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Chapter 1 
 

Introduction 

 

1.1 Restriction-modification systems 

 

Restriction-modification (R-M) systems acts as a primitive form of immune 

defence in bacteria, allowing them to differentiate between foreign and host 

DNA.  If the host bacterial DNA is modified (methylated), cleavage by the 

corresponding restriction endonuclease (ENase) is prevented, whereas foreign 

bacteriophage DNA that has invaded the cell is subject to restriction.   Adenine is 

methylated at the N6 position, while cytosines are methylated at the C5 or N4 

position. The methylation sites are in the major groove of B-form DNA. 

 

There are four well classified R-M systems: Type I, II, III and IV (for general 

reviews see Murray, 2002 and Gormley, 2001). A table summarising the 

characteristics of each is shown in table 1.1. The hybrid system often called Type 

I ½, exemplified by AhdI, shares characteristics of Type I and Type II R-M 

systems (Marks et al., 2003). A nomenclature has been proposed to classify R-M 

systems (Roberts et al., 2003), which is catalogued in REBASE (Roberts et al., 

2005). In addition to protection of host bacterial DNA, R-M systems may have a 

role in protecting species identity, by preventing integration of foreign DNA by 

horizontal gene transfer (Jeltsch, 2003). 

 

R-M systems are either found on transferable elements, such as plasmids and 

bacteriophages, or are connected to genes that encode proteins involved in DNA 

mobility, such as transposases, integrases and invertases (Kobayashi, 2001; 

Naderer et al., 2002).  Loss of an R-M system from a bacterial cell leads to cell 

death through attack by ENases (Naito et al., 1995).  It is on this premise that 

Type II R-M systems are said to behave as mobile selfish elements (Kobayashi et 

al., 2001). 
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Table 1.1:  A summary of the four Types of R-M systems. Reproduced from 
Tock and Dryden, 2005. 
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1.2 Regulation of R-M enzymes 

 

It is important to regulate MTase and ENase expression in bacteria to prevent 

cell death. Failure to ensure that MTase activity precedes ENase activity could 

lead to restriction of the host DNA. The mechanisms found so far are discussed 

below. 

 

1.2.1 Restriction Alleviation (RA)  

There are two main Types of RA, general and family-specific. General RA 

occurs only in Type I R-M systems when the system is inactive during a period 

of cell stress, allowing other cellular mechanisms, such as DNA repair or the 

establishment of modification upon arrival of a new R-M system, to occur 

(Prasad et al., 2005; Prakash-Cheng et al., 1993).  Family-specific RA in Type 

IA and Type IB R-M systems occurs by ClpXP-dependent proteolysis of the R 

subunit (Makovets et al., 1998). Regulatory control in Type IC R-M systems 

occurs by the dissociation of a subunit, R, from the ENase-active R2 complex, to 

form a restriction-deficient R1 complex (Makovets et al., 2004).   

 

1.2.1.1 Proteolytic control by ClpXP 

Type IA and Type IB R-M systems have been linked to the ClpXP genes. The 

restriction endonuclease complex undergoes proteolysis in an ATP-dependent 

process (Mavovets et al., 1998 and 1999; O’Neil et al., 2001; Doronina et al., 

2001). The ClpXP protease is a complex of two proteins: ClpX, a hexameric-ring 

ATPase, which recognises and unfolds the substrate protein, and ClpP, a barrel-

shaped peptidase that causes degradation of the protein (Gottesman, 1999).   

  

1.2.1.2 DNA condensation 

Non-specific DNA-binding ligands and DNA condensation also appear to 

alleviate restriction in Type I R-M systems, and treatment of DNA substrates in 

such a way caused a decrease in the endonuclease activity of EcoKI (Keatch et 

al., 2004). Foreign DNA that is essentially “naked” does not include such 

barriers that would prevent R-M enzymes carrying out their function. 
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1.2.2 Phase variation 

A number of Type III R-M systems are implicated in activating and inactivating 

genes comprising a R-M system by phase variation (De Bolle et al., 2000; 

Saunders et al., 2000; de Vries et al., 2002; Seib et al., 2002). The 

methyltransferase (MTase) gene of Haemophilus influenzae strain Rd 

(HI1058/HI1056) contains the tetranucleotide repeats 5’-AGTC-3’. Phase 

variation becomes higher as the number of these repeats increases (Srikhanta et 

al., 2005). High phase variation rates have been implicated in infections by H. 

influenzae.  

 

1.2.3 Controller (C) Proteins 

An R-M transcriptional control mechanism has been identified that relies on 

temporal regulation of R gene transcription by another protein, allowing 

sufficient time for methylation of the host DNA to occur prior to ENase activity.  

Fifty one controller, or C, proteins have so far been identified in Type II R-M 

systems, e.g. in BamHI (Brooks et al., 1995), PvuII (Tao et al., 1991), Eco72I 

(Rimseliene et al., 1995) and EcoRV (Nakayama et al., 1998).  C.Esp136I has 

been found to act both as an activator (C and R) and as an inhibitor (M) of 

transcription (Cesnaviciene et al., 2003). Another C-protein, C.EcoO109I, that 

regulates its own expression and that of the cognate ENase, causes bending of its 

target recognition sequence by 54 ± 4º (Kita et al., 2002). 

 

1.2.4 Methylation of promoter region  

The MTase and/or ENase genes of the LlaJI, CfrBI and SsoII R-M systems are 

under transcriptional control that is dependent upon the methylation status of 

their recognition sites within the promoter region(s). 

 

The LlaJI R-M system encodes two MTases, M1.LlaJI and M2.LlaJI. The 

promoter region for the entire LlaJI operon contains two recognition sites, both 

of which were found to be required for full repression of transcription.  

Methylation of the internal cytosines within the recognition sequences 5’-

GACGA-3’ and 5’-GCGTC-3’ by M1.LlaJI was required to facilitate the binding 
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of the second MTase M2.LlaJI (O’Driscoll et al., 2005).  Following binding of 

M2.LlaJI, transcription of the LlaJI operon is turned off.   

 

In the CfrBI R-M system, cytosine modifications by M.CfrBI cause a decrease in 

the promoter activity of M.CfrBI, whilst also increasing the transcription of the 

R.CfrBI gene (Beletskaya et al., 2000). 

 

The N-terminus of M.SsoII from Shigella sonnei is predicted to contain a helix-

turn-helix (HTH) motif involved in DNA-binding. The MTase has been shown to 

inhibit its own synthesis whilst also activating expression of the corresponding 

ENase by binding to the –10 promoter sequence of M.SsoII and the –10 and –35 

sequences of R.SsoII. DNaseI footprinting of a DNA fragment containing the 

promoter region demonstrated a 48 to 52 bp protected region, and a Kd of 1.5 x 

10-8 M was obtained by EMSA (Karyagina et al., 1997).  

 

1.3 Anti-restriction proteins 

 

A number of inhibitor proteins of R-M systems are known.  These include the 

Stp protein encoded by bacteriophage T4, which inhibits the Type IC system 

EcoPrrI (Penner et al., 1995); the Dar (defence against restriction) protein 

encoded by bacteriophage P1 (Iida et al., 1987); and ocr (overcome classical 

restriction) protein encoded by T3 and T7 bacteriophage (Studier, 1975).                    

 

1.3.1 overcome classical restriction (ocr) protein 

Bacteriophages T3 and T7 enter the host cell and transcribe their genes prior to 

internalisation (Moffatt and Studier, 1988).  The first gene to be transcribed is 

ocr, the product of the 0.3 gene. ocr inhibits Type I R-M systems by binding to 

this DNA binding site (Bandyopadhyay et al., 1985). ocr is dimeric in solution 

(Mr = 27 kDa), and both the ellipsoid model and the crystal structure show that 

one dimer would cover approximately 25 bp of B-DNA (Atanasiu et al., 2001; 

Blackstock et al., 2001; Walkinshaw et al., 2002). The carboxyl groups on the 

surface of ocr are arranged to mimic the position of phosphate groups of bent 

DNA, as shown in figure 1.1 (Blackstock et al., 2001). A model of ocr aligned 
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Figure 1.1: Superposition of two, 12 bp B-DNA molecules on the ocr dimer.  
(A) Stereo view of the ocr dimer. A least squares fit of phosphate groups of the 
B-DNA complex (pdb code 1BNA) onto twelve carboxyl groups of ocr produced 
an rms fit of 1.9 Å.  In yellow, the phosphorus atoms, and in purple, oxygen 
atoms of the phosphate groups. In red, oxygen atoms, and in black, carbon atoms 
of the twelve carboxyl groups. The sugar backbones of the DNA dimer are in 
two shades of green. The base pairs are omitted for simplicity. (B) The two-fold 
axis lies in the plane of the paper. The vectors describing the direction of the 
fitted DNA on both halves of the dimer are drawn as black lines. Their 
intersection gives a bend angle of 33.6°. Reproduced from Blackstock et al., 
2001). 
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with EcoKI recognition sequence suggests that it mimics the DNA flanking the 

recognition sequence (which is typically 12-13 bp). This could explain how ocr 

is able to inhibit many Type I R-M systems with different recognition sequences.  

Fluorescence spectroscopy has shown that one dimer of ocr binds tightly to both 

the M1S1 and the M2S1 MTase, while two ocr dimers appear to bind to the R 

subunit of EcoKI and the R.EcoKI ENase. Weak binding occurs with the free M 

subunit (Atanasiu et al., 2002). 

 

This type of mimicry by carboxyl groups is also adopted by the UGI protein, 

which inhibits uracil glycosylase of Bacillus subtilis, thus inhibiting its action 

and protecting the PBS2 phage DNA (Putnam et al., 1999). The C-terminal � -

helix of DinI contains a negatively charged surface and has been found to mimic 

single-stranded DNA. This allows it to interact with RecA, and prevent the 

interaction of RecA with ssDNA. This in turn inhibits the SOS response in E. 

coli due to DNA damage (Voloshin et al., 2001). 

 

1.3.2 ArdA 

The IncB plasmid R16 encodes the anti-restriction protein ArdA, which is 

thought to compete for DNA binding with a conserved motif in Type I S 

subunits. It has been found to inhibit the ENase activity of the Type IA EcoKI 

system (Thomas et al., 2003).  A feature common to a number of ArdA proteins 

is the invariant motif LL-D/E-E (Belogurov et al., 1992 and 1995). In addition, 

they are all highly acidic, negatively charged, elongated proteins, which like ocr, 

may mimic DNA. 

 

1.4 Base flipping and base stacking 

 

Methylation of DNA by Type I MTases occurs at the N6 position of adenine and 

has been found to require base flipping of the adenine into the active site before 

methylation occurs. This was first discovered for the C5-cytosine MTase 

M.HhaI, and a mechanism has been proposed (Serva et al., 1998). Following 

binding of M.EcoR124I to its recognition sequence, the sequence around the 

adenines to be methylated undergo structural distortion (Mernagh et al., 1996). 
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Preferential binding has been shown for a mismatched UT base pair compared to 

the wild-type AT base pair found within the recognition site, suggesting base 

flipping is taking place. Since the strength of the UT base pair is weaker than the 

AT base pair and will present less of an energetic barrier to base flipping. It has 

been proposed that base flipping is correlated with bending of the DNA substrate 

(Su et al., 2005). 

 

1.5 Evolution of R-M systems 

 

It has been found that cleavage of a DNA substrate by the Type III R-M system 

EcoP15I is performed once, even if the cleavage product still contains a 

recognition site, whereas secondary cleavage events have been shown to occur in 

Type I R-M systems with more than one recognition site present (Raghavendra et 

al., 2003; Szczelkun et al., 1997). However, if EcoPI51 is incubated in the 

presence of exonuclease III, the pUC19 supercoiled DNA substrate was 

completely cleaved and up to four cycles of catalysis occurred. This suggests 

functional cooperation between an ENase and an exonuclease (Raghavendra et 

al., 2003).    

 

EcoRII may be evolving recombination activities (Mucke et al., 2002). Limited 

proteolysis of EcoRII found two domains, of which the C-terminal domain was 

found to have restriction activity differing from the wild-type enzyme in that it 

only required one copy of the 5’-CCWGG recognition site for DNA cleavage 

rather than two (Kruger et al., 1995). Even when two recognition sites were 

present, cleavage by the EcoRII-C enzyme was greater than the wild-type 

enzyme.  In the presence of the N-terminal domain of EcoRII (EcoRII-N), the 

wild-type enzyme cleaved the second recognition site with a decreased rate even 

though EcoRII-N binds with one order of magnitude less than the wild-Type 

enzyme. This indicates there are two DNA-binding regions in the intact wild-

type EcoRII.   

 

EcoRII and NaeI - another Type IIE ENase - share the same domain 

organisation. EcoRII-N is similar to the Topo domain of NaeI and EcoRII-C is 
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similar to the Endo domain of NaeI.  The crystal structure of NaeI suggests an 

evolutionary link between ENases and topoisomerases. A BLAST local 

alignment shows that there is a putative ten amino acid region close to the N-

terminus of NaeI that matches the consensus for the active site of DNA ligase I. 

It is therefore suggested that NaeI could be grouped within the topoisomerase 

and recombinase protein families (Jo et al., 1995).   

 

E. coli K-12 contains four chromosomally-encoded restriction enzymes, the most 

studied of which is EcoKI. The methylation-dependent restriction enzyme 

McrBC, a member of the AAA+ (ATPases associated with various cellular 

activities) family of proteins, is also present in this bacterium. However, unlike 

EcoKI, there is no associated MTase. It forms rings in the presence of GTP or 

GDP (Panne et al., 2001). 

 

1.5.1 Evolution of new specificities 

One natural method of creating new specificities is thought to be gene 

rearrangement of the S (specifity) subunit. A shuffling mechanism of the S genes 

of Type I Lactococcus lactis R-M systems has been demonstrated, in which the 

pAH33 plasmid (6159 bp), which only contains the S gene of the LlaDPC220 R-

M system, was shown to change the specificity of the plasmid pAH82 containing 

the entire R-M system. During a co-integration event by homologous 

recombination, chimeras of the S subunit were formed from the interchanging of 

the N- and C-termini of the S gene to produce novel specificities (O’Sullivan et 

al., 2000).   

 

1.6 Design of new specificities 

 

In evolutionary terms, selective pressure has encouraged the increase in the 

specificity of recognition sequences in the presence of foreign DNA and 

likewise, a decrease in the absence of invading DNA (Chinen et al., 2000). A 

comparison of the Type II R-M systems PspGI, SsoII and EcoRII has shown 

similarities in amino acid sequence and the DNA sequences that the proteins 

recognise (Pingoud et al., 2003). This suggests that the DNA-binding domains 
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are similar. This observation differs from Type I R-M systems, where there is 

little similarity in the TRDs (target recognition domains) that are responsible for 

recognition of the target DNA sequence. 

 

The MTase M.HaeIII methylates the central cytosine of its recognition site 

GGCC. In addition, it methylates many non-canonical sequences, both in vivo 

and in vitro. Therefore, DNA MTases may not only methylate specific 

sequences, but may also methylate numerous sites on a DNA substrate, albeit 

with lower efficiency. In evolutionary terms, methylating other sites could 

present an advantage and help evolve new specificities (Cohen et al., 2002).  

 

Mutant MTases of M.HaeIII have also been formed by in vitro 

compartmentalisation (IVC). This method is based on reproducing the conditions 

whereby genes, RNA, and the encoded proteins and their products are kept 

together as they would be in the cell, thereby linking genotype and phenotype 

(Tawfik et al., 1998). 

 

This in vitro evolution method produced mutants that methylated the DNA 

sequences AGCC, CGCC and GGCC, as opposed to the canonical GGCC 

sequence.  To date, no R-M system has been found that is capable of methylating 

the sequence AGCC. IVC has also been used to monitor changes in mutated 

recognition sequences of M.HhaI (Lee et al., 2002). 

 

Zinc finger proteins are able to bind DNA by forming contacts with an alpha-

helix and the major groove of the DNA backbone. They can therefore be used as 

a basis for the design of DNA-binding proteins with new specificities. One such 

hybrid enzyme has been formed by the fusion of a zinc finger to the FokI 

cleavage domain. The DNA sequence that was cleaved was determined firstly by 

digestion of �  DNA with a number of Type II ENases, followed by incubation 

with the hybrid enzyme. A smaller 300 bp sequence was isolated from this assay 

and end labelled with 32P. The cleavage products were analysed by denaturing 

polyacrylamide gel electrophoresis and maps of the recognition site and cleavage 

site 5'-GAG GGA TGT-3' was determined (Kim et al., 1996).   
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Prior to the solved crystal structure of EcoRV, random mutagenesis was used to 

engineer EcoRV to alter its specificity such that it would recognise a sequence of 

up to 10 bp, rather than the wild-type 6 bp sequence (GATATC). This approach 

identified a number of mutants that either preferred AT-flanked or GC-flanked 

cleavage sites (Lanio et al., 1998). A more rational approach based on the crystal 

structure of EcoRV (Horton et al., 1998) was used to mutate amino acid contacts 

that were in close proximity to DNA surrounding the canonical 6 bp region 

(Lys104 and Ala181). However, it was not possible to alter the specificity (Lanio 

et al., 2000). This could be due to the fact that the crystal structures do not 

represent the ground state, because when they were soaked in Mg2+ they lacked 

ENase activity. 

 

1.7 Type I R-M systems 

 

Type I R-M systems are hetero-oligomeric enzymes encoded by three Hsd (host 

specificity of DNA) genes. The ENase is composed of all three subunits (HsdS 

for DNA recognition, HsdM for DNA modification and HsdR for cleavage - 

Janscak et al., 1996), while the MTase is composed of the M and S subunits.  

The R subunit is absolutely required for restriction and is transcribed from its 

own promoter (PRES) and from read-through from the M-S promoter (Kulik and 

Bickle, 1996).  The M and S gene products are transcribed from a separate 

promoter (PMOD) to form the MTase (Price et al., 1989). The MTase requires S-

adenosylmethionine (SAM), while the ENase also requires Mg2+ and ATP for 

activity. All Type I R-M systems methylate adenine at the N6 position (for 

reviews, see Rao et al., 2000; Murray, 2002). 

 

Early work divided the Type I R-M system into three families, based on 

complementation and cross-hybridisation assays (Barcus et al., 1995; Bickle and 

Kruger, 1993; Sharpe et al., 1992). There are now four classes of Type I R-M 

systems, although a fifth sub-type, Type IE, consisting solely of the KpnBI R-M 

system, has been proposed (Jurenaite-Urbanaviciene et al., 2001; Chin et al., 
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2004). There are two different gene orders within Type I R-M systems (Wilson et 

al., 1991): 

 

 R-M-S  Type IA and IB 

 M-S-R  Type IC and ID 

 

DNA sequence alignment of a number of S subunits has shown the presence of 

two variable regions that form TRDs, each recognising one half of the bipartite 

DNA recognition motif, and two conserved regions that are believed to interact 

with M. A circular arrangement of the S subunit has been suggested, in which the 

N-and C-termini are brought close together as shown in figure 1.2 (Kneale, 

1994). Circular permutations of the sequence of the N- and C-terminal conserved 

regions of the S subunit has confirmed this circular model for the Type IB 

enzyme EcoAI (Janscak and Bickle, 1998). Figure 1.3 shows the recently solved 

crystal structures of the S subunits from Methanococcus jannaschii and 

Methanococcus genitalium (Kim et al., 2005; Calisto et al., 2005).  

 

Both structures show that the N- and C-terminii are in close proximity, as 

predicted and although the primary structure of the two TRDs are quite different, 

they adopt almost identical secondary and tertiary structure. They also show that 

the conserved domains interact to form an alpha-helical coiled coil. 

 

The DNA recognition sequence of Type I R-M systems is asymmetric, made of 

two half-sites, each recognised by a TRD within the S subunit. Typically each of 

these half-sites is 3-5 bp in length, separated by a non-specific spacer region (5 –

8 bp). 
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Figure 1.2: Circular model for the subunit/domain structure of Type I 
enzymes. In this example, EcoR124I is shown, displaying the approximate two-
fold symmetrical disposition of subunits and the orientation of the enzyme bound 
to the DNA.  
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(A) 

 

 
 

(B) 

  

  
 

Figure 1.3: Crystal structures of the S subunits of (A) Methanococcus 

jannaschii and (B) Methanocuccus genitalium. Reproduced from Kim et al., 

2005, and Calisto et al., 2005.  In both structures, two very conserved regions, 

the central (CR1/CCR) and C-terminal/distal (CR2/DCR) form coiled-coil 

structures containing a high proportion of hydrophobic residues between the two 

helical coils.  The two globular domains in both cases contain the variable target 

recognition domains (TRDs) responsible for DNA recognition.  The N- and C-

termini lie in close proximity and are found within TRD1. 
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1.7.1 Type IA 

Type IA R-M systems are typically chromosomally-encoded. Both R subunits of 

the Type IA EcoKI bind with equal affinity to the MTase, whereas both R 

subunits of the Type IB EcoAI, and the second R subunit of the Type IC 

EcoR124I, bind weakly (Janscak et al., 1998; Mernagh et al., 1998; Dryden et 

al., 1997; Suri et al., 1994). Cleavage of circularised DNA by EcoKI prefers two 

recognition sites, and atomic force microscopy (AFM) has shown this to also be 

the case for linear DNA (Ellis et al., 1998). In the presence of ATP, a smaller 

footprint is observed for the ENase R.EcoKI (Powell et al., 1998).  

 

When compared to Type II MTases, EcoKI shares the greatest homology with 

M.HhaI, suggesting that it could interact with DNA via two loops and a beta-

strand. Alignment with HhaI shows these secondary structures would occur 

between amino acids 84 and 121 of the N-terminal TRD of EcoKI. Random 

mutagenesis was employed to identify amino acids close to DNA, and three 

substitutions - T57P, F107S and G141V - prevented restriction and modification 

(O’Neil et al., 1998).  When the amino acid sequence of S subunit EcoKI is 

aligned with that of Methanocuccus genitalium these residues appear within beta 

4, beta 8 and between alpha helix 1b and alpha helix 2 respectively. All three 

regions are found within TRD1.  It has been pointed out that members of the 

same family which share a common trinucleotide binding repeat within the 

recognition site have very similar identity within their TRDs, e.g. EcoKI 

recognises the sequence 5’-AAC(N)6GTGC and StySPI recognises 5’-

AAC(N)6GTRC. The N-terminal TRDs that recognise the 5’-AAC sequence 

have 90% identity (Fuller-Pace et al., 1986). 

 

1.7.2 Type IB 

As has been mentioned for the Type IA enzymes EcoKI and StySPI, enzymes 

with the same trinucleotide repeat share high amino acid identity.  In the case of 

the Type IB family members EcoAI and EcoEI, they recognise the same GAG 

trinucleotide as the Type IA family member, StyLTIII. These three S subunits 

possess almost 50% identity, suggesting that the identical amino acids within the 

TRD are critical to DNA recognition (Cowan et al., 1989).   
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Identifying important amino acids conferring ENase activity is another area of 

interest. It has been found that alanine substitutions at positions Asp61, Glu76 

and Lys78 of EcoAI stop DNA cleavage without affecting ATPase or 

translocation activity (Janscak et al., 1999). To determine if EcoAI adopts a 

similar arrangement to the circular model proposed for EcoR124I (Kneale, 

1994), circularly permutated mutants of the S subunit of EcoAI were created and 

mixed with the M subunit to reconstitute the MTase (Janscak et al., 1998).  In 

vitro methylation showed the reconstituted enzyme to be active, suggesting that 

the N- and C-termini lie in close proximity. 

 

1.7.3 Type IC 

There are three known members of the Type IC family: the plasmid-encoded 

EcoR124I/II and EcoDXXI, and the chromosomally-encoded EcoprrI (Tyndall et 

al., 1994). However, it is possible that the NgoAV R-M system of Neisseria 

gonorrhoeae belongs to this family. While the M and R subunits are similar to 

those of EcoR124I, the S subunit shows little homology. In addition, the genome 

organisation is very different, with the M and S genes being separated by open 

reading frame (ORF) 2, and the DNA sequence for the two putative S genes is 

coded for by two separate ORFs. Homology with EcoR124II and EcoDXXI 

suggests that the first S gene encodes an active protein (Piekarowicz et al., 2001). 

 

It has been found that the Hsd loci of Type IC R-M systems are flanked by DNA 

homologous to the phage P1 genome (Tyndall et al., 1997). This suggests that at 

some stage the Hsd region was inserted into a P1 prophage. Domain shuffling of 

the S subunit then gives rise to the different specificities. Close to the Hsd loci is 

a phage P1 packaging (pac) site. This could allow movement to another strain by 

P1-mediated transduction. However, in the EcoR124I locus there is an insertion 

sequence (IS) 1 site that has removed the majority of the P1 sequence (Tyndall et 

al., 1997). 

 

Like EcoR124I, EcoDXXI is encoded on a large conjugative plasmid (Skrzypek 

et al., 1989). Both the 3’ and 5’ halves of the S subunit of EcoDXXI, when fused 

to a transcription-translation start signal, can code for a protein which confers 
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DNA binding, recognising the symmetrical sequences GAAYN 5RTTC and 

TCA(N)8TGA respectively, as opposed to the wild-type recognition sequence 

TCA(N)7RTTC.  If both the 3’ and 5’ halves were co-expressed with the M, 

wild-type DNA recognition was restored (MacWilliams et al., 1996; Meister et 

al., 1993). Like EcoR124I, EcoDXXI contains TAEL repeats in the central 

conserved domain of S. 

 

1.7.4 Type ID 

Type ID genes are chromosomally-linked, as compared to Type IC genes that are 

normally located on plasmids. Efficiency of plating (EOP) studies identified the 

first member of this family, the Salmonella enterica serovar Blegdam (serB)-

linked R-M system, that was later confirmed as such and renamed StySBLI 

(Bullas et al., 1980; Titheradge et al., 1996). Two further members, KpnAI from 

Klebsiella oxytoca M5a1 (previously called Klebsiella pneumoniae) and EcoR9I 

from E. coli, were identified by hybridisation assays and later confirmed by 

complementation assays (Barcus et al., 1995; Lee et al., 1997; Titheradge et al., 

2001). Like all Type I R-M systems, two genes - M and S - encode the MTase, 

while an additional R gene is required for the ENase. 

 

1.7.5 Type IE 

Recently, a Type IE family has been proposed. Two R-M systems have been 

discovered in Klebsiella pneumoniae: however, KpnAI has been classified as a 

Type ID (Lee et al., 1997), whereas KpnBI in strain GM236 has been classified 

as a Type IE. In KpnBI, the R and M genes are separated by at least 2 kbp (Chin 

et al., 2004). Based on comparison with Type IA, IB, IC and ID systems, it was 

shown that KpnBI does not share the typically greater than 70% homology to be 

classed within one of these families, hence its Type IE classification.   

 

1.8 Type II R-M systems 

 

As of September 2005, REBASE listed 3672 Type II ENases, as compared to 67 

Type I, 10 Type III and 3 Type IV ENases (Roberts et al., 2005). The majority of 

Type II systems contain separate ENases and MTases that are dependent on Mg2+ 
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and SAM, respectively. Unlike Type I R-M systems, they are encoded by only 

two genes - R and M - which form an R2 or M1 ENase or MTase, respectively.  

Furthermore, DNA cleavage takes place at or close to its recognition site e.g. 

EcoRV, cleaves between the middle T and A bases with the sequence GATATC.  

Prior to cleavage, EcoRV induces a bend in the DNA of approximately 60 Å (Cal 

et al., 1996; Horton et al., 2000), shown in figure 1.4. The Mg2+ cofactor 

requirement of EcoRV is critical in determining whether it binds to specific or 

non-specific DNA. In the absence of Mg2+, specific binding is observed even 

though the binding constant for both specific and non-specific DNA was the 

same (Erskine et al., 1998).  Type II enzymes have been classified according to 

properties specific to each subgroup, as shown in table 1.2 (Roberts et al., 2003).  

EcoRII may be an evolutionary intermediate between an ENase that is site-

specific and other enzymes such as recombinases that involve two DNA binding 

sites (Mucke et al., 2002). 

 

1.9 Type III R-M systems 

 

Like the Type I R-M systems, Type III R-M systems require ATP and Mg2+ for 

cleavage of DNA, and SAM is necessary for MTase activity. In the case of 

EcoP15I, the addition of ATP helps to discriminate between specific and non-

specific DNA (Ahmad and Rao, 1994). Substitutions with 2-aminopurine in the 

DNA substrate, together with fluorescence spectroscopy, have shown that there 

is a structural distortion at both adenines upon EcoP15I binding to its recognition 

sequence (5’-CAGCAG-3’), suggesting that base flipping is occurring (Reddy et 

al., 2000). All members of this family require modification and restriction genes 

and when expressed, form a R2M2 complex (Janscak et al., 2001).  

 

The cofactor requirements and number of recognition sites for EcoP1I, a Type III 

R-M system, has been investigated (Peakman et al., 2003). Two sites are 

required for cleavage, although only one of these sites is actually cut to produce 

full-length linear DNA. No difference in the cleavage pattern was found between 

circular and catenane DNA. Cleavage assays suggested that SAM was not 

necessary for activity if Na+ was present. 
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Figure 1.4: Crystal structures of specific enzyme–DNA complexes of BamHI 
and EcoRV. The separate DNA configuration with either BamHI or EcoRV 
removed is shown in (3) and (4), respectively. Unlike BamHI, EcoRV induces a 
50° kink at the centre base pair. Reproduced from Broek et al., 2005. 
 

 

 

Table 1.2:  Classification of Type II R-M systems.  Taken from Roberts et al., 
2003. 
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Concentration-dependent rates for both MTase and ENase activity have been 

observed in the Type III ENase PstII.  The M2 MTase is said to have a fast rate of 

activity. DNA cleavage occurs at a slow rate with a R1 complex, but if the R2 

ENase is in equilibrium with the R1 complex, DNA cleavage occurs at a fast rate 

whilst methylation occurs slowly (Sears and Szczelkun, 2005). This information 

may be of interest in relation to the EcoR124INT ENase that was shown to exist 

as a R1 complex while still having ENase activity. The recognition sites for the 

ENase have to be in a head to head orientation with cleavage occurring 25-26 bp 

downstream of the top strand (Sears et al., 2005).  

 

1.10 Type IV R-M systems 

 

The Type IV family was first established following the identification of Eco571 

(Janulaitis et al., 1992). Since then other members, including BseMII, which 

consists of two convergent genes recognising the pentanucleotide sequence 5’-

CTCAG(N)10/8̄ , EcoKMcrBC consisting of three collinear genes, and 

BspLu11III from Bacillus sp. LU11, have been identified (Jurenaite-

Urbanaviciene et al., 2001; Panne et al., 2001; Lepikhov et al., 2001). They are 

all characterised by a single gene encoding both the ENase and MTase, and 

cleavage occurs at a defined distance from the recognition site (30 bp in the case 

of EcoKMcrBC). Both SAM and Mg2+, but not ATP, are required for cleavage 

(Panne et al., 2001; Jurenaite-Urbanaviciene et al., 2001). 

 

1.11 Discovery of new R-M systems 

 

Until recently, discovery of R-M systems in bacteria has relied on classical phage 

assays (Arber et al., 1969). Briefly, a recognition site within phage DNA is only 

cleaved if it is not modified or methylated by host MTases. Restriction is 

measured by an EOP equal to approximately 10-2 to 10-5. Any surviving 

bacteriophages that have been methylated will have an EOP of about 1.0. A 

plasmid transformation method has now been developed, which allows E. coli to 

be screened for the presence of R-M systems (Kasarjian et al., 2003). This 

approach does not require the bacterial strain to be susceptible to phage and in 
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addition, it is not affected by anti-restriction mechanisms such as the ocr protein 

or MTases encoded in the phage genome (Kruger et al., 1983). 

 

An in vitro approach to search for novel R-M systems using a wheatgerm-based 

assay has been developed. It is based on the selfish mobile gene theory to 

identify genes in the related genomes of Pyrococcus horikoshii and Pyoroccus 

abyssi. Candidate genes were cloned to remove their own translational signal so 

that they were instead under the control of a plant translation signal. Following in 

vitro transcription, the mRNA is translated into wheatgerm-based, cell-free 

protein and tested for ENase activity. This approach identified a novel enzyme, 

PabI (Ishikawa et al., 2005). 

 

Another new method involves searching for mutations occurring at a higher rate 

than background in the DNA sequences of complete microbial strains (Zheng et 

al., 2004).  The largest groups found by this method are hypothetical genes, the 

outer membrane protein family, and R-M systems. A similar approach based on 

the predicted protein sequence of open reading frames specifically for SAM-

dependent MTases has also been developed (Katz et al., 2003). 

 

1.11.1 The LlaJI novel R-M system 

A novel R-M system, LlaJI from Lactococcus lactis, has been discovered within 

a naturally occurring plasmid. It has been shown to be transcriptionally regulated  

by the pNP40 plasmid, which encodes the whole of the system. So far, nineteen 

new R-M systems have been found, mainly within plasmid-encoded lactococci, 

some of which share features of both Type I and Type IIS R-M systems (see 

table 1.2). For example, LlaI, like Type II enzymes, requires a single gene for 

expression of its MTase. However, three genes are needed for expression of the 

ENase, like the multi-subunit Type I R-M systems (O’Sullivan et al., 1995). On 

the other hand, the LlaGI operon encodes a single polypeptide containing both 

MTase and ENase activities.   

  

Boucher (2001) identified three L. lactis plasmids possessing defence 

mechanisms against phage. The theta replication regions of these plasmids were 
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associated with two additional coding regions, one of which encodes the S 

subunit of a Type I R-M system. When introduced into L. lactis IL1403, the S 

subunit of pSRQ800 and pSRQ900 conferred weak resistance against phage 

P008. These results indicate that both S subunits are able to complement the 

chromosomally-encoded Type I R-M system in L. lactis IL1403 (Bourgeois et al.  

1992). Supplementing the plasmid-free strain of L. lactis MG1614 with the 

plasmid-encoded LlaAI R-M system reduces bacteriophage infection during milk 

fermentation (Gabs et al., 2003).   

 
1.11.2 The BfiI novel R-M system 

The Type II R-M system BfiI does not require the presence of metal ions to 

function. It represents an evolutionary fusion of a DNA recognition domain and a 

phosphodiesterase domain from the phospholipase D superfamily (Zaremba et 

al., 2004). 

 
1.11.3 The AloI novel R-M system 

The recently discovered AloI R-M system from Acinetobacter lwoffi Ks 4-8 is 

thought to have evolved from the gene fusion of an ENase and the M and S genes 

of a Type I system. Unlike Type I R-M systems, cleavage only requires Mg2+, 

and modification requires Ca2+. Both the M subunit and the C-terminal and 

conserved central region of the S subunit share homology with the M and S 

subunits of Type I R-M systems. However, the N-terminus contains a unique 

ENase motif DXnEXK (Cesnaviciene et al., 2001). 

 

1.11.4 The YenI novel R-M system 

The YenI R-M system in Yersinia enterocolitica O:8 1B shares over 40% amino 

acid identity with the PstI isoschizomers, PstI and BsuI, and like other Type II 

enzymes, cleaves at a specific recognition sequence (Antonenko et al., 2003). 

Like the Type IV R-M systems a single polypeptide organisation contains both 

the MTase and ENase. 
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Figure 1.5: A model for the crystal structure of the S subunit from 
Methanocuccus genitalium in complex with DNA. Reproduced from Calisto et 
al., 2005.  To form this model a 20mer B-DNA duplex was positioned alongside 
the S subunit. 
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1.12 EcoR124I 

 

EcoR124I was originally found on the conjugative plasmid R124 (Hedges, 

1972). EcoR124I recognises the DNA sequence GAAN6RTCG (Glover and 

Firman 1982). The wild-type MTase is composed of two M subunits and a single 

S subunit to form an M2S complex (Taylor et al., 1992). The MTase methylates 

the N6 of the second adenine within the recognition sequence. 

 

1.12.1 The S subunit 

The S subunit has been found to be insoluble unless co-expressed with the M 

subunit (Patel et al., 1992; Taylor, 1992). To allow further characterisation of the 

S subunit, thirteen fragments of the S gene were formed by PCR (Smith et al., 

1998). Two - S3 and S11 - were found to be soluble in solution. As shown in 

figure 1.6, S3 (residues 1-215) contains the central conserved region and the N-

terminal TRD of S. The TRD recognises the 5’-GAA of the symmetrical 

sequence GAAN7TTC. Sedimentation equilibrium has shown S3 to exist as a 

dimer in solution, and may adopt the same circular conformation as the full- 

length S subunit (Smith et al., 2001).  This system is based on the N-terminal 

domain of EcoR124I, it will be designated EcoR124INT. There are similarities 

between EcoR124INT and the AhdI system, which also forms an S dimer and has 

a symmetrical recognition sequence (Marks et al., 2004). 

 

S11 (residues 141-215) contains the central conserved domain, which is 

responsible for interaction with M. This conserved region contains two TAEL 

repeats. Increasing the number of these repeats from two in EcoR124I to three, as 

in the case of EcoR124II, increases the length of the spacer region within the 

recognition site from 6 bp to 7bp (Price et al., 1989; Gubler et al., 1991 and 

1992).  In the case of the S subunit of Methanoccus genitalium, the coiled-coil 

has a length of 22-28 Å.  Therefore if each turn of an DNA helix is 3.4 Å, the 

coiled-coil region represents a N spacer length of 6-8 bp, common to all type I R-

M systems (Calisto et al., 2005).  The likely orientation of the DNA and the 

HsdS subunit is shown in figure 1.5. 
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Figure 1.6: The S subunit of EcoR124I with the S3 and S11 fragments 
produced by PCR cloning. The variable (V1 and V2) and conserved amino acid 
domains are shown. The N-terminal V1 region (TRD1) recognises GAA and the 
C-terminal V2 region (TRD2) recognises RTCG.   

S3 
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1.12.2 The M subunit 

Unlike the S subunit, M can be expressed in high levels in E. coli and is soluble 

in solution (Patel et al., 1992; Taylor, 1992). The M subunit is required for 

MTase activity in complex with the S subunit and contains a SAM binding 

region. 

 

1.12.3 The R subunit 

The DEAD-box motif is contained within all Type I R-M systems and is 

involved in ENase activity. This motif is also found in a diverse range of ATP-

dependent processes (Gorbalenya et al., 1991). 

 

Region X, which occurs before the DEAD-box motif of the Type I R-M systems, 

shares similarities with the P-D…(D/E)-X-K motif found in many Type II 

ENases, e.g. EcoRI and EcoRV (Pingoud et al., 1997).  The proline residue is 

absent in the Type I consensus sequence. However, mutation studies on Type II 

ENases have suggested that it is not critical to activity (Cheng et al., 1994; 

Lagunavicius et al., 1997).  The interaction of the R subunit with M.EcoR124I 

stabilises DNA binding (Mernagh et al., 1998a). It has also been shown that the 

R subunit is capable of ATPase activity and weak ENase activity (Zinkevich et 

al., 1997). 

 

1.12.4 The EcoR124I and EcoR124INT MTases 

The MTase M.EcoR124I consists of two M subunits, each of 58 kDa, and a 

single subunit of S (46 kDa), to form a trimeric complex M2S1 (Mr ~ 162 kDa). 

The MTase recognises the sequence GAAN6RTCG, where R = purine and N = 

any nucleotide. Methylation of either of the two target adenines reduces the 

binding affinity of the MTase, but increases the rate of DNA methylation at the 

other site (Taylor et al., 1993). S3/M recognises the symmetrical recognition 

sequence GAA(N)7TTC.  Exonuclease III footprinting of S3/M has shown that a 

29 bp region is protected, whereas DNase I footprinting of the wild-type MTase 

identified a protected region spanning 23 bp (Smith et al., 2001; Mernagh et al., 

1996).  
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1.12.5 The R.EcoR124I ENase 

The ENase is formed by the addition of the R subunit to the MTase. Binding of 

the first R subunit has been shown to be very strong, while the binding of the 

second R subunit is much weaker (Janscak et al., 1998; Mernagh et al., 1998).  It 

has been reported that with one R subunit bound, i.e. a stoichiometry of M2SR1, 

no cleavage is observed, although the complex still functions as an ATPase.  

Only with the addition of a second R subunit does the ENase (M2S1R2) can 

cleave DNA (Janscak et al., 1998). R.EcoR124I preferentially cleaves DNA 

substrates - both supercoiled and linear - containing two recognition sites as 

opposed to one (Janscak et al., 1999). The current hypothesis for DNA cleavage 

suggests that a translocation blockage is required. This can either be caused by 

the collision of two translocating ENases, or by the presence of a physical barrier 

such as a Holliday junction (Janscak et al., 1999). The two motor subunits of the 

R2 wild-type ENase work independently. The R1 complex has a translocation 

rate of 550 ± 30 bp s-1, while the rate of the R2 complex was twice this (Seidel et 

al., 2004). 

 

1.12.6 DNA binding 

The M subunit is required for effective DNA binding of the S subunit of 

M.EcoR124I (Mernagh, et al., 1997). The binding affinity of M.EcoR124I for 

hemi-methylated DNA decreases 30-fold, whilst the methylation rate increases 

by a factor of 100-200, compared to the unmethylated sequence (Taylor et al., 

1993). It has been shown that the lysine residues K297, K261 and K327 located 

in the C-terminal variable domain, and the residues K196, K203 and K210 

located in the conserved regions are protected by DNA binding (Taylor et al., 

1996). 

 

Small angle x-ray scattering (SAXS) has shown that there is a decrease in both 

the radius of gyration (from 56 Å to 40 Å), and in the maximum dimension of the 

MTase (from 180 Å to 112 Å), which is independent of the methylation status of 

the DNA (Taylor et al., 1994). This may be due to rotation of the M subunits to 

make non-specific contacts with the DNA, while the S subunit acts as a hinge. 

CD spectroscopy shows a large conformational change in the DNA, whilst the 
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MTase shows no change in secondary structure. This suggests local unwinding of 

the DNA helix allowing base flipping to occur (Taylor et al., 1994).   Recent 

results for M.EcoKI (Su et al., 2005) suggest DNA bending might also be 

correlated with base flipping. 

 

1.13 Aims of the project 

 

The work presented in this thesis continues the characterisation of the engineered 

EcoR124INT system (Smith, 2000). The first requirement of this project was to 

ensure that there was a reliable expression and purification method for the whole 

EcoR124INT system. To date, the solution stoichiometry of S3/M and S3/M/R 

has not been conclusively determined. Therefore sedimentation equilibrium and 

velocity experiments in conjunction with dynamic light scattering were to be 

investigated. Prior to the start of this project, little structural information was 

available on either the wild-type EcoR124I systems or the engineered 

EcoR124INT. Therefore, small angle neutron scattering experiments would be 

used to produce a low-resolution model for the latter system and to determine if 

there is a structural change upon DNA binding. However, sedimentation velocity 

experiments could first be used to detect this change. To confirm the activity of 

the MTase and ENase requires the development of appropriate enzyme assays. 

Once such assays were developed, it would also be of interest to determine 

whether methylation by S3/M could be inhibited by the ocr protein. The results 

of the experiments are presented in Chapters 3-6 of this thesis, and the main 

conclusions and significance are summarised in Chapter 7. 


