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ABSTRACT

Post-transcriptional regulation of gene expression
occurs by multiple mechanisms, including subcel-
lular localization of mRNA and alteration of the
poly(A) tail length. These mechanisms play crucial
roles in the dynamics of cell polarization and embry-
onic development. Furthermore, mRNAs are emerg-
ing therapeutics and chemical alterations to increase
their translational efficiency are highly sought af-
ter. We show that yeast poly(A) polymerase can be
used to install multiple azido-modified adenosine
nucleotides to luciferase and eGFP-mRNAs. These
mRNAs can be efficiently reacted in a bioorthog-
onal click reaction with fluorescent reporters with-
out degradation and without sequence alterations
in their coding or untranslated regions. Importantly,
the modifications in the poly(A) tail impact positively
on the translational efficiency of reporter-mRNAs in
vitro and in cells. Therefore, covalent fluorescent la-
beling at the poly(A) tail presents a new way to in-
crease the amount of reporter protein from exoge-
nous mRNA and to label genetically unaltered and
translationally active mRNAs.

INTRODUCTION

The key function of mRNAs is translation into proteins
and multiple mechanisms act on the mRNA level to regu-
late gene expression. Among them, asymmetric localization
of mRNA plays a fundamental role in large polarized cells
and early development (1); hence simple-to-use tools for in-
vestigating these processes without interfering with other
functions of mRNA are required. In neurons, targeting of
mRNAs to dendrites and axons is relevant for intracellular
signaling, development and synaptic plasticity. Imaging of
mRNAs in neurons and brain tissue has enhanced our un-
derstanding of mRNA dynamics, in particular if achieved
on the single-molecule level (2). Single-molecule fluores-

cence in situ hybridization (smFISH) guarantees sensitive
detection via multiple fluorophore-labeled probes that are
hybridized to a specific RNA, enabling even the detection of
a single mRNA molecule (3). However, this approach works
best in fixed cells where unbound probes can be removed
or more intricate turn-on systems like FIT-probes have to
be synthesized (4,5). For tracking mRNA in living cells
fluorescently labeled phosphodiester oligodeoxynucleotides
(ODNs), which are efficiently taken up by the cell and selec-
tively hybridized to the poly(A) tail were developed (6) and
further used to study movement of mRNA in the cell nu-
cleus using photobleaching techniques (7,8). To eliminate
fluorescence signal from non-hybridized probe, highly spe-
cific and sensitive molecular beacons (MBs) are an interest-
ing and simple-to-use tool for imaging endogenous mRNA
(9–11). Live-cell imaging using MBs can be performed with
different delivery methods including the use of optimized
MBs for the target to prevent unspecific signals (12–14).

In living cells, the most widely used RNA labeling ap-
proach is tagging with green fluorescent protein (GFP) via
the MS2 system (consisting of the coat protein from bac-
teriophage MS2 binding to a RNA stem-loop) or alter-
native RNA-protein pairs from bacteriophages (1). Appli-
cations from yeast to mice underscore the importance of
this strategy that relies completely on genetically encodable
parts (15). Despite the success of the MS2 system, a remain-
ing limitation is the size of the tag that is appended to the
mRNA of interest. Typically, 24 MS2 stem loops are ap-
pended to the 3′ untranslated region (3′-UTR) of the target
RNA and bind 48 molecules of MS2 coat protein (MCP)
each fused to GFP. The resulting ribonucleoprotein (RNP)
tag exceeds the size of the RNA of interest. Moreover, the
MS2 stem loops are recalcitrant to degradation by exori-
bonuclease Xrn1 when bound to the MCP-GFP fusion pro-
tein, which can lead to accumulation of labeled leftover tag
after the mRNA decay of the ORF (16), unless an engi-
neered MS2-MCP system with reduced binding affinity is
used (17).

A third approach is based on microinjection of labeled
mRNA. This approach is particularly useful if genetic alter-
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ations are difficult to achieve such as in primary neurons, or
if little alteration of the mRNA of interest is desired. Herein,
mRNA with a 5′-cap is produced by in vitro transcription in
the presence of a fluorophore-labeled UTP, in addition to
the four canonical NTPs. The modified UTP is statistically
incorporated guaranteeing multiple fluorescence labeling.
Such mRNAs were successfully used to visualize mRNA
localization in rat neurons (18,19) and in Drosophila (20).
Importantly, in this approach, the sequence of the mRNA
remains unaltered.

So far, a variety of strategies for the covalent linkage
of reporters to RNA has been developed, mostly focusing
on cotranscriptional or posttranscriptional enzymatic la-
beling approaches (21,22). The cotranscriptional approach
still requires improvements in cell permeability and salvage
pathway compatibility as well as the possibility to apply
bioorthogonal click reactions. RNA-modifying enzymes,
independent of the broad application of methyltransferases,
could be more advantageous (23,24), however the RNA se-
quence is extended with a tag bearing only one fluorophore.

Labeling mRNAs without interfering with their biologi-
cal functions is an intricate problem, because functionality
is not restricted to the coding region, but the UTRs also
contain miRNA and protein binding sites as regulatory ele-
ments. In fact, chimeric mRNAs with 3′-UTRs from local-
ized mRNAs were repeatedly shown to be transported and
locally translated (25,26). This illustrates that any changes
in the sequence, including the UTRs bear the risk to alter
the properties of the RNA of interest. Therefore, in addition
to approaches relying on fluorescent labeling by extend-
ing the sequence (e.g. MS2, aptamers, tRNA-modifying en-
zymes) (23,24,27–29), methods that do not alter the se-
quence are required and covalent labeling with small flu-
orophores has advantages. The body-labeled mRNA is a
promising approach, however, multiple fluorophores in the
coding region likely interfere with translation by the ri-
bosome. In most cases body-labeled mRNAs are exclu-
sively used to report on mRNA localization but not com-
bined with a translational readout. Strikingly, reports where
the protein product of body-labeled mRNAs was tested
relied on immunohistochemistry rather than the encoded
reporter-protein itself (GFP), suggesting that the amount
of protein product was low and translation hampered (18).
As an alternative, mRNA can be labeled site-specifically at
the 5′-cap (30–33). However, to date only one or two fluo-
rophores can be attached to this relatively small hallmark
of eukaryotic mRNAs. Furthermore, since the 5′-cap is in-
volved in numerous processes, small modifications can in-
terfere with eIF4E binding and also with translation (34–
36). Therefore, although different concepts for mRNA la-
beling with their unique strengths have been successfully
used for mRNA imaging, the ideal way to label mRNA in
living cells––i.e. high fluorescence (e.g. with multiple labels)
but without addition of large tags or tags that interfere with
the functions of mRNA (most notably translation)––has
not been found.

Furthermore, mRNAs are emerging therapeutics in pro-
tein replacement therapies and tumor vaccination. Tailor-
ing the pharmacokinetics of mRNAs therapeutics has be-
come an important topic, in particular ways to increase
the translational efficiency of exogenous mRNA are highly

sought after. Increasing the fraction of correctly capped
mRNA as well as additional modified nucleotides through-
out the entire transcript (e.g. � and m6A) are routinely used
to reduce immunogenicity and increase translation (37,38).
Many modified 5′ caps have been synthesized and tested
to improve stability and translation, yielding up to 3-fold
increased translation compared to the canonical cap (39).
Modifications in other regions of the mRNA are being dis-
cussed as potential sites to increase the translation but re-
main underexplored.

We reasoned that the poly(A) tail, which is another hall-
mark of eukaryotic mRNAs, might be a valuable alterna-
tive to (i) conveniently label mRNA, (ii) introduce multi-
ple labels and (iii) to affect translation. The poly(A) tail is
a non-coding and repetitive element (typically 150–250 nu-
cleotides long in mammals) (40) generated in a template-
independent manner by poly(A) polymerases (PAP). This
feature provides the opportunity to install multiple fluo-
rophores. It is non-coding, suggesting that the passage of
the ribosome will not be affected. Even the UTRs would re-
main unaffected by modifying the poly(A) tail and thus the
functions of the 3′-UTR as a binding platform for miRNAs
and RNA-binding proteins would be maintained. However,
the poly(A) tail is involved in circularization and interac-
tions with the 5′-cap which are required for translation ini-
tiation, so the impact on translation efficiency cannot be an-
ticipated.

Recently, poly(A) polymerases from different organisms
were used for terminal and internal labeling of synthetic and
natural RNA via copper-catalyzed azide-alkyne cycload-
dition (CuAAC) or copper-free strain-promoted azide-
alkyne cycloaddition (SPAAC) (Supplementary Scheme S1)
(41). Using optimized conditions, it was possible to site-
specifically incorporate a single modified nucleotide of
choice (A, C, G, U) containing an azide at the 2′ po-
sition site-specifically. We wanted to explore the ability
of poly(A) polymerases to incorporate multiple 2′-azido-
modified adenosine nucleotides at the 3′-end of mRNA,
which could subsequently be labeled by SPAAC. An unnat-
ural poly(A) tail would provide a platform both for multiple
labeling of mRNA and for investigating the translation of
poly(A) tail-modified mRNA in living cells (Figure 1).

MATERIALS AND METHODS

3′-End modification analysis of short RNA

The enzymatic addition of 2′-N3-2′-dATP (1 mM) or 3′-N3-
2′,3′-ddATP (1 mM) to the 3′-end of RNA (10 �M) was
performed in the presence of PAP (600 U) in 1 × PAP re-
action buffer for 20 min at 37◦C followed by isopropanol
precipitation overnight and washing with 70% ethanol. The
click reaction was performed with 3′ azido-modified RNA
(5 �M) and DBCO-biotin (200 �M) for 45 min at 37◦C fol-
lowed by isopropanol precipitation overnight and washing
with 70% ethanol. Then, the modified RNA was analyzed
by 15% denat. PAGE. For UHPLC–MS and HPLC analy-
sis, the modified RNA was digested with nuclease P1 (0.33
U) for 4 h at 37◦C and then with FastAP (1 U) for 1 h at
37◦C. Enzymes were precipitated with HClO4 (200 mM) by
incubation for 10 min at room temperature.
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Figure 1. Concept of poly(A) tail labeling for translation and localization analyses of reporter mRNAs. Azido-modified adenosine nucleotides are enzy-
matically attached at the poly(A) tail of in vitro transcribed reporter mRNAs (luciferase or eGFP) using yeast poly(A) polymerase. (A) Translation analysis.
(B) Intracellular labeling.

Enzymatic synthesis of modified mRNAs at the 5′ cap and the
poly(A) tail

For the production of the eGFP-mRNAs the respective
eGFP pMRNAxp vector was used (34). For the produc-
tion of Gaussia luciferase (GLuc) or the Cypridina lu-
ciferase (CLuc) mRNAs, the Gaussia or Cypridina lu-
ciferase gene, respectively, was cloned into the pMRNAxp

mRNAExpressTM vector using BamHI and EcoRI restric-
tion sites. The respective DNA template was amplified in 1
× HF puffer using plasmid (70 ng), dNTP mix (0.5 mM),
forward primer (0.5 �M), reverse primer (0.5 �M) and Phu-
sion High-Fidelity DNA Polymerase (1 U). Then, in vitro
T7 transcription was performed in 1 × transcription buffer
using DNA template (100 ng), A/C/UTP mix (0.5 mM),
GTP (0.1 mM), cap analog (1 mM), RiboLock RNase In-
hibitor (30 U), T7 RNA polymerase (50 U) and pyrophos-
phatase (0.1 U) for 3 h at 37◦C. Remaining DNA tem-
plate was digested by incubation with 2 U DNase I for 1
h at 37◦C and then, mRNAs were purified using the RNA
Clean & Concentrator™-5 Kit (Zymo Research). The en-
zymatic addition of 2′-N3-2′-dATP (1 mM) to the poly(A)
tail of ARCA-capped mRNA (∼3–4 �g) was performed in
the presence of PAP (600 U) in 1 × PAP reaction buffer
for 20 min at 37◦C followed by isopropanol precipitation
overnight and washing with 70% ethanol. The click reac-
tion was performed with azido-modified mRNA (500 ng)
and DBCO-SRB (50 �M) for 45 min at 37◦C followed by
isopropanol precipitation overnight and washing with 70%
ethanol. Then, the modified mRNA was analyzed by 7.5%
denat. PAGE.

Cell culture and toxicity assays

For isolation of total RNA, HeLa cells were cultured
in MEM Earle’s media (Merck) supplemented with L-
glutamine (2 mM), non-essential amino acids (1%), peni-
cillin and streptomycin (1%), and fetal calf serum (FCS,
10%) under standard conditions (5% CO2, 37◦C). One day
before transfection, 3 × 104 cells were seeded in media
(100 �l) in a 96-well plate. Cells were transfected using
Metafectene® Pro (0.3 �l) (Biontex) in MEM Earle’s media
(4.7 �l) and modified mRNA (0.1 �g) in MEM Earle’s me-
dia (5 �l) for 6 h at 37◦C in a total volume of 100 �l per well.
Then, media with transfection reagent was removed and the

cells were incubated overnight in serum free DMEM media
without phenol red (Merck). The cell cytotoxicity was mea-
sured using the LDH Cytotoxicity Detection Kit (Takara
Bio Inc.) 24 h after transfection according to the manu-
facturer’s protocol. The cell viability was measured using
the Vybrant® MTT Cell Proliferation Assay Kit (Thermo
Fisher Scientific) 24 h after transfection according to the
manufacturer’s protocol. A volume of 100 �l 0.04 N HCl
in isopropanol was used instead of the SDS–HCl solution
to dissolve the formazan. The cell proliferation was mea-
sured using the BrdU Cell Proliferation Assay Kit (Merck
Millipore) 24 h after transfection according to the manufac-
turer’s protocol.

Cell culture and total RNA isolation or Western Blot analysis

For isolation of total RNA and western blot analysis, HeLa
cells were cultured as described above. One day before trans-
fection, 5 × 105 cells were seeded in media (2 ml) in a 6-well
plate. Cells were transfected using Metafectene® Pro (6 �l)
in MEM Earle’s media (94 �l) and modified mRNA (2 �g)
in MEM Earle’s media (100 �l) for 6 h at 37◦C in a total vol-
ume of 2 ml per well. Then, media with transfection reagent
was removed and the cells were incubated overnight in me-
dia. For co-transfection with two different mRNAs, 1 �g
of each mRNA was used. For total RNA isolation, 24 h af-
ter transfection, cells were incubated with lysis buffer (1 ml).
The total RNA was extracted using phenol-chloroform (4:1
and 2:1) followed by isopropanol precipitation overnight.
For western blots, cell supernatant was 10× concentrated
by lyophilisation, dissolved in 1× PBS and stored at –20◦C.
Cells were lysed using the protocol of the manufacturer for
CelLytic™ M (Sigma Aldrich). Cell lysate was stored at –
80◦C.

Reverse transcription and quantitative real-time PCR (RT-
qPCR)

Isolated total RNA (1 �g) was incubated with DNase I (2
U) in 1 × DNase reaction buffer in a total volume of 10
�l for 30 min at 37◦C to degrade residual DNA. The en-
zymes were then inactivated by addition of EDTA (5 mM)
and incubation for 2 min at 65◦C. For reverse transcription,
half of the digested reaction mixture was incubated in 1 ×
RT buffer, dNTPs (0.5 mM) with reverse primers for GLuc,
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CLuc or eGFP (5 �M) and Maxima H Minus Reverse Tran-
scriptase (25 U) for 10 min at 25◦C followed by 30 min at
50◦C and finally 5 min at 85◦C. Using the other half of the
digested reaction mixture, the reverse transcription was per-
formed with the reverse primer for ß-actin, respectively. The
qPCR was performed in a total volume of 20 �l contain-
ing cDNA mixture (2 �l, 1:5 in ddH2O), forward primer
(0.5 �M), reverse primer (0.5 �M) and 1 × iTaq Universal
SYBR® Green Supermix (Bio-Rad). The following PCR
program was conducted: (i) initial denaturation (95◦C for 3
min), (ii) denaturation (95◦C for 5 s), (iii) elongation (57◦C
for 30 s), (iv) plate read, (v) 39 × cycle (ii–iv), (vi) melt curve
(60◦C––95◦C, 0.5◦C/4 s), (vii) plate read. Data analysis was
performed with the CFX Manager 3.1 (Bio-Rad).

Western blots

To determine the protein concentration of cell lysate or cell
supernatant, the Bradford assay was performed using BSA
calibration standards (80–0 �g/ml) and a dilution of cell
lysate or cell supernatant (1:50). Samples (50 �l) were incu-
bated (15 min, rt, exclusion of light) with 1× Roti®-Quant
(Roth) staining solution (200 �l) and then, the extinction at
595 nm was determined.

Proteins were separated via tris-glycine-PAGE (10% pro-
tein gel, 120 V, 1.5 h, rt, for protein detection from cell lysate
50 �g protein and for protein detection from 10× concen-
trated cell supernatant 100 �g protein was loaded) and then
the proteins were transferred onto nitrocellulose membrane
Roti®-NC (Roth) in semi-dry transfer buffer with 80 mA
for 75 min at rt. To control protein transfer efficiency, a
Ponceau S stain was performed. The membrane was cut
into suitable pieces for subsequent antibody treatment and
washed with 1× PBS + 0.01% Tween (PBST). Blocking of
the membrane was performed in blocking buffer for 1 h at
rt, followed by incubation with the respective primary anti-
bodies overnight at 4◦C and three times washing with PBST
for 5 min at rt. The membrane pieces were incubated with
HRP conjugating secondary antibodies for 1 h at rt and
washed three times with PBST afterwards. For chemilumi-
nescence detection the EZ-ECL Chemiluminescence detec-
tion kit (Biological Industries) was used and results were an-
alyzed with a Chemo Star Advanced Fluorescence & ECL
Imager (Intas). Bands were quantified with ImageJ.

Cell culture and sample collection for luminescence or in-cell
labeling

For microscopy and luminescence experiments, HeLa cells
were cultured as described above. One day before transfec-
tion, 2 × 105 cells were seeded in media (1 ml) in a 12-
well plate. Cells were transfected using Metafectene® Pro
(3 �l) in MEM Earle’s media (47 �l) and modified mRNA
(1 �g) in MEM Earle’s media (50 �l) for 6 h at 37◦C in a to-
tal volume of 1 ml per well. Then, media with transfection
reagent was removed and the cells were incubated overnight
in media. For co-transfection with mRNAs, 500 ng of each
mRNA were used. For subsequent luminescence measure-
ments, an aliquot of 100 �l of cell media was taken 24 h after
transfection and stored at –20◦C. For click reactions, cells
were incubated with DBCO-SRB (3 �M) for 1 h at 37◦C di-
rectly after transfection followed by one washing step with

media and incubation with media for 1 h to release excess
fluorophore. Media was changed again and cells were incu-
bated overnight to release remaining fluorophore.

Luminescence measurements

Luminescence measurements were performed using the
Gaussia-Juice Luciferase Assay Kit (pjk) or the Pierce®

Cypridina Luciferase Flash Assay Kit (Thermo Scientific).
The luciferase activity was determined by adding 5 �l of
the supernatant (for Gaussia luminescence a 1:20 dilution
in 1 × PBS [pH 7.5] was used) to a 96-well plate followed by
injection of 50 �l freshly prepared reaction mixture with an
acquisition time of 3 s (duration of signal acquisition).

Fluorescence In Situ Hybridization (FISH) and fluorescence
microscopy

One day after transfection, the cells––grown and treated
on glass coverslips––were fixed and hybridized with Stel-
laris eGFP probe with Quasar 670 dye (BioCat) using the
protocol for adherent cells from Stellaris® RNA FISH
(Biosearch Technologies). Images were taken in a channel
for eGFP fluorescence (�exc. = 488 nm, �em. = 510 nm), a
channel for SRB fluorescence (�exc. = 568 nm, �em. = 585
nm), a channel for DAPI fluorescence (�exc. = 358 nm, �em.
= 461 nm), a channel for Quasar 670 fluorescence (�exc. =
647 nm, �em. = 670 nm) and in the differential interference
correlation (DIC) channel.

Colocalization analysis

An object based colocalization analysis was performed us-
ing Fiji of the ImageJ software. To identify the respective
region of interests, the ‘Analyze Particles’ plugin has been
used with a size filter of 4–1000 pixels to exclude large and
unspecific areas. The images were previously processed us-
ing a median filter (radius: 3 pixels) and the ‘Subtract Back-
ground’ function (sliding parabolic, radius: 20 pixels). To
binarize the images, a manual threshold was set. After cre-
ating the region of interests, it was examined whether a sig-
nal was detectable within each region of interest for both
channels. For each condition the same settings were used.

Cell culture and live-cell imaging

For time-course microscopy experiments, HeLa cells were
culture as described above. One day before transfection, 1.2
× 105 cells were seeded in media (1 mL) in a cell imaging
coverglass chamber (Eppendorf). Cells were transfected us-
ing Metafectene® Pro (1.8 �l) in MEM Earle’s media (48.2
�l) and modified mRNA (0.6 �g) in MEM Earl’s media (50
�l) for 6 h at 37◦C in a total volume of 1 ml per chamber.
Then, media with transfection reagent was removed and
cells were incubated in media. Images were taken in a chan-
nel for eGFP fluorescence (�exc. = 488 nm, �em. = 510 nm),
a channel for SRB fluorescence (�exc. = 568 nm, �em. = 585
nm) and in the differential interference correlation (DIC)
channel at different time points (2.5, 5.5, 7.5, 23 and 31 h)
after start of transfection.
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RESULTS

Polyadenylation of test RNAs with yeast poly(A) polymerase
and azido-functionalized ATP

Building on recent work from Winz et al. (41), we first eval-
uated the enzymatic addition of azido-modified ATPs using
yeast poly(A) polymerase (PAP) to test short RNAs (30 nt)
as model system for our subsequent studies of the poly(A)
tail modification and labeling of reporter mRNAs (Fig-
ure 2). ATPs with azido-functionalities at either the C-2′
position (2′-N3-2′-dATP) or the C-3′ position (3′-N3-2′,3′-
ddATP) were employed as substrate for yeast PAP (Sup-
plementary Figure S1). While the former nucleotide can
yield RNA with multiple 2′-azido-modified deoxyadeno-
sine nucleotide units at the 3′-end, the latter only per-
mits addition of a single 3′-azido-dideoxyadenosine nu-
cleotide, which cannot be further elongated due to the
lacking hydroxyl group at the 3′ position. Following the
enzymatic introduction of azido-groups, the bioorthogo-
nal strain-promoted azide-alkyne cycloaddition (SPAAC)
(32,34) was performed using dibenzocyclooctyne-PEG4-
biotin (DBCO-biotin, Supplementary Figure S2) to obtain
the corresponding click product (Figure 2A).

After enzymatic digestion and dephosphorylation of
these differently adenylated and clicked RNAs, LC–MS
analysis confirmed the successful enzymatic modification
and labeling of short test RNA using both types of
N3-modified ATPs (Figure 2B and C). The correspond-
ing masses [M+H]+ and [M+Na]+ for the four modified
adenosines 1–4 were identified (Figure 2B and C and Sup-
plementary Figures S3–S5). Importantly, HPLC measure-
ments of the differently adenylated and clicked RNAs af-
ter degradation showed complete conversion of the azide to
the triazole heterocycle and thus, quantitative click reaction
(Figure 2D).

To determine how many 2′-N3-2′-dAs were on average
added to the 3′-end of the test RNA, PAGE analysis was
conducted before and after the click reaction with DBCO-
biotin. Figure 2E shows that yeast PAP appended 2–6 (ø≈
3) 2′-N3-2-dAs (lane 4) or 0–1 3′-N3-2′,3′-ddAs (lane 2),
respectively. After the click reaction we observed a biotin-
induced shift of the RNA bands (lanes 1 and 3), indicat-
ing again efficient conversion in the click reaction (Figure
2E). These results show that enzymatic addition of mul-
tiple azido-modified adenosine nucleotides is possible and
that the azido groups can be efficiently converted in the
SPAAC reaction, suggesting that multiple reporter groups
can be easily installed. With respect to the natural substrate
ATP, however, the in vitro incorporation of azido-modified
adenosines is compromised––in accordance with the pub-
lished data (41,42).

Fluorescence labeling of reporter mRNAs with azido-
modified poly(A) tail

With the reaction conditions for successful multiple ad-
dition of 2′-N3-2′-dA nucleotides to the 3′-end of short
test RNA in hand, we investigated whether genuine re-
porter mRNAs can also be labeled at their poly(A) tail.
To this end, we cloned the genes for the secreted Gaussia
luciferase (GLuc), Cypridina luciferase (CLuc) or eGFP,

respectively, into the pMRNAxp mRNAExpressTM plas-
mid. We then produced and purified reporter mRNAs
containing a 5′-cap, 5′- and 3′-UTRs as well as a genet-
ically encoded poly(A) tail by in vitro transcription us-
ing T7 RNA polymerase as previously described (34). For
the 5′-cap, the anti-reverse cap analog (ARCA, 3′-O-Me-
m7G(5′)ppp(5′)G, Supplementary Figure S6), was used,
as it can only be incorporated in the correct orientation
(43) and is therefore used for production of therapeu-
tic mRNAs. An ApppG-capped mRNA served as neg-
ative control, because it is not translated but stabilizes
mRNA relative to a triphosphate and similar to a regu-
lar 5′ cap (Supplementary Figure S6). These reporter mR-
NAs were then enzymatically modified using yeast PAP fol-
lowed by SPAAC using the strained alkyne-fluorophore-
conjugate dibenzocyclooctyne-PEG4-5/6-sulforhodamine
B (DBCO-SRB) (Figure 3A and Supplementary Figure
S2). Thus, four reporter mRNAs with different modifica-
tions, i.e. ARCA- and ApppG-capped mRNAs with normal
poly(A) tail and two ARCA-capped mRNAs with modified
poly(A) tails––one with azido-modifications (ARCA-N3)
and the other one with attached SRB-conjugates (ARCA-
click)––were produced. Analysis by gel electrophoresis and
in-gel fluorescence revealed a bright fluorescent band upon
irradiation of the SRB fluorophore at �exc. = 532 nm at the
expected length (GLuc: ∼ 800 nt, eGFP: ∼ 1200 nt), in-
dicating successful and efficient labeling (Figure 3B and C
and Supplementary Figure S7). Controls without click reac-
tion but with the azido-modified poly(A) tail did not show
a fluorescent band at �em. = 575 nm. All constructs were de-
tected at the expected length in SYBR Gold staining, inde-
pendent of the labeling reaction (Figure 3B and C), confirm-
ing that neither of the two modification steps causes degra-
dation, even in the case of long reporter-mRNAs (Figure 3B
and C). To elucidate whether the mRNAs were labeled by
multiple fluorophores, we prepared reporter-mRNAs con-
taining a single fluorophore as control, using 3′-N3-2′,3′-
ddATP followed by SPAAC. In comparison to the mR-
NAs labeled via 2′-N3-2′-dA in the poly(A) tail, these con-
trol reporter-mRNAs showed only a very faint fluorescent
band (Supplementary Figure S8). We therefore conclude
that we were able to enzymatically append multiple azido-
modifications also to long reporter-mRNAs and to effi-
ciently install multiple fluorescent labels in their poly(A)
tail, in line with our results obtained for small test-RNAs.

Toxicity of poly(A) tail-modified reporter mRNAs

Next, we wanted to investigate whether mRNA with
modified adenosine nucleotides would cause toxic effects
in cells. To this end, HeLa cells were transfected with
the respective mRNAs and toxicity was measured based
on the lactate dehydrogenase (LDH) cytotoxicity assay,
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) cell viability assay and the bromodeoxyuri-
dine (BrdU) cell proliferation assay. Cells transfected with
ARCA-capped eGFP-mRNAs with or without clicked
poly(A) tail showed a similar fraction of dead cells (41%
versus 42%), which was in the same range as cells trans-
fected with the respective DNA, i.e. peGFP-C1 plasmid
(38%, Supplementary Figure S9A). As expected, the
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Figure 2. Enzymatic addition of modified adenosines to the 3′-end of short test RNA. (A) Scheme illustrating 3′-end modification of test RNA with 2′-
N3-2′-dATP or 3′-N3-2′,3′-ddATP using yeast PAP followed by click reaction with DBCO-biotin. Using 2′-N3-2′-dATP, multiple 2′-N3-2′-deoxyadenosine
nucleotides were added at the poly(A) tail and then reacted quantitatively to the corresponding click product. Using 3′-N3-2′,3′-ddATP, a single 3′-N3

′-
2′,3′-dideoxyadenosine nucleotide is added and reacted during click reaction. (B, C) MS analysis of adenylated and clicked RNA after digestion and
dephosphorylation to ribonucleosides: 2′-click-2′-dA 2 (calculated mass of [C49H64N13O11S]+ = 1042.4563, found: 1042.4565) or 3′-click-2′,3′-ddA 4
(calculated mass of [C49H64N13O10S]+ = 1026.4614, found: 1026.4616), respectively. (D) HPLC analysis of adenylated test RNA before and after click
reaction. Samples were prepared as in B, C. (E) PAGE analysis of intact modified test RNAs (15% PAA gel, 12 W, 3 h, rt). SYBR™ Gold staining (Invitrogen)
is shown.

fraction of dead cells was slightly increased for all trans-
fected compared to non-transfected cell samples (26%,
Supplementary Figure S9A). Similarly, the viability of cells
was only marginally reduced upon transfection with dif-
ferently modified mRNAs or peGFP-C1 plasmid (96–97%
compared to untransfected cells, Supplementary Figure
S9B). The proliferation of transfected cells was slightly
reduced (∼90%). Here, cells transfected with mRNA were
slightly more affected (∼90%) than cells transfected with
peGFP-C1 plasmid (97%), albeit within the margin of
experimental error. There was no difference in proliferation
between cells transfected with unmodified or modified
mRNAs, respectively (Supplementary Figure S9C). In
summary, these data show that the modifications to the
poly(A) tails of the mRNA do not induce toxicity.

Poly(A) tail-modified luciferase mRNA exhibit enhanced
translation

To assess the effect of modifications at the poly(A) tail
on translation, we prepared a set of differently modified
reporter mRNAs and transfected HeLa cells with differ-
ent combinations thereof (Figure 4A). First, we transfected
HeLa cells with GLuc-mRNAs bearing different modifica-
tions at the poly(A) tail (ARCA-N3, ARCA-click) and an-
alyzed the amount of protein produced on western blots
(Figure 4B). Again, ARCA-capped mRNA served as posi-

tive control and ApppG-capped mRNA as negative control.
Western blot analysis showed that GLuc protein was signif-
icantly increased when the poly(A) tail was modified (Fig-
ure 4B). This effect was more pronounced when the poly(A)
tail was clicked with DBCO-SRB (ARCA-click) compared
to azido-modified poly(A) tail (ARCA-N3).

To rule out that differences in transfection might be
responsible for this effect, we co-transfected HeLa cells
with GLuc- and CLuc-mRNAs with differently modified
poly(A) tails and determined the relative luciferase activ-
ities from the supernatant (Figure 4C). All measurements
were normalized to the luciferase activity obtained with
ARCA-capped GLuc-mRNA after 24 h ( ∧=100%, Figure
4C). Again, GLuc-mRNA with an azido-modified poly(A)
tail (ARCA-N3, Figure 4C) showed increased translational
activity both after 24 and 30 h (∼140% or 150%). The mea-
sured GLuc activity was further increased when the GLuc-
mRNA with the azido-modified poly(A) tail was clicked
to DBCO-SRB (ARCA-click), yielding >300% of transla-
tional activity relative to the regular ARCA-capped GLuc-
mRNA (ARCA, Figure 4C). The negative control with
ApppG-capped GLuc-mRNA gave negligible luciferase ac-
tivity (4%). These data confirm that poly(A) tail-modified
GLuc-mRNA used in this study are more efficiently trans-
lated as observed in western blots and show that differences
in transfection are not responsible for the effect. To rule out
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that the positive effect on translation was caused by higher
purity of the clicked mRNA (as previously described in Ref
(44)), we carried out additional precipitation and column
purifications for all mRNAs (Supplementary Figure S10).
Also with these additional purification steps, the transla-
tional efficiency of mRNA with poly(A) tail modification
and click (ARCA-click) remained at >240% (ARCA GLuc-
mRNA ∧= 100%).

To elucidate whether the observed increase in GLuc ac-
tivity is a result of different mRNA levels in the cell (e.g.
as a result of different stability or relative transfection effi-
ciency), we analyzed and quantified the mRNA levels of dif-
ferently poly(A) tail-modified mRNAs by qPCR. First, we
confirmed that the modified GLuc-mRNA was detectable
24 h after transfection at high levels relative to endogenous
ß-actin-mRNA (Supplementary Figure S11A, Supplemen-
tary Table S3). To decipher the effect of modifications on
the poly(A) tail, we then co-transfected HeLa cells with all
combinations of azido-modified GLuc- and CLuc-mRNAs
used in this study and measured their abundance after 24
h relative to ß-actin-mRNA (Figure 4D). These data re-
vealed similar levels of GLuc-mRNA in all experiments,
suggesting that azido-modifications in the poly(A) tail do
not interfere with degradation (1–4 in Figure 4D, Supple-
mentary Table S4). CLuc-mRNAs were in all cases slightly
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Figure 4. Stability and translational efficiency of poly(A) tail-modified lu-
ciferase mRNAs. (A) Scheme illustrating translation assay in mammalian
cells of poly(A)-modified luciferase mRNAs followed by luminescence
analysis of secreted luciferases. (B) Western blot analysis of GLuc protein
in the supernatant of cells transfected with indicated GLuc-mRNA con-
structs. With the cell lysate of corresponding samples, GAPDH protein
level from the respective cell lysate is shown as control. (C) Translational
efficiency of differently modified GLuc-mRNAs relative to co-transfected
CLuc-mRNA. The GLuc luminescence was referenced to the luminescence
from ARCA-capped CLuc-mRNA and then normalized to ARCA-GLuc
mRNA after 24 h ( ∧= 100%). Data and error bars show average and stan-
dard deviation of three independent experiments measured in duplicate.
Statistical comparisons performed by two-tailed t-test with P < 0.01 (**)
and P < 0.001 (***), statistical comparisons to ApppG and untransfected
cells are not shown). (D) Comparison of GLuc- and CLuc-mRNA levels
by qPCR at 24 h after transfection for different combinations of modified
poly(A) tails, as indicated in the legend. The GLuc or CLuc mRNA level
was quantified by qPCR and compared to the ß-actin-mRNA level by gen-
erating �Ct = Ct(target)-Ct(reference). Data and error bars show averages and
standard deviations of two independent experiments with two technical
replicates measured in duplicate. Abbreviations: Ct: cycle threshold, tar-
get: GLuc- or CLuc-mRNA, reference: ß-actin-mRNA, ApppG / ARCA:
capped 5′-end, N3: azido-modified poly(A) tail, click: clicked poly(A) tail).
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less abundant than GLuc-mRNA and the azido-modified
CLuc-mRNAs were less abundant than CLuc-mRNAs with
unmodified poly(A) tails, suggesting a decrease in stability
in the case of CLuc-mRNA (1–4 in Figure 4D and Sup-
plementary Table S4). These data indicate that the azido-
modifications have no stabilizing effect and do not increase
the mRNA levels (be it by increased stability or increased
transfection).

Taken together, the results above show that (i) installing
azido-modifications at the poly(A) tail is efficient for mul-
tiple labeling of mRNAs, (ii) the resulting mRNAs are
not more abundant or stable, but (iii) are more efficiently
translated than the ARCA-capped mRNA without poly(A)
modifications.

Translation of poly(A) tail-modified eGFP mRNAs

Encouraged by the efficient translation of poly(A) tail-
modified luciferase-mRNAs, we next tested eGFP-mRNA
produced in a similar manner to analyze whether the re-
sulting eGFP can be imaged in HeLa cells using confocal
microscopy (Figure 5A). First, we validated by qPCR that
differently modified eGFP-mRNAs were present in HeLa
cells 24 h after transfection at significant levels (Supplemen-
tary Figure S11B, Supplementary Table S3)––similar to the
results obtained with luciferase mRNAs. Next, we trans-
fected HeLa cells with differently modified eGFP-mRNAs
(ARCA, ApppG, ARCA-N3 and ARCA-click) and ana-
lyzed the amount of eGFP-protein as a function of poly(A)
modifications on western blot (Figure 5B). In line with the
results obtained for luciferase-mRNAs shown above, quan-
tification revealed that ARCA-N3-eGFP-mRNA yielded
significantly more eGFP (150 ± 10%) compared to regular
ARCA-mRNA and that even more protein was produced
from ARCA-click-eGFP-mRNA (320 ± 30%). GAPDH
levels were identical in all samples, indicating that transfec-
tion with modified eGFP mRNAs does not impair transla-
tion in general (Figure 5B).

Furthermore, we imaged HeLa cells transfected with dif-
ferent eGFP-mRNAs on a confocal microscope. Cell sam-
ples transfected with eGFP-mRNAs (except for the neg-
ative control ApppG) developed green fluorescence indi-
cating efficient translation (Figure 5C). The images cor-
roborate that the modified poly(A) tails in ARCA-N3 and
ARCA-click mRNAs positively impact on translation and
thus confirm the results from western blots and from the
luciferase-mRNAs.

Imaging and in-cell labeling of poly(A) tail-modified eGFP
mRNAs

We showed above that the SPAAC reaction can be used for
efficient fluorescent labeling of mRNAs with multiple fluo-
rescent SRB-dyes in vitro (Figure 3). Using HeLa cells, we
now wanted to test, whether this covalent labeling with flu-
orescent dyes will enable detection of mRNA localization
after transfection. We transfected HeLa cells with ARCA-
click-eGFP-mRNAs and imaged them after fixation and
permeabilization (Figure 6, right panel). In the SRB chan-
nel, small punctated signals were clearly visible in the per-
inuclear and cytosolic region, indicating that multiple la-

beling at the poly(A) tail enables imaging of mRNAs af-
ter transfection (Figure 6B, right panel; Supplementary Fig-
ures S12 and S13). To ensure that the observed fluorescent
signals originate indeed from labeled mRNAs and not SRB-
fluorophore alone (e.g. after degradation of mRNA or re-
moval of the fluorophore from the mRNAs), we performed
smFISH using Stellaris RNA FISH probes with Quasar670
fluorophores. Images from smFISH showed the same punc-
tate staining that was colocalized with the SRB-signal (Sup-
plementary Figure S14A and B), indicating that ARCA-
click mRNAs can be easily detected in cells by confocal
imaging. Labeling mRNA in the poly(A) tail with multiple
fluorophores therefore presents a valuable new strategy to
label mRNA with multiple small organic dyes and obtain
the sensitivity required for detection in cells without alter-
ing the encoded sequence (Figure 6B, right panel). Further-
more, the labeled mRNAs are actively translated (Figures
4 and 5). This could also be confirmed by live-cell images
at different timepoints after transfection with ARCA-click-
eGFP-mRNA. Again, the SRB-signal shows the evenly dis-
tributed punctated pattern over the entire time (Supplemen-
tary Figures S15 and S16).

Since the SPAAC reaction is bioorthogonal––i.e. non-
toxic and not interfering with cellular components––it can
in principle be performed in living cells. Covalent labeling
in living cells presents an important step towards complete
intracellular labeling, but has been particularly difficult for
mRNAs that are intracellular and less abundant than the re-
spective proteins or ribosomal RNAs. We figured that our
poly(A) labeling approach might overcome current limita-
tions of intracellular mRNA labeling reactions because it
offers multiple azido-groups for reaction (Figure 6A, left
panel). We transfected HeLa cells with ARCA-N3-eGFP-
mRNAs and then incubated them with cell-permeable and
non-toxic DBCO-SRB (34) for 1 h (Figure 6A, left panel).
Excess fluorophore was removed overnight, cells were fixed
and prepared for imaging, including smFISH for eGFP-
mRNA (using Stellaris FISH Quasar 670). Confocal images
of cells transfected with ARCA-N3-eGFP-mRNA showed
a bright red SRB fluorescence signal over the background
fluorescence that consisted of many small punctated signals
but also big red dots (Figure 6B, left panel). The small punc-
tated signal show a similar distribution to the exogenous la-
beled mRNA (ARCA-click-eGFP-mRNA) after transfec-
tion (Figure 6B, right panel; Supplementary Figures S12
and S13), indicating that the intracellular click reaction
was successful. Moreover, this pattern colocalized with sm-
FISH for the eGFP-mRNA sequence (Supplementary Fig-
ure S14C and D). Importantly, cells transfected with eGFP-
mRNAs without azido-modifications (i.e. ARCA, ApppG)
and treated with SRB-DBCO under the same conditions
did not show the pattern of many small dots (Supplemen-
tary Figure S17). However, the occasional large big red
dots were observed in all cell samples (i.e. ARCA-N3 or
untransfected cells) treated with DBCO-SRB (Figure 6B
left panel, Supplementary Figures S12 and S17). These
large red dots can be clearly distinguished from the punc-
tated mRNA stainings. Closer inspection showed that the
big dots spanned the entire z-axis of a cell (Supplemen-
tary Figure S18), suggesting that they originated from pre-
cipitate or background reaction of DBCO-SRB (45,46) or
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Figure 5. Poly(A) tail-modified eGFP-mRNA is a translationally active mRNA. (A) Scheme illustrating transfection of HeLa cells with poly(A) tail-
modified mRNAs (ARCA-N3, ARCA-click) or with unmodified control (ARCA, ApppG) and following translation into protein. (B) The eGFP and
GAPDH protein level of different cell samples was analyzed on western blots. (C) Confocal microscopy shows eGFP fluorescence after transfection with
indicated modified mRNAs. 24 h after transfection, cells were fixed for imaging. Scale bars are 20 �m.

that––despite washing––the dye molecules were not com-
pletely removed. Importantly, the big red dots did not over-
lap with the Q670 signal from smFISH, confirming that
their origin is not associated with mRNA.

Taken together, these data show that our approach can
be used to efficiently label mRNA at the poly(A) tail in vitro
and in cells. Labeling mRNAs in vitro with multiple fluo-
rophores makes them amenable to imaging their localiza-
tion after transfection into cells in a regular confocal mi-
croscope without changing their sequence and while main-
taining translation. This approach will prove useful for in-
vestigating mRNA localization in primary cells and model
organisms like zebrafish, where labeled mRNAs can be eas-
ily injected. Importantly, the alterations to the mRNA are
minimal compared to other approaches that are widely used
to date (MS2, aptamers, etc). The ability to perform the
click reaction in cells opens the door to image different time
points by clicking different fluorophores but also to analyze
mRNA-protein complexes by isolation via the poly(A) tail
clicked to biotin.

DISCUSSION

In this work, we showed that yeast poly(A) polymerase can
be readily used to append multiple azido-modified adeno-
sine nucleotides to different mRNAs using commercially
available 2′-N3-2′-dATP. Quantification revealed that on av-
erage three modified adenosines are installed. Importantly,
the azido-modified adenosines were completely converted
in a SPAAC reaction using different commercially available
DBCO-conjugates. Therefore, our approach can be univer-
sally used to efficiently label both short and long RNAs with
multiple tags, such as biotin or fluorophores.

The multiple poly(A) tail labeling with SRB significantly
increased translation of different reporter-mRNAs in vitro
and in cells, as confirmed by independent methods. There-
fore, our approach has enormous potential in the field of
therapeutic mRNAs, where ways to change the pharma-
cokinetic properties of mRNAs are needed. In particular,
ways to increase translation of a therapeutically relevant
mRNA are highly sought after (47). Current approaches
have focused on the mRNA cap and yielded the now gen-
erally used ARCA cap, increasing translation ∼2-fold as
well as additional modifications in the triphosphate bridge
of the cap that further enhanced translation ∼3-fold (39).
In addition, internal modifications (� and m6A) are gen-
erally used to reduce immunogenicity of mRNA, but some
of them (m6A) also positively impact on translation (37,38).
Our approach suggests that modifications at the poly(A) tail
might be a valuable alternative strategy. We observed a 3-
fold increase in translation efficiency for mRNAs that were
clicked to multiple SRB-dyes in their poly(A) tail. This ef-
fect is in the range of recent reports for cap modifications
and bears potential to give even higher effects if combined
with those.

Currently, we can only speculate about the mechanism
by which labeling the poly(A) tail increases the transla-
tional efficiency, but we could rule out effects on transfec-
tion efficiency and stabilization at the mRNA level. Since
the increase in translation efficiency is higher after the click
reaction with DBCO-SRB (3-fold compared to 1.3-fold)
it is reasonable to assume that the fluorophore itself can
promote formation of the translationally active complex.
Normally, the poly(A) tail interacts with poly(A) binding
proteins (PABPs) and consequently with the eIF4F cap-
binding complex (comprising eIF4E, eIF4A and eIF4G) in
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Figure 6. eGFP-mRNA with azido-modified poly(A) tail can be labeled in
living cells. (A) Scheme illustrating in-cell click reaction in mammalian cells
transfected with ARCA-N3-eGFP-mRNA. (B) Confocal microscopy of
HeLa cells transfected with eGFP-mRNA with azido modifications at the
poly(A) tail (ARCA-N3) or with in vitro clicked poly(A) tail (ARCA-click).
Sample with ARCA-N3-eGFP-mRNA was then subjected to DBCO-SRB
treatment to achieve bioorthogonal fluorescence labeling in living cells, fol-
lowed by washing steps. After incubation overnight, all cell samples were
fixed and hybridized using Stellaris eGFP probe with Quasar 670 dye. SRB
and Q670 fluorescence show mRNA labeling. Same cell samples were used
as for translational analysis (Figure 5). Scale bars are 20 �m.

a circularized configuration facilitating mRNA translation
(48,49). Furthermore, the poly(A) tail directly interacts with
the eukaryotic deadenlyases PAN2-PAN3 and the poly(A)
ribonuclease (PARN). It serves as the main point of attack
for deadenlyation-dependent decay and is involved in con-
trolling the highly complex processes of poly(A) tail length
regulation, gene expression and mRNA stability (reviewed
in (49–53)). It is most likely that the fluorophores we intro-
duced at the poly(A) tail facilitate interaction with PABP.
Evidence in favor of this hypothesis comes from the obser-
vation that related fluorescent dyes (rhodamine B) were re-
ported to interact with specific proteins, including methylth-
ioadenosine phosphorylase, BSA or lysozyme (54–56).

Key advantages of multiple poly(A) tail labeling are
that the mRNAs remain completely unaltered in their
sequence––both in the coding and in the untranslated
regions––and that small fluorescent dyes are covalently at-
tached. The combination of these features sets the method
apart from most labeling approaches for mRNA to date that
have been applied to cells. Approaches for mRNA labeling
to date require either extremely large tags, such as the 24
stem loops in combination with 48 MCP-GFP proteins typ-
ically used in the MS2 system (28), or smaller extensions,
such as specific RNAs engineered with a 8 tandem MB tar-
get repeat sequence (57) or aptamers, that however still al-
ter the native mRNA sequence (24,27,29,58,59). Since the
3′-UTR of mRNAs contains multiple miRNA and protein
binding sites and is heavily involved in localization, alter-
native adenylation, and other regulatory processes, changes
made to the sequence may interfere with these processes.
Our work shows that even small alterations in the poly(A)
tail that do not change the sequence at all have effects on
translation, illustrating that care must be taken when inter-
preting the results obtained from approaches where RNA
was modified more drastically. For smaller tags, attachment
of multiple fluorophores has not been described to date
to the best of our knowledge. However, significant turn-
on effects and very good sensitivities could be achieved
(27,58,59). SPAAC reactions with turn-on effects are still
rare (60), but potentially alternative bioorthogonal reac-
tions, in particular the tetrazine-ligation with a turn-on dye
(61) could be useful to further boost the sensitivity of our
approach in the future.

In the long run, our approach aims at investigating the
behavior of minimally altered mRNAs in cells and devel-
oping organisms. This includes investigation of its subcel-
lular localization but also analysis of interacting RNA-
binding proteins. Here, the azido-groups could be used to
conveniently isolate poly(A) tail-modified genetically un-
altered mRNAs via biotin/streptavidin with their protein
binding partners. The enzymatic addition of the modified
poly(A) tail to the mRNA of interest is performed in vitro,
the click reaction can be performed in vitro or in living
cells. In any case, the mRNA of interest then has to be
introduced into the cell. Our study shows that transfec-
tion of mammalian cells with mRNAs is reliable and effi-
cient, in line with previous work (34). The subcellular lo-
calization of mRNA after transfection was perinuclear and
cytoplasmic––independent of the poly(A) tail modification,
as confirmed by smFISH. However, the signal obtained
from the labeled mRNA colocalized with smFISH for the
eGFP sequence does not show the typical fine smFISH pat-
tern of a single RNA detection, but the dots may repre-
sent multiple mRNAs within endosomes. Since the mRNA
is actively translated it has to be (at least partially) avail-
able to the ribosomes. Previous studies showed that part
of the mRNA delivered via lipofection localizes in cyto-
plasmic vesicles, most likely due to compartmentalization
in the endosomal system (62). Assuming that this is cor-
rect and knowing that such mRNA likely does not con-
tribute to translation, there is potential to further increase
the translation of exogenous mRNAs after lipofection, e.g.
by RNA modifications (62). Importantly, mRNA can also
be injected into developing organisms and this is a standard
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procedure for one cell stage zebrafish embryos (63–65) or
Drosophila (66). We anticipate that research in this field will
directly benefit from our easy to use method for mRNA
labeling. Finally, the observation that facile and covalent
modification of mRNAs with fluorophores at the poly(A)
tail leads to a significant increase in translational efficiency
raises hope to use this approach as a novel strategy to in-
crease translation, e.g. of mRNAs for developmental stud-
ies in model organisms or even for therapeutic mRNAs.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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34. Holstein,J.M., Anhäuser,L. and Rentmeister,A. (2016) Modifying the
5′-cap for click reactions of eukaryotic mRNA and to tune translation
efficiency in living cells. Angew. Chem. Int. Ed., 55, 10899–10903.
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(2013) A study on the interaction of rhodamine B with
methylthioadenosine phosphorylase protein sourced from an
antarctic soil metagenomic library. PLoS One, 8, e55697.

57. Chen,M., Ma,Z., Wu,X., Mao,S., Yang,Y., Tan,J., Krueger,C.J. and
Chen,A.K. (2017) A molecular beacon-based approach for live-cell
imaging of RNA transcripts with minimal target engineering at the
single-molecule level. Sci. Rep., 7, 1550.
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59. Arora,A., Sunbul,M. and Jäschke,A. (2015) Dual-colour imaging of
RNAs using quencher- and fluorophore-binding aptamers. Nucleic
Acids Res., 43, e144.

60. Friscourt,F., Fahrni,C.J. and Boons,G.J. (2012) A fluorogenic probe
for the catalyst-free detection of azide-tagged molecules. J. Am.
Chem. Soc., 134, 18809–18815.

61. Muttach,F., Muthmann,N., Reichert,D., Anhäuser,L. and
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