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Summary 

Bacillus subtilis takes up mannitol by a phosphoenolpyruvate-dependent 

phosphotransferase system (PTS). The mannitol utilization system is encoded by the mtlAFD 

operon consisting of mtlA (encoding membrane-bound EIICB
Mtl

), mtlF (encoding phosphocarrier 

EIIA
Mtl

), and mtlD (encoding mannitol 1-phosphate dehydrogenase). This operon is activated by 

MtlR whose coding gene is located approx. 14.4 kb downstream of the operon. The regulation of 

the mannitol utilization genes in B. subtilis was studied by fusion of the promoters of mtlAFD 

(PmtlA) and mtlR (PmtlR) to lacZ as a reporter gene. Both the PmtlA and PmtlR were inducible by 

mannitol and glucitol, while glucose reduced their activities. The promoter strength of PmtlA was 

about 4.5-fold higher than that of PmtlR. Identification of the transcription start sites of PmtlA and 

PmtlR revealed that both of these promoters contain a 
A
-type promoter structure. The 

promoter -35 and -10 boxes in PmtlA were TTGTAT and TAACAT and in PmtlR TTGATT and 

TATATT, respectively. Catabolite responsive elements (cre) were detected in the sequences of 

PmtlA and PmtlR overlapping the -10 boxes. Shortening the mRNA 5’untranslated region (5’UTR) 

increased the PmtlA activity, whereas PmtlR activity was decreased by shortening of its mRNA 

5’UTR. Alignment of the -35 upstream sequences of PmtlA and PmtlR revealed the putative MtlR 

binding site. This sequence comprised a similar incomplete inverted repeat in both the PmtlA and 

PmtlR sequences (TTGNCACAN4TGTGNCAA). This sequence was encompassed by two 11 bp 

distal and proximal flanking sequences. Construction of PmtlA-PlicB hybrid promoters and 

shortening of the 5’-end of PmtlA indicated the probable boundaries of putative MtlR binding site 

in PmtlA. Increasing the distance between the putative MtlR binding site and -35 box lowered the 

PmtlA maximal activity, although PmtlA remained inducible by mannitol. PmtlA became inactive by 

disruption of the TTGNCACAN4TGTGNCAA sequence. In contrast, manipulation of the distal 

and proximal flanking sequences only reduced the maximal activity of PmtlA, whereas PmtlA 

remained highly inducible. These flanking sequences contained AT-rich repeats similar to the 

consensus sequence of CTD binding sites. It is assumed that MtlR binds to the 

TTGNCACAN4TGTGNCAA sequence, whereas two CTD monomers bind to AT-rich 

sequences upstream and downstream of MtlR binding site. In this way, the mechanism of class I 

activation was proposed for PmtlA and PmtlR transcription initiation.  
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Regulation of PmtlA and PmtlR was investigated by deletion of mtlAF, mtlF, mtlD, and mtlR. 

Deletion of the mtlAF genes rendered PmtlA and PmtlR constitutive showing the inhibitory effect of 

EIICB
Mtl

 and EIIA
Mtl 

(PTS transporter components) on MtlR in the absence of mannitol. The 

constitutive activity of PmtlA was increased by the deletion of mtlF. In contrast, the deletion of 

mtlAFD showed a significant reduction in the PmtlA constitutive activity. Disruption of mtlD made 

B. subtilis sensitive to mannitol in a way that addition of mannitol or glucitol to the bacterial 

culture ended in cell lysis. Besides, PmtlA and PmtlR were similarly induced by glucitol and 

mannitol in a mtlD::erm mutant. Also, deletion of mtlR rendered PmtlA and PmtlR uninducible by 

mannitol or glucitol. In contrast, deletion of the glucitol utilization genes had no influence on the 

inducibility of PmtlA or PmtlR by glucitol. The PmtlA activity was drastically reduced in ptsH-H15A 

(HPr-H15A) mutant similar to the mtlR mutant. The mutation of histidine 289 in the PRDI 

domain of MtlR to alanine reduced the activity of PmtlA, whereas the PmtlA activity in the 

mtlR-H230A mutant was almost similar to wild type. In contrast, mutation of the PRDII domain 

of MtlR to H342D mainly relieved PmtlA from glucose repression. Moreover, MtlR double mutant 

H342D C419A which was produced in E. coli was shown to be active in vitro. These results 

represent the positive regulation of MtlR via phosphorylation of the PRDII domain by 

HPr(H15~P). Also, dephosphorylation of the domains EIIB
Gat

- and EIIA
Mtl

-like of MtlR by 

EIIA
Mtl

 and EIICB
Mtl 

transporter components causes activation. The PmtlA activity was repressed 

in the presence of glucose and fructose, while sucrose and mannose had no influence on the PmtlA 

activity. Therefore, catabolite repression of PmtlA and PmtlR were studied by CcpA-dependent 

carbon catabolite repression mutants, such as ptsH-S46A, crh, hprK, and ccpA. Induction of 

PmtlA and PmtlR in these mutants did not result in a complete loss of catabolite repression. 

Therefore, the catabolite responsive elements (cre sites) of PmtlA and PmtlR were investigated. 

Using a constitutive promoter, PgroE, it was shown that the cre sites of PmtlA and PmtlR were 

weakly functional. In contrast, deletion of the glucose PTS transporter, encoded by ptsG, resulted 

in a complete loss of glucose repression in PmtlA and PmtlR. Thus, the main glucose repression of 

mannitol PTS function at the posttranslational level in a HPr-mediated manner via MtlR-H342 

and at transcriptional level by CcpA-dependent carbon catabolite repression.  

Finally, PmtlA was tested for its application as a heterologous gene expression system 

based on a derivative of pUB110 with high copy number in the cell. Further studies showed that a 
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single copy of mtlR controlled by its own promoter (PmtlR-mtlR) on the chromosome was not 

enough for the activity of PmtlA on a high copy number vector. Thus, PmtlR-mtlR was inserted into 

the same vector. In this case, the induced PmtlA activity and its basal activity increased. 

Ultimately, a highly inducible expression system based on mannitol as a cheap inducer was 

constructed. 
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Zusammenfassung 

 Bacillus subtilis nimmt Mannitol mit Hilfe eines Phosphoenolpyruvat-abhängigem 

Phosphotransferasesystems auf. Dieses wird durch das mtlAFD-Operon codiert, welches aus mtlA 

(codiert das Membran-gebundene EIICB
Mtl

), mtlF (codiert das Phosphorylgruppen-übertragende 

EIIA
Mtl

) und mtlD (codiert die Mannitol-1-phosphat-Dehydrogenase) besteht. Das Operon wird 

durch MtlR aktiviert, dessen Gen ca. 14,4 kb stromabwärts des Operons lokalisiert ist. Die 

Regulation der Gene für die Mannitol-Verwertung in B. subtilis wurde mit Hilfe des 

Reportergens lacZ untersucht, welches an die Promotoren vom mtlAFD (PmtlA) sowie mtlR (PmtlR) 

fusioniert wurde. Sowohl PmtlA als auch PmtlR wurden durch Mannitol und Glucitol induziert, 

während Glucose die Promotoraktivitäten reprimierte. Im Vergleich zu PmtlR zeigte PmtlA eine ca. 

4,5-fach höhere Promotorstärke. Die Analyse der Transkriptionsinitiations-Sequenzen durch 

Transkriptionsstartbestimmung von PmtlA und PmtlR ergab, dass es sich um σ
A
-abhängige 

Promotoren handelt. Die -35 und -10 Promotorsequenzen von PmtlA und PmtlR wurden als 

TTGTAT und TAACAT bzw. TTGATT und TATATT identifiziert. In beiden Promotoren 

wurden cre- Sequenzen (catabolite responsive element) gefunden, welche mit den -10 Regionen 

überlappen. Eine Verkürzung der 5‘-untranslatierten Region (5’UTR) von PmtlA erhöhte dessen 

Aktivität, wohingegen die Aktivität von PmtlR durch die Verkürzung der 5’UTR reduziert wurde. 

Durch Sequenzalignment der stromaufwärts von PmtlA und PmtlR gelegenen Sequenzen konnte die 

mutmaßliche MtlR-Bindestelle identifiziert werden. Diese Bindestelle ist in beiden Sequenzen 

durch eine unvollständig ausgeprägte, invertierte Wiederholungssequenz 

(TTGNCACAN4TGTGNCAA) charakterisiert, welche ihrerseits von jeweils zwei 11 bp langen 

Sequenzen flankiert wird. Die Konstruktion von PmtlA-PlicB Hybrid-Promotoren und eine 

Verkürzung des 5‘-Terminus von PmtlA brachte Erkenntnisse bezüglich des Bereichs der 

mutmaßlichen MtlR-Bindestelle innerhalb von PmtlA. Eine Vergrößerung der Distanz zwischen 

der mutmaßlichen MtlR-Bindestelle und der -35 Region verringerte die maximale Aktivität von 

PmtlA, welcher aber noch Mannitol-induzierbar blieb. Eine Unterbrechung der Sequenz 

TTGNCACAN4TGTGNCAA verursachte eine Inaktivierung von PmtlA. Im Gegensatz dazu hatte 

die Veränderung flankierender Sequenzen nur eine Reduktion der maximalen Aktivität von PmtlA 

zur Folge, wobei die Induzierbarkeit des PmtlA erhalten blieb. In den flankierenden Sequenzen 
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wurden AT-reiche Wiederholungen identifiziert, welche Ähnlichkeit zu der Konsensus-Sequenz 

von αCTD aufweisen. Es wird angenommen, dass MtlR an die Sequenz 

TTGNCACAN4TGTGNCAA bindet und zwei αCTD Monomere an AT-reichen Sequenzen, die 

sich jeweils stromaufwärts bzw. stromabwärts dieser MtlR-Bindestelle befinden. Dies lässt auf 

einen Mechanismus der Klasse I schließen. 

 Die Regulation von PmtlA und PmtlR wurde mit Hilfe von mtlAF-, mtlF-, mtlD- und mtlR-

Deletionen in B. subtilis untersucht. Die Deletion von mtlAF führte zu einer konstitutiven 

Aktivität von PmtlA und PmtlR, wodurch der inhibitorische Effekt von EIICB
Mtl

 und EIIA
Mtl

 

(Untereinheiten des PTS-Transporters) auf MtlR bei Abwesenheit von Mannitol gezeigt werden 

konnte. Die konstitutive Aktivität von PmtlA wurde durch die Deletion von mtlF noch verstärkt. 

Im Gegensatz dazu verursachte die Deletion von mtlAFD eine signifikante Reduktion der 

konstitutiven Aktivität von PmtlA. Die Mutation von mtlD resultierte in einer Sensitivität von 

B. subtilis gegenüber Mannitol und Glucitol. Kultivierung in Gegenwart dieser Zucker führte zu 

einer Lyse der Zellen. In der mtlD::erm Mutante wurden PmtlA und PmtlR durch Glucitol und 

Mannitol gleichermaßen induziert. Ferner führte die Deletion von mtlR zu einer 

Uninduzierbarkeit von PmtlA und PmtlR mit Mannitol und Glucitol, wohingegen die Deletion der 

Gene für die Glucitol-Verwertung keinen Einfluss auf die Induzierbarkeit von PmtlA und PmtlR mit 

Glucitol hatte. Wie auch in der ΔmtlR Mutante war die Aktivität von PmtlA in der ptsH-H15A 

(HPr-H15A) Mutante drastisch reduziert. Die Mutation des Histidin 289 in der PRDI-Domäne 

von MtlR zu einem Alanin reduzierte die Aktivität von PmtlA, während die Aktivität von PmtlA in 

der mtlR-H230A-Mutante ähnlich wie die des Wildtyps war. Im Gegensatz dazu führte die 

Mutation H342D der PRDII-Domäne von MtlR zu einer verminderten Glucose-Repression von 

PmtlA. Eine MtlR Doppelmutante H342D C419A wurde in E. coli produziert und ihre Aktivität in 

einem Gelmobilityshiftassay in vitro bestätigt. Diese Ergebnisse zeigen, dass MtlR einer, durch 

die Phosphorylierung der PRDII-Domäne durch HPr(H15~P) stattfindenden, positiven 

Regulation unterliegt. Ferner kann eine Aktivierung von MtlR durch eine Dephosphorylierung 

der EIIB
Gat

- und EIIA
Mtl

-ähnlichen Domänen durch die EIIA
Mtl

 und EIICB
Mtl

 Transporter-

Untereinheiten erreicht werden. Glucose und Fructose reprimieren die Aktivität von PmtlA 

wohingegen Saccharose und Mannose keinen Einfluss auf die PmtlA-Aktivität haben. Daher wurde 

die Kohlenstoff-Katabolit-Repression von PmtlA und PmtlR in CcpA-abhängigen Mutanten, wie 
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ptsH-S46A, Δcrh, ΔhprK und ΔccpA, untersucht. Da eine Induktion von PmtlA und PmtlR in den 

Mutanten nicht zu einem vollständigen Verlust der Katabolit-Repression führte, wurden die cre-

Sequenzen (catabolite responsive element) der beiden Promotoren untersucht. Mit Hilfe des 

konstitutiven Promotors PgroE wurde gezeigt, dass die cre-Sequenzen von PmtlA und PmtlR nur 

schwach funktionsfähig waren. Im Gegensatz dazu führte die Deletion des Glucose-PTS-

Transporters, welcher von ptsG codiert wird, zu einem vollständigen Verlust der Glucose-

Repression von PmtlA und PmtlR. Folglich wird die Repression des Mannitol-PTS durch Glucose 

hauptsächlich posttranslational durch HPr via MtlR-H342 und auf transkriptionaler Ebene durch 

eine CcpA-abhängige Kohlenstoff-Katabolit-Repression vermittelt. 

 Die Anwendbarkeit des PmtlA als Kontrollelement für eine homologe- oder heterologe 

Genexpression wurde untersucht. Hierzu wurde ein Expressionsvektor basierend auf dem 

pUB110 Vektor, der einer hohe Kopienzahl aufweist, konstruiert. Jedoch zeigte sich, dass für die 

Kontrolle des PmtlA eine chromosomale Kopie von mtlR nicht ausreichend ist. Das Vorhandensein 

von PmtlR-mtlR auf dem Vektor führte jedoch zu einer Erhöhung der Basalaktivität sowie der 

maximalen Aktivität. Letztendlich wurde ein gut regulierbares, auf dem günstigen Induktor 

Mannitol basierendes Expressionssystem konstruiert. 
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1. Introduction 

 The genus Bacillus was named by changing the name of Ehrenberg’s “Vibrio subtilis” to 

Bacillus subtilis by Ferdinand Cohn in 1872 (33, 53, 85). However, it was only from about 1920 

that the genus Bacillus was defined to include aerobic, endospore-forming, and rod-shaped 

bacteria (31). This genus is one of the most diverse and commercially useful groups of the 

bacteria (85). Among them, Bacillus subtilis is an ubiquitous microorganism found in soil, water, 

and air (50). Development of B. subtilis as a bacterial model system began over 60 years ago with 

the pioneering mutagenesis studies (25). Later, it was found that B. subtilis 168, a tryptophan 

auxotrophic mutant, produced naturally competent cells relevant for genetic transformation (206). 

B. subtilis as a Gram-positive bacterium belongs to the Firmicutes with a low G + C content. At 

first, the entire genome of B. subtilis 168 was published in 1997 (117). A decade later, B. subtilis 

genome was resequenced and the data are readily available in GenoList database 

(http://genodb.pasteur.fr/cgi-bin/WebObjects/GenoList) (9). Whole genome sequencing of B. 

subtilis 168 showed that this bacterium has 4,214,810 base pairs comprising of 4,100 protein-

coding frames (117). Several characteristics of B. subtilis including biofilm formation, 

cannibalism, natural competence, motility, as well as endospore formation turned B. subtilis into 

a reference model for research applications (50, 78, 138, 205). 

 

1.1. B. subtilis as an industrial host 

 Production and secretion of homologous extracellular enzymes, such as -amylase, 

alkaline protease, alkaline phosphatase, esterase, etc., at gram per liter concentrations made B. 

subtilis an important source for industrial enzymes. Due to the presence of such a huge capacity 

for protein secretion, B. subtilis was also exploited as a workhorse for production and secretion of 

heterologous proteins in order to facilitate the downstream processing (87, 134, 201). 

Heterologous enzymes, such as acid-stable -amylase from B. licheniformis (3.1 g/l), as well as 

pharmaceutical proteins, e.g. human interleukin-3 (100 mg/l), were successfully produced and 

secreted into the growth medium (92, 243). The mentioned proteins are two examples of the 
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successfully produced enzymes, pharmaceutical proteins, and vaccine components summarized in 

table 1.1 (57, 188, 219, 244).  

 

Table 1. 1. Some of the heterologous and homologous proteins produced by B. subtilis (244). 

Product Product origin Yield (mg/l) Reference 

-amylase Bacillus amyloliquefaciens 1,000 – 3,000 (168) 

Epidermal growth factor human 7 (121) 

Interferon-2 human 0.5 – 1.0 (169) 

Lipase A Bacillus subtilis 168 600 (133) 

Penicillin G acylase Bacillus megaterium n.d. (256) 

PHA depolymerase A Paucimonas lemoignei 1.9 (15) 

Proinsulin human 1,000 (166) 

ScFv human 10 – 15 (250) 

Staphylokinase Staphylococcus aureus 337 (261) 

Streptavidin Streptomyces avidinii 35 – 50 (249) 

Thioredoxin Aliciclobacillus acidocaldarius 500 (2) 

 

Indeed, there are some advantages in employing B. subtilis as an expression host for secreted 

proteins rather than E. coli, especially for production of pharmaceutical proteins. As a Gram-

negative member, E. coli possesses lipopolysaccharide, a.k.a. endotoxin, and secretes the proteins 

into the periplasm both of which make the downstream processing costly and laborious (134). In 

contrast, B. subtilis has a huge capacity for secretion of the proteins into the medium. It is also a 

non-pathogen microorganism generally recognized as safe (GRAS). Finally, it has no significant 

biased codon usage. Nevertheless, there are some bottlenecks using B. subtilis as an expression 

host including: (i) plasmid instability, (ii) lack of proper expression systems, (iii) low level of 

protein productions due to inefficient DNA transcription, mRNA translation, protein 

translocation, or protein folding, and (iii) the presence of 44 known and 27 putative proteases and 

peptidases (Fig. 1.1) (134). The latter obstacle was highly solved by deletion of the protease 

encoding genes (listed in table 1.2). In fact, deletion of the aprE (serine alkaline protease) and 

nprE (neutral protease) resulted in reduction of the extracellular protease activity of B. subtilis to 

less than 4% of the wild type strain (110). 
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Fig. 1. 1. Some of the proteases and peptidases of B. subtilis during the vegetative growth are depicted according to 

Westers et al. (244). The sporulation proteases and peptidases as well as the proteases involved in peptidoglycan 

maturation are not demonstrated. 

 

Table 1. 2. Some of the protease-deficient B. subtilis strains reviewed by Westers et al. (244) 

B. subtilis strain Protease mutation Reference 

BG2054 nprE–522; aprE–684 (254) 

DB104 nprR2; nprE18; aprE3 (110) 

DB105 nprR2; nprE18; aprE3 (110) 

WB600 nprE; nprB; aprE; epr; mpr; bpr (251) 

WB700 nprE; nprB; aprE; epr; mpr; bpr; vpr (260) 

LB700 nprE; nprB; aprE; epr; mpr; bpr; wprA (129) 

WB800 nprE; nprB; aprE; epr; mpr; bpr; vpr; wprA (250) 

 

Co-expression of the chaperones, and thio-disulfide oxidoreductases, stabilizing the 5’- and 

3’-ends of the mRNA, improvement of the translational initiation by changing the 

Shine-Dalgarno enhanced the production of some proteins (60, 134, 198, 233, 244). Nonetheless, 

all of the mentioned strategies are dependent on a strong and tightly regulated gene expression 

system. 
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1.2. The choice of plasmid for cloning and gene expression in B. subtilis 

 Enhancement of gene expression based on stable plasmids and tightly regulated promoters 

is the first step of heterologous (or homologous) protein overproduction. B. subtilis 168, the 

common laboratory strain, does not contain any plasmid. However, several cryptic rolling circle 

plasmids were isolated from B. subtilis isolates. These cryptic plasmids are classified in six 

groups, represented by pTA1015, pTA1020, pTA1030, pTA1040, pTA1050, pTA1060 (149, 

228). These isolated plasmids do not confer any selectable phenotypes to their host. Therefore, 

most cloning vectors for B. subtilis are based on rolling circle-type replication plasmids from 

other Gram-positive bacteria such as Staphylococci or Streptococci (Table 1.3) (19-21, 81, 149, 

164). For instance, pUB110 is a rolling circle-type plasmid originating from Staph. aureus. The 

derivatives of pUB110 are commonly used for gene expression in B. subtilis. Generally, a 

plasmid comprises two origins of replication in the rolling circle replication: a plus origin, which 

is responsible for formation of ssDNA, and a minus origin, which is the initiation site for 

complementary strand replication. The minus origin is not necessary for the replication of the 

plasmid (81). Therefore, this site was accidentally deleted in many plasmids during the vector 

construction. Consequently, these plasmids are frequently unstable due to the formation of 

ssDNA or by accumulation of high molecular weight linear head to tail DNA (21). In addition to 

rolling circle-type plasmids, theta-type plasmids are also widely applied for the cloning of desired 

genes in B. subtilis. Among them, pAM1 is widely employed. Plasmid pAM1 originates from 

Enterococcus faecalis and replicates in an unidirectional theta-type replication (24, 32, 127). 

However, this plasmid has a large size (approx. 26.5 kb) and low copy number (1 – 5 copies per 

chromosome) (32). In addition to pAM1, a low-copy theta-type plasmid, called pBS72, is also 

used for construction of vectors in B. subtilis. Plasmid pBS72 was isolated from a B. subtilis 

strain (220). Due to the low copy number or low transformation frequency of the rolling circle-

type and theta-type vectors in B. subtilis, several E. coli/B. subtilis shuttle vectors have been 

constructed based on the mentioned replicons to facilitate the plasmid propagation. Most of the 

constructed shuttle vectors are based on pUB110 or pBS72 origins of replication for B. subtilis 

and pBR322 for E. coli (198). 
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Table 1. 3. Plasmids used as the parental vectors for construction of E. coli/B. subtilis shuttle vectors are 

listed as stated by Schumann (198). 

Plasmid Marker Modes of replication Original host Reference 

pUB110 Kanamycin Rolling circle Staphylococcus aureus (119) 

pC194 Chloramphenicol Rolling circle Staphylococcus aureus (102) 

pE194 Erythromycin Rolling circle Staphylococcus aureus (101) 

pE194-cop6 Erythromycin Rolling circle Staphylococcus aureus (241) 

pT181 Tetracycline Rolling circle Staphylococcus aureus (101) 

pTA1015 Cryptic
1 

Rolling circle Bacillus subtilis (149) 

pTA1060 Cryptic Rolling circle Bacillus subtilis (228) 

pAM1 Erythromycin Theta-type Enterococcus faecalis (32) 

pBS72 Cryptic Theta-type Bacillus subtilis (220) 

pIP404 Chloramphenicol 

Tetracycline 

Theta-type Clostridium perfringens 
(17) 

pIP501 Chloramphenicol 

Erythromycin 

Theta-type Streptococcus agalactiae 
(96) 

pLS20 Cryptic Theta-type Bacillus subtilis var. natto (217) 

pLS32 Cryptic Theta-type Bacillus subtilis var. natto (218) 

pSM19035 Erythromycin Theta-type Streptococcus pyogenes (27) 

pTB19 Tetracycline 

Kanamycin 

Theta-type Geobacillus stearothermophius 
(99) 

1
Cryptic plasmids do not confer selectable marker. 

 

1.3. Promoters used for gene expression in B. subtilis 

 Constitutive promoters, such as the promoter of amyQ from B. amyloliquifaciens, were 

among the first promoters exploited to express -amylase, -lactamase and human interferon α2 

(IFN- α2) in B. subtilis (168-170). By expanding the knowledge of regulatory systems in 

B. subtilis, several inducible promoters have been later employed for gene expression in B. 

subtilis (Table 1.4). These inducible promoters could be classified into three major classes: (i) 

inducer-specific promoters, (ii) growth phase- and stress-specific promoters, and (iii) 

autoinducible promoters. Among them, inducer-specific promoters are the most widely used 

(198). So far, the expression systems in B. subtilis are mostly based on xylose or IPTG as the 

inducers. Basically, xylose-inducible expression systems comprise the promoter of the xylAB 

operon (PxylA). The xylAB operon encodes the components of the xylose utilization system in B. 

subtilis. The expression of xylAB is negatively regulated by a repressor, XylR. The inducer xylose 

binds and inactivates XylR (66). IPTG-inducible expression systems are based on lac operator 

and LacI, the repressor of the lacZYA operon in E. coli (71). IPTG-inducible Pspac is a well-known 
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promoter in which the promoter of B. subtilis phage SPO-1 and E. coli lac operator are fused 

(258). IPTG inactivates LacI and thereby induces Pspac activity. Nevertheless, Pspac has some 

disadvantages including the high cost of IPTG and its toxicity. Besides, Pspac activity is not strong 

enough and not tightly-controlled for large-scale protein production (198). Hence, construction of 

the sugar-inducible expression systems are highly attended in recent years (163, 198). A 

summary of used promoters are listed in table 2.4.  

Table 1. 4. Promoters used for gene expression in B. subtilis. 

Promoter Inducer Type Reference 

P59 - Constitutive (18) 

PHpaII - Constitutive (18) 

PamyQ  Constitutive (170) 

PAPase Phosphate concentration Autoinducible (128) 

PaprE - Stationary growth phase-specific (104) 

ParaA Arabinose Inducer-specific (39) 

PcitM Citrate Inducer-specific (63) 

Pdes - Cold-inducible (126) 

Pgcv Glycine Inducer-specific (175) 

PmalA Maltose Inducer-specific (255) 

Pgrac IPTG Inducer-specific (174) 

PgsiB Heat and acid shock, ethanol Autoinducible, Stress-specific (161) 

Phyper-spank IPTG Inducer-specific (179) 

PlepA - Constitutive (161) 

PmanP Mannose Inducer-specific (214) 

PN25 IPTG Inducer-specific (125) 

PP43 - Constitutive (264) 

PPhoD Phosphate concentration Autoinducible (52) 

Ppst Phosphate concentration Autoinducible (111) 

PrpsF - Exponential growth phase-specific (163) 

PsacB Succrose Inducer-specific (265) 

Pspac IPTG Inducer-specific (259) 

PspaS Subtilin Late exponential growth phase-specific (14) 

PT7 Xylose, rifampicin Inducer-specific (35) 

Ptet Anhydrotetracycline Inducer-specific (69) 

Pveg IPTG Inducer-specific (121) 

PxylA Xylose Inducer-specific (13) 

PyxiE - Constitutive (263) 

 

The sugar-inducible promoters are generally activated by an activator or repressed by a repressor 

both of which regulate the gene expression at transcription initiation level. Prior to review the 
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carbohydrate uptake systems in B. subtilis, the promoter activation and repression must be 

explained.  

 

1.3.1. Transcription initiation at the promoter 

 Transcription initiation requires the interaction of a multi-subunit DNA binding protein, 

i.e. DNA-dependent RNA polymerase (RNAP), with the promoter sequence (23). Three steps are 

defined for transcription initiation. Formation of a closed complex by binding of the RNAP to the 

promoter region, formation of an open complex by melting the DNA around transcription start 

site (also called isomerization), and finally transition from initiation to elongation phase in a 

process called promoter escape or clearance (235). RNAP is a holoenzyme (E) consisting of a 

sigma factor () and the multi-subunit core enzyme (E). In most of the bacteria, core enzyme 

comprises 2, , ’, and  subunits. The  dimer subunits assemble a crab-claw structure formed 

by  and ’ subunits. The  subunit polymerizes the nascent RNA strand. The small  subunit is 

likely a chaperone protein assisting the folding of ’ subunit (23). In B. subtilis, there is an extra 

auxiliary subunit, called , which is likely to be an integral RNAP subunit (47, 172). In vitro 

studies showed that this subunit increases the specificity of transcription in B. subtilis (98). Sigma 

factors have three major functions: (i) to ensure the recognition of specific promoter sequences, 

(ii) to position the RNA polymerase at the target promoter, and (iii) to facilitate the unwinding of 

the DNA duplex near the transcription start site. Different sigma factors are usually encoded by 

the genome of a bacterium each of which enables the recognition of different sets of promoters 

(23, 167, 246). For instance, B. subtilis contains at least 14 known variants of sigma factors (83, 

117). Many promoters in B. subtilis including most of the sugar-inducible promoters are 

recognized by the housekeeping sigma factor, called 
A
. The 

A
-type promoters contain two 

principal elements called core promoter elements: -10 hexamer (or box), a.k.a. Pribnow box, and 

–35 hexamer. The -10 box (TATAAT) is located about 10 bp upstream of the transcription start 

site (shown by +1), while the -35 box (TTGACA) is placed 35 bp upstream of the transcription 

start site (Fig. 1.2) (23, 167, 247).  
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Fig. 1. 2. The schematic view of the interaction between RNA polymerase holoenzyme and a 
A
-type promoter (23). 

 

The distance between -10 and -35 boxes, called spacer sequence, is 17 bp long in an optimal 


A
-type promoter (83). The domain 2 of the sigma factor binds to promoter -10 box and -35 box 

is recognized by the domain 4 of the sigma factor (48, 70). In addition to core elements, there are 

two extra elements in the promoter sequence. The first one is an AT rich sequence, called the UP 

element, where the C-terminus of the  subunit (CTD) binds (54, 89, 184). The second extra 

element is called the extended -10 box, where the domain 3 of the sigma factor binds (70). By 

binding of the RNAP holoenzyme to the promoter sequence, the DNA strand is unwound from -

10 to +2 positions to generate the open complex (23, 83). This isomerization, transition of the 

closed complex to the open complex, results in binding of the non-template strand to the domain 

2 of the sigma factor. Next steps are initiation of RNA synthesizing and transcription elongation 

if the promoter clearance occurs (Fig. 2.3). However, the number of RNA polymerases and sigma 

factors in the cell are limited. For prudent distribution of the RNAP holoenzyme, some 

mechanisms regulate the transcription initiation. These include optimal sequence of the promoter 

core elements, presence of the anti-sigma factors, binding of small ligands such as ppGpp to 

RNAP, and transcription factors (23, 88, 167, 246). Among them, the sequence of the promoter 

core elements and transcription factors are more specific for the regulation of an operon. The 

conventional transcription factors are classified in two groups: transcriptional repressors and 

activators (88). 
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1.3.2. Transcription initiation repression 

 Some promoters require no additional factors for their activity due to the optimal 

sequence of their core elements. In general, the activity of such promoters is controlled by 

transcriptional repressors (77). Transcriptional repressors act in different ways (Fig. 1.3.A). The 

simplest way is the steric hindrance of RNA polymerase. In this case, the repressor binding site is 

often located between the core promoter elements or close to them. Binding of the repressor 

constraints the binding of RNAP to the promoter core elements (23, 183, 230). Binding of the 

LacI repressor to O1 operator at lac promoter of E. coli is an example for this mechanism (191). 

In another case, the repressor binding site is upstream and downstream of the promoter core 

elements. Binding of the repressor molecules to their binding site is followed by protein-protein 

interactions which causes DNA looping. The DNA looping inhibits the formation of closed 

complex (23, 183, 230). Repression of the gal promoter by GalR in E. coli is a well-known 

example (68). Finally, repression by modulation of an activator or anti-activation happens when 

the repressor binding site overlaps an activator binding site (23, 183, 230). The latter mechanism 

is observed between cytidine catabolism regulator (CytR) and cyclic AMP receptor protein 

(CRP) in E. coli (229). The three mechanisms are depicted in Fig. 1.3.A. 

 

1.3.3. Transcription initiation activation 

 Most of the promoters lack a good match to the consensus sequence of housekeeping 

promoter core elements. These group require ancillary proteins, known as transcriptional 

activators (77). In general, activators bind upstream of the target promoter and recruit RNAP by 

direct protein-protein interaction (10). The simple promoter activation is categorized to four 

mechanisms (3 mechanisms are shown in Fig. 1.3.B) (23). In class I activation, the activator 

binds upstream of the -35 box and interacts with CTD of RNAP. The flexible linker of CTD 

and NTD enables the Class I activators to bind at different distances upstream of the -35. The 

activator binding site in class I activation is usually located near positions -61 to -91 (10, 23, 77). 

The most prominent example of this class is the CRP binding site at the lac promoter (51). In the 

second class, the activator binds directly adjacent to the -35 box. Thus, the activator directly 
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contacts domain 4 of the sigma factor (10, 23, 77). This is found in the PRM promoter of 

bacteriophage λ where CI binding site is close to the promoter core (162). In the third class, the 

activator binds to the core promoter and changes the conformation of the promoter by twisting 

the DNA. This DNA twisting enables the promoter to be bound by a sigma factor (23). For 

instance, the MerR-type activators bind to the spacer sequence and twist the DNA to reorientate 

the -10 and -35, thereby the sigma factor can bind (22, 90). In the fourth mechanism, the activator 

modulates the repression in a process, called anti-repression (230). This was shown in the 

promoter of competence transcription factor (ComK) in B. subtilis. Binding of the ComK 

activator to the minor groove at comK promoter results in physical displacement of the repressors 

Rok and CodY by which the repression effect will be removed (203). All of the mentioned 

mechanisms are simple activation and repression mechanisms. There are, however, other 

mechanism which have more complicated regulations (10, 23, 77, 88, 137, 183, 230).  

 

A                                                                                             B 

Fig. 1. 3. (A) Schematic view of the different mechanisms of the transcription repression. (B) Different mechanisms 

of the transcription activation (10, 23).  

 

1.4. Carbohydrate uptake systems in Bacillus subtilis 

 B. subtilis is able to degrade several plant-derived polysaccharides by secretion of 

extracellular enzymes, such as -amylase (amyE) (216), levansucrase (sacB) (132), and levanase 
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(sacC) (118, 236). The resulting oligo-, di- and monosaccharides are then transported into the cell 

and catabolized. At least 18 different mono- or disaccharides can be used by B. subtilis as a 

carbon source (113, 210). For uptake of carbohydrates, different transport systems can be 

employed by B. subtilis (summarized in table 1.5). These carbohydrate uptakes systems include: 

ATP-binding cassette (ABC), phosphoenolpyruvate (PEP): sugar phosphotransferase system 

(PTS), facilitators and secondary active transporters (44, 210). Among them, PTS is the main 

carbohydrate uptake system in B. subtilis (180, 237).  

 

Table 1. 5. Some of the main carbohydrate uptake systems in B. subtilis (44).  

Carbohydrate uptake system Carbohydrate 

PTS fructose, maltose, mannitol, glucose, sucrose, trehalose, salicin, N-

acetylglucoseamine, mannose, glucomannan 

  

Facilitators glycerol 

  

ABC arabinose, ribose, rhamnogalacturonan, acetoin, galactose, maltodextrin 

  

Other transporters arabinose, glucose, inositol, glucitol 

 

 

1.5. Phosphoenolpyruvate-dependent phosphotransferase system (PTS) 

 PTS is a phosphotransfer system by which a carbohydrate is simultaneously transported 

across the cytoplasmic membrane and phosphorylated (114). This carbohydrate uptake system 

comprises two general proteins, enzyme I (EI; 63 kDa) and a histidine-containing phosphocarrier 

protein (HPr; 9 kDa), as well as a multidomain sugar-specific transporter, called enzyme II (EII) 

(73, 165). The phosphoryl group transferred by PTS is originated from phosphoenol pyruvate 

(PEP). The EI protein is the first component of this cascade which becomes autophosphorylated 

using PEP as the phosphoryl donor. In the next step, EI phosphorylates the phosphocarrier HPr 

protein at His15. Finally, this phosphoryl group is transferred to the sugar specific EII located at 

the cytoplasmic membrane. The phosphorylated sugar is then catabolized in glycolysis in which  

two PEP will be generated (Fig. 1.4) (44, 75, 114, 176). 
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Fig. 1. 4. The schematic view of a phosphoenolpyruvate-dependent phosphotransferase system (PTS) (75). 

 

1.6. PTS encoding operons and their specific regulators in B. subtilis 

 Generally, the operons encoding PTS in B. subtilis consist of one or two encoding genes 

for sugar-specific EII (transporter) and phosphosugar modifying enzymes (listed in Table 1.6). 

The PTS transporters are composed of three (or four) domains, where the soluble domains IIA 

and IIB being part of the phosphorylation chain, while IIC is the membrane-bound domain which 

transports the carbohydrate. Operons encoding PTS are usually regulated by their specific 

regulator encoded by a gene located within or outside the PTS operon (45, 180). These regulators 

function in different ways, such as transcription activation, transcription repression, and 

transcription antitermination (see Table 1.6). According to their function, transcriptional 

activators and repressors contain DNA binding domains, while antiterminators contain RNA 

binding domains (45). Some of the regulators are directly activated in the presence of their 

phosphosugar. For instance, the repressor of the trehalose PTS-encoding operon, TreR, loses its 

DNA binding affinity by trehalose 6-phosphate (26). Besides, the activator of the maltose PTS-

encoding operon, MalR, is supposed to bind its operator only in a complex with maltose 

6-phosphate (253). Other regulators contain extra duplicated PTS-regulatory domains (PRD). B. 

subtilis 168 contains eight PRD-containing regulators including PRD-containing antiterminators 
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(GlcT, LicT, SacT, and SacY, a.k.a. BglG/SacY family) and PRD-containing activators (LicR, 

MtlR, and ManR, a.k.a. DeoR-type activator family, and LevR) (79, 208, 231). Phosphorylation 

or dephosphorylation of the PRD domains activates or deactivates the regulator. However, this 

activation mechanism is somewhat different between the PRD-containing activators and 

antiterminators.  

 

Table 1. 6. Phosphoenolpyruvate-dependent phosphotransferase systems of B. subtilis (44). 

Sugar Operon Regulator (gene) Regulation Reference 

-glucoside bglPH, bglS LicT
*
 (licT) Antitermination (124, 135, 136, 194, 226, 232) 

fructose levDEFGsacC LevR (levR) Activator (29, 41, 145, 211) 

fructose fruRKA FruR Repressor (67, 173, 180) 

Glucose ptsGHI GlcT (glcT) Antitermination (7, 72, 74, 123, 124, 190, 192, 

212) 

Glucosamine nagBB gamP YbgA (ybgA) (?) (180) 

Maltose malARP MalR Activator (196, 253) 

Mannitol mtlAFD MtlR (mtlR) Activator (107, 154) 

Mannose manPA ManR (manR) Activator (214) 

N-acetylglucosamine nagP, nagABR NagR Repressor (11) 

Oligo -glucoside licBCAH LicR (licR) Activator (177, 221, 222) 

Oligo -mannoside gmuBACDREFG GmuR Repressor (185) 

Sucrose sacPA SacT (sacT) Antitermination (3, 4, 40, 59, 143) 

Sucrose sacXY, sacB SacY Antitermination (36, 143, 207, 225) 

Trehalose trePAR TreR Repressor (26, 91, 195) 
*
 The PRD-containing regulators are shown by bold letters. 

 

1.6.1. Regulation of GlcT and other PRD-containing antiterminators 

 Glucose is the preferred carbon and energy source for many bacteria. In B. subtilis, 

glucose is mainly taken up via a phosphoenolpyruvate-dependent phosphotransferase system 

encoded by ptsGHI operon (Fig. 1.5.A). The ptsG gene encodes for specific EIICBA
Glc 

transporter, while ptsH and ptsI encode for general HPr and EI proteins of the PTS pathway (73, 

74). The EIICBA
Glc

 protein consists of two hydrophilic domains, EIIB
Glc

 and EIIA
Glc

, which are 

involved in the phosphorylation of glucose and of domain C, a membrane-bound domain, which 

transports glucose (215). The ptsHI genes are constitutively expressed by a promoter, PptsHI, 

located downstream of ptsG. Therefore, general proteins of the PTS pathway, i.e. HPr and EI, are 
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always present in the cytoplasm. In addition to PptsHI, an inducible promoter, denoted PptsGHI, 

directs the expression of the ptsGHI operon (Fig. 1.5.A).  

A 

  

 

 

 

 

B                                                                                                 C 

 Fig. 1. 5. (A) Genetic organization and regulation of the ptsGHI operon and its antiterminator, GlcT. (B) 

Deactivation of GlcT by EII
Glc

 in the absence of glucose. (C) Activity of GlcT in the presence of glucose. (CM: 

Cytoplasmic membrane; EI: Enzyme I; G6P: Glucose 6-phosphate; HPr: Histidine-containing phosphocarrier 

protein; PRD: PTS-regulatory domain; RBD: RNA binding domain) (192). 

 

PptsGHI is regulated by GlcT antiterminator. This protein belongs to the BglG/SacY antiterminator 

family in B. subtilis. The glcT gene is located upstream of the ptsGHI operon (74, 212). GlcT 

consists of an N-terminal RNA binding domain, and the PRDI and PRDII domains. 
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Phosphorylation of the PRD domains of GlcT modulates the protein activity in response to the 

availability of the glucose (7). In the absence of glucose, GlcT is phosphorylated by EIIB
Glc 

in 

PRDI (Fig. 1.5.B). This phosphorylation deactivates GlcT. In this case, the transcription of 

ptsGHI operon is early terminated due to the presence of a terminator structure in the leader 

sequence of ptsG. This terminator is overlapped by an inverted repeat, called ribonucleotide 

antiterminator (RAT). This overlap forms a protein-dependent riboswitch. When glucose is 

present in the extracellular milieu, uptake of glucose leads to dephosphorylation of EII
Glc 

(Fig. 

1.5.C). This dephosphorylation competes with the phosphorylation of GlcT by the EII
Glc

. Thus, 

GlcT becomes active and binds to RAT. Upon binding of GlcT, a new stem-loop structure forms 

preventing the early transcription termination of the ptsGHI mRNA (7, 123, 190, 212). In 

addition to EII
Glc

-dependent phosphorylation in PRDI, there is a second phosphorylation in 

PRDII domain of GlcT mediated by HPr(H15~P). The PRDII phosphorylation slightly stimulates 

the GlcT activity. In other words, GlcT is still active when PRDII is dephosphorylated; however, 

the full activity is only observed when PRDII is phosphorylated and PRDI is dephosphorylated 

(192). Similarly, all members of the BglG/SacY antiterminator family of B. subtilis are 

negatively affected by the cognate transporter. However, the role of phosphorylation via 

HPr(H15~P) varies among these antiterminators (231). Similar to GlcT, SacY is still functional in 

the absence of HPr (36). In contrast, other transcriptional antiterminators such as LicT or SacT 

absolutely require the phosphorylation of the PRDII by HPr(H15~P) for activity (3, 45, 115, 

136). 

 

1.6.2. Regulation of PRD-containing activators in B. subtilis 

 PRD-containing activators in B. subtilis are basically divided into two groups. The first 

group is called DeoR-type activators including MtlR, ManR, and LicR. The second group with 

LevR, as the only member, comprises NifA/NtrC-type activators. The DeoR-type activators 

usually interact with the 
A
-containing RNAP holoenzyme, whereas LevR interacts with RNA 

polymerase containing 
L 

(45, 61). Therefore, domain organization in these groups are different 

(Fig. 1.6) (79). DeoR-type activators contain a helix-turn-helix (HTH) motif in their N-terminus 

resembling the DNA binding domain in transcriptional activators of the E. coli DeoR family 



Introduction 

40 

 

(231). This DNA binding domain is followed by two PRDs each of which contains two 

conserved histidyl residues. The PRDs are followed by an EIIB
Gat

-like domain containing a 

conserved cysteyl residue and an EIIA-like domain belonging to the mannitol/fructose class PTS 

(45, 79).  

 

Fig. 1. 6. Domain organization of the PRD-containing transcription activators. HTH represents helix-turn-helix motif 

in the DNA binding domain (45, 107, 213).  

 

Early knowledge dealing with regulation of a DeoR-type activator was achieved by studying 

Geobacillus stearothermophilus MtlR. This DeoR-type activator is phosphorylated by 

HPr(H15~P) in PRDII which activates MtlR. In the absence of mannitol, domain B of EIICB
Mtl

 

phosphorylates the EIIA
Mtl/Fru

-like domain of MtlR to deactivate it (93, 94). Similar to 

G. stearothermophilus MtlR, phosphorylation by HPr(H15~P) is essential for the activity of 

ManR, while removal of EIICBA
Man

 leads to constitutive activity of the manPA promoter (214). 

LicR in B. subtilis is regulated by the same mechanism (221). Lately, it has been shown that the 

EIIB
Gat

-like domain of B. subtilis MtlR also interacts with the EIIA
Mtl 

(107). Phosphorylation of 

LevR is different from DeoR-type activators. This NifA/NtrC-type activator, LevR, is the best 

studied PRD-containing activator in B. subtilis. LevR contains an N-terminal helix-turn-helix 

motif followed by a NifA/NtrC-like domain. The latter domain probably interacts with RNAP 

associated with 
L 

(45, 147). The central NifA/NtrC-like domain is followed by a complete PRD 
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containing two conserved histidyl residues. There is also another truncated PRD containing only 

one conserved histidyl residue at the C terminus of LevR. Between the two PRDs, EIIA
Man

- and 

EIIB
Gat

- like domains are located (45). HPr(H15~P)-mediated phosphorylation occurs in the 

EII
Man

-like domain which positively regulates the activity of LevR. In the absence of fructose, the 

second phosphorylation in PRDII inactivates LevR. This phosphorylation is mediated by EIIB
Lev 

(144, 211). Briefly, the PRDI domain in PRD-containing antiterminators is phosphorylated by 

specific transporter, while EIIA- and EIIB-like domains in PRD-containing activators interact 

with the specific transporter domains. The role of PRDI in the PRD-containing activators remains 

unknown. It is supposed that PRDI might transfer the signal from PRDII to the DNA binding 

domain (45). 

 

1.7. PTS and CcpA-dependent carbon catabolite repression in B. subtilis 

 PTS is not only serving as a carbohydrate transport system, but also as a signal transducer 

for carbon catabolite repression (CCR) (209).  In fact, the general PTS component, HPr, plays an 

important role in carbon catabolite repression in B. subtilis. HPr contains two phosphorylation 

sites including histidine 15 and serine 46. Histidine 15 is the PEP-dependent phosphorylation site 

transferring the phosphoryl group between EI and EII (114). In contrast, Serine 46 is 

phosphorylated in an ATP-dependent reaction by a homohexameric enzyme, called HPr 

kinase/phosphorylase (HPrK/P; 34 kDa) (65, 182).  HPrK/P is a bifunctional enzyme which 

phosphorylates HPr-Ser46 at a high concentration of fructose 1,6-bisphosphate (FBP), while its 

phosphorylase activity is stimulated by a high inorganic phosphate concentration inside the cell 

caused by nutrient limitation (182). The presence of glucose or a PTS sugar in the nutrient 

medium results in a high level of FBP which is an intermediate product of glycolysis. 

HPr(S46~P) act as an effector for the pleiotropic transcription regulator, catabolite control protein 

A (CcpA) (45, 139). CcpA is a master transcription regulator which binds to different operons in 

B. subtilis and activates or represses the expression of these operons (204). Binding of the CcpA 

(36 kDa) dimer to its binding site is triggered in the presence of HPr(S46~P). Interestingly, the 

interaction between CcpA and HPr(S46~P) is also enhanced by the presence of FBS and glucose 

1-phosphate (Fig. 1.7.A) (45, 75, 139). Rather than HPr(S46~P), another cofactor protein can 
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trigger the binding of CcpA to the DNA in B. subtilis. Catabolite repression HPr (Crh) has 45% 

identity to the HPr sequence; however, it lacks the histidine 15 residue. Therefore, Crh is unable 

to participate in the phosphoryl transfer cascade. In contrast, Crh can be phosphorylated by 

HPrK/P similar to HPr-S46 and replace it in the CcpA-dependent CCR (Fig. 1.7.B) (64, 148). 

Formation of the CcpA-Crh(S46~P) complex is not influenced by the glycolytic intermediates. 

Besides, binding of Crh(S46~P) to CcpA is four fold weaker than HPr(S46~P) (75). Recently, it 

has been found out that the Crh phosphorylation state plays an important role in the regulation of 

methylglyoxal synthase (MgsA) (Fig. 1.7.B) (122). MgsA catalyzes the production of 

methylglyoxal from dihydroxyaceton phosphate (DHAP), an intermediate product of glycolysis. 

At a low level of FBP, the unphosphorylated form of Crh interacts with MgsA and inhibits its 

activity. On the contrary, the elevated level of FBP pool in the cell leads to phosphorylation of 

Crh by HPrH/P. This phosphorylation relieves MgsA from Crh-mediated inhibition. Since the 

produced methylglyoxal is highly cytotoxic it will be excreted or probably converted to pyruvate 

(122).  

A                                                                                                      B 

Fig. 1. 7. (A) Carbon catabolite repression in B. subtilis. (B) The role of Crh in regulation of methylglyoxal 

production and CcpA-dependent catabolite repression (FBP: Fructose 1,6-bisphosphate; DHAP: dihydroxyaceton 

phosphate; GAP: Glyceraldehyde 3-phosphate) (75, 122). 

 

After formation of the CcpA-HPr(S46~P) or CcpA-Crh(S46~P) complex, this complex binds to a 

specific binding site in the target promoter region. This specific binding site is called catabolite 
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responsive element (cre) (240). Most of the cre sites are located at the promoter core elements or 

upstream of the promoter core elements. However, there are also some examples where the cre 

site is located at the 5’UTR region of mRNA or even inside the coding sequence (61). Several 

bioinformatics and practical analysis revealed the consensus sequence of cre comprising 

WTGNAARCGNNNCA sequence (152). Recently, a detailed comparison of the cre sites in the 

genome of B. subtilis showed two groups of functional cre sites harboring the consensus 

sequences  WTGNAANCGNWWNCA and WTGAAARCGYTTWNN (61). Regarding the 

position of the cre site, binding of the CcpA complex can repress or activate the operon. For ackA 

(acetate kinase), pta (phosphotransacetylase), and ilv-leu (biosynthesis of branched-chain amino 

acids) genes, the cre site is located upstream of the promoter core elements and activates their 

gene expression (178, 200, 224, 227). These genes are required for the excretion of acetate when 

the cells are grown in the excess of carbon source. The cre site located inside the promoter core 

elements or downstream of the promoter region can repress gene expression by steric hindrance 

mechanism or elongation roadblock, respectively (45, 61).  

  

1.8. CcpA-independent carbon catabolite repression 

1.8.1. Catabolite control mediated by catabolite control proteins 

 In addition to CcpA-dependent CCR in B. subtilis, many genes are regulated by other 

catabolite control proteins, such as CcpB, CcpC, and CcpN. CcpB is a paralogous protein of 

CcpA and regulates some operons including gnt, xyl, and fad genes. The latter genes encode the 

fatty acid degradation (30, 61). CcpC represses the citB and citZCH genes encoding the first three 

steps of the TCA cycle (106). CcpN represses pckA encoding the phosphoenolpyruvate 

carboxykinase and gapB encoding the glyceraldehyde-3-phosphate dehydrogenase during 

glycolysis. In fact, CcpN is active when the cells are growing on a glycolytic substrate, even if 

the medium also contains a gluconeogenetic substrate (199). CggR is another regulatory protein 

influencing the central glycolytic genes. This protein represses the gapA operon, i.e. cggR-gapA-

pgk-tpi-pgm-eno. The gapA operon encodes the enzymes responsible for the conversion of three-

carbon intermediates of glycolysis. FBP is an inhibitor of CggR (46, 140).  
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1.8.2. Catabolite control mediated by HPr(H15~P) 

 The phosphorylated HPr-H15 can also play an important role in the carbon catabolite 

repression of many operons. HPr-H15 is not only a phosphocarrier protein for the specific 

enzyme II of many PTS systems, but also it is capable of phosphorylation of the glycerol kinase, 

RNA-binding antiterminators and DNA-binding transcription activators of the PTS-sugar 

utilization systems (45, 61, 75). 

 

1.8.2.1. Inducer exclusion in glycerol utilization system 

 In B. subtilis, glycerol is taken up by a facilitator, called GlpF, and converted to glycerol 

3-phosphate by the glycerol kinase (GlpK). The glpFK operon is induced by binding of glycerol 

3-phosphate and GlpP, an antiterminator, to the mRNA leader sequence of glpFK. This binding 

prevents the early transcription termination. Glycerol kinase (GlpK) is activated by a phosphoryl 

transfer from HPr(H15~P) (Fig. 1.7.A). In the presence of glucose, HPr(H15~P) is mainly 

dephosphorylated by EIICBA
Glc

 leading to prevention of GlpK phosphorylation. The 

unphosphorylated GlpK is less active than its phosphorylated form. Therefore, transcription of 

glpFK operon is terminated due to the low amount of glycerol 3-phosphate in the cell. This 

mechanism of repression is called inducer exclusion (38).  

 

1.8.2.2. Induction prevention of the PRD-containing regulators 

 Several PTS operons are regulated by transcription regulators comprising PTS-regulatory 

domains (PRD). The activity of these PRD-containing regulators (activator or antiterminator) is 

modulated by PTS-dependent phosphorylation of their PRDs. This type of regulation is based on 

the sugar-specific EII and HPr(H15~P). In the absence of sugar, the related specific EII 

phosphorylates PRDI in antiterminators or EIIA- and EIIB-like domains in activators. In addition 

to EII-dependent phosphorylation, HPr(H15~P) also catalyzes the phosphorylation of PRDII in 

the absence of glucose. HPr(H15~P) is efficiently used in the presence of a preferred PTS-
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carbohydrate, such as glucose. This constitutes a CCR mechanism that downregulates the 

activities of PRD-containing regulators (45, 61, 75).  

 

1.9. Mannitol utilization system in B. subtilis  

 Mannitol is taken up via a PTS in B. subtilis. In mannitol PTS pathway, mannitol passes 

through the domain C and becomes phosphorylated by the domain B of membrane-bound 

EIICB
Mtl

. This phosphate is provided by the cytoplasmic EIIA
Mtl

 protein which has been already 

phosphorylated by HPr(H15~P). The mannitol 1-phoshpate dehydrogenase enzyme converts the 

uptaken mannitol 1-phosphate to fructose 6-phosphate which is an intermediate compound of 

glycolysis pathway. The mannitol utilization system is encoded by the mtlAFD operon located at 

449.72 – 452.73 kb of the chromosome of B. subtilis 168 (Fig. 1.8). The mtlA gene (1437 bp) is 

the first gene of the operon encoding the EIICB
Mtl

 protein (50 kDa) (9, 117). The mtlF gene (432 

bp) encodes the cytoplasmic phosphocarrier protein, EIIA
Mtl

 (15 kDa) (9, 107). Finally, the mtlD 

gene (1122 bp) encodes the mannitol 1-phosphate dehydrogenase enzyme (41 kDa) (9, 117). 

Transcription of the operon is activated by the activator, MtlR (78 kDa). The mtlR gene (2085 bp) 

encoding the activator is located 14.1 kb downstream of the mtlAFD operon. Interestingly, 

expression of mtlAFD operon is induced by glucitol in addition to mannitol which is the main 

inducer. Besides, the presence of mannitol 1-phosphate dehydrogenase is essential for 

assimilation of glucitol (239). Glucitol is a non-PTS sugar taken up by a H
+
-symporter (GutP) 

and oxidized to fructose by glucitol dehydrogenase (GutB) inside the cytoplasm. However, a 

weak uptake of glucitol by mannitol-specific EII has been already observed (28).  

 

Fig. 1. 8. Genetic map of the mtl operon and its regulator on the chromosome of B. subtilis 168. 
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1.10. Aim of the study 

 In order to construct an expression vector for heterologous and homologous genes in 

B. subtilis based on low cost inducer, the mannitol utilization system was chosen. In B. subtilis, 

mannitol is taken up via a phosphoenolpyruvate-dependent phosphotransferase system (PTS). So 

far, regulation by PRD-containing antiterminators has been mainly studied in B. subtilis. Among 

the PRD-containing activators, regulation of LevR and LicR has been also investigated. Besides, 

the mannose PTS in B. subtilis has been recently characterized and its regulation is being studied. 

Prior to this study, activation of the mtlAFD operon, encoding mannitol utilization system, and 

the location of its activator, mtlR, has been reported. Nevertheless, the exact regulation of the 

mtlAFD operon as well as its activator encoding gene (mtlR) is unknown. Thus, the promoter 

structure of the mtlAFD operon and mtlR in B. subtilis will be characterized in this study. Next, 

regulation of these promoters in several mannitol utilization deficient mutants will be studied. 

Also, regulation of MtlR, as a PTS-containing regulator, will be investigated. A challenge in 

application of a sugar-inducible system is caused by glucose catabolite repression. Therefore, 

catabolite repression of the promoters of mannitol PTS encoding operon and its activator will be 

investigated. Finally, a highly inducible expression vector based on mannitol will be constructed 

which can be used for expression of heterologous and homologous genes in B. subtilis.  
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2. Materials and Methods 

2.1. Strains 

Strain Genotype Source or reference 

E. coli   

DH5 fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 

Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17 

(12) 

JM109 mcrA recA1 supE44 endA1 hsdR17 (rK
–
 mK

+
) gyrA96 

relA1 thi (lac-proAB) F' [traD36 proAB
+
 lacI

q
 

lacZM15] 

(257) 

JW2409-1 F
-
, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ

-
, 

ΔptsI745::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 

(5) 

B. subtilis   

168 trpC2 Bacillus Genetic Stock Center 

3NA spo0A3 (150) 

QB5223 trpC2 ptsH-S46A (146) 

TQ303 spo0A3, ΔccpA::erm (214) 

TQ308 spo0A3, ΔhprK::erm (214) 

TQ338 spo0A3, Δcrh::erm (214) 

TQ338_S46 trpC2 ptsH-S46A Δcrh::erm (214) 

TQ432 trpC2 ptsH-H15A amyE::cat (214) 

MW373 spo0A3 ΔptsG (154) 

KM12 spo0A3 mtlAF::ermC 3NA transformed with pKAM5 

KM13 spo0A3 mtlAFD::ermC 3NA transformed with pKAM6 

KM15 spo0A3 mtlR::ermC 3NA transformed with pKAM4 

KM37 spo0A3 mtlD::ermC 3NA transformed with pKAM14 

KM39 spo0A3 gutRBPydjE::cat 3NA transformed with pKAM13 

KM40 spo0A3 mtlAFD::ermC gutRBPydjE::cat KM13 transformed with pKAM13 

KM103 spo0A3 mtlF 3NA transformed with pKAM47 

KM162 spo0A3 mtlR::ermC his, spc KM15 transformed with pHM30 

KM165 spo0A3 mtlR-H289A KM162 transformed with pKAM68 

KM176 spo0A3 amyE::ter-PmtlA-lacZ-spc 3NA transformed with pKAM123 

KM179 spo0A3 mtlR-H289A amyE::ter-PmtlA-lacZ-spc KM165 transformed with pKAM123 

KM209 spo0A3 mtlR-H342D KM15 transformed with pKAM126 

KM210 spo0A3 mtlR-H230A KM15 transformed with pKAM127 
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Strain Genotype Source or reference 

KM212 spo0A3 mtlR-H230A H289A KM15 transformed with pKAM129 

KM213 spo0A3 mtlR-H342D amyE::ter-PmtlA-lacZ-spc KM209 transformed with pKAM123 

KM214 spo0A3 mtlR-H230A amyE::ter-PmtlA-lacZ-spc KM210 transformed with pKAM123 

KM216 spo0A3 mtlR-H230A H289A amyE::ter-PmtlA-lacZ-

spc 

KM212 transformed with pKAM123 

 

2.2. Plasmids 

Table 2. 1. Parental plasmids used in this study. The plasmid maps are represented in appendices. 

Plasmid Genotype Source or reference 

pDG1730 erm, bla, amyE'-spc-amyE' (82) 

pHM30 hisF, hisI, spc, yvcA, yvcB, bla (158) 

pHM31 hisF, hisI, yvcA, yvcB, bla (158) 

pIC20HE lacZ, bla, oripUC18 (1) 

pJOE4786.1 lacPOZ’, bla, oripUC18 (105) 

pJOE6089.4 oripBR322, rop, cer, rhaPBAD, eGFP-strep, rrnB, bla Laboratory stock 

pJOE6732.1 oripAM1, repDE, Pxyl-creP1, spc, oripUC18, bla Laboratory stock 

pMW168.1 ter-'manR-PmanP-TIRgsiB-eGFP-ter, oripUC18, rep, oripUB110, spc (242) 

pMW363.1 manP-cat-yjdA-yjdB, bla, spc, oripUC18 (154) 

pSUN284.1 ter- manR-PmanP-lacZ-ter, repA, oripUC18, oripBS72,bla, spc (214) 

pSUN279.2 ter-PmanR-manR-PmanP-lacZ-ter, repA, oripUC18, oripBS72, spc (214) 

pSUN308.3 lgt-ermC-nagA, bla, spc, oripUC18 Laboratory stock 

 

Table 2. 2. Plasmids constructed in this study. 

Plasmid Partial genotype Parental vector (cut) Insert/PCR (cut) 

Cloning Vectors 

pKAM01 PmtlR-mtlR pJOE4786.1 (SmaI) s5656/s5657 

pKAM05 lgt-ermC-ydaB pSUN308.3 (SpeI/StuI) s5860/s5812 (SpeI/StuI) 

pKAM08 nagA-ermC-PmtlA-mtlD pSUN308.3 (EcoRV/BglII) s5918/s5919 + s5920/s5921 

F

.s5918/s5921 (EcoRV/BglII) 

pKAM011  lgt-ermC-ycsA pSUN308.3 (SpeI/StuI) s5994/s5995 (SpeI/StuI) 

pKAM014 'ydjC-cat- yjdA-yjdB pMW363.1 (EcoRI/NheI) s6302/s6303 (EcoRI/NheI) 
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Plasmid Partial genotype Parental vector (cut) Insert/PCR (cut) 

pKAM015 mtlD'  pSUN308.3 (EcoRV/NdeI) s6344/s6345 (EcoRV/NdeI) 

pKAM020 mtlA-mroxP-cat-mroxP pKAM19 (BamHI/XhoI) s6759/s6760 (BamHI/XhoI) 

pKAM024 PmtlR-mtlR-H342D pJOE4786.1 (SmaI) s6949/s6865 + s6866/s6867 

F.s6949/s6867  

pKAM025 PmtlR-mtlR-H230A pJOE4786.1 (SmaI) s6949/s6868 + s6869/s6867 

F.s6949/s6867  

pKAM026 PmtlR-mtlR-H289A pJOE4786.1 (SmaI) s6949/s6870 + s6871/s6867 

F.s6949/s6867  

pKAM027 PmtlR-mtlR-H230A H289A pJOE4786.1 (SmaI) s6949/s6870 + s6871/s6867 

F.s6949/s6867  

 

Expression Vectors 

pKAM1 ter-PmtlA(-181  -1)

-lacZ-ter  pSUN279.2 (NheI/AflII) s5526/s5527 (NheI/AflII) 

pKAM3 ter-PmtlR(-200 -1)-lacZ-ter  pSUN279.2 (NheI/AflII) s5799/s5800 (NheI/AflII) 

pKAM9 ter-PmtlA(-161 -1)-lacZ-ter pSUN279.2 (NheI/AflII) s6209/s5527 (NheI/AflII) 

pKAM12 ter-PmtlA(-161 -32)-lacZ-ter pSUN279.2 (NheI/AflII) s6209/s6213 (NheI/AflII) 

pKAM18 ter-PmtlR(-200 -15)-lacZ-ter pSUN279.2 (NheI/AflII) s5799/s6392 (NheI/AflII) 

pKAM21 ter-PHP7-lacZ-ter pSUN279.2 (NheI/AflII) s6504/s6505 + s6506/s6507 

F.s6504/s6507 (NheI/AflII) 

pKAM23 ter-PHP9-lacZ-ter pSUN279.2 (NheI/AflII) s6504/s6510 + s6511/s6507 

F.s6504/s6507 (NheI/AflII) 

pKAM25 ter-PHP11-lacZ-ter pSUN279.2 (NheI/AflII) s6504/s6508 + s6509/s6507 

F.s6504/s6507 (NheI/AflII) 

pKAM27 ter-PmtlA(-161 -32) 

*[ctttagaaat]-lacZ-ter 

pSUN279.2 (NheI/AflII) s6688/s6213 (NheI/AflII) 

pKAM29 ter-PHP12-lacZ-ter pSUN279.2 (NheI/AflII) s6504/s6608 + s6609/s6507 

F.s6504/s6507 (NheI/AflII) 

pKAM30 ter-PHP13-lacZ-ter pSUN279.2 (NheI/AflII) s6504/s6652 + s6653/s6507 

F.s6504/s6507 (NheI/AflII) 

pKAM31 ter-PmtlA cre+-lacZ-ter pSUN279.2 (NheI/AflII) s6209/s6654 + s6655/s6213 

F.s6209/s6213 (NheI/AflII) 
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Plasmid Partial genotype Parental vector (cut) Insert/PCR (cut) 

pKAM32 ter-PmtlA cre--lacZ-ter pSUN279.2 (NheI/AflII) s6209/s6656 + s6657/s6213 

F.s6209/s6213 (NheI/AflII) 

pKAM33 ter-PmtlR cre+-lacZ-ter pSUN279.2 (NheI/AflII) s5799/s6664 + s6665/s6392 

F.s5799/ s6392 (NheI/AflII) 

pKAM34 ter-PmtlR cre--lacZ-ter pSUN279.2 (NheI/AflII) s5799/s6666 + s6667/ s6392 

F.s5799/ s6392 (NheI/AflII) 

pKAM39 ter-PmtlA-mtlR-His6 pKAM12 (AflII/XmaI) s6686/ s6687 (AflII/XmaI) 

pKAM40 ter-PmtlA cre *(-35 and -10)-lacZ-ter pSUN279.2 (NheI/AflII) s6209/s6709 + s6710/s6213 

F.s6209/s6213 (NheI/AflII) 

pKAM41 ter-PmtlR cre *(-35 and -10)-lacZ-ter pSUN279.2 (NheI/AflII) s5799/s6711 + s6712/ s6392 

F.s5799/s6392 (NheI/AflII) 

pKAM42 ter-PmtlA*[taacattataat]-lacZ-ter pSUN279.2 (NheI/AflII) s6209/s6713 + s6714/s6213 

F.s6209/s6213 (NheI/AflII) 

pKAM43 ter- PmtlA(-157 -32)-lacZ-ter pSUN279.2 (NheI/AflII) s6726/s6213 (NheI/AflII) 

pKAM44 ter-PmtlA (-161 -52)-lacZ-ter pSUN279.2 (NheI/AflII) s6209/s6727 (NheI/AflII) 

pKAM45  ter-PmtlA(-161 -32) 

*[ctttcgaaag]-lacZ-ter 

pSUN279.2 (NheI/AflII) s6209/s6728 + s6729/s6213 

F.s6209/s6213 (NheI/AflII) 

pKAM48 ter- PmtlA(-159 -32)-lacZ-ter pSUN279.2 (NheI/AflII) s6792/s6213 (NheI/AflII) 

pKAM49 ter- PmtlA(-155 -32)-lacZ-ter pSUN279.2 (NheI/AflII) s6793/s6213 (NheI/AflII)  

pKAM50 ter-PmtlA(-161 -42)-lacZ-ter pSUN279.2 (NheI/AflII) s6209/s6794 (NheI/AflII)  

pKAM51 ter-PmtlA(-161 -107)-PmtlR(-

110 -15)-lacZ-ter 

pSUN279.2 (NheI/AflII) s6209/s6798 + s6799/s6392 

F.s6209/s6392 (NheI/AflII) 

pKAM52 ter-PmtlA(-161 -32) 

*[ttcaaaagtt]-lacZ-ter 

pSUN279.2 (NheI/AflII) s6209/s6800 + s6801/s6213 

F.s6209/s6213 (NheI/AflII) 

pKAM57 ter- PmtlA(-153 -32)-lacZ-ter pSUN279.2 (NheI/AflII) s6829/s6213 (NheI/AflII)  

pKAM58 ter- PmtlA(-149 -32)-lacZ-ter pSUN279.2 (NheI/AflII) s6830/s6213 (NheI/AflII) 

pKAM59 ter- PmtlA (-151 -32)-lacZ-ter pSUN279.2 (NheI/AflII) s6210/s6213 (NheI/AflII) 

pKAM62 ter-PHP20-lacZ-ter pSUN279.2 (NheI/AflII) s6504/s6855 + s6856/ s6507 

F.s6504/ s6507 (NheI/AflII) 

pKAM65 ter-PHP23-lacZ-ter pSUN279.2 (NheI/AflII) s6209/s6861 + s6862/s6954 

F.s6209/s6954 (NheI/AflII) 
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Plasmid Partial genotype Parental vector (cut) Insert/PCR (cut) 

pKAM84 ter-PmtlA(-161 -32) 

*[gtcctcagga]-lacZ-ter 

pSUN279.2 (NheI/AflII) s7065/s6213 (NheI/AflII) 

pKAM86 ter-PmtlR(-200 -37)-lacZ-ter pSUN279.2 (NheI/AflII) s5799/s7066 (NheI/AflII) 

pKAM87 ter-PmtlR(-200 -47)-lacZ-ter pSUN279.2 (NheI/AflII) s5799/s7067 (NheI/AflII) 

pKAM88 ter-PgroE-(crePmtlA)-UTRmtlR-lacZ-

ter 

pSUN279.2 (NheI/AflII) s7098/s7189 + s7190/s6392 

F.s7098/s6392 (NheI/AflII) 

pKAM89 ter-PgroE-(crePmtlR)-UTRmtlR-lacZ-

ter 

pSUN279.2 (NheI/AflII) s7098/s7191 + s7192/s6392 

F.s7098/s6392 (NheI/AflII) 

pKAM90 ter-PgroE-(crePacsA)-UTRmtlR-lacZ-

ter 

pSUN279.2 (NheI/AflII) s7098/s7193 + s7194/s6392 

F.s7098/s6392 (NheI/AflII) 

pKAM91 ter-PgroE-(cremtlA)-UTRmtlR-lacZ-ter pSUN279.2 (NheI/AflII) s7098/s7195 + s7196/s6392 

F.s7098/s6392 (NheI/AflII) 

pKAM92 ter-PmtlA(-161 -32) 

*[ccaaaggttt]-lacZ-ter 

pSUN279.2 (NheI/AflII) s7091/s6213 (NheI/AflII) 

pKAM93 ter-PmtlA-mtlR-H342D-His6 pKAM12 (AflII/XmaI) s6686/s6865 + s6866/s6687 

F.s6686/s6687 (NheI/AflII) 

pKAM96 ter-PmtlR(-200 -78)-UTRmtlA-

lacZ-ter 

pSUN279.2 (NheI/AflII) s5799/s7149 + s7150/s6213 

F.s5799/s6213 (NheI/AflII) 

pKAM101 ter-PgroE-UTRmtlR-lacZ-ter pSUN279.2 (NheI/AflII) s7098/s7237 + s7238/s6392 

F.s7098/s6392 (NheI/AflII) 

pKAM114 ter- PmtlA(-161 -42)-gsiB* 

[aaacat]-eGFP-ter 

pMW168.1 (AgeI/BamHI) s7355/s7356 (AgeI/BamHI) 

pKAM144 ter- PmtlA(-161 -42)-gsiB-

eGFP-ter 

pMW168.1 (AgeI/AflII) s7355/s7356 (AgeI/AflII) 

pKAM145 ter-PmtlA+10-lacZ-ter pKAM12 (NheI/MunI) s6209/s7548 (NheI/MunI) 

pKAM160 ter-PlicB-lacZ-ter pSUN279.2 (NheI/AflII) s7614/s7615 (NheI/AflII) 

pKAM161 ter-PHP41-lacZ-ter pSUN279.2 (NheI/AflII) s6209/s7617 + s7616/s7615 

F.s6209/s7615 (NheI/AflII) 

pKAM162 ter-PHP42-lacZ-ter pSUN279.2 (NheI/AflII) s6209/s7618 + s7619/s7615  

F. s6209/s7615 (NheI/AflII) 

pKAM163 ter- PmtlA(-161 -72)-UTRmanP-

gsiB-eGFP-ter 

pMW168.1 (AgeI/BglII) s7355/s7620 (AgeI/BglII) 
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Plasmid Partial genotype Parental vector (cut) Insert/PCR (cut) 

pKAM164 ter- PmtlR(-200 -78)-UTRmanP-

gsiB-eGFP-ter 

pMW168.1 (AgeI/BglII) s7621/s7622 (AgeI/BglII) 

pKAM167 ter-PmtlA+11-lacZ-ter pKAM12 (NheI/MunI) s6209/s7678 (NheI/MunI) 

pKAM168 ter-PmtlA+9-lacZ-ter pKAM12 (NheI/MunI) s6209/s7679 (NheI/MunI) 

pKAM169 ter- PmtlA(-161 -42)-gsiB* 

[aaacat]-eGFP-ter-mtlR-PmtlR 

pKAM114 (PvuII) pKAM01 (BamHI) 

pKAM176 ter- PHP43-lacZ-ter pSUN279.2 (NheI/AflII) s7714/s7615 (NheI/AflII) 

pKAM182 rhaPBAD-mtlR-H3242D C419A pJOE6089.4 (AflII/XmaI) s7303/s7301 + s7302/s7304 

F.s7303/s7304 (AflII/XmaI) 

pKAM185 ter-PHP44-lacZ-ter pSUN279.2 (NheI/AflII) s7800/s6954 (NheI/AflII) 

 

Integration vectors 

pKAM4 ycsN-ermC-ydaB pKAM05 (EcoRV/BglII)  s5809/s5810 (EcoRV/BglII) 

pKAM5 ycnL-ermC-PmtlA-mtlD pKAM08 (SpeI/StuI) s6067/s6079 (SpeI/StuI) 

pKAM6 ycnL-ermC-ycsA pKAM011 (EcoRV/BglII) s6068/s6080 (EcoRV/BglII) 

pKAM13 'ydjC-cat-pspA' pKAM014 (AflII/NdeI) s6304/s6305 (AflII/NdeI) 

pKAM14 mtlD'-ermC-mtlD' pKAM015 (HincII) s5069/s5070 

pKAM19 mroxP-cat-mroxP pIC20HE (XhoI/EcoRI) s6465/s6466 (XhoI/EcoRI)    

pKAM47 mtlA-mroxP-cat-mroxP-mtlD pKAM020 (NheI/SacI) s6761/s6762 (NheI/SacI) 

pKAM68 hisF-hisI-PmtlR-mtlR-H289A-yvcA-

yvcB 

pHM31 (XmaI/NheI) pKAM026 (XmaI/SpeI) 

pKAM123 amyE'- ter-PmtlA-lacZ -spc-amyE' pDG1730 (HindIII/EcoRI) s7455/s7481 (HindIII/EcoRI) 

pKAM126 ycsN-PmtlR-mtlR-H342D-ydaB pKAM4 (XmaI/SpeI) pKAM024 (XmaI/SpeI) 

pKAM127 ycsN-PmtlR-mtlR-H230A-ydaB pKAM4 (XmaI/SpeI) pKAM025 (XmaI/SpeI) 

pKAM129 ycsN-PmtlR-mtlR-H230A H230A-

ydaB 

pKAM4 (XmaI/SpeI) pKAM027 (XmaI/SpeI) 


 The numbers are showing the base pair position with respect to start codon of the wild type gene. 

 
The fusion PCRs are shown by (F.) sign.   

*[**]: the asterisk and bracket show the base pair exchange in the sequence.
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2.3. Oligonucleotides 

Primer Sequence (53) Direction Application 

s5069 
AAA AAA GAA TTC GAT ATC AGA TCT ACG 

CGT TAA CCC GGG C 
Fwd. Amplification of ermC 

s5070 
AAA AAA CAA TTG AAT CGA TTC ACA AAA 

AAT AGG 
Rev. Amplification of ermC 

s5526 
AAA AAA GCT AGC GGC TCC TGA AAC CAG 

GAG 
Fwd. Amplification of PmtlA 

s5527 
AAA AAC TTA AGA TAT AAA CCC TCC CTG 

TTT TG 
Rev. Amplification of PmtlA 

s5656 AAC TGC AGT ACG ATA TTC CAT AAA AAG C Fwd. 
Amplification of PmtlR-

mtlR 

s5657 AAA GAT CTC AGG TTT ACA GTA TGT TTT TT Rev. 
Amplification of PmtlR-

mtlR 

s5799 AAG CTA GCT ACG ATA TTC CAT AAA AAG C Fwd. Amplification of PmtlR 

s5800 AA CTT AAG AAA AAA GAC CTC CTA GCC Rev. Amplification of PmtlR 

s5809 AAA AAA GAT ATC AAC GCC CTT GCC CTT TC Fwd. Amplification of ycsN 

s5810 
AAA AAA AGA TCT GCA TCA GCT GGT AAA 

CTG AT 
Rev. Amplification of ycsN 

s5812 
AAA AAA AGG CCT AAC ACA AAT GTT GTT 

TCT GC 
Rev. Amplification of ydaB 

s5860 AAA AAA ACT AGT ACC TGC ATG GCA CAC GT Fwd. Amplification of ydaB 

s5918 AAA GAT CTA ACC AGG AGC CTT TTT ATT TT Fwd. Amplification of PmtlA 

s5919 
CGA AAT GTA AGG CGA TCA TAT ATA AAC 

CCT CCC TGT T 
Rev. Amplification of PmtlA 

s5920 
AAC AGG GAG GGT TTA TAT ATG ATC GCC 

TTA CAT TTC G 
Fwd. Amplification of mtlD 

s5921 AAG ATA TCG ACC GTA AAC AGC TTC CGT T Rev. Amplification of mtlD 

s5959 Cy5-GCT GCA AGG CGA TTA AGT TGG Rev. Hybridized to lacZ 

s5960 Cy5-CCA GTC ACG ACG TTG TAA AAC Rev. Hybridized to lacZ 

s5994 
AAA CTA GTA AGA AAC TTA ATC AAT AAC 

CGA C 
Fwd. Amplification of ycsA 

s5995 AAA GGC CTT CTC GAT TCC GCT ATA ATC AG Rev. Amplification of ycsA 

s6067 CCT GAA AGA AAC ACC ATG CCC GAA C Fwd. Amplification of yncL 

s6068 
AAG ATA TCG AAA GAA ACA CCA TGC CCG 

AAC 
Fwd. Amplification of yncL 

s6079 
AAA AAA ACT AGT CTT TGG CAC ATG ACT 

GTG ACA 
Rev. Amplification of yncL 

s6080 AAA GAT CTC TTT GGC ACA TGA CTG TGA CA Rev. Amplification of yncL 

s6209 
AAA AAA GCT AGC TTT TTA TTT TTA AAA 

AAT TGT CAC AGT CA  
Fwd. Amplification of PmtlA 

s6210 
AAA AAA GCT AGC TAA AAA ATT GTC ACA 

GTC ATG TGC 
Fwd. Amplification of PmtlA 

s6213 
AAA AAA CTT AAG TAA GAT ACA AAA ATA 

TGT TCA GAG A 
Rev. Amplification of PmtlA 

s6302 
AAA AAA GAA TTC GGT ATC TAT CTT TTA 

TGC CAA 
Fwd. Amplification of ydjC 

s6303 
AAA AAA GCT AGC TAC GTA GTT CTG TCA 

GCA ATC 
Rev. Amplification of ydjC 

s6304 
AAA AAA CTT AAG ATC ATT GAA GAT GTT 

TCT TGA 
Fwd. Amplification of pspA 
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Primer Sequence (53) Direction Application 

s6305 
AAA AAA CAT ATG CAG CAA TTT GAT TCG 

CCG C 
Rev. Amplification of pspA 

s6344 
AAA AAA GAT ATC GAT CGC CTT ACA TTT 

CGG TGC 
Fwd. Amplification of mtlD 

s6345 
AAA AAA CAT ATG TTA AAA TGA TGG CGT 

GCA ACG 
Rev. Amplification of mtlD 

s6392 
AAA AAA CTT AAG AGC CAA TCT TGA TGT 

GCG G 
Rev. Amplification of PmtlR 

s6465 

AAA AAA CTC GAG TCT GGC TCT TGA TAA 

TGT ACA CTA TAC GAA GTT ATA CTA GTA 

GCA CGC CAT AGT GAC TG 

Fwd. 
Amplification of mroxP-

cat-mroxP 

s6466 

AAA AAA GAA TTC TCT GGC TCT TGA TAA 

TGT ACA CTA TAC GAA GTT ATA CTA GTA 

GTT ATT GGT ATG ACT GGT TT 

Rev. 
Amplification of mroxP-

cat-mroxP 

s6504 
AAA AAA GCT AGC GTT ATA GGG AAA AAT 

GCC TTT ATT 
Fwd. Fusion PmanP-PmtlA 

s6505 
ACG CTT ACA GTC CCT ATA CAA TTT TTT 

TAC CAT AGG TTC CG 
Rev. Fusion PmanP-PmtlA 

s6506 
CGG AAC CTA TGG TAA AAA AAT TGT ATA 

GGG ACT GTA AGC GT 
Fwd. Fusion PmanP-PmtlA 

s6507 
AAA AAA CTT AAG TAA GAT ACA AAA ATA 

TGT TCA GAG AAT G 
Rev. Fusion PmanP-PmtlA 

s6508 
ACG CTT ACA GTC CCT ATA CAA CGC TTT 

TTT TAC CAT AGG TT 
Rev. Fusion PmanP-PmtlA 

s6509 
AAC CTA TGG TAA AAA AAG CGT TGT ATA 

GGG ACT GTA AGC GT 
Fwd. Fusion PmanP-PmtlA 

s6510 
AAA ACG CTT ACA GTC CCT TAA AAT CGC 

TTT TTT TAC C 
Rev. Fusion PmanP-PmtlA 

s6511 
GGT AAA AAA AGC GAT TTT AAG GGA CTG 

TAA GCG TTT T 
Fwd. Fusion PmanP-PmtlA 

s6608 
ACG CTT ACA GTC CCT ATA AAT CGC TTT 

TTT TAC CAT AGG TT 
Rev. Fusion PmanP-PmtlA 

s6609 
AAC CTA TGG TAA AAA AAG CGA TTT ATA 

GGG ACT GTA AGC GT 
Fwd. Fusion PmanP-PmtlA 

s6652 
ACG CTT ACA GTC CCT ATA CAT CGC TTT 

TTT TAC CAT AGG TT 
Rev. Fusion PmanP-PmtlA 

s6653 
AAC CTA TGG TAA AAA AAG CGA TGT ATA 

GGG ACT GTA AGC GT 
Fwd. Fusion PmanP-PmtlA 

s6654 
TTT GAA AAC GCT TAC ATT CCC TAT ACA 

ATT GAA AGT AAA G 
Rev. 

PmtlA cre site 

improvement  

s6655 
AAT GTA AGC GTT TTC AAA TAG AGT CAA 

AGG GAA GCA TCA 
Fwd. 

PmtlA cre site 

improvement  

s6656 
TGT TAA AAG CCT TAG TGT CCC TAT ACA 

ATT GAA AGT AAA G 
Rev. PmtlA cre site disruption  

s6657 
ACA CTA AGG CTT TTA ACA TAG AGT CAA 

AGG GAA GCA TCA 
Fwd. PmtlA cre site disruption  

s6664 
ATT GAA AAC GCT TTC AAA AAA GAA TCA 

ATC ACT TAT AAA TG 
Rev. 

PmtlR cre site 

improvement  

s6665 
TTT GAA AGC GTT TTC AAT TAA AAG GAA 

ACC TCT CTA TAT CC 
Fwd. 

PmtlR cre site 

improvement  

s6666 
ATA TAA AAG CCT TTG TAG AAA GAA TCA 

ATC ACT TAT AAA TG 
Rev. PmtlR cre site disruption  

s6667 
CTA CAA AGG CTT TTA TAT TAA AAG GAA 

ACC TCT CTA TAT CC 
Fwd. PmtlR cre site disruption  
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Primer Sequence (53) Direction Application 

s6686 
AAA AAA CTT AAG AGG AGG TCT TTT TTA 

TGT ATA TGA 
Fwd. 

Amplification of mtlR-

His6 

s6687 
AAA AAA CCC GGG TTA GTG GTG GTG GTG 

GTG GTG CAG TAT GTT TTT TTC TTT CAT CC 
Rev. 

Amplification of mtlR-

His6 

s6688 

AAA AAA GCT AGC TTT TTA TTT TTA AAA 

AAT TGT CAC AGT CAT GTG CCA AAG TCC 

TGA AAT CTT TCA ATT GTA TAG GGA CTG 

Fwd. Amplification of PmtlA 

s6709 
ATG TTA TTG AAA ACG CTT ACA TTA TAC 

AAT TGA AAG TAA AGA GGA C 
Rev. Relocating PmtlA cre site  

s6710 
AAT GTA AGC GTT TTC AAT AAC ATA GAG 

TCA AAG GGA AG 
Fwd. Relocating PmtlA cre site  

s6711 
TTG AAA ACG CTT TCA AAA ATC AAT CAC 

TTA TAA ATG GTA AT 
Rev. Relocating PmtlR cre site 

s6712 
TTT GAA AGC GTT TTC AAT ATA TTA AAA 

GGA AAC CTC TCT AT 
Fwd. Relocating PmtlR cre site  

s6713 
CCC TTT GAC TCT ATT ATA AAA CGC TTA 

CAG TCC CT 
Rev. 

Changing the PmtlA -10 

box 

s6714 
AAG CGT TTT ATA ATA GAG TCA AAG GGA 

AGC AT 
Fwd. 

Changing the PmtlA -10 

box 

s6726 
AAA AAA GCT AGC TAT TTT TAA AAA ATT 

GTC ACA GT 
Fwd. Amplification of PmtlA 

s6727 
AAA AAA CTT AAG AGA GAA TGA TGC TTC 

CCT TTG 
Rev. Amplification of PmtlA 

s6728 
ATA CAA TTC TTT CTA AAG AGG ACT TTG 

GCA CAT G 
Rev. Amplification of PmtlA 

s6729 
CCT CTT TAG AAA GAA TTG TAT AGG GAC 

TGT AAG CGT 
Fwd. Amplification of PmtlA 

s6759 
AAA AAA GGA TCC CAT CCA TTT CTT CGG 

AGG 
Fwd. Amplification of mtlA 

s6760 
AAA AAA CTC GAG GAC AAT CAC TCT CTT 

TCT ATA AGA T 
Rev. Amplification of mtlA 

s6761 
AAA AAA GCT AGC CAT TTT CAA CGA GGT 

GAA CT 
Fwd. Amplification of mtlD 

s6762 
AAA AAA GAG CTC TTT GAC CGT TTT GAG 

TCC G 
Rev. Amplification of mtlD 

s6792 
AAA AAA GCT AGC TTT ATT TTT AAA AAA 

TTG TCA CA 
Fwd. Amplification of PmtlA 

s6793 
AAA AAA GCT AGC TTT TTA AAA AAT TGT 

CAC AGT C 
Fwd. Amplification of PmtlA 

s6794 
AAA AAA CTT AAG AAA TAT GTT CAG AGA 

ATG ATG C 
Rev. Amplification of PmtlA 

s6798 
CGC TTT CAA GAA AGA ATC AAT TGA AAG 

TAA AGA GGA CTT TGG 
Rev. 

Fusion of operator of 

PmtlA to PmtlR 

s6799 
CCA AAG TCC TCT TTA CTT TCA ATT GAT 

TCT TTC TTG AAA GCG 
Fwd. 

Fusion of operator of 

PmtlA to PmtlR 

s6800 
CGC TTA CAG TCC CTA TAC AAA ACT TAG 

TAA AGA GGA CTT TGG CAC 
Rev. Amplification of PmtlA 

s6801 
CCA AAG TCC TCT TTA CTA AGT TTT GTA 

TAG GGA CTG TAA GCG 
Fwd. Amplification of PmtlA 

s6829 
AAA AAA GCT AGC TTT AAA AAA TTG TCA 

CAG TCA T 
Fwd. Amplification of PmtlA 

s6830 
AAA AAA GCT AGC AAA AAT TGT CAC AGT 

CAT GTG 
Fwd. Amplification of PmtlA 
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Primer Sequence (53) Direction Application 

s6855 
AAA ACG CTT ACA GTC CCT AAA AAT CGC 

TTT TTT TAC CA 
Rev. Fusion PmanP-PmtlA 

s6856 
TGG TAA AAA AAG CGA TTT TTA GGG ACT 

GTA AGC GTT TT 
Fwd. Fusion PmanP-PmtlA 

s6861 
CTG TAT ACC GAA ATC AGC TCA TAT ACA 

ATT GAA AGT AAA GAG GAC T 
Rev. Fusion PmtlA-PmanP 

s6862 
CAA AGT CCT CTT TAC TTT CAA TTG TAT 

ATG AGC TGA TTT CGG TAT ACA G 
Fwd. Fusion PmtlA-PmanP 

s6865 
GCT GAC GGC CGG CTC CAG ATC TGC AAT 

CAA GCC TTC ATA TAA 
Rev. Mutation mtlR-H342D 

s6866 
TTA TAT GAA GGC TTG ATT GCA GAT CTG 

GAG CCG GCC GTC AGC 
Fwd. Mutation mtlR-H342D 

s6867 
AAA AAA ACT AGT TTA CAG TAT GTT TTT 

TTC TTT CAT 
Rev. Amplification of mtlR 

s6868 
TCG TTC GAT CGC ATA CGT TAA CGC GAC 

GAC GAG CGC TAT ATA G 
Rev. Mutation mtlR-H230A 

s6869 
CTA TAT AGC GCT CGT CGT CGC GTT AAC 

GTA TGC GAT CGA ACG A 
Fwd. Mutation mtlR-H230A 

s6870 
CGA TTG GCG CTT CGA AGC GCT ATA GTA 

ATA TAG CCG ACC TCC G 
Rev. Mutation mtlR-H289A 

s6871 
CGG AGG TCG GCT ATA TTA CTA TAG CGC 

TTC GAA GCG CCA ATC G 
Fwd. Mutation mtlR-H289A 

s6949 
AAA AAA CCC GGG TAC GAT ATT CCA TAA 

AAA GC 
Fwd. Amplification of PmtlR 

s6954 
AAA AAA CTT AAG AAA ATT ATT TCT AGA 

AAG TGT GAA 
Rev. Amplification of PmanP 

s7065 

AAA AAA GCT AGC TTT TTA TTT TTA AAA 

AAT TGT CAC AGT CAT GTG CCA AAC AGG 

ACT TTA CTT TCA ATT GTA TAG GG 

Fwd. Amplification of PmtlA 

s7066 AAA AAA CTT AAG AAG TCG CAA GGA GAT GC Rev. Amplification of PmtlR 

s7067 
AAA AAA CTT AAG GAG ATG CAG TAG AGG 

ATA TAG A 
Rev. Amplification of PmtlR 

s7068 
AAA AAA CTT AAG AGA GGA TAT AGA GAG 

GTT TCC 
Rev. Amplification of PmtlR 

s7091 

AAA AAA GCT AGC TTT TTA TTT TTA AAA 

AAT TGT CAC AGT CAT GTG GGT TTG TCC 

TCT TTA CTT TCA ATT GTA TA 

Fwd. Amplification of PmtlA 

s7098 
AAA AAA GCT AGC AGC TAT TGT AAC ATA 

ATC GGT 
Fwd. 

Fusion of PgroE-cre-

UTRmtlR 

s7149 
AGA ATG ATG CTT CCC TTT GTT TTA ATA 

TAA AAC GCT TTC AA 
Rev. 

Fusion of PmtlR and UTR 

of mtlA 

s7150 
TTG AAA GCG TTT TAT ATT AAA ACA AAG 

GGA AGC ATC ATT CT 
Fwd. 

Fusion of PmtlR and UTR 

of mtlA 

s7189 
CCT TAA AAC GCT TAC AGC AAT TCT TAT 

AAT AAA GAA TCT CC 
Rev. 

Fusion of PgroE-crePmtlA-

UTRmtlR 

s7190 
TGC TGT AAG CGT TTT AAG GAA ACC TCT 

CTA TAT CCT CTA 
Fwd. 

Fusion of PgroE-crePmtlA-

UTRmtlR 

s7191 
CCA TAA AAC GCT TTC AAC AAT TCT TAT 

AAT AAA GAA TCT CC 
Rev. 

Fusion of PgroE-crePmtlR-

UTRmtlR 

s7192 
TGT TGA AAG CGT TTT ATG GAA ACC TCT 

CTA TAT CCT CTA 
Fwd. 

Fusion of PgroE-crePmtlR-

UTRmtlR 

s7193 
CCT GGT AAC GCT TTC AAC AAT TCT TAT 

AAT AAA GAA TCT CC 
Rev. 

Fusion of PgroE-crePacsA-

UTRmtlR 
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Primer Sequence (53) Direction Application 

s7194 
TGT TGA AAG CGT TAC CAG GAA ACC TCT 

CTA TAT CCT CTA 
Fwd. 

Fusion of PgroE-crePacsA-

UTRmtlR 

s7195 
CCT GTT CAC GCT TTC AGC AAT TCT TAT 

AAT AAA GAA TCT CC 
Rev. 

Fusion of PgroE-cremtlA-

UTRmtlR 

s7196 
TGC TGA AAG CGT GAA CAG GAA ACC TCT 

CTA TAT CCT CTA 
Fwd. 

Fusion of PgroE-cremtlA-

UTRmtlR 

s7237 
GTA GAG GAT ATA GAG AGG TTT CCC AAT 

TCT TAT AAT AAA GAA TCT CC 
Rev. Fusion of PgroE-UTRmtlR 

s7238 
GGA GAT TCT TTA TTA TAA GAA TTG GGA 

AAC CTC TCT ATA TCC TCT AC 
Fwd. Fusion of PgroE-UTRmtlR 

s7301 
GAG CCG ATC CCG CTG CTC GCG ACG ACA 

AGC GCT TTC A 
Rev. Mutation mtlR-C419A 

s7302 
TGA AAG CGC TTG TCG TCG CGA GCA GCG 

GGA TCG GCT C 
Fwd. Mutation mtlR-C419A 

s7303 
AAA AAA CTT AAG AAG GAG ATA TAC ATA 

TGT ATA TGA CTG CCA GAG AAC 
Fwd. Amplification of mtlR 

s7304 
AAA AAA CCC GGG TTA CAG TAT GTT TTT 

TTC TTT CAT C 
Rev. Amplification of mtlR 

s7355 
AAA AAA ACC GGT TTT TTA TTT TTA AAA 

AAT TGT CAC AGT CA 
Fwd. Amplification of PmtlA 

s7356 

AAA AAA GGA TCC TTT GTT ATT GTC TGC 

CAT ATG GAA TTC CTC CTT TAA TTC TTA 

AGA AAT ATG TTC AGA GAA TGA TGC 

Rev. Amplification of PmtlA 

s7455 
AAA AAA GAA TTC TTA TTA TTA TTT TTG 

ACA CCA GAC 
Fwd. 

Amplification of PmtlA-

lacZ 

s7481 

AAA AAA AAG CTT CGT CGA GAC CCC TGT 

GGG TCT CGT TTT TTG GAT CCG GCG CCC 

ACG T 

Rev. 
Amplification of PmtlA-

lacZ 

s7548 
AAA AAC AAT TGA AAG AAA TTG AAA GTA 

AAG AGG ACT TTG G 
Rev. Amplification of PmtlA 

s7614 
CCC CCC GCT AGC CAG CCT GTA TAT ACC 

TTT TTT CC 
Fwd. Amplification of PlicB 

s7615 
CCC CCC CTT AAG AGA GTT TGA TCA ATT 

TTG TAA TGT 
Rev. Amplification of PlicB 

s7616 
AAA AAA GGT CTC AAT GTT TAT GAA AGC 

GAT TTC 
Fwd. Fusion PmtlA-PlicB 

s7617 
AAA AAA GGT CTC AAC ATT GAA AGT AAA 

GAG GAC TT 
Rev. Fusion PmtlA-PlicB 

s7618 
GCT TTC ATA AAC ACT CAG GGT AAA GAG 

GAC TTT GGC ACA TGA CT 
Rev. Fusion PmtlA-PlicB 

s7619 
AGT CAT GTG CCA AAG TCC TCT TTA CCC 

TGA GTG TTT ATG AAA GC 
Fwd. Fusion PmtlA-PlicB 

s7620 
AAA AAA AGA TCT ACT CTA TGT TAA AAC 

GCT TAC AGT 
Rev. Amplification of PmtlA 

s7621 
AAA AAA ACC GGT TAC GAT ATT CCA TAA 

AAA GCA T 
Fwd. Amplification of PmtlR 

s7622 
CCC CCC AGA TCT TTT TAA TAT AAA ACG 

CTT TCA A 
Rev. Amplification of PmtlR 

s7678 
AAA AAC AAT TGA AAG AAA ATT GAA AGT 

AAA GAG GAC TTT GG 
Rev. Amplification of PmtlA 

s7679 
AAA AAC AAT TGA AAG AAT TGA AAG TAA 

AGA GGA CTT TGG 
Rev. Amplification of PmtlA 
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Primer Sequence (53) Direction Application 

s7714 

AAA AAA GCT AGC TTT TTA TTT TTA AAA 

AAT TGT CAC AGT CAT GTG CCA AAG TCC 

TCT TTA CTT TGA GTG TTT ATG AAA GCG 

ATT TC 

Fwd. Fusion PmtlA-PlicB 

s7800 

AAA AAG CTA GCT TTT TAT TTT TAA AAA 

ATT GTC ACA GTC ATG TGC CAA AGT CCT 

CTT TAC TTT GCG ATT TTA ATG AGC TGA TT 

Fwd. Fusion PmtlA-PmanP 

 

2.4. Media 

Medium Component Amount Note (Reference) 

Lysogeny  broth (LB)  

 

Trypton 

Yeast extract 

NaCl 

H2O 

Agar (added for LB medium) 

10 g 

5 g 

10 g 

to 1000 ml 

20 g 

pH was adjusted 

to 7.2 and 

autoclaved (142). 

LBstarch medium LB 

Starch 

Agar 

1000 ml 

10 g 

20 g 

 

Markerless gene integration into  B. subtilis chromosome 

Mineral broth/medium (NH4)2H citrate 

Na2SO4 

(NH4)2SO4 

NH4Cl 

K2HPO4 

NaH2PO4.H2O 

Glucose (50% w/v) 

MgSO4.7H2O (stock 1 M) 

TEL 

H2O 

Agar 

1 g 

2 g 

2.68 g 

0.5 g 

1.46 g 

0.4 g 

10 ml 

1 ml 

3 ml 

to 1000 ml 

20 g 

pH was adjusted 

to 7.2 and 

autoclaved. 

MgSO4, glucose, 

and TEL were 

separately 

autoclaved 

(245) 

Trace elements (TEL) CaCl2.2H2O 

FeCl3.6H2O 

Na2 EDTA 

ZnSO4.7H2O 

MnSO4.H2O 

CuSO4.5H2O 

CoCl2.6H2O 

H2O 

0.5 g 

16.7 g 

20.1 g 

0.18 g 

0.1 g 

0.16 g 

0.18 g 

to 1000 ml 

Added to the 

mineral medium 

after autoclaving 

(245). 
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Medium Component Amount Note (Reference) 

Transformation of B. subtilis 

Spizizen’s minimal 

salts (SMS) 

(NH4)2SO4 

K2HPO4 

KH2PO4 

Na3 citrate.2H2O 

MgSO4.7H2O 

Glucose/Glucitol (50% w/v) 

H2O 

2 g 

14 g 

6 g 

1 g 

0.2 g 

10 ml 

to 1000 ml 

Glucose/ glucitol 

were added after 

autoclaving. 

(86, 206) 

SMS + succinate and 

glutamate (SMS+SG) 

(NH4)2SO4 

K2HPO4 

KH2PO4 

Na3 citrate.2H2O 

MgSO4.7H2O 

Na2 succinate. 6H2O (20% w/v) 

K glutamate.H2O (20% w/v) 

H2O 

2 g 

14 g 

6 g 

1 g 

0.2 g 

30 ml 

40 ml  

to 1000 ml 

Sterile-filtered 

succinate salt and 

glutamate salts 

were added after 

autoclaving. 

 

 

Broth I SMS (or SMS+SG) 

Casamino acids (1% w/v) 

MgSO4.7H2O (1 M) 

Tryptophan (0.5% w/v) 

Na2 succinate. 6H2O (20% 

w/v) 

H2O 

96.5 ml 

2 ml 

0.5 ml 

1 ml 

2.5 ml 

 

to 100 ml 

The components 

were separately 

autoclaved or 

sterile-filtered. 

Broth II SMS (or SMS+SG) 

Casamino acids (1% w/v) 

MgSO4.7H2O (1 M) 

Tryptophan (0.5% w/v) 

8 ml 

0.1 ml 

0.05 ml 

0.1 ml 

The components 

were separately 

autoclaved or 

sterile-filtered. 

Electroporation of E. coli 

Terrific broth (TB) Bacto-trypton 

Bacto-yeast 

Glycerol (100%) 

H2O 

KH2PO4 

K2HPO4 

H2O 

12 g 

24 g 

4 ml 

to 900 ml 

2.31 g 

12.54 g  

to 100 ml 

KH2PO4-K2HPO4 

solution was 

separately 

dissolved and 

autoclaved (186). 

 

Electroporation of B. subtilis 

LBglucitol Trypton 

Yeast extract 

NaCl 

Glucitol (2 M) 

H2O 

1 g 

0.5 g 

1 g 

25 ml 

to 100 ml 

pH was adjusted 

to 7.2 and 

autoclaved. 

Glucitol was 

separately 

autoclaved. 
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Medium Component Amount Note (Reference) 

Recovery broth Trypton 

Yeast extract 

NaCl 

Glucitol (2 M) 

Mannitol (1 M) 

H2O 

1 g 

0.5 g 

1 g 

25 ml 

38 ml 

to 100 ml 

pH was adjusted 

to 7.2 and 

autoclaved. 

Glucitol and 

mannitol were 

separately 

autoclaved (252). 

 

2.5. Antibiotics 

Antibiotic Stock solution Final conc. 

Ampicillin 100 mg/ml in 50% ethanol 100 µg/ml 

Chloramphenicol 25 mg/ml in 50% ethanol 5 g/ml 

Erythromycin 10 mg/ml in 50% ethanol 5 µg/ml 

Spectinomycin 100 mg/ml in H2O 100 µg/ml 

The desired antibiotic was added to the autoclaved medium at 50C. 

2.6. Buffers and solutions 

Buffer or solution Components Amount 

TE 10.01 Tris-HCl (1 M, pH 8) 10 ml 

EDTA (0.5 M, pH 8) 0.2 ml 

H2O to 1000 ml 

Plasmid isolation by alkaline lysis 

Resuspension buffer Glucose.H2O 9.9 g 

Tris-HCl (1 M, pH 8) 25 ml 

EDTA  3.72 g 

H2O to 1000 ml 

RNase 

(freshly added before use)  

10 µg/ml 

Lysis solution NaOH (2 M) 5 ml 

SDS solution (20% w/v) 2.5 ml 

H2O to 50 ml 

Neutralization solution Ammonium acetate 231.24 g 

H2O to 400 ml 
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Buffer or solution Components Amount 

Isolation of chromosomal DNA from B. subtilis 

Resuspension buffer Tris-HCl (1 M, pH 8) 

EDTA (0.5 M, pH 8) 

Sucrose (20% w/v) 

Glycine (0.5 mM) 

Lysozyme 

(freshly added just before use) 

H2O 

2.5 ml 

5 ml 

50 ml 

0.1 ml 

20 mg/ml  

 

to 100 ml 

Agarose gel electrophoresis 

50x TAE Tris base 242 g 

Acetic acid 57 ml 

EDTA 18.6 g 

H2O to 1000 ml 

Adjust pH to 8.0 

10x Sample loading buffer Bromphenol blue 0.025 g 

Xylen cyanol FF 0.025 g 

Glycerol (100%) 3 ml 

H2O 7 ml 

Formaldehyde agarose gel electrophoresis for RNA   

10x gel buffer  MOPS (1 M, pH 7.0) 200 ml 

Sodium acetate (3 M) 16.65 ml 

EDTA (0.5 M, pH 8.0) 20 ml 

H2O to 1000 ml 

pH was adjust to 8.0 and treated with DEPC 

before autoclaving 

Running buffer  10x formaldehyde agarose gel 

buffer 

50 ml 

Formaldehyd (37% or 12.3 M) 10 ml 

DEPC-treated H2O to 500 ml  

5x sample loading buffer Saturated bromophenol blue 

aqueous solution   

20 µl 

EDTA (0.5 M, pH 8.0) 8 µl 

Formaldehyd (37% or 12.3 M) 72 µl 

Glycerol (86%) 200 µl 

Formamide 300 µl 

10x formaldehyde agarose gel 

buffer 

400 µl 

SDS-PAGE 

10x running buffer Tris base 30.2 g 

SDS 10 g 

Glycine  188 g 

H2O to 1000 ml 
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Buffer or solution Components Amount 

5x sample loading buffer Tris-HCl (2 M, pH 6,8) 

SDS (20% w/v) 

EDTA 

Bromophenol blue 

-Mercaptoethanol 

Glycerol (100%) 

H2O 

6.25 ml 

12.5 ml 

0.146 g 

0.05 g 

2.5 ml 

25 ml 

 to 50 ml 

Stored at –20°C 

Coomassie stain solution Coomassie Brilliant Blue R250  2 g 

Coomassie Brilliant Blue G250  0.5 g 

Methanol 50 ml 

Ethanol 425 ml 

Acetic acid 100 ml 

H2O 425 ml 

Destain solution Methanol (100%) 250 ml 

Acetic acid 100 ml 

H2O to 1000 ml 

Affinity chromatography by Ni-NTA agarose column 

Resuspension buffer 1 NaH2PO4.H2O 50 mM 

NaCl 300 mM 

Adjust pH to 8 

Wash buffer 1 NaH2PO4.H2O 50 mM 

NaCl 300 mM 

Imidazole 20 mM 

Adjust pH to 8 

Elution buffer 1 NaH2PO4.H2O 50 mM 

NaCl 300 mM 

Imidazole 250 mM 

Adjust pH to 8 

Resuspension buffer 2 HEPES (pH 7.4) 50 mM 

NaCl 300 mM 

-mercaptoethanol (14.3 M) 3 mM 

PMSF 1 mM 

Adjust pH to 7.4 

Wash buffer 2 HEPES (pH 7.4) 50 mM 

NaCl 300 mM 

-mercaptoethanol (14.3 M) 3 mM 

Imidazole 20 mM 

Adjust pH to 7.4 

Elution buffer 2 HEPES (pH 7.4) 50 mM 

NaCl 300 mM 

-mercaptoethanol (14.3 M) 3 mM 

Imidazole 250 mM 

Adjust pH to 7.4 
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Buffer or solution Components Amount 

Electrophoretic mobility shift 

2x Shift buffer A Tris-HCl (1 M, pH 8) 4 µl 

MgCl2 (1 M) 2 µl 

EDTA (0.02 M, pH 8) 20 µl 

DTT (0.1 M) 10 µl 

Glycerol (100%) 200 µl 

BSA (10 mg/ml) 10 µl 

Herring Sperm DNA (10 mg/ml) 10 µl 

H2O to 1 ml 

Stored at 4C 

5x Shift buffer B (238) with slight 

modification 

Tris-HCl (1 M, pH 7.5) 50 µl 

KCl (1 M) 250 µl 

DTT (0.1 M) 100 µl 

Glycerol (100%) 250 µl 

BSA (10 mg/ml) 25 µl 

Herring Sperm DNA (10 mg/ml) 2.5 µl 

H2O to 1 ml 

Stored at 4C 

5x Shift buffer C Tris-HCl (1 M, pH 7.5) 50 µl 

MgCl2 (1 M) 250 µl 

DTT (0.1 M) 100 µl 

Glycerol (100%) 250 µl 

BSA (10 mg/ml) 25 µl 

Herring Sperm DNA (10 mg/ml) 2.5 µl 

H2O to 1 ml 

Stored at 4C 

2x Shift buffer D (94) HEPES (1 M, pH 7.4) 20 µl 

KCl (2 M) 40 µl 

DTT (0.1 M) 20 µl 

1 M MgCl2 8 µl 

Glycerol (100%) 250 µl 

BSA (10 mg/ml) 25 µl 

Herring Sperm DNA (10 mg/ml) 25 µl 

H2O to 1 ml 

Stored at 4C 

10x TBE Tris base 108 g 

Boric acid 55 g 

EDTA (0.5 M, pH 8) 40 ml  

H2O to 1000 ml 
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Buffer or solution Components Amount 

Transformation of E. coli 

TSS LB, pH 6.5 

PEG 6000 

DMSO 

MgCl2 (2 M) 

82.5 ml 

10 g 

5 ml 

2.5 ml 

Autoclaved and stored at 4C 

Electroporation of B. subtilis 

EP buffer Glycerol (100%) 10 ml 

Glucitol (2 M) 25 ml 

Mannitol (1 M) 50 ml 

H2O (sterile) to 100 ml 

-galactosidase assay (Miller’s assay) 

Z buffer    Na2HPO4 (1 M) 60 ml 

NaH2PO4 (1 M) 40 ml 

KCl (2 M) 5 ml 

MgSO4.7H2O (1 M) 1 ml 

-Mercaptoethanol (14.3 M) 2.7 ml 

H2O to 1000 ml 

Stored at 4°C 

 

2.7. Chemicals and enzymes 

Company Chemical or enzyme 

Bio-Rad Laboratories, München APS, TEMED, Bradford reagents 

Boehringer Mannheim GmbH Chloramphenicol, Erythromycin 

Difco Laboratories, Detroit, USA Bacto agar, Euro agar, Trypton 

Fermentas Life Sciences, St. Leon-Rot GeneRuler
TM

 1 kb Plus (#SM1331/2/3), High 

fidelity DNA polymerase, Unstained protein 

molecular weight marker (#SM0431) 

Thermo Fisher Scientific Inc. 

(Finnzymes) 

Phusion
® 

Hot Start II 

Fluka Chemie AG, Buchs, Schweiz DMSO, EDTA, Fine chemicals  

GE Healthcare Fraction collector FRAC-200  

GFX
TM

 PCR DNA and gel band purification kit 

Liquid chromatography controller LCC-500 plus  

PD MidiTrap G-25 gel filtration column 

Sequencing kit 

Millipore, Cork, Ireland Amicon
®

 Ultra - 0.5 ml 30K ultrafiltration column 

Merck, Darmstadt Fine chemicals 

New England Biolabs, Frankfurt am 

Main 

Restriction enzymes 
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Company Chemical or enzyme 

Promega, Mannheim RNasin
®

 RNase inhibitor, Pfu DNA polymerase 

Qiagen, Hilden DNeasy Blood & Tissue Kit  

Ni-NTA matrix  

QIAprep
®

 Spin Miniprep Kit  

RNeasy Mini Kit 

Roche Diagnostics, Mannheim Restriction endonuclease, Reverse trancriptase 

(AMV), T4 DNA ligase, T7 DNA polymerase 

Roth GmbH, Karlsruhe  Ampicillin, 30% Acrylamid-, 0,8% Bisacrylamid- 

stock solution (Rotiphorese Gel 30), dNTPs for 

PCR, Ethanol p.a., Isopropanol, RNase AWAY
®

, 

Roti
®

-Mark Standard, Sucrose, Tris 

Sigma Chemie GmbH, Deisenhofen Fine chemicals, Spectinomycin 

 

2.8. Instruments 

Company Instrument 

Avestin EmulsiFlex


-C5 High Pressure Homogenizer 

Biometra SDS gel tray 

Bio-Rad Laboratories Gene Pulser® I (Electroporator) 

MJ Research PTC-200 Peltier Thermal Cycler 

Eppendorf Microcentrifuge 5415 D 

Thermomixer Compact 

Heat Sytem & Ultrasonics Inc. Sonicator Ultrasonic Processor W-385 

Hereaus Megafuge 1.0 

Biofuge Fresco 

IMPLEN NanoPhotometer 

Molecular Dynamics Storm 860 Phosphorimager  

Pharmacia Biotech (GE Healthcare) ALFexpress DNA sequencer 

Liquid Chromatography Controller LCC-500 Plus 

Fraction collector FRAC-200 

Mono Q


 HR 5/5 column 

PD MidiTrap G-25 column 

Ultrospec 3000 

Renner GmbH Gel tray for agarose gel electrophoresis 

Tecan Group Ltd. SpectraFluor Microplate reader 

Thermo Fisher Scientific SORVALL
®

 RC-5B PLUS Superspeed 

Centrifuge 
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2.9. Growth conditions 

Propagation of the desired plasmid was performed by E. coli JM109 or E. coli DH5. For 

this purpose, a single colony of an E. coli transformant was cultivated in a glass tube with 5 ml 

LB containing the relevant antibiotic. The E. coli culture was incubated overnight at 37C and 

used for plasmid isolation.  

Unless otherwise specified, B. subtilis 3NA was used as a host microorganism. Knock-out 

mutants were selected on LB agar, supplemented by erythromycin (5 μg/ml) or chloramphenicol 

(5 μg/ml). Knock-out mutations were confirmed by cultivating the mutants in broth I with no 

trisodium citrate. Depending on the mutation, glucose was also replaced with 1% (w/v) sterile-

filtered mannitol or glucitol. Tryptophan was added to the broth I for tryptophan auxotrophic B. 

subtilis 168 and its derivatives. All of the strains were incubated overnight at 37

C under a 

shaking condition at 200 rpm to compare the turbidity of the mutants cultures with the wild type 

strain as a control. 

The activity of the promoters was measured by cultivation and induction of the B. subtilis 

3NA harboring the desired plasmid in LB. For this purpose, 85 ml LB medium in a 500 ml 

Erlenmeyer flask was inoculated with an overnight culture in a dilution of 1:50 and incubated at 

37

C under shaking (200 rpm). Then, aliquots of 8 ml with an OD600 of 0.4 were divided into 100 

ml Erlenmeyer flasks and different carbohydrates, i.e. mannitol, mannitol + glucose, glucose, 

glucitol, glucitol + glucose, were subsequently added to a final concentration of 0.2% (w/v). 

Cultures were harvested 1 h after the addition of sugars and used for the -galactosidase enzyme 

assay. As a defined medium, Spizizen’s minimal salts (SMS) supplemented by trace elements 

was also used to measure the promoter activities in the same procedure. All of the experiments 

were repeated at least 3 times and mean values were used for comparison. 
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2.10. DNA manipulation 

2.10.1. DNA isolation 

2.10.1.1. Plasmid isolation by alkaline lysis 

Isolation of the plasmid from E. coli transformants was performed according to the 

method of Lee and Rashed (1990) with a slight modification (130).  A single colony of E. coli 

transformants was inoculated into 5 ml LB broth and incubated overnight at 37C. Afterwards, 

the overnight culture was centrifuged for 5 min at 4,500 rpm (Megafuge), and the pellet was 

resuspended in 200 l resuspension buffer. Next, 300 l of lysis solution was added to the cell 

suspension. The lysate was gently inverted 4 to 5 times and remained up to 5 min at room 

temperature. Subsequently, 400 l of neutralization solution was added to the lysate and mixed 

thoroughly. The neutralized mixture was centrifuged for 10 min at 13,000 rpm (Microcentrifuge) 

and 600 l of the clear supernatant was added to 600 l of isopropanol in a new Eppendorf tube. 

Having thoroughly mixed, the mixture was centrifuged for 10 min at 13,000 rpm 

(Microcentrifuge) and the pellet washed twice with 70% and 100% ethanol, respectively. The 

pellet was air-dried and resuspended in 30 to 50 l ddH2O.  

 

2.10.1.2. Plasmid isolation by QIAprep® Spin Miniprep Kit 

The plasmid DNA used for cloning, sequencing and storage were purified by QIAprep
®

 

Spin Miniprep Kit. The procedure was performed according to the manufactor’s manual. Plasmid 

isolation from B. subtilis was preceded by incubation of the bacterial suspension in resuspension 

buffer containing 20 mg/ml lysozyme in an Eppendorf thermomixer for 30 min at 37C and 

shaked at 750 rpm. The protoplast suspension was then mixed with lysis solution and the plasmid 

isolation was accomplished according to manufactor’s manual. Plasmid DNA was finally eluted 

by 50 l ddH2O. 
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2.10.1.3. Isolation of chromosomal DNA by DNeasy Blood & Tissue Kit 

Isolation of the chromosomal DNA from B. subtilis was carried out using DNeasy Blood 

& Tissue Kit (Qiagen). An overnight culture of B. subtilis in LB medium (2 ml, 4 OD600) was 

centrifuged for 10 min at 4,500 rpm (Megafuge). The pellet was then resuspended in 180 l 

resuspension buffer containing 20 mg/ml lysozyme and incubated in an Eppendorf thermomixer 

for 30 min at 37C and shaked at 750 rpm. Further steps were performed according to the 

manufacturer's instructions. For final elution, 200 l ddH2O was used. 

 

2.10.2. PCR 

2.10.2.1. DNA amplification 

To amplify the desired gene from the B. subtilis 168 chromosome or a plasmid, polymerase 

chain reaction (PCR) was carried out using Phusion
®

 Hot Start II, Pfu DNA Polymerase or High 

Fidelity Polymerase. All of the PCRs were performed in a final volume of 100 l according to the 

Table 2.3. 

 

Table 2. 3. Polymerase chain reaction (PCR). 

Components Volume 

DNA template (chromosomal/plasmid) 1 l (100 ng/10 ng) 

dNTP-Mix (10 mM) 2 l 

DNA polymerase 1 l 

10x or 5x reaction buffer containing MgSO4 or MgCl2
* 

10  20 l 

DMSO 0  10 l 

Forward primer (100 pmol/l) 1 l 

Reverse primer (100 pmol/l) 1 l 

ddH2O to 100 l 
* 

5x reaction buffer contains 7.5 mM MgCl2 used for reactions by Phusion
®
 Hot Start II, while 10 

reaction buffers containing 20 mM MgSO4 and 15 mM MgCl2 used for Pfu DNA Polymerase and 

High Fidelity Polymerase, respectively. 
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The PCR was performed in a MJ Research Peltier thermoycler PTC-200 according to the Table 

2.4. The amplified fragments were afterwards analyzed on the 0.8% (w/v) agarose gel in order to 

check the length of the fragment as well as its purity. 

Table 2. 4. PCR cycles. 

Cycle step Temperature (C) Time Number of cycles 

Initial denaturation 94 2 min 1 

Denaturation 92 30 sec 30  35 

Annealing Tm - 5 30 sec 

Extension 72 30 sec 

Final extension 72 10 1 

 

2.10.2.2. Fusion PCR 

Two DNA sequences were fused to each other using fusion PCR. At first, the selected 

genes were separately amplified by primary oligonucleotides (a & b; c & d; Fig. 2.1). The reverse 

primer of upstream gene with respect to the fusion orientation and the forward primer of 

downstream gene included identical overhang sequences shown as in Fig. 2.1 by dashes with at 

least 17 bp length. After purification of the primary PCRs products, 1 l of each PCR product 

was mixed in a new PCR without oligonucleotide primers. The annealing temperature was 

calculated according to the melting temperature of the identical sequence. After 10 cycles, the 

forward primer of the upstream gene and the reverse primer of the downstream gene were added 

and the PCR was continued for another 25 cycles with the annealing temperature of the primers 

(oligonucleotides a and d; Fig. 2.1). 

 

Fig. 2. 1. Schematic view of a fusion PCR is shown. PCRs using oligonucleotides a/b and c/d was followed by final 

PCR using a/d oligonucleotides and the primary PCRs products. The dashes show the identical sequences with at 

least 17 bp length. 

10 cycles 

 

25 cycles 
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2.10.2.3. Colony PCR 

Deletion and insertion of the chromosomal DNA in B. subtilis transformants were rapidly 

investigated by colony PCR. A single colony of B. subtilis was suspended in 100 l sterile water 

and boiled for 10 min. The suspension was subsequently centrifuged for 3 min at 13,000 rpm 

(Microcentrifuge). 10 l of the clear supernatant was used as the template in the PCR as 

described in 3.10.2.1. The PCR product was finally analyzed on agarose gel. 

 

2.10.2.4. Purification of PCR products 

PCR fragments were purified by the columns of GFX
TM

 PCR DNA and Gel Band 

purification kit (GE Healthcare) according to manufactures’ instructions. 

 

2.10.3. Hybridization of complementary oligonucleotides 

Short fragments of dsDNA were constructed by hybridization reaction in which 5 l of 

two complementary oligonucleotides (100 pmol/l) were mixed with 1:1 ratio. The 

oligonucleotide mixture was denatured for 5 min at 92C followed by annealing for 10 min at 

65C. The reaction was subsequently cooled to 4C for 1 – 2 min and kept on ice. 5 l of the 

dsDNA was used for the digestion reaction. 

 

2.10.4. Restriction digestion of PCR fragments and plasmids 

Plasmids and PCR products were digested in a final volume of 20 l. Either 7 l of 

isolated plasmid or 5 l of PCR fragment (approx. 0.5 g) were digested by adding 2 l of 10x 

restriction buffer and 1 l of restriction enzyme (3  5 U). The reaction was incubated 1 to 2 h at 

the relevant temperature. In the case of double digestion, the DNA was first digested with an 

enzyme followed by isopropanol precipitation (see below). The precipitated DNA was 

resuspended in ddH2O and subjected to the second restriction enzyme with a final volume of 
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20 l. Finally, the digested DNA was loaded to an agarose gel in order to cut and purify the 

desired fragment. 

 

2.10.5. Isopropanol precipitation of DNA 

To precipitate DNA, 2 l sodium acetate (3 M, pH 6.3) and 20 l isopropanol were added 

to 20 l DNA solution and mixed thoroughly. After incubation for 5 min at room temperature, 

the solution was centrifuged for 5 min at 13,000 rpm (Microcentrifge). The supernatant was 

discarded and pellet was washed twice by 40 l 70% ethanol and 40 l 100% ethanol. Finally, 

the pellet was air-dried at room temperature and dissolved in relevant amount of ddH2O.  

 

2.10.6. Agarose gel electrophoresis 

Confirmation of the correct PCR product, plasmid restriction pattern, or to isolate 

restriction fragments were performed by agarose gel electrophoresis. By this method, the DNA 

fragments are separated by the electric field according to their size. The gel was prepared by 

addition of 0.46 g agarose to 60 ml TAE buffer (short gel) and 1.2 g agarose to 150 ml TAE 

buffer (long gel) followed by boiling. Finally, 2.4 l and 6 l ethidium bromide (10 mg/ml) were 

added to the short and long gels, respectively, and poured into the gel tray. The DNA sample was 

mixed with 10x sample loading buffer and separated in TAE running buffer through agarose gel. 

For size determination, 3 l of 1 kb DNA ladder (Fermentas) were loaded on a separate lane. 

Long gels were run by 100  120 V and short gels by 80 V. The DNA bands were detected by 

UV light with 302 nm wave length. 

 

2.10.7. Purification of the DNA from agarose gel 

After separating the DNA fragments on the agarose gel, the desired band was cut out 

under the UV light (366 nm) with a scalpel. The cut gel fragment was immersed in binding buffer 
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and melted at 70C. The DNA was purified by the column of “GFX
TM

 PCR DNA and Gel Band 

purification kit” (GE Healthcare) according to manufactures’ instructions. 

 

2.10.8. Alkaline phosphatase treatment 

The ligation efficiency of the digested vectors at a single restriction site was increased by 

the application of alkaline phosphatase (Roche). This enzyme removes the phosphate group from 

the 5-end of the DNA, thereby inhibiting self-ligation of the parental vector. For this reaction, 25 

l purified vector DNA was mixed with 3 l 10x buffer and 2 l alkaline phosphatase (20 U/l). 

The reaction incubated for 30 minutes at 37C. Finally, the DNA was purified by the GFX
TM

 

PCR DNA and Gel Band purification kit and used for ligation. 

 

2.10.9. DNA concentration 

 Concentration of the PCR products, digested DNA, and plasmids were measured using a 

NanoPhotometer (IMPLEN GmbH) at 260 nm. 1 OD260 corresponds to 50 g/ml dsDNA. 

 

2.10.10. Ligation 

Insertion of the desired gene into the plasmid vector was carried out by ligation. The 

desired insert and vector were mixed with 2 l of the ligation buffer containing ATP and ddH2O 

in a final volume of 19 l. Finally, 1 l of T4 DNA ligase (Roche) was added to DNA solution. 

Cohesive end ligation was performed at 4C, whereas the blunt end was incubated overnight at 

room temperature. 
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2.10.11. DNA sequencing 

The sequencing of DNA was performed according to Sanger’s method (187) using a 5-

end Cy5-labled oligonucleotide and ALF express Genetic analyzer (Amershan Pharmacia 

Biotech). As the template, desired plasmids were isolated by Miniprep Kit and precipitated by 

sodium acetate-isopropanol. After isopropanol precipitation, 5 to 10 g plasmid DNA was 

dissolved in 10 l ddH2O. Afterwards, 2 l of Cy5-labled oligonucleotide (10 pmol/l) and 1.5 

l NaOH (1 M) were added to 10 l ddH2O. The mixture was incubated for 5 min at 65C 

followed by cooling at 37C water bath. Next, 1.5 l HCl (1 M) and 2 l annealing buffer 

(AutoRead Sequencing kit, Amershan Pharmacia Biotech) were added to the mixture. Having 

incubated for 10 min at 37C, the reaction was finally kept for 10 min at room temperature. 

Subsequently, 1 l extension buffer and 3.5 l DMSO were added to the reaction. Four 5.4 l  

aliquots of the reaction mixture were divided into four Eppendorf tubes each of which contained 

2 l enzyme mix (1 l T7 DNA polymerase + 1 l enzyme dilution buffer with a concentration of 

4 U/l) and 3 l ddNTP solution which contained either ddATP, ddCTP, ddGTP or ddTTP in 

combination with other three dNTPs. The reaction was incubated for 5 minutes at 37C and 

stopped by the addition of 6 l stop solution. After incubation for 3 min at 80C, the samples 

remained on ice before loading on the gel. The sequencing gel was prepared according to 

manufactures’ instructions (Amersham Pharmacia Biotech). TBE buffer (0.5x) was used as 

running buffer. To analyze the sequences, 5 l of each reaction was loaded to the wells of the gel.  

 

2.11. RNA manipulation 

2.11.1. RNase-free equipment 

During RNA-based experiments, all of the applied materials and equipment were 

prepared RNase-free. To do so, the solutions and glass wares were treated with 0.1% (v/v) DEPC 

and incubated overnight at 37C. Subsequently, they were autoclaved for 45 min until the DEPC 

scent was gone. The instruments which could not be autoclaved were swabbed by RNase 

AWAY
®

. 
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2.11.2. RNA isolation 

20 ml of LB supplemented with 10 g/ml spectinomycin was inoculated by overnight 

culture (400 l) and incubated at 37

C.  At the OD600 of 0.4, the bacterial culture was divided into 

two 10 ml aliquots and one of them was induced by 0.8% (w/v) mannitol, while the other one 

incubated uninduced. The bacterial cultures were harvested 1 h after the addition of mannitol, and 

centrifuged for 5 min at 4,500 rpm (Megafuge). The supernatant was discarded to reduce the rest 

volume to less than 80 l. Finally, total RNA was then extracted using RNeasy Mini Kit 

(QIAGen) according to manufactures’ instruction.  

 

2.11.3. Formaldehyde agarose gel electrophoresis 

To control the quality of the extracted RNA, the isolated RNA was loaded on a 1.2% 

(w/v) formaldehyde agarose gel. The gel was prepared by dissolving of 0.6 g agarose in 45 ml 

DEPC-treated ddH2O and 5 ml of 10x formaldehyde gel buffer. The suspension was boiled and 

cooled to 60

C, and 0.9 ml formaldehyde (37%) was added. The solution was poured on a small 

gel tray. After solidification, the gel was equilibrated for 30 min in formaldehyde agarose running 

buffer. Next, 3 g RNA was mixed with 5x sample loading buffer, heated for 15 min at 65

C, and 

immediately cooled on ice prior to electrophoresis. The electrophoresis was carried out by 100 V 

for 5 min which was then reduced to 60 V as long as the bromophenol blue bands passed the two 

third of the gel length. The formaldehyde agarose gel was stained in 200 ml formaldehyde 

running buffer containing 0.5 g/ml ethidium bromide for 1 h at room temperature. Finally, the 

gel was observed under the UV light (302 nm). 

 

2.11.4. Isopropanol precipitation of RNA 

50 g of isolated RNA dissolved in 100 l DEPC- treated ddH2O was mixed with 10 l 

of sodium acetate (3 M, pH 6.3) and 220 l of ethanol (100%). The mixture was incubated 

overnight at -20

C and then centrifuged for 10 min at 13,200 rpm (Microcentrifuge). After 
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discarding the supernatant, the pellet was washed twice with 100 l ethanol and dried at room 

temperature. The pellet was finally dissolved in 5 l DEPC-ddH2O.  

 

2.11.5. Primer Extension 

Cy5-labeled oligonucleotides were used to determine the transcription start site of the 

desired promoters in this study. As described in section 3.12.2, the total RNA (50 g) was 

isolated and precipitated by isopropanol and finally resuspended in 5 l ddH2O. To inhibit RNase 

activity, 0.5 l RNasin
®

 Ribonuclease inhibitor (Promega, 40 U/l) was added to the 5 l total 

RNA, followed by denaturation at 65C for 3 min and cooling on ice. Subsequently, 0.5 l 

labeled oligonucleotide (10 pmol/l), namely s5959 or s5960, and 2 l of 5x AMV-RT buffer 

were added to the RNA sample. The hybridization was performed for 20 min at 54C (s5959) or 

52C (s5960). Afterwards, the RNA-oligonucleotide hybrid was cooled gradually within 5 

minutes to room temperature. The reverse transcription reaction was started by the addition of 

1l dNTP (10 mM) and 1 l Avian Myeloblastosis Virus Reverse Transcriptase (AMV-RT; 20 

U/l). The reaction was incubated for 1 h at 42C and stopped by the addition of 5 l of stop 

solution from the AutoRead sequencing Kit (Amershan Pharmacia Biotech) and incubation for 3 

min at 80C. The reactions were kept on ice or frozen at -20 before further analysis. To compare 

the obtained band of reverse transcription with the sequencing results, 5 l of each reaction was 

loaded onto the ALFexpress DNA polyacrylamide sequencing gel. The same labeled 

oligonucleotide was used in the sequencing reaction of the desired plasmid. 

 

2.12. Transformation of E. coli JM109 

Escherichia coli JM109 was transformed by the heat shock method (186). Competent 

cells were prepared by inoculation of 100 ml LB with an overnight culture (1:100) and incubation 

of the bacterial culture at 37C. At the OD600 of 0.35 to 0.40, the bacterial culture was centrifuged 

for 10 min at 4500 rpm in a SORVALL SS34 rotor. The cells were then resuspended in 4 ml ice-
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cooled TSS. The ligation reaction was added to 200 l of competent cells and incubated on ice 

for 30 min. Alternatively, the competent cells could be stored at -70C and thawed before 

addition of the ligation mixture or desired plasmid. The bacteria-DNA mixture was heat shocked 

for 60 sec at 42C followed by further incubation on ice for 2 – 3 min. 2 ml of LB medium was 

added to the bacteria and the bacterial culture was incubated in a roller drum for 30 min at 37C. 

After incubation, the culture was centrifuged for 5 min at 4500 rpm (Megafuge) and the pellet 

was resuspended in 100 l of the remaining supernatant. The bacterial suspension was plated 

onto  LB agar plates containing the relevant antibiotic. As a positive control, the competent cells 

were transformed with pUC18 (0.1 ng/l), whereas competent cells with no DNA were used as a 

negative control. Finally, the plates were incubated overnight at 37C.   

 

2.13. Electroporation of E. coli DH5 

 Electroporation of the E. coli DH5 was carried out if no E. coli JM109 transformants 

were obtained by heat shock transformation protocol. To prepare the electrocompetent E. coli 

DH5, 2  750 ml TB medium in 2 liter baffled Erlenmeyer flasks were inoculated by cells of an 

overnight culture corresponding to 40 OD600. The culture media were incubated overnight at 

room temperature until the OD600 of 0.5 to 1.5 was reached. Next, the cell were placed on ice for 

15 min and then centrifuged for 15 min at 4C at 3000 rpm in a GS-3 rotor (SORVALL). Each 

pellet was washed with 150 ml sterile H2O and subsequently resuspended in 2  18 ml (2 tubes) 

10% sterile glycerol. The cell suspension was centrifuged in a SS34 rotor (SORVALL) and the 

supernatant was discarded in a way that 2 ml of the supernatant remained in each tube. The final 

cell suspension (2  2 ml) was divided into 50 l aliquots and stored at -70. 

Prior to electroporation, the competent cells and the ligated DNA or plasmid DNA were 

mixed in an electroporation cuvette and placed on ice. Then, the cuvette was subjected to an 

electrical field in a Bio-Rad Gene Pulser II generating 2.5 kV, 25 F and 200 . Upon 

electroporation, 1 ml LB medium was added to the electropermeabilized cells and the bacterial 

culture was incubated for 1 h at 37C on a roller drum. Finally, the cells were plated on LB agar 

plates containing the relevant antibiotic (160). 
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2.14. Transformation of B. subtilis 

Transformation of the Bacillus subtilis strains was performed employing their natural 

transformation ability (86, 206). A single colony of B. subtilis was inoculated into 5 ml broth I 

and incubated overnight at 37C. Competent cells were obtained by the inoculation of 1 ml of the 

overnight culture in 20 ml of broth I. The bacterial culture was incubated at 37C for 

approximately 6 h. At the OD600 of 1 – 2, the bacterial culture was centrifuged for 5 min at 

10,000 rpm in a SS34 rotor (SORVALL). The pellet was subsequently resuspended in SMS broth 

and glycerol was added to a final concentration of 10% to store the cells at -70C. 8 ml of broth II 

was inoculated by 1 ml of cell suspension and further incubated for 85 min at 37C. The desired 

plasmid was added to 1 ml of the latter bacterial culture and the culture incubated on a roller 

drum for 30 min at 37C. The culture was finally centrifuged for 5 min at 4500 rpm (Megafuge) 

and the resuspended pellet was plated on LB agar plates with relevant antibiotic. 

 

2.15. Electroporation of B. subtilis 

The electroporation of the B. subtilis strains was carried out as described before (252). 5 

ml of LB containing 0.5 M glucitol was inoculated by a single colony of B. subtilis and incubated 

overnight at 37C. Subsequently, the overnight culture was diluted (1:16) by 75 ml of LBglucitol 

and incubated until an OD600 of 0.85 – 0.95 was obtained. The cells were then centrifuged for 10 

min at 4C at 6500 rpm in a SS34 rotor (SORVALL) and the pellet was washed four times by 

ice-cooled EP buffer (110 ml and 35 ml). Finally, the cells were resuspended in 1 ml EP buffer 

to provide an OD600 of 50 – 56 OD600/ml. Aliquots of 60 l of the cell suspension were frozen at -

70C. Electroporation was performed using 60 l of competent cells with approx. 50 ng of 

plasmid in a cooled electroporation cuvette. The cell-DNA mixture was subjected to an electrical 

field in a Bio-Rad Gene Pulser II generating 2 kV, 25 F and 200 . Finally, recovery broth (1 

ml) was added to the electropermeabilized cells and the bacterial culture incubated for 3 h at 

37C followed by plating on the LB agar supplemented by an antibiotic. 
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2.16. Protein analysis methods 

2.16.1. Cell disruption 

2.16.1.1. Cell disruption by sonication 

Cell density of the E. coli culture was determined by a spectrophotometer at 600 nm 

wavelength (OD600) prior to disruption. Unless otherwise specified, 10 OD600 of the bacterial 

culture was centrifuged for 5 min at 4500 rpm (Megafuge). After washing the pellet by the 

desired resuspension buffer, the pellet was dissolved in the same resuspension buffer. The cell 

suspension was cooled on ice-water and the sonication was performed with 50% “Duty cycle” for 

3  30 sec with 30 sec pause in between. The soluble as well as the insoluble fractions of the 

bacterial lysate were separated by centrifugation for 10 – 15 min at 4C at 14,000 rpm (Biofuge). 

The supernatant was transferred into a new ice-cooled Eppendorf tube and the pellet dissolved in 

1 ml of the resuspension buffer. 12 l of the soluble and insoluble fractions were used to analyze 

the expressed protein on SDS-PAGE.  

 

2.16.1.2. Cell disruption by high pressure homogenizer 

Gene expression in B. subtilis/E. coli was followed by cell disruption using a high 

pressure homogenizer (EmulsiFlex-C5) in order to purify the desired protein. First of all, 200 ml 

of bacterial culture was centrifuged for 5 min at 8,500 rpm in a GSA rotor (SORVALL) and the 

bacterial pellet was washed once in resuspension buffer. Afterwards, the bacterial pellet was 

dissolved in 20 ml of resuspension buffer and poured into the ice-cooled chamber of the high 

pressure homogenizer. The bacterial suspension was then subjected to approx. 10,000 to 15,000 

kPa pressure and the cells were completely ruptured after 2 – 3 min. The bacterial lysate was then 

centrifuged in the Biofuge for 15 – 30 min at 13,000 rpm at 4C to separate the soluble and 

insoluble fractions. The supernatant (cleared lysate) was transferred into a new ice-cooled 

Eppendorf tube, while the pellet was dissolved in 1 ml of the same resuspension buffer. Both 

supernatant and the pellet fractions were loaded onto a SDS-PAGE to analyze the protein content. 
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The cleared lysate was then used for the protein purification by affinity chromatography or ion-

exchange chromatography. 

 

2.16.2. SDS-PAGE 

The bacterial proteins were separated by a discontinuous SDS polyacrylamide gel 

electrophoresis (SDS-PAGE) (120). The discontinuous system is based on a stacking gel (Tris-

glycine buffer pH 6.8; 4% acrylamide) which is poured on top of a running gel (Tris-glycine pH 

buffer 8.8; 8 to 12% acrylamide). In this study, 8% and 12% SDS-PAGE gels were used. The 

following table shows the amount of ingredients for two gels: 

 

Components  

Running gel  

(ml) 

Stacking gel 

(ml) 

8% 12% 4% 

30% acrylamide (37.5 acrylamide : 1 

bisacrylamide) 
5.3 8 0.67 

Tris-HCl (1.5 M, pH 8.8) 5 5 - 

Tris-HCl (0.5 M, pH 6.8) - - 1.25 

SDS solution (10%) 0.2 0.2 0.05 

APS solution (10%) 0.2 0.2 0.05 

TEMED 0.012 0.008 0.005 

H2O 9.3 6.6 3 

 

In general, the length of the stacking gel was ¼ of the running gel. To separate the protein 

on SDS-PAGE, it was mixed with a 5x sample loading buffer followed by an incubation of the 

sample for 10 min at 98C. After cooling, the denatured protein was loaded into the wells of gel 

and a current of 10 – 15 mA (per gel) applied. When the blue color of the sample passed the 

stacking gel, the current was increased to 20 mA (per gel). After electrophoresis, the gel was 

incubated for 30 – 60 min in Coomassie stain solution at room temperature. Then, the gel was 

covered by the destain solution to be destained by gentle agitation overnight. 

 



 

Materials and Methods 

80 

 

2.16.3. Native PAGE electrophoresis 

 The native polyacrylamide gel electrophoresis (Native PAGE) was used to separate the 

intact proteins based on their charge to mass ratio. This method was used to study the binding of 

the regulatory proteins to their DNA binding sequence. For this purpose, the purified protein was 

mixed with the DNA (50 – 400 bp length) and the desired shift buffer. After the incubation, the 

mixture was loaded onto the 6% polyacrylamide gel. Preparation of two gels was performed 

according to the below table: 

 

Components Amount (ml) 

30% acrylamide (37.5 acrylamide : 1 bisacrylamide) 4 

5x TBE 4 

APS solution (10%) 0.14 

TEMED 0.007 

H2O 11.9 

 

The samples were directly loaded on to the gel and the gel was run at 15 – 20 mA. 

 

2.16.4. Bradford assay 

Concentration of the total protein was measured according to the Bradford method (16). 

The sample was diluted up to 800 l in ddH2O and 200 l of Bio-Rad reagent, containing 

Coomassie Brilliant Blue G-250, phosphoric acid, and methanol, was added. The mixture was 

incubated for at least 15 min at room temperature. Next, the absorbance of the samples was 

measured at 595 nm in a spectrophotometer. As a blank sample, 800 l water was mixed with 

200 l of Bio-Rad reagent. The standard curve was depicted by the measurements of various 

BSA concentrations between 0 – 1.38 mg/ml. Finally, the concentration of the protein was 

calculated by the following equation: 

Protein conc. (mg/ml)  (Sample OD595 – 0.6273)/0.0514 
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2.16.5. Affinity chromatography by Ni-NTA agarose column 

The cleared lysate of B. subtilis producing the His6-tagged protein was prepared according 

to section 3.17.1.2. Two different buffers were used as listed in section 3.6 which were based on 

50 mM sodium phosphate pH 8 and 50 mM HEPES pH 7.4. Purification of the His6-tag protein 

was performed by the addition of 1 ml of 50% Ni-NTA slurry (Qiagen) to 4 ml cleared lysate 

obtained from cells of approximately 56.5 OD600. PMSF was added to a final concentration of 

2 mM and the mixture was gently shaked for 60 min at 4 C. Next, the lysate-Ni-NTA mixture 

was loaded into a column with the bottom outlet cap. After dripping the flow-through, the column 

was washed twice with 4 ml wash buffer (20 mM imidazole). Finally, 500 l elution buffer 

containing 250 mM imidazole was added four times to the column. 15 mM EDTA was added to 

the elution fraction in order to bind to the trace amount of the Ni
2+ 

washed from the column. The 

elution fractions were passed through a PD MidiTrap G-25 column to remove the imidazole. The 

whole procedure was performed at 4C. 

 

2.16.6. Buffer exchange by PD MidiTrap G-25 column 

 The buffer of the eluted His6-tagged protein was exchanged for the resuspension buffer 

with the same components to remove the imidazole. Therefore, PD MidiTrap G-25 columns (GE 

Healthcare), containing Sephadex


 G-25 medium, were used to perform the buffer exchange. The 

500 l of the elution fraction was diluted to 1 ml by resuspension buffer. Next, the 1 ml was 

loaded onto the column. After dripping of excess liquid, 1.5 ml of the resuspension buffer was 

used to elute the protein. The procedure was performed at 4C. The final elution fraction was 

used for the electrophoretic mobility shift studies. 

 

2.16.7. Ion-exchange chromatography (IEC) 

 Purification of the native protein (with no tag) was carried out in order to perform the 

electrophoretic mobility shift assay. In this method, separation is based on the protein electrical 

charge. There are two different IECs: anion exchange chromatography and cation exchange 
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chromatography. Depending on the pH of the buffer, proteins retain positive or negative charges. 

Therefore, cation exchange is used for separation of positively charged proteins by a negative 

surface, while anion exchange acts reverse. In this study, anion exchange chromatography was 

attended using Pharmacia Liquid Chromatography Controller LCC-500 Plus, Fraction collector 

FRAC-200, and a Mono Q


 HR 5/5 column (Pharmacia). Start buffer (Buffer A) had low ionic 

strength, whereas high ionic eluent buffer (Buffer B) contained 1M NaCl. The parameters of the 

chromatography are listed below: 

 

Components  

Column capacity 20 – 50 mg/column 

Sample 4 mg 

Buffer A1 Tris-HCl (20 mM, pH 8) 

Buffer B1 Tris-HCl (20 mM, pH 8), NaCl (1 M) 

Buffer A2 HEPES (50 mM, pH 7.4), TCEP (1 mM) 

Buffer B2 HEPES (50 mM, pH 7.4), NaCl (1 M), TCEP (1 mM) 

Flow rate 1 ml/min 

Gradient 0 – 50% B in 50 min, 50 – 100% B in 10 min 

Detector UV-M, 280 nm, 0.5 AUFS 

Chart speed 0.5 cm/min 

 

2.16.8. Electrophoretic mobility shift 

The electrophoretic mobility shift assay (EMSA) was performed to identify the specific 

binding site of the MtlR activator protein on the corresponding promoter sequences. To show this 

interaction, the PmtlA promoter region was amplified from plasmid pKAM1 using the specific 

forward oligonucleotide and a reverse Cy5-labeled oligonucleotide (s5959 or s5960). 200 fmol of 

the purified PCR product was then used in a 50 l shift reaction. In addition, 25 l of 2x shift 

buffer (or 10 l of 5x shift buffer) was added to the reaction. Finally, different amounts of the 

purified protein were added to the reaction (table 2.5). After incubation of the reaction on ice for 

15 – 30 min, 10 l of the reaction was loaded on the 6% native gel. The gel was run at 20 V at 

room temperature. Ultimately, the gel was scanned by a phosphorimager to detect the Cy5-

labelled samples. The DNA-Protein complex migrates slower than the DNA alone.  
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Table 2. 5. The electrophoretic mobility shift reaction. 

Components Volume 

Cy5-labled DNA (50 fmol/l) 4 l 

2x/5x shift buffer  25/10 l 

Purified protein to 21 l 

ddH2O to 50 l 

 

2.17. -galactosidase assay (Miller’s assay) 

 Activity of -galactosidase was measured according to Miller’s assay (151) in a 

colorimetric way by using ortho-nitrophenyl-β-galactoside (ONPG). The enzymatic reaction was 

performed by the addition of 100 l of bacterial culture to 900 l of Z buffer. Then, 10 l toluene 

was added to the suspension and incubated on a roller drum for 30 min at 37 C. Next, the 

mixture was subjected to air flow in order to evaporate the residual toluene. Finally, ONPG was 

added to the mixture and the reaction was stopped by 500 l Na2CO3 (1 M). The OD420 and 

OD550 of the enzymatic reaction were measured and the corresponding Miller units (M.U.) are 

calculated by the following equation: 

 

  Miller Unit    000   
 D 20   ( . 5    D550)

t   v    D 00

 

 

t: reaction time in minute;  v: sample volume in milliliters (0.1 in here); OD420: absorbance of yellow color which 

should be less than 0.65; OD550: scatter from cell debris, 1.75 is the constant in order to approximate the scatter 

observed at 420 nm; OD600: bacterial culture turbidity at 600 nm wavelength. 

 

2.18. Fluorescence measurement 

 Fluorescence intensity of the recombinant eGFP was conducted by using a Spectrafluor 

microplate reader (Tecan Group Ltd) according to Wenzel et al. (242). At first, the bacterial 

culture was diluted to obtain an OD600 of 0.3. Then, 100 l of the diluted cells were transferred 

into 96-well microplates (Greiner-Bio One GmbH, Frickenhausen, Germany). As a blank sample, 
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100 l of the same medium (uncultured) was applied. The measurements were performed using 

excitation filter at 485 nm, emission filter at 535 nm, gain [manual]: 60, 20 s integration time, 3 

flashes, top read. For each sample, the measurement was carried out in triplet. Finally, the 

average of the blank was subtracted from the average of the samples to get the final value.  

 

2.19. Bioinformatic 

 Nucleotide alignment was performed using GENtle v.1.9.4 (University of Cologne, 

Germany). Clone manager basic version 8 (Sci-Ed software, USA) was used for cloning 

simulation and plasmid mapping. The genome sequence of B. subtilis 168 was firstly obtained 

from SubtiList World-Wide Web Server (http://genolist.pasteur.fr/SubtiList/) (117, 155-157), 

while GenoList World-Wide Web Server was used after the update of the genome sequence of B. 

subtilis  (http://genodb.pasteur.fr/cgi-bin/WebObjects/GenoList.woa) (9). 

http://genolist.pasteur.fr/SubtiList/
http://genodb.pasteur.fr/cgi-bin/WebObjects/GenoList.woa
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3. Results 

3.1. Activity of the mtlAFD promoter (PmtlA) 

In order to identify the promoter of the mtlAFD operon (PmtlA), the region between the 

stop codon of ycnL, the upstream gene, and the start codon of mtlA on the B. subtilis 168 

chromosomal DNA was amplified by oligonucleotides s5526 and s5527 in a PCR. The amplified 

fragment was then inserted upstream of the lacZ reporter gene, into vector pSUN279.2 via 

NheI/AflII restriction sites and created pKAM1 (Fig. 3.2.A). By this means, the activity of PmtlA 

was represented by the -galactosidase activity. Plasmid pSUN279.2 is a derivative of 

pMTLBS72, which is a B. subtilis/E. coli shuttle vector, containing a pMB1 origin of replication 

originated from pUC18 for E. coli and pBS72 origin of replication for B. subtilis. Replicon 

pBS72, which has been isolated from B. subtilis, is a stable theta replicating plasmid with low 

copy number in B. subtilis (6 copies per chromosome). Afterwards, B. subtilis 3NA was 

transformed with pKAM1. Strain 3NA pKAM1 was cultivated in LB and induced by 0.2% 

mannitol at the OD600 of 0.4. The growth of the bacteria and the production of -galactosidase 

were determined at intervals of 1 h.  

 

A                                                                               B 
 

 

 

 

 

 

 

Fig. 3. 1. (A) -galactosidase activity and growth curve of strain 3NA pKAM1 induced with 0.2% mannitol. (B) -

galactosidase activity and growth curve of the uninduced strain 3NA pKAM1 is shown. Mannitol was added at time 

0 h. 
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As shown in Fig. 3.1.A, the maximal -galactosidase activity was detected already 1 h after the 

addition of mannitol to the 3NA pKAM1 culture. This was likely due to the consumption of 

mannitol as a carbon source. In contrast, uninduced 3NA pKAM1 showed a low -galactosidase 

activity (Fig. 3.1.B). Thereafter, -galactosidase activity was determined 1 h after the addition of 

the sugars. Next, the influence of various sugars on the PmtlA activity in 3NA pKAM1 was 

investigated (Fig. 3.2.B). Mannitol and glucitol were added as the specific and non-specific 

inducers, respectively. To see the catabolite repression, glucose was added, while xylose, a non-

PTS sugar, was a control. -galactosidase activity was increased 27-fold by addition of mannitol. 

Moreover, no influence on PmtlA activity was observed by the addition of xylose alone or together 

with mannitol. In contrast, addition of the glucose repressed PmtlA by 2.7-fold. Likewise, addition 

of glucose to the bacterial culture reduced the basal activity in uninduced PmtlA. Finally, glucitol, 

as a non-specific inducer, induced PmtlA by 10.6-fold. Similar to mannitol-induced PmtlA, addition 

of glucose lowered the glucitol-induced PmtlA activity.  

 

 A                                                                                                   B 

 

Fig. 3. 2. (A) Upstream sequence of mtlAFD containing PmtlA fused to lacZ on pKAM1. The PmtlA region is located 

between NheI and AflII restriction sites. The region between AflII and lacZ start codon is originated from 

bacteriophage T7 gene 10 (49). The putative transcriptional terminator of ycnL is highlighted in gray. Ribosomal 

binding sites (RBS) of PmtlA (W) and pSUN279.2 (V) are underlined. The stop codon of ycnL and start codon of lacZ 

are shown by capital letter. The end of ycnL and start codon of lacZ genes are shown by dashed arrows (B) -

galactosidase activity of 3NA pKAM1 in the presence of different sugars. Strain 3NA pKAM1 was induced at the 

OD600 of 0.4, and the -galactosidase was measured after 1 h. 
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3.2. Identification of the PmtlA transcription start site 

To determine the PmtlA core elements, it was necessary to identify the transcription start 

site of PmtlA. To do so, primer extension method based on Cy5-labeled DNA was carried out. The 

Cy5-labeled oligonucleotides, s5959 and s5960,  are reverse complementary of lacZ starting at 89 

bp and 51 bp downstream of the lacZ start codon. At first, strain 3NA pKAM1 was cultivated in 

LB and induced by 0.8% mannitol, whereas uninduced 3NA pKAM1 was used as a control. 

Afterwards, total RNA of the cells was extracted 1 h after the addition of mannitol. Hybridization 

of the primer s5959 (or s5960) to mRNA and reverse transcription was carried out to generate the 

cDNA.  In parallel, plasmid pKAM1 was sequenced with the same oligonucleotide in a dideoxy 

chain termination reaction method. Finally, the generated Cy5-labeled fragment band of cDNA 

was analysed in comparison to the fragment bands obtained in the sequencing reaction (Fig. 

3.3.A). According to the primer extension experiment, the transcription starts at a C residue 

located 92 bp upstream of the lacZ start codon and 72 bp upstream of the mtlA start codon in the 

mtl operon (Fig. 3.3.B).  

 

A                                                                                B 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. 3. (A) Primer extension of PmtlA on plasmid pKAM1. A, C, G, and T show the ddATP, ddCTP, ddGTP, and 

ddTTP used in the chain termination reaction. Total RNA of induced (+) and uninduced (-) 3NA pKAM1 were used 

for reverse transcription reaction. The transcription start site is shown by an asterisk. (B) Transcription start site of 

PmtlA is shown by bold capital letter. PmtlA core elements, namely -10 box and -35 box are enclosed by rectangles. An 

incomplete inverted repeat sequence is shown by the arrows and dashed lines located upstream of the -35 box. 

Putative catabolite responsive element (cre) is underlined by a dash. 
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The determination of the transcription start site allowed the identification of the -10 and -35 

conserved boxes of PmtlA. The -10 box had the sequence TAACAT (consensus: TATAAT) and -

35 box the sequence TTGTAT (consensus: TTGACA), respectively (mismatches to the 

consensus sequence are underlined). Moreover, a catabolite responsive element (cre) which had 

an overlap with the -10 box was found. The sequence of the cre box (CTGTAAGCGTTTTAA) 

showed two mismatches (underlined) compared to the cre consensus sequence 

(WTGNAARCGNWWWCA). Finally, an incomplete inverted repeat was detected upstream of 

the -35 box (TTGTCACAGTCATGTGCCAA) which could be the activator binding site (Fig. 

3.3.B). 

 

3.3. Shortening of the PmtlA sequence 

 Identification of the transcription start site of PmtlA revealed the PmtlA core elements as well 

as the probable regulatory sequences. However, the complete length of the amplified PmtlA 

sequence on pKAM1 was 181 bp. It contained the terminator and stop codon of ycnL as well as 

the ribosomal binding site of PmtlA (Fig. 3.3.B). Hence, the 181 bp sequence was shortened in 

order to identify the essential parts of the PmtlA sequence (Fig. 3.4.A).  

 A                                                                                                       B 

   

 Fig. 3. 4. (A) The sequence of PmtlA and the constructs thereof. The boundaries of the constructs are indicated by an 

arrow and a rectangle. The red sequence of pKAM1 was deleted to create pKAM9. The blue sequence in pKAM9 

was deleted to construct pKAM12. (B) -galactosidase activity of strain 3NA harboring pKAM1 and shortened PmtlA 

constructs on pKAM9 and pKAM12. 
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In the first step, 20 bp of the 5’-end of the PmtlA sequence including the terminator of ycnL was 

removed. The PCR was performed using oligonucleotides s6209/s5527 and B. subtilis 168 

chromosomal DNA as the template. The PCR fragment was then digested by NheI/AflII and 

inserted into pSUN279.2. Plasmid pKAM9 was created by the insertion of shortened PmtlA 

(Figure 3.4.A). After induction of strain 3NA pKAM9, it was observed that inducibility and 

maximal activity of PmtlA remained intact (Fig. 3.4.B). Next, the wild type ribosomal binding site, 

RBS (W), was removed from pKAM9 through a PCR using oligonucleotides s6209 and s6213. 

Digestion of the PCR product and insertion into pSUN279.2 resulted in pKAM12. Surprisingly, 

mannitol-induced strain 3NA pKAM12 showed a considerably higher -galactosidase activity 

than strain 3NA pKAM9 (Fig. 3.4.B). Plasmid pKAM12 was used for further investigations. 

 

3.4. PmtlA activity in minimal and rich medium 

 Prior to further investigation of PmtlA, the -galactosidase activity of 3NA pKAM12 in 

minimal and rich media were compared. Spizizen’s minimal salt (SMS) and LB were chosen. 

SMS was supplemented by 1% glycerol as the main carbon source. Glucose (0.2%) and mannitol 

(0.2%) in combination or alone were added to the bacterial culture at the OD600 of 0.4. The 

samples were collected 1 h after the addition of sugars to measure the -galactosidase activity. 

The results indicated that the PmtlA activity was less inducible in LB compared to SMS caused by 

a higher basal activity, although the PmtlA activity was almost doubled in LB. Regardless of the 

inducibility and maximal activity, glucose repression ratio (mannitol/mannitol + glucose) was 

almost the same in both media (Fig. 3.5). Thus, all of the further measurements were performed 

in LB medium due to the higher activity of PmtlA as well as shorter lag phase of the growth of 

3NA pKAM12. 
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Fig. 3. 5. -galactosidase activity of strain 3NA pKAM12 in LB compared to Spizizen’s minimal salt (SMS) with or 

without 0.2% mannitol, as well as with 0.2% mannitol + 0.2% glucose.  

 

3.5. Activity of the mtlR promoter (PmtlR) 

Regulation of the mtlAFD operon is controled by an activator (MtlR) located 14.4 kbp 

downstream of the operon. Next, it was tested whether PmtlR was regulated in the same way as 

PmtlA. To investigate the regulation of the promoter of mtlR (PmtlR) the upstream region of mtlR 

between ycsN stop codon and the mtlR start codon was amplified from B. subtilis 168 genome by 

oligonucleotides s5799 and s5800 (Fig. 3.6.A). Similar to PmtlA, the promoter fragment was 

inserted into pSUN279.2 via NheI/AflII restriction sites creating pKAM3. Then, B. subtilis 3NA 

was transformed and the selected transformant, 3NA pKAM3, induced by different sugars. As 

shown in Fig. 3.6.B, PmtlR was highly inducible by mannitol and glucitol similar to PmtlA. The -

galactosidase activity of 3NA pKAM3, however, was drastically lower than of 3NA pKAM1 

(172 Miller units compared to about 1,000 Miller units). Besides, glucose lowered the PmtlR 

activity in the presence of either mannitol or glucitol. Alltogether, the results indicated that PmtlR 

is an autoinducible promoter with a 10-fold lower activity than PmtlA. 
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A             B 

 

Fig. 3. 6. (A) The upstream region of mtlR is depicted between NheI and AflII restriction sites. The stop codon of 

ycsN and start codon of lacZ are shown by capital letter. The end of ycsN is underlined by a dashed arrow. 

Ribosomal binding sites (RBS) of PmtlR (W) and pSUN79.2 (V) are underlined. (B) -galactosidase activity of 3NA 

pKAM3 in the presence of mannitol, glucose, glucitol and xylose was monitored.  The 3NA pKAM3 strain was 

induced at the OD600 of 0.4 and the -galactosidase activity was measured after 1 h. 

 

3.6. Identification of the PmtlR transcription start site 

 The transcription start site of PmtlR was identified by primer extension method. A 3NA 

strain with plasmid pKAM3 harboring the intact promoter region of PmtlR was used as the source 

of mRNA. The total RNA of induced and uninduced 3NA pKAM3 were extracted and used for 

the reverse transcription with Cy5-labeled primer s5959 (or s5960). The obtained Cy5-labeled 

cDNA fragment was compared to the profile of the DNA sequencing reaction obtained from 

pKAM3 with the same primer. In this way, a single G residue was identified as the transcription 

start site of PmtlR (Fig. 3.7.A). The transcription start site was located 77 bp upstream of the mtlR 

start codon. Also, TATATT and TTGATT boxes were determined as Pribnow box and -35 box, 

respectively (Fig. 3.7.B). Additionally, a cre site was located at the spacer sequence overlapping 

the -10 box. The cre sequence of PmtlR (TTGAAAGCGTTTTAT) showed a 2 bp mismatch 

(underlined) with the consensus cre sequence (WTGNAARCGNWWWCA). Ultimately, an 

incomplete inverted repeat upstream of the -35 box was found with similarity to the 

corresponding sequence detected in PmtlA.  
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Fig. 3. 7. (A) Primer extension of PmtlR on plasmid pKAM3. A, C, G, and T represent the ddATP, ddCTP, ddGTP, 

and ddTTP used for the chain termination reactions of the promoter sequencing. The cDNA band from the mRNA 

isolated from the induced and uninduced cultures are respectively shown in + and – lanes. (B) The sequence of PmtlR 

on pKAM3 is shown. Transcription start site is indicated by bold capital letter. The -35 and -10 boxes are enclosed 

by rectangles. The cre site is underlined by a dash and the incomplete inverted repeat sequence is depicted by dashes 

and arrows. The end of ycsN and start of lacZ are depicted by dashed arrows. 

 

3.7. Shortening of the 5’ untranslated region of PmtlR-lacZ mRNA 

 The shortening of the PmtlA 3’-end resulted in a higher PmtlA activity (section 3.3). 

Therefore, the PmtlR sequence was also shortened at its 3’-end. In the first step, the Shine-

Dalgarno sequence of PmtlR was removed in order to test whether the presence of two ribosomal 

binding sites decreased the -galactosidase activity. The 3’-end shortened PmtlR was amplified by 

a PCR using oligonucleotides s5799/s6392 and B. subtilis 168 chromosomal DNA. Plasmid 

pKAM18 was constructed by the insertion of the resulting fragment into pSUN279.2 via NheI/ 

AflII (Fig. 3.8.A). Induction of strain 3NA pKAM18 indicated that the -galactosidase activity in 

3NA pKAM18 (having a single ribosomal binding site on PmtlA-lacZ sequence) was half of 3NA 

pKAM3 (having two ribosomal binding site in PmtlR-lacZ fusion) (Fig. 3.8.B). Previously, the 

shortening of the mRNA 5’ UTR of PmtlA-lacZ to 61 bp improved the transcription/translation. 

Hence, the length of the mRNA leader region of PmtlR-lacZ, i.e. the region between the 

transcription start site and start codon of lacZ, was shortened to 51 and 61 bp. Constructs 

pKAM8  with    bp and pKAM8  with 5  bp 5’ UTR were made in a PCR from B. subtilis 168 
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genome using s5799/s7066 and s5799/s7067 oligonucleotides, respectively. Unlike PmtlA, 

induction of 3NA pKAM86 and 3NA pKAM87 resulted in a low activity compared to 3NA 

pKAM3 and the loss of induction. Taken together, shortening of the mRNA leader region of 

PmtlR-lacZ decreased the -galactosidase activity. Nevertheless, pKAM18 having a single 

ribosomal binding site was used for further studies. 

A                                                                                           B 

 

Fig. 3. 8. (A) The sequence of PmtlR on pKAM3 and the truncated versions thereof. The first base pair of each 

shortened construct is enclosed by a rectangle and an arrow. The dashed rectangle shows the region deleted in 

pKAM18. The gray highlighted nucleotides are deleted in pKAM86.The deleted nucleotides in pKAM87 are shown 

by bold letters. (B) -galactosidase activity of strain 3NA harboring pKAM3, pKAM18, pKAM86, and pKAM87 in 

the presence and absence of 0.2% mannitol for 1 h is shown. 

 

 

3.8. Comparison of PmtlA and PmtlR 

To compare PmtlA and PmtlR without having the influence of different 5’ UTR, PmtlR was 

fused exactly at position +1 to the 5’ UTR of mtlA on pKAM12. Oligonucleotides s5799/s7149 

and s7150/s6213 were used to amplify the primary fragments, i.e. PmtlR and UTRmtlA, by PCR 

from B. subtilis genomic DNA. Fusion PCR was performed using the primary PCRs products and 

oligonucleotides s5799/s6213. The final fragment was then inserted into pSUN279.1 via NheI 

and AflII restriction sites (Fig. 3.9.A).  
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A                       B 

 

 

Fig. 3. 9. (A) The sequence of the PmtlR-UTRmtlA fusion on pKAM96 is shown. (B) -galactosidase activity of 3NA 

pKAM96 in the presence and absence of 0.2% mannitol compared to 3NA pKAM12 (PmtlA) and 3NA pKAM18 

(PmtlR). 

 

Transformation of E. coli JM109 by the ligation reaction showed no transformants. Therefore, 

B. subtilis 3NA was directly transformed with the ligation reaction and resulted in pKAM96. The 

-galactosidase activity of induced and uninduced 3NA pKAM96 was compared to 3NA 

pKAM12 as well as to 3NA pKAM18 (Fig. 3.9.B). In comparison with 3NA pKAM18, changing 

the 5’ UTR of mtlR by its counterpart from mtlA dramatically boosted the activity of PmtlR; 

however, PmtlR still showed a weaker activity than PmtlA (Fig. 3.9.B). Additionally, the basal 

activity of the PmtlR-UTRmtlA was 4.5-fold higher than PmtlA-UTRmtlA. This result indicated that the 

PmtlA is stronger than PmtlR as well as more tightly regulated. 

 

3.9. HPr(H15~P)-dependent activity of PmtlA 

 Principally, PRD-containing activators and antiterminators are phosphorylated by 

HPr(H15~P) in the presence of their sugar inducer. Supposing that MtlR is phosphorylated by 

HPr, the activity of PmtlA was studied in B. subtilis strain TQ432, where the phosphoryl carrier 

histidine 15 of HPr was replaced with an alanine (mutant ptsH-H15A). Transformation of strain 

TQ432 by pKAM12 was performed in the minimal medium harboring glucitol instead of glucose 

as carbon source. In fact, TQ432 cannot grow on any PTS sugar due to the mutation of HPr-H15. 

Very low -galactosidase activity was measured in the mannitol-induced and uninduced cultures. 
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Induction of PmtlA in TQ432 pKAM12 by mannitol in LB showed that the PmtlA activity was 

nearly abolished (Fig. 3.10).  

 

Fig. 3. 10. -galactosidase activity of strains 3NA (wild type) and TQ432 (ptsH-H15A) harboring pKAM12 is shown. 

The sugars were added at OD600 of 0.4 and the -galactosidase activity was measured after 1 h. 

 

Besides, the presence of glucose had no effect on the PmtlA activity in the mutant. This indicated 

that HPr-H15 plays an essential role in the activation of MtlR demonstrating that MtlR is a PRD-

containing activator, which is likely regulated by other mannitol PTS components. Therefore the 

effect of other mtl components on PmtlA activity was investigated. 

 

3.10. Deletion of the mannitol utilization genes in B. subtilis 

3.10.1. Deletion of the activator encoding gene (mtlR) 

The regulatory effect of MtlR on PmtlA activity was investigated by the deletion of mtlR 

within the chromosome of B. subtilis 3NA. Plasmid pSUN308.3 (see appendices) was used for 

construction of integration vectors in this study. Three antibiotic resistance genes reside on this 

plasmid including erythromycin located inside the deletion cassette for B. subtilis, spectinomycin 

for selection of single cross-over mutants of B. subtilis, and finally ampicillin for selection of the 

plasmid inside the E. coli. Amplification of the downstream flanking gene, ydaB, was performed 

by oligonucleotides s5860 and s5812 in a PCR from B. subtilis 168 genomic DNA and the PCR 
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product was inserted into plasmid pSUN308.3 via SpeI/StuI restriction sites (pKAM05). Then, 

upstream gene of mtlR, namely ycsN, was amplified in a PCR from B. subtilis 168 chromosomal 

DNA by oligonucleotides s5809 and s5810. The PCR fragment was digested by EcoRV and BglII 

and inserted into plasmid pKAM05. The resulting plasmid (pKAM4) harboring the cassette 

ycsN-ermC-ydaB was linearized by PacI and used for integration into the genome of B. subtilis 

3NA. The transformants were selected on LB medium supplemented by erythromycin. In order to 

confirm the double cross-over, the transformants were streaked on LBSpc plates. Also, the deletion 

of mtlR was confirmed by PCR using oligonucleotides s5809/s5812 and the chromosomal DNA 

of the mtlR mutant (Fig. 3.11.A). The mtlR mutant (KM15) was unable to grow in mannitol 

minimal medium (Fig. 3.19). Subsequently, strain KM15 was transformed with pKAM12 and 

pKAM18 in order to study the effect of the MtlR on the PmtlA and PmtlR promoters. Deletion of the 

mtlR reduced the -galactosidase activity of strain KM15 pKAM12 to 92 Miller units in the 

presence of mannitol. The same activity was observed in the absence of mannitol. This means 

that KM15 pKAM12 was no longer inducible by mannitol (Fig. 3.11.B). However, the presence 

of glucose still repressed the PmtlA activity. Furthermore, -galactosidase activity of KM15 

pKAM18 was also declined. Besides, PmtlR was no longer inducible in the mtlR mutant (Fig. 

3.12). This shows that MtlR regulates its own promoter. Similar to PmtlA, PmtlR activity was also 

repressed by glucose.  

 

3.10.2. Deletion of the mannitol-specific enzyme II encoding genes (mtlAF) 

 The effect of the mannitol-specific enzyme II, i.e. EIICB
Mtl

 and EIIA
Mtl

, on the PmtlA and 

PmtlR activities was studied by deletion of the mtlAF genes. The deletion cassette was constructed 

by the fusion of PmtlA to mtlD. PCRs from the genome of B. subtilis 168 were performed using 

oligonucleotides s5918/s5919 and s5920/s5921. Final fusion PCR was accomplished by using 

oligonucleotides s5918/s5921 and the primary PCRs products. The PmtlA-mtlD’ fragment was 

subsequently digested by BglII/EcoRV and inserted into pSUN308.3 and created pKAM08. The 

upstream gene of mtlAFD operon, ycnL, was amplified in a PCR from B. subtilis 168 

chromosome using oligonucleotides s6067 and s6079. The amplified ycnL was then digested by 

StuI/SpeI and inserted into pKAM08 to construct plasmid pKAM5.  
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Fig. 3. 11. (A) The mannitol utilization genes and the mutations obtained by plasmids pKAM4 (mtlR), pKAM5 

(mtlAF), pKAM6 (mtlAFD), and pKAM14 (mtlD::ermC). (B) -galactosidase activity of the strains KM12 

(mtlAF), KM13 (mtlAFD), KM15 (mtlR), and KM37 (mtlD::ermC) harboring pKAM12 is shown. 
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The strain 3NA was transformed with the deletion cassette ycnL-ermC-PmtlA-mtlD (pKAM5) and 

the transformants were selected on LBerm (Strain KM12; Fig. 3.11.A). Confirmation of the 

deletion of mtlAF was performed by PCR using oligonucleotides s6067/s5921 and the 

chromosomal DNA of mtlAF mutant. The strain was not able to grow on spectinomycin as 

expected for a double crossover event. Transformation of the strain KM12 (mtlAF::ermC) by 

pKAM12 and pKAM18 was carried out. The transformants were then used for induction studies 

and their -galactosidase activities were measured (Fig. 3.11.B and Fig. 3.12). Both of the 

promoters, PmtlA and PmtlR, were constitutively active in strain KM12 showing approximately 

13,900 and 243 Miller units -galactosidase activity, respectively. In other words, the presence of 

mannitol as the inducer had no influence on the PmtlA or PmtlR activity. In contrast, the presence of 

glucose repressed the PmtlA and PmtlR activities as shown in Fig. 3.11.B and Fig. 3.12. This shows 

that the PmtlA and PmtlR activities were inhibited by the mannitol-specific EII if mannitol was 

absent in the medium. By deletion of the transporter, this inhibitory effect was removed and the 

PmtlA and PmtlR were constitutively active. 

 

 

 

 

 

 

 

 

 

 

Fig. 3. 12. PmtlR activity in mannitol utilization deficient mutants. -galactosidase activity of B. subtilis 3NA (wild 

type) and mannitol utilization deficient mutants, KM12 (mtlAF), KM15 (mtlR), and KM37 (mtlD::ermC), 

harboring pKAM18 (PmtlR) is represented. 
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3.10.3. Deletion of mtlF by a new markerless deletion system 

 In mannitol PTS, the separated cytoplasmic domain of the enzyme II complex, namely 

EIIA
Mtl

, transfers the phosphate from HPr(H15~P) to the membrane anchored domains EIICB
Mtl

. 

Therefore, the mtlF gene (encoding the phosphocarrier protein EIIA
Mtl

) was deleted within the 

chromosome of B. subtilis 3NA by a new markerless deletion system based on the site-specific 

recombination. A specific recombination sequence was designed according to a mrpS site (238) 

and a loxP site (95). The mrpS site is recognized by a tyrosine recombinase (MrpA) found in 

Streptomyces coelicolor A3(2), while loxP is recognized by the bacteriophage P1 recombinase 

Cre. The mrpS site contains a 30 bp inverted repeat sequence separated by a 6 bp spacer. 

Likewise, loxP contains a 26 bp inverted repeat sequence separated by a 8 bp spacer. In a recently 

designed sequence, half of the inverted repeat sequence of mrpS was replaced with the loxP in a 

way that the new sequence, denoted mroxP, was recognized by the Cre recombinase (Warth et 

al., unpublished). The recombination between the two mroxP sequences by Cre recombinase 

resulted in the deletion of the desired gene located between the mroxP sites. Interestingly, a new 

recombination sequence was constructed by the recombined sequence which can be recognized 

by MrpA (Warth et al., unpublished; Fig. 3.13). This deletion system was employed for a 

markerless deletion in B. subtilis. The deletion vector was constructed using pIC20HE as the 

parental vector (1). Two long oligonucleotides s6465/s6466 harboring the mroxP were used to 

amplify the chloramphenicol acetyl transferase of plasmid pMW363.1 originated from 

Streptococcus pneumoniae. Plasmid pMW363.1 is a derivative of pSUN308.3 harboring 

chloramphenicol resistance gene. The resulting fragment, mroxP-cat-mroxP was then inserted 

into pIC20HE via XhoI and EcoRI restriction sites (plasmid pKAM19; Fig. 3.14.A). Afterwards, 

deletion of the mtlF was performed using the 5’-truncated mtlA as the upstream flanking and the 

mtlD as the downstream flanking sequence of cat gene. Oligonucleotides s6759 and s6760 were 

used to amplify the truncated mtlA from B. subtilis 168 chromosome in a PCR. The PCR 

fragment was then inserted via BamHI/XhoI restriction sites into pKAM19 to create pKAM020. 

In another PCR, the truncated mtlD sequence was amplified by PCR from genomic DNA of B. 

subtilis 168 using oligonucleotides s6761/s6762. The amplified mtlD was inserted into the 

pKAM020 via NheI/SacI and constructed pKAM47.  
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Fig. 3. 13. The mrpS recombination site recognized by MrpA site-specific recombinase of Streptomyces coelicolor 

A3(2) and loxP recognized by Cre site-specific recombinase of bacteriophage P1 are depicted. The constructed 

sequence mroxP is a combination of mrpS and loxP sequences which is recognized by Cre recombinase. After 

recombination, the final emerged sequence is only recognized by MrpA. 

 

To integrate plasmid pKAM47 into the chromosome of B. subtilis 3NA, pKAM47 DNA was 

digested by ScaI followed by the natural transformation of the strain 3NA. The transformants 

were then selected on LBcm and the integration of the DNA fragment was controlled by PCR. 

Next, the mtlF::mroxP-cat-mroxP strain was transformed with an unstable plasmid, namely 

pJOE6732.1 (see appendices). Plasmid pJOE6732.1, a derivative of pAM1 plasmid, contains 

the Pxyl-creP1 expressing the Cre recombinase. After selection of the transformants on LBspc, one 

of the transformants was cultivated at 37C for 24 h. During the incubation, the Cre recombinase 

was expressed and recombined the mroxP sequences and resulted in the deletion of the cat gene 

from the mtlF::mroxP-cat-mroxP cassette. In addition, the bacteria lost pJOE6732.1 due to its 

instability. After 24 h incubation, dilutions of the bacterial culture were plated on LB agar and the 
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transformants were checked for the loss of chloramphenicol and spectinomycin resistance. The 

mtlF deficient strain, called KM103, was unable to grow on mannitol minimal medium. Also, 

strain KM103 was sensitive to chloramphenicol and spectinomycin (Fig. 3.14.B). 

A                                                                                       B 

  

 

 

 

 

 

 

Fig. 3. 14. (A) Plasmid map of the plasmid pKAM19 used as the backbone for the markerless deletion of mtlF. (B) 

Deletion of the mtlF using mroxP recombination sites. In the first step, plasmid pKAM47 harboring the deletion 

cassette was integrated into the chromosome of B. subtilis 3NA. Afterwards, the expression of the Cre recombinase 

led to the site-specific recombination at the mroxP sites. The markerless mtlF strain KM103 was constructed by the 

deletion of the cat gene from the chromosome. 

 

Finally, -galactosidase activity of KM103 pKAM12 was measured in the presence of mannitol 

and glucose (Fig. 3.11.B.). Similar to KM12 pKAM12, the PmtlA activity in KM103 pKAM12 

was constitutive, but the strain grew slower than the wild type. Unlike the KM12 pKAM12, -

galactosidase activity surprisingly boosted up to 24,800 Miller units in KM103 pKAM12. This 

was almost double of the activity of the induced PmtlA in the wild type strain. As expected, the 

addition of glucose reduced the -galactosidase activity to 8,100 Miller units. Altogether, 

deletion of the EIIA
Mtl

 removed the PmtlA inhibition in the absence of mannitol; however, the 

reason for the high activity of the PmtlA is still unknown. 
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3.10.4. Disruption of the mannitol 1-phosphate dehydrogenase encoding gene (mtlD) 

The effect of the mannitol 1-phosphate dehydrogenase on the PmtlA and PmtlR activities was 

investigated by the disruption of mtlD. To construct the integration cassette, a truncated version 

of mtlD was amplified in a PCR from B. subtilis 168 chromosome using oligonucleotides 

s6344/s6345. The resulting fragment was then inserted into pSUN308.3 via EcoRV/NdeI 

restriction sites (pKAM015). Afterwards, the erythromycin gene ermC was amplified by PCR 

from pSUN308.3 by oligonucleotides s5069/s5070. The blunt ends PCR product was then 

inserted into pKAM015 via HincII restriction site inside the mtlD (plasmid pKAM14). 

Integration of the cassette ‘mtlD-ermC-mtlD’ into the chromosome of B. subtilis 3NA was 

performed and the transformants were selected on LBerm. The disruption of mtlD was confirmed 

by PCR using oligonucleotides s6344 and s6345. The mtlD::ermC mutant (strain KM37) was 

cultivated in LB supplemented by 1% glucose (as control), mannitol or glucitol. Incubation of the 

cell culture at 37C revealed that the mannitol and glucitol retarded the growth of the cells in 

comparison to glucose (Fig. 3.15.A). In other words, the mannitol and glucitol are partially toxic 

for the cells and the cells were swollen and lysed after 4 h of incubation (Fig. 3.15.B). 

 

A                                                                                                               B 

 

 

 

 

 

Fig. 3. 15. (A) Growth curve of the strain mtlD::ermC (strain KM37) in LB harboring 1% glucose, mannitol or 

glucitol as the main carbon source. (B) The swollen cells of B. subtilis KM37 in LB harboring mannitol as the main 

carbon source. 
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Likewise, the influence of the disruption of mannitol 1-phosphate dehydrogenase on the activity 

of PmtlA was investigated. Strain KM37 pKAM12 was induced by different sugars (Fig. 3.11.B). 

Unexpectedly, the basal -galactosidase activity of the KM37 pKAM12 was higher than the 3NA 

pKAM12 (4.7-fold). Due to the high basal -galactosidase activity, the inducibility of the cells by 

mannitol were reduced. Besides, the presence of mannitol and glucitol resulted in partial lysis of 

the cells after 1 h. In contrast, addition of glucose prevented the lysis of the bacteria, although the 

PmtlA activity was also repressed. In addition to pKAM12 harboring PmtlA, KM37 was transformed 

with pKAM18 to monitor the PmtlR activity in mtlD::ermC mutant. The results showed that the -

galactosidase activity of KM37 pKAM18 was higher than of 3NA pKAM18 in the presence and 

absence of mannitol (Fig. 3.12). Nonetheless, the catabolite repression remained effective. 

Overall, PmtlA and PmtlR were inducible in KM37, while glucose repressed their activities.  

 

3.10.5. Deletion of the mtlAFD operon 

 The whole operon of the mannitol PTS, mtlAFD, was replaced with erythromycin 

resistance gene in order to investigate the PmtlA activity in the absence of the EII
Mtl

 components as 

well as mannitol 1-phosphate dehydrogenase. Construction of the mtlAFD deletion cassette was 

carried out by amplification of ycsA in the first step. The ycsA gene was amplified by PCR from 

B. subtilis 168 chromosome using oligonucleotides s5994/s5995. The amplified fragment was 

then inserted into pSUN308.3 by SpeI/StuI restriction sites (pKAM011). Next, oligonucleotides 

s6068 and s6080 were used for a PCR from genomic DNA of B. subtilis 168 to amplify ycnL. By 

insertion of the ycnL into pKAM011 via EcoRV/BglII restriction sites, plasmid pKAM6 was 

constructed. Afterwards, the strain 3NA was transformed with pKAM6 and the erythromycin 

resistant transformants were selected (strain KM13). Subsequently, transformation of KM13 by 

pKAM12 was performed and the transformants were selected on spectinomycin. Induction of 

KM13 pKAM12 revealed an unexpected reduction in the -galactosidase activity by 13-fold to 

about 1,000 Miller units compared to 3NA pKAM12. Nevertheless, PmtlA in mtlAFD showed 

constitutive activity similar to mtlAF and mtlF mutants. Also, the catabolite repression was 

functional reducing the -galactosidase activity to 200 Miller units (Fig. 3.11.B). 
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3.11. Regulation of PmtlA and PmtlR by glucitol 

3.11.1. PmtlA induction by glucitol 

 Glucitol is a sugar alcohol which is taken up by a non-PTS system in B. subtilis. Induction 

of the mannitol PTS by glucitol was reported before (239). To study the induction of PmtlA by 

glucitol, wild type strain 3NA as well as KM12, KM13, KM15, KM37 and KM103 harboring 

pKAM12 (containing PmtlA-lacZ) were induced by glucitol (Fig 3.16). Induction of 3NA 

pKAM12 by glucitol gave about 8,000 Miller units -galactosidase activity in comparison to the 

uninduced strain showing only 600 Miller units -galactosidase activity. Besides, addition of 

glucose reduced the -galactosidase activity by 1.7-fold. Deletion of mtlR lowered the -

galactosidase activity of KM15 pKAM12 in LB with glucitol to 81 Miller units and 100 Miller 

units without glucitol. In other words, PmtlA was no longer inducible in KM15 pKAM12 and the 

PmtlA activity was depleted. Likewise, the addition of glucose to KM15 pKAM12 culture 

decreased -galactosidase activity to 61 Miller units. Moreover, deletion of mtlAF rendered PmtlA 

constitutive in the presence and absence of glucitol. Besides, the presence of glucose reduced the 

-galactosidase activity of KM12 pKAM12. This was similar to previous attempts where the 

influence of mannitol on PmtlA in KM12 pKAM12 was investigated (section 3.10.2). Deletion of 

mtlF boosted the -galactosidase activity to 18,000 – 25,000 Miller units. Also, PmtlA was 

constitutive in KM103 pKAM12. Surprisingly, glucitol-induced KM37 pKAM12 culture 

expressed 11,800 Miller units -galactosidase activity which was almost identical to mannitol-

induced KM37 pKAM12. Indeed, the presence of mannitol 1-phosphate dehydrogenase in the 

cell made a significant difference between mannitol and glucitol as the inducers. Finally, deletion 

of the mtlAFD operon led to reduction of the PmtlA constitutive activity. The -galactosidase 

activity of KM13 pKAM12 in LB was about 1,000 Miller units in the presence and absence of 

glucitol which was the same as with KM13 pKAM12 in LB with or without mannitol. 
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Fig. 3. 16. Induction of PmtlA by glucitol in strain 3NA and the mannitol utilization deficient mutants. -galactosidase 

activity of the strains 3NA, KM12 (mtlAF), KM13 (mtlAFD), KM15 (mtlR), KM37 (mtlD), KM103 (mtlF) 

harboring pKAM12 (PmtlA) is demonstrated. Glucitol (0.2%) and glucose (0.2%) were added at the OD600 of 0.4 and 

the -galactosidase activity was measured after 1 h. 

  

3.11.2. Induction of PmtlR by glucitol 

 The activity of PmtlR was investigated in the presence of glucitol in B. subtilis 3NA (wild 

type) as well as in mannitol utilization deficient mutants. For this purpose, B. subtilis 3NA, 

KM12 (mtlAF), KM15 (mtlR), and KM37 (mtlD::ermC) containing pKAM18 were induced by 

glucitol (Fig. 3.17). The -galactosidase activity of the strains was measured 1 h after the 

addition of glucitol. Glucose was simultaneously added to the bacterial culture to test the carbon 

catabolite repression effect. The results showed that PmtlR was less inducible by glucitol than 

mannitol in the 3NA pKAM18 strain with about 51 Miller units -galactosidase activity. 

Additionally, presence of glucose repressed the PmtlR activity in 3NA pKAM18. Deletion of the 

activator, MtlR, decreased the -galactosidase activity to 10 – 16 Miller units in KM15 pKAM18. 

In this case, PmtlR was no more inducible by glucitol. The presence and absence of glucitol had no 

influence on the -galactosidase activity in KM12 pKAM18 where PmtlR was constitutive. 

However, the addition of glucose decreased the -galactosidase activity in KM12 pKAM18. 

Finally, -galactosidase activity of KM37 pKAM18 in LB with or without glucitol was identical 

to KM37 pKAM18 with or without mannitol. 
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Fig. 3. 17. Induction of PmtlR by glucitol in strain 3NA and the mannitol utilization deficient mutants. -galactosidase 

activity of B. subtilis 3NA, KM12 (mtlAF), KM15 (mtlR), and KM37 (mtlD) harboring pKAM18 (PmtlR) is 

shown. The bacterial strains were grown in LB at 37C. Glucitol (0.2%) and glucose (0.2%) were added at the OD600 

of 0.4 and the -galactosidase activity was measured after 1 h. 

 

3.11.3. Deletion of the gutRBP genes encoding glucitol utilization system  

 Assuming that the inducibility of PmtlA and PmtlR by glucitol could be due to the interaction 

of the glucitol utilization system and mannitol PTS components, the complete gutRBP operon 

and its downstream gene, ydjE encoding a fructokinase, were replaced with a chloramphenicol 

acetyl transferase gene. The gene replacement cassette was constructed using oligonucleotides 

s6302/s6303 in a PCR with B. subtilis 168 for amplification of the upstream flanking gene, ydjC. 

The downstream flanking gene, pspA, was also amplified in a PCR by oligonucleotides 

s6304/s6305. The ydjC fragment was inserted into pMW363.1 via EcoRI/NheI (pKAM014). 

Next, the pspA fragment was inserted via AflII/NdeI into pKAM014 to construct plasmid 

pKAM13. Strains 3NA and KM13 were transformed with pKAM13 harboring ‘ydjC-cat-pspA’ in 

order to construct a gutRBPydjE::cat strain (KM39) and a mtlAFD::ermC  gutRBPydjE::cat 

strain (KM40). Transformation of KM39 and KM40 by pKAM12 was carried out to construct 

strains KM39 pKAM12 and KM40 pKAM12. To both of the strains mannitol and glucitol were 

added to measure the -galactosidase activity. Strain KM39 pKAM12 produced the same amount 

of -galactosidase activity as 3NA pKAM12 (Fig. 3.18.A). KM39 pKAM12 showed 12,600 
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Miller units -galactosidase activity in the presence of mannitol, 8,000 Miller units in the 

presence of glucitol, and about 600 Miller units in the uninduced strain. Strain KM40 pKAM12 

showed the same -galactosidase activity as KM13 pKAM12 having 1,200 Miller units (Fig. 

3.18.B). Apparently, the results revealed that the deletion of the glucitol utilization components 

had no influence on the PmtlA activity. 

A                                                                                               B 

Fig. 3. 18. The activity of PmtlA in deficient mutants of mannitol and glucitol utilization system. (A) -galactosidase 

activity of the B. subtilis 3NA (wild type) and KM39 (gutRBPydjE) harboring pKAM12. (B) Production of -

galactosidase in the strains KM13 (mtlAFD) and KM40 (mtlAFD gutRBPydjE) containing pKAM12. 

Measurements of KM39 pKAM12 and KM40 pKAM12 were performed once. 

 

3.11.4. Growth of the mtl and gut mutants in minimal medium 

 Deletion of the gutRBPydjE genes revealed that the components of glucitol utilization 

system play no role in the induction of PmtlA by glucitol. In addition to induction studies, the 

growth of the mannitol utilization deficient mutants was compared to deficient mutants of 

glucitol utilization system. The mtl and gut mutants were cultivated in minimal medium (broth I) 

harboring glucose, mannitol, or glucitol as the main carbon source, while the sodium citrate was 

removed from the bacterial culture. In this way, 1 OD600 of the overnight culture was inoculated 

into 5 ml minimal medium in a 100 ml baffled Erlenmeyer flask and the growth was measured 

after 16 h incubation at 37C (shaked at 200 rpm).  
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Fig. 3. 19. The growth of deficient mutants of mannitol and glucitol utilization system strains. B. subtilis 3NA, 

KM12 (mtlAF), KM13 (mtlAFD), KM15 (mtlR), KM37 (mtlD::cat), KM39 (gutRBPydjE), and KM40 

(mtlAFD gutRBPydjE) were cultivated in broth I harboring 1% glucose, mannitol, or glucitol as the main carbon 

source. The measurements were performed after 16 h of incubation at 37C. 
 

No growth was observed with the mtlAF, mtlAFD, and mtlR mutants as well as with the 

mtlAFD gutRPBydjE double mutant in the presence of mannitol as the main carbon source 

(Fig. 3.19). As mentioned before, the mtlD mutant was lysed in the presence of mannitol. 

However, glucitol as the main carbon source supported the growth of all of the mutants, except 

the gutRBPydjE mutants, namely KM39 and KM40. Interestingly, the growth of the mtlD 

mutant was half of the wild type strain in the presence of the glucitol showing the necessity of 

mannitol 1-phosphate dehydrogenase for the glucitol assimilation. 
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3.12. Carbon catabolite repression of PmtlA and PmtlR 

3.12.1. PmtlA activity in the presence of different PTS sugars 

Primary studies showed that the presence of glucose reduced PmtlA and PmtlR activities. 

Thus, different PTS sugars such as fructose, glucose, mannose, and sucrose were used to study 

their probable influence on PmtlA activity. To reduce the number of assays, PmtlA activity was 

studied in strain KM12 (mtlAF mutant) harboring pKAM12. In this strain, the activity of PmtlA 

was constitutive. Strain KM12 pKAM12 which was cultivated in LB with or without mannitol 

exhibited the same level of 13,900 – 15,100 Miller units -galactosidase activity. Addition of 

glucose or fructose to the LB culture reduced -galactosidase activity of KM12 pKAM12, while 

supplementation with mannose or sucrose had no influence on -galactosidase activity (Fig. 

3.20).  

 

Fig. 3. 20. Carbon catabolite repression of PmtlA by different PTS sugars. -galactosidase activity of strain KM12 pKAM12 

(mtlAF) in LB supplemented by 0.2% of mannitol, fructose, glucose, mannose, or sucrose is represented. The 

desired sugar was added at the OD600 of 0.4 and -galactosidase activity was measured 1 h after induction. No sugar 

was added to the control. 

 

3.12.2. Activity of PmtlA in CcpA-dependent CCR mutants 

Activity of PmtlA in the presence of glucose was investigated in CcpA-dependent CCR 

deficient mutants. At first, glucose repression of PmtlA was measured in B. subtilis QB5223, a 
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ptsH-S46A mutant. Replacement of serine 46 in HPr by an alanine prevents the formation of the 

CcpA-HPr(S46~P) complex. Strain QB5223 (ptsH-S46A) was transformed with plasmid 

pKAM12 and -galactosidase activity was measured after growth in LB supplemented with 

mannitol or with mannitol and glucose. The presence of glucose slightly reduced the -

galactosidase activity of QB5223 pKAM12 from 13,700 to 10,300 Miller units (Fig. 3.21). This 

result shows a weaker glucose repression effect in comparison with 3NA pKAM12. However, 

ptsH-S46A mutation encoding HPr-S46A did not completely relieve PmtlA from glucose 

repression. Thus, glucose repression of PmtlA was measured in a crh mutant. For this purpose, 

strain TQ338 (crh) was transformed with pKAM12. Addition of mannitol to the TQ338 

pKAM12 culture showed a reduction of the -galactosidase activity (about 8,100 Miller units) in 

comparison with 3NA pKAM12 (about 13,200 Miller units). Nevertheless, addition of glucose 

still reduced the PmtlA activity by 2.4-fold which was the same as with 3NA pKAM12. Given that 

neither ptsH-S46A nor crh mutations in B. subtilis were able to abolish glucose repression, the 

PmtlA activity was measured in a ptsH-S46A crh double mutant. Strain TQ338_S46 harboring 

the ptsH-S46A crh double mutation was transformed with pKAM12. Comparing with 3NA 

pKAM12, induction of TQ338_S46 pKAM12 by mannitol resulted in a lower -galactosidase 

activity. However, the basal -galactosidase activity of TQ338_S46 pKAM12 culture was almost 

tripled in comparison with 3NA pKAM12 (Fig. 3.21). Similar to ptsH-S46A mutant, glucose 

repression was lower than in strain 3NA pKAM12 (about 1.3- fold). Apparently, deletion of crh 

or mutation of ptsH-S46A could not absolutely abolish the glucose repression of PmtlA. Hence, 

hprK encoding the HPrK/P enzyme was deleted. Deletion of the hprK gene led to no 

phosphorylation of HPr-S46 (or Crh-S46), and thereby inhibits the formation of CcpA-

HPr(S46~P) or CcpA-Crh(S46~P) complex. For this purpose, strain TQ308 (hprK) was 

transformed with pKAM12. TQ308 pKAM12 exhibited a reduced growth rate in LB as compared 

to 3NA pKAM12. The former reached an OD600 of 0.9 after 1 h of induction by mannitol, while 

3NA pKAM12 reached an OD600 of 1.6 – 1.7 under same conditions. TQ308 pKAM12 showed a 

-galactosidase activity of about 8,600 Miller units after cultivation in LB supplemented with 

mannitol, while its basal -galactosidase activity was 800 Miller units in LB without mannitol. 

Moreover, glucose repression was still functional in TQ308 pKAM12 reducing the PmtlA activity 

by 1.65-fold. Therefore, glucose repression of PmtlA was measured in a ccpA mutant. Strain 
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TQ303 which is the CcpA-deficient mutant was transformed with pKAM12 using minimal 

medium supplemented with succinate and glutamate. The PmtlA activity in TQ303 pKAM12 was 

calculated from the cells grown in LB with or without mannitol. -galactosidase activity of 

mannitol-induced TQ303 pKAM12 was lowered to 6,100 Miller units, whereas its basal -

galactosidase activity in LB remained of 500 Miller units (Fig. 3.21). Addition of the glucose 

strongly declined the -galactosidase activity of TQ303 pKAM12 in LB with mannitol. 

Consequently, deletion of the CcpA-dependent CCR components did not completely abolish the 

glucose repression in PmtlA. Hence, glucose repression in PmtlR was studied by the CcpA-

dependent CCR mutants. 

 

Fig. 3. 21. Catabolite repression of PmtlA in CcpA-dependent CCR deficient mutants. -galactosidase activity of 

strains 3NA, QB5223 (ptsH-S46A), TQ303 (ccpA), TQ308 (hprK), TQ338 (crh), and TQ338_S46 (ptsH-S46A 

crh) harboring pKAM12 (PmtlA) in LB is shown. The desired sugar was added at the OD600 of 0.4 and -

galactosidase activity was measured 1 h after induction. No sugar was added to the uninduced bacterial cultures. 

 

3.12.3. PmtlR activity in CcpA-dependent CCR mutants 

The mtlAFD operon is activated by MtlR; therefore, any variation of the MtlR amount in 

the cytoplasm could affect the PmtlA activity. Since identification of PmtlR indicated a cre site 

between -35 and -10 boxes of PmtlR, the possibility of the binding of CcpA-HPr(S46~P) or CcpA-
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Crh(S46~P) complex to PmtlR was studied by the CcpA-dependent CCR deficient mutants. The 

strains TQ303 (ccpA) and the double mutant TQ338_S46 (crh ptsH-S46A) were transformed 

with pKAM18 (containing PmtlR-lacZ). -galactosidase activity of TQ303 pKAM18 was about 

the same as with 3NA pKAM18 in LB with or without mannitol (Fig. 3.22). The main difference 

was noticed when both mannitol and glucose were added to the culture medium. In this case, -

galactosidase activity of TQ303 pKAM18 was doubled. Similar to TQ303 pKAM18, glucose 

repression of PmtlR in TQ338_S46 pKAM18 was less than in 3NA pKAM18. However, the 

elevated basal -galactosidase activity of TQ338_S46 pKAM18 makes the interpretation 

difficult. Consequently, mutations of the CcpA-dependent CCR components showed slightly 

influence on the glucose repression of PmtlA and PmtlR.  

 

Fig. 3. 22. Catabolite repression of PmtlR in CcpA-dependent CCR deficient mutants. -galactosidase activity of 

strains 3NA, TQ303 (ccpA), and TQ338_S46 (ptsH-S46A crh) harboring pKAM18 (PmtlR) is demonstrated. The 

strains were grown in LB and the desired sugar was added at the OD600 of 0.4 and -galactosidase activity was 

measured 1 h after induction. 

 

3.12.4. Deletion of the glucose-PTS transporter 

It was shown that deletion of the CcpA-dependent CCR components showed only a 

moderate reduction in the catabolite repression of PmtlA and PmtlR. Therefore, the probable 
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influence of the deletion of ptsG, encoding the EIICBA
Glc

 (glucose-PTS transporter) on the PmtlA 

and PmtlR activities was considered. For this purpose, strain MW373 was used which lacks the 

glucose PTS transporter (ptsG). Transformation of MW373 by pKAM12 and pKAM18 was 

carried out and the resulting transformants were subjected to mannitol (for induction) and glucose 

(for repression). Interestingly, -galactosidase activity of MW373 pKAM12 in LB with mannitol 

was similar in the presence and absence of glucose (about 11,300 Miller units), while the 

inducibility of PmtlA in ptsG mutant remained the same as in the wild type strain (Fig. 3.23.A). 

The presence of glucose did not alter the -galactosidase activity of MW373 pKAM18 in LB 

supplemented with mannitol. The inducibility of PmtlR in MW373 pKAM18 also remained the 

same as in the wild type strain (Fig. 3.23.B). 

A                                                                                   B 

 

 

 

 

 

 

Fig. 3. 23.  Catabolite repression of PmtlA and PmtlR in wild type and ptsG mutant. (A) -galactosidase activity of 

strains 3NA and MW373 (ptsG) harboring pKAM12 (PmtlA) is demonstrated. (B) -galactosidase activity of the 

strains 3NA and MW373 (ptsG) harboring pKAM18 (PmtlR) is represented. The desired sugar was added to the cells 

at the OD600 of 0.4 and the -galactosidase activity was measured 1 h after induction. 

 

3.13. Regulation of the MtlR activity via phosphorylation of MtlR domains 

3.13.1. Integration of PmtlA-lacZ into the chromosome 

 Activity of MtlR was examined by mutation of the phosphorylation sites in the conserved 

domains of MtlR. To prevent a possible titration effect on the PmtlA activity, the PmtlA-lacZ fusion 

was integrated into the amyE gene encoding -amylase on the chromosome of B. subtilis. For 

this purpose, plasmid pDG1730 was used consisting of the amyE gene disrupted by 
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spectinomycin resistance gene. The PmtlA-lacZ fusion was amplified in a PCR by oligonucleotide 

s7455/s7481 using pKAM12 as a template. The PCR product was then inserted into pDG1730 

DNA digested by HindIII and EcoRI and resulted in pKAM123. Afterwards, strain 3NA was 

transformed with plasmid pKAM123 harboring the amyE-PmtlA-lacZ-spc-amyE cassette. The 

transformants were then selected based on spectinomycin resistance. The disruption of the amyE 

gene was confirmed on LB agar plate containing starch. Strain KM176 harboring the PmtlA-lacZ 

fusion on the chromosome was subjected to mannitol (for induction) and glucose (for repression) 

in order to study the PmtlA activity. The basal -galactosidase activity in uninduced KM176 was 

69 Miller units. Addition of mannitol to LB induced the PmtlA activity in KM176 culture as 

indicated by the measurements of 776 Miller units -galactosidase activity (Fig. 3.24). For this 

strain, simultaneous presence of mannitol and glucose in LB repressed the PmtlA activity about 

3.6-fold. 

 

3.13.2. Mutation of the PRDI domain  

 The influence of PRDI on the MtlR activity was studied by mutation of the putative 

phosphorylation sites at PRDI. At first, histidine 230 was mutated to alanine by a fusion PCR. 

PCRs from the chromosome of B. subtilis 168 were carried out using oligonucleotides 

s6949/s6868 and s6869/s6867. The fusion PCR was performed by oligonucleotides s6949/s6867 

and the primary PCRs products. The PmtlR-mtlR-H230A DNA fragment was then inserted into 

pJOE4786.1 digested by SmaI and resulted in pKAM025. Next, pKAM025 DNA was digested by 

XmaI/SpeI and the 2.3 kb fragment was inserted into pKAM4 via the same restriction sites to 

construct pKAM127. Finally, strain KM15 (mtlR) was transformed with plasmid pKAM127 

and the transformants were selected on mannitol minimal plates. The correct integration of PmtlR-

mtlR-H230A in to the chromosome of B. subtilis led to the deletion of the erythromycin 

resistance gene. Strain KM210 (mtlR-H230A) was subsequently transformed with pKAM123 in 

order to integrate PmtlA-lacZ into the chromosome at the amyE gene (strain KM214). The -

galactosidase activity of the latter strain, namely KM214, was measured by the addition of 

mannitol in the presence and absence of glucose in the culture media. No significant difference 

was observed in the -galactosidase activity of KM176 (mtlR) and KM214 (mtlR-H230A) (Fig. 



 

Results 

115 

 

3.24). Afterwards, the second phosphorylation site of PRDI, namely histidine 289, was mutated 

to alanine by a fusion PCR. PCRs were performed from B. subtilis 168 chromosome using 

oligonucleotides s6949/s6870 and s6871/s6867. Fusion PCR was accomplished using 

oligonucleotides s6949/s6867 and the primary PCR products. The PmtlR-mtlR-H289A fragment 

was then inserted into pJOE4786.1 via SmaI restriction sites and created plasmid pKAM026. 

Digestion of the pKAM026 DNA by XmaI/SpeI was carried out and the 2.3 kb fragment was 

inserted into pHM31 (see appendices) via the XmaI/NheI restriction sites and resulted in 

pKAM68. Integration of PmtlR-mtlR-H298A into the 3NA chromosome was accomplished in two 

steps based on histidine auxotrophy (158). First, plasmid pHM30 (see appendices) harboring a 

spectinomycin resistance gene was integrated into the chromosome of KM15. This integration 

disrupted the last gene of the his operon, hisI, in which the spectinomycin resistance gene was 

integrated into the chromosome. Selection of the transformants was performed on LBspc plates 

(strain KM162). Afterwards, the histidine auxotrophic mutant, i.e. strain KM162, was 

transformed with pKAM68 containing an intact hisI gene as well as PmtlR-mtlR-H289A. Selection 

of the transformants harboring the mtlR-H289A mutation was performed on Spizizen minimal 

medium plates lacking histidine. In this way, strain KM165 was constructed in which PmtlR-mtlR-

H289A resided downstream of the his operon. Then, transformation of KM165 by pKAM123 

was carried out in order to integrate the PmtlA-lacZ fusion into the amyE locus. The newly 

constructed strain was called KM179. Induction of the KM179 strain (mtlR-H289A) indicated a 

lower -galactosidase activity, about 377 Miller units, compared to KM176 culture with a -

galactosidase activity of about 776 Miller units (wild type mtlR) (Fig. 3. 24). Interestingly, the 

glucose repression in KM179 culture with a -galactosidase activity of about 16 Miller units -

galactosidase activity was stronger than in KM176 with 215 Miller units. Finally, the PmtlA 

activity was measured in the mtlR-H230A H289A double mutant. The PmtlR-mtlR-H230A H289A 

DNA fragment was amplified by using pKAM025 as a template and oligonucleotides 

s6949/s6870 and s6871/s6867 in PCRs. Next, fusion PCR was accomplished using 

oligonucleotides s6949/s6867 and the primary PCR products. The PmtlR-mtlR-H230A H289A 

PCR fragment was inserted into pJOE4786.1 digested by SmaI (pKAM027). Next, pKAM027 

DNA was digested by XmaI/SpeI and the 2.3 kb fragment was inserted into pKAM4 via 

XmaI/SpeI restriction sites and created plasmid pKAM129. Strain KM212 was constructed by 
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transformation of strain KM15 (mtlR) with pKAM129. Afterwards, the PmtlA-lacZ fusion on 

pKAM123 was integrated into the amyE locus of strain KM212 resulting in strain KM216. 

Induction of KM216 expressing mtlR-H230A H289A by mannitol indicated a similar -

galactosidase activity compared to KM179 (mtlR-H289A). The glucose repression in KM216 was 

also stronger than in KM176 (wild type mtlR) (Fig. 3.24). 

 

Fig. 3. 24. Activity of PmtlA in the mtlR mutants. -galactosidase activity of strains KM176 (mtlR), KM179 (mtlR-

H289A), KM213 (mtlR-H342D), KM214 (mtlR-H230A), and KM216 (mtlR-H230A H289A) in LB is shown. All of 

the strains contain an integrated PmtlA-lacZ fusion in their amyE locus. The desired sugar was added at the OD600 of 

0.4 and -galactosidase activity was measured 1 h after induction. 

 

3.13.3. Mutation of the PRDII domain 

 Histidine 342 located at PRDII domain was exchanged by an aspartic acid in order to 

construct a mimic of a phosphorylated histidine. For this purpose, PmtlR-mtlR-H342D was 

amplified by oligonucleotides s6949/s6865 and s6866/s6867 in PCRs. Afterwards, a fusion PCR 

was carried out by oligonucleotides s6949/s6867 and the primary PCRs products. The final PmtlR-

mtlR-H342D fragment was blunt inserted into pJOE4786.1 which was already cut by SmaI. The 

resulting plasmid, pKAM024, was digested by XmaI and SpeI, and the 2.3 kb fragment was 

inserted into the pKAM4 via XmaI/SpeI restriction sites and led to construction of pKAM126. 
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Afterwards, strain KM15 (mtlR) was transformed with pKAM126. The transformants 

expressing mtlR-H342D were selected on mannitol minimal plates. The newly constructed strain 

was named KM209. By integration of the PmtlA-lacZ fusion into the amyE locus of KM209, strain 

KM213 was constructed. Induction of KM213 by mannitol in LB showed approximately 800 

Miller units -galactosidase activity resembling KM176. Besides, the basal -galactosidase 

activity of KM213 expressing mtlR-H342D was doubled compared to KM176 (wild type mtlR). 

Finally, addition of glucose slightly reduced the -galactosidase activity of KM213 (Fig. 3.24).  

 

3.14. Operators of PmtlA and PmtlR   

3.14.1. Alignment of the PmtlA and PmtlR putative activator binding sites 

 Induction of PmtlA and PmtlR showed that both of the promoters are activated by MtlR. 

Besides, sequence analyses revealed incomplete inverted repeats residing upstream of the -35 

boxes in PmtlA and PmtlR. To find the exact MtlR binding site of PmtlA and PmtlR, the upstream 

sequences of the -35 boxes in PmtlA and PmtlR were aligned. As depicted in Fig. 3.25, 11 bp 

flanking sites of the incomplete inverted repeats were highly similar. This sequence was longer 

than the MtlR binding site so far predicted by Watanabe et al. (239). 

 

 

 

Fig. 3. 25. Alignment of the PmtlA and PmtlR -35 upstream sequences. The MtlR binding site is predicted by Watanabe 

et al. (239). 
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3.14.2. Fusion of the PmtlA upstream sequence to the PmtlR core elements 

The putative MtlR binding sites of PmtlA and PmtlR were compared by the fusion of PmtlA upstream 

sequence to PmtlR core elements. For this purpose, PCRs from the chromosome of B. subtilis 168 

were performed by oligonucleotides s6209/s6798 and s6799/s6392. The products of primary 

PCRs were then fused by a PCR using oligonucleotides s6209/s6392. The final PmtlA-PmtlR 

fragment was then digested by NheI and AflII and inserted into pSUN279.1 and created 

pKAM51. Fig. 3.26.A demonstrates the sequence of the hybrid promoter. Plasmid pKAM51 was 

used for transformation of B. subtilis 3NA, which was then induced by 0.2% mannitol in LB. -

galactosidase activity of 3NA pKAM51 was about 152 Miller units in LB supplemented with 

mannitol, whereas the basal -galactosidase activity was only 47 Miller units after cultivation in 

LB (Fig. 3.26.B). In comparison with 3NA pKAM18 carrying PmtlR, the -galactosidase activity 

of 3NA pKAM51 was doubled in the both induced and uninduced cultures. This could be due to 

a higher affinity of MtlR to the PmtlA operator. 

A                                                                                                             B 

 

Fig. 3. 26. (A) The sequence of the PmtlA-PmtlR fusion on pKAM51. (B) -galactosidase activities of the induced and 

uninduced 3NA pKAM18 and 3NA pKAM51 strains. 

 

3.14.3. Shortening of the 5’-end of PmtlA  

 In section 3.3, it was shown that shortening of 20 bp from the PmtlA 5’-end had no effect 

on the PmtlA activity on pKAM9. To identify the 5’ boundary of PmtlA in vivo, shortening of the 5’-

end of PmtlA was gradually performed in 2 bp blocks (Fig. 3.27.A). For these attempts, pKAM12 
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was chosen as a template and oligonucleotides s6726/s6213 (pKAM43), s6792/s6213 

(pKAM48), s6793/s6213 (pKAM49), s6829/s6213 (pKAM57), s6830/s6213 (pKAM58), and 

s6210/s6213 (pKAM59) were used in PCRs. The obtained promoter fragments were then inserted 

into pSUN279.2 via NheI/AflII. The constructs are shown in Fig. 3.27.A. After transformation of 

3NA by the resulting plasmids, induction of strain 3NA harboring pKAM43, pKAM48, or 

pKAM49 by mannitol showed no significant difference in -galactosidase activity compared to 

3NA pKAM12 culture (Fig. 3.27.B). Removal of additional 2 bp showed a reduction in -

galactosidase activity of 3NA pKAM57 and 3NA pKAM59. Nevertheless, PmtlA was still 

inducible in 3NA pKAM57 and pKAM59 by 19-fold and 21-fold, respectively, which were 

similar to 3NA pKAM12 (22-fold induction) (Fig. 3.27.B). Finally, 3NA pKAM58 had a low -

galactosidase activity and indicated no inducibility. In fact, the results of the 5’-end shortening of 

PmtlA were in line with the conserved -35 upstream sequence of PmtlA and PmtlR (section 3.14.1). 

Therefore, MtlR binding site likely begins at the position -83 with respect to the transcription 

start site. 

 

3.14.4. Mutations between the MtlR binding site and -35 box of PmtlA 

 Shortened PmtlA constructs revealed the 5’-end of MtlR binding site. However, the 3’-end 

of the MtlR binding site remained unclear. Therefore, identification of the 3’-end of the MtlR 

binding site was started by exchanging 5 bp blocks to their complementary sequence (see Fig. 

3.27.A). In this way, different PmtlA constructs were generated by PCR from pKAM12 using 

oligonucleotides s6688/s6213 (pKAM27), s7065/s6213 (pKAM84), and s7091/s6213 

(pKAM92). Also, fusion PCRs were carried out for construction of pKAM45 and pKAM52. 

PCRs were performed from pKAM12 using oligonucleotides s6209/s6728 and s6729/s6213. 

Fusion PCR was carried out using primary PCRs products and oligonucleotides s6209/s6213 

(pKAM45). For pKAM52, oligonucleotides s6209/s6800 and s6801/s6213 were applied in PCRs. 

These PCR products were then used as templates for the final PCR by s6209/s6213. Strain 3NA 

was then transformed with pKAM27, pKAM45, pKAM52, pKAM84, or pKAM92. In 

comparison with 3NA pKAM12, induced 3NA pKAM52 showed a reduced -galactosidase 

activity with about 6,400 Miller units (Fig. 3.27.B). Also, the basal -galactosidase activity of 
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3NA pKAM52 was 3-fold lower than of 3NA pKAM12. Strains 3NA pKAM45 and 3NA 

pKAM84 showed 8,500 and 7,400 Miller units -galactosidase activity, respectively, whereas 

their basal -galactosidase activity were 400 and 300 Miller units, respectively. 

A 

 

B 

 

Fig. 3. 27. (A) Partial sequence of PmtlA on pKAM12 and the constructs thereof. The promoter -35 and -10 boxes are 

enclosed by rectangles, while a single C residue (bold capital letter) is the transcription start site. The putative cre 

site is underlined. The first base pair of each shortened promoter is shown by a box and an arrow. The base pair 

exchanges are highlighted in dark gray in pKAM27 and pKAM92, in light gray pKAM45 and pKAM84, or enclosed 

by a rectangle in pKAM52. (B) -galactosidase activity of strain 3NA containing pKAM12, pKAM27, pKAM43, 

pKAM45, pKAM48, pKAM49, pKAM52, pKAM57, pKAM58, pKAM59, pKAM84, and pKAM92. 
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Induced 3NA pKAM27 showed a stronger -galactosidase activity reduction (aprox. 4,200 Miller 

units) in comparison with 3NA containing pKAM52, pKAM45, and pKAM84. However, the 

basal -galactosidase activity of 3NA pKAM27 remained at 300 Miller units (Fig. 3.27.B). 

Finally, the base pairs located at the inverted repeat upstream of -35 in PmtlA mutant were 

exchanged to their complementary sequence to create pKAM92. Addition of mannitol to 3NA 

pKAM92 indicated slight amount of -galactosidase activity in which PmtlA was uninducible. 

Altogether, base pair exchanges between -35 box and the predicted MtlR binding site did not 

reveal a clear result. Thus, identification of the 3’-end of MtlR binding site in PmtlA was continued 

by construction of hybrid promoters (Fig. 3.27.B).  

 

3.14.5. Construction of hybrid promoters 

3.14.5.1. Fusion of the putative ManR binding site of PmanP to PmtlA core elements 

 To identify the 3’-end of the MtlR binding site, different hybrid promoters were 

constructed. At first, it was necessary to have a well-known promoter in which the regulator 

binding site was well understood. Then, this promoter would be used as a platform for 

identification of the MtlR binding site. Therefore, the promoter of the mannose operon (PmanP) in 

B. subtilis was exploited. Plasmids pKAM12 and pSUN284.1 (214), were used as the controls of 

PmtlA and PmanP activities, respectively.  Plasmid pSUN284.1 is a plasmid similar to pKAM12 

based on pBS72 replicon in B. subtilis, but it carries PmanP rather than PmtlA. Strain 3NA 

pSUN284.1 was induced by mannose, while 3NA pKAM12 was induced by mannitol. Induction 

of 3NA  pSUN284.1 showed 15,000 Miller units -galactosidase activity, while the basal -

galactosidase activity was only about 2,000 Miller units (Fig. 3.28.B). Subsequently, the activator 

binding site of PmanP was fused to the PmtlA core elements (Fig. 3.28.A). For this purpose, the 

upstream region of -35 box in PmtlA was replaced with the putative ManR binding site of PmanP to 

obtain the hybrid promoter 11 (PHP11). To fuse the PmanP fragment to the PmtlA core elements, 

oligonucleotides s6504/s6508 and s6509/s6507 were used in PCRs from B. subtilis 168 genomic 

DNA. Fusion PCR was performed by oligonucleotides s6504/s6507 using primary PCR products 
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as a template. By insertion of the PHP11 fragment via NheI/AflII restriction sites into pSUN279.2, 

the precursor of pSUN284.1, plasmid pKAM25 was constructed. 

 

A 

 

 

B 

 

 

 

 

 

 

 

 

 

Fig. 3. 28. (A) The sequences of the PmanP-PmtlA hybrid promoters. The PmtlA sequence is shown by the capital letter, 

while PmanP by the bold small letter. (B) -galactosidase activity of B. subtilis 3NA containing pKAM12 (PmtlA), 

pKAM23 (PHP9), pKAM25 (PHP11), pKAM29 (PHP12), pKAM30 (PHP13), pKAM62 (PHP20), and pSUN284.1 (PmanP). 

All of the strains were induced by 0.2% mannose except strain 3NA pKAM12, which was induced by 0.2% 

mannitol. 

 

After transformation of 3NA by pKAM25, the addition of 0.2% mannose to the 3NA pKAM25 

culture showed that 3NA pKAM25 exhibited half of the -galactosidase activity of 3NA 

pKAM12, although the basal -galactosidase activity was doubled (1,200 Miller units). In the 

next step, the first base pair of the -35 box in PHP11 was replaced with its counterpart from PmanP 

resulting in promoter PHP13. Construction of PHP13 was performed using oligonucleotides 
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s6504/s6652 and s6653/s6507 in PCRs from the chromosome of B. subtilis 168. The fusion PCR 

by using oligonucleotides s6504/s6507 and primary PCR products resulted in PHP13 which was 

next inserted into pSUN279.2 via NheI/AflII and created pKAM30. Induction of 3NA pKAM30 

with mannose showed a low -galactosidase activity,  although the PHP13 activity was inducible 

by 4-fold. Afterwards, additional base pairs of the -35 box of PHP13 were replaced with the PmanP 

counterparts by construction of PHP12, and PHP20. Plasmids pKAM29 (PHP12) and pKAM62 

(PHP20) were constructed by fusion PCRs from the genomic DNA of B. subtilis 168. 

Oligonucleotides s6504/s6608 and s6609/s6507 (pKAM29) as well as s6504/s6855 and 

s6507/s6856 (pKAM62) were used for PCRs. Fusion PCRs were carried out using primary PCR 

products and oligonucleotides s6504/s6507 in both cases. The basal -galactosidase activity of 

3NA pKAM29 with 4 base pairs exchanged in the -35 box was about 1,600 Miller units, while 

the induced cells showed 7,000 Miller units -galactosidase activity. Strain 3NA pKAM62 with 5 

base pairs exchanged in the -35 box of hybrid promoter had a higher -galactosidase activity than 

3NA pKAM29. In 3NA pKAM62, 12,800 Miller units -galactosidase activity was measured in 

the presence of mannose, whereas basal -galactosidase activity was 1,800 Miller units. Finally, 

PHP9 was constructed in which the complete sequence of the -35 box was replaced with the PmanP 

sequence. To construct pKAM23 harboring PHP9, oligonucleotides s6504/s6510 and s6511/s6507 

were used for PCRs from B. subtilis 168 genome. The fusion PCR was performed by the primary 

PCR products, as template, and the s6504/s6507 oligonucleotides. Induction of 3NA pKAM23 

indicated a similar -galactosidase activity to pSUN284.1, althought the basal -galactosidase 

activity of 3NA pKAM23 was significantly lower (Fig. 3.28.A). Altogether, it is assumed that the 

ManR binding site overlaps the -35 hexamer. Comparison of the ATTTTA hexamer, the reported 

-35 box of PmanP  (214), with the consensus 
A
-type -35 box (TTGACA) pointed out that PmanP 

probably has not a real -35 box. Indeed, different promoter structures of PmanP and PmtlA makes it 

difficult to construct functional hybrid promoters. Thus, the promoter of licBCAH operon was 

exploited for construction of hybrid promoters.  
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3.14.5.2. Comparison of the putative activator binding sites in PmtlA and PlicB 

 To find a new platform for construction of hybrid promoters, the promoter of the licBCAH 

operon (PlicB) was considered. The licBCAH operon encodes the PTS components necessary for 

utilization of -glucans (221). This promoter is activated by a specific PRD-containing regulator, 

LicR, in response to the presence of lichenan, or its hydrolysates such as cellobiose (221, 222). 

The alignment of the upstream sequences of PmtlA and PlicB -35 boxes showed a similar structure 

of the two promoters (Fig. 3.29). In fact, the heptamer spacer between the probable activator 

binding site and the -35 box in PmtlA was similar to PlicB. Consequently, PlicB core elements were 

fused to upstream sequence of PmtlA -35 box (Fig. 3.30.A). 

 

Fig. 3. 29. Comparison of the upstream sequence of PmtlA and PlicB -35 boxes. The putative MtlR binding site in PmtlA 

was deduced from the alignment of PmtlA and PmtlR, while the LicR binding site of PlicB was reported by Tobisch et al. 

(39, 40). 

 

  

3.14.5.3. Fusion of the upstream sequence of -35 box of PmtlA to PlicB core elements 

 At first, PlicB was inserted upstream of the lacZ gene on pSUN279.2. Oligonucleotides 

s7614/s7615 were used for PCR from the B. subtilis 168 chromosome and the amplified PlicB 

fragment was then inserted into pSUN279.2 via NheI/AflII restriction site to construct pKAM160 

(Fig. 3.30.A). Induction of 3NA pKAM160 with cellobiose harboring PlicB-lacZ showed 1,600 

Miller units -galactosidase activity, while the basal -galactosidase activity amounted to 300 

Miller units (Fig. 3.30.B).  
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A 

 

 

B 

 

Fig. 3. 30. (A) The sequences of the PmtlA-PlicB hybrid promoters. The PmtlA sequence is shown by capital letters, while 

the PlicB sequence by small letters. (B) -galactosidase activity of B. subtilis 3NA harboring pKAM160 (PlicB), 

pKAM161 (PHP41), pKAM162 (PHP42), pKAM176 (PHP43). Strain 3NA pKAM160 was induced by 0.2% cellobiose, 

while 3NA pKAM161, 3NA pKAM162, and 3NA pKAM176 were induced by 0.2% mannitol. 

 

Next, the upstream region of PmtlA beginning exactly at the 5’-end of -35 box was fused to PlicB 

core elements. Oligonucleotides s6209/s7617 were used to amplify the PmtlA fragment from 

B. subtilis 168 genome, whereas oligonucleotides s7616/s7615 were used for amplification of 

PlicB fragment by PCR from the chromosome of B. subtilis 168. Digestion of the two fragments 

by BsaI was followed by a ligation reaction. Then, the ligated fragments  were amplified by 

oligonucleotides s6209/s7615 in a PCR. Plasmid pKAM161 was constructed by the insertion of 

the PmtlA-PlicB (PHP41) fragment into pSUN279.2 via NheI/AflII restriction sites. The induced 3NA 

pKAM161 containing PHP41 showed half of the -galactosidase activity of 3NA pKAM160 with 

approximately 860 Miller units. However, the PHP41 remained inducible by mannitol. Afterwards, 

a change of two base pairs in the heptamer (CAA to GAG) was carried out to construct the hybrid 
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PHP43. For this purpose, oligonucleotides s7714/s7615 were used in a PCR from the genome of B. 

subtilis. By insertion of the PCR fragment into pSUN279.2 via NheI/AflII, the final vector, called 

pKAM176, was constructed. Induction of this strain showed no considerable changes to the strain 

containing PHP41. Subsequently, next hybrid promoter, i.e. PHP42, was constructed supposing that 

the heptamer spacer does not belong to the MtlR binding site.  Thus, the -35 box and the 

upstream heptamer sequence of PlicB were fused to the putative MtlR binding site in PmtlA. 

Construction of PHP42 was carried out by PCRs from the chromosome of B. subtilis 168 using 

oligonucleotides s6209/s7618 and s7619/s7615. The PCR products were then exploited in a 

fusion PCR using oligonucleotides s6209/s7615. Plasmid pKAM162 was constructed by the 

insertion of PHP42 into pSUN279.2 via NheI and AflII. Surprisingly, addition of mannitol to the 

3NA pKAM162 culture did not induce PHP42 and its -galactosidase activity was about 80 to 100 

Miller units (Fig. 3.30.B). Altogether, shortening of the PmtlA 5’-end and construction of hybrid 

promoters revealed the putative MtlR binding site 

(TTTTTAAAAAAN20AGTCCTCTTTACTTT). 

 

3.14.5.4. Increasing the distance between putative MtlR binding site and -35 box in PmtlA 

 To show whether the putative MtlR binding site overlaps the -35 box, as observed in 

PmanP, the distance between the -35 box and the putative MtlR binding site in PmtlA was increased 

(Fig. 3.31.A). At first, PmtlA+10 was constructed in which the MtlR binding site was relocated 10 

bp farther to -35 box than in PmtlA. This distance corresponds to a complete turn of B-DNA 

double helix. Oligonucleotides s6209 and s7548 were used in a PCR from pKAM12 in order to 

amplify the PmtlA+10 fragment. The PmtlA+10 fragment was then inserted into pKAM12 via NheI and 

MunI restriction sites to construct pKAM145. Strain 3NA pKAM145 showed only about 800 

Miller units -galactosidase activity in LB with mannitol, while the basal -galactosidase activity 

was about 100 Miller units in LB without mannitol (Fig. 3.31.B). Although the distance between 

MtlR and RNAP was increased, PmtlA+10 remained inducible by 8-fold. By addition of a single 

base pair, the inserted sequence between putative MtlR binding site and the -35 box increased to 

11 bp (PmtlA+11).  
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Fig. 3. 31. Increasing the distance between putative MtlR binding site and -35 box of PmtlA. (A) Upstream sequence 

of the -35 box of PmtlA on pKAM12 and the constructs thereof. (B) -galactosidase activity of strain 3NA harboring 

pKAM12 (PmtlA), pKAM145 (PmtlA+10), pKAM167 (PmtlA+11), and pKAM168 (PmtlA+9). 

 

Amplification of PmtlA+11 was performed by a PCR from pKAM12 using oligonucleotides s6209 

and s7678. The PmtlA+11 fragment was inserted into pKAM12 via NheI and MunI restriction sites 

and created pKAM167. In the presence of mannitol in LB, -galactosidase activity of 3NA 

pKAM167 was reduced to about 400 Miller units. Without mannitol, the basal -galactosidase 

activity of 3NA pKAM167 was only about 100 Miller units. This indicated a 4-fold induction of 

PmtlA+11 activity. In contrast to PmtlA+11, a single base pair was deleted in PmtlA+10 to construct 

PmtlA+9. Amplification of PmtlA+9 was accomplished by a PCR from pKAM12 using 
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oligonucleotides s6209 and s7679. The PmtlA+9 fragment was then inserted into pKAM12 through 

NheI and MunI restriction sites resulting in pKAM168. Only about 150 Miller units -

galactosidase activity was measured when 3NA pKAM168 was cultivated in LB with or without 

mannitol (Fig. 3.31.B). In other words, by insertion of 9 bp between the -35 box and the putative 

MtlR binding site, the PmtlA+10 activity became constitutive at a very low level. Altogether, this 

study showed that PmtlA remained inducible, even though MtlR binding site was relocated a 

complete DNA helix turn farther than the wild type locus. This shows that the MtlR binding site 

does not overlap the -35 box. 

 

3.14.5.5. Confirmation of MtlR binding site by PmtlA-PmanP fusion 

 To confirm the 3’-end of MtlR binding site obtained by construction of PmtlA-PlicB hybrids, 

the MtlR binding site of PmtlA was fused to the PmanP core elements (Fig. 3.32.A). As a control, 

the PmtlA sequence containing MtlR binding site and the -35 box was fused in a PCR to the 

sequence between -35 and -10 boxes of PmanP. PCRs from B. subtilis 168 genome were performed 

using oligonucleotides s6209/s6861 and s6862/s6954. Next, primary PCRs products were used in 

a fusion PCR by oligonucleotides s6209/s6954. The PCR product, denoted PHP23, was then 

inserted into pSUN279.2 via NheI/AflII restriction sites to create pKAM65. Addition of the 

mannitol to 3NA pKAM65 culture considerably activated PHP23 by leading to 11,000 Miller units 

-galactosidase activity, whereas the basal -galactosidase activity was only 1,200 Miller units 

(Fig. 3.32.B). Subsequently, the -35 box and 3 bp upstream of the -35 box in PHP23 were replaced 

with the PmanP counterparts (see PHP44; Fig. 3.32.A). Amplification of PHP44 was performed by 

oligonucleotides s7800 and s6954 in a PCR from B. subtilis 168 chromosome. The PHP44 

fragment was then inserted into pSUN279.2 via NheI/AflII (construct pKAM185). Induction of 

3NA pKAM185 by mannitol showed 4,200 Miller units -galactosidase activity in LB, while the 

basal -galactosidase activity was only about 300 Miller units (Fig. 3.32.B). In other words, PHP44 

was inducible by 14-fold which was even higher than PHP23 (9-fold). However, the weaker 

activity of PHP44 in comparison with PHP23 could be due to the absence of an optimal -35 box 

identical to the 
A
-type consensus sequence. 
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Fig. 3. 32. (A) The sequences of the PmanP-PmtlA hybrid promoters. The PmtlA sequence is shown by capital letters, 

while PmanP by bold small letters. (B) -galactosidase activity of B. subtilis 3NA harboring pKAM65 (PHP23) and 

pKAM185 (PHP44). 

 

3.14.6. In vitro activity of MtlR 

 The MtlR binding site located at PmtlA was characterized by the construction of hybrid 

promoters in vivo. Nevertheless, to confirm the identified MtlR binding site in vitro, it was 

necessary to carry out DNase I footprinting. Prior to perform the DNase I footprinting, the 

electrophoretic mobility shift assay was considered to find out the optimized in vitro conditions 

for the binding of MtlR to PmtlA. Briefly, in an electrophoretic mobility shift assay, the migration 

of the labeled DNA band is compared to the DNA-protein complex band by a nondenaturing 

polyacrylamide gel electrophoresis (native PAGE). Formation of the DNA-protein complex 

results in a slower migration of the complex; therefore, a shifted band appears compared with the 

labeled DNA without protein as a control. In this study, the Cy5-labeled PmtlA was mixed with the 

purified MtlR and loaded onto the native PAGE. To yield high amount of purified MtlR, different 

strategies were exploited for protein expression and purification.  
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3.14.6.1. Expression of mtlR-His6 in B. subtilis KM12 

 To produce MtlR in B. subtilis, mtlR was inserted downstream of PmtlA on pKAM12. 

Furthermore, a His6-tag was fused to the C-terminus of MtlR to facilitate the purification of the 

produced MtlR. The mtlR-His6 fragment was amplified from the genome of B. subtilis 168 using 

oligonucleotides s6686 and s6687. Due to the presence of a NdeI restriction site inside the mtlR 

sequence, the forward oligonucleotide primer was extended towards the ribosomal binding site of 

lacZ on pKAM12 in order to insert the mtlR-His6 via AflII/XmaI into pKAM12 to construct 

plasmid pKAM39. As a host, B. subtilis KM12 (mtlAF) was used in which PmtlA was 

constitutive (section 3.10.2).  

A                                                                          B 

 

 

 

 

Fig. 3. 33. The effect of the KM12 pKAM39 incubation temperature on MtlR-His6 production (A) Expression of 

mtlR-His6 in B. subtilis KM12 (mtlAF) is demonstrated. Strain KM12 pKAM39 was incubated overnight at 37C. 

Disruption of the cells was done by high pressure homogenizer. Lane L: Roti


-Mark Standard; lane 1: insoluble 

fraction of KM12 lysate; lane 2: insoluble fraction of KM12 pKAM39 lysate; lane 3: soluble fraction of crude 

extract of KM12; lane 4: soluble fraction of crude extract of KM12 pKAM39. (B) Strain KM12 pKAM39 was 

incubated at 30C (Lanes 1 – 4) and 25C (Lanes 5 – 8).  Lane L: Roti


-Mark Standard, lane 1: insoluble fraction 

of KM12 lysate; lane 2: insoluble fraction of KM12 pKAM39 lysate; lane 3: soluble fraction of crude extract of 

KM12; lane 4: soluble fraction of crude extract of KM12 pKAM39; lane 5: insoluble fraction of KM12 lysate; lane 

6: insoluble fraction of KM12 pKAM39 lysate; lane 7: soluble fraction of crude extract of KM12; lane 8: soluble 

fraction of crude extract of KM12 pKAM39.  

 

For production of MtlR, the strain was grown overnight in LB at 37C. After lysis of KM12 

pKAM39 by high pressure homogenizer, soluble and insoluble fractions of the bacterial lysate 

were analyzed on SDS-PAGE which showed a high amount of MtlR-His6 in the insoluble 

fraction (Fig. 3.33.A). This could be due to inclusion bodies formation. Therefore, the bacterial 
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culture was cultivated at 30C and 25C in order to reduce the formation of inclusion body. As 

shown in Fig. 3.33.B, MtlR-His6 was produced in less amount of insoluble protein at 25C. 

Therefore, KM12 pKAM39 was incubated at 25C overnight and the bacterial culture harvested 

for purification of MtlR-His6. Purification of the MtlR-His6 was carried out using Ni-NTA 

agarose. The flow-through and the wash fractions were analyzed on SDS-PAGE (Fig. 3.34). 

Elution fraction 2 contained the highest yield of purified MtlR-His6 with about 4.9 mg/ml. For 

the electrophoretic mobility shift assay, the purified MtlR-His6 (elution fraction 2) was diluted to 

49 g/ml using resuspension buffer I (NaH2PO4 50 mM, NaCl 300 mM, pH 8). The PmtlA DNA 

fragment was Cy5-labeled by PCR using oligonucleotides s 209 and 5’-Cy5 s5960 and pKAM12 

as a template. Afterwards, the electrophoretic mobility shift reaction was performed by mixing 

MtlR-His6 and Cy5-PmtlA. After incubation on ice for 15 min, the reactions were loaded onto a 

6% native polyacrylamide gel. The results indicated a weak shifted band in the presence of MtlR-

His6 (Fig. 3.35). Next, the shift reaction was incubated at the room temperature and on ice. It is 

shown that the amount of shifted fragment was lower by increasing the temperature (Fig. 3.35). 

Thereafter, all of the reactions were incubated on ice for at least 15 min.  

 

 

Fig. 3. 34. Purification of MtlR-His6 using Ni-NTA agarose. KM12 pKAM39 was cultivated in LB overnight at 

25C. The cells were disrupted by high pressure homogenizer. Resuspension, washing and elution buffers I were 

used for affinity chromatography. Lane L: Roti


-Mark Standard; lane 1: flow-through; lane 2: wash fraction 1; lane 

3: wash fraction 2; lane 4: elution fraction 1; lane 5: elution fraction 2; lane 6: elution fraction 3; lane 7: elution 

fraction 4.  
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Fig. 3. 35. Electrophoretic mobility shift of Cy5-PmtlA DNA fragment (33 fmol) by purified MtlR-His6 (49 ng) at 

room temperature and on ice. The reaction was carried out using shift buffer A in a total volume of 10 l. After 

incubation on ice for 15 min, the Cy5-PmtlA and MtlR-His6 mixture was loaded on 6% native polyacrylamide gel. 

Lane 1: Cy5-PmtlA; lane 2: Cy5-PmtlA and MtlR-His6 incubated on ice; lane 3: Cy5-PmtlA and MtlR-His6 incubated at 

RT. 

 

To enhance the intensity of the Cy5-PmtlA shifted band, electrophoretic mobility shift of Cy5-PmtlA 

was repeated in shift buffer B (238) (Fig. 3.36.A). In comparison with shift buffer A, shift buffer 

B lacked EDTA and MgCl2. Moreover, the pH of the shift buffer B was also 7.5. The results 

indicated no significant difference between shift buffer A and B. Altogether, changing the shift 

buffer, incubation temperature and MtlR-His6 concentration did not improve the mobility shift 

reaction. Therefore, the crude extract of strain KM12 pKAM39 was considered in order to 

investigate whether the MtlR-His6 is inactivated during the purification process. For this purpose, 

the crude extract of strain KM12 pKAM39 was added to Cy5-PmtlA DNA, rather than purified 

MtlR-His6. In this case, a weak Cy5-PmtlA shifted band was obtained in the presence of KM12 

pKAM39 crude extract (Fig. 3.36.B).  
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Fig. 3. 36. (A) Electrophoretic mobility shift of Cy5-PmtlA DNA fragment by the purified MtlR-His6 using shift buffer 

B. Lane 1: Cy5-PmtlA (50 fmol); lane 2: Cy5-PmtlA (50 fmol) and MtlR-His6 (25 ng); lane 3: Cy5-PmtlA (50 fmol) and 

MtlR-His6 (51 ng). (B) Electrophoretic mobility shift of Cy5-PmtlA (50 fmol) by 2 l of KM12 pKAM39 crude 

extract. KM12 pKAM39 was incubated overnight at 25C in LB. The cells were concentrated (OD600 of 36) and 

disrupted by high pressure homogenizer as explained in methods. Shift buffer B was added in a total reaction volume 

of 10 l. Lane 1: Cy5-PmtlA; Lane 2: Cy5-PmtlA and crude extract.   

 

To confirm the specificity of the observed shifted band by the crude extract, a hybrid promoter 

was constructed in which the MtlR binding site of PmtlA was replaced with ManR binding site of 

PmanP. Oligonucleotides s6504 and s6505 were used to amplify the ManR binding site of PmanP 

from the chromosomal DNA of B. subtilis 168 by PCR. Also, the PmtlA core elements were 

amplified from the B. subtilis 168 chromosomal DNA by PCR using oligonucleotides s6506 and 

s6507. Next, oligonucleotides s6504/s6507 were applied in a fusion PCR using amplified ManR 

binding site and PmtlA core elements as the templates. The final PmanP-PmtlA fragment (called PHP7) 

was inserted into pSUN279.2 via NheI/AflII (pKAM21). Using pKAM21 as a template, the Cy5-

PHP7 fragment was amplified by oligonucleotides s6504 and 5’-Cy5-labeled s5959 in a PCR (Fig. 

3.37.A). Electrophoretic mobility shift of Cy5-PmtlA DNA was carried out using the crude extract 

of KM12 pKAM39, while Cy5-PHP7 DNA was a negative control. The addition of KM12 

pKAM39 crude extract weakly shifted the Cy5-PmtlA band, whereas no Cy5-PHP7 shifted band 

was observed (Fig. 3.37.B). Therefore, the reduced mobility of Cy5-PmtlA band was obviously due 
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to the presence of MtlR-His6 in the crude extract. In summary, the expression of mtlR-His6 in 

KM12 strain resulted in a weak shift of Cy5-PmtlA band using purified MtlR-His6 or crude extract 

of KM12 pKAM39. Consequently, the overproduced MtlR-His6 in KM12 was not fully active 

which could be due to the presence of a His6-tag at the C-terminus of MtlR. Alternatively, the 

phosphoryl bonds of the phosphorylated histidines in PRDII of MtlR could be labile. To 

overcome the latter obstacle, MtlR-H342D-His6 mutant was overproduced in B. subtilis KM12.  

A                                                                                                   B 

 

 

 

 

 

 

Fig. 3. 37. (A) The schematic view of PmtlA and PHP7. (B) Electrophoretic mobility shift assay of Cy5-PmtlA (50 fmol) 

or Cy5-PHP7 (50 fmol) DNA using 2 l of KM12 pKAM39 crude extract. The cells were concentrated to an OD600 of 

18 and disrupted by high pressure homogenizer as explained in methods. Shift buffer B was added in a total reaction 

volume of 10 l. Lane 1: Cy5-PHP7; lane 2: Cy5-PHP7 and crude extract; lane 3: Cy5-PmtlA; lane 4: Cy5-PmtlA and 

crude extract. 

 

3.14.6.2. Expression of mtlR-H342D-His6 in B. subtilis KM12 

 The low intensity of the shifted Cy5-PmtlA band in the presence of the purified MtlR-His6 

or crude extract of KM12 pKAM39 indicated a weak activity of the activator protein. It was 

assumed that the phosphate covalently bound to histidine 342 at PRDII of MtlR was labile. 

Therefore, the histidine 342 was mutated to an aspartic acid which is a phosphoryl histidine 

mimic as shown by in vivo studies (section 3.13.3). By this means, the probable inactivation of 

the MtlR due to dephosphorylation of PRDII during the purification process was prevented. His 

342 was mutated to aspartic acid by oligonucleotides s6686/s6865 and s6866/s6687 in PCRs 

using the chromosomal DNA of B. subtilis 168 as a template. The primary PCR products were 
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then used in a fusion PCR by oligonucleotides s6686/s6687. The final PCR product, mtlR-

H342D-His6 DNA, was then inserted into pKAM12 using AflII and XmaI restriction sites 

(plasmid pKAM93). After transformation of KM12 by pKAM93, the crude extract of the KM12 

pKAM93 was used in an electrophoretic mobility shift assay. The Cy5-PmltA DNA was clearly 

shifted in the presence of the KM12 pKAM93 crude extract, while Cy5-PHP7 DNA was not 

shifted (Fig. 3.38).  

 

 

Fig. 3. 38. Electrophoretic mobility shift of 50 fmol of Cy5-PHP7 DNA (negative control) and 50 fmol of Cy5-PmtlA 

DNA (sample) using cleared crude extract of KM12 pKAM93. The KM12 pKAM93 producing MtlR-H342D-His6 

was cultivated at 25C and the bacterial culture was harvested after an overnight incubation. The disruption of KM12 

pKAM93 (OD600 of 17.5) was accomplished by the high pressure homogenizer and the cleared crude extract was 

used for electrophoretic shift studies. Shift buffer B was used in this study. Lane 1: Cy5-PHP7; lane 2: Cy5-PHP7 and 

cleared crude extract; lane 3: Cy5-PmtlA; lane 4: Cy5-PmtlA and cleared crude extract. 

 

Afterwards, the overexpressed MtlR-H342D-His6 protein was purified by Ni-NTA column. 

Similar to the experiment with MtlR-His6, only a low amount of Cy5-PmtlA DNA was shifted by 

the purified MtlR-H342D-His6 protein. Addition of MgCl2 (shift buffer C), changing the 

purification buffer from NaH2PO4 pH 8 (affinity chromatography buffer 1) to HEPES pH 7.4 

(affinity chromatography buffer 2), as well as addition of the protease inhibitor and -

mercaptoethanol could not improve the binding of MtlR-H342D-His6 to the DNA (data not 

shown). Obviously, the MtlR-H342D-His6 protein was active in the crude extract, but not after 

purification. Hence, the fusion of His6-tag had no influence on the MtlR activity. It was assumed 

that the purification by Ni-NTA column damaged the MtlR-H342D-His6 protein maybe due to the 

oxidation of MtlR, especially cysteine residues. Among them, cysteine 419 plays a vital role for 
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the MtlR activity. Therefore, MtlR mutants, i.e. MtlR-H342D and MtlR-H342D C419A, were 

purified using anion exchange chromatography. Further expression and purification strategies are 

summarized in table 3.1. 

 

Table 3. 1. Expression of mtlR mutant genes with different promoters in different hosts and their purification. 

Mutant Expression promoter Host Purification 

mtlR-H342D PmtlA B. subtilis KM12 
All mutant proteins were 

purified by anion exchange 

chromatography 

 

mtlR-H342D rhaPBAD E. coli JM109 

mtlR-H342D C419A PmtlA B. subtilis 3NA 

mtlR-H342D C419A rhaPBAD E. coli JM109 

mtlR-H342D C419A rhaPBAD E. coli JW2409-1 

 

3.14.6.3. Expression of mtlR-H342D C419A in E. coli JW2409-1 

 In the presence of mannitol, the conserved cysteine 419 located at the EIIB
Gat

 domain of 

MtlR is dephosphorylated by EIIA
Mtl

. In vivo studies showed that mutation of the cysteine 419 to 

alanine caused strong constitutive, but still CCR repressible MtlR activity (107). In vivo, H342D 

mutation significantly reduced the catabolite repression in MtlR (section 3.13.3). Therefore, both 

mutations were combined. Due to the mutations, the MtlR-H342D C419A activity should be 

independent from the phosphorylation. Thus, mtlR-H342D C419A was expressed in E. coli. The 

cysteine 419 was mutated to alanine in a fusion PCR. Oligonucleotides s7303/s7301 and 

s7302/s7304 were applied in PCRs using pKAM93 (PmtlA-mtlR-H342D) as a template. The fusion 

PCR was performed by oligonucleotides s7303/s7304 and the primary PCR products as the 

template. The amplified mtlR-H342D C419A fragment was then inserted into pJOE6089.4 (see 

appendices), a plasmid with moderate copy numbers based on pBR322 origin of replication, via 

AflII/XmaI to construct pKAM182. In pKAM182, the expression of the mtlR-H342D C419A was 

under the control of rhaPBAD, a rhamnose-inducible promoter in E. coli (84). Next, E. coli 

JW2409-1 lacking the enzyme I (EI) of the PTS system was transformed with pKAM182. Strain 

JW2409-1 pKAM182 was cultivated in LB at 37C, induced by 0.2% L-rhamnose, and incubated 

overnight. The cells were harvested and resuspended in 20 mM Tris-HCl (pH 8) and disrupted by 

sonication. Afterwards, crude extract of JW2409-1 pKAM182 was used for electrophoretic 

mobility shift assay. The results indicated that the crude extract of JW2409-1 pKAM182 is able 

to shift the Cy5-PmtlA DNA fragment, whereas PHP7 DNA fragment (negative control) showed no 
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mobility shift (Fig. 3.39). Additionally, Cy5-labeled PmtlR as well as ‘PmtlR DNA were also tested. 

‘PmtlR was a 5’-shortened PmtlR in which half of the MtlR binding site was removed. 

Oligonucleotides s5799/s5959 (PmtlR) and s  99/s5959 (‘PmtlR) were used to amplify the Cy5-

labeled DNA fragments by PCR from pKAM18 and pKAM51, respectively. Similar to Cy5-PmtlA, 

the Cy5-PmtlR band was also shifted in the presence of JW2409-1 pKAM182 crude extract. In 

contrast, the ‘PmtlR fragment was not shifted (Fig. 3.39).  

 

 

Fig. 3. 39. Electrophoretic mobility shift assay of Cy5-PmtlA DNA (150 fmol) and Cy5-PmtlR DNA (150 fmol) by 6 l 

crude extract of JW2409-1 pKAM182 (10 mg/ml) containing MtlR-H342D C419A. Shift reaction was performed in 

a total volume of 50 l harboring shift buffer D. As negative controls, DNA of Cy5-PHP7 (150 fmol) and Cy5-‘PmtlR 

(150 fmol) were applied. Lane 1: Cy5-PHP7; lane 2: Cy5-PHP7 and crude extract; lane 3: Cy5-PmtlA; lane 4: Cy5-PmtlA 

and crude extract; lane 5: Cy5-‘PmtlR; lane 6: Cy5-‘PmtlR and crude extract; lane 7: Cy5-PmtlR; and lane 8: Cy5-PmtlR 

and crude extract. 

 

Next, the crude extract of JW2409-1 pKAM182 was used for anion exchange chromatography. 

None of the collected fractions, however, shifted Cy5-PmtlA or Cy5-PmtlR bands. Mobility shift 

attempts by changing the purification buffer (Buffer A2 and B2 instead of A1 and B1) and addition 

of 1 mM tris (2-carboxyethyl) phosphine (TCEP) as a reducing agent also failed. Finally, the 

expression of mtlR-H342D C419A was done at 30C. In this case, a protein peak appeared in the 

flow-through fractions of the anion exchange chromatography diagram. This peak was not 

observed when the cells were cultivated and induced at 37C. Next, all fractions obtained by 
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anion exchange chromatography were used in electrophoretic mobility shift assays using Cy5-

PmtlA DNA (Fig. 3.40). Interestingly, the Cy5-PmtlA band was shifted by the flow-through 

fractions. SDS- PAGE analysis showed an almost purified band in the flow-through fractions 

corresponding to 78 kDa (Fig. 3.41.A). Fraction 3 was used for further studies. 

 

Fig. 3. 40. Electrophoretic mobility shift of Cy5-PmtlA DNA by the fractions obtained by anion exchange 

chromatography of JW2409-1 pAM182 crude extract. Strain JW2409-1 pKAM182 expressing mtlR-H342D C419A 

was induced by 0.2% L-rhamnose. The cells were incubated at 30C overnight. Anion exchange chromatography 

was performed by buffers A2 and B2. 20 l of each fraction (fractions 2 – 67) was added to 200 fmol Cy5-PmtlA DNA 

fragment. The reaction was performed in a total volume of 50 l using shift buffer D. The fractions 2 – 67 are 

represented by the numbers on top of each lane, while shifted band is demonstrated by an arrow. 

 

Next, Cy5-labeled PHP7, PmtlA, ‘PmtlR, and PmtlR DNA fragments were used in an electrophoretic 

mobility shift assay using purified MtlR-H342D C419A (fraction 3). The results indicated a clear 

shift of the Cy5-PmtlA and Cy5-PmtlR bands, whereas no shift was observed for the Cy5-PHP7 and 

Cy5-‘PmtlR bands as negative controls (Fig. 3.41.B). Next, several concentrations of the purified 

MtlR-H342D C419A were used in order to determine the lowest amount of MtlR-H342D C419A 

necessary for the complete shift of Cy5-PmtlA band. It was shown that at least 390 ng of MtlR-

H342D C419A corresponding to 4.95 pmol was necessary for a complete shift of 100 fmol Cy5-

PmtlA fragment (Fig. 3.42.A). Likewise, non-labeled PmtlA was amplified by PCR using 

oligonucleotides s5526/s5527 from the genome of B. subtilis 168. Addition of the amplified 

unlabeled PmtlA DNA inhibited the shift of Cy5-PmtlA band (Fig. 3.42.B).  
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Fig. 3. 41. (A) SDS-PAGE analysis (8% gel) of the early fractions of anion exchange chromatography of crude 

extract of strain JW2409-1 pKAM182. Fractions 2 – 9 are represented on top of each lane, while L demonstrates the 

unstained protein molecular weight marker (Fermentas). (B) Electrophoretic mobility shift of DNA containing Cy5-

PHP7 (100 fmol), Cy5-PmtlA (100 fmol), Cy5-‘PmtlR (100 fmol), and Cy5-PmtlR (100 fmol) by purified MtlR-H342D 

C419A (23 l, 130 ng/ml). The reaction was performed in a total volume of 50 l using shift buffer D. Lane 1: Cy5- 

PHP7; lane 2: Cy5- PHP7 and MtlR-H342D C419A; lane 3: Cy5-PmtlA; lane 4: Cy5-PmtlA and MtlR-H342D C419A; 

lane 5: Cy5-‘PmtlR; lane 6: Cy5-‘PmtlR and MtlR-H342D C419A; lane 7: Cy5-PmtlR; lane 8: Cy5-PmtlR and MtlR-

H342D C419A. 

A                                                                                                 B                                           

                                                        

Fig. 3. 42. (A) Electrophoretic mobility shift of Cy5-labeled PmtlA DNA fragment by purified MtlR-H342D C419A. 

100 fmol of Cy5-PmtlA DNA was mixed with different concentrations of purified MtlR-H342D C419A, namely 780 

ng (lane 1), 650 ng (lane 2), 520 ng (lane 3), 390 ng (lane 4), 260 ng (lane 5), 130 ng (lane 6), and without MtlR-

H342D C419A (lane 7). (B) Electrophoretic mobility shift of Cy5-PmtlA DNA (100 fmol) in the presence of unlabeled 

PmtlA fragment as a competitor. Unlabeled PmtlA DNA was added with the concentrations 0 pmol (lane 1), 2 pmol 

(lane 2), 4 pmol (lane 3), 6 pmol (lane 4). As a control, no MtlR-H342D C419A was added to the Cy5-PmtlA fragment 

(lane 5). MtlR-H342D C419A was added to the reaction after mixing the Cy5-labeled PmtlA and unlabeled PmtlA DNA 

fragments. All of the reactions were carried out in a total volume of 50 l using shift buffer D.  
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3.14.7. Function of the PmtlA and PmtlR cre sites and their mutants 

Catabolite responsive element (cre) is the binding site of the CcpA-HPr(S46~P) complex. 

Analyses of the PmtlA and PmtlR sequences revealed putative cre sites overlapping their -10 boxes. 

The function of these cre sites was investigated by mutation of their sequences. As demonstrated 

in Fig. 3.43, each of the cre sites of PmtlA and PmtlR comprise 3 mismatches compared with the 

consensus cre sequence. Thus, the cre sites of PmtlA and PmtlR were first of all mutated to repair 

the mismatches and construct perfect cre sites (PmtlA cre+ and PmtlR cre+; Fig. 3.43). PmtlA cre+ was 

constructed by PCRs from B. subtilis 168 genome using oligonucleotides s6209/s6654 and 

s6655/s6213. Next, a fusion PCR was carried out by the primary PCR products and 

oligonucleotides s6209/s6213. The PmtlA cre+ fragment was finally inserted into pSUN279.2 via 

NheI/AflII (pKAM31). Similarly, PmtlR cre+ was generated by PCRs from the chromosome of 

B. subtilis 168 using oligonucleotides s5799/s6664 and s6665/s6392. Afterwards, the primary 

PCR products were used in a fusion PCR by oligonucleotides s5799/s6392. The PmtlR cre+ 

fragment was inserted into pSUN279.2 through NheI/AflII restriction sites (pKAM33). 

Unexpectedly, strains 3NA pKAM31 (PmtlA cre+) and 3NA pKAM33 (PmtlR cre+) indicated low -

galactosidase activity. Strain 3NA pKAM31 showed about 21 Miller units, while strain 3NA 

pKAM33 produced only 4 Miller units -galactosidase activity. Besides, PmtlA cre+ and PmtlR cre+ 

were not inducible. It was likely that the mutation of the mismatches located at the Pribnow box 

of PmtlA and PmtlR led to such a deficiency. 



 

Results 

141 

 

 

Fig. 3. 43. Consensus sequences of cre sites including group A and B, the cre sequences of PmtlA and PmtlR, and 

mutants thereof. Mismatches to consensus sequence are represented by bold letters. Mutations in the sequence of the 

promoters (-10 box and spacer sequence) are enclosed by rectangles. Improvements of the cre sites of PmtlA and PmtlR 

into the consensus query are PmtlA cre+ (pKAM31) and PmtlR cre+ (pKAM33), while the disruptions are PmtlA cre- 

(pKAM32) and PmtlR cre- (pKAM34). N: any base; W: A or T; R: A or G; Y: C or T. 

 

Afterwards, the position of the mutated cre sites was changed in order to facilitate the base pair 

exchanges without affecting -10 boxes. At first, the cre sites of PmtlA and PmtlR were completely 

placed in the spacer sequence of PmtlA and PmtlR (Fig. 3.44). The new promoters, denoted PmtlA cre 

*(-35 and -10) and PmtlR cre *(-35 and -10), were constructed by fusion PCRs. PCRs from B. subtilis 168 

genomic DNA was carried out using oligonucleotides s6209/s6709 and s6710/s6213 (PmtlA cre *(-35 

and -10)). The final PCR was accomplished by primary PCR products and oligonucleotides 

s6209/s6213. Similarly, PCRs from the chromosome of B. subtilis 168 were performed by 

oligonucleotides s5799/s6711 and s6712/s6392. Next, PmtlR cre *(-35 and -10) was generated by final 

PCR using primary PCR products and oligonucleotides s5799/s6392. Plasmids pKAM40 (PmtlA cre 

*(-35 and -10)) and pKAM41 (PmtlR cre *(-35 and -10)) were constructed by the insertion of the amplified 

fragments into pSUN279.2 via NheI/AflII. Strain 3NA pKAM40 showed approximately 300 

Miller units -galactosidase activity, whereas 3NA pKAM41 had expressed only 20 Miller units 

-galactosidase activity. Moreover, both of the promoters were no longer inducible. 
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Fig. 3. 44. Adaptation of the spacer sequence between -35 and -10 in PmtlA and PmtlR to the cre consensus sequence 

and new positioning the newly generated cre sequence. The spacer sequence of PmtlA (pKAM12), PmtlA cre+ 

(pKAM31), and PmtlA cre *(-35 and -10) (pKAM40), as well as the spacer sequence of PmtlR (pKAM18), PmtlR cre+ 

(pKAM33), and PmtlR cre *(-35 and -10) (pKAM41) are demonstrated. Plasmids pKAM12 and pKAM18 showed the wild 

type cre sites, whereas pKAM31 and pKAM33 contained the improved cre sites. In pKAM40 and pKAM41, the 

improved cre sites were resided exactly between -35 and -10 boxes without overlapping -10 boxes in PmtlA and PmtlR. 

 

In addition, the cre sites of PmtlA and PmtlR were mutated to disrupt the binding of the CcpA-

HPr(S46~P) complex. Disruption of the cre site of PmtlA was accomplished using oligonucleotides 

s6209/s6656 and s6657/s6213 in PCRs from the B. subtilis chromosomal DNA. The PmtlA cre- 

fragment was generated by a fusion PCR using the primary PCR products and oligonucleotides 

s6209/s6213. Likewise, the cre site of PmtlR was mutated. Oligonucleotides s5799/s6666 and 

s6667/s6392 were used for PCRs from the genomic DNA of B. subtilis 168. By a fusion PCR 

using the primary PCR products and oligonucleotides s5799/s6392, PmtlR cre- was generated. 

Insertion of PmtlA cre- and PmtlR cre- into pSUN279.2 was performed via NheI/AflII to construct 

pKAM32 and pKAM34, respectively. -galactosidase activities of 3NA pKAM32 and 3NA 

pKAM34 were measured after cultivation in LB (Fig. 3.45.A and Fig. 3.45.B). For induction, 

mannitol (0.2%) was added with or without 0.2% glucose to the bacterial culture. Interestingly, 

-galactosidase activity of 3NA pKAM32 (PmtlA cre-) was identical to 3NA pKAM12. Strain 3NA 

pKAM34 (PmtlR cre-) exhibited a higher -galactosidase activity (135 Miller units) in comparison 

to 3NA pKAM18. The addition of glucose to the induced 3NA pKAM34 culture reduced the -

galactosidase activity to 39 Miller units, while this amount was only about 19 Miller units in 

3NA pKAM18. Due to a higher maximal activity of PmtlR cre-, it cannot be concluded that the PmtlR 

cre site in the wild type strain is functional. 
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Fig. 3. 45. Disruption of the cre sites of PmtlA and PmtlR. (A) -galactosidase activity of 3NA pKAM12 (PmtlA) and 

3NA pKAM32 (PmtlA cre-) is shown. (B) -galactosidase activity of 3NA pKAM18 (PmtlR) was compared to 

3NA pKAM34 (PmtlR cre-). 

 

3.14.8. Fusion of PgroE to cre sites 

Mutation of the cre sites overlapping -10 box as well as new positioning of the cre sites 

significantly affected the PmtlA and PmtlR activities. Besides, expression of mtlR in the genome of 

B. subtilis could interfere with the obtained results due to the presence of a potential cre site in 

PmtlR. Therefore, a constitutive promoter was used which was neither influenced by the CcpA-

dependent CCR nor MtlR transcription activation. The promoter of the groELS operon (PgroE) 

encoding the large and small subunits of GroEL chaperone is negatively regulated by a protein 

called HrcA (193, 197). The binding site of the HrcA is located at the UTR of the groEL mRNA; 

therefore, deletion of the mRNA leader sequence of PgroE resulted in a strong constitutive 

promoter activity. Therefore, this strong promoter activity might be blocked by the presence of a 

cre site located at the +1 of the UTR sequence in a road block mechanism. By using PgroE core 

elements, the function of the cre sites of PmtlA and PmtlR were compared to the already studied cre 

site of PacsA. The acsA encoding an acetyl-CoA synthetase is regulated by the CcpA-dependent 

catabolite repression (80, 262). Additionally, there is another reported cre site located inside the 

coding frame of mtlA (44). This cre site, denoted cremtlA, was also studied. The UTR of PmtlR-lacZ 

on pKAM18 was fused to PgroE core elements (Fig. 3.46.A).  
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Fig. 3. 46. Function of the cre sites of PmtlA, PmtlR, PacsA, and mtlA. (A) Fusion of the cre sites of PmtlA (pKAM88), 

PmtlR (pKAM89), PacsA (pKAM90), and internal cre site of mtlA (pKAM91) to PgroE and UTRmtlR. The construct 

pKAM101 shows the direct fusion of untranslated region of PmtlR (UTRmtlR) to the PgroE. (B) -galactosidase activity 

of strain 3NA harboring pKAM88, pKAM89, pKAM90, pKAM91, and pKAM101 in the presence of 0.2% glucose 

or 0.2% xylose. No sugar was added to the control. The cells were cultivated in LB at 37C and the sugars were 

added at the OD600 of 0.4. -galactosidase activity was measured 1 h after the addition of the sugars. 

 

PCRs were performed by oligonucleotides s7098/s7189 and s7190/s6392 using genomic DNA of 

B. subtilis 168 as a template. PgroE-crePmtlA fragment was generated by fusion PCR using 
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oligonucleotides s7098/s6392 and the primary PCR product. Similarly, oligonucleotides 

s7098/s7191 and s7192/s6392 (PgroE-crePmtlR), s7098/s7193 and s7194/s6392 (PgroE-crePacsA), and 

s7098/s7195 and s7196/s6392 (PgroE-cremtlA) were used for PCRs from the chromosome of 

B. subtilis 168. The final PgroE-cre-UTRmtlR fusions were generated by oligonucleotides 

s7098/s6392 and the primary PCR products. As a negative control, PgroE was directly fused to the 

UTRmtlR. Oligonucleotides s7098/s7237 and s7238/s6392 were used for PCRs from 

B. subtilis 168 chromosomal DNA. The PgroE-UTRmtlR fragment was amplified in a fusion PCR 

by oligonucleotides s7098/s6392 and the primary PCRs products. All of the PgroE-cre-UTRmtlR 

fragments were then inserted into pSUN279.2 via NheI/AflII (Fig. 3.46.A). -galactosidase 

activity of strains 3NA pKAM88 (PgroE-crePmtlA), 3NA pKAM89 (PgroE-crePmtlR), 3NA pKAM90 

(PgroE-crePacsA), and 3NA pKAM91 (PgroE-cremtlA) were compared to 3NA pKAM101 (PgroE-

UTRmtlR) in the presence of xylose or glucose in LB (Fig. 3.46.B). The results indicated that 

crePmtlA on pKAM88 and crePmtlR on pKAM89 could reduce the PgroE activity by 1.5- and 1.7- 

fold in the presence of glucose, while this amount was about  2.8-fold in PacsA. Strain 3NA 

pKAM101, the negative control, showed the same -galactosidase activity in LB with or without 

glucose. Strain 3NA pKAM91 showed a 1.3-fold -galactosidase activity reduction in LB with 

glucose. Therefore, it is assumed that the mtlA internal cre site has no biological function. 

 

3.15. Expression system based on mannitol regulatory elements 

3.15.1. Optimization of -10 box in PmtlA 

The -10 box of PmtlA was mutated to the 
A
 consensus sequence (TATAAT) in order to 

increase the PmtlA activity. Basically, isomerization of the dsDNA takes place at -10. Presence of 

a cytosine residue in the -10 box changes the stacking energies. As a consequence, unwinding of 

dsDNA and development of an open complex might be negatively affected in PmtlA. Optimization 

of the Pribnow box of PmtlA was carried out by using oligonucleotides s6209/s6713 and 

s6714/s6213 for PCRs from B. subtilis 168 chromosome. In the next step, fusion PCR was 

accomplished by using oligonucleotides s6209/s6213 and primary PCR products. The PmtlA 

fragment comprising an optimized -10 box was then inserted into pSUN279.2 via NheI/AflII to 
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construct pKAM42. -galactosidase activity of 3NA pKAM42 was measured after cultivation in 

LB with or without mannitol (Fig. 3.47). Induced 3NA pKAM42 gave 11,700 Miller units -

galactosidase activity, whereas the basal -galactosidase activity was about 2,100 Miller units. 

The intended optimization of the -10 box tripled the basal activity of PmtlA, but maximal activity 

was about the same as with the induced PmtlA. Hence, PmtlA core elements were not altered for 

further studies. 

 

                                                                               

 

 

 

 

 

 

 

Fig. 3. 47. Intended optimization of -10 box of PmtlA. The -galactosidase activity of strain 3NA harboring pKAM12 

(PmtlA with wild type -10 box) and pKAM42 (PmtlA with optimized -10 box). 

 

3.15.2. Shortening the 5’UTR in PmtlA-lacZ mRNA 

 It was shown that shortening of the 5’UTR of PmtlA-lacZ mRNA increased the -

galactosidase activity probably by enhancing the translational initiation efficiency (section 3.3). 

Further shortening of the 5’UTR of PmtlA-lacZ mRNA on pKAM12 was carried out in order to 

enhance the -galactosidase production. Interestingly, deletion of the first 10 bp from the 5’UTR 

of PmtlA-lacZ mRNA on pKAM12 increased the -galactosidase activity. Oligonucleotides s6209 

and s6794 were used to amplify PmtlA from B. subtilis 168 chromosome. The shortened PmtlA was 

inserted into pSUN279.2 via NheI/AflII to create pKAM50 (Fig. 3.48.A). After induction of the 

3NA pKAM50, 16,000 Miller units -galactosidase activity were achieved, while uninduced cells 
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showed about 800 Miller units (Fig. 3.48.B). Further deletion of the 5’UTRPmtlA-lacZ was 

accomplished by PCR with oligonucleotides s6209/s6727 and the chromosome of B. subtilis 168 

as template. By insertion of the PCR fragment via NheI/AflII into pSUN279.2, pKAM44 was 

constructed. Unlike 3NA pKAM12 and 3NA pKAM50, 3NA pKAM44 induced cells showed a 

reduction in -galactosidase activity. Induced 3NA pKAM44 expressed only 3,500 Miller units 

-galactosidase activity. Thus, shortened PmtlA on pKAM50 was used for further studies. 

A                                                                                                   B 

 

 

 

Fig. 3. 48. (A) PmtlA on pKAM12 and constructs thereof shortened at the UTR from 3’-end. The first base pair of 

each shortened PmtlA is enclosed by an arrow and a rectangle. (B) -galactosidase activity of strain 3NA harboring 

pKAM12, pKAM44 and pKAM50. 

 

3.15.3. Construction of expression vectors based on pUB110 

 So far, all of the studies on PmtlA and PmtlR were accomplished based on a low copy 

replicon, pBS72. In order to construct an expression vector with PmtlA, a high copy number vector 

was employed. Plasmid pMW168.1 was used as the vector backbone (242). This plasmid is a 

derivative of pUB110 (oripUB110) originated from Staphylococcus aureus  (119). Plasmid 

pMW168.1 contains a spectinomycin resistant gene originated from Enterococcus faecalis, an 

ori
+ 

of pUB110, and finally gsiB translational initiation region (TIRgsiB) fused to eGFP (Fig. 3.49; 

see appendices). By PCR from genomic DNA of B. subtilis 168, PmtlA was amplified using 

oligonucleotides s7355/s7620. Similarly, PmtlR was amplified employing oligonucleotides 

s7621/s7622. The PCR products were next inserted into pMW168.1 via AgeI/BglII. In this way, 

 



 

Results 

148 

 

the PmtlA and PmtlR core elements were fused to UTRmanP on pMW168.1. Strain 3NA was then 

transformed with pKAM163 (PmtlA) and pKAM164 (PmtlR). Afterwards, the fluorescence intensity 

of the expressed eGFP was measured. The fluorescence intensity of 3NA pKAM163 and 3NA 

pKAM164 was measured 6 h after addition of mannitol to culture. As a control, strain 3NA 

pMW168.1 was used in this study. 

 

Fig. 3. 49. The sequence of PmanP on pMW168.1. Restriction sites are underlined. The ManR binding site is 

highlighted in gray. The Pribnow box is enclosed by a rectangle. The transcription start site (+1) and the ribosomal 

binding site (RBS) are shown by bold letters. The start codon of the gsiB-eGFP hybrid protein is represented by bold 

capital letter. The gene sequences are demonstrated by dashed arrows. 

 

Addition of mannitol to 3NA pKAM163 culture induced the expression of eGFP by 15-fold to 

about 1005 relative fluorescence units (RFU). The PmtlA activity on pKAM163 was significantly 

lower than PmanP on pMW168.1 (approx. 3.5- fold). Induced 3NA pKAM164 (PmtlR) showed low 

fluorescence intensity with about 610 RFU, while the uninduced cells had only 394 RFU (Fig. 

3.50.A).  
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3.15.4. Improvement of the expression vector based on PmtlA 

 To optimize the activity of PmtlA on a pUB110 derivative, the PmtlA sequence on pKAM50 

with its shortened 5’UTR originating from mtlA was inserted into the pMW168.1 to replace PmanP 

and 5’UTRgsiB. The PmtlA fragment was amplified by PCR from pKAM50 using oligonucleotides 

s7355/s7356. The PCR fragment was inserted into pMW168.1 via AgeI/AflII (pKAM144). 

Induced 3NA pKAM144 showed a 1.5-fold stronger fluorescence intensity than 3NA pKAM163 

with about 1500 RFU (Fig. 3.50.A). Also, basal fluorescence intensity of 3NA pKAM144 was 3-

fold higher than 3NA pKAM163. Plasmid pKAM144 lacked a NdeI restriction site at the start 

codon of the eGFP reporter gene. Therefore, plasmid pKAM114 was constructed in order to 

generate a NdeI restriction site at the start codon (Fig. 3.50.B).  

A                                                                                                         B 

  

Fig. 3. 50. (A) Expression of eGFP in B. subtilis 3NA by PmanP (pMW168.1), PmtlA (pKAM114, pKAM144, 

pKAM163, and pKAM169), or PmtlR (pKAM164). pKAM163 (contains PmtlA-UTRmanP) and pKAM164 (contains 

PmtlR-UTRmanP) were constructed by insertion of PmtlA and PmtlR core elements (without their UTR sequence) via 

AgeI/BglII into pMW168.1. Insertion of PmtlA with its own UTR sequence (PmtlA-UTRmtlA) via AgeI/AflII into 

pMW168.1 resulted in pKAM144. Construction of the NdeI site in pKAM144 led to creation of pKAM114. Insertion 

of PmtlR-mtlR into pKAM114 resulted in pKAM169. The bacterial culture was induced by mannose (PmanP) or 

mannitol (PmtlA) at the OD600 of 0.4 and the fluorescence intensity was measured after 6 h. (B) The PmtlA sequence on 

pKAM114. The restriction sites are underlined. The proposed MtlR binding site is gray highlighted. The Pribnow 

box and -35 box are enclosed by rectangles. The transcription start site (+1) and the ribosomal binding site (RBS) are 

shown by bold letters. The start codon of GsiB-eGFP hybrid protein is demonstrated by bold capital letter. The gene 

sequences are depicted by dashed arrows. Mutations for construction of NdeI restriction site are highlighted in gray. 
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pKAM114

4406 bps
AgeI

AflII
NdeI
BamHI

BsrGI
SmaI
XmaI

PmeI
HindIII

PvuII
PvuI

BglI

spc

ter

P mtlA

gsiB

eGFP

ter

ori

rep

ori+

pKAM169

6726 bps

PacI

AgeI
AflII
EcoRI
NdeI
BamHI

SmaI
XmaI
PmeI

BamHI
BglII

NheINdeI

PstI
BamHI

EcoRI

spc

ter

P mtlA

gsiB

eGFP

ter

mtlR

PmtlR

ori

rep

ori+

Oligonucleotide s7355 and s7356 were used in a PCR from pKAM50 to amplify PmtlA-TIRgsiB 

fragment. Oligonucleotide s7356 contained the gsiB ribosomal binding site and the initially 

translated codons of pMW168.1 as a tail (Fig. 3.49). The PmtlA- TIRgsiB fragment was then 

inserted into pMW168.1 via AgeI/BamHI (Fig. 3.50.B). Strain 3NA pKAM114 produced about 

1,711 RFU of eGFP in the presence of mannitol. The induction by mannitol was 16-fold 

compared to uninduced 3NA pKAM114. Despite the fact that eGFP production increased, the 

3NA pKAM114 produced still half of the 3NA pMW168.1 fluorescence intensity (Fig. 3.50.A).  

    

 

 

 

 

 

 

 

 

 

Fig. 3. 51. The plasmid map of pKAM114 harboring PmtlA and its derivative pKAM169. 

 

Lower activity of PmtlA on pKAM114 in comparison with PmanP on pMW168.1 could be due to 

the lower amount of its activator in the cell. Comparison of the PmanR activity and PmtlR activity on 

pBS72 derivatives expressing lacZ showed that PmanR on pSUN291 (214) was about 22 times 

stronger than PmtlR on pKAM3. Thus, the single PmtlR-mtlR copy on the chromosome might not 

express enough MtlR to activate PmtlA in all of the pKAM114 copies. To increase the number of 

MtlR in the cell, the activator gene with its own promoter (PmtlR-mtlR) was inserted into 

pKAM114. The PmtlR-mtlR DNA cassette was amplified by PCR from B. subtilis 168 genome 

using oligonucleotides s5656/s5657. The fragment was then inserted into pJOE4786.1 which was 
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already cut by SmaI (pKAM01). Plasmid pKAM01 was then cut by BamHI and the overhangs of 

the 2.3 kb fragment were filled in by Klenow polymerase. Next, pKAM114 was digested by 

PvuII. By insertion of PmtlR-mtlR into pKAM114 DNA, plasmid pKAM169 was obtained. The 

plasmid map of pKAM114 and pKAM169 are depicted in Fig. 3.51. Induction of 3NA 

pKAM169 showed boosted fluorescence intensity in comparison with 3NA pKAM114. The 

fluorescence intensity of induced 3NA pKAM169 was about 3900 RFU which was slightly 

higher than of 3NA pMW168.1. However, the basal fluorescence intensity of the 3NA pKAM169 

was considerably higher than of 3NA pMW168.1 (14-fold). Altogether, the results indicated that 

increasing the number of low copy MtlR in the cell, increased PmtlA activity. However, high basal 

activity of PmtlA on pKAM169 makes this expression system less suitable for industrial 

applications. 
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4. Discussion  

4.1. Structure and transcription activation of PmtlA and PmtlR 

 In this study, regulation of expression of the mtlAFD operon and its activator encoding 

gene (mtlR) in B. subtilis was investigated. For this purpose, the promoters of mtlAFD (PmtlA) and 

mtlR (PmtlR) were fused to lacZ. Both of these promoters were highly inducible by mannitol and 

glucitol. To clarify the structures of PmtlA and PmtlR, their transcription start sites were at first 

identified. Characterization of the transcription start sites of PmtlA and PmtlR indicated that both of 

these promoters contain conserved -10 and -35 boxes resembling 
A
-type promoter structure. 

Besides, a 17 bp spacer sequence was located between the -35 and -10 boxes in PmtlA as well as in 

PmtlR. Previously, PmanP and PmanR of mannose PTS and PlicB and PlicR of lichenan PTS, all of 

which are activated by PRD-containing activators, were also shown to have a 
A
-type structure 

(214, 221). Transcription initiation at PmtlA and PmtlR is activated by binding of MtlR to the 

promoters. Prior to this study, a 37 bp MtlR binding site in PmtlA was proposed by Watanabe et al. 

(239) based on the MtlR binding site in G. stearothermophilus PmtlA (Fig. 4.1) (94).  

 

Fig. 4. 1. -35 box and its upstream sequence in G. stearothermophilus PmtlA as well as in B. subtilis PmtlA and PmtlR. 

The regions identified by DNA footprint are shown by FP1 – FP5 and the sequences are highlighted in black. Similar 

flanking regions of PmtlA and PmtlR are highlighted in gray. The inverted repeats or direct repeats are shown by arrows.  

 

Here, in order to find the probable MtlR binding site, the upstream sequences of -35 boxes of 

PmtlA and PmtlR were aligned. Comparison of the PmtlA and PmtlR sequences showed a similar 

incomplete inverted repeat (TTGNCACAN4TGTGNCAA) upstream of their -35 boxes (Fig. 

3.25). This inverted repeat was encompassed by 11 bp flanking sequences (called distal and 
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proximal flanking; highlighted in gray, Fig. 4.1) in PmtlA and PmtlR. Interestingly, B. subtilis PmtlA 

and G. stearothermophilus PmtlA shared a palindromic sequence (TTTTTAAAAA, denoted T5A5) 

at the distal flanking region of PmtlA (gray arrows; Fig. 4.1). Likewise, there is a similar sequence 

in PmtlR, albeit with two mismatches (TTTTTCAATA). In addition to the T5A5 sequence, there is 

also a direct repeat (TTTTTA) at PmtlA shown by doubled arrows in Fig. 4.1. By shortening the 

PmtlA 5’-end, half of this direct repeat was deleted with no significant influence on the PmtlA 

activity. In contrast, any deletion in the T5A5 sequence reduced the PmtlA activity (Fig. 3.27). 

Construction of PmtlA-PlicB as well as PmtlA-PmanP hybrid promoters revealed the importance of 

another inverted repeat in PmtlA located adjacent to -35 box (AAAGTN7ACTTT; dashed arrows in 

Fig. 4.1). At first, it was thought that the palindromic T5A5  sequence forms the boundary of the 

5’-end, and the inverted repeat located adjacent to the PmtlA -35 box the boundary of the 3’-end of 

MtlR binding site (154). However, both of these inverted repeats are AT-rich sequences. Besides, 

these inverted repeats were similar to the UP element subsites including consensus proximal 

subsite (5’–AAAAAARNR–3’) and distal subsite (5’–AWWWWWTTTTT–3’) sequences (55). 

Practically, any deletion or disruption in these sequences only reduced the level of PmtlA activity, 

while PmtlA remained highly inducible (Fig. 3.27). Therefore, these repeats might be the distal and 

proximal subsites of an UP element, where CTDs of the RNA polymerase bind. Similar 

inverted repeats were found in PmtlR, albeit shorter or disrupted. Unlike the putative subsites of 

the UP element, any disruption in the incomplete inverted repeat (TTGNCACAN4TGTGNCAA) 

located between flanking regions (highlighted in gray; Fig. 4.1) rendered PmtlA nearly inactive and 

no further inducible; therefore, this inverted repeat is likely the MtlR binding site (Fig. 3.27). The 

location of the MtlR binding site and its interaction with CTD is similar to the promoters 

activated by class I mechanism. Basically, location of the binding sites of class I activators is 

variable due to the flexibility of the linker between CTD and NTD. In contrast, the binding 

location of class II activators cannot be varied because of constraints in the location of  domain 

4 (10). Indeed, increasing the distance between MtlR binding site and -35 box considerably 

reduced the activity of PmtlA; however, the PmtlA remained inducible (Fig. 3.31.A). This shows the 

flexibility of the location of MtlR binding site in PmtlA. Accordingly, a class I activation is 

proposed for PmtlA and PmtlR, where MtlR binds adjacent to the CTD monomers of RNA 

polymerase and its binding site has no overlap with -35 box. Unlike B. subtilis MtlR, it seems 
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that other DeoR-type PRD-containing activator, B. subtilis ManR, assemble a class II activation 

complex during the transcription initiation. The ManR binding site overlaps -35 box in PmanP as 

shown by construction of PmanP-PmtlA hybrid promoters (section 3.14.5.1). In this case, PmanP is 

activated by a class II mechanism. 

 In vitro studies were carried out to demonstrate the interaction between the putative MtlR 

binding site and MtlR. Previously, B. subtilis MtlR-His6 and G. stearothermophilus MtlR-His6 

were produced and purified from E. coli and used for electrophoretic mobility shift (94, 239). 

However, only the MtlR binding site in G. stearothermophilus has been so far identified using 

DNase I footprinting assay (94). Unlike previous attempts, production of MtlR-His6 or MtlR-

H342D-His6 in B. subtilis or E. coli failed in this study. Similar negative results were obtained 

producing ManR-His6 in E. coli (213). It is assumed that the presence of Ni
2+

 oxidizes the 

cysteine residues in MtlR, especially the one which is located at the EIIB
Gal

-like domain. This 

cysteine plays an important role in the activity of MtlR (see below). Therefore, a MtlR double 

mutant, MtlR-H342D C419A was produced in E. coli JM109 and purified using ion exchange 

chromatography. Surprisingly, the produced MtlR-H342D C419A in E. coli JM109 was inactive, 

even in the crude extract. An explanation would be that the PRDI domain of PRD-containing 

regulators might be phosphorylated by HPr(H15~P) in E. coli. Perhaps, this phosphorylation 

deactivates MtlR-H342D C419A in E. coli. Phosphorylation of PRDI was shown by Bahr et al. 

(8) when they expressed licT in E. coli. Thus, an E. coli strain was used in which the EI was 

deleted (ptsI). The active form of purified MtlR-H342D C419A was obtained only by 

cultivation of E. coli ptsI at 30C. Surprisingly, the functional protein did not bind to the matrix 

of an anion exchange chromatography column at pH 7.4, although the predicted pI of MtlR was 

about 5. Nevertheless, electrophoretic mobility shift assays showed that MtlR-H342D C419A 

interacts with PmtlA and PmtlR DNA fragments in vitro. Further experiments are necessary to 

optimize the DNase I footprinting assay.  

Preliminary studies showed that PmtlA has a higher maximal activity than PmtlR (4.5-fold; 

sections 3.1 and 3.5). However, the PmtlR core elements were more similar to the 
A
-type 

promoter consensus sequence than the corresponding elements of PmtlA. This effect could be due 

to a different promoter strength or different translation initiation efficiency. To exclude the effect 
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of translation initiation efficiency on the promoter activity, the promoter core elements and -35 

upstream sequence of PmtlA and PmtlR were fused to the same 5’UTR originating from manP 

(section 3.15.4). In this way, the maximal activity of PmtlA (producing 1005 R.F.U.) was only 1.6-

fold stronger than PmtlR (producing 610 R.F.U.). Likewise, fusion of PmtlR to the 5’UTR of mtlA 

dramatically increased the PmtlR maximal activity (Fig. 3.9). Thus, it is assumed that the high 

level of difference between PmtlA and PmtlR activities in the preliminary studies was mainly due to 

the translational initiation efficiency. Likewise, the PmtlA-UTRmanP and PmtlR-UTRmanP fusions 

revealed that PmtlR is only induced by 1.5-fold, while PmtlA is inducible by 15-fold (compare 3NA 

pKAM163 to 3NA pKAM164; Fig. 3.50). Similar results were obtained by PmtlR-UTRmtlA (Fig. 

3.9). In fact, the higher induction rate of PmtlA could be due to the upstream region of its -35 box 

containing MtlR binding site and putative UP elements. Experimentally, the PmtlR activity was 

doubled by exchanging its upstream region of -35 box with the PmtlA counterparts (Fig. 3.26.B). 

Accordingly, it is probable that PmtlR has a good match to 
A
-type promoter core elements; 

therefore, this may make the transcription initiation of PmtlR less dependent to the activator MtlR . 

This mechanism is vice versa in PmtlA, where PmtlA lacks a good match to 
A
-type promoter core 

elements and requires MtlR activator. 

 

4.2. Regulation of PmtlA and PmtlR 

 The activities of PmtlA and PmtlR were studied in the B. subtilis mutants in which the 

mtlAFD operon structural genes or the mtlR gene were deleted or disrupted. First, the influence of 

the mannitol-specific PTS transporter was studied by deletion of the mtlAF genes. Loss of both 

EIICB
Mtl

 and EIIA
Mtl

 transporter components resulted in constitutive activities of PmtlA and PmtlR, 

although catabolite repression remained functional (Fig. 3.11 and Fig. 3.12). The activities of 

PlevD, PmanP and PmanR are also constitutive when their cognate specific PTS transporter were 

disrupted or deleted in B. subtilis (145, 214). Similar to the mtlAF mutant, PmtlA and PmtlR 

activities were constitutive and glucose-repressible in the mtlF mutant (deletion of EIIA
Mtl

) as 

well as in the mtlAFD mutant. Thus, B. subtilis MtlR is negatively influenced by 

phosphorylation from EIICB
Mtl

 and EIIA
Mtl

 in the absence of mannitol similar to G. 

stearothermophilus MtlR (93). Unexpectedly, the maximal activities of PmtlA and PmtlR in 
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B. subtilis mtlF, mtlAF, and mtlAFD were considerably different. The PmtlA maximal activity 

in the mtlAF mutant was the same as with induced wild type strain (producing 13,000 – 14,000 

Miller units -galactosidase). In contrast, the PmtlA maximal activity in the mtlF mutant 

(producing 24,000 Miller units -galactosidase) was higher than in the mtlAF mutant. On the 

other hand, PmtlA maximal activity in mtlAFD (producing 1,200 Miller units -galactosidase) 

was considerably lower than in the mtlAF mutant. Similar results were obtained by Deutscher et 

al. (personal communication) when they integrated the PmtlA-lacZ into the chromosome. The 

cytoplasmic phosphocarrier protein EIIA
Mtl

 (encoded by mtlF) transfers the phosphoryl group 

from HPr(H15~P) to the domain B of membrane-bound EIICB
Mtl

. Therefore, in the absence of 

EIIA
Mtl

, the membrane-bound EIICB
Mtl 

remains unphosphorylated. Maybe, the presence of the 

domain B of EIICB
Mtl 

has a positive regulatory effect on MtlR activity when the cytoplasmic 

phosphocarrier EIIA
Mtl

 is absent. This assumption was strengthened by the fact that expression of 

the domain B of EIICB
Mtl

, fused to another membrane protein, restored the high constitutive 

activity of PmtlA in the mutant which lacks both EIIA
Mtl

 and EIIB
Mtl

 (Deutscher et al.; 

unpublished). Nevertheless, it does not explain the high activity of PmtlA in the mtlF mutant, and 

its low activity in mtlAFD. The difference could also be due to the presence and absence of 

mtlD, encoding the mannitol 1-phosphate dehydrogenase. However, mtlD disruption or deletion 

(data not shown) led to the same PmtlA maximal activity as in wild type strain, although the basal 

activity of PmtlA was slightly increased. The PmtlR activity obtained in the mtlD mutant was also 

comparable to PmtlA in the mtlD mutant. Interestingly, by studying the genome of B. subtilis, an 

antisense RNA in the sequence of mtlD was predicted (103). The presence of an antisense RNA 

could also have a regulatory effect on expression of the mtlAFD and mtlR genes. But, deletion of 

the mtlD gene had no effect on the PmtlA activity (data not shown). Thus, it is unlikely that the 

different PmtlA activities in the mtl mutants are due to antisense RNA. Until now, there is no 

explanation for the different levels of PmtlA activities in the mtlAF, mtlF, and mtlAFD 

mutants.  

 Altogether, the results are in line with a recent publication revealing the phosphorylation 

of MtlR EII-like domains by EIICB
Mtl

 and EIIA
Mtl 

(107). In vivo and in vitro studies indicated 

that histidine 599, located at EIIA
Mtl

-like domain of MtlR, is phosphorylated by domain B of 
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EIICB
Mtl

 in the absence of mannitol. Likewise, cysteine 419 in EIIB
Gat

-like domain of MtlR is 

phosphorylated by cytoplasmic phosphocarrier EIIA
Mtl

. Site-specific mutation of the histidine 

599 to alanine of MtlR protein rendered PmtlA partially constitutive with only 30% of the PmtlA 

maximal activity in the wild type strain when mannitol was added to the bacterial culture. In 

contrast, PmtlA indicated a strong constitutive activity in the mtlR-C419A mutant strain (107). 

Deletion of the EIIB
Gat

-like and EIIA
Mtl

-like domains of ManR likewise rendered PmanP 

constitutive (213). Therefore, phosphorylation of the domains EIIB
Gat

-like (containing C419) and 

EIIA
Mtl 

(harboring H599) inactivates MtlR in the absence of mannitol. In the presence of 

mannitol, the dephosphorylation of these domains by the mannitol PTS transporter components 

results in a constitutive activity of MtlR (as also shown in this study) (107). Apparently, 

phosphorylation and dephosphorylation of MtlR cysteine 419 by EIIA
Mtl

 plays a pivotal role in 

induction of the MtlR activity (107). Nevertheless, further experiments are necessary to clarify 

the interaction between the mannitol-specific PTS transporter components, MtlD and MtlR.  

 Deletion of the mtlR gene rendered PmtlA and PmtlR inactive. This shows that MtlR not only 

activates the mtlAFD operon which is reported by Watanabe et al. (239), but also acts as an 

activator for its own promoter. Similarly, PmanR is also activated by its own product (214). 

Mutation of the HPr histidine 15 to alanine strongly diminished the PmtlA activity to about the 

same level than that of the deletion of mtlR. This was similar to PmanP whose activity was very 

poor in a ptsH-H15A mutant (214). Indeed, phosphorylation of MtlR by HPr(H15~P) stimulates 

the activity of MtlR as shown before for B. subtilis LicR (222), LevR (144), and 

G. stearothermophilus MtlR (93). Phosphorylation of the B. subtilis MtlR PRDII domain by 

HPr(H15~P) was recently shown  in vitro (107). In addition, mutation of histidine 342 to 

aspartate which is located at PRDII of B. subtilis MtlR was phosphomimetic (see Fig. 3.24). 

Interestingly, the repression of the PmtlA activity by glucose was significantly reduced in the 

mtlR-H342D mutant, while the induction of PmtlA by mannitol remained unchanged (Fig. 3.24). 

This phenomenon was also reported by Joyet et al. (107). Therefore, dephosphorylation of 

B. subtilis MtlR PRDII acts as catabolite repression (CCR). This is comparable to 

G. stearothermophilus MtlR (93), LevR (144) and LicT in B. subtilis (135, 226), Such a CCR 

was firstly reported for the antiterminator BglG in E. coli (76). Finally, electrophoretic mobility 

shift studies showed that the double mutant MtlR-H342D C419A is active and independent from 
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phosphorylation by general and specific PTS proteins (Fig. 3.41.B). This confirms that a 

phosphorylated PRDII and a dephosphorylated EIIB
Gat

-like domain are essential for an active 

MtlR. Mutation of the histidine 289 to alanine which is located at the PRDI domain of MtlR 

significantly reduced the activity of MtlR. In contrast, mutation of the histidine 230 to alanine 

only slightly decreased the MtlR activity (Fig. 3.24). Similar results are reported by Joyet et al. 

(107). In addition to reduction of PmtlA activity, carbon catabolite repression was slightly stronger 

in PRDI mutants. Apparently, PRDI might be important for the signal transfer from PRDII to the 

DNA binding domain of MtlR similar to LevR (45). On the other hand, phosphorylation of 

PRDII by HPr(H15~P) is not independent from PRDI, as reported for G. stearothermophilus 

MtlR (93). Also, it might be possible that mutation of the histidine to alanine affected the MtlR 

folding or caused structural changes. All in all, more experiments are needed to clarify the role of 

PRDI in the regulation of MtlR activity. 

 Glucitol, as a non-specific inducer, activates PmtlA and PmtlR. This effect was first reported 

by Horwitz and Kaplan when they were studying the mannitol 1-phosphate dehydrogenase 

activity of crude extracts of B. subtilis. They found an increase of mannitol 1-phosphate 

dehydrogenase activity when B. subtilis was cultivated on medium supplemented with glucitol 

(97). Later, microarray analysis confirmed the induction of mtlAFD expression by glucitol (239). 

Induction of PmtlA and PmtlR by glucitol was dependent on MtlR and in a mtlR mutant both of 

these promoters were inactive. On the other hand, deletion of the gutRBPydjE had no influence 

on the induction of PmtlA and PmtlR by glucitol. Therefore, the activity of PmtlA and PmtlR caused by 

glucitol is MtlR-dependent and not GutR-dependent. Similar results were reported by Watanabe 

et al. (239). Besides, the mtlD mutant grew slower than the wild type strain in minimal medium 

containing glucitol as the major carbon source. Finally, addition of glucitol retarded the growth of 

the mtlD mutant in LB medium similar to mannitol. In fact, mannitol 1-phosphate 

dehydrogenase (MtlD) was essential for glucitol assimilation as reported before (239). The 

induction of the mtlAFD genes by glucitol was explained by the non-specific uptake of glucitol 

by mannitol-specific enzyme II shown by using D-[
14

C]glucitol (28). Glucitol is taken up by 

B. subtilis via GutP with no modification and is converted to fructose by glucitol dehydrogenase, 

GutB (42, 43). When glucitol is taken up by EIICB
Mtl

, glucitol 6-phosphate is generated. The 

latter product accumulates in the cell and is removed by mannitol 1-phosphate dehydrogenase 
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which has a low activity with glucitol 6-phosphate as substrate (97). Taken together, it is assumed 

that glucitol is taken up by the mannitol-specific EII due to its relaxed specificity in which the 

transporter can transport more than one sugar. Relaxed specificity of sugar transporters is well-

known. For instance, the glucose permease (PtsG) takes up sucrose and salicin, and the -

glucoside permease (BglP) is capable of weak uptake of glucose (189). The uptake and 

phosphorylation of glucitol leads to activation of MtlR by dephosphorylation of EIIB
Gat

-like 

domain. Glucitol 6-phosphate accumulates in the cell and is catabolized slowly by mannitol 1-

phosphate dehydrogenase, whereas in the mtlD strain, the accumulation of glucitol 6-phosphate 

inhibits the cell growth. 

 

4.3. Carbon catabolite repression of PmtlA and PmtlR 

 Addition of glucose represses the PmtlA and PmtlR activities in the presence of mannitol. 

Basically, the presence of glucose increases the level of FBP in the cell causing CcpA-dependent 

CCR. Therefore, the PmtlA and PmtlR activities were investigated in CcpA-dependent 

CCR-deficient mutants. CcpA forms a DNA binding complex with HPr(S46~P) as its coeffector. 

Mutation of the regulatory serine 46 of HPr to alanine (ptsH-S46A mutant) only partially relieved 

PmtlA from CCR (Fig. 3.21). Similar to mtlAFD operon, the ptsH-S46A mutation partially or 

completely relieves many other catabolic operons from CCR, such as xylAB (37), bglPH (116), 

levDEFG (146), gntRKPZ (181), manPA (214). Besides HPr(S46~P), Crh(S46~P) can also form 

a complex with CcpA inhibiting the catabolic operons. Deletion of Crh abolishes the residual 

CCR for many genes, such as acsA (262). Accordingly, PmtlA activity was measured in a crh 

mutant as well as in a ptsH-S46A crh double mutant. Deletion of crh alone did not affect the 

CCR of PmtlA, while CCR of PmtlA in the ptsH-S46A crh double mutant was similar to the 

ptsH-S46A mutant in which PmtlA activity was reduced (Fig. 3.21).  In fact, Crh plays a minor role 

as the CcpA effector for CCR (202). Recently, it is found out that unphosphorylated Crh mainly 

inhibits methylglyoxal synthase (MgsA) activity. In this way, the cell prevents the accumulation 

of phosphosugars under carbon overflow condition (122). This could explain the lower PmtlA 

activity in both the crh ptsH-S46A and crh mutants (Fig. 3.21). In the absence of Crh, MgsA 

constantly converts dihydroxyacetone phosphate to methylglyoxal. Methylglyoxal is afterwards 
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excreted into the extracellular milieu or further converted to pyruvate. Altogether, the PEP 

production is reduced due to the loss of DHAP causing a lower amount of HPr(H15~P). In 

addition, methylglyoxal seems to be toxic for the cells. Coeffectors Crh and HPr are both 

phosphorylated by HPrK/P as a result of high FBP concentration in the cell. Transcriptome 

analyses of B. subtilis indicated that deletion of hprK (encoding HPrK/P) resulted in a loss of 

CcpA-dependent CCR (139). Deletion of hprK, however, did not significantly affect the CCR of 

PmtlA. Besides, the hprK mutant grew significantly slower than the wild type strain. Finally, 

ccpA, encoding the master regulator of CCR, was deleted. Unexpectedly, the PmtlA activity in a 

ccpA was strongly repressed by glucose, although the PmtlA activity in the ccpA mutant was 

significantly lower than in wild type strain. The observed high CCR of PmtlA in the ccpA mutant 

could be due to an alteration of the cell physiology. In fact, CcpA is a pleiotropic regulator 

controlling important metabolic pathways, such as glycolysis (112, 141, 223), ammonium 

assimilation (34, 56, 234), excretion of excess carbon source, and fermentation (210). In addition, 

PmtlA could be also indirectly subjected to CCR via mtlR expression. Production of MtlR is 

prerequisite for induction of PmtlR. Any depletion in the MtlR amount in the cytoplasm is 

supposed to change the transcription of PmtlA drastically. Accordingly, it is assumed that CCR 

could mainly alter the transcription of PmtlR, thereby controls the PmtlA activity. Indeed, PmtlR has 

relieved from CCR in the ccpA mutant, albeit partially. Reduction of CCR in PmtlR has also 

occurred in the ptsH-S46A crh double mutant, although the basal activity was doubled in the 

latter mutant. In summary, any disruption of trans elements of the CcpA-dependent CCR only 

partially relieved PmtlR and PmtlA activities from CCR. On the other hand, analyses of PmtlA and 

PmtlR sequences revealed putative cre sites resembling cre consensus sequence 

(WTGAARCGNWWWCA). These putative cre sites of PmtlA and PmtlR overlapped the -10 boxes. 

By these means, binding of the CcpA-HPr(S46~P) complex to the cre site prevents the binding of 

RNAP by a steric hindrance mechanism. Interestingly, the cre sites of PmtlA and PmtlR lack the 

conserved cytosine at the end of cre sequence. It is likely that the left-side TG bases in 

WTGAARCGNWWWCA sequence are required for pairing with the right-side CA bases 

resulting in the proper binding of CcpA-HPr(S46~P) complex (61). This cytosine plays an 

essential role in the operation of cre sites of amyE, gntR, and hutP  (62, 240, 248). In order to 

repair the cre sites of PmtlA and PmtlR, the conserved right-side CA bases were introduced in PmtlA 
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and PmtlR putative cre sites (Fig. 3.44). Alteration of the cre sites rendered PmtlA and PmtlR inactive. 

Perhaps, mutation in the second position (underlined) of the -10 box (TATAAT) in PmtlA and PmtlR 

and addition of a cytosine to this AT-rich hexamer deactivated the promoters. On the contrary, 

mutation of the conserved left-side TG for further disruption of the putative cre site of PmtlA did 

not alter the CCR of PmtlA (Fig. 3.43 and Fig. 3.45). Disruption of PmtlR cre site, however, partially 

reduced the PmtlR CCR. First interpretation may point out that the PmtlR cre site was functional, 

whereas the PmtlA cre site was inefficient. However, in all of the undertaken experiments, the 

CCR of PmtlR affects the PmtlA CCR. To remove the influence of PmtlR cre on PmtlA CCR, the cre 

sites of PmtlA and PmtlR were fused to a constitutive promoter whose activation is independent 

from mannitol induction.  In this way, it was shown that the cre sites of PmtlA and PmtlR are 

partially able to block the transcription initiation of PgroE. Besides, the cre site of PmtlR was more 

efficient than PmtlA. Fujita analysed 50 reported cre sites of B. subtilis. This analysis revealed two 

groups of cre sites including: WTGNAANCGNWWNCA (group A) and 

WTGAAARCGYTTWNN (group B) (61). In group A, pairing the TG and CA (underlined) is 

essential for an operational cre site. In the group B, this pairing is compensated by A and T pairs 

(underlined), as shown for iolA cre site (153). Altogether, it seems that the sequences in PmtlA and 

PmtlR belong to the group B cre sites where palindromic A’s and T’s are necessary for binding the 

CcpA-HPr(S46~P) complex. In this way, PmtlA has a weak cre site, as experimentally shown, due 

to the presence of two mismatches (underlined) to the group B consensus sequence 

(CTGTAAGCGTTTTAA). Unlike the PmtlA cre site, the cre site of PmtlR contains no mismatches 

compared to the group B cre consensus sequence. These cre sites are likely weaker than the 

group A cre sites as indicated by comparison of cre sites of acsA, PmtlA and PmtlR. Consequently, 

the CcpA-dependent CCR is mediated by two weak cre sites located at PmtlA and PmtlR at the 

transcription initiation level. 

 In addition to CcpA-dependent CCR, CcpA-independent CCR mediated by HPr (a.k.a. 

induction prevention) was also studied. Uptake of glucose reduces the concentration of 

HPr(H15~P), thereby reduces the activity of the regulators by induction prevention (61, 75). To 

prevent the uptake of glucose, the glucose-specific PTS transporter encoded by ptsG was deleted. 

Here, it is shown that PmtlA and PmtlR in a ptsG mutant were fully active in the simultaneous 

presence of mannitol and glucose. In other words, glucose repression was completely abolished 



 

Discussion 

162 

 

in the ptsG mutant. This phenomenon was previously shown for the bglPH operon by the 

mutation of EIICBA
Glc

 residues (6) and in gntRKPZ operon by insertional mutagenesis of ptsG 

(171). Apart from EIICBA
Glc

, there are two other glucose transporters in B. subtilis, namely GlcP 

and GlcU. However, both of these transporters are not expressed during the exponential phase 

(58, 159, 171). Recently, it was shown that the uptake of D-[
14

C]glucose did not occur only in a 

ptsG mutant (100). Thus, in addition to HPr-mediated CCR, the CcpA-dependent CCR is also 

not functional in a ptsG mutant due to low level of FBP pool in the cell. Previous experiments 

(see above) showed that disruption of CcpA-dependent CCR components causes only a partial 

reduction in PmtlA or PmtlR CCR. Thus, it seems that depletion of HPr(H15~P) and induction 

prevention mainly causes CCR of the mtlAFD operon. This is in line with our previous 

observations with the MtlR-H342D mutant, where MtlR was highly active in the presence of 

glucose (strain KM213; Fig. 3.24). Likewise, the activity of PmtlA was repressed in the presence of 

fructose. In contrast, sucrose and mannose had no significant influence on the PmtlA activity. 

Glucose, fructose, mannitol, and sucrose are the preferred carbon sources of B. subtilis. All of 

these sugars are taken up by PTS and exert strong CCR in other catabolic operons, such as in 

xynPB operon encoding the -xyloside utilization system (202). Taken together, it is probable 

that HPr-mediated CCR of PmtlA and PmtlR is caused by the dephosphorylation of HPr(H15~P) by 

glucose- and fructose-specific transporters. Apparently, there is also a hierarchy between the 

preferred carbon sources in B. subtilis. Perhaps, HPr(H15~P) has a higher affinity towards 

glucose and fructose PTS permeases than mannitol-, mannose- and sucrose-specific EII. Besides, 

it might be possible that the PRDII domain of MtlR is directly dephosphorylated by glucose and 

fructose PTS permeases. Both of these assumptions need more experimental evidence. In 

conclusion, the carbon catabolite repression acts at two levels in mannitol PTS: the 

transcriptional level caused by CcpA-dependent CCR and posttranslational level caused by HPr 

(or likely PtsG) modulating the MtlR activity via PRDII domain phosphorylation.  

 

4.4. Translation initiation and construction of an expression system 

 A mannitol-inducible expression system in B. subtilis was constructed based on PmtlA due 

to its stronger activity than PmtlR (discussed in section 4.1). In order to enhance the PmtlA activity, 
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the transcriptional and translational initiation regions were manipulated. At first, the PmtlA -10 box 

was replaced with the consensus -10 hexamer (TATAAT) of the 
A
-type promoters. This 

replacement only increased the basal activity, but not the PmtlA maximal activity. Presumably, the 

similarity of PmtlA core elements to the consensus 
A
-type promoter core elements reduces PmtlA 

dependency to an activator. Another key factor for controlling the protein synthesis is the 

abundance of mRNA. Accordingly, instead of changing the PmtlA core elements, the translation 

initiation was studied by shortening of the 5’ leader sequence of mtlA mRNA in the PmtlA-lacZ 

cassette on pKAM1 (Fig. 3.48.A). Also, the 5’UTR of mtlR mRNA on pKAM3 was shortened 

(Fig. 3.8.A). Basically, cellular mRNA concentration depends upon the rates of its synthesis and 

degradation. The mechanism of mRNA degradation and the half-life of mRNA are not clear for 

the mtlA and mtlR mRNAs. Nevertheless, having an optimal ribosomal binding site at the 5’-end 

of an mRNA, and in a consequence a high translation rate, appears to protect the mRNA against 

5’ to 3’ exonuclease activity, as shown in gsiB mRNA (108). In addition to an optimized 

ribosomal binding site, thermo-responsive RNA structures also modulate the translation initiation 

(109). Characterization of the PmtlA and PmtlR transcription start sites showed long 5’ leader 

sequences in mtlA mRNA and mtlR mRNA. The length of 5’-UTR of mtlA mRNA was 72 bp, 

whereas 5’-UTR of mtlR mRNA is 77 bp long. After construction of pKAM1 harboring the PmtlA-

lacZ cassette, two ribosomal binding sites were placed upstream of the lacZ (Fig. 3.2.A). This 

first one was originated from mtlA (shown by RBS W) and the second one from bacteriophage T7 

(shown by RBS V). Interestingly, shortening of the 5’ leader sequence of mtlA mRNA in 

pKAM12 and pKAM50 dramatically increased the expression of lacZ compared with pKAM1. 

This increase of the PmtlA activity could be presumably because of the deletion of one of the 

ribosomal binding sites, namely the mtlA RBS. On the other hand, analysis of the deleted region 

in 5’UTR of the mtlA mRNA revealed an incomplete inverted repeat adjacent to the ribosomal 

binding site (Fig. 4.2). This incomplete inverted repeat could cause a secondary structure near the 

ribosomal binding site, thereby creating a spatial hindrance for binding the ribosome. Likewise, it 

could form a loop which inhibits the mRNA decay by the RNase J1 as reported for gapA mRNA 

(131). Altogether, partial deletion or complete deletion of this inverted repeat increases the 

activity of PmtlA. 



 

Discussion 

164 

 

 

Fig. 4. 2. The 5’ leader sequence of mtlA mRNA on pKAM1. Transcription start site of PmtlA is shown by +1. The 

RBS demonstrates the ribosomal binding site of mtlA. The 5’ leader sequence of mtlA mRNA fused to PmtlA core 

elements in pKAM1, pKAM12 and pKAM50 are represented by solid and dashed lines. The incomplete inverted 

repeat is shown by arrows and highlighted in gray. 

 

Unlike 5’ UTR of mtlA mRNA, shortening of 5’UTR of the mtlR mRNA gradually decreased the 

expression of lacZ. The PmtlR-lacZ fusion on pKAM3 contained two simultaneous ribosomal 

binding sites (Fig. 3.6.A). However, deletion of the second ribosomal binding site, RBS of mtlR 

decreased the activity of PmtlR. By viewing the sequence of 5’UTR of mtlR mRNA, two repeats, 

i.e. ACCTC and CTCCT, were found complementary to the ribosomal binding site (Fig. 4.3).  

 

 

Fig. 4. 3. The 5’ mRNA leader sequence of mtlR on pKAM3. Transcription start site of PmtlR is shown by +1. The 

RBS demonstrates the ribosomal binding site of mtlR. The 5’ mRNA leader sequence of mtlR fused to PmtlR core 

elements in pKAM3, pKAM18, pKAM86, and pKAM87 are represented by solid and dashed lines. The incomplete 

inverted repeat is shown by arrows and highlighted in gray. 

 

It is likely that these repeats form stable secondary structures with ribosomal binding sites. 

Therefore, the presence of the second RBS from mtlR may prevent the formation of a secondary 

structure between the vector RBS and the found repeats. It must be noted that in the pKAM86 

and pKAM87 constructs two longer palindromic sequences were formed overlapping the 

ribosomal binding site (data not shown). Further experiments are necessary to analyze the 

stability of the mtlA and mtlR mRNAs. 
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 Ultimately, a mannitol expression vector system was constructed by changing the parental 

vector (pBS72 which is a low copy vector) to a pUB110 derivative with high copy number. 

Similar to Wenzel et al. (242), the translational initiation region of gsiB which has a stable 

mRNA due to an optimized RBS was used (108). Comparison of the mannitol-inducible 

expression system with the already described mannose-inducible system (242) showed that the 

expression of eGFP was half of the mannose-induced system. One of the major problems by 

increasing the copy number of a gene is the regulator copy number and titration of the regulator 

and the binding site. In comparison with PmtlR, the activity of PmanR is about 10-fold higher (214). 

Therefore, a single copy of PmanR-manR on the chromosome supports the activity of PmanP on a 

high copy number vector. Increasing the copy number of mtlR by insertion of PmtlR-mtlR on the 

expression vector increased the PmtlA activity to the level of mannose-inducible system. However, 

the basal activity was increased. In fact, a delicate balance between the expression of MtlR and 

the copy number of PmtlA is necessary. 



 

166 

 

5. Conclusion and perspectives 

 The aim of this study was to analyze the regulation of the mannitol utilization system in 

B. subtilis. Phosphorylation and dephosphorylation of the MtlR domains by specific and general 

proteins of the PTS plays the pivotal role in the regulation of mannitol utilization system. The 

observed carbon catabolite repression for the PmtlA and PmtlR activities is also mainly functional at 

post translational level in the mannitol utilization system by affecting the phosphorylation status 

of MtlR. The CcpA-dependent pathway affected the transcription of the mtlAFD operon as well 

as the mtlR gene to a less content. Finally, an expression vector system has been constructed by 

using the PmtlA sequence, which is highly inducible by mannitol. However, further 

characterization and optimization of this system must be done. Some further perspectives of this 

work are listed below: 

 Confirmation of the MtlR and CTD binding sites located on PmtlA and PmtlR in vitro.  

 Analyze the structures of mtlAFD and mtlR mRNAs and its mRNA stability. 

 Characterization of the possible antisense RNAs resided within mtlAFD operon and their 

influence on the mtlAFD operon and mtlR regulation. 

 Characterization of the role of PRDI in the regulation of MtlR as a PRD-containing 

activator and studying the probable interaction of the MtlR domains with each other and 

probably with PtsG. 

 Improvement of the mtl expression system by increasing the stability of the pUB110 

derivative plasmid pKAM114. 
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7. Appendices 

The map of the parental plasmids used in this study.  
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