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Chapter 6 

ABSTRACT 

Neisseria meningitidis is a Gram-negative bacterium that may cause meningitis, sepsis or 
both. The increase in the incidence of meningococcal disease in various countries in the past 
two decades is mainly due the genotypically related lineage III meningococci. The 
chromosomal DNA differences between lineage in strains and non-lineage III strains were 
identified using representational difference analysis. Thus, a 1.8 kb locus that is specific for 
lineage III meningococci was identified. The locus contains three open reading frames 
encoding the NmeSl restriction modification system. The methyltransferase gene was cloned 
and expressed in Escherichia coli. The specific modification site was found to be AGTACT. 
In conclusion, lineage III strains differ from endemic strains by the presence of a specific 
restriction modification system. This restriction modification system may contribute to the 
clonal and hypervirulent character of lineage III strains by influencing horizontal gene 
transfer and transcription. 
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INTRODUCTION 

Neisseria meningitidis is a Gram-negative bacterium that commonly resides in the human 

nasopharynx. Occasionally, this bacterium causes serious disease, mainly meningitis and 

sepsis. Since 1980, an increase in the incidence of meningococcal disease has taken place in 

The Netherlands. Previous studies showed that this increase is due to genotypically related 

isolates, designated as lineage III strains (6). Strains of this cluster have also been isolated in 

many other Western European countries and in Chile and more recently in New Zealand (13). 

Lineage III strains isolated from patients in various countries over the past 20 years can be 

recognized as such by both multilocus enzyme electrophoresis (6) and multilocus sequence 

typing (10). This suggests that the diversifying effect of horizontal gene transfer affecting 

meningococcal population biology (21) in these lineage III strains is relatively low. The 

increased incidence of meningococcal disease by a specific clone may imply that such a clone 

possesses certain virulence properties that are not present in other isolates (7). 

To address the observed differences between lineage III meningococci and other 

meningococci, we previously used Representational Difference Analysis (9) to compare the 

chromosomal DNA content of lineage III strains with that of two strains that only caused 

endemic disease. By this method, DNA sequences that are present in one DNA pool (i.e. the 

lineage III chromosomal DNA), but absent in another DNA pool (i.e. the chromosomal DNA 

of the endemic strains) are selectively amplified. Recently, we identified three DNA 

sequences that are specific for lineage III (4). Database similarities of the fragments 

suggested that they formed part of a restriction-modification (RM) locus. 

Here we report the identification of the lineage III specific NmeSl restriction modification 

system, and show that this is an isoschizomer of the Seal restriction modification system. 

Sequence analysis indicates that the MneSI restriction modification system and the Seal 

restriction modification system may have evolved separately. 

MATERIALS AND METHODS 

Bacterial strains, plasmids, growth conditions and reagents. 

N. meningitidis strains 800615, 882066, 3532 and 830248 were isolated from patients with 

meningococcal disease and collected by the Netherlands Reference Laboratory for Bacterial 

Meningitis (AMC, Amsterdam, the Netherlands and the RIVM, Bilthoven, the Netherlands). 

These strains have been previously described (4). The strains 800615 and 882066 belong to 

the hypervirulent lineage III clone. The strains 3532 and 830248 belong to lineage IV, most 

closely related to lineage III (6), containing isolates in the period 1958 to 1986 causing 

endemic disease (20). Meningococci were grown on heated blood (chocolate) agar plates at 37 

°C in a humidified atmosphere of 5% CO,. 
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Competent E. coli Topi OF' cells and cloning vector pCR2.1 were obtained from Invitrogen 
(Groningen, the Netherlands). Plasmid carrying E. coli strains were routinely grown in Luria-
Bartani medium with 100 u.g/ml ampicillin, supplemented with X-gal and IPTG if necessary 
for screening purposes, according to the manufacturer's protocol. Expression vector pSE380 
was obtained from Invitrogen. Expression was induced by adding IPTG according to the 
manufacturer's protocol. Oligonucleotides used in this study were synthesized by Perkin-
Elmer Nederland B.V., Gouda, the Netherlands. The primers used are given in Table 1. 

DNA techniques 
Chromosomal DNA was isolated according to Akopyanz et al. ( 1 ) or using the Puregene kit 
(Gentra Systems, Minneapolis, MN). Plasmid DNA isolations were performed using the 
QIAGEN kit (Qiagen GmbH, Hilden, Germany) or the Wizard kit (Promega Corp, Madison, 
WI). The concentration of DNA was assessed by measuring the optical density at 260 nm 
using an Ultraspec 2000 spectrophotometer (Pharmacia, Woerden, the Netherlands). 
Restriction enzymes and digestion buffers were obtained from Boehringer Mannheim GmbH 
(Almere, the Netherlands) and used according to the manufacturer's instructions. 

Sequence analysis of parts of the NmeSl locus. 
The procedure for inverse PCR (IPCR) was performed as previously described (16, 24). 
IPCR template was prepared by (selfiligation of digested chromosomal DNA from strain 
800615. IPCR with primers ABM3 and ABM4 yielded a single 1.2 kb amplicon for Pstl 

digested and selfligated chromosomal DNA. Cloning of this amplicon in the pCR2.1 vector 
yielded the recombinant plasmid pMPOl. Digestion of pMPOl with Sspl and ZscoRV yielded 
two fragments. A 600 bp fragment was subcloned in pUC19, yielding pMPlO. Selfligation of 
the other fragment yielded the 4.5 kb plasmid pMP02. The plasmids pMPOl, pMPIO and 
pMP02 were sequenced with the M13 universal primers. 

Similarly, IPCR with primers ABM2 and ABM3 yielded a 1.4kb fragment for Sphl and a 2.5 
kb product for Clal digested and selfligated chromosomal DNA. Cloning of these products in 
pCR2.1 did not yield transformants. We suspected that this was due to lethality of an 
expressed gene product of this sequence in E.coli, therefore, a second PCR was performed on 
both ABM2/3 amplicons with primers ABM2 and ABM7. By this repeated PCR, we hoped to 
abolished the lethal effect in E. coli by the introduction of a mutation due to the infidelity of 
Taq polymerase. Cloning of the ABM2/7 IPCR products yielded only few transformants, two 
of which were sequenced with the M13 dye primers. 

The sequence information obtained from the IPCR product (sub)clones was used to design 
primers ABM5-ABM14. PCR products amplified with primer pairs ABM5/2, ABM5/6, 
ABM5/12, ABM1/6, ABM1/8, ABM3/8, ABM3/10, ABM7/8, ABM7/10, ABM7/12, 
ABM9/10, ABM9/12, ABM9/14, ABM11/10, ABM11/14, ABM13/10, and ABM13/14 were 
sequenced directly using dye terminator chemistry. 
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DNA sequencing 

Automated DNA sequencing was performed with fluorescence dye-labeled universal M13 

primers or dye terminators. Analysis was performed on an automatic sequencer (model 373), 

according to the instructions supplied by Applied Biosystems Incorporated (Foster City, Ca.). 

Computer analyses of DNA and protein sequences were performed with the programs in the 

PCGene package, with Genetics Computer Groups programs, database similarity searches 

were performed using the BLASTX and BLASTN algorithms (2), sequence patterns were 

identified using BEAUTY (BLAST Enhanced Alignment Utility) (27), and using the 

PROSITE database (3). GC content and codon usage were compared using the CUTG 

(Codon Usage Tabulated from Genebank) (15) database and the Countcodon program. 

Table 1 Primers used in this study. 

Primer Position and 

direction a 

Sequence b 

ABM1 6 4 3 ^ 5' 

ABM2 9 1 5 ^ 5* 

ABM3 9 6 4 ^ 5' 

ABM4 610 <— 5' 
ABM5 334 -> 5' 
ABM6 1396<- 5' 
ABM7 1449^ 5'-

ABM8 1849^- 5' 
ABM9 1955 ^ 5'-
ABM 10 3721 <- 5'-
ABM 11 2312 -^ 5'. 
ABM 12 2291 <- 5'-
ABM 13 2 5 9 2 ^ 5'. 
ABM14 3 4 4 7 ^ 5'-
ABM 15 2 8 2 0 ^ 5'-
ABM 16 3 4 8 7 ^ 5'-
MNCOl 507-^ 5'-
MNC02 4 8 2 ^ 5'-

-C A ATC AC ATCTCC ACC AT AC A AT AT-3 ' 

- ATTTAGC AGGATTTTTC AC ATACC A-3 ' 

-ATACATTCAATTTAGATGCTGTACG-3 ' 

-GGTGGAG ATGTGATTGTC ATTTGG A-3 ' a 

-TTAAATGGATGATTGA AGAATTGAG-3 ' 

-TCTCCAG AGGCTT ATAGAAGTA A AC-3 ' 

-CTCGCCTGCTGGCCTGTCGCTGC AG-3 ' 

-G AG ATTGTCC A ACTTTGTTT AG AT A-3 ' 

-CTC ATTC A A AGA AGCATACGGCGAT-3 ' 

- A AGTCGTTTCGAT AAATC ATAGG AC-3 ' 

-TGTAGCCTGC ATC AAACCGCGTGC A-3 ' 

-GC ATCG ACGCGGTTTG ATGC AGGCT-3 ' 

-CGGTATCTACCTACCCC ACCTATTT-3 ' 

- ACCC AATAGTTTTCC AAACCGC AT A-3 ' 

-G ATGCTC AGTTCGTC A A AGCGGC A A-3 ' 

-TCGTCTTTAATAT ACAAATC ACT A-3 ' 

-T AGC AÇCAJGGGTTT AG A A A ATTTTC A AT-3 ' 

-AAATTTÇCAJGGATACT AT AAGT AGC-3 ' 

a Position of the 3' nucleotide is given, and the direction of the primer relative to the sequence in fig. 

1. Primers ABM10, ABM14, ABM15 and ABM16 are located downstream of the region given in fig 

The Ncol sites in MNCOl and MNC02 used for cloning of the methyltransferase gene are 
underlined. 
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Pairwise alignments were made using ALIGN (17). 

Expression and specificity of the NmeSl methyltransferase in E. coli 
PCR products were generated using the primer combinations MNC01/ABM6 and 
MNC02/ABM6, and cloned into the vector pCR2.1. The resulting plasmids pCRTl and 
pCRT2 were checked by sequence analysis, after which the Ncol-Spel fragments containing 
the methyltransferase gene of both plasmids was cloned into the expression vector pSE380 
and transformed to E. coli Topi OF', yielding the plasmids pTl and pT2, respectively. To 
detect expression of MJVmeSI, cells containing pSE380, pTl and pT2 grown with or without 
IPTG were collected and lysed by boiling at 100°C for 5 min. The lysates were used for SDS-
PAGE (11% separating gels), and the gels were stained with Coomassie Brilliant Blue. To 
assess the effects of MJVmeSI expression, plasmid DNA was isolated from these cells and the 
sensitivity to digestion with restriction endonucleases with recognition sites of interest was 
examined. 

Nucleotide sequence accession numbers 
The nucleotide sequence data will appear in the EMBL/Genbank/DDBJ Nucleotide Sequence 
Databases under the accession number AFI23569. 

RESULTS AND DISCUSSION 

Sequencing of the flanking sequences of the RDA amplicons 
Previously, three DNA fragments that contained sequences specific for the hyperendemic 
lineage III cluster were identified by RDA using the lineage III strain 800615 as tester and 
strains 3532 and 830248 as drivers (4). The sequence of the 3kb locus containing these 
sequences was obtained as described in the Materials and Methods section. The region 
contains three complete open reading frames (ORFs) as indicated in fig 1. 
The predicted protein sequences of two of the ORFs are 53% and 33% identical to the 
predicted sequences of the Seal methyltransferase and restriction endonuclease (accession nr. 
AF044681, 28), respectively. These genes were named nmeSIM and nmeSIR. An alignment 
of the predicted M.NmeSl sequence with the M.Scal sequence is given in figure 2. Both 
methyltransferases contain the sequence TSPP in conserved motif IV, which is shared by N4 
cytosine specific methyltransferases. Based on the order of the nine conserved motifs of 
methyltransferases, M.NmeSl belongs to the ß group of methyltransferases (11). 
The third ORF is 40% identical to the control element of the Smal RM system. An alignment 
is given in figure 3, showing that the recognition helices of the two control element proteins 
are identical. The NmeSl locus is flanked by two 12 bp direct repeats (see fig. 1A), which 
have been postulated to contain the operator sequences of the control gene product (5). 

82 



Identification of the NmeS/ restriction modification system 

Flanking the 5' end of the region containing the RDA fragments is the 3' end of an ORF that 

probably encodes a helicase, since the predicted protein sequence has 33% identity to the 

E.coli helicase encoded by hrpA. This part of the sequence is almost identical (>88%) to 

preliminary sequences from the three Neisserial genome projects. (19, 22, 23). Directly 

flanking the 3 ' end of the NmeSl locus are two degenerated Neisserial DNA uptake 

sequences (DUSs), which form a 15 bp inverted repeat (fig. 1A). DUSs are typical features of 

Neisserial DNA sequences. Preliminary sequence analysis suggests that the 3' flanking region 

contains repetitive DNA sequences typical for Neisserial DNA. This implies that only the 

NmeSl locus is lineage III specific, in contrast to the flanking sequences. 

Strikingly, the GC content of the sequence containing the NmeSl locus is much lower (33%, 

Fig. 1A 
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Figure 1. A: Schematic representation of the NmeSl locus. Relevant restriction sites are indicated. 

RDA fragments are indicated with hatched bars. ORFs are indicated with open arrows. Repeats are 

indicated with closed arrows. O: 12 bp direct repeat, putative NmeSIC binding site (5), IR: 10 bp 

inverted repeat, DUS: Neisserial DNA uptake sequence. B: GC content of the MneSI locus. Sliding 

windows with a size of 25 bp were used. Mean values are indicated by dotted lines. 
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both full sequence and only the coding sequence) than the flanking sequences (54% for the 

partial helicase coding sequence, 50% for the 3' region), or the expected value for N. 

meningitidis coding sequences (51%), as illustrated in figure IB. The low GC content is not 

the result of overrepresentation of certain amino acids, as the locus encoding the Seal RM 

system has a 58% GC content. The lower GC content suggests that the NmeSl locus was 

recently acquired by a lineage III N. meningitidis ancestor from an organism with a low GC 

content. 

Specificity of the methyltransferase 

Apart from protecting the bacterial chromosome from the action of its own restriction 

enzymes, DNA methylation also plays an important role in chromosome repair and 

replication (12). The methylation state of DNA has been shown to influence gene expression, 

the paradigm of this mechanism being the regulation of uropathogenic Escherichia coli 

Nme MSLENFQL IKTQLGVPSYENDRVAIYQGDCIQ 

Sea MSGRDFGYVIQSSAALWNRLSTFSQRGKALDTRLADIKKALGKPYYETSDVLLYHGDSLE 

Nme LMDKISKGSFQMTITSPPYNIGKEYESILDLEHYLEWCERWMQSIHHLTEDSGCFWLNLG 

Sea LLKSMPQQIFDLTVTSPPYNIGKEYEGVLSIEEYISWCETWMSRVHRATSAGGAFWLNVG 
Motif IV Motif V Motif VI 

Nme YLHVEKKGLTVPIPYLLWDKTNFFLLQEWWNYAAGVACRNRFTPRNEKLLWYVKNPAKY 

Sea YyjVPNQGKAVPIPYLLWDKSPFYMIQEVVWNYGAGVASRKSFSPRNEKFLWYVRDPLNY 
Motif VII Motif VIII 

Nme TFNLDAVRDPNVKYPNQKKNGKLKCNPLGKNPTDVWQIAKVTSGRNRSSRERTAHPAQFP 

Sea YFDLDSVRDPNVKYPNQKKNGKLKCNPLGKNPTDVWQFPKVTSGAKRSSVERTAHPAQFP 

Nme LELIERIIRASSNQNDVILDPFIGSGTTALAGLKNNRFVIGFEINDEYIDIIKERFKEYD 

Sea SAVIERVIKACSPSDGVILDPFLGSGTTSLTARKQGRCSVGIEIREDYLDIAVGRLEAEA 
Motif X Motif I Motif II Motif III 

Nme LQNT 

Sea QSLF 

Figure 2. Comparison of the predicted protein of the nmeSIM gene (M.NmeSI) with that of the Seal 

MTase (Genbank accession nr. AF04468I). Numbers represent amino acid residues. Identical amino 

acids are denoted by two dots, one dot denotes a conservative substitution. Gaps created by the 

alignment are indicated by a dash (-). The regions that show similarity to the conserved motifs of 

MTases are underlined and labeled according to the nomenclature of Posfai et al(\8). The putative 

target recognition domain (TRD) is located between motifs VIII and X, and is highly conserved 

between the two proteins. 

84 



Identification of the NmeS/ restriction modification system 

adhesin expression by DNA methylation (8, 25). Through the action of the methylase, a 

lineage III specific RM system could interfere with expression of Neisserial virulence factors 

and thus be involved in the observed hypervirulent phenotype of these strains. Therefore, we 

determined the specificity of the methylase gene product as well as its expression in lineage 

III meningococcal strains. 

Since the M.NmeSl sequence was highly similar to the M.Scal sequence in the target 

recognition domain, we expected the specificity of both methylases to be similar as well. To 

test this assumption nmeSIM was cloned in E. coli and plasmid DNA of the transformants 

was digested with Seal. Since nmeSIM contains two possible ATG startcodons, two primers 

(MNCOl and MNC02) were developed to clone nmeSIM in expression vector pSE380. E. 

coli cells containing the two recombinant expression systems pTl and pT2 were grown with 

IPTG (induced) or without IPTG (uninduced) for 4 h. Expression of the methyltransferase 

was checked by SDS-PAGE. Both induced ToplOF'(pTl) and induced ToplOF'(pT2) 

produced a protein of approximately the expected size (approx. 32 kDa), that was not 

detectable in induced ToplOF'(pSE380) (data not shown). From non-induced and induced 

cultures, plasmids were isolated. The plasmids were digested with Ncol, resulting in linear 

plasmid for pSE380, pTl and pT2. This linearization was performed since the Seal restriction 

endonuclease is known to cut supercoiled plasmid poorly. As shown in fig. 4A, pTl and pT2 

were not digested by Seal, in contrast to linearized pSE380. This shows, that the Seal site 5'-

AGTACT-3' in both pTl and pT2 was modified by the methyltransferase so that it was no 

longer a substrate for Seal. Apparently, induction of expression is not required to protect the 

plasmid DNA from digestion, since plasmid from both non-induced and induced cultures was 

resistant to digestion with Seal. Also, the six AA difference at the N-termini of the pT 1 and 

pT2 products does not abolish methylation by one of the recombinant proteins. 

Next, we confirmed that the methyltransferase is expressed and active in lineage III 

meningococci by incubating chromosomal DNA of two lineage III strains (800615 and 

882066) and of two non-lineage III strains (3532 and 830248) with the restriction enzymes 

Seal (recognizing 5'-AGTACT-3') and Sphl (recognizing 5'-GCATGC-3'), respectively. The 

chromosomal DNA of the 4 strains was digested by Sphl (results not shown), indicating that 

the DNA was susceptible to restriction endonuceases. Incubation with Seal showed that the 

NmeSIC MENELVEFGKRVKHYRLLNGWSQEELAEKVGLHRTYIGSVERGERNISLLNISLLAKSFS 

SmalC MDIKEI-LAENVRSYRNINNLSQEQLAEISGLHRTYIGSVERKERNVTLSTLIILAKALN 

Helix-turn-helix 

NmeSIC INISGTCRRD 

SmalC TSVPKLLTRQGLKNEQG 

Figure 3. Alignment of NmeSIC and SmalC. The putative helix-turn-helix regions of these short 

proteins are indicated. The second helices, the recognition helices, are identical (5). 
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A 

M V Vi Tl Tl i T2 T2i 

B 

M 

Figure 4. Digestion of methylated and non-methylated DNA. 

A: Seal digestion of Ncol linearized plasmid DNA M: Marker, V: vector pSE380, Tl : plasmid Tl, 

T2: plasmid T2. The subscript i denotes induction of expression in the E. coli culture with IPTG. 

B: Seal digestion of chromosomal DNA. Ill: lineage III strain 800615, 30: non-lineage III strain 3532, 
46: non- lineage III strain 830246, III*: lineage III strain 882066. 

DNA from the non-lineage III strains is digested (Fig. 4B). However, the DNA of the lineage 

III strains is protected from digestion with Seal, indicating that the methylation pattern of 

lineage III strains differs from that of non-lineage III strains. Possibly, this differential 

methylation pattern affects transcriptional regulation. Whether this contributes to the 

hypervirulent character of lineage III isolates, awaits further investigations. 

The population biology of N. meningitidis is supposed to be influenced by horizontal gene 

transfer to a large extent (21). Horizontal gene transfer can be affected by RM systems (14). 

The clonality of lineage HI may be the consequence of the presence of the NmeSl RM 

system. However, the digestion of chromosomal DNA of the non-lineage III strains with Seal 

yields large restriction fragments, indicating that the sequence AGTACT is underrepresented 

in these meningococcal genomes (Fig. 4B). This is in accordance with the low number of 

AGTACT sites (41, whereas 530 are expected) in the preliminary 2.17 Mb of the 2.23 Mb 

genome of strain Z2491 (23). This suggest that the effect of NmeSl RM on the clonal 

character of lineage III by influencing horizontal gene transfer may be limited. 
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Evolutionary implications 

The serine residue in Motif IV (SPPY) is conserved in N4 cytosine methyltransferases, and is 

part of the active site of the protein (26). This amino acid is encoded by the codon TCT in 

nmeSIM, whereas it is encoded by AGT in scalM. Mutation of one of these codons to the 

other requires two point mutations, resulting in a threonine (ACT) or cysteine (TGT) residue 

after the first mutation. Neither of these residues has been found in any amino-

methyltransferase. Possibly either of these residues results in an inactive protein. Therefore, it 

is unlikely that the two methyltransferases share a recent common ancestor. Moreover, the 

similarity between the predicted protein sequences of M.Scal and M.NmeSl is more 

concentrated in the putative target recognition domain (TRD) than in the conserved domains 

I-X of methyltransferases. In addition, the genes of the respective systems mentioned above 

have a large difference in GC content. In conclusion, it may be very well that the similarity of 

the respective TRDs of the two methyltransferases is the consequence of convergent 

evolution. 

ACKNOWLEDGMENTS 

The authors thank The Institute for Genomic Research, the Gonococcal Genome Sequencing 

Project and the Sanger Centre for availability of sequence data prior to publication. 

REFERENCES 

1. Akopyanz, N., N. O. Bukanov, T. U. Westblom, S. Kresovich, and D. E. Berg. 1992. DNA 

diversity among clinical isolates of Helicobacter pylori detected by PCR-based RAPD 

fingerprinting. Nuc. Acid. Res. 20:5173-5142. 

2. Altschul, S. F., T. L. Madden, A. A. Schaffer, J. Zhang, Z. Zhang, W. Miller, and DJ. Lipman 

(1997), "Gapped BLAST and PSI-BLAST: a new generation of protein database search 

programs", Nucleic Acids Res. 25:3389-3402. 

3. Bairoch, A. (1993) The PROSITE dictionary of sites and patterns in proteins, its current status. 

Nucleic Acids Res., 21, 3097-3103. 

4. Bart, A, Dankert J, A Van der Ende. (1999). Chapter 5 of this thesis. 

5. Bart, A, Dankert J, A Van der Ende. (1999) Chapter 7 of this thesis. 

6. Caugant, D. A., P. Bol, E. A H0iby, H. C. Zanen, and L. O. Fr0holm. (1990) Clones of serogroup 

B Neisseria meningitidis causing systemic disease in the Netherlands, 1958-1986. J. Infect. Dis. 

162: 867-874. 

7. Caugant, D. A. (1998) Population genetics and molecular epidemiology of Neisseria meningitidis. 

APMIS 106:505-525. 

8. Hale, W. B., van der Woude, M. W., Braaten, B. A., and Low, D. A. (1998) Regulation of 

uropathogenic Escherichia coli adhesin expression by DNA methylation. Mol. Genet. Metab. 

65:191-196. 

87 



Chapter 6 

9. Lisitsyn, N„ N. Lisitsyn, and M. Wigler. 1993. Cloning the differences between two complex 

genomes. Science 259:946-951. 

10. Maiden, M. C. J., J. A. Bygraves, E. Feil, G. Morelli, J. E. Russell, R. Urwin, Q. Zhang, J. Zhou, 

K. Zurth, D. A. Caugant, I. M. Feavers, M. Achtman, and B. G. Spratt. 1998. Multilocus sequence 

typing: a portable approach to the identification of clones within populations of pathogenic 

microorganisms. Proc. Natl. Acad. Sei. USA 95:3140-3145. 

11. Malone T. Blumenthal RM. Cheng X. (1995) Structure-guided analysis reveals nine sequence 

motifs conserved among DNA amino-methyltransferases, and suggests a catalytic mechanism for 

these enzymes. Journal of Molecular Biology. 253:618-32, . 

12. Marinus, M.G. (1996) Methylation of DNA, In Neidhardt, F.C., Curtiss III, R., Ingraham, J.L., 

Lin, E.C.C., Low, K.B., Magasanik, B., Reznikoff, W.S., Riley, M., Schaechter, M., and 

Umbarger, H.E. (eds.) Escherichia coli and Salmonella: cellular and molecular biology, 2nd ed. 

ASM Press, Washington, D.C., pp.782-791. 

13. Martin, D.R., Walker, S.J., Baker, M.G., and Lennon, D.R. (1998) New Zealand epidemic of 

meningococcal disease identified by a strain with phenotype B:4:P1.4. Journal of Infectious 

Diseases. 177:497-500. 

14. Milkman R. (1997) Recombination and population structure in Escherichia coli. Genetics. 

146:745-50. 

15. Nakamura, Y., Gojobori, T. and Ikemura, T. (1997) Nucl. Acids Res. 25, 244-245. 

16. Ochman H. Gerber A.S. Haiti DL . (1988) Genetic applications of an inverse polymerase chain 

reaction. Genetics. 120:621-3. 

17. Pearson, W.R. and D. J. Lipman (1988) "Improved Tools for Biological Sequence Analysis", 

PNAS 85:2444-2448 

18. Posfai, J„ Bhagwat, A.S., Posfai, G., and R.J. Roberts. (1989) Predictive motifs derived from 

cytosine methyltransferases. Nucleic Acids Research. 17:2421-35. 

19. Roe, B.A., S. P. Lin. L. Song, X. Yuan, S. Clifton and D.W. Dyer, personal communication. 

Preliminary data were produced by the Gonococcal Genome Sequencing Project and were 

accessed via http://www.genome.ou.edu/gono.html or http://www.ncbi.nlm.nih.gov/BLAST/ 

ouacgtbl.html. 

20. Scholten, R. J. P. M., H. A. Bijlmer, J. T. Poolman, B. Kuipers, D. A. Caugant, L. Van Alphen, J. 

Dankert, and H .A. Valkenburg. 1993. Meningococcal disease in the Netherlands, 1958-1990: a 

steady increase in the incidence since 1982 partially caused by new serotypes and subtypes of 

Neisseria meningitidis. Clinical Infectious Diseases. 16:237-246. 

21. Spratt, B.G., Smith, N.H., Zhou, J., O'Rourke, M. and Feil, E. (1995) The population genetics of 

the pathogenic Neisseria. In Population genetics of bacteria (Baumberg, S., Young, J.P.W., 

Wellington, E.M.H, and Saunders, J.R. (eds.). Cambridge: Cambridge University Press, pp. 

143-160. 

22. The Institute for Genomic Research, personal communication. Preliminary data were produced by 

The Institute for Genomic Research and were accessed via http://www.ncbi.nlm.nih.gov/ 

BLAST/tigrbl.html. 

23. The Sanger Centre, personal communication. Preliminary data were produced by the Neisseria 

meningitidis Sequencing Group and were accessed via ftp://ftp.sanger.ac.uk/pub/pathogens/nm/ 

and http://www.sanger.ac.uk/Projects/. 

88 

http://www.genome.ou.edu/gono.html
http://www.ncbi.nlm.nih.gov/BLAST/
http://www.ncbi.nlm.nih.gov/
ftp://ftp.sanger.ac.uk/pub/pathogens/nm/
http://www.sanger.ac.uk/Projects/


Identification of the NmeS/ restriction modification system 

24. Triglia T. Peterson MG. Kemp DJ .(1988) A procedure for in vitro amplification of DNA 

segments that lie outside the boundaries of known sequences. Nucleic Acids Research. 16:8186. 

25. Van der Woude MW. Braaten BA. Low DA. (1992) Evidence for global regulatory control of 

pilus expression in Escherichia coli by Lrp and DNA methylation: model building based on 

analysis of pap. Molecular Microbiology. 6:2429-35 . 

26. Willcock DF. Dryden DT. Murray NE. (1994) A mutational analysis of the two motifs common to 

adenine methyltransferases. EMBO Journal. 13:3902-3908. 

27. Worley, Kim C, Brent A. Wiese, and Randall F. Smith (1995). BEAUTY: An enhanced BLAST-

based search tool that integrates multiple biological information resources into sequence similarity 

search results. Genome Research 5:173-184. 

28. Xu, S.-y., J.-p. Xiao, L. Ettwiller, M. Holden, J. Aliotta, C. L. Poh, M. Dalton, D. P. Robinson, T. 

R. Petronzio, L. Moran, M. Ganatra, J. Ware, B. Slatko, J. Benner. (1998) Cloning and 

expression of the Apa LI, Nsp I, Nsp HI, Sac I, Sea I, and Sap I restriction-modification systems 

in Escherichia coli. Mol Gen Genet 260: 226-231. 

89 




