
 

 

 University of Groningen

Carbohydrate-dependent gene regulation in Streptococcus pneumoniae
Afzal, Muhammad

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2015

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Afzal, M. (2015). Carbohydrate-dependent gene regulation in Streptococcus pneumoniae. University of
Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 07-06-2022

https://research.rug.nl/en/publications/fb5462f0-db7a-4319-afc9-570dfd724d5e


References 

 

 

 
 
 
 
 
 
 
 

References 
 



References 
 

136 
 
 
 
 



References 
 

137 
 
 
 
 

 
1.  Whitman WB, Coleman DC, Wiebe WJ. 1998. Prokaryotes: the unseen majority. Proc Natl Acad Sci 

U S A 95:6578–6583. 
2.  Bogaert D, de GR, Hermans PW. 2004. Streptococcus pneumoniae colonisation: the key to 

pneumococcal disease. Lancet InfectDis 4:144–154. 
3.  Kadioglu A, Weiser JN, Paton JC, Andrew PW. 2008. The role of Streptococcus pneumoniae 

virulence factors in host respiratory colonization and disease. NatRevMicrobiol 6:288–301. 
4.  Mitchell TJ . 2003. The pathogenesis of streptococcal infections: from tooth decay to meningitis. 

NatRevMicrobiol 1:219–230. 
5.  Obaro S, Adegbola R. 2002. The pneumococcus: carriage, disease and conjugate vaccines. J Med 

Microbiol 51:98–104. 
6.  Austrian R. 1999. The Pneumococcus at the Millennium: Not Down, Not Out. J Infect Dis 179:S338–

S341. 
7.  Klugman KP, Chien YW, Madhi SA. 2009. Pneumococcal pneumonia and influenza: a deadly 

combination. Vaccine 27 Suppl 3:C9–C14. 
8.  Pettigrew MM, Gent JF, Revai K, Patel JA, Chonmaitree T. 2008. Microbial interactions during 

upper respiratory tract infections. Emerg Infect Dis Print 14:1584–1591. 
9.  Ryan KJ, Ray CG. 2004. Sherris Medical Microbiology. McGraw Hill, USA. 
10.  Watson DA, Musher DM. 1990. Interruption of capsule production in Streptococcus pneumonia 

serotype 3 by insertion of transposon Tn916. Infect Immun 58:3135–3138. 
11.  Brown SA, Palmer KL, Whiteley M . 2008. Revisiting the host as a growth medium. NatRevMicrobiol 

6:657–666. 
12.  Llull D, Lopez R, Garcia E. 2001. Genetic bases and medical relevance of capsular polysaccharide 

biosynthesis in pathogenic streptococci. Curr Mol Med 1:475–491. 
13.  Weiser JN. 2010. The pneumococcus: why a commensal misbehaves. J Mol Med Berl Ger 88:97–102. 
14.  Skov Sørensen UB, Blom J, Birch-Andersen A, Henrichsen J. 1988. Ultrastructural localization of 

capsules, cell wall polysaccharide, cell wall proteins, and F antigen in pneumococci. Infect Immun 
56:1890–1896. 

15.  Sørensen UB, Henrichsen J, Chen HC, Szu SC. 1990. Covalent linkage between the capsular 
polysaccharide and the cell wall peptidoglycan of Streptococcus pneumoniae revealed by 
immunochemical methods. Microb Pathog 8:325–334. 

16.  Bentley SD, Aanensen DM, Mavroidi A, Saunders D, Rabbinowitsch E, Collins M, Donohoe K, 
Harris D, Murphy L, Quail MA, Samuel G, Skovsted IC, Kaltoft MS, Barrell B, Reeves PR, 
Parkhill J, Spratt BG . 2006. Genetic analysis of the capsular biosynthetic locus from all 90 
pneumococcal serotypes. PLoS Genet 2:e31. 

17.  Ogunniyi AD, Giammarinaro P, Paton JC. 2002. The genes encoding virulence-associated proteins 
and the capsule of Streptococcus pneumoniae are upregulated and differentially expressed in vivo. 
Microbiol Read Engl 148:2045–2053. 

18.  Hathaway LJ, Bättig P, Mühlemann K. 2007. In vitro expression of the first capsule gene of 
Streptococcus pneumoniae, cpsA, is associated with serotype-specific colonization prevalence and 
invasiveness. Microbiol Read Engl 153:2465–2471. 

19.  Mitchell AM, Mitchell TJ . 2010. Streptococcus pneumoniae: virulence factors and variation. Clin 
Microbiol Infect Off Publ Eur Soc Clin Microbiol Infect Dis 16:411–418. 

20.  Hirst RA, Kadioglu A, O’Callaghan C, Andrew PW . 2004. The role of pneumolysin in pneumococcal 
pneumonia and meningitis. Clin Exp Immunol 138:195–201. 

21.  Rossjohn J, Gilbert RJ, Crane D, Morgan PJ, Mitchell TJ, Rowe AJ, Andrew PW, Paton JC, 
Tweten RK, Parker MW . 1998. The molecular mechanism of pneumolysin, a virulence factor from 
Streptococcus pneumoniae. J Mol Biol 284:449–461. 

22.  Garcia-Suarez MM, Vazquez F, Mendez FJ. 2006. Streptococcus pneumoniae virulence factors and 
their clinical impact: An update. Enferm Infecc Microbiol Clin 24:512–517. 

23.  Lewis K. 2000. Programmed death in bacteria. Microbiol Mol Biol Rev MMBR 64:503–514. 
24.  Posfay-Barbe KM, Galetto-Lacour A, Grillet S, Ochs MM, Brookes RH, Kraehenbuhl JD, Cevey-

Macherel M, Gehri M, Gervaix A, Siegrist CA. 2011. Immunity to pneumococcal surface proteins in 
children with community-acquired pneumonia: a distinct pattern of responses to pneumococcal choline-
binding protein A. Clin Microbiol Infect Off Publ Eur Soc Clin Microbiol Infect Dis 17(8):1232–1238. 

25.  Briles DE, Tart RC, Swiatlo E, Dillard JP, Smith P, Benton KA, Ralph BA, Brooks-Walter A, 
Crain MJ, Hollingshead SK, McDaniel LS. 1998. Pneumococcal diversity: considerations for new 



References 
 

138 
 
 
 
 

vaccine strategies with emphasis on pneumococcal surface protein A (PspA). Clin Microbiol Rev 
11:645–657. 

26.  Hammerschmidt S, Bethe G, Remane PH, Chhatwal GS. 1999. Identification of pneumococcal 
surface protein A as a lactoferrin-binding protein of Streptococcus pneumoniae. Infect Immun 67:1683–
1687. 

27.  Berry AM, Paton JC. 2000. Additive attenuation of virulence of Streptococcus pneumoniae by 
mutation of the genes encoding pneumolysin and other putative pneumococcal virulence proteins. Infect 
Immun 68:133–140. 

28.  Gosink KK, Mann ER, Guglielmo C, Tuomanen EI, Masure HR. 2000. Role of novel choline 
binding proteins in virulence of Streptococcus pneumoniae. Infect Immun 68:5690–5695. 

29.  Luo R, Mann B, Lewis WS, Rowe A, Heath R, Stewart ML, Hamburger AE, Sivakolundu S, Lacy 
ER, Bjorkman PJ, Tuomanen E, Kriwacki RW. 2005. Solution structure of choline binding protein A, 
the major adhesin of Streptococcus pneumoniae. EMBO J 24:34–43. 

30.  King SJ. 2010. Pneumococcal modification of host sugars: a major contributor to colonization of the 
human airway? MolOral Microbiol 25:15–24. 

31.  Jeong JK, Kwon O, Lee YM, Oh DB, Lee JM, Kim S, Kim EH, Le TN, Rhee DK, Kang HA. 2009. 
Characterization of the Streptococcus pneumoniae BgaC protein as a novel surface beta-galactosidase 
with specific hydrolysis activity for the Galbeta1-3GlcNAc moiety of oligosaccharides. J Bacteriol 
191:3011–3023. 

32.  Zahner D, Hakenbeck R. 2000. The Streptococcus pneumoniae beta-galactosidase is a surface protein. 
J Bacteriol 182:5919–5921. 

33.  Zeleny R, Altmann F, Praznik W. 1997. A capillary electrophoretic study on the specificity of beta-
galactosidases from Aspergillus oryzae, Escherichia coli, Streptococcus pneumoniae, and Canavalia 
ensiformis (jack bean). Anal Biochem 246:96–101. 

34.  Berry AM, Lock RA, Paton JC. 1996. Cloning and characterization of nanB, a second Streptococcus 
pneumoniae neuraminidase gene, and purification of the NanB enzyme from recombinant Escherichia 
coli. J Bacteriol 178:4854–4860. 

35.  Cámara M, Boulnois GJ, Andrew PW, Mitchell TJ. 1994. A neuraminidase from Streptococcus 
pneumoniae has the features of a surface protein. Infect Immun 62:3688–3695. 

36.  Tettelin H, Nelson KE, Paulsen IT, Eisen JA, Read TD, Peterson S, Heidelberg J, DeBoy RT, Haft 
DH, Dodson RJ, Durkin AS, Gwinn M, Kolonay JF, Nelson WC, Peterson JD, Umayam LA, White 
O, Salzberg SL, Lewis MR, Radune D, Holtzapple E, Khouri H, Wolf AM, Utterback TR, Hansen 
CL, McDonald LA, Feldblyum TV, Angiuoli S, Dickinson T, Hickey EK, Holt IE, Loftus BJ, Yang 
F, Smith HO, Venter JC, Dougherty BA, Morrison DA, Hollingshead SK, Fraser CM. 2001. 
Complete genome sequence of a virulent isolate of Streptococcus pneumoniae. Science 293:498–506. 

37.  Gut H, King SJ, Walsh MA. 2008. Structural and functional studies of Streptococcus pneumoniae 
neuraminidase B: An intramolecular trans-sialidase. FEBS Lett 582:3348–3352. 

38.  Jedrzejas MJ. 2004. Extracellular virulence factors of Streptococcus pneumoniae. Front Biosci Comput 
File J Virtual Libr 9:891–914. 

39.  Tong HH, Blue LE, James MA, DeMaria TF. 2000. Evaluation of the virulence of a Streptococcus 
pneumoniae neuraminidase-deficient mutant in nasopharyngeal colonization and development of otitis 
media in the chinchilla model. Infect Immun 68:921–924. 

40.  Tong HH, James M, Grants I, Liu X, Shi G, DeMaria TF. 2001. Comparison of structural changes of 
cell surface carbohydrates in the eustachian tube epithelium of chinchillas infected with a Streptococcus 
pneumoniae neuraminidase-deficient mutant or its isogenic parent strain. Microb Pathog 31:309–317. 

41.  Trappetti C, Kadioglu A, Carter M, Hayre J, Iannell i F, Pozzi G, Andrew PW, Oggioni MR. 2009. 
Sialic acid: a preventable signal for pneumococcal biofilm formation, colonization, and invasion of the 
host. J Infect Dis 199:1497–1505. 

42.  Pettigrew MM, Fennie KP, York MP, Daniels J, Ghaffar F . 2006. Variation in the presence of 
neuraminidase genes among Streptococcus pneumoniae isolates with identical sequence types. Infect 
Immun 74:3360–3365. 

43.  Marion C, Limoli DH, Bobulsky GS, Abraham JL, Burna ugh AM, King SJ. 2009. Identification of a 
pneumococcal glycosidase that modifies O-linked glycans. Infect Immun 77:1389–1396. 

44.  Abbott DW, Higgins MA, Hyrnuik S, Pluvinage B, Lammerts van Bueren A, Boraston AB. 2010. 
The molecular basis of glycogen breakdown and transport in Streptococcus pneumoniae. Mol Microbiol 
77:183–199. 



References 
 

139 
 
 
 
 

45.  Berry AM, Lock RA, Thomas SM, Rajan DP, Hansman D, Paton JC. 1994. Cloning and nucleotide 
sequence of the Streptococcus pneumoniae hyaluronidase gene and purification of the enzyme from 
recombinant Escherichia coli. Infect Immun 62:1101–1108. 

46.  Bethe G, Nau R, Wellmer A, Hakenbeck R, Reinert RR, Heinz HP, Zysk G. 2001. The cell wall-
associated serine protease PrtA: a highly conserved virulence factor of Streptococcus pneumoniae. 
FEMS Microbiol Lett 205:99–104. 

47.  Mirza S, Wilson L, Benjamin WH Jr, Novak J, Barnes S, Hollingshead SK, Briles DE. 2011. Serine 
protease PrtA from Streptococcus pneumoniae plays a role in the killing of S. pneumoniae by 
apolactoferrin. Infect Immun 79:2440–2450. 

48.  Gasc AM, Giammarinaro P, Richter S, Sicard M. 1998. Organization around the dnaA gene of 
Streptococcus pneumoniae. Microbiol Read Engl 144 ( Pt 2):433–439. 

49.  Mascher T, Zähner D, Merai M, Balmelle N, de Saizieu AB, Hakenbeck R. 2003. The Streptococcus 
pneumoniae cia regulon: CiaR target sites and transcription profile analysis. J Bacteriol 185:60–70. 

50.  Sebert ME, Palmer LM, Rosenberg M, Weiser JN. 2002. Microarray-based identification of htrA, a 
Streptococcus pneumoniae gene that is regulated by the CiaRH two-component system and contributes to 
nasopharyngeal colonization. Infect Immun 70:4059–4067. 

51.  Panina EM, Mironov AA, Gelfand MS. 2003. Comparative genomics of bacterial zinc regulons: 
enhanced ion transport, pathogenesis, and rearrangement of ribosomal proteins. Proc Natl Acad Sci U S 
A 100:9912–9917. 

52.  Adamou JE, Heinrichs JH, Erwin AL, Walsh W, Gayle T, Dormitzer M, Dagan R, Brewah YA, 
Barren P, Lathigra R, Langermann S, Koenig S, Johnson S. 2001. Identification and characterization 
of a novel family of pneumococcal proteins that are protective against sepsis. Infect Immun 69:949–958. 

53.  Aranda J, Garrido ME, Fittipaldi N, Cortes P, Llagostera M, Gottschalk M, Barbe J. 2009. 
Protective capacities of cell surface-associated proteins of Streptococcus suis mutants deficient in 
divalent cation-uptake regulators. Microbiol Read Engl 155:1580–1587. 

54.  Melin M, Di PE, Tikkanen L, Jarva H, Neyt C, Kayhty H, Meri S, Poolman J, Vakevainen M. 
2010. Interaction of pneumococcal histidine triad proteins with human complement. Infect Immun 
78:2089–2098. 

55.  Brown JS, Gilliland SM, Holden DW. 2001. A Streptococcus pneumoniae pathogenicity island 
encoding an ABC transporter involved in iron uptake and virulence. Mol Microbiol 40:572–585. 

56.  Hermans PW, Adrian PV, Albert C, Estevao S, Hoogenboezem T, Luijendijk IH, Kamphausen T, 
Hammerschmidt S. 2006. The streptococcal lipoprotein rotamase A (SlrA) is a functional peptidyl-
prolyl isomerase involved in pneumococcal colonization. J Biol Chem 281:968–976. 

57.  Adrian PV, Bogaert D, Oprins M, Rapola S, Lahdenkari M, Kilpi T, de Groot R, Käyhty H, 
Hermans PWM. 2004. Development of antibodies against pneumococcal proteins alpha-enolase, 
immunoglobulin A1 protease, streptococcal lipoprotein rotamase A, and putative proteinase maturation 
protein A in relation to pneumococcal carriage and Otitis Media. Vaccine 22:2737–2742. 

58.  Overweg K, Kerr A, Sluijter M, Jackson MH, Mitchell  TJ, de Jong AP, de GR, Hermans PW. 
2000. The putative proteinase maturation protein A of Streptococcus pneumoniae is a conserved surface 
protein with potential to elicit protective immune responses. Infect Immun 68:4180–4188. 

59.  Dintilhac A, Alloing G, Granadel C, Claverys JP. 1997. Competence and virulence of Streptococcus 
pneumoniae: Adc and PsaA mutants exhibit a requirement for Zn and Mn resulting from inactivation of 
putative ABC metal permeases. Mol Microbiol 25:727–739. 

60.  Briles DE, Ades E, Paton JC, Sampson JS, Carlone GM, Huebner RC, Virolainen A, Swiatlo E, 
Hollingshead SK. 2000. Intranasal immunization of mice with a mixture of the pneumococcal proteins 
PsaA and PspA is highly protective against nasopharyngeal carriage of Streptococcus pneumoniae. Infect 
Immun 68:796–800. 

61.  Romero-Steiner S, Pilishvili T, Sampson JS, Johnson SE, Stinson A, Carlone GM, Ades EW. 2003. 
Inhibition of pneumococcal adherence to human nasopharyngeal epithelial cells by anti-PsaA antibodies. 
Clin Diagn Lab Immunol 10:246–251. 

62.  Berry AM, Paton JC. 1996. Sequence heterogeneity of PsaA, a 37-kilodalton putative adhesin essential 
for virulence of Streptococcus pneumoniae. Infect Immun 64:5255–5262. 

63.  Sampson JS, O’Connor SP, Stinson AR, Tharpe JA, Russell H. 1994. Cloning and nucleotide 
sequence analysis of psaA, the Streptococcus pneumoniae gene encoding a 37-kilodalton protein 
homologous to previously reported Streptococcus sp. adhesins. Infect Immun 62:319–324. 

64.  Johnston JW, Myers LE, Ochs MM, Benjamin WH Jr, Briles DE, Hollingshead SK. 2004. 
Lipoprotein PsaA in virulence of Streptococcus pneumoniae: surface accessibility and role in protection 
from superoxide. Infect Immun 72:5858–5867. 



References 
 

140 
 
 
 
 

65.  Tai SS. 2006. Streptococcus pneumoniae protein vaccine candidates: properties, activities and animal 
studies. Crit Rev Microbiol 32:139–153. 

66.  Yother J, White JM . 1994. Novel surface attachment mechanism of the Streptococcus pneumoniae 
protein PspA. J Bacteriol 176:2976–2985. 

67.  Carvalho SM, Kloosterman TG, Kuipers OP, Neves AR. 2011. CcpA ensures optimal metabolic 
fitness of Streptococcus pneumoniae. PloS One 6:e26707. 

68.  Kloosterman TG, Kuipers OP. 2011. Regulation of arginine acquisition and virulence gene expression 
in the human pathogen Streptococcus pneumoniae by transcription regulators ArgR1 and AhrC. J Biol 
Chem 286:44594–44605. 

69.  Jacobsen FE, Kazmierczak KM, Lisher JP, Winkler ME, Giedroc DP. 2011. Interplay between 
manganese and zinc homeostasis in the human pathogen Streptococcus pneumoniae. Metallomics 3:38–
41. 

70.  Hendriksen WT, Kloosterman TG, Bootsma HJ, Estevao S, de GR, Kuipers OP, Hermans PW. 
2008. Site-specific contributions of glutamine-dependent regulator GlnR and GlnR-regulated genes to 
virulence of Streptococcus pneumoniae. Infect Immun 76:1230–1238. 

71.  Neef J, Farshchi A V, Kim KS, Kuipers OP, Bijlsma JJ. 2011. Deletion of a cation transporter 
promotes lysis in Streptococcus pneumoniae. Infect Immun 79(6):2314–2323. 

72.  Kloosterman TG, Hendriksen WT, Bijlsma JJ, Bootsma HJ, van Hijum SA, Kok J, Hermans PW, 
Kuipers OP. 2006. Regulation of glutamine and glutamate metabolism by GlnR and GlnA in 
Streptococcus pneumoniae. J Biol Chem 281:25097–25109. 

73.  Kloosterman TG, Witwicki RM, van der Kooi-Pol MM, B ijlsma JJ, Kuipers OP. 2008. Opposite 
effects of Mn2+ and Zn2+ on PsaR-mediated expression of the virulence genes pcpA, prtA, and psaBCA 
of Streptococcus pneumoniae. J Bacteriol 190:5382–5393. 

74.  Ren Q, Chen K, Paulsen IT. 2007. TransportDB: a comprehensive database resource for cytoplasmic 
membrane transport systems and outer membrane channels. Nucleic Acids Res 35:D274–279. 

75.  Deutscher J, Francke C, Postma PW. 2006. How phosphotransferase system-related protein 
phosphorylation regulates carbohydrate metabolism in bacteria. Microbiol Mol Biol Rev MMBR 
70:939–1031. 

76.  Postma PW, Lengeler JW, Jacobson GR. 1993. Phosphoenolpyruvate:carbohydrate 
phosphotransferase systems of bacteria. Microbiol Rev 57:543–594. 

77.  Reizer J, Bachem S, Reizer A, Arnaud M, Saier MH Jr, Stulke J. 1999. Novel phosphotransferase 
system genes revealed by genome analysis - the complete complement of PTS proteins encoded within 
the genome of Bacillus subtilis. Microbiol Read Engl 145 ( Pt 12):3419–3429. 

78.  Sutrina SL, Reddy P, Saier MH, Reizer J. 1990. The glucose permease of Bacillus subtilis is a single 
polypeptide chain that functions to energize the sucrose permease. J Biol Chem 265:18581–18589. 

79.  Barabote RD, Saier MH Jr. 2005. Comparative genomic analyses of the bacterial phosphotransferase 
system. Microbiol Mol Biol Rev MMBR 69:608–634. 

80.  Robillard GT, Broos J. 1999. Structure/function studies on the bacterial carbohydrate transporters, 
enzymes II, of the phosphoenolpyruvate-dependent phosphotransferase system. Biochim Biophys Acta 
1422:73–104. 

81.  Bidossi A, Mulas L, Decorosi F, Colomba L, Ricci S, Pozzi G, Deutscher J, Viti C, Oggioni MR. 
2012. A functional genomics approach to establish the complement of carbohydrate transporters in 
Streptococcus pneumoniae. PLoSOne 7:e33320. 

82.  Holland IB, Blight MA . 1999. ABC-ATPases, adaptable energy generators fuelling transmembrane 
movement of a variety of molecules in organisms from bacteria to humans. J Mol Biol 293:381–399. 

83.  Pedersen PL. 2005. Transport ATPases: structure, motors, mechanism and medicine: a brief overview. J 
Bioenerg Biomembr 37:349–357. 

84.  Biemans-Oldehinkel E, Doeven MK, Poolman B. 2006. ABC transporter architecture and regulatory 
roles of accessory domains. FEBS Lett 580:1023–1035. 

85.  Dassa E, Bouige P. 2001. The ABC of ABCS: a phylogenetic and functional classification of ABC 
systems in living organisms. Res Microbiol 152:211–229. 

86.  Davidson AL, Dassa E, Orelle C, Chen J. 2008. Structure, function, and evolution of bacterial ATP-
binding cassette systems. Microbiol Mol Biol Rev MMBR 72:317–364, table of contents. 

87.  Saurin W, Hofnung M, Dassa E. 1999. Getting in or out: early segregation between importers and 
exporters in the evolution of ATP-binding cassette (ABC) transporters. J Mol Evol 48:22–41. 

88.  Hoskins J, Alborn WE Jr, Arnold J, Blaszczak LC, Burgett S, DeHoff BS, Estrem ST, Fritz L, Fu 
DJ, Fuller W, Geringer C, Gilmour R, Glass JS, Khoja H, Kraft AR, Lagace RE, LeBlanc DJ, Lee 
LN, Lefkowitz EJ, Lu J, Matsushima P, McAhren SM, McHenney M, McLeaster K, Mundy CW, 



References 
 

141 
 
 
 
 

Nicas TI, Norris FH, O’Gara M, Peery RB, Robertson GT, Rockey P, Sun PM, Winkler ME, Yang 
Y, Young-Bellido M, Zhao G, Zook CA, Baltz RH, Jaskunas SR, Rosteck PR Jr, Skatrud PL, Glass 
JI . 2001. Genome of the bacterium Streptococcus pneumoniae strain R6. J Bacteriol 183:5709–5717. 

89.  Bergmann S, Hammerschmidt S. 2006. Versatility of pneumococcal surface proteins. Microbiol Read 
Engl 152:295–303. 

90.  Harland DN, Garmory HS, Brown KA, Titball RW . 2005. An association between ATP binding 
cassette systems, genome sizes and lifestyles of bacteria. Res Microbiol 156:434–442. 

91.  Leighton MP, Kelly DJ, Williamson MP, Shaw JG. 2001. An NMR and enzyme study of the carbon 
metabolism of Neisseria meningitidis. Microbiol Read Engl 147:1473–1482. 

92.  Macfadyen LP, Dorocicz IR, Reizer J, Saier MH, Redfield RJ. 1996. Regulation of competence 
development and sugar utilization in Haemophilus influenzae Rd by a phosphoenolpyruvate:fructose 
phosphotransferase system. Mol Microbiol 21:941–952. 

93.  De Vries SPW, van Hijum SAFT, Schueler W, Riesbeck K, Hays JP, Hermans PWM, Bootsma HJ. 
2010. Genome analysis of Moraxella catarrhalis strain BBH18, [corrected] a human respiratory tract 
pathogen. J Bacteriol 192:3574–3583. 

94.  Rohmer L, Hocquet D, Miller SI. 2011. Are pathogenic bacteria just looking for food? Metabolism and 
microbial pathogenesis. Trends Microbiol 19:341–348. 

95.  Iyer R, Baliga NS, Camilli A. 2005. Catabolite control protein A (CcpA) contributes to virulence and 
regulation of sugar metabolism in Streptococcus pneumoniae. J Bacteriol 187:8340–8349. 

96.  Gough H, Luke GA, Beeley JA, Geddes DA. 1996. Human salivary glucose analysis by high-
performance ion-exchange chromatography and pulsed amperometric detection. Arch Oral Biol 41:141–
145. 

97.  Philips BJ, Meguer JX, Redman J, Baker EH. 2003. Factors determining the appearance of glucose in 
upper and lower respiratory tract secretions. Intensive Care Med 29:2204–2210. 

98.  De Prost N, Saumon G. 2007. Glucose transport in the lung and its role in liquid movement. Respir 
Physiol Neurobiol 159:331–337. 

99.  Shelburne SA, Davenport MT, Keith DB, Musser JM. 2008. The role of complex carbohydrate 
catabolism in the pathogenesis of invasive streptococci. Trends Microbiol 16:318–325. 

100.  Iyer R, Camilli A . 2007. Sucrose metabolism contributes to in vivo fitness of Streptococcus 
pneumoniae. Mol Microbiol 66:1–13. 

101.  Shafeeq S, Kloosterman TG, Kuipers OP. 2011. CelR-mediated activation of the cellobiose-utilization 
gene cluster in Streptococcus pneumoniae. Microbiol Read Engl 157:2854–2861. 

102.  Shafeeq S, Kuipers OP, Kloosterman TG. 2013. Cellobiose-mediated gene expression in 
Streptococcus pneumoniae: a repressor function of the novel GntR-type regulator BguR. PloS One 
8:e57586. 

103.  Shafeeq S, Kloosterman TG, Rajendran V, Kuipers OP. 2012. Characterization of the ROK-family 
transcriptional regulator RokA of Streptococcus pneumoniae D39. Microbiol Read Engl 158:2917–2926. 

104.  Hava DL, Camilli A . 2002. Large-scale identification of serotype 4 Streptococcus pneumoniae virulence 
factors. Mol Microbiol 45:1389–1406. 

105.  Yesilkaya H, Manco S, Kadioglu A, Terra VS, Andrew PW. 2008. The ability to utilize mucin affects 
the regulation of virulence gene expression in Streptococcus pneumoniae. FEMS Microbiol Lett 
278:231–235. 

106.  Afzal M, Shafeeq S, Kuipers OP. 2014. LacR is a repressor of lacABCD and LacT is an activator of 
lacTFEG, constituting the lac gene cluster in Streptococcus pneumoniae. Appl Environ Microbiol 
80:5349–5358. 

107.  Higashiyama T. 2002. Novel functions and applications of trehalose. Pure Appl Chem 74. 
108.  Gualdi L, Hayre JK, Gerlini A, Bidossi A, Colomba L, Trappetti C, Pozzi G, Docquier J-D, 

Andrew P, Ricci S, Oggioni MR. 2012. Regulation of neuraminidase expression in Streptococcus 
pneumoniae. BMC Microbiol 12:200. 

109.  Gorke B, Stulke J. 2008. Carbon catabolite repression in bacteria: many ways to make the most out of 
nutrients. NatRevMicrobiol 6:613–624. 

110.  Van den Bogaard PT, Kleerebezem M, Kuipers OP, de Vos WM. 2000. Control of lactose transport, 
beta-galactosidase activity, and glycolysis by CcpA in Streptococcus thermophilus: evidence for carbon 
catabolite repression by a non-phosphoenolpyruvate-dependent phosphotransferase system sugar. J 
Bacteriol 182:5982–5989. 

111.  Collier DN, Hager PW, Phibbs PV. 1996. Catabolite repression control in the Pseudomonads. Res 
Microbiol 147:551–561. 



References 
 

142 
 
 
 
 

112.  Parche S, Beleut M, Rezzonico E, Jacobs D, Arigoni F, Titgemeyer F, Jankovic I. 2006. Lactose-
over-glucose preference in Bifidobacterium longum NCC2705: glcP, encoding a glucose transporter, is 
subject to lactose repression. J Bacteriol 188:1260–1265. 

113.  Singh KD, Schmalisch MH, Stulke J, Gorke B. 2008. Carbon catabolite repression in Bacillus subtilis: 
quantitative analysis of repression exerted by different carbon sources. J Bacteriol 190:7275–7284. 

114.  Lulko AT, Buist G, Kok J, Kuipers OP . 2007. Transcriptome analysis of temporal regulation of carbon 
metabolism by CcpA in Bacillus subtilis reveals additional target genes. J Mol Microbiol Biotechnol 
12:82–95. 

115.  Zomer AL, Buist G, Larsen R, Kok J, Kuipers OP. 2007. Time-resolved determination of the CcpA 
regulon of Lactococcus lactis subsp. cremoris MG1363. J Bacteriol 189:1366–1381. 

116.  Stulke J, Hillen W. 1998. Coupling physiology and gene regulation in bacteria: the phosphotransferase 
sugar uptake system delivers the signals. Naturwissenschaften 85:583–592. 

117.  Titgemeyer F, Hillen W. 2002. Global control of sugar metabolism: a gram-positive solution. Antonie 
Van Leeuwenhoek 82:59–71. 

118.  Deutscher J. 2008. The mechanisms of carbon catabolite repression in bacteria. Curr Opin Microbiol 
11:87–93. 

119.  Ajdic D, Sutcliffe IC, Russell RR, Ferretti JJ. 1996. Organization and nucleotide sequence of the 
Streptococcus mutans galactose operon. Gene 180:137–144. 

120.  Zeng L, Martino NC, Burne RA. 2012. Two gene clusters coordinate galactose and lactose metabolism 
in Streptococcus gordonii. Appl Environ Microbiol 78(16):5597–5605. 

121.  De Vos WM, Vaughan EE. 1994. Genetics of lactose utilization in lactic acid bacteria. FEMS Microbiol 
Rev 15:217–237. 

122.  De Vos WM, Vaughan EE. 1994. Genetics of lactose utilization in lactic acid bacteria. FEMS Microbiol 
Rev 15:217–237. 

123.  Abranches J, Chen YY, Burne RA. 2004. Galactose metabolism by Streptococcus mutans. Appl 
Environ Microbiol 70:6047–6052. 

124.  Russell RR, Aduse-Opoku J, Sutcliffe IC, Tao L, Ferretti JJ . 1992. A binding protein-dependent 
transport system in Streptococcus mutans responsible for multiple sugar metabolism. J Biol Chem 
267:4631–4637. 

125.  Van den Bogaard PTC, Hols P, Kuipers OP, Kleerebezem M, de Vos WM. 2004. Sugar utilisation 
and conservation of the gal-lac gene cluster in Streptococcus thermophilus. Syst Appl Microbiol 27:10–
17. 

126.  Hollis DG, Wiggins GL, Weaver RE. 1969. Neisseria lactamicus sp. n., a lactose-fermenting species 
resembling Neisseria meningitidis. Appl Microbiol 17:71–77. 

127.  Declerck N, Vincent F, Hoh F, Aymerich S, van Tilbeurgh H . 1999. RNA recognition by 
transcriptional antiterminators of the BglG/SacY family: functional and structural comparison of the 
CAT domain from SacY and LicT. J Mol Biol 294:389–402. 

128.  Langbein I, Bachem S, Stulke J. 1999. Specific interaction of the RNA-binding domain of the bacillus 
subtilis transcriptional antiterminator GlcT with its RNA target, RAT. J Mol Biol 293:795–805. 

129.  Hall BG, Xu L . 1992. Nucleotide sequence, function, activation, and evolution of the cryptic asc operon 
of Escherichia coli K12. Mol Biol Evol 9:688–706. 

130.  El Hassouni M, Chippaux M, Barras F. 1990. Analysis of the Erwinia chrysanthemi arb genes, which 
mediate metabolism of aromatic beta-glucosides. J Bacteriol 172:6261–6267. 

131.  Bardowski J, Ehrlich SD, Chopin A. 1994. BglR protein, which belongs to the BglG family of 
transcriptional antiterminators, is involved in beta-glucoside utilization in Lactococcus lactis. J Bacteriol 
176:5681–5685. 

132.  Marasco R, Salatiello I, De Felice M, Sacco M. 2000. A physical and functional analysis of the newly-
identified bglGPT operon of Lactobacillus plantarum. FEMS Microbiol Lett 186:269–273. 

133.  Tobisch S, Glaser P, Kruger S, Hecker M. 1997. Identification and characterization of a new beta-
glucoside utilization system in Bacillus subtilis. J Bacteriol 179:496–506. 

134.  Zeng L, Das S, Burne RA. 2010. Utilization of lactose and galactose by Streptococcus mutans: 
transport, toxicity, and carbon catabolite repression. J Bacteriol 192:2434–2444. 

135.  Fortina MG, Ricci G, Mora D, Guglielmetti S, Manachini PL . 2003. Unusual organization for lactose 
and galactose gene clusters in Lactobacillus helveticus. Appl Environ Microbiol 69:3238–3243. 

136.  Zeng X, Saxild HH, Switzer RL. 2000. Purification and characterization of the DeoR repressor of 
Bacillus subtilis. J Bacteriol 182:1916–1922. 

137.  Mortensen L, Dandanell G, Hammer K. 1989. Purification and characterization of the deoR repressor 
of Escherichia coli. EMBO J 8:325–331. 



References 
 

143 
 
 
 
 

138.  Barbier CS, Short SA. 1985. Studies on deo operon regulation in Escherichia coli: cloning and 
expression of the cytR structural gene. Gene 36:37–44. 

139.  Campos E, Baldoma L, Aguilar J, Badia J. 2004. Regulation of expression of the divergent ulaG and 
ulaABCDEF operons involved in LaAscorbate dissimilation in Escherichia coli. J Bacteriol 186:1720–
1728. 

140.  Lu Z, Lin EC . 1989. The nucleotide sequence of Escherichia coli genes for L-fucose dissimilation. 
Nucleic Acids Res 17:4883–4884. 

141.  Valentin-Hansen P, Hojrup P, Short S. 1985. The primary structure of the DeoR repressor from 
Escherichia coli K-12. Nucleic Acids Res 13:5927–5936. 

142.  Barriere C, Veiga-da-Cunha M, Pons N, Guedon E, van Hijum SA, Kok J, Kuipers OP, Ehrlich 
DS, Renault P. 2005. Fructose utilization in Lactococcus lactis as a model for low-GC gram-positive 
bacteria: its regulator, signal, and DNA-binding site. J Bacteriol 187:3752–3761. 

143.  Beck von Bodman S, Hayman GT, Farrand SK. 1992. Opine catabolism and conjugal transfer of the 
nopaline Ti plasmid pTiC58 are coordinately regulated by a single repressor. Proc Natl Acad Sci U S A 
89:643–647. 

144.  Hooper LV, Xu J, Falk PG, Midtvedt T, Gordon JI . 1999. A molecular sensor that allows a gut 
commensal to control its nutrient foundation in a competitive ecosystem. Proc Natl Acad Sci U S A 
96:9833–9838. 

145.  Ray WK, Larson TJ. 2004. Application of AgaR repressor and dominant repressor variants for 
verification of a gene cluster involved in N-acetylgalactosamine metabolism in Escherichia coli K-12. 
Mol Microbiol 51:813–826. 

146.  Kloosterman TG, Bijlsma JJE, Kok J, Kuipers OP. 2006. To have neighbour’s fare: extending the 
molecular toolbox for Streptococcus pneumoniae. Microbiol Read Engl 152:351–359. 

147.  Lanie JA, Ng WL, Kazmierczak KM, Andrzejewski TM, D avidsen TM, Wayne KJ, Tettelin H, 
Glass JI, Winkler ME . 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. 

148.  Leenhouts K, Buist G, Bolhuis A, ten Berge A, Kiel J, Mierau I, Dabrowska M, Venema G, Kok J. 
1996. A general system for generating unlabelled gene replacements in bacterial chromosomes. Mol Gen 
Genet MGG 253:217–224. 

149.  Halfmann A, Hakenbeck R, Bruckner R. 2007. A new integrative reporter plasmid for Streptococcus 
pneumoniae. FEMS Microbiol Lett 268:217–224. 

150.  Israelsen H, Madsen SM, Vrang A, Hansen EB, Johansen E. 1995. Cloning and partial 
characterization of regulated promoters from Lactococcus lactis Tn917-lacZ integrants with the new 
promoter probe vector, pAK80. Appl Environ Microbiol 61:2540–2547. 

151.  Shafeeq S, Yesilkaya H, Kloosterman TG, Narayanan G, Wandel M, Andrew PW, Kuipers OP, 
Morrissey JA. 2011. The cop operon is required for copper homeostasis and contributes to virulence in 
Streptococcus pneumoniae. Mol Microbiol 81:1255–1270. 

152.  Rosey EL, Stewart GC. 1992. Nucleotide and deduced amino acid sequences of the lacR, lacABCD, 
and lacFE genes encoding the repressor, tagatose 6-phosphate gene cluster, and sugar-specific 
phosphotransferase system components of the lactose operon of Streptococcus mutans. J Bacteriol 
174:6159–6170. 

153.  Jagusztyn-Krynicka EK, Hansen JB, Crow VL, Thomas TD, Honeyman AL, Curtiss R 3rd. 1992. 
Streptococcus mutans serotype c tagatose 6-phosphate pathway gene cluster. J Bacteriol 174:6152–6158. 

154.  Terra VS, Homer KA, Rao SG, Andrew PW, Yesilkaya H. 2010. Characterization of novel beta-
galactosidase activity that contributes to glycoprotein degradation and virulence in Streptococcus 
pneumoniae. Infect Immun 78:348–357. 

155.  Geertsma ER, Duurkens RH, Poolman B. 2005. The activity of the lactose transporter from 
Streptococcus thermophilus is increased by phosphorylated IIA and the action of beta-galactosidase. 
Biochemistry (Mosc) 44:15889–15897. 

156.  Giammarinaro P, Paton JC. 2002. Role of RegM, a homologue of the catabolite repressor protein 
CcpA, in the virulence of Streptococcus pneumoniae. Infect Immun 70:5454–5461. 

157.  Lengeler JW, Jahreis K. 2009. Bacterial PEP-dependent carbohydrate: phosphotransferase systems 
couple sensing and global control mechanisms. Contrib Microbiol 16:65–87. 

158.  Van Rooijen RJ, de Vos WM. 1990. Molecular cloning, transcriptional analysis, and nucleotide 
sequence of lacR, a gene encoding the repressor of the lactose phosphotransferase system of Lactococcus 
lactis. J Biol Chem 265:18499–18503. 



References 
 

144 
 
 
 
 

159.  Oskouian B, Stewart GC. 1990. Repression and catabolite repression of the lactose operon of 
Staphylococcus aureus. J Bacteriol 172:3804–3812. 

160.  Loo CY, Mitrakul K, Voss IB, Hughes CV, Ganeshkumar N. 2003. Involvement of an inducible 
fructose phosphotransferase operon in Streptococcus gordonii biofilm formation. J Bacteriol 185:6241–
6254. 

161.  Yebra MJ, Veyrat A, Santos MA, Perez-Martinez G. 2000. Genetics of L-sorbose transport and 
metabolism in Lactobacillus casei. J Bacteriol 182:155–163. 

162.  Yamada M, Saier MH Jr. 1988. Positive and negative regulators for glucitol (gut) operon expression in 
Escherichia coli. J Mol Biol 203:569–583. 

163.  van TH, Declerck N. 2001. Structural insights into the regulation of bacterial signalling proteins 
containing PRDs. Curr Opin Struct Biol 11:685–693. 

164.  Fujita Y . 2009. Carbon catabolite control of the metabolic network in Bacillus subtilis. Biosci 
Biotechnol Biochem 73:245–259. 

165.  Novichkov PS, Laikova ON, Novichkova ES, Gelfand MS, Arkin AP, Dubchak I, Rodionov DA. 
2010. RegPrecise: a database of curated genomic inferences of transcriptional regulatory interactions in 
prokaryotes. Nucleic Acids Res 38:D111–8. 

166.  Campos E, Montella C, Garces F, Baldoma L, Aguilar J, Badia J. 2007. Aerobic L-ascorbate 
metabolism and associated oxidative stress in Escherichia coli. Microbiol Read Engl 153:3399–3408. 

167.  Ibañez E, Campos E, Baldoma L, Aguilar J, Badia J. 2000. Regulation of expression of the 
yiaKLMNOPQRS operon for carbohydrate utilization in Escherichia coli: involvement of the main 
transcriptional factors. J Bacteriol 182:4617–4624. 

168.  Mehmeti I, Solheim M, Nes IF, Holo H. 2013. Enterococcus faecalis grows on ascorbic acid. Appl 
Environ Microbiol 79:4756–4758. 

169.  Yew WS, Gerlt JA. 2002. Utilization of L-ascorbate by Escherichia coli K-12: assignments of functions 
to products of the yjf-sga and yia-sgb operons. J Bacteriol 184:302–306. 

170.  Campos E, Aguilar J, Baldoma L, Badia J. 2002. The gene yjfQ encodes the repressor of the yjfR-X 
regulon (ula), which is involved in L-ascorbate metabolism in Escherichia coli. J Bacteriol 184:6065–
6068. 

171.  Zhang Z, Aboulwafa M, Smith MH, Saier MH Jr . 2003. The ascorbate transporter of Escherichia coli. 
J Bacteriol 185:2243–2250. 

172.  Terzaghi BE, Sandine W.E. 1975. Improved medium for lactic streptococci and their bacteriophages. 
Appl Environ Microbiol 29:807–813. 

173.  Leenhouts K, Venema G, Kok J. 1998. A lactococcal pWV01 based integration toolbox for bacteria. 
Methods Cell Sci 20:35–50. 

174.  Shafeeq S, Kloosterman TG, Kuipers OP. 2011. Transcriptional response of Streptococcus 
pneumoniae to Zn(2+) limitation and the repressor/activator function of AdcR. Metallomics 3:609–618. 

175.  Heravi KM, Wenzel M, Altenbuchner J. 2011. Regulation of mtl operon promoter of Bacillus subtilis: 
requirements of its use in expression vectors. Microb Cell Factories 10:83. 

176.  Joyet P, Derkaoui M, Poncet S, Deutscher J. 2010. Control of Bacillus subtilis mtl operon expression 
by complex phosphorylation-dependent regulation of the transcriptional activator MtlR. Mol Microbiol 
76:1279–1294. 

177.  Zeng L, Burne RA. 2009. Transcriptional regulation of the cellobiose operon of Streptococcus mutans. J 
Bacteriol 191:2153–2162. 

178.  Bailey TL, Elkan C. 1994. Fitting a mixture model by expectation maximization to discover motifs in 
biopolymers. Proc Int Conf Intell Syst Mol Biol ISMB Int Conf Intell Syst Mol Biol 2:28–36. 

179.  Nieto C, Espinosa M, Puyet A. 1997. The maltose/maltodextrin regulon of Streptococcus pneumoniae. 
Differential promoter regulation by the transcriptional repressor MalR. J Biol Chem 272:30860–30865. 

180.  Rosenow C, Maniar M, Trias J. 1999. Regulation of the alpha-galactosidase activity in Streptococcus 
pneumoniae: characterization of the raffinose utilization system. Genome Res 9:1189–1197. 

181.  Campos E, de la Riva L, Garces F, Giménez R, Aguilar J, Baldoma L, Badia J. 2008. The 
yiaKLX1X2PQRS and ulaABCDEFG gene systems are required for the aerobic utilization of L-
ascorbate in Klebsiella pneumoniae strain 13882 with L-ascorbate-6-phosphate as the inducer. J 
Bacteriol 190:6615–6624. 

182.  Tobisch S, Stulke J, Hecker M. 1999. Regulation of the lic operon of Bacillus subtilis and 
characterization of potential phosphorylation sites of the LicR regulator protein by site-directed 
mutagenesis. J Bacteriol 181:4995–5003. 

183.  Joyet P, Bouraoui H, Aké FMD, Derkaoui M, Zébré AC, Cao TN, Ventroux M, Nessler S, Noirot-
Gros M-F, Deutscher J, Milohanic E. 2013. Transcription regulators controlled by interaction with 



References 
 

145 
 
 
 
 

enzyme IIB components of the phosphoenolpyruvate: sugar phosphotransferase system. Biochim 
Biophys Acta 1834:1415–1424. 

184.  O’Brien KL, Wolfson LJ, Watt JP, Henkle E, Deloria-Knoll M, McCall N, Lee E, Mulholland K, 
Levine OS, Cherian T, Hib and Pneumococcal Global Burden of Disease Study Team. 2009. Burden 
of disease caused by Streptococcus pneumoniae in children younger than 5 years: global estimates. 
Lancet 374:893–902. 

185.  Buckwalter CM, King SJ. 2012. Pneumococcal carbohydrate transport: food for thought. Trends 
Microbiol. 

186.  Ispahani P, Slack RCB, Donald FE, Weston VC, Rutter N. 2004. Twenty year surveillance of 
invasive pneumococcal disease in Nottingham: serogroups responsible and implications for 
immunisation. Arch Dis Child 89:757–762. 

187.  Burnaugh AM, Frantz LJ, King SJ . 2008. Growth of Streptococcus pneumoniae on human 
glycoconjugates is dependent upon the sequential activity of bacterial exoglycosidases. J Bacteriol 
190:221–230. 

188.  King SJ, Hippe KR, Weiser JN. 2006. Deglycosylation of human glycoconjugates by the sequential 
activities of exoglycosidases expressed by Streptococcus pneumoniae. Mol Microbiol 59:961–974. 

189.  Marion C, Aten AE, Woodiga SA, King SJ. 2011. Identification of an ATPase, MsmK, which 
energizes multiple carbohydrate ABC transporters in Streptococcus pneumoniae. Infect Immun 79:4193–
4200. 

190.  Cochu A, Vadeboncoeur C, Moineau S, Frenette M. 2003. Genetic and biochemical characterization 
of the phosphoenolpyruvate:glucose/mannose phosphotransferase system of Streptococcus thermophilus. 
Appl Environ Microbiol 69:5423–5432. 

191.  Afzal M, Shafeeq S, Henriques-Normark B, Kuipers OP. 2015. UlaR activates expression of the ula 
operon in Streptococcus pneumoniae in the presence of ascorbic acid. Microbiol Read Engl 161:41–49. 

192.  Van Hijum SAFT, de Jong A, Baerends RJS, Karsens HA, Kramer NE, Larsen R, den Hengst CD, 
Albers CJ, Kok J, Kuipers OP. 2005. A generally applicable validation scheme for the assessment of 
factors involved in reproducibility and quality of DNA-microarray data. BMC Genomics Comput File 
6:77. 

193.  Loewen PC, Richter HE. 1983. Inhibition of sugar uptake by ascorbic acid in Escherichia coli. Arch 
Biochem Biophys 226:657–665. 

194.  Baerends RJS, Smits WK, de Jong A, Hamoen LW, Kok J, Kuipers OP. 2004. Genome2D: a 
visualization tool for the rapid analysis of bacterial transcriptome data. Genome Biol 5(5):R37. 

195.  Shafeeq S, Kuipers OP, Kloosterman TG. 2013. The role of zinc in the interplay between pathogenic 
streptococci and their hosts. Mol Microbiol 88:1047–1057. 

196.  Hediger MA. 2002. New view at C. Nat Med 8:445–446. 
197.  Oreopoulos DG, Lindeman RD, VanderJagt DJ, Tzamaloukas AH, Bhagavan HN, Garry PJ. 1993. 

Renal excretion of ascorbic acid: effect of age and sex. J Am Coll Nutr 12:537–542. 
198.  Plantinga TH, Van Der Does C, Badia J, Aguilar J, Konings WN, Driessen AJM. 2004. Functional 

characterization of the Escherichia coli K-12 yiaMNO transport protein genes. Mol Membr Biol 21:51–
57. 

199.  Thomas GH, Southworth T, León-Kempis MR, Leech A, Kelly DJ. 2006. Novel ligands for the 
extracellular solute receptors of two bacterial TRAP transporters. Microbiol Read Engl 152:187–198. 

200.  Reyes-Caballero H, Guerra AJ, Jacobsen FE, Kazmierczak KM, Cowart D, Koppolu UMK, Scott 
RA, Winkler ME, Giedroc DP . 2010. The metalloregulatory zinc site in Streptococcus pneumoniae 
AdcR, a zinc-activated MarR family repressor. J Mol Biol 403:197–216. 

201.  Lynch SR, Cook JD. 1980. Interaction of vitamin C and iron. Ann N Y Acad Sci 355:32–44. 
202.  Simon JA, Hudes ES. 1999. Relationship of ascorbic acid to blood lead levels. JAMA 281:2289–2293. 
203.  Rothe FM, Bahr T, Stülke J, Rak B, Görke B. 2012. Activation of Escherichia coli antiterminator 

BglG requires its phosphorylation. Proc Natl Acad Sci U S A 109:15906–15911. 
204.  Gray BM, Turner ME, Dillon HC Jr . 1982. Epidemiologic studies of Streptococcus pneumoniae in 

infants. The effects of season and age on pneumococcal acquisition and carriage in the first 24 months of 
life. Am J Epidemiol 116:692–703. 

205.  Phillips NJ, John CM, Reinders LG, Gibson BW, Apicella MA, Griffiss JM . 1990. Structural models 
for the cell surface lipooligosaccharides of Neisseria gonorrhoeae and Haemophilus influenzae. Biomed 
Environ Mass Spectrom 19:731–745. 

206.  Linke CM, Woodiga SA, Meyers DJ, Buckwalter CM, Salhi HE, King SJ. 2013. The ABC 
transporter encoded at the pneumococcal fructooligosaccharide utilization locus determines the ability to 
utilize long- and short-chain fructooligosaccharides. J Bacteriol 195:1031–1041. 



References 
 

146 
 
 
 
 

207.  Traving C, Schauer R. 1998. Structure, function and metabolism of sialic acids. Cell Mol Life Sci 
CMLS 54:1330–1349. 

208.  Dalia AB, Standish AJ, Weiser JN. 2010. Three surface exoglycosidases from Streptococcus 
pneumoniae, NanA, BgaA, and StrH, promote resistance to opsonophagocytic killing by human 
neutrophils. Infect Immun 78:2108–2116. 

209.  Marion C, Burnaugh AM, Woodiga SA, King SJ. 2011. Sialic acid transport contributes to 
pneumococcal colonization. Infect Immun 79:1262–1269. 

210.  Shakhnovich EA, King SJ, Weiser JN. 2002. Neuraminidase expressed by Streptococcus pneumoniae 
desialylates the lipopolysaccharide of Neisseria meningitidis and Haemophilus influenzae: a paradigm 
for interbacterial competition among pathogens of the human respiratory tract. Infect Immun 70:7161–
7164. 

211.  Parker D, Soong G, Planet P, Brower J, Ratner AJ, Prince A. 2009. The NanA neuraminidase of 
Streptococcus pneumoniae is involved in biofilm formation. Infect Immun 77:3722–3730. 

212.  Manco S, Hernon F, Yesilkaya H, Paton JC, Andrew PW, Kadioglu A. 2006. Pneumococcal 
neuraminidases A and B both have essential roles during infection of the respiratory tract and sepsis. 
Infect Immun 74:4014–4020. 

213.  Paton JC, Andrew PW, Boulnois GJ, Mitchell TJ. 1993. Molecular analysis of the pathogenicity of 
Streptococcus pneumoniae: the role of pneumococcal proteins. Annu Rev Microbiol 47:89–115. 

214.  Halfmann A, Hakenbeck R, Bruckner R. 2007. A new integrative reporter plasmid for Streptococcus 
pneumoniae. FEMS Microbiol Lett 268:217–224. 

215.  Leenhouts K, Venema G, Kok J. 1998. A lactococcal pWV01 based integration toolbox for bacteria. 
Methods Cell Sci 20:35–50. 

216.  Lanie JA, Ng WL, Kazmierczak KM, Andrzejewski TM, D avidsen TM, Wayne KJ, Tettelin H, 
Glass JI, Winkler ME . 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. 

217.  Van Hijum SAFT, Garcia de la Nava J, Trelles O, Kok J, Kuipers OP. 2003. MicroPreP: a cDNA 
microarray data pre-processing framework. ApplBioinformatics 2:241–244. 

218.  Afzal M, Shafeeq S, Henriques-Normark B, Kuipers OP. 2015. UlaR activates expression of the ula 
operon in Streptococcus pneumoniae in the presence of ascorbic acid. Microbiol Read Engl 161:41–49. 

219.  Vimr ER, Kalivoda KA, Deszo EL, Steenbergen SM. 2004. Diversity of microbial sialic acid 
metabolism. Microbiol Mol Biol Rev MMBR 68:132–153. 

220.  Xu G, Li X, Andrew PW, Taylor GL . 2008. Structure of the catalytic domain of Streptococcus 
pneumoniae sialidase NanA. Acta Crystallograph Sect F Struct Biol Cryst Commun 64:772–775. 

221.  Bateman A. 1999. The SIS domain: a phosphosugar-binding domain. Trends Biochem Sci 24:94–95. 
222.  Guzmán K, Campos E, Aguilera L, Toloza L, Giménez R, Aguilar J, Baldoma L, Badia J. 2013. 

Characterization of the gene cluster involved in allantoate catabolism and its transcriptional regulation by 
the RpiR-type repressor HpxU in Klebsiella pneumoniae. Int Microbiol Off J Span Soc Microbiol 
16:165–176. 

223.  Jaeger T, Mayer C. 2008. The transcriptional factors MurR and catabolite activator protein regulate N-
acetylmuramic acid catabolism in Escherichia coli. J Bacteriol 190:6598–6608. 

224.  Kilic AO, Tao L, Zhang Y, Lei Y, Khammanivong A, Herzberg MC. 2004. Involvement of 
Streptococcus gordonii beta-glucoside metabolism systems in adhesion, biofilm formation, and in vivo 
gene expression. J Bacteriol 186:4246–4253. 

225.  Brown WH . 2005. Introduction to organic chemistry3rd ed. Wiley, Hoboken, NJ. 
226.  Nieto C, Puyet A, Espinosa M. 2001. MalR-mediated regulation of the Streptococcus pneumoniae 

malMP operon at promoter PM. Influence of a proximal divergent promoter region and competition 
between MalR and RNA polymerase proteins. J Biol Chem 276:14946–14954. 

227.  Puyet A, Ibanez AM, Espinosa M. 1993. Characterization of the Streptococcus pneumoniae 
maltosaccharide regulator MalR, a member of the LacI-GalR family of repressors displaying distinctive 
genetic features. J Biol Chem 268:25402–25408. 

228.  Lacks S. 1968. Genetic regulation of maltosaccharide utilization in Pneumococcus. Genetics 60:685–
706. 

229.  Weinrauch Y, Lacks SA. 1981. Nonsense mutations in the amylomaltase gene and other loci of 
Streptococcus pneumoniae. Mol Gen Genet MGG 183:7–12. 

230.  Choi K-H, Hwang S, Cha J. 2013. Identification and characterization of MalA in the 
maltose/maltodextrin operon of Sulfolobus acidocaldarius DSM639. J Bacteriol 195:1789–1799. 



References 
 

147 
 
 
 
 

231.  Saburi W, Mori H, Saito S, Okuyama M, Kimura A. 2006. Structural elements in dextran glucosidase 
responsible for high specificity to long chain substrate. Biochim Biophys Acta 1764:688–698. 

232.  Krause FS, Henrich A, Blombach B, Krämer R, Eikmanns BJ, Seibold GM. 2010. Increased glucose 
utilization in Corynebacterium glutamicum by use of maltose, and its application for the improvement of 
L-valine productivity. Appl Environ Microbiol 76:370–374. 

233.  Shelburne SA, Keith DB, Davenport MT, Beres SB, Carroll RK, Musser JM . 2009. Contribution of 
AmyA, an extracellular alpha-glucan degrading enzyme, to group A streptococcal host-pathogen 
interaction. Mol Microbiol 74:159–174. 

234.  Kanehisa M, Goto S, Sato Y, Kawashima M, Furumichi M, Tanabe M. 2014. Data, information, 
knowledge and principle: back to metabolism in KEGG. Nucleic Acids Res 42:D199–205. 

235.  Nguyen CC, Saier MH. 1995. Phylogenetic, structural and functional analyses of the LacI-GalR family 
of bacterial transcription factors. FEBS Lett 377:98–102. 

236.  Swint-Kruse L, Matthews KS. 2009. Allostery in the LacI/GalR family: variations on a theme. Curr 
Opin Microbiol 12:129–137. 

237.  Van Wezel GP, White J, Young P, Postma PW, Bibb MJ. 1997. Substrate induction and glucose 
repression of maltose utilization by Streptomyces coelicolor A3(2) is controlled by malR, a member of 
the lacl-galR family of regulatory genes. Mol Microbiol 23:537–549. 

238.  Kilic AO, Honeyman AL, Tao L . 2007. Overlapping substrate specificity for sucrose and maltose of 
two binding protein-dependent sugar uptake systems in Streptococcus mutans. FEMS Microbiol Lett 
266:218–223. 

239.  Sato Y, Okamoto-Shibayama K, Azuma T. 2013. The malQ gene is essential for starch metabolism in 
Streptococcus mutans. J Oral Microbiol 5:10.3402/jom.v5i0.21285. Print 2013. 

240.  Webb AJ, Homer KA, Hosie AHF. 2008. Two closely related ABC transporters in Streptococcus 
mutans are involved in disaccharide and/or oligosaccharide uptake. J Bacteriol 190:168–178. 

241.  Wagner M, Wagner A, Ma X, Kort JC, Ghosh A, Rauch B, Siebers B, Albers S-V. 2014. 
Investigation of the malE promoter and MalR, a positive regulator of the maltose regulon, for an 
improved expression system in Sulfolobus acidocaldarius. Appl Environ Microbiol 80:1072–1081. 

242.  Andersson U, Rådström P. 2002. Physiological function of the maltose operon regulator, MalR, in 
Lactococcus lactis. BMC Microbiol 2:28. 

243.  Puyet A, Espinosa M. 1993. Structure of the maltodextrin-uptake locus of Streptococcus pneumoniae. 
Correlation to the Escherichia coli maltose regulon. J Mol Biol 230:800–811. 

244.  Ajdi ć D, Ferretti JJ. 1998. Transcriptional regulation of the Streptococcus mutans gal operon by the 
GalR repressor. J Bacteriol 180:5727–5732. 

245.  Conejo MS, Thompson SM, Miller BG. 2010. Evolutionary bases of carbohydrate recognition and 
substrate discrimination in the ROK protein family. J Mol Evol 70:545–556. 

246.  Titgemeyer F, Reizer J, Reizer A, Saier MH Jr. 1994. Evolutionary relationships between sugar 
kinases and transcriptional repressors in bacteria. Microbiol Read Engl 140 ( Pt 9):2349–2354. 

247.  Afzal M, Shafeeq S, Kuipers OP. 2015. Ascorbic acid-dependent gene expression in Streptococcus 
pneumoniae and the activator function of the transcriptional regulator UlaR2. Front Microbiol 6:72. 

 
  



References 
 

148 
 
 
 
 

  




