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Abstract

Translation is the fundamental biological process converting mRNA information into proteins.
Single-molecule imaging in live cells has illuminated the dynamics of RNA transcription;
however, it is not yet applicable to translation. Here, we report single-molecule imaging of nascent
peptides (SINAPS) to assess translation in live cells. The approach provides direct readout of
initiation, elongation, and location of translation. We show that mRNAs coding for endoplasmic
reticulum (ER) proteins are translated when they encounter the ER membrane. Single-molecule
fluorescence recovery after photobleaching provides direct measurement of elongation speed (5
amino acids per second). In primary neurons, mRNAs are translated in proximal dendrites but
repressed in distal dendrites and display “bursting” translation. This technology provides a tool
with which to address the spatiotemporal translation mechanism of single mRNAs in living cells.

Genome-wide studies have shown that protein abundance is predominantly controlled at the
level of translation (1). Translational regulation allows cells to respond rapidly to
environmental cues and synthesize proteins with precise timing and at specific subcellular
locations (2, 3). Numerous studies have concentrated on RNA localization and its underlying
mechanism (4). However, the translation of localized mRNA in living cells remains poorly
understood because unlike transcription, a single-molecule method to directly image the
process is lacking (5). Ensemble biochemical measurements such as ribosome profiling can
provide a genome-wide measurement of translation (6, 7). Approaches that measure the
association of ribosomes with mRNAs are not direct readouts of translation (8). Pulse-
labeling in cell culture [stable isotope labeling with amino acids in cell culture (SILAC)]
quantifies newly synthesized proteins by means of mass spectrometry (1). Cellular
approaches, such as fluorescent noncanonical amino acid tagging (FUNCAT) (9) and
puromycylation (10), measure overall protein synthesis but are not gene-specific.
Fluorescent protein—based translation assays (11-14) require lengthy maturation of
fluorophores. Recently, translating RNA imaging by coat protein knock off (TRICK) (15)
distinguished previously translated from untranslated mMRNAs. A single-molecule
fluorescence imaging approach would complement these cellular and biochemical methods
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by providing precise spatiotemporal molecular information, including variance among
mRNAs. Here, we describe a strategy for directly visualizing the nascent peptide (NAP) on
translating mRNA with single-molecule imaging of nascent peptides (SINAPS). It provides
precise parameters and reveals unpredicted phenomena of mMRNA regulation in the
endoplasmic reticulum (ER) and neuronal dendrites.

Development of SINAPS, a single-molecule translation assay in live cells

There are two obstacles to visualize the translation site (TLS): (i) the weak signal of the
nascent chain and (ii) the background due to preexisting labeled proteins. To address the
weak signal, we used the recently developed SunTag technology for signal amplification
(16), which uses a genetically encoded antibody fragment, the single-chain variable
fragment (scFV) of GCN4 antibody fused to a super folder green fluorescent protein
(sfTGFP) (scFV-sfGFP) (17). When the epitope peptide for the scFV is multimerized,
multiple scFV-sfGFPs bind to a single reporter protein, rendering it visible above the
fluorescence background, similar to MS2 stem loops that make the mRNA visible (Fig. 1, A
and B) (18). Because the sfGFP is already mature and fluorescent, the NAP could be
detected as soon as it emerges from the ribosome (Fig. 1B). In a polysome, multiple NAPs
accumulate at the site of MRNA and form a bright TLS. To address the background
fluorescence, we removed completed proteins by fusing the auxin-induced degron (AID) to
the C terminus of the reporter in order to regulate its stability (19, 20). We inserted the
protein of interest [blue fluorescent protein (0xBFP) (21)] between the SunTag and the AID
(20) with a flag tag in the N terminus. The reporter mRNA included the 3’ untranslated
region (3’UTR) of B-actin mRNA for cytoplasmic localization and the MS2 binding sites
(MBS) for its visualization (22). The reporter (flag-SINAPS) was cloned into a lentiviral
backbone for stable integration into the target cells (Fig. 1A).

The SINAPS reporter was expressed by viral infection in a U20S human osteosarcoma cell
line stably expressing two accessory proteins: the antibody scFV-sfGFP for labeling and the
thermally stable rice Oryza Sativa transport inhibitor response 1 (OsTIR1) for degrading
AlID-containing protein (19, 23). A protein of the correct size was synthesized but became
undetectable with Western blot in presence of 500 pM auxin Indole-3-acetic acid (IAA) (fig.
S1). We performed single-molecule fluorescence in situ hybridization (smFISH) to detect
mRNA and immunofluorescence (IF) against GFP to measure the protein (Fig. 1, C and D).
The bright spots in the IF channel (green) colocalized with mRNA spots (red). The
numerous dim green spots were single proteins labeled with SunTag (Fig. 1D, white arrow
heads). They were used to convert the TLS intensity into the number of NAPs (maximum,
14; mean, 4.5) (Fig. 1E). We used puromycin, a tRNA analog that dissociates NAPs from the
ribosomes, to verify that TLS disappeared (Fig. 1F and fig. S2, A and B); its removal (Puro/
Wash) restored the TLS to steady-state levels (Fig. 1F and fig. S2, C to E). Low
concentrations of the elongation inhibitor cycloheximide (CHX) increased NAPs on mRNAs
(Fig. 1F and fig. S2F). We inserted varying lengths of the protein domains between SunTag
and the AID to determine whether the number of NAPs scaled linearly with the length of the
coding region (Fig. 1G and fig. S2G). A linear fit described the data with a slope of 0.0044
per amino acid (Fig. 1H). With the translation elongation speed determined as v= 4.7 amino
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acids/s, this reveals an average initiation rate of 1.3 per min (supplementary materials, Eq.
4).

Diffusion dynamics of translating RNA

To describe the dynamics of translation, we performed live cell imaging. We labeled the
MRNA with MS2 coat protein (MCP) fused with Halotag (24) and applied Halo-JF549 dyes
for its superior brightness and photostability (23, 25). We imaged mRNAs and TLS
simultaneously using their distinct fluorescent tags (stdMCP-Halo-JF549 and scFV-sfGFP)
(26) on two precisely aligned cameras (27). We observed bright TLS moving together with
mRNAs (Fig. 2, A to D, and movies S1 and S2). As a control, in puromycin-treated cells
there were no TLSs detected (movie S3). The brightness of the mRNA and TLS allowed
accurate determination of their positions with Matlab software (28). We tracked the positions
of mMRNA and TLS (29) and identified TLS moving together with mRNAs (Fig. 2E) (23).
We classified the tracks of MRNAs into two categories: confined and freely diffusing. For
each category, we determined the fraction of mMRNA tracks with TLS in each cell and
defined them as translating mRNAs. Translation was independent of whether the mMRNAs
were confined or freely diffusing (Fig. 2F). For freely diffusing mRNAs, the diffusion
coefficients (D) were measured through mean-square displacements. The translating mRNAS
diffused slower on average but overlapped in their distribution with untranslating ones (Fig.
2G). The D of translating mRNA was weakly anticorrelated with TLS intensity, which is
consistent with larger polysomes slowing mRNA mobility (Fig. 2H). Therefore, the mRNA
mobility correlates with its translation level on average but is not an exact predictor of
translation status of individual mMRNAs coding for cytosolic proteins, which is different from
membrane-targeted mMRNAS.

Local translation on the ER

Local protein synthesis on the ER and other membrane-bound cellular compartments plays a
critical role in protein trafficking to establish and maintain membrane function (30).
Introducing an ER-targeting signal in the N terminus of the SINAPS reporter will target the
reporter protein to the ER (Fig. 3A). Because the scFV antibody is cytoplasmic, the SunTag
motif needs to be exposed to cytosol to be labeled (Fig. 3B). We fused the first 29 amino
acids of cytochrome p450 to the N terminus of the reporter [cytoplasmic end of an ER
signal-anchor membrane protein (CytERM)] (21). CytERM-SINAPS labeled the tubular ER
structure when expressed in U20S cells stably infected with scFV-sfGFP and OsTIR1 (fig.
S3, A and B). At low expression, individual CytERM-SINAPS proteins were visible owing
to their slower mobility on the membrane (fig. S3, C to E, and movie S4). Unlike mMRNAs
coding for cytoplasmic proteins, the majority of CytERM-SINAPS mRNAs showed
confined motion (Fig. 3, C to G, and movies S5 to S7). Consistent with this, all MRNAs
colocalizing with TLSs were confined and showed low mobility (Fig. 3, H to J). Confined
mRNAs without bright translation sites might have recently initiated translation. In contrast,
none of the freely diffusing mMRNAs moved together with TLS (Fig. 3, C to J). This
confirmed that the reporter proteins were inserted into the ER cotranslationally, and the
mRNAs were tethered to the ER by NAPs. To further support this interpretation, when
treated with puromycin the mRNAs immediately dissociated from the ER (within 2 min) and
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became freely diffusing particles without TLS (Fig. 3, G and K, and movies S5 and S8).
These experiments demonstrate that the mRNAs are tethered to the ER only when translated.

Translation kinetics in live cells

Because the translating CytERM-SINAPS mRNA were confined and could be tracked for
many minutes, we performed fluorescence recovery after photobleaching (FRAP)
experiments on single TLSs (Fig. 4A). We applied a two-second pulse of diffraction-limited
491-nm laser light to bleach the selected single TLS (23). The integrated fluorescence
intensity was monitored while tracking the TLS (movies S9 and S10). The fluorescence
recovered over 90% of the pre-bleach value within 4 min (Fig. 4, B and E). As a control,
neighboring TLS not bleached showed consistent signal throughout the experiment (Fig.
4C). In contrast, the fluorescence only recovered to ~20% of pre-bleach value when
ribosomes were stalled by high concentrations of CHX (Fig. 4, D and E). To derive the
recovery curve, we assumed that the scFV binds to each epitope segment with equal
probability at the TLS or on mature proteins. We modeled the translation by ribosomes as a
stochastic process, with constant initiation and elongation rates. The normalized recovery
curve depended only on one parameter: the elongation rate of ribosomes [the gene length is
a constant for a given reporter (supplementary text)]. The modeling correctly predicted the
FRAP curve with Monte Carlo simulation (fig. S4). Fitting the theoretical curve to the
experimentally observed data yielded the average translation elongation rate v=4.7 + 0.6
amino acids/s (Fig. 4E). The translation rate was in agreement with previous measurements
by using ribosome profiling (v = 5.6 amino acids/s) (31). Experiments on mRNAs with
different lengths of coding regions yielded similar translation rates (v = 5.6 = 1.4 amino
acids/s and v=5.0 + 1.1 amino acids/s) (fig. S5). These results indicate that the SINAPS
reporter mMRNASs undergo constitutive translation in U20S cells.

Translation in neurons

We applied SINAPS to study local translation in neurons, where local regulation of
translation is particularly important owing to polarized neuronal processes (32). We
combined the OsTIR1 and scFV-sfGFP into a polycistronic plasmid with an internal
ribosome entry site (IRES) (23). We expressed flag-SINAPS and OsTIR1-IRES-scFV-sfGFP
in cultured primary hippocampal neurons by dual lentiviral infection. We performed
smFISH and IF experiments to investigate the translation of individual mMRNAs. Bright
puncta in the SunTag channel colocalizing with the mRNA indicated that the mRNA was
being translated (Fig. 5, A to C, and fig. S6). Although the numbers of NAPs on mRNAs in
primary neurons and glia were similar to that in U20S (Fig. 1E and fig. S6, B and E), the
fraction of translating mRNAs was less (Figs. 1G and 5D), suggesting a more stringent
regulation of MRNA translatability in primary cells. In addition, translation in neurons was
spatially modulated. In proximal dendrites (<30 um from soma), the percentage of
translating mRNAs (~40%) was similar to that of the glial cells cultured in the same dish.
However, the percentage gradually decreased as a function of distance to the soma (Fig. 5E),
as low as ~10% for distal dendrites (>100 um) (Fig. 5D). This suggests translation
repression in distal dendrites (33).
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To investigate the dynamics of translation, we imaged the SINAPS reporter in live neurons.
We observed bright green particles, mostly in proximal dendrites, but some also distributed
in distal dendrites (movie S11). They were much brighter than the fast diffusing single
proteins (visible at high power). These were bona fide TLSs because puromycin treatment
abolished them within 2 min (fig. S7). We focused on RNA in the distal dendrites because
they showed dynamic behavior and were sparsely distributed. We tracked the TLS for 2
hours. The position and integrated intensity of TLS were determined with a tracking
algorithm in order to generate the spatial trajectory and intensity trace of the sites (23). TLSs
were mobile in a time scale of minutes (Fig. 6A and movies S11 to S13). The mRNA
sampled several anchoring sites in dendrites while undergoing active translation. This is in
contrast to the hypothesis that the RNA was translationally repressed during transport (34).
The TLS intensity over time encoded the translation dynamics of the mRNA (Fig. 6B). To
extract the kinetic parameters from these observations, it was necessary to deconvolve the
effect of multiple ribosomes generating NAPs. We adopted a fluctuation analysis approach
that was developed for transcription (5). The translation dynamics was described by an
autocorrelation function G(t) (Fig. 6C and supplementary text). We observed that many
translation events occurred in a bursting fashion (movies S11 to S13): The translation was
“on” or “off” with interspersed long periods of no translation at all. We modeled translation
as the random telegraph model used for describing transcription kinetics. When the RNA is
on, the translation is described by a stochastic process, with constant initiation and
elongation rate. The autocorrelation function for this scenario has been worked out
previously for modeling transcription (5). The autocorrelation function depends on the
initiation rate ¢ and a total dwell time T of NAP at TLS determined by elongation speed and
the length of the coding region. When the mRNA is in the off state, there is no translation.
The two states interchange randomly and have lifetimes 1o, and o, respectively. We further
assumed that translations were correlated in the same on state but statistically independent
between successive on states. Fitting the theoretical function to the experimental data
yielded a dwell time of an individual NAP (7= 170 + 50 s, which is consistent with the
length of the reporter) and an average translation initiation rate of ¢=2.1/min. The average
lifetime of the on state was 1o, = 13 min (Fig. 6C). Alternatively, we measured the width of
the translation bursts directly from intensity traces (only from the full off-on-off intensity
traces), which yielded the average lifetime of bursts to, = 17 min, agreeing with the
fluctuation analysis (Fig. 6D). About 20% of mMRNAs underwent constitutive translation
during the 2 hours of imaging (Fig. 6, E to G, and movie S14). By singling out those TLSs
and analyzing them separately, we obtained a similar dwell time (7= 164 £ 24 s) but a much
longer o, > 120 min, which is consistent with a constitutive translation kinetics for these
MRNAs. Therefore, the elongation speed was independent of whether translation was
bursting or constitutive.

Discussion

We studied translation dynamics of single mRNAs in live cells by directly imaging the
“newly born” nascent peptide emerging from the ribosome. This was possible because the
scFV-GCN4 had high affinity to its epitope [the dissociation constant Kj is less than 4.4 x
10711 M for wild-type scFV-GCN4 (35)]. FRAP experiments of scFV-GCN4 bound to
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mitochondria showed that the off time was in the 10-min range (16). Therefore, the on rate
(ko) for the sScCFV-GCN4 is fast (~107/M/s). The concentration of sScFV-GCN4 in the
cytoplasm is typically >100 nM. Therefore, the time between the NAP segment appearing
from the ribosome and being bound by scFV is in the sub-second range. Each epitope
peptide has 24 amino acids and takes ~5 s to synthesize. Therefore, the binding of the scFV
is fast enough to track translation kinetics. The measured translation speed is consistent with
the literature (31), further demonstrating the validity of the technology and that the binding
of the scFV does not interfere with the translation kinetics.

Our results using single-particle tracking of mMRNA and TLS support the widespread view of
translation dynamics on the ER. For secretory and membrane proteins, their mRNAs show
the following characteristics: (i) Translating mRNAs were tethered to the ER and show
confined motion (Fig. 3, G to J). The translation-dependent tethering is universal for all
signal peptides we have tested (CytERM, prolactin, and immunoglobulin heavy chain). (ii)
mRNAs were translated multiple rounds on the ER because mRNA were tethered to the
same location much longer than the time needed for a single round of translation. (iii)
Multiple ribosomes translated the same mRNA tethered to the ER at the same time because
TLS was much brighter than a single protein. And (iv) the tethering of the mRNA to the ER
depended on the NAP because puromycin treatment releases mRNA from restricted motion
to freely diffusing motion (Fig. 3, G and K). Therefore, our data are consistent with a
“cotranslational translocation” model (7, 36) that the mRNA that contains ER-targeting
signal peptide was tethered to the ER by the NAP during the initial translation. The mRNA
remained on the ER because ribosomes continually initiated translation. For cytosolic
proteins, their mMRNAs were mainly freely diffusing. Therefore, they were mostly translated
by cytosolic ribosomes, not by the ER-bound ribosomes (37, 38).

In neurons, it has been proposed that localizing mMRNAs are packaged into granules and
transported long distances (33). It is hypothesized that mMRNASs are suppressed for translation
during this transport (34). By visualizing translation of single mRNAs, we demonstrated that
mRNAs with the B-actin 3’'UTR are actively translated in proximal dendrites within 30 pm
of the soma. Many fewer mRNAs in distal dendrites are actively translating, possibly in a
repressed granule state (33). These mMRNAS show a bursting translation behavior, similar to
that seen for nascent mMRNA during transcription (5). In addition, we found that mRNA can
scan while actively translating and possibly provide newly synthesized proteins immediately
for visited spines. This single-molecule methodology provides a powerful tool with which to
determine the mechanism of local translation of MRNA and particularly its relationship to
local neuronal activity.

The SINAPS technology provides a general approach to measure translation kinetics of
single mRNAs. Because all components of the technology are genetically encoded, it can
elucidate translation regulation and dynamics with unprecedented spatiotemporal precision
without perturbation directly in live cells or animals. For low-abundance proteins, the degron
in the reporter is not needed. Further development will be needed to study translation of
endogenous genes. This work is complementary to a companion manuscript (39) that
demonstrates single-molecule translation by the use of a multi-epitope reporter paired with
exogenous fragment antigen-binding (FAB) antibody to detect nascent chains. The
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measurements for initiation and elongation agree within a factor of two, indicating that the
general approach is reproducible between laboratories and different cell types.

Suppleme

ntary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
System for single-molecule imaging of nascent peptides in live cells.

(A) Schematic of the SINAPS construct. Flag, flag tag; AID, auxin induced degron;
ba3’UTR, p-actin 3’ untranslated region; AA, amino acid. (B) Schematic of SINAPS. scFV-
sfGFP binds to and labels NAPs containing SunTag epitope emerging from ribosome.
Polysome assembling on mRNA results in multiple NAPs. (C) smFISH and IF experiments
on flag-SINAPS constructs. Green, IF against GFP; red, smFISH against mRNA. The bright
green spots colocalizing with red mRNAs are TLSs. Scale bar, 5 um. (D) The deconvolved
image of the box in (C). (Left) smFISH. (Middle) IF. (Right) Merged. Yellow arrowheads
indicate TLS; white arrowheads indicate single flag-SINAPS protein; and the white arrow
indicates untranslating mRNA. Scale bar, 2 um. (E) The integrated intensity of TLS is
normalized with that of single proteins, giving the number of NAPs (full-length equivalent).
(F) The fraction of translating mRNA under treatments. Each symbol represents a single
cell. Ctrl, control; Puro, 100 pg/mL puromycin for 10 min; Puro/Wash, 100 pg/mL
puromycin treatment for 10 min, then incubation in normal medium for 20 min; CHX, 2
pg/mL CHX treatment for 30 min. (G) The number of NAPs for different constructs at
steady state. The longer the mRNA, the more NAPs at the TLS. (H) The mean number of
NAPs scales linearly with the length of the coding region. Red line describes a linear fit with
slope 0.0044 per amino acid.
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Fig. 2.

Dynamics of mMRNAs in translation.

(A) Snapshot of live cell imaging of cells stably expressing flag-SINAPS (movie S1). Green,
scFV-sfGFP; red, stdMCP-Halotag-JF549. Scale bar, 5 um. (B to D) Montage of movie S2 at
time () =1, 3and 5s. (Top) mRNA. (Middle) TLS and free proteins. (Bottom) Merged.
Yellow arrowheads inidcate TLS, and white arrows indicate untranslating mRNASs. Scale
bar, 2 um. (E) The mRNA (red) and TLS (green) move together. Arrow (square) indicates
the start of the track. The black arrowhead (circle) indicates the end of the track. (F) The
motion of MRNA is classified either as confined or mobile. The fraction of translating
mMRNA in each category is almost identical in each cell. Each symbol represents a cell. (G)
The histogram of diffusion coefficients (D) of freely diffusing mMRNAs. Blue, translating
MRNA,; red, untranslating mRNA. (H) The diffusion coefficient of the translating mMRNA is
only weakly anticorrelated with the integrated intensity of TLS; correlation coefficient (/) =
-0.19.
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Fig. 3.

Local translation on the ER.

(A) The schematic of the ER translation reporter. (B) The CytERM peptide is inserted into
the ER, while the rest protein domain is kept in the cytosol. The mRNA is tethered to the ER
by CytERM, and TLS is labeled with scFV-sfGFP. Although only one ribosome is shown, it
is likely that MRNAs are translated by polysomes. The items are described similarly as in
Fig. 2. (C) Snapshot of a live cell expressing CytERM-SINAPS (movie S6). Green, scFV-
sfGFP; red: stdMCP-Halotag-JF549. Scale bar, 5 pm. (D toF) Montage of movie S7 at ¢= 2,
6 and 10 s. (Top) MRNAs. (Middle) TLS and free proteins. (Bottom) Merged. Yellow
arrowheads indicate TLS; white arrows indicate untranslating mRNAs. Scale bar, 2 ym. (G)
The fraction of mobile mRNAs for cytoplasmic mRNAs (cyt), Flag-SINAPS; the ER-
targeted MRNAs (ER), CytERM-SINAPS; and CytERM-SINAPS mRNAs in the presence of
100 pg/mL puromycin (ER+Puro). Unpaired #test, ***P < 0.001. NS, not significant. See
also movie S5. (H) (Top) A translating mRNA in (C) to (F) shows a confined motion.
(Bottom) An untranslating mRNA is freely diffusing. (I) Most translating CytERM-SINAPS
MRNAs were confined with very small diffusion coefficient (blue). The untranslating
mRNA had higher diffusion coefficient (red). (J) The confined mRNAs had a significantly
higher fraction in translation (average 69%) than that of freely diffusing ones (average 3%;
all fast moving mRNAs are not translating). (K) The diffusion coefficient of CytERM-
SINAPS mRNA when treated with 100 pg/mL puromycin. mRNAS were released from the
ER and freely diffuse.
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Translation kinetics in live cells measured with single-molecule FRAP of TLS.

(A) Schematics of FRAP. The existing NAPs on the TLS were bleached with a focused 491-
nm laser at £= 0 (black). The fluorescence recovers as existing ribosomes synthesize the
SunTag motifs and new ribosomes arrive and make new NAPs (green). At ¢= oo, the
fluorescence should recover to the beginning value at steady state. (B toD) Montage of
FRAP experiments at different time points for (B) control, (C) nonbleached TLS, and (D)
CHX treatment. (E) There was little recovery for CHX treatment (D) (black squares)
compared with control (B) (blue circles). Fitting the theory (red line) to the experimental
data (7= 31 movies) yielded the translation elongation speed v= 4.7 £ 0.6 amino acids/s.
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Spgatial distribution of translation sites in neurons.

(A) smFISH and IF experiment. Flag-SINAPS was coexpressed with OsTIR1-IRES-scFV-
sfGFP in dissociated primary hippocampal neuron with lentiviral infection at 7 days in vitro.
The neurons were fixed at 14 to 21 days in vitro, and sSmFISH and IF experiments were
performed. The dendrites of the neuron were straightened with ImageJ. The whole neuron is
shown in fig. S6. Red, mRNA; green, TLS and free protein. Scale bar, 5 um. (B and C)
Segments in the (B) proximal and (C) distal dendrite were enlarged. (Left) mMRNA. (Middle)
TLS and free protein. (Right) Merged. Yellow arrowheads indicate TLS; white arrows
indicate untranslating mRNAs. Scale bar, 5 pm. (D) The fraction of translating mRNA was
similar for proximal dendrites (<30 um to soma) and glial cells in the same culture dish (fig.
S6), but significantly less in distal dendrites (>100 um from soma). Unpaired t test, ***P <
0.001. (E) The fraction of translating mRNA in dendrite as a function of distance to soma
(53 dendrites, 19 neurons).
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Fig. 6.

Translation dynamics in live neurons.

Flag-SINAPS reporter was expressed in primary hippocampal neuron and imaged live. (A)
The kymograph of two flag-SINAPS TLSs in dendrites from time-lapse imaging (movies
S11 to S13). (B) The integrated intensities of the two TLSs (labeled as 1 and 2, respectively)
showing bursting behaviors. (C) Fitting the autocorrelation function of the integrated
intensity (average of 61 TLSs) yielded the residence time 7=170 + 50 s, initiation rate =
2.1/min, and the average length of translation bursts to, = 13 min. (D) The translation burst
size was directly measured for tracks showing complete off-on-off cycles. Exponential fit of
the histogram yielded the average length of the burst to, = 17 min. (E) Kymograph, (F)
integrated intensity trace, and (G) autocorrelation function of constitutive TLS (defined as
translating more than 90% of the time during the 2-hour imaging window, average of 13
TLSs). Fitting of correlation function yielded 7= 164 * 24 s, initiation rate = 2.9/min. The
length of translation burst was <o, >120 min, which is consistent with a constitutive
translation.
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