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Abstract  

 

Hfq is an RNA-binding protein that is common to diverse bacterial lineages and has, amongst 

many, a key role in RNA metabolism. We reveal that Hfq is required by Escherichia coli to 

adapt to nitrogen (N) starvation. By using single molecule tracking photoactivated localisation 

microscopy imaging of individual Hfq molecules in live E. coli cells, we have uncovered an 

unusual behaviour of Hfq: We demonstrate that Hfq forms a distinct and reversible focus-like 

structure specifically in long-term N starved E. coli cells. We show that foci formation by Hfq 

is a constituent process of the adaptive response to N starvation and provide evidence which 

implies that the Hfq foci, analogous to processing (P) bodies of stressed eukaryotic cells, 

contribute to the management of cellular resources to allow E. coli cells to optimally adapt to 

long-term N starvation stress.  
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Introduction 

 

Bacteria in their natural environments seldom encounter conditions that support continuous 

growth. Hence, many bacteria spend the majority of their time in a state of little or no growth, 

because they are starved of essential nutrients, including carbon, nitrogen and transitional 

metals. To maximise chances of survival during prolonged periods of nutrient starvation and 

facilitate optimal growth resumption when nutrients become replenished, bacteria have 

evolved complex adaptive strategies. Bacteria initially respond to nutrient deficiency by 

remodelling their transcriptome through the synthesis and degradation of RNA. Nitrogen (N) 

is an essential element of most macromolecules in a bacterial cell, including proteins, nucleic 

acids and cell wall components. Thus, unsurprisingly, when Escherichia coli cells experience 

N starvation, they attenuate growth and elicit rapid and large-scale reprogramming of their 

transcriptome. This results in the synthesis of mRNA encoding proteins associated with 

transport, and assimilation of nitrogenous compounds into glutamine and glutamate, either 

catabolically or by reducing the requirement for them in other cellular processes1-4. Hence, the 

adaptive response to N starvation is often dubbed the nitrogen scavenging response.   

In addition to mRNA, small regulatory (non-coding) RNA molecules (sRNAs) play an 

important part regulating the flow of genetic information in response to nutrient starvation in 

many bacteria5-9. sRNAs basepair with target mRNAs leading to enhanced translation or 

inhibition of translation and/or alteration of mRNA stability10,11. In order to form productive 

interactions with target mRNAs, most sRNAs require a global RNA binding protein (RBP). In 

many bacteria of diverse lineages, the RBP Hfq plays a central and integral role in sRNA 

mediated control of gene expression. Emerging results now reveal that, Hfq has diverse 

functions in bacteria that expands beyond its widely understood role in catalysing sRNA-

mRNA basepairing: Hfq has also been demonstrated to play a role in ribosomal RNA 
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processing and assembly of functional ribosomes12, tRNA maturation13 and regulation of RNA 

degradation14-17. Recently, Hfq was shown to contribute to the distribution of sRNA to the 

poles of E. coli cells experiencing (sucrose induced) envelope stress, suggesting a role for Hfq 

in spatiotemporal regulation of gene expression18. Whether Hfq has a role in the adaptive 

response to N starvation is unknown. Here, we used photoactivated localisation microscopy 

(PALM) combined with single molecule tracking to study the distribution of individual Hfq 

molecules in live E. coli cells during N starvation. Our results unveil yet another novel 

behaviour of and role for Hfq, which appears to be an important for maximising the chances of 

survival during long-term N starvation and allowing optimal growth recovery when N becomes 

replenished.     

 

 

Results 

 

The absence of Hfq compromises the ability of E. coli to survive N starvation  

 

To determine if Hfq has a role in the adaptive response of E. coli to N starvation, we grew a 

batch culture of wild-type (WT) and Δhfq E. coli in a highly defined minimal growth media 

with a limiting amount (3 mM) of ammonium chloride (NH4Cl) as the sole N source19. Under 

these conditions, when NH4Cl (i.e. N) in the growth medium runs out, the bacteria enter a state 

of complete N starvation, and subsequent growth attenuation19. As shown in Fig. 1a, the initial 

growth rate (µ) of WT (µ=64.0±0.30 min/generation) and Δhfq (µ=67.3±1.28 min/generation) 

E. coli did not differ greatly. However, as the ammonium chloride levels became depleted 

(from ~t=3 h; Fig. 1a), the growth rate of the Δhfq (µ=71.3±3.45 min/generation) dropped by 

~8% relative to WT bacteria (µ=66.1±0.26 min/generation). Both strains attenuated growth at 
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the onset of N starvation i.e. the run out of NH4Cl in the growth medium (~t=4.25 h). We then 

measured the number of colony forming units (CFU) in the population of WT and Δhfq bacteria 

as a function of time under N starvation. As shown in Fig. 1b, the proportion of viable cells in 

the WT population moderately increased over the initial 24 h under N starvation but gradually 

declined as N starvation ensued beyond 24 h. This initial moderate increase in the portion of 

viable cells over the initial 24 h was not observed for Δhfq bacteria (Fig. 1b). In contrast, the 

portion of viable cells in the Δhfq population rapidly decreased as N starvation ensued. For 

example, after 24 h of N starvation (N-24), only ~27% of the mutant population was viable 

compared to WT population (Fig. 1b). After 168 h under N starvation (N-168), the majority 

(~99%) of bacteria in the Δhfq population were nonviable relative to bacteria in the WT 

population (Fig. 1b). The viability defect of the Δhfq bacteria was partially reversible to that of 

WT levels when hfq was exogenously supplied via a plasmid (Fig. 1b, inset).  Further, the 

ability of N-24 Δhfq bacteria to recover growth when inoculated in fresh growth media was 

delayed by ~107 min compared to that of N-24 WT bacteria although their growth rates (WT 

~69.8±1.23 min/generation; Δhfq ~70.3±3.18 min/generation) were comparable once growth 

had resumed (Supplementary Fig. 1a)  

Since Hfq is a major positive regulator of rpoS expression20-23, the RNAP promoter-

specificity factor (sS), which is responsible for the transcription of diverse stress response 

associated genes, we considered whether the inability of Δhfq bacteria to adjust their 

metabolism to cope with N starvation is due to compromised sS activity. To investigate this, 

we calculated, as above, the number of colony forming units (CFU) in the population of ΔrpoS 

bacteria as a function of time under N starvation. The results revealed that, following 24-48 h 

of N starvation, the ΔrpoS bacteria were significantly better at surviving N starvation than Δhfq 

bacteria (Fig. 1b). For example, at N-24, ~82% of ΔrpoS were viable relative to WT bacteria. 

In contrast, at N-24, only ~27% of the Δhfq bacteria were viable. After 48 h under N starvation, 
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the ΔrpoS bacteria displayed a better ability to survive N starvation than the Δhfq bacteria (Fig. 

1b). Further, unlike N-24 Δhfq bacteria, N-24 ΔrpoS bacteria did not display a delay in growth 

recovery when inoculated into fresh growth media (Supplementary Fig. 1b). Overall, we 

conclude that Hfq contributes to the adaptive response of E. coli to N starvation by maximising 

the chances of survival as N starvation ensues and enabling optimal growth recovery upon 

repletion of N. Both of these roles of Hfq in the adaptive response to N starvation – at least 

partly – manifest themselves independently of its role in the regulation of rpoS.  

 

Hfq forms a single focus in long-term N starved E. coli cells 

 

To better understand the role of Hfq in the adaptive response to N starvation, we used PALM 

combined with single-molecule tracking to study the intracellular behaviour of individual Hfq 

molecules in live E. coli cells that have been starved of nitrogen for short (~0.5 h; N-) and long 

(24 h; N-24) periods of time. To do this, we constructed an E. coli strain containing 

photoactivatable mCherry (PA-mCherry) fused C-terminally to Hfq at its normal chromosomal 

location. Control experiments established that the ability of PA-mCherry-tagged Hfq bacteria 

to survive long-term N starvation was indistinguishable from that of WT bacteria 

(Supplementary Fig. 2). We used the apparent diffusion coefficient (D*) of individual Hfq-

PAmCherry molecules, calculated from their mean squared displacement of trajectories, as a 

metric for the single molecule behaviour of Hfq. During N replete conditions (N+) and at N-, 

the D* values of Hfq molecules were largely similar (Fig. 2). However, in bacteria at N-24, we 

detected a large increase in the proportion of molecules with a lower D*. Strikingly, this was 

due to Hfq forming a single focus-like feature (~250 nm in diameter), which was present 

usually, but not exclusively, at the cell pole (Fig. 2). These features, hereafter referred to as the 

Hfq foci, was seen in ~90% of the cells from N-24 that we analysed. The D* value of the 
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majority (~75%) Hfq molecules within the Hfq foci was <0.08 (Supplementary Fig. 3). We 

therefore used a D* of <0.08 as a threshold to define the relatively immobile population of Hfq 

molecules within the bacterial cells within the field of view imaged (typically ~50-300 bacterial 

cells). We then calculated the proportion of Hfq molecules within this immobile population as 

a percentage of total number of tracked Hfq molecules within the bacterial cells within the 

same field of view imaged to derive a value (%HIM) to indirectly quantify the efficiency of foci 

formation by Hfq under different conditions. In other words, cells containing detectable Hfq 

foci will have an increased %HIM compared to cells without detectable Hfq foci. According to 

this criteria, the %HIM values were ~14, ~16, and ~44 in bacteria at N+, N- and N-24, 

respectively. 

The Hfq foci, once formed, persisted for at least 168 h under N starvation 

(Supplementary Fig. 4). We did not detect any foci under identical experimental conditions in 

N-24 bacteria in E. coli strains with PAmCherry fused to RNA polymerase, MetJ (the DNA 

binding transcriptional repressor of genes associated with methionine biosynthesis, which is 

similar in size to Hfq) or ProQ (a new class of sRNA binding protein in bacteria24-26 

(Supplementary Fig. 5). This result suggested that foci formation is a biological property 

specific to Hfq. Further, we did not detect any Hfq foci when the bacteria were starved for 

carbon (C; glucose) for 24 h but when N (NH4Cl) was still available at sufficient amounts to 

support growth (Supplementary Fig. 6) or in 24 h old stationary phase cultures grown in 

standard lysogeny broth (Supplementary Fig. 7). This result suggested that Hfq formation is a 

phenomenon specific to N starvation. Consistent with this view, we also observed Hfq foci 

formation at N-24 in cultures grown in media containing 3 mM L-glutamine, D-serine or L-

aspartic acid as the sole N source (Supplementary Fig. 8). Overall, we conclude that Hfq forms 

a single focus in long-term N starved E. coli cells. 
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Hfq foci are not aberrant aggregates of Hfq molecules in long-term N starved E. coli 

 

To further characterise the Hfq foci, we determined the intracellular levels of Hfq as a function 

of time under N starvation. As shown in Fig. 3a, the intracellular levels of Hfq did not increase 

as N starvation ensued (for up to 168 h), which suggested that the Hfq foci seen in E. coli from 

N-24 are unlikely to be due to accumulation of Hfq as N starvation ensued. To determine 

whether the foci represent aberrant aggregates of Hfq molecules, we used an E. coli strain 

containing a 3x-FLAG-tag fused C-terminally to Hfq at its normal chromosomal location 

(kindly provided by Prof Jörg Vogel, University of Würzburg) to obtain the faction of 

aggregated proteins in bacteria from N+, N- and N-24 (as described in 27) and attempted to 

identify Hfq by immunoblotting with anti-FLAG antibodies following separation of the 

samples on a sodium dodecyl sulphate polyacrylamide gel. As shown in Fig. 3b, we did not 

detect Hfq in any of the fractions containing aggregated proteins (i.e. in the insoluble fraction), 

whereas Hfq, as expected, was detectable in whole-cell extracts of bacteria from N+, N- and 

N-24. This suggests that the Hfq foci are unlikely to be aberrant aggregates of Hfq molecules. 

We thus considered whether the Hfq foci could be liquid-liquid phase separated biomolecular 

condensates in long-term N starved E. coli. We used hexanediol, which has been previously 

shown to disrupt liquid-liquid phase separated structures in eukaryotic cells28, to probe whether 

Hfq foci formation occurs by liquid-liquid phase separation. As shown in Fig. 3c, the Hfq foci 

formed in N-24 bacteria rapidly dissipated upon the addition of 10% (v/v) of hexanediol. This 

suggests that the Hfq foci could resemble liquid-liquid phase separated assemblies in long-term 

N starved E. coli. Finally, Fortas et al29 previously showed that the unstructured C-terminal 

region of Hfq has the intrinsic property to self-assemble, albeit into long amyloid-like fibrillar 

structures, in vitro. Further, related studies by Taghbalout et al30 and Fortas et al29 showed that 

Hfq forms irregular clusters in exponentially growing E. coli cells in lysogeny broth and that 
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the C-terminal region of Hfq was required for this clustering behaviour of Hfq, respectively. 

To investigate whether the C-terminal amino acid residues of Hfq contribute to foci formation, 

we constructed an E. coli strain with PAmCherry tag fused to Hfq at its normal chromosomal 

location, but which had amino acid residues 73-102 deleted (HfqΔ73-102). As shown in Fig. 3d, 

foci formation by WT Hfq and HfqΔ73-102 did not markedly differ in bacteria at N-24. Overall, 

we conclude that the Hfq foci (i) are not aberrant aggregates of Hfq molecules in long-term N 

starved E. coli, (ii) are different to Hfq clusters/aggregates previously seen in vitro and in vivo 

and (iii) form independently of the C-terminal amino acid residues 73-102.     

  

Hfq foci formation occurs gradually and independently of de novo RNA or protein 

synthesis in long-term N starved E. coli  

 

Since no obvious Hfq foci was detectable in cells at N+ and N- and were only evident at N-24 

(Fig. 2), we next investigated the dynamics of Hfq foci formation during the first 24 h of N 

starvation. As shown in Fig. 4a, no Hfq foci were detected in bacteria that had been N starved 

for 3 hours (i.e. at N-3). However, in bacteria that have been starved of N for ~6 h (N-6), we 

began to detect clustering of Hfq resembling Hfq foci and by N-12 discernible Hfq foci were 

clearly seen (Fig. 4a). It seems that Hfq foci formation is a process that occurs gradually over 

the course of N starvation in E. coli. Since N deficiency induces major adaptive reprograming 

at the transcriptome and proteome levels, we next investigated whether Hfq foci formation is 

dependent on cellular transcription and/or translation. To do this, we added 100 µ/ml rifampicin 

(transcription inhibitor) or 150 µ/ml chloramphenicol (translation inhibitor) to bacteria that had 

been starved of N for ~1 h (when no Hfq foci are seen) and compared the %HIM values in 

antibiotic untreated and treated cells at N-24. The amounts of antibiotics used corresponded to 

~5-fold minimum inhibitory concentrations of the antibiotics. As shown in Fig. 4b, neither the 
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inhibition of transcription nor translation prevented Hfq foci formation (%HIM of ~39 for 

rifampicin treated cells and %HIM of ~43 for chloramphenicol treated cells compared to %HIM 

of ~44 of untreated cells). Overall, we conclude that Hfq foci formation is a gradual process in 

N starved E. coli, that occurs independently of de novo RNA or protein synthesis.  

 

Hfq foci formation is a reversible and constituent process of the adaptive response to N 

starvation in E. coli 

 

Although Hfq foci formation occurs gradually as N starvation ensues, we next investigated 

whether Hfq foci formation is a result of the initial adaptive response to N starvation in E. coli. 

We thus considered that any perturbation to the adaptive response to N starvation might affect 

the efficiency by which the Hfq foci are formed during N starvation. To explore this further, 

we measured the efficiency of Hfq foci formation in the following mutant E. coli backgrounds 

in which the adaptive response to N starvation was perturbed: ΔglnG (devoid of the master 

transcription regulator NtrC that activates the initial adaptive response to N starvation); ΔrelA 

(devoid of the major bacterial (p)ppGpp synthetase that is activated by NtrC in response to N 

starvation2); and ΔrpoS (devoid of the major RNAP promoter-specificity factor sS, the 

transcription and accumulation of which is positively affected by relA and is responsible for 

the transcription of diverse stress response associated genes). Hfq foci formation appeared to 

occur moderately faster in the ΔglnG bacteria compared to WT bacteria. At N-24, the %HIM 

values were ~52 in ΔglnG bacteria compared to %HIM of ~44 in WT bacteria (compare Fig. 5a 

and 5b and Supplementary Fig. 9). In contrast, Hfq foci formation appeared to occur relatively 

slower in ΔrelA and ΔrpoS bacteria compared to WT bacteria. At N-24, the %HIM values were 

~34 and ~33 for ΔrelA and ΔrpoS compared to %HIM of ~44 in WT bacteria (compare Fig. 5a 

with Fig. 5c and 5d and Supplementary Fig. 9). Thus, it seems that when bacteria are unable to 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 11, 2020. ; https://doi.org/10.1101/2020.01.10.901611doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.10.901611
http://creativecommons.org/licenses/by-nc-nd/4.0/


 11 

initiate the adaptive response to N run out (i.e. ΔglnG mutant), Hfq foci formation occurs 

sooner than in WT bacteria. This is presumably so because ΔglnG bacteria ‘perceive’ the 

effects of N starvation faster in the absence of the mechanisms that allow the adaptive process 

to N starvation to be gradually initiated. Conversely, when the downstream ‘effectors’ of glnG 

(i.e. ΔrpoS and ΔrelA) are perturbed, Hfq foci formation occurs at a slower rate than in WT 

bacteria. This is presumably so because ΔrpoS and ΔrelA bacteria are unable to effectively 

respond to N starvation as it ensues and effectively execute processes that are required for Hfq 

foci formation. Overall, it seems that Hfq foci formation is a constituent of the adaptive 

response to N starvation in E. coli.   

We next considered that if Hfq foci formation is a constituent of the adaptive response 

to N starvation, then they should dissipate upon replenishment of N. To explore this, we 

harvested N starved (thus growth attenuated) bacteria at N-24 and inoculated them into fresh 

growth media. This, as expected, resulted in the resumption of growth and we detected the 

dissipation of the Hfq foci just ~1 h after inoculation in the fresh growth media (Fig. 6a). To 

establish whether the dispersion of the Hfq foci was a direct response to the presence of N or 

because of resumption of growth, we repeated the experiment and inoculated bacteria from N-

24 either into fresh growth media that was devoid of either N or C, which, could not support 

the resumption of growth. In media devoid of N (but one that contained C), we failed to detect 

the dissipation of the Hfq foci even after ~3 h after inoculation (Fig. 6b). However, strikingly, 

the Hfq foci begun to dissipate upon inoculation into media that only contained N but not C 

(Fig. 6c). Thus, we conclude that the Hfq foci are reversible and that their formation and 

dissipation are a direct response to the availability of N. 
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The integrity of RNA binding activity of Hfq is important for foci formation  

 

Hfq assembles into an hexameric ring-like structure with at least three RNA binding surfaces 

located at the proximal face, rim and distal face of the ‘ring’31. To investigate whether RNA 

binding activity of Hfq is required for foci formation, we measured the efficiency of foci 

formation in bacteria containing representative substitutions at key amino acid residues 

involved in RNA (either sRNA or mRNA) binding. As shown in Fig. 7a, these were the Q8A 

and D9A mutations at the proximal face, R16A and R17A mutations at the rim and Y25D and 

K31A mutations at the distal face of Hfq32. Although the amino acid substitutions in Hfq used 

here do not affect the intracellular levels of Hfq molecules compared to that in WT bacteria32, 

all the substitutions have been previously shown to negatively impact Hfq function. Hence, 

unsurprisingly, bacteria containing the Hfq mutants displayed a compromised ability to adapt 

to N starvation: As shown in Fig. 7b, bacteria containing the Q8A, D9A, Y25D and K31A Hfq 

mutants displayed varying degrees of compromised ability to survive long-term (in this case 

24 h) N starvation compared to WT bacteria. It seems that the R16A and R17A mutations at 

the rim of Hfq, are not required for maintaining viability during long-term N starvation in E. 

coli (Fig. 7b). Further, as shown in Fig. 7c, bacteria from N-24 containing the R16A, R17A, 

Y25D and K31A Hfq mutants displayed varying degrees of increased lag phase (defined here 

as the time taken to reach an OD600 of ~0.15) during growth recovery when N was replenished. 

Interestingly, foci formation at N-24 was perturbed in the case of all the Hfq mutants: As shown 

in Fig. 7d, foci formation at N-24 in bacteria containing Q8A, R16A, R17A, Y25D and K31A 

Hfq mutants were compromised compared to WT bacteria. However, the foci formed at N-24 

in bacteria containing the D9A Hfq mutant was much denser than the foci formed by WT Hfq. 

This is consistent with the fact that the D9A mutation causes Hfq to bind RNA with higher 
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affinity albeit reduced specificity32. We conclude that mutations that compromise the RNA 

binding activity of Hfq (i) negatively affect the ability of E. coli to adapt to N starvation (which 

manifests itself in reduced viability during N starvation and/or compromised ability to resume 

growth when N becomes replenished) and (ii) perturb foci formation. Therefore, we further 

conclude that the integrity of RNA binding activity of Hfq is important for foci formation and 

this view is corroborated by the D9A Hfq mutant, which has a higher affinity for RNA than 

the WT protein and forms denser, but likely functionally aberrant, foci.  

 

Hfq foci are involved in managing cellular resources to survive long-term N starvation  

 

The results thus far clearly indicate the Hfq foci formation is an important feature of the 

adaptive response to N starvation in E. coli.  Therefore, we considered whether the Hfq foci 

have a role in managing cellular resources as N starvation ensues. Since the T7 phage can infect 

and replicate in exponentially growing and stationary phase (i.e. starved) E. coli cells equally 

well33, we used T7 as a ‘biological probe’ to evaluate the capability of N starved cellular 

environment of WT and Δhfq bacteria at N- (when Hfq do not form foci) and N-24 (when Hfq 

foci form) to support T7 replication. Put simply, we reasoned that since T7 heavily relies on 

bacterial resources for replication, any perturbations to the management of cellular resources 

during N starvation could have a negative impact on the efficacy of T7 replication. We 

compared the time it took for T7 to decrease the density (OD600) of the culture of WT bacteria 

at N- and N-24 by ~50% (Tlysis) following infection. We did this by resuspending bacteria from 

N- and N-24 in media containing ~3 mM NH4Cl and T7 phage (NH4Cl was added to re-activate 

cellular processes that might be required for T7 infection but might have become repressed 

upon N starvation). As shown in Fig. 8a, the Tlysis of a culture of WT bacteria at N- and N-24 

was ~62 min and ~106 min, respectively.  The Tlysis of Δhfq bacteria infected at N-was delayed 
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by ~17 min compared to WT bacteria and this resulted in moderate growth of the Δhfq bacterial 

culture before cell lysis was detectable (Fig. 8a). Strikingly, however, T7 replication was 

substantially compromised in Δhfq bacteria infected at N-24 (Fig. 8a) and detectable lysis of 

Δhfq bacteria at N-24 was delayed by ~83min compared to WT bacteria. This delay in lysis of 

Δhfq bacteria at N-24 was partially reversible to that seen in WT bacteria when hfq was 

exogenously supplied via a plasmid (Fig. 8b). Interestingly, identical experiments with 24 h C 

starved bacteria (that were conducted in media with excess NH4Cl), did not produce a 

difference in Tlysis between WT and Δhfq bacteria (Fig. 8c). It thus seems that Hfq has a unique 

role in managing cellular resources during long term N starvation. Control experiments with a 

ΔrpoS strain confirmed that the compromised ability of T7 to replicate in Δhfq bacteria at N-

24 was not due to an indirect effect of the absence of Hfq on rpoS (Fig. 8d and Fig. 1b). In 

other words, it seems that the compromised ability of T7 to replicate in Δhfq bacteria at N-24 

is due to a direct consequence of the absence of Hfq. Since a large proportion of the Hfq 

molecules are present within the foci at N-24, we suggest that the Hfq foci are involved in 

managing cellular resources to survive long-term N starvation.  

 

 

Discussion 

 

The adaptive response to N starvation in E. coli primarily manifests itself through the 

management of cellular resources to maximise the chances of cell survival and optimal growth 

recovery when N becomes available. Although the regulatory aspects of the adaptive response 

to N starvation is well documented, several details of how this adaptive response is executed 

are not fully understood. This study has now revealed a role for Hfq, a small and highly 

abundant hexameric RNA binding protein that is found in many bacteria and plays a critical 
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role, amongst many others, in RNA metabolism, in the adaptive response to N starvation. The 

absence of Hfq substantially compromises the ability of E. coli to survive long-term N 

starvation and impacts the ability of long-term N starved bacteria to optimally recover growth 

when N is replenished. Although we do not yet fully understand how Hfq contributes to the 

adaptive response to N starvation in detail, strikingly, the results here have uncovered that, as 

N starvation ensues, Hfq forms a single focus-like structure in long-term N starved E. coli cells, 

which is markedly distinct from clustering of Hfq molecules seen previously in E. coli18,29,30: 

Foci formation by Hfq seems to be a constituent process of the adaptive response to N 

starvation and, in support of this view, the repletion of N to long-term N starved E. coli cells 

causes the dispersion of the Hfq foci. Interestingly, the dispersion of the Hfq foci is a direct 

result of repletion of N and not due to concomitant the resumption of growth, which suggests 

that the formation and dissipation of the Hfq foci is a direct consequence to the intracellular 

availability of N and the cellular response to it. The compromised ability of T7 phage to 

replicate in long-term N starved Δhfq E. coli (when Hfq foci cannot form) implies that Hfq foci 

contribute to the management of cellular resources during N starvation (further developed 

below), which clearly are important for maximising chances of cell survival as N starvation 

conditions ensues and optimal growth recovery when N becomes available. Since T7 can 

replicate in long-term C starved Δhfq E. coli, it seems unlikely that Hfq is required for T7 

replication per se and this result further underscores the view that the formation of Hfq foci is 

a specific response to long-term N starvation.    

 The observation that foci formation requires the integrity of the amino acid residues 

involved in RNA binding in Hfq implies that RNA could be a constituent of the Hfq foci and 

thus the Hfq foci could be ribonucleoprotein complexes. Unfortunately, attempts to specifically 

stain RNA (using commercially available RNA specific stains) in N-24 bacteria proved to be 

unsuccessful, which we suspect is due to extremely poor permeability of the bacteria at N-24. 
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Although future work in the laboratory will now focused on defining the composition and 

organisation of the Hfq foci, we propose that, at least conceptually, the Hfq foci resemble 

liquid-liquid phase separated ribonucleoprotein granules similar to eukaryotic P bodies, which 

are cytoplasmic ribonucleoprotein complexes comprising of complex networks protein-RNA 

interactions34-36. Since the addition of hexanediol, which has been previously shown to disrupt 

liquid-liquid phase separated structures in eukaryotic cells28, also disrupts the Hfq foci, we 

envisage that the Hfq foci could have an analogues function and properties to eukaryotic P 

bodies in the adaptive response to N starvation. In fact, like P bodies37-39, the Hfq foci (i) 

accumulate gradually upon exposure to stress (in this case as N starvation ensues), (ii) dissipate 

when the stress is removed (in this case when N is replenished), (iii) have a similar order of 

magnitude of size (~250 nm) to P bodies (~100-400 nm) and (iv) require RNA binding activity 

for formation. We thus suggest that the Hfq foci, analogous to P bodies, could be sites of RNA 

management in N starved bacteria to maximise the chances of cell survival during long-term 

N starvation and optimal growth recovery when N becomes available. For example, the Hfq 

foci could consist of a network of RNA binding proteins that selectively protect certain mRNA 

molecules to enable optimal growth recovery when N becomes replenished and RNA 

degradation enzymes which degrade unwanted RNA molecules to release N from the 

nitrogenous RNA molecules to maximise the chances of survival as N starvation conditions 

ensue. Thus, the absence of Hfq foci could result in the ‘mismanagement’ of RNA resources 

under N starvation. Such a scenario would explain the inability of T7 phage, which heavily 

relies on host bacterial resources, to replicate in N-24 Δhfq bacteria where the Hfq foci cannot 

form. Indeed, the formation of liquid-liquid phase separated structures akin to P bodies is not 

unprecedented in bacteria as the RNA degradation enzyme RNaseE of Caulobacter crescentus 

has been previously shown to form multiple liquid-liquid phase separated foci in response to 
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diverse stresses to manage RNA turnover and disassemble when the stress that lead to their 

formation becomes alleviated40. 

 In summary, Hfq is a widely studied pleiotropic regulator of the RNA metabolism in 

bacteria and recently has been implicated in the localisation of sRNA at the poles of E. coli 

experiencing sucrose stress18. The spatiotemporal regulation of RNA is an emerging area of 

research in bacteriology and this study has now assigned a new role for Hfq in E. coli in the 

adaptation to and recovery from long-term N starvation that occurs through the formation of 

focus-like structures of Hfq molecules, which physically and functionally resemble eukaryotic 

P bodies. Thus, the Hfq foci could represent a mechanism to spatiotemporally manage 

metabolism in long-term N starved E. coli. Importantly, this study has also highlighted the 

importance of the use of conditions of long-term nutritional adversity and growth attenuated 

bacteria to unveil novel mechanisms that could underpin spatiotemporal regulation of bacterial 

processes. 

 

 

 

 

 

 

 

Methods 

 

Bacterial strains and plasmids 

All strains used in this study were derived from Escherichia coli K-12 and are listed in 

Supplementary Table 1. The Hfq-PAmCherry and MetJ-PAmCherry strains were constructed 
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using the λ Red recombination method41 to create an in-frame fusion encoding a linker 

sequence and PAmCherry, followed by a kanamycin resistance cassette (amplified from the 

KF26 strain42) to the 3′ end of hfq and metJ. The ProQ-PAmCherry reporter strain 

(ΔproQ+pACYC-proQ-PAmCherry) was constructed by first introducing a deletion of proQ 

in MG1655 using the λ Red recombination method to introduce a kanamycin resistance cassette 

in place of the proQ gene. The pACYC-ProQ-PAmCherry plasmids was made by Gibson 

assembly and used to express ProQ-PAmCherry under the native promoter of proQ43. The 

HfqΔ73-102–PAmCherry strain was made using the λ Red recombination method41, similar to 

construction of the Hfq-PAmCherry strain, instead with an in-frame fusion of the linker-

PAmCherry sequence replacing amino acids 73-102. Gene deletions were introduced into the 

Hfq-PAmCherry strain as described previously19: Briefly, the knockout alleles was transduced 

using the P1vir bacteriophage with strains from the Keio collection44 serving as donors. To 

create point mutant derivatives of Hfq-PAmCherry, PCR based site-directed mutagenesis was 

performed on pACYC-Hfq using primers listed in Supplementary Table 245. The λ Red 

recombination method41 was then used to introduce the point-mutations, along with the linker 

and PAmCherry tag into E.coli.  

 

Bacterial growth conditions 

Bacteria were grown in Gutnick minimal medium (33.8 mM KH2PO4, 77.5 mM K2HPO4, 

5.74 mM K2SO4, 0.41 mM MgSO4) supplemented with Ho-LE trace elements46, 0.4 % (w/v) 

glucose as the sole C source and NH4Cl as the sole N source. Overnight cultures were grown 

at 37 °C, 180 r.p.m. in Gutnick minimal medium containing 10 mM NH4Cl. For the N 

starvation experiments 3 mM NH4Cl was used (see text for details). For C starvation 

experiments, bacteria were grown in Gutnick minimal media containing 0.06% (w/v) glucose 

and 10 mM NH4Cl. The NH4Cl concentrations in the growth media were determined using the 
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Aquaquant ammonium quantification kit (Merck Millipore, UK) as per the manufacturer’s 

instructions. The proportion of viable cells in the bacterial population was determined by 

measuring colony forming units (CFU)/ml from serial dilutions on lysogeny broth agar plates. 

Complementation experiments used pBAD24-hfq-3xFLAG, or pBAD18 as the empty vector 

control, in Gutnick minimal media supplemented with 0.2% (w/v) L-arabinose at t=0, for 

induction of gene expression. To observe Hfq foci dissipation, 25 ml of N-24 culture was 

centrifuged at 3,200 g and resuspend in fresh Gutnick minimal media containing different 

combinations of 0.4% (w/v) glucose and 3 mM NH4Cl (see text for details).  

 

Recovery growth assay 

Bacterial cultures were grown in Gutnick minimal media under N starvation as described 

above. At N-24, samples were taken and diluted to an OD600 of 0.05 in fresh Gutnick minimal 

media with 3mM NH4Cl and transferred to a flat-bottom 48-well plate. Cultures were then 

grown at 37 °C with shaking in a SPECTROstar Nano Microplate Reader (BMG LABTECH) 

and OD600 readings were taken every 10 min. 

 

Photoactivated localization microscopy (PALM) and single molecule tracking (SMT) 

For the PALM and SMT experiments, the Hfq-PAmCherry (and derivatives), KF26, MetJ-

PAmCherry and ProQ-PAmCherry reporter strains were used. The bacterial cultures were 

grown as described above and samples were taken at the indicated time points, and imaged and 

analysed as previously described42,47. Briefly, 1 ml of culture was centrifuged, washed and 

resuspended in a small amount of Gutnick minimal media without any NH4Cl + 0.4% glucose; 

samples taken at N+ were resuspended in Gutnick minimal media with 3 mM NH4Cl + 0.4% 

glucose. For the C starvation experiments, C- and C-24 samples were resuspended in Gutnick 

minimal media with 10 mM NH4Cl but no glucose; C+ samples were resuspended in Gutnick 
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minimal media with 10 mM NH4Cl and 0.06% glucose. One μl of the resuspended culture was 

then placed on a Gutnick minimal media agarose pad (x1 Gutnick minimal media with no 

NH4Cl + 0.4% glucose with 1% (w/v) agarose); samples taken at N+ were placed on a pad 

made with Gutnick minimal media with 3 mM NH4Cl. For the C starvation experiments, C- 

and C-24 samples were placed on a pad containing 10 mM NH4Cl but no glucose; C+ samples 

were placed on a pad containing 10 mM NH4Cl and 0.06% glucose. Cells were imaged on a 

PALM-optimized Nanoimager (Oxford Nanoimaging, www.oxfordni.com) with 15 

millisecond exposures, at 66 frames per second over 10,000 frames. Photoactivatable 

molecules were activated using 405 nanometer (nm) and 561 nm lasers. For SMT, the 

Nanoimager software was used to localize the molecules by fitting detectable spots of high 

photon intensity to a Gaussian function. The Nanoimager software SMT function was then 

used to track individual molecules and draw trajectories of individual molecules over multiple 

frames, using a maximum step distance between frames of 0.6 micrometer (μm) and a nearest-

neighbour exclusion radius of 0.9 μm. The software then calculated the apparent diffusion 

coefficients (D*) for every trajectory over four steps, based on the mean squared displacement 

of the molecule.  

 

Immunoblotting  

Immunoblotting was conducted in accordance to standard laboratory protocols48. The 

following commercial primary antibodies were used: mouse monoclonal anti-DnaK 4RA2 at 

1 : 10, 000 dilution (Enzo, ADI-SPA-880), and anti-FLAG M2 at 1 : 1,000 dilution (Sigma, 

F1804). Secondary antibody HRP Goat anti-mouse IgG (BioLegend, 405306) was used at 

1 : 10, 000 dilution. ECL Prime Western blotting detection reagent was used (GE Healthcare, 

RPN2232) to develop the blots, which were analysed on the ChemiDoc MP imaging system 

and bands quantified using Image Lab software. 
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Purification of insoluble protein fraction 

Insoluble protein fractions were purified exactly as previously described27. Briefly, aliquots of 

bacterial culture (5-20 ml) were cooled on ice and cell pellets harvested by centrifugation at 

3,200 g for 10 min at 4 °C. To extract the insoluble protein fraction, pellets were resuspended 

in 40 μl Buffer A (10 mM Potassium phosphate buffer, pH 6.5, 1 mM EDTA, 20% (w/v) 

sucrose, 1 mg/ml lysozyme) and incubated on ice for 30 min. Cells were then lysed by adding 

360 μl of Buffer B (10 mM Potassium phosphate buffer, pH 6.5, 1 mM EDTA) followed by  

sonication (10 second pulse on, 10 seconds off, 40% amplitude, repeated x6 (2 min total time)) 

on ice. Intact cells were removed by centrifugation at 2,000 g for 15 min at 4 °C, the insoluble 

fraction pellet was collected by centrifugation at 15,000 g for 20 min at 4 °C and kept at -80 

°C. Pellets were resuspended in 400 μl of Buffer B and centrifuged at 15,000 g for 20 min at 4 

°C. The pellet was then resuspended in 320 μl Buffer B and 80 μl of 10% (v/v) NP40 was 

added. Aggregated proteins were then collected by centrifugation at 15,000 g for 30 min at 4 

°C. This wash step was repeated once more. The NP40 insoluble pellets were once again 

washed with 400 μl Buffer B. The final insoluble protein pellet was resuspended in 200 μl of 

Buffer B and 200 μl LDS loading dye and samples were run on a 12 % (w/v) sodium dodecyl 

sulphate polyacrylamide gel and analysed by Coomassie stain and immunoblotting, in 

accordance to standard laboratory protocols 48. To obtain whole cell extract, bacterial pellets 

were resuspended in 40 µl of buffer A (with no lysozyme) and 50 µl of 2x lithium dodecyl 

sulphate loading dye was added before boiling the sample for 5 min and analysis by sodium 

dodecyl sulphate polyacrylamide gel as above.  

 

T7 phage infection assay 
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Bacterial cultures were grown in Gutnick minimal media as described above to the indicated 

time-points (N- and N-24 or C- and C-24). Samples were taken and diluted to OD600 of 0.3 in 

Gutnick minimal media containing ~3 mM NH4Cl and transferred to a flat-bottom 48-well 

plate together with T7 phage at a final concentration of 4.2x109 phage/ml. Cultures were then 

grown at 37 °C with shaking in a SPECTROstar Nano Microplate Reader (BMG LABTECH) 

and OD600 readings were taken every 10 min. 
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Fig. 1: The absence of Hfq compromises the ability of E. coli to survive N starvation.  

a Growth and NH4Cl consumption of WT and Dhfq E. coli grown in N limited conditions. Error 

bars represent s.d. (n=3). b Viability of WT, Dhfq and DrpoS E. coli during long-term N 

starvation, measured by counting colony-forming units (CFU). Error bars represent s.d. and 

each line represents 3 technical replicates of 3 biological replicates. Shown as the insert is the 

viability of WT and Dhfq E. coli complemented with plasmid-borne hfq (pBAD24-hfq-

3xFLAG) during long-term N starvation, measured by counting CFU. 
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Fig. 2: Hfq forms a single focus in long-term N starved E. coli cells.  

Representative single molecule tracks and PALM images of Hfq in E. coli cells from N+, N- 

and N-24. The top graph shows the distribution of apparent diffusion co-efficient (D*) of Hfq 

molecules and the bottom graph shows %HIM values. 
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Fig. 3: Hfq foci are not aberrant aggregates of Hfq molecules in long-term N starved E. 

coli 

a Representative immunoblot of whole-cell extracts of E. coli cells containing Hfq-3xFLAG 

sampled at 3 h (=N+), 4 h, 4.5 h, 5 h (=N-), 5.5 h and 6 h into growth (as in Fig. 1a), as well as 

at N-24, N-48, N-72 and N-168. b Representative Coomassie stained gel and immunoblot of 

whole cell extracts and insoluble protein fraction of E. coli cells containing Hfq-3xFLAG from 

N+, N- and N-24. c Representative PALM images of Hfq in E. coli cells during long-term N 

starvation with and without treatment with 10% (v/v) hexanediol at N-24. Samples for imaging 

were taken 1 h after treatment. d Representative PALM images of full-length Hfq and C-

terminally truncated Hfq (HfqΔ73-102) in E. coli cells at N-24. 
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Fig. 4: Hfq foci formation occurs gradually and independently of de novo RNA or protein 

synthesis in long-term N starved E. coli.  

a Representative PALM images of Hfq in E. coli cells as a function of time under N starvation. 

Images were taken at the indicated time points and the Hfq foci are shown by the arrows. The 

graph shows the distribution of apparent diffusion co-efficient (D*) of Hfq molecules at the 

different sampling time points and the corresponding %HIM values are shown in the insert 

graph. b Representative PALM images of Hfq in E. coli cells that were treated with rifampicin 

(100 μg/ml) or chloramphenicol (150 μg/ml) 1 h into N starvation (N-1) and imaged at N-24. 

The PALM image of Hfq in untreated E. coli cells is shown as the control.  The graph shows 

the distribution of apparent diffusion co-efficient (D*) of Hfq molecules and the corresponding 

%HIM values are shown in the insert graph.  
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Fig. 5: Hfq foci formation is a constituent process of the adaptive response to long-term 

N starvation in E. coli.  

Representative PALM images of Hfq in E. coli cells in a WT, b DglnG, c DrelA and d DrpoS 

strains, as a function of time under N starvation. The graph shows the distribution of apparent 

diffusion co-efficient (D*) of Hfq molecules at the indicated sampling time points. . 
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Fig. 6: Hfq foci formation is a reversible process.  

Representative PALM images of Hfq from N-24 E.coli cells recovered in fresh media with 

different combinations of N and C (a N+/C+, b N-/C+, c N+/C-). Images taken every hour 

during recovery growth. The graph shows the distribution of apparent diffusion co-efficient 

(D*) of Hfq molecules at the indicated time points and the corresponding %HIM values are 

shown in the insert graphs.  
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Fig. 7: The integrity of RNA binding activity of Hfq is important for foci formation  

a The location of amino acid residues mutated in this study are shown in the crystal structure 

of Hfq49. b Viability of WT and mutant E. coli cells following 24 h under N starvation measured 

by CFU counting. Error bars represent s.d. and each bar represents 3 technical replicates of 3 

biological replicates. c Recovery growth of WT and mutant E. coli cells following 24 h under 

N starvation. Error bars represent s.d. and each line represents 2 technical replicates of 3 

biological replicates. The length of lag phase for each strain, defined as the time taken to reach 
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an OD600 of 0.15 is shown in the insert table. d Representative PALM images of Hfq in WT 

and mutant E. coli cells sampled at N-24. The graph shows the distribution of apparent 

diffusion co-efficient (D*) of Hfq molecules and the corresponding %HIM values are shown in 

the insert graph.  
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Fig. 8: Hfq foci are involved in managing cellular resources to survive long-term N 

starvation  

 a Graph showing the optical density as a function of time of WT and Dhfq E. coli cells from 

N- and N-24 following infection with T7 phage. Error bars represent s.d. and each line 

represents 2 technical replicates of 3 biological replicates. The time it takes for the optical 

density (OD600) of the culture to decrease by ~50% (Tlysis) is indicated in the insert table. b As 

in a, but the Dhfq E. coli cells were complemented with plasmid-borne hfq (pBAD24-hfq-

3xFLAG). c As in a, but experiments were conducted under C starvation conditions (see text 

for details). d As in a, but experiments were conducted with DrpoS E. coli cells.   
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Supplementary Fig. 1: Recovery growth of WT, Dhfq and DrpoS E. coli cells after long-

term N starvation.  

Graphs showing the recovery growth dynamics of WT, Dhfq and DrpoS E. coli cells following 

24 h under N starvation. Error bars represent s.d. and each line represents 2 technical replicates 

of 3 biological replicates. The length of lag phase (defined as the time taken to reach an OD600 

of 0.15) and growth rate (doubling time) are provided in the insert table.  
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Supplementary Fig. 2: The PAmCherry tag on Hfq does not affect cell viability.  

Viability of WT and Hfq-PAmCherry E. coli at N- and N-24 measured by CFU. Error bars 

represent s.d. and each bar represents 3 technical replicates of 3 biological replicates. 
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Supplementary Fig. 3: The majority of Hfq molecules in the foci have a D* of <0.08.  

Graph showing the cumulative proportion of Hfq molecules within the foci with increasing 

values of D*. Arrow indicates cut-off value used for defining %HIM. 
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Supplementary Fig. 4: Foci are maintained for at least a 168 h under N starvation.  

Representative PALM images of Hfq in E. coli cells under long-term N starvation. Images 

taken at N-24, N-48, N-72, N-96 and N-168. 
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Supplementary Fig. 5: Foci formation is not a generic feature of proteins during N 

starvation.  

Representative PALM images of RNA Polymerase (RNAP), MetJ and ProQ in E. coli cells at 

N-24.  
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Supplementary Fig. 6: Hfq does not form foci in long-term C starved E. coli cells.  

Representative PALM images and single molecule tracks of Hfq in E. coli cells during long-

term C starvation. Images taken at C+, C- and C-24. The graph shows the distribution of 

apparent diffusion co-efficient (D*) of Hfq molecules at the indicated time points and the 

corresponding %HIM values are shown in the insert graph.  
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Supplementary Fig. 7: Hfq does not forms foci during stationary phase in lysogeny broth.  

Representative PALM images of Hfq in E. coli cells grown to early (1 h) and late (24 h) 

stationary phase in lysogeny broth.  
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Supplementary Fig. 8: Hfq foci form when cells are initially grown in a range of alternate 

N sources.  

Representative PALM images of Hfq in E. coli cells when 3mM of NH4Cl, L-Glutamatic acid, 

D-Serine or L-Aspartatic acid was used as the sole N source. Cells for imaging were sampled 

at N-24, using growth in NH4Cl as the reference.  
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Supplementary Fig. 9: Hfq foci formation is a constituent process of the adaptive response 

to long-term N starvation in E. coli. 

Graph showing %HIM values of Hfq molecules in WT, DglnG, DrelA and DrpoS E. coli cells at 

N+, N-, N-3, N-6, N-9 and N-24. 
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Supplementary Table 1: E. coli strains and plasmids used in this study. 

Strains   

Name Description Source or Reference 

Wild-type (BW25113) E. coli K-12 (araD-araB)567 ∆(rhaD-
rhaB) 
568 ∆lacZ4787 (::rrnB-3) hsdR514 rph-1 

E. coli Genetic Stock Center 

Dhfq (JW4130) BW25113 Dhfq::kan E. coli Genetic Stock Center 

DrpoS (JW5437) BW25113 DrpoS::kan E. coli Genetic Stock Center 

Wild-type (MG1655) E. coli K-12 rph-1 E. coli Genetic Stock Center 

Hfq-FLAG MG1655 hfq-3xFLAG Provided by Prof. Jörg Vogel, 
University of Wurzburg 

Hfq-PAmCherry MG1655 hfq-PAmCherry-kan This Study 

MetJ-PAmCherry MG1655 metJ-PAmCherry-kan This Study 

RpoC-PAmCherry (KF26) MG1655 rpoC-PAmCherry-kan 42 

DProQ MG1655 DproQ::kan This Study 

HfqΔ73-102 -PAmCherry MG1655 hfqΔ73-102-PAmCherry-kan This Study 

DglnG Hfq-PAmCherry Hfq-PAmCherry DglnG::kan This Study 

DrelA Hfq-PAmCherry Hfq-PAmCherry DrelA::kan This Study 

DrpoS Hfq-PAmCherry Hfq-PAmCherry DrpoS::kan This Study 

Q8A Hfq-PAmCherry  Hfq-PAmCherry hfq-Q8A This Study 

D9A Hfq-PAmCherry  Hfq-PAmCherry hfq-D9A This Study 

R16A Hfq-PAmCherry  Hfq-PAmCherry hfq-R16A This Study 

R17A Hfq-PAmCherry  Hfq-PAmCherry hfq-R17A This Study 

Y25D Hfq-PAmCherry  Hfq-PAmCherry hfq-Y25D This Study 

K31A Hfq-PAmCherry  Hfq-PAmCherry hfq-K31A This Study 
   

Plasmids   

Name Description Source/Reference 

pBAD24-hfq-FLAG pBAD24 expressing hfq-3xFLAG under 
an arabinose inducible promoter 

Provided by Prof. Jörg Vogel, 
University of Wurzburg 

pBAD18 Empty pBAD18 50 

pACYC-proQ-PAmCherry Modified pACYC backbone (-TcR, 
+MCS) expressing proQ-PAmCherry 
under the native proQ promoter 

This Study 

pACYC-Hfq Modified pACYC backbone containing 
Hfq under its native promoter 

This Study 
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Supplementary Table 2: Primers used in this study. 

Primers    
Name 5’ to 3’ Nucleotide sequence Use 
Hfq-
PAmCherry 1 

TTGCCCGAGGAGATTTGCAT Fwd External 
Primer,  
for λ Red 
recombination 

Hfq-
PAmCherry 2 

GAACCAGCAGCGGAGCCAGCCGATTCGGTTTCTTCGCTGTCCTGTT Upstream of Hfq 
stop + 
Start PAmCherry-
KanR, 
for λ Red 
recombination 

Hfq-
PAmCherry 3 

AACTAAGGAGGATATTCATATGGGGTTTCGGGCTGTTTTTTTACACG Downstream of Hfq 
stop +  
End PAmCherry-
KanR,  
for λ Red 
recombination 

Hfq-
PAmCherry 4 

GCACAAACGCTCCAGGTTAC Rv External Primer,  
for λ Red 
recombination 

Q8A Fw CTAAGGGGCAATCTTTAGCAGATCCGTTCCTGAAC  Directed 
mutagenesis Hfq 

Q8A Rv GTTCAGGAACGGATCTGCTAAAGATTGCCCCTTAG  Directed 
mutagenesis Hfq 

D9A Fw GCAATCTTTACAAGCTCCGTTCCTGAACGC  Directed 
mutagenesis Hfq 

D9A Rv GCGTTCAGGAACGGAGCTTGTAAAGATTGC  Directed 
mutagenesis Hfq 

R16A Fw GTTCCTGAACGCACTGGCACGGGAACGTGTTCCAG  Directed 
mutagenesis Hfq 

R16A Rv CTGGAACACGTTCCCGTGCCAGTGCGTTCAGGAAC  Directed 
mutagenesis Hfq 

R17A Fw CCTGAACGCACTGCGTGCAGAACGTGTTCCAGTTTC  Directed 
mutagenesis Hfq 

R17A Rv GAAACTGGAACACGTTCTGCACGCAGTGCGTTCAGG  Directed 
mutagenesis Hfq 

Y25D Fw GAACGTGTTCCAGTTTCTATTGACTTGGTGAATGGTATTAAGCTG  Directed 
mutagenesis Hfq 

Y25D Rv CAGCTTAATACCATTCACCAAGTCAATAGAAACTGGAACACGTTC  Directed 
mutagenesis Hfq 

K31A Fw TTATTTGGTGAATGGTATTGCGCTGCAAGGGCAAATCGAG  Directed 
mutagenesis Hfq 

K31A Rv CTCGATTTGCCCTTGCAGCGCAATACCATTCACCAAATAA  Directed 
mutagenesis Hfq 
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