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Abstract

Nucleoside modifications influence RNA dynamics and function and act in epige-
netics. However, conformational dynamics and modification enzyme recognition
of the most densely modified RNA tRNA are still ill understood. Furthermore,
the influence of the presumed covalent mechanistic inhibitor 5-fluorouridine (5FU)
on ¥ synthase enzymes, which generate pseudouridine (Y) is as enigmatic as

ever.

This uses work uses tRNAs labeled with the cyanine fluorophores Cy3 and Cy5
and applies thermophoresis and advanced fluorescence spectroscopy. A remark-
able tolerance of dye-labeling and for the detected dye Cy5 an increase of fluo-
rescence lifetime upon enzyme binding were revealed in thermophoresis bind-
ing assays. Moreover, thermophoresis assays could detect conformational differ-
ences in mutants of human mitochondrial tRNAYS and SAM biding by SAM-I
riboswitch RNA.

To elucidate the action of 5SFU-RNA on Y55 synthase TruB, thermophoresis and
time-resolved fluorescence binding assays were applied using Cy5-labeled tRNA.
In agreement with gel shift experiments all results reveal reversible binding with
a similar affinity of TruB for U55- and 5FU55-tRNA over the time span of sev-
eral hours. A reevaluation of the SDS-stable 5FU-RNA TruB complex, previously
interpreted as covalent adduct resulting from catalytic suicide action of 5FU, re-
vealed a fast complex formation in high yield even for the poor substrate U33
tRNA. More stringent incubation conditions did not change complex yield. Thus
the SDS stable band represents the initial contact of RNA and enzyme and not a

suicide adduct resulting from catalysis.
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Zusammenfassung

Nukleosidmodifikationen beeinflussen Dynamik und Konformation von RNA
und sind epigenetisch wirksam. Wenig verstanden sind konformationelle Dyna-
mik und enzymatische Erkennung von tRNA, sowie der Einfluss des mutmafli-
chen kovalenten Inhibitors 5-Fluorouridine (5FU) auf ¥ Synthasen, die Pseudou-
ridin (¥) erzeugen. Friithere Arbeiten nutzten mit den Fluorophoren Cy3 und Cy5
markierte tRNA, um diese Fragen zu adressieren.

Die vorliegende Arbeit weitet Cy3-Cy5-Markierung auf Hefe tRNA® aus und
nutzt Thermophorese und fortschrittliche Fluoreszenzspektroskopie. In der Ther-
mophorese zeigte sich eine hohe Toleranz gegeniiber Fluoreszenzmarkierung bei
gleichzeitiger Erhohung der Cy5 Fluoreszenz durch Enzymbindung. Zudem konn-
te die Konformation verschiedener Mutanten human mitochondrialer tRNALYS
und die Bindung von SAM durch SAM-I Riboswitch RNA untersucht werden.

Um etwaige Unterschiede in der Interaktion von ¥55 Synthase TruB mit Cyb5-
gelabelter U55- bzw. 5FU55-tRNA aufzudecken, wurde eine Kombination aus
Thermophorese, zeit- und polarisationsaufgeldster Fluoreszenzspektroskopie und
‘gel shift” Experimenten genutzt. Alle Ergebnisse zeigten iibereinstimmend eine
reversible Bindung dhnlicher Affinitét fiir beide tRNAs und widersprechen so-
mit einer kovalenten Inhibition durch 5FU. Folgerichtig wurde der SDS-stabile
Komplex von TruB mit 5SFU-tRNA neu evaluiert, da er bisher als kovalent inter-
pretiert wurde. Es erfolgte eine schnelle Komplexbildung in hoher Ausbeute auch
fiir schlechte Substrate, aufierdem lief3 sich die Komplexausbeute nicht durch an-
dere Reaktionsbedingungen beeinflussen. Somit kann der SDS stabile Komplex
nur den ersten, nicht-kovalenten Kontakt von Enzym und 5FU55-tRNA darstel-
len und reprasentiert kein kovalentes Addukt spéterer Katalyse.
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1. Introduction

1.1. The changing dogma of molecular biology

Completion of the human genome project definitely caused a considerable accel-
eration of research in life sciences [1]. But with the genetic code being available
in plain writing, the real challenge only began: How is this code actually put to
use, which portions of it are important and when? The question seemed sim-
ple when Francis Crick coined the central dogma of molecular biology” in 1970:
'DNA makes mRNA (messenger RNA) and mRNA makes protein” [2]. A fixed
hierarchy was established: The permanent information carrier DNA (genome),
was to be transcribed into its transient offspring RNA that functions as a tem-
plate for the synthesis of proteins, which build the actual functional elements of
life.

However, there is a necessity of dynamic gene regulation, which becomes espe-
cially apparent in the development of multicellular organisms: To cause the right
cellular differentiation specific proteins have to be synthesized in the right cells
at a specific time in a specific amount [3]. This genetic regulation is investigated
by the rapidly expanding field of epigenetics: Epigenetics describe mechanisms
that regulate gene activity, thereby affecting a cell’s fate and the development of
a whole organism without actual alteration of the genetic code [3, 4]. Since they
govern cellular fate, mechanisms of epigenetics are thought to be of paramount

importance in diseases [5].

The mechanisms of epigenetics are too numerous to be discussed here, especially
as they act reversibly on various levels (see Fig.1.1) in a complexity that war-
rants dedicated reviews for each of them [6-12]. The most enigmatic epigenetic
mechanisms may involve base modification of RNA, where bases are tuned by
adding or changing functional groups. At present about ~150 modified nucleo-

sides are known [13-15] but only the epigenetic mechanism of m®A incorporation
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in mRNA is about to be fully established (see Fig.1.1) [11].

Central dogma Chemical modifications
md’C  hmd°C
DNA
replication reversible DNA
methylation
DNA >
<
i
) . 6 6
reversible RNA mA hm'A

? methylation
—
i Translation
I

Me Ac
reversible histone
Protein methylation or acetylation
>
<
)\ g )\ g

Figure 1.1.: Epigenetic mechanisms and their action on various stages of the 'central dogma
of molecular biology'. Figure based on [7, 11, 16].

Two other modifications come into focus of epigenetics:

e m°C in tRNA was shown to promote tRNA stability and protein synthesis
in mice and in human fibroblasts [17, 18], while regulating the function of
long non-coding (Inc) RNAs [19].

¢ pseudouridine (sec.1.3), so far undetected in mRNA, has been proven to
transform stop codons into sense codons if the modification is introduced

artificially, thereby expanding the protein coding region of mRNAs[20, 21].

Riboswitches provide a gene regulation mechanism in bacteria, which can act
either co- or post-transcriptionally [22] and will be discussed in sec.1.2.3.



1.2 RNA function, conformation and dynamics

1.2. RNA function, conformation and dynamics

1.2.1. What makes RNA different from DNA and proteins

At a first glance the only difference from RNA to DNA is that adenosine pairs
with uridine in RNA, while it pairs with thymidine in DNA. However, the DNA
component thymidine monophosphate (TMP) is synthesized from deoxy-uridine
monophosphate (d{UMP) by the enzyme thymidylate synthase [23]. This rela-
tion, the discovery of first naturally occurring catalytic RNAs three decades ago
[24, 25] and other aspects make a primordial RNA world a widely accepted hy-
pothesis: RNA could have acted as the universal biomacromolecular ancestor,
being information carrier and catalytically active component at the same time
[26].

While RNA can obviously serve as information carrier in a DNA-like manner as
mRNA, it is more alike to proteins in terms of structural complexity [27] and is,
unlike DNA but like proteins subjected to, e.g., nuclear import and export [28]
and can even be edited base-specifically [29, 30]. Proteins are biopolymers con-
sisting of 20 canonic proteinogenic amino acids that can form three basic struc-
tural domains: Small side-chains prefer B sheets [31], larger side-chains prefer
« helices [32] and the amino acid proline breaks helices into unstructured loops
[33]. RNA on the other hand can access a regime of complex tertiary structure,
which is blocked to DNA, since it carries an additional 2’-OH moiety at the sugar.
This moiety organizes RNA into a different helix form than DNA and provides
an additional hydrogen bond donor and acceptor, thereby creating the basis for
numerous complex tertiary structural motives [27, 34]. For RNA conformational
dynamics are as important for functionality as they are for proteins [35], and, as
with proteins, RNA conformation and function are tuned by site-specific modifi-

cations of individual monomers in the chain [14].
1.2.2. tRNA conformation, modification and function
A particularly interesting RNA to study conformational dynamics and the influ-

ence of base modifications is tRNA (transfer RNA). Following the model of yeast
Phenylalanine tRNA (tRNAPh®), the primary structure of canonical tRNAs folds
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into a cloverleaf like shape, thereby forming the structural features of the accep-
tor stem, the D stem loop (DSL or D arm) and the T stem loop (TSL or T arm)
and the Anticodon stem loop (ASL) [36, 37]. This 2D structure (Fig.1.2a) is able
to form an additional level of tertiary interactions (Fig.1.2b) that result in a three
dimensional fold resembling the letter “L” (inset in Fig.1.2b). Here the D arm (or-
ange) and T arm (blue) fold onto each other, resulting in the elbow of the L, while
acceptor stem and anticodon stem loop form the two arms. The fate of tRNA
is to become aminoacylated with its cognate amino acid at the CCA-end (1), to
form a ternary complex with an elongation factor protein (2) and hybridize to its
cognate codon on mRNA in the ribosome (3), thereby enabling the synthesis of a
protein with a given sequence via ribosomal catalysis (4) [38]. Now tRNAs differ
in sequence and in the amino acid they are able to transfer on one hand (although
up to six isoaccepting tRNAs exist [38]), but have to adopt a similar conformation
to function in the ribosome on the other hand, while each tRNA should, ideally,
only be accepted for its cognate mRNA codon sequence.
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Figure 1.2.: Structure of yeast tRNAP"® [36]: Secondary (a), secondary with tertiary inter-
actions and three dimensional crystal structure (PDB ID 1EHZ) (b) and modified bases of
the anticodon domain (c), T stem loop (d) and D stem loop (e).

These seemingly contradictory requirements are met by conformational flexibil-
ity of tRNA. E.g., the ASL of yeast tRNAF"® differs in conformation, depending
on whether the RNA is free in solution, bound to modifying or processing en-

zymes, to its aminoacylating enzyme or whether the tRNA is acting in translation
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in the ribosome [35]. As tRNA is a ~75mer build of only four different nucleotide

monomers, the initial conformational space may seem restricted as compared,

e.g., to proteins consisting of 20 canonical amino acids [38]. But in fact more than
150 nucleoside modifications were discovered to date in RNA [13-15] and are

thought to sustain, optimize and modulate the functional conformation of the

RNA they alter [35]. The majority of these modifications is also incorporated into

tRNA [14, 39] where an especially high modification density is achieved, as the
example of yeast tRNAM® shows [36, 40] (see Fig.1.3).
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One would expect the ASL to be the most heavily modified part, as it contains
the most specific function. Surprisingly this is not true over all tRNAs, because
the D- and the T-arm contain the bulk of the modifications, resulting in a stable
3D structure, which is well protected against degradation [39]. This leads to a
half life of several days instead of minutes for less structured RNAs. In fact cor-
rect core modification is mandatory for a tRNA to take part in translation: Only
a structurally stable transcribed tRNA receives the terminal CCA, essential for
aminoacylation, by action of the CCA-adding enzyme [41], while unstable, hypo-
modified tRNAs are marked for degradation by CCA-CCA addition [42].
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Figure 1.4.: Structure [43] and nucleoside modifications [14] of human mitochondrial
tRNALeU(CUN) - Secondary cloverleaf conformation with tertiary interactions as thick lines
and nucleoside modifications (a), pseudo-tertiary structure (b) and 3D structure of canonical
tRNA [36] (c).
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Besides yeast tRN AT this work investigates human mitochondrial (hmt) tRN A
and tRNALWCUN) - Matching the hypothesized endosymbiotic origin of the or-
ganelle [44], the mitochondrial genome contains only a minimal set of tRNAs
that show varying extends of degeneration compared to the canonical secondary
and tertiary tRNA structure given in Fig.1.2 [43]. Although the modification level
of mammalian mitochondrial tRNAs is low in general and they are less stable in
structure due to a high A-U content [43], some mitochondrial tRNAs still contain
most of the tertiary interactions that are applied by canonical tRNAs to adopt the
canonical L shape, like tRNALeu(CUN) (gee Fig.1.4).
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Figure 1.5.: a Secondary structure, tertiary interactions and nucleoside modifications of hmt
tRNALYS [45]. The conformation native to unmodified tRNA is the extended hairpin given
in b [45], while Mg?* [46] and the m!A9 modification [46, 47] (marked by a red arrow in
b) promote the canonical cloverleaf conformation.

In contrast, human mitochondrial tRNAMS lacks any canonical interactions be-
tween D arm and T arm (Fig.1.5a) and the unmodified tRNA prefers an extended
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hairpin conformation instead of the canonical cloverleaf [45]. Already the intro-
duction of a single modification, m'A at position 9 (marked with a red arrow in
Fig.1.5b), leads to a significant fraction with a cloverleaf fold [47], rendering the
tRNA a particularly descriptive example for the possible structural importance

of nucleoside modifications.

1.2.3. RNA conformation in riboswitches

The development of the SELEX (Systematic Evolution of Ligands by EXponential
Enrichment) method in 1990, allowed the identification of artificial nucleic acid
aptamers for almost any ligand [48, 49]. The concept of RNA aptamers was es-
tablished in nature only one decade later: In 2002 Winkler, Nahvi and Breaker
discovered an element located in the untranslated region of bacterial mRNA ca-
pable of gene regulation upon binding of thiamine [50]. Depending on whether
the ligand is bound or not, these mRNA elements, present in bacteria in general,
function as a conformational switch that either aborts transcription or prevents
translation and were thus termed riboswitches [51]. To date a large variety of lig-
ands was discovered that either activate or deactivate the gene according to the

type of riboswitch [22].
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Figure 1.6.: Schematic representation of the types of riboswitches (figure adopted from
[22]). Binding of a purple ligand to the aptamer domain (sensor) indicated by two stem
loops stabilizes the binding competent conformation that includes a structural change in
the expression platform. Depending on the type of switch this can result in transcription
termination (red) by a rho-dependent or rho-independent terminator or ligand binding can
resolve a terminator, thereby activating transcription (green). Translation can be equally
either inhibited (red) by sequestering of the ribosome binding site (Shine-Dalgarno sequence,
SD) or it can be activated by making the SD accessible (green).
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To fulfill their task, riboswitches are composed of two parts: An aptamer domain
senses the regulatory need by specific ligand binding, resulting in conformational
adjustment of a second component, the so called expression platform [22]. As is
shown in Fig.1.6, the expression platform can serve as the actual genetic switch

by several different mechanisms.

Ribose

Figure 1.7.: Ligand binding of the SAM | riboswitch aptamer domain in a 2D projection of the
cocrystal structure [52] generated by LigPlot™ [53]. Hydrogen bonds are depicted as green
dashed lines, nucleotides surrounded by 'red eyelashes’ are involved in stacking interaction
with the ligand, shown in blue. Atoms are represented as spheres: Black corresponds to
carbon, blue to nitrogen, red to oxygen, purple to phosphate and yellow to sulfur.

Although a wide span of riboswitches have been characterized recently on the
single molecule level [54-60], this characterization was restricted to the ligand
binding aptamer domain alone. However, omitting the expression platform re-
moves the actuator and reduces the switch to a mere sensor (Fig.1.6), that is al-
ways capable of ligand binding. The difference for metabolite binding of the
whole riboswitch vs. the pure aptamer is well characterized for the Bacillus sub-
tilis SAM-I riboswitch: The RNA binds S-Adenosyl methionine with 200 nM affin-
ity, if the expression platform is included [61], while the affinity of different ap-
tamer domains varies from 4-20nM [52, 55, 61-63]. The high affinity of the ap-
tamer domain for SAM can be attributed to numerous hydrogen bonds and stack-

ing interactions formed in the interaction (see Fig.1.7).
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1.3. Pseudouridine

1.3.1. General aspects

As the previous section shows, structure and conformational dynamics are an im-
portant feature of any RNA and especially tRNAs are densely modified to fine-
tune this feature [13-15]. The longest known [64] and most abundant modifica-
tion [65] is pseudouridine (Y): The C-C-glycosidic isomer of uridine (U) is gen-
erated by enzymes called pseudouridine synthases. As is evident from Fig.1.8,
Y and U share the same Watson-Crick face (red), but the former possesses an
additional hydrogen bond donor with the NH1-imino-proton (orange). The ac-
tual advantage of pseudouridinylation is still mysterious and mostly addressed
as stabilization by “additional hydrogen bonds and base stacking” [66].

O

@)
NH J\
| ,& . NH
pseudouridine
N @] synthase A o
RNAO RNAO.
@) @)
RNAOC OH RNAOC OH
uridine pseudouridine (V)

Figure 1.8.: The formation of pseudouridine (¥) by pseudouridine synthases. The isomeriza-
tion is also indicated by the different arrangement of atom numbers in the pyrimidine ring
for ¥ vs. U. Note that both nucleosides share the same Watson-Crick face (depicted in red),
but the N1 of ¥ is no more involved in the glycosidic bond and represents an additional
hydrogen bond donor marked in orange.

Evidence accumulates, that the main structurally stabilizing effects of ¥ do in-
deed involve the NH1 imino proton: NMR revealed the NH1 of Y-A base pairs
to be located in the major groove, while being protected from chemical exchange
with solvent water [67-70], an effect attributed to water hydrogen bonds bridging
the YNHI1 to nearby phosphate oxygen atoms [71]. The resulting enhanced rigid-
ity of the RNA backbone may have been interpreted previously as ‘improved base
stacking’. Several reviews provide insight into the various proteins involved in
pseudouridine formation and into the modification’s distribution over all kinds
of RNAs [72-75].

10



1.3 Pseudouridine

1.3.2. Occurrence in tRNA

Fig.1.9 summarizes the pseudouridine sites over all tRNAs of the respective in-
dicated organisms. Although most possible occurrences cluster in the anticodon
loop, pseudouridine sites are distributed over the whole tRNA sequence, espe-

cially in the case of eukaryotic tRNAs.

a b
Escherichia coli Haloferax volcanii

tRNA

Cytoplasmic Mitochondrial
tRNA tRNA

Figure 1.9.: Pseudouridine distribution in tRNAs. a Eubacterium Escherichia coli, b archaeon
Haloferax volcanii, c eukaryote yeast (Saccharomyces cerevisiae). Modified from [75].

As Fig.1.9 shows, ¥ at position 55 in the TSL, generated by TruB in eubacteria
[76], is especially conserved. It is assumed that ¥55, contained in nearly all cy-
tosolic tRNAs [14], enhances the tertiary interaction between the D loop and the
T loop ([77], position 55 is depicted in bold in Fig.1.2).

11
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1.3.3. Effects of 5-fluoropyrimidines on RNA and DNA

Studies on the mechanism of enzymatically catalyzed reactions greatly profit
from inhibitors that resemble reaction intermediates or are converted into such
intermediates by the enzyme: Irreversible stalling of the reaction in a covalent
complex of enzyme and inhibitor can provide valuable insight in the underlying
chemistry [78].
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Figure 1.10.: Inhibition mechanism of 5-fluoropyrimidines on thymidylate synthesis [79] (a)
and methyl group transfer [80-82] (b+c). Note that the mechanism of inhibition shown in
c is similar for m®C methyl transferases acting on DNA [83].
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The anti-cancer drug 5-fluorouracil (5FUra) [84] is such a valuable mechanis-
tic inhibitor of nucleic acid modification enzymes: The drug can be converted
to dUMP (Fig.1.10 1a) and act as a covalent inhibitor of thymidylate synthase
(TS), allowing elucidation of the enzyme’s mechanism (Fig.1.10 a) [23]. In addi-
tion 5-fluorouridine (5FU) incorporated into RNA proved to be a catalytic sui-
cide inhibitor for RNA m®U methyl transferases (Fig.1.10 b), allowing again in-
sight into the enzymatic mechanism [81, 85, 86]. The cytidine analog of 5FU, 5-
fluorocytidine (5FC), was equally helpful for mechanistic investigations on m>dC
DNA methyltransferases [80, 87-89] and m°C RNA methyltransferases [90, 91].
Remarkably and in contrast to 5FU, the compound displays high toxicity only in
fungi and bacteria and not, e.g., in humans, as only the former are able to effi-
ciently deaminate 5FC to 5FU [92, 93].

Until now it is not clear, whether TS inhibition is the main therapeutic mode
of action of 5FUra [84], as more and more evidence suggests predominance of a
RNA based mode of action [94-96]. Since the most abundant modified nucleoside
in RNA, pseudouridine (Y), is equally derived from U, RNA related toxicity of
5FU may also include a yet unclear mode of ¥ synthase inhibition, as will be
addressed in the next section.

1.3.4. 5-Fluorouridine in the investigation of pseudouridine

synthases

Already early studies of ¥ synthases [97-99] reported, supposedly non-covalent,
inhibition of these enzymes by 5FU-containing RNA. Based on the action of the
drug on the modification enzymes discussed above, 5FU was ultimately pro-
posed to act as covalent suicide inhibitor of ¥ synthases [100, 101]. As ¥ is for-
mally generated by a transglycosylase reaction, i.e. cleavage of the glycosidic
bond followed by isomerization and reattachment, the nucleophilic attack of the
essential aspartate residue [73, 102] could target either the C1’ of the ribose (acylal
mechanism, Fig.1.11a) or for the C5 of the uracil in a Michael addition (Fig.1.11b),
similar to the mechanisms discussed above [101].

Surprisingly, cocrystals of 5FU-RNA with ¥ synthases did not contain the ex-
pected covalent suicide adduct of enzyme and RNA, but a hydrated and re-
arranged product of 5FU conversion, 5S-6R-6-hydroxy-5-fluoro-pseudouridine

13
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(Fig.1.11c) [76, 103-107]. Together with several reports on SDS PAGE stable com-
plexes of 5FU-RNA with ¥ synthases [101, 104, 107, 108], these findings seemed
to support the Michael addition mechanism, as the hydroxy group could result
from hydrolysis of an ester bond between enzyme and base. However, complex
disruption studies consistently showed for several enzymes, that the hydroxyl

group resulted from nucleophilic attack of water and not from ester hydrolysis
[108-110].
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Figure 1.11.: Mechanisms proposed for pseudouridine synthases: Nucleophilic attack on C1’
(a) or on C6 of the base (b). The mechanistic probe 5FU is converted into the rearranged
and hydrated compound shown in c.

With this discovery both mechanisms were again equally compatible with liter-
ature, as both could result in compound 2 given in Fig.1.12. With U-RNA the
last step could formally be imin enamin tautomerism (rather: abstration of R=H
by a base and simultaneous protonation of the nitrogen by another base) to gen-
erate pseudouridine (compound 3), while nucleophilic attack of water in case of
5FU would generate 5S-6R-6-hydroxy-5-fluoro-pseudouridine (compound 4). In
a recently published cocrystal structure of ¥ synthase RIuB with 5FU-containing
RNA, nucleophilic attack on compound 2 was not launched by water but by a
non-essential tyrosine [105, 111] of the enzyme, generating a covalent ether bond
between RNA and enzyme (compound 6). Although, eventually, the long sought
after structure of a covalent 5SFU-RNA ¥ synthase complex was solved, it did not
turn out to be a catalytic suicide complex in the classical sense: Instead of stalling

the reaction it was an alternative final product.

Miracco and Mueller recently performed an extensive NMR study on the prod-
ucts of 5SFU-RNA turnover by E. coli TruB [112], a rare event in the RNA field

due to the high material consumption of such experiments. To render matters
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even more complicated, TruB generated two products that were isomerized at
the C1’ of the ribose: 75% of the product was in the usual ribo form (compound
4), and 25% was in the arabino form (compound 5). This surprising generation
of anomers was and still is a strong indicator for a mechanism involving attack
at C1’ (Fig.1.11a). Since an equivalent anomerization was so far not reported for
the generation of pseudouridine (Fig.1.12, compound 3), the study resulted in the
proposal of a third ‘glycal’ mechanism to account for the different products of U

and 5FU turnover.
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Figure 1.12.: Products generated from conversion of compound 2 in the presumed last step
of ¥ formation [113]. Note that gray-shaded compound 5 [112] has to be generated by
different route.

All in all, the use of 5FU in investigations of ¥ formation brought confusing re-
sults so far: Some enzymes, such as E. coli TruA [100, 101, 110] and RIuA [108],
seem to be strongly inhibited by 5FU-RNA and do form a SDS-stable complex.
E. coli TruB contradicts this trend: The enzyme is only modestly inhibited by
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5FU-RNA and does not form a SDS stable complex [108]. Still all three enzymes
convert 5FU into compound 4, as does TruB of Thermotoga maritima, which again
forms an SDS stable complex [104]. Although E. coli TruB was reported to gen-
erate anomers from 5FU [112], equivalent products were neither contained in
the respective cocrystal [76], nor reported in other crystallographic studies [103—
105, 107, 114]. In general studies of ¥ synthases suffer from total failure of the
mutagenesis approach usually applied to identify catalytic amino acid residues,
that in turn allow conclusions on the mechanism: Only the catalytic aspartate
proved essential, while mutating other residues usually results only in a mod-
est decrease of activity [102, 115, 116]. Recently the conserved basic active site
arginine R181 of E. coli TruB proved to be important for catalysis, but inability to
assign a specific role in chemistry prevented mechanistic insight [117].

1.4. Sensitivity of cyanines towards their biomolecular

environment

1.4.1. Protein induced fluorescence enhancement of cyanines

In contrast to other dyes, cyanines are almost unaffected by amino acid related
quenching [118]. However, already in early experiments involving cyanine dyes
as protein labels, an increase of fluorescence lifetime, as well as bathochromic
spectral shifts have been observed [119, 120]. In single molecule experiments
fluorescence showed strong dependence on the dye label positions: Quantum
yields of 31-48% were obtained, depending on which of the protein’s cysteine
residues was used for dye attachment [121]. This implies highly specific dye
interactions with a given protein environment, that in turn specifically influence

the quantum yield.

While similar bathochromic spectral shifts can be caused by dissolving free dye in
less polar solvents [120, 122, 123], an increase of fluorescence lifetime is facilitated
by increasing solvent viscosity [120, 123, 124]. In accordance with this principle,
the ability of a Cy3 nucleic acid label to sense protein proximity is attributed to

protein induced enhancement of the dye environment’s local viscosity [125].
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It is established that the protein/viscosity induced fluorescence lifetime increase
of cyanine dyes is caused by a reduced isomerization rate to a non-fluorescent cis-

form, the main non-radiative decay route of cyanines (see Fig.1.13a) [122-124].
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Figure 1.13.: Protein influence on spectroscopic properties of cyanine dyes. a Energy diagram
of the photophysics of the cyanine Cy5: If the dye is flexible enough to form a twisted
intermediate, photoisomerization may result in a non-fluorescent cis-isomer [124] (figure
modified from [126]). b BamHI binding does not influence a Cy3 label 15 base pairs (green
ellipsoid) away, but the dye's fluorescence lifetime increases the nearer the protein gets
(inspired by [125]).

The so called “protein induced fluorescence enhancement’ (PIFE) inherent to cya-
nine dyes found wide application in experiments on nucleic acid motor pro-
teins, as reviewed in [125]. In such experiments the nucleic acid substrate was
labeled, usually with the particularly responsive cyanine Cy3, resulting in a "typ-
ical” intensity increase of 2-2.5-fold upon protein binding [125]. This effect proved
strongly distance dependent in single molecule experiments: For a label distance
of 1-10 base pairs from the protein recognition site, the increase decayed from
2.6-fold to 1.3-fold, indicating a narrow sensitivity range of 0-4 nm [127]. Still
the underlying physical effects await further clarification: Only a connection to
the above mentioned cis-trans-isomerization is strongly suggested, since the non-
isomeriazble cyanine dye Cy3B does not show any PIFE [127]. Neither the nature
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and specificity of dye protein interactions resulting in PIFE, nor their possible
dependence on amino acid sequence were addressed to this date [125].

1.4.2. Interaction of cyanine fluorophores with nucleic acids

Environmental sensitivity of cyanines is better understood for dye nucleic acid
interactions than for proteins. Sulfocaynines Cy3 and Cy5, which are used in this
work, stack on a DNA helix if they are attached to the 5" end, an effect which is
relatively independent of whether a long or a short tether is used for dye attach-
ment [128-131].
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Figure 1.14.: Influence of single nucleotides or DNA attachment on the fluorescence lifetime
of Cy3. a lsomerization to the non-fluorescent cis-form results in a short fluorescence
lifetime and low quantum yield of the free dye [124]. b Cy3 interaction with free monomeric
dNTPs (indicated by vertical lines) at >80 mM concentration results in enhanced fluorescent
lifetime by reducing cis-isomerization, while purines have a significantly larger effect [132].
Interaction of a Cy3 label with DNA is highly dynamic, but also specific for the label
environment [133-135]. Note that Cy3 incorporated into the DNA backbone is doubly
linked but is, surprisingly, still capable of cis-isomerization, resulting in an intermediate
fluorescence lifetime [136].
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This interaction results in an increase of fluorescence lifetime by reduced cis-
isomerization [123], while interactions are dynamic in nature [133, 137]. In fact
the fluorescence lifetime of Cy3 is sensitive to the exact form of dye attachment or
the presence of free ANTP, as is summarized in Fig.1.14. Note that the existence

of more than two (long and short) lifetime components is not included for clarity.

The fluorescence of single stranded 5’-Cy3-labeled DNA exhibits a highly com-
plex sequence dependency: Sensitivity to a single base pair change (or removal)
exists, purines increase fluorescence lifetime, while highly rigid sequences de-
crease fluorescence lifetime [134]. Remarkably, cyanine dyes attached to the 3’
end of a 16mer RNA helix via a 3-Carbon-linker approach free rotation, at least
in MD and Monte Carlo simulations [138].

Obviously, even the simple model systems presented above, mostly consisting of
structurally limited DNA, show a range of complex, in part cooperative and in
part pleiotropic, effects on the fluorescence of the Cy3 label. Studies on RNAs of
more complex structure that are internally labeled at the base are lacking how-

ever, although they would be highly relevant for this work.

1.5. Theory of Microscale Thermophoresis

1.5.1. General Theory

In 1856 Carl Ludwig discovered that the salinity of an aqueous solution changes
site-specifically if one applies a temperature gradient [139]. This coupling be-
tween heat flow and mass flow is known as Soret effect and movement of molecu-
les in a temperature gradient is termed thermophoresis [140]. Now, almost 200
years later, it is established [141], that thermophoresis is a linear drift response.
The velocity of this drift depends on the nature of the particle under investigation

and the strength of the temperature gradient VT

v=—DrVT (1.1)

with v describing the particle’s drift velocity and Dt being the thermophoretic
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diffusion coefficient. Typical thermophoresis experiments apply temperature gra-
dients of only 1-3K, rendering the temperature dependence of the Einstein rela-
tion insufficient to fully account for the effect [140]. Rather, thermophoretic dif-
fusion counteracts Brownian diffusion until a steady state is reached, where the
thermophoretic flux jrp and the counteracting Brownian motion jp balance each
other. For low analyte concentrations this can be described as

j=jrp+jp = —cDrVT - DVc =0 (1.2)

here D is the Brownian diffusion coefficient and V¢ is the concentration gradient
generated by thermophoresis. Conversion and integration results in a description
of the change of an initial concentration cy caused by thermophoresis:

£ = exp(—SrAT) (1.3)
€o

The Soret coefficient St = % describes both direction and magnitude of ther-
mophoretic diffusion that are specific to a certain analyte: Usually the analyte
is depleted by thermophoresis, but accumulation is equally possible [140]. For
small temperature gradients and small concentrations as they are applied in the
Nanotemper measurements of this work, Eq.1.3 is valid [140]. In a microscale
thermophoresis experiment the equation describes the concentration change achie-
ved at the balancing point of Brownian and thermophoretic diffusion for a tem-
perature difference AT [141]. Under these conditions, the Soret coefficient St and
therewith the magnitude, as well as the direction of thermophoresis is influenced

by several properties of analyte, buffer and experimental conditions [141]:

(1) Surface area, (2) hydration entropy, (3) effective charge, (4) debye length (in-
versely proportional to ion concentration/ionic strength), (5) temperature (in-
verse proportionality)

One should be aware that changing the above mentioned properties can influence
the Soret coefficient independently of actual analyte properties. For nucleic acids
the influence of ionic strength is of special interest, as structure of nucleic acids
changes with ion concentration [142]. However, influence of ionic strength on

thermophoresis of nucleic acids is not fully understood at present [143].
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1.5 Theory of Microscale Thermophoresis

1.5.2. Experimental Implementation

Thermophoresis measurements usually appear in this work as shown in Fig.1.15.
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Figure 1.15.: Readout and analysis of MST titrations. a In the beginning the initial fluores-
cence is recorded (light blue left), which decreases slightly over time due to bleaching of
the fluorophore. After activation of the IR laser, a very fast decline in fluorescence can be
observed, which is termed T Jump (dark blue left) and is caused by a decrease in fluorophore
quantum yield with rising temperature. Subsequent to this jump typically a slow decrease
of fluorescence, caused by thermophoretic depletion of the labeled molecules, follows (red),
until thermophoresis is balanced by Brownian motion ('steady state’, yellow). Stop of heat-
ing results in a reverse T Jump and an eventual reversion of thermophoretic depletion by
Brownian diffusion (backdiffusion, light blue right). b-f Several signals can be extracted
from MST curves that are potentially sensitive to binding in a titration series. The signals
differ in their physical background, with 'thermophoresis being the usual readout.

21



Chapter 1 Introduction

Each measurement starts with the recording of initial, thermophoresis-free flu-
orescence (first 5 seconds in Fig.1.15a). At a time point specified by the user
(usually 3-5 s) an IR laser starts to heat the observation volume with an intensity
specified by the user ('start of heating” in Fig.1.15a). The first ~0.5-1s following are
dominated by strong effects directly related to heating of the solution. This phase
is termed temperature jump (T jump), since it is (usually) characterized by a fast
and pronounced decrease in fluorescence intensity. Due to the elevated temper-
ature thermal relaxation pathways are favored, which results in a reduced quan-
tum yield of the fluorescent dye [140]. In consequence, thermophoresis curves
only conform to Eq.1.3 after the T jump: In the example in Fig.1.15a analyte con-
centration and therewith fluorescence signal decrease exponentially (seconds 5-
~41 in Fig.1.15a), until the steady state implied by Eq.1.2 is established at ~45 s
(yellow range in Fig.1.15a).

At a user-specified time point the IR laser is switched off and an inverse T jump
occurs due to cooling, followed by a backdiffusion phase (seconds ~50-55 in
Fig.1.15a). The actual readout of one thermophoresis curve is a single fluores-
cence intensity value that is determined as a ratio. As is shown in Fig.1.15b-f, this
ration can be determined from different phases of a thermophoresis curve, which

differ in the nature of their sensitivity to binding [140]:

* changes of the dye’s local environment by binding can render initial fluo-
rescence sensitive to binding (Fig.1.15b)

* Tjump is only responsive to binding, if the temperature response of the dye
is changed by the interaction of interest (Fig.1.15c)

* thermophoresis depends on size, charge and hydration (Fig.1.15e)

* backdiffusion (Fig.1.15f) can only reflect larger changes in hydrodynamic
radius, as they are caused by association of macromolecules or by extensive

conformational changes

Due to these differential sensitivities, comparison of different thermophoretic
readouts can allow conclusions on the monitored interactions that go beyond
mere affinity analysis [140]. However, a comprehensive interpretation of the ad-
ditional information content inherent in microscale thermophoresis data is just

beginning.
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2. Goal of this Work

About ~150 RNA modifications are known to date and their number can be ex-
pected to increase in future [13-15]. At least m®A [11] and m°C [17-19, 144] are
implied in epigenetic mechanisms, while evidence accumulates suggesting an
epigenetic importance of pseudouridine [20, 21]. The chemical sophistication of
some modifications even implies a role in sensing and transducing the metabolic

state of the cell [145], a strategy generally applied by bacterial mRNAs [22].

Even in times when research focusses on the complex regulatory networks of
epigenetics long-standing foundations are far from being fully understood: The
highest modification density is inherent in tRNA [14], an RNA investigated for a
long time. However, even here modifications seem to underlie complex, in part
pleiotropic and partly cooperative mutual influences [146]. One would expect
modification enzymes to be the best sensor to address the need for a given mod-
ification, but substrate enzyme interaction remains quite enigmatic for tRNA in
particular: Cocrystals of enzyme and RNA, if available at all, are mostly limited
to small parts of the whole tRNA, for technical reasons (e.g. [76, 147]). Such
minimal substrates are also widely used in turnover studies [148-151]. This re-
stricts knowledge on how a whole tRNA molecule is recognized by modifica-
tion enzymes mostly to docking models [76, 147, 149, 152-154], although the few
available full cocrystals imply significant alterations in tRNA conformation upon
protein binding [155, 156].

This work seeks to improve the understanding of enzyme tRNA recognition and
of RNA conformation by connecting three techniques so far highly underrated in
RNA research: (1) The environmental sensitivity of cyanine dyes, so far only ap-
plied to nucleic acid motor proteins and to DNA models [123, 125], (2) advanced
spectroscopy to profit most from this sensitivity and (3) fluorescence based mi-
croscale thermophoresis, which is sensitive to changes in hydration, charge and

size which could be induced by protein binding and/or conformational changes
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Chapter 2 Goal of this Work

in the RNA [140].

In the first section of this thesis investigates the applicability of microscale ther-
mophoresis (MST) towards enzyme interaction with tRNAs that are labeled with
cyanines at different positions. These studies are complemented by MST studies
on tRNA conformation. In a brief excursion conformation of tRNA and tRNA ri-
bosome interaction are investigated by single molecule FRET. A particular focus
lies on interaction of pseudouridine synthase TruB with U55- and 5FU55-tRNA:
A comprehensive characterization of this interaction is sorely needed, as more
and more evidence accumulates that 5FU may not be the hoped for mechanistic
covalent suicide inhibitor of the enzyme [108, 110]. Instead, it seems to be turned
over by the enzyme, but by a different chemical mechanism than for the reaction
of U [112]. These recent discoveries render the enzymatic mechanism of pseu-
douridine formation as enigmatic as ever already ~60 years post its discovery
[64].
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3. MST on RNA

3.1. Evaluation of RNA protein interactions

3.1.1. MST detects binding of many tRNA modifying enzymes

To test the general suitability of Microscale Thermophoresis (MST, see sec.1.5) for
RNA-protein interactions, a yeast tRNA® construct carrying the fluorescent la-
bels Cy3 at G3 in the acceptor stem and Cy5 at U33 in the anticodon loop was gen-
erated by splinted ligation techniques [157, 158] (Fig.3.1). Five different modifi-
cation enzymes were tested independently for tRNA affinity in MST titrations
(Fig.3.1), with the highest concentration being in the double digit pM range.

Figure 3.1.: Yeast tRNAP" in gray ribbon representation (PDB ID 1EHZ), fluorophore labeled
bases depicted as spheres: Cy3 green, Cy5 red. Possible substrate sites of the enzymes used
in this screen represented as color coded, full chemical structures [153, 159-161]. Crossed
reaction arrows depict positions with non-substrate bases or the wrong recognition elements
for pabTrmi, [162].
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Chapter 3 MST on RNA

As is evident from Fig.3.1, the screen comprised of three different enzyme classes
from two domains of life: m! A methyl transferase Trmi from the Archaeon Pyro-
coccus abyssii (pab), pseudouridine synthase Pus4p and m°C methyl transferase
Trm4p from the lower eukaryotic fungi yeast or Saccharomyces cerevisiae (sc) and
two enzymes of two higher eukaryotes: Pseudouridine synthase Puslp from Mus

musculus (m) and m°C methyl transferase Dnmt2 from Homo sapiens (h).

RNA in constant concentration was titrated with increasing amount of protein
and, following 30 min incubation at room temperature, subjected to MST ex-
periments performed by Cy5 excitation and detection. Thermophoresis curves

resulting from these experiments are shown in Fig.3.2.
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Figure 3.2.: MST Traces of the protein screen. Normalized curves are given for titration of
yeast tRNAPPe with hDnmt2 (a), scTrm4p (b), mPuslp (c), pabTrmi (d), scPus4p (e) and
a representative example of unnormalized data (from scPus4p) (f). The increase of protein
concentration is suggested by a wedge.

For all proteins investigated an increase of protein concentration coincides with
a decrease in thermophoresis depletion (meaning normalized fluorescence, see
Fig.3.2a-e). The curves of scPusdp, scIrm4p and mPuslp (Fig.3.2b, ¢, e) show
two saturation phases at similar intensity levels, separated by a more or less steep
transition: High thermophoresis depletion (= fluorescence decrease) for unbound
and mostly unbound tRNA and low thermophoresis depletion for high degrees of
protein binding. The experiments for pabTrmi (Fig.3.2d) and hDnmt2 (Fig.3.2a)
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3.1 Evaluation of RNA protein interactions

diverge from this trend: The pabTrmi traces show prominent fluctuations that
may indicate severe aggregation of the homo-tetrameric protein [163]. To unam-
biguously identify aggregation as cause for the fluctuations, experiments with
fresh, gelfiltrated protein preparations would be needed. The Dnmt2 titration
differs concerning the range of thermophoresis: All tritration sets achieve ther-
mophoresis of ~0.8 for the highest protein concentration, except hDnmt2, where
the highest protein concentration yields a thermophoretic decrease to 0.7x of the

initial fluorescence.

Fig.3.2f shows unnormalized MST curves of scPus4p that are representative in
their trend for all experiments: Absolute fluorescence intensity increases with in-
creasing protein concentration and thus with protein binding. Fig.3.3 shows the
increase of the fluorescence intensity of the highest protein concentration nor-
malized to the fluorescence intensity of RNA alone (100%) for all five enzymes
investigated. This intensity increase can be observed in absence of thermophore-
sis effects (meaning at a temperature gradient of zero) in the beginning of each
measurement (seconds 0-5 in Fig.3.2f). For all enzymes investigated the protein-
related intensity increase ranges from 175-345% of the RNA only intensity. A
weak correlation is evident in such that two enzymes modifying the ASL, where
the Cyb5 label is located, namely mPuslp and scTrm4p (Fig.3.1), cause the largest

fluorescence increase upon binding.
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Figure 3.3.: Percental increase in fluorescence of the U33-Cy5 label (located in the anticodon
loop) upon protein binding, compared to RNA only intensity. Enzymes were grouped ac-
cording to their site of action. Error bars represent the SD of a duplicate measurement in
the same experiment.
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Chapter 3 MST on RNA

This effect, termed ’protein induced fluorescence enhancement’ (PIFE), enabled
the use of the related cyanine Cy3 as sensor for protein proximity, as was re-
viewed recently in [125]. For Cyb5 similar effects are caused by non covalent [120],
as well as covalent [124] binding of proteins.

The weak nature of the correlation visible in Fig.3.3 may be accounted for by the
different amino acid sequence and structure of the proteins investigated: These
differences should result in qualities of dye-protein interaction that are unique for
a given protein as is, in consequence, the PIFE. Matching to the simplified "prox-
imity hypothesis’, pabTrmi, the enzyme with the most distant modification site
(see Fig.3.1), causes the lowest intensity increase. The, in comparison to mPuslp
and scTrm4p, small effect of hDnmt2, acting on ASL residue 38 (Fig.3.1), may be
explained by incomplete binding evident from the raw data in Fig.3.2e.

960 =

L O Dnmt2
930 - O scTrmdp
4 B scPusdp
900 — mPuslp
S J O pabTrmi
8 go4—1—8—8—7g81o 5§
2 b
& 8404
Q810 -
o
£ d
o 780
e
= d
750 = &
720 -
T T T T =TT T T
1 10 100 1000 10000 100000

Figure 3.4.: Enzyme tRNA binding isotherms as determined by MST. Note that for pabTrmi
the back diffusion regime is shown, generating a large y-offset compared to the other curves.
Sets with error bars were measured in duplicate during the same experiment. Fits to the
Hill equation are shown by solid lines.

Analyzing, plotting and fitting the raw data of Fig.3.2 for the '"MST regime’ (see
sec.1.5) results in the titration curves shown in Fig.3.4. Other ways to analyze
thermophoresis curves, as they are described in sec.1.5, were equally suitable,
as is discussed in sec.A.1.1. Note that for pabTrmi (Fig.3.2d and purple open
squares in Fig.3.4) the back diffusion regime had to be analyzed to minimize
the impact of protein aggregation on analysis (see sec.1.5 for elaboration on this

analysis). Presumably due to this different analysis, the pabTrmi titration curve

28



3.1 Evaluation of RNA protein interactions

possesses a high y-offset compared to the other titration curves. For the other
four enzymes the y-offset and the y-range from no binding (RNA only) to nearly
full binding differs due to a different magnitude of thermophoresis effects. Solid
lines represent fits to the Hill equation, that were applied since a fit to a simpler

binding model did not converge:

1
Fraction bound = (3.1)

1+ Kd/([CProtein]n)

The Hill coefficient n describes the sigmoidicity of the curve, which is visible
from plots as the steepness of the transition from RNA only to nearly fully bound
signal. Traditionally, n is interpreted as an estimate for the number of ligand
binding sites in a protein, a procedure that is only valid for positive cooperativity
[164]. The fits yielded Hill coefficients 2 < n < 5, see Tab.3.1. The highest
value, n = 4.44 , was obtained for the oldest preparation, scPus4p (see Tab.3.1
and Fig.3.4) yielding an apparent EC50 of 3439 £ 149 nM. RNA contaminating
the protein preparation, evident from Ajgqp/ Azgp = 1.48, is assumed to contribute
to this apparent deviation from a 1:1 binding model. However, due to a lack of
protein RNA cocrystal structures for all cases, a 1:1 binding remains to be proven.
Even crystals of the RNA free protein, lending some support to a 1:1 binding
model, are only available for pabTrmi [163], the human homolog of mPuslp [154]
and hDnmt2[165].

Table 3.1.: Results of a screen for protein binding using microscale thermophoresis. EC50
values and Hill coefficients n were determined from fits to the Hill equation. Errors are stan-
dard errors of the fit, while underlined values were determined twice in the same experiment.
For pabTrmi values in parenthesis result from a fit to the backdiffusion regime.

’ Protein ‘ age/y ‘ modification yeast tRNAPhe gubstrate? ref. EC50 / nM n
scTrm4p 5 m°C34, 40, 48, 49 bad substrate [160] 18804108 2.6340.151
scPus4p 7 Y55 yes [161] 3439+149 4.444-0.20
mPuslp 6 Y27+28 scPuslp binds [159, 166] 1410£71 3+0.151
hDnmt2 4 m®C38 no [153] 23504195 | 3.23+0.268
pabTrmi 5 m! A58+59 no [162] 662 (1087) | 31.1(2.57)

As is evident from Tab.3.1, affinity of the tRNA modification enzymes investi-
gated does not reflect, whether the tRNA is substrate or not: All enzymes investi-

gated show pM affinities. E.g., the homo tetrameric enzyme pabTrmi methylates
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Chapter 3 MST on RNA

either A58 or A59, requiring an additional A 5 of the modification site [163]. Al-
though this sequence prerequisite disqualifies yeast tRNAF"® as a substrate, the
RNA is bound with the highest affinity determined. Although the Dnmt2 titra-
tion curve determined here lacks saturation the determined affinity falls within a

previously reported range of K; ~ 1 — 6 tM [153].

Although all protein preparations used were of advanced age, all enzymes inves-
tigated were found to bind yeast tRNAP"® with reasonable affinity, independent
of whether they treat the tRNA as substrate or not. The results demonstrate a
universal applicability of MST in RNA-protein interaction studies (1), that MST
is fast in assessing protein aggregation (2), an expected low binding specificity of
tRNA modifications enzymes (3), the suitability of protein induced fluorescence
enhancement (PIFE) typical for cyanine dyes [125] as a fast screen for interactions
(4) and, presumably, an improvement of the MST signal by PIFE (5).

3.1.2. Influence of dye labels on tRNA upon TruB binding

The tRNA recognition mechanism of ¥ synthase TruB of Thermotoga maritima is
unknown to date. Mutagenesis studies established size and shape of the tRNA
T stem loop (TSL) as main recognition element, rendering the isolated TSL an
equally good substrate as whole tRNA [148]. In consequence several available
cocrystal structures contain only this minimal substrate [76, 103-105, 167], re-
stricting information on TruB-tRNA recognition to a docking model resulting
from such a minimal substrate cocrystal (Fig.3.5) [76].

To probe for tRNA-enzymes interactions involved in TruB-tRNA recognition,
the fluorescence labels Cy3 and Cy5 were distributed over the tRNA surface by
splinted ligation techniques [157, 158]! (sec.7.2.1). Fig.3.5 shows the label distri-
bution: Cy3 in the acceptor stem at G3 and U7 or in the D loop at U17, Cy5 either
at U33 in the anticodon loop or at C49 at the 5" edge of the TSL minimal sub-
strate. In an attempt to trap a covalent intermediate of tRNA-enzyme interaction,
the putative covalent inhibitor of ¥ synthases, 5-fluorouridine (sec.1.3.4), was
placed en lieu of the canonical uridine at substrate site 55. For comparison two
constructs were also investigated as U55 variant lacking the assumed inhibitory

properties.

1Yeast tRNAPhe constructs were in part synthesized by Roman Teimer [168].
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3.1 Evaluation of RNA protein interactions

u33

Figure 3.5.: Docking model of E. coli TruB (gray surface) to yeast tRNAP"® (dark gray
cartoon) [76]. The enzyme's minimal substrate is shown in orange, the substrate position
U55 (or 5FU55) is shown as purple sphere and the used dye labeling positions are depicted
as either green (Cy3) or red (Cy5) spheres.

Enzyme-RNA interaction was assessed by MST titration experiments of tRNA
with protein, protein binding was already visible from raw MST data (Fig.3.6).

a b c
| L. n

1.05 ~a 1.05 o 1.05 o
] @ ]
g 1.00 % 1.00 e 1.00
8 095 133 3 095 33 8 095 laz
2 090 £ 090 2 ow
2 085 2 085 2 085
§ oo @ 080 § o080
s 075 g 0.75 s 075
€ on £ o7 £ ono
Z 065 Z 065 Z 065

0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time /s Time /s Time /s
d e f l

, 105 | ) o, 105
g 1.00 *\:9 8 g .
g 09 c49 g 2
2 0.90 2 g
S o o
2 085 S =
§ 0.80 “-05, §
5 075 N ®
€ om0 £ £
Z 065 [=} =

. =

0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time /s Time /s Time /s
Figure 3.6.: Normalized thermophoresis curves of tRNA-TruB interaction. The dye combi-
nations are indicated by small cartoons with Cy5@C49 located at the edge of the enzyme’s
minimal substrate shown in orange. Note that panel f represents the U55-variant of ¢ and
that U17-C49-U55 showed similar traces as the 5FU55 counterpart (see appendix).
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Chapter 3 MST on RNA

The pronounced smoothness of the MST curves, compared to curves of other
proteins in this work, is attributed to superior sample homogeneity achieved by
the use of gel filtration (sec.7.3). In addition the protein is assumed to be less
prone to aggregation due to its thermostability [169]. The position of the Cy5
label causes the most striking difference in the raw data: Curves with U33 are
mostly located in either the low binding regime (~0.65-~0.75) or the high binding
regime (~0.85-0.9) and do not reach a similar end value for all curves in the back-
diffusion regime (Fig.3.6a-c+f). In contrast curve sets representing a label at C49
do not show a gap between 0.75 and 0.85 and all reach similar end values in the
backdiffusion regime (Fig.3.6d+e).

Titration curves resulting from analysis of the ‘"MST regime’ (see sec.1.5) in the
raw MST data of Fig.3.6 are shown in Fig.3.7a for Cy5-U33 constructs and in
Fig.3.7b for Cy5-C49 constructs. Other ways to analyze thermophoresis curves,
as they are described in sec.1.5, are equally suitable, as is discussed in sec. A.1.2.3.
All curves given in Fig.3.7 yield reasonable fits to a 1:1 binding model with affini-
ties depending mainly on the position of the Cyb5 label: The U33 label shows a
slightly higher affinity than the C49 label. Surprisingly a comparison of 5FU55-
and U55-tRNA variants does not confirm the suspected tight, probably covalent,
interaction of S5FU55-tRNA with TruB.
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Figure 3.7.: MST titration curves of tRNA TruB interaction. Constructs are sorted by Cy5
labeling site: Either at U33 (a) or C49 (b). Solid lines represent fits to a 1:1 binding model.

Fig.3.8a shows the Ky’s resulting from the fits in Fig.3.7 spanning a range of 20-
100 nM. The 2-5x weaker binding of the C49 label 5FU55 variant, compared to the
U33 label, reflects the C49 label’s location in the enzyme’s minimal substrate [148]
(Fig.3.5). In contrast positioning of the Cy3 dye, as well as position dependent
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3.1 Evaluation of RNA protein interactions

labeling-chemistry (see Appendix), seem to have only minor influence on enzyme

affinity.

The "Protein Induced Fluorescence Enhancement’ (PIFE) typical for Cyanine dyes
(sec.1.4.1), an effect already observed in this work for other tRNA modification
enzymes in sec.3.1.1, was equally observable for the tRNA-TruB interaction. Fig.3.8
b shows the percental increase of Cy5 fluorescence for >90% TruB binding com-

pared to the RNA only intensity.
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Figure 3.8.: Results of MST titration of various yeast tRNAP"® FRET constructs with TruB.
Error bars represent the SD of duplicates. a Dissociation constants resulting from fitting a
1:1 binding model to MST data. Values are grouped for Cy5 label position and substrate
site. b Relative increase of Cy5 fluorescence for >90% binding compared to the RNA only
fluorescence intensity.

For all constructs the intensity increase spans a range of ~40-60%. The observed
fluorescence increase of the C49 label is 0.2-0.3x lower than for the U33 label. Two
scenarios would explain this difference in responsiveness: Either the U33 label in-
teracts with TruB to a higher extent than the C49 label, or TruB binding induces a
change in the tRNA’s conformation that enhances fluorescence of the U33 label.
Increased dye-protein interaction for the U33 over the C49 label is improbable for
two reasons: The docking model shown in Fig.3.5 does not imply any interaction
of TruB with U33 and the positively charged, tRNA-binding competent surface of
TruB [76, 103] does not seem to allow TruB to bind the tRNA in another orienta-
tion than suggested by the docking model. In consequence it seems unlikely that
the enzyme could interact with substrate position in the T loop and the anticodon

loop, containing the U33 label, at once.
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Chapter 3 MST on RNA

However an unlikely event tends to come with unusual features: Provided the
TruB bound tRNA is significantly distorted, the enzyme could interact with U33
and U55/5FU55 at once. Such a conformational distortion is, e.g., evident in
the so called 'lamda tRNA’ bound to the tRNA modification enzyme archaeosine
tRNA-guanine transglycosylase [155]. The enzyme modifies G15 in the D loop
and thus shares a feature with TruB: To gain access to their substrate site both
enzymes have to dislodge D stem loop and T stem loop by disrupting tertiary in-
teractions. A docking model suggests that TruB and archaeosine tRNA-guanine
transglycosylase could simultaneously bind to the same tRNA molecule [155].
Yeast tRN AP is indeed capable to adopt lambda RNA conformation by extend-
ing the anticodon stem with base pairs of D stem and variable loop. Details of
lambda RNA and the possible impact of tRNA labeling on TruB action, U55 vs.
5FU55, as well as the enzyme’s influence on the dye labels spectroscopic proper-
ties are investigated in more detail in chapter 4.

In summary MST showed that TruB binds five differently dye labeled tRNA, two
of which were tested as 5FU55 and U55 variants, with similar affinity (up to five-
fold). Neither a significant inhibitory effect of 5FU55 over US55, nor an effect of
the Cy3 labels on enzyme binding could be detected. The Cy5 labels do influ-
ence enzyme tRNA interaction with Cy5-U33 labeled tRNA possessing a slightly
higher affinity.

3.1.3. MST to evaluate binding mode of Mouse ¥ synthase |

The Puslp family of ¥ synthases is of particular scientific interest: A mutation
in the human PUS1 gene causes "Myopathy and Sideroblastic Anemia” (MLASA)
[170, 171], and modification by Puslp is involved in nuclear receptor signaling
[172-174]. Pusl enzymes are extremely versatile concerning their substrate po-
sitions and they act on various different types of RNAs [173, 175-177]. How the
enzymes recognizes different substrate positions, situated in different structural
contexts, is poorly understood to date. For tRNA as substrate, a mutagenesis
approach coupled to the determination of enzymatic turnover by the human ho-
molog hPuslp allowed the identification of a minimal substrate [178]. This mini-
mal substrate contains tRNA nucleotides 26-65 (blue/yellow in Fig.3.9).
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3.1 Evaluation of RNA protein interactions

To shed light onto the tRNA binding mode of mouse Puslp [159], a novel prob-
ing strategy for tRNA enzyme contacts had to be developed. A library of human
mitochondrial tRNAMWCUN) FRET constructs carrying 5FU at substrate position
27 was generated in a so-called dye walk: Using an established ligation system
[179], Cy3 and Cy5 dyes were ‘walked” along the secondary structure by attach-
ing them to a modified uridine at different positions (Fig.3.9). Three positions for
each dye enabled eight dual labeled constructs (Fig.3.9, U66 and U54 share the

9th

same ligation fragment, preventing the 9™ construct).

us4 U3

Figure 3.9.: Tertiary structure of the tRNALeU(CUN) constructs: The hPuslp minimal substrate
[178] is shown in yellow, substrate positions 27 and 28 in purple, dye labeling positions are
indicated as green (Cy3) or red (Cy5) spheres (model PDB ID 1EHZ). Inset: Docking of
yeast tRNAPPe (orange) into apo-hPuslp (Fig. modified from [154]). The minimal substrate
of hPuslp is depicted in yellow, the substrate position 27 is marked purple, Cy5 labeling
positions are indicated by ellipsoids.

Fig.3.9 shows that the minimal substrate contains all three Cy5 labels, while the
Cy3 labels are one (U66) to 23 (U13) nucleotides distant. The labels could interfere
with Puslp binding either by direct contact or by altering the tRNA structure.
To gain insight into possible interference of the dye labels with protein binding
that could in turn provide evidence concerning the enzyme’s tRNA recognition
mechanism, tRNAs were titrated with mouse Puslp enzyme and MST curves,
shown in Fig.3.10, were recorded in standard settings for each titration point.

The U31 label (Fig.3.10a-c) exhibits a lower apparent thermophoresis depletion,
than the positionally similar U41 label (Fig.3.10d-f). Poor data quality precludes
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Chapter 3 MST on RNA

a more detailed investigation of this effect. No other clear trend for a given label
or a given label combination is eminent from the raw data. For yet unknown rea-
sons, the thermophoresis response of the U3-U31 construct, depicted in Fig.3.10a,
is particularly low. All curves show fluctuations that indicate sample aggrega-
tion, except U13-U54 and U3-U54. Curves of U3-U54 are noisy due to a low over-
all fluorescence intensity. Fig.3.11 shows analyzed data of the "MST regime’ (see
sec.1.5) from Fig.3.10 fitted to a 1:1 binding model. Any other analysis described

in sec.1.5 was also responsive to protein binding, as discussed in sec. A.1.3.
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Figure 3.10.: Normalized MST curves of titrations with mPuslp. A tRNA secondary structure
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3.1 Evaluation of RNA protein interactions

All fits depicted in Fig.3.11 have in common that the saturation binding regime
lacks any experimental data, rendering them very rough approximations of the
actual binding affinities. The baseline for low protein concentrations lies between
760 and ~810 a. u., depending on the construct (Fig.3.11). A significantly higher
affinity of U3-U54-tRNA compared to U13-U54 is implied by the data in Fig.3.11c.
Without saturation binding data, this difference from one Cy3 label variant to the
other is neither reliable, nor is it observed for other Cy5 labels (Fig.3.11a+b).
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Figure 3.11.: MST titration curves of tRNALU(CUN) mPysip interaction fitted to a 1:1 binding
model. Cy5 at: a U31, b U41, c U54.

Fig.3.12 shows that mPuslp binding of all constructs occurs with affinities from
~10 to 50 pM and causes a protein-related increase in fluorescence intensity peak-
ing at ~30-45% for the highest enzyme concentration (Fig.3.12b).
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Figure 3.12.: Results from MST titrations of tRNALeU(CUN) constructs with mPuslp.
a Affinities determined by fitting MST data to a 1:1 binding model. Error bars repre-
sent the SD of duplicates. The various Cy3 label variants are grouped for the Cy5 label
used for detection. b Percentage of increase in Cy5 fluorescence intensity from zero to the
highest protein concentration, determined from thermophoresis-free fluorescence.
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Chapter 3 MST on RNA

The lack of saturation binding precludes extensive discussion of label related
differences in binding affinity: The detectable fivefold difference in affinity lies
within the uncertainty of fitting unsaturated binding curves. Previously reported
affinities of homologous Pus1 enzymes indicate up to 10*x stronger binding [116,
154, 166, 178]. Binding affinities of mPuslp for tRNA determined here are also
significantly weaker than the values determined for binding by TruB (sec.3.1.2).
This decrease in affinity is in part expected to be caused by protein aggrega-
tion. However, constructs labeled at U54 show no aggregation related fluctu-
ations (Fig.3.10g+h) but fail to reach a higher degree of binding (Fig.3.11c). It
is therefore possible that the high age (6 years) rendered a part of the enzyme
preparation incapable of tRNA binding without causing the protein to aggregate.
In lack of a fresh, homogenous mPuslp preparation for comparison, this remains

speculation.

Interpretation of the PIFE effect is principally possible even in lack of full bind-
ing, but does not provide meaningful conclusions: If protein proximity would
be the only factor promoting PIFE, Cy5 labels at U31 and U41 should be more
responsive to protein binding, than the U54 label (Fig.3.9). However, the data in
Fig.3.12b does not show any consistent trend supporting such a hypothesis.

In summary a dye walk on human mitochondrial tRNAMU(CUN) generated eight
tRNA constructs, that were all responsive to mPuslp binding in MST experi-
ments and as assessed by an intensity increase in fluorescence of the observed
Cyb5 label. However, due to lack of saturation binding, no clear conclusion can
be drawn based on these results. A fresh preparation of mPuslp purified to ho-
mogeneity by gel filtration should result in affinities that are in better agreement
with literature. Future experiments should include turnover assays, either for the
second substrate position U28 or for U27, requiring new ligations.

3.2. MST to evaluate conformation of hmt tRNALYs

The unmodified transcript of human mitochondrial (hmt) tRNAMS (KWT) resides
in a structural equilibrium between an extended hairpin conformation and the
canonical cloverleaf, while the non-canonical conformation predominates [45].
Misfolding can be reverted by introducing modification m! A9 native to this tRNA
[47] or, more efficiently, by exchanging A50-U64 vs. G50-C64 (KE mutant), thereby
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3.2 MST to evaluate conformation of hmt tRNALYS

destabilizing the extended hairpin while stabilizing the cloverleaf [45] (Fig.3.13).
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Figure 3.13.: Secondary structures of fluorescently labeled human mitochondrial tRNALYS mu-
tants. Conformational equilibrium between extended hairpin (left) and canonical cloverleaf
form (right) is shown, while cloverleaf promoting factors are depicted in orange.

Aminoacylation experiments support this model: While KWT is aminoacylated
very poorly, the KE mutant reaches ~60% of the level reached by native tRNAMYS
[180]. A native pathological MERRF mutant A55G (KM) is not hampered in
aminoacylation, while the unmodified, combined mutant KEM is charged to only
the level of KE [180]. Structural probing [180] and methylation assays [181] imply
a shared tertiary structure for unmodified KE and KEM. A folding energy land-
scape derived from smFRET experiments showed that cloverleaf folding of KWT
increases with increasing Mg?* [46, 158]. KM is less responsive to Mg?* (presum-
ably due to a less stable tertiary structure) and KE, as well as KEM, undergo very
little Mg?* induced structural change (since they possess cloverleaf conformation
already) [182].

To explore the power of MST in distinguishing tRNA conformations, fluores-
cently labeled variants of KWT, KE, KM and KEM (Cy3 at U4 and Cy5 at U41,
see Fig.3.13) were generated by splinted ligation? and subjected to two MST titra-
tions with Mg?*: Once at 40% IR (MST) laser power with 0 < ¢(Mg?") < 400 mM
and once at 80% IR laser power and 0 < ¢(Mg?*) < 1800 mM. Normalized MST

curves of these experiments are given in Fig.3.14.

2Hmt tRNAMS constructs were synthesized by Benjamin Hofmann [181].
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Figure 3.14.: Normalized MST curves of tRNALYS Mg?* titrations at medium salt concentra-
tion and medium IR (MST) laser power a-c+h and at high salt concentrations and high IR
(MST) laser power d-f4+g. Assumed secondary structures of thge constructs are indicated
as cartoons in panel i. Note that KE was omitted for clarity, as the only difference to KEM
is Ab5 instead of Gb5. Native A55 presumably results in a more compact tertiary structure.

At medium MST power (Fig.3.14a-d) all constructs show only ~5% deviation over

all curves with a maximal thermophoresis depletion of ~67.5%. KWT (Fig.3.14a)

shows thermophoresis accumulation with increasing Mg?*, that is lower in mag-

nitude than the depletion of the other constructs. At 80% MST power the maxi-

mum thermophoresis depletion reaches ~47.5% and thermophoresis depletion is

reduced again at high salt concentrations.

Fig.3.15 shows the titration curves resulting from the raw data given in Fig.3.14.

The plots conform to literature in such that KE and KEM show similar response
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3.2 MST to evaluate conformation of hmt tRNALYS

to increasing Mg?* concentration, while the response of KWT is different and KM
represents a third case, at least for up to 400 mM Mg?*and medium IR laser power
(Fig.3.15 a)).
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Figure 3.15.: MST titration of tRNALYS mutants with MgCl,. Titration series of all constructs
in one run were performed at 40% IR laser power (a) and, in a second experiment, at 80%
IR laser power (b). The legend shown in b is equally valid for a.

All samples show equal thermophoresis in absence of Mg?* in both experiments
and start to deviate near physiological Mg?" concentrations at ~1-3 mM. For low
salt concentrations and low laser power (Fig.3.15a) thermophoresis depletion in-
creases from ~3mM Mg?* on for KE, KEM and KM until ~50 mM. From ~50 mM
on magnitude of thermophoretic depletion decreases again for both cloverleaf
mutants (KE and KEM), while thermophoresis of KM remains constant in the
high depletion regime. KWT differs from this behavior in showing a decrease
and not an increase of thermophoresis depletion from 3mM Mg?* on (note that

such a decrease of depletion leads, of course, to a higher fluorescence signal).

In the high-salt, high laser power experiment (Fig.3.15b) all constructs show a de-
crease in thermophoretic depletion from ~0-3mM Mg?*. At this threshold sam-
ple behavior deviates again: KWT, as in the other experiment, shows an ongoing
decrease in thermophoretic depletion with rising salt concentration. In contrast,
thermophoresis of the other constructs is similar and remains constant with in-
creasing Mg?*. The cloverleaf mutant KEM and KE differ from KM only in show-
ing a steeper decrease in thermophoresis depletion from ~50 mM on. In contrast
to the low laser power low salt experiment, thermophoresis values coincide again

at high salt concentrations (Fig.3.15b).

A model allowing full interpretation of the data is not available due to the com-

plexity of the experiments:
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Chapter 3 MST on RNA

e Thermophoresis depends on the hydrodynamic radius, which, for tRNA,
was found to vary significantly with ionic strength, from 5.7 nm-3.4 nm [183,
184] at zero MgCl, to ~2.5nm at 15 mM MgCl, [183].

* As a diffusion-based response, thermophoresis is viscosity-dependent and
viscosity increases about two-fold from 0-2M Mgz’r [185].

* Thermophoresis possesses an ionic component which depends on the ionic
strength of the buffer [141, 143, 186].

* Analyzing an unresolved ensemble of multiple structures is challenging.

However, the data implies that different conformational ensembles of the same
tRNA can be distinguished by thermophoresis. Obtained results are supported
by the above discussed literature in such, that the cloverleaf mutants behave sim-
ilar, while the wild type and the MERRF mutant represent cases of their own.
These preliminary results can form the basis for future MST experiments on con-
structs of tRNAMS that carry their native nucleoside modifications to different
extents. Such an analysis should complement single molecule FRET studies of
Kobitski et al. [46, 158] by including two so far uninvestigated nucleoside modi-
fications 5-taurinomethyl-2-thiouridine (taum’s?U, [187]) at the wobble position
34 and a threonylcarbamoyladenosine (t°A, [45]) at position 37. Conformational
effects of these modifications are implied by recent studies showing significant
influence of antidocon stem loop modifications on the innate flexibility of tRNA
[35, 39].
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3.3 MST of a SAM binding riboswitch

3.3. MST of a SAM binding riboswitch

Riboswitches are a particularly interesting type of RNA, since they possess at
least two different conformations that form a dynamic equilibrium: One confor-
mation that is able to bind with high affinity to a specific ligand and one con-
formation that is not capable of binding [22]. In presence of ligand the bind-
ing competent conformation is highly favored, and the resulting ordering allows
crystallization studies [22]. Binding of SAM to the B. subtilis SAM-I riboswitch,
introduced in sec.1.2.3, should generate a large MST signal, since the binding
competent and the binding incompetent conformations differ in secondary and
tertiary structure (Fig.3.16). In detail, the antiterminator helix is disrupted in fa-
vor of the terminator helix, meaning the hybridization of the nucleotides shown
in bold in Fig.3.16a changes into the hybridization depicted in Fig.3.16c, thereby
allowing formation of the binding pocket [188].
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Figure 3.16.: Structure of SAM-I riboswitch constructs. a Secondary structure of the SAM
bound form, hybridization specific for this structure bold [61]. b Crystal structure of SAM
bound aptamer domain [52], lacking the expression platform and therewith label E. Bases
at label positions colored green (Cy3) or red (Cy5), bound SAM orange. c In the putative
SAM free secondary structure the terminator helix hybridizes with the 3’ part of the (former)
P1 helix, forming the antiterminator helix [188].
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Chapter 3 MST on RNA

As depicted in Fig.3.16, the fluorescent labels Cy3 and Cy5 were distributed over
all five helices of the riboswitch (using splinted ligation techniques?®), yielding
five label positions. The six resulting differently Cy3-Cy5 labeled riboswitch vari-
ants were expected to differ in affinity for SAM, since labels A-D are distributed
around the binding pocket and the E label is located at the helix functioning
as switch between binding competent and binding incompetent conformations
(Fig.3.16). MST titrations with SAM were applied to test for the assumed exis-
tence of a conformation-related MST signal and, if confirmed, to assess the suit-
ability of such a signal for SAM affinity determination that could reveal possible

label interference with ligand binding.

Fig.3.17 shows MST curves resulting from SAM titrations of all six constructs.
Only two of the six constructs show a clear response (~10% of the normalized
signal) to rising SAM concentration: The AB and the CD construct (Fig.3.17a+e).
The total thermophoresis depletion is significantly higher for constructs carry-
ing the detected label Cy5 at position A (Fig.3.17a-c) compared to the D labeled
counterparts (Fig.3.17d-e).
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Figure 3.17.: Normalized MST curves of SAM titrations. Fluorescence of the directly excited
Cy5 label was detected. The cartoon represents the secondary structure of the binding
competent conformation with SAM as orange sphere, label positions are indicated as either
red (Cy5) or green (Cy3) spheres.

3Ligations were performed by A. Samanta [189].
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3.3 MST of a SAM binding riboswitch

In addition two curves of two different constructs show single aggregate events
(Fig.3.17c+d). Since no change in fluorescence intensity was caused by SAM
binding (data not shown), dye RNA interactions (if any) are expected to be simi-
lar in the SAM bound and the SAM free structures of the SAM-I riboswitch.

The data was analyzed for the "MST regime’ (sec.1.5) to obtain data points for the
titration curves given in Fig.3.18, that showed SAM binding for variants AB with
K4=44.2nM, similar to the native riboswitch [61], and CD with K3=1nM, similar
to the aptamer domain [52, 55, 61-63]. The titration curves of all other constructs
fluctuate around flat lines. For unknown reasons the titration curves shown in
Fig.3.18a possess a different y-axis offset than the curves of Fig.3.18b and the flat
lines of the ED and the BD construct of Fig.3.18b differ from each other in offset.
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Figure 3.18.: MST titration curves from SAM SAM-I riboswitch interaction (direct detection
via Cyb), fits to a 1:1 binding model as solid lines. Constructs with Cy5 at position A (a)
and Constructs with Cy5 at position D (b). Note that the 16 pM data point of ED is
sacrificed to scaling.

In addition to the "MST regime’, the AB construct was also responsive in T jump,
MST+T jump and backdiffusion, while the CD construct was only responsive in
MST+T jump and backdiffusion and not in the T jump alone (data not shown).

In both cases backdiffusion analysis yielded a K4 value that, for yet unknown
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reasons, surpassed the result of other analyses by several orders of magnitude.

Conclusions from the MST assays are summarized in Fig.3.19a for constructs car-
rying the Cy3 E label and in Fig.3.19b for the other constructs.
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Figure 3.19.: Conclusions from MST titration on SAM-I riboswitch interaction. a Constructs
with Cy3 at position E. b Constructs AB and CD (binding detectable) as well as AC and
CD (no binding detectable).

In the simplest hypothesis one label position should consistently favor or disfavor
SAM binding by shifting the conformational equilibrium either towards the con-
formation capable of binding (Fig.3.19) or towards the conformation incapable
of binding (Fig.3.16¢). That this is not the case for all constructs not containing
the E label, implies an isolated, different case for every label combination. How-

ever, the data at hand does not provide further insight into possible pleiotropic
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3.3 MST of a SAM binding riboswitch

or cooperative effects of the various label combinations, that could explain such
isolated cases. The possibility that some constructs do bind SAM but binding
is not detectable by MST is rather unlikely due to at least two reasons: (1) the
significant conformational difference between the conformation that is capable of
SAM binding and the conformation that is not capable of binding should result
in characteristic thermophoretic behavior for both cases and (2) for the two con-
structs that showed binding, a signal could be obtained from multiple readouts,

which confirms point (1).

Concerning the various possible readouts of a thermophoresis experiment (see
Fig.1.15) it is particularly remarkable, that the two constructs showing SAM bind-
ing differed in responsiveness of MST curve parameters. The CD construct lacks
the responsiveness in the T jump that is detectable for the AB construct. A respon-
siveness of the T jump to SAM binding implies a different temperature sensitivity
of the Cyb5 label at position A in absence and in presence of SAM, as changes in
the T jump reflect changes in the local dye environment that influence the dye’s
temperature sensitivity (see sec.1.5 and [140]). While the unresponsive D label
is located in the middle of a helix occuring in both conformations, the P1 helix
harboring the A label is disrupted in favor of the antiterminator helix in absence
of SAM (Fig.3.16a). This structural difference might explain the T jump response
of the A label. That both constructs were responsive to SAM binding in the back-
diffusion regime of MST data might be related to significantly different hydrody-
namic radii of the SAM bound and the SAM free riboswitch conformations rather
than to the presence of the small molecule SAM directly.

In summary, SAM binding by a whole riboswitch construct can be measured us-
ing MST, at least for two of the six constructs tested. It is to be expected that
the conformational change concomitant with binding generates a higher ther-
mophoresis response than SAM binding alone. Comparison of the two label vari-
ants for which SAM binding could be detected, revealed interesting and conclu-
sive differences in the responsiveness of MST readouts: Disruption of the P1 helix
seems to influence the temperature jump of the A label, but not of the D label.
Protein binding to Cy5 labeled RNA results in a much stronger Thermophoresis
response (sec.3.1), which may in part be caused by a change in the dye’s spectro-
scopic properties, rather than by actual thermophoresis (see sec.1.4.1).
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4. Interaction of TruB with
5FUL5-tRNA

4.1. Introduction

The number of known modified nucleosides is surging [13-15], a phenomenon
intensified by the relation of modified nucleoside to epigenetics [4, 190, 191]. As
direct consequence, possible epigenentic involvement of pseudouridine (), first
modified nucleoside to be discovered [64], termed the ’fifth nucleoside due to
being the most abundant [14], is back in focus. Besides ¥’s manifold functions
and locations [146, 192-195], the recent discovery that introduction of ¥ in mRNA

induces suppression of stop codons [20, 21] contributes to the renewed interest.

In this situation, almost 50 years after ¥’s discovery, 26 years after the purifi-
cation of the first ¥ synthase [97] and almost 15 years after reporting the first
enzyme-RNA cocrystal structure [76], it is particularly surprising that the enzy-
matic mechanism of ¥ formation remains elusive [110, 112, 113].

Use of the anticancer drug 5-fluorouracil (5FU) [84], an inhibitor of thymidylate
synthase [196], as a suicide probe enabled mechanistic elucidation of several nu-
cleic acid modification enzymes [23, 81, 90]. Early evidence on 5FU inhibiting ¥
formation [97, 98, 197] culminated in the promotion of 5FU as covalent suicide in-
hibitor of ¥ synthases [101, 198]. However, cocrystal structures of 5FU-RNA and
Y synthases failed to contain a covalent suicide adduct [106, 107, 114]. Doubt in
suicide action of 5FU is most intense in enzymes of the Pus4 family [76, 98, 103],
where family member TruB failed to be inhibited by 5FU-RNA in preliminary
kinetic studies [108], restricting the evidence for suicide action to a SDS-stable
complex band [104].

To reveal a possible covalent nature of the mysterious gel band, we characterized

complex formation of TruB with fluorescence labeled, poor, 5FU55-containing
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Chapter 4 Interaction of TruB with 5FU55-tRNA

substrates under various conditions. Surprisingly, substrate quality of the U-
variant did not correlate with 5FU55-specific complex and subsequent K4 mea-
surements of the TruB tRNA interaction by exploiting responsiveness of several
spectroscopic parameters, as well as, thermophoresis, revealed similar affinity
of TruB for U55- and 5FU55-RNA. A consistent picture of non-covalent action of
5FUS55 is completed by chase experiments in all methods, confirming reversibility
of complexation.

4.2. Gel shift and LC-MS/MS analysis

As initial studies on tRNA-TruB binding were successful using yeast tRNAFP"®
(see sec.3.1.2), an especially well characterized tRNA [40, 199], we retained this
choice of substrate. Substrates were generated as described in sec.7.3: In-vitro
transcription supplied unmodified U55-tRNA, while a tRNA carrying 5FU at sub-
strate position 55 was synthesized by splinted ligation (Fig.4.1).

\‘\\,//s ~ ruao, O N
/ o)
RNAO  OH
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(Vx) C49 W

RNAO  OH

Figure 4.1.: Tertiary (above) and secondary (below) structure representations of the yeast
tRNAPhe constructs. Substrate position 55 in purple was either U55 (a) or 5FU55 (b) and
the Cy5-label in red was either attached at position U33 (c) or at position C49 (d). The
enzyme TruB bound to tRNA as predicted by a docking model [76] is shown in gray.

To generate a complex with Thermotoga (T.) maritima TruB, these constructs were
incubated with the enzyme in two reactions: Either for 1h at 70°C, near the en-
zyme’s temperature optimum [200], or for 12 h at 4 °C, as published previously
[104]. Following 5 min incubation in SDS bulffer at either 25 or 95 °C, samples
were analyzed by SDS PAGE (see Fig.4.2). A complex in 40% yield could be
detected exclusively for the 5FU variant incubated at 25 °C, heating to 95 °C de-

stroyed the complex.
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4.2 Gel shift and LC-MS/MS analysis

Apart from lower concentration (1 vs. 20 pM), the experiment at 12 h and 4
°C reproduces previous work [104]. Phannachet et al. obtained the SDS-stable
complex using a 5SFU-containing T stem-loop (TSL) minimal substrate (shown in
orange in Fig.4.1) and interpreted their finding as a covalent complex resulting
from suicide action of 5FU [104]. Obtaining similar complex yields under such
different conditions (12 h at 4 °C vs. 1 h at 70 °C) motivated us to characterize
kinetics of complex formation. Already after 1 minute of incubation in reaction
buffer ~30% complex was formed, vide infra (Fig.4.3). This result is particularly
surprising, as ¥ synthases like yeast Puslp [166] or E. coli TruA, TruB and RIuA
[201], are remarkably slow in enzymatic turnover and should, in consequence, be

equally slow in generation of a covalently trapped catalytic intermediate.
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Figure 4.2.: Analysis of SDS-stable complex formation of TruB with unlabeled tRNA. Fol-
lowing incubation at 1 pM concentration at either 1 h and 70 °C (a+b) or 12 h and 4
°C (c+d), the complex was incubated with 0.5 vol SDS buffer for 5 min either at 25°C or
at 95°C. a+c Coomassie stain for protein and b+d SYBR Gold stain for RNA. Note that
SYBR Gold stains TruB faintly in b and that protein marker in c is intense due to unrelated
staining by stains all and that the complex band in ¢ can only be deduced by a less intense
protein-only band.
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Chapter 4 Interaction of TruB with 5FU55-tRNA

To gain further insight into the nature of the SDS-stable, reportedly covalent, com-
plex, we intended to generate tRNAs that are inferior substrates to TruB: Corre-
lation of US55 substrate turnover with SDS-stable, 5FU55 specific complex yield
would indicate a trapped catalytic intermediate. A mutagenesis approach iden-
tified nucleotides responsible for the formation of key structural features in the
TSL’s T-loop (orange in Fig.4.1) as only elements recognized by TruB [148]. A pre-
vious fortuitous finding was that attachment of the fluorescent label Cy5 to C49 at
the edge of the TSL, decreases TruB affinity while a label at U33, distant from the
modification site in the anticodon loop results in high affinity (sec.3.1.2). Requir-
ing a non-trivial correlation of binding affinity with substrate properties, these
labeled tRNAs could provide insight into the nature of the SDS-stable complex.
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Figure 4.3.: Comparison of the kinetics of SDS stable complex formation with enzymatic
turnover for labeled and unlabeled tRNA. a Yield of ¥ generation in U55-tRNAs (assessed
by LC-MS/MS in duplicate) compared to yield of SDS-stable complex by 5FU tRNAs (data
quantified from d). b Docking model of yeast tRNAPhe (dark gray) into TruB (shaded gray)
with the substrate site as purple and the dye labeled bases as red spheres. c+d Kinetics
of TruB binding to labeled and unlabeled 5FU55-tRNA analyzed by SDS PAGE. Samples
were incubated at 25°C for the time indicated and 5 min in SDS buffer prior to gel loading.
Coomassie stain for protein shown in b), SYBR Gold stain for RNA in c) (excitation 488
nm, emission 670BP30). FRET from SYBR Gold to Cy5 generates the stronger signal of
labeled tRNAs.
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4.2 Gel shift and LC-MS/MS analysis

Judging from a docking model of TruB and full tRNA [76] (Fig.4.3b), the enzyme
binds solely to the TSL part, and indeed the isolated TSL is an equally good sub-
strate as full tRNA [148]. In consequence, the C49 label was expected to moder-
ately influence enzymatic turnover while a performance comparable to unlabeled
tRNA was expected from the U33 label (red dots/spheres in Fig.4.3b). Splinted
ligation allowed synthesis of tRNAs in U55 and 5FU55 variants, labeled with Cy5
at U33 or C49, respectively.

Quantification of enzymatic pseudouridine formation by LC-MS/MS showed
near quantitative turnover for unlabeled U55-tRNA and interference of the C49
label reducing the yield to ~50% (Fig.4.3a). Totally unexpected was a strong in-
terference of the U33 label causing modification to only ~6%. Interference of a
fluorescent label attached remote of the protein binding site (Fig.4.3b), is pre-
sumably related to long distance intramolecular rearrangement within the tRNA
substrate [202, 203].

The fortuitous discovery that labeling of a tRNA substrate with Cy5 at U33 ren-
ders the substrate a negative mutant for TruB opened a new angle on the nature
of the SDS-stable complex. As substrate turnover of U55-tRNAs should corre-
late with formation of allegedly trapped catalytic intermediate for 5FU55-tRNA,
labeled RNA impaired in U55-turnover should be equally impaired in 5FU55-
complex formation. While the C49 label should significantly reduce the yield of
5FU55-specific complex, the U33 label should almost completely abolish complex
formation. However, as shown in Fig.4.3c+d, mixing at 25 °C results in almost in-
stantaneous complexation for all three 5FU55-tRNAs in comparable yield. Thus
5FU55-specific, SDS-stable complexation does not correlate with U55-turnover
especially not for U33 tRNA that forms ~7.5x more complex in minutes than ¥
in 1 hour. If low 5FU55-complex yield would result from kinetic inhibition, elon-
gated incubation times and, especially for the thermophilic enzyme investigated,
elevated temperature should significantly increase complex formation. However,
complex yield was independent of both parameters, at least for C49-5FU55-tRNA
(Fig.A.12).

In summary, instantaneous 5FU55-complex formation in similar yields for tR-
NAs that are either ideal, impaired or basically no substrates as U55 variants,
contradicts the hypothesis of the 5FU55-complex as covalent catalytic intermedi-
ate and denies the complex any catalytic relevance. Although SFU55-tRNA forms
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Chapter 4 Interaction of TruB with 5FU55-tRNA

a SDS-stable complex with TruB, an equivalent complex was not observable on
urea PAGE, be it after an incubation for 10 min at 25 °C (Fig.A.9) or for 12 h at
4 °C (Fig.A.10). In contrast, urea PAGE analysis revealed varied sensitivities of
the complex to different denaturating agents: A complex preincubated in SDS
remained intact to only ~1%, while preincubation in formamide resulted in in-
tense smearing indicating dissociation of the complex (Fig.A.9). Native PAGE
analysis showed similar complex yield for all constructs, while again smearing
indicated non covalent complexation (Fig. A.11). Higher resistance against dena-
turing agents of the 5SFU55-tRNA-TruB complex compared to U55-tRNA implied
differences in affinity. Consequently, we turned to characterization of the tRNA-

TruB complex under equilibrium conditions.

4.3. Microscale thermophoresis

This work established Microscale Thermophoresis (MST) as fast and highly re-
producible tool to assess interactions of proteins with fluorescently labeled tRNA
(sec.3.1), including the tRNA-TruB interaction. For these highly esteemed quali-
ties, the method was equally applied to the problem at hand: Fig.4.4 shows the
primary data of typical TruB titration experiments for all four labeled tRNA vari-
ants (cirna = 50 nM). As noticed elsewhere for dual labeled tRNAs (sec.3.1.2), the
thermophoresis curves (Fig.4.4a, ¢, e and g) differ not for U55 vs. 5FU55 but for
the position of the Cyb5 label.

In addition, curves resulting from competition of 35 nM labeled tRNAs with an
~100 fold excess (3.3 pM) of unlabeled U55-tRNA are given (Fig.4.4b, d, {, h).
Addition of competitor tRNA (chase) results in primary thermophoresis curves
similar to those of unbound tRNA over the whole range of protein concentrations,
indicating reversibility of TruB binding for U55- as well as 5SUF55-tRNA.

Although MST applies thermophoretic separation of bound and unbound com-
ponents, the small temperature gradients applied keeps the separation from reach-
ing a high degree, thereby preventing significant dissociation of the complex un-
der investigation [140]. In consequence, dissociation constants resulting from
MST are not only obtained in buffer conditions considered native but, in general,
correspond well to those determined by real equilibrium methods [204, 205]. Ad-

ditionally, MST allows a fast assessment of protein preparation homogeneity and
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4.3 Microscale thermophoresis

reproduces Ky values within a factor of 2 over the course of months (Fig. A.8).
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Figure 4.4.: Normalized MST curves for tRNA TruB interaction: Cy5-U33 a-d, Cy5-C49 e-h

and subsequent measurements after addition of unlabeled U55-tRNA in excess (chase).
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Chapter 4 Interaction of TruB with 5FU55-tRNA

The above mentioned qualities render MST highly suitable to detect subtle dif-
ferences in noncovalent interactions as, e.g., U55 vs. 5FU55. In agreement to the
primary data (Fig.4.4), MST titrations of a given label (filled symbols in Fig.4.5)
are remarkably similar for U55 and 5FU55 variants but differ for the label posi-
tions instead: U33 tRNAs (filled squares and circles in Fig.4.5) are bound with
higher affinity than the C49 derivatives (filled triangles and diamonds).
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Figure 4.5.: MST titration curves resulting from the raw data of Fig.4.4: TruB binding
(filled symbols) fitted to a 1:1 binding model (solid lines). Empty symbols represent the

same samples after addition of tRNAP® in excess (chase). The error bars are standard
deviations from triplicate measurements.

Analysis of chase experiments is equally consistent with the raw data (Fig.4.4):
Over a wide range of TruB concentrations the signal returns to baseline level,
while the signal falls even below the baseline for higher protein concentrations
(open squares, circles, diamonds, and triangles in Fig.4.5). As this behavior is ev-
ident for U55 and 5FU55-tRNA, complexation is obviously equally reversible in
both cases. This unexpected thermophoretic behavior of the chased complex mo-
tivated a more detailed analysis of corresponding MST curves. Thermophoresis
in a temperature gradient AT causes exponential depletion of analyte (i.e. flu-
orescence signal) with an initial concentration cy to concentration ¢, where ther-

mophoresis is balanced by Brownian diffusion :

£ exp(—STAT) (4.1)
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with the Soret coefficient S = % [141].
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Figure 4.6.: Representative unnormalized MST curves fitted to a two phase exponential

decay (white lines). For all constructs the curve with the highest protein concentration with
and without competitor U55-tRNA and the protein free curve are shown. Color coding of
the protein bound curve corresponds to Fig.4.4.

An increased fluorescence intensity of the protein bound fraction (PIFE effect, see
sec.3.1 and later) implies a decay with at least two phases, for bound and un-
bound tRNA, respectively. Indeed, unnormalized primary data is well described
by a two phase exponential decay (see Fig.4.6). The following simple two phase
decay was used for fitting;:

y:Al*e_% —i—Az*e_% + yo 4.2)

Fit parameters, shown in Tab.4.1 on the next page, are in part ambiguous (datasets
depicted in red in Tab.4.1).
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Chapter 4 Interaction of TruB with 5FU55-tRNA

Table 4.1.: Comparison of thermophoretic properties of free, TruB bound and chased tRNA
samples. Parameters were determined from fitting thermophoresis data (shown in Fig. 4.6)
to a two phase decay (Eq. 4.2).

RNA U33-U55 U33-5FU55
state free bound chased free bound chased
Yo 367 704 381 400 745 402
Afast 539 174 144 698 134 212
Asiow 108 111 144 123 107 216
K fast 0.4368  0.4758 0.1 04696  0.3331  0.3665
ksiow 0.07737  0.08249 0.1 0.08325 0.07491 0.09462
kfust / ksiow ~6 ~6 1 ~6 ~5 ~4
RNA C49-U55 C49-5FU55
state free bound chased free bound chased
Yo 369 590 308 431 713 480
Afast 487 4134 272 539 101 431
Asiow 107 94 127 115 627 149
K fast 0.4382 1.020 04169 | 04243 05578  0.3950
Ksiow 0.08059 0.08501 0.08273 | 0.07461 0.06313 0.08036
kfast/Ksiow | 5437 12.00 5.039 5.687 8.835 4915

The curves of all chased can indeed be assumed to represent labeled tRNA dis-

placed from the complex, since

yo(free) ~ yo(chased) # yo(bound)

but the interpretation of the amplitudes of both components is less clear: For
all U33 labeled samples the amplitudes Ay,s; and Agjoy of the chased sample
are, surprisingly, not similar to those of free tRNA but to those of TruB bound
tRNA. The decay rates are similar for free, bound and chased U33 tRNAs and
for bound and chased samples the respective differences between A5 and Aoy
are small or even non-existent in case of "U33-U55 chased’. In contrast the fast
component dominates for free tRNA with A ~ 5 — 6xAgy. Trends for C49
labeled samples are less clear.

However, a general increase in initial fluorescence intensity for the ‘bound” sam-
ple is evident from Fig.4.6 and from y values given in Tab.4.1. This indicates
that protein binding does not only influence thermophoresis, but also the dye’s

spectroscopic properties.
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4.4 Spectroscopy of Cy5-tRNA TruB interaction

In summary, it is not clear to which extent the deviation between "free’, ‘bound’
and ‘chased’ states stems from thermophoresis or from changes in spectroscopic
properties. The implied influence of protein binding on spectroscopic properties,
together with preliminary experiments implying spectroscopic shifts!, motivated

a more detailed spectroscopic characterization of tRNA-TruB interaction.

4.4. Spectroscopy of Cyb-tRNA TruB interaction

4.4.1. Spectroscopic change upon TruB binding

Full spectroscopic characterization of tRNA-TruB interaction for both label posi-
tions as U55 and 5FU55 variant, respectively, was obtained by quasi-simultaneous
determination of time and polarization resolved fluorescence decays, as well as
fluorescence excitation and emission spectra. Comparison of measurements in
absence to measurements in the presence of an excess of enzyme, revealed all

spectroscopic properties to be responsive to enzyme binding (Tab.4.2).

Table 4.2.: Changes in spectroscopic properties upon TruB binding. Shifts in the maximum
of excitation AAZI or emission AAESY spectra, fluorescence lifetimes T, and T, .

spectra composition multi-fit lifetimes
RNA A/\’gf" / nm A)\%ﬂff /nm | Aj Ay TR, / ns TFZ/ ns
U33-U55 0 0 0.86 0.14 112 541
+TruB 8.0 3.0 0.05 0.95
U33-5FU55 0 0 0.86 0.14 116 541
+TruB 7.9 3.1 0.14 0.86
49- . :
C49-U55 0 0 0.74 0.26 112 996
+TruB 4.8 2.6 0.08 0.92
C49-5FU55 0 0 0.69 0.31
1.13 2.23
+TruB 4.5 2.3 0.13 0.87

Increasing protein concentration resulted in gradual increase of bathochromic
shifts observable in excitation, as well as emission spectra (see Fig.4.7 and Fig. A.13),
while the shift in excitation surpassed the shift in emission in all cases (Tab.4.2).
Furthermore, an increase in protein concentration caused a change in polarization

resolved fluorescence lifetimes with . For both label variants a bi-exponential, fast

Master Thesis Roman Teimer [168].
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Chapter 4 Interaction of TruB with 5FU55-tRNA

fluorescence decay was detected in absence of enzyme, that shifted to the slow
decay regime in presence of enzyme (see Tab.4.2 and Fig.4.7). Surprisingly, the
U33 label was more responsive in all spectroscopic properties than the C49-label
(Tab.4.2). Rotational correlation times also increased with protein concentration
and provided additional insight into the different environments of U33 and C49,
as detailed in sec. A.2.7.
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Figure 4.7.: Protein binding (~% binding is given) causes bathochromic shifts of excitation
(a, Apy = 668nm) and emission spectra (b, Ag, = 647nm). Fluorescence decay curves
(c) differ in absence of TruB and with >90% TruB binding. Grey and black straight lines
indicate bi-exponential fast decay (absence of TruB) and bi-exponential slow decay if >90%
of tRNA is bound to TruB. Note that the decay curve for >90% TruB binding appears to
decay mono-exponentially due to the log-scale of the y-axis!

4.4.2. Spectroscopic titrations

In search for a method to compliment MST, we turned to the above mentioned
spectroscopic parameters: Titrating tRNA with protein while monitoring these
parameters allowed a determination of dissociation constants. Lifetime and aniso-
tropy were treated simultaneously in a global fit, resulting in a combined titration
curve. All resulting 12 curves (three for each of the four constructs), could be fit-

ted to a one-to-one binding model, as shown in Fig.4.8a-d.

For both U55 constructs the titration curves from all three parameters are re-
markably similar (see Fig.4.8), while curve sets and therewith the K4 values of

both 5FU constructs show variation among the different parameters. Affinity of
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4.4 Spectroscopy of Cy5-tRNA TruB interaction

C49-5FU55 tRNA averaged over all three curves (K§49_51C U55 = 124.2 nM) is only
twofold higher, than the average of C49-U55 tRNA (Kgl:@_u55 =225.8 nM).
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Figure 4.8.: Spectroscopic titration curves of TruB tRNA interaction (ctRNA = 200 nM)
for U55 tRNAs a+b and 5FU tRNAs c+d, for all spectroscopic parameters with fits to a
1:1 binding model as solid line. e Schematic representation of the chase experiment. f
Chase experiments for C49-tRNA TruB interaction: Averaged values of all spectroscopic
parameters in absence of TruB (free), with >90% binding to TruB and after addition of
5.75 pM unlabeled RNA to the complex.

The highest difference between C49-5FU55 and C49-U55, a factor of four, results
from comparing affinities determined by bathochromic emission shifts. Higher
affinity of 5FUS55 vs. U55 is more prominent for the U33 label with eigth-fold on
average (Kél33_5F U5 =37 nM, Kéle’g ~U% = 30.7 nM) and 14-fold at max, if values
from excitation shifts are compared. Indeed, this increased affinity conferred by
5FUS55 could be related to our observation of SDS-stability of 5SFU55-tRNA TruB
complexes and a lower extent of denaturation on urea PAGE compared to U55-
tRNA. However, the moderate difference in binding affinity of TruB for 5FU55-

vs. U55-tRNA does not justify to interprete the above mentioned complexes as

61



Chapter 4 Interaction of TruB with 5FU55-tRNA

representing a stable covalent intermediate for 5SFU55-tRNA.

To rule out even a trace-amount of covalent 5SFU55-complex, chase experiments
were performed by adding unlabeled U55-tRNA to preformed complexes, as in
the thermophoresis chase experiments (Fig.4.5). In the case of reversible com-
plexation, an excess of unlabeled competitor was supposed to displace the la-
beled tRNA from a preformed complex (see Fig.4.8e). TruB binding > 95% was
achieved by supplementing 200 nM tRNA with 5.23 uM protein (see Fig.4.8f).
Subsequent addition of unlabeled U55-tRNA as competitor in 37x excess over la-
beled tRNA (5.75 pM), reduced binding to ~53% for C49-U55 tRNA and to ~67%
for C49-5FU55 tRNA (Fig.4.8f).

Thus the single point chase experiment ends up in the error prone steep regime of
the titration curves, which together with the absence of a K4 value for unlabeled
U55-tRNA, precludes a more detailed analysis of the these experiments. Still the
chase experiments fit into the results reported above by leaving 14% more C49-
5FU55 tRNA bound than C49-U55 tRNA, which is bound by TruB with lower
affinity as assessed by the spectroscopic tirtration curves given in Fig.4.8.

3 excitation -
3 emission - N -
@ decay N

100 &3 thermoph.

- averages

U33- U33s- C49- C49-

Figure 4.9.: Overview of determined Kys for the tRNA TruB interaction, which results from
a fit to an averaged triplicate measurement in case of thermophoresis. Red bars indicate
arithmetic means over the different K values for each construct.

An overview on all affinities determined is shown in Fig.4.9, where red lines

indicate averages for each construct that point out:
* Tighter binding of U33 vs. C49 tRNA, independent of U55 or 5FU55 variant

* Introduction of 5FU at the target site 55

— causes a moderate increase in affinity for the C49 label

— and more substantially so for the U33 label.
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4.5. Discussion

4.5.1. Dye label interference with tRNA structure and with

TruB turnover

Classical investigations of RNA recognition by proteins apply RNA mutagene-
sis and assess the effects of these substrate alterations on enzyme binding and
turnover. In this concept of 'native’ recognition introduction of artificial struc-
tures, as e.g. fluorescent dyes, is thought to alienate the interaction in an unde-
sired way and is therefore widely shunned. In contrast to this general opinion,
we were able to show that dye labeling can prove advantageous compared to tra-
ditional mutagenesis in several ways: By introducing a fluorescent label either
outside or at the very edge of a known minimal substrate we tuned substrate
quality, compared to the unlabeled substrate, from impaired to almost inactive,

while leaving the enzyme recognition site intact.

An unexpected discovery was that a fluorescent label at U33, remote from the
substrate site, almost completely abolished pseudouridinylation. This low turn-
over is outstanding for two reasons: Firstly, TruB still binds U33 labeled tRNA
with high affinity and secondly, the location of the U33 label is remote of the en-
zyme’s TSL minimal substrate (blue in Fig.4.10a). Due to these two reasons the
U33 label can neither sterically interfere with binding, nor is a distorted RNA
structure at the binding site implied by the high affinity of the interaction. In-
stead, the U33 label appears to be in structural cross talk [202, 203] with the target
site of TruB and this cross talk presumably interferes with a structural rearrange-
ment of the RNA essential for catalytic turnover.

Fig.4.10a shows the structure of the yeast tRNAF® constructs applied in this
work: Several tertiary interactions (dashed lines) and stacking interactions (curved
arrows) stabilize the canonical L-shape of tRNA [36]. Judging from a cocrystal
with its T stem loop minimal substrate ([76, 103], Fig.4.10b), TruB forms various
interactions with RNA bases (red symbols in Fig.4.10b) that are usually engaged
in tertiary interactions between T stem loop (blue in Fig.4.10a+b) and D stem
loop (orange in Fig.4.10a) or that are at least shielded from TruB contact by the
tertiary structure of tRNA. In consequence, at least a resolution of the interactions
between the D arm and the T arm has to follow the initial tRNA binding by TruB.
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Figure 4.10.: Conformation and TruB interaction of yeast tRNAP"® a Tertiary interactions
in tRNAP"® forming the canonical L-shape [36]: Arrows represent stacking, dashed lines
hydrogen bonds. TruB substrate positions U55 is represented in bold letters, interactions
that are probably disrupted upon enzyme binding are depicted in red. b Interactions of
TmTruB with the yeast tRNAP"® T stem loop minimal substrate as deducted from the
cocrystal structure [103]. Protein contacts at the phosphates, sugars or bases are indicated
by red color, stacking of amino acids on RNA bases is indicated as grey bars.

From the present state of knowledge E. coli TruB action on full tRNA has to com-
prise of at least the following steps:

1. Aninitial binding event, which may already weakly affect base 57 [117].

2. An induced fit process which changes the enzymes structure compared to
the RNA free conformation ([76] vs. [103]) and involves detachment of the
T arm, a step that may explain the coincidence of tRNA hyperchromocity
with TruB binding [201]. A hyperchromic shift in RNA absorption usu-
ally results from unstacking of nucleotide bases, caused by the resolution
of helices [206]. Thus the hyperchromic shift could be caused by any larger

conformational change in the tRNA substrate.

3. Hlipping of the bases U55, C56 and G57 into the enzyme’s active site [117].
This general feature of ¥ synthases [73] may be part of the previous step, as
the rate is similar to the rate of the hyperchromicity event ([201] vs. [117]).

4. Catalysis, the by far slowest step [201].

5. Presumably a change in enzyme structure enabling product release (judg-

ing from structural differences of catalytically active vs. inactive enzymes
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bound to 5FU-RNA, [76] vs. [207]).

6. There are indications that only turned over RNA is readily released from the
enzyme [117]. Still TruB exhibits similar affinities for substrate and product
RNAs [117, 201, 208].

Interference of the seemingly remote U33 label with catalytic turnover, but not
with binding, implies that catalysis by TruB includes a change in tRNA structure
that is by far more substantial than the suggested disruption of D-T-loop interac-
tions. Unfortunately the available cocrystal structures cannot provide insight into
the TruB-bound conformation of full tRNA, as they are restricted to TSL minimal
substrates [76, 103-105]. Provided that the above stated results can be transferred
to the TruB homolog of Thermogota maritima, the high affinity of U33 labeled tRNA
may be directly related to its catalytic impairment: Failure of substrate turnover
may drastically decrease the off-rate of the enzyme tRNA complex. How exactly
the U33 label impairs catalysis, whether it interferes, e.g., with the above stated
steps 2. or 3., cannot be deduced from present data.

4.5.2. Spectroscopic effects of protein binding

Striking features of the U33 label could be revealed by spectroscopic characteriza-
tion of the tRNA-TruB interaction: All spectroscopic properties reacted stronger
to TruB binding compared to the C49 label, most noteworthy being a ~8 nm
bathochromic shift of the excitation maximum (see Tab.4.2). These distinct char-
acteristics imply substantial differences in the TruB interaction with both label
variants. The fluorescence of cyanine dyes interacting with proteins and/or nu-
cleic acids is modified by a range of complex mechanisms, preventing allocation
of the observed effects to specific causes [123] (see also sec.1.4.1 and sec.1.4.2).

Similar in effect to highly viscous solutions, cyanine dye protein interaction en-
hances fluorescence (PIFE, see sec.1.4.1) by disfavoring the dye’s main non-radia-
tive decay pathway, isomerization to a non-fluorescent cis form [120, 123, 124].
PIFE of the related cyanine Cy3 attached to nucleic acids peaks at 2-2.5 fold [125]
at direct contact of protein and dye, while being insensitive for dye protein dis-
tances > 3 nm [127].

65



Chapter 4 Interaction of TruB with 5FU55-tRNA

Our observation of a similar enhancement for Cy5 (see Tab.4.2) is remarkable, as
the dye’s lower cis-isomerization rate compared to Cy3 [123] was thought to sig-
nificantly reduce the PIFE. Although the distance sensitivity of the PIFE for Cy5
is unknown, a sufficiently close proximity of TruB to the preferentially affected
U33 label is not implied by the docking model (Fig.4.1).

If not related to protein proximity, fluorescence enhancement of the U33 label
could be caused by interactions with the RNA it is attached to [123, 135, 136,
138]. Such interactions would be directly related to a substantial conformational
change in the tRNA, which was already suggested in the previous section. Cocrys-
tals of modification enzymes with whole tRNAs are quite rare, as is the knowl-
edge concerning conformation of enzyme bound tRNAs. A particularly intrigu-
ing example is the so called lambda conformation found in tRNA bound to ar-
chaeosine transglycosylase (arcTGT) [155], an enzyme that may be mechanisti-
cally related to ¥ synthases, as is discussed later. As is evident from Fig.4.11,
yeast tRNA could indeed adopt lambda conformation. Ishitani et al. even hy-
pothesized that arcTGT and TruB could bind tRNA simultaneously [155].

a b ACCA-3" c d ACCA-3"
5" -GCem C 5 —Gmm
Com G Com G
Gum C G
CeuU CeU
LAem Awm J
Ume 2 Us B
U U=
i
ool 1nnna
i -
L}
CmmG )
CmmG -
)
A=y o
Gem C Cem G
Amy -
A=n A [J
o =
GAA -
C A
@ .
GAA

Figure 4.11.: Tertiary (a vs. c) and secondary (b vs. d) structure of yeast tRNAP"® in
canonical (a+b) or lambda conformation (c (from [155]) and d). Note that the variable
loop, shown in yellow, hydridizes with the 3’ part of the D stem loop in lambda conformation
(d), thereby extending the anticodon helix (shown in red).

Far less is known concerning bathochromic shifts of excitation and emission in
spectra of Cy5, caused by dye-protein interactions [123]. It is especially intrigu-
ing that shifts in excitation are larger than shifts in emission. In tendency and
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magnitude the bathochromic shifts we observed are reminiscent of effects caused
by solvents less polar than water [120], indicating changes of not only the dye’s
local viscosity but also its local polarity. Changes in all spectroscopic properties
as they are conferred by TruB binding (see Tab.4.2) correspond well to effects
reported for binding of biotinylated Cy5 to the protein streptavidin [120].

4.5.3. TruB interaction with 5FU55- vs. U55-tRNA

Although it remains to be elucidated how and why the U33- and the C49-label
variants are differently affected by TruB binding, both fluorescent labels are supe-
rior to mutagenesis: They allow determination of Ky values from multiple param-
eters in parallel by using different fluorescence based approaches. So far only sin-
gle parameters were applied, either routinely, as for fluorescence anisotropy [154,
209-211] or rarely fluorescence lifetime or intensity increase [212, 213]. How-
ever, to our knowledge, bathochromic shifts were not yet reported as a readout of
titration curves and especially the combined application of all four spectroscopic

parameters has not been reported until now [211-216].

From Fig.4.9 it is evident that Ky values deviate by a factor of 11 at most (U33-
5FU55), while others diverge only by a factor of 2-4x. Comparison of different
methods to assess a given RNA-protein interaction easily results in deviations of
factor 2-4x, which corresponds to a widely accepted error range [117, 201]. Thus
all measurements summarized in Fig.4.9 agree with an only moderately stronger
affinity of TruB for 5FU55-tRNA than for U55 substrates.

Enzymatic turnover within one hour varies between the three U55-tRNAs, which
is in strong contrast to ~40% SDS stable complex formation within minutes for all
three 5FU55-tRNAs (Fig.4.3). Detection of 5FU55-specific complex bands on SDS
gels within seconds (Fig.4.3) is absolutely incompatible with the previous inter-
pretation of these bands as a covalent catalytic suicide adduct of 5FU [104], espe-
cially since TruB is a slow enzyme [201]. This holds even more true for the U33-
5FU55 complex band: A tRNA construct that is basically catalytically inactive
as U33-U55 tRNA variant (Fig.4.3a) cannot form substantial amount of catalytic
suicide adduct within seconds as 5FU55 variant. Moreover the 5FU55-specific
complex proved unstable on urea PAGE (see Fig. A.9, Fig. A.10) and 5FU55-tRNA
could successfully be chased from the complex in MST (Fig.4.4, Fig.4.5) and fluo-

rescence experiments (Fig.4.8). However, formation of a covalent suicide adduct
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should be irreversible and the said adduct should be resistant to urea. Thus all
present results are consistent with a denaturant resistant non covalent interaction
of 5FU55-tRNA and TruB.

4.5.4. Comparison with other cases of 5FU inhibition

Covalent suicide adducts of 5-fluoropyrimidines (5FY) have been characterized
for several reaction mechanisms all involving methyl group transfer [85, 87, 90,
91, 196]. All mechanisms resemble ¥ formation by involving a nucleophilic at-
tack on the respective 5-fluoropyrimidine, although it is still debated whether ¥
synthases attack the base [113] or the ribose [112] at their target site. In contrast to
Y synthases, however, all enzymes require a cofactor (either folate/FAD or SAM)
and apply a cysteine residue as nucleophile [23, 90, 217, 218], not an aspartate,

the residue essential in ¥ formation [73, 102].

Fig.4.12 compares the knowledge regarding the unambiguously proven covalent
complex in the mechanisms of m°U methyl transferases (Fig.4.12a) with a sus-
pected similar complex for ¥ synthases (Fig.4.12b) which should result from a
Michael addition of the catalytic Asp to the target uridine [113] (for a full mech-
anism see introduction). The covalent intermediate 1b was proposed as late in-
termediate in the reaction, thereby being analogous to 1a. However, it is nei-
ther clear that the aspartate essential in ¥ formation [73, 102] really acts in a
Michael addition, nor was a catalytically essential base identified. Furthermore
the Michael addition mechanism [113] and the proposed alternative mechanism
for ¥ formation [112] both include compound 3b, which is not covalently at-
tached to the enzyme, as the last reaction step. In consequence, 5FU would not
form a covalent RNA enzyme suicide complex but would be converted into the
usually observed hydroxylated product 4b [76, 103-105, 110, 113] or, for the single
report, into a covalent RNA-enzyme complex linked via a tyrosine [113].

That the covalent intermediate 1b could not be observed in cocrystals of enzyme
and RNA, was attributed to slow hydrolysis of the covalent adduct or to its de-
struction by X-rays during measurement [106], presumably resulting in detection
of compound 4b. The recently reported adduct of synthase RIuB and compound
4b is fortuitous, as the tyrosine connecting RNA and enzyme is non-essential for
catalysis [105], and not present in the TruD family of ¥ synthases [73]. Therefore
the adduct cannot represent a general result of ¥ synthase action on 5SFU-RNA.
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Figure 4.12.: Comparison of 5FU action in m3U methyl transfer (a) and a proposed similar
action in ¥ synthesis (b). a The catalytic thiol of the enzyme attacks U, allowing methyl-
group transfer from SAM, thereby generating SAH. Information of 5FU action on m>U
methyl transferases is from [85], RNA cocrystals are from [81] and [82]. b Consequences of
the proposed Michael addition for ¥ formation [113]. Usual cocrystals contain hydroxylated
4b [76, 103-105, 110, 113], while recently a covalent RNA enzyme complex was reported,
containing 4b linked via a tyrosine residue [113].

In line with the differences of Fig.4.12a vs. b, adducts with methyl group transfer-
ring enzymes are generally more stable against denaturation, be it by urea [87, 88]
or by heating [86, 87, 90, 91, 218-222]. Furthermore, cocrystal structures of several
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covalently trapped intermediates were reported [23, 80, 81, 89, 223, 224]. Cyto-
sine methyltransferases were even reported to form (transient) covalent adducts
with non-fluorinated substrates [225, 226]. If the 5FU55-specific complex, ob-
served on SDS gels in the course of this work, is not covalent, as all evidence
implies, the mechanism conferring SDS resistance to the complex remains open
to debate. Although the mechanism cannot be elucidated to date, it is clear that
SDS and fluorine substitution are both involved, as the complex forms only with
S5FU55-tRNA (Fig.4.2) and is only stable against SDS denaturation, not against
other denaturants (Fig.A.9). Following a comparison of ¥ synthases with other
transglycosylation enzymes, effects of SDS (sec.4.5.6) and fluorine (sec.4.5.7) will
be discussed.

4.5.5. Comparison with tRNA-guanine transglycosylases

As is apparent from the previous section, ¥ formation differs from other enzy-
matic mechanism that are inhibited by 5FU: The reaction involves cleavage of the
glycosidic bond, applying an aspartate (carboxylate) instead of a cysteine (thiol)
as nucleophile Fig.4.12. The enzyme class of tRNA-guanine-transglycosylases
(TGTs) utilize an aspartate to catalyze the exchange of guanine against another,
hypermodified base in a given RNA sequence [227]. Regarding these intriguing
similarities, the mechanism of ¥ formation might be similar to the one of TGTs.

Key steps of bacterial TGT catalysis are shown in Fig.4.13a: Nucleophilic attack of
the aspartate on the C1’ of the ribose (1a) facilitates glycosidic bond cleavage and
generates a covalent intermediate of enzyme and RNA [228] (1b). In the final step
of the reaction the enzyme is released by nucleophilic attack of the hypermodified
base 7-aminomethyl-7-deazaguanine (PreQ1), forming 1c. Addition of an excess
of the unreactive 9-deaza-guanine instead of PreQl stalled the reaction and en-
abled crystallization of the trapped covalent intermediate 1d [229]. Obviously
Y formation is a transglycosylation reaction, although the base is not exchanged
following glycosidic bond cleavage but rather reattached in a different way. In
addition to this formal aspect, catalysis by an aspartate implies mechanistic sim-
ilarities to TGTs. Considerable support for a nucleophilic attack on the C1” of the
ribose, as shown in Fig.4.13b, was provided by the work of Miracco and Mueller
[112], who were able to prove formation of a minor arabino product in E. coli TruB
catalysis on 5FU tRNA (compound 2d in Fig.4.13b).
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So far, neither biochemical characterizations of other enzymes did evaluate ara-
bino formation, nor did any publications on cocrystal structures mention ara-
bino/ribo mixtures [76, 103-105]. Partial disorder in a cocrystal of 5FU-RNA ¥
synthase RIuA might have been wrongly attributed to only partial occurrence of
the long-sought covalent complex [106]: A ribo/arabino-mixture as caused for
disorder was not considered at that time, as no previous evidence implied such a

mixture.

4.5.6. Effect of SDS on proteins

Protein denaturation by SDS is a complex process, that for micellar levels of SDS,
as they are present in the SDS loading dye applied in this work, is thought to be
based exclusively on hydrophobic interactions [230]. It is widely accepted that
SDS denatures the large majority of proteins and non covalent protein-substrate
complexes already at room temperature. Following this reasoning, a ¥ synthase
S5FU-tRNA complex surviving such conditions is expected to be covalent in na-
ture [100, 101, 104, 106-110]. That this work showed differential effects of SDS and
urea PAGE/formamide on 5FU55-tRNA-TruB complexes (see Fig.4.2, Fig.4.3,
Fig.A.12 vs. Fig.A.9, Fig. A.10), clearly contradicts a covalent interaction of TruB
and 5FU55-tRNA. Rather, these results indicate differences in the interaction of
both denaturants with a non-covalent 5SFU55-tRNA TruB complex, thereby match-
ing to different protein unfolding pathways caused by charged surfactants (SDS)
vs. chemical denaturants (urea/formamide) [231].

To this date only a single attempt to obtain direct proof (using circular dichroism
spectroscopy) that the protein in a SDS-stable ¥ synthase 5SFU-tRNA complex is
indeed denatured was reported and gave ambiguous results [106]. Admittedly,
to proof protein denaturation in the case at hand is challenging: Many methods,
as e.g. IR or differential scanning calorimetry are unsuitable due to high material
consumption and circular dichroism spectroscopy is non-trivial in execution (vide
supra). Monitoring tryptophan fluorescence [231] is spoiled by its direct depen-
dence on the structural context [232]: T. maritima TruB contains four residues in
very different structural surroundings, which are expected to complicate inter-
pretation of the protein’s denaturation state based on such experiments.

We conclude that, although heating in SDS buffer did not change the migration
behavior of TruB (Fig.4.3), there is, to date no direct proof that incubation in SDS
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at 25 °C and 95 °C both result in total protein denaturation and thus prevent any
non-covalent interaction with SFU55-tRNA. The observed bands in SDS-PAGE
indeed correspond to a 5SFU55-tRNA-protein complex resistant to SDS, but the
presented experimental evidence consistently disproves a covalent nature of this
complex, since the complex is reversible (Fig.4.5, Fig.4.8) and not stable in urea
(Fig.A.9, Fig. A.10). What mechanism exactly confers the remarkable stability to
the complex remains to be investigated. As covalent attachment can be ruled
out, the conserved fold of ¥ synthases [73] might be responsible, since formation
of SDS-stable complexes with SFU-tRNA could be demonstrated for members
of many different ¥ synthase families [100, 101, 104, 106-110] At present pure
B sheet proteins serve as model for SDS stability [233], but also stable protein-
protein complexes [234-238] and even catalytic activity [239, 240] have been ob-
served in the presence of SDS .

4.5.7. Possible effects of fluorine on TruB binding

To date 25% of all small molecule drugs acting on proteins contain at least one
fluorine atom [241], although fluorine-protein interactions are yet ill understood
[242]. Possible effects are manifold: Fluorine changes chemical reactivity and
ligand properties by electronegativity, size, an ill understood omniphobicitiy/
lipophilicity and by electrostatic interactions [241]. In consequence fluorine has
two main points of action: Modulation of basicity/acidity and introduction of
electrostatic attractive/repulsive interactions. The overall impact of fluorine sub-
stitution on protein binding is difficult to predict [241] and can even result in
equal binding affinities of drugs differing in fluorination pattern, achieved by
very different but compensating enthalpic and entropic contributions [243].

In the case at hand, yet undefined properties of 5FU55 affect tRNA-TruB interac-
tion already at the initial binding event and confer SDS resistance to the complex
formed. Unfortunately, this event is not covered by available cocrystal structures
that reflect either conformation post turnover, containing a rearranged and hy-
drated 5FU [76, 103-105] (Fig.4.14a), or binding of a catalytically inactive D48N
mutant [207] (Fig.4.14b). Significantly different active site conformations in the
two crystals result in different RNA protein interactions, emphasizing the lack
of knowledge on pre-turnover interactions in a catalytically active TruB-5FU55-
tRNA complex.
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Figure 4.14.: Crystal structures showing structural differences and different protein-RNA in-
teractions in the active site of the wild type (a) and a catalytically inactive D48N mutant (b)
of E. coli TruB bound to 5FU RNA. Water cyan, red eyelashes indicate possible hydrophobic
interactions and dashed lines possible hydrogen bonds. Structures are from PDB files 1IK8W
[76] and 1ZL3 [207] respectively, 2D projections were generated using LigPlotPLUS [53].

As in a recent crystal structure of a fluorinated small molecule drug bound to
a protein [244], the fluorine in the post-turnover tRNA-TruB complex (green in
Fig.4.14a) is in proximity to the hydroxyl group of a tyrosine (Y76), implying
hydrogen bonding. However, even for the small molecule case, the nature of a
possible fluorine-tyrosine interaction is not clear at present [244].

Although the specific nature of the SFU55-TruB interaction remains unclear, it can
be concluded, that the 5FU55-tRNA TruB complex investigated is SDS resistant
due to the presence of 5FU at position 55. Obviously, this resistance originates
from more complex effects than a mere increase in affinity: U33-U55-tRNA is
bound with higher affinity than C49-5FU55-tRNA, but only the latter complex
proved SDS resistant. The lack of evidence for covalent, irreversible inhibition of
TruB, 5SFU-tRNAs may act as general competitive inhibitors for ¥ synthases. This
hypothesis is supported by failure of Pusl to convert 5FU on a biochemically
relevant time scale [179], and by rapid 5FU turnover TruB from E. coli [108, 110].
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4.6. Conclusion

A complementary set of experiments could demonstrate that the mysterious SDS
stable gel band [104], so far taken as clear evidence for a covalent catalytic sui-
cide adduct of ¥ synthase TruB with 5FU-RNA, does neither represent a covalent
interaction, nor is the band related to catalysis. In the contrary any relation of

SDS-resistance to catalysis is negated by:

¢ K4 measurements failed to detect a difference in affinity of U55- vs. 5FU55-
tRINA large enough to account for a covalent interaction,

* chase experiments unambiguously disproving a covalent interaction by show-
ing reversibility

¢ and the yields of SDS-resistant SFU-tRNA-TruB complex not corresponding
to yields of catalytic turnover.

These results affect numerous biochemical and biophysical studies where 5FU
was applied as an alleged suicide inhibitor in RNA-Pus complexes [98, 101, 103,
104, 106]. The above listed results of the present study do fit into the picture
formed by other studies, indicating inhibition of ¥ synthases by 5FU to be weaker
in nature than inhibition by the unambiguously proven suicide adducts of 5-
fluoropyrimidines and methyltransferring enzymes. In contrast, evidence sub-
stantiates that in the case of ¥ synthases, 5FU may share the fate of a potent DNA
methyltransferase inhibitor: Inhibition by zebularine was long suspected to be co-
valent, but proved to be caused by stable, non-covalent binding of DNA methyl-
transferases to zebularine containing DNA. This strong interaction efficiently re-
moved the enzyme from solution, thereby preventing any catalytic turnover at
other, non-zebularine containing substrate sites [245].

The above stated conclusions could only be obtained by a novel and particularly
informative approach to RNA-protein interactions consisting of two main phases:
(1) Fluorescent dyes instead of classical mutagenesis allowed generation of con-
structs with variegated turnover efficiency and (2) a full spectroscopic character-
ization of the RN A-protein interactions, especially by monitoring bathochromic
shifts and microscale thermophoresis.
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5. Single molecule FRET on tRNAs

5.1. Tolerance of dye positions in ribosome smFRET

5.1.1. Introduction

Frequently, smFRET experiments in biological context are suspected to be spoiled
by artifacts: Dye labeling of biological macromolecules is thought to introduce a
bias into the biological processes investigated. Investigations of translation, re-
viewed by Puglisi et al. [246-248], require undoubtedly the most complex sm-
FRET assays: Already the eubacterial ribosome consists of more than 50 individ-
ual proteins and RNA strands that sum up to more than 150000 atoms. Further-
more a dye labeled tRNA has to undergo a sequence of (1) aminoacylation, (2)
ternary complex formation with EF-Tu protein binding to the acceptor stem and
(3) binding of tRNA to the small ribosomal subunit at the anticodon, while the
acceptor stem remains bound to EF-Tu, generating the A /T-state [249].

The most frequently used dye labeling procedures target isolated native, fully
modified unaminoacylated tRNAs at naturally occurring nucleotide modifica-
tions: s*U8 [250-253], acp>U47 [250, 251, 253, 254] or D16 and/or D17 [255, 256],
all located in the so-called elbow region of tRNA ( Fig.5.1A). To assess the perfor-
mance of artificial tRNA constructs in ribosome FRET, three singly labeled, un-
modified yeast tRNAP® constructs were generated by splinted ligation: A Cy3
variant labeled at C5 of U17, comparable in position to the established D17 label
at N4, but differing in linker length, a Cy5 variant labeled by the same strategy
at U33 and a variant labeled with Cy5 via a 2’-Aminogroup at C49, in contrast to
base-labeling in native tRNAs at acp®U47 (Fig.5.1).

All generated tRNAs, originating from the eukaryote yeast, were subjected to
preliminary ribosomal smFRET assays in which all other components originated

from the eubacterium Escherichia coli. These assays require aminoacylation and
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EF-Tu(GTP) ternary complex formation!. The corresponding donor (Cy3) or ac-
ceptor dye (Cy5) was attached to the L11 stalk protein located in the large riboso-
mal subunit [257].

Figure 5.1.: Crystal structure of yeast tRNAP"® with A the four dye labeling positions most
frequently used in ribosome smFRET experiments and B dye labeling positions used in the
present study (U17 green for Cy3, U33 and C49 red for Cy5, structure from PDB ID 1EHZ).

5.1.2. Aminoacylation and EF-Tu complexation

Aminoacylation to Phe-tRNAPh® by E. coli PheRS proceeded in yields of only 28%
and 26% for the constructs labeled at U17 and C49, respectively. In contrast, the
U33 label variant was aminoacylated quite well with 60% yield, although the
main recognition elements of E. coli PheRS, G34, A35 and A36, are in close prox-
imity [258]: By interfering with these contacts, U33 should be the most detri-
mental label position. The preliminary data at hand does not allow further in-
terpretation of the results. In agreement with a cocrystal, complexation of the
aminoacylated tRNAs with EF-Tu of E. coli did proceed in good yield [259].

5.1.3. tRNA-Ribosome FRET

Finally, the ternary Phe-tRNAPhe-EF-Tu(GTP) complexes were subjected to pre-
liminary smFRET experiments with ribosomes labeled at the L11 stalk, as in the
work of Chen et al. [257]. Proximity of the tRNA to the ribosomal L11 stalk

L All experiments except construct generation are unpublished results of the group of Prof. Barry
Cooperman, University of Pennsylvania, Philladelphia, USA.
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5.1 Tolerance of dye positions in ribosome smFRET

protein is required for a FRET signal. In conseqeuce, comparison of the relative
abundance of FRET events allows a crude, qualitative assessment of the ribo-
some’s affinity to the respective tRNA. FRET events of the respective constructs
were counted and normalized to the event count of D16/D17 labeled tRNAs as
reference (Tab.5.1). The C49 label was best tolerated by the ribosome, followed by
the U33 label, while the U17 label was, surprisingly, not well tolerated, although
being identical in label position to the reference.

Table 5.1.: Preliminary results of smFRET ribosome assays? of three different singly labeled
yeast tRNAPP® constructs compared to Cy3 or Cy5 labels at D16/17 .

Label % FRET? High EprpT | Low EpRgT ‘ Distance to L11 stalk / nm€
Cy3@D16/17 100 0.57 0.32 4/3.3
Cy3@U17 9.4 n. d. n. d. 4
Cy5@D16/17 100 0.61 0.34 4/3.3
Cy5@U33 18.8 0.45 - 6
Cy5@C49 33.8 0.56 - 3.6

a All experiments were conducted by the Lab of Prof. Barry Cooperman [257]
b Percentage of FRET events with the L11 stalk, normalized to D16/D17 labeled tRNA.

¢ Distance in classical state, determined from crystal structure of Yusupov et al. [260].

A dynamic distribution between two FRET states, as it was reported for D16/D17
labeled tRNAs [257], could not be observed for the other label variants (Tab.5.1).
However, transfer efficiencies for labels U33 and C49 reflected the relative dis-
tance to the L11 stalk label in being lower than or similar to the D16/17 label,
respectively. The FRET efficiency of the U17 label was not determined due to the

scarcity of events.

The EF-Tu(GTP)-tRNAP® ternary complex first contacts the ribosomal A site in
the so-called A/T state [249] (Fig.5.2). A tRNA (black) occupies the A site of
the small subunit, while still binding to EF-Tu (blue) [261]. Fig.5.2 shows that
interactions of the small ribosomal subunit with A site tRNA do concentrate on
the anticodon stem loop, involving mRNA (orange) and the ribosomal decoding
center [249]. Considering, that it is located just one base 5 of multiple interac-
tions between ribosome and the tRNNA anticodon, the U33 label is surprisingly
well tolerated. In contrast, neither the U17 label, nor the C49 label are well tol-
erated, although only the former could contact the ribosome (at H89 of the large
ribosomal subunit) [249].

In summary, fluorescent labeling of tRNAs is tolerated unexpectedly well in all
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Chapter 5 Single molecule FRET on tRNAs

steps required for ribosome-tRNA smFRET experiments. Presumably due to the
long linker, the U17 label is inferior in performance to the D17 label at the same
position. The U33 label shows the greatest potential, especially to monitor tRNA
mRNA interactions, although being located in the heat spot of ribosome-tRNA

interaction.

LY

el

-

Figure 5.2.: Arrival of an EF-Tu(GTP)-tRNA ternary complex at the A site of the ribosome
(detail of a crystal structure from T. thermophilus , PDB IDs 2WRN and 2WRO) . Gray
surface rRNA of the large subunit, colored surfaces represent protein components. Dye
labeling positions in black tRNA are depicted by colored spheres (U33 and C49 red, U17
green). E and P site tRNAs are omitted for clarity.

5.2. SmMFRET reveals two conformations of hmt
tRNALeu(CUN)

5.2.1. Construct design and idea

Previous smFRET experiments on freely diffusing human mitochondrial tRNAMS
revealed three different conformations the abundance of which were dependent
in ionic strength and tRNA modification level [46, 158, 262, 263]. For a simi-
lar construct of human mitochondrial (hmt) tRNAMCUN) [179] no such confor-
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mational equilibrium could be observed [264]. To verify these observations, a
tRNALUCUN) construct carrying Cy3 at U3, 5FU27 and Cy5 at U31 was extended
with a non-canonical biotinylated 3’-tail (see Fig.5.3) by splinted ligation. The po-
tential structural impact of this extension was minimized by using an RNA strand
derived from anti-eGFP siRNA [265], which lacks any sequence complementarity
with the tRNA.

a ACCAGCAAGCUGACCCUGAAGUUCAU-3 "'~ b
5'"-Am[
SV “ail’
S tail

[UL_:N
Umm
A==U

UAG glass
slide

Figure 5.3.: Construct design and immobilization procedure for snFRET. a Sequence of
the investigated human mitochondrial tRNALeu(CUN) construct. Labeling sites of Cy3,
Cy5 and biotin are indicated. b Cartoon illustrating the BSA-Biotin-Streptavitidn-Biotin
immobilization scheme for single molecule FRET experiments.

5.2.2. At 2 mM Mg2*t hmt tRNAU(CUN) is in a dynamic

extended conformation

FRET dynamics of tRNA were investigated at a moderate Mg?* concentration of
2 mM, as previous experiments at 10 mM Mg?* showed predomination of stable
high FRET states [264]. At 2 mM Mg?*, however, FRET efficiencies form a clear
two state distribution: A low Errpr ~ 0.2 predominated, while rare and short
transitions to higher Ergrgr ~ 0.6 could be observed. A FRET efficiency histogram
generated from 20 single tRNA molecules is depicted in Fig.5.4.

Analysis with the tool “THAMMY” [266], yielded the following transition rates
klow%high =0.27s"1 and khigh%low =23s"1.

which are comparable to rates independently determined by G. Hinze:
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klow%high = 0.43s 1 and khighﬁlow = 3.4s 1.

Reported RNA folding rates from smFRET experiments lie in a similar range, as,
e.g., riboswitch aptamer domains in absence of their cognate ligand [56, 57, 60,
267, 268], artificial [269, 270] and native ribozymes [271, 272] or the pseudoknot
domain of human Telomerase RNA [273].
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Figure 5.4.: Single molecule FRET efficiency histogram of human mitochondrial tRNALeu(CUN)

at 2 mM Mg?*. The histogram was constructed from 20 individual molecules and fitted to
a dual gaussian. Each count represents one time point of data recorded in 100 ms intervals.
The inset shows a typical single molecule trace of donor and acceptor fluorescence: The
low FRET state predominates and only rarely and for short intervals acceptor fluorescence
increases while donor fluorescence decreases, resulting in high Errer.

If the predominating low FRET state was to be attributed to an unknown ex-
tended tRNA conformation, one should note that tertiary interactions in hmt
tRNALUCUN) comprise only some of the interactions present in canonical tR-
NAs [43] (see Fig.5.5 a+b). An interesting feature of this tRNA, called 'T slip’,
was proposed by Rui Hao et al. based on structural probing experiments [274].
In this conformational change U48, marked with a rose circle in Fig.5.5 slips into
the T stem [274]. This event results in a 1 bp larger T loop, changing the sec-
ondary structures to those depicted in Fig.5.5c+d. Further structural probing ex-
periments on mutants indicate that the T stem slip changes D-T-loop interactions

[274] by an yet unknown mechanism.
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5.2 SmFRET reveals two conformations of hmt tRNALew(CUN)

It is tempting to hypothesize that the two-state distribution with favored low
FRET (Fig.5.4) is caused by a weakened D loop T loop interaction, presumably
due to a T slip. Since earlier experiments with unmodified hmt tRNAMU(CUN) a¢
10 mM Mg?* did show a preference of high FRET [264], the T slip would have
to be considerably favored at 2 mM Mg?*, resulting in weakened tertiary interac-
tions and low FRET.
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Figure 5.5.: Tertiary interaction in hmt tRNALU(CUN) in the cloverleaf representation (a)
or in the canonical L-shape (b). U48 is marked by a rose circle, since it was proposed to
participate in the so called 'T slip’, resulting in the structures shown in ¢ and d. The 'T
slip" could influence the tertiary interactions marked with '?’.

A U48C mutant, which should be unable to perform a T slip, is aminoacylated
more efficiently than the wild type [274]. Consequently, if the T slip exists and is
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significantly influenced by Mg?*, aminoacylation efficiency should be similarly
dependent on Mg?*, which is not the case [274].

Further evidence is provided by previous smFRET experiments at 10 mM Mg?*
on constructs harboring a mismatch mutation in the T stem: The histogram re-
sembles Fig.5.4 [264], indicating that low Errpr could result from disruption of
the canonical L-fold caused by weakened interactions between the D loop and
the T loop.

To fully characterize the two state distribution determined here and to determine
whether a ‘T slip” is indeed responsible, additional experiments are required. In
particular FRET assays at other Mg?* concentrations and with different T slip
mutants as in [274] should be conducted. Additionally structural probing assays
[275] would be helpful, as RNA secondary structure algorithms like 'RNA struc-
ture’ [276] or ‘'mfold’ [277] are unsuitable for tRNA.
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6.1. Conclusion

6.1.1. Microscale thermophoresis on RNA

In the first part of this thesis the general applicability of microscale thermophore-
sis titrations to various questions in RNA research was addressed. MST turned
out to be a fast and robust method that was generally applicable to Cy5 labeled
RNAs. The method allowed to detect small molecule ligand binding by the B.
subtilis SAM-I riboswitch and revealed specific responses to Mg?* concentration
for different structural mutants of human mitochondrial tRNAMS.

Furthermore, a high tolerance of fluorescently labeled tRNAs by modification en-
zymes could be demonstrated: Binding affinity is mostly independent of the la-
bel’s position relative to the enzyme’s substrate site and independent of whether
the tRNA is treated as a substrate or not. For the case of Thermotoga maritima TruB
very subtle differences in affinity (two- to five-fold) between label variants could
be identified. Labeling at C49 yielded the lowest binding affinity, while the dis-
turbance significantly depends on the specific manner of attachment: Labeling at
the ribose via a 2"-amino group is better tolerated than a label at position 5 of the
pyrimidine.

Although several readouts of MST traces responded to binding in most cases, nei-
ther the exact physical basis for this responsiveness, nor a divergence in binding

affinities determined from different readouts can be explained at present.

6.1.2. Protein induced fluorescence enhancement

Binding of modification enzymes to Cy5-labeled tRNA generally caused an in-

crease in fluorescence intensity. The effect’s magnitude was mostly independent
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of the label’s position relative to the enzyme’s substrate site, similar to the trends
obtained for binding affinity. This seemingly contradicts the present model for
the related cyanine Cy3, which depicts the PIFE as highly sensitive to label-
protein distance [125]. It can be assumed that the PIFE is not only highly distance
dependent but also unique for a given protein due to individual dye-amino acid
interactions, a topic unaddressed so far. Furthermore, for the particular case of
labeled tRNA a superposition of PIFE with effects related to dye-RNA interaction
[123] can be expected.

6.1.3. 5FU55-tRNA TruB interaction

A combination of binding assays using either fluorescence or thermophoresis
with electrophoretic mobility shift assays and turnover assays consistently dis-
proved that a stable, irreversible and covalent inhibition of pseudouridine syn-
thase Thermotoga maritima TruB by 5FU55-labeled tRNA occurs on a biochemi-
cally relevant timescale. Remarkably, tRNA labeled at U33, far away from TruB’s
substrate site 55, exhibits a significantly stronger spectroscopic response to bind-
ing than a label at C49, close to position 55. Until now, it is neither understood
what exactly causes this difference in responsiveness, nor why U55-tRNA labeled
at U33 is almost not turned over by the enzyme even under harsh reaction con-
ditions. In the current hypothesis the U33 label interferes with TruB turnover by
preventing a long-range intramolecular rearrangement of the tRNNA [202].

6.1.4. Single molecule FRET

Single molecule FRET experiments revealed a remarkable tolerance of labeled
tRNAs in ribosome binding assays, matching the tolerance in MST enzyme bind-
ing assays. In the course of this work a single molecule FRET setup was estab-
lished that provided the so far unique possibility to record spectra of single dye
labeled tRNAs. Initial experiments with this setup revealed human mitochon-
drial tRNAU(CUN) 6 fluctuate between two conformational states at 2 mM Mg?*

with transition rates typical for RNA.
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6.2. Outlook

6.2.1. MST on hmt tRNAbYs

The influence of Mg?* on different mutants of hmt tRNAY® detected by MST
essentially reproduces previous results from single molecule FRET experiments
[46, 182]. Since smFRET could also reveal individual responses to Mg?* for dif-
ferentially modified tRNADS constructs [46, 158, 262, 263], future MST titrations
might complement these studies. Such experiments bear the potential to gener-
ate a conclusive picture of how nucleoside modifications alter the conformational
equilibrium of this particular tRNA.

6.2.2. Single molecule fluorescence studies of tRNA-TruB

interaction

TruB binding to Cy5-labeled tRNA was detectable via each of four different spec-
troscopic parameters that were monitored. This extensive spectroscopic respon-
siveness renders the interaction particularly interesting for single molecule flu-
orescence studies. Provided that the dynamics of the interaction are slow (time
resolution ~1 s), bathochromic shifts of single Cy5-labeled tRNAs should allow
to determine on- and off-rates of tRNA-TruB binding. Potential differences in on-
and off-rates for different label variants and for U55 vs. 5FU55 could allow impor-
tant conclusions on the respective tRNA-TruB interactions. In addition, it would
be interesting to use fluorescence lifetime as readout, similarly as reported for the
related cyanine Cy3 [212, 278, 279]. Both approaches would require molecule-
by-molecule measurements and would therefore profit from two improvements:

1. lower acidification by pyranose oxidase compared to glucose oxidase [280]

2. the use of extremely photostable Cy5 derivatives [281], which are not com-
mercially available so far.
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6.2.3. Turnover studies and binding kinetics on tRNA-TruB

interaction

Although binding of TruB tolerated a wide range of fluorescent labels, the two
label variants for which turnover efficiency was determined were either severely
impaired in turnover (C49) or even almost not turned over at all (U33). Con-
sequently, assessing the turnover efficiency of other label variants used in this
work might reveal interesting details of TruB’s tRNA recognition mechanism.
Moreover, spectroscopic response of all label variants to TruB binding should be
determined, since preliminary experiments indicate a responsiveness of a Cy3-
Ul7-label. Identification of label-related effects in different steps of TruB binding
might be able by:

1. combining cyanine labels with other TruB binding assays [117, 201] and
2. binding kinetics in bulk using a stopped flow apparatus [117].

Michaelis Menten kinetics should be carried out to characterized tRNA turnover
by Thermotoga maritima TruB, as well as potential inhibition by 5FU55. Finally,
it would be interesting to determine turnover of 5FU to 5FhY by TruB. After all
S5FhY was detected previously in the cocrystal [103, 104] and in biochemical char-
acterization of other ¥ synthases [110].
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7.1. Material

7.1.1. Buffers:
MST

TruB MST 1xbuffer: 20 mM Tris pH7.5, 60 mM KCl, 0.02% Tween-20

KL buffer: 50 mM Tris-HCl (pH 7.4), with or without 10 mM MgCl
SAM-I buffer: 50 mM Tris-HCI pH8.5, 100 mM KCl, 20 mM MgCl,

Puslp buffer: 0.1 M Tris-HC1 pH 8.0, 10 mM MgCl,, 0.1 M NH4OAc, 0.1 mM
EDTA, 0.5 mM DTT

Pus X buffer: 0.1 M Tris-HCI pH 8.0, 10 mM MgCl,, 0.1 M NH4OAc, 0.1 mM
EDTA, 0.5 mM DTT, 0.02 mM Triton-X 100

PAGE

Denaturating loading dye: 1x TBE (diluted from 10x), 90% (v/v) formamide

Colored loading dye: 1x TBE (diluted from 10x), 90% (v/v) formamide, 0.1%
bromophenol blue, 0.1% xylene cyanol

Native loading dye: 10% glycerol, 1x TBE final

Protein synthesis

LB medium: 20 g Lennox LB-Broth mix was added to final 1 L distilled before

autoclaving

Phosphate buffered saline: 137 mM NaCl, 2.7 mM KCI, 10 mM NayHPOy, 1.76
mM KH,PO4, pH 7.4
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Experimental Details

TruB His buffer A: 100 mM Tris pH 8.0

TruB His buffer B: 100 mM Tris pH 8.0, 500 mM Imidazol

TruB SEC buffer: 500 mM KCI1 50 mM TrisHCl pH7.5

RNA Synthesis

Strasbourg buffer: 40 mM Tris-HCI (pH 8.1), 1 mM spermidine, 5 mM DTT, 0.01

% Triton X-100

KL buffer: 50 mM Tris-HCl (pH 7.4), 10 mM MgCl,

7.1.2. Enzymes

Table 7.1.: Enzymes used in this work.

Enyzme

Manufacturer

biotinylated Bovine Serum Albumin

Sigma-Aldrich (Steinheim, Germany)

BstN1 (10000 U/ pl)

New England Biolabs (Frankfurt am Main, Germany)

Catalase from bovine liver

Merck Germany CalBiochem

DNase 1 (50U/pl)

Fermentas (St. Leon-Rot, Germany)

hDnmt2

expressed and purified in our lab

Glucose Oxidase from Aspergillus Niger

Sigma-Aldrich (Steinheim, Germany)

mouse Pulp

expressed and purified in our lab

yeast Pusdp expressed and purified in our lab
pabTrmi expressed and purified in our lab
yeast Trmdp expressed and purified in our lab

T4 DNA ligase (30U/ ul)

Fermentas (St. Leon-Rot, Germany)

T4 Polynucleotide kinase (10 U/ pl)

Fermentas (St. Leon-Rot, Germany)

T7 RNA-polymerase various mg/ml

expressed and purified in our lab

T4 RNA Ligase 2

expressed and purified in our lab

Thermotoga maritima TruB

expressed and purified in the course of this work

E. coli total tRNA (10 pg/pl)

Roche Diagnostics (Mannheim, Germany)

Plasmid containing tRNAPhe template

expressed and purified in our lab

Streptavidin

New England Biolabs (Frankfurt am Main, Germany)

E. coli Rosetta pLysS DE3 competent cells

7.1.3. Consumables

Merck Novagen (Darmstadt, Germany)

Chemicals and other consumables used in this work.
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Compound

Manufacturer

Ammonium Acetate p. a. for HPLC

Carl Roth (Karlsruhe, Germany)

Ammonium peroxydisulfate (APS)

Carl Roth (Karlsruhe, Germany)

ATP

Fermentas (St. Leon-Rot, Germany)

Bovine Serum Albumine (20 mg/ml)

Fermentas (St. Leon-Rot, Germany)

Sigma Aldrich (Steinheim, Germany)

Bromphenolblue
Chloramphenicol Carl Roth (Karlsruhe, Germany)
Coverslips A. Hartenstein (Wiirzburg, germany)

Coomassie Brilliant blue G-250

Carl Roth (Karlsruhe, Germany)

Dichloromethylsilane

Sigma-Aldrich (Steinheim, Germany)

Diethylether, for HPLC, >99%

Sigma-Aldrich (Steinheim, Germany)

Dithiotreitol

Fermentas (St. Leon-Rot, Germany)

DNA ladder 100bp plus

Fermentas (St. Leon-Rot, Germany)

dNTP mix (10 mM)

Fermentas (St. Leon-Rot, Germany)

Eppendorf tubes (Silanized)

Carl Roth (Karlsruhe, Germany)

Ethanol >99,5 % Ph.Eur.

Carl Roth (Karlsruhe, Germany)

Ethylenediaminetetraacetic acid (EDTA)

Carl Roth (Karlsruhe, Germany)

Formamide >99.5% RNase/DNase-free

Carl Roth (Karlsruhe, Germany)

Sigma-Aldrich (Steinheim, Germany)

Glycerol

Glucose Sigma-Aldrich (Steinheim, Germany)

HCl, 37% Sigma-Aldrich (Steinheim, Germany)
Hellmanex Hellma (Miillheim, Germany)

HisTrap HP 1 ml column

GE Healthcare (Munich, Germany)

LB Broth mix Lennox

Carl Roth (Karlsruhe, Germany)

Imidazole 99%

Carl Roth (Karlsruhe, Germany)

Isopropanol

Sigma Aldrich (Steinheim, Germany)

Isopropyl -B-D-1-thiogalactopyranoside (IPTG)

Carl Roth (Karlsruhe, Germany)

Kanamycin

Carl Roth (Karlsruhe, Germany)

Magnesiumchloride

Carl Roth (Karlsruhe, Germany)

NEBuffer 2

New England Biolabs (Frankfurt am Main, Germany)

N,N,N’,N’-Tetramethylethylenediamine (TEMED)

Carl Roth (Karlsruhe, Germany)

Potassium chloride (KCI)

Carl Roth (Karlsruhe, Germany)

KH,POy

Carl Roth (Karlsruhe, Germany)
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Pall Nanosep 0.45 ym Sigma-Aldrich (Steinheim, Germany)
Pipet tips, with filter, sterile RNase/DNase free Greiner Bio-One
Roti-Phenol Carl Roth (Karlsruhe, Germany)
Rotiphorese 10x TBE buffer Carl Roth (Karlsruhe, Germany)
Rotiphorese sequencing gel buffer concentrate Carl Roth (Karlsruhe, Germany)
Rotiphorese sequencing gel concentrate 25% denaturating Carl Roth (Karlsruhe, Germany)
Rotiphorese Gel 40 19:1, 40% non-denaturating Carl Roth (Karlsruhe, Germany)
Rotiphorese sequencing gel diluent Carl Roth (Karlsruhe, Germany)
Rotiporese SDS 10x running buffer Carl Roth (Karlsruhe, Germany)
S-Adenosyl-L-methionine (SAM) New England Biolabs (Frankfurt am Main, Germany)
SeaKem LE Agarose Lonza (Basel, Switzerland)
NapHPO,4 Carl Roth (Karlsruhe, Germany)
Syringe filters 13 mm dimaeter, nylon, pore: 0.2 nm Carl Roth (Karlsruhe, Germany)
Suprasil quartz glass cuvette, 50 pl, 3mm light pass Hellma (Miillheim, Germany)
Superdex 200 10/300 GL 200 GE Healthcare (Munich, Germany)
Sodium Chloride Carl Roth (Karlsruhe, Germany)
Sodiumdodecylsulfate Sigma Aldrich (Steinheim, Germany)
SYBR Gold Invitrogen
Tris Carl Roth (Karlsruhe, Germany)
Trolox Sigma Aldrich (Steinheim, Germany)
Tris-Hcl Carl Roth (Karlsruhe, Germany)
Triton X-100 Sigma Aldrich (Steinheim, Germany)
Tween-20 Sigma Aldrich (Steinheim, Germany)
Vivaspin 20, molecular weight cutoff 10,000 Da Sartorius Stedim Biotech (Gottingen, Germany)
Xylene Cyanol Sigma Aldrich (Steinheim, Germany)
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7.1.4. Instruments

Table 7.3.: Instruments used in this work.

Instrument

Manufacturer

Bioer non-mixing heatblock

Biozym (Oldendorf, Germany)

Centrifuge 1-15 PK

Sigma (Osterode am Harz, Germany)

Centrifuge 5810R Eppendorf (Hamburg, Germany)
Centrifuge Avanti J20 Beckman Coulter (Krefeld, Germany)
Digital Heatblock VWR (Darmstadt, Germany)

Electrophoresis Chamber

CBS Scientific, VWR (Darmstadt, Germany)

FPLC Biologic DuoFlow

BIORAD (Munich, Germany)

Nanodrop ND 2000 Spectrophotometer

PeqLab (Erlangen, Germany

Monolith NT.115

Nanotemper (Munich, Germany)

pH-Meter FE20/EL20

Mettler Toledo (Gielen, Germany)

SpeedVac Concentrator Plus

Eppendorf (Hamburg, Germany)

Thermomixer comfort

Eppendorf (Hamburg, Germany)

Typhoon 9400 variable mode imager

GE Healthcare (Munich, Germany)

Ultrapure Water Purification System

Milli-Q, Millipore (Schwalbach, Germany)

UV lamp 254 nm

Herolab Molekulare Trenntechnik (Wiesloch, Germany)
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7.2. RNA ligation constructs

All oligonucleotides were purchased from IBA GmbH (Gottingen, Germany), ex-
cept MH165, MH166, MH172, MH449 and MH450 were synthesized by Dharma-
con Inc. (Chicago, USA), MH379 was synthesized by Dagmar Graber in the lab
of Ronald Micura, Innsbruck University, Austria and MH578 and MH579 were
synthesized by Biomers GmbH (Ulm, Germany).

7.2.1. Yeast tRNAFhe
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Figure 7.1.: Secondary structure representation of yeast tRNAPM® indicated are respective
dye positions and boundaries of ligation fragments.
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Table 7.4.: Oligonucleotides applied in yeast tRNAP"® synthesis.

’ MH ‘ Fragment # ‘ Sequence 5’-3 Modification dye linker

449 1 pGCG GAU UUA GCU CAG UUG GGA GAG CGC C none none

213 1 GCG* GAU UUA GCU CAG UUG GGA GAG CGC C Cy3@dG3 (C8-6-amino-dG

521 1 GCG GAU U"UA GCU CAG UUG GGA GAG CGC C Cy3@u7 2’-NH,

518 1 GCG GAU UUA GCU CAG UU*G GGA GAG CGC C Cy3@U17 C-5-6-amino-U

450 2 AGA CUG AAG AUC UGG AGG UCC UG none none

214 2 AGA CU*G AAG AUC UGG AGG UCC UG Cy5@U33 C-5-6-amino-U

522 2 AGA CUG AAG AUC UGG AGG UCC* UG Cy5@C49 2'-NHp
AGA CUG AAG AUC UGG AGG UCC* UG Cy5@C49 C-5-6-amino-dC

o ’ used in chapter 4 as substitute for out-of-stock 2’-NH,-C

215 3 UGU UCG AUC CAC AGA AUU CGC ACC A none none

379 3 pUGU UCG AUC CAC AGA AUU CGC ACC A 5FUS55 none

DNA TGG TGC GAA TTC TGT GGA TCG AAC ACA GGA CCT CCA GAT
e splint CTT CAG TCT GGC GCT CTC CCA ACT GAG CTA AAT CCG C

7.2.2. Human mitochondrial tRNAY®
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Figure 7.2.: Secondary structure representation of human mitochondrial tRNAYY  indicated
are respective dye positions, mutations (cloverleaf mutants in orange) and ligation fragments.
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Table 7.5.: Oligonucleotides applied in human mitochondrial tRNALYYS synthesis.

’ MH ‘ Fragment # ‘ Sequence 5’-3 Mutation Dye linker
182 1 CAC t*GU AAA GCU AAC UUA GC none T4-Cy3-C5-6-amino-dT
242 2 AUU AACCUU UUA A none none
137 3 GUt* AAA GAU UAA GAG AAC CAA none T41-Cy5-

CACCUCUUU ACAGUG ACC A C5-6-amino-dT
177 3 GUt* AAA GAU UAG GAG AAC CAA KE: A50G, T41-Cy5-
CACCUC CUU ACAGUG ACC A U64C; 3'-biotin C5-6-amino-dT
178 3 GUt* AAA GAU UAG GAG AGC CAA KEM: A50G, A55G
CACCUC CUU ACAGUG ACC A U64C; 3'-biotin
316 3 GUt* AAA GAU UAA GAG AGC CAA KM mutation: A55G C5-6-amino-dT
CAC CUC UUU ACA GUG ACC A
78 DNA splint TGG TCA CTG TAA GAG GTG TTG GTT CTC TTA ATC TTT AAC TTA
AAA AGG TTA ATG CTA AGT TAG CTT TAC AGT G

7.2.3. Human mitochondrial tRNAeu(CUN)

ACCPlGCAAGCUGACCCUGAAGUUCAU—b iotin-3"'

5'-AmU MH579
Com G
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Uem 1t
H636 U A
z? UnanccUCa
Lo s
cHayngeh U UC
11111 A
A MH635

GCUAUCC, ¥
MH172 5FU27 SEU=24

©®
_U: ?—.MHESS?
o

G
G
¢ ¢
MH166
MH123 5 c
UAG

Figure 7.3.: Secondary structure representation of human mitochondrial tRNALeU(CUN) indi-
cated are respective dye positions, modifications and ligation fragments.
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Table 7.6.: Oligonucleotides applied in human mitochondrial tRNALeU(CUN) synthesis.
’ MH ‘ Fragment # ‘ Sequence 5’-3 Modification dye linker ‘ 5-pP ‘
165 1 pACU UUU AAA GGA UA none none yes
121 1 ACt UUU AAA GGA UA Cy3@U3 C-5-6-amino-T no
636 1 ACU UUU AAA GGA U*A Cy3@U13 C-5-6-amino-U no
172 2 ACA GCU AUC CAU UG 5FU27 none yes
166 3 UC UUA GGC CCC AAA AAUUU none none yes
123 3 Gt**C UUA GGC CCC AAA AAU UU Cy5@U31 C-5-6-amino-T no
637 3 GUC UUA GGC CCdC* AAA AAU UU Cy5@C41 C-5-6-amino-dC no
634 4 UGG UGC AAC UCC AAA U*AA AAGUACCA Cy3@Ué66 C-5-6-amino-U no
635 4 UGG U*GC AAC UCC AAA UAA AAG UACCA Cy5@U54 C-5-6-amino-U no
589 4 UGG UGC AAC UCC AAAUAA AAGUACCA none none no

MH129 should be identical to MH589, but cannot be ligated at the 3"-end and is too heavy in MALDI

579 5 GCAAGCUGACCCUGAAGUUCAU 3’-biotin no
DNA TGG TAC TTT TAT TTG GAG TTG CAC CAA AAT TTT TGG GGC CTAA
126 splint GAC CAA TGG ATA GCT GTT ATC CTT TAA AAG TTA TAG TGA GTC GTA

TTA AGC TTC GCG CG

DNA ATG AAC TTC AGG GTC AGC TTG CTG GTA CTT TTA TTT GGA GTT GCA CCA AAATTT
splint TTG GGG CCT AAG ACC AAT GGA TAG CTG TTA TCC TTT

578
for 5 AAA AGT TAT AGT GAG TCG TAT TAA GCT TCG CGC G

7.3. Methods

7.3.1. RNA synthesis
7.3.1.1. Ligations:

All handling was performed beneath aluminium foil if possible to minimize dye
bleaching. Ligated tRNAs were produced from three fragments for yeast tRNAh
or hmt tRNADS or four fragments in case of hmt tRNAMYCUN) (five for single
molecule experiments). RNAs for single molecule FRET experiments contained
an additional 3’-fragment for immobilization as indicated. Ligation was basically

carried out, as described previously[157].

Prior to ligation constructs that lacked a 5’-phosphate and that were not the lead-
ing fragment were phosphorylated for 1 h at 37°C using 0.75 U/ul Pnk, 5 mM
ATP , and 5 mM DTT in KL buffer with a minimal final volume of 7 ul, resulting
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in an oligo concentration up to ~26 uM. Prior to enzyme addition all phosphoryla-
tions and additional oligonucleotides including the DNA splint were pooled and
supplemented with additional ATP, DTT and 5x KL bulffer to yield 1x KL-buffer,
5 mM ATP and 5 mM DTT as well as ~7-11 uM olgio nucleotide concentration for
the final reaction. Annealing was carried out by heating the mixture for 4 min at
75°C and cooling to room temperature in 15 min. Enzymes were added (1.5 U/ ul
T4 DNA ligase and 0.06-0.75 ug/pul T4 RNA ligase 2) and the reaction was carried
out overnight at 16°C.

Ligation success was confirmed by an analytical 10% PAGE and scanning on a GE
Healthcare Typhoon 9400 (excitation 532 nm, emission BP580 for Cy3, excitation
633 nm, emission BP670 for Cy5, excitation 532 nm, emission BP670 for FRET).
Following 1 h digestion by ~2 U/ul DNasel at 37°C, purification was carried out
on 10% 8M urea PAGE (20-26 W) with band detection by eyesight to avoid dye
bleaching. Gel bands were cut out using a scalpel, squashed and eluted into 0.5 M
NH4OACc at 20°C and 400 rpm overnight.

Gel pieces were removed by spinning through Pall Nanoseps at room tempera-
ture and precipitation was carried out by an addition of 2.5 Vol 100% -80°C cold
ethanol, thorough vortexing and incubation overnight at -20°C or 2 h at -80°C.
RNA was pelleted by centrifugation at 15.000 G and -5°C for 2 h followed by
supernatant removal and drying in an Eppendorf SpeedVac.

The blue (Cy5), pink (Cy3) or purple (both dyes) RNA pellet was resuspended
in MilliQ water and concentration determination was carried out using a Ther-
moScientific Nanodrop photometer’s RNA program. Molar concentrations were

estimated using the approximation that 1 g are 40 pmol in case of tRNA.

7.3.1.2. Transcription:

The in-vitro transcript of yeast tRNAFP® transcript was produced from a BstNI-
digested plasmid template (original plasmid p67YF0 was a gift from O. Uhlen-
beck [199]). Linearization was achieved by digesting the plasmid (0.1 ug/ul)
with 1 U/ul of the restriction enzyme in supplied NEBuffer 2 supplemented
with 0.1 ug/ul BSA for 3 h at 60°C. The linearized DNA was purified via phenol-
diethylether extraction and precipitated by adjusting the aqueous phase to 0.5 M

ammonium acetate following supplementation with 2.5 vol. absolute -80°C cold
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ethanol. After thorough vortexing and incubation for at least 3h at -20°C DNA
was peletted as described for RNA above. The pellet was washed once in 80%
ethanol, dried, and resuspended in MilliQ water, concentration determination

was carried out using a ThermoScientific Nanodrop photometer.

Transcription reactions were performed in 0.4-1 ml final volume of Strasbourg
buffer containing 40 ng/ il linearized plasmid, supplemented with 30 mM MgCl,,
5 mM NTPs, 5 mM DTT, and 2 ug/ml BSA . Transcription was started by an ad-
dition of 0.05 ug/ul of in-house-prepared T7 RNA-polymerase and the reaction
was kept at 37°C for 4 h. In the last quarter of the reaction time pyrophosphate
tends to form a white precipitate, thereby indicating a successful reaction. Tran-
script purification was carried out on 10% Urea-PAGE using UV shadowing for
RNA detection. Gel bands were cut out, squashed and eluted into 0.5 M NH4OAc
over night at 20°C. Gel pieces were removed by spinning through Pall Nanoseps
at room temperature and precipitation was carried out by an addition of 2.5x Vol
100% -80°C cold EtOH, thorough vortexing and incubation overnight at -20°C .
RNA was pelleted by centrifugation at 15.000 g and -5°C for 2 h followed by su-
pernatant removal and drying in an Eppendorf SpeedVac. The RNA pellet was
resuspended in MilliQ water and concentration determination was carried out

using a ThermoScientific Nanodrop photometer.

7.3.2. Protein synthesis

An E. coli rosetta 2 (DE3) strain containing a lac-operon controlled pET28 vector
encoding C-terminal His6-tagged Thermotoga maritima TruB was used for protein
expression (the plasmid was a gift of R. Stroud [103]). The expression culture was
grown in LB-medium (Lennox) supplemented with 34 ug/ml chloramphenicol
and 50 ug/ml kanamycin to select pET28-TruB positive cells carrying the pLysS
plasmid. TruB expression was induced by addition of 0.5 mM IPTG at an OD600
of ~0.8. After 4 h, cells were harvested by centrifugation (at 2200 g and 4°C) and
resuspended in PBS. Cells were centrifuged again in PBS and the supernatants
disposed. Cell pellets were shock-frozen in liquid nitrogen and stored at - 80°C.
For purification the cell pellets were thawed and resuspended in 100 mM Tris
pH 8.0, lysed with lysozyme, centrifuged (30 min 20000 g, 4°C) and the super-
natant was boiled for 20 min at 70°C.
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Figure 7.4.: Chromatogramms from passing TruB preparations through the thorough a GE
Healthcare HisTrap Ni>T-NTA column. TruB exhibits unusually strong binding for a Hise-
tagged protein and elutes only at ~100% buffer B (500 mM imidazole).

After a second centrifugation step to remove denatured E. coli protein (30 min
20000 g, 4°C) the protein was captured using a GE Healthcare HisTrapHP Ni?*-
NTA column. A typical chromatogram can be seen in Fig.7.4. Following recon-
centration by Vivaspins purification was completed by passing the protein through
a GE Healthcare Superdex 200 10/300 GL 200 size exclusion column using 500 mM
KC150 mM TrisHCI pH 7.5 buffer (see Fig.7.5).
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Figure 7.5.: Chromatogramms from passing His-Tag purified TruB preparations through the

GE Healthcare Superdex 200 10/300 GL 200 SEC column. The largest peak eluting at
~4200 s contained the protein.
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Using a Vivaspin spinfilter the protein was reconcentrated and changed into MST1x
buffer, purity was verified by SDS PAGE. Finally concentration determination
was carried out using a Nanodrop photometer and an extinction coefficient cal-
culated from the model of Gill and coworkers [282], the sample was parted into
aliquots and shock frozen in liquid N».

7.3.3. Microscale thermophoresis

7.3.3.1. Derivatization of a 1:1 binding model

Measuring of complexation by thermophoresis requires a 1:1 binding model, which

shall be derived here. Complex formation of the two reaction partners A and B

proceeds as follows:

A+B= AB (7.1)

If this reaction is in equilibrium the fraction of formed complex can be described

by the law of mass action:

kp=2B (7.2)

By considering that a fraction of unbound molecules went into the complex,
meaning A = Ag — AB and B = By — AB Eq.7.2 can be rewritten as

(Ag— AB) - (By— AB)  Ag-By— Ag-AB—By- AB+ AB?

Ko = AB AB 73)
resulting in the quadratic equation
0= AB?>— AB- (Ao + By+Kp) + Ag - By (7.4)

The “fraction bound’ %ﬁ is used at final readout. To get to this, the above equation
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has to be solved for AB, resulting in

; Kp + Ao+ Bo £ /(Ao + Bo+ Kp)* —4- Ag - By

Y (7.5)

If the “fraction bound’, meaning thereby all A molecules occupied in an AB com-

plex, is introduced, the 1:1 binding model fit used in this work is derived

AB Ko+ Ao+Bo—\/(Ao+Bo+Kp)> —4- Ag- By

Ab 7.
Ao 2 Ay (7.6)

Fraction bound =

Microscale thermophoresis changes the fluorescence observed from a value fy
into a value f by either increasing or decreasing the fluorophore concentration
inside the observation volume, resulting in the readout %0 (one of the ratios given
in Fig.1.15b). This readout can be used to derive the fraction of bound fluores-
cently labeled molecules, provided that (%) ) #* (f%) O in words, provided
that the observed ratio changes at all with binding, which results in [204]:

%O(chtion bound) = (/%)A + ((%)AB — (%)A) - Fraction bound (7.7)

7.3.3.2. Protein screen

Buffer of all proteins was changed into Puslp 1x buffer using Vivaspins. Prior
to enzyme addition tRNA was folded by heating for 4 min at 75°C in water and
cooling to room temperature in 15 min after addition of Puslp buffer (to 1x fi-
nal). Aliquots of 100 nM tRNA were titrated with an equal volume (10 pl) protein
from 1:1 dilutions in MST 1x buffer (50 nM tRNA final). Measurements were per-
formed after 30 min incubation time using standard treated capillaries, where ev-
ery capillary represented a specific titration point. Experiments were conducted
using a Nanotemper Monolith N.115 with red excitation and detection; settings
were 70% LED, 40% MST power and 25°C temperature control setting. Data was
analyzed using ‘NT analysis 1.4.27" and normalized as well as fitted to a Hill
model in the software.
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7.3.3.3. tRNA-TruB interaction

Prior to enzyme addition tRNA was folded by heating for 4 min at 75°C in water
and cooling to room temperature in 15 min after addition of MST buffer. Aliquots
of 100 nM tRNA were titrated with an equal volume (10 pl) tmTruB from 1:1 di-
lutions in MST 1x buffer (50 nM tRNA final). Measurements were performed
after 30 min incubation time using standard treated capillaries, where every cap-
illary represented a specific titration point. Experiments were conducted using
a Nanotemper Monolith N.115 with red excitation and detection; settings were
70% LED, 40% MST power and 25°C temperature control setting.

In case of the measurements given in chapter 4, one experimental set consisted
of titrations of all four constructs followed by chase experiments on the same
samples with yeast tRNAPP® transcript, curves given in Fig.4.6 were additionally
fitted to a bi-exponential decay function in Origin 9 (OriginLab). In general the
resulting data was analyzed using ‘NT analysis 1.4.27" and normalized as well as
titted to a 1:1 binding model derived from[204] in the software.

7.3.3.4. tRNA-mPuslp interaction

A mPuslp preparation stored as described in [179] was exchanged in to 'Pusl
buffer’ [179] containing 0.02 mM Triton-X 100 (termed PusX buffer) by Vivaspin
filters. Prior to enzyme addition tRNA was folded by heating for 4 min at 75°C in
water and cooling to room temperature in 15 min after addition of PusX buffer.
Aliquots of 50nM tRNA were titrated with an equal volume (10 pl) mPuslp
from 1:1 dilutions in PusX buffer (ctRNAfinal = 25 nM). Measurements were per-
formed after 30 min incubation time using standard treated capillaries, where ev-
ery capillary represented a specific titration point. Experiments were conducted
using a Nanotemper Monolith N.115 with red excitation and detection; settings
were 100% LED, 40% MST power and 25°C temperature control setting. The re-
sulting data was analyzed using ‘NT analysis 1.4.27" and normalized as well as
fitted to a 1:1 binding model derived from [204] in the software.

7.3.3.5. tRNA-Mg2* interaction

Different mutants of were folded by heating for 4 min at 75°C in water and cool-

ing to room temperature in 15 min after addition of Mg?*-free 5x KL buffer (1x fi-
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nal, RNA concentration 100 nM). From a near-saturated MgCl,-solution (~4 M) a
serial dilution of 15 concentrations in Mg?*-free KL buffer was generated and for
every concentration 10 u1 salt were mixed with 10 u1, with mixed with Mg?*-free
KL1x buffer serving as blank. Therefore, final concentrations were 1x KL buffer
and 50nM RNA. Experiments were conducted using a Nanotemper Monolith
N.115 with red excitation and detection; settings were 70% LED, 40% MST power
(or 80% MST power) and 25°C temperature control setting. One experimental set
consisted of titration of all four constructs. The resulting data was analyzed using
‘NT analysis 1.4.27” for the normal thermophoresis (MST) regime.

7.3.3.6. SAM-I-riboswitch

Riboswitch constructs were folded in 1x SAMI buffer by heating for 2 min at
70°C and cooling to room temperature in 10 min. From a fresh batch SAM so-
lution (32nM) a serial dilution down to 32 pM was performed using SAMI-1x
buffer as diluent. Fifteen 10l aliquots of all the six riboswitch constructs were
titrated with 10l of serial 1:1 dilutions of the pre-diluted SAM stock with RNA
mixed with I Ix buffer serving as blank (highest final SAM concentration 16 pM,
tinal RNA concentration 50nM, 1x SAMI buffer final). MST experiments were
conducted using red excitation and detection; settings were 100% LED, 70% MST
power and 25°C temperature control setting. One experimental set consisted of
titration of all six constructs. The resulting data was analyzed using ‘NT analysis
1.4.27" and normalized as well as fitted to a 1:1 binding model derived from[204]
in the same software.

7.3.4. Gel shift experiments

Prior to enzyme addition tRNA was folded by heating for 4 min at 75°C in water
and cooling to room temperature in 15 min after addition of MST buffer. All
reactions were incubated for the times indicated, following 5 min incubation in
0.5 x the respective loading dye at either 25 °C or 95 °C. All gels, either 20x30 cm
10% 8 M Urea PAGE , 10x10 cm or 20x10 cm 10% SDS PAGE with 6% stacking gel
(casted resolving gel was overlayed with isopropanol during polymerization),
were run at 100 V and room temperature. Gels were first scanned with a GE
Healthcare Typhoon 9400 for Cy5 (excitation 633 nm, emission 670BP30) and then
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stained with SYBR Gold (Invitrogen), scanned for SYBR Gold (excitation 488 nm,
emission 520BP40) and, if indicated, FRET from SYBR Gold to Cy5 (excitation 488
nm, emission 670BP30), followed by Coomassie G-250 staining and detection by
a xerox copy machine (tif saved on USB stick).

Table 7.7.: Recipe for 6% stacking and 10% resolving SDS PAGE.

’ Component 6% Stacking ‘ 10% Resolving

Total volume / ml 3 10

H,O / ml 2.1645 4.646

40% acrylaminde 19:1/ ml 0.3825 2.55
1.5 M Tris-Cl pH8.8/ ml 0 2.6
1M Tris-Cl pH6.8/ ml 0.39 0
10% SDS/ ml 0.03 0.1

10% APS/ ml 0.03 0.1

TEMED/ ml 0.003 0.004

7.3.5. Coomassie staining procedure

Colloidal Coomassie was prepared by resuspending ~60-80 mg Coomassie G-250
in 1000 ml MilliQQ water (mixing for 1 h) and adding 3 ml 37% HCI afterwards.
Prior to staining SDS was removed from the SDS gel by three cycles of washing:
(1) boiling the gel in MilliQ water in the microwave for 1 min, (2) shaking 3 min,
(3) exchange water for fresh water, (4) repeat. SDS removal is the most crucial
parameter for the sensitivity of the stain. Most efficient was incubation of the
gel in 25% isoporpanol, 75% TBE at 4°C overnight: SDS precipitates. If the gel is
relatively free of SDS and/or the protein concentration is high, bands are usually
visible already after several minutes staining time. Longest staining duration
applied was 60 min. Weak background can be removed by incubating the gel in
MilliQQ water with tissues.

7.3.6. Bulk fluorescence measurements

Experiments were performed, as described in [283], using 50 #1200 nM tRNA so-
lutions in 50 pl Quartz cuvette (Hellma analytics) employing a Fluorolog-3 spec-
trofluorometer (HORIBA Jobin-Yvon). Emission spectra were recorded upon ex-
citation at 647 nm from 651 — 690 nm (increment 1 nm, slits at excitation 3 nm
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and at emission 1 nm). Excitation spectra were recorded at 668 nm while excit-
ing from 630 to 663 nm (increment 1 nm, slits at excitation 1 nm and at emission
3 nm). Fluorescence lifetime measurements have been performed with the same
spectrometer using a pulsed Fianium laser (Fianium, Sc400_2PP, 20 MHz) for ex-
citation at 647 nm. A single photon detector (PMA Hybrid 50, PicoQuant) in
conjunction with a PicoHarp 300 module (PicoQuant) allowed for time correlated
single photon counting (TCSPC). For every titration point photons were collected
in histogram mode up to a peak maximum of 65000 counts. Two different polar-
ization geometries VV and VH have been used to separate fluorescence lifetime
from molecular reorientation effects. The resulting data was analyzed using self-
written scripts in Matlab (MathWorks) and Origin (OriginLab) and subjected to
a self-normalizing 1:1 binding-model fit derived from[204]. Intensity decay data
was fitted globally to extract lifetime and anisotropy data for every titration point,
thereby generating a titration curve. For spectra titration curves were generated

by fitting the spectral maxima to a single Gaussian.

Chase experiments were performed by measuring 200nM RNA alone, adding
TruB to >5uM final concentration, measuring the instantaneous binding and, af-
ter an incubation time of ~40 min due to the measurement, adding 5.5 uM tran-
script and measuring the instantaneous displacement of fluorescent tRNA from
the complex.

7.3.7. Single molecule fluorescence measurements
7.3.7.1. Sample preparation

Measurement chambers were prepared as described previously [284]. Measure-
ments were performed in 0.2x DTT-free Pusl buffer final (meaning 0.02 M Tris-
HCI at pH 8.0, 2 mM MgCl,, 0.02M NH4OA, 0.02 mM EDTA, but WITHOUT
0.1 mM DTT final) as imaging buffer. This was initially an honest error as 5x
Pusl buffer is labeled with the composition of 1x Pusl buffer in Hengesbach et
al. [179].

Prior to any incubation the tRNA (20 pM final in 50 ul, 20 pM) was folded by heat-
ing for 4 min at 75°C in water with subsequent addition of 1x Pus1 buffer to 0.2x

final in 50 pl total volume. Preparation of the measurement chamber for tRNA
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immobilization was carried out during a 15 min period that allowed cooling to

room temperature:
¢ 5 min incubation with pure BSA-Biotin in PBS
e Wash with PBS (2x 100 ul)
* 30s-60s incubation with Streptavidin (0.2 mg/ml in PBS)
e Wash with PBS(2x 100 ul)
¢ Wash with Imaging buffer (2x100 pl)
* 5 min incubation with 50 ul 20 pM tRNA solution in imaging buffer
¢ Wash with 2x100 pl imaging buffer
* Exchange against 100 pl “Gloxy” buffer directly before measurement

“Gloxy” buffer was prepared as follows: (1) Trolox buffer: 1 microspatula tip of
Trolox was dissolved in a solution consisting of 550 ul MilliQ) water, 250 pl 40%
glucose and 200 pl Pusl 1x buffer (for 0.2x final), vortexed for 2 min and filtered
through two stacked nylon syringe filters (450 nm pore size). (2) Enzymes: 0.2
png/ul catalase, 100 ng/pl Glucose oxidase in Pus 0.2x final, fingertip instead of
vortexing until dissolved (3) add 1.5 pl of the enzyme stock to 100 pl Trolox buffer,
inject the buffer into the measurement chamber.

The sample chamber was sealed with Parafilm and mounted directly onto the

microscope.

7.3.7.2. Microscope setup

The microscope setup was designed, assembled, maintained and calibrated by
Dr. Gerald Hinze, group of Prof. Thomas Basché Institute of Physical Chemistry,
Johannes Gutenberg-University Mainz, Germany. In consequence handling the
microscope setup was not a central focus of this work and the component shall
be described only briefly. Excitation was carried out with 1 W laser power at
532 nm. The signal was collected by a 1.49 NA objective, passed through a fil-
ter to eliminate scattered laser light, and parted 50:50 by a beamsplitter cube to
a spectrograph (at 1 s integration per time spectrum and 50x electron multiply-
ing mode at -70°C; ANDOR IXON) and to two Avalanche photodiodes (Perkin
Elmer) detecting up to 630 nm and until 630 nm respectively with 100 ms time

resolution.
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7.3.7.3. Data analysis

Data analysis was carried out in Matlab programs written mainly by G. Hinze
and partly by E. Spenkuch. In a first step the spectrograph data was visually
inspected for start and endpoints, which were stored in files. In the final anal-
ysis spectrograph data was used to correct the relative intensities of ‘green” and
‘red” APD traces. Resulting traces were corrected for background and for 15%
donor bleedthrough into the acceptor channel, direct acceptor excitation was ne-
glected. FRET efficiencies were calculated from Errer = Iap/(Iap + Ipa) and
final traces were exported for plotting in Origin (Origin Lab) and further analysis
using "' HAMMY and "TDP’ [266].
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A.1. Appendix to chapter 3

A.1.1. sec.3.1.1

As explained in sec.1.5, there are several ways to analyze thermophoresis curves
of a titration experiments: While the ususal readout for a given titration point
is the ratio of post T Jump intensity and steady state intensity, all other combi-
nations given in sec.1.5 were also responsive to enzyme binding. Dissociation

[ Fluorescence
T JUMP
[ MST + T JUMP

constants resulting from fits to a 1:1 binding model are given in Fig. A.1.
Elwvst
[ Backdiffusion Q
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Figure A.1.: Dissociation constants of TruB and tRNA constructs as resulting from different
thermophoresis curve readouts. Error bars represent the standard error of the fit as provided
by the NT analysis software.

All readouts are in good agreement only for mPuslp and pabTrmi, For all other

enzymes Ky value determined from absolute fluorescence intensity is 10-100-fold
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lower than affinities determined from other readouts. Divergence of K4 values
determined from fluorescence from the average over all readouts was also de-
tected for other tRNA-protein interactions in this work. As discussed in the main
text, mPuslp induces the largest change in fluorescence intensity, while pabTrmi
has the smallest influence. Obviouslyand for yet unknown reasons an overall
high signal does not necessarily correspond to well agreeing K4 values.

A.1.2. sec.3.1.2

A.1.2.1. Chemistry of fluorescence labeling

All oligonucleotide were purchased as already labeled from IBA Gottingen. How-
ever, dyes were attached at three different bases (G, C and U), thereby requiring
three different chemistries: Attachment at C5 for U, 2'-NH, for C and U or at G.

(0]

s o

R2: C6-Linker-Cy3

or:
NH,

| S
o= (L
NH (0]
C6-Linker-Cy3 ca9

/< R2: C6-Linker-Cy5
C6-Linker NH Ny

)5/\/ E‘rNH ?E(/ )\ RNA_‘YL?T

Of C6-Linker-Cy5 RNA Ho ANR HN__<O

R2
RNA OH RNA OH

Figure A.2.: Labeling chemistries for different yeast tRNAP"® constructs. All dyes at U17 and
U33 were attached as shown in a, dyes at G3 as shown in b and dyes at U7 and C49 as in
C.
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A.1.2.2. Additional MST curve

0 10 20 30 40 50 60
Time /s

Figure A.3.: MST curve set of the C49 U17 U55 construct with the TruB minimal substrate
marked in orange. Note that the curves closely resemble the C49 U17 5FU55 construct
shown in the main text.
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A.1.2.3. AIll features of MST curves are sensitive to TruB binding

As explained in sec.1.5, there are several ways to analyze thermophoresis curves
of a titration experiments: While the usual readout for a given titration point
is the ratio of post T Jump intensity and steady state intensity, all other combi-
nations given in sec.1.5 were equally responsive to TruB binding. Dissociation
constants resulting from fits to a 1:1 binding model are given in Fig. A.4. The only
clear feature of the data are significantly higher K4 values from absolute fluo-
rescence intensity, while values determined from other readouts vary only by a

maximum factor of four.
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Figure A.4.: Dissociation constants of TruB and tRNA constructs as resulting from different
thermophoresis curve readouts. Error bars represent the standard error of the fit as provided
by the NT analysis software.

A.1.3. Appendix to sec.1.5

As explained in sec.1.5, there are several ways to analyze thermophoresis curves
of a titration experiments: While the ususal readout for a given titration point
is the ratio of post T Jump intensity and steady state intensity, all other combi-
nations given in sec.1.5 were also responsive to mPuslp binding. The only clear
trend in Fig. A.5 is a generally higher K4 value for thermophoresis and a generally
lower Ky value for the T JUMP. However, as discussed in the main text, any fur-
ther discussion remains speculation in lack of nearly quantitative binding, since

the uncertainty of determined Ky values is very high.
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Figure A.5.: Dissociation constants of mPuslp and tRNA constructs as resulting from dif-
ferent thermophoresis curve readouts. Error bars represent the standard error of the fit as
provided by the NT analysis software.

A.2. Appendix to chapter 4

This part of the Appendix contains representative LC-MS/MS spectra on TruB
turnover, MST experiments on protein aggregation and reproducibility, an analy-
sis of tRNA-C49-TruB interaction assessed after 10 min incubation on urea PAGE,
results for all constructs after 12 h incubation at 4 °C assessed on urea and native
PAGE and a SDS gel on different temperatures and incubation times for C49-
S5FU55-tRNA-TruB interaction.

113



Chapter A Appendix

A.2.1. Pseudouridine formation analyzed by LC-MS/MS
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Figure A.6.: Measurements performed by LC-MS/MS analysis for verification of turnover
efficiency. UV chromatograms (red) and MS signals of pseudouridine (black) of TruB in-
cubated transcript (100% conversion), U33-U55 (6% conversion) construct and C49-U55
construct (57% conversion). No pseudouridine could be detected in the negative controls
(TruB without RNA and transcript without TruB, respectively). Note that the TruB protein
carries a high positive charge in the eluent with pH5.5 due to its pl of ~8.8, which results
in elution near the dead time. Measurement, data analysis and figure preparation by Ste-
fanie Kellner is gratefully acknowledged. Measurement and data analysis were performed as
described in [285].
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A.2.2. All features of MST curves are sensitive to TruB binding

As explained in sec.1.5, there are several ways to analyze thermophoresis curves
of a titration experiments: While the ususal readout for a given titration point
is the ratio of post T Jump intensity and steady state intensity, all other combi-
nations given in sec.1.5 were equally responsive to TruB binding. Dissociation
constants resulting from fits to a 1:1 binding model are given in Fig. A.7. For both
U33-tRNAs most Kd values are almost identical, while for the C49 constructs
values determined from fluorescence and T Jump are up to ~15-fold lower than
those determined from MST+T-Jump, MST or backdiffusion.

I Fluorescence

BE 1 Jump _Q_
CJ MST+T-Jump % <
100 MST ‘Y ;‘
[ Backdiffusion § %
. - \ \
& N N N
\ N | IEX
1 T § T T T T & T T &

U33-5FU55 U33-U55 C49-5FU55 C49-U55

Figure A.7.: Dissociation constants of TruB and tRNA constructs as resulting from different
thermophoresis curve readouts. For each readout the averaged data of three replicates were
fitted. Error bars represent the standard error of the fit as provided by the NT analysis
software.

The comparably large error inherent in absolute fluorescence intensity relativizes
these differences somewhat, but still the following conclusion is suggested by the
data:

As mentioned in the main text, upon TruB binding, the U33 label is more respon-
sive in all spectroscopic properties than the C49 label. It might be that all readouts
given in Fig. A.7 are dominated by the spectroscopic responsiveness for the U33
label, explaining the observed uniformity.

A.2.3. Additional MST experiments

Thermophoresis curves of an old, highly concentrated (~300 pM) TruB stock showed

heavy fluctuations (Fig.A.8a) resulting in a titration curve lacking proper fits
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with either a Hill model, or a one-to-one binding model (Fig. A.8b). Both models
yielded similar, low affinites: EC50 = 1592 nM for the Hill model and Kd = 1520
nM for one-to-one binding. Thorough centrifugation results in smoother traces
(Fig.A.8c).
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Figure A.8.: Influence of protein inhomogeneity on MST experiments. a Thermophoresis
curves of 5 year old 300 uM protein. b Titration curve resulting from a, fitted to either
a one-to-one binding or to aHill model (solid black lines). ¢ Thermophoresis curves of
centrifuged protein. d Titration curve and fits resulting from c: One-to-one binding model
(red line) and Hill model (black line). e Longterm reproducibility of MST. Triplicate of a
TruB-U33-5FUbB5 titration, while each run was 1 month apart from the other. Kd values as
resulting from the fit to a one-to-one binding model (solid line): empty squares: 37.31 nM;
empty triangles: 15.49 nM; empty circles: 16.89 nM.

However, the resulting steep titration curve could not be fitted to a one-to-one
binding model (red line in Fig. A.8d). A Hill fit (black line in Fig. A.8d), yielded
n = 2.68 and EC50 347.8 nM, more than 10x above the actual affinity. Affinity of
tmTruB for the U33-5FU55 construct was measured three times over a period of
three month with variations up to a factor of two and a precision value of 52%, as
apparent from Fig. A .8e.

A.2.4. tRNA-TruB binding investigated by urea PAGE

Prior to gel loading complexation reactions with C49 tRNA were incubated at 2

1M concentrations for 10 min at 25 °C, following 5 min incubation in 0.5x of the
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respective loading dye (SDS butffer or 90% formamide in TBE (FA)) at either 25°C
(Heat -) or 95 °C (Heat +).

Lane# 1 2 3 4 5 6 7 8 19] 10 11112 ] 13] 14 151 16| 17] 18 |19 20| 21
RNA + + + + + + + + |- + + + + | + + + +| - -
Pos55 5FU |5FU|5FU [5FU |5FU [5FU|5FU| 5FU | - U ulu Ul u Ul U U -
TruB + + + + - - - + + + + - - + + + +
Heat + - + - + - + + - + - + + I . +

FA - - + + - - + + - + + - + + + | +
SDS + + - - + + + + - + + -+ +

bbb CUILLUL L UL

Figure A.9.: TruB-C49-tRNA interaction assessed by 8 M Urea PAGE (20x30 cm 10%, 100
V, 25 °C). Four conditions were tested: Prior to gel loading the complex reaction was either
incubated for 5 min in either formamide or SDS buffer as loading dye at 25 °C or 95 °C.
Detection by Cy5 scan (excitation 633 nm, emission 670 BP 30).

A Coomasie stain showed TruB incubated in FA only barely entering the gel as a
diffuse streak on similar height as TruB in SDS buffer (data not shown). The Cy5
scan of the same gel is given in Fig. A.9 and allows the following observations:

(1) Very weak autofluorescence of TruB can be detected, if SDS buffer is used
(lanes 1, 10, 11, 18 and 19), (2) no complex formation with U55-tRNA occurs (lanes
10-13), (3) no complex for 5FU55-tRNA, if the reaction is heated to 95 °C prior to
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gel loading (lanes 1+3), (4) as with SDS PAGE, the complex is 5FU55-specific,
but detectable in only ~1% yield in SDS loading buffer (lane 2), a stark contrast
to the ~40% detectable complex on SDS PAGE (Figure 3 in the main text), (5) in
formamide buffer dissociation of the 5SFU55-tRNA TruB complex is evident from
heavy smearing (lane 4). In summary the ‘stable” complex is neither resistant to

urea, nor to formamide and therefore an SDS-related artifact.

Following 12 h incubation at 4 °C (cirna = 1 1M, cruB = 2.5 pM), the complexa-
tion reaction was incubated in 90% formamide loading dye and analyzed on 10%
urea PAGE (Fig.A.10). The gel shows intense smearing specific to 5SFU55-TruB
complexes, as in Fig. A.9, and weak autofluorescence of TruB for U55-tRNAs.

a b

RNA + + + + + + + + + + + +
Label U33 |U33 [U33 [ U33| C49 |C49| C49 | C49 - - - -
Pos55 U U |5FU | 5FU| U U |5FU| U 5FU | 5FU U U
TruB + - + - + - + - + - + +
T/°C 25 25 | 25 2525 | 25| 25| 25 25 | 25 25| 25

N 3

o | |4

|

. oo

- - |- -4—%
_’

e -t |y

Figure A.10.: TruB-tRNA interaction assessed by urea PAGE (20x30 cm 10%, 16 W, 25
°C). All constructs were analyzed on the same gel: a) Cy5 scan of the gel half containing
fluorescent constructs (excitation 633 nm, emission 670 BP 30), b) scan for SYBR Gold
stain of unlabeled RNA (other gel half, excitation: 488 nm, emission: 526 SP).
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An additional aliquot of the reactions shown in Fig.A.10 was analyzed on 10%
native PAGE, revealing (except for some degradation) identical behavior of all

constructs (Fig. A.11).

a b
RNA + + + + + + + + + + + +
Label U33 |U33 [U33 | U33|C49 [C49| C49|C49 - - - -
Pos55 U U |5FU |5FU|l U U |5FU| U 5FU [5FU U U
TruB + - + - + - + - + - + +
T/°C 25 25 | 25 2525 | 25| 25 | 25 25 | 25 E 25|25
“— g
— - - O“el“‘;\ . -

Figure A.11.: TruB-tRNA interaction assessed by native PAGE (20x30 cm 10%, 6 W, 25
°C). All constructs were analyzed on the same gel: a) Cy5 scan of the gel half containing
fluorescent constructs (excitation 633 nm, emission BP670), b) scan for SYBR Gold stain
of unlabeled RNA (other gel half, excitation: 488 nm, emission: SP526).
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A.2.5. tRNA-TruB interactions investigated on SDS PAGE

Incubation of C49-5FU55-tRNA and TruB at 1 uM and various temperatures for 2
or 18 h did not result in a significantly different complex yield, as is evident from
the gel in Fig. A.12. However, RNA degradation is visible for high temperatures

and/or long incubation times.

RNA + +
Label C49 C49
Pos55 5FU SFU
TruB + + + + + + + +\ +\ + -

t/h 18 2 18 | 2 18\ 2118\ 2118\ 2
T/°C 65 |65 50 |50 \37 \37\25\25\4 \4

%L@
e

Figure A.12.: TruB-C49-5FU55-tRNA interaction assessed by SDS PAGE for the different
incubation times and temperatures indicated. Note that the tRNA band shows a double
band for elongated incubation and elevated temperatures, indicating degradation. Typhoon
Cyb5 scan excitation 633 nm, emission 670BP30.

A.2.6. Spectra on tRNA-TruB interaction

As mentioned in the main text, spectroscopic changes were larger for U33 vs.
C49 labeled tRNAs. Representative spectra of all tRNA constructs are given in
Fig. A.13.
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Figure A.13.: Representative spectra from tRNA TruB titrations. Protein binding (~% binding
is given) causes bathochromic shifts of excitation (a, b, U55 above, 5FU55 below, Ag, =
668nm) and emission spectra (c, d, U55 above, 5FU55 below, Ag, = 647nm).
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A.2.7. Effects of tRNA-TruB binding on fluorescence anisotropy

Since the sample contains populations that differ in fluorescence life time, as well
as rotational correlation times, time resolved fluorescence data has to be treated as
a so called associated anisotropy decay to allow for deconvolution of anisotropy
decay and fluorescence lifetimes [286]. Since systems with more than two corre-
lation times are difficult to address [286] and could therefore let us interpret too
much into our data, we chose a simple two component system, where compo-
nents differ from each other in both, fluorescence lifetime and correlation time.
The parallel and the perpendicular component are described by the following

equations:
_1 __1 __1
Ij=A(1-F)e ™ {1 + 2r1e TAl} + Aqe {1 + 2roe TAZ} (A1)
_1 1 __1
IL = Az(l — F)e B [1 +rie TAl} + A2€ {1 + e TA2} (AZ)

Here (1-F) and F describe the fractional abundance of the two components, A;
and A; are scaling amplitudes for both data sets and , 77, and 7F, the fluores-
cence decay times, anisotropy amplitudes are given by r; and r; corresponding
to rotational correlation times T4, and 74,, respectively. Anisotropy values for all

constructs are given in Tab. A.1.

Table A.1.: Changes in anisotropy upon TruB binding

RNA ‘ TAl/ ns ‘ TAz/ ns ‘ 1 ‘ o
U33-Ub55 0.56 224 1023 0.11
U33-5FU55 | 0.66 211 1022 0.14
C49-U55 0.52 3.7 |0.21 | 0.05
C49-5FU55 | 0.53 20.2 | 0.20 | 0.03

One component shows a fast anisotropic rotation, the other shows a rotational
correlation time typical for a dye trapped in a protein complex [286]. The rota-
tional correlation times are remarkably similar for all constructs with a slightly
faster T4, for U33-tRNA. The amplitudes differ not for 5FU55 vs. U55, but for the

121



Chapter A Appendix

dye label position: For U33-tRNA the amplitudes of both components are similar,
while the slow rotating component is nearly negligible for C49-tRNA.

The tRNA-TruB docking model [76] might explain at least one half of the obser-
vations: As is shown in Fig.A.14, C49 (depicted as a red structure) lies ‘on top’
of the enzyme shown as gray surface. The red inset in Fig.A.14 shows that the
dye is attached to the ‘C-H edge’ of C49, positioning it towards the RNA back-
bone. The position marked with a blue arrow corresponds to the circle in the
crystal structure, thereby depicting the dye attachment site. Considering the long
linker attaching the dye to the base, one could imagine a quite undisturbed rota-
tion of the dye ‘above’ the tRNA-TruB complex. Consistent with this hypothesis,
we propose that ry of C49-tRNA is low, because the dye is still highly mobile in
the complex and the resulting fast (almost isotropic) rotation cancels out the slow
component. In reverse a larger r, for U33-tRNA implies an effective low mobility
of the enzyme-bound U33-label, presumably due to long distance intramolecular
rearrangement, as discussed in the main text. In lack of a cocrystal containing a
full tRNA, specific effects of the U33 label cannot be discussed in more detail.
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Figure A.14.: Detail of tRNA-TruB docking model [76]: TruB gray surface, tRNA represented
as a black ribbon, minimal substrate is shown in orange and substrate position 55 as a purple
sphere. The red structure shows m°C49 native to yeast tRNAPPe with the methyl group
at position 5 marked by a blue circle. Cy5 attached to the base dC as inset. A blue arrow
marks the position corresponding to the blue circle, thereby depicting the dye attachment
site.
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