Phage lambda – new insights into regulatory circuits

Running title: Bacteriophage lambda
Grzegorz Węgrzyn1,*, Katarzyna Licznerska1, Alicja Węgrzyn2

1 Department of Molecular Biology, University of Gdańsk, Kładki 24, 80-822 Gdańsk, Poland

2 Laboratory of Molecular Biology (affiliated with the University of Gdańsk), Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Kładki 24, 80-822 Gdańsk, Poland

* Corresponding author:

Dr Grzegorz Węgrzyn

Department of Molecular Biology, University of Gdańsk, Kładki 24, 80-822 Gdańsk, Poland

Tel. +48 58 523 6308

Fax: +48 58 523 5501

E-mail: wegrzyn@biotech.univ.gda.pl

CONTENTS
I. Introducion: the bacteriophage  paradigm

II. Ejection of  DNA from virion to the host cell

III. The lysis-versus-lysogenization decision and  DNA integration into host chromosome   

A. The developmental decision
B. Antiphage response of the host cell

C. Integration of  DNA into host chromosome

IV. Prophage maintenance and induction
A. Models of the genetic switch
B. A role for Cro in  prophage induction

C. Structure and function of the cI repressor

D. Factors causing prophage induction

E. The excision of the prophage
V. Phage  DNA replication

VI. General recombination system encoded by 
VII. Transcription antitermination

VIII. Formation of the mature progeny virions

IX. Host cell lysis

X. Concluding remarks

Acknowledgments

This work was supported by Ministry of Science and Higher Education, Poland (grant no. N N301 192439 to AW).
ABSTRACT

Bacteriophage , discovered about 60 years ago, has served as a model in molecular biology studies for decades. Although currently more complex organisms and more complicated  biological systems can be studied, this phage is still an excellent model to investigate principles of biological processes occurring at molecular level. In fact, there are very few other biological models which provide possibilities to examine regulations of biological mechanisms as detailed as it is performed with . In this chapter, recent advances in our understanding of mechanisms of bacteriophage  development are summarized and discussed. Particularly, studies on (i) phage DNA injection, (ii) molecular bases of the lysis-versus-lysogenization decision and the lysogenization process itself, (iii) prophage maintenance and induction, (iv),  DNA replication, (v) the phage-encoded recombination systems, (vi) transcription antitermination, (vii) formation of the virion structure, and (viii) lysis of the host cell, as  published during several past years, will be presented.

I. Introducion: the bacteriophage  paradigm


Bacteriophage  has been used in studies on molecular mechanism of biological processes for over a half of century. In fact, it is now recognized as a paradigm and reference in many regulatory mechanism occurring in both prokaryotic and eukaryotic systems. Therefore, this model virus, and processes crucial for its development, have been described in many review articles, and in this introductory section we will present only a very concise overview on the phage life styles and basic mechanisms. For more detailed reviews on both -based advantages in basic research and the phage-dependent biotechnological approaches, we advice readers to find various available articles, published in recent years, and exemplified by: Gottesman and Weisberg (2004), Dodd et al. (2005), Ptashne (2005), Węgrzyn and Węgrzyn (2005), Van Duyne (2005), Garufi et al. (2005), Oppenheim et al. (2005), Court et al. (2007), Thomason et al. (2007), Krupovic and Bamford (2008), Valdez-Cruz et al. (2010). We do not refer here to XX century references describing the actual discovery of phage  by Ester Lederberg, recognition of genome peculiarities by Al Hershey, genetic characterization ofgenes by Allan Campbell, characterization of the basic mechanism of phage-dependent cell lysis by Alina Taylor and Ry Young, first unraveling of the transcriptional patterns and indication that both DNA strands can be coding by Karol Taylor and Waclaw Szybalski, and identification of the crucial events in  DNA replication by Ross Inman, Maria Schnos, Costa Georgopoulos, Roger McMacken, Karol Taylor and Maciej Zylicz, to mention a few. We also do not refer here to the role of  in development of biotechnology, particularly genetic engineering, though we must remember that this bacteriophage, after suitable modifications, provided first cloning vectors, and employing  genetic regulatory elements allowed researchers to construct very useful tools for controlled expression of cloned genes (works by Waclaw Szybalski, Anna J, Podhajska and Marian S. Sęktas must be acknowledged here). 

 virions adsorb on their host, Escherichia coli, cells employing the bacterial LamB receptor, located in external membrane, and playing the role of maltose porin in E. coli. Phage genome, the double-stranded DNA molecule composed of 48,502 bp (with 12 nt single-stranded, complementary ends), enters the host cell cytoplasm through the phage non-contractile tail, due to the action of the E. coli enzymatic system, composed of PtsP and PtsM proteins, located in the internal membrane and used normally for transportation of mannose. Following DNA circularization, the decision whether to lysogenize the host cell or to proceed the lytic development is made on the basis on the specific phage regulatory system, in which many phage- and host-encoded factors are employed. If the lysogenic pathway is chosen, phage DNA is incorporated into the host chromosome and persist in the form of a prophage. This state can be kept for many cell generations. The lytic development starts either after prophage induction (resulting in the excision of the  genome from the host chromosome) or when the lysis-versus-lysogenization decision is made in favor of the former option. At the early stage of the lytic development, phage DNA is replicating predominantly according to the circle-to-circle (or ) mode, which is switched later to the rolling circle (or ) mode. The latter replication mechanism results in the appearance of long concatemeric DNA molecules encompassing several  genomes. Simultaneously, general recombination of phage DNA takes place, and expression of phage genes occurs (which is controlled precisely by various mechanisms, including activation, repression and antitermination of transcription as well as RNA stability and efficiency of translation initiation), leading to production of capsid proteins. During the process of the assembly of progeny virions, concatemeric  DNA molecules are cut for monomers during the process called packaging, and maturation of capsids leads to formation of progeny virions. Phage progeny is liberated from the host cell after its lysis, caused by products of phage genes. Importantly, all the stages of bacteriophage  development are precisely controlled by mechanisms whose molecular details can be understood in more and more detail. These mechanisms provide also bases for studies on biological processes in both bacterial cells and eukaryotic organisms.

In this chapter, we will not further refer to basic information about particular processes. Rather, we will focus on novel findings, which provided new insights into regulation of certain mechanisms operating during development of bacteriophage . 

II. Ejection of  DNA from virion to the host cell

Recent findings on the mechanism of  DNA ejection focused on physical and chemical factors that influence this process. Köster et al. (2009) demonstrated that an internal capsid pressure influences efficiency of the ejection process. A decrease in the capsid pressure correlated with a decrease in the efficiency of cell lysis caused by phage infection. Another study indicated that the ejection process is independent on ionic concentrations, which might seem quite surprising (Wu et al., 2010). These studies provided important information about mechanistic processes occurring at the very first stage of phage  development.

III.  The lysis-versus-lysogenization decision and  DNA integration into host chromosome   

A. The developmental decision

Shortly after phage  DNA is ejected and enters the host cell, the major developmental decision must be done, namely whether to lysogenize the host or to perform lytic development. Several proteins and other factors play roles in the process of making the decision, and this process is complicated enough to make it impossible to predict precisely at the current state of our knowledge. Although we can estimate what conditions support lysogenization and what is required for lytic development, it is impossible to calculate precisely what percentage of phages enters one or another pathway under certain conditions. Therefore, various methods of the simulation of the decision process are being developed. Building such models of the regulatory network is an usual step in attempts to understand the system in more detail (Avlund et al., 2009a; Węgrzyn and Węgrzyn, 2005). 


A very interesting quantitative kinetic analysis of such a network has been performed, which suggested that the Cro protein may be the key player in sensing whether the host cell is infected by one or more phages (Kobiler et al., 2005). In fact, number of phages infecting a single host cell is one of factors influencing the developmental decision. Recent simulation of the “counting” process suggested that apart from the already known importance of the ratio of Cro and cII proteins, additional regulatory mechanisms may exist (Avlund et al., 2009b). Another study suggested that the presence of the restriction-modification system can influence phage  development even if the phage has already been “adapted” to this particular system (Gregory et al., 2010). The simulation used by the authors of that study showed that adaptation and re-adaptation to a particular restriction and modification system result in lower efficiency of phage propagation and delayed lysis of bacterial cells relative to non-restricting host bacteria. 


Among proteins involved in the lysis-versus-lysogenization decision, Cro, cI, cII and cIII appear to be crucial. Therefore, understanding details of structures and functions of these proteins are necessary to build more solid models of the phage developmental regulation. The Cro protein functions as a dimer, thus, efficiency of formation of such a structure determines its activity. Jia et al. (2005) demonstrated that native Cro monomers have compact structures, which are hard to unfold. On the other hand, unfolded or partially folded monomers appear to be preferred substrates for Cro dimer formation. This implicates that the assembly of Cro into a dimer is a slow process. Thus, in vivo Cro binding may be under kinetic rather than thermodynamic control. 


Several papers on cII structure and function has recently been published. Datta et al. (2005a) demonstrated that 15 C-terminal residues of cII are flexible and may act as a target for proteolysis in the host cell. In this 97 amino acid long protein, residues 70-82 were found to be necessary for tetramer formation, DNA binding and transcription activation. The same research group (Datta et al., 2005b) solved the three-dimensional structure of cII at 2.6 Å resolution. The tetrameric structure of cII is rather unusual, as it is a dimer of dimers, however, without a closed symmetry. Such a structure may be necessary for efficient binding of cII to major grooves of DNA, from one face of this molecule. Further studies by Parua et al. (2010a) indicated that residues 70, 74 and 78 are crucial for maintaining the tetrameric structure of cII. The model of binding of cII to one face of DNA was used to propose a mechanism of cII-mediated activation of transcription with involvement of the RNA polymerase  subunit (Kędzierska et al., 2004). This can explain how cII stimulates promoter activity when it is bound at the site overlapping the -35 box and when it interacts with both 70 and  subunits of RNA polymerase. Interestingly, one of cII-activated promoters, paQ, has been found to be directly stimulated by guanosine tetraphosphate (ppGpp), the stringent control alarmone (Potrykus et al., 2004). 

The cII protein is degraded in E. coli cell by the host-encoded HflB protease (also called FtsH). Another host factor, the HflD protein, interacts with cII and facilitates its degradation. Recent studies by Parua et al. (2010b) demonstrated that HflD also negatively influences binding of cII to DNA, inhibiting transcription activation by this factor. Two other Hfl proteins, HflC and HflK, make the HflB-mediated proteolysis of cII less efficient. Bandyopadhyay et al. (2010) have purified HflC and HflK separately (which was not achieved previously) and found that each of these proteins binds to HflB and inhibits cII proteolysis. 

The best characterized inhibitor of HflB is  cIII protein. Kobiler et al. (2007) showed that cIII functions as a competitive inhibitor of HflB preventing binding of the cII protein by this protease. The cIII-HflB interactions, but not those between cII and cIII, were found to be responsible for inhibition of the protease (Halder et al., 2008). Kobiler et al. (2007) also suggested that oligomerization of cIII is required for its function and the HflB inhibitor. On the other hand, Halder et al. (2007) proposed that under native conditions the cIII protein exists as a dimer. 


Apart from the regulatory factors influencing the lysis-versus-lysogenization decision known for many years, perhaps surprisingly, it is still possible to discover novel players in this game. One of them is the Ea8.5 protein, encoded by a  gene located in the b (non-essential) region of the phage genome. Overproduction of this protein resulted in a decrease in the efficiency of lysogenization, most probably due to impairment in cII-mediated transcription activation (Łoś et al., 2008).


Our current knowledge about the regulatory network responsible for the control of phage  development at the stage of the lysis-versus-lysogenization decision is presented schematically in Fig. 1. This scheme is based on the previous picture by Węgrzyn and Węgrzyn (2005) but contains an update on regulations discovered during last several years.

B. Antiphage response of the host cell

Recent discoveries informed us about the existence of the prokaryotic antiviral (antiphage) system. This system, abbreviated as CRISPR, consists of clusters of regurarly interspaced short palindromic repeats in bacterial genomes (Brouns et al., 2008). Since this topic is discussed in more detail in another chapter of this book, here, we only signal its influence on the lysogenization or lytic development. Namely, it appears that CRISPR affects lysogenization by phage , maintenance of the lysogenic state, and prophage induction (Edgar and Qimron, 2010). Interestingly, the function of CRISPR appears to be regulated by H-NS and LeuO proteins (Westra et al., 2010).

C. Integration of  DNA into host chromosome

If the lysogenic pathway of phage  development is chosen, the crucial step to form the prophage is integration of the viral genome into the host chromosome. This reaction is catalyzed by the phage-encoded Int protein, called also integrase. Production of this enzyme is dependent on the function of the cII-dependent pI promoter and the tI terminator. Although transcription of the int gene is also possible from the pL promoter, the transcripts derived from this promoter do not terminate at tI due to N-dependent antitermination, thus, int mRNA is highly unstable due to the retroregulation mechanism (degradation of mRNA initiated at the specific secondary RNA structure located downstream of the coding sequence). Therefore, only transcripts that stop at tI may give functional int mRNA. The detailed mapping of the tI terminator has been performed only recently by Martinez-Trujillo et al. (2010), who identified sequences required for transcription termination at this site and mapped the alternative ends of the transcript. Another recently published paper focused on the integrase activity itself. In fact, novel integrase variants were also selected, which helped not only to understand biochemical function of this enzyme, but also provided interesting biotechnological tools (Tay et al., 2010).  

IV.  Prophage maintenance and induction 

Once the host cell is lysogenized by phage , the prophage state is stabilized by the action of the phage-encoded cI protein, which is a strong repressor of the main lytic promoters, pR and pL, and an activator of its own promoter, pM. The prophage is maintained as long as cI is active. This repressor is sensitive to autoproteolysis, taking place upon interaction of cI with the activated form of the RecA protein, called RecA*, which changes its conformation after binding to single-stranded DNA fragments, appearing as a results of the damage of the genetic material (which is a signal triggering the specific cellular response, called the SOS response). The cleavage of the cI repressor results in derepression of pR and pL, and subsequent excision of the prophage from the host chromosome, followed by phage lytic development. This drastic change in the bacteriophage life style is known as the  prophage induction and is a paradigm of the genetic switch – a process of the drastic changes in the pattern of expression of various genes leading to a major change in the life style. 

A. Models of the genetic switch

A large body of data indicated that the prophage state is stable, showing that it is a specific type of the cellular memory (Oppenheim et al., 2005). In fact, recent studies indicated that this state is exceptionally stable, as in the absence of the SOS response the frequency of prophage induction events is lower than 10-8 per cell generation (Cao et al., 2008; Little and Michalowski, 2010; Morelli et al., 2009; Zong et al., 2010). 

Despite this high stability, under natural conditions the prophage induction occurs relatively often due to frequent stress conditions met by lysogenic bacteria in their habitats. Therefore, modeling of the regulation of the switch is important to understand this crucial process in phage life. Novel models of the  genetic switch have been published in recent years. These include mathematical modeling, which described the switch as a piecewise-quadratic second-order differential equation (Laschov and Margaliot, 2009), and the experimental evolution approach, showing how lambdoid prophages can change their regulatory elements in response to selection (Refardt and Rainey, 2010). Other experimental and theoretical analyses suggested that some elements of the regulatory system may be dispensable, playing a role in modulating the response rather than determining the main event (Little, 2010), that a constant level of the cI repressor can be maintained over a wide range of its degradation rate, ensuring heritability of the lysogenic state (Cao et al., 2010), and that this state is in a monostable regime rather than in a bistable regime (Lou et al., 2007). 

B. A role for Cro in  prophage induction

An interesting question is the role of the Cro protein in  prophage induction. Cro is known as a strong repressor of the pM promoter (required for the cI gene expression) and a weak repressor of pR and pL, playing a role as a facilitator of the lytic development. However, there were also reports indicating that Cro may have a role in the  genetic switch. Recent works indicated that Cro is not crucial in the switch, but may moderate this process by weak repression of the early lytic promoters (Svenningsen et al., 2005). Atsumi and Little (2006a) replaced Cro with the Lac repressor and showed that a phage bearing the lacI gene and lac operators instead of cro is viable, but some details of the phage development are changed. This underlined once again the complexity of the regulatory system and its sensitivity to subtle changes in the regulatory processes (Ptashne, 2006). Further changes in the  genome, namely replacement of the cI gene with the gene coding for Tet repressor, resulted in construction of a still viable phage, able to proceed either lytic or lysogenic development depending on levels of factors controlling particular promoters (Atsumi and Little, 2006b). These experiments suggested also that we might be quite close to learn how to control phage  development. On the other hand, Schubert et al. (2007) postulated that the role of Cro is critical, rather than modulatory, in the prophage induction. They created mutants that strongly impaired Cro-mediated repression of pM without significant changes in cI-mediated regulation of this promoter, and demonstrated that inhibition of transcription from pM is crucial for efficient prophage induction as otherwise synthesis of new cI molecules can significantly impede phage lytic development.  

C. Structure and function of the cI repressor

It is clear that the prophage maintenance depends mainly on the activity of the cI repressor. However, new insights into both structure and function of this protein have appeared recently. A role for formation of cI oligomers bound to both oR and oL regions has been demonstrated previously, and their structures have recently been determined at high resolution by experiments employing atomic force microscope (Wang et al., 2009). The cI repressor binds to specific DNA sequences cooperatively, however, results of recent studies by Babić and Little (2007) suggested that this cooperativity is not essential, but rather it is a refinement to a more basic circuit. It seems that the cooperative binding of cI may increase stability of the prophage under various environmental conditions. This could be supported by analyses based on a validated mathematical model (Gedeon et al., 2008). 

The cI-mediated activation of the pM promoter has been studied by employing advanced biophysical (Bakk, 2005) and biochemical (Kędzierska et al., 2007) methods. Results of such studies strongly suggested that cI contacts both 70 and  subunits of RNA polymerase at pM (Kędzierska et al., 2007) and that activation of this promoter can be 2- to 4-fold higher when DNA is looped (Anderson and Yang, 2008). 

Determination of the crystal structure of the intact  cI repressor dimer bound to DNA (Stayrook et al., 2008) provided an excellent tool to understand the function of this protein in more detail. In fact, this structure indicates that the two subunits of the cI dimer adopt different conformations (Stayrook et al., 2008; Hochschild and Lewis, 2009). 

D. Factors causing prophage induction

Since the cI repressor is sensitive to its auto-cleavage triggered by the RecA* protein, which also triggers the SOS response, the  prophage induction was studies usually in UV-irradiated cells. However, it is clear that other factors occurring in natural habitats of E. coli must also cause the genetic switch. Identification of such factors is important to understand the physiology of  and relative phages. Interestingly, it was demonstrated that there are significant differences in the mechanism of  prophage induction and further lytic development between two experimental systems that are commonly used to study this phenomenon, namely the SOS-mediated induction of wild-type prophage and heat-mediated induction of a prophage bearing a gene coding for a temperature-sensitive cI repressor (Rokney et al., 2008). This finding strongly support the prediction that our knowledge on the prophage induction mechanisms, which is based on a very limited number of experimental systems, may be highly incomplete.

Shkilnyj and Koudelka (2007) found that a concentration of salt (NaCl) as high as 200 mM can cause efficient induction of a lambdoid prophage. This was an important discovery since it indicated that some conditions which can be found in natural environment may trigger the  genetic switch. Another work demonstrated that  prophage may be induced by acyl homoserine lactones (Ghosh et al., 2009). These compounds are known as signaling molecules of quorum sensing in Gram-negative bacteria. Therefore, one may speculate that prophage induction may be a response to high concentration of bacterial cells. Another factor triggering the induction of lambdoid prophages is hydrogen peroxide. This oxidative stress-mediating factor was shown to be an efficient inductor of not only  but also other lambdoid phages, including Shiga toxin-converting phages (Łoś et al., 2009;  2010). The mechanism of H2O2-caused prophage induction may involve the action of the host-encoded OxyR protein, whose function in the regulation of the activity of the  pM promoter has been described recently (Glinkowska et al., 2010). 

E. The excision of the prophage

Following the inactivation of the cI repressor, which is always the first step of  prophage induction, the excision of the phage DNA from the host chromosome is necessary to start lytic development. This excision is mediated by two phage-encoded proteins, Int and Xis, but it is facilitated by at least four host proteins. The architecture of the nucleoprotein complex, containing six proteins and a  DNA fragment encompassing the att site (the region of the site-specific recombination which occurs during prophage excision), has been studied by using the FRET technique and employing a metric matrix distance-geometry algorithm (Sun et al., 2006). These studies provided important data, which helped us to understand the actual structure of this complex in more detail. Another work underlined the important role of the Fis protein, a host DNA-binidng protein, in the  DNA excision from E. coli chromosome (Papagiannis et al., 2007). In fact, upon prophage induction a very high level of synthesis of the  Xis protein has been observed, however, this protein was ineffective in the absence of Fis. It is also worth mentioning that some other lambdoid phages, like the Shiga toxin-converting phage 24B, may encode additional factors controlling the excision events (Fogg et al., 2011).   

V. Phage  DNA replication

Bacteriophage  encodes only two proteins involved directly in replication of its genome, the O and P proteins. The O protein binds to the oriregion, and the P protein delivers the host-encoded DnaB helicase to this site. Then, a replication complex, containing other replication proteins from the host cell (including DNA polymerase III holoenzyme, DnaG primase and gyrase) is formed. However, contrary to the host replication machinery, initiation of  DNA bidirectional replication requires activities of DnaJ, DnaK and GrpE chaperones. Interestingly, this initiation is not effective in the absence of transcription proceeding near the ori region. This transcription, called transcriptional activation of the origin, somehow activates the replication complex to start bidirectional DNA replication. After several rounds of such a replication, a switch from circle-to-circle (or ) to rolling-circle (or ) replication mode occurs, which leads to production of long concatemeric  DNA molecules, used for packaging of the phage genomes into newly assembled capsids. 

During recent years, the work on the regulation of  DNA replication focused on the process of transcriptional activation of ori. This was because this process, rather than the assembly of the replication complex per se, appears to trigger the replication event. Moreover, since in the absence of the transcriptional activation only a unidirectional replication can start from ori, it was proposed that the switch from  to  replication mode is due to an inhibition of transcription; after one round of the unidirectional replication the 5’-end of the replicating DNA strand can be displaced by the growing 3’-end, which can result in the initiation of the rolling-circle replication (Węgrzyn and Węgrzyn, 2005). As the transcription which activates DNA replication from ori starts from the pR promoter, any factors that influence its strength may also influence  genome replication. Thus, studies on the function and regulation of this promoter have a high impact on our understanding of the regulation of  DNA replication.

A novel technique, enabling calibration of biochemical parameters in vivo, was tested to characterize the pR promoter (Rosenfeld et al., 2005). This provided important details on this promoter’s function, particularly suggesting that its activity fluctuates during the cell cycle. Then, the isomerization step of transcription initiation from pR has been characterized in more detail (Kontur et al., 2006). It is worth reminding that this promoter is controlled by many factors, including the negative (cI, Cro, ppGpp) and positive (DnaA, SeqA) regulators. Interestingly, both DnaA and SeqA proteins stimulate the transcription from pR and bind downstream of the transcription start site, which is very rare in prokaryotic systems (Łyżeń et al., 2006). SeqA was found to activate pR at the stage of the promoter clearance (Łyżeń et al., 2006). This protein influences DNA topology, and it was demonstrated recently that another such a protein, IHF, can also stimulate pR-initiated transcription (Łyżeń et al., 2008). Interestingly, the SeqA protein may also control DNA replication indirectly, by influencing the stability of the replication complex (this complex, under standard laboratory conditions of cultivation of bacteria, is stable and can be inherited by one of two daughter DNA molecules for many cell generations if bound to a plasmid derived from bacteriophage ) (Narajczyk et al., 2007a). Recently, another stimulator of the pR promoter has been identified, namely the DksA protein (Łyżeń et al., 2009). Interestingly, this protein often acts together and synergistically with guanosine tetraphosphate (ppGpp), the stringent control alarmone, while at pR their actions are independent and antagonistic (ppGpp inhibits, and DksA stimulates, pR activity) (Łyżeń et al., 2009). Interestingly, the phage-encoded P protein was found to inhibit biochemical activities of DnaA, which normally functions as a stimulator of pR–initiated transcription (Datta et al., 2005c; Datta et al., 2005d). All these new discoveries were bases for the updated proposal of the mechanism of the switch from  to  replication mode during the lytic development of bacteriophage , published by Narajczyk et al. (2007b) and presented schematically in Fig. 2. 

Recent work by Szambowska et al. (2011) provided another input into the puzzle of the regulatory mechanism of  DNA replication regulation. It has been demonstrated that RNA polymerase interacts directly with the  O protein. This may indicate that RNA polymerase can play an additional role in the  DNA replication initiation apart from transcribing the ori region. Moreover, it was found that binding of the  O protein to tandem copies of specific DNA sequences affects DNA topology more significantly than suggested earlier (Chen et al., 2010). Perhaps, a large nucleoprotein structure is build, whose activity is controlled in a more complex manner than we have predicted previously. This speculation may be supported by other recent discoveries that some lambdoid bacteriophages bear six O-binding sequences at the ori region instead of four (like in ) (Nejman et al., 2009), and that single amino acid substitutions in the O and P proteins may drastically change requirements for factors influencing transcriptional activation of ori (like DnaA, ppGpp and DksA) (Nejman et al., 2011). In addition, activity of the CbpA protein, which can replace DnaJ in  DNA replication, is controlled at multiple levels (Chenoweth and Wickner, 2008). Perhaps newly developed methods, like that allowing either direct observation of enzymes replicating DNA molecules (Kulczyk et al., 2010) or dynamic analyses of phage-host interactions at the protein level (Maynard et al., 2010), should help us to understand the complicated regulation of  DNA replication initiation in more detail. 

At the late stage of  DNA replication, when long concatemers of the phage genome are produced as a result of the rolling-circle replication, it is necessary to protect these linear “tails” from host nucleases. The RecBCD nuclease is one of them, and  encodes an inhibitor of this enzyme, called Gam. The crystal structure of Gam has been resolved recently, which helped to show that this protein inhibits RecBCD by preventing it from binding DNA (Court et al., 2007). Interestingly, it seems that  encodes its own inhibitor of DNA replication. It was known that the cII protein is toxic when overproduced in E. coli cells, however, the mechanism of its toxicity remained unknown. Kędzierska et al. (2003) found that DNA replication is impaired in cells efficiently expressing the cII gene, which suggest that the replication machinery may be a target for the cII toxic activity.

VI. General recombination system encoded by 
As an alternative to the hypothesis that the switch from  to  replication mode is the result of the change from bidirectional to unidirectional replication (Narajczyk et al., 2007b), it has been suggested that this switch depends on formation of the recombination intermediate (reviewed by Weigel and Seitz, 2006). This could be possible as bacteriophage  encodes its own system for general genetic recombination, called Red and composed of two proteins: Exo and Bet. This system is known as one of the most efficient recombination pathways identified to date. Interestingly, recent works indicated another possible link between replication and recombination.

Although mechanisms of the Red recombination based on strand annealing or strand invasion have been proposed previously, neither of them could explain results of experiments in which crosses between non-replicating linear genome and replicating plasmid bearing a cloned fragment of DNA were studied (Poteete, 2008). Therefore, another mechanism, in which the replisome invasion is considered, has been proposed; this mechanism implies the replication is directly involved in the Red recombination (Poteete, 2008). Further work by Maresca et al. (2010) demonstrated that Red recombination requires replication of the target molecule, indeed. They proposed a model in which formation of single-stranded DNA heteroduplexes at the replication fork is required. The third recent work implicating the requirement of DNA replication in Red recombination was published by Mosberg et al. (2010). They suggested that the Exo protein degrades one  DNA strand and leaves the other strand intact as single-stranded DNA, which is annealed at the replication fork in the reaction catalyzed by the Bet protein. Altogether, these recent studies indicated that DNA replication is required for efficient recombination by the Red system.

VII. Transcription antitermination

Transcription antitermination is a specific mechanisms of regulation of the efficiency of RNA production. It is based on formation of complexes between RNA polymerase and regulatory proteins, which prevent transcription termination at otherwise functional terminator regions. Bacteriophage  encodes two antitermination proteins, N and Q. In the N-dependent antitermination, a large nucleoprotein complex is formed, which contains RNA polymerase, the  N protein, and a set of the host-encoded regulatory proteins, including NusA, NusB, NusE and NusG. The N antitermination complex, assembled on the RNA strand formed just after transcription of the corresponding DNA fragment, is one of the largest prokaryotic transcription complexes. Therefore, recent works have focused on more detailed description  of the structure of this complex and interactions between its elements, to better understand its function. 

Conant et al. (2005) described quantitatively the binding states of the N protein, while Horiya et al. (2009) concluded about similar issues on the basis of replacement of boxB RNA (a part of the transcript which together with boxA RNA forms a structure recognized by the antitermination complex) and N with the heterologous system composed of interacting RNA and peptide molecules. That work led to determination of spatial requirements for RNA-protein interactions. A role for RNA looping was tested by Conant et al. (2008) who proposed that such a looping facilitates interaction of RNA with other elements of the N antitermination complex. Interestingly, it appears that the pR promoter activity can significantly influence the assembly of the N antitermination complex (Zhou et al., 2006). Finally, interactions of the NusA protein with the  N protein and the specific RNA sequence were studied by Prasch et al. (2006 and 2009, respectively), and affinity of the NusB-NusE complex to boxA RNA was determined by Burmann et al. (2010). All these studies provided very important information, which now can be used for building more detailed models on the function of the large nucleoprotein complex enabling N-dependent transcription antitermination.

In the Q-dependent antitermination system, a significantly less complicated complex is formed, which include only RNA polymerase, the Q protein and NusA. Contrary to the N protein, the Q gene product interacts with DNA rather than with RNA. However, it was demonstrated by Nickels et al. (2006) that RNA-mediated destabilization of the interaction between 70 and  subunits is required for binding of the Q protein to RNA polymerase holoenzyme. In fact, it was subsequently demonstrated that Q is a stable component of the transcription elongation complex (Deighan and Hochschild, 2007), and that this antitermination protein contacts -flap domain of RNA polymerase (Deighan et al., 2008).

VIII. Formation of the mature progeny virions

Assembly of the mature virions is a complicated process in which many kinds of proteins, which build phage head and tail, are involved. Although all players of this reaction are perhaps already identified, details of particular steps of this process and detailed roles of particular proteins remained poorly understood. For example, it was known that protein cross-linking and proteolytic maturation events are necessary for the phage head formation, but the specific protease remained unknown. Medina et al. (2010) demonstrated recently that the phage encoded C protein is the specific protease responsible for  procapsid maturation. Interestingly, it was found that major head and tail proteins, E and V, respectively, as well as a capsid decoration protein D, are associated with transition metals (Zhang et al., 2011). 

DNA packaging into preformed heads, together with addition of the preformed tail finalize the virion assembly. The packaging reaction is catalyzed by the complex of the phage-encoded A and Nu1 proteins, called the terminase complex, and the specificities of terminases from different lambdoid phages have been studied recently, including phylogenetic analyses of these enzymes (Feiss et al., 2010). An interesting work has been published by Yang et al. (2009), who determined that phage  DNA is packaged at the rate of about 120 bp per second at 4oC and at 1 mM ATP. Although in natural environment the packaging reaction occurs usually at higher temperatures, these results provide an important information facilitating estimation of the actual rate of this reaction proceeding inside the host cell.

IX. Host cell lysis

The final step of the bacteriophage  development is lysis of the host cell. This reaction is performed by two major phage-encoded proteins, the S holin and the R transglycosylase, and two accessory proteins, Rz and Rz1. All these proteins are products of phage genes transcribed from the  late promoter pR’. Recent work by Shao and Wang (2009) led to description of the model for prediction of the effects of pR’ activity on the lysis time. 

The specific roles of Rz and Rz1 proteins were poorly understood for a relatively long time. It is worth mentioning here that the existence and functionality of Rz and Rz1 genes have been discovered by Alina Taylor and coworkers (Hanych et al., 1993; Taylor et al., 1983) relatively late, well after determining the whole sequence of phage  genome. Now we know that Rz and Rz1, classified as spanins, are involved in disrupting the outer membrane of the bacterial cell. Structures of these proteins were determined in more detail recently (Berry et al., 2010), which was the basis for speculations on the model of Rz-Rz1-dependent disruption of the outer membrane. 

The protein making holes in the cytoplasmic membrane is encoded by the phage  S gene. By using the cryo-electron microscopy, Dewey et al. (2010) demonstrated that holes made by this protein are surprisingly high, having an average diameter of 340 nm, while some holes were as large as 1 m of diameter. Interestingly, most cells had only one large hole. 

An old and intriguing question was why the cell lysis occurs at the very end of the phage development while genes coding for S, R, Rz and Rz1 proteins are located at the beginning of the pR’ operon. It was known that the S cistron encodes two proteins, the holin (called S105) and the antiholin (S107), due to the presence of two alternative translation start sites. However, it remained unclear what actually triggers the lysis, initiated by formation of the hole in the cytoplamic membrane. Recent work by White et al. (2011) suggests that the lysis occurs when the holin reaches a critical concentration and nucleates to form rafts. Therefore, a significant amount of time is needed for production of sufficient amount of the S105 protein, and the presence of S107 prevents a premature formation of S105 rafts.

X. Concluding remarks

In 2001, David Friedman and Don Court published an article entitled “Bacteriophage : alive and well and still doing its thing” to indicate that this classical model, used for years in biological research, could still serve as an excellent tool in studies on molecular mechanisms of basic cellular processes. It appears obvious that after 10 years, the statement by Friedman and Court (2001) is still valid, and that the use of bacteriophage  (as well as other lambdoid phages) in basic and applied research may be required to solve some still difficult problems in understanding molecular mechanisms of biological processes. This statement is supported by the number of excellent papers, describing studies on , published in previous several years and cited in this article, which concerned various aspects of the phage biology, particularly: phage DNA injection, molecular bases of the lysis-versus-lysogenization decision and the lysogenization process itself, prophage maintenance and induction, DNA replication, genetic recombination, transcription antitermination, formation of the virion structure, and lysis of the host cell.
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Figure legends

Fig. 1. A regulatory network at the ‘lysis-versus-lysogenization’ decision of bacteriophage . The crucial  regulatory genes are presented between two thick horizontal lines that symbolize a fragment of the phage genome. Promoters are marked in thin boxes, and transcripts are shown as thick arrows, with arrowheads indicating directionality of transcription (oop RNA is an exception, see below). Phage  gene products (proteins and one of non-translatable transcripts, oop RNA) are marked in thick boxes. The host (Escherichia coli) proteins and specific conditions are presented without boxes. Regulatory processes are indicated as thin arrows and thin blunt-ended lines (positive regulations are represented by arrows and negative regulations are represented by blunt-ended lines). Abbreviations: AC, adenylate cyclase; ATP, adenosine triphosphate; cAMP, cyclic AMP, High temp., high temperature; Low temp., low temperature; PAP I, poly(A) polymerase I (the pcnB gene product); ppGpp, guanosine tetraphosphate; PPi, pyrophosphate. This figure is an updated version of the scheme published by Węgrzyn and Węgrzyn (2005). 

Fig. 2. A model for the regulation of the switch from circle-to-circle () to rolling-circle () replication of bacteriophage phage  DNA. Shortly after infection, there are a few copies (or even just one copy) of phage DNA (thick circles, representing double-stranded DNA molecules), and certain number of free DnaA (small filled circles) and SeqA (small open circles) molecules, which can potentially bind to weak DnaA or GATC boxes, respectively, at the pR promoter (a thick slash) region. This binding is required to stimulate transcription from pR, which activates the origin region (rectangle). Such an activation facilitates formation of the pre-primosomal complex, consisting of the  O protein (the replication initiator protein which binds to four iterone sequences located in ori), the  P protein (a protein which delivers the host-encoded DNA helicase to ori) and the DnaB protein (the DNA helicase).  DnaA- and SeqA-mediated stimulation of transcriptional activation of ori allows for initiation of bidirectional  replication of  DNA. After 5-6 rounds of such a replication, about 50 copies of  genome appear. Due to the presence of many DnaA- and SeqA-binding sequences in  DNA, cellular DnaA and SeqA proteins are titrated out. Moreover, continuous production of the  P protein (small open oval) results in its accumulation and interaction with DnaA, causing inhibition of activities of the latter protein. In addition, the high amount of the Cro repressor (small grey oval), which blocks transcription from pR when occurring at elevated concentrations in cell, is also produced.  Therefore, transcriptional activation of ori becomes impaired. This leads to the initiation of unidirectional  replication, which after one round switches to the  mode, because a round of unidirectional  replication initiated at ori is followed by displacement of the 5' end of the newly synthesized leading strand by its growing 3' end (arrow). For simplification of the diagram, at the switch from  to replication only the fate of the parental strand (thin lines) directing the synthesis of the leading strand is shown. This figure is an updated version of the scheme published by Węgrzyn and Węgrzyn (2005).
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