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Abstract

The genetic code is the operating system of every living cell. It is executed through the central
dogma of molecular biology and defines how the ribosome translates genetic information into
a polypeptide.

The genetic code is conserved throughout all domains of life and encodes three stop codons as
well as the incorporation of the canonical amino acids. The naturally occurring amino acids
can be classified in four different chemical functionalities (nonpolar, polar, basic and acidic).
Despite this simplicity the genetic code gives rise to the entire diversity seen across all
kingdoms of life and it can only be imagined how life might look like if the ribosome could
also incorporate noncanonical amino acids (ncAAs), covering the full spectrum of chemical
functionalities, into proteins.

Genetic code expansion (GCE) is a powerful method to site-specifically incorporate ncAAs
into proteins in vivo. To this end, typically an orthogonal aminoacyl-tRNA-synthetase/tRNA
(RS/tRNA) suppressor pair is used to reassign a rare stop codon to be read as a sense codon.
During the last decades of research GCE has been established to permit the genetic
incorporation of a plethora of ncAAs, which have for example been used to enable site-specific
protein labeling for super-resolution microscopy.

However, for imaging applications as well as for applications aiming to synthesize fully
artificial polymers in eukaryotes, the current technology has at least three major limitations.
First, GCE is codon specific but it cannot distinguish the mRNA of the protein of interest from
endogenous mRNAs, leading to recoding of untargeted codons in the transcriptome. Due to
this activity, GCE can have adverse side effects or even be toxic. Second, only a few orthogonal
RS/tRNA suppressor pairs have been established for eukaryotic systems and third, only two
different stop codons can be suppressed at a time.

In this cumulative thesis I address the first problem, by developing synthetic membraneless
organelles that allow to selectively translate only selected mRNAs with an expanded genetic
code (Chapters 2&3 and Appendix II). An alternative development using inducible
expression systems, allowing to regulate the GCE components, is presented in Chapter 2 and
Appendix IV. I further develop multiple mutually orthogonally translating organelles to equip
cells with multiple genetic codes, which represents a new way to obtain orthogonal RS/tRNA
suppressor pairs and enables to multiple times reassign the same stop codon, thus solving the

remaining two major contemporary limitation of GCE (Chapter 5).



Zusammenfassung

Der genetische Code ist das Betriebssystem jeder lebenden Zelle. Er wird durch das zentrale
Dogma der Molekularbiologie ausgefiihrt und bestimmt wie das Ribosom genetische
Information in eine Polypeptidsequenz iibersetzt.

Er ist konserviert in allen Doménen des Lebens und codiert drei Stopcodons sowie den Einbau
der kanonischen Aminoséduren. Die natiirlich vorkommenden Aminosduren konnen in vier
unterschiedlich chemische Funktionalitdten klassifiziert werden (unpolar, polar, basisch und
sauer). Trotz dieser Schlichtheit, fiihrt der genetische Code zu der gesamten Diversitit die in
allen Konigreichen des Lebens zu sehen ist und man kann sich nur vorstellen wie das Leben
aussehen konnte, wenn das Ribosom nicht-kanonische Aminosduren (ncAAs) in Protein
einbauen konnte, die das gesamte Spektrum chemischer Funktionalititen abdecken.

Die Erweiterung des genetischen Codes (GCE) ist eine wirksame Methode um ncAAs
seitenspezifisch in vivo in Protein einzubauen. Dazu wird normalerweise ein orthogonales
Aminoacyl-tRNA-synthetase/tRNA (RS/tRNA) Suppressionspaar verwendet, um ein seltenes
Stopcodon als Sensecodon neu zu belegen. In den letzten Jahrzehnten wurde der Einbau einer
Vielzahl von ncAAs mithilfe der GCE Forschung etabliert, welche zum Beispiel verwendet
wurden, um seitenspezifische Proteinmarkierung fiir hochauflésende Mikroskopie zu
ermoglichen.

Allerdings ist die GCE Technologie sowohl fiir Mikroskopie als auch fiir die Herstellung
vollstdndig kiinstlicher Proteine in Eukaryoten durch mindestens drei grofe Probleme limitiert.
Erstens, GCE ist codonspezifisch, kann aber nicht die mRNA des Zielproteins von anderen
mRNAs unterscheiden, wodurch weitere Codons im Transkriptom unterdriickt werden konnen,
was toxisch sein kann. Zweitens, nur wenige orthogonal RS/tRNA Paare sind fiir Eukaryoten
etabliert, und drittens maximal zwei Stopcodons kénnen gleichzeitig unterdriickt werden.

In dieser Arbeit habe ich das erste Problem adressiert, indem ich synthetische, membranlose
Organellen entwickelt habe, die es erlauben nur ausgewéhlte mRNAs mit einem erweiterten
genetischen Code zu {ibersetzen (Chapter 2&3 und Appendix II). Eine alternative
Entwicklung von induzierbaren Expressionssystemen, die es erlauben GCE Komponenten zu
regulieren ist in Chapter 2 und Appendix IV prisentiert. Des Weiteren, habe ich mehrere
zueinander orthogonale Organellen entwickelt, die Zellen mit multiplen genetischen Codes
ausstatten, was einen komplett neuen Weg darstellt um orthogonale RS/tRNA Suppressions-
paare zu erhalten und es ermoglicht das gleiche Stopcodon mehrfach neu zu belegen, dadurch

werden die verbleibenden zwei aktuellen Probleme der GCE Technologie gelost (Chapter 5).
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Chapter 1  Introduction

Proteins are major biomolecules that execute the information stored in the genome and are
involved in almost all biological processes. It is thus critical to understand how they function.
One approach to analyze proteins is via classical in vitro biochemistry. Here, proteins are
commonly purified and studied in isolation. However, proteins typically function in the
crowded environment of a cell, which differs from neat in vitro conditions and it is therefore
particularly interesting to study proteins in their native environment.

But how can proteins be visualized and interrogated directly in a cell?

Traditional methods, like for example immunofluorescence microscopy, are powerful to
visualize proteins in fixed cells and offer a high signal to noise ratio, high resolution and
exquisite molecular selectivity. However, these methods only give snapshots of protein
localization at a defined time point. It would be even more interesting to study their dynamics
over time. To do so, it is necessary to attach the fluorophore to the protein of interest (POI)
directly in a living cell. The discovery of fluorescent proteins that can be genetically encoded
and fused to the POI has been a major driver of this technology (/). However, the most
commonly used fluorescent proteins are comparatively large and do not have optimal
photophysical properties for example for super-resolution microscopy (SRM) techniques (2).

Therefore, several methods have been reported that enable to directly attach bright and
photostable dyes to proteins in vivo for example self-labeling proteins like SNAP- (3),
CLIP- (4) or HALO-tags (5). However, these are still several nanometers big. Some alternative
in vivo methods that only use short peptide tags like FLAsH (6) and PRIME tags (7) to label
the protein have also been reported, but these are still several amino acids large.

The most recent developments in SRM are pushing the optical resolution below 1 nm (8) and
thus the size of the label on the POI becomes limiting. Therefore, the ideal solution would be
to directly attach a fluorophore to the POI with single residue precision—a problem which

appears to be tailored to be addressed by genetic code expansion (GCE) technology.

1.1 The central dogma of molecular biology and protein synthesis

GCE technologies engineer parts of the central dogma of molecular biology. Thus, I am going
to explain how the central dogma works in this section and I will subsequently discuss, how it
can be modified.

The central dogma of molecular biology describes how genomic information, stored as a

nucleic acid, is transferred into a protein sequence (9). In eukaryotes, the genetic information



is stored as DNA, transcribed into RNA and then translated into proteins (Figure 1-1A).
Initially, the central dogma was postulated as an unidirectional process, however the discovery
of reverse transcription (/0, 11) used by many viruses has since amended the central dogma to
include a reversed information flow from RNA to DNA.

The genetic code is an essential part of the central dogma since it determines how the sequence
in the messenger RNAs (mRNAs) is translated into an amino acid sequence at the ribosome.
The ribosome reads mRNAs in sets of triplet codons [consisting of three nucleotides, (/2)],
each corresponding to one amino acid. The ribosome utilizes aminoacylated transfer RNAs
(tRNAs) to decode these triplet codons by base pairing of the anticodon loop of the tRNA with
the respective codon in the mRNA. Thus, the ribosome itself does not recognize the codon in
the mRNA: The actual readers of the genetic code are the aminoacyl-tRNA synthetases
[RS, (13)]. These enzymes bind their cognate tRNA and aminoacylate it with their respective
canonical amino acid and this tRNA is then blindly used by the ribosome (Figure 1-1B).

A DNA RNA protein
transcription 5 translation &%%
TITTITITTITI T TN T I
ITTTTTITTTITTTTTTITTTITTTTTTITT TR 5 FLTITETEITETE T EITTETEITETTITT >
revese transcription Obd’
B canonical amino acid aminoacylated translation at the ribosome
(%) tRNA
aminoacyl- ; O
tRNA synthetase 3 % f ;H;o
TN TETETTATTerieTy
& ,
tRNA anticodon loop

Figure 1-1. The central dogma of molecular biology. (A) The central dogma of molecular biology describes
how information stored as DNA is transcribed into RNA and subsequently translated at the ribosome. Information
can also partially flow in a reverse fashion from RNA to DNA. (B) Proteins are translated at the ribosome. To
achieve this, aminoacyl-tRNA synthetases have to attach their respective canonical amino acids to their cognate
tRNA. This tRNA has an anticodon loop that is complementary to a triplet codon in the mRNA and thus facilitates
specific amino acid incorporation, decoding the genetic code.

What can be done with the genetic code? The genetic code is conserved across all domains of
life and gives rise to the diversity of all living systems. With the four natural nucleobases it
forms a total of 64 triplet codons, but it only encodes 20 canonical amino acids as well as three
stop codons and is therefore highly redundant. The 20 canonical amino acids can be classified
based on four chemical characteristics: nonpolar, polar, basic and acidic (Figure 1-2). This
may seem to be a limitation. Even if the rare additions to the genetic code such as
pyrrolysine (/4) or selenocysteine (/5) are taken into account, proteins can only access a tiny
fraction of the chemical space (/6). It is puzzling that the genetic code evolved to merely

contain these four chemical characteristics. The abundance of protein co-factors (17, 18) and



posttranslational modifications (/9) however demonstrates that for some tasks this set is
insufficient. It can thus only be imagined what might be possible if proteins could be composed
of many more chemical functional groups and how life would look like with such a massively

expanded genetic code.

I nonpolar
I polar
[ basic
[acidic

Figure 1-2. The genetic code is redundant and encodes a limited set of chemical functionalities. The genetic
code consists of triplet codons made up of four natural nucleobases (adenine (A), cytosine (C), guanine (G) and
uracil (U, in RNA)/thymine (T, in DNA). Thus, a total of 64 codons exists (inner three rings). These encode three
stop codons and the 20 canonical amino acid (shown in the 1-letter code in the fourth ring, with their respective
chemical structures adjacent to them), which can be classified into four chemical categories: nonpolar, polar, basic
and acidic.

1.2 GCE —a powerful method for residue-specific protein modification

One approach to overcome the limitations of the accessible chemical space of proteins is GCE,
which allows to co-translationally insert noncanonical amino acids (ncAAs) into proteins.
Initial GCE approaches attached ncAAs to a suppressor tRNA biochemically in vitro (20, 21).
The anticodon of the tRNA is typically chosen to recognize a rare stop codon. Most commonly
the amber stop codon (TAG) is chosen as it only terminates 7% of all E. coli proteins (22). The
chosen stop codon is then inserted at a specific position into the mRNA of the POI and when

this is then translated at the ribosome, this yields a site-specifically incorporated ncAA in the



protein. In this approach, the suppressor tRNA competes with the release factor (RF)
machinery that would usually terminate translation.

Following these initial studies, the technology has been developed to enable the attachment of
ncAAs to tRNAs in vivo (23). These applications rely on orthogonal RS/tRNA pairs. The
orthogonal RS selectively attaches the ncAA to the suppressor tRNA, which then competes

with the endogenous RF to facilitate site-specific ncAA incorporation in cells (Figure 1-3).

ncAA mRNA modified protein
orthogonal w Lt %
tRNA I i oo

I V>

orthogonal aminoacyl- release ribosome B;E

tRNA synthethase factor LI M
@ * truncated protein

Figure 1-3. In vivo GCE mediated by orthogonal aminoacyl-tRNA synthetase/tRNA (RS/tRNA) pairs. The
orthogonal RS binds its cognate tRNA that recognizes a stop codon, and aminoacylates it with the ncAA. When
this stop codon, inserted into the mRNA, is encountered by the ribosome the suppressor tRNA can compete with
the endogenous release factor. The release factor would lead to translation termination and thus yield a truncated
protein (red arrow), while successful stop codon suppression would lead to ncAA incorporation and the synthesis
of a modified full-length protein (green arrow).

Over the last decades, this technology has been successfully adapted for the incorporation of
ncAAs into proteins in a variety of organisms including Escherichia coli [E. coli (23)],
Saccharomyces cerevisiae (24), mammalian cells (25-27), and even multicellular organisms
like Caenorhabditis elegans [C. elegans (28)], Drosophila melanogaster (29), Danio rerio (30)
and Mus musculus (31).

In order for an RS/tRNA pair to be orthogonal it has to fulfill several requirements (32, 33).
First, the orthogonal RS should not recognize any canonical amino acid, and second it should
not aminoacylate any endogenous tRNA. Third, the orthogonal tRNA should not be recognized
by any endogenous tRNA-synthetase and fourth no endogenous tRNA-synthetase should
recognize the ncAA (see Figure 1-4). Only if these conditions are fulfilled it is ascertained that

the ncAA can be site-specifically incorporated into the POI.



canonical noncanonical Figure 1-4. Orthogonal aminoacyl-

amino acid amino acid (ncAA) tRNA-synthetase/tRNA suppressor
pairs are essential for in vivo GCE. In
order to be orthogonal an RS/tRNA pair
has to fulfill several requirements. The
endogenous

endogenous tRNAs and it should not
tRNA-synthetase aminoacylate it with any canonical amino
acid. Vice versa, endogenous tRNA-
synthetases should not bind and
aminoacylate the orthogonal tRNA and
should also not recognize the ncAA. (black
arrows show direct interactions, grey
dashed arrows indicate orthogonality).

tRNA-synthetase

i\ orthogonal orthogonal RS should not recognize any

<«—gd<«o

charged 77 charged

endogenous tRNA orthogonal tRNA
While theoretically this seems to be a tangible problem, it has to be considered that every cell
has at least 20 different endogenous RS/tRNA pairs and orthogonality needs to be achieved to
considering all possible interactions. As a tRNA is a comparatively short molecule that
interacts extensively with its cognate RS, engineering orthogonal RS/tRNA pairs de novo
would be quite challenging. Therefore, in order to find a suitable orthogonal RS/tRNA pair for
a particular host, typically evolutionary distinct RS/tRNA pairs are explored. For example
several E. coli derived systems like the leucyl and tyrosyl RS/tRNA pairs are orthogonal in
eukaryotes (34, 35), while the tyrosyl RS/tRNA pair from the archaeal Methanococcus
Janashii is orthogonal in E. coli (23).

When an orthogonal RS/tRNA has been identified, it will usually at the beginning only permit
to genetically incorporate its cognate canonical amino acid. In order to incorporate an ncAA of
choice, the substrate specificity of the RS typically needs to be adapted in a second step. One
powerful method to achieve this is directed evolution (36), which is particularly fast and
convenient when E. coli can be used as a host for protein evolution (36-38).

Thus, a drawback of using E. coli-based synthetases for GCE in mammalian cells has long
been the requirement to perform evolution in yeast cells (35), which is substantially more
laborious and slower than performing evolution in E. coli. This problem was solved recently
by developing an orthogonalized platform, in which an E. coli system can be used to evolve
the endogenous E. coli synthetases for ncAA incorporation (39). The key idea here was that
any endogenous E. coli RS/tRNA pair can be replaced with the corresponding yeast derived
pair and subsequently the E. coli pair can be converted into an amber suppressor. This than
allows to evolve this system for ncAA incorporation and as it is a E. coli-derived system it will
most likely be orthogonal in eukaryotes. After its initial description this platform was further

used to evolve multiple new systems for use in mammalian cells (40—42).



However, still this technology has one major drawback. Most endogenous RS/tRNA pairs have
a very narrow substrate specificity, making evolution necessary for each new ncAA of interest,
as well as an editing functionality, which can remove the attached ncAA (43). Additionally,
most RSs also bind to the anticodon loop of the tRNA (44), hence they need to be further
evolved in order to enable the reassignment of a codon of choice.

Due to these additional complications one orthogonal RS/tRNA pair stands out from all others.
The pyrrolysyl tRNA-synthetase (PyIRS) derived from methanogenic archaea has no editing
functionality (45, 46) and does not recognize the anticodon of its cognate tRNA™ (47).
Moreover, it has inherently a broad substrate specificity and thus even the wild-type enzyme
accepts several lysine derivatives (48, 49). This particular enzyme type has been developed to
encode more than 100 distinct amino acids with backbones as diverse as phenylalanine, lysine
and histidine in response to various triplet as well as quadruplet codons (46, 50-52). More
recently even multiple mutually orthogonal PylRS variants were reported that allow to harness
this powerful enzyme type to multiple times selectively incorporate distinct ncAAs (53-57). 1
further discuss the promises of these new technological developments for advanced polymer
synthesis in vivo in Chapter 2, [see also Appendix III and (32)].

The PyIRS based systems have been developed to accept various ncAAs with bioorthogonal
reactive groups in their side chain (58-63). These can the subsequently be used after
incorporation to attach small, photostable fluorescent dyes to the POI, which has for example

been used to perform super-resolution microscopy (64—66).

1.2.1 Limitations of GCE —the necessity of orthogonal translation

With the growing availability of useful orthogonal RS/tRNA pairs additional limitations of
GCE for in vivo studies become more relevant. In order to achieve site-specificity the anticodon
of the tRNA is commonly chosen to decode a stop codon. While for the POI it can be ensured
that it does not terminate on the same stop codon, this is not the case for endogenous mRNAs
and hence the ncAA can be erroneously incorporated during the translation of several
endogenous mRNAs. This cannot only lead to C-terminally extended proteins that might be
toxic to the host, but it can also result in background in labeling experiments, which is
problematic for imaging-based applications. This problem is aggravated in higher eukaryotes,
as even their rarest stop codon is much more abundant. For example, while the amber codon
(TAG) only terminates 7% of all proteins in E. coli (22), it appears at the end of more than 20%

of all human proteins (67). Therefore, even suppression of the amber stop codon can lead to



substantial background incorporation as ribosomes cannot distinguish the mRNA of the POI

from endogenous mRNAs (Figure 1-5).
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Figure 1-5. GCE can lead to unwanted ncAA incorporation into endogenous proteins. Besides the stop codon
engineered into the mRNA of the POI (black) several endogenous mRNAs (grey) will naturally terminate on the
same stop codon. As ribosomes are unable to distinguish them this leads to the incorporation of the ncAA into
both endogenous proteins and the POI.

1.2.1.1 Orthogonal translation in E. coli

In E. coli the background incorporation problem has been addressed by three alternative
approaches, which I will discuss in more detail in this section. Artificial base pairs have been
added to the genetic code, orthogonal ribosomes have been developed that exclusively translate

engineered mRNAs and entire E. coli genomes devoid of certain codons have been synthesized.

Artificial base pairs—adding new letters to the genetic alphabet

Canonically, the genetic code is written in four letters (adenine, thymine/uracil, guanine and
cytosine) giving rise to 64 different triplet codons. By adding an additional letter pair to the
genetic code, the number of possible triplet codons would increase to 216. If even two
additional pairs would be added this number would increase to 512. These numbers would by
far exceed the currently available pairs of orthogonal RS/tRNA pairs and would offer extensive
capabilities for artificial polypeptide synthesis. Two major alternative approaches have been
pursued by different laboratories to incorporate unnatural base pairs (UBPs) into nucleotide
polymers.

One approach utilizes the same mechanisms that drive canonical base pairing between A:T or
C:G. Native DNA is predominantly formed by size matching and hydrogen bonding (68). One
small pyrimidine base always pairs with a larger purine. Additionally, A:T form two specific
hydrogen bonds while C:G exhibit three. The hydrogen bond pattern here offers an opportunity
for adding UBPs to nucleotide polymers that do not cross-react with the endogenous base pairs.
In particular with three hydrogen bonds between a particular base pair the arrangement of

donors and acceptors can in principle be designed such that specific and stable base pairing can



be achieved. However, while this theoretically seems straightforward in practice this can be
rather complicated, as nucleotides are commonly subjected to tautomerization as well as
protonation and deprotonation, which can affect base pairing and lead to loss of the UBP, hence
often extensive optimization is required to ensure replicative fidelity (69, 70). Pioneered by the
laboratory of Steve A. Benner, this approach has been used to create six (71) and eight (72)
letter DNA molecules that do not alter the overall structure of the DNA-duplex. For this
approach it was shown that the artificial base pairs can be transcribed enzymatically (73) and
even be used for ribosomal peptide synthesis in vitro (74). However, it was not yet shown that
this approach can be used in vivo to store information in the form of DNA, transcribe it into
RNA and translate this RNA into a protein.

The second approach pioneered by the Romesberg and Hirao laboratories is completely
independent of hydrogen bonding and relies on hydrophobic interactions of synthetic
nucleotides (75, 76). This work was sparked by the observation that nucleotides devoid of
Watson-Crick base pairing can be incorporated into DNA using DNA polymerases made by
the Kool laboratory (77, 78). Also this work required extensive optimization and was pursued
using a medicinal chemistry like approach to develop a structure activity relationship and
obtain an ideal UBP for replicative retention (79—83). Additionally, it has been shown that this
kind of UBP can efficiently be transcribed into an RNA form (84, 85). More importantly, this
work already progressed to the stage of in vivo storage and retrieval of genetic information that
allows to create semi-synthetic organisms (SSOs) with an expanded genetic alphabet. It was
shown that UBPs can be specifically retained in plasmids in E. coli (86) that it can be
transcribed into RNA and used for coding protein translation (87). Finally this can be combined
with established GCE procedures to use it for selective ncAA incorporation at multiple sites
[see Figure 1-6A, (88)]. Very recently researchers have also made progress to transfer this
technology from E. coli hosts to mammalian cells (89). However, this will require further
optimization to increase efficiency as the UBPs behave differently in mammalian cells.

Up to now, none of the UBPs have been shown to be functionally fully equivalent to the
endogenous base pairs. Particularly for predominantly hydrophobic UBPs the sequence context
is highly relevant, and it was shown that this can influence its retention in DNA (90). Moreover,
the sequence context is highly relevant in the codon chosen to encode an amino acid with the
UBP and determines how well and with what fidelity it can be used at the ribosome to
synthesize proteins (88). Hence, so far only triplet codons containing one UBP have been used

for ribosomal peptide synthesis in living SSOs. This substantially limits the number of new



codons that can be created, and it will be interesting to see if this technology can be developed

to use an UBP equivalent to the natural base pairs.

Orthogonal ribosomes — RNA-specific translation

An alternative approach to achieve orthogonal translation would be to exclusively modify the
genetic code for a specific mRNA. For example, to change the genetic code to utilize
quadruplet instead of triplet codons. This is particularly interesting, as a triplet-based genetic
code with the natural nucleotides only consists of 64 different codons, while a quadruplet codon
based genetic code would offer 256 different combinations. Almost 20 years ago it was shown
that tRNAs can be evolved to promote quadruplet codon decoding in mRNAs at a designated
site resulting in a frameshift in an otherwise triplet codon based mRNA sequence (9/-93).
However, the E. coli ribosome is quite inefficient in decoding quadruplet codons and hence it
would be beneficial to evolve the ribosome (94). Unfortunately, evolving the ribosome in a
living cell is quite challenging, as the ribosome is required for translation of the proteome and
many mutated ribosomes might be insufficient for this task and hence lethal for the cell.
Therefore, it is necessary to introduce an orthogonal ribosome that only translates chosen
mRNAs.

In E. coli the ribosome selects its mRNA substrates predominantly through base pairing
interactions between the Shine-Dalgarno (SD) sequence in the mRNA and the corresponding
anti-Shine-Dalgarno (ASD) sequence in the 16S ribosomal RNA [rRNA, (95)]. Modifying
these sequences can lead to changed mRNA-ribosome specificities (96). It has been shown that
by evolving both the SD and ASD sequence it is possible to obtain mRNAs that are not at all
translated by native ribosomes but still by corresponding orthogonal ribosomes with a modified
ASD sequence (97). Meanwhile, the orthogonal ribosomes do not substantially translate
endogenous mRNAs with native SD sequences. As these orthogonal ribosomes are now not
required anymore for the synthesis of the proteome, they can be subjected to evolution to
endow them with new functionalities (see Figure 1-6B). Initially, this has been applied to
evolve ribosomes that more efficiently suppress amber codons by interfering with the
interaction with the competing release factor 1 [RF1, (98)]. Subsequently, ribosomes were
further developed to more efficiently decode quadruplet codons (99).

In these modified ribosomes, only the small ribosomal subunit can be evolved, as it contains
the 16S rRNA, which was engineered for alternative mRNA selection. The large ribosomal

subunit is shared with the native ribosomes and can hence not be modified.



In order to make the large ribosomal subunit accessible for evolution it would be necessary to
ensure that the orthogonal small ribosomal subunit is specifically combined with the large
ribosomal subunit. This was achieved by stapling the rRNAs of the large and small subunit
together effectively producing one joined rRNA construct that allowed initial evolution
experiments on the full ribosome (700, 101). This technology was further optimized by
modifying the linker sequence joining the 16S rRNA with the 23S rRNA to ensure that the
small and large ribosomal subunits of the orthogonal stapled ribosomes always form a specific
complex, while they do not cross-interact with the endogenous small or large ribosomal
subunits (/02).

These evolvable orthogonal ribosomes now allow to modify the translation process exclusively
for selected mRNAs, which represents a major step towards the synthesis of fully artificial
polypeptides in E. coli. However, this technology cannot be easily transferred to eukaryotic
systems, as eukaryotic ribosomes recognize their mRNAs by different means.

In contrast to the SD-ASD sequence base pairing interaction, that directly recruits the small
ribosomal subunit to mRNASs in E. coli, mammalian mRNAs are most commonly identified by
their m’G cap structure (/03). To this end, usually multiple translation initiation factors bind
the mRNA and subsequently recruit the eukaryotic small ribosomal subunit (/04). As in this
case no specific base pairing interaction exists a similar approach to engineer SD and ASD
sequences is not possible. Therefore, it would be substantially more difficult to engineer
orthogonal eukaryotic mRNA recognition.

Besides the canonical eukaryotic cap-based ribosome recruitment pathway also alternative
translation initiation mechanisms have been described. For example, many viruses exhibit
internal ribosomal entry sites (IRESs) that can recruit ribosomes also to uncapped
mRNAs (105). IRESs utilize different mechanisms but usually the ribosome recruitment is
mediated by a specific structural elements that promote interactions between the RNA and the
ribosome and not by a simple and easy to engineer base pairing interaction (/05). Interestingly,
however there is growing evidence that for certain mRNAs specific base pairing interactions
with 18S rRNA can exist and that this might even be involved in SD sequence-like translation
initiation (/06—113), but this is not as robustly established as the SD-ASD sequence mediated
prokaryotic translation initiation mechanism (/05).

With the growing understanding of eukaryotic translation initiation, the hope is that at some
point it might be possible to develop orthogonal eukaryotic ribosomes by adopting a strategy

similar to the one chosen in prokaryotes. However, the more complex and multi-facetted

10



translation initiation mechanisms present in eukaryotic cells make this substantially more
challenging. An orthogonal eukaryotic ribosome would not only need to somehow specifically
bind engineered mRNAs, but it would also be necessary to ensure that it does not participate
in cap-based translation initiation. As this process is mediated by a plethora of translation
initiation factors and their respective interaction with the ribosome it will be a formidable
challenge to engineer this in an orthogonal fashion, which promises to be substantially more

complicated than the approaches utilized to engineer ribosomes in E. coli.

Synthetic genomes—removing selected codons to freely reassign them

The third approach exploits the redundancy of the genetic code. As 64 native triplet codons
encode the 20 canonical amino acids and 3 stop codons, multiple codons are redundant. If these
were removed entirely from the genome it would be possible to reassign the freed-up codon to
any desired noncanonical functionality. This approach heavily relies on genome engineering
capabilities, as it is required to synthesize whole genomes.

Initial approaches were driven by a combination of multiplexed automated genome engineering
(114) and conjugative assembly genome engineering (//5) pioneered by the Church laboratory.
These initial works focused on replacing the amber stop codon which occurs 321 times in the
entire genome of E. coli (115, 116) or a rare arginine codon in all essential genes, in which it
only occurs at 123 instance (/7). The replacement of the amber codon throughout the genome
then allowed to delete the prokaryotic RF1, which is responsible for terminating translation in
response to amber and ochre (TAA) codons. The remaining RF2 only recognizes ochre and
opal (TGA) codons and would thus not compete with an amber suppressor-tRNA mediated
ncAA incorporation (/18). While successful these initial approaches had marked effects of the
fitness of the recoded E. coli. This was most likely caused by off-target mutations and hence
directed evolution was utilized to improve these recoded organisms (/179).

These early efforts proofed that genome engineering is a powerful means to tailor the genetic
code of a living organism. Still these approaches only created one free codon and for artificial
polymer synthesis multiple free codons would be required. To this end, it would be particularly
interesting to target redundant sense codon, but this is challenging for several reasons.

First, most sense codons do not only occur a few hundred times in the E. coli genome, but more
commonly a few thousand times, which in turn demands much more efficient genome
replacement technologies. Therefore, it would be beneficial if larger pieces of DNA could be
replaced at a time. To replace DNA in E. coli often lambda red mediated homologous

recombination is utilized (/20), that allows to integrate linear double stranded DNA (dsDNA)
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into the genome in a programmed fashion. This technology is very efficient for short sequences
but has problems to efficiently integrate longer DNA stretches likely due to inefficient dSSDNA
delivery (121). To overcome this limitation Wang and coworkers developed replicon excision
for enhanced genome engineering through programmed recombination [REXER, (/21)]. In
this method the recombineering step is separated from the bacterial transformation. In brief,
the synthetic DNA designed to replace a complementary genomic fragment is introduced into
the cell as a bacterial artificial chromosome (BAC). The synthetic fragment is framed by
homologous recombination sites which are in turn flanked by CRISPR/Cas9 target sites. The
cells express Cas9, lambda red and tracer RNA, which is one part of the RNA required to
mediate Cas9 based DNA cutting (/22, 123). Upon addition of the spacer RNA, Cas9 linearizes
the BAC, effectively excising the synthetic DNA in a linearized dsSDNA form. This dsDNA is
than used by lambda red for efficient recombineering into the hosts genome. As in this method
introduction of dsDNA does not limit lambda red recombineering it is essentially size
independent and has been used to effectively replace 100 kb fragments in the genome (/21),
thereby providing an improved method for genome editing.

Second, while synonymous codons of one amino acid are redundant considering the resulting
protein, they are not necessarily functionally identical. Codon choice is involved in the
regulation of translation (/24), it can influence mRNA folding (/25), protein synthesis speed
(126, 127), co-translational protein folding (728, 129) and other processes. Hence, not all
synonymous codon replacements are permissive and due to the limited a priori knowledge, it
has to be determined empirically which synonymous codon replacement schemes are accepted
by the cell. It would be extremely cost and labor intensive to perform this test directly on the
whole genome, therefore it would be beneficial to test recoding schemes on a short, but
meaningful model region. Wang and coworkers identified a 20 kb stretch in the E. coli, which
contains several essential gene and plenty of their targeted codons (/217). Using this test region,
they analyzed several recoding schemes for the alanine, serine and leucine codons.
Interestingly, while some are permissible others fail completely.

Having established a method that allows to faithfully replace 100 kb parts of the genome and
identify likely working recoding schemes they then developed a method that allows to
iteratively replace the genome, called genome stepwise interchange synthesis [GENESIS,
(121)]. In this method 2 pairs of positive and negative selection markers are used which are
iteratively replaced. First, one version of positive marker and negative marker in introduced

into the cell. In the first step of genome replacement these are removed, and the second pair is
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inserted. Cells are then screened for gain of the second positive marker and loss of the first
negative one, which ensures targeted genome replacement (/27). In the next step the second
pair is again replaced to first one and cells are screened for presence of the first positive
selection marker and absence of the second negative one.

With the GENESIS method that allows to iteratively replace 100 kb of DNA at a time it would
take 40 steps to replace the entire 4 Mb genome of E. coli. Fredens and co-workers achieved
this and fully synthesized an E. coli genome devoid of all amber codons and in which all TCG
and TCA serine codons were exchanged to synonymous ones [see Figure 1-6C, (/30)]. This
then allowed to subsequently delete the corresponding tRNA genes as well as the gene
encoding RF1 (130).

These massive genome recoding projects offer an interesting solution to create new codons for
E. coli. Contrasting to this, eukaryotes have a much more complex and much larger genome.
However, a consortium of synthetic biologist has taken up the challenge of synthesizing an
entire S. cerevisiae genome, which will be substantially modified and is also planned to be
devoid of amber codons (/31). The size of the yeast genome is above 11 Mb and it will be very
interesting to see what such a synthetic genome will be capable of (/32). The human genome
is above 3000 Mb big and synthesizing it de novo is still out of reach, even when the newest
technological developments are taken into account. Hence, genome synthesis is not going to

be a timely solution to create free codons for GCE in mammalian cells.
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Figure 1-6. Orthogonal translation strategies in E. coli. (A) Adding unnatural base pairs (UBPs) to the genetic
code is one way to achieve fully orthogonal translation. For example the UBPs ANAM and dTPT3 can be inserted
into DNA, transcribed into mRNA and tRNA and subsequently be used by ribosomes for protein synthesis (87).
(B) E. coli ribosomes recognize their mRNA via base pairing interactions between the Shine-Dalgarno (SD)
sequence in the mRNA and the anti-Shine-Dalgarno (ASD) sequence in the 16S rRNA. This can be made
orthogonal by changing the ASD to an orthogonal ASD (0ASD), thus creating orthogonal ribosomes that only
translate mRNAs with a corresponding orthogonal SD (0SD). These orthogonal ribosomes can subsequently be
evolved for advanced capabilities like enhanced stop codon suppression (98) or optimized quadruplet codon
decoding (99). (C) The genetic code is redundant, using multiple codons to encode the same ncAA. Thus, by
changing all occurrences of a particular codon in the genome to a synonymous one it is subsequently possible to
freely reassign it to an ncAA. This was for example done for the serine codons TCG and TCA as well as for the
amber stop codon (121, 130).

1.2.1.2 Hypothesis—establishing orthogonal translation in mammalian cells

GCE is a powerful method enabling site-specific fluorescent studies of proteins in mammalian
cells to understand their functions under native conditions. Particularly for this application
background incorporation into untargeted proteins is a major concern. Therefore, an orthogonal
translation platform that allows to exclusively incorporate an ncAA into the POI would be
crucial to allow this methodology to become widely utilized. Unfortunately, the three
approaches that establish orthogonal translation in E. coli cannot be easily transferred to
mammalian systems as described above.

What alternative approach could be used to selectively expand the genetic code for only

specific mMRNAs?
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One feature that sets eukaryotic cells apart from bacterial cells is the presence of specialized
organelles like nuclei, mitochondria or the endoplasmic reticulum. A key feature of these
intracellular organelles is that they spatially separate specific functions, which allows cells to
avoid interference between incompatible processes. I hypothesized that it might be possible to
analogously create a synthetic organelle dedicated to protein synthesis. If this organelle would
be orthogonal to the host’s translation machinery it should be possible to enrich this organelle
with a GCE system to synthesize proteins with advanced capabilities.

The first design principle that one could envision for such an organelle would be to encapsulate
the translation process with a membrane (Figure 1-7). This however would be very
challenging, as translation is a very complex process that requires hundreds of factors to work
together, including the comparatively large ribosomes. All of these factors would have to be
imported across the membrane in addition to the mRNA of the POI, the GCE system and the
ncAA. Additionally, the modified POI would need to be exported after translation. This would
most likely require a dedicated transport machinery similar to the nuclear pore complex (NPC)
that regulates transport between the nucleus and the cytoplasm. The NPC itself is a gigantic
macromolecular machine—in fact the largest nonpolymeric structure present in eukaryotic
cells (/33—135)—and it would be a challenging on its own to engineer it into a synthetic
organelle to facilitate the required transport.

Therefore, a membrane enclosed approach seemed to be difficult. Intriguingly, there are many
organelles in the cell that do not possess a traditional membrane boundary (/36). Thus, I
hypothesized that it might be possible to analogously create a protein engineering organelle in

an open format.
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1.3 Biomolecular condensates—dynamic structures for complex tasks

What are these organelles without a membrane boundary and how are they formed?

Although membrane-enclosed organelles are the most prominent compartments in a cell and
have for a long time been the focus of intense research, their membraneless relative has been
known for quite some time.

The first membraneless organelle—later termed the nucleolus—has been described almost
200 years ago in the 1830s (/37). The Cajal body, another membraneless organelle in the
nucleus, has been described more than 100 years ago (/38). Since then many more
membraneless organelles have been described, including germ granules (/39), stress
granules (/40), paraspeckles (141), Balbiani bodies (/42) and others. These organelles are
often composed of both nucleic acids and proteins, but they differ from traditional
macromolecular complexes. Classical macromolecular complexes like ribosomes, can also
consist of multiple proteins and RNAs, but they assume a fixed structure of a certain size with
a defined stoichiometry. Contrary to this, membraneless organelles do not have a fixed
structure or stoichiometry, they can grow and shrink and are often inherently dynamic (/43).
The main feature of these organelles is that they are capable of concentrating molecules and
that they are composed of various biological macromolecules, thus Banani and co-workers
coined the term “biomolecular condensates™ to describe all the different flavors of organelles
that lack a traditional membrane boundary (/36). Biomolecular condensates can exhibit
characteristic liquid-like behaviors, indicating that they assume a highly dynamic liquid-like
state in the aqueous environment of a cell (/44). It has been shown that they can deform in
response to shear flow, drip, fuse and relax to spherical shapes as well as rapidly rearrange
their contents as has been shown by fluorescence recovery after photobleaching experiments
(144). Additionally, long-term they can coalesce and undergo Ostwald ripening (/45). These
biomolecular condensates can not only assume liquid-like states, but they can for example also

solidify and form gels or fibers (/46).

13.1 Liquid-liquid phase separation

For a long time, it has been enigmatic how these condensates form and despite their lack of a
defined structure can perform specific tasks. However, in the last 10 years (/44) it was
unraveled that biomolecular condensates are often formed by a process called liquid-liquid
phase separation (LLPS, see Figure 1-8 for a schematic overview). LLPS describes the process
how molecules can transition from a soluble or mixed state into a phase separated state via

liquid-liquid demixing. When molecules undergo a phase separation process, they separate into
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a dense and a dilute phase. Within the dense phase, the concentration of the phase separated
molecule can be orders of magnitude higher than in the remaining dilute phase. In case of a
liquid material state, molecules from the dense phase can rapidly and dynamically exchange
with the surrounding dilute phase, crossing the phase boundary. A phase transition occurs when
the respective molecule exceeds it soluble concentration and it is thus energetically favorable
when the molecules separate into a dense and dilute phase.

Taking the thermodynamics of this process into account, it is crucial that the molecule interacts
with itself and that is energetically favorable over interacting with the solvent, resulting in a
negative enthalpy upon phase separation (/47, 148). Additionally, this interaction needs to be
energetically sufficiently favorable to compensate for the reduction in entropy upon phase

separation, so that in total the free energy is minimized.
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Figure 1-8. Liquid-liquid phase separation. Certain molecules (green dots) can undergo a phase transition when
they exceed a concentration threshold. They thus separate into a dense and dilute phase. As long as the material
state remains liquid and dynamic, they can rapidly exchange between the dense and dilute phase, crossing the
phase boundary (see black arrows). Noninteracting molecules (blue dots) do not change their concentration and
are therefore distributed evenly between both phases.

1.3.2 Phase separation in biological systems

In the crowded environment of a cell, biomolecular condensates are typically composed of
multiple components, including tens to hundreds of different proteins (/49, 150). These
components are not all equal, as it has been shown that some are necessary for phase separation
(151-153), while others are dispensable and their partition into condensates can vary
depending on the state of the cell (/54, 155). To describe these components Banani et al.
introduced the concept of scaffolds and clients (/56). Scaffolds are the core part of the
condensate and typically exhibit a high valency. Clients can use the same types of interactions

utilized by the scaffold but have a lower valency. Therefore, clients associate with the
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condensate much more dynamically and can be recruited transiently. Importantly, clients can

only partition into the condensate if free binding sites are available.

1.3.2.1 Multivalency in phase separating systems

Banani et al. developed a simple model system that is based on the specific interaction of the
small ubiquitin-like modifier (SUMO) and the SUMO interacting motif (SIM), which form a
specific complex (/56). By using oligomers of SUMO and SIM they created phase separated
droplets in vitro and in vivo. These oligomers represented the phase separation scaffold and
they could control if either SUMO or SIM was present in access and thus create droplets that
have respectively free SUMO or SIM interaction sites. To study client recruitment they used
monovalent SIM or SUMO variants, tagged with fluorescent proteins and could observe that a
SIM-client is only recruited to a droplet that has a SUMO excess, while a SUMO-client is only
recruited to a droplet with a SIM excess (/56). Importantly, they could confirm this behavior
in vivo, indicating that availability of binding sites can govern partition into biomolecular
condensates. This model system is purely based on simple bimolecular interactions but
demonstrates that multivalency can be sufficient to drive LLPS.

A common trend for biological phase separating systems however is that the involved
biomolecules are inherently multivalent and use multiple modes of interaction. It has been
shown that essentially all types of molecular interactions can create phase separating systems.
These include electrostatic, dipole-dipole, hydrophobic, cation- and mt-7 interactions (157,
158). Due to the nature of these different interactions and the competition between enthalpic
and entropic contributions the soluble concentration of a biomolecule is influenced by many
parameters including not only its concentration per se, but also temperature, salt composition,

affinity, pH and other factors (136, 143, 146).

1.3.2.2 Intrinsically disordered proteins in phase separation

Intrinsically disordered proteins (IDPs) often play a prominent role in phase separating
systems (159, 160). A hallmark of IDPs is that they lack a predetermined three dimensional
structure and thus typically exist in a vast conformational assembly (/6/—164). Many proteins
that can be classified as IDPs only have a region within their sequence that is intrinsically
disordered (IDR, intrinsically disordered region). Some of these sequences are prone to form
B-amyloids found in prions and are therefore called prion-like domains [PLDs, (/65)]. In
eukaryotes it is estimated that around 30% of the entire proteome contain IDRs (/66).

IDPs are commonly composed of a limited variety of amino acids and are particularly often

enriched in flexible, polar and charged amino acids, including glycine, serine, glutamine,
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glutamate, proline, lysine and arginine (/67-169). Additionally, they often lack hydrophobic
amino acids. IDPs that participate in phase separation processes however often contain tyrosine
or phenylalanine residues to enable 7t-7t or cation-rt interactions (/58).

For the interaction of IDPs with their binding partners at least two distinct mechanism are
known. The two most prominent ones are coupled folding-binding or fuzzy interactions (/63).
In the first variant, the IDP only interacts with a binding partner in a defined
configuration (/70), in the second, the IDP maintains disorder throughout (/71). For example,
for the transport machinery between the nucleus and the cytoplasm both mechanisms have been
described. For the FG-nucleoporin 214 a coupled folding-binding mechanism was observed
for its interactions with the nuclear transport machinery (/72)—FG-nucleoporins are IDPs
enriched in phenylalanine and glycine repeats that fill the central channel of the nuclear pore
complex (/73). Many other FG-nucleoporins, like nucleoporin 153, interact with nuclear
transport receptors via fuzzy interactions (135, 174).

To interact with their binding partners IDPs often utilize short linear motifs (SLiMs). SLiMs
are short linear amino acid sequences of about 2-8 amino acids and due to their relatively small
size they typically participate in rather weak interactions (165, 175, 176)]. As many SLiMs can
be concatenated in one IDP, interspersed by flexible linkers, they can easily provide the

multivalency required for phase separation (/77).

1.3.2.3 The sticker-spacer model of phase separation

One hypothesis explaining how multivalent protein and RNA interactions can facilitate phase
separation is the sticker-spacer model proposed by Pappu and co-workers (/78). The key idea
in this model is that phase separating biomolecules can be described as associative polymers,
which are polymers with attractive or interacting groups (/79).

The stickers describe the attractive group and in case of biological systems can comprise any
of the above described possible protein and RNA interactions. The spacers are in contrast inert
linkers between the stickers, which should not interact. In the sticker-spacer model, the stickers
ensure cross-linking between different polymers and can therefore drive phase separation. This
model can not only be used to describe the phase separation process itself, but also how a liquid
condensate can transition into a gel state by a process called percolation, which describes that
at a certain concentration the non-covalent interaction network can span the entire
structure (177, 178). Recently, collaborative work by the Hyman, Alberti and Pappu

laboratories has demonstrated this model for the fused in sarcoma (FUS) protein family (/80).
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1.3.24 The FUS protein family

The FUS protein family is named after the protein FUS, its earliest described member (/87).
All FUS family proteins share a similar domain structure with one IDR or PLD that is combined
with a RNA binding domain (RBD), which contains at least one RNA binding motif (/82). The
FUS family contains the FET proteins [FUS, Ewing’s sarcoma breakpoint region 1 (EWSR1),
TATA binding protein-associated factor 2N (TAF15), (183)], heterogenous nuclear
ribonucleoprotein [hnRNP, (/84)] variants as well as TAR DNA-binding protein 43 [TDP-43,
(185)] and others (/80).

For the FET family, hnRNP and TDP43 it has been shown that they all can phase separate
(186-189). For several of these proteins the PLDs can phase separate on their own in vitro
(186, 187, 190, 191). Therefore, the PLDs of these proteins have been considered to be
particularly important for phase separation. But, the PLD of FUS on its own phase separates
only at relatively high concentrations or in the presence of molecular crowders (187, 192).

In contrast to this the respective full-length protein phase separates at a two orders of magnitude
lower concentration, indicating an important role of the RBD in the phase separation
process (/80). Similar observations were made for EWSR1 (/80). Strikingly, the FET proteins
have RBDs that are particularly enriched in arginine residues, while their PLDs are tyrosine-
rich (/80). The network interactions between the arginine and tyrosine residues is crucial to
determine the saturation concentration and is distinct from pure cation-st interactions, as a
replacement of tyrosine with phenylalanine or arginine with lysine reduces phase separation
propensity (/80). In addition electrostatic interactions of negatively charged amino acids in the
PLDs with the positively charged RBDs further promote phase separation (/80). This is in
good agreement with studies showing the relevance of both electrostatic and aromatic
interactions for other phase separated systems (/93, 194).

Now taking the theoretical sticker and spacer framework into account, the tyrosine and arginine
residues can be considered as the adhesive sticker moiety. In the FET protein family the spacers
are formed by glycine, serine and glutamine motifs, which regulate the material properties of
the condensate, for example glycine residues are important to retain a liquid-like state (/80).
Similarly, for hnRNPA1 a sticker-spacer model was recently used to quantitatively describe its
phase separation behavior (/95). Interestingly, in this example it was shown that the spacing
between stickers is of high importance to determine the material properties of the condensed

phase. Evenly spaced stickers in the PLD (e.g. evenly spaced aromatic residues) promote a
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liquid-like state, meanwhile clustered stickers lead to a pronounced amorphous aggregation
phenotype (195).

In summary the sticker-spacer model can be used to explain and understand the phase transition
process of FUS family proteins. The nature and abundance of stickers mostly determines the
critical concentration for phase separation (/80, 195), which is in good agreement with the
established role of multivalency to promote phase separation (/56). The spacers in between the
stickers do not affect the critical concentration, but their size and composition modulates the
material properties of the resulting condensate (180, 195). Therefore, this body of work opens
up interesting future possibilities to understand and modify the phase separation behavior of

FUS family protein based biomolecular condensates.

1.3.3 RNA and protein granules that regulate cellular biochemistry

Up to now we explored how phase separation with biological macromolecules occurs with a
particular focus on multivalency, IDPs and the FUS protein family. Next, I am going to dive
into the physiological relevance of phase separation processes and what kind of molecular
processes can be regulated by it. To this end, I am going to discuss three specific examples of
biomolecular condensates, namely stress granules, the C. elegans centrosome as well as

receptor clustering on membranes.

1.3.3.1 Stress granules

Stress granules (SGs) are ribonucleoprotein (RNP) granules that can form in a cell as a response
to various types of stress, including oxidative stress, heat shocks, osmolar stress and viral
infection (/96). They got particular prominence in recent years as proteins involved in their
formation have been implicated in aberrant transitions at the core of severe neuropathic
diseases like amyotrophic lateral sclerosis (/88).

SGs typically contain polyadenylated mRNAs that are not actively translated as well as
preinitiation complexes including the small ribosomal subunit, but no actively translating
ribosomes (/97). In fact, if polysome disassembly is inhibited SGs do not form (7/98),
indicating that an increase of free cytoplasmic RNA is important. Concomitant with their high
RNA content (/99), SGs contain many RNA binding proteins like FET family proteins,
G3BP1, G3BP2, hnRNPA1 and others (200-202).

How do these heterogenous SGs, with hundredths of different RNAs and proteins actually
assembly in vivo?

On the one hand, RNA self-association has been shown to contribute to SG assembly (203),

on the other hand, many of the associated RNA binding proteins have been implicated as
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potentially being essential for SG assembly, including CSDE1, G3BP1, G3BP2, HDACS6,
PPRC2C, TIA1 and UBAP2L (201, 202, 204-206). Therefore, for a long time it has not been
clear how SG essentially assemble and which factors are indispensable until recently
complementary work from three different laboratories has converged to thoroughly define the
biogenesis of SGs and their core assembly components (207-209).

Of the many different RNA binding proteins only G3BP1 or G3BP2 are essential for SG
formation, and only in cell in which these two proteins are knocked-out no SG formation can
be observed (208). G3BP1 and G3BP2 have a high sequence similarity and seem to be
functionally similar (208), although G3BP2 exhibits a higher valency and has a slightly higher
phase separation propensity (209). For the remainder of the section I am going to refer to both
G3BP1 and G3BP2 collectively as G3BP for simplicity.

G3BP does not phase separate under physiological conditions on its own but phase separation
can be triggered by molecular crowding agents (208, 209). However, in presence of long single
stranded RNA G3BP robustly phase separates (208). Phase separation is independent of the
RNA sequence but correlates with RNA length (208). Besides the requirement of single
strandedness it has also been shown that the RNA needs to be unfolded to trigger G3BP phase
separation (209).

To bind to RNA G3BP has two distinct RBDs at its C-terminus, one folded RNA recognition
motif (RRM) and one RNA binding IDR. Further to the N-terminus G3BP contains two
additional IDRs, one very acidic and one with a slightly positive charge (207, 208). At the
N-terminus G3BP has a dimerizing NTF2 domain. Work by the Taylor, Brangwynne and
Alberti laboratories dissected the relevance of all these factors to get a more detailed
understanding of SG assembly (207-209).

Dimerization via the NTF2 domain is important for phase separation to increase the overall
valency of the protein, it however is not specific to NTF2 and can be replaced with other
dimerization moieties (208), however this requires higher concentrations indicating that NTF2
also leads to higher order assemblies by interacting with UBAP2L, another SG protein (207).
The two RBDs at the C-terminus also serve to increase valency by binding RNAs multiple
times, therefore just removing one of those significantly impairs phase separation (208).
What do the remaining two IDRs contribute? It is commonly assumed that IDRs promote phase
separation in general, this is however not true for the IDRs in G3BP. Strikingly the acidic IDR
turns out to have an autoinhibitory function on phase separation which is regulated by the

slightly basic IDR, this is apparent as by deleting the acidic IDR, SGs form spontaneously,
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while in absence of the basic IDR SGs do not form at all (207-209). This is an interesting
observation illustrating that the mere occurrence of IDRs in phase separating systems does not
necessarily proof a biophysical causality and thus needs to be considered under the relevant
circumstances (2/0). Noteworthy, other proteins can be subsequently recruited to assembled
SGs and can exhibit modulatory functions (209), for example by influencing G3BP/RNA phase
separation in a positively or negatively cooperative manner (208).

One additional interesting observation about the physiological significance of SGs is that they
themselves do not inhibit translation as a stress response, which agrees with previous
observations (206, 211), but in fact sequester the released mRNAs and thus prevent them from
aggregating, which might be important for restarting translation once the stress factor has
passed (209).

In summary SGs are particularly interesting examples of biomolecular condensates, which
combine many assembly factors, like multivalency and IDRs, but also nicely stresses that not
all IDRs behave the same. The putative RNA chaperoning functionality of SGs moreover

represents a great example illustrating the physiological relevance of LLPS.

1.3.3.2 The C. elegans centrosome

Phase separation processes have also been implicated in organizing components involved in
cell division (212, 213). For example, several components involved in mitotic spindles—a
structure ensuring the proper segregation of chromosomal DNA to the emerging daughter cells
during mitosis (2/4-216)—have been shown to undergo phase separation (2/7-219). This is
interesting as self-organization has long been considered to be relevant for mitotic spindle
assembly (220) and LLPS seems to be predisposed to aid in such a process.

In this section I am going to further discuss one specific example of phase separated mitotic
structures —the C. elegans centrosome.

The centrosome is a prominent micrometer-sized membraneless organelle, that is the major
microtubule organizing center (MTOC) in most cells and can be found at the poles of mitotic
spindles (221, 222). The centrosome is composed of two centrioles that are surrounded by the
pericentriolar material [PCM, (223)]. In C. elegans the PCM is composed of several proteins
including polo-like kinase 1 (PLK1), the spindle-defective proteins 2 and 5 (SPD2 and SPDS)
and others (224-227).

SPDS is a protein enriched in coiled-coil structures that has been shown to self-assemble to
form a network that can subsequently recruit additional PCM components (228). Moreover,

SPDS5 can even form phase separated, spherical condensates in vitro that are initially liquid but
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rapidly solidify (229). Intriguingly, SPD5 can achieve this without any IDR as it only contains
nine predicted coiled-coil domains making up almost half the protein (229). Other PCM
proteins can co-partition into the SPDS5 droplet and they can collectively concentrate tubulin
and promote microtubule polymerization (229).

The PCM in C. elegans has important mechanical functions during the cell cycle, as the
centrosome needs to withstand spindle pulling forces. Hence, it is interesting that the material
properties of centrosomes are changed during the cell cycle (230, 231). At the onset of mitosis
the PCM becomes hard but pliable due to actions of PLK1 and SPD2—PLK1 phosphorylates
SPD5 conferring strength to the centrosome, while SPD2 binding increases pliability (237).
However, in anaphase PLK1 and SPD2 leave the centrosome and protein phosphatase 2A
removes PLK1 mediated SPD5 phosphorylations, which progressively weakens the PCM until
it can be pulled apparat by microtubule mediated forces (2317).

In summary the C. elegans centrosome is a beautiful example for phase separation mediated
by structured proteins and the dynamics of the material properties of biomolecular condensates,

which can have important implications for biological function (229-231).

1.3.3.3 Biomolecular condensates on membranes

Many biomolecular condensates operate freely in the cyto- or nucleoplasm in a membraneless
fashion. However, it is increasingly becoming clear that condensates on membrane surfaces
can also play important roles in the cell. They for example can participate in membrane
signaling (232), by e.g. organizing membrane associated actin polymerization (233, 234) or
they can by mediate the formation of tight junctions at cell-cell contact sites (235, 236).

How does this process differ from in solution phase separation processes?

Biomolecular condensates on membranes commonly also form via multivalent
interactions (234, 237), similar to phase separation processes described above. However, while
membraneless organelles usually form via three-dimensional phase separation, clustering on
membranes is inherently a two-dimensional process (232). Therefore, proteins can phase
separate at much lower absolute concentrations (237), which can be caused by the effective
increase in local concentration due to the reduced dimensionality. Due to this it is possible that
phase separation on membranes can occur, while the overall concentration is low enough to
avoid phase separation in solution (232).

Due to the location at the surface of the cell, membrane associated biomolecular condensates
are particularly amenable to regulate the transfer of information from the cell exterior into the

cell.
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This was for example convincingly shown for T cell receptor (TCR) signaling (238, 239).
Intriguingly, multivalency is generated by phosphorylation of tyrosine residues in the important
adapter protein LAT (linker for activation of T cells). Downstream effector proteins bind
phosphorylated LAT forming a liquid-like, phase separated network on the membrane (238).
The condensate subsequently regulates mitogen-activated protein kinase (MAPK), as well as
actin polymerization (238). The composition of the TCR associated condensate can also locally
and temporarily change and thereby influence the interaction of LAT with the actin
cytoskeleton (240). An interesting observation in this signaling system was also that the dwell
time for MAPK pathway proteins on the membrane is increased due to phase separation, which
in turn leads to an increased activation (241).

Analogously, for nephrin—a transmembrane protein that is important for the formation of the
glomerular filtration barrier in the kidney (242)—it was also shown that it can form liquid
condensates on the plasma membrane due to phosphorylation and subsequently interact with
the actin cytoskeleton (243). Also in these condensates the dwell time of actin interacting
proteins is increased, which increases their the specific activity leading to an increased actin
polymerization (233).

Together, these two specific examples show that liquid condensates on membrane surfaces can
have important functional consequences. Additionally, they could enable kinetic proofreading
of signaling information to ensure robust and reliable signaling (233, 241).

As long as the receptor is not phosphorylated, the signaling effector proteins can diffuse
quickly and therefore do not reside for extended periods of time on the membrane, which makes
their activation unlikely. Upon receptor activation and phosphorylation, phase separation on
the membrane is triggered. This increases the dwell time of the downstream signaling proteins,
which leads to their activation. Hence, this mechanism prevents spontaneous signaling and
ensures that robust receptor signaling only occurs under induced conditions (233, 241).
Although it so far has only been shown for a few examples, it is conceivable that this
mechanism could be generalizable and might be involved in many naturally occurring signaling

processes.

134 Synthetic biomolecular condensates
Up to now we discussed naturally occurring biomolecular condensates. However, the growing
knowledge about biological phase separation has also sparked several efforts to engineer this

process in a synthetic biology approach. These efforts can be broadly divided into two classes
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i) tools that allow to study natural phase separating processes and ii) the development of

synthetic phase separating systems for biological and biotechnological applications.

1.34.1 Synthetic tools to study phase separation in biological systems

Employing synthetic approaches to study biological phase separation directly in living cells
promises to lead to new discoveries, as simplified perturbation experiments can be used to
dissect and isolate more complex processes (244, 245). To this end, the Brangwynne and
Toettcher laboratories pioneered optogenetic tools that can be used to control phase separation
in vivo (246-250).

In the first version of the technology light irradiation triggers oligomerization of an
optogenetically controlled domain (257), which is fused to IDRs of naturally occurring phase
separating proteins (248). Depending on intensity and length of light irradiation this can than
lead to phase separation and thereby allows to study the behavior of the IDR in vivo. This
technology was combined with CRISPR-Cas9 technology —allowing to target defined
genomic regions by base pairing of guide RNA (/23,252)—to tether LLPS to specific genomic
loci and study their functionality (250). One key parameter of the system is the oligomerization
of the optogenetic domain, which increases the valency and thus triggers phase separation, in
analogy to naturally occurring phase separating processes (207-209).

As oligomerization in this case however is not perfectly quantitatively defined the technology
was further optimized by using an optogenetic dimerizer (253). One part of the dimerizer is
fused to an oligomeric core that has a defined stoichiometry (254), while the other half is fused
to the IDR of interest. Upon light irradiation the IDR will then be tethered to the oligomeric
core and can then undergo phase separation (249). With this technology it was now possible to
map full phase diagrams and thereby fully measure LLPS systems (249).

Both of these technologies induce phase separation upon light irradiation and if the light is
applied in a certain pattern, phase separation will be restricted to certain areas, which is of
interest to understand polarized phase separation processes.

Unfortunately, in both instances blue light is needed to trigger phase separation. Blue light
irradiation can be toxic for cells and therefore these experiments cannot be performed infinitely
long. Long term experiments would however be interesting to study spatial memory and
developmental processes.

To overcome this limitation Dine and co-workers employed an inverse strategy (246). They
construct a phase separation system based on two proteins, that oligomerize in the absence of

light but can dissociate upon light irradiation (255). In analogy to above, they fuse IDRs to
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these oligomerizing proteins, which in turn robustly phase separate in the dark, but dissolve
upon light irradiation. The authors use this system to dissolve phase separated structures in a
defined area of the cell, intriguingly even after light removal the pattern persists (246). This
indicates that phase separation can be used to establish a spatial memory, which might be
relevant to for example confer polarization to cells.

In summary, these elegant synthetic approaches to engineer phase separation and thereby
discover new mechanisms that are relevant for the formation and function of biomolecular
condensates are particularly insightful and it is interesting to see to what new discoveries they

will lead.

1.34.2 Bioengineering with phase separation

The aforementioned studies represent tools to study phase separation in cells. Phase separation
is inherently capable to drive self-assembly which can have broad implications for
biotechnology. Therefore, it is interesting to apply phase separation to specific technological
problems as well as to engineer phase separation and create new phase separating systems to

be able to control and regulate the engineered processes.

Engineering with naturally phase separating proteins

The knowledge about native phase separating proteins is constantly growing and therefore they
represent a good starting point for phase separation-based bioengineering applications. For
example, the optogenetic systems described above have been engineered to assemble metabolic
clusters (247). Due to their assembly, the metabolic flux and thereby the small molecule
product is changed. As this approach is light controlled it establishes a light switch for
metabolic pathways. Particularly, for biotechnological production processes this could be
interesting, as it would allow to rapidly switch the desired production outcome.

Similarly, recently the IDR region of the C. elegans P-granule protein LAF-1—an ATP-
dependent RNA helicase, which has been shown to phase separate (256) —has been used for
engineering purposes (257, 258). While the IDR itself hardly phase separates, it can be
engineered to do so more readily by concatenating multiple copies of it. The number of
consecutive copies determines the respective saturation concentration and importantly this
process can be further customized (257). These LAF-1 based synthetic organelles allow to
recruit cargos based on small signaling peptides and to release proteins based on protease
mediated cleavage, thus allowing to specifically regulate the condensate composition (257).
This technology was further refined by adding solubility tags and a photocleavable domain,

thereby getting optical control of phase separation (258). For this system it however needs to
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be noticed that the photoconversion is irreversible, which sets it apart from the aforementioned

optogenetic tools.

Engineering artificial phase separating systems

If naturally phase separating systems are used for engineering purposes, one concern is that
they could interact with endogenous phase separated systems and thus interfere with the normal
physiology of the cell. Therefore, several efforts in this direction have been made. Essentially
one of the first major landmark papers I discussed in Section 1.3.2.1, studies the effects of
multivalency on phase separation with naturally non-phase separating biomolecules (/56). In
this section I will discuss two more recent examples based on artificial IDRs (259) and selective
multivalency networks (260).

As discussed in section 1.3.2.2, IDRs have been shown to be crucial for many phase separation
processes. Thus, it is not surprising that they have been explored for synthetic condensates.
Elastin-like polypeptides (ELPs) are stereotypical IDPs composed of multiple repeats of a
pentapeptide sequence [valine-proline-glycine-any amino acid-glycine, (2617)]. These, have for
example been used to program phase separation processes in vitro and they have even been
shown to enable the formation of multilayered phase separated systems (259). Depending on
their application these ELPs can be tuned to assume different shapes (262), however they are
typically not used as tools in cells.

In yeast multivalent networks were recently designed to phase separate (260). This system uses
a dimerizing and a tetramerizing building block. Importantly, the dimerizing and tetramerizing
parts can interact over a specific protein-protein binding domain. By tuning the interaction
strength of the binding domain it is possible to adapt the phase separating behavior of the
network (260). Due to this modular nature this system offers quite some potential for further
engineering, but so far it was mostly used to study multimeric phase separation in vivo and to
analyze how translation can localize mRNAs in the cell (260). Hence, it will be interesting to
see how this technology is going to be further utilized for synthetic biology approaches in the

future.

14 Objectives—Optimized GCE tools for eukaryotes

GCE is one of the most powerful techniques that enables to site-specifically modify proteins
in living cells. Particular in combination with biorthogonal chemistry that subsequently enables
further modification of the POI this technology has huge promises. It could for example be
used exquisitely to study proteins in their native environment or to create new advanced, fully

artificial biopolymers.
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To this end, it would be particularly important that multiple different ncAAs could be
simultaneously incorporated into the POI. However, to do this in eukaryotes, GCE technology
is fundamentally limited by three problems. First, GCE technology lacks mRNA specificity,
which can lead to background incorporation and toxicity. Second, only a limited number of
orthogonal RS/tRNA pairs are useful in mammalian cells and new ones need to be discovered
to allow the synthesis of truly artificial polypeptides. Third, as only two stop codons can be
suppressed at a time, the technology currently cannot incorporate more than two distinct ncAAs
into proteins specifically, while still faithfully terminating protein translation. In this thesis I

am going to address these three problems to optimize GCE for mammalian applications.

14.1 Developing mRNA specific GCE in in mammalian cells

Establishing orthogonal translation in mammalian cells is challenging, particularly as the
approaches developed for bacteria cannot be easily transferred. I hypothesize that it should be
possible to create an artificial organelle dedicated to protein engineering. In this organelle, the
genetic code should be selectively expanded for the POI, ensuring specific ncAA incorporation

with minimal perturbation of housekeeping translation.

14.2 Developing inducible GCE to avoid toxicity
Complementary, to avoid toxic effects of GCE components during long term expression
experiments, inducible expression systems that allow to regulate the expression of not only the

RS but also the orthogonal tRNA will be developed.

14.3 Developing mutually orthogonal GCE systems

I hypothesize that it should be possible to equip a cell with multiple, mutually orthogonal
synthetic organelles, which each execute distinct orthogonal genetic codes. By achieving this
I would solve two major problems of GCE technology. First, this would enable to multiple
times reuse the same RS/tRNA pair, thus establishing a completely novel way to create
orthogonal RS/tRNA pairs. Second, with multiple mutually orthogonal synthetic organelles it
should be possible to reassign the same codon multiple times to distinct ncAAs, which would

provide new orthogonal codons by means of this new concept of localized translation.
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Chapter 2  Summaries of published manuscripts

2.1 Designer membraneless organelles enable codon reassignment of selected
mRNAs in eukaryotes

This work was published as:

Reinkemeier CD*, Estrada Girona G* & Lemke EA (2019). Designer membraneless organelles
enable codon reassignment of selected mRNAs in eukaryotes. Science, Vol 363, Issue 6434,
doi:10.1126/science.aaw2644, * These authors contributed equally

The article is can be found in Appendix II.

This sentence specifies my contributions to the manuscript:

E.A L. conceived the project. C.D.R. and G.E.G. designed and performed all experiments.
CDR.,GE.G., and E.A L. analyzed all of the data and cowrote the manuscript.

All data shown in this manuscript, except the ones in Fig. S8B&D, were acquired by me.

Summary

In this work I combined two assembler classes—an assembler is defined as anything that forms
an organelle in a cell —to generate orthogonally translating (OT) organelles in living cells. In
particular, I use phase separating proteins (FUS/EWSR1 or SPD-5) as well as microtubule
motor proteins (KIF13A or KIF16B) as assemblers. These are then fused to an RNA
recruitment system (MCP, ms2 bacteriophage coat protein), which selectively binds to a
specific RNA secondary structure (ms2-loops), as well as a genetic code expansion system
(PyIRS). The OT organelles highly enrich mRNA::ms2 and tRNA™!, effectively depleting it
from the remainder of the cell. Subsequently, even cellular ribosomes are recruited to perform
orthogonal translation within the organelle.

Thereby, OT organelles enable site- and mRNA-specific ncAA incorporation, decoding one
specific codon exclusively in the mRNA of choice. I show that this works selectively for all
three stop codons and with different ncAAs. Moreover, this can be done for multiple stop
codons in one protein and in a variety of proteins ranging from simple fluorescent proteins to
nucleoporins and even transmembrane proteins that need to be inserted into them membrane
during translation at the endoplasmic reticulum.

My results demonstrate a simple but effective approach to generate OT organelles in eukaryotic
cells. These semi-synthetic cells are the first ones that are capable of simultaneously executing

two distinct genetic codes, one canonical one for untargeted proteins in the cytoplasm and one
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expanded genetic code for chosen mRNAs inside of the synthetic organelles, thereby providing

a route towards customized orthogonal translation and protein engineering.

2.2 Raising the ribosomal repertoire

This work was published as:

Reinkemeier CD & Lemke EA (2020). Raising the ribosomal repertoire. Nature Chemistry, 12,
503-504, doi:10.1038/s41557-020-0476-6
The article is can be found in Appendix III.

This sentence specifies my contributions to the manuscript:

C.D.R. and E.A L. cowrote the manuscript.

Summary

In this article I discuss a recent study published by the Chin lab (54) that develops multiple
mutually orthogonal PyIRS based genetic code expansion systems. This is of particular interest,
as for the synthesis of truly artificial polymers the number of available orthogonal RS/tRNA
pairs is limiting.

Prior to this work, in E. coli only a handful of orthogonal RS/tRNA pairs have been reported
of which mainly the Methanococcus janashii tyrosyl RS/tRNA pair as well as the
PyIRS/tRNAM! pairs derived from methanogenic archaea have been widely used for GCE
applications.

Arguably the most useful pair is the PyIRS/tRNA™!, as I discussed above (see Section 1.2).
Before the publication by Chin and co-workers only two mutually orthogonal PyIRS have been
reported (53, 57). The earliest described PyIRS variants (e.g. from Methanosacina mazei) that
were used for GCE contain an N-terminal domain that is important for tRNA recognition.
Interestingly, some PyIRS enzymes lack an N-terminal domain and could thus be developed to
be orthogonal to the PylRS variants containing an N-terminal tRNA binding domain (53, 57).
In their newly published work Chin and co-workers identify a second class of PyIRS that also
lack an N-terminal tRNA binding domain (54). Based on these three existing, naturally diverse
classes they utilize directed evolution to create three pairs that are mutually orthogonal.

This now allows to utilize this powerful enzyme family to site-specifically incorporate three

distinct ncAAs into protein in vivo.
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2.3 Inducible Genetic Code Expansion in Eukaryotes

This work was published as:

Koehler C, Estrada Girona G, Reinkemeier CD & Lemke EA (2020). Inducible Genetic Code
Expansion in Eukaryotes. ChemBioChem, 21, 1-5, doi:10.1002/cbic.202000338

The article is can be found in Appendix 1V.
The following sentence specifies my contributions to this manuscript:
For this work I performed flow cytometry experiments and cloning work. Additionally, I co-

wrote manuscript.

Summary

One limitation of GCE technologies is the potential toxicity due to constant expression of the
suppressor RS/tRNA pair (in this case PyIRS/tRNA™). In particular this is a concern for long
term expression experiments as would be the case for the generation of stable amber
suppressing cell lines, which would be of high interest for biotechnological applications. This
problem is further aggravated by the requirement of high tRNA expression levels to effectively
compete with the endogenous release factor machinery, in order to achieve sufficient amber
suppression levels.

It can be hypothesized that by inducing tRNAM as well as PylRS expression, it should be
possible to avoid toxic interferences with the normal physiology of the host.

mRNAs can be efficiently transcribed by RNA-polymerase II (Polll), while tRNAs need RNA-
polymerase III (Pollll) for efficient transcription. Thus, respective inducible promoters are
needed to achieve inducibility of the GCE system.

Both the TREx- as well as the Tet-On system were explored. These are well defined inducible
expression systems, and they were tested in several Polll- and Pollll-based promoter designs
with flanking tetracycline operator (TetO) signals.

In the Tet-On system the reverse tetracycline-repressor protein (rtTA) can only bind to the
TetO sequence in the DNA upon the addition of the small molecule doxycycline. Upon binding
to the TetO sequence it recruits Polll for transcription but not Pollll. Therefore, this system
allows to induce the expression of the PyIRS but not of tRNA™!, in fact due to the binding of
rtTA to the Pollll-promoter used for tRNAM expression, addition of doxycycline can even
reduce transcription levels and lower GCE efficiency.

In contrast to this, in the TREx-system the tetracycline repressor protein (TetR) constitutively

binds to the TetO sequence in the DNA and thereby blocks the access of all RNA-polymerases.
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Upon tetracycline addition TetR dissociates from the DNA making the promoter accessible.
Subsequently, Polll can transcribe the PyIRS gene and Pollll can transcribe tRNAM!,

In summary this work demonstrates that the Tet-On system can be used to regulate PyIRS
expression to construct an inducible GCE system, however with the TREx-system it is possible
to control both PylRS and tRNA™M! expression, which allows to obtain an on-demand GCE

system that should help to alleviate toxicity concerns for eukaryotic applications.
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Chapter 3  Microtubule-based orthogonally translating

organelles in mammalian cells

3.1 Introduction

I recently developed a membraneless approach that enables orthogonal translation of selected
mRNAs with an expanded genetic code in eukaryotes (263), this work is also part of this thesis
(see Chapter 2 and Appendix II). This first OT organelle version is comprised of i) the
Methanosarcina mazei derived tRNAP/PyIRS system; ii) an mRNA recruitment system in
which two ms2-loops are inserted into the 3’UTR of the mRNA of the POI, which are bound
specifically by the MCP protein (264); iii) an assembler component that drives organelle
formation within the cell. As assemblers I for example used the proteins FUS and EWSR1 that
both contain PLDs and have been shown to phase separate into liquid, gel or solid states (/88,
189), termed P1. Additionally, I used hyperactive truncations of microtubule motor proteins,
like KIF16B, 49 (termed K2) that constitutively move towards the microtubule-plus end (265).
The so far best working orthogonally translating (OT) organelle K2::P1 is built by co-
expressing KIF16B, 400::FUS::PyIRS with KIF16B_400::EWSR1::MCP (263).

In this chapter, I will show how I expanded this microtubule-based technology, by
demonstrating that the design of OT organelles can be simplified by directly fusing the
assemblers to an MCP::PyIRS fusion, and by showing that the microtubule motor domain can
be replaced by a microtubule-end binding protein like EB1 (266—268) to facilitate OT organelle
formation. Intriguingly, the EB1 based synthetic organelles assume a substantially different
and much thinner structure and appear to coat the microtubules, indicating that OT organelles

can also be formed in a much more minimalistic fashion.

3.2 Results

3.2.1 Design of improved OT organelles

To simplify and improve OT organelles I explored a direct fusion of both functional entities
(MCP and PyIRS respectively) to the previously established assembler combination of KIF16B
and FUS. Additionally, I also replaced the kinesin motor domain with EB1 and tested it with
and without the phase separation based assemblers (FUS/EWSRI1, Figure 3-1A, shows an
overview of all tested assembler strategies). I chose to use EB1 as a replacement for the
microtubule motor domain for two reasons. First, the previous approach used microtubule-plus

end directed motor proteins, as EB1 preferentially binds to microtubule-plus ends it should
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thus confer a similar localization to the OT organelles. Second, recently the microtubule
associated protein TPX2 was shown to phase separate (269), also EB1 was implicated in
potentially forming condensates with another microtubule associated protein [Tau, (270)].
Therefore, I hypothesized that EB1 might combine both the phase separation potential as well
as the localization information required for OT organelle assembly.

In particular I designed the following four new systems (I use “»” do indicate co-expression of
two constructs):

dK2::P1 = KIF16B, 4::FUS::MCP::PyIRS

EB1 = EB1::PylRS*EB1::MCP

EB1::P1 = EB1::FUS::PyIRS*EB1::EWSR1::MCP

dEB1::P1 = EB1::FUS::MCP::PylRS

I then tested these new constructs in an FFC based assay to analyze selectivity. For this assay
I use a dual color reporter in which mCherry and egfp mRNA are expressed from one plasmid
with an amber stop codon at a permissive site (mCherry!TAG egfp**TA6, mRNAs are denoted
in lower case) and the mCherry mRNA is tagged with ms2-loops in the 3’UTR (Figure 3-1B).
In case of cytoplasmic GCE one would expect to produce both full-length EGFP and mCherry,
resulting in a diagonal population in FFC analysis. If an OT organelle is working selectively,
meaning that the amber codon is only suppressed for the targeted mRNA::ms2, one would
expect to produce only full-length mCherry, resulting in a vertical mCherry positive population
in FFC. The amber stop codon in the egfp mRNA, translated in the cytoplasm would lead to
translation termination as it cannot be suppressed by tRNA™. From the FFC data I then
quantify selectivity and efficiency to compare the different OT organelles. I define fold change
selectivity of a given system as the ratio of the mean mCherry signal divided by the mean
EGFP signal, divided by the ratio of the mean mCherry to mean EGFP signal of the cytoplasmic
PylRS system. The relative efficiency is defined as the mean mCherry signal of a system

divided by the mean mCherry signal of the cytoplasmic GCE system.

3.2.2 Direct fusions of MCP and PylRS to assemblers enable selective orthogonal
translation

Cytoplasmic GCE expectedly leads to expression of both full-length EGFP and mCherry, while

the OTX*P! (K2::P1 = KIF16B, 40::FUS::PyIRSeKIF16B, 400::EWSR1::MCP) system leads to

predominant production of full-length mCherry (6.6 fold change selectivity, 30% efficiency,

Figure 3-1C,D). The OT2*! gystem also permits highly selective mCherry production, which

tends to be slightly more selective (7.1 fold change selectivity), but a bit less efficient
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(21% efficiency). Replacing the kinesin motor domain with EB1 also permits selective GCE.
Here I observe that already the OTEB! system leads to a selectivity of about 2.6 fold, however
this is system also leads to a marked drop in efficiency to 11%. Adding a phase separation
based assembler to this (OTEB!*!) improves selectivity to 3.4 fold and restores efficiency to
39% of the cytoplasmic GCE system. For the EB1 based system I can observe a substantial
increase in selectivity by using a direct genetic fusion of MCP and PyIRS (OTB!P1) ‘resulting

in a fold change selectivity of 4.9 and an efficiency of 22%.
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Figure 3-1 Synthetic organelles on the microtubule cytoskeleton permit selective orthogonal GCE. (A)
Schematic representation of orthogonally translating (OT) organelles used in this study. K2::P1, fusion of a
hyperactive truncation of kinesin KIF16B (KIF16Bi.40) with FUS/EWSR1 and PylRS/MCP (as described
previously (263)); dK2::P1, direct fusion of KIF16B;.40 with FUS, MCP and PyIRS. EBI1, fusion of the
microtubule-end binding protein 1 (EB1) with PylRS and MCP; EB1::P1, combination of EB1 with FUS/EWSR1
fused to PylRS and MCP; and dEBI1::P1, direct fusion of EB1 with FUS, MCP and PyIRS. (B) Schematic
overview of fluorescence flow cytometry (FFC) based assay to analyze orthogonal translation. egfp and mCherry
mRNA with stop codons at permissive sites are co-expressed with tRNAP! and either an OT organelle or a
cytoplasmic PyIRS variant. mCherry mRNA is tagged with ms2-loops and is hence recruited selectively into
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synthetic organelles. In presence of a cytoplasmic PyIRS system ribosomes cannot distinguish the two mRNAs
leading to amber codon suppression in both egfp and mCherry, hence both full-length proteins are produced
resulting in a diagonal EGFP and mCherry positive population in FFC. In presence of a working OT organelle the
amber codon is only suppressed in the recruited, and locally translated mCherry mRNA, while it is processed
canonically in the egfp mRNA leading to translation termination. Therefore, a working OT organelle leads to
exclusive full-length mCherry production resulting in a vertical mCherry positive population. (C) FFC analysis
of HEK293T cells co-expressing the indicated dual reporter, tRNA™ as well as the indicated GCE system in
presence of a lysine based ncAA with a cyclooctyne modified side chain (SCO (63)). The dot plots show the sum
of four independent experiments, axis indicate mCherry and GFP fluorescence in arbitrary units. Controls without
the MCP protein present are shown in Supplementary Figure 3-1; Supplementary Figure 3-2 shows an inverted
reporter, in which the egfp mRNA is tagged with ms2-loops. (D) Bar graph corresponding to OT organelles shown
in (C). Dark grey bars show the fold change selectivity, defined as the ratio of the mean mCherry divided by the
mean GFP signal of a given system normalized to the ratio of the mCherry to GFP signal for the cytoplasmic GCE
system. Light grey bars show the relative efficiency of a given system, defined as the mean mCherry signal divided
by the mean mCherry signal of the cytoplasmic PylRS system. Shown is the mean of four independent
experiments, error bars represent the SEM.

I verified that this selectivity depends on the ms2-MCP interaction by omitting the MCP
construct in the FFC experiments and observed that without MCP full-length mCherry
production is not enhanced (Supplementary Figure 3-1). Also when I invert the reporter and
attach the ms2-loops to the egfp instead of the mCherry mRNA I expectedly observe
predominant full-length EGFP production (Supplementary Figure 3-2).

3.2.3 EBI and K2 based OT organelles form along microtubules

A key assembly component for both types of OT organelles is the localization to the
microtubule cytoskeleton. To confirm that this is in fact the dominant localization of the OT
organelles I use immunofluorescence (IF) stainings to visualize microtubules and PyIRS
(Figure 3-2A, Supplementary Figure 3-3). For the K2 based organelles (OTX*®! and
OT2:P1) T observe that in most cells one large organelle is formed. This enriches microtubules
and rearranges the microtubule cytoskeleton to some extent. In contrast for all EB1 based
synthetic organelles (OTEB!, OTEB!“*P1 and OTIEE!:P1) [ do not observe a major alteration of the
microtubule cytoskeleton. Instead the organelles form along microtubule fibers and spread out

substantially throughout the cell.

3.24 EBI and K2 based OT organelles enrich tRNA", mRNA::ms2 and ribosomes

Both EB1 and K2 based OT organelles perform selective orthogonal translation of only
targeted mRNAs. In order to achieve orthogonal translation with an expanded genetic code,
tRNAM! needs to be depleted from the cytoplasm and enriched it in the organelle. To analyze
if this is in fact the case, [ performed IF and fluorescence in situ hybridization (FISH) stainings.
I co-stained PyIRS and tRNA™! in cells transfected with the different organelle variants and
observed that as expected OTX**! forms a large synthetic organelle that highly enriches tRNA!
and depletes it from the cytoplasm (Figure 3-2A, Supplementary Figure 3-4). Also the new
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K2 based organelle variant OT**! forms a similar large synthetic organelles that fills up a
substantial part of the cytoplasm and highly enriches tRNA™!. In contrast to these large
organelles observed when a kinesin motor protein is used as an assembler, using a microtubule-
end binding protein as an assembler leads to a substantially different shape. For OTEB!, QTEB!1
and OTB!=P! organelles PyIRS exhibit a fibrous shape in the cells cytoplasm (Figure 3-2A and
Supplementary Figure 3-3), importantly however still tRNA™! is highly enriched.
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Figure 3-2. Synthetic organelles form along microtubules and highly enrich tRNA™. (A) 3D reconstructions
of IF stainings against PyIRS (magenta) and oTubulin (yellow) in cells expressing tRNA™ and the indicated
synthetic organelles in presence of the ncAA SCO. Cells were additionally transfected with a construct encoding
EGFP*T46::ms2 (green) to identify amber suppressing cells. Additional images are shown in Supplementary
Figure 3-3, to confirm that microtubule based synthetic organelles co-localize with oTubulin. (B) 3D
reconstructions of combined IF and FISH stainings against PylRS (magenta) and tRNAP! (yellow) of cells
expressing EGFP**TA%::ms2 (shown in green), the indicated synthetic organelles and tRNAPY'. Additional images
confirming high local enrichment of tRNA™! in OT organelles are shown in Supplementary Figure 3-4. (Scale
bars = 20 ym)

Additionally, to enable local translation it is necessary, that also mRNA::ms2 as well as
ribosomes can be found in the synthetic organelles. To analyze this I stained cells expressing
the five different OT organelle variants for mRNA::ms2 and PyIRS (FISH combined with IF),
or for the ribosomal protein RPL26L1 and PyIRS (IF). In agreement with the above described
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imaging experiments I observed similarly shaped organelles, which also show co-localized
mRNA::ms2 as well as ribosomes. (Figure 3-3, Supplementary Figure 3-4, Supplementary
Figure 3-5).
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Figure 3-3. Synthetic organelles enrich mRNA-ms2 and even cellular ribosomes can access the synthetic
organelles. (A) 3D reconstructions of IF and FISH stainings against PyIRS (magenta) and mRNA::ms2 (yellow)
in cells expressing tRNAP! and the indicated synthetic organelles as well as EGFP?*TA6::ms2 in presence of SCO.
The EGFP signal is shown in green to identify amber suppressing cells. Additional images are shown in
Supplementary Figure 3-5, confirming recruitment of mRNA::ms2 into synthetic organelles. (B) 3D
reconstructions of IF staining against PyIRS (magenta) and RPL26L1 (cyan) of HEK293T cells expressing the
indicated synthetic organelles, tRNA™! and EGFP*T™6::ms2 (shown in green). These stainings confirm that
ribosomes can access synthetic organelles, indicating that orthogonal translation potentially can take place within
them. Additional images confirming RPL26L1 co-localization are shown in Supplementary Figure 3-6.
(Scale bars =20 ym)

3.3 Discussion

Creating synthetic organelles in vivo is a powerful way to bottom-up equip cells with new
functionalities. The synthetic organelles I present in this study all perform selective orthogonal
translation of selected mRNAs with an expanded genetic code. To construct them I combined
two organizing principles phase separation domains as well as targeting to microtubule-plus

ends. Both active transport using motor domains as well as microtubule-end binding proteins
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represent a powerful platform to construct OT organelles on the microtubule cytoskeleton.
Although they assume substantially different shapes in vivo both effectively equip cells with a
second, orthogonal genetic code, allowing to selectively and efficiently incorporate ncAAs
exclusively into selected proteins. The kinesin based synthetic organelles exhibit a higher
selectivity, which is in agreement with the higher local concentration of tRNAM! observed in
FISH stainings. All EB1 based organelles distribute a bit broader throughout the cell, which
can explain the comparatively lower selectivity. In contrast to the kinesin based organelles they
however have no detectable influence on the microtubule cytoskeleton which might be
beneficial for the viability of the host. Particularly, OTB!“P! shows a good selectivity towards
targeted mRNA::ms2 with a less pronounced change in the microtubule cytoskeleton.

By directly fusing the effector proteins MCP and PyIRS to the assembler moieties it is possible
to increase selectivity particularly for EB1 based synthetic organelles, indicating a higher
stringency of organelle assembly. This however comes at the cost of a reduction in GCE
efficiency. Hence, depending on the application either the separate and more efficient (OTX>*!
or OTEBI=PY) or the directly fused and more selective organelle constructs (OTd2P! or QTIEBI:PT)
might be more suitable.

In summary my results stress that the microtubule cytoskeleton can serve as a strong platform
for synthetic organelle design in vivo. These organelles can perform tasks as complex as
orthogonal translation despite their broadly distinct shapes. Hence, I expect that this platform

has a huge potential for future organelle engineering approaches in living cells.

3.4 Material and methods

34.1 Cell culture

HEK293T cells (ATCC CRL-3216) were maintained in Dulbecco's modified Eagle's medium
(DMEM, Gibco 41965-039) supplemented with 1% penicillin-streptomycin (Sigma-Aldrich
P0781), 1% L-Glutamine (Sigma-Aldrich G7513), 1% sodium pyruvate (Life Technologies
11360), and 10% fetal bovine serum (FBS, Sigma-Aldrich F7524). Cells were cultured at 37 °C
in a 5% CO, atmosphere and passaged every 2-3 days up to 20 passages. For transient
transfection experiments cells were seeded 15-20 h prior to transfection at a density resulting
in 70-80% confluency at the time of transfection. Flow cytometry was performed using 24-well
plates with plastic bottom (Nunclon Delta Surface ThermoScientific). Immunofluorescence
labeling and FISH were performed on 24-well plates with glass bottom (Greiner Bio-One) or

four-well cell imaging coverglasses (Eppendorf).
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3.4.2 Constructs and cloning

Dual-color reporter: The dual color fluorescent protein reporters was cloned in a pBI-CMV1
vector (Clontech 631630), with ms2 tagged fluorescence protein (mRNA) version in one
multiple cloning site and ms2 free version in the other. EGFP**TAG or mCherry!*"™4S were used
as N-terminal fusions with nuclear localization sequences (NLS) as described previously (263).
NLS::EGFP¥*T46::ms2 reporter: NLS::EGFP**TAG was cloned with two copies of ms2-loops into
the pBI-CMV 1 vector as a reporter for successful amber suppression for imaging experiments
(263).

OT organelle constructs: tRNAPY! was cloned under the control of a human U6 promoter in a
pUCS7 plasmid, and all other constructs were under CMV promoters cloned in a pcDNA3.1
(Invitrogen V86020) vector. MCP protein was cloned from the addgene plasmid #31230, FUS
from the Addgene plasmid #26374 and EWSR1 from the addgene plasmid #26377. In all FUS
fusions, amino acids 1-478 were used, in all EWSR1 fusions, amino acids 1-628. In all PyIRS
fusions the previously reported efficient NES::PyIRSA" (Y306A, Y384F) sequence was
used (64). EB1 and KIF16B, 4, were cloned from human cDNA and inserted into pcDNA3.1
via restriction cloning. EB1 and KIF16B, 4y fusions with MCP, PylIRSA*, EWSR1::MCP,
FUS::PylRSAF, FUS::MCP::PyIRSAF were assembled via Gibson assembly (271).

3.4.3 Transfections and used ncAAs

Transfections of HEK293T cells were performed with polyethyleneimine (PEI, Sigma-Aldrich
408727) using 3 ug PEI per 1 pg DNA (1200 ng total DNA for 24-well plates, 1680 ng DNA
for four-well cell imaging cover glasses, diluted in DMEM without Phenol Red, Gibco11880-
028).

For amber suppression system tests, cells were transfected at a ratio of a 1:1:1:1 with POI™¢
vectors, tRNAM! PylRS assembler fusions and MCP assembler fusions or
assembler::MCP::PylRS fusion (a mock plasmid was used to keep the total plasmid amount
constant). 4-6 hours after transfection the medium was swapped to fresh one containing ncAA
supplemented with 25 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES,
pH =7.25). HEK293T cells were analyzed one day after transfection.

Stock and working solutions for the used ncAA was prepared as described in previous work
(272). SCO (cyclooctyne lysine, SiChem SC-8000) was used at a final concentration of
250 uM. SCO is efficiently recognized by PylIRSAF (Y306A, Y384F) (63).
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3.44 Fluorescence flow cytometry

HEK?293T cells were harvested 1 day after transfection by removing the medium, resuspending
the cells in 1XxPBS (phosphate buffered saline) and passing them through 100 zm nylon mesh.
Data acquisition was performed in an LSRFortessa SORP Cell Analyzer (BD). Analysis was
done using the FlowJo software (BD). Cells were first gated by cell type (using FSC-A x
SSC-A parameters) and then by single cell (SSC-A x SSC-W). The workflow of cell gating is
shown in Supplementary Figure 3-7. Each shown FFC plot is the sum of three independent
biological replicates from which the mean and SEM were calculated. Lastly, fluorescence was
acquired in the 488-530/30 channel for GFP signal and in the 561-610/20 channel for mCherry

signal. Bar graphs were generated using IgorPro software.

34.5 [IF labeling, FISH and confocal imaging

Immunofluorescence (IF): For immunolabeling experiments, cells were rinsed with DMEM
without phenol red, fixed in 2% paraformaldehyde in 100 mM HEPES, 50 mM EGTA
(ethylene glycol-bis-(2-aminoethylether)-N,N,N’ N’-tetraacetic acid) 10 mM MgSO,, 0.2%
Triton-x-100 at room temperature (RT) for 10 minutes (273).

Subsequently, cells were rinsed with PBS and permeabilized with 0.5% Triton-x-100 solution
in 1xPBS for 15 minutes at RT and rinsed twice prior to blocking. Samples were blocked in
3% bovine serum albumin (BSA, Sigma A7906) in 1xPBS for 90 minutes at RT, after which
incubation with the primary antibody was done overnight at 4 °C in blocking solution [Abpyrs
(1 pug/mL (64)), Abgrubuin (Abcam ab89984, 2 pg/mlL) and/or AbgprosLi (Abcam ab137046,
1:200)]. The next day, cells were rinsed with PBS and incubated with secondary antibody
(Abcam ab175671; ThermoFisher A-21246, A-21449, at 2 yg/mL in blocking solution) for
60 minutes at RT. Then, cells were rinsed with PBS and fresh PBS was added for imaging.
Fluorescence in situ hybridization (FISH): FISH experiments were performed one day after
transfection analogously to described previously (64). Briefly, the hybridization protocol was
adapted for 24 well plates from Pierce et al. (274).

For imaging of tRNA™!, the hybridization probe (5’-(Cy5)-CTAACCCGGCTGAAC-
GGATTTAGAGTCCATTCGATC-3") was used at 0.5 yM (hybridization at 37 °C, overnight).
For imaging of mRNA::ms2, the hybridization probe for ms2 (5’-(Alexa647)-
CTGCAGACATGGGTGATCCTCATGTTT-TCTA) was used at 0.5 uM. After four washes
with saline sodium citrate buffer (SSC) and one wash with Tris-HCleNaCl buffer (TN), cells
were incubated for 1.5 h at RT in 3% BSA prior to immunofluorescence labeling. Cells were

incubated with primary antibodies for at 4 °C overnight, rinsed with PBS and incubated with

42



secondary antibodies for 1 h at RT (antibodies described above). Finally, cells were rinsed with
PBS and fresh PBS was added for imaging.

Imaging: Confocal images were acquired on an Olympus Fluoroview FV3000 microscope
using 405 nm (for Alexa405), 488 nm (GFP) and 640 nm (for Alexa 647 or Cy5) lasers for
excitation with a 60x/1.40 oil immersion objective for acquisition. Images were processed
using FIJI software.

3D Reconstruction: 3D reconstructions were made using the arivis Vision4D software (arivis

AQG).
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3.5 Supplementary figures

Supplementary Figure 3-1. Orthogonal translation in synthetic organelles depends on ms2-MCP based
mRNA. Corresponding to Figure 3-1. FFC analysis of HEK293T cells co-expressing the indicated dual reporter,
tRNAP'as well as the indicated GCE system in presence of the ncAA SCO (Upper left dot plot shows cytoplasmic
PyIRS system without ncAA, resulting in a lack of fluorescence). The dot plots show the sum of four independent
experiments, axis indicate mCherry and GFP fluorescence in arbitrary units. If the MCP protein is omitted full-
length mCherry production is not enhanced.
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Supplementary Figure 3-2. Inverting the dual color FFC reporter expectedly inverts selectivity. FFC
analysis of HEK293T cells co-expressing the indicated dual reporter, tRNA™ as well as the indicated GCE system
in presence of the ncAA SCO (Upper left dot plot shows cytoplasmic PylRS system without ncAA, resulting in a
lack of fluorescence). The dot plots show the sum of four independent experiments, axis indicate mCherry and
GFP fluorescence in arbitrary units. When the ms2-loops are fused to the egfp mRNA instead of the mCherry
mRNA OT organelles expectedly predominantly produce the targeted full-length EGFP protein. Also here
omission of the MCP protein leads to a loss of selectivity.
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Supplementary Figure 3-3. Synthetic organelles form along microtubules. IF stainings against PylRS
(magenta) and aTubulin (yellow) in cells expressing tRNA™! and the indicated synthetic organelles in presence
of the ncAA SCO. Cells were additionally transfected with a construct encoding EGFP*TAG::ms2 (green) to
identify amber suppressing cells. (A,B) corresponding to Figure 3-2 A. In (A) a maximum intensity Z-projection
is shown and in (B) one selected slice of the Z-stack (Top to bottom: PyIRS (magenta), a.Tubulin (yellow), merged
(NLS::EGFP¥T4%::ms2 in green). In (C) a larger field of view is shown highlighting that synthetic organelles
appear similar in all transfected cells (Top to bottom: PyIRS (magenta), aTubulin (yellow), merged
(NLS::EGFP¥*T6::ms2 in green), and magnified corresponding to the red box in the merged view). In all cases
microtubule associated synthetic organelles co-localize with a-Tubulin. (Scale bars = 20 pm)
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Supplementary Figure 3-4. Synthetic organelles highly enrich tRNAP, IF and FISH stainings against PyIRS
(magenta) and tRNAM! (yellow) in cells expressing tRNA™! and the indicated synthetic organelles in presence of
the ncAA SCO. Cells were additionally transfected with a construct encoding EGFP*T46::ms2 (green) to identify
amber suppressing cells. (A,B) corresponding to Figure 3-2 B. In (A) a maximum intensity Z-projection is shown
and in (B) one selected slice of the Z-stack (Top to bottom: PylRS (magenta), tRNA™! (yellow), merged
(NLS::EGFP¥*T™6::ms2 in green). (C) Shown is a larger field of view highlighting that OT organelles appear
similar in all transfected cells (Top to bottom: PyIRS (magenta), tRNA™! (yellow), merged (NLS::EGFP3TAG::ms2
in green), and magnified corresponding to the red box in the merged view). In all cases tRNA™ is highly enriched
in synthetic organelles, however it is a bit broader distributed in the EB1 based synthetic organelles, which can
potentially explain the lower selectivity compared to the K2 based synthetic organelles. (Scale bars = 20 pzm)
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Supplementary Figure 3-5. Synthetic organelles enrich mRNA::ms2. IF and FISH stainings against PylRS
(magenta) and mRNA::ms2 (yellow) in cells expressing tRNA™! and the indicated synthetic organelles in presence
of the ncAA SCO. Cells were additionally transfected with a construct encoding EGFP*TAG::ms2 (green) to
identify amber suppressing cells. (A,B) corresponding to Figure 3-3 A. In (A) a maximum intensity Z-projection
is shown and in (B) one selected slice of the Z-stack (Top to bottom: PyIRS (magenta), mRNA::ms2 (yellow),
merged (NLS::EGFP*™G::ms2 in green). (C) Shown is a larger field of view highlighting that OT organelles
appear similar in all transfected cells (Top to bottom: PyIRS (magenta), mRNA::ms2 (yellow), merged
(NLS::EGFP¥*T6::ms2 in green), and magnified corresponding to the red box in the merged view). In all cases
mRNA::ms2 is enriched in synthetic organelles. (Scale bars = 20 pzm)
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Supplementary Figure 3-6. Even ribosomes have access to OT organelles. IF stainings against PylRS
(magenta) and RPL26L1 (cyan) in cells expressing tRNAP' and the indicated synthetic organelles in presence of
the ncAA SCO. Cells were additionally transfected with a construct encoding EGFP*TA6::ms2 (green) to identify
amber suppressing cells. (A,B) corresponding to Figure 3-3 B.In (A) a maximum intensity Z-projection is shown
and in (B) one selected slice of the Z-stack (Top to bottom: PylRS (magenta), RPL26L1 (cyan), merged
(NLS::EGFP¥TA%::ms2 in green). In (C) a larger field of view (single plane) is shown highlighting that OT
organelles are similar in all transfected cells. Note that as RPL26L1 is an endogenous protein it is also visible in
untransfected cells. (Top to bottom: PyIRS (magenta), RPL26L1 (cyan), merged (NLS::EGFP3°TAG::ms2 in green),
and magnified corresponding to the red box in the merged view). In all cases mRNA::ms2 is enriched in synthetic
organelles. (Scale bars = 20 ym)
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Supplementary Figure 3-7. Scatter values are used to sequentially identify single HEK293T cells in FFC.
HEK?293T cells were first identified based on side scatter area (SSC-A) and forward scatter area (FSC-A) values.
Subsequently, single cells are identified using SSC-A and the side scatter width (SSC-W) parameters. In this
figure one representative example is shown in which HEK293T cells were transfected with a cytoplasmic PyIRS
system, the indicated double reporter and tRNAM' in presence of the ncAA SCO. Cells that passed the first gate

(left panel) are subsequently gated for single cells (right panel).
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Chapter 4  Synthetic film-like organelles to create

eukaryotic cells with three genetic codes

4.1 Introduction

Up to now I developed synthetic organelles based on phase separation and microtubule-tip
association [Appendix II, Chapter 3, (263)]. These equip cells with mRNA specific GCE,
solving the first mentioned major limitation of the technology. Complementary to this, the
inducible GCE system solves potential long term toxicity issues [(275) and Appendix IV]. The
two remaining challenges are the limited number of codons that can be reassigned without
altering host functionality and canonical translation, and the dearth of orthogonal RS/tRNA
pairs.

These are inherently difficult to address in eukaryotes. The scarcity of free codons has been
addressed in E. coli by various means. These have been created using whole genome synthesis
(121, 130), unnatural base pairs [UBPs (87)], or orthogonal ribosomes (276), as also discussed
in more detail in Section 1.2.1.1. However, transferring those approaches to eukaryotes is
challenging, as eukaryotes have much larger and more complex genomes and use a different
mechanism of mRNA recognition, and so far only for the UBP approach progress towards
implementation in eukaryotic systems has been made (89).

Over recent decades, a number of orthogonal RS/tRNA pairs have been discovered that can be
used with varying degrees of success in eukaryotes, thus addressing the third of the
aforementioned limitations (24, 34, 39, 41, 42, 55, 277, 278). More recently, advanced
evolutionary and rational design strategies have been used to evolve multiple orthogonal
versions of PyIRS, which doubled this repertoire at least for E. coli (53, 54). This demonstrates
that using the classical approach of obtaining orthogonal RS/tRNA pairs through evolution can
be quite powerful, but has its limitations as the discovery rate of new useful pairs is quite low.
Therefore, novel alternative strategies for generating orthogonal tRNA/RS pairs would be
extremely useful to complement the existing pairs in order to achieve the ribosomal synthesis
of truly artificial polymers with a plethora of new functionalities.

I hypothesize that it should be possible to solve both limitations at once by introducing multiple

independent OT organelles in one cell.
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4.1.1 How to fit multiple OT organelles in one cell?

Unfortunately, the organelles I created so far fill up a substantial part of the cell and due to
spatial restrictions, it is thus unlikely that it will be possible to fit two of these into one cell.
Alternatively, I propose that by creating multiple OT film-like organelles I can overcome both
challenges. Having multiple OT organelles should enable me to reuse the same stop codon to
incorporate distinct ncAAs into different proteins in vivo without interfering with the host’s
other translational duties. Furthermore, I expect to prevent cross reactions between different
tRNA/RS pairs by creating spatial orthogonality between them—a completely novel way to
obtain orthogonal pairs.

To create multiple, mutually orthogonal OT organelles in one cell, their orthogonality should
be threefold (Figure 4-1A). First, the organelles should form independently and without
mixing. Second, each OT organelle needs to recruit a specific subset of mRNAs. Third, each
RS variant in a respective organelle should selectively utilize a distinct ncAA. I aimed to assign
one stop codon (amber, TAG) to a different ncAA in each organelle, hence the different full-
length proteins of interest (POIs) are produced only in the presence of their programmed

corresponding ncAA (Figure 4-1B,C).
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Figure 4-1 Multiple orthogonal translating organelles to equip cells with multiple orthogonal genetic codes.
(A) Schematic overview of orthogonality criteria. In order to construct multiple orthogonal organelles, their
assembly, RNA recruitment, and substrate specificity need to be orthogonal. (B, C) Combining two fully
orthogonal OT organelles in one cell equips the host with a total of three genetic codes: the canonical one in the
cytoplasm and two that are mutually orthogonal in the organelles. Only selected mRNAs are translated with the
respective expanded genetic code and hence only selected proteins are equipped with the specific ncAAs.

4.1.2 Design of OT film-like organelles

In a three-step retrosynthetic approach I addressed each of the orthogonality criteria
sequentially. As a first step, I needed to construct multiple spatially distinct OT organelles. The
previously developed micron-sized synthetic organelles were similar in size to a whole cell
nucleus and thus occupied a substantial portion of the cytoplasm (263). Therefore, it would be

challenging to fit two of these organelles into one cell and ensure that they are immiscible.
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I thus aimed to construct OT organelles as film-like membrane associated condensates on the
cytoplasmic surfaces of cellular membranes. To achieve this, I combined a phase-separation
domain with a membrane localization domain and fused them directly to the effector proteins
(I'use "::" to denote genetic fusion and "e" for co-expression). I used the proteins FUS and the
EWSRI as phase-separating proteins, for which I previously demonstrated that they can serve
as assemblers (serving as a glue) for synthetic organelles in vivo (263). Also, I localized the
condensates to the plasma membrane (PM) using the N-terminal domain of the rodent LCK
tyrosine kinase (279), the outer mitochondrial membrane (OMM) with the N-terminal domain
of human TOM20 (280), the Golgi membrane (GM) using the N-terminal domain of human
EBAG9 (281) and the endoplasmic reticulum membrane (ERM) using the N-terminal domain
of human cytochrome P450 2C1[(282), Figure 4-2C-F].

4.2 Results

4.2.1 OT film-like organelles on cellular membranes enable orthogonal translation

I first used the previously established dual-color reporter to assess orthogonal translation using
FFC. In this reporter, both EGFP¥*T46 and mCherry!*°TA¢ are expressed independently but from
one plasmid with amber stop codons at the indicated permissive sites. Only the mCherry
mRNA is tagged with ms2-loops. In the case of cytoplasmic GCE there is no distinction
possible and the amber codon is suppressed in both EGFP and mCherry, leading to a diagonal
population in FFC. In contrast, if an OT organelle is working selectively, only mCherry is
translated with an expanded genetic code, whereas the untargeted EGFP is terminated once the
amber codon is encountered, leading to a vertical mCherry-positive population in FFC analysis
(Figure 4-2A). Based on the flow cytometry data I calculated the fold change in selectivity and
the relative efficiency of each system. As before, the fold change in selectivity is defined as
the mean mCherry signal divided by the mean EGFP signal of a given system normalized to
the respective ratio for the cytoplasmic GCE system (PylRS). Analogously, the relative
efficiency is defined as the mean mCherry signal of a given system normalized to the mean
mCherry signal of cytoplasmic PyIRS.

Gratifyingly, all four membrane-localized film-like organelles facilitate highly selective
orthogonal translation of the targeted mRNAs::ms2 (Figure 4-2G). I observed selectivities of
9- to 12-fold and achieved efficiencies of up to 45% (Figure 4-2I). The best of these systems
compares favorably to the previously established OT organelle systems (263). Using IF

stainings as well as FISH, I was able to confirm that also these organelles highly enrich

56



tRNAM, mRNA::ms2 as well as cellular ribosomes (Supplementary Figure 4-1 and
Supplementary Figure 4-2). I performed super-resolution microscopy (2) and was able to
detect a high degree of localization of tRNA™! to a very thin layer and almost no tRNA™! in
the remaining cytoplasm (Supplementary Figure 4-3).

To determine if the four membrane associated OT organelles can act independently of each
other, I created constructs in which PylRS and MCP are not fused together but individually
fused to both the respective membrane targeting domain and to a phase-separation-based
assembler (FUS and EWSRI1, respectively; Supplementary Figure 4-4A). I then co-expressed
each membrane associated PylRS variant, either without an MCP construct or with the MCP
protein targeted to either of the four membranes and assayed for selective orthogonal
translation by FFC. I observed that the system targeted to the OMM functions completely
independent of the others and that the PMP and ERMP systems are mutually independent. Both
the ERMP and PMP systems appeared to mix with the GMP system —I observed translation of
the targeted mCherry!'®T™6::ms2 mRNA when PyIRS is localized to the GM and the MCP
protein is localized to either the PM or ERM and also vice versa, when MCP is targeted to the
GM and the synthetase is targeted to the PM or ERM (Supplementary Figure 4-4B,
Supplementary Figure 4-5 for corresponding imaging).

For the MCP based GCE systems I also tested if I could omit the phase separation domain
(Supplementary Figure 4-6A). I observed, that particularly for the plasma membrane targeted
system also in the absence of phase separation selective orthogonal translation occurs.
However, in all cases addition of a phase separating moiety aids translation selectivity. For all
membrane-based systems I observed higher amber suppression yields upon addition of the
phase separation domain to the PyIRS construct, for the ERM and PM targeted system addition
of EWSRI1 to the MCP moiety seems to be less important (Supplementary Figure 4-6B).

4.2.2 o peptides enable to selectively translate boxB tagged mRNAs

The second step was to recruit distinct subsets of mRNAs into each respective organelle. To
this end, I used Ax, peptides that selectively bind boxB-loops (283). I elaborated on the dual-
color reporter mentioned above by tagging the mCherry mRNA with four boxB-loops. I also
fused four copies of Axy to the organelle components, and, similar to the MCP-ms2 system,
observed highly selective orthogonal translation of the targeted mRNA with all four different
membrane associated systems (Figure 4-2H). Interestingly, using the boxB—Ax,, approach, I
observed even higher selectivity for all membrane associated OT organelles (12-17-fold

changes) and achieved efficiencies of up to 80% (Figure 4-2I).
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For experiments analogous to those with MCP-ms2-based synthetic organelles, I generated
constructs in which the Ay, peptides and PyIRS were individually fused to the assembler
components and performed alternating co-expression experiments. Again, I observed that the
OMMP system functions independently of all other organelles and that the ERMP and PMP
OT organelles are orthogonal, whereas the GMP system mixes with the ERMP and PMP
systems (Supplementary Figure 4-7). I performed IF and FISH stainings to characterize the
composition of the organelles and observed strong enrichment of PylIRS, tRNA™,
mRNA::boxB, and ribosomes (Supplementary Figure 4-8, Supplementary Figure 4-9 and
Supplementary Figure 4-10).

I also probed the orthogonality of these systems by co-expressing an OT organelle possessing
MCP or Ay, peptides with the boxB and ms?2 reporter, respectively. I observed selective GCE
of the targeted mRNA only for the correct combinations with the corresponding RNA
recruitment domain (MCP-ms2 and Ax,—boxB; Supplementary Figure 4-11), which
demonstrates that I can selectively recruit RNAs into the OT organelles.

Overall, the ERMP, PMP, and OMMP systems are most efficient and selective for both MCP-
ms2 and Ax,—boxB approaches, hence I proceeded to develop these into fully orthogonal
systems.

Having established multiple spatially orthogonal OT organelles within the cell, I proceeded
with step 3: giving orthogonality to their ncAA selectivity. To this end, [ utilized specific PylRS
point mutants that incorporate different ncAAs. In particular, I used PylIRSAF (Y306A, Y384F)
(64,65) to incorporate a bulky lysine derivative and PyIRS*A (N346A, C348A) (284) to encode

a phenylalanine derivative (Supplementary Figure 4-12).
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Figure 4-2. Synthetic organelles on intracellular membranes enable highly selective orthogonal translation.
(A) Schematic representation of dual-color reporters. mRNAs encoding EGFP and mCherry with amber stop
codons at permissive sites are expressed from one plasmid. The mCherry mRNA is tagged with specific RNA
motifs (RM). In the case of cytoplasmic genetic code expansion, both full-length EGFP and mCherry should be
produced, leading to an approximate diagonal in FFC, shown schematically in orange. If the OT organelle is
working selectively, only mCherry will be produced, resulting in an exclusively mCherry-positive population in
FFC (drawn as a red vertical population). Untransfected cells are represented as a gray circle. (B) Schematic
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representation of membranes targeted for creating OT organelles. (C=F) Overview of synthetic organelle classes.
To create OT organelles on the cytoplasmic surface of cellular membranes, PylRS and MCP or Ao, peptides were
fused to the phase-separation-based assembler fused in sarcoma (FUS) as well as to membrane targeting domains.
In particular, the N-terminal fragment of rodent LCK tyrosine kinase (LCK,_io) was used for plasma membrane
(PM) targeting, the N-terminal domain of the human EBAG9, 5 for Golgi membrane (GM) targeting, the
N-terminal domain of human cytochrome P450 2C1 (CYPIIC1,»;) for targeting to the membrane of the
endoplasmic reticulum (ER), and the N-terminal domain of human TOM?20,_7, was used for targeting to the outer
mitochondrial membrane (OMM). (G, H) FFC analysis of OT organelle selectivity. HEK293T cells expressing
the indicated reporter and GCE systems as well as tRNA™! in the presence of the cyclooctyne-based lysine ncAA
SCO. Shown is the sum of at least three independent experiments. (I) Bar plot corresponding to FFC experiments
shown in G, H. The dark gray bars show the fold-change selectivity, defined as the ratio of the mean fluorescence
intensities of mCherry versus EGFP, normalized to the respective cytoplasmic GCE control (PyIRS). The light
gray bars represent the relative efficiency as defined by the mean fluorescence intensity of mCherry for each
condition divided by the cytoplasmic GCE control (PyIRS). Bar graphs show the mean value of at least three
independent experiments; error bars represent the standard deviation.

4.2.3 Two OT film-like organelles to selectively incorporate two distinct ncAAs

Finally, I needed to combine these three individual solutions to obtain fully orthogonal GCE
systems. To assess orthogonality, I developed a dual-color fluorescence reporter in which
EGFP*TA6 mRNA is fused to boxB-loops and mCherry!*T46 mRNA is fused to ms2-loops.
With this reporter, a Axx»-based synthetic organelle should exclusively produce full-length
EGFP**TAG  whereas an MCP-based synthetic organelle should only incorporate the ncAA into
mCherry'TA6, In particular I used a OMM-targeted, Anx-based systems with PylRSAF or
PyIRSA* (OMMPMW22AF and OMMP™N22A4) "a PM-targeted, MCP-based system with PylRSAA
(PMPMCPAA) "ag well as a ER-targeted, MCP-based system with PylRSAF (ERMPMCPAF)  Using
the double tagged reporter, the expected selectivity can be observed for all tested systems. In
presence of the MCP-based OT organelles an mCherry to GFP ratio of 12 (PMPMPAA) and 16
(ERMPMCPAF) can be observed, while for the Axa,-based systems EGFP is 8- and 11-fold higher
expressed than mCherry (OMMP™22AA and OMMP™N22AF - Supplementary Figure 4-13).
Unfortunately, if I simply combined PMPMCPAA with OMMP?™N22AF T observed substantial
crosstalk between them, as evident from the production of both full-length EGFP and mCherry,
even if only the ncAA for one system was added (Supplementary Figure 4-14A ,B). Similarly,
I observe a loss of selectivity when I combine ERMPMCPAF with OMMPM!N22A4,

A possible explanation for this effect is that one or more of the organelle components are
“leaky” and can shuttle between the two organelles. I demonstrated that the recruitment of
mRNA is independent between the different recruiting systems, so that cannot cause loss of
selectivity. Therefore, either the ncAA-charged tRNA shuffles between the organelles or
PyIRS is partially mislocalized. As I used PylRS variants with orthogonal substrate
specificities, I deemed it unlikely that tRNA®! charged in one organelle would have affinity for
the other organelle. Hence, I hypothesized that the most likely cause of selectivity loss would

be the mixing of the PylRS component between different organelles. The organelle assembly
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per se is unlikely to be the cause of this, as I specifically screened for independence of the
organelle assembly and was able to demonstrate that the OMMP system is built orthogonal to
the PMP and ERMP systems (Supplementary Figure 4-4 and Supplementary Figure 4-7).
However, PyIRS is known to be active as a dimer (46, 285), and dimerization prior to proper
membrane localization might mistarget some synthetase molecules. To investigate this, I
performed IF stainings against two synthetase variants—one targeted to the PM or ERM and
the other to the OMM —and I observed that indeed the PM- or ERM targeted synthetases mix
with the OMM-targeted synthetases (Supplementary Figure 4-14C). This is particularly
pronounced for the PM-targeted synthetase, of which a substantial fraction relocalizes to the
OMM (Supplementary Figure 4-14C). To overcome this, I hypothesized that intramolecular
homodimerization of PylRS variants might be kinetically favored over unwanted
intermolecular heterodimerization. Hence, I fused two identical copies of PylRS directly with
FUS as a linker and targeted them to the various membranes (Figure 4-3A).

Using this approach, I obtained two particularly well-working orthogonal systems that
comprised an OMM-targeted Axx-based OT organelle combined with either a PM- or ERM-
targeted MCP-based system. The OT organelle at the OMM contained either the PyIRSAF or
the PylRS#4 mutant (termed OMM-Ay,,-OTV>AF or OMM-Ay2-OT¥?44); the OT organelle at the
PM was constructed with PyIRSA* (PM-MCP-OT*?44); the one at the ERM used PylRSAF
(ERM-MCP-OT>AF),

I first used the dual-color reporter in which EGFP*TAG is fused to boxB-loops and
mCherry'°TAS js fused to ms2-loops and observed that using the Ax,-based, OMM-targeted
systems full-length EGFP is predominantly produced (EGFP/mCherry ratios of 18 (OMM-
Mo-OT?AF) and 8 OMM-Ax,-OTY>AA, normalized to a cytoplasmic GCE system,
Supplementary Figure 4-15). Contrary to this, using the MCP-based systems targeted to the
ERM or PM, mCherry is predominantly produced (mCherry/GFP ratios of 36 (ERM-MCP-
OT24F) and 17 (PM-MCP-OT">44 Supplementary Figure 4-15).
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double tagged reporter (EGFP3**TAS::boxB, mCherry!'*T46::ms2) together with tRNA™' and the optimized GCE
systems (400 ng of reporter and tRNA plasmid, co-transfected with 100 ng of the bicistronic OT organelle
construct and 300 ng mock plasmid). Experiments were performed in the presence of the indicated ncAAs. Shown
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is the sum of three independent experiments. When OMM-A»-OTY>AF is combined with PM-MCP-OTY244 full-
length EGFP?TAS expression can be observed in presence of the ncAA SCO, full-length mCherry!*TAS expression
in the presence of the ncAA 3-IF and production of both when both ncAAs are present. Similarly, when OMM-
An22-OTY2A4 is combined with ERM-MCP-OTY2AF, T expectedly observe the inverse behavior, such that EGFP3TAG
is produced in presence of 3-IF, mCherry'*TAS in presence of SCO, and both proteins in presence of both ncAAs.
(C) Heatmap showing the ratio of the mCherry signal GFP signal corresponding to the conditions in (B),
normalized to a cytoplasmic GCE system (see Supplementary Figure 4-13). Red values indicate a positive,
logarithmic mCherry to GFP ratio, blue values indicate a negative logarithmic value, thus an excess of GFP over
mCherry. (D) IF staining against MCP and Axx corresponding to the conditions in (B). For all systems the
optimized film-like OT organelles can be observed at their expected localization. Top to bottom: MCP, Axa,
mCherry, EGFP and merged (MCP in yellow, Anx in blue, mCherry in magenta, EGFP in green).
(Scale bars = 20 ym)

I then tested the combined systems, in which always one optimized OMM-targeted system is
combined with a corresponding optimized ERM- or PM-targeted system. Using the dual-color
reporter with both RMs, I observed that in the presence of the ncAA for the OMM-targeted,
Mx-based system, EGFP is selectively produced [EGFP/mCherry ratio of 6-7 (normalized to
a cytoplasmic GCE system)], whereas if the ncAA specific to the PM- or ERM-targeted MCP-
based systems were used, mCherry fluorescence is predominated (mCherry/EGFP ratios of 6
and 14, respectively). Only if both ncAAs were present I observed production of both EGFP
and mCherry (Figure 4-3B,C), corresponding to mCherry/EGFP ratios of 0.7 (for the
combination of OMM-Ay,,-OT¥2AF and PM-MCP-OT"244) and 2.7 (for OMM-Ax»-OTY24A and
ERM-MCP-OT*?4F), 1 performed IF stainings for these systems, and observed that the
internally linked constructs do not mix and can exclusively be observed at their intended
localization (Figure 4-3D).

To further corroborate that this new double orthogonal system was working selectively, I
developed an imaging-based reporter in which the nucleoporin 153 (Nup153) is fused to EGFP
and boxB-loops and the histone H2B is fused to mCherry and ms2-loops; both constructs
contain an amber codon at a permissive site. I co-expressed this reporter with the different
optimized organelles and analyzed cells using fluorescence microscopy. For all tested
constructs I observed that full-length Nup153::EGFP!*TAG was produced only in the presence
of the ncAA specific for the Axx-based OT organelle; full-length H2B::mCherry'*T™¢ was
produced only in the presence of the ncAA for the MCP-based organelle; and only in the
presence of both ncAAs both proteins were produced (Figure 4-4). Importantly, these proteins
can be observed at their expected subcellular localization (Nup153 at the nuclear rim, H2B in

the nucleus).
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Figure 4-4. OT film-like organelles enable the selective expression of histones and nucleoporins. HEK293T
cells expressing the double tagged reporter (Nup153::EGFP!*TAG::boxB, H2B::mCherry'*°TAG::ms2) together with
tRNA™! and the optimized GCE systems (400 ng of reporter and tRNA plasmid, co-transfected with 400 ng of the
bicistronic OT organelle construct). Experiments were performed in the presence of the indicated ncAAs. When
OMM-An-OT¥?AF is combined with PM-MCP-OTY?4A4 full-length Nup153::EGFP'¥TACG expression can be
observed in presence of SCO, full-length H2B::mCherry!*TAS expression in the presence of 3-IF and production
of both when both ncAAs are present. When OMM-An2,-OTY244 is combined with ERM-MCP-OTY>AF T observed
that Nup153::EGFP'*TAG is produced in presence of 3-IF, H2B::mCherry'®°TAG in presence of SCO, and both
proteins in presence of both ncAAs. (Scale bars = 20 ym)

4.3 Discussion

It has long been known that cells use their membranes to organize various functionalities and
to process signaling events. By analogy, membraneless organelles have been identified as a
means to organize cellular functionality (736, 286, 287). Only more recently has the
combination of both come into focus, and membrane associated condensates have been found
to play roles in the organization of receptor signaling and membrane associated actin
polymerization (233,237, 238, 240, 243).

In this chapter 1 show that this narrow interface can also be exploited as a powerful
bioengineering platform that straightforwardly allows modification of a process as complex as
protein translation, which requires hundreds of factors to work together. Using this platform, I

can effectively equip a cell with multiple orthogonal genetic codes by developing a
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revolutionary way to create independent and functionally orthogonal enzymes in one cell by
spatial organization. The organelles I built are capable of enforcing functional orthogonality
even between enzymes that only differ in their substrate binding pocket. This demonstrates
how powerful the creation of unique chemical microenvironments in one cell can be to equip
a cell with new functionalities, and I apply these systems to specifically modify different
proteins with different ncAAs.

This revolutionary technology of OT film-like organelles has not only immense implications
for the future design of artificial, functional organelles in vivo but this new technology shows
how powerful spatial organization principles are for creating novel enzyme functionalities.
Membrane associated phase separation has now been observed in a few studies. Thin-film
formation dramatically extends cellular signaling possibilities beyond what can be achieved by
membrane binding or phase separation on its own. In this case, the language of protein
synthesis can be changed within a few nanometers. This enables me to create new subtypes of
ribosomal activity in the cytoplasm going beyond the known groups of ER-associated
ribosomes and cytoplasmic ribosomes. To what extent translation might be different in other
cases in which ribosomes have nonrandom distribution in the cytoplasm might be an interesting
subject for future studies.

It is possible that natural biological systems might have used similar principles during
evolution of ever more complex functionalities. Hence, these new insights could have broad

implications for understanding how the vast complexity of living matter arose.

4.4 Material and methods

44.1 Cell culture

HEK293T cells (ATCC CRL-3216) were maintained in DMEM (Life Technologies 41965-
039) supplemented with 1% penicillin-streptomycin (Sigma P0781), 1% L-Glutamine (Sigma
G7513), 1% sodium pyruvate (Life Technologies 11360), and 10% FBS (Sigma F7524). Cells
were cultured at 37 °C in a 5% CO, atmosphere and passaged every 2-3 days up to 20 passages.
In all cases, cells were seeded 15-20 h prior to transfection at a density resulting in 70-80%
confluency at the time of transfection. Flow cytometry was performed using 24-well plates
with plastic bottom (Nunclon Delta Surface ThermoScientific). Immunofluorescence labeling
and FISH were performed on 24-well plates with glass bottom (Greiner Bio-One), four-well
chambered Lab-Tek #1.0 borosilicate coverglass (ThermoFisher), four-well cell imaging

coverglass (Eppendorf) or glass bottom 4 well u-slides (ibidi).
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4.4.2 Constructs, cloning and mutagenesis

Dual-color reporters: The dual fluorescent protein reporters were cloned in a pBI-CMV 1 vector
(Clontech 631630) as described for the ms2 based reporters before (263). Similar reports were
constructed with four boxB-loops attached to the mCherry mRNA (283).

Double RNA-loops tagged reports: One multiple cloning site (MCS) of pBI-CMV 1 was tagged
with four boxB-loops and the other with two ms2-loops. Subsequently, mCherry!*°TAS and
EGFP*°TAG were inserted into the MCSs. For imaging experiments similar double tagged pBls
were used, in which only the EGFP*T46 gene was inserted into the ms2 or boxB-loops tagged
MCS. EGFP*TAG or mCherry'*"TAS were used as N-terminal fusions with nuclear localization
sequences (NLS).

Analogously, also Nup153::EGFP'“TAG was inserted into one MCS via restriction cloning,
while and H2B:mCherry!'TA¢ was inserted into the other via Gibson assembly (2717). The
template for H2B was a kind gift from the Ellenberg laboratory.

The iRFP::GFP*TAG construct, used in Supplementary Figure 4-12 was published before (64).

OT organelle constructs: tRNAP! was cloned under the control of a human U6 promoter, and

all other constructs were under CMV promoters cloned in a pcDNA3.1 vector (Invitrogen
V86020) as described previously (263). The template for the 4xhx2 peptides was a kind gift
from the Ellenberg laboratory (283). They were generally used with an N-terminally fused
c-Myc tag (EQKLISEEDL), MCP constructs were fused to an HA-tag (YPYDVPDYA) unless
otherwise indicated.

The MCP protein was cloned from the addgene plasmid #31230, FUS from the addgene
plasmid #26374 and EWSR1 from the addgene plasmid #26377. In all FUS fusions, amino
acids 1-478 were used, in all EWSRI1 fusions, amino acids 1-628. In all PylRS fusions the
previously reported efficient NES::PylRSAF (Y306A, Y384F) was used. Alternatively when
specifically indicated NES::PyIRS* (N346A, C348A) was used.

The murine LCK, ,, sequence [MGCVCSSNPE, (279)], was fused to PyIRSAF, FUS::PyIRSAF,
MCP or EWSRI1::MCP (263) via restriction cloning and to EWSRI1::4xAyy via Gibson
assembly. To create LCK,_;o::FUS::MCP::PylRSAF and LCK,_jo::FUS::4xAxy::PyIRSAF MCP
and 4x\yy, respectively were inserted into LCK_;,.:FUS::PylRSAF via restriction cloning.

The human CYPIICI1,,; sequence [MDPVVVLGLCLSCLLLLSLWKQSYGGG, (282),
CYPIIC1,,;,] was fused to PyIRSAF, FUS::PylRSAF, MCP or EWSRI1:MCP and
EWSR1::4x\yn  via restriction cloning. To create CYPIICI1,.;::FUS::MCP::PylIRSAF and
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CYPIIC1,.,7::FUS::4xAx::PyIRSAF, MCP and 4xhxy, respectively were inserted into
CYPIIC1, 7::FUS::PyIRSAF via restriction cloning.

TOM?20,.7o was cloned from human cDNA and inserted into pcDNA3.1 via restriction cloning.
It was subsequently fused to PylIRSAF, FUS::PylIRSAF, EWSR1::MCP, EWSR1::4x\y, MCP
(without an HA-tag) and FUS::4xAxy::PyIRSAF via Gibson assembly. To create
TOM?20,.70::FUS::MCP::PylIRSAF MCP was inserted into a TOM?20,,::FUS::PyIRSAF
containing construct via restriction cloning.

Full-length EBAG9 was cloned from human cDNA and inserted into pcDNA3.1 via restriction
cloning. Subsequently EBAGY, ,, was fused to PyIRSAF, FUS::PyIRSAF, MCP, EWSR1::MCP
or EWSR1::4xAx,, via Gibson assembly. To create EBAG9, ::FUS::MCP::PyIRSAF and
EBAGY9, ::FUS::4xAxy::PyIRSAF,  MCP and 4xhy; Wwere inserted into  the
EBAGD9, ,::FUS::PylRSAF construct via restriction cloning.

To obtain LCK,_jo::FUS::MCP::PylIRS** and TOM?20,7::FUS::4xAxy::PyIRS*4, the PyIRS
variant was exchanged in the corresponding PylRSA based constructs via restriction cloning.
Internally linked PyIRS dimers: First, OMM-Axy,-OTV2AF (TOM20,.70:: EWSR1::4xA::
PyIRSAF::FUS::PyIRSAF), OMM-Anp-OTY2A4  (TOM20, 70::EWSR1::4xhyo0: : PyIRSAA::FUS::
PylRS#4) and ERM-MCP-OT?AF  (CYPIIC1,,7;::EWSR1::MCP::PylRSAF::FUS::PylRSAF)
were assembled via Gibson assembly in pcDNA3.1 vectors. PM-MCP-OT>A4
(LCK.10::MCP::PylRSA4::FUS::PylIRS”**) was subsequently created via restriction cloning.
Then OMM-An2-OTV2AF ) OMM-Any-OTV2A4 ERM-MCP-OTY?AF and OMM-Ayy,-OTV2AA
were inserted into one of the two multiple cloning sites in a bicistronic amber suppression
vector via restriction cloning [pBI-CMV 1with tRNA™! under the control of a hU6 promoter as
described previously (263)]. For bicistronic constructs ERM-MCP-OTY*AF was inserted into
the free multiple cloning site of the pPBI-CMV 1 with OMM-Ay»,-OT">44 and PM-MCP-OT">4A
into the one of the OMM-Ay-OTV2AF,

4.4.3 Transfections and used ncAAs

Transfections of HEK293T cells were performed using 3 ug PEI (Sigma-Aldrich 408727) per
1 ug DNA (1200 ng total DNA for 24-well plates and for the ms2 FISH experiment in four-
well imaging cover glasses (Eppendorf); 1680 ng DNA for four-well cell imaging cover glasses
(Eppendorf), or 4 well p-slides (ibidi), diluted in DMEM without Phenol Red, Gibco11880-
028).

For amber suppression system tests, cells were transfected at a ratio of a 1:1:1:1 with POI™¢

vectors, tRNA™ and OT organelle plasmids (a mock plasmid was used to adjust the total
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plasmid amount to be constant). 4-6 hours after transfection the medium was exchanged to
fresh one containing ncAA supplemented with 25 mM HEPES (pH = 7.25). Cells were
analyzed one day after transfection.

For dual organelle FFC experiments, cells were transfected at a ratio of 4:4:1:3 with the dual
tagged reporter, tRNA™!, bicistronic OT organelle vector and a mock plasmid. Alternatively,
they were transfected at a ratio of 4:4:1:1:2 with the dual tagged reporter, tRNAM', and two
individual OT organelle vectors and a mock plasmid.

For dual organelle imaging experiments, cells were transfected at a ratio of 1:1:1 with the dual
tagged reporter with H2B::mCherry and Nupl153::EGFP, tRNA™ and a bicistronic OT
organelle vector.

Stock solutions for all the used ncAAs were prepared as described in previous work (288).
SCO (cyclooctyne lysine, SiChem SC-8000) was used at a final concentration of 250 uM;
3-iodophenylalanine (Chem-Impex International Inc., 14352) was used at a final concentration
of 1mM. SCO is efficiently recognized by PyIRSA" (Y306A, Y384F) while
3-iodophenylalanine is recognized by PylIRSA4 (C346A, N348A).

444 Fluorescence flow cytometry

HEK?293T cells were harvested after 1 day by removing the medium, resuspending the cells in
1xPBS and passing them through 100 zm nylon mesh. Transfections for flow cytometry were
performed with four plasmids (reporter plasmid, tRNA®™, the wanted version of synthetase and
an MCP fusion or a mock plasmid) at a 1:1:1:1 ratio with 1.2 ug total DNA. Medium was
exchanged for fresh medium containing ncAA 4-6 h post-transfection and left until the time of
harvesting.

Data acquisition was performed in an LSRFortessa SORP Cell Analyzer (BD). Analysis was
done using the FlowJo software (FlowJo). Cells were first gated by cell type (using FSC-A x
SSC-A parameters) and then by single cell (SSC-A x SSC-W). The workflow of cell gating is
shown in Supplementary Figure 4-16. Lastly, fluorescence was acquired in the 488-530/30
channel for GFP signal, in the 561-610/20 channel for mCherry signal and in the 640-730/45

channel for the iRFP signal. Bar plots were generated using Prism 8 software (GraphPad).

44.5 IF labeling, FISH and confocal imaging

IF: For immunolabeling experiments, cells were rinsed with PBS, fixed in
2% paraformaldehyde in 1XxPBS at room temperature (RT) for 10 minutes and rinsed with PBS.
Subsequently, cells were permeabilized with 0.5% Triton-x-100 solution in 1xPBS for

15 minutes at RT and rinsed twice prior to blocking. Samples were blocked in 3% BSA in
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I1xPBS for 90 minutes at RT, after which incubation with the primary antibody {Abpyrs
[1 pg/mL (65)], Abua (Sigma H9658, 1:2000), Abyy. (Abcam ab9106, 0.5 yg/mL) and/or
Abgprae1 (Abcam ab137046, 1:200)} was done overnight at 4 °C in blocking solution. The next
day, cells were rinsed with PBS and incubated with secondary antibody (Abcam ab175671 or
ab175673; ThermoFisher A-21246, A32728 and/or A-31553, at 2 yg/mL in blocking solution)
for 60 minutes at RT. Finally, cells were rinsed twice with PBS.

If only DNA was stained, cells were fixed and permeabilized as described above and
subsequently stained with Hoechst 33342 (Sigma-Aldrich B2261) at 1 mg/mL in 1xPBS for
10 min at RT. Then, cells were rinsed with PBS and fresh PBS was added for imaging.

FISH: FISH experiments were performed one day after transfection analogously to described
previously (64). Briefly, the hybridization protocol was adapted from Pierce et al. (274).

For imaging of only tRNAM! the hybridization probe (5’-(Alexa647)-CTAACCCG-
GCTGAACGGATTTAGAGTCCATTCGATC-3’) was used at 0.5 uM. After four washes
with SSC and one wash with Tris-HCleNaCl buffer (TN), cells were incubated for 1 h at RT in
3% BSA prior to standard immunofluorescence labeling as described above.

For imaging of mRNA: The hybridization probe for MS2 (5’-(Alexa647)-
CTGCAGACATGGGTGATCCTCATGTTTTCTA) was used at 1 yM. The hybridization
probe for GFP (5°-(Cy5)-ATCTTGAAGTTGGCCTTGATGCCGTTCTTCTGCTT) was used
at 0.5 uM After the SSC washes, cells were incubated for 1 h at RT in 3% BSA prior to standard
immunofluorescence labeling as described above.

Confocal images were acquired on an Olympus Fluoroview FV3000 microscope using 405 nm
(Alexad05), 488 nm (GFP), 594 nm (mCherry) and 640 nm (for Alexa 647, Cy5) lasers for
excitation with a 60x/1.40 oil immersion objective. Alternatively, they were acquired on a
Leica SP8 STED 3X microscope using the 405 nm (for Alexa405), 488 nm (for GFP), and
647 nm (for Alexa647, Cy5) laser lines for excitation, using a 63x/1.40 oil immersion
objective. Images were processed using FIJI software.

STORM images of Alexa647 labeled tRNAP!' were acquired on a Leica GSDIM microscope
with a 160x/1.43 oil immersion objective using a 642 nm laser for excitation. Images were
acquired in a glucose oxidase-based oxygen scavenging system buffer [40 yg/mL catalase
(Sigma C3155), 0.5 mg/mL glucose oxidase (Sigma G7141), 10% glucose, 10 mM
B-mercaptoethylamine (Sigma 411000), 50 mM Tris-HCI (pH 8), similar to (289)]. Images
were transformed into TIF files using FIJI software and subsequently analyzed using a

customized Igor Pro software.
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3D Reconstruction: 3D reconstructions were made using the arivis Vision4D software (arivis

AQG).
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4.5 Supplementary figures

Supplementary Figure 4-1. MCP-based synthetic organelles enrich tRNAP', mRNA::ms2 as well as cellular
ribosomes. (A-C) HEK293T cells expressing the indicated OT organelle, tRNAP' and a construct encoding
EGFP*T6::ms2 in presence of the ncAA SCO. All images show a selected plain of a z-stack. (A) IF staining
against PylIRS and FISH staining of tRNA™' show strong recruitment of tRNA™ into OT organelles. Top to
bottom: PyIRS (magenta), tRNAM! (yellow), merged (NLS::EGFP*TA6::ms2 in green). (B) IF staining against
PyIRS and FISH staining of mRNA::ms2 show recruitment of ms2-tagged mRNA into membrane associated OT
organelles. Top to bottom: PylRS (magenta), mRNA::ms2 (yellow), merged (NLS::EGFP*T™G::ms2 in green).
(O) IF stainings against PylRS and RPL26L1 show that endogenous ribosomes are recruited into film-like OT
organelles. Note that due to the abundance of ribosomes, a substantial staining outside of the OT organelles can
be observed. Top to bottom: PylRS (magenta), RPL26L1 (cyan), merged (NLS::EGFP3T™G::ms2 in green).
(Scale bars = 20 ym)
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Supplementary Figure 4-2. 3D reconstructions of MCP-based synthetic organelles illustrates efficient
tRNA™ and ribosomes recruitment. HEK293T cells expressing the indicated OT organelle, tRNAP! and a
EGFP*T6::ms2 in presence of the ncAA SCO (corresponding to Supplementary Figure 4-1). (A) IF staining
against PyIRS and FISH staining of tRNA™' show strong tRNAPY recruitment. Top to bottom: PyIRS (magenta),
tRNAM (yellow), merged (NLS::EGFP3T46::ms2 shown in green in all panels). (B) IF stainings against PyIRS
and RPL26L1 show endogenous ribosomes in MCP-based OT organelles. Note that due to the abundance of
ribosomes, a substantial staining outside of the OT organelles can be observed. Top to bottom: PylRS (magenta),
RPL26L1 (cyan), merged (NLS::EGFP**™4%::ms2 in green in all panels). (Scale bars = 10 gm)
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Supplementary Figure 4-3. Super-resolution microscopy shows high enrichment of tRNA®" to a very thin
layer at OT organelles. HEK293T cells expressing the indicated OT organelle, tRNAP' and a construct encoding
EGFP*T6::ms2 in presence of SCO. (A) FISH staining of tRNAP! show strong tRNA! recruitment. Particularly
for the PMPM® OT organelle it can be seen that tRNA™! is restricted to a thin film of only a few nanometers at
the periphery of the cell. Top to bottom: NLS::EGFP::ms2 (TIRF), tRNAM! (TIRF), tRNAM-STORM, magnified
(corresponding to red box in tRNAP-STORM) and a line scan corresponding to the red line in the magnification.
(Scale bars = 1 gm)
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Supplementary Figure 4-4. Mitochondrial membrane targeting is orthogonal to all others, while also
plasma membrane and ER membrane targeting are independent. To test independence of the different
membrane systems I created constructs that target PylRS or MCP (with FUS or EWSRI1 respectively) individually
to the four different membrane localizations. (A) Overview cartoon of the used constructs. (B) FFC analysis of
separate OT organelle constructs. HEK293T cells expressing the indicated dual color reporter, tRNA™! a
respective PyIRS OT organelle construct as well as either no MCP protein (first column) or the MCP protein
targeted to each respective membrane. For PMP::PylRS mCherry::ms2 expression is enhanced for co-expression
with PMP::MCP or GMP::MCP. For GMP::PylRS mCherry::ms2 expression is enhanced in presence of
PMP::MCP, GMP::MCP and ERMP::MCP. For ERMP::PyIRS the co-expression of GMP::MCP as well as
ERMP::MCP enhances mCherry::ms2 expression. For OMMP::PyIRS only the co-expression of OMMP::MCP
leads to an increase in targeted mCherry::ms2 expression. Thus, the OMMP system is fully orthogonal to all
others, while additionally the PMP and ERMP systems are orthogonal. Shown is the sum of at least three
independent experiments.
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Supplementary Figure 4-5. Separate OT organelle systems co-localize MCP and PyIRS and also recruit
ribosomes and tRNAP, (A-C) HEK293T cells expressing the indicated OT organelle, tRNAP' and a construct
encoding EGFP*™6::ms2 in presence of the ncAA SCO. All images show a selected plain of a z-stack. (A) IF
staining against PyIRS and MCP (with an anti-HA antibody) show co-localization in OT organelles. Top to
bottom: PyIRS (magenta), MCP (yellow), merged (NLS::EGFP¥*TAG::ms2 in green). (B) IF stainings against
PyIRS and RPL26L1 show that endogenous ribosomes are recruited into OT film-like organelles. Note that as
RPL26L1 is an endogenous protein, also untransfected cells are stained. (Top to bottom: PylRS (magenta),
RPL26L1 (cyan), merged (NLS::EGFP3T46::ms2 in green). (C) IF staining against PyIRS and FISH staining of
tRNAP!' show strong tRNAM! recruitment into membrane associated OT organelles. Top to bottom: PylRS
(magenta), tRNAP! (yellow), merged (NLS::EGFP*T0::ms2 in green). (Scale bars = 20 ym)
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Supplementary Figure 4-6. Not all membrane-based systems require a phase separation domain. To test if
phase separation is required for the different membrane systems I created constructs that target PyIRS or MCP
with or without FUS/EWSRI1 individually to the four different membranes. (A) Overview cartoon of the used
constructs. (B) FFC analysis of separate OT organelles with and without phase separation domains. HEK293T
cells expressing the indicated dual color reporter, tRNAM!, a respective PyIRS construct without (left panel) or
with phase separation domain (right panel), as well as either no MCP protein (first column) or a membrane
targeted MCP protein without (second column) or with phase separation domain (third column). Only the PM
targeted PyIRS variant is efficient without phase separation domain, however it is even more efficient if FUS is
added. MCP does not necessarily need to be targeted to the membrane with a phase separation domain for all
systems, however particularly for GM and OMM targeting the efficiency is increased by addition of EWSRI1 to
the MCP variant.
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Supplementary Figure 4-7. Also, for boxB-Ax:; OT organelles OMM targeting is orthogonal to all others,
while PM and ERM targeting are also independent. To test independence of the different membrane systems
I created constructs that target PyIRS or Anx-peptides (with FUS or EWSRI respectively) to the four different
membranes. (A) Overview cartoon of the used constructs. (B) FFC analysis of separate OT organelle constructs.
HEK293T cells expressing the indicated dual color reporter, tRNA™!, a respective PylIRS OT organelle construct
as well as either no Anx-peptides (first column) or the Anao-peptides targeted to each respective membrane. For
PMP::PyIRS mCherry::boxB expression is enhanced in presence PMP::Ax» or GMP::\n2. For GMP::PyIRS
mCherry::boxB expression is enhanced by PMP::\n2, GMP::Avnand ERMP::Ax». For ERMP::PyIRS the co-
expression of GMP::Axo, as well as ERMP::Ax», enhances mCherry::boxB expression. For OMMP::PyIRS only
OMMP:: A2 leads to an increase in targeted mCherry::boxB expression. Thus, as for the ms2-MCP based systems
the OMMP system is fully orthogonal to all others, while additionally the PMP and ERMP systems are orthogonal.
Shown is the sum of at least three independent experiments.
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Supplementary Figure 4-8. Ax:;-based synthetic organelles enrich tRNAPY, mRNA::boxB as well as cellular
ribosomes. (A-C) HEK293T cells expressing the indicated OT organelle, tRNAP' and a construct encoding
EGFP*T46::boxB in presence of the ncAA SCO. All images show a selected plain of a z-stack. (A) IF staining
against PylIRS and FISH staining of tRNA™' show strong recruitment of tRNA™ into OT organelles. Top to
bottom: PyIRS (magenta), tRNAM! (yellow), merged (NLS::EGFP*TA%::ms2 in green). (B) IF staining against
PyIRS and FISH staining of mRNA::boxB show recruitment of boxB-tagged mRNA into Axx-based OT
organelles. Top to bottom: PyIRS (magenta), mRNA::boxB(yellow), merged (NLS::EGFP3**TAG::ms2 in green).
(O) IF stainings against PyIRS and RPL26L1 show that endogenous ribosomes are recruited into membrane
associated OT organelles. Note that due to the abundance of ribosomes, a substantial staining outside of the OT
organelles can be observed. Top to bottom: PylRS (magenta), RPL26L1 (cyan), merged (NLS::EGFP?*TAG::ms2
in green). (Scale bars = 20 ym)
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Supplementary Figure 4-9. 3D reconstructions of Axx-based synthetic organelles illustrate tRNA™ and
ribosomes recruitment. HEK293T cells expressing the indicated OT organelle, tRNA™M! and a construct encoding
EGFP*T46::boxB in presence of the ncAA SCO (corresponding to Supplementary Figure 4-8). (A) IF staining
against PyIRS and FISH staining of tRNA®' show strong tRNAPY recruitment. Top to bottom: PyIRS (magenta),
tRNAM! (yellow), merged (NLS::EGFP*T4G::boxB shown in green in all panels). (B) IF stainings against PyIRS
and RPL26L1 show endogenous ribosomes in OT film-like organelles. Note that due to the abundance of
ribosomes, a substantial staining outside of the OT organelles can be observed. Top to bottom: PylRS (magenta),
RPL26L1 (cyan), merged (NLS::EGFP**TA%::boxB in green in all panels). (Scale bars = 10 gm)
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Supplementary Figure 4-10. Separate Axx:-based synthetic organelles co-localize PylRS and Ax:-peptides
as well as ribosomes. (A-B) HEK293T cells expressing the indicated OT organelle, tRNA™! and a construct
encoding EGFP*T6::boxB in presence of the ncAA SCO. All images show a selected plain of a z-stack. (A) IF
staining against PyIRS and Ax», (with an anti-Myc antibody) show co-localization in OT organelles. Top to
bottom: PyIRS (magenta), Az (yellow), merged (NLS::EGFP*T4S::boxB in green). (B) IF stainings against
PyIRS and RPL26L1 show that endogenous ribosomes are recruited into membrane associated OT organelles.
Note that due to the abundance of ribosomes, a substantial staining outside of the OT organelles can be observed.
Top to bottom: PylRS (magenta), RPL26L1 (cyan), merged (NLS::EGFP¥TA%::boxB in green).
(Scale bars =20 ym)
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Supplementary Figure 4-11. BoxB- and ms2-based mRNA targeting are mutually orthogonal. To test if
mRNAs tagged with boxB- or ms2-loops are selectively recruited to their respective organelles, the two different
dual color reporters were co-expressed with membrane localized OT organelles that either had no RNA
recruitment domain, MCP or Axx-peptides. (A,B) Besides the indicated OT organelles cells were also expressing
tRNAP! and incubated with the ncAA SCO. As a control cells were transfected with a construct encoding a
cytoplasmic PyIRS variant. (A) FFC analysis for the ms2-reporter reveals selective mCherry expression only in
presence of the MCP-based OT organelles. (B) Analogously, boxB-tagged mCherry is only selectively expressed

in presence of Anz-based OT organelles.
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Supplementary Figure 4-12. PylRSAT and PylRS*# exhibit orthogonal substrate specificities. FFC analysis
of cells expressing an iRFP::EGFP3TAC reporter, tRNA™! and PyIRSAF or PyIRSA. iRFP serves as a transfection
control, while EGFP fluorescence reports on successful amber codon suppression. Cells were incubated either
with no ncAA, with SCO (250 uM) or two aromatic amino acids 3-IF (I mM). For PyIRSAF robust EGFP
expression can be observed in presence of SCO, for PylRSA* EGFP expression is only enhance in presence of the
3-1F.
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Supplementary Figure 4-13. Selective GCE of boxB- and ms2-tagged mRNA in presence of Axz- or MCP-
based OT organelles. (A) FFC analysis of HEK293T cells expressing the double tagged reporter
(EGFP*T26::boxB, mCherry!%°TA%::ms2) together with tRNAP! and the indicated GCE systems (400 ng of reporter
and tRNA plasmid, co-transfected with 100 ng of the OT organelle construct and 300 ng mock plasmid).
Experiments were performed in the presence of the indicated ncAAs. Shown is the sum of three independent
experiments (except for ERMPMCPAF 'where only the sum of two independent experiments is shown). In presence
of MCP-based OT organelles predominant mCherry expression can be observed, while in the presence of Anz-
based OT organelles mostly full-length EGFP is produced (B) Heatmap showing the ratio of the mCherry signal
GFP signal corresponding to the conditions in (A), normalized to a cytoplasmic GCE system. Red values indicate
a positive, logarithmic mCherry to GFP ratio, blue values indicate a negative logarithmic value, thus an excess of
GFP over mCherry.
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Supplementary Figure 4-14. Combining two OT film-like organelles leads to mixing and substantial
selectivity loss. (A) FFC analysis of HEK293T cells expressing the double tagged reporter (EGFP**TAS::boxB,
mCherry!®°TAS::ms2) together with tRNAM! and the indicated GCE systems (400 ng of reporter and tRNA plasmid,
co-transfected with 100 ng of the OT organelle construct and 300 ng mock plasmid). Experiments were performed
in the presence of the indicated ncAAs. Shown is the sum of three independent experiments. When OMMPN22AF
is combined with PMPMCPAA fyll-length EGFP**TAS and mCherry!*TAS expression can be observed, independent
of the added ncAA. Similarly, when OMMPM22A4 is combined with ERMPMCPAF gubstantial expression of both
full-length EGFP*TA6 and mCherry!*°TAC can be observed under all conditions. (B) Heatmap showing the ratio of
the mCherry to GFP signal corresponding to the conditions in (A), normalized to a cytoplasmic GCE system (see
Supplementary Figure 4-13). Red values indicate a positive, logarithmic mCherry to GFP ratio, blue values
indicate a negative logarithmic value, thus an excess of GFP over mCherry. (C) IF staining against MCP and Ax
corresponding to the conditions in (A). Particularly, for PMPMCPAA 3 substantial re-localization to mitochondria
can be observed. Also, ERMPMCPAF and OMMPM2244 clearly mix. Top to bottom: MCP, Axzz, mCherry, EGFP
and merged (MCP in yellow, Ax2; in blue, mCherry in magenta, EGFP in green). (Scale bars = 20 ym)
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Supplementary Figure 4-15. Selective GCE of boxB- and ms2-tagged mRNA in presence of optimized Axz.-
or MCP-based OT organelles. (A) FFC analysis of HEK293T cells expressing the double tagged reporter
(EGFP¥TAG::box B, mCherry'*TA%::ms2) together with tRNAPY and the indicated GCE systems (400 ng of reporter
and tRNA plasmid, co-transfected with 100 ng of the OT organelle construct and 300 ng mock plasmid).
Experiments were performed in the presence of the indicated ncAAs. Shown is the sum of three independent
experiments. In presence of MCP-based OT organelles predominant mCherry expression can be observed, while
in the presence of Axx-based OT organelles mostly full-length EGFP is produced (B) Heatmap showing the ratio
of the mCherry signal GFP signal corresponding to the conditions in (A), normalized to a cytoplasmic GCE
system. Red values indicate a positive, logarithmic mCherry to GFP ratio, blue values indicate a negative
logarithmic value, thus an excess of GFP over mCherry.
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Supplementary Figure 4-16. FFC gating scheme to identify single HEK293T cells. HEK293T cells were first
identified based on SSC-A and FSC-A values. Subsequently, single cells are identified using SSC-A and SSC-W
parameters. In this figure one representative example is shown. Here, HEK293T cells were transfected with a
cytoplasmic PyIRS system, the indicated ms2-based double reporter and tRNA™! in presence of the ncAA SCO.
Cells that passed the first gate (left panel) are subsequently gated for single cells (right panel).
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Chapter S  Discussion

In this thesis I developed unprecedented approaches to engineer synthetic organelles for
orthogonal translation of proteins.

Initially, using microtubule associated synthetic organelles, I developed the first orthogonal
translation strategy in mammals that expands the genetic code exclusively for selected mRNAs,
effectively creating the first eukaryotic cells with two genetic codes.

Furthermore, I developed multiple membrane associated synthetic organelles, which allow to
synthetically control gene expression by two additional layers. First, the organelles
demonstrate that it is possible to equip mammalian with multiple orthogonal genetic codes.
Second, by sequestering enzymes into different subcellular compartments, it is possible to
make them functionally orthogonal based on spatial separation, which is a completely new way

to create orthogonal enzymes.

5.1 Microtubule-associated membraneless organelles for orthogonal translation
The first approach towards customized orthogonal translation was inspired by LLPS principles
in the cytoplasm. To create highly selective OT organelles, phase separating moieties were
combined with spatial targeting to the microtubule cytoskeleton, since it was not sufficient to
just use one assembler component (263).

If only the phase separation functionality is used GCE is still efficient (50% efficiency), but it
is not particularly selective (1.2-fold selectivity). If only the kinesin motor protein is used
selectivity is slightly higher (up to 2-fold), but efficiency is substantially reduced [below 20%,
Appendix II, Fig. 2, (263)]. This is likely caused by an insufficient spatial enrichment if only
one targeting domain is used.

The OT organelles are assayed for selectively expanding the genetic code of only recruited
mRNAs. The key molecule they need to sequester for this is the small tRNAM. If phase
separation or kinesin motor domains are used individually to construct OT organelles, IF and
FISH stainings revealed a broad distribution of PylRS and tRNAM! throughout the cell
[Appendix II, Fig. 4A, (263)]. This is likely insufficient to prevent ribosomes in the cytoplasm
to access the suppressor tRNAP! and thus mRNA that are not specifically targeted can also be
translated with an expanded genetic code. Only when kinesin motor proteins and phase
separation domains are combined a strong local enrichment of tRNAPM, PylRS and

mRNA::ms2 can be observed [Appendix II, Fig. 4A, Fig. S6-S8, (263)]. This then allows to
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exclusively expand the genetic code for the recruited mRNA::ms2 inside or near the OT
organelle [selectivity up to 10-fold, efficiency approximately 50% , Appendix II, Fig. 2, (263)].
Orthogonal translation could either take place on the surface of or within the OT organelle. To
get insights into this mechanism I stained for ribosomal proteins and PyIRS in cells expressing
OT organelles and observed that ribosomes strongly enrich throughout the entire organelle
[Appendix II, Fig. 4B, C, Fig. S8, (263)]. It is thus likely, that translation happens within the
organelle. To definitively proof this, it would however be necessary to directly image
translation, which could for example be done using SunTag- or MoonTag-based imaging of

the translation of individual mRNAs (290-292).

5.1.1 PylRS-based OT organelles efficiently sequester tRNAPY!

One striking observation in these experiments is that OT organelles comprised of a kinesin
motor protein and a phase separating moiety can highly efficiently recruit tRNAP' and
effectively deplete it from the remaining cytoplasm. For a small molecule like a tRNA this is
quite surprising as it should rapidly diffuse throughout the cell. In FISH experiments, for the
kinesin based OT organelles [see Appendix II, Fig. 4, (263)], but also particularly for the OT
film-like organelles, tRN AP cannot be detected in the cytoplasm (Supplementary Figure 4-1,
Supplementary Figure 4-2 and Supplementary Figure 4-3), which is probably the reason
why these organelles can selectively reassign stop codons only for recruited mRNAs.

This is even more striking as when I tried to construct OT organelles with other orthogonal RS
systems [like E. coli LeuRS (293, 294), E. coli TrpRS (39), E. coli TyrRS (295-297) or
M. alvus PyIRS (55)], I did not observe selective orthogonal translation of the recruited
mRNA::ms2 (see Figure 5-1 for OMMP organelles with E. coli LeuRS, E. coli TyrRS and
M. alvus PyIRS)

EGFP*™¢ mCherry™*™¢::ms2 Figure 5-1. OT organelles are
[ @ Kool | only selective with M. mazei
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What makes M. mazei PylRS special and how can it capture its tRNA in a synthetic organelle?
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One possible explanation is that if PylRS has an extraordinarily high affinity for its cognate
tRNAP! and might recruit it particularly strong. However, M. mazei PylRS variants have a
dissociation constant (Kp) of 0.8 yM for its cognate tRNAPY (298), similar to the one observed
for wild-type M. barkeri PylRS of approximately 0.2 uM (47, 299). This is similar to the Kp
measured for E. coli LeuRS at 0.2 yM (300) and E. coli TyrRS at 0.3 uM (301). The Ky, of
E. coli TrpRS is slightly higher at 2 uM (302). However, they are all in the same order of
magnitude and it is thus unlikely that the Ky can explain the distinct selectivity.

A potential alternative would be that the aminoacylation activity of PylRS could be extremely
slow. PyIRS has an aminoacylation rate constant of 0.008 s (303), meaning that one PyIRS
molecule takes more than two minutes to aminoacylate one tRNAP molecule. In contrast, the
aminoacylation rate constants for canonical RSs is typically 1000-fold higher (300, 304-307),
for example for E. coli TyrRS it is 0.7-11 s (301, 307), E. coli LeuRS it is 6 s (300), for
E. coli TrpRS it is 13-44 s! (302, 308), which means that these endogenous tRNA synthetases
aminoacylate their cognate tRNAs 100-5000 fold faster than PyIRS and a tRNA molecule will
be aminoacylated by its cognate synthetase in only 22 ms to 1 s. This striking difference makes
sense from an evolutionary point of view, as PyIRS typically only needs to provide the
aminoacylated tRNAs for approximately 50 codons in the Methanosarcina genome, while for
example the E. coli LeuRS needs to provide the substrate for 150.000 codons (303).

In the context of the synthetic organelle it can thus be hypothesized that M. mazei PyIRS is
sufficiently slow to permit the locally translating ribosomes to consume all aminoacylated
tRNAs before they can diffuse out into the cytoplasm. In contrast the faster RS systems produce
aminoacylated tRNAs so quickly that they cannot be translationally consumed, which enables
them to diffuse out of the organelle and suppress stop codons in untargeted mRNAs. This can

likely explain why only M. mazei PyIRS enables orthogonal translation.

5.1.2 OT organelles are highly adaptable

In contrast to the orthogonal translation approaches developed for E. coli, which I described in
more detail in Section 1.2.1.1, in this approach only spatial proximity defines how the genetic
code is expanded. Therefore, it is straightforward to change the targeted codon by simple
mutagenesis of the anticodon of the suppressor tRNA and of the mRNA::ms2 [Appendix II,
Fig. 2, Fig. S1, (263)]. Furthermore, this technology can be adapted to a variety of proteins
including even transmembrane proteins that need to be inserted into the ER membrane during
translation, highlighting the versatility of synthetic organelles based on phase separation and

kinesin targeting [Appendix II, Fig. 3, Fig. SS, (263)].
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Even though it is possible to target other stop codons, using the OT organelle approach it is
currently only possible to selectively incorporate one ncAA into one POI. To incorporate more
than one ncAA into the same POI, it would be necessary to reassign multiple codons within
one organelle. Unfortunately, the OT organelles developed in this study can only use M. mazei
PyIRS for orthogonal translation and all other tested RSs fail to confer selectivity (Figure 5-1),
thus only one codon can be reassigned.

I hypothesize that the reason for this is that the other orthogonal RSs have much higher catalytic
rates, which can oversaturate the OT organelle with aminoacylated tRNAs, which can then not
be consumed by the local ribosomes (see Section 5.1.1). Therefore, it might be possible to
overcome this limitation by evolving orthogonal RSs to have a lower catalytic rate. However,
this would need innovative evolution approaches.

Typically, directed evolution approaches applied to orthogonal RS/tRNA pairs combine
positive and negative selection markers that are only produced upon successful stop codon
suppression (309). The positive selection marker is used in presence of the ncAA of choice to
select active RS variants, while the negative selection marker is used in absence of the ncAA
to exclude unspecific RS variants that use endogenous amino acids as substates. As the
expression of a positive selection marker—that is required for cell survival —is proportional to
the efficiency of stop codon suppression, these selection schemes favor more active RS
variants. For making GCE in OT organelles selective the opposite would probably be
necessary.

To achieve this, it might be possible to exploit the selectivity of working OT organelles. For
example, if a positive selection marker would be targeted to the organelle, while the negative
selection marker is not, cells would only express the right combination if GCE is selective.
Such a screen could for example be directly performed in mammalian cells using the dual color
reporter I developed in this study in combination with established evolution procedures using
for example adenovirus systems (3/0). Alternatively, it might be possible to adapt the synthetic
organelle approach to yeast cells using established artificial phase separating systems (260),
which would then allow to perform evolution in yeast (3/7). It might even be possible to adapt
OT organelles to perform selective GCE in E. coli, as it was recently shown that they can also
be equipped with synthetic, membraneless organelles (37/2), which would then allow to harness

the full power of E. coli-based directed evolution.
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5.1.3 Active transport is not required for OT organelle assembly

The first generation of microtubule-associated organelles was based on combining phase
separation domains and kinesin motor proteins that constantly move towards the microtubule-
plus end (263). To understand, if the active transport is required, I replaced the kinesin motor
domain with EB1, a microtubule-tip binding protein as discussed in Chapter 3. Intriguingly,
this also enables selective orthogonal translation, demonstrating that active transport is
dispensable.

Kinesin-based OT organelles form a micrometer-sized, roughly spherical structure in the cell,
filling up a substantial part of the cytoplasm, concomitant with a rearrangement of the
microtubule cytoskeleton [Figure 3-2, Appendix II, Fig. S8, (263)]. In contrast, EB1-based
OT organelles coat microtubules in a film-like fashion without rearranging the microtubule
cytoskeleton.

This indicates that even much thinner OT organelles can perform orthogonal translation, which
is particularly remarkable taking into account the small size of the tRNA, once again stressing

how efficiently PyIRS can recruit and sequester tRNAPY!.

5.2 Membrane associated synthetic organelles to equip cells with multiple genetic
codes
In Chapter 4 I developed membrane associated OT organelles that simultaneously address two
major limitations of the GCE technology.
GCE would be particularly powerful if it would enable to incorporate multiple ncAAs into
proteins in vivo. However, in mammalian cells this technology is fundamentally limited by the
availability of codons that can be reassigned and by the dearth of orthogonal RS/tRNA pairs.
I hypothesized that equipping a cell with multiple OT organelles should address both problems
simultaneously. First, it should be possible to multiple times reassign the same stop codon.
Second, it should be possible to reuse the same RS multiple times, which would represent a
completely new way to create functionally orthogonal enzymes.
The microtubule-based synthetic organelles did not seem to be ideally suited for this particular
task, as they fill a substantial area in the cell’s cytoplasm. It would thus be difficult to engineer
multiple of these organelles into one cell, while still ensuring that they are immiscible, which
is crucial to ensure that each organelle operates with a unique, orthogonal genetic code.
Besides phase separation, the targeting towards the cell periphery is a crucial element of the
microtubule-based OT organelle design. A major element of the cell periphery is the plasma

membrane and I thus hypothesized, that it might be possible to tether the OT organelle directly
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to the membrane and that this should potentially serve as a new platform for selective,
orthogonal translation. Gratifyingly, this is the case and it does not only work on the plasma
membrane but on all intracellular membranes I tested, i.e. the ER, Golgi and outer
mitochondrial membrane can serve as an orthogonal translation platform (see Figure 4-2).

In Chapter 4 I also showed that instead of the ms2-MCP RNA recruitment system the
Mx-based RNA recruitment system can enable selective, orthogonal translation of targeted
mRNA::boxB. This system is even more efficient and selective, as it reaches an up to 17 fold
selectivity with an efficiency of up to 80%, while the best tested ms2-MCP based systems only
reach a selectivity of 12 fold and an efficiency of 45% (see Figure 4-2).

Of the membrane associated OT film-like organelles several are functionally fully independent
and in particular the OMMP OT organelle is independent from all others (Supplementary
Figure 4-4 and Supplementary Figure 4-7).

However, when initially combined with an ERMP or PMP OT organelle system I observed
substantial cross reactivity (Supplementary Figure 4-14). A likely cause of this is that PyIRS
is active as a dimer and if dimerization precedes proper membrane localization this could cause
the observed leakiness.

To overcome this, I hypothesized that in order to overwrite undesired intermolecular
heterodimerization it might be possible to express PyIRS as a constitutive intramolecular
homodimer. To this end, I fused two copies of PyIRS with the IDP FUS as a long flexible linker
in between. This system substantially reduces cross reactivity and by combining this improved
OMMP OT organelle system with either an ERMP or PMP system it is possible to obtain fully
independent OT organelles. These allow to selectively reassign the amber codon two times in
the two independent OT organelles to two distinct ncAAs.

This development represents a unique and novel way to make PylRS enzymes independent
from each other without the requirement of engineering the molecular interaction surface.

In this thesis I demonstrated that this principle can be used to equip a cell with two additional
orthogonal genetic codes. On top I showed that at least three membrane localizations are
mutually orthogonal (OMM, PM and ERM). It should thus in principle be possible to equip a
cell with three independent OT film-like organelles to equip a cell with three orthogonal genetic
codes.

Besides the independent OT organelle assembly, a third independent RNA recruitment system
would then additionally be necessary. In preliminary experiments that are not part of this thesis

I was able to show that, analogously to ms2-MCP and boxB-Ayx, stop codon containing
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mRNAs can also be tagged with pp7-loops, which can be bound specifically by the PP7
bacteriophage coat protein [PCP (313)]. By equipping OT organelles with the PCP moietys, it
is then possible to selectively translated pp7-tagged mRNAs with an expanded genetic code.

In order to harness this system to enable the genetic incorporation of three distinct ncAAs
selectively, it would be necessary to additionally use three PylRS active site-mutants that have
orthogonal substrate specificities. For alternative PylRS systems that lack an N-terminal
domain this was recently shown in E. coli (54). However, in this study three unreactive ncAAs
were used that cannot be further modified (54). It would be particularly interesting to instead
develop synthetase variants for three different reactive ncAAs that would allow a triple color
labeling approach. This, however, would require on one the hand, three mutually orthogonal
click-chemistries that can be genetically encoded, and on the other hand, PyIRS active site
mutants that selectively recognize them. Therefore, in order to achieve this, additional

evolution of PyIRS would be required.

5.3 Towards the synthesis of fully artificial polymers in eukaryotes

In order to enable the synthesis of fully artificial polymers using eukaryotic ribosomes it would
be necessary to have a high number of codons that can be reassigned, as well as a matching
number of orthogonal RS/tRNA pairs.

In this thesis, I showed that OT film-like organelles can be used to multiple times reassign the
same codon and to reuse the same type of orthogonal RS/tRNA (see Chapter 4). This so far
only enables to incorporate two ncAAs into two distinct proteins, but not to incorporate two
ncAAs into one protein. To directly enable this, it would be necessary to equip one organelle
with multiple orthogonal RS systems, this is however so far not possible, as discussed in
Section 5.1.1 and 5.1.2.

The current approach could in principle be combined with intein mediated protein-trans
splicing technologies to overcome this limitation (374, 315). Using inteins it would for example
be possible to synthesize two parts of a POI separately in two distinct OT organelles to equip
them with two distinct ncAAs. After translation these could then be spontaneously ligated to
one full length protein with two specifically inserted ncAAs via intein mediated protein
splicing. Even if multiple ncAAs could be inserted into one protein using synthetic organelles,
such an approach might still be interesting to further amplify the protein engineering

capabilities.
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5.4 Biomolecular condensates can perform highly complex tasks

Besides representing a powerful and promising synthetic biology tool, the OT organelles I
developed in this thesis also demonstrate the potential of biomolecular condensates in cells in
general.

Several studies meanwhile elucidated the physiological function of native biomolecular
condensates, for example in RNA chaperoning during stress (207-209), in organizing cell
division components (2/3) and in mediating membrane signaling [(233), for a more detailed
overview see Section 1.3.3].

The work presented in this thesis demonstrate that biomolecular condensates enable very
complex processes, and can even host protein translation, one of the most complex processes
taking place in cells.

Previous in vitro studies showed that the dimensionality reduction from 3D to 2D can lower
critical concentrations for LLPS (234, 237). The OT organelles developed in this study achieve
their high degree of selectivity not just by phase separation, but by combining this with a spatial
enrichment, which follows the logic of the described 2D phase separation processes, which
have now also been presented in the literature (232).

Although LLPS in solution on its own is a powerful means to create local concentration
gradients, this is insufficient to create high enough local concentrations to permit selective
orthogonal translation [see Appendix II, Fig. 2, (263)]. But this can be overcome by adding a
spatial enrichment component, adding either microtubule or membrane targeting in addition to
the phase separation modality. It is possible that such a two layered assembly pathway could

also play important roles in many native cellular processes.

5.5 Summary

In summary, in this thesis I developed the first eukaryotic, orthogonal translation platform. It
is based on spatial separation instead of the development of orthogonal molecular interactions.
I further used this principle to not only develop a system that is orthogonal to the canonical
cytoplasmic translation, but also to develop multiple synthetic systems that are orthogonal to
each other and to the endogenous pathway.

This could be particularly interesting for understanding evolutionary principles of
compartmentalization endowing cells with new functions and adaptations. Spatial separation
could be complementary to molecular evolution: Enzymes could first be distributed to distinct
subcellular localizations and function independent from each other. Subsequently, their

biochemical functionality could be diversified to evolve new functionalities.
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Appendix I Supplementary methods

In this section I am describing the methods corresponding to Figure 5-1.

Constructs and cloning

The dual color reporter used in this study is described in (263) and Section 3.4.2.

M. alvus tRNAP' (anticodon CUA) under the control of a human U6 promoter as well as
M. alvus PylIRS (Y126A, Y206F) were ordered from Genewiz. M. alvus PylRS was
subsequently fused to TOM?20, 4,::FUS via restriction cloning.

E. coli tRNA™ (anticodon CUA) was cloned via restriction cloning under the control of a
human U6 promoter. E. coli LeuRS (Q2E, M40G, L41Q, T252A,Y499L, Y527G, H537F) was
fused to TOM?20, 4::FUS via restriction cloning.

Bacillus stearothermophilus tRNA™" (anticodon CUA) was cloned via restriction cloning
under the control of a human U6 promoter, it was used as a cognate tRNA for E. coli TyrRS.
E. coli TyrRS (Y37G, D182G, F183Y, L186M) was fused to TOM?20, 4,::FUS via restriction

cloning.

Cell culture and FFC experiments

Cell culture conditions were identical to Section 4.4.1.

Transfections and FFC experiments were identical to Section 4.4.3 and 4.4.4. For the M. alvus
PylRS, E. coli LeuRS and E. coli TyrRS experiments the medium was not supplemented with
25 mM HEPES after ncAA addition. O-(4,5-Dimethoxy-2-nitrobenyl)-L-serine (DMNB-S,
TOCRIS, 6315) and 4-benzoyl-L-phenylalanine (pBPA, Iris Biotech, HAA6010) were used
at a final concentration of 250 yM, 100 mM stock solutions were prepared as described
in (288).

For OMMP M. mazei PyIRS the sum of three independent experiments is shown (identical to
Supplementary Figure 4-4). For the other three synthetases the data from only one experiment

are shown.
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INTRODUCTION: The ability to engineer
translation of noncanonical (unnatural) amino
acids (ncAAs) site-specifically into proteins in
living cells greatly expands the chemical space
that can be used to control, tailor, and study
cellular function. However, translation is a
complex multistep process in which at least
20 different aminoacylated tRNAs, their cog-
nate tRNA synthetases, ribosomes, and other
factors need to act in concert to synthesize a
polypeptide chain encoded by an mRNA tran-
script. To minimize interference with the host
machinery, we aimed to engineer fully orthog-
onal translation into eukaryotes: to encode a
new functionality in response to a specific
codon in only one targeted mRNA, leading to
site-specific ncAA incorporation only into the
selected protein of choice. Although codon
specificity can be achieved with genetic code
expansion (GCE), this technology relies on
using an orthogonal tRNA/tRNA synthetase
pair (one that does not cross-react with any
of the endogenous pairs) to reprogram a stop
codon. Most commonly, the Amber (UAG) stop
codon is used (20% abundance in human
cells), and in principle, stop codon suppres-
sion can happen for every cytoplasmic mRNA
that terminates naturally on this codon. Here,
we present a strategy to generate a distinctly
expanded genetic code for only selected mRNAs.

RATIONALE: We hypothesized that it should
be possible to create an orthogonal transla-

Membraneless OT

organelles enable

mRNA-specific GCE in

eukaryotes. OT organelles Nucleus\
are designed organelles
enriched in a suppressor
tRNA/tRNA synthetase
pair and a specific

mMRNA binding domain
(MCP) by means of using
an assembler protein
(such as FUS and/or

ot organelle]

tion system by spatially enriching the key
components of the GCE machinery in an or-
thogonally translating (OT) synthetic designer
organelle and by targeting a specific mRNA
to it. In order to perform protein translation,
such an OT organelle would need to be readily
accessible to the entire translational machinery
of the host, thus precluding membrane en-
capsulation. Inspired by the concept of phase
separation, which is used by cells to concen-
trate specific proteins and RNA locally, we
hypothesized that it might be possible to use
this principle to create such membraneless
OT organelles. In our design, only a spatially
distinct set of ribosomes associated with OT
organelles can use the aminoacylated suppres-
sor tRNA and thus will decode Amber codons
only in the selected mRNA translated by the
OT organelle, leading to a protein containing
the ncAA.

RESULTS: To bring the modified suppressor
tRNA and the translated mRNA of choice in
close proximity to each other, we used differ-
ent strategies to generate highly concentrated
assemblies and spatial separation inside cells:
(i) proteins undergoing phase separation in
cells [fused-in sarcoma (FUS), Ewing sarcoma
breakpoint region 1 (EWSRI1), and spindle-
defective protein 5 (SPD5), which contain
long intrinsically disordered domains] and
(ii) kinesin motor proteins, which spatially
enrich at microtubule plus ends (KIF13A and

KIF16B). We fused each of these to the sup-
pressor tRNA synthetase as well as an RNA-
binding domain major capsid protein (MCP)
that binds to a specific RNA motif (ms2 loops)
engineered into the untranslated region of
the mRNA of choice, forming an ms2-MCP
complex. Each of these approaches yielded
the desired local enrichment and prefer-
ential stop codon suppression of the mRNA
tagged with ms2 loops. However, by far the
best performing system was a combination

of phase and spatial sep-
aration, which typically
Read the full article ~ formed a micrometer-sized
at http://dx.doi. organelle-like structure per
org/10.1126/ cell. Cells that contained
science.aaw2644 this organelle efficiently
and selectively performed
Amber suppression of only the targeted mRNA.
‘We were able to demonstrate the utility and
robustness of these OT organelles by selec-
tively decoding any of the three stop codons
in a variety of proteins with different ncAA
functionalities in two different mammalian
cell lines.

CONCLUSION: Our results show how to
combine phase and spatial separation inside
cells to allow the concentration of a custom
designed task into a distinct specially designed
membraneless organelle. We successfully de-
monstrated that specific and selective protein
translation could be achieved within these OT
organelles, which allowed the introduction of
noncanonical functionalities into proteins in a
codon-specific and mRNA-selective manner.
The system only requires engineering five com-
ponents into the cell and can be reprogrammed
to other stop codons in a single step. We expect
this concept to be a scalable platform for fur-
ther organelle engineering and to provide
aroute toward generation of semisynthetic
eukaryotic cells and organisms.

The list of author affiliations is available in the full article online.
*These authors contributed equally to this work.
tCorresponding author. Email: edlemke@uni-mainz.de
Cite this article as C. D. Reinkemeier et al., Science 363,
eaaw2644 (2019). DOI: 10.1126/science.aaw2644
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KIFs). A spatially distinct set of ribosomes associated with the OT organelle preferentially translates recruited mRNAs tagged with ms2 loops to
yield the selected protein with the targeted site-specific noncanonical functionality.
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Nature regulates interference between cellular processes—allowing more complexity of life—by
confining specific functions to organelles. Inspired by this concept, we designed an artificial
organelle dedicated to protein engineering. We generated a membraneless organelle to
translate only one type of messenger RNA—by recruiting an RNA-targeting system, stop
codon-suppression machinery, and ribosomes—by means of phase separation and spatial
targeting. This enables site-specific protein engineering with a tailored noncanonical function in
response to one specific codon in the entire genome only in the protein of choice. Our results
demonstrate a simple yet effective approach to the generation of artificial organelles that
provides a route toward customized orthogonal translation and protein engineering in

semisynthetic eukaryotic cells.

he ability to engineer orthogonal (non-
cross-reactive) translation site-specifically
into living cells enables the introduction of
new functionalities into proteins. However,
this is a herculean task because translation
is a complex multistep process in which at least
20 different aminoacylated tRNAs, their cognate
tRNA synthetases (RSs), ribosomes, and diverse
other factors work in concert to synthesize a poly-
peptide chain from the RNA transcript. An ideal
orthogonal system would show no cross-reactivity
with factors of the host machinery, minimizing
its impact on the housekeeping translational ac-
tivity and normal physiology of the cell.
Toward this goal, genetic code expansion
(GCE) is a method that enables reprogramming
of a specific codon. With GCE, an orthogonal
suppressor RS can aminoacylate its cognate sup-
pressor tRNA with noncanonical amino acids
(ncAAs). These ncAAs are typically custom de-
signed and harbor chemical functionalities that
can, for example, enable protein function to be
photocontrolled, encode posttranslational mod-
ifications, or allow the introduction of fluores-
cent labels for microscopy studies by using click
chemistry. To introduce ncAAs site-specifically
into a protein of interest (POI), the anticodon
loop of the tRNA is chosen to decode and thus
suppress one of the stop codons [(Z-3), reviews].
To minimize the impact on the host cell machin-
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Mainz, Hanns-Dieter-Huisch-Weg 15, 55128 Mainz, Germany.
?Institute of Molecular Biology, Ackermannweg 4, 55128
Mainz, Germany. 3Structural and Computational Biology Unit
and Cell Biology and Biophysics Unit, European Molecular
Biology Laboratory, Meyerhofstrasse 1, 69117 Heidelberg,
Germany.

*These authors contributed equally to this work.
tCorresponding author. Email: edlemke@uni-mainz.de
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ery, the Amber stop codon (TAG) is often used,
owing to its particularly low abundance in
Escherichia coli, to terminate endogenous pro-
teins (<10%). Nevertheless, in principle any Amber
codon in the transcriptome can be suppressed,
potentially leading to unwanted modification of
nontargeted host proteins. If ncAA-modified pro-
teins are recombinantly produced for in vitro
applications, this background incorporation can
be largely ignored as long as the yields of purified
full-length protein are acceptable. However, the
challenge is different if the host is considered
more than just a bioreactor vessel that can be
sacrificed for its protein. In order to study the
function of a host-cell POI in situ, the physiological
condition of that host cell is an important factor.
In that context, minimization of background in-
corporation of the ncAA is required to ensure
well-controlled experiments.

At least three elegant approaches have been
developed to enable orthogonal translation in
E. coli—that is, to decode a specific codon only
for the RNA of the POI and not the entire gen-
ome. (i) Orthogonal ribosomes that recognize
RNA with a specific Shine-Dalgarno sequence
(4-6) have been developed to enhance codon
specificity, to site-specifically encode an ncAA
into a POL. (ii) Recently, genome engineering has
advanced to the stage that E. coli strains can be
depleted of selected native codons (7-10), pro-
viding a genetically clean (such as Amber codon-
free) host background for selective decoding of
specific codons only in the POL. (iii) Distinct non-
canonical codons have been designed by using
an artificial base pair encoded only in the coding
sequence of the POI. This lowers the risk of non-
specific decoding in other parts of the genome
(11). However, because of genome complexity, it
is not straightforward to transfer these ortho-
gonal translation approaches to eukaryotes [(12),

29 March 2019

review], in which the Amber codon is highly
abundant (~20% in human cells).

‘We hypothesized that it is possible to create an
orthogonal translation system by spatially en-
riching specific components of the GCE machin-
ery in an artificial orthogonally translating (OT)
organelle/droplet/aggregate/condensate/dense
phase. For an OT organelle to translate only the
mRNA of the POI, it should be readily accessible
to the translational machinery (>100 different bio-
molecules, such as canonical aminoacylated
tRNAs, translation factors, and ribosomal subunits)
and thus cannot be further easily membrane-
encapsulated inside the cell. Another requirement
is that the small cognate suppressor tRNA local-
izes efficiently to the OT organelle and is depleted
from the rest of the cytoplasm.

The idea to create such an OT organelle was
inspired by the concept of phase separation,
which can generate high local concentrations of
proteins and RNAs in cells (73, 14). Recently, phase
separation has gained attention owing to the
discovery of its prevalence in cell biology and its
role in the formation of specialized organelles
such as nucleoli, stress/RNA granules, and Balbiani
bodies [(15), review]. Although our understanding
of the design and functional principles of these
organelles is emerging, it has been established
that they are membraneless and thus are in direct
contact and exchange with the surrounding cyto-
plasm and/or nucleoplasm. Despite lacking a mem-
brane, these organelles can efficiently perform
complex tasks, such as transcription in the nucleolus.

We aimed to create a new OT organelle in a
living mammalian cell and envisioned use of a
strategy in which we selectively target the RS
and the mRNA of a POI to a spatially distinct
site in the cytoplasm. We found that a combina-
tion of phase separation with spatial targeting
by using motor proteins yields an organelle-like
structure enriched in RS and mRNA, to which
the cognate suppressor tRNA and ribosomes
effectively copartition. This affords a set of spa-
tially distinct ribosomes, forming an OT system
that preferentially translates only our tagged
mRNA, which enables site-specific recoding of
a stop codon only in this mRNA. We show for a
variety of proteins, including membrane proteins,
that we can incorporate site-specific noncanonical
functions only into a POI, whereas other mRNAs
in the cytoplasm that contain the same stop
codon are not translated efficiently.

Design of OT organelles

Our synthetic designer OT organelle (Fig. 1) is
engineered with the following components.

(i) An mRNA-targeting system in which two
ms2 RNA stem loops are fused to the mRNA of
choice, creating an mRNA::ms2 fusion coding
for the POI. We denoted DNA in italics. The
ms2 loops bind specifically to the phage-derived
major capsid protein (MCP) (16), which will thus
form a stable and specific mRNA::ms2-MCP
complex in cells. The ms2 loops were always
fused to the 3’ untranslated region (3'UTR) of
the mRNA, which ensures translation to yield
a scarless final POL.
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Fig. 1. Spatial separation of the necessary components to enable

orthogonal translation to decode a specific stop codon in a specifically

tagged mRNA. (A) Expression of the synthetase PyIRS leads to amino-
acylation of its cognate stop codon suppressor tRNA™' with a custom

mRNA mRNA::ms2

+ * + m&m + I.I.I.II.I.II.I.I.I.I.I.I.W.II.I.II.I.I.I.I.I.I.I.I.II.IILII.

ms2 loops

assembler::PylRS assembler:MCP

o 3 YRR,

B orthogonally translating (OT) organelle

&S
§
Nucleus,

\
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charged tRNAP exclusively
localized to the synthetic organelle,
stop codons only suppressed

in targeted mMRNA::ms2

unwanted proteins. (B) To avoid this, we propose to spatially enrich all
components to an OT organelle, including the mRNA of the POI, the

aminoacyl-tRNA synthetase, the tRNA, and ribosomes through the use of

“assemblers.” Aminoacylated tRNA™' should only be available in direct

designed ncAA. This leads to site-specific ncAA incorporation whenever the
respective stop codon occurs in the mRNA of the POI. Given that many
endogenous mMRNAs terminate on the same stop codon, using this approach
in the cytoplasm potentially leads to misincorporation of the ncAA into

(ii) A tRNA/RS suppressor pair. We chose the
orthogonal tRNA/RS pair from the Methanosarcina
mazei pyrrolysyl system (tRNAP/PyIRS) because it
has enabled the encoding of more than 100 ncAAs
with diverse functionalities into proteins by using
GCE in a multitude of cell types and species, in-
cluding E. coli, mammalian cells, and even living
mice [(I-3), reviews].

(iii) The assembler, the key component required
to form an OT organelle. The purpose of the as-
sembler is to create a dense phase or condensate,
in which the mRNA::ms2-MCP complex is brought
into close proximity of the tRNA™/PyIRS pair.

The simplest assembler strategy we tested is
the bimolecular fusion of MCP::PylRS (termed
B) (Fig. 2A). In addition, we tested strategies in
which we expected to yield much larger assem-
blies. All of those assembly systems are composed
of an assembler fusion to PylRS coexpressed with
an assembler fusion to MCP. We expected as-
sembler::PylRSeassembler::MCP to form large
aggregates (we denote coexpression with a cen-
ter dot, “»”). One tested assembly strategy was
based on phase separation of proteins, and one
was based on the assembly of kinesins, which we
abbreviate here as P and K, respectively (Fig. 2A).

Reinkemeier et al., Science 363, eaaw2644 (2019)

specific, in (B), it is sto

Furthermore, for each P and K approach, we
tested two different molecular designs: P1, P2
and K1, K2, respectively.

P1

Previous studies have established the capacity of
the proteins fused-in sarcoma (FUS) and Ewing
sarcoma breakpoint region 1 (EWSR1) to form
mixed dropletlike structures by means of phase
separation. They both contain a prion-like dis-
ordered domain that facilitates phase separation
into liquid, gel, and solid states (7, 18). In a phase-
separated state, these proteins are locally highly
concentrated (approximately orders of magnitude)
compared with the remaining soluble fraction
in the cell. FUS was fused to PylRS, and EWSR1
fused to MCP, and we speculated that this would
lead to the formation of droplets in which MCP
and PylRS are highly enriched. P1 is denoted
FUS::PylRS*EWSR1::MCP.

P2

The Caenorhabditis elegans protein spindle-
defective protein 5 (SPD5) has recently been
shown to phase-separate into particularly large
(several micrometer-sized) droplets (19). In a

29 March 2019

proximity of the OT organelle, so that only here stop codon suppression can
occur. The corresponding stop codon in mRNAs that are not targeted to the
OT organelle should not get translated. Whereas in (A) GCE is stop codon

p codon- and mMRNA-specific.

phase-separated state, SPD5 is locally highly con-
centrated compared with the remaining soluble
fraction in the cytoplasm (by orders of magni-
tude). We speculate that a protein fused to SPD5
will condense into droplets. Similarly to FUS-
EWSRI droplets, we speculated that PylRS
fused to SPD5 and MCP fused to SPD5 will be
highly enriched. P2 is denoted SPD5::PylRSe
SPD5::MCP.

K1

Certain kinesin truncations constitutively move
toward microtubule-plus ends in living cells (20).
One such truncated kinesin is KIF13A;_411ap390,
and we speculated that PylRS and MCP respec-
tively fused to this kinesin truncation and co-
expressed would be locally enriched, owing to
spatial targeting to microtubule-plus ends. K1 is
denoted KIF13A;411,4p300:: PYIRSeKIF13A; 411 Ap3o0::
MCP. (Single-letter abbreviations for the ami-
no acid residues are as follows: A, Ala; C, Cys;
F, Phe; N, Asn; P, Pro; and Y, Tyr. In the mu-
tants, other amino acids were substituted at
certain locations; for example, Y306A indicates
that tyrosine at position 306 was replaced by
alanine).
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Fig. 2. Local enrichment A
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best performing OT organelle (OTK%Y). (D) FFC analysis of the dual-color reporter
expressed with the four indicated systems in transfected HEK293T cells and
tRNA™ in the presence of the ncAA SCO, a lysine derivative with a cyclooctyne
side chain. Highly selective and efficient orthogonal translation was observed for
the OT organelle (the black arrow indicates a bright, highly mCherry-positive
population). Shown in the dot plots are the sums of at least three independent
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are summarized in fig. S1). (E) FFC plots for the OT organelle selectively

translating Opal and Ochre codons only of recruited mCherry'®T¢A:ms2 and

mCherry'®™A:ms2 mRNA, respectively (corresponding cytoplasmic PyIRS

controls for those stop codons are provided in fig. S1).

3of9

6102 ‘S |udy uo /Bio°Bewasusios 9ouslos//:diy Wwolj papeojumoq



RESEARCH | RESEARCH ARTICLE

K2

By analogy to K1, we also tested the truncated
kinesin KIF16B;_4. K2 is denoted KIF16B;400::
PylRS«KIF16B,_490::MCP.

We also tested whether combinations of these
systems would lead to efficient OT organelles:

K1::P1 = KIF13A;_411,ap300::FUS::
PyIRS<KIF13A;_411,ap390:: EWSR1::MCP

K2::P1 = KIF16B,_400::FUS::
PYIRS+KIF16B;_400::EWSR1::MCP

K1::P2 = KIF13A;_411,ap390::SPD5::
PyIRSKIF13A;_411,ap390::SPD5::MCP

K2::P2 = KIF16B,_400::SPD5::
PylRS«KIF16B;_400::SPD5::MCP

In order to evaluate these assemblers for
facilitating functional orthogonal translation
of an ms2-tagged mRNA, we designed a dual-
reporter construct, in which green fluorescent
protein (GFP) and mCherry mutants are simul-
taneously expressed from two different expres-
sion cassettes from one plasmid, ensuring that
the mRNA ratio between them is constant across
all experiments. Stop codons were introduced
at permissive sites into GFP at position 39
(GFP?%TP) and into mCherry at position 185
(mCherry'®*STOP) (Fig. 2B). Only if stop codon
suppression is successful will the corresponding
GFP or mCherry be produced. Transfected cells
were analyzed by means of fluorescence flow
cytometry (FFC); settings were adjusted so that
an approximate diagonal results in the FFC plots
if GFP and mCherry are expressed from this
plasmid by using the conventional cytoplasmic
PylRS system, which cannot differentiate mRNAs.
A selective and functional OT organelle should
selectively express mCherry only if the ms2 loops
are fused to the 3'UTR of the mCherry mRNA,
leading to appearance of a vertical line in the
cytometry plot (Fig. 2B). Unless otherwise reported,
all experiments were performed in the presence
of tRNA™ and the ncAA SCO, a widely used and
well-characterized lysine derivative, the side chain
of which carries a cyclooctyne that can be used
in a variety of click-chemistry reactions to install
diverse chemical groups onto the protein. As
previously reported, this ncAA is efficiently en-
coded by a Y306A, Y384F double mutant of
PyIRS (for simplicity we refer to this PyIRS*Y mu-
tant as PylRS unless otherwise specified) (21-23).
Omission of the ncAA serves as a standard neg-
ative control and leads to no expression of GFP
or mCherry (fig. S1).

We evaluated the performance of each OT sys-
tem according to their selectivity and relative
efficiency. We define selectivity as the ratio r of
the mean mCherry FFC signal divided by the
mean GFP signal. Final values are expressed as
fold selectivity relative to that of cytoplasmic
PylRS. We define relative efficiency as the mean
mCherry signal of each system divided by the
mean mCherry signal of the cytoplasmic PylRS
system, which serves as the reference (here de-
fined as 100%). All results on selectivity (Fig. 2C,
dark gray positive bars) and efficiency (Fig. 2C,
light gray negative bars) are summarized in
the bar plot in Fig. 2C, and all corresponding
FFC dot plots are summarized in fig. S1, where-
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as selected FFC data are also shown in Fig. 2,
D and E.

Combining two assembler strategies
yields highly selective and efficient
OT systems

The conceptually simplest assembly strategy B
(MCP fused to PylRS) showed only a minor sel-
ectivity gain of about 1.5-fold, which is concom-
itant with a 60% decrease in efficiency (Fig. 2C
and fig. S1). The OT system P1 (based on phase
separation of FUS/EWSR1) performed similarly
in terms of selectivity gain. In addition, a 50%
decrease in efficiency was measured (Fig. 2, C
and D). The P2 system (based on SPD5) showed
an approximate twofold selectivity gain accom-
panied by an almost 90% decrease in efficiency
(Fig. 2C and fig. S1). Analogously, we tested the
kinesin-based assembly strategy and observed
for K1 a twofold selectivity increase, with an
efficiency decrease of ~90% (Fig. 2C and fig.
S1). The K2 system behaved similarly (Fig. 2, C
and D). In total, the selectivity gains were small
but robustly detected, indicating that bringing
the ncAA aminoacylation activity (the tRNA™Y/
PylRS in the presence of ncAA) in direct prox-
imity of the target mRNA represents a pathway
to more selective codon suppression.

Next, we tested the assembler combination
strategies (K1::P1, K2::P1, K1::P2, and K2::
P2). For all combinations, we observed at least
fivefold selectivity gain, indicating orthogonal
translation [the observed selectivity effect is
robust across a titration of Amber suppression
efficiencies (fig. S2)]. The best performing sys-
tem on the basis of the fusion of FUS/EWSR1 with
KIF16B, 400, K2::P1, exhibited a selectivity of
eightfold and 40% efficiency (Fig. 2C, red box).
This was also directly obvious from the FFC data,
in which the bright, mCherry-positive cell popu-
lation was clearly retained, whereas GFP expres-
sion was minimal (Fig. 2D, black arrow).

To validate that the observed selectivity gain is
specific to the ms2-MCP interaction, we further
characterized OT organelles by expressing the RS
assembler fusion of each OT system without
MCP (figs. S1 and S3). As expected, no selective
orthogonal translation of ms2-tagged mRNA was
observed in those cases. Additionally, we performed
a reporter inversion by moving the ms2 loops from
the mCherry to the GFP cassette in the dual-color
reporter, which as expected inverted selectivity
of the system toward dominant GFP expression
(fig. S3B). This establishes that the OT system
acts selectively on the ms2-tagged RNA.

GCE can also be used to introduce multiple
ncAAs into the same POI [(Z-3), reviews]. How-
ever, only very few publications report on more
than one—that is, two- or three-codon suppres-
sion in the same protein in eukaryotes—because
yields typically suffer compared with single-codon
suppression (24-26). Even dual- and triple-Amber
proteins were still suppressed with the OT or-
ganelle (fig. S4).

To ensure that other ncAAs also can be incor-
porated by the OT system, we tested another
structurally different ncAA (3-iodophenylalanine),
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which is a phenylalanine derivative instead of
alysine derivative and is encoded by a different
PylRS mutant (N346A and C348A) (27). Consistent
results were also observed for this system (Fig. 2C
and fig. S1).

Because Opal (TGA) and Ochre (TAA) codons
are highly abundant in eukaryotic genomes
(~52% Opal, ~28% Ochre in the human genome),
the Amber codon is by far the most used for GCE
in eukaryotes. In addition, genomic approaches
to orthogonal translation by removing these
codons in the entire eukaryotic genome would
be even more challenging than for the Amber
codon and are currently beyond the state of the
art. However, in the OT system, a simple muta-
tion in the anticodon loop of the tRNA™, as well
as in the respective codon in the mRNA::ms2,
should allow orthogonal translation of these
codons. FFC analysis revealed that the OT or-
ganelles provide freedom of choice with respect
to the stop codon (Fig. 2, C and E, and fig. S1).
In fact, Opal suppression showed an 11-fold se-
lectivity increase at 50% efficiency (slightly
outperforming Amber suppression). Ochre sup-
pression still showed fivefold selectivity increase,
with 20% efficiency.

The OTX%! organelle enables
orthogonal translation of proteins
of various cellular compartments
To visualize the power of the OT***! organelle
(our best performing Amber suppression OT or-
ganelle in terms of selectivity and efficiency)
beyond “simple” reporters, we next aimed to
show differential expression of human nucleo-
porin 153 (Nup153) versus cytoskeletal vimentin.
Nup153 locates to the nuclear pore complex and
is more than 1500 amino acids long. Hence, its
mRNA is approximately sixfold larger than those
of the fluorescent protein reporters used above.
We used a previously described C-terminal
GFP fusion, with an Amber mutation (Nup153::
GFP"9TAG) that gave rise to a characteristic
nuclear envelope stain in confocal images only if
Amber suppression was successful (28). Nup153::
GFP™9TAC was then tagged with two ms2 loops
(NUP153::GFP™*™C.:1ns2) and coexpressed from
the same plasmid with vimentin containing an
Amber codon at position 116 fused to mOrange
(VIM™™AG: :mOrange). Expression in human em-
bryonic kidney (HEK) 293T cells resulted in pro-
duction of both proteins in the presence of the
cytoplasmic PylRS showing the characteristic
nuclear envelope and cytoskeletal staining, res-
pectively. In the presence of the OT**** organelle,
only Nup153::GFP was visible (Fig. 3A, selective
nuclear rim stain). Consistent results were also
observed in Cercopithecus aethiops kidney (COS-7)
cells (fig. S5). Swapping the ms2 loops to vimentin
inverted the effect, so that only Vimentin"®"™¢:;
mOrange was visible (further experiments for
COS-7 and for HEK293T cell experiments are
shown in Fig. 3B and fig. S5). This showed that
the OT****! worked for dramatically different
mRNAs.

Next, we asked whether it would be possible to
selectively express transmembrane proteins by
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Fig. 3. A versatile OT organelle for selective and efficient orthogonal
translation. (A to C) Confocal images of cells transfected with constructs
encoding PyIRS (left column) or the OT*?*"! organelle (right column) for
different protein pairs. SCO and tRNA™' were present in all cases. (A)
HEK293T cells were transfected with NUP153:GFP*9746::ms2 and
VIMHETAG::mOrange. (B) VIMM6™G::mOrange::ms2 and NUP153::GFPMTAG
transfected in COS-7 cells. More representative examples for (A) using COS-7
cells and for (B) using HEK293T cells are shown in fig. S5. Shown from top
to bottom are Vimentin*®™%:mOrange (magenta, characteristic cytoskeletal
stain), Nup153::GFP¥9™C (yellow, characteristic nuclear envelope stain),
overlay with Hoechst (cyan, nuclear stain), magnified images of represent-
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ative cells (red boxes), and line profiles for the mOrange and GFP channel
(red line, magenta and yellow curves, respectively), to highlight that only the
ms2-tagged MRNA vyields its respective expressed protein if the 0T
organelle is present. Scale bars, 20 um. (C) HEK293T cells were transfected
with INSR®76TG::mQOrange::ms2 and NUP153::GFP**°™C_ Shown from top

to bottom are INSR®”6™%::mOrange (magenta, characteristic plasma mem-
brane stain), Nup153::GFP*9TAC (yellow), overlay with Hoechst (cyan),
magnified images of representative cells (red boxes), and line profiles for the
mOrange and GFP channel (red line, magenta and yellow profiles, respec-
tively), demonstrating selective translation of insr®’¢™¢::mOrange::ms2
mRNA by the OT*?*" organelle. Scale bars, 20 um.

using our synthetic OT¥***! organelle. Membrane
protein expression represents another layer of
translational complexity because ribosomes need
to bind the endoplasmic reticulum (ER) during
translation, where the proteins are cotransla-
tionally inserted into the membrane. To this end,
we used a fusion of insulin receptor 1 with an
Amber codon at position 676 with mOrange

Reinkemeier et al., Science 363, eaaw2644 (2019)

(INSR®7TAG::mOrange), which locates to the
plasma membrane and gives rise to a charac-
teristic plasma membrane stain in HEK293T
cells (21). This construct was tagged with ms2
loops in the 3'UTR and cloned with Nup153::
GFP" 4G into one dual-cassette plasmid. We
then expressed it in HEK293T cells either in the
presence of the cytoplasmic PylRS system or in

29 March 2019

the presence of the OTX***! organelle (Fig. 3C).
In the presence of the synthetic OT**! or-
ganelle, we observed selective expression of the
ms2-tagged protein and the expected plasma
membrane localization of INSR®*™¢::mOrange,
indicating the potential of our organelle to parti-
cipate in even more complex membrane-associated
translational processes.
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The OT organelle functions by recruiting
ribosomes and tRNAPY'

The above experiments demonstrated the func-
tionality of our synthetic OT¥***! organelle.
Next, we aimed to study the spatial distribution
of the different systems in the cell to under-
stand the basic working mechanism of the OT
organelle.

To assess the spatial distribution of PylRS in
cells, we used immunofluorescence (IF). We also
used fluorescence in situ hybridization (FISH)
against tRNA™. In contrast to the dual-color
reporter used in the FFC experiments above, in
all IF/FISH experiments we used a single-color
NLS:GFP?"™C reporter fused to ms2 loops to
identify cells active in Amber suppression (this
yields a green nucleus if Amber suppression is
successful). IF and FISH stainings showed that
in contrast to cytoplasmic PylRS, the P1 system
formed small, intracellular assembler::PylRS
droplets (Fig. 4A). This indicated the occurrence
of phase separation. The tRNA™ colocalized
well with assembler::PylRS droplets (Fig. 4A),
indicating that it could nicely partition into the
assembler::PylRS phase. Additional stainings show
further colocalization with assembler::MCP (fig.
S6). Compared with P1, the P2 system (figs. S6
and S7) showed larger but still multiple dispersed
dropletlike structures. Phase separation of pro-
teins is based on exceeding the critical concen-
tration up to which proteins are fully soluble in
the cytoplasm. However, a soluble species coex-
ists with the phase-separated species (29) that
can contribute to stop codon suppression outside
the droplet. The components of the K1 (fig. S7)
and K2 (Fig. 4A and fig. S6) systems were mostly
observed distributed across the cytoplasm, likely
because of binding to the microtubule cytoskeleton,
which appears rather distributed throughout the
cytoplasm (fig. S8). Because small tRNAs can dif-
fuse rapidly, we believe that a critical factor for the
design of an OT organelle is how well the tRNA™
is confined to few sites in the cell and thus spa-
tially separated and sequestered from the rest of
the cytoplasm. None of the P1, P2, K1, or K2
systems displaying high selectivity (Fig. 2C) is
consistent with the observation that the systems
showed a rather dispersed distribution in the cell.

However, if we combined both assembler strat-
egies (K1::P1, K2::P1, K1::P2, and K2::P2),
we observed the formation of large micrometer-
sized, organelle-like structures in the cytoplasm,
which were in most cases localized to few or even
a single position per cell. Association of the OT
organelle with the microtubule cytoskeleton was
also observed (fig. S8). As shown for K2::P1 in
Fig. 4A and figs. S6 and S8, mRNA::ms2, tRNAPyl,
assembler::PylRS, and assembler::MCP all colo-
calize to organelle-like structures (other com-
bined assemblers are shown in figs. S6 and S7).
The combination of the two assembler strategies—
that is, phase separation paired with spatial tar-
geting by kinesin truncations—yielded the best
confinement as determined with FISH and IF
and the highest selectivity increase.

This is consistent with our hypothesis that
the higher spatial segregation and thus higher

Reinkemeier et al., Science 363, eaaw2644 (2019)

local concentration of aminoacylated tRNA™!
and mRNA correlates with higher selectivity.
This effectively translates into a higher partition
coefficient of tRNA™ into the droplet and thus
depletion of tRNA™ from the cytoplasm, yield-
ing a high concentration gradient between cyto-
plasm and OT organelle (fig. S7).

We next performed staining for ribosomes
to see whether they colocalize to the OTX*!
organelle. IF staining of the ribosomal protein
RPL26L1 showed its distribution throughout the
cell but also an enrichment at the OT¥**! or-
ganelle [Fig. 4, B and C, two-dimensional (2D)
projection and a 3D reconstruction; movie S1;
and fig. S8), demonstrating partial ribosome re-
cruitment, tentatively owing to binding to mRNA::
ms2 during translation. We conclude that only
ribosomes sufficiently immersed into the tRNA™
gradient can perform codon suppression effi-
ciently. This also visualizes the mobility of a set
of ribosomes in the cell. High mobility can also
explain why we were even able to express the
membrane protein INSR (Fig. 3C) because for
orthogonal translation of a membrane protein,
two things must happen either sequentially or
at the same time: The translating ribosome needs
to interact with the ER and with the OT organelle.
Together, this body of evidence strongly suggests
that selective orthogonal translation happens
within close proximity of the OT organelles, po-
tentially even inside the organelle, by a set of
recruited ribosomes that are near or fully im-
mersed into a concentrated pool of tRNAML
tRNA™ itself is recruited to the OT¥***! organ-
elle because of its affinity for assembler::PylRS
and can readily copartition into the droplet to be
aminoacylated with its cognate ncAA, whereas
assembler::MCP recruits ms2-tagged mRNA. This
in turn attracts ribosomes to migrate to the dense
phase formed by the dual assembler system
(K2::P1 = KIF16B::FUS::PylRS and KIF16B::
EWSR1::MCP), which maintains access to other
translation factors for translation to function
(Fig. 4D). Ribosomes elsewhere in the cytoplasm
that are not exposed to tRNA™ perform their
canonical function to terminate translation when-
ever they encounter a stop codon.

Our route to enable orthogonal translation
required only five extra components and repre-
sents an important step toward generating semi-
synthetic eukaryotic organisms that can potentially
follow what has been dubbed the “orthogonal
central dogma” (30). The OT organelle also rep-
resents a general strategy for tailoring complex
functions in eukaryotes by mimicking the evolu-
tionary concept to build distinct, but membrane-
less, organelles inside eukaryotic cells. Proteins
such as FUS, EWSR1, and SPD5 have many vital
functions in the cell, and we cannot exclude the
possibility that the lower expression yield (half,
in many cases) we observed is also due to over-
expression of components of the OT organelle.
The need to combine two different assembly strat-
egies (phase separation-based assemblers with
spatial targeting by using kinesin truncations)
puts potentially an additional burden on the cell.
However, our understanding of phase separation
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is developing dramatically, such as the identifi-
cation of amino acid sequences that can be used
to make layered droplets (31). We can thus expect
future versions of this technology to afford even
better selectivity, efficiency, and the ability to
bestow additional functions on the OT organelle
or for constructing other novel organelles with
new functions.

Materials and methods
Cell culture

HEK293T cells (ATCC CRL-3216) and COS-7 cells
(Sigma-Aldrich 87021302) were maintained in
Dulbecco's modified Eagle's medium (DMEM,
Gibco 41965-039) supplemented with 1% penicillin-
streptomycin (Sigma-Aldrich P0781), 1% L-Glutamine
(Sigma-Aldrich G7513), 1% sodium pyruvate (Life
Technologies 11360), and 10% FBS (Sigma-Aldrich
F7524;). Cells were cultured at 37°C in a 5% CO,
atmosphere and passaged every 2-3 days up to
20 passages.

In all cases, cells were seeded 15-20 hours prior
to transfection at a density resulting in 70-80%
confluency at the time of transfection. Flow cy-
tometry was performed using 24-well plates
with plastic bottom (Nunclon Delta Surface
ThermoScientific). IF labeling and FISH were
performed on 24-well plates with glass bottom
(Greiner Bio-One) or four-well chambered Lab-
Tek #1.0 borosilicate coverglass (ThermoFisher).

Constructs, cloning, and mutagenesis

Dual-color reporters: The dual fluorescent pro-
tein reporters were cloned in a pBI-CMV1 vector
(Clontech 631630), with ms2 tagged fluorescence
protein (MRNA) version in one multiple cloning
site and ms?2 free version in the other. GFP*™¢!
or mC] 85TAG \were used as N-terminal fusions
with nuclear localization sequences (NLS). Similar
reporters for Ochre and Opal suppression were
prepared (with GFP?*™4 mCherry'®*™4 and
GFP?9TA mCherry'®°T¢4, respectively).

NLS::GFP?™6::ms2 reporter: NLS::GEP*™¢
was cloned with two copies of ms2 loops into
the pBI-CMV1 vector as a reporter for successful
Amber suppression for imaging experiments.

Double and triple Amber GFP: Position 149
and subsequently position 182 of GFP were
mutated to TAG to obtain pBI-CMV constructs
with multiple amber codons, these constructs
did not have mCherry in the second multiple
cloning site.

OT organelle constructs: Pyrrolysyl tRNA was
cloned under the control of a human U6 (hU6)
promoter, and all other constructs were under
CMV (cytomegalovirus) promoters cloned in the
pcDNA3.1 (Invitrogen V86020) vector. MCP was
cloned from the Addgene plasmid #31230 and
FUS from the Addgene plasmid #26374. In all
FUS fusions, amino acids 1-478 were used, re-
placing the C-terminal NLS region by a Flag-tag.
In all pyrrolysine synthetase fusions the previ-
ously reported efficient NES::PyIRS*Y (Y306A,
Y384F) sequence was used (21, 28). NES::PylRS™
(N346A, C348A) was cloned via site-directed
mutagenesis starting from NES::PyIRS"”. The
SPD5 gene was ordered from Genewiz and fused
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Fig. 4. OT organelles enrich tRNAPY' and
ribosomes for orthogonal translation. (A) IF and
FISH imaging of HEK293T cells expressing

tRNAPY! and the indicated system. For simplicity
and to direct the eye, in all imaging experiments, a
simple NLS::GFP3°TA%::ms2 (nuclear staining)

was used instead of the dual-color reporter.
Green-colored nuclei report on faithful

Amber suppression of the cells (shown only

in overlay). Shown from left to right are

|IF against PyIRS in magenta, FISH against

tRNAPY! in yellow, overlay, and magnified images of
representative cells (red boxes and red arrows
highlight representative structures). Scale

bars, 20 um. (B) Maximum intensity Z-projection

of IF image Z-stacks of HEK293T cells transfected with
constructs encoding OTK?*"! organelle and
NLS::GFP3°TA%::ms2 in the presence of SCO and
tRNAPY! Shown from left to right are IF against
PyIRS (magenta), IF against RPL26L1 (cyan),

merge (NLS::GFP39T™C::ms2 is shown in green in all
images), and line profiles for the PyIRS and
RPL26L1 channels (red line, magenta and cyan
curves, respectively). Scale bar, 20 um. (C) 3D
reconstructions of IF images corresponding to those in
(B) and movie S1. Shown from left to right are IF
against PyIRS (magenta), IF against RPL26L1
(cyan), and merge [NLS::GFP3°TAC::ms2 in green; gray
dashed lines highlight approximate cell boundaries in
(B) and (C)]. RPL26L1 staining of the OT organelle
demonstrates partial recruitment of ribosomes,
which appear to be immersed into the organelle.
(D) Working model of OT*2*PL.organelle-enabled
orthogonal translation. KIF16B::FUS::PyIRS and
KIF16B::EWSR1::MCP form a spatially separated
organelle inside a living cell. PyIRS recruits tRNA™' and
largely depletes its availability in the cytoplasm,
whereas MCP recruits ms2-tagged mRNA.
Ribosomes and other translation factors are
recruited to the organelle for orthogonal translation.
Because the charged tRNA™' is now in close
proximity to only the recruited mRNA of the

POl and the spatially distinct set of ribosomes, the
selected stop codon can only be translated in the
immediate vicinity of the synthetic OT organelle.
Meanwhile, all other mRNAs that are not

recruited to the OT organelle are subject to

normal translational processing of the host
machinery and available ribosomes in the

remaining cytoplasm—that is, a stop codon

will terminate translation. The assembly order

of the OT organelle is unknown and is only

shown here with arrows for illustrative purposes.

PyIRS (IF)

PyIRS

&

P1

b

K2

i

Bk
K2::P1

K2::P1

C PyIRS,

NLS::GFP*™%::ms2

K2::P1

D in cell organelle formation

KIF16B::FUS::PyIRS

K

KIF16B::EWSR1::MCP

merge (tRNA™, PyIRS,

TRNA™M (FISH) NLS::GFP*™¢::ms2) magnified

distance (um)

RPL26L1,
NLS::GFP*™::ms2

PyIRS, RPL26L1,
NLS::GFP*™¢::ms2

orthogonal translation by the OT**** organelle

Ly

mRNA::ms2 and
tRNA™ recruitment

ribosome recruitment

to MCP and PylRS*" via restriction cloning.
KIF13A,.4;; and KIF16B;_,00 were cloned from
human cDNA and inserted into pcDNA3.1 via
restriction cloning. P390 of KIF13A4;4; was removed
via site-directed mutagenesis. KIFI34;.4;4p300 and
KIFI6B, 4, fusions with MCP, PyIRS*F, EWSRI::

Reinkemeier et al., Science 363, eaaw2644 (2019)

MCP, FUS::PyIRS, FUS::PylRS™, SPD5::MCP,
and SPD5::PylRSYY were assembled via Gibson
assembly (32).

Constructs for differential imaging experi-
ments (Fig. 3): To selectively express Nup153::
GFP™9TAG and Vimentin'6"A%::mOrange, one

29 March 2019

gene was first inserted with ms2 loops into
pBI-CMV1 (21). Subsequently, the other gene
was inserted without ms2 loops. INSR767€; .
mOrange was fused to ms2 loops by replacing
VIM™™C.:mOrange in the pBI vector bearing
NUPI53::GFP™™C and VIM™™C:mOrange::ms2
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to yield a bicistronic vector with INSRC70%C::
mOrange in one and NUPI53::GFP'*9™4% in the
other cassette.

Multicistronic Amber suppression vectors:
For ease of experiments with the OT¥*! organ-
elle we generated multicistronic vectors harbor-
ing all necessary components. To assemble
multicistronic Amber suppression vectors, first
one copy of tRNA under the control of a hU6
promoter was inserted into the pBI-CMV1 vec-
tor via Gibson assembly. Subsequently, first
KIF16B::FUS::PyIRS** and finally KIFI6B::
EWSRI::MCP were inserted via Gibson assembly.
Alternatively, a previously published pcDNA3.1
based construct (21) expressing NES::PylRSAT
under a CMV promoter and tRNA™ under a hU6
promoter was used. Alternatively, hU6-tRNA™
and NES::PylRS*" or the components of OT¥*F!
were inserted into a pDonor vector (GeneCopoeia).
These constructs were used for all experiments
in COS-7 and for ribosome/tubulin imaging
experiments.

OT®%¥! construct tagging with iRFP (fig. S8):
To exclude the possibility of staining artefacts
we replaced the KIFI6B:FUS::PylRS‘Y in the
multicistronic pBI-CMV1 vector with a KIF16B::
iRFP::FUS::PylRS™" fusion via Gibson assembly.
The final construct additionally encodes KIF16B::
EWSR1::MCP and tRNA™,

Transfections and used ncAAs

Transfections of HEK293T cells were per-
formed with polyethylenimine (PEI, Sigma-
Aldrich 408727) using 3 ug PEI per 1 ug DNA
(1200 ng total DNA, diluted in DMEM without
Phenol Red, Gibco11880-028). COS-7 cells were
transfected using the JetPrime reagent (PeqLab)
according to the manufacturer’s recommenda-
tions at a ratio of 1:2 (1000 ng total DNA).

For Amber suppression system tests, cells were
transfected at a ratio of a 1:1:1:1 with POI™€ vec-
tors, tRNA™, PylRS assembler fusions and MCP
assembler fusions or mock constructs. 4-6 hours
after transfection, the medium was swapped to
fresh one containing ncAA. HEK293T cells were
analyzed one day after transfection, while COS-7
cells were processed after two days.

Stock and working solutions for all the used
ncAAs were prepared as described in previous
work (33). SCO (cyclooctyne lysine, SiChem SC-
8000) was used at a final concentration of 250 uM,
while 3-ITodophenylalanine (Chem-Impex Interna-
tional Inc.) was used at a final concentration of
1 mM. SCO is efficiently recognized by PylRS*"
(Y306A, Y384F) (23) while 3-Iodophenylalanine
is recognized by PyIRS** (C346A, N348A) (27).

Flow cytometry

HEK293T cells were harvested 1 day after trans-
fection by removing the medium, resuspending
the cells in 1xPBS (phosphate buffered saline)
and passing them through 100 um nylon mesh.
Data acquisition was performed on an
LSRFortessa SORP Cell Analyzer (BD). Analysis
was done using the FlowJo software (FlowJo).
Cells were first gated by cell type (using FSC-A x
SSC-A parameters) and then by single cell (SSC-

Reinkemeier et al., Science 363, eaaw2644 (2019)

A x SSC-W). The workflow of cell gating is shown
in Fig. S9. Each shown FFC plot is the sum of
three independent biological replicates from
which the mean and SEM were calculated. At
least 130000 single cells were analyzed per con-
dition. Lastly, fluorescence was acquired in the
488-530/30 channel for GFP signal and in the
561-610/20 channel for mCherry signal.

IF labeling, FISH, and confocal imaging

IF: For immunolabeling experiments, cells were
rinsed with PBS, fixed in 2% paraformaldehyde
in 1xPBS at room temperature (RT) for 10 min.

Alternatively, if cells were stained for a-Tubulin,
they were rinsed with DMEM without Phenol
Red and subsequently fixed in a buffer to
preserve microtubule structures (100 mM 1,4~
Piperazinediethanesulfonic acid (PIPES), 1 mM
MgCl,, 0.1 mM CaCl,, 0.1% Triton-x-100 and
2% PFA; pH = 7) for 10 min at RT.

Subsequently, cells were rinsed with PBS and
permeabilized with 0.5% Triton-x-100 solution in
IxPBS for 15 min at RT and rinsed twice prior to
blocking. Samples were blocked in 3% BSA in
1xPBS for 90 min at RT, after which incubation
with the primary antibody was done overnight at
4°C in blocking solution (Abpyrs (1 ug/mL (21)),
Abyicp Merck ABE76-1, 1:333), Abg, 1yubuiin (Sigma-
Aldrich T6199, 2 ug/mL) and/or Abgpy o611 (Abcam
ab137046, 1:200)). The next day, cells were rinsed
with PBS and incubated with secondary anti-
body (ThermoFisher A-21471, A-31553 and/or
A-21246, at 2 or 4 pug/mL in blocking solution)
for 60 min at RT. Then, cells were rinsed with
PBS and fresh PBS was added for imaging.

If only DNA was stained, cells were fixed and
permeabilized the same way prior to staining
with Hoechst 33342 (Sigma-Aldrich B2261) at
1 ug/mLin 1xPBS for 10 min at RT. Subsequently,
cells were rinsed with PBS and fresh PBS was
added for imaging.

FISH: FISH experiments were performed
one day after transfection analogously to de-
scribed previously (21). Briefly, the hybridization
protocol was adapted for 24-well plates from
Pierce et al. (34). In general, IF stainings appear
crisper then FISH stainings.

For imaging of only tRNA™" the hybridization
probe (5'(Cy5)-CTAACCCGGCTGAACGGATTTAG-
AGTCCATTCGATC-3') was used at 0.25 uM (hy-
bridization at 37°C, overnight). After four washes
with saline sodium citrate buffer (SSC) and one
wash with Tris-HCleNaCl buffer (TN), cells were
incubated for 1 hour at RT in 3% BSA prior to IF
labeling. Cells were incubated with primary anti-
bodies for 2 hours at RT, rinsed with PBS and
incubated with secondary antibodies for 2 hours
at RT (antibodies described above). Finally, cells
were rinsed with PBS and fresh PBS was added
for imaging.

For imaging of both tRNA™ and mRNA::ms2,
the hybridization probe for tRNA™ (5-(DIG)-
CTAACCCGGCTGAACGGATTTAGAGTCCATTC-
GATC-3") was used at 0.16 uM, and the probe for
ms2 (5'(Alexa647-CTGCAGACATGGGTGATCCTCA-
TGTTTTCTA) was used at 0.75 uM. After the SSC
washes, cells were incubated for 1 hour at RT in
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blocking buffer (0.1 M TrisHCl, 150 mM Nacl, 1x
blocking reagent (Sigma-Aldrich 11096176001).
Then, cells were incubated with anti-digoxigenin-
fluorescein antibody (Sigma-Aldrich 11207741910)
at a 1:200 dilution in blocking buffer overnight at
4°C. The next day, 3 washes of 5 min were done in
Tween buffer (0.1 M TrisHC, 150 mM NacCl, 0.5%
Tween20), before cells were rinsed with PBS and
fresh PBS was added for imaging.

Imaging: Confocal images were acquired on a
Leica SP8 STED 3X microscope using the 405 nm
(for Hoechst), 488 nm (for fluorescein, GFP),
548 nm (mOrange), 594 nm (for Alexa594) and
647 nm (for Alexa647, Cy5) laser lines for excita-
tion. For HEK293T and COS-7 cells a 63x/1.40 oil
immersion objective was used. IF images with
ribosomes, microtubules, and/or iRFP were taken
on an Olympus Fluoroview FV3000 microscope
using 405 nm (Alexa405), 488 nm (GFP), 594 nm
(for Alexa594), and 640 nm (for Alexa 647 and
iRFP) lasers for excitation with a 60x/1.40 oil
immersion objective for acquisition. Images were
processed using FIJI software.

3D Reconstruction

3D reconstructions in Fig. 4C and corresponding
movie S1 were made by using the arivis Vision4D
software (arivis AG).
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Fig. S1. FFC dot plot data corresponding to the bar graph in Fig. 2.

FFC of HEK293T cells expressing the dual-color reporter (mCherry!83T4G tagged with ms2
loops and GFP*TA%) {RNA™! and the indicated system. Plots show the sum of at least three
independent experiments and the axes represent fluorescence intensities in arbitrary units. For
transfections with PylRSY30A- Y384F (pyR SAF) encoding constructs, the ncAA SCO (cyclooctynyl
lysine) was added at a concentration of 250 pM, for Pyl[RSN3464 C3484 (py]R SAA)
3-iodophenylalanine was added at a concentration of 1 mM (structures indicate used ncAAs). In
addition also Opal (TGA) and Ochre (TAA) stop codons were tested by performing experiments
with GFP**T%AemCherry'#T6%::ms2 or GFP*TAsmCherry!'®TA%::ms2 respectively (tRNAPY in
these cases with the corresponding anticodons UCA or UUA). In the absence of ncAA, only very
low background expression of mCherry and GFP is detected (for this minor background
population, the efficiency was typically lower than 3% and the selectivity < 1.7 fold). In row 2
and 3 also data sets are show that did not contain MCP (corresponding to bar graph in maintext
Fig. 2). Those serve as a negative control to validate that any observed selectivity effect is
dependent on the interaction of MCP with ms2.



300 ng

60 ng

12 ng

amount tRNA construct

2.4 ng

0.48 ng

mCherry fluorescence (A.U.)

PyIRS

K2::P1

K2::P2

prvgrey T T . prmgery r T v gy T T v
4 3 4 5 3 4 5
0 10 10 10 o 10 10 10 0 10 10 10
54 5]
10 10
4 |
10 3
prmgeey T T v gy T T T prmgreny T T v
4 5 3 4 5 3 4 5
0 10 10 10 0 10 10 10 0 10 10 10
J 5]
10 10
J 4 ]
10 10
4 3]
10 10
3 46 ‘
09 09
progeey T T v prmgery ey v prmgre . r v
4 4 3 4 5

3 5
o] 10 10 10

GFP fluorescence (A.U.)

10

10

[y
o
| N N N N T N Y N N I A |

wv

[y

=
o
| N N T N T T N N A A |

wv

[y

oy
— wv o
T T T T T Y I |

fold change (mCherry/GFP)

=
o
| N N N N T N Y N A |

w

[y

=
o
| N N N N N N Y N O A |

w

[y

R

E EERE

Fig. S2. The OT organelles function across a large dynamic working range of Amber

suppression efficiency.

The concentration of tRNA™! is known to be very important for Amber suppression (21).
Here we titrated the amount of tZRNA™" (ng of plasmid DNA given) to determine that the
observed OT selectivity effect is robust across a large concentration and efficiency range of
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Amber suppression. Shown are the corresponding FFC data as well as the bar plot analysis for
the tested cytoplasmic PyIRS (grey bar), the OT*?*?! (blue bar) and the OT*?*P2 (green bar)
systems. To this end, HEK293T cells were transfected with the dual-color reporter
(mCherry'®3™6 tagged with ms2 loops and GFP**™%) and the indicated genetic code expansion
system (300 ng each plasmid). Each system was tested against a range of tRNA™ encoding
constructs, while the total amount of DNA was adjusted to be kept constant by addition of a
mock plasmid. All experiments were performed in the presence of SCO. Dot plots show the sum
of three independent experiments and axes indicate fluorescence intensity in arbitrary units. The
bar plots show the ratio of mCherry to GFP signal normalized to the transfection with the
cytoplasmic Py/RS and 300 ng tRNA™ construct. Shown are mean values with SEM of three
independent experiments. The selectivity gain of the two best performing OT organelles is robust
(>5.5 and <10 fold) even across a three order of magnitude change in tRNA" amount.
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Fig. S3. Additional validations that the OT organelle selectivity is dependent on the
complex formation of MCP with ms2 loops.

(A) FFC analysis of HEK293T cells expressing the dual-color reporter (mCherry!'#TAS

tagged with ms2 loops and GFP3TA%) tRNAFPY and the indicated system. SCO was present in all
cases. The result clearly shows that proper function (i.e. selective expression of only the ms2-



tagged mCherry'®°TA%) of the OT organelles is dependent on the presence of MCP, since in the
absence of MCP the FFC plots show a diagonal distribution similar to the cytoplasmic PyIRS
system. (B) FFC analysis of HEK293T cells expressing an inverted dual-color reporter (relative
to main text, since here GFP3°TAS was tagged with ms2 loops instead of the mCherry!$3TAS),
tRNAP! and the indicated system. In the presence of the OT organelles (K2::P1, K2::P2,
K1::P1 and K1::P2), now GFP is preferentially expressed. The result demonstrates that
swapping the ms2-tag on the dual-color reporter swaps also the FFC signal. All FFC plots show
the sum of at least three independent experiments, the axes represent fluorescence intensity in
arbitrary units.
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Fig. S4.The OTX?:?1 grganelle permits suppression of multiple Amber codons.

HEK293T cells were transfected with constructs encoding tRNAPY together with either
cytoplasmic PyIRS or the OTX%P! organelle and either a construct encoding the single color
reporter GFP3?TAG 199TAG: :11) (dual Amber construct) or GFP37TAG, 49TAG, I82TAG. . ;g7 (triple
Amber construct) and analyzed via FFC. Plots show the sum of at least three independent
experiments. Axes indicate side scatter height (SSC-H) vs GFP fluorescence intensity in
arbitrary units. The data clearly show that like the cytoplasmic PyIRS, the OTX**! organelle is
capable of efficiently suppressing multiple Amber codons in one construct (~ 47% for dual
Amber and ~ 53% for triple Amber relative to the corresponding cytoplasmic PyIRS system for
all cells with GFP fluorescence A.U. units >107).
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Fig. S5. The versatile OTX?*?1 organelle enables selective and efficient orthogonal
translation of a variety of proteins (this figure shows the complementary HEK293T or
COS-7 experiments to maintext Fig. 3).

(A-C) Confocal images of cells transfected with constructs encoding PyIRS or the OTX2*P!
organelle for different protein pairs. SCO and tRNA™! were present in all cases. (A) COS-7 cells
were transfected with NUP153::GFP!#™6: :ms2 and VIM''5™S: :mOrange. (B,C)

VIM!T4G - - mOrange::ms2 and NUP153.::GFP*™G transfected in COS-7 cells ((B), analog to
maintext Fig. 3B) and HEK293T cells (C). Top to bottom: Vimentin''®TAS::mOrange (magenta),
Nup153::GFP'*¥TAS (yellow), overlay with Hoechst (cyan) and magnified images of
representative cells (see red boxes; scale bars, 20 um). The experiments clearly show for a
variety of proteins and two different cell types, that in the presence of the OTX**P! organelle, only
the ms2 carrying mRNA is translated, while the cytoplasmic PylRS system always translates
both.
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Fig. S6. Different dual imaging combinations to verify that assembler::MCP always
colocalizes with assembler::PyIRS.

(A) In maintext Fig. 4 we showed that tRNA™! (visualized by FISH) and PyIRS (visualized
by IF) colocalize well. Complementary to this, here we show that also PylRS and MCP fused to
the assemblers colocalize. IF of HEK293T cells expressing NLS::GFP**TAS::ms2 with tRNA™
and the indicated system. Note, that in general IF stainings appear crisper than FISH stainings.
Left to right: PylRS (magenta), MCP (yellow), merge (NLS::GFP**TAS::ms2 in green) and
magnified image (see red box). NLS::GFP**TAC yields nuclear fluorescence only if Amber
suppression was successful, and helps here to identify cells in which transfection with all
necessary plasmids occurred. All magnified zooms were centered on GFP positive cells.
However, color settings were kept constant through this work for consistency and GFP
expression differed between tested system (and cells), consistent with the observed Amber
suppression efficiencies for the different systems, which in some cases were very low. Scale bars
are 20 pm and in all magnified images red arrows point to representative structures as discussed
in maintext Fig. 4.
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Fig. S7. PyIRS and tRNAPY! colocalize for different KIF and SPD5 assembler systems
(complementary to maintext Fig. 4).

In maintext Fig. 4 we showed colocalization of tRNA™ and PyIRS for assembler systems
P1, K2 and K2::P1. Here we show that they also colocalize for P2, K2::P2, K1, K1::P1 and
K1::P2. IF and FISH imaging of HEK293T cells expressing tRNAPY, NLS::GFP**TAS::ms2 and
the indicated system. Top to bottom: IF against PyIRS (magenta), FISH against tRNAPY!
(yellow), merge (NLS::GFP*TA%::ms2 in green) and magnified images of representative cells
(see red boxes, red arrows highlight representative structures as discussed in maintext Fig. 4,
scale bars, 20 um). All magnified zooms were centered on GFP positive cells. However, color
settings were kept constant through this work for consistency and GFP expression differed
between tested system (and cells), consistent with the observed Amber suppression efficiencies
for the different systems, which in some cases were very low.

The colocalization analysis is in line with the working hypothesis that selectivity is highly
dependent on the partition coefficient of tRNAP into the OT organelle. For the three systems
where droplet appearance is clearly visible (P1, P2, K2::P1), a qualitative analysis of the relative
intensity ratio (IR) of droplets vs. cytoplasm (here used as a qualitative proxy for the partition
coefficient; IR = intensity of droplets/intensity in cytoplasm) correlates well with the observed
selectivity yielding IR(K2::P1) >> IR(P2) ~ IR(P1). However, despite the general challenges of
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quantitative imaging in cells to establish exact concentrations of proteins (29), the fact that we
compare droplets of very different size make absolute quantitation very difficult. In addition, all
those system show some selectivity, indicative of a depletion of tRNAPY from the cytoplasm to
varying degrees. The remaining tRNAPY levels in the cytoplasm are hardly distinguishable from
background fluorescence, so that we found any form of quantitation to be highly dependent on
set parameters (threshold, background correction etc.). The trend, however was robust
IR(K2::P1) >> IR(P2) ~ IR(P1). We suggest that in the future quantitative technologies such as
in cell fluorescence correlation spectroscopy or quantitative super resolution microscopy could
be used to measure the concentration of compounds in the droplet directly.
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Fig. S8. RPL26L1, a-Tubulin and mRNA::ms2 colocalize with OTX?:P1 grganelle, its
structure is not changed by the presence of mRNA::ms2.

(A) Maximum intensity Z-projection of IF of either untransfected HEK293T cells or
HEK293T cells transfected with tRNAPY, NLS::GFP3°T4%::ms2 and PyIRS or OT*?*?! encoding
constructs. Left to right: a-Tubulin (yellow), PylRS (magenta), RPL26L1 (cyan) and merge
(NLS::GFP*T6::ms2 in green, scale bars 20 um). This image series shows that microtubules
and ribosomes colocalize in the OTXP! organelle.

(B) In Fig. 4, S6 and S7 we have shown that tRNAPYL PyIRS, MCP colocalize to OT
organelles. Here we use FISH against mRNA::ms2 to visualize that also our targeted mRNA was
recruited to the OTX**P! organelle. FISH was performed in HEK293T cells expressing the dual-
color reporter mRNAs (GFP**TAS, mCherry'®746::ms2) as well as tRNA™ and PyIRS or the
OTX%P! organelle (here, no ncAA was present to avoid formation of fluorescent proteins
interfering with image analysis). Left to right ms2 (magenta), tRNAPY! (yellow), merge and
magnified images (see red box).

(C) Maximum intensity Z-projection of IF of HEK293T cells expressing with tRNAPY,
NLS::GFP¥™6::ms2 and OT****!_ in which KIF16B::FUS::PyIRS is genetically tagged with
iRFP. Left to right: a-Tubulin (yellow), PylRS (magenta), iRFP (cyan) and merge
(NLS::GFP*T6::ms2 in green). This image series shows that the hollow appearance of the
OTX?*™! organelle cannot be attributed to a staining artefact. We believe that the hollow
appearance is rather linked to scaffolding to the Tubulin network, but not necessarily of
functional relevance.

(D) IF of HEK293T cells transfected with constructs encoding tRNA™, OT*?*P! and
either a mock plasmid or a plasmid encoding NLS::GFP3°TACG::ms2. Left to right: PyIRS
(magenta), MCP (yellow), merge (NLS::GFP**T4%::ms2 in green) and magnified image (see red
box). This image series shows that in OT*?*P! droplet-like appearance and colocalization of MCP
and PyIRS was detectable in cells expressing mRNA::ms2 and in cells without, indicating, that
droplet formation did not depend on RNA recruitment.

(A-D) All scale bars are 20 pm and red arrows point to representative structures.
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Fig. S9. Single HEK293T cells were sequentially identified based on scatter values.

As a representative example HEK293T cells expressing PyIRS, tRNAPY and the dual-color
reporter (mCherry'#746::ms2 and GFP**T4%) are shown (SCO was present in this experiment).
Cells were first gated by cell type using forward scatter area (FSC-A) and side scatter area
(SSC-A) parameters. Subsequently, single cells were identified based on SSC-A and side scatter
width (SSC-W). Percentage next to gate name is based on the parent population (all data for
SSC-A vs. FSC-A, HEK293T for SSC-A vs SSC-W). Cells passing the first gate (left panel) are
further gated in the second (right) panel. All FFC data shown in this study were subjected to this

analysis.
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Movie 1: Complementary to maintext Fig. 4C here we show a movie of the 3D
reconstruction.

3D reconstructions of IF images corresponding to those in maintext Fig. 4B,C.
NLS::GFP**T™S::ms2 (green), IF against RPL26L1 (cyan) and IF against PylRS (magenta).
RPL26L1 staining inside the OT organelle demonstrates recruitment of ribosomes.
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news & views

Three versatile and mutually orthogonal tRNA/aminoacyl-tRNA synthetase pairs have been developed.
Collectively, these pairs enable the site-specific incorporation of three different non-canonical amino acids into a

protein that can still be terminated faithfully by a natural stop codon.

Christopher D. Reinkemeier and Edward A. Lemke

Genetic code expansion enables
site-specific incorporation of non-canonical
amino acids (ncAAs) into proteins by the
ribosome, and has been developed to encode
over 200 diverse ncAAs during the past
few decades of research. This technology
depends on orthogonal transfer RNA/
aminoacyl-tRNA synthetase (tRNA/RS)
pairs, and blank codons that can be inserted
into the protein coding sequence to achieve
site-specificity. An orthogonal tRNA/RS
pair has to fulfil the following three

he genetic code is the universal rule

book determining how proteins are

synthesized at the ribosome. It is
conserved throughout all domains of life,
yet despite its simplicity it gives rise to the
diversity seen across biology. It is, however,
limited to encode canonical amino acids
and therefore, all proteins are composed of a
small set of chemical functionalities. We can
only imagine what might be possible if the
entire repertoire of chemical functionality
could be explored.
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criteria: the tRNA should only be recognized
by the orthogonal RS and not by an
endogenous one; the orthogonal RS may

not bind any endogenous tRNA; and the
orthogonal RS should only bind the ncAA
and no canonical amino acid. The anticodon
of the orthogonal tRNA is typically mutated
to decode a rare amber stop codon that is
introduced into the mRNA of the protein

of interest at a chosen site. However, even
rare amber stop codons still occur many
times in the transcriptome, and background

/Onhogonal ribosome

oS
Orthogonal
translation

Protein site-specifically modified
with three distinct ncAAs

Fig. 1| Mutually orthogonal tRNAP'/PyIRS systems enable advanced protein engineering. Combining three orthogonal tRNA™!/PyIRS based systems with
orthogonal quadruplet decoding ribosomes enables the selective incorporation of three distinct ncAAs into one faithfully terminated protein. PyIRS enzymes
are classified into three separate classes: one containing an N-terminal domain that binds the variable loop of tRNA™ (PyIRS shown in green), and two
functionally distinct ANPyIRS classes (shown in blue and orange). By exploring natural diversity and combining this with directed evolution of the tRNAP!
variants, these three pairs were made orthogonal to each other (black arrows indicate amino acylation activity, grey arrows indicate residual amino acylation,
blunt arrows indicate orthogonality). When combined with specific active site mutations and orthogonal ribosomes these pairs enable the incorporation

of three different ncAAs (indicated by blue, green and orange stars, respectively) into a protein by decoding an amber stop codon, as well as two different

quadruplet codons.
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incorporations into untargeted proteins that
naturally terminate on the amber codon are
always a concern — which might not be the
case when proteins are removed from the
cell and subsequently purified.

For synthesizing truly artificial proteins,
with multiple different ncAAs, the number
of blank codons and orthogonal tRNA/RS
pairs is limiting. In E. coli multiple blank
codons have been established by three
independent approaches. Firstly, artificial
base pairs can be inserted into the genome,
transcribed into RNA and decoded at the
ribosome'; secondly, orthogonal ribosomes
can efficiently translate quadruplet codons?
and thirdly, recent advances in genome
engineering make it possible to remove
entire codons from E. coli genomes, which
can then be freely reassigned’. These free
codons now need to be matched by the
corresponding numbers of orthogonal
tRNA/RS pairs if one aims to expand on the
existing genetic code.

Despite substantial efforts, up to now only
a handful of orthogonal tRNA/RS pairs have
been discovered. Two additional practical
limitations for most orthogonal tRNA/RS
pairs are the difficulties of incorporating
diverse ncAAs by adapting the substrate
specificity of the RS and decoding different
codons by changing the anticodon of the
tRNA, as many RSs have a narrow substrate
range and bind to the anticodon of their
cognate tRNA. The most widely used
example of this category is the tRNA""/
tyrosyl tRNA synthetase pair derived from
Methanocaldococcus jannashii (Mj), which has
been evolved to incorporate many different
ncAAs. It is also possible to obtain mutually
orthogonal MjTyrRS pairs by directed
evolution of both the tRNA and the RS*.

In contrast to most other orthogonal
tRNA/RS pairs, the pyrrolysyl tRNA/tRNA
synthetase pairs derived from methanogenic
archaea bacteria [tRNA™/PyIRS from
Methanosarcina mazei (Mm) or -barkeri
(Mb)] do not bind the anticodon loop of the
tRNA, so the anticodon can easily be chosen
to reprogram any codon. Additionally, PyIRS
systems naturally have a broad substrate
specificity and the wild-type itself does
not bind any canonical amino acid. This,
and the fact that PyIRS is orthogonal in
both eukaryotes and bacteria, have made
it arguably one of the most useful genetic
code expansion tools. Nevertheless, having
more tRNAP/PyIRS pairs that are mutually
orthogonal to each other would dramatically
increase the power of the method, as this
would enable researchers to harness the
diversity of active site mutants to encode
various ncAAs and to easily change the
target codon. Writing in Nature Chemistry,
a team led by Jason W. Chin now reports’
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an elegant method to use multiple different
tRNAP/PyIRS pairs to encode multiple
ncAAs into proteins in E. coli.

Recently, PylRS variants that lack the
N-terminal domain found in the closely
related Mm- or MbPyIRS pairs were
discovered and evolved to be orthogonal to
MmPyIRS*’. The team has now expanded on
this approach by identifying a third class of
PyIRS enzymes and developing a system with
three mutually orthogonal tRNAP/PyIRS
variants. Intriguingly, based on sequence data
and functionality the tRNA™/PyIRS systems
can be classified in three distinct classes:
one class having an N-terminal domain
binding to the variable loop (+N class) and
two functionally distinct classes without the
N-terminal domain, termed class A and B.
Although these three native classes already
show some degree of orthogonality, there
is still substantial cross reactivity, hence the
team looked to optimize them to create three
fully orthogonal systems.

In particular, they needed to develop (1)
a tRNA that is a substrate for MmPyIRS but
orthogonal to both ANPyIRS classes, (2) a
tRNA that is a substrate for ANPyIRS class
A but not for MmPyIRS or ANPyIRS class B;
and (3) a tRNA that is exclusively a substrate
for ANPYIRS class B. To discover a tRNA
for MmPyIRS the team tested evolutionarily
related tRNAP! variants belonging to the
+NPyIRS class. This enabled them to
identify that tRNA™! from Methanosarcina
spelaei (SpetRNA™) — although only
having one point mutation in the acceptor
stem loop compared to MmtRNA™ — is
completely orthogonal to both ANPyIRS
classes, while retaining activity with
MmPyIRS.

In their previous work the team
demonstrated that extending the variable
loop of the class A ANtRNAP can establish
orthogonality to MmPyIRS®. By screening
several variable loop mutants they could
identify some that are also orthogonal
to class B ANPyIRS. To obtain three
independent, fully orthogonal systems,
however, they still needed to discover a
tRNAP that is exclusively a class B ANPyIRS
substrate. All native tRNAP variants for
class B ANPyIRS variants are also substrates
for class A ANPyIRS variants and MmPyIRS.
Therefore, Chin and co-workers performed
directed evolution to eliminate cross
reactivity with the other synthetase classes.
To this end, they used two complementary
strategies: in an approach that was analogous
to their previous work they created a
library with an extended variable loop;
additionally, they screened a library with
a randomized acceptor stem loop. In both
libraries they discovered better hits than
the parent tRNA™, but none with sufficient

orthogonality. However, they found that
when they combined mutations from both
approaches, the resulting tRNAP"! variants
were fully orthogonal. Using this set of
three mutually orthogonal tRNA™!/PyIRS
systems, and a previously known orthogonal
ribosome that efficiently decodes quadruplet
codons, Chin and co-workers were then
able to site-specifically incorporate three
different ncAAs into one protein that can
still be terminated faithfully by a natural
stop codon (see Fig. 1).

The discovery of these new tRNA™/
PyIRS classes, and their development to
orthogonal genetic code expansion systems,
is an important step towards the genetically
encoded synthesis of fully artificial
polymers. The past 20 years have delivered
roughly five orthogonal RS systems to
expand the genetic code, which have
found applications in many laboratories.
Recently, another elegant method utilizing
genomic data and a high-throughput assay
to explore tRNA orthogonality has been
described, which effectively added another
five orthogonal pairs®. Together, the past
four weeks have more than doubled the
number of orthogonal tRNA/RS pairs,
and we can expect that the number of
applications will do so as well. Currently, the
development of tools for work in E. coli is
much further advanced than in eukaryotes,
but it is becoming easier to transfer genetic
code expansion approaches to study
eukaryotes”', and we will see another
wave of synthetic biology revolutionizing
biochemistry and cellular biology. )
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Inducible Genetic Code Expansion in Eukaryotes

Christine Koehler,*® <% Gemma Estrada Girona,'” Christopher D. Reinkemeier,” " and

Edward A. Lemke*® > d

Genetic code expansion (GCE) is a versatile tool to site-
specifically incorporate a noncanonical amino acid (ncAA) into a
protein, for example, to perform fluorescent labeling inside
living cells. To this end, an orthogonal aminoacyl-tRNA-
synthetase/tRNA (RS/tRNA) pair is used to insert the ncAA in
response to an amber stop codon in the protein of interest.
One of the drawbacks of this system is that, in order to achieve
maximum efficiency, high levels of the orthogonal tRNA are
required, and this could interfere with host cell functionality. To
minimize the adverse effects on the host, we have developed
an inducible GCE system that enables us to switch on tRNA or
RS expression when needed. In particular, we tested different
promotors in the context of the T-REx or Tet-On systems to
control expression of the desired orthogonal tRNA and/or RS.
We discuss our result with respect to the control of GCE
components as well as efficiency. We found that only the T-REx
system enables simultaneous control of tRNA and RS expres-
sion.

Genetic code expansion (GCE) is a powerful method to site-
specifically introduce noncanonical amino acids (ncAAs) into
proteins in vivo. In order to achieve this, most commonly an
orthogonal aminoacyl-tRNA-synthetase/tRNA (RS/tRNA) pair is
used. Usually, the anticodon of the orthogonal tRNA is chosen
to recognize the amber stop codon (TAG). The orthogonal RS
aminoacylates the tRNA with the ncAA, and the tRNA then
suppresses the amber codon to site-specifically incorporate the
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ncAA into the growing peptide chain.” The archaea derived
PyIRS/tRNA™ pairs are among the most popular systems as it is
orthogonal in both Escherichia coli and eukaryotic systems and
over 100 different ncAAs have become available for incorpo-
ration with this RS/tRNA pair.?

To control the expression of synthetase and tRNA, we
developed an inducible amber suppression system that gives us
the opportunity to switch on GCE technology on demand. We
used the T-REx and Tet-On systems to regulate not only the
synthetase gene, but also different kinds of tRNA constructs.

RNA polymerase Il (Pol Il) transcribes protein-coding genes
into mMRNAs and hence controls the expression levels of the
synthetase. tRNA molecules, instead, are transcribed by RNA
polymerase Ill (Pol Ill). Eukaryotic tRNAs contain internal
promoter regions (i.e. A and B boxes); however, the archaeal
tRNA™ lacks these and therefore requires an external Pol Ill-
specific promoter (e.g., U6 or H1) or a bicistronic expression
cassette (derived from Val or Arg tRNA) for efficient
transcription.?**! Major components of a U6 or an H1 promoter
are, besides the TATA box, the distal and proximal sequence
elements (DSE and PSE), which are important for gene
expression.” It is assumed that high levels of tRNAs are needed
for efficient amber suppression.”’ Accumulation of RS and/or
suppressor tRNA could have adverse effects on the host
machinery, as this can lead to mischarging of tRNA and/or read-
through of natural stop codons.”

A better control of amber suppression is demanded, as it
can help to minimize crosstalk with the host machinery. We
developed an inducible GCE method by combining amber
suppression technology with known tetracycline inducible
systems (Scheme 1). Both the T-REx and Tet-On systems rely on
a tet-responsive promoter (Ptet-1 based on the Tn10-specified
tetracycline-resistance operon of E. coli'”) in combination with a
regulatory element, that is, the tetracycline repressor protein
(TetR) or an evolved reverse TetR (rtTA), respectively. This
promoter contains two TetO signals, O1 and 02. The TetO2
signal was further used to develop a tetracycline inducible
system in eukaryotes (for simplicity we refer to this as TetO). In
the T-REx system, TetR binds to the 2xTetO promoter sequence
and blocks protein expression. Upon tetracycline (tet) addition
TetR undergoes structural changes, unbinds the promoter and
transcription can occur.”®

In the Tet-On system, the TetR protein is fused to the
transcription activation domain of the herpes simplex virus
VP16. Introduction of several mutations lead to the reverse
tetracycline-controlled transactivator (rtTA), which binds the
promoter region and induces gene expression only in presence
of doxycycline (dox).”! To improve the Tet-On system, several
attempts have been undertaken, for example, viral evolution

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Scheme 1. Overview of T-REx and Tet-On systems in combination with GCE
technology. Top: Upon addition of tetracycline (tet), the tet-inducible
repressor protein (TetR) unbinds the TetO signals facilitating polymerase (Pol
Il and Pol Ill) binding to the promoter. Production of tRNA and translation of
the synthetase are inducible in the T-REx system, illustrated by the flow
cytometry schemes. The full-length reporter can only be expressed in the
presence of tet and ncAA (yellow diagonal ellipse), but not upon addition of
ncAA alone (red vertical ellipse). The promoter sequence, containing a
2xTetO signal (red box with arrow) leads to expression of the tRNA or
synthetase (shown in brown). Bottom: In the Tet-On system, the reverse Tet-
repressor protein (rtTA) can bind to the TetO signals in response to
doxycycline (dox), enhancing the binding of Pol Il; this enables inducible
translation of the synthetase gene, but not a controllable production of
tRNA, as illustrated by the flow cytometry schemes. The yellow ellipse
represents full-length production of the reporter, whereas the red vertical
ellipse illustrates the expression of iRFP alone. An 8xTetO-promoter (blue
box with arrow) is positioned in front of the tRNA and synthetase gene
(shown in brown).

studies helped to find novel rtTA variants, like Tet-On® 3G
(Clontech® Laboratories, Inc.), with increased transcriptional
activities and dox-sensitivity.'” Other studies identified several
variants of the promoter Ptet-1 that decrease background
expression and increase induced expression levels.""

First, we tested the T-REx and Tet-On systems in combina-
tion with amber suppression technology, using U6- and H1-
driven tRNA expression cassettes. We cloned the tRNA-
synthetase, PyIRS** (AF referring to a variant of PyIRS 306A
384F) from Methanosarcina mazei (Mm) downstream of a
nuclear export signal (NES),'" under the control of a CMV tet-
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inducible promoter for the T-REx system (2xTetO) or the CMV
dox-inducible promoter for the Tet-On system (8xTetO). To
investigate both systems, we followed the expression of a
reporter gene, which contains a nuclear localization signal (NLS)
upstream of iRFP fused to GFP, harboring the amber stop codon
(iRFP-GFP"*°™€) with fluorescence flow cytometry (FFC). In this
reporter, an iRFP signal reports on transfection, whereas full-
length GFP and thus green fluorescence is only produced upon
successful amber codon suppression by incorporation of a
noncanonical amino acid such as N-(tert-Butoxycarbonyl)-L-
lysine (BocK). We designed six different U6- or H1-driven tRNA
expression cassettes!'? (Figure 1a). The first set carries TetO
sequences surrounding the TATA box for both promoters, and
we call these U6-TetO and H1-TetO. The 8xTetO-U6 and 8xTetO-
H1 constructs have an additional stretch of 8xTetO sequences
upstream of the DSE but no TetO sequences flanking the TATA
box. Lastly, the 8xTetO-U6-TetO or 8xTetO-H1-TetO contain
both the 8xTetO sequences as well as the two TetO sequences
flanking the TATA box.

We tested the inducibility of these constructs via functional
amber suppression readout by FFC in the Flp-In™ T-REx™
293 cell line (Invitrogen), which harbors a stably integrated TetR
gene, as well as in HEK293T cells transfected with the Tet-On
system using a noninducible NES-PyIRS"* as a control and our
reporter iRFP-GFP™™¢, |n the case of the T-REx system, we
observe that all constructs containing the TetO sequences
flanking the TATA box are inducible by tetracycline (U6-TetO,
8xTetO-U6-TetO, H1-TetO and 8xTetO-H1-TetO). By calculating
the ratio of the geometric mean of GFP to iRFP, we show that
for these constructs the expression of the full-length reporter,
iRFP-GFP"*™C, can only be achieved in the presence of tet and
BocK, but not with the addition of only BocK. However, if the
two TetO sequences surrounding the TATA box are not present
(8xTetO-U6 and 8xTetO-H1), tRNA expression is always on and
tetracycline independent (Figure 1b). Further controls compar-
ing the data to conventional U6 promoters without any TetO
signal are shown in Figure S1 in the Supporting Information.
For these constructs, the reporter construct can also be
expressed by only adding BocK. In general, higher amber
suppression efficiency was observed for U6 versus H1 pro-
moters in line with the known expression strength of those
promotors."? Next, we tested whether we could also induce the
expression of the synthetase gene, and therefore cloned NES-
PyIRS* into a plasmid harboring a CMV promoter with 2xTetO
sequences (Figure 1c and d). We analyzed the expression of the
reporter gene by FFC and, as expected, observed that the
synthetase gene is also controllable by tet with this system
(Figure S2).

In contrast, the Tet-On system does not allow for inducible
U6- or H1-driven tRNA expression (Figures 2 and S3). None of
the tested tRNA expression cassettes showed a dox-dependent
inducibility but rather a negative influence on the expression
level can be seen when dox is present. Differences in the
associated mechanisms can explain this lack of inducibility. In
the T-REx system, TetR is binding to the promoter region
blocking the transcription only when tet is absent. However, in
the case of the Tet-On system, rtTA binds the promoter region,

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 1. The inducible T-REx system. a) Six different Pol Ill promoter
sequences based on the U6 or H1 promoter are shown. TetO signals (violet
circles) are added to specific sites in the promoter. U6-TetO contains two
TetO signals, one before and one after the TATA box. 8xTetO-U6 harbors
eight TetO signals in front of the distal and proximal sequence elements
(DSE and PSE). The 8xTetO-U6-TetO includes the 8xTetO signals before the
DSE element and the two TetO signals framing the TATA box. The H1
sequences contain the same pattern as the U6 sequences, but the backbone
originating from the H1 promoter. b)-d) HEK Flp-In T-REx 293 cells
expressing reporter protein iRFP-GFP**"** using the T-REx system. b)
Measuring the geometric mean (GM) of iRFP and GFP by fluorescence flow
cytometry (FFC) using the reporter gene (iRFP-GFP"**"**), the synthetase
under CMV promoter in combination with the different Pol Ill promoters (U6
and H1) with tet and BocK (dark gray) or only with BocK (light gray). The bar
plot visualizes how inducible the different Pol Ill promoters are. c) Bar plot
resulting from FFC measurements of the reporter protein using the inducible
synthetase gene with and without an inducible tRNA gene. The error bars in
b) and c) indicate the standard error of the mean and are calculated from at
least three independent measurements. d) FFC data of reporter gene
expressed with inducible synthetase construct (2xTetO-CMV-NES-PyIRS*)
together with noninducible 8xTetO-U6-TetO-tRNA construct. The upper
panel shows expression with tet and BocK, the lower just with BocK.
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ue UB-TetO GFP fluorescence (A.U.) driven promoter constructs (U6) with and without dox in presence of BocK.

The last two columns show the data for the Tet-On system in the presence
of the 8xTetO-CMV-NES-PyIRS*" construct. None of the three U6 promoters is
inducible through the Tet-On system, whereas synthetase expression can be
induced by using the Tet-On system. The error bars indicate the standard
error of the mean and are calculated from at least three independent
measurements. b) FFC data showing expression of iRFP-GFPY**"*, | eft: data
from the 8xTetO-U6 construct with and without dox (top and bottom,
respectively) in the presence of BocK. Right: the inducibility of the GCE
system when using the 8xTetO-CMV-NES-PyIRS** construct together with the
8xTetO-U6 construct.

resulting in an activation of transcription in the presence of
dox. We speculate that the binding of rtTA to the promoter
disturbs the binding of Pol Ill to the U6 or H1 promoter and the
transcription of the tRNA gene cannot occur. As shown in
Figure 2, the Tet-On system only allows for control of PylRS
expression (8xTetO-CMV-NES-PyIRS", for more detail see Fig-
ure S4).

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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In summary, we have designed an inducible GCE technology
to control the expression level of tRNA as well as of the required
synthetase.

We compared different tRNA expression cassettes, derived
from U6 and H1 promoter sequences in combination with Tet-
On and T-REx systems. We show that for the T-REx system
inducibility of the tRNA can be achieved for four Pol llI
promoter sequences and for the Pol ll-dependent promoter of
the synthetase gene (Figure 1). On the other hand, it is not
possible to induce tRNA expression with the Tet-On system
with our current set of tested Pol Il promoters, and we
speculate that this is caused by an inability of Pol Il to bind the
promoter sequence as long as rtTA is bound. Only the
synthetase translation can be controlled in this system because
Pol Il is recruited by rtTA and hence can bind to the promoter
sequence and transcribe the synthetase gene (Figure 2).

With the T-REx system it is now possible to directly switch
on tRNA expression in mammalian cells together with or
independently of the RS whenever needed. One disadvantage
of the T-REx system is the need for TetR to be present and
bound to its promotor before gene expression can be
controlled by tet. This system suffers from high background
expression in transient transfection because all plasmids are
introduced to the cells simultaneously, whereas the TetR
protein should be produced first in order to bind the promoter
and block Pol II- or Pol lll-based transcription. Therefore, the T-
REx system is only useful if the TetR protein is stably integrated
into the cell line, as in HEK293T FlpIn T-REx 293 cells and not
suitable in a transient transfection using for example HEK293T
cells (data not shown). However, various genome engineering
tools to make stable cell lines expressing proteins via Pol Il have
now become available. In contrast, achieving high-yielding
tRNA expression in stable cell lines is still a huge challenge.”
Methods like CRISPR and even transposons only introduce a
few copies into the genome, whereas in transient transfections,
easily 100s of tRNA genes are transferred into the cell.

Once this challenge is addressed, we expect the T-REx
system to be useful to generate stable mammalian cell lines for
amber suppression with minimized impact of the GCE machi-
nery on housekeeping and physiological function of the cell.
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Method section
Cell culture

HEK293T and Flp-In™ T-REx™ 293 (Invitrogen) cells were cultured in Dulbecco's modified Eagle's medium (DMEM,
Gibco 41965-039) supplemented with 10% FBS (Sigma-Aldrich F7524), 1% penicillin-streptomycin (Sigma-Aldrich
P0781), 1% L-Glutamine (Sigma-Aldrich G7513) and 1% sodium pyruvate (Life Technologies 11360) at 37 °C and 5%
CO,. The cells were passaged every 2-3 days at 1:10 or 1:20 ratios. The Flp-In T-REx 293 cells contain the TetR gene
stably integrated downstream of a CMV promoter sequence. For fluorescence flow cytometry (FFC), cells were seeded
16 hours prior to transfections in 24-well plates (Nunclon Delta Surface ThermoFisher Scientific) at a cell density of 220000
cells/mL, 500 pL/well in the case of HEK293T cells and 250000 cell/mL, 500 pL/well for Flp-In T-REx 293 cells.

Transient transfections

For each well of a 24-well plate 1500 ng of total DNA was used. Equal amounts of the desired plasmids were mixed in
50 yL DMEM without phenol red. Polyethylenimine (PEI, 1 pg/pL, Sigma 408727-100ml) was added in a ratio of 1:3
(DNA:PEI). The mixture was vortexed for 10 seconds, spun down for 5 seconds and incubated for 15 minutes at room
temperature before it was added drop wise to the well. Master mixes were prepared wherever adequate. After 4 hours,
the medium was aspirated and fresh medium containing 250 uM of the required ncAAs and 1 pg/mL tet or dox was pipetted
on the cells. After 48 hours, the cells were analyzed by fluorescence flow cytometry.

Cloning of constructs

The reporter gene, NLS-iIRFP-GFPY3*TAC was cloned into a pCl plasmid (Promega, E1731) as previously described!'l. GFP
contains an amber stop codon (TAG) at position Y39. The synthetase gene (Methanosarcina mazei PylRSA") was cloned
upstream of a CMV promoter with an N-terminal nuclear export signal (NES) and contains two mutations (Y306A and
Y384F)!.

We designed six different tRNA expression constructs, originating from human U6 or H1 promoter sequences (as shown
in Figure 1 a in the main text)?. The first construct, U6-TetO contained two tet-operator (TetO2) signals
(5 tccctatcagtgatagaga 3’), one before and one after the TATA sequence. The same logic also applied for the H1-TetO
promoter sequence. For simplicity, we refer to this TetO2 sequences as “TetO” throughout the paper. The 8xTetO-U6 or
8xTetO-H1 promoter sequences comprised eight consecutive TetO signals separated by small linker regions in front of
the distal sequence element (DSE). The combination of both constructs resulted in the 8xTetO-U6-TetO or 8xTetO-H1-
TetO promoter sequences. These promoters contained two TetO signals framing the TATA box as well as the eight TetO
repeats before the DSE element. In addition, a U6-tRNA cassette was cloned, which did not contain any TetO signal.

For the T-REx system the plasmid for the inducible PyIRS construct contained two TetO2 signals directly after the CMV
promoter upstream of the NES-PyIRSA" genel’l. Eight TetO2 signals were required for the Tet-On system, which was
integrated into a CMV promoter upstream of NES-PyIRSA* resulting into the plasmid pcDNA3.1_8xTetO-NES-PyIRSATA,

The plasmid containing the TetOn3G gene had a pcDNA3.1-Zeo backbone and contained a CMV promoter upstream of
the TetOn3G gene.

Fluorescence flow cytometry (FFC) and data analysis

Transient transfections were analyzed after 48 hours incubation with a flow cytometer analyzer (LSRFortessa™, BD
Biosciences) using the 488 nm laser with a 530-30 filter and the 640 nm laser with a 730-45 filter. After gating for live cells
and single cells using FlowJo software (BD Biosciences), the cells were divided into transfected and untransfected cells
based on the iRFP signal. For the transfected cell population, the geometric mean of GFP and iRFP was determined. The
ratio of the geometric mean of GFP to iRFP of the different tRNA cassettes was normalized to the ratio obtained from the
UB-tRNA measurement, which was measured using the CMV-NES-PyIRSA® construct.



Supplementary Figures

Supporting Figure S1 (corresponding to maintext Figure 1): FFC analysis of different U6- or H1-based promoter
sequences in the T-REx system.

Analysis of the different U6- and H1-based promoter sequences as shown in Scheme 1 with different numbers of TetO-
repeats at different positions in the promoter sequence, or without any TetO signal, in the case of U6. a) Shown are
representative FFC analysis of NLS-iRFP-GFPY3°TAG with tet and BocK expressed in Flp-In T-REx 293 cells, with only tet
or with only BocK present in the medium. Four out of the seven promoters are inducible via the T-REx system, which is
dependent on the addition of tet to the medium. b) The ratio of the geometric mean (GM) of GFP to iRFP of the U6-tRNA
construct in presence of tet and BocK was used to normalize the obtained data for the other constructs. Shown are the
mean values of at least three independent experiments, error bars represent the standard error of the mean (SEM).
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Supporting Figure S2 (corresponding to maintext Figure 1): FFC analysis of the inducible synthetase construct
in the T-REx system.

a) Representative FFC experiments of the inducible synthetase construct (2xTetO-NES-PyIRSAF) for the T-REx system.
Flp-In T-REx 293 cells containing the reporter gene in combination with different tRNA cassettes, as indicated in the figure.
First panel: 8xTetO-UB6-tRNA in combination with 2xTetO-NES-PyIRS”®, second panel: 8xTetO-U6-TetO-tRNA with
2xTetO-NES-PyIRSAF, third panel: U6-tRNA with 2xTetO-NES-PyIRSAF and fourth panel: UB-tRNA with CMV-NES-
PylIRSAF as control. The three two panels show an inducible GCE system demonstrating the inducibility of the synthetase
gene under the 2xTetO promoter sequences for the T-REx system, which is tet dependent. b) The ratios of the geometric
mean (GM) of GFP to iRFP for the different U6-constructs are shown in the barplot.The ratio of the geometric mean (GM)
of GFP to iRFP of the UB-tRNA construct in presence of tet and BocK was used to normalize the obtained data for the
other constructs. Shown are the mean values of at least three independent experiments, error bars represent the standard
error of the mean (SEM).
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Supporting Figure S3 (corresponding to maintext Figure 2): FFC analysis of different U6- promoter sequences in
the Tet-On system.

a) Representative FFC analysis of reporter gene NLS-iRFP-GFPYTAG in HEK293T cells for the Tet-On system with
different U6-promoter constructs. None of the three constructs show dox dependent expression and GCE induction. In
case of the U6-TetO construct, there is even a negative effect of translational efficiency upon addition of dox. b) The ratios
of the geometric mean (GM) of GFP to iRFP for the different U6-constructs are shown in the barplot. The GM of GFP to
iRFP of the UB-tRNA construct in presence of dox and BocK was used to normalize the obtained data for the other
constructs. Shown are the mean values of at least three independent experiments, error bars represent the standard error
of the mean (SEM).
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Supporting Figure S4 (corresponding to maintext Figure 2): FFC analysis of the inducible synthetase construct
in the Tet-On system.

a) Representative FFC analysis of reporter gene NLS-iIRFP-GFPY3TAC in in HEK293T cells for the Tet-On system with
different U6-promoter constructs with and without an inducible synthetase construct. The upper four panels show the
FFC data of different tRNA constructs (as indicated in the figure) with the inducible 8xtetO-NES-PylIRSAT construct, the
lowest one the UB-tRNA construct in combination with CMV-NES-PyIRSAF. b) The ratios of the geometric mean (GM) of
GFP to iRFP for the different U6-constructs are shown in the barplot. The GM of GFP to iRFP of the U6-tRNA construct
in presence of dox and BocK was used to normalize the obtained data for the other constructs. Shown are the mean
values of at least three independent experiments, error bars represent the standard error of the mean (SEM).
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