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ABSTRACT

The genetic code is a nearly universal set of rules by which living cells translate the
information encoded in their genomes into proteins. Commonly composed of 20 natural
amino acids, proteins play a notable part in essentially all biological processes necessary for
normal functioning of cells and organisms. Considering the limited diversity of functionalities
throughout the natural amino acids, recent years have seen an increased focus on artificially
expanding the genetic code to include unnatural amino acids (UAAs) adorned with unique
biochemical handles. Reassignment of the amber stop codon (also known as amber
suppression) definitely stands out as a powerful tool which allows site-specific incorporation
of UAA into proteins in vivo in both prokaryotes and eukaryotes. Key requirements necessary
for this endeavour include an orthogonal aminoacyl-tRNA synthetase (aaRS) that specifically
recognizes and charges the UAA exclusively onto its cognate tRNAYA and not onto
endogenous host tRNAs. Likewise, the tRNACYA is not a substrate for endogenous aaRSs and
consequently directs the incorporation of the UAA in response to a premature amber codon
(UAG) within the mRNA during translation. By altering the specificity of orthogonal aaRS
through directed evolution approaches, more than 250 UAAs have already been site-
specifically incorporated into proteins of interest. The chemical variety of incorporated
UAAs, ranging from bioorthogonal handles and posttranslational modifications to photo- and
chemical crosslinkers, has enabled multiple opportunities to site-specifically label proteins in
vivo and modulate their function, map transient protein-protein interactions as well as
elucidate diverse biological processes as they proceed in space and time.

Within the scope of this thesis we aspired to employ site-specific incorporation of
novel UAAs for two conceptually different in vitro and in vivo applications: (i) site-specific
labelling of proteins via a novel light-induced bioorthogonal reaction and (ii) proximity-
triggered covalent stabilisation and characterisation of low-affinity protein complexes.

The development of fast, chemoselective and high-yielding bioorthogonal reactions
between UAAs and externally added chemical probes has become an indispensable tool for
labelling individual proteins and proteomes. Recent years have especially witnessed a focus
on light-induced bioorthogonal reactions as these are distinguished by elegant reaction control
with exceptional spatial and temporal resolution. Herein we attempted to exploit the
distinctive reactivity of photochemically generated ortho-naphthoquinone methides (0NQMs)
towards vinyl ethers and sulfides in order to develop a novel and exceptionally fast hetero-
Diels-Alder reaction (second-order rate constants ~ 10* M! s!) for site-specific labelling of
proteins. We devised and simultaneously pursued two labelling strategies, depending on
which reaction partner would be incorporated as an UAA and which utilised as an externally
added labelling reagent. While the synthesis of UAAs bearing oNQM precursors (0NQMPs)
was challenging and their site-specific incorporation into proteins requires directed evolution,
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we managed to efficiently introduce vinyl ether- and sulfide-containing UAAs into sfGFP in
both E. coli and mammalian cells. Nevertheless, in all of our labelling attempts on purified
proteins, we were confronted with the undesired reactivity of oNQMs with nucleophilic
amino acid residues. Unfortunately, all of our efforts to circumvent this problem were
unsuccessful and we opted not to pursue the reaction for labelling purposes any further. This
thesis furthermore describes several alternative reactions for vinyl ether/sulfide-bearing
UAAs, notably the visible-light-mediated [4+2] cycloaddition with  9,10-
phenanthrenequinones, which ultimately suffered the same fate as oONQMs.

Formation of low-affinity and transient protein-protein interactions is indispensable in
signalling and regulatory pathways in the cell. Due to their highly dynamic nature, however,
high-resolution structural studies of low-affinity protein complexes are often elusive as they
frequently require the generation of stable complexes. For this purpose, we sought out to link
low-affinity protein complexes in their native conformation by incorporating flexible
bromoalkyl-bearing UAAs that are inert under physiological conditions but can react with
nucleophilic amino acid such as cysteines upon increasing their local concentration through
proximity. Consequently, we were able to covalently crosslink positions brought into
proximity during the formation of the protein complex, both in vitro and in living bacteria and
mammalian cells. Moreover, we chemically stabilized and determined the crystal structure of
a transient GDP-bound complex between a small human GTPase Rablb and the GEF domain
of its nucleotide exchange factor DrrA from Legionella pneumophila. We are currently
attempting to expand this approach to UAAs containing an additional MS/MS cleavable
moiety which would not only help entrap but also facilitate the characterisation of hitherto
unmapped protein interactions.




§ Zusammenfassung XV

ZUSAMMENFASSUNG

Der genetische Code ist eine nahezu universelle Reihe von Regeln, die lebende Zellen nutzen,
um die in ihren Genomen gespeicherte Information in Proteine zu {ibersetzen. Proteine,
welche tiblicherweise aus 20 natiirlichen Aminoséuren bestehen, spielen eine wichtige Rolle
im Grunde aller biologischen Prozesse, die notwendig sind fiir die normale Funktion von
Zellen und Organismen. Betrachtet man die eingeschrinkte Vielfalt von chemischen Gruppen
unter den natiirlichen Aminosduren, dann konnte man in den letzten Jahren einen erhohten
Fokus auf die kiinstliche Erweiterung des genetischen Codes mit unnatiirlichen Aminosiuren
(UAAs) beobachten, die einzigartige biochemische Gruppen tragen. Die Neuzuordnung des
Amber-Stopp-Codons (auch bekannt als Amber-Suppression) ist ein wirkungsvolles
Werkzeug fiir den positionsspezifischen Einbau von UAAs in ein Protein in vivo in
Prokaryoten und Eukaryoten. Hauptanforderungen sind dabei ein orthogonales Aminoacyl-
tRNAcua Synthetase/tRNAcua Paar, das die UAA spezifisch erkennt und verarbeitet, ohne
Kreuzreaktivititen gegeniiber dem Wirt zu zeigen. Mehr als 200 UAAs konnten bereits
positionsspezifisch in Zielproteine eingebaut werden, indem die Spezifitit der orthogonalen
Synthetase durch gerichtete Evolution verdndert wurde. Die biochemische Vielfalt der
eingebauten UAAs reicht von bioorthogonalen Gruppen, die iiber spezielle chemische
Reaktionen weiter funktionalisiert werden kdnnen, und posttranslationalen Modifikationen zu
Photo- und chemischen Crosslinkern. Diese haben die positionsspezifische Markierung von
Proteinen in vivo ermoglicht, sowie die Regulierung ihrer Funktion, die Abbildung von
kurzlebigen Protein-Protein-Interaktionen und die Aufkldrung von verschiedenen
biologischen Prozessen in zeitlicher und rdumlicher Auflosung.

Im Rahmen dieser Thesis wollten wir den positionsspezifischen Einbau von neuen
UAAs mit orthogonalen tRNA-Synthetase/tRNAcua Paaren fiir zwei konzeptionell
verschiedene in vitro und in vivo Anwendungen einsetzen: (i) fiir die positionsspezifische
Markierung von Proteinen iiber eine neue lichtinduzierte bioorthogonale Reaktion und (ii) fiir
eine Proximitéts-vermittelte kovalente Stabilisierung und Charakterisierung niedrig-affiner
Proteinkomplexe.

Die Entwicklung von schnellen, chemoselektiven bioorthogonalen Reaktionen mit
hohen Ausbeuten zwischen UAAs und extern hinzugefiigten chemischen Sonden wird
allmdhlich ein unentbehrliches Werkzeug fiir die Markierung von einzelnen Proteinen und
Proteomen. In den letzten Jahren konnte ein spezieller Fokus auf lichtinduzierten
bioorthogonalen Reaktionen beobachtet werden, da diese eine elegante Reaktionskontrolle
aufweisen mit aulergewoOhnlicher rdumlicher und zeitlicher Kontrolle. In dieser Arbeit
wollten wir uns die charakteristische Reaktivitdit von photochemisch-generierten ortho-
Naphthoquinonmethiden (oNQMs) gegeniiber Vinylethern und -sulfiden zu Nutze machen,
um eine neue und sehr schnelle hetero-Diels-Alder Reaktion (mit Ratenkonstanten zweiter
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Ordnung ~ 10* M! s) fiir die positionsspezifische Markierung von Proteinen zu entwickeln.
Wir haben dazu zwei Strategien fiir die Markierung entworfen und verfolgt. Wahrend die
Synthese von UAAs mit oNQM Vorldufern (oNQMPs) herausfordernd war und der Einbau
der entsprechenden UAAs in Proteinen gerichtete Evolution erfordert, konnten wir
Vinylether- und -sulfid-tragende UAAs effektiv in sfGFP einbringen, sowohl in E. coli und
Sdugetierzellen. Die Markierungsversuche an aufgereinigten Proteinen zeigten jedoch
ungewiinschte Reaktivitdit der oNQM gegeniiber nukleophilen Aminosdureseitenketten.
Ungliicklicherweise waren alle Bemiihungen dieses Problem zu l6sen nicht erfolgreich,
weswegen die Reaktion zur Markierung nicht weiterverfolgt wurde. Weiterhin sind in dieser
Thesis mehrere alternative Reaktionen fiir Vinylether/sulfid-beinhaltende UAAs beschrieben,
insbesondere die durch sichtbares Licht vermittelte [4+2] Cycloaddition mit 9,10-
Phenanthrenquinonen, welche jedoch dieselben Nebenreaktionen zeigt wie die Reaktion mit
oNQMs.

Die Bildung von niedrig-affinen und kurzlebigen Protein-Protein-Interaktionen ist
unabdingbar in der Signalweiterleitung und regulatorischen Wegen in der Zelle. Aufgrund
ithrer dynamischen Art ist die Untersuchung der hochaufgelosten Struktur niedrig-affiner
Proteinkomplexe jedoch schwierig, da hierfiir die Bildung stabiler Komplexe notwendig ist.
Aus diesem Grund wollten wir niedrig-affine Proteinkomplexe in ihrer nativen Struktur iiber
eine eingebaute, flexible, Bromoalkyl-basierte UAA verkniipfen. Diese ist unter
physiologischen Bedingungen inert, kann jedoch mit nukleophilen Aminosduren wie
Cysteinen bei erhohter lokaler Konzentration durch Proximitdt reagieren. Dies hat uns
ermoglicht, Positionen, welche durch Bildung des Proteinkomplexes in eine gewisse Néhe
zueinander gebracht wurden, in vitro, sowie in lebenden Bakterien und Saugetierzellen
kovalent zu verkniipfen. Weiterhin konnten wir die Struktur des kurzlebigen GDP-
gebundenen Komplexes zwischen der kleinen humanen GTPase Rab1b und der GEF Doméne
ihres Nukleotidaustauschfaktors DrrA aus Legionella pneumophilia chemisch stabilisieren
und die Kristallstruktur davon bestimmen. Derzeit versuchen wir diesen Ansatz auf UAAs
auszuweiten, die ein zusitzliches, spaltbares MS/MS Motiv beinhalten, welche nicht nur
dabei helfen wiirden unbekannte Protein-Interaktionen einzufangen, sondern auch deren
Charakterisierung erleichtern wiirden.
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§ 1. INTRODUCTION

The fundaments of every living system lie on the shoulders of cells. Though tiny in size (~ 1-
100 um, depending on their type), these “working units of life” are run by complex and
sophisticated interactions of their numerous constituents, such as nucleic acids, proteins, small
molecules and ions. Over the course of past decades, our understanding of the molecular basis
of life has increased tremendously by utilizing a vast plethora of biochemical and biophysical
techniques, ranging from X-ray crystallography and nuclear magnetic resonance (NMR)
spectroscopy to whole-genome sequencing. Nevertheless, the available toolbox is often
limited to in vitro studies on confined biomolecules, overlooking their complex and dynamic
behaviour in the living cell. Finding new ways to investigate biomolecular interactions in vivo
as they proceed in space and time is, thus, of special importance in modern molecular biology.

This thesis is comprised of two major parts; the first concentrates on efforts to develop
a novel light-induced bioorthogonal reaction intended for site-specific labelling of proteins,
both in vitro and in vivo. The second part details the development of a crosslinking tool used
for stabilising low-affinity protein-protein interactions in living cells. Both of these topics
make use of an elegant approach that emerged out of interdisciplinary fields of synthetic and
chemical biology — the genetic code expansion — which allows site-specific incorporation of
unnatural amino acids (UAAs) to modulate and study proteins of interest.

1.1. Visualising proteins inside living cells: An overview
1.1.1. ... And then there was GFP

The year 1962 saw The Beatles releasing their first hit, Spider-Man making his first
appearance in comic books and Marilyn Monroe singing “Happy Birthday” to the US
president John F. Kennedy, months before her sudden passing. Remarkably, this same year at
the Princeton University, Osamu Shimomura, intrigued by the bioluminescence of the crystal
jellyfish Aequorea victoria, isolated a protein which would decades later become a
revolutionary and indispensable imaging tool — the green fluorescent protein (GFP).!!
Consisting of 238 amino acid residues (26.9 kDa), GFP adapts a beta barrel (also referred to
as “beta-can”) structure composed of eleven B-strands with a central alpha helix running
along its axis. When exposed to light in the blue to ultraviolet range, GFP exhibits a bright
green fluorescence (Aem = 509 nm) caused by the posttranslationally formed 4-(p-
hydroxybenzylidene)imidazolidine-5-one (HBI) chromophore (Figure 1).?! Covalently bound
to the interior helix, the HBI chromophore forms spontaneously from the tripeptide Ser65-
Tyr66-Gly67 during maturation of the GFP scaffold. Mechanistically speaking, a nucleophilic
attack of the Gly67 amide nitrogen atom on the carbonyl group of Ser65 and subsequent
dehydration first create a heterocyclic imidazolone. The rate-limiting dehydrogenation of the
a-p bond of Tyr66 by molecular oxygen, finally leads to conjugation of the aromatic Tyr rest
with the imidazolone."*! Depending on the hydrogen-bond network around the Tyr66, the HBI
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chromophore can either be protonated (neutral form) or deprotonated (anionic form) with both

forms exhibiting different spectral properties (Aabs(anionic) = 475 nm; Aaps(neutral) = 395 nm).

Upon excitation, however, the neutral form undergoes rapid conversion into the anionic form
cyclization

via excited state proton transfer (ESPT, Figure 1.1).[%
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Figure 1.1. The chromophore formation of green fluorescent protein (GFP, PDB: 4KW4).

Even though the chemical and optical nature of wild-type GFP had been described by
the end of 1970s!%¥, the realization of its utility began in the early 1990s with the cloning of
the GFP genel® and its recombinant expression in Escherichia coli and Caenorhabditis
elegans.'® The latter was achieved by the lab of Martin Chalfie, who realized that GFP could
be expressed and used as a genetically encoded fluorescence marker in almost every
organism, due to the spontaneous formation of the HBI chromophore. Shortly after, the report
of the 3D structure of GFP provided crucial information on the chromophore formation and
the interactions between the surrounding amino acid residues.”® 2) This led to the seminal
work of Roger Tsien and his colleagues who engineered a large variety of GFP and GFP-like
variants with improved spectral properties such as increased photostability and fluorescence
(with diminished absorbance at 395 nm) as well as different colour such as blue (BFP), cyan
(CFP) and yellow (YFP).!

Today, the development of GFP and its various genetically encoded variants has had a
tremendous impact on the understanding of cellular processes and protein transport.l’] When
fused to the N or C terminus of the protein of interest, GFP can act as a reporter of protein
subcellular localization. Furthermore, employment of fluorescent protein fusions has given
insight into protein trafficking and interaction pathways, and at the same time has facilitated
their purification for molecular analysis. For the discovery and development of GFP
technology and its substantial impact on life sciences, in 2008, O. Shimomura, M. Chalfie and
R. Tsien were acknowledged with the Nobel Prize in Chemistry.®!
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1.1.2. Genetic tags for labelling

The usage of protein fusions for labelling purposes, however, is not always ideal. Introduction
of an additional sequence into the protein of interest may perturb its structure and hinder its
function. The relatively large size of all GFP variants limits their fusion to solely N and C
terminus of proteins, hindering this way their placement at any position in the protein of
interest. Furthermore, their photophysical properties are not always as good as those of
organic dyes (e.g. lower fluorescence quantum yields or occurrence of photobleaching upon
denaturation), making them generally not suitable for single-molecule spectroscopy.
Therefore, several alternative methods for labelling proteins have been developed. Among
them, self-labelling enzyme-based fusion tags, which catalyse the covalent attachment of an
exogenously added synthetic substrate (i.e. an organic fluorophore), should be noted.”’ As
opposed to GFP and other fluorescent proteins, self-labelling enzymes only become
fluorescent when the cells expressing them are exposed to the added fluorophore (Figure 1.2).
This enables a spatiotemporal control of the labelling, as well as an opportunity to
sequentially label proteins with different dyes. Human O°-alkylguanine-DNA-alkyltransferase
(SNAP-tag) was the first self-labelling enzyme used to covalently attach a fluorophore onto a
protein of interest in vivo.’® This 20 kDa DNA repair protein was engineered using directed
evolution to react specifically with O°-alkyl- and O°-benzylguanine derivatives, through a
cysteine residue in its active site (Figure 1.2a). Moreover, another variant of this enzyme has
been further evolved to react specifically with O*-benzylcytosine derivatives, instead of O°-
benzylguanine (CLIP-tag, Figure 1.2b).°®! SNAP- and CLIP-tag are orthogonal to each other
and can therefore be used to label two proteins with two different fluorophores within the
same cell. Similarly, a 33 kDa bacterial enzyme haloalkane dehalogenase has been developed
as a self-labelling fusion tag (HaloTag, Figure 1.2¢).’® This hydrolase reacts with substrates
bearing primary alkyl halides, during which a stable ester bond is formed between the
substrate and an Asp residue in the active site. A conserved His residue in the wild-type
enzyme, which in fact hydrolyses the alkyl-enzyme intermediate and thus regenerates the Asp
nucleophile, has been mutated out of the sequence in order to preserve the stable covalent
alkyl-enzyme adduct.

SNAP/CLIP-tags and HaloTag have been used extensively to investigate protein
localization and trafficking in living cells.”™ ') The benefits of using these self-labelling
enzyme tags include the fact that the attachment of the functionalized substrate is highly
specific and irreversible. Importantly, the tag can be genetically encoded in both prokaryotes
and eukaryotes, while the synthetic substrates can be coupled to different fluorescent dyes and
affinity handles. The reactions occur rapidly at physiological conditions in living cells, but
can also be extended to chemically fixed cells, if the cells are labelled before fixation. This is
especially important when using HaloTags, where the labelling is inhibited by both fixation
and detergents. Even though they provide higher labelling specificity, self-labelling enzyme
tags exhibit similar problems as fluorescent proteins, especially regarding their size. In order
to tackle the problems that arise from the molecular size of these tags, two further labelling
approaches have been developed.
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Figure 1.2. Self-labelling enzymes. (a) The SNAP-tag specifically reacts with externally added small molecules
bearing a O°-benzylguanine moiety. (b) CLIP-tag specifically reacts with O*-benzylcytosine derivatives. (c)
HaloTag undergoes nucleophilic displacement reactions with substrates bearing primary alkyl halides.

The first approach has its roots in the coordination chemistry of arsenic(IIl).
Developed by Roger Tsien and his colleagues, cell-permeable biarsenical dyes bind with high
affinity to a genetically encodable tetracysteine (TC) motif (-Cys-Cys-X-X-Cys-Cys-, where
X refers to any amino acid other than cysteine).!''! The commonly used dye is the green-
emitting FIAsH-EDT, (fluorescein arsenical hairpin binder-ethanedithiol) containing
fluorescein in its core with two 1,3,2-dithioarsolane moieties. FIAsH-EDT?5 is essentially non-
fluorescent and only becomes fluorescent upon binding to the TC motive, with absorbance
and emission maxima at 508 nm and 528 nm respectively (Figure 1.3a). An optimised
recognition motif (-Cys-Cys-Pro-Gly-Cys-Cys-) provides even higher affinity binding with
dissociation constant of 10 pM, enabling quantitative labelling of the protein of interest.!!?!
While several cell-permeable dyes with different spectral properties are known,!!3 the usage
of biarsenical dyes is not wihout its problems.l'*! Apart from overall toxicity of arsenic
compounds to living cells, background labelling due to non-specific binding of the dyes to
proteins rich in cysteines remains a problem, as it limits detection of poorly expressed
proteins. As with fluorescent proteins and self-labelling enzymes, binding of biarsenical dyes
to target proteins can also have an effect on their function and localization.

The second approach utilizes enzymes that catalyse covalent attachment of a labelling
probe to a specific peptide sequence in living cells (Figure 1.3b). For example, a bacterial
lipoic acid ligase (LplA) has been engineered to efficiently attach substrates containing
different functionalities (azides, alkynes, trans-cyclooctenes, reactive halides and flurophores
such as 7-hydroxycoumarin, amongst others) to a LplA acceptor peptide (LAP) tag consisting
of 13 amino acids.l'>! While both the ligase and the LAP-bearing protein have to be co-
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expressed within the same cell to ensure specific labelling, the variety of different
functionalities an engineered ligase can recognise allows their usage in combination with
bioorthogonal chemistries (see Chapter 1.4). Still, the development of new labelling substrates
requires the engineering of the LplA active site.
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Figure 1.3. Self-labelling tags and enzyme-mediated labelling. (a) Biarsenical dyes such as FIAsH-EDT,
recognise genetically encoded tetracysteine (TF) motifs, CCXXCC, and specifically react with them affording
fluorescently labelled proteins. (b) Engineered enzymes such as lipoic acid ligase specifically recognise peptide
tags fused to the protein of interest and efficiently attach labelled substrates to it.

labelled protein

Considering the described limitations of genetic tagging technologies, the
development of general methods to selectively and site-specifically label proteins remains a
topic of extensive research. An ideal method for protein labelling would encompass several
important features. First, such a method would allow facile placement of a wide range of
probes at any position in any protein expressed in live cells. Furthermore, the labelling would
be quantitative, rapid and highly specific for an arbitrarily defined site in a protein. No toxic
reagents would be employed and no toxic by-products generated with such a method and,
importantly, it would display “turn-on” fluorescence as a mean of site-specific protein
labelling detection with minimal background labelling. Considering the aforementioned
features, site-specific incorporation of unnatural amino acids bearing bioorthogonal reactive
groups via genetic code expansion allows chemoselective labelling of proteins at defined sites
with essentially any probe.[®!

1.2. “The stuff that proteins are made of”

Proteins are commonly assembled from 20 natural (or proteinogenic) amino acids using
information encoded in genes. More precisely, protein-coding genes composed of triplet
codons are transcribed into messenger RNA (mRNA) which serves as a template for protein
synthesis. Each of these nucleotide triplets encodes a specific amino acid. Translation of
genetic information contained in the mRNA is accomplished by the ribosome, a multi-subunit
cellular machine made out of ribosomal RNA (rRNA) as well as a variety of ribosomal




§ 1. Introduction 6

proteins, which complements each codon with its matching aminoacyl-tRNA. At the basis of
this pairing lie specific hydrogen bond patterns formed between the codon and its
complementary anticodon located on the tRNA. Aminoacyl-tRNAs are composed of specific
amino acids covalently attached to 3' ends of their cognate tRNAs. This esterification
reaction, also known as “tRNA charging”, is catalysed by aminoacyl-tRNA synthetases
(aaRS), highly specific enzymes for both their cognate amino acid and tRNA.'") The high
specificity of aaRS must be noted since it maintains the fidelity of protein translation. Some
aaRS have evolved different editing mechanisms in order to prevent proteome-wide statistical
mutations that would arise from erroneous mischarging of the tRNA and which would have
catastrophic consequences for the cell.!'®! Mistranslation typically occurs at very low levels in
most organisms (1 error per 10°-10* translated codons!'”’) although, under certain
circumstances (e.g. oxidative stress), higher tolerance towards errors during translation is
beneficial for some species.?"!

Prokaryotic translation is initiated by binding of the small ribosomal subunit 30S to
the purine-rich Shine-Dalgarno sequence located upstream of the initiation codon AUG on the
mRNA. After formation of the initiation complex, formylmethionyl-tRNA™< ! binds to the
AUG codon, accompanied by binding of the larger ribosomal subunit 50S to form the mature
ribosome 70S which contains three tRNA-binding sites: the aminoacyl site (A-site), the
peptidyl site (P-site) and the exit site (E-site). After the initiator tRNA™¢ is positioned in the
P-site, the second aminoacyl-tRNA, brought to the ribosome by elongation factor EF-Tu,
binds to the A-site. Subsequent nucleophilic substitution between the amine group of the
aminoacyl-tRNA (A-site) and the carbonyl group of the ester fMet-tRNA™¢ (P-site) results in
a dipeptide bound to the tRNA in the A-site. After translocation of the now uncharged
tRNA™¢ from the P-site to the E-site and the dipeptidyl-tRNA from the A-site to the P-site,
the next aminoacyl-tRNA can bind to the A-site while the tRNA™¢ dissociates from the
ribosome.?!! The elongation of the polypeptide chain essentially follows the same concept,
with the ribosome working at the speed of 12-21 amino acids per second in E. coli.l*
Compared to bacterial DNA replication rates of approx. 600 base-pairs per second,!?*! protein
translation is quite sluggish.

With exception of selenocysteine and pyrrolysine, all of the proteinogenic amino acids
are coded for by a codon. Nevertheless, there are 64 possible codons which makes the genetic
code redundant or degenerate. Degeneracy is exhibited as multiplicity of codon combinations
that code for a specific amino acid (e.g. GCU, GCC, GCA and GCG all code for alanine).
Three of the 64 codons do not code for an amino acid; instead, the protein translation, as
described above, continues until one of the three codons is recognized by a release factor

! In bacteria, and sometimes even in mitochondria and chloroplasts, N-formylmethionine (fMet) is the starting
amino acid of the nascent polypeptide. It is charged onto a specific initator tRNA™®! in form of Met, which then
gets N-formylated by methionyl-tRNA formyltransferase. Even though both tRNA™M¢ and tRNAM® have an
anticodon specific towards AUG codon, fMet is only incorporated at the beginning, while Met is incorporated at
every other position of the protein sequence. N-formylation is later on removed from the majority of mature
proteins by a specific hydrolase.
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which causes disassociation of the ribosomal subunits and termination of protein synthesis.
These stop codons are the amber (UAG), ochre (UAA) and opal (UGA) codons.

Considering the limited diversity of functionalities within the 20 proteinogenic amino
acids, decoration of proteins with unique biochemical handles in form of unnatural (or non-
canonical) amino acids (UAAs) has become a long-lasting desire within the scientific
community. Various early methods that enable introduction of amino acids bearing novel
functionalities into proteins include solid-phase synthesis!?*!, chemical or ribozyme-mediated
aminoacylation of tRNAs employed in in vitro translation systems®! and native chemical
ligation.[*! Nonetheless, these methods are limited to in vitro applications and production of
smaller proteins. On the contrary, incorporation of UAAs into proteins in vivo can be
achieved through the use of the translational machinery of the cell in two ways: by residue-
specific incorporation via selective pressure (Figure 1.4) or by expanding the genetic code for
site-specific incorporation (Figure 1.5).116%27]

In residue-specific incorporation methods, the UAA partially replaces one of the 20
natural amino acids by competing for its aaRS. Such reassignment of one of the codons is
achieved in E. coli by expressing the proteins with the UAA in auxotrophic strains and
growing them in media depleted with the respective natural amino acid. In this fashion, the
selective pressure allows the incorporation of the UAA into positions that are normally
occupied by the replaced natural amino acid, not only in the overexpressed protein of interest
but proteome-wide as well. Naturally, the aaRS of the replaced natural amino acid must
accept the UAA as its substrate. This has prominently been achieved with the methionine
codon AUG and MetRS (Figure 1.4).[8) Since endogenous aaRS can only incorporate a finite
amount of UAAs, introduction of mutant aaRS has expanded the range of substrates the
endogenous aaRS did not recognize.
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Figure 1.4. Principle of residue-specific incorporation of unnatural amino acids into proteins. One of the 20
natural amino acids (e.g. methionine) is depleted from the cell culture medium of an auxotrophic strain. The
selective pressure allows the UAA to be recognised by endogenous MetRS which charges it onto cellular tRNA,
Ultimately, the UAA is incorporated globally into the proteome in place of methionine.

As mentioned before, three of the 64 possible codons signal for termination of
translation. Taking into account that termination only requires one stop codon, the remaining
two could be reassigned to a new, unnatural amino acid.l*” Interestingly, the amber stop
codon is the least used in E. coli (9 %) and rarely terminates essential genes.l*") Furthermore,
certain species do not use the amber codon as a stop codon at all, but rather use it to introduce
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an amino acid, such as the methanogenic archacon Methanocaldococcus jannaschii (formerly
Methanococcus jannaschii) which introduces a tyrosine at a UAG codon.!! Pioneered by
Peter Schultz and others, the reassignment of the amber codon (also known as amber
suppression) is a powerful tool that has opened up multiple possibilities to study proteins
through site-specific incorporation of UAAs, not only in bacterial'®® 27! but also in yeast
(Saccharomyces cerevisiae),**! mammalian cells,'**! plants®®# and certain animals as well.[**]

1.3. Expanding the genetic code: Supression of the amber codon

Several key requirements need to be fulfilled in order to expand the genetic code. These
include: (i) a blank codon that needs to be reassigned, (ii) a tRNA that can recognize this
codon, (iii) an aaRS specific for that tRNA only, and finally (iv) the UAA of interest. To
clarify, amber codon suppression relies on a complementary amber tRNASY“ that is
specifically aminoacylated by an orthogonal aaRS, evolved to accept an UAA of choice but
none of the 20 natural amino acids (Figure 1.5). The tRNA®Y* must be a poor substrate for
any of the endogenous aaRS and is thus able to direct the incorporation of the UAA in
response to an amber codon on the mRNA during translation.
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Figure 1.5. Site-specific incorporation of unnatural amino acids into proteins via genetic code expansion. An
unnatural amino acid (pink star) is specifically recognised by an orthogonal aminoacyl-tRNA synthetase (aaRS)
and charged exclusively onto an orthogonal amber suppressor tRNA (pink) and not onto endogenous host tRNAs
(red). Likewise, the amber suppressor tRNA is not a substrate for the endogenous aaRSs. Consequently, the
UAA is co-translationally incorporated into a protein of interest in response to a premature amber codon (UAG)
introduced at a specific site in the gene of interest.

The first orthogonal aaRS/tRNA pair was discovered by importing the tyrosyl tRNA
and synthetase from M. jannaschii (Mj) into E. coli.®" The MjtRNACYA primarily differs
from its E. coli counterpart in the nucleotide content of its acceptor stem, while the respective
MjTyrRS has structural features that allow minimal recognition of the anticodon of
MjtRNACYA, Furthermore, MjTyrRS doesn’t possess any editing mechanisms to proofread its
amino acid substrates. By mutating the amino acid binding pocket of MjTyrRS, the
aforementioned features enabled site-specific incorporation of p-methoxyphenylalanine into
dihydrofolate reductase (DHFR).! Other commonly used aaRS/tRNA pairs include the
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tyrosyl-tRNA synthethase (EcTyrRS)/tRNAYA from E. coli, leucyl-tRNA synthethase
(EcLeuRS)/tRNACYA from E. coli and pyrrolysyl-tRNA synthethase (PyIRS)/tRNACY2 from
Methanosarcinae. The orthogonality of an aaRS/tRNA pair is reflected in their interaction
with the translational machinery (i.e. endogenous aaRS/tRNA pairs) of the host organism.
Due to inherent differences between different hosts, however, the orthogonality of an
individual synthetase-tRNA pair in one organism does not necessarily guarantee orthogonality
in another. For example, MjTyrRS/tRNACYA pair is widely used for genetic code expansion in
E. coli, nonetheless it is not orthogonal in eukaryotic cells. On the other hand,
EcTyrRS/tRNAYA as well as EcLeuRS/tRNACY2 pairs are orthogonal only in eukaryotic
cells, while the PyIRS/tRNAY2 pair is orthogonal in both hosts. The latter pair is considered
particularly useful for incorporation of a variety of different UAAs as it normally only
recognizes pyrrolysine (Pyl), the so-called 22™ proteinogenic amino acid, identified only in
methanogenic archaea and a few microbes.

Wild-type PylRS from organisms like Methanosarcina mazei (Mm) and
Methanosarcina barkeri (Mb) contains a C-terminal catalytic domain and an N-terminal
domain variable in length, which was thought for a long time to be important for tRNA
recognition and aminoacylation.*®! Nevertheless, a novel PyIRS/tRNACYA pair lacking the N-
terminal domain was very recently discovered from Methanomethylophilus alvus (Ma).l*”]
The poor solubility of the N-terminal domain has so-far prevented efforts to crystalize the
full-length PyIRS from Methanosarcinae®®, although crystal structures of the truncated C-
terminal domains have been reported.*3* 1 These structures elucidated seven amino acid
residues in the active site of the MmPyIRS which form a hydrophobic pocket for the binding
of Pyl. Although this binding is comparable to other aaRSs, the hydrophobic interactions are
non-specific as the PylRS is highly promiscuous towards variations of the side chains of its
substrates (Figure 1.6a).*®) The wild-type enzyme for example readily incorporates UAAs
that are, structurally speaking, completely different from Pyl such as N°-(tert-
butoxycarbonyl)-L-lysine (BocK).!*3#l The lack of an editing domain (that a lot of aaRSs
contain in order to maintain the high fidelity of translation) also contributes to the unique
promiscuity of PylRS. Another striking feature of PylRS is its low selectivity towards the
tRNA anticodon. While the majority of aaRSs interact with anticodons in order to pair the
tRNAs with the corresponding amino acids, the aminoacylation activity of PylIRS was
remarkably not abolished by mutating the anticodon of tRNAM! % 401 The exceptional
features of wild-type PylRS/ARNA“YA pair allowed incorporation of a variety of UAAs into
proteins for different purposes (Figure 1.6a). The pair’s scope for new amino acids, however,
can be further expanded by directed evolution (Figure 1.6b).[162 27¢41]

Directed evolution is a two-step selection procedure that allows finding an active-site
mutant of an orthogonal PyIRS specific for an UAA of interest, without recognizing any of
the 20 natural amino acids (Figure 1.6b). The procedure starts with the creation of a library
that normally contains around 10° randomized active-site mutants of the orthogonal aaRS.
The library is then transformed into E. coli and subjected to positive selection for
aminoacylation activity in the presence of both natural amino acids and the particular UAA.
This selection step singles out aaRS/tRNA pairs on their ability to supress the amber codon
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introduced into an essential gene. The most commonly used positive selection marker is
chloramphenicol acetyltransferase; incorporation of either the UAA or one of the natural
amino acids in response to the stop codon leads to survival of cells grown on
chloramphenicol, whereas termination of translation leads to cell death. To eliminate the false
positives obtained in the first selection step, the survived synthetase variants are screened for
their ability to supress the amber codon introduced into a toxic gene in the absence of the
UAA. The negative selection marker of choice is the ribonuclease barnase (usually carrying
two amber codons to tighten the selection pressure) which is expressed if the synthetase
variants accept natural amino acids as substrates.[*!® Ideally, this leaves only the aaRS
mutants specific for the desired UAA (Figure 1,6b). The two-step selection process is,
however, repeated several times to afford the synthetase mutants with the best specificity
towards the desired UAA.
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Figure 1.6. Evolving aaRS-tRNA pairs specific for a new unnatural amino acid. (a) The wild-type PyIRS is
highly promiscuous and, together with its orthogonal tRNACYA pair can incorporate several different UAAs,
some of which are displayed in this Figure. (b) The scope of the PyIRS/ARNACYA pair can be expanded by
directed evolution approach. Consisting of positive and negative selection steps, directed evolution is employed
for finding new orthogonal aaRS-tRNACYA pairs specific for an unnatural amino acid of interest (pink star).
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1.3.1. Applications and efforts within the field

The utility of evolved PylRS mutants can be illustrated best with more than 200 different
UAAs that have so far been incorporated site-specifically into proteins. The introduction of
novel functionalities into proteins has opened up multiple possibilities to investigate and
elucidate diverse biological processes with impressive precision as they proceed in space and
time. The applications of UAAs have been highlighted in several excellent reviews,!®
nevertheless I would like to single out a few. UAAs modified with biophysical probes such as
spin-labels,*?! fluorescent probes,!**] NMR-active isotopes (*°F, 1°N, 13C)*¥ and IR probes!*!
provides new insights into protein structure and chemical environment as well as dynamics of
protein activation. Posttranslational modifications including methylation,!*®! acetylation,*”!
phosphorylation*®! and ubiquitylation!*”! have been successfully introduced into recombinant
proteins in order to study their function and impact on other proteins. Photocaged amino acids
are used for manipulating protein functions by light as well as for elucidating signalling
pr