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Abstract 
Genetic code expansion has emerged as an enabling tool to provide insight into functions of 

understudied proteinogenic species such as small proteins and peptides, and to probe protein 

biophysics in the cellular context. Here we discuss recent technical advances and applications 

of genetic code expansion in cellular imaging of complex mammalian protein species, along 

with considerations and challenges upon using the method.  
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Introduction  
Increasing demands to probe protein structure, dynamics and interactions in the cellular 

context have driven the development of new imaging modalities, probes, and tagging tools of 

cellular proteins. Advances in instrumentation [1-3] and optical probes [4-6]  have pushed the 

spatial resolution of biological imaging down to molecular resolution. The bottleneck of many 

cellular protein imaging studies now lies in tagging technologies [7], almost all of which employ 

potentially perturbative protein or peptide appendages. Properties of such tags on proteins 

become critical when studying: microproteins, peptides, and macromolecular assemblies, 

where a large tag is not tolerated; intrinsically disordered proteins, where a tag can affect 

disorder degrees or complex formation; or physical properties of proteins such as folding 

states, conformational changes, or stoichiometry within complexes, all of which are affected 

by the tag. Demanding imaging modalities such as single-molecule and super-resolution 

techniques further require a minimally sized tag—to best capture actual dimensions of 

biological structures—coupled to bright, photostable organic fluorophores for best image 

resolution.  
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Genetic code expansion (GCE)—in which a single amino acid on a protein is substituted with 

an unnatural amino acid (UAA) through an orthogonal aminoacyl-tRNA synthetase (aaRS)/ 

tRNA pair—can be used to site-specifically label proteins with diverse probes including 

fluorophores, without adding heavy protein/peptide bulk. Continual improvements to the 

technology [8,9]  have resulted in the discovery of hundreds of new amino acid substrates for 

tRNA synthetases [10]; new codons and optimal cognate tRNAs for multisite incorporation of 

UAAs [11,12]; and maximal protein production through RNA optimizations [11] and 

engineering of cellular machineries [13,14]. These efforts enable construction of engineered 

cells capable of producing unnatural proteins for diverse in vitro uses, with expanded 

functionalities to interrogate biological processes.  

 

Despite its potential, GCE is used much less frequently as a protein tagging tool for cell 

biological studies. In this review, we discuss recent technical advances and applications of 

genetic code expansion to cellular protein studies; analyze fundamental and technical 

challenges in expanding the utility of genetic code expansion to mammalian cell biological 

studies; and envision further improvements to the technology and applications.   

 

Components of genetic code expansion for protein labeling 
GCE for protein labeling consists of the following minimal exogenous parts: the UAA of choice; 

the aaRS specific for the UAA, and its cognate tRNA; and the gene of interest bearing a blank 

codon (typically not designated for decoding by cellular tRNAs) at a user-defined site, serving 

as the UAA incorporation position (Figure 1a). The amber stop codon is used as a blank codon 

in typical GCE experiments. Protein labeling can be performed in one step if the UAA already 

contains sufficient properties (e.g. fluorescent amino acids [15]) and if aaRS variants have 

been identified for the UAAs. To access diverse probe/fluorophore structures, a two-step 

labeling strategy in which the UAA bears a chemically derivatizable functional group can be 

employed (Figure 1b). In two-step labeling experiments, additional parts to consider are the 

choice of derivatizable reaction partners (related to the choice of UAA), and the choice of 

fluorophore.  

 

Beyond exogenous parts, since genetic code expansion tags proteins co-translationally, it is 

subject to interference from complex endogenous pathways and components associated with 

protein translation. To produce sensitive and specific protein labeling, exogenous and 

endogenous factors—related to genetic code expansion and mammalian translation 

respectively—must be considered.  

 

Genetic code expansion systems for cellular imaging studies 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 December 2021                   doi:10.20944/preprints202112.0331.v1

https://doi.org/10.20944/preprints202112.0331.v1


 3 

In the simplest form, proteins can be labeled through direct incorporation of fluorescent amino 

acids such as (acetylnaphthalenyl)amino amino propanoic (Anap) [16], coumarin-derived 

amino acid [17], dansylalanine [18], and acridonylalanine (ACD) [19,20] (Figure 2a). Anap 

fluorescence is environmentally sensitive and can be used to probe conformational changes 

of proteins [21]. ACD has superior brightness and photostability among encodable fluorescent 

UAAs [15] , is suitable for fluorescence lifetime imaging (FLIM) as shown on insulin receptors 

[19], and has a photoactivatable thioketone variant [22].  

 

In the more versatile two-step labeling, UAAs with a clickable functional handle can be used 

(Figure 2b). The field has converged on UAA reaction partners for inverse-electron-demand 

Diels-Alder (DA) cycloaddition [23,24] due to its fast reaction kinetics (up to 105 M-1 s-1 [25])) 

and biocompatibility. Lysine derivatives bearing endo bicyclononyne (BCNK) and axial trans-

cyclooct-2-ene (TCOAK) are at present the best DA-UAAs for protein labeling: BCNK reacts 

~10-fold more slowly to tetrazines than TCOAK but the latter suffers from higher instability in 

cells and unwanted b-elimination which reverts fluorophore conjugation [26]. Both amino acids 

benefit from fluorogenic coupling to tetrazine-fluorophores and are efficiently incorporated to 

mammalian proteins via Methanosarcina pyrrolysyl-tRNA synthetase (PylRS)/tRNACUA (PylT) 

pair (particularly the combination of the Y306A/Y384F double mutant, or PylRSAF [27,28], 

whose activity can be boosted upon fusion to a nuclear export sequence [29]; and the 

engineered pyrrolysyl tRNAM15 [30]). Recent comparative studies of BCNK, TCOAK, and other 

UAAs for mammalian intracellular protein labeling by the Lemke and Hang groups have 

confirmed superior properties of these two UAAs [31,32]. Reinkemeier and Lemke additionally 

discovered equatorial trans-cyclooct-4-ene-lysine to have excellent properties for protein 

labeling, and engineered an optimal synthetase for its incorporation [32]. Beyond dienophile 

UAAs, tetrazine-based UAAs with exceptionally fast kinetics such as Tet-v3.0Bu can be used 

[25] and coupled to photoactivatable BCN (photo-DMBO [33]) for light-activated labeling. Tet-

v3.0Bu has superior stability compared to dienophile UAAs, but its labeling is not fluorogenic 

and may suffer from lower signal-to-noise from off-target sticking of probes to the cellular 

interior.  

 

Diverse fluorophores can be linked to tetrazines and fluorogenically labeled on cellular 

proteins bearing dienophile UAAs, but the degree of fluorescence increase depends on the 

composite nature of the fluorophore-tetrazine conjugate. Continual developments of long-

wavelength dyes for minimally phototoxic imaging and tetrazine-based quenching have 

yielded increasingly well-performing conjugates, particularly those based on silicon rhodamine 

(SiR, Figure 2c). Developed by the Johnsson group, SiR is intrinsically fluorogenic due to its 

preference to adopt a non-fluorescent lactone form prior to conjugation to proteins [6]. 
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Installation of an internal hydroxymethyl nucleophile modulates the lactone-zwitterionic 

equilibrium of the SiR scaffold and creates hydroxymethyl silicon rhodamine (HMSiR) [34], a 

self-blinking dye suitable for super-resolution imaging. While SiR and HMSiR can be coupled 

to traditional 3-aminobenzyl-tetrazine via an amide linkage [35], the Wombacher group directly 

grafted the 6-methyl-3-phenyl-tetrazine moiety onto the phenyl ring of HMSiR, increasing 

tetrazine-based quenching efficiency and produced highly fluorogenic Me-tet-fHMSiR [36]. 

Further linker optimizations to increase quenching via co-planar stacking and Dexter electron 

transfer yielded HD65(x) dye series with up to 50-fold fluorescence turn-on [37]. Coupling of 

GCE labeling with BCNK to self-blinking, highly fluorogenic HDdyes enabled wash-free and 

super-resolution imaging of cellular proteins under low-laser, minimally toxic imaging 

conditions. A near-IR variant of HMSiR, called Yale676sb, was also developed [38], allowing 

multicolor super-resolution imaging in combination with HMSiR, with potential extension to 

imaging in vivo.  

 

Considerations and design tools for GCE in mammalian cells 
One roadblock to wider use of GCE for protein labeling is the need to screen multiple UAA 

incorporation positions (we typically do 3-6 sites to start) to identify an optimal label site for 

each protein of interest. Such an exercise is necessary not only to maximize protein yields, 

but to ensure proper protein structure and function. In addition to avoiding potentially 

functionally and structurally crucial residues as the UAA placement site, we factor in the 

following considerations. First, we try to select surface-exposed positions of which the native 

amino acid has similar polarity as the desired UAA, to minimize drastic changes to surface 

charges. Second, we monitor if there is UAA-independent synthesis of the full-length protein, 

which indicates interference from near-cognate native tRNAs and incorporation of native 

amino acids. Such a phenomenon is rare in our experience and is highly sequence context-

dependent (context effects of genetic code expansion in bacteria were recently reviewed [39]) 

(Figure 3). Third, we avoid placing the UAA near the very N-terminus of the protein, as the 

ribosome is more prone to stalling during translation initiation, affecting protein yield [40]. 

Fourth, we would watch out for translation re-initiation events [41], in which the mammalian 

ribosome dissociates upon encountering the placed amber codon and re-assembles at a 

downstream methionine codon with suitable sequence contexts. Such translation re-initiation 

generates undesired N-truncated by-products. Interestingly, transcripts with premature stop 

codons can evade nonsense-mediated mRNA decay and become more stable (and potentially 

give higher protein yields) if translation can be re-initiated downstream [41]. Lastly, we would 

avoid placing the UAA near the C-terminus of the protein, as the genetic code translation 

machinery may not be able to compete with translation termination machineries positing at the 

3’-UTR of the mRNA [42]. The resulting near full-length C-truncated by-products can have 
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dominant negative effects [43], especially if the protein of interest is multimeric in its functional 

state. 

 

Beyond empirical optimizations, recent efforts have been made to computationally identify an 

optimal UAA placement site and to develop a uniform UAA incorporation site at the N- and C-

terminus of proteins. In the former, a linear regression algorithm called ‘Identification of 

Permissive Amber Site for Suppression’ (iPASS) was developed by the Lang and Bultmann 

groups based on proteomic analysis of mammalian translation readthrough events, and can 

be used to predict relative UAA incorporation efficiencies of given sequence contexts [44]. In 

the latter, the Elsässer group created a single-residue tag called ‘Single residue Terminal 

Labeling’ (STELLA) via traceless removal of ubiquitin and intein tags placed at the N- and C-

terminal of the desired protein, respectively [45]. Such minimal yet generalizable tags were 

used to image multiple microproteins.  

 

Progress toward efficient multicolor GCE labeling in cells 
Discoveries and engineering of mutually orthogonal pairs of aaRSs and cognate tRNAs have 

enabled encoding of multiple UAAs in a cellular protein of interest. To install multiple probes 

onto proteins, one also needs multiple blank codons and mutually orthogonal bio-orthogonal 

reactions of which one reaction partner is encodable as an amino acid by GCE. The exciting 

challenge for the field is to develop these mutually orthogonal parts—blank codons, 

aaRS/tRNA pairs, UAAs, and their bio-orthogonal derivatizations—to be as efficient as those 

of the optimized systems for single-label GCE.  

 

While the opal (TGA) and ochre (TAA) stop codons can be used in conjunction with the amber 

(TAG) codon for multisite GCE [46-49], there are trade-offs between these two second-choice 

stop codons. Ochre is used less frequently as a stop sign in the human/mammalian genome 

compared to opal so one expects lower off-target suppression with ochre, but ochre-targeting 

tRNAs exhibit cross-reactivity and can suppress amber codons [49]. Beyond canonical stop 

codons, the suppression efficiencies on quadruplet codons in eukaryotes have been 

continuously improved [50,51]. In recent work, the Greiss group developed an engineered 

pylT with optimized quadruplet decoding and functionality in eukaryotes, and demonstrated 

efficient quadruplet decoding in Caenorhabditis elegans [52].  

 

To target two UAAs to two distinct codons on one or more proteins, two mutually orthogonal 

aaRS/tRNA pairs are required. Several aaRS/tRNA systems are known to be orthogonal with 

respect to endogenous translation machineries in mammalian cells. Among these systems, 

the tyrosyl- and leucyl-tRNA synthetase and tRNA systems from Escherichia coli were 
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demonstrated to be mutually orthogonal to the PylRS/PylT system from Methanosarcina 

[48,49]. While the two E. coli aaRS/tRNA systems currently incorporate a small repertoire of 

UAAs bearing cell-compatible functional handles and have limited use for live-cell protein 

imaging, recent advances in creating an E. coli-based directed evolution system by the 

Chatterjee group ([53] and Grasso KT et al., bioRxiv 

doi:https://doi.org/10.1101/2021.11.28.470256)—in which the native tyrosyl-tRNA 

synthetase/tRNA pair is replaced with an archaeal counterpart—hold promise to expand the 

substrate diversity of aaRS/tRNA systems from E. coli for GCE labeling. Recently, multiple 

mutually orthogonal PylRS/PylT systems lacking N-terminal domains (DNPylRS/PylT) were 

discovered and engineered by the Chin and Elsässer groups. DNPylRS/PylT systems from 

Methanomethylophilus alvus [54-56]  and Methanogenic archaeon ISO4-G1 [46,54], in 

particular, are shown to be orthogonal in mammalian cells and mutually orthogonal to 

Methanosarcina PylRS/PylT. Moreover, polyspecific mutations discovered on Methanosarcina 

PylRS can be transferred to DNPylRSs, enabling incorporation of bulkier UAAs useful for 

protein labeling such as BCNK and TCOAK. Continual efforts to improve the efficiency of 

DNPylRSs, which has intrinsically weaker affinities for their DNPylTs due to the lack of tRNA-

binding N-terminal domains, can enable their routine use in multicolor GCE labeling.  

 

Functional handles for diverse bio-orthogonal reactions can be encoded as UAAs for GCE 

labeling, and mutual orthogonality of some chemistry pairs was demonstrated in multicolor, 

live-cell labeling on proteins [46,47,57,58]. Multicolor GCE labeling will still benefit from more 

bio-orthogonal reactions that are fast and function inside living cells, in the similar vein as the 

inverse-electron-demand Diels-Alder reaction. Exciting efforts are underway to develop 

mutually orthogonal, kinetically efficient chemistries; these advances are recently reviewed 

[59,60]. One notable example is the retro-Cope elimination reaction between N,N-

dialkylhydroxylamines and cyclooctynes developed by the Kim group [61]. The reaction is fast 

(rates up to 84 M-1 s-1), compatible with intracellular labeling, and orthogonal to the trans-

cyclooctene/tetrazine Diels-Alder reaction. Beyond reactivity and orthogonality, optimizing 

properties of UAAs and their click partners so they are well-behaved in cells is of practical 

importance. For instance, the Kele and Lemke groups created a hydrophilic trans-cyclooctene 

UAA, DOTCO-lysine, which can be washed out quickly from cells, permitting cellular imaging 

with lower background and potentially allowing monitoring of proteins with fast turnover [62].   

 

Fluorescence imaging applications of GCE in mammalian cells  
Recent studies have shown the utility of GCE labeling in elucidating cellular functions of small 

proteins (typically <100 amino acids in length) (Figure 4a). Hundreds of such microproteins 
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were discovered via genomic tools and detected with proteomic technologies [64,65], yet few 

were functionally characterized. Many microproteins are intrinsically disordered [66] and elicit 

their functions through complexation with other proteins and biomolecules, necessitating that 

their characterization studies be performed non-invasively in cells.  

 

To this end, the Hang group used TCOAK and BODIPY-FL to fluorescently track a 15-kD 

vesicle-associated protein IFITM3, a protein known to modulate viral and bacterial infection in 

vertebrates [31,67]. Live-cell tracking of IFITM3 reveals clear interactions of IFITM3-containing 

vesicles with viral particles, in a virus-specific manner, upon viral entry; and how site-specific 

S-palmitoylation of IFITM3 affects this interaction and downstream antiviral activity [67]. In 

another study, the Slavoff lab and our group used BCNK and SiR to label Alt-RPL36, a 16-kD 

protein translated from an alternative open reading frame of an mRNA encoding a human 

ribosomal protein RPL36 [68]. Live-cell imaging of Alt-RPL36 showed it partially co-localize to 

the cytosolic face of the endoplasmic reticulum, consistent with its phosphorylation-dependent 

interaction with a lipid transporter TMEM24. Beyond these two studies, the aforementioned 

STELLA tag should be broadly applicable to biological characterizations of microproteins.  

 

Non-dividing cells and tissues such as primary neurons and organotypic brain slices with 

dense, interesting ultrastructural organizations would benefit from GCE labeling (Figure 4b), 

but it is challenging to perform GCE, which needs high transgene expression for UAA 

incorporation, in these delicate settings. The Choquet and Sauer groups used an inducible 

expression system to temporarily increase PylRS expression while mitigating long-term 

toxicity, and performed GCE labeling on transmembrane AMPAR regulatory proteins 

(TARPs), which regulates AMPA receptors (AMPARs), via TCOAK and diverse membrane-

impermeable fluorophores [69]. GCE-tagged TARPs allow access to sterically occluded 

epitopes inaccessible to antibodies as well as FRET-based monitoring of their interactions 

with AMPARs. Labeling on TARPs can be performed in dissociated hippocampal neurons at 

sufficiently high labeling density and specificity for super-resolution dSTORM imaging, 

allowing analysis of the distribution of TARPs in individual dendritic spines. Upon coupling to 

single-cell electroporation, TARPs in hippocampal slice cultures can be visualized via GCE. 

Along a similar goal of extending GCE to neuronal studies, the Nikić-Spiegel group optimized 

GCE labeling of neurofilament light chain (NFL) with TCOAK in mouse cortical neurons, and 

developed pulse-chase labeling with two fluorophores (BODIPY-FL and SiR) to examine 

neurofilament growth (Arsić A et al., bioRxiv doi: 10.1101/2021.01.14.426692). In the same 

study, the amber codon was introduced to the endogenous NFL gene via CRISPR, allowing 

GCE labeling of NFL produced from its genomic locus in primary neurons. Improvements to 
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amber suppression and transfection efficiencies in primary cells will further increase signal 

obtained from such challenging labeling experiments. 

 

GCE can also be used to image small peptides generated from proteolytic processing, but 

requires a composite labeling approach in order to distinguish labels on the processed 

peptides vs those on precursor proteins (Figure 4c). Our group used a molecular beacon 

labeling strategy, in which a fluorophore is inserted in the peptide-containing segment of the 

precursor protein via GCE, while a fluorescence quencher is attached to another site within 

the protein via enzyme-mediated labeling. Fluorescence is effectively quenched while the 

precursor protein is intact but becomes detectable once the peptide is proteolytically released 

from its precursor. We used such a strategy to track amyloid-β peptides (labeled with BCNK 

and cy5 via GCE) as they are processed from amyloid precursor protein (APP, labeled with 

QSY21 quencher via HaloTag) during endocytosis [70].  

 

The small size and ability to designate the incorporation site of GCE labels lends themselves 

to biophysical studies that probe conformation changes of proteins in vitro, and recently, in 

cells (Figure 4d). For instance, the fluorescent amino acid Anap displays solvatochromic shifts 

in polar environments and is a well-established tool for probing protein dynamics. Anap was 

recently coupled to spectral imaging by the Cornish and Kass groups to monitor dynamics of 

sodium channels in live HEK cells [71]. The Ashcroft group labeled ATP-sensitive potassium 

channels with Anap and monitored nucleotide binding to the channel via Förster Resonance 

Energy Transfer (FRET) with fluorescent nucleotides in unroofed HEK membranes [21]. 

FRET-based, cell-compatible conformational sensors with other suitable fluorophores were 

also created. A recent example is the conformational EGFR indicator developed by the 

Bastiaens and Chin groups [72]. Here, EGFR is doubly labeled at strategic sites with mCitrine 

FRET donor and ATTO590 FRET acceptor; labeling of the latter was accomplished via BCNK. 

The sensor, called ‘(FRET)-based conformational EGFR indicator’ (CONEGI), was used in 

FLIM-FRET experiments in live HEK cells to probe EGF-independent conformation changes 

and resulting autoactivation of EGFR.  

 

Outlook for improvements to GCE and its applications  
GCE labeling has two notable weaknesses, which become prominent when the UAA 

incorporation to desired proteins is not working well. First, leftover amber-suppressor tRNAs 

bearing UAAs can be fluorescently derivatized (e.g. with tetrazine probes if BCNK or TCOAK 

is used), creating off-protein labeling background [73]. Second, an UAA can be incorporated 

in response to endogenous amber codons [44,74], creating labeling background on other 

proteins. While optimizations can minimize these sources of background, future work should 
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aim to eradicate them. Background from aminoacylated tRNAs (i.e. pyrrolysyl tRNA) likely 

stems from their tight association with cognate aaRS’s (i.e. PylRS), which also limits the 

enzyme turnover. Enzyme engineering of aaRS’s to improve turnover should simultaneously 

improve GCE efficiency and reduce tRNA-dependent labeling background. Approaches to 

enhance translation of selective mRNAs, such as spatial confinement of desired mRNAs and 

GCE machineries through liquid-liquid phase separation [75,76], are exciting prospects to 

concurrently increase GCE efficiency while reducing translation readthrough on endogenous 

mRNAs.  

 

Continual improvements to the signal-to-noise of labeling by GCE may allow access to 

imaging experiments impossible with other tagging techniques. Single-molecule FRET studies 

to probe structural dynamics of cellular proteins [77] would benefit from non-invasive, site-

specific tagging of multiple bright, photostable fluorophores offered by mutually orthogonal 

and highly active GCE machineries [46]. In combination with genome editing tools such as 

CRISPR to introduce a suitable blank triplet or quadruplet codon at desired sites within the 

genome, GCE with efficiency matching natural translation may permit sensitive, non-invasive 

labeling of proteins expressed from endogenous genomic loci, under native regulatory 

mechanisms.  
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Figure 1. Genetic code expansion for cellular protein imaging. (a) Exogenous components of 

genetic code expansion are shown on the left. An unnatural amino acid (UAA, clickable or 

intrinsically fluorescent) supplied to the growth media is charged onto an orthogonal, amber-

suppressor tRNA (o-tRNA) by an orthogonal aminoacyl-tRNA synthetase (o-aaRS). o-tRNA is  

decoded by the ribosome in response to an introduced amber codon placed in a gene of 

interest, allowing site-specific incorporation of the UAA into the protein of interest (POI). The 

clickable UAA is further derivatized with a fluorophore via bio-orthogonal chemistry. (b) 

Inverse-electron-demand Diels-Alder (IEDDA) cycloaddition as a tool for cellular protein 

labeling. 
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Figure 2. Unnatural amino acids and fluorophore conjugates for GCE labeling. (a) Fluorescent 

UAAs Anap and acridonylalanine. (b) Useful clickable UAAs for IEDDA. (c) Evolution of silicon 

rhodamine-tetrazine conjugates.  
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Figure 3. Desired path for productive genetic code expansion and non-productive paths, which 

affect signal-to-noise of protein labeling.  
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Figure 4. Cellular imaging applications of genetic code expansion. (a) Dynamic imaging of 

small cellular proteins IFITM3 [67] and alt-RPL36 [68]. Left, size of labeling tags—from small 

molecules BCNK and tetrazine-SiR to peptide and protein tags—compared to that of small 

proteins IFITM3 and alt-RPL36. Through GCE, interactions of IFITM3 vesicles with 

internalized viral particles can be tracked, and subcellular localization of alt-RPL36 revealed. 

(b) Super-resolution imaging of nanoscale organizations. Here GCE enables tagging and 

dSTORM imaging of transmembrane AMPA receptor regulatory proteins (TARPs), reveals 

different organizations of TARP members in dendritic spines, and preserves their modulation 

activity of AMPAR [69]. Antibodies cannot recognize TARPs due to steric occlusion. (c) 

Molecular-beacon labeling of amyloid-β (Aβ) peptides [70]. GCE is used to install a fluorescent 

dye cy5 into the Aβ-containing segment of amyloid precursor protein (APP). QSY21 

fluorescence quencher suppresses cy5 fluorescence while APP is intact; quenching is relieved 

upon secretase-mediated processing of APP to generate Aβ. (d) Conformational sensors of a 
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voltage-gated sodium channel Nav1.5 based on solvatochromic shifts of Anap fluorescent 

amino acid [71].  
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