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SUMMARY

The work presented in this thesis describes a com prehensive analysis of the YycFG two- 

com ponent system  (TCS) in Bacillus subtilis. TCSs are w idespread m echanism s used by 

bacteria to sense and respond to the prevailing environm ental conditions. YycFG is the only 

essential TCS encoded in the B. subtilis genome, but the nature of its essentiality has not been 

established. In addition, its regulon is poorly defined.

In order to get insights into the nature of the cellular processes controlled by this TCS, we 

carried out a comprehensive analysis of the YycFG regulon, based on microarray experim ents 

perform ed on a strain depleted for YycFG, as well as by bioinform atics. The results clearly 

show that YycFG is a regulator of cell wall m etabolism . W e have identified five novel 

com ponents of the YycFG regulon. Am ong them are three positively regulated genes, namely 

lytE, yvcE  and  ydjM. We show that a yvcE lytE double m utant is not viable and that an 

endopeptidase-type activity, perform ed either by LytE or by Y vcE(Cw lO ), is required for 

elongation of the cell cylinder during growth. The gene ydJM  is also predicted to have a role in 

cell wall metabolism. A triple mutant strain deleted in yocH, yvcE  and ydjM  was obtained at a 

low transform ation frequency, displays severe m orphological defects, as well as the inability 

to  grow in liquid culture. This finding further supports a role for YdjM  in cell wall 

m etabolism, this protein being required for normal growth in the absence of the two autolysins 

yocH  and yvcE. A genetic analysis shows that essentiality of YycFG in B. subtilis is polygenic 

in nature. This conclusion is derived from a number of observations. Firstly, although a double 

m utant deleted in both lytE and yvcE  is not viable, we show that the com bination o f the two 

genes does not account for the essentiality o f YycFG. Furtherm ore, the severe grow th and 

m orphological defects o f the triple mutant deleted in yocH, yvcE  and ydjM  indicate that these 

three genes contribute to the essentiality o f YycFG, but do not fully explain it. We therefore 

propose that the essentiality o f YycFG is polygenic, and that the growth cessation and lysis 

phenotypes observed upon Y ycFG  depletion are a m anifestation o f disrupted cell wall 

m etabolism , caused by aberrant expression o f a num ber o f YycFG regulon genes. The 

m icroarray analysis also identifies four genes negatively regulated by YycFG: yoeB dindykuP, 

which both encode proteins o f unknown function, yocE (des), a gene encoding a fatty acid 

desaturase and yjeA, which encodes a putative peptidoglycan deacetylase. Direct regulation is 

show n fo r yoeB  and yjeA .  H elm ann and co-w orkers have shown that YoeB m odulates 

autolysin activity and protects cells from  autolysis (Salzberg and Helmann, 2007). W e show 

that Y jeA  functions as a peptidoglycan deacetylase that m odifies peptidoglycan thereby
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altering the cell wall susceptibility to lysozyme digestion. The control of yoeB  and yjeA by 

YycFG further demonstrates its involvement in cell wall metabolism, which occurs both at a 

transcriptional level, through direct regulation of teichoic acid biosynthetic genes and 

autolysins, and at a post-transcriptional level, by modulation of the of the level of acetylation 

of peptidoglycan, which controls autolysin activity, and by induction of a gene, yoeB, 

encoding a protein that protects cell walls from autolysis. We also show that cell walls from 

YycFG depleted cells are deficient in auto-digestion activity, however none of the cell wall- 

related genes yocH, yvcE, lytE or yjeA contributes to this effect. The presence of the des 

among the genes negatively regulated by YycFG in an indirect way suggests a link between 

YycFG and cell membrane metabolism, as previously observed in other bacteria (Martin et al., 

1999; Mohedano et al., 2005; Ng et al., 2005). Expression of the des gene is strictly controlled 

by the DesKR TCS, and is induced in response to reduced cell membrane fluidity (Aguilar et 

a l., 2001). Therefore the up-regulation of des upon depletion for YycFG indicates a 

perturbation at the level of membrane fluidity, which might be caused by a miss-regulation of 

cell membrane metabolism. In conclusion, this work greatly advances the knowledge on the 

physiological role of the essential YycFG TCS.

An additional project is also reported. The structural similarities shared by the three TCSs 

YycFG, PhoPR and ResDE, as well as the known interactions between the two pairs of TCSs 

YycFG and PhoPR, and ResDE and PhoPR prompted us to investigate the possibility of a 

network of interactions involving these three TCSs. We focused in particular on the TCSs 

YycFG and ResDE, and we found indications that such interactions may occur at different 

levels; our data suggests that the two HKs may sense the same signal, the compound NO, or 

alternatively the HK ResE may phosphorylate the non-cognate RR YycF. Furthermore, our 

results indicate that YycFG may participate in transcriptional regulation of the resABCDE 

promoter (encoding the TCS ResDE as well as three essential genes), and of other constituent 

genes of the ResDE regulon, namely hmp and ctaA. However, these results need further 

experimental validation.
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CHAPTER 1 

INTRODUCTION



1.1. TWO-COMPONENT SIGNAL TRANSDUCTION SYSTEMS

Two-component signal transduction systems (TCSs) are a common mechanism used by 

bacteria to sense and respond to the prevailing environmental conditions. With a few 

exceptions, TCSs are present in all bacteria, where they have been regarded as the most 

widespread mechanism of signal transduction (Wolanin et a i ,  2002). The number of TCSs can 

vary considerably in different bacterial species, ranging from 0 in Mycoplasma species to 80 

in the cyanobacterium Synechocystis and 81 in S. coelicor (Kiil et al., 2005; Mizuno et al., 

19%). Analysis of complete bacterial genomes revealed that the abundance of TCSs does not 

relate to the size of the genome or to the number of proteins encoded, but it rather correlates 

with the potential environmental diversity that a species may encounter within its habitat. 

Bacteria with a complex lifestyle like M yxococcus xanthus, or those which are found 

ubiquitously in varied environm ents such as Pseudom onas, tend to have the largest 

complements of TCSs, while parasitic bacteria like Neisseria gonorrhea and H elicobacter 

pylori, which live in a relatively uniform habitat, have significantly fewer TCSs (Galperin, 

2005; Rodrigue et al., 2000). Indeed, the number of encoded TCSs could be used as a measure 

of the organism’s ability to adapt to a changing environment: a sort of “sensory complement” 

(Galperin, 2005).

TCSs probably originated in bacteria, and then radiated into archaea and eukaryotes 

by lateral gene transfer (Koretke et al., 2000). In accordance with this hypothesis, only a 

limited number of TCSs have been found in eukaryotes, where they represent a small portion 

of all signal transduction systems. TCSs have been identified in lower eukaryotes such as 

fungi (Catlett et al., 2003; Santos and Shiozaki, 2001) and the am oeba Dictyostelium, and 

in plants, such as Arabidopsis thaliana  and tom ato (U rao et al., 2000, 2001). No TCSs 

have been identified in the human, fly or worm genomes and they are thought to be absent 

from the whole animal kingdom (W olanin et al., 2002).

The absence of TCSs from the animal kingdom, together with their ubiquitous presence in 

bacteria and their involvement in important physiological processes including virulence and 

antibiotic resistance, makes them an attractive target for antimicrobial therapy (for reviews see 

in Stephenson and Hoch, 2002a, b; Matsushita and Janda, 2002).
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1.1.1. Mechanism of two-component signal transduction systems

A typical TCS includes a membrane-bound sensor histidine protein kinase (HK), and its 

associated cytoplasmic response regulator (RR). For reviews see Hoch and Silhavy (1995) and 

Stock et al. (2000). A schematic representation the structure and functioning of a TCS is 

presented in Figure 1.1.

The HK usually consists of an amino-terminal “input domain”, and a carboxy-terminal 

“transmitter domain”, which can be subdivided into a kinase domain, containing a conserved 

histidine residue, and an ATP-binding domain. Binding of a ligand to the input domain 

induces the autokinase activity of the transmitter domain and the transfer of a phosphoryl 

group from ATP to the conserved histidine residue.

The RR consists of an amino-terminal receiver domain, which receives the phosphoryl 

group from the HK on an aspartate residue, and a carboxyl-terminal output domain, which is 

often a DNA-binding domain: the phosphorylation of the aspartate activates the function of 

the output domain. The level of phosphorylated RR ultimately determines the output response.

The transmitter and receiver domains are highly conserved among TCSs, reflecting the 

common phosphotransfer mechanism of signal transduction, while the input and output 

domains are widely divergent among TCSs, displaying the diversity of signals that can be 

sensed, and the specificity needed for adaptative responses.

In addition to the prototypical TCS described above, an alternative His-Asp 

phosphotransfer scheme, named multi-step phosphorelay, has been discovered both in 

prokaryotes and eukaryotes (Appleby et al., 1996). In a typical phosphorelay (represented in 

Figure 1.1) the phosphoryl group is first transferred from the histidine redidue of the kinase to 

the aspartate residue of a single-domain RR, then to a histidine-containing phosphotransfer 

domain (HPT) and finally to a cytoplasmic receiver domain (Stephenson and Hoch, 2002a). 

Alternatively, phosphorelay systems can involve hybrid-type HKs, containing both histidine 

and aspartate-containing domains (Zhang and Shi, 2005). In these cases the phosphoryl group 

is first transferred within the HK from its histidine to its aspartate residue, then to the HPT and 

finally to the RR. The HPT domain can exist either as a domain in the hybrid-type HK, or as a 

separate single protein, or as a domain contained in another protein. These expanded 

phosphorelay networks allow greater levels of control than the basic TCSs, thanks to a great 

number of potential regulatory sites and to the possibility to integrate multiple signals into a 

single output response. Phylogenetic analysis indicates that hybrid HKs originated by lateral 

recruitment of a receiver domain into a HK protein. Multi-step phosphorelays are predominant
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in eukaryotes, but have been recently found to be present also in 56 of 156 complete 

prokaryotic genomes (Zhang and Shi, 2005).

A further variation from the prototypical TCS is the unorthodox TCS, in which the HK 

contains two histidine domains and one aspartate domain. Computer analysis has indicated 

that such a complex phosphorelay mechanism allows higher sensitivity to the external 

stimulus, and a more robust response to fluctuation of the stimulus compared to orthodox 

TCSs (Kim and Cho, 2006).

1.1.2. Structure of histidine kinases

A typical HK is composed of a highly variable transmembrane-spanning N-terminal input 

or sensing domain, and a more conserved cytoplasmic C-terminal output or “core” domain. 

The sensing domain often contains one or more extracytoplasmic loops, flanked by two 

transmembrane modules, although there are a number of variations from this general scheme 

(reviewed in Mascher et al., 2006; Wolanin et al„ 2002).

The extra-cytoplasmic loop plays a crucial role in detecting the external stimulus in 

periplasmic-sensing HK (Mascher et al., 2006; Wolanin and Stock, 2003). The transmembrane 

domains function as an anchor to the cytoplasmic membrane, but can also be implicated in 

signal perception (Mascher et a i ,  2006).

A linker HAMP domain, approximately 50-aminoacids long, connects the periplasmic, 

ligand-binding domain to the cytoplasmic output domain (Aravind and Ponting, 1999). HAMP 

domains are found in histidine kinases, as well as adenylyl cyclases, methyl-accepting proteins 

and phosphatases (Aravind and Ponting, 1999), and are shown to play a role in the 

transmission of the signal between the input and output domains of HK, although the precise 

mechanism of signal transmission is still unknown. HKs usually function as dimeric proteins 

(Tomomori et al., 1999): HAMP domains have been also implicated in HK dimerization. Two 

alternative models have been proposed for such a function; in both cases, the binding of the 

ligand to the input domain of the HK would alter the conformation of the two a-h e lices  

contained within the HAMP domain. This would result in a change in conformation of the 

bihelical dimerization domain contained in the HK, which would become “free” to align with 

the dimerization domain of another HK, allowing dimerization (Khorchid and Ikura, 2006; 

Williams and Stewart, 1999).

HK domains include the H-box motif, which contains the conserved histidine residue, as 

well as sequences responsible for the HK dimerization. Auto-phosphorylation is believed to 

occur in trans, with one subunit using ATP to phosphorylate the conserved histidine residue of
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the partner within a dimer (Dutta et al., 1999). The phosphate group is subsequently 

transferred to a conserved aspartate residue within the cognate response regulator. Many HKs 

also possess a phosphatase activity, that is the ability to de-phosphorylate the RR in its 

phosphorylated form (RR~P); such a phosphatase activity is often mediated by the 

dimerization domain (Perego et a i ,  1996; Perego and Hoch, 1996). These bifunctional HKs, 

by limiting the response regulator’s activation, achieve an additional level of control, which is 

required when the cellular response needs to be shut down quickly (Stock eta l., 2000).

A number of conserved sub-domains have been identified within the output region of HKs 

(Mascher et al., 2006 and references therein): among them are the cytoplasmic signaling PAS 

domains. Such domains were initially identified in the Drosophila period circadian protein 

PER, the vertebrate aryl hydrocarbon receptor nuclear translocator ARNT, and the Drosophila 

single-minded protein SIM, and were later found in over 1100 sensor proteins from both 

prokaryotes and eukaryotes. (Khorchid and Ikura, 2006; Taylor and Zhulin, 1999). PAS 

domains are known to be involved in sensing light, oxygen, small ligands, the redox potential 

and the overall energy state of the cell (Taylor and Zhulin, 1999), and in some cases can act as 

sites of protein-protein interaction (Elsen et al., 2003; Taylor and Zhulin, 1999; Wang et al., 

2001). The B. subtilis phosphorelay sensor kinase KinA possesses three PAS domains (A, B 

and C): PAS-B and PAS-C were shown to mediate dimerization, while PAS-A has been 

implicated in enzymatic activity (Wang eta l., 2001). PAS-A was shown to be required for 

auto-phosphorylation of the HK, and has been proposed to be involved in either signal sensing 

or structural integrity or both. In a further study PAS-A was shown to bind and hydrolyze 

ATP; it was proposed that energy from ATP hydrolysis might drive the conformational 

changes for activation or de-activation of the kinase in response to the external stimulus 

(Stephenson and Hoch, 2001). Signal sensing, therefore, does not seem to be the exclusive role 

for PAS domains in HKs. One intriguing hypothesis is that PAS domains might constitute 

signaling domains which would function as “checkpoints” , enhancing or counteracting the 

primary signal sensed by the HK through its input domain (Stephenson and Hoch, 2002c).

1.1.3. Classincation of histidine kinases

HKs have been classified by a number of groups according to different criteria. 

Classification cannot be accomplished on the basis of overall protein homology, because of 

the high variability of the input domains, which reflects the wide range of signals sensed by 

different kinases. Most classifications, therefore, were based on the highly conserved 

cytoplasmically located transmitter domain. One criterion used was the position of the
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histidine-containing region (H-box region) with respect to the icinase domain in the primary 

sequence of the protein, which allowed identification of two classes of HKS (Dutta et al., 

1999). A more comprehensive analysis, based on comparison of six conserved boxes within 

the transmitter domain, allowed distinction of eleven different classes (Grebe and Stock, 

1999). A recent classification was based on the sequence of the conserved H-box region and of 

the kinase domain, as well as on the predicted secondary structure of the H-box, and allowed 

grouping of bacterial and archeal HKs into five different classes (Kim and Forst, 2001). A 

classification based on the sequence of the region around the conserved histidine residue was 

proposed for B subtilis, and has found widespread use (Fabret et a i ,  1999): HKs were grouped 

in five different classes, with a further sub-classification based on similar size and membrane 

configuration. According to this classification, the three kinases YycG, ResE and PhoR form a 

“sub-group” within the homology class IIIA, clearly indicating evolution from a common 

progenitor. Indeed all the above classifications, based on the features of the highly conserved 

transm itter domain, are likely to reflect the evolution of TCSs and their phylogenetic 

relationship. On the other hand, such criteria do not allow prediction of a HK biological 

function, which is defined by the input domain.

A number of conserved input sub-domains have been recently identified on the basis of 

comparative genomic analysis (M ascher et al., 2006 and references therein). While such 

motifs are crucial in the understanding of the kinases biological function, overall classification 

of HKs based on the input domains is hampered by the high degree of sequence variability, 

which reflects the wide variety of signals sensed. Functional classification of HKs, therefore, 

requires an alternative approach, which cannot be based on sequence alignments alone. 

Intramembrane-sensing HKs have been recently classified on the basis of domain architecture, 

genomic context as well as sequence similarity (Mascher, 2006). A more comprehensive 

functional grouping of all HKs was based on their membrane topology, on the number of 

transmembrane domains, and on the sequential arrangement of conserved sensory sub- 

domains within the input domain (M ascher et al., 2006). Such criteria, however, don’t take 

into consideration phylogenetic aspects.

1.1.4. Structure of response regulators

A typical RR contains a conserved N-terminal receiver domain, which can be 

phosphorylated on an aspartate residue, and a variable C-terminal output domain; a flexible 

interdomain linker connects the two regions.
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The receiver domain is approximately 120 amino acids long and adopts a conserved three- 

dimensional organization, with a central P-sheet (made of five parallel P-strands) surrounded 

by five a-helices. The active site, containing the conserved aspartic residue, is located at the 

C-terminal end of the P-sheet (Robinson et al., 2000). Phosphorylation of the receiver domain 

occurs in a Mg^"^-dependent way and drives conformational changes which are needed for full 

activation of the protein (Cho et al., 2001). In some cases phosphorylation is achieved through 

the utilization of small molecules, such as acetyl phosphate, as phosphodonors (Stock et al., 

2000).

The interlinker domain was shown to affect activation of the RR, most likely by playing a 

role in transmitting the signal from the receiver to the output domain (Walthers et al., 2003).

Most RRs are transcription factors containing DNA-binding output domains. In these 

cases the cellular response is elicited through activation or repression of genes encoding for 

proteins that are required to respond to the specific signal sensed by the cognate HK. 

Structural analysis of various DNA-binding domains revealed a common helix-turn-helix 

(HTH) motif (Aravind et al., 2005), but a wide diversity in their global architecture (Robinson 

et al., 2000), which reflects both the variety and the specificity of the different cellular 

responses.

In addition to their phosphotransfer activity, RRs possess also a Mg^"^-dependent auto­

phosphatase activity, which limits the lifetime of their phosphorylated state to a timeframe 

ranging from seconds to hours, depending on the specific needs of each cellular response (Cho 

et al., 2001). In some cases, RRs can be de-phopshorylated by auxiliary phosphatases (Stock 

et al., 2000). The above mechanisms, together with the phosphatase activity performed on 

RRs by some HKs mentioned in the previous section, all represent regulatory strategies to 

tightly control the level of phosphorylated RR, which ultimately determines the output 

response.

1.1.5. Classification of response regulators

RRs have been classified by several different criteria (Glaperin, 2006; Kojetin et al., 2003 

and references therein). In B. subtilis five families of regulators have been identified on the 

basis of the homology of their output domain and have been named with reference to known 

families of E. coli RRs (Fabret et al., 1999). According to this criterion, the three RRs YycF, 

PhoP and ResD belong to the OmpR family. In an alternative classification, based on the 

surface characteristics of the receiver domains, YycF, ResD and PhoP, which share very 

similar surface features, have been classified as belonging to the sub-class A within the OmpR
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family (Kojetin et a i ,  2003). The three TCSs YycFG, PhoPR and ResDE, therefore, share a 

high degree of similarity both in their HK and in their RR components, which can be 

explained by the evolution from a common progenitor (Fabret et al., 1999).

A more comprehensive classification of RRs has been recently performed on 200 bacterial 

and archaeal species whose genome has been completely sequenced (Galperin, 2006). Such 

classification was based on the domain architectures of the receiver domain, and of DNA- 

binding, enzymatic, ligand-binding and previously uncharacterized domains. This analysis 

indicated that a common evolutionary mechanism of RRs is the fusion of receiver domains to 

DNA-binding or enzymatic domains, which results in new RRs: virtually any fusion can 

occur, but only some of them are fixed by evolution.

1.2. YycFG: AN ESSENTIAL TWO-COMPONENT SYSTEM

Only a few TCSs have been found to be essential for cell viability among bacteria. Such a 

finding is not surprising, being consistent with the physiological role of TCSs in bacteria, 

which is to respond to specific signals that may not always be present in their habitat. An 

essential TCS, in fact, would seem to limit the range of conditions for bacterial survival.

One such rare essential TCS is YycG-YycF, which was first identified in Bacillus subtilis, 

and which is the object of this study. Among the 34 TCSs present in B. subtilis (Fabret et al., 

1999; Kunst et al., 1997), YycFG is the only essential one, as revealed by direct gene 

knockout study of all the RRs (Fabret and Hoch, 1998). Unlike all the other TCS, therefore, 

YycFG seems to respond to conditions that are required for the survival of the cell.

Orthologues of YycFG have been identified in other low G+C Gram-positive bacteria 

such as Staphylococcus aureus, Staphylococcus epidermidis. Streptococcus pneumoniae. 

Listeria monocytogenes, Enterococcus faecalis, Lactococcus lactis, Lactobacillus sakey. 

Streptococcus pyogenes, Streptococcus mutans, Clostridium acetobutylicum. Cyanobacterium, 

Bacillus cereus, Bacillus thuringensis and Bacillus anthracis (Ashby and Houmard, 2006; 

Bhagwat et al., 2001; de Been et al., 2006; Ferretti et al., 2001; Glaser et al., 2001; Hancock 

and Perego, 2002; Kuroda er a/., 2001; Morel-Devi 1 le er a/., 1998; Nolling a/., 2001; 

O'Connell-Motherway et al., 1997; Qin et al., 2006; Tettelin et al., 2001).

In some cases, such as in B. subtilis and S. aureus, both the HK and the RR are essential 

(Fabret and Hoch, 1998; Martin et al., 1999). In other cases, such as in S. pneumoniae, only 

the RR has been shown to be essential (Throup et al., 20(X); Wagner et al., 2002), although the 

HK YycG is required for optimal growth when YycF levels are reduced (Ng et al., 2003). In
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most cases, however, YycF seems to be essential for growth. Clear evidence for YycF 

essentiality is given for L. monocytogenes and E. faecalis  (Hancock and Perego, 2002; 

Kallipolitis and Ingmer, 2001; Williams et al., 2005), as well as the above mentioned B. 

subtilis, S. aureus and S. pneumoniae. For some species, however, the literature reports 

conflicting data. In the bacterium S. pyogenes, Federle et al. (1999) were unable to inactivate 

YycF, while Liu et al. (2006) were able to construct both a YycF and a YycG insertional 

mutant. However, this YycF mutant was not stable in vivo and the authors failed to obtain a 

YycF deletion mutant. In S. mutans YycF was shown to be essential and YycG was found to 

be dispensable, but required for optimal growth, in a way similar to what observed in S. 

pneumoniae (Bhagwat et al., 2001; Senadheera et al., 2005). However, Lee et al., (2004) were 

able to obtain a YycF knock-out mutant in S. mutans. These conflicting data do not allow a 

firm conclusion as to whether or not the YycFG TCS is essential in S. pyogenes and S. mutans. 

YycF seems to be dispensable for growth in L. sakei (Morel-Deville et al., 1998), while in L. 

lactis both the YycG and the YycF proteins could be deleted (O'Connell-Motherway et al., 

2000).

The YycFG TCS is very highly conserved, with YycF RR sharing 70% amino acid 

identity on average (Howell et al., 2003). This observation, along with its essential nature, has 

encouraged the study of YycFG as a novel therapeutic target in the treatment of diseases 

caused by Gram-positive pathogen bacteria, especially following the development in recent 

times of multi-drug resistant pathogens. For this purpose, studies have been carried out to 

identify inhibitors of the kinase YycG in B. subtilis, S. aureus, E. faecalis and S. epidermidis 

(Furuta et al., 2005; Kitayama et al., 2004; Kitayama et al., 2007; Okada et al., 2007; Qin et 

al., 2006; Watanabe et al., 2003b; Yamamoto et al., 2001).

This TCS has been reported under different nomenclatures in different bacterial species: 

besides the largely used YycFG denomination, some reports use the MicB/MicA nomenclature 

to reflect its role in competence regulation in S. pneumoniae, while the name VicK/VicR is 

used in S. pneumoniae and S. mutans for its role in virulence and competence regulation 

(Echenique and Trombe, 2001; Senadheera et al., 2005; Wagner et al., 2002). A number of 

studies, performed by different groups in different model organisms, have investigated the 

cellular function of YycFG, the structure of the YycG HK and the YycF RR, the YycFG 

regulon and the nature of its essentiality. However, a complete understanding of the 

physiological role of this TCS still needs to be achieved: the aim of the present study is to 

elucidate the function of YycFG in B. subtilis.
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1.2.1. Structure and classiflcation of YycG histidine kinases in different bacteria

As anticipated above, the three HKs YycG, ResE and PhoR in B. subtilis have been 

classified on the basis of the sequence of the region around the conserved histidine residue as 

belonging to the homology class IIIA, where they form a “sub-group”, clearly indicating 

evolution from a common progenitor (Fabret et al., 1999).

The kinase activity of purified YycG extracted from several bacteria has been studied in 

vitro. The cytoplasmic domains of the B. subtilis, S. aureus and S. pneumoniae YycG have 

been shown to possess autokinase activity and to be able to phosphorylate their cognate 

purified regulators (Dubrac and Msadek, 2004; Echenique and Trombe, 2001; Howell et al., 

2003). However, the crystal structure of YycG has not been resolved. Therefore structural 

studies on YycG have been performed solely on the basis of sequence analysis (Kiil et al., 

2005). A three-dim ensional model is available only for the conserved ATP-binding 

subdomain, which has been reconstructed in silica for S. epidermidis as a basis for discovery 

of new inhibitors for YycG (Qin et at., 2006). Conserved domains can be identified in all the 

YycG orthologues, as described in Figure 1.2: a HAMP (linker) domain, a PAS domain, a 

histidine kinase domain containing the conserved histidine residue, an ATPase domain and 

one or two transmembrane domains (Ng and Winkler, 2004).

PAS domains are typically involved in sensing signals like oxygen or light or cofactors 

that respond to redox state (Taylor and Zhulin, 1999): the presence of a PAS domain in YycG 

hortologues has suggested a role for YycG in sensing small molecules and ligands that reflect 

the metabolic state of the cell (Ng and Winkler, 2004). A mutational analysis of the signal- 

sensing domain of ResE has shown that the PAS domain is essential for sensing oxygen 

limitation and nitric oxide and for consequent transcriptional activation of ResDE-dependent 

genes (Baruah et al., 2004). However, in the B. subtilis HK PhoR, the PAS domain does not 

seem to be involved in the sensing of the signal, because deletion of the whole N-terminal 

region, including the PAS domain, did not affect activation of the PhoP response (Shi and 

Hulett, 1999). The role of the PAS domain in the B. subtilis HK YycG, closely related to both 

ResE and PhoR, remains to be investigated.
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Figure 1.2. General domain organization of the HK YycG and the RR YycF. See text for details.

Interestingly, YycG is the only protein containing a PAS domain in S.peumoniae 

(Echenique and Trombe, 2001). It has been postulated that in this bacterium YycG might be 

involved in sensing the cellular redox potential through its PAS domain, in order to coordinate 

membrane growth (Throup et a i ,  2000). Residue L I00 in the N terminal portion of the PAS 

domain was shown to be crucial for the YycFG-dependent regulation of competence in vivo, 

as well as for the autokinase activity of the pneumococcal YycG in vitro (Echenique and 

Trombe, 2001). These results show the importance of the PAS domain for the functionality of 

YycG in S. pneumoniae', however, the precise role of this domain and the signal sensed by it 

still remain to be investigated.

Despite the presence of conserved domains, there are clear structural differences among 

YycG orthologs, regarding the number of transmembrane domains and the presence and 

length of the extra-cytoplasmic loop. Most YycG orthologs contain a large extra-cytoplasmic 

loop, 142 to 154 amino acids long, flanked by two transmembrane domains. One exception is 

represented by the Lactococcus lactis YycG, where the extra-cytoplasmic loop is only 4 amino 

acids long. Furthermore, YycG orthologs in Streptococcus species lack the extra-cytoplasmic 

loop and contain a single transmembrane domain, with only 4 to 12 amino acids protruding 

from the transmembrane domain into the periplasmic space (Ng and Winkler, 2004).

The extra-cytoplasmic loop is known to play a crucial role in detecting the external 

stimulus in some HKs, while the transmembrane domains function as an anchor to the 

cytoplasmic membrane, but can also be implicated in signal perception (Mascher et al., 2006). 

Therefore the structural differences among YycG orthologues are likely to reflect a variety of
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signaling mechanisms: YycG might sense different signals in different organisms, in 

accordance with their specific metabolism and physiology. Consistent with this interpretation, 

a functional classification of HKs like the one proposed by Mascher et al. (2006) would 

colocate YycG orthologues form different bacteria into three separate classes. Most YycG 

homologues, which contain a long extra-cytoplasm ic loop, could be classified as a 

“periplasmic-sensing histidine kinase” (Mascher et al., 2006); the Lactococcus lactis YycG, 

with its short loop and two transmembrane domains, could be considered a “histidine kinase 

with sensing mechanisms linked to the transmembrane regions” (M ascher et al., 2006); 

finally. Streptococcal YycG could be classified as a “cytoplasmic sensing histidine kinases” 

(Mascher et al., 2006), where the PAS domain might function as a cytoplasmic input domain. 

However, the precise sensing mechanism and the role of the different potential signaling 

domains have not been fully elucidated.

There is an interesting correlation between the structure of YycG orthologues and their 

essentiality. The only species in which YycG was found to be dispensable were Lactococcus 

lactis (O'Connell-Motherway et al., 2000) and Streptococcus species (Senadheera et al., 2005; 

Throup et al., 2000; W agner et al., 2002), which all lack a long extra-cytoplasmic loop. 

Although it is still unclear how such structural differences relate to the essentiality of YycG, 

this observation further confirms the existence of distinct classes of YycG HKs.

It has been suggested that the dispensability of YycG in S. pneumoniae could be 

explained by non-cognate phosphorylation (Clausen et al., 2003). Consistent with this 

hypothesis, cross-phosphorylation was observed in vitro between the S. aureus and  S. 

pneumoniae YycFG proteins (Clausen et al., 2003); furthermore, the E. faecalis VanRS was 

shown to be able to phosphorylate the S. pneumoniae YycF in vitro (Wagner et al., 2002). In 

addition, recent in vitro data have shown that acetyl phosphate is a phosphoryl group donor for 

purified S. pneumoniae YycF (Ng et al., 2005). Acetyl phosphate is an important signaling 

molecule in some bacteria and its capacity to phosphorylate YycF could partly account for the 

dispensability of YycG in S. pneumoniae.

1.2.2. Structure and classiHcation of the YycF response regulator

As anticipated above, the three RR YycF, PhoP and ResD have been classified according 

to different criteria as belonging to the OmpR family of RRs (Fabret et al., 1999) or to the sub­

class A within the OmpR family (Kojetin et al., 2003). Both classifications reflect evolution 

from a common progenitor.

12



YycF is a typical RR with an N-terminal receiver domain and a C-terminal DNA binding 

domain (see Figure 1.2). The receiver domain presents a conserved aspartate residue (D54 

relative to YycF from B. subtilis), which is probably the phosphorylation site of the regulator. 

A lthough the crystal structure of whole YycF protein has not been resolved yet (only 

preliminary data are available to date for a mutant form of the pneumococcal YycF (D59A) 

(R iboldi-T unnicliffe et al., 2004)1, the structure of the receiver domain and of the DNA 

binding domain have been resolved separately in S. pneumoniae and E. faecalis respectively 

(B en t et al., 2004; Trinh et al., 2007). The pneumococcal YycF N-terminal domain 

crystallized as a homodimer, and revealed the conserved three-dimensional organization 

typical of many RR receivers domains (Robinson et al., 20(X)), with a central P-sheet (made of 

five parallel p-strands) surrounded by five a-helices (see Figure 1.3). As expected for such 

motifs, the active site, containing the conserved aspartic residue, was located at the C-terminal 

end of the P-sheet.

adapted from Bent et al., 2004).

Comparison with the structures of receiver domains from other members of the OmpR 

family revealed an overall high degree of similarity, with observable differences only in the 

fine details within the p-4 and a -4  regions. A point mutation in the yycF  coding sequence 

resulting in the subsitution of the aspartate (D) residue at position 59 of YycF with an alanine 

(A) residue was shown to affect the stability of the phosphorylated form of the pneumococcal 

YycF in vitro (Echenique and Trombe, 2001). The D59 residue of YycF, originally identified

Figure 1.3. Ribbon diagram of the dimer obtained upon crystallization of the S. pneumoniae YycF RR (figure
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as a putative phosphorylation site, is actually located in the loop connecting p-3 and a -3  

within the active site, as revealed by the crystal structure of RR02rec (Bent et al., 2004; 

Echenique and Trombe, 2001). The two RR02rec monomers were shown to interact through 

their a -4 , p-5 and a -4  regions, in a way which is different from what was found for PhoP, 

which was shown to utilize two distinct faces for interaction |a -2 -a -3 -a -4  on one molecule 

and a-4*p-5 -a-5  on the second molecule (Birck et al., 2003)|. Dynamic light scattering 

experiments showed formation of higher-order RR02rec oligomers, which must interact 

through surfaces different than those used by the dimer (Bent et al., 2(X)4).

The crystal structure of the DNA-binding domain has been elucidated for the YycF 

homologous in E. faecalis (Trinh et al., 2007). It revealed a conserved motif belonging to the 

winged helix-turn-helix (HTH) family of DNA binding domains (Aravind et al., 2005), which 

comprises a N-terminal P-sheet, a central bundle of three a-helices, and a C-terminal P-hairpin 

turn (see Figure 1.4).

a-Loop

Figure 1.4. Ribbon diagram of the structure of the E. faecalis  YycF DNA binding domain. Helices a.2 and a3  

form the helix-tum-helix motif, linked by the a-loop (figure and legend adapted from Trinh et al., 2007).

When compared to other members of the OmpR family of response regulators, the main 

differences were found at the level of the “a-loop”, which connects the second and third a -  

helices, and of the “second loop” , which links the third a-helix to the C-terminal p-hairpin. In 

particular, the a-loop in YycF was found to be similar to the one present in the E. coll PhoB, 

but shorter with respect to the one observed in the E. coll OmpR. The structural similarity to 

PhoB suggests that the a-loop  in YycF might interact with the factor and might play a
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crucial role in transcriptional activation (Trinh et a i ,  2007). A model for a complex between 

the YycF DNA-binding domain and DNA was constructed in silico on the basis of the known 

structure of the E. coli PhoB-DNA complex (Blanco et al., 2002). It was suggested that in 

YycF the second loop might play a role in DNA-protein interaction, as opposed to PhoP, in 

which the loop is too short to contact DNA (Trinh et al., 2007).

This last prediction is in agreement with the results of a study performed on a mutated 

form of the B. subtilis YycF (W atanabe et al., 2003a). In the mutated YycF protein the 

histidine (H) residue at position 215 is substituted with a proline (P). Residue 215 localizes in 

the second loop of YycF, and the H215P mutation was previously reported to cause 

temperature-sensitive growth (Fabret and Hoch, 1998). Circular dichroism spectroscopy 

revealed that the H215P mutation affected the secondary structure of YycF, as well as its 

ability to bind to the promoter of the YycFG-regulated genes ftsAZ, and its ability to dimerize. 

In contrast, neither phosphotranfer from auto-phosphorylated YycG nor interaction of YycF 

with YycG was affected (Watanabe et al., 2003a). These findings point towards a role for the 

second loop in DNA-binding, as well as in dimerization. The role of the H215 residue in YycF 

dimerization might appear in conflict with the result obtained in the study performed on the 

pneumococcal YycF homologue mentioned above (Bent et al., 2004). In this study, in fact, the 

site of interaction between monomers was shown to be the receiver domain. However, it is 

possible that both the C-terminal and the N-terminal domains are implicated in dimerization, 

with the second loop playing an indirect role on the interacting surfaces located in the receiver 

domain.

RRs typically bind DNA through the third a-helix within their HTH motifs (Aravind et 

al., 2005). The YycF protein binds to two hexanucleotide direct repeats separated by five 

nucleotides. The following consensus (5’-TGT A/T A AA’/C-N5-TGT A/T A A/T/C-3’) has 

been established in B. subtilis and S. aureus (Howell et al., 2003; Dubrac and Msadek, 2004; 

Bisicchia et al., 2007) with a slightly different consensus (5’-TGTNAN-N5-NGTNANA-3’) 

defined in S. pneumoniae (Ng et al., 2005). The target sequence for B. subtilis PhoP is very 

similar to the complement of the one for YycF, and consists of two direct repeats of 5 ’- 

TT(A/T/C)ACA-3, separated by a 5±2 bp spacer (Eder et al., 1999). This observation can be 

explained by the high degree of conservation of the aj-helix shared by YycF and PhoP. On the 

other hand, despite the high level of homology, there seem to be some differences in the 

structures of the PhoP and YycF DNA-binding domains, which might account for the 

specificity of their functions. Although the crystal structure of the PhoP DNA-binding site has 

not been resolved, alanine-scanning of its C-terminal portion indicated that PhoP has a long a-
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loop and a short aj-hehx, in a fashion similar to what observed for the E. coli OmpR (Chen et 

al., 2004), but different from what observed for the E.faecalis YycF (Trinh et al., 2007). Such 

differences might be crucial for their transcriptional activity and might influence their ability 

to interact with the RNA polymerase as well as the target DNA.

1.2.3. Genetic organization of the jjcFG operon

Three genomic organizations of the yycFG  operon have been observed in Gram-positive 

bacteria with low G+C content (Figure 1.5). A six cistron operon (yycFGHIJK-iypt operon) 

was found in Bacillus and Listeria species; Staphylococci and Enterococci lack the last cistron 

{yycFGHIJ-iy^pQ operon), while a three cistron operon {yycFGJ-Vj^& operon) was found in 

Streptococcus and Lactococcus species (Bhagwat et al., 2001; Fabret and Hoch, 1998; Martin 

et al., 1999; Ng and Winkler, 2(X)4; O'Connell-Motherway et al., 2000; Wagner et al., 2002).

BaciHiis subtiiis,
BaciUus aiitiiracis. 
Listeria mojiocytogenes

Staphylococcus aureus. 
Eiiterococciis p eca lis

Streptococcus species, 
Lactococcus species

Figure 1.5. Genomic organization of the yycFG  of>eron in different species.

There is an interesting correspondence between the type of yycFG  operon organization

and the features of the encoded YycG HK. The yycFl and yycl genes are present only in

bacteria having an essential YycG HK, with two transmembrane domains flanking an extra-

cytoplasmic loop, while in species lacking the yycH  and yycl genes the YycG HK is non-

essential and has only one transmembrane domain (Ng and W inkler, 2004). The only

exception is represented by L. lactis, which lacks the yycH  and yycl genes but encodes a YycG

homologue with two transmembrane domains. However in this species YycG kinase is

dispensable and its extra-cytoplasm ic loop is only four amino acids long (O 'Connell-

Motherway et al., 2000).

YycH and Yycl share no homology with other proteins in the database, apart from the

corresponding orthologues found in the yycFG  operon of different bacteria. Insights on their

function and structure have been recently reported for B. subtiiis (Santelli et al., 2007;
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Szurm ant et al., 2005; Szurmant et a i ,  2006; Szurmant et al., 2007c). Deletion o f the yycH  or 

the y y c l  gene resulted in aberrant regulation of the YycFG regulon, m anifest by growth and 

cell wall defects and a 10-fold up-regulation of the Y ycFG -dependent gene yocH. YycH and 

Yycl were found to localize in the periplasm of the cell, anchored to the m em brane by a N- 

term inal trasm em brane domain. Bacterial tw o hybrid assays showed that they form  a ternary 

com plex together with the YycG kinase. The com bination o f above data indicates that YycH 

and Y ycl interact with the periplasm ic portion of YycG and play a role in m odulating its 

activity, probably through the binding and integration o f m ultiple signals. Despite a lack of 

significant sequence sim ilarity, the crystal structure of YycH and Yycl revealed a comm on 

fold , w hich suggests that they originated from  a com m on ancestor and have since then 

d iverged significantly. Based on their unusual tertiary structure, the tw o proteins were 

indicated as com ponents of a novel class o f HK regulatory proteins. Interestingly, the above 

findings provide a rationale for the absence o f yycH  and yyc l  in Streptococci and Lxictococci 

species: YycH and Yycl interact with the periplasm ic portion o f YycG in B. subtilis, and 

therefore would be unable to contact YycG kinases lacking a long extra-cytoplasm ic loop 

(Szurm ant et al., 2007c). In addition, the absence of YycH and Yycl from Streptococcus and 

Lactococcus species strongly suggests that the signal being sensed and the regulation of YycG 

activity differs in these bacteria, likely reflecting their different cell structure and physiology.

The only gene consistently found in association with yycFG in all bacteria possessing this 

TCS is yycJ. A lthough the function o f the YycJ protein is unknown, its functional motifs 

indicate that it may be a member o f the m etallo-beta-lactamase superfamily (Senadheera et al., 

2007; W agner et al., 2002), suggesting a possible role o f this protein in cell wall metabolism. 

W hile there are conflicting results concerning the essentiality o f yycJ  in different strains of S. 

pneumoniae  (Echenique and Trom be, 2001; Ng et al., 2003; Throup et al., 2000; W agner et 

al., 2002), this gene was found to be dispensable in B. subtilis and S. mutans (Fabret and 

Hoch, 1998; Fukuchi et al., 2000; Senadheera et al., 2007). Deletion of yycJ  in B. subtilis was 

show n to affect colony m orphology and to  induce additional m utations that resulted in 

sporulation deficient colonies (Szurm ant et al., 2007c). In S. pneumoniae strains inactivation 

o f yycJ  did not cause significantly altered growth rates in laboratory growth conditions (Ng et 

al., 2003; Throup et al., 2000; W agner et al., 2002). How ever, the pneumococcal YycJ was 

shown to be required for optimal growth when YycF amount was reduced (Ng et al., 2003); in 

addition, constitutive expression o f YycJ in a yycG  mutant strain resulted in attenuation of the 

com petence defect caused by yycG  inactivation (W agner et al., 2002). YycJ seems also to be 

involved in virulence in S. pneumoniae, as over-expression o f YycJ resulted in decrease
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virulence in a mouse model (W agner et al., 2002), and a yycJ  null mutation caused a strong 

attenuation of bacterial growth in a murine respiratory tract infection model (Throup et al., 

2000). In S. mutans, inactivation of yycJ  caused a more pronounced effect: the mutant strain 

showed an increased doubling-time, an increase in biofilm formation, and was drastically 

compromised developing natural competence and was significantly less tolerant to oxidative 

stress (Senadheera et al., 2007). While the molecular mechanisms underlying these phenotypic 

changes require further investigation, it is interesting to note that the absence of yycJ resulted 

in the same transformability and oxidative stress resistance defects found in a strain over­

expressing YycFG; in addition, the yycJ mutation caused up-regulation of the gftB/C  genes, 

previously shown to be positively regulated by YycF (Senadheera et al., 2005; Senadheera et 

al., 2007). In other words, the effects o iyycJ  deletion mimic the ones caused by YycFG over­

expression, strongly suggesting that YycJ may exert a negative effect on YycF and/or YycG 

activation. Such a role would be consistent with the genomic localization o i yycJ within the 

yycFG  operon, and would allow listing YycJ besides YycH and Yycl as the known regulators 

of the YycFG signal transduction pathway.

The last gene of the operon, yycK  (also named yyxA in B. subtilis), is specific for Bacillus 

and Listeria  species (see Figure 1.5). It encodes a protein similar to members of the HtrA 

serine protease family, showing 35% identity with HtrA from E. coli (Fabret and Hoch, 1998). 

YycK is predicted to be anchored in the bacterial membrane through its N-terminal 

transmembrane domain; this domain is followed by a trypsin like proteolytic domain and a 

PDZ domain, usually involved in interactions between proteins. The last two domains are 

found in combination in all the identified HtrA family members (Clausen et al., 2002). HtrA 

proteases mediate proteolysis of abnormal proteins, and are involved in the oxidative and heat 

stress responses (Fallen and Wren, 1997). In L. m onocytogenes, YycK was shown to be 

involved in resistance to oxidative stress and pathogenesis in a murine model of infection 

(Stack et al., 2005).

1.2.4. Regulation oiyycFG operon expression

In B. subtilis two transcripts, one extending through all six cistrons of the operon 

iyycFGHUK), and a second shorter transcript encoding only yycF  were detected during early 

exponential growth phase, while a third yycK  transcript was detected in the late sporulation 

phase, indicating the presence of a major yycFG  operon and a second promoter located 

upstream of y y c K  (F uk u ch i et al., 2000). This expression profile is supported by 

transcriptomic data: transcriptional fusion assays confirmed that the gene yycK  is expressed
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both during exponential phase from the yycF promoter, and during sporulation from its own 

promoter (Fabret and Hoch, 1998). In addition, transcriptional analysis of the yycF promoter 

region showed expression during early exponential phase, and a rapid shut off at the transition 

phase in sporulation medium; such a decrease was shown to be independent of the major 

sporulation factor SpoOA. In LB medium the rate of decrease was lower and levels of yycF 

expression remained higher during stationary phase (Fabret and Hoch, 1998). However, 

w estern-blot analysis showed that decreased expression of the operon did not result in 

decreased YycG levels during the stationary phase of the growth cycle in B. suhtilis in cells 

grown in LB medium (Szurmant et al., 2005) and in low phosphate medium (Howell, 2006). 

yycF  levels of expression did not vary upon over-expression of the YycFG TCS, indicating 

that the operon is not subjected to auto-regulation (Fabret and Hoch, 1998).

In S. pneumoniae R6 a 2.9Kb transcript, corresponding to the predicted size of yycFGJ, 

was detected only in a strain over-expressing the operon (Wagner et al., 2002). The literature 

reports conflicting data regarding the auto-regulation of the yycFG operon in S. pneumoniae. 

In a transcriptomic study yycG transcriptional levels were found to increase upon YycF over­

expression, suggesting auto-regulation of the yycFG  operon (M ohedano et al., 2005). 

However, in a different study the two genes yycG  and yycJ were not found to be differentially 

expressed in a strain carrying a null mutation in yycF (and expressing the essential gene pcsB 

constitutively); furthermore, in vitro gel shift assays failed to detect any interactions between 

the purified YycF protein of S. pneumoniae and the promoter region of the yycFG operon, 

strongly suggesting that YycFG does not regulate its own expression in this bacterium (Ng et 

al., 2005).

Regulation of the yycFG operon has not been characterized to date in other bacteria.

L2.5. The YycFG regulon

Assigning a physiological role to the TCS YycFG was hampered by its essential nature, 

which precludes the use of conventional genetic approaches based on the construction of 

strains containing null mutations in the HK and/or the RR. However, a combination of 

alternative approaches were employed, such as using a hybrid response regulator, YycFG 

depletion and overexpression through heterologous inducible expression systems and 

generation of conditional mutants, coupled with genetic, phenotypic and transcriptomic 

analysis of the resultant strains (Dubrac and Msadek, 2004; Dubrac et al., 2007; Fabret and 

Hoch, 1998; Howell et al., 2003; 2006; Liu et al., 2006; Lee et al., 2004; Mohedano et al., 

2005; Ng et al., 2003; 2004; 2005; Senadheera et al., 2005). Such approaches have yielded
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insight into YycFG function and have allowed the identification o f YycFG regulon members 

in different bacteria. Cum ulative data suggest that YycFG plays a role in controlling cell wall 

and m em brane m etabolism , as well as cell division and virulence. H ow ever, significant 

differences were found among bacteria.

In B. subtilis a therm osensitive m utation in Y ycF caused filam entous growth throughout 

the growth cycle at the perm issive tem perature, as opposed to  the parental strain in which 

chains of cells were observed only during early exponential grow th; such a phenotype is 

suggestive of a defect in cell division. A tem perature shift to 47°C caused growth cessation 

and lysis, and empty cells were observed within the chains (Fabret and Hoch, 1998; W atanabe 

et al., 2003a). A very sim ilar phenotype was observed upon YycFG depletion, which caused 

growth cessation, a drop in viability and the appearance of empty cells (Fukuchi et at., 2000). 

Over-expression o f either a wild type or a constitutively active mutant form  of YycF caused 

production o f a  relatively high proportion o f mini cells, and a decrease in the average cell 

length, indicating excessive cell division (Fukuchi et al., 2000). On the basis of these findings, 

it was hypothesized that YycFG might play a role in promoting cell division, and that it might 

control the essential cell division f tsA Z  operon. This hypothesis was verified, as direct up- 

regulation o f the ftsA Z  operon was observed upon YycFG over-expression. However, deletion 

of the ftsA Z  promoter region containing the putative YycF-binding m otif did not affect growth 

and did not alter the ftsA Z  basal transcription level. For these reasons ftsA Z  regulation cannot 

account for the essential nature of YycFG (Fukuchi et al., 2000).

A com bined hybrid regulator/transcriptom e approach involving a chim eric PhoP’- ‘YycF 

protein allowed the identification o f yocH, encoding a putative autolysin, as a gene directly 

regulated by YycFG (Howell et a l., 2003). On the basis of the comm on features shared by the 

ftsA  and yocH  prom oters, a potential consensus recognition sequence for Y ycF was defined 

and was used to identify further putative YycF-regulated genes. Purified Y ycF was shown to 

bind to the prom oter regions o f yocH  and ftsA Z , as well as o f the newly identified ykvT , 

encoding a potential autolysin. It a lso  bound to the prom oter regions of tagAB/tagDE, 

encoding essential genes involved in teichoic acid biosynthesis (Howell et al., 2003). In a later 

work YycFG was shown to m ediate repression o f the tagAB/tagD E  divergon in response to 

phosphate limitation: this finding indicates that the essential nature o f YycFG is unlikely to be 

due to the transcriptional control o f this divergon (How ell, 2006). Therefore, only a small 

num ber o f genes regulated by the B. subtilis YycFG have been identified so far, and the nature 

of its essentiality has not been identified: establishing the YycFG regulon, its physiological
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role and the reason for its essentiality in B. subtilis are the aims of the work presented in this 

thesis.

The high level of conservation between the YycF response regulators of B. subtilis and 

S. aureus (74% amino acid sequence identity), particularly within the DNA binding regions, 

allowed the use of the B. subtilis consensus YycF DNA-binding motif to identify YycFG- 

regulated genes in S. aureus (Dubrac and Msadek, 2004). Bioinformatic and transcriptional 

studies showed that YycFG p>ositively regulates transcription of nine genes encoding proteins 

likely to be involved in cell wall metabolism. Among them are the genes encoding the two 

major S. aureus  autolysins, AtlA and LytM; genes encoding two proteins with a 

transglycosylase domain, SceD and IsaA, and five genes encoding proteins with CHAP 

amidase domain (SsaA, SA0620, SA2097, SA2353, SA0710) (Dubrac and Msadek, 2004; 

Dubrac et al., 2007). A direct interaction between YycF and the promoter regions of ssaA, 

isaA and ly tM  was demonstrated in vitro. The phenotypes observed upon altered YycFG 

expression or activity are consistent with defects in cell wall or membrane metabolism: a S. 

aureus strain carrying a temperature sensitive mutation in YycF displayed hypersusceptibility 

to MLS antibiotics, a feature commonly found in strains mutated in genes involved in 

maintaining the structural integrity of the cell envelope (Ling and Berger-Bachi, 1998; Martin 

et al., 1999), and was hypersensitive to unsaturated fatty acids, which affect growth 

presumably by hampering the permeability of the cell membrane (Butcher et al., 1976; Martin 

et al., 1999). In addition, YycFG-depleted cells displayed a reduced rate of cell wall 

biosynthesis and turn-over, and resistance to tritonX-100 and lysostaphin with concomitant 

increases in peptidoglycan cross-linking and glycan chain length (Dubrac et al., 2007). 

However, unlike in B. subtilis, depletion of YycFG in S. aureus does not lead to cell lysis 

(Dubrac and Msadek, 2004).

Similar to the situation found in B. subtilis and S. aureus, the pneumococcal YycFG was 

shown to be involved in regulation of cell wall and cell membrane metabolism. Transcriptome 

analysis showed that YycFG controls expression of genes involved in cell wall metabolism 

such as (i) pcsB  and lytB encoding cell wall hydrolases, (ii) several genes encoding proteins 

with LysM cell wall binding domains, (iii) a gene encoding a phosphate transporter, (iv) pspA 

encoding a virulence factor and (v) prtA encoding a serine protease inhibitor (Ng et al., 2003; 

2004; 2005). In these studies, W inkler and colleagues show that expression of PcsB, an 

amidase with a CHAP domain typical of murein hydrolases, is activated by YycFG and that 

regulation of this gene accounts for YycFG essentiality in S. pneumoniae (Ng et al., 2003; 

2004; 2005). This is the only instance so far whereby the essentiality of the YycFG TCS can
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be ascribed to regulation of a single essential gene. Consistent with the cell wall-related 

function of many YycFG-regulated genes, depletion for YycFG resulted in defects in cell 

morphology and murein synthesis in this bacterium (Ng et al., 2004).

A body of evidence suggests the involvement of the pneumococcal YycFG in cell 

membrane metabolism, although the data present in the literature is not entirely consistent. In 

a first study YycF over-expression resulted in the induction of a cluster of 12 genes involved 

in fatty acids biosynthesis, had an impact on cell membrane composition, and displayed an 

increased ratio of 18-carbon fatty acids to 16-carbon fatty acids (Mohedano et al., 2005). 

However, a second transcriptomic study did not support direct regulation of fatty acid 

biosynthesis by YycF, although a yycF  null mutant (expressing the essential gene pcsB  

constitutively) was shown to require fatty acids for optimal growth in some conditions, 

indicating that the pneumococcal YycFG may be involved in mediating membrane integrity 

(Ng et al., 2005).

Studies in S. mutans show that YycFG activates expression of gtfB , g tfC  and gtfD , 

encoding glucosyltransferases, of/Z/encoding a fructosyltransferase, and of gbpB, encoding a 

glucan-binding protein. Direct regulation was shown for genes gtfB, gtfC  and ftf. These genes 

are involved in the synthesis of extracellular polysaccharides for cellular adhesion in the 

formation of dental caries, thereby showing adaptation of the YycFG regulon to the 

environmental niche of this bacterium (Senadheera et al., 2(X)5). In addition, in a recent report 

the S. mutans YycFG TCS was shown to control expression of the major autolysin Atl, and of 

SMu0629, a putative thiol-disulfide oxidoreductase involved in the control of Atl production 

and maturation (Ahn and Burne, 2007). There is a further paper on YycFG in S. mutans by 

Lee et al. (2004). These authors have mis-identified YycFG as CovRS, but they found that it 

negatively regulates fructosyl-tranferase expression and the production of a novel glucose and 

glucuronic acid-containing extracellular carbohydrate (Lee et al., 2004). Therefore these 

findings seem to contradict the study by Senadheera et al. (2005). In addition, in this paper the 

authors claim they were able to obtain a YycF knock-out mutant in S. mutans, therefore 

contradicting two reports in which the S. mutans YycF was shown to be essential and YycG 

was found to be dispensable, but required for optimal growth (B hagw at et al., 2001; 

Senadheera et al., 2005). In conclusion, the paper from Lee et al (2004) is in clear contrast 

with what reported in Senadheera et al. (2005), but the mis-identification does not inspire 

confidence in the results.

A recurring theme emerging from the identification of genes regulated by YycFG in 

different bacteria is its involvement in cell wall and cell membrane metabolism. Therefore
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regulation of cell envelope homeostasis can be used as a unifying theme with which to 

interpret the diverse range of phenotypes observed upon YycG mutation or YycFG depletion 

in Streptococci. These phenotypes include: in S. pneumoniae, defects in growth, competence 

and virulence (Wagner et al., 2002: Kadioglu et al 2003), and filamentation with irregular cell 

size and shape with empty cells (Ng etal., 2003; 2004); in S. mutans defects in growth, altered 

biofilm formation with a decrease in CFU in dental plaque (Senadheera et al., 2005). In S. 

pyogenes, in addition to a role in cell wall metabolism, YycFG plays a role in nutrient uptake 

and osmotic stress (Liu etal., 2006).

1.2.6. The role of YycFG in virulence

Alteration of cell envelope structure, composition and metabolism under conditions of 

altered YycFG expression also present a unifying theme for considering on the role of this 

TCS in infection and virulence. A link between the YycFG TCS and virulence has been 

established in both S. aureus and Streptococcal species.

In S. aureus YycFG regulates expression of sdrD  and ebpS, whose products are involved 

in interactions between S. aureus and host extracellular matrix proteins, and promote biofilm 

formation, an important capability for infection (Dubrac et al., 2(X)7).

In S. pneumoniae virulence genes such as pspA  and piaBCDA encoding respectively a 

surface virulence factor involved in the evasion of complement during infection and an ABC 

transporter involved in iron uptake are members of the YycFG regulon (Mohedano eta l., 

2005; Ng et al., 2003; Ng et al., 2005; Ren et al., 2004a; Ren et al., 2004b). Although these 

findings strongly suggest the involvement of the pneumococcal YycFG in virulence 

regulation, surprisingly null yycG  mutants of S. pneumoniae R6 and of clinical isolates of 

serotype 3 and 22 displayed wild-type virulence when tested by murine intraperitoneal 

challenge or in a murine respiratory tract infection model (Kadioglu et al., 2003; Throup et al., 

2000; Wagner et al., 2002). However, the virulence of strains D39 and S6 was significantly 

attenuated by yycG  mutation when tested after intranasal challenge (Wagner et al., 2003). In 

addition, a S. pneumoniae mutant strain derived from clinical isolates of serotype 3 and 22 and 

over-expressing genes y y c G  and yyc J  displayed decreased virulence when injected 

intraperitoneally into mice (Wagner et al., 2002). These studies emphasize the importance of 

bacterial strain and animal model considerations when interpreting such results.

S. mutans is the major agent involved in dental caries, producing sucrose-metabolizing 

enzymes that are critical for cariogenesis. These enzymes include three glucosyltransferases 

(encoded by gtfB, gtfC  and gtfD) and one fructosyltransferase (encoded by ftf)  that catalyze the
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cleavage of sucrose to synthesize glucan and fructan polymers that promote the capacity of 

this bacterium to attach to the tooth surface. As mentioned above, expression of gftB, gftC, 

gftD, and f t f  'xs positively regulated by YycFG and it has been correlated to a positive control 

of S. mutans sucrose-mediated adherence by YycFG (Senadheera et al., 2005). In group A 

Streptococcus, ayycF  mutant has been shown to be impaired in its capacity to grow in human 

blood and to kill mice after subcutaneous infection (Liu et al., 2006).

The essentiality of YycFG partially limits the study of the role of this TCS on virulence. 

Many of the studies in Streptococcal species are performed on yycG  null mutant strains; 

however, in the absence of YycG it is not clear to what extent other kinases and metabolites 

such as acetyl phosphate may compensate for its absence. It is clear however that YycFG may 

play two roles in virulence; a non-specific one derived from the fundamental nature of the 

processes that it regulates, and a specific one in controlling expression of specific genes that 

encode virulence factors (such as in S. mutans above). Dissecting their relative contributions 

will require significant further investigation.

1.2.7. YycFG and antibiotic resistance

Recent reports indicate a link between the S. aureus YycFG  and resistance to vancomycin 

and daptomycin. Vancomycin is an antibiotic that functions by inhibiting transglycosylation 

and transpeptidation by binding to the D-Ala-D-Ala residues of Lipid II, an intermediate in 

cell wall biosynthesis (Bhavsar and Brown, 2006; Kahne et al., 2005). In a vancomycin 

intermediately resistant S. aureus (VISA) clinical isolate the YycFG TCS was found to be 

drastically up-regulated, due to an insertion mutation in the yycFG  promoter which enhanced 

its efficiency (Jansen et al., 2007). In agreement with this finding, whole-genome sequencing 

of S. aureus  isogenic clinical isolates recovered periodically from a patient undergoing 

vancomycin treatment established a link between increased vancomycin resistance and a 

mutation in the yycH  gene, whose product has been shown to down-regulate the activity of the 

YycFG system (Mwangi et al., 2007; Szurmant et al., 2007c). Both studies therefore link 

vancomycin resistance with increased YycFG levels or activity. Crucially, YycFG over­

expression in a susceptible S. aureus strain was shown to result in decreased susceptibility to 

vacomycin, clearly indicating a role of YycFG in developing resistance to this antibiotic, 

probably through regulation of cell wall metabolism (Jansen eta l., 2007).

Daptomycin exerts its effect at the level of the cell membrane, by penetrating the 

membrane lipid layers and dissipating the proton motive force (Silverman et al., 2003). Both 

laboratory-derived strains and clinical isolates with decreased susceptibility to daptomycin
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were found to be mutated in the yycG  gene (Friedman et al., 2006). However from this study it 

is not clear how such mutations affect YycG activity (whether these mutations result in 

increased or decreased YycG activity) and whether the YycFG TCS plays a positive or 

negative role in daptomycin resistance. Interestingly, one mutation found in a daptomycin 

resistant clinical isolate was a single nucleotide insertion early in the yycG  open reading 

frame, predicted to result in a truncated inactive YycG protein. This result seems to contradict 

the established essentiality of YycG in S. aureus: to reconcile these findings, the authors 

suggest the possibility of a YycG protein which may be functional even in the presence of the 

frameshift mutation, or the phosphorylation of the YycF regulator by an alternative HK 

(Friedman et al., 2006). However, the possibility that increased YycG activity might lead to 

higher daptomycin resistance cannot be excluded. In any case, the established link between 

YycFG and resistance to daptomycin is in agreement with the observed role of this TCS in 

modulating cell membrane metabolism.

1.2.8. YycFG as a target for antimicrobial therapy

The emergence of multiple drug-resistant bacterial infections is an escalating problem 

facing public health. Antimicrobial molecules that are commonly used target relatively few 

cellular functions as cell wall integrity, nucleic acids and proteins synthesis. As a 

consequence, bacterial-acquired resistance to one antibiotic often leads to a multi-resistance 

pattern. Because of their central role in bacterial metabolism, two-component systems 

represent a valid target for antimicrobial therapy, with the potential of reducing the emergence 

of multiple drug resistance, which is unlikely to develop as quickly to multiple targets. In 

addition, TCS are absent from the animal kingdom, they are highly conserved and ubiquitous 

in bacteria, and they are often involved in important physiological processes including 

virulence and antibiotic resistance, all features that make them attractive targets for 

antimicrobials (M atsushita and Janda, 2002; Stephenson and Hoch, 2002a, b). The TCS 

YycFG not only shares all these characteristics, but in addition is essential and is very well 

conserved and specific to low G+C% Gram-positive bacteria, some of them known to develop 

drug-resistance patterns. Therefore inhibitors directed against YycFG would be expected to be 

active against a broad range of Gram-positive pathogens.

A first study, published in 2001, reports the use of imidazole and zerumbone derivatives 

as efficient inhibitors of the purified B. subtilis YycG autophosphorylation in vitro, and of B. 

subtiilis growth (Y am am oto e /a / . ,  2001). A stereoisom er of one such compound (the 

zerumbone ring-opening derivative 4) was later shown to possess a more efficient YycG
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inhibitory effect in vitro (Kitayama et al., 2004). A more recent study from the same research 

group reports the effects of zerumbone ring-opening derivatives on purified YycG in vitro and 

on growth of methicillin-resistant S. aureus (MRSA) and vancomycin-resistant E. faecalis 

(VRE) (Kitayama et al., 2007). Results from this study show that a zerumbone ring-opening 

derivative (compound 2) affects YycG auto-phosphorylation but does not inhibit growth of 

MRSA and VRE strains, while a tryptophan derivative of zerumbone 2 (compound 34) is 

capable of inhibiting YycG auto-phosphorylation and growth of MRSA and VRE strains. In 

addition, Watanabe et al. (2003) developed a screening method to identify compounds that 

inhibit YycG in B. subtilis and S. aureus. Such a system, based on a temperature sensitive B. 

subtilis yycF  mutant that is supersensitive to HK inhibitors, allowed the identification of 

aranorosinol B, a known antimicrobial agent against Gram-positive bacteria, as a potent 

inhibitor of YycG auto-phosphorylation.

While the above studies aimed to the identification of compounds targeting YycG auto­

phosphorylation, Furuta and co-w orkers (Furuta et al., 2005) have developed a high- 

throughput system for targeting HK homodimerization, which is an essential step for bacterial 

signal transduction systems. This strategy led to the identification of a compound, 1-8-15, 

capable of specifically inhibiting dimerization of the S. aureus YycG in vitro and causing S. 

aureus cell death in vivo. In addition, this compound was found to be active against growth of 

MRSA (methicillin-resistant S. aureus) and VRE (vancomycin-resistant E. faecalis).

In a recent report a number of novel inhibitors of the YycG kinase of S. epidermidis were 

identified following a structure-based virtual screening (SBVS) of a library of small molecular 

com pounds (Q in et al., 2006). Such molecules were shown to target YycG auto­

phosphorylation in vitro, and to significantly affect growth of S. epidermidis and of other 

bacteria as S. aureus, S. pyogenes  and S. mutans, without displaying any activity against 

mammalian cells or hemolytic effects. The SBVS technology appears as a promising tool that 

could be widely used for the discovery of new antimicrobial compounds against TCSs.
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1.3. AIMS OF THIS WORK

The central aim s of this work are to establish the function o f the YycFG TCS in B. 

subtilis, to identify constituent genes o f its regulon and to investigate the reason for its 

essentiality.

Only a few genes belonging to the YycFG regulon have been identified in B. subtilis. We 

posit that the set o f regulated genes is larger than that discovered so far. In addition, none of 

the known m em bers of the YycFG regulon accounts for its essentiality. This work aims not 

only to extend the YycFG regulon, but also to address the issue o f the essentiality of this TCS. 

The chosen strategy is a genetic analysis involving the construction o f strains containing 

single and m ultiple null m utations in each o f the genes positively regulated by YycFG. A 

prom oter analysis will also be perform ed on Y ycFG -regulated genes, in order to distinguish 

between direct and indirect regulation, and to dissect the features of prom oters required for 

direct regulation by YycF. In addition, the functions of individual genes directly regulated by 

YycFG will be investigated, in order to get insights into the physiological processes modulated 

by this essential TCS.

27



CHAPTER 2 

THE YycFG REGULON
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2.1 INTRODUCTION

Bacteria use TCSs to adapt to the prevailing environmental and nutritional conditions. 

YycFG is the only essential TCS encoded in the B. subtilis genome, w îth both the HK and the 

RR being required for growth (Fabret and Hoch, 1998). Although an orthologous YycFG two- 

component system is present in other Gram-positive bacteria, the essentiality of the HK and 

the RR varies depending on the bacterium. Accumulated evidence coming from studies of the 

phenotype of YycFG-depleted cells and of the constituent genes of the YycFG regulon in 

different bacteria suggest a role for YycFG in controlling cell wall and membrane 

homeostasis, cell division and virulence (Dubrac and Msadek, 2004; Fukuchi et a i ,  2000; 

Howell et al., 2003; Martin et a i,  1999; Martin et al., 2002; Mohedano et al., 2005; Ng et al., 

2004; Ng et al., 2003; W agner et al., 2002). YycFG-controlled genes that participate in cell 

wall homeostasis include those encoding the autolysins YkvT and YocH in 8 . subtilis (Howell 

et al., 2003), LytM in S. aureus (Dubrac and Msadek, 2004) and PcsB in S. pneumoniae (Ng 

et al., 2003). Further evidence for YycFG involvement in cell wall and membrane metabolism 

comes from its regulation of the teichoic acid biosynthetic operons tagAB and tagDEF  in B. 

subtilis (Howell et al., 2006) and of the fatty acid biosynthetic genes in S. pneumoniae 

(Mohedano et al., 2005). Expression of the cell division genes ftsA Z  is YycFG controlled in B. 

subtilis while 5 virulence genes of S. aureus are putative members of the YycFG regulon 

(Dubrac and Msadek, 2004; Fukuchi et al., 2000).

The reason for YycFG essentiality has been established unambiguously only in S. 

pneumoniae, where it derives from its activation of pcsB  expression, a gene that encodes a 

putative murein hydrolyase (Ng et al., 2003). The nature of YycFG essentiality in B. subtilis 

has not been established beyond the recognition that it is not the result of YycFG control of a 

single essential gene. Furthermore, only a limited number of genes regulated by YycFG have 

been identified in B. subtilis so far, and a comprehensive analysis of the YycFG operon in B. 

subtilis has not been performed to date.

This study aims to obtain further insight into the nature of the cellular processes 

controlled by YycFG, to identify new constituent genes of the YycFG regulon and to 

determine the reason for its essentiality in B. subtilis. In order to identify YycFG-controlled 

genes, two alternative approaches were adopted. Firsdy, a transcriptomic analysis was 

performed on B. subtilis cultures at the point of growth cessation caused by YycFG depletion. 

In addition, a bioinformatics approach was adopted in order to identify YycFG-regulated 

genes that might have been missed in the array analysis due to their RNA not being 

sufficiently depleted at the point of growth cessation. Having identified new members of the
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YycFG regulon, a promoter analysis was undertaken in order to distinguish between direct and 

indirect regulation, and to dissect the features of promoters directly regulated by YycF. In 

addition, a genetic analysis was performed to determine which gene or combination of genes 

regulated by YycFG contributes to its essentiality. Finally, the phenotypes of strains deleted in 

such genes were analyzed in order to get insights into their function. The results derived from 

these studies are presented in the next section.

2.2. RESULTS

2.2.1. IDENTIFICATION OF NEW MEMBERS OF THE YycFG REGULON AND 

ANALYSIS OF THEIR PROMOTER REGIONS

2.2.1.1. Identification of additional members of the YycFG regulon

The work presented in this paragraph was performed by Professor Kevin Devine in 

collaboration with Thomas Jensen and Hanne Jarmer at the Center for Biological Sequence 

Analysis, Department o f Biotechnology, The Technical University o f Denmark. The northern 

blot analysis was performed by Doctor Alistair Howell in the laboratory of Professor Kevin 

Devine at the Smurfit Institute of Genetics, Trinity College Dublin, with the exception of the 

northern blot exp>eriment on g tn tyoeB , displayed in Figure 2.2, which I performed.

In a previous study it was found that when a culture of strain A H99I2 {?spacyycFGHIJK) 

grown in LB containing 100 /^M IPTG was used to inoculate LB without IPTG, cells grew 

normally for approximately 4 generations, then growth ceased and cells subsequently lysed 

(Howell et al., 2006). It was also found that the level of YycG decreased significantly during 

this growth period (Howell et al., 2006). We reasoned therefore that a comparison between the 

transcriptomes of normally growing cells and cells harvested at the precise point of growth 

cessation due to YycFG depletion would identify not only constituent genes of the YycFG 

regulon, but also the genes responsible for the cessation of growth and hence for the 

essentiality of YycFG.

Two flasks of LB, one containing ImM IPTG and the other without IPTG, were 

inoculated with an exponentially growing culture of strain AH9912 grown in presence of 100 

/^M IPTG. A third flask of LB was inoculated with wild-type strain 168. All three cultures 

started growth at similar ODgoo values (0.025) and grew at the same rate for 100 minutes after 

inoculation, reaching OD^oo 0.412 (Figure 2.1 A). However, growth of the YycFG depleted 

culture (strain AH9912 without IPTG) slowed substantially between 100 and 130 minutes
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Figure 2.1. Growth profiles and analysis of RNA preparations prepared from strains 168 (wild type) and 

AH9912 i^spacyycFGHIJK) grown in the presence (+) and absence (-) of IPTG inducer.

(A) Growth profiles of strain 168 (triangles) and strain AH9912 ( P ^  yycfG/Z/y/Q grown in the presence 

of 1 mM IPTG (diamonds) and in the absence of IPTG (squares). Strains were cultured in LB broth and 

growth was monitored turbidimetrically. Time is indicated in minutes after inoculation.

(B) Analysis of the RNA preparations used in the microarray experiment (see text). Total RNA was made 

from the cultures shown in Figure lA  at the 100 minutes time point. The gel used in the Northern blotting 

experiment was stained with ethidium bromide and showed a comparable pattern of ribosomal RNA bands 

in each lane (upper panel). The yocH  transcriptional levels were analysed by Northern blotting (lower 

panel).



post-inoculation when compared to the two other cultures. Total RNA was made from cells 

harvested from each culture at the 100-minute time-point, since it is clear that these cells must 

already be limited for some YycFG-dependent function that prevents continued growth at the 

normal rate. Three experimental replicates were performed, each showing growth kinetics 

similar to that shown in Figure 2.1 A.

To confirm that at the chosen time point cells harvested from strain AH9912 grown 

without IPTG were depleted for YycFG, all the RNA preparations were analyzed by Northern 

analysis, testing for the expression level of yocH, a gene known to be positively regulated by 

YycFG (Howell et al., 2003). A representative picture of the stained gel (upper panel) and the 

level of yocH  transcript (lower panel) is shown in Figure 2 .IB. The ethidium stained gel 

shows that the RNA is of very good quality, based on the integrity of the ribosomal RNA 

bands, and that each lane is loaded to the same extent. It is clear from the bottom panel that the 

level of yocH  transcript is approximately the same in the cultures of wild-type strain 168 and 

of strain AH99I2 grown in the presence of ImM IPTG. However, the level of joc //transcrip t 

is barely detectable in strain AH9912 grown in the absence of IPTG, a result obtained for all 

three experimental replicates. This experiment confirmed that the yo cH  gene, whose 

expression is activated by YycFG, is depleted at the 100-minute time-point, suggesting that a 

transcriptomic analysis of these RNA samples would identify additional genes of the YycFG 

regulon.

The RNA preparations from cultures of strain AH9912 grown in the presence of ImM 

IPTG and in the absence of IPTG (three experimental replicates) were used for transcriptomic 

analysis using Affymetrix B. subtilis microarrays.

To assess the overall gene expression profile of YycFG depleted cells, a Pearson 

correlation coefficient was calculated comparing (i) expression of all genes and (ii) expression 

of 268 of the 271 genes reported to be essential in B. subtilis (Kobayashi et al. 2003) from 

YycFG replete and YycFG depleted cultures. The correlation coefficient for all genes was 

0.9864, while that for the 268 essential genes was 0.9969. These correlation values indicate 

that global changes in RNA levels had not occurred in YycFG depleted cells at the point of 

harvesting. The yycG, yycH, yycl and yycJ genes (members of the yycFGHlJK  operon whose 

expression is under the control of the IPTG-inducible promoter) showed the largest and 

most significant decrease in transcript level upon YycFG depletion, verifying that transcription 

of this operon is significantly reduced as expected. Interestingly, the yycF  transcript was 

reduced only ~2-fold, while the transcripts of the other four genes were reduced between 15- 

and 24-fold (see Supplementary Material in Bisicchia et al, 2007 for complete array data).
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This difference could be explained by processing and/or differential stability of the operon 

transcript.

The 8 genes that show the highest differences in transcript levels between YycFG replete 

and YycFG depleted cells are listed in Table 2.1. Expression of three genes, ydjM, yvcE  and 

yocH, was significantly reduced upon YycFG depletion: ydjM  encodes a protein of unknown 

function that has no orthologue in current databases; yvcE  encodes an endopeptidase-type 

autolysin previously characterised by Yamaguchi et al. (2004) and renamed cwlO and yocH, 

encoding a putative autolysin, was previously shown to be regulated by YycFG (Howell et al., 

2003). Five genes showed significantly increased expression upon YycFG depletion: yjeA 

encodes a putative peptidoglycan deacetylase; yocE (des) encodes a fatty acid desaturase 

(Aguilar et al., 1998); dhbF encodes a protein that participates in siderophore biosynthesis 

(May et al., 2001); yoeB  encodes a protein that modulates autolysin activity (Salzberg and 

Helmann, 2(X)7) and ykuP encodes a protein of unknown function.

Table 2.1. Genes that show differential expression upon YycFG depletion

Gene Fold Change^ Pvalue^ Function Reference

Downregulated upon YycFG depletion

ydjM  -7.2 0.0071 Unknown function
yocH  4.3 0.071 Putative autolysin
yvcE -3.0 0.0081 CwlO autolysin Yamaguchi et al. (2004)

Upregulated upon YycFG depletion

yjeA 8.5 0.0031 Peptidoglycan deacetylase This work
yocE (des) 6.9 0.0025 Fatty acid desaturase Aguilar et al. (1998)
dhbF 6.0 0.006 Siderophore synthesis May et al., (2001)
yoeB 4.3 0.003 Autolysin activity Salzberg and Helmann

modulation (2007)
ykuP 4.3 0.01 Unknown function

§ these values were derived using tiie Qspline normalisation described in Materials and Methods

Seven of the genes listed in Table 2.1 were chosen to confirm the array results by 

Northern analysis. New total RNA preparations were used and the transcription profile of each 

gene was established during growth. The results (Figure 2.2) show that yocH, yvcE and ydjM  

are expressed primarily during exponential growth in the wild-type stain 168, even though
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Figure 2.2. Northern analysis of YycFG controlled genes identified using microarrays. Total RNA was 

made from wild type strain (168) and from strain AH9912 (PsfocyycFGHIJK) grown in the presence (+) and 

in the absence (-) of IPTG in LB medium. Cells were harvested at t he time points indicated, numbered 

according to the transition phase Tq. The expression profiles of genes positively (+) and negatively (-) 

regulated by YycFG are bracketed. Twenty-five micrograms of total RNA was loaded onto each lane.



their expression profiles differ somewhat during the growth cycle: yocH  and ydjM  transcript 

levels are high during exponential growth and low during the stationary phase of growth; yvcE 

transcript levels are high during early exponential phase, lower between T. 2 0  and Tg and 

undetectable during stationary phase. However, transcript levels of all three genes are 

significantly reduced in YycFG depleted cells (AH9912 -IPTG), especially during the period 

of exponential growth. Therefore yvcE  and ydjM  are positively regulated by YycFG in a 

manner similar to yocH  (Howell et al., 2003). The converse expression profile was observed 

for the des, yjeA, yoeB and ykuP\ transcriptional levels were low or undetectable during 

exponential growth in wild-type strain 168 and in YycFG replete cells (AH99I2+IPTG), but 

increased significantly upon YycFG depletion (AH9912 -IPTG), confirming that their 

expression is negatively regulated by YycFG. In summary, microarray analysis, confirmed by 

Northern blot analysis, allowed identification of 6 additional genes whose expression is 

responsive to the cellular YycFG level.

2.2.I.2. YycF directly regulates expression of ydjM, yvcE, yjeA and yoeB

All the work presented in this paragraph was performed by me, with the exception of the 

gel shift on the htrA promoter fragment, which was performed by Doctor David Noone.

To test whether YycF regulates expression of the newly identified YycFG-regulated genes in a 

direct way, a gel shift analysis was performed (direct regulation of yocH  was previously 

shown, Howell et al., 2003). A biotin-labelled DNA fragment spanning the promoter region of 

each gene was prepared by PCR, and a fragment containing the htrA promoter was used as a 

negative control. Purified YycF protein was phosphorylated in vitro by addition of purified 

‘YycG HK, prior to the binding reaction. Each reaction contained the unspecific competitor 

DNA poly (d(I-C)l to ensure specificity of interaction. The results are shown in Figure 2.3. It 

is evident that YycF~P binds to the DNA fragments containing the promoter regions of yjdM, 

yvcE, yjeA asidyoeB (Figure 2.3, lanes 2-4). In each case, YycF~P binding to the biotinylated 

DNA fragment could be competed by addition of a 100 fold excess of unlabelled DNA 

fragment, confirming the specificity of interaction (data not shown). No retardation of the 

fragment containing the htrA promoter was observed, as expected, even upon addition of 20 

YycF~P {htrA, lane 2). YycF~P did not bind to the des and ykuP promoters (data not 

shown). These data show that YycF regulates expression of ydjM, yvcE, yoeB  and yjeA in a 

direct way.
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2.2,1,3. Transcriptional analysis of th e  ydjM,yvcE,yjeA SindyoeB  genes

All the work presented in this paragraph was performed by me, with the exception  o f  

primer extension  experim ents and BgaB assays on the yoeB  promoter region, which were 

performed by Doctor David N oone and Doctor Efthimia Lioliou respectively, in the laboratory 

o f Professor Kevin Devine at the Smurfit Institute o f Genetics, Trinity C ollege Dublin.

A transcriptional analysis was undertaken in order to characterize the ydjM , yvcE, yoeB  

and yjeA  gene promoters and to establish the effect o f  YycFG on their expression. A unique 

initiation point o f  transcription was established for yd jM , yvcE , yoeB  and yjeA  through primer 

extension analysis (shown underlined and in bold as +1 in Table 2.2). The promoter sequences 

o f  these genes were then aligned relative to their initiation points o f transcription (Table 2.2). 

The YycF-regulated promoters o i  y o c H  (H ow ell et al., 2003) and ftsA  (Fukuchi et al., 2000) 

are also included for comparison.

The yo cH  and ftsA  promoters were previously classified as SigA -type promoters (Fukuchi 

e t  al.,  2000; H ow ell et al., 2003). For the new ly identified genes, the sam e classification  is 

proposed, although for som e o f  them  the S igA  recognition  elem ents deviate from  the 

consensus to som e extent. The consensus binding sequence for the housekeeping sigma factor 

SigA  in B. subtilis  was identified as TTG aca(-35 )-N ,4-tgnTA Taat(-10) (Helmann and Moran, 

2002). Consensus - 1 0  and -3 5  motifs are indicated by double underlines in Table 2.2. W hile 

all these promoters have consensus - 1 0  m otifs (one mismatch in the case o f  yo cH )  at the 

expected position, no putative -3 5  m otifs are found at the canonical position in the yvcE  and 

yd jM  promoter regions. H owever, putative SigA -type -3 5  m otifs can be identified within the 

y v cE  and y d jM  promoters (indicated with w avy underline in Table 2 .2 ), although their 

positioning relative to the - 1 0  m otif deviates from that o f  a normal SigA -type promoter: there 

is an II base-pair spacing betw een the putative - 1 0  and -3 5  regions o f  yv c E ,  w hile the 

distance is extended to 23 base-pairs for the y d j M  gene. A putative - 3 5  m otif has been 

previously assigned within the y o c H  promoter at the canonical position (H ow ell et al., 2003, 

double underlined in Table 2.2). H ow ever, there is also a consensus SigA  -3 5  m otif 3 ’ to this 

sequence (shown with wavy underline in Table 2.2) that would give an 1 1 bp spacing, similar 

to that observed in the yvcE  promoter.

In a previous study (H ow ell et al., 2 0 0 3 ), a potential Y ycF  consensus recognition  

sequence was established, consisting o f  tw o hexanucleotide direct repeats separated by five  

nucleotides: 5 ’-TGT A /T  A A /T /C  N 5 TGT A /T  A A /T /C -3 ’. Putative Y ycF  con sen su s  

sequences were identified in the promoter regions o f  y o c H ,y v c E  and yd jM  (H ow ell et al., 

2003; this work), positioned upstream o f  the putative -3 5  promoter region, as expected for
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Figure 2.3. Gel shift mobility analysis of genes regulated by YycF. Promoter fragments for each gene were 

prepared as described in Materials and Methods. Purified YycF protein was phosphorylated in vitro prior to 

the binding reaction by addition of 3/<M purified ‘YycG histidine kinase. 2 ng of labelled promoter DNA 

were used in each reaction. The mobility of fragments without YycF~P addition is shown in lane 1 (0). For 

the ydjM, yvcE, yjeA and yoeB promoter fragments, lanes 2 to 5 show mobility after binding of 1,5 and 

10/<M YycF respectively. For the htrA promoter fragment, no mobility shift was observed after binding 

with 20/<M YycF~P (lane 2). The wedge represents increasing YycF~P levels.



Table 2.2. Alignment of promoters regulated by the YycFG two-component system.

Genes positively  regulated by YycF:

- 3 5  - 1 0  + 1

ftsA CTGTTGTTATTTTTTGTTACACACTTGTAAAGCCACATTCATTGTATTGTTGTTCCGCAAATAATAGAATAGAAATGr 26nt)ATG

yocH TCATGTAAAGGAACTGTAATCTAAATCATATCTTTTTGTTATTGATTTGACATTTACGTGTGTTACGATATCACCTG^ 39nt)ATG
yocHl TCACACAAAGGAACTGTAATCTAAATCATATCTTTTTGTTATTGATTTGACATTTACGTGTGTTACGATATCACCTG( 39nt)ATG

yocH2 TCATGTAAAGGAACCACAATCTAAATCATATCTTTTTGTTATTGATTTGACATTTACGTGTGTTACGATATCACCTG( 39nt)ATG

yvcE ACTTGACATCTGTTTGAAACATAAATGTAATAAAATTTATCGCTAATTTGTCGAAACTTGATGGTATAATGATTCTC( 187nt)GTG

yvcEl ACTTGACATCTGTTCACAACATAAATGTAATAAAATTTATCGCTAATTTGTCGAAACTTGATGGTATAATGATTCTC( 187nt)GTG

ydjM AACTTTTTTGACTTTGTAACATTACTGTAAGGATATTGAAATAAAAAATAGCTGGTTGATCGTGTATAATCTTCCTAf 24nt)ATG

ydjMl AACTTTTTTGACTTTGTAACATTACCACAAc;GATATTGAAATAAAAAATAGCTGGTTGATCGTGTATAATCTTCCTA( 24nt)ATG

ydjM2 AACTTTTTTGACTTTGTAACATTACTGTAAGGATATTGAAATAAAAAATTTGATCGTGTATAATCTTCCTAf 24nt)ATG

ydjM3 AACTTTTTTGACTTTGTAACATTACCACAAGGATATTGAAATAAAAAATTTGATCGTGTATAATCTTCCTAf 24nt)ATG

lytE TAGAACGAATAATTAAGAAATTTGTCACATGAAGTCAAGACTATTTCTGATGGGAATCTATCCTTATAATAGAAATCr 62nt)ATG

Genes negatively regulated by YycF:

- 3 5  - 1 0  + 1

yoeB CAAAAGTATTGTAATCTATCCGTAATTATTGTAACATTTGTAACATAAGAGAAAGAGATTTTGAAGGAGAGAGCGATA.ATG

yoeBl CAAAAGTATTGTAATCTATCCGTAATTATTGTAACATTCACAACATAAGAGAAAGAGATTTTGAAGGAGAGAGCGATA.ATG

yoeB2 CAAAAGTATTGTAATCTATCAACAATTATTGTAACATTTGTAACATAAGAGAAAGAGATTTTGAAGGAGAGAGCGATA.ATG

yjeA AAAAGGATTGACATGAACTTCTAAATCTCATAGTATTACAAATGTGAAATAAATGTTACTACAATGTTACAA . ( 7 3  n t ) .TTG

yjeAl AAAAGGATTGACATGAACTTCTAAATCTCATAGTATTACAAATGTGAAATAAACACTACTACAACACTACAA . ( 7 3 n t ) .TTG

Putative YycF recognition sequences are marked in red; mutated bases within YycF recognition boxes are mari^ed in green; blue sequence is the 6 bp that is deleted between 

the -35 and -10 regions of the promoter to give promoters ydjM2 and ydjMS that have the canonical 17 bp spacing between the promoter motifs; sequences with wavy 

underline are putative SigA -35 promoter motifs positioned abnormally relative to the -10 motif and initiation point of transcription (+1).



genes positively regulated by YycF (potential YycF binding sequences are indicated in red 

capitals in Table 2.2). Conversely, the positioning of YycF binding sites within the yoeB and 

yjeA promoters is characteristic of negative regulation: the putative YycF-binding sequences 

for the yoeB and yjeA genes are positioned either overlapping {yoeB) or downstream of (yjeA) 

the putative SigA-type promoters (Table 2.2). The yoeB gene has two putative YycF-binding 

sequences, which overlap the putative -35 and -10 regions of the promoter and the initiation 

point of transcription. The yjeA  gene has one putative YycF-binding sequence, with one 

tandem repeat overlapping the initiation point of transcription and the other positioned 

downstream from it. A further single direct repeat can be identified within the yjeA promoter 

region 5 bp downstream from the putative YycF consensus. This finding deviates somewhat 

from what is currently known to constitute a YycF binding sequence: YycF is though to 

contact DNA in the form of a dimer, each monomer binding to a single tandem repeat (or half­

site). Although there is no direct evidence that YycF can bind to a triplet of direct repeats, 

evidence from S. pneumoniae indicates that YycF can form oligomers: dynamic light 

scattering experiments performed on the receiver domain of the S. pneumoniae YycF 

(RR02rec) showed formation of higher-order RR02rec oligomers (Bent et al., 2004). 

Therefore the triplet of YycF binding direct repeats found in the yjeA promoter region might 

indicate the binding of three YycF molecules, forming an oligomer.

Having found new members of the YycFG regulon, we sought to establish whether the 

previously identified consensus sequence for the binding of YycF was confirmed. Figure 2.4 

shows an updated version of the YycF binding motif, where the height of the letters is 

proportional to their frequency. The sequence logo was generated using the WebLogo 

program (Crooks et al., 2004). As evident from Figure 2.4, the new version of the YycF- 

binding sequence is very similar to the one proposed by Howell et al. (2003), indicating that 

the previously identified consensus was accurate. However, it is interesting to note that 

variations from the consensus are possible, both in the composition of the tandem repeats, and 

in the spacing between them. For example, the first and second direct repeats are separated by 

four base pairs in the case of lytE, and by three base pairs in one of the two YycF binding 

motif of the yoeB promoter region (see Table 2.2). These findings suggest that there might be 

additional genes in the YycFG regulon with diverged consensus sequences awaiting discovery. 

Variations from the YycF consensus sequence have also been previously observed in S. 

pneumoniae (Ng et al., 2005).
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Previously identified YycF recognition sequence (Howell et al., 2003)

A A  A ^TGT A A t, N. T C T ^ A t
r p  1 r p  1

c c
Updated version of the YycF recognition sequence (this work)

v - c s j o ^ i o i 0 K c o 9 > O T - c g r o ^ i n ( o r ^
5 ’ f - T - , - ^ T - 1 - T - T - 3

.>«U090.ba>«l( > «dii

Figure 2.4. The YycF recognition sequence. The previously identified YycF recognition sequence (Howell et  al. 

2003) is displayed above, and an updated version o f the consensus sequence, derived from the newly identified 

members o f the YycFG regulon, is displayed below. The height o f the letters is proportional to their frequency. 

The sequence logo was generated using the W ebLogo program (Crooks etal . ,  2004).

A series of transcriptional bgaB  fusions were constructed with wild-type and mutated 

promoter fragments of each gene to confirm that the putative YycF binding motifs participate 

in the observed YycF-mediated control of gene expression. The TGT sequences were changed 

to CAC (shown in green in Table 2.2), since this triplet is the most conserved within the 

YycF-binding motif. The results of the expression analysis are shown in Figure 2.5. Levels of 

expression o i ydjM  (squares, Figure 2.5A) and yvcE  (squares. Figure 2.5B) are low during the 

exponential phase of growth and in both cases increase somewhat during stationary phase. 

These results might appear in conflict with the expression profiles observed for both yvcE  and 

ydjM  through Northern blot analysis, where transcript levels decreased upon entry into the 

stationary phase of growth (see Figure 2.2). However, the increased transcriptional activity 

observed during stationary phase in the BgaB experiment is likely to be due to continued yvcE  

and yrf/M expression, although at a low level, in the absence of cell division, which may result 

in accumulation of the transcript and of the BgaB fusion protein within the cells. Such effect 

might be enhanced by the known stability of the BgaB protein in B. subtilis (Schrogel and 

Allmansberger, 1997). Mutation of the putative YycF binding motifs significantly reduced 

expression of both ydjM  and yvcE  transcriptional fusions, with less than 5 units of activity 

observed throughout the growth cycle in both cases (triangles. Figure 2.5). The converse result 

was obtained for the yjeA and yoeB transcriptional fusions. Approximately 5 units and 50 units 

of BgaB activity were observed for the wild-type yjeA  and yoeB  fusions during exponential
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Figure 2.5. Growth and 6-galactosidase expression profiles of strains carrying transcriptional bgaB  fusions. 

The growth o f  s trains containing wild-type (open squares) and mutated (open triangles and circles) 

promoter fusions is shown. Accumulation of 6-galactosidase is shown for the wild-type promoter (closed 

squares) and for the promoter mutated in th e  YycF binding sequence (closed triangles and circle). The 

expression profiles shown are: ydjM-bgaB  (squares); ydjM l-bgaB  (triangles); yvcE-bgaB  (squares); yvcE l- 

bgaB  (triangles); yjeA-bgaB  (s quares); yjeAI-bgaB  ( triangles); yoeB-bgaB  (squares); yoeBI-bgaB  

(triangles); yoeB2-bgaB  ( circles). The sequence of each promoter and the location and sequence of the 

mutations introduced (highlighted in red) are shown in Table 2.2. Three independent 6-galactosidase 

experiments were performed for each strain, and representative profiles are shown.



growth, and levels increased during the stationary phase of the growth (squares. Figure 2.5). 

However, mutation of the putative YycF-binding motifs in the promoters of both genes 

(fusions yjeAJ-bgaB, yoeBI-bgaB  and yoeB2-bgaB, see Table 2.2) resulted in significantly 

higher expression throughout the growth cycle. Expression of the mutated yjeA promoter rose 

to 20-30 units during exponential growth and continued during stationary phase rising to ~60 

units (triangles. Figure 2.5). The wild-type yoeB  promoter was expressed at a level of 

approxim ately 50 units of activity during exponential growth, and expression rose 

significantly to 400 units at the end of the 3 hours stationary phase (squares. Figure 2.5). Two 

mutated yoeB promoter constructs were made, yoeBI and yoeB2 (see Table 2.2). Expression of 

both constructs was significantly higher at all stages of the growth cycle, with expression of 

y o e B I  being higher than that observed for y o e B I  (triangles and circles. Figure 2.5). In 

summary these data confirm that the putative YycF binding motifs identified within the 

promoter regions of yvcE, ydjM, yoeB and yjeA do participate in YycFG controlled regulation 

of these genes.

2.2.1.4. The spacing between the YycF binding site and the -10  region of the yd jM  

promoter is crucial for YycFG-mediated regulation of expression

All the work presented in this paragraph was performed by me, with the exception of the 

construction of two strains, namely SQl and SQ3, which were made under my direction by 

Sarah Quigley, an undegraduate student I have supervised.

The genes yvcE  and ydjM, positively regulated by YycFG, have SigA-type promoters with 

unusual features: while consensus -1 0  motifs are present in these promoters, no putative -35 

motifs are found at the canonical position. However, putative -35  motifs are present at non- 

canonical positions relative to the -1 0  motif (there is an 11 base-pair spacing between the 

putative -1 0  and -35  regions of yvcE, and an extended 23 base-pairs spacing in the ydjM  

promoter, see Table 2.2). The absence of putative -35  motifs at the canonical position 

suggests that SigA-mediated transcription might require an additional factor, such as the 

transcriptional regulator YycF. According to this model, SigA would require YycF for 

initiation of transcription. Therefore the distance between the -10  motif and the YycF binding 

site would be a critical parameter to ensure a contact between SigA RNA polymerase and 

YycF. In this scenario, the unusual spacing between the -1 0  and -35  motifs would be a feature 

to ensure YycFG-mediated transcription.

To test this model and to evaluate the contributions of these unusual features to YycFG- 

mediated transcription, a mutational analysis on expression of the ydjM  promoter was carried
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out. Six base pairs (marked in blue, Table 2.2) were deleted between the -35 and -10 regions 

of i\\e ydjM-bgaB promoter fusion (wild-type) and of the ydJMJ-bgaB construct (mutated in 

the YycF binding site), generating promoter fusions ydJM2-bgaB and ydJM 3-bgaB  

respectively. It is noteworthy that the 6 bp deletion results in two concomitant effects: a 

canonical spacing between the -10  and -35 motifs is restored, and the distance between the 

-10  motif and the YycF binding site is altered. The expression profiles of wild-type and 

mutated promoters are presented in Figure 2.6.

Expression of the wild-type promoter (squares. Figure 2.6) is low throughout the growth 

cycle and is further reduced when the YycF binding site is mutated (triangles. Figure 2.6), 

confirming previous results (see Figure 2.5). However, when a canonical 17 base pair spacing 

is restored in the wild-type promoter (fusion ydjM2-bgaB), expression increases significantly 

throughout the growth cycle (compare diamonds with squares. Figure 2.6). During exponential 

growth, the wild-type promoter is expressed at 6-8 units of activity whereas expression from 

the ydjM2 promoter is approximately 20 units of activity. During the stationary phase, 

expression of the wild-type promoter increases from 8 to 16 units of activity while expression 

of the ydjMl promoter increases from 20 to ~70 units of activity. These results show that the 

putative -35 motif present in the ydjM  promoter region is functional when placed at the 

canonical position.

To test whether expression of the ydjMl-bgaB construct, containing a canonical SigA- 

type promoter, is still mediated by YycF, one of the YycF binding direct repeats was mutated 

(shown in green type. Table 2.2), to give fusion ydjM3-bgaB. This mutation had no effect on 

expression: the expression profiles of ydjM2-bgaB (YycF binding site intact) and ydjM3-bgaB 

(YycF binding site mutated) were very similar (compare diamonds and circles. Figure 2.6). 

Since the same mutation was shown to abolish transcription in a wild type promoter (triangles. 

Figure 2.6), this result shows that the yd jM  promoter expression is constitutive and 

independent of YycFG when in the context of a canonical SigA-type promoter.

In conclusion, these results show that in addition to the presence of an intact YycF 

binding site, the spacing between the YycF binding motif and the SigA-type -10 motif is also 

crucial for YycF-mediated control of expression of ydjM. Although a putative -35 motif can 

be identified within the ydjM  promoter region, and apf>ears to be functional when a canonical 

spacing is restored, whether it plays a role in normal promoter function remains to be 

investigated.
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Figure 2.6. Analysis of the expression of wild-type and mutated ydjM  promoters monitored by 

transcriptional fusions with the bgaB reporter gene. Growth of strains is shown by open symbols and 6- 

galactosidase by closed symbols: squares, BP066 (ydjM-bgaB)\ triangles, BP075 (ydjMl -bgaB)\ diamonds, 

SQl (ydjM2-bgaB) and circles, SQ3 (ydjM3-bgaB). Time zero indicates the point of transition between the 

exponential and stationary phases of growth. This experiment was performed three times with comparable 

results, and a representative profile is shown.



2.2.I.5. Expression of the autolysin LytE is controlled by YycFG

In addition to the microarray a n a lysis  perform ed on Y ycF G -d ep leted  ce lls , a 

bioinform atics approach was used to identify additional genes regulated by YycFG . It was 

reasoned that som e Y ycF-controlled genes might have been m issed in the array analysis if 

their transcript level was not sufficiently depleted at the point o f growth cessation.

The bioinformatics analysis was based on three characteristics o f YycFG  regulated genes, 

which have been established in previous work as well as in this work: (i) the YycFG  regulon 

com prises a significant number o f  genes involved in cell wall m etabolism ; (ii) promoter 

regions o f YycF-activated genes often have a canonical SigA -type - 1 0  m otif but not a -3 5  at 

the canonical position and (iii) promoter regions o f Y ycF-regulated genes have at least one 

copy o f  the Y ycF  binding motif. Such criteria were used to locate typical Y ycF-controlled  

SigA -type promoters in genes involved in cell wall metabolism. The lytE gene, which encodes 

a DL-endopeptidase-type autolysin (Ishikawa et  al.,  1998), was found to fu lfill all three 

criteria; (i) it encodes a cell wall autolysin, im plicated in regulation o f cell wall metabolism  

(C arballido-Lopez er a/., 2006; Ishikawa et al.,  1998); (ii) its promoter region contains a 

canonical S igA  - 1 0  m otif but a non-canonical -3 5  (CTGATG) m otif with a 12 bp spacing  

betw een the tw o (Table 2 .2); (iii) its promoter contains a putative Y ycF  binding site, 

positioned upstream o f  the -3 5  region.

To test whether YycFG  regulates lytE expression, a Northern blot analysis was performed 

on RNA harvested from cultures o f  w ild-type strain 168 and o f  strain A H 9912  (P ^ .  

yycFGHIJK)  grown in the presence and in the absence o f IPTG. Strains were cultured in LB 

medium. The growth profiles o f the three cultures are shown in Figure 2.7A . Northern analysis 

(Figure 2 .7B ) show s that in w ild-type strain 168 ly tE  transcript leve ls  are low  during 

exponential growth (T^q and Tg )̂ and increase upon entry into stationary phase (T ,2o and T ,4o). 

This profile differs from the one observed by Ishikawa et  al. (1998) in wild type cells grown in 

SM sporulation medium, where expression was turned o ff  upon entry into stationary phase. 

More recent publications have shown that the master regulator o f sporulation, SpoOA, is a 

repressor o f lytE expression (Fujita et al., 2005; Kodam a et al., 2007; M olle et  al., 2003). 

Therefore the discrepancy observed between growth in LB and growth in sporulation medium  

is likely to be due to the activation o f SpoOA upon entry into stationary phase in SM medium, 

which results in repression o f  lytE transcription. In strain A H 9912 grown in the presence o f  

ImM IPTG, lytE transcript levels are increased when compared to the levels observed in wild- 

type cells during exponential growth (T^q and Tgo, Figure 2 .7B ), indicating positive regulation 

by YycF. It is interesting to note that control o f  y v c E  expression by Y ycFG  is a lso  most
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evident during early exponential growth (see Figure 2.2). In strain A H 9912 grown without 

IPTG, lytE  transcript levels are very similar to those observed in w ild-type cultures during 

exponential phase and transitional phase jcompare -  T,oo in 168 and A H 9912 (-IPTG ), 

Figure 2 .7 B |, but decrease during stationary phase [see time points T ,2 0 and T ,4 o o f A H 9 9 I2  (- 

IPTG), Figure 2 .7 B |. A duplicate gel using the sam e RN A  preparations show ed a large 

increase in yoeB  transcript levels in the A H 99I2  (-IPTG) culture in the samples where the lytE  

transcript levels had decreased, verifying that Y ycFG  depletion had occurred and that lowered  

lytE  transcript w as not due to RNA degradation (data not shown). The lytE  expression profile 

observed in this Northern B lot experim ent is consistent with the result o f  the array analysis, 

where the gene did not display significant changes in transcript levels between YycFG  replete 

and YycFG  depleted conditions (for array data see Supplementary Material in B isicchia et al., 

2007). The RNA used for microarray analysis was harvested at the point o f  growth cessation  

upon Y ycF G  dep letion . T he Northern blot experim ent sh ow s that at this tim e point 

(corresponding to T,oo in Figure 2 .7B ) lytE  transcript is not decreased upon YycFG  depletion  

Icompare T,oo in A H 9 9 I2  (-1-IPTG) and A H 9912 (-IPTG ), Figure 2 .7 B |, a result consistent 

with the microarray data.

During stationary phase lytE  transcript levels are comparable in the wild-type strain and in 

the YycFG replete culture [compare T ,2 o - T , 4 o in 168 and A H 9912 (+IPTG), Figure 2 .7 B |, but 

are lower in the YycFG  depleted culture [see T ,2 o -  T , 4 o in A H 9912 (-IPTG), Figure 2.7Bj. 

T his result can be interpreted in tw o different w ays. On one hand, the difference in ly tE  

transcriptional levels observed in strain A H 9912 grown in the presence and in the absence o f  

IPTG might indicate a YycFG -dependent induction o f  transcription during stationary phase. 

On the other hand, expression levels are comparable in the w ild-type strain and in the strain 

over-expressing Y ycFG , suggesting that the observed induction o f  transcription upon entry 

into stationary phase might be YycFG -independent and might be due to a further unknown 

regulator that activates ly tE  during stationary phase. In this second scenario, the low er  

transcriptional levels observed in strain A H 9912 grown without IPTG might be explained by 

the fact that the YycFG -depleted culture never reached the stationary phase (see Figure 2.7A,  

open circles). In order to discern between these tw o hypotheses and to test whether Y ycF  

controls lytE  expression  during stationary phase, expression  o f  the l y tE  promoter was 

investigated using ly tE -bgaB  transcriptional fusions, both in a w ild-type background (strain 

B P l 18) and in a strain expressing the yy cF G  operon from the IPTG inducible P̂ ^̂  ̂ promoter 

(strain B P 120). T he results o f  the expression  an alysis are presented in Figure 2.7C . 

Transcriptional lev e ls  o f  lytE  w ere very low  during exponential growth in a w ild-type
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Figure 2.7A3- Analysis of YycFG control of />>?£■ e xpression. (A) Growth profiles of strains 168 (wild 

type, squares) and AH9912 (P ^ . yycFGHlJK) grown in the presence (closed circles) and absence (open 

circles) of ImM IPTG. Strains were cultured in LB medium and growth was monitored turbidimetrically. 

Time is indicated in minutes after inoculation. (B) Northern analysis of lytE transcript levels: total RNA 

was made from the cultures shown in Figure 5A with cells harvested at the time points indicated (numbered 

according to the transition phase To). Twenty micrograms of total RNA was loaded onto each lane.
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Figure 2.7CJ). (C) Growth and 6-galactosidase expression profiles of strains carrying lytE-bgaB 

transcriptional fusions. Growth of strains is shown by open symbols and BgaB specific activity by closed 

symbols. Strain BP118 (trpC2 amyE::PlytE::-bgaB Cn{, squares) and strain BP120 [trpCl amyE::PlytE::- 

bgaB Cm'  ̂AyycF::pAH022 ( P ^  yycFGHIJK', Pyy^placZ erm')] were cultured in LB broth. Strain BP120 

was cultured in the absence of IPTG (black diamonds) and in the presence of 100 micromolar IPTG (red 

triangles) and ImM IPTG (green circles). Time zero indicates the point of transition between the 

exponential and stationary phase of growth. This experiment was performed three times with comparable 

results, and a representative profile is shown. (D) Gel mobility shift analysis of the lytE promoter by 

purified phosphorylated YycF protein. 2ng of a DNA fragment containing the lytE promoter was incubated 

in the absence (lane 1) or presence of 1, 5 and 10 ;<M YycF~P (lanes 2 to 4 respectively) and separated on 

an acrylamde gel. The wedge indicates increasing YycF~P concentrations.



background, but increased significantly during stationary phase (strain BP118, closed blue 

squares). Low levels of expression were observed in strain BP120 grown in the absence of 

IPTG throughout the growth (closed black diam onds); however in this case cells lysed before 

reaching the stationary phase. During stationary phase expression levels were com parable for 

strain B Pl 18 (closed blue squares) and for the IPTG -dependent strain BP120 grown in the 

presence of 100|j,M IPTG (closed red triangles) or Im M  IPTG (closed green circles), showing 

that altered YycFG levels did not affect lytE  expression during stationary phase. These results 

indicate that the post-exponential induction of lytE  expression is Y ycFG -independent and that 

the decreased level of lytE  transcript observed in the Northern analysis is due to the cultures 

not reaching a normal stationary growth phase.

To establish whether Y ycF regulates expression o f lytE  directly, gel shift analysis was 

perform ed on a biotinylated DNA fragm ent spanning the ly tE  prom oter region. Increasing 

amounts of purified phosphorylated YycF proteins were used in the experiment, and poly |d(I- 

C )| was added to each binding reaction to ensure specificity of interaction. The results are 

shown in Figure 2.7D. The lytE  prom oter fragm ent shifted upon addition of the YycF~P 

protein, being alm ost com pletely shifted with 5|j,M Y ycF~P (lane 3, Figure 2.7D). YycF 

binding to the labeled DNA fragm ent could be com peted by addition o f a 100 fold excess of 

non-labelled DNA fragm ent, confirm ing the specificity o f interaction (data not shown). In 

sum m ary, these data show that YycFG directly  regulates ly tE  expression  during the 

exponential phase of growth.

2.2.2. INVESTIGATION OF THE NATURE OF YycFG ESSENTIALITY

The nature of YycFG essentiality in B. subtilis has not been established to date. Previous 

studies have shown that YycFG directly regulates the putative autolysin yocH  (Howell et at., 

2003; 2006), the essential cell division genes ftsA Z  (Fukuchi et a i ,  2000) and the essential 

teichioc acid biosynthetic genes tagAD  (Howell et al., 2003; 2006). However, none of these 

genes accounts for the essential nature of YycFG (Fukuchi et al., 2000; Howell et al., 2006). 

In this work five additional m em bers o f the Y ycFG  regulon have been identified using 

microarray and bioinformatics approaches: the positively regulated genes jvcfi, yd jM  and lytE 

and the negatively regulated yjeA  and yoeB. A genetic analysis was undertaken to investigate 

whether the newly identified members of the YycFG regulon contribute to the essentiality of 

this TCS in B. subtilis, singly or in combination. The strategy adopted was to attem pt to delete
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each of the genes positively regulated by YycFG individually through a double cross-over 

event, and then to try and combine the different deletions.

2.2.2.1. Construction of strains mutated in one YycFG-regulated gene

It was possible to construct strains carrying null mutations in any one of the genes yocH, 

ydjM, yvcE  and lytE, namely strains AH023 {yocHv.karf), BP068 {ydjMwtef), BP079 

(yvcE'.'.spc'} and L16638 {lytEr.Crrf) [see Strain Construction; strain AH023 was constructed 

by A. Howell; strain L16638, was a gift from Philippe Margot (Margot et al., 1999)|. All the 

null mutant strains were viable, showing that none of these genes is essential, confirming 

previous results (Kobayashi et al., 2003).

2.2.2.2. Construction of strains deleted in two YycFG-regulated genes

In order to determine whether more than one of the genes regulated by YycFG contributes 

to its essentiality, we attempted to generate strains carrying null mutations in two of these 

genes. If deletion of two genes is lethal to the cell, no colonies are expected to grow when a 

strain carrying a null mutation in one of the genes is transformed with chromosomal DNA 

from a strain carrying a null mutation in the second gene. However, a small number of 

colonies may be obtained: such colonies may arise from suppressor mutations, which occur at 

a very low frequency. Conversely, many transformants are expected when a combination of 

null mutations is not deleterious to the cell. We carried out transformation experiments in a 

manner that distinguished real transformants from strains carrying suppressor mutations. It is 

crucial to observe that a very small number of transformants can be indicative of two distinct 

situations; (i) a combination of null mutations that is lethal to the cell (in this case the 

transformants will be suppressors) or (ii) a recipient strain with very low competence levels. 

For this reason, competence is a critical parameter to be considered when performing these 

experiments. For each recipient strain, carrying a null mutation in one YycFG-regulated gene, 

we calculated both the competence level and the frequency of integration into the chromosome 

of a DNA construct engineered to delete a second gene. In order to do so, the following 

control exp>eriments were carried out: (i) each strain carrying a null mutation was transformed 

with a DNA construct integrating at a chromosomal locus for which no adverse selection is 

expected. Chromosomal DNA extracted from strain BP081, which carries a htrAv.spc' 

construct that integrates at the non-essential htrA locus, was chosen as a control. Competence 

level of recipient strains was measured by comparing the number of colonies obtained when 

transforming with equal amounts of BP08I chromosomal DNA. (ii) Each strain carrying a null
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mutation was also transformed with a plasmid or with chromosomal DNA containing a 

construct engineered to delete a different YycFG-controlled gene. The frequency of 

integration of the deletion construct was calculated by dividing the number of colonies 

obtained when transforming competent cells with such construct by the number of colonies 

obtained when transforming the same competent cells with the control BP08I chromosomal 

DNA. (iii) The wild-type strain 168 was transformed in parallel to strains containing null 

mutations in order to compare competence levels and frequencies of integration of deletion 

constructs.

Strains with the following combinations of null mutations were obtained: BP087 

iyocH::kan', yvcE::spc')\ BP07I {yocH ::kan\ ydjM ::tef)\ BP083 (yvcE::spc', ydjM ::tef)\ 

BPI22 {lytE::Crri', yocH::kat{) and BP123 {lytE::Cn{,ydjM ::tef). Interestingly, competence 

level of the recipient strain AH023 {yocH::karf) was seven fold reduced with respect to the 

wild-type. However, all transformants were obtained at a frequency high enough to exclude 

the occurrence of strains carrying suppressor mutations. Many attem.pts to construct a strain 

with null mutations in both yvcE  and lytE  (both encoding endopeptidase-type autolysins) 

failed. These transformation experiments were conducted in a controlled way as described 

above, but because of the different antibiotic cassettes carried by the recipient strain, this time 

competence levels of the wild-type 168 strain and of the BP079 iyvcEr.spc') strain were 

measured by transforming them with equal amounts of BP066 chromosomal DNA, which 

carries a. ydjM-bgaB\:Cnf construct that integrates at the non-essential amyE  locus. Repeated 

transformation experiments showed that strain BP079 (yvcE::spc’) was 7 fold less competent 

than the wild-type, a result similar to what was observed for strain AH023 (yocH::kan'). 

Attempts to generate a double mutant deleted in both yvcE  and lytE by transformation of strain 

BP079 (yvcE::spc') with 100 nanograms of chromosomal DNA from strain L16638 

ilytE::Cm') resulted in only three colonies. Such colonies were tested for congression. Results 

showed that the three colonies carried the incoming selected mutation, but that the null 

mutation in the recipient strain had reverted to wild-type, presumabely by congression. This 

result indicates that either YvcE(CwlO) or LytE is required for cellular growth in B. subtilis.

2.2.2.3. Lateral cell wall synthesis and cell elongation of B. subtilis requires an essential 

endopeptydase-type activity, which can be performed either by LytE or by YvcE(CwlO)

In order to verify that the yvcE  and lytE genes cannot both be inactivated, strain B P I15 

{lytE::Cm' P„iyvcE ernf) was constructed, where expression of yvcE  is inducible by xylose in
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a lytE  null mutant background. This strain grew on LB agar only in the presence of xylose, 

showing that either lytE or yvcE  is required for normal growth of B. subtilis.

Strain BPl 15 {lytE::Cn{ Y*^,yvcE) was grown also in LB broth in the presence (closed 

squares) and absence (open squares) of xylose: growth profiles are shown in Figure 2.8A. 

Strains 168 (diamonds), L I6638 (lytE::Cm\ triangles) and BP079 iyvcE::spc'', circles) were 

grown in parallel as controls. This experiment was repeated three times with comparable 

results and a representative growth profile is displayed. Strain BP079 {yvcE-.-.spc"^ grew 

similarly to the wild-type strain 168 (compare blue diamonds and circles) while strain L I6638 

{lytEr.CnT) displayed a growth defect (red triangles). Strain BPl 15 {lytE::Crr{ ¥^yiyvcE)  grew 

similarly to strain L16638 (lytE::Cm'} in the presence of 1% xylose, consistent with both 

being mutant for the lytE  gene (compare red closed squares and triangles). However, when 

BPl 15 was grown in the absence of xylose inducer (red open squares), growth rapidly ceased 

but the cells did not lyse. This result showed that either yvcf" or lytE  is required for normal 

growth of B. subtilis, both on LB agar and in LB broth.

The phenotype of the cells from all cultures was examined by fluorescence microscopy: 

cells were harvested at the point of the growth curve indicated by an arrow (Figure 2.8A), 

fixed in paraformaldehyde and stained with 4',6-diamidino-2-phenylindole (DAPI) in order to 

visualize the nucleoids, as described in Materials and Methods. Figure 2.8B shows the cellular 

morphology of strain L I6638 {lytE::Cnf) and strain BPl 15 {lytE::Cnf P ,̂, yvcE) grown with 

and without xylose inducer. Strains L16638 and BPl 15 (grown with 1% xylose) displayed 

similar morphology, with regular rod-shaped cells of normal length (Figure 2.8B, panels a and 

c), all containing nucleoids, as viewed by DAPI staining (Figure 2.8B, panels b and d). Strain 

BPl 15 grown without xylose inducer displayed a very different phenotype, with very short 

cells (Figure 2.8B, panels e and f). Cell length was measured in 50 randomly chosen cells 

from all the cultured strains displayed in Figure 2.8A: cells from strain BPl 15 grown without 

inducer were 1.5 /<m +/- 0.33 long, while cells from all the other strains 1(168 (wild-type), 

L16638 {lytE::Crrf), BP079 (yvcE::sp(f) and BPl 15 grown with xylose inducer| were of 

similar length (3.5 +/- 0.5 ). In addition, cells from strain BPl 15 grown without xylose

were aberrant in that some were empty, flat looking and devoid of nucleoids, and some had a 

bent shape (Figure 2.8B, panels e and f). At a higher magnification this aberrant phenotype 

was more evident: a cluster of cell images is displayed in Figure 2.8B, panel g. Cells were 

irregularly shaped, with bulging and occasional bent cylinders, and some (indicated by arrows) 

were flat-looking and empty. This phenotype suggested that cells were defective in lateral cell 

wall synthesis and cell elongation, and that an endopeptidase-type activity, performed either

44



A

0.1

0.01 0.01
0 50 100 150 200 250 300 350

Time in minutes

Figure 2.8 A,B- Analysis of the cellular roles of LytE and YvcE (CwlO).

(A) Growth profiles o f strains depleted for LytE, YvcE(CwlO) or both autolysins: diamonds, 168 (wild 

type); triangles, L16638 {lytEy.Cm’); circles, BP079 (yvcE::spc^; closed squares, BP115 (Pxyi yvcE, 

lytEy.Cm^ grown in the presence of 1% xylose; open squares, BP115 {P^[yvcE, lytE.iCm’) grown in the 

absence of xylose. Strains were cultured in LB medium starting from freshly streaked colonies and growth 

was monitored turbidimetrically. This experiment was performed three times with comparable results and a 

representative profile is displayed. Time is indicated in minutes after inoculation. The arrow indicates the 

point at which cells were harvested for microscopic examination.

(B) Visualization of cell morphology and cell wall synthesis by microscopy. Cells were prepared as 

described in experimental procedures and viewed by phase contrast (panels a, c, e, g cluster) and by phase 

contrast with a DAPI stained image superimposed (panels b, d, f). Peptidoglycan synthesis was visualized 

by staining with fluorescein-labeled vancomycin (panels h, i, j). The red line indicates scale, with the length 

shown above.
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by LytE  or by Y vcE(C w lO ), m ight be required for elongation of the cell cylinder during 

growth.

To test this hypothesis we examined cell wall synthesis in these strains using fluorescein- 

labelled vancom ycin, a com pound that binds to the D-Ala-D -A la residues o f Lipid II and 

blocks the transpeptidation reaction of peptidoglycan synthesis (Daniel and Errington, 2003; 

Kahne et al., 2005). Cells o f the parent strain L16638 and of strain BPl 15 grown with xylose 

inducer showed patches o f fluorescent vancomycin perhaps arranged in a helical pattern along 

the length o f the cell (Figure 2.8B, panels h and i), in a way similar to what has been observed 

in normally elongating w ild-type cells (Daniel and Errington, 2003). However no labeling was 

observed along the truncated  cell cylinders of strain B P l 15 grown w ithout xylose, and 

peptidoglycan synthesis appeared to be confined to the septal region (Figure 2.8B, panel j). 

This result confirm ed the involvem ent o f LytE and YvcE(CwlO) in lateral cell wall synthesis 

and cell elongation.

From the above results we conclude that B. subtilis has an essential requirem ent for an 

autolytic endopeptidase-type activity which can be provided either by LytE or YvcE(CwlO), 

such activity playing an im portant role in lateral cell wall synthesis and cell elongation during 

growth.

2.2.2A. YycFG-mediated control of lytE and yvcE transcription is not the sole reason for 

the essentiality of this TCS in B. subtilis

Having identified tw o genes positively regulated by YycFG, yvcE  and lytE, one or other 

of which is required for growth, we reasoned that control o f expression o f these two genes 

m ight be the sole reason fo r YycFG essentiality. T o  test this hypothesis we adopted two 

alternative experimental approaches.

A first strategy involved attem pting to delete the yycFG  genes from a strain constitutively 

expressing both yvcE  and lytE. Strain B P l 13 was constructed in which yvcE  is expressed from 

the xylose inducible P ,̂; prom oter, and the lytE  gene is expressed from  the IPTG inducible P ^  

promoter {P^p^JytE P^iyvcE). Crucially, from the data presented in the previous paragraphs it is 

clear that the x̂yl prom oter is able to direct expression of the YvcE protein at levels which are 

high enough to sustain growth in the presence of inducer [see growth profile of strain B Pl 15 

ilytE::Cm'' P^iyvcE), Figure 2.8A]. Furtherm ore, the P̂ ^̂  ̂ prom oter appeared to produce the 

LytE protein at levels sufficient for growth even in the absence o f IPTG inducer [see in 

previous paragraph construction o f strains B P l 11 {yvcE::spc'' P^p^JytE ernf) and B Pl 12 

iyvcE::spc' P.^^JytE ern f  pM A P65 k a d  nedy]. Therefore if control o f y v c E  and l y t E
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expression were the sole reason for YycFG essentiality, it should be possible to delete the 

yycFG  genes from strain BP 113, which expresses yvcE  under control and lytE under 

control. To test this hypothesis strain BPl 13 was transformed with DNA extracted from strain 

BP056 iyycFG::neo' lacA::P^p^jycG amyE::P^.,yycF), selecting for neo' and hence yycF G  

deletion. As a positive control, the same chromosomal DNA was transformed into strain 

BP053 {lacA::'P^p^ycG amyE::'P^iyycF), which expresses the yycG  and yycF  genes under 

IPTG and xylose inducible promoters. Competence levels of the two recipient strains were 

measured by transforming them with equal amounts of chromosomal DNA extracted from 

strain BP082 {glu::karf): the two strains were found to be equally competent. One, 10 or 100 

ng of BP056 chromosomal DNA were used to transform both strains, and cells were plated on 

LB agar containing neomycin 3[xg/ml, 1% xylose and ImM IPTG. However, while ~200 

transformants per ng of chromosomal DNA were obtained when transforming strain BP053, 

no colonies were obtained upon transformation of strain BPl 13 with up to 100 ng of DNA, 

indicating that the yycF  and yycG  genes cannot be deleted from the chromosome even when 

both lytE and yvcE  are constitutively expressed. This result indicates that YycFG-controlled 

expression of yvcE  and lytE is not the sole reason for its essentiality.

A second experimental approach to test the contribution of the autolysins LytE and YvcE 

to the essentiality of YycFG involved the construction of a strain expressing the yvcE  gene 

under P^, control and the TCS yycFG  under P ^  control. We reasoned that if YycFG- 

controlled expression of the combination of the two genes yvcE  and lytE  accounted for the 

essentiality of this TCS, it should be possible to deplete for YycFG when expressing one of 

the two genes constitutively. This second approach presented two main advantages. Firstly, 

rather than being based on negative data coming from a transformation experiment like the 

one described above, it was based on the analysis of the growth profile of a strain carrying 

yycFG  under P̂ ^̂  ̂ control, a profile which has been well characterized both in this and 

previous work (Figure 2.1 of this work, Fabret and Hoch, 1998; Howell et a i ,  2003). 

Secondly, this experimental approach allowed us to assess the contribution of the yvcE  gene 

alone to the essentiality of YycFG, by testing the effect of constitutive yvcE  expression on the 

growth cessation and lysis phenotypes normally observed upon YycFG depletion. Strain 

BPI25 {V^^ycFGIJK P^.jyvcE) was constructed by transforming strain BP080 {thrCwP^^^vcE 

spc'^ with plasmid pAH022 {P^^ycFGIJK erm'^ and its growth profile was examined with 

and without xylose and IPTG inducers as appropriate (Figure 2.9). When cultures were grown 

with neither inducer, the usual growth cessation and cell lysis phenotypes were observed 

(Figure 2.9, triangles). However, when cultures were grown without IPTG but with increasing
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F igure 2.9. Effect of constitutive YvcE(CwlO) expression on the growth of cells upon YycFG depletion. 

Strain BP125 {P ^yycF G H IJK , P ^ v c E ^  was grown in LB medium in the presence of ImM  of IPTG only 

(squares); without IPTG or xylose (triangles); in the absence of IPTG but with 0.01% xylose (rectangles) 

and in the absence of IPTG but in the presence o f 1% xylose (circles). Time is indicated in minutes after 

inoculation. This experiment was performed three times with comparable results and a representative 

profile is displayed.



concentrations of xylose, the phenotype was ameliorated, with growth cessation and lysis 

occurring later and to a lesser extent, in a xylose-dependent manner (compare rectangle and 

circles. Figure 2.9). This result confirmed that YycFG-mediated control of yvcE  and lytE does 

not account for the essentiality of this TCS in B. subtilis; however, it is concluded that reduced 

expression o f yvcE  does contribute to the growth cessation and lysis phenotype of YycFG 

depleted cells, even though there must be additional contributory factors.

2.2.2.S. YycFG controlled expression of a triplet of genes, encoding the autolysins YocH 

and YvcE(CwlO) and the protein of unknown function YdjM, contributes to the 

essentiality of this TCS in Bacillus subtilis

The results presented in the previous paragraph have established the partial contribution 

of YycFG-mediated control o f yvcE  to the lysis phenotype observed upon YycFG-depletion. 

In order to assess what other YycFG-controlled genes might contribute to this phenotype and 

hence to the essentiality of YycFG in B. subtilis, the construction of strains carrying null 

mutations in three genes positively regulated by YycFG was attempted.

It was possible to construct strains carrying both the possible combinations of null 

mutations (excluding the ones where both yvcE  and lytE are deleted). The two strains, namely 

BP090 iyvcE::spc' ydjM ::tef yocH::kan') and BP124 {lytE::Cn{ ydjM ::tef yocH::kar{) were 

obtained at very low transformation frequencies.

Strain BP090 was constructed by transforming strain BP083 {ydjMwtet yvcEwspc’̂  with 

chromosomal DNA extracted from strain AH023 {yocHwkarf), selecting for kanamycin 

resistance. Repeated transformation experiments showed that the recipient strain BP083 was 

four fold less competent than the wild-type 168 strain, as measured by transformation with 

chromosomal DNA extracted from strain BP082 {glu::karP). Furthermore, the frequency of 

integration of the yocH::kan' construct into the BP083 recipient strain was up to 30 fold 

reduced with respect to the frequency of integration of the same construct into the wild-type 

strain 168, and the number of transformants obtained did not increase with increasing amounts 

of the transforming DNA. Nevertheless, a low number of transformants was obtained, 

characterized by a small colony phenotype (Figure 2.10).

These transformants were stabbed onto LB agar containing kanamycin, spectinomycin or

tetracycline, in order to test for congression (Figure 2.10). Some colonies (8% of total

transformants) were of normal size, and were found to have undergone congression, being

resistant to only two of the three antibiotics (see Figure 2.10, 2"‘' day, colony number 1).

Interestingly, all the transformants in which congression had occurred had acquired a wild-
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type copy of the ydjM  gene. The majority of transformants (92%) were confirmed to be 

resistant to all the three antibiotics. Colonies were small and irregularly shaped, with 

asymmetrical edges probably originated from individual colonies growing out of the stabs, a 

phenotype suggestive that the observed growth was due to accumulation of suppressor 

mutations (Figure 2.10, 2"‘* day). Colonies obtained on the second day were re-stabbed onto 

new LB agar plates containing the three antibiotics, and the aberrant morphology was retained 

(Figure 2.10, S"* day).

Growth in LB broth was tested for strain BP090. Cells were harvested from colonies 

growing on LB agar, inoculated in LB broth and growth was monitored turbidimetrically. 

Results are presented in Figure 2.11. No growth was observed for up to 5-6 hours of culture in 

LB broth for either the primary transformants (Figure 2.11 A) or the re-streaked colonies 

(Figure 2.1 IB). However, in many cases growth was observed subsequently indicating that the 

cells were not dead, but again suggesting accumulation of suppressor mutations (Figure 

2.1IA,B).

Cells were harvested from both the primary and re-streaked colonies, fixed, stained with 

DAPI and examined using confocal fluorescence microscopy. A comparison between BP090 

iyvcE::spc' yd jM ::tef yocH::karf) cells and cells of AH9912 (P^^ yycFGHIK) grown with 

YycFG expression ( ImM IPTG) and depleted for YycFG (no IPl'G) is shown in Figure 2.12. 

In samples depleted for YycFG, many apparently empty cells were observed that were not 

seen in YycFG replete samples (see arrowed cells in Figure 2.12f and compare with Figure 

2.12c), as previously reported (Fukuchi  et al., 2000). Cells from both the primary 

transformants and re-streaked colonies of strain BP090 displayed an aberrant phenotype: a 

representative picture of cells from the re-streaked colonies is displayed in Figure 2.12 g-i. 

Cells were very short and had an aberrant “ lumpy”-type shape (Figure 2 .12g). In addition, 

while many such cells contained nucleoids, a significant proportion was devoid of any DAPI 

stained material (see arrowed cells in Figure 2.12i), reminiscent of YycFG depleted cells (see 

arrowed cells in Figure 2 .12f). When cells from the re-streaked colonies were streaked again 

onto fresh LB agar plates and grown for a third day, although the colonies retained their 

aberrant morphology (see Figure 2.10, 3"* day), cells from these colonies looked normal when 

observed by phase contrast microscopy, again suggesting the accumulation of suppressor 

mutations.

Cells from both primary transformants and re-streaked colonies of strain BP090 were 

stained with DAPI and Nile red (in DMSO) at the same time, in order to visualize the 

nucleoids as well as the cell membranes. Similar results were obtained in both cases, and a
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1 St day

Figure 2.10. Colony morphology of strain BP090 iyvcE::spc'^ydjM::tef yocH::karf).

Transformants (1^‘day) were selected for resistance to kanamycin only. These colonies were stabbed onto 

three plates containing kanamycin, spectinomycin or tetracycline (2™̂ day). 8% o f transformant colonies 

were of normal size, but were found to have undergone congression (see transformant 1 that is resistant to 

kan and spc but is sensitive to tet, indicating a congression that re-introduced the gene ydjM). The majority 

of transformants (92%) were resistant to the three antibiotics. The colonies were small and irregularly 

shaped, with asymmetrical edges originated from individual colonies growing out of the stabs. The colonies 

obtained on the 2"^ day were re-stabbed onto new plates containing the three antibiotics, and the aberrant 

morphology was retained (3"  ̂day). The displayed result is representative of three independent experiments.
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Figure 2.11. Growth in LB broth of strain BP090 (yvcE::spc'^ ydjM ::tef yocH::kan'). Six independent 

trcinsformants (BP090.1-BP090.6) were chosen for analysis and inoculated in liquid medium. The wild-type 

strain 168 was cultured in parallel as a control. Cells were taken from primary transformants (A) and from 

the same transformants stabbed on LB plates and grown for a further day (B). No growth was observed for 

up to 5-6 hours of culture. However in many cases growth was observed subsequently indicating that the 

cells were not dead but suggesting accumulation of suppressor mutations. Time is indicated in hours after 

inoculation.
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Figure 2.12. Fluorescence microscopic analysis of strains AH9912 (PjpacyycFGHIJK) and BP090 

iyvcE::spc'^ yd jM ::te f yocH::kan'). Cells from both the primary transformants of strain BP090 and from 

colonies obtained re-streaking them onto new LB plates showed similar morphologies. Cells from re­

streaked colonies, displayed in this picture, were harvested directly from LB agar plates. Cells of strain 

AH9912, grown in the absence (-) o f IF*TG, were harvested at the point of growth cessation. Cells of strain 

AH9912 grown in the presence of IPTG were harvested at the same 0 0 5 9 5  as the cells grown the absence of 

IPTG, as described in Materials and Methods. Cells were stained with DAPI to visualize the nucleoids. 

Phase contrast (a, d. g), fluorescence (b, e, h) and combined phase contrast-fluorescence (c, f, i) images are 

shown for the strains indicated. Arrows indicate cells that are devoid of nucleoids.
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Figure 2.13. Fluorescence microscopic analysis of strain BP090 iyvcE::spc'' ydjM ::tef yocH::kan') stained 

with DAPI in order to visualize the nucleoids and with Nile red in order to visualize the cell membranes. 

Cells from both primary transformants and from colonies obtained re-streaking them onto new LB agar 

plates were analyzed, and similar morphologies were observed. Cells from re-streaked colonies are 

displayed in this picture. Samples were collected from colonies growing on LB agar plates. Phase contrast, 

fluorescence and combined phase contrast-fluorescence images are shown as indicated.



representative image (from re-streaked colonies) is displayed in Figure 2.13. Sm eared DAPI 

and Nile red staining were observed around the cells, indicating that the cells had lysed during 

the fixation and the preparation process. This feature was not observed in cell preparations 

from  strain BP090 treated with DAPI only, where the empty cells were a m inority o f the 

population, and no smeared DNA material was observed around the cells (see Figure 2 .12g-i). 

Therefore cell lysis is likely to be due to the presence of the solvent DM SO, which is known 

to affect the structural integrity of fixed cells (M alinin and M alinin, 2004). How ever, cell 

preparations from  the wild-type strain 168 and from  strain AH9912 (Pj^^c grown

with and w ithout IPTG did not display the same defect when treated with both DAPI and Nile 

red (in DM SO ), indicating that BP090 cells were especially fragile, and prone to lose their 

cytoplasm ic and membrane contents.

The series o f experim ents to construct and analyse strain BP090 (yvcE::spc'' yd jM ::te f 

yocH r.ka if)  was performed twice, with identical results. In summary, m icroscopic analysis of 

the prim ary transform ants of strain BP090 and o f colonies re-streaked from  them , revealed a 

complex phenotype. Cells had a “ lumpy”-type shape; they were short, occasionally empty and 

exceptionally fragile and prone to lysis. It is interesting to note that both nucleoid free cells 

and cell lysis are typical of YycFG depleted cells (this work, Fukuchi et al., 2000, Howell et 

a i ,  2003). The fact that both phenotypes are evident in cells mutated in the genes ydjM , yocH  

and yvcE, coupled with the reduced frequency with which such transform ants are obtained, 

with their inability to grow in LB broth, and with their tendency to accum ulate suppressor 

m utations, suggests that YycFG-m ediated control of expression of this triplet of genes during 

exf)onential growth contributes significantly to the essentiality of this TCS in B. subtilis.

A second strain carrying three null m utation, BP124 {ly tE ::C nf y d jM ::te f yocH ::karf), 

was constructed by transform ing strain BP071 {yocHwkaii ydjM wtef) with chrom osomal DNA 

extracted  from  strain L I 6638 {lytE::Cnf), selecting for chloram phenicol resistance. The 

recipient strain BP07I was found to be as com petent as the wild-type strain 168: competence 

levels were checked by transform ation with equal am ounts o f chrom osomal DNA extracted 

from  strain BP066, which carries a ydjM -bgaB w C m ' construct that integrates at the non- 

essential am yE  locus. However, the frequency o f integration of the lytEr.Cm'' construct into 

strain BP07I was 30 fold reduced with respect to the frequency o f integration o f the same 

construct into the wild-type strain 168. The transform ants obtained were stabbed onto LB agar 

containing chloram phenicol, kanam ycin or tetracycline, in order to  test fo r congression 

m utations. 9% of all colonies were found to have undergone congression, being resistant to 

only two o f the three antibiotics: 5% had acquired the wild-type copy of the yocH  gene, while
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4% had acquired the wild-type copy of the ydjM gene. However, the majority of transformants 

(91 %) were confirmed to be resistant to all three antibiotics.

Cells from strain BP124 {lytE::Crr{ ydjM ::tef yocH::karf) looked normal when observed 

by phase contrast microscopy. Therefore simultaneous deletion of the three genes lytE, ydjM  

and yocH  did not have the same deleterious effects found in the triple mutant strain BP090 

{yvcE::spd ydjM ::tef yocHr.karf), in which a different triplet of genes was deleted. Since the 

difference between the two strains is in the DL-endopeptidase encoding gene that is missing 

from chromosome {lytE in the case of BP124 and yvcE in strain BP090), this result suggests 

that the phenotypes observed in strain BP090 are specifically due to the absence of the gene 

yvcE when combined to yocH  and ydjM  null mutations. Therefore although the autolysins 

LytE and YvcE share the same enzymatic activity (they are both DL-endopeptidases, Smith et 

al., 2000) and they are able to substitute for each-other in performing an essential function in 

the cell elongation process (this work), their cellular role does not exactly overlap, and they 

must differ in other functional aspects.

2.2.3. PHENOTYPIC ANALYSIS OF STRAINS MUTATED IN GENES DIRECTLY 

REGULATED BY YycFG

A phenotypic analysis was undertaken in order to investigate the function of genes 

directly regulated by YycFG. Growth on LB agar and in LB broth, cell length and sporulation 

were analyzed in single, double and triple mutant strains deleted in genes positively regulated 

by YycFG. Results are summarized in Table 2.3. The phenotypes observed in strain BP090 

iyvcE::spc' ydjM ::tef yocH::kan’), have been extensively discussed above (see Figures 2.11, 

2.12 and 2.13) and will not be included in this section.

Insights into the function of the YycFG-controlled genes yvcE  and lytE were obtained 

during the analysis performed to investigate the nature of the essentiality of YycFG, presented 

in the preceding section: yvcE and lytE were found to perform an essential redundant role in 

the processes of cell elongation and lateral peptidoglycan synthesis. A further analysis was 

undertaken to elucidate their role in cell wall homeostasis.

A functional analysis of the yjeA gene, negatively regulated by YycFG, is also presented.
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Table 2.3. Phenotypic analysis of strains deleted in genes positively regulated by YycFG

Strain AH023 BP079 LI 6638 BP068 BP071 BP083 BPI23 BP124 BP122 BP087

G enoype y o cH y vc E lytE y d jM ydjM , ydjM , ydjM . ydjM , yocH . yocH ,

y o c H yvcE lytE lytE.

yo cH

lytE yvcE

C olony

m orphology

wt wt wt shiny shiny shiny shiny,
small
and

shiny,
small
and

wt lysis,
suppressors

G ro w th  in wt wt Impaired impaired impaired impaired
big
N D

big
N D N D wt

LB broth

C ell length wt wt wt impaired impaired impaired N D N D N D wt

Sporulation wt wt wt impaired impaired impaired N D N D N D wt

G en otypes o f  strains are schem atica lly  represented by the nam e o f  the g en e(s) deleted  from  the chrom osom e. 

ND: not determ ined, wt: no phenotype observed (sam e as w ild-type).

2.2.3.1. Phenotypes observed during growth on LB agar

Growth on LB agar and colony morphology were analyzed in strains deleted in genes 

positively regulated by YycFG. Such analysis was performed repeatedly with identical results. 

Results are summarized in Table 2.3.

Shiny colonies were observed in strains BP068 (ydjMwtef), BP071 [yocHwkarf 

ydjMwtef), BP083 (ydjM::tet yvcE::spc'~), BP123 {lytE::Cn{ ydjM::tef) and BP124 (lytE::Cm' 

ydjM::tef yocHr.karf). All these strains carry a deletion in gene ydjM, which is likely to be 

responsible for the phenotype observed.

Strains BP123 {lytE::Cm' yd jM::tef)  and BP124 { lytE::Cn{ ydjM::tef  yocH::karf)

displayed a further phenotype, with a mixture of small and big colonies growing on LB agar.

Cells from both strains were harvested from LB agar plates and analyzed by phase contrast

microscopy: a mixed population of motile, rod-shaped cells and immotile chains of cells was

observed in both cases. Cells from the wild-type strain 168 grown on LB agar were analyzed

for comparison, and only motile rods were observed. To test a possible correspondence

between the size of the colonies and the chaining phenotype in strains BP123 and BP124, cells

from isolated small and big colonies were observed by phase contrast microscopy: small

colonies contained only immotile chains of cells, while big colonies contained only motile

cells. This finding is consistent with the ability of motile cells to move across the surface of

the LB agar plates, and to reach longer distances, resulting in the formation of bigger colonies.

This result suggests that deletion of lytE and ydjM  causes cellular heterogeneity, a

phenomenon that can occur in genetically identical cell populations (Longo and Hasty, 2006

and references therein). It is noteworthy that in this work cellular heterogeneity was not
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observed during growth on LB agar in the wild-type strain or in any o f the m utant strains 

containing a wild-type copy o f lytE or ydjM. Therefore the absence o f both the lytE and ydjM  

genes in strains BP123 and BP124 m ust account for the observed phenotype. This result 

suggests that lytE and yd jM  m ight share a redundant function in preventing the form ation of 

sub-populations o f motile and sessile cells in wild-type B. subtilis during growth on LB agar.

All the other single and double m utant strains analyzed displayed colony m orphologies 

com parable to  the w ild-type (see Table 2.3), with the only exception o f strain BP087 

{yocHv.karf yvcEv.spc'^. This strain, m utated in the autolysins-encoding genes yocH  and yvcE, 

in itially  form ed colonies with a norm al m orphology on LB agar plates. How ever, these 

colonies becam e translucent after 5 days on LB agar and after 7 days many normal looking 

opaque colonies grew out from  the edges o f the original colony (Figure 2.14). This result 

suggests that cells carrying null m utations in both yocH  and yvcE  are prone to cell lysis, and 

that suppressor m utations can arise with a high frequency. This result is also consistent with 

the role of y o cH  and yvcE  as autolysins; this class o f enzym es is known to be involved in 

m aintaining the structural integrity o f the cell envelope and in preventing cell lysis, especially 

in hypotonic conditions (Smith et a i ,  2000). Since strains m utated only in yvcE  or in lytE did 

not display the lysis phenotype, this result suggests that Y vcE and YocH m ight play a 

redundant role in prevention of cell lysis. Furthermore, this and previous work (Fukuchi et al., 

20(X); Howell et al., 2003) have established that cell lysis is a typical feature of YycFG- 

depleted cells; the fact that cells m utated in the two autolysins yocH  and yvcE  are prone to 

lysis suggests that the lowered and yv cE  expression levels that occur upon YycFG 

depletion m ight contribute to the lysis phenotype of YycFG -depleted cells. This result is also 

consisten t w ith the phenotype observed  in the trip le m utant strain  BP090 (yvcE::spc' 

ydjM ::tef yocH::kari), whose cells were particularly fragile and prone to lysis (see Figure 

2.13).

2.2.3.2. Phenotypes observed during growth in LB broth

Growth in LB broth was m onitored in strains deleted in genes positively regulated by 

YycFG. Results are sum m arized in Table 2.3.

Growth in LB broth o f strain L I 6638 {lytE::Crrf) has been analyzed during a previous 

experim ent (see Figure 2.8A). This strain displayed a growth rate low er than the w ild-type 

strain 168 (com pare red triangles with blue diam onds. Figure 2.8A), and an average cell length 

com parable to the w ild-type at the tim e point chosen for microscopic analysis (indicated by an 

arrow in Figure 2.8A). These findings appear in contrast with results obtained in previous
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Figure 2.14. Colony morphologies o f strains 168 (wild-type) and BP087 {yocH\:karf yvcE .spc')  after 

seven days of incubation at room temperature on LB agar plates. Colonies o f the wild-type strain 168 were 

opaque and never lysed, while colonies of strain BP087 became translucent after 5 days and many small 

opaque colonies started to grow from the edges of the original lysed colonies after 7 days.



works, where strain L I 6638 did not exhibit any growth defect (M argot et al., 1998), and an 

equivalent lytE  null m utant strain displayed cells tw ice as long as the wild-type (Ishikaw a et 

al., 1998). However, in both studies strains were grown in Schaeffer m edium , while in this 

work strain L I6638 was grown in LB medium. Therefore the different media com positions are 

likely to account for the discrepancies between this and previously published work.

Grow th in LB broth was analyzed in the strains carrying null m utations in YycFG- 

regulated genes listed in Table 2.3. This analysis was performed twice with com parable results 

and representative growth profiles are displayed in Figure 2.15. Strain 168 (w ild-type) was 

included in the analysis as a control. Exponentially growing cultures o f each strain were used 

to inoculate 50 ml LB cultures at an ODgoo = 0.02. Strains AH023 iyocH::karf), BP079 

(>'vc£';:spcO and BP087 {yocH ::kan, yvcEwspc"^ did not show any grow th defect when 

com pared to the w ild-type strain 168 (com pare blue squares, circles and plus sym bols with 

black diam onds. Figure 2.15). Strains BP068 (ydjM w tef) and BP071 {yocH wkaii ydjM v.tef) 

exhibited reduced growth rates during the exponential phase and reached stationar>' phase at a 

lower optical density with respect to the wild-type strain 168 (com pare red stars and triangles 

with black diam onds. Figure 2.15). The growth characteristics o f strain BP083 {ydjM v.tet 

yvcEv.spc'^ were intermediate between the wild-type strain and strains BP068 and BP071 (red 

dashed lines. Figure 2.15). In sum m ary, growth defects were observed in all the strains 

carrying a null mutation in yd jM  (see Table 2.3). This suggests that deletion of this gene is 

perhaps responsible for the phenotypes observed.

The m orphology of cells in these cultures was analyzed by phase contrast m icroscopy. 

Sam ples were harvested during the exponential, transition and stationary phases of growth 

(time points 1 ,2  3 indicated in Figure 2.15) and observed using a confocal m icroscope (see 

M aterials and M ethods). Cell morphology of strains AH023 {yocHwkarf), BP079 {yvcEwspc’̂  

and BP087 (yocHy.kan, yvcE::spc'^ did not differ from the wild-type. These same strains did 

not show any defect in the growth profiles (see Figure 2.15). Strains BP068 (yd jM ::te f), 

BP071 iyocH ’.'.karf ydjM v.tef), and BP083 (ydjMv.tet yvcEwspc'), which were all defective in 

growth (see Figure 2.15), displayed a normal rod-shaped morphology, but a difference in cell 

length with respect to the wild-type strain. Cell length o f the w ild-type strain and o f mutant 

strains carrying a wild-type copy of the gene y d jM  was observed to vary throughout the 

growth curve: cells were longer during exponential phase (Figure 2.15, tim e point 1); cell 

length was reduced during transition phase (Figure 2.15, tim e point 2), and decreased to a 

further extent during stationary phase (Figure 2.15, tim e point 3). On the contrary, in strains 

deleted in yd jM  (strains BP068, BP071 and BP083) cell length did not vary throughout the
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growth and was comparable to the cell length observed in time point 2 (Figure 2.15) for the 

wild-type strain. This result might suggest an involvement of ydjM  in regulating cell length 

variation during the different phases of growth.

Cells from the cultures displayed in Figure 2.15 were observed by phase contrast 

microscopy after 24 hours incubation in LB broth: a mixed population of rod-shaped cells and 

phase-bright spores was observed in the wild-type culture as well as in cultures of mutant 

strains carrying a wild-type copy of gene ydjM  (strains AH023, BP079 and BP087). No spores 

were observed in cultures of strains carrying the ydjM  null mutation (strains BP068, BP071 

and BP083). This result indicates that deletion of ydjM  might contibute to a sporulation defect.

2.2.3.3. Sporulation defects of a strain deleted in ydjM

To further investigate the sporulation defect observed in strains deleted in ydjM, the 

kinetics of alkaline phosphatase (APase) expression was tested in strain BP068 iydjMv.tef) as 

described in Materials and Methods. Results are presented in Figure 2.16. Alkaline 

phosphatase is an enzyme that is induced at stage II of sporulation (which corresponds in time 

to two hours after the onset of the stationary phase) and peaks at five hours into stationary 

phase (Nicholson and Setlow, 1990). A peak of APase activity was seen in strain BP068 

coincident with the peak observed in wild-type strain 168, but the level of activity observed in 

the ydjM  null mutant strain was lower than the wild-type (compare closed circles and closed 

squares in Figure 2.16). This result suggests that the sporulation process is not blocked in 

strain BP068, but that sporulation efficiency might be reduced.

To validate this result, sporulation efficiency of strain BP068 was assayed by measuring 

the percentage of cells resistant to heat and chloroform, as described in Materials and 

Methods. Strains BP068 {ydjMv.tef) and 168 (wild-type) were grown in LB medium until the 

ODgoo reached a value of 0.3, then cultures were resuspended in Sterlini-Mandlestam medium; 

growth profiles are displayed in Figure 2.17A. Cells were harvested 4, 6, 8, 10, 25 and 52 

hours after resuspension in Sterlini-Mandlestam medium and a four-fold reduction in the 

percentage of heat and chloroform resistant cells was observed in strain BP068 at the 10, 25 

and 52 hour time points, indicating reduced sporulation efficiency (Figure 2.17B).

These results show that deletion of ydjM from the chromosome of B. subtilis results in a 

reduced sporulation efficiency. This finding might indicate an involvement of YdjM in the 

sporulation process; however the sporulation phenotype might also be a secondary effect due 

to the growth defect exhibited by strains deleted in ydjM  cultured in LB broth (see Figure 2.15, 

red symbols).
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Figure 2.15. Growth profiles of strains carrying null mutations in genes positively regulated by YycFG. 

The wild-type strain 168 was cultured in parallel as a control. Starter cultures were inoculated from freshly 

streaked colonies on LB agar and grown in 10 ml of LB broth until OD^co 1.00. These cultures were used 

to inoculate 50 ml LB cultures to an OD^xjof 0.02. Growth was monitored turbidimetrically and cells were 

harvested at the time points indicated for microscopic analysis. Growth profile of the control strain 168 is 

shown in black; growth profiles of strains carrying a deletion in gene ydjM are shown in red; growth 

profiles o f mutant strains carrying a wild-type copy of ydjM  are shown in blue. Strain 168 (wild-type): 

diamonds; strain AH023 {yocH::kan'): squares; strain BP068 (ydjM::tef): stars; strain BP079 iyvcE::spc'): 

circles; strain BP071 {yocH\:kar{ydjM::tef)\ triangles; strain BP083 (ydjMwtef yvcEv.spc'): dashed lines; 

strain BP087 (yocH/.kan'', yvcE::spc'): plus symbols. This experiment was performed twice with 

comparable results and a representative profile is displayed.
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Cells were grown in Schaeffer’s sporulation medium and growth was monitored turbidimetrically at ODgoo- 

Growth of strains is shown by open symbols and APase activity by closed symbols: squares, 168 (wild- 

type); circles: BP068 (ydjMv.tef). Time zero indicates the point of transition between the exponential and 

stationary phase of growth. This experiment was performed twice with comparable results and a 

representative profile is shown.
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Figure 2.17. Analysis of sporulation efficiency of strains 168 (wild type) and BP068 (ydjM:.tef). Cells 

were grown in LB medium until the ODgoo reached a value of 0.3 and cultures were resuspended in Sterlini- 

Mandlestam medium. Cells were harvested at 4, 6 8 10, 25 and 52 hours after resuspension and sporulation 

efficiency was assayed by measuring the percentage of cells resistant to heat and chloroform as described 

in Materials and Methods. The displayed result is representative of two independent experiments. (A) 

Growth profiles and percentage of heat and chloroform resistant cells of strains 168 (wild type, squares) 

and BP068 (ydjMr.tef, circles). Growth of strains is shown by open symbols and sporulation efficiency by 

closed symbols. Time zero indicates the point of resuspension. Growth was monitored turbidimetrically for 

the first 10 hours after resuspension. (B) sporulation efficiency of strains 168 (in blue) and BP068 (in red) 

at 10, 25 and 52 hours after resuspension.



2.2.3A. is capable of rescuing the growth and sporulation defects of a yd/M  null 

mutant strain

It was noticed that the growth defect observed during culture of strain BP068 (ydjM::tef) 

in LB broth (see Figure 2.15) was less evident during culture in Schaeffer’s sporulation 

medium and Sterlini-Mandlestam medium (used in the APase assay and in the sporulation 

efficiency assay respectively, see Figures 2.16 and 2.17A). Both these media contain high 

concentrations of Mĝ "̂  (Nicholson and Setlow, 1990; Schaeffer P, 1%5), an ion that is capable 

of restoring almost wild-type growth and morphology to mutants impaired in cell wall 

homeostasis (Carballido-Lopez et al., 2006; Formstone and Errington, 2005; Lazarevic et al., 

2005). It was reasoned that the amelioration of the growth defect of strain BP068 observed 

during growth in the two sporulation media might be due to high Mg^^ concentrations, and that 

this effect might suggest an involvement of YdjM in cell wall metabolism.

To verify the effect of Mĝ "̂  on growth of strain BP068, this strain was grown in LB 

broth containing increasing MgClj concentrations, as shown in Figure 2.18. Strain 168 (wild- 

type) was grown in parallel as a control. A starter culture was inoculated in LB broth from a 

freshly streaked colony on LB agar and grown until OD^oo 100. This culture was used to 

inoculate 50 ml LB cultures containing different MgClj concentrations, at a starting OD^oo of 

0.02. The growth defect exhibited by strain BP068 (green diamonds. Figure 2.18) was rescued 

by Mĝ "̂  addition (red symbols. Figure 2.18), since the OD levels of these cultures were 

indistinguishable from the ones displayed by the wild-type strain 168 (black stars. Figure 

2.18). Comparable growth profiles were observed when adding 25mM, 50mM and lOOmM 

MgClj (red circles, squares and triangles respectively. Figure 2.18). Although the mechanism 

by which high Mĝ "̂  concentration can rescue mutants affected in the cell wall is not currently 

understood, this result suggests that ji/yM participates in cell wall homeostasis.

To test the ability of Mĝ "̂  to rescue the sporulation defect exhibited by strain BP068 in 

LB broth, the cultures shown in Figure 2.18 were grown for four days and samples were 

harvested after an overnight and after two and four days of incubation, and observed by phase 

contrast microscopy. After one overnight a mixed population of short, rod-shaped cells and 

phase-bright spores was observed in the wild-type culture, while no spores were observed in 

the strain deleted in ydjM,  as previously observed. Cultures containing additional MgClj, 

however, showed a phenotype comparable to the wild-type. After two days the wild-type 

culture contained almost only phase-bright spores, while the culture of strain BP068 

iydjMwtef) grown without MgClj addition contained only a small minority of spores. Addition 

of MgClz to cultures of strain BP068 (ydjMwtef) rescued sporulation to wild-type levels. After
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four days only spores and cell debris were observed in strain 168 and in strain BP068 

containing MgClj, while in the absence of Mĝ "̂  strain BP068 (ydjM::tef) showed a mixed 

population containing phase-bright spores as well as rod-shaped cells. Therefore Mĝ "̂  addition 

is capable of rescuing the sporulation defect of strain BP068 iydjMv.tef). Taken together, these 

data show that Mĝ "̂  can rescue both the growth and the sporulation defects exhibited by a 

strain deleted in ydjM, strongly suggesting the involvement of YdjM in cell wall homeostasis.

2.2.3.S. addition does not signiflcantly ameliorate ttie lysis phenotype of YycFG- 

depleted cells

Addition of Mĝ "̂  to the growth medium has been shown to rescue the phenotypes of 

several mutants affected in cell wall metabolism (Carballido-Lopez et al., 2006; Formstone 

and Errington, 2005; Lazarevic et al., 2005). This and previous studies show that the YycFG 

regulon has a high proportion of genes involved in control of cell wall metabolism (Howell et 

al., 2003; 2006). In addition, this work shows that the three genes yvcE, yocH  and ydjM  

contribute to the essentiality of YycFG in B. subtilis, although they do not fully explain it, and 

that Mĝ "̂  addition can rescue both the growth and the sporulation defects exhibited by a 

mutant strain deleted in ydjM, indicating the involvement of ydjM  in cell wall homeostasis. 

Multiple evidence from this work indicate that YycFG essentiality is polygenic in nature, and 

is likely to derive from the control of a number of genes involved in cell wall homeostasis.

On the basis of the above observations, we reasoned that if the essentiality of YycFG is 

caused by its control of cell wall-related genes, increased Mĝ "̂  might rescue the lysis 

phenotype observed in YycFG-depleted cells.

To test this hypothesis, strain AH9912 yycFGHIJK) was grown with YycFG 

sufficiency (+IPTG) and YycFG depletion (-IPTG), in the presence of increasing MgCl2 

concentrations, as shown in Figure 2.19. A starter culture of strain AH9912 was grown in LB 

broth containing 100^,M IPTG to an ODgoo of 1.00. This culture was used to inoculate four 50 

ml LB cultures, at a strarting ODjoq of 0.02. One culture was grown in the presence of ImM 

IPTG (closed squares), and three cultures in the absence of IPTG (open symbols) and in the 

presence of 0, 25mM and 50 mM MgClj (squares, triangles and circles respectively). The lysis 

phenotype of the YycFG-depleted cells was not significantly ameliorated by MgClj addition 

(compare black empty squares with red empty triangles and circles. Figure 2.19). This result 

was reproducible: comparable growth profiles were observed upon repetition of this 

experiment.
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Figure 2.18. Analysis o f the effect o f addition on growth of strain BP068 (ydjM ::tef). Strain BP068 

{ydjM.-.tef) was grown in LB in the absence o f M g ^ 'tl2  (green diamonds) and in the presence o f 25mM 

(red circles), 50mM (red squares) and lOOmM (red triangles) MgCl2. Strains 168 was grown in parallel as a 

control (black stars). Cultures were inoculated at ODgx) 0.02 from starter cultures grown in LB broth to 

ODgx) 1.00. Growth was monitored by measuring the optical density at 600 nm. Time is indicated in hours 

after inoculation. This experiment was performed twice with comparable results and a representative 

profile is shown.
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Figure 2.19. Analysis of the effect of addition on the lysis phenotype of YycFG-depleted cells. Strain 

AH9912 {PspayycFGHIJK) was grown with YycFG sufficiency (ImM IPTG, black closed squares) and 

YycFG depletion (no IPTG, empty symbols) in the presence of increasing MgCl2 concentrations. Cultures 

were inoculated at an ODgn of 0.02 from a starter culture grown in LB broth containing 100|J.M IPTG to an 

ODfflo of 1.00. YycFG depleted cultures were grown in the absence of additional MgCl2  (empty squares), 

and in the presence of 25mM MgCl2 , (empty triangles) and 50 mM MgCl2  (empty circles). Time is 

indicated in hours after inoculation. Growth was monitored by measuring the optical density at 600 nm. 

This experiment was performed three times with comparable results and a representative profile is shown.



2.2.3.6. The YvcE and LytE autolysins participate in peptidoglycan synthesis and 

turnover respectively

This and previous studies show that control of cell wall m etabolism is a primary function 

o f the YycFG TCS in B. subtilis (Howell et a i ,  2003; 2006). Am ong the genes regulated by 

YycFG, yocH  is a potential autolysin, y d jM  is likely to participate to cell wall hom eostasis 

(this work) and the tw o endopeptidase-type autolysins y v c E  and ly tE  share a redundant 

essential function in cell wall elongation ad lateral cell wall synthesis (this work). To further 

elucidate the role of these genes in cell wall metabolism, we established their contributions to 

peptidoglycan synthesis and turnover during the exponential phase o f the growth cycle.

Cell wall synthesis was analyzed in the w ild-type strain 168 and in strains with null 

m utations in genes lytE, yocH , yvcE  a n d  ydjM , by m easuring the rates o f [‘“̂ Cl-N- 

acetylglucosam ine incorporation into cell walls during exponential growth, as described in 

M aterials and M ethods. Results are shown in Figure 2.20A. The level of incorporation in wild- 

type strain 168 (circles) increased throughout the growth period, reaching a value o f 18 xlO^ 

CPM/ODgoo- S im ilar incorporation  levels were observed in cultures o f stra in  L I 6638 

{lytE::Crr{) and AH023 {yocH ::kar{) showing that neither m utation significantly affected 

peptidoglycan synthesis under these conditions (data not shown). How ever low er levels of 

inco rporation  w ere observed  in stra in  B P079 (squares, yvcEwspc''): cell-associated  

radioactivity reached a value of 12-14 xlO" CPM/OD^oo, which corresponds to a 23 -  33% 

reduction in rad ioactiv ity  incorporation  during the period tested . A sim ilar low ered 

incorporation was observed in strain BP087 \{yocH ::kan ''yvcE ::spc"^, data not shown]. 

Lowered incorporation levels were found also in strain BP068 (yd jM ::te f)\ however, this 

strain displays a growth defect in LB (see Figure 2.15), which may account for the observed 

reduction in cell wall synthesis. Indeed, when norm alizing the data according to generation 

time, the profile of incorporation displayed by strain BP068 was very sim ilar to the wild-type 

(data not shown). The profiles of incorporation were found to be highly reproducible for all 

strains during this experim ent. Since incorporation decreased sim ilarly in strains BP079 

(yvcEv.spc'^ and BP087 { y o c H r .k a d y v c E ::s p c ’̂ , but did not decrease in strain  AH023 

iyocH::kan'), these data indicate that the incorporation defect is due to deletion o f the yvcE  

gene and that the autolysin YvcE(CwlO) functions in peptidglycan synthesis in B. subtilis.

The contributions of the yvcE, lytE, yocH  and yd jM  genes to peptidoglycan turnover were 

then determ ined by m easuring the loss of | ‘"C |-N -acetylglucosam ine from  the cell walls of 

strains carrying null mutations in lytE, yocH, yvcE  and yd jM  during exponential growth. Strain 

168 was tested in parallel as a control. Cells grown for 2 generations in the presence of [''‘C |-
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N-acetylglucosam ine were harvested, washed and resuspended in pre-warmed m edii 

containing unlabelled N-acetylglucosamine. The amount of cell-associated radioactivity and 

radioactivity free in the medium was then determined for each harvested sample. When added 

together at each time point, these values always totalled 100% of the radioactivity that was 

present at the To point of each experiment. The results are shown in Figure 2.20B. Strain 16S 

(wild-type, circles) displayed an 80% decrease in cell-associated radioactivity in the course cf 

the experiment; the kinetics of turnover were similar to those observed by de Boer et al., 

(1982), with an initial lag phase followed by a more rapid rate of radioactivity loss. A very 

similar profile was observed in strain BP087 (yocH::kan'^yvcE::spc\ triangles). However, in 

strain L16638 (diamonds, lytE::Crrf) the loss of cell-associated radioactivity was significantly 

slower (50% loss in ~51 minutes) than that observed for the wild-type or BP087 strains (50% 

loss in ~36 minutes). These data show that deletion of lytE  results in a cell wall turnover 

defect. A reduction in cell wall turnover was also observed in strain BP068 {ydjM w tef). 

However, as mentioned above, in this strain the growth rate is slower than the wild-type in 

LB. It is known that rates of peptidoglycan turnover and cell growth of B. subtilis are 

correlated (Cheung et al., 1983). To test whether the slower growth rate of strain BP068 

accounted for the decrease in cell wall turnover, the data was normalized according to 

doubling time: in such format the cell wall turnover profile displayed by strain BP068 was 

very similar to the wild-type (data not shown), indicating that deletion of ydjM  did not affect 

cell wall turnover.

In conclusion, the YvcE (CwlO) autolysin participates in cell wall synthesis and the LytE 

autolysin in cell wall turnover, while YocH and YdjM do not detectably affect either process 

under the conditions of the experiment.

2.2.3.7. YjeA deacetylates peptidoglycan, altering its susceptibility to lysozyme digestion

Among the newly identified members of the YycFG regulon, the yjeA  gene, encoding a 

putative peptidoglycan deacetylase, is repressed by YycFG during exponential growth (see 

Figures 2.2, 2.5). This finding has addressed an observation I had made in 2004 but was 

unable to explain at that time. While performing 6-galactosidase assays on strains carrying 

yocH-bgaB  promoter fusions and expressing the yycFG  operon under the control of the IPTG 

inducible P̂ ^̂ c promoter, I noticed that cell lysates prepared from cells grown under conditions 

of YycFG sufficiency (+IPTG) were always clear, but remained turbid when prepared from 

cells grown under conditions of YycFG depletion (-IPTG). It is known that deacetylation of 

the N-acetylglucosamine moiety of the peptidoglycan carbohydrate chain makes it more
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Figure 2.20. The contribution of YocH, YvcE (CwlO) and LytE to cell wall synthesis and turnover during 

exponential growth. (A) Incorporation of [''t]-N-acetylglucosamine during exponential growth of strains: 

strain 168 (wild-type), circles; BP079 (yvcE::spc'), squares. Time is indicated in minutes after inoculation 

of an exponentially growing culture in media containing ['\T]-N-acetylglucosamine. Growth of all strains 

was virtually identical and a representative profile is s hown (x symbol) and error bars indicate standard 

deviation. (B) Cell wall turnover monitored by loss of radiolabelled peptidoglycan from exponentially 

growing cultures of the following strains: strain 168 (wild-type), circles; diamonds, L16638 (lytE.-.-Cnf) and 

triangles, BP087 (yvcE::sp/yocH::karf). A representative growth profile is shown (x symbol) and error 

bars indicate standard deviation.



resistant to lysozym e degradation (De Las Rivas et al., 2002; V ollm er and Tom asz, 2000). 

Therefore we hypothesized that YjeA is a peptidoglycan deacetylase and that increased yjeA 

expression in YycFG depleted cells (see Figure 2.2) results in the cell wall peptidoglycan 

becoming less acetylated and hence more resistant to lysozym e digestion, the first step in the 

preparation of cell lysates for 6-galactosidase assays. To test this hypothesis, we exam ined the 

sensitivity to lysozym e digestion o f cell walls prepared from  wild-type strain 168, and from 

strain A H 99I2  (P,p^^yycFGHIJK) grown with Y ycFG  sufficiency (+IPTG ) and YycFG 

depletion (-IPTG). In the YycFG-depleted culture (-IPTG), cells were harvested at the point of 

growth cessation, while in the YycFG-replete culture (grown with Im M  IPTG) and the wild- 

type culture, cells were harvested at the same OD^oo as the YycFG -depleted one (in all cases 

ODfioo = 0.8). Lysozyme was added to purified cell wall suspensions (OD^oq = 0.3) o f each 

strain and digestion was m onitored spectrophotometrically. This experim ent was repeated four 

tim es using cell wall preparations from  four biological replicates, and reproducible results 

were obtained. A representative profile is presented in Figure 2.21. The results show that cell 

walls prepared from  a YycFG depleted culture (open squares) are more resistant to lysozyme 

digestion than cell walls from  the w ild-type strain 168 (open triangles) and from  strain 

AH9912 over-expressing YycFG (open circles).

To confirm that the decreased lysozym e sensitivity observed in cell walls from  YycFG 

depleted cells was caused by reduced acetylation of peptidoglycan, each cell wall preparation 

was chemically acetylated with acetic anhydride (see M aterials and M ethods) before lysozyme 

digestion. The susceptibility to lysozyme digestion of the chemically acetylated cell walls was 

increased for all three preparations (Figure 2.21, com pare closed and open sym bols). It is 

noteworthy that chemical acetylation increased the sensitivity to lysozym e digestion o f cell 

walls prepared from YycFG depleted cells to a level that was very similar to the one observed 

in acetylated cell walls prepared from  wild-type strain 168 (com pare closed squares and 

triangles. Figure 2.21). Therefore the increased resistance to lysozym e digestion displayed by 

cell walls extracted from  YycFG depleted cells could be counteracted by artificial acetylation, 

indicating that the chem ical m odification responsible for this phenotype is indeed de- 

acetylation of peptidoglycan.

W e next set out to establish whether the increased resistance to lysozyme digestion of cell 

walls prepared from  YycFG depleted cells was due to derepression o f yjeA. The lysozyme 

digestion profile was established for cell walls prepared from  strain BP070 (yjeA::kan'), and 

from  strain BP088 {yjeA::kat{ yycFGHIJK)  grown under YycFG depleted conditions 

(cells were harvested at the point o f growth cessation). Cell walls extracted from  strain 168
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(wild-type) and strain AH9912 (P̂ pac yycFG H IJK)  grown in YycFG replete and YycFG 

depleted conditions were assayed in parallel as controls. The results are presented in Figure 

2.22. Cell walls from YycFG depleted cells were more resistant to lysozyme digestion (closed 

squares), than those prepared from strain AH9912 grown under YycFG replete conditions 

(circles) and from wild-type strain 168 (triangles), as previously shown (see also Figure 2.21). 

The sensitivity to lysozyme digestion of cell walls extracted from strain BP070 {yjeAr.kad, X 

symbols) was very similar to the one observed in wild-type cell walls (triangles). However, 

cell walls prepared from a culture of strain BP088 (which carries a null mutation in yjeA) 

grown under YycFG depleted conditions were no longer resistant to lysozyme, but were 

degraded at the same rate as that observed for wild type cells walls |compare rectangles (strain 

BP088 -IPTG) and triangles (strain 168) with closed squares (strain AH9912 -IPTG)|. These 

results show that the increased resistance to lysozyme degradation displayed by cell walls 

extracted from YycFG depleted cells is caused by de-repression of the peptidoglycan 

deacetyl ase YjeA.

I.2.3.8. YycFG-depleted cells are deficient in endogenous cell wall degrading activity, but 

the YvcE, LytE, YocH and YjeA proteins do not play a role in such activity

To further investigate the role of YycFG controlled genes in cell wall metabolism, we 

evaluated the contribution of YycFG-controlled autoiysins YvcE, LytE and YocH and of the 

YjeA peptidoglycan deacetylase to endogenous cell wall degrading activity. Native cell walls 

were prepared as described in Materials and Methods, re-suspended at OD^qo = 0.3 and auto­

digestion was monitored spectrophotometrically. Results are shown in Figure 2.23. Cell walls 

prepared from wild-type strain 168 (diamonds) reached approximately 35% digestion during 

the 90 minutes incubation, while cell walls prepared from YycFG depleted cells (squares) 

showed virtually no auto-digestion during the same incubation period. This result shows that 

cell walls prepared from YycFG depleted cells are severely deficient in endogenous cell wall 

degrading activity. Cell walls prepared from strains AH9912 (P,p^ycFGHIJK) and BP088 

(yjeA::kar{ V,pajycFGHIJK), both grown under YycFG depleted conditions, displayed very 

similar auto-digestion profiles (compare squares and rectangles. Figure 2.23), indicating that 

the high level of YjeA deacetylase present in YycFG depleted cells has little effect on cell wall 

auto-digestion. Consistent with this result is the profile displayed by cell walls of strain BP070 

iyjeAr.karf), which is indistinguishable from the one displayed by wild-type cells walls 

(compare triangles and diamonds, Figure 2.23): this result indicates that yjeA does not have a 

major role in cell wall auto-digestion in the presence of physiological YycFG levels.
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Figure 2.21. Effect of YycFG depletion and chemical acetylation on lysozyme digestion of B. subtilis cell 

walls. Open symbols represent cell walls treated with lysozyme (20 |ig/ml); closed symbols represent 

chemically acetylated cell walls treated with lysozyme (20 |ag/ml). No decrease in turbidity was observed 

without lysozyme addition (X symbol), this single line being representative of all such negative control 

digestions. Cell walls were extracted from the following strains: triangles, strain 168 (wild-type); squares, 

strain AH9912 (^p a cyycF G H IJK )  grown in the absence of IPTG; circles, strain AH9912 (PspacyycFGHlJK) 

grown in the presence of ImM IPTG. This experiment was performed three times with comparable results 

and a representative profile is shown.
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Figure 2.22. The contribution of YjeA to the decreased susceptibility to lysozyme digestion of cell walls 

from YycFG depleted cells. Open squares represent cell walls without lysozyme addition, this single line 

representing all such control digestions. Closed symbols represent cell wall preparations from the following 

strains treated with 20 ^ig/ml lysozyme; triangles, strain 168 (wild-type); squares, strain AH9912 

(P^;ayycFGHIJK) grown in the absence of IPTG; circles, strain AH9912 (P^;acyycFGHIJK) growi) in the 

presence of ImM IPTG; x symbols, strain BP070 (yjeA::kan') and rectangles, strain BP088 (yjeA::kad 

PjjxrVycFGHIJK) grown in the absence of IPTG. This experiment was performed three times with 

comparable results and a representative profile is shown.
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Figure 2.23. Digestion of native cell wall preparations by endogenous autolysins. Native cell walls were 

prepared from the following strains: diamonds, strain 168; squares, strain AH9912 (P^pjjycFG///y/0 

grown without IPTG; closed circles, strain AH9912 spayycFGHIJK) gmvjn with IPTG; triangles, strain 

BP070 {yjeA\\karf)\ rectangles, strain BP088 {yjeA::kar{ PspayycFGHUK), grown without IPTG; x symbol, 

strain BP088 {yjeA::kar{ ^spayycFGHIJK) grown with IPTG; plus symbol, strain BP087 {yocH\.kan' 

yvcEy.spc') and open circles, strain L16638 {lytEwCnf). Native cell walls were resuspended at an ODsgg of 

0.3 and autodigestion was monitored spectrophotometrically. This experiment was performed three times 

and a representative profile is shown.



Furthermore, none of the YycFG-controlled autolysins LytE, YvcE, or YocH appeared to play 

a major role in autolysis: the auto-digestion profiles of cell wall preparations from BP087 

(plus symbols, yocHw karf, yvcEv.spc'^ and L16638 (open circles, lytE::Crrf) were very similar 

to that observed in the wild-type strain 168 (diamonds).

In summary these data show that cell walls prepared from YycFG depleted cells are 

highly deficient in their auto-digestion capability, but surprisingly the three autolysins YocH, 

YvcE, and LytE, shown to be positively regulated by YycFG in this and previous studies 

(Howell et al., 2003), do not seem to make a significant contribution to the endogenous cell 

wall degrading activity. In addition, the peptidoglycan deacetylase YjeA does not seem to 

influence the auto-digestion capability of native cell walls prepared from the wild type strain 

and from cells grown in YycFG replete or in YycFG depleted conditions.
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2.3. DISCUSSION

2.3.1. Overview

The aim of this study was to establish the function of the TCS YycFG, to identify the 

constituent genes of its regulon and to investigate the nature of its essentiality in B. subtilis. 

There are five main conclusions from the work reported:

(1) In this work five new members of the YycFG regulon have been identified, all involved in 

cell wall metabolism; yvcE(cwlO) and lytE, both encoding murein hydrolases with a DL- 

endopeptidase activity (Smith et al., 2000); yjeA, which encodes a peptidoglycan deacetylase 

(this work); yoeB, which modulates autolysin activity (Salzberg and Helmann, 2007) and 

ydjM, which has a cell wall associated function (this work).

(2) This work also shows that the two endopeptidase-type autolysins LytE and YvcE(CwlO) 

function in cell wall turnover and synthesis respectively, that one or other of these enzymes is 

required for cell growth and that they play a redundant essential role in lateral cell wall 

synthesis and cell elongation. A model to explain the different physiological roles of 

functionally homologous autolysins LytE and YvcE(CwlO) is proposed based on these results.

(3) In addition, the up-regulation o f the fatty acid desaturase des upon YycFG depletion 

indicates a role for YycFG in controlling cell membrane metabolism.

(4) A genetic analysis performed in this work shows that YycFG essentiality is polygenic in 

nature, arising from the control o f a number o f genes involved in cell wall homeostasis.

(5) Finally, on the basis of this and previous studies, it is proposed that the essential TCS 

YycFG senses one or more signals, likely associated with cell wall or cell membrane 

metabolism, that indicate conditions favourable to growth; this results in activation of the 

YycFG regulon and hence in the expression of proteins that are required for the correct timing 

and location of cell wall synthesis and turnover.
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2.3.2. YycFG controls expression of genes involved in cell vk-all metabolism

The evidence presented in this work shows that the TCS YycFG is a regulator of cell wall 

metabolism. An updated and complete listing of the constituent genes of its regulon is 

presented in Table 2.4 YycFG controls expression of autolysins [YocH, YkvT, YvcE(CwlO) 

and LytE|, proteins that modify autoiysin activity (YjeA and YoeB), teichoic acid biosynthetic 

proteins (TagAD) and other cell wall-associated proteins (YdjM).

Of the newly identified members of the YycFG regulon, some have been previously 

characterized: here a brief overview of the data present in the literature will be given for each 

gene, followed by the original contribution of this work to the understanding of their function 

and regulation. The previously identified member of the YycFG regulon yocH  (Howell et al., 

2003, 2006), encoding a putative amidase autoiysin, was included in our phenotypic analysis 

to gain insight into its function singularly or in combination with other YycFG-regulated 

genes.

Table 2.4. The YycFG regulon in Bacillus subtilis

Gene Direct binding Regulation Function

by Y ycF by YycFG

yocH yes + Putative amidase autoiysin

yvcE  (cwlO ) yes + Endopeptidase-type autoiysin

yd jM yes + Secreted protein, cell-vvall associated “

ykvT yes N D Putative autoiysin

lytE yes + Endopeptidase-type autoiysin

tagAB yes N D T eichoic acid biosynthesis

tagD EF yes ND T eichoic acid biosynthesis

phoPR yes ND TCS activated by phosphate limitation

yoeB yes — Modulator o f  autoiysin activity

yjeA yes — Peptidoglycan deacetylase ‘‘

f ts A Z ‘ yes + Cell division

a. This work
b. Salzberg and Heimann (2007)
c. Fukuchi e t al. (2000).
+, activation; repression; N D , not determined.
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2.3.3. YvcE(CwlO) expression is YycFG-dependent; YvcE(CwlO) is involved in 

peptidoglycan synthesis

The YvcE(CwlO) protein has been classified as a member of the DL-endopeptidase 

autolysin family II (Smith et a i ,  2000). This protein contains a C-terminal NlpC/P60-type 

peptidase domain (Y am aguchi et al., 2004), which overlaps a CHAP domain (cysteine, 

histidine-dependent amidohydrolases/geptidase), a recently characterized motif that identifies 

a new superfamily of peptidoglycan hydrolases (Rigden et al., 2003). The C-terminal portion 

of the protein was confirmed to posses a DL-endopeptidase activity and to be able to 

hydrolyze peptidoglycan in vitro (Yamaguchi et al., 2004). YvcE(CwlO) has an N-terminal 

secretory (Sec-type) signal peptide (T jalsm a et al., 2000) and is secreted into the growth 

medium via the Sec protein secretion machinery (Jongbloed et al., 2002). The N-terminal 

portion of this autolysin seems to lack an obvious cell wall binding motif: only two coiled-coil 

domains, whose significance is uncertain, can be identified in this region (protein domain 

searches were performed using NCBI Conserved Domain Database, Pfam and SMART 

databases). However, although the YvcE(CwlO) N-terminal portion has no paralogue in B. 

subtilis, it exhibits high sequence similarity with a number of cell wall binding proteins from 

different organism s, and among them the N-terminal domain of the putative LytE 

endopeptidases from B. cereus and B. anthracis (searches were performed using the BLAST 

bioinformatics tool, Altschul et al., 1997). It is possible, therefore, that cell wall binding 

domains are present in the N-terminal portion of YvcE(CwlO), although they cannot be 

detected by currently available bioinformatics tools. A proteomics study performed on 

secreted proteins as well as on cell wall binding proteins showed that YvcE(CwlO) was 

abundantly present in the extracellular fraction, but was absent from the cell wall proteome, 

suggesting that it might not be anchored to the cell wall or it might be loosely attached to it 

(A ntelm ann et al., 2002). However, the possibility that YvcE(CwlO) was not properly 

extracted from the cell wall or was degraded during the extraction process cannot be excluded. 

Nevertheless, the presence of cell wall-bound proteins in the extracellular proteome is not an 

unusual feature in B. subtilis, and can be explained by the turnover of the cell wall, which 

results in the shedding of these proteins into the growth medium (Tjalsma et al., 2004). The 

full-size YvcE(CwlO) protein (50.8 kD), together with two degradation products (both 30 kD 

in size), were found in the extracellular proteome of exponentially growing cells, while only 

smaller degradation products (20 kD in size) was present in the growth medium during 

stationary phase. The full-size product was found during stationary phase only in a protease- 

deficient strain, indicating that YvcE(CwlO) is subjected to proteolytic degradation, especially
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during stationary phase (Antelmann et a i ,  2002). In addition, the yvcE  gene was shown to be 

expressed only during early exponential phase in sporulation medium (Yamaguchi et a i,  

2004). YvcE(CwlO) expression, therefore, seems to be confined to the exponential phase of 

the growth, and to be tightly regulated both at the transcriptional and post-transcriptional 

levels.

In this study we show that the yvcE(cwlO) transcriptional profile is determined by the 

TCS YycFG. In the wild-type strain a high level of yvcE(cwlO) transcript is seen only during 

the early part of exponential growth, with a significant decrease observed even before the 

transition point (see Figure 2.1). This profile appears to be entirely dependent on YycFG since 

depletion of the TCS or mutation of the YycF binding sites greatly reduces expression (see 

Figures 2.1, 2.5). Furthermore, the unusual features of the yvcE  promoter (the absence of a -35 

motif at the canonical position, see Table 2.2) and the fact that YycFG is activated only during 

exponential growth (Howell et al., 2003, 2006) may both contribute to restrict y v cf expression 

to the exponential period of the growth cycle.

This work also demonstrates the involvement of YvcE(CwlO) in peptidoglycan synthesis: 

in ayvcE  null mutant the rate of peptidoglycan synthesis was diminished, while peptidoglycan 

turnover was not affected (see Figure 2.20A,B). This result is somewhat counter-intuitive, 

given the established function of YvcE(CwlO) as a cell wall degrading enzyme, and hence its 

expected involvement in cell wall turnover rather than cell wall synthesis. However, this and 

previous works show that deletion of a number of autolysins has no detectable effect in cell 

wall turnover: besides YvcE(CwlO), also the autolysins YocH and LytD seem not to be 

directly involved in cell wall turnover (this work. Figure 2.20B; Margot et al., 1994). A 

possible explanation for the involvement of YvcE(CwlO) in peptidoglycan synthesis might 

derive from the currently proposed model for cell wall formation in bacteria: a number of 

studies indicate that cell wall synthesis may be carried out by a multienzyme complex, 

comprising murein hydrolases and synthases, as well proteins responsible for proper 

localization of the complex (Divakaruni et al., 2005; Holtje, 1998; Kruse et al., 2005; Leaver 

and Errington, 2005; van den Ent et al., 2006; von Rechenberg et al., 1996). Therefore it is 

conceivable that disruption of one component of such a complex may affect the efficiency of 

the whole peptidoglycan synthetic machinery. The autolysin YvcE(CwlO), although not a 

direct participant in the murein biosynthetic pathway, might be a component of such a 

complex, and its deletion might influence peptidoglycan synthesis in an indirect way. 

YvcE(CwlO) might interact with the other components of the complex through its N-terminal 

domain, which contains two coiled-coil motifs, often involved in protein-protein interactions.

65



However this hypothesis awaits experimental validation. It is noteworthy that although the 

model of a multienzyme complex for peptidoglycan synthesis has accumulated increasing 

experimental support in the last ten years, to date there is no direct evidence for the 

involvement of an autolysin as part of such complex. Therefore testing the hypothesis that the 

YvcE(CwlO) autolysin is a component of this complex is an attractive subject for future 

investigation, as it might provide the final proof of the presence of autolysins within the 

peptidoglycan synthetic multiprotein complex.

2.3.4. The autolysin YvcE(CwlO) and the putative autolysin YocH may be redundantly 

functional in protecting the structural integrity of the cell envelope

It is interesting to note that the YycFG-regulated putative autolysin YocH exhibits similar 

features to the ones displayed by YvcE(CwlO): (i) it is found in the extracellular proteome and 

not in the cell wall proteome, indicating that it is shed into the growth medium (Antelmann et 

al., 2002); (ii) it is secreted during the exponential growth, but disappears from the medium, 

upon entry into the stationary phase (Antelmann et al., 2002), and (iii) its expression is 

restricted to the exponential phase of the growth in a YycFG-dependent-manner (this work; 

Howell et al., 2003, 2006).

Such similarities may account for the phenotypes observed in this work in a strain deleted 

for both autolysins: this strain lysed on LB agar plates after five days of incubation at room 

temperature, and suppressors arose after seven days from the lysed colonies (see Figure 2.14). 

These phenotypes might indicate that YocH and YvcE(CwlO) are redundantly functional in 

protecting the structural integrity of the cell envelope. In addition, these phenotypes are 

reminiscent of the ones displayed during growth in LB broth by YycFG-depleted cells, 

suggesting that lowered expression of yocH  and yvcE(cwlO) may partially contribute to the 

cell growth defects of YycFG-depleted cultures.

2.3.5. YycFG controls LytE expression during exponential phase; LytE is involved in 

peptidoglycan turnover

This work shows that the TCS YycFG regulates expression of two autolysins belonging to 

the DL-endopeptydase-type II family: YvcE(CwlO) and LytE. The two autolysins exhibit high 

levels of similarity in their C-terminal catalytic domains, both containing a NlpC/p60 domain 

overlapping with a CHAP motif (Rigden et al., 2003; Yamamoto et al., 2003). Furthermore, 

both proteins possess an N-terminal secretory (Sec-type) signal peptide (Tjalsma et al., 2(X)0). 

However YvcE(CwlO) and LytE differ in the remaining part of their N-terminal domain:
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while no obvious cell wall binding motifs can be identified in YvcE(CwlO), LytE possesses 

three LysM motifs, which are thought to function as general peptidoglycan binding modules 

(Bateman and Bycroft, 2000; Yamamoto et al., 2003). This structural difference may account 

for the different localization pattern of the two proteins: while YvcE(CwlO) was not found in 

the cell wall proteome of B. subtilis, LytE was identified in the cell wall binding protein 

fraction, indicating a stronger attachment to the cell wall (Antelmann et al., 2007; Margot et 

al., 1998; Yamamoto et al., 2003).

This and previous work indicate that lytE  is subjected to a fine transcriptional control 

from a number of positive and negative regulators. In previous work lytE  was shown to be 

expressed only during exponential phase in SM sporulation medium (Ishikawa a/., 1998). 

Such a profile differs from the one observed in this work during growth in LB, where lytE  

expression increases ufX)n entry into stationary phase (Figure 2.7A). Recent work has shown 

that the master regulator of sporulation, SpoOA, is a repressor of lytE expression (Fujita et al., 

2005; Kodama et al., 2007; Molle et al., 2003); therefore it is likely that SpoOA, which is 

activated upon entry into stationary phase in sporulation medium, is responsible for turning off 

lytE expression in SM. Crucially, this work extends previous findings, by showing that YycFG 

controls lytE expression during exponential growth. In addition, we show that the induction of 

lytE transcription observed in LB medium during stationary phase is YycFG-independent, and 

is likely to be due to a further transcriptional regulator, yet to be identified.

Interestingly, LytE expression seems to be tightly regulated both at a transcriptional level 

and at a post-transcriptional level, being subjected to proteolytic degradation by the 

extracellular proteases WprA and Epr (Yamamoto et al., 2003), in a way similar to that 

observed for YvcE(CwlO).

Although the LytE specific DL-endopeptidase enzymatic activity has not been confirmed, 

LytE was shown to possess a cell wall hydrolytic activity in vitro (Ishikawa et al., 1998; 

Margot et al., 1998). In addition, LytE was found to be involved in cell separation together 

with the endopeptidase LytF (Ohnishi et al., 1999). Consistent with this finding, LytE was 

localized at cell separation sites and cell poles by im munofluorescence microscopy 

(Yamamoto et al., 2003). However, recent work from Carballido-Lopez et al. (2006) extended 

the role of LytE, by showing that it is also positioned in a helical pattern along the cylindrical 

cell wall of growing cells, a distribution that requires the interaction between the cytoskeleton 

actin-like protein MreBH and LytE to target the autolysin to this location. The authors 

proposed that LytE is required for controlled cell wall maturation during growth, being 

inserted into newly synthesized peptidoglycan and participating in cell wall turnover.
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Crucially, our results support their prediction, by showing that in a lytE null mutant the rate of 

peptidoglycan turnover is decreased (see Figure 2.20B).

2.3.6. Lateral cell wall synthesis and cell elongation have an essential requirement for an 

endopeptidase-type autolysin activity to which LytE or YvcE(CwlO) redundantly 

contribute

This work shows that a M ytE AyvcE(cwlO) double mutant strain is not viable, and that a 

strain lacking lytE  and expressing yvcE  under the control of a xylose-inducible promoter 

grows only in the presence of the inducer (see Figure 2.8A). These findings indicate that one 

or the other gene is required for growth. Furthermore, depletion for both lytE  and yvcE  results 

in aberrant cells that are short, bent, bulging and occasionally empty (see Figure 2.8B). This 

very same phenotype has been reported for cells mutated in genes that participate in lateral 

cell wall metabolism and cell elongation eg. mreC, mreD, mbl and lytE/mreBH  at low Mg^^ 

concentrations (Carballido-Lopez and Errington, 2003; Carballido-Lopez, 2006; Carballido- 

Lopez et al., 2006; Daniel and Errington, 2003; Jones et a i ,  2001; Leaver and Errington, 

2005; Soufo and Graumann, 2003). In addition, cells depleted for both lytE and yvcE  are 

deficient in lateral cell wall synthesis, as determined by visualization of newly synthesized 

peptidogiycan with fluorescein-labelled vancomycin (see Figure 2.8B). The combination of 

the above results shows that lateral cell wall synthesis and cell elongation have an essential 

requirement for an endopeptidase-type autolysin activity to which LytE or YvcE(CwlO) 

redundantly contribute.

These findings advance the current knowledge on bacterial cell wall synthesis and 

elongation, providing new insights on the role of autolysins in this process. Although the 

breakage of covalent bonds within the peptidoglycan is thought to be essential for cell wall 

expansion, so far a clear link between autolytic activity and cell elongation has not been 

established in B. subtilis. Strains with mutations in multiple autolysin-encoding genes have 

been constructed (Blackman et al., 1998; Fukushima et al., 2006; Ohnishi et al., 1999; Smith 

et al., 1996); however, none displayed a cell wall elongation defect. Two possible 

explanations have been postulated for the seeming lack of an essential autolysin activity: (i) 

the large number and possible functional redundancy of autolysins in B. subtilis has hampered 

the construction of a strain that reveals a role for autolysins in cell expansion, or (ii) 

elongation of the cell does not require autolysins, but occurs through the physical stretching of 

the outer peptidoglycan layers, that fractures the critical covalent bonds thereby allowing 

expansion (Smith et al., 2000). This work allows discrim ination between these two
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explanations, showing that an enzymatic activity is required for cell elongation, that had not 

been identified so far because of the functional redundancy of the LytE and YvcE(CwlO) 

autolysins in B. subtilis (Smith et al., 1996, 2000). Another possible contributing factor is that 

LytE and YvcE(CwlO) are defined as “minor” autolysins (Smith et al., 2000), and for this 

reason they might not have been considered as likely candidates for such a crucial function. 

More importantly, this work presents for the first time a direct link between an essential 

autolytic function and cell elongation in B. subtilis, showing that a DL-endopeptidase-type 

murein hydrolase activity is an essential requirement for cell growth.

The only report in the literature of the involvement of an autolysin in cell elongation in 

B. subtilis is the work by Carballido-Lopez et al. (2006) on LytE. However, cell morphology 

defects indicative of an aberrant cell elongation were observed in a lytE null mutant strain only 

in conditions of depletion for Mĝ "̂ , indicating that LytE is not required for cell elongation 

under normal growth conditions. In agreement with this result, our work shows that a lytE null 

mutant is capable of cell expansion during growth in rich medium, and it displays cell 

elongation defects only in a yvcE  depleted background. Therefore our results extend previous 

findings, confirming LytE involvement in cell elongation, and showing that this autolysin 

contributes with YvcE(CwlO) to an essential function.

In addition, this work provides an insight into the requirements and mechanism of lateral 

cell wall synthesis and cell elongation during growth. A helical pattern of peptidoglycan 

insertion has been observed in the elongating cell wall in B. subtilis (Daniel and Errington, 

2003). Current models propose that the bacterial actin homologs MreB, Mbl and MreBH, 

which form helical cables within the cell, are responsible for the spatial organization of the 

peptidoglycan synthetic machinery. The MreC and MreD membrane proteins would provide 

the bridge between the bacterial actin-like cytoskeleton and the extracellular cell wall 

synthetic complex, thereby resulting in a pattern of newly synthesized peptidoglycan |for 

reviews see Scheffers and Pinho (2005); Carballido-Lopez (2006)|. Carballido-Lopez et al. 

(2006) showed that LytE is located helically along the cell cylinder and interacts with MreBH, 

which targets it to its subcellular location. Our finding that LytE and YvcE(CwlO) contribute 

to an essential function in cell elongation suggests that the two proteins might have a similar 

pattern of localization and might be targeted to their final locations in a similar way. We 

hypothesize that YvcE(CwlO) might interact with one of the other actin isoforms MreB or 

Mbl, which would recruit it in the cytoplasm for insertion into the sites of wall assembly 

(model under investigation). Finally, these findings strongly support the vision of the TCS
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YycFG as a general regulator of cell wall metabolism, showing its direct involvement in 

controlling the essential process of cell expansion during growth.

2.3.7. A model for the role of autolysins in peptidoglycan synthesis: functionally 

homologous autolysins may exert different functions by being targeted to different sub- 

cellular locations

This work shows that the two endopetidase-type autolysins YvcE(CwlO) and LytE share 

an essential function in lateral cell wall synthesis and cell elongation, but at the same time are 

involved in different cell wall metabolic processes, playing a role in peptidoglycan synthesis 

and turnover respectively. It is conceivable that the differences in the N-terminal portion of the 

two proteins may account for their functional diversity. Indications for this hypothesis come 

from the different cellular localization of the two proteins. As anticipated above, 

YvcE(CwlO), which lacks cell wall binding domains, appears to be loosely attached to the cell 

wall, being found only in the supernatant and not in the cell wall extracts (Antelmann et al., 

2002; Antelmann et al., 2007). On the contrary LytE, which possesses three lysM cell wall 

binding domains, was identified in the cell wall binding protein fraction, indicating a stronger 

attachment to the cell wall (Antelmann et al., 2007; Margot et al., 1998; Yamamoto et al., 

2003). As mentioned above, results from this work indicating a role for YvcE(CwlO) in cell 

wall synthesis might be explained by its involvement in the multienzyme peptidoglycan 

synthetic machinery. In addition, Carballido-Lopez et al. (2006) proposed that LytE, after 

being seeded into the newly synthesized peptidoglycan, moves outwards as new peptidoglycan 

layers are underlaid during cell elongation, and becomes active only on the fully stretched 

peptide bonds present in the outermost region of the wall: according to their model, LytE 

function would be to cleave the older stretched cell wall material at the periphery of the cell in 

order to balance the helical insertion of the new material at the membrane surface.

On the basis of the above models and observations it is tempting to speculate that the 

different roles of YvcE(CwlO) and LytE in cell wall homeostasis might derive from their 

different subcellular localization: LytE, being strongly bound to the cell wall, would remain 

attached to the newly synthesized peptidoglycan strands it and would exert its function while it 

moves outwards through the cell wall layers or, as suggested by Carballido-Lopez et al. 

(2006), only at the very periphery of the cell. On the other hand YvcE(CwlO), which lacks 

strong cell wall binding domains, may remain located in the periplasmic space, and may 

interact with the other components of the peptidoglycan synthetic machinery through its N-

terminal coiled-coil domains, which are often involved in protein-protein interactions.
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The finding that the two DL-endopeptidase-type autolysins YvcE(CwlO) and LytE can 

substitute each other in performing an essential task required for cell elongation might appear 

to conflict with the different roles they play in cell wall homeostasis, being involved in 

peptidoglycan synthesis and turnover respectively. However, not only can such an apparent 

contradiction be resolved, but it may also provide further insights into the roles of these two 

autolysins. The fact that cell elongation can occur in the absence of either YvcE(CwlO) or 

LytE means that either protein is capable of providing an essential mureinolytic endopeptidase 

activity that is required for insertion of new peptidoglycan units along the cell cylinder, 

thereby allowing cell expansion. This finding indicates that LytE can act not only at the very 

periphery of the cell wall, as proposed by Carballido-Lopez et al. (2006), to release the tension 

of the old stretched cell wall material, but also proximal to the cell wall biosynthetic complex 

at the membrane, to allow insertion of the newly synthesized peptidoglycan monomers into the 

growing peptidoglycan strands.

Interestingly, the finding that in a yvcE  null mutant the rate of cel! wall synthesis is 

diminished indicates that LytE can substitute for YvcE(CwlO) only to a certain extent. This 

result is entirely consistent with the model proposed: YvcE(CwlO), being part of the 

periplasmic cell wall synthetic multienzyme complex, would act more efficiently on the 

growing peptidoglycan strands newly synthesized by the complex, while LytE, after being 

seeded into the periplasm, would remain attached to the newly synthesized peptidoglycan only 

transiently and would then be dragged outward following its movement through the cell wall. 

Conversely, the finding that in a lytE null mutant the rate of cell wall turnover is significantly 

lowered, indicates that YvcE(CwlO) cannot substitute LytE in its function in peptidoglycan 

turnover: this result can be explained by the proposed periplasmic location of YvcE(CwlO), 

which, lacking strong cell wall binding motifs, would remain attached to the peptidoglycan 

synthetic complex and would not act on the outer cell wall layers.

Yeast two-hybrid experiments and pull-down experiments might be used in order to 

validate the model proposed and to test the presence of YvcE(CwlO) within (and the absence 

of LytE from) the multienzyme complex. Such analysis might contribute to define the 

different roles of autolysins, whose investigation has been largely hampered by their 

functional redundancy (Smith et al., 2000). According to the proposed model, the subcellular 

localization of functionally equivalent autolysins, mediated by their different N-terminal 

motifs, would be the critical determinant of their distinct physiological functions.
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2.3.8. YdjM has a cell wall associated function

YdjM is a protein of unknown function whose expression is activated by YycF and is 

highest during the exponential period of the growth cycle. This protein has no orthologue in 

current databases; it has an N-terminal secretory (Sec-type) signal peptide, hence it is 

predicted to be secreted into the growth medium via the Sec protein secretion machinery 

(Tjalsma et al., 2000).

This work shows that strains carrying a yd jM  null mutation have a shiny colony 

morphology, a reduced growth rate in LB broth, reach stationary phase at a lowered optical 

density, display a reduced sporulation frequency and the cells are shorter than wild-type 

during exponential growth. However, it was noted that the growth defect observed during 

culture of strain BP068 (ydjM ::tef) in LB was less evident when cultured in Schaeffer’s and 

Sterlini-Mandelstam media. The latter media contain high concentrations of Mg"̂ "̂  (Nicholson 

and Setlow, 1990; Schaeffer P, 1965), an ion capable of restoring almost wild-type growth and 

morphology to mutants impaired in cell wall homeostasis (Carballido-Lopez et al., 2006 and 

references therein). This work shows that addition of 25mM MgCl2 to LB medium rescues 

both the growth and the sporulation defects exhibited by a ydjM  null mutant strain, strongly 

suggesting that jJyM  participates in cell wall homeostasis.

2.3.9. The YjeA protein functions to deacetylate peptidoglycan, altering its susceptibility 

to lysozyme digestion

The yjeA gene encodes a putative peptidoglycan deacetylase. Expression of yjeA is low 

during exponential growth of the wild-type strain, but increases in cells depleted for YycFG, 

and is therefore negatively regulated by this TCS. The YjeA protein is predicted to have a 

transmembrane domain in the amino terminal region, with the bulk of the protein located 

external to the cytoplasmic membrane. Two studies confirm that YjeA is a membrane protein, 

a location consistent with its proposed function, ie. deacetylation of the cell wall 

peptidoglycan (Eymann et al., 2004; Tjalsma and van Dijl, 2005).

Numerous studies have shown that in several bacterial species deacetylation of the N- 

acetylglucosamine moiety of the peptidoglycan carbohydrate chain makes it more resistant to 

lysozyme degradation (Amano et al., 1977; Araki et al., 1980; Atrih eta l., 1999; De Las Rivas 

et al., 2002; Psylinakis et al., 2005; Veiga et al., 2007; Vollmer and Tomasz, 2000, 2002; 

W estmacott and Perkins, 1979). This work shows that cell walls prepared from YycFG 

depleted cells display an increased resistance to lysozyme degradation that is dependent on 

YjeA activity. In other words, increased yjeA expression in YycFG depleted cells results in the
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cell wall peptidoglycan becoming less acetylated and hence more resistant to lysozyme 

digestion. This result is consistent with the yjeA  expression profile, the location of the protein 

and the known properties of peptidoglycan deacetylases.

Interestingly, the percentage of unsubstituted amino sugars in the cell walls of pathogenic 

species like S. pneumoniae, B. cereus, B. anthracis and B. thuringiensis is much higher than in 

the non-pathogenic B. subtilis (Atrih et aL, 1999; Psylinakis et al., 2005; Vollmer and Tomasz, 

2000; Zipperle et al., 1984). This datum is consistent with lysozyme being a first line of 

defence of the host organism against infection (Vollmer and Tomasz, 2002): pathogenic 

bacteria have probably evolved highly de-acetylated peptidoglycan as a way to increase their 

resistance against the lysozyme of the human host. In S. pneumoniae, a strain carrying a null 

mutation in the N-acetylglucosamine deacetylase pgdA  was shown to be hypersensitive to 

lysozyme digestion, to produce fully N-acetylated glycan and to cause a drastic reduction in 

virulence in a mouse model: these results allowed to indicate PgdA as the main enzyme 

responsible for pneumococcal peptidoglycan deacetylation in this bacterium (Vollmer and 

Tomasz 2000, 2002).

Of the six peptidoglycan deacetylase homologues that are present in the B. subtilis, three 

(pdaA, pdaB  and >'/jc>0 are involved in sporulation (Blair and van Aalten, 2005; Eichenberger 

et al., 2004; Fukushima et al., 2002, 2004, 2005; Gilmore et al., 2004), while yjeA  is the first 

deacetylase established to be active during exponential growth in B. subtilis (this work). This 

observation, together with the results from this work outlined above, suggests that YjeA might 

be the primary, if not the only enzyme responsible for de-N-acetylation of peptidoglycan 

during vegetative growth in B. subtilis, in a way similar to what observed for PgdA in S. 

pneumoniae. Nevertheless, cell walls prepared from a yjeA  null mutant strain displayed a 

lysozyme digestion profile comparable to the wild-type (Figure 2.22), apparently indicating 

that YjeA does not have a major impact on the sensitivity to lysozyme digestion of B. subtilis 

cell walls. However, it is critical to observe that in a wild-type background yjeA transcriptional 

levels are very low, and increase significantly only in conditions of depletion for YycFG (this 

work. Figures 2.2, 2.5), and that unlike in S. pneumoniae, the level of glucosamine de­

acetylation in B. subtilis cell walls is low, occurring only on only 17.3% of the total 

muropeptides (Atrih et al., 1999). For these reasons it is conceivable that a yjeA null mutation 

does not have a detectable effect on the lysozyme digestion profile of B. subtilis cell walls, and 

this result does not exclude the possibility that YjeA might be the main peptidoglycan 

deacetylase that is active during vegetative growth in B. subtilis. In order to test this 

hypothesis, we are planning to compare the level of de-acetylation of cell walls taken from
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wild-type cells and from yjeA  null mutant cells. If YjeA is the main vegetative peptidoglycan 

deacetylase in B. subtilis, the de-acetylation levels of muropeptides would be lower than the 

17.3% observed by Atrih et al., (1999).

Studies on S. pneumoniae and L. lactis have shown that changing the acetylation level of 

peptidoglycan alters its susceptibility not only to lysozyme digestion, but also to endogenous 

autolysins (De Las Rivas et al., 2002; Veiga et al., 2007; Vollmer and Tomasz, 2000). 

Consistent with these findings, it has been proposed that peptidoglycan deacetylases may play 

a role in controlling the activity of cell wall hydrolyzing enzymes, which may be differentially 

active towards substrates with different acetylation levels (Atrih et al., 1999; Vollmer and 

Tomasz, 2(X)0). This work shows that the auto-digestion capability of B. subtilis cell walls is 

not altered in a yjeA null mutant, and it is only slightly affected by the yjeA null mutation in a 

strain depleted for YycFG (see Figure 2.23). This result seems to indicate that peptidoglycan 

de-acetylation has little or no effect in controlling autolysins activity in B. subtilis. However, 

studies in S. pneumoniae have shown that altering the acetylation level of peptidoglycan can 

have opposite effects on different autolysins (De Las Rivas et al., 2002; Vollmer and Tomasz, 

2000). Therefore it is possible that the global effect of yjeA deletion on autolysins’ activities 

derives from the sum of positive and negative effects, and that individual effects might be 

masked under our experimental conditions. It will be interesting to test the effect of 

peptidoglycan de-acetylation on the activity of individual autolysins, particularly on the ones 

whose expression is regulated by YycFG, namely YvcE, LytE and YocH.

Although the precise role of YjeA in controlling autolysin activity in B. subtilis remains to 

be established, the presence of this protein among the ones regulated by YycFG further 

exemplifies the role of this TCS in controlling cell wall metabolism. The B. subtilis genome 

encodes up to 35 autolysins expressed during growth, stationary phase, sporulation and phage 

induction (Smith et al., 2000). Control of autolytic activity is crucial to ensuring cell growth 

and expansion is regulated and to prevent the cells from com m itting suicide by the 

inappropriate action of these potentially autolytic enzymes. In this study we add regulated 

expression by the TCS YycFG and post-transcriptional control of autolysin activity by the 

peptidoglycan deacetylase yjeA to the many regulatory mechanisms already established to 

control expression, localization and activities of autolysins.

Intriguingly, YjeA homologues occur only sporadically in bacteria that have a YycFG 

orthologue. There are 6 putative peptidoglycan deacetylases encoded in each of the B. cereus 

and B. anthracis genomes, but only two in the Bacillus halodurans genome (Psylinakis et al., 

2005). There are two orthologues in S. mutans and a single orthologue in S. pneumoniae
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(Vollmer and Tomasz, 2000; 2002), L. lactis (Veiga et al., 2007), E.faecalis, S. pyogenes, S. 

agalactiae  and Listeria species. However there is no orthologue present in S. aureus, S. 

epiderm idis ox Lactobacillus species. Interestingly, potential YycF binding motifs can be 

identified within the promoter regions of some, but not all of the genes encoding 

peptidoglycan deacetylases in different species; however, the significance of such putative 

motifs is uncertain. These observations indicate that there is likely to be variability in the 

constituent genes of YycFG regulons in different bacterial species.

2.3.10. YycFG-depleted cells are highly deficient in auto-digestion activity, but none of 

the YycFG-controlled mtn^syocH,yvcE, lytE or yjeA contributes to this effect

This work shows that native cell walls prepared from growing cells have significant 

autodigestive capability, while those prepared from YycFG depleted cells harvested at the 

point of growth cessation are highly deficient in such activities (see Figure 2.23). Surprisingly, 

mutation of YocH, YvcE(CwlO), LytE or YjeA did not decrease the autodigestion capability, 

indicating that none of these YycFG-regulated proteins contributes to this effect.

There are two possible explanations for this result: (i) it is possible that YycFG controls 

additional autolysins or peptidoglycan modifying encoding genes that have not been identified 

in this study: mis-regulation of such genes might be responsible for the auto-digestion defect 

displayed by YycFG-depleted cells; (ii) the autolytic activity of YycFG-depleted cell walls 

may be inhibited by the elevated levels of YoeB that occur under these conditions, since 

Helmann and co-workers have shown that YoeB modulates autolysin activity and protects 

cells from autolysis (Salzberg and Helmann, 2007). It is also possible that a combination of 

the two effects is responsible for the observed result. Since our work shows co-regulation of 

the YoeB protein and the autolysins YocH, LytE and YvcE(CwlO), Salzberg and Helmann 

(2007) have proposed these autolysins as potential targets of YoeB action. Although this does 

not seem to be the case for YocH (Salzberg and Helmann, 2007), exploring this possibility for 

LytE and YvcE(CwlO) might be an interesting topic for future work.

It is noteworthy that despite cell walls from YycFG-depleted cells being deficient In auto­

digestion capability, cells lyse when starved for YycFG (see Figure 2.1). A possible 

explanation for this paradox might be an unbalanced synthesis/turnover ratio in YycFG 

depleted cells. The maintenance of a stable balance between the rates of peptidoglycan 

synthesis and turnover is known to be crucial for the cell, particularly in conditions when the 

rate of growth is lowered abruptly. In such cases an uneven slowing down of the rates of wall 

synthesis and turnover may result in lysis of the cell (de Boer et a i,  1982; Koch, 2001). This
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work demonstrates that two of the genes positively regulated by YycFG play a role in cell wall 

synthesis iyvcE) and turnover (lytE). In cells depleted for YycFG (and hence also depleted for 

YvcE and LytE) the balance between synthesis and turnover might be affected, and the rates 

of synthesis and turnover might decrease in an uneven way, resulting in lysis of the cell.

2.3.11. YycFG essentiality is polygenic in nature

One of the aims of this study was to establish the reason for YycFG essentiality in B. 

subtilis. Since all YycFG regulated genes can be individually mutated, it was evident that 

essentiality must be polygenic (this study; Kobayashi et a i ,  2003). This work establishes that 

YycFG controls expression of LytE and YvcE(CwlO), the functions of which partially overlap 

since one or other protein is essential for cell growth. However, the level of lytE  transcript at 

the point of growth cessation upon YycFG depletion is not lower than that seen in wild type 

cells, although it does decrease subsequently (see Figure 2.7B), therefore it is unlikely that 

growth cessation is caused solely by depletion for LytE and YvcE(CwlO). This hypothesis is 

supported by the observation that YycFG cannot be deleted from cells constitutively 

expressing LytE and YvcE(CwlO), thereby showing that YycFG controlled expression of 

yvcE(cwlO ) and lytE  is not the sole reason for its essentiality. Furthermore, heterologous 

expression of yvcE(cwlO) during YycFG depletion ameliorates, but does not prevent growth 

cessation and lysis, indicating that YvcE(CwlO) contributes to the essentiality of YycFG but it 

does not account for it. Interestingly, there is some degree of similarity between the 

phenotypes of YycFG-depleted and yvcE(cwlO) fyrf-depleted cells, which in both cases are 

occasionally devoid of nucleoids: this observation suggests that lowered levels of both 

yvcE(cwlO) and lytE might be partly responsible for the lysis observed upon YycFG depletion, 

and that the two genes might contribute significantly to the essentiality of YycFG.

Additional evidence suggests that YycFG essentiality derives from the control of a 

number of genes involved in cell wall metabolism. Firstly, concomitant deletion of the two 

autolysins encoding genes yvcE(cwlO) and yocH  results in fragile cells, which lyse on LB agar 

plates. We observe colonies of apparent normal phenotype growing from these lysed colonies, 

suggesting the emergence of bacteria carrying suppressor mutations. This result indicates that 

the two autolysins YvcE and YocH may contribute to the essentiality of YycFG. In addition, 

in strains where lytE or yvcE(cwlO) null mutations are combined with null mutations in both 

yocH  and ydjM , the resulting triple mutant strains are obtained at extremely low frequency, 

and the strain mutated in yvcE(cwlO), yocH  and ydjM  has severe growth and morphological 

defects. These results suggest that YycFG controlled expression of the gene triplet
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yvcE(cwlO), jo c / /a n d  contributes significantly to its essentiality. This view is supported 

by some aspects o f the phenotype of this triple m utant which are rem iniscent o f YycFG 

depletion; cells are growth defective in LB broth, they are very fragile and prone to lyse and 

they form short stumpy cells, some of which are devoid of nucleoids.

Therefore it is concluded that YycFG essentiality is polygenic in nature, arising from  

abnormal cell wall m etabolism  due to aberrant expression o f m ultiple genes under YycFG 

control. These effects can be d irect, as in Y ycFG -contro lled  expression o f cell wall 

m etabolism -related genes, or indirect, as suggested by the observation that cell walls of 

YycFG depleted cells are refractory to digestion by endogenous autolysins.

It is interesting to note that the Y ycFG -controlled autolysin YvcE(Cw lO ) contains an 

am ino-term inal dom ains with am ino acid sequence sim ilarity to that of the pneum ococcal 

PcsB, which accounts for YycFG essentiality in S. pneum oniae  (Ng et al., 2004). Intriguingly, 

the phenotypes observed in PcsB -depleted cells are consistent with a role for PcsB as an 

autolysin that balances the extent o f cell wall synthesis and turnover: PcsB under-expression 

leads to excess cell wall synthesis and to a cell separation defect, indicating that PcsB may act 

as a murein hydrolase that counterbalances cell wall synthesis and participates in cell division 

(N g et al., 2004). These same functions are controlled by the B. subtilis  YycFG through 

transcriptional regulation o f yvcE(cwlO ) and lytE, which are involved in cell wall synthesis, 

cell wall turnover and cell separation. On the bases o f these findings, we propose that while a 

correct balance between cell wall synthesis and turnover in 5. pneum oniae  is guaranteed by 

the YycFG-controlled PcsB, in B. subtilis such a balance is achieved through YycFG-mediated 

expression of a num ber o f genes that function in concert, and am ong them yvcE(cwlO ) and 

lytE. Variation in the com plexity of YycFG essentiality among bacteria (evidenced by the 

observations in B. subtilis and S. pneum oniae) is likely to be due to differences in cell wall 

metabolism, perhaps reflecting different bacterial shapes.

2.3,12. YycFG-dependent expression of ydjM  derives from an unusual promoter 

structure

M any of the SigA-type prom oters that are activated by Y ycF have unusual features. 

W ithin the^'vc^, yd jM  and lytE  prom oter regions, in addition to the YycF binding sequence, 

there is a canonical SigA -type -1 0  m otif, but no putative -3 5  sequence is found at the 

expected position (17 bp from the -1 0  motif). However, putative -3 5  motifs can be identified 

within the promoters o f these genes, although located at non-canonical positions (23, 11 and 

14 bp from the -1 0  m otif for yvcE, yd jM  and lytE  respectively). Tw o putative -3 5  motifs are
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present within the yocH  promoter region: one at the canonical site (previously assigned by 

Howell et al., 2003) and a second one located 11 bp upstream from the -10  motif.

In order to get insights into the functional meaning of such aberrant promoter structures, 

we performed a mutational analysis focussing on the ydjM  promoter. Our results show that 

ydjM  expression is almost completely abolished when the YycF binding motifs are mutated. 

Furthermore, higher expression levels are obtained upon a 6 bp deletion that generates a 

canonical 17 bp spacing between the SigA-type -3 5  and -1 0  putative motifs and that 

concomitantly alters the distance between the -1 0  motif and the YycF binding site. Crucially, 

such deletion results in ydjM  expression becoming constitutive throughout the growth cycle 

and independent of YycF. These findings show that YycF dependent expression oi ydjM  is the 

result of its unusual promoter structure and that it requires not only an intact YycF binding 

motif, but also a correct spacing between the YycF binding site and the -1 0  region. It is 

noteworthy that although the putative SigA-type -35  motif is functional when placed at a 

canonical position within this promoter, whether it plays a role in expression under wild-type 

conditions remains to be established.

The aberrant promoter structure observed in many YycF-activated genes is reminiscent of 

the one displayed by the promoters of the B. subtilis genes spoIIG  and spoIIE, and the Bacillus 

amyloliquefaciens gene phyC  (Guzman et al., 1988; Kenney and Moran, 1987; Makarewicz et 

al., 2006). The spoIIG  and spoIIE  promoters have SigA-type -10  motifs, but no recognizable 

-35  motifs are present at the canonical position, while putative -35  motifs can be identified at 

unusual positions, separated 21 and 22 nucleotides respectively from the -1 0  motif (Guzman 

et al., 1988; Kenney and Moran, 1987). The spoIIE  and spoIIG  genes were shown in vivo to 

require high levels of phosphorylated SpoOA for transcription, consistent with their activation 

at the outset of sporulation (Fujita et al., 2005). In vitro experim ents showed that 

phosphorylation of SpoOA increases its affinity for weak ‘O A ’ boxes located within the 

promoters (Baldus et al., 1994; Strauch et al., 1990). This mechanism restricts expression of 

these genes to periods when SpoOA~P levels are high in the cell, ie to the initial stage of 

sporulation. Interestingly, the Sigma A RNA polymerase binds to the -1 0  motifs, but not to 

the putative -35  regions of spoIIG  and spoIIE  promoters: the deleterious effects of a mutation 

in the -1 0  region on gene expression could be suppressed by a specific mutation in SigA, 

while at least in the case of spoIIE, the effects of mutations in the -35  region couldn’t be 

suppressed by any known SigA mutations (Kenney et al., 1988; Kenney et al., 1989; York et 

al., 1992). Consistent with these findings, SpoOA was shown to bind to sites overlapping the 

-35  motifs in vitro (Satola et al., 1991; York et al., 1992). In addition, a number of studies
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show ed that SpoOA interacts d irectly  with SigA (Seredick and Spiegelm an, 2001 and 

references therein). On the basis of these results, it was proposed that the binding of SpoOA~P 

at the ‘O A ’ boxes and its interaction with the RNA polymerase overcom e the steric constraints 

caused by the aberrant spacing between the -3 5  and -1 0  motifs, allowing the SigA-containing 

RNA polymerase (RNAP) to recognize the promoter and initiate transcription. A very sim ilar 

mechanism was suggested for transcriptional activation of the Bacillus amyloliquefaciens gene 

phyC  by the phosphorylated form of the response regulator PhoP (M akarewicz et al., 2006). In 

both cases the unusual prom oter structure would function to restrict activation of gene 

expression to periods when the specific transcriptional regulator is present at high levels in its 

phosphorylated form. Since activation of gene expression by YycF is most evident during the 

exponential period o f the growth cycle (see Figure 2.2), it will be interesting to establish 

whether activation o f YycFG-induced genes occurs by a similar m echanism . Experim ents are 

underway to test this hypothesis.

Intriguingly, studies on spoIIG  transcriptional activation showed that RNAP can bind to 

the spoIIG  promoter region, but cannot efficiently initiate transcription on a linear template in 

the absence of SpoOA~P (Bird et al., 1993). In accordance with this finding, recent work has 

shown that RNAP binds transiently and highly reversibly to the spoIIG  promoter, and that it 

recruits SpoOA~P, which subsequently stabilizes a closed com plex between RNAP and the 

spoIIG  prom oter, until the contacts betw een the RN AP and the -1 0  m otif induce strand 

separation and hence transcription (Seredick and Spiegelman, 2004, 2007). However, there are 

indications that in the case o f the aberrantly structured Bacillus am yloliquefaciens phyC  

promoter, PhoP~P might activate transcription through a different mechanism: since purified 

RN A P does not bind the prom oter (M akarew icz et al., 2006), it is possible that PhoP~P 

stim ulates phyC  expression by enhancing the initial binding of RN AP to the DNA. Although 

the latter hypothesis needs fu rther experim ental va lidation , these data  indicate that 

transcriptional regulators can activate abnorm ally spaced promoters in two possible ways: by 

recruiting RNAP to the DNA or by stim ulating a post-recruitm ent step and stabilizing an 

intermediate complex during transcription initiation. It will be interesting to establish which of 

the two mechanisms is em ployed by YycF for transcriptional activation, in order to provide 

further insights into this issue.

2.3.13. YycFG depletion alters cell membrane homeostasis

This study shows that expression o f des, encoding a fatty acid desaturase, increases upon 

YycFG depletion (see Figure 2.1), and is therefore negatively regulated by this TCS. There are
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no putative YycF binding sites located within the des promoter, and YycF~P does not bind to 

the promoter region, indicating that des regulation by YycFG is indirect.

This finding is interesting in light of previous studies showing that YycFG is involved in 

membrane integrity and fatty acid biosynthesis in S. aureus and S. pneumoniae. These studies 

have been outlined in the introduction to this thesis. In B. subtilis expression of des  is 

stringently and uniquely regulated by the DesKR two-component system and is induced in 

response to a decrease in temperature (Aguilar et al., 1998, 2001). However, there is evidence 

that membrane fluidity, rather than growth temperature controls des transcription: des 

induction is observed both after a downward shift in temperature, which causes increased 

rigidity of the membrane, as well as under isothermal conditions upon growth of cells in the 

absence of isoleucine in strain JH642, which results in decreased membrane fluidity by 

reduction of the pool of branched-chain fatty acids of plasma membrane lipids (Cybulski et 

al., 2002). Under both conditions the TCS DesKR senses a decrease in membrane fluidity and 

induces des transcription; in turn the desaturase Des introduces double bonds into the fatty 

acid moieties of membrane phospholipids in order to maintain the appropriate membrane 

fluidity (Mansilla and de Mendoza, 2005).

On the basis of the above observations, it is concluded that the increased expression of 

Des observed in this study is the result of decreased membrane fluidity occun ing upon YycFG 

depletion. This effect might be explained by three possible scenarios: (i) YycFG might be 

directly involved in regulating transcription of fatty acid biosynthetic genes, although such 

genes have not been identified in our microarray analysis: mis-regulation of these genes might 

be responsible for the decreased membrane fluidity sensed by the TCS DesKR in YycFG- 

depleted cells; (ii) alternatively, YycFG might participate in regulating phospholipid 

metabolism, and hence membrane composition, consistent with the close relationship between 

YycFG and phosphate metabolism (Howell et al., 2003, 2(X)6); (iii) finally, YycFG might be 

involved in other aspects of cell membrane metabolism, yet to be identified. In all cases 

depletion for YycFG would result in cell membrane perturbation and hence DesKR activation.

Indications in support to the first model come from a crucial observation: des induction 

has so far been observed in B. subtilis under isothermal conditions only in strain JH642, and 

only during growth in minimal medium lacking isoleucine (Cybulski et al., 2002). Therefore 

this work represents the first instance of des induction obtained in a 168-derivative strain 

(depleted for YycFG), during growth at 37°C in rich medium. It is known that B. subtilis can 

respond to a decrease in membrane fluidity through two distinct mechanisms: one is the de 

novo synthesis of unsaturated fatty acids, which have a lower melting point than saturated
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fatty acids and therefore provide a higher degree of membrane fluidity (Klein et a i ,  1999); the 

second mechanism is the afes-mediated desaturation of already existing fatty acid moieties in 

order to increase the pool of unsaturated fatty acids in the cell membrane (Hunger et al., 

2004). Strain JH642 contains two point mutations within the bkdR gene (Mohamed A. 

Marahiel, personal communication). This gene encodes a regulator that controls isoleucine and 

valine utilization as sole nitrogen sources (Debarbouille et al., 1999). Isoleucine plays a 

crucial role as a precursor molecule in the de novo branched fatty acid synthesis pathway 

(Kaneda, 1977, 1991). Therefore strain JH642 can synthesize unsaturated fatty acids only in 

the presence of an external isoleucine source, while in the absence of isoleucine this strain can 

adjust membrane fluidity only through DesKR-mediated induction of the des desaturase. The 

fact that des induction has so far been observed at 37°C only in strain JH642, defective in the 

de novo synthesis of unsaturated fatty acids, when grown in the absence of isoleucine, 

indicates that the induction o f des observed in this work in a 168-derivative strain depleted for 

YycFG during growth in rich medium is likely to be caused by a defect of YycFG-depleted 

cells in the de novo branched fatty acids synthetic pathway. Exploring the possibility of 

YycFG direct regulation of genes involved in branched fatty acid biosynthesis might be a 

potential topic for future study.

2.3.14. Cell wall metabolism, cell envelope and the nature of the signal sensed by the 

YycG sensor kinase

This work shows that YycFG activates expression of three autolysins, YocH, 

YvcE(CwlO) and LytE, two of which are required for cell elongation, and of the cell wall- 

related protein YdjM, while YycFG depletion results in de-repression of two genes that 

modulate autolysins activity: yjeA and yoeB. Intriguingly, Salzberg and Helmann (2007) have 

recently shown that the cell wall associated protein YoeB is activated in response to cell 

envelope stress and functions to protect B. subtilis from autolysis. In addition, although the 

precise role of the peptidoglycan deacetylase YjeA remains to be established, it is known that 

cell wall deacetylation modulates autolysins activity (Atrih et al., 1999; De Las Rivas et al., 

2002; Veiga et al., 2007; Vollmer and Tomasz, 2000). In other words, YycFG promotes 

transcription of genes required for normal growth and cell elongation and for a physiological 

cell wall homeostasis, and repress genes that might play a protective function in conditions of 

cell wall stress.

On the basis of these findings it is tempting to propose that the HK YycG might monitor 

cell wall metabolism during normal cell growth and might sense one or more signals
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indicative of “physiological conditions” , transducing this information into the cell for 

continued expression of genes required for cell elongation and for maintenance of a proper cell 

wall homeostasis. On the other hand, cell envelope perturbation might hamper YycG 

activation, leading to de-repression of YoeB, which in turn would protect the cell wall from 

autolysis. This model implies that in conditions of cell envelope perturbation the activity of 

cell wall hydrolyzing enzymes might be prematurely triggered unless stress-response 

mechanisms intervene, and that YoeB induction would function as an emergency response to 

protect the cell from autolysis. Given the known role of peptidoglycan deacetylation in 

controlling autolysins activity, it is conceivable that also yjeA de-repression might participate 

in protecting the cell wall from autolysis during cell envelope stress.

According to this model, the TCS YycFG would regulate cell wall metabolism not only in 

physiological conditions, by modulating expression of genes required for proper cell wall 

homeostasis, but also in conditions of cell envelope stress, by preventing cell autolysis through 

de-repression of YoeB and YjeA and concomitant repression of the cell wall hydrolyzing 

enzymes YocH, LytE and YvcE(CwlO). This mechanism would allow the cell to monitor 

conditions conducive to cell growth as well as growth-limiting conditions through the same 

TCS: in conditions of cell envelope stress YycFG de-activation would function as an 

emergency mechanism to protect the cell from auto-digestion. This scenario would represent 

the first instance of a TCS responding to cell envelope stress through de-activation, ie. in the 

absence of the input signal, rather than through signal-mediated activation.

2.3.15. YycFG and cell division: extending the current model o f the YycFG function and 

localization

In the absence of a known activating signal for YycFG, sub-cellular localization of the 

YycG HK was carried out in order to gain insights as to where the TCS functions and 

therefore where it receives its signal input (Szurmant et al., 2007b). The B. subtilis YycG 

sensor kinase was found to localize at cell division sites, as revealed by immunofluorescent 

staining techniques (Szurmant et al., 2007b). In addition, YycG was shown to co-localize with 

the cell divisional master regulator FtsZ (unpublished data in Szurmant et al., 2007b), and to 

require FtsZ for localization to the incipient septum (Szurmant et al., 2007a). The two proteins 

YycG and FtsZ co-immunoprecipitate, indicating that they may directly interact or that they 

may be both part of a multi-protein complex (Szurm ant et al., 2007a). These results are 

consistent with the established role of YycFG in controlling cell division processes through 

transcriptional activation of the essential cell division genes ftsA Z  (Fukuchi et al., 2000). This
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observation prompted tiie authors to propose a model whereby the HK YycG “associates with 

the cell division apparatus for signal acquisition and serves to coordinate the formation of the 

cell wall and other structural constituents with DNA synthesis and septation” (Szurmant et al., 

2007a). This model focuses on one aspect of YycFG function, i.e. its role in controlling cell 

division. However, our recent results demonstrate the involvement of YycFG in regulating 

additional physiological processes in B. subtilis: we show that YycFG is a major regulator of 

wall metabolism, and that it positively controls transcription of genes required for lateral cell 

wall synthesis and cell elongation (B isicchia et al., 2007). Therefore we reason that the 

proposal of a sensor YycG kinase confined to the septal region and functioning solely in 

promoting cell division and in coordinating DNA synthesis and septation might not reflect all 

aspects of YycFG function. We propose a model that extends the one put forward by Hoch 

and co-workers (Szurmant et al., 2007a,b), by integrating the two aspects of YycFG-mediated 

control of cell division and cell elongation. We suggest that the B. subtilis, sensor kinase 

YycG may be located at septa, but also along the sides of the cell walls, where it might sense 

one or more signals indicative of conditions conducive to growth, transducing this information 

into the cell for continued expression of genes required both for cell division, and for cell 

elongation and maintenance of a proper cell wall homeostasis. A precedent exists whereby a 

protein, the cell wall-associated LytE, was originally localized at septa but subsequently 

observed over the lateral wall (Carballido-Lopez et al., 2006; Yamamoto et al., 2003). We 

reason that technical limitations might have hampered the visualization of YycG over the 

cylindrical part of the cell.

It is noteworthy that although direct up-regulation of the ftsA Z  operon was observed upon 

YycFG over-expression, deletion of the ftsA Z  promoter region containing the putative YycF- 

binding motif did not affect growth and did not alter the f tsA Z  basal transcription level 

(Fukuchi et al., 2000). These data show that YycFG is not required for basal f t s A Z  

transcription, and suggest that YycFG might mediate ftsA Z  induction only in the presence of 

high levels of the RR YycF. On the basis of these findings, it might be interesting to consider 

the possibility that YycFG may play a role in coordinating the switch between cell wall 

elongation and cell division in B. subtilis. At the beginning of the cell cycle YycFG might 

control cell elongation and cell wall homeostasis by inducing transcription of genes with cell 

wall-related functions at a low threshold; accumulation of higher levels of phosphorylated 

YycF within the cell would then result in induction of the essential cell division genes ftsA  and 

ftsZ , thereby promoting the formation of the septal apparatus.
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CHAPTER 3

INVESTIGATION OF POSSIBLE INTERACTIONS 

BETWEEN THE TCSs YycFG AND ResDE IN B. subtilis
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3.1. INTRODUCTION

As anticipated in the general introduction to this thesis, the TCSs YycFG, ResDE and 

PhoPR of B. subtilis are very closely related phylogenetically (Fabret et al., 1999). The HK 

YycG, ResE and PhoR belong to the homology class III A, where they form a “sub-group” 

(Fabret et al., 1999). They share a very similar structure, with two transmembrane domains, a 

large extracytoplasmic loop, an intermediate-length linker region and a PAS domain (for a 

schematic representation of the structure of the HK YycG see Figure 1.2). Similarly to the 

corresponding HKs, also the RRs YycF, PhoP and ResD show high levels of homology. The 

three RRs have been classified according to different criteria as belonging to the OmpR family 

of RRs (Fabret et al., 1999) or to the sub-class A within the OmpR family (Kojetin et al., 

2003), both classifications reflecting their common phylogenetic origin.

The structural similarity displayed by the three TCSs YycFG, ResDE and PhoPR is likely 

to reflect evolution from a common progenitor (Fabret et al., 1999), but may also have a 

functional and physiological significance. This hypothesis is supported by a number of studies, 

which demonstrate the existence of a network of interactions between the TCSs YycFG and 

PhoPR, and between the TCSs ResDE and PhoPR. This scenario represents an extension to the 

understanding of the way TCSs operate. According to a general model, an environmental 

signal is sensed by a HK and converted into a very specific response through the activation of 

the cognate RR. However, studies in E coli (Hagiwara et al., 2003) and B. subtilis (Birkey et 

al., 1998; Sun et al., 1996a) show that such a response can be achieved through a signaling 

network involving different TCSs that function in concert.

We propose that YycFG is part of a signaling network comprising the three TCSs YycFG, 

ResDE and PhoPR, at least under certain conditions. In this work we set out to investigate in 

particular the possible interactions between the YycFG and ResDE components of such 

network. An outline of the theoretical basis for such investigation will be given below.
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3.1.1. The TCS PhoPR

The TCS PhoPR controls the response to phosphate limitation: the PhoR kinase senses 

reduced levels of extracellular inorganic phosphate and responds by phosphorylating the RR 

PhoP. The activated PhoP regulator controls the expression of genes whose function is to 

respond to limited phosphate availability (Allenby et al., 2005; Hulett, 2002; Ogura et al., 

2001).

There are a number of links between the TCSs YycFG and PhoPR in B. subtilis. The first 

is their structural similarity, which was demonstrated experimentally by construction of two 

functional hybrid response regulators, PhoP’- ‘YycF and Y ycF’-‘PhoP, that could be 

phosphorylated by the cognate kinase of their receiver domain (Howell et al., 2003). A second 

link is manifest in the finding that the sensor kinase PhoR is able to phospohorylate the non­

cognate RR YycF in vivo, under phosphate starvation conditions, while YycG can only 

activate its cognate RR YycF (Howell et at., 2006). A further connection between YycFG and 

PhoPR is established by the requirement of YycFG for induction of a PhoPR-mediated 

phosphate limitation response. The mechanism of this dependence has not been established, 

although the observation that YycF binds to the phoPR promoter at DNA:protein ratios similar 

to those of PhoP suggests that YycFG is required for induction and/or continued expression of 

the PhoPR TCS in B. subtilis (Howell et al., 2006). Finally, expression of some genes {e.g. 

phoPR, tagAB, tagDEF) is controlled by both YycFG and PhoPR (Howell et al., 2006). These 

observations imply a complex relationship between the YycFG and PhoPR TCSs and their 

respective regulons.

3.1.2. The TCS ResDE
The TCS ResDE is required for control of aerobic and anaerobic respiration (Sun et al., 

1996b) and is also involved in controlling fermentation (Nakano et al., 1997). The HK ResE 

and the RR ResD are transcribed from a five cistron operon, resABCDE, which encodes three 

further proteins, namely ResA, ResB and ResD, which are essential and are similar to those 

involved in cytocrome c biogenesis (Le Brun et al., 2000). Two transcriptional units have been 

identified by northern blot analysis, one extending through all five cistrons of the operon 

{resABCDE), and a second shorter one encoding only ResDE (see Figure 3.1); the strength of 

the intracistronic promoter was shown to be low if compared with that of the resA promoter 

(Sun et al., 1996b).
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Expression from the resA promoter is induced by phosphate starvation, nitrogen 

starvation, entry into stationary phase and oxygen limitation (Nakano and Zhu, 2001; Sun et 

al., 1996b). As outlined in Figure 3.1, the resABCDE  operon is positively autoregulated by 

ResD (Sun et al., 1996b); furthermore, ResDE controls the expression of different target 

genes, such as nasDE, hmp, fnr, ctaA, ctaBCDEF  and sbo-alb, which all encode proteins 

involved in the respiratory process (Nakano, 2002b).

A body of evidence, reported in three papers by Birkey and co-workers (Birkey et al., 

1998; Sun et al., 1996a; Sun et al., 1996b) proves the existence of a network of interactions 

linking the TCSs PhoPR and ResDE under phosphate starvation conditions. The critical 

findings of these studies are:

(i) Mutations in resE  and resD  result in reduced levels of phosphate starvation-induced 

alkaline phosphatase (APase) specific activity (Sun et al., 1996b). This finding implies that 

ResDE regulates expression of APase activity under phosphate starvation conditions, and 

suggests that ResDE controls the PhoPR regulon in a positive way.

(ii) Such a positive effect is due to ResDE regulating transcription of the phoPR  operon (Sun 

et al., 1996a).

(iii) Expression of the resABCDE  operon is induced by phosphate starvation conditions (Sun 

et al., 1996b). This effect is due to the direct binding of PhoP to the resA promoter region.
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PhoP also binds to the internal promoter upstream to resD, with a negative effect on its 

expression (Biricey et al., 1998).

Crucially, PhoPR is not required for resABCDE induction during anaerobic growth nor during 

stationary phase or under nitrogen limitation: therefore the interactions between PhoPR and 

ResDE described above seem to occur only under specific environmental conditions. A 

diagram illustrating the regulatory network of interactions between PhoPR and ResDE under 

phosphate limitation conditions is shown in Figure 3.2.

n1/ / \  '1/
PhoP

Figure 3.2. Schematic representation of the networic of interactions between the ResDE and PhoPR TCS under 

conditions of phosphate limitation. Positive regulation is indicated by lines terminating in flattened arrowheads, 

negative regulation is indicated by a line terminating in a rectangle (adapted from Birkey etal.,  1998).

3.2. AIMS OF THIS WORK

On the basis of the above studies, which demonstrate a link between YycFG and PhoPR 

and between ResDE and PhoPR, we propose that YycFG is part of a signaling network in 

which the three related TCSs YycFG, ResDE and PhoPR function in concert to regulate gene 

expression in a coordinated way, at least under certain conditions.

Our objective therefore is to extend the model of interaction proposed by Birkey et al. 

(1998) and outlined in Figure 3.2 by introducing YycFG as a third player in this network. 

Interactions among the three TCS may occur at several levels:

(i) at the signal level, whereby the same signal may be sensed by more than one kinase;

(ii) at the kinase level, whereby a kinase may phosphorylate a non-cognate response regulator;

(iii) at the regulator level, whereby a RR may be involved in the transcription of genes 

controlled by a different regulator.

ResD
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This work focuses in particular on the possibility of an interaction between the TCS 

YycFG and ResDE. The main objectives of this study are:

(a) to determine whether YycG is able to sense the same stimulus sensed by the kinase ReDE;

(b) to investigate the possibility of a cross-talk between the sensor kinase YycG and the RR 

ResD, and between the kinase ResE and the RR YycF;

(iii) to determine whether YycFG, in conjunction with ResDE, participates to the regulation of 

gene expression during aerobic/anaerobic growth, by controlling transcription of the 

resABCDE operon or of other constituent genes of the ResDE regulon.

Intriguingly, a link between YycFG and oxygen availability has been proposed in two 

studies performed in S. pneumonic and S. aureus. In S. pneumoniae YycFG was shown to be 

involved in competence repression under oxygen limitation conditions, and was proposed to 

be able to sense oxygen availability through the PAS domain of the YycG kinase (Echenique 

and Trombe, 2001). In S. aureus ayycF  mutant strain, which is hypersensitive to macrolide 

and lincosamide antibiotics, displayed reduced susceptibility when grown under oxygen 

limiting conditions, suggesting that the physiological function of YycFG may differ in aerobic 

versus anaerobic conditions (Martin et al., 1999). These studies indicate the involvement of 

YycFG in sensing and responding to oxygen availability, and are therefore consistent with the 

hypothesis of an interaction between this TCS and the anaerobic growth regulator ResDE.
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3.3. RESULTS AND DISCUSSION

3.3.1. The stimulus: does YycG sense anaerobic conditions?

As mentioned above, the three HK YycG, ResE and PhoR all possess a PAS domain. PAS 

domains are typically involved in sensing signals such as light, redox potential, oxygen, small 

ligands and the overall energy of the cell (Taylor and Zhulin, 1999). A mutational analysis of 

the signal-sensing domain of ResE showed that the PAS domain is essential for sensing 

oxygen limitation and nitric oxide and for consequent transcriptional activation of ResDE- 

dependent genes (Baruah et al., 2004). The role of the PAS domain in the HK YycG has not 

been fully elucidated. However, in the S. pneumoniae YycG, residue LlOO in the N terminal 

portion of the PAS domain was shown to be crucial for the YycFG-dependent regulation of 

competence in vivo, as well as for autokinase activity of the pneumococcal YycG in vitro 

(Echenique and Trombe, 2001).

On the basis of the structural similarity between ResE and YycG, we set out to investigate 

whether YycG is involved in sensing oxygen levels or nitric oxide. We tested this hypothesis 

by employing two different experimental approaches.

In a first approach the possibility of YycG sensing oxygen limiting conditions was tested 

by comparing the transcriptional levels of the YycFG-activated gene yocH  in cultures grown 

under aerobic versus anaerobic conditions. Transcriptional activity was measured by 

performing 6-galactosidase assays on a strain (BP019) carrying a promoter-fusion yocH-bgaB. 

We observed that yocH  transcriptional levels were comparable under aerobic and anaerobic 

conditions, both during the exponential phase and during the stationary phase (see Figure 3.3). 

This result indicates that YycG is probably not differentially activated by anaerobic 

conditions.

This result also seems to exclude the possibility of a cross-talk between ResE and YycF. It 

is known that under anaerobic conditions ResE exerts a kinase activity towards ResD (Nakano 

and Zhu, 2(X)I); the observation that yocH  transcriptional levels are not induced by anaerobic 

conditions indicates that the HK ResE probably does not phosphorylate the non-cognate RR 

YycF.

However, results from these experiments should be interpreted with particular caution, 

because they are based on the com parison between two different growth conditions, 

characterized by different growth rates and optical densities. For this reason such results 

cannot be considered conclusive.
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A second experiment involved the use of sodium nitroprusside (SNP), a chemical 

compound that is known to release nitric oxide (NO) in solution when exposed to visible light. 

Addition of SNP at a concentration of 100 or 500 |o,m to early to mid-log-phase aerobic 

cultures was previously found to induce transcription of ResDE-controlled genes (Nakano, 

2002a). This effect is likely to be due to activation of ResE by NO, a probable ligand for this 

HK (Baruah et al., 2004). SNP therefore can be used to induce the ResDE regulon during 

aerobic growth, “mimicking” anaerobic conditions. Crucially, SNP addition has only a 

marginal effect on growth of B. subtilis (see Figures 3.4, 3.5). Therefore this approach 

overcomes some of the limitations of the previous experiment because it allows comparing 

transcriptional activities of cultures growing at similar rates and reaching similar optical 

densities.

A control experiment was performed in order to verify induction of the ResDE regulon 

upon SNP addition under our experimental conditions. The gene hmp ,  encoding a 

flavohemoglobine that functions in the detoxification of NO, is strongly induced upon oxygen 

limitation (LaCelle et a i ,  1996). Transcriptional activation of hmp is due to the binding of 

ResD to the hmp promoter (Nakano et al., 2000), and this is stimulated upon phosphorylation 

of ResD by the ResE kinase. Therefore, measuring hmp expression upon addition of SNP to 

the medium is a way to monitor the level of activation of ResE. Strain BP032, carrying the 

promoter-fusion hmp-bgaB, was grown in LB in aerobic conditions to early log-phase (see 

Figure 3.4); the culture was split and SNP was added to one half to a final concentration of 

250 [xm. Cultures were then grown to stationary phase. Expression of hmp-bgaB  fusion was 

induced 3 fold 30 minutes after the addition of SNP, and to a higher degree when the cells 

reached the stationary phase of growth. This result demonstrates that ResE is phosphorylated 

upon addition of SNP to the medium.

In order to test whether YycG is activated by the same signal sensed by ResE, we 

monitored the transcriptional variations of the YycFG-controlled gene yocH  in response to 

addition of SNP to the medium. As shown in Figure 3.5, yocH  transcriptional levels were 

comparable in the presence and in the absence of SNP during the exponential phase of growth, 

but they were significantly higher during the stationary phase in the culture containing SNP.

In order to interpret this result, it is crucial to observe that in the culture containing SNP 

the HK ResE is biased towards its kinase-active form throughout the growth cycle, as 

demonstrated by the induction of hmp transcription observed in the control experiment in the 

presence of SNP (see Figure 3.4). The absence of significantly altered transcriptional 

levels during the exponential phase suggests that the kinase YycG does not sense NO, and that
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there is not a cross-talk between ResE and YycF, confirming previous results (see Figure 3.3). 

However, the result obtained during the stationary phase of growth is not consistent with this 

interpretation: increased levels of jo c //ac tiv ity  were observed upon SNP addition, apparently 

indicating the ability of YycG to sense NO in the medium, or, alternatively, a cross-talk 

between ResE and YycF. There are a number of possible explanations for this paradox.

One possibility is that the HK YycG may be capable of sensing NO, which may induce its 

kinase activity. The fact that SNP addition results in induction of yocH  transcription only 

during the stationary phase of growth could be explained by the presence of multiple 

activating signals for YycG. During the exponential phase YycG might be activated by an 

unidentified signal, resulting in YycF phosphorylation. Such activation may occur to 

saturation; this would explain the absence of yocH  induction during the exponential phase in 

the presence of the additional putative signal NO. It is noteworthy that during the stationary 

phase the RR YycF is probably de-phosphorylated, as indicated by the decrease in yo cH  

transcriptional levels observed by northern blot analysis at the end of the exponential phase 

(Howell et al., 2003). One possibility is that YycF is de-phosphorylated by its cognate kinase 

YycG. It is known, in fact, that a sensor HK can have a phosphatase activity toward the 

cognate RR (Pratt, 1995); Y'ycG, therefore, may switch from a kinase to a phosphatase activity 

during the growth cycle, possibly thanks to the accumulation of particular factors in the 

medium, through a so-called “quorum sensing type mechanism”. The addition of the 

compound SNP may affect the phosphatase activity of YycG and may bias the HK YycG 

towards its kinase-active form, resulting in enhanced YycF phosphorylation and hence in 

induced yocH  transcription.

An alternative explanation for the result observed in Figure 3.5 is that the HK ResE might 

be able to cross-phosphorylate YycF. Like in the previous case, the positive effect of SNP 

addition on yocH  transcription would not be visible during the exponential phase of growth 

because the HK YycG may phosphorylate the cognate RR YycF to saturation. During 

stationary phase in the presence of SNP the HK ResE senses NO, which may stimulate its 

kinase activity both towards the cognate RR ResD (as demonstrated by hmp induction, see 

Figure 3.4) and towards the non-cognate RR YycF, resulting in yocH  induction.

A further possibility is that SNP addition may interfere with YycF de-phosphorylation by 

the non-cognate HK ResE. As mentioned above, previous data indicate that YycF is probably
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Figure 3.4. Analysis of the expression o f the hmp promoter upon sodium nitroprusside (SNP) addition. 
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experiment was performed twice with comparable results and a representative profile is shown.
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experiment was performed twice with comparable results and a representative profile is shown.



de-phosphorylated during the stationary phase of growth (Howell et a i ,  2003); however, the 

phosphatase responsible for such activity has not been identified: one possibility is that ResE 

may be partially responsible for YycF de-phosphorylation. It is known, in fact, that ResE 

functions both as a kinase and a phosphatase towards ResD, and that oxygen availability 

induces its phosphatase activity (Nakano and Zhu, 2001). ResE may therefore act as a 

phosphatase towards the non-cognate RR YycF in aerobic conditions, and SNP addition may 

interfere with such process, biasing ResE towards its kinase activity and hence resulting in 

yocH  induction. However, if this were the case, yocH  transcriptional levels would be expected 

to increase in anaerobic conditions, because of the predominant kinase activity of ResE, which 

would not be able to de-phosphorylate YycF. Such phenomenon was not observed, at least 

under our experimental conditions (see Figure 3.3), making this hypothesis rather weak.

In conclusion, the above results are consistent with the hypothesis of YycG sensing the 

same stimulus that activates ResE (the compound NO) or, alternatively, with the occurrence of 

a cross-talk between ResE and YycF.

3.3.2. YycF down-regulation: a quorum sensing-type mechanism?

As mentioned above, previous work (Howell et al., 2003) showed a down regulation of 

yocH  transcription at the end of the exponential phase of growth, presumably due to a de­

phosphorylation of the RR YycF by a phosphatase. The fact that the down-regulation occurred 

at a certain stage of the growth cycle suggests that such a phosphatase activity could be 

induced by the accumulation in the medium of a compound, which might exert its effect only 

when it reaches a critical concentration, through a so called “quorum sensing-type 

mechanism”.

The protein acting as a phosphatase towards YycF could be the cognate HK YycG, or the 

HK ResE, or a different phosphatase, for example belonging to the Rap phosphatase family. 

Rap phosphatases are known to dephosphorylate specific RRs (Perego, 1997; Perego and 

Brannigan, 2001; Pratt, 1995), and their activity can be modulated by the accumulation in the 

medium of small peptides, as in the case of the B. subtilis RapA phosphatase, whose activity is 

directly inhibited by a pentapeptide (Perego, 1997).

To test if the down-regulation of YycF activity is subjected to a similar “quorum sensing 

type” mechanism, cells were grown in two types of Conditioned Minimal Medium 

(CondMM), a filter-sterilized minimal medium in which wild-type cells have been previously 

grown to different stages of the growth cycle, and which contains all the small molecules and 

peptides secreted from the cells at such stages. The ExpCondMM was prepared by growing
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cells to ODgoo^l-O, while the StatCondMM was made by growing cells to stationary phase 

(ODgoô -0)-
Strain BP019, carrying a promoter-fusion yocH-bgaB, was grown in New M inimal 

Medium (NewMM) to O D ^=1.0  (exponential phase) and diluted 25-fold into NewMM and 

into the two d ifferent kinds o f Conditioned M in im al Medium (ExpCondMM and 

StatCondMM). The growth o f the starting culture was then followed to the stationary phase 

and bgaB activity levels were measured for all the four cultures.

As shown in Figure 3.6, the profile and the levels o f expression for yoc//obtained during 

growth in New M M  are very different from the ones obtained in a culture grown in LB (see 

Figures 3.3 and 3.5). In LB yocH  transcriptional activity is induced during the exponential 

phase up to 25-30 BgaB units, and remains at these levels during the stationary phase, while in 

a culture grown in NewMM (Figure 3.6) levels o f activity are high (around 40 units) at the 

beginning o f the growth cycle and rapidly decrease during the exponential phase, where they 

reach very low levels (around 5 units). A  crucial observation is that when the cells are diluted 

into fresh NewM M  no induction is observed during the exponential phase and the activity 

levels remain low. It is likely, therefore, that the high levels o f expression observed at the 

beginning o f the growth curve are the result o f a carry-over from the overnight culture used as 

an inoculum, it  is possible that the \ower yocH  transcriptional levels observed in NewMM 

with respect to LB are due to lower levels o f expression o f the response regulator YycF in this 

medium.

Crucially, yocH  transcriptional levels were comparable in the cultures grown in New M M , 

ExpCondMM and StatCondMM, suggesting that YycF activity is not subjected to a “ quorum 

sensing type mechanism”  o f regulation. In fact i f  the phosphatase responsible for YycF de­

phosphorylation was activated by the accumulation o f soluble compounds in the medium, 

yocH  transcriptional levels would decrease during growth in the conditioned medium. 

However, the levels o f activity obtained for all the four cultures were very low, and close to 

the sensitivity lim it o f the assay. For this reason results from this experiment cannot be 

considered conclusive.
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Figure 3.6. Analysis of the expression of the yocH  promoter during growth in conditioned medium. 

Growth of strain BP019 (yocH-bgaB) is  shown by open symbols and 6-galactosidase by closed symbols. 

Strain BP019 was cultured in in New Minimal Medium (black lines) to O D ajpl.O  and diluted 25-fold into 

NewMM and into the two different kinds of Conditioned Minimal Medium (ExpCondMM, red lines and 

StatCondMM, green lines). The growth of the starting culture was followed to the stationary phase and 

ZjgaB activity levels were measured for all the four cultures. This experiment was performed twice with 

comparable results and a representative profile is shown.
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3.3.3. Effect of YycFG constitutive expression on ResDE reguion

We then set out to test whether YycFG is involved in regulating gene expression under 

aerobic versus anaerobic conditions, separately or in conjunction with ResDE.

For this purpose we tested whether YycFG can regulate expression of the res ABC DE  

operon, or of other constituent genes of the ResDE reguion. Transcriptional levels of resA, 

ctaA, hmp and resD were analyzed through BgaB assays in aerobic and in anaerobic 

conditions, in strains expressing physiological levels of YycFG and in strains expressing 

YycFG at constant levels throughout the growth cycle from the IPTG inducible promoter.

resA transcription. Strain BP033, carrying a promoter-fusion resA-bgaB, was grown in LB 

broth under aerobic conditions. Strain BP033A, carrying the same promoter fusion and 

expressing the yycFG  operon under the control of the IPTG-inducible P̂ ^̂  ̂ promoter, was 

grown in parallel in LB medium containing no IPTG, 100//M IPTG and ImM IPTG. In the 

absence of IPTG cells grew for a short time (around 2 hours) and then lysed, while in the 

cultures containing IPTG cells grew normally and at similar rates (see Figure 3.7). The IPTG 

concentration of 100 is close to the minimal IPTG concentration (75 //M) that allows 

normal growth in LB medium in a strain expressing YycFG from the IPTG inducible Pĵ ^̂  

promoter (Howell et al., 2003). In all cultures resA transcriptional levels were low during 

exponential growth, and were induced during stationary phase, as previously reported (Sun et 

al., 1996b). Constitutive expression of the yycFG  operon did not significantly affect res A 

transcriptional levels (compare strains BP033 and BP033A in Figure 3.7); however, a small 

but reproducible induction was observed upon YycFG overexpression in three duplicate 

experiments (compare strain BP033A grown in the presence of 100 /<M and ImM IPTG in 

Figure 3.7), indicating that YycFG may participate in resA transcriptional regulation in a 

positive way.

A similar assay was carried out in anaerobic conditions (see Figure 3.8). Strains BP033 

and BP033A were grown in the absence of aeration in LB broth, inoculating the cultures from 

frozen aliquots of cells. Strain BP033A was grown in LB medium containing no IPTG, 

lOO/^M IPTG and ImM IPTG, and it grew only in the presence of IPTG. In the three growing 

cultures resA transcriptional levels were comparable during the exponential phase (see Figure 

3.8), and reached higher levels than in aerobic conditions, as previously reported (Nakano and 

Zhu, 2001). A further induction was observed during the stationary phase; although values 

were slightly higher in strain BP033A grown in the presence of ImM IPTG with resf>ect to the
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same strain grown with 100/^M IPTG, such difference cannot be considered significant, as it 

was not observed in a number of duplicate experiments.

In conclusion, these data indicate that YycFG may participate in resA transcriptional 

regulation during growth in aerobic conditions, although the observed effect was subtle. If 

significant, it may have a physiological relevance resulting from a direct interaction between 

the RR YycF and the resA promoter region. Consistently with this interpretation, the resA 

promoter contains one putative YycF binding site, located within the region covered by PhoP 

and complementary to the consensus sequence for PhoP binding (Birkey etal., 1998).

ctaA  transcription. Transcription of the ResDE-controlled gene ctaA was tested during 

aerobic growth in LB medium in a wild-type background and in a strain expressing YycFG 

under IPTG-inducible control. In all cases ctaA transcription was induced at the outset of the 

stationary phase, as previously observed (Zhang and Hulett, 2000). Strain BP031A, carrying a 

promoter-fusion ctaA-bgaB and expressing the yycFG  operon under the control of the P ^  

promoter, displayed significantly higher levels of activity when grown in the presence of ImM 

IPTG than with 100//M IPTG (see Figure 3.9). This result indicates that YycFG may 

positively regulate ctaA transcription. Interestingly, the ctaA promoter region contains three 

putative YycF binding sites, which are contained within the three binding sites for ResD 

(Zhang and Hulett, 2000). YycFG regulation of ctaA transcription, therefore, may be direct.

hmp  transcrip tion . Transcriptional activity of hmp was tested during growth in anaerobic 

conditions (see Figure 3.10). A strong induction of hmp transcription was observed at the late- 

exponential phase of the growth cycle, with even higher levels of activity during the stationary 

phase, as previously reported (LaCelle et al., 1996; Nakano et al., 2000; Nakano and Zhu, 

2001). Transcriptional levels were around three fold higher in a strain expressing 

physiological levels of YycFG (strain BP032) with respect to a strain expressing YycFG at 

constant levels throughout the growth cycle from the IPTG inducible P̂ ^̂  ̂ promoter (strain 

BP032A). Therefore YycFG constitutive expression exerts a negative effect on hm p  

transcription under anaerobic conditions. A putative YycF binding site is present within the 

hmp promoter region, in a position that overlaps the ResD binding sequence. The observed 

effect may therefore be direct: YycF may compete with ResD for the binding to the hmp 

promoter, hampering its transcription. Such effect may reflect a physiological phenomenon 

but it may also be artifactual, deriving from the non-physiological YycFG levels present in 

strain BP032A.
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Figure 3.7. Analysis o f the expression of the resA promoter during growth in aerobic conditions. Growth of 

B. subtilis strains is shown by open symbols and B-galactosidase by closed symbols. Strains BP033 {resA- 

bgaB, blue lines) and strain BP033A (resA-bgaB, PspacyycFGHIJK) were grown in LB broth under aerobic 

conditions. Strain BP033A was cultured in the presence of 100/<M IPTG (red lines) and ImM IPTG (green 

lines). Time zero indicates the point of transition between the exponential and stationary phases of growth. 

This experiment was performed three times with comparable results and a representative profile is shown.
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Figure 3.8. Analysis of the expression of the resA promoter during growth in anaerobic conditions. Growth 

of B. subtilis strains is shown by open symbols and 6-galactosidase by closed symbols. Strains BP033 

(resA-bgaB, blue lines) and strain BP033A {resA-bgaB, P̂ pac yycFGHIJK) were grown in LB broth under 

anaerobic conditions. Strain BP033A was cultured in the absence of IPTG (black lines) and in the presence 

of 1(X)/<M IPTG (red lines) and ImM IPTG (green lines). Time zero indicates the point of transition 

between the exponential and stationary phases of growth. This experiment was performed three times with 

comparable results and a representative profile is shown.
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Figure 3.9. Analysis of the expression of the ctaA promoter during growth in aerobic conditions. Growth 

of B. subtilis strains is shown by open symbols and 6-galactosidase by closed symbols. Strains BP031 

(ctaA-bgaB, blue lines) and strain BP031A (ctaA-bgaB, Vsp^yycFGHUK) were grown in LB broth under 

aerobic conditions. Strain BP031A was cultured in the presence of 100/<M IPTG (red lines) and ImM 

IPTG (green lines). Time zero indicates the point of transition between the exponential and stationary 

phases of growth. This experiment was performed three times with comparable results and a representative 

profile is shown.
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Figure 3.10. Analysis of the expression of the hmp promoter during growth in aerobic conditions. Growth 

of B. subtilis strains is s hown by open symbols and B-galactosidase by closed symbols. Strains BP032 

(hmp-bgaS, blue lines) and strain BP032A {hmp-bgaS, yycFGHIJK) were grown in LB broth under 

aerobic conditions. Strain BP032A was cultured in the absence of IPTG (black lines) and the presence of 

100/<M IPTG (red lines) and ImM  IPTG (green lines). Time zero indicates the point o f transition between 

the exponential and stationary phases of growth. This experiment was performed three times with 

comparable results and a representative profile is shown.



resD  transcription. Transcription of the resD  gene, driven by the intracistronic promoter of 

the resABCDE operon (see Figure 3.1), was assayed both in aerobic and anaerobic conditions.

During growth in aerobiosis, resD  transcriptional levels were low during exponential 

growth and higher during stationary phase in a wild-type background (see Figure 3.11). This 

profile is different from what reported by Sun and colleagues (Sun et al., 1996b), who found 

an induction during the exponential phase and a subsequent repression during the stationary 

phase. Such discrepancy might be explained by the stability of the BgaB protein, which may 

result in an accumulation of this protein within the cell especially during the stationary phase, 

when the cells stop dividing. At first sight YycFG overexpression does not appear to have any 

effect on resD  activity during growth in aerobiosis: resD  transcriptional levels were 

comparable in a wild type background (strain BP034) and in a strain expressing YycFG under 

the control of the promoter (strain BP034A) grown in the presence of 100/iM IPTG and 

ImM IPTG (see Figure 3.1 lA). However, looking closely at the values obtained during the 

exponential phase, it may be noticed that in the strain expressing YycFG constitutively BgaB 

activity levels are somewhat lower than in the wild-type background, and that depletion for 

YycFG results in resD  de-repression. It must be stated that the relevance of these results is 

problematic since activity values are very low and close to the sensitivity limit of the assay. 

However, a putative YycF binding site can be identified within the resD promoter region, 

upstream to the -1 0  and -35  Sigma A binding motifs: the observed very small effect, 

therefore, may be direct. In order to test this hypothesis, a resD-bgaB  promoter fusion 

containing a mutated putative YycF binding sequence was constructed, and P-galactosidase 

assays were carried out in a wild-type background (strain BP035), and in a strain expressing 

YycFG from the P̂ ^̂ c promoter (strain BP035A). Mutation of the putative YycF binding motif 

did not affect resD  activity levels (see Figure 3.1 IB), indicating that any effect of YycF may 

be indirect.

Analogous experiments were carried out in anaerobic conditions (see Figure 3.12). 

Transcriptional activities of the wild type and mutated resD  promoters were assayed in strains 

expressing physiological YycFG levels (strains BP034 and BP035 respectively) and in strains 

expressing yycFG  from the inducible P,̂ â , prom oter (strains BP034A and BP035A). 

Transcriptional levels of resD  were low in all strains during the exponential phase of the 

growth. During stationary phase resD  transcription was induced in all cases, but higher levels 

of expression were observed in the strains overexpressing YycFG, with comparable levels in 

the cultures grown in the presence of 100/iM IPTG and ImM IPTG (see Figures 3.12). 

Crucially, the induction of resD  transcription detected during the stationary phase of the
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growth cycle upon YycFG constitutive expression was not affected by the destruction of a 

putative binding site for YycF within the resD  promoter region (compare strains BP034A and 

BP035A in Figures 3.12A and 3.12B) indicating that such effect is likely to be indirect.

It is known that under phosphate starvation conditions PhoP represses resD  transcription 

by binding directly to resD  promoter region (Birkey et a i ,  1998), while it binds to res A 

promoter enhancing its transcription (see Figure 3.3). It’s crucial to observe that these findings 

refer only to phosphate starvation conditions, and that PhoP is not required for the induction of 

the resABCDE  operon under anaerobic conditions. However, the possibility that PhoP binds to 

the resD  promoter under anaerobic conditions cannot be excluded. On the basis of these 

observations, and in the light of our working hypothesis of a network of interactions involving 

the three TCSs YycFG, ResDE and PhoPR, we hypothesized that YycFG might induce resD  

transcription indirectly by acting as a negative regulator towards the TCS PhoPR. This would 

result in reduced levels of phosphorylated PhoP, and hence in resD  de-repression. In order to 

test this hypothesis, we adopted two different strategies.

1) Firstly, we constructed a resD-bgaB promoter fusion containing a mutated PhoP binding 

site, and we measured resD  transcriptional activity during anaerobic growth, both in a wild- 

type background (strain BP040) and in a strain expressing YycFG from the promoter 

(strain BP040A). Crucially, no induction was observed upon YycFG over-expression (see 

Figure 3.13A). Therefore mutation of the PhoP binding site within the resD  promoter region 

abolishes the induction of resD  transcription observed upon YycFG over-expression (see 

Figure 3.12), indicating that such effect is probably mediated through PhoP.

2) An alternative strategy involved the construction of a strain containing a wild type resD- 

bgaB promoter fusion and a deletion in the phoP  coding sequence (strain BP041). Similarly to 

what found in the previous experiment, no induction of resD  activity was observed upon 

YycFG constitutive expression (strain BP041A, see Figure 3.13B). Results from both 

experiments, therefore, indicate that YycFG over-expression induces resD  transcrip tion 

probably through PhoP.

However, it is crucial to observe that in strains expressing physiological YycFG levels, 

resD  transcriptional activity was not affected by deletion of the phoP  gene or by the presence 

of a mutated PhoP binding site within the resD  promoter fusion (compare strains BP034,
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Figure 3.11. Analysis of the expression of wild-type and mutated resD promoter during growth in aerobic 

conditions. Growth of B. subtilis strains is shown by open symbols and B-galactosidase by closed symbols.

A. Strain BP034 {resD-bgaB, blue lines) and strain BP034A (resD-bgaB, yycFGHIJK) were grown in 

LB broth under aerobic conditions. Strain BP034A was cultured in the absence of IPTG (black lines) and 

the presence of 100/<M IPTG (red lines) and ImM IPTG (green lines).

B. Strain BP035 (blue lines), carrying a resD-bgaB promoter fusion containing a mutated YycF binding 

motif, and strain BP035A, carrying the same promoter fusion and expressing the yycFGHIJK operon under 

the control of the IPTG-inducible P ^  promoter, were grown in LB broth under aerobic conditions. Strain 

BP035A (resD-bgaB, yycFGHIJK) was cultured in the absence of IPTG (black lines) and the presence 

of 100/<M IPTG (red lines) and ImM IPTG (green lines). Time zero indicates the point of transition 

between the exponential and stationary phases of growth. The above experiments were performed three 

times with comparable results and representative profiles are shown.
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Figure 3.12. Analysis of the expression of wild-type and mutated resD  promoter during growth in 

anaerobic conditions. Growth o f B. subtilis strains is shown by open symbols and 6-galactosidase by closed 

symbols.

A. Strain BP034 (resD-bgaB, blue lines) and strain BP034A {resD-bgaB, yycFGHIJK) were grown in 

LB broth under anaerobic conditions. Strain BP034A was cultured in the absence of IPTG (black lines) and 

the presence of 100//M IPTG (red lines) and ImM  IPTG (green lines).

B. Strain BP035 (blue lines), carrying a resD-bgaB  promoter fusion containing a mutated YycF binding 

motif, and strain BP035A, carrying the same promoter fusion and expressing the yycFGHIJK  operon under 

the control of the IPTG-inducible Pjpjc p romoter, were grown in LB broth under anaerobic conditions. 

Strain BP035A (resD-bgaB, P ^  yycFGHIJK) w as cultured in the absence of IPTG (black lines) and the 

presence of 100/<M IPTG (red lines) and ImM IPTG (green lines). Time zero indicates the point of 

transition between the exponential and stationary phases of growth. The above experiments were performed 

three times with comparable results and representative profiles are shown.
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Figure 3.13. Analysis of the effect of PhoP on expression of the resD promoter during growth in anaerobic 

conditions. Growth of B. subtilis strains is shown by open symbols and 6-galactosidase by closed symbols.

A. Strain BP040 (blue lines), carrying a resD-bgaB promoter fusion containing a mutated PhoP binding 

motif, and strain BP040A, carrying the same promoter fusion and expressing the yycFGHIJK operon under 

the control of the IITG-inducible P ^  p romoter, were grown in LB broth under anaerobic conditions. 

Strain BP040A (resD-bgaB, yycFGHIJK) was cultured in the absence of IPTG (black lines) and the 

presence of 1(X);<M IPTG (red lines) and ImM IPTG (green lines).

B. Strain BP041 (blue lines), carrying a wild-type resD-bgaB promoter fusion containing and a phoP null 

mutation, and strain BP041A, carrying the same promoter fusion and expressing the yycFGHIJK operon 

under the control of the IPTG-inducible P ^ p  romoter, were grown in LB broth under anaerobic 

conditions. Strain BP041A (AphoP, resD-bgaB, yycFGHIJK) was cultured in the absence of IPTG 

(black lines) and the presence of 100/<M IPTG (red lines) and ImM IPTG (green lines). Time zero 

indicates the point of transition between the exponential and stationary phases of growth. The above 

experiments were performed three times with comparable results and representative profiles are shown.
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BP040 and BP041 in Figures 3.12A, 3.13A and 3.13B). This result indicates that PhoP does 

not play a role in the induction of resD  transcription observed during the stationary phase in 

anaerobic conditions, and that the positive effect observed upon YycFG constitutive 

expression may not be physiologically relevant, and may derive from interactions between 

YycFG and PhoPR which occur only in the presence of abnormal YycFG protein levels.

In summary, our transcriptional analysis suggests that YycFG might be involved in the 

regulation of transcription from the resA and the resD promoters of the resABCDE operon, as 

well as in transcriptional regulation of constituent genes of the ResDE regulon, such as ctaA 

and hmp. The presence of putative YycF binding sites within the promoter regions of resA, 

CtaA and hmp indicates that such regulation might be direct.

Our results indicate in particular that YycFG might positively regulate transcription of 

resA and ctaA during aerobic growth, while it might repress hmp transcription in anaerobic 

conditions. In order to interpret these results, it is interesting to observe that while resA and 

CtaA are expressed both in aerobic and anaerobic conditions (although at higher levels in 

anaerobiosis), the gene hmp is expressed at significant levels only during anaerobic growth. 

Such a difference might explain the opposite effects observed on the expression of these genes 

upon YycFG constitutive expression. It is tempting to speculate that YycFG may exert a 

positive effect on genes that are needed during both aerobic and anaerobic growth, like resA 

and CtaA, possibly initiating their transcription, while genes expressed exclusively during 

anaerobic growth like hmp may not require YycF for initial transcription and may be induced 

only by the phosphorylated form of ResD.

A number of additional observations points towards the involvement of the three RRs 

YycF, ResD and PhoP in the transcriptional regulation of resA and ctaA. (i) It is known that 

PhoP induces resA transcription in phosphate starvation conditions by binding directly to its 

promoter region (Sun et a i ,  1996b). (ii) Interestingly, the consensus sequence for YycF 

corresponds almost exactly to the complement of the PhoP binding motif: consistent with this 

observation, the putative YycF binding site identified within the resA promoter overlaps with 

the complement of the PhoP binding motif; in addition, although transcription of the ctaA gene 

has not been shown to be regulated by PhoP, its promoter includes three putative PhoP/YycF 

binding sites, each contained within one of the three region covered by ResD. (iii) 

Furthermore, recent unpublished work from our laboratory indicates that YycF and PhoP are 

able to induce transcription of a number of YycFG-regulated genes by binding to the same 

promoter regions, although they act at different stages of the growth cycle and in different
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growth conditions. On the basis of these observations, we propose that the three RRs YycF, 

PhoP and ResD may all contribute to expression of resA (and, possibly, of ctaA and of other 

members of the ResDE regulon), each of them inducing transcription at a specific stage of the 

growth cycle and in a specific environmental condition. YycF, which is present in its active 

form during the exponential phase, might initiate transcription of these genes; the activated 

form of PhoP might induce them during phosphate starvation, while during anaerobic growth 

the main transcriptional regulator might be ResD in its phosphorylated form. Intriguingly, this 

hypothesis might also contribute to explain the essential nature of the TCS YycFG, which 

might play a crucial role in initiating transcription of a number of genes, including the 

essential operon resABCDE.

As anticipated above, the negative effect observed upon YycFG constitutive expression 

on transcription of the hmp gene may be non-physiological, as it may derive from altered 

YycFG levels that may interfere with the normal transcriptional regulation of this gene. 

However, it is interesting to note that the hmp promoter contains a putative YycF binding 

motif, which is included within a ResD binding region: upon YycFG constitutive expression 

YycF may compete with ResD for the binging to the same region, resulting in hmp 

transcriptional repression. Although the effect observed under our experimental conditions 

may not be physiological per se, it may reflect a real phenomenon: in the presence of 

physiological YycFG levels, the RR YycF may bind to the hmp promoter, repressing its 

transcription, during growth in aerobiosis, while during anaerobic growth high levels of 

phosphorylated ResD may compete with YycF for the binding to the hmp promoter, and 

induce its transcription. However this hypothesis needs further experimental evidence.

Results on resD  transcriptional activity support the model of a network of interactions 

involving the three TCSs YycFG, PhoPR and ResDE: resD  transcription is induced upon 

YycFG constitutive expression in anaerobic conditions, and this phenomenon is mediated by 

the RR PhoP. However, deletion of phoP  and mutation of the PhoP binding site do not affect 

resD  induction during anaerobic growth, indicating that the observed effect might be 

artifactual, and might derive from interactions between YycFG and PhoPR that may occur 

only when yycFG  is constitutively expressed.
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3.3.4. Conclusions

The critical findings of this work can be summarized as follows:

(i) Expression of the YycFG-controlled gene yocH  is induced upon SNP addition during the 

stationary phase of aerobic growth (see Figure 3.5). This result may reflect the ability of the 

kinase YycG to sense the compound NO (also sensed by ResE), or alternatively it may 

indicate a cross-talk between the kinase ResE and the regulator YycF.

(ii) YycFG overexpression induces transcription of the res A operon and of the ctaA gene 

during growth in aerobic conditions. Strains expressing yycFG  from the promoter 

displayed higher levels of resA and ctaA transcriptional activity when grown with ImM IPTG 

with respect to lOO^M IPTG (see Figures 3.7 and 3.9). No effect on resA expression was 

observed upon YycFG constitutive expression during anaerobic growth (see Figure 3.8).

(iii) Transcription of the hmp gene is repressed upon YycFG constitutive expression during 

anaerobic growth (see Figure 3.10).

(iv) resD transcription might be indirectly repressed by YycF during the exponential phase of 

growth in aerobic conditions (see Figure 3.11). In addition, during anaerobic growth resD 

transcriptional activity is induced upon YycFG constitutive expression, such effect being 

mediated by the RR PhoP (see Figures 3.12 and 3.13).

These findings support the model of a network of interactions occurring among the TCSs 

YycFG, ResDE and PhoPR. However, the exact nature of such interactions remains to be 

established. Our results suggest that interactions among YycFG, ResDE and PhoPR may occur 

at the level of the signal, whereby YycG may be able to bind NO, the same signaling molecule 

sensed by ResE; at the kinase level, whereby ResE might be able to cross-phosphorylate 

YycF; and at the regulator level, whereby the three RR YycF, PhoP and ResD might be 

involved in transcriptional regulation of the same genes, although at different growth stages 

and in different environmental condition. Nevertheless, none of the above hypothesis has been 

unequivocally proven, and additional experiments should be carried out in order to 

discriminate among a number of possible models that might explain our results. In addition, 

the fact that most of the observed effects were subtle, indicates that they might derive from the
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indirect interactions which are icnown occur between the two pairs of TCS YycFG and PhoPR, 

and ResDE and PhoPR. In other words, it is possible that perturbing the level or the activation 

of one of these TCSs {i.e. YycFG), may influence the activity of a second TCS {i.e. ResDE) 

indirectly, through its interaction with a third TCS {i.e. PhoPR). We reasoned that the effort 

required to identify the exact nature of the interactions occurring among these TCSs might be 

not worthwhile, especially in the light of the complexity of the systems involved. For this 

reason, and in view of the new exciting results obtained in the microarray analysis presented in 

the previous chapters, I focused on this second project, which became the main area of my 

research and which proved itself to be a more productive field of investigation.

102



CHAPTER 4 

MATERIALS AND METHODS
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4.1. Bacterial strains, plasmids and growth conditions

The bacterial strains and plasmids used in this study are listed in Table 4.1. Details of 

strain construction are presented in the next paragraph. Strain TGI was used for routine 

cloning in Escherichia coli (Sambrook et al., 1989). B. subtilis strain 168 trp C l was used 

throughout to generate m utant strains and to establish expression patterns using 

transcriptional fusions. E. coli strains were grown in Luria-Bertani (LB) medium (Miller, 

1972). B. subtilis strains were grown in Luria-Bertani (LB) medium (Miller, 1972), anaerobic 

rich medium (Marino et al., 2001), New Minimal Medium and Conditioned Minimal Medium 

(Andersen, 2003). IPTG was added at concentrations specified in the text while antibiotics 

were added to cultures at the following concentrations per ml: ampicillin 100 //g; tetracycline 

13^g; kanamycin 10 ng\ spectinomycin 100/<g; erythromycin 3//g; chloramphenicol 3/<g.

Table 4.1. Bacterial strains and plasmids used in this work

Strain or plasmid Genotype Source or reference

E. coli strains

TG-1

B. suhtilis strains

supE hsdA.5 thi di(lac-proAB) F ’\traD6 proAB trpC2^ lacF 

lacZAMlS]

Sambrook et al. (1989)

168 trpC l Laboratory stock

AE04 leuA8 metB5 trpC2 hsrM I AyycFG::neo', lacAr.P^j^ y y c G W o l f a n g  S c h u m a n r . ,

erm,' amyE:: yycF Cm' unpublished

MH5117 PheA\ trpC l mdhv.tef phoPA-EcoRl Hulett e ta l. (1994)

AH023 trpC l AyocH::kan' pAH025 ^ 1 6 8

AH9912 trpC2 A)'>’cf::pAH022 (Y’̂ ^yycFGHlJyyxA-, Py^f-lacZ erm') Howell et al. (2003)

BP019 trpC2 amyE::PyocH-bgaB Cm' pBP008 ^ 1 6 8

BP031 trpC2 amyE:\VctaA-bgaB Cm' p B P 022^ 168

BP031A trpC 2 am yE::PctaA-bgaS Cm', A>'}'cF::pAH022 (Pjpac 

yycFGHUyyxA\ P^^-lacZ erm')

pAH022^BP031

BP032 trpC2 amyE::Phmp-bgaB Cm' pBP023 -*168

BP032A trpC 2 am yE::Phm p-bgaB Cm', A>’>’cF :;p A H 022  (P̂ pâ  

yycFGHIJyyxA\ Py^flacZ erm')

pAH022-»BP032
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BP033

BP033A

BP034

BP034A

BP035

BP035A

BP040

BP040A

BP041

BP041A

BP050

BP051

BP053

BP056

BP063

BP064

BP066

BP068

BP070

BP071

BP075

BP079

BP080

BP081

trpC2 amyE::PresA-bgaB Cm' pBP024 -^168

trpC 2 a m yE:\PresA-bgaB  Cm', ::pAH022 (Pspac pAH022-»BP033

yycFGHUyyxA; Pyŷ f -lacZ erm')

trpC l amyE :: PresD-bgaB Cm' pB P025 ^  168

trpC 2 am yE::PresD -bgaB  Cm', A)'>'cf'::pAH022 (Psp̂ c pAH022—»BP034 

yycFGHIJyyxA\ Pyŷ f -lacZ erm')

trpC2 amyE:: PresD'*̂ '̂' <«' '̂t' -̂bgaB Cm' pB P026 -»168

trpC2 amyE::PresD'‘ ‘̂' ' " " ^ ' ^ " ' ‘-bgaB Cnf, AxycF::pAH022 pA H 022^B P035 

(Pspac yycFGHIJyyxA', ?„.f-lacZ erm')

trpC2 amyE:: PresD noPb,„j,„g,iiamcMM_̂ gaB Cm' pBP032 —»168

trpC2 amyE::PresD "‘̂ '̂ '‘̂ -bgaB Cm', Ay>'cF::pAH022 pAH022—*BP040

(Pspac yycFGHIJyyxA-, P^^f -lacZ erm')

PheAX trpC l m dh::tef phoPA-EcoRl, amyE:: PresD-bgaB Cm' pBP025-»M H5117 

PheAX trpC2 m dh::tef phoPA-EcoRX, amyE::PresD-bgaB Cm', pAH022—*BP041 

Ayycf::pAH022 {P^^ yycFGHIJyyxA-, P̂ ŷ f -lacZ erm')

trpC2 amyE::PyjeA-bgaB Cm' pB P 0 3 9 ^  168

trpC2 omyE-.-.PyjeAI-bgaB Cm' pB P 0 4 0 ^  168

trpC2 lacA::P^^ yycG erm,' amyE:: P ĵ, yycF Cm' AE04 chr D N A ^  168

trpC2 lSyycFG::neo', lacA::P^^ yycG  e r m ' amyE::P^^i y y c F  AE04 chr DNA-* BP053

Cm'

trpC2 amyE-.-.PyvcE-bgaB Cm' p B P 0 5 6 ^  168

trpC2 amyE::PyvcEI-bgaB Cm' pBP057-^ 168

trpC2 amyE-.-.PydjM-bgaB Cm' pBP058-» 168

trpC2 AydjM ::tef pBTO61-» 168

trpC2 AyjeA::kan' pBP063-» 168

trpC2 AyocH:: kan' AydjM: -.tef pB P061 -*  A H023

trpC2 amyE::PydjMI-bgaB Cm' p B P 0 6 4 ^  168

trpC2 AyvcE::spc' p B P 0 6 2 ^  168

trpC2 thrC:: P ĵi yvcE spc' pB P 0 6 9 ^  168

trpC2 /!?M::pBP068 spc' pBTO68-» 168
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BP082

BP083

BP087

BP088

BP090

BPllO

BPl l l

BP112

BP113 

BP114 

BP115 

BP118 

BP 120

BP122

BP123

BP124

BP125

EL014

EL015

EL016

EL019

LI6638

SQl

SQ3

Plasmids

trpCl gluv.kan'

trpC2 AydjM.'.tef iSyvcEv.spc'

trpC2 AyocHv.karf AyvcEwspc'

trpC2 AyjeAr.kan' AyycF::pAH 022 (Y’̂ ^.^yycFGHIJyyxA\

Pyy^f-lacZ erm') 

trpC2 AyvcEwspc'AydjM::tef AyocHwkan' 

trpC2 A/>'?£;:pBP088 (Pjpac lytE) erm' 

trpC2 A}'vc£'::s/?c'^A/}'/£'::pBP088 (P,p^ lytE) erm' 

trpC2 AyvcEv.spc'AlytE::'pBW%% (Pspac erm' 

pMAP65 km' neo'

trpC2 thrC:: P̂ yi yvcE spc', A/>'r£::pBP088 (Psp̂ c lytEI) erm’ 

trpC2 Ayvc£'::pBP092 (P̂ y, yvcE) erm' 

trpC2 AlytE::Cm', A>'vc£::pBP092 (P̂ y, yvcE) erm' 

trpC2 amyE::PlytE-bgaB Cm'

trpC2 amyE.-.PlytE-bgaB Cm' AyycF::'(>M\022 (P̂ pĵ

yycFGHIJyyxA', P^ ,-/acZ  erm')

trpC2 AyocH::kan', AlytE::Cm'

trpC2 AydjMv.tef, AlytE::Cm'

trpC2 AyocH::kan', AydjMwtef, AlytE::Cm'

trpC2 thrC:: P̂ î yvcE spc,' yycF::pAH022

(Pspac yycFGHlJyyxA; P^f-/acZ  erm')

trpC2 amyE::PyoeB2-bgaB Cm'

trpC2 omyEwPyoeBI-bgaB Cm'

trpC2 amyEv.PyoeB-bgaB Cm'

trpC2 yycF:\pAHQ22 (P^p  ̂ yycFGHIJyyxA', Pyy^f-lacZ erm')

yocFGwkm'

trpC2 AlytE::Cm'

trpC2 amyE::PydjM2-bgaB Cm'

trpC2 amyE::PydjM3-bgaB Cm'

pBCJ310.1^ 168 

pBP062-* BP068 

BP079 chr DNA^AH023 

pAH022-» BP070

AH023 chr DNA^BP083 

pB P088^ 168 

pBP088-^ BP079 

pMAP65-* BPl l l

pB P088^ BP080 

pB P092^ 168 

pB P092^ L16638 

pBP093-^ 168 

pAH022-^ BP118

L16638 chr. D N A ^ AH023 

L16638 chr. DNA-* BP068 

L16638 chr. D N A ^ BP071 

pA H 022^ BP080

pELO 10.22^ 168 

pELO 11.34^168 

pELO 12.43-^ 168 

pAH022-^EL017

Margot et al. (1998)

PSQFl. 1^168 

PSQF3.1 -*168
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pBCJ310.1 Campbell integration vector for insertion at the beta glucanase 

locus, conferring kanamycin resistance

Jester BC, unpublished

pDL Integration vector for the introduction  of single copy 

transcriptional fusions to bgaB by double crossover at the amy 

locus (Ap"̂  Cm').

Yuan and Wong (1995)

pDG782 Vector for double crossover deletion and replacement of the 

deleted region by a kanamycin resistance cassette (Ap' KanO.

Guerout-Fleury eta l. (1995)

pDG1515 Vector for double crossover deletion and replacement of the 

deleted region by a tetracycline resistance cassette (Ap'Tet')-

Guerout-Fleury et al. (1995)

pDG1727 Vector for double crossover deletion and replacement of the 

deleted region by a spectinomicine resistance cassette (Ap' 

SpcO.

Guerout-Reury et al. (1995)

pMAP65 Non-integrative vector encoding l a d  for a tighter repression of 

the promoter in the absence if IPTG inducer.

Petit et al. (1998)

pMutin4 Integration vector for constructing transcriptional fusions to 

the E. coli lacZ gene and for inducible gene expression from 

the Psp̂ , promoter (Ap"̂  Erm^.

Vagner e ra /. (1998)

pXT Vector for single copy gene expression under inducible control 

of the B. subtilis xylA  promoter and integration at the thrC  

locus (Ap^ Spc' ErmO.

Derre et al. (2000)

pHTxyl Integration vector for inducible gene expression from the B. 

subtilis xylA promoter (Ap' Erm').

Tarek Msadek (unpublished)

pAH022 pMUTIN4 derivative for inducible expression of the yy cF  

operon. Contains a 257 bp fragment overlapping the RBS and 

5 ’ portion of yycF  cloned into EcoRX-BamWl.

Howell et al. (2003)

pBPOOS pDL derivative containing the yo c H  promoter region (Ap' 

CmO.

This work

pAH025 pDG782 derivative for deletion of the yocH  locus. Contains 

fragment partially upstream of yocH  (nucleotides -147 to 118 

o f yo cH  ORE cloned into X h o \ - B g l U )  and fragm ent

This work
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predominantly within yocH  (a 538 bp fragment beginning at 

nucleotide 405 of yocH  ORF cloned into EcoR\-BamH\) either 

side of a kanamycin resistance cassette.

pBP022 pDL derivative containing the ctaA promoter region (Ap^ Cm'). This work

pBP023 pDL derivative containing the hmp promoter region (Ap' Cm'). This work

pBP024 pDL derivative containing the resA promoter region (Ap' Cm'). This work

pBP025 pDL derivative containing the resD  prom oter region (Ap' 

Cm').

This work

pBP026 pDL derivative containing a resD  promoter region with a 

modified putative YycF binding site (Ap' Cm').

This work

pBP032 pDL derivative containing a resD  prom oter region with a 

modified PhoP binding site (Ap' Cm').

This work

pBP039 pDL derivative containing the yjeA promoter region (Ap' Cm'). This work

pBP040 pDL derivative containing the yjeA I promoter region (Ap' 

C hi').

This work

pBP043 pM UTIN4 derivative for inducible expression of the y v c E  

gene. Contains a 518 bp fragment overlapping the RBS and 5 ’ 

portion of yvcE  cloned into Bam\\\.

This work

pBP056 pDL derivative containing the y v c E  prom oter region (Ap' 

Cm').

This work

pBP057 pDL derivative containing the y v c E I  promoter region (Ap' 

Cm').

This work

pBP058 pDL derivative containing the y d jM  promoter region (Ap' 

Cm').

This work

pBP061 pEXjl515 derivative for deletion of the ydjM l  locus. Contains 

fragment upstream of yd jM  (nucleotides -723  to -30 of yd jM  

O R F c loned  in to  P stl)  and fragm ent predom inantly  

dow nstream  of y d j M  (a 833 bp fragm ent beginning at 

nucleotide +353 of y d jM  ORF cloned into HindlU)  at either

This work
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pBP062

side of a tetracycline resistance cassette.

pDG1727 derivative for deletion of the yvcE  locus. Contains This work

pBP063

fragment upstream of yvcE  (nucleotides -893  to -224 with of 

yvcE  ORF cloned into B am \i\) and fragment predominantly 

dow nstream  o f y v c E  (a 918 bp fragm ent beginning at 

nucleotide +1389 of yvcE  ORF cloned into XhoY) at either side 

of a spectinomicine resistance cassette.

pDG780 derivative for deletion of the yjeA  locus. Contains This work

pBP064

fragment predominantly upstream of yjeA  (nucleotides -889  to 

+59 with respect o f y jeA  ORF cloned into BamWX)  and 

fragm ent predom inantly  dow nstream  of y jeA  (a 918 bp 

fragment beginning at nucleotide +1347 of yvcE  ORF cloned 

into Xho\) at either side of a kanamycin resistance cassette. 

pDL derivative containing the y d jM l  promoter region (Ap' This work

pBP068

CmO

pDG1727 derivative for Campbell integration at the htrA This work

pBP069

locus. Contains a 153 bp fragment from the N-terminal region 

of the PDZ domain of htrA  cloned between the Mlul and the 

ExoRI sites flanking a spectinomicine resistance cassette. 

pXT derivative containing for inducible expression of the yvcE This work

pBPOSS

gene. Contains a 1524 bp fragment overlapping the RBS and

the coding region of yvcE  cloned into BaniHl.

pMUTIN4 derivative for inducible expression of the lytE  gene. This work

pBP092

Contains a 552 bp fragm ent overlapping the RBS and 5 ’ 

portion of lytE  cloned into BamW\.

pHTxyl derivative for inducible expression o f the yvcE  gene. This work

pBP093

Contains a 506 bp fragm ent overlapping the RBS and 5 ’ 

portion of yvcE  cloned into BamWl.

pDL derivative containing the lytE  promoter region (Ap" Cm"). This work

pELO 11.34 pDL derivative containing the y o e B l promoter region (Ap' This work
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Cm").

pELO 10.22 pDL derivative containing the yo eB 2  promoter region (Ap" 

Cm%

This vvoric

p S Q F l.l pDL derivative containing the yd jM 2  promoter region (Ap' 

Cm').

This work

pSQF3.1 pDL derivative containing the ydjM 2  promoter region (Ap ' 

Cm").

This work

4.2. Strain construction

Strain AH9912 was constructed as described previously (Howell et al., 2003). Strain 

AH023 was generated by transforming strain 168 with linearized plasmid pAH025, selecting 

for kanamycin resistance. This plasmid was constructed by cloning a fragment upstream of 

yocH  (amplified with primers yocHKO-1 and yocHKO-2) and a fragment downstream of 

yocH  (amplified with primers yocHKO-3 and yocHKO-4) either side of the ka ii cassette in 

pDG782 (Guerout-Fleury et al., 1995). Plasmid pDL (Yuan and Wong, 1995) was used to 

construct the transcriptional fusions to the bgaB reporter gene. Pstl linearised pDL constructs 

were transformed into appropriate B. subtilis strain 168 giving ectopic insertion at the amyE  

locus. Promoter fragments with mutated YycF recognition boxes (see Table 2.2) were 

constructed using the PCR-based method of strand overlap extension (Horton, 1989). Strain 

BP019 was constructed by transforming strain 168 with linearized plasmid pBP008. This 

plasmid was constructed by cloning a 613 bp fragment containing the yocH  promoter region 

(amplified with primers yocH  PMl and yocH  PM2) into pDL. Strain BP031 was constructed 

by transforming strain 168 with linearized plasmid pBP022. This plasmid was constructed by 

cloning a 314 bp fragment containing the ctaA  promoter region (amplified with primers 

oBP015 and 0BPOI6) into pDL. Strain BP031A was constructed by transforming strain BP031 

with plasmid pAH022 (Howell et al., 2003). Strain BP032 was constructed by transforming 

strain 168 with linearized plasmid pBP023. This plasmid was constructed by cloning a 343 bp 

fragment containing the hmp promoter region (amplified with primers oBP017 and 0BPOI8) 

into pDL. Strain BP032A was constructed by transforming strain BP032 with plasmid 

pAH022 (Howell et al., 2003). Strain BP033 was constructed by transforming strain 168 with 

linearized plasmid pBP024. This plasmid was constructed by cloning a 302 bp fragment 

containing the resA promoter region (amplified with primers resAPM l and resAPM2) into 

pDL. Strain BP033A was constructed by transforming strain BP033 with plasmid pAH022
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(Howell et al., 2003). Strain BP034 was constructed by transforming strain 168 with linearized 

plasmid pBP025. This plasmid was constructed by cloning a 333 bp fragment containing the 

resD  promoter region (amplified with primers oBP020 and oBP021) into pDL. Strain BP034A 

was constructed by transforming strain BP034 with plasmid pAH022 (Howell et al., 2003). 

Strain BP035 contains a resD-bgaB promoter fusion carrying mutations in the putative YycF 

binding motif. Two PCR products (a fragment amplified with primers oBP020 and yycFRS2 

and a fragment amplified with primers yycFRSl and oBP021) were fused by the SOE method 

and cloned into plasmid pDL, resulting in plasmid pBP026. Strain BP035 was then 

constructed by transforming strain 168 with linearized plasmid pBP026. Strain BP035A was 

constructed by transforming strain BP035 with plasmid pAH022 (Howell et al., 2003). Strain 

BP040 contains a resD-bgaB promoter fusion carrying mutations in the PhoP binding motif. 

Two PCR products (a fragment amplified with primers oBP020 and phoPRSl and a fragment 

amplified with primers phoPRl and oBP021) were fused by the SOE method and cloned into 

plasmid pDL, resulting in plasmid pBP032. Strain BP040 was then constructed by 

transforming strain 168 with linearized plasmid pBP032. Strain BP040A was constructed by 

transforming strain BP040 with plasmid pAH022 (Howell et al., 2003). Strain BP041 contains 

a resD-bgaB promoter fusion and a deletion in the phoP  coding region. It was constructed by 

transforming strain MH5117 (Hulett er a/., 1994) with linear plasmid pBP025, described 

above. Strain BP041A was constructed by transforming strain BP04I with plasmid pAH022 

(Howell et al., 2003). Strain BP050 was constructed by transforming strain 168 with linearized 

plasmid pBP039. This plasmid was constructed by cloning a 374 bp fragment containing the 

yjeA promoter region (amplified with primers oBP054 and oBP055) into pDL. Strain BP051 

contains a yjeA l-bgaB  promoter fusion with putative YycF binding sequences mutated as 

shown in Table 2.2. Two PCR products (a 240 bp fragment amplified with primers oBP054 

and oBP056 and a 151 bp fragment amplified with primers oBP057 and oBP055) were fused 

by the strand overlap extension method and cloned into plasmid pDL, resulting in plasmid 

pBP040. Strain BP051 was then constructed by transforming strain 168 with linearized 

plasmid pBP040. Strain BP053 was constructed by transforming strain 168 with chromosomal 

DNA isolated from strain AE04 and selecting for chloramphenicol and erythromycin 

resistance. Strain BP056 was constructed by transforming strain BP053 with chromosomal 

DNA isolated from strain AE04 and selecting for neomycin resistance. Strain BP063 was 

constructed by transforming strain 168 with linearized plasmid pBP056. This plasmid was 

constructed by cloning a 512 bp fragment containing the yvcE  promoter region (amplified with 

primers oBP104 and oBP105) into pDL. Strain BP064 contains ayvcEJ-bgaB  promoter fusion



in which the putative YycF binding sequences are mutated as shown in Table 2.2. Tw o PCR 

products (a 220 bp fragm ent am plified with prim ers oBP104 and oBP109 and a 307 bp 

fragm ent am plified with prim ers 0 BPIO 8  and oBP105) were fused by the strand overlap 

extension m ethod and cloned into plasm id pDL, resulting in plasm id pBP057. Strain BP064 

was then constructed by transform ing strain 168 with linearized plasm id pBP057. Strain 

BP066 was constructed by transform ing strain 168 with linearized plasm id pBP058. This 

plasm id was constructed by cloning a 517 bp fragm ent containing the yd jM  prom oter region 

(am plified with prim ers 0 BPIO6  and oBP107) into pDL. Strain BP068 was constructed by 

transform ing strain 168 with linearized plasm id pBP061, selecting for tetracycline resistance. 

This plasmid was constructed by cloning a fragm ent upstream o f yd jM  (amplified with primers 

0 BPO9 I and oBP092) and a fragm ent predom inantly dow nstream  o f yd jM  (am plified with 

primers oB Pl 16 and oBPlOB) either side o f a t e f  cassette in pDG1515 (Guerout-Fleury et al., 

1995). Strain BP070 was constructed by transform ing strain 168 with linearized plasmid 

pBP063, selecting for kanam ycin resistance. This plasm id was constructed by cloning a 

fragm ent predom inantly upstream of yjeA  (amplified with primers oBP050 and oBP055) and a 

fragm ent predom inantly downstream  o i yjeA  (am plified with prim ers oB Pl 15 and oBP053) 

either side o f a kan'' cassette in pDG 780 (G uerout-Fleury et al., 1995). Strain BP071 was 

constructed by transform ing strain A H 023 with plasm id pBP061. Strain BP075 contains a 

yd jM I-bgaB  prom oter fusion carrying m utations in the putative Y ycF binding m otifs as 

detailed in Table 2.2. Tw o PCR products (a 435 bp fragm ent am plified with prim ers 0 BPIO6  

and oB Pl 11 and a 101 bp fragm ent am plified with primers oB Pl 10 and oBP107) were fused 

by the SOE m ethod and cloned into plasmid pDL, resulting in plasmid pBP064. Strain BP075 

was then constructed by transform ing strain 168 with linearized plasm id pBP064. Strain 

BP079 was constructed by transform ing strain 168 with linearized plasmid pBP062, selecting 

for spectinomycin resistance. This plasmid was constructed by cloning a fragm ent upstream of 

yvcE  (am plified  w ith prim ers oB P 074  and oB P075) and a fragm ent predom inan tly  

dow nstream  o f yvcE  (am plified with prim ers oBP112 and oBP090) either side o f a spc' 

cassette  in pD G 1727 (G u ero u t-F leu ry  et al., 1995). S train BP080 was constructed  by 

transform ing strain 168 with linearized plasm id pBP069. This plasm id was constructed by 

cloning a DNA fragm ent that overlaps the ribosome binding site and the coding region o f yvcE  

(am plified with prim ers oBP130 and oBP131) into plasm id pXT (Derre et al., 2000). Strain 

BP081 was constructed by transform ing strain 168 with plasm id pBP068. This plasm id was 

constructed by cloning a fragm ent internal o f htrA  (am plified with primers htrAApdz91 and 

htrAApdz92) upstream  of a s p d  cassette in pD G 1727 (Guerout-Fleury et al., 1995). Strain
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B P 082 was constructed by transforming strain 168 with plasmid pB C J310.1 (Brian Jester, 

unpublished) and selecting  for kanam ycin resistance. Strain B P083 was constructed by 

transforming strain BP068 with linearized plasmid pBP062 (described above). Strain B P087  

was constructed by transforming strain A H 023 with chrom osomal D N A  extracted from strain 

B P079. Strain B P088 was constructed by transforming strain B P070 with plasmid pA H 022  

(H ow ell et al.,  2003). Strain B P 090 was constructed by transforming strain B P083 with  

chrom osom al D N A  extracted from  strain A H 023 . Strain B P l 10 w as constructed by 

transforming strain 168 with plasmid pBP088. This plasmid was constructed by cloning a 552  

bp D N A  fragm ent, that overlaps the ribosome binding site and 5 ’ portion o f  lytE  (am plified  

with primers oB P 182 and oB P 183), into plasmid pM utin4 (Vagner et al.,  1998). Strain B P l 11 

was constructed by transforming strain B P 079 with plasm id pBP088. T his plasm id w as 

constructed as outlined above. Strain B P l 12 was constructed by transforming strain B P l 11 

with plasm id pM AP65 (Petit et al.,  1998). Strain B P l 13 was constructed by transforming 

strain B P080 with plasmid pBP088. This plasmid was constructed as outlined above. Strain 

B P l 14 was constructed by transforming strain 168 with plasmid pBP092. This plasmid was 

constructed by cloning a 506 bp fragment overlapping the ribosome binding site and 5 ’ portion 

o i  y v c E  (am plified  with primers oB P 184  and oB P 062) into plasm id pHTxyl (T. M sadek, 

unpublished). Strain B P l 15 was constructed by transforming strain L16638 with plasmid  

pBP092. Plasmid pBP092 was constructed as described above. Strain B Pl 18 was constructed  

by transforming strain 168 with linearized plasmid pBP093. This plasmid was constructed by 

clon ing  a 2 7 4  bp fragm ent containing the lytE  promoter region (am plified with primers 

oB P 177 and 0 B P I6 6 ) into pDL. Strain B P120 was constructed by transforming strain B Pl 18 

with plasm id p A H 022 (H ow ell et al., 2003) and screening for IPTG-dependent co lon ies. 

Strain B P l 22 was constructed by transforming strain A H 023 with chromosomal DN A  isolated  

from  strain L I 6 6 3 8  and selectin g  for chloram phenicol resistance. Strain B P 123 was 

constructed by transforming strain B P068 with chrom osom al D N A  isolated from L I6638 , 

selecting for chloramphenicol resistance. Strain B P l 24  was constructed by transforming strain 

BP071 with chrom osom al D N A  isolated from L I6638  and selecting for chloram phenicol 

resistance. Strain B P l25 was constructed by transforming strain B P080 with plasmid pA H 022  

(H ow ell et al., 2003). Plasmid pBP043 was constructed by cloning a 518 bp D N A  fragment, 

that overlaps the ribosome binding site and 5 ’ portion o f  yvcE  (am plified with primers 0 BPO6 I 

and oB P062), into plasmid pMutin4 (Vagner et al., 1998).

Plasmid pEL 012.43 was constructed by clon ing a 414bp E coR l-B am H l  PCR fragment 

corresponding to the y o e B  promoter region (syn th esized  with primers yoeB E L F l and
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yoeB E L R l) into similarly restricted pDL vector. To introduce mutations into the yoeB  

promoter (shown in Table 2.2), plasmid pELOl 1.34 was constructed generating the yoeB  I 

construct. Two PCR fragments were generated using primers yoeBELFl/yoeBELR 4 and 

yoeBELF4/yoeBELRl. The two fragments were then fused using the strand overlap extension 

method, restricted with EcoRl-BamHl  and then cloned into pDL. Similarly to generate the 

yoeB2  promoter plasmid pELO 10.22 was constructed by fusing two PCR fragments generated 

by primer pairs yoeBELFl/yoeBELR3 and yoeBELFS/yoeBELRl. The resultant fragment 

was digested with EcoRl-BamHl and cloned it into pDL. Strains EL016, EL015 and EL014 

were obtained by transforming plasmids pEL012.43, pE LO ll.34 and pELOlO.22 into 168, 

respectively, and selecting for chloramphenicol resistance.

The AKP21 strain (Aguilar et al., 2001) used in this study carries a amyE::Pj^,-lacZ Crrf 

and 2LyocFG{desKR)::Krrf locus. To separate the two loci, chromosomal DNA from AKP21 

was transformed into 168. The transformants were screened for kanamycin resistance and 

chloramphenicol sensitivity and the separation o f loci was verified by PCR. Thus strain EL017 

was generated carrying only yocFG(desKR)::Kn{  locus. Strain EL019 was then obtained 

by transforming plasmid pAH022 (Howell et al., 2003) into EL017. Strain S Q F l.l contains a 

ydjM l-bgaB  promoter fusion carrying a deletion o f 6 base pairs in between the SigA -1 0  

motif and the putative SigA -3 5  motif as detailed in Table 2.2. Two PCR products (a 456 bp 

fragment amplified with primers 0BPIO6 and ydjM 0L2 and a 55 bp fragment amplified with 

primers ydjMOLl and oBP107) were fused by the SOE method and cloned into plasmid pDL, 

resulting in plasmid p S Q F l.l. Strain SQ l was then constructed by transforming strain 168 

with linearized plasmid pSQ Fl. 1. Strain SQ3 contains a ydjM l-bgaB  promoter fusion carrying 

the same deletion described above for strain SQ l as well as the mutation in the putative YycF  

binding sequences described above for strain BP075. Strain SQ3 was constructed by 

transforming strain 168 with linearized plasmid pSQE3.1. Plasmid pSQE3.1. was constructed 

essentially as described above for plasmid pSQ Fl.I, with the difference that for the SOE PCR 

reaction plasmid pBP064 was used as a template. All constructs were confirmed by 

sequencing.

4.3. DNA manipulations

DNA manipulations were carried out by standard procedures as described by Sambrook et 

al. (1989).

PCR reactions were carried out in 25-50 |xl final volumes according to the manufacturer 

protocols. Taq polymerase (Invitrogen; Paisley, UK) was used for screening procedures; Pfu
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Turbo polym erase (stratagene; A m sterdam , The N etherlands) was used for high-fidelity 

cloning. Prim ers w ere synthesized to order by Sigm a G enosys, Cam bridge, UK. Strand 

overlap  ex tension  PCR was carried  out as described  by H orton et a i ,  (1989). The 

oligonucleotides used in this study are listed in Table 4.2.

Plasm id isolation was carried out according to the boiling lysis m ethod (Holmes, 1981) 

followed by further purification with the use o f Invitrogen DNA purification columns.

Bacterial transform ation was carried out by standard procedures: E. coli T G I was 

transform ed by the calcium  cloride m ethod (Sam brook et a i,  1989) and B. subtilis strains 

were transform ed as described by Leskela (Leskela et a i ,  1996).

Table 4.2. Primers used in this work

Name Sequence

OBP0I5 5 ’ -CGCGG ATCCTTAGCCT A ACGTA A ACCTCCCTTAC-3 ’
OBP016 5 ’-CGCGGATCCACAAATGTCGTCAG AACACC-3 ’
oBPOl? 5 ’-CGCGGATCCGCTTGCAAATGCGCTCGG-3 ’
0BPOI8 5 ’ -CGCGG ATCCCCATGCTGTTGCAATACGGG-3 ’
0BPO2O 5 ’ -CGCGG ATCCGGGACCCTAAGGAAGTATG-3 ’
0BPO2 I 5 ’ -CGCGG ATCCCTGGCTTCGTCATCA AC-3 ’
OBP050 5 ’-CGCGGATCCAAGCCATCACAAACGCGGTTC-3 ’
0BPO53 5 ’ -CCGCrCG AGGCAGCGTAAGGGTCA ACAAG AG-3 ’
0BPO54 5 ’ -CCGGAATTCGGCTGTCTTTCATCATAAGGGG-3 ’
0BPO55 5 ’-CGCGGATCCCCCACCACACATACAACTGC-3 ’
OBP056 5’-GTAGTGTTGTAGTAGTGTTTATTTCACATTTG-3’
0BPO57 5’-CACTACTACAACACTACAAAAACATTTC-3’
0BPO6 I 5 ’ -CCGG A ATTCCG ATTCC A A ATG AGG ACAGGTTC-3 ’
OBP062 5’-CGCGGATCCAGTCGCACGAGAGATAAAGTCACC-3’
0BPO74 5’-CGCGGATCCAAAGTCGAGTCGCAATATCCC-3’
0BPO75 5 ’ -CGCGG ATCCCCATCA AGTTTCG ACA A ATT AGCG-3 ’
OBP090 5 ’-CCGCrCGAGCATTATCAAATGCTCTCGC-3 ’
OBP091 5 ’ -AAAACTGCAGCTCGACTACA ACGCGGTCTCC-3’
0BPO92 5 ’ -AAAACTGCAGGATTATACACGATCAACCAGC-3 ’
0BPIO3 5 ’ -CCCAAGCTTGCGTTTTATGTTGCA AAGG-3 ’
0BPIO4 5 ’ -CCGGAATTCG AC ACGA A A A A AG ACACAGCGG-3 ’
0BPIO5 5 ’ -CGCGGATCCGATGACGGAAGCCAAACCA AG-3 ’
0BPIO6 5’-CCGGAATTCGCTCCGTTTTTGGCrCTTCG-3’
0BPIO7 5 ’ -CGCGG ATCCCTTCAACATTTCGTCCCCCTG-3 ’
0BPIO8 5 ’ -G ACTTG ACATCTGTTCAC A AC ATA A ATG-3 ’
0BPIO9 5 ’ -GTG AACAGATGTCA AGTC ACACATC-3 ’
oBPI 10 5’-GACTTTGTAACATTACCACAAGGATATTG-3’
o B P l l l 5 ’ -GTGGTAATGTTACAAAGTCAA A A A AGTTTCGTCCCCCTG-3 ’
oB Pl 12 5 ’ -CCGCrCG AGTCCTTACTGGA A AGCAGC-3 ’
0 B P I I 5 5 ’ -CCGCrCG AGCAATTGGTG ACAGTTTCTCAGC-3 ’
0B P I I 6 5 ’ -CCCAAGCTT A AGCA A AGGTA A AGTAGC-3 ’
OBP130 5’-CGCGGATCCAGGTTCACAGTAAAAGGG-3’
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OBP131
oBP165biotin
0BPI66
0BPI77
OBP182
OBP183
OBP184
phoPRS 1
phoPR 1
resAPM I
resAPM2
ydjMOLl
ydjMOL2
yocHKO-1
yocHKO-2
yocHKO-3
yocHKO-4
yocHPM 1
yocHPM2
yoeBELFl
yoeBELRl
yoeBELFS
yoeBELRS
yoeBELF4
yoeBELR4
yoeB PROBE-1
yoeB PROBE-2

ykuP PROBE-1 
ykuP PROBE-2

yycFRS 1 
yycFRS2 
des PM-1 
des PROBE-2

ydjM PROBE-1 
ydjM PROBE-2

yvcE PROBE-1 
yvcE PROBE-2

LYTEFl
LYTERl
htrAApdz91
htrAApdz92
ydjMbiotin
ydjMGSR
desbiotin
desGSR

5 ’ -CGCGGAICC A A ATGTATTCG AA A AGGG-3 ’
5 ’ -GTGTGTGCA A ATA ACGCTCC-3 ’
5 ’ -GTGTGTGCA A ATA ACGCTCC-3 ’

5 ’ -CGCGGAICCG AGTTAACA n  TGGGG AGG-3 ’
5 ’-CGCGGATCCAACCGTAGTGCCGTATTTCC -3’ 
5’-CGCGGATCCCGATTCCAAATGAGGACAGGTTC -3’
5 ’ -GCG ACACAGTTCTCAA ACTTTGGGGCGATTTG-3 ’
5 ’ -CA AATCGCCCCA A AGTTTG AG A ACTGTGTCGC-3 ’
5 ’-CCGGAATTCGCCAGAGAGTTACGCCTCACC-3 ’
5 ’ -CGCGGATCCTTCGGTGCGTCGG ACC-3 ’
5 ’ -ATTGAAATAA AA AATTTG ATCGTGTATA ATCTTCC-3 ’

5 ’ -CCGCTCGAGTTCAGCAAGTCTTTCCATCAG AG AG-3 ’
5 ’ -GAAGAICT AGATTCCCCAG AGCGTATCACCC-3 ’
5 ’-CCGGAAIICGCAAACAA ACGCACCTCAAGC-3 ’
5 ’-CGCGGAICCrCCCCGTAGCCTTCAACATAGAC-3 ’
5 ’ -CCGG AATTCCAGCCCGTA A ATGATG ATG-3 ’
5 ’ -CGCGGATCCGT ATATTGCCCAGTCGTGGTTG-3 ’
5 ’ -GGAAHCCAAG AGGTTCTTGTG ATGTTTCC-3 ’
5 ’ -CGGGAICCGCTTGTTTTTGTG ATA A ATCGCC-3 ’
5 ’ -GTATTGTA ATCTATCA AC A ATTATTGTA AC-3 ’
5 ’ -GTTACAATA ATTGTTG ATAG ATTACA ATAC-3 ’
5 ’ -CCGTAATTATTGTAACATTCACAACATAAG-3 ’
5 ’ -CTTATGTTGTG AATGTTACA ATAATTACGG-3 ’
5 ’ -CCGGAATTCTTG A AGG AG AG AGCG ATA ATG-3 ’
5 ’-CGCGGATCCTAATACGACTCACTATAGGGTCGTATGTG 
ATTGTGCTGCC-3’
5’-CCGGAATTCTCATTAGAGGAGGAACAAGG-3’
5’-CGCGGATCCTAATACGACTCACTATAGGGTGATCAGAC
AGCGCACCCG-3’
5 ’ -CGGTTTTGCCCCTATTATGTGGG ATTTA ATATTCG-3 ’
5 ’-CCCACATA ATAGGGGCA A AACCGATTACGGCC-3 ’
5 ’-CCGGAATTCGAGAGGATACTTACTATG-3 ’
5’-CGCGGATCCTAATACGACTCACTATAGGGCCAGATTCG
TAAGGTATGTG-3’
5 ’ -CCGGAATICGG ACG AA ATGTTG AAG A A AGTC-3 ’
5’-CGCGGATCCTAATACGACTCACTATAGGGGGCTAACAT
CCAGCACTGC-3’
5 ’-CCGGAATTCGTTTGGCTTCCGTCATCGGG-3 ’
5’-CGCGGATCCTAATACGACTCACTATAGGGCCGCTTCAG
AATCTTCGAGC-3’
5’-CTACGACAGCAGTTGTTTTAGGAGC -3’
5’ TGAAGACGATGAAGATGAAGCAGG -3’
5 ’ -CGGAATTCGGACAAATTGAACGTCCATATATC -  3’
5 ’ -CGACGCGTGGCCmTCAGCAGGAGAGC -  3’
5 ’ -CTATA ACTTTTG ATGTGAGTA ATTCC-3 ’
5 ’-CCCTGTTTGTTAACATCTAGG-3 ’
5 ’ -GCTATTTCGGGTACATCACG-3 ’ 
5’-GTTTAAAAGCTGAATCAGGC-3’
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yoeB biotin 5 ’ -CA AG AGGTTCTTGTGATGTTTCC-3 ’
yoeBGSR 5 ’ -GCTTGTTTTTGTG ATA A ATCGCC-3 ’
ykuNbiotin 5 ’-TATTAGGTTATGAGCCTGCC-3 ’
ykuNGSR 5 ’ -C ATTTATCrCG ACACAATCG ATATCC-3 ’
yvcEbiotin 5 ’ -IT A  AAGAGITGATTTATTT A ATCG-3 ’
yvcEGSR 5 ’ -CTCTTTCTC ACTTTTT ATATCCTCC-3 ’
yjeAELFl 5 ’ -AGGCTGTCTTTCATC ATA AGGGG-3 ’
yjeAELRl 5 ’ -CGTCATTCACAAGCGTTGCG-3 ’
htrAbiotin 5 ’ - AGCTGTCTAGCG ATCAT ATCC-3 ’
htrAGSR 5 ’ -CGGG ATCCCCCTG ATCGTTCTCTTTCGT-3 ’
yvcEPEl 5 ’-CATACTCTACGAGGAATGATGG-3’
yvcEPE2 5 ’-CTCTTATTCTGGTTGTATAGCG-3’
ydjMPEl 5 ’ -CGTTCACATGTTTCGCACTGGC-3 ’
ydjMPE2 5 ’ -TTCCTACTAAGATAA AAGCGGC-3 ’
yoeBPEl 5 ’ -CTTA ATG ACAG A ATAAGTGCAATGG-3 ’

Underlined sequences indicate restriction sites added for cloning purpose.

4.4. Northern and primer extension analysis

Northern and primer extension analysis was carried out as described in Noone et al. 

(2000). Twenty five (25fig) micrograms of total RNA was used in each reaction. Probes for 

northern analysis were synthesized by PCR using primer pairs yoeB PROBE-1/yoeB PROBE- 

2 (for yoeB), ykuP PROBE-1/ykuP PROBE-2 (for ykuP), des PM -l/des PROBE-2 (for des), 

ydjM PROBE-1/ ydjM PROBE-2 (for ydjM), yvcE PROBE-1/ yvcE PROBE-2 (for>'vc‘£) and 

LY TEFl/LY TER l (for lylE). The yocH  probe was as described in Howell et al., 2003. 

Primers yvcEPE l, yvcEPE2, ydjM PEl and ydjMPE2 were used for primer extension from 

168 WT total RNA and primers yoeBGSR, yoeBPEl, yjeAGSR and oBP55 were used for 

primer extension analysis of total RNA isolated from strain AH9912 grown in the absence of 

IPTG.

4.5. Microarray analysis

The Affymetrix (Affymetrix Ltd., USA) B. subtilis Genome Array (antisense) was used 

for transcriptome analysis of strain AH9912 grown under conditions of YycFG repletion 

( I mM IPTG) and depletion (no IPTG). An overnight culture of strain AH9912 grown in 

100/<M IPTG was used to inoculate two LB cultures, one containing ImM IPTG and the other 

without IPTG. A culture of wild-type strain 168 B. subtilis was similarly prepared as a control. 

Cells were harvested from the three cultures throughout the following 2.5-hour growth cycle 

and frozen in liquid nitrogen as described by (Eymann et al., 2002). The point of growth 

cessation of the AH9912 culture grown without IPTG was determined from the growth curve.
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Then total RNA was prepared from B. subtilis strain 168 and from strain AH9912 grown in 

the presence of ImM IPTG and in the absence of IPTG at this point of the growth cycle of all 

three cultures and processed according to the method of Eymann et al., (2002). Four separate 

experiments were performed yielding four total RNA preparations for AH9912 cells grown 

without IPTG and with IPTG and for wild-type strain 168. The quality of each RNA 

preparation and the extent to which the cells were YycFG-depleted were estimated using gel 

electrophoresis and Northern analysis, probing for yocH  transcript levels, respectively. Three 

RNA preparations from cells grown under each condition {ie + and -  IPTG) were chosen for 

use as probes in the microarray analysis. Biotinylated antisense RNA probe was prepared 

using the MessageAmp™ II-Bacteria Kit (Ambion Ltd) incorporating biotin-UTP and biotin- 

CTP. This was used to hybridize to the B. subtilis Affymetrix microarrays using standard 

procedures described for prokaryotic arrays. The arrays were washed in the Affymetrix 

GeneChip fluidics station 450 and scanned using the GeneChip 3000 scanner.

The raw probe intensities were normalized using the nonlinear-normalization method, 

Qspline (Workman et al., 2002), and the logit-r method was applied to determine differentially 

expressed genes between the two categories (Lemon et al., 2003). The gene expression index 

values used to determine the fold changes, were calculated by the use of the method developed 

by Li and Wong (2001), after applying the Robust Multi-arrays Average (RMA) method for 

background correction to the raw Perfect Match (PM) probe intensities (Irizarry et al., 2003), 

and normalizing these using Qspline (Workman etal., 2002).

4.6. Measurement of incorporation of '‘*C-labelled N-acetylglucosamine into B. subtilis 

ceil wails

A B. subtilis culture was grown in LB medium at 37°C and 120 rpm until the ODgoo had 

reached a value of 0.5. A 2 ml aliquot of this culture was then added to 8 ml of pre-warmed 

LB medium containing 20|xl of '“’C-labelled N-acetylglucosamine (7.4 MBq/ml; Amersham) 

and 12.8 |i.l of unlabelled N-acetylglucosamine (5ng/ml; Sigma Chemical) to give a final 

concentration of 6.4 mg/L. Growth was monitored turbidimetrically at OD^oo and 400 îl 

samples of the cell suspension were harvested in duplicate every 10 minutes, transferred to 

micro-centrifuge tubes containing 400[il of 0.1% of sodium dodecylsulphate (SDS), pelleted 

by centrifugation at 15,000 rpm for 10 minutes and the supernatant was discarded. The cell 

pellets were resuspended in 400|al of distilled water and mixed with 5 ml of scintillation liquid 

(Ecoscint A, National Diagnostic) and the radioactivity was measured using a liquid 

scintillation counter (Packard Tri-Carb). To calculate incorporation of "‘C-labelled N-
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acetylglucosam ine, the am ount o f radioactivity present in the Tq samples was subtracted from 

the value obtained for each sample.

4.7. Measurement of cell wall turnover of B. subtilis cell walls

In order to obtain radiolabelled cell walls, 1ml of an exponentially growing culture (ODgoo 

0.25) was added to 9 ml o f pre-w arm ed LB m edium  containing 20jxl o f '“’C-labelled N- 

acetylglucosam ine (7.4 M Bq/m l; Am ersham ) and incubated at 37°C, 120 rpm for a time 

corresponding to two generations (44 m inutes for all strains with the exception of strain 

BP068, for which cells were incubated for 60 minutes). Cells were pelleted by centrifugation 

at 6,000 rpm for 5 minutes at 25°C, and washed twice with pre-warmed LB medium. The cells 

w ere then resuspended in 10ml o f pre-w arm ed LB con tain ing  lOOmg/L o f cold N- 

acetylglucosam ine and incubated at 37°C, shaking at 120 rpm. G row th was m onitored 

turbidim etrically at ODgoo and 400 [xl samples o f the cell suspension were taken in duplicate 

every 10 m inutes and transferred into m icro-centrifuge tubes containing 400^,1 o f 0.1%  of 

sodium  dodecylsulphate (SDS). Cells were pelleted by centrifugation at 15,000 rpm for 10 

m inutes and the radioactivity of both the supernatant and the pellet was m easured as described 

above.

4.8. Protein purification

The Y ycF protein was purified according to the procedure described in Howell et al. 

(2006).

4.9. Gel mobility shift DNA binding assays

DNA fragm ents spanning the prom oter regions of yjeA  (340bp, YjeAbiotin/Y jeAGSR), 

yc(/M (419bp, Y djM biotin/Y djM G SR), yvc£  (385bp, Y vcEbiotin/Y vcEG SR ), lytE 

oB P 1 7 7 , o B P 1 6 5 b io tin ), y o e B  (414bp , Y o eB b io tin /Y o eB G S R ) and  h trA  (htrA 

biotin/htrA GSR) were generated by PCR using Phusion polym erase (NEB) and the indicated 

biotinylated oligonucleotide pairs. Biotinylated DNA fragm ents were gel purified and binding 

reactions, electrophoresis and detection were performed essentially as described in Howell et 

al. (2006), with the follow ing m odifications: 6% native polyacrylam ide gels with a 80:1 

acrylam ide:bisacrylam ide ratio were used with a T ris-acetate buffer system. All reactions 

contained ‘YycG and were perform ed in the presence o f ImM  A TP and poly |d (I-C )|. An 

aliquot o f 2ng of biotinylated promoter fragm ent was used and where appropriate lOOX excess 

o f unlabelled competitor DNA.

119



4.10, Purification, acetylation and lysozyme digestion of B. subtilis cell walls

Four hundred ml cultures o f B. subtilis  strains A H 9912 and BP088 (both have the 

yycFG H U K  operon under the control o f the IPTG-inducible P̂ pac promoter) were grown in the 

presence and the absence o f IPTG. In Y ycFG -depleted cultures (-IPTG), cells were harvested 

at the point of growth cessation while in Y ycFG -replete cultures (1 mM IPTG) cells were 

harvested at the same OD 5 9 5  as the Y ycFG -depleted ones (in both cases OD 5 9 5  ~ 0.8). Cells 

were pelleted by centrifugation at 16100 g for 5 min at 4°C  and washed twice in 10 volumes 

o f lOmM sodium  phosphate buffer (pH 7). Cell suspensions were transferred to 2 ml screw 

cap tubes containing 0.5g o f glass beads (B iospec; Bartlesville, OK, USA) and broken by 

vigorous shaking in a Fastprep bead beater (B io l01, Biospec; Bartlesville, OK, USA) for 45 

seconds at speed 6.5. The process was repeated 10 tim es and the tubes were cooled on ice for 

2 min in between. Unbroken cells and glass debris were rem oved by centrifugation at 5000 

rpm for 2 min at 4°C and the supernatant was transferred to new tubes. Cell wall fragm ents 

were pelleted by centrifugation at 16100 g for 5 min at 4°C , resuspended in 2% SDS and 

incubated tw ice for 5 min at 100°C in 2% SDS to rem ove proteins. D eproteinized cell walls 

were then washed twice in distilled water, tw ice in lOmM sodium phosphate buffer (pH 7) and 

tw ice in distilled  w ater and stored at -20°C. Cell walls were acetylated as described by 

Vollm er and Tom asz (2000). To determ ine lysozym e sensitivity, a suspension of cell wall 

(both non-acetylated and acetylated) was made in lOmM Tris/HCl pH 8  and the turbidity was 

adjusted to 0 0 , 9 5  = 0.3. Lysozym e was added at a final concentration o f 20/^g/ml and 

digestion was estim ated by m easuring the decrease in OD 5 9 5  at 25°C. Preparations without 

added lysozyme were used as negative controls. Native cell walls were prepared essentially as 

described above but the boiling step in 2%  SDS was om itted. N ative cell walls were 

suspended in lOmM Tris/H Cl to 0 0 ,9 5 = 0.3, incubated at 37°C and the decrease in optical 

density was m easured at 595nm.

4.11. Microscopy

Cell sam ples for m icroscopic analysis were pelleted by centrifugation and fixed in 3%

paraform aldehyde (in Spizizen’s m inim al salts, pH7.5) for 10 m inutes on ice. Cells were

washed twice in Spizizen’s minimal salts containing 15mM sodium azide and m ounted onto

glass slides covered with 1.2% agarose in water. To visualize the nucleoids, lOpil o f DAPI

(O .l^g/m l in 50%  v/v glycerol; Sigma) was added to the samples and incubated for 5 minutes

in the dark before viewing. To visualize newly synthesized peptidoglycan, cells were grown in

the presence o f unlabelled and fluorescein-labelled vancom ycin for 15 m inutes (M olecular
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Probes) and prepared for microscopic examination as described by Daniel and Errington 

(2003). Images were acquired using an Olympus Fluoview 100 Confocal Microscope and 

analyzed using Fluoview software version 1.3.

4.12. Beta-galactosidase assays

6-galactosidase assays were performed as described in Yuan and Wong (1995). Protein 

concentration was determined using the Bio-Rad microassay (Bio-Rad, Hercules, CA) 

according to the manufacturer’s instructions.

121



REFERENCES

122



Aguilar, P.S., Cronan, J.E., Jr., and de Mendoza, D. (1998) A Bacillus subtilis gene induced 

by cold shock encodes a membrane phospholipid desaturase. Journal o f Bacteriology 

180: 2194-2200.

Aguilar, P.S., Hernandez-Arriaga, A.M., Cybulski, L.E., Erazo, A.C., et al. (2001) Molecular 

basis of thermosensing; a two-component signal transduction thermometer in Bacillus 

subtilis. EMBO Journal 20: 1681 - 1691.

Ahn, S.J., and Burne, R.A. (2007) Effects of oxygen on biofilm formation and the AtlA 

autolysin of Streptococcus mutans. Journal o f Bacteriology 189: 6293-6302.

Allenby, N.E., O'Connor, N., Pragai, Z., Ward, A.C., et al. (2005) Genome-wide 

transcriptional analysis of the phosphate starvation stimulon of Bacillus subtilis. 

Journal o f Bacteriology 187: 8063-8080.

Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J., et al. (1997) Gapped BLAST and PSI- 

BLAST: a new generation of protein database search programs. Nucleic Acids 

Research 25 : 3389-3402.

Amano, K., Hayashi, H., Araki, Y., and Ito, E. (1977) The action of lysozyme on 

peptidoglycan with N-unsubstituted glucosamine residues. Isolation of glycan 

fragments and their susceptibility to lysozyme. European Journal o f Biochemistry 76: 

299-307.

Andersen, K.K. (2003) The expression profile of abrB upon dilution of a Bacillus subtilis 

culture into fresh medium is effected by a quorum sensing-type mechanism operating 

through KinC and the phosphorelay. Manuscript in preparation.

Antelmann, H., Yamamoto, H., Sekiguchi, J., and Hecker, M. (2002) Stabilization of cell wall 

proteins in Bacillus subtilis: a proteomic approach. Proteomics 2 : 591-602.

Antelmann, H., Towe, S., Albrecht, D., and Hecker, M. (2007) The phosphorus source phytate 

changes the composition of the cell wall proteome in Bacillus subtilis. Journal o f 

Proteome Research 6 : 897-903.

Appleby, J.L., Parkinson, J.S., and Bourret, R.B. (1996) Signal transduction via the multi-step 

phosphorelay: not necessarily a road less traveled. Cell 86: 845-848.

Araki, Y., Oba, S., Araki, S., and Ito, E. (1980) Enzymatic deacetylation of N- 

acetylglucosamine residues in cell wall peptidoglycan. Journal o f Biochemistry 88: 

469-479.

Aravind, L., and Ponting, C.P. (1999) The cytoplasmic helical linker domain of receptor 

histidine kinase and methyl-accepting proteins is common to many prokaryotic 

signalling proteins. FEMS Microbiology Letters 176: 111-116.

123



Aravind, L., Anantharaman, V., Balaji, S., Babu, M.M., et al. (2005) The many faces of the 

helix-turn-helix domain: transcription regulation and beyond. FEMS Microbiology 

Reviews 29: 231 -262.

Ashby, M.K., and Houmard, J. (2006) Cyanobacterial two-component proteins: structure, 

diversity, distribution, and evolution. Microbiology & Molecular Biology Reviews 70 : 

472-509.

Atrih, A., Bacher, G., Allmaier, G., Williamson, M.P., et al. (1999) Analysis of peptidoglycan 

structure from vegetative cells of Bacillus subtilis  168 and role of PBP 5 in 

peptidoglycan maturation. Journal o f Bacteriology 181: 3956-3966.

Baldus, J.M., Green, B.D., Youngman, P., and Moran, C.P., Jr. (1994) Phosphorylation of 

Bacillus subtilis transcription factor SpoOA stimulates transcription from the spoIIG 

promoter by enhancing binding to weak OA boxes. Journal o f Bacteriology 176: 296- 

306.

Baruah, A., Lindsey, B., Zhu, Y., and Nakano, M.M. (2004) Mutational analysis of the signal- 

sensing domain of ResE histidine kinase from Bacillus subtilis. Journal o f 

Bacteriology 186: 1694-1704.

Bateman, A., and Bycroft, M. (2000) The structure of a LysM domain from E. coli membrane- 

bound lytic murein transglycosylase D (MltD). Journal o f Molecular Biology 299 : 

1113-1119.

Bent, C.J., Isaacs, N.W., Mitchell, T.J., and Riboldi-Tunnicliffe, A. (2004) Crystal structure of 

the response regulator 02 receiver domain, the essential YycF two-component system 

of Streptococcus pneumoniae in both complexed and native states. Journal o f 

Bacteriology 186: 2872-2879.

Bhagwat, S.P., Nary, J., and Burne, R.A. (2001) Effects of mutating putative two-component 

systems on biofilm formation by Streptococcus mutans UAI59. FEMS Microbiology 

Letters 205: 225-230.

Bhavsar, A.P., and Brown, E.D. (2006) Cell wall assembly in Bacillus subtilis: how spirals 

and spaces challenge paradigms. Molecular Microbiology 60: 1077-1090.

Birck, C., Chen, Y., Hulett, P.M., and Samama, J.P. (2003) The crystal structure of the 

phosphorylation domain in PhoP reveals a functional tandem association mediated by 

an asymmetric interface. Journal o f Bacteriology 185: 254-261.

Bird, T.H., Grimsley, J.K., Hoch, J.A., and Spiegelman, G.B. (1993) Phosphorylation of 

SpoOA activates its stimulation of in vitro transcription from the Bacillus subtilis 

spoIIG operon. Molecular Microbiology 9 : 741 -749.

124



Birkey, S.M., Liu, W., Zhang, X., Duggan, M.F., et al. (1998) Pho signal transduction network 

reveals direct transcriptional regulation of one two-component system by another two- 

component regulator: Bacillus subtilis PhoP directly regulates production of ResD. 

Molecular Microbiology 30: 943-953.

Bisicchia, P., Noone, D., Lioliou, E., Howell, A., et al. (2007) The essential YycFG two- 

component system controls cell wall metabolism in Bacillus subtilis. M olecular 

Microbiology 65: 180-200.

Blackman, S.A., Smith, T.J., and Foster, S.J. (1998) The role of autolysins during vegetative 

growth of Bacillus subtilis 168. Microbiology 144: 73-82.

Blair, D.E., and van Aalten, D.M. (2004) Structures of Bacillus subtilis PdaA, a family 4 

carbohydrate esterase, and a complex with N-acetyl-glucosamine. FEBS Letters 570: 

13-19.

Blanco, A.G., Sola, M., Gomis-Ruth, F.X., and Coll, M. (2002) Tandem DNA recognition by 

PhoB, a two-component signal transduction transcriptional activator.[see commentl. 

Structure 10: 701-713.

Butcher, G.W., King, G., and Dyke, K.G. (1976) Sensitivity of Staphylococcus aureus to 

unsaturated fatty acids. Journal of General Microbiology 94: 290-296.

Carballido-Lopez, R., and Errington, J. (2003) The bacterial cytoskeleton: in vivo dynamics of 

the actin-like protein Mb! of Bacillus subtilis. Developmental Cell 4: 19-28.

Carballido-Lopez, R. (2006) The bacterial actin-like cytoskeleton. Microbiol Mol Biol Rev 70: 

888-909.

Carballido-Lopez, R., Formstone, A., Li, Y., Ehrlich, S.D., et al. (2006) Actin homolog 

MreBH governs cell morphogenesis by localization of the cell wall hydrolase LytE. 

Developmental Cell 11: 399-409.

Catlett, N.L., Yoder, O.C., and Turgeon, B.G. (2003) Whole-genome analysis of two- 

component signal transduction genes in fungal pathogens. Eukaryotic Cell 2: 1151- 

1161.

Chen, Y., Abdel-Fattah, W.R., and Hulett, F.M. (2004) Residues required for Bacillus subtilis 

PhoP DNA binding or RNA polymerase interaction: alanine scanning of PhoP effector 

domain transactivation loop and alpha helix 3. Journal o f Bacteriology 186: 1493- 

1502.

Cheung, H.Y., Vitkovic, L., and Freese, E. (1983) Rates of peptidoglycan turnover and cell 

growth of Bacillus subtilis are correlated. Journal o f Bacteriology 156: 1099-1106.

125



Cho, H.S., Pelton, J.G., Yan, D., Kustu, S., et al. (2001) Phosphoaspartates in bacterial signal 

transduction. Current Opinion in Structural Biology 11: 679-684.

Clausen, T., Southan, C., and Ehrmann, M. (2002) The HtrA family of proteases: implications 

for protein composition and cell fate. Molecular Cell 10: 443-455.

Clausen, V.A., Bae, W., Throup, J., Burnham, M.K., et al. (2003) Biochemical 

characterization of the first essential two-component signal transduction system from 

Staphylococcus aureus  and Streptococcus pneumoniae. Journal o f Molecular 

Microbiology & Biotechnology 5: 252-260.

Crooks, G.E., Hon, G., Chandonia, J.M., and Brenner, S.E. (2004) WebLogo: a sequence logo 

generator. Genome Research 14: 1188-1190.

Cybulski, L.E., Albanesi, D., Mansilla, M.C., Altabe, S., et al. (2002) Mechanism of 

membrane fluidity optimization: isothermal control of the Bacillus subtilis acyl-lipid 

desaturase. Molecular Microbiology 45\ 1379-1388.

Daniel, R.A., and Errington, J. (2003) Control of cell morphogenesis in bacteria: two distinct 

ways to make a rod-shaped cell. Cell 113: 767-776.

de Been, M., Francke, C., Moezelaar, R., Abee, T., et al. (2006) Comparative analysis of two- 

component signal transduction systems of Bacillus cereus. Bacillus thuringiensis and 

Bacillus anthracis. Microbiology 152: 3035-3048.

de Boer, W.R., Meyer, P.D., Jordens, C.G., Kruyssen, F.J., et al. (1982) Cell wall turnover in 

growing and nongrowing cultures of Bacillus subtilis. Journal o f Bacteriology 149: 

977-984.

De Las Rivas, B., Garcia, J.L., Lopez, R., and Garcia, P. (2002) Purification and polar 

localization of pneumococcal LytB, a putative endo-beta-N-acetylglucosaminidase: the 

chain-dispersing murein hydrolase. Journal o f Bacteriology 184: 4988-5000.

Debarbouille, M., Gardan, R., Arnaud, M., and Rapoport, G. (1999) Role of bkdR, a 

transcriptional activator of the sigL-dependent isoleucine and valine degradation 

pathway in Bacillus subtilis. Journal o f Bacteriology 181: 2059-2066.

Divakaruni, A.V., Loo, R.R., Xie, Y., Loo, J.A., et al. (2005) The cell-shape protein MreC 

interacts with extracytoplasmic proteins including cell wall assembly complexes in 

Caulobacter crescentus. Proceedings o f the National Academy o f Sciences o f the 

United States o f America 102: 18602-18607.

Dubrac, S., and Msadek, T. (2004) Identification of genes controlled by the essential 

YycG/YycF two-component system of Staphylococcus aureus. Journal o f  

Bacteriology 186: 1175-1181.



Dubrac, S., Boneca, I.G., Poupel, O., and Msadek, T. (2007) New insights into the 

WalK/WalR (YycG/YycF) essential signal transduction pathway reveal a major role in 

controlling cell wall metabolism and biofilm formation in Staphylococcus aureus. 

Journal o f Bacteriology 189: 8257-8269.

Dutta, R., Qin, L., and Inouye, M. (1999) Histidine kinases: diversity of domain organization. 

Molecular Microbiology 34 : 633-640.

Echenique, J.R., and Trombe, M.C. (2001) Competence repression under oxygen limitation 

through the two-component MicAB signal-transducing system in Streptococcus 

pneumoniae and involvement of the PAS domain of MicB. Journal o f Bacteriology 

183: 4599-4608.

Eder, S., Liu, W., and Hulett, P.M. (1999) Mutational analysis of the phoD  promoter in 

Bacillus subtilis: implications for PhoP binding and promoter activation of Pho regulon 

promoters. Journal o f Bacteriology 181: 2017-2025.

Eichenberger, P., Jensen, S.T., Conlon, E.M., van Ooij, C., et al. (2003) The sigm.aE regulon 

and the identification of additional sporulation genes in Bacillus subtilis. Journal o f 

Molecular Biology 327: 945-972.

Elsen, S., Duche, O., and Colbeau, A. (2003) Interaction between the H2 sensor HupUV and 

the histidine kinase HupT controls HupSL hydrogenase synthesis in Rhodobacter 

capsulatus. Journal o f Bacteriology 185: 7111-7119.

Eymann, C., Homuth, G., Scharf, C., and Hecker, M. (2002) Bacillus subtilis functional 

genomics: global characterization of the stringent response by proteome and 

transcriptome analysis. Journal o f Bacteriology 184: 2500-2520.

Fabret, C., and Hoch, J.A. (1998) A two-component signal transduction system essential for 

growth of Bacillus subtilis: implications for anti-infective therapy. Journal o f  

Bacteriology 180: 6375-6383.

Fabret, C., Feher, V.A., and Hoch, J.A. (1999) Two-component signal transduction in Bacillus 

subtilis'. how one organism sees its world. Journal o f Bacteriology 181: 1975-1983.

Federle, M.J., Mclver, K.S., and Scott, J.R. (1999) A response regulator that represses 

transcription of several virulence operons in the group A streptococcus. Journal o f 

Bacteriology 181: 3649-3657.

Ferretti, J.J., McShan, W.M., Ajdic, D., Savic, D.J., et al. (2001) Complete genome sequence 

of an Ml strain of Streptococcus pyogenes. Proceedings o f the National Academy o f 

Sciences o f the United States o f America 98: 4658-4663.

127



Formstone, A., and Errington, J. (2005) A magnesium-dependent m reB  null mutant: 

implications for the role of mreB  in Bacillus subtilis. Molecular Microbiology 55 : 

1646-1657.

Friedman, L., Alder, J.D., and Silverman, J.A. (2006) Genetic changes that correlate with 

reduced susceptibility to daptomycin in Staphylococcus aureus. Antimicrob Agents 

Chemother 50: 2137-2145.

Fujita, M., Gonzalez-Pastor, J.E., and Losick, R. (2005) High- and low-threshold genes in the 

SpoOA regulon of Bacillus subtilis. Journal o f Bacteriology 187: 1357-1368.

Fukuchi, K., Kasahara, Y., Asai, K., Kobayashi, K., et al. (2000) The essential two-component 

regulatory system encoded by yycF  and yycG  modulates expression of the ftsAZ  operon 

in Bacillus subtilis. Microbiology 146: 1573-1583.

Fukushima, T., Yamamoto, H., Atrih, A., Foster, S.J., et al. (2002) A polysaccharide 

deacetylase gene (pdaA) is required for germination and for production of muramic 

delta-lactam residues in the spore cortex of Bacillus subtilis. Journal o f Bacteriology 

184: 6007-6015.

Fukushima, T., Tanabe, T., Yamamoto, H., Hosoya, S., et al. (2004) Characterization of a 

polysaccharide deacetylase gene homologue (pdaB) on sporulation of Bacillus subtilis. 

Journal o f Biochemistry 136: 283-291.

Fukushima, T., Kitajima, T., and Sekiguchi, J. (2005) A polysaccharide deacetylase 

homologue, PdaA, in Bacillus subtilis acts as an N-acetylmuramic acid deacetylase in 

vitro. Journal o f Bacteriology 187: 1287-1292.

Fukushima, T., Afkham, A., Kurosawa, S., Tanabe, T., et al. (2006) A new D,L-endopeptidase 

gene product, YojL (renamed CwlS), plays a role in cell separation with LytE and LytF 

in Bacillus subtilis. Journal o f Bacteriology 188: 5541-5550.

Furuta, E., Yamamoto, K., Tatebe, D., Watabe, K., et al. (2005) Targeting protein 

homodimerization: a novel drug discovery system. FEBS Letters 579: 2065-2070.

Galperin, M.Y. (2005) A census of membrane-bound and intracellular signal transduction 

proteins in bacteria: bacterial IQ, extroverts and introverts. BMC Microbiology 5 : 35.

Galperin, M.Y. (2006) Structural classification of bacterial response regulators: diversity of 

output domains and domain combinations. Journal o f Bacteriology 188: 4169-4182.

Gilmore, M.E., Bandyopadhyay, D., Dean, A.M., Linnstaedt, S.D., et al. (2004) Production of 

muramic delta-lactam in Bacillus subtilis spore peptidoglycan. Journal o f Bacteriology 

186: 80-89.

128



Glaser, P., Frangeul, L., Buchrieser, C., Rusniok, C., et al. (2001) Comparative genomics of 

Listeria species. Science 294: 849-852.

Grebe, T.W., and Stock, J.B. (1999) The histidine protein kinase superfamily. Advances in 

Microbial Physiology 41: 139-227.

Guerout-Fleury, A.M., Shazand, K., Frandsen, N., and Stragier, P. (1995) Antibiotic-resistance 

cassettes for Bacillus subtilis. Gene 167: 335-336.

Guzman, P., Westpheling, J., and Youngman, P. (1988) Characterization of the promoter 

region of the Bacillus subtilis spoIlE  operon. Journal o f Bacteriology 170: 1598-1609.

Hagiwara, D., Sugiura, M., Oshima, T., Mori, H., et al. (2003) Genome-wide analyses 

revealing a signaling network of the RcsC-YojN-RcsB phosphorelay system in 

Escherichia coli. Journal o f Bacteriology 185: 5735-5746.

Hancock, L., and Perego, M. (2002) Two-component signal transduction in Enterococcus 

faecalis. Journal o f Bacteriology 184: 5819-5825.

Helmann, J.D., and Moran, C.P., Jr. (2002) RNA Polymerase and Sigma Factors. In Bacillus 

subtilis and Its Closest Relatives. From genes to cells. Sonenshein, A.L., Hock, J.A. 

and Losick, R. (ed). Washington, D.C.: ASM Press, pp. 289-312.

Hoch, J.A., and Silhavy, T.J. (1995) Two-Component Signal Transduction. Washington, D.C.: 

American Society for Microbiology.

Holmes, D.S.a.M.Q. (1981) A rapid boiling method for the preparation of bacterial plasmid. 

Analytical Biochemistry 114: 193-197.

Holtje, J.V. (1998) Growth of the stress-bearing and shape-maintaining murein sacculus of 

Escherichia coli. Microbiology & Molecular Biology Reviews 62: 181-203.

Horton, R.M., Hunt, H.D., Ho, S.N., Pullen, J.K., and Pease, L.R. (1989) Engineering hybrid 

genes without the use of restriction enzymes: gene splicing by overlap extension. Gene 

77: 61-68.

Howell, A., Dubrac, S., Andersen, K.K., Noone, D., et al. (2003) Genes controlled by the 

essential YycG/YycF two-component system of Bacillus subtilis revealed through a 

novel hybrid regulator approach. Molecular Microbiology 49: 1639-1655.

Howell, A., Dubrac, S., Noone, D., Varughese, K.I. and Devine, K. (2006) Interactions 

between the YycFG and PhoPR two-component systems in Bacillus subtilis'. the PhoR 

kinase phosphorylates the non-cognate YycF response regulator upon phosphate 

limitation. Molecular Microbiology 59: 1199-1215.

129



Hulett, F.M., Lee, J., Shi, L., Sun, G., et al. (1994) Sequential action of two-component 

genetic switches regulates the PHO regulon in Bacillus subtilis. Journal o f 

Bacteriology \ 16: 1348-1358.

Hulett, F.M. (2002) The PhoP regulon. In Bacillus subtilis and its closest relatives: from genes 

to cells, al., A.L.S.e. (ed). Washington, DC.: ASM Press, pp. 193-202.

Hunger, K., Beckering, C.L., and Marahiel, M.A. (2004) Genetic evidence for the 

temperature-sensing ability of the membrane domain of the Bacillus subtilis histidine 

kinase DesK. FEMS Microbiology Letters 230: 41-46.

Ishikawa, S., Hara, Y., Ohnishi, R., and Sekiguchi, J. (1998) Regulation of a new cell wall 

hydrolase gene, cwlF, which affects cell separation in Bacillus subtilis. Journal o f 

Bacteriology 180: 2549-2555.

Jansen, A., Turck, M., Szekat, C., Nagel, M., et al. (2007) Role of insertion elements and 

y y c F G  in the development of decreased susceptibility to vancomycin in 

Staphylococcus aureus. Int J Med Microbiol 297: 205-215.

Jones, L.J., Carballido-Lopez, R., and Errington, J. (2001) Control of cell shape in bacteria: 

helical, actin-like filaments in Bacillus subtilis. Cell 104: 913-922.

Jongbloed, J.D., Antelmann, H., Hecker, M., Nijland, R., et al. (2002) Selective contribution 

of the twin-arginine translocation pathway to protein secretion in Bacillus subtilis. 

Journal o f Biological Chemistry 277: 44068-44078.

Kadioglu, A., Echenique, J., Manco, S., Trombe, M.C., et al. (2003) The MicAB two- 

component signaling system is involved in virulence of Streptococcus pneumoniae. 

Infection & Immunity 71: 6676-6679.

Kahne, D., Leimkuhler, C., Lu, W., and Walsh, C. (2005) Glycopeptide and lipoglycopeptide 

antibiotics. Chemical Reviews 105: 425-448.

Kallipolitis, B.H., and Ingmer, H. (2001) Listeria monocytogenes response regulators 

important for stress tolerance and pathogenesis. FEMS Microbiology Letters 204: 111- 

115.

Kaneda, T. (1977) Fatty acids of the genus Bacillus: an example of branched-chain preference. 

Bacteriological Reviews 41: 391-418.

Kaneda, T. (1991) Iso- and anteiso-fatty acids in bacteria: biosynthesis, function, and 

taxonomic significance. Microbiological Reviews 55: 288-302.

Kenney, T.J., and Moran, C.P., Jr. (1987) Organization and regulation of an operon that 

encodes a sporulation-essential sigma factor in Bacillus subtilis. Journal o f  

Bacteriology 169: 3329-3339.



Kenney, T.J., Kirchman, P.A., and Moran, C.P., Jr. (1988) Gene encoding sigma E is 

transcribed from a sigma A-like promoter in Bacillus subtilis. Journal o f Bacteriology 

170: 3058-3064.

Kenney, T.J., York, K., Youngman, P., and Moran, C.P., Jr. (1989) Genetic evidence that 

RNA polymerase associated with sigma A factor uses a sporulation-specific promoter 

in Bacillus subtilis. Proceedings o f the National Academy o f Sciences o f the United 

States o f America 86: 9109-9113.

Khorchid, A., and Ikura, M. (2006) Bacterial histidine kinase as signal sensor and transducer. 

International Journal o f Biochemistry & Cell Biology 38: 307-312.

Kiil, K., Ferchaud, J.B., David, C., Binnewies, T.T., et al. (2005) Genome update: distribution 

of two-component transduction systems in 250 bacterial genomes. Microbiology 151: 

3447-3452.

Kim, D., and Forst, S. (2001) Genomic analysis of the histidine kinase family in bacteria and 

archaea. Microbiology 147: 1197-1212.

Kim, J.R., and Cho, K.H. (2006) The multi-step phosphorelay mechanism of unorthodox two- 

component systems in E. coli realizes ultrasensitivity to stimuli while maintaining 

robustness to noises. Computational Biology & Chemistry 30: 438-444.

Kitayama, T., Iwabuchi, R., Minagawa, S., Shiomi, F., et al. (2004) Unprecedented olefin- 

dependent histidine-kinase inhibitory of zerumbone ring-opening material. Bioorganic 

& Medicinal Chemistry Letters 14: 5943-5946.

Kitayama, T., Iwabuchi, R., Minagawa, S., Sawada, S., et al. (2007) Synthesis of a novel 

inhibitor against MRSA and VRE: Preparation from zerumbone ring opening material 

showing histidine-kinase inhibition. Bioorg Med Chem Lett 17: 1098-1101.

Klein, W., Weber, M.H., and Marahiel, M.A. (1999) Cold shock response of Bacillus subtilis'. 

isoleucine-dependent switch in the fatty acid branching pattern for membrane 

adaptation to low temperatures. Journal o f Bacteriology 181: 5341-5349.

Kobayashi, K., Ehrlich, S.D., Albertini, A., Amati, G., et al. (2003) Essential Bacillus subtilis 

genes. Proceedings o f the National Academy o f Sciences o f the United States o f 

America 100: 4678-4683.

Koch, A.L. (2001) Autolysis control hypotheses for tolerance to wall antibiotics. 

Antimicrobial Agents & Chemotherapy 45: 2671-2675.

Kodama, T., Endo, K., Ara, K., Ozaki, K., et al. (2007) Effect of Bacillus subtilis spoOA 

mutation on cell wall lytic enzymes and extracellular proteases, and prevention of cell 

lysis. Journal o f Bioscience & Bioengineering 103: 13-21.

131



Kojetin, D.J., Thompson, R.J., and Cavanagh, J. (2003) Sub-classification of response 

regulators using the surface characteristics of their receiver domains.[erratum appears 

in FEBS Lett. 2004 Feb 27;560(l-3):227-81. FEES Letters 554: 231-236.

Koretke, K.K., Lupas, A.N., Warren, P.V., Rosenberg, M., et al. (2000) Evolution of two- 

component signal transduction. Molecular Biology & Evolution 17: 1956-1970.

Kruse, T., Bork-Jensen, J., and Gerdes, K. (2005) The morphogenetic MreBCD proteins of 

Escherichia coll form an essential membrane-bound complex. Molecular Microbiology 

55: 78-89.

Kunst, F., Ogasawara, N., Moszer, 1., Albertini, A.M., et al. (1997) The complete genome 

sequence of the gram-positive bacterium Bacillus subtilis.\sQ& comment]. Nature 390: 

249-256.

Kuroda, M., Ohta, T., Uchiyama, I., Baba, T., et al. (2001) Whole genome sequencing of 

meticillin-resistant Staphylococcus aureus.[sce. comment). Lancet 357: 1225-1240.

LaCelle, M., Kumano, M., Kurita, K., Yamane, K., et al. (1996) Oxygen-controlled regulation 

of the flavohemoglobin gene in Bacillus subtilis. Journal o f Bacteriology 178: 3803- 

3808.

Lazarevic, V., Soldo, B., Medico, N., Pooley, H., et al. (2005) Bacillus subtilis alpha- 

phosphoglucomutase is required for normal cell morphology and biofilm formation. 

Applied & Environmental Microbiology 71: 39-45.

Le Brun, N.E., Bengtsson, J., and Hederstedt, L. (2000) Genes required for cytochrome c 

synthesis in Bacillus subtilis. Molecular Microbiology 36: 638-650.

Leaver, M., and Errington, J. (2005) Roles for MreC and MreD proteins in helical growth of 

the cylindrical cell wall in Bacillus subtilis. Molecular Microbiology 57: 1196-1209.

Lee, S.F., Delaney, G.D., and Elkhateeb, M. (2004) A two-component covRS regulatory 

system regulates expression of fructosyltransferase and a novel extracellular 

carbohydrate in Streptococcus mutans. Infection & Immunity 72: 3968-3973.

Leskela, S., Kontinen, V.P., and Sarvas, M. (1996) M olecular analysis of an operon in 

Bacillus subtilis encoding a novel ABC transporter with a role in exoprotein 

production, sporulation and competence. Microbiology 142: 71-77.

Ling, B., and Berger-Bachi, B. (1998) Increased overall antibiotic susceptibility in 

Staphylococcus aureus fem AB  null mutants. Antimicrobial Agents & Chemotherapy 

42: 936-938.

132



Liu, M., Hanks, T.S., Zhang, J., McClure, M.J., et al. (2006) Defects in ex vivo and in vivo 

growth and sensitivity to osmotic stress of group A Streptococcus  caused by 

interruption of response regulator gene vicR. Microbiology 152: 967-978.

Longo, D., and Hasty, J. (2006) Dynamics of single-cell gene expression. Molecular Systems 

Biology 2: 64.

Makarewicz, O., Dubrac, S., Msadek, T., and Borriss, R. (2006) Dual role of the PhoP 

approximately P response regulator; Bacillus amyloliquefaciens FZB45 phytase gene 

transcription is directed by positive and negative interactions with the phyC  promoter. 

Journal o f Bacteriology 188: 6953-6965.

Malinin, G.I., and Malinin, T.I. (2004) Effects of dimethylsulfoxide on the ultrastructure of 

fixed cells. Biotechnic & Histochemistry 79: 65-69.

Mansilla, M.C., and de Mendoza, D. (2005) The Bacillus subtilis desaturase: a model to 

understand phospholipid modification and temperature sensing. Archives o f  

Microbiology 183: 229-235.

Margot, P., Mauel, C., and Karamata, D. (1994) The gene of the N-acetylglucosaminidase, a 

Bacillus subtilis 168 cell wall hydrolase not involved in vegetative cell autolysis. 

Molecular Microbiology 12: 535-545.

Margot, P., Wahlen, M., Gholamhoseinian, A., Piggot, P., et al. (1998) The lytE gene of 

Bacillus subtilis 168 encodes a cell wall hydrolase.ferratum appears in Journal o f 

Bacteriology  1998 Apr;180(8):2272 Note: Gholamhuseinian A [corrected to 

Gholamhoseinian A]]. Journal o f Bacteriology 180: 749-752.

Margot, P., Pagni, M., and Karamata, D. (1999) Bacillus subtilis 168 gene /jfF  encodes a 

gamma-D-glutamate-meso-diaminopimelate muropeptidase expressed by the 

alternative vegetative sigma factor, sigmaD. Microbiology 145: 57-65.

Marino, M., Ramos, H.C., Hoffmann, T., Glaser, P., et al. (2001) Modulation of anaerobic 

energy metabolism of Bacillus subtilis by arfM  (ywiD). Journal o f Bacteriology 183: 

6815-6821.

Martin, P.K., Li, T., Sun, D., Biek, D.P., et al. (1999) Role in cell p>ermeability of an essential 

two-component system in Staphylococcus aureus. Journal o f Bacteriology 181: 3666- 

3673.

Martin, P.K., Bao, Y., Boyer, E., Winterberg, K.M., et al. (2002) Novel locus required for 

expression of high-level macrolide-lincosamide-streptogramin B resistance in 

Staphylococcus aureus. Journal o f Bacteriology 184: 5810-5813.

133



Mascher, T. (2006) Intramembrane-sensing histidine icinases: a new family of cell envelope 

stress sensors in Firmicutes bacteria. FEMS Microbiology Letters 264: 133-144.

Mascher, T., Helmann, J.D., and Unden, G. (2006) Stimulus perception in bacterial signal- 

transducing histidine kinases. Microbiol Mol Biol Rev 70: 910-938.

Matsushita, M., and Janda, K.D. (2002) Histidine kinases as targets for new antimicrobial 

agents. Bioorganic & Medicinal Chemistry 10: 855-867.

May, J.J., Wendrich, T.M., and Marahiel, M.A. (2001) The dhb operon of Bacillus subtilis 

encodes the biosynthetic tem plate for the catecholic siderophore 2,3- 

dihydroxybenzoate-glycine-threonine trimeric ester bacillibactin. Journal o f Biological 

Chemistry 276: 7209-7217.

Miller, J.H. (1972) Experiments in molecular genetics. Cold Spring Harbor, N.Y.: Cold Spring 

Harbor Laboratory.

Mizuno, T., Kaneko, T., and Tabata, S. (1996) Compilation of all genes encoding bacterial 

two-component signal transducers in the genome of the cyanobacterium, Synechocystis 

sp. strain PCC 6803. DNA Research 3 : 407-414.

Mohedano, M.L., Overweg, K., de la Fuente, A., Reuter, M., et al. (2005) Evidence that the 

essential response regulator YycF in Streptococcus pneumoniae modulates expression 

of fatty acid biosynthesis genes and alters membrane composition. Journal o f 

Bacteriology 187: 2357-2367.

Molle, V., Fujita, M., Jensen, S.T., Eichenberger, P., et al. (2003) The SpoOA regulon of 

Bacillus subtilis. Molecular Microbiology 50: 1683-1701.

Morel-Deville, F., Fauvel, F., and Morel, P. (1998) Two-component signal-transducing 

systems involved in stress responses and vancomycin susceptibility in Lactobacillus 

sakei. Microbiology 144: 2873-2883.

Mwangi, M.M., Wu, S.W., Zhou, Y., Sieradzki, K„ et al. (2007) Tracking the in vivo 

evolution of multidrug resistance in Staphylococcus aureus  by whole-genome 

sequencing. Proceeding o f the National Academy o f Science o f the United States o f 

America 104: 9451-9456.

Nakano, M.M., Dailly, Y.P., Zuber, P., and Clark, D.P. (1997) Characterization of anaerobic 

fermentative growth of Bacillus subtilis: identification of fermentation end products 

and genes required for growth. Journal o f Bacteriology 179: 6749-6755.

Nakano, M.M., Zhu, Y., Lacelle, M., Zhang, X., et al. (2000) Interaction of ResD with 

regulatory regions of anaerobically induced genes in Bacillus subtilis. Molecular 

Microbiology 37: 1198-1207.



Nakano, M.M., and Zhu, Y. (2001) Involvement of ResE phosphatase activity in down- 

regulation of ResD-controlled genes in Bacillus subtilis during aerobic growth. Journal 

o f Bacteriology 183: 1938-1944.

Nakano, M.M. (2002a) Induction of ResDE-dependent gene expression in Bacillus subtilis in 

response to nitric oxide and nitrosative stress. Journal o f Bacteriology 184: 1783-1787.

Nakano, M.N.a.Z., P. (2002b) Anaerobiosis. In Bacillus subtilis and its closest relatives: from  

genes to cells, a i,  A.L.S.e. (ed). Washington, DC.: ASM Press, pp. 393-404.

Ng, W., Kazmierczak, K.M., and Winkler, M.E. (2004) Defective cell wall synthesis in 

Streptococcus pneumoniae  R6 depleted for the essential PcsB putative murein 

hydrolase or the VicR (YYCF) response regulator. Molecular Microbiology 54: 1161- 

1175.

Ng, W.L., Robertson, G.T., Kazmierczak, K.M., Zhao, J., et al. (2003) Constitutive expression 

of PcsB suppresses the requirement for the essential VicR (YycF) response regulator in 

Streptococcus pneumoniae R6. Molecular Microbiology 50: 1647-1663.

Ng, W.L., and Winkler, M.E. (2004) Singular structures and operon organizations of essential 

two-component systems in species of Streptococcus. Microbiology 150: 3096-3098.

Ng, W.L., Tsui, H.C., and Winkler, M.E. (2005) Regulation of the pspA virulence factor and 

essential pcsB murein biosynthetic genes by the phosphorylated VicR (YycF) response 

regulator in Streptococcus pneumoniae. Journal o f Bacteriology 187: 7444-7459.

Nicholson, W.L., and Setlow, P. (1990) Sporulation, germination and outgrowth. In Molecular 

Biological methods for Bacillus. Harwood, C.R., Cutting, S.M. (ed). Chichester: John 

Wiley and Sons Ltd, pp. 435.

Nolling, J., Breton, G., Omelchenko, M.V., Makarova, K.S., et al. (2001) Genome sequence 

and comparative analysis of the solvent-producing bacterium Clostridium 

acetobutylicum. Journal o f Bacteriology 183: 4823-4838.

O'Connell-Motherway, M., Fitzgerald, G.F., and van Sinderen, D. (1997) Cloning and 

sequence analysis of putative histidine protein kinases isolated from Lactococcus lactis 

MG 1363. Applied & Environmental Microbiology 63: 2454-2459.

O'Connell-Motherway, M., van Sinderen, D., Morel-Deville, F., Fitzgerald, G.F., et al. (2000) 

Six putative two-component regulatory systems isolated from Lactococcus lactis 

subsp. cremoris MG 1363. Microbiology 146: 935-947.

Ogura, M., Yamaguchi, H., Yoshida, K., Fujita, Y., et al. (2001) DNA microarray analysis of 

Bacillus subtilis DegU, ComA and PhoP regulons: an approach to comprehensive

135



analysis of B.subtilis two-component regulatory systems. Nucleic Acids Research 29 : 

3804-3813.

Ohnishi, R., Ishikawa, S., and Sekiguchi, J. (1999) Peptidoglycan hydrolase LytF plays a role 

in cell separation with CwlF during vegetative growth of Bacillus subtilis. Journal o f 

Bacteriology 181: 3178-3184.

Okada, A., Gotoh, Y., Watanabe, T., Furuta, E., et al. (2007) Targeting two-component signal 

transduction: a novel drug discovery system. Methods Enzymol 422: 386-395.

Fallen, M.J., and Wren, B.W. (1997) The HtrA family of serine proteases. M olecular 

Microbiology 26: 209-221.

Perego, M., Glaser, P., and Hoch, J.A. (1996) Aspartyl-phosphate phosphatases deactivate the 

response regulator components of the sporulation signal transduction system in 

Bacillus subtilis. Molecular Microbiology 19: 1151-1157.

Perego, M., and Hoch, J.A. (1996) Protein aspartate phosphatases control the output of two- 

component signal transduction systems. Trends in Genetics 12: 97-101.

Perego, M. (1997) A peptide export-import control circuit modulating bacterial development 

regulates protein phosphatases of the phosphorelay. Proceedings o f the National 

Academy o f Sciences o f the United States o f America 94: 8612-8617.

Perego, M., and Brannigan, J.A. (2001) Pentapeptide regulation of aspartyl-phosphate 

phosphatases. Peptides 22 : 1541-1547.

Petit, M.A., Dervyn, E., Rose, M., Entian, K.D., et al. (1998) PcrA is an essential DNA 

helicase of Bacillus subtilis fulfilling functions both in repair and rolling-circle 

replication. Molecular Microbiology 29: 261-273.

Pratt, L.A.a.S., T.J. (1995) Porin regulon of Escherichia coli. In Two-Component Signal 

Transduction .  Hoch, J.A.a.S., T.J. (ed). Washington: American Society for 

Microbiology Press.

Psylinakis, E., Boneca, I.G., Mavromatis, K., Deli, A., et al. (2005) Peptidoglycan N- 

acetylglucosamine deacetylases from Bacillus cereus, highly conserved proteins in 

Bacillus anthracis. Journal o f Biological Chemistry 280: 30856-30863.

Qin, Z., Zhang, J., Xu, B., Chen, L., et al. (2006) Structure-based discovery of inhibitors of the 

YycG histidine kinase: new chemical leads to combat Staphylococcus epidermidis 

infections. BMC Microbiology 6 : 96.

Ren, B., McCrory, M.A., Pass, C., Bullard, D.C., et al. (2004a) The virulence function of 

Streptococcus pneumoniae  surface protein A involves inhibition of complement

136



activation and impairment of complement receptor-mediated protection. J Immunol 

173: 7506-7512.

Ren, B., Szalai, A.J., Hollingshead, S.K., and Briles, D.E. (2004b) Effects of PspA and 

antibodies to PspA on activation and deposition of complement on the pneumococcal 

surface. Infect Immun 72: 114-122.

Riboldi-Tunnicliffe, A., Trombe, M.C., Bent, C.J., Isaacs, N.W., et al. (2004) Crystallization 

and preliminary crystallographic studies of the D59A mutant of MicA, a YycF 

response-regulator hom ologue from S trep tococcus pneum oniae. A c t a  

Crystallographica Section D-Biological Crystallography 60: 950-951.

Rigden, D.J., Jedrzejas, M.J., and Galperin, M.Y. (2003) Amidase domains from bacterial and 

phage autolysins define a family of gamma-D,L-glutamate-specific amidohydrolases. 

Trends in Biochemical Sciences 28: 230-234.

Robinson, V.L., Buckler, D.R., and Stock, A.M. (2000) A tale of two components: a novel 
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