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The growing toolbox for protein synthesis studies

Shintaro Iwasakil'™ and Nicholas T. Ingolia®®
IRIKEN, Wako, Saitama, 351-0198 Japan

2Department of Molecular and Cell Biology, University of California, Berkeley, CA 94720 USA

Abstract

Protein synthesis stands at the last stage of the central dogma of molecular biology, providing a
final regulatory layer for gene expression. Reacting to environmental cues and internal signals, the
translation machinery can quickly tune the translatome from a pre-existing pool of RNAs, before
the transcriptome changes. Although the translation reaction itself has been known since the
1950s, the quantitative or even qualitative measurement of its efficacy in cells has posed
experimental and analytic hurdles. This review outlines the array of state-of-art methods that have
emerged to tackle the hidden aspects of translational control.

Translation as conductor to orchestrate gene expression

Translation is the fundamental biosynthetic reaction whose regulation determines cell fate
temporally and spatially. Since protein synthesis and cell growth are tightly coupled, the
dysregulation of translation is a common mechanism underlying unrestrained growth in
cellular transformation and tumor development [1]. Indeed, re-tuning of the aberrant
translation status by translation inhibitors is an attractive strategy for tumor treatment [2].
Translational control also underlies many other cellular and organismal processes. Perhaps
most notably, regulated synaptic translation is linked to long-term potentiation and thus to
learning and memory [3].

Whereas it has been historically well accepted that mRNA and protein levels are highly
correlated, recent quantitative and genome-wide analyses revealed a larger contribution of
translational regulation to the final output of proteins in cells than previously thought [4,5].
Indeed, although the biochemical fundamentals of protein synthesis have been well studied
in great detail /n vitro, monitoring protein synthesis /n vivo has been a demanding task.
Thus, diverse approaches have been developed to explore the variety of translation status in
cells. Here we review the current advances of those methodologies, which are answering
questions that were inaccessible to earlier methods and are creating new puzzles in our
understanding of translation.

TCorrespondence should be addressed to S.1. and N.T.I., shintaro.iwasaki@riken.jp (S.1.) and ingolia@berkeley.edu (N.T.1).
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Iwasaki and Ingolia Page 2

Luminescent labeling of newly synthesized protein

Conceptually, the most straightforward way to measure translation is detecting its output —
protein. However, the huge amount of pre-existing protein in cells usually poses a challenge
for analyzing the relatively subtle amount of newly synthesized protein accumulating in a
short time-frame. Researchers thus need sufficiently sensitive and specific methods for
capturing newly synthesized polypeptides.

Specific fluorophore labeling of newly synthesized protein allows visualization and
quantitation of the overall translation activity in cells. Conjugating the fluorescent signal
directly with the peptide is highly advantageous, because this labeling is amenable to
conventional immunochemical methods, microscopic analysis, and fluorescence-activated
cell sorting (FACS) (Figure 1).

The natural translation inhibitor puromycin from the bacterium Streptomyces alboniger has
long been used as a key tool for studying translation [6]. Since puromycin functions as an
analog of aminoacyl tRNAs, this drug is incorporated into the C-terminal end of a nascent
peptide during the ribosomal elongation cycle and induces premature termination and
subsequent drop-off of the ribosome from the mRNA. This “puromycylation” reaction
places a “tag” into nascent peptides undergoing active translation, but not into completed
protein. Although, in principle, puromycylation produces a prematurely terminated, shorter
protein, a fraction of the proteins destined for cell secretion does reach the cell surface even
after puromycin-mediated truncation. The surface sensing of translation (SUnSET) method
detects this population of puromycylated secreted proteins on the cell surface, using an anti-
puromycin antibody, as an indicator of bulk translation activity [7] (Figure 1a). In a further
elaboration of this approach, puromycin is combined with cycloheximide, which blocks the
dissociation of ribosomes and their nascent peptides from mRNA [8]. By trapping nascent
peptides at the site of translation, this ribo-puromycylation (RPM) method focuses
specifically the subcellular locus of translation [9,10] (Figure 1b). Photo-caged puromycin
(NVOC-puromycin), which is activated upon UV exposure after cellular uptake, enables
control over puromycylation-mediated nascent protein labeling with higher spatiotemporal
resolution [11]. To facilitate the detection of the puromycin label, a derivative bearing a
terminal alkyne [O-propargyl-puromycin (OP-puro)] has been synthesized; this enables the
puromycylated nascent peptides to further be labeled with a fluorophore by CLICK
chemistry /n situ [12,13] (Figure 1c).

Nascent peptides can also be labeled by the metabolic incorporation of amino acid analogues
bearing CLICK-reactive moieties. As in puromycylation, this fluorescent non-canonical
amino acid tagging (FUNCAT) technique incorporates the targeting site for a fluorophore
only in actively synthesized polypeptides. Using methionine-free media, culturing cells with
either of two methionine surrogates — azide-containing azidohomoalanine (AHA) or alkyne-
bearing homopropargylglycine (HPG) — leads to incorporation of these amino acids into
translated protein, enabling CLICK conjugation with a fluorophore [14] (Figure 1d). One
limitation of this approach, shared by the traditional metabolic labeling strategy with
radioactive 3°S-methionine, is the fact that labeling density is controlled by the methionine
content of proteins.
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In addition to bulk measurements, it is possible to monitor fluorescently the translation of a
specific target protein by combining puromycylation and bio-orthogonal amino acids with
protein-specific antibodies. The /n situ proximity ligation assay (PLA) is based on the
coincidental localization of two antibodies, which are connected to DNA oligonucleotides
and guide the circularization of hybridized linker oligonucleotide [15]. Rolling cycle PCR of
the circular DNA then amplifies the template for /n sifu hybridization, detecting the locus of
the two target epitopes close together in cells. Applying this method with one of the
antibodies targeting puromycin or bio-orthogonal amino acids and a second antibody against
the protein of interest restricts proximity ligation to specifically monitor the new synthesis of
the target protein [16] (Figure 1e).

Alternatively, synthetic reporters harboring the rapidly maturing Gaussia luciferase (Gluc)
can be used to monitor protein synthesis in real time with sub-cellular resolution [17]. Gluc
requires only the substrate coelenterazine (CTZ), and no other cofactors (e.g. ATP/
magnesium ion), to emit the light, and this emission is rapidly quenched as the enzyme
displays “flash” kinetics. These characters of Gluc enable measurements that focus solely on
the fraction of reporter protein synthesized de novo (Figure 1f).

These methods based on fluorescence or bioluminescence are compatible with conventional
FACS, microscopic imaging, and immunochemistry, which enable quantitative
measurements of translational activity in single cells and often with sub-cellular resolution.
In general, these techniques do rely on the delivery of chemical reagents, and in many cases
require fixation before measurement as well. Nonetheless, they can reveal the variations in
translatability among cell populations [7,12,13] and animal tissue [12], and of local
translation [9] such as in the dendrites of neurons [10,14-17].

Mass spectrometry-based approaches

Whereas the methods mentioned above monitor the broad sweep of translation activity,
understanding mMRNA-specific translation regulation is an important but distinct issue.
Indeed response to extracellular stimuli, intracellular stress, and in developmental programs
are known to drive the translational control for a subset of mMRNAs. Mass spectrometry has
emerged as the preeminent approach for global and unbiased proteomics analyses. Applying
proteomic mass spectrometry to study translation again hinges on distinguishing the new
protein from the pre-existing population of proteins in the cell (Figure 2).

Metabolic pulse labeling of newly synthesized proteins with stable isotopes offers a solution
to this problem, enabling quantitative analysis of protein synthesis and decay. In pulsed
stable isotope labeling by amino acid in cell culture (pSILAC) [5,18], arginine and lysine
composed of heavy nitrogen, carbon, or hydrogen isotopes, are placed into tissue culture
media to mark the protein translated during the given time. Two different compositions of
labeled amino acids enable the labeling of proteins with “heavy” and “medium-heavy”
molecular weight. Pooling those two differentially labeled samples together and performing
mass spectrometry on the mixture yields a quantitative comparison of the translation status
in two different conditions (i.e. “heavy” vs. “medium-heavy”), distinguishing new proteins
in each sample from pre-existing “light” proteins (Figure 2a).
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To achieve broader proteome coverage, isolation and enrichment of newly synthesized
protein is highly advantageous for enabling deeper mass spectrometry analysis, which can
be limited by interference from more abundant pre-existing proteins and other detectability
biases. Here again, CLICK chemistry offers a solution — after bio-orthogonal hon-canonical
amino acid tagging (BONCAT), a CLICK reaction with alkyne-conjugated biotin allows
purification with streptavidin/neutravidin-beads [19,20] (Figure 2b). BONCAT can be
combined with pSILAC, in an approach termed quantitative noncanonical amino acid
tagging (QuaNCAT), that allows quantitative, ratiometric, and deep proteomic analysis of
newly-synthesized protein [21] (Figure 2c). Moreover, cell-selective BONCAT/QuanCAT
can be performed using cell-type-specific expression of an engineered aminoacyl-tRNA
synthetase (tRS) that will charge azide-bearing bio-orthogonal amino acids, which are
originally poor substrate for non-engineered tRS [22-26]. Alternatively, in vitro
puromycylation with a biotin conjugated puromycin derivative can label nascent proteins in
cell extract, which can then be enriched by streptavidin affinity purification. Proteomic
analysis of these tagged translation intermediates is termed puromycin-associated nascent
chain proteomics (PUNCH-P) [27] (Figure 2d).

MRNA sequencing-based approaches

The process of translation sits at the interface between nucleic acids and proteins. The
advent of powerful and sensitive techniques for mRNA profiling — first microarrays, and
then deep sequencing — spurred an interest in analyzing translation from the perspective of
the MRNA template rather than the protein product. The number of ribosomes loaded on a
single mRNA indicates how much it is being translated; this can be discerned by
fractionation of poly-ribosomes, or polysomes, by ultracentrifugation through a sucrose
density gradient. RNA profiles across the polysome fractions, compared to the total RNA
pool in cells, can identify translation status of mMRNAS across the transcriptome [28-30]
(Figure 3a).

One major factor affecting the diverse translation efficiencies among mRNAs in cells is their
5" and 3" untranslated region (UTR) [31,32], which can differ between transcript isoforms.
Defining the number of ribosomes on MRNAs by polysome fractionation coupled with
mMRNA-seq can deconvolve the distribution of isoforms and thereby reveal differences in
their translation efficiency. This approach for measuring translational differences among
mMRNA isoforms is termed transcript isoforms in polysome sequencing (TrIP-Seq)] [30]
(Figure 3a).

Like all of the proteomic approaches discussed above, polysome profiling requires a large
biological sample and yields an average across all cells comprising that sample. This poses
challenges for translational profiling in complex tissues, and especially in the brain, where it
could reveal new insights into synaptic translation and many other exciting open questions.
In order to measure translation in specific cells and lineages, it is necessary to first isolate
enough cells of the desired type from the complex mixture of diverse cells in an animal to
perform polysome profiling. The translating ribosome affinity purification (TRAP) and
Ribo-Tag approaches both circumvent the challenge of isolating specific cells by instead
expressing an epitope-tagged ribosomal protein driven under a tissue-specific promoter and
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subsequently sequencing the mRNA that co-purifies with the tagged ribosome [33-35]
(Figure 3b). Although the resolution is still qualitative, with these approaches it may now be
easier to profile translated mRNA than total mMRNA in a lineage-specific manner.

Surveying translation genome-wide with ribosome profiling

Although mRNA-Seq-based methods can provide a genome-wide view of the translatome,
the data cannot easily address questions such as where the ribosome starts and ends
translation, and how fast elongation proceeds. The emergence of ribosome profiling
promised to unravel such hidden aspects of translation, comprehensively and /n vivo [4,36].
The essence of ribosome profiling is deep sequencing of ribosome-protected MRNA
fragments generated by RNase digestion (Figure 4a). Since the position of the sequenced
“ribosome footprint” along an mRNAS directly represents the codons physically enclosed by
the ribosome and being decoded, the reads aligned back to genome represent the number and
position of translating ribosomes. Quantifying these footprints can measure translation
efficiency, which is normally evaluated by the over- or under-representation of a gene in
ribosome footprinting relative to total MRNA-Seq, and can also delineate the coding region
on an mMRNA and estimate elongation speed at every codon. This versatile technique has
been applied to variety of species, including model and non-model organisms, and even
viruses. The tissue-specific translatome can be addressed by immuno-purification of epitope
tagged ribosomes, which enables tissue-specific ribosome profiling [37-39], similar to
TRAP/Ribo-tag, which involves mRNA-seq of affinity-purified polysomes [33,34].

Translation initiation site profiling

Translated reading frames can be inferred from the presence of elongating ribosomes in
profiling data. The combination of ribosome profiling with a variety of translation drugs can
further expand our understanding of the /n vivo translatome [37,40-50] by providing a
direct, genome-wide survey of translation initiation sites.

Puromycin treatment terminates translation and releases actively elongating ribosomes, but
does not stop new initiation, so ribosome footprints from puromycin-treated cells are
enriched at and just after the translation initiation site [40]. Even greater sensitivity can be
achieved by pre-treatment of cells with translation inhibitors harringtonine and
lactimidomycin (LTM), which specifically capture the ribosome footprints at the start codon
[41-43]. Since these drugs only trap the ribosomes that do not have tRNA in their E-site [51]
— a situation that arises only for the initiating ribosome — elongating ribosomes run off from
the mRNA. Brief treatment with those inhibitors, followed by ribosome profiling,
specifically enriches ribosome footprints from initiating ribosomes and thereby defines
translation initiation codons, in an approach sometimes termed global translation initiation
site sequencing, or GTI-Seq (Figure 4b). These analyses not only rediscover AUG start
codons from canonical coding DNA sequences (CDSes), but also assign novel translation
initiation codons with AUG as well as near-cognate non-AUG codons. Sequential treatment
with LTM and puromycin allows an even more quantitative survey of differential selection
between translation initiation sites on an mMRNA [a method termed quantitative translation
initiation sequencing (QTI-seq)] [37]. Much as harringtonine and LTM capture initiating
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ribosomes in mammalian cells, tetracycline treatment causes a similar pattern of footprint
accumulation on start codons in bacteria and uncovers initiation codons comprehensively
[44,52].

Elongation speed survey by ribosome profiling

Because of its mechanism of action, harringtonine (or LTM) also allows a ribosome run-off
assay to profile the speed of elongation directly [41]. When harringtonine is added, it blocks
new ribosomes from entering the CDS body; a short time later, cycloheximide addition
freezes elongating ribosomes, and ribosome profiling can then be used to assess the amount
of ribosome movement occurring between the two drug treatments. This analysis revealed
the average ribosome elongation speed is 5.6 amino acids per second [41].

While the overall speed of elongation seemed similar between different genes, individual
codons have different decoding rates. Ribosome footprint accumulation represents the time
that the ribosome spends decoding the A-site codon, and thus identifies these differences in
elongation speed by codons. Although many studies have sought to understand the factors
that determine elongation speed, and reached disparate and sometimes contradictory
conclusions [53-59], it does seem that amino acid availability, which in turn reflects charged
tRNA abundance, is a key determinant of the decoding rate of corresponding codons [49,60].
Conversely, the ribosome occupancy over codons can be harnessed as a proxy for sensing
the amino acid pool in cells [61].

Moreover, ribosome profiling data can reveal kinetic aspects of conformational changes of
the ribosome during the elongation cycle. Because the ribosome adopts distinct
conformations at different stages of the elongation cycle, and these conformations vary in
their accessibility to RNase, ribosome footprints can differ in length. Indeed, footprints
occur in two distinct populations, one shorter (~21 nt) and one longer (~29 nt) [49], with
differential characteristics of accumulation over codons, presumably reflecting disparate
effects of tRNAs or amino acids on the kinetics of individual steps of the elongation cycle.

Survey of co-translational processing by ribosome profiling

The ribosome functions not only as the decoding machinery, but also as the hub of co-
translational events: folding of the nascent peptide, its export to organelles, protein complex
assembly, and mRNA decay [62]. Selective profiling of ribosomes engaging those processes
provides a new, unbiased way to address which mRNAs are targeted and where within the
MRNAS those processes start.

Localization of the ribosome can restrict the production of proteins to specific places inside
the cell where the protein plays its role. For example, ribosomes on the endoplasmic
reticulum (ER), known as the rough ER, are well known as the locus of local translation for
secretory proteins. Although it is possible to learn about the rough ER translatome by
fractionation of cytosolic and membrane-bound ribosomes and the subsequent ribosome
profiling on these fractions [63,64], this approach is challenging because of incomplete
fractionation, which is exacerbated by the collapse of the organelle during cell lysis.
Proximity-specific ribosome profiling circumvents these challenges by exploiting /n vivo
labeling of localized ribosomes. The bacterial biotin ligase BirA and its substrate peptide,
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called Avi-tag, provide a binary system for biotin tagging a protein of interest, which is
fused to the Avi-tag. Localized BirA on sub-cellular organelle restricts the biotin tagging to
the specific place where both BirA and Avi-tag coincide. Placing the Avi-tag on a ribosome
protein and localizing BirA on the ER surface allows the specific biotinylation of ribosomes
at the ER, which can then be purified and footprinted to detect the co-translational
localization of nascent peptides [65] (Figure 4c). This approach also revealed the
translatome on the mitochondria membrane, where localized ribosomes are not tightly
coupled to the membrane and are thus less amenable to co-fractionation [66].

Immuno-purification of targeted ribosomes via their association with ribosome/nascent
peptide binding factors leads to the simple but powerful adaptation of ribosome profiling to
look at interesting sub-populations with high resolution (Figure 4d). This analysis has been
applied to a variety of co-translational events: folding assisted by trigger factor chaperone
[67-69], membrane targeting by signal recognition particle (SRP) [64,69], protein complex
assembly [70,71], and Ski complex-mediated on-ribosome mRNA decay [72]. In addition to
ribosome profiling, unexpected coupling of translation with mRNA decay was revealed by
mRNA degradome analysis of decapped intermediates, since 5'-3” transcript degradation is
S0 processive that it reaches the translating ribosome and stops at its trailing edge [73].

protein synthesis survey

In addition to the cytosolic translation system, eukaryotes have another translational
machinery in their mitochondria, which specifically drives translation of mMRNAs encoded in
the mitochondrial genome. Isolation of the mitochondrial ribosome by sucrose density
gradient fractionation [74], sucrose cushion purification [45,75], or epitope tagging of a
mitochondrial ribosome protein [76] allows access to the translatome 7n organello as well.

Profiling of scanning ribosome

In eukaryotic translation initiation, the 40S small ribosomal subunit is first loaded onto the
mRNA and then moves along the 5° UTR to scan the cognate start codon prior to the
assembly of mature 80S ribosome [31,77]. However, ribosome profiling does not provide
information about scanning ribosomes, since the interaction between the 40S ribosome and
the MRNA is weak, and so any footprint would be susceptible to dissociation from the 40S
[78]. Formaldehyde cross-linking of the scanning 40S and mRNA freezes this fragile
complex, and subsequent 40S isolation allows profiling of the scanning pre-initiation
complex — a methodology called translation complex profiling sequencing, or TCP-Seq [79]
(Figure 4e). Three distinct populations of 40S footprints sizes (19, 29, 37 nt) reflect the
sequential changes in conformation and/or assembly/dissociation of factors on the
translation initiation complex. This method even captures the 40S ribosome on the stop
codon, after 60S dissociation but before recycling.

Single-molecule analysis in vivo

Although techniques based on mass spectrometry and deep sequencing provide
comprehensive measurements of translation /7 vivo, the data are combined and averaged
from every copy of an mRNA across millions of cells, masking the variance of translation of
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an individual mRNA molecule. The recent development of single molecule-based
technologies reveals translation molecule-by-molecule and allows versatile tools for detailed
observation of protein synthesis.

To observe translation directly, in real time and /n vivo, it is first necessary to visualize
mRNA at the single molecule level. Such single-molecule mRNA tracking is enabled by the
combination of MS2 or PP7 short hairpin RNAs (typically placed into 3" UTR) with
fluorescently tagged versions of their cognate binding proteins [MS2 coat protein (MCP) or
PP7 coat protein (PCP)]. In its simplest form, this approach allowed the visualization and
co-localization of the mRNA with ribosomes [80] (Figure 5a). Moreover, placing the phage-
derived RNA hairpins in the coding region, rather than the 3’ UTR, enables one to see the
displacement of fluorescent hairpin-binding proteins by elongating ribosomes [termed as
translating RNA imaging by coat protein knock-off (TRICK)], and thereby measure the
location and the kinetics of first-round translation on an mRNA after its export from nucleus
[81] (Figure 5b).

In addition to tracking mRNA, fluorescent labeling of the nascent peptide from a translating
mRNA offers a more direct and versatile method to visualize translation /in vivo. Although
simply monitoring a fluorescent protein as a nascent peptide on the ribosome seems
straightforward, the dim signal of a individual fluorescent protein and its slow maturation
pose fundamental technical challenges. Since SunTag [82] and spaghetti monster
(multimerized FLAG-tags), used in single-molecule imaging of nascent peptides (SINAPS)
and nascent chain tracking (NCT) respectively, can be rapidly recognized by a pre-existing
pool of fluorescently-conjugated antibody fragments (single-chain variable fragment (scFV)
and anti-FLAG), placing such tandem epitopes in the coding region enables the detection of
the nascent peptide as a multi-fluorophore spot immediately upon its emergence from the
ribosome [83-86] (Figure 5¢). These nascent peptide visualization experiments have been
performed with varying experimental and analytical approaches, including different cell
types and reporters. Despite those differences, the four studies yielded similar results,
representing the fundamental characteristics of translation: elongation at 3—10 amino acids
per second, ribosomes spaced out every 200-300 nt on the mRNA, and translation initiation
every 30-40 seconds, all of which agree well with bulk measurement of translation by other
approaches [4,87]. Furthermore, these analyses uncover fluctuations in protein synthesis
across individual mRNA molecules: translation bursts (switching between on- and off-states)
[85,86] as observed in transcription [88], occasional ribosome stalling [84], and formation of
di-polysomes [83] comprising two physically associated mMRNAs, probably reflecting co-
translational complex assembly [70].

Through their resolution of single-molecule translation in time and space, the results of these
in vivo, single-molecule analyses make us reconsider the paradigm of established
translational control mechanisms. For example, the integrated stress response represses
overall translation while actually activating translation from a subset of mMRNAs.
Remarkably, single-molecule analysis showed that this stress-induced activation is transient
and lasts only ~150 seconds [84]. In neurons, restricted translation at the synapse is
necessary for long-term potentiation, and thus memory. The analysis of this localized and
regulated synaptic translation reflects one of the most exciting and technically challenging
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applications for single-molecule studies of translation. It has been long thought that
translational repression during transport of the mMRNA along the dendrite, followed by
release of this repression at the synapse, is the basis of local translation. However, in vivo
single-molecule analysis actually showed that silencing of translation is not complete and
~20% of mRNAs are actively translated during transport [84,85]. Future application of these
approaches will doubtlessly provide greater insight into this key feature of neuronal

physiology.

Concluding remarks

We have a growing appreciation for the depth and complexity of translation control. Recent
developments include the appreciation of diverse non-AUG start codons and their use in a
cell-context-dependent manner [37,41,42], the elucidation of the ribosome quality control
(RQC) system for resolving aberrantly stalled ribosomes [89], the emergence of codon
optimality as additional code for mRNA half-life [90], the role of RNA modifications in
translational control [91], and the global analysis of cellular internal ribosome entry sites
(IRESes) [92].

The wealth of methods reviewed here is providing new ways to address such biological
phenomena (see Outstanding Questions), which have previously been much less accessible.
Systematic analysis by mass spectrometry of protein and deep sequencing of RNA allows us
to perform unbiased surveys of translation and deduce the underlying regulatory rules. /n
vivo single-molecule analysis is currently limited to artificial reporter transcripts, but allows
detailed Kinetic analysis of translation with great resolution in time and space. The single-
molecule study of translation is still in its infancy, and as it matures we expect a rich body of
new insights.

Outstanding Questions Box

. How different is the protein synthesis rate among tissues across development
and disease states? How does it link to cell physiology?

. What kind of characteristics (e.g., RNA/protein motifs) determine the kinetics
of ribosome elongation in cells? How does it affect function of the
synthesized proteins?

. How variable are ribosomes in cells? How do modifications of ribosome
protein/rRNA and interacting factors specialize translation?

. How does the epi-transcriptome affect translation?
. What is the underlying mechanism of translation bursts?
. Covering many endogenous transcripts by single-molecule translational

analysis will be warranted.

. Single-cell application of deep-sequencing based approaches, including
ribosome profiling, TCP-seq, and others, may also be the future direction.
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Although each individual approach discussed above has clear strengths, the combination of
multiple approaches should provide even deeper and more robust analysis of translation, as
the distinct techniques complement each other well. We look forward to the possibility of
high-throughput, single-molecule translational analysis covering many endogenous
transcripts, and single-cell application of deep-sequencing based approaches like those now
performed in RNA sequencing and chromatin immunoprecipitation [93]. Moreover,
applications of these techniques to complicated tissues in animals — an area of active
development — will provide new insights into the contribution of translation control in
development and diseases.
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Trends Box

. Fluorescent labeling of newly synthesized protein measures overall translation
activity by conventional microscopic analysis and fluorescence-activated cell
sorting (FACS).

. Mass spectrometry analysis with specific isolation of newly synthesized
protein monitors the differential changes of proteome caused by translation
alteration.

. Ribosome profiling and its derivative methods globally survey /n vivo kinetics

of translation, local translatome, and co-translational events.

. In vivo single-molecule analysis addresses the kinetic and dynamic
fluctuation of translation, molecule-by-molecule, in real time.
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Figure 1. Methods for translation measurement based on luminescent labeling of newly
produced peptides

a. SUNSET (surface sensing of translation) harnesses puromycylated secreted proteins
localized on the cell surface for detection by anti-puromycin antibody.

b. Combined with cycloheximide, RPM (ribo-puromycylation) traps puromycylated peptides
on the ribosome and visualizes the subcellular sites of translation by staining with an anti-
puromycin antibody.

¢. Alkyne-bearing puromycin[O-propargyl-puromycin (OP-puro)] allows conjugation of a
fluorescent dye to puromycylated proteins by CLICK chemistry.

d. FUNCAT (fluorescent non-canonical amino acid tagging) uses bio-orthogonal amino
acids containing a CLICK-reactive alkyne or azide, enabling subsequent fluorophore
attachment.

e. PLA (proximity ligation assay) detects newly-synthesized molecules of one target protein
by the coincidental localization of a protein-specific antibody with a nascent-protein
antibody recognizing puromycin or bio-orthogonal amino acids.

f. Gluc (Gussia luciferase) tagging on the protein of interests monitors its synthesis in real-
time with subcellular resolution, by Gluc’s rapid maturation and flash kinetics.
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Figure 2. Mass spectrometry-based methods for measuring differential translation changes
across proteome

a. Pooling proteins from two samples, in the pSILAC (pulsed stable isotope labeling by
amino acid in cell culture) method, provides quantitative mass spectrometry of protein
produced during the labeling period.

b. In BONCAT (bio-orthogonal non-canonical amino acid tagging), CLICK-reactive bio-
orthogonal amino acids [e.g. AHA (azidohomoalanine)] are incorporated into protein and
subsequent biotin-tagging allows affinity purification of newly synthesized protein, for wider
coverage of the proteome.

¢. QuaNCAT (quantitative noncanonical amino acid tagging) combines pSILAC and
BONCAT for quantitative mass spectrometry with broader coverage.

d. PUNCH-P captures polypeptides from active translation through biotin-conjugated
puromycin and subsequent purification by streptavidin beads.
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Figure 3. Analyzing translation by mRNA sequencing

a. In polysome profile/TrIP-Seq (transcript isoforms in polysome sequencing), defined
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fractionation according to the number of ribosomes on an mRNA dissects the mMRNA pools
under active translation and monitors differential translation status among mRNA isoforms.

b. TRAP (translating ribosome affinity purification) and Ribo-tag isolate ribosomes —

including constituent MRNAs — from specific cells and lineages.
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Figure 4. Ribosome footprinting-based methods for genome-wide translatome surveys
a. Ribosome profiling is based on deep sequencing of RNA fragment protected by the

ribosome during RNase digestion.

b. Ribosome footprints from translation initiation sites are highly enriched by the use of
translation inhibitors LTM or harringtonine.

c. Artificially localized BirA (ex. on the ER or mitochondria) specifically biotinylates Avi-
tags on ribosome proteins, only when those two molecules are coincidentally localized.
Purification and footprinting of biotinylated ribosomes thereby surveys the translatome at a
specific place within cells.

d. Co-translational events can be monitored transcriptome-wide by profiling of ribosomes
selected through interacting factors.

e. In TCP-Seq (translation complex profiling sequencing), the scanning 40S ribosome and its
footprint are crosslinked, purified, and sequenced.
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Figure 5. In vivo single-molecule translation
Single mRNAs are visualized with a hairpin RNA together with its cognate binding protein

fused to a fluorescent reporter.

a. Simultaneous visualization of an mMRNA along with fluorescently tagged ribosomes
reveals the population of mMRNAs under translation.

b. In TRICK (translating RNA imaging by coat protein knock-off), by placing a second pair
of RNA hairpins within the CDS, bound by a different coat protein with a distinct
fluorescent label, untranslated mMRNAs are monitored by the overlap of two colors. As the
elongating ribosome melts the CDS hairpins and kicks off their binding protein, loss of the
second color reflects the first round of translation.

c. Multimerized Sun-tags in SINAPS (single-molecule imaging of nascent peptides) or
spaghetti monster protein tags in NCT (nascent chain tracking), encoded in the reporter
transcript can bind quickly with pre-existing fluorescent antibody, as soon as nascent
peptides emerge from ribosome. Co-localization of mMRNA and nascent peptide directly
measures the kinetics and dynamics of active protein synthesis.
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