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Imaging Translation Dynamics of Single mRNA Molecules
in Live Cells
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Abstract

mRNA translation is a key step in decoding the genetic information stored in DNA. Regulation of
translation efficiency contributes to gene expression control and is therefore important for cell fate and
function. Here, we describe a recently developed microscopy-based method that allows for visualization of
translation of single mRNAs in live cells. The ability to measure translation dynamics of single mRNAs will
enable a better understanding of spatiotemporal control of translation, and will provide unique insights into
translational heterogeneity of different mRNA molecules in single cells.
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1 Introduction

Translation of mRNAs into proteins is a key step in gene expression
and is of critical importance for fine-tuning cellular protein levels.
In recent years, different methods have provided many new and
important insights into the regulation of translation, yet many
questions remain. For example, it is still unclear whether all
mRNAs transcribed from the same gene are translated with similar
efficiencies, or whether translational heterogeneity exists among
such mRNAs. Similarly, it is largely unknown how translation effi-
ciencies are controlled in space and time. An important reason for
our limited understanding of translational control is that many
current methods to assess translation efficiency rely on
population-based measurements and frequently require fixation or
lysis of the cells to obtain a measurement of translation efficiency. As
a consequence, mainly snapshots of average translation efficiencies
of thousands of mRNA molecules have been obtained. A major
advance in measuring translation efficiency of single mRNAs in live
cells was recently achieved by our lab, as well as several other labs
[1–5].
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Here, we describe a microscopy-based method, which allows
quantitative measurements of ribosome initiation and elongation
on individual mRNAmolecules in live cells. This approach provides
a powerful and widely applicable tool to study dynamics and regu-
lation of translation. In this method, a reporter mRNA is designed
which encodes a proteins of interest (POI) fused at its N-terminus
to an array of antibody peptide-epitopes, derived from the SunTag
system that we previously developed [6]. The SunTag peptide
epitopes are recognized by a single chain antibody fragment fused
to superfolderGFP (sfGFP) [6], which is coexpressed in cells with
the reporter mRNA. When the reporter mRNA is translated, the
peptide epitopes emerge from the ribosome while the fused POI is
undergoing synthesis (Fig. 1a, upper panel). Binding of the GFP-
fused antibodies to the nascent peptide epitopes results in a bright
green labeling of the nascent polypeptide, which can be observed
under the microscope as a bright fluorescent dot at the site of
translation (Fig. 1b), providing a real-time readout of the transla-
tion of the reporter mRNA. In addition to fluorescent labeling of
the nascent polypeptide, the mRNA molecule is fluorescently
labeled in a second color through the MS2- or PP7-based labeling
system [7, 8] (Fig. 1a, upper panel, b). In order to improve the long
term tracking of mRNA molecules, we have devised an mRNA
tethering system, which reduces mRNA mobility and allows track-
ing of individual mRNA molecules for extended periods of time
(>1 h) (Fig. 1a, lower panel, b). In this chapter we provide details
on how to design, carry out, and interpret experiments to image
translation dynamics of an mRNA of interest and in a cell type of
choice.

2 Materials

2.1 Plasmids 1. Translational reporter, containing the 24 SunTag peptides and
24 PP7 binding sites (for example pcDNA4TO-24xGCN4_v4-
kif18b-24xPP7, Addgene #74928).

2. scFv-GFP (for example pHR-scFv-GCN4-sfGFP-GB1-
dWPRE, Addgene #60907).

3. PCP-mCherry (for example pHR-tdPP7-3xmCherry, #74926,
or pHR-PP7-2xmCherry-CAAX, #74925).

4. AgeI, BamHI, EcoRI, HindIII, and MluI restriction enzymes
for cloning.

2.2 Cell Culture 1. Glass bottom cell culture dishes suitable for live-cell micros-
copy. Most high magnification microscope objectives are
designed for glass with a thickness of 0.17 mm. We routinely
use 96-well glass bottom dishes (Matriplate, Brooks).
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Fig. 1 Imaging translation of single mRNA molecules. (a) Schematic representation of the fluorescent labeling
of nascent polypeptides using the SunTag system and the labeling of mRNA using the PP7 system. A gene of
interest is fused to an array of SunTag peptides. When the mRNA is translated, scFv-GFP antibodies will bind
to the SunTag peptides that emerge from the ribosome, resulting in a bright fluorescent spot at the site of
translation and thus allowing real-time observation of protein synthesis. To visualize the mRNA, 24 PP7
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2. Cell type specific cell culture medium.

3. Live-cell imaging cell culture medium; we use Leibovitz’s-L15
imaging medium (Gibco, Life Technologies).

4. Transfection reagent: Fugene (Promega).

2.3 Small Molecules

Useful for Translation

Imaging

1. Doxycycline (stock solution of 1 mg/mL in H2O, used at a
final concentration of 1 μg/mL).

2. Puromycin (stock solution of 10 mg/mL in DMSO, used at
final concentration of 100 μg/mL).

3. Cycloheximide (stock solution of 50 mg/mL in DMSO, used
at a final concentration of 200 μg/mL).

4. Harringtonine (stock solution of 3 mg/mL in DMSO, used at
a final concentration of 3 μg/mL).

2.4 Microscopy 1. Either a wide-field, confocal, spinning disk confocal or Total
Internal Reflection Fluorescence (TIRF) microscope contain-
ing a 40�, 60� or 100� objective.

3 Methods

3.1 Plasmids

and Plasmid Design

In order to visualize single mRNAs and their translation by the
method described in this protocol, three different plasmids are
required (all plasmids are illustrated in Fig. 2 and available on
Addgene).

3.1.1 The Translation

Reporter

In general, a translation reporter consists of several elements; the
SunTag peptide array, a sequence encoding a POI (see Note 1 for
further discussion on choosing the POI), and an array of 24 PP7
binding motifs.

1. Clone the POI in the translational reporter available on
Addgene (#74928). Using the enzymes AgeI and EcoRV the
original POI can be removed (a fragment of 2587 bp) and
replaced by any POI to create a new translational reporter (see
Note 1 for further discussion on choosing the protein of
interest).

�

Fig. 1 (continued) binding sites are inserted in the 30 UTR of the reporter mRNA. These sites can be
recognized by the PP7 bacteriophage coat protein, which is fused to three copies of mCherry. As a result,
mRNAs can be observed as mCherry positive foci. By fusing a CAAX-motif to PP7-mCherry (lower panel),
mRNAs can be tethered to the plasma membrane, which allows tracking of individual mRNAs for long time
periods. (b) A representative U2OS cell is shown expressing scFv-GFP, PP7-2xmCherry-CAAX and the
translational reporter (SunTag24x-kif18b-PP724x). mRNAs are visible in red, translation in green. The dotted
line indicates the outline of a cell. A zoomed-in view of the white-boxed area is shown, containing both mRNAs
that are undergoing translation (two examples are indicated with arrows) and mRNAs that are not translated
(two examples are indicated with asterisks). Scale bars, 5 μm (upper panels) or 2 μm (lower panels)
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2. Alternatively, start with a vector of choice and a POI of choice
and clone the individual elements of the translational reporter
(i.e., SunTag and PP7 binding sites) into this vector.

(a) Since the SunTag peptide array forms a repetitive
sequence, it is difficult to amplify the array by PCR. We
therefore recommend cloning strategies based on enzy-
matic digestion and ligation (see Note 2 for more infor-
mation about PCR-based cloning strategies of the SunTag
array). To insert the SunTag array (consisting of 5–24
SunTag peptides (see Note 3 about the use of different
numbers of SunTag peptides)) at the N-terminus of the
POI, use HindIII and AgeI restriction enzymes to digest
the translational reporter plasmid available on Addgene
(#74928). This results in two fragments (9141 and
1819 bp). The smaller fragment contains the 24� SunTag
peptides, which can be cloned into the desired vector.

(b) Clone the 24 PP7 binding motifs into the 30 UTR of the
mRNA to label the mRNA independently of translation.
Use BamHI and EcoRI to digest the translational reporter
plasmid available on Addgene (#74928). This results in
two fragments (9492 and 1468 bp), the smaller of which
contains the PP7 binding motives. Since this array of short
hairpin sequences is highly repetitive, we recommend
cloning methods based on digestion and ligation rather
than through PCR-based cloning.

(c) Clone a promoter of choice upstream of the reporter
coding sequence. Expression of the reporter mRNA is
typically driven by a doxycycline-inducible promoter to
allow temporal control of reporter mRNA expression (see
Note 4 about the use of an inducible promoter). This
promoter can be obtained from plasmid (#74928), by
using the enzymes MluI and HindIII or by PCR.

Fig. 2 Schematic overview of the plasmids used for the translation imaging method. Region of plasmid that is
transcribed into mRNA is shown in black, other DNA in grey. Thin black lines indicate noncoding parts of the
mRNA, thick black lines indicate coding sequences. The SunTag peptides are shown in light blue with green
stripes representing individual peptides (eight shown), the PP7 binding sites in dark blue, sfGFP in green, and
mCherry in red. All plasmids are available on Addgene (see text for catalog number)
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3.1.2 sfGFP-Tagged

Antibody that Binds the

SunTag Peptide (scFv-GFP)

The scFv-GFP binds with high affinity to the SunTag peptides,
which results in the fluorescent labeling of nascent polypeptides as
soon as they emerge from the ribosome exit tunnel [2–5].

1. PCR amplify the scFv-GFP coding sequence and clone it into a
plasmid containing the promoter appropriate to your cell type
of choice.

3.1.3 mCherry-Fused

PCP (PP7-mCherry)

Dependent on whether or not the aim is to tether the mRNAs to
the plasma membrane, plasmid #74926 (untethered) or plasmid
#74925 (tethered) can be used as a template. Using PCR-based
methods, either PP7 alone, PP7 fused to mCherry or PP7 fused to
mCherry and a CAAX domain can be amplified and placed into a
vector of choice (see Note 5 on tethering the mRNA to the mem-
brane). Note that plasmids containing multiple copies of mCherry
cannot be amplified by PCR and need to be cloned by digestion–-
ligation methods.

3.1.4 Exchanging

Fluorescent Proteins

The three plasmids described above enable visualization of both the
reporter mRNA (PP7-mCherry, red) and its translation (scFv-GFP,
green) in live cells (Fig. 1b). In principle, the color of the fluores-
cent proteins (e.g., GFP and mCherry) can be changed, but the
functionality of the newly designed constructs needs to be carefully
tested, as, for example, addition of sfGFP to the antibody has been
shown to be important for preventing scFv aggregation in mam-
malian cells [6] (see Note 6 for further comments on fluorescent
proteins fused to the scFv antibody).

1. Exchange fluorescent protein using PCR-based cloning
methods.

2. Test expression level of newly created fusion protein by tran-
sient transfection in cell type of choice.

3. Examine aggregation state in cells of fusion protein after tran-
sient transfection using widefield or confocal microscopy
(bright fluorescent foci in transfected cells indicate protein
aggregation).

3.2 Creating a Cell

Line for Imaging

Translation

3.2.1 Choosing a

Suitable Cell Type

We have performed the majority of our experiments in U2OS cells.
However, similar SunTag-based translation imaging has been suc-
cessfully performed in neurons and HeLa cells [2–4], suggesting
that the translation imaging approach described here can be per-
formed in most cell types (seeNote 7 on how to choose the best cell
type for your experiment).

3.2.2 Delivering the

Plasmids

To create a cell line in which translation can be imaged, the plasmids
described above can be delivered into cells with standard methods
such as transfection or viral transduction. Because of the repetitive
sequences present in the reporter mRNA plasmid (e.g., the PP7
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binding sites and the sequence encoding the SunTag peptides),
virus titers may be low, and transfection may be preferred over
viral transduction. To transfect the plasmids into U2OS cells in a
6 cm cell culture dish (transient or stable transfection; see Note
8 about transient versus stable transfections) the following Fugene
(Promega) transfection protocol can be used. Please note that other
cell types may require other transfection protocols.

1. Warm up DMEM medium without serum and without anti-
biotics (DMEM �/�) to 37 �C.

2. Make a mastermix (number of reactions +1) of Fugene (Pro-
mega) containing 100 μL DMEM �/� and 2 μL Fugene per
6 cm dish.

3. Mix by tapping vigorously.

4. Spin down 3 s to collect medium in bottom of the tube.

5. Incubate the master mix for ~5 min at room temperature.

6. Make the DNA mix containing 1 μg total DNA per
transfection.

7. Add 100 μL of DMEM/Fugene mastermix to the DNA and
mix by pipetting.

8. Incubate for 5–15 min at room temperature.

9. Add 3 mL of fresh cell culture medium to the cells.

10. Add the transfection mix to the cells.

11. After 24 h wash the cells (note: this is not essential).

3.3 Preparing Cells

for Imaging

1. Approximately 12–24 h before imaging plate the cells contain-
ing the reporter plasmid, PP7-mCherry (�CAAX) and the
scFv-GFP, in a glass bottom dish (we routinely use 96-wells
glass bottom dishes) at the intended densities (~50% con-
fluency). Depending on the experimental design and cell
type, cells can also grow for longer time periods on the glass
surface.

2. Immediately before transferring the glass-bottom dish contain-
ing the transfected cells to the microscope, replace the culture
medium with prewarmed imaging medium per 96-well (see
Note 9 about the use of imaging medium).

3. Set the temperature at the microscope to 37 �C for mammalian
cells. Changes in temperature may result in cellular stress,
which could influence the process of translation. We found
temperatures between 36 and 37.5 �C to be acceptable for
most human cell lines.

4. When imaging for longer time periods, it is important to
prevent evaporation of the cell culture medium, as this may
result in changes in medium composition. We recommend
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keeping a lid on the imaging plate whenever possible to prevent
evaporation.

5. When using a doxycycline-inducible promoter to express the
translation reporter, add doxycycline (used at a final concentra-
tion of 1 μg/mL) approximately 10 min before the start of
imaging. Addition of doxycycline to the cells will generally
induce expression of the reporter mRNAs within 15–30 min
(see Note 10 about how to add doxycycline to the cells).
Adding doxycycline immediately before the start of imaging
allows imaging the first rounds of translation of newly tran-
scribed mRNAs as well. In addition, adding doxycycline just
before the start of imaging prevents cytoplasmic depletion of
scFv-GFP, which occurs when high levels of SunTag protein are
present in the cell (see below and Note 11 about the levels of
scFv-GFP).

6. Select cells for imaging that have the correct levels of GFP- and
mCherry-tagged proteins, and in which the translation
reporter is expressed. (see Note 12 for more details about the
expression levels of mCherry, see Note 11 and Fig. 3 for more
details about scFv-GFP levels, see Note 13 for more informa-
tion on how to select cells with the correct levels of transla-
tional reporter). Note that the number of cells that can be
imaged at the same time is limited when a high time resolution
is required.

3.4 Imaging

and Image Acquisition

Different optical imaging techniques, including widefield, point
scanning confocal, spinning disc confocal, TIRF and light sheet
microscopy can be used for imaging translation (seeNote 14 about
the advantages and disadvantages of different imaging techniques).

Fig. 3 Different pools of scFv-GFP present in cells. Expression of scFv-GFP in the presence of a reporter mRNA
results in the appearance of three different pools of GFP in the cell: (1) a pool of unbound, freely diffusing scFv-
GFP, (2) a pool of scFv-GFP bound to mature SunTag proteins, which have 24 SunTag peptides and are thus
~24 times brighter than the single scFv-GFP molecules, and (3) a pool of scFv-GFP bound to the newly
synthesized SunTag peptides which represent sites of translation. Translation sites are usually 1–20�
brighter than single SunTag proteins, as multiple ribosomes can bind to a single mRNA molecule
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1. Select the appropriatemicroscope objective. In general, we image
with a 100� NA1.49 oil-immersion objective to obtain a high
resolution and good sensitivity. Objectives with lower NA or
magnification may also be used to image translation sites with
multiple ribosomes, butmight fail to reliably detect themCherry-
labeled mRNA or single ribosomes translating an mRNA.

2. Set the appropriate laser power and exposure time. Laser power
and exposure time settings depend on the objective, micro-
scope, camera and specifics of the experimental design. In the
case of the tethered mRNA assay, low laser power in combina-
tion with a long exposure time provides the highest image
quality and signal-to-noise ratio. Long exposure times (in the
range of 500 ms) will cause motion blurring of the highly
motile, GFP-labeled mature SunTag proteins and will therefore
result in a more homogenous background signal. Since teth-
ered mRNAs diffuse more slowly and are therefore not motion
blurred at 500 ms exposure times, long exposure times will
help to distinguish translation sites from background signal.

3. Find the correct focal plane to imaging mRNAs and translation
sites. When the mRNA is tethered to the plasma membrane, it
is important to focus the objective slightly above the plasma
membrane of the cells during the imaging, as this is where the
fluorescence associated with both the mRNA and the ribo-
somes translating the tethered mRNAs is located (see Note
15 on how to focus on both the mRNA and translation sites).

4. Set the time interval for time-lapse imaging. In order to image
translation dynamics and allow measurements of translation ini-
tiation and elongation, we usually acquire an image every 30 s. In
general, shorter time intervals make it easier to detect short lived
events or to track individual mRNAs over time, while imaging
with longer time intervals results in reduced photobleaching and
phototoxicity, which allows imaging for longer time periods. In
experiments in whichmRNAs are tethered, we found a 30 s time
interval to be a good compromise between high temporal reso-
lution and photobleaching for most of our experiments. How-
ever, when mRNAs are not tethered, a higher temporal
resolution may be required to achieve accurate mRNA tracking.

5. Start image acquisition.

6. Add drugs which interfere with translation, as required by
experimental setup. In most experiments, we recommend to
add drugs after 10–30 min of imaging, when 10–50 transla-
tions sites are present per cell. Adding the drugs during imag-
ing allows one to observe their immediate effects on
translation. After addition of the drugs (see Subheading 3.5),
cells should be imaged for another 5–30 min to observe the
effect on translation.
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3.5 Drugs that

Interfere with

Translation as Tools to

Study Translation

Dynamics

Several drugs that are known to interfere with translation can be
added to the cells to measure specific aspects of translation dynam-
ics. Note that when adding drugs to the medium, it is advisable to
predilute the drug in large volume (~20% of final volume) (seeNote
10 on adding drugs to the cells).

1. Puromycin (used at 100 μg/mL). Puromycin binds the elon-
gating nascent polypeptide chain, thereby releasing the nascent
polypeptide from the ribosome and dissociating the ribosomal
subunits from the mRNA. Addition of puromycin to the cells
results in the disappearance of bright GFP spots (translation
sites) within 1 min after addition. Puromycin can therefore be
used as a tool to verify whether the observed GFP spots are
active translation sites. Make a 10 mg/mL stock concentration
of puromycin in DMSO, which can be diluted to a concentra-
tion of 700 μg/mL (7� the final concentration) in imaging
medium. Of this dilution, add 50 μL to the 300 μL imaging
medium present in a well of a 96 well-plate, to create a final
concentration of 100 μg/mL.

2. Cycloheximide (used at 200 μg/mL). Cycloheximide (CHX)
binds to the E-site of the ribosome, preventing release of the
ribosome-bound tRNA and ribosomal translocation along the
mRNA. Thus, CHX treatment results in stalling of ribosomes
on themRNA and should lead to the stabilization of GFP signal
at translation sites. CHX may therefore be used to address
whether changes in GFP intensity at sites of translation are
caused by altered ribosomal occupancy. Make a 50 mg/mL
stock concentration of cycloheximide in DMSO, which can be
diluted to a concentration of 1400 μg/mL (7� the final con-
centration) in imaging medium. Of this dilution, add 50 μL to
the 300 μL imaging medium present in a well of a 96 well-plate,
to create a final concentration of 200 μg/mL.

3. Harringtonine (used at 3 μg/mL). Harringtonine is a small
molecule translation inhibitor that specifically blocks transloca-
tion of ribosomes at the initiation codon, without affecting
downstream ribosomes. As a consequence, upon harringtonine
treatment ribosomes downstream of the start codon will com-
plete translation normally and dissociate from the mRNA one-
by-one after translation termination, resulting in a gradual
decrease of the translation site GFP signal. Measuring the
decay rate of GFP fluorescence from single mRNAs, and fitting
the data to a simple mathematical model [5], allows estimation
of ribosome translocation rates on a given mRNA transcript.
The duration of ribosome run-off is dependent on the length
of the POI. In case of the translational reporter Addgene
#74928, run-off can be observed within 5–15 min after har-
ringtonine addition. Starting from a 3 mg/mL stock
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concentration of harringtonine in DMSO, make a dilution of
21 μg/mL (7� the final concentration) in imaging medium. Of
this dilution, add 50 μL to the 300 μL imaging medium present
in a well of a 96 well-plate, to create a final concentration of
3 μg/mL.

3.6 Image Analysis Using the translation imaging method described here, the GFP-
intensity of translation sites can be used to determine quantitative
features of translation, including ribosome density on mRNAs,
translation initiation rates, ribosome translocation rates and ribo-
some stalling. Determining these characteristics of translation
requires (1) precise quantification of GFP intensities and (2) careful
interpretation of the GFP fluorescence intensity.

3.6.1 Measuring GFP

Intensities and Determining

the Number of Ribosomes

on an mRNA

The GFP intensity reports on the number of ribosomes on an
mRNA. In some cases, it is sufficient to determine the relative
number of ribosomes on each mRNA, in which case comparing
GFP intensities between translation sites is possible. However, for
other experiments it is useful to determine the absolute number of
ribosomes on an mRNA. Below, we describe a step-wise protocol
on how to measure GFP intensities and how these fluorescence
intensity measurements can be used to calculate the number of
ribosomes present on an mRNA.

In order to determine the number of ribosomes on an mRNA
based on the GFP intensity of the translation site, it is important to
compare the observed GFP intensity of a translation site with the
GFP intensity of a single mature SunTag protein. Visualizing single
mature SunTag proteins requires imaging with a short exposure
time (10–30 ms) and a sensitive camera as a single SunTag protein
contains at most 24 GFP molecules (in contrast to translation sites,
which can contain >100 GFPs). Use a laser power that is suffi-
ciently high to allow detection of single SunTag proteins, but
without saturating camera pixel intensities at the much brighter
translation sites. Single SunTag molecules are detectable on either
EMCCD or sCMOS cameras.

1. Measure the GFP intensity of a single mature protein.

(a) Draw a region of interest (ROI) around each fluorescent
spot that represents a freely diffusing mature SunTag
protein (see Note 16 on how to select foci representing
mature SunTag proteins). Use an ROI that is as small as
possible, but large enough to also accommodate transla-
tion sites.

(b) Measure the mean fluorescence intensity in the ROI.

(c) Measure the mean background GFP intensity in the cell,
by using a large ROI which does not contain any GFP
foci.
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(d) Subtract the mean background intensity from the mean
spot intensity to obtain the intensity of a single SunTag
protein.

2. Measure GFP intensity of a translation site.

(a) Draw a ROI (of the same size as used for measuring single
mature proteins) around each translation site.

(b) Measure the average fluorescence intensity of each trans-
lation site.

(c) Subtract the mean background intensity (measured in
step 1c) from the mean translation site intensity to calcu-
late the mean intensity of a translation site.

3. In experiments where substantial photobleaching is observed,
correction for photobleaching of the fluorescence intensities is
critical (see Note 17 for further discussion about
photobleaching).

4. Divide the mean GFP intensity of the translation sites by the
mean intensity of the single mature SunTag proteins.

5. The value calculated in step 4 provides an estimate of the
number of SunTag arrays present at a translation site (see
Note 18 and Fig. 4 for a further description on how to inter-
pret GFP intensity).

3.6.2 Image Analysis

Software to Measure GFP

Intensities

In order to analyze the images obtained by microscopy, different
image analysis software packages can be used, including Matlab,
Python, and ImageJ. The choice for a specific software package
mainly depends on the experimenter’s previous experience and
personal preference. For unique or complex questions, custom
analysis software may be required, making Matlab and Python
good options. However, for many simple types of analysis, existing
ImageJ plugins can be used. Currently, several plugins are available
which allow, for example, counting of the number of translation
spots per cell, measuring the intensities of individual translation
spots, or tracking translation spots over time. One simple ImageJ
plugin that is useful for the analysis of translation dynamics is the
spot_counter ImageJ plugin (http://fiji.sc/SpotCounter) devel-
oped by Nico Stuurman. This plugin counts the number of transla-
tion spots in a cell over time, and determines the fluorescence
intensity of individual spots.

4 Notes

1. Choosing the gene of interest in the translation reporter. In
principle, any gene can be introduced in the translation
reporter, and the choice will mainly depend on the goal of
the experiment. However, it is important to take into account
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that other regulatory sequences outside the coding region,
such as the 30 and 50 UTR, may influence translation efficiency
as well and can also be inserted into the reporter construct,
either on their own or together with the coding sequence. If
the goal of the experiment is not related to the regulation of a
specific gene, but rather to study global translational control
mechanisms, the specific mRNA sequence inserted down-
stream of the SunTag sequence may not be critical and different
sequences can be inserted. The length of the reporter sequence

Fig. 4 Interpreting GFP fluorescence intensities of translation sites. The scFv-
GFP intensity associated with a single ribosome depends on the location of the
ribosome along the mRNA. The GFP intensity will initially increase as the
ribosome synthesizes successive SunTag peptides (illustrated in the figure by
the binding of 1, 2, or 3 scFv-GFP antibodies). Ribosome-associated fluores-
cence reaches a maximum once all SunTag peptides have been synthesized and
will remain constant while the ribosomes translate the remaining sequence of
the mRNA. As a consequence, ribosomes at the 30 end of the mRNA are labeled
brighter, than those at the 50 end. When the number of ribosomes on an mRNA is
calculated based on GFP intensity, these position-dependent effects of GFP
intensity need to be taken into account. A simple mathematical model can be
used, as described in the text
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is, however, an important parameter to take into account. The
longer the reporter gene, the more ribosomes can be present
on the mRNA simultaneously, affecting the brightness of the
translation sites. The use of longer reporter genes (1–2 kb) is
therefore advisable and will facilitate further analysis.

2. Cloning the SunTag peptide array sequence. The SunTag pep-
tide array contains a somewhat repetitive sequence and is there-
fore difficult to amplify by PCR. The SunTag sequence is codon
scrambled (i.e., different codons are used to encode the same
amino acid sequence in each peptide) to minimize the degree of
repeated nucleotide sequences. Codon scrambling allows PCR
amplification to some extent, but some clones after PCR-based
cloning will have small deletions. Therefore, cloning strategies
that circumvent PCR-based amplification of this sequence are
preferable.

3. The number of SunTag peptides in the reporter gene. The
reporter construct that is used by us and others [2–5] generally
contains 24 SunTag peptides. However, shorter arrays (five or
ten copies of the SunTag peptide [5]) or longer arrays (56
copies [2]) can also be used to image translation). Comparison
between reporter mRNAs containing either 5, 10 or 24 Sun-
Tag copies revealed that ribosome density on these mRNAs was
very similar, indicating that increased number of SunTag pep-
tides does not detectably alter translation initiation or elonga-
tion rates of the reporter mRNA. Lowering the number of
SunTag peptides will make the imaging of translation sites,
especially at low ribosome occupancy, more challenging as it
decreases the translation-associated GFP signal. Therefore,
having a high copy number of SunTag peptides will be favor-
able in most situations. However, some specific experimental
setups, such as the integration of the SunTag sequence into an
endogenous gene locus by CRISPR/Cas9, may benefit from
the use of shorter and less repetitive peptide arrays.

4. Using an inducible promoter to express a reporter mRNA. The
advantage of using an inducible promoter is that it allows
temporal control of mRNA synthesis. Expressing the reporter
mRNA only during the imaging experiment has two main
advantages; first, it prevents accumulation of high level of
relatively bright mature SunTag proteins, which hinders the
imaging of translation sites. (See also Note 13 about the
expression level of the translational reporter.) Second, limiting
the levels of mature SunTag protein will also prevent depletion
of the freely diffusible pool of scFv-GFP antibody from the
cytoplasm. If mature SunTag protein levels become too high,
the majority of scFv-GFP is bound to mature protein and is
therefore not available to bind nascent SunTag peptides at
translation sites. As a consequence, newly made SunTag
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peptides emerging from the ribosome are labeled incompletely,
limiting the fluorescence of translation sites.

5. Tethering the mRNA to the plasma membrane. PP7-mCherry
binds with high affinity to the hairpin sequence present in the 30

UTR of the reporter plasmid, resulting in fluorescent labeling
of mRNA molecules. However, due to the rapid diffusion of
single mRNAs, it is challenging to track single mRNAs over
longer periods of time. In order to improve long-term tracking
of individual mRNAs, a CAAX prenylation motif can be fused
to the PCP. The CAAX motif anchors the PCP to the plasma
membrane, which results in tethering of the reporter mRNAs
containing the PCP binding sites to the plasma membrane.
Membrane tethering of mRNAs reduces their mobility, facil-
itating long-term tracking of individual mRNA molecules
(Fig. 1a, lower panel, b; [5]). Importantly, membrane tether-
ing of mRNAs also allows a specialized form of microscopy,
called TIRF microscopy, which significantly improves the sig-
nal-to-noise ratio of the image. So far, we have not observed
any differences in translation dynamics between tethered and
untethered mRNAs ([5] and unpublished results). However,
under certain conditions tethering of the mRNA to the mem-
brane could affect translation, for example when translation of
the reporter mRNA is spatially regulated. Appropriate controls
should therefore be performed in experiments involving
mRNA tethering.

6. The importance of fusing sfGFP to the SunTag antibody to
create scFv-GFP. The SunTag antibody has a tendency to
aggregate at high expression levels in the cytoplasm of mam-
malian cells. To optimize intracellular expression of the anti-
body, a variety of N- and C-terminal fusion proteins known to
enhance protein solubility were tested. Fusion of one variant of
GFP, called sfGFP [9], to the C-terminus of the antibody
resulted in soluble expression of the antibody even at high
expression levels [5]. Therefore, when changing the fluoro-
phore fused to the antibody, it is important to test whether
the newly created antibody–fluorescent protein fusion does not
aggregate in cells.

7. Choosing a suitable cell type. In principle, most cell types can be
used to study translation using the method described here.
However, there are some features which may be worthwhile to
take into account when choosing a cell type. The most impor-
tant aspect of a cell type is whether the plasmids described above
can be efficiently delivered into the cells. In addition, it is impor-
tant to consider whether the cell type can be imaged using high
resolution microscopy. For example, cells grown in suspension
may be more difficult to image than flat, adherent cells.
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8. Transient versus stable transfection. In general, the plasmids
required for translation imaging (see Subheading 2.1) can be
either transiently transfected or used to generate cell lines stably
expressing the genes of interest. While the use of a stable cell line
will generally make results slightly more reproducible, a transient
transfection will save time, as it allows for imaging of translation
of a specific reporter 1 day after transfection. Since PP7-
mCherry and scFv-GFP are used in every experiment, we rec-
ommend making a cell line in which both PP7-mCherry and
scFv-GFP are stably expressed. This cell line can then be used to
introduce different reporter mRNAs to study their translation.
Note that in some cases we observed that stable expression of
PP7-mCherry led to lysosomal accumulation of mCherry signal.
Lysosomal accumulation was not detected when PP7 was fused
to other fluorophores, such as GFP. mCherry-positive lysosomes
are readily distinguishable from reporter mRNAs based on size,
shape, intensity and motile properties, and therefore do not
hinder the imaging of mRNAs, unless their localization overlaps
with an mRNA molecule.

9. Using CO2-independent, phenol red free imaging medium.
Replacing the normal cell growth medium (generally CO2-
dependent media containing phenol red) with CO2-indepen-
dent, phenol red-free imaging medium ensures a correct pH
over the course of the experiment and, in addition prevents that
phenol red from interfering with fluorescence imaging. We
routinely use Leibovitz-L-15 imaging medium which is CO2-
independent and free of phenol red, and therefore ideal for live-
cell microscopy. Note that appropriate levels of serum and
antibiotics should still be added to the imaging medium. Alter-
natively, an optimal pH during the experiment can be achieved
by having a CO2 supply in the microscope imaging chamber.

10. Diluting drugs before addition to the cells. We recommend
prediluting drugs that need to be added to the cells during the
imaging experiment in a large volume (~20% of final volume)
before adding it to the cells. This ensures quick diffusion
through the imaging medium so that the drug rapidly reaches
the cells without repeated pipetting (which can cause cellular
stress). We usually make a 7� dilution, of which we add 50 μL
to the 300 μL imaging medium present per 96 well.

11. Expression levels of scFv-GFP. Expression of scFv-GFP in the
presence of a reporter mRNA results in the appearance of three
different populations of GFP particles in the cell: (1) a pool of
freely diffusing scFv-GFP, (2) a pool of scFv-GFP bound to
SunTag proteins which have completed translation and have
been released from the ribosome (and thus contain a single
SunTag peptide array), referred to as “mature proteins,” and
(3) a pool of scFv-GFP bound to the nascent SunTag peptides
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which represent sites of translation (Fig. 3). scFv-GFP expres-
sion levels need to be sufficiently high to bind all SunTag pep-
tides present in both the mature SunTag proteins and the newly
synthesized nascent SunTag polypeptides as they emerge from
the ribosomes. If scFv-GFP levels are too low, all antibody will
be bound tomature SunTag protein, and the newly synthesized,
nascent SunTag peptides will not be (completely) fluorescently
labeled. On the other hand, if scFv-GFP levels are too high, this
will give a strong background fluorescence of unbound scFv-
GFP that can mask the signal of translation sites.

12. Expression levels of PP7-mCherry. The expression levels of
PP7-mCherry should be high enough to saturate binding to
the PP7 binding sites, but low enough to prevent high back-
ground fluorescence of PP7-mCherry not bound to an mRNA.
In addition, high expression of PP7-mCherry can cause accu-
mulation in lysosomes, resulting in bright red dots in the cell
(see also Note 8 about lysosomal accumulation of PP7-
mCherry).

13. Expression level of the translational reporter. For most experi-
ments it is useful to select cells or a cell line for imaging with a
high number of transcripts, as this enables the imaging of many
translation events in one experiment. However, very high
expression of the reporter also results in rapid antibody deple-
tion (i.e., a situation in which the majority of antibody is bound
to mature protein, resulting in weak labeling of translation
sites, see Note 11) and might impair long-term tracking of
mRNAs (as moving mRNAs are more likely to cross paths).
Optimal expression levels of the reporter mRNA therefore
depends on the specific experimental conditions. Inducible
expression of the reporter reduces some of the problems of
high expression levels of the mRNA reporter (i.e., antibody
depletion) and is therefore generally beneficial. An additional
approach to prevent high levels of labeled, mature SunTag
protein in the cells involves fusion of the SunTag protein to a
degron to ensure its rapid degradation after its synthesis is
completed. This approach has been successfully used to
increase the signal-to-noise ratio during imaging experiments
[3, 4]. When selecting cells with the correct level of the trans-
lational reporter, it is important to note that in case of very
high levels of mature SunTag protein expression, the GFP
signal in the cell may appear homogenous throughout the
cell without clear SunTag punctae, because each SunTag pro-
tein is labeled with so few scFv-GFP molecules that individual
SunTag-labeled proteins can no longer be distinguished from
unbound scFv-GFP molecules based on their fluorescence
intensity.
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14. Advantages and disadvantages of different imaging systems.
Widefield microscopy: Widefield microscopy allows imaging of
relatively thick Z-sections, facilitating mRNA tracking in 3D
with limited number of Z-slices acquired. The reduced number
of Z-slices required for tracking mRNAs in 3D may cause less
photobleaching, and increase the time resolution that can be
achieved. A drawback of widefield imaging, however, is that the
signal-to-noise ratio is lower due to increased out-of-focus
light, and therefore only moderately to strongly translating
mRNAs (i.e., mRNAs translated by multiple ribosomes) will
be detectable. Point scanning confocal microscopy: With point
scanning confocal microscopy, a higher signal-to-noise ratio
can be achieved (compared to widefield microscopy). How-
ever, point scanning confocal microscopy is slow and causes
relatively high levels of photobleaching and phototoxicity, and
is therefore less suitable for long-term live-cell imaging.
Spinning disc confocal microscopy: Similar to point scanning
confocal microscopy, the use of spinning disc confocal micros-
copy allows imaging with a high signal-to-noise ratio. How-
ever, spinning disc confocal imaging is faster than point
scanning confocal microscopy and may cause lower levels of
phototoxicity to the sample. It is therefore suitable for imaging
translation of single mRNA molecules with high sensitivity
over longer time periods, and is our system of choice for the
majority of experiments involving the translation imaging sys-
tem. Total Internal Reflection Fluorescence (TIRF) microscopy:
TIRFmicroscopy greatly reduces background signal and there-
fore increases the signal-to-noise ratio. However, only fluores-
cent molecules that are located close to the glass surface (e.g.,
near the plasma membrane at the bottom of the cell) can be
observed, so tethering of the mRNAs to the membrane is
recommended when imaging translation sites using TIRF. An
additional disadvantage of TIRF microscopy is that the illumi-
nation of cells is generally uneven, which hinders quantitative
measurements of fluorescence intensities. Light sheet micros-
copy: Light sheet microscopy can potentially be used to image
translation in thick samples, such as tissues and embryos of
various model organisms.

15. Finding the correct focal plane for imaging mRNAs and trans-
lation sites using the plasma membrane tethering approach.
Although red mRNAs and green translation spots largely colo-
calize, we noted that the mRNA fluorescence signal localizes
slightly below (i.e., closer to the plasma membrane) than the
translation signal. This is expected as mCherry is fused directly
to the CAAX domain, and thus very close to the plasma mem-
brane, whereas the GFP is connected to the membrane
through mCherry, the mRNA, and the nascent chain, and
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will thus localize slightly further toward the cell interior
(Fig. 1a, lower panel). Therefore, care should be taken to
ensure both the mRNA and translation signal are in focus.

16. Selecting foci representing mature SunTag proteins to deter-
mine their fluorescence intensity. Since mature proteins are not
tethered to the plasma membrane and are relatively small com-
pared to translation sites, they diffuse rapidly in 3D throughout
the cell. Imaging mature SunTag proteins and measuring their
fluorescence intensity is complicated by their fast diffusion, as
the rapid movement of single SunTag protein causes motion
blurring of the fluorescent foci in the image. In addition, rapid
movement of mature SunTag proteins in the Z-axis causes
many spots to be slightly out of focus when images are
acquired. Both issues involving focus and motion blurring
affect the fluorescence intensity of mature SunTag proteins.
To minimize abovementioned issues, imaging with a short
(10–30 ms) exposure time is recommended, which will reduce
motion blurring. In addition, manually selecting foci for quan-
tification that appear in focus will help alleviate abovemen-
tioned issues.

17. Correcting for photobleaching. As a consequence of exposing
fluorophores to excitation light, photobleaching occurs over
time, reducing the intensity of GFP measured at translation
sites. The rate at which photobleaching occurs can be deter-
mined by measuring the GFP signal of a large area in the cell
(potentially the whole cell or field of imaging). Choosing an
area of the cell lacking translation spots to measure bleaching
rates ensures that such measurements are not affected by
appearance and disappearance of mRNAs. In experiments
where substantial photobleaching is observed, correction for
photobleaching of the fluorescence intensities of translation
sites is critical.

18. Interpreting the scFv-GFP fluorescence intensity to measure
translation dynamics. The GFP signal observed at translation
sites is a result of the nascent SunTag peptides bound by scFv-
GFP antibodies. Importantly, ribosomes on the 50 end of the
mRNA have not yet translated all the SunTag peptides, and
thus have fewer antibodies and fewer GFPs associated with
them as compared to ribosomes at the 30 end of the mRNA
(Fig. 4). As a result, the GFP intensity associated with a ribo-
some at the 50 end of the mRNA is lower than with a ribosome
at the 30 end of the mRNA (which has synthesized the entire
SunTag peptide array). As a consequence, the measured GFP
intensity at a translation site is not directly related to the
number of ribosomes on the mRNA. To correctly translate
GFP intensity to ribosome number, both ribosome density
and ribosome location along the mRNA need to be taken
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into account. A simple mathematical model can be used to
calculate the number of ribosomes from the measured GFP
intensities [5].
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