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RNA chaperone protein Hfq is an important post-transcriptional regulator in bacteria, while c-di-GMP is a second messenger signaling molecule widely distributed in bacteria. Both factors have been found to play key roles in post-transcriptional regulation and signal transduction pathways, respectively. Intriguingly, the two factors show some common aspects in the regulation of certain physiological functions such as bacterial motility, biofilm formation, pathogenicity and so on. Therefore, there may be regulatory relationship between Hfq and c-di-GMP. For example, Hfq can directly regulate the activity of c-di-GMP metabolic enzymes or alter the c-di-GMP level through other systems, while c-di-GMP can indirectly enhance or inhibit the hfq gene expression through intermediate factors. In this article, after briefly introducing the Hfq and c-di-GMP regulatory systems, we will focus on the direct and indirect regulation reported between Hfq and c-di-GMP, aiming to compare and link the two regulatory systems to further study the complicated physiological and metabolic systems of bacteria, and to lay a solid foundation for drawing a more complete global regulatory network.
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INTRODUCTION

Bacteria are single-celled organisms without complex tissues and systems, but they often live in highly variable physical and chemical environments in nature. The reason why bacteria can adapt to harsh ecological environments and exhibit tenacious vitality is largely due to the pressure exerted by the environment, which forces them to establish effective and diverse signaling response systems in the long-term evolution process to achieve better survival and reproduction. In addition, the potential coordination and regulation between the different systems can also endow bacteria with excellent environmental adaptation and survivability. These regulatory factors include Hfq, an important RNA-chaperone protein, and c-di-GMP, a vital second signaling molecule, both of which are widely distributed in bacteria and may be involved in the regulation of similar physiological activities.

Hfq can associate with various small RNAs (sRNAs) and/or mRNAs to regulate the expression of target genes at the post-transcriptional level (Vogel and Luisi, 2011). Due to the wide variety of sRNAs and mRNAs that can bind Hfq, it has been found that Hfq is involved in numerous complex phenotypes, such as bacterial growth regulation, chemotaxis and motility, biofilm formation, and virulence factor expression. Hfq can be considered as a global post-transcriptional regulator because it regulates many downstream genes that affect numerous phenotypes. C-di-GMP, on the other hand, is a key nucleotide second messenger molecule that has been discovered to be widely distributed in bacteria (Jenal and Malone, 2006; Römling et al., 2013). Under the stimulation of extracellular and intracellular signals, bacteria can change the concentration of intracellular c-di-GMP by altering the activities of various metabolic enzymes. C-di-GMP achieves signal amplification and functional output by binding to various downstream receptors, leading to changes in bacterial phenotypes, such as cell cycle, cell differentiation, motility, biofilm formation, and virulence (Schirmer and Jenal, 2009; Boyd and O’Toole, 2012; Hengge, 2021).

Although Hfq and c-di-GMP play key roles in the post-transcriptional regulation and signal transduction, respectively, and appear to be independent of each other, they still have been reported to be involved in the regulation of several common phenotypes. Hence, we speculate that there may be regulatory relationship between Hfq and c-di-GMP. Therefore, after briefly introducing the importance of Hfq and c-di-GMP regulatory systems, we will focus on the various direct and indirect regulation that have been reported between them. We hope that this review will enrich our understanding on the interactions between the Hfq and c-di-GMP systems and provide a more complete picture of the global communication network between different bacterial regulatory systems.



RNA CHAPERONE Hfq

Hfq was first discovered to be an essential host factor required for the RNA synthesis of Escherichia coli phage Qβ (Franze de Fernandez et al., 1968), but was later found to be a common RNA chaperone protein in bacteria. Like the Sm and Lsm spliceosome proteins, which are mainly involved in RNA degradation in eukaryotes and archaea, Hfq also belongs to the Sm/Lsm family of RNA-binding proteins (Valentin-Hansen et al., 2004). The secondary structure of various Hfq protein monomers in different bacteria is highly conserved, with all containing a conserved Sm domain for RNA binding (Beich-Frandsen et al., 2011; Vincent et al., 2012; Mura et al., 2013; Santiago-Frangos and Woodson, 2018). We mainly take Hfq in E. coli as an example to introduce its structural characteristics. The conserved Sm motif is usually located at the N-terminus of the secondary structure of Hfq monomer, while the C-terminus is flexible among different bacteria species (Vogel and Luisi, 2011; Santiago-Frangos and Woodson, 2018). It has been proven that the N-terminus containing the Sm motif mainly performs the function of RNA binding, but the specific function of the disordered C-terminus is less clear. It is thus speculated that the flexible C-terminus of Hfq may contribute to the diversity of Hfq functions in different bacteria species (Vogel and Luisi, 2011).

Hfq usually exists in the form of a C6 symmetric cyclic homo-hexamer, and forms two asymmetric RNA binding surfaces, namely the proximal and the distal surfaces (Vogel and Luisi, 2011). In the quaternary structure of Hfq hexamer, the surface with the exposed N-terminal α-helix is called the proximal surface, while the opposite side is called the distal surface. Some researchers have also found that the lateral rim of Hfq hexamer can interact with RNA (Ishikawa et al., 2012; Sauer et al., 2012). Hfq thus uses different RNA-binding surfaces to bind various RNAs to identify accurate and specific sequences or motifs on RNA to regulate their functions (Santiago-Frangos and Woodson, 2018).

The type of RNA most regulated by Hfq is called sRNA, and Hfq participates in the post-transcriptional regulation of many genes via it, which is a type of non-coding RNA with a length between 37 and 500 nt, and can control the translation of target mRNA through many different mechanisms. Yet, in some regulatory pathways, Hfq can also directly regulate the translation of some mRNAs without the involvement of sRNA (Ellis et al., 2015; Chen and Gottesman, 2017). Hfq regulates RNA function mainly through the following six mechanisms: (1) Hfq refolds and forms stable complexes with certain sRNA, making it difficult to be degraded by relevant nucleases (Sledjeski et al., 2001; Møller et al., 2002; Massé et al., 2003) (Figure 1A); (2) Hfq binds and rearranges the leader sequence of mRNA to form a stem-loop structure within the ribosome binding site (rbs), which can block the binding of ribosome, and causes the target mRNA to be rapidly degraded by RNase E (Vytvytska et al., 1998, 2000; Vecerek et al., 2005; Salvail et al., 2013; Sonnleitner and Bläsi, 2014; Ellis et al., 2015; Chen and Gottesman, 2017; Figure 1B); (3) Hfq binds to mRNA, enabling polyA polymerase I (PAP I) to easily carry out polyadenylation of mRNA, thereby promoting the degradation of mRNA by exoribonuclease (Exo) (Hajnsdorf and Régnier, 2000; Le Derout et al., 2003; Figure 1C); (4) Hfq combines with sRNA and mRNA to form a partial duplex, causing them to be simultaneously degraded by endonuclease RNaseE (Massé et al., 2003; Morita et al., 2005; Pfeiffer et al., 2009; Figure 1D); (5) Hfq captures the partially paired sRNA and mRNA of the leader sequence ribosome binding site to block the binding of ribosome and inhibit the downstream translation process by cis-repression (Figure 1E; Desnoyers and Massé, 2012; Chen and Gottesman, 2017); (6) Hfq binds sRNA and mRNA to expose the mRNA ribosome binding site, thereby initiating translation process by trans-activation (Sittka et al., 2008; Figure 1F). The multiple regulation modes of RNA function triggered by Hfq means that Hfq is a rather flexible RNA matchmaker in bacteria (Møller et al., 2002; Zhang et al., 2002; Hämmerle et al., 2012; Updegrove et al., 2016).


[image: image]

FIGURE 1. The various regulation mechanisms exhibited by Hfq (Vogel and Luisi, 2011; Dos Santos et al., 2019). (A) Hfq refolds sRNA to protect it from ribonuclease cleavage. (B) Hfq refolds the leader sequence of mRNA to form a stem-loop structure within the ribosome binding site (rbs) to block the formation of translation initiation complex, and cause mRNA to be rapidly degraded by RNase E. (C) Hfq refolds mRNA for polyadenylation by polyA polymerase to promote the degradation of mRNA by an exoribonuclease (Exo). (D) Hfq refolds sRNA and mRNA for partial pairing, causing them to be simultaneously degraded by RNase E. (E) Hfq refolds sRNA and mRNA for partial pairing within the leader sequence of ribosome binding site to inhibit translation. (F) Hfq refolds sRNA and mRNA to expose mRNA ribosome binding site for translation initiation.


Hfq can bind to many sRNAs and mRNAs (Małecka and Woodson, 2021), which are called Hfq-dependent RNAs (Kavita et al., 2018). With the help of Hfq, sRNA and/or mRNA become feasible to perform their functions and regulate various bacterial physiology by forming a Hfq-dependent regulatory network. Hfq is thus considered a genuine global post-transcriptional regulator in bacteria (Kavita et al., 2018), and the loss of Hfq has been found to cause substantial changes in the physiological phenotypes of many key bacteria, such as bacterial growth in Yersinia enterocolitica (Kakoschke et al., 2014), biofilm formation in Xanthomonas axonpodis pv. citri. (Liu et al., 2019), regulation of carbon catabolite repression (CCR) in Pseudomonas aeruginosa (Sonnleitner et al., 2018), quorum sensing in Vibrio harveyi and Vibrio cholerae (Lenz et al., 2004), and virulence of the pathogen Haemophilus ducreyi, etc., (Gangaiah et al., 2014; Feliciano et al., 2016; Kakoschke et al., 2016).

In addition, it was also found that Hfq acts as a new ribosome biogenesis factor by binding rRNA to affect rRNA processing, ribosome assembly, translational efficiency, and translational fidelity (Andrade et al., 2018; Sharma et al., 2018; Cai et al., 2019); or adjust the accuracy of protein synthesis by linking with tRNA (Lee and Feig, 2008). Meanwhile, Hfq can also bind to DNA to play other regulatory roles in certain DNA metabolism, such as DNA compaction and DNA replication (Updegrove et al., 2010; Jiang et al., 2015; Cech et al., 2016; Malabirade et al., 2017). Moreover, Hfq can combine with various enzymes such as RNase E, polynucleotide phosphorylase (PNPase), and PAP I to regulate their activities through protein-protein interactions (Mohanty et al., 2004; Morita et al., 2005). Further, Hfq-dependent regulation can also occur at the transcriptional level by affecting other unknown intermediate factors (Bellows et al., 2012; Dos Santos et al., 2019).



CYCLIC di-GMP (c-di-GMP)

C-di-GMP is currently the widely concerned and studied nucleotide second messenger molecule that plays a central role in regulating bacterial metabolism. It is synthesized from two molecules of GTP by diguanylate cyclase (DGC) containing a GG(D/E)EF domain (Valentini and Filloux, 2019), and degraded into pGpG or GMP by the c-di-GMP-specific phosphodiesterase (PDE) containing an EAL domain or HD-GYP domain, respectively (Tang et al., 2016; Zhou et al., 2016; Fu et al., 2018; Figure 2). The activities of these c-di-GMP metabolic enzymes are regulated by specific extracellular or intracellular signals, which directly affect the intracellular level of c-di-GMP. Changes in the intracellular c-di-GMP concentration can then affect bacterial motility (Wang et al., 2018), cell cycle (Kaczmarczyk et al., 2020), differentiation and morphology (Povolotsky and Hengge, 2012), biofilm formation, extracellular polysaccharides (Ha and O’Toole, 2015; Schmid et al., 2018), synthesis and degradation of adhesion factors (Hu et al., 2013; Floyk et al., 2020), expression of pathogenic virulence factors (Cotter and Stibitz, 2007), and production of antibiotics, such as HSAF (Heat Stable Antifungal Factor) (Xu et al., 2018, 2021; Han et al., 2020), as well as the host’s immune system (Burdette et al., 2011; Kobayashi et al., 2015) through binding to appropriate receptors.
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FIGURE 2. Schematic diagram of c-di-GMP signal transduction system. (A) The synthesis and degradation of c-di-GMP depending on the DGCs containing the GGDEF domain and c-di-GMP-specific PDEs containing EAL or HD-GYP domain. (B) The c-di-GMP receptors found in bacteria that bind to c-di-GMP for exerting their regulatory functions. (C) Different physiological phenotypes of bacteria regulated by c-di-GMP binding to receptors.


The reason why c-di-GMP can regulate so many different physiological functions is because bacteria contain a wide variety of receptors (Chou and Galperin, 2016). The c-di-GMP receptors discovered to date include mainly the following categories: (1) proteins involved in transcriptional control (Li et al., 2018); (2) proteins containing a PilZ domain in pilus regulation, such as YcgR, which is the first known type of c-di-GMP receptors (Amikam and Galperin, 2006; Chin et al., 2012); (3) proteins containing degenerate GG(D/E)EF and/or EAL domains (Duerig et al., 2009); (4) proteins containing the high-affinity c-di-GMP-binding MshEN domain (Wang et al., 2016); (5) proteins involved in RNA degradation such as PNPase (Tuckerman et al., 2011); (6) proteins containing the GIL domain (GGDEF I-site like domain). The binding of such proteins to c-di-GMP depends on the RxGD motif in the GIL domain, which is comparable to the I-site in GGDEF domain (Fang et al., 2014); (7) trigger PDEs, which are multifunctional and can directly and specifically interact with macromolecular targets to regulate their activities through the binding and degradation of c-di-GMP, such as E. coli PdeR and PdeL (Hengge, 2016); and (8) RNA riboswitches (Smith and Strobel, 2011; Figure 2).



MULTIPLE REGULATORY RELATIONSHIP BETWEEN Hfq AND c-di-GMP

Hfq and c-di-GMP can each play a pivotal regulatory role in the environmental adaptation of bacteria, but it is more interesting to find that both Hfq and c-di-GMP affect some common physiological activities. We will summarize existing reports and explain in detail the current understanding of regulatory relationship between them.


Similarities Between Hfq and c-di-GMP in Regulating the Physiological Phenotypes of Bacteria

It is well known that both Hfq and c-di-GMP have their own unique functions and are involved in regulating different physiological activities, for example, Hfq can regulate DNA transaction independently (Cech et al., 2016), while c-di-GMP can affect chemotaxis (Suchanek et al., 2020) in E. coli. Meanwhile, both Hfq and c-di-GMP have also been found to have similar abilities in regulating various bacterial phenotypes such as the bacterial motility, biofilm formation, and virulence. In bacterial motility, Hfq regulates the expression level of flagellar synthesis regulation gene flhDC (co-transcribed from a promoter) by regulating five sRNAs to influence the motility of E. coli (De Lay and Gottesman, 2012). In contrast, c-di-GMP binds to YcgR (a flagellar brake protein), thereby affecting the interactions between YcgR and flagellar motor proteins MotA, FliG, and FliM to affect the motility of E. coli. (Nieto et al., 2019; Hou et al., 2020). In this way, both Hfq and c-di-GMP can regulate bacterial motility through different regulatory pathways, but whether there is regulatory relationship between the two systems remain unknown.

In the formation of bacterial biofilm, researchers have also found that both Hfq and c-di-GMP play similar regulatory functions in some bacteria. For example, in the human infection bacterium Acinetobacter baumannii, researchers found that deletion of Hfq significantly reduces its biofilm formation and infection (Kuo et al., 2017). At the same time, when the expression of c-di-GMP-specific metabolic enzyme (such as DGC A1S_3296) is changed, it will cause fluctuation of the intracellular c-di-GMP concentration, thereby also affecting bacterial biofilm formation (Ahmad et al., 2020). It is unclear how Hfq or c-di-GMP regulates the biofilm formation in A. baumannii.

Researchers also found that Hfq and c-di-GMP are both involved in regulating the virulence of certain pathogenic bacteria. For example, the hfq knockout strain in the opportunistic pathogen P. aeruginosa showed significantly reduced virulence in mice (Sonnleitner et al., 2003), while Kulasakara et al. (2006) also found that c-di-GMP metabolic enzymes that directly affect c-di-GMP concentration also regulate the virulence of P. aeruginosa. Subsequently, many researchers have started to explore the mechanisms by which Hfq and c-di-GMP co-regulate the virulence of P. aeruginosa (Wei et al., 2019; Janssen et al., 2020). Recently, it was discovered that Vfr is a virulence transcription factor in P. aeruginosa, which is affected by Hfq and c -di-GMP (Almblad et al., 2015; Janssen et al., 2020). Further, Vfr binds with another second messenger cAMP to form a complex cAMP-Vfr signal pathway, which is used to regulate the virulence of P. aeruginosa. Hfq can indirectly regulate Vfr while c-di-GMP can reduce the amount of cAMP to inhibit the cAMP-Vfr signal pathway. These evidences prove that Hfq and c-di-GMP can jointly participate in the regulation of virulence of P. aeruginosa, but how do Hfq and c-di-GMP establish regulatory relationship requires more experiments.

In addition, in several Gram-negative bacteria such as Xanthomonas (Yang et al., 2015, 2019; Lai et al., 2018; Xue et al., 2018; Liu et al., 2019), Vibrio (Tischler and Camilli, 2004, 2005; Liu et al., 2011; Bardill and Hammer, 2012; Zamorano-Sánchez et al., 2019; Wu et al., 2020), and in certain Gram-positive bacteria such as Bacillus (Chen et al., 2012; Fagerlund et al., 2016; Jagtap et al., 2016; Fu et al., 2018), both Hfq and c-di-GMP are found to participate in the regulation of phenotypes such as motility, biofilm formation and virulence, which demonstrate well that both Hfq and c-di-GMP can co-regulate certain phenotype in different bacteria. We thus assume that there is a certain relationship between the Hfq regulatory system and c-di-GMP signal transduction system.



Hfq Directly Regulates the Intracellular c-di-GMP Concentration

As early as 2012, it was found that Hfq directly regulates the activity of c-di-GMP metabolic enzymes and concentration of c-di-GMP in Yersinia pestis that is a pathogen of plague belonging to the category A infectious disease. It was discovered that the biofilm formation of Y. pestis can help it to colonize in flea vector and further spread from the flea intermediate to the final mammalian host (Hinnebusch and Erickson, 2008). Studies also showed that its biofilm formation is controlled by the synthesis of extracellular polysaccharides regulated by c-di-GMP (Bobrov et al., 2008, 2011). Bellows et al. (2012) found that Y. pestis Hfq promoted the expression of the PDE-encoding gene hmsP at the transcription level, and diminished the post-transcriptional level of the DGC-encoding gene hmsT by reducing the stability of its mRNA. The combination of the decrease of DGC and increase of PDE will cause a large decrease in intracellular c-di-GMP level, which will ultimately affect the formation of bacterial biofilm (Figure 3A). It is the first example that Hfq directly regulates amounts of the c-di-GMP metabolic enzymes, and it seems to occur at different transcriptional and post-transcriptional levels (Bellows et al., 2012).
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FIGURE 3. Direct regulation of intracellular c-di-GMP concentration by Hfq. (A) Hfq increases the expression of hmsP PDE gene at the transcriptional level by an unknown mechanism and reduce the expression of HmsT DGC at the post-transcriptional level, causing a decline of c-di-GMP level to affect its biofilm formation. (B) Hfq simultaneously inhibits the expression of two DGCs (GcpA and GcpL) by an unknown mechanism to decrease c-di-GMP biosynthesis, leading to a decreased virulence. (C) With the assistance of Hfq, sRNA Qrr can base pair with the leader sequence of the DGC gene vca0939 mRNA to expose the ribosome binding site for increasing Vca0939 production, leading to increasing c-di-GMP level and biofilm formation.


Another example is for the soft rot pathogen Dickeya dadantii. Yuan et al. (2019) found that Hfq can simultaneously inhibit the production of two DGCs, namely, GcpA and GcpL, which significantly reduces the concentration of intracellular c-di-GMP and affects the motility and virulence (Figure 3B). In this way, Hfq directly regulates the expression of c-di-GMP metabolic enzymes and affects the concentration of intracellular c-di-GMP, which is the most direct way for regulatory relationship between the two factors. Hfq can up-regulate or down-regulate the same metabolic enzyme at the same time (Figure 3B), or up-regulates one DGC/PDE while down-regulates another PDE/DGC (Figure 3A) to achieve a synergistic effect by Hfq. However, the authors of these two research articles did not conduct further in-depth research on their mechanisms. Whether some sRNAs were involved in the regulation of c-di-GMP metabolic enzymes by Hfq is still a question worthy of exploring.

In V. cholerae, it has been reported that some sRNAs can participate in the regulation of c-di-GMP metabolic enzymes by Hfq (Zhao X. et al., 2013). For example, Qrr (quorum regulatory RNA) is a sRNA that has been proven to regulate quorum sensing (Lenz et al., 2004), and Vca0939 is a DGC in V. cholerae (Hammer and Bassler, 2007). Zhao X. et al. (2013) found that in V. cholerae, Qrr can base pair with the leader sequence of vca0939 mRNA with the help of Hfq to expose the ribosome binding site and initiate the expression of vca0939, thereby causing increase in the intracellular c-di-GMP concentration and biofilm formation (Figure 3C).

The above evidence is the strongest proof for direct crosstalk between Hfq and c-di-GMP. We believe that through in-depth exploration, more and more cases of direct regulation between Hfq and c-di-GMP can be found. However, so far, there is no case where c-di-GMP can directly regulate the Hfq system.



Indirect Regulation Between Hfq and c-di-GMP

Hfq can not only control the concentration of intracellular c-di-GMP directly by regulating the expression of c-di-GMP metabolic enzymes, but also exhibits regulation with c-di-GMP signal transduction systems indirectly through other regulatory factors.

A representative example of Hfq indirectly regulating c-di-GMP in E. coli is through sRNA, namely, the McaS system (Jørgensen et al., 2013). McaS is a dual-functional sRNA related to multicellular adhesion and can combine with Hfq or other RNA-binding protein CsrA by using its different motifs (Holmqvist and Vogel, 2013). Similarly, the regulatory mechanism of CsrA on mRNA also appears to be diverse (Romeo and Babitzke, 2018). It can not only inhibit the initiation of translation by blocking the binding of ribosomes to target mRNA, leading to instability of mRNA (Baker et al., 2002), but can also participate in the transcription attenuation and mediate the Rho-dependent termination of some mRNA (Figueroa-Bossi et al., 2014). Furthermore, it can also prevent the 5′-end-dependent cleavage by RNase E to stabilize mRNA (Yakhnin et al., 2013). McaS and the two powerful RNA-binding proteins (Hfq and CsrA) thus form a complex regulatory network as shown in Figure 4A. McaS relies on the binding with Hfq to enhance its stability and prevent cleavage and degradation by RNase E (Thomason et al., 2012; Jørgensen et al., 2013). The non-degradable McaS can then bind to CsrA through its loop GGA nucleotide sequence to sequester CsrA and prevent the downstream regulation by CsrA. In addition, it is worth mentioning that the downstream binding target of CsrA also contains hfq mRNA. CsrA can inhibit the translation of Hfq by binding to the site overlapping with its Shine-Dalgarno (SD) sequence (Baker et al., 2007). Moreover, CsrA can even titrate sRNAs away from Hfq to interfere with their ability to perform Hfq-dependent regulation (Kavita et al., 2018), which further enhances the complexity of the regulatory network. It is due to the regulatory relationship between the three factors that Hfq realizes the indirect regulation of the intracellular c-di-GMP concentration in bacteria. The specific regulatory mechanism we speculate is as follows: When Hfq is present, it can bind to McaS to enhance its stability, which can tightly bind CsrA, leaving no free CsrA (CsrA is sequestered in this case) to block the ribosome binding sites of ydeH and ycdT mRNAs, resulting in successful translation of these two DGC genes, and increasing intracellular c-di-GMP concentration. However, in the absence of Hfq, McaS is unstable and cannot bind with CsrA (Holmqvist et al., 2016), which can then bind to the ribosome binding sites of ydeH and ycdT mRNA, thereby inhibits the translation of ydeH and ycdT; this event leads to a decrease in intracellular c-di-GMP concentration, and results in enhanced bacterial motility and reduced biofilm formation (Jørgensen et al., 2013; Figure 4B). In this model, Hfq does not directly participate in the regulation of c-di-GMP level, but affects the stability of McaS to influence the binding between McaS and CsrA and indirectly affect the intracellular c-di-GMP concentration, which in turn affects the phenotypic changes such as motility and biofilm formation. The discovery of multifunctional sRNAs such as McaS not only enriches the physiological activities of sRNA regulation in bacteria (Leistra et al., 2019), but also reflects the complexity of relationship between Hfq and c-di-GMP.
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FIGURE 4. Indirect and mutual regulation between Hfq and c-di-GMP systems. (A) A complicated regulatory relationship between sRNA McaS and RNA binding proteins Hfq and CsrA. sRNA McaS can bind to two RNA binding proteins CsrA and Hfq through different binding motifs. When Hfq is present, McaS is stabilized to adopt a conformation non-degradable by RNase E. The stable McaS then binds with CsrA, disabling its regulation on target mRNA; on the contrary, when Hfq is not present, McaS will be degraded, allowing free CsrA to play a regulatory role on target mRNA. (B) Hfq regulates the concentration of c-di-GMP by affecting the stability of sRNA McaS, thereby causing McaS to capture CsrA. In the presence of Hfq, McaS adopts a stable conformation, and binds strongly with CsrA to prevent it from blocking the ribosome binding sites of ydeH and ycdT mRNA, so that they can be translated normally (The above is reasonable speculation); while without Hfq, McaS cannot adopt a stable conformation to capture CsrA, which is then released to bind to the ribosome binding site of ydeH and ycdT mRNA, resulting in translation inhibition. (C) c-di-GMP and RimA, RimB, RimK, and RpsF co-regulate regulate Hfq. RimA (a PDE), RimB and RimK are encoded by the operon rimABK. Importantly, RimK is a glutamate ligase, which can transfer glutamate residues to the C-terminus of RpsF (Protein S6), so that RpsF is activated to become RpsF* (asterisks indicate the glutamate residues), which can interact with ribosomal proteins to regulate downstream gene activity and fine-tune the entire proteome of bacteria, thereby affecting the expression of Hfq protein.


Other than these data, there are also many reports indicating that Hfq can regulate the intracellular c-di-GMP concentration through unknown mechanisms. For example, Pusic et al. (2018) found that in P. aeruginosa, when hfq is deleted, the bacterial biofilm formation is significantly reduced with a large decrease in intracellular c-di-GMP concentration, but analysis of the RNA-seq of hfq deletion mutant showed that the transcriptional level of c-di-GMP metabolic enzyme-relevant genes did not change significantly. Therefore, its true regulatory mechanism remains to be further explored. In many bacteria, Hfq may be able to indirectly regulate c-di-GMP metabolic enzymes at the transcriptional (like HmsP) (Bellows et al., 2012), post-transcriptional, translational, and post-translational levels, or even through protein-protein interaction, signal stimulation, and so on.

When Corona et al. (2018) studied the function of catabolite repression control protein Crc involved in CCR in P. aeruginosa, they found that Hfq can establish an indirect relationship with c-di-GMP. Using the post-transcriptional regulation variation (PTV) parameters, they combined the analysis of transcriptome and proteome to extract information at the post-transcriptional level, confirming that Crc exhibits a role in influencing the c-di-GMP signal transduction system. Sonnleitner et al. (2018) reported that Crc, Hfq, and CrcZ sRNA cooperate to regulate CCR, and Crc is perhaps involved in the regulation of the c-di-GMP signal transduction system through transcriptome analyses. We therefore speculate that Hfq and c-di-GMP are jointly involved in the regulation of CCR, but it is still unknown whether the indirect regulation between the two is established through Crc.

Conversely, c-di-GMP can also control Hfq by fine-tuning intermediate factors (Figure 4C). In Pseudomonas fluorescens, the operon rimABK encodes three proteins: RimA (a PDE), RimB, and RimK. RimB is currently a hypothetical protein with unknown function, mainly playing a supporting role in the function of rimABK operon (Little et al., 2016). RimK is, intriguingly, an ATP-dependent glutamate ligase (Kang et al., 1989) that can append glutamate residues to the C-terminus of protein S6 (RpsF) located in the ribosomal 30S subunit (Zhao G. et al., 2013). By regulating the function of the posttranslational modification of ribosomal protein RpsF, RimK can control the translation of some relevant proteins (Kino et al., 2011; Grenga et al., 2020). Studies have shown that RimA, RimB and c-di-GMP can all activate RimK (Figure 4C). It is worth noting that RimA plays a very crucial role in this system, which is very similar to the “trigger PDE” as mentioned above, and can not only interact directly with RimK to moderately stimulate its activity, but also degrade c-di-GMP to negatively regulate RimK. In this way, bacteria can “fine-tune” their proteome through this mechanism to respond appropriately to the surrounding environment (Little et al., 2016). Therefore, c-di-GMP can indirectly regulate Hfq through the intermediate factor of RimK.

The indirect regulation between Hfq and c-di-GMP may be carried out through different intermediate factors in different bacteria, which is related to the characteristics of the bacteria themselves, indicating that the indirect regulation between Hfq and c-di-GMP is worth conducting with in-depth research. But, can Hfq and c-di-GMP establish an indirect mutual regulation relationship through other means? Some scholars have mentioned a concept of “GTP-pool” (Lopez, 1982). Indeed, GTP in the cell is a substrate involved in a variety of biological metabolic pathways and is very important for bacterial growth and feedback of environmental signals. In addition, c-di-GMP is synthesized by two molecules of GTP. Therefore, when the GTP-pool is depleted (Ölschläger et al., 2011), it may directly affect the synthesis of c-di-GMP. As an important global transcriptional regulator in bacteria, Hfq may exhibit a greater impact if it is deleted. Whether it will affect the GTP-pool and cause the depletion of the GTP-pool to regulate the synthesis of c-di-GMP is our future focus.



CONCLUSION

Although the current understanding on the multiple regulatory relationship between Hfq regulatory and c-di-GMP signal transduction systems remains to be further explored, it is clear at the moment that: (1) Hfq can directly regulate c-di-GMP metabolic enzymes at the post-transcriptional and translational levels, thereby regulating the intracellular c-di-GMP level and affecting the physiological functions of bacteria; (2) Hfq can indirectly regulate genes encoding c-di-GMP metabolic enzyme through other intermediate factors, and establishes an indirect regulation with c-di-GMP; (3) c-di-GMP may indirectly regulate Hfq through certain intermediate factors, but this conclusion needs to be further verified. In a word, the above-mentioned multiple regulatory relationship between Hfq and c-di-GMP have been uncovered somewhat, but requires further and deeper exploration.

The RNA chaperone protein Hfq is an extremely important post-transcriptional regulatory factor in bacteria, and the second messenger c-di-GMP is also a key factor in the bacterial signal transduction system. This review elaborated on the currently reported evidence of direct and indirect regulation between Hfq and c-di-GMP, which not only links the two regulatory systems together, but also establishes possible connections with other regulatory systems to lay a more solid foundation for bacterial signaling network. We believe that in the future more complex physiological metabolic systems will be greatly studied and a more complete global regulatory network in bacteria can be drawn. In particular, comprehensive exploration of the multiple regulatory relationship between the two in certain highly infectious pathogens will provide new research ideas for their pathogenic mechanisms and their complex interactions between pathogens and hosts, thereby providing better strategies for the prevention and treatment of pathogenic bacteria.
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