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Abstract Spatial organization of the transcriptome has emerged as a powerful means for

regulating the post-transcriptional fate of RNA in eukaryotes; however, whether prokaryotes use

RNA spatial organization as a mechanism for post-transcriptional regulation remains unclear. Here

we used super-resolution microscopy to image the E. coli transcriptome and observed a genome-

wide spatial organization of RNA: mRNAs encoding inner-membrane proteins are enriched at the

membrane, whereas mRNAs encoding outer-membrane, cytoplasmic and periplasmic proteins are

distributed throughout the cytoplasm. Membrane enrichment is caused by co-translational insertion

of signal peptides recognized by the signal-recognition particle. Time-resolved RNA-sequencing

revealed that degradation rates of inner-membrane-protein mRNAs are on average greater that

those of the other mRNAs and that this selective destabilization of inner-membrane-protein mRNAs

is abolished by dissociating the RNA degradosome from the membrane. Together, these results

demonstrate that the bacterial transcriptome is spatially organized and suggest that this

organization shapes the post-transcriptional dynamics of mRNAs.

DOI: 10.7554/eLife.13065.001

Introduction
In eukaryotic systems, the spatial organization of the transcriptome plays a fundamental role in regu-

lating the post-transcriptional fate of RNA. Such organization leads to spatially localized translation

and degradation of mRNAs, which are essential for a diverse set of biological behaviors including

cell motility, cellular polarization, and stress response (Balagopal and Parker, 2009;

Buxbaum et al., 2015; Holt and Schuman, 2013; Martin and Ephrussi, 2009). By contrast, spatial

localization has not been considered to play a significant role in the post-transcriptional dynamics of

bacterial mRNAs.

Early measurements of the dynamics of a handful of synthetic mRNAs within bacterial cells sug-

gest that mRNAs are more or less uniformly distributed inside the cells. Single fluorescently labeled

synthetic mRNAs have been observed to diffuse freely throughout the cytoplasm in E. coli

(Golding and Cox, 2004; 2006), and the local fluorescent signals from labeled mRNAs appear to

fluctuate in time in a manner consistent with free diffusion (Le et al., 2005; Valencia-Burton et al.,

2009). However, recent evidence has begun to reveal that some native mRNAs do not diffuse freely

throughout the cell but are rather localized to specific cellular compartments (Campos and Jacobs-

Wagner, 2013; Nevo-Dinur et al., 2012). Different spatial patterns of mRNAs have been identified.

In one of the patterns, mRNAs have been observed to reside in the vicinity of the DNA loci from

which they were transcribed. This pattern was observed for groESL, creS, divJ, ompA, and fljK tran-

scripts in C. crescentus and the lacZ transcript in E. coli (Montero Llopis et al., 2010). Similarly, the
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average distributions of the lacI mRNA in E. coli cells appear to show enrichment in a cellular region

at which the lacI chromosome loci is also enriched (Kuhlman and Cox, 2012). A second, distinct pat-

tern has been observed in which mRNAs do not reside near the DNA loci from which they are tran-

scribed, but instead reside in the cellular compartment where their encoded proteins are localized.

For example, the E. coli bglGFB, lacY, and ptsG mRNAs, which encode the inner-membrane proteins

BglF, LacY, and PtsG, have been found enriched near the cell membrane (Fei et al., 2015; Nevo-

Dinur et al., 2011); the bglG fragment of the E. coli bglGFB transcript and the B. subtilis comE tran-

script, which encode the polar localized BglG and ComEC proteins, respectively, have been

observed enriched at the cell pole or at the septa of sporulating cells (Nevo-Dinur et al., 2011;

dos Santos et al., 2012). In addition to these patterns, higher order mRNA structures have also be

suggested, such as a helical RNA distribution near the cell membrane (Valencia-Burton et al.,

2009). Because of the disparate spatial patterns that have been observed previously and the rela-

tively small number of RNAs that have been investigated, it remains unclear how mRNAs are spa-

tially organized inside bacterial cells and whether any of the observed spatial organizations is a

genome-wide property or a special property of a small number of genes.

The molecular mechanisms responsible for mRNA localization in bacterial also remain incom-

pletely understood. Several lines of biochemical evidence have revealed that mRNAs encoding

inner-membrane proteins are, in part, translated at the membrane by the co-translational insertion

of inner-membrane proteins into the membrane (Driessen and Nouwen, 2008). Thus, these mRNAs

should spend at least a portion of their lifetimes near the cell membrane. However, co-translational

insertion has yet to be linked to any of the reported RNA localization patterns. Instead, a recent

study has suggested a translation-independent membrane localization mechanism for RNA based on

the observation that inhibition of translation of the bglF transcript does not disrupt its membrane

localization (Nevo-Dinur et al., 2011). This observation has led to the suggestion that an RNA zip-

code in combination with unknown zip-code-binding proteins directs this bacterial RNA localization

(Nevo-Dinur et al., 2011), similar to the established RNA localization mechanisms in eukaryotes

(Buxbaum et al., 2015). However, the proteins responsible for identifying this putative zip-code

eLife digest Within a cell, molecules of messenger RNA (mRNA) encode the proteins that the

cell needs to survive and thrive. The amount of mRNA within a cell therefore plays an important role

in determining both the amount and types of proteins that a cell contains and, thus, the behavior of

the cell.

In eukaryotic organisms, like humans, it has been established that it is not just the amount of

mRNA that influences cell behavior, but also where the mRNA molecules are found within the cell.

However, in bacteria, which are much smaller than human cells, it has long been believed that the

location of an mRNA within the cell does not affect its behavior. Despite this, recent studies that

have looked at small numbers of bacterial mRNAs have shown that some of these molecules are

found in larger numbers than usual at certain sites inside cells. This suggests that location may

actually affect the activity of some bacterial mRNAs. But do similar localization patterns occur for all

of the thousands of different mRNAs that bacteria can make?

To address this question, Moffitt et al. developed an approach that allows large, defined sets of

mRNAs to be imaged in bacteria. Using this approach to study E. coli revealed that a considerable

fraction of all the mRNAs that these bacteria can make locate themselves at specific sites within a

cell. For example, mRNAs that encode proteins that reside inside the cell’s inner membrane are

found enriched at this membrane. This localization also plays an important role in the life of these

mRNAs, as they are degraded more quickly than those found elsewhere in the cell. This enhanced

degradation rate arises partly because the enzymes that break down mRNA molecules are also

found at the membrane.

Thus, bacteria can shape the process by which an mRNA is made into protein by controlling

where in a cell the mRNA is located. The next steps are to understand why bacteria use cell location

to influence the rate of mRNA degradation.

DOI: 10.7554/eLife.13065.002
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have not been described in bacteria nor has this localization mechanism been extended to any other

bacterial mRNAs. Similarly, no mechanism is known for the retention of mRNA near the chromo-

somal locus from which they were transcribed.

Finally, it remains unknown what physiological consequences spatial organization might have on

the post-transcriptional dynamics of mRNAs in bacterial cells. Interestingly, translation and RNA

processing enzymes are not uniformly distributed in bacteria. For example, ribosomal proteins tend

to be excluded from the nucleoid and enriched in the cell periphery and cell poles in both E. coli

and B. subtilis (Bakshi et al., 2015; Robinow and Kellenberger, 1994). Core components of the

RNA degradation machinery have been found enriched at the cell membrane in E. coli

(Mackie, 2012) and B. subtilis (Lehnik-Habrink et al., 2011), and in the nucleoid in C. crescentus

(Montero Llopis et al., 2010). Even components of the trans-translation pathway, a pathway respon-

sible for the resolution of defective transcripts, appear to cycle between the cytoplasm and mem-

brane as a function of cell cycle in C. crescentus (Russell and Keiler, 2009). Such non-uniform

distributions of RNA-interacting proteins give rise to the possibility that spatial organization may

play an important role in shaping the post-transcriptional dynamics of mRNAs, if the mRNAs are

themselves not uniformly distributed. However, no evidence has been described yet for the role of

spatial organization in the post-transcriptional fate of bacterial mRNAs.

Here we probe the presence, mechanism, and physiological consequences of the spatial organiza-

tion of mRNAs in E. coli at the transcriptome scale. We developed a method to directly image the

spatial organization of large but defined fractions of the transcriptome, and our measurements

revealed transcriptome-scale spatial organizations of mRNAs that depended on the cellular locations

of their targeted proteins: mRNAs encoding inner-membrane proteins were found enriched at the

membrane whereas mRNAs encoding cytoplasmic, periplasmic and outer-membrane proteins were

found relatively uniformly distributed throughout the cytoplasm. Genomic organization, on the other

hand, did not appear to play a major role in the organization of the transcriptome in E. coli. We fur-

ther demonstrated that co-translational insertion of signal peptides recognized by the signal-recog-

nition-particle (SRP) was responsible for this membrane localization of inner-membrane-protein

mRNAs. To explore the physiological consequences of this transcriptome-scale organization, we

used time-resolved next-generation sequencing to measure mRNA lifetimes and found that the

mRNAs encoding inner-membrane proteins were selectively destabilized compared to mRNAs

encoding outer-membrane, cytoplasmic and periplasmic proteins. Finally, to elucidate potential

mechanisms for this selective destabilization, we imaged the distribution of all of the enzymes associ-

ated with RNA processing in E. coli and observed that members of the RNA degradosome are

enriched on the membrane. A genetic perturbation that removed these enzymes from the mem-

brane preferentially stabilized mRNAs encoding inner-membrane proteins, suggesting that their

physical proximity to the membrane-bound RNA degradosomes may be responsible for the native

destabilization of these mRNAs.

Results

Spatial organization of the E. coli transcriptome depends on the
location of the encoded proteins
To enable the direct measurement of the spatial distribution of mRNAs at the transcriptome scale,

we developed a method that allows us to directly measure the spatial distribution of large but

defined portions of the transcriptome. In particular, by selectively staining large mRNA groups which

share common properties, we not only avoided inference of transcriptome-scale organization from

measurements of only a few mRNAs but also directly tested the role of general mRNA properties on

spatial organization (Figure 1A).

Our method is based on single-molecule fluorescence in-situ hybridization (FISH) (Femino et al.,

1998; Raj et al., 2008). A challenge to simultaneously imaging large populations of mRNAs is the

generation of complex FISH probe sets for labeling such RNA populations, each comprising hun-

dreds to thousands of unique oligonucleotide probes. To overcome this challenge, we used an Oli-

gopaint-based approach and took advantage of the ability of array-based synthesis to generate

complex oligonucleotide libraries (Beliveau et al., 2012). Specifically, we designed libraries compris-

ing sequences that target the desired RNAs flanked by primers that allow the selection, enzymatic
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Figure 1. The E. coli transcriptome is spatially organized with inner-membrane-protein mRNAs enriched at the

membrane. (A) A scheme illustrating fluorescent labeling and imaging of large but defined populations of mRNAs

simultaneously instead of imaging one mRNA species at a time. (B) The required complex FISH probe sets are

generated via enzymatic amplification of array-derived custom oligonucleotide pools containing tens of thousands

of unique sequences. Subsets of these oligopools are selected via PCR, amplified and converted into RNA via in

vitro transcription, converted back into DNA via reverse transcription with a fluorescently labeled primer. The RNA

templates are removed by alkaline hydrolysis. I1 and I2 represent PCR primers unique for each probe set. RTP

represents a reverse transcription primer common to all probe sets. TR (targeting region) represents the portion of

the oligo complementary to one of the RNAs of interest. (C) Stacked phase contrast (gray) and STORM cross-

section images (color) of example fixed E. coli cells stained with FISH probes against all mRNAs encoding inner-

membrane proteins that are in the abundance range of 3–30 copies per cell. The STORM images of the middle

section (300-nm thick) of cells are shown here. 3D-STORM images of the entire cells as well as images of mRNAs in

other abundance ranges are shown in Figure 1—figure supplement 1. (D) Average short-axis (left) and long axis

(right) cross-section images of inner-membrane-protein mRNAs derived from 611 cells computationally normalized

to a common width and a common length and then aligned. (E) Density profile of inner-membrane-protein

mRNAs constructed from the middle slice (150 nm) of the average long-axis cross-section image shown in (D,

right). The x-axis is normalized to the radius of the cell. (F, G) Same as (C, D) but for mRNAs encoding cytoplasmic

proteins in the abundance range of 3–30 per cell and the average cross-section images were derived from 319

individual cells. (H) Same as (E) but for mRNAs encoding cytoplasmic proteins (red), periplasmic proteins (purple),

and outer-membrane proteins (cyan). The cytoplasmic, periplasmic and outer-membrane-protein distributions

were derived from 319, 338 and 194 cells, respectively. Scale bars: 2 mm.

DOI: 10.7554/eLife.13065.003

The following figure supplements are available for figure 1:

Figure 1 continued on next page
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amplification, and fluorescent tagging of defined subsets of these libraries, each of which target a

specific group of mRNAs (Figure 1B). We then amplified these oligonucleotide templates to gener-

ate complex but defined sets of FISH probes by a high-throughput enzymatic amplification method

(Chen et al., 2015b; Murgha et al., 2014).

We first used this approach to test whether the transcriptome of E. coli is organized based on the

intracellular locations of the encoded proteins. To this end, we designed several FISH probe sets,

each targeting a specific population of mRNAs whose encoded proteins reside within one of the

four cellular compartments in E. coli: cytoplasm, inner membrane, periplasm, and outer membrane.

To control for the large differences in mRNA abundance within a group, we further sub-divided each

group by mRNA abundance. Within the final groups, no single mRNA species was predicted to pro-

duce more than ~ 10% of the signal from the imaged group. We fixed and labeled E. coli cells with

these probes, and imaged the mRNA distributions using three-dimensional stochastic optical recon-

struction microscopy (3D-STORM) (Huang et al., 2008; Rust et al., 2006).

The mRNA distributions showed a clear distinction between different mRNA groups: mRNAs that

encode inner-membrane proteins were strongly enriched at the membrane (Figure 1C–E and Fig-

ure 1—figure supplement 1A) whereas mRNAs encoding cytoplasmic proteins were more or less

uniformly distributed throughout the cytoplasm (Figure 1F–H and Figure 1—figure supplement

1B), except for some cases where we observed a moderate depletion of mRNAs from the nucleoid

(Figure 1—figure supplement 1B). This difference is evident not only in the distributions of mRNAs

in individual cells (Figure 1C,F) but also in the average mRNA distributions over several hundred

imaged cells after normalization of the cell dimensions (Figure 1D,E,G,H). These different spatial

distributions did not depend on the abundance range of the stained mRNAs (Figure 1—figure sup-

plement 1A,B). Notably, mRNAs that encode periplasmic proteins and outer-membrane proteins,

which reside within nanometers of inner-membrane proteins, did not show a strong enrichment at

the membrane. Instead, these mRNAs were found distributed more or less throughout the cytosol

(Figure 1H and Figure 1—figure supplement 1C,D), like those mRNAs that encode cytoplasmic

proteins. Interestingly, among these latter groups, the subset of mRNAs that were polycistronic with

inner-membrane-protein mRNAs also exhibited membrane enrichment (Figure 1—figure supple-

ment 2), which explains the slight membrane enrichment observed in the mRNA populations encod-

ing periplasm and outer-membrane proteins (Figure 1—figure supplement 1C,D). For all groups,

the number of RNA localizations that we detected using mRNA-targeting probes was much larger

( ~10–100 fold) than that detected when using anti-sense probes with reverse compliment sequences

(Figure 1—figure supplement 1E,F), indicating highly specific labeling.

Spatial organization of the genome does not play a major role in the
spatial organization of the E. coli transcriptome
The bacterial genome is spatially organized with defined genomic loci occupying defined locations

within the cell as a function of the division cycle (Wang et al., 2013). To test whether this genomic

organization plays a role in the spatial organization of the transcriptome, we constructed multiple

FISH probe sets, each labeling the specific population of mRNAs that are transcribed from one of

twenty different 100-kb chromosomal regions (Figure 2). Because such 100-kb regions occupy small

volumes within the nucleoid (Wang et al., 2013), we would expect each mRNA probe set to pro-

duce one or a few bright fluorescent foci (one for each copy of the chromosome) within cells if these

mRNAs resided near their corresponding DNA loci. Instead, the majority of these mRNA populations

were uniformly distributed throughout the cytoplasm (Figure 2). Interestingly, a subset of these

mRNA groups showed some membrane enrichment, and these groups were enriched for mRNAs

that encode inner-membrane proteins.

Figure 1 continued

Figure supplement 1. Spatial organization of mRNAs that encode proteins residing in different cellular locations

and are in different RNA abundance ranges.

DOI: 10.7554/eLife.13065.004

Figure supplement 2. Being polycistronic with an inner-membrane-protein message can confer partial membrane

enrichment to an mRNA.

DOI: 10.7554/eLife.13065.005
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The substantial fraction of the transcriptome probed in these measurements suggests the gener-

ality of our observed spatial patterns. In our study of the relationship between the spatial organiza-

tion of the mRNAs and their encoded proteins, we stained 27% of all E. coli mRNAs and 76% of

those actually expressed under the probed growth condition (>0.3 copies per cell). Similarly, in the

study of the role of locations of the genomic loci on the spatial organization of their encoded

mRNAs, we probed mRNAs transcribed from nearly half of the E. coli chromosome. Thus, we con-

clude that the patterns we observe here reflect the general behavior of E. coli mRNAs: mRNAs that

encode inner-membrane proteins are enriched near the membrane whereas mRNAs that encode

proteins that reside in the cytoplasm, periplasm and outer-membrane tend to be distributed

throughout the cytoplasm, although we cannot rule out the possibility that there are exceptions to

these general behaviors for some mRNAs. By contrast, the spatial organization of the genome does

not appear to play a major role in shaping the spatial organization of the E. coli transcriptome.

Co-translational insertion of membrane proteins is important for the
membrane enrichment of the mRNAs encoding these proteins
Next we investigated the mechanism responsible for establishing this general spatial organization of

the E. coli transcriptome. Given the correlation observed between the spatial organization of the

mRNAs and their encoded proteins, we reasoned that the pathways involved in directing proteins to

different cellular locations might be involved in establishing the spatial distribution of mRNAs. In

bacteria, there are two major pathways responsible for protein targeting (Driessen and Nouwen,

2008): the signal recognition particle (SRP)-dependent pathway and the SecB-dependent pathway.

Figure 2. Genomic organization does not play a major role in the organization of the E. coli transcriptome.

Stacked phase contrast (gray) and STORM cross-section images (color) for example fixed E. coli stained for all

mRNAs transcribed from discrete 100-kb genomic loci in the abundance range of 1/3–3 and/or 3–30 copies per

cell. The label marks the genomic region and abundance range studied in each case. Several cases show

significant membrane enrichment, and these cases correspond to loci enriched in mRNAs that encode inner-

membrane proteins. Scale bars: 2 mm.

DOI: 10.7554/eLife.13065.006
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Most inner-membrane proteins use the SRP pathway, whereas most outer-membrane and periplas-

mic proteins use the SecB pathway. The SRP pathway is believed to co-translationally insert proteins

into the membrane; therefore, mRNAs subject to this pathway would be translated, in part, at the

membrane. By contrast, proteins destined for the SecB pathway are translated in the cytosol. Thus,

the co-translational membrane insertion of the inner-membrane proteins via the SRP pathway would

provide a simple explanation for the membrane enrichment observed for mRNAs encoding these

proteins. However, this mechanism has not been linked to the previously observed mRNA distribu-

tion patterns and, for the one E. coli mRNA (bglF) whose membrane localization mechanism has

been probed, it has instead been suggested that its membrane localization is translation indepen-

dent and, thus, cannot be established by SRP-dependent co-translational insertion (Nevo-

Dinur et al., 2011). Therefore, a critical test of the mRNA localization mechanism is needed.

The choice of SRP or SecB pathway is dictated by signal peptides near the N-terminus of the pro-

tein (Driessen and Nouwen, 2008). Thus, to test the role of co-translational insertion in the spatial

localization of mRNAs, we created a series of fusion constructs between a test mRNA that encodes

the fluorescent protein mMaple3 (Wang et al., 2014) and native signal-peptide sequences derived

from different E. coli proteins (Figure 3A). We inserted these fusion genes into the chromosome

and measured the spatial distribution of their mRNAs using FISH labeling and 3D-STORM imaging.

Fusion to different signal-peptide sequences clearly directed the fusion mRNAs to different locations

in the cell: mRNAs that were fused to the SRP signal sequences derived from the inner-membrane

proteins FhuB, CcmH, and AcrB (Huber et al., 2005) were almost exclusively localized at the mem-

brane (Figure 3B–D), whereas those mRNAs that were fused to the SecB signal sequences derived

from the periplasmic proteins GlpQ, LivJ, PhoA, and MalE (Huber et al., 2005) were distributed

throughout the cytoplasm (Figure 3E,F). As further evidence that the membrane localization of

mRNAs is driven by the SRP targeting pathway, the signal-peptide sequence derived from TolB, one

of the rare periplasmic proteins that uses the SRP pathway (Huber et al., 2005), also directed the

mMaple3 mRNA to the membrane (Figure 3C). To determine if translation of the signal peptide is

required for the membrane enrichment induced by the SRP signal sequences, we removed the start

codon from the fusion mRNAs and found that this perturbation removed these mRNAs from the

membrane (Figure 3C,D). Thus, translation of the N-terminal signal peptide that target proteins to

the SRP pathway is required for directing these mRNAs to the membrane.

To test the translation-dependence of the membrane localization of mRNAs at the transcriptome

scale, we used kasugamycin, a translation-initiation inhibitor, to release the cellular pool of mRNAs

from ribosomes (Schluenzen et al., 2006) and re-measured the spatial distribution of the endoge-

nous mRNAs encoding inner-membrane proteins. The membrane enrichment observed for these

mRNAs was abolished by the kasugamycin treatment (Figure 3G,H), indicating that this transcrip-

tome-scale pattern is translation dependent. Taken together, our results suggest that co-transla-

tional insertion of the inner-membrane proteins mediated by the SRP plays the major role in the

membrane localization of mRNAs encoding these proteins.

Because our results contrast the translation-independent membrane-targeting mechanism previ-

ously proposed for bglF (Nevo-Dinur et al., 2011), we re-examined the localization mechanism of

bglF. bglF is an inner-membrane protein and, as such, contains a SRP signal peptide in the N-termi-

nal region of the protein (Figure 3—figure supplement 1A), and the nucleotide sequence encoding

this signal peptide overlaps with the RNA region previously proposed to direct this transcript to the

membrane via a translation-independent mechanism (Nevo-Dinur et al., 2011). To test the role of

translation of this signal region on the localization of bglF mRNA, we created several fusion con-

structs between bglF derivatives and mMaple3 that are either translationally fully competent or

translationally inhibited by insertion of stop codons before the SRP signal. Translationally competent

bglF mRNAs were found enriched at the membrane (Figure 3—figure supplement 1A–C), as

expected; however, constructs with stop-codon insertions that disrupted the translation of the SRP

signal region, but which still contain the RNA sequence that encodes it, were no longer enriched at

the membrane (Figure 3—figure supplement 1D–I). Thus, our results suggest that translation of the

SRP signal sequence is required for bglF membrane localization, consistent with the transcriptome-

wide mechanisms described above.
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Inner-membrane-protein mRNAs are preferentially destabilized
We next asked if this spatial organization has any physiological consequences on the post-transcrip-

tional dynamics of E. coli mRNAs. To address this question, we used time-resolved RNA sequencing

(Chen et al., 2015a; Geisberg et al., 2014; Kristoffersen et al., 2012; Munchel et al., 2011;

Rabani et al., 2011) to simultaneously measure the degradation kinetics of all mRNA species in E.

coli — a technique that we refer to as t-seq hereafter. Briefly, we inhibited transcription initiation

with the antibiotic rifampicin and then measured RNA abundance with RNA-seq at various time

points after this treatment. After an initial period of delay determined by the time required to

Figure 3. SRP-dependent co-translational insertion of signal peptides plays a major role in the membrane

localization of inner-membrane-protein mRNAs. (A) Fusion constructs between different signal peptides and

mMaple3. (B) Stacked phase contrast (gray) and STORM cross-section images (color) of example E. coli cells

expressing mMaple3 fused to the signal peptide from an SRP-dependent protein FhuB. The cells were stained

with FISH probes against mMaple3. (C) Left: Average long-axis cross-section images of cells expressing mMaple3

fused to SRP-dependent signal peptides derived from FhuB, CcmH, AcrB, and TolB. Right: Average long-axis

cross-section images of cells expressing mMaple3 fusions to AcrB and TolB signal peptides without the start

codon (-AUG). (D) Density profiles derived from the average long-axis cross-section images of mMaple3 fusions to

the AcrB signal peptide with (red) and without (blue) the start codon. Density profile is as defined in Figure 1E. (E)

Stacked phase contrast and STORM cross-section images of example E. coli cells expressing mMaple3 fused to a

signal peptide derived from a SecB-dependent protein GlpQ. The cells were stained with FISH probes against

mMaple3. (F) Average long-axis cross-section images of cells expressing mMaple3 fused to SecB-dependent

signal peptides derived from GlpQ, LivJ, PhoA and MalE. (G) Stacked phase contrast and STORM cross-section

images for example E. coli cells treated with the translation-initiation-inhibitor kasugamycin. The cells were stained

with the FISH probe set against inner-membrane-protein mRNAs in the abundance range of 3–30 copies per cell.

(H) Average long-axis cross-section images of cells in the presence (+Kas) and absence (-Kas) of kasugamycin. The

cells were stained with the FISH probes against inner-membrane-protein mRNAs in the abundance range of 3–30

copies per cell. Average long-axis cross-section images in C, F and H were derived from all measured cells, tens to

hundreds of cells in each case. Scale bars: 2 mm.

DOI: 10.7554/eLife.13065.007

The following figure supplement is available for figure 3:

Figure supplement 1. mRNA for the inner-membrane protein BglF is enriched at the membrane in a translation-

dependent fashion.

DOI: 10.7554/eLife.13065.008
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complete the transcription started prior to rifampicin addition (Chen et al., 2015a), the abundance

of each individual mRNA species decays exponentially to a stable baseline (Figure 4—figure supple-

ment 1A). From these decay curves, we extracted the half-life for each mRNA using a simple model

for RNA decay (Materials and methods). Both the decay curves and the extracted half-lives were

highly reproducible between biological replicates (Figure 4—figure supplement 1A–D).

To identify potential effects of localization on the lifetime of mRNAs, we sorted the measured

half-lives of mRNAs into four groups based on the predicted locations of the encoded protein (cyto-

plasmic, periplasmic, inner-membrane and outer-membrane). Within each group, we observed sig-

nificant variation between half-lives for individual mRNAs, as previously observed (Bernstein et al.,

2002; Chen et al., 2015a; Selinger et al., 2003). Despite this spread, mRNAs that encode cyto-

plasmic, periplasmic, or outer-membrane proteins had half-lives that were similarly distributed and

the lifetime distributions of these three groups were statistically indistinguishable according to a

two-sided Kolmogrov-Smirnov test (Figure 4A,B). By contrast, mRNAs that encode inner-membrane

proteins were degraded substantially more rapidly, on average, than the other three groups of

mRNAs, exhibiting a statistically significantly different lifetime distribution (Figure 4A,B).

To determine if the native destabilization of the inner-membrane-protein mRNAs was related to

the membrane localization of these mRNAs, we treated cells with kasugamycin to remove mRNAs

from the membrane and repeated the t-seq measurements. This treatment preferentially stabilized

the mRNAs that encode inner-membrane proteins (Figure 4—figure supplement 2), and after the

treatment the average lifetime of this group of mRNAs became comparable to those of the other

three groups (Figure 4C,D). These results suggest that membrane localization is important to the

native destabilization of these mRNAs.

Artificially induced membrane localization destabilizes mRNAs
To further correlate mRNA lifetime with cellular localization without the global perturbation to cellu-

lar metabolism introduced with kasugamycin, we measured how the lifetimes of mRNAs were

affected by fusion with signal-peptide sequences that target mRNAs to different cellular locations.

However, it is known that the degradation rates of mRNAs depends on their sequences

(Mackie, 2012); thus, sequence changes to the mRNAs caused by such fusions could lead to addi-

tional, sequence-dependent changes in lifetime, complicating the interpretation of such measure-

ments. To overcome this challenge, we developed an approach to measure the lifetimes of a large

number of fusion RNAs so that the average effect that arises from the cellular localization could be

determined. Specifically, we exploited massively multiplexed cloning (Kosuri and Church, 2014) to

create a large library of fusion constructs comprising ~4800 distinct signal-peptide sequences fused

to five different test mRNAs (mMaple3, neo, bla, lacZ, and phoA; Figure 5A). The ~ 4800 signal-

peptide sequences include the following groups: i) sequences of all 775 predicted E. coli SRP signal

peptides; ii) sequences of all 431 predicted E. coli SecB signal peptides; iii) sequences from the N-

terminal region of 400 cytoplasmic proteins; iv) synthetic, non-native encodings of i)–iii), which still

encode the designated peptide sequences but with synonymous codons; and v) replicates of i)–iii)

but with the first two codons, including the start codon, replaced with a pair of stop codons. Based

on the results in Figure 3, we expect the group i) signal sequences to send the test mRNAs to the

membrane, whereas group ii) signal sequences would not send the mRNAs to the membrane. Group

iii) serves as an additional control that also should not send mRNAs to the membrane. We included

group (iv) to test whether the effect on mRNA degradation rates is determined by the amino acid or

mRNA sequence of the signal peptides and group (v) to test whether this effect requires translation.

We next used t-seq to measure the lifetimes of these ~24,000 fusion mRNAs, utilizing the signal

peptide as a variable barcode to identify each of the different constructs (Figure 5A). For all five

test genes, fusions to SRP signal-peptide sequences (Figure 5B, red) had substantially lower average

mRNA lifetimes than fusions to either SecB signals or the cytoplasmic controls (Figure 5B, blue and

cyan), and in all cases the SRP fusions were the only statistically distinguishable set of half-lives as

determined by a two-sided Kolmogrov-Smirnov test. This difference was not abolished by replacing

the native codons of these signal-peptide sequences with randomly selected synonymous codons

(Figure 5—figure supplement 1). Notably, inhibition of translation by deletion of the start codon

removed the stability differences between fusions to SRP signal sequences and fusions to SecB or

cytoplasmic controls (Figure 5C). Taken together, these results support a model in which translation
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of SRP signal-peptide sequences that direct mRNAs to the membrane in a translation-dependent

manner preferentially destabilize these mRNAs.

However, the observed destabilization in the SRP-fusions need not be entirely due to mRNA

localization. For example, it has been previously recognized that the RNA sequences encoding signal

peptides have a sequence bias (Prilusky and Bibi, 2009). Indeed, we find a correlation between the

nucleotide content of the different fusion sequences and the lifetime of the fusion (Figure 5—figure

supplement 2): nucleotide sequences encoding SRP-dependent signal peptides tend to be depleted

of adenosine (A), and mRNA sequences with a lower A content tend to have a lower lifetime. This

observation reveals that sequence bias of the RNA encoding the signal peptides also plays a role in

the relative destabilization observed between the SRP fusions and all other fusions (Figure 5B) and

raises the possibility that such sequence bias might explain a part of the destabilization observed for

native mRNAs that encode inner-membrane proteins (Figure 4A,B). However, after controlling for

this sequence bias in the signal peptide fusions, we still observed a relative destabilization of the

Figure 4. Inner-membrane-protein mRNAs are preferentially destabilized relative to mRNAs encoding

cytoplasmic, periplasmic, and outer-membrane proteins. (A) Scatter plot (grey symbols) of the half-lives of

individual E. coli mRNA species grouped based on the predicted locations of the proteins that they encode . Each

data point represents one mRNA species. Blue colored shapes represent the probability distributions for these

data points. (B) Average half-lives of the mRNA groups depicted in (A). The p-value was determined with a two-

sided Kolmogrov-Smirnov test. (C, D) Same as (A, B) but for cells after treatment with kasugamycin. See

Figure 4—source data 1 for all abundance data versus time and the fit decay rates used to derive half-lives.

DOI: 10.7554/eLife.13065.009

The following source data and figure supplements are available for figure 4:

Source data 1. RNA abundance measurements versus time and half-lives derived from these data for wild-type E.

coli in the presence and absence of kasugamycin.

DOI: 10.7554/eLife.13065.010

Figure supplement 1. Reproducibility of t-seq measurements between biological replicates.

DOI: 10.7554/eLife.13065.011

Figure supplement 2. The ratio of mRNA half-lives in the presence and absence of kasugamycin.

DOI: 10.7554/eLife.13065.012
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SRP fusions as compared to other fusion groups for sequences containing the same number of A, T,

G, or C nucleotides (Figure 5—figure supplement 2), supporting the model in which a portion of

this destabilization is due to the membrane enrichment of these mRNAs as established by translation

of the SRP-dependent signal peptide.

Interestingly, the two different modes of translation inhibition that we employed produced differ-

ent global effects on mRNA lifetimes, with the average lifetime increased upon inhibition of ribo-

some assembly on mRNAs via kasugamycin treatment (Figure 4D) and decreased upon removal of

the start codon (Figure 5C). These contrasting changes in mRNA stability suggest that the coupling

between translation and degradation may be more complicated than previously anticipated

(Mackie, 2012). Nonetheless, despite their differential effects on mRNA lifetimes, both treatments

abrogated the stability differences between mRNAs encoding inner-membrane proteins and mRNAs

encoding proteins in other cellular compartments, supporting the model in which the native destabi-

lization of the inner-membrane-protein mRNAs arises from the translation-dependent membrane

localization of these mRNAs.

Figure 5. Targeting mRNAs to the membrane reduces their lifetimes. (A) Schematic diagram describing the

construction of ~ 24,000 unique fusions of signal peptide sequences and test genes, and the measurement of the

lifetime of the mRNA for each of these fusion constructs. Only the variable signal peptide region is amplified and

sequenced; thus, it also serves as a unique barcode for each construct. (B) The mRNA half-lives of all fusion

constructs between various signal peptides (SRP, red; SecB, blue; and cytoplasmic-control, cyan) and different test

genes (neo, bla, mMaple3, phoA and lacZ). The mRNA lifetimes of fusion constructs with SRP signal peptides are

statistically significantly different from those of the fusion constructs with SecB signal peptides or cytoplasmic

controls, as determined by a two-sided Kolmogrov-Smirnov test. These p-values are 4�10–20, 2�10–22, 2�10–15,

1�10–21,, and 3�10–10 for difference between the SRP and SecB fusions for neo, bla, mMaple3, phoA, and lacZ,

respectively. (C) As in (B) but for the fusion mRNAs in which the start codon is replaced by a stop codon (-AUG).

Colored symbols in (B) and (C) represent lifetimes of individual mRNA species, and black bars represent the mean

for each group. All error bars represent standard error of the mean. See Figure 5—source data 1 for all

abundance data versus time and the fit decay rates used to derive half-lives.

DOI: 10.7554/eLife.13065.013

The following source data and figure supplements are available for figure 5:

Source data 1. RNA abundance measurements versus time and half-lives derived from these data for all signal-

peptide fusions.

DOI: 10.7554/eLife.13065.014

Figure supplement 1. Half-lives of fusion constructions between five test mRNAs and the native or synthetic

encodings of various signal peptides.

DOI: 10.7554/eLife.13065.015

Figure supplement 2. Effect of sequence bias on the half-lives of the SRP-fusion mRNAs.

DOI: 10.7554/eLife.13065.016
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It is also worth noting that the signal-peptide fusion experiments also revealed a surprising

degree of variability in the rate at which mRNAs are degraded in E. coli. The nucleic acid sequences

encoding these signal peptides account for no more than ~ 5% of the total mRNA sequences, yet,

for each test gene and each group of signal peptides, variation in this portion of the mRNA can

cause up to ten-fold differences in the lifetime (Figure 5B). Such a high sensitivity of lifetime to

sequence suggests that the cell could fine tune lifetimes through modest changes to sequence.

Finally, it has been proposed that the nucleotide sequences encoding signal peptides as well as

those flanking such regions have been evolutionarily optimized to introduce translational pauses that

facilitate membrane targeting and co-translational insertion (Fluman et al., 2014). Specifically, it has

been shown that sequences that cause translational pauses are enriched in regions flanking the

sequences encoding the SRP-signal-peptide, and this observation has led to the proposal that such

sequence-induced pauses may help improve membrane targeting and prevent the translation of

cytotoxic membrane proteins in the cytoplasm (Fluman et al., 2014). However, we observe mem-

brane targeting (Figure 3) and the corresponding decrease in half-life (Figure 5 and Figure 5—fig-

ure supplement 1) in constructs that do not contain such pause sequences: the constructs to which

we fuse the signal peptides are not membrane proteins and, thus, will not have these sequences,

and one set of our SRP fusions uses synthetic encodings of the SRP sequences which would likely

eliminate or weaken any nucleotide-sequence-based signals. Thus, our results indicate that such cis-

acting nucleotide sequence features are not required for membrane localization; though, we cannot

rule out the possibility that they improve the performance of SRP targeting.

Membrane localization of RNA degradation enzymes preferentially
destabilizes inner-membrane protein mRNAs
Next, we investigated the mechanism responsible for the preferential destabilization of mRNAs

localized at the membrane. We reasoned that spatial organization of the mRNA processing and deg-

radation enzymes might play a role in this effect since several RNA degradation enzymes have been

found on the membrane in E. coli (Mackie, 2012). However, out of the roughly 20 enzymes involved

in RNA processing and degradation, the localization of only a handful of these enzymes have been

studied previously (Mackie, 2012). Thus, to understand the full extent of spatial organization in this

pathway, we created C-terminal fusions between each of these proteins and the monomeric, photo-

activatable fluorescent protein mMaple3 (Wang et al., 2014) at the native chromosomal locus and

measured the distribution of these enzymes using 3D STORM in live cells. Of the 24 enzymes mea-

sured, we observed that only four — the endonuclease RNase E, the 3’-5’ exonuclease PNPase, the

RNA helicase RhlB, and the poly-adenylation enzyme PAPI — were enriched at the membrane,

whereas the remaining proteins were largely uniformly distributed throughout the cell (Figure 6A,B

and Figure 6—figure supplement 1). These four enzymes are part of a multi-enzyme complex called

the RNA degradosome (Mackie, 2012), which is known to bind to the membrane via a short amphi-

pathic helix, segment A, that is internal to RNase E (Khemici et al., 2008). To confirm that all four

enzymes are indeed enriched at the membrane due to the membrane anchoring of RNase E, we

constructed a strain in which segment A of RNase E was removed (DA) and found that these

enzymes were no longer localized at the membrane (Figure 6C,D).

To determine if the spatial organization of the RNA degradosome plays a role in the native desta-

bilization of inner-membrane-protein mRNAs, we exploited the fact that deletion of segment A

completely abrogates membrane localization of RNA degradation enzymes and repeated our t-seq

measurements in the DA strain. As expected from the sensitivity of the enzymatic activity of RNase E

to lipid binding (Murashko et al., 2012), deletion of segment A led to a global stabilization of

mRNAs. However, not all four groups of mRNAs were equally affected. Remarkably, this perturba-

tion preferentially stabilized mRNAs (Figure 6—figure supplement 2) encoding inner-membrane

mRNAs to the degree that the lifetimes of this group were no longer statistically distinct from the

lifetimes of the other three groups (Figure 6E,F). In total, these observations favor a model in which

the spatial proximity between the membrane bound RNA degradosome and membrane-localized

mRNAs leads to a specific increase in the turnover rates of these mRNAs (Figure 7).
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Figure 6. Membrane localization of RNA degradation enzymes is required for the preferential destabilization of

inner-membrane-protein mRNAs. (A) Stacked phase contrast (gray) and STORM cross-section images (color) of

example E. coli cells expressing mMaple3 fused to RNase E, RhlB, PNPase, and PAPI in the wild-type background.

(B) Density profiles of RNase E, RhlB, PNPase, and PAPI in the wild-type background. Density profile is as defined

in Figure 1E. (C, D) Same as (A, B) but for the DA strains where the membrane anchor of RNase E, segment A, is

deleted. (E) Scatter plot (grey symbols) of half-lives of E. coli mRNAs in the DA strain grouped based on the

predicted locations of the encoded proteins, shown together with the associated probability distributions (red). (F)

Average half-lives for the mRNA groups depicted in (E). Error bars represent standard error of the mean. Scale

bars: 2 mm. Average density profiles in B and D were derived from all measured cells, tens to hundreds of cells for

each strain. See Figure 6—source data 1 for all abundance data versus time and the fit decay rates used to

derive half-lives.

DOI: 10.7554/eLife.13065.017

The following source data and figure supplements are available for figure 6:

Source data 1. RNA abundance measurements versus time and half-lives derived from these data for the mutant

E. coli strain.

DOI: 10.7554/eLife.13065.018

Figure supplement 1. The spatial distribution of RNA processing enzymes in E. coli.

DOI: 10.7554/eLife.13065.019

Figure supplement 2. The ratio of half-lives between a degradosome mutant and the wild-type strain.

DOI: 10.7554/eLife.13065.020
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Discussion
In this work, we examined the spatial organization of the transcriptome of the model bacterium E.

coli using a novel FISH-based RNA imaging approach that allowed us to measure the spatial organi-

zation of large and defined fractions of the transcriptome directly. These measurements revealed a

transcriptome-scale spatial organization of the E. coli mRNAs: mRNAs that encode inner-membrane

proteins are strongly enriched at the membrane while mRNAs that encode cytoplasmic, periplasmic

and outer-membrane proteins are relatively diffusely distributed throughout the cytosol (Figure 1).

In total, we imaged 75% of the expressed E. coli transcriptome; thus, we conclude that the distribu-

tion patterns observed here are the basal patterns of the spatial organization of mRNAs, although

we cannot rule out the possibility that the distributions of some individual mRNAs may deviate from

these transcriptome-wide patterns.

We also elucidated the molecular mechanism that gives rise to the observed spatial organization.

Our experiments show that the membrane localization of mRNAs encoding inner-membrane pro-

teins depends on translation and is most likely caused by co-translational insertion of the membrane

proteins mediated by the SRP pathway (Figure 3). These results are consistent with previous bio-

chemical studies showing that co-translational insertion is the dominant pathway for targeting these

proteins to the bacterial membrane (Driessen and Nouwen, 2008) and are in keeping with the

notion derived from previous nucleoid imaging studies that these membrane proteins can be trans-

lated and inserted into the membrane while their mRNAs are still being transcribed (Bakshi et al.,

2015).

We further discovered that the spatial organization of the E. coli transcriptome has a physiological

consequence on the post-transcriptional dynamics of mRNAs encoding inner-membrane proteins:

these mRNAs are degraded more rapidly, on average, than mRNAs that encode cytoplasmic, peri-

plasmic and outer-membrane proteins (Figure 4). Moreover, this native destabilization of the inner-

membrane protein mRNAs depends on their membrane localization (Figures 4 and 5) and on the

membrane localization of the RNA degradosome (Figure 6). Removal of this degradation machinery

from the membrane preferentially stabilized inner-membrane protein mRNAs and equalized the sta-

bility of all four groups of mRNAs (Figure 6). Thus, our measurements suggest a model in which

proximity between the membrane-bound degradation machinery and the mRNAs encoding inner-

membrane-proteins, which are localized at the membrane by co-translational membrane insertion of

the proteins, is at least in part responsible for the preferential destabilization of this group of mRNAs

(Figure 7). It is possible that the transcriptome organization that we observe might also play a role

in shaping the dynamics of other aspects of the life of a bacterial mRNA, e.g. transcription and trans-

lation. However, because our measurements do not discriminate between nascent versus fully

formed RNA or RNAs that are or are not being translated, the data we present here provide little

insight into these processes.

Figure 7. A model for the molecular mechanisms underlying the membrane localization of mRNAs encoding

inner-membrane proteins and the role of this membrane localization in mRNA degradation. Translation of SRP-

dependent signal peptides recruits SRP and directs mRNAs to the membrane, where the nascent polypeptide is

co-translationally inserted in the membrane pore, SecYEG. Proximity of the membrane-bound RNA degradosome

to these membrane-localized mRNAs leads to a preferential destabilization of these mRNAs.

DOI: 10.7554/eLife.13065.021
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Finally, there are reasons to believe that the proximity-enhanced degradation mechanism that we

discovered for E. coli may be found in a wide range of prokaryotes. Several studies have revealed

that a surprisingly disparate set of prokaryotes anchor core components of their RNA degradation

machinery to the membrane. Both the gram positive bacterium B. subtilis and the archaeon S. solfa-

taricus have membrane-bound degradosomes (or exosomes in the case of archaea). Remarkably,

each organism uses a unique localization mechanism that differs from that utilized by E. coli (Lehnik-

Habrink et al., 2011; Mackie, 2012; Roppelt et al., 2010), suggesting that this organization is the

result of convergent evolution. Moreover, the SRP-pathway is also broadly conserved in all forms of

life. Based on these observations, we anticipate that the co-translational insertion of integral mem-

brane proteins may lead to similar membrane localization of their mRNAs and therefore an enhanced

turnover of these mRNAs in a wide range of bacterial organisms. Our results thus reveal that prokar-

yotes, like eukaryotes, can also use spatial organization to modulate the post-transcriptional fate of

RNAs.

Materials and methods

Complex FISH probe design and construction
We generated our FISH probes using enzymatic amplification of array-based oligonucleotides librar-

ies (Beliveau et al., 2012; Chen et al., 2015b; Murgha et al., 2014) (Figure 1B). Individual template

molecules were designed by concatenating the following sequences: i) an index primer (I1) unique

to the specific probe group, ii) the common reverse transcription primer (RTP) P9 (CAG GCA TCC

GAG AGG TCT GG), iii) the site for the nicking enzyme Nb.BsmI, iv) the reverse complement of the

targeting region (TR) designed to hybridize to a specific cellular RNA, v) the reverse complement of

the nicking enzyme Nb.BsrDI, and vi) a second index priming site (I2) unique to the specific probe

group. Targeting regions were designed using OligoArray 2.0 (Rouillard et al., 2003) and all anno-

tated E. coli transcripts (K-12 mg1655; NC90013.2) with the following constraints: 30-nt length, a

80–85˚C melting-temperature range for the duplex formed between the targeting region and the

cellular RNA, a 50–60% GC content range, and a 75˚C maximum melting temperature for secondary

structure and cross-hybridization between different targeting regions. Index primers were designed

by truncating the members of an existing library (Xu et al., 2009) of 240,000 oligonucleotides, each

25-nt long, to 20-nt length and selecting oligos for melting temperatures of 65–70˚C, GC content of

50–60%, the absence of contiguous runs of 4 or more identical bases, the presence of a 3’ GC

clamp, i.e. 2–3 G/C within the final 5 nucleotides, and low homology (<12-nt homology) to other pri-

mers as well as the E. coli transcriptome, the T7 promoter (TAA TAC GAC TCA CTA TAG GG), and

the common reverse transcription primer (P9) using BLAST+ (Camacho et al., 2009).

To test the role of protein localization, mRNAs were grouped into three abundance ranges (1/3–3

mRNAs/cell; 3–30 mRNAs/cell; and 30–300 mRNAs/cell) and six cellular locations as predicted by

the pSortB 3.0 server (Yu et al., 2010) (http://www.psort.org/psortb/): cytoplasm, inner membrane,

periplasm, outer membrane, extracellular, or unknown. The extracellular and unknown groups were

not studied in this work. To test the role of polycistrons in RNA localization, mRNAs groups were fur-

ther subdivided by whether or not a given message is polycistronic with a message encoding inner-

membrane proteins. All designed targeting regions for mRNAs within each group were utilized to

make probes for that group with the exception of mRNAs that encode cytoplasmic proteins. 1/3 of

the possible targeting regions for each gene that encodes a cytoplasmic protein were selected at

random to limit the number of probes required for these stains. To test the role of genome organiza-

tion, targeting regions for mRNAs transcribed from every other 100-kb region of the genome, e.g.

100–200 kb, 300–400 kb, etc., and within the abundance ranges of 1/3–3 mRNAs/cell or 3–30

mRNAs/cell were used.

Multiple probe template sets were combined into large oligopools, and these pools were synthe-

sized via CustomArray (http://customarrayinc.com/). Template sequences are provided in

Supplementary file 1. Template subsets were amplified and labeled using the following procedure

(Figure 1B). First each subset was selected and amplified with limited-cycle PCR. These templates

were then amplified using in vitro transcription. The RNA products were then converted back into

DNA with reverse transcription using a fluorescently labeled primer (Alexa647-P9). The template

RNA was removed with alkaline hydrolysis, and the probes were column purified (Zymo Oligo Clean

Moffitt et al. eLife 2016;5:e13065. DOI: 10.7554/eLife.13065 15 of 22

Research Article Biophysics and structural biology Cell biology

http://www.psort.org/psortb/
http://customarrayinc.com/
http://dx.doi.org/10.7554/eLife.13065


and Concentrator; D4060) using a published protocol (Chen et al., 2015b). Antisense control probe

sets (Figure 1—figure supplement 1E) were created by PCR amplifying the complex oligopool with

index primers in which the T7 promoter was switched to index primer 1. Probes were then produced

using an Alex647-labeled index primer 2 as the reverse transcription primer.

FISH staining and 3D-STORM imaging of RNA
Overnight cultures of E. coli were diluted 1:200 in Lennox Luria Broth (LB) and grown at 32˚C with

shaking (250 rpm) to an optical density at 600 nm (OD600) of 0.3. Cells were fixed, permeabilized,

and stained as described previously (Skinner et al., 2013) utilizing either complex FISH probes tar-

geting individual groups of RNA described above or single-molecule FISH (smFISH) probes against

mMaple3. smFISH probes to mMaple3 were designed as described previously (Skinner et al.,

2013). Kasugamycin-treated cells were harvested 15 min after the addition of kasugamycin (Sigma;

K4013) to a final concentration of 1 mg/mL. Cells were affixed to the surface of custom imaging

chambers coated with 0.1% v/v plolyethyleneimine (Sigma; P3143) for 15 min at room temperature.

Samples were imaged on a home-built STORM microscope described elsewhere (Huang et al.,

2008). Alexa647 was excited with a 657-nm laser and reactivated with a 405-nm laser. Laser powers

at 657 nm and 405 nm were 100 mW and 1 mW at the microscope backport, respectively. Oblique-

incidence illumination was used for all measurements. The sample was imaged with a 100�, 1.40

NA, UPlanSApo Ph3 oil immersion objective (Olympus) and an EM-CCD camera (Andor; iXon-897). Z

calibration was performed by imaging Alexa-647-labeled antibodies affixed to a coverslip scanned

along the optical axis with an objective positioner (Mad City Labs; Nano-F). These data were ana-

lyzed using the previously reported 3D STORM method (Huang et al., 2008) and the open source

software zee-calibrator (http://zhuang.harvard.edu/software.html). Images were analyzed with the

algorithm 3D-daoSTORM (Babcock et al., 2012) and rendered with custom software written in Mat-

lab (https://github.com/ZhuangLab/matlab-storm). Phase contrast images were collected before and

after each STORM image.

Individual cells were identified and internal coordinate systems constructed using the phase con-

trast images and a custom implementation of previous algorithms (Guberman et al., 2008;

Sliusarenko et al., 2011). Cell boundaries were identified with sub-pixel resolution from the contour

of constant intensity corresponding to the region of steepest descent in the phase image. The two

regions of largest curvature in this boundary were identified as the cell poles, and a center line was

created between these poles. The boundary of the cell was then divided into 100 regions of equal

arc length, and corresponding regions on each side of the cell were connected to form cellular ‘ribs’.

Spurious or filamentous cells were eliminated from subsequent analysis by discarding cells whose

cell boundary lengths along each side of the center line were not within 20% of each other and by

discarding cells whose total areas were larger than 3 mm2. (See Source code 1).

Single-molecule localizations were mapped to the coordinate system of each cell based on their

relative position to the centerline and the closest cellular ribs. Cell-to-cell variations in width, length,

and curvature were removed by normalizing this coordinate system by the length of the center line

and the length of the individual ribs. This transformation effectively maps each cell to a cylinder of a

common length and a common radius, where X, Y, and Z correspond to the position along the cen-

ter line; the distance from the center line in the imaging plane; and the distance from the center line

along the optical axis. Average short-axis cross-section images, such as that in Figure 1D (left), were

rendered from all molecules from all cells with Y positions within the central 150-nm thick slice of the

cell. Average long-axis cross-section images such as that in Figure 1D (right) were rendered from all

molecules from all cells with X positions in the middle 80% range to remove molecules at poles.

Cross-sectional density profiles in Figure 1E,H, Figure 3D, and Figure 6B,D were created from a

histogram of all localizations along the normalized Y direction falling within the middle 50% of the

normalized Z range and the middle 80% of normalized X range.

t-Seq measurements of endogenous mRNAs
Cells were harvested as a function of time after rifampicin addition from E. coli cultures grown as

described above to an OD600 of 0.4 using a previously published protocol (Bernstein et al., 2002).

In vitrotranscribed RNAs (spike-ins) were added for normalization between time points, and total

RNA was harvested using the RNAsnap protocol (Stead et al., 2012). The sequences of the spike-in
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RNAs are available upon request. DNase I was used to remove genomic contamination, and rRNA

was removed using the Gram-Negative RiboZero kit (Epicentre; MRZGN126). Sequencing libraries

were constructed using the RNA Ultra Directional Kit (New England Biolabs; E7420). 50-bp or 75-bp

single-ended sequencing of t-seq samples was performed on either the Illumina HiSeq2000 or the

NextSeq500. All sequencing data are available via GEO accession GSE75818.

Sequencing data were aligned to the mg1655 genome (NC_000913.2) using bowtie 0.12.9

(Langmead et al., 2009). Reported counts per mRNA were determined by summing counts corre-

sponds to the region between the start and stop codons of each gene. The abundance of the in

vitro spike-ins in combination with the published conversion between OD600 and cell number

(Volkmer and Heinemann, 2011) were used to initially calibrate absolute copy numbers per cell.

Using this calibration, it was determined that the stable RNA species, tmRNA, had an average copy

number of 597 ± 27 (STD across the 8 time points from the first replicate of the wild-type strain in

the absence of kasugamycin). The final calibration was performed by fixing the tmRNA concentration

at all time points to this value, thereby eliminating small variations in RNA extraction efficiency

between samples.

All decay profiles were fit with an expression that incorporates three features: i) a delayed onset

of the exponential decay; ii) a period of exponential decay; and iii) a stable baseline. The delayed

onset of decay arises because rifampicin is an initiation inhibitor not an elongation inhibitor; thus,

there is a period of time during which RNAs continue to be transcribed (Chen et al., 2015a). During

this period of time, transcription continues to replenish degraded RNAs and the system is effectively

at steady-state. Thus, we fit the number of RNA molecules as a function of time, N(t), with the fol-

lowing piecewise function:

NðtÞ ¼Nf þN0
1 t� a

e�kðt�aÞ t> a

� �

(1)

where N0 + Nf is the initial number of mRNA molecules, Nf, is the number of mRNA molecules in the

stable baseline, k is the rate of exponential decay, and a is the duration of the initial delay before

net decay begins. Conceptually, a is related to the time required for the last round of polymerases

bound prior to the rifampicin treatment to complete synthesis of the given gene. The duration of

this delay depends linearly on the distance between the specific portion of an mRNA being mea-

sured and the promoter; thus, messages that are at the end of polycistronic mRNAs will have a

larger a value than messages that are at the beginning of polycistronic messages or are not mem-

bers of polycistronic messages (Chen et al., 2015a). Our observations indeed confirmed this predic-

tion. Equation (1) can be viewed as an approximation for more complicated models that restrict

when RNA degradation can begin, i.e. co- or post-transcriptionally, or incorporate the finite time

required for RNAP polymerase to transcribe a message of a given length (Chen et al., 2015a). Such

additional complications soften the boundary between the constant and exponential decay phases

by introducing additional piece-wise components that contain linear or quadratic decays

(Chen et al., 2015a). A non-linear least squares algorithm was used to fit the natural logarithm of

Equation (1) to the natural logarithm of the t-seq decay profiles. This logarithmic transformation

equalized the weighting of all abundance measurements in the fitting routine. Reported half-lives

are determined from the fit decay rates via t ¼ log ð2Þ=k.

Half-lives are reported only if the error (estimated as 1/4 of the 95% confidence interval of this

value returned by the fit) of the corresponding decay rate is less than half of the measured decay

rate. Where applicable the reported half-lives are the average across two biological replicates. Mea-

sured half-lives larger than our final time point (20 min) were also excluded because Equation (1)

was unreliable in fitting such decay curves given the time resolution of our measurement.

Barcoded t-seq measurements of mRNAs of the signal-peptide fusion
libraries
The signal-peptides in these libraries were designed by submitting all gene sequences from the

annotated mg1655 genome (NC_000913.2) to the following servers: pSortB 3.0 (Yu et al., 2010)

(http://www.psort.org/psortb/), signalP 4.0 (Petersen et al., 2011) (http://www.cbs.dtu.dk/services/

SignalP/) and TMHMM 2.0 (Krogh et al., 2001) (http://www.cbs.dtu.dk/services/TMHMM/). SRP-

dependent proteins were defined as proteins with more than one TMHMM-predicted transmem-

brane domain and which were predicted to reside within the inner-membrane by pSortB. The signal
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peptide was derived from a 30-amino-acid region centered on the first TM domain. If this region

exceeded the N-terminus of the protein, the first 30 amino acids at the N-terminus of the protein

were used as the signal peptide. SecB-dependent proteins were defined as proteins predicted to

contain a SecB-dependent signal peptide via the signalP server. Because of the similarity between

N-terminal transmembrane domains and SecB-dependent signal sequences (both are highly hydro-

phobic), some N-terminal transmembrane domains that are identified as SecB signal peptides via

signalP are also identified as transmembrane domains via TMHMM, and are thus likely SRP-depen-

dent proteins. To eliminate these spurious SecB signals, we removed predicted SecB signals derived

from proteins that TMHMM predicted to have two or more transmembrane domains. The non-native

SecB-dependent protein, beta lactamase, was also included in this set. The cytoplasmic control pro-

teins were selected at random from proteins predicted to reside in the cytosol by pSortB and which

were not included in either of the SRP or SecB groups. The first 30 amino acids of the SecB-depen-

dent and cytosolic control proteins were used as the signal peptide sequence. Three encodings

were used for each signal sequence: i) the native E. coli encoding, ii) a synthetic encoding, and iii) an

untranslated encoding. The synthetic encoding was generated by replacing each of the 30 codons in

the native encoding by randomly selected synonymous codons using the codon usage across the E.

coli genome as relative selection weights. The untranslated encoding was generated by replacing

the first two codons of the native E. coli encoding with a pair of TAA stop codons.

A complex oligopool containing the desired signal peptide sequences was synthesized by Cus-

tomArray, amplified via PCR, and inserted via Gibson assembly (Gibson et al., 2009) into pZ-series

plasmids (Lutz and Bujard, 1997) containing the desired genes. All signal peptides were linked to

the test proteins via a common flexible linker, GGSGGS. The sequences for the signal peptides are

provided in Supplementary file 2. RNA samples were prepared as described in the “t-Seq measure-

ments of endogenous mRNAs” section, albeit with a different set of in vitro spike-in molecules.

Sequences are available upon request. cDNA was constructed for the signal peptide region only and

amplified using a mixture of primers targeting the common flexible linker and differing only in the

length of a stretch of random nucleotides. This stretch of random nucleotides introduced a random

length offset that was required to overcome sequencing challenges with the NextSeq500 due to

regions of low complexity in these libraries. The cDNA was amplified and sequenced, and relative

abundances for each library member were determined using the abundance of the spike-in mole-

cules. The resulting decay curves were fit with an exponential decay to a stable baseline. All

sequencing data are available via GEO accession GSE75818.

Cloning
All plasmids were created with Gibson assembly (Gibson et al., 2009) and are based on the pZ-

series plasmids (Lutz and Bujard, 1997). Chromosomal integrations were created using the lambda

red recombination system (Datta et al., 2006). All plasmids and strains reported here are summa-

rized in Supplementary file 3 and are available upon request.

3D-STORM imaging of RNA degradation proteins in live cells
Overnight cultures were diluted 1:10000 into MOPS minimal defined media supplemented with

0.2% w/v glucose and 34 mg/mL chloramphenicol and grown at 32˚C to an OD600 of 0.2. This

medium was used to reduce autofluorescence in imaging measurements. Cells were concentrated

thirty-fold and spotted onto sub-micron patterned agarose pads containing grooves to control cell

density and orient cells (Moffitt et al., 2012). Cells were imaged at room temperature on a home-

built microscope and published protocols (Huang et al., 2008; Wang et al., 2011). Briefly, mMaple3

was excited with a 561-nm laser and activated with a 405-nm laser, utilizing 100 mW and 1 mW at

the microscope backport, respectively. Z-calibration was conducted with antibodies conjugated to

Cy3. STORM Z-calibration, image reconstruction, and image rendering were conducted as described

in the “FISH-staining and STORM imaging of RNA” section above.
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whether the probes are for testing the role of the proteome organization or the genome organiza-

tion. ‘Experiment number’ is a unique number for each experiment. ‘Location’ specifies either the

location of the encoded protein or the location of the genomic locus. ‘Abundance’ specifies the

abundance range for the targeted RNA in copies/cell. ‘Polycistronic with inner membrane proteins’

specifies whether the gene is a member of a polycistronic mRNA with a gene that encodes an inner-

membrane protein (Y) or not (N). ‘Gene name’ is the name of the gene. ‘Probe location’ is the loca-

tion of the 5’ end of the target region in nucleotides from the start codon of the specified gene.

‘Template sequence’ is the sequence of the oligonucleotide used as a template for that FISH probe,

which concatenates the index primers, the reverse transcription primer, and the targeting sequence

in the order depicted in Figure 1. ‘Index primer 1’ and ‘Index primer 2’ are the sequences of the pri-

mers used to amplify the subset of probes that includes the specified probe.
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. Supplementary file 2. Sequences of the N-terminal fusion constructs used to create the large-scale

signal-peptide libraries. ‘Gene name’ is the name of the gene from which the signal peptide was

derived. ‘Signal-peptide type’ specifies whether the signal peptide is a SRP, SecB, or cytoplasmic

control peptide. ‘Encoding’ specifies the type of the encoding of the signal peptide. Native indicates

that the nucleotide sequence is the native E. coli sequence; Synthetic indicates that the native E. coli

codons have been exchanged at random with synonymous codons; and ‘No translation’ indicates

that the first two codons, including the start codon, of the native E. coli sequence have been

replaced with stop codons. ‘Oligo sequence’ specifies the sequence of the oligonucleotide used to

create the specific fusion.

DOI: 10.7554/eLife.13065.023

. Supplementary file 3. Plasmids and E. coli strains used in this work. ‘Strain’ is the name of the strain

or strain library. ‘Description’ is a brief description of the strain and its purpose in this study. ‘Parent
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strain’ lists the strain used to generate each strain where appropriate. ‘Genotype’ provides a com-

pact description of the modifications to the strain. ‘Plasmid’ lists the name of the plasmids contained

by each strain where appropriate. libJMXX represents a complex plasmid library. pZS*32 follows the

naming convention of the pZ plasmids (Lutz and Bujard, 1997). SCS31 represents a selection-

counter-selection cassette employing pRhaB-ccdB and the chloramphenicol resistance gene cat.

DOI: 10.7554/eLife.13065.024

. Source code 1. Matlab functions for the identification of bacterial cell boundaries and the rendering

of STORM images.

DOI: 10.7554/eLife.13065.025

Major datasets

The following dataset was generated:

Author(s) Year Dataset title Dataset URL

Database, license,
and accessibility
information

Moffitt JR, Zhuang
XZ

2015 RNA life time measurements in E.
coli

http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?
acc=GSE75818

Publicly available at
Gene Expression
Omnibus (accession
no: GSE75818)

References
Babcock H, Sigal YM, Zhuang X. 2012. A high-density 3D localization algorithm for stochastic optical
reconstruction microscopy. Optical Nanoscopy 1. doi: 10.1186/2192-2853-1-6

Bakshi S, Choi H, Weisshaar JC. 2015. The spatial biology of transcription and translation in rapidly growing
Escherichia coli. Frontiers in Microbiology 6:636. doi: 10.3389/fmicb.2015.00636

Balagopal V, Parker R. 2009. Polysomes, P bodies and stress granules: states and fates of eukaryotic mRNAs.
Current Opinion in Cell Biology 21:403–408. doi: 10.1016/j.ceb.2009.03.005

Beliveau BJ, Joyce EF, Apostolopoulos N, Yilmaz F, Fonseka CY, McCole RB, Chang Y, Li JB, Senaratne TN,
Williams BR, Rouillard JM, Wu CT. 2012. Versatile design and synthesis platform for visualizing genomes with
Oligopaint FISH probes. Proceedings of the National Academy of Sciences of the United States of America
109:21301–21306. doi: 10.1073/pnas.1213818110

Bernstein JA, Khodursky AB, Lin PH, Lin-Chao S, Cohen SN. 2002. Global analysis of mRNA decay and
abundance in Escherichia coli at single-gene resolution using two-color fluorescent DNA microarrays.
Proceedings of the National Academy of Sciences of the United States of America 99:9697–9702. doi: 10.1073/
pnas.112318199

Buxbaum AR, Haimovich G, Singer RH. 2015. In the right place at the right time: visualizing and understanding
mRNA localization. Nature Reviews. Molecular Cell Biology 16:95–109. doi: 10.1038/nrm3918

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, Madden TL. 2009. BLAST+: architecture
and applications. BMC Bioinformatics 10. doi: 10.1186/1471-2105-10-421

Campos M, Jacobs-Wagner C. 2013. Cellular organization of the transfer of genetic information. Current Opinion
in Microbiology 16:171–176. doi: 10.1016/j.mib.2013.01.007

Chen H, Shiroguchi K, Ge H, Xie XS. 2015a. Genome-wide study of mRNA degradation and transcript elongation
in Escherichia coli. Molecular Systems Biology 11:781. doi: 10.15252/msb.20145794

Chen KH, Boettiger AN, Moffitt JR, Wang S, Zhuang X. 2015b. Spatially resolved, highly multiplexed RNA
profiling in single cells. Science 348:aaa6090. doi: 10.1126/science.aaa6090

Datta S, Costantino N, Court DL. 2006. A set of recombineering plasmids for gram-negative bacteria. Gene 379:
109–115. doi: 10.1016/j.gene.2006.04.018

dos Santos VT, Bisson-Filho AW, Gueiros-Filho FJ. 2012. DivIVA-mediated polar localization of ComN, a
posttranscriptional regulator of Bacillus subtilis. Journal of Bacteriology 194:3661–3669. doi: 10.1128/JB.
05879-11

Driessen AJ, Nouwen N. 2008. Protein translocation across the bacterial cytoplasmic membrane. Annual Review
of Biochemistry 77:643–667. doi: 10.1146/annurev.biochem.77.061606.160747

Fei J, Singh D, Zhang Q, Park S, Balasubramanian D, Golding I, Vanderpool CK, Ha T. 2015. RNA biochemistry.
Determination of in vivo target search kinetics of regulatory noncoding RNA. Science 347:1371–1374. doi: 10.
1126/science.1258849

Femino AM, Fay FS, Fogarty K, Singer RH. 1998. Visualization of single RNA transcripts in situ. Science 280:585–
590 . doi: 10.1126/science.280.5363.585

Fluman N, Navon S, Bibi E, Pilpel Y. 2014. mRNA-programmed translation pauses in the targeting of E. coli
membrane proteins. eLife 3:e03440. doi: 10.7554/eLife.03440

Geisberg JV, Moqtaderi Z, Fan X, Ozsolak F, Struhl K. 2014. Global analysis of mRNA isoform half-lives reveals
stabilizing and destabilizing elements in yeast. Cell 156:812–824. doi: 10.1016/j.cell.2013.12.026

Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA, Smith HO. 2009. Enzymatic assembly of DNA
molecules up to several hundred kilobases. Nature Methods 6:343–345. doi: 10.1038/nmeth.1318

Moffitt et al. eLife 2016;5:e13065. DOI: 10.7554/eLife.13065 20 of 22

Research Article Biophysics and structural biology Cell biology

http://dx.doi.org/10.7554/eLife.13065.024
http://dx.doi.org/10.7554/eLife.13065.025
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE75818
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE75818
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE75818
http://dx.doi.org/10.1186/2192-2853-1-6
http://dx.doi.org/10.3389/fmicb.2015.00636
http://dx.doi.org/10.1016/j.ceb.2009.03.005
http://dx.doi.org/10.1073/pnas.1213818110
http://dx.doi.org/10.1073/pnas.112318199
http://dx.doi.org/10.1073/pnas.112318199
http://dx.doi.org/10.1038/nrm3918
http://dx.doi.org/10.1186/1471-2105-10-421
http://dx.doi.org/10.1016/j.mib.2013.01.007
http://dx.doi.org/10.15252/msb.20145794
http://dx.doi.org/10.1126/science.aaa6090
http://dx.doi.org/10.1016/j.gene.2006.04.018
http://dx.doi.org/10.1128/JB.05879-11
http://dx.doi.org/10.1128/JB.05879-11
http://dx.doi.org/10.1146/annurev.biochem.77.061606.160747
http://dx.doi.org/10.1126/science.1258849
http://dx.doi.org/10.1126/science.1258849
http://dx.doi.org/10.1126/science.280.5363.585
http://dx.doi.org/10.7554/eLife.03440
http://dx.doi.org/10.1016/j.cell.2013.12.026
http://dx.doi.org/10.1038/nmeth.1318
http://dx.doi.org/10.7554/eLife.13065


Golding I, Cox EC. 2004. RNA dynamics in live Escherichia coli cells. Proceedings of the National Academy of
Sciences of the United States of America 101:11310–11315. doi: 10.1073/pnas.0404443101

Golding I, Cox EC. 2006. Physical nature of bacterial cytoplasm. Physical Review Letters 96:14–17. doi: 10.1103/
PhysRevLett.96.098102

Guberman JM, Fay A, Dworkin J, Wingreen NS, Gitai Z. 2008. PSICIC: noise and asymmetry in bacterial division
revealed by computational image analysis at sub-pixel resolution. PLoS Computational Biology 4:e1000233.
doi: 10.1371/journal.pcbi.1000233

Holt CE, Schuman EM. 2013. The central dogma decentralized: new perspectives on RNA function and local
translation in neurons. Neuron 80:648–657. doi: 10.1016/j.neuron.2013.10.036

Huang B, Wang W, Bates M, Zhuang X. 2008. Three-dimensional super-resolution imaging by stochastic optical
reconstruction microscopy. Science 319:810–813. doi: 10.1126/science.1153529

Huber D, Boyd D, Xia Y, Olma MH, Gerstein M, Beckwith J. 2005. Use of thioredoxin as a reporter to identify a
subset of Escherichia coli signal sequences that promote signal recognition particle-dependent translocation.
Journal of Bacteriology 187:2983–2991. doi: 10.1128/JB.187.9.2983-2991.2005

Khemici V, Poljak L, Luisi BF, Carpousis AJ. 2008. The RNase E of Escherichia coli is a membrane-binding
protein. Molecular Microbiology 70:799–813. doi: 10.1111/j.1365-2958.2008.06454.x

Kosuri S, Church GM. 2014. Large-scale de novo DNA synthesis: technologies and applications. Nature Methods
11:499–507. doi: 10.1038/nmeth.2918

Kristoffersen SM, Haase C, Weil MR, Passalacqua KD, Niazi F, Hutchison SK, Desany B, Kolstø AB, Tourasse NJ,
Read TD, Økstad OA. 2012. Global mRNA decay analysis at single nucleotide resolution reveals segmental and
positional degradation patterns in a Gram-positive bacterium. Genome Biology 13:R30. doi: 10.1186/gb-2012-
13-4-r30

Krogh A, Larsson B, von Heijne G, Sonnhammer EL. 2001. Predicting transmembrane protein topology with a
hidden Markov model: application to complete genomes. Journal of Molecular Biology 305:567–580. doi: 10.
1006/jmbi.2000.4315

Kuhlman TE, Cox EC. 2012. Gene location and DNA density determine transcription factor distributions in
Escherichia coli. Molecular Systems Biology 8:1–13. doi: 10.1038/msb.2012.42

Langmead B, Trapnell C, Pop M, Salzberg SL. 2009. Ultrafast and memory-efficient alignment of short DNA
sequences to the human genome. Genome Biology 10:R25. doi: 10.1186/gb-2009-10-3-r25

Le TT, Harlepp S, Guet CC, Dittmar K, Emonet T, Pan T, Cluzel P. 2005. Real-time RNA profiling within a single
bacterium. Proceedings of the National Academy of Sciences of the United States of America 102:9160–9164.
doi: 10.1073/pnas.0503311102

Lehnik-Habrink M, Newman J, Rothe FM, Solovyova AS, Rodrigues C, Herzberg C, Commichau FM, Lewis RJ,
Stülke J. 2011. RNase Y in Bacillus subtilis: a Natively disordered protein that is the functional equivalent of
RNase E from Escherichia coli. Journal of Bacteriology 193:5431–5441. doi: 10.1128/JB.05500-11

Lutz R, Bujard H. 1997. Independent and tight regulation of transcriptional units in Escherichia coli via the LacR/
O, the TetR/O and AraC/I1-I2 regulatory elements. Nucleic Acids Research 25:1203–1210 . doi: 10.1093/nar/
25.6.1203

Mackie GA. 2012. RNase E: at the interface of bacterial RNA processing and decay. Nature Reviews
Microbiology 11:45–57. doi: 10.1038/nrmicro2930

Martin KC, Ephrussi A. 2009. mRNA localization: gene expression in the spatial dimension. Cell 136:719–730.
doi: 10.1016/j.cell.2009.01.044

Moffitt JR, Lee JB, Cluzel P. 2012. The single-cell chemostat: an agarose-based, microfluidic device for high-
throughput, single-cell studies of bacteria and bacterial communities. Lab on a Chip 12:1487–1494. doi: 10.
1039/c2lc00009a

Montero Llopis P, Jackson AF, Sliusarenko O, Surovtsev I, Heinritz J, Emonet T, Jacobs-Wagner C. 2010. Spatial
organization of the flow of genetic information in bacteria. Nature 466:77–81. doi: 10.1038/nature09152

Munchel SE, Shultzaberger RK, Takizawa N, Weis K. 2011. Dynamic profiling of mRNA turnover reveals gene-
specific and system-wide regulation of mRNA decay. Molecular Biology of the Cell 22:2787–2795. doi: 10.
1091/mbc.E11-01-0028

Murashko ON, Kaberdin VR, Lin-Chao S. 2012. Membrane binding of Escherichia coli RNase E catalytic domain
stabilizes protein structure and increases RNA substrate affinity. Proceedings of the National Academy of
Sciences of the United States of America 109:7019–7024. doi: 10.1073/pnas.1120181109

Murgha YE, Rouillard J-M, Gulari E. 2014. Methods for the preparation of large quantities of complex single-
stranded oligonucleotide libraries. PLoS ONE 9:e94752–10. doi: 10.1371/journal.pone.0094752

Nevo-Dinur K, Govindarajan S, Amster-Choder O. 2012. Subcellular localization of RNA and proteins in
prokaryotes. Trends in Genetics : TIG 28:314–322. doi: 10.1016/j.tig.2012.03.008

Nevo-Dinur K, Nussbaum-Shochat A, Ben-Yehuda S, Amster-Choder O. 2011. Translation-independent
localization of mRNA in E. coli. Science 331:1081–1084. doi: 10.1126/science.1195691

Persson F, Lindén M, Unoson C, Elf J. 2013. Extracting intracellular diffusive states and transition rates from
single-molecule tracking data. Nature Methods 10:265–269. doi: 10.1038/nmeth.2367

Petersen TN, Brunak S, von Heijne G, Nielsen H. 2011. SignalP 4.0: discriminating signal peptides from
transmembrane regions. Nature Methods 8:785–786. doi: 10.1038/nmeth.1701

Prilusky J, Bibi E. 2009. Studying membrane proteins through the eyes of the genetic code revealed a strong
uracil bias in their coding mRNAs. Proceedings of the National Academy of Sciences of the United States of
America 106:6662–6666. doi: 10.1073/pnas.0902029106

Moffitt et al. eLife 2016;5:e13065. DOI: 10.7554/eLife.13065 21 of 22

Research Article Biophysics and structural biology Cell biology

http://dx.doi.org/10.1073/pnas.0404443101
http://dx.doi.org/10.1103/PhysRevLett.96.098102
http://dx.doi.org/10.1103/PhysRevLett.96.098102
http://dx.doi.org/10.1371/journal.pcbi.1000233
http://dx.doi.org/10.1016/j.neuron.2013.10.036
http://dx.doi.org/10.1126/science.1153529
http://dx.doi.org/10.1128/JB.187.9.2983-2991.2005
http://dx.doi.org/10.1111/j.1365-2958.2008.06454.x
http://dx.doi.org/10.1038/nmeth.2918
http://dx.doi.org/10.1186/gb-2012-13-4-r30
http://dx.doi.org/10.1186/gb-2012-13-4-r30
http://dx.doi.org/10.1006/jmbi.2000.4315
http://dx.doi.org/10.1006/jmbi.2000.4315
http://dx.doi.org/10.1038/msb.2012.42
http://dx.doi.org/10.1186/gb-2009-10-3-r25
http://dx.doi.org/10.1073/pnas.0503311102
http://dx.doi.org/10.1128/JB.05500-11
http://dx.doi.org/10.1093/nar/25.6.1203
http://dx.doi.org/10.1093/nar/25.6.1203
http://dx.doi.org/10.1038/nrmicro2930
http://dx.doi.org/10.1016/j.cell.2009.01.044
http://dx.doi.org/10.1039/c2lc00009a
http://dx.doi.org/10.1039/c2lc00009a
http://dx.doi.org/10.1038/nature09152
http://dx.doi.org/10.1091/mbc.E11-01-0028
http://dx.doi.org/10.1091/mbc.E11-01-0028
http://dx.doi.org/10.1073/pnas.1120181109
http://dx.doi.org/10.1371/journal.pone.0094752
http://dx.doi.org/10.1016/j.tig.2012.03.008
http://dx.doi.org/10.1126/science.1195691
http://dx.doi.org/10.1038/nmeth.2367
http://dx.doi.org/10.1038/nmeth.1701
http://dx.doi.org/10.1073/pnas.0902029106
http://dx.doi.org/10.7554/eLife.13065


Rabani M, Levin JZ, Fan L, Adiconis X, Raychowdhury R, Garber M, Gnirke A, Nusbaum C, Hacohen N, Friedman
N, Amit I, Regev A. 2011. Metabolic labeling of RNA uncovers principles of RNA production and degradation
dynamics in mammalian cells. Nature Biotechnology 29:436–442. doi: 10.1038/nbt.1861

Raj A, van den Bogaard P, Rifkin SA, van Oudenaarden A, Tyagi S. 2008. Imaging individual mRNA molecules
using multiple singly labeled probes. Nature Methods 5:877–879. doi: 10.1038/nmeth.1253

Robinow C, Kellenberger E. 1994. The bacterial nucleoid revisited. Microbiological Reviews 58:211–232.
Roppelt V, Hobel CF, Albers SV, Lassek C, Schwarz H, Klug G, Evguenieva-Hackenberg E. 2010. The archaeal
exosome localizes to the membrane. FEBS Letters 584:2791–2795. doi: 10.1016/j.febslet.2010.05.013

Rouillard JM, Zuker M, Gulari E. 2003. OligoArray 2.0: design of oligonucleotide probes for DNA microarrays
using a thermodynamic approach. Nucleic Acids Research 31:3057–3062 . doi: 10.1093/nar/gkg426

Russell JH, Keiler KC. 2009. Subcellular localization of a bacterial regulatory RNA. Proceedings of the National
Academy of Sciences of the United States of America 106:16405–16409. doi: 10.1073/pnas.0904904106

Rust MJ, Bates M, Zhuang X. 2006. Sub-diffraction-limit imaging by stochastic optical reconstruction microscopy
(STORM). Nature Methods 3:793–795. doi: 10.1038/nmeth929

Schluenzen F, Takemoto C, Wilson DN, Kaminishi T, Harms JM, Hanawa-Suetsugu K, Szaflarski W, Kawazoe M,
Shirouzu M, Shirouzo M, Nierhaus KH, Yokoyama S, Fucini P. 2006. The antibiotic kasugamycin mimics mRNA
nucleotides to destabilize tRNA binding and inhibit canonical translation initiation. Nature Structural &
Molecular Biology 13:871–878. doi: 10.1038/nsmb1145

Selinger DW, Saxena RM, Cheung KJ, Church GM, Rosenow C. 2003. Global RNA half-life analysis in Escherichia
coli reveals positional patterns of transcript degradation. Genome Research 13:216–223. doi: 10.1101/gr.
912603
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