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SUMMARY
Hfq, an Sm-like protein and the major RNA chaperone in E. coli, has been shown to distribute non-uniformly
along a helical path under normal growth conditions and to relocate to the cell poles under certain stress con-
ditions. We have previously shown that Hfq relocation to the poles is accompanied by polar accumulation of
most small RNAs (sRNAs). Here, we show that Hfq undergoes RNA-dependent phase separation to form
cytoplasmic or polar condensates of different density under normal and stress conditions, respectively.
Purified Hfq forms droplets in the presence of crowding agents or RNA, indicating that its condensation is
via heterotypic interactions. Stress-induced relocation of Hfq condensates and sRNAs to the poles depends
on the pole-localizer TmaR. Phase separation of Hfq correlates with its ability to perform its posttranscrip-
tional roles as sRNA-stabilizer and sRNA-mRNAmatchmaker. Our study offers a spatiotemporal mechanism
for sRNA-mediated regulation in response to environmental changes.
INTRODUCTION

To occupy diverse niches, bacteria have adopted strategies for

sensing and coping with environmental changes, which may

be global or specific to a stressor and may involve various pro-

teinaceous and RNA components.1 Many of these strategies

involve regulation of gene expression mediated by small RNA

(sRNA) molecules.2,3 sRNAs have been intensively studied in a

wide array of bacterial species and shown to contribute to post-

transcriptional control by pairing with target mRNAs.4 These in-

teractions between a conserved seed sequence within the sRNA

and a target sequence within the mRNA can lead to decrease or

increase in protein expression, with the former appearing to be

more common. The differential expression of sRNAs and their

positive or negative effect on their mRNA targets creates a com-

plex network5,6 that generates adequate responses.

Several RNA chaperones mediate the sRNA-mRNA interac-

tions and stabilize the sRNAs, among them ProQ, CsrA, and

Hfq.7 Hfq, the major RNA chaperone in E. coli, is an Sm-like

protein, sharing a ring-like structure with the eukaryotic RNA-

binding Sm proteins.8 Hfq forms a homohexameric ring, and

crystallography studies revealed three distinct surfaces on the

Hfq hexamer, each bearing a unique motif and, hence, exhibiting

different sequence affinities.9 Hfq distal face binds mostly

mRNAs via an ARN motif, its proximal face binds mainly to

sRNAs via the U-rich sequences present at the 30 end of the

Rho-independent terminators of these molecules,10 whereas

its rim (lateral) face can bind and stabilize molecules via UA-

rich sites.10 A thorough examination of Hfq mutants with single
Ce
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base substitutions established the contribution of each region

to binding of sRNA/mRNA and to the chaperone activity.9,10

Moreover, in recent studies, Hfq was shown to bind additional

substrates, i.e., DNA, tRNAs, and rRNAs.11 These findings

explain the pleiotropic effects observed in E. coli and Salmonella

upon deletion of the hfq gene, including decreased cell growth12

and reduced biofilm formation.13

Hfq has been suggested to localize near the bacterial mem-

brane by electron microscopy.14 Using fluorescent immuno-

staining, Hfq has been visualized in foci distributed non-uni-

formly along a helical path under normal growth conditions,15 a

pattern depending on its C-terminal domain.16 By means of sin-

gle-molecule super-resolution, a similar subcellular distribution

has been detected, which was completely abolished using the

transcription inhibitor rifampicin. As opposed to its helical

pattern under native conditions, we have previously shown

that, during high osmolarity, Hfq relocates to clusters at the E.

coli cell poles, where most sRNAs accumulate in an Hfq-depen-

dentmanner.17 Hfqwas shown to localize to the poles also under

long-term nitrogen starvation together with the degradosome

components,18,19 although its role under this stress is unknown,

nor are sRNAs related to this stress known. Based on partial

dispersal of these polar foci in 1,6-hexanediol, it has been spec-

ulated that they might assemble by phase separation.19

Localization of RNA-binding proteins (RBPs) is expected to

have various regulatory implications and is intuitively expected

to be linked to the localization of the RNAs they bind. Indeed,

the polar accumulation of sRNAs upon high osmolarity was

lost in an Hfq deletion strain.17 Recently, phase separation has
ll Reports 41, 111881, December 27, 2022 ª 2022 The Author(s). 1
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been shown to provide a mechanism for the formation of local

condensates containing RNA-binding sites (RBSs) and their

bound RNAs in eukaryotes,20 as well as in one case in bacteria.21

Phase separation has been implicated in the formation of mem-

braneless organelles in eukaryotes and in human pathologies,

caused by transition of proteins to a solid-like phase.22 New

studies suggest that bacteria also organize their cytoplasm by

phase separation-mediated formation of micro-compart-

ments,23,24 providing a way for compartmentalization of macro-

molecules in the alleged non-compartmentalized bacterial cell.

Examples include the Caulobacter crescentus RNase E, which

forms condensates with RNAs,21 the assemblage of signaling

proteins in a polar membraneless organelle in this organism,25

and the E. coli cell division protein FtsZ, which forms phase-

separated condensates with its nucleoid-associated inhibitor

SlmA.26 However, the strategies used by bacteria for the estab-

lishment of phase separation-driven membraneless organelles

are largely unknown. The role of RNA in condensates is under

extensive study, with an emerging recognition that not only

does the nucleic acid sequence matter, but also the structure

plays an important role.27 Still, the mechanisms underlying

condensate assembly have not been fully characterized.

In this study, we show that the major RNA chaperone, Hfq,

forms biomolecular condensates under high salt stress and

nutrient deprivation conditions via heterotypic interactions

with RNA. The process of Hfq condensation and the dynamic

behavior of the condensates were characterized in the cell

and with the purified protein. Phase separation of Hfq depends

on RNA both in vivo and in vitro. Formation of Hfq condensates

in both stressed and unstressed cells and the increase in the

level of sRNAs under stress depend on TmaR, a polar protein

recently shown by us to control the activity of the major regu-

lator of sugar metabolism by polar sequestration and release28

and to phase separation.29 Our results strongly recommend

that the material state of Hfq foci, whether in the cytoplasm

or at the poles, is important for its activities as a posttranscrip-

tional regulator.

RESULTS

Hfq forms biomolecular condensates of different
material states in the cytoplasm and at the poles
The recent findings that Hfq relocates from the non-uniformly

distributed foci, observed under normal physiological condi-

tions, to the cell poles upon specific stresses, and the depen-

dence of polar accumulation of sRNAs on this phenomenon,17

prompted us to further explore the spatiotemporal distribution

of Hfq and its relation with RNA localization. To monitor Hfq

localization in live cells, we constructed a strain expressing

Hfq fused to mCherry under its native regulatory elements.

Functionality of the chimeric protein in regulating mRNA levels

and sRNA stability was shown to be comparable with that of

untagged Hfq by measuring the levels of SgrS sRNA and its

mRNA target yigL30,31 under sugar toxicity by qRT-PCR (Fig-

ure S1A), as described before,32 and by comparing its ability

to mediate positive and negative regulation of mRNAs in the

presence of their cognate sRNAs (Figure S1B), as described

previously.33 In addition, replacement of the hfq gene by hfq-
2 Cell Reports 41, 111881, December 27, 2022
mCherry did not bring about any fitness cost for the cell, as

deduced from the almost identical growth curves of cells ex-

pressing it and cells expressing untagged Hfq (Figure S1C).

Since polar localization of Hfq under osmotic stress was previ-

ously demonstrated in the presence of high sucrose by immu-

nostaining,17 we first monitored Hfq-mCherry localization in the

presence of a different osmotic stressor, high salt. The rate of

polar clusters formation by Hfq-mCherry under high salt (Fig-

ure S2) was comparable with the rate reported for Hfq in the

presence of high sucrose,17 indicating that the mCherry tag

does not affect Hfq localization. Of note, the punctate appear-

ance of Hfq along a helical path in unstressed cells, which is

characteristic of large complexes that spatially segregate

from the helical nucleoid, indicates that Hfq, probably bound

to RNA molecules, forms clusters also in the cytoplasm. Inter-

estingly, this pattern is abolished in the mock-treated cells

upon entry to stationary phase (SP) (Figure S2, upper panel, af-

ter 4 h), and Hfq becomes homogenously distributed in the

cytoplasm, raising the possibility that a significant fraction of

Hfq released the RNA at that stage.

Next, we aimed at examining Hfq-mCherry localization pattern

in cells exposed to additional stresses, starting with nutrient

deprivation during late SP. Therefore, we examined Hfq-

mCherry distribution in cells grown overnight and detected it

mainly at the cell poles (Figure 1A). Of note, E. coli cells in late

SP are smaller in size than cells in logarithmic phase. To validate

the accumulation of Hfq in polar foci in late SP, we used immu-

nostaining to monitor localization of FLAG-tagged Hfq, previ-

ously shown to be functional.5 A distinct, mostly polar cluster

of Hfq-FLAG was observed in cells in late SP (Figure 1B). Cluster

formation in late SP was not due to a change in cellular Hfq

levels, as validated in western blot analysis (Figure S3A). It was

also not due to the mCherry tag, since mCherry expressed

from the same locus in the chromosomewas observed as evenly

distributedwithin the cell (Figure S3B). Importantly, Hfq-mCherry

clusters are not aggregates, as demonstrated by co-expressing

it with the inclusion body-binding protein A (IbpA), a reporter for

the presence of aggregated proteins,34 tagged with msfGFP

(Figure S4A). Of note, IbpA-msfGFP in cells expressing Hfq-

mCherry was hardly expressed and was completely segregated

from Hfq-mCherry in the few cells expressing it. Finally, Hfq

assemblage at the poles is not due to nucleoid occlusion, since

condensing the chromosome by the addition of chloramphenicol

did not affect the formation of Hfq polar foci (Figure S4B). Hence,

Hfq relocates to the poles and clusters there in cells in late SP.

On the other hand, Hfq did not localize to the poles of cells

exposed to oxidative or iron limitation stresses for the same

time that leads to polar accumulation of Hfq exposed to high

osmolarity (Figure S2). To further investigate the cause for Hfq

clustering, we tested foci formation in cells grown in minimal

medium with a defined carbon source (glucose or succinate) or

in conditioned medium (filtered medium of overnight grown

cells). The results in Figure S5 show that growth in minimal

medium, regardless of the carbon source, did not result in Hfq

condensation at a shorter time than growth in rich medium (Fig-

ure S5, top and middle panels), ruling out the possibility that car-

bon might have been the nutrient that has been exhausted after

overnight growth, and in line with a previous observation.18 In
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addition, we observed rapid increase in cluster formation upon

growth in conditioned medium (Figure S5, bottom panels), sup-

porting the notion that this medium lacks important nutrient/s,

although the presence of a secreted signal molecule in the

used medium cannot be ruled out. Summarily, relocation of

Hfq to the poles becomes manifested under certain stresses,

but not others.

Both the typical punctate distribution of Hfq that follows a

helical path in exponential phase cells and its accumulation in

polar clusters during certain stresses raised the possibility that

Hfq undergoes phase separation to form biomolecular conden-

sates. To determine if Hfq phase separates, we tested several

hallmark parameters that characterize the behavior of proteins

that undergo phase separation in vivo as follows. The dynamics

of Hfq polar clusters and the dissolution as a function of cellular

state was demonstrated by their dispersal in cells recovering

from late SP (Figure 1C; Video S1). The characterized fast and

reversible fusing and splitting events were documented by fluo-

rescence microscopy (Figure 1D; Video S2). The dynamics of

Hfq condensates was also exhibited by their recovery shortly af-

ter bleaching in a fluorescent recovery after photobleaching

(FRAP) experiment (Figure 1E; Video S3). Hence, Hfq cluster

dynamics is in accord with the behavior reported for phase sep-

aration condensates.35

Phase separation-driven condensates were reported to often

form at low temperatures.36 Indeed, cells in logarithmic phase,

which were resuspended in cold medium, exhibited rapid accu-

mulation of Hfq in foci that appeared along the helical path of Hfq

distribution, as opposed to cells from the same culture

resuspended in medium at room temperature (mock) (Figure 1F).

Phase separation condensates also exhibit a concentration-

dependent behavior.35 To examine the influence of Hfq subcel-

lular concentration on condensate formation, we expressed it

from an inducible promoter on a plasmid. Our results show

that formation of Hfq-mCherry condensates increased in an
Figure 1. Hfq undergoes phase separation in stressed and unstressed

(A) Left panel: image showing polar clusters of Hfq-mCherry, obtained by live-ce

locus in the chromosome. Approximately 90% of the cells contain a cluster. Sca

harboring an Hfq polar cluster. Scale bar, 1 mm. Right panel: fluorescence intensity

axis after normalizing to cell length. Each cell is presented by a different color,

arbitrary units.

(B) An image showing polar clusters of Hfq-FLAG obtained by immunofluorescenc

chromosome. Approximately 60% of the cells contain a cluster, regardless to its

(C) Snapshots from time-lapsemicroscopy (see Video S1) showing dispersal of Hf

SP. Scale bar, 2 mm.

(D) Left panel: graph of themaximum (normmax, red) and sum (norm sum, blue) flo

0 s (see Video S2). Right panel: snapshots from Video S2 showing a cell recovering

is indicated in the florescence intensity plot by vertical dashed lines. Scale bar, 2

(E) Left panel: a graph showing fluorescence recovery of Hfq-mCherry condens

(reference, red, n = 15) from the time of bleaching over 300 s. Quantification of t

Vertical error bars show the standard error of the mean measurement. Right pane

Video S3). Cell borders are marked by a dashed line. Scale bar, 0.5 mm.

(F) Images of live cells expressing Hfq-mCherry exposed to a sudden drop in temp

buffer) and immediately observed by fluorescence microscopy. Scale bar, 2 mm.

(G) Images of live cells in exponential phase expressing Hfq-mCherry from an indu

IPTG inducer. Merged images of phase and mCherry channels are presented. S

(H) Images of live cells in exponential growth phase (upper panel) or in late SP

dispersal of Hfq polar clusters in starved cells is achieved at a higher hexanediol

cells (10% compared with 7.5%, respectively). Scale bar, 1 mm.
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inducer concentration-dependent manner (Figures 1G, S6A,

and S6B). Hence, the formation of Hfq polar condensates

depends on temperature and Hfq concentration in the cell.

Next, we tested the effect of 1,6-hexanediol, an aliphatic

alcohol, which has emerged as a tool to distinguish between

assemblies of different material states,35 on Hfq subcellular dis-

tribution. Due to the dramatic effect of hexanediol on growth

(Figure S6C), cells were not incubated with it, but rather placed

on an agar pad containing the indicted concentration and

imaged instantaneously. Hexanediol led to more homogeneous

distribution of Hfq, both in cells growing exponentially and in

overnight grown cells (Figure 1H). Notably, cells in these two

growth phases seem to exhibit different sensitivity to disruption

by hexanediol, i.e., total disruption of Hfq polar foci is achieved in

the presence of 10% hexanediol in late SP cells, whereas 7.5%

hexanediol seems to be sufficient to disperse Hfq in exponential

phase cells, which are more difficult to be detected in images

acquired by regular fluorescence microscopy. These results

suggest that Hfq forms condensates in both growth phases,

typified by different material states, which can be different de-

grees of condensation in either liquid or gel membrane-less

compartments.

Because proteins that undergo phase separation typically

contain intrinsically disordered regions (IDRs), we analyzed

the Hfq sequence by several algorithms that identify protein

regions involved in phase separation.35 PLAAC (http://plaac.wi.

mit.edu/)37 and PAPA38 predicted that Hfq has a large IDR at

its C terminus and a short one at its N terminus (Figure S7A).

The existence of these two IDRs is supported by the fact that

their structure could not be determined by X-ray crystallog-

raphy.16,39 Notably, the results in Figure S7 show that the C-ter-

minal IDR (residues 72–103) is neither necessary nor sufficient

for condensate formation in vivo, whereas the structured domain

(residues 1–65), which contains the RBSs, is both necessary and

sufficient for clustering, both during log phase and late SP
cells

ll microscopy, in late SP cells, which express the proteins from the native hfq

le bar, 2 mm. Mid panel: a representative image of a single live cell in late SP

profiles of 20 representative cells, expressing Hfq-mCherry, along the long cell

and the average is shown by a bold black line. mCherry intensity is shown in

e staining, in late SP cells, which express the protein from its native locus in the

cellular location.

q-mCherry clusters over time in cells recovering from nutrient deprivation in late

rescence intensity (in arbitrary units) recorded over time and normalized to time

from nutrient deprivation in late SP. The Hfq level in the snapshot micrographs

mm.

ates in photobleached cells (bleached, blue, n = 15) or in non-bleached cells

he average fluorescence intensity was normalized to the pre-bleach intensity.

l: representative confocal micrographs of a cell before and after bleaching (see

erature. Cells in log phase weremixedwith PBS at either RT (mock) or 4�C (cold

cible promoter on a plasmid in the presence of the indicated concentrations of

cale bar, 1 mm.

(lower panel) treated with the indicated hexanediol concentrations. Note that

concentration compared with dispersal of Hfq cytoplasmic foci in non-starved
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(Figure S7B, upper and lower panels, respectively). These results

are linewith previous documentation of the truncatedHfq protein

localization.18 Although the level of the truncated Hfq proteins,

mainly that of the IDR alone, are lower than that of wild-type

(WT) Hfq, when all proteins are expressed from the plasmid

used to observe their condensation, they are higher or compara-

ble with the level of Hfq expressed from the chromosome (Fig-

ure S8). Since Hfq phase separated when expressed from the

chromosome or from the plasmid, the different levels cannot

account for the inability of the IDR domain to phase separate.

Of note, the IDR domain together with polyphosphate have

been recently shown to mediate Hfq binding to DNA.40 Finally,

analysis of Hfq using the FuzDrop prediction tool (https://

fuzdrop.bio.unipd.it/predictor)41 assigns Hfq a pLLPS score of

0.9501 (pLLPS R 0.60 suggests that the protein can spontane-

ously phase separate), predicting its ability to phase separate.

Taken together, our results demonstrate that Hfq forms

condensates via phase separation in vivo, both in the absence

and presence of stress, which differs in their material state.

Phase separation of purified Hfq in vitro requires
additional factors
Examination of purified protein by in vitro assays sheds light on

the ability of a protein to phase separate.35 Hence, to further

establish the notion that Hfq undergoes phase separation and

characterizes the requirement for this process, we purified

Hfq and examined its behavior under the microscope. The

results in Figure S9A show that purified Hfq-mCherry, but

not purified mCherry, is capable of forming droplets, the char-

acteristic appearance of biomolecular condensates in vitro, but

this process was efficient only in the presence of crowding

agents, such as polyethylene glycol (PEG) (6 or 8 kDa) (Fig-

ures 2A and S9A). These results indicate that Hfq does not

phase separate via homotypic interactions. Of note, Hfq at

500-fold higher concentration, which is significantly increased

compared with Hfq physiological concentration,42 may phase

separate efficiently.40 Increasing Hfq concentration in the pres-

ence of a crowding agent resulted in a gradual elevation in

droplets formation (Figure S9B). Hence, Hfq phase separates

in vitro in a concentration-dependent manner but requires addi-

tional factors.
(B) Left panel: a graph showing fluorescence recovery of Hfq-mCherry droplets th

n = 15) from the time of bleaching over 300 s in the presence of 10% 8 kDa PEG. Q

bleach intensity. Vertical error bars show the standard error of the mean measurem

after bleaching. Scale bar, 1 mm.

(C) The effect of RNA on the ability of Hfq to form droplets. Shown are fluoresce

before and after the addition of increasing concentrations of poly(A) (left panels) i

formed by Hfq-mCherry per field in the different concentrations of poly(A) (right pa

was conducted using the Mann-Whitney test. The calculated p values are **0.00

(D) Hfq-mCherry droplets co-localization with SgrS-labeled sRNA. Representati

transcribed and labeled SgrA-AF488 sRNA (middle image) in the presence of 10%

right. Scale bar, 2 mm.

(E) Hfq-mCherry droplets co-localization with ptsG-labeled mRNA. Representat

scribed and labeled ptsG-AF488 mRNA (middle image) in the presence of 10% 8

image). Scale bar, 2 mm.

(F) Un-tagged purified Hfq droplets co-localization with Cy5-DsrA sRNA and Cy3

labeled (left image) and Cy3-rpoS-labeled (middle image) oligos mixed with un-ta

merged image is presented (right image). Scale bar, 2 mm.
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Since monovalent salts have been suggested to affect

condensate formation in a concentration-dependent manner,20

we inspected purified Hfq-mCherry, at a constant concentration,

in the presence of a crowding agent and increasing NaCl con-

centration. Condensate density continually decreased upon

increasing salt concentration (Figure S9C). Adding increasing

amounts of hexanediol in the presence of a constant salt con-

centration led to a significant additional reduction in the appear-

ance of Hfq droplets (Figure S9D), although not competently.

Together, these results suggest that weak interactions are

involved in Hfq phase separation.

Dynamic behavior of purified Hfq droplets was exhibited by

their merging (Figure S10A, image on the right), clearly demon-

strated by the increase in the local fluorescent intensity (Fig-

ure S10A, graph on the left). Finally, a FRAP experiment was

conducted, and rapid increase in the fluorescence intensity of

Hfq droplets after photobleaching was recorded, as opposed

to non-bleached droplets (Figure 2B). Of note, these results

were obtained in the presence of PEG.

Taken together, the results thus far demonstrate that purified

Hfq is capable of undergoing phase separation in the presence

of crowding agents, suggesting that its phase separation in the

cell requires additional factors. As previously recommended,35

in vitro analyses with purified proteins should be interpreted

while taking into consideration the artificial conditions. Hence,

we regard the in vitro results as a support for the notion of Hfq

phase separation observed in vivo.

Phase separation of purified Hfq depends on RNA and on
the distal and rim faces of the Hfq hexamer
The essentiality of the RBS domain in Hfq for polar condensate

formation raised the possibility that RNA is involved in Hfq phase

separation, as often reported for other phase separation

proteins.27 Recent studies suggest that RNAs can affect phase

separation by lowering the threshold of protein concentration

required for the process. In addition, phase separation can

facilitate RNA localization (reviewed in Langdon and co-

workers43,44). Hence, phase separation offers a putative mecha-

nism for Hfq-dependent sRNA-mRNA co-localization and coor-

dinated regulation. To examine this possibility, we asked if RNA

has an effect on phase separation of purified Hfq by adding
at were photobleached (bleached, blue, n = 15) or not bleached (reference, red,

uantification of the average fluorescence intensity was normalized to the pre-

ent. Right panel: representative confocal micrographs of a droplet before and

nce microscopy images of purified Hfq-mCherry at a constant concentration

n the presence of 10% 8 kDa PEG. The bar plot shows the number of droplets

nel). Scale bar, 2.5 mm. Statistical analysis for the differences between samples

72, ***0.0004, and ****p < 0.0001.

ve microscopy images showing purified Hfq-mCherry (left image) and in vitro

8 kDa PEG (see control in Figure S11A). Themerged image is presented on the

ive microscopy images of purified Hfq-mCherry (left image) and in vitro tran-

kDa PEG (see control in Figure S11B). The merged image is presented (right

-rpoS mRNA-labeled oligos. Representative microscopy images of Cy5-DsrA-

gged Hfq in the presence of 10% 8 kDa PEG, (see control in Figure S12B). The
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poly(A) RNA. An increase in the rate of droplet formation in a

poly(A) concentration-dependent manner has been observed

(Figure 2C). An increase in droplet formation was observed

also in the presence of poly(U), albeit to a lower extent (Fig-

ure S10B). These results suggest that RNA facilitates Hfq phase

separation and raise the possibility that RNA is required for

phase separation of Hfq in the cell.

Next, we examined the ability of known Hfq RNA interactors to

co-localize with Hfq droplets. Both SgrS sRNA and ptsGmRNA,

fluorescently labeled while in vitro transcribed, were observed in

complete co-localization with Hfq-mCherry within the droplets

(Figures 2D and 2E). No signal was observed with these labeled

sRNA andmRNA in the absence of Hfq (Figures S11A and S11B,

respectively). Similar co-localization was documented for Hfq

and a Cy3-labeled rpoS probe (Figure S12A). To see if both

SgrS sRNA and ptsG mRNA, known to anneal to each other in

the presence of Hfq, can co-localize simultaneously with Hfq,

we mixed purified untagged Hfq with Cy3-labeled rpoS and

Cy5-labeled DsrA probes. The results in Figures 2F and S12B

demonstrate that these sRNA and mRNA co-localize in droplets

depending on the presence of Hfq. These results suggest that

sRNAs, mRNAs, and sRNA-mRNA pairs are capable of phase

separating with Hfq.

To investigate the involvement of RNA in Hfq condensation

in vivo, we arrested transcription by rifampicin. Hfq condensates

in exponential phase cells dispersed following rifampicin treat-

ment (Figure 3A, right panel). Of note, the polar condensates in

late SP cells (late SP, Figure 3A, lower panel) did not disperse

under these conditions, once again highlighting the different

sensitivity of Hfq condensates between cells in the two growth

phases. These results might imply that Hfq condensates in

growing cells are less condense than in quiescent cells. An alter-

native explanation might be that the RNAs in Hfq condensates in

late SP are hardly exchanged, as transcription drastically drops

in this phase and most RNAs are not synthesized.

An additional support for RNA involvement in the formation of

Hfq condensates was provided by monitoring Hfq-mCherry in

rifampicin-treated cells overexpressing a lacZ-tRNA transcrip-

tional fusion from a T7 promoter by the T7 RNA polymerase,

which is not inhibited by rifampicin.45,46 Of note, tRNAs have

been shown to bind to Hfq and to be part of the Hfq-mediated

sRNA interactome.5,10 The results in Figures 3B and 3C show

that Hfq condensates formed in these cells in an inducer-depen-

dent manner, that is, depending on the rate of T7 polymerase-
Figure 3. Phase separation of Hfq depends on its distal and rim faces

(A) Live-cell imaging of logarithmic phage (log phase, upper panels) and nutrien

transcription inhibitor rifampicin (100 mg/mL, 30 min). The inserts show enlarged

(B) Live-cell imaging of Hfq-mCherry in logarithmic phase cells expressing lacZ-tR

image) with 1mM IPTG for 10min, after which the sampleswere treatedwith rifam

image. The inserts show enlarged cells. Scale bar, 2 mm.

(C) Upper panel: imaging of the cells described in (B), to which an increasing con

panel: a control experiment with cells that share a similar genetic background, b

(D) The effect of point mutations in the different faces of Hfq on its ability to form

logarithmic (log) phase (lower panel) cells expressing Hfq with mutations in its pro

with different substitutions in each face are shown in Figure S13.

(E) Quantification of the ability of Hfq to form polar condensates in late SP (upper p

analysis for the differences between samples was conducted using Mann-Whitn

(F) Hfq crystal structure (PDB: 3QHS) with the point mutations that were examine
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mediated transcription, and in a rifampicin-independent manner.

Hence, RNA plays a positive role in the process of Hfq phase

separation.

To get an idea on which RNA molecules might contribute to

Hfq condensate formation, we turned to a set of Hfq mutants,

in which single residues have been substituted in either the prox-

imal (Q8A and D9A), rim (R16A and R19A), or distal (Y25D and

K31A) face of the homohexameric ring.47 The ability of these

mutants, which are partially impaired in their association with

mRNAs or with sRNAs, to form condensates was examined.

The results in Figures 3D, 3E, 3F, and S13 show that mutations

in the proximal face, implicated in binding and stabilizing sRNAs,

had no effect on Hfq condensate formation in both growing and

in late SP cells, whereas mutations in the distal face, implicated

in mRNA binding, disrupted the ability of Hfq to form conden-

sates in both growth phases almost completely. Notably, muta-

tions in the rim face, suggested to provide additional binding

sites for both sRNA and mRNA,47,48 reduced the ability of Hfq

to form polar condensates in late SP cells significantly, but had

no effect on its ability to form cytoplasmic foci in growing cells.

The importance of the certain faces for the formation of Hfq

condensates, both in the cytoplasm and at the poles, might imply

that mRNAs, but not sRNAs, are important for Hfq phase sepa-

ration. Alternatively, these results might point at the distal and

rim faces of Hfq as involved in the process of Hfq phase

separation.

Hfq condensate formation depends on the pole-localizer
TmaR
To identify other putative constituents of the Hfq condensates

and shed light on the mechanism underlying its polar relocation,

we asked if proteins are involved in Hfq phase separation.

Because RNase E, the major component of the RNA degrado-

some, is a known interactor of Hfq49,50 and was shown to cluster

at the poles with Hfq and the other degradosome components

during long-term nitrogen starvation,19 we first asked if it is

involved in the process of Hfq phase separation. The results in

Figure S14A show that the subcellular distribution of Hfq in late

SP cells was not affected by expressing RNase E from a plasmid,

nor did RNase E accumulate at the poles of these cells with Hfq.

RhlB, an RNA helicase and a component of the RNA degrado-

some, also known to interact with Hfq, was not detected as

co-localizing with the polar Hfq clusters in late SP cells either

(Figure S14B). Moreover, the polar Hfq condensates in late SP
and on RNA

t-deprived (late SP, lower panels) cells not treated (mock) or treated with the

cells after rifampicin treatment. Scale bar, 2 mm.

NA from the T7 promoter. Expression of the T7 polymerase was induced (upper

picin (200 mg/mL, 10min). A control of un-induced cells is presented in the lower

centration of IPTG was added (thus increasing the level of lacZ-tRNA). Lower

ut do not express T7 polymerase. Scale bar, 2 mm.

condensates. Fluorescence microscopy images of late SP (upper panel) and

ximal (Q8A), rim (R16A), or distal (K31A) faces. Images of additional mutations

anel in (D) and Figure S13; n > 500 in at least 4 fields for eachmutant). Statistical

ey test. The calculated p value are *0.0159 and **0.0079.

d highlighted.
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cells form in the absence RhlB (Figure S14C). Hence, the RNA

degradosome does not participate in the formation of Hfq con-

densates. The involvement of YqjD and ElaB, which, like Hfq,

localize to the poles during SP,51,52 in Hfq condensation was

also ruled out, since the pattern of Hfq distribution was not

affected in cells deleted for these genes (Figure S15A).

Next, we focused on TmaR, a polar protein, recently discov-

ered in our lab to control sugar metabolism in E. coli by polar

sequestration and release of the general PTS protein EI28 and

shown to phase separate.29 TmaR, previously called YeeX,

was among the proteins that came up in a screen for Hfq-inter-

acting proteins during SP.53 Given that TmaR is polar and Hfq

putative interactor during SP, we speculated that it might be

involved in Hfq polar accumulation in nutrient-starved cells. We

first asked if the two proteins co-localize in late SP cells, and

indeed observed co-localization of Hfq-mCherry with TmaR-

GFP at the poles of such cells (Figure 4A). We also observed

co-localization of Hfq-mCherry with TmaR’s known interactor,

the EI protein, fused to GFP (Figure S15B), suggesting

their mutual spatial organization. We then asked if the proteins

interact by applying co-immunoprecipitation. When FLAG-

tagged TmaR was pulled down from cells, Hfq-mCherry co-pu-

rified with it (Figures 4B and S16), indicating that the two co-

localizing proteins interact in the cell, either directly or indirectly.

Moreover, polar localization of Hfq in late SP was completely

abolished in a strain lacking TmaR (Figure 4C). Expressing

TmaR from a plasmid (in a tmaR deletion background) restored

the Hfq polar condensate phenotype in nutrient-starved cells

(Figure 4C). The complete dependence of Hfq polar condensate

formation on TmaR was also demonstrated under high osmolar-

ity (Figure S17A). These results indicate that Hfq relies on TmaR

for its polar relocation under different stresses. Of note, no bilat-

eral dependence for localization was observed between Hfq and

TmaR, since TmaR continued to localize to the cell poles in cells

deleted for hfq (Figure S17B). Notably, overexpression of TmaR

during logarithmic growth phase, when Hfq does not cluster at

the poles, resulted in an increase in Hfq condensate formation

in an inducer-dependent manner, not necessarily at the poles

(Figure 4D). We also assessed the impact of increasing the level

of purified TmaR-GFP on Hfq in vitro, and the results suggest

that the two proteins phase separate together (Figures 4E and

S18). Of note, the Hfq-mCherry behavior in Figure S18 follows

a classical phase diagram.54 The modest increase in the number

of droplets at the beginning is due to the presence of PEG. The

in vivo and in vitro results of Hfq titration by TmaR further imply

that TmaR plays a crucial role in Hfq condensation. Importantly,
Figure 4. Hfq condensate formation depends on the pole localizer Tm

(A) Images of Hfq-mCherry in live cells expressing TmaR-GFP and subjected to n

their native loci in the chromosome. Scale bar, 2 mm.

(B) Western blot analysis after immunoprecipitation (IP) of FLAG-TmaR. Hfq-m

expressed from a plasmid; lane 2, IP from cells harboring an empty vector as a con

(C) Images of Hfq-mCherry in live wild-type (WT) or in DtmaR cells expressing Tm

nutrient deprivation (late SP). Scale bar, 2 mm.

(D) Images of Hfq-mCherry in live DtmaR growing cells expressing increasing le

panels) compared with cells with a control plasmid (pCont, lower panels). Scale

(E) Fluorescence microscopy images showing the effect of increasing the conce

in vitro in the presence of PEG. Scale bar, 2 mm. The plot on the right shows the n

line) per field. Standard errors are shown by vertical bars.
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TmaR does not affect Hfq levels in the cell, nor the formation of

Hfq hexamer, as the level of hexameric Hfq in DtmaR cells is

comparable with that in WT cells, as shown by fractionation on

a semi-native gel followed by western blot analysis and quantifi-

cation (Figures 5A and S19A). Together, our results clearly indi-

cate that not only does TmaR act as Hfq pole-localizer upon

stresses and enables its polar accumulation but that it is also

required for Hfq condensate formation in the cytoplasm.

To further decipher the nature of the interplay between Hfq

and TmaR, we imaged Hfq-mCherry in strains expressing

different TmaR variants. First, we tested whether phosphoryla-

tion of TmaR is required for Hfq phase separation. Of note,

TmaR was first reported to be phosphorylated on Y79 during

SP.55 However, we have subsequently shown that, in logarithmic

phase, the Y79Fmutation caused only a reduction in TmaR polar

clusters, whereas the Y72F mutation eliminated TmaR polar

clustering.28 Therefore, we examined Hfq localization in cells

expressing TmaR mutated in each of its three tyrosines. Hfq po-

lar accumulation was abolished only in cells expressing TmaR

Y79F (Figure S19B), indicating that phosphorylation on this tyro-

sine is required for mediating Hfq phase separation. Next, we

dissected TmaR to its domains. TmaR is composed of two alpha

helices that are predicted to fold into a coiled-coil structure, both

necessary for its phase separation.29 We, therefore, tested the

ability of each helix of TmaR to induce Hfq phase separation (Fig-

ure 5B, upper panel). No condensation of Hfq was observed with

each helix alone, suggesting that the coiled-coil structure of

TmaR, which seems important for its phase separation, is also

important for its ability to induce Hfq phase separation. The ef-

fect of three-point mutations in TmaR, which impair its phase

separation, on Hfq condensation was then examined. Hfq did

not form condensates in cells expressing either of these TmaR

mutants (Figure 5B, lower panel). Estimation of the cellular level

of the above TmaR mutants and truncations, all expressed from

the native tmaR promoter on the chromosome (Figure S19C),

suggests that differences in their concentration cannot account

for their different effect on Hfq phase separation. Together, these

results reinforce the idea that Hfq condensation depends on

TmaR phase separation.

Condensation of Hfq correlates with its ability to
perform its roles in posttranscription regulation
To explore the possible biological implications of Hfq phase sep-

aration, we asked whether Hfq activity in stimulating sRNA-

mRNA annealing is affected by its condensation. To this end,

we performed the assay established by Ha and co-workers for
aR

utrient deprivation in late SP. Both fluorescent proteins were expressed from

Cherry was detected by anti-mCherry antibodies. Lane 1, IP of FLAG-TmaR

trol. The full membrane and bands quantification are presented in Figure S16A.

aR from a plasmid (pTmaR) or containing the vector only (pCont), subjected to

vels of TmaR from an IPTG-inducible promoter on a plasmid (pTmaR, upper

bar, 2 mm.

ntration of purified TmaR-GFP on the ability of Hfq-mCherry to form droplets

umber of droplets formed by Hfq-mCherry (red line) and by TmaR-GFP (green
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detecting the Hfq-driven annealing of DsrA sRNA to rpoSmRNA,

end labeled with Cys5 and Cys3, respectively (see illustration on

the left in Figure 6A), by electromobility shift assay.56 The results

(Figure 6A, gels in the middle and graph on the right, and Fig-

ure S20) show that Hfq-mediated DsrA-rpoS annealing is

dramatically reduced upon addition of hexanediol, suggesting

that the activity of Hfq as an sRNA-mRNAmatchmaker depends

on Hfq physical state.

To further explore the implications of Hfq condensation on its

chaperoning roles, we took advantage of the fact that Hfq does

not undergo this process inDtmaR cells. We thereforemonitored

the level of various mRNAs before and during high osmolarity in

WT and DtmaR cells. The results show that, except for the SP-

specific rpoS mRNA, the level of all other mRNAs, most of

them known to be involved in the applied stress, was different
in cells containing Hfq condensates (WT) compared with cells

lacking them (DtmaR) upon stress, and in most cases also with

time in the absence of stress (Figure 6B). The results in Fig-

ure S21A show that the expression level of these transcripts

was not affected by tmaR deletion. Hence, the process of Hfq

condensation has no impact on transcription but seems

important for the roles of Hfq as anmRNA chaperone at the post-

transcriptional level.

To test the effect of Hfq condensation on sRNAs, we

measured the level of several sRNAs, which are associated

with osmotic stress, before and during high osmolarity in mini-

cells, which package the polar content,57 originating from WT

and DtmaR cells, the latter lacking Hfq polar condensates. The

sRNAs chosen were among the top ones in the list of sRNAs

previously shown by us to be significantly enriched in minicells
Cell Reports 41, 111881, December 27, 2022 11
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comparedwith whole cells (see Table S6 in Kannaiah et al.17) The

results in Figure 6C show that the level of these sRNAs differs

dramatically in DtmaR cells, which lack Hfq condensates,

compared with WT, suggesting lack of stability due to the

absence of their stabilizing protein. The level of three of the

four sRNAs that we tested also changed over time in WT cells,

probably due to the progression of the cells from exponential

to SP. Hence, Hfq condensation appears important for its role

as an sRNA stabilizer. Of note, the changes in mRNA and

sRNA levels in DtmaR cells are not part of a global physiological

defect of these cells, since their growth rate is the same of that of

WT cells when recovering from both nutrient deprivation (late SP)

and high osmolarity stresses (Figure S21B).

Previous results from our lab established the role of Hfq in

sRNA accumulation at the poles of E. coli cells under high osmo-

larity and SP.17 To examine the involvement of Hfq condensation

on sRNA polar accumulation, we asked whether this phenome-

non is abolished in cells lacking Hfq condensates, e.g., DtmaR

in both stresses. Using fluorescence in situ hybridization, we

detected the RybB and MicA sRNAs at the poles of WT cells,

but not of DtmaR cells under conditions of nutrient deprivation

(late SP) or high osmolarity, respectively (Figures 6D and

S21C). Of note, an increase in MicA cellular level was detected

in high osmolarity under the same conditions used here.58

Hence, Hfq condensation is important for sRNA polar accumula-

tion. Together, our results insinuate that phase separation of Hfq

is important for its chaperonin and regulatory roles at the post-

transcriptional level.

DISCUSSION

By and large, the evolutionary motivation for the development of

membraneless organelles in bacteria are probably similar to

those that led to the evolvement of membrane-bound organelles

in eukaryotes, that is, the need to compartmentalize processes.

Still, formation of biomolecular condensates by phase separa-

tion enables faster changes in the local concentration of macro-

molecules and faster exchange in the condensate composition

compared with membrane-bounded organelles. This is true for

all cell types but seems most suitable for unicellular organisms

with short generation time, whose survival depends on the speed
Figure 6. Condensation of Hfq is important for its posttranscriptional

(A) An electromobility shift assay (EMSA) confirms that the DsrA-rpoS annealing

representation of the fluorescently labeled DsrA and rpoS probes and their anneal

Cy5-DsrA (100 nM) incubated with Hfq (28 nM) for 15min; lane 2, the same as lane

rpoS and Cy5-DsrA incubated without Hfq in the presence and absence of hexane

merged image. See the full gel in Figure S20. Right panel: the amount of RNA in

(B) Bar plot showing mRNA levels in WT (blue) and in DtmaR (red) cells, before (t =

from both strains, and the mRNAs indicated at the bottom were amplified by qPC

chart. Statistical analysis for the differences between samples was conducted u

0.0008; ns, non-significant.

(C) Bar plot showing sRNA levels at the poles of WT (blue) and DtmaR (red) cells,

extracted from minicells, which package the polar content, generated by both s

indicated time points. The color key is shown above the columns chart and is com

conducted using unpaired t test. The calculated p value are *0.0443, **%0.0053

(D) Upper panels: fluorescence in situ hybridization images of RybB sRNA in Dtm

presented by a heatmap on the right. Lower panels: fluorescence intensity profile

strain). Scale bar, 2 mm.
of their response to environmental cues. Hence, phase separa-

tion seems like an ideal organizational mechanism for bacteria.

Yet, although examples for the occurrence of this phenomenon

in bacteria have been recently documented, studies of phase

separation in bacteria are severely lagging behind such studies

in eukaryotes. Thus, whereas the roles, importance, and implica-

tions of macromolecule phase separation in eukaryotic cells are

continually unraveling, similar insights are largely missing for

bacteria. The main reason seems to be the small size of bacterial

cells, which makes application of the methods, defined as best-

practice in the field, difficult. The results presented here demon-

strate that we managed to overcome these difficulties and

provide high-quality proofs for phase separation-mediated

condensation of Hfq, the major RNA chaperone in E. coli, which

depends on RNA and TmaR, as well as for a strong correlation

between this physical process on the ability of Hfq to carry out

its roles in response to changes in the environment.

Beside its most well-characterized function as an RNA

chaperone that matches sRNAs to mRNAs, Hfq plays a role in

protein synthesis by binding to rRNA and tRNA and additional

roles, as suggested by its binding to DNA and the pleiotropic

effects caused by its deletion.11 It is possible that condensation

of TmaR-mediated Hfq is important also for these other roles.

Still, the important task of Hfq condensatesmight be to safekeep

a certain fraction of Hfq in the cell for regulating mRNA fate and

making it unavailable for interaction with DNA. This notion is sup-

ported by the fact that the level of Hfq in WT E. coli cells (�8 mM,

�5,000 hexamers per cell) is apparently not high enough for its

role as an RNA chaperone, since under some conditions it

becomes limiting for RNA binding.42 This might be explained

by the fact that the level of Hfq available for binding to mRNA

is much lower than measured, due to its engagement with its

other substrates—DNA, tRNAs, and rRNAs.11 Whatever the

reason might be, it explains both the need for forming conden-

sates with higher Hfq concentration in the cytoplasm and for

forming bigger condensates under certain stress conditions.

Notably, not only do the cytoplasmic and polar assemblies

differ in size, but they also differ in the degree of condensation

of Hfq, as evidenced by their different sensitivity to hexanediol,

which indicates that the cytoplasmic condensates are less

condensed than the polar ones. Hence, it might very well be
activities

reaction, mediated by Hfq, is impaired by hexanediol. Left panel: a schematic

ing is presented. Middle panel: the EMSA results: lane 1, Cy3-rpoS (50 nM) and

1, but incubation was in the presence of hexanediol (10%); lanes 3 and 4, Cy3-

diol, respectively. Images the split Cy5 and Cy3 channels are shown below the

the annealed form (rpoS-DsrA band) was quantified and plotted.

0) and after 2 h (t = 2) exposure to high osmolarity stress. RNA was extracted

R at the indicated time points. The color key is presented beneath the columns

sing unpaired t test. The calculated p value are * %0.0461, ** %0.0044, *** %

before (t = 0) and 2 h (t = 2) after exposure to high osmolarity stress. RNA was

trains, and the sRNAs indicated at the bottom were amplified by qPCR at the

mon to Figure 6B. Statistical analysis for the differences between samples was

, ***0.0006, ****<0.0001; ns, non-significant.

aR (right) and WT (left) nutrient-starved cells. The fluorescence intensity key is

s plotted along the long cell axis after normalizing to cell length (n = 50 of each
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that the cytoplasmic and polar Hfq condensates differ also in

their content. The identity of the polar and non-polar constitu-

ents, besides RNA and TmaR, that are required for forming the

two types of Hfq condensates is a subject for future research.

The facing-out residues in the distal and rim faces of the Hfq

hexamer, shown here to be required for Hfq phase separation,

might be engaged in interaction with the other condensate

components.

Relocation of the bigger Hfq clusters to the poles could have

been explained by the space available in these domains due to

nucleoid occlusion, but we show here that condensing the chro-

mosome by the addition of chloramphenicol did not affect the

formation of Hfq polar foci. Also, the reduction in E. coli cell

size, observed in late SP, cannot account for the formation of po-

lar Hfq condensates due to an increase in Hfq concentration,

since polar Hfq condensates are also formed in cells that do

not shrink as much, such as cells that are osmotically stressed.

Moreover, cells harboring various Hfq mutants that impair their

function look similar in size to cells at high osmolarity, but still

no polar condensates are formed (e.g., Figure 3D). Thus, small

size is apparently not the cause for polar Hfq localization.

Of note, data to date suggest that the cytoplasm of unstressed

E. coli is actually a viscoelastic material (Bhat et al.59 and refer-

ences therein), and that the cytoplasm of stressed bacteria

displays properties characteristic of glass or hardened gel.60

The type of analyses reported here cannot determine the exact

material state—liquid or gel—of Hfq in the condensates and in

the coexisting dilute phase.

Condensation of RBPs is expected to have spatial implica-

tions on the RNAs they bind. Indeed, phase separation of

RNPs was suggested to assist in RNA localization in eukary-

otes.43 Then again, RNA may assist in phase separation of

proteins, mainly, although not only, due to its ability to serve as

a scaffold molecule for several proteins to enable their conden-

sation by heterotypic interactions.27,61 In this respect, Hfq hex-

amers were suggested to associate by RNA-RNA interaction

via amotif that is present in a subset of sRNAs.62 The findings re-

ported here, showing that RNAs both co-localize with Hfq con-

densates and are required for condensation of purified Hfq and

in the cell, support the notion that Hfq requires RNAs, since it

phase separates with them by heterotypic interactions. Our pre-

vious17 and current results show that localization and stability of

sRNAs in particular, but also of mRNAs, depend on Hfq localiza-

tion and condensation, but the question whether it is Hfq or the

RNAs that initiate the process is of the chicken and egg causality

dilemma type. Unless TmaR serve as a scaffold for Hfq phase

separation, RNA may very well serve as its scaffold, since Hfq

is evidently a client in this process.

Since Hfq is an Sm-like protein, conserved throughout evolu-

tion, and sRNAs play key regulatory roles in eukaryotes as well,

our findings are relevant also for higher cells. An example for

such relevance is our recent study, which shows accumulation

of numerous sRNAs in the poles as part of the plan of E. coli cells

for coping with stresses,63 which corresponds with a study just

published that shows co-localization of hundreds of non-coding

RNAs in higher eukaryotic cells within spatial compartments in

the nucleus, which recruit RNA and protein regulators, thus con-

trolling processes underpinning gene expression.64
14 Cell Reports 41, 111881, December 27, 2022
The resources that bacteria invest to specifically localize and

condense macromolecules during stress conditions, when

recourses are scarce, highlight the importance of subcellular

organization for their survival. The evolutionary driving force for

the development of organizational mechanisms, such as phase

separation, might be the need to sequester macromolecules

for keeping them inactive or secluded under certain conditions.

Alternatively, the gainmight be in the creation of a favorable envi-

ronment for the activation of macromolecules and processes. In

both cases, time is an important factor when adapting to a new

environment, and the quick changes in macromolecule activity

offered by membraneless organelles is an advantage.

Limitations of the study
We show that both RNA and TmaR are required for Hfq conden-

sation, but we did not address the question how the stoichiom-

etry between the three components impacts condensate

formation, nor their relative importance of these components

for Hfq condensation. Moreover, although we show that Hfq

phase separates by heterotypic interactions with both RNA

and TmaR, we cannot exclude the existence of a blend of homo-

typic and heterotypic interactions in the condensates. In addi-

tion, we did not determine the exact material state of Hfq con-

densates and the coexisting dilute phase. Therefore, we

refrained from using the term liquid-liquid phase separation

and preferred to use the term phase separation. The linkage be-

tween the material state of Hfq and its different activities as an

RNA chaperon is based mainly on correlative evidence, awaiting

future development of methodologies for proving direct depen-

dence. Finally, we cannot rule out that nano-droplets of Hfq

assembled but remained undetected at the resolution of our

analysis in some of the experiments.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

The FLAG Tag Antibody, mAb, Mouse GenScript Cat#A00187

Alexa Fluor 594, Anti-Mouse IgG (H + L) Invitrogen Cat#A11005

Anti mCherry Abcam Cat#ab167453

Anti GroEL Abcam Cat#ab90522

Chemicals, peptides, and recombinant proteins

Ampicillin AppliChem Panreac Cat#A0389

Chloramphenicol Sigma-Aldrich Cat #C0378

Kanamycin sulfate Biological Industries Cat#25389-94-0

Rifampicin Goldbio Cat#R-120-5

Sucrose Sigma-Aldrich Cat#S0389

TriReagent Solution Sigma-Aldrich Cat#T9424

DMSO Sigma Aldrich Cat#D2438

Ultra-pure water, RNase- and DNase-free Biological Industries Cat#01-866-1A

InstantBlue� Protein Stain Expedeon Cat#ISB1L

Ponceau S Sigma-Aldrich Cat#P7170

BD DifcoTM M9 Minimal Salts BD Biosciences Cat#248510

Poly(ethylene glycol) 8000 Sigma-Aldrich Cat#P2139

Poly(A), Polyadenylitic acid GE Healthcare Cat#27-4110-01

Poly(U), Polyuridylic acid potassium salt Sigma-Aldrich Cat#P9528

Ni-NTA beads Thermo Fisher Scientific Cat#88222

HEPES Sigma-Aldrich Cat#H3375

Hexanediol Sigma-Aldrich Cat#240117

DAPI (4-,6-diamidino-2-phenylindole) Sigma-Aldrich Cat#D8417

Sodium lauroyl sarcosinate (Sarkosyl) Sigma-Aldrich Cat#L9150

Critical commercial assays

iTaq Universal SYBER Green Supermix Bio-Rad Cat#1725121

Direct-zol RNA Miniprep Kit Zymo Research Cat#R2060

qScript cDNA Synthesis Kit Quanta bio Cat#95047–100

Qubit RNA HS Assay Kit Thermo Scientific Cat#Q32852

Turbo DNA-free Kit Ambion Cat#AM1907

NucleoSpin Plasmid EasyPure Kit Machery-Nagel Cat#740727

NucleoSpin Gel and PCR clean-up Kit Machery-Nagel Cat#740609

Qubit dsDNA High Sensitivity Kit Life Technologies Cat#Q32854

EZ-ECL Biological Industries Cat#20-500-120

Gravity column Bio-Rad Cat#732–1010

HighYield T7 AF488 RNA Labeling Kit Jena Bioscience Cat#RNT-101-AF488

TurboTMDNAse Thermo Fisher Cat# AM2238

RNA Clean & Concentrator Kits Zymo Research Cat# R1015

Anti-DYKDDDDK G1 Affinity Resin GenScript Cat# L00432

Software and algorithms

NIS Elements Advanced Research (AR) version 4.5 Nikon N/A

GraphPad Prism v6 GraphPad https://www.graphpad.com/scientific-software/prism/

Image Lab v6.0.1 Bio-Rad http://www.bio-rad.com/en-il/product/image-

lab-software

R The R Foundation https://www.r-project.org/
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Lead contact
Further information and requests should be directed to the lead contact, Orna Amster-Choder (ornaam@ekmd.huji.ac.il).

Materials availability
Bacterial strains and plasmids will be made available upon request.

Data and code availability
This paper does not report new or original code.

The rawdata for themanuscript is available on request from the lead contact Prof. Orna Amster-Choder (ornaam@ekmd.huji.ac.il).

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Growth conditions
Strains, plasmids, and primers used in this study are listed in Tables S1, S2 and S3. Bacterial cells were grown at 30⁰C in LBmedium.

When appropriate, antibiotics were added at the following concentrations: kanamycin (30 mg/mL), ampicillin (200 mg/mL) and chlor-

amphenicol (25 mg/mL). As indicated, proteins were expressed from the chromosome or plasmids induced by IPTG at the indicated

concentration. Overnight cultures (grown for 16 h with aeration) were used for nutrient-deprivation experiments. To induce envelope

stress, cells were grown to mid-logarithmic phase, pelleted, and resuspended in fresh LB medium containing 20% sucrose or 0.3M

NaCl and further grown for the desired time. To induce oxidative stress or iron limitation, 1mM hydrogen peroxide or 0.2mM 2,20-

dipyridyl were added, respectively, atmid-logarithmic phase and cells were further grown for the indicated time. Translation and tran-

scription were arrested by the addition of 200 mg/mL of chloramphenicol for 15 min and 100 mg/mL of rifampicin for the last 30,

respectively. For minimal media, M9 Minimal Salts was used according to the manufacturer’s instructions and carbon sources

(glucose or succinate) were added when needed. For conditioned medium, a culture of OG172 was grown in LB overnight (16 h) fol-

lowed by filtration, using a 0.2 mm syringe filter to eliminate bacteria.

METHOD DETAILS

Strain construction
To construct strain OG167, which contains Hfq-mCherry-kan, Hfq-mCherry fragment was amplified from a pBAD18-Hfq-mCherry

plasmid. The kanamycin cassette was amplified from pKD4 plasmid. The two amplicons were ligated by Gibson assembly. The

assembled fragment was amplified by primers from the ends and introduced intoMG1655 strain containing pKD46 plasmid. The veri-

fied cells were grown at 42⁰C and tested for loss of pKD46. pCP20 plasmid was used to remove the kanamycin cassette resulting in

the construction of the OG172 strain.

Strain OG184 which contains Hfq-mCherry and IbpA-sfGFP was constructed by P1 transduction of IbpAmsfgfp:kan from IbpA-

msfGFP strain34 to MG1655-Hfq-mCherry.

Strain OG185 (MG1655 Dhfq) with no antibiotic resistance was constructed by removing the Kan cassette from MG1655Dhfq:kan

using pCP20.

Strains OG274 (BL21(DE3) Hfq-mCherry-kan) and OG265 (ENS134 Hfq-mCherry-kan) were constructed by P1 transduction of

Hfq-mCherry-Kan cassette to BL21(DE3) and ENS134, respectively.

To create strains expressing Hfq-mCherry with single point mutations (Q8A, D9A, R16A, R19A, Y25D, and K31A), themCherry-kan

fragment from strain OG167 (MG1655 Hfq-mCherry-kan) was amplified. The amplicon was transformed into an MG1655 derivative

with the respective point mutations. P1 lysates weremade from each strain and the corresponding Hfq-mCherry-kan fragments were

transduced into wild-type MG1655.

Strain OG249, a strain that co-expresses RhlB-YFP and Hfq-mCherry was constructed by P1 transduction of wild-type Hfq-

mCherry-kan fragment from strain OG165 (MG1655 Hfq-mCherry-kan) to JW3753, rhlB-YFP strain.

To construct strains OG313, OG456 and OG315, expressing Hfq-mCherry in the background of elaB, yqjD or tmaR deletion,

respectively, the respective knockout strains from the Keio collection65 were infected with PI phage. P1 lysates were prepared

from each of the three infected strains, followed by their transduction to OG172 (MG1655 Hfq-mCherry) strain.

To construct strain OG331, tmaR deletion in MG1655 background, the same P1 lysate of DtmaR cells was used to infect MG1655

cells. pCP20 plasmid was used to remove the kanamycin cassette resulting in the construction of the OG357 strain.

To construct strain OG62 and OG358, aminD-G262D point mutation in MG1655 background or DtmaR deletion, respectively, the

kanamycin cassette was amplified from pKD4 plasmid with homology to the min locus, followed by an introduction to c1488 strain,

which contains the pKD46 plasmid. The verified cells were grown at 42⁰C and tested for loss of pKD46. P1 lysate was prepared, fol-

lowed by transduction to MG1655 and OG357.
Cell Reports 41, 111881, December 27, 2022 e2
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Strain OG561, expressing a truncated tmaR derivative deleted for helix 2, was constructed by two overlapping PCR amplifications

of part of the tmaR gene or of the sequences following the gene, which were ligated using Gibson assembly. The assembled

sequence was amplified and introduced into MG1655 using positive and negative selection.66 The TS-mYFP-TmaR-helix129 was

amplified by the primers F-helix1-1 and R-helix1-1. The sequence following the tmaR genewas amplified fromMG1655 chromosome

using primers F-helix1-2 and R-helix1-2. After validation by sequencing, the resulting strain was transduced by a P1 lysate of the Hfq-

mCherry-kan fragment.

To construct strain OG570, expressing a truncated tmaR derivative deleted for helix 1, Helix 2 of TmaR was amplified with primers

that contain the sequences before and after the tmaR gene (50 bp before and after the gene). The amplicon was then introduced into

MG1655, replacing the tmaR gene via homology recombination, using positive and negative selection.66 After validation by

sequencing, the resulting strain was transduced by a P1 lysate of the Hfq-mCherry-kan fragment.

Plasmid construction
The pBAD18-Hfq-mCherry plasmid was constructed by amplifying the hfq gene including the three putative promoters preceding it

fromMG1655 using primers that introducedClaI and SacI sites at the 50 and-30 ends, respectively. The amplified fragment was ligated

to pBAD18LL-mCherry, which was cleaved by ClaI and SacI.

pBAD18-mCherry plasmid, with the regulatory elements of the hfq gene, was constructed by inverse PCR reaction on pBAD18-

Hfq-mCherry plasmid using forward phosphorylated primer from the beginning of the mCherry ORF and a reverse primer from the

end of hfq promoter, followed by closure of the amplified fragment by ligation.

Plasmids containing truncated hfq [hfq(Nter1-65aa) and hfq(Cter73-102aa)], fused to mCherry, which include the hfq gene

regulatory elements, were constructed using inverse PCR reaction on a pBAD18-Hfq-mCherry plasmid. These amplified plasmid

fragments were self-ligated to create pBAD18-HfqNter-mCherry and pBAD18-HfqCter-mCherry, respectively.

The pQE80L-Hfq-mCherry plasmid was constructed as followed: pQE80L-Hfq-his backbone was amplified between the end of

the hfq gene and the HindIII site on the plasmid. The mCherry fragment was amplified from pBAD18-Hfq-mCherry with primers

containing homology to the pQE80L-Hfq-his backbone. The two fragments were digested by DpnI and ligated by Gibson

assembly.67

pET15b-Hfq-mCherry and pET15b-mCherry plasmids were constructed by amplifying the fragments encoding Hfq-mCherry and

mCherry from pQE80L-Hfq-mCherry using reverse primer at the end of mCherry gene and forward primer at the beginning of either

hfq or mCherry genes, respectively, all containing homology to the pET15b vector sequence. The amplified vector and the PCR

mCherry-containing inserts were digested by DpnI. The Hfq-mCherry and mCherry fragments were ligated to pET15b vector using

Gibson assembly to create pET15b-Hfq-mCherry and pET15b-mCherry plasmids, respectively.

pZE12-TmaR-Y79F and pZE12-TmaR-Y51F plasmids were constructed using two overlapping PCR products that were combined

by Gibson assembly. The first amplicon was amplified from pZE12-TmaR,29 using the primers F-pZE12-TmaR and R-pzE12 that

annealed to the N and C termini of the tmaR gene, respectively. The second amplicon was amplified from TS-TmaRY79F or TS-

TmaRY51F28 using F-TS-TmaR and R-TS-TmaR primers, respectively.

The pZA14-TmaR-FLAG plasmid was constructed by amplifying tmaR gene fromMG1655 chromosome using primers F-KpnI-FT-

yeeX andR-yeeX-SC-ClaI, containing FLAG tag and introducing KpnI andClaI restriction sites at the 50 and-30 ends, respectively. The
amplified fragment and pZA14 vector were both digested using the indicated enzymes followed by ligation.

Fluorescent microscopy
MG1655 and its derivatives were grown overnight in LB medium with the appropriate antibiotics at 30�C, diluted 100-fold in fresh

medium and grown to exponential phase. When indicated, protein expression was induced. Cells were placed on an agarose pad

with uncoated coverslips and were imaged using Nikon Eclipse Ti-E inverted microscope equipped with Perfect Focus System

(PFS) andORCA Flash 4 camera (Hamamatsu photonics). Images were processed and two-dimensional (2D) deconvolution was per-

formed using NIS Elements-AR software.

Immunostaining
Immunostaining for Hfq-FLG was conducted as described previously.17 Briefly, HM34 (MG1655 Hfq-FLAG) and OG185 (MG1655

Dhfq) cells were grown overnight in LB at 30�C. Cells were dehydrated in 80% methanol and pelleted down at low speed (3000 g

for 15 s). The cells were resuspended in ice-cold 100% methanol and stored at 4�C for one hour. Cells were pelleted at low speed

and resuspended in GTE (Glucose-Tris-EDTA buffer). Fresh lysozyme was added to the cells and they were fixed on poly-L-lysine-

coated coverslips. After a short incubation, the suspension was removed, the slides were washed thrice with PBS and dried at room

temperature. The slides were rehydrated with PBS and blocked with 2%BSA in PBS for 20 min. The slides were stained with an Anti-

FLAG antibody for 1 h. The slides were washed multiple times with PBS and stained with Alexa Fluor 594, Anti-Mouse IgG (H + L) for

1 h in the dark. The coverslips were mounted on agar pads made of 1% agarose in 13 PBS and imaged as described above.

Fluorescence recovery after photo bleaching (FRAP)
For FRAP microscopy, Nikon A1R confocal microscope equipped with Apochromat 60X objective (numeric aperture 1.4) was used.

Photobleaching was done over the area in which the Hfq cluster is localized. Recovery was measured every 10 s for a total period of
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10min. Mean fluorescence intensity was normalized to the total fluorescence intensity for each ROI after bleaching. Images were

analyzed using the NIS Elements AR module.

Protein purification
For purification of Hfq-mCherry andmCherry, these proteins were overexpressed in BL21(DE3) cells from pET15b-Hfq-mCherry and

pET15b-mCherry, respectively. Five hundred (500) mL culture were harvested and lysed using glass beads and a Mixer Mill MM400

instrument. The lysates were loaded on Nickel (Ni-NTA) gravity column and treated as suggested by the manufacturer. Proteins were

eluted using 250 mM imidazole and were verified for their concentration and purification.

Untagged Hfq was purified as described before68 with several adaptions. Briefly, an overnight culture of BL21(DE3) cells carrying

pET-15b-Hfq was diluted 1:100 in 1 L of fresh LB and grown to OD600 = 0.6. IPTG (1 mM final concentration) was then added, and

growth continued for 3 more hrs. The cells were pelleted, washed with PBS, and resuspended in lysis buffer [50 mM Tris, 1.5 MNaCl,

250 mM MgCl2,1 mM b-mercaptoethanol, PMSF, DNase I (0.1 mg/mL) and 1M MgCl2]. Cells were then lysed by Mixer Mill MM400

using glass beads. The Supernatant was collected, incubated at 85�C for 45 min, centrifuged again and treated with RNase A

(30 mg/mL) for 1 h at 37�C. The RNase A-treated lysate was loaded on Nickel (Ni-NTA) gravity column and treated as suggested

by the manufacturer. Proteins were eluted using 250 mM imidazole and were verified for their concentration and purification.

His-GFP-TmaR was purified as described before.29 Shortly, an overnight culture of BL21(DE3) carrying pET-GFP-TmaR was

diluted 1:100 in 1 L of fresh LB, supplemented with 0.1mM IPTG, and grown until OD600 = 0.6. The cells were then centrifuged for

10 min at 4500 RPM at 4⁰C in Thermo Sorvall RC6+ and stored at �80⁰C. Cells were resuspended in 8 mL PBS containing

10 mM imidazole and lysed by Mixer Mill MM400 using glass beads. The lysate was loaded on Nickel (Ni-NTA) gravity column

and treated as suggested by themanufacturer. Proteins were eluted using 250mM imidazole andwere verified for their concentration

and purification.

In vitro liquid-liquid phase separation assays
Hfq-mCherry protein aliquots were thawed on ice. All experiments were conducted in 50 mMHEPES and 150 mMNaCl unless stated

differently. The purified Hfq-mCherry protein concentration used for all experiments was 0.1 mM unless indicated differently. For all

in vitro assays, proteins were diluted 1:200 in the indicated buffer, according to the specific experiment. PEG 6 kDa, PEG 8 kDa, NaCl,

Hexanediol, poly(A), poly(U), labeled RNA or purified TmaR protein were added to the HEPES-NaCl buffer before the addition of the

protein. Protein was added to the indicated tube and transferred to a Lab-TekTM Chambered Cover glass (Thermo Scientific). All im-

ages were taken and analyzed as described above.

In vitro transcription and labeling
SgrS sRNA and ptsG mRNA were transcribed and labeled using the HighYield T7 AF488 RNA Labeling Kit (Jena Bioscience) as

recommended by the manufacturer, using the respective amplified genes in MG1655 chromosome as templates. For DNA template

removal, TurboTMDNAse (Thermo Fisher) was used. RNA was then purified and concentrated using the RNA Clean & Concentrator

Kits (Zymo Research). Finally, the concentration and purity of the RNA were measured by Qbit and NanoDrop, respectively. Defined

concentrations of labeled RNA were used for the in vitro microscopy experiments.

Co-immunoprecipitation for detecting Hfq-TmaR interaction
Cells of OG357 containing plasmid pZA14-tmaR or the empty vector pZA14, were grown overnight with the required antibiotics and

without the addition of IPTG. Cell density was measured, and an equal number of cells was harvested by centrifuging at 10,000 rpm

for 10 min at 4�C. The pelleted cells were resuspended in 1 mL PBS and transferred to glass tubes. Cross-linking was applied by the

addition of formaldehyde fresh solution to a final concentration of 1% for 20 min and shaking at room temperature. Glycine, at a final

concentration of 250mM, was added to stop the reaction, followed by additional incubation for 10min. Cells were pelleted down and

resuspended in TBS containing 1 mMAEBSF, 0.5% sarkosyl and DNase I, followed by lysis via Mixer Mill MM400 using glass beads.

Anti-DYKDDDDKG1 Affinity Resin (GenScript) was equilibrated in TBS. 60 mL bead slurry was resuspended twice in 500 mL TBS (ice-

cold) and centrifuged at 6,000 g for 30 s at 4�C. The cell lysate was added to the equilibrated Anti-DYKDDDDK G1 Affinity Resin and

incubated with gentle end-over-end mixing for 2 h at 4�C. The tube was centrifuged at 6,000 g for 30 s at 4�C, and the supernatant

was discarded. The pellet was washed trice with 1 mL of TBS (ice-cold). Beads were resuspended in 30 mL TBS, and 30 mL 2x SDS

sample buffer was added. The resuspended beads were incubated at 95�C for 5 min to dissociate the immunocomplexes from the

beads and revert the cross-linking. The beads were pelleted by centrifugation at 8,000 g for 1 min, and SDS-PAGE was performed

with the supernatants. The blot was reacted with an anti-mCherry antibody to detect the presence of Hfq-mCherry in the eluted

fraction.

Fluorescence in situ hybridization (FISH)
FISH was performed essentially as described previously.17,69 Briefly, for nutrient deprivation MG1655 and OG331 (MG1655 DtmaR)

were grown overnight in LB at 30�C. For envelope stress, the same cells were grown to mid-log phase and stress was induced as

described above. Cells were cross-linked by adding formaldehyde to a final concentration of 3.7–4%, followed by incubation for

15 min at room temperature and 30 min on ice. Cells were then pelleted at 4,000 rpm for 7 min, washed thrice with nuclease-free
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PBS and resuspended in GTE (50 mM glucose, 10 mM EDTA - pH 8, 20 mM Tris-HCl - pH 7.5). Fresh lysozyme was added to a final

concentration of 20 mg/mL for 1min and 20 mL cells were immediately added to each well on a FISH slide pre-treated with poly-L-

lysine. The slides were washed thrice with PBS, once with chilled 80% methanol and chilled acetone, and air-dried at 37�C for

5 min. Next, the slides were washed with chilled 50% ethanol and air-dried at 37�C for 5 min. The slides were then washed twice

with SSCT (0.03 M sodium citrate, 0.03 M NaCl, and 0.1% Triton X-100) and prehybridized with 2X SSCT + 50% formamide for

30 min at 37�C. For hybridization, 1.5 mL of Alexa 488 labeled probe (HyLabs) and 15 mL of hybridization buffer (3xSSC, 50% form-

amide, 10%dextran sulfate and 40URNase inhibitor) were added to eachwell and coveredwith coverslip. The slideswere incubated

at 94�C for 2min followed by overnight incubation at 55�C in a dark hydrated condition. On the next day, the slideswerewashed twice

with SSCT + 50% formamide for 30min at 37�C, once with 2X SSCT + 25% formamide for 10min at room temperature, thrice with 2X

SSCT for 10 min at room temperature, and once with PBS for 10 min at room temperature. The cells on the slides were crosslinked

again by adding 3.7% formaldehyde and incubated for 30 min at room temperature. Next, the slides were washed once with PBS at

room temperature, 80%methanol at room temperature, followed by threewasheswith PBS at room temperature. The slideswere air-

dried and 15 mL PBS was added to each well and sealed gently with a coverslip. Finally, the cells were imaged as described above.

Minicells purification
To examine the polar sRNA content, minicells were purified from OG62 and OG358 essentially as described previously.17,57 Briefly,

cells grown to exponential phase were harvested by low-speed-centrifugation. The pellet, enriched with the rod cells was washed

twice with 50mMTris-Cl to purify the rod cells. The supernatant was centrifuged at low-speed several times until there was no visible

pellet. Finally, the minicells in the supernatant were pelleted. The purification of the rod cells and minicells was verified using phase

microscopy.

RT-qPCR
Total RNA was isolated and RNA concentrations were determined using a NanoDrop machine (NanoDrop Technologies). DNA was

degraded by DNase treatment and an equal concentration of 1 mg of DNA-free RNA was measured by Qubit fluorimeter (Invitrogen).

The DNA-free RNAwas then used for cDNA synthesis. cDNAwas quantified by real-time PCR using SYBR-greenmix in CFXConnect

Real-Time System (Bio-Rad) in a 96-well plate module according to manufacturer instructions. Specific primers were designed for

each target gene and the expression of each gene was normalized to the gyrA level. The relative amount of cDNA was calculated by

comparative Ct method, and DCt was measured in triplicate. CFX maestro analysis software was used for conducting the analysis.

GFP reporter assay
The GFP reporter assay was done as described previously using the same constructs5,33 with some changes. Briefly, the wild-type

strain (MG1655) or its derivatives, OG172(MG Hfq-mCherry), or OG185 (MG Dhfq) were transformed with a target-GFP reporter

plasmid and with an sRNA overexpressing plasmid. The experiments were compared to control plasmids: a non-GFP plasmid

(pXG0) and sRNA control plasmids (pJV300). Cultures of biological replicates were grown overnight at 30�C in LB supplemented

with ampicillin and chloramphenicol. Fluorescence wasmeasured using the Synergy H1 plate reader (BioTek). The level of regulation

was determined by subtracting auto-fluorescence and calculating the ratio between the fluorescence level in an sRNA overexpress-

ing strain and a control plasmid-carrying strain.33

Growth test
The growth of OG172 (MG1655 Hfq-mCherry) strain was compared to that of MG1655 (wild type) and OG185 (hfq deletion strain) as

follows. An overnight culture was diluted 1:100 in fresh LB and 180 mL were transferred to 96-well microplates (Nunc). The cells in the

plate were then grown for 3.5 h at 30⁰C without shaking. Absorbance at 600 nm was measured every 7 min after shaking for 5 s in a

96-well plate reader (Bio Tek, Synergy H1). The experiment was conducted in 3 biological replicates and 3 technical replicates for

each biological replicate.

Western blot analysis
An equal number of cells from each strain were collected. Proteins were separated on SDS-polyacrylamide gels, which were sub-

jected to Western blot analysis as described previously.69 The membrane was stained with Ponceau S to evaluate similar protein

loading. The membrane was then probed with a-mCherry (Abcam) for the detection of Hfq-mCherry. Signals were visualized by

the ECL system (Biological industries).

Semi-native Western blot analysis
Cells were grown to the indicated growth phase and an equal number of cells were collected from each strain by centrifugation. To

examine Hfq under semi-native conditions (in order to capture Hfq hexametric form), we resuspended cell pellets in lysis buffer

without any detergents (50 mMNaH2PO4, 300 mMNaCl) followed by lysis using Mixer Mill MM400 and glass beads. Protein samples

were mixed in a 1:1 ratio with semi-native loading buffer (containing 100 mM Tris pH 6.8, 0.5% SDS, 0.2% Bromophenol Blue, 20%

Glycerol and no reducing agents) andwere not boiled. Proteins were separated on a 12–20%gradient precast gel (Bio-Rad), followed

by traditional Western blot analysis as described above.
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Promoter GFP assay
Overnight cultures of WT and tmaR deletion harboring plasmids overexpressing GFP from the promoters of ompC, ompA, ompX,

gadX and rpoS genes. Cultures were diluted 1:100 and grown to mid-logarithmic phase. High osmolarity stress was applied as

described above, and cells were grown for 2more hours. Samples were transferred toGreiner 96well cell culturemicroplateϻclear�,

black (655090) after centrifugation and suspension with PBS. OD600 and GFP were measured using the Synergy H1 plate reader

(BioTek). GFP values were normalized to the OD600 of the sample. The experiment was conducted in three biological replicates

and two experimental replicates.

Electro-mobility shift assay (EMSA)
EMSA was conducted as described previously56 with some changes. Briefly, 28 nM of untagged RNase-free Hfq, purified as

described above, were incubated for 15 min with labeled RNAs (100 nM Cy5-DsrA and 50 nM Cy3-rpoS, Sigma-Aldrich). After

incubation, samples were subjected to electrophoresis in a 0.75 mm thick 20% polyacrylamide (29:1) gel (150mM Tris-HCl, pH

8.0). Electrophoresis was conducted at room temperature at 70 V (25mM Tris and 250mM glycine) for 4 h. Gels were imaged using

a ChemiDoc MP Imaging System (Bio-Rad). Bands were quantified using the ImageJ software.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the experiments conducted for this study were performed in at least three biological replicates, and the data from each experiment

was expressed as mean ± SEM (Standard Error of the Mean). Analysis of variance was performed using non-parametric test, as

indicated for each analysis. p values < 0.05 were considered significant. All statistical analyses were performed using the

GraphPad Prism software version 6 (GraphPad Software, San Diego, California).
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