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Visualization of mRNA translation in living cells

Alexis J. Rodriguez, Shailesh M. Shenoy, Robert H. Singer, and John Condeelis

Department of Anatomy and Structural Biology, Albert Einstein College of Medicine, Bronx, NY 10461

he role of mRNA localization is presumably to effect

cell asymmetry by synthesizing proteins in specific

cellular compartments. However, protein synthesis
has never been directly demonstrated at the sites of
mRNA localization. To address this, we developed a live
cell method for imaging translation of B-actin mRNA.
Constructs coding for B-actin, containing tetracysteine
motifs, were transfected into C2C12 cells, and sites of na-
scent polypeptide chains were detected using the biarsenial
dyes FIAsH and ReAsH, a technique we calll translation site

Introduction

mRNA localization is a critical step in the development of cellu-
lar asymmetry. This suggests that controlling sites of translation
restricts target proteins to specific subcellular compartments
(Bashirullah et al., 1998; Zhang et al., 2001). For instance, mnRNA
localization is required during development to establish morpho-
gen gradients in the oocyte and for cell lineage specification in
the early embryo (Rodriguez et al., 2005). mRNA localization to
distal regions of neurons has been observed, and local translation
of these mRNAs can be initiated in response to various extracel-
lular cues (Tiruchinapalli et al., 2003). The ability to determine
where translation occurs may provide clues to the spatial and
temporal organization of cells and tissues by elucidating the rela-
tionship between localized mRNAs and the distribution of pro-
tein products of translation. Where translation occurs relative to
extracellular cues is critical to understanding how cells chemotax
in response to their environment, a process that is critical to
understanding how cells within a tumor make the decision to me-
tastasize (Wang et al., 2004). During neuronal development, de-
termining the sites of translation of specific proteins may be
critical in understanding how neurons find their proper targets for
synapse formation through the regulation of growth cone assem-
bly and movement. In addition, monitoring the sites of transla-
tion of specific mRNAs in the pre- and postsynaptic regions of
neurons may elucidate how cells convert electrical stimulation
into stored memory, the process of synaptic plasticity.
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imaging. These sites colocalized with B-actin mRNA af the
leading edge of motile myoblasts, confirming that they
were translating. B-Actin mRNA lacking the sequence (zip-
code) that localizes the mRNA to the cell periphery, elimi-
nated the translation there. A pu|se-chase experiment on
living cells showed that the recently synthesized protein cor-
related spatially with the sites of its translation. Additionally,
localization of B-actin mRNA and translation activity was
enhanced at cell contacts and facilitated the formation of
intercellular junctions.

One of the better characterized models of mRNA localiza-
tion is the process used by B-actin. The localization of 3-actin
mRNA is correlated with the localization of 3-actin protein to api-
cal structures such as filaments in microvilli of epithelia and audi-
tory hair cells and the leading edge of lamellipodia and filopodia
of crawling cells (Hofer et al., 1997; Shestakova et al., 2001).

Zipcode sequences are components of localized mRNAs
that are necessary and sufficient for the proper targeting of tran-
scripts. The 3-actin zipcode is responsible for the localization of
{3-actin mRNA to the periphery of fibroblasts or the growth cone
of neuronal cells (Kislauskis et al., 1993; Zhang et al., 1999).
The concept that -actin contributes to leading edge dynamics is
supported by the observation that 3-actin mRNA targeting to the
front of crawling cells is necessary for directed motility of fibro-
blasts and carcinoma cells (Kislauskis et al., 1994; Shestakova
et al., 1999; Wang et al., 2004). Inhibition of B-actin mRNA
targeting, by using antisense oligonucleotides directed to the
zipcode or by deleting the zipcode, resulted in a decrease in cell
speed and directionality (Kislauskis et al., 1997; Shestakova
et al., 2001). Inhibition of B-actin mRNA targeting by using
antisense oligonucleotides also resulted in the randomization of
the location of free barbed ends in the cell cortex, suggesting
that the sites of B-actin polymerization are determined in part by
the localization of its mRNA (Shestakova et al., 2001).

Although these reports emphasize the fundamental role
of RNA localization, it has not been established how cell phys-
iology is mechanistically related to the compartmentalized
synthesis of proteins. To do so will require a means to follow
newly synthesized proteins from their sites of translation to
their sites of utilization. Therefore, we developed a method
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called translation site imaging for identifying polypeptides
as they are synthesized in living cells and released to their
sites of utilization. The approach can simultaneously detect
B-actin mRNA, translation sites, and mature protein in living
cells based on genetically encodable tetracysteine (TC) tags
that associate with the biarsenical dyes FIAsH and ReAsH
(Zhang et al., 2002).

To identify sites of 3-actin translation, 3-actin promoter—driven
constructs were generated to ensure the proper copy number of
total actin transcripts. A TC tag (CCPGCC) was inserted at the
N terminus, followed by a GFP fusion domain and the (3-actin
coding sequence, with or without the 3'UTR zipcode sequence.
The construct that contains the 3-actin 3'UTR and, thus, the zip-
code will be referred to as the full-length (FL) construct, whereas
the constructs that lacks the 3-actin 3'UTR containing the zip-
code will be referred to as the AZIP construct. After ReAsH
staining, C2C12 cells transfected with the FL construct exhib-
ited a staining pattern nearly identical to that of GFP—-actin
(Fig. 1, B and C). C2C12 myoblasts were used for these investi-
gations based on their ability to target 3-actin mRNA (Hill and
Gunning, 1993). In addition, these cells differentiate into muscle
through fusion of cell contacts, a process that we were intere-
sted in investigating with regard to a potential role for localized
translation at contacts.

By using the concentration of nascent polypeptide
chains at polysome sites, we expected to identify translation
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Figure 1. ReAsH labeling of the TC motif in the absence of cycloheximide
results in a pattern similar to GFP--actin. (A) Schematic representation
of the time course of the procedure used in B and C. (B) Epifluorescence
image of the distribution of GFP-g-actin from a C2C12 cell transfected
with the FL construct. (C) Epifluorescence image of ReAsH staining from the
cell in B. Note the similarity between the staining patterns in the absence
of cycloheximide (compare B and C). (D) Model of the translation site
detection scheme. ReAsH (red) will label the TC motif of nascent chains of
B-actin and mature B-actin, whereas GFP will only label mature B-actin
protein. ReAsH staining of cells containing the TC-GFP-B-actin constructs
performed in the presence of cycloheximide should increase the number of
nascent chains at the polysome site as the rate of ribosomal translocation
decreases, providing a more robust and persistent fluorescence signal,
resulting in bright red puncta at the sites of translation. Ribosome packing
is not to scale. Bar, 10 um.

sites using ReAsH staining and the translation elongation
inhibitor cycloheximide (Fig. 1 D). Cycloheximide is known
to accumulate ribosomes and nascent polypeptide chains on
mRNA (Godchaux et al., 1967; Lodish, 1971). ReAsH stain-
ing of C2C12 cells transfected with the FL construct resulted
in the detection of discrete uniformly sized bright puncta gen-
erally localized at the cell periphery, even without cyclohexi-
mide (Fig. 2, C and D). Their distribution was similar to that
of B-actin mRNA in mouse myoblast cells (Hill and Gunning,
1993). Untransfected cells did not exhibit punctate staining
(not depicted), indicating that the observed ReAsH puncta
resulted specifically from the binding of dye to the transgene
protein product. When cells containing the AZIP construct
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Figure 2. ReAsH labeling reveals the sites of B-actin translation. Epifluo-
rescence images of C2C12 cells containing the FL (B-D) or AZIP (F-H) con-
struct stained with ReAsH. (A) Schematic representation of the time course
of the procedure used in B-D. (E) Schematic representation of the time
course of the procedure used in F-H. (B and F) Epifluorescence image
showing the distribution of mature GFP-B-actin with a close up of the
boxed region shown in the inset. (C and G) Epifluorescence image show-
ing numerous bright puncta in the red channel, representing the distribution
of nascent chains of B-actin throughout the cell. (D and H) Overlay of the
images, showing the proximity between the red nascent chains and green
actin filaments.



were stained with ReAsH, puncta were observed in the peri-
nuclear region and very few were observed at the cell periphery,
suggesting that the information contained within the zipcode
region is responsible not only for the proper targeting of
mRNA but also for proper targeting of the translation sites
(Fig. 2, G and H). These data also demonstrate that translation
sites can be detected after ReAsH staining by quick destain-
ing and fixation (Fig. 2, A-D) or by the use of cycloheximide
during staining and destaining (Fig. 2, E-H).

To demonstrate that the puncta are a result of translation, we
treated the cells with puromycin, a reagent known to dissoci-
ate ribosomes and nascent chains from mRNAs (Yarmolinsky
and De la Haba, 1959; Joklik and Becker, 1965). As described,
cells expressing the FL construct treated with cycloheximide
and subsequently stained with ReAsH exhibited more numer-
ous puncta throughout the cytoplasm than nontreated cells,
consistent with the increased loading of nascent chains known
to occur after this treatment (Singer and Penman, 1972; Fig.
3 A). In contrast, cells pretreated with puromycin, before
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Figure 3. Disrupting polysome structure with puromycin prevents the
detection of ReAsH sites. (A) Overlay image of cells stained with ReAsH in
the presence of 100 pg/ml cycloheximide showing GFP-B-actin (green)
and ReAsH staining (red) with a schematic representation of the time
course of the procedure. Notice the presence of numerous ReAsH puncta
throughout the cytoplasm. (B) Overlay image of a cell pretreated with
200 pg/ml puromycin stained with ReAsH in the presence of 100 ug/ml
cycloheximide showing GFP-B-actin (green) and ReAsH staining (red) with
a schematic representation of the time course of the procedure. Notice the
absence of any ReAsH puncta caused by the pretreatment with puromycin.
(C) Graph of the relative number of ReAsH puncta per cell in cells treated
with and without puromycin where the data are normalized to the number
of puncta in the untreated sample. The disruption of polysomes leads to an
approximately sevenfold reduction in the number of ReAsH puncta per cell
as compared with control cells (P = 0.005). Untreated population, n = 5;
puromycin-reated population, n = 8. Error bars are = SEM.

cycloheximide, exhibited a decrease in the number of puncta,
consistent with the dissociation of nascent chains known to
occur after this treatment (Fig. 3 B). Quantification of the rel-
ative number of puncta/cell for the puromycin-treated cells
compared with the cells with only cycloheximide showed an
approximately sevenfold reduction (Fig. 3 C). These data
indicate that intact polysomes are needed for the detection of
the puncta after ReAsH staining and represent translation
sites based on their sensitivity to translational inhibitors.

We would expect the nascent chains to “run off” after remov-
ing ReAsH. To investigate this, live cells were imaged after
the removal of the ReAsH dye solution to determine the
persistence of the puncta (Fig. 4). The translation sites were
observed for ~5 min after ReAsH removal before the signal
reached background levels (Fig. 4 A). Pretreatment with
cycloheximide prolonged the persistence of the signal to
>45 min (Fig. 4 B). These data suggest that the ReAsH-
stained nascent chains continued to elongate because, in cells
lacking cycloheximide, sites disappeared after a few minutes,
consistent with the release of the nascent chains labeled with
ReAsH and their replacement by nonlabeled nascent chains.
The sites persisted for at least 45 min in the presence of
cycloheximide because the nascent chains with bound
ReAsH remained associated with polysomes because of the
elongation block.
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Figure 4. Prolonged imaging of translation sites requires inhibition of
translational elongation. (A) A live ReAsH-stained C2C12 cell transfected
with the FL construct has bright puncta for 5 min before the signal is no
longer detectable because of “run off” of the labeled nascent polypeptides.
The images were a time-lapse series taken every minute starting at 4 min.
A schematic representation of the time course of the procedure is provided.
(B) In the presence of cycloheximide, an image of a live ReAsH-stained
C2C12 cell transfected with the FL construct has bright puncta (translation
sites) at 30 min that are still present in the same location after 45 min
affer removal of ReAsH. A schematic representation of the time course
of the procedure is provided. See Video 1 (available at http://www.jcb.
org/cgi/content/full/jcb.200512137/DC1).
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The localization of mMRNA, translation

sites, and mature protein are spatially
correlated at the cellular periphery

and require the zipcode

Actively translating mRNA should colocalize with sites of
ReAsH staining. Fluorescence in situ hybridization experiments
were performed on C2C12 cells transfected with the FL or AZIP
construct. When cells expressing the FL construct were hybrid-
ized with probes against the GFP coding sequence, mRNA was
observed throughout the cell, including the periphery (Fig. 5 A).
In contrast, cells containing the AZIP construct did not effi-
ciently target GFP—(-actin mRNA to the cell periphery (Fig.
5 B). To compare the localization of the RNA in the two popula-
tions, the fluorescence intensity as a function of distance from
the nucleus was compared among cells expressing either the FLL
construct or the AZIP construct (Fig. 5 C). For the population of
cells with the FL construct, fluorescence extended to the cell
periphery (Fig. 5 C, red line). In contrast, the AZIP construct
was prevalent in the perinuclear region with a significant
decrease at the cell periphery (Fig. 5 C, blue line).

Translation sites were also observed at the periphery of
cells with the FL construct (Fig. 5 D, red line). In contrast,
when the sites of translation for a population of cells express-
ing the AZIP transgene were analyzed as a function of relative
distance from the nucleus, fluorescence at the cell periphery
was not detected (Fig. 5 D, blue line). Likewise, the distribu-
tion of the GFP signal, representing synthesized protein, also
showed asymmetric localization, similar to that observed for
mRNA localization (Fig. 5, compare C and E). Thus, the zip-
code appeared to be required for targeted 3-actin mRNA
to be translated at the cell periphery and (-actin protein to
accumulate there.

It has been suggested that mRNAs are translated when as-
sociated with the cytoskeleton (Lenk et al., 1977). To investigate

Figure 5. Localization of the B-actin mRNA
transgene correlates with the distribution of
mature protfein and translation sites. Fluores-
cence in situ hybridization experiments were
performed on C2C12 cells transfected with the
FL or AZIP construct with Cy-5-labeled probes
against the GFP coding sequence. (A) Overlay

.O

RNA

whether the sites of translation were associated with the cytoskel-
eton, saponin-extracted C2C12 cells expressing the FL construct
were stained with ReAsH. Fluorescence imaging confirmed that
translation sites remained after detergent extraction, suggesting
that they were associated with the detergent-resistant cytoskel-
eton (Fig. S1, available at http://www.jcb.org/cgi/content/full/
jcb.200512137/DC1). To further investigate the anchoring of
B-actin translation sites, time-lapse imaging of C2C12 cells
stained with ReAsH was performed (Video 1). Analysis of the
position of the identified translation sites indicated that there
was very little movement of these sites during the time course
of the experiment, consistent with the hypothesis that translating
mRNAs are anchored to the cytoskeleton. In contrast, directed
movements of reporter mRNAS are measured at rates on the or-
der of 1 wm/s, indicating that the translation sites are not a sub-
set of directed mRNAs (Fusco et al., 2003). Importantly, cells
treated with the translational inhibitor cycloheximide for up to
3 h are able to target mRNA properly, suggesting that the lack
of movement observed in the time-lapsed images was not due to
an effect of the cycloheximide treatment on mRNA movements
(Sundell and Singer, 1990).

Nascent chain colocalization with mRNA

at cell-cell contacts requires the zipcode
and results in the local accumulation

of newly synthesized protein

Overlay images of ReAsH and FISH images showed that colo-
calization between the red translation sites and green mRNAs
were often near cell—cell contacts when the C2C12 cells con-
tained the FL construct (Fig. 6, left). The majority of mRNAs
not at cell contacts were not translating, suggesting that the con-
tact between cells created an environment that enhanced local-
ized translation (Fig. 6 J). In contrast, when contacting cells
containing the AZIP construct were imaged, translation sites

& AZIP B-actin mRNA

& B-actin mRNA B

10 pm

Translation Mature Protein

image of a C2C12 cell transfected with the FL
construct showing localized B-actin transgene
mRNA at the cell periphery as assessed by a
probe for GFP (white) and DAPI staining of the
nucleus (blue). (B) Overlay image of a C2C12
cell transfected with the AZIP construct show-
ing the B-actin transgene mRNA levels highest
near the nucleus and dropping off toward the

% of Total Intensity

—&—with B-actin 3UTR
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cell periphery as assessed by a probe for GFP 0
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(C) The relative intensity as a function of dis-

tance from the nucleus of the Cy-5-labeled probe for GFP was determined for a population of C2C12 cells containing the FL or AZIP construct (see Materials
and methods). The fluorescence intensity as a function of normalized distance (the percentage of distance from the nucleus to the cell periphery where the
nucleus is defined as O and the distal cell membrane was 100) was graphed for cells with the FL construct (red line) and the AZIP construct (blue line). The
FL mRNA extended to the cell periphery (red line). In contrast, the AZIP mRNA was concentrated in the area immediately around the nucleus and declined
to the cell periphery (blue line). n = 18. (D) The sites of translation as a function of relative distance from the nucleus was graphed for a population of
C2C12 cells containing the FL or AZIP constructs as in C. Consistent with the mRNA and protein localizations, the localization of translation sites for the FL
construct showed translation of B-actin in the cell periphery, whereas the AZIP construct was confined to the perinuclear area. n = 8. (E) The fotal fluores-
cence intensity of the TC-GFP—B-actin was determined for a population of C2C12 cells containing the FL or AZIP construct as above. For the cells with FL
construct, there was very litfle preference throughout the cytoplasm. In contrast, for cells with the AZIP construct, there was an enhanced signal closest to
the nucleus with decreasing intensity peripherally. n = 18. Error bars are = SEM.
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Figure 6. Translation sites colocalize with their cognate mRNA near the
sites of cell contact. ReAsH staining experiments were performed on live
cells that were subsequently fixed and processed for FISH, showing a colo-
calization between the red translation puncta and mRNA at cell contacts.
Shown are contacting C2C12 cells containing either the FL construct (B, D,
F, H, J, and L) or the AZIP construct (C, E, G, I, K, and M). The transfected
cell exhibits positive GFP staining (H and |). (A) Schematic representation
of the time course of the procedure. (B and C) DAPI staining and differen-
tial interference contrast (DIC) image overlaid. (D and E) A single plane of
a deconvolved z series of C2C12 cells stained with ReAsH, showing sites
of translation. Note that in the contacting cell (D) with the FL construct, the
translation sites are restricted to the contact, whereas in E, translation sites
are absent from the contact with the AZIP construct. (F and G) A single
plane of a deconvolved z series of C2C12 cells hybridized with Cy-5-
labeled probes against the GFP coding sequence, showing the distribution
of the mRNA. (H and I) Deconvolved plane from a z series of C2C12 cells,

were not observed at cell contacts (Fig. 6, right). Therefore, tar-
geting of translation sites to cell contacts required the zipcode.

To investigate the fate of recently translated (3-actin pro-
tein within the cell, pulse-chase staining of cells containing the
FL or AZIP construct was performed, using FIAsH to bind up
the unreacted TCs. After a short wash and a short pulse with
ReAsH, the proteins synthesized during the ReAsH exposure
could be evaluated (Gaietta et al., 2002). Images obtained in the
red and green channels were presented as a ratio to determine
where the (3-actin synthesized during the chase period had ac-
cumulated (high red/green ratio). When cells in sparse culture,
containing the FL construct, were examined, the majority of
[B-actin protein synthesized during the chase period was found
at the perinuclear region and the leading edge of the cell (Fig. 7,
B-D, red). When cells containing the FL construct were inves-
tigated by pulse-chase staining as they contacted other cells, the
majority of the newly synthesized (3-actin was localized at the
perinuclear region and at the site of the cell contacts (Fig. 7, F-H,
red), consistent with the observed translation at these sites (Fig. 6 J).
Time-lapse images of cells illustrated that newly synthesized
[3-actin protein accumulated at cell contacts (Video 2, available at
http://www.jcb.org/cgi/content/full/jcb.200512137/DC1). In con-
trast, newly synthesized B-actin from the AZIP transgene was
primarily at the perinuclear region but failed to localize to cell
contacts (Fig. 7, I-K), consistent with the lack of translation
sites there (Fig. 6 K).

To assess the effect of mistargeting of (-actin translation on
junction formation, we performed simultaneous ReAsH and
N-cadherin staining on C2C12 cells. In contacting cells containing
the FL transgene, which targets both translation sites and newly
synthesized (3-actin to the contact site, there was an enhancement
of the amount of N-cadherin at the junction (Fig. 8, B and E). In
contrast, contacting cells containing the AZIP transgene, which
cannot target translation sites or newly synthesized 3-actin, exhibit
a decrease in the amount of N-cadherin at the junction (Fig. 8, A
and E). When both populations were quantified and compared,
there was an ~33% decrease in the strength of the N-cadherin
signal at the cell contacts when [-actin translation sites were
mistargeted (Fig. 8 E).

We report the novel use of labeled TC-tagged proteins to image
specific nascent polypeptides during their synthesis in situ. We
have used the TC system to detect polysomes in the process of
synthesizing a specific polypeptide in real time with a spatial
resolution of ~0.2 wm. Our data demonstrate that peripheral

showing GFP fluorescence from mature actin. (J and K) Overlay images of
the translation site staining (red) and mRNA hybridizations (green). Note
the colocalization of the translation sites and mRNA only at the contact
with the FL construct (J) and the lack of colocalization with the AZIP construct
(K). (L and M) Overlay of the translation site staining (red), mRNA hybrid-
ization (green), GFP actin fluorescence (blue), and differential interference
contrast images.

VISUALIZATION OF mRNA TRANSLATION IN VIVO
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Figure 7. Newly synthesized B-actin protein localizes to cell contacts and
is zipcode dependent. Cells were pulse labeled with FIAsH and chased
with ReAsH to follow newly synthesized protein. (A) Schematic representa-
tion of the time course of the procedure used in B-D. (B-D) C2C12 cell
containing the FL construct. (B) Epifluorescence image of a FIAsH-stained
cell. (C) Epifluorescence image of a ReAsH-stained cell in B shown with the
contrast stretched to enhance the low staining intensity. (D) Pseudocolored
ratio image of C/B, where red indicates a higher red/green ratio. Notice
that the B-actin synthesized during the chase period is localized to the peri-
nuclear region and the leading edge of the cell. (E) Schematic representa-
tion of the time course of the procedure used in panels FK. (F-G) C2C12
cell containing the FL construct touching an untransfected cell (not visible)
at its tip. (F) Epifluorescence image of a FIAsH-stained cell. (G) Epifluores-
cence image of ReAsH-stained cell in F. (H) Pseudocolored ratio image of
G/F. Note that the B-actin synthesized during the chase period is localized
to the perinuclear region and the site of cell-cell contact. See Video 2
(available athttp://www.jcb.org/cgi/content/full /jcb.200512137/DC1).
(I-K) C2C12 cells containing the AZIP construct contacting other cells.
(I) FlAsH-stained cells. (J) ReAsH-stained cells. (K) Pseudocolored ratio image
of J/1. Notice that the majority of the B-actin synthesized during the chase
period is localized to the perinuclear region with little protein accumulated
at the sites of cell-cell contact. The highest ratios are shown in red, and the
lowest ratios are shown in blue.

translation of 3-actin is zipcode dependent, as predicted by the
localization of its mRNA (Hill and Gunning, 1993; Kislauskis
et al., 1993). Mislocalization of B-actin mRNA using the AZIP
construct resulted in the mislocalization of translation sites and,
consequently, the newly synthesized protein. 3-Actin translation
sites were anchored and exhibit very little movement, providing
a stable molecular framework for the observed accumulation of
mature protein to specific subcellular compartments. In noncon-
tacting cells, localized translation is seen at the leading lamella.
In contrast, in contacting cells, localized translation is observed
at sites of cell contact. When the trafficking of newly synthe-
sized (3-actin was monitored, accumulation of the protein at
points of cell contact was only observed when the mRNA had a

N-Cadherin
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E N-cadherin signal at cell contact
160
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Figure 8. N-cadherin is lost from adherens junction when the translation
of B-actin is mislocalized. (A) Indirect immunofluorescence image of
N-cadherin staining of a cluster of C2C12 cells. The arrowheads point to
the junction between a cell transfected with the AZIP or an FL construct. The
arrows point fo junctions between normal nontransfected cells. (B) N-cadherin
staining of a cluster of C2C12 cells transfected with the FL transgene
(arrowhead). (C) Differential interference contrast (DIC) image of the field
shown in A. (D) Differential interference contrast image of the field shown
in B. (E) Freehand regions of interest were drawn around the N-cadherin
staining, and the mean fluorescence intensity of N-cadherin staining was
determined using IPlab software. Quantification of the relative strength of
N-cadherin staining was determined by comparing the ratio of the mean
fluorescence intensity of N-cadherin at the junction with the mean fluores-
cence intensity of N-cadherin at the junctions between untransfected cells.
The blue bar represents the ratio determined for cells containing the AZIP
construct. The red bar represents the ratio determined for cells containing
the FL construct. Eight fields of cells were compared for each construct.
P = 0.005. Error bars are = SEM.

zipcode. This particular compartmentalization may have rele-
vance because the actin cytoskeleton is actively involved in cell
interactions, particularly in the fusion of myoblasts (Causeret
et al., 2005).

The TC system has also been used to determine the tem-
poral changes occurring at gap junctions using pulse-chase
staining of newly synthesized connexins that were delivered to
the plasma membrane containing junctional plaques composed
of older connexin molecules (Gaietta et al., 2002). In addition,
pulse-chase staining with FIAsH and ReAsH has been used to
confirm that there is dendritic synthesis of GluR1 in response to
extracellular stimuli using cultured neurons with physically



isolated dendrites (Ju et al., 2004). However, the translation site
imaging technique allows the identification of the site where a
specific mRNA is translated. We have been able to correlate the
site of translation with the accumulation of the newly synthe-
sized protein. This bridges the fields of mRNA localization and
protein trafficking.

Evidence for local translation

The concept that translation can occur at distal sites within cells
gained support with the discovery of polyribosomes localized
to dendritic spines of hippocampal neurons (Steward and Levy,
1982). Subsequently, numerous studies using various reporter
constructs and isolated dendritic cultures have demonstrated that
local translation occurs within dendrites (Torre and Steward,
1992; Aakalu et al., 2001; Job and Eberwine, 2001; Macchi
et al., 2003; Ju et al., 2004). Physically isolated dendrites were
able to incorporate radio-labeled amino acids and were sensi-
tive to puromycin (Torre and Steward, 1992). In addition,
GFP reporters showed increased fluorescence in isolated den-
dritic cultures, supporting local translation (Aakalu et al., 2001;
Job and Eberwine, 2001). However, there is an inherent draw-
back in GFP reporters. The fluorophore must undergo folding
and oxidation, reported to take from 90 min to 4 h (Cubitt
et al., 1995). Thus, there is a lag time between when these re-
porters are translated and when they can be detected. We have
circumvented this issue by using reagents that fluoresce imme-
diately upon their binding to the TC motif, which has allowed
us a substantial improvement in spatial and temporal resolution
in the intact cell.

Polysomes are directly visualized

After ReAsH staining, translation sites appear as bright puncta.
Under normal conditions, it has been estimated that there is
one ribosome per 90 nucleotides of coding sequence (Stachelin
et al., 1964). For the 3-actin construct, this would result in ~21
ribosomes and nascent 3-actin peptides per mRNA. When ribo-
somes are packed tightly in the presence of cycloheximide, they
exhibit a maximum spacing of 1 ribosome per 30 nucleotides
(Wolin and Walter, 1988), which would result in 63 ribosomes
and nascent 3-actin peptides per mRNA, providing a substan-
tial TC signal at translation sites. The spatial amplification of
fluorescence caused by staining the TC motifs at polysome sites
allows for the detection of individual mRNAs in the process
of translation. Analogously, using the spatial concentration
of nascent RNA chains at their site of synthesis has been suc-
cessfully used to detect single transcription sites based on hy-
bridizing fluorescent oligonucleotide probes to nascent RNA
transcripts in the nucleus (Femino et al., 1998) or the associa-
tion of MS2-GFP to RNAs containing MS2 binding sites,
allowing the detection of a single mRNA (Fusco et al., 2003;
Shav-Tal et al., 2004).

Our fluorescent puncta have been characterized as transla-
tion sites based on several criteria. The size of the coding se-
quence for the transgene (1,884 bp) would produce a 565-nm
mRNA if fully extended. The consistent size of the punctates
suggests that the observed fluorescence is generated within a
restricted volume. The sensitivity of these structures to puromycin

indicates that intact polysomes are required for the detection of
fluorescence signal. The enhancing effect of cycloheximide on
the signal from the translation sites indicates that translational
elongation must be inhibited to detect these sites for
a prolonged period, to avoid runoff. The rate of signal loss
(5 min) is consistent with estimates of the rate of translation
(~1 amino acid per second per ribosome or ~10 min for our
construct), calculated using several in vitro methods (Lodish
and Jacobson, 1972; Palmiter, 1972; Vanzi et al., 2003).

Translation sites of p-actin are localized

by the zipcode

The localization of translation sites is consistent with the recent
observation that zipcode binding protein 1 (ZBP1) has an addi-
tional role as a translational inhibitor (Huttelmaier et al., 2005).
ZBP1 was originally characterized as a transacting factor capa-
ble of binding the zipcode sequence that was required for the
proper localization of (-actin mRNA to the leading edge of
fibroblasts and to the growth cones of neurites (Kislauskis
et al., 1993; Zhang et al., 1999; Huttelmaier et al., 2005). The
ZBP1-B-actin mRNA complex, formed in the nucleus before
mRNA export, is incapable of translation until ZBP1 is phos-
phorylated by Src at the cell periphery, resulting in the dissocia-
tion of the mRNA from ZBP1 (Huttelmaier et al., 2005). Thus,
the localization of translation sites at the perinuclear region for
cells containing the B-actin construct without the zipcode is
consistent with the hypothesis that ZBP1 is required to inhibit
translation until the mRNA has reached its final destination at
the cell periphery.

Locally translated p-actin accumulates

into specialized structures and may
generate storage compartments

It has been observed that injection of fluorescently labeled actin
into cells results in a rapid diffusion of fluorescence throughout
the cell (Wang et al., 1982). Therefore, the production of
{3-actin from localized mRNA may be critical for concentration
of the protein at sites of B-actin polymerization (Shestakova
et al., 2001). We observed the local translation and accumula-
tion of B-actin at cell contacts. The majority of 3-actin mRNAs
are not actively translating outside of the regions of cell contact,
indicating that the distribution of a particular mRNA alone may
not be indicative of where protein synthesis and product accu-
mulation occurs. Consistent with this, RhoA is up-regulated
at cell—cell contacts and is responsible for the localization of
B-actin mRNA in fibroblasts (Latham et al., 2001; Charrasse
et al., 2002). It has been shown that $-actin mRNA is often
localized to cell contacts at the base of processes that are
morphologically similar to filopodia at nascent adherens junc-
tions (Lawrence and Singer, 1986; Yonemura et al., 1995;
Vasioukhin et al., 2000). At cadherin-mediated cell contacts, the
up-regulation of RhoA leads to the recruitment of 3-catenin,
B-actin mRNA, and newly synthesized protein after the local
translation of the mRNA. Presumably, this provides the molecu-
lar building blocks for adherens junction formation at a discrete
cytoplasmic site (Charrasse et al., 2002). Actin polymerization
is required for adherens junction formation, as these structures
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fail to form in the presence of cytochalasin D (Vasioukhin
et al., 2000). At putative adherens junctions, the multiprotein
complex of cadherin and 3-catenin is found in close proximity
to barbed ends of actin, the distribution of which is in turn
dependent on the localization of -actin mRNA (Adams et al.,
1998; Shestakova et al., 2001). Thus, the mislocalization of
B-actin mRNA through the deletion of the zipcode sequence
results in the mislocalization of newly synthesized protein (Fig. 7)
and may result in a failure of barbed ends to form at cell con-
tacts, ultimately affecting contact stability.

Recent work identified two spatially distinct populations
of actin filaments at cell-cell contacts called junctional actin
and peripheral thin bundles (Zhang et al., 2005). Junctional ac-
tin was characterized as dynamic, with polymerization occur-
ring at barbed ends from a postulated stored G-actin pool that
was not affected by Ca** levels, resulting in the stabilization of
clustered cadherin receptors (Zhang et al., 2005). The intensity
of N-cadherin staining at cell contacts was reduced by ~33% in
the cells with mislocalized 3-actin mRNA and translation sites
(Fig. 8). Thus, the mislocalization of newly translated (3-actin
and barbed ends resulted in a decrease in junctional actin and,
ultimately, decreased cadherin staining at the adherens junction.
These data provide evidence for the importance of compart-
mentalized synthesis of 3-actin on the formation and/or mainte-
nance of peripherally localized multiprotein complexes such as
adherens junctions (Fig. 8). Reduced expression and mislocal-
ization of cadherin have also been observed in Drosophila
melanogaster Myosin VI-deletion mutants, resulting in aberrant
border cell migration and dorsal closure (Geisbrecht and Montell,
2002; Millo et al., 2004). Our data suggest that mistargeting
of B-actin through mislocalization of its translation sites effec-
tively knocks down the protein at its functional site and affects
the distribution of other proteins at these sites.

B-Actin that is translated locally may have some inher-
ent mechanism for remaining in the region where it is synthe-
sized. Possibly, recently synthesized [-actin incorporates
into nearby actin filaments and forms macromolecular com-
plexes with other actin binding proteins in the region of the
translation sites. Actin at the leading edge of motile cells
interacts with different actin binding proteins and exhibits
different rates of assembly and disassembly and different
treadmilling rates, suggesting a spatial control of actin dy-
namics (Shuster and Herman, 1995; DesMarais et al., 2002;
Gupton et al., 2005). Moreover, the local synthesis of 3-actin
may populate a novel compartment of nonfilamentous actin
at the cell periphery identified by vitamin D binding protein
staining (Cao et al., 1993). This could allow for rapid actin
polymerization at the cellular periphery in response to extra-
cellular cues. Several proteins thought to function at the cell
periphery seem to have a preference for (3-actin, including ezrin
(Shuster and Herman, 1995), profilin (Segura and Lindberg,
1984), thymosin 3 4 (Weber et al., 1992), and L-plastin (Namba
et al.,, 1992). Many of these proteins associated with actin
contain zipcodes within the 3'UTRs of their mRNAs, suggesting
a coordinated translation- and localization-regulated pathway
(Mingle et al., 2005). Thus, information contained within un-
translated regions of mRNAs coordinates mRNA localization,
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local translation, and ultimately the distribution of newly syn-
thesized proteins. The approach described here allows a rigorous
testing of the hypothesis that localized synthesis of proteins
affects cell structure and function.

Materials and methods

Materials

FIAsH and ReAsH were a gift from R. Tsien (University of California, San
Diego, La Jolla, CA) and were later purchased from Invitrogen under the
trade names lumio green and lumio red, respectively.

B-Actin plasmid constructs

A PCR primer was synthesized containing a Hindlll restriction site, the
coding sequence for a TC tag, and sequences complementary to the
GFP coding region called TC1, 5'-tggaagcttccaccatgtgggattgttgtccaggat-
gttgtaaaatggtgagcaagggegaggagetgtte-3'. An additional primer called
TC2, 5'4tggaagcttccaccatgticctcaactgetgeccaggatgttgtatggagecatggtgag-
caagggegaggagctgtte-3’, was synthesized. A third PCR primer was syn-
thesized containing a BamHI restriction site and sequence complementary
to the GFP coding region 5’-ccggatcecttgtacagctegtccatge-3'. The prim-
ers were used to amplify the GFP coding sequence from plasmid pB-
actin EGFP (Ballestrem et al., 1998) with a TC motif MWDCCPGCCKM
(from the TC1 primer; Figs. 2-5 and 7) or the improved TC motif MFLNC-
CPGCCMEP (from the TC2 primer; Figs. 1 and 6) at the N terminus
(Martin et al., 2005). The EGFP coding sequence was removed from
plasmid p-actin EGFP using the restriction enzymes BamHI and Hindlll
and replaced with the TC-containing EGFP PCR product to produce the
plasmid TC-GFP-B-actin with no zipcode (AZIP). To produce the FL B-actin
plasmid, the AZIP plasmid was cut with BamHI and Xbal to remove the
B-actin coding sequence. A second plasmid containing the B-actin coding
sequence with a zipcode was also cut with BamHI and Xbal, and this
product was ligated into the cut AZIP plasmid to produce the TC-GFP-
B-actin FL plasmid.

Cell culture

C2C12 mouse myoblast cells were cultured in a-MEM media with 10%
FBS using standard techniques. For imaging experiments, C2C12 cells
were plated directly onto 35- X 10-mm plastic fissue culture dishes
or onto acid-washed glass coverslips 24 h before transfection. The
TC-GFP-B-actin constructs were transfected into the C2C12 cells using
Fugene 6 transfection reagent (Roche Diagnostics Corporation) accord-
ing fo the manufacturer’s instructions for 24 h at 37°C. After the incuba-
tion, the Fugene 6 solution was removed and replaced with a-MEM
media supplemented with 10% FBS for 1 h at 37°C before cells were
used in experiments.

FIAsH and ReAsH staining and detection

Transfected C2C12 cells were treated with 100 pg/ml cycloheximide
ready-made solution (Sigma-Aldrich) for 30 min at 37°C. The cells were
then treated with 1x staining solution (1 uM FIAsH or 2.5 uM ReAsH
in 1 ml of Opti-MEM medium (Invitrogen), 100 pg/ml cycloheximide
solution, and 10 uM ethanedithiol (EDT,) for 15 min to 2 h at room
temperature. The cells were washed in Opti-MEM followed by destain-
ing in 250 pM EDT,, 100 ng/ml cycloheximide, and 1 ml of Opti-
MEM for 5-30 min at room temperature. The cells were washed in
Opti-MEM, and digital images were acquired using an epifluorescence
microscope (BX61; Olympus) with a UPlanApo 60x/1.2 NA W PSF
(water immersion; Olympus) obijective for live cell imaging or a PlanApo
60x/1.4 NA oilimmersion objective (Olympus) for fixed cells and
a 100-Watt mercury arc lamp (Olympus), equipped with a camera
(CoolSNAP HQ; Photometrics) using IPLab software (Windows v3; BD
Biosciences) and filter sets 41001 (FITC), 41007 (Cy3), 41004
(ReAsH), 41008 (Cy5), and SP104v1 (Cy5 narrow band pass; Chroma
Technology Corp.).

Translational inhibitor studies

C2C12 cells containing the FL construct were treated with 200 ng/ml
puromycin for 30 min followed by 30 min of ReAsH staining in the pres-
ence of 100 pg/ml cycloheximide. As a control, C2C12 cells containing
the FL construct that were not treated with puromycin were stained for
30 min in ReAsH in the presence of 100 p.g/ml cycloheximide. The number
of translation sites per cell was determined for the untreated and puromycin-
treated populations of C2C12 cells.



ReAsH washout experiments

C2C12 cells containing the FL plasmid were stained with ReAsH in the
absence of cycloheximide. After destaining, the cells were imaged using
a Cy3 filter set at 1 image/min. As a control, C2C12 cells containing the
FL plasmid were stained with ReAsH in the presence of cycloheximide,
washed, and imaged using a Cy3 filter set.

FISH staining and intensity distribution analysis

C2C12cells containing either the FLor the AZIP plasmids were hybridized witha
Cy5-labeled antisense probe to the GFP coding sequence (Feminoetal., 2003).
The antisense GFP probe is a mixture of three oligonucleotides with the following
sequences: GFP-1, GGGTCTTGTAGTTGCCGTCGTCCTTGAAGAAGATGGT-
GCG; GFP-2, GGCTGTTGTAGTTGTACTCCAGCTTGTGCCCCAGGATGTT;
and GFP-3, TCTTTGCTCAGGGCGGACTGGGTGCTCAGGTAGTGGTTGT.
Images were obtained using a Cy5 filter set. The intracellular distribution
of FISH signal was determined using software written to measure the total
fluorescence intensity as a function of distance from the nucleus. The software
identified the nuclear boundary using an overlaid and registered image of
the DAPl-counterstained nucleus. The software identified the cellular boundary
using an edge-detection routine with user-adjustable parameters. The cyto-
plasmic area was defined as the region between the nuclear and cellular
boundaries identified. The FISH signal in the entire cytoplasmic area was
analyzed by the software, which outputted a histogram of FISH intensity as a
function of distance from the nucleus. The data were normalized by total FISH
intensity and longest distance from the nuclear to cellular boundary.

ReAsH and FISH staining

C2C12 cells containing the FL or AZIP constructs were stained with ReAsH,
fixed in 4% paraformaldehyde for 30 min at room temperature, and pro-
cessed for FISH using a Cy5-labeled probe to the GFP coding sequence
(Femino et al., 1998). Images were obtained using the FITC, ReAsH, and
Cy5 narrow filter sets and deconvolved using Huygens Professional version
2.6.4 (Scientific Volume Imaging). Colocalization between the ReAsH and
FISH images was determined by overlaying individual planes from each
channel using IPlab software.

Pulse-chase staining and ratio imaging

50% confluent C2C12 cells containing the FL or AZIP constructs were pulsed
with 1 uM FIAsH in 1 ml of Opti-MEM and 10 pM EDT; for 1 h at 37°C.
The cells were then chased with 2.5 pM ReAsH in 1 ml of Opti-MEM and
10 wM EDT;, for 15 min at 37°C. A 5-min destain in 250 uM EDT, in 1 ml
of Opti-MEM was performed, and cells were imaged for live cell experi-
ments or fixed in 4% paraformaldehyde in 1% PBS. For each cell, an image
was obtained using the FITC and ReAsH filter sets. Ratio image analysis
was performed using software that generated a binary mask of the denom-
inator image by taking all pixel values greater than a fixed value. To this
binary mask, we apply a grayscale closing operation (dilation followed
by erosion) using a 4 X 4 matrix where each element is 1. The resulting
mask defines the region of the cell that has an adequate signal/noise ratio.
The ratio of the original background-subtracted images is then calculated
in regions defined by the binary mask. The ReAsH image is the numerator,
and the FIAsH image is the denominator.

ReAsH and immunofluorescence staining

ReAsH staining was performed followed by fixation in 4% paraformalde-
hyde in 1% PBS. The samples were blocked in 3% BSA, stained in a 1:50
dilution of anti-N-cadherin antibodies for 3 h at room temperature (BD
Biosciences), and stained in a 1:250 dilution of Cy5-labeled anti-mouse
secondary anfibody. Images were obtained using the FITC, ReAsH, and
Cy5 narrow filter sets.

Online supplemental material

Fig. ST demonstrates that translation sites are resistant to defergent extrac-
tion, suggesting an interaction with the cytoskeleton. Video 1 showsaC2C12
cell that was stained with ReAsH; an image was collected every 5 min for
1 h at room temperature. Video 2 shows a C2C12 cell transfected with the
FL construct contacting an adjacent cell pulse labeled with FIAsH for 1 h and
chase labeled with ReAsH for 15 min. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full /jcb.200512137/DC1.
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