
   

202 

 

6 References 

Abeles, A.L., Friedman, S.A., and Austin, S.J. (1985) Partition of unit-copy 

miniplasmids to daughter cells. III. The DNA sequence and functional 

organization of the P1 partition region. J Mol Biol 185: 261–272.  

Afif, H., Allali, N., Couturier, M., and Van Melderen, L. (2001) The ratio between 

CcdA and CcdB modulates the transcriptional repression of the ccd poison-

antidote system. Mol Microbiol 41: 73-82. 

Aizenman, E., Engelberg-Kulka, H., and Glaser, G. (1996) An Escherichia coli 

chromosomal “addiction module” regulated by ppGpp: a model for programmed 

cell death. Proc Natl Acad Sci USA 93: 6059–6063. 

Alonso de Velasco, E., Verheyl, A.F.M., Verhoef, J., and Snippe, H. (1995) 

Streptococcus pneumoniae : Virulence Factors, Pathogenesis, and Vaccines. 

Microbiol Rev 59: 591-603. 

Amitai, S., Yassin, Y., and Engelberg-Kulka, H. (2004) MazF-mediated cell death in 

Escherichia coli: a point of no return. J Bacteriol 186: 8295-8300. 

Anantharaman, V., and Aravind, L. (2003) New connections in the prokaryotic toxin–

antitoxin network: relationship with the eukaryotic nonsense-mediated RNA 

decay system. Genome Biol 4: R81. 

Andreev, D., Hauryliuk, V., Terenin, I., Dmitriev, S., Ehrenberg, M., and Shatsky, I. 

(2008) The bacterial toxin RelE induces specific mRNA cleavage in the A site 

of the eukaryote ribosome. RNA 14: 233-239. 

Arcus, V.L., Backbro, K., Roos, A., Daniel, E.L., and Baker, E.N. (2004) Distant 

structural homology leads to the functional characterization of an archaeal PIN 

domain as an exonuclease. J Biol Chem 279: 16471–16478. 

Arcus, V.L., Rainey, P.B. and Turner, S.J. (2005) The PIN-domain toxin-antitoxin array 

in mycobacteria. TRENDS Microbiol 13: 360–365. 



   

203 

 

Arndt, K.M., and Chamberlin, M.J. (1988) Transcription termination in Escherichia 

coli. Measurement of the rate of enzyme release from Rho-independent 

terminators. J Mol Biol 202: 271–285. 

Austin, S., Hart, F., Abeles, A., and Sternberg, N. (1982) Genetic and physical map of a 

P1 miniplasmid. J Bacteriol 152: 63–71. 

Austin, S., Ziese, M., and Sternberg, N. (1981) A novel role for site-specific 

recombination in maintenance of bacterial replicons. Cell 25: 729–736. 

Bagyan, I., Hobot, J., and Cutting, S. (1996) A compartmentalized regulator of 

developmental gene expression in Bacillus subtilis. J Bacteriol, 178: 4500–

4507. 

Bailey, S.E.S., and Hayes, F. (2009) Influence of operator site geometry on 

transcriptional control by the YefM-YoeB toxin-antitoxin Complex. J Bacteriol 

191: 762–772. 

Bairoch, A., Bucher, P., and Hofmann, K. (1997) The PROSITE database, its status in 

1997. Nucl Acids Res 25: 217–221. 

Barnard, A., Wolfe, A., and Busby, S. (2004) Regulation at complex bacterial 

promoters: how bacteria use different promoter organizations to produce 

different regulatory outcomes. Curr Opin Microbiol 7: 102-108. 

Baum, J. (1994) Tn5401, a new class II transposable element from Bacillus 

thuringiensis. J Bacteriol 176: 2835-2845. 

Bech, F.W., Jùrgensen, S.T., Diderichsen, B., and KarlstroÈm, O.H. (1985) Sequence of 

the relB transcription unit from Escherichia coli and identification of the relB 

gene. EMBO J 4: 1059-1066. 

Bernard, P., and Couturier, M. (1992) The 41 carboxyl-terminal residues of the mini-F 

plasmis CcdA protein are sufficient to antagonize the killer activity of the CcdB 

protein. Mol Gen Genet 226: 297-304. 



   

204 

 

Bernard, P., Kezdy, K.E., Van Melderen, L., Steyaert, J., Wyns, L., Pato, M.L., Higgins, 

N.P., and Couturier, M. (1993) The F plasmid CcdB protein induces efficient 

ATP-dependent DNA cleavage by gyrase. J Mol Biol 234: 534–541. 

Berwal, S.K., Sreejith, R.K., and Pal, J.K. (2010) Distance between RBS and AUG 

plays an important role in overexpression of recombinant proteins. Anal 

Biochem 405: 275-277. 

Bex, F., Karoui, H., Rokeach, L., Dreze, P., Garcia, L., and Couturier, M. (1983) Mini-

F encoded proteins: identification of a new 10.5 kilodalton species. EMBO J 2: 

1853-1861. 

Biswas, T.K., and Getz, G. (1988) Promoter-promoter interactions influencing 

transcription of the yeast mitochondrial gene, Oli 1, coding for ATPase subunit 

9. J Biol Chem 263: 4844-4851. 

Black, D.S., Irwin, B., and Moyed, H.S. (1994) Autoregulation of hip, an operon that 

affects lethality due to inhibition of peptidoglycan or DNA synthesis. J Bacteriol 

176: 4081–4091. 

Black, D.S., Kelly, A.J., Mardis, M.J., and Moyed, H.S. (1991) Structure and 

organization of hip, an operon that effects lethality due to inhibition of 

peptidoglycan or DNA synthesis. J Bacteriol 173: 5732–5739. 

Blattner, F.R., Plunkett, G. III, Bloch, C.A., Perna, N.T., Burland, V., Riley M., 

Collado-Vides, J., Glasner, J.D., Rode, C.K., Mayhew, G.F., Gregor, J., Davis, 

N.W., Kirkpatrick, H.A., Goeden, M.A., Rose, D.J., Mau B., and Shao Y. (1997) 

The complete genome sequence of Escherichia coli K-12. Science 277: 1453-

1462. 

Bloomfield, G.A., Whittle, G., McDonagh, M.B., Katz, M.E., and Cheetharn, B.F. 

(1997) Analysis of sequences flanking the vap regions of Dichelobacter 



   

205 

 

nodosus: evidence for multiple integration events, a killer system, and a new 

genetic element. Microbiology 143: 553-562. 

Bodogai, M., Ferenczi, S., Bashtovyy, D., Miclea, P., Papp, P., and Dusha, I. (2006) 

The ntrPR operon of Sinorhizobium meliloti is organized and functions as a 

toxin-antitoxin module. Mol Plant Microbe Interact 19: 811-822. 

Bravo, A., de Torrontegui, G., and Díaz-Orejas, R. (1987) Identification of components 

of a new stability system of plasmid R1, Par D, that is close to the origin of 

replication of this plasmid. Mol Gen Genet 210: 101–110. 

Bravo, A., S. Ortega, de Torrontegui, G., and Díaz-Orejas, R. (1988) Killing of 

Escherichia coli cells modulated by components of the stability system ParD of 

plasmid R1. Mol Gen Genet 215: 146-151. 

Brennan, R.G., and Matthews, B.W. (1989) The helix-turn-helix DNA binding motif. J 

Biol Chem 264: 1903-1906. 

Brown, J.S., Gilliland, S.M. Ruiz-Albert, J., and Holden, D.W. (2002) Characterization 

of Pit, a Streptococcus pneumoniae iron uptake ABC transporter. Infect Immun 

70: 4389–4398. 

Brown, J.S., Gilliland, S.M., and Holden, D.W. (2001) A Streptococcus pneumoniae 

pathogenicity island encoding an ABC transporter involved in iron uptake and 

virulence. Mol Microbiol 40: 572–585. 

Brown, J.S., Gilliland, S.M., Spratt, B.G., and Holden, D.W. (2004) A locus contained 

within a variable region of pneumococcal pathogenicity island 1 contributes to 

virulence in mice. Infect Immun  72: 1587–1593.  

Budde, P.P., Davis, B.M., Yuan, J., and Waldor, M.K. (2007) Characterization of a 

higBA Toxin-Antitoxin Locus in Vibrio cholerae. J Bacteriol 189: 491-500. 



   

206 

 

Bunker, R.D, McKenzie, J.L., Baker, E.N., and Arcus, V.L (2008) Crystal structure of 

PAE0151 from Pyrobaculum aerophilum , a PIN-domain (VapC) protein from a 

toxin-antitoxin operon. Proteins 72: 510-518.  

Camacho, A.G., Misselwitz, R., Behlke, J., Ayora, S., Welfle, K., Meinhart, A., Lara, 

B., Saenger, W., Welfle, H., and Alonso, J.C. (2002) In vitro and in vivo 

stability of the epsilon2zeta2 protein complex of the broad host-range 

Streptococcus pyogenes pSM19035 addiction system. Biol Chem 383: 1701–

1713. 

Camps Serra, M., Cervera, C., Pumarola, T., Moreno, A., Perello, Torres, A., Jimenez 

de Anta M.T., and Marcos, M.A. (2008) Virological diagnosis in community-

acquired pneumonia in immunocompromised patients. European Respiratory 

Journal 31: 618-624. 

Caron, J., Coffield, L.M., and Scott, J.R. (1989) A plasmid encoded regulatory gene, 

rns, required for expression of the CS1 and CS2 adhesins of enterotoxigenic 

Escherichia coli. Proc Natl Acad Sci USA  86: 963–967. 

Cashel, M., Gentry, D.R., Hernandez, V.J., and Vinella, D. (1996) The stringent 

response. In Escherichia coli and Salmonella. Neidthardt, F.C. (eds). 

Washington, DC: ASM Press, pp. 1458-1496.  

Ceglowski, P., Boitsov, A., Chai, S., and Alonso, J.C. (1993a) Analysis of the 

stabilization system of the pSM19035-derived plasmid pBT233 in Bacillus 

subtilis. Gene 136: 1–12. 

Ceglowski, P., Boitsov, A., Karamyan, N., Chai, S., and Alonso, J.C. (1993b) 

Characterization of the effectors required for stable inheritance of Streptococcus 

pyogenes pSM19035-derived plasmids in Bacillus subtilis. Mol Gen Genet 241: 

579–585. 



   

207 

 

Chattoraj, D.K., Cordes, K., Berman, M.L. and Das, A. (1984) Mutagenesis and 

mutation transfer induced by ultraviolet light in plasmid-cloned DNA. Gene 27: 

213–222. 

Chen, H., Bjerknes, M., Kumar, R., and Jay, E. (1994) Determination of the optimal 

aligned spacing between the Shine-Dalgarno sequence and the translation 

initiation codon of Escherichia coli mRNAs. Nucl Acids Res 22: 4953-4957. 

Cherny, I., and Gazit, E. (2004) The YefM antitoxin defines a family of natively 

unfolded proteins: implications as a novel antibacterial target. J Biol Chem 279: 

8252–8261. 

Cherny, I., Overgaard, M., Borch, J., Bram, Y., Gerdes, K., and Gazit, E. (2007) 

Structural and thermodynamic characterization of the Escherichia coli RelBE 

toxin–antitoxin system: indication for a functional role of differential stability. 

Biochemistry 46: 12152–12163. 

Cherny, I., Rockah, L., and Gazit, E. (2005) The YoeB toxin is a folded protein that 

forms a physical complex with the unfolded YefM antitoxin. J Biol Chem 280: 

30063–30072. 

Christensen, S.K., and Gerdes, K. (2003) RelE toxins from bacteria and Archaea cleave 

mRNAs on translating ribosomes, which are rescued by tmRNA. Mol Microbiol 

48: 1389–1400. 

Christensen, S.K., and Gerdes, K. (2004) Delayed-relaxed response explained by 

hyperactivation of RelE. Mol Microbiol 53: 587-597. 

Christensen, S.K., Mikkelsen, M., Pedersen, K., and Gerdes, K. (2001) RelE, a global 

inhibitor of translation, is activated during nutritional stress. Proc Natl Acad Sci 

USA 98: 14328–14333. 



   

208 

 

Christensen, S.K., Pedersen, K., Hansen, F.G., and Gerdes, K. (2003) Toxin–antitoxin 

loci as stress-response-elements: ChpAK/MazF and ChpBK cleave translated 

RNAs and are counteracted by tmRNA. J Mol Biol 4: 809–819. 

Christensen-Dalsgaard, M., and Gerdes, K. (2006) Two higBA loci in the Vibrio 

cholerae superintegron encode mRNA cleaving enzymes and can stabilize 

plasmids. Mol Microbiol 62: 397–411. 

Christensen-Dalsgaard, M., Jørgensen, M.G., and Gerdes, K. (2010) Three new RelE-

homologous mRNA interferases of Escherichia coli differentially induced by 

environmental stresses. Mol Microbiol 75: 333-348. 

Chung, C.H., and Goldberg, A.L. (1981) The product of the lon (capR) gene in 

Escherichia coli is the ATPdependent protease, protease La. Proc Natl Acad Sci 

USA 78: 4931-4935. 

Clissold, P.M., and Ponting, C.P. (2000) PIN domains in nonsensemediated mRNA 

decay and RNAi. Curr Biol 10: R888–R890. 

Cook, P.R. (1999) The organization of replication and transcription. Science 284: 1790–

1795. 

Cooper, C.R., Daugherty, A.J., Tachdjian, S., Blum, P.H., and Kelly, R.M. (2009) Role 

of vapBC toxin-antitoxin loci in the thermal stress response of Sulfolobus 

solfataricus. Biochem Soc Trans 37: 123-126. 

Cooper, T.F., and Heinemann, J.A. (2000) Postsegregational killing does not increase 

plasmid stability but acts to mediate the exclusion of competing plasmids. Proc 

Natl Acad Sci USA  97: 12643–12648. 

Correia, F.F., D'Onofrio, A., Rejtar, T., Li, L., Karger, B.L., Makarova, K., Koonin, 

E.V., and Lewis, K. (2006) Kinase activity of overexpressed HipA is required 

for growth arrest and multidrug tolerance in Escherichia coli. J Bacteriol  188: 

8360-8367. 



   

209 

 

Coulombe, B., and Burton, Z.F. (1999) DNA bending and wrapping around RNA 

polymerase: a “Revolutionary” Model Describing Transcriptional Mechanisms. 

Microbiol Mol Biol Rev 63: 457–478. 

Croucher, N.J., Walker, W., Romero, P., Lennard, N., Paterson, G.K., Bason, N.C., 

Mitchell, A.M., Quail, M.A., Andrew, P.W., Parkhill, J., Bentley, S.D., and 

Mitchell, T.J. (2009) Role of conjugative elements in the evolution of the 

multidrug-resistant pandemic clone Streptococcus pneumoniae Spain23F ST81. J 

Bacteriol 191: 1480–1489. 

Daines, D.A., Wu, M.H., and Yuan, S.Y. (2007) VapC-1 of nontypeable Haemophilus 

influenzae is a ribonuclease. J Bacteriol 189: 5041–5048. 

Dao-Thi, M-H., Messens, J., Wyns, L., and Backmann, J. (2000) The thermodynamic 

stability of the proteins of the ccd plasmid addiction system. J Mol Biol 299: 

1373-1386. 

Davis, T.L., Helinski, D.R., and Roberts, R.C. (1992) Transcription and autoregulation 

of the stabilizing functions of broad host range plasmid RK2 in Escherichia coli, 

Agrobacterium tumefaciens  and Pseudomonas aeruginosa . Mol Microb 218: 

481-486. 

De Feyter, R., Wallace, C., and Lane, D. (1989) Autoregulation of the ccd operon in the 

F plasmid. Mol Gen Genet 218: 481–86. 

de la Cueva-Méndez, G., Mills, A.D., Clay-Farrace, L., Díaz-Orejas, R., and Laskey, 

R.A. (2003) Regulatable killing of eukaryotic cells by the prokaryotic proteins 

Kid and Kis. EMBO J 22: 246–251. 

de la Hoz, A.B., Ayora, S., Sitkiewicz, I., Fernández, S., Pankiewicz, R., Alonso J.C. 

and Ceglowski, P. (2000) Plasmid pSM19035 copy number control and better-

than-random segregation genes share a common regulator. Proc Natl Acad Sci 

USA 97: 728 – 733. 



   

210 

 

del Solar, G., Acebo, P., and Espinosa, M. (1995) Replication control of plasmid pLS1: 

efficient regulation of plasmid copy number is exerted by the combined action 

of two plasmid components, CopG and RNA II. Mol Microb 18: 913-924. 

Di Guilmi, A.M., and Dessen, A. (2002) New approaches towards the identification of 

antibiotic and vaccine targets in Streptococcus pneumoniae . EMBO Rep. 3: 728–

734. 

Diago-Navarro, E., Hernandez-Arriaga, A.M., Lopez-Villarejo, J., Munoz-Gomez, A.J., 

Kamphuis, M.B., Boelens, R., Lemonnier, M., and Díaz-Orejas, R. (2010) parD 

toxin-antitoxin system of plasmid R1 - basic contributions, biotechnological 

applications and relationships with closely-related toxin-antitoxin systems. 

FEBS J 277: 3097-3117. 

Ding, F., Tang, P., Hsu, M.H., Cui, P., Hu, S., Yu, J., and Chiu, C.H. (2009) Genome 

evolution driven by host adaptations results in a more virulent and 

antimicrobial-resistant Streptococcus pneumoniae  serotype 14. BMC Genomics 

10: 158. 

Dukan, S., and Nyström, T. (1999) Oxidative stress defense and deterioration of 

growth-arrested Escherichia coli cells. J Biol Chem 274: 26027-26032. 

Eberl, L., Givskov, M., and Schwab, H. (1992) The divergent promoters mediating 

transcription of the par locus of plasmid RP4 are subject to autoregulation. Mol 

Microb 6: 1969-1979. 

Eberl, L., Kristensen, C.S., Givskov, M., Grohmann, E., Gerlitz, M., and Schwab, H. 

(1994) Analysis of the multimer resolution system encoded by the parCBA 

operon of broad- host-range plasmid RP4. Mol Microb 12: 131-141. 

Edwards, J.L., and Apicella, M.A. (2004) The molecular mechanisms used by Neisseria 

gonorrhoeae to initiate infection differ between men and women. Clin 

Microbiol Rev 17: 965-98. 



   

211 

 

Elf, J., Nilsson, D., Tenson, T., and Ehrenberg, M. (2003) Selective charging of tRNA 

isoacceptors explains patterns of codon usage. Science 300: 1718–1722. 

Engelberg-Kulka, H., Amitai, S., Kolodkin-Gal, I., and Hazan, R. (2006) Bacterial 

programmed cell death and multicellular behavior in bacteria. PLoS Genet 2: 

e135.  

Engelberg-Kulka, H., and Glaser, G. (1999) Addiction moduled and programmed cell 

death and antideath in bacterial cultures. Annu Rev Microbiol 53: 43-70. 

Farnham, P.J., and Platt, T. (1980) A model for transcription termination suggested by 

studies on the trp attenuator in vitro using base analogs. Cell 20: 739-748. 

Fatica, A., Tollervey, D., and Dlakic, M. (2004) PIN domain of Nob1p is required for 

D-site cleavage in 20S pre-rRNA. RNA 10: 1698–1701. 

Froehlich, B., Husmann, L., Caron, J., and Scott, J.R. (1994) Regulation of rns, a 

positive regulatory factor for pili of enterotoxigenic Escherichia coli. J Bacteriol  

176: 5385-5392. 

Frohman, M.A. (1990) PCR protocols: a guide to methods and applications. Innis, 

M.A., Gelfand, D.H., Sninsky, J.J., and White, T.J. (eds). San Diego: Academic 

Press pp. 28. 

Frohman, M.A., Dush, M.K., and Martin, G.R. (1988) Rapid production of full-length 

cDNAs from rare transcripts: amplification using a single gene-specific 

oligonucleotide primer. Proc Natl Acad Sci USA 85: 8998-9002.  

Fuqua, W.C., Winans, S.C., and Greenberg, S.C. (1994) Quorum sensing in bacteria: 

the LuxR/LuxI family of cell density responsive transcriptional regulators. J 

Bacteriol 176: 269–275. 

Galvani, C., Terry, J., and Ishiguro, E.E. (2001) Purification of the RelB and RelE 

proteins of Escherichia coli: RelE binds to RelB and to ribosomes. J Bacteriol 

183: 2700–2703. 



   

212 

 

Garcia-Pino, A., Christensen-Dalsgaard, M., Wyns, L., Yarmolinsky, M., Magnuson, 

R.D., Gerdes, K., and Loris, R. (2008a) Doc of prophage P1 is inhibited by its 

antitoxin partner Phd though fold complementation. J Biol Chem 283: 30821–

30827. 

Garcia-Pino, A., Dao-Thi, M.H., Gazit, E., Magnuson, R.D., Wyns, L., and Loris R 

(2008b) Crystallization of Doc and the Phd-Doc toxin-antitoxin complex. Acta 

Crystallogr Sect F Struct Biol Cryst Commun 64: 1034–1038. 

Gazit, E., and Sauer, R.T. (1999a) Stability and DNA binding of the Phd protein of the 

phage P1 plasmid addiction system. J Biol Chem 274: 2652–2657. 

Gazit, E., and Sauer, R.T. (1999b) The Doc toxin and Phd antidote proteins of the 

bacteriophage P1 plasmid addiction system form a heterotrimeric complex. J 

Biol Chem 274: 16813–16818. 

Gerdes, K. (2000) Toxin-antitoxin modules may regulate synthesis of macromolecules 

during nutritional stress. J Bacteriol 182: 561-572. 

Gerdes, K., Bech, F.W., Jorgensen,.S.T., Løbner-Olesen, A., Rasmussen, P.B., and 

Atlung, T. (1986) Mechanism of the post segregational killing by hok gene 

product of parB system of plasmid R1 and its homology with the relF gene 

product of the relB operon. EMBO J 5: 2023-2029. 

Gerdes, K., Christensen, S.K., and Løbner-Olesen, A. (2005) Prokaryotic toxin-

antitoxin stress response loci. Nat Rev Microbiol 3: 371-382. 

Gerdes, K., and Wagner, E.G. (2007) RNA antitoxins. Curr Opin Microbiol 10: 117-

124. 

Gerlitz, M., Hrabak, O., and Schwab, H. (1990) Partitioning of broad-host-range 

plasmid RP4 is a complex system involving site-specific recombination. J 

Bacteriol 172: 6194-6203. 



   

213 

 

Goff, S.A., Casson, L.P., and Goldberg, A.L. (1984) Heat shock regulatory gene htpR 

influences rates of protein degradation and expression of the lon gene in 

Escherichia coli. Proc Natl Acad Sci USA 81: 6647-6651. 

Gotfredsen, M., and Gerdes, K. (1998) The Escherichia coli relBE genes belong to a 

new toxin-antitoxin gene family in gram-negative bacteria. Mol Microbiol 29: 

1065-1076. 

Gottesman, S., Roche, E., Zhou, Y., and Sauer, R.T. (1998) The ClpXP and ClpAP 

proteases degrade proteins with carboxy-terminal peptide tails added by the 

SsrA-tagging system. Genes Dev 12: 1338–1347. 

Grady, R., and Hayes, F. (2003) Axe-Txe, a broad-spectrum proteic toxin-antitoxin 

system specified by a multidrug-resistant, clinical isolate of Enterococcus 

faecium. Mol Microbiol 47: 1419-1432. 

Gralla, J.D., and Collado-Vides, J. (1996) Organization and function of transcription 

regulatory elements. In Escherichia Coli and Salmonella: Cellular and 

Molecular Biology. Niedhardt, F.C., Curtiss, R., Ingraham, J.L., III, Lin, E.C.C., 

Low, K.B., Magasanik, B. (eds). Washington, DC: American Society for 

Microbiology Press, pp. 1232-1245. 

Gronlund, H. and Gerdes, K. (1999) Toxin-antitoxin systems homologous with relBE of 

Escherichia coli plasmid P307 are ubiquitous in prokaryotes. J Mol Biol 285: 

1401–1415. 

Hargreaves, D., Santos-Sierra, S., Giraldo, R., Sabariegos-Jareño, R., de la Cueva-

Méndez, G., Boelens, R., Díaz-Orejas, R., and Rafferty, J.B. (2002) Structural 

and functional analysis of the Kid toxin protein from Escherichia coli plasmid 

R1. Structure 10: 1–9. 



   

214 

 

Håvarstein, L.S., Coomaraswamy, G., and Morrison, D.A. (1995) An unmodified 

heptadecapeptide pheromone induces competence for genetic transformation in 

Streptococcus pneumoniae . Proc Natl Acad Sci USA 92: 11140–11144. 

Hayes, F. (2003) Toxins-antitoxins: plasmid maintenance, programmed cell death, and 

cell cycle arrest. Science 301: 1496-1499. 

Hays, J.P. (2009) The evaluation of putative endogenous control housekeeping genes 

for real-time polymerase chain reaction expression studies in Moraxella 

catarrhalis. Diagn Microbiol Infectious Dis 65: 323–326. 

Hazan, R., Sat, B., and Engelberg-Kulka, H. (2004) Escherichia coli mazEF mediated 

cell death is triggered by various stressful conditions. J Bacteriol 186: 3663-

3669. 

Hazan, R., Sat, B., Reches, M., and Engelberg-Kulka, H. (2001) Postsegregational 

killing mediated by the P1 phage "addiction module" phd-doc requires the 

Escherichia coli programmed cell death system mazEF. J Bacteriol 183: 2046-

2050. 

Herman, C., Thevenet, D., Bouloc, P., Walker, G.C., and D’Ari, R. (1998) Degradation 

of carboxy-terminal-tagged cytoplasmic proteins by the Escherichia coli 

protease HflB (FtsH). Genes Dev 12: 1348–1355. 

Hernández-Arriaga, A.M., Rubio-Lepe, T.S., Espinosa, M., and del Solar, G. (2009) 

Repressor CopG prevents access of RNA polymerase to promoter and actively 

dissociates open complexes. Nucl Acids Res 37: 4799-4811. 

Holmes, K.K., Counts, G.W., and Beaty, H.N. (1971) Disseminated gonococcal 

infection. Ann Intern Med  74: 979–993. 

Hopper, S., Wilbur, J.S., Vasquez, B.L., Larson, J., Clary, S., Mehr, I.J., Seifert, H.S., 

and So, M. (2000) Isolation of Neisseria gonorrhoeae mutants that show 



   

215 

 

enhanced trafficking across polarized T84 epithelial monolayers. Infect Immun 

68: 896-905. 

Horwitz, M.S.Z., and Loeb, L.A. (1988) DNA sequences of random origin as probes of 

Escherichia coli promoter architecture. J Biol Chem 263: 14724-14731.  

Hoskins, J., Alborn, Jr.W.E., Arnold, J., Blaszczak, L.C., Burgett, S., DeHoff, B.S., 

Estrem, S.T., Fritz, L., Fu, D-J., Fuller, W., Geringer, C., Gilmour, R., Glass, 

J.S.,  Khoja, H., Kraft, A.R., Lagace, R.E., LeBlanc, D.J., Lee, L.N., Lefkowitz, 

E.J., Lu, J., Matsushima, P., McAhren, S.M. McHenney, M., McLeaster, K., 

Mundy, C.W., Nicas, T.I., Norris, F.H., O'Gara, M., Peery, R.B., Robertson, 

G.T., Rockey, P., Sun, P-M., Winkler, M.E. Yang, Y., Young-Bellido, M., Zhao, 

G., Zook, C.A., Baltz, R.H., Jaskunas, S.R., Rosteck, Jr.P.R. Skatrud, P.L. and 

Glass, J.I. (2001) Genome of the bacterium Streptococcus pneumoniae strain 

R6. J Bacteriol 183: 5709-5717. 

Hurley, J.M., and Woychick, N.A. (2009) Bacterial toxin HigB associates with 

ribosomes and mediates translation-dependent mRNA cleavage at A-rich sites. J 

Biol Chem 284: 18605-18613. 

Ikeda, H., and Tomizawa, J. (1968) Prophage P1, an extrachromosomal replication unit. 

Cold Spring Harbor Symp Quant Biol  33: 791–798. 

Jaffé, A., Ogura, T., and Hiraga, S. (1985) Effects of the ccd function of the F plasmid 

on bacterial growth. J Bacteriol 163: 841-849. 

Jiang, Y., Pogliano, J., Helinski, D.R., and Konieczny, I. (2002) ParE toxin encoded by 

the broad-host-range plasmid RK2 is an inhibitor of Escherichia coli gyrase. 

Mol Microb 44: 971-979. 

Johnson, E.P., Strom, A.R., and Helinski, D.R. (1996) Plasmid RK2 toxin protein ParE: 

purification and interaction with the ParD antitoxin protein. J Bacteriol 178: 

1420-1429. 



   

216 

 

Johnson, W.C., Moran, C.P., and Losick, R. (1983) Two RNA polymerase C factors 

from Bacillus subtilis discriminate between overlapping promoters for a 

developmentally regulated gene. Nature 302: 800-804. 

Kamada, K., and Hanaoka, F. (2005) Conformational change in the catalytic site of the 

ribonuclease YoeB toxin by YefM antitoxin. Mol Cell 19: 497-509. 

Kamada, K., Hanaoka, F., and Burley, S.K. (2003) Crystal structure of the MazE/MazF 

complex: molecular bases of antidote-toxin recognition. Mol Cell 11: 875–884. 

Kamphuis, M.B., Bonvin, A.M., Monti, M.C., Lemonnier, M., Muñoz-Gomez, A., van 

den Heuvel, R.H.H., Díaz-Orejas, R. and Boelens, R. (2006) Model for RNA 

binding and the catalytic site of the RNase kid of the bacterial parD toxin-

antitoxin system. J Mol Biol 357: 115–126. 

Kamphuis, M.B., Monti, M.C., van den Heuvel, R.H.H., Díaz-Orejas, R., and Boelens, 

R. (2007a) Structure and function of bacterial Kid-Kis and related toxin-

antitoxin systems. Prot Pept Lett 14: 113–124. 

Kamphuis, M.B., Monti, M.C., van den Heuvel, R.H.H., Santos-Sierra, S., Folkers, 

G.E., Lemonnier, M., Díaz-Orejas, R., Heck, A.J.R., and Boelens, R. (2007b) 

Interactions between the toxin Kid of the Bacterial parD system and the 

antitoxins Kis and MazE. Proteins 67: 219-231. 

Kaplan, S.L., and Mason, E.O.J. (1998) Management of infections due to antibiotic-

resistant Streptococcus pneumoniae . Clin Microbiol Rev 11: 628–644. 

Karoui, H., Bex, F., Dreze, P., and Couturier, M. (1983) Ham22, a miniF mutation 

which is lethal to host cell and promotes recA-dependent induction of lambdoid 

prophage. EMBO J 2: 1863-1868. 

Karzai, A.W., Roche, E.D., and Sauer, R.T. (2000) The SsrASmpB system for protein 

tagging, directed degradation and ribosome rescue. Nature Struct Biol 7: 449–

455. 



   

217 

 

Kawano, H., Hirokawa, Y., and Mori, H. (2009) Long-term survival of Escherichia coli 

lacking the HipBA toxin-antitoxin system during prolonged cultivation. Biosci 

Biotechnol Biochem 73: 117-123. 

Kedzierska, B., Lian, L-Y., and Hayes, F. (2007) Toxin-antitoxin regulation: bimodal 

interaction of YefM-YoeB with paired DNA palindromes exerts transcriptional 

autorepression. Nucl Acids Res 35: 325- 339. 

Keiler, K.C., Waller, P.R., and Sauer, R.T. (1996) Role of a peptide tagging system in 

degradation of proteins synthesized from damaged messenger RNA. Science 

271: 990-993. 

Khoo, S.K., Loll, B., Chan, W.T., Shoeman, R.L., Ngoo, L., Yeo, C.C. and Meinhart, 

A. (2007) Molecular and structural characterization of the PezAT chromosomal 

toxin-antitoxin system of the human pathogen Streptococcus pneumonia. J Biol 

Chem 282: 19606-19618. 

Kim S.W, Jung W.H., Ryu J.M., Kim J.B., Jang H.W., Jo Y.B., Jung J.K., and Kim J.H. 

(2007) Identification of an alternative translation initiation site for the Pantoea 

ananatis lycopene cyclase (crtY) gene in Escherichia coli and its evolutionary 

conservation. Protein Expr Purif 58: 23-31. 

Knutsen, E., Johnsborg, O., Quentin, Y., Claverys, J-P., and Håvarstein, L.S. (2006) 

BOX elements modulate gene expression in Streptococcus pneumoniae : Impact 

on the fine-tuning of competence development. J Bacterio 188: 8307-8312. 

Koch, C., and Kahmann, R. (1986) Purification and properties of the Escherichia coli 

host factor required for inversion of the G segment in bacteriophage Mu. J Biol 

Chem 261: 15673-15678. 

Kolodkin-Gal, I., and Engelberg-Kulka, H. (2006) Induction of Escherichia coli 

chromosomal mazEF by stressful conditions causes an irreversible loss of 

viability. J Bacteriol 188: 3420–3423. 



   

218 

 

Kolodkin-Gal, I., and Engelberg-Kulka, H. (2008) The Extra-cellular Death Factor 

(EDF): Physiological and genetic factors influencing its production and response 

in Escherichia coli. J Bacteriol 190: 3169–3175. 

Kolodkin-Gal, I., Hazan, R., Gaathon, A., Carmeli, S., and Engelberg-Kulka, H. (2007) 

A linear penta-peptide is a quorum sensing factor required for mazEF-mediated 

cell death in Escherichia coli. Science 318: 652–655. 

Korch, S.B., and Hill, T.M. (2006) Ectopic Overexpression of wild-type and mutant 

hipA genes in Escherichia coli: Effects on macromolecular synthesis and 

persister formation. J Bacteriol 188: 3826-3836. 

Korch, S.B., Henderson, T.A. and Hill, T.M. (2003) Characterization of the hipA7 allele 

of Escherichia coli and evidence that high persistence is governed by (p)ppGpp 

synthesis. Mol Microbiol 50: 1199–1213. 

Kristoffersen, P., Jensen, G.B., Gerdes, K., and Piskur, J. (2000) Bacterial toxin-

antitoxin gene system as containment control in yeast cells. Appl Environ 

Microbiol 66: 5524-5526. 

Kumar, P., Issac, B., Dodson, E.J., Turkenburg, J.P., and Mande, S.C. (2008) Crystal 

structure of Mycobacterium tuberculosis YefM antitoxin reveals that it is not an 

intrinsically unstructured protein. J Mol Biol 383: 482-93. 

Kuroda, A., Nomura, K., Ohtomo, R., Kato, J., Ikeda, T., Takiguchi, N., Ohtake, H., 

and Kornberg, A. (2001) Role of inorganic polyphosphate in promoting 

ribosomal protein degradation by the Lon protease in Escherichia coli. Science 

293: 705–708. 

Lacks, S.A. (1968) Genetic regulation of maltosaccharide utilization in Pneumococcus. 

Genetics 60: 685–706. 



   

219 

 

Lacks, S.A., López, P., Greenberg, B., and Espinosa, M. (1986) Identification and 

analysis of genes for tetracycline resistance and replication functions in the 

broad-hostrange plasmid pLS1. J Mol Biol 192: 753–765. 

Lanie, J.A., Ng, W.L., Kazmierczak, K.M., Andrzejewski, T.M., Davidsen, T.M., 

Wayne, K.J., Tettelin, H., Glass, J.I. and Winkler, M.E. (2007) Genome 

sequence of Avery's virulent serotype 2 strain D39 of Streptococcus pneumoniae  

and comparison with that of unencapsulated laboratory strain R6. J Bacteriol 

189: 38-51. 

Lee, C., Lee, S., Shin, S.G., and Hwang, S. (2008) Real-time PCR determination of 

rRNA gene copy number: absolute and relative quantification assays with 

Escherichia coli. Appl Microbiol Biotechnol 78: 371-376. 

Lehnherr, H., and Yarmolinsky, M.B. (1995) Addiction protein Phd of plasmid 

prophage P1 is a substrate of the ClpXP serine protease of Escherichia coli. 

Proc Natl Acad Sci USA 92: 3274–3277. 

Lehnherr, H., Maguin, E., Jafri, S., and Yarmolinsky, M.B. (1993) Plasmid addiction 

genes of bacteriophage P1: doc, which causes cell death on curing of prophage, 

and phd, which prevents host death when prophage is retained. J Mol Biol 233: 

414–428. 

Lemonnier, M., Ziegelin, G., Reick, T., Gomez, A.M., Díaz-Orejas, R., and Lanka, E. 

(2003) Bacteriophage P1 Ban protein is a hexameric DNA helicase that interacts 

with and substitutes for Escherichia coli DnaB. Nucl Acids Res 31: 3918-3928. 

Li, G.Y., Zhang, Y., Inouye, M. and Ikura, M. (2009) Inhibitory mechanism of 

Escherichia coli RelE/RelB toxin/antitoxin module involves a helix 

displacement near a mRNA interferase active site. J Biol Chem 284: 14628-

14636. 



   

220 

 

Li, G.Y., Zhang, Y., Inouye, M., and Ikura, M. (2008) Structural mechanism of 

transcriptional autorepression of the Escherichia coli RelB/RelE antitoxin/toxin 

module. J Mol Biol 380: 107–119. 

Lim, H.M., Lewis, D.E., Lee, H.J., Liu, M., and Adhya, S. (2003) Effect of varying the 

supercoiling of DNA on transcription and its regulation. Biochemistry 42: 

10718–10725. 

Lioy, S.V., Martin, T.M., Camacho, A.G., Lurz, R., Antelmann, H., Hecker, M., 

Hitchin, E., Ridge, Y., Wells, J.M., and Alonso, J.C. (2006) pSM19035-encoded 

ζ toxin induces stasis followed by death in a subpopulation of cells. 

Microbiololy 152: 2365-2379. 

Liu, M., Zhang, Y., Inouye, M., and Woychik, N.A. (2008) Bacterial addiction module 

toxin Doc inhibits translation elongation through its association with the 30S 

ribosomal subunit. Proc Natl Acad Sci USA  105: 5885–5890. 

Loris, R., Dao-Thi, M-H., Bahassi, E-M., Van Melderen, L., Poortmans, F., Liddington, 

R., Couturier, M., and Wyns, L. (1999) Crystal structure of CcdB, a 

topoisomerase poison from Escherichia coli. J Mol Biol 285: 1667–1677. 

Lutkenhaus, J., and Sundaramoorthy, M. (2003) MinD and role of the deviant Walker A 

motif, dimerization and membrane binding in oscillation. Mol Microb 48: 295-

303. 

Madl, T., Van Melderen, L., Mine, N., Respondek, M., Oberer, M., Keller, W., Khatai, 

L., and Zangger, K. (2006) Structural basis for nucleic acid and toxin 

recognition of the bacterial antitoxin CcdA. J Mol Biol 364: 170-185. 

Magnuson, R., and Yarmolinsky, M.B. (1998) Corepression of the P1 addiction operon 

by Phd and Doc. J Bacteriol 180: 6342–6351. 



   

221 

 

Magnuson, R., Lehnherr, H., Mukhopadhyay, G., and Yarmolinsky, M.B. (1996) 

Autoregulation of the plasmid addiction operon of bacteriophage P1. J Biol 

Chem 271: 18705–18710. 

Makarova, K., Wolf, Y., and Koonin, E. (2009) Comprehensive comparative-genomic 

analysis of Type 2 toxin-antitoxin systems and related mobile stress response 

systems in prokaryotes. Biology Direct 4: 1-19. 

Marianovsky, I., Aizenman, E., Engelberg-Kulka, H., and Glaser, G. (2001) The 

regulation of the Escherichia coli mazEF promoter involves an unusual 

alternating palindrome. J Biol Chem 278: 5975-5984. 

Martin, B., Humbert, O., Camara, M., Guenzi, E., Walker, J., Mitchell, T., Andrew, P., 

P., Prudhomme, M., Alloing, G., Hakenbeck, R., Morrison, D.A., Boulnois, 

G.J., and Claverys, J-P. (1992) A highly conserved repeated DNA element 

located in the chromosome of Streptococcus pneumoniae . Nucl Acids Res 20: 

3479–3483. 

Martin, F.H, Castro, M.M., Aboul-ela, F., and Tinoco I. Jr. (1985) Base pairing 

involving deoxyinosine: implications for probe design. Nucl Acids Res 13: 

8927–8938. 

Martin, F.H., and Tinoco, I.Jr. (1980) DNA-RNA hybrid duplexes containing oligo 

(dA.rU) sequences are exceptionally unstable, and may facilitate termination of 

transcription. Nucl Acids Res 8: 2295–2299. 

Masuda, Y., Miyakawa, K., Nishimura, Y., and Ohtsubo, E. (1993) chpA and chpB, 

Escherichia coli chromosomal homologs of the pem locus responsible for stable 

maintenance of plasmid R100. J Bacteriol 175: 6850–6856. 

Mattison, K., Wilbur, J.S., So, M., and Brennan, R.G. (2006) Structure of FitAB from 

Neisseria gonorrhoeae bound to DNA reveals a tetramer of toxin-antitoxin 



   

222 

 

heterodimers containing Pin domains and ribbon-helix-helix motifs. J Biol Chem 

281: 37942–37951. 

Maxwell, A. (1999) DNA gyrase as a drug target. Biochem Soc Trans 27: 48–53. 

Mazel, D., Dychinco, B., Webb, V. A., and Davies, J. (1998) A distinctive class of 

integron in the Vibrio cholerae genome. Science 280: 605-608. 

McLean, B.W., Wiseman, S.L., and Kropinski, A.M. (1997) Functional analysis of 

sigma-70 consensus promoters in Pseudomonas aeruginosa  and Escherichia 

coli. Can J Microbiol 43: 981-985. 

Meinhart, A., Alonso, J.C., Strater, N., and Saenger, W. (2003) Crystal structure of the 

plasmid maintenance system epsilon/zeta: functional mechanism of toxin zeta 

and inactivation by epsilon2zeta2 complex formation. Proc Natl Acad Sci USA 

100: 1661–1666. 

Merz, A.J., and So, M. (2000) Interactions of pathogenic neisseriae with epithelial cell 

membranes, Annu Rev Cell Dev Biol 16: 423-457. 

Merz, A.J., Rifenbery, D.B., Arvidson, C.G., and So, M. (1996) Traversal of a polarized 

epithelium by pathogenic Neisseriae: facilitation by type IV pili and 

maintenance of epithelial barrier function. Mol Med 2: 745-754. 

Miki, T., Yoshioka, K., and Horiuchi, T. (1984) Control of cell division by sex factor F 

in Escherichia coli. I. The 42.84-43.6 F segment couples cell division of the host 

bacteria with replication of plasmid DNA. J Mol Biol 174: 605-625. 

Miller, J.H. (1972) Experiments in Molecular Genetics.  Cold Spring Harbor 

Laboratory, Cold Spring Harbor, New York, pp. 466.  

Mirjana, N., James, L., and Nigel, G. (1988) Role of the 5' upstream sequence and 

tandem promoters in regulation of the rpsU-dnaG-rpoD macromolecular 

synthesis operon. J Bacteriol 170: 5759-5764.  



   

223 

 

Miyada, C.G., Stoltzfus, L., and Wilcox, G. (1984) Regulation of the araC Gene of 

Escherichia coli: catabolite repression, autoregulation, and effect on araBAD 

expression. Proc Natl Acad Sci USA 81: 4120-4124. 

Moll, I., Grill, S., Gualerzi, C.O., and Blasi, U. (2002) Leaderless mRNAs in bacteria: 

surprises in ribosomal recruitment and translational control. Mol Microbiol 43: 

239–246. 

Monti, M.C., Hernandez-Arriaga, A.M., Kamphuis, M.B., Lopez-Villarejo, J., Heck, 

A.J., Boelens, R., Díaz-Orejas, R. and van den Heuvel R.H.H. (2007) 

Interactions of Kid-Kis toxin-antitoxin complexes with the parD operator-

promoter region of plasmid R1 are piloted by the Kis antitoxin and tuned by the 

stoichiometry of Kid-Kis oligomers. Nucl Acids Res. 35: 1737-1749. 

Morrison, D.A., and Jaurin, B. (1990) Streptococcus pneumoniae  possesses canonical 

Escherichia coli (sigma 70) promoters. Mol Microbiol 4:1143-1152. 

Moyed, H.S., and Broderick, S.H. (1986) Molecular cloning and expression of hipA, a 

gene of Escherichia coli K-12 that affects frequency of persistence after 

inhibition of murein synthesis. J Bacteriol 166: 399–403. 

Mrazek, J., Gaynon, L.H., and Karlin, S. (2002) Frequent oligonucleotide motifs in 

genomes of three Streptococci. Nucl Acids Res 30: 4216–4221. 

Munoz-Gomez, A.J., Lemonnier, M., Santos-Sierra, S., Berzal-Herranz, A., and Díaz-

Orejas, R. (2005) RNase/anti-RNase activities of the bacterial parD toxin-

antitoxin system. J Bacteriol 187: 3151–3157. 

Munoz-Gomez, A.J., Santos-Sierra, S., Berzal-Herranz, A., Lemonnier, M., and Díaz-

Orejas, R. (2004) Insights into the specificity of RNA cleavage by the 

Escherichia coli MazF toxin. FEBS Lett 567: 316–320. 



   

224 

 

Munson, G.P., and Scott, J.R. (2000) Rns, a virulence regulator within the AraC family, 

requires binding sites upstream and downstream of its own promoter to function 

as an activator. Mol Microbiol 36: 1391-1402. 

Murzin, A.G., Brenner, S.E., Hubbard, T., and Chothia, C. (1995) SCOP: a structural 

classification of proteins database for the investigation of sequences and 

structures. J Mol Biol 247: 536–540. 

Musso, R. E., DiLauro, R., Adhya, S., and de Crombrugghe, B. (1977) Dual control for 

transcription of the galactose operon by cyclic AMP and its receptor protein at 

two interspersed promoters. Cell 12: 847-854. 

Muto, A., Ushida, C., and Himeno, H. (1998) A bacterial RNA that functions both as a 

tRNA and an mRNA. Trends Biochem Sci 23: 25-29. 

Nariya, H., and Inouye, M. (2008) MazF, an mRNA interferase, mediates programmed 

cell death during multicellular Myxococcus development. Cell 132: 55–66. 

Neubauer, C., Gao, Y.-G., Andersen, K.R., Dunham, C.M., Kelley, A.C., Hentschel, J., 

Gerdes, K., Ramakrishnan, V., and Brodersen, D.E. (2009) The structural basis 

for mRNA recognition and cleavage by the ribosome-dependent endonuclease 

RelE. Cell 139: 1084-1095. 

Nelson, M., and McClelland, M. (1992) Use of DNA methyltransferase/endonuclease 

enzyme combinations for megabase mapping of chromosomes. Methods 

Enzymol 216: 279-303. 

Nieto, C., Cherny, I., Khoo, S.K., García de Lacoba, M., Chan, W.T., Yeo, C.C., Gazit 

E., and Espinosa, M. (2007) The yefM-yoeB toxin-antitoxin systems of 

Escherichia coli and Streptococcus pneumoniae : functional and structural 

correlation. J Bacteriol 189: 1266-1278. 

Nieto, C., Pellicer, T., Balsa, D., Christensen, S.K., Gerdes, K., and Espinosa, M. 

(2006) The chromosomal relBE2 toxin-antitoxin locus of Streptococcus 



   

225 

 

pneumoniae: characterization and use of a bioluminescence resonance energy 

transfer assay to detect toxin-antitoxin interaction. Mol Microbiol 59: 1280–

1296. 

Nieto, C., Sadowy, E., de la Campa, A.G., Hryniewicz, W., and Espinosa, M. (2010) 

The relBE2Spn toxin-antitoxin system of Streptococcus pneumoniae : Role in 

antibiotic tolerance and functional conservation in clinical isolates. PLoS One 5: 

e11289. 

Nowakowska, B., Kern-Zdanowicz, I., Zielenkiewicz, U., and Ceglowski, P. (2005) 

Characterization of Bacillus subtilis clones surviving overproduction of Zeta, a 

pSM19035 plasmid-encoded toxin. Acta Biochim Pol 52: 99–107. 

Oberer, M., Lindner, H., Glatter, O., Kratky, C., and Keller, W. (1999) Thermodynamic 

properties and DNA binding of the ParD protein from the broad host-range 

plasmid RK2/RP4 killing system. Biol Chem 380: 1413-1420. 

Oberer, M., Zangger, K., Gruber, K., and Keller, W. (2007) The solution structure of 

ParD, the antidote of the ParDE toxin-antitoxin module, provides the structural 

basis for DNA and toxin binding. Prot Sci 16: 1676-1688. 

Oberer, M., Zangger, K., Prytulla, S., and Keller, W. (2002) The antitoxin ParD of 

plasmid RK2 consists of two structurally distinct moieties and belongs to the 

ribbon-helix-helix family of DNA-binding proteins. Biochem J 361: 41–47. 

Ogden S., Haggerty D., Stoner C.M., Kolodrubetz D., and Schleif R. (1980) The 

Escherichia coli L-arabinose operon: binding sites of the regulatory proteins and 

a mechanism of positive and negative regulation. Proc Natl Acad Sci USA 77: 

3346-50. 

Ogura, T., and Hiraga, S. (1983) Mini-F plasmid genes that couple host cell division to 

plasmid proliferation. Proc Natl Acad Sci USA 80: 4787-4788. 



   

226 

 

Opel, M.L., and Hatfield, G.W. (2001) DNA supercoiling-dependent transcriptional 

coupling between the divergently transcribed promoters of the ilvYC operon of 

Escherichia coli is proportional to promoter strengths and transcript lengths. 

Mol Microbiol 39: 191–198. 

Overgaard M., Borch J., and Gerdes, K. (2009) RelB and RelE of Escherichia coli form 

a tight complex that represses transcription via the ribbon-helix-helix motif in 

RelB. J Mol Biol 27: 183-196.  

Overgaard, M., Borch, J., Jorgensen, M.G., and Gerdes, K. (2008) Messenger RNA 

interferase RelE controls relBE transcription by conditional cooperativity. Mol 

Microbiol 69: 841–857. 

Pan, C.Q., Finkel, S.E., Cramton, S.E., Feng, J-A., Sigman, D., and Johnson, R.C. 

(1996) Variable structures of FIS-DNA complexes determined by flanking DNA 

contacts. J Mol Biol 264: 675-695. 

Pandey, D. P., and Gerdes, K. (2005) Toxin-antitoxin loci are highly abundant in free-

living but lost from host-associated prokaryotes. Nucl Acids Res 33: 966–997. 

Pedersen, K., Zavialiv, A., Pavlov, M., Elf, J., Gerdes, K., and Ehrenberg, M. (2003) 

The bacterial toxin RelE displays codon-specific cleavage of mRNAs in the 

ribosomal A site. Cell 112: 133–142. 

Pfaffl, M.W. (2001) A new mathematical model for relative quantification in real-time 

RT-PCR. Nucl Acids Res 29: e45. 

Phillips, S.E.V. (1994) The β-ribbon DNA recognition motif. Annu Rev Biophys 

Biophys Chem 23: 671–701. 

Piette, J., Nyunoya, H., Lusty, C.J., Cunin, R., Weyens, G., Crabeel, M., Charlier, D., 

Glansdorff, N., and Pierard, A. (1984) DNA sequence of the carA gene and the 

control region of carAB: tandem promoters, respectively controlled by arginine 



   

227 

 

and the pyrimidines, regulate the synthesis of carbamoyl-phosphate synthetase 

in Escherichia coli K-12. Proc Nati Acad Sci USA 81: 4134-4138. 

Pullinger, G.D., and Lax, A.J. (1992) A Salmonella dublin virulence plasmid locus that 

affects bacterial growth under nutrient-limited conditions. Mol Microb 6: 1631-

1643. 

Queen, C., and Rosenberg, M. (1981) Differential translation efficiency explains 

discoordinate expression of the galactose operon. Cell 26: 241-249. 

Raumann, B.E., Rould, M.A., Pabo, C.O., and Sauer, R.T. (1994) DNA recognition by 

β-sheets in the Arc repressor–operator crystal structure. Nature 367: 754–757. 

Reitzer, L. J., and Magasanik, B. (1985) Expression of glnA in Escherichia coli is 

regulated at tandem promoters. Proc Natl Acad Sci USA  82: 1979-1983. 

Roberts, R.C., and Helinski, D.R. (1992) Definition of chromosomal DNA by sex factor 

F in Escherichia coli. J Mol Biol 225: 39–52. 

Roberts, R.C., Burioni, R., and Helinski, D.R. (1990) Genetic characterization of the 

stabilizing functions of a region of broad-host-range plasmid RK2. J Bacteriol 

172: 6204-16. 

Roberts, R.C., Spangler, C., and Helinski, D.R. (1993) Characteristics and significance 

of DNA binding activity of plasmid stabilization protein ParD from the broad-

host-range plasmid RK2. J Biol Chem 268: 27109-27117. 

Roberts, R.C., Ström, A.R., Helinski, D.R. (1994) The parDE operon of the broad-host-

range plasmid RK2 specifies growth inhibition associated with plasmid loss. J 

Mol Biol 237: 35-51.  

Rojo, F., and Alonso, J.C. (1994) A novel site-specific recombinase encoded by the 

Streptococcus pyogenes plasmid pSM19035. J Mol Biol 238: 159 – 172. 

Rostoks, N., Park, S., and Choy, H.E. (2000) Reiterative transcription initiation from 

galP2 promoter of Escherichia coli. Biochim Biophys Acta 1491: 185–195. 



   

228 

 

Ruiz-Echevarría, M. J., Berzal-Herranz, A., Gerdes, K., and Díaz-Orejas., R.  (1991) 

The kis and kid genes of parD maintenance system of plasmid R1 form an 

operon that is autoregulated at the level of transcription by the coordinate action 

of the Kis and Kid proteins. Mol Microbiol 5: 2685-2693. 

Ruiz-Echevarría, M.J., de-la-Cueva, G., and Díaz-Orejas, R. (1995a) Translational 

coupling and limited degradation of a polycistronic messenger modulate 

differential gene expression in the parD stability system of plasmid R1. Mol Gen 

Genet 248: 599-609. 

Ruiz-Echevarría, M.J., de la Torre, M.A., and Díaz-Orejas, R. (1995b) A mutation that 

decreases the efficiency of plasmid R1 replication leads to the activation of 

parD, a killer stability system of the plasmid. FEMS Microbiol Lett 130: 129-

136. 

Rychlik, W. (1995) Priming Efficiency in PCR. Biotechniques 18: 84. 

Rychlik, W., and Rhodes, R.E. (1989) A computer program for choosing optimal 

oligonucleotides for filter hybridization, sequencing and in vitro amplification of 

DNA. Nucl Acids Res 17: 8543. 

Saavedra De Bast, M., Mine, N., and Van Melderen, L. (2008) Chromosomal toxin-

antitoxin systems may act as antiaddiction modules. J Bacteriol 190: 4603-4609. 

Salmon, M. A., Van Melderen, L., Bernard, P., and Couturier, M. (1994) The antidote 

and autoregulatory functions of the F plasmid CcdA protein: a genetic and 

biochemical survey. Mol Gen Genet 244: 530–38. 

Sambrook, J., and Russell, D.W. (2001) Molecular cloning: a laboratory manual, (3 rd 

ed.). New York: Cold Spring Harbor Laboratory Press. 

Samul, R., and Leng, F. (2007) Transcription-coupled hypernegative supercoiling of 

plasmid DNA by T7 RNA polymerase in Escherichia coli topoisomerase I-

deficient strains. J Mol Biol 374: 925–935. 



   

229 

 

Santos-Sierra, S., Giraldo, R., and Díaz-Orejas, R. (1997) Functional interactions 

between homologous conditional killer systems of plasmid and chromosomal 

origin. FEMS Microbiol Lett 152: 51–56. 

Santos-Sierra, S., Giraldo, R., and Díaz-Orejas, R. (1998) Functional interactions 

between chpB and parD, two homologous conditional killer systems found in 

the Escherichia coli chromosome and in plasmid R1. FEMS Microbiol Lett 168: 

51–58. 

Santos-Sierra, S., Lemonnier, M., Núñez, B., Hargreaves, D., Rafferty, J., Giraldo, R., 

Andreu, J.M., and Díaz-Orejas, R. (2003) Non-cytotoxic variants of the Kid 

protein that retain their auto-regulatory activity. Plasmid 50: 120–130. 

Sat, B., Hazan, R., Fisher, T., Khaner, H., Glaser, G., and Engelberg-Kulka, H. (2001) 

Programmed cell death in Escherichia coli: Some antibiotics can trigger the 

MazEF lethality. J Bacteriol 183: 2041–2045. 

Sat, B., Reches, M., and Engelberg-Kulka, H. (2003) The Escherichia coli mazEF 

suicide module mediates thymineless death. J Bacteriol 185: 1803–1807. 

Saurugger, P.N., Hrabak, O., Schwab, H., and Lafferty, R.M. (1986) Mapping and 

cloning of the par region of broad-host-range plasmid RP4. J Biotechnol 4: 333-

343. 

Sayeed, S., Reaves, L., Radnedge, L., and Austin, S. (2000) The stability region of the 

large virulence plasmid of Shigella flexneri encodes an efficient 

postsegregational killing system. J Bacteriol 182: 2416-2421. 

Schleif, R.S. (1992) DNA looping. Ann Rev Biochem 61: 199-223. 

Shapiro, J.A. (1998) Thinking about bacterial populations as multicellular organisms 

Annu Rev Microbiol 52: 81-104. 

Simons, R.W., and Kleckner, N. (1988) Biological regulation by anti-sense RNA in 

prokaryotes. Annu Rev Genet 22: 567-600. 



   

230 

 

Skerra, A. (1992) Phosphorothioate primers improve the amplification of DNA 

sequences by DNA polymerases with proofreading activity. Nucl Acids Res 20: 

3551–3554. 

Sobecky, P.A., Easter, C.L., Bear, P.D., and Helinski, D.R. (1996) Characterization of 

the stable maintenance properties of the par region of broad-host-range plasmid 

RK2. J Bacteriol 178: 2086-2093. 

Sommer, S., Bailone, A., and Devoret, R. (1985) SOS induction by thermosensitive 

replication mutants of mini-F plasmid. Mol Gen Genet 198: 456-464. 

Sørensen, M.A. (2001) Charging levels of four tRNA species in Escherichia coli Rel(+) 

and Rel(–) strains during amino acid starvation. A simple model for the effect of 

ppGpp on translational accuracy. J Mol Biol 307: 785–798. 

Strauch, M.A., Ballar, P., Rowshan, A.J., and Zoller, K.L. (2005) The DNA-binding 

specificity of the Bacillus anthracis AbrB protein. Microbiology 151: 1751–

1759. 

Szekeres, S., Dauti, M., Wilde, C., Mazel, D., and Rowe-Magnus, D.A. (2007) 

Chromosomal toxin-antitoxin loci can diminish large-scale genome reductions 

in the absence of selection. Mol Microbiol 63: 1588-1605. 

Takagi, H., Kakuta, Y., Okada, T., Yao, M., Tanaka, I., and Kimura, M. (2005) Crystal 

structure of archaeal toxin-antitoxin RelE-RelB complex with implications for 

toxin activity and antitoxin effects. Nat Struct Mol Biol 12: 327-331. 

Tam, J. E., and Kline, B. C. (1989a) Control of the ccd operon in plasmid F. J Bacteriol 

171: 2353–60. 

Tam, J.E., and Kline, B.C. (1989b) The F plasmid ccd autorepressor is a complex of 

CcdA and CcdB proteins. Mol Gen Genet 219: 26–32. 



   

231 

 

Terawaki, Y., Kakizawa, Y., Takayasu, H., and Yoshikawa, M. (1968) Temperature 

sensitivity of cell growth in Escherichia coli associated with the temperature 

sensitive R (KM) factor. Nature 219: 284–285. 

Terawaki, Y., Kobayashi, Y., Matsumoto, H., and Kamio, Y. (1981) Molecular cloning 

and mapping of a deletion derivative of the plasmid Rts1. Plasmid 6: 222–234. 

Tettelin, H., Nelson, K.E., Paulsen, I.T., Eisen, J.A., Read, T.D., Peterson, S., 

Heidelberg, J., DeBoy, R.T., Haft, D.H., Dodson, R.J., Durkin, A.S., Gwinn, M., 

Kolonay, J.F., Nelson, W.C., Peterson, J.D., Umayam, L.A., White, O., 

Salzberg, S.L., Lewis, M.R., Radune, D., Holtzapple, E., Khouri, H., Wolf, 

A.M., Utterback, T.R., Hansen, C.L., McDonald, L.A., Feldblyum, T.V., 

Angiuoli, S., Dickinson, T., Hickey, E.K., Holt, I.E., Loftus, B.J., Yang, F., 

Smith, H.O., Venter, J.C., Dougherty, B.A., Morrison, D.A., Hollingshead, S.K., 

and Fraser, C.M. (2001) Complete genome sequence of a virulent isolate of 

Streptococcus pneumoniae . Science 293: 498-506. 

Thisted, T., Sorensen, N.S., Wagner, E.G.H., and Gerdes, K. (1994) Mechanism of 

post-segregational killing: Sok antisense RNA interacts with Hok mRNA via its 

5'-end singlestranded leader and competes with the 3'-end of Hok mRNA for 

binding to the mok translational initiation region. EMBO 13: 1960-1968. 

Tian, Q.B., Hayashi, T., Murata T., and Terawaki, Y. (1996a) Gene product 

identification and promoter analysis of hig locus of plasmid Rts1. Biochem 

Biophys Res Commun 225: 679-684. 

Tian, Q.B., Ohnishi, M., Murata, T., Nakayama, K., Terawaki, Y., and Hayashi, T. 

(2001) Specific protein–DNA and protein–protein interaction in the hig gene 

system, a plasmid-borne proteic killer gene system of plasmid Rts1. Plasmid 45: 

63–74. 



   

232 

 

Tian, Q.B., Ohnishi, M., Tabuchi, T., and Terawaki, Y. (1996b) A new plasmid-

encoded proteic killer gene system: cloning, sequencing, and analyzing hig locus 

of plasmid Rts1. Biochem Biophys Res Commun 220: 280-284. 

Tsilibaris, V., Maenhaut-Michel, G., Mine, N., and Van Melderen, L. (2007) What is 

the benefit for Escherichia coli to have multiple toxin-antitoxin systems in their 

genomes? J Bacteriol 189: 6101-6108. 

Tsuchimoto, S., Nishimura, Y., and Ohtsubo, E. (1992) The stable maintenance system 

pem of plasmid R100: degradation of PemI protein may allow PemK protein to 

inhibit cell growth. J Bacteriol 174: 4205–4211. 

Tsuchimoto, S., Ohtsubo, H., and Otsubo, E. (1988) Two genes, pemK and pemI, 

responsible for stable maintenance of resistance plasmid R100. J Bacteriol 170: 

1461–1466. 

Tu, G.F., Reid, G.E., Zhang, J.G., Moritz, R.L., and Simpson, R.J. (1995) C-terminal 

extension of truncated recombinant proteins in Escherichia coli with a 10Sa 

RNA decapeptide. J Biol Chem 270: 9322–9326. 

Van Melderen, L., and Saavedra De Bast, M. (2009) Bacterial toxin-antitoxin systems: 

More than selfish entities? PLoS Genet 5: e1000437. 

Van Melderen, L., Bernard, P., and Couturier, M. (1994) Lon-dependent proteolysis of 

CcdA is the key control for activation of CcdB in plasmid-free segregant 

bacteria. Mol Microbiol 11: 1151-1157. 

Van Melderen, L., Thi, M. H-D., Lecchi, P., Gottesman, S., Couturier, M., and Maurizi, 

M.R. (1996) ATP-dependent degradation of CcdA by Lon protease. J Biol Chem 

271: 27730–27738. 

Vaughn, J.L., Feher, V., Naylor, S., Strauch, M.A., and Cavanagh, J. (2000) Novel 

DNA binding domain and genetic regulation model of Bacillus subtilis transition 

state regulator abrB. Nat Struct Biol 7: 1139–1146. 



   

233 

 

Vaughn, J.L., Feher, V.A., Bracken, C., and Cavanagh, J. (2001) The DNA-binding 

domain in the Bacillus subtilis transition-state regulator AbrB employs 

significant motion for promiscuous DNA recognition. J Mol Biol 305: 429–439. 

Wagner, E.G., Ehrenberg, M., and Kurland, C.G. (1982) Kinetic suppression of 

translational errors by (p)ppGpp. Mol Gen Genet 185: 269–274. 

Walker, J.R., Saraste, M., Runswick, M. J., and Gay, M.N. (1982) Distantly related 

sequences in the alpha- and beta-subunits of ATP synthase, myosin, kinases and 

other ATP-requiring enzymes and a common nucleotide binding fold. EMBO J 

1: 945–951. 

Wardlaw, T., Johansson, E.W., and Hodge, M. (2006) Pneumonia: The forgotten killer 

of children. UNICEF/WHO. 

Wei, W., Xiang, H., and Tan, H. (2004) Two tandem promoters to increase gene 

expression in Lactococcus lactis. Biotechnol Lett 4: 1669-1672. 

Weihofen, W.A., Cicek, A., Pratto, F., Alonso, J.C., and Saenger, W. (2006) Structures 

of omega repressors bound to direct and inverted DNA repeats explain 

modulation of transcription. Nucl Acids Res 34: 1450–1458. 

Wilbaux, M., Mine, N., Guerout, A-M., Mazel, D., and Van Melderen, L. (2007) 

Functional interactions between coexisting toxin-antitoxin systems of the ccd 

family in Escherichia coli O157:H7.  J Bacteriol 189: 2712-2719. 

Wilbur, J.S., Chivers, P.T., Mattison, K., Potter, L., Brennan, R.G., and So, M. (2005) 

Neisseria gonorrhoeae FitA interacts with FitB to bind DNA through its ribbon-

helix-helix motif. Biochemistry 44: 12515–12524. 

Wilson, D.N., and Nierhaus, K.H. (2005) RelBE or not to be. Nat Struct Mol Biol 12: 

282-284. 



   

234 

 

Wong, H.C., Schnepf, H.E., and Whiteley, H.R. (1983) Transcriptional and translational 

start sites for the Bacillus thuringiensis crystal protein gene. J Biol Chem 268: 

1960-1967. 

Yamamoto, T.A.M., Gerdes, K., and Tunnacliffe, A. (2002) Bacterial toxin RelE 

induces apoptosis in human cells. FEBS Letters 529: 191-194. 

Yang, M., Gao, C., Wang, Y., Zhang, H., and He, Z-G. (2010) Characterization of the 

interaction and cross-regulation of three Mycobacterium tuberculosis RelBE 

Modules. PLoS One 5: e10672. 

Yarmolinsky, M.B. (1995) Programmed cell death in bacterial populations. Science 

267: 836–837. 

Yokota, S., Sato, K., Kuwahara, O., Habadera, S., Tsukamoto, N., Ohuchi, H., 

Akizawa, H., Himi, T., and Fujii, N. (2002) Fluoroquinolone-resistant 

Streptococcus pneumoniae  strains occur frequently in elderly patients in Japan. 

Antimicrob Agents Chemother  46: 3311–3315. 

Zhang, J., Zhang, Y., Zhu, L., Suzuki, M., and Inouye, M. (2004a) Interference of 

mRNA function by sequence specific endoribonuclease PemK. J Biol Chem 

279: 20678–20684. 

Zhang, J.J., Zhang, Y.L., and Inouye, M. (2003a) Characterization of the interactions 

within the mazEF addiction module of Escherichia coli. J Biol Chem 278: 

32300–32306. 

Zhang, Y., and Inouye, M. (2009) The inhibitory mechanism of protein synthesis by 

YoeB, an Escherichia coli toxin. J Biol Chem 284: 6627-6638. 

Zhang, Y., Zhang, J., Hara, H., Kato, I., and Inouye, M. (2005) Insights into the mRNA 

cleavage mechanism by MazF, an mRNA interferase. J Biol Chem 5: 3143–

3150. 



   

235 

 

Zhang, Y., Zhang, J., Hoeflich, K.P., Ikura, M., Qing, G., and Inouye, M. (2003b) MazF 

cleaves cellular mRNAs specifically at ACA to block protein synthesis in 

Escherichia coli. Mol Cell 12: 913-923. 

Zhang, Y.X., Guo, X.K., Wu, C., Bi, B., Ren, S.X., Wu, C.F., and Zhao, G.P. (2004b) 

Characterization of a novel toxin-antitoxin module, VapBC, encoded by 

Leptospira interrogans chromosome. Cell Res 14: 208–216. 

Zielenkiewicz, U., and Ceglowski, P. (2005) The toxin-antitoxin system of the 

streptococcal plasmid pSM19035. J Bacteriol 187: 6094–6105. 

Zielenkiewicz, U., Kowalewska, M., Kaczor, C., and Ceglowski, P. (2009) In vivo 

interactions between TA proteins of streptococcal plasmid pSM19035, Epsilon 

and Zeta, in yeast. J Bacteriol 191: 3677-84. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

236 

 

7 Appendices 

 
 

 

 
Figure A1:  pGEM-T Easy vector (3015bp) with Apr. 
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Figure A2:  pQF52 plasmid (6800 bp) with Apr and promoterless lacZ. 
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Figure A3:  pLNBAD plasmid (6585 bp) with Cmr and PBAD promoter 
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Figure A4:  pET28a vector (5369 bp) with Kmr and T7 promoter 
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 S.pneumoniaeD39_SPD0931             ATGGAAATCCAAGATTATACTGATAGTGAATTCAAACATGCTTTAGCAAG 50 
 S.pneumoniaeR6_spr0952              ATGGAAATCCAAGATTATACTGATAGTGAATTCAAACATGCTTTAGCAAG 50 
 S.pneumoniaeCGSP14_SPCG1295         ATGGAAATCCAAGATTATACTGATAGTGAATTCAAACATGCTTTAGCAAG 50 
 S.pneumoniaeTIGR4_SP1051            ATGGAAATCCAAGATTATACTGATAGTGAATTCAAACATGCTTTAGCAAG 50 
 S.pneumoniaeCGSP14_SPCG1030         ATGGAAATCCAAGATTATACTGATAGTGAATTCAAACATGCTTTAGCAAG 50 
 S.pneumoniaeHungary19A-6_SPH12      GTGGAAATCCAAGATTATACTGACAGTGAATTCAAACATGCTCTAGCACG 50 
                                      ********************** ****************** ***** * 
 
 S.pneumoniaeD39_SPD0931             GAATCTTCGTTCACTGACAAGAGGAAAAAAGTCCAGTAAACAACCTATAG 100 
 S.pneumoniaeR6_spr0952              GAATCTTCGTTCACTGACAAGAGGAAAAAAGTCCAGTAAACAACCTATAG 100 
 S.pneumoniaeCGSP14_SPCG1295         GAATCTTCGTTCACTGACAAGAGGAAAAAAGTCCAGTAAGCAACCTATAG 100 
 S.pneumoniaeTIGR4_SP1051            GAATCTTCGTTCACTGACAAGAGGAAAAAAGTCCAGTAAGCAACCTATAG 100 
 S.pneumoniaeCGSP14_SPCG1030         GAATCTTCGTTCACTGACAAGAGGAAAAAAGTCCAGTAAGCAACCTATAG 100 
 S.pneumoniaeHungary19A-6_SPH12      GAATCTTCGTTCACTGACAAGAGGAAAAAAGTCCAGTAAGCAACCTATAG 100 
                                     *************************************** ********** 
 
 S.pneumoniaeD39_SPD0931             CGATTTTGCTTGGAGGGCAAAGTGGTGCCGGTAAGACTACAATTCATCGT 150 
 S.pneumoniaeR6_spr0952              CGATTTTGCTTGGAGGGCAAAGTGGTGCCGGTAAGACTACAATTCATCGT 150 
 S.pneumoniaeCGSP14_SPCG1295         CGATTTTGCTTGGAGGGCAAAGTGGTGCCGGTAAGACTACAATTCATCGT 150 
 S.pneumoniaeTIGR4_SP1051            CGATTTTGCTTGGAGGGCAAAGTGGTGCCGGTAAGACTACAATTCATCGT 150 
 S.pneumoniaeCGSP14_SPCG1030         CGATTTTGCTTGGAGGTCAAAGTGGTGCCGGTAAGACTACAATTCATCGT 150 
 S.pneumoniaeHungary19A-6_SPH12      CGATTTTGCTCGGAGGGCAAAGTGGTGCCGGTAAGACTACAATTCATCGT 150 
                                     ********** ***** ********************************* 
 
 S.pneumoniaeD39_SPD0931             ATTAAACAGAAAGAATTTCAAGGAAATATTGTTATCATAGATGGCGATAG 200 
 S.pneumoniaeR6_spr0952              ATTAAACAGAAAGAATTTCAAGGAAATATTGTTATCATAGATGGCGATAG 200 
 S.pneumoniaeCGSP14_SPCG1295         ATTAAACAGAAAGAATTTCAAGGAAATATTGTTATCATAGATGGTGATAG 200 
 S.pneumoniaeTIGR4_SP1051            ATTAAACAGAAAGAATTTCAAGGAAATATTGTTATCATAGATGGTGATAG 200 
 S.pneumoniaeCGSP14_SPCG1030         ATTAAACAGAAAGAATTTCAAGGAAATATTGTTATCATAGATGGTGATAG 200 
 S.pneumoniaeHungary19A-6_SPH12      ATTAAACAGAAAGAATTTCAAGGAAATATTGTTATCATAGATGGAGATAG 200 
                                     ******************************************** ***** 
 
 S.pneumoniaeD39_SPD0931             TTTTCGTTCTCAGCATCCACACTATTTAGAACTGCAGCAAGAATATGGCA 250 
 S.pneumoniaeR6_spr0952              TTTTCGTTCTCAGCATCCACACTATTTAGAACTGCAGCAAGAATATGGCA 250 
 S.pneumoniaeCGSP14_SPCG1295         TTTTCGTTCTCAGCATCCACACTATTTAGAACTGCAGCAAGAATATGGCA 250 
 S.pneumoniaeTIGR4_SP1051            TTTTCGTTCTCAGCATCCACACTATTTAGAACTGCAGCAAGAATATGGCA 250 
 S.pneumoniaeCGSP14_SPCG1030         TTTTCGTTCTCAGCATCCACACTATTTAGAACTGCAGCAAGAATATGGCA 250 
 S.pneumoniaeHungary19A-6_SPH12      TTTTCGTTCTCAGCATCCACACTATTTAGAACTTCAGCAAGAATATGGCA 250 
                                     ********************************* **************** 
 
 S.pneumoniaeD39_SPD0931             AAGATAGCGTTGAATACACCAAAGATTTTGCAGGAAAAATGGTAGAGTCT 300 
 S.pneumoniaeR6_spr0952              AAGATAGCGTTGAATACACCAAAGATTTTGCAGGAAAAATGGTAGAGTCT 300 
 S.pneumoniaeCGSP14_SPCG1295         AAGACAGTGTAGAATATACCAAAGATTTTGCAGGAAAAATGGTAGAGTCT 300 
 S.pneumoniaeTIGR4_SP1051            AAGACAGTGTAGAATATACCAAAGATTTTGCAGGAAAAATGGTAGAGTCT 300 
 S.pneumoniaeCGSP14_SPCG1030         AAGACAGTGTAGAATATACCAAAGATTTTGCAGGAAAAATGGTAGAGTCT 300 
 S.pneumoniaeHungary19A-6_SPH12      AAGACAGTGTTGAATACACCAAATATTTTGCAGGTAAAATGGTAGAGTCT 300 
                                     **** ** ** ***** ****** ********** *************** 
 
 S.pneumoniaeD39_SPD0931             TTAGTAACAAAATTGAGTAGTTTGGGATACAATCTTTTGATCGAGGGAAC 350 
 S.pneumoniaeR6_spr0952              TTAGTAACAAAATTGAGTAGTTTGGGATACAATCTTTTGATCGAGGGAAC 350 
 S.pneumoniaeCGSP14_SPCG1295         TTAGTAACAAAATTGAGTAGTTTGAGATACAATCTTTTGATAGAGGGAAC 350 
 S.pneumoniaeTIGR4_SP1051            TTAGTAACAAAATTGAGTAGTTTGAGATACAATCTTTTGATAGAGGGAAC 350 
 S.pneumoniaeCGSP14_SPCG1030         TTAGTAACAAAATTGAGTAGTTTGGGATACAATCTTTTGATCGAGGGAAC 350 
 S.pneumoniaeHungary19A-6_SPH12      TTAGTAAGAGAATTGAGTCATTTGGGATACAATCTTTTGATAGAGGGAAC 350 
                                     ******* * ********  **** **************** ******** 
 
 S.pneumoniaeD39_SPD0931             TTTACGAACAATTGATGTTCCAAAGAAAACGGCACAACTCTTGAAAAATA 400 
 S.pneumoniaeR6_spr0952              TTTACGAACAATTGATGTTCCAAAGAAAACGGCACAACTCTTGAAAAATA 400 
 S.pneumoniaeCGSP14_SPCG1295         TTTACGAACAGTTGATGTTCCAAAGAAAACAGCACAACTCTTGAAAAATA 400 
 S.pneumoniaeTIGR4_SP1051            TTTACGAACAGTTGATGTTCCAAAGAAAACAGCACAACTCTTGAAAAATA 400 
 S.pneumoniaeCGSP14_SPCG1030         TTTACGAACAATTGATGTTCCAAAGAAAACGGCACAACTCTTGAAAAATA 400 
 S.pneumoniaeHungary19A-6_SPH12      TTTACGAACTATTGATGTTCCAAAGAAAACAGCACAACTCTTGAAAAGTA 400 
                                     *********  ******************* **************** ** 
 
 
 S.pneumoniaeD39_SPD0931             AGGGATATGAAGTACAATTGGCCTTAATTGCGACAAAGCCTGAATTGTCG 450 
 S.pneumoniaeR6_spr0952              AGGGATATGAAGTACAATTGGCCTTAATTGCGACAAAGCCTGAATTGTCG 450 
 S.pneumoniaeCGSP14_SPCG1295         AGGGATATGAAGTACAATTGGCCTTAATTGCGACAAAGCCTGAATTGTCG 450 
 S.pneumoniaeTIGR4_SP1051            AGGGATATGAAGTACAATTGGCCTTAATTGCGACAAAGCCTGAATTGTCG 450 
 S.pneumoniaeCGSP14_SPCG1030         AGGGATATGAAGTACAATTGGCCTTAATTGCGACAAAGCCTGAATTGTCG 450 
 S.pneumoniaeHungary19A-6_SPH12      GGGGATATGAAATACAATTAGCCTTGATTGCGACAAAGCCTAAGCTGTCC 450 
                                      ********** ******* ***** *************** *  ****  
 
  
 
Figure B1: (continued) Multiple nucleotide sequences alignment of the PezT homologues in 
annotated S. pnuemoniae  strains. The “*” indicates identical residues; “:” indicates conserved 
substitution; and “.” indicates semi-conserved substitution.  
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 S.pneumoniaeD39_SPD0931             TATCTAAGTACTCTTATCCGTTATGAAGAACTGTACATTATCAATCCAAA 500 
 S.pneumoniaeR6_spr0952              TATCTAAGTACTCTTATCCGTTATGAAGAACTGTACATTATCAATCCAAA 500 
 S.pneumoniaeCGSP14_SPCG1295         TATCTAAGTACTCTTATCCGTTATGAAGAACTGTACATTATCAATCCAAA 500 
 S.pneumoniaeTIGR4_SP1051            TATCTAAGTACTCTTATCCGTTATGAAGAACTGTACATTATCAATCCAAA 500 
 S.pneumoniaeCGSP14_SPCG1030         TATCTAAGTACTCTTATCCGTTATGAAGAACTGTACATTATCAATCCAAA 500 
 S.pneumoniaeHungary19A-6_SPH12      TATCTGAGCACCCTTATCCGATACGAAGAACTGTACGCTATTAACCCAAA 500 
                                     ***** ** ** ******** ** ************  *** ** ***** 
 
 S.pneumoniaeD39_SPD0931             TCAAGCACGCGCAACTCCAAAAGAACATCATGATTTCATTGTAAATCATC 550 
 S.pneumoniaeR6_spr0952              TCAAGCACGCGCAACTCCAAAAGAACATCATGATTTCATTGTAAATCATC 550 
 S.pneumoniaeCGSP14_SPCG1295         TCAAGCACGCGCAACTCCAAAAGAACATCATGATTTCATTGTAAATCATC 550 
 S.pneumoniaeTIGR4_SP1051            TCAAGCACGCGCAACTCCAAAAGAACATCATGATTTCATTGTAAATCATC 550 
 S.pneumoniaeCGSP14_SPCG1030         TCAAGCACGCGCAACTCCAAAAGAACATCATGATTTCATTGTAAATCATC 550 
 S.pneumoniaeHungary19A-6_SPH12      TCAAGCACGCGCAACTCCAAAAGAACATCATGATTTCATTGTAAATCATC 550 
                                     ************************************************** 
 
 S.pneumoniaeD39_SPD0931             TAGTTGATAACACACGAAAATTGGAAGAACTAGCTATCTTTGAAAGAATT 600 
 S.pneumoniaeR6_spr0952              TAGTTGATAACACACGAAAATTGGAAGAACTAGCTATCTTTGAAAGAATT 600 
 S.pneumoniaeCGSP14_SPCG1295         TAGTTGATAACACACGAAAATTGGAAGAACTAGCTATCTTTGAAAGAATT 600 
 S.pneumoniaeTIGR4_SP1051            TAGTTGATAACACACGAAAATTGGAAGAACTAGCTATCTTTGAAAGAATT 600 
 S.pneumoniaeCGSP14_SPCG1030         TAGTTGATAACACACGAAAATTGGAAGAACTAGCTATCTTTGAAAGAATT 600 
 S.pneumoniaeHungary19A-6_SPH12      TAGTTGATAATACACGACAATTGGAAGAACTAGCTATCTTTGAAAGAATT 600 
                                     ********** ****** ******************************** 
 
 S.pneumoniaeD39_SPD0931             CAAATTTACCAACGAGATAGAAGTTGTGTATATGATTCAAAAGAAAATAC 650 
 S.pneumoniaeR6_spr0952              CAAATTTACCAACGAGATAGAAGTTGTGTATATGATTCAAAAGAAAATAC 650 
 S.pneumoniaeCGSP14_SPCG1295         CAAATTTACCAACGAGATAGAAGTTGTGTATATGATTCAAAAGAAAATAC 650 
 S.pneumoniaeTIGR4_SP1051            CAAATTTACCAACGAGATAGAAGTTGTGTATATGATTCAAAAGAAAATAC 650 
 S.pneumoniaeCGSP14_SPCG1030         CAAATTTACCAACGAGATAGAAGTTGTGTATATGATTCAAAAGAAAATAC 650 
 S.pneumoniaeHungary19A-6_SPH12      CAAATTTACCAACGAGATAGAGGTTGTGTATATGATGCAAAAGAAAATAC 650 
                                     ********************* ************** ************* 
 
 S.pneumoniaeD39_SPD0931             AACTTCAGCAGCAGATGTTCTTCAAGAGTTACTCTTTGGGGAGTGGAGTC 700 
 S.pneumoniaeR6_spr0952              AACTTCAGCAGCAGATGTTCTTCAAGAGTTACTCTTTGGGGAGTGGAGTC 700 
 S.pneumoniaeCGSP14_SPCG1295         AACTTCAGCAGCAGATGTTCTTCAAGAGTTACTCTTTGGGGAGTGGAGTC 700 
 S.pneumoniaeTIGR4_SP1051            AACTTCAGCAGCAGATGTTCTTCAAGAGTTACTCTTTGGGGAGTGGAGTC 700 
 S.pneumoniaeCGSP14_SPCG1030         AACTTCAGCAGCAGATGTTCTTCAAGAGTTATTCTTTGGGGAGTGGAGTC 700 
 S.pneumoniaeHungary19A-6_SPH12      AACTTCAGCGGCAGATGTTCTTCAAGAGTTACTGTTTGGGGAGTGGAGTC 700 
                                     ********* ********************* * **************** 
 
 S.pneumoniaeD39_SPD0931             AGGTAGAGAAGGAGATGTTGCAGGTGGGGGAAAAGAGACTTAATGAATTA 750 
 S.pneumoniaeR6_spr0952              AGGTAGAGAAGGAGATGTTGCAGGTGGGGGAAAAGAGACTTAATGAATTA 750 
 S.pneumoniaeCGSP14_SPCG1295         AGGTAGAGAAGGAGATGTTGCAGGTGGGGGAAAAGAGACTTAATGAATTA 750 
 S.pneumoniaeTIGR4_SP1051            AGGTAGAGAAGGAGATGTTGCAGGTGGGGGAAAAGAGACTTAATGAATTA 750 
 S.pneumoniaeCGSP14_SPCG1030         AGGTAGAGAAGGAGATGTTGCAGGTGGGGGAAAAGAGACTTAATGAATTA 750 
 S.pneumoniaeHungary19A-6_SPH12      AAGTAGAGAAGGATATGCTTAAATCTGGAGAAGAAAGATTGAAAGATTTA 750 
                                     * *********** *** *  *    ** *** * *** * ** ** *** 
 
 S.pneumoniaeD39_SPD0931             CTTGAAAAATAA 762 
 S.pneumoniaeR6_spr0952              CTTGAAAAATAA 762 
 S.pneumoniaeCGSP14_SPCG1295         CTTGAAAAATAA 762 
 S.pneumoniaeTIGR4_SP1051            CTTGAAAAATAA 762 
 S.pneumoniaeCGSP14_SPCG1030         CTTGAAAAATAA 762 
 S.pneumoniaeHungary19A-6_SPH12      ACTAATTGA--- 759 
                                       * *   *    
 
Figure B1: (continued)  
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 S.pneumoniaeCGSP14_SPCG1296         -------------------------------------------------- 
 S.pneumoniaeTIGR4_SP1050            -------------------------------------------------- 
 S.pneumoniaeCGSP14_SPCG1029         TTGGTGCATTATGCTTTTTTATGCTATAATGGAATTATAAAAATAAAGGA 50 
 S.pneumoniaeD39_SPD0930             -------------------------------------------------- 
 S.pneumoniaeR6_spr0951              TTGGTGCGTTATGCTTTTTTATGCTATAATGGATTTATAAAAATAAAGGA 50 
 S.pneumoniaeHungary19A-6_SPH12      -------------------------------------------------- 
                                                                                       
 
 S.pneumoniaeCGSP14_SPCG1296         -------ATGATTGGAAAGAACATAAAATCCTTGCGTAAAACACATGACT 43 
 S.pneumoniaeTIGR4_SP1050            -------ATGATTGGAAAGAACATAAAATCCTTGCGTAAAACACATGACT 43 
 S.pneumoniaeCGSP14_SPCG1029         GTTTGCCATGATTGGAAAGAACATAAAATCCTTACGTAAAACACATGACT 100 
 S.pneumoniaeD39_SPD0930             -------ATGATTGGAAAGAACATAAAATCCTTACGTAAAACACATGACT 43 
 S.pneumoniaeR6_spr0951              GTTTGCTATGATTGGAAAGAACATAAAATCCTTACGTAAAACACATGACT 100 
 S.pneumoniaeHungary19A-6_SPH12      -------------------------------------------------- 
                                                                                       
 
 S.pneumoniaeCGSP14_SPCG1296         TAACACAACTCGAATTTGCACGGATTGTAGGTATTTCACGAAATAGTCTG 93 
 S.pneumoniaeTIGR4_SP1050            TAACACAACTCGAATTTGCACGGATTGTAGGTATTTCACGAAATAGTCTG 93 
 S.pneumoniaeCGSP14_SPCG1029         TAACACAACACGAATTTGCACGGATTGTAGGTATTTCACGAAATAGTCTG 150 
 S.pneumoniaeD39_SPD0930             TAACACAACCCGAATTTGCACGAATTATAGGAATTTCTCGAAATAGCTTG 93 
 S.pneumoniaeR6_spr0951              TAACACAACCCGAATTTGCACGAATTATAGGAATTTCTCGAAATAGCTTG 150 
 S.pneumoniaeHungary19A-6_SPH12      -------------------------------------------------- 
                                                                                       
 
 S.pneumoniaeCGSP14_SPCG1296         AGTCGTTATGAAAATGGAACGAGTTCAGTCTCTACCGAATTAATAGACAT 143 
 S.pneumoniaeTIGR4_SP1050            AGTCGTTATGAAAATGGAACGAGTTCAGTCTCTACCGAATTAATAGACAT 143 
 S.pneumoniaeCGSP14_SPCG1029         AGTCGTTATGAAAATGGAACGAGTTCAGTCTCTACCGAATTAATAGACAT 200 
 S.pneumoniaeD39_SPD0930             AGTCGTTATGAAAATGGAACTAGTTCAGTCTCTACAGAATTAATTGACAT 143 
 S.pneumoniaeR6_spr0951              AGTCGTTATGAAAATGGAACTAGTTCAGTCTCTACAGAATTAATTGACAT 200 
 S.pneumoniaeHungary19A-6_SPH12      -------------------------------------------------- 
                                                                                       
 
 S.pneumoniaeCGSP14_SPCG1296         CATTTGTCAGAAGTTTAATGTATCTTATGTCGATATTGTAGGAGAAGATA 193 
 S.pneumoniaeTIGR4_SP1050            CATTTGTCAGAAGTTTAATGTATCTTATGTCGATATTGTAGGAGAAGATA 193 
 S.pneumoniaeCGSP14_SPCG1029         CATTTGTCAGAAGTTTAATGTATCTTATGTCGATATCGTAGGAGAAAATA 250 
 S.pneumoniaeD39_SPD0930             CATTTGTCAGAAGTTTAATGTATCTTATGTCGATATTGTAGGAGAAGATA 193 
 S.pneumoniaeR6_spr0951              CATTTGTCAGAAGTTTAATGTATCTTATGTCGATATTGTAGGAGAAGATA 250 
 S.pneumoniaeHungary19A-6_SPH12      -------------------------------------------------- 
                                                                                       
 
 S.pneumoniaeCGSP14_SPCG1296         AAATGCTCAATCCTGTTGAAGATTATGAATTGACTTTAAAAATTGAAATT 243 
 S.pneumoniaeTIGR4_SP1050            AAATGCTCAATCCTGTTGAAGATTATGAATTGACTTTAAAAATTGAAATT 243 
 S.pneumoniaeCGSP14_SPCG1029         AAATGCTCAATCCTGTTGAAGATTATGAATTGACTTTAAAAATTGAAATT 300 
 S.pneumoniaeD39_SPD0930             AAATGCTCAATCCTGTTGAAGATTATGAATTGACTTTGAAAATTGAAATT 243 
 S.pneumoniaeR6_spr0951              AAATGCTCAATCCTGTTGAAGATTATGAATTGACTTTGAAAATTGAAATT 300 
 S.pneumoniaeHungary19A-6_SPH12      --ATGCTGAATCCTGTTGAAGATTATGAATTGACTTTAAAAATTGAAATT 48 
                                       ***** ***************************** ************ 
 
 S.pneumoniaeCGSP14_SPCG1296         GTGAAAGAAAGAGGTGCTAATCTATTATCTCGACTCTATCGTTATCAAGA 293 
 S.pneumoniaeTIGR4_SP1050            GTGAAAGAAAGAGGTGCTAATCTATTATCTCGACTCTATCGTTATCAAGA 293 
 S.pneumoniaeCGSP14_SPCG1029         GTGAAAGAAAGAGGTGCTAATCTATTATCTCGACTCTATCGCTATCAAGA 350 
 S.pneumoniaeD39_SPD0930             GTGAAAGAAAGAGGTGCTAATCTATTATCTCGACTCTATCGTTATCAAGA 293 
 S.pneumoniaeR6_spr0951              GTGAAAGAAAGAGGTGCTAATCTATTATCTCGACTCTATCGTTATCAAGA 350 
 S.pneumoniaeHungary19A-6_SPH12      GTGAAAGAAAGAGGAGCTAATCTATTATCACGACTCTATCGTTATCAAGA 98 
                                     ************** ************** *********** ******** 
 
 S.pneumoniaeCGSP14_SPCG1296         TAGTCAGGGAATTAGCATTGATGATGAATCTAATCCTTGGATTTTAATGA 343 
 S.pneumoniaeTIGR4_SP1050            TAGTCAGGGAATTAGCATTGATGATGAGTCTAATCCTTGGATTTTAATGA 343 
 S.pneumoniaeCGSP14_SPCG1029         TAGTCAGGGAATTAGCATTGATGATGAATCTAATCCTTGGATTTTAATGA 400 
 S.pneumoniaeD39_SPD0930             TAGTCAGGGAATTAGCATTGATGATGAATCTAATCCTTGGATTTTAATGA 343 
 S.pneumoniaeR6_spr0951              TAGTCAGGGAATTAGCATTGATGATGAATCTAATCCTTGGATTTTAATGA 400 
 S.pneumoniaeHungary19A-6_SPH12      TAGTCAGGGAATTAGCATTGATGATGAATCTAATCCTTGGATTTTAATGA 148 
                                     *************************** ********************** 
 
 
 S.pneumoniaeCGSP14_SPCG1296         GTGATGATCTATCTGACTTGATTCATACGAATATCTATTTAGTAGAAACT 393 
 S.pneumoniaeTIGR4_SP1050            GTGATGATCTATCTGATTTGATTCATACGAATATCTATCTAGTAGAAACT 393 
 S.pneumoniaeCGSP14_SPCG1029         GTGATGATCTTTCTGATTTGATTCATACGAATATCTATTTAGTAGAAACT 450 
 S.pneumoniaeD39_SPD0930             GTGATGATCTATCTGACTTGATTCATACGAATATCTATTTAGTAGAAACT 393 
 S.pneumoniaeR6_spr0951              GTGATGATCTATCTGACTTGATTCATACGAATATCTATTTAGTAGAAACT 450 
 S.pneumoniaeHungary19A-6_SPH12      GTGATGATCTATCTGACTTGATTCATACGAATATCTATTTAGTAGAAACT 198 
                                     ********** ***** ********************* *********** 
 
 
 
Figure B2: Multiple nucleotide sequences alignment of the PezA homologues in annotated S. 
pnuemoniae strains. The “*” indicates identical residues; “:” indicates conserved substitution; 
and “.” indicates semi-conserved substitution.  
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 S.pneumoniaeCGSP14_SPCG1296         TTTGATGAAATAGAGAGATATAGTGGCTATTTGGATGGAATTGAACGTAT 443 
 S.pneumoniaeTIGR4_SP1050            TTTGATGAAATAGAGAGATATAGTGGCTATTTGGATGGAATTGAACGTAT 443 
 S.pneumoniaeCGSP14_SPCG1029         TTTGATGAAATAGAGAGATATAGTGGCTATTTGGATGGAATTGAACGTAT 500 
 S.pneumoniaeD39_SPD0930             TTTGATGAAATAGAGAGATATAGTGGCTATTTGGATGGAATTGAACGTAT 443 
 S.pneumoniaeR6_spr0951              TTTGATGAAATAGAGAGATATAGTGGCTATTTGGATGGAATTGAACGTAT 500 
 S.pneumoniaeHungary19A-6_SPH12      TTTGATGAAATAGAGAGATATAGCGGCTATTTGGATGGAATTGAACGTAT 248 
                                     *********************** ************************** 
 
 S.pneumoniaeCGSP14_SPCG1296         GTTAGAGATATTTGAAAAACGGATGGCAGCCTAA 477 
 S.pneumoniaeTIGR4_SP1050            GTTAGAGATATCTGAAAAACGGATGGTGGCCTAA 477 
 S.pneumoniaeCGSP14_SPCG1029         GTTAGAGATATCTGAAAAGCGGATGGTAGCTTAA 534 
 S.pneumoniaeD39_SPD0930             GTTAGAGATATCTGAAAAGCGGATGGTAGCTTAA 477 
 S.pneumoniaeR6_spr0951              GTTAGAGATATCTGAAAAGCGGATGGTAGCTTAA 534 
 S.pneumoniaeHungary19A-6_SPH12      GTTAGAGATATCTGAAAAACGGATGGTAGCCTAG 282 
                                     *********** ****** *******  ** **  
 
 
 
Figure B2: (continued)  
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Figure C1:  Chromatogram showing the transcriptional start site of the pezAT operon. The 5’-
RACE abridged anchor primer is underlined in blue. The pezA start codon is indicated. The 
transcriptional start site of the pezAT operon is dipicted with a red arrow.  
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