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Abstract: Localized protein translation occurs through trafficking of mRNAs and protein translation
machineries to different compartments of the cell, leading to rapid on-site synthesis of proteins in
response to signaling cues. The spatiotemporally precise nature of the local translation process
necessitates continual developments of technologies reviewed herein to visualize and map
biomolecular components and the translation process with better spatial and temporal resolution,
and with fewer artifacts. We also discuss approaches to control local translation, which can serve as
a design paradigm for subcellular genetic devices for eukaryotic synthetic biology.
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Introduction

In nature, locale-specific production of proteins—or local translation—generates protein
concentration gradients within cells and drives asymmetric developmental processes such as cell
migration [1], synaptic maturation [2], and establishment of embryonic polarity [3]. In synthetic
biology, the messenger RNA and the protein translation apparatus can be reprogrammed to diversify
outputs from a single transcript [4-6]; encode non-canonical building blocks [7-9]; or respond to
synthetic trans-acting switches [10]. Inspired by nature, such engineered translation outputs can
potentially be compartmentalized within cells to drive complex yet subcellularly defined functions.
Technologies to observe localized protein-synthesis machinery and locally translated protein output
are therefore critical to the engineering and manipulation of biological systems at the subcellular and
translational level.

Many foundational technologies for local translation studies were developed to probe local
protein synthesis in highly compartmentalized neurons [11], whose neuropil can be manipulated via
microfluidic [12] and compartmentalized transfilter chambers [13] or physically severed via manual
[14,15] and laser capture microdissection [16]. Conclusive evidence of local protein synthesis in
physically manipulated neuropil was obtained not only from localization studies of cellular
components needed for protein synthesis, but also from direct detection of actively translated
mRNAs and newly synthesized proteins. Key recent biological findings—such as translatome
mapping in neuron subregions [17]; robust translation activities by monosomes in neuronal processes
[18]; local remodeling of ribosomes in neuronal processes [19,20]; signal-specific remodeling of
nascent proteomes in axons [13]; and characterizations of disease-associated localized translatomes
mediated by fragile X messenger ribonucleoprotein (FMRP) [21,22] —were all enabled by neuropil
microdissection and compartmentalization technologies.

Local protein synthesis in non-neuronal cells is investigated much less frequently [23], partly
due to the inability to dissect or isolate relevant subcellular regions for investigations, thereby
demanding imaging, mapping, and controlling technologies of protein translation components to be
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innately highly precise without requiring physical separation of subcellular parts. Herein we review
recent technical advances in the visualization and curation of the local presence of key cellular
components—mRNAs and their post-transcriptional modifications; ribosomes and their different
compositions—required for protein synthesis. We also discuss recent variations of ribosome-linked
technologies for charting spatial translatomes and updated methods to detect newly & locally
synthesized proteins. Last, we examine co-translational labeling techniques based on non-canonical
amino acids and genetic code expansion used to not only observe but control local protein translation,
as well as translational reprogramming approaches based on control of ribosome compositions.

Imaging Actively Translated Individual mRNAs

Asymmetric distribution of mRNAs within the cell are known to influence their translation,
processing, storage and degradation [24,25]. Techniques to image individual RNAs, particularly via
the use of bacteriophage-derived RNA hairpins and their cognate coat proteins [26,27] to attach
genetically encoded labels such as fluorescent proteins (FPs) to individual RNAs (Figure 1A), are
well-established and continually developed (recent reviews here [28-30]). In particular, the MS2 and
MS2-coat protein system has recently been engineered by the Singer group to minimally alter RNA
stability [31] and reduce destabilization effects from the nonsense-mediated mRNA decay pathway
[32]. To avoid introducing exogenous transcripts, the RNA stem loop repeats along with other
transcriptional regulatory elements can be knocked into endogenous loci using CRISPR-based
genome editing tools [33]. To address concerns that cis-modified stem-loop-based tagging may
perturb mRNA metabolism, trans-acting labeling modalities such as antisense oligonucleotide probes
with a molecular beacon design [34,35] (Figure 1B) and RNA-targeted dCas13 variants [36] fused to
FPs can be used to image endogenous RNAs without genetic modification to target transcripts. To
circumvent off-target signals from excess coat protein- or dCas13-linked FPs, split variants of FPs or
other reporter systems, whose signal generation are contingent upon reconstitution of split fragments
on the target RNA, can be employed [37].
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Figure 1. RNA-centric techniques for visualization and mapping of local translation. (A) Stem loop-
based tags and (B) molecular beacons for imaging of individual mRNAs. (C) TRICK (translating RNA
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imaging by coat protein knock-off) technique and SINAP (single-molecule imaging of nascent
peptides) can be used to image actively translated individual mRNAs. To map local translatomes, (E)
ADAR (Apolipoprotein B mRNA Editing Enzyme)-based RiboTRIBE and APOBEC (Apolipoprotein
B mRNA Editing Enzyme, Catalytic Polypeptide-Like)-based RiboSTAMP or (F) RIBOmap
(ribosome-bound messenger RNA imaging technique) can be employed. Related STARmap
(spatially-resolved transcript amplicon readout mapping technique) is used to map spatial
transcriptomes. To map global turnover and associated regulatory elements of localized mRNAs, (G)
SLAM-seq (SH-linked alkylation for the metabolic sequencing of RNA) and (H) DART-seq
(deamination adjacent to RNA modification targets) can be used. (I) TRAP (Translating ribosome
affinity purification)/RiboTag and (J) RAPIDASH can be used to profile ribosome heterogeneity,
particularly for characterizations of ribosome-associated proteins (RAPs). scFv: single-chain fragment
variable; sfGFP: superfolder green fluorescent protein; SEDAL: sequencing with error-reduction by
dynamic annealing and ligation; m®A: N°¢-methyladenosine; 45U: 4-thiouridine; IAA: iodoacetamide;
YHT: YT521-B homology domain-containing protein which specifically recognizes m°A containing
RNAs.

Modifications to stem loop-based RNA tagging have enabled visualization of actively translated
mRNAs down to single-molecule levels. On one hand, the translating RNA imaging by coat protein
knock-off (TRICK) technique used orthogonal MS2 and PP7 stem loops to tag the coding and 3'-
untranslated regions of mRNAs with two FPs [38] (Figure 1C). Upon mRNA export from the nucleus,
the initial round of translation displaces the FP-fused coat protein associated with the coding region,
resulting in ratiometric changes upon dual-colored FP fluorescence imaging. On the other hand, stem
loop-based tagging of mRNAs can be combined with nascent chain tagging, the latter via the SunTag
[39], for single-molecule imaging of translation events [40-42] (Figure 1D). While there are caveats
related to perturbations to mRNA localization and translation rates upon using array-based tags,
TRICK and SunTag-based imaging of actively translated mRNAs have cumulatively revealed much
insight into local translation during Drosophila oocyte development [38]; heterogeneity in translation
rates due to transient binding of translation factors [42]; kinetics of translation regulation in stress
responses [40] and in neuronal processes [41]; and pervasive translation of stress granule-associated
mRNAs commonly thought to be translation-inhibitive [43].

Mapping Local Translatomes

Instead of imaging-based methods which limit throughput to assess mRNA translation,
ribosome-protected mRNAs can be purified and mass-sequenced to provide snapshots of cellular
translatomes in ribosome profiling/Ribo-seq experiments [44]. Coupled with process dissection and
compartmentalization techniques, ribosome profiling has provided strong evidence of local
translation of localized mRNAs—particularly of ribosomal protein-coding ones—in neuropils [19].
To capture subcellularly localized translatomes in non-neuronal cells where physical isolation of
parts cannot be performed, the Weissman group developed proximity-specific ribosome profiling, in
which acceptor peptide-tagged ribosomes are biotinylated with spatially restricted biotin ligase
variants [45,46]. mRNAs bound to ribosomes from defined subcellular locations such as the
endoplasmic reticulum (ER) membrane [45] and the outer mitochondrial membrane (OMM) [46] can
therefore be isolated and analyzed. The spatial resolution of proximity-specific ribosome profiling in
mapping local translatomes is limited by the movement of the ribosome from the labeling site during
the short biotinylation window (2-7 min); the application of the method to primary cells and tissues
may be further limited by the need to affinity-purify ribosomes (which requires large amount of
biological material) and the toxic biotin starvation step. To circumvent the need to purify ribosomes
in conventional ribosome profiling setups, ribosomal subunits can be genetically fused to adenosine
(ADAR) or cytosine (APOBEC) deaminases, enabling preferential base editing of ribosome-bound
mRNAs over total RNA (Figure 1E). ADAR-based RiboTRIBE [47] and APOBEC-based RiboSTAMP
[48] could be extended to local translatomic studies, provided that issues raised regarding low
ribosome association of base editor-fused ribosomal proteins [47] and sequence-specific biases are
mitigated.
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To drastically increase the multiplexity in assessing localized mRNA translation, the Wang
group developed in situ sequencing-based RIBOmap [49]. RiBOmap uses a three-probe system and
splint ligation to provide specificity of rolling circle amplification (RCA) in amplifying only the
ribosome-bound mRNA of interest (Figure 1F). After amplification, the gene-specific barcodes on
RCA products are decoded through cyclic in situ sequencing. The high throughput and multiplexity
of RIBOmap —achieving translation profiling of 981 genes in single HeLa cells and 5,413 genes in 10°
cells from mouse brain tissues—enabled discoveries of co-regulated as well as co-localized
translation modules, suggesting the key role of local coordinated translation in synthesizing
components of large protein complexes. In combination with spatial transcriptome mapping
technologies [50,51], translationally regulated gene modules during oligodendrocyte maturation
were identified. Similar to other in situ hybridization approaches, RIBOmap is limited to the detection
of previously known RNA molecules; its SEDAL ligation-based sequencing also has a complex
workflow and requires a large number of probes.

Mapping Global Turnover and Associated Regulatory Elements of Localized mRNAs

Barring specific examples of RNA localization motifs with known subcellular binding partners
[52], systems-wide investigations of cis-regulatory motifs present in a group of RNAs, and
subsequent profiling of RNA-binding proteins capable of association with such motifs can lead to
discovery of functional zipcodes and associated binding partners [20]. Moreover, it has now emerged
that gross physicochemical properties of mRNAs which increase their stability may be primary
enablers of mRNA trafficking to distal sites [53]. Such studies are enabled by foundational methods
such as transcriptional shut-off (reviewed here [54]) and RNA-based metabolic labeling assays. A
recent addition to mRNA turnover characterization methods is SLAM-seq [55] (Figure 1G), which
detect metabolic incorporation of 4-thiouridine in RNAs and provide systems views of expression
dynamics and global stability of RNAs. Known mRNA destabilization features such as the m°A post-
transcriptional modification can be mapped transcriptome-wide via mSA/Me-RNA-
immunoprecipitation-based methods [56] or via antibody-free DART-seq [57] (Figure 1H), which
uses APOBECI fused to the m°A-binding YTH domain to identify m°A sites. mRNAs trafficked to
distal neurites of cortical and mESC-derived neurons were found to be more globally stable and
contained stability signatures such as low levels of m°A and AU-rich elements, and good codon
optimality [53].

Local Translation of Ribosomal Proteins and Local Remodeling of Ribosomes

Stable housekeeping transcripts associated with translation were identified with SLAM-seq to
be enriched in neuronal branches [53]. The finding is consistent with known localizations[58] and
local translation [20] of mRNAs encoding ribosomal proteins (RPs) in neurites. As demonstrated by
the Holt and Schuman groups, locally translated ribosomal proteins can remodel local pools of
ribosomes in axons [20] and dendrites [19], and are needed for the maintenance of axons in vivo [20].
The Holt group identified a cis-element upstream of the initiation codon (CUIC) motif which
regulates translation of mRNAs encoding ribosomal proteins in axons, and used crosslinking
immunoprecipitation-seq datasets to identify the elF3 complex as potentially capable of recognizing
CUIC motifs on RP-coding mRNAs [20]. Newly synthesized RPs at axons can physically associate
with axonal ribosomes, and axonal synthesis of Rps4x/eS4 was shown to be crucial for in vivo
branching of retinal ganglion cell axons [20]. The Schuman group further showed that RP-coding
mRNAs are translated within dendrites, and a subset of locally translated RPs with short protein half-
lives rapidly incorporated into dendritic ribosomes [19]. Fast RP synthesis and exchange is shown to
facilitate ribosome repair in response to oxidative stress [19]. In yeast, the Karbstein group has
demonstrated that intracellular salts and pH can modulate release and re-association of RPS26 from
ribosomes [59].

While there are examples of specific compositions of the ribosome leading to translation of
selective mRNAs (key examples being RPL10A/uL1-containing ribosomes promoting translation of
IRES-containing mRNAs [60] and changed stoichiometries of RACK1, RPS26, and RPL38 affecting
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translational preferences of mRNAs [61-63], it remains to be seen whether local ribosome remodeling
through local synthesis of RPs can lead to differential translation profiles of local ribosomes. Such
ribosome heterogeneity can be mapped via translating ribosome affinity purification (TRAP) [64] or
endogenously tagged Ribo-FLAG immunoprecipitation [65] (Figure 1I), but these strategies require
exogenous genes or gene editing, can lead to altered ribosome concentrations and RP mispositioning
[66], and do not preserve weakly bound ribosome-associated proteins (RAPs), many of which are
capable of further reprogramming ribosomal translation.

Recently, a label-free biophysical/chromatographical-based method RAPIDASH was developed
by the Barna and Ruggero labs which preserve the interactions between RAPs and native ribosomes
[67] (Figure 1]). RAPIDASH relies on a cysteine-charged resin, a chromatographic technique used to
isolate active bacterial and yeast ribosomes via rRNA binding. Careful modifications to the classic
protocol led to the preservation of hundreds of RAPs on ribosomes isolated from the developing
mouse forebrain. Two newly identified RAPs, Dhx30 and LLPH, are implicated in providing
translation specificity toward mRNAs with specific structural and sequence features which may be
linked to neural development. Beyond changes in incorporation of RPs and associations of RAPs,
ribosome heterogeneity can arise from rRNA modifications which are thought to further alter
RP/RAP associations, but their functional consequences remain to be clearly elucidated [68].

Imaging Newly Synthesized Individual Proteins

Fluorescent reporters have been mainstay tools for imaging of local protein synthesis, since the
Schuman group first developed GFP reporters synthesized from mRNAs bearing appropriate
untranslated regions to study dendritic local translation [14]. The use of fast-folding, bright FPs such
as Venus and temporal gating with photoconvertible FPs has provided incredible insight into
stimulation-induced local translation in neuronal processes and at synapses [69,70]. Innovations in
even brighter and more photostable FPs such as monomeric StayGold variants [71-73] and
fluorogenic chemogenetic labeling tags [74,75] should enable real-time reporting of protein synthesis
down to second timescales. To permit imaging of protein turnover, reversible ligand-based labeling
methods have also been developed. One such example is a class of fluorescence-activating and
absorption-shifting tags (FASTs) developed by the Gautier group [76-78] (Figure 2A). FASTs were
engineered from photoactive yellow protein to be binders of hydroxydenzylidene rhodanine
fluorophores. They have several suitable properties for local protein synthesis monitoring:
fluorogenic labeling (permitting real-time monitoring with no wash steps); second timescales for
quantitative labeling, which should be fast enough for minute-scale monitoring of protein synthesis-
dependent plasticity [79,80]; excellent brightness and photostability; and small size (11-14 kD) [81].
Importantly, fluorescence from a polyspecific variant of FAST [78] can be switched off rapidly (in
seconds) and with high efficiency (~80% fluorescence removed) through chase labeling with a dark
quencher ligand, permitting dynamic imaging of protein turnover.

doi:10.20944/preprints202407.2413.v1


https://doi.org/10.20944/preprints202407.2413.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 July 2024 d0i:10.20944/preprints202407.2413.v1

Individual nascent proteins Nascent proteomes
A FAST B FUNCAT/BONCAT THRONCAT C TransitID
& Biotin labelling
Ny ncAAs - N)-
(’ + @ (g arinpe) M= / ‘azide-conjugate \\‘\ Botn+ ATP o
Alkyne-conjugated The
light-up IRNAT iy ns‘;cnmyz‘t\:‘!l\ziumymg TRNNA i ald mw e M - &B\olmyl-s'-AMP
fluorophore Methionyl-tRNA o+ Threonyl-tRNA Tu \ 01D in Chase for icki
i proteome traffickin;
POl fused with FAST L synthetase synthetase .’;;"5“;::‘\—/ (A) * ourcn \ocation ®
- T - APEX labelling
. ._,..--""' é/k(im Cick _paevtestés® ™
"j ncAA-labeled newly y fe8CaN " pes labeled A J uMkvr\e phenol +H,0,
N synthesized proteins B-ethynylserine newly synthesized proteins Allyne-phenoxyl gy ’
— = S— (A, @ Ensblecuitureincomplete growth media H in radical
@ Fast incorporation rate " destination locatio
Orthogonally translating organelles and genetic code expansion
D OTOs Cytosolic transcripts E RENAPT
Targeted subcellular transcripts _‘ HAn NA editing an en n RNA
and translation machineries .IP"'
Release fact (x‘ 2POBEC
¢ 5 ca -5 )
" P—— [A} .//—- T~ —Ah
Phase-separating V: ““““"\__/(Aln / Guide RNA
proteins . Nonsense codon generation
(e.g. EWSR1, FUS) - 5 B .
“Je
5
-‘ Fluorescence ncAAs
* & A:’j ncAA labeled newly (e.g. ANAP)
®.9)9) TRNAR symhes\zed proteins

Azide bearing ncAAs for a

Semiaee ncAA-labeled newly ool g “-\_\_//W" click reaction (e.g. TCO-K
[/ U pyrrolysyl-tRNA

synthesized proteins synthetase click with SiR-Tz-Cy3)
Figure 2. Protein-centric techniques for imaging, mapping, and controlling of local translation. (A)
Fluorescence-activating and absorption-shifting tags (FASTs) for individual protein imaging. (B)
Nascent proteomes can be labeled with bio-orthogonal noncanonical amino acid tagging (BONCAT),
fluorescent noncanonical amino acid tagging (FUNCAT). Or threonine-derived non-canonical amino
acid tagging (THRONCAT). (C) Proximity labeling-based TransitID can map protein pools trafficked
to and from different subcellular locations. (D) Genetic code expansion-based OTOs (orthogonally
translating organelles) can mediate local translation of mRNAs artificially targeted to the organelles.
(E) RENAPT (RNA editing-mediated noncanonical amino acids (ncAAs) protein tagging) introduces
the amber stop codon on desired mRNAs, and allows genetic code expansion and ncAA incorporation
on endogenous transcripts.

Mapping Local Nascent Proteomes and Imaging Nascent Proteins

Metabolic labeling approaches with bioorthogonal methionine and puromycin analogs are well-
established and have been used to profile proteome dynamics in diverse cells and organisms (recent
reviews here [82,83]). Foundational azidohomoalanine (AHA) and homopropargylglycine (HPG)-
based BONCAT/FUNCAT labeling approaches [84,85] can be performed in neuronal processes
within 15 min, and could be coupled to highly sensitive, super-resolution imaging modalities such
as DNA-PAINT for quantitative imaging of nascent proteins at single-molecule resolution [86].
Multiplexed imaging of nascent proteomes and ribosome location, both via DNA-PAINT, enabled
the Schuman group to quantify distributions of locally synthesized proteomes from individually
stimulated dendritic spines to neighboring spines and dendritic segments. Concurrent measurements
of single-spine synaptic activity critically link the amount of locally synthesized proteins at single
spines to their activity levels [86]. In vivo, cell-type specific metabolic labeling has also been
demonstrated by the Schuman group using a mutant methionyl-tRNA synthetase genetically
targeted to defined neuron types in transgenic mice [87].

Beyond AHA and HPG, a recent addition to the repertoire of non-canonical amino acids (ncAAs)
for nascent proteomic profiling is the threonine-based THRONCAT [88] by the Bonger group (Figure
2B). THRONCAT co-opts cells to incorporate 3-ethynylserine (BES), a clickable alkynyl analog of Thr,
into newly synthesized proteomes. Due to good incorporation efficiency of 3ES in the presence of
Thr, metabolic labeling could be performed in complete growth media. THRONCAT can likely be
used in combination with BONCAT and other sense codon-mediated incorporation of ncAAs such
as SORT-M [89] to improve proteomic coverage. Given faster incorporation efficiency of BES relative
to HPG, THRONCAT may also improve the temporal resolution when used in conjunction with
proximity ligation assay (PLA)—in the same vein as FUNCAT-PLA [90]—to detect newly
synthesized protein targets. Fast ncAA-based tagging of specific nascent proteins can complement
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puromycin-based Puro-PLA [90], which has excellent temporal resolution but due to the ribosome-
trapping nature of puromycin-based labeling, cannot be used to study distribution of locally
synthesized proteins over time.

Beyond co-translational labeling approaches, post-translational proximity labeling can be used
to differentiate protein pools originated from and sorted to different subcellular compartments. In
TransitID developed by the Ting group, origins and destinations of proteomes can be sequentially
marked using two orthogonal proximity labeling enzymes TurboID and APEX2, the latter with a new
alkynyl substrate [91] (Figure 2C). Dual biotin- and alkyne-labeled proteins therefore have their
source and destination information encoded and decipherable by multiplexed mass spectrometry-
based proteomic experiments. Candidates of proteins locally synthesized at the OMM then imported
into the mitochondrial matrix were identified with TransitID; their synthesis at the OMM were
further verified by puromycin-based tagging.

Controlling and Monitoring Local Translation via Orthogonally Translating Organelles and
Genetic Code Expansion

Protein translation machineries used in genetic code expansion (GCE) can now be engineered to
exist in phase-separated compartments within the cell, enabling incorporation of ncAAs into specific
proteins within the compartments (Figure 2D). Developed by the Lemke lab, such orthogonally
translating organelles (OTOs [92]) bring together critical components of GCE to specific locales
through protein fusions containing four components: 1) an aminoacyl-tRNA synthetase with strong
affinity for suppressor tRNAs; 2) a cognate coat protein with strong affinity for stem loop-tagged
mRNAs; 3) a phase-separating domain; and 4) a localization moiety which tethers the protein fusion
to different organelles [93], including the ER and Golgi apparatus membranes, the OMM, the plasma
membrane, and the microtubule plus end [94]. OTOs can mediate local translation of mRNAs
artificially targeted to the organelles and insertion of ncAA labels in the resulting proteins. OTOs can
likely be repurposed to translate mRNAs naturally targeted to these compartments and incorporate
ncAAs at sense codons of locally synthesized proteomes, provided that the temporal resolution of
the labeling (currently at hour timescales) is improved to match minute-level timescales of protein
synthesis-dependent remodeling of most cellular processes.

Another intriguing prospect is the potential use of OTOs to monitor local translation of specific
endogenous transcripts via RNA editing-mediated ncAA protein tagging (RENAPT) [95], developed
by the Liu lab (Figure 2E). RENAPT employs dCasl3-based targeting of ADAR base editors to
introduce an amber (UAG) blank codon as the ncAA incorporation site directly on endogenous
transcripts, obviating the need to transfect artificial constructs bearing the gene of interest. Compared
to protein-based labeling tags like FASTSs, single-residue tags used in GCE have a clear advantage of
much smaller tag size and minimal perturbation to protein function. However, current common
fluorophores for GCE- and click chemistry-based labeling [96-98] are not sufficiently fluorogenic to
permit no-wash labeling, rendering real-time observation of protein synthesis off-limits. Design
principles from the development of highly fluorogenic substrates for protein- and RNA-based
labeling approaches [99,100]—particularly ways to reduce non-radiative decay pathways upon
fluorophore attachment to proteins—can likely guide the development of next-generation labels for
GCE, OTOs, and RENAPT, for real-time monitoring of locally translated proteins from endogenous
transcripts.

Controlling Translation via mRNA-Specific Ribosomes in Eukaryotes

In bacteria, orthogonal ribosomes can be engineered through mutations in the anti-Shine-
Dalgarno sequence of the small ribosomal subunit (S5U), enabling selective pairing with orthogonal
ribosome-binding, Shine-Dalgarno sequences on mRNAs [101]. Through circular permutation of the
large ribosomal RNA, the orthogonal SSU can be covalently attached to an engineered large
ribosomal subunit [102-105] with a mutated peptidyl transferase center capable of new polymerizing
functions [103,106,107]. In eukaryotes, translation preferences by the ribosome can be tuned by
specific compositions of ribosomal proteins such as RPL38 and RPS26, and ribosome-associated
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proteins such as RACK1. Notably, the Karbstein group discovered that RPS26-mediated recognition
of the Kozak sequence can be reprogrammed for translation of selective mRNAs in yeast [108].
Through understanding of Kozak sequence preferences of RPS26-containing vs RPS26-deficient
ribosomes [61], several signaling pathways in yeast were programmed to be RPS26-responsive, via
mutations to Kozak sequences of relevant genes and salt stress-triggered depletion of RPS26-
containing ribosomes [108]. Such translational control mediated by distinct ribosome compositions
may be extended to local protein synthesis control, provided that the RP mediator of ribosome
specificity can be locally synthesized —for example, through the aforementioned orthogonally
translating organelles and genetic code expansion.

Outlook of Local Translation Imaging and Controlling Tools for Mammalian Synthetic Biology

Continual developments of tools described in this review as well as new innovations will define
and clarify further roles of local protein translation in various biological processes. On translational
regulation at the subcellular level, key unanswered questions center on the nature of spatiotemporal
signaling cues controlling on-site protein production, as well as biomolecular players facilitating
these cues. Such biological insight can shed light on the complexity of the mammalian cell context,
where heterogenous distributions of resources in different compartments serve to optimize outputs
needed for local demand. As demonstrated with OTOs, principles underlying local translation can
inform the design of genetic devices to produce specific protein outputs while maintaining
orthogonality to the host machinery. Better designs of context-aware synthetic devices for
mammalian synthetic biology [109] therefore go hand in hand with better understanding of complex
settings the synthetic devices are housed in. The reprogramming of translation already has practical
uses in creating novel therapeutics [110], new-to-nature polymers for diverse applications [8], and
methods to control cell and organism behavior [111]. Enhanced understanding of how cells manage
resources and regulate translation could further enrich these applications.
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