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Abstract

:

Lytic viruses of bacteria (bacteriophages, phages) are intracellular parasites that take over hosts’ biosynthetic processes for their propagation. Most of the knowledge on the host hijacking mechanisms has come from the studies of the lytic phage T4, which infects Escherichia coli. The integrity of T4 development is achieved by strict control over the host and phage processes and by adjusting them to the changing infection conditions. In this study, using in vitro and in vivo biochemical methods, we detected the direct interaction between the T4 protein RIII and ribosomal protein S1 of the host. Protein RIII is known as a cytoplasmic antiholin, which plays a role in the lysis inhibition function of T4. However, our results show that RIII also acts as a viral effector protein mainly targeting S1 RNA-binding domains that are central for all the activities of this multifunctional protein. We confirm that the S1–RIII interaction prevents the S1-dependent activation of endoribonuclease RegB. In addition, we propose that by modulating the multiple processes mediated by S1, RIII could act as a regulator of all stages of T4 infection including the lysis inhibition state.
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1. Introduction


Viruses are small pathogens that specifically infect cellular life forms as hosts for their propagation. Due to the limited space of their small genomes, viruses do not encode the complete sets of proteins needed to complete the viral life cycle. Instead, they use resources and employ the biosynthetic functions of the host, so they can survive and propagate only inside the living cells [1,2,3]. Depending on the life cycle and genomic space, some viruses encode enzymes for autonomous genome replication and/or transcription [4,5,6]. However, all known viruses depend on the core components of the host translation machinery to produce viral proteins [1,7,8]. Although new findings indicate that viruses sometimes encode the homologues of ribosomal proteins, these are believed to be acquired from the hosts by a horizontal gene transfer and adapted to control viral protein synthesis in the infected cell [9].



The most striking diversity of virus–host adaptations has been found among the bacteria and their viruses, commonly referred to as bacteriophages or phages [10,11]. Due to their global abundance in the biosphere, both populations evolved a broad spectrum of competitive mechanisms [11,12,13]. The co-evolution of a phage/host system differs depending on the strategy of viral infection, which can vary from strictly lytic (lysing infection) to chronic (constant progeny production without cell lysing), some of which may have an additional temperate state (availability of the prophage state) [14]. Namely the lytic lifestyle in combination with phage diversity has contributed to the diversity of phage–host battle mechanisms [11,15].



Most of the knowledge on host manipulation by large, strictly lytic dsDNA phages has come from the investigation of bacteriophage T4, which infects Escherichia coli [16]. The results obtained during more than 70 years of studies on this phage have provided the basis for understanding the lytic life cycle, which typically comprises four stages: (i) host cell entry, (ii) genome replication, (iii) assembly of viral particles, and (iv) pervasion by cell lysis, otherwise known as early, middle, and late periods and cell lysis. The integrity of T4 development is achieved by the temporal control of viral gene expression and the gradual modification of the host proteins. Modification starts from the injection of several phage proteins into the host cell together with T4 genomic DNA [16]. One of these proteins, ADP-ribosyltransferase Alt, ADP-ribosylates the host’s RNA polymerase (RNAP) [17], which is then gradually adapted to transcribe T4 early, middle, and late genes at the correct time [18,19].



The fluent transition from host to phage metabolism is also strongly influenced at the posttranscriptional level. Shutting off the host transcription and translation, as well as degradation of the redundant T4 transcripts, frees up the resources needed for further stages of phage development [20]. Both host- and phage-encoded enzymes are involved in these processes. The T4 early protein RegB endoribonuclease (RNase) cleaves in the middle of the GGAG/U motif preferably located in Shine–Dalgarno (SD) sequences of the translation initiation regions (TIRs) of T4 early mRNAs [21]. These initial cuts inactivate the translation of many early mRNAs and expedite their degradation by the exo- and endo- RNases of the host [20,22]. The functional inactivation of abundant early transcripts that are no longer needed facilitates the transition between the early and later stages of the T4 life cycle. The T4-coded polynucleotide kinase (PNK) [23,24] and the effector protein Srd [25] stimulate the activities of the host endoribonucleases, further decreasing the stability of T4 and host mRNAs. Importantly, depending on the RNA substrate, RegB activity in vitro is stimulated 10- to 100-fold by E. coli ribosomal protein S1 [26].



The E. coli ribosomal protein S1 is the largest (61 kDa) flexible protein of the ribosome complex [27,28]. Structurally, S1 is composed of six homologous OB-fold domains connected by short linkers [29,30]. Based on biochemical studies, two N-terminal domains (D1 and D2) are required for interaction with the ribosome [31,32], whereas four C-terminal domains (D3-D4-D5-D6) bind various RNAs [29,33,34,35]. In E. coli, S1 is an essential protein having multiple activities most of which are related to RNA binding [36,37]. This protein is also known to be recruited by several coliphages for their replication and/or recombination [38,39,40,41,42]. During T4 phage infection, S1 acts as a co-factor of the T4 phage RegB endoribonuclease [26]. S1 binds RNA substrates and promotes cleavage by RegB of the partially structured AG-rich RNAs [43] and unstructured RNA having an 11-nucleotide-conserved sequence [44]. The minimal domain combination required for stimulation of RegB nuclease is D4-D5, whereas the peptide containing all C-terminal domains (D3-D4-D5-D6) stimulates RegB to the same extent as the full-length protein [33,44,45].



The activity of RNase RegB is limited to the early period of T4 infection with no known mechanism of its inactivation. In this study, we provide evidence that the T4-coded protein RIII through direct interaction with the E. coli ribosomal protein S1 can weaken RegB activity. Moreover, we propose that the detected S1–RIII interaction may be important for the regulation of many other processes in the infected cell. RIII is quite a small (82 aa) protein, long known to be involved in lysis inhibition (LIN)—a phenomenon characteristic of at least some strictly lytic Tequatroviruses (T2, T4, and T6) [46,47,48]. The LIN process involves several known molecular mechanisms that cause a delay in the infected cell lysis in response to secondary infections by related phages. This helps increase the number of progeny phages produced per infected cell when the number of suitable for infection hosts is limited. Discovered in the middle of the 1950s, LIN is considered to be the first example of virus–virus communications that regulates the nature of virus behavior in response to the virus:host ratio in the environment [49]. RIII protein has been shown to be a cytoplasmic antiholin, which together with the periplasmic antiholin RI, is involved in the regulation of T4 holin-mediated cell lysis [50]. However, it has also been noticed that RIII action in the infected cell could be broader [50,51]. Here, we propose an explanation of how RIII, in concert with the host ribosomal protein S1, could be important for adjusting cell resources between infection stages or in response to changing conditions, such as stress or an increased phage-to-host ratio in the environment. This finding unveils additional layers of the regulation of T4 development and provides the basis for further molecular studies of the processes in the infected cell.




2. Results


2.1. The Recombinant Protein RIII of T4 Co-Purifies with the Host Ribosomal Protein S1 in Stoichiometric Amounts


The N-terminally His-tagged RIII protein of the T4 phage was induced from plasmid p16rIIIHis (Tables S1 and S2) in the E. coli expression strain BL21 (DE3) and purified using a standard procedure of His-affinity chromatography. The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the purified protein indicated that the recombinant RIII protein was purified together with an unknown host protein having a molecular mass of approximately 70 kDa (Figure 1A).



The band migrating at ~70 kDa was excised and identified using the proteomics methods described in the Materials and Methods section. The results showed that the RIII protein of the T4 phage co-purified together with the ribosomal protein S1 of E. coli (Figure 1A and Figure S1). To study protein–protein interactions between the two proteins, we constructed the recombinant plasmids for the overexpression of the N- and C-terminally His-tagged S1 and RIII proteins (Tables S1 and S2). The induced proteins were purified using His-affinity chromatography and dialyzed against the storage buffers. Then, they were examined for the in vitro stoichiometry of protein–protein interactions. For this, the same (constant) molar amounts of S1 protein were mixed with increasing amounts of RIII and the complexes formed between these proteins were analyzed by a native PAGE. The image of the native gel in Figure 1B shows the mobility of the N-terminally His-tagged recombinant proteins RIII and S1 as well as the complexes formed between them. It should be noted that recombinant RIII tends to form protein aggregates that migrate most slowly in the native PAGE. Meanwhile, the mobility of S1 gradually slows down with the increasing amounts of RIII until the ratio of S1:RIII reaches the molar ratio of 1:1 (Figure 1B). As the mobility of the S1–RIII complex then stays at a fixed level in spite of the increasing molar amounts of RIII, we conclude that RIII interacts with S1 at a molar ratio of 1:1.




2.2. The RIII Protein of Bacteriophage T4 Mainly Targets the 5th Domain of S1


To determine which S1 domains are the targets for RIII binding, we constructed eight recombinant plasmids for the overexpression of different truncated versions of S1 (Tables S1 and S2). The schematic representation of the domains of the entire protein S1, as well as its truncated versions induced from the expression plasmids, is shown in Figure 2A.



A pull-down assay was used for the examination of in vitro interactions between RIII, S1, and its truncated versions. For this, the His-tagged RIII was immobilized on the His-affinity agarose as a bait protein. Then, the treated agarose gels were washed and the cell lysates containing the induced intact S1 protein or its truncated variants were applied on them. The eluted proteins were analyzed by SDS-PAGE, which showed that all versions of S1 containing the fifth domain were eluted together with the immobilized His-tagged RIII (Figure 2B). The fifth domain alone was sufficient for interaction with RIII (Figure 2B, lane D5+) indicating that this domain of S1 is the main target of RIII. In spite of the trace amounts of non-specifically bound proteins seen in the control experiment (Figure S2B), the amounts of eluted S1 proteins containing the fifth domain were much higher in the presence of immobilized His-tagged RIII (Figure 2B).




2.3. The Intact Ribosomal Protein S1 Is the Best Interaction Partner of RIII In Vivo


The Bacterial Adenylate Cyclase Two-Hybrid (BACTH) System [52] was used for the testing of the in vivo interaction between the T4 protein RIII and the E. coli ribosomal protein S1 or its truncated variants. For this, the rpsA gene coding S1 protein and its truncated variants were fused with the T25 adenylate cyclase fragment in the plasmid pKNT25 (Tables S1 and S2). The rIII gene was fused with the T18 adenylate cyclase fragment in the plasmid pUT18 (Tables S1 and S2). We also wished to test the possible in vivo interaction between the ribosomal protein S1 and the T4 RegB endoribonuclease, which has a dependency on the S1 protein for its activity [26]. Therefore, the T18 fragment was also fused with the T4 gene regB. The assay was performed according to the protocol of the BACTH system kit as described in the Materials and Methods section.



As expected, no protein–protein interaction was observed (white spots) when combining the plasmids encoding the adenylate cyclase fusions with RegB and S1 (Figure 3A). This confirmed the previously proposed hypothesis that the activation of RegB nuclease by S1 does not depend on direct interaction between these proteins [53]. Meanwhile, this assay confirmed an in vivo RIII–S1 interaction (blue spots) (Figure 3).



The interaction of RIII with the truncated S1 proteins weakened with the decreasing number of S1 domains fused (Figure 3B). These results indicate that the intact ribosomal protein S1 is the best partner for the interaction with the RIII protein of the T4 phage in vivo.




2.4. The Protein RIII Inhibits Endoribonuclease RegB Activation by S1


As already mentioned, the activity of the T4 RegB endoribonuclease toward T4 early mRNAs depends on activation by the ribosomal protein S1 of the host. Namely the D4 and D5 domains of S1 are necessary for RegB activation [45]. Since RIII also interacts with S1 variants containing D5, we decided to test the influence of RIII on the ability of S1 to activate the RegB nuclease. For this, we purified the His-tagged proteins S1, RIII, and RegB (Figure S3B) and performed the in vitro RegB cleavage reactions using the total RNA isolated from E. coli cells infected by the T4 ∆rIII∆regB double mutant constructed in this study (Figure S3A).



The total RNA isolated from E. coli cells infected with T4 ∆rIII∆regB was used as a source of RegB substrates in seven in vitro reaction mixtures as follows: (i) only total RNA in the reaction buffer; (ii) RNA + RIII; (iii) RNA + S1; (iv) RNA + RegB; (v) RNA + RegB + RIII; (vi) RNA + RegB + S1; and (vii) RNA + RegB + S1 + RIII. The products of these reactions were then analyzed by primer extension using the 5′-P32-labeled primers No. 35 and No. 36 (Table S1), complementary to the T4 early transcripts motA [54] and 30.7 [55], respectively, as they were known to have RegB cleavage sites. The representative images showing RegB activity toward the T4 ∆rIII∆regB early transcripts motA (A) and 30.7 (B) in different mixtures are presented in Figure 4.



The densitometric analysis of the bands resulting from the RegB cleavage at its specific site GGAG present in these transcripts confirmed that RegB activity was indeed activated by S1, but this activation was abolished by the RIII protein added to the reaction mixture containing mRNA, RegB, and S1 (Figure 4).





3. Discussion


The bacteriophage T4 and E. coli laboratory strains represent one of the most studied phage/host systems and answer many questions about the strictly lytic life cycle of large dsDNA phages. Due to the availability of the mutant collections and expression systems of the host, T4 continues to be one of the most explored phages in basic and applied research. This has allowed researchers to reveal new details about already known mechanisms and find novel phage–host interactions still hidden in the large genome of this phage. In this study, we also provide evidence of the previously unknown protein–protein interactions between the host ribosomal protein S1 and T4-encoded protein RIII. Historically, the rIII gene was known from the rapid lysis (r) mutants of T4 having a large, sharp-edged phenotype of plaques compared to the small plaques of T4 wt [47,48,56,57]. Here, we show that the T4 recombinant RIII protein co-purifies with the host protein S1 at the stoichiometric amounts (Figure 1). The pull-down assays show that in vitro RIII preferably interacts with the domain D5 of the S1 protein (Figure 2). Meanwhile, the results obtained using the E. coli BACTH system [52] indicate that in vivo, the strongest interaction is seen between the intact proteins (Figure 3).



The E. coli ribosomal protein S1 is a multifunctional protein composed of six homologous RNA-binding domains that bind very different RNAs [37]. All known functions of S1 are related to RNA binding but different S1 domains are involved. The first two N-terminal domains (D1 and D2) are involved in binding to the ribosome complex [31] and the interaction with the Qβ phage replicase [58]. The second of them (D2) is required for binding to tmRNA [59]. The C-terminal domains (especially D3 to D5) bind various mRNAs [33,34,35,36,40,60]. Based on the structural data, the D4–D6 domains may be implicated in ribosome inactivation under stress conditions [61]. Domains D5 and D6 help stimulate transcription [62,63,64], whereas D6 is specifically involved in S1 autogenous control [65]. The T4 phage has adapted to take advantage of the main function of S1—translation initiation—to stimulate the activity of the viral RNase RegB. The C-terminal domains from D3 to D6 of S1 accelerate a RegB-dependent cleavage within the SD sequence of T4 early mRNAs when their translation is no longer required [26,66]. Since direct interactions between RegB and S1 have not been detected and it was noticed that RegB has only a low affinity for its RNA substrates, it was proposed that S1 stabilizes the S1–mRNA–RegB complex via a primary step of mRNA binding [53].



In this study, we confirm that in vivo RegB and S1 proteins do not interact directly, as it was predicted previously [53]. Meanwhile, we detected that S1 interacted with the T4 protein RIII and this interaction prevented RNase RegB from activation by S1 in vitro (Figure 4 and Figure S4). Since the stimulation of RegB is thought to be mediated by the RNA-binding function of S1, we speculate that RIII binding prevents the C-terminal domains of S1 from mRNA binding. A similar effect has been observed in the Pseudomonas aeruginosa giant phage phiKZ, where the phage-encoded effector protein Dip occluded the RNA-binding sites of the host RNase E leading to the inhibition of its activity [67]. Although the regulation of the host ribosomal proteins by viral factors is common between viruses [8], to our knowledge, RIII is the first identified effector protein of T4 targeting S1 and the first one affecting ribosomal proteins at all. Taking into account that S1 in E. coli plays many different roles and binds very different RNAs, the function of the S1–RIII interaction in T4-infected cells may not be restricted to the functional inactivation or regulation of RegB. In fact, RIII may modulate the expression regulation of many host and phage genes. To better understand all the possible outcomes of the S1–RIII interaction, we would like to briefly comment on the key points of the T4 life cycle that may be targeted by this interaction.



When T4 infects E. coli, its life cycle inside the host cell under optimal laboratory conditions lasts about 25 min. The process involves the timely expression of about 300 genes, whose transcription is regulated by three classes of promoters: early, middle, and late [18,19,68]. The products of early genes are thought to usurp host functions and fight hosts’ anti-viral defenses, whereas those expressed in the middle and late periods are mainly required for the replication and production of virions, respectively. The infection cycle ends by cell lysis when T4 holin polymerizes to form holes in the cytoplasmic membrane of the infected cell leading to its lethal permeability [69]. However, T4 replication inside the infected cell can be prolonged for hours in response to superinfection by T4 or other Tequatroviruses after 5 min of the primary infection. This phenomenon, called LIN, leads to the delay of cell lysis until the burst size of T4 substantially increases. The processes leading to the LIN state involve a signal carried by the virions of the superinfecting phages, which induces holin stabilization to prevent the formation of holes [69]. Two antiholins, the periplasmic RI and cytoplasmic RIII, interact with the soluble domains of holin and directly stabilize the LIN state [50,69,70,71]. However, the LIN process involves many other T4 factors that act in the signal transduction, adjusting of the intracellular environment, or under certain conditions [49,72,73]. In principle, through interaction with S1, RIII may control all these processes.



The expression of the rIII gene in T4 is regulated by all types of promoters, early (the most proximal), middle, and late [68]. Accordingly, RIII protein in infected cells at 30 °C is detected after 5 min of infection and reaches a plateau at about 35 min after infection [74]. This is consistent with the requirement of RIII as an antiholin factor but also indicates that the RIII protein may be important during the entire T4 life cycle and possibly plays other functions. Through interaction with the C-terminal domains of S1, RIII may modulate all functions performed by this protein, including transcription, RNA processing, and translation of the host and/or phage genes. For example, RIII may be at least in part responsible for the shutting off of host transcription and translation—the processes that start during the early period of infection [16]. Also, it may control the protein synthesis of T4, as this phage, like all other viruses, relies on host ribosomes for the translation of its mRNAs.



The mechanisms by which T4 competes with the host for its translation apparatus are not well understood. The differential abundance and specific structure of T4 transcripts with slightly stronger TIRs may favor the translation of certain T4 mRNAs [68,75]. Furthermore, like many large lytic dsDNA phages, T4 encodes its own tRNAs that are thought to optimize T4 protein synthesis [76]. However, little is still known about the influence of the T4-encoded protein effectors or the chemical modifications that may enable the phage to manipulate host ribosomal proteins and/or translation factors. It has been found that some of them, including the proteins S1 and EF-Tu, undergo ADP-ribosylation by the T4 ADP-ribosyltransferases Alt and ModB, respectively [77,78]. The consequences of this modification are unexplored, but certainly, it may be important for the modulation of the S1–RIII interaction.



Translation initiation is a key, in most cases the rate-limiting step of protein synthesis, which is often targeted by viruses [1,7,79]. The TIRs of prokaryotic mRNAs are recognized by the ribosomal 30S subunit through 16S ribosomal RNA base-pairing with an SD sequence proximal to the AUG start codon. The competitive interactions between TIR-binding proteins commonly modulate translation initiation in E. coli and its phages. For example, some T4 proteins act as autogenous translational repressors [20]. The ribosomal protein S1 can also be considered a TIR-binding protein so its modification by RIII binding may also modulate the initiation of the translation of many E. coli and/or T4 mRNAs.



Finally, translated mRNAs are usually more stable, as ribosomes occlude target sites for endoribonucleases [80,81]. Therefore, by the modulation of the translation efficiency of certain mRNAs, the S1–RIII complex may also modulate their stability. In this work, we show that RIII abolishes the in vitro activation of RNase RegB by S1, thereby slowing the cleavage of known RegB targets located in the SD regions of T4 early transcripts motA [54] and 30.7 [55]. By cleaving the SD sequences of early mRNAs, RegB blocks their translation and expedites degradation by the endo- and exo-RNases of the host [23]. In this context, RIII may also play a role in the modulation of the stability of T4 and/or the host mRNAs.



To conclude, in this study, we identified a unique interaction between E. coli ribosomal protein S1 and T4-coded protein RIII, which was previously known to be involved in holin stabilization. Here, we propose that due to the multifunctional nature of S1, RIII may be a global modulator of intracellular processes in T4-infected cells. Through binding to S1, RIII may interfere with all biological activities of this ribosomal protein leading to the regulation of multiple processes of the infected cell (Figure 5).



We show that RIII indeed abolishes RegB activation by S1 so it may affect the expression of at least those genes that have RegB processing sites. Moreover, the expression profile of RIII indicates that RIII may contribute to the correct balance of intracellular resources during all stages of viral infection including the LIN state. The ADP-ribosylation of S1 that occurs early in infection may also be important, but our results show that RIII acts as a viral effector protein targeting mainly the RNA-binding function, which is central for all S1 activities. By modulating multiple processes mediated by S1, RIII may contribute to the correct balance of intracellular resources during all stages of T4 infection.




4. Materials and Methods


4.1. Escherichia coli Strains, Phages, and Plasmid Vectors


The E. coli strains, bacteriophages, and plasmid vectors used in this study are listed in Table 1.



Bacterial strains and phages were grown at 37 °C in a standard LB medium (NaCl 10 g L–1, tryptone, 10 g L–1, and yeast extract 10 g L–1, adjusted to pH 7.0 with NaOH) and LB agar (LB medium with 15 g L–1 agar) unless otherwise stated. When required, the growth media were supplemented with an appropriate antibiotic (ampicillin 50 μg mL–1 or 100 μg mL–1, kanamycin 50 μg mL–1; streptomycin 100 μg mL–1) or specified amounts of 5-bromo-4-chloro 3-indolyl-β-D-galactopyranoside (X-gal) and isopropyl-β-D-thiogalactoside (IPTG). For the preparation of the M9 minimal medium, the 1.5% M9-agar, 5 × M9 salts, 20% glucose, 1 M MgSO4, and 0.1 M CaCl2 were prepared separately; 5 × M9 salts: Na2HPO4 × 7H2O—64 g L–1, KH2PO4—15 g L–1, NaCl—2.5 g L–1, and NH4Cl—5.0 g L–1.




4.2. PCR and DNA Cloning


The enzymes used for PCR and DNA cloning were purchased from Thermo Fisher Scientific (Vilnius, Lithuania). The T4 genes to be cloned were PCR amplified directly from phage plaques using a Phusion High-Fidelity PCR Master Mix (2×). The plasmid DNA isolation and purification of DNA fragments were performed using commercial spin column kits GeneJET Plasmid Miniprep Kit and GeneJET Gel Extraction and DNA Cleanup Micro Kit, respectively. A DreamTaq PCR Master Mix (2×) was used for test PCRs. The cloned genes were sequenced at Macrogen (Maastricht, The Netherlands). The oligonucleotide primers used for PCR reactions were purchased from either Metabion (Planegg/Steinkirchen, Germany) or Thermo Fisher Scientific (Vilnius, Lithuania). The sequences of DNA primers used in this study are listed in Table S1 and the details of the plasmid construction are presented in Table S2.




4.3. Overproduction and Purification of the Recombinant Proteins


E. coli BL21 (DE3) (Novagen, Madison, WI, USA) cells harboring expression plasmids with the inserted gene were grown individually at 37 °C in an LB medium supplemented with ampicillin (50 μg mL–1) until the OD600 reached 0.6. The expression was induced by adding IPTG to a final concentration of 0.1 mM, and growth continued for 18 h at 20 °C. To obtain larger amounts of recombinant RegB, the regB gene was cloned by introducing mutations in two RegB targets GGAG present in the SD sequence and coding sequence (Tables S1 and S2). For the overexpression of this gene, the cells were grown until the OD600 reached 0.9, the final concentration of IPTG was 1 mM, and the time of induction was 30 min at 37 °C. The cells were then harvested by centrifugation (20 min, 4000× g at 4 °C), suspended in a buffer (50 mM sodium phosphate, pH 7.7, 300 mM NaCl, 10 mM imidazole, 0.03% Triton X-100), and disrupted by sonication (Bandelin Sonopuls, Berlin, Germany). Afterward, cell extracts were centrifuged for 20 min at 14,000× g at 4 °C and the samples were subjected to a 14% SDS-PAGE analysis. The resulting protein bands were visualized by staining with a Coomassie Brilliant Blue G-250 solution (Thermo Fisher Scientific, Vilnius, Lithuania). The soluble His-tagged proteins were purified using a His-Spin Protein MiniprepTM kit (Zymo Research, Irvine, CA, USA) and used for either SDS-PAGE analysis or in vitro experiments. The eluted fraction of recombinant proteins RIII and S1 were dialyzed against a 100-fold volume of Tris HCl 50 mM pH 7.4, 100 mM NaCl, and 10% glycerol to remove imidazole. The eluted fraction of RegB was dialyzed against a 100-fold volume of Tris HCl 50 mM pH 7.4, 100 mM NaCl, 1 mM DTT, 0.1 mM EDTA, and 10% glycerol. The concentration of the proteins in the storage solutions was determined using the Bradford reagent (Thermo Fisher Scientific, Vilnius, Lithuania) according to the manufacturer’s protocol, and molar concentrations were calculated.




4.4. Proteomics Analysis


The protein bands of interest were excised from Coomassie Brilliant Blue R-250 (Biorad, Hercules, CA, USA)-stained SDS-PAGE gel and destained two times using 200 μL of 25 mM ammonium bicarbonate in 50% acetonitrile for 30 min at 37 °C. The samples were reduced before trypsin digestion with 50 μL of 50 mM TCEP in 25 mM ammonium bicarbonate (pH 8.0) for 10 min at 60 °C and alkylated with 100 mM iodoacetamide in 25 mM ammonium bicarbonate at room temperature in the dark for 1 h. The gel bands were desiccated with 100 μL of acetonitrile, air-dried, and reconstituted with 40 µL of 10 ng µL–1 TPCK trypsin (Thermo Fisher Scientific, Vilnius, Lithuania). The samples were digested at 37 °C for 18 h. The tryptic digest peptides were extracted from the gels two times with 50 µL of 5% trifluoroacetic acid in 50% acetonitrile at 37 °C for 1 h. The extracts were dried in a concentrator (Eppendorf, Hamburg, Germany), reconstituted with 10 µL of 0.1% trifluoroacetic acid, and desalted using ZipTip Pipette Tips (Merck Millipore, Darmstadt, Germany) following the manufacturer’s instructions.



De novo sequencing of the tryptic digest peptides was carried out on a 4800 MALDI TOF/TOF mass spectrometer (Applied Biosystems/MDS SCIEX, Waltham, MA, USA). An amount of 0.5 μL of the sample on a 384 spot Opti-TOF sample plate was overlayed with 0.5 μL of 4 mg mL–1 α-cyano-4-hydroxycinnamic acid (Merck, Darmstadt, Germany) in 50% acetonitrile. The peptide mass spectra were acquired in MS reflector positive mode in the 800–4000 mass range. The dominant peaks were subsequently fragmented in MS/MS positive mode and 1 kV collision energy without CID gas or CID was applied with medium air pressure. GPS Explorer De Novo Explorer software was used for the peptide sequence generation. Data reproduced in at least three independent MS/MS runs were combined to obtain the final peptide sequences. The BLASTp analysis of the peptide sequences obtained was used for the identification of their source protein.




4.5. Pull-Down Assays


An E. coli BL21 (DE3) (Novagen, Madison, WI, USA) strain was transformed with the plasmids pET21d (Novagen, Madison, WI, USA), p21drIIIHis, p21rpsA, p21rpsA-D1-3, p21rpsA-D1-4, p21rpsA-D1-5, p21rpsA-D4-5, p21rpsA-D4-6, p21rpsA-D5-6, p21rpsA-D5-5, and p21rpsA-D6-6 (Tables S1 and S2). The induction of the protein expression, centrifugation, and disruption of the induced cells were carried out as described above. The pull-down assays were performed using the His-Spin Protein MiniprepTM kit (Zymo Research, Irvine, CA, USA). For this, the N-terminally 6His-tagged RIII protein from the lysates of induced E. coli BL21 (DE3) cells was immobilized onto nickel-charged His-affinity agarose. The unbound proteins were washed out with the washing buffer of the kit (50 mM sodium phosphate buffer, pH 7.7, 300 mM NaCl, 50 mM imidazole, 0.03% Triton X-100), and then cell lysates containing induced, intact S1 or its truncated variants were applied on the same agarose. After incubation at room temperature for 10 min, the unbound proteins were washed twice with the washing buffer of the kit. The protein complexes formed between the immobilized 6His-tagged RIII protein of the T4 phage and the recombinant variants of the S1 protein were eluted using the imidazole-containing elution buffer of the kit (50 mM sodium phosphate buffer, pH 7.7; 300 mM NaCl, 250 mM imidazole). The samples of eluted proteins were then directly subjected to a 14% SDS-PAGE and the proteins were visualized by Coomassie blue staining, as described above. For the negative control experiments, the soluble fraction of induced E. coli BL21 (DE3) cells harboring plasmid vector pET21d was poured onto nickel-charged His-affinity agarose and the agarose was washed with the washing buffer of the kit. Then, the cell lysates containing induced, intact S1 protein or its truncated variants were applied on the same agarose, incubated for 10 min, and washed twice with the washing buffer. The protein complexes were eluted using the imidazole-containing elution buffer of the kit and analyzed as described above.




4.6. Determination of Interaction Stoichiometry


In order to determine the stoichiometry of the interaction between the S1 and RIII proteins, the E. coli BL21 (DE3) (Novagen, Madison, WI, USA) was transformed with the plasmids p16rpsAHis and p21drIIIHis (Tables S1 and S2) and grown to OD600 ≈ 0.6 in 30 mL of LB medium containing 50 μg mL–1 of ampicillin. The induction of proteins and the purification and dialysis of the eluted proteins were carried out as described above. The S1 and RIII proteins were purified from the induced cells as described, and the eluted proteins were dialyzed overnight against a 100-fold volume of a 50 mM sodium phosphate, pH 7.4, and 100 mM NaCl buffer to remove imidazole. The concentration of proteins in the storage solutions was determined using the Bradford reagent (Thermo Fisher Scientific, Vilnius, Lithuania) according to the manufacturer’s protocol, and molar concentrations were calculated. Afterward, protein solutions were mixed in different molar ratios (RIII:S1—0.1:1; 0.25:1; 0.5:1; 0.75:1; 1:1; 2:1, and 5:1) and incubated at room temperature for 10 min to facilitate the in vitro formation of the S1–RIII complex. Then, an SDS-free loading sample buffer was added to each sample including the pure RIII and S1 controls, and the samples were analyzed by a native 14% PAGE. The resulting protein bands were visualized by staining with a Coomassie Brilliant Blue G-250 solution (Thermo Fisher Scientific, Vilnius, Lithuania).




4.7. Assay of Protein Interactions in a Bacterial Two-Hybrid System


The in vivo protein–protein interactions of the T4 proteins RIII and RegB with the intact S1 protein or its truncated variants were assayed using the Bacterial Adenylate Cyclase Two-Hybrid (BACTH) System kit (Euromedex, Souffelweyersheim, France). For this, the rpsA gene, as well as its truncated variants, was inserted into the pKNT25 plasmid (Table 1) between the XbaI and SacI sites yielding the pKNT25S series of the plasmids (Tables S1 and S2). The rIII and regB genes were inserted into the pUT18 plasmid (Table 1) between the XbaI and KpnI sites (Tables S1 and S2). In this way, the rpsA gene and its truncated variants were fused with the T25 adenylate cyclase fragment and rIII and regB were fused with the T18 adenylate cyclase fragment. Two plasmids of the kit pKT25-zip and pUT18C-zip (Table 1) were used as a combination for the positive control. Different pairs of plasmids were co-transformed into BTH101 cells and grown overnight at 30 °C in an LB medium containing appropriate antibiotics (100 μg mL–1 ampicillin, 50 μg mL–1 kanamycin). For fresh culture, 2 mL of the LB medium with the aforementioned antibiotics was inoculated with 20 μL of overnight culture and grown to OD600 ≈ 0.6. For the plate assay, 2 μL of cell cultures were spotted on 1 × M9 minimal medium agar plates supplemented with 0.2% glucose, 2 mM MgSO4, 0.1 mM CaCl2, 0.5 mM IPTG, 60 μg mL–1 X-Gal, 100 μg mL–1 ampicillin, and 50 μg mL–1 kanamycin and incubated at 30 °C for 48 h in order to determine the protein interactions expressed by the blue color of the spots.




4.8. Construction of T4 Phage Mutants


The deletions to be introduced into the genome of the T4 phage were first constructed on the basis of plasmid vectors pBSPLO+ [82] or pJet1.2 (Thermo Fisher Scientific, Vilnius, Lithuania). The details of the plasmid construction are given in Table S2. For the construction of T4 ∆rIII (Table 1, Figure S3), the recombinant plasmid pT4rIIIdel carrying the deletion between the cloned DNA fragments flanking the rIII gene was used for the transformation of E. coli DH10B (Thermo Fisher Scientific, Vilnius, Lithuania) under selectable conditions (ampicillin, 50 μg mL–1). The transformed cultures were grown in an LB medium supplemented with ampicillin at 37 °C to OD600 ≈ 0.6 and infected with T4 wt phage at a multiplicity of infection (MOI) of 3 followed by its propagation until lysis of the culture. Phage propagation in the presence of replicating plasmid carrying T4-specific sequences led to the homologous recombination between plasmid and the T4 genome resulting in a mix of progeny phages. The diluted lysates were then plated using double-layer LB agar plates and incubated at 37 °C overnight. The T4 ∆rIII mutant was selected according to the characteristic plaque phenotype (larger, sharp-edged, clear plaques) and verified by PCR and sequencing with the specific primers No. 27 and No. 28 (Table S1).



For the construction of the double mutant T4 ∆rIII∆regB (Table 1, Figure S3) the recombinant plasmid pT4regBdel carrying the E. coli lacZ alpha fragment inserted between T4 regB gene-flanking sequences was used for the transformation of E. coli DH10B under selectable conditions (ampicillin 50 μg mL–1). The transformed culture was grown as described above and infected with the T4 ∆rIII mutant (MOI = 3). The resulting lysates of the culture were then serially diluted and plated using double-layer LB agar plates in the presence of X-gal (200 μg mL–1) and IPTG (0.5 mM). After overnight incubation, the T4 ∆rIII∆regB mutant was selected as large, blue-edged plaques (Figure S3A) and verified by PCR and sequencing with the specific primers No. 29 and No. 34 (Table S1).




4.9. Isolation of Total RNA from Infected Cells


The total RNA from phage-infected E. coli cells was phenol extracted as described [21]. For this, E. coli BTH101 liquid cultures were grown in an LB medium supplemented with streptomycin (50 μg mL–1) in two separate flasks at 37 °C with shaking (180 rpm). When the cultures reached OD600 ≈ 0.8, the T4 wt and T4 ∆rIII∆regB phages were added to the separate flasks at an MOI = 10. To isolate a total RNA having T4 early transcripts, the aliquots of 3 mL of infected cultures were taken 2 min after infection and immediately mixed with 3 mL of boiling lysis buffer (SDS 2%, EDTA 4 mM). The mixture was then boiled for 5 min and used for phenol extraction of the total RNA. The extracted RNA was precipitated by adding a 1/10 part of 5 M NaCl and 2.5 parts of 96% ethanol. The total RNA was collected by centrifugation and the pellet was suspended in 20 μL of nuclease-free water. The prepared RNA was stored at −20 °C until used for sequencing or in vitro analysis of RegB nuclease activity.




4.10. In Vitro Activity Tests of RegB Endoribonuclease


The in vitro activity of the RegB endoribonuclease of the T4 phage was tested using recombinant proteins produced as described above. The total RNA isolated from phage-infected cells was used as a source of the RegB substrates. The recombinant protein S1 was used as an activator of RegB activity, and RIII protein was tested for its role during S1-activated RegB cleavage. Seven 20 μL reaction mixtures were prepared each containing 20 μg of total RNA in a reaction buffer of RegB (50 mM Tris-HCl pH 7.4, 1 mM DTT and 0.1 mM EDTA) and different sets of recombinant proteins, as follows: (i) only total RNA in the reaction buffer; (ii) RNA + RIII; (iii) RNA + S1; (iv) RNA + RegB; (v) RNA + RegB + RIII; (vi) RNA + RegB +S1; and (vii) RNA + RegB +S1 + RIII. The molar ratio of RegB:S1 was 1:2 and that of S1:RIII was 1:3. The reaction mixtures were incubated at 37 °C for 5 min and stopped by directly adding the deproteinization suspension containing 100 μL of phenol:chloroform (1:1) and 80 μL H2O. After deproteinization, RNA from the reaction mixtures was precipitated by adding a 1/10 volume part of 5M NaCl and 2.5 parts of 96% ethanol at −20 °C for at least 2 h. Then, RNA was collected by centrifugation at 16,000× g for 15 min and washed with 70% ethanol. When ethanol was removed, the RNA was suspended in the reaction buffer of an AMV RT (Promega, Madison, WI, USA) and used for primer extension analysis.




4.11. Primer Extension Analysis of T4 mRNA


A total of 50 μg of RNA isolated from T4-infected E. coli cells was used for dideoxy chain termination sequencing [84] of T4 mRNAs using Avian Myeloblastosis Virus (AMV) Reverse Transcriptase (Promega, Madison, WI, USA) and specific primers No. 35 and No. 36 (Table S1). The primers were 5′-end-labeled using ATP (γ-32P) (Perkin Elmer, Boston, MA, USA) and T4 PNK (Thermo Fisher Scientific, Vilnius, Lithuania). The annealing of 2 pmol of the labeled primer to 50 μg of RNA in a volume of 10 μL was performed at 60 °C followed by cooling on ice. Then, the AMV reverse transcriptase (5 units) was added and four chain-termination reaction mixtures, each containing 2.5 μL of the annealing mixture and 2.5 μL of a solution containing all four dNTPs (2 mM each) and one of the four dideoxynucleotides (1 mM), were set. The mixtures were incubated for 20 min at 48 °C. The reaction was stopped by adding 6 μL of stop solution (formamide 95%, 20 mM EDTA pH 8.0, bromophenol blue 2%, Xylene cyanol FF 2%). Primer extension analysis of the RNAs that were subjected to in vitro activity tests of RegB nuclease was performed using the same labeled primers (1 pmol per reaction) but the reactions were performed using all treated RNAs (each ~20 μg) in the presence of 1mM dNTP only. The products of all reactions were analyzed by electrophoresis on a 6% denaturing polyacrylamide gel (8 M urea, TBE) and visualized using a Fujifilm FLA-5100 phosphorimager (Tokyo, Japan).




4.12. Densitometric Analysis of Gel Images


The intensity of the RegB cut representing the band in the primer extension gel images was analyzed using GelAnalyzer version 19.1 [85]. The bands were initially detected automatically and the bands corresponding to the mRNA cut by RegB were normalized manually to the same width in pixels according to the lane with the widest detected bands. The background was subtracted automatically using the morphological method provided in the program with a 50% peak width tolerance. The total volume of the peak was calculated using the software and the relative intensities of the bands were calculated with the intensity of the band in the protein-untreated sample taken as 1. Microsoft Excel functions AVERAGE and STDEV.P were used to determine the average and standard deviations of the relative band intensity, respectively, among the three independent experiments. A one-tailed Welch’s t-test was used to identify significant differences between treatment groups using the Microsoft Excel function T.TEST.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms23169483/s1.





Author Contributions


Conceptualization, L.T.; Data curation, L.T.; Formal analysis, R.M., A.J., A.Z., M.V. and L.T.; Funding acquisition, L.T.; Investigation, A.J., A.Z., M.G., A.K. and L.T.; Methodology, L.T. and R.M.; Resources, R.M., M.V. and L.T.; Visualization, A.Z. and L.T.; Writing—original draft, A.J., L.T., A.Z. and M.G.; Writing—review and editing, L.T. and R.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Research Council of Lithuania [grant No. MIP-002/2014].




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data generated and analyzed during this study are included in this article and its Supplementary Materials. The raw data that support the findings of this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Walsh, D.; Mohr, I. Viral subversion of the host protein synthesis machinery. Nat. Rev. Microbiol. 2011, 9, 860–875. [Google Scholar] [CrossRef] [PubMed]

	



Dendooven, T.; Van den Bossche, A.; Hendrix, H.; Ceyssens, P.J.; Voet, M.; Bandyra, K.J.; De Maeyer, M.; Aertsen, A.; Noben, J.P.; Hardwick, S.W.; et al. Viral interference of the bacterial RNA metabolism machinery. RNA Biol. 2017, 14, 6–10. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Wang, C.; Feng, X.; Nie, L.; Tang, M.; Zhang, H.; Xiong, Y.; Swisher, S.K.; Srivastava, M.; Chen, J. Interactomes of SARS-CoV-2 and human coronaviruses reveal host factors potentially affecting pathogenesis. EMBO J. 2021, 40, e107776. [Google Scholar] [CrossRef] [PubMed]

	



Kazlauskas, D.; Krupovic, M.; Venclovas, Č. The logic of DNA replication in double-stranded DNA viruses: Insights from global analysis of viral genomes. Nucleic Acids Res. 2016, 44, 4551–4564. [Google Scholar] [CrossRef]

	



McAllister, W.T.; Raskin, C.A. The phage RNA polymerases are related to DNA polymerases and reverse transcriptases. Mol. Microbiol. 1993, 10, 1–6. [Google Scholar] [CrossRef]

	



Morcinek-Orłowska, J.; Zdrojewska, K.; Węgrzyn, A. Bacteriophage-Encoded DNA Polymerases-Beyond the Traditional View of Polymerase Activities. Int. J. Mol. Sci. 2022, 23, 635. [Google Scholar] [CrossRef]

	



Jan, E.; Mohr, I.; Walsh, D.A. Cap-to-Tail Guide to mRNA Translation Strategies in Virus-Infected Cells. Annu. Rev. Virol. 2016, 3, 283–307. [Google Scholar] [CrossRef]

	



Li, S. Regulation of Ribosomal Proteins on Viral Infection. Cells 2019, 8, 508. [Google Scholar] [CrossRef]

	



Mizuno, C.M.; Guyomar, C.; Roux, S.; Lavigne, R.; Rodriguez-Valera, F.; Sullivan, M.B.; Gillet, R.; Forterre, P.; Krupovic, M. Numerous cultivated and uncultivated viruses encode ribosomal proteins. Nat. Commun. 2019, 10, 752. [Google Scholar] [CrossRef]

	



Gao, L.; Altae-Tran, H.; Böhning, F.; Makarova, K.S.; Segel, M.; Schmid-Burgk, J.L.; Koob, J.; Wolf, Y.; Koonin, E.V.; Zhang, F. Diverse enzymatic activities mediate antiviral immunity in prokaryotes. Science 2020, 369, 1077–1084. [Google Scholar] [CrossRef]

	



Hampton, H.G.; Watson, B.N.J.; Fineran, P.C. The arms race between bacteria and their phage foes. Nature 2020, 577, 327–336. [Google Scholar] [CrossRef] [PubMed]

	



Golais, F.; Hollý, J.; Vítkovská, J. Coevolution of bacteria and their viruses. Folia Microbiol. 2013, 58, 177–186. [Google Scholar] [CrossRef] [PubMed]

	



Safari, M.S.; Sharifi, M.; Farajnia, S.; Akbari, B.; Karimi Baba Ahmadi, M.; Negahdaripour, M.; Younes, G. The interaction of phages and bacteria: The coevolutionary arms race. Crit. Rev. Biotechnol. 2020, 40, 119–137. [Google Scholar] [CrossRef]

	



Hobbs, Z.; Abedon, S.T. Diversity of phage infection types and associated terminology: The problem with ‘Lytic or lysogenic’. FEMS Microbiol. Lett. 2016, 363, fnw047. [Google Scholar] [CrossRef] [PubMed]

	



Guttman, B.; Raya, R.; Kutter, E. Basic phage biology. In Bacteriophages: Biology and Application, 1st ed.; Kutter, E., Sulakvelidze, A., Eds.; CRC Press: Boca Raton, FL, USA, 2004; pp. 29–66. [Google Scholar]

	



Kutter, E.; Bryan, D.; Ray, G.; Brewster, E.; Blasdel, B.; Guttman, B. From Host to Phage Metabolism: Hot Tales of Phage T4’s Takeover of E. coli. Viruses 2018, 10, 387. [Google Scholar] [CrossRef] [PubMed]

	



Koch, T.; Raudonikiene, A.; Wilkens, K.; Rüger, W. Overexpression, purification, and characterization of the ADP-ribosyltransferase (gpAlt) of bacteriophage T4: ADP-ribosylation of E. coli RNA polymerase modulates T4 “early” transcription. Gene Expr. 1995, 4, 253–264. [Google Scholar]

	



Hinton, D. Transcriptional control in the prereplicative phase of T4 development. Virol. J. 2010, 7, 289. [Google Scholar] [CrossRef]

	



Geiduschek, E.P.; Kassavetis, G.A. Transcription of the T4 late genes. Virol. J. 2010, 7, 288. [Google Scholar] [CrossRef]

	



Uzan, M.; Miller, E.S. Post-transcriptional control by bacteriophage T4: mRNA decay and inhibition of translation initiation. Virol. J. 2010, 7, 360. [Google Scholar] [CrossRef]

	



Uzan, M.; Favre, R.; Brody, E. A nuclease that cuts specifically in the ribosome-binding site of some T4 mRNAs. Proc. Natl. Acad. Sci. USA 1988, 85, 8895–8899. [Google Scholar] [CrossRef]

	



Zajančkauskaite, A.; Truncaite, L.; Strazdaite-Žieliene, Ž.; Nivinskas, R. Involvement of the Escherichia coli endoribonucleases G and E in the secondary processing of RegB-cleaved transcripts of bacteriophage T4. Virology 2008, 375, 342–353. [Google Scholar] [CrossRef] [PubMed]

	



Durand, S.; Richard, G.; Bontems, F.; Uzan, M. Bacteriophage T4 polynucleotide kinase triggers degradation of mRNAs. Proc. Natl. Acad. Sci. USA 2012, 109, 7073–8707. [Google Scholar] [CrossRef] [PubMed]

	



Strazdaitė-Žielienė, Ž.; Zajančkauskaitė, A.; Kalinienė, L.; Meškys, R.; Truncaitė, L. A mutation in the gene for polynucleotide kinase of bacteriophage T4 K10 affects mRNA processing. Arch. Virol. 2014, 159, 327–331. [Google Scholar] [CrossRef] [PubMed]

	



Qi, D.; Alawneh, A.M.; Yonesaki, T.; Otsuka, Y. Rapid Degradation of Host mRNAs by Stimulation of RNase E Activity by Srd of Bacteriophage T4. Genetics 2015, 201, 977–987. [Google Scholar] [CrossRef]

	



Ruckman, J.; Ringquist, S.; Brody, E.; Gold, L. The bacteriophage T4 regB ribonuclease. Stimulation of the purified enzyme by ribosomal protein S1. J. Biol. Chem. 1994, 269, 26655–26662. [Google Scholar] [CrossRef]

	



Subramanian, A.R.; van Duin, J. Exchange of individual ribosomal proteins between ribosomes as studied by heavy isotope-transfer experiments. Mol. Gen. Genet. 1977, 158, 1–9. [Google Scholar] [CrossRef]

	



Loveland, A.B.; Korostelev, A.A. Structural dynamics of protein S1 on the 70S ribosome visualized by ensemble cryo-EM. Methods 2018, 137, 55–66. [Google Scholar] [CrossRef]

	



Subramanian, A.R. Structure and functions of ribosomal protein S1. Prog. Nucleic Acid Res. Mol. Biol. 1983, 28, 101–142. [Google Scholar]

	



Bycroft, M.; Hubbard, T.J.P.; Proctor, M.; Freund, S.M.V.; Murzin, A.G. The Solution Structure of the S1 RNA Binding Domain: A Member of an Ancient Nucleic Acid–Binding. Cell 1997, 88, 235–242. [Google Scholar] [CrossRef]

	



Giorginis, S.; Subramanian, A.R. The major ribosome binding site of Escherichia coli ribosomal protein S1 is located in its N-terminal segment. J. Mol. Biol. 1980, 141, 393–408. [Google Scholar] [CrossRef]

	



Byrgazov, K.; Manoharadas, S.; Kaberdina, A.C.; Vesper, O.; Moll, I. Direct interaction of the N-terminal domain of ribosomal protein S1 with protein S2 in Escherichia coli. PLoS ONE 2012, 7, e32702. [Google Scholar] [CrossRef] [PubMed]

	



Aliprandi, P.; Sizun, C.; Perez, J.; Mareuil, F.; Caputo, S.; Leroy, J.L.; Odaert, B.; Laalami, S.; Uzan, M.; Bontems, F. S1 ribosomal protein functions in translation initiation and ribonuclease RegB activation are mediated by similar RNA-protein interactions: An NMR and SAXS analysis. J. Biol. Chem. 2008, 283, 13289–13301. [Google Scholar] [CrossRef] [PubMed]

	



Salah, P.; Bisaglia, M.; Aliprandi, P.; Uzan, M.; Sizun, C.; Bontems, F. Probing the relationship between Gram-negative and Gram-positive S1 proteins by sequence analysis. Nucleic Acids Res. 2009, 37, 5578–5588. [Google Scholar] [CrossRef] [PubMed]

	



Duval, M.; Korepanov, A.; Fuchsbauer, O.; Fechter, P.; Haller, A.; Fabbretti, A.; Choulier, L.; Micura, R.; Klaholz, B.P.; Romby, P.; et al. Escherichia coli ribosomal protein S1 unfolds structured mRNAs onto the ribosome for active translation initiation. PLoS Biol. 2013, 11, e1001731. [Google Scholar] [CrossRef]

	



Sørensen, M.A.; Fricke, J.; Pedersen, S. Ribosomal protein S1 is required for translation of most, if not all, natural mRNAs in Escherichia coli in vivo. J. Mol. Biol. 1988, 280, 561–569. [Google Scholar] [CrossRef]

	



Hajnsdorf, E.; Boni, I.V. Multiple activities of RNA-binding proteins S1 and Hfq. Biochimie 2012, 94, 1544–1553. [Google Scholar] [CrossRef]

	



Wahba, A.J.; Miller, M.J.; Niveleau, A.; Landers, T.A.; Carmichael, G.G.; Weber, K.; Hawley, D.A.; Slobin, L.I. Subunit I of G beta replicase and 30 S ribosomal protein S1 of Escherichia coli. Evidence for the identity of the two proteins. J. Biol. Chem. 1974, 249, 3314–3316. [Google Scholar] [CrossRef]

	



Chetverin, A.B.; Ugarov, V.I. Chetverina, H.V. Unsolved puzzles of Qβ replicase. Mol. Biol. 2019, 53, 791–801. [Google Scholar] [CrossRef]

	



Boni, I.V.; Isaeva, D.M.; Musychenko, M.L.; Tzareva, N.V. Ribosome-messenger recognition: mRNA target sites for ribosomal protein S1. Nucleic Acids Res. 1991, 19, 155–162. [Google Scholar] [CrossRef]

	



Wagner, A.; Weise, L.I.; Mutschler, H. In vitro characterisation of the MS2 RNA polymerase complex reveals host factors that modulate emesviral replicase activity. Commun. Biol. 2022, 5, 264. [Google Scholar] [CrossRef]

	



Muniyappa, K.; Mythili, E. Phage lambda beta protein, a component of general recombination, is associated with host ribosomal S1 protein. Biochem. Mol. Biol. Int. 1993, 31, 1–11. [Google Scholar] [PubMed]

	



Lebars, I.; Hu, R.M.; Lallemand, J.Y.; Uzan, M.; Bontems, F. Role of the substrate conformation and of the S1 protein in the cleavage efficiency of the T4 endoribonuclease RegB. Biol. Chem. 2001, 276, 13264–13272. [Google Scholar] [CrossRef] [PubMed]

	



Durand, S.; Richard, G.; Bisaglia, M.; Laalami, S.; Bontems, F.; Uzan, M. Activation of RegB endoribonuclease by S1 ribosomal protein requires an 11 nt conserved sequence. Nucleic Acids Res. 2006, 34, 6549–6560. [Google Scholar] [CrossRef] [PubMed]

	



Bisaglia, M.; Laalami, S.; Uzan, M.; Bontems, F. Activation of the RegB endoribonuclease by the S1 ribosomal protein is due to cooperation between the S1 four C-terminal modules, in a substrate-dependent manner. J. Biol. Chem. 2003, 278, 15261–15271. [Google Scholar] [CrossRef] [PubMed]

	



Demerec, M.; Fano, U. Bacteriophage-resistant mutants in Escherichia coli. Genetics 1945, 30, 119–136. [Google Scholar] [CrossRef]

	



Hershey, A.D. Mutation of bacteriophage with respect to type of plaque. Genetics 1946, 31, 620–640. [Google Scholar] [CrossRef]

	



Doermann, A.H. Lysis and lysis inhibition with Escherichia coli bacteriophage. J. Bacteriol. 1948, 55, 257–276. [Google Scholar] [CrossRef]

	



Abedon, S.T. Look Who‘s Talking: T-Even Phage Lysis Inhibition, the Granddaddy of Virus-Virus Intercellular Communication Research. Viruses 2019, 11, 951. [Google Scholar] [CrossRef]

	



Chen, Y.; Young, R. The last r locus unveiled: T4 RIII is a cytoplasmic antiholin. J. Bacteriol. 2016, 198, 2448–2457. [Google Scholar] [CrossRef]

	



Golec, P.; Wiczk, A.; Łoś, J.M.; Konopa, G.; Węgrzyn, G.; Łoś, M. Persistence of bacteriophage T4 in a starved Escherichia coli culture: Evidence for the presence of phage subpopulations. J. Gen. Virol. 2011, 92, 997–1003. [Google Scholar] [CrossRef]

	



Karimova, G.; Pidoux, J.; Ullmann, A.; Ladant, D. A bacterial two-hybrid system based on a reconstituted signal transduction pathway. Proc. Natl. Acad. Sci. USA 1998, 95, 5752–5756. [Google Scholar] [CrossRef] [PubMed]

	



Uzan, M. RNA processing and decay in bacteriophage T4. Prog. Mol. Biol. Transl. Sci. 2009, 85, 43–89. [Google Scholar] [PubMed]

	



Sanson, B.; Uzan, M. Dual role of the sequence-specific bacteriophage T4 endoribonuclease RegB. mRNA inactivation and mRNA destabilization. J. Mol. Biol. 1993, 233, 429–446. [Google Scholar] [CrossRef]

	



Truncaite, L.; Zajanckauskaite, A.; Arlauskas, A.; Nivinskas, R. Transcription and RNA processing during expression of genes preceding DNA ligase gene 30 in T4-related bacteriophages. Virology 2006, 344, 378–390. [Google Scholar] [CrossRef] [PubMed]

	



Benzer, S. The elementary units of heredity. In The Chemical Basis of Heredity; McElroy, W.D., Glass, B., Eds.; The John Hopkins Press: Baltimore, MD, USA, 1957; pp. 70–93. [Google Scholar]

	



Raudonikiene, A.; Nivinskas, R. The sequence of gene rIII of bacteriophage T4 and its mutants. Gene 1993, 134, 135–136. [Google Scholar] [CrossRef]

	



Takeshita, D.; Yamashita, S.; Tomit, K. Molecular insights into replication initiation by Qβ replicase using ribosomal protein S1. Nucleic Acids Res. 2014, 42, 10809–10822. [Google Scholar] [CrossRef]

	



Okada, T.; Wower, I.K.; Wower, J.; Zwieb, C.W.; Kimura, M. Contribution of the second OB fold of ribosomal protein S1 from Escherichia coli to the recognition of TmRNA. Biosci. Biotechnol. Biochem. 2004, 68, 2319–2325. [Google Scholar] [CrossRef]

	



Subramanian, A.R.; Rienhardt, P.; Kimura, M.; Suryanarayana, T. Fragments of ribosomal protein S1 and its mutant form m1-S1. Localization of nucleic-acid-binding domain in the middle region of S1. Eur. J. Biochem. 1981, 119, 245–249. [Google Scholar] [CrossRef]

	



Beckert, B.; Turk, M.; Czech, A.; Berninghausen, O.; Beckmann, R.; Ignatova, Z.; Plitzko, J.M.; Wilson, D.N. Structure of a hibernating 100S ribosome reveals an inactive conformation of the ribosomal protein S1. Nat. Microbiol. 2018, 3, 1115–1121. [Google Scholar] [CrossRef]

	



Sukhodolets, M.V.; Garges, S.; Adhya, S. Ribosomal protein S1 promotes transcriptional cycling. RNA 2006, 12, 1505–1513. [Google Scholar] [CrossRef]

	



Eason, I.R.; Kaur, H.P.; Alexander, K.A.; Sukhodolets, M.V. Growth phase-specific changes in the composition of E. coli transcription complexes. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2019, 1109, 155–165. [Google Scholar] [CrossRef] [PubMed]

	



Sukhodolets, M.V.; Garges, S. Interaction of Escherichia coli RNA polymerase with the ribosomal protein S1 and the Sm-like ATPase Hfq. Biochemistry 2003, 42, 8022–8034. [Google Scholar] [CrossRef] [PubMed]

	



Boni, I.V.; Artamonova, V.S.; Dreyfus, M. The last RNA-binding repeat of the Escherichia coli ribosomal protein S1 is specifically involved in autogenous control. J. Bacteriol. 2000, 182, 5872–5879. [Google Scholar] [CrossRef] [PubMed]

	



Sanson, B.; Hu, R.M.; Troitskaya, E.; Mathy, N.; Uzan, M. Endoribonuclease RegB from bacteriophage T4 is necessary for the degradation of early but not middle or late mRNAs. J. Mol. Biol. 2000, 297, 1063–1074. [Google Scholar] [CrossRef]

	



Van den Bossche, A.; Hardwick, S.W.; Ceyssens, P.-J.; Hendrix, H.; Voet, M.; Dendooven, T.; Bandyra, K.J.; De Maeyer, M.; Aertsen, A.; Noben, J.-P.; et al. Structural elucidation of a novel mechanism for the bacteriophage-based inhibition of the RNA degradosome. Elife 2016, 5, e16413. [Google Scholar] [CrossRef]

	



Miller, E.S.; Kutter, E.; Mosig, G.; Arisaka, F.; Kunisawa, T.; Rüger, W. Bacteriophage T4 genome. Microbiol. Mol. Biol. Rev. 2003, 67, 86–156. [Google Scholar] [CrossRef]

	



Ramanculov, E.; Young, R. An ancient player unmasked: T4 rI encodes a t-specific antiholin. Mol. Microbiol. 2001, 41, 575–583. [Google Scholar] [CrossRef]

	



Paddison, P.; Abedon, S.T.; Dressman, H.K.; Gailbreath, K.; Tracy, J.; Mosser, E.; Neitzel, J.; Guttman, B.; Kutter, E. The roles of the bacteriophage T4 r genes in lysis inhibition and fine-structure genetics: A new perspective. Genetics 1998, 148, 1539–1550. [Google Scholar] [CrossRef]

	



Moussa, S.H.; Kuznetsov, V.; Tran, T.A.T.; Sacchettini, J.C.; Young, R. Protein determinants of phage T4 lysis inhibition. Protein Sci. 2012, 21, 571–582. [Google Scholar] [CrossRef]

	



Krieger, I.V.; Kuznetsov, V.; Chang, J.-Y.; Zhang, J.; Moussa, S.H.; Young, R.F.; Sacchettini, J.C. The Structural Basis of T4 Phage Lysis Control: DNA as the Signal for Lysis Inhibition. J. Mol. Biol. 2020, 432, 4623–4636. [Google Scholar] [CrossRef]

	



Golec, P.; Karczewska-Golec, J.; Voigt, B.; Albrecht, D.; Schweder, T.; Hecker, M.; Węgrzyn, G.; Łoś, M. Proteomic profiles and kinetics of development of bacteriophage T4 and its rI and rIII mutants in slowly growing Escherichia coli. J. Gen. Virol. 2013, 94, 896–905. [Google Scholar] [CrossRef] [PubMed]

	



Driukas, A.; Nivinskas, R. Studies on the expression of genes rIII and 30.9 of bacteriophage T4 in vivo. Biologija 2003, 3, 13–15. [Google Scholar]

	



Malys, N.; Nivinskas, R. Non-canonical RNA arrangement in T4-even phages: Accommodated ribosome binding site at the gene 26-25 intercistronic junction. Mol. Microbiol. 2009, 73, 1115–1127. [Google Scholar] [CrossRef] [PubMed]

	



Kunisawa, T. Synonymous codon preferences in bacteriophage T4: A distinctive use of transfer RNAs from T4 and from its host Escherichia coli. J. Theor. Biol. 1992, 159, 287–298. [Google Scholar] [CrossRef]

	



Tiemann, B.; Depping, R.; Gineikiene, E.; Kaliniene, L.; Nivinskas, R.; Rüger, W. ModA and ModB, two ADP-ribosyltransferase encoded encoded by bacteriophage T4: Catalytic properties. and mutation analysis. J. Bacteriol. 2004, 186, 7262–7272. [Google Scholar] [CrossRef] [PubMed]

	



Depping, R.; Lohaus, C.; Meyer, H.E.; Rüger, W. The mono-ADP-ribosyltransferases Alt and ModB of bacteriophage T4: Target proteins identified. Biochem. Biophys. Res. Commun. 2005, 335, 1217–1223. [Google Scholar] [CrossRef]

	



Malys, N.; McCarty, J.E.G. Translation initiation: Variations in the mechanism can be anticipated. Cell Mol. Life Sci. 2011, 68, 991–1003. [Google Scholar] [CrossRef]

	



Yarchuk, O.; Iost, I.; Dreyfus, M. The relation between translation and mRNA degradation in the lacZ gene. Biochimie 1991, 73, 1533–1541. [Google Scholar] [CrossRef]

	



Braun, F.; Le Derout, J.; Régnier, P. Ribosomes inhibit an RNase E cleavage which induces the decay of the rpsO mRNA of Escherichia coli. EMBO J. 1998, 17, 4790–4797. [Google Scholar] [CrossRef]

	



Selick, H.E.; Kreuzer, K.N.; Alberts, B.M. The bacteriophage T4 insertion/substitution vector system. A method for introducing site-specific mutations into the virus chromosome. J. Biol. Chem. 1988, 263, 11336–11347. [Google Scholar] [CrossRef]

	



Zajanckauskaite, A.; Raudonikiene, A.; Nivinskas, R. Cloning and expression of genes from the genomic region between genes cd and 30 of bacteriophage T4. Gene 1994, 147, 71–76. [Google Scholar] [CrossRef]

	



Sanger, F.; Nicklen, S.; Coulson, A.R. DNA sequencing with chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 1977, 74, 5463–5467. [Google Scholar] [CrossRef] [PubMed]

	



Lazar, I., Jr.; Lazar, I., Sr. GelAnalyzer (Version 19.1). 2010. Available online: www.gelanalyzer.com (accessed on 10 May 2022).








[image: Ijms 23 09483 g001 550] 





Figure 1. Determination of protein–protein interactions using protein electrophoresis. (A) The SDS-PAGE (14%) analysis of the purified N-terminally His-tagged recombinant RIII protein of bacteriophage T4. The amino acid sequences of the identified peptides are listed next to the identified protein. Lanes: M—PageRulerTM Prestained Protein Ladder (Thermo Fisher Scientific, Vilnius, Lithuania); 1—the sample of purified recombinant His-tagged RIII protein. Arrows indicate two co-purified proteins. (B) Determination of the stoichiometry of interaction between N-terminally His-tagged RIII protein and E. coli ribosomal protein S1. The protein complexes were assembled in vitro and then analyzed by a native PAGE (14%). M—PageRuler™ Prestained Protein Ladder. Numbers above the lanes indicate the molar ratios between RIII and S1. Black arrows show the aggregates of RIII, the open arrow points to the S1 protein, and open arrowheads mark the RIII–S1 complexes. 
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Figure 2. The pull-down assay of in vitro interaction between the recombinant His-tagged RIII protein and untagged S1 as well as its truncated variants. (A) The schematic representation of the domains of the intact ribosomal protein S1 (six domains) and its truncated variants used for analysis. The numbers next to the lines mean the amino acid positions of S1. (B) The images of the pull-down assay of the induced recombinant proteins followed by SDS-PAGE (14%). The recombinant His-tagged RIII was bound to the His-affinity agarose, which was washed and then mixed with the cell lysates containing either induced intact S1 or its truncated variants (indicated on the top of the image). Lanes: M—PageRuler™ Prestained Protein Ladder (Thermo Fisher Scientific, Vilnius, Lithuania), 1—the sample of the purified His-tagged RIII protein, +—immobilized RIII used as a bait protein, L—the samples of cell lysates having induced prey proteins. The positions of S1 and its truncated variants in lysates are marked with black arrowheads and open arrowheads indicate S1 variants eluted together with the His-tagged RIII. The black arrows show the position of the His-tagged RIII protein. 
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Figure 3. Analysis of in vivo protein–protein interactions of the ribosomal protein S1 with the T4 proteins RegB and RIII using the BACTH system [52]. (A) Interactions between the intact proteins S1 and RIII, and S1 and RegB. (B) Interactions of RIII protein with the intact protein S1 or its truncated variants. Positive control—T18 and T25 fragments fused with leucine zippers; negative control—T18 and T25 adenylate cyclase fragments without fusions (marked by –); T25N and T18 fusions with different proteins are specified next to the spot results. Blue color of the spots indicates adenylate cyclase activity due to the interaction between proteins fused to the T18 and T25 fragments. 
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Figure 4. Primer extension analysis of T4 early mRNAs in vitro exposed to the diverse sets of recombinant proteins. (A) The representative image and analysis of RegB cleavage using 5′-32P-labeled primer No. 35 complementary to the gene motA mRNA. (B) The representative image and analysis of RegB cleavage using 5′-32P-labeled primer No. 36 complementary to the gene 30.7 mRNA. Total RNA was isolated from the E. coli cells 2 min post-infection with either phage T4 wt or T4 ∆rIII∆regB at 37 °C. The 20 μg aliquots of RNA were subjected to either Sanger dideoxy sequencing or primer extension analysis. The latter analysis was performed after exposure of RNA to different sets of the His-tagged recombinant proteins specified at the top of the lines. The quantity of RegB-cleaved mRNAs was analyzed using GelAnalyzer and Microsoft Excel as described in the Methods section. All values are means ± SD from three independent experiments (Figure S4) (* p < 0.03, ** p < 0.02, Welch’s t-test). 
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Figure 5. Functions of the ribosomal protein S1 in E. coli and possible outcomes of RIII–S1 interaction. (A) Known functions of S1 domains in E. coli. (B) Possible outcomes of RIII binding to S1 during T4 infection. 






Figure 5. Functions of the ribosomal protein S1 in E. coli and possible outcomes of RIII–S1 interaction. (A) Known functions of S1 domains in E. coli. (B) Possible outcomes of RIII binding to S1 during T4 infection.



[image: Ijms 23 09483 g005]







[image: Table] 





Table 1. Escherichia coli strains, phages, and plasmid vectors used.
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	E. coli Strain
	Relevant Characteristics
	Used for
	Source/Reference





	DH10B
	F– endA1 recA1 galE15 galK16 nupG rpsL ΔlacX74 Φ80lacZΔM15 araD139 Δ(ara,leu)7697 mcrA Δ(mrr-hsdRMS-mcrBC) λ-
	Cloning, construction of T4 mutant
	Thermo Fisher Scientific



	BL21 (DE3)
	E. coli B F– dcm ompT hsdS(rB– mB–) gal λ(DE3)
	Superexpression of cloned genes
	Novagen



	BTH101
	F– cys-99 araD139 galE15 galK16 rpsL1 (StrR) hsdR2 mcrA1 mcrB1
	Experiments in BACTH system; T4 propagation; isolation of total RNA from infected cells
	Euromedex/[52]



	Phage
	
	
	



	T4 wt
	Wild-type (T4D+)
	Infection of E. coli
	A gift from Dr. W.B. Wood



	T4 ∆rIII
	T4 wt carrying deletion of gene rIII.
	Infection of E. coli
	This study



	T4 ∆rIII∆regB
	T4 wt carrying deletions of genes rIII and regB.
	Infection of E. coli
	This study



	Plasmid
	
	
	



	pET21a
	ApR; expression vector encoding IPTG-inducible T7 promoter
	Cloning
	Novagen



	pET21d
	ApR; expression vector encoding IPTG-inducible T7 promoter
	Cloning
	Novagen



	pET28a
	KmR; expression vector encoding IPTG-inducible T7 promoter
	Cloning
	Novagen



	pET16b
	ApR; expression vector encoding IPTG-inducible T7 promoter
	Cloning
	Novagen



	pKNT25
	KmR; expressing T25 fragment (first 224 aa of CyaA) under control of a lac promoter.
	Cloning and negative control of protein–protein interaction
	Euromedex/[52]



	pUT18
	ApR; expressing T18 fragment (225 to 399 aa of CyaA) under control of a lac promoter.
	Cloning and negative control of protein–protein interaction
	Euromedex/[52]



	pKT25-zip
	KmR; expressing the leucine zipper of GCN4 fused to the T25 fragment under control of the lac promoter.
	Positive control of protein–protein interaction
	Euromedex/[52]



	pUT18C-zip
	ApR; expressing the leucine zipper of GCN4 fused to the T18 fragment under control of the lac promoter.
	Positive control of protein–protein interaction
	Euromedex/[52]



	pJet1.2 blunt
	ApR; blunt Cloning vector
	Cloning for recombination
	Thermo Fisher Scientific



	pBSPLO+
	ApR; vector designed for T4 homologous recombination
	Cloning for recombination
	A gift from Dr. K.N. Kreuzer [82]



	pRA6-2
	carries the 0.43-kb HpaI-BglII T4 DNA fragment with gene 31
	DNA fragment for cloning
	[83]







Superscript R—resistance.
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