
Research Article
Expansion in Eukaryotic Cells
0022-2836/� 2024 The Author
by/4.0/).
Potential vs Challenges of Expanding
the Protein Universe With Genetic Code
Rajanya Bhattacharjee 1,3 and Edward A. Lemke 1,2,⇑

1 - Biocenter, Johannes Gutenberg University Mainz, 55128, Mainz, Germany

2 - Institute of Molecular Biology (IMB), 55128 Mainz, Germany

3 - IMB International PhD Programme (IPP), 55128 Mainz, Germany
Correspondence to Edward A. Lemke:⇑Biocenter, Johannes Gutenberg University Mainz, 55128, Mainz,
Germany. edlemke@uni-mainz.de (E.A. Lemke)
https://doi.org/10.1016/j.jmb.2024.168807
Edited by Sheena Radford

Abstract

Following decades of innovation and perfecting, genetic code expansion has become a powerful tool for
in vivo protein modification. Some of the major hurdles that had to be overcome include suboptimal per-
formance of GCE-specific translational components in host systems, competing cellular processes,
unspecific modification of the host proteome and limited availability of codons for reassignment. Although
strategies have been developed to overcome these challenges, there is critical need for further advances.
Here we discuss the current state-of-the-art in genetic code expansion technology and the issues that still
need to be addressed to unleash the full potential of this method in eukaryotic cells.
� 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-

mons.org/licenses/by/4.0/).
Proteins, fundamental functional units of the living
cell, are built from 22 canonical amino acids, of
which 20 are most frequently used.1,2 61 codons,
each composed of different combinations of 3
nucleotides, encode these amino acids and 3,
referred to as stop codons, terminate translation.3

It is quite remarkable to note the diversity that nat-
ure has achieved with only 22 building blocks, high-
lighting the untapped potential of expanding the
repertoire of amino acids. Decades of research on
genetic code expansion (GCE) technology have
made it possible to incorporate over 500 noncanon-
ical amino acids (ncAAs) of desired functionality into
proteins of interest (POI),4 opening a plethora of sci-
entific avenues. GCE research, which began with
the synthesis of modified proteins by in vitro ligation
of ncAAs to tRNA, has evolved today to include
sophisticated techniques that allow hijacking of the
host translational machinery.5,6 In the following sec-
tions we introduce the general mechanism of GCE
and its applications. Further we discuss some of
(s). Published by Elsevier Ltd.This is an open ac
the most pressing challenges as well as the strate-
gies to address them. Figure 1 serves as the picto-
rial representation of these challenges and
throughout this article bold texts have been used
to refer to subpanels in Figure 1.
GCE is an extremely powerful in vivo protein

modification tool which enables the incorporation
of tailor-made ncAAs into POIs. One of the
common methods to do so is by utilizing
orthogonal aminoacyl-tRNA synthetase (aaRS)/
tRNA pairs to reassign codons to ncAAs.7 Orthogo-
nal refers to the requirement that neither the syn-
thetase nor the tRNA cross-react with any
endogenous aaRS/tRNA pairs of the host organ-
ism. Some aaRS/tRNA pairs from archaea are
orthogonal to both prokaryotic and eukaryotic sys-
tems and hence find widespread application in
GCE. One of the most commonly used systems
involves derivatives of the pyrrolysine RS (PylRS)/
tRNA pair from Methanosarcina mazei8 which can
reassign an amber (TAG) stop codon to incorporate
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Figure 1. GCE mechanisms and challenges. The upper section of the figure depicts OTO enabled reassignment of
the amber (TAG) codon (highlighted by the green frame) and the challenges that need to be overcome (red frames).
The lower section of the figure describes possible outcomes when an ncAA containing POI is to be labelled in vivo by
clickable fluorescent dyes. The desired outcome, in this case, is highlighted by the green frame.
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ncAAs into a POI. Once encoded into the POI, the
ncAAs equip the modified POI with new functions,
enabling for example investigation of
post-translational modifications (PTMs),9–12

photo-control of protein functionality by photocaged
chemical groups,13 study of protein-protein interac-
tions by photo-crosslinking moieties,14 incorpora-
tion of heavy atoms for protein structure
elucidation by X-ray crystallography and NMR
spectroscopy15,16 and click-reactions to synthetic
dyes having compatible chemical handles17, to
name a few. It is noteworthy how GCE has pro-
foundly minimized the size of fluorescent probes
to a single site-specifically click-labelled synthetic
2

dye molecule,18 thereby significantly improving the
resolution for visualizing subcellular protein struc-
tures by advanced microscopy. Currently with the
emergence of the MINFLUX super-resolution
microscopy technique it is possible to visualize
structures at a resolution of 1–3 nm.19 In combina-
tion with GCE, this technique could become pivotal
in elucidating yet invisible subcellular structures.
Despite its wide-ranging applications across

various fields of life sciences, the vast potential of
GCE to synthesize completely artificial amino-
acid-based biopolymers in vivo, remains largely
unexplored. Competing against billions of years of
evolution to entirely manipulate the translational
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machinery of living systems is a herculean task,
especially in the context of eukaryotic organisms.
Thus, it is not surprising that GCE faces several
limitations. While many of these have been
addressed with great success in prokaryotes,
directly applying the same strategies to
eukaryotes is challenging due to the greater
complexity of their cellular organization.
Notable hurdles hindering high-yielding GCE in

eukaryotes which include but are not limited to,
are, lack of promoter elements for optimal
expression of GCE-specific tRNAs,20 nonsense-
mediated decay (NMD) pathway which degrades
transcripts containing premature stop codons,21 as
well as competition against the endogenous trans-
lation termination machinery, the latter one leading
to C-terminal truncations (Figure 1, C truncation
� competition with release factor).22 Another
problem in eukaryotes is that the concept of an
open reading frame is not as rigid as stated in some
textbooks. Various start codons exist, as well as
internal ribosome recognition elements.46,47 If one
places a stop codon close to the N-terminus, it is
possible that protein translation is started after the
stop codon, leading to a N-terminal truncation
instead of encoding an ncAA at the anticipated site
(Figure 1, N truncation � initiation after repro-
grammed site).48 Additionally it is also important
to have high intracellular availability of the ncAA,
for which the ncAA needs to be membrane perme-
able and metabolically stable enough to get incor-
porated during comparatively slow protein
expression (Figure 1, membrane permeability of
ncAA).23

Engineering of orthogonal aaRS/tRNA pairs
comprises a significant part of the GCE
optimization efforts. The cumulated effect of
several strategies has resulted in some of today’s
most efficient GCE-specific tRNAs. Most bacterial
tRNAs lack promoter elements necessary for
transcription by RNA polymerase III in eukaryotes.
Hence, appropriate promoters or optimized
promoter elements have to be engineered to
ensure adequate expression of bacterial tRNAs in
eukaryotic hosts.24,25 Furthermore, both rational
design and evolutionary approaches have been
employed to address the structural divergence
between archaeal and mammalian tRNAs.26–28

Synthetases derived from archaea and bacteria
have undergone extensive evolution to produce
new variants with specific affinities for different
ncAAs,29–32 as well as to generate mutually orthog-
onal aaRS/tRNA pairs for the simultaneous incorpo-
ration of distinct ncAAs.33,34 Of course, the
synthetase is not the only limiting factor for ncAA
incorporation, as ultimately also the ribosomes
need to accept the aminoacylated tRNA, which
does impose a strict size criterion. This has led to
the evolution of ncAAs that are only moderately big-
ger than the biggest natural amino acid, tryptophan
(Figure 1, ncAA not processed by ribosome).
3

Besides engineering of aaRS/tRNA-pairs, other
strategies to improve GCE include development of
host organism strains with impaired NMD path-
way,35,36 mutating eukaryotic release factor eRF1
to specifically hinder translation termination at the
amber (TAG) stop codon22 and modulation of the
integrated stress response (ISR) pathway.37 Cellu-
lar uptake of ncAAs can be improved by esterifica-
tion of the carboxyl group since neutral ncAA
molecules have higher membrane permeability.23

This chemical modification has no effect on the final
incorporation of the original ncAA in the POI due to
hydrolysis of the ester bond by cellular esterases
prior to translation. However ester hydrolysis can
generate toxic byproducts that increase cell mortal-
ity, for example generation of formaldehyde from
acetoxymethyl dansyl alanine. It has been shown
that for multicellular organisms like Caenorhabditis
elegans, manipulation of dipeptide transporters
can be an alternative solution for increasing intra-
cellular availability of ncAAs.35

GCE also suffers from a lack of mRNA selectivity,
which means that along with the engineered stop
codon in the mRNA of interest, there is also
suppression of naturally occurring stop codons
(even the rarest stop codon (amber TAG) in
eukaryotes has �20% abundance).6,38 This lack
of specificity can result in unintended modification
of the host proteome, as natural untranslated
regions (UTR) may erroneously get added to pro-
teins when the translation is not adequately termi-
nated (Figure 1, off-target suppression and
UTR translation in the cytoplasm). The resulting
proteome-wide unspecific ncAA incorporation can
give rise to background labelling in case of imaging
applications and adversely affect the signal-to-
noise ratio.
In prokaryotes, this problem can be solved by

multiple approaches. One of them is the
development of orthogonal ribosomes that
recognize and translate only the mRNA of interest
using complementary Shine Dalgarno
sequences.39 Eukaryotes do not have Shine Dal-
garno sequences, hence, orthogonal ribosomes
are not applicable to these systems. Alternatively,
the entire genome of the host organism can be engi-
neered to eliminate selected codons, which subse-
quently become available for ncAA
incorporation.40,41 However such an approach rep-
resents a tremendous effort in case of eukaryotes
due to their larger and more complex genomes. It
is also possible to use codons derived from artificial
base pairs for ncAA incorporation.42,43 These base
pairs do not naturally occur in the host genome,
thereby mitigating the issue of unspecific GCE.
Since none of the concepts mentioned above are
easily transferable to eukaryotes, Reinkemeier
et al aimed to confine the GCE-machinery in mem-
braneless designer orthogonally translating orga-
nelles (OTO) built in vivo, borrowing concepts
from phase separation.44,45,6 The OTO was most
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mRNA selective when tethered to a membrane, so
a steep gradient of the suppressor tRNA could be
generated at the membrane. The mRNA of interest
was selectively recruited in what were termed film-
like OTOs by the interaction of RNA loops and cog-
nate RNA-binding proteins. The OTOs have been
shown to achieve more than an order of magnitude
in mRNA selectivity than the cytoplasmic GCE sys-
tem (Figure 1, incorporation into POI at repro-
grammed site by film-like OTOs indicated by the
membrane-anchored aaRS vs off-target suppres-
sion and UTR translation in the cytoplasm). So
far, a strong impact of OTO technology on cell via-
bility was not detected, but further research might
be needed to characterize potential minor physio-
logical effects.
To advance towards the in vivo synthesis of

designer biopolymers, it is essential to move
beyond the traditional three stop codons. This
expansion is crucial for enabling the simultaneous
incorporation of multiple distinct ncAAs, marking a
significant step forward in the development of
sophisticated biopolymer systems. Some of the
possibilities include using artificial base pairs,43,49

quadruplet codons50 and repurposing the 61 sense
codons. Besides eliminating unspecific GCE, artifi-
cial nucleic acid base pairs also have great potential
in expanding the available set of codons. However
these could so far only be used in E.coli for ncAA
incorporation.51 On the other hand, quadruplet
codons have been found successful in mammalian
cells and animal models like C. elegans.52,53 Much
effort has also been directed towards efficiently
recoding sense codons. 61 sense codons encoding
20 amino acids allow for codon degeneracy. Taking
advantage of this, selected sense codons have
been freed up in synthetic E.coli strains by eliminat-
ing these codons from the entire genome.41 Unlike
stop codons, repurposing sense codons face the
major challenge of competing with the abundant
endogenous tRNAs, but it is possible and has
recently been reported using, for example, rare
codons like TCG codon.54 However, it remains to
be determined whether the efficiency of incorpora-
tion and the extent of off-target modifications are
adequate for practical applications, such as fluores-
cence microscopy.
In vivo fluorescent labelling of ncAA-incorporated

POIs can pose certain challenges which are
detailed in the lower section of Figure 1 (ncAA
reacting with label). Although synthetic dyes
equipped with clickable chemical handles
designed to react specifically with corresponding
ncAAs are effective in minimizing background
labeling, this strategy has inherent limitations. Cell
permeable synthetic dyes often unspecifically bind
to subcellular structures, especially membranes. A
possible solution to this issue could be the
development of fluorogenic dyes that become
4

fluorescent only after reacting with its target.55 How-
ever, it still leaves us with two other complications.
During GCE, there is an excess availability of
ncAAs in the cells, which are not incorporated into
the POI and are free to react with the fluorescent
dyes. Similarly, aminoacylated tRNAs that are not
utilized by the ribosome can serve as reactive sites
for clickable dyes, leading to background labeling.
Nikic et al. showed that aminoacylated tRNAs
bound to synthetases caused unspecific nuclear
labelling, significantly hindering in vivo fluorescence
imaging. It was discovered that a nuclear localiza-
tion signal was encoded in the PylRS sequence,
which led to its accumulation in the nucleus. The
addition of a stronger nuclear export signal could
prevent this undesirable nuclear accumulation of
the tRNA-bound PylRS, making it accessible to
the translation machinery and subsequently
enabling reliable imaging applications.56

In conclusion, it can be said that while GCE
research has come a long way, we are still quite far
from unleashing the full potential of this technology.
To advance, we must address challenges such as
optimizing GCE machinery performance, mitigating
the impact of competing host translational
components like release factors and overcoming
GCE-inhibiting pathways such as NMD and ISR.
Additionally, enhancing mRNA specificity and
expanding the availability of blank codons for ncAA
incorporation are crucial. Ultimately, the
convenience of the technology will be key to its
widespread adoption. Clearly, the potential of GCE
outweighs the effort that still needs to be made, but
the effort has to be made to transform GCE into a
technology that can genuinely revolutionize
biology, biotechnology and medicine to achieve
more possibilities and opportunities than evolution
generated in billions of years.
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R., Wießler, M., Schultz, C., Lemke, E.A., (2012). Amino

acids for Diels-Alder reactions in living cells. Angew. Chem.

Int. Ed. 51, 4166–4170. https://doi.org/10.1002/

anie.201108231.

18. Schneider, A.F.L., Hackenberger, C.P.R., (2017).

Fluorescent labelling in living cells. Curr. Opin.

Biotechnol. 48, 61–68. https://doi.org/10.1016/

j.copbio.2017.03.012.

19. Schmidt, R., Weihs, T., Wurm, C.A., Jansen, I., Rehman,

J., Sahl, S.J., Hell, S.W., (2021). MINFLUX nanometer-

scale 3D imaging and microsecond-range tracking on a

common fluorescence microscope. Nature Commun. 12,

1478. https://doi.org/10.1038/s41467-021-21652-z.

20. Sharp, S., DeFranco, D., Dingermann, T., Farrell, P., Söll,
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