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Abstract 

The dam (DNA .§!denine methylase) gene of Escherichia coli codes for an 

enzyme that converts adenine to N6-methyladenine at the sequence 5'GATC3
', 

shortly after DNA replication. dam mutants have pleiotropic phenotypes 

indicating that the enzyme and its target sequence may be involved in a 

number of cellular processes. In a normal cell about twenty GATC sites are 

stably unmethylated and many are partially methylated due to factors 

preventing methylation. 

A combinatorial analysis using restriction enzymes that cleave only 

unmethylated dam sequences and pulsed-field electrophoresis indicated the 

pattern and numbers of unmethylated sites were different in three common 

laboratory strains of coli K-12 (AB1157, W3110 & EMG2). 

Environmental factors such as nutrient levels, pH and stage of growth were 

found to influence unmethylated sites in strain AB 1157. Changes in cell gene 

expression and chromosome organisation in response to these factors may be 

the cause for this observation. 

The global regulatory proteins Lrp and Crp also affected patterns of Dam 

methylation. Mutations at the lexA locus were found to have little influence on 

patterns of Dam methylation. Direct or indirect effects of these regulatory 

proteins binding DNA could be responsible for methylation exclusion at some 

u nmethylated GA TC loci. 

Sequencing of cloned AB1157 chromosomal unmethylated GATC sites 

revealed some unique loci where the protection mechanisms were not known 

and confirmed protection at a locus identified by another study. The distribution 

of unmethylated sites in the chromosome of AB 1157 was found to follow no 

identifiable pattern. 
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1. Introduction 

1.1 Modified DNA bases 

Genomic DNA bases can be maintained in a number of chemically modified 

states. Modifications range from hydroxyl or methyl groups to large 

constituents such as amino acids (aa) or hexosylated side chains (Gommers

Ampt & Borst, 1995). The standard base can be completely replaced or, more 

usually, only a small fraction of the genome (Gommers-Ampt & Borst, 1995). 

Modified bases are found in every group of organisms, including the 

eukaryotes, prokaryotes and phages (Adams & Burdon, 1985; Gommers-Ampt 

& Borst, 1995). 

The greatest variety of modified bases occur in the bacteriophages, with fewer 

types found in prokaryotes arid eukaryotes. The functions of bacteriophage 

DNA modification are not yet fully understood (Gommers-Ampt & Borst, 1995). 

It does, however, make the DNA resistant to several restriction enzymes, which 

indicates the main function may be protection against host or phage nucleases 

(Gommers-Ampt & Borst, 1995). 

Bacteria contain 3 types of modified bases; 6-methyladenine, 5-methylcytosine 

and 4-methylcytosine. No other modified bases have been found, although no 

systematic search has been undertaken (Gommers-Ampt & Borst, 1995). 

There are 4 kinds of modified bases found in the Eukaryotes: 6-methyladenine, 

5-methylcytosine, hydroxy-methyluracil and P-D-glucosyl-hydroxy-methyluracil 

(Gommers-Ampt & Borst, 1995). In fungi the predominant modified base is 5-

methylcytosine (Adams and Burdon, 1985). The only modified base discovered 

in higher eukaryotes is 5-methylcytosine (Adams & Burdon, 1985; Gommers

Ampt & Borst, 1995; Szyf, 1996). Current methods are, however, too 

insensitive to rule out the presence of other bases (Gommers-Ampt & Borst, 

1995). The range of modified bases and their frequency is depicted in Table 1. 
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Table 1. Modified DNA bases (Redrawn from Gommers-Ampt & Borst, 1995) 

Modified Base Modification Distribution Frequency 
N6-methyladenine CH3 Tetrahymena and other ciliates 0.08-2.5% 

Dinoflagellates 10% 
Chlamydomonas 0.5% 
Bacteria 0.3-3% 
Phages 0.5-2% 

N4-methylcytosine CH3 Bacteria 0.5-2% 

5-methylcytosine CH3 Higher Eukaryotes 5-30 % 
Xanthomonas oryzae phage XP12 100 % 
Other phages 0.2-0.5% 
Dinoflagellates 2-17% 
Chlamydomonas 0.7% 
Fungi 1-5% 
Bacteria 0.3-2% 

7 -methylg uanine CH3 Shigella sonnei phage DDVI 1% 

2-aminoadenine NH2 S. elongatus phage S-2L 100% 

Hexosylated OR Rhizobium phage RL38JI 100% 
5-hydroxycytosine 

R1: (D-gal)-1-a-D-glc -6-I-a-D-glc 
R2: (D-gal)-1-a~D-glc 
R3: D-gal 

5-hydroxymethyl- CH20H Bacillus subtilis phages: H 1, SP8, 100% 
uracil SP01, SP82G, 2C, ~e and ~25 

Dinoflagellates 12-68% 

P-D-glucosyl- CH20R Trypanosoma brucei 0.4% 
hydroxymethyl-
uracil R: P-D-glucose 

Hexosylated CH20R Escherichia coli phages: T2,T4,T6 100% 
5-hydroxymethyl-
cytosine R1:H 

R2: a-glucose 
R3: p-glucose 
R4: p-glucose-a-glucose 

N6-carbamoy1- CH2CONH2 E. coli phage Mu 15% 
methyladenine 

a-putrescinyl- NH(CH2)4NH2 Pseudomonas acidovorans 50% 
thymine phage ~W14 

Sugar substituted CH2(CH2hCHORCH20R B. subtilis phage SP15 62% 
5-dihyroxypentyl-
uracil R: glucose* 

R: glucuronolactone-1-phosphate* 

a-glutamylthymine COOHCNH2{CH2hCOOH B. subtilis phage SP1 0 15-20% 

Uracil None B. subtilis PBS2 100% 
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1 Methylation of DNA 

Methylated bases are not incorporated during DNA replication, but are formed 

by enzymatic transfer of a methyl group from S-adenosyl-I-methionine (SAM) to 

a nucleotide post-replicatively. The enzyme involved is DNA methyltransferase, 

first identified by Gold and Hurwitz (1964) in E. coli. The three major forms of 

DNA methylation are 5-methylcytosine, 6-methyladenine and 4-methylcytosine 

(Fig. 1.) (Cheng, 1995). 

C5-methylcytosine N4-methylcytosine N6-methyladenine 

Figure 1. The three major types of DNA methylation (Based on Cheng, 1995) 

DNA methyltransferases fall into two categories: those that methylate the 

endocyclic carbon 5 of cytosine (5-methylcytosine) and those that methylate 

exocyclic amino groups of adenine (6-methyladenine) or cytosine (4-

methylcytosine) (Ahmad and Rao, 1996). 

Most DNA methyltransferases bind cognate DNA sequences more strongly 

than non-cognate sequences in the presence of SAM or its analogues 

(Bergerat & Guschlbauer, 1990). Foot-printing experiments suggest that 

methylase target sequence binding is asymmetric (Ahmad & Rao, 1996). 

Which is consistent with recognition of sequences that are hemi-methylated, 

and could explain their mostly monomeric structure (Ahmad & Rao, 1996). 
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1.3 Enzymology of methyltransferases 

1.3.1 CS·Methyltransferases 

The C5-methyltransferases are the most widespread, being found in both 

prokaryotes and eukaryotes. Over 50 C5-methyltransferases have been 

sequenced and ten conserved blocks of amino acids (I-X) have been identified, 

suggesting a common structure and reaction mechanism (Ahmad & Rao, 

1996). These conserved motifs have the same linear order, simplifying their 

identification in primary sequences. The motifs are even found in the carboxy 

terminal of the mouse, human and Arabidopsis methyltransferases (Ahmad & 

Rao, 1996). 

Motif I (FXGXG) has been identified in all SAM-dependent methyltransferases 

and has proven to be the SAM .binding domain (Ahmad & Rao, 1996). The pro

cys dipeptide in motif IV (PCQ) is invariant in the group and is thought to be 

involved in methyl group transfer (Ahmad & Rao, 1996). The region between 

motifs VIII and IX is highly diverged and was found to be the DNA sequence 

recognition domain (Ahmad & Rao, 1996). 
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The 3-dimensional structure has only been solved for two 5C

methyltransferases so far; M.Hhal and M.Haelll. M.Hhal has two domains, a 

large catalytic domain with catalytic and cofactor binding sites and a small DNA 

recognition domain (Ahmad & Rao, 1996). The DNA is bound in the cleft 

formed by the two domains and the target cytosine is flipped 1800 out of the 

helix (Fig. 2) into this pocket, where methylation takes place. This was the first 

instance in which the "flipping" phenomenon was observed. It was not 

predicted, as large amounts of energy were thought to be required for such an 

action to occur. 

..--Target cytosine 

Base-pairing 

disrupted 

Figure 2. Model of a target cytosine flipped out of DNA helix (from Lambert, 

1996) 
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After DNA binding of M.Hhal, Glu-237 occupies the gap in the helix and forms 

hydrogen bonds with the orphan guanine (Fig. 3) (Ahmad & Rao, 1996), 

Subsequent closing of the active site loop brings Ser-87 into the helix to 

stabilise the conformation of the Glu-237 loop and the two loops restore the 

structure of DNA (Ahmad & Rao, 1996). 

M.Haelll has a very similar mode of action to M.Hhal, except the DNA helix is 

stabilised in a different way. The methyltransferase causes the loss of p-form 

DNA, by making the G opposite the flipped base bond with the last C in the 

cognate sequence (Ahmad & Rao, 1996). This leaves a G orphaned further up 

the disrupted helix (Fig. 3), causing an unstacking of bases for 8A (Ahmad & 

Rao, 1996). 

M.Hhal M.Haelll 

Figure Schematic representation of base flipping and stablisation of the 

surrounding helix by the methylases M.Hhal and M.Haelll (Redrawn from 

Ahmad & Rao, 1996). Note: only target sequence bases are shown. Dotted lines illustrate 

hydrogen bonding. 
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The chemistry of methylation (Fig. 4) was proposed by Wu and Santi (1985), 

then modified several times, before being confirmed by crystallographic studies 

(Cheng, 1995). Initial Micheal-style addition of a thiolate nucleophile, from the 

protein, occurs with concomitant proton donation by an enzyme acid to N3. A 

covalent DNA-enzyme intermediate forms, which under basic catalysis, 

undergoes C5-methylation by donation of a methyl group from the SAM 

cofactor. C5-deprotonation follows with disruption of the covalent DNA-enzyme 

complex under base catalysis and regeneration of the active-site cysteine 

nucleophile and the C5-C6 double bond (Fig. 4) (Lambert, 1996). 

Figure 4. Schematic of the chemistry of CS-cytosine DNA methylation (from 

Cheng, 1995) 

Following these initial reports, a number of other enzymes have been found to , 

use base flipping. The uracil-DNA glycosylase inhibitor protein binds DNA and 

flips uracil out of the helical axis (Lambert, 1996). DNA excision repair protein 

exonuclease III binds damaged bases extrahelically and T4 endonuclease V, 

which is involved in pyrimidine repair, flips out an adenine base (Lambert, 

1996). Some other RNA modifying and DNA repair enzymes (Roberts, 1995; 

Cheng & Blumenthal, 1996) are likely to use this method to gain contact with 

the base. However the flipped base in non-methyltransferases appears not to 

be the target recognition nucleotide (Ahmad & Rao, 1996). 
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1.3.2 N4-Methyltransferases 

N4-Methyltransferases are found only in prokaryotes and exclusively in 

restriction-modification systems (Wilson, 1992). There are no sequence 

similarities to the C5-methyltransferases, apart from Motif I, the SAM binding 

region. N4-Methyltransferases have a common motif, IV (SPPY), with the N6-

methyltransferases (D/NPPY/F) which may be the catalytic domain. The order 

of sequence motifs is used to categorise the enzymes; the a-group has motif I 

then IV and the p-group has motif IV then I (Wilson, 1992). 

1.3.3 N6-Methyltransferases 

The N6-methyltransferases exist in both eukaryotes and prokaryotes. 

Sequencing has revealed 9 conserved amino acid motifs, the most highly 

conserved of which are I and lV (Malone et al., 1995). These motifs are very 

similar to those found in the C5-methyltransferases, with motif IX (involved in 

protein folding of the DNA recognition region) being the only omission (Malone 

et al., 1995). 

A structural comparison of M. Taql (1\l6-methyltransferase) with M.Hhal (C5-

methyltransferase) suggests motifs I-III and X are primarily responsible for 

binding SAM, and motifs IV, VI and VIII are responsible for catalysis. These 

last three motifs with V and VII probably form the active site (Malone et al., 

1995). Motif IV is very probably the catalytic centre as superimposing of the 

structure of M. Taql with that of M.Hhal is almost exact in this region (Ahmad 

and Rao, 1996). The SAM binding domain of motif I is that found in all 

methyltransferases (Malone et al., 1995; Timinskas et al., 1995; Ahmad & Rao, 

1996). 
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The N6-methyltransferases, like the C5, are categorised according to the order 

of motifs I and IV. The a-group order is I (FXGXG) then IV (DPPY), the ~-group 

is IV (DPPy) then I (FXGSG) and the y-group I {GXG} then IV (NPPY) (Malone 

et al., 1995; Ahmad & Rao, 1996). Intriguingly, the N4- and N6-

methyltransferases do not group separately from one another. The N6-

enzymes are found in all three groups and group ~ contains 8 out of 9 N4-

methyltransferases. The y group motif order is very similar to that of the C5-

methyltransferases (44 sequenced), differing only in the position of motif X and 

the absence of motif IX (Malone et al., 1995). 

Only one N6-methyltransferase has been crystallised thus far: the Thermus 

aquaticus M.Taql (EC 2.1.1.72) (Labahn etal., 1994). This enzyme methylates 

adenine at the sequence 5'TCGAs'. X-Ray analysis at 2.41\ resolution of the 

enzyme bound to SAM shows a I ~ folding of the polypeptide into two domains 

of equal size (Labahn et al., 1994). The cleft between the two domains is 21A 

wide, which is the diameter of ~-form DNA. Modelling predicts the DNA would 

be 15A away from SAM so flipping of the base is suggested to allow direct 

contact (Labahn et al., 1994; Ahmad & Rao, 1996). 

It is likely that N6-methyltransferases bind non-specific DNA sequences and 

then seek specific sequences by facilitated diffusion in a i-dimensional search 

(Ahmad & Rao, 1996). The mechanism of methylation at the N6 position does 

not occur by electrophilic attack at N1 and rearrangement - it is more likely to 

take place by direct attack of the CHs+ on a negatively polarised N6 (Cheng, 

1995). 
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1.4 Distribution of methylated bases 

1.4.1 Eukaryotes 

The DNA of higher eukaryotes, such as vertebrates, seems to contain only 5-

methylcytosine whilst some of the lower eukaryotes also have 6-methyladenine 

present (Szyf, 1996). Cytosine methylation seems to occur in virtually all 

organisms with a genome exceeding 5 x 108 base pairs (Bestor & Tycko, 1996). 

The distribution of methylated bases is discussed below for each major division 

of organisms. 

1.4.1.1 Invertebrates 

Invertebrate DNA methylation is present only as a small fraction of the genome. 

It may be absent from some .species such as Drosophila melanogaster and 

Caenorhabdis elegans (Bird et al., 1995). A genomic sequence from D. 

melanogaster has, however, been found to hybridise to a murine cytosine 

methyltransferase DNA probe. When added to strong CG suppression, this 

indicates a methylase activity was once active in the species but has now been 

lost (Vanyushin & Poirier, 1996). 

DNA methylation in the Arthropoda and insects in particular is complex and little 

understood. The bases 5-methylcytosine and 6-methyladenine are found in 

this group. The complexity arises from the modified bases being found 

exclusively, together, or not at all in the same genome (Adams & Burdon, 

1985). 

The DNA of the lower animals from the Porifera, Coelenterata and Mollusca 

only have the modified base 5-methylcytosine and the pattern seems similar to 

the general invertebrate model (Adams & Burdon, 1985). 
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1.4.1.2 Vertebrates 

The vertebrate genome, in comparison to the invertebrate, is highly 

methylated .. The transition from a predominantly methylated to an infrequently 

methylated genome appears to occur in the chordates (Bird et al., 1995). 

In vertebrates most methylation is at the cytosine base-pair of CG residues, 

however it is also found at CC, CT and CA residues. At dinucleotides other 

than CG, methylation seems to be concentrated at replication origins (Szyf, 

1996). Most vertebrate genes appear to be methylated to some extent. 

1.4.1.3 Plants 

DNA methylation in plants is very extensive, with up to 30% of cytosines 

methylated (Adams & Burdon, 1985). Plants mainly have methylation at 

CpNpG (N = any or no nucleotide) sequences (Gruenbaum et al., 1981) and 

over 80% of CG sequences are methylated in some plants (Adams & Burdon, 

1985). The Chlorophyta (green algae), from which land plants are generally 

thought to have evolved, contain low levels of 5-methylcytosine (0.7 mol%) and 

6-methyladenine (0.5 mol%) (Adams & Burdon, 1985). 

1.4.1.4 Fungi 

Reyna-Lopez et al. (1997) have used methylation-sensitive restriction enzymes 

to study DNA methylation in fungi. They examined three fungal species 

representative of the major fungal taxa: Mucor rouxii (zygomycete), Yarrowia 

lipolytica (ascomycete) and Usti/ago maydis (basidiomycete). All three were 

found to have cytosine methylation. Differences in the methylation pattern 

during the dimorphic transition period were observed. 
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The yeast Schizosaccharomyces pombe is one of a number of organisms that 

have no detectable methylation. However, the product of the pmt-1 gene has 

recently been found to encode a catalytically inert cytosine methyltransferase 

(Pinarbasi et al., 1996). The enzyme was discovered to be inactive due to the 

insertion of a Ser residue between the Pro-Cys residues which normally form 

the active site. Deletion of the Ser residue resulted in the restoration of activity 

and methylation at CC(AJT)GG residues was observed. The target sequence is 

the same as that for the E. coli Dcm (DNA ~ytosine methyltransferase) 

methylase. 

1.4. 1.5 Protists 

In the protists, 5-methylcytosine is found in the Euglenophyta and 

dinoflagellates of the Pyrrophyta. Some of the Pyrrophyta have 6-

methyladenine instead of 5-methylcytosine and some other dinoflagellates 

appear to have hydroxy-methyluracil modification (Adams & Burdon, 1985). 

The DNA of several ciliates contains 6-methyladenine. For example, the 

nuclear DNA of Paramecium aurelia has about 2.5 mol% methyladenine and a 

low level of methylation in its mitochondria (Adams & Burdon, 1985). A number 

of the Tetrahymena species have 6-methyladenine residues. The slime mould 

Physarum polycephalum has been studied extensively and 5-methylcytosine 

has been detected at several tetranucleotide sequences (Adams & Burdon, 

1985). 

1.4.2 Prokaryotes 

The E. coli Dam (DNA ~denine methyltransferase) and Dcm enzymes' 

recognition sites are found in most other enterobacteria (Brooks et al., 1983; 

Hemavathy & Nagaraja, 1995; Lieb & Bhagwat, 1996). However, there is no 

evidence of methylase sequence hybridisation to Serratia marcescens, Yersinia 

or Proteus species (Lieb & Bhagwat, 1996). A few species of Bacillus and 

Borelia exhibit Dam and Dcm methylation (Hemavathy & Nagaraja, 1995). 
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A study of Mycobacterium species by Hemavathy and Nagaraja (1995) found a 

lack of Dam and Dcm methylation by restriction analysis, but significant levels 

of 5-methylcytosine and 6-methyladenine were detected by HPLC. Presumably 

this means that there are other active methyltransferases present. 

Corynebacterium glutamicum and related species of Brevibacterium have 

readily detectable levels of cytosine methylation (0.11-0.47 Mol%) and low 

levels of N6-adenine methylation (0.05-0.06 Mol%) (Jong et al., 1996). Dam

like methylation is found in the Legionel/ae species and its plasm ids (Lema & 

Brown, 1996). It is also found in Porphyromonas gingivitis, Fusobacterium 

nucleatum and Bacillus brevis. 

The Natronobacterium magadii phage ~Ch1 is an archaeal phage that contains 

both DNA and RNA. It has been found to have Dam-like methylation in its 

genome, but its host does not. The phage may encode its own Dam or its host 

may have a copy activated by integration (Witte et al., 1997). There is 

evidence that methylation may occur in several archaeal phages. A number of 

Eubacterial phages have methylated DNA, which is the result of phage

encoded methylases or stimulation of the host modification functions. 

1.5 Evolution of methylation 

1.5.1 Evolution of methylation function 

The greatest diversity of DNA methylation is in the prokaryotes and associated 

with restriction-modification systems. Eukaryotic DNA methylation is less 

diverse but more frequent in the genome. As the eukaryotes are thought to be 

descendants of prokaryotes, it is possible that eukaryotic methylation also 

evolved from prokaryotic systems. 
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There are two prevailing hypotheses describing how methylation and restriction 

genes could have evolved. One hypothesis is that restriction and modification 

genes evolved under selection pressure to protect cells from infection by 

foreign DNA in what has been called the "genome defence hypothesis" (Bestor, 

1990; Bestor & Tycko, 1996). However it is not certain that this can adequately 

explain the wide diversity of genes and the high specificity of target sequences. 

In particular it is difficult to explain the existence of rare-cutting endonucleases 

with recognition sites that would be unlikely to be present in many phage DNA 

sequences (Naito et al., 1995). An alternate hypothesis is that the evolution of 

restriction-modification gene pairs may be driven by their own "selfish" 

behaviour (Kusano et al., 1995; Naito et al., 1995; Yarmolinsky, 1995). 

Evidence for the genome defence hypothesis is derived from eukaryotic 

examples. Bestor and Tycko (1996) hypothesise that the role of DNA 

methylation may be to silenGe parasitic sequence elements and that this 

function has evolved to regulate genes by a similar mechanism. Most of these 

sequences are inactivated transcriptionally and methylated in eukaryotic 

genomes. A specific silencing mechanism would require that parasitic 

sequences be recognised and inactivated, leaving host genes unaltered. 

Nearly all transposition and viral integration intermediates share certain 

common structural features that the methylase could identify and use as a 

signal to methylate CG sequences, which would silence the region (Bestor & 

Tycko, 1996). The de novo sequence specificity of mammalian DNA 

methyltransferase has been found to be strongly dependent on secondary DNA 

structures (Bestor, 1990). This suggests invasive sequences may be targeted 

for methylation because of the presentation of unique secondary structures 

during integration (Fig. 5). 



a Intcgration/transposition 
intem1cdiatcs 

b Jun<.:tions in (GGC)n/(GCC)n 
slippuge structures 

C Homology!hetero!ogy boundaries 
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Figure 5. Targeting of, uniqu~ secondary structures for methylation (from 

Bestor, 1996) Boxed structures are proposed to induce silencing by methylation. 

Multiple gene copies and repeated sequences often interact to trigger mutual 

silencing and there are many eukaryotic systems described that target these 

repeats and inactivate them. These sequences are also a common feature of 

parasitic sequences and this response may be a host defence against their 

proliferation. The frequent recombination and strand exchanges observed in 

these sequences may form secondary DNA structures that the cell can 

recognise as invasive and inactivate. Short repetitive sequences are also 

characteristic of imprinted genes. If there is a parental effect on gene 

expression, it may be to alter the secondary structure of the sequence and 

cause a different response by the cell defence system. This could explain the 

evolution of the defence system functions to an imprinting mechanism (Bestor 

& Tycko, 1996). 
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Meiotic recombination events would present several features that would make 

them vulnerable to de novo methylation by the proffered host defence system. 

However studies by Jue et a/. (1995) show that in mice germ cells the 

recombination intermediate is protected from methylation by a down-regulation 

in the cellular methyltransferase. 

Naito et a/. (1995) used gene pairs encoding type II DNA restriction 

endonucleases and cognate methyltransferases to show they conferred 

increased plasmid stability in cellular populations. Descendants of cells that 

had lost these genes appeared to have insufficient levels of methyltransferase 

to protect the genome from the remaining cognate restriction endonucleases, 

with a lethal effect. The genes could therefore be regarded as a selfish 

symbiont. Consequently this strategy has been termed an "addiction" system 

(Yarmolinsky, 1995). 

Kusano et a/. (1995) introduced a second restriction-modification gene pair with 

the same or different recognition sequence to either the same duplex or 

another plasmid. It was discovered that the stabilisation effect was blocked by 

having two systems with the same target sequence, but was unaltered by 

having them recognise different sequences. Thus they proposed that 

selfishness and competition underlie the evolution of diversity and specificity of 

target sequence in restriction-modification gene pairs. 

More than 2000 restriction enzymes have been identified and over 200 target 

specificity's found. Analysis of phylogenetic trees for restriction-modification 

systems indicates that it is different to their bacterial host and it is therefore 

likely that their spread is due to horizontal rather than vertical transfer (Jeltsch 

& Pingoud, 1996). An analysis of codon usage by type II restriction

modification systems (Jeltsch & Pingoud, 1996) suggests that the host acquires 

the methylase gene first. Restriction genes are then acquired only if the host 

has methylase genes that enable it to resist restriction of its chromosome. 

Phylogenetic analysis also suggested that Clostridium species may be the 

originator of most restriction-modification systems. 
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The stepwise accumulation of methylase and restriction enzyme could account 

for those methylases found to have no cognate restriction function. It is 

assumed that methylases which persist in having no paired restriction enzyme 

are a result of them fortuitously gaining another function that confers an 

advantage to the cell or genome. These methylases could have been the 

forerunners of the eukaryotic methylases we see today. 

1.5.2 Evolution of the methyltransferase enzyme 

There are a number of proposals for the evolution and origin of the 

methyltransferase enzyme. Roberts (1995) suggests that flipping of bases out 

of the helix may have been common in primitive DNA synthesis, as many 

mismatches would have been produced before proofreading functions fully 

evolved. It may be that peptides evolved to stabilise mispaired flipped bases to 

ensure the stability of the helix. These bases that were stabilised outside the 

helix would then be accessible to modifying peptides. The subsequent fusion 

of these activities could have produced the methyltransferase enzyme. A 

methyltransferase (M.Sssl) has been found with topoisomerase activity (Ahmad 

& Rao, 1996), which may support the idea of evolution from a proofreading or 

repair function. 

Another proposal, by Malone et a/. (1995), is that a gene duplication could 

convert a SAM binding protein so that it bound two molecules instead of one. 

Subsequent evolution of the amino or carboxy end of the protein to bind 

adenine and later fusion of a target recognition sequence may have produced 

the functional methylase protein. 
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1.6 Physiological roles of DNA methylation 

The possible physiological roles of DNA methylation in prokaryotes and 

eukaryotes were not described until 1962 (Arber & Dussoix) and 1964 

(Srinivasan & Borek) respectively. All three methylation positions result in the 

methyl group protruding into the major groove of DNA. In the case of a 

restriction enzyme this disrupts important contacts between nuclease and DNA 

(Lambert, 1996). 

1.6.1 Eukaryotic DNA methylation 

After vertebrate DNA replication, the daughter strand is transiently 

unmethylated while the parental strand is methylated at many, if not all, CG 

sequences. The daughter strand CG sequences can therefore be paired with a 

methylated or non-methylated. CG sequence on the parental strand. It has 

been demonstrated that a methylcytosine positioned up to one helix turn away 

from an unmethylated CG sequence can stimulate de novo methylation at that 

site if not prevented by protein binding (Adams & Lindsay, 1993). In higher 

eukaryotes DNA methylation is involved in transcriptional repression and 

marking DNA so that homologous genes on chromosomes behave differently in 

the same cell (Gommers-Ampt & Borst, 1995). 

The average mammalian genome has approximately 3 x 107 methylated 

nucleotides, most of which occur at the dinucleotide CG. Methylation patterns 

increase the amount of information contained by the genome, are transmitted 

by clonal inheritance and repress transcription in promoter regions (Bestor & 

Tycko, 1996). Perturbations of methylation patterns are lethal to mouse 

embryos and differentiated cells (Li et al., 1992) indicating that the function is 

essential. 
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It is probable that methylated invertebrate DNA comprises transposable 

elements and other damaging sequences that have been silenced by 

methylation. There are few reports of actual methylated genes, therefore the 

primary function of methylation may be as a neutralising mechanism against 

disruptive elements (Bird et a/., 1995). 

The number of genes in vertebrates is estimated to be 50 -100,000, whereas it 

is around 10-25,000 in invertebrates. It is speculated that the increased gene 

number and complexity may be due to the ability to eliminate the transcriptional 

noise (e.g. non-genic DNA, inappropriate timing, parasitic sequences) by 

methods such as DNA methylation (Bird et a/., 1995). 

In Neurospora crassa, methylation-deficient mutants cause post-replicative 

chromosomal abnormalities. It may be that methylation also regulates DNA 

replication in eukaryotes. Densely methylated sequence islands are found in 

Chinese hamster replication origins (S14 and dihydrofolate reductase). All of 

the cytosines are methylated when the cell is cycling, but not when cells are 

arrested. CA, CC and CT sites are specifically methylated in these origins as 

well, which is surprising, as most vertebrate methylation is exclusively at CG 

dinucleotides (Szyf, 1996). It is not yet known whether there is a specific 

methylase for these sites. 

In Arabidopsis thaliana, 5-methylcytosine is important in establishing or 

maintaining epigenetic developmental states in the meristem (Ahmad & Rao, 

1996). Severe reduction in methylation causes Arabidopsis flowers to make 

excess petals and no stamens (Pennisi, 1996). A 71 % reduction in methylation 

by antisense RNA caused an increase (from 26 to 47 days) in the time taken to 

reach sexual maturity. At this stage of development the plant had 35 leaves 

instead of the normal 8 and then went on to produce 5 times the number of 

normal flower stalks (Ronemus et a/., 1996). In a few plants, flower 

development genes were found to be active in the leaves (Pennisi, 1996). 
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Methylation has been demonstrated to control DNA replication and gene 

expression in plants (Kirnos et al., 1995). Newly formed DNA (nfDNA) in the 

plant cell is only partially methylated by the cellular methyltransferase (which is 

part of the replicative complex) and two complementary strands of nfDNA 

appear to be methylated asymmetrically. Asymmetric methylation of nfDNA 

prevents initiation of a new round of its replication and symmetric methylation of 

the complementary strand only occurs when a certain genome fraction starts a 

new replication cycle. The second post-replicative methylation occurs in a time 

interval that is comparable to that of the cell cycle. In the nucleus there are 

specific factors responsible for the substrate and site specificity of methylation 

during the two distinct phases of modification. Additionally, cells of immature 

seeds with minor modifications of genome methylation during replication cause 

heritable changes in genome expression. 

Use of methylation inhibitor 5-azacytidine on Euglena gracilis (Pancaldi et al., 

1997) caused stimulation of plastidogenesis in both dark and light conditions. 

The presence of proplastids blocked in their first stage of development was 

found in both conditions. This implies that a relationship between DNA 

methylation and plastid development exists. It is hoped that this system may 

act as a model for plastid development in plants and other photosynthetic 

organisms. 

Graham and Larkin (1995) have tested the effects of the E. coli dam and dcm 

genes on plant sequences. The dcm gene had no discernible effect on gene 

expression but the dam gene caused a 3-50 fold increase in expression of 

several plant genes. The promoter regions of these genes were methylated 

indicating there may be a role for plant adenine methylation in vivo. 

DNA methylation is also responsible for transgene silencing in plants, mostly by 

promoter inactivation, but sometimes via post-translational mechanisms (Stam 

et al., 1997). This causes many problems in the plant biotechnology industry. 
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1.6.2 Human DNA methylation 

Most information about methylation in eukaryotes comes from studies on Homo 

sapiens. In most cell lines and tissue samples from humans studied, 70-80% of 

cytosines at the CG dinucleotide are methylated. The distribution of the 

unmethylated cytosines is non-random. In general, genes are non-methylated 

at certain CG sites in tissues where they are expressed, but they are 

methylated in non-expressing tissues. This correlation, however, is not 

absolute (Szyf, 1996). 

In humans, for several genes, the copy of the gene on the inactive X 

chromosome is heavily methylated and the active copy is not (Szyf, 1996). 

This correlation has been extended to parental imprinting (Fig. 6) and diseases 

such as Fragile X syndrome, where amplification of a trinucleotide repeat is 

correlated with inactivation of the gene and hypermethylation. 

Father Mother 

Child 

Active 

Inactive 

Figure 6. Schematic of parental imprinting (Derived from Szyf, 1996) 

In this model the imprinted gene is expressed when inherited from the father, the allele inherited 

from the mother is repressed by a mechanism involving DNA methylation. 
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When genes were methylated in vitro, then exogenously introduced into various 

mammalian cells, they were unexpressed. In addition, silenced genes were 

experimentally induced by treatment with 5-azacytosine and transformation by 

antisense DNA methyltransferase mRNA. It is thought that DNA methylation 

interferes with gene expression in two ways: either through inhibition of 

transcriptional factors binding DNA or by a non-specific site inactivation of 

chromatin around genes (Szyf, 1996). 

Currently there is a model in which it is suggested that two classes of 

methylation exist (Szyf, 1996). In this model primary methylation sites have a 

causal role in controlling gene expression and secondary sites alter their 

methylation status in response to changes in gene expression (Fig. 7). At 

present there is strong evidence of a causal role for DNA methylation in gene 

expression, differentiation, parental imprinting and X-inactivation. 

I TranscriPtion .. 

f Methylation of a primary site 

IIIIIIiIII • 
Repression of active chromatin f Methylation of secondary sites 

o 
Stable inactivation of gene 

Figure 7. Model for secondary methylation (Derived from Szyf, 1996) 

Open circles denote methylase recognition sites, M indicates methylation of that site. 

The primary site induces repression of other genes by binding a factor causing an inactive 

chromatin structure to form. This may then act as a signal for methylation of the surrounding 

genes, causing stable repression. 
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It was initially believed that hypo methylation of genes could be a major factor in 

carcinogenesis, as genome-wide hypomethylation is found in many cancer 

cells. A lack of methylation does cause inappropriate gene expression (Szyf, 

1996). However, there is now evidence implicating hypermethylation and gene 

silencing as a causative factor in methylation linked carcinogenesis. 

Hypermethylation, which has been observed in numerous cancer cells, may be 

due to a hyperactivation of the cellular DNA methyltransferase (Szyf, 1996). A 

general increase in the level of DNA methyltransferase is mediated by the 

oncogenic Ras signalling pathway. It still is not clear how both hyper- and 

hypo-methylation may contribute to the carcinogenesis process. 

A hypothesis for the role of methylation in carcinogenesis is that methylated 

cytosines are mutational hot-spots because they can be spontaneously or 

enzymatically converted to thY!11idine which, following replication, will result in 

mutation from a GG base pair to TA. Up to 40% of human germ-line point 

mutations may occur at GG sequences. Hypermethylation could result in an 

increase in the number of deaminated GG dinucleotides present in the genome. 

This may overextend the capacity for the normal cellular mismatch repair 

machinery to remove the GT mispairs. It is reported that even the DNA 

methyltransferase itself may catalyse the deamination reaction (Szyf, 1996). 

1.6.3 Prokaryotic DNA methylation 

There is currently only one example of an essential DNA methyltransferase in 

bacteria that is not part of a restriction modification system. The methylase is 

GcrM, which was isolated from Caulobacter crescentus and it methylates 

adenine at the sequence 5'GANTG3
' (Stephens et a/., 1996). GcrM homologues 

are widespread in the alpha division of the Gram-negative bacteria and form a 

highly conserved family of proteins. The ccrM genes of Rhizobium meliloti and 

C. crescentus are functionally interchangeable and are essential for viability. 

Over-expression of the GcrM protein in either R. meliloti or C. crescentus 

results in changes in cell morphology and disruption to cell division and DNA 

replication initiation (Wright et a/., 1997). 
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1.6.4 DNA methylation in E. coli 

DNA methylation in the prokaryotes has most rigorously been studied in the 

bacterium E. coli. The K-12 strain of E. coli has two types of DNA methylation 

present: N6-methyladenine and C5-methylcytosine. Modification only occurs at 

low levels, with about 1.5% of adenines and 0.75% of cytosines methylated 

(Marin us, 1996). There are three methyltransferases in E. coli K-12: M.EcoK, 

Dam and Dcm. The M.EcoK enzyme is part of a classical restriction

modification system and accounts for less than 1 % of the N6-adenine 

methylation. The remainder is produced by the Dam enzyme, which has no 

cognate restriction enzyme. All the C5-cytosine methylation present is 

produced by the Dcm enzyme, which also has no corresponding restriction 

enzyme. A triple mutant lacking all three methylases contains no detectable 

methylation, yet is still viable, illustrating that the modified bases are not 

essential to the organism (Marir:lUs, 1996). 

1.6.4.1 Distribution of methylase target sequences in the genome 

Barras and Marinus (1988) found GATC sites at a mean density of 1 in 214 

bases when they surveyed about 2% of the E. coli chromosome. Hemaut et al. 

(1996) explored the distribution of sites in 1.6 Mb (35%) of contiguous genome, 

in later studies. The gaps between GATC sites were found to vary between 4 

bp and 4 kb, with the large gaps being very infrequent. .An average of 232 bp 

was found between each E. coli site, in comparison with the random prediction 

of every 256.2 bases. It is probable that as more of the chromosome is 

analysed the figure will close in on the predicted value as local variation 

becomes less influential on the result. 
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The sequence GATC is found in much higher frequencies in numerous genetic 

locations, for example; dnaA, rpsP, metL and oriC (Marinus, 1996). Hemaut et 

a/. (1996) discovered all major metabolic pathways and some SOS responsive 

genes had GATC clusters associated with them. Many of the clusters are 

involved in anaerobic-aerobic growth shift and it is speculated that these may 

be involved in the down-regulating of genes for the cold and oxygen shift from 

the mammalian gut to normal environmental conditions outside the body. 

The survey by Barras and Marinus (1988) also revealed that the GATC 

tetranucleotide is more frequent in translated regions than non-coding or non

translated regions, which is consistent with the level of mismatch repair 

surveillance. In particular rRNA and tRNA sequences are the lowest in GATC 

sequences, which may be correlated with the formation of unwanted secondary 

palindromic structures. 

Using modelling, Hem aut et a/. (1996) found there was selection for motifs 

separated by 10, 19, 70 and 1100 bp. A 6 bp gap seems to be counter

selected, probably as it overlaps with the consensus sequences for the major 

regulatory proteins CAP (catabolite activator protein) and FNR (fumarate/nitrate 

regulator). 

The sequence GATC is strongly counterselected by E coli phages, with it being 

the rarest or next to rarest tetranucleotide out of the 256 possible. Lambda 

phage counterselects very strongly with only 60% of the predicted GATC sites 

present. There are a few phages (e.g. P1) which seem to have no 

counterselection for these sequences. The 1100 bp gap is the only one in most 

E coli phages and correlates with the predicted limit of the mismatch repair 

system. This may indicate that many phages use the host proof-reading 

system to eliminate replication errors (Hemaut et a/., 1996). 
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The recognition sequence of the Dcm enzyme (5'CCAfTGG3
) is found every 351 

bases compared to its predicted frequency of 1 in 512 bases (Gomez

Eichelmen & Ramirez-Santos, 1993; Marinus, 1996). The discrepancy is 

presumably because C5-methylcytosine is constantly undergoing cycles of 

deamination followed by repair of the TG mismatch and remethylation (Lieb & 

Bhagwat, 1996; Marinus, 1996). 

The frequency of the MEcoK recognition sequence is 1 in 16000 base pairs. 

Its target sequence is 5'AACNNNNNNGTCG3
' with its' length most likely 

contributing to its infrequency in the genome (Marinus, 1996). 

1.6.4.2 Methyltransferase genes 

The three E. coli methyltransferase genes hsd (EcoK; 4615 kb), dam (3536 kb) 

and dcm (2042 kb) are unlinked on the chromosomal map. Both the dam and 

dcm genes have been cloned and sequenced. dcm mutants are recessive and 

map to a single gene, likewise dam mutants map to a single gene and are 

recessive, except for one very leaky mutation which is unassignable (Marinus, 

1996). 

The dam gene is 834 base pairs long in a transcriptional unit of seven genes 

(Fig. 8) (Lyngstadaas et al., 1995; Marinus, 1996). The genes group into three 

apparently unrelated types, with AroK, AroB and TrpS involved in aromatic 

amino acid biosynthesis, Rpe and Gph in carbohydrate metabolism and Dam 

and perhaps Urf74.3 (not fully defined) involved in cell cycle regulation 

(Lyngstadaas et al., 1995). 
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There are five promoters of differential strength, with the activity of P2 > P1 > 

P3 > P4 > P5 (Fig. 8). The first three (P1, P2, P3) are probably the most 

influential, and along with P4 have recognition sequences typical of RNA 

polymerase 0
70 (Lobner-Olesen et al., 1992; Marinus, 1996). Promoter P2 is 

growth rate regulated by an unknown mechanism, probably to maintain the 

optimum level of hemimethylated DNA, as cells with different growth rates have 

differing levels of DNA synthesis (Rasmussen et a/., 1994; Rasmussen et al., 

1995; Marinus, 1996). Mutations at a locus called cde (constitutive dam 

expression, 670 kb on coli map) abolish growth rate regulation, by a yet 

unknown process (Rasmussen et al., 1994). 

Pi P3 P4 

P2 PS 

Figure 8. Map of dam operon (compiled from Lyngstadaas et a/. (1995) and Marinus, 

1996) The operon is approximately 6 kb long, position of the five promoters is indicated (Pi

PS). 
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The dcm gene is 1419 base pairs in length and is overlapped at the 3' end by 7 

codons of the vsr (very short-patch repair) gene, in a +1 register (Sohail et al., 

1990; Dar & Bhagwat, 1993) (Fig. 9). The two genes are transcribed as a 

single mRNA and produce discrete gene products (Dar & Bhagwat, 1993). The 

coupling of these genes enables Vsr to immediately repair any mispairs 

produced when Dcm is active. The location of the promoters of dcm and its 

regulation are at present uncharacterised. There is no discernible phenotype 

associated with either the over or under production of the Dcm enzyme 

(Marin us, 1996). 

43.3' 43.2' 

DDO_!------------===::fI:JICIOD 
dcm ~~U;.:.;.RF_--J 

. S-D 
vsr -+ MAD V H 0 KAT. • H L LA" •• 

L."J L."J L."J L."J L.,..,l L."J 
•• • E S SAD +-URl' 

Figure 9. Diagram showing the overlapping of the dcm and vsr genes (from 

Lieb & Bhagwat, 1996) Bar indicates E. coli map position. Predicted amino acid sequence of 

overlapping regions of the three proteins are shown in single amino acid code. S-D is the 

Shine-Dalgarno sequence. 

1.6.4.3 Methyltransferase enzymes 

The Dam enzyme is a single polypeptide of 278 aa. Its mass is 32 kDa, the 

S20,W is 2.8 S, with a stokes radius of 2.4 nm, and it exists as a monomer in 

solution (Herman & Modrich, 1982). The calculated cellular turnover is 19 

methyltransfers per minute (Herman & Modrich, 1982), with approximately 130 

copies per K-12 cell in log growth conditions (Boye et al., 1992). It would 

require 39 methyltransfers per minute to methylate all available GATe 

sequences in a cell with a 30 minute doubling time. Given the experimentally 

determined 19 per minute, either the level of Dam is limiting in the cell or the 

actual in vivo level is twice that predicted (Marinus, 1996). 
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The normal substrate is hemimethylated DNA, with methylation occurring less 

than 1.5 minutes (limit of measurement) after synthesis in an exponentially 

growing cell. oriC and dnaA loci remain hemimethylated considerably longer 

due to sequestration by a membrane fraction (Campbell & Kleckner, 1990) 

The Dam enzyme binds non-specific DNA with a low affinity. Binding to the 

target sequence occurs in the absence of SAM, but is activated when it is 

present. SAM acts as an allosteric effector, increasing the affinity of Dam for 

GATC sequences as well as providing the methyl group for transfer. There are 

conformational changes observable both when SAM binds and after the target 

sequence is bound. Methyltransfer is also influenced by the 3 base pairs 

flanking the GATC recognition site (Bergerat & Guschlbauer, 1990). 

The Dcm enzyme has not bee!') purified to homogeneity to date. It is predicted 

that the enzyme will be 472 aa and have a molecular mass of 53.404 kDa. The 

mechanism for methyl group transfer is proposed to be similar to that described 

for other cytosine methyltransferases (Marinus, 1996). 

1.7 Roles of DNA methylation in E. coli physiology 

1.7.1 Methyl-directed restriction 

Methyl directed restriction systems (MDRS) were first discovered in 

Diplococcus pneumoniae, where the enzyme Dpnl restricts at GATC only when 

the centrally positioned adenines are methylated at N6
. Most of the MDRS in 

other bacterial species are similar to that of E. coli, for example, in 

Streptomyces species both methyladenine and methylcytosine are restricted 

(including dam and dcm sites). MDRS are probably underestimated at present 

because of their relatively recent discovery and present screens generally only 

include dam, dcm and hsd. Also, nucleotide dependent systems are not tested 

for routinely and complex systems, such as the McrBC system of E. coli, may 

escape cleavage assays (Heitman, 1993). 
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E. coli has three methyl-directed restriction systems that have no cognate 

modification enzyme; mcrA (rg/A) , mcrBC (rg/B) and mrr. The mcrBC and mrr 

genes are found on either side of the classical EcoK restriction-modification 

system in a region of the chromosome named the "immunity control region" 

(ICR) or the "Ellis island" (Bickle & Kruger, 1993; Heitman, 1993). 

Mrr restricts mostly N6-methyladenine with some activity against C5-

methylcytosine (Bickle & Kruger, 1993). In vivo Mrr is active against 

Xanthamonas phage XP-12 and DNA methylated by the Hhall, Pstl, Accl, 

CviRI, Hincll, Hpal, Nlal, Taql, Sssl and Hhal methyltransferases (Heitman, 

1993). 

McrBC (rg/B) restricts DNA with C5-methylcytosine, N4-methylcytosine and, in 

the non-glycosylated T-even phages, hydroxy-methylcytosine (Bickle & Kruger, 

1993). There are two components to this system; mcrB codes for at least two, 

possibly three, polypeptides and mcrC codes for two polypeptides. Most 

restriction activity requires both McrB and C, but McrB can act independently 

on Mspl and Sssl sequences (Heitman, 1993). The restriction activity has a 

requirement for GTP in addition to the normal cofactors required for restriction 

in other enzymes. The activity is unique in the recognition sequence, which is 

two methylated sites 40-80 bp apart, where gaps of 11, 19 or 21 bp are not 

recognised. The DNA is cleaved at multiple sites between the recognition 

regions. A single methyl group is sufficient at each site and the groups can be 

cis or trans on the strands (Sutherland et al., 1992). This was the first GTP

dependent restriction enzyme described and it may have features in common 

with other GTP binding proteins, such as translation elongation factors or Ras 

(Heitman, 1993). 
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McrA also restricts the T -even phages and additionally acts against Hpall and 

Sssl recognition sequences (Heitman, 1993). The mcrA locus is found in the 

prophage e14, and UV irradiation causes it to form a non-replicating circle 

which is easily lost during cell division, resulting in many E. coli being mcrA

(Bickle & Kruger, 1993). Additionally, in some backgrounds a temperature 

sensitive phenotype is observed (Heitman, 1993). 

1.7.2 Cytosine methylation 

The known biological functions of 5-methylcytosine in bacteria are currently not 

well understood. There is no obvious phenotype in deleted strains and E. coli B 

is naturally dcm-. Two roles are known for cytosine methylation; very short 

patch (VSP) repair and protection from restriction enzymes (Marin us, 1996). 

5-Methylcytosine is mutagenic ,because its spontaneous deamination causes a 

conversion to thymine. Deamination hotspots have been found in the lacl and 

lambda prophage repressor genes. Since the deamination reaction can occur 

in non-replicating DNA, the mutation is not repaired by the methyl-directed 

mismatch repair system as strand discrimination is not possible (Lieb & 

Bhagwat, 1996). 

The Vsr protein is a monomeric sequence specific nuclease that cleaves 5' of 

the thymine in a T-G mispair (Hennecke et al., 1991). It also recognises U-G 

mispairs and converts them to a C-G pair (Glasner et al., 1995). Unlike most 

repair enzymes Vsr has no glycosylase activity. The other requirements for 

repair are DNA polymerase I and DNA ligase. Repair is significantly increased 

in the presence of the MutS and MutL proteins, but they are not an absolute 

requirement (Jones et al., 1987; Leib, 1987). 
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The synergic effect between Vsr and MutS is somewhat surprising given that 

they compete for the same mismatch loci. To explain this, Lieb and Bhagwat 

(1996) proposed a "conveyor belt" (Fig. 10) model in which MutSL binds to a 

mismatch and makes the mispair more accessible to Vsr. Since Vsr has a 

greater affinity for T-G mispairs, this then displaces the MutSL complex and 

cleaves the DNA. 

Figure 10. Conveyor belt model for Vsr repair of mismatches (from Lieb & 
Bhagwat, 1996) MutSL binds the mismatched bases and makes them more accessible to Vsr 
repair. 

Studies using CI DNA indicate a sequence preference for Vsr, with 5'CTAGG3
' 

cleaved the most e'fficiently, whereby the C deaminates to T. There is also 

evidence that the sequences which are cleaved most efficiently are more 

under-represented in the genome (Lieb & Bhagwat, 1996). 

In rapidly dividing cells mutation hotspots persist at 5-methylcytosine residues, 

but under conditions more accurately modelling the natural E. coli environment, 

the VSP repair pathway appears to nullify these (Lieb & Bhagwat, 1996). The 

efficiency of VSP repair has also been determined in non-dividing E. coli cells 

(Lieb & Rehmat, 1997). They determined that the rate of cytosine deamination 

was barely above that for non-methylated cytosines and suggested that 

mutation hotspots in rapidly dividing cells are likely to be due to insufficient time 

for Vsr repair of the mismatch before the DNA is replicated. 
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Unmethylated dcm sites are cleaved by EcoRII, which suggests the function of 

Ocm may be protection from group N plasmids which produce this restriction 

enzyme (Gomez-Eichelmann & Ramirez-Santos, 1993). However these 

plasmids usually express the cognate modification enzyme before the 

restriction enzyme when transferred to a cell. M.EcoRIl has a 70% aa similarity 

to Ocm and methylates the same sequence. Its role is clearly to prevent 

degradation by EcoRII, which suggests Ocm may do the same (Marinus, 1996). 



34 

1.1.3 Adenine methylation 

dam mutants display a wide variety of phenotypes (Table 2), suggesting that 

Dam methylation and the Dam protein may have multiple cellular roles. The 

amount of hemimethylated DNA following the replication fork is crucial for 

several functions of Dam. Even a small increase or decrease in 

hemimethylation via a dam mutant or overproducing plasmids can vary a 

particular function (Marinus, 1996). 

Table 2. Effect of dam mutation on E. coli (from Marinus, 1996). 

III Reduction of adenine methylation at GATC sequences 

III Mutator phenotype 

III Hyper-recombination phenotype 

III Alleviation of EeoK restriction 

III Increase in DNA double strand breaks when in a dam-Jig double mutant 

.. Increased UV and chemical sensitivity 

III Increased drug-induced mutagenesis 

• Increased spontaneous induction of lysogenic phages 

.. Derepression of certain SOS genes 

.. Inviability when in combination with: reeA, reeS, reeJ, lexA, po/A or ruv 

., Altered expression of genes including: trpS, su/A, gInS, mom, dnaA, pap and 

tsp 

.. Suppression of dam phenotypes by mutation in mutS, mutH and mutl 

.. Control of phage Pi DNA packaging 

III Asynchrony of chromosomal DNA replication initiation 

.. Inhibition of replication of plasm ids with oriC or Repl protein and phage with 

the Pi ori 

III low frequency of transformation with Dam methylated plasmids 
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1.7.4505 induction 

DNA damage in E. coli results in the induction of a set of repair genes called 

the SOS regulon. In a dam- cell, the SOS regulon is partially induced to 

approximately 1.7 to 6 times the basal level. The recA, lexA, uvrA, uvrB, su/A, 

dinD and dinF genes are partially induced, but the uvrD (helicase II) gene is not 

induced at all. Only lexA and uvrB are fully induced in the dam- background. 

Partial induction of the SOS genes is probably due to lack methylation at 

regulatory sequences. 

The proteins produced by the recA and ruv genes are essential to the survival 

of a dam mutant. These proteins are probably required for the recombinational 

repair of damaged DNA, caused by abhorrent mismatch repair and increased 

single stranded breaks (Sternberg, 1985). 

1.7.5 Mismatch repair mechanisms 

Spontaneous mutations in E. coli are as rare as 10-10 to 10-9 per base pair per 

cell per generation (Rewinski & Marinus, 1987). This level of accuracy is 

achieved by a combination of editing and mismatch repair. The correction of 

mispairs in the DNA helix serves to eliminate lesions that would otherwise be 

fixed as mutations (Radman & Wagner, 1986; Lahue etal., 1989). 

The initial insertion of bases on to the template results in levels of base 

misincorporation of 10-5 to 10-4 per base pair per cell per generation (Fersht & 

Knill-Jones, 1983). The alpha and epsilon subunits of DNA polymerase III 

holoenzyme (encoded by pole and mutD respectively) are a proof-reading and 

editing system that increase fidelity to approximately 10-8 to 10-7 (Rewinski & 

Marinus, 1987). The post-replicative mismatch repair systems further reduce 

misincorporations to the final level of 10-10 to 10-9 mentioned previously 

(Rewinski & Marinus, 1987). 
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In E. coli there are four distinct post-replicative mismatch repair systems which 

have been identified: methyl-directed mismatch-repair (MD-MMR), VSP repair, 

mutY repair and mutT repair. These systems fall into two classes (Claverys & 

lacks, 1986; Radman & Wagner, 1986): long patch (MD-MMR) and short patch 

(VSP, mutY, mutT) systems. 

DNA methylation is a post-synthetic modification, with the newly synthesised 

strand temporarily existing in an unmethylated state. This transitory lack of 

methylation is used by the MD-MMR system to confine mismatch correction to 

the new strand (Radman & Wagner, 1986; Lahue et a/., 1989). The repair can 

be of base mismatches or deletions and insertions of up to 4 nucleotides in 

length (Marinus, 1996). 

Ten components have been shown to be involved in MD-MMR. These include: 

. MutS, Mutl, MutH, DNA polymerase III, single-strand DNA-binding protein 

(SSB), exonuclease I, DNA helicase II, DNA ligase and exonuclease VII or 

RecJ exonuclease (lahue et a/., 1989; Cooper et a/., 1993). 

The MutS (97 kDa) protein binds to the mismatched DNA base pairs as a dimer 

and a region of a-looped DNA is formed which contains the mismatch. The 

Mutl (70 kDa) protein then binds the MutS-DNA complex at the base of the 

loop (Allen et a/., 1997). Subsequent interaction of MutH (25 kDa) with this 

complex in the presence of ATP activates. the latent endonuclease of MutH 

which then incises the unmethylated strand at a hemimethylated d(GATC) site 

(Fig. 11) (Modrich, 1987; Grilley et a/., 1990). The region of DNA between the 

strand break and the mismatch is removed on the unmethylated strand by the 

action of helicase II and the exonucleases (lahue et a/., 1989; Cooper et a/., 

1993). The strand break can be on either side of the mismatch. When the 

break is 5' to the mispair either exonuclease VII or RecJ exonuclease is used, 

when it is 3' to the mispair, exonuclease I is employed (Cooper et a/., 1993). 

SSB protein stabilises the parental strand while the gap is repaired using DNA 

polymerase III, then is covalently closed by DNA ligase (Modrich 1987, Lahue 

et a/., 1989). Finally, Dam methylates the repaired strand. 
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Figure 11. Illustration of methyl-directed mismatch-repair in E. coli (from 

Marinus, 1996) MutS and Mutl in the presence of ATP bind to the mismatched bases. 

Interaction of MutH with this complex in the presence of ATP activates an endonuclease 

function in MutH, which cleaves the unmethylated DNA strand at the GATC sequence. 

Exonucleases then remove the DNA on the unmethylated strand from the incision to the region 

of the mismatch. The gap is then repaired by DNA polymerase III and DNA ligase, with 

subsequent methylation of the GATC sequence. 

There are three short patch repair systems active in E. coli. These are the VSP 

repair pathway and the mutYand mutT repair pathways (Grilley et al., 1990). 

As the name implies these pathways are involved in repair of short tracts of up 

to 20 nucleotides, compared with up to 1 kb in the long-patch system. The VSP 

pathway is mediated by cytosine methylation and has already been discussed 

in detail in Section 1.7.2. 
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MutY is a GA specific adenine glycosylase that hydrolyses the glycosyl bond, 

linking the mispaired adenine to deoxyribose. MutY, a 5' apurinic 

endonuclease, DNA polymerase I and DNA ligase are sufficient to mediate 

MutY dependent GA-GC mismatch correction (Au et ai., 1988 & 1989). 

MutT excludes GA mispairs where the guanine is on the newly synthesised 

strand (Bhatnagar & Bessman, 1988; Akiyama et ai., 1989). It is known that 

MutT has nucleoside triphosphatase activity with speci'ficity for deoxy

guanosine-triphosphate. 

The mismatch repair systems can recognise and repair 7 out of the possible 8 

base rnispairs, a CC mismatch being the only one not subject to significant 

correction (Modrich, 1987). The CC mismatches are repaired by another 

mechanism, but the genes have not been identified yet (Radicella et al., 1988). 

Mismatch repair does not recognise and repair all mismatches with equal 

efficiency. The state of repair depends on both the nature of the mismatch and 

neighbouring nucleotide sequences. For a given mismatch the repair efficiency 

increases with increasing GC content in neighbouring nucleotide sequences 

(Jonesetai., 1987). 

The mismatch recognition and repair pathway can act as a barrier to 

recombination between DNA of different species. Recombination normally 

requires nearly perfect homology and as little as 10% sequence divergence can 

abolish it. E. coli and Salmonella typhimurium have greater than 20% 

sequence divergence and have been diverged for an estimated 15 x 107 years. 

Experimentation by Rayssiguier et al. (1989) demonstrated that mutations in 

the mutHSL genes could increase intergenic recombination in conjugational 

and transductional crosses between these bacteria by up to 1000 fold. They 

concluded that mismatch repair may provide an effective way to control the rate 

of both vertical (by point mutation and intrachromosomal rearrangements) and 

horizontal (via recombination with diverged species) evolution. 
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Vibrio cholerae has a Dam-directed mismatch repair system similar to E. coli, 

with analogous enzyme functions. The V.cholerae dam gene can substitute for 

the E. coli counterpart and function efficiently. A dcm-like gene has also been 

discovered, raising the possibility that the VSP repair pathway is also present 

(8andyopadhyay et al., 1994). 

E. coIls close relative S. typhimurium has a dam gene and a rvlD-rvlMR system 

that is very similar. The most significant difference appears to be that the S. 

typhimurium MD-MrvlR system does not repair UV induced damage. One Dam 

regulated gene has been found, but it exists on a cryptic virulence plasmid and 

its function is unknown (Torreblanca & Casadesus, 1996). 

1.7.6 Control of DNA replication 

. There is an important role for PNA methylation in controlling DNA replication. 

There are 11 GATC in 245 bp at the coli origin of replication, oriC, and 

methylation at this locus is required for efficient initiation of chromosome 

replication. The dna A gene product is essential for initiation and 

hemimethylated GATC in the promoter of dnaA down-regulates its expression 

(8ramhill & Kornberg, 1988; 80ye & Lobner-Olesen, 1990). 

The hemimethylated oriC and dnaA sequences are sequestered by membrane 

components, ensuring only a single initiation of chromosomal replication per 

cell division (Skarstad et al., 1986; Campbell & Kleckner, 1990). Even in 

rapidly growing cells with multiple origin copies, initiation only occurs once at 

each site. 
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Initiation of replication only begins when oriC is fully methylated at its' GATC 

sites. Replication generates two symmetrically hemimethylated forms that are 

blocked for Dam methylation and therefore replication initiation. oriC remains in 

this state for one third of the doubling time, then is rapidly remethylated (Fig. 

12) (Slater et al., 1995). 
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Figure 12. Dam methylation and chromosome replication (from Slater et a/., 

1995) After replication oriC and dnaA sequences are hemi-methylated and sequestered from 

Dam methylation and hence replication initiation for one third of the cell cycle. Remethylation of 

these sequences then occurs, allowing replication initiation to commence. 

The SeqA protein exerts a negative effect on the hemimethylated origin (Slater 

et al., 1995) and may directly interact with DnaA (Lu et al., 1994). There is 

evidence that SeqA may prevent open complex formation at the origin, which is 

required for initiation. Additionally, the binding of hemi-methylated oriC by a 

membrane fraction during sequestration also involves SeqA. It is therefore 

likely that SeqA is involved in both initiation and sequestration (Slater et al., 

1995). 
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1.7.7 Regulation of gene expression 

As the state of GATC methylation can affect protein-DNA binding, the presence 

of this sequence in a promoter or regulatory region can influence gene 

expression. There are a number of promoters where DNA methylation has 

been implicated in the regulation of gene expression (Blyn & Braaten, 1994; 

Palmer & Marinus, 1994; Ahmad & Rao, 1996; Marinus, 1996). Generally their 

expression is increased in a dam- background, but it is unknown whether the 

same is true in a hemimethylated state (Marinus, 1996). 

Genes affected by DNA methylation include the trpR and su/A genes, which 

have Dam sites in the -35 region of their promoters (Fig. 13) and transcription is 

increased 2-6 fold in a dam- host. In the case of su/A, approximately 2-3 fold of 

the total increase is due to partial SOS induction, the remainder being 

. attributable to direct effects at the promoter. It is likely that the location of the 

trp operon repressor (TrpR) gene between oriC and the trp operon ensures a 

burst of repressor synthesis before the operon is replicated (Sternberg, 1985). 

Promoter 
Consensus 
Tn 10 Transposase 
Tn5 Transposase 
trpR 
su/A 
Pi ere 

IS inside ends 
IS 10 
IS 50 

+-( ---- -35 ) 
CTTGACAAT 
GTGGATACA 
CGGAACCTT 
ACTGATCCG 
GTTGATCTT 

Spacer 
13-18 bp 
13 bp 
13 bp 
16 bp 
15 bp 

~-10---+ 

CTTGATCATTTGATCAA 11 bp 

TATAAT 
GATCAAAT 
GATCTGATC 

TATCGT 
TACTGT 
TAAAAT 

---IS element ------? 

ATGAGGGGATCTCTCTCAG 
AGATCTGATCAAGAGACAG 

Figure 13. Sequence of several Dam-sensitive promoters and inside 

termini of insertion elements (Redrawn from Sternberg. 1985) 
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One of the most studied examples of methylated sites controlling gene 

expression is the pap (pyelonephritis-associated pili) operon. pap codes for 

proteins involved in the synthesis and assembly of the cell surface Pap-pili 

virulence factors. The mechanism for involvement of GATC sequences in Pap

pili phase variation was described by Braaten et al. (1994). Two GATC sites 

are involved and their methylation status determines whether the pili genes are 

expressed or not. In the phase "off' state, GATC I is methylated and GATC II is 

non-methylated due to the binding of the global regulator Lrp. The binding of 

Lrp blocks transcription of the operon because the RNA polymerase recognition 

site is obstructed. Phase "on" occurs after Lrp moves from binding GATC II to 

binding GATC I, which requires the presence of the Papl protein. This leaves 

GATC I unmethylated and GATC II methylated, which results in the RNA 

polymerase recognition site being available for binding and transcription of the 

pap operon proceeds. 

Another pilus gene, fae (K88), is regulated in a similar manner with Lrp and Fae 

binding at three GATC sites. Methylation of the first site is a requirement for 

expression and if GATC III is also methylated there is high level expression. 

GATC II remains unmethylated in both states, but if GATC III is also 

unmethylated then low level expression is observed (Huisman & de Graaf, 

1995). There is evidence of Dam involvement in the regulation of other pilus 

genes including: daa (F1845 pili), fan (K99 pili), fim (Type 1 pili) and sfa (S pili) 

(van der Woude, 1992; Palmer & Marinus, 1994). 

Studies by Charlier et al. (1995) on the car operon of both E. coli and 

Salmonella typhimurium show a direct link between the degree of protection of 

a GATC site located 106 bp upstream of the carAS promoter P1 and the 

repressability of this promoter by pyrimidine residues. Other genes with GATC 

sites in their promoters include the previously mentioned dnaA gene, gInS, trpS 

and tyrR (Sternberg, 1985; Bramhill & Kornberg, 1988; Soye & Lobner-Olesen, 

1990; Marinus, 1996). 
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1.1.8 Methylation in E. coli horizontally mobile elements 

Several horizontally mobile elements harboured by E coli have genes 

regulated by adenine methylation. This is perhaps unsurprising as they have 

access to the same enzymatic machinery as the host. 

The bacteriophage Mu has two strategies for extending its host range. One is 

the expression of an alternate set of tail fibers and the other is "momification". 

The later process is a sequence specific modification of adenines that protects 

the phage DNA from restriction-modification systems. The mom gene is 

regulated by methylation whereby the amount of mom RNA decreases twenty 

times in a dam- background (Hattman, 1982; Sternberg, 1985). There are no 

GATC sites in the promoter, but it is just downstream of a cluster of three sites 

(Hattman, 1982). Dam methylation of these three sites stops the binding of the 

. OxyR regulatory protein, which. represses mom transcription when bound (Sun 

& Hattman, 1996). It is probable that binding occurs only at hemimethylated 

sites and that initiation may be blocked by interference with the trans activating 

C protein on RNA polymerase (Marinus, 1996; Sun & Hattman, 1996). 

The transposons Tn10, Tn5, Tn903 and the IS element IS3 all use Dam to 

control transposition (Marinus, 1996). The best studied case is that of Tn 10. In 

Tn10, Dam acts at two levels to repress transposition. Firstly, the methylation 

of sites in -10 region of the promoter for transposase results in a 5-10 fold 

decrease in transcription and the amount of transposase. Secondly, 

methylation of the inside ends of IS elements decreases the ability for 

transposase to utilise ends for transposition or rearrangement (Fig. 15) 

(Sternberg, 1985). During most of the cell cycle GATC sites are methylated 

and transposition is inhibited but after replication the sites become transiently 

hemimethylated and activated for transposition. The transposase promoter is 

only active when the coding strand is methylated and the non-coding strand is 

I.Inmethylated. This results in transposition only when the element is replicated, 

and only one of the copies can transpose and find a new location. It is thought 

that the coupling with replication aids the prevention of excess transposition, 

which would be detrimental to the host (Marin us, 1996). 
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The packaging of bacteriophage P1 DNA requires methylation of GATC sites in 

the pac region, seven of which occur in 160 bp. P1 also has its own Dam 

methylase. Packaging of P1 DNA into the capsid is initiated by cleavage at a 

pac site on a concatamer of repeating monomers. The packaging reaction is in 

one direction from the cut end until a headful is reached (>1 P1 monomer) at 

which time the DNA is cleaved again and 'the next headful begins. However, it 

is imperative that no more than one or two pac sites per concatamer are cut, as 

the resulting monomers would not have the terminal homologous sequences 

required for cyclising DNA. During initial synthesis pac is largely unmethylated 

because replication is rapid and the host methylase cannot keep pace. Later, 

some sites would become methylated due to the viral methylase and the 

packaging process begun, which in turn would block further utilisation of other 

sites. These multi-methylation steps ensure two sites are rarely activated at the 

same time on the same monomer (Sternberg, 1985). 

1.7.9 Unmethylated DNA loci 

Several studies have now indicated that there are a number of DNA loci that 

are targets for methylation in the E. coli chromosome which remain 

unmethylated even in nonreplicating DNA (Wang & Church, 1992; Ringquist & 

Smith 1992; Hale et al., 1994). 

Wang and Church (1992) used endogenous and artificially introduced 

methylases to methylate all genomic targets except those protected in vivo by 

protein and non-protein factors interfering with methylase action. These sites 

were then identified by methylation sensitive restriction enzymes. They found 

that approximately 20 (0.1%) GATC sequences were unmethylated in the cell. 

Unmethylated Dam recognition sites were found in the non-coding regions of 7 

operons; mt/, cdd, flh, gut, car, psp and fep. The first four sequences matched 

the consensus for cAMP receptor protein binding site. In vivo protection of car 

was found to be correlated with a down regulation of car expression, as 

expected of a feedback repressor binding model (later confirmed by Charlier et 

al., 1995). 
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Pulsed-field gel electrophoresis and restriction analysis was used by Ringquist 

and Smith (1992) to find unmethylated and hemimethylated sites recognised by 

Dam and Dcm. Treatment of chromosomal DNA with Dam, or the use of a 

Dam overproducing plasmid, resulted in increased resistance to cleavage by 

the methylation sensitive restriction enzyme Mbol. Throughout the 

chromosome, 36 unmethylated GATC sequences were identified by Mbol 

restriction analysis. Unmethylated Dam recognition sites were found at or near 

the lacZ, rna/PQ, let, rna/B and galP loci. 

Local sequence content, growth rate and conditions influenced Dam resistance 

at GATC sites. The modulation at these sites was not due to clonal 

subpopulations because the pattern was shown to be independent of growth 

history and the same for cultures from independent colonies on the same or 

different days. Addition of rifampicin also caused modulation of unmethylated 

sites, indicating that some me.thylation protection is coupled to transcription. 

Deletion of rnutH or dcrn had no effect on Dam sites. The oxyR protein, 

implicated in Dam protection in Mu phage, did not affect methylation at oxyR or 

cat loci. Specific unmethylated Ocm sites were shown to exist by restriction 

analysis. 

Hale et al. (1994) isolated 7 unmethylated GATC sites from log-phase cells 

utilizing glycerol as a carbon source. Three were upstream of gut, rnt! and 

ppiA, three were unidentified and one was downstream' of uspA. Lrp was found 

to protect the uspA site and it was leucine responsive. Carbon source and 

growth phase were found to influence the site upstream of the ppiA gene. The 

remainder of sites were protected under all experimental conditions. 

These three studies clearly indicate a role for protein binding as a causative 

agent for at least some unmethylated sites in E. coli. There are several 

experiments which also implicate DNA secondary structures in the prevention 

of sites from becoming methylated. 
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Klysik (1996) placed a GATC site between two constructed (GA)7 tracts in 

plasmid and supercoiled DNA to assess the effect on methylation of the site. It 

was found that the site was unmethylated in vitro and in vivo. The lack of 

methylation was dependent on (GA)n and (CT)n motifs being present on either 

side of and in proximity to the GATC sequence. lVIutational studies indicated 

that the non-methylation at this tetranucleotide was due to the formation of a 

cruciform structure (H-DNA). The in vivo studies showed that protein binding at 

this site was also a factor, but only in certain strains of coli. 

Jaworski et al. (1987) also demonstrated inhibition of M.EcoRI methylation in 

left-handed (Z) helicies, and a GATC site at the centre of a long DNA 

palindrome was found to be undermethylated in vivo by Allers and Leach 

(1995). 
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1.8 Aims of the study 

The study of E. coli dam mutants revealed that a lack of methylation resulted in 

a wide range of phenotypic changes in the bacterium (Marinus, 1996). This 

indicated that the dam locus and protein product must be intimately involved in 

a number of cellular processes (Marinus, 1996). Dam methylation at specific 

loci such as oriC, dnaA and pap was known to vary and influence protein 

interactions (Braun & Wright, 1986; Blyn et al., 1990; Boye et al., 1990; 1992; 

Campbell & Kleckner, 1990; Braaten et al., 1991). 

At the time of inception there were no studies that examined the overall state of 

Dam methylation in E. coli, nor was there a systematic study of individual 

unmethylated Dam recognition sites. Other experiments (see 1.7.9) have since 

been performed that have looked at aspects of both global and local Dam 

methylation. Their methodology and scope of interest was however somewhat 

different to that of this study. 

The aim of this thesis was to study and survey unmethylated Dam sites in E. 

coli. A two-fold approach was undertaken, whereby the overall pattern of 

un methylated sites would be investigated and concurrently each site examined 

on an individual basis. 

The study of overall methylation patterns had three objectives: 

1) To examine whether strain background had any influence on unmethylated 

Dam recognition sites. 

2) To analyse how the extracellular environment may modulate methylation at 

Dam sequences. 

3) To investigate the effects of global regulatory proteins on GATC methylation. 

The cloning of individual unmethylated GATC sequences had three objectives: 

1) Determination of the chromosomal location of the site. 

2) Examination of the genetic context and, if possible, biological relevance. 

3) Use of sequenced clones as probes to gels from global methylation studies 

to elucidate changes of methylation status at that sequence under the test 

conditions listed above. 
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Materials and Methods 

2.1 Bacterial strains 

All bacteria used in experiments were Escherichia coli strains. The genotypes 
of the strains are described in Table 3. 

Table 3: Bacterial strains 

Strain Genotype 

AB 1157 F-, A-, il(gpt-proA)62, rac-, supE44, 

galK2, rfbD1, thr-1, ara-1, leuB6, lacY, 

tsx-33 , hisG4(Od, mgl-51 , rspL31 , 

kdgK51 , xyl-5, mtl-1, argE3, thi-1 

CA8000 HfrH, B, A-

CA8445 cyail1854, crpil145, strR, B, A-

Source/Reference 

Brickman et al. (1973) 

Sabourin & Beckwith 

(1975) 

DE192 
. R 

lexA51, su1A211, il(lac - pro) ,Sm, Ennis et al. (1985) 
XIII 

mtl-1, thi-1 

DE407 lexA3, su1A211, maIB::Tn9, il(lac - Ennis et al. (1985) 

Pro\III' Sm
R

, mtl-1, thi-1 

DH5a F-, flIacU169 (~80 d/acZilM15), recA1, Hanahan (1983) 

gyrA96 , endA1, hsdR17 (rk-mkt), 

supE44, A -, thi-1, relA 1, NaiR 

DH5 F-, recA1, gyrA96 , endA1, hsdR17 (r
k
- Labstock 

mkt) , supE44, A-, thi-1, relA1, NaiR 

DM2251 8(1ac - pro) ,Sm
R

, mtl-1, thi-1 
XIII 

EMG2 Prototroph, F+ 

MEW1 i1vA, iliac 

MEW26 ilvA, 8 lac, Irp::Tn10 

W3110 IN(rrnD-rmE)1 

Ennis et al. (1985) 

CGSC* 

Newman et al. (1985) 

Tuan et al. (1990) 

CGSC* 

4301 endA1, hsdR17 (rk-mkt), supE44 , thi-1, Laboratory Stock 

recA1, gyrA96 , relA1, ilhip3, F-, A-

* Coli Genetic Stock Centre, Yale University, New Haven, Connecticut, USA. 
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2.2 Bacterial plasmids 

All bacterial plasmids used in experimentation were isolated from Escherichia 

coli strains. The characteristics of these plasmids are listed in Table 4. 

Table 4: Bacterial plasm ids 

Name Characteristics Source/Reference 

pSper1 B pUC19, rspA-rspB, ApR R. Kolter 

pUC19 lacZ, Ap 
R Laboratory Stock 

pBR322 R R 
Ap, Tc Laboratory Stock 

pC6 pUC19, ApR, yjdG This study 

pC7 R 
pUC19, Ap ,807 aa URF This study 

pC9 pUC19, Ap 
R This study 

pC10 pUC19, ApR, yicL This study 

pC11 R 
pUC19, Ap , 108 aa URF This study 

pC13 R 
pUC19, Ap ,psp This study 

2.3 Bacterial growth media 

All bacterial growth media was sterilized by autoclaving at 121°C for 20 min and 

allowed to cool before use. For routine growth of bacteria in liquid media, LB 

broth (A1.2.4) was used, generally in the form of 10 ml in a Universal bottle. 

When bacteria were grown on a solid media, LB broth was supplemented with 

autoclaved 1.5% agar, heated in the microwave until boiling, allowed to cool to 

- 50°C, then poured into approximately 20 ml volumes in petri dishes. 

When required, minimal medium (A 1.2.5 Table 6) was prepared according to 

the instructions of Davis and Mignoli (1950) and pH buffered medium (A 1.2.6 

Table 7) made as described by Dri and Moreau (1994). 
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2.4 Antibiotic supplementation 

When required, antibiotics were added to either solid or liquid media in the 

concentrations indicated in Table 5. When supplementing solid media, 

antibiotics were only added after the molten agar had cooled to - 50°C to 

prevent degradation. 

Table 5: Antibiotics for growth media 

Antibiotic Stock Working Solvent 

Solution Concentration 

mg/ml Ilg I ml 

Ampicillin 100 100 H2O 

Chloramphenicol 10 12.5 100 % (v/v) Ethanol 

Kanamycin 10 20 H2O 

Nalidixic Acid 50 60 100 % (v/v) Methanol 

Tetracycline 10 20 100 % (v/v) Methanol 

2.5 Storage of bacteria 

Bacteria to be held in storage were grown to saturation in LB broth, then mixed 

with an equal volume of sterile 80% (v/v) glycerol in a freezer-safe 2 ml 

screwtop tube. The resulting suspension was then incubated at room 

temperature for 30 min to allow cellular uptake of glycerol. After this period the 

tubes were placed in a freezer box and held at -80°C until required. 

2.6 Replica plating 

The replica plating technique was used when colonies of bacteria were tested 

for sensitivity to an antibiotic. It allows multiple copies of an original plate to be 

made so that colonies that don't grow under selection on one plate are 

preserved on another. 
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The material used to duplicate the colonies was sterilised velvet. This was 

wrapped around a block that was just smaller than the internal dimensions of a 

agar growth plate. The lid on the plate of interest was removed and an 

impression of the colonies growing on the agar surface was made by applying 

pressure to the plate placed face down on the block. The plate was then 

removed and the plates containing the selective agent, plus a rescue plate 

allowing regrowth, were applied in turn onto the velvet covered block. 

It was important to ensure uniform pressure was applied to all parts of the plate, 

when making an impression so that all colonies were transferred evenly. The 

replica plates were then incubated at the appropriate temperature overnight to 

allow the transferred colonies to grow. 

2.7 Transformation of E. coli 

2.7.1 Preparation of electrocompetent cells 

Plasmid transformation of E. coli was accomplished primarily by the use of 

electroporation techniques. The method used was that published by Smith et 

al. (1990), which was found to be both rapid and reliable. The transformant 

was usually DH5a, because of its ease of transformation and desirable 

characteristics of being endA and a-complementing for lacZ. Other strains 

were used when alternative host characteristics were required. 

A fresh colony of the strain to be transformed was inoculated into 10 ml SOB 

broth (A 1.2.1) and grown overnight at 37°C with vigorous aeration. A 500 III 

volume of culture was used to inoculate 500 ml SOB, which was then grown 

vigorously at 37°C until the OD550 was O.B. The culture was transferred to 250 

ml flasks and centrifuged at 5,000 rpm for 10 min at 4°C. Pelleted cells were 

resuspended in 500 ml ice-cold WB (A 1.1.B) then centrifuged and resuspended 

in an identical manner. Following further centrifugation the cells were 

resuspended in WB at a final volume of 2 ml. Cells were frozen in 40 III 

aliquots in microfuge tubes using a dry-ice ethanol bath, and stored at - BO°C 

until required. 
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2.7.2 Electroporation 

Just prior to use, bacteria were thawed, then immediately placed on ice. 

Between 10 pg and 10 ng of DNA was mixed with the bacteria and placed in a 

pre-chilled 0.2 cm electroporation cuvette. A control cuvette with no DNA 

added was prepared identically. After 30 s incubation, electroporation was 

performed in a Bio-Rad GenePulser™ (with pulse controller) set at 25 r-tF 

capacitance and 200 Q resistance at 2.5 kV. Immediately following the pulse, 1 

ml SOC (A 1.2.2) was added to the cuvette. As soon as practicable, bacteria 

were removed from the cuvette, placed in microfuge tubes, incubated at 37°C 

for 1 hour, before a 10"2 to 10-4 dilution in LB broth and plating on selective 

media. 

2.8 Plasmid DNA isolation by ,the rapid boiling method 

The rapid boiling method was used for isolation of plasmid DNA for 

confirmatory analysis. It is based on the method of Holmes and Quigley 

(1981), with modifications according to Palmer (1987). 

Brain-Heart (BH) broth was inoculated with a single colony taken from an agar 

plate and incubated overnight at 37°C. If the strain contained an antibiotic 

resistance marker then antibiotics were added to the medium at the appropriate 

concentration (Methods 2.4). 

A 1.5 ml volume of stationary phase culture was transferred to a microfuge tube 

and the cells spun at 12,000 rpm for 5 min at 4°C in the Eppendorf 5403 

centrifuge. The supernatant was discarded and the cells resuspended in 350 III 

of boiling preparation mix (A 1.1.3) with a sterile toothpick. A 25 r-tl volume of 10 

mg ml-1 lysozyme was added, the mixture incubated for 40 s in a boiling 

waterbath and the lysate centrifuged for 10 min at room temperature. The 

pellet was removed with a sterile toothpick and 40 r-tl of 3M sodium acetate (pH 

5.2) and 420 III cold isopropanol added to the remaining supernatant. 
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Following gentle mixing, the tubes were incubated at _20°C for 10 min, then 

centrifuged for 10 min at 4°C. The supernatant was discarded and the tubes 

left upside down to drain. When the tubes were completely dry, the pellet was 

washed with 500 III 70% (v/v) ethanol and the tubes inverted to drain 

completely before resuspension in 50 III buffer (A 1.1.2). 

2.9 Plasmid DNA isolation by the alkaline-lysis method 

When DNA was to be digested with restriction enzymes, used in transformation 

or ligation reactions, or stored for extended periods, the alkaline lysis method 

was used. This protocol is an adaptation of the method of R.Treisman 

(Sam brook et al., 1989). 

A single colony was inoculated 'into 10 ml Luria-Bertani (LB) broth (A 1.2.4) and 

grown overnight at 37°C with shaking. Antibiotics were added as required to 

maintain plasmid stability. A 1.5 ml volume was transferred to a sterile 

microfuge tube and centrifuged at 12,000 rpm for 30 s. The supernatant was 

removed by aspiration and a further 1.5 ml of overnight culture added. 

Centrifugation and aspiration steps were then repeated. The pellet was 

resuspended in 100 III ice-cold solution I (A 1.1.4), then 200 III of freshly 

prepared solution II (A 1.1.4) was added. Following gentle mixing, the solution 

was left at room temperature for 5 min. A 150 III portion of ice-cold solution III 

(A1.1.4) was added, then mixed and stored on ice for 5 min. Centrifugation 

was then carried out for 10 min at 4°C. The supernatant was transferred to a 

new microfuge tube and the DNA precipitated by the addition of 900 III ethanol. 

Following a brief vortexing, the solution was allowed to sit at room temperature 

for 5 min. A centrifugation of 5 min was followed by aspiration of the ethanol. 

The resultant pellet was washed by adding 1 ml 70 % (v/v) ethanol and 

centrifuging for 1 min. Ethanol was removed by aspiration and the pellet 

allowed to air dry for 10 min. The DNA pellet was dissolved in 50 III TE buffer 

and left for 30 min at room temperature prior to storage or use. 
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2.10 Plasmid DNA preparation for automated sequencing 

The method used for preparing template for automated sequencing reactions 

was the CTAB protocol devised by Del Sal et al. (1989). This method was 

found to give consistently superior results to other regimes, as measured by 

number of readable bases per sequencing reaction. 

A 3 ml BH broth (A 1.2.3) culture was started from a single colony and grown 

overnight with good aeration and antibiotic selection, if required. Cells were 

recovered by centrifugation at 12,000 rpm for 5 min in a microfuge tube. The 

broth was removed, more cells added, then the centrifugation repeated. After 

aspiration of the supernatant, the pellet was resuspended in 200 III STET buffer 

(A1.1.5). A 4 III volume of lysozyme (50 mg ml-1) was added and the solution 

incubated at room temperature for 5 min. The microfuge tube was placed in a 

boiling waterbath for 45 s, then centrifuged for 10 min. A sterile toothpick was 

used to remove the pellet, 5 III RNase A (10 mg ml-1) was added, then 

incubation of the solution was carried out at 68°C for 10 min. DNA was bound 

by the addition of 10 III CTAB (5% w/v), gentle mixing, then incubation at room 

temperature for 3 min. The CTAB-DNA complex was pelleted by a 5 min 

centrifugation, then resuspended in 300 III of 1.2 M NaCI by vortexing. DNA 

was reprecipitated by the addition of 750 III ethanol and a 5 min centrifugation. 

The pellet was rinsed with 70% (v/v) ethanol, dried and resuspended in 32 III 

TE buffer. An 8 III aliquot of 4 M NaCI and a 40 III volume of 13% (w/v) PEGaooo 

was added to the solution, mixed and placed on ice for 20 min. A pellet was 

recovered by a 15 min centrifugation at 4°C, the supernatant was removed 

carefully and the pellet rinsed in 70% (v/v) ethanol. After aspiration the pellet 

was dried thoroughly before resuspension in 20 III TE buffer. 
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2.11 Isolation of total chromosomal DNA 

Chromosomal DNA to be used in cloning experiments was isolated using a 

protocol developed by Scott et al. (1981). Several other protocols were tested 

to extract DNA, with this protocol giving the most consistent yields and, 

importantly, producing DNA that restriction digested readily. 

A LB broth culture derived from a single colony was grown until the OD600 was 

0.4 - 0.6. Cells were harvested by pipetting 1.5 ml of culture into a microfuge 

tube, then centrifuging for two min at 12,000 rpm. The broth was aspirated 

away and the pellet resuspended in 300 /-!I TES buffer (A 1.1.6). This solution 

was centrifuged at 12,000 rpm for 2 min, then the supernatant discarded. 

Pelleted cells were resuspended in 100 /-!I of 25% (w/v) sucrose in TE buffer, 20 

III of freshly prepared lysozyme solution (A 1.1.7) added, then mixed gently. 

The solution was incubated at 37°C for 15 min, then 10 /-!I 20% (w/v) SDS, 5 III 

RNase solution (A 1.1. 7) and 200 /-!I sterile distilled water was added and briefly 

vortexed. Incubation was performed at 37°C until the solution was clear (lysis). 

After lysis was observed, 5 /-!I of 10 mg ml-1 proteinase K was added and the 

solution returned to 37°C for an hour. A single volume of TE buffer was added, 

then 1 volume of Tris saturated phenol (pH 8). The tube was inverted several 

times until well mixed, then centrifuged for 6 min at 12,000 rpm. The clear top 

layer was transferred to a new tube, then an equal volume of a 1: 1 mix of 

phenol and chloroform added. This was mixed and centrifuged as before, then 

the top layer again transferred to a new tube. An equal volume of chloroform 

was added and the solution mixed, then centrifuged. The DNA was 

precipitated and finally dissolved in 50 III TE buffer. 
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2.12 Isolation of DNA from agarose gels 

Purification of DNA from agarose was a technique used often in subcloning and 

radiolabelling experiments. The Geneclean® kit from BIO 101 Inc. (Vista, CA) 

was the method of choice for this procedure. 

The DNA of interest was excised from an agarose gel and placed in a 

microfuge tube. The weight of the agarose slice was measured on a tared 

balance and 3 volumes of 6 IVI 1\1 a I added. If TBE buffer was used in the gel, a 

0.5 volume TBE modifier and 4.5 volumes of Nal were added instead. The 

tube was then put in a waterbath (Grant W28) set at 55°C for 5 min, or until the 

agarose was completely dissolved. A 5 JlI volume of glassmilk was added, the 

solution mixed and incubated at room temperature for 5 min. The silica matrix 

was pelleted by a 5 second spin at 12,000 rpm and the supernatant removed. 

The pellet was then washed ~ times with 10 to 50 volumes of NEW wash. 

Finally the pellet was resuspended in 10 III distilled water or TE buffer, 

centrifuged and the DNA containing liquid moved to a sterile microfuge tube. 

2.13 Restriction digestion of DNA in solution 

Restriction digests were performed according to manufacturer's 

recommendations in a total volume of 20 Jll. Typically, digestions were 

incubated at 37°C for 1-3 hours and the reaction terminated by addition of gel 

marker dye (A 1.1.10). For restriction digests using more than one enzyme, the 

manufacturer's manual was consulted and the buffer with the highest activity for 

all enzymes used. 

If the digested DNA was to be used in subsequent experiments the restriction 

enzyme was heat killed (if possible) and the solution organically extracted 

(Methods 2.15). DNA was then reprecipitated (Methods 2.14) and dissolved in 

TE buffer. 
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2.14 Precipitation of DNA 

DNA was precipitated by the addition of 0.1 volume of 3M sodium acetate (pH 

4.8) and 2.5 volumes of ethanol. Following mixing, the DNA was left at room 

temperature for 5 min, then pelleted by centrifugation at 12,000 rpm for 15 min. 

DNA was washed with 1 ml 70% (v/v) ethanol and the pellet air dried, then 

redissolved in 50 J..l1 TE buffer. 

2.15 Organic separation of DNA from contaminants 

In a microfuge tube, an equal volume of Tris-saturated phenol (pH 8.0) was 

added to the DNA in solution. The tube was inverted several times until well 

mixed, and centrifuged for 5 min at 12,000 rpm. The clear top layer was 

. transferred toa new tube, then an equal volume of a 1: 1 mix of phenol and 

chloroform (24:1 with isoamyl alcohol) was added. This was mixed and 

centrifuged as before and the top layer again transferred to a new tube. An 

equal volume of chloroform was added and the solution mixed, then 

centrifuged. The top layer was transferred to a new tube and the DNA 

precipitated. 

2.16 Ligation of DNA restriction fragments 

Ligation of restricted DNA was carried out in a 10 J..l1 volume, with 2 J..l1 of 5 x 

ligation buffer, at 16°C. In addition to the manufacturer's directions, a 1 J..l1 

aliquot of 5 mM ATP was included, as this was found to increase ligation 

efficiency. 
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2.17 Dephosphorylation of vector DNA using Calf Intestinal Alkaline 

Phosphatase (CIP) 

To increase the efficiency of ligation, vector DNA was prevented from re-ligating 

by the use of CIP. Following restriction djgestion vector DNA was organically 

extracted, reprecipitated and dissolved in distilled water. In a reaction volume 

of 20 Ill, 2 III CIP buffer and 1 unit of CIP for every 50 pmol of vector ends was 

added. The solution was then incubated at 37°C for 1 hour. The reaction was 

terminated by organic extraction and dephosphorylated DNA recovered by 

precipitation. 

2.18 Agarose gel electrophoresis 

2.18.1 Mini-gels 

The mini-gel matrix consisted of 1 % (w/v) agarose, 1 x TBE and 1 Ilg/ml 

ethidium bromide. Electrophoresis was performed in the Hoefer HE33 gel 

apparatus, using 1 x TBE buffer solution, run at 45 V for 2.5 hours by the 

Hoefer Mighty Slim power supply. A 7111 DNA sample and 3111 bromophenol 

blue marker dye (A 1.1.10) were loaded in each well. 

2.18.2 Standard gels 

Gels were comprised of the same matrix as minigels but the volume was 

greater (100 ml). A 7111 DNA sample and 3111 bromophenol blue marker dye 

were loaded in each well. Electrophoresis was performed at 30 V for 16 h in 1 

x TBE buffer. 
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2.18.3 Visualisation of DI\lA 

Ett"iidium bromide (0.5 I-Lg rnl-1
) was used to stain DNA within the gel. Staining 

generally took 20 minutes at room temperature, longer periods were required 

for larger gels or weak signals. DNA was visualised on a ultraviolet 

transilluminator (Chromato-vue® TM-15, Ultraviolet Products Inc. [San Gabriel, 

CA]) at a wavelength of 302 nm. 

2.18.4 Determination of restriction fragment sizes 

Size determination of restriction fragments on agarose gels was performed by 

measurement of the migration of experimental bands and comparison to 

molecular weight standards. Migration was measured from the front of the 

loading well to the front of the band of interest. Once the migration of the 

experimental bands and stand.ards was known, the data was entered into a 

computer program to estimate the molecular weight of the unknowns. The 

program utilised was dnafrag© (Nash, 1991), which uses a least squares fit of 

fragment size to gel mobility (Schaffer & Sederoff, 1981). 

2.19 Mapping using contour-clamped homogeneous electric field (CHEF) 

electrophoresis 

2.19.1 Isolation of total genomic DNA in agarose plugs 

DNA was isolated in agarose plugs by a combination of the methods of 

Romling et al. (1989) and Heath et al. (1992) with some modifications. Cells 

were grown overnight at 37°C, then pelleted by a 1 min centrifugation and 

resuspended in 0.5 ml PIV buffer (A1.1.9). This was sedimented as before and 

resuspended again in 0.5 ml PIV. Plugs were prepared by mixing the cell 

suspension with 0.5 ml molten agarose (2% [wlv] in PIV buffer). The 

suspension was pipetted into a Bio-Rad plug mold and allowed to set for 30 min 

at room temperature. Plugs were removed from the mold and cut in half before 
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being incubated overnight at 37°C in EC lysis solution (A 1.1.9), using 5 ml per 2 

plugs. EC lysis solution was replaced by an equal volume of ESP buffer 

(A 1.1.9) and incubation continued at 50°C, with gentle shaking overnight. 

Plugs were transferred to fresh containers and 5 ml TE buffer with 1 mM PMSF 

added and the tubes rotated gently for two hours at room temperature. The 

solution was carefully removed, fresh PMSF and TE buffer added, then 

incubation continued for a further 2 hours. Plugs were washed 3 times with TE 

buffer for 10 min at room temperature, then stored at 4°C in 5 ml TE buffer until 

required. 

2.19.2 Restriction digestion of DNA in agarose plugs 

Plugs were cut with a scalpel into 2 mm wide slices and placed in a microfuge 

tube with 135 IJ-I distilled water and 15 IJ-I 10 x restriction buffer, then placed on 

ice for a minimum of 30 min. The solution was replaced by 119.5 IJ-I distilled 

water, 15 IJ-I 10 x restriction buffer, 15 IJ-I 100 mM dithiothreitol and 0.5 IJ-I 

restriction enzyme (10 U 1J-I'1), then incubated overnight at 37°C. After 

restriction digestion, plugs were incubated on ice for 30 min with 1 ml 0.5 x 

TBE. 

2.19.3 CHEF gel electrophoresis 

A 1% agarose gel, made up in 0.5 x TBE (A1.1.1), was poured and allowed to 

set. Gel plugs were removed from the microfuge tubes with a spatula and 

inserted in wells of the gel. The wells were sealed with 1 % (w/v) molten low 

melting point agarose in 0.5 x TBE buffer. CHEF electrophoresis was 

performed on a Bio-Rad CHEF-Mapper ™ at 14°C. A variety of programmes 

were used (A 1.3), with the choice dependent on the size of DNA fragments to 

be resolved. The agarose for longer runs was high purity chromosomal grade 

and its concentration was 1.3% to improve resolution of large fragments. 
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2.20 Hybridisation of radiolabelled probes to immobilised nucleic acids 

2.20.1 Transfer of DNA to membranes 

DNA was digested as required, separated on an agarose gel and visualised 

using ethidium bromide. A vacuum system was used (Hoefer TransVac TM) to 

transfer the DNA from the agarose to a nylon membrane. Transfer membrane 

(Millipore Immobilon TM_N) was cut so as to be 2 cm larger on all sides than the 

gel. The membrane was wetted with 70 % (v/v) ethanol and washed 3 times 

with distilled water. A silicone cover was prepared with a hole cut 3 mm smaller 

than the gel on all sides. Wetted blotting paper was placed on the screen in the 

TransVac, the membrane placed in the middle, the silicone cover placed on top 

and finally the gel added. The contact between the gel and membrane was 

checked to ensure that no bubbles were present and that the vacuum seal was 

locked in place. 

A vacuum of 10 cm was applied and 20 ml depurination solution (A 1.1.12) was 

poured over the surface of the gel. After 10 min the depurination solution was 

removed and replaced with 20 ml denaturation solution (A 1.1.12). Denaturation 

solution was replaced with neutralisation solution (A 1.1.12) and a further 10 min 

waited. Excess neutralisation solution was removed 'from the apparatus and 

the transfer solution (A 1.1.12) added until the level was at least twice the gel 

thickness. 

Transfer was complete in 45 min for gels with less than 100 kb 'fragments and 

90 min for those with larger than 100 kb fragments. The apparatus was 

disassembled, the membrane air dried and the gel re-stained to check transfer 

efficiency. DNA was crosslinked to the membrane in a UV crosslinker (Ultra

Lum UVC-515) using the preset energy function (120,000 JlJ cm-1
). 
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2.20.2 Hybridisation to DNA immobilised in agarose gels 

Transfer of large molecular weight DNA to membranes was found to be 

inefficient with fragments over 200 kb. To avoid this problem, gels with large 

fragments were probed directly. Gels of interest were vacuum dried on a 

Hoeffer Drygel Sr. slab gel drier at 60°C for 1 hour, or until the gel was 

dehydrated. The gel was then stored in a sealed plastic bag, at room 

temperature, in the dark. 

When required for hybridisation, the gel was rehydrated by soaking in 100 ml 

denaturation solution (A 1.1.13) for 15 min, then 100 ml neutralisation solution 

(A1.1.13) for 15 min, twice (Meinkoth & Wahl, 1984). For subsequent 

hybridisation reactions the gel was treated identically to a membrane. 

2.20.3 Preparation of DNA probe 

DNA was radiolabelled using the Random Primed DNA labelling kit from 

Boehringer-Mannheim. Between 20 - 50 ng linearised DNA was denatured by 

heating for 10 min in a boiling waterbath and subsequent cooling on ice. A 1 /-ll 

volume of each nucleotide mix (dATP, dGTP, dTTP) was mixed with 2 /-ll 

reaction mix in a microfuge tube on ice. A 5 /-ll· aliquot of [a-32P]-dCTP 

(Amersham Redivue M0005) was added, distilled water made up to a volume 

of 19 /-ll and 1 /-ll Klenow enzyme mixed in. Labelling was achieved by a 30 min 

incubation at 37°C and the reaction stopped by the addition of 2 /-ll 200 mM 

EDTA (pH 8) and heating to 65°C for 10 min. 

2.20.4 Hybridisation to DNA immobilised on nylon membranes 

Hybridisation of radiolabelled DNA to target DNA immobilised on a membrane 

or in a gel was undertaken using the method of Sambrook et al. (1989). 

Membranes were wetted using 70%· (v/v) ethanol and washed 3 times in 

distilled water. They were laid flat and mesh of the same size was placed 

underneath. This was then rolled up and placed in a hybridisation tube, with 
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care taken to ensure that the membrane didn't dry out. A 10 ml volume of 

prehybridisation solution (A 1.1.14) was prewarmed to 68°C and added to the 

hybridisation tube. Prehybridisation was carried out at 68°C for 1-3 hours. 

After prehybridisation, the liquid was replaced with 10 ml hybridisation solution 

(A 1.1.14) and the radiolabelled DNA added. Hybridisation was performed 

overnight at 68°C in a Micro-4 oven supplied by Hybaid. 

2.20.5 Removal of unbound probe and detection 

To reduce background signals during detection, unbound probe was removed 

in a series of wash steps, as described in the Hybaid Micro-4 oven instruction 

manual. Hybridisation solution was removed from the tube and replaced with 

100 mllow stringency wash solution (A1.1.14) preheated to 68°C. Incubation 

was carried out for 15 min and then repeated with fresh wash solution. A third 

low stringency wash was performed, with the incubation extended to 30 min. 

Finally a high stringency wash (A 1.1.14) was performed for 10 min. 

The membrane was removed 'from the hybridisation tube and excess liquid 

carefully blotted away with Whatman 3MM paper. It was then placed on a dry 

piece of paper, covered by foodwrap and placed against Hyperfilm. The image 

was viewed by developing the film (Methods 2.21.4), typically after 8 hours of 

incubation. 

2.21 Manual nucleotide sequencing 

2.21.1 Template preparation and denaturation 

Template DNA was prepared using the CTAB method (Methods 2.10) to give 

-1 1-l9 in 8 III TE buffer. This was melted by the addition of 2 I-li 2N l\laOH and 

incubation at room temperature for 5 min. A 1 III volume of 30 pmol I I-li 

forward or reverse primer was added, then 6 I-li H20, 3 I-li 3M sodium acetate 

(pH 4.5) and 75 III ethanol. This was mixed and placed at -80°C for 20 - 30 
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min. The mixture was microfuged at 12,000 rpm for 15 min, the supernatant 

removed, 100 III 70% (v/v) ethanol added and then microfuged again at 12,000 

rpm for 5 min. The resultant pellet was air dried and resuspended in 8 III dH20. 

2.21.2 Primer annealing 

In a 0.5 ml microfuge tube 2 III of reaction mix was added to 8 III of DNA in 

solution. The lid was closed tightly and the tube warmed to 65°C for 2 min on a 

heating block (MJ Research PTC-100 Thermal Controller). Over a period of 30 

min the tube was then allowed to slowly cool to room temperature on the block. 

The tube was then placed on ice. 

2.21.3 Radiolabelling 

The Sequenase® kit (Version 2.0) from Amersham was used to radiolabel DNA 

with [a-35S]-dATP (Amersham SJ1304). All steps were performed on ice unless 

otherwise stated. Labelling mix (dGTP) was diluted 5 fold with distilled water 

and Sequenase® enzyme diluted 1:8 in ice-cold enzyme dilution buffer. The 

annealed template-primer solution was mixed with 1 III DTT (0.1 M), 2 III diluted 

labelling mix, 0.5 III [a-35S]-dATP and 2 III Sequenase®. The tube was 

incubated at room temperature for 5 minutes. During the incubation step four 

tubes were set up, each containing 2.5 III of one of the four dNTP termination 

mixes, and labelled accordingly (eg. G for ddGTP termination mix). The mixes 

were prewarmed to 37°C for at least 1 min. After the incubation of the labelling 

mix was complete, 3.5 III was removed and transferred to each termination mix. 

Incubation was continued for a further 5 min at 37°C, then 5 III stop solution 

added to each tube. Reactions were stored on ice until required, samples 

could be stored for up to a week in the ..;20°C freezer before use. 
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2.21.4 Sequencing gels 

A 5% polyacrylamide gel was prepared in the Bio-Rad Sequi-Gen®1I 

sequencing apparatus, as described in the manufacturer's instructions. The 

gel was pre-run until the optimum temperature of 50°C was achieved. 

Labelled DNA was then melted at 95°C for 2 min, and 3J.l1 loaded on to the gel. 

Electrophoresis was at a voltage (Bio-Rad 2000/200 power supply) to maintain 

gel temperature at optimum throughout the run (generally 1800 - 2000 V). 

Duration of electrophoresis was at least 90 min and additional time was 

required to read further into the sequence. 

When electrophoresis was completed, the gel was fixed for 15 min in a bath 

containing 10% (v/v) methanol and 10% (v/v) acetic acid. The gel was then 

blotted on to Whatman 31V1M paper, trimmed to the smallest size possible to aid 

handling and wrapped in CHng-Film to prevent radionucleotide leakage. 

Vacuum drying was then carried out for 2 hours at 80°C on a Hoefer Drygel Sr. 

slab gel drier. 

DNA sequences were detected by placing the sequencing gel against 

Hyperfilm-MS (Amersham) overnight in a film cassette at -80°C. The image 

was visualised using Agfa G150 developer for 5 min, Agfa fixer for 5 minutes, 

then a 5 minute wash in water. 

2.22 Automated nucleotide sequencing 

The University of Otago Centre for Gene Research or the University of 

Auckland Centre for Gene Technology were used to perform automated 

sequencing reactions. Template DNA was isolated using the CTAB method of 

Del Sal et al. (1989). and supplied at a concentration of 0.2 J.lg 1 J.l1 in 12 J.l1 TE 

buffer. An Applied Biosystems 373A automated sequencing system was used 

in conjunction with 21m13 forward and m13RP1 reverse dye primers. 
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2.23 DNA sequence similarity searching 

To determine if any sequence similarity existed between sequence data 

generated in these studies and that of others, searching was carried out via e

mail to the NCBI (National Centre for Biotechnology Information) BLAST (Basic 

Local Alignment Search Tool [Altschul et al., 1990]) server. The program was 

sent to blast@ncbLnlm.nih.gov. The expect value in this program (see below) 

was designed to give only sequences with an almost exact match, in some 

cases this value was increased to discover sequences that were less well 

matched. 

Program Blastl\l 

Datalib nr 

Expect 0.75 

Begin 

>(name) 

(sequence data) 

Once similar sequences were identified, their entire sequence and description 

of functional significance, if any, were obtained using the Retrieve function of 

the NCBI database. To achieve this, the program below was sent to 

retrieve@ncbLnlm.nih.gov . 

Datalib genbank 

Begin 

(name) 
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2.24 Analysis of sequence data for restriction sites 

To enable restriction sites to be identified in nucleotide sequences, data was 

entered into the computer program SeqAid IITM (Rhoads & Roufa, 1989). Once 

entered in the program, the "search for sites" function was used to identify all 

the restriction sites in the entry. 
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ults 

coli unmethylated GATC loci were investigated by two strategies. 

Chromosomal methylation patterns were analysed by a combination of 

restriction digestion and pulsed-field gel electrophoresis (Chapter 3). Individual 

unmethylated sites were examined by cloning, sequencing, then comparison to 

known sequences (Chapter 4). 

3. Global Methylation Patterns 

3.1 Comparison of unmethylated GATC sites in three coli strains 

Repeated laboratory selection and mutagenesis of coli has generated 

genotypic diversity within the species. We wished to determine if chromosomal 

Dam methylation patterns differed between three E. coli strains (AB1157, 

EMG2, and W311 0). Strains were chosen because of their common laboratory 

usage and the availability of a well-defined chromosomal Notl map (Heath at 

al., 1992) to enable comparison of unmethylated loci. 

EMG2 is the most closely related strain to the original wild-type K-12 isolate 

(Perkins at al., 1993) and has both an F-factor and prophage A present. In 

contrast, AB 1157 has undergone at least 15 separate selections and 

mutagenic treatments in its derivation from wild-type, and is lacking F and A 

(Bachmann, 1987). W3110 also does not harbour F and A, but its most notable 

feature is an inversion of approximately 20% of the chromosome (Hill & 

Harnish, 1981) compared with the other strains (Fig. 14). Some other relatively 

minor rearrangements are also present (Bachmann, 1987). 
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Strain 
o C P K J RIG 0 NU F WMVE A LSTH B 

AB1157 

W3110 

EMG2 

o 1000 2000 3000 4000 5000 

kb 

Figure 14. Noff map of strains AB1157, W3110 and EMG2 (Derived from 

Perkins et al., 1993) lettering denotes assigned Notl fragment name (Perkins et al., 

1993). 

Comparison of the strains was begun by growing the bacteria to saturation in 

LB broth (A 1.2.4) and isolating their DNA by lysis in an agarose plug (Methods 

2.19.1). DNA was then restriction digested with Ndell (Methods 2.19.2), which 

cleaves only un methylated GATC sites. Additionally, Notl and Ndell - Notl 

double digests were used to locate unmethylated sites on the Notl 

chromosomal map (Heath et al., 1992). CHEF electrophoresis was used to 

separate the resultant DNA fragments (Methods 2.19.3). Several 

electrophoresis programs (A 1.3) were applied because of the wide range of 

fragment sizes generated. Typical results for these programs are illustrated in 

Figures 15 - 18. 
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Figure 15. Comparison of unmethylated GATC sites in strains AB1157 and 
W3110 

DNA was prepared as described from strains AB1157 and W3110, then digested with Ndell to 
detect un methylated sites (lane 3 - W311 0; lane 6 - AB1157). Notl (lane 1 - W311 0; lane 4 -
AB11 157) and Ndell / Notl (lane 2 - W311 0; ,lane 5 - AB1157) digests were performed to enable 
placement of GATC sites. Lane 7 contains the A Megabasell size standard. CHEF program A 
(A 1.3.1) was used to separate the restriction fragments 
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Figure 16. Representation of unmethylated GATC sites in strain EMG2 

DNA was prepared from strain EMG2, then dig,ested with Ndel ll to detect unmethylated sites 
(lane 2). Notl (IIane 1) and Ndell / Notl (lane 3) digests were performed to enable placement of 
GATC sites. Lane 4 contains the A Megabasell size standard. CHEF program B (A1.3.2) was 
used to separate the restriction fragments. Markers A and B indicate additional restriction 
fragments in lane 2 compared with lanes 3 and 6, Fig. 15. Marker C indicates a lack of a 
restriction fragment in lane 2 compared with lanes 3 and 6, Fig. 15. 
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1 2 3 4 

Size (kb) 

- 2200 

- 1020 
< ____ .-4:_,"-__ _ 825 

- 680 

- 565 

Figure 17. Comparison of unmethyl1ated GATC siltes in strains AB1157, 
EMG2 and W311 0 resolving large molecular weight DNA 

DNA isolation and Ndell digestion was carried out for the strains AB1157 (lane 1), EMG2 (lane 
2) and W311 0 (lane 3). Lane 4 contains the A Megabasell size standard. CHEF program C 
(A1.3.3) was used to separate the restriction fragments_ Markers A and B indicate common 
restriction fragment sizes in all three strains. Marker C indicates the absence of largest 
fragment in lane 3 (W311 0) compared with the other lanes (1 and 2). 

1 2 3 4 5 

Size (kb) 

- 48.5 
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_. - 1.6 

Fig1ure 18. Comparison of unmethylated GATC sites in strailns AB1157, 
EMG2 and W3110 resolving smaller mollecular weight DNA 

DNA isolation and NdeH digestion was carried out for tne strains AB1157 (lane 1), EMG2 (l'ane 
2) and W311 0 (lane 3). Two size standards were used: A Megabasell (Lane 4) and a 1 kb 
ladder (BRL) (lane 5). CHEF program D (A1.3.4) was used to separate the restriction 
fragments. 
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A comparison of Ndell restriction patterns in the 50 to 500 kb size range 

revealed that W3110 and AB1157 were very similar (Fig. 15: lanes 3 & 6). 

However, EMG2 (Fig. 16: lane 2) had a distinct restriction pattern in this size 

range. Additional restriction fragments (labelled A and B) were found and a 

restriction fragment (labelled C) was lacking when compared to the other 

strains. 

A greater difference in the Ndell restriction pattern was noted between strains 

in the large molecular weight fragments (Fig. 17). Each strain appears to 

exhibit a unique pattern, particularly above 600 kb.. Features include the 

shared fr~gments (labelled A and B) and the absence of a fragment above the 

1 Mb marker in W3110 (labelled C). By contrast, the pattern of restriction 

fragments in the smaller «100 kb) molecular weight range (Fig. 18) was 

identical. 

Comparison of the EMG2 Not! map (Perkins et aJ., 1993) with restriction 

fragment sizes generated from Notl and Notl - Ndell digests (Fig. 16) revealed 

two unmethylated sites lay in fragments G and N. Unmethylated sites in other 

strains were unable to be positively located in any Notl fragment. This was due 

to an inability to assign double digested fragments to the disappearance or 

modification in mobility of known Notl fragments. 

3.2 Extracellular influences on the pattern of Dam methylation 

3.2.1 Influence of nutrient environment 

Changes in nutrient type and concentration are known to cause changes in 

gene expression inE. coli (Saier & Ramseier, 1996). The binding of some 

regulatory proteins to DNA in E. coli may cause unmethylated Dam loci (Wang 

and Church, 1992). Growth nutrient composition was studied to determine 

whether it influenced patterns of chromosomal methylation. 
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Different nutrient environments were examined by growing AB 1157 cultures to 

saturation in liquid media containing varying types and amounts of nutrients: 

BH broth (high), LB broth (moderate), or MM (I,ow) (Methods 2.3 & A 1.2). DNA 

was isO'lated from the bacteria by lysis in agarose p'lugs. The restriction 

patterns of Ndell and Notl d'igested DNA were then examined by CHEF 

electrophoresis (Fig. 19.). 
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Figure 19. Inflluence of nutrient environment on the pattern of 
unmethylated GATe sites in strain AB1157 

Strain AB1157 was grown to satu.ration in various nutrient environments then DNA prepared and 
digested with NdeU to detect un methylated sites (lane 3 - BH Broth; lane 6 - LB Broth; lane 9 -
MM). Notl (lane 1 - BH Broth; lane 4 - UB Broth; lane 7 - MM) and Ndell I NoH (lane 2 - BH 
Broth; lane 5 - LB Broth; lane 8 - MM) digests were performed to enable placement of GATC 
sites. Lane 10 contains the A, Megabasell size standard. CHEF program A (A1.3.1) was used 
to separate the restriction fragments . Manker A indicates a common restriction fragment size 
found under all three treatments. 
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Growth of AB1157 in different types of media gave rise to a Ndell restriction 

pattern (Fig. 19: lanes 3, 6 & 9) that varied both in the number and distribution 

of fragments. DNA isolated from cells grown in BH media was found to have 

the most restriction fragments followed closely by LB broth. DNA isolated from 

MM grown cells had very few restriction sites. 

The restriction pattern was similar in LB and BH broth grown cultures, with the 

majority of fragment sizes common to both. DNA from cells grown in MM had 

only one restriction fragment of a similar size to cells grown in the other types of 

media (labelled A; Fig. 19). 

Changes in Notl restriction patterns were also evident in this experiment (Fig 

19). Notl digests derived from LB and BH broth grown cultures were similar, 

but the pattern from bacteria grown in MM had a number of dissimilarities. Due 

to this inconsistency in digestion (over numerous reactions), no unmethylated 

sites were able to be located with confidence on the Notl map. 
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3.2.2 Influence of culture growth stage 

A number of changes occur in gene expression during the growth of a bacterial 

culture, especially at the onset of stationary phase (Huisman & Kolter, 1994). 

To determine whether stage of growth had any effect on the pattern of Dam 

methylation, LB broth was inoculated with a saturated culture of AB1157 and 

cell numbers measured spectrophotometrically (Fig. 20). At regular intervals 

from early log-phase until late stationary-phase, samples were taken and DNA 

prepared by agarose lysis. DNA was digested with Ndell to detect 

unmethylated GATC sites, then CHEF electrophoresis used to separate the 

restriction fragments (Fig. 21). 
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Figure 20. Spectrophotometric time-course measurement of AB1151 
growth in lB media 

LB broth was inoculated with a saturated culture of AB1157 and cell numbers measured 
spectrophotometrically. At regular intervals from early log-phase until late stationary-phase, 
samples were taken (see arrows) and DNA prepared for restriction analysis (see Fig. 21). 
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Figure 21. Influence of culture growth stage on the pattern of GATe 
methylation in strain AB1157 

LB broth was inoculated with a saturated culture of AB1157 and at regular intervals from early 
log-phase until late stationary-phase, samples were taken (see Fig. 21) and DNA prepared for 
Ndell restriction analysis. Lanes contain digested DNA from cultures grown to the following 
absorbances (at 600 nm): 0.334 (lane 1), 0.578 (lane 2), 0.873 (lane 3), 1.352 (lane 4), 1.54 
(lane 5), 2.01 (lane 6), 2.11 (lane 7) and for 2 weeks incubation (lane 8). Lane 9 contains the A, 

MegabaseII size standard. CHEF program B (A1.3.2) was used to separate the restriction 
fragments. Markers A, Band C indicate changes in presence of restriction fragment during 
time-course. Marker D indicates a restriction fragment size present in all samples. 

Analysis of the samples taken during the time-course (Fig. 21), indicated a 

number of changes in the pattern of Ndell restriction fragments. Three 

restriction fragments (labelled A - C) were present during log-phase growth, 

then either gradually (A) or abruptly (B,C) these disappeared between 00600 

1.35 and 2. Shortly after the culture exceeded an 00600 of 2.11, only one 

restriction fragment was present (labelled 0), which persisted for two weeks of 

incubation. 



3.2.3 Influence of media pH 

Changes in pH are also known to induce different patterns of gene expression 

(Slonczewski & Foster, 1996) in E. coli. Adaptation to different pH levels was 

therefore correlated with methylation patterns. To achieve this, LB broth was 

buffered to give conditions that were pH variant (pH 5.5 - 8.5) but still permitted 

growth (Dri & Moreau, 1994), then inoculated with AB1157. After growth to 

saturation, cultures were lysed in agarose and DNA extracted. Digestion with 

Ndell, to identify unmethylated GATC loci, was followed by CHEF 

electrophoresis (Fig. 22). 
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Figure 22. Influence of growth medium pH on the pattern of GATe 
methylation in strain AB1157 

Strain AB1157 was grown to saturation in a range of pH variant LB media. DNA was prepared 
from these cultures and digested with Ndell to detect unmethylated sites. Cultures were grown 
at pH 5.5 (lane 1), pH 6.0 (lane 2), pH 6.5 (lane 3), pH 7.0 (lane 4), pH 7.5 (lane 5), pH 8.0 (lane 
6) and pH 8.5 (lane 7). Lane 8 contains the A Megabasell size standard. CHEF program B 
(A 1.3.2) was used to separate the restriction fragments. Markers A and B indicate restriction 
fragments transiently present. 
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AB1157 growth in a range of pH buffered media revealed two differences in 

Ndell restriction patterns (Fig. 22). Firstly, a fragment marked A slowly faded 

and then disappeared at pH's above 7.5. Secondly, a fragment marked B was 

transiently present between pH 6 and 7. 

3.3 The effect of global regulators on Dam methylation 

coli has several global regulatory proteins capable of controlling the 

expression of a number of operons simultaneously (Neidhardt & Savageau, 

1996). As the binding of some regulatory proteins to DNA in E. coli EMG2 may 

cause unmethylated Dam loci (Wang and Church, 1992), the affects of global 

regulators on Dam methylation were investigated. 

3.3.1 LeUCine-responsive regulatory protein (Lrp) 

Lrp is involved in the regulation of more than 20 operons, and can act as an 

activator or repressor of genes (Clavo & Matthews, 1994). Lrp also binds to 

non-methylated sequences in the pap operon (Braaten et al., 1991 & 1994). 

An Irp- coli strain was contrasted with a non-deficient parent to determine its 

affect on patterns of Dam methylation. Strains were grown in LB broth and MM 

(+Ieucine) to saturation, then DNA isolated by lysis in agarose plugs. DNA was 

restriction digested with Ndell and the resultant pattern examined by CHEF 

electrophoresis (Fig. 23). 
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Filgure 23. Correlation of Lrp and patterns of DNIA methylation 
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The patterns of Dam methylation in a Irp mutant (MEW26) and a wild-type strain (MEW1) were 
compared by growing cultures to saturation, then performing a restriction analysis as previously 
descnbed. Strains were grown in Ib B broth (lane 1 - MEW11, lane 2 - MEW26) or MM with 
leucine (lane 3 - MEW1, lane 4 - MEW26). Lane 5 contained the Ie Megabasell standard. 
CHEF program A (A l' .3.1) was used to separate the restriction fragments. Marker A indicates 
the appearance of an additional restriction fragment in lane 2 

Comparison of Irp- and wild-type strains grown in LB broth, revealed several 

differences in restriction pattern. There were changes in restriction fragment 

sizes and the appearance of an extra fragment, labelled A (Fig. 23), in the Irp

strain. 

In minimal media, with the addition of leucine, there were very few restriction 

fragments by comparison to LB broth grown strains. There were no detectable 

differences in restriction pattern between Irp- and wild-type strains in these 

growth conditions. 
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3.3.2 Cyclic adenosine monophosphate receptor protein (Crp) 

Cyclic adenosine monophosphate (cAMP) has a central role in controlling the 

catabolic activity of prokaryotic and eukaryotic cells (de Crombrugghe et al., 

1984). The regulatory protein Crp (cAMP receptor protein) monitors the 

intracellular concentration of cAMP, and when levels are high. activates genes 

involved in the catabolism of sugars. 

To examine the effect Crp may have on Dam methylation, a crp· strain and its 

wild-type parent were grown to saturation in LB broth, then DNA agarose plugs 

prepared. DNA was then incubated with Ndell and underwent CHEF 

electrophoresis to detect unmethylated loci (Fig. 24). 
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Figure 24. Correlation of Crp and patterns of DNA methylation 

The patterns of Dam methylation in a crp mutant (CA8445) and a wild-type strain (CA8000) 
were compared by growing cultures to saturation, then performing a restriction analysis as 
previously described. Strains were grown in LB broth (lane 1 - CA8000, lane 2 - CA8445). 
Lane 3 contained the A MegabaseII standard. CHEF program A (A 1.3.1) was used to separate 
the restriction fragments. Markers A, B, C and D indicate the disappearance of a restriction 
fragment in lane 2. Markers E and F indicate the appearance of a restriction fragment in lane 2. 

A conspicuous difference in the pattern and number of restriction fragments 

was found when crp· and wild-type strains were grown in LB broth (Fig. 24). 

Fragments A - D were lost, and fragments E and F gained in the crp· strain (Fig. 

24). 
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3.3.3 LexA protein 

In response to DNA-damaging agents, a number of SOS genes are transiently 

expressed, induction of which is controlled by cleavage of the LexA protein. At 

least 20 genes are known to be controlled in this manner (Dri & Moreau, 1994). 

To examine the influence of LexA on DI\lA methylation, the mutant strains 

lexA51 (constitutive) and lexA3 (non-inducible) were grown in LB broth to 

saturation along with a wild-type parent. Agarose plug DNA isolation, Ndell 

restriction digestion and CHEF electrophoresis were used to compare 

unmethylated loci (Fig. 25) in the strains. 
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Figure 25. Correlation of LexA and patterns of DNA methylation 

The patterns of Dam methylation in a /exA constitutive mutant (DE192), a /exA non-inducible 
mutant (DE407) and a wild-type strain (DM2251) were compared by growing cultures to 
saturation in LB broth. DNA was isolated and Ndell (lane 2 - DE192, lane 4 - DE407, .lane 6 
DM2251) and Ndell/Notl (lane 1 - DE192, lane 3 - DE407. lane 5 - DM2251) restriction analyses 
performed. Lane 7 contained the 'J... Megabaseu standard. CHEF program B (A1.3.2) was used 
to separate the restriction fragments. 
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No detectable differences in restriction pattern were found in either lexA51 

(constitutive) or lexA3 (non-inducible) strains when compared to the wild-type 

parent (Fig. 25). 
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4. Methylation Single Locus 

4.1 Cloning of unmethylated Dam recognition loci from AB1157 

Concurrent to the investigation of global patterns of Dam methylation (Chapter 

3), experiments were performed to investigate individual unmethylated Dam 

loci. The strategy involved isolating single un methylated sites with a region of 

surrounding DNA to place the site in context. These regions were then cloned 

into plasmid vectors so each site could be studied separately. 

Individualunmethylated GATC sites were isolated by growing a culture of 

AB1157 to saturation in LB broth, extraction of total chromosomal DNA 

(Methods 2.11) and restriction digestion with Ndell. An EcoRI digest was 

performed concurrently to yield a portion of adjoining sequence, enabling 

location of the GATC on the E. coli chromosomal map. 

The alkaline lysis procedure (Methods 2.9) was used to isolate the plasmid 

vectors pUC19 and pBR322 from saturated LB broth cultures. Plasmids were 

restriction digested with EcoRI and BamHI to provide ends compatible with the 

previously digested chromosomal DNA Vector DNA was treated with CIP to 

prevent self ligation (Methods 2.17), then mixed with the digested chromosomal 

DNA and ligated (Methods 2.16). The products of this reaction were 

subsequently electroporated into strain DH5a (Methods 2.7.1 & 2.7.2). 

After 1 hour of growth in LB broth, bacteria containing putative pUC19 clones 

were plated onto MaCConkey agar, containing ampicillin (Methods 2.4: Table 5) 

for vector selection, and grown for 8 - 12 hours at 37°C. Red colonies were 

scored as having no insert and white as having an insert (Table 8). 
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Bacteria containing putative pBR322 clones were similarly grown in LB broth 

then plated onto LB agar plates containing ampicillin for vector selection. After 

an overnight incubation at 37°C, colonies were replica plated (Methods 2.6) to 

agar containing ampicillin and tetracycline (Methods 2.4: Table 5). The agar 

plates were grown overnight at 37°C and the next morning compared to the 

ampicillin only plates. Colonies that failed to grow under double selection were 

scored as having an insert (Table 8). 

Table 8. Number of colonies growing on selective plates after 
transformation of ligation product containing unmethylated site 

Vector 

Colonies pUC19 pBR322 

+ Insert 27 28 

- Insert 44 8 

Total 71 36 

The scoring of colonies on selective plates (Table 8) resulted in 27 pUC19 

containing colonies and 28 pBR322 containing colonies identified as having 

insert DNA. The proportion of colonies lacking insert DNA was much higher in 

bacteria with the pUC 19 vector than those containing pBR322. 

At this point it was decided to keep the pBR322 clones as a backup, and to 

work with the pUC19 clones because of their higher copy number and ease of 

use. The colonies containing pBR322 clones were grown to saturation in LB 

broth, mixed with glycerol and stored at -80°C (Methods 2.5). 
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4.2 Confirmation of DNA insert origin 

To confirm that the positively scored bacteria had insert DNA in pUC19, 

colonies were inoculated into LB broth and grown to saturation, with antibiotic 

selection, at 37°C. Plasmid DNA was isolated using the rapid boiling method 

(Methods 2.8) and an EcoRI - Hindlll restriction digest performed to release the 

cloned fragment. The DNA was then resolved by gel electrophoresis (Fig. 26). 
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Figure 26. EcoRI-Hindm restriction digest of pUC19 cloned AB1157 
genomic DNA containing unmethylated GATC sequences 

Bacteria containing cloned DNA were inoculated into LB broth and grown to saturation. Plasmid 
DNA was isolated and a EcoRI - Hindlll restriction digest performed to release the cloned 
fragment. A total of 24 cloned fragments were released: C2 (lane 2). C3 (lane 3). C7 (lane 4). 
C8 (lane 5), C9 (lane 6), C10 (lane 7), C11 (lane 8), C12 (lane 9), C13 (lane 10), C14 (lane 11), 
C15 (lane 12), C16 (lane 13). C17 (lane 14), C18 (lane 15), C19 (lane 16), C11 (lane 7), C20 
(lane 18), C21 (lane 19), C22 (lane 20), C23 (lane 21), C24 (lane 22), C25 (lane 23), C26 (lane 
24) and C27 (lane 25). Lanes 1 and 26 contained the A. HindUI size standard marker. 
Electrophoresis conditions were 30 V for 8 hours in 1 X TBE at 4°C using a 1 % (w/v) agarose 
gel (Methods 2.18.2). 

Plasmid isolation and restriction digestion (Fig. 26) showed insert DNA to be 

present in each of the pUC19 clones that were scored positive. Analysis of 

insert DNA using the DNAfrag© program (Methods 2.18.4) revealed a wide 

range in insert size, from 0.83 to 33.98 kb (Table 9). 



86 

At this time, cells from each plasmid bearing strain were grown to saturation in 

LB broth, mixed with glycerol and stored at -80 D C (Methods 2.5) until required 

for further study. 

Table 9. Insert size of pUC 19 cloned E. coli genomic DNA 

Clone Size (kb) Clone Size (kb) Clone Size (kb) 

C2 2.47 C12 4.14 C20 4.16 

C3 3.45 C13 2.46 C21 7.34 

C4 13.59 C14 6.62 C22 5.81 

C7 3.63 C15 4.16 C23 12.94 

C8 33.98 C16 10.60 C24 4.59 

C9 5.72 C17 3.12 C25 3.55 

C10 0.83 C18 4.20 C26 14.78 

C11 1.38 C19 4.59 C27 2.45 

Having demonstrated that the pUC19 strains contained insert DNA, an 

experiment was performed to confirm the inserts were of AB 1157 chromosomal 

origin. A selection of plasmid containing strains were inoculated into LB broth, 

grown to saturation and their plasmid DNA isolated. Plasmids were restriction 

digested with EcoRI and Hindlll, then separated by electrophoresis (Fig. 27). 
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Figure 27. EcoRI - Hindlll dig:est of selected pUC19 cloned AB1157 
genomic DNA containing un methylated GATC sequences 

For a subsequent hybridisation experiment, plasmid DNA was isolated from selected clones and 
an EcoRI - Hindlll restriction digest performed to release the cloned fragment. A total of 8 
cloned fragments were released : C2 (lane 1), C4 (lane 2), C7 (lane 3), C8 (lane 4), C10 (lane 5), 
C11 ('Iane 6), C17 (lane 7) and C18 (lane 8). Lane 9 contained the A Hindlll size standard 
marker. Electrophoresis conditions were 45 V for 2.5 hours in 1 X TBE, using a 1 % (w/v) 
agarose gel (Methods 2.18.1). 



87 

The separated DNA fragments were then vacuum blotted to a nyllon membrane 

(Methods 2.20.1) and probed with radlioliabelled AB1157 chromosomal DNA 

(Methods 2.20.3 & 4). An autoradiograph (Methods 2.20.5) of the membrane 

(Fig. 28) indicated insert homology to AB1157 chromosomal DNA. 
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Figure 28. EcoRI - Hind II I restriction digestion of pUC19 cloned DNA 
radioactively probed with AB1157 DNA 

Radioactively labelled AB1157 chromosomal DNA was hybridised to selected cloned fragments 
(Fig. 27) to confirm clonal identity. A total of 8 lanes showed hybridisation signals: C2 (lane 1), 
C4 (lane 2), C7 (lane 3), C8 (lane 4), C10 (lane 5) , C11 (lane 6) , C17 (lane 7) and C18 (lane 8). 

4.3 Sequencing of pUC19 cloned DNA 

The sequencing of cloned DNA in a number of pUC19 constructs was 

undertaken to determine the chromosomal location and adjoining sequence of 

unmethylated Dam recognition sites. 

Plasmid DNA was prepared by the method of Del Sal et al. (1989) (Methods 

2.10) and sequenced either manually (Methods 2.16) or by an automated 

sequencing facility (Methods 2.22). Both Universal M13 forward and reverse 

primers were used, with the reverse primer reaction sequencing the Ndell 

(GATC) cut end and the forward primer reaction sequencing the EcoRI cut end . 

The results of sequencing reactions are listed in Appendix 2, and summarised 

in Table 10. 
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4.4 Similarity analysis of pUC19 cloned DNA 

Once sequence data was obtained it was converted to text and sent via e-mail 

to the NCB I BLAST server for similarity searching against the Genbank® 

database (Methods 2.23). This database now includes the total DNA sequence 

for E. coli strain MG1655 (Blattner et al., 1997). The results of similarity 

searches are listed in Appendix 3, and summarised in Table 10. 

Table 10. Summary of results from sequencing and similarity searches 

Clone Name Insert Size Map Location* Strand Loci Nucleotide 

(bp) ofGATC Similarity % 

C6 4393 4346290-4346293 + yjdG 90 

C7 7865 1561213-1561216 + 807 aa URF 80 

C9 4439 344413-344410 None 99 

C10 611 3836112-3836115 + yicLlnlpA 83 

C11 1203 1653241-1653238 108 aa URF/rspA 99 

C13 2423 1366011-1366008 pspA 89 

*Location determined by comparison to map (Blattner et al., 1997) of E. coli MG1655 

Once matched sequences were found, the full sequence and information was 

obtained via e-mail by using the Retrieve function (Methods 2.23) of the NCB I 

database. Correlation of this information with the matches produced by the 

BLAST program enabled detailed analysis of the unmethylated site and 

surrounding region as described below. 

4.4.1 Clone C6 

Clone C6 was sequenced manually and when the resultant data was searched 

against the Genbank® database the unmethylated Dam site was found to lie at 

map positions 4346290 4346293. This is within a region computer predicted 

(Blattner et al., 1997) to produce a 27.4 kDa protein, designated yjdG. The site 

is placed between the putative promoter (4346177 - 4346204) and protein 

coding regions (4346528 - 4347247). 
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4.4.2 Clone C1 

Clone C7 was sequenced using an automated sequencing facility. Similarity 

matching of sequence data revealed the unmethylated GATC site lay at 

positions 1561213 - 1561216. This site is 80 bp upstream of a putative 

promoter sequence (1561296 - 1561324) and open reading frame (1561359 -

1563782) coding for a protein of 807 amino acids (Blattner et al., 1997). The 

next closest assigned sequence is f193 (1560520 - 1561101). which is an open 

reading frame predicted to produce a 202 aa protein (Blattner et al., 1997). 

4.4.3 Clone C9 

Clone C9 was sequenced using both manual and automated sequencing 

techniques. The GATC site was placed at positions 344413 - 344410. This 

places the site in a 400 bp region between two computer predicted open 

reading frames (Blattner et al., 1997). The open reading frames, 091 (344599-

344874) and 0271 (343401 - 344216), have no known or predicted function 

(Blattner et al' J 1997). 

4.4.4 Clone C10 

Clone C10 was sequenced using an automated sequencing facility. The Dam 

site was found to be located at map positions 3836112 - 3836115. This 

position is in the coding region of a computer predicted reading frame, assigned 

yieL (Blattner et al., 1997). The sequence is predicted to produce a 33.1 kDa 

protein of unknown function (Blattner et al., 1997). The GATC site is also just 

upstream of nlpA (3836581 - 3837399) which codes for a lipoprotein from the 

inner cell membrane, lipoprotein-28 (Yu et al., 1986). 



90 

4.4.5 Clone C11 

Sequencing of clone C11 was performed by an automated facility. Initially 

sequence information was difficult to obtain possibly due to the formation of 

unfavourable secondary structures (personal communication - University of 

Auckland). To alleviate this problem the sequence information obtained was 

run through the SeqAid™ program to obtain a list of restriction sites (Methods 

2.24). There were a number of single cutting enzymes found, so these were 

tested for activity against the entire cloned sequence. The results indicated 

that the enzyme Sail cut the insert DNA only once, and into two nearly equal 

parts (Fig. 29). 

The insert DNA was cleaved with Sail and the resultant fragment cloned into a 

separate pUC 19 vector and named pC 11-L (large fragment). The remaining 

insert was ligated to the free .end, forming a new construct named pC11-S 

(small fragment). A Sail digest of these two new clones with the original pC11 

are shown in Figure 30. 

pC11 
3889bp SaIl (983) 

Cloned region 

BamHI (Ndell, 1600) 

SaIl (1612) 

Figure 29. Restriction map of plasmid clone C11 

Showing the cloned region and relevant restriction sites. 
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Figure 30. Sail digest of pC11 with subclones pC11-L and pC11-S 
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Bacteria containing pC11 were inoculated into LB broth and grown to saturation. Plasmid DNA 
was isolated and a SaIl restriction digest performed (lane 3) to divide the cloned fragment. The 
divided fragments were then recloned into pUC19. SaIl digestion of the products confirmed a 
smaller (lane 2 - pC11-S) and larger clone (lane 1 - pC11-L) were produced, each containing 
approximately half of the original cloned DNA. Lanes 4 and 5 contained the A. Hindlll and 100 
bp ladder (BRL) size standard markers, respectively. Electrophoresis conditions were 45 V for 
2.5 hours in 1 X TBE at 4°C using a 1 % (w/v) agarose gel (Methods 2.18.1). 

The subcloned fragments were then sent for sequencing and the full insert was 

sequenced in both cases. The data revealed the GATC site to be located at 

positions 1653241 - 1653238. These nucleotides reside within the computer 

predicted promoter sequence (1653230 - 1653259) of a predicted 108 aa open 

reading frame (1653371 - 1653697) designated f108 (Blattner et al., 1997). 

The GATC locus is also 76 bp upstream of the coding region of the starvation 

sensing gene rspA (Huisman & Kolter, 1994), which codes in a different 

direction to f108. 

Analysis of sequence data using the Seqaid IITM computer program did not 

show sequence elements likely to form secondary structures, as was 

suggested during the initial attempts to sequence the intact clone. 
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4.4.6 Clone C13 

Clone C13 was sequenced by an automated facility. Sequence data 

demonstrated the GATC site to be located at positions 1366011 - 1366008. 

These nucleotides are within an IHF binding domain (1366003 - 1366015) in 

the promoter of the phage shock-protein gene, pspA (1366104 - 1366772) 

(Weiner et a/., 1995). 
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4.5 Distribution of unmethylated Dam recognition sites in the 

chromosome of E. coli 

Having sequenced and identified the map positions of several unmethylated 

Dam loci we were interested to assess the distribution of all mapped loci within 

the whole chromosome of E. coli. To achieve this, sequence data obtained in 

this study was combined with that from other workers (Wang & Church, 1992; 

Hale et al.) 1994) and a map produced (Fig. 31). 

c6 (YjdG) 

\ 
c9 (unknown) 

E.coli 

. AB1157 

13 (PspA)* 

Figure 31. Distribution of unmethylated GATe sites in the chromosome of 

E. coli AB1157 

Data derived from *Wang and Church (1992) and +Hale at a/. (1994) and this study (in bold). 
Locations of sites were standardised to the AB 1157 chromosome from other strains using the 
map of Perkins at a/. (1993). Only sites confirmed by sequence analysis are shown. 

The completed map (Fig. 31) illustrated that, thus far, the overall distribution of 

chromosomal unmethylated GATC sites in AB1157 appeared in no discernible 

pattern. However, the sites identified by this study alone were localised to two 

regions (Fig 31: in bold). 

Examination of the number of Ndell restriction fragments produced in various 

experiments (Figs 15 - 18) and the quantity of discrete clones, both described 

and uncharacterised, indicated that 0.1 - 0.2% of AB1157 GATC sequences 

were unmethylated. 
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4.6 Investigation of an unmethylated Dam recognition site by 

hybridisation of rspAB to a genomic digest 

Sequencing of the clone C11 revealed that it lay in the region of the rspAB 

genes (Huisman & Kolter, 1994) (Results 4.4.5). RspA and 8 are involved in 

sensing starvation in E. coli (Huisman & Kolter, 1994). 

To determine whether the GATC site at the rspAB locus remained 

unmethylated under varying nutrient condiltions a plasmid-borne copy of the 

locus and flanking sequences (pSper18) was obtained (Huisman & Kolter, 

1994) and radiolabelled. This was hybridised to a nylon membrane blotted 

from a genomic CHEF gel which contained DNA from bacteria grown in varying 

nutrient conditions (FiQl. 32). 
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Figure 32. Inf,iuence of nutrient environment on the pattern of 
unmethy,lated GATe sites iln strain AB1157 

Strain AB1157 was grown to saturation in various nutrient environments then DNA prepared and 
digested with Ndell to detect un methylated sites (lane 3 - BH Broth; lane 6 - LB Broth; lane 9 -
MM). Notl (lane 1 - BH Broth; lane 4 - LB Broth; lane 7 - MM) and Ndell / Notl (lane 2 - BH 
Broth; lane 5 - LB Broth; lane 8 - MM) digests were performed to enable placement of GATC 
sites. Lane 10 contains the A MegabaseU size standard. CHEF program A (A1.3.1) was used 
to separate the restriction fragments. Note: this figure is the same as Fig. 19. 
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Figure 33. rspAB probe of a restriction digest of strain AB1157 grown in 
media with varyilng nutrient leve·ls 

Autoradiogram of AB1157 DNA prepared from cells grown various nutrient environments, 
digested with Ndell (Fig. 32), then hybridised to radioactively labelled DNA from the rspAB 
region of E. coli. Hybridisation signals are present in the Ndell (lane 3 - BH Broth; lane 6 - LB 
Broth; lane 9 - MM) , Notl (lane 1 - BH Broth; lane 4 - LB Broth; lane 7 - MM) and Ndell / Notl 
(lane 2 - BH Broth; lane 5 - LB Broth; lane 8 - MM) digested lanes. Lane 10 contains the A. 

MegabaselJ size standard , hybridised to radioactively labelled Ie DNA .. 

The autoradiograph (Fig. 33) showed hybridisation signals were present in 

each lane. Two signals were found in each Notl digested lane and one in the 

Ndell digested lanes. The hybridisation signal was present at the same Notl 

fragments in the BH broth and LB broth grown cells . The probe hybridised to a 

different Notl fragment in the digest derived from cells grown in minimal media. 

A similar sized fragment in each of the Ndell digested lanes hybridised to the 

probe. 
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Discussion 

5. Global Methylation Patterns 

5.1 Comparison of unmethylated GA TC sites in three E. coli strains 

Different un methylated loci were found in the three strains of E coli K-12 

(AB1157, EMG2 & W3110) studied (Figs 15 -18). A number of common Ndell 

restriction fragments were present in W3110 and AB1157, particularly those 

resolved in the 50 - 500 kb range. The restriction pattern of EMG2 appeared to 

be more divergent. 

The unique infection of EMG2 by F-factor and A may account for some of the 

differences in methylation observed between it and the other strains. There are 

116 GATC tetranucleotides in A and F has at least 110 (50% of F-episome 

searched; Henaut et al., 1996), which increases the number of possible sites 

for methylation. A and F-factor may also produce regulatory proteins that bind 

their own or host DNA and prevent methylation. The integration of A could 

cause changes in DNA conformation or disrupt sequences recognised by 

protective factors or Dam itself, leading to changes in methylation patterns. 

The study of a A and F deleted, but otherwise isogenic, strain of EMG2 could 

elucidate how these factors influence methylation protection. 

Both AB1157 and W3110 have undergone numerous mutagenic treatments 

and selections when compared to the near-wildtype EMG2 (see Section 3.1). 

These treatments have resulted in the deletion or inactivation of a number of 

genes, particularly those involved in biosynthesis. If it is assumed that most, if 

not all, unmethylated sites are the result of protein binding or local DNA steric 

hindrance (Wang & Church, 1992), then deletion or inactivation of genes could 

contribute to the differences observed. 
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W3110 has an inversion of almost 20% of its chromosome when compared to 

the other strains (Fig. 14). Comparison of restriction fragments common to 

EMG2 and AB1157 in the mid to large molecular weight range (Figs 15 - 17), 

indicates several loci may be affected by the inversion in W3110. The effect is 

however difficult to assess without knowing precisely which fragments derive 

from the inverted region. Obtaining cloned Notl fragments of the inverted 

region and using them to probe Ndell digested DNA from the three strains 

could reveal more information about which fragments are affected. 

One unmethylated site was found to be dissimilar in Mbol digested EMG2 and 

W3110 by radioactive probing with part of Notl fragment A (Ringquist & Smith, 

1992). As fragment A forms only -18% of the inverted region, it is probable 

from indications in Figs 15 - 17 that several other sites are affected by the 

inversion. 

Examination of EMG2 Ndell I Notl double digests (Figs 15 & 16) permitted the 

chromosomal localisation of unmethylated sites in two instances. One 

unmethylated site localised to fragment G on the Notl map. Three EMG2 Mbol 

cleavage sites were found in this fragment by Ringquist and Smith (1992) -

from a comparison of these results it is unclear which, if any, locus matches 

that in their study. A second unmethylated site was found in fragment N of the 

Notl map - no Mbol restriction sites were found at this locus by Ringquist and 

Smith (1992). 

Ringquist and Smith (1992) suggested that differences in Mbol cleavage in the 

strains they studied may be due chromosomal deletions causing shifts in 

spacing between sites. Experimentation was not able to determine if deletions 

account for any of the differences observed in Ndell cleavage in the strains in 

this study. This would only be possible if a precise map location of each 

unmethylated site was known. 
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5.2 Extracellular influences on patterns of Dam methylation 

5.2.1 Influence of nutrient environment 

The number and pattern of unmethylated sites was variant when AB1157 was 

grown in different nutrient environments (Fig. 19). Very few unmethylated loci 

were found when AB1157 was grown in low nutrient conditions, whereas many 

more were present after growth in nutrient rich media. An analogous trend of 

increased Mbol cleavage of EMG2 DNA from bacteria grown in LB broth 

compared to M9 minimal media was noted by Ringquist and Smith (1992). 

In nutrient rich conditions many biosynthetic genes may be down-regulated by 

repressor binding as they are not required. DNA binding of regulators could 

obstruct methylation of GATC sequences eitl1er directly or indirectly, causing an 

elevated number of unmethylated sites. In nutrient scarce conditions, 

maximum biosynthetic effort would be required and these genes may be de

repressed, reducing DNA binding and potential methylation blocking factors. 

Levels of E. coli DNA supercoiling also change in response to shifts in external 

nutrients (Balke & Gralla, 19a7). In particular, a nutrient poor environment or 

abrupt change in nutrient source causes a relaxation of supercoiling. GATC 

loci that may have been occluded from methylation due to unfavourable DNA 

conformations might become available for methylation as a result of the 

reduction in supercoiling. 

In coli strain MC4100 methylation of a GATC site 5' to ppiA has been 

demonstrated to be regulated at least in part by carbon source (Hale et al., 

1994). This ppiA site may also be one of those identified to vary with nutrient 

conditions in AB1157. Radiolabelling of the ppiA region and use of it as a 

probe to a restriction digest like that seen in Figure 19, could illustrate if a 

similar phenomenon occurs in the AB 1157 strain. 
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Both the global regulators Lrp and Crp are responsive to the nutrient 

environment (de Crombrugghe et al., 1984; Landgraf et al., 1996). The 

interaction of these factors with DNA may contribute to some of the changes in 

methylation patterns observed and are discussed in more detail in sections 

5.3.1 and 5.3.2. 

A change in the Notl restriction pattern was seen (Fig. 19) when DNA was 

prepared from cells grown under differing nutrient concentrations, in particular 

low nutrient environments. The cause is as yet unknown, but other restriction 

enzymes seem unaffected (data not shown). The enzyme manufacturer 

(Boehringer-Mannheim) is currently testing for possible causes of the anomaly. 

A number of unmethylated sites were localised to Notl fragments, but until the 

map disparity is resolved their placement cannot be confirmed. The use of an 

alternative rare cutting enzyme, such as Avt1I, may help the placement process. 

5.2.2 Influence of growth stage 

The growth stage of a culture was found to influence Dam methylation sites in 

strain AB1157 (Fig. 21). A gradual reduction in the number of unmethylated 

sites was observed as the bacterial population advanced through log growth. 

The transition from log to stationary phase growth brought a more rapid 

decrease in unmethylated loci, until only one restriction fragment persisted. 

A radioactive probe derived from Notl fragment L used against a Mbol digest 

(Ringquist & Smith, 1992) indicated that two sites in EMG2 vary in methylation 

status with growth phase. Investigation of unmethylated sites in other regions 

of the chromosome were not reported. 

The transcription of dam is growth rate regulated at P2 (Introduction 1.6.4.2), by 

an as yet unknown mechanism (Rasmussen et al., 1994). The amount of Dam 

in a cell does vary, but it maintains a constant ratio to the number and speed of 

replication forks (Rasmussen et al., 1995). It is therefore probable that 

mechanisms other than fluctuations in Dam concentration are responsible for 

the changes in protection observed. 
THE LIBRARY 
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A comparison with results from the cell nutrient experiments (Results 3.2.1 & 

Fig. 19) demonstrates similarities in the pattern of unmethylated sites from cells 

grown in a nutrient poor environment to those in late log to stationary phase. It 

may be that as the culture ages nutrients would become more scarce, 

approximating the environment found in low nutrient media. The scarcity of 

nutrients may cause genes to be derepressed as higher levels of cellular 

biosynthesis would be required to maintain the individual cell. Derepression 

may reduce the total amount of DNA binding occurring, potentially causing a 

decrease in Dam methylation protection. 

The amount of global DNA supercoiling has been shown (Dorman et al., 1988; 

Charlebois & St. Jean, 1995) to decrease as growth phase advances. A 

change in supercoiling could have an effect at sequences that are precluded 

. from methylation due to the steric effects of higher DNA organisation. If local 

steric effects were to change, it may make a site avai.lable for Dam methylation 

where it previously was not. Supercoling changes may also affect the ability of 

regulators to bind DNA and protect sites from methylation. 

The restriction fragment that is present in all samples taken may represent a 

region of DNA that has high intermolecular interactions and therefore high 

steric hindrance for enzymes such as Dam, preventing modification of GATC 

sequences. 

Methylation protection at a GATC site 5' to ppiA in strain MC4100 has been 

shown to regulated at least in part by growth phase (Hale et al., 1994). ppiA 

may be a candidate for one of the GATC loci observed to change methylation 

status with growth phase in AB1157. Investigation of the loci could be 

performed by making a radioactive probe of the ppiA region and hybridising it to 

a restriction digest, such as that depicted in Figure 21. 
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Landgraf et al. (1996) and Chen et al. (1997) ascertained that Lrp levels 

fluctuated with growth phase and rate in tested E. coli strains. As Lrp can act 

as a repressor or activator (Landgraf et al., 1996) it may be that some of the 

changes in methylation observed in AB1157 during culture growth are the result 

of Lrp interactions. An experiment similar to that performed with AB1157, using 

a /rp deficient derivative strain would aid in determining if Lrp influenced the 

observed changes. 

5.2.3 Influence of extracelluar pH 

Changes in chromosomal methylation patterns were detected when strain 

AB1157 was grown in a range of LB media with variant pH (Fig. 22). To date 

several pH responsive genes have been identified in E. coli (Slonczewski & 

Foster, 1996) (Table 11). DNA binding regulators of these genes may influence 

methylation ofGATC sequence~. 

Table 11. E. coli pH responsive genes (from Slonczewski & Foster, 1996) 

Gene(s) Induction conditions Regulatory locus 
adi acid, low O2, arginine hns 

cadBA, lysU acid, low O2, lysine lysP, cadC, hns 

speF 

IdhA 

hyc, hyp, fdhF 

cydAB 

cyoABCDE 

ompF, IamB 

alx 

inaA, marA 

rpoS/katF, katE 

aceF, 

acid, low O2 , ornithine 

acid, low O2 , sugars 

acid, formate, low O2, low N03" 

acid, low O2 

base, O2 

base, osmolarities 

base 

weak acids, uncouplers 

weak acids, stationary phase 

acid 

rpoN IntrA, flhA, hycA 

fnr 

fnr, arcA 

envZlompR 

marR, soxRS 

rpoS 
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The presence of an unmethylated site in mainly acidic conditions (Fig. 22: label 

A), may mean that a gene is being regulated in a pH dependent manner by a 

DNA binding factor. Some of the genes listed in Table 11 may be candidates 

for producing these DNA binding proteins. This could be investigated by 

hybridisation experiments, using the genes as probes to chromosomal Ndell 

restriction digests such as that in Figure 22. 

The unique restriction fragment at neutral pH (Fig. 22, label 8) may indicate a 

gene is repressed in neutral conditions and active when the cell is experiencing 

stress due to either acidic or basic conditions. The tnr locus is currently 

(Slonczewski & Foster, 1996) the only site associated with acid and basic 

induction. The influence of tnr on the observed changes could be tested by 

comparison of a tnr mutant strain with that used in this study, or by use of a tnr 

gene probe to a digest such as that in Figure 22. 

Alternatively, the changes in methylation observed (Fig. 22: A & 8) may be 

caused by disruption to the chemical bonds within a regulatory protein at pH 

extremes. Changes in bonding may cause structural changes that affect the 

DNA binding ability of the regulator. In turn, this may alter the capability of Dam 

to methylate sequences normally within the regulator's recognition domain 

5.3 The effect of global regulators on Dam methylation 

5.3.1 Leucine - responsive regulatory protein (Lrp) 

Comparison of Irp mutant and wild-type strains (Fig. 23) indicated several 

un methylated sites appear to be influenced by Lrp. This may be the result of 

direct exclusion of a locus from methylation, as found in the pap operon 

(Introduction 1.7.7) or indirectly, via regulation of the production of other DNA 

binding proteins. 
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The changes observed are perhaps comparatively few given that Lrp is 

involved in the regulation of more than 20 operons (Clavo & Matthews, 1994). 

The observation that Lrp is synthesised at low levels in rich medium and 

increases in minimal media (Loewen & Hengge-Aronis, 1994) could be a 

explanation for the small changes noted. The increase in Lrp concentration 

found in minimal media appears to have little effect on methylation in this study. 

As Lrp activates gene expression in minimal media and represses it in richer 

media (Loewen & Hengge-Aronis, 1994), it appears that its repressive action 

has a greater effect on methylation. 

Analysis of four unmethylated loci in strain MC4100 by Hale et al. (1994) 

indicated three sites were protected by Lrp and that one was also responsive to 

leucine. Fewer changes were noted in this study, most probably as different 

strains and growth conditions were utilised. The use of a wider range of CHEF 

electrophoresis programs may (esolve further Lrp protected loci. 

5.3.2 Cyclic AMP receptor protein (Crp) 

A number of differences in the pattern of Dam methylation were noted when a 

crp mutant strain was compared to a wildtype parent. Both the loss and gain of 

methylation at Dam sites in the crp mutant were observed (Fig. 24). Crp was 

found to have the most significant effect on unmethylated loci of any regulator 

studied. 

The consensus binding site for Crp is 5'AAATGTGATCTAGATCACATTT3
' 

(Ebright et a/., 1989). The highlighted portions of the Crp binding sequence 

show that it contains two Dam recognition sequences. It may be that direct 

contact of the protein to these nucleotides would preclude their methylation. 

Lack of binding at these sequences could be an explanation for the reduction of 

unmethylated sites found in the crp mutant strain. 
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The appearance of additional unmethylated sites in the crp mutant strain could 

be the result of gene products that are normally repressed by Crp, binding DNA 

and preventing methylation. The absence or reduction of transcription at genes 

normally activated by Crp may also influence methylation by reducing the 

amount of potential protective factors. 

A study of DNA-protein interactions in strain EMG2 (Wang & Church, 1992) 

revealed Crp consensus binding sequences at four unmethylated Dam loci. It 

is possible that some Crp-associated unmethylated sites found in EMG2 

correspond to those in AB1157. As the location of these loci is known, 

hybridisation of these regions to a restriction digest, such as that illustrated in 

Figure 24, could reveal if they are present in AB 1157. 

5.3.3 lexA protein 

Examination of lexA mutant bacteria and a wild-type parent (Fig. 25) indicated 

that LexA had little influence on Dam methylation sites. As LexA is a DNA 

binding regulator of at least 20 genes (Dri & Moreau, 1994) it was thought to be 

a good candidate to investigate effects on unmethylated sites. The use of 

further types of CHEF electrophoresis may resolve some protected sites not 

observed in Figure 25. 

The SOS box consensus sequence to which LexA normally binds is 

5'TACTGTATATATATACAGTA3
' (Friedberg et al., 1995). The box sequence 

contains no GATC residues, so LexA direct protection of these residues may be 

rare, contributing to the observed lack of influence on unmethylated sites. 

Examination of lexA strains under conditions of SOS induction may further 

elucidate if LexA has a role to play in methylation protection. 
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6. Methylation at a Single Locus 

6.1 Cloning of unmethylated loci from AB1157 

Unmethylated Dam loci and adjoining sequences from AB1157 were cloned by 

Ndell and EcoRI digestion, then ligated into pUC19 and pBR322. An 

equivalent number of clones were obtained from each vector (Table 8). pUC19 

cloned sites were chosen to study due to the ease of selection and the high 

copy number of the plasmid. The pBR322 clones were kept in the freezer as a 

backup. 

A wide range of fragment sizes were found to be successfully cloned (Fig. 26 & 

Table 9). Radioactive probing of a selection of clones (Figs 27 & 28), with 

chromosomal DNA, confirmed all had insert DNA originating from AB 1157. 

6.2 Sequencing and similarity analysis of cloned unmethylated loci 

The unmethylated Dam recognition site cloned into pC6 was placed between 

the promoter and coding sequences of the putative gene yjdG (Blattner et a/., 

1997). As the gene in question has not been studied except on a sequence 

level, it is difficult to make any conclusions about the cause or function of the 

unmethylated locus. The proximity of the unmethylated site to a predicted 

promoter sequence may indicate it is influenced by regulatory protein binding at 

this site. 

Clone C7 contained an unmethylated GATC sequence located 80 bp upstream 

of a predicted promoter and open reading frame (Blattner et a/., 1997). Until 

more information is available about this region of the chromosome, no 

conclusions can be made about how the Dam recognition sequence remains 

unmethylated. 
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The unmethylated Dam recognition site in pC9 was found to lie in a region of 

the chromosome between two predicted open reading frames (Blattner et al., 

1997). As the function of neither the open reading frames nor the intergenic 

region is defined at present little inference can be made on the methylation 

protection at this sequence. If the intergenic region is found with certainty to 

contain no coding or control elements, then local DNA structure and steric 

hindrance may be a possible cause of the lack of methylation. 

Analysis of clone C10 placed the unmethylated GATC sequence in the coding 

region of a putative gene, yicL. This coding region lies immediately upstream 

of the gene nlpA, which codes for Iipoprotein-28 (Yu et al., 1986). Lipoprotein-

28 exclusively localises to the E. coli inner membrane, but its function is 

unknown (Yamaguchi & Inouye, 1988). It not essential for growth, as a deletion 

strain has no discernible phenotype (Yamaguchi & Inouye, 1988). Further 

characterisation of lipoprotein-Z8 and possible upstream regulatory sequences 

may aid in identification of the mechanism for methylation protection. Similarly, 

analysis of yicL and its' possible functions may assist in the characterisation of 

the unmethylated site. 

The unmethylated GATC site in clone C11 was found to reside in a predicted 

promoter sequence preceding an open reading frame (Blattner et al., 1997). 

The open reading frame has some sequence similarity to the succinoglycan 

biosynthesis transport protein, ExoT, from Rhizobium meli/oti (Glucksmann et 

al., 1993), but no function has been assigned in coli. As the unmethylated 

site lies in a predicted promoter region, there is a possibility that the lack of 

methylation observed is the result of a regulatory protein interaction at the 

locus. 

The promoter sequence is also just upstream of the rspA gene which codes in 

the opposite direction to the open reading frame. The product of rspA, is 

involved in sensing starvation in E. coli (Huisman & Kolter, 1994). Further 

characterisation of this region may ascertain if the two genes are linked, and 

the possible causes of the unmethylated site. 
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The formation of DNA secondary structures encountered sequencing C11 could 

influence the ability of the GATC site to be methylated by creation of steric 

hindrance. However, the region that experienced these problems was near the 

EcoRI terminus. The Ndell terminal region sequenced equally well in both the 

initial clone and the subclone, inferring that steric hinderence was unlikely at 

the GA TC loci. 

Interpretation of sequence data derived from clone C13 placed the 

unmethylated GATC sequence in the upstream region of the pspA (phage 

shock protein) gene. The psp operon is induced in response to a number of 

stress conditions such as heat shock,ethanol, osmotic shock, stationary phase 

onset and phage invasion (Weiner et al., 1995). Its function in the cell is still 

not defined, but mutants have lower protein translocation efficiency and 

decreased viability in high pH environments during stationary phase (Weiner et 

al., 1995). The expression of psp has been shown to be linked to IHF binding 

(Weiner et al., 1995) but not in all stress conditions. 

Analysis of pspA regulation in E coli strain K361 (Weiner et al., 1995) showed 

that the region where the GATC site lies is an IHF binding domain, IHF was 

demonstrated to protect this site from DNAsel digestion (Weiner et al., 1995). 

These findings raised the possibility that this site was also protected by IHF in 

strain AB1157. An experiment was performed (Results 4.7, Discussion 6.5) to 

determine if IHF does protect this site in AB1157. 
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6.3 Distribution of unmethylated Dam recognition sites in the 

chromosome of E. coli 

Analysis of the location of E. coli unmethylated loci in AB 1157 (this study) and 

translocated data from other strains (Wang & Church, 1992; Hale et al., 1994) 

showed no clear pattern emerging (Fig. 31). 

Estimates for the number of unmethylated Dam binding sites in coli range 

from -0.1 % (Wang & Church, 1992) to -0.2% (Ringquist & Smith, 1992) of all 

GATC sequences. Analysis of Ndell restriction digests (Figs 15 - 18) and the 

number of remaining unsequenced clones, indicate that 0.1% - 0.2% of AB1157 

GATC sequences are unmethylated. Currently only -0.05% have been 

accurately located on the E. coli chromosomal map (Fig. 31). The localisation 

of additional unmethylated sites may enable further conclusions to be made. 

Unmethylated GATC sites identified in this study localise to two regions (Fig. 

31) of the AB1157 chromosome. With the number of sites identified so far it is 

difficult to assess if this is coincidence or bias in the cloning process. 

Placement of the remaining cloned unmethylated sites on the map may resolve 

this question. 

Ultimately the nature of the agents that prevent DNA methylation at Dam 

recognition sites will determine the distribution pattern. If the main protection 

mechanism is found to be protein binding at regulatory sequences then the 

distribution of unmethylated loci will be closely allied to patterns of gene 

dispersion. If the main protection mechanism is due to higher levels of 

chromosome organisation then the pattern may be more regionalised. 
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6.4 Examination of an unmethylated Dam recognition site by hybridisation 

of the rspAB region to a genomic digest 

Hybridisation of the (spAB region to a genomic digest reveals that the 

unmethylated site located at the 108 aa ORF (C 11) appears not to vary with 

differing nutrient environments. The anomalous Notl digest pattern in MM is 

also apparent by hybridisation of the probe to a unique band not present in 

other media types. A probe of a CHEF gel which shows the larger molecular 

weight fragments could further elucidate whether methylation at the locus 

varies with nutrient environment. 
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6.5 Conclusions 

The pattern of Dam methylation in three common laboratory strains of coli K-

12 was found to be variant. Strain EMG2 had the most unique pattern, 

probably because it is the least mutagenised and is infected by F-factor and A. 

It was demonstrated that environmental influences such as n~ient levels, pH 

and stage of growth, influence the pattern and number of un methylated Dam 

sites in AB1157. Similarities were found between bacteria grown in nutrient 

poor environments and those near stationary phase, most probably as 

comparable nutritional conditions prevail. Changes in the extracellular 

environment are known to cause changes in gene expression and chromosome 

organisation, these are likely agents for the change in Dam methylation 

patterns observed in this set of experiments. The study of other factors 

external to the bacterial cell th,at cause changes in gene expression, such as 

ultraviolet light, salinity and heat shock, may reveal protection mechanisms at 

further GATC sites. 

Both Lrp and Crp were found to influence patterns of methylation. Crp was, in 

particular, found to influence many un methylated loci, presumably underlying its 

importance in the control of the many catabolic pathways of coli. These 

results indicate that many of the unmethylated sites found are the result of 

either direct or indirect actions of regulatory protein binding. Extension of this 

work to include all the major regulatory proteins could demonstrate the range 

and signi'ficance of their role in Dam methylation protection. 

Sequencing and identification of cloned unmethylated sites revealed some 

unique loci where mechanisms of methylation protection are undescribed, and 

confirmed methylation protection at a' previously identified loci. The distribution 

of these loci on the E. coli chromosome was found to follow no discernible 

global pattern. The sequencing of the remaining uncharacterised unmethylated 

loci from AB1157 would enable a more to be learned about the local individual 

nature and global pattern of Llnmethylated GATC sites. 
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6.6 Future research 

There is still a great deal of research required to enhance our understanding of 

the nature of unmethylated GATC loci in coli. It has been demonstrated that 

different strains of E. coli K-12 have differing patterns of unmethylated sites. 

The expansion of this work to examine other known serotypes and some 

untyped clinical isolates may reveal the full extent to which patterns of 

methylation have diverged within the species. 

Experiments have indicated that the extracellular environment influences 

unmethylated sites. Manipulation of the cell environment by other techniques 

may enable the identification of new unmethylated loci and allow the 

identification of common factors that cause changes in methylation at loci. 

Intracellular influences, partic.ularly global regulatory proteins, have been 

implicated as the cause of a number of unmethylated GATC sites. The 

investigation of how other regulatory proteins influence Dam methylation would 

be a natural progression of this work. Other non-protein factors such as levels 

of DNA supercoiling and steric hindrance could be tested, to assess their 

contribution to unmethylated Dam loci. 

The remaining uncharacterised unmethylated sites, and any that may be 

missing, need their means of methylation protection investigating. Hopefully 

this analysis would enable us to determine the most frequent protective agents. 

The significance of the occurrence of unmethylated sites in the biology of coli 

might then be realised. 
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Appendices 

Appendix 1 

A 1.1 Buffers and Solutions 

A1.1.110 X TBE buffer 

108g Tris-HCI, 55g Boric Acid, 40ml 0.5M EDTA (pH8), distilled water to 1 L 

A1.1.2 TE buffer 

10 mM Tris - HCI (pH 8), 1 rnM EDTA 

A 1.1.3 Boiling preparation mixture 

8% (w/v) sucrose, 5% (v/v) Triton X-100, 50 mM EDTA (pH 8), 50 mM Tris (pH 

8) 

A 1.1.4 Alka.line lysis solutions 

Solution I 

50 mM glucose, 25 mM Tris-HCI (pH 8), 10 mM EDTA (pH 8) 

Solution II 

0.2 N NaOH, 1 % (w/v) SDS 

Solution III 

3 M Potassium-5 M Acetate 

A 1.1.5 STET buffer 

8% (w/v) sucrose, 50 mM Tris-HCI (pH 8), 50 mM EDTA, 0.1 % (v/v) Triton 'X-

100 

A 1.1.6 TES buffer 

10 mM Tris-HCI (pH 8), 1 mM EDTA, 100 mM NaCI 



A1.1.7 Chromosomal DNA extraction solutions 

Lysozyme solution 

5 mg ml-1 lysozyme, 10 mM Tris-HCI, 10 mM EDTA 

RNase solution 

1 mg ml-1 RNase A in 0.1 M Sodium Acetate 

A1.1.8 WB 

10% (v/v) glycerol, 90% (v/v) distilled water 

A 1.1.9 Buffers and solutions for CHEF mapping 

PIV buffer 

1 M NaCl, 10 mM Tris-HCI (pH 7.6) 

EC lysis solution 
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6 mM Tris-HCI (pH 7.6), 1 M NaCl, 100 mM EDTA (pH 7.5), 0.7% (w/v) 

deoxycholate, 0.5 % (w/v) sarkosine, 1 mg ml-1 lysozyme, 20 I-1g ml-1 RNase A 

ESP buffer 

0.5 M EDTA (pH 9.5), 1% (w/v) sarkosine, 50 I-1g ml-1 Proteinase K 

A1.1.10 Bromophenol blue marker dye 

80% (v/v) glycerol, 20 mM EDTA, 0.025% (w/v) bromophenol blue 

A1.1.11 20 X SSC buffer 

3 M NaCI, 0.3 M Sodium Citrate, pH 7 

A 1.1.12 Vacuum transfer solutions 

Depurination solution 

0.2 M HCI 

Denaturation solution 

1.5 M NaCI, 0.5 M NaOH 



Neutralisation solution 

0.5 M Tris (pH 7), 3 M NaGI 

Transfer solution 

20 x SSG 

A 1.1.13 Pretreatment solutions for direct agarose gel hybridisation 

Denaturation solution 

0.5 M NaOH, 1.5 M NaGI 

Neutralisation solution 

0.5 M Tris (pH 7), 3 M NaGI 

A1.1.14 Hybridisation solutions and wash buffers 

50 x Denhardts' solution 
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10 g Ficoll, 10 g polyvinylpyrrolidone, 10 g bovine serum albumin, distilled water 

to 1 L 

Prehybridisation solution 

6 X SSG,S x Denhardts solution, 0.5% SDS, 0.1 mg ml-1 denatured Herring 

sperm 

Hybridisation solution 

6 X SSG, 0.1 mg ml-1 denatured Herring sperm, 0.5% SDS 

Low stringency wash 

2 x SSG, 0.1 % (w/v) SDS 

High stringency wash \~ 

0.1 X SSG, 0.1 % (w/v) SDS 
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A1.2 Media 

A1.2.1 SOB 

20g tryptone, 5g yeast extract, 584 mg NaCI, 186 mg KCI, distilled water to 'I L 

A1.2.2 SOC 

98 ml SOB, 1 ml 2 M glucose, 1 ml 2 M Mg2+ (20.33 9 MgCI2.6H20, 24.65 9 

MgS04.7H20, distilled water to 100ml) 

A 1.2.3 Brain-heart broth 

37 9 Brain-Heart Infusion (Difco), 4 9 Potassium Nitrate, distilled water to 1 L 

A 1.2.4 luria-Bertani broth (Sambrook et a/., 1989) 

10 9 tryptone (Difco), 5 9 yeast extract (Difco), 5 9 NaCI, distilled water to 1 L, 

pH 7-7.4 

A 1.2.5 Minimal media (Davis and Mignoli, 1950) 

7g K2HP04 , 3g KH2P04 , 500 mg Sodium Citrate, 100 mg MgS04.3H20, 19 

Ammonium Sulphate, distilled water to 1 L. After autoclaving carbon source 

added to 0.2%. Where appropriate amino acids were added to the media at the 

concentrations listed below. 

Table 6. Amino acid supplementation of media (From Davis et a/., 1980) 

Amino Acid Working concentration (mM) Stock* (%) 

Arginine 0.6 2.53 

Histidine 0.1 0.31 

Isoleucine 0.3 0.79 

Leucine 0.3 0.79 

Proline 2.0 4.6 

Thiamine 0.05 0.337 

Threonine 0.3 0.71 

* Stock solution is such that Sml added to 1 L media will result in the appropriate concentration 
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A1.2.6 pH buffered media (Dri & Moreau, 1994) 

LB broth was supplemented with the following buffers at 100 mM, then the pH 

adjusted to the required level. Stock solutions were made in distilled water, 

except for PIPES which was made in 1 M NaOH to increase solubility. 

Table 7: pH buffers (From Dri & Moreau, 1994) 

Buffer 

MES (2-(N-morpholino)ethanesulphonic acid) 

PI PES (piperazine-N,N'-bis(2-ethanesulphonic acid)) 

MOPS (3-(N-morpholino)propanesulphonic acid) 

HEPES (N-(2-hydroxy-ethyl)piperazine-N' 

-(2-ethanesulphonic acid)) 

* To make 20 ml 

pH Range 

pH 5.5, 6 

pH 6.5, 7 

pH 7.5 

pH 8, 8.5 

1M Stock* 

3.904 9 

6.048 9 

4.186 9 

4.766 9 



A1.3 CH 

A 1.3.1 Short-run program A 

Two-state 

Angle: 1200 

Gradient: 6 V I cm 

Run time: 17 hours 52 min 

Switch time: 3.29 s - 40.09 s 

Ramping: a = 0.357 

Size range: 50 to 500 kb 

Agarose: 1 % SeaKem® LE (FMC) 

A 1.3.2 Short-run program B 

Two-state 

Angle: 1200 

Gradient: 6 V I cm 

Run time: 28 hours 7 min 

Switch time: 6.77 s - 44.76 s 

Ramping: a = 0.357 

Size range: 50 to 500 kb 

Agarose: 1 % SeaKem® LE (FMC) 

A 1.3.3 Long-run program C 

Two-state 

Angle: 1200 

Gradient: 6 V I cm 

Run time: 23 hours 51 min 

Switch time: 16.33 s - 2 min 6.67 s 

Ramping: a = 0.357 

Size range: 500 to 2000 kb 

Programs 

Agarose: 1.3 % Ultrapure chromosomal grade (BioRad) 
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A 1.3.4 Small fragment program D 

Two-state 

Angle: 1200 

Gradient: 6 V I cm 

Run time: 7 hours 54 min 

Switch time: 0.06 s - 23.52 s 

Ramping: a = 0.357 

Size range: 1 to 100 kb 

Agarose: 1 % SeaKem® LE (FMC) 
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Sequence data was derived either through manual (Methods 2.16) or 

automated (Methods 2.17) methods. The m13 forward and reverse primers 

were used in the sequencing reactions. Bold GATC nucleotides indicate 

putative cloned unmethylated loci. Only sequenced insert DNA is listed, vector 

sequences have been omitted for clarity. 

A2.1 C6 reverse primer derived sequence 

GATCTACCCATTTGTTGGGTAAAATACACATAACGACTCGAGGTGACATAA 

TAGTTAATTAACTTTTGTTAGCGACTTTGAATTAAAACACCGTCACCTGAAG 

AGATATATTTAC GCGATGGACAGGATATATATTGACTGAC CGTTACGTGG 

A2.2 C7 forward primer derived sequence 

CNCTCGAGATGGGGTTTCGGGTGCTGAAAAANATCCTCTATCCGGTGNTC 

TTCTCTTCGGATTATTCCGCCGCAGAAAAACTTCAGGTCTACCATTTCTCG 

ATTAACAGTATTGATATCGCGATGGAAGTNATGACTCGCGCGTTTACCTTT 

AGTGACAGTAGTGCCTCANAGGAAGATGAAAACTATCGTATCTTCTCGTTA 

CTGGAAAAC GCCGAAGAAGAAAAAGAAC GGCAAATAGCCTCAATACTTTCT 

GGGANATAGATATTATCTATAANATCCTGCTGGATTCTNATTTAGGCAGTA 

GTTTGCCTTTNAGCCAGGCTGATTTTGGCCTGTNGTTT AACCAT AAAGGTC 

GACATTATTTNNGTGGTATTGCCGAAGTAGGCCATATCTCCCGTCTCCATT 

CAGGATTTCNACGGTATTTTCAAATCAAACCCATGCGTAACACCAGACATT 

TGAATTAACCAGAAGTCTTGCGGGTNACATTTTTNCTTACCAGGTTAGANA 

TACCCTATCGGCANATNATTACCTTGCTGCNTGACATNNTTTTAAGNANTAT 

NGGNGCCNNGAGTCCGGNTTGGTGTNCCNACNGNNATTACTTAACCNCC 

GTTCCANCNGCTNTTTNAAAACGGGAATNCCCAGCCCNG 
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A2.3 C7 reverse primer derived sequence 

GNTCAATATTTGTGCAGCGTAGTGNAGTTTTGGTGNAAGAGGGGAAGTTA 

AGGAAGGAATCTNCCGGAATCGTAGCTGAAATCANAGTATTTTTGTNATAG 

TGTCAGTCTAAATGAAAANCCGCGANTGCGNCNNAGAGGNATTTGTNANA 

TTTTTAGNNNGTAACACGCTNACTNATCCAGCCTGGNATTTTTTNGGCGGG 

TAGGGACNCGGGNNNAGAAATATCNCCTAATAANGCGCCCANTCGANCCT 

TCGNGTAGATCCTCAANNCTTGCCCCTTTNGNTTTCNCNNGCCCTTCCCNC 

NCACGNNCGACTTACANNCCCCGGCNCTTCACCCACCTCGCCTNGGCCI\lA 

NCNGCCTTCCACNCCACCGGCCNANNGGCCTCCCGNCTTTTTCCGGACNA 

CGAACCNACCNGCACNGGCACCCNCCC 

A2.4 C9 forward primer derived sequence 

AACCAAAGCGTGGGNGCCGTTATCAACAAAGATCTCTCTACCGCGCTGCT 

GGCCCGTGAAATTCACGCCGACATTCTTGTGATCACCACTGGCGTCGAAA 

AAGTGTGTATTCACTTTGGCAAACCGCAGCAGCAGGCGCTCGATCGGGTG 

GATATTGCCACCATGACCCGCTATATGCAGGAAGGGCATTTCCCGCCCGG 

CAGCATGTTGCCAAAAATCATCGCCAGCCTGACATTTTTAGAACAAGGCGG 

CAAAGAAGTGATTATCACCACGCCGGAATGCCTGCCTGCGGCGCTGCGC 

GGCGAAACGGGCACTCATATTATTAAAACGTAAGGACGTAAGATGAAAGAA 

TAGCCGCCGTGAATTTCTGAGCCAGAGCGGTAAGATGGTCACCGCCGCC 

GCGCTGTTTGGTACCTCTGTGCCGCTCGCCCATGCGGCGGTAGCTGGCA 

CCCTAAACTGCGAAGCGAACAACACCATGAAAATCACTGACCCGCATTACT 

ANCTCGATAACGTGCTGGAAACCGGTTTTGACTACGAAAATGGCGTGGCG 

GT 
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A2.5 C9 reverse primer derived sequence 

GATCA TITTTTTTNC NCCGCATGG CTGCGAANCCACTATTGGTGCTTTTTTA 

AGCGAAGTGTCGCCGATCACNACAAAATATCGGCGAANAAANAGATGGAA 

TGCCNGTTGGCATACNGATATACANATGAAA TGATTACCTGCA TIGCGATT 

CACTCTCAGGTGGAATANNAACTTGCNGGTGGAACCCTNTCTGAACTANA 

GANTGTAGCGGATTTTAACGTGCTTATTTANAGGATAATATCTGTCACCTAA 

TTCCTGCACTCTATNANATATCCATCCACTTAATCTTGNTTCTTCTCTGTNC 

GTCTTTACGTCCACTAACCNAGAGCAATAACNTCNCCNGTGANTCATGAAN 

AACAGGGCTANATATTTTTCANNTGTAATAATATACCATGCGCAANCCCCN 

GCTNAA TNGGCGCGTCTGTCTCCGGA 

A2.6 C10 forward primer derived sequence 

GCCAGTAAAACGTGCAAGGGGTTTACTGCAATCTTATCAATCACCCGACGT 

CGCTAAAGGGCAGACACCATTTITAACGGTGGCGCGGAGACTGGCTTGTA 

ATGCTCACTTATTGCGTGACGCACGGTTIATGTCTCTGGCGCGGGACGGG 

ATTCCAATGACGTCAAATTGACCGATGACAGAATCAGCATGCGTTCCCAGC 

CAAGCCGGGTAATTTGAACGGCATCCCCAGCAACAGCAAAGAGAGTAGCG 

CGTACGTTAATGGTTCTGCACAGCTCAAAAGTGCTGGCTTGTTAGGACCG 

CCAATTAATTGAGGCTGCTTTCAGGTTACAGACTAAATGTCAGGGTCTGTA 

CCAATTGACCACCAACAATTACGCCACAGCCAGTTTCAAAACTTGGCCGTT 

CAACGGGCAAAAGGTTTCGTTCCGACGGCCTGGCATTAGCGCCGGGCAG 

GAGGAATCAGATCCGCCAATCAGCGTICTTCCATACCGACGGGTTTGTAC 

CT 
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A2.7 Ci0 reverse primer derived sequence 

GATCTCTCCCGACGCGTTGCTCTCGGGCCCTGCTCGGCCCGGCCCCGCT 

GCCTTCCATATCACCCCTCTCTCAACGCCCATTGCCCGCCATGGCACGTC 

ACCAGTCGTCGGCCGGCGTATGCTGATTGGCGGTCTCATTCTCTTGGCTC 

CCCATGTCAGACAAGGAACACACTTGCTCGTTCACGGCAGTTTGATTCTGG 

TGTCCCCCTATTTGGTGGTCATTGGTAGTTCTTGACATTTAGTCTGTATCTG 

ACAGAGCACAATTAATTGGCGGGTGCAAAAGTCAGCATTTTCAGCTGTGG 

AGAAGCATTAAGTAGGGTGGCTACTGTCTTTGCTGTTGGTGGGGGATCAC 

GTTTAAATTACCGGACTTAGCTGGGGACGTTTTTTGAATTCTGTCATATGGT 

CATTTTCATTTTCAATGGTTTACCAGCCGACGGGTTAGTAAAAATAAATTGG 

TTCGGNNCCGGATTAA 

A2.8 Cii L forward primer derived sequence 

ATACCAAGACCCGGTTTGTTTCCCGGATGCATATAGCCGTTATCGAAAGTC 

CAGTTGTGCGGGAAGACTTCGAGCATTTTTNCGGAATAACCCATGTNTTCC 

TGGACACCGAAATTGGGGACCCACAGATCAAAGTGCAGCGCCGCAGCCA 

TGCAGACTGGTGACAAATCGGAAGGACCGTNTGAGCCAGTACGTACCTGA 

'TACAGCGAAGAANAATCGGCAATCCGGCGCATACCGGTAATTCCGCCTGC 

TTGGGTCAGCGTGGTGCGGATATAATCGATGAGTTGCTCTTCAATCAGTTG 

TTTGCAGTCCCAGATGCTGTTGAAGACTTCACCCACTGCGATGGGTGTNA 

CGGTATGTTGGCGAATGAGACGGAAGCATTCCTGGTTTTCCGCAGCNTCG 

GGTCTTCCATCCAGAACATGCGATAATCTTCAATGCTTTTACCAAAGCGCG 

CCGCTTCAA TAGGCGTT AAGCGATGGTGCATGTCATGCAGCAANTNTTCAT 

TAAAACCAAACTTGTTNCGTACCGCGTCAAACAATTTCGGCATGAAATCGA 

GGGTATTTNTCCGTNGACCTNCAGGCATGCAAGCTTTGGGTAATCAATGGT 

CA 
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A2.9 C11 reverse primer derived sequence 

GATCTTTATACTTGTATGGTAGTAGCTCAGTTGCGTAGATTTCATGCATCAC 

GACAAGCGATGCAAGGAATCGAACATGAAGATCGTAAAGGCTGAAGTTTTT 

GTTACCTGTCCGGGGCGTAATTCCGTCACATTAAAAATCACCACTGAGGAC 

GGTATTACGGGCCTTGGGGATGCCACCCTCAATGGACGTGAGCTTTCCGT 

GGCCTTTI\JA TTTGCAGGATCACCTTTGTCCGGAGCTTATTGGTCGCGAA TG 

CGCACCGTATCGAAGATATCTGGCAGTTTTTCCTAATTAAAGGGGTTTATT 

GGGGGTTGGGGGTTNCGTTTTACAA T 
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A2.10 C13 forward primer derived sequence 

GATTCCI\JCAGCGTCTCTTTCCCCACTCCGCGCGGGGTTGGCGTGATGTGT 

AACTTCTTCGCCCAGTCGGCTGAAAACGCCACGCTGAAGGATGTTGAGGG 

CAACGAGTACATCGATTTCGCCGCAGGCATTGCGGTGCTGAATACCGGAC 

ATCGCCACCCTGATCTGGTCGCGGCGGTGGAGCAGCAACTGCAACAGTTT 

ACCCACACCGCGTATCAGATTGTGCCGTATGAAAGCTACGTCACCCTGGC 

GGANAAAATCAACGCCCTTGCCCCGGTGAGCGGGCAGGCCAAAACCGCG 

TTCTTCACCACCGGTGCGGAAGCGGTGGAAAACGCGGTGAAAATTGCTCG 

CGCCCATACCGGACGCCCTGGCGTGATTGCGTTTAGCGGCGGCTTTCAC 

GGTCGTACGTATATGACCATGGCGCTGACCGGAAAAGTTGCGCCGTACAA 

AATCGGCTTCGGCCCGTTCCCTGGTTCGGTGTATCACGTACCTTATCCGTC 

AAATTTACACGGCNTTTCAACACAGGATCCCCCCGACCCCATCCAAAAGCT 

TTGTTTTAAATTCCANAAACTTCCAAAACCNAAACCCAGGTTGGNCGGGGN 

AAATTATTTTTTCCCAAACCCNGGTTGCCAAGGGGCGAAAGGGCGGGTTT 

TCCACCCTTTTGGCCCCCCCAAAAAAAAACTTGGGTTTGGCCCCCCTTATT 

CCCCCC NCCTTGTTTGCCAAAAAAAACCACCGGGTAATTGGTTGAAN GAAA 

TNGGCCNGAAATNAAAA TTTGCCNAAANGCGGGGTTTTTGCCCCNTTTTCC 

CNGGTTNAANCTGTTTTTTGGCCCCATGGGATTTCCTTTAACNCCCCNAAN 

TAAACCCCGGAATTTTTAATGAACAAAANGGGGAAAAAANCCNCCCCNGG 

GGNGGGANTNCCCCCTTTTCCNGGCGTTTGGTCCGGTTAACCCNAAATTT 

TTTTTGGACNCCCCCCCCCCCCCGGGGGGGGGNTTTGGGGGGNCCCCCC 

C 
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A2.11 C13 reverse primer derived sequence 

GATCTAGAGGACTGATTGAAGATCAACAGCAACATGCCAGGATGAGTTAG 

CGAATTACACTAACAAGTGGCGAATTTCATCATGGCAGAATACAAAGATAA 

TTTACTTGGTGAGGCGAACAGCTTTCTCGAAGTGCTGGAACAGGTTTCGC 

ATCTCGCACCGCTGGACAAACCG GTGCTCATCATCG GCGAACGCGGCAC 

CGGTAAAGAGCTGATTGCCAGCCGCCTGCATTATCTCTCCTCCCGTTGGC 

AAGGGCCGTTTATTTCCCTTAACTGCGCGGCGTTAAATGAAAATCTGCTGG 

ATTCCGAACTGTTTGGTCACGAAGCGGGGGCGTTTACCGGTGCGCAAAAA 

CGTCATCCAGGGAGATTTGAACGTGCCGACGGCGGTACGCTATTTCTTGA 

TGAACTCGCTACGGCACCGATGATGGTGCAGGAAAAAA TTATTGCNCI\lTT 

GATTGATTACGGTGAAACTGGAACCCNTTTGGNGGNNNCCCACCNTTGCC 

GGTTT AATNTTTCCNGTTTGGGGGTTTCCCCCAAANAAAA TTCCCATTTTCC 

CCCCGGGGAAAAAGGGCCCNTTAAAAAGGNCCTTTTTNCNCCCCTNNAAC 

CTTGNTCCCAAACCAAAANGGGGNTTTTGAAAGTTTNTTTTNAAACTGCCC 

NCCACTGGCCCCAACCNCNAAAANCCAANATTATNTTTGAAAGGNCNAAAT 

NCCTTGCCNNCCNAAA TTTTI\lCCGGAAA TCCANCCNCCTCCTNTCCCCGG 

GTTTTACGGACCCCCCAAAAAAACTTGCTGAATTTCCCTTNGGCCGGAAAT 

ATCCCTGAA TTGAAAAA TTTGGTGNAACTTCCA TTNTTTCCCCCCCG~INCC 

NCNAATTTCCCNTGANAAACCCCTTTTTTCNCCNTTAANNGGCC 
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Appendix: 3 

Genbank® BLAST Sequence Alignments 

Aljgnments are only depicted for the highest probability match and against 

sections of the complete E. coli sequence. Alignments are derived from 

searching sequence data on the NCB I BLAST server (Methods 2.18). The 

header for each set of alignments displays the database for the matched 

sequence (gb = Genbank®, emb = EMBL Data library), followed by the 

accession numbers and a brief description of the sequence features. The P

value is a probability estimate, with significance increasing as the value lowers. 

A3.1 C6 reverse primer derived sequence alignment 

Score P(N) N 

gblAE0004851ECAE000485 Escherichia coli, fumB, dcuB, yjd ... 199 6.1 e-18 

3 

>gbIAE000485IECAE000485 Escherichia coli, fumB, dcuB, yjdG, yjdH, yjd/, 

yjdJ, yjdK, /ysU, cadA genes from bases 4343168 to 4356263 (section 375 of 

400) of the complete genome. Length = 13,096. 

Score = 199 (55.0 bits), Expect = 6.1e-18, Sum P(3) = 6.1e-18 

Identities = 43/47 (91 %), Positives = 43/47 (91 %), Strand = Plus 1 Plus 

Query: 49 GGTGACATAATAGTTAATTAACTTTTGTTAGCGACTTTGAATTAAAA 95 

I I I III I I I I I I I I I I I I I I I I I I I I I I I I I I I II I II I I I I I 
Sbjct: 3525 GGTGACATAATAGTTAATTAACTTTTGTTAGCGTTTTGAAATTAAAA 3571 

Score = 139 (38.4 bits), Expect = 6.1e-18, Sum P(3) = 6.1e-18 

Identities = 31/35 (88%), Positives = 31/35 (88%), Strand = Plus 1 Plus 

Query: 8 GATCTACCCATTTGTTGGGTAAAATACACATAACG 42 

I I I II I I I I I I I I I I I I I I I II I I II I I I I I 
Sbjct: 3488 GATCTACCCATTTGTGGGTAAAAATACACATAATG 3522 



Score = 80 (22.1 bits), Expect = 6.1 e-18, Sum P(3) = 6.1 e-18 

Identities = 16/16 (100%), Positives = 16/16 (100%), Strand = Plus 1 Plus 

Query: 101 TCACCTGAAGAGATAT 116 

I I I I I I I I I I I II I I I 

Sbjct: 3579 TCACCTGAAGAGATAT 3594 

A3.2 C1 forward primer derived sequence alignment 
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Score P(N) N 

gblAE0002461ECAE000246 E coli from bases 156116. 1224 7.8e-162 6 

>gbIAE000246IECAE000246 Escherichia colifrom bases 1561168 to 1577505 

. (section 136 of 400) ofth~ complete genome. Length = 16,338. 

Score = 1224 (338.2 bits), Expect = 7.8e-162, Sum P(6) = 7.8e-162 

Identities = 248/254 (97%), Positives = 248/254 (97%), Strand = Minus 1 Plus 

Query:257 

CCCAGAAAGTATTGAGGCTATTTGCCGTTCTTTTTCTTCTTCGGCGTTTTCCAGTAACGA 198 

II 1111I 11I11 111111111I1111 I 11I11 III 1I11I1 1111I1I1 II I I 1I111 

CCATGAAAGTATTGAGGCTATTTGCCGTTCTTTTTCTTCTTCGGCGTTTTCCAGTAACGA 3481 

Sbjct:3422 

Query: 197 

GAAGATACGATAGTTTTCATCTTCCTNTGAGGCACTACTGTCACTAAAGGTAAACGCGCG 138 

I111I111III I111I III III I III III I I II II II I I1111 1111111111I11I1 I 

GAAGATACGATAGTTTTCATCTTCCTTTGAGGCACTACTGTCACTAAAGGTAAACGCGCG 3541 

Sbjct:3482 

Query: 137 

AGTCATNACTTCCATCGCGATATCAATACTGTTAATCGAGAAATGGTAGACCTGAAGTTT 78 

I 1I111 I111 III II 11111111 II I I 111111 1111111111111111111 111111I 

AGTCATCACTTCCATCGCGATATCAATACTGTTAATCGAGAAATGGTAGACCTGAAGTTT 3601 

Sbjct:3542 



:77 

TTCTGCGGCGGAATAATCCGAAGAGAAGANCACCGGATAGAGGATNTTTTTCAGCACCCG 18 

11111111111111111111111111111111111111111111 11111111111111 
TTCTGCGGCGGAATAATCCGAAGAGAAGATCACCGGATAGAGGATTTTTTTCAGCACCCG 3661 

Sbjct:3602 

Query: 17 AAACCCCATCTCGAGNG 

111111111111111 

1 

Sbjct: 3662 AAACCCCATCTCGACAATTTCTACCGGAATTC 3693 

Score == 698 (192.9 bits), Expect == 7.8e-162, Sum P(6) = 7.8e-162 
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Identities = 144/153 (94%), Positives::: 144/153 (94%), Strand = Minus 1 Plus 

Query:402 

AGACGGGAGATATGGCCTACTTCGGCAATACCACNNAAATAATGTCGACCTTTATGGTTA 343 

1111111111111111111111111111111111 111111111111 I 11111111111 
AGACGGGAGATATGGCCTACTTCGGCAATACCACTAAAATAATGTCGACCTTTATGGTTA 3335 

Sbjct:3276 

Query:342 

AACNACAGGCCAAAATCAGCCTGGCTNAAAGGCAAACTACTGCCTAAATNAGAATCCAGC 283 

111111111111111111111111111111111111111111111111111111111 
AACCACAGGCCAAAATCAGCCTGGCTTAAAGGCAAACTACTGCCTAAATCAGAATCCAGC 3395 

Sbjct:3336 

Query: 282 AGGATNTTATAGATAATATCTATNTCCCAGAAA 250 

11111 11111111111111111 11111 II 
Sbjct: 3396 AGGATTTTATAGATAATATCTATTTCCCATGAA 3428 

Score = 123 (34.0 bits), Expect = 7.8e-162, Sum P(6) = 7.8e-162 

Identities = 25/26 (96%), Positives::: 25/26 (96%), Strand::: Minus 1 Plus 

Query: 430 TTGAAAATACCGTNGAAATCCTGAAT 405 

1111111111111 111111111111 
Sbjct: 3249 TTGAAAATACCGTCGAAATCCTGAAT 3274 



Score = 102 (28.2 bits), Expect = 7.8e-162, Sum P(6) = 7.8e-162 

Identities = 24/31 (77%), Positives = 24/31 (77%), Strand = Minus / Plus 

Query: 549 AANNATGTCANGCAGCAAGGTAATNATNTGC 519 

II I I I I I II I I I I I I I I I I I I I I 
Sbjct: 3137 AAACAATTCACGCAGCAAGGTAATAATTTGC 3167 

Score = 91 (25.1 bits), Expect = 7.8e-162, Sum P(6) = 7.8e-162 

Identities = 31/52 (59%), Positives = 31/52 (59%), Strand = Minus / Plus 

Query:614 

GGAACGGNGGTTAAGTAATNNCNGTNGGNACACCAANCCGGACTCNNGGCNC 563 

I I I I I I I II I I II I I I I I I I I II II III I 
GAAACGGCGGTTAAGTAATTTCGTCAGTACATCCATACCGACTTCGTGGCGC 3125 

Sbjct:3074 

Score = 88 (24.3 bits), Expect = 7.8e-162, Sum P(6) = 7.8e-162 

Identities = 24/32 (75%), Positives = 24/32 (75%), Strand = Minus / Plus 

Query: 466 GTTAATTCAAATGTCGGTGTTACGCATGGGTT 435 

II I I I I I I I I I I I I I I I II I I I I I 
Sbjct: 3215 GTTATTCAAATTTCTGGTGTTACGCATGGTTT 3246 

A3.3 C7 reverse primer derived sequence alignment 
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Score P(N) N 

gblAE0002461ECAE000246 E. coli from bases1561168 611 3.3e-45 2 

>gbIAE000246IECAE000246 Escherichia coli from bases 1561168 to 1577505 

(section 136 of 400) of the complete genome. Length = 16,338. 

Score = 611 (168.8 bits), Expect = 3.3e-45, Sum P(2) = 3.3e-45 

Identities = 135/158 (85%), Positives = 135/158 (85%), Strand = Plus / Plus 

Query: 24 

GNTCAATATTTGTGCAGCGTAGTGNAGTTTTGGTGNAAGAGGGGAAGTTAAGGAAGGAAT 83 

I I I I I II II II II I I I I II I I I I I II I I II I I IIIIIII III I IIII I I I I III I I 
GATCAACATTTGTGCAGCGTAGTGCAGTTTTGGTGCAAGAGGGGAAGTTAAGGAAGGAAT 104 

Sbjct:45 



Query:84 

CTNCCGGAATCGTAGCTGAAATCANAGTATTTTTGTNATAGTGTCAGTCTAAATGAAAAN 143 . 

I I I II I I I 1111 I I 111111 I I I I I I I I I I I I I I I 11111 I II I I I I I I I 
CTCCCGGAATCGTAGCTGAAATCACAGTATTTAAGTGACAGTGTCACGTTAAATGAAAAC 164 

Sbjct:105 

Query: 144 CCGCGANTGCGNCNNAGAGGNATTTGTNANATTTTTAG 181 

II I I I I I I I I I II I I I II I II I I I I I I I I 
Sbjct: 165 CCGCGAGTGCGGGCGAGAGGAATTTGTCAGATTTTCAG 202 

Score = 140 (38.7 bits), Expect = 3.3e-45, Sum P(2) = 3.3e-45 

Identities = 30/34 (88%), Positives = 30/34 (88%), Strand = Plus / Plus 

Query: 197 CTNATCCAGCCTGGNATTTTTTNGGCGGGTAGGG 230 

II II III I III I I I I II II 111111 II III 
Sbjct: 216 CTCATCCAGCCTGGAATTTCTTCGGCGGGTAGGG 249 

A3.4 C9 forward primer derived sequence alignment 
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Score P(N) N 

gblAE0001391ECAE000139 E. coli from bases 334346. 1716 1.4e-210 3 

>gbIAE000139IECAE000139 Escherichia coli from bases 334346 to 344434 

(section 29 of 400) of the complete genome. Length = 10,089. 

Score = 1716 (474.2 bits), Expect = 1.4e-210, Sum P(3) = 1.4e-210 

Identities = 346/350 (98%), Positives = 346/350 (98%), Strand = Plus / Plus 

Sbjct:5630 

Query: 2 

................................. ACCAAAGCGTGGGNGCCGTTATCAACAAAGATCTCTC 

II I I II III III I I II I I I I I II I I I III I II I 
GAATTCCGGTAGTGCGTACTGACGCGGGAGATTACCAAAGCGTGGACGCGGTTATCGACAAAGATCTCTC 

Sbj ct: 5663 

TACCGCGCTGCTGGCCCGTGAAA 61 

I II I I I I I I II II 1111 I I I I I I 
TACCGCGCTGCTGGCCCGTGAAA 5722 



Query: 62 

TTCACGCCGACATTCTTGTGATCACCACTGGCGTCGAAAAAGTGTGTATTCACTTTGGCA 121 

I II 1111111 I 1111 II II II II III II I I II III II 1111 II II II 11111111 11111 

TTCACGCCGACATTCTTGTGATCACCACTGGCGTCGAAAAAGTGTGTATTCACTTTGGCA 5782 

Sbj ct: 5723 

Query: 122 

AACCGCAGCAGCAGGCGCTCGATCGGGTGGATATTGCCACCATGACCCGCTATATGCAGG 181 

111111 II 1111 II II II II 1111 III III II I II III II 11111111111111 II I I I I 

AACCGCAGCAGCAGGCGCTCGATCGGGTGGATATTGCCACCATGACCCGCTATATGCAGG 5842 

Sbjct: 5783 

Query: 182 

AAGGGCATTTCCCGCCCGGCAGCATGTTGCCAAAAATCATCGCCAGCCTGACATTTTTAG 241 

111111111111111111111 II III 1111 111111111111111111111111111111 

AAGGGCATTTCCCGCCCGGCAGCATGTTGCCAAAAATCATCGCCAGCCTGACATTTTTAG 5902 

Sbjct: 5843 

Query: 242 

AACAAGGCGGCAAAGAAGTGATTATCACCACGCCGGAATGCCTGCCTGCGGCGCTGCGCG 301 

11111 II I I II 1111 111111111 III III II I II 11111111111 11111111111111 

AACAAGGCGGCAAAGAAGTGATTATCACCACGCCGGAATGCCTGCCTGCGGCGCTGCGCG 5962 

Sbjct: 5903 
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Query: 302 GCGAAACGGGCACTCATATTATTAAAACGTAAGGACGTAAGATGAAAGAA 351 

II II II II I II I II I I 1 I I 1 I I I I I I I II I 1111 I 1111 1111 III III I 

Sbjct: 5963 GCGAAACGGGCACTCATATTATTAAAACGTAAGGACGTAAGATGAAAGAA 6012 

Score = 835 (230.7 bits), Expect = 1.4e-210, Sum P(3) = 1.4e-210 

Identities = 169/172 (98%), Positives = 169/172 (98%), Strand = Plus 1 Plus 

Query: 346 

AAAGAATAGCCGCCGTGAATTTCTGAGCCAGAGCGGTAAGATGGTCACCGCCGCCGCGCT 405 

II 111111111111111111111111 II 111111111 jill III 111111 111111111 

AAGCAATAGCCGCCGTGAATTTCTGAGCCAGAGCGGTAAGATGGTCACCGCCGCCGCGCT 6071 

Sbjct: 6012 

406 

GTTTGGTACCTCTGTGCCGCTCGCCCATGCGGCGGTAGCTGGCACCCTAAACTGCGAAGC 465 

I II 11111 II II II II II II II I II I II I III II III II II II II II II II II III II I I 

GTTTGGTACCTCTGTGCCGCTCGCCCATGCGGCGGTAGCTGGCACCCTAAACTGCGAAGC 6131 

ct: 6072 
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Query: 466 GAACAACACCATGAAAATCACTGACCCGCATTACTANCTCGATAACGTGCTG 517 

I 11111111111 III I I I 1111 I II III I 1111 III III III 111111111 

Sbjct: 6132 GAACAACACCATGAAAATCACTGACCCGCATTACTATCTCGATAACGTGCTG 6183 

Score = 200 (55.3 bits), Expect = 1.4e-21 0, Sum P(3) = 1.4e-21 0 

Identities = 40/40 (100%), Positives = 40/40 (100%), Strand = Plus 1 Plus 

Query: 513 TGCTGGAAACCGGTTTTGACTACGAAAATGGCGTGGCGGT 552 

1111111111111 II 1111 I 1111111111 11111 III II 

Sbjct: 6182 TGCTGGAAACCGGTTTTGACTACGAAAATGGCGTGGCGGT 6221 

Score = 82 (22.7 bits), Expect = 4.6e-06, Sum P(2) = 4.6e-06 

Identities = 26/38 (68%), Positives = 26/38 (68%), Strand = Plus 1 Plus 

Query: 367 TCTGAGCCAGAGCG~TAAGATGGTCACCGCCGCCGCGC 404 

III 1111111111111 III III I III 

Sbjct: 868 TCTTTGCCAGAGCGGTAAATATCGCACTCCCGGCTCGC 905 

A3.5 C9 reverse primer derived sequence alignment 

Score P(N) N 

gblAE0001391 ECAE000139 coli from bases 334346. 1547 4.ge-211 2 

>gb[AE000139IECAE000139 Escherichia coli from bases 334346 to 344434 
(section 29 of 400) of the complete genome. Length = 10,089. 

Score = 1547 (427.5 bits), Expect = 4.ge-211, Sum P(2) = 4.ge-211 

Identities = 311/313 (99%), Positives = 311/313 (99%), Strand = Minus 1 Plus 

Query: 313 
AAAACTATACAGAGATGATGCGCGATTAAATGAATGGATATCTAATAGAGTGCAGGAATT 254 

II II I 11111 I 1111 III II 1II1I1I111I1I11111111111 I 1111111111111 

AAAAACATACAGAGATGATGCGCGATTAAATGAATGGATATCTAATAGAGTGCAGGAATT 9815 

ct: 9756 



Query: 253 
AGGTGACAGATATTATCCTGTAAATAAGCACGTTAAAATCCGCTACACTCTTTAGTTCAG 194 

I I I 1 I I 1 I I I I 1 I I I I 1 I I 1 I I I II I I " I I II I II I II I II I I I 1 I I " I I I 1 1 I I I I I 

AGGTGACAGATATTATCCTGTAAATAAGCACGTTAAAATCCGCTACACTCTTTAGTTCAG 9875 

Sbjct: 9816 

Query: 193 
AAAGGGTTCCACCTGCAAGTTGTTATTCCACCTGAGAGTGAATCGCAATGCAGGTAATCA 134 

// /11111111111111/11111 III 1111 I I 111111111111111111111111111/ 

AAAGGGTTCCACCTGCAAGTTGTTATTCCACCTGAGAGTGAATCGCAATGCAGGTAATCA 9935 

Sbjct: 9876 

Query: 133 
TTTCATCTGTATATCTGTATGCCAACTGGCATTCCATCTCTTTTTTCGCCGATATTTTGT 74 

I / 1/ I I / I I I I 1 II 1 I II I I 1/ II I I I II I I I I II I 1 I I I I II 1 I I I I I I I I I I I I I I I I 

TTTCATCTGTATATCTGTATGCCAACTGGCATTCCATCTCTTTTTTCGCCGATATTTTGT 9995 

Sbjct: 9936 

Query: 73 
TGTGATCGGCGACACTTCGCTTAAAAAAGCACCAGTAGTGGTTTCGCAGCCATGCGGTGT 14 

I I I I 1 I I II I II I I II I I I 1 I I I I I I I I I I 1 I /I I I I I I I 1 I II I II I I I I II I II I I I I 

TGTGATCGGCGACACTTCGCTTAAAAAAGCACCAGTAGTGGTTTCGCAGCCATGCGGTGT 10055 

Sbjct: 9996 

Query: 13 ATAAAAAATGATC 1 

1111111111111 

Sbjct: 10056 ATAAAAAATGATC 10068 

150 
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A3.6 C10 forward primer derived sequence alignment 

Score P(N) N 

gblM121631ECOLP28 E. coli nlpA gene coding for lipopr. 

gblAE0004431ECAE000443 E. coli from bases 382607. 

315 3.8e-60 6 

315 2.3e-55 6 

>gb1M121631ECOLP28 E. coli nlpA gene coding for lipoprotein-28, complete 

cds. Length == 1689. 

Score == 315 (87.0 bits), Expect == 3.8e-60, Sum P(6) == 3.8e-60 

Identities == 75/90 (83%), Positives 75/90 (83%), Strand Plus 1 Plus 

Query: 56 

AAAGGGCAGACACCATTTTTAACGGTGGCGCGGAGACTGGCTTGTAATGCTCACTTATTG 115 

! I I III II I II II I I II II II III II III I I I III II I I III I III I I II I 
AAGCGGCAGAAACCATTTTTAACGGTGGCGCGGTGCCTGGCTGGTAATTCTCACTTATGC 1140 

Sbjct: 1081 

116 CGTGACGCACGGTTTATGTCTCTGGCGCGG 145 

I I I I I III I I I I I I i I II II III 
Sbjct: 1141 CGCGCCGGACGATTTATTTTTCTGGCGCGG 1170 

Score == 310 (85.7 bits), Expect == 3.8e-60, Sum P(6) == 3.8e-60 

Identities == 70/80 (87%), Positives == 70/80 (87%). Strand == Plus I Plus 

203 

CAAGCCGGGTAATTTGAACGGCATCCCCAGC&~CAGCAAAGAGAGTAGCGCGTACGTTAA 262 

! I I I II II II II II II II II I i I II I II ! I II I I III I II II II I I I I II 
CCAGTCCGGTAATGTGAACGTGATCCCCAGCAACAGCAAAGAGAGTAGCGCGCTACTTAA 1286 

ct: 1227 

263 TGGTTCTGCACAGCTCAAAA 282 

I I II I II I I I III I I I I II I 
ct: 1287 TGGTTCTGCACAGCTCAAAA 1306 



Score:::: 172 (47.5 bits), Expect:::: 3.8e-60, Sum P(6) :::: 3.8e-60 

Identities:::: 40/47 (85%), Positives:::: 40/47 (85%), Strand:::: Plus 1 Plus 

Query: 144 GGGACGGGATTCCAATGACGTCAAATTGACCGATGACAGAATCAGCA 190 

I 1111111 1111 I I I I II II I II II II I II II III II II I 

Sbjct: 1170 GCGACGGGAATCCATTGAAATCAAAATCACCGATGACAGAATCAGCA 1216 

Score:::: 171 (47.3 bits), Expect:::: 3.8e-60, Sum P(6) :::: 3.8e-60 

Identities:::: 39/45 (86%), Positives:::: 39/45 (86%), Strand:::: Plus 1 Plus 

Query: 17 AGGGGTTTACTGCAATCTTATCAATCACCCGACGTCGCTAAAGGG 61 

I II II 11111111111111111111111 1111111111 I 

Sbjct: 1041 AAGGAATTTCTGCAATCTTATCAATCACCCGAAGTCGCTAAAGCG 1085 

Score:::: 97 (26.8 bits), Expect:::: 3.8e-60, Sum P(6) :::: 3.8e-60 

Identities:::: 21/23 (91 %), Positives:::: 21/23 (91 %), Strand:::: Plus 1 Plus 

Query: 327 GTTACAGACTAAATGTCAGGGTC 349 

I III III II II III II III I I 
Sbjct: 1346 GGTACAGACTAAATGTCAGGGAC 1368 

Score 92 (25.4 bits), Expect:::: 3.8e-60, Sum P(6) :::: 3.8e-60 

Identities:::: 20/22 (90%), Positives:::: 20/22 (90%), Strand:::: Plus 1 Plus 

294 TTAGGACCGCCAATTAATTGAG 315 

II III II III II III III I I 
ct: 1315 TTTGGACCGCCAATTAATTGTG 1336 

152 
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>gbIAE000443IECAE000443 Escherichia coli from bases 3826073 to 3837649 

(section 333 of 400) of the complete genome. Length = 11,577. 

Score = 315 (87.0 bits), Expect = 2.3e-55, Sum P(6) = 2.3e-55 

Identities = 75/90 (83%), Positives = 75/90 (83%), Strand = Minus 1 Plus 

Query: 145 

CCGCGCCAGAGACATAAACCGTGCGTCACGCAATAAGTGAGCATTACAAGCCAGTCTCCG 86 

I II I I I I I I I I I I I I I II I I I I I I I I I I II I II II III I I I I II I I II 
CCGCGCCAGAAAAATAAATCGTCCGGCGCGGCATAAGTGAGAATTACCAGCCAGGCACCG 10524 

Sbj ct: 10465 

Query: 85 CGCCACCGTTAAAAATGGTGTCTGCCCTTT 56 

I III I II I III I I I I I I I I I I II I I I I 
Sbjct: 10525 CGCCACCGTTAAAAATGGTTTCTGCCGCTT 10554 

Score = 310 (85.7 bits), Expect = 2.3e-55, Sum P(6) = 2.3e-55 

Identities = 70/80 (87%), Positives = 70/80 (87%), Strand = Minus 1 Plus 

Query: 282 

TTTTGAGCTGTGCAGAACCATTAACGTACGCGCTACTCTCTTTGCTGTTGCTGGGGATGC 223 

I II I I I I I I II II I I II II II I I I I I II I I I I I I I IIII I III III I I I I I I I I 
TTTTGAGCTGTGCAGAACCATTAAGTAGCGCGCTACTCTCTTTGCTGTTGCTGGGGATCA 10388 

Sbjct: 10329 

Query: 222 CGTTCAAATTACCCGGCTTG 203 

I II I I I I I II I I I I I I 
Sbjct: 10389 CGTTCACATTACCGGACTGG 10408 

Score = 172 (47.5 bits), Expect = 2.3e-55, Sum P(6) = 2.3e-55 

Identities = 40/47 (85%), Positives = 40/47 (85%), Strand = Minus 1 Plus 

Query: 190 TGCTGATTCTGTCATCGGTCAATTTGACGTCATTGGAATCCCGTCCC 144 

I I I IIII I I I I I I II I I I I I II I I I I I I I I I I II I I II I I 
Sbjct: 10419 TGCTGATTCTGTCATCGGTGATTTTGATTTCAATGGATTCCCGTCGC 10465 



Score = 171 (47.3 bits), Expect = 2.3e-55, Sum P(6) = 2.3e-55 

Identities = 39/45 (86%), Positives 39/45 (86%), Strand = Minus 1 Plus 

Query: 61 CCCTTTAGCGACGTCGGGTGATTGATAAGATTGCAGTAAACCCCT 17 

I II II III II I II III II II I I II I I I I I II I I I II I I I 
Sbjct: 10550 CGCTTTAGCGACTTCGGGTGATTGATAAGATTGCAGAAATTCCTT 10594 

Score = 97 (26.8 bits), Expect = 2.3e-55, Sum P(6) = 2.3e-55 

Identities = 21/23 (91 %), Positives = 21/23 (91 %), Strand = Minus 1 Plus 

Query: 349 GACCCTGACATTTAGTCTG'rAAC 327 

I 1111111 II 111111111 I I 
Sbjct: 10267 GTCCCTGACATTTAGTCTGTACC 10289 

Score = 92 (25.4 bits), Expect = 2.3e-55, Sum P(6) = 2.3e-55 

Identities = 20/22 (90%), Positives = 20/22 (90%), Strand = Minus 1 Plus 

Query: 315 CTCAATTAATTGGCGGTCCTAA 294 

I I I I I I I I I I I I I I I I ! I II 
Sbjct: 10299 CACAATTAATTGGCGGTCCAAA 10320 

Query: 17 

TGCACGCTTTTACTGGC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1 

154 

I I 
CACGTTTTCTGCATTCTTATTATCTTCCCGTGCCACCAAAATATTCACATACGGAGAATTC 10650 

ct: 10594 
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A3.7 C10 reverse primer derived sequence alignment 

Score P(N) N 

gblM121631ECOLP28 E. coli nlpA gene coding for lipopr. 

gblAE0004431ECAE000443 E. coli from bases 382607. 

723 3.4e-74 4 

723 3.5e-71 4 

>gb1M121631ECOLP28 E. coli nlpA gene coding for Iipoprotein-28, complete 

cds. Length = 1689. 

Score = 723 (199.8 bits), Expect = 3.4e-74, Sum P(4) = 3.4e-74 

Identities = 183/231 (79%), Positives = 183/231 (79%), Strand = Minus / Plus 

Query: 231 

GAACTACCAATGACCACCAAATAGGGGGACACCAGAATCAAACTGCCGTGAACGAGCAAG 172 

I I I II I I II I I III I I I II I I I I I I I I I I I III I II II I I I I I I I I I II 
GACGTACCAATGACCACCAAATAAAAAAACGCCAGAATCAAACTGCCGTTAACGACAAAG 1425 

Sbj ct: 1366 

Query: 171 

TGTGTTCCTTGTCTGACATGGGGAGCCAAGAGAATGAGACCGCCAATCAGCATACGCCGG 112 

I I I I III I II II I I I I I I I I I I I I I I I I L I I I I I I I I I I I I I I I I I I I I 
TTTGTTCCTTGTCTGGCATAAAAAGGCAACAGAATCAGACCGCCAATCAGCATACTCCAG 1485 

Sbj ct: 1426 

Query: 111 

CCGACGACTGGTGACGTGCCATGGCGGGCAATGGGCGTTGAGAGAGGGGTGATATGGAAG 52 

I II I I II II II I I III II III I I I II I I I I I I I II III I I I I I I III I I I 
CCGACGACTGGTAACGTGCCATAGCGGGCAATTAGCGTTGAGGGATAGGTGGTATAGAAT 1545 

Sbj ct: 1486 

Query: 51 GCAGCGGGGCCGGGCCGAGCAGGGCCCGAGAGCAACGCGTCGGGAGAGATC 1 

III I I I I I I II I I II I I I I I I I I I I I I I I II I I II 
Sbjct: 1546 GCAGCAGCAAATGCCGAGGCAATGCCCCAGAACAACGCGGCAGGAGAGATC 1596 

Score = 263 (72.7 bits), Expect = 3.4e-74, Sum P(4) = 3.4e-74 

Identities = 71/94 (75%), Positives = 71/94 (75%), Strand = Minus / Plus 



Query: 321 

CACCCTACTTAATGCTTCTCCACAGCTGAAAATGCTGACTTTTGCACCCGCCAATTAATT 262 

I I 1111111 I II 1111 1111111 11111 I III 111111 I II I I I I I 

CGCGCTACTTAATGGTTCTGCACAGCTCAAAATGCTGGCTTTTGGACCGCCAATTAATTG 1334 

ct: 1275 

Query: 261 GTGCTCTGTCAGATACAGACTAAATGTCAAGAAC 228 

II 1111 1111111111111111 I II 

ct: 1335 TGCTCCTTTCAGGTACAGACTAAATGTCAGGGAC 1368 

Score == 112 (30.9 bits), Expect == 3.4e-74, Sum P(4) == 3.4e-74 

Identities == 24/26 (92%), Positives == 24/26 (92%), Strand = Minus / Plus 

Query: 369 AGTCCGGTAATTTAAACGTGATCCCC 344 

I III 1111 III I III III II II II 

Sbjct: 1229 AGTCCGGTAATGTGAACGTGATCCCC 1254 

Score = 107 (29.6 bits), Expect == 3.4e-74, Sum P(4) = 3.4e-74 

Identities == 23/25 (92%), Positives == 23/25 (92%), Strand = Minus / Plus 

Query: 346 CCCCACCAACAGCAAAGACAGTAGC 322 

11111 II III II I III I 111111 

Sbjct: 1251 CCCCAGCAACAGCAAAGAGAGTAGC 1275 

156 

>gbIAE000443IECAE000443 Escherichia coli from bases 3826073 to 3837649 

(section 333 of 400) of the complete genome. Length == 11,577. 

Score = 723 (199.8 bits), Expect = 3.5e-71, Sum P(4) == 3.5e-71 

Identities == 183/231 (79%), Positives == 183/231 (79%), Strand = Plus / Plus 

Query: 1 

GATCTCTCCCGACGCGTTGCTCTCGGGCCCTGCTCGGCCCGGCCCCGCTGCCTTCCATAT 60 

111111111 I II II III II I III I III I I I 11111 III III 

GATCTCTCCTGCCGCGTTGTTCTGGGGCATTGCCTCGGCATTTGCTGCTGCATTCTATAC 10098 

Sbj ct: . 10039 

Query: 61 

CACCCCTCTCTCAACGCCCATTGCCCGCCATGGCACGTCACCAGTCGTCGGCCGGCGTAT 120 

1111 II 1111111 I I II I II III II III II II 111111 II II III I I I I II 

CACCTATCCCTCAACGCTAATTGCCCGCTATGGCACGTTACCAGTCGTCGGCTGGAGTAT 10158 

Sbjct: 10099 



121 

GCTGATTGGCGGTCTCATTCTCTTGGCTCCCCATGTCAGACAAGGAACACACTTGCTCGT 180 

I I I I I I I I I I I I I I I I I I I I I I I II III 1111111111111 1111 1111 
GCTGATTGGCGGTCTGATTCTGTTGCCTTTTTATGCCAGACAAGGAACAAACTTTGTCGT 10218 

ct: 10159 

157 

Query: 181 TCACGGCAGTTTGATTCTGGTGTCCCCCTATTTGGTGGTCATTGGTAGTTC 231 

1111111111111111111 II 1111111111111111111 II 
ct: 10219 TAACGGCAGTTTGATTCTGGCGTTTTTTTATTTGGTGGTCATTGGTACGTC 1026 

9 

Score = 263 (72.7 bits), Expect = 3.5e-71, Sum P(4) = 3.5e-71 

Identities = 71/94 (75%), Positives = 71/94 (75%), Strand = Plus 1 Plus 

Query: 228 

GTTCTTGACATTTAGTCTGTATCTGACAGAGCACAATTAATTGGCGGGTGCAAAAGTCAG 287 

II I 1111111111111111 1111 II I I I I I III 111111 ill 
GTCCCTGACATTTAGTCTGTACCTGAAAGGAGCACAATTAATTGGCGGTCCAAAAGCCAG 10326 

Sbjct: 10267 

Query: 288 CATTTTCAGCTGTGGAGAAGCATTAAGTAGGGTG 321 

111111 1111111 1111 1111111111 I I 
Sbjct: 10327 CATTTTGAGCTGTGCAGAACCATTAAGTAGCGCG 10360 

Score = 112 (30.9 bits), Expect = 3.5e-71, Sum P(4) = 3.5e-71 

Identities = 24/26 (92%), Positives = 24/26 (92%), Strand = Plus I Plus 

Query: 344 GGGGATCACGTTTAAATTACCGGACT 369 

111111111111 I 11111111111 
Sbjct: 10381 GGGGATCACGTTCACATTACCGGACT 10406 

Score = 107 (29.6 bits), Expect = 3.5e-71, Sum P(4) = 3.5e-71 

Identities = 23/25 (92%), Positives = 23/25 (92%), Strand = Plus 1 Plus 

Query: 322 GCTACTGTCTTTGCTGTTGGTGGGG 346 

111111 111111111111 11111 
Sbjct: 10360 GCTACTCTCTTTGCTGTTGCTGGGG 10384 
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A3.8 C11 L forward primer derived sequence alignment 

Score P(N) N 

gblL316281ECORSPAB E. coli rspA and rsp8 gen. 

gblAE0002541ECAE000254 E. coli, rsp8, rspA, spe. 

1914 2.1e-211 2 

1914 2.0e-210 2 

>gbIAE000254IECAE000254 Escherichia coli, rsp8, rspA, speG genes from 

bases 1650797 to 1663239 (section 144 of 400) of the complete genome. 

Length = 12,443. 

Score = 1914 (528.9 bits), Expect = 2.0e-21 0, Sum P(2) = 2.0e-21 0 

Identities = 388/397 (97%), Positives = 388/397 (97%), Strand = Plus I Plus 

Query: 5 

....... ATACCAAGACCCGGTTTGTTTCCCGGATGCATATAGCCGTTATCGAAAGTCCAGTTGTGC 64 

IIII1 II 1I11 I II II III I II11 I II III II II II I I III II II1I II II I II II II I 
GAATTCGATACCAAGACCCGGTTTGTCTCCCGGATGCATATAGCCGTTATCGAAAGTCCAGTTGTGC 

Sbjct: 1241 1308 

Query: 65 

GGGAAGACTTCGAGCATTTTTNCGGAATAACCCATGTNTTCCTGGACACCGAAATTGGGG 124 

I III III1 I11I II II II I I I II I II 1111 I II II II II II II III II II I I II III 
GGGAAGACTTCGAGCATTTGTTCGGAATAACCCATGTATTCCTGGACACCGAAATTGGGG 1368 

Sbj ct: 1309 

Query: 125 

ACCCACAGATCAAAGTGCAGCGCCGCAGCCATGCAGACTGGTGACAAATCGGAAGGACCG 184 

II II II 1I1II III II III II I II I I 1I111 I111 III II II II II 1II11 III I II III 
ACCCACAGATCAAAGTGCAGCGCCGCAGCCATGCAGACTGGTGACAAATCGGAAGGACCG 1428 

Sbjct: 1369 

Query: 185 

TNTGAGCCAGTACGTACCTGATACAGCGAAGAANAATCGGCAATCCGGCGCATACCGGTA 244 

I I111I1I111 II II II I 11111I1 I1111 I I I II II II II I111 1111111 II III 
TGTGAGCCAGTACGTACCTGATACAGCGAAGCAAAATCGGCAATCCGGCGCATACCGGTA 1488 

Sbj ct: 1429 

Query: 245 

ATTCCGCCTGCTTGGGTCAGCGTGGTGCGGATATAATCGATGAGTTGCTCTTCAATCAGT 304 

I II II II II II I III II III II III II 1I11 I II 1I1I1 II I I II II 1I111 II I I III 
ATTCCGCCTGCATGGGTCAGCGTGGTGCGGATATAATCGATGAGTTGCTCTTCAATCAGT 1548 

Sbjct: 1489 



Query: 305 

TGTTTGCAGTCCCAGATGCTGTTGAAGACTTCACCCACTGCGATGGGTGTNACGGTATGT 364 

11111111111111111 I 1111111 1111 11111111 1111 1111 1111 I I II II III I 

TGTTTGCAGTCCCAGATGCTGTTGAAGACTTCACCCACTGCGATGGGTGTGACGGTATGT 1608 

Sbjct: 1549 

Query: 365 TGGCGAATGAGACGGAAGCATTCCTGGTTTTCCGCAG 401 

I I III 1111 11111 11111 11111 II 1111 1111 III 

Sbjct: 1609 TGGCGAATGAGACGGAAGCATTCCTGGTTTTCCGCAG 1645 

159 

Score = 778 (215.0 bits), Expect = 2.0e-210, Sum P(2) = 2.0e-210 

Identities = 162/172 (94%), Positives = 162/172 (94%), Strand = Plus 1 Plus 

Query: 390 

GGTTTTCCGCAGCNTCGGGTCTTCCATCCAGAACATGCGATAATCTTCAATGCTTTTACC 449 

I II I I II 111111 II I II II I II II I I I III 11111 I III III I II II I I III 

GTTTTCCGCAGGCGTCGGGTCTTCCATCCAGAACATGCGATAATCTTCAATGCTTTTACC 1694 

Sbjct: 1635 

Query: 450 

AAAGCGCGCCGCTTCAATAGGCGTTAAGCGATGGTGCATGTCATGCAGCAANTNTTCATT 509 

II II II 11111111 II II 11111 II III 11111 II II II I II I 1111111 I I 111111 

AAAGCGCGCCGCTTCAATAGGCGTTAAGCGATGGTGCATGTCATGCAGCAAATGTTCATT 1754 

Sbjct: 1695 

510 AAAACCAAACTTGTTNCGTACCGCGTCAAACAATTTCGGCATGAAATCGAGG 561 

II III 1111111111 1111111111111111111111111111 I 1111111 

Sbjct: 1755 AAAACCAAACTTGTTACGTACCGCGTCAAACAATTTCGGCATGAAATCGAGG 1806 

Score = 83 (22.9 bits), Expect = 4.8e-54, Sum P(2) = 4.8e-54 

Identities = 27/40 (67%), Positives = 27/40 (67%), Strand = Plus 1 Plus 

306 GTTTGCAGTCCCAGATGCTGTTGAAGACTTCACCCACTGC 345 

III I I I I I III I I I 1111111111111 

ct: 906 GTTCACCGACTCTGGCGCTTTCCACGCCTTCACCCACTGC 945 
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A3.9 C11 reverse primer derived sequence alignment 

Score P(N) N 

gblL316281ECORSPAB Escherichia coli rspA and rspB gen. 981 5.7e-98 3 

gblAE0002541ECAE000254 Escherichia coli, rspB, rspA, spe. 981 1.5e-96 3 

>gbIL31628IECORSPAB Escherichia coli rspA and rspB genes, complete cds. 

Length = 3074. 

Score = 981 (271.1 bits), Expect = 5.7e-98, Sum P(3) = 5.7e-98 

Identities = 197/198 (99%), Positives = 197/198 (99%), Strand = Plus 1 Plus 

Query: 1 

GATCTTTATACTTGTATGGTAGTAGCTCAGTTGCGTAGATTTCATGCATCACGACAAGCG 60 

1111111111111111111111111111 II II 1111111111111 111111111111111 

GATCTTTATACTTGTATGGTAGTAGCTCAGTTGCGTAGATTTCATGCATCACGACAAGCG 287 

Sbjct: 228 

Query: 61 

ATGCAAGGAATCGAACATGAAGATCGTAAAGGCTGAAGTTTTTGTTACCTGTCCGGGGCG 120 

11111111 II III II 1111 1111 I I II I II I II II II II II II III I II I II III II III 

ATGCAAGGAATCGAACATGAAGATCGTAAAGGCTGAAGTTTTTGTTACCTGTCCGGGGCG 347 

Sbjct: 288 

Query: 121 

TAATTCCGTCACATTAAAAATCACCACTGAGGACGGTATTACGGGCCTTGGGGATGCCAC 180 

11111 111111111 II III II III III I II I I II II III III II II I II III I I III II 

TAATTTCGTCACATTAAAAATCACCACTGAGGACGGTATTACGGGCCTTGGGGATGCCAC 407 

Sbj ct: 348 

Query: 181 CCTCAATGGACGTGAGCT 198 

II III 1111I 11111111 

Sbjct: 408 CCTCAATGGACGTGAGCT 425 

Score = 240 (66.3 bits), Expect = 5.7e-98, Sum P(3) = 5.7e-98 

Identities = 50/53 (94%), Positives = 50/53 (94%), Strand = Plus 1 Plus 

198 TCCGTGGCCTTTNATTTGCAGGATCACCTTTGTCCGGAGCTTATTGGTCGCGA 250 

II II III I I I I II I II II 111I1I1111 II II II 11111111 II II II II 

Sbjct: 427 TCCGTGGCCTCTTATTTGCAGGATCACCTTTGTCCGCAGCTTATTGGTCGCGA 479 
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Score = 175 (48.4 bits), Expect = 5.7e-98, Sum P(3) = 5.7e-98 

Identities = 35/35 (100%), Positives = 35/35 (100%), Strand = Plus / Plus 

Query: 251 ATGCGCACCGTATCGAAGATATCTGGCAGTTTTTC 285 

II I I I I II I I I I I I I I I I I I I I I I IIIII I I I I I I 
Sbjct: 479 ATGCGCACCGTATCGAAGATATCTGGCAGTTTTTC 513 

>gbIAE000254IECAE000254 Escherichia coli, rspa, rspA, speG genes from 

bases 1650797 to 1663239 (section 144 of 400) of the complete genome. 

Length = 12,443. 

Score = 981 (271.1 bits), Expect = 1.5e-96, Sum P(3) = 1.5e-96 

Identities = 197/198 (99%), Positives = 197/198 (99%), Strand = Minus / Plus 

Query: 198 

AGCTCACGTCCATTGAGGGTGGCATCCCCAAGGCCCGTAATACCGTCCTCAGTGGTGATT 139 

I I I I I I II I II II II I I I I II I I II I I I I I II I I I I I I I I I II I I I I II I II I I I I I I I I 
AGCTCACGTCCATTGAGGGTGGCATCCCCAAGGCCCGTAATACCGTCCTCAGTGGTGATT 2307 

Sbjct: 2248 

Query: 138 

TTTAATGTGACGGAATTACGCCCCGGACAGGTAACAAAAACTTCAGCCTTTACGATCTTC 79 

I I I I II II III I I I I I I I I I II II I I I I III I I I II III I I I I I I II I I II I I II I I I I 
TTTAATGTGACGAAATTACGCCCCGGACAGGTAACAAAAACTTCAGCCTTTACGATCTTC 2367 

Sbjct: 2308 

Query: 78 

ATGTTCGATTCCTTGCATCGCTTGTCGTGATGCATGAAATCTACGCAACTGAGCTACTAC 19 

I I I I I I II II I II I I II I I I I II I I I I I I I I I I II II IIIII I I I I I III I I I I I I I I I I 
ATGTTCGATTCCTTGCATCGCTTGTCGTGATGCATGAAATCTACGCAACTGAGCTACTAC 2427 

Sbjct: 2368 

Query: 18 CATACAAGTATAAAGATC 1 

II II I I I I I I II I I I I I I 
Sbjct: 2428 CATACAAGTATAAAGATC 2445 

Score = 240 (66.3 bits), Expect = 1.5e-96, Sum P(3) = 1.5e-96 

Identities = 50/53 (94%), Positives = 50/53 (94%), Strand = Minus / Plus 

Query: 250 TCGCGACCAATAAGCTCCGGACAAAGGTGATCCTGCAAATNAAAGGCCACGGA 198 

II II I III I I II I I II II I III IIIII I I IIII I II I II I I I II I I I III 
Sbjct: 2194 TCGCGACCAATAAGCTGCGGACAAAGGTGATCCTGCAAATAAGAGGCCACGGA 246 
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Score = 175 (48.4 bits), Expect = 1.5e-96, Sum P(3) = 1.5e-96 

Identities = 35/35 (100%), Positives = 35/35 (100%), Strand = Minus 1 Plus 

Query: 285 GAAAAACTGCCAGATATCTTCGATACGGTGCGCAT 251 

" " , , " , " , " , , , , , , , , III'"~ , , , , , " 
Sbjct: 2160 GAAAAACTGCCAGATATCTTCGATACGGTGCGCAT 2194 
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A3.10 C13 forward primer derived sequence alignment 

Score P(N) N 

gblU385431ECU38543 Escherichia coli oxidoreductase 

gblAE0002281ECAE000228 coli, ycjC, aldH, ord. 

2552 9.ge-205 1 

2552 1.7 e-204 1 

>gb1U385431ECU38543 Escherichia coli oxidoreductase (ordL) and GABA

aminotransferase (goaG) genes, complete cds. Length = 2700. 

Score = 2552 (705.2 bits), Expect = 9.ge-205, P = 9.ge-205 

Identities = 516/524 (98%), Positives = 516/524 (98%), Strand = Plus 1 Plus 

22 

CCACTCCGCGCGGGGTTGGCGTGATGTGTAACTTCTTCGCCCAGTCGGCTGAAAACGCCA 81 

I I I I I I I II I I I I II I I I I I I I I I I I I I I I I I I I II I I I I III I I I I I I I I I II I I I I I I 

CCACTCCGCGCGGGGTTGGCGTGATGTGTAACTTCTTCGCCCAGTCGGCTGAAAACGCCA 1415 

ct: 1356 

Query: 82 

CGCTGAAGGATGTTGAGGGCAACGAGTACATCGATTTCGCCGCAGGCATTGCGGTGCTGA 141 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I J I I I I I I 

CGCTGAAGGATGTTGAGGGCAACGAGTACATCGATTTCGCCGCAGGCATTGCGGTGCTGA 1475 

Sbj ct: 1416 

Query: 142 

ATACCGGACATCGCCACCCTGATCTGGTCGCGGCGGTGGAGCAGCAACTGCAACAGTTTA 201 

I II II II III I II I I I I I I III I I I I II I II I III I I I III II IIIII I I I I I I I I II I I 

ATACCGGACATCGCCACCCTGATCTGGTCGCGGCGGTGGAGCAGCAACTGCAACAGTTTA 1535 

Sbjct: 1476 

202 

CCCACACCGCGTATCAGATTGTGCCGTATGAAAGCTACGTCACCCTGGCGGANAAAATCA 261 

I I I II II I I I I II I I I I I I II I I I II I I I II I II II I I III I I I I I II I I I I I I I I I I I 

CCCACACCGCGTATCAGATTGTGCCGTATGAAAGCTACGTCACCCTGGCGGAGAAAATCA 1595 

ct: 1536 

Query: 262 

ACGCCCTTGCCCCGGTGAGCGGGCAGGCCAAAACCGCGTTCTTCACCACCGGTGCGGAAG 321 

I II I II I I I II I I I I I I I I II I I I I I I I I III I I II III I I I I I I I I I I I I II I I I I I I I 

ACGCCCTTGCCCCGGTGAGCGGGCAGGCCAAAACCGCGTTCTTCACCACCGGTGCGGAAG 1655 

Sbj ct: 1596 



322 

CGGTGGAAAACGCGGTGAAAATTGCTCGCGCCCATACCGGACGCCCTGGCGTGATTGCGT 381 

I III II I II II III II II II II II I I I III III I II I II II II II 1111 II II II III II 
CGGTGGAAAACGCGGTGAAAATTGCTCGCGCCCATACCGGACGCCCTGGCGTGATTGCGT 1715 

ct: 1656 

382 

TTAGCGGCGGCTTTCACGGTCGTACGTATATGACCATGGCGCTGACCGGAAAAGTTGCGC 441 

1111111111111111111111111 1111111 1111111111111111111111111111 
TTAGCGGCGGCTTTCACGGTCGTACGTATATGACCATGGCGCTGACCGGAAAAGTTGCGC 1775 

ct: 1716 

442 

CGTACAAAATCGGCTTCGGCCCGTTCCCTGGTTCGGTGTATCACGTACCTTATCCGTCAA 501 

1111 III II II III I I III II II II II I I I II I II I 111111 II I I III 1111 I II III 
CGTACAAAATCGGCTTCGGCCCGTTCCCTGGTTCGGTGTATCACGTACCTTATCCGTCAG 1835 

ct: 1776 

502 ATTTACACGGCNTTTCAACACAGGATCCCCCCGACCCCATCCAA 545 

11111111111 1111111111111 III 1111 11111 II 
Sbjct: 1836 ATTTACACGGCATTTCAACACAGGACTCCCTCGACGCCATCGAA 1879 
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>gbIAE000228IECAE000228 Escherichia coli, ycjC, aldH, ordL, goaG, pspF, 

pspA, pspB, pspC, pspD genes from bases 1357360 to 1367703 (section 118 

of 400) of the complete genome. Length = 10,344. 

Score = 2552 (705.2 bits), Expect = 1.7e-204, P = 1.7e-204 

Identities = 516/524 (98%), Positives = 516/524 (98%), Strand = Plus 1 Plus 

Query: 1 

... . GATTCCNCAGCGTCTCTTTCCCCACTCCGCGCGGGGTTGGCGTGATGTGTAACTTCTTCGCCCAGT 

I I I III III II III 1111 11111111 111111111111111111111 
GAATTCCArCAGCGTCGTCTTTCTGCCACTCCGCGCGGGGTTGGCGTGATGTGTAACTTCTTCGCCCAGT 

Sbj ct: 6227 

CGGCTGAAAACGCCA 81 

111111111111111 
CGGCTGAAAACGCCA 6311 

Query: 82 

CGCTGAAGGATGTTGAGGGCAACGAGTACATCGATTTCGCCGCAGGCATTGCGGTGCTGA 141 

1111 III 1111111 1111111 III I II II I III 11111111111111111111 1111 III 
CGCTGAAGGATGTTGAGGGCAACGAGTACATCGATTTCGCCGCAGGCATTGCGGTGCTGA 6371 

Sbjct: 6312 



142 

ATACCGGACATCGCCACCCTGATCTGGTCGCGGCGGTGGAGCAGCAACTGCAACAGTTTA 201 

I 111111111 II II 11111 I II II I II III II I III II II II III II II II II II 11111 
ATACCGGACATCGCCACCCTGATCTGGTCGCGGCGGTGGAGCAGCAACTGCAACAGTTTA 6431 

ct: 6372 

202 

CCCACACCGCGTATCAGATTGTGCCGTATGAAAGCTACGTCACCCTGGCGGANAAAATCA 261 

1111111111111111111 111111111111111111111111111111111 1111111 
CCCACACCGCGTATCAGATTGTGCCGTATGAAAGCTACGTCACCCTGGCGGAGAAAATCA 6491 

ct: 6432 

Query: 262 

ACGCCCTTGCCCCGGTGAGCGGGCAGGCCAAAACCGCGTTCTTCACCACCGGTGCGGAAG 321 

1111 II II I I 1111 II II 11111 III II III II I II 1111111 II 11111111 III II II 
ACGCCCTTGCCCCGGTGAGCGGGCAGGCCAAAACCGCGTTCTTCACCACCGGTGCGGAAG 6551 

Sbjct: 6492 

Query: 322 

CGGTGGAAAACGCGGTGAAAATTGCTCGCGCCCATACCGGACGCCCTGGCGTGATTGCGT 381 

I III II II III I II 111111 11111 1111111111111111111111111111 1111111 
CGGTGGAAAACGCGGTGAAAATTGCTCGCGCCCATACCGGACGCCCTGGCGTGATTGCGT 6611 

Sbjct: 6552 

Query: 382 

TTAGCGGCGGCTTTCACGGTCGTACGTATATGACCATGGCGCTGACCGGAAAAGTTGCGC 441 

II I II I 1111 1111 II II I II III II II I II II I II II II III II II II II II III I I II 
TTAGCGGCGGCTTTCACGGTCGTACGTATATGACCATGGCGCTGACCGGAAAAGTTGCGC 6671 

Sbjct: 6612 

Query: 442 

CGTACAAAATCGGCTTCGGCCCGTTCCCTGGTTCGGTGTATCACGTACCTTATCCGTCAA 501 

I II II II II II III 1111 III II 111111111 111111111111111111111111111 
CGTACAAAATCGGCTTCGGCCCGTTCCCTGGTTCGGTGTATCACGTACCTTATCCGTCAG 6731 

Sbjct: 6672 

Query: 502 ATTTACACGGCNTTTCAACACAGGATCCCCCCGACCCCATCCAA 545 

111111111111111111111111 1111111 11111 II 
Sbjct: 6732 ATTTACACGGCATTTCAACACAGGACTCCCTCGACGCCATCGAA 6775 
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A3.1i Ci3 reverse primer derived sequence alignment 

Score P(N) N 

gblAE0002281ECAE000228 E. coli, ycjC, aldH, ord. 2077 1.4e-175 2 

emblX57560lECPSP E. coli stress-induced psp operon DNA 1955 5.2e-155 

1 

>gbIAE000228IECAE000228 Escherichia coli, ycjC, aldH, ordL, goaG, pspF, 

pspA, pspB, pspC, pspD genes from bases 1357360 to 1367703 (section 118 

of 400) of the complete genome. 

Length = 10,344. 

Score = 2077 (573.9 bits), Expect = 1.4e-175, Sum P(2) = 1.4e-175 

Identities = 417/419 (99%), Positives = 417/419 (99%), Strand = Minus 1 Plus 

Query: 467 

ATTTTTTCCTGCACCATCATGGGTGCCGTAGCGAGTTCATCAAGAAATAGCGTACCGCCG 408 

I III 111111111111111111111111111111111111111111111111111111 

AATTTCTCCTGCACCATCATCGGTGCCGTAGCGAGTTCATCAAGAAATAGCGTACCGCCG 8278 

Sbjct: 8219 

Query: 407 

TCGGCACGTTCAAATCTCCCTGGATGACGTTTTTGCGCACCGGTAAACGCCCCCGCTTCG 348 

111111111111111111111111111 III 1111111111111111111111111111 II 

TCGGCACGTTCAAATCTCCCTGGATGACGTTTTTGCGCACCGGTAAACGCCCCCGCTTCG 8338 

Sbjct: 8279 

Query: 347 

TGACCAAACAGTTCGGAATCCAGCAGATTTTCATTTAACGCCGCGCAGTTAAGGGAAATA 288 

I111 II 111II II II II III III III II I II III II II 11I1 II II II 11111 II III II 

TGACCAAACAGTTCGGAATCCAGCAGATTTTCATTTAACGCCGCGCAGTTAAGGGAAATA 8398 

ct: 8339 

287 

AACGGCCCTTGCCAACGGGAGGAGAGATAATGCAGGCGGCTGGCAATCAGCTCTTTACCG 228 

I II 111111 II II 1111 I I II II II I II I II I 1111 1111I 11111 II II II III II I II 

AACGGCCCTTGCCAACGGGAGGAGAGATAATGCAGGCGGCTGGCAATCAGCTCTTTACCG 8458 

ct: 8399 



Query: 227 

GTGCCGCGTTCGCCGATGATGAGCACCGGTTTGTCCAGCGGTGCGAGATGCGAAACCTGT 168 

I I II II II11I I 1111111 III , I , II 11111 I , III 111I111111111 II , III I , I , 

GTGCCGCGTTCGCCGATGATGAGCACCGGTTTGTCCAGCGGTGCGAGATGCGAAACCTGT 8518 

Sbj ct: 8459 

Query: 167 

TCCAGCACTTCGAGAAAGCTGTTCGCCTCACCAAGTAAATTATCTTTGTATTCTGCCATG 108 

1I11111111111 II II I I III II I II I I III I I I I II 11111111 II III II II I II II 
TCCAGCACTTCGAGAAAGCTGTTCGCCTCACCAAGTAAATTATCTTTGTATTCTGCCATG 8578 

Sbjct: 8519 

Query: 107 

ATGAAATTCGCCACTTGTTAGTGTAATTCGCTAACTCATCCTGGCATGTTGCTGTTGAT 49 

11111111111111111111111111111111 1111111111111111111 III III II 
ATGAAATTCGCCACTTGTTAGTGTAATTCGCTAACTCATCCTGGCATGTTGCTGTTGAT 8637 

Sbjct: 8579 

Query: 48 

.CTTCAATCAGTCCTCTAGATC 1 

I I I 11II II I III 
TCTTCAATCA . ...... . GATC 8651 

Sbjct: 8638 

Score = 194 (53.6 bits), Expect = 1.4e-175, Sum P(2) = 1.4e-175 

Identities = 58/89 (65%), Positives = 58/89 (65%), Strand = Minus / Plus 

Query: 895 

GGGAAATTNGNGGNNCNNNNNNNAAANAATGGAAGTTNCACCAAATTTTTCAATTCAGGG 836 

I I II I II I I I II I III 11111 111111111111 I 
GGATAATCGCTGGTGCCGTGGCGATACACTGAACGTTCCACCACGTTTTTCAATTCACGA 7900 

Sbjct: 7841 

835 ATATTTCCGGCCNAAGGGAAATTCAGCAA 807 

11111111 I I II I 1111111111 
Sbjct: 7901 ATATTTCCCGGCCAACGATAATTCAGCAA 7929 
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>embIX57560IECPSP E coli stress-induced psp operon DI\JA 

Length;::: 2424. 

Score;::: 1955 (540.2 bits), Expect;::: 5.2e-155, p;::: 5.2e-155 

168 

Identities;::: 391/391 (100%), Positives;::: 391/391 (100%), Strand;::: Minus 1 Plus 

Query: 439 

TAGCGAGTTCATCAAGAAATAGCGTACCGCCGTCGGCACGTTCAAATCTCCCTGGATGAC 380 

I II I III I II II II 1111 1111 I I III I II II I II 11111111 II II II 11111 II I II I 

TAGCGAGTTCATCAAGAAATAGCGTACCGCCGTCGGCACGTTCAAATCTCCCTGGATGAC 60 

Sbj ct: 1 

Query: 379 

. GTTTTTGCGCACCGGTAAACGCCCCCGCTTCGTGACCAAACAGTTCGGAATCCAGCAGAT 320 

III II II III 1111111111111111111111 III 11111111111111 111111I I III 

GTTTTTGCGCACCGGTAAACGCCCCCGCTTCGTGACCAAACAGTTCGGAATCCAGCAGAT 120 

Sbj ct: 61 

Query: 319 

TTTCATTTAACGCCGCGCAGTTAAGGGAAATAAACGGCCCTTGCCAACGGGAGGAGAGAT 260 

III II 111I11I 11I111 II1I II II I I I I II I I I1I111 II II I 11111111 1I11I11 

TTTCATTTAACGCCGCGCAGTTAAGGGAAATAAACGGCCCTTGCCAACGGGAGGAGAGAT 180 

Sbj ct: 121 

Query: 259 

AATGCAGGCGGCTGGCAATCAGCTCTTTACCGGTGCCGCGTTCGCCGATGATGAGCACCG 200 

I II II III 111111 II II II II II I III III 11111 II II II III 1I111 II II III III 

AATGCAGGCGGCTGGCAATCAGCTCTTTACCGGTGCCGCGTTCGCCGATGATGAGCACCG 240 

Sbjct: 181 

Query: 199 

GTTTGTCCAGCGGTGCGAGATGCGAAACCTGTTCCAGCACTTCGAGAAAGCTGTTCGCCT 140 

1111111111 II 1111111111 III , II , III 11111 , 11111111111 11111111111 

GTTTGTCCAGCGGTGCGAGATGCGAAACCTGTTCCAGCACTTCGAGAAAGCTGTTCGCCT 300 

Sbjct: 241 

Query: 139 

CACCAAGTAAATTATCTTTGTATTCTGCCATGATGAAATTCGCCACTTGTTAGTGTAATT 80 

II I II II 11111 I II I I III II I I I I I I II III I I 11111111 II II II 1111 I III I II 

CACCAAGTAAATTATCTTTGTATTCTGCCATGATGAAATTCGCCACTTGTTAGTGTAATT 360 

Sbjct: 301 



Query: 

Sbjct: 

79 CGCTAACTCATCCTGGCATGTTGCTGTTGAT 49 

111111111 III I II 1111111111111111 

361 CGCTAACTCATCCTGGCATGTTGCTGTTGAT 391 
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