v. n.v.
RL1662 77.7% 16.3% 69.5% 20.7%
RL1700 n.v. n.v. n.v. n.v.
RM1140 100.0% 35.2% 99.8% 48.6%
RM1540 34.4% 1.8% 27.4% 4.0%
RM1580 1.4% 5.3% n.v. n.v.
RM1660 4.6% n.v. 100.0% n.v.
RF1140 46.5% 32.3% 81.1% 24.2%
RF1460 98.5% no bar 99.0% no bar
RF1540 74.0% n.v. 68.5% n.v.
RF1580 9.7% 1.9% 21.9% 4.1%
RF1660 100.0% no bar 100.0% 56.6%
RF2020 100.0% n.v. 98.0% n.v.
RP1140 68.0% 7.1% 85.3% 7.9%
RP1180 14.0% 6.2% 100.0% 9.5%

table 7 continued




Percent cloverleaf

normal coaxial
tRNA mod unmod mod unmod
RP1540 16.4% 0.4% 21.5% 0.4%
RP1700 72.5% 4.2% 80.2% 2.6%
RP1701 86.1% 13.1% 84.7% n.v.
RP1702 13.2% 2.3% 21.7% 1.6%
RS1140 0.6% 5.1% 19.5% 15.2%
RS1663 100.0% 60.9% n.v. 2.2%
RS1664 89.1% 35.6% 62.1% 19.6%
RS1141 3.2% n.v. n.v. 3.3%
RS1180 5.6% n.v. n.v. 2.4%
RS1540 26.8% 5.2% 35.6% 4.8%
RS1541 6.4% 7.2% 42.9% 20.9%
RS1542 2.8% 27.8% 6.6% 26.2%
RS1660 69.5% 65.1% 61.7% 45.5%
RS1661 45.4% 8.0% 3.3% 53.6%
RS1662 n.v. n.v. n.v. 0.5%
RT1140 14.4% 8.4% 21.8% 11.8%
RT1141 10.9% 3.6% 10.9% 6.1%
RT1180 8.6% 5.4% 12.2% 6.7%
RT1540 771% 10.2% 66.1% 15.6%
RT1660 73.5% 25.6% 71.4% 25.9%
RT1661 12.3% 38.0% 65.3% 16.1%
RW1140 100.0% 23.0% 100.0% 44.0%
RW1141 100.0% 80.4% 64.0% 46.5%
RW1250 76.0% 34.7% 72.8% 27.5%
RW1251 54.1% 20.8% 46.9% 15.8%
RW1540 62.0% 27.2% 60.9% 49.1%
RW1660 100.0% 57.0% 76.6% n.v.
RY1140 n.v. 9.3% n.v. 5.8%
RY1460 21.6% n.v. 8.3% n.v.
RY1540 7.2% n.v. 6.9% 3.0%
RY1541 7.2% n.v. 7.7% 2.5%
RY1660 81.4% n.v. 100.0% n.v.
RY1661 100.0% 1.7% 100.0% 3.2%
RV1140 11.0% 71% 23.2% 17.4%
RV1180 21.5% 6.7% 36.2% 18.2%
RV1460 83.1% 21.3% 86.4% 23.6%
RV1540 53.1% 5.8% 50.7% 11.1%
RV1660 40.9% 26.3% 47.5% 22.1%
RV1661 99.7% 9.2% 97.0% 28.7%
RV1662 13.5% 3.4% 35.3% 7.5%

table 7 continued




netic folding properties of unmodified sequences are considerably improved by the
insertion of modifications, and the intromission of coaxial stacking generally led
to a higher frequency of occurrence of the natural conformation. The anticipated
enhancement of percentage from unmodified to modified to stacked sequence is
demonstrated several times, if not always with such clarity as in the example

glycine sequence.
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6 Folding properties of tRNAs composed of a
restricted alphabet

Its composure of only four building blocks of similar chemical properties presents
a debatable counter-argument against the idea of RNA being the carrier of ge-
netic information and possessor of catalytic activity as proposed in the RNA
world hypothesis [59-62]. However, RNA has been proven to fulfill a wide variety
of catalytic functions [45,55,57,70,74,83,84,134,137,148]. The most recent devel-
opment of an RNA ligase ribozyme obtained by in vitro evolution demonstrates
that RNA catalysis can even be achieved by a three-nucleotide alphabet [118].
The functionality of this ribozyme despite its lack of cytidine might be explained
in terms of this base presenting the least stable of the four nucleosides, with
a high probability of deamination to uridine. Furthermore, the possibility of
forming A-U Watson-Crick and G-U wobble base pairs is preserved. Since fold-
ing into a stable secondary and tertiary structure could be accomplished in this
case, the question was whether tRNA structure could be successfully predicted
by computer experiments, with the sequence constraint of the restricted alpha-
bet adenosine, guanosine and uridine. With the help of RNAinverse, a pool of
1000 AGU sequences folding into the native structure of tRNAPP® was generated.
Considering the high stability contribution of G-C pairs as opposed to A-U ones,
a second set of sequences was created, this time with an adenosine deficiency.
Flanked by C-G pairs on both sides, G-U pairs in the middle of a helix hardly
lead to any distortion [75], resulting in a thermodynamically more stable structure
than in the case of adjacent A-U pairs. The proposed GUC sequences were in fact
exceptionally stable, with an average mfe of 37 kcal/mole, several kcal /mole more
than for the natural tRNAs (compare with results in section 5.1. The number
of sequences was reduced to 746 after exclusion of the ones that had been found
several times during RNAinverse search. Out of these unique sequences, nearly
2/3 form the predetermined natural conformation as mfe structure. It is drawn
as S1 in the middle of figure 19, surrounded by eight other frequently occurring
metastable states acting as potential folding traps. Altogether, 12 such local
minima were detected, 6 of them showing cloverleaf structures, only differing in
their helix lenghts. They were numbered according to decreasing frequency.

Comparison of sequences able to form a particular structure led to the detection
of nucleotides occurring with over 90% frequency, which are printed out in fig-
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Figure 19: Nine frequently occurring stop structures for CGU sequences. Structures acting as
competitors for a particular sequence are arranged into classes with different colour codes.
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ure 19 . A surprising number of such “conserved” residues was found, not only in
single-stranded stretches, but in helices as well. Maximum conservation is visible
in S12 (57-fold), S11 and S13 (55-fold) and S6 (53-fold). Naturally, as the number
of fixed bases correlates with the amount of sequences folding into the respective
structure, it does not reach a large value for the mfe structure S1 (only 19-fold).
Nevertheless, four base pairs of the seven pairs containing acceptor helix are re-
tained (all G-C and C-G pairs), in addition to both closing pairs of the D stem
and the innermost pairs of anticodon and T1) stem, which are all composed of a
conserved G and varying probabilities of U and C, with a clear dominance of the
latter. Whereas G-U pairs are not frequent, single uridine residues accumulate
in loops and junctions, especially in the variable region. This feature is common
to all nine structures displayed in figure 19, as is the conservation of the first two
pairs in the acceptor stem, with the sole exception of structure S13, which does
not form a multiloop and therefore lacks a closing stem altogether. Still, two of
three helix regions of this conformation, accounting for a total of 11 base pairs,
are entirely conserved. While this presents an exceptional result, at least one
stem of a structure is usually fixed. It concerns the D stem in S2, the anticodon
stem in S8 and S11, and the T stem in S6, S3 and S12. The last two are also
remarkable for the fact that their outermost base pair constitutes a 100% con-
served G-U pair. Suggested by the described discoveries, sequence comparison
made it clear that several of these stop structures can be organized into groups.
Structures within one group act with high probability as competitors for the same
sequence. Each of the resulting six groups has a different colour code in figure 19.

S1 as central structure participates in all groups which are as follows:

313, S1, $2, S3
S1, S2, S11, S13
39, S1, S3, S6, S9
S1, S3, S8

Underlined structures indicate the presence of a subgroup. For example, se-
quences able to form S13 or S11 always fold into S1 and S2 as well, but the
former two conformations never occur together as structure possibilities. Struc-
tural similarities justify the division into groups. Among the first three structures,
a cloverleaf fold is maintained, with an elongation of both D and T stem on the
expense of the acceptor helix in S2, and an enlargement of the T loop in S3.

As the remaining structure in this group, S13 combines both of these structural
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Figure 20: Four frequently occurring stop structures for CGU sequences.
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structure | percentage | mft [arb. units]
S1 54.1% 25007.00
S2 10.3% 28912.03
S3 5.7% 9024.12
S4 36.9% 28238.36
S5 62.5% 54181.61
S6 6.2% 2577.84
S7 40.5% 22982.84
S8 12.6% 9239.32
S9 1.5% 1012.49
S10 53.7% 51320.74
S11 10.1% 3622.39
S12 5.4% 7119.24
S13 25.9% 8752.67

Table 11: Folding kinetics of GUC sequences in terms of percentage of trajectories leading to
a specified structure and the mean folding time.

features - extension of stems and loop - , which, while leading to an opening of
the multiloop, leaves three arms of the cloverleaf intact. As another example,
S12 shows considerable conformational resemblance to S6, with which it always
appears in combination. In both structures, a fusion of anticodon and T arm
takes place, the continuing helix in S12 interrupted only by an additional large
internal loop in S6.

For all 13 conformations, table 11 lists the results of kinetic folding simulations,
given in terms of the fraction of molecules forming the respective structure and
the mean folding time. There is no case for which the trajectories are distributed
among all 13 conformations, therefore the given percentages denote the average
result for the respective structure. Of all the competitive structures illustrated in
figure 19, the mfe structure is actually found with the highest percentage of tra-
jectories, with an average value of 54.1%. The only other structure being formed
by a mentionable amount of trajectories is S13 (25.9%). None of the remaining
conformations presents a serios rival to the designated ground state.

However, four frequently occurring stop structures still need to be considered.
Printed in figure 20, the first two usually appear in combination. Thereby, the
cloverleaf fold of S4 which only differs from the one in S1 by the opening of a base
pair in the acceptor stem, is formed by a smaller fraction of molecules (namely

37%) than the non-native structure of S7 (40.5%) in which an unusual base pair-
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ing between the junction of acceptor and D stem and the variable region divides
the multiloop.

The last two conformations are remarkable for the fact that they only appear
individually. As still another cloverleaf possibility, a junction is introduced be-
tween acceptor and T stem by the latter’s opening of a base pair in S10. The
presence of a mismatch between helices (also in S4) is favoured by coaxial stack-
ing, which was also pointed out in the previous chapter. On average, 53.7% of
the simulations end in this particular cloverleaf conformation. Finally, S5 which
bears a strong resemblance to S7, turns out to be the structure dominating the
distribution of the folding trajectories. Almost exclusively formed by over 50%,
the fraction of folded molecules forming it amounts to 62.5% on average. It also
presents the longest mean folding time, though. Taken together, both values
indicate that once a molecule has reached this state, refolding into another lo-
cal minimum is unlikely. A similar situation arises for S10 and S1, which have
nearly identical percentages of trajectories leading to them, although the latter
conformation is formed with half the folding time. Structures S4 and S7 show
similar results for both values of fraction of molecules and mean folding time,
the latter of which lies in the range of S1. Surprisingly, all the conformations
found by only a minor amount of trajectories (S2, S3, S6, S8, S9, S11, S12) turn
out to be formed exceptionally fast which implies a high probability of refolding.
In general, a rough correlation between rising quantity of trajectories and mean
folding time is observed.

While it seems possible to design CGU sequences with high thermodynamic sta-
bilty and folding efficiently into the tRNA cloverleaf, a number of alternative

conformations occurring with similar probability prevent an unequivocal result.

The most striking difference between the adenosine- and the cytosine-deficient
set, of sequences lies of course in the thermodynamic properties. The difference
of the minimum free energy between CGU and AGU sequences is enormous, due
to the exchange of G-C pairs for less stable A-U and G-U pairs. The mfe of AGU
sequences reaches average values of around only -7 kcal/mole, while the energy
gap to the first suboptimal conformation lies around -0.75 kcal /mole . It does not
come as a surprise that the predefined cloverleaf (S1 in figure 19) does never even
appear as mfe structure. In its place, an alternative natural fold with a shortened
acceptor stem presents the ground state for 1/6 of the sequences. Much more

frequent, however, is the conformation with an opened terminal stack. Structure

83



optimization experiments in a flow reactor have confirmed that a single point
mutation introducing a mismatch in one base pair is sufficient to open this stem
of marginal stability. In our case, an accumulation of less stable A-U base pairs
accounts for the frequent absence of this helix. All in all, only six structures oc-
cur with remarkable frequency as mfe structures, four of them presenting varying
forms of cloverleaves. They are illustrated in figure 21.

As opposed to the CGU sequences, conserved nucleotides are very rare. Only for
structures S5 and S6, which occur with minor frequency, a considerable number
of positions is fixed (26 and 27, respectively). These are also the only confor-
mations in which adenosine residues, even an A-U base pair, are conserved. In
general, entire helices are built of G-U pairs. Consequently and in contrast with
the results of GUC sequences, purine nucleotides, especially adenosines, cluster
in junctions and loops. Both structures always pose as stop structures in combi-

nation with S1, although never together. According to table 12, the amount of

structure | percentage | mft [arb. units]
S1 39.9% 754.22
S2 79.2% 287.58
S3 68.3% 1097.01
S4 82.0% 1211.04
S5 43.6% 1409.61
S6 37.4% 1175.64

Table 12: Folding kinetics of AUG sequences in terms of percentage of trajectories leading to
a specified structure and the mean folding time.

trajectories folding into them is moderate (37.4% and 43.6% for S6 and S5, re-
spectively). For sequences able to form S4, on the other hand, this conformation
presents the only structure with a reasonably high barrier in most cases, leading
to an average percentage of 82.0% of the trajectories. The same is often true for
S3 (68.3%). However, set against S2, the structure with the missing acceptor he-
lix clearly dominates the folding distribution (79.2%). For a considerable amount
of sequences, both S2 and S1 are suitable structure candidates. The distribution
of folding trajectories, however, shows incontestably that S2 weighs more heavily
as folding end point. In each case, S2 constitutes the mfe structure, and three
times as many molecules fold directly in the conformation lacking the terminal
stem as compared to the tRNA native state. This finding is rather unexpected

as no previous result indicated a correlation between the occurrence of a confor-
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mation as mfe structure and the percentage of trajectories folding into it. The
average amount of computer experiments which is composed of all appearances
of a particular structure is still twice as much for S2 (79.2%) than for S1 (39.9%)
which is thus degraded to a less meaningful conformation. In addition, the maen

folding time argues for the preferential formation of S2.

Comparing the two sets of restricted alphabets, the assumption was confirmed
that AUG-only sequences can mostly not maintain the predetermined tRNA
cloverleaf in respects of either thermodynamic stability or kinetic folding proper-
ties. The energy contributions of A-U and G-U pairs do generally not suffice to
close the multiloop, and the resulting structure also dominates the distribution
of folding trajectories. Commonly, the majority of simulations does not lead to
the natural conformation. The chances are somewhat increased by exchanging
adenosine for cytosine as the third nucleotide in a restricted alphabet. A line-up
of stable G-C pairs in helix regions accounts for excellent thermodynamic prop-
erties. The conformation with an opened terminal stack has moved up to a high
suboptimal rank and does in no case represent a relevant metastable state. De-
spite having several potential folding traps as competition, better folding results
in terms of both percentage of trajectories and mean folding time were determined

for the designated mfe structure.
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Figure 21: Six frequently occurring stop structures for AGU sequences.
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7 Design of non-natural tRNAs

Nowadays, many medical and pharmaceutical problems are solved with the help
of molecular biology, requiring the synthesis of new biopolymers, especially RNAs
and proteins, with programmable functions.

Molecular recognition related to tRNAs is one of the most interesting themes in
molecular biology and has been approached from various directions. Aminoacyl-
tRNA synthetases (aaRSs) catalyze the linkage of tRNAs to amino acids and
are known to recognize sites that consist only of a few bases of their cognate
tRNAs. These sites, which are not necessarily restricted to the anticodon loop
and the acceptor stem, are called ’identities’. To fully understand the mechanism
of this recognition, it is indispensable to detect identities in various kinds of
tRNAs. Through modification of tRNAs and aminoacyl tRNA synthetases, a
reprogramming of the ribosomal protein synthesis shall come into reach. While
some of these new molecules will be charged with non-natural amino acids by
the respective aaRS, others are aimed to inhibit tRNA-recognising enzymes. The
reasoning of this proposition is supported by the fact that the first steps towards
a site-specific incorporation of non-natural amino acids into proteins in vivo have
already been successfullly performed [80,81]. The specific combination of rational
design based on findings in structural biology with evolutionary biotechnology
seems to be a promising approach for this purpose.

In the course of this work, we aim to make suggestions for sequences that have

been subjected to several essential constraints.

7.1 Strategy for sequence proposals

Reasonable sequence proposals can only be made by chosing from a very large
pool of possible variants and carefully excluding those not fulfilling the imposed
constraints. With the purpose of reducing an initially determined amount of
RNA sequences to a reasonable number of potential candidates for synthesis, the
realization of this work can be divided into several steps which are as follows:

1. Generation of sequences
At the beginning, a very great deal of sequences folding into given structures
are produced with the help of the RNAinverse program.

2. Selection of sequences with regard to stability and foldability
The large number of sequences is reduced with the help of these two cri-
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teria which are essential for the reliability of structure prediction. Using
the RN Asubopt program, all suboptimal conformations lying within a pre-
defined range above the ground state are computed and rated. Sequences
forming thermally unstable structures because of suboptimal states with
low energies are therefore being ruled out.

Foldability is the second vital criterion for structure prediction. A variety
of sequences forming thermodynamically stable structures are sorted out

due to inefficient folding behaviour.

3. Consideration of tertiary interactions and introduction of special
functions
Specific nucleotides at certain positions will be indispensable for special
functions and cannot be switched without losing those. The complete sets
of identity elements are known for several aminoacylation systems in both

E. coli and S. cerevisiae [41] and will be used as additional constraints.

7.2 Selection of sequences

Cloverleaf structures of several E. coli tRNAs whose identity elements have been
experimentally determined were used as targets for RNAinverse search, with these
nucleotides specified as sequence constraints. Good results were obtained by a
test of the tRNAPE system, which will be cited as an example in the following. As
shown in figure 22, 13 fixed determinants shall ensure interaction with the cognate
synthetase. The anticodon area presents a major recognition site; apart from
the anticodon triplet, two base pairs in the stem and the two adjacent residues
in the variable region serve as identity elements. The set is complemented by
uridines in the D and T loop, and the mostly crucial discriminator base. They
obviously represent a strong constraint, because the search for 1000 sequences
yielded only 424 unique ones. These potential tRNAs, though, readily adopt the
predefined cloverleaf from a thermodynamic point of view. No less than 387 form
the wanted mfe structure which is clearly separated from suboptimal states in
terms of energy (average AG = 3 kcal/mole). This result is indicative of the
feasibilty of designing thermodynamically very stable sequences (in comparison
to the findings on natural tRNAs, for which the energy gap amounted to -1

kcal/mole, see section 5).
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Figure 22: Sequence proposal for an artificial tRNAPP® sequence: identity determinants are cir-
cled in green. Additional conserved nucleotides essential for excellent kinetic folding properties
are marked in red.
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S structure perc. occ.
S1 SO DDDD) N [CCC(TrrraTn DI ... 58.33% 387
S2 B (S SRR ) CCCC CCCCCeennns ). 15.60% 63
S3 B (S SRR DDDD) IS et NN 9.52% 47
S4 B (S SRR DDDD) IS et NN 6.03% 35
S5 COCCCCC o CCCCennnnnns 20 e NN ..MM ... 35.27% 29
S6 CCCCCCC - CCCCannnnns (T (S ( N IANNIDHINN ... 7.19% 24
S7 CCCCCC L. (CCnnne s NN MNI)..... [CC(q(ETTTn ))))).N) ... 54.20% 23

Table 13: Average percentage of trajectories leading to the mfe structure S1 and six minor
relevant meta-stable states.
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Figure 23: Folding kinetics of artificial tRNAPP® sequences. No correlation is found between
the percentage of trajectories leading to the cloverleaf and the mean folding time.
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Kinetic simulations revealed six other meta-stable states (see table 13) on the en-
ergy landscape which might act as a folding trap, although they never all together
present structure possibilities for the sequence under consideration. Table 13 lists
their respective number of occurrences (for 424 sequences) and the resultant aver-
age percentage of trajectories folding into them. They appear much less frequent
than the predetermined conformation, therefore the good average percentage of
54.20% for the alternative cloverleaf S7 does not render it a serious competition
for S1. The results prove that they are all of minor importance. The cloverleaf
structure S1 notes down the major amount of trajectories in most cases. A plot
of the fraction of folded molecules forming S1 against the mean folding time (fig-
ure 23) points out that no correlation exists between these two kinetic properties.
A diagram contrasting the minimum free energy and the percentage of trajec-
tories is similarly uncorrelated in appearance. For excellent folding ability (over
90% of the folding trajectories), certain nucleotides at specific positions were dis-
covered which obviously help to stabilize the fold. Nucleotides with over 90%
frequency are circled in red in figure 22. The entire acceptor stem is conserved,
in addition to the closing pairs of the D, the antocdon and the T loop. The first
base pair of the Tt helix is also fixed. In each case, a G/C combination is con-
cerned. Further essential residues include an adenosine in the D and anticodon
arm junction and the variable region, respectively, as well as a uridine in the T
loop. The number of potential candidates was reduced to just 19 variants ac-
cording to suitable folding kinetics. The respective sequences present promising

proposals for synthesis.
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7.3 Conversion of in silico sequences to in vitro transcripts

With the assurance of a collaboration with the Strasbourg team in mind which
concentrates on the yeast tRNA®P system and is responsible for almost all of the
data on this system [39,109], we took the tRNA®P cloverleaf as input structure
and specified the set of identity elements as sequence constraints. After having
subjected the resulting sequences to the foldability criterium, the number of pos-
sible variants was drastically reduced. Figure 24 shows the four candidates for
synthesis. All bases are randomly chosen except for the seven identity elements
which are conserved in all sequences. They comprise the first base pair G10-U25
in the D stem, the anticodon GUC, in addition to C38 and the discriminator base
GT73. Tertiary interactions play of course a significant role in the stabilization of
the folded structure and contribute to specific recognition and aminoacylation
by the synthetase. However, we first wanted to test the charging without the
influence of tertiary interactions, therefore all tertiary contacts present in these
sequences were not demanded, but arose by chance. Variant inv13 for example
shows a possible trans Hoogsteen pair between U8 and A14 (also in inv196), and a
trans Watson-Crick pair between A15 and U48 could form in inv114. The rather
high amount of G-C base pairs is due to the strong stability constraint. There are
almost no A-U pairs found in the helix regions. The loops, on the other hand, are
very A rich. Each of the sequences has a rather impressive amount of percentage
of trajectories finding the cloverleaf, ranging from 81% to 93%.

With these proposals, I went to Strasbourg where I had been kindly invited to in
order to experience the experimental side and be a part of the transformation of
in silico sequences to in vitro transcripts. We went through the following steps
during synthesis. First, we ordered DNA oligos for our sequences which have
a promotor for T7 RNA polymerase and for the tRNA gene to be transcribed.
After several rounds of amplification by means of PCR, we had to exclude one
of our sequences (inv138) from further experiments because other side products
apart from our 95 nucleotide DNA (75 for tRNA#P and 20 for the 5 end primer)
with different lengths were visible. Next, we started the in vitro transcription
with T7 RNA polymerase on our PCR samples, followed by a 12% PAGE (poly-
acrylamid gel electrophoresis) for purification and separation of our transcripts
from non-incorporated nucleotides and other products. The final step concerned
the interesting question whether these tRNAs could actually be aminoacylated.

The charging can be followed by adding radioactive aspartate (*H) and observing
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invl114
81.2%

inv138 inv196

Figure 24: Four sequences folding efficiently into the tRNA?*P cloverleaf. Identity elements are
circled in blue.
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Figure 25: Result of aminoacylation assay.
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the incorporation. Figure 25 shows the result. Each sample was measured four
times with the timespan of one minute. Apart from my inverse sequences, we
took the modified tRNA*P as well as a PCR sample of it which had been sub-
jected to the same conditions as my sequences as control. The samples marked
with K contained no tRNA. We received an average of 9000 cpm for the wild-type
as well as for the PCR sample which is the normal value for the natural tRNA.
Unfortunately, cpm values for all inverse sequences are in the order of magnitude
of the control K, indicating that these tRNAs could not be aminoacylated at all.
The threshold value for aspartylation lies around 3500 cpm.

This result is regrettable, but does not come as a real surprise if one considers
that we were not dealing with transcripts with only two or three mutations (of
which a number have already been analyzed), but with sequences which have at
least a hamming distance of about 30 to the wild-type tRNA*P.
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8 Conclusion and outlook

RNA performs a remarkable range of functions in all cells. Its versatility is inti-
mately connected to its capacity to form elaborate spatial structures. Secondary
structures present a convenient model of coarse-graining which allows for appli-
cation of efficient dynamic programming algorithms. Apart from thermodynamic
predictions, information on folding pathways and kinetics of secondary structure
formation can be derived by means of computer programs restricting the obser-
vation time to a finite value. The necessity to fold sufficiently fast leads to a clear
distinction of such kinetically controlled structures from thermodynamically most
stable conformations.

The kinetic folding algorithm developed in our research group [35] simulates the
folding process in dependence of the time coordinate and yields information about
the folding time (which in this context refers to the first passage time from some
initial state to the ground state). In addition, it presents the possibility of re-
folding, for example for computing the folding time for a molecule to reach the
minimum free energy (mfe) structure after it got trapped in a metastable state.
A compilation of such potential “kinetic traps” is provided by the “barriers” algo-
rithm which makes use of complete suboptimal folding [145] in order to calculate
local minima of a given sequence and shows their connection in a practical rep-
resentation of the energy landscape, the barrier tree.

The cloverleaf of tRNAs is a commonly accepted and experimentally verified fact.
A detailed analysis of eubacterial natural tRNAs confirmed the predominance of
this conformation as mfe structure in thermodynamic calculations. Kinetic sim-
ulations, however, demonstrated that natural folding pathways seldom end in
the mfe state. Instead, the conformation space is usually divided into basins
of attraction for several dominant structures in addition to the mfe structure,
which is sometimes reached by only a small fraction of folding molecules. Re-
folding from metastable states into the ground state involved crossing of large
energy barriers due to breaking and reforming of entire helices, and was seldom
accomplished within the time-scale of the simulation. Implementation of coaxial
stacking into the folding algorithm resulted in an expected additional stabiliza-
tion of the multiloop and an increased percentage of trajectories folding into the
natural conformation for modified sequences.

The effect is much less pronounced for unmodified tRNAs. Apart from a decrease
of the free energy difference between the ground state and the first suboptimal
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conformation, the lack of base modifications led to an enlarged amount of struc-
tures otherwise prevented to form, several of which offered alternative and more
efficient pathways.

While the comparison between modified and unmodified sequences illustrated
that the regard of modified nucleotides brings on a definite improvement of both
thermodynamic and kinetic folding properties, a fact which arose most probably
from complex evolutionary processes, it is not permissable to infer kinetic folding
behaviour from thermodynamic calculations for the sequence under considera-
tion.

As a direct consequence, the design of artificial tRNA sequences with predeter-
mined properties presents a challenging attempt. Transfer RNAs play an essential
role in the accurate decoding and translation of genetic information into amino
acid sequences. The correct aminoacylation of a given tRNA with its cognate
amino acid is accomplished by the aminoacyl-tRNA-synthetases which have to
discriminate between the different tRNAs despite their similar secondary and
tertiary structures. This distinction is achievd by means of molecular signals,
so-called identity determinants, in tRNAs which trigger specific aminoacylation.
Thermodynamic stability and kinetic foldability are with certainty two basic re-
quirements for non-natural sequences ever hoping to fulfill their destined func-
tions. Application of the first criterion to a large pool of possible candidates
predetermined to fold into the tRNA cloverleaf hardly ruled out any of the se-
quences. The condition of excellent kinetic folding ability, on the other hand, led
to a considerable reduction of potential variants. While it seems therefore rather
uncomplicated to generate extraordinarily stable sequences, the kinetic folding
constraint is not that easily satisfied - at least not simultaneously. Individual re-
sults indicate that an improvement of one quality can be reached by relaxing the
constraint on the other. However, in order to draw definite conclusions regarding
their correlation, further investigations need to be carried out.

Apart from fulfilling these two criteria essential for the reliabilty of structure
prediction, the remaining sequences were analysed with regards to specific nu-
cleotides at certain positions which may be indispensable for special functions.
For several E. coli systems of which the principles of molecular recognition are
unravelled and the complete sets of identity elements are determined, the latter
were considered as additional constraints.

The decisive test for in silico sequence proposals, the question of aminoacylation

capability, was performed on the S. cerevisiae tRNA?*P system in collaboration
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with the group of Richard Giegé in Strasbourg. The synthesis of four artificial
sequences folding efficiently into the tRNA®P cloverleaf was successfully achieved
by means of in vitro transcription with T7 RNA polymerase. The aminoacylation
assay, however, clearly indicated that no charging of the non-natural tRNAs took
place.

This result can be explained by the considerable number of mutations introduced
in comparison to native tRNA®P or the absence of nucleotides participating in
tertiary contacts with the synthetase. Tertiary interactions do play a significant
role in recognition and aminoacylation. The Strasbourg team has already syn-
thesized and tested a large number of mutants specifically designed to disrupt
the tertiary structure and has observed negative effects on aspartylation activ-
ity in most cases [110]. Consequently, we have analyzed another set of inverse
sequences, this time containing all nucleotides involved in tertiary contacts as
search constraints, in addition to the complete set of identity elements (which
accounts for a total of 19 fixed positions during RNAinverse search). Under these
new conditions, we expect to continue our experiments in the near future.
Another possible reason for the lack of aspartylation activity could be due to the
little conformational flexibilty of the tRNA, caused by the strong stability con-
straint. A certain amount of deformability is obviously required to allow tRNA
to fit into the active site of the synthetase. Reduction of the stabilty criterion
should lessen the structural rigidity and will also be considered in future experi-
ments.

From a different perspective, the observed result can be interpreted as a starting
point in the design of RNA domains specifically meant to block tRNA-recognising
enzymes. The development of inhibition strategies of aminoacylation systems
could provide access to a way for the synthesis of new RNA antibiotics and anti-

viral strategies.
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Appendix

All tRNA sequences were taken from the Compilation of tRNA sequences and tRNA
genes (Bayreuth). The sequence number codes as follows: first letter is D or R
for DNA or RNA, respectively. Second letter gives the one-letter symbol of the
amino acid. The four-digit number stands for organism and isoacceptor. Modified
nucleotides apart from dihydrouridine (D), pseudouridine (P), ribosylthymine (T)
or inosine (I) are replaced with M in case of methylations and N in any other.

> RA1140 [MYCOPLASMA CAPRIC.] [EUBACT] [76]
GGGCCCUNAGCUCAGCDGGGAGAGCACCUGCCUUGCMCGCAGGGGMUCGACGGUPCGAUCCCGUUAGGGUCCACCA
> RA1180 [MYCOPLASMA MYCOID.] [EUBACT] [76]
GGGCCCUUAGCUCAGCDGGGAGAGCACCUGCCUUGCMCGCAGGGGMUCGACGGUUCGAUCCCGUUAGGGUCCACCA
> RA1540 [BACILLUS SUBTILIS] [EUBACT] [76]
GGAGCCUUAGCUCAGCDGGGAGAGCGCCUGCUUMGCMCGCAGGAGMUCAGCGGTPCGAUCCCGCUAGGCUCCACCA
> RA1660 [E. COLI] [EUBACT] [76]
GGGGCUANAGCUCAGCDGGGAGAGCGCUUGCAUGGCAUGCAAGAGMUCAGCGGTPCGAUCCCGCUUAGCUCCACCA
> RA1661 [E. COLI] [EUBACT] [76]
GGGGGCANAGCUCAGCDGGGAGAGCGCCUGCUUNGCACGCAGGAGMUCUGCGGTPCGAUCCCGCGCGCUCCCACCA
> RA1662 [E. COLI] [EUBACT] [76]
GGGGCUAUAGCUCAGCDGGGAGAGCGCCUGCUUNGCACGCAGGAGMUCUGCGGTPCGAUCCCGCAUAGCUCCACCA
> RR1140 [MYCOPLASMA CAPRIC.] [EUBACT] [77]
GCGCCCGNAGAUCAAUDGGADAGAUCGCUUGACUICGMAPCAAAAGMUUGGGGGUPCGAGUCCCUCCGGGCGCACCA
> RR1141 [MYCOPLASMA CAPRIC.] [EUBACT] [77]
GCCCAUGUAGCUCAGUAGGADAGAGCACGCGCCUMCUNAGCGUGAGMUCGGAAGUPCGAGCCUUCUCGUGGGCACCA
> RR1540 [BACILLUS SUBTILIS] [EUBACT] [76]
GCGCCCGUAGCUCAAUGGADAGAGCGUUUGACUICGMAUCAAAAGMUUAGGGGTPCGACUCCCCUCGGGCGCGCCA
> RR1660 [E. COLI] [EUBACT] [76]
GCAUCCGNAGCUCAGCDGGDAGAGUACUCGGTUICGMACCGAGCGMNCGGAGGTPCGAAUCCUCCCGGAUGCACCA
> RR1661 [E. COLI] [EUBACT] [77]
GCAUCCGNAGCUCAGCDGGADAGAGUACUCGGCUICGMACCGAGCGMNCGGAGGTPCGAAUCCUCCCGGAUGCACCA
> RR1662 [E. COLI] [EUBACT] [75]
GUCCUCUUAGUUAAAUGGADAUAACGAGCCCTUMCUNAGGGCUAAUUGCAGGTPCGAUUCCUGCAGGGGACACCA

> RR1663 [E. COLI] [EUBACT] [77]
GCGCCCUUAGCUCAGUUGGAUAGAGCAACGACTUMCUNAGPCGUGGGCCGCAGGTPCGAAUCCUGCAGGGCGCGCCA
> RR1664 [E. COLI] [EUBACT] [77]
GCGCCCGUAGCUCAGCDGGADAGAGCGCUGCCTUCCGMAGGCAGAGMUCUCAGGTPCGAAUCCUGUCGGGCGCGCCA
> RN1140 [MYCOPLASMA CAPRIC.] [EUBACT] [76]
GGCUUUUNAGCUCAGCAGGDAGAGCAACCGGCUGUUNACCGGUUUMUCACAGGUPCGAGCCCUGUAAAAGCCGCCA
> RN1660 [E. COLI] [EUBACT] [76]
UCCUCUGNAGUUCAGDCGGDAGAACGGCGGACUQUUNAPCCGUAUMUCACUGGTPCGAGUCCAGUCAGAGGAGCCA
> RN1720 [AZOSPIR. LIP0.] [EUBACT] [75]
UUCACAGUAGCUCAGUGGDAGAGCUAUCGGCUQUUNACCGAUCGAUCGUAGGTPCGAGUCCUACCUGUGAAUCCA

> RN1721 [AZOSPIR. LIP0.] [EUBACT] [75]
UUCACAGUCGCUCAGUGGDAGAGCUAUCGGCUQUUNACCGAUCGAUCGUAGGTPCGAGUCCUACCUGUGAAUCCA

> RD1140 [MYCOPLASMA CAPRIC.] [EUBACT] [77]
GGCCCCANAGCGAAGUDGGDDAUCGCGCCUCCCUGUCACGGAGGAGAUCACGGGUPCGAGUCCCGUUGGGGUCGCCA
> RD1580 [THERMUS THERMOPHI.] [EUBACT] [77]
GGCCCCGNGGUGPAGUUMGDDAACACACCCGCCUGUCACGPGGGAGAUCGCGGGMPCGMGUCCCGUCGGGGCCGCCA
> RD1660 [E. COLI] [EUBACT] [77]
GGAGCGGNAGUUCAGDCGGDDAGAAUACCUGCCUQUCMCGCAGGGGMUCGCGGGTPCGAGUCCCGPCCGUUCCGCCA
> RC1140 [MYCOPLASMA CAPRIC.] [EUBACT] [75]
GGCAACANGGCCAAGCGGCDAMGGCAUGGGUCUGCAMCACCCUGAUCAUCGGUPCGAAUCCGAUUGUUGCCUCCA

> RC1660 [E. COLI] [EUBACT] [74]
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GGCGCGUNAACAAAGCGGDDAUGUAGCGGAPUGCAMAPCCGUCUAGUCCGGTPCGACUCCGGAACGCGCCUCCA

> RQ1140 [MYCOPLASMA CAPRIC.] [EUBACT] [75]
UGGGCUANAGCCAAGCGGDAMGGCAAGGGACUMUGMCUCCCUCAUGCGCCGGUPCGAAUCCUGCUAGCCCAACCA

> RQ1660 [E. COLI] [EUBACT] [75]
UGGGGUANCGCCAAGCMGDAAGGCACCGGAMUCUGMPPCCGGCAUUCCGAGGTPCGAAUCCUCGUACCCCAGCCA

> RQ1661 [E. COLI] [EUBACT] [75]
UGGGGUANCGCCAAGCMGDAAGGCACCGGUMUNUGMPACCGGCAUUCCCUGGTPCGAAUCCAGGUACCCCAGCCA

> RE1140 [MYCOPLASMA CAPRIC.] [EUBACT] [76]
GGCCUGUUGGUGAAGCGGDDAMCACACACGGUUMUCAUCCGUGGACACACGGGUPCGAACCCCGUACAGGCUACCA
> RE1660 [E. COLI] [EUBACT] [76]
GUCCCCUUCGUCPAGAGGCCCAGGACACCGCCCUMUCMCGGCGGUAACAGGGGTPCGAAUCCCCUGGGGGACGCCA
> RE1661 [E. COLI] [EUBACT] [76]
GUCCCCUUCGUCPAGAGGCCCAGGACACCGCCCUMUCMCGGCGGUAACAGGGGTPCGAAUCCCCUAGGGGACGCCA
> RE1662 [E. COLI] [EUBACT] [75]
GUCCCCUUCGUCPAGAGGCCAGGACACCGCCCUMUCMCGGCGGUAACAGGGGTPCGAAUCCCCUAGGGGACGCCA

> RE2140 [SYNECHOCYSTIS SP.] [EUBACT] [76]
GCCCCCAUCGUCUAGAGGCCDAGGACACCUCCCUNUCACGGAGGCGACAGGGATPCGAAUUCCCUUGGGGGUACCA
> RG1140 [MYCOPLASMA CAPRIC.] [EUBACT] [74]
GCAGGUGNAGUUUAAUGGDAGAACUUCAGCCUUCCMAGCUGAUUGUGAGGGUPCGAUUCCCUUCACCUGCUCCA

> RG1180 [MYCOPLASMA MYCOID.] [EUBACT] [74]
GCAGGUGNAGUUUAAUGGCAGAACUUCAGCCUUCCMAGCUGAUUGUGAGGGUPCGAUUCCCUUCACCUGCUCCA

> RG1310 [STREPTOMYCES COEL.] [EUBACT] [74]
GCGGGUGUAGUUCAAUGGDAGAACAUCAGCUUCCCAAGCUGAGAGCGCGAGTPCGAUUCUCGUCACCCGCUCCA

> RG1380 [STAPHYLOCOC. EPID.] [EUBACT] [75]
GCGGGAGNAUUUCAACUUUDAGAAUACGUUCCUUCCCGGAACGAGAUAUAGGUGCAAAUCCUAUCUUCCGCUCCA

> RG1381 [STAPHYLOCOC. EPID.] [EUBACT] [74]
GCGGGAGNAGUUCAAUUUDAGAACACAUUCCUUCCCGGAAUGAGGUAUAGGUGCAAGUCCUAUCUUCCGCUCCA

> RG1540 [BACILLUS SUBTILIS] [EUBACT] [74]
GCGGGUGUAGUUUAGUGGDAAAACCUCAGCCUMCCAAGCUGAUGUCGUGAGTPCGAUUCUCAUCACCCGCUCCA

> RG1660 [E. COLI] [EUBACT] [74]
GCGGGCGNAGUUCAAUGGDAGAACGAGAGCUUCCCAAGCUCUAUACGAGGGTPCGAUUCCCUUCGCCCGCUCCA

> RG1661 [E. COLI] [EUBACT] [76]
GCGGGAAUAGCUCAGDDGGDAGAGCACGACCUUGCCAAGGUCGGGMUCGCGAGTPCGAGUCUCGUUUCCCGCUCCA
> RG1662 [E. COLI] [EUBACT] [75]
GCGGGCAUCGUAUAAUGGCUAUUACCUCAGCCUNCCAAGCUGAUGAUGCGGGTPCGAUUCCCGCUGCCCGCUCCA

> RG1700 [SALMONELLA TYPHI.] [EUBACT] [74]
GCGGGCGUAGUUCAAUMGDAGAACGAGAGCUUCCCAAGCUCUAUACGAGGGTPCGAUUCCCUUCGCCCGCUCCA

> RG1701 [SALMONELLA TYPHI.] [EUBACT] [75]
GCGGGCAUCGUAUAAUGGCUAUUACCUCAGCCUNCCAAGCUGAUGAUGCGGGTPCGAUUCCCGCUGCCCGCUCCA

> RH1140 [MYCOPLASMA CAPRIC.] [EUBACT] [77]
GGCGUAGGUGGUGAAGUGGDDAMCACAUCAGGUUGUMMCPCUGACAUACGCGGGUPCGAUCCCCGUUCUACGCCCCA
> RH1660 [E. COLI] [EUBACT] [77]
GGUGGCUANAGCUCAGDDGGDAGAGCCCUGGAUUQUGMPPCCAGUUMUCGUGGGTPCGAAUCCCAUUAGCCACCCCA
> RH1700 [SALMONELLA TYPHI.] [EUBACT] [77]
GGUGGCUANAGCUCAGDDGGDAGAGCCCUGGAUUQUGMPPCCAGUUMUCGUGGGTPCGAAUCCCAUUAGCCACCCCA
> RI1140 [MYCOPLASMA CAPRIC.] [EUBACT] [77]
GGACCUUNAGCUCAGUDGGDDAGAGCAUCCGGCUNAUMACCGGACGMUCAUUGGUPCAAGUCCAAUAAGGUCCACCA
> RI1141 [MYCOPLASMA CAPRIC.] [EUBACT] [77]
CGGAAUAUAGCUCAGCDGGDDAGAGCAUUCCGCUGAUNACGGAGAGMUCGUUGGUPCAAGUCCAAUUAUUCCGACCA
> RI1180 [MYCOPLASMA MYCOID.] [EUBACT] [77]
CGGAAUANAGCUCAGCDGGDDAGAGCAUUCCGCUGAUNACGGAGAGMUCGUUGGUPCAAGUCCAAUUAUUCCGACCA
> RI1580 [THERMUS THERMOPHI.] [EUBACT] [77]
GGGCGAUUAGCUCAGCUMGUDAGAGCGCACGCCUGAUNAGCGUGAGMUCGGUGGMPCAMGUCCACCAUCGCCCACCA
> RI1660 [E. COLI] [EUBACT] [77]
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AGGCUUGUAGCUCAGGDGGDDAGAGCGCACCCCUGAUNAGGGUGAGMNCGGUGGTPCAAGUCCACPCAGGCCUACCA

> RI1661 [E. COLI] [EUBACT] [77]
AGGCUUGUAGCUCAGGUGGDDAGAGCGCACCCCUGAUNAGGGUGAGMNCGGUGGTPCAAGUCCACPCAGGCCUACCA

> RI1662 [E. COLI] [EUBACT] [76]
GGCCCCUNAGCUCAGUMGDDAGAGCAGGCGACUNAUNAPCGCUUGMNCGCUGGTPCAAGUCCAGCAGGGGCCACCA

> RI1540 [BACILLUS SUBTILIS] [77]
GGACCUUUAGCUCAGUDGGDDAGAGCAGACGGCULAUMACCGUCCGMUCGUAGGTPCGAGUCCUACAAGGUCCACCA

> RL1140 [MYCOPLASMA CAPRIC.] [EUBACT] [85]
GCCUUUUUGGCGGAAUDGGCAGMCGCAUUAGACUMAAMAPCUAACGAAGAAAUUCGUAUCGGUPCGAAUCCGAUAAAGGGCACCA

> RL1141 [MYCOPLASMA CAPRIC.] [EUBACT] [89]
CCCCAAGNGGCGGAAUAGGDAGMCGCAUUGGACUMAAMAPCCAACGGGCUUAAUAUCCUGUGCCGGUPCAAGUCCGGCCUUGGGGACCA
> RL1142 [MYCOPLASMA CAPRIC.] [EUBACT] [84]
GGGGGAUNGGCGGAAUDGGCAGMCGCACUAGACUUAGMAPCUAGCGUCUUUGACGUAAGGGUPCAAGUCCCUUAUCCCCCACCA

> RL1460 [BACILLUS STEARO.] [EUBACT] [86]
GCCGAUGNGGCGGAAUDGGCAGMCGCGCACGACUMAAMAPCGUGUGGGCUUUGCCCGUGUGGGTPCGACUCCCACCAUCGGCACCA
> RL1540 [BACILLUS SUBTILIS] [EUBACT] [87]
GCGGGUGUGCGGGAAUDGGDAGACCGGCUAGAUUCAGMAPCUAGGGUCUUUAUGGACCUGAGGGTPCAMGUCCCUUCACCCGCACCA
> RL1660 [E. COLI] [EUBACT] [87]
GCCCGGANGGUGGAADCMGDAGACACAAGGGAPUNAAMAPCCCUCGGCGUUCGCGCUGUGCGGGTPCAAGUCCCGCUCCGGGUACCA
> RL1661 [E. COLI] [EUBACT] [87]
GCGAAGGUGGCGGAADDMGDAGACGCGCUAGCUUCAGNPGPUAGUGUCCUUACGGACGUGGGGGTPCAAGUCCCCCCCCUCGCACCA
> RL1662 [E. COLI] [EUBACT] [87]
GCCGAGGUGGUGGAADDMGDAGACACGCUACCUUGAGNPGGUAGUGCCCAAUAGGGCUUACGGGTPCAAGUCCCGUCCUCGGUACCA
> RL1700 [SALMONELLA TYPHI.] [EUBACT] [87]
GCGAAGGUGGCGGAADDMGDAGACGCGCUAGCUUCAGNPGPUAGUGUCCUUACGGACGUGGGGGTPCAAGUCCCCCCCCUCGCACCA
> RL2020 [RHODOSPIRIL. RUB.] [EUBACT] [85]
GCCUUUGUAGCGGAADGGDAACGCGGCAGACUCAANAPCUGCUUUGGUAACCCAGGUGGUAGTPCGACUCUCCCCAAAGGCACCA

> RL2100 [ANACYSTIS NIDULANS] [EUBACT] [87]
GGGCAAGUGGCGGAAUDGGDAGACGCAGCAGACUCAANAPCUGCCGCUAGCGAUAGUGUGUGGGTPCGAGUCCCACCUUGCCCACCA
> RL2101 [ANACYSTIS NIDULANS] [EUBACT] [87]
GCGGAACUGGCGGAAUDGGDAGACGCGCUAGAUUCAGMPPCUAGUGGUUUCACGACUGUCCGGGTPCAAGUCCCGGGUUCCGCACCA
> RK1140 [MYCOPLASMA CAPRIC.] [EUBACT] [76]
GUCUGAUUAGCGCAACDGGCAGAGCAACUGACUCUUNAPCAGUGGMUUGUGGGUPCGAUUCCCACAUCAGGCACCA

> RK1141 [MYCOPLASMA CAPRIC.] [EUBACT] [76]
GACUCGUUAGCUCAGCCGGDAGAGCAACUGGCUMUUNACCAGUGGMUCCGGGGUPCGAAUCCCCGACGAGUCACCA

> RK1540 [BACILLUS SUBTILIS] [EUBACT] [76]
GAGCCAUUAGCUCAGUDGGDAGAGCAUCUGACUMUUNAPCAGAGGMUCGAAGGTPCGAGUCCUUCAUGGCUCACCA

> RK1541 [BACILLUS SUBTILIS] [EUBACT] [76]
GAGCCAUUAGCUCAGUDGGDAGAGCAUCUGANUMUUMAPCAGAGGMUCGAAGGTPCGAGUCCUUCAUGGCUCACCA

> RK1660 [E. COLI] [EUBACT] [76]
GGGUCGUUAGCUCAGDDGGDAGAGCAGUUGACUMUUNAPCAAUUGMNCGCAGGTPCGAAUCCUGCACGACCCACCA

> RM1140 [MYCOPLASMA CAPRIC.] [EUBACT] [77]
GGCGGGGNAGCUCAGUDGGDDAGAGCGUUCGGUUCAUACCCGAAAGMUCGAGAGUPCAAAUCUCUCCCCCGCUACCA

> RM1540 [BACILLUS SUBTILIS] [EUBACT] [76]
GGCGGUGUAGCUCAGCGGCDAGAGCGUACGGUUCAUMCCCGUGAGMDCGGGGGTPCGAUCCCCUCCGCCGCUACCA

> RM1580 [THERMUS THERMOPHI.] [EUBACT] [77]
CGCGGGGNGGAGCAGCCUMGDAGCUCGUCGGGMUCAUAACCCGAAGMUCGCGGGMPCAMAUCCCGCCCCCGCAACCA

> RM1660 [E. COLI] [EUBACT] [77]
GGCUACGNAGCUCAGDDMGDDAGAGCACAUCACUMAUNAPGAUGGGMNCACAGGTPCGAAUCCCGUCGUAGCCACCA

> RF1140 [MYCOPLASMA CAPRIC.] [EUBACT] [76]
GGUCGUGUAGCUCAGUCGGDAGAGCAGCAGACUGAAMCPCUGCGUMUCGGCGGUPCAAUUCCGUCCACGACCACCA

> RF1460 [BACILLUS STEARO.] [EUBACT] [76]
GGCUCGGNAGCUCAGUCGGDAGAGCAAAGGACUMAAMAPCCUUGUMUCGGCGGTPCGAUUCCGUCCCGAGCCACCA

> RF1540 [BACILLUS SUBTILIS] [EUBACT] [76]
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GGCUCGGUAGCUCAGUDGGDAGAGCAACGGACUMAAMAPCCGUGUMUCGGCGGTPCGAUUCCGUCCCGAGCCACCA

> RF1580 [THERMUS THERMOPHI.] [EUBACT] [76]
GCCGAMGNAGCUCAGUUMGDAGAGCAUGCGACUGAANAPCGCAGUMUCGGCGGTPCGAUUCCGCUCCUCGGCACCA

> RF1660 [E. COLI] [EUBACT] [76]
GCCCGGANAGCUCAGDCGGDAGAGCAGGGGAPUGAAMAPCCCCGUMNCCUUGGTPCGAUUCCGAGUCCGGGCACCA

> RF2020 [RHODOSPIRIL. RUB.] [EUBACT] [76]
GCCCGGGUAGCUCAGCDGGDAGAGCACGUGACUGAAMAPCACGGUMUCGGUGGTPCGACUCCGCCCCCGGGCACCA

> RF2060 [AGMENELLUM QUADR.] [EUBACT] [76]
GCCAGGAUAGCNCAGUDMGDAGAGCAGAGGACUGAAMAPCCUCGUMUCGGCGGTPCAAUUCCGCCUCCCGGCACCA

> RP1140 [MYCOPLASMA CAPRIC.] [EUBACT] [77]
CGGGAAGUGGCUCAGUUUGGDAGAGCAUUCGGUUUGGMACCGAAGGMNCGCAGGUPCAAAUCCUGUCUUCCCGACCA

> RP1180 [MYCOPLASMA MYCOID.] [EUBACT] [77]
CGGGAAGUGGCUCAGUUUGGDAGAGCAUUCGGUUUGGMACCGAAGGGUCGCAGGUUCAAAUCCUGUCUUCCCGACCA

> RP1540 [BACILLUS SUBTILIS] [EUBACT] [77]
CGGGAAGUAGCUCAGCUUGGDAGAGCACAUGGPUMGGMACCAUGGGMUCGCAGGTPCGAAUCCUGUCUUCCCGACCA

> RP1700 [SALMONELLA TYPHI.] [EUBACT] [77]
CGGUGAUNGGCGCAGCCUGGDAGCGCACUUCGMUCGGMACGAAGGGMUCGGAGGTPCGAAUCCUCUAUCACCGACCA

> RP1701 [SALMONELLA TYPHI.] [EUBACT] [77]
CGGCACGNAGCGCAGCCUGGDAGCGCACCGUCMUGGGMUPGCGGGGMUCGGAGGTPCAAAUCCUCUCGUGCCGACCA

> RP1702 [SALMONELLA TYPHI.] [EUBACT] [77]
CGGCGAGNAGCGCAGCUUGGDAGCGCAACUGGMUNGGMACCAGUGGMUCGGAGGTPCGAAUCCUCPCUCGCCGACCA

> RS1140 [MYCOPLASMA CAPRIC.] [EUBACT] [90]
GGGUUAANACUCAAGUDGGDGAMGAGGACACCCUGCUNAGGUGUUAGGUCGGUCUCCGGCGCGAGGGUPCGAGUCCCUCUUAACCCGCCA
> RS1141 [MYCOPLASMA CAPRIC.] [EUBACT] [92]
GGAAGAUNACCCAAGUCCGGCDGAMGGGAUCGGUCUUGAMAACCGAGAGUCGGGGAAACCGAGCGGGGGUPCGAAUCCCUCAUCUUCCGCCA
> RS1180 [MYCOPLASMA MYCOID.] [EUBACT] [93]
GGAAGAUUACCCAAGUCCGGCDGAHGGGAUCGGUCUUGAMAACCGAGAGUCGGGGAAACCCGAGCGGGGGUUCGAAUCCCUCAUCUUCCGCCA
> RS1540 [BACILLUS SUBTILIS] [EUBACT] [92]
GGAGGAANACCCAAGUCUGGCDGAMGGGAUCGGUCUMGANAACCGACAGGGUGUCAAAGCCCGCGGGGGTPCGAAUCCCUCUUCCUCCGCCA
> RS1541 [BACILLUS SUBTILIS] [EUBACT] [89]
GGAGAAGUACUCAAGUGGCDGAMGAGGCGCCCCUGCUNAGGGUGUGUCGCGUAAGCGGCGCGAGGGTPCAAAUCCCUCCUUCUCCGCCA
> RS1542 [BACILLUS SUBTILIS] [EUBACT] [92]
GGAGAGCNGUCCGAGUGGDCGAMGGAGCACGAUUGGAAAPCGUGUAGGCGGUCAACUCCGUCUCAAGGGTPCGAAUCCCUUGCUCUCCGCCA
> RS1660 [E. COLI] [EUBACT] [90]
GGAGAGAUGCCGGAGCMGCDGAACGGACCGGUCUCGAMAACCGGAGUAGGGGCAACUCUACCGGGGGTPCAAAUCCCCCUCUCUCCGCCA
> RS1661 [E. COLI] [EUBACT] [93]
GGUGAGGNGGCCGAGAGGCDGAAGGCGCUCCCTUGCUNAGGGAGUAUGCGGUCAAAAGCUGCAUCCGGGGTPCGAAUCCCCGCCUCACCGCCA
> RS1662 [E. COLI] [EUBACT] [88]
GGUGAGGUGUCCGAGUMGCDGAAGGAGCACGCCUGGAAAGPGUGUAUACGGCAACGUAUCGGGGGTPCGAAUCCCCCCCUCACCGCCA

> RS1663 [E. COLI] [EUBACT] [88]
GGUGAGGNGUCCGAGUMGDDGAAGGAGCACGCCUGGAAAGPGUGUAUACGGCAACGUAUCGGGGGTPCGAAUCCCCCCCUCACCGCCA

> RS1664 [E. COLI] [EUBACT] [88]
GGAAGUGNGGCCGAGCMGDDGAAGGCACCGGUMUNGAMAACCGGCGACCCGAAAGGGUUCCAGAGTPCGAAUCUCUGCGCUUCCGCCA

> RT1140 [MYCOPLASMA CAPRIC.] [EUBACT] [76]
GCUGACUNAGCUCAGUDGGDAGAGCAAUUGACUAGUNAPCAAUAGMUCGAAGGUPCAAAUCCUUUAGUCAGCACCA

> RT1141 [MYCOPLASMA CAPRIC.] [EUBACT] [76]
GCUGACUNAGCUCAGCAGGCAGAGCAACUGACUUGUNAPCAGUAGMUCGUAGGUPCGAUUCCUAUAGUCAGCACCA

> RT1180 [MYCOPLASMA MYCOID.] [EUBACT] [76]
GCUGACUUAGCUCAGCAGGCAGAGCAACUGACUUGUNAPCAGUAGMUCGUAGGUUCGAUUCCUAUAGUCAGCACCA

> RT1540 [BACILLUS SUBTILIS] [EUBACT] [76]
GCCGGUGUAGCUCAAUDGGDAGAGCAACUGACUMGUNAPCAGUAGMUUGGGGGTPCAAGUCCUCUUGCCGGCACCA

> RT1660 [E. COLI] [EUBACT] [76]
GCUGAUAUAGCUCAGDDGGDAGAGCGCACCCUUGGUMAGGGUGAGMUCGGCAGTPCGAAUCUGCCUAUCAGCACCA

> RT1661 [E. COLI] [EUBACT] [75]
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GCUGAUAUGGCUCAGDDGGDAGAGCGCACCCUUGGUMAGGGUGAGMUCCCAGTPCGACUCUGGGUAUCAGCACCA

> RW1140 [MYCOPLASMA CAPRIC.] [EUBACT] [75]
AGGAGAGUAGUUCAAUGGDAGAACGUCGGUCUMCAMAACCGAGCMUUGAGGGUPCGAUUCCUUUCUCUCCUGCCA

> RWi141 [MYCOPLASMA CAPRIC.] [EUBACT] [76]
AGGGGCAUAGUUCAGUAGGDAGAACAUCGGUCUMCAMAACCGAGUMUCACGAGUPCGAGUCUUGUUGCCCCUGCCA

> RW1250 [SPIROPLASMA CITRI] [EUBACT] [76]
AGGGGUAUAGUUCAAUCGGUAGAACACCGGACUNCANAPCCGGGUMUUGUGGGUPCAAGUCCUGCUACCCCUGCCA

> RW1251 [SPIROPLASMA CITRI] [EUBACT] [75]
AGGGGUGUAGUUUAAUGGUAGAACAGCGGUCUCCANCACCGUACGUUGUGGGUPCAAGUCCUGUCACCCCUGCCA

> RW1540 [BACILLUS SUBTILIS] [EUBACT] [74]
AGGGGCAUAGUUUAACGGDAGAACAGAGGPCUCCANAACCUCCGGUGUGGGTPCGAUUCCUACUGCCCCUGCCA

> RW1660 [E. COLI] [EUBACT] [76]
AGGGGCGNAGUUCAADDGGDAGAGCACCGGUMUCCAMAACCGGGUMUUGGGAGTPCGAGUCUCUCCGCCCCUGCCA

> RY1140 [MYCOPLASMA CAPRIC.] [EUBACT] [84]
GGAGGGGUAGCGAAGUGGCDAAMCGCGGGUGGCUGUAMCCCACUUCCUUACGGUUCGGGGGUPCGAAUCCCUCCCCCUCCACCA
> RY1460 [BACILLUS STEARO.] [EUBACT] [85]
GGAGGGGNAGCGAAGUMGCUAAMCGCGGCGGACUQUAMAPCCGCUCCCUUUGGGUUCGGCGGTPCGAAUCCGUCCCCCUCCACCA
> RY1540 [BACILLUS SUBTILIS] [EUBACT] [85]
GGAGGGGNAGCGAAGUGGCUAAMCGCGGCGGACUQUANAPCCGCUCCCUCAGGGUUCGGCAGTPCGAAUCUGCCCCCCUCCACCA
> RY1541 [BACILLUS SUBTILIS] [EUBACT] [85]
GGAGGGGNAGCGAAGUGGCUAAMCGCGGCGGACUQUAMAPCCGCUCCCUCAGGGUUCGGCAGTPCGAAUCUGCCCCCCUCCACCA
> RY1660 [E. COLI] [EUBACT] [85]
GGUGGGGNUCCCGAGCMGCCAAAGGGAGCAGACUQUAMAPCUGCCGUCAUCGACUUCGAAGGTPCGAAUCCUUCCCCCACCACCA
> RY1661 [E. COLI] [EUBACT] [85]
GGUGGGGNUCCCGAGCMGCCAAAGGGAGCAGACUQUAMAPCUGCCGUCACAGACUUCGAAGGTPCGAAUCCUUCCCCCACCACCA
> RV1140 [MYCOPLASMA CAPRIC.] [EUBACT] [76]
GGAGUGUUAGCUCAGCDGGGAGAGCUCCUGCCUUACMAGCAGGCGMUCAUAGGUPCAAGUCCUAUACACUCCACCA

> RV1180 [MYCOPLASMA MYCOID.] [EUBACT] [76]
GGAGUGUNAGCUCAGCDGGGAGAGCUCCUGCCUUACMAGCAGGCGGUCAUAGGUUCAAGUCCUAUACACUCCACCA

> RV1460 [BACILLUS STEARO.] [EUBACT] [76]
GAUUCCGUAGCUCAGCDGGGAGAGCGCCACCUUGACMGGGUGGAGMUCGCUGGTPCGAGCCCAGUCGGAAUCACCA

> RV1540 [BACILLUS SUBTILIS] [EUBACT] [76]
GGAGGAUUAGCUCAGCDGGGAGAGCAUCUGCCUMACMAGCAGAGGMUCGGCGGTPCGAGCCCGUCAUCCUCCACCA

> RV1660 [E. COLI] [EUBACT] [77]
GCGUCCGNAGCUCAGDDGGDDAGAGCACCACCUUGACAUGGUGGGGMNCGGUGGTPCGAGUCCACUCGGACGCACCA

> RV1661 [E. COLI] [EUBACT] [77]
GCGUUCANAGCUCAGDDGGDDAGAGCACCACCUUGACAUGGUGGGGMNCGUUGGTPCGAGUCCAAUUGAACGCACCA

> RV1662 [E. COLI] [EUBACT] [76]
GGGUGAUNAGCUCAGCDGGGAGAGCACCUCCCUNACMAGGAGGGGMUCGGCGGTPCGAUCCCGUCAUCACCCACCA
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