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ABSTRACT 

Efficient acquisition of the genes (hsdR, M and S) that specify EcoKJ and EcoAT, 

representatives of two families of type I restriction and modification (R-M) systems, 

was shown to require a product of an unknown gene hsdC. The hsdC mutant is 

shown to have a mutation in clpX. C1pX and ClpP, the components of C1pXP 

protease, are necessary for the efficient transmission of the hsd genes by conjugation, 

transformation and P1 transduction. Inactivation of clpX leads to a bigger barrier than 

a similar mutation in clpP consistent with a chaperone activity of C1pX in the 

absence of C1pP. The establishment of the modification activity of EcoKI is not 

dependent on clpX and takes about 12 generations to reach its maximal activity in 

methylating incoming phage DNA. This lag probably reflects the time necessary to 

complete the methylation of bacterial chromosomes. 

Modification, once established, has been assumed to provide adequate protection 

against a resident restriction system. However, unmodified targets may be generated 

in the DNA of an hsd bacterium as the result of replication errors or recombination-

dependent repair. The presence of unmodified target sequences for type I restriction-

modification systems on bacterial chromosomes does not influence the survival of 

hsd bacteria due to C1pXP-dependent regulation of the endonuclease activity. In 

such bacteria, HsdR, the polypeptide of the R-M complex essential for restriction but 

not modification, is degraded in the presence of CIpXP and therefore the bacteria 

show a temporary drop in restriction activity, referred to as restriction alleviation. 

The delayed detection of restriction activity followed by the establishment of a new 

specificity can be considered as a case of restriction alleviation. 

The data obtained support a model in which the HsdR component of a type I 

restriction endonuclease becomes a substrate for proteolysis after the endonuclease 

has bound to unmodified target sequences on the chromosome, but before 

completion of the pathway that would result in DNA breakage. It remains unclear 

how the restriction-modification systems distinguish between unmethylated host and 

foreign DNA. The latter is degraded while the former is protected from cleavage by 

C1pXP-dependent proteolysis of HsdR. 
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CHAPTER 1. GENERAL INTRODUCTION 

1.1. Restriction and modification systems. 

The phenomenon of restriction was first observed in the early 1950s (Luria & 

Human, 1952; Bertani & Weigle, 1953). Some bacterial viruses grown on one strain 

could infect this strain much more efficiently than some other strains. Once they 

have propagated on a new host the phage progeny acquired the ability to infect this 

new strain effectively but their growth on the original strain became inhibited, or 

restricted (Bertani & Weigle, 1953; Arber & Dussoix, 1962). It seemed as if the 

phage had an "imprint" of the bacteria in which they were propagated and the 

"imprint" allowed the phage to infect this particular strain effectively. If the phage 

lacked the appropriate "imprint" then their propagation was restricted by a new host. 

The "imprint" was found to be carried by phage DNA (Dussoix & Arber, 1962) and 

later experiments showed that it was methylation (Brockes et al., 1972; Kuehnlein & 

Arber, 1972; Smith et at., 1972). If DNA is not methylated it becomes a substrate for 

endonucleolytic cleavage by a restriction enzyme (Linn & Arber, 1968; Meselson & 

Yuan, 1968). Since then, many restriction and modification systems have been 

described. They are different in their structure, mode of action and regulation and 

have been divided in three different types. In addition, there are restriction systems 

specific for modified DNA (see below) that cannot be covered by this classification. 

1.1.1. Type IR-Msystems. 

Type I R-M systems are found in a variety of bacteria such as E.coli (Bertani & 

Weigle, 1953; Meselson & Yuan, 1968), Salmonella species (Bullas & Colson, 

1975), Citrobacterfreundii (Daniel ci' at., 1988), Mycoplasma pulmonis (Dybvig & 

Yu, 1994), Bacillus subtilis (Xu et at., 1995), Pasteurella haemolytica (Highlander & 

Garza, 1996), Klebsiella pneumoniae (Lee et at., 1997) and others. It seems that they 

are rather commonly found in bacterial species. Analysis of the sequenced genomes 

of 15 bacterial species led to the identification of 16 type I R-M systems belonging to 



11 of the 15 bacterial species (Roberts, 1998) most of which had not been known to 

contain type I R-M systems. 

Type I R-M systems are encoded by hsd genes (for host specificity of DNA) located 

either in the bacterial chromosome or in a plasmid. Those in the chromosome are in 

the region equivalent to 98.5' of the E.coti K-12 chromosome, closely linked with 

serB (Boyer, 1964; Glover & Colson, 1969; BuIlas & Colson, 1975) and can be 

considered as multiple alleles (Daniel et at., 1988). The hsd locus comprises three 

genes (Glover, 1970), hsdR (for restriction), hsdM (for methylation), and hsdS (for 

specificity). hsdM and hsdS are transcribed from a promoter upstream of hsdM, and 

hsdR has its own promoter. Transcription occurs in the same direction for all the 

three genes (Sam & Murray, 1980). 

HsdR, HsdM and HsdS polypeptides are structural components of multisubunit 

complexes (Eskin & Linn, 1972; Lautenberger & Linn, 1972; Meselson et at., 1972), 

they do not possess any enzymatic activity on their own. HsdM and HsdS form 

M2S1 , a complex that shows only methylation activity (Lautenberger & Linn, 1972; 

Suri et al., 1984; Taylor et at., 1992; Dryden et al., 1993). The restriction enzyme 

requires HsdR in addition to HsdM and HsdS to form the R2M2S1  complex (Eskin & 

Linn, 1972; Meselson et at., 1972; Weiserova et at., 1993; Dryden et at., 1997) that 

retains the methylation activity (Haberman et at., 1972; Vovis et al., 1974) but also 

possesses endonuclease activity (Eskin & Linn, 1972; Haberman et al., 1972; Vovis 

et al., 1974; Suri et al., 1984). 

Type I systems are subdivided into families on the basis of complementation tests 

(Arber & Linn, 1969; Boyer & Roulland-Dussoix, 1969; Glover, 1970; Fuller-Pace 

et at., 1985; Price et al., 1987), DNA-cross hybridisation (Sain & Murray, 1980; 

Daniel et at., 1988; Barcus et at., 1995) and immunological cross reactivity (Murray 

et al., 1982; Price et at., 1987). For any two systems within a family, DNA sequences 

coding for HsdR, HsdM and the conservative domains of HsdS are so similar that the 

DNA can be cross hybridised. At the protein level this similarity results in the ability 

of homologous subunits to substitute for each other in the formation of functional 

complexes and to react with antiserum raised against another enzyme from the same 

family. Each of these three tests fails for two representatives from different families. 
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Four families (IA, IB, IC and ID) have been identified (Bickle & Kruger, 1993; 

Barcus etal., 1995; Titheradge etal., 1996). 

Systems from the same family differ only in non-conserved regions of their S 

subunits, named target recognition domains, which define DNA target sequences 

recognised by different R-M systems (Fuller-Pace et al., 1984; Nagaraja et al., 

1985b; Gann et al., 1987). S subunits are involved in the recognition of target sites 

by both methylation and restriction enzymes (Cowan et al., 1989; Chen et al., 1995; 

O'Neill et al., 1998). Conserved regions of HsdS are thought to be involved in 

subunit-subunit interactions. 

Both M2S1  and R2M2S1  complexes bind a cofactor S-adenosylmethionine (AdoMet) 

which is used as a donor of methyl groups to methylate adenine residues in DNA 

target sequences (Haberman et al., 1972). Target sequences recognised by type I 

enzymes are asymmetric and consist of two recognition components, one of which is 

generally a 3 bp sequence and the other either 4 or 5 bp, separated by a non-specific 

spacer of 6 to 8 bp (Lautenberger et al., 1978; Ravetch et al., 1978; Kan et al., 1979; 

Kroger & Hobom, 1984; Suri et al., 1984; Nagaraja et al., 1985a, 1985b; Price etal., 

1987). The two target recognition domains of HsdS each recognises one half of the 

bipartite target (Fuller-Pace et at., 1984; Nagaraja et al., 1985c; Gann et at., 1987). 

The two adenine residues to be methylated are located in different recognition 

components and in the opposite DNA strands. DNA replication separates methylated 

strands and produces hemimethylated DNA which is a substrate for methylation but 

not for restriction (Vovis et at., 1974). Type IA and IC enzymes methylate 

hemimethylated DNA much better than unmethylated (Vovis et at., 1974; Suri etal., 

1984; Dryden et at., 1993; Taylor et al., 1993), while EcoAI (a type 113 system) 

shows no preference (Fuller-Pace et at., 1985; Suri & Bickle, 1985). It seems likely 

that poor methylation of unmethylated DNA makes it more difficult for incoming 

DNA to escape from restriction. 

Restriction occurs only on unmethylated DNA (Vovis et al., 1974). When a 

restriction enzyme R2M2S1  binds an unmodified target sequence the restriction 

pathway is activated and results in DNA cleavage by the nuclease. This reaction 

requires AdoMet, ATP and Mg2  (Linn & Arber, 1968; Meselson & Yuan, 1968; 

Yuan & Meselsori, 1970; Boyer et al., 1971). EcoKI does not require either AdoMet 
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or ATP to bind DNA nonspecifically (Powell et al., 1998). The cofactors assist the 

enzyme to recognise its target site. Exonuclease HI footprinting experiments show 

that EcoKI, bound to its unmethylated or hemimethylated DNA target sequence in 

the absence of ATP and AdoMet, protects 42-46 bp of DNA from digestion by the 

exonuclease (Powell et al., 1998). In the presence of the cofactors the enzyme 

undergoes a conformational change which results in the protection of a shorter 

sequence of 30 bp. The enzyme has reduced affinity for modified DNA; DNA with a 

fully methylated target is not protected by EcoKI from the exonuclease HI-dependent 

degradation. 

DNA cleavage by type I enzymes occurs up to several kb away from their 

recognition sites (Horiuchi & Zinder, 1972). The enzymes bound to target sequences 

reach cleavage sites via ATP-dependent DNA translocation (Yuan et al., 1980). 

Based on the products of in vitro restriction of unmodified DNA of the phage T7 by 

EcoKI, Studier & Bandyopadhyay (1988) suggested a model according to which the 

enzymes, bound to unmethylated DNA targets, initiate ATP-dependent DNA 

translocation in both directions. While the protein complex stays bound to the target, 

the HsdR subunits pull the DNA past themselves. When two complexes, active on 

the same DNA molecule, collide a DSB is made and therefore cleavage sites for type 

I enzymes are between their recognition sequences (Fig. I .1). 

The idea of translocation is supported by predictions of structural similarity between 

helicases and HsdR. RNA and DNA helicases have seven conserved sequences, 

DEAD-box motifs, involved in the NTP-dependent duplex unwinding (Gorbalenya et 

al., 1988). The DEAD-box motifs found in HsdR (Gorbalenya & Koonin, 1991; 

Webb et al., 1996; Davies et al., 1998) were shown to be associated with ATP-

dependent DNA translocation activity (Davies et al., 1999b). A single amino acid 

substitution in any of them abolishes ATPase activity and consequently blocks 

restriction (Webb et al., 1996; Davies et al., 1998). Mutant HsdR subunits still can 

form R2M2S1  complexes and the latter bind DNA in a site-specific manner and 

undergo the ATP-dependent conformational change but DNA cleavage does not 

occur (Davies et al., 1998). Therefore translocation seems to be a prerequisite for the 

endonuclease reaction. 



DNA binding 

ATP-dependent translocation I.' 

Complex - complex interactions JJ- 

Double-strand break 

Fig. 1.1. Molecular mechanism of restriction by type I endonucleases. 



Endonucleolytic cleavage of DNA occurs when translocation cannot proceed any 

further because of an obstacle (Janscak et al., 1999a). When two complexes 

translocating the same molecule of DNA towards themselves collide they become 

such obstacles for each other and a DSB is produced at the site of the collision. It has 

been shown that each complex is able to cleave both DNA strands (Janscak et at., 

1999a). There is no specific interaction between complexes required for the cleavage 

reaction since a Holliday junction, which blocks translocation, also can stimulate 

endonuclease activity of a type I enzyme (Janscak etal., 1999a). 

Recent experiments indicate that the region X (Titheradge et at., 1996), a 

conservative sequence in the N-terminal part of HsdR of different type I systems and 

common for different nucleases, is involved in DNA cleavage. Mutations in the 

region X lead to the loss of restriction proficiency but the enzymes still retain their 

ability to translocate DNA (Davies et at., 1999b; Janscak et at., 1999b). The 

predicted secondary structure of the region including motif X resembles that of the 

active site of other endonucleases (Davies et at., 1999a) in which binding of the 

divalent cation, Mg2 , is responsible for the cleavage of a single strand of DNA. 

Type I systems are the most complex of all R-M systems. It is not clear how many 

biological advantages derive from this complexity. One may be the evolution of new 

specificities. The structure of HsdS, where two TRDs are separated by a central 

conservative region and each TRD recognises a half of the target sequence 

independently of each other, leaves an option to create an enzyme with a new 

specificity via homologous recombination between two hsdS genes from the same 

family. DNA coding for the conservative region can provide homology for 

recombination that would lead to reassortment of the TRDs. The resultant HsdS 

would recognise the 5'half of its target like one of the parent enzymes and the 3'half 

like the other. Such recombination leading to a new specificity was observed in vivo 

as the result of P1-mediated transduction between two strains with type IA 

specificities (Bullas et at., 1976; Fuller-Pace et al., 1984). Similarly, an enzyme with 

a novel specificity can be obtained for the lB family (Thorpe et at., 1997) and the IC 

family (Gubler et at., 1992). 

Near identity of HsdR and HsdM subunits within a family allows bacteria to have 

two or more R-M systems with different specificities by having several hsdS genes 



but only single copies of hsdR and hsdM. HsdR and HsdM can interact with 

alternative HsdS subunits and form enzymes with different specificities. Mycoplasma 

pulmonis have several hsdS genes and a control system regulating their expression so 

that when some R-M systems are active the others are silent and vice versa (Dybvig 

et at., 1998). Possibly, the complexity of structure and function of type I systems 

provides some other advantages including regulatory mechanisms permitting wide 

distribution of type I R-M systems among bacteria via horizontal gene transfer. 

1. 1.2. Type II R-M systems. 

Type II R-M systems are the simplest of the R-M systems in their structure and 

function. The finding that type II restriction enzymes cut DNA within or close to 

their targets made them an exceptionally useful tool for molecular biology and 

stimulated screening of different bacteria for the presence of type II R-M systems. 

Hundreds of type II systems are found among a great variety of bacteria. 

The restriction and modification activities of type II systems are within two separate 

enzymes that recognise the same DNA sequence as a target. One is a restriction 

endonuclease that requires Mg2  as a cofactor and is able to cleave DNA at the target 

site. The other is a DNA methyltransferase that methylates the recognition sequence 

and thereby protects it from cleavage by the endonuclease. 

Type II recognition sequences are generally symmetrical and can be considered as 

two identical halves. Many of them are short continuous palindromes of 4, 6 or 8 bp 

(e.g. GAATTC), some are interrupted by a non-specific spacer of defined length for 

each system (CCAN6TGG). Methylated residues can be m5C, m4C or M6  A, located 

symmetrically on both strands of the target sequences. Type II methyltransferases are 

monomers (Rubin & Modrich, 1977; Yoo & Agarwal, 1980; Gunthert et at., 198 1) 

that recognise a complete target and methylate one strand at a time. Type II 

endonucleases are mostly homodimers and each monomer recognises one half of a 

target sequence (Kim et at., 1990; Winkler et at., 1993). This is consistent with the 

idea that each subunit introduces a single-stranded nick into the DNA if both halves 

are unmethylated. A co-ordinated cleavage of both DNA strands occurs 

symmetrically and within the recognition sequence. If the nicks are in the centre of 

the target, i.e. exactly opposite to each other, then a DSB with blunt ends is 
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generated. If the nicks are separated by several nucleotides then the ends have either 

5' or 3' overhangs. 

Some type II endonucleases have been shown to act on hemimethylated DNA; BspI 

and Sau3A recognition sites methylated in only one DNA strand are subject to single 

strand scission within the unmodified strand (Koncz et at., 1978; Streeck, 1980). 

This finding also supports the idea of structural and functional symmetry of type II 

restriction enzymes. 

Other type II restriction enzymes, e.g. EcoRil, NaeI, Sac1I require simultaneous 

binding of two recognition sites for their activity (Kruger et at., 1988; Conrad & 

Topal, 1989; Pein et at., 1989). This implies that the interaction between complexes 

bound to unmodified target sequences is necessary for DNA cleavage. Such 

interactions might help to avoid autorestriction when rare unmodified targets appear 

in the resident DNA as a result of DNA repair or under-modification. 

Genes specifying type II methylases and their cognate endonucleases are encoded by 

plasmids (Yoshimori et at., 1972) or located in the chromosome (Chater & Wilde, 

1980; Lacks et at., 1986). In both cases they are linked to each other but are 

transcribed separately, either in the same or in the opposite direction (Wilson & 

Murray, 1991). Some systems include a third ORF encoding a small protein that has 

regulatory functions (see 1.2). 

Despite the fact that pairs of nucleases and methylases recognise the same DNA 

sequences as targets, no sequence similarity is found between them. Generally little 

sequence similarity is found between nucleases with the same specificity but isolated 

from different bacteria. This finding might imply independent origins not only for a 

methylase and a nuclease within a type II R-M system but also for different 

nucleases. All methylases from different systems share regions of similarity (Lauster 

et at., 1989; Posfai et at., 1989) and this supports a common origin of their functional 

domains. 

Type us systems. Type us systems (shifted cleavage) are essentially similar to the 

classical type II systems in their organisation and function but they cleave the DNA 

at a precise distance of 1 to 20 bp outside their recognition sequences which are 

asymmetric (Kleid et at., 1976; Brown & Smith, 1977). Their classification as type II 

systems is based on their simple cofactor requirements (AdoMet for the methylases 
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and Mg2  for the nucleases) and the fact that methyltransferases and endonucleases 

are separate enzymes. 

The asymmetrical character of the targets requires two different methylases to 

modify two DNA strands because the recognition sequence in one of them is 

different from that in the other. Such methylases are found either as two separate 

enzymes (Lubys et al., 1996) or as a single polypeptide with two rather independent 

domains each of which can methylate one of the DNA strands (Looney et al., 1989). 

Type us endonucleases are monomeric in solution (Kaczorowski et at., 1989; 

Janulaitis et al., 1992; Sektas et al., 1992; Tucholski et at., 1995) and bind DNA as 

monomers (Sektas et al., 1995; Hirsch et al., 1997). This is relevant to the 

asymmetrical character of their targets. Recently, however, dimerization was shown 

to be necessary for FokI endonuclease activity (Bitinaite et al., 1998) and it was 

suggested that dimerization occurs after the first molecule of the enzyme is bound to 

a recognition sequence. 

1.1.3. Type III systems. 

Very few type III R-M systems have been identified and characterised. EcoPl and 

EcoP15I are encoded respectively by the P1 prophage and the p15B plasmid found in 

E.coli (Arber & Dussoix, 1962; Arber & Wauters-Willems, 1970). Many Salmonella 

strains have the chromosomally encoded StyLTI system (Colson et al., 1970; Bullas 

et al., 1980) and HinJTII is found in Haemophilus influenzae (Kauc & Piekarowicz, 

1978). ORFs that share amino acid similarity to type III systems are identified in the 

genomes of Bacillus cereus and Helicobacter pylon (Hegna et al., 1992; Roberts, 

1998). 

Type III systems are encoded by two genes, res and mod, transcribed in the same 

direction but from separate promoters and with mod upstream of res (Humbelin et 

al., 1988; De Backer & Colson, 1991a; Sharrocks & Hornby, 1991). Mod is a 

functional analog of the type I methyltransferase complex M2S . It defines the DNA 

specificity and possesses methyltransferase activity using AdoMet as a cofactor 

(Brockes et al., 1972). Like HsdR, Res has no enzymatic activity on its own but 

confers the endonuclease activity to the ResMod complex. Restriction requires Mg 2+ 
 



and ATP and is stimulated by AdoMet (Haberman, 1974; Reiser & Yuan, 1977; 

Kaus & Piekarowicz, 1978; Saha & Rao, 1995). 

The recognition sequences of type III enzymes are asymmetric and 5 or 6 bp in 

length. The particularity of this class of R-M systems is that the methylated residue 

m 6  A is present only in one DNA strand (Bachi et al., 1979; Hadi et at., 1979; 

Piekarowicz et at., 1981; De Backer & Colson, 1991c; Meisel et al., 1991). For a 

long time it remained unknown how the enzymes distinguish between modified and 

newly replicated DNA until it became clear that the orientation of the targets is 

important (Meisel et at., 1992). DNA with unmodified targets in the same 

orientation, that is common after DNA replication, is not a substrate for restriction. If 

unmodified recognition sequences are in the opposite orientation then restriction 

enzymes initiate ATP-dependent DNA translocation and cleave the DNA on the 3' 

side of the recognition sequences at a distance of approximately 25-27 bp (Meisel et 

at., 1995). Apparently, an interaction of two complexes is required for restriction. 

The nature of these interactions is unclear. Two complexes of different but closely 

related type III systems EcoPl and EcoP 151 can interact as effectively as a pair of the 

restriction enzymes of either system to cut unmodified DNA (Kunz et at., 1998). 

Sequences, similar to helicase domains, are found in Res; they might be relevant to 

the mechanism of translocation which can be similar for type I and type III R-M 

systems (Dartois et at., 1993; Murray et al., 1993; Meisel et at., 1995). 

EcoPi and EcoP15I are closely related. Like type I systems from the same family, 

their subunits are interchangeable and immunologically cross-reactive and 

recombination generates functional hybrid genes (Arber & Wauters-Willems, 1970). 

The res genes are largely homologous as are the 5'- and 3'-parts of the mod genes 

(lida et at., 1983; Humbelin et at., 1988). Apparently, the central, dissimilar, regions 

of the Mod subunits correspond to TRDs although some substitutions localised in 

this area affect AdoMet binding (Rao et al., 1989). The conservative domains are 

thought to be involved in subunit-subunit interactions and catalytic activities. 

.1.4. Restriction systems specific for modified DNA 

Restriction systems specific for modified DNA consist of only an endonuclease that 

recognises and cleaves DNA carrying a specific "modification imprint" which is not 
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characteristic of the host bacterium. Evidence for the existence of this class of 

systems is found for Streptococcus pneumoniae (Lacks & Greenberg, 1977), 

Brevibacterium flavum, Corynebacterium glutamicum (Vertes et at., 1993), 

Streptornyces species (MacNeil, 1988) and E.coli (Raleigh & Wilson, 1986). 

E. co/i K-12 specifies three modification-dependent restriction systems encoded by 

the incrA (rgtA), mcrBC (rglB) and mrr genes. mcrA and mcrBC were discovered as 

factors that affected propagation of T-even phages with nonglycosylated 

hydroxymethylcytosine (hmC) in their DNA and therefore were called rgtA and rglB 

(restriction of glucoseless DNA) respectively (Luria & Human, 1952). In the late 

1980s it became clear that the Rgl systems are not specific for T-even phages. Rgl 

affected the cloning in E. co/i of genes encoding some type II cytosine 

methyltransferases (Noyer-Weidner et at., 1986; Raleigh & Wilson, 1986). Because 

cytosine methylation is common for eukaryotes the Rgl systems also affect the 

cloning of DNA from eukaryotes in E. co/i (Raleigh et at., 1988; Woodcock et at., 

1988). m5C, common in higher organisms, is critical for restriction by the Rgl 

systems and it was suggested to rename the latter as Mcr (modified-cytosine 

restriction) (Raleigh et at., 1991). 

McrA is coded by e14, a prophage like genetic element of E. co/i K-12 (Raleigh et 

at., 1989) mapped at 26' of the chromosome (Ravi et at., 1985; Raleigh et at., 1988). 

e14 can be induced by UV irradiation and consequently lost during cell division as a 

non-replicating circle (Hiom & Sedgwick, 1991; Kelleher & Raleigh; 1994). The e14 

DNA encoding McrA was cloned and sequenced to reveal a single ORF with a 

predicted gene product of 31 kDa (Hiom & Sedgwick, 1991). McrA is active on 

DNA methylated by the HpaII or SssI cytosine methyltransferases (Hiom & 

Sedgwick, 1991; Kelleher & Raleigh, 1991). 

McrBC is the best investigated modification-dependent system. It is encoded by two 

genes, mcrB and mcrC, that form an operon (Ross et at., 1987, 1989a, 1989b). mcrB 

codes for two polypeptides, MCrBL  and McrBs; the smaller polypeptide (McrBs) is 

produced from an in-frame internal translational start site in mcrB (Ross et al., 1987, 

1989a; Kruger et at., 1992). The McrBs  sequence is identical to that of MCrBL  except 

that it lacks 161 amino acids present in the N-terminus of the latter protein (Ross et 

al., 1989a). 



DNA cleavage in vitro requires McrBL, McrC, GTP and Mg 2' but not McrBs 

(Sutherland et al., 1992). The efficiency of restriction is dependent on the molar 

ratios of the mcrBC gene products (Beary et al., 1997; Panne et al., 1998). It is 

optimal in vitro when McrBL  is in 3 to 5-fold excess over McrC (Panne et al., 1998). 

In vivo, McrBs may play a role in the sequestration of McrC to provide the optimal 

ratio of McrBL  to McrC (Beary et al., 1997; Panne et al., 1998). Presumably, the 

complex of McrBs  with McrC is not functional because the DNA-binding domain 

resides in a fragment comprising the N-terminal 190 amino acids of McrBL  (Gast et 

al., 1997) and apparently McrBs cannot participate in DNA binding whereas McrBL  

can (Kruger et al., 1995). 

McrBC restricts DNA containing m5C, M4  and hmC if either purine precedes a 

modified cytosine (Blumenthal et al., 1985; Noyer-Weidner et al., 1986; Raleigh & 

Wilson, 1986). DNA cleavage requires at least two target sites that are optimally 

separated by 40-80 bp, but can be up to 3 kb apart (Sutherland et al., 1992; Stewart 

& Raleigh, 1998). The mechanism of restriction is probably similar to those for type 

I and III R-M systems; when two complexes translocating the same molecule of 

DNA collide, a DSB is produced in the site of collision and therefore away from 

recognition sites. While type I and III R-M systems translocate DNA in an ATP-

dependent manner, the translocation by McrBC is supported by GTP (Sutherland et 

al., 1992; Pieper et al., 1997; Panne et al., 1999). A GTP-binding motif is identified 

in the central part of McrBL  (Dila et al., 1990) and McrBL  binds and hydrolyses GTP 

in an McrC-dependent fashion (Pieper et al., 1997). McrBC is the only known 

nuclease that requires GTP for activity. 

The Mrr (methylated adenine recognition and restriction) system was discovered as a 

factor involved in the induction of SOS response in E. coli cells expressing Hhall or 

PstI adenine methyltransferases (Heitman & Model, 1987). Later it was found that 

Mrr also has an effect on m 5  containing DNA; mammalian DNA rich in m5CG 

sequences was restricted in mcrA ,ncrBC background (Kelleher & Raleigh, 1991; 

Kretz et al., 1991). 

The mrr and mcrBC loci surround the hsd region in the chromosome of E. coli K- 12. 

The mrr promoter and the part of the coding sequence of the N-terminal part of the 

protein overlap with the promoter region of hsdR. The mcrBC genes are downstream 
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of the hsdMS operon. The three closely linked restriction systems are referred to as 

an "immigration control region" (Raleigh et al., 1989; Kelleher & Raleigh, 1991). 

1.2. Regulation of enzymatic activities of R-M systems 

1.2.1. Establishment, maintenance and loss of R-M systems 

Cells having an endonuclease capable of generating DSBs must have an appropriate 

protection of their chromosomal DNA to avoid it being attacked by the nuclease. For 

R-M systems this can be achieved by maintaining chromosomal target sequences in a 

methylated state. Replication of fully methylated DNA results in hemimethylated 

DNA which is methylated by the modification enzyme before the next round of 

replication. Methylation of hemimethylated targets before replication avoids the 

appearance of unmethylated DNA which would be a substrate for a restriction 

enzyme. 

When genes specifying an R-M system are transferred to a naive bacterium with an 

unmethylated chromosome the cell will survive only if its chromosome becomes 

methylated before the endonuclease appears in the cell. Some type II systems and 

one type III R-M system are difficult to clone in E. coli unless the M (mod for type 

III) gene is introduced first and the chromosome becomes protected by methylation 

before R (res for type III) is transferred to the modification-proficient cells to 

establish an R-M system. This two step procedure was used to clone SIyLTI, a 

chromosomally encoded type III system (de Backer & Colson, 1991a, 1991b), and 

some type II systems, e.g. DdeI and BainHI (Howard et al., 1986; Brooks et al., 

1989). 

Genes specifying numerous R-M systems of different types can be cloned in one 

step. These data imply the existence of regulatory mechanisms effective in E. coli 

which prevent the lethal effect of the acquisition of genes specifying a new R-M 

system. Such mechanisms were proposed for some type II systems. Type II 

methyltransferases are active as monomers while endonucleases form dimers. The 

requirement for the subunit assembly might lead to a lag in the production of 

restriction enzyme that can be used by the methylase to modify the chromosome 

before the active nuclease is produced. This mechanism may be common to all type 
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II systems. In addition, the subunit assembly of the Pvull endonuclease might be 

influenced by an additional protein encoded by a small ORF within but 

complementary to the sequence coding the methylase (Adams & Blumenthal, 1995). 

The predicted peptide of 28 amino acids resembles a region of the Pvull nuclease at 

the dimer interface. The expression of the ORF leads to a drop in the restriction 

activity. It was suggested that interaction of the small peptides with the nuclease 

monomer affects the formation of the active restriction enzyme and delays 

production of the nuclease. However, no direct experiments on the role of the 

assembly of endonucleases in the establishment of type II R-M systems have been 

done. 

Another mechanism of control of type II systems is based on transcriptional 

regulation of the expression of R and M genes. Promoter regions of the R and M 

genes of SsoII, a type II R-M system, overlap each other. The N-terminal 72 amino 

acids of SsoII methyltransferase, predicted to form a helix-turn-helix motif, are 

responsible for the specific binding of DNA in the promoter region. When the 

methylase is bound to the operator it represses its own synthesis but stimulates the 

expression of the cognate restriction endonuclease (Karyagina et at., 1997). Transfer 

of both genes to a naïve cell will result in the early expression of the M gene; the 

transcription of R will be dependent on the binding of the methylase to the promoter 

region to stimulate transcription. As long as unmodified targets are present on the 

chromosome they will compete with the operator sequence for the binding of the 

methylase. Therefore the expression of the nuclease will be delayed until the amount 

of the methyltransferase accumulated is sufficient to methylate most chromosomal 

targets and bind the operator. A similar mechanism of autogenous regulation was 

proposed for the EcoRli and MspI systems (Karyagina et at., 1997). 

Some type II systems have an additional protein, C for control, that plays a 

regulatory role similar to that for the SsoII methylase. This control element is a short 

polypeptide of approximately 80 amino acids which contains a helix-turn-helix 

DNA-binding motif. It is encoded by a gene located upstream of R. Like the Ssoll 

methyltransferase, it inhibits transcription of M but stimulates expression of R due to 

its binding to the operator sequences of these genes (Tao et at., 1991; Tao & 

Blumenthal, 1992; Ives et at., 1992, Rimseliene et at., 1995; Nakayama & 
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Kobayashi, 1998). In the absence of C the methylase activity is increased 15-fold 

whereas the endonuclease activity is decreased 100-fold (Ives et al., 1992, 1995). It 

was suggested that C is critical for the establishment of type II R-M systems (Tao et 

at., 1991). During the establishment, when C is still not accumulated, the methylase 

is produced in greater amount than the nuclease and this allows modification of host 

DNA before the active restriction enzyme appears in the cell. If C is expressed prior 

to the transfer of M and R then cells do not survive (Nakayama & Kobayashi, 1998) 

because the presence of C favours the expression of R over M and therefore the 

endonuclease is synthesised before bacteria complete the methylation of their DNA. 

Some heterologous pairs of C genes are interchangeable (Ives et al., 1995). As a 

result, the resident R-M system prevents establishment of an R-M system having the 

same C specificity but different sequence specificity (Nakayama & Kobayashi, 1998) 

since the control protein C of the resident system affects the establishment of the new 

specificity in the same way as the expression of the C gene before the transfer of R-

M genes. 

Once established type II systems may become obligatory to their host, loss of genes 

specifying a type II system can cause cell death (Kulakauskas et al., 1995; Naito et 

at., 1995). When the R and M genes are eliminated, bacteria face the problem of 

protecting their DNA from residual nuclease. Both methylase and nuclease are 

diluted along with the bacterial growth and cell division and eventually the amount 

of methylase is not enough to modify the chromosome completely. If the nuclease is 

still present in the cell then the chromosome can be cleaved. When R and M genes 

are cloned in a plasmid they enhance plasmid segregation stability because cells that 

have lost the plasmid are unable to modify a sufficient number of recognition sites in 

their chromosomes to protect them from lethal attack by the remaining restriction 

enzyme molecules. The same mechanism that ensures the stability of type II R-M 

genes on a plasmid should also enforce the retention and functional integrity of the 

genes when they are chromosomally encoded. It was proposed to regard a pair of R-

M genes as a parasite, symbiont, or "selfish" unit that enforces its retention in hosts 

whose chromosomes bear the specific sites it recognises (Naito et at., 1995). A 

mutation in the C gene of EcoRV, which probably perturbs the ratio of nuclease and 

methylase in the favour of the latter, as shown for BamHI (Ives et at., 1992), 
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eliminates the stabilisation effect of R-M system through postsegregational killing of 

the host (Nakayama & Kobayashi, 1998). 

Genes specifying type I and most type III R-M systems can be transferred readily 

from one strain to another in one step by conjugation, transformation or P1 

transduction (Boyer, 1964; Glover & Colson, 1965; Colson & Colson, 1972; Arber, 

1974; Sain & Murray, 1980; Bullas et at., 1980; Fuller-Pace et at., 1985; Suri & 

Bickle, 1985; Redaschi & Bickle, 1996b; Kulik & Bickle, 1996). Experiments, 

quantifying such a transfer for type IA systems, have found no evidence for cell 

death (O'Neill et at., 1997). Early studies with phage P1 R-M activities (EcoPl, a 

type III system) demonstrated that the modification activity is already detectable a 

few minutes after infection of E.coti with P1 whereas restriction activity attains its 

normal level only some hours later (Arber, 1974). In relatively recent experiments 

for some R-M systems of type I and III, the expression of the restriction-proficient 

phenotype has been shown to require up to 15 generations after the R-M genes enter 

naive cells (Prakash-Cheng & Ryu, 1993; Kulik & Bickle, 1996; Redaschi & Bickle, 

1996b). 

Although hsdR and hsdMS for type I are transcribed from different promoters, Pies 

and Pmod  respectively (Sain & Murray, 1980), the effective regulation at a 

transcriptional level has not been detected for the systems investigated. lacZ-fusions 

with promoters of hsdRK and hSdMSK reveal no difference in 3-galactosidase 

expression after these fusions are transferred to unmodified recipients by conjugation 

(Prakash-Cheng et at., 1993). Promoter assays for EcoR124I (IC family) show that 

Pinod is slightly stronger than Pres  but both promoters are very weak (Kulik & Bickle, 

1996). Possibly, even this small difference in the strength of the promoters under 

conditions of weak transcription could result in the delayed expression of the 

nuclease activity. However, the finding for EcoR124I that the expression of hsdR 

prior to the transfer of hsdMS does not lead to cell death implies additional 

mechanisms of regulation that can be provided either by plasmid-encoded functions 

or by bacterial ones, or by both. 

For EcoPl and EcoP15I (type III) it has been shown that the methyltransferase 

affects the amount of the endonuclease in the cell (Redaschi & Bickle. 1996). Very 

little Res is detected by Western blots when res is expressed from a multicopy 
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plasmid in the absence of mod. Rapid proteolysis of Res in the absence of Mod is 

suggested to explain the low concentration of Res in mod cells. However, this 

amount of Res is enough to kill resmod cells after the mod allele had been 

transferred to the cells to produce active nuclease. A similar killing effect is a 

characteristic of the type IA and TB families (Fuller-Pace et at., 1985; Suri & Bickle, 

1985; Kelleher et al., 1991). hsdRMS cells expressing the gene from a multicopy 

plasmid die upon the acquisition of hsdMS. EcoR1241 behaves differently and 

over-expression of hsdR prior to the transfer of hsdMS is not lethal for the recipient 

cell (Kulik & Bickle, 1996). The distinction in the behaviour of type IA, TB and III 

systems from that of a type IC system might reflect the difference in regulation 

mechanisms involved in the establishment of R-M systems. 

It has been found that for type TA and TB systems a host factor is involved in the 

control of restriction activity following conjugation. A derivative of E. coli C, hsdC, 

incapable of the establishment of the EcoKI system was isolated (Prakash-Cheng et 

at., 1993). Conjugative transfer of F'hSdKRMS to this mutant occurs with a 

frequency 105  lower in comparison with F'hSdKKMS, presumably because the 

cells are killed following the entry of the hsd plasmid and the consequent 

production of the endonuclease while the resident chromosome is still unmodified. 

The lethal effect of F'hSdKRMS transfer for hsdC cells is confirmed by a drop in 

the titre of the recipient bacteria during conjugation. 

Low efficiency of transfer of type TA hsd genes to an hsdC mutant has been shown 

by P1 transduction experiments (O'Neill ci' at., 1997). The frequency of 

cotransduction of dnaC-hsd in E. coli K-12 is about 50%. However no rDm6 

recombinant among 100 dnaC were obtained for an hsdC recipient while the wild-

type E. coli C revealed about 20% linkage. Similar cotransduction frequencies 

between DnaC and mu are observed for the transfer of hSdDR MS irrespective of 

the hsdC allele. 

Conjugative transfer of the hsd genes of the EcoAl system (type TB) leads to results 

similar to those for EcoKI (Kulik & Bickle, 1996). A decrease in the frequency of 

F'hSdARMS transfer and recipient killing have been observed. However, both 

restriction and modification activities are found in transconjugants. No difference in 

the level of restriction in hsdC and hsdC cells of E.coli C has been shown for either 
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EcoAl (Kulik & Bickle, 1996) or EcoKI (N.E.Murray, pers. commun.). HsdC seems 

to be a modulator of the restriction activity of members of the type IA and lB 

families at least at the stage of establishment, but not for type IC, since hsdR124I can 

be transferred easily to an hsdC recipient (Kulik & Bickle, 1996). 

The complex structures of type III and especially type I endonucleases allow 

regulation of their activity based on different affinities with which subunits bind to 

each other. Analysis of the in vitro assembly pathway of the EcoKI endonuclease 

reveals more than just two (M2S 1  and R)M2S 3 ) complexes (Dryden et al., 1997). 

However, only R2M2S 1  exhibited endonuclease activity, whereas interaction of R 

with M I S, leads to a non-functional protein R 1 M 1 S 1 . It was suggested that M I S, at 

higher concentration than M2S 1  might subvert R subunits and prevent their binding to 

M2S 1 . According to this idea, HsdC may either degrade inactive complexes R 1 M,S 1 , 

M 1 S 1  and free R and M subunits or bind R to prevent its interaction with M2S 1 . 

R2M2S 1  complex is formed in two steps. Binding of the first R-subunit to methylase 

M2S 1  results in R 1 M2S, protein which can interact with another R-polypeptide to 

establish an active nuclease R2M2S 1 . Binding of both R-subunits for type IA systems 

occurs with the same affinity (Powell et al., 1998) whereas type IC 

methyltransferases bind the first molecule of HsdR with much greater affinity than 

the second one (Janscak et at., 1998). This particularity of type IC systems might 

have a positive effect on the bacterial survival during the establishment of a new 

specificity because the active nuclease R2M2S 1  could appear in the cell only after 

most of the methylase complexes have bound the first R-subunit. The time necessary 

for the saturation of the methylase with the first R-polypeptide might provide a delay 

in the expression of the endonuclease activity over methylation. 

Unlike type II systems, type I systems do not display "selfish" behaviour. Early 

genetic experiments demonstrated that about 50% of random mutations that affect R-

M systems abolish both restriction and modification, i.e. lead to a loss of specificity 

(Wood, 1966). Replacement of one R-M system with a system with a different 

specificity, accompanied by both the establishment of the new specificity and by the 

loss of the old one, can be done easily via conjugation or P1 transduction (Glover & 

Colson, 1965). After the selfishness of type II systems had been discovered, O'Neill 

et at. (1997) have shown that the hsdK  genes cloned in a plasmid do not stabilise the 
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maintenance of the replicon and can be readily lost by the cells. Similarly, the loss of 

the chromosomal hsdK  genes as the result of P1 transduction mediated substitution 

of the functional allele with Ahsd does not influence the bacterial survival, even in 

the case of hsdC cells (O'Neill et al., 1997). 

Some experiments suggest that hsd bacteria contain more EcoKI methyltransferase 

M2S 1  than endonuclease R2M2S 1  (Weiserova et at., 1993; Webb et al., 1996). This 

might explain bacterial survival following the loss of a type I specificity. By the time 

the nuclease is diluted out the remaining amount of the methylase is sufficient to 

methylate the chromosome. In this case no additional regulation is required to 

prevent cell death. However, this explanation raises another question. It is not clear 

why the methylase is in excess over the nuclease although both promoters (Pres and 

Pmod) are equally active (Loenen et at., 1987; Prakash-Cheng et at., 1993) and one 

might expect equimolar amount of all three subunits, or at least R and M, to be 

produced. One cannot exclude the possibility that regulation at the level of mRNA 

stability, initiation of translation or protein stability might affect the concentrations 

of the subunits in bacteria. None of these possibilities has been tested although the 

experiments by Weiserova at al. (1993) suggest that the rate of synthesis of HsdM 

and HsdS for EcoKI is higher than that for HsdR. 

1.2.2. Restriction alleviation 

The phenomenon of restriction can be observed following the infection of bacteria 

with foreign DNA that enters cells via conjugation and transformation or injected by 

phage. If the DNA is not methylated at target sequences recognised by a bacterial R-

M system it becomes a substrate for degradation by a restriction enzyme. The 

efficiency of restriction can be influenced by the physiological state of the bacterium 

at the time of infection and, under some conditions, genotypically restriction-

proficient bacteria show a drop in restriction referred to as restriction alleviation 

(RA). On the other hand, some phages and plasmids encode antirestriction functions 

that allow them to overcome restriction. In these cases alleviated restriction is not 

relevant to the regulation of resident restriction and modification systems by host 

bacteria. 



Host-controlled restriction alleviation. RA of a type I system was first documented 

as early as 1953 when Bertani and Weigle found that UV-irradiation of wild-type 

E.coli prior to infection partially relieved the restriction of X.C, i.e. unmodified ? 

(Bertani & Weigle, 1953). Within the next 20 years many different phenomena such 

as induction of lytic phage in strains carrying an inducible phage, increased repair 

and mutagenesis of UV-irradiated phage, filament formation, increased frequency of 

mutations were found to be associated with UV irradiation of bacteria. It was 

suggested that UV irradiation derepresses the production of new proteins that are 

responsible for these phenomena (Defais et al., 1971; Radman, 1975), i.e. activates 

the SOS response. The hypothetical mechanism was shown to be dependent on RecA 

and LexA (Miura & Tomizawa, 1968; Defais et al., 1971; McPartland et al., 1980). 

UV-induced RA (UV-RA), like any other SOS-induced function, does not occur in 

recA and lexA (Ind) bacteria (Day, 1977; Hiom & Sedgwick, 1992; Kelleher & 

Raleigh, 1994). The SOS response can be activated by treatments that block 

replication, e.g. sub-lethal concentrations of nalidixic acid present in growth media 

(Cowlishaw & Ginoza, 1970; Gudas & Pardee, 1976; McPartland et al., 1980). Such 

treatment also induces RA of type I systems in a RecA- and LexA-dependent manner 

(Thorns & Wackernagel, 1984). Both UV-RA and Nal-RA require functional RecBC 

(Dharrnalingarn & Goldberg, 1980; Thorns & Wackernagel, 1982, 1984) although 

the protein is necessary for derepression of RecA and the consequent SOS induction 

only in response to nalidixic acid (Gudas & Pardee, 1976) but not after UV 

irradiation of cells (Bockrath & Hanawalt, 1980; McPartland et at., 1980) and one 

might expect UV-RA to be independent of RecBC. Derepression of RecA following 

UV irradiation occurs in a RecF-dependent manner (McPartland et al., 1980; Karu & 

Belk, 1982) and recF mutants are deficient in UV-RA (Thorns & Wackernagel, 

1984; Kelleher & Raleigh, 1994) but not in Nal-RA (Thorns & Wackernagel, 1984). 

In summary, activation of the SOS response seems obligatory for the induction of 

RA by UV light or nalidixic acid. 

Does the SOS response lead to the derepression of synthesis of a protein necessary 

for RA? If chlorarnphenicol is added following UV irradiation of bacteria to stop 

protein synthesis then RA is blocked (Thorns & Wackernagel, 1984; Kelleher & 

Raleigh, 1994). It is logical to expect that the function necessary for RA is a member 
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of the SOS regulon controlled by LexA. Indeed, in umuD and umuC mutants UV-RA 

is 100-fold lower than in umu bacteria (Hiom & Sedgwick, 1992). UmuD'2C is a 

key component of the SOS-activated mutagenesis which enables the DNA 

replication machinery to pass damaged template via an error-prone mechanism 

(Lawrence et at., 1990; Rajagopalan et al., 1992; Koffel-Schwartz et al., 1996). 

Recently it has been shown that UmuD'2C is an independent DNA polymerase (Tang 

et at., 1999) whose expression is regulated so tightly that the active complex appears 

in cells after other, proof-reading, mechanisms of DNA repair have been used, 

thereby minimising the error-prone replication (Opperman et at., 1999). The umuDC 

operon is controlled by LexA and it is derepressed during the SOS response. In 

addition, activated RecA is necessary to stimulate autocleavage of UmuD to produce 

UmuD' (Burckhardt et at., 1988; Shinagewa et at., 1988). A mutation in umuD that 

results in a non-cleavable form of UmuD leads to a 100-fold reduction of RA (Hiom 

& Sedgwick, 1992). 

A mutation in recA (recA 730) that leads to constitutive derepression of the SOS 

regulon does not cause relief of restriction. Neither does the constitutive expression 

of the cleaved UmuD' proteolytic fragment (Hiom & Sedgwick, 1992) therefore the 

SOS induction is not sufficient for RA, the presence of DNA lesions is also 

necessary. 

RA is a transient process gradually developing after an SOS-inducing treatment 

(Thorns & Wackernagel, 1984; Hiom & Sedgwick, 1992; Kelleher & Raleigh, 1994). 

It reaches its peak 1-2.5h after treatment and efficient restriction is restored 

afterwards. Vigorous aeration following UV-irradiation was mentioned as a factor 

stimulating RA (Hiom & Sedgwick, 1992). 

RecBC is necessary in the early stages of the development of the RA phenotype 

(Thorns & Wackernagel, 1984). In a recBC sbcB mutant the recombination and 

repair proficiencies are restored (Kushner et al., 1971) as well as the inducibility of 

RecA synthesis by nalidixic acid (Karu & Belk, 1982). However, the suppresor 

mutation does not derepress the block of either UV-RA or Nal-RA in recBC cells 

(Thorns & Wackernagel, 1984; Kelleher & Raleigh, 1994). The other suppressor of 

the recombination-deficiency of recBC bacteria, sbcA, causes constitutive RA. In the 

absence of any treatment a recBC sbcA mutant restricts 100-fold less well than 
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recBC cells, probably because of derepression of the antirestriction function tar of 

the Rac prophage (Simmon & Lederberg, 1972; Thorns & Wackernagel, 1982). 

Constitutive RA also is a characteristic of dam mutants that restrict about 100-fold 

less well than dam bacteria (Efimova et at., 1988a). The dam gene of E.coli encodes 

a DNA methyltransferase which methylates GATC sequences in double-stranded 

DNA. Dam-methylation allows mismatch repair to discriminate between parental 

and daughter strands and to operate on a newly synthesised strand carrying 

replication errors (Wagner & Meselson, 1976; Pukkila et at., 1983). Uncoordinated 

mismatch repair in dam mutants leads to DSBs (Wang & Smith, 1986). The SOS 

induction is constitutive in dam mutants (Peterson et at., 1985) and might be caused 

by DSBs. However, mutations in mutH, mutL, or murS genes that prevent DSBs do 

not supress either the constitutive SOS induction or the RA (Peterson & Mount, 

1993; Kelleher & Raleigh, 1994). UV-RA does not influence modification (Hiom & 

Sedgwick, 1992) whereas the deficiency in dam affects not only restriction but also 

the methyltransferase activity of EcoKI, and so, modification is decreased in dam 

strains (Efimova et at., 1988a). 

RA can be induced in response to 2-aminopurine (2-AP) and 5-bromouracil (5-BU) 

(Efimova et at., 1988b) but this kind of RA differs from UV-RA and Nal-RA since it 

does not require either functional RecA or LexA. RA induced by 2-AP can be 

blocked by chloramphenicol or nalidixic acid and it was suggested that DNA 

replication is necessary for RA. The role of protein synthesis is unclear because the 

initiation of the chromosome replication is known to require de novo protein 

synthesis (Ward & Glaser, 1969) and therefore chloramphenicol might have a dual 

effect by blocking both protein synthesis and replication. 2-AP and 5-BU are 

mismatch inducing agents and it was suggested that mismatches function as inducing 

signals for RA (Efimova et at., 1988b). This idea is supported by the finding that 

mutations in mud-I, mutL or mutS, genes that abolish the repair of naturally occurring 

mismatches, lead to a 5-fold relief of restriction in untreated cells (Efimova et al., 

1988b). 

Neither type II nor type III systems show RA in response to 2-AP or UV irradiation 

(Thorns & Wackernagel, 1982; Efimova et al., 1988b). RA seems to be a 

characteristic of type I R-M systems, and possibly of some restriction systems 
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specific for modified DNA. The restriction activity of one such system, McrBC, is 

alleviated in response to UV irradiation (Dharmalingam & Goldberg, 1980; Kelleher 

& Raleigh, 1994). UV-RA of McrBC resembles UV-RA for type I R-M systems in 

its dependence on functional recA, lexA and recF (Dharmalingam & Goldberg, 1980; 

Kelleher & Raleigh, 1994). The results concerning the involvment of RecBC in the 

process are contradictory: Dharmalingam and Goldberg (1980) reported that UV-RA 

did not occur in recBC sbcB cells whereas Kelleher and Raleigh (1994) observed a 

180-fold drop of restriction by UV irradiated recBC sbcB bacteria. This disagreement 

might be due to differences in the experimental conditions. 

McrA, another E.coli K-12 restriction system that cleaves specifically modified 

DNA, is encoded by a defective prophage e14 (Brody et al., 1985; Raleigh et al., 

1989). UV irradiation induces prophage excision from the chromosome followed by 

its loss during cell division (Brody et al., 1985; Hiom et al., 1991; Kelleher & 

Raleigh, 1994). UV treatment, therefore, causes irreversible loss of McrA restriction 

proficiency and this phenomenon cannot be considered as an example of RA. 

Mrr is the third E. coli K-12 restriction enzyme specific for methylated DNA. Its 

activity was reduced 10-fold in response to UV irradiation in a RecA- and LexA-

independent manner (Kelleher & Raleigh, 1994). 

The mechanisms of RA remain unclear. Three general pathways by which RA might 

be accomplished were suggested by Kelleher & Raleigh (1994): "cells displaying RA 

could simply express less of the enzyme; cells displaying RA could express a protein 

that degrades, inhibits, or competes with the restriction enzyme; or cells displaying 

RA could contain a product of repair - a DNA site or structure, or a metabolite - that 

depletes the cell of the restriction enzyme, rendering it unavailable for action on 

incoming DNA." 

The pathways for RA of different systems may be similar. The dependence of UV-

RA of both EcoKI and McrBC on recA, lexA and possibly recBCD supports this 

idea. In this case, when two (or more) systems are present in a cell they may affect 

RA of each other by competing for unknown factors necessary for RA and RA of one 

system would derepress the development of RA of the other one. Alternatively, the 

mechanism of RA of one system might sequester a factor which normally provides a 

high level of restriction by the other system. Then RA of one system could indirectly 
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stimulate RA of the other. Such effects can be avoided by having a single restriction 

system per strain used for RA experiments. 

Antirestriction proteins. Restriction systems are thought to have evolved to defend 

bacteria against incoming DNA such as plasmids and bacteriophages. However, 

some plasmids and phages developed functions that allow them to overcome 

restriction. The mechanisms of overcoming restriction barriers are very different (see 

Kruger & Bickle, 1983; Bickle & Kruger, 1993). Some of them are based on a 

specific modification of DNA, e.g. methylation, acetimidation, or glucosylation that 

block the recognition of targets by restriction enzymes, or changes in DNA that lead 

to the loss of DNA sequences recognised by host restriction systems in phage 

genome. Others rely on proteins which are encoded by invading agents and modulate 

either restriction or modification activities or both. This modulation results in poorer 

restriction that consequently has been called restriction alleviation. 

The lambdoid phages ?, 021 and P22 encode a protein, Rai, that affects type IA R-M 

systems (Zabeau et at., 1980; Franklin, 1985; Loenen & Murray, 1986; Semerjian et 

at., 1989). Both ?rat and ?rai (rat stands for restriction alleviation) unmodified 

phages are restricted efficiently by a type IA system but if they escape restriction or 

propagate on an rm host then the progeny of the ?rat phages are fully modified 

whereas those for ?rat are poorly methylated (Zabeau et at., 1980). Rai alleviates 

restriction by changing the activity of the EcoKI methylase. In the presence of Rat 

the methylase modifies unmethylated DNA as efficiently as hemimethylated (Loenen 

& Murray, 1986) and therefore type I systems become similar to type lB enzymes. 

A derivative of phage ?, 2reverse (Xrev) (Zissler et at., 1971) expresses a Rai-like 

activity, Lar, (Simmon & Lederberg, 1972; Toothman, 1981) encoded by the tar 

gene (Toothman et at., 1981). &rev phages arise by recombination between phage X 

and the excised Rac prophage (Kaiser & Murray, 1979). The Rac prophage is a 

defective Iambdoid prophage in the chromosome of many E. coti strains (Kaiser & 

Murray, 1979). It includes genes for integration, recombination, immunity and 

replication (Low, 1973; Gottesman et at., 1974; Diaz et at., 1979) analogous to those 

of the 2. phage. These functions are normally repressed but can be activated when the 

prophage excises from the chromosome or as the result of a mutation. E. coti sbcA 

mutants express the recombination genes recE and recT (Toothman, 1981; Clark et 
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at., 1993). They are also phenotypically Lark  (Simmon & Lederberg, 1972). The 

effect of Lar can be seen even in the absence of the sbcA mutation. lark  (rack) strains 

restrict X.0 10-fold less well than lar (rac) bacteria (Loenen & Murray, 1986). 

Phage P1 antirestriction system is encoded by two genes darA and darB (lida et al., 

1987; Streiff et at., 1987). The Dar proteins are synthesised during the late stage of 

P1 infection and packaged in the phage head along with DNA (lida et at., 1987). 

During infection the Dar proteins penetrate into cells along with injected DNA and 

protect it from restriction by type I systems. Both DarA and DarB are required for 

antirestriction against type IA systems whereas DarA is sufficient to overcome 

restriction by type TB systems (lida et at., 1987). It is suggested that the Dar proteins 

bind DNA in a phage head and remain bound to the DNA after injection. This 

binding is non-specific because any DNA packaged in a P1 phage head becomes 

protected. This allows efficient generalised transduction between hosts with different 

type I R-M systems (lida et at., 1987). Dar-mediated protection does not work in 

trans. Co-infection of Dart  unmodified phage with a Dar unmodified phage does not 

protect the latter from restriction. In addition, the Dar system stimulates 

modification. Dar phage have less than 1% of the modification of Dark  phage after a 

single cycle of growth on a restriction-deficient and modification-proficient host 

(lida et at., 1987). 

The antirestriction systems encoded by closely related phages T3 and T7 are 

relatively well understood. Phage 0.3 (ocr) gene codes for 0.3 or Ocr protein that 

specifically binds to type I restriction enzymes and blocks both the endonuclease and 

methylase activities (Spoerel et at., 1979; Bandyopadhyay et at., 1985; Kruger et at., 

1985). The ocr gene is located at the left end of the phage genome, the end injected 

into the cell first. The expression of ocr precedes the penetration of the rest of the 

phage genome, which contains multiple target sequences for type I systems, and 

prevents its restriction. The T3 (but not T7) Ocr possesses AdoMet hydrolase activity 

(Studier & Movva, 1976). As a result, it has an inhibitory effect on not only type I 

but also on type III restriction enzymes which require AdoMet for their nuclease 

activity (Haberman, 1974; Reiser & Yuan, 1977). 

Restriction is likely to be encountered as a barrier to transfer of plasmids between 

bacterial strains in nature. Like phages, some plasmids have evolved antirestriction 
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functions. Genes specifying the ardA antirestriction systems are identified among 

plasmids of 5 out of 23 incompatibility groups tested (Chilley & Wilkins, 1995). 

Like ocr, ardA genes are located in leading regions of plasmids and therefore during 

conjugation they are transferred to recipients early (Delver et al., 1991; Belogurov et 

al., 1992) and probably transcribed only from ssDNA (Aithorpe et al., 1999). Such 

transcription could confine the production of ArdA during conjugation to the period 

before the plasmid DNA becomes double stranded. ArdA of the Collb-P9 plasmid 

(Inch I group) acts specifically against type I R-M systems (Delver et at., 1991; Read 

et al., 1992) and alleviates DNA restriction. Over-expression of ardA from a 

multicopy plasmid also impairs host-controlled modification activity (Read et al., 

1992; Belogurov et at., 1993). ArdB and ArsR are two other plasmid-encoded 

antirestriction proteins active on type I systems (Belogurov et al., 1993; Rastorguev 

et at., 1998). Unlike ArdA, ArdB does not influence modification activity. ArdB and 

ArsR are not similar to ArdA except for a short 9 amino acid motif found in different 

antirestriction proteins and suggested to be an interaction site for antirestriction 

proteins with restriction endonucleases (Rastorguev ci' al., 1998). 

1.3. Proteolysis as a mechanism of regulation of cellular processes in E. coli. 

Very few examples of proteolysis-dependent regulation of bacterial functions have 

been known until recently. Most known E. coli proteases have been identified in the 

last decade and the data on their involvement in different regulatory pathways are 

expanding. The role of proteolysis is even broader in Bacillus and Caulobacter, 

bacteria with more complex life cycles, where switches of developmental pathways 

are based on proteolysis-dependent regulation. All the studies on the structure and 

enzymology of prokaryotic proteases have been done from those of E. coli. Highly 

conserved homologs of many E. coli proteases are present in other bacteria and 

eukaryotic organelles. It appears that proteolysis is a regulatory mechanism common 

to both prokaryotes and eukaryotes and even some viruses whose life cycle depends 

on host proteases. 
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1.3. 1. Cytoplasmic proteases: structure and substrates 

Lon, C1pAP, C1pXP, C1pYQ (HsIUV) and HflB (FtsH) are cytoplasmic proteases 

identified in E. coli. They are organised as multisubunit assemblies with ATPase and 

peptidase activities that are localised either in different polypeptides or in the same 

subunit. As a result, many exist as hetero-oligomers with two types of subunits 

(CIpAP, CIpXP, C1pYQ) whereas others exist as homo-oligomers (Lon and HflB). 

Because proteolysis became a subject of intensive investigations only a few years 

ago a relatively small number of proteins have been identified as substrates for these 

proteases and they will be mentioned below. 

CIpAP and CIpXP. C1pP and ClpX are encoded by the clpPX operon that is under the 

control of the standard sigma factor, o70,  and the heat shock sigma 32  (Kroh & 

Simon, 1990). cipA is a separate gene whose expression is independent of G32  

(Katayama et al., 1988). 

ClpP is synthesised as a precursor of 23 kDa that is autoproteolysed to produce an 

active form of 21 kDa (Maurizi et at., 1990a, 1990b). Fourteen ClpP polypeptides are 

arranged in two heptameric rings stacked on to each other so that they form a cavity 

with 14 peptidase catalytic sites located within the cavity (Maurizi et at., 1990a, 

Flanagan et at., 1995; Kessel et at., 1995; Wang et at., 1997), thereby protecting 

cytoplasmic proteins from indiscriminate degradation. Axial pores, only large 

enough to allow access by small polypeptides and unfolded proteins, are seen at 

either end of ClpP and presumed to be the sites where substrates enter. Possibly, 

because of the size of the pores, the ClpP multisubunit complex possesses only 

peptidase (but not protease) activity, which is dependent on the active serine, the key 

residue in the catalytic centre (Maurizi et al., 1990b). 

ClpA and ClpX are ATPase components of the appropriate proteases (Katayama et 

al., 1988; Maurizi et at., 1990a; Gottesman et at., 1993; Wojtkowiak et at., 1993). 

ClpA has two ATP-binding sites (Gottesman et al., 1990) whereas ClpX has only 

one (Gottesman et al., 1993). In the presence of ATP and Mg2  they form hexameric 

rings (Kessel et at., 1995; Seol et at., 1995; Grimaud et at., 1998) that can act on 

their own as substrate-specific chaperones (Wickner et al., 1994; Levchenko et at., 

1995; Wawrzynow et at., 1995). ClpA or ClpX rings bind the CIpP core on either 

side of the chamber or on both to form a protease with specificity defined by the 
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ATPases (Kessel et al., 1995). It has been shown in vitro that the C1pP core can be 

flanked by two different outer rings at the same time: C1pX on one side and C1pA on 

the other (Grimaud et al., 1998). This architecture requires that the ATPase subunits 

act as gatekeepers, recognising the proper substrates and mediating their delivery to 

the proteolytic cavern (Hoskins et al., 1998). A substrate molecule recognised by 

CIpA or C1pX is translocated through the chaperone cavity into the C1pP proteolytic 

chamber in an ATP-dependent manner. The products of degradation are short 

peptides of 5-10 amino acids that diffuse out after the reaction (Hoskins et al., 1998). 

Protease specificity is defined by ATPase components although some substrates can 

be degraded by more than one protease. In the absence of peptidase components, the 

ATPases act as chaperones with the same substrate specificity as the appropriate 

proteases. CIpA, but not C1pX, activates the latent DNA-binding activity of the 

plasmid P1 replication initiator protein, RepA, by remodelling inactive dimers into 

active monomers (Wickner at al., 1994; Pak & Wickner, 1997). In the presence of 

ClpP, ClpA tags RepA for the degradation by C1pAP (Wickner et at., 1994; Hoskins 

et al., 1998) as shown in figure 1.2. Similarly, C1pX disassembles MuA-DNA 

complexes and disaggregates ?O; and C1pXP degrades MuA and XO (Gottesman et 

at., 1993; Wojtkowiak et al., 1993; Levchenko et at., 1995; Wawrzynow et al., 

1995). In addition, C1pX chaperone participates in the initiation of replication of the 

RK2 plasmid by monomerising TrfA dimers, functional analogs of RepA (Konieczny 

& Helinski, 1997), and the C1pXP protease degrades the plasmid P1 addiction 

protein Phd (Lehnherr & Yarmolinsky, 1995) and the E. coli starvation sigma factor 

(Schweder et al., 1996). C1pXP also regulates the formation of the UmuD'2C 

DNA polymerase involved in SOS-mediated DNA repair (Frank et at., 1996). Both 

C1pAP and C1pXP degrade defective proteins produced as the result of incomplete 

translation and therefore labelled by the SsrA-tagging system for degradation 

(Gottesman et at., 1998). 

ClpYQ. Like clpPX, the clpQY genes form an operon and their expression is induced 

by heat shock (Chuang et al., 1993). CIpY is a C1pX-like ATPase with a single ATP-

binding site (Missiakas et at., 1996). It can form a ring structure that consists of 

either 6 or 7 subunits (Kessel et at., 1996; Rohrwild et at., 1997). CIpQ comprises 

two hexameric rings (Kessel et at., 1996; Bochtler et at., 1997; Rohrwild et al., 
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1997). While ClpP is a serine peptidase, CIpQ degrades proteins by a threonine-

dependent mechanism and resembles the 20S proteasome (Kessel et at., 1996; 

Rohrwild et at., 1996) found in all eukaryotic cells, as well as in archaebacteria and 

certain eubacteria (Dahlmann et at., 1989; Tamura et at., 1995). The three-

dimensional structure of CIpYQ is similar to those of CIpAP and CIpXP; ring-shaped 

oligomers of CIpY and ClpQ surround a central cavity by forming a cylindrical 

particle with an overall composition of Y6Q6Q6Y6  or Y7Q6Q6Y7  (Kessel et at., 1996; 

Rohrwild et at., 1997). 

SuIA, an SOS-induced repressor of E. coli cell division, is one of two known natural 

substrates for C1pYQ (Seong et at., 1999; Wu ci' at., 1999). However, ctpQ or ctpY 

mutants do not suffer from SuIA accumulation because SuIA is degraded by another 

protease, Lon (Mizusawa & Gottesman, 1983). The effect of CIpYQ can be seen 

when clpQY are over-expressed in ton-deficient cells and suppress SOS-mediated 

inhibition of cell division because of CIpYQ-dependent degradation of SuIA 

(Khattar, 1997; Seong et al., 1999; Wu et al., 1999). 

The heat shock transcription factor 32  is the other known substrate for C1pYQ 

(Kanemori et al., 1997), which participates in its turnover along with the HflB 

protease (Herman ci' at., 1995; Tomoyasu et at., 1995). 

C1pB. C1pB is another protein produced in response to heat treatment (Kitagawa et 

at., 1991; Squires et at., 1991). It shares homology with C1pA and resembles it in 

having two ATP-binding sites (Gottesman ci' al., 1990; Kim et at., 1998). It was 

believed that like C1pA, C1pB is a structural component of an ATP-dependent 

protease, however it does not interact with ClpP (Woo ci' at., 1992) and no other 

peptidase partner for C1pB has been identified. C1pB is a tetramer that is an active 

ATPase on its own (Woo et at., 1992). Possibly, C1pB acts only as a chaperone 

involved in refolding of heat-inactivated proteins (Laskowska et al., 1996; 

Motohashi et at., 1999). 

Lon. The ton gene is closely linked to the clpPX operon and like the latter is G32 

dependent (Goff et at., 1984; Phillips ci' at., 1984). The active Lon protease consists 

of four identical subunits of 87 kiDa (Chin et at., 1988; Goldberg et al., 1994). Each 

subunit has a proteolytic domain with an active serine in the catalytic centre and an 

ATPase domain (Chin et at., 1988; Fisher & Glockshuber, 1993). The overall 
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structure of the Lon protease is similar to those of the Clp proteases; it is a cylinder 

with a cavity inside but, unlike the Cip proteases, both ATPase and peptidase 

activities belong to the same monomer. The proteolytic domain can be expressed on 

its own and, like C1pP, it possesses peptidase activity (Rasulova et al., 1998). If the 

protease activity of Lon is inactivated by a point mutation that leads to substitution of 

the active site serine, then the enzyme retains its ability to bind substrate, unfold it 

and move into the proteolytic chamber in an ATP-dependent manner. Over-

expression of this mutant Ion gene suppresses Lon-deficiency because even in the 

absence of degradation substrate molecules remain sequestered inside the proteases 

(Van Melderen & Gottesman, 1999). 

Lon has been shown to play a primary role in the degradation of proteins unfolded 

and/or aggregated following heat treatment as well as unstable regulatory proteins. 

The latter include the XN protein (Gottesman et at., 1981; Maurizi, 1987), the Su1A 

cell division regulator (Mizusawa & Gottesman, 1983), the positive regulator of 

capsule synthesis RcsA (Torres-Cabassa & Gottesman, 1987), the F plasmid 

addiction system protein CcdA (Van Melderen et al., 1994) and the UmuD 

component of the SOS-induced E.coli DNA polymerase V, UmuD'2C (Gonzalez et 

al., 1998). 

HflB. Among ATP-dependent proteases in E.coli, HflB is unique in that it is 

integrated into the cytoplasmic membrane by two N-terminal transmembrane 

segments (Tomoyasu et at., 1993). The transmembrane region is required for homo-

oligomerisation (Akiyama et at., 1995), whereas the small periplasmic domain is 

important not only for homo-oligomerisation but also for association of HflB with 

the HflK-HflC membrane protein complex that modulates HflB activity (Kihara et 

at., 1996, 1998; Akiyama et at., 1998). The large cytosolic domain is responsible for 

ATP binding and Zn2tdependent  proteolytic activity. Electron microscopy studies 

revealed ring-shaped structures formed by purified HflB (Shotland et at., 1997). 

3) HflB degrades both cytosolically localised soluble proteins, such as 	, the IpxC 

deacetylase, the 7 phage polypeptides CII and Xis (Herman et al., 1995; Tomoyasu 

et at., 1995; Shotland et at., 1997; Leffers & Gottesman, 1998; Ogura et at., 1999) 

and integral membrane ones, such as the SecY subunit of the protein translocase and 

YccA, whose function is unknown (Kihara et at., 1995, 1998). There is evidence for 
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the involvement of HflB in the regulation of mRNA decay (Granger et at., 1998; 

Wang et al., 1998). HflB is essential, unlike other E. coti ATP-dependent proteases, 

because of its role in the regulation of the level of the IpxC deacetylase, an enzyme 

participating in the synthesis of membrane lipids (Ogura et at., 1999). 

1.3.2. Control of protein remodelling and degradation by regulating substrate 

recognition 

Some proteins are constitutively degraded by specific proteases and in this case the 

level of a substrate protein in the cell will be dependent on the rate of its synthesis. 

SulA, a UV-inducible inhibitor of cell division, is degraded by both Lon and CIpYQ 

(Mizusawa & Gottesman, 1983; Seong et at., 1999). During the SOS response the 

level of Su1A is increased because of the derepression of sutA transcription; although 

the protein remains unstable. Shutting off the SOS response leads to repression of 

sutA, the residual amount of SulA is degraded and the cells can proceed with cell 

division. A similar constitutive proteolysis mechanism provides stability of some low 

copy number bacterial plasmids by selectively killing plasmid-free (cured) 

segregants or their progeny (Lehnherr & Yarmolinsky, 1995). The addiction module 

of plasmid prophage P1 consists of a pair of genes called phd and doc. Phd serves to 

prevent host death by neutralising cell toxin Doc. Constitutive degradation of Phd by 

C1pXP lowering its concentration in cells. Therefore, if a bacterium loses the 

plasmid, Phd will be diluted down quicker than Doc and the latter will kill the cell. A 

similar mechanism is described for the F plasmid where CcdB toxin is neutralised by 

the antidote CcdA that is constitutively degraded by Lon (Van Melderen et at., 

1994). 

However, in many cases proteins are conditional substrates for proteolysis. They 

exist either as monomers or as components of complex structures that can be homo-

polymers or include other proteins and DNA. In this case selective proteolysis 

occurs; a substrate is susceptible to degradation in one of the two or more states. 20 

protein is rapidly degraded by CIpXP (Wojtkowiak et at., 1993) but it becomes 

protected from proteolysis in the pathway of the 2 replication complex assembly 

when the ?O-A.P-DnaB preprimosome complex is formed (Wegrzyn et at., 1995). 
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Both Lon and C1pXP are involved in the regulation of the assembly of the SOS-

induced DNA polymerase UmuD'2C. UmuD' is a result of RecA-dependent 

autoproteolysis of UmuD (Shinagawa et at., 1988; McDonald et at., 1998). UmuD 

and UmuC are degraded by Lon (Frank et at., 1996) and UmuD' is a substrate for 

C1pXP, but only when it is paired with UmuD in the enzymatically inactive 

heterodimeric UmuD/UmuD' complex (Frank et al., 1996). Neither UmuD'/UmuD' 

dimer nor the UmuD'2C complex is recognised by the CIpXP protease. Such a 

mechanism allows cells to reduce the intracellular levels of the mutagenically active 

Umu proteins and thereby return to a resting state once error-prone DNA repair has 

occurred. 

Control of the phage Mu replicative transposition is one of the well-understood 

examples of both chaperone- and proteolysis-dependent regulation provided by 

CIpXP. Mu transposase (MuA) monomers bind to specific sequences at each end of 

the phage genome and assemble a tetramer thereby pairing the two ends of the Mu 

DNA. The assembly and further steps of transposition are stimulated by MuB, 

another phage-encoded protein. The MuA tetramer cleaves the ends and joins the 

cleaved ends to a new DNA site by a reaction called strand transfer (Mizuuchi, 

1992). Once the strand transfer is complete, the Mu DNA to be replicated requires 

removal of MuA and MuB. MuB dissociates on its own but the MuA-DNA complex 

is stable and has to be be disassembled by ClpX or CIpXP (Levchenko et at., 1995; 

Kruklitis et at., 1996). The presence of MuB protects MuA from premature attack by 

C1pX (Levchenko et al., 1997a); its dissociation is a signal that the reaction of strand 

transfer is complete and MuA needs displacing. MuA can be either disassembled via 

CIpX chaperone activity or degraded by CIpXP (Levchenko et at., 1995; Kruklitis et 

at., 1996). 

Investigation of the molecular mechanisms of substrate recognition by proteases 

sheds light on conditional susceptibility of substrates to remodelling and degradation. 

An understanding of the molecular determinants of substrate recognition by 

proteases requires two types of information: first, which features of the substrates are 

recognised and, second, how the proteases mediate this recognition. For many 

substrates it has been shown that either C-terminal or N-terminal sequence is 

important for the recognition. Mutations in these regions or their deletions stabilise 
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the substrates. The most critical test in identification of the target sequence 

recognised by proteases is the ability of this sequence to tag another, normally stable 

protein for proteolysis when it is fused to the latter. MuA is recognised by C1pX and 

the phage P22 repressor Arc is not. When the C-terminal sequence that includes the 

last 10 amino acids of MuA is fused to the C-end of Arc then the fusion protein is 

degraded by C1pXP (Levchenko et at., 1997a). Another phage Mu protein, Mu 

repressor (mutated variant vir) is also degraded by C1pXP (Geuskens et al., 1992; 

Mhammedi-Alaoui et al., 1994) and 7 carboxyterminal amino acids were shown to 

make the protein susceptible to the protease. However, when the C-terminal 

sequence of the Mu repressor was fused to CcdA (a substrate for Lon) and CcdB, 

components of the F plasmid addiction module, only the former became a substrate 

for C1pXP while remaining a substrate for Lon (Laachouch et at., 1996). 

The C-terminus rule is also employed by the SsrA system to tag defective 

polypeptides for degradation. Proteins synthesised from mRNAs that lack a 

translational termination codon are modified by addition of a specific tail of 11 

amino acids tail translated from the ssrA RNA (Keiler et at., 1996). The role of this 

mechanism is both to terminate translation and release stalled ribosomes, and to tag 

incomplete proteins for degradation. The ssrA tail is recognised by CIpAP, C1pXP 

and HflB; in each case the proteases degrade the tagged proteins (Gottesman et al., 

1998; Herman et al., 1998). 

In contrast, the degradation of UmuD by Lon is dependent on internal sequences in a 

region of 24 N-terminal residues (Gonzalez et al., 1998) and deletion of the first 18 

amino acids of 2O abolishes its C1pXP-dependent instability (Gonciarz-Swiatek et 

al., 1999). An internal sequence of 	remote from both termini, is important for 

proteolysis of cys  by C1pXP (Schweder et at., 1996). 

It has been known for a few years that the regions involved in substrate recognition 

by the Cip proteases are located in ATPase subunits that define the substrate 

specificity. Proteins that are degraded by CIpXP are not recognised by C1pAP and 

vise versa (Wickner et al., 1994). Later, it was shown that the C-terminal third of 

C1pX can bind proteins in a substrate-specific manner as efficiently as native ClpX 

(Levchenko et at., 1997b). Recently, homologous substrate-recognition domains 

were found for Lon and Clp family proteases and chaperones and interactions of 
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these domains with target sequences of substrates were implicated in substrate 

discrimination by the chaperones and proteases (Smith et at., 1999). 

The mechanism of substrate recognition by proteases via interaction with a short 

amino acid sequence as a target allows regulation of proteolysis by making targets 

accessible or non-accessible for proteases. In the example of the C1pXP-dependent 

regulation of the phage Mu transposition, MuB protects MuA from attack by C1pX 

because MuB and C1pX interact with overlapping regions of MuA (Levchenko et at., 

1997a). As long as MuB is bound to MuA, the MuA target sequence remains 

unavailable for C1pX. A similar mechanism might operate the degradation of the AO 

protein, as well as the integral membrane protein SecY regulated by HflB. ?O is 

stable as a component of the preprimosome complex AO-?P-DnaB bound to ori? 

(Wegrzyn et at., 1995; Zylicz et at., 1998) but rapidly degraded by C1pXP as free 

protein (Wojtkowiak et al., 1993), and SecY is stable when it is present in complexes 

with SecE, another subunit of the secretion system, but becomes unstable when 

produced in excess of SecE (Kihara et at., 1995). 

Stability of the starvation sigma factor, 	depends on the physiological conditions 

of cells. The protein is unstable in exponentially growing cells but its half-life 

increases dramatically when cells enter stationary phase (Lange & Hengge-Aronis, 

1994; Schweder et al., 1996). The degradation has been shown to be C1pXP 

dependent (Schweder et at., 1996). However, it requires another functional protein, 

RssB, which does not affect the stability of other known CIpXP substrates (Muffler 

et at., 1996; Pratt & Silhavy, 1996). RssB is a stress response regulator that can exist 

in two forms: either phosphorylated or non-phosphorylated. Blocking 

phosphorylation abolishes CIpXP-dependent degradation of 	(Bouche et at., 1998). 

When phosphorylated, RssB binds as  and this step is a prerequisite for proteolysis 

(Becker et al., 1999). Therefore as  stability is regulated via RssB phosphorylation. In 

contrast to the examples of regulated proteolysis described above, for as  interaction 

of the substrate molecule with another protein does not protect it from proteolysis but 

is necessary to promote the degradation. Once bound to RssB, cy5  might undergo a 

conformational change, thereby, exposing the target and making it accessible for 

C1pXP. 
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It seems likely that most of the regulated proteolysis is dependent on substrate-

specific protein interactions rather than on changes in protease availability or 

activity. There are, however, some exceptions to this. Bacteriophage T4 blocks 

proteolysis by Lon and other proteases; PinA, a T4 protein, inhibits the ATPase 

activity of Lon (Hilliard et at., 1998a, 1998b). Similarly, bacteriophage lambda RexB 

protein inhibits ClpP (Engel berg-Ku lka et at., 1998). 

For a long time the major role of proteolysis was thought to be one where proteases 

degrade unfolded and aggregated proteins. Intensive studies of proteolysis for the last 

decade have shown that it also plays an important regulatory role in life cycles of 

bacteria (for reviews see Gottesman, 1996, 1999). Regulation of protein synthesis 

and regulation of protein stability complement each other and allow bacteria to 

respond quickly to changing environmental conditions. Another important role of 

proteases or their chaperone components is to promote assembly or disassembly of 

multisubunit complexes. In the first case proteases can degrade one of the 

components and therefore regulate the ratio of the subunits involved in the complex 

formation. In the second, one or more subunits of the complex can be sequestered 

from the complex via ATP-dependent chaperone activity and either released or 

degraded. As more data accumulate, some other roles of proteases might be found. 

However, it is already clear that proteolysis is a very important part of the regulatory 

network operating cellular processes in bacteria. 
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CHAPTER 2. MATERIALS & METHODS 

2.1. Bacteria 

Bacterial strains used in this work are listed in table 2. 1. 

2.2. Bacteriophages 

?vir was used as a test phage for restriction and modification systems. 

The clpPX alleles were cloned in the A. vector NMI 151 (Murray, 1983). The 

A.c1pPX (XNM 1357, constructed by A. Titheradge) includes a 6.2 kb BamHI 

fragment from the Kohara phage 148 (Kohara et al., 1987). A clpX::kan derivative 

(XNM1361) had the homologous BamHI fragment from NK123, and a clpP::cat 

derivative (A.NM 1359) was made by inserting the HindIII-BamHI fragment from 

pWPC16 (Maurizi et al., 1990a). A.NM1362, clpP::cat clpX::kan was made by 

excision of the prophage from the clpP::cat clpX::kan double mutant (SG22 129) 

lysogenic for A.NM1359. 

A.AD8, XAD1O and XTL25 used for assaying the Pies  promoter are described in 

Loenen et al. (1987). 

2.3. Plasmids 

For the plasmids see table 2.2. 

2.4. Standard solutions and buffers 

Antibiotics: 

- ampicillin: stock solution 100 mg/ml in dH20, 20-100 j.tg/ml final concentration. 

-chloramphenicol: stock solution 10 mg/ml in 50% ethanol, 20 jig/ml final 

concentration. 

-kanamycin: stock solution 10 mg/ml in dH2O, 20 jig/ml final concentration. 

-rifampicin: stock solution 10 mg/ml in methanol, 50 jig/ml final concentration. 

37 



Table 2. 1. Bacterial strains 

Strain 	Relevant genotype or phenotype 	Source or origin 

E.coli K-12 

AB1 157 rKmK rac-O DeWitt & Adelberg (1962) 

C600 rKmK Appleyard (1954) 

5K C600 hsdR5J4 Hubacek & Glover (1970) 

5KRI rKmK rRlmRL N.E.Murray 

CAG 12148 tsx-247::TnIO Singer etal. (1989) 

CAGI2O17 zba-3054::TnlO Singer et al. (1989) 

CB5I dam-3 C.Boyd 

DH5a endAl hsdRI7 recAl gyrA (Nal') Woodcock et al. (1989) 

DL! 123 mutH::kan D.R.L.Leach 

ED8654 hsdR5I4 supE44 supF58 Murray et al. (1977) 

HfrH Hfr P01 Low (1968) 

JC3126 AumuDC::cat D.R.L.Leach 

JC9935 AB 1157 recAI3 sup D.R.L.Leach 

KL16 HfrPO45 Low (1968) 

KL719 F (F'101 hsdKRMS) Low (1968) 

LE451 rac-O recA srl::TnIO Diaz et al. (1979) 

NM 181 rKmK rRImRl N.E.Murray 

NM477 C600 /thsdMS Gough & Murray (1983) 

NM510 recBC N.E.Murray 

NM654 C600 AhsdRM Loenen et al. (1987) 

NM659 recA::Cm N.E.Murray 

NM679 zl(hsdRMS) Webb et al. (1996) 

NM765 argA: :TnlO recD N.E.Murray 

NM789 AhsdSA Thorpe et al. (1997) 

NM799 hsdR(A619V) Webb etal. (1996) 

NM840 C600 gyrA96 AhsdRM (r-m-) NK3 I x P1 (NM654) 

NM858 WA2899 dnaC325 zj]::TnlO WA2899 x P1 (TPC48) 

W. 



NM863 WA2899 hsdR NM858 x P1(WA2552) 

MA156 hflAl50TnlO M. A. Hoyt 

RH6972 dnaQ::miniTnlO (mutD) D.R.F.Leach 

RS2 topAlO DiNardo et at. (1982) 

SH6 leu::TnIO K.J.Begg 

TPC48 dnaC325 zjj::TnlO Masters et al. (1989) 

WA2552 rAmA (hsdR) Arber & Wauters-Willems 

(1970) 

SG20252 MC4 100 lon-100 zba-3000::TnlO Trisler & Gottesman (1984) 

SG2I 173 MC4100 zlclpA::kan Gottesman (1990) 

SG22007 MC4 100 AclpPI::cat Maurizi et at. (1990) 

SG22080 MC4 100 AclpXI::kan Gottesman et at. (1993) 

SG22 129 MC4 100 AclpPI::cat AclpXl::kan S. Gottesman 

SG22192 MC4 100 AclpQ::cat W.-F.Wu & S.Gottesman 

SG22 193 MC4 100 AclpY::cat W.-F.Wu & S.Gottesman 

WA2899 C600 rKmK rAmA Fuller-Pace et at. (1985) 

WA8304 hflAI5O hflB29 zgj25::Tn10 Banuett et at. (1986) 

XLI -Blue recAl endAl gyrA96 (Na!') thi Bullock et al. (1987) 
hsdR 17 (r-m+) supE44 relAl lac 
[F'::Tn]O (Tetr)  proAB 
lacf'A(lacZ)MI 5] 

NK29 KLl6recA::Cm KL16 x PI(NM659) 

NK31 C600 gyrA96 C600xP1(XLI-Blue) 

NKI 13 AB 1157 AclpPl::cat 1 15157 X P1(SG22007) 

NKI 14 ABI 157 AclpXI::kan AB1 157 X P1(SG22080) 

NKI 15 C600 gyrA96 AclpPJ::cat NK31 X P1(SG22007) 

NKI 16 C600 gyrA96 AclpXl::kan NK31 X P1(SG22080) 

NK121 NM840 AclpPl::cat NM840 X P1(SG22007) 

NK122 NK125 AclpPI::cat NK125 X P1(SG22007) 

NK123 NM840 AclpXl::kan NM840 X P1(SG22080) 

NK124 NK125 AclpXl::kan NK125 X P1(SG22080) 

NK125 NM840 dnaC325 zjj::TnIO NM840 x P1(TPC48) 
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NK152 NM840 Ion-100 zba-3000::TnlO NM840 x P1(SG20252) 

NK167 NM840 hsdARMSzJj::Tn1O NK125 x P1(WA2899) 

NKI70 NM840 hsdAR7vf 4 SzJj::Tn1O NK125 x P1(NM863) 

NKI80 NM840 zba-3054::TnlO clpXC NM840 x P1(NK172) 

NK188 NM840 AclpA::kan NM840 X P1(SG21 173) 

NK190 NM840 AclpQ::cat NM840 X P1(SG22192) 

NKI91 NM840 AclpY::cat NM840 X P1(SG22193) 

NK219 NM858 AclpPl::cat NM858 X P1(SG22007) 

NK220 NM858 ziclpXl::kan NM858 X P1(SG22080) 

NK221 hSdARMS dnaC325 zjj::TnIO NM840 x P1(NM858) 

NK228 NM840::Tn]O hflA150 NM840 x P1 (MA 156) 

NK229 NM840 hflB29 zgj25::TnlO NM840 x P1(WA8304) 

NK231 NM477 gyrA96zji::Tn10 NM477 gyrA x P1(TPC48) 

NK233 WA2899 zSclpPI::cat WA2899 X P1(SG22007) 

NK234 WA2899 AclpXl::kan WA2899 X P1(SG22080) 

NK245 NK221 Ahsd NK221 X P1(NM679) 

NK246 NK245 AclpXl::kan NK245 X P1(SG22080) 

NK300 rac-O recAsrT LE45 I xP I (C600) 

NK301 rac-O gyrA96 NK300xP1(NK31) 

NK302 dam NK30IxPI(CB51) 

NK303 AcipPi : :cat NK30 1 xP I (SG22007) 

NK304 AclpXl : :kan NK30 I xP 1 (SG22080) 

NK305 argA::TnIO recD NK30IxP1(NM765) 

NK306 arg recBC NK305xP1(NM510) 

NK307 AumuDC::cat NK301xP1(JC3126) 

NK308 recA.:Cm NK30IxP1(NM659) 

NK309 zji.:TnIO dnaCls NK30IxP1(TPC48) 

NK310 hsdR NK301xP1(5K) 

NK3 II A(hsdRMS) NK309xP 1 (NM679) 

NK312 4(hsdRMS) AclpXI::kan NK31 lxPl(SG22080) 



NK3 13 A(hsdRMS) recA::Cm NK3 11 xP 1 (NM659) 

NK3 15 dam LclpX1 : :kan NK302xP 1 (SG22080) 

NK320 AclpXI :kan NK300xP I (SG22080) 

NK323 AclpXl::kan recA::Cm NK304xPI(NM659) 

NK324 A(hsdRMS) 	c1pX1 : :kan recA::Cm NK3 1 2xP 1 (NM659) 

NK325 hsdR AclpXI : :kan NK3 1 OxP 1 (SG22080) 

NK326 mutD NK301xP1(RH6972) 

NK327 mutD 	clpX1 : :kan NK326xP 1 (SG22080) 

NK329 topAlO AcipPi: :cat AclpXl : :kan RS2xP I (SG22 129) 

NK331 mutH:.kan NK3O1xPI (DL 1123) 

NK35 1 hsdR(A6 1 9V) NK309xP 1 (NM799) 

NK352 A(hsdMS)5 NK309xP 1 (NM477) 

NK354 hsdK  hsdA + NK309xP 1 (NK 167) 

NK355 hsdK  hsdA  AclpXl : :kan NK354xP I (SG22080) 

E.coli C 

JR300 wild type r0m0  Prakash-Cheng et al. (1993) 

JR302 JR300 recA Kane  hsdC (clpX') Prakash-Cheng et al. (1993) 

NK38 JR300 gyrA96 JR300 x P1 (XL 1-BIue) 

NM820 JR302 recA O'Neill et al. (1997) 

NK84 leu::TnlO lac NM820 x P1(SH6); Amp- 
enrichment to obtain the lac 
derivative 

NK85 NK84 1eu NK84 x P1(HfrH) 

NK105 gyrA96 recA::Cm HsdC-like NK29 x NK38 

NKI07 NK105recA NK1O5xP1(HfrH) 

NK172 NM820 zba-3054::TnlO NM820 x P1(CAG12O17) 

NK176 NK38 zba-3054::Tn]O cIpXC NK38 x Pl(NK172) 



Table 2.2. Plasmids 

Plasmid Description Source or reference 

F'101 hsdK  Low (1972) 

F'101-101 hsdK 1  zjj::TnlO Prakash-Cheng etal. (1993) 

F'101-102 hSdKR7WS zJj::TnlO Prakash-Cheng etal. (1993) 

F'101-201 hsdK zJj::TnJO miniTn5-Cm F' 101-101: :miniTn5-Cm 

F'l 0 1-202 hSdKRMS zjj: :TnlO miniTn5-Cm F'101 -102: :miniTn5-Cm 

F'101-301 hsdA 1  zjj::TnlO miniTn5-Cm See 3.3.1 

F'101-302 hSdARMS zjj::TnJO miniTn5-Cm See 3.3.1 

pACYC 184 p15 A  replicon, Cm' Tetr Chang & Cohen (1978) 

pBCBH1 pUC18 hsdKM O'Neill et al. (1998) 

pBE3 pBR322 hsdK Ampr Tets O'Neill etal. (1997) 

pBE3* pBR322 hSdKKMS Ampr Tets O'Neill etal. (1997) 

pBg3 pBR322 hsd j<R 17vt Ampr Tets Loenen etal. (1987) 

pBR322 pMBI replicon, Amp' Tett  Bolivar et al. (1977) 

pBRK pBR322 Amps  Tett  Kmt  kan is inserted in the PstI 
site of pBR322. 

pFFP30 pBR322 hsdA  Ampr Tets Fuller-Pace et al. (1985) 

pFFP3I pBR322 hSdAMS AmprTets Fuller-Pace etal. (1985) 

pJES23 pJFI18 hsdK'tS Ampr O'Neill et al. (1998) 

pJH 16 rRImR1 Cm1  Heitman et al. (1989) 

pJK2 pBR322 hsdKR Ampr Tets Kelleher etal. (199 1) 

pNK3 pACYC 184 hsdKR Cmr Tets Hindlil-Smal fragment of 
pBg3 ligated in pACYCI84 
digested with Hindlil and 
NruI. 

pNK6 pUC18 hSdjçS pUES6 AAgeI 

pUES6 pUC18 hsdKM1 S O'Neill etal. (1998) 
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-streptomycin: stock solution 10 mg/ml in dH20,1  20 tg/ml final concentration. 

-tetracycline: stock solution 10 mg/ml in 50% ethanol, 10 g/ml final concentration. 

Antibiotic solutions were stored in the dark at 4°C except ampicillin which was 

stored at —20°C. 

Ethidium bromide: 10 mg/ml in dH20, stored in the dark at 4°C. 

Tris-EDTA (TB): 10 mM Tris-HCI, 1 mM EDTA, pH 8. 

Tris-Borate-EDTA (TBE) 20x: 1.78 M Tris base, 1.78 M boric acid and 0.05 M 

EDTA. 

Tris-buffered saline (TBS): 10 mM Tris-HCI, 150 mM NaCI, pH 7.5. 

SSC, 20x: 175.3 g of NaCl and 88.2 g of sodium citrate dissolved in dH20, adjusted 

pH to 7.0 with NaOH and the volume to 11 with dH20. 

Phage buffer: KH2PO4  ( 3 g ), Na2PO4  (7 g), NaCl (5 g), MgSO4  H20 (1 ml of 0.1 

M), CaCl2  (10 ml of 0.1 M), gelatine (I ml, 1% w/v), and H20 to 11. 

MC-buffer: 0.1 M MgSO4, 5 mM CaCl2. 

Amino acids, lOOx: 2 mg/ml of L-forms and 4 mg/ml of DL-forms, dissolved in 

dH20 and autoclaved. 

Thiamine, lOOx: 1 mg/ml, dissolved in dH20 and autoclaved. 

Sugars (lactose, glucose and others), lOOx: 20%, dissolved in dH20 and autoclaved. 

2-aminopurine, lOOx: 40 mg/ml, dissolved in dH2O and stored at 4°C. 

MMS, 50x: 1% (v/v) aqueous solution, stored at -20°C 

2.5. Media 

Spizizen minimal salt (5x): (NH4)2SO4  (10 g), K2HPO4  (70 g), KH2PO4  (30 g), tn-Na 

citrate (5 g) and MgSO4  (1 g) were dissolved in dH20 to a final volume of 11 and 

autoclaved. 

Luria (L) Broth: Difco Bacto yeast extract ( 5 g/l ), NaCl (10 g/l ), pH 7.2. 

Minimal Broth: 5x Spizizen minimal salt solution (80 ml) was diluted with 320 ml 

sterile dH20 and appropriate sugar, amino acids and vitamins were added. 

Luria broth and minimal broth were converted to solid media by adding 15 g/l Difco 

agar. 
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Baltimore Biological Laboratory (BBL) Agar: trypticase (10 g/l ). NaCl  ( 5 g/l ), 

Difco agar (10 g/l; top layer 6.5 gIl). 

Eosin-Methylene Blue (EMB) Agar: L-agar supplemented with 0.04% eosin yellow, 

0.0065% methylene blue and 0.5% sugar. lOOx stock solutions of eosin yellow (4%) 

and methylene blue (0.65%) were prepared (autoclaved) and added to molten L-agar 

along with the sugar before pouring plates. 

All media were sterilised by autoclaving at 15 lb in-2  for 15 mm. 

2.6. Microbiological and genetic techniques 

2.6.1. Long-term storage of bacterial cells 

A single freshly grown colony was picked with a loop and stabbed into a thick layer 

of L-agar in a small bottle. The stabs were incubated overnight at 30 or 37°C to allow 

bacterial growth and kept at room temperature. 

2.6.2. Preparation of plating cells 

An overnight culture was diluted 50-fold in L-broth with I% maltose, grown to mid-

log phase, and the cells were harvested by centrifugation (3,000 x g, 5 mm) and 

resuspended in the same volume of 10 MM  MgSO4. 

2.6.3. Preparation of X lysates 

A single plaque was picked using a toothpick and resuspended in I ml phage buffer 

containing a few drops of chloroform (-10 p.f.u.Iml). 0.1 ml of an appropriate 

dilution of the phage, to give confluent lysis (106  p.f.u.), was mixed with an equal 

volume of plating cells, left for 15 min to allow phage adsorption, and 2.5 ml molten 

BBL top agar was added before the mixture was poured on fresh BBL-agar in a 

plate. The plate was incubated until confluent lysis was observed (6-7h) and placed 

at 4°C overnight with an overlay of L-broth (4 ml). The broth was decanted, 

remaining cells lysed with a few drops of chloroform, and clarified by centrifugation 

(3,000 x g, 5 mm). The phage lysate was transferred to a fresh bottle and stored at 

4°C. 
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2.6.4. Restriction assays 

Bacteria to be tested for restriction and a control restriction-deficient strain were 

grown until mid-log phase and I ml of the cultures were mixed with 0.1 ml aliquots 

of the appropriate dilution of X.0 lysate. After 15 min incubation at room temperature 

to allow phage adsorbtion, 2.5 ml BBL-top agar was added and used to overlay a 

BBL-bottom agar plate. Plaques were counted after overnight incubation and the 

ratio of p.f.u. on the tested strain to that one on the control was taken as an e.o.p. The 

reverse ratio displayed restriction. The experiments were accompanied by a control 

of X.K or X.A. 

For a quick non-quantitative test, 10 tl of appropriate dilutions of ?.0 and X.K (or 

X.A) were spotted on lawns of test-bacteria and two control strains (restriction-

proficient and restriction-deficient). After overnight incubation ?.0 produced a spot 

of confluent lysis on restriction-deficient bacteria and a few plaques on the other 

control strain. Test bacteria were compared with the controls. 

2.6.5. Modification assays 

A 2 plaque grown on a strain to assay for modification was picked with a toothpick, 

resuspended in I ml phage buffer, treated with a drop of chloroform and the titre of 

the phage was determined on restriction-proficient and restriction deficient bacteria. 

If the phages are modified they form plaques with the same efficiency on both 

strains. 

2.6.6. Single round of infection of the phage X 

1 ml of bacterial culture grown in L-broth till mid-log phase was mixed in an 

Eppendorf tube with 10 jtl MgSO4  (IM) and 107  phages. The mixture was incubated 

at 37°C with aeration using a rotating wheel. After lh, 0.1 ml of the sample was 

diluted in 0.9 ml phage buffer and treated with 10 .tl chloroform for 30 sec to kill 

bacteria. The phage progeny were analysed for modification as described above. 

2.6.7. Lysogenisation of E. coti with ? and X/E. coli chromosome allele exchange 

The phage used contained a temperature sensitive mutation (c1857) that prevents the 

maintenance of the lysogenisation state at temperatures above 37°C and a mutation in 
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their attachment site. The latter mutation forces integration of the phage into the 

bacterial chromosome via homologous recombination between the chromosome and 

a fragment cloned in the phage. The lysate was diluted 100-fold in phage buffer and 

spotted (10 Rl)  onto a lawn of bacteria. The spots were dried and the plate was 

incubated overnight at 32°C to allow lysogenisation. Bacteria from the spots were 

streaked with a toothpick on L-agar seeded with 2imm21cF and h82imm21cr, 

homoimmune phages (the XNM115I vector is imm2t ) which lyse cells that do not 

contain a prophage and therefore select for lysogens. Alternatively, when the phage, 

used for lysogenisation had a drug resistance gene, bacteria from the spots were 

streaked on agar with an appropriate antibiotic. The plates were incubated overnight 

at 32°C and single colonies were purified at the same temperature and tested for the 

presence of a prophage (lysogens survive infection by homoimmune phages but are 

killed by Xvir). 

The prophage can be induced at 42°C. On excision via homologous recombination, 

allelic exchange can occur between the sequences common to the ? and the bacterial 

chromosome. The phage progeny can be analysed for allele exchange and phage with 

a new genotype can be obtained in vivo. In my experiments ?clpP: :cat c1pX was 

used to lysogenise clpP: .cat clpX: :kan bacteria and after the prophage were induced 

the progeny were screened for their ability to produce Km lysogens on Km' bacteria 

to isolate ?c1pP::cat clpX::kan. 

2.6.8. Conjugation 

Cultures of donor and recipient bacteria grown in LB-broth till middle log-phase 

were mixed in a large tube. The ratio of donor : recipient was dependent on the 

purpose of any particular experiment. It was 1:10 for the mapping experiments, 10: 1 

to test the effect of establishment of a new specificity on survival of recipient 

bacteria and 1:1 for all other cases. Cross mixtures were incubated with gentle 

aeration on a rotating wheel for 2-3 hours, and appropriate dilutions were plated on 

selective media. 
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2.6.9. P1 transduction 

Preparation of P1 lysates. Over-night cultures were diluted 50-fold in L-broth with 

5mM CaCl2  and incubated till late log-phase. imI samples were mixed with 105- 106  

P1 phages in small test tubes and incubated in a 37°C water bath for 15-20 mm. 2.5 

ml of BBL-top agar was added to each tube, mixed and poured in a freshly-prepared 

plate with BBL-bottom agar supplemented with 5mM CaCl2. Plates were incubated 

at 37°C for 6-7 hours or overnight. Confluent lysis of bacteria was observed. 2-3 ml 

of L-broth was added per plate and the top layers were removed, treated for 30 

seconds with chloroform and vortexed. After centrifugation (3,000 x g, 5 mm) the 

supernatants containing P1 were removed, titred and kept at 4°C. 

P1 transduction. Bacteria grown till stationary phase in L-broth were harvested by 

centrifugation and resuspended in MC-buffer in 1/10 of the original volume. 0.1 ml 

of cells was mixed with 0.1 ml of P1 lysate in one cross and with 0.01 ml in the other 

and the cross mixtures were incubated in a 37°C water bath for 15-20 mm. Sodium 

citrate was added to a final concentration of 100 mM and the mixtures were plated on 

selective agar media. After over-night incubation at the appropriate temperature the 

colonies were purified and used for further experiments. 

2.6.10. Transformation 

Electroporation and Ca2ttreatment  were used to make cells competent in DNA 

uptake. 

Electroporation. Overnight cultures of bacteria were diluted 100-fold in flasks with 

L-broth and incubated at 37°C with vigorous aeration. When 0D600  reached 0.5-0.6 

the cultures were chilled by putting the flasks in an ice-water bath for 5 mm. The 

bacteria were transferred into pre-chilled McCartney bottles, harvested by 

centrifugation at 4°C and washed 3 times in ice-cold dI-120. The fourth wash was 

done in 10% ice-cold glycerol and the cell pellets were resuspended in 1/1000 of the 

initial volume of cultures grown in broth. 20 tl aliquots were transferred in pre-

chilled eppendorf tubes, frozen on dry ice with ethanol and stored at —70°C. For 

electroporation the aliquots were thawed on ice and 1-2 il of DNA containing as 

little salt as possible was added. The mixtures were transferred to electroporation 

cuvettes (0.1cm) pre-chilled on ice and pulsed with an electric field using a Gene 
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Pulser (Bio-Rad) electroporator (settings, 25 RF, 1.7 kV, 400 Q), LB-broth 

supplemented with 0.4% glucose (5 ml) was added immediately to the mixture 

transferred to a 10 ml bottle and incubated for 1 h at 37°C with aeration. Samples 

were plated on selective agar and incubated overnight. 

Ca  -rnethod. Overnight cultures of bacteria were diluted 50-fold in flasks with LB-

broth and incubated at 37°C with vigorous aeration. When 0D600  reached 0.4-0.6 the 

cultures were chilled by putting the flasks in an ice-water bath for 5 mm. The 

bacteria were transferred into pre-chilled McCartney bottles, harvested by 

centrifugation at 4°C, resuspended in ice-cold 0.1M CaC12  (1/2 of the initial volume) 

and incubated on ice for 1 hour. The cells were centrifuged again and resuspended in 

ice-cold 0.1M CaC12  and 20% glycerol (1/20 of the initial volume). 0.1 ml aliquots 

were transferred to ice-cold eppendorf tubes and stored at —70°C. For transformation 

the aliquots were thawed on ice, mixed with up to 10 j.il of DNA solution and the 

mixtures were incubated on ice for at least 30 mm. The tubes were transferred to 

42°C (water bath) for two minutes and returned to ice for one minute. 1 ml of L-broth 

was added in each tube and the tubes were incubated at 37°C for lh. Bacteria were 

plated on selective media and incubated overnight to obtain transformants. 

2.6.11. Ampicillin enrichment 

Ampicillin enrichment for Lac phenotype followed by plating on EMB-lactose 

indicative agar was used to select for spontaneous lac mutations. Bacteria were 

grown in minimal media supplemented with glucose till early log-phase, washed 

twice and resuspended in minimal media with lactose. After an hour of growth in 

lactose medium, ampicillin was added to a final concentration of 100 tg/ml and the 

incubation was continued for the next two hours. Cells were washed to remove 

ampicillin, diluted in L-broth and plated on EMB-lactose agar. Light colonies from 

EMB-lactose plates were purified and tested for their ability to use lactose, glucose 

and galactose as the sole source of carbohydrate in minimal medium. An isolate that 

did not grow on lactose but grew on the other carbohydrates (NK84) was used for 

further work. 



2.6.12. Construction of miniTn5-Cm derivatives of F' plasmids 

MiniTn5-Cm confers a resistance to chioramphenicol that can be used as a marker to 

select for transconjugants. pUT/miniTn5-Cm (Amp' CM,)  is a tra plasmid with the 

mob-site of RP4, a conjugative plasmid (de Lorenzo et al., 1990). The tra region of 

RP4 is inserted in the chromosome of the host strain, therefore, pUT/miniTn5-Cm 

can be transferred from the host strain to other bacteria. The host strain is a lysogen 

for ?pir; the pir gene encodes it-protein. The plasmid requires it-protein for its 

replication and therefore it is unstable in most E. co/i strains because they do not 

produce the protein. Therefore, transfer of the plasmid into another E. co/i strain, 

followed by selection and screening for CmrAmps  colonies, leads to survival of 

bacteria with insertions of the miniTn5-Cm transposon into their chromosomes or 

plasmids. If the transposon is on a conjugative plasmid, such as F, then Cm' can be 

transferred to a recipient with high efficiency detectable in replica plating matings. 

BW (pUT/miniTn5-Cm) was conjugated with CSH50 (F'101-101 or F'101-102) and 

Strr Tetr CM, transconjugants were selected and screened for Amps  and ability to 

transfer Cm in replica plating matings with a Nalt  recipient. The resultant plasmids, 

named F'101-201 and F'101-202, confer both Tett  and Cmr. 

2.6.13. Restriction alleviation 

2-AP (400 jig/ml) was added to mid-log cultures grown at 37°C in L-broth. Intensive 

aeration was provided before and during the treatment. After lh, the cells were 

washed, resuspended in fresh broth and tested for restriction. UV induced RA was 

measured as described in Kelleher & Raleigh (1994), RA in response to nalidixic 

acid as described by Thorns & Wackernagel (1984). 

2.7. Manipulation of nucleic acids 

2.7.1. Small-scale preparation of plasmid DNA 

Bacteria were grown till late log phase or overnight in L-broth with an appropriate 

antibiotic to maintain plasmids in the population. 5 ml of culture was applied to 

plasmid DNA purification procedure using QiAprep Spin Miniprep Kit (Qiagen). 
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2.7.2. Small-scale preparation of phage 2. DNA 

A culture of an appropriate host was diluted 40-fold in L-broth (4 ml), supplemented 

with MgSO4  (10 mM), infected with the required phage (,_108  pfu) and grown with 

aeration until lysis (normally, 37°C for 4 h). Remaining cells were lysed by the 

addition of chloroform (0.1 ml), cell debris was removed by centrifugation (3,000 x 

g, 10 mm), and nucleases (5 111, 10 mg/ml RNase and DNase) added to supernatant in 

a fresh tube. The lysate was incubated at 37°C for 30 mm, and the phage precipitated 

by the addition of polyethylene glycol (PEG) and salt (4 ml; 20 g 6K PEG, 11.7 g 

NaCl, 78 ml phage buffer). The mixture was left overnight at 4°C, and the phage 

particles sedimented by centrifugation (13,000 x g, 20 mm, 4°C). Care was taken to 

remove most of the PEG and the phages were resuspended in phage buffer (0.5 ml). 

Chloroform was added (0.5 ml) to remove any remaining PEG, the mixture clarified 

by centrifugation (5,000 x g, 3 mm) and the aqueous phase containing the phage 

particles was transferred to a tube containing phenol (0.5 ml) and TE buffer (0.1 ml). 

The two phases were separated by centrifugation (11,000 x g, 3 mm), and the 

aqueous phase transferred to a tube containing phenol (0.25 ml) and chloroform 

(0.25 ml). The aqueous phase containing naked phage DNA was separated as before, 

mixed with an equal volume of chloroform and the aqueous phase collected. To 

remove some of the excess salt carried over from the stages with phage particles, the 

DNA in solution was precipitated with ethanol twice. 1/10 volume of sodium acetate 

(3 M, pH 5.3) and two volumes of ethanol were added and the solution was left at - 

20°C for 20 mm. The DNA was sedimented by centrifugation (11,000 x g, 20 mm), 

rinsed with 70 % ethanol, dried, resuspended in TE (0.1 ml) and after the ethanol 

precipitation was repeated the DNA was stored at —20°C. 

2.7.3. Small-scale preparation of chromosomal DNA 

Chromosomal DNA was purified from 5 ml overnight culture using Genomic DNA 

Purification Kit (Edge BioSystems) according to the manufacture's 

recommendations. 
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2.7.4. Agarose gel electrophoresis 

Agarose gels for electrophoretic analysis of DNA were prepared with TBE buffer. 

Agarose concentration varied from 0.3 to I % according to the sizes of expected 

DNA fragments. Samples containing lx loading dye (6 x stock is 0.25% 

bromophenol blue, 0.25% xylene cyanol and 40% (w/v) sucrose in H20) were 

always loaded after immersion of the gels in TBE buffer with 0.5 Jtg/ml of ethidium 

bromide. The gels were run at 50-70 mA at room temperature. These conditions 

usually led to good fragment separation in less than an hour. For better separation, 

especially with larger fragments and higher agarose concentration, the gels were run 

at 20-40 mA for several hours. After the run the DNA was visualised by using UV 

transiiluminator. 

2.7.5. Cutting of DNA with type II restriction enzymes 

Endonuclease reactions were performed in a volume of 10-50 jil containing up to 1-2 

tg of DNA. The reactions contained the appropriate Boehringer Mannheim or New 

England Biolabs restriction buffer at I x concentration. BSA was added (to I mg/mi) 

if recommended by the manufacturer of an enzyme. The digests were made up to 

their final volume using dH20. The complete restriction mixtures were incubated at 

the temperature recommended for a particular enzyme for 1-4 h. The products of the 

reaction were analysed using agarose gel electrophoresis. If digested DNA was used 

for ligation the restriction enzymes were heat inactivated (20 min at 65°C or 80°C 

according to supplier's recommendations). When an enzyme could not be heat 

inactivated, an AG cartridge (Advanced Genetic Technologies Corp.) that allows 

quick DNA purification from any protein was used. If the DNA was to be subjected 

to purification from an agarose gel, it was not necessary to inactivate the enzyme. 

2.7.6. Recovery of DNA from agarose gels 

DNA was purified from agarose gel slices using a DNA Purification Kit II (Hybaid). 

2.7.7. Ligation of DNA 

DNA ligation was usually performed in a final volume of 10-20 j.il. The reactions 

contained between 0.5-2 tg of total DNA with insert DNA in a 2- to 5-fold molar 
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excess over the vector DNA, 1 x New England Biolabs ligation buffer and T4 DNA 

ligase. The reactions were incubated overnight at 16°C. 5-10 p1 of the reaction 

mixture was directly used to transform competent cells of an appropriate strain of E. 

coli. When ?. vectors were used the ligase was heat inactivated and the ligated DNA 

was packaged using ? packaging extracts (see below). 

2.7.8. Phage X DNA packaging 

A 50 p1 aliquot of ? packaging extract (Promega) stored at —70°C was defrosted on 

ice. 15 p1 of the extract was mixed with 10 pi of ligation reaction with inactivated 

ligase and containing at least 200 ng of DNA. The mix was left at room temperature 

for 2 h. 0.5 ml of phage buffer was added and appropriate dilutions were plated on E. 

coli ED8654. After overnight incubation the plaques were analysed by Southern 

blotting. Alternatively, when the cloned fragment contained a drug resistance marker, 

phages from single plaques were respotted on a lawn of bacteria. Survivals from the 

spots were streaked on agar with the appropriate antibiotic to screen for drug-

resistant lysogens. DNA from selected ? clones was purified and analysed by 

restriction digest. 

2.7.9. Southern blotting 

Transfer of DNA from plaques to nylon membranes. Cells, preadsorbed with phage 

(3-5 x 103  pfu/ml) were plated in BBL-top agar containing MgSO4  (10mM) on dry 

BBL plates. After overnight incubation at 37°C, the plates were placed at 4°C for 2 h 

to harden the agar. After this time, dry nylon filter discs were placed on the surface 

of the plates for 2 min to allow transfer of the phage and DNA. The filters were 

peeled from the plates and placed, DNA side up, onto a pad of blotting paper soaked 

with NaOH (0.5 M) for 5 mm. The filters were next immersed in denaturation buffer 

(0.1 M NaOH, 1.5 M NaCl) for 20 sec and then dipped twice in neutralisation buffer 

(0.5 M Tris-HCI, 1.5 M NaCl, pH 7.5) and once in 2 x SSC for 20 sec each. The 

filters were briefly blotted and DNA was cross-linked by UV irradiation in a 

Stratagene Stratalinker (12,000 joules/cm 2). 

Transfer of DNA from agarose gels to nylon membranes. The agarose gel containing 

DNA to be analysed was placed in 0.25 M HCI for 15 mm. After rinsing in dH20 (10 
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mm) the gel was immersed in denaturing solution (0.5 M NaOH, 1,5 M NaCI) for 30 

mm. The gel was rinsed again in dH20 (10 mm) and then neutralised in ammonium 

acetate (1 M, pH 8, lh). For transfer, the gel was placed on a glass plate. A nylon 

membrane, cut to the same dimensions as the gel, was briefly soaked in ammonium 

acetate and placed on top of the gel. Three pieces of blotting paper of the same size 

as the gel were wetted in ammonium acetate and placed on top of the membrane. The 

blotting paper sheets were covered by a 1 cm stack of dry paper towels. A glass 

plate, weighed down by a beaker of water, ensured even transfer. Transfer was 

continued overnight. The membrane was rinsed briefly in 2 x SSC and the DNA was 

cross-linked to the membrane using a Stratagene Stratalinker (12,000 joules/cm2). 

The gel was restained with ethidium bromide to verify that the DNA had been 

transferred. 

Labelling of DNA probe and hybridisation. The Boehringer Mannheim non-

radioactive labelling and detection kit was used to detect specific DNA sequences in 

Southern hybridisation. The kit is based on the incorporation of dNTPs coupled to 

digoxigenin during random-primed DNA synthesis by Klenow enzyme using a 

ssDNA template. The reaction mixture included DNA template (0.5-150 ig/ml), 

hexanucleotide mixture (lx), dNTP labelling mixture (lx) and Klenow enzyme (100 

units/ml) in a final volume of 20 tl. The reaction was incubated for 1 h at 37°C and 

the reaction was stopped by heat inactivation of the enzyme (75°C, 20 mm). 

The membranes with cross-linked DNA were sealed in a small plastic bag with 

hybridisation buffer (no bubbles) and incubated for I h at 37°C with gentle shaking 

(prehybridisation step). The probe was diluted in 0.1 ml of hybridisation buffer, 

boiled for 10 min to denature the DNA and after a short spin in a microcentrifuge 

cooled on ice and dissolved in an appropriate volume of hybridisation buffer solution 

(the final concentration of the probe was —15 ng/ml). The bag was unsealed and the 

buffer was poured out and replaced with the probe. The bag was sealed again and 

incubated overnight at 37°C (hybridisation step). Next day the membranes were 

washed 2 x 5 min in 2 x SSC, 0.1% SDS and then 2 x 15 min in I x SSC, 0.1% SDS. 

The membranes were incubated in washing buffer (0.1 M maleic acid, 0.15 M NaCI, 

0.3% Tween 20) for 5 mm, then in blocking solution (1% block in the washing 

buffer) for 30 min and in blocking solution with the anti-digoxigenin antibody 
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conjugated to alkaline phosphatase (1:10000) for another 30 mm. The membranes 

were washed with washing buffer 2 x 15 min and incubated for 5 min in 0.1 M Tris-

HCI, 0.1 M NaCI, 25 mM MgCl2  (pH 9.5). The membranes were transferred onto 

Saranwrap film (after allowing the liquid to drip off the membranes) and spotted with 

a chemiluminescent substrate for alkaline phosphatase (SDP-Star) diluted 1:400 in 

0.1 M Tris-HCI, 0.1 M NaCl, 25 mM MgCl,-, (pH 9.5). As the dephosphorylated 

substrate decomposes via an unstable intermediate, light is emitted which may be 

captured on X-ray film. 

2.8. Manipulation of proteins 

2.8.1. Tris-glycine SDS page 

Solutions: 

- 4 x stacking gel buffer (0.5 M Tris-HCI, pH 6.8) 

15.25 g of Tris base was dissolved in 200 ml dH20, adjusted to pH 6.8 with 

concentrated HCI, made up to 250 ml, filtered and kept at 4°C. 

- 4 x resolving gel buffer (1.5 M Tris-HCI, pH 8.8) 

45.5 g of Tris base was dissolved in 200 ml dH20, adjusted to pH 8.8 with 

concentrated HC1, made up to 250 ml, filtered and kept at 4°C. 

- 10% SDS (w/v) 

20 g of SDS was dissolved in 150 ml dH2O, made up to 200 ml, filtered and 

kept at room temperature. 

- 10% ammonium persuiphate (w/v) - freshly made 

0.2 g of ammonium persulphate was dissolved in 2 ml dH20. 

- reservour buffer 

3 g of Tris base and 144 g of glycine were dissolved in 990 ml dH20. SDS was 

added to final concentration 0.1% (10 ml of 10% stock solution). 



- 2 x loading buffer 

4 x stacking gel buffer (2.5 ml), 10% SDS (2 ml), glycerol (2 ml), dH20 (2.5 

ml) -mercaptoethanol (1 ml), bromophenol blue (some crystals to give blue 

color). 

E. coli proteins were routinely separated using SDS—polyacrylamide gel 

electrophoresis with a discontinuous buffer system (Laemmli, 1970). Usually a 7.5% 

resolving gel and a 5% stacking gel were employed and a mini—gel apparatus (SE 

250) manufactured by Hoeffer Scientific Instruments was used. The eperiments on 

HsdR stability required better resolution of high molecular weight proteins and 

therefore larger gels (14x14 cm) and lower percentage acrylamide (6% for the 

resolving gel and 3% for the stacking gel) were used. The composition of typical gel 

solutions was as follows: 

Stock solutions 	 Resolving gel 	Stacking gel 

6% F  7.5% 	3% 	5% 

- acrylamide stock solution (30%) 	4 ml 	5 ml 	I ml 	1.7 ml 

- 4 >< resolving gel buffer 	 5 ml 	5 ml 	- 	- 

- 4 x stacking gel buffer - - 2.5 ml 2.5 ml 

- SDS (10%) 0.2 ml 0.2 ml 0.1 ml 0.1 ml 

- dH20 10.6 ml 9.6 ml 6.3 ml 5.6 ml 

- ammonium persulphate (10%) 0.2 ml 0.2 ml 0.15 ml 0.15 ml 

- TEMED 0.02 ml 0.02 ml 0.015ml 0.015 ml 

Total volume 20 ml 20 ml 10 ml 10 ml 

These solutions were made up immediately prior to use, with the ammonium 

persuiphate solution and the TEMED being added last. The resolving gel solution 

was pipetted between the glass plates separated by 1 mm spacers. The depth of the 

stacking gel between the bottom of the comb and the resolving gel was about 1 cm. 

Once the resolving gel had been poured it was layered with ethanol and allowed to 

polymerise for 30 mm. The ethanol was then discarded and stacking-gel solution 

was poured on top of the resolving gel. The comb was inserted and polymerisation 

was allowed to occur. The comb was then removed and the wells washed out with 
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running buffer, which was also used to fill up the buffer chambers of the apparatus. 

The sample could be loaded onto the gel at this stage. 

Samples were mostly whole-cell extracts. Bacteria were harvested by centrifugation 

in a microfuge tube, resuspended in an appropriate volume of lxloading buffer 

(100 p1) and boiled for 5 mm. Gels were typically electrophoresed at a constant 

current of 20 mA per gel until the bromophenol blue dye-front had run off the 

bottom of the gel. Once electrophoresis was complete the glass plates were removed 

from the apparatus, separated carefully and proteins were analysed either by staining 

with Coomassie blue by Western blotting. 

2.8.2. Staining of proteins with Coomassie blue 

Solutions: 

- staining solution 

10% (v/v) acetic acid, 50% (v/v) methanol, and 0.1% (w/v) 

Coomassie brilliant blue R250. 

- destaining solution 

7% (v/v) acetic acid, and 5% (v/v) methanol. 

Gels were separated from glass plates, transferred to a plastic box with staining 

solution and incubated on a shaker for 30 min at room temperature. The staining 

solution was replaced by destaining solution and two or three pieces of sponge were 

placed into the box to absorb Coomassie blue. Gels were incubated on a shaker until 

protein bands had become clearly seen (normally, it took 2-3h). 

2.8.3. Purification of rabbit antiserum 

Antibodies in rabbit antiserum (raised against EcoAl), that cross-reacted with E. coli 

proteins other than Hsd, were removed by readsorbing the preparations against a 

lysate of E. coli cells lacking of hsdA  (HfrH). Bacteria from 10 ml of stationary phase 

culture were harvested by centrifugation (3,000 x g, 5 mm) and resuspended in 1 ml 

of TS (10 mM Tris-HC1 pH 7.4, 150 mM NaCl). 100 tl of 10% (w/v) SDS was 

added, and the suspension was incubated for 5 min at 100°C. This lysate was diluted 

10-fold in TS. Equal volumes of E. coli cell lysate and the antiserum were mixed by 

rotation for 12h at 4°C. Antibody-antigen complexes were removed by centrifugation 
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(17,000 x g, 15 mm) at 4°C. The supernatant was transferred to a fresh 

microcentrifuge tube and an equal volume of cell lysate was added again. The 

procedure was repeated 4 times and the pre-adsorbed antiserum was stored at —20°C. 

2.8.4. Western blotting 

After protein gel electrophoresis was completed the apparatus was disassembled, one 

of the two glass plates was removed and the gel was covered with a PVDF 

membrane briefly wetted with methanol. No air bubbles should be left between the 

gel and the membrane. Three pieces of blotting paper soaked in transfer buffer (25 

mM Tris, 190 mM glycine) were placed on top of the membrane. The other glass 

plate was removed and the gel was covered with three pieces of soaked blotting 

paper, i.e. the gel along with the membrane were between 6 pieces of blotting paper, 

three on either side. The "sandwich" was placed between two pads in a TransBlot 

Cell (BioRad) apparatus and the tank was filled with the transfer buffer. The proteins 

were transferred to the membrane by electrophoresis at 4°C for 1.5h at a constant 

voltage of 40V. 

After electrophoresis the membrane was used for protein detection using the 

chemi luminescence detection system (POD) of Boehringer Mannheim. Through all 

the procedure the membrane was incubated on a shaker at room temperature. The 

membrane was blocked, to prevent non-specific adsorption of the antibodies during 

immunodetection, in block solution (a 1: 10 dilution of the stock) in TBS buffer for 

2h. The block solution was removed and replaced by solution with primary antibody 

(block diluted in TBS 1:20 and either 1:2500 of antiserum for EcoKI or 1:1000 of 

purified antiserum for EcoAl was added) and incubated for 2h. The membrane was 

washed 2 x 10 min in TBST buffer (0.1% Tween in TBS) and then 2 x 10 min in 

block solution (block diluted in TBS 1:20). The secondary antibody solution was 

added (block diluted in TBS 1:20 plus 1:1000 anti-rabbit IgG peroxidase conjugate) 

for lh and then the membrane was washed 4 x 15 min in TBST. After the last wash 

the membrane was incubated with substrate solution for I mm, covered with 

Saranwrap film and exposed to X-ray film for 3-30 sec. 
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2.8.5. In vivo protein stability assays 

The stability of proteins was monitored following pulse-labelling with 35S-

methionine. Bacteria were grown at 37°C with intensive aeration to an 0D600  of 0.2-

0.3 in minimal medium supplemented with thiamine and all the amino acids except 

methionine and cysteine. Chioramphenicol (20 tg/ml) maintained the presence of 

pNK3. Each culture was divided and 2-AP (400 .tg/ml) was added to one aliquot. 

After 1.5h a 1 minute pulse of 35S-methionine (25 iCl/ml) was given. Labelling was 

stopped by diluting each culture with an equal volume of prewarmed L-broth 

supplemented with L-methionine (15 tiM), or with L-methionine and 2-AP (400 

l.tg/ml). Intensive aeration was maintained and samples were taken at appropriate 

intervals. Bacteria were collected by centrifugation, resuspended in SDS sample 

buffer and boiled for 5 mm, and samples were applied to SDS-polyacrylamide gels 

for the separation of polypeptides by electrophoresis. 

2.8.6. Assay of -galactosidase 

The assays were done following the procedure described by Miller (1972). 



CHAPTER 3. CIpXP PROTEASE IS NECESSARY FOR THE EFFICIENT 

ACQUISITION OF TYPE IA AND LB RESTRICTION-MODIFICATION 

SYSTEMS. 

3.1. Introduction 

Genes for many R-M systems can be transferred readily from one strain to another in 

one step by conjugation, transformation or P1 transduction (Boyer, 1964; Colson & 

Colson, 1972; Sain & Murray, 1980; Bullas et al., 1980; Fuller-Pace et at., 1985; 

Suri & Bickle, 1985; Redaschi & Bickle, 1996; Kulik & Bickle, 1996). Experiments, 

quantifying such a transfer, find no evidence for any barrier to the acquisition of hsd 

genes by P1 transduction (O'Neill et al., 1997). Early studies with phage P1 R-M 

activities (a type ifi system) demonstrated that the modification activity was already 

detectable a few minutes after infection of E. coli with P1 whereas restriction activity 

attained its normal level only some hours later (Arber, 1974). Some R-M systems of 

type I and III have been shown to delay expression of restriction activity up to 15 

generation after r-m genes enter naive cells (Prakash-Cheng & Ryu, 1993; Prakash-

Cheng et al., 1993; Kulik & Bickle, 1996; Redaschi & Bickle, 1996). Apparently, 

bacteria possess a regulatory mechanism that enables them to survive the 

establishment of the new functions. This mechanism was implicated in the sequential 

establishment of modification and restriction, i.e the restriction activity is expressed 

only after the chromosome becomes modified. 

The establishment of some type I systems is affected by the amount of HsdR in the 

cells prior to the establishment. When hsdR from type IA or 113 system was expressed 

on a multicopy plasmid, hsdRMS cells died upon upon acquisition of hsdMS 

(Fuller-Pace et al., 1985; Suri & Bickle, 1985; Kelleher et at., 1991). Similar 

experiments for EcoR 1241 (IC family) revealed different results; bacteria survived 

the establishment of the new specificity (Kulik & Bickle, 1996). This finding implies 

either different or additional mechanisms of regulation for EcoR124I that can be 

provided by plasmid or host encoded functions or by both. 

Although hsdR and hsdMS for type I are transcribed from different promoters, Pres 

and Pmod respectively, an effective regulation at the transcriptional level has not been 
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detected for the systems investigated (Loenen et al., 1987; Kulik & Bickle, 1996). 

lacZ-fusions with the promoters of hSdKR and hSdKMS revealed no difference in 3-

galactosidase expression when these fusions were transferred to modification-

deficient recipients by conjugation (Prakash-Cheng et al., 1993). Simultaneous 

activity of both promoters during the establishment of the EcoKI system implies that 

the regulation at the level of transcription is not involved in the sequential 

establishment of the modification and restriction activities. 

It has been found for type IA systems that a host factor is involved in the control of 

restriction activity following conjugation. A derivative of E. coli C, hsdC, incapable 

of the establishment of the EcoKI system was isolated (Prakash-Cheng et al., 1993). 

Conjugative transfer of F'hSdKRMS to this mutant occurs with a frequency l0 

lower in comparison with F'hSdKRMS, presumably, because the cells are killed 

following entry of the hsd plasmid and the expression of the endonuclease activity 

while the resident chromosome is unmodified. The lethal effect of F'hsdKRMS 

transfer for hsdC cells was confirmed by a drop in the titre of the recipient bacteria 

during conjugation. 

Low efficiency of transfer of a type IA system to the hsdC mutant has also been 

shown by P1 transduction experiments (O'Neill et al., 1997). The frequency of co-

transduction of dnaC-hsd to E. coli K-12 is about 50%. However no rDmD 

recombinant among 100 dnaC transductants was obtained for the hsdC recipient, 

while the wild-type E.coli C revealed about 20% linkage. A similar co-transduction 

frequency between DnaC and MD'  was observed for the transfer of hSdDKMS 

irrespective of the hsdC allele. 

Conjugative transfer of the hsd genes of the EcoAl system (type 113) to hsdC 

recipients led to similar results (Kulik & Bickle, 1996). A decrease in the frequency 

of F'/-ZSdARMS transfer and recipient killing have been observed. However, both 

restriction and modification activities were found in transconjugants. No difference 

in the level of restriction in hsdC and hsdC cells of E. coli C has been shown for 

both EcoAl (Kulik & Bickle, 1996) and EcoKI (N. Murray, pers. commun.). HsdC 

seems to be a modulator of the restriction activity of the type IA and lB systems at 

least at the stage of establishment, but not for type IC: hsdR124I can be transferred 

easily to the hsdC recipient (Kulik & Bickle, 1996). 



3.2. Identification of the hsdC mutation 

Rough mapping of the hsdC mutation led to the conclusion that the hsdC' allele of E. 

coli K-12 was between 6' and 16' of the chromosome map (Prakash-Cheng et al., 

1993). The HfrH strain, which has its origin of transfer (oriT) at 96.5' and transfers the 

chromosome clockwise was used as a donor to map hsdC within a shorter fragment. 

The mapping relied on analysis of linkage between three markers two of which are 

already mapped (leu at 1.7 min and lac at 7.8 mm), and the third one (hsdC) to be 

localised relative to the other two. A derivative of the hsdC strain containing leu::TnIO 

and a spontaneous lac mutation (NK84) was selected; the donor strain (HfrH) was 

different from the recipient (NK84) in three markers: leuiachsdC donor and leu1ac 

hsdC recipient. 

The test for the HsdC phenotype relied on the ability of HsdC but not HsdC cells to 

survive the establishment of the EcoKI specificity (Prakash-Cheng et al., 1993), i.e. to 

acquire F'101-101 (hsdRMS) with the same efficiency as F'101-102 (hsdRMS). 

These plasmids included TnlO which permitted selection for Tet' transconjugants. 

Because of the leu::TnlO marker in the recipient, tetracycline could not be used to 

select transconjugants of NK84. Therefore, miniTn5-Cm insertion derivatives of 

F'101-101 and F101-102 (F'101-201 and F'101-202 respectively) were constructed 

(see Materials and Methods) and chioramphenocol was used to select for 

transconjugants. 

100 Leu (proximal marker) recombinants obtained from the mating HfrH X NK84 

were screened for both ability to utilise lactose and for their HsdC phenotype by testing 

their ability to acquire F'101-201 and F'101-202 in replica plating matings. F101-201 

contains hSdKRMS genes, therefore it can be transferred with high frequency to 

HsdC but not to HsdC cells. F'101-202 was used as a control; it can be acquired by 

both HsdC and HsdC recipients because the plasmid contains an hsdR allele. The 

linkage between 1eu and lack  was 17%, whereas only 14% of the Leu recombinants 

exhibited an HsdC phenotype (Fig.3. 1). All the LeuHsdC colonies were Lack. These 

results suggest that the order of the genes is leu-lac-hsdC. Analysis of 100 Lack  

recombinants revealed 80% linkage between lack  and hsdC. 
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17 Lack  (14 HsdC) 

100 Lack 	p, 80 HsdC 

Figure 3.1. Analysis of recombinants from the conjugation of Hfr H x NK84 (See text 
for details). 
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The linkage data were used to estimate an approximate distance between lac and hsdC 

according to Jacob & Wollman (1961). The distance / between a proximal marker A 

and a distal marker B is -k lnx, where x is a linkage between the markers when selected 

for the proximal one and k is a constant value within any conjugative system, i.e. 

1=-k lnx. 

-k = l/lnx, or 

11/lnx1=12/lnx2 = ... =lnhIflxn. 

Three pairs of markers can be considered in the experiment described: leu-lac (ii = 

6.1', x = 0.17), leu-hsdC (x2  = 0.14) and lac-hsdC (x3  = 0.80). 

6.1/ln0.17 = /2/ln0.14 =13/1nO.8, 

12 = 6.79' (leu-hsdC distance), 

/3 = 0.76' (lac-hsdC distance). 

This calculations place hsdC in a close proximity to lac (about 1 minute of 

chromosomal map). 

P1 transduction experiments were used for further mapping. Some strains containing 

TnJO insertions within 8-11 min of the E. coli K-12 chromosome (Singer et al., 1989) 

were crossed as donors with a Leu+Tets  derivative of NK84 (NK85). Tet transductants 

were screened for the HsdC phenotype as described before. The hsdC allele showed 

73% linkage with zba-3054::TnJO located at 10.1' and 50% with tsx-247::TnIO (9.3') 

and therefore hsdC maps within the 9.3'-10.1' segment of the E. coli K-12 

chromosome. 

It has been suggested that proteases could regulate the sequential establishment of the 

modification and restriction activities of type III (Redaschi & Bickle, 1996) and type I 

(Dryden et at., 1997) systems. Genes encoding structural components of three 

proteases Lon, CIpXP and CIpAP are within the 9.3'-10.1' region. It was supposed that 

hsdC could be a mutation in clpP, clpX or ton. The Ba,nHI fragment containing bolA, 

tig, clpP and clpX was cloned in the 2. vector NMI 151 (Murray, 1983) from the Kohara 

phage 3136 [148] (Kohara et at., 1987) and the resultant phage ?NM 1357 was used to 

make a lysogen of NM820 hsdC recA. The lysogen was tested for HsdC in 

conjugation with donors of F'101-20l and F'10l-202 and was found to be HsdC. 

To identify the gene mutated in the hsdC cells, phages similar to that described above 

but with mutations in clpP, clpX or in both genes were constructed and used to make 
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lysogens of NM820. The HsdC phenotype depended on the nature of the clpX allele on 

the phages: only clpX phages restored efficient transfer of hSdKRMS to hsdC cells. 

Hence hsdC cells have a mutation in the clpX gene. 

3.3. Analysis of clpX and clpP derivatives of E.coli K-12 

JR302, the strain defined by Prakash-Cheng and co-workers as hsdC (Prakash-Cheng 

et al., 1993), is a hybrid of E. coli C and E. coli K-12. Recombination following 

conjugation involves long fragments of chromosomal DNA and in the absence of col-

linearity between donor and recipient genomes, recombination could lead to unknown 

rearrangements. Investigation of the effect of known mutations in an E. coli K-12 

background was considered preferable to an analysis of JR302 and its derivatives. A 

gyrA AhsdRM derivative of the E. coli K-12 strain C600 was made (NM840) and used 

as a parent strain for constructing cells deficient in the CIpXP protease. However, 

JR302 and its derivatives were included as controls in further experiments to monitor 

the establishment of the hsd genes. 

3.3.1. clpX and clpP bacteria are deficient in the establishment of new type IA and 113 

specificities. 

HsdC bacteria have been shown to die upon the acquisition of genes specifying 

functional EcoKI (type IA) or EcoAl (type 113) by conjugation (Prakash-Cheng et al., 

1993; Kulik & Bickle, 1996) as well as EcoDI (type IA) by P1 transduction (O'Neill et 

al., 1997). clpX, which was found relevant to the HsdC phenotype, encodes a 

component of the CIpXP protease. Both clpX and clpP cells are deficient in the active 

protease. Therefore the effect of both clpX and clpP on the transfer of the hsd genes 

encoding the EcoKI and EcoAl systems, by conjugation, transformation and P1 

transduction, was investigated. 

Conjugation 

I. Strain construction. F101 -101 (Prakash-Cheng et al., 1993) is azjj::TnIO insertion 

derivative of F'101 (Low, 1972), a plasmid with a segment of E. coli K-12 

chromosome (hsdK ) covering the hsd locus. The transposon insertion allows the use 



of tetracycline to select for transconjugants. F'101-102 is an hsdR derivative of 

F'101-101. MiniTn5-Cm insertions were introduced to both plasmids to provide an 

additional selective marker. Therefore F'l01-201 and F'l01-202 confer both Te( and 

Cmi. 

F' plasmids similar to F'101-201 and F'101-202 but containing hSdARMS and 

hSdAR7VIS (F'101-301 and F'10I-302 respectively) were constructed. F'101 was 

transferred by conjugation to rAmA  (NK167) and rAmA  (NK170). In both strains 

the hsd genes were linked to the zjj::TnIO Jet') insertion. Because F'101  contains a 

chromosomal segment of the E. coli K-12 genome overlapping the hsd-zjj::TnIO 

region recombination between chromosomal and plasmid DNA can occur and result 

in the transfer of the hsdA-zJj: :TnIO locus to the plasmid. To select such recombinant 

plasmids NK167 (F'101) and NKI70 (F'101) were conjugated with recA rpsL 

bacteria (JC9935). TetrStrr  conjugants were tested for restriction and modification 

and the ability to transfer tetracycline resistance and hsdA  genes as expected for 

plasmid encoded markers in conjugation. MiniTn5-Cm derivatives of the plasmids 

constructed were selected as described before (see Materials and Methods). 

AclpP::cat and AclpX::kan mutations were transferred by P1 transduction to the 

E.coli K-12 strain NM840 (gyrA /thsdRM) to create NKI21 (NM840 clpP) and 

NK123 (NM840 clpX). 

A recA strain, JC9935, was used in the conjugation experiments as a donor of the 

plasmids to prevent recombination between chromosomal and plasmid DNA in the 

donor strain and the consequent early conjugative transfer of c1p alleles to 

recipients. 

II. Conjugation experiments. NKI21, NK123, NM820 (JR302 recA) and NM840 

and JR300 gyrA (JR300 is a wild-type of E. coli C) as controls were conjugated with 

donors of hsdK and hsdA  (Table 3.1) at a ratio 1:10 (recipient : donor). Transfer of 

functional R-M genes, either hsdK  or hsdA, resulted in a decrease in the titre of 

recipient bacteria defective in the CIpXP protease (as well as hsdC cells) (Table 3.1 

and Fig.3.2 and 3.3). 
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Table 3. 1. 
Conjugative transfer of hsdK  and hsdA  genes to recipients deficient in CIpXP protease 

Recipient strains 	Donor strains 

a. for EcoKi 

JC9935 (F' 101 202)a  JC9935 (F' 101-201 )a 

Titre of Titre of Titre of Titre of Titre of Relative 
recipients Tetr recipients Tet1  Tet1  rm frequency 
after conju- after conju- conjugants (%) of 
conjuga- gantsb conjuga- gantsb mF' survival of 
tion 	m1' m1' tion 	mi mr' recinients 

2.1x108  2.1x108  2.1x108  2.1x108  2.1x108  100.0 

1.6x108  1.6x108  1.8x105  7.4x104  3.7x104  0.1 

1.4x108  L4x108  8.5x104  4.8x103  9.6x10' 0.03 

1.5x108  1.5x108  1.5x108  !.5x108  1.5x108  100.0 

2.0x108  2.0x108  2.6x104  4.8x103  <8.4x10' 0.01 

NM840 (C600 Ahsd gyrA) 

NM840 clpP 

NM840 clpX 

JR300 gyrA (E. coliC) 

NM820 (E. coliC hsdC) 

b. for EcoAI 

JC9935 (F'10 1-302)d  JC9935 (F'101-301 )" 

NM840 (C600 Ahsd gyrA) 

NM840 clpP 

NM840 clpX 

JR300 gyrA (E. coliC) 

NM820 (E. coliC hsdC) 

6.0x107  5.9x107  6.0x107  

3.3x107  3.1x107  6.2x105  

5.1x107  4.0x107  1.3X 105 

1.7x108  1.7xl08  1.0x108  

1.8x108  1.7X 10' 9.1x106  

6.0x107  6.0x107  100.0 

	

1.6x105  1.5x105 	1.9 

	

2.8x104  2.7x104 	0.3 

	

7.1x107  7.1x107 	58.8 

	

5.5x106  5.5x106 	5.1 

a 
F'101-202 and F'101-201 are derivatives of F'101-102 and F'101-101 respectively 

(Prakash-Cheng et at., 1993) with miniTn5-Cm insertions (de Lorenzo et at., 1990). 
The former includes hSdKRMS the latter hsdKRM5'. 
b Nalidixic acid was used to select against the donor, with the exception of NM820 
where kanamycin was used. Tetracycline was used to select for transconjugants. 

Frequency (%) with which recipient cells survived conjugation with the donor of 
F'101-201 and F'101-301 is expressed relative to that for F'101-202 and F'101-302 
respectively [the ratio of the titre of recipient cells after conjugation with JC9935 
(F'101-201) to the titre of recipient cells after conjugation with JC9935 (F'101-202) 
as a percentage; and the ratio of the titre of recipient cells after conjugation with 
JC9935 (F'101-301) to the titre of recipient cells after conjugation with JC9935 
(F'101-302) as a percentage respectively]. 
d F'101-302 and F'101-301 are derivatives of F'101 (Low, 1972) where hsdK genes 
were replaced by hSdARMS and hsdARMS respectively. Both plasmids have 
zJj::TnIO and miniTn5-Cm. 
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c/p 	c/pP 	cIpX cIp hsdC 

E. co/i K-12 E. coliC 	a hybrid of 
K-12 and C 

-recipients after conjugation with the donor of 
F'hsdKRMS, from which is 	are transconjugants 
(All the recipients in the experiment acquired the plasmid) 
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Figure 3.2. The effect of clpX and clpP on survival of recipient cells upon 
acquisition of hsdKRMS  by conjugation. 
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Figure 3.3. The effect of clpX and clpP on survival of recipient cells upon 
acquisition of hsdARMS by conjugation. 
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Samples of conjugants presumed to have obtained the hsdRM1 S genes were 

purified and tested for restriction. In the case of EcoAI 90-100% bacteria from both 

experimental and control matings displayed the r phenotype. The absence of CIpXP 

was found to be a stronger barrier to the acquisition of the EcoKI system. For NK123 

(clpX) only 2 conjugants out of 100 were rK, for clpP 50% were rK, whereas 100% 

of conjugants in the clp controls (NM840 and JR300 gyrA) were restriction 

proficient. The effect of the hsdC mutation was at least as severe as clpX: none of 57 

colonies tested expressed restriction activity, but 2 of them were rKmK.  Most of the 

conjugants were sensitive to the male specific phage M13, an indication of the 

presence of an F'. F's from rm and rm clpX bacteria and from rm and rm hsdC 

conjugants were transferred into NM840 (through JC9935 in the case of clpX cells 

because no counterselection was available for the direct mating) and the TetiNaIr 

conjugants exhibited 	rm, rm and rm phenotypes respectively. Apparently, r 

conjugants acquired plasmids that were no longer hsdK. This can be explained by 

the formation of mutant derivatives of F'101 -201 in the original donor strain JC9935. 

Such plasmids have lost hsd genes or have an hsd mutation but have retained the 

chromosomal fragment with the TOO insertion. They can be transferred into the c/p 

mutants not only from JC9935 but can readily spread in the population by the 

secondary donors - the recipient cells acquiring the plasmids from the original 

donors. The conditions, in which the acquisition of the hsd genes caused cell death, 

led to selection of such defective variants of F'101-201. Therefore the frequency of 

formation of TetNai (TettKan for NM820) conjugants did not coincide with the real 

frequency of hsd genes transfer that was reflected in the table 3.1 and figures 3.2 and 

3.3. The difference in checks on Tetr  transconjugants formed in matings of the c/p 

mutants with a donor of hsdRMS and with a donor of appropriate hsdRMS 

genes was even greater than that for the titre of recipients that survived conjugation. 

The dynamics of killing of c/pP and clpX mutants during conjugation with JC9935 

(F'101-201) is shown in fig.3.4. Control matings with JC9935 (F'I01-202) revealed no 

drop in titre of any of the recipient bacteria tested. 
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Figure 3.4. Conjugative transfer of (a) hSdKRMS and (b) hsdKRMSgenes to 

NM840 (0), NM840 clpP (•), NM840 clpX (Eli) and NM820 E. coli C hsdC (U). 

Cultures of donor [JC9935 (F'101-201) and JC9935 (F'101-202)] and recipient 

bacteria, grown to mid-log phase, were mixed at a ratio of 10: 1 and samples were 

plated at 30 min intervals on media selective for recipients (nalidixic acid for 

NM840, NM840 clpP and NM840 clpX and kanamycin for NM820). 
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Table 3.2. The effect of clpP and clpX on uptake of hsd genes by transformation 

Recipient strains Ratio of transformants with hsd plasmids to control plasmid 

PhSdRMSK 	P/1SdMSK 	PhSdRMSA 	PhSdMSA  

(pBE3) 	(pBE3*) 	(pFFP30) 	(pFFP3 1) 

NM840 (C600 Ahsd gyrA) 3.0 10.9 9.5 6.9 

NM840cIpP 6.7x10 2  6.6 1.7 5.6 

NM840cIpX 6.6x10 3  10.3 2.3 7.3 

JR300 (E. coliC) 2.4 6.8 4.3 5.8 

NM820 (E. coliC hsdC) <10 4 a 5.3 6.Ox 101  8.7 

a 0 Ampr  transformants isolated. 
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Transformation 

The efficiency of transformation depends on the competence of the cells, and 

conditions of treatment that can vary from experiment to experiment. This influence 

can be overcome by estimating the relative efficiency of transformation when a 

mixture of two plasmids (a marker plasmid and a test plasmid) is used for 

transformation. The marker plasmid contains kan and tet, genes which are presumed to 

have no effect on the cell survival. Therefore the ratio of bacteria with the test plasmid 

to those with the marker plasmid reflects the effect of the acquisition of the test 

plasmid on cell survival. 

A marker plasmid pBRK was constructed to estimate the relative efficiency of 

transformation of c1p and clp bacteria with plasmids containing hsdK  and hsdA  genes. 

pBRK is a derivative of pBR322 where amp is inactivated by the insertion of kan in 

the PstI site. The resulting plasmid confers KanrTetrAmps  whereas the plasmids with 

hsd genes (pBE3, hsdKRMS; pBE3*,  hsdKRMS; pFFP30, hSdARMS and 

pFFP3 1, hsdARMS) are TetsAmpr.  A mixture of DNA of two plasmids, one of which 

was always pBRK and the other one contained hsd genes, was used to transform c1p, 

clpP, clpX and hsdC bacteria all of which were deficient in restriction and 

modification. The cells were made competent by electroporation. Ampicillin and 

tetracycline resistant transformants were selected to score the ratio of Ampr  colonies to 

Tet1  ones. For phsdKMS/pBRK experiments this ratio did not depend on the state of 

the clpPX alleles but transformations with phsdRM 1 SIpBRK revealed a significant 

drop in the efficiency of formation of Ampr  transformants in the case of c/pP and clpX 

mutants in comparison with c1p bacteria (Table 3.2). Thus the CIpXP protease affects 

the establishment of the EcoKI and EcoAl systems transferred by transformation. The 

hsdC mutant showed a more severe effect on the acquisition of both the EcoAI and 

EcoKI systems than either clpP or clpX derivatives of E. coli K- 12. 

P1 transduction 

P1 transduction is a commonly used method for strain construction including the 

transfer of different hsd alleles from one background to another. An hsd allele can be 

easily replaced for Ahsd and vice versa. It has been shown that neither acquisition nor 

elimination of a type I restriction-modification system is lethal for a cell, but an hsdC 
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mutation prevents the acquisition of hSdDRMS (type IA system) by P1 transduction 

(O'Neill et at., 1997). The effects of clpP and cIpX on uptake of hsdK  by P1 

transduction were assessed. 

As a preliminary step a dnaCt  (dnaC325) mutation was transferred by P1 transduction 

to the chromosome of the restriction-modification deficient c1pPX bacteria (NM840) 

as a marker closely linked with zjj::TnIO, an insertion that provided selection of 

recombinants. clpP (NK122) and clpX (NK124) derivatives of the resultant strain 

(NK125) were made by P1 transduction. NKI25, NK122 and NK124 were transduced 

with P1 (C600 hsdRMS) and PI (5K hsdRMS) to select DnaC cells at 420C. The 

recombinants were screened for Tetr  as well as for restriction in the first set of crosses 

and for modification in the second. 

Transfer of the hSdKRMS allele revealed significant differences in the linkage of 

dnaC to hsd between the parent c1p strain and its clpP and clpX derivatives, while 

hSdKR7WS was co-transduced with dnaC at a similar frequency irrespective of the 

c/pP and clpX alleles (Table 3.3). The native state of general recombination in cip 

derivatives was confirmed by the similarity in dnaC-Tn1O°  Jet') linkage in all P1 

transduction experiments. The decrease in dnaC 1 - hSdKRMS linkage in the cells 

deficient in the protease can be explained by the killing effect observed in the 

conjugation experiments. In the absence of the CIpXP protease most bacteria acquiring 

the functional hsdK genes did not survive, presumably expression of these genes 

resulted in the formation of the active endonuclease while the chromosome was still 

unmethylated. 

Similar experiments investigating the effect of clpP, clpX and hsdC on transfer of hsdA  

genes by P1 transduction revealed no difference in the frequency with which 

hSdARMS were co-transduced with dnaC in either c1p and clp or hsdC and hsdC 

recipients (Table 3.4). Both in conjugation and in transformation, the Clp as well as 

the HsdC phenotype resulted in a stronger barrier for EcoKI than for EcoAl. P1 

transduction experiments showed qualitative difference in the process of acquisition of 

type IA and type lB R-M systems by the cip mutants. 
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Table 3.3. The effect of clpP and clpX on uptake of hsdK  genes by P1 transductiOn 

Recipient strains 	 Donor strains 

C600(hsdKRMS dnaC) I 5K (hSdKKMS dnaC) 

Number dnaC 	- dnaC - I Number  I  dnaC 	- dnaC 	- 

of hsdK 	+ I TnIO°  of hsdK  M I TnIO°  

recoin- linkage Jet') recom- linkage (Tets) 

binants linkage binants linkage 

tested I tested I I 

NK125 (NM840dnaCzjj::T00) 50 0.32 0.90 50 0.42 1.00 

NK125cIpP 100 0.09 0.96 100 0.31 0.96 

NK125 clpX 100 0.00 0.94 50 0.46 0.98 

Table 3.4. The effect of c/pP and clpX on uptake of hsdA  by P1 transduction. 
Recipient strains 	 Donor strains 

WA2899(hsdnRMS'dna C) I NM863 (hSdARMS dna C) 

Number dnaC I 	- I dnaC - Number of dnaC I 	
- dnaC - 

of hsdK  TnIO°  recom- hsdK M Tn]O°  

recom- linkage Jet')  binants linkage (Tets) 

binants linkage tested 
i 

linkage 

tested I I 

NK12S (NM840 dnaC zjj::TnIO) 

NK125 c/pP 

NKI2S clpX 

NM824 (E. co/i C dnaCjj::TnIO) 

NM822 (E. co/i C hsdC dnaC 
zii::TnIO) 

60 0.48 0.83 50 0.54 0.90 

100 0.63 0.88 49 0.51 0.81 

100 0.65 0.80 49 0.63 0.84 

48 0.31' 0.75 48 0.33' 0.83 

50 0.42' 0.90 48 0.42a 0.90 

a Lower frequencies of co-transduction were observed in similar experiments between 

E. co/i K-12 and E. co/i C (O'Neill et al., 1997). 
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3.3.2. C1pXP is not involved in the establishment of the modification activity. 

Prakash-Cheng & Ryu (1993) followed the establishment of both restriction and 

modification activities of EcoKI upon conjugative transfer of hsdK  on an F'. They 

claimed that the modification activity was expressed immediately after the recipients 

had acquired the plasmid while the expression of the restriction activity took place 

much later. The delayed expression of restriction was implicated in sequential 

establishment of a new type I specificity: modification is established first and after the 

chromosomes becomes methylated the restriction activity appears. However, the 

method used for timing of modification is open to challenge (see the legend to Fig.3.5). 

C1pP or C1pX cells do not survive the establishment of a new specificity presumably 

because restriction is expressed when the bacterial chromosomes are still not modified. 

What is the role for C1pXP? Does it provide the quick establishment of the methylation 

activity or hold up the expression of restriction? 

The effect of the clpX mutation on the establishment of the methyltransferase activity 

of EcoKI was tested in conjugation experiments (see Fig.3.5 for the method). It was 

found that the establishment of modification did not occur immediately but took about 

12 hours, which in this particular experiment corresponded to 10 generations and was 

not influenced by the clpX allele (Fig.3.6). More intensive aeration of the cross 

mixture would probably increase the period of the establishment because the amount 

of DNA in exponentially growing bacteria with a short period of doubling 

corresponds to more than one genome per cell. Therefore the number of target 

sequences is increased. The chromosome replication not only increases the number of 

unmodified targets but also produces hemimodified target sequences which will 

distract the methylase from methylating unmodified DNA. On the other hand, 

replication might increase the hsd gene dosage that would compensate for the 

excessive amount of DNA. Bacterial growth followed by cell division can be 

considered as a factor of growing volume that makes it more difficult for the cells to 

accumulate the methylase and reach the complete methylation of the chromosome. 

Probably, the CIpXP protease is involved in the establishment of the restriction 

activity delaying the production of a restriction-proficient phenotype relative to that of 

modification proficiency. 
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Figure 3.5 Assays for the establishment of the modification activity. Donor and 

recipient bacteria were grown till mid-log phase and mixed at a ratio 10:1 and the 

cross mixture was maintained in the log-phase by adding fresh prewarmed LB. 

Samples of the cross mixture were taken every hour and infected with X.O. The donor 

cells had been made resistant to X by introducing inaiB, therefore the phage could 

infect only the recipients. The phages were allowed to propagate for a single round 

and the progeny were tested for EcoKI-specific modification. The problem of 

unadsorbed phages present in the samples was overcome by having the EcoRI 

methyltransferase gene on a plasmid in the recipient cells: the 2. propagated in the 

recipients become protected against EcoRI while unadsorbed phages do not. The 

EcoRI R-M system (in addition to EcoKI) present in the bacteria used as test cultures 

(NM181 and 5KR1) for assaying the efficiency of K-specific modification by the 

recipients restricts the unadsorbed phages. This method tests for the expression of 

modification within a time interval (lh in my experiments) used for a single round of 

infection with unmodified phage, while Prakash-Cheng & Ryu (1993) plated A.0 on 

the samples of the cross mixture and assayed for modification of the phages within 

plaques. It takes about 6-8h for X to form a plaque therefore many of the phages 

tested were produced by the transconjugants at least 6-8h later than expected. 
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Figure 3.6. The establishment of the modification activity in clpand clpX 
cells following conjugative transfer of hsdK. 



3.3.3. C1pXP is not necessary to survive the loss of the hsd genes. 

It has been shown that functional genes encoding type II R-M systems when present on 

a plasmid stabilise the maintenance of the plasmid (Naito et at., 1995; Kulakauskas et 

al., 1995). It was suggested that loss of the plasmid led to cell death. When cells, which 

have lost the plasmid continue to divide both the nuclease and the methyltransferase 

are diluted, and eventually the amount of residual methyltransferase becomes 

insufficient to protect the chromosome from residual nuclease. 

Approximately 50% of hsd mutants of type I R-M systems obtained in random 

mutagenesis are rm (Wood, 1966): mutations in hsdM or hsdS result in lost of both 

endonuclease and methylase activities. This fact suggests that type I and type II 

systems behave in a different way and that the functional hsd genes can be lost without 

the cell being killed by residual nuclease. O'Neill et at. (1997) have quantified the 

deletion of hsdK  and have shown that there is no barrier to losing hsdK  even in hsdC 

cells. 

P1 transduction was used to delete the hsd allele in clp and clp cells. The deletion 

mutants retained a functional hsdR gene (hSdKRMS or hsdARMS). The Ahsd allele 

was co-transduced with dnaC, as describe above, or with zjj::TnlO to restriction 

proficient clp, c/pP and clpX recipients (Tables 3.5 and 3.6). Both DnaC and Tet1  

transductants were scored for restriction. No difference in the frequency of co-

transduction of Ahsd with dnaC or zjj:.TnlO was found between c1p and clp cells 

(Tables 3.5 and 3.6). Both EcoKI and EcoAI specificities can be lost without any 

problem for the host, even in the absence of CIpXP. These results might imply the 

existence of additional mechanisms regulating the levels of the Hsd proteins in 

bacteria. 

3.3.4. Expression of the restriction activity in CIpXP-deficient cells 

Although both promoters Pies  and Pim  of hsdK  are similarly active the amount of 

methylase M2S is much higher than the amount of endonuclease R2M2S 1  in wild-type 

cells (Weiserova et al., 1993), i.e. there is insufficient HsdR polypeptide to convert all 

the methylase molecules to endonuclease. Based on the experiments showing that the 

CIpXP protease is relevant to the establishment of the EcoKI and EcoAl systems it was 
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Table 3.5. 

The effect of clpP and clpX on elimination of EcoKI specificity by P1 transduction 

Recipient strains 
	

Donor strain 

NK23 1 (hsdKRMS zjj: :Tn 10) 

Number of 
	

zjj::TnlO (Tetr) - 

recombinants 	tested 
	

hSdKRJWS linkage 

NK3I (C600gyrA) 	 50 	 0.24 

NK3 1 c/pP 	 50 	 0.24 

NK3 1 clpX 	 50 	 0.22 

Table 3.6. 

The effect of c/pP and clpX on elimination of EcoAl specificity by P1 transduction 

Recipient strains Donor strain 

NM789 (hsdARMS dnaC1 ) 

Number of dnaC - hsdK dnaC -Tn 100  

recombinants MS linkage (Tets) linkage 

tested 

NM858 (WA2899 dnaCzjj::Tn]0) 50 0.24 0.92 

NM858 c/pP 50 0.26 0.94 

NM858 clpX 50 0.22 0.94 

MOM 



Table 3.7. The effect of clpP and clpX on expression of restriction activity 

Strains Efficiency of plating (e.o.p. )a 

EcoKI system' 

C600 gyrA (1.43 ± 0.02) x 10-4 0.75 ± 0.05 

C600 gyrA clpP (2.03 ± 0.85) x I0 0.86 ± 0.29 

C600 gyrA clpX (1.27 ± 0.24) x 10-' 0.95 ± 0.21 

EcoAI system' ?.0 

WA2899 (1.25 ±0.1 1)x 102 1.00± 0.25 

WA2899 clpP (2.89 ± 0.32) x 10 0.87 ± 0.08 

WA2899cIpX (1.84±0.17)x 10 0.90±0.10 

a  The data are based on three independent experiments. 

b e.o.p. was calculated relative to a /%hSdKRM derivative of C600 gyrA (NM840). 

e.o.p. was calculated relative to an hSdAKMS derivative of WA2899 (NM863). 
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Figure 3.7. The effect of clpP and clpX on expression of restriction activity. For 
EcoKI the e.o.p. was calculated relative to a AhsdKRM  derivative of C600 gyrA 
(NM840). For EcoAT the e.o.p. was calculated relative to an hsdAkMS 
derivative of WA2899 (NM863). Modified phage (?.K or LA for the appropriate 
strains) plated with e.o.p. of I irrespective of the cip alleles. 



suggested that HsdR could be degraded by the protease. In this case, cells deficient in 

CIpXP are expected to have increased levels of HsdR and enhanced restriction. 

The efficiency of plating (e.o.p.) of unmodified X on restriction proficient c1p, clpP 

and clpX bacteria was assessed. For both EcoKI and EcoAl systems the cip mutations 

enhanced the levels of restriction about 4-10 fold compared to c1p cells (Table 3.7 / 

Fig. 3.7). The clpX defect had a slightly stronger effect than clpP on restriction activity. 

Similar results were obtained for AB1 157, a rac strain with an enhanced level of 

restriction (Webb et al., 1996), and its c/p derivatives (data not shown). However, the 

hsdC mutant showed completely different behaviour; once established in hsdC cells 

neither EcoAl nor EcoKI showed a difference in expression of nuclease activity in 

comparison with the hsdC parent strain (Kulik & Bickle, 1996; Murray, pers. 

commun.). 

3.4. Analysis of the hsdC mutant 

According to the experiments described above the hsdC mutant behaved differently 

from either clpP or clpX derivatives of E. co/l' K-12. This difference was especially 

apparent in the transfer of the hsdK genes by transformation. hsdC had a more severe 

effect than clpX in a C600 background, although it has been shown that hsdC cells 

have a mutation in clpX. 

hsdC is believed to be a spontaneous mutation (Prakash-Cheng et al., 1993). It was 

obtained from conjugation experiments to transfer the recA allele of CAG5055, an E. 

coli K-12 Hfr donor, to JR300, an E. co/i C recipient. Similar experiments were 

performed to investigate the origin of such a mutant. recA::Cm was transduced into 

KLI6 (CAG5055 is a derivative of KLI6) and the resultant donor, KLI6 recA::Cm, 

was conjugated with JR300 gyrA. 100 Crn'Nal' transconjugants were purified and 

screened for MMS sensitivity (recA cells are MMSS),  growth on minimal media and 

ability to acquire F'101-101 (rKmK) and F'101-102 (rKmK) in replica plating 

matings. Surprisingly, 45% of recombinants were MMSr,  as if they contained both 

recA and recA::Cm at the same time. During further purification on L-agar with 

chioramphenicol and nalidixic acid they were unstable and gave two types of colonies: 

MMSS and  MMSr.  Tests for growth on minima] media revealed an auxotroph that 
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required tyrosine. Perhaps the gene order in the chromosome of E. coli K-12 is not 

absolutely identical to that in E. coil C. Recombination following conjugation between 

these strains might lead to some rearrangements of DNA including insertions and 

deletions. 

Tests for the HsdC phenotype revealed a recombinant (NKIO5) which acquired F'101-

202 but not F'101-201 in replica plating matings. A RecA derivative of this newly 

obtained hybrid of E. coil K-12 and E. co/i C (NKIO7) was characterised. It resembled 

clpP, clpX and hsdC mutants in that it died upon hsdK  transfer by conjugation, but it 

was different from the original hsdC mutant in transformation experiments. Some 

restriction proficient colonies of NK107 containing pBE3 hSdKRMS were isolated 

while no Ampr  colonies of NM820 (hsdC) were obtained following transformation 

with this plasmid. 

Complementation with derivatives of 2 containing c/p genes was used to identify the 

mutation in NK107 (Table 3.8). Only lysogenisation with XNMl357c1pPX resulted 

in full restitution of the HsdC phenotype. ?NMl 359cIpPX which complemented 

hsdC completely had no effect on NK 107. 2NM 1361 c1pPX reduced the killing effect 

of the mutation but cells still died upon conjugation with a donor of F'101 -201. These 

results did not allow the identification of this mutation as hsdC but the defect was 

definitely caused by changes in the cIpPX region because the phages containing 

c/pP 	fully complemented the defect. Hence recombination following conjugation 

between E. co/i K- I 2 and E. coil C might be a source of mutations in the clpPX region 

one of which has led to the hsdC derivative. If this mutation is a result of 

recombination then at least half a chromosome of the cell was involved in 

recombination because recA, a proximal marker transferred from the donor, is at 60' of 

the map whereas the c/p genes are at 10'. The hsdC mutant strain is a hybrid of E. coil 

K-12 and C with indefinite background that may contain additional mutations which 

affect the establishment of R-M systems. 

To determine whether the difference between JR302 (hsdC) and NM840 clpX is 

relevant to the background or it reflects a particularity of the mutation within the gene, 

the cipX mutation of the hsdC cells (c11)X") was transferred to both E. co/i C and E. 

coil K-12 bacteria. The zba-3054::TnIO insertion linked to the c/p genes was 

introduced by P1 transduction into hsdC bacteria (NK85) and an HsdC derivative 



Table 3.8. Complementation of the HsdC phenotype of NK107 

Recipient strains 	 Donor strains 

JC9935 (F'101-202) I JC9935 (F'101-201) 

Titre of Titre of Titre of Titre of Relative 

recipients Tet' recipients Tetr frequency 

after conju after conju- (%) of 

conjuga- gants' conjuga- gantsa survival of 

tion 	nil 1111 -1 tion ml ml' recipients 

NK107 9.2x107  6.8x107  4.0x104  1.0x103  0.04 

NK107(?NM1357c1pPX) 6.3x107 1.9X  107 4.2x107  4.2x107  66.7 

NKl07(?NM1359clpPX) 1.7x 107  6.0x106  l.0x104  2.0x102  0.06 

NK107(XNM1361clpPX) 3.2x107  2.0x107  4.2x!06  1.4x104  13.1 

a Nalidixic acid was used to select against donor cells. 

Table 3.9. 

The effect of clpX'"  in different backgrounds on uptake of hsdK  by transformation 

Recipient strains 	 Ratio of transformants with hsd plasmids 
to control ulasmid 

phscIRMSK (pBE3) PhSdMSK (pBE3*) 

JR300 (E. coli C) 9.7 6.8 

NM840 (F. co/i K-12 Ahsd) 12.8 7,7 

NM820 (K-12 and C hybrid, clpX') <10 4 a 53 

NK176 (E. co/i C clpX1' sdC
) 2.7xlO 4.4 

NKI8O (E. co/i K-12 clpX"') 7.5x10 2  6.9 

a 0 Amp' transformants isolated. 
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(NK172) was selected. A P1 lysate grown on hsdC zba-3054::TnlO cells (NK172) was 

used to transfer the clpxludC  mutation as a marker linked to TnlO in E.coli K-12 

NM840 and E.coli C JR300 gyrA backgrounds. In both experiments HsdC derivatives 

found among Tet' transductants were detected in replica plating matings with donors of 

F'101-201 and F'101-202. 

Newly obtained cipx' "  mutants of E. coli C and E. coli K-12 (NK176 and NK 180 

respectively) were compared with the original hsdC bacteria NM820 (JR302 recA) in 

transformation experiments as described above (Table 3.9). Because NK176 and 

NK 180 were Tetr  kanamycin was used to select for bacteria that inherited pBRK. The 

null mutation c1pX: :kan had a bigger effect on the efficiency of transformation of 

cells with pBE3 than c1pX" in the NM840 background (Tables 3.2 & 3.9). E. coli C 

cipX'dc  derivatives (NK176) had a stronger barrier to the transfer of pBE3 than E. coli 

K- 12 NM840 cipx' (NK 180). However, the Amp' transformants of both NK 176 and 

NK180 that acquired pBE3 were restriction-proficient while no transformant of 

NM820 was obtained. 

These results suggested that both NK180 and NK176 were different from HsdC as 

well as from the original HsdC cells and showed an intermediate phenotype (Table 

3.9) similar to that of CIpX. These data suggest that the hybrid JR302 has a 

background different from both E. coli K-12 and E. coli C. Possibly, this difference 

depends on gene mutations that could enhance the effect of clpXC  on the 

establishment of R-M systems. In this case the HsdC phenotype is the result of more 

than one mutation. One chromosomal mutation occurred within clpX and others 

somewhere else. If the former is replaced for the wild type allele it is enough to restore 

HsdC. 

3.5. Other known cytoplasmic proteases do not affect the establishment of the 

EcoKI and EcoAl systems. 

Lon, C1pXP, C1pAP, CIpYQ, HflA and HflB are E.coli cytoplasmic proteases known 

so far. HfIB is the only one found to be essential, but cells containing the hflB29 

mutation are viable and the CII protein of X was found to be more stable in the mutant 

bacteria. ion, cipA, cipY, clpQ, hflA and hflB derivatives of NM840 were constructed 
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by P1 transduction and conjugated with JC9935 (F'101-201), JC9935 (F'101-202), 

JC9935 (F'101-301) and JC9935 (F'101-302) at a ratio of 1:10 (recipient : donor). The 

titre of recipients and transconjugants after 2.5h matings was scored. None of the 

mutants defective in a structural component of a protease showed an effect similar to 

that found in similar experiments for cIpP and clpX cells. Perhaps if some of the 

proteasès different from C1pXP are involved in the regulation of hsd genes expression 

their participation is very minor compared to that of CIpXP. 

3.6. Discussion 

Tight posttranscriptional regulation of activities of type IA and lB R-M systems 

enables genes encoding these systems to be transferred from one strain to another. The 

C1pXP protease has been shown to be involved in this regulation. Cells defective in the 

active protease die upon transfer of hsd genes following the establishment of an 

appropriate R-M system. 

The protease is not involved in the establishment of the modification activity following 

the acquisition of the hSdKMS genes c1p and clpX cells show no difference in the rates 

with which they reach their maximal modification proficiency. A long period of time 

(12h or 10 generations) was shown to be necessary for modification to reach its peak 

activity, as assessed by the methylation of unmodified 2 phages in a single round of 

infection. Probably, these data reflect the disappearance of unmodified targets on the 

host chromosome rather than the accumulation of the methyltransferase. During 

infection, phage DNA competes with the bacterial chromosome as a substrate for 

methylation. Eventually, when the chromosome becomes fully methylated, there is no 

longer any competition and the percentage of the phages modified during a single 

round of infection reaches its maximum. It is interesting, that Prakash-Cheng and Ryu 

(1993) detected restriction activity after about 13-15 generations, the time necessary to 

finish chromosome modification in my experiments. Perhaps, complete methylation of 

the chromosome is a signal for the expression of the restriction activity. For EcoAI the 

restriction activity was detected after about 6 generations (Kulik and Bickle, 1996), 

much earlier than that for EcoKI. EcoAI modifies ummethylated and hemimethylated 

DNA equally quickly (Suri and Bickle, 1985), while umodified targets sequences are 
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poor substrates for EcoKI (Dryden et al., 1993). Therefore, it is logical to expect that 

the time necessary for EcoAl to convert an unmodified chromosome into a fully 

modified one is shorter than that for EcoKI. 

If C1pXP does not influence the establishment of modification it must affect the 

expression of the restriction activity. The simplest explanation for the role of the 

protease is that CIpXP degrades HsdR and therefore delays the formation of the active 

nuclease. At the same time if neither HsdM nor HsdS is a substrate for proteolysis the 

methylase M2S1  would be active while the concentration of R-subunit would not be 

high enough to form R2M2S1 . Such a delay in the production of the restriction activity 

enables cells to survive the establishment of an R-M system. 

The complex structures of type III and especially type I endonucleases allow regulation 

of their enzymatic activities based on the different affinities with which subunits bind 

to each other. Analysis of the in vitro assembly pathway of the EcoKI endonuclease 

revealed more than just two (M2S1  and R2M2S1 ) complexes (Dryden et al., 1997). 

However, only R2M2S1  exhibited endonuclease activity, whereas interaction of R with 

M1 S1  leads to a non-functional complex R1 M 1 S1 . It was suggested that M1 S1  at higher 

concentration than M2S1  might subvert R subunits and prevent their binding to M2S. 

According to this idea, HsdC (CIpXP) may either degrade inactive complexes R1 M1 S1 , 

M I S, and free R and M subunits or bind R to prevent its interaction with M2S1 . In this 

case the role of CIpXP is to prevent the formation of the active nuclease. As an 

alternative, the protease might destroy RNIS I  complexes by removing and degrading 

the R-subunits. 

According to the experiments described (Fig. 3.2 - 3.4 and Tables 3.2, 3.3) the clpX 

mutation has a stronger effect than c/pP on the acquisition of hsd genes, as if ClpX 

helps cells to survive the establishment of the EcoAl or EcoKI systems despite the 

absence of the active CIpXP protease. Some preliminary experiments show that the 

over-expression of clpX at least partly suppresses a clpP mutation. CIpX possesses a 

chaperone activity, but it is not necessary for HsdR folding because the endonuclease 

activity is expressed in a clpX mutant. It might play an opposite role in the folding of 

HsdR, i.e. in shifting the protein from a functional conformation to an inactive one that 

in the absence of CIpP may lead to dissociation of ClpX and inactivated HsdR. 

Possibly, the protein molecules with the changed conformation are stably maintained in 





the cytoplasm or even restored to the active form. If the interaction with CIpX results 

in the insolubilization of HsdR, the latter may aggregate. In any case ClpX could be a 

barrier to the binding of HsdR to M2S1 , and this leads to a delay in expression of the 

endonuclease activity and the sequential establishment of methylation and restriction. 

Even if ClpX does not unfold HsdR, the ClpX-HsdR complex may be stable enough to 

prevent binding of HsdR to M2S1 . In this case ClpX-rnediated protection depends on 

the relative concentrations of CIpX and M2S1 , the proteins competing for HsdR 

binding, and their affinity for HsdR. As an alternative, ClpX could remove HsdR from 

R2M2S1  complexes and maintain a lower concentration of the active nuclease in cells. 

The establishment of EcoAl is less sensitive to the absence of the CIpXP protease than 

that of EcoKI. This can be explained by the fact that the modification component of the 

EcoAl system is active on unmethylated target sequences (Suri and Bickle, 1985), 

whereas that of EcoKI has a very strong preference for hemimethylated DNA (Dryden 

et al., 1993). Acquisition of hsdn  by P1 transduction does not require CIpXP for 

bacterial survival. Cells used for P1 transduction experiments are in a stationary phase 

when chromosome replication and cell division occur much more seldom than those in 

log-cultures. Constant cell volume when bacteria do not grow could help to accumulate 

the methylase despite a lower level of the protein synthesis in the cells than in 

exponentially growing bacteria. If the chromosome is not replicated the number of the 

target sequences does not increase with time. These two features of the stationary 

phase cells may make it easier for the methylase to complete the chromosome 

methylation. 

Transfer of hsd genes by P1 transduction can be also influenced by the phage. The Dar 

protein encoded by P1 genome protects the donor DNA from restriction enzymes 

present in the recipient cells (lida et al., 1987). The mechanism of Dar action is 

unknown. If it temporarily blocks restriction but not modification the time interval 

could be enough for EcoAl (but not for EcoKl) to methylate the chromosome. Similar 

explanation might be applied to the experiments on the elimination of specificities by 

P1 transduction. If Dar blocks restriction for time necessary to dilute residual proteins, 

encoded by the genes eliminated, so much that no active endonuclease complex exists 

in the bacteria, then CIpXP would not affect the cell survival following the specificity 

elimination. 



It is not clear whether CIpXP affects R-M systems constitutively or whether it is 

induced in response to a signal. The fact that c/p mutants show a higher level of 

restriction than c1p bacteria suggests that the protease-dependent influence is not 

only a characteristic of the establishment; it is either constitutive or can be induced 

by some other processes in bacteria. 
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CHAPTER 4. REGULATION OF ENDONUCLEASE ACTIVITY PREVENTS 

BREAKAGE OF UNMODIFIED BACTERIAL CHROMOSOMES BY TYPE I 

RESTRICTION ENZYMES. 

4.1. Introduction 

It is very likely that the lethal effect of transfer of hsd genes that encode a new type I 

specificity to clpP or clpX bacteria is caused by breakage of unmodified 

chromosomal DNA by the endonuclease. This does not happen in c1p cells: the 

CIpXP protease is presumed to enable the establishment of modification and 

restriction so that the restriction activity appears only after the chromosomes are 

methylated. This idea is supported by the fact that bacteria take up to 15 generations 

after the acquisition of hsd genes to become restriction-proficient (Prakash-Cheng & 

Ryu, 1993; Kulik & Bickle, 1996), i.e. the restriction function is not active 

immediately in spite of the hsdRMS genotype. 

The acquisition of a new specificity is not the only situation in which a temporary 

loss of restriction proficiency has been detected. A well-documented example, 

referred to as restriction alleviation (RA), occurs in response to treatments that 

damage DNA (Day, 1977; Thorns & Wackernagel, 1984; Efimova et at., 1988b). UV 

light, nalidixic acid, 2-aminopurine (2-AP) and 5-brornouracil (5-BU) have been 

shown to induce RA. It is possible that the temporary silence of restriction 

proficiency associated with the establishment of a new specificity is an example of 

RA. If this is so, C1pXP would be required for the alleviation of restriction in 

response to DNA damage. 

Phage ? encode their own protein (Rai) which alleviates restriction of type IA 

systems. In the presence of Rai type IA systems methylate unmodified DNA, which 

is normally a very poor substrate for methylation, as effectively as hemimethylated. 

Some E. coli strains contain the Rac prophage in their chromosomes (Kaiser & 

Murray, 1979). The Rac prophage encodes Lar, a protein similar to Rai. Although 

some indirect data suggest that RA is not dependent on Ral (Efimova et at., 1988a; 

Hiom & Sedgwick, 1992), E. coli K-12 C600 rac background was used in most of 
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the further experiments to identify Rac-independent regulation of restriction and 

modification activities of type I systems. 

4.2. CIpXP is necessary for restriction alleviation. 

Efficiency of plating of phage (e.o.p.), which is used in most cases to characterise 

restriction activity, reflects the probability with which a phage yields progeny on a 

given bacterial strain relative to a control strain. An e.o.p. of I means that there is no 

barrier for the phage to propagate on the respective strain either because of 

restriction-deficiency of the bacteria or because the phage has appropriate 

modification to protect against any resident restriction system. If unmodified phage 

are plated on restriction-proficient bacteria most of them are inactivated by the 

bacteria and therefore the e.o.p. is greatly reduced and reflects the probability with 

which the phages escape restriction. The inverse of e.o.p. measures restriction, or by 

what factor restriction activity prevents the production of an infective centre on 

restriction-proficient bacteria relative to that on restriction-deficient bacteria, where 

e.o.p. is assumed to be 1. 

RA is a drop in restriction detected by the increased e.o.p. of unmodified ? on 

bacteria after they have been treated with UV light, nalidixic acid or 2-AP. RA was 

assessed for C1p (NK301) and CIpX (NK304) bacteria in response to each of the 

three treatments and was found to be CIpX dependent (Fig. 4.1). Similarly, a clpP 

mutant (NK303) treated with 2-AP was found to be deficient in RA (data not shown). 

RA for the EcoAl system in response to 2-AP also was shown to be dependent on 

C1pX (Fig. 4.2). 

The results support the hypothesis that RA in response to agents that damage DNA, 

and the delayed detection of restriction activity following the acquisition of hsd 

genes by an hsd recipient, are both the outcome of a common CIpXP-dependent 

process. RA therefore might be induced during the establishment of a new specificity 

and prevent cell death. 
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Fig. 4. 1. Alleviation of the EcoKI restriction-proficiency in 
clp (NK301) and clpX (NK304) bacteria. 
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Fig. 4.2. 2-AP induced alleviation of the EcoAl restriction-proficiency in 
c1p (NK354) and clpX (NK355) bacteria. 



4.3. RA in cells with different dosage of the hsd genes 

Gene dosage has been shown to affect the establishment of the EcoKI and EcoAl 

specificities (Suri & Bickle, 1985; Fuller-Pace et al., 1985; Kelleher et al., 1991). 

Transfer of hsdM and hsdS to recipient cells where hsdR was expressed from a 

multicopy plasmid was lethal to the bacteria in spite of their c1p allele. Does this 

mean that RA does not occur in cells over-expressing hsdR? 

CIp bacteria with a single copy of the hSdKRMS genes on the chromosome (NK30 1) 

were transformed with plasmids of different copy number. The plasmids included 

one or more of the hsdK genes and therefore conferred increased dosage of one, two 

or all three genes in the transformed cells. The cultures were grown in the presence 

and absence of 2-AP and assayed for restriction (Fig. 4.3). Restriction was 

considerably alleviated by the 2-AP treatment in all cases but in the bacteria with 

increased dosage of hsdR, the remaining level of restriction after the treatment was 

much higher than that for cells with a single copy of the gene (Fig. 4.3). The residual 

level of restriction might be of vital importance during the establishment of a new 

specificity. If restriction is not inactivated then it would act on unmodified 

chromosomal DNA. 

4.4. Methyltransferase activity is not affected by either 2-AP or deficiency of 

CIpXP. 

Restriction activity is greatly reduced by 2-AP in a CIpXP-dependent manner (Fig. 

4.1 & 4.2). Is modification activity affected under the same conditions? 2ra1 

(NM1O9O) and Xral (NM1094) phages were used as substrates for methylation to 

assay cells for modification activity. Ral enables phage to become effectively 

modified by their hosts. Unmethylated DNA, unlike hemimethylated, is a very poor 

substrate for methylation by EcoKI. In the presence of Ral EcoKI modifies 

unmethylated DNA effectively and therefore Ral-  phages are undermethylated by 

EcoKI (Loenen & Murray, 1986). 
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Fig. 4.3. Alleviation of the EcoKI restriction activity in c1p (NK301) 
bacteria with different dosage of the hsd genes. 
Vector copy number: 
pACYC 184 -8-10 per cell, 
pBR322 	--20-25 per cell, 
pUC18 	—200 per cell, 
pJF1 18 is a pBR322-based vector with the mac  promoter for the overexpression 
of cloned genes. pJES23 includes hsdMISI under a control of Pmod  promoter 
and the Piac  promoter. The expression from the Piac  promoter was not induced 
with IPTG. 
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Table 4. 1. 

The EcoKI modification activity is not dependent on either CIpXP or 2-AP. 

e.o.p. of progeny on restriction-proficient bacteria (NK30 1) 

Host 	2-AP 	2rar (NM 1090) 
	

XraT (NM 1094) 

NK310 	- 	 6.3 x 	 0.74 

+ 	 7.4x10 4 	 0.86 

NK310c1pX 	- 	 5.0x 10-4 1.00 

+ 	 7.6x i0 	 1.05 
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c1p and clpX restriction-deficient and modification-proficient (rKmK) bacteria 

(NK3I0 and NK325 respectively) were treated with 2-AP and infected with 

unmodified Xrar and 7ra1t Phage progenies produced after single rounds of 

infection were tested for modification. Neither clpX nor 2-AP treatment had an effect 

on the efficiency of modification (Table 4.1), consistent with the previous results on 

the independence of the establishment of modification on clpX (Chapter 3). 

4.5. Transcription of the hsdRK  gene is not changed during restriction 

alleviation. 

RA is not the consequence of increased modification activity (see previous section) 

and therefore the drop in the level of restriction might reflect a decreased number of 

endonuclease (but not methyl ase) complexes per cell. This may be achieved either by 

a block in the synthesis of HsdR or by sequestering HsdR from its assembly with the 

methylase. Inhibition of the synthesis of different proteins occurs very often at the 

level of transcription of the appropriate gene. The activity of Pres,  a promoter of the 

hsdRK  gene, was assessed using transcriptional fusions of Pre.v  with the coding 

sequence of the reporter gene lacZ (Loenen et al., 1987). c1p (NK30I) and clpX 

(NK304) bacteria were lysogenized with 2 phages containing the fusions (?AD8 and 

2AD10, which have respectively 2kb and 0.3kb fragments of DNA upstream of the 

coding sequence of hsdR fused to lacZ) and with a control phage XTL25, the original 

vector without any insertion. The lysogens were grown in the presence and in the 

absence of 2-AP and assayed for J3-galactosidase activity and restriction. The activity 

of -galactosidase was not affected either by clpX or by 2-AP (Table 4.2) while RA 

was dependent on both clpX and 2-AP (data not shown). The data suggest that the 

regulation of endonuclease activity during RA occurs posttranscriptionally. 
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Table 4.2. Pres  activity under RA-inducing conditions 

Bacteria 

Pres-IacZ 

fusion 

3-ga1actosidase activity, MU 

-2-AP 	 +2-AP 

c1p: 

- NK30l(?TL25) - 76.6 ± 9.0 78.5 ± 7.6 

-NK3O1(XAD8) + 783.6±21.3 687.1 ±46.2 

- NK301(XADI0) + 841.8 ± 45.7 642.3 ± 13.7 

clpX: 

- NK304(XTL25) - 77.02 ± 13.8 67.5 ± 12.1 

-NK304(XAD8) + 637.1 ± 28.8 600.0± 50.8 

- NK304(AAD10) + 769.4 ± 74.1 627.8 ± 65.7 
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Fig. 4.4. Restriction of unmodified 2. by darn (NK302), ,nutD (NK326), topA 
(RS2) strains and their clpX derivatives (NK3 15, NK327 and NK329). 
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4.6. "Constitutive" restriction alleviation 

2-AP is known to stimulate mismatches during chromosome replication (Ronen, 

1980). Are mismatches relevant to induction of RA by 2-AP or is RA a result of an 

unknown effect of 2-AP on bacterial cells? Some mutations, which affect either the 

fidelity of replication or repair of mismatches, lead to an increased level of 

mismatches in bacteria. Mutations in any of the mut genes (mutH, mutL or mutS) 

encoding components of the mismatch repair system have been shown to relieve 

restriction about 5 fold (Efimova et at., 1988b). The fidelity of replication can be 

abolished by a mutD (dnaQ) mutation (Echols et at., 1983). mutH::kan, mutD::TnIO 

and mutH::kan mutD::TnlO derivatives of NK301 were constructed and assayed for 

restriction. In the MutH bacteria restriction of unmodified ?. was derepressed 4-fold, 

in MutD cells 60-fold, and in the double mutant restriction was alleviated 400-fold. 

In the last case the level of restriction (10 or e.o.p. 10 1 ) was similar to that in NK301 

treated with 2-AP and probably reflects a similar level of mismatches in the bacteria. 

It is logical to expect that the number of mismatches in the double mutH::kan 

mutD::TnlO mutant is higher than in either of the singles and therefore according to 

the data the higher the level of mismatches the greater is the level of RA. The results 

suggest that mismatches per se are the agent inducing RA. Because the number of 

mismatches per cell in the mut mutants is permanently increased the RA in these 

bacteria is "constitutive". 

Restriction is alleviated in dam strains (Efimova et at., 1988a). The Dam-methylation 

is used by the MutHSL system to identify the parental DNA strand during mismatch 

repair and in dam mutants mismatch repair leads to double-strand breaks (DSBs) 

(Wang & Smith, 1986) followed by SOS response and RecA-dependent repair. SOS 

response is also switched on in UV-treated cells which have been shown to have RA. 

If SOS response causes RA then a lower level of restriction in dam cells can be 

considered as another case of "constitutive" RA. 

topA mutants has been found to restrict unmodified ? less well than topA bacteria 

(G.P.Davies & N.E.Murray, pers.comm.) as if they also show "constitutive" RA. 

Mutants deficient in topoisomerase I, like wild-type cells treated with nalidixic acid, 

have problems in DNA replication. When topological problems make replication 
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forks stall DSBs may occur (Michel et at., 1997) and induce RecA-dependent DNA 

repair. 

If poor restriction described for mat, dam and topA mutants is an example of 

constitutively induced RA then a mutation in clpP or cLpX should restore restriction. 

Consistent with this prediction, the efficiency of restriction was enhanced by 

approximately one hundred-fold in the absence of CIpXP protease (Fig. 4.4). 

4.7. RA in response to 2-AP is not dependent on SOS-induced DNA repair. 

It has been found that UV-RA and Nal-RA do not occur in recA and lexA(Ind) 

bacteria (Day, 1977; Thorns & Wackernagel, 1984). recBC and recF mutants also are 

deficient in RA in response to UV light and functional recBC is necessary for Nal-

RA (Thorns & Wackernagel, 1982, 1984; Kelleher & Raleigh, 1994). Mutations in 

umuD or umuC lead to a reduction of RA although bacteria still respond to UV 

treatment by weaker restriction (Hiom & Sedgwick, 1992). In all these mutants, 

either the SOS response is blocked completely (e.g. recA and lexA(Ind) cells) or 

some DNA repair pathways normally activated during SOS are not functional (e.g. 

recBC, recF and umuDC bacteria). On the basis of these earlier observations UV-

RA and Nal-RA appear to be a function of SOS response. 

RA in response to 2-AP has been shown to be independent of recA and lexA 

(Efimova et at., 1988b). Do other mutations that abolish UV-RA have an effect on 

RA upon 2-AP treatment? recA, recBC, recD and umuDC derivatives of NK301 

were made and, together with clpP and clpX bacteria, were treated with 2-AP and 

assayed for restriction. Only a CIpXP deficiency led to a block of RA, all the other 

mutants behaved like the original strain, NK301. and restricted poorly in the 

presence of 2-AP (Table 4.3). The observation that neither UV light nor 2-AP induce 

RA in CIpXP-deficient cells implies the existence of a common step for both 

pathways. The different effects of mutations in recA, lexA, recBC, and umuDC on 

UV-RA and 2-AP-RA, however, suggest that some stages of the UV-induced RA 

pathway are different from those for 2-AP and require functional pathways for DNA 

repair. 
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Table 4.3. Comparison of RA induced by UV light and 2-AP * 

Bacteria 
	

UV-induced RA 	 2-AP-induced RA 

NK30 I 104 (a,b) 1.0 x  104  

NK303 (clpP) n.t. 1.1 

NK304 (clpX) 1.0 0.9 

NK305 (recD) nt. 5.8 x iO 

NK306 (recBG -- 	1 (c)  9.2 x 103 

NK307 (umuDC) 102(a) 3.8 x 10 

NK308 (recA) 1.2x 10'/-i.0" 1.0x 10 

* The data accompanied by the references are obtained for mutations in different 

backgrounds. n.t. - not tested. 

a Hiorn & Sedgwick, 1992. 

b  Kelleher & Raleigh, 1994. 
C  Thorns & Wackernagel, 1982 

dDay 1977. 
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4.8. Prolonged 2-AP treatment is lethal for CIpXP-deficient cells; the Lethality is 

caused by functional EcoKI. 

An attempt to induce RA in the cip mutants by prolonged treatment with 2-AP led to 

an unexpected observation; after 4-5h incubation in 2-AP the viability of clpP and 

clpX cells dropped so much that it became impossible to use the cultures to assay for 

restriction (No confluent bacterial lawn was obtained). Examination of bacteria 

under the light microscope revealed that C1pXP-deficient cells became filamentous 

after 3-4h incubation in the presence of 2-AP. The filamentous cells remained 

mobile. They increased in length during the next 2h and then lost their mobility, 

correlating with cell death. Similar experiments for recA, recBC, recD and uinuDC 

derivatives did not reveal any effect of 2-AP on their survival. 

Filamentation is a phenotype characteristic of the SOS response. 2-AP does not 

normally activate the SOS response but in the absence of CIpXP it could induce a 

chain of events that leads to DNA damage. This DNA damage would require RecA 

for repair and induction of the SOS response. This idea is supported by the fact that 

clpX recA double mutants (NK323) are supersensitive to 2-AP and do not survive 

low concentrations (40 Ig/m1) of 2-AP in the medium (Table 4.4). In contrast, clp 

recA cells (NK308) are not sensitive to 2-AP and show RA in response to treatment 

with 2-AP (Table 4.3). It is interesting that about 20% of clpX recA cells treated with 

2-AP are filamentous in spite of their deficiency in RecA, which is necessary for 

induction of filamentous growth as the function of the SOS response. 

Is CIpXP needed in the presence of 2-AP to prevent DNA damage by the resident 

restriction endonuclease? If so, then the inactivation of EcoKI would suppress the 

lethal effect of 2-AP for the cip mutants. EcoKI was inactivated either by introducing 

a point mutation in hsdR that abolishes restriction but not modification activity of the 

enzyme, or by deleting all the hsd genes. Both mutations restored the resistance of 

the C1pXP-deficient cells to 2-AP (Table 4.4). Similarly, the hypersensitivity of the 

clpX recA strain was relieved by inactivation of EcoKI (Table 4.4). 

The data suggest that in the presence of 2-AP EcoKI becomes potentially harmful for 

a host cell and that CIpXP is necessary to prevent EcoKI from causing cell death. In 

the absence of C1pXP and in the presence of the functional EcoKI endonuclease the 
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SOS response is activated. These observations imply that the EcoKI endonuclease 

activity damages host DNA that contains unmodified target sequences and therefore 

becomes a substrate for restriction by EcoKI. This harmful effect of EcoKI occurs 

only in the presence of 2-AP. How does 2-AP induce the appearance of unmodified 

targets in the E. coli chromosome? 2-AP is known to stimulate transitions during 

DNA replication. Such point mutations can convert some nucleotide sequences to 

targets for EcoKI. Originally, these sequences have never been recognised as targets 

because they were different from the target sequence by a single base pair. 2-AP 

induced substitution of this base pair with another one would result in the appearance 

of a new recognition site for EcoKI. Such newly synthesised target sequences in a 

bacterial chromosome would not be methylated and would make the chromosome a 

substrate for cleavage by EcoKI. However, DNA breakage does not occur in the 

presence of functional C1pXP. The fact that recA clp bacteria are not sensitive to 2-

AP supports the idea that double-strand breaks, which would be lethal for recA 

mutants, do not occur during RA, rather chromosome breakage takes place in Clp 

cells which cannot induce RA. 

4.9. RA induced by 2-AP is associated with a deficiency of HsdR. 

A drop of restriction in response to 2-AP, UV or nalidixic acid might be caused by a 

deficiency of HsdR in treated cells. The lower the concentration of HsdR the lower 

would be the concentration of the endonuclease complexes R2M2SI  in cells and the 

lower the probability of restricting unmodified DNA. To test this idea, the HsdR and 

HsdM subunits were monitored by Western blots following the addition of 2-AP to 

both c1p (NK301) and clpX (NK304) bacteria (Fig. 4.5). After a lag of 20 mm, a 

reduction in the amount of HsdR per constant volume of culture was detected in clp 

cells in response to 2-AP. At the same time, the cell growth was accompanied by 

accumulation of HsdM. Under the same conditions, clpX cells behaved like untreated 

bacteria and accumulated both HsdR and HsdM (Fig. 4.5). 
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Table 4.4. Bacterial growth upon prolonged treatment (4-5h) with 2-AP. 

Concentration of 2-AP in LB 

Bacteria 	 0 .tg/ml 	40 jig/mI 	400 jig/ml 

NK30I (hsd c1p) 

NK304 (hsd clpK) 

NK323 (hsd clpX recA) 

NK3 10 (hsdR clp) 

NK325 (hsdR clpX) 

NK3 11 (zShsd clp) 

NK312 (AhsdclpX) 

NK324 (zlhsd clpX recA) 

normal 

normal 

normal 

normal 

normal 

normal 

normal 

normal 

normal 

- 20% filaments 

- 20% filaments, 
cell death 

normal 

normal 

normal 

normal 

normal 

normal 

100% filaments, 
cell death 

- 20% filaments, 
cell death 

normal 

normal 

normal 

normal 

normal 

The conclusion about cell death relied on the loss of mobility of cells. 
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c1p + 2-AP 

clp - 2-AP 

vxm. ' .  

0' 20 40' 60' 	IOU' 120' 140' 60' / KI 

clpX + 2-AP 

0' 	20' 	40, 	10' 	I) 

clpX - 2-AP 

Fig. 4.5. Assays for HsdR and HsdM polypeptides following treatrnentwith 2-AP. 
2-AP was added to mid-logarithmic cultures at the point 0' and 0.5 ml aliquots 
were taken at appropriate intervals and analysed in Western blot experiments. 
EcoKI polyclonal antibody, used in these Western blots, fails to detect HsdS, 
but detects HsdR and HsdM and some other E. coli proteins. 
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4.10. 2-AP induces CIpXP-dependent degradation of HsdR. 

The very low concentration of HsdR in c1p cells treated with 2-AP can be explained 

in two ways; either HsdR is unstable in the presence of CIpXP or HsdR is unstable 

because of another protease but CIpXP is necessary to stop the synthesis of HsdR in 

2-AP treated cells. 

The stability of HsdR was assayed in clp and clpX cells treated with 2-AP. When 

hsdR was present as a single copy per cell, the amount of HsdR was insufficient to 

generate a signal that would readily distinguish HsdR from other proteins on SDS 

polyacrylamide gels. The signal was increased by using hsdR cloned in pACYC 184, 

a low copy number vector. clp hsd (NK30I) and clpX hsd (NK304) bacteria 

transformed with the hsdR plasmid (pNK3) were treated for 90 min with 2-AP to 

establish RA and pulse-labelled with 35S-rnethionine. HsdR was unstable in clp but 

not clpX cells (Fig. 4.6). In the absence of 2-AP HsdR was stable in both strains. The 

C1pXP-dependent degradation of HsdR is inducible since the polypeptide is stable in 

untreated cells and becomes a substrate for proteolysis in the presence of 2-AP. 

4.11. Functional EcoKI is necessary for the loss of HsdR during RA. 

The C1pXP-dependent degradation of HsdR is an inducible process, i.e. HsdR 

becomes a substrate for proteolysis only under special conditions. Is active EcoKI 

necessary to generate the signal that leads to CIpXP-dependent degradation of HsdR? 

If it is not then does C1pXP attack HsdR on its own or as a part of a complex with 

HsdM and HsdS? To answer these questions two mutants were tested for 2-AP 

induced depletion of HsdR. One had a missense mutation in hsdR (NK351) that 

retained the ability of the R2M2S1  complex to bind DNA (Davies et al., 1998) but 

inactivated both the ATP-dependent translocation activity and endonuclease activity 

(Davies et al., 1998, 1999b). The other mutant (NK352) had a wild-type hsdR gene 

but hsdM and hsdS were deleted so that HsdR could not form an EcoKI complex. 

HsdR was not depleted in either mutant in response to 2-AP (Fig. 4.7a). This finding 

implies that a functional endonuclease is required for induction of the pathway that 

leads to degradation of HsdR. 
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Fig. 4.6. The stability of HsdR in vivo. Labelled polypeptides separated by 
electrophoresis through SDS-polyacrylamide gels (6%) were detected by 
autoradiography. An extract from a strain lacking HsdR (NK31 1/pACYC184) 
was used to identify HsdR in the other strains. Samples from c1pand clpX 
bacteria containing pNK3 were taken at time intervals indicated after pulse 
labelling. (a) and (b) are two independent experiments. 
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FT1 

hsdKRMS 	/lsdKR(A6 1 9V)M4S 	hsdKRzi(MS) 

I;, 

Fig. 4.7. Functional EcoKI is necessary for degradation of HsdRK.  Hsd subunits 
were monitored by Western blot following treatment with 2-AP, using antibodies 
raised against the relevant R-M complex. (a) Degradation of HsdR is prevented 
by a missense mutation in hsdR (track 5) or by the absence of HsdM and HsdS 
(track 8). (b) The presence of functional EcoAI has no effect on the degradation 
of the HsdR subunit of EcoKI (Upper), even though the HsdR subunit of EcoAI 

itself is degraded (Lower, tracks 2,5 and 8). 
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If the products of restriction by a type I enzyme are the stimulus for RA, the 

endonuclease activity of one R-M system should induce RA for a different system. 

The degradation of the HsdR polypeptide of the inactive type IA system, EcoKI, was 

examined under conditions shown to induce RA for EcoAl. EcoAl is a type lB 

system for which RA is regulated in a CIpXP-dependent manner (Fig. 4.2). 

F'hSdARMS (F'101-301) was transferred to the three strains used in the previous 

experiment (Fig. 4.7a); hSdKRMS, hsdKRMS and hSdKRA(MS). The 

transconjugants, both treated and untreated with 2-AP, were assayed for EcoAl- and 

EcoKI-dependent restriction in vivo, and-for the presence of HsdR polypeptides. 2-

AP caused RA of functional R-M systems, and HsdR from any restriction-proficient 

complex was lost (Fig. 4.7b). However, for the non-functional EcoKI complex 

H5dRK remained even when HSdRA  of functional EcoAl was degraded. 

Double-strand breaks (DSBs) are known to be the products of restriction by type I R-

M systems. If DSBs were the signal for RA then breaks generated by EcoAl would 

have induced degradation of HSdRK. The results, however, do not support this idea. 

In addition, if DSBs occurred during RA then recA bacteria would have had a 

problem to survive 2-AP because RecA is necessary for DSBs repair. RecK cells are 

not sensitive to 2-AP and show RA (see 4.7 & 4.8). This implies that DSBs are not 

produced during RA, rather they are prevented by CIpXP. 

If 2-AP stimulates the appearance of unmodified target sites in the chromosome (see 

4.8) then EcoKI should recognise them and initiate the restriction pathway leading to 

DNA cleavage. Let us compare the restriction pathways of wild-type EcoKI, in 

which HsdR is degraded in the presence of 2-AP, with the enzyme in an hsdR mutant 

(NK351) in which HsdR is non-degradable. They both form R2M2S1  complexes that 

recognise DNA in a site-specific manner but the former will translocate and cleave 

the DNA whereas the latter will not. The cleavage step does not happen in either 

situation and therefore the known difference between the complexes is their ability to 

translocate DNA. These results provoke the suggestion that when the endonuclease 

translocates chromosomal DNA, HsdR is recognised by CIpXP, removed from the 

complex and degraded by the protease. This idea also would explain why functional 

EcoAl had no effect on degradation of HsdR of non-functional EcoKI. 



4.12. Discussion 

Two phenomena reported for type I R-M systems implied the existence of a 

regulatory pathway modulating at least one of the two activities of these systems. 

One was the puzzling fact that bacteria survived the acquisition of genes specifying a 

new type one R-M system (Prakash-Cheng & Ryu, 1993; O'Neill et at., 1997). When 

hsd genes are expressed in a naive cell, the first few molecules of nuclease are 

expected to appear before the methylation of the chromosome is complete and 

therefore the bacterium should die as the result of multiple cleavages of the 

chromosome by the nuclease. However, experimental data do not confirm this 

reasoning; the transfer of a new type I specificity does not have any effect on 

survival of recipient bacteria. 

The other evidence for regulation of type I systems is based on observations that 

restriction is dependent on the physiological state of cells. Under some conditions 

bacteria show a temporal loss of restriction proficiency in spite of their hsdRMS 

genotype. Such alleviation of restriction is induced in response to UV irradiation, 

growth in the presence of sub-lethal concentrations of nalidixic acid, 5-BU or 2-AP 

(Bertani & Weigle, 1953; Thorns & Wackernagel, 1984; Efimova et al., 1988b). 

Removal of the inducing agent leads to a gradual recovery of restriction. 

Neither the acquisition of a new specificity nor prolonged treatment with 2-AP 

affects the survival of clp bacteria but both cause cell death of mutants deficient in 

C1pXP protease. The dependence of these processes on the protease implies a 

common CIpXP-dependent regulatory pathway which is necessary to survive both 

the acquisition of an hsd allele and growth in the presence of 2-AP. 

Cell death following the treatment of clpX and c/pP bacteria with 2-AP is 

accompanied by the formation of filaments, a characteristic of the induction of the 

SOS response. SOS is activated in response to DNA damage and in this case the 

evidence indicates that the damage is caused by active EcoKI; a mutation which 

blocks restriction activity prevents filamentous growth and cell death of clpX bacteria 

in the presence of 2-AP (see 4.8). How do clp bacteria survive 2-AP, even without 

SOS induction? Clp cells respond to 2-AP treatment by the degradation of HsdR 

and consequent inactivation of the endonuclease activity that becomes dangerous for 
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bacteria growing in the presence of 2-AP. Because this degradation is CIpXP-

dependent, clpX and clpP mutants cannot remove HsdR and consequently they retain 

normal levels of endonuclease. 

Why do 2-AP, UV irradiation and nalidixic acid induce cell death of C1p bacteria? 

The EcoKI-dependent induction of SOS in CIpXP-deficient cells in response to 2-AP 

treatment suggests that the chromosomal DNA becomes a substrate for restriction by 

EcoKI. EcoKI cleaves only DNA with unmodified targets. 2-AP is known to induce 

transitions during DNA replication, mostly from A-T to G-C (Osborn et al., 1967; 

Freeze, 1968). This could lead to the appearance of unmodified target sites in the 

chromosome de novo. There are sequences in the E. coli chromosome which are 

different from the EcoKI recognition sequence by a single base pair. If a 2-AP-

induced mismatch eliminates the difference then a new target for EcoKI will appear 

(Fig. 4.8a). A similar mechanism could also operate for 5-BU. 

EcoKI recognises AAC(N6)GTGC as a target sequence and there are 596 such 

sequences in the E. coli K-12 chromosome. AAT(N6)GTGC, AAC(N6)ATGC, 

AAC(N6)GTAC, and AAC(N6)GTGT are different from the target by a single base 

shown in bold and if a substitution of A-T with G-C occurs it will convert any of 

these sequences to an EcoKI target. On the basis of probability of random sequences, 

one might expect about 600 such original sequences each, defined by 7 bp as well as 

the target sequence, per E. coli chromosome. Therefore there are about 2400 

"potential targets" per chromosome. 2-AP, when it competes with adenine for 

incorporation during bacterial DNA replication, appears in the synthesised product as 

one base per 250-270 adenine bases (Gottschling & Freeze, 1961; Rogan & 

Bessman, 1970). This rate of 2-AP incorporation might result in the generation of up 

to 10 new EcoKI target sequences per chromosome per single round of replication. 

In addition, 2-AP might stimulate the generation of unmodified target sequences by 

blocking methylation (Fig. 4.8b). When 2-AP is incorporated in an EcoKI target 

instead of adenine, the target for methylation, the R-M enzyme still recognises the 

sequence as a target (D.Dryden, pers.comm.) but cannot methylate the 2-AP residue 

and the DNA stays hemimethylated. The next round of replication, unavoidably, will 

result in an unmethylated target sequence. 
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Fig. 4.8. Replication in the presence of 2-AP generates unmodified targets for EcoKI. 
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If the appearance of unmodified targets leads to RA then how can unmodified targets 

be generated by UV light or treatment with nalidixic acid? When irradiated with UV, 

cells activate the SOS response including the SOS-mutagenesis pathways. One of the 

pathways is the SOS-aided translesion synthesis dependent on UmuD'2C - RecA and 

producing mainly base changes (Miller & Low, 1984). Generation of new targets by 

this mechanism is similar to that for 2-AP and 5-BU, mismatches convert defined 

sequences to target recognition sites. Involvement of UmuD'2C in RA is supported 

by the fact that umuD and umuC mutants showed a 100-fold lower level of UV-

induced RA than umu cells (Hiom & Sedgwick, 1992). 

The other pathway for the generation of new target sequences may be activated in 

response to both UV irradiation and nalidixic acid. In both cases it would be based 

on homologous recombination as a process involved in the repair of DSBs. Nalidixic 

acid inhibits DNA gyrase (Gellert et at., 1977; Sugino et at., 1977) and causes DSBs 

in DNA (Snyder & Drlica, 1979; Drlica et at., 1980) that induce the SOS response. 

Repair of DSBs and postreplication repair, both of which occur after UV irradiation, 

rely on homologous recombination. If homologous recombination involves two 

segments of hemimethylated DNA, the annealing of unmethylated strands or DNA 

synthesis may generate a localised region of unmethylated DNA (Fig. 4.9). 

Homologous recombination is strongly dependent on RecBCD and RecA. Because 

recombination does not occur in recA mutants and is greatly reduced in recB recC 

cells, the mechanism of generation of unmodified targets is blocked and therefore the 

mutants are deficient in UV-induced RA (Day, 1977; Thorns & Wackernagel, 1982, 

1984; Kelleher & Raleigh, 1994). The UmuD'2C-dependent pathway may be blocked 

in recB and recC mutants treated with nalidixic acid because RecBC is necessary to 

activate the SOS response after the treatment with nalidixic acid (Gudas & Pardee, 

1976) and consequent derepression of umuDC. It remains unclear why recB and recC 

bacteria are deficient in UV-RA (Dharmalingam & Goldberg, 1980; Thorns & 

Wackernagel, 1982; Kelleher & Raleigh). The induction of the SOS response after 

UV irradiation does not require RecBC (Bockrath & Hanawalt, 1980; McPartland et 

at., 1980) and occurs in a RecF-dependent manner (McPartland et at., 1980; Karu & 

Belk, 1982). A mutation in recF blocks UV-RA (Thorns & Wackernagel, 1984; 

Kelleher & Raleigh, 1994). DNA replication of the damaged template is known to be 

we 



required to generate the SOS-inducing signal (Salles & Defais, 1984). The finding 

that recF bacteria are deficient in the resumption of replication at DNA replication 

forks after UV irradiation (Courcelle et al., 1997) may explain the lack of RA in recF 

bacteria. 

The LexA (Ind) phenotype is accompanied by a deficiency in UV-RA and Nal-RA 

(Thorns & Wackernagel, 1982, 1984) since the cells are unable to derepress 

transcription of recA and umuDC, which are involved in the generation of new target 

sequences. 

The finding that DNA damage per se and DNA repair proteins are required to induce 

UV-RA is consistent with a pathway that leads to the generation of unmodified 

targets. Constitutive expression of recA in the absence of DNA damage does not 

cause RA (Thoms & Wackernagel, 1984; Hiom & Sedgwick, 1992) because there is 

no DNA substrate for homologous recombination or UmuD'2C activity to initiate the 

formation of unmodified target sequences. 

RA in response to 2-AP is different from UV-RA and occurs in recA, recBCD, lexA 

(Ind) and umuDC mutants. This is not surprising because the mechanism of 

appearance of new EcoKI targets induced by 2-AP differs from that for UV-RA and 

does not require the products of any of these genes. The idea that mismatches are a 

signal for RA is supported by the fact that an increased level of naturally occurring 

mismatches in mutants with either disturbed mismatch repair system (mutH, mutL 

and mutS) or with abolished fidelity of replication (mutD) leads to a drop in 

restriction (Efimova et at., 1988a; see 4.6). Inactivation of both systems in the mutH 

mutD double mutant decreases restriction to the very low level found for 2-AP 

treated cells. 

Similarly, RA induced by UV and nalidixic acid can be mimicked by dam and topA 

mutations respectively. In the absence of Dam-methylation, which is used for 

identification of the parental strand during mismatch repair by the MutHLS system 

(Wagner & Meselson, 1976; Pukkila et at., 1983), the MutH endonuclease activity 

generates DSBs (Wang & Smith, 1986), one of the DNA products generated 

following UV irradiation. DNA replication in topA mutants, as well as in cells where 

GyrA is blocked by nalidixic acid, should encounter topological problems; this could 

lead to DSBs. 
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RA develops gradually after UV irradiation, or upon adding 2-AP, and achieves its 

maximum after 2-3h for UV and 1-1.5h for 2-AP (Efirnova et at, 1988b; Kelleher & 

Raleigh, 1994). This time lag may be necessary for the generation of unmodified 

target sequences and might be influenced by growth conditions. Aeration affects the 

growth rate and therefore the rate of initiation of replication. Increased DNA 

synthesis leads to more 2-AP incorporation and consequently to the generation of 

more unmodified target sequences. 

RA is abolished by the presence of chioramphenicol in growth media (Efimova et al, 

1988b; Kelleher & Raleigh, 1994), implicating a requirement for protein synthesis 

for RA. It is known that protein synthesis is obligatory for the initiation of 

chromosome replication (Ward & Glaser, 1969) and this would explain the 

dependence of 2-AP-induced RA on chioramphenicol. For UV-RA, protein synthesis 

is necessary to produce UmuD, UmuC, RecA and, possibly, some other SOS-induced 

polypeptides involved in the generation of unmodified targets. 

Unmodified targets on the chromosomes of hsdRMS cells is a common problem 

occuring not only after treatments with UV, 2-AP, 5-BU or nalidixic acid, but also 

during the establishment of genes conferring a new specificity. The solution to this 

problem requires C1pXP to degrade HsdR. In clpX and clpP cells HsdR cannot be 

degraded and hsd bacteria die after 2-AP treatment (see 4.8) while hsd cells die 

after the acquisition of an hsd allele (see Chapter 3). The establishment of a new 

type I specificity is lethal even for Clp bacteria if hsdR is expressed from a 

multicopy plasmid prior to the transfer of hsdMS (Suri & Bickle, 1985; Fuller-Pace 

et al., 1985; Kelleher et at., 1992). The experiments on RA, when hsd genes are 

expressed from multicopy plasmids (Fig. 4.3), show that if the dosage of hsdR is 

increased then restriction cannot be alleviated to a level as low as that obtained for a 

single copy of hsdR. Perhaps there is not enough CIpXP protease to inactivate 

sufficient HsdR for the cell to survive the establishment of a new specificity when 

hsdR is expressed from a multicopy plasmid prior to the establishment of a new 

specificity. 

Other evidence that RA is induced in response to the presence of unmodified target 

sequences on the chromosome of hsdRMS bacteria, comes from the experiments 

of V.A.Doronina (Makovets et al., 1999). It is found that a mutation in hsdM 



(F269G) abolishes modification but not restriction activity of EcoKI. hsdRM 

(F269G)S bacteria are expected to die because of their rm phenotype. This was 

shown to be true only if the cells are clp. clp cells survive due to constitutive 

C1pXP-dependent degradation of HsdR. These cells become depleted of HsdR and 

show the very low level of restriction that is a characteristic of RA. The only 

predicted difference between the hsdRM(F269G)S and IisdRMS bacteria is the 

absence of methylation in the first case, but it also results in the loss of restriction in 

a C1pXP-dependent manner. 

The degradation of HsdR is inducible; under normal conditions the polypeptide is 

stable even in the presence of the CIpXP protease (Fig. 4.6). What is the signal that 

makes HsdR susceptible to proteolysis? This signal requires unmodified target 

recognition sites on the chromosome and a functional EcoKI complex; HsdR is 

stable in untreated cells (Fig. 4.5 & 4.6) as well as in bacteria where EcoKI is 

inactive either because of the absence of HsdM and HsdS or because of a point 

mutation in hsdR which inactivates the translocation and therefore the restriction 

activity of the endonuclease (Fig. 4.7). The requirement for unmodified targets and 

active nuclease suggests that DNA cleavage by EcoKI is necessary to induce RA. 

However, this hypothesis is contradicted by other data. First, recA bacteria, which 

would be expected to have problems with the repair of DSBs produced by EcoKI, are 

no more sensitive to 2-AP than wild-type cells, and show RA. This finding implies 

that DSBs do not occur during RA. Second, the experiments (Fig. 4.7b) with two 

systems (EcoKI and EcoAl) from different families suggest that the signal for the 

degradation of HsdR does not work in trans, in contrast to what would be expected if 

the signal were DSBs. RA for both EcoKI and EcoAl is regulated in a CIpXP-

dependent manner. RA induced for the active EcoAl system does not lead to the 

degradation of HsdR from inactive EcoKI. Neither a diffusible molecule nor a DSB 

or other structure which might appear in the cell during RA is a signal for the 

degradation of HsdR. It would appear that the relevant signal depends on changes 

within the endonuclease complex itself. 

The hsdR (A619V) mutation that abolishes the CIpXP-dependent degradation of 

HsdR does not affect the ability of the polypeptide to hind the methylase and form 

the R2M2S1  complex. This R2M2S1  complex recognises EcoKI target sequences and 
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binds them (Davies et al., 1998). This mutation affects a DEAD-box motif that plays 

a role in ATP-dependent DNA translocation and the mutant enzyme fails to 

translocate (Davies et al., 1999b). It is possible that EcoKI undergoes a 

conformational change when it translocates DNA and exposes an amino acid 

sequence that is recognised by CIpXP (Fig. 4.10). In agreement with this hypothesis, 

mutations in each of the other six DEAD-box motifs, all of which like hsdR (A619V) 

block DNA translocation (Davies et al., 1999b) also abolish the CIpXP-dependent 

degradation of HsdR (V.A.Doronina, pers .comm.). 

The relevance of the translocation step to the stability of HsdR is supported by the 

demonstration that mutations in hsdR that abolish the endonuclease, but not 

translocation activity of EcoKI (Davies et al., 1999b), leave HsdR susceptible to 

proteolysis (V.A.Doronina, pers.comm.). Although DSBs cannot be produced by 

these mutant enzynes and there is no potential danger of chromosome breakage, the 

mutant is depleted of HsdR if the chromosome is unmodified. Modification activity 

is blocked by the hsdM (F269G) mutation. EcoKI of a double mutant (hsdM (F269G) 

+ a mutation in the endonuclease motif) is expected to possess translocation activity 

but should neither methylate nor cut DNA. Lack of methylation results in 

unmethylated chromosomal target sequences, which are recognised by EcoKI. The 

DNA is translocated but cannot be cut because of the mutation in the endonuclease 

motif. The deficiency in endonuclease activity does not block the degradation of 

HsdR and this implies that the translocation activity is sufficient to promote 

proteolysis. 

clpX has a more severe effect than clpP on the establishment of a new type I 

specificity (see Chapter 3) as if C1pX on its own helps cells deficient in the protease 

to survive. CIpX possesses a chaperone activity and can promote disassembly of 

multisubunit complexes (Levchenko et al., 1997a). In the case of type I systems 

C1pX might remove HsdR from translocating complexes and prevent DNA cleavage. 

In the absence of C1pP, HsdR is likely to be released to the cytoplasm where it can 

bind M2S1  and form an active nuclease de novo. However, C1pX on its own is not as 

effective as the C1pXP protease in defending bacterial chromosomes from the 

breakage because, in the absence of C1pP, HsdR cannot be inactivated and most clpP 

cells still do not survive the establishment of EcoKI or EcoAl. 
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Targets are occupied by EcoKi 
	

ATP dependent translocation 
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Methylases stay bound to the targets 

or 
ME 

CIpXP attack leads to removal of EcoKl 
CIpXP attacks translocating 
complexes and degrades HsdR 

Fig. 4.10. Model representing the molecular mechanism of CIpXP-dependent degradation of HsdR. When unmodified target sequences 
are occupied by EcoKI and translocation takes place, CIpXP recognises HsdR, removes the R-subunits from translocating complexes 
and degrades them. The methyltransferase components of an original R2M2S1  complex either remain bound to the target as a methylase 
or they are removed from DNA during the attack of C1pXP on HsdR. If the target stay unmethylated at the moment of the removal of 
HsdR it can be occupied by a nuclease again and stimulate degradation of other R-subunits. 



CHAPTER 5. GENERAL DISCUSSION 

Why do bacteria, some bacteriophages and bacterial plasmids encode restriction and 

modification systems? A well-established answer to this question is that R-M 

systems protect their hosts from incoming DNA and this can be of vital importance 

in some cases, e.g. phage infection. Similarly, R-M systems encoded by plasmids or 

temperate phages defend bacteria against invasion of foreign DNA but in doing so 

they also secure the reproduction of the replicons that encode them. Transfer of 

another plasmid from the same group of incompatibility could lead to elimination of 

the resident plasmid, whereas phage infection would kill the bacteria along with their 

resident replicons. It seems probable that the defensive role of R-M systems has 

made them widespread among bacteria and their transferable elements. 

Kobayashi and co-workers have a different point of view on factors that influence the 

evolution of type II R-M systems. The finding that loss of genes specifying a type II 

R-M system results in cell death provoked an idea that these systems act as 

aggressors; once they have occupied a bacterium their genes have to be maintained 

and the restriction activity is mainly to kill those cells that lose their restriction and 

modification genes. 

This idea is not readily applicable to type I systems since they have evolved a 

regulatory mechanism that secures the host bacteria from being killed by the 

restriction enzymes. The importance of this mechanism becomes clear when the 

regulation is blocked by a mutation in clpX or clpP. The CIpXP-dependent regulation 

permits the efficient acquisition of genes specifying type IA and lB R-M systems 

when they are transferred from one bacterium to another, and provides a basis for the 

distribution of type I systems via horizontal gene transfer. 

Systems from the same family have a common ancestor and their differences in 

TRDs which define specificities are the result of divergent evolution. Change of 

specificity requires changes in the TRDs within HsdS. Probably, multiple mutations 

in a TRD-encoding DNA are required to evolve from one specificity to another. As a 

result, intermediate forms of the enzyme are likely to have no specificity: they have 

already lost the old specificity but have not acquired a new one. The last step in the 

process, the acquisition of a new specificity, is CIpXP dependent but very recent 

experiments show that the CIpXP protease is also important for the first step, that is 
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cell survival under some conditions of loss of specificity (S.Makovets & 

N.E.Murray, unpublished results). A particularly interesting case is a point mutation 

in hsdS of a type IA system which inactivates DNA-specific binding by the enzyme. 

Transfer of this mutation to hsd clpX bacteria leads to a 25-fold drop in cell 

survival. 

Some other point mutations in non-conserved regions of HsdS result in poor 

methylation but leave restriction functional and therefore they cannot be maintained 

in C1pXP-deficient cells (M.O' Neil I & N .E.Murray, unpublished results). Mutations 

with similar phenotypes, also, could be intermediate steps in the evolution of new 

specificities. Regulation of restriction by CIpXP might play a role in evolution of 

type I specificities by permitting the systems to evolve through some forms of the 

enzymes that are lethal for bacteria in the absence of the protease. 

Regulation of the endonuclease activity may eliminate not only the barriers to the 

mode of evolution of type I systems themselves but it may also prevent type I 

systems from limiting genetic change in those bacteria that possess them. In the 

absence of any control of endonuclease activity mutations that lead to the formation 

of new and therefore unmodified target sequences for type I enzymes in bacterial 

chromosomes would be excluded by their lethal effects. On the other hand, some 

mutations would result in the elimination of recognition sites from the chromosome. 

Under these conditions, the number of target sites recognised by a resident R-M 

system in the host chromosome would become greatly reduced during evolution. 

However, the number of EcoKI targets in the E. co/i K- 12 chromosome is very close 

to that calculated on the basis of random distribution of nucleotide sequences. This 

suggests that either the regulatory pathway appeared in the early stages of evolution 

of E. coli K-12 or that it originated in some other bacteria before the hsd genes were 

transferred to an ancestor of E. co/i K- I 2. 

Another role of the CIpXP-dependent regulation of type I enzymes might be relevant 

to bacterial survival under the conditions of the SOS response or methionine 

starvation. There are no direct data about the effect of LcoKI on the survival of 

C1pXP-deficient bacteria following UV treatment, but lethality of growth in the 

presence of 2-AP and in the case of the establishment of a new R-M system for c/p 

mutants suggest that in situations when RA has to be induced the inability to do so is 
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lethal for bacteria (see 3.3.1 & 4.8). UV treatment also has been shown to induce RA 

and therefore it is very likely that the induction of the SOS response in c/p bacteria 

will cause cell death. DNA repair via homologous recombination and UmuD'2C-

dependent replication will stimulate the appearance ot unmodified targets in the 

chromosome (Fig. 4.9) which will be lethal in the absence of the protease. 

The role of the regulation of type I endonucleases under the conditions of methionine 

starvation is rather speculative. Early experiments show that growth in the presence 

of ethionine, when bacteria are depleted of AdoMet, is lethal for cells encoding either 

type II or type III systems, but not type I (Lark & Arber, 1970). It was suggested that 

type I enzymes do not cleave host chromosomes because they require AdoMet for 

restriction, whereas neither type II nor type III require AdoMet and therefore will 

cleave the chromosome. An alternative explanation for these experiments can be 

suggested. A low concentration of AdoMet will result in under-methylation but it is 

likely to leave some level of the active nuclease bound to the cofactor. Under the 

conditions of under-methylation a few molecules of cndonuclease loaded with 

AdoMet might be enough to damage the chromosome to a non-repairable state. 

However, this would be prevented by C1pXP-dependent degradation of HsdR and the 

cells would not die. A simple experiment might give an answer to this question; if 

C1pXP is involved in rescuing bacteria under the conditions of methionine starvation 

then clpX and clpP mutants will not survive growth in the presence of ethionine. 

The discovery of the regulatory pathway for type I R-M systems has provided an 

explanation for some phenomena, such as the establishment of a new specificity and 

restriction alleviation, which have not been understood for years. At the same time 

this finding has complicated a well-established understanding of the biology of type I 

R-M systems. It was thought that only the methylation state of DNA is critical for its 

cleavage by restriction enzymes and this explained how the systems functioned; 

resident DNA is always methylated or hemimethylatecl and therefore it is not a 

substrate for restriction whereas incoming DNA, if it is unmethylated, is cleaved. 

However, resident DNA can also be unmethylated but it unlike unmethylated foreign 

DNA. is not cleaved due to C1pXP. What is the difference between incoming and 

resident unmethylated DNA that allows cutting of the former and p1-events cleavage 

of the latter? The restriction enzymes are "blind" because they cut both chromosomal 
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and phage unmodified DNA in the absence of CIpXP. Therefore, the factor that 

allows the discrimination is likely to affect the proteolysis of HsdR by CIpXP. 

CIpXP is shown to regulate type IA and TB systems, two out of four known families. 

EcoR124I (type IC) and S1ySBLI (type ID) are also susceptible to 2-AP and respond 

by lowering restriction. 2-AP-induced RA of EcoR 1241 is not CIpXP-dependent, nor 

is it dependent on any other known cytoplasmic protease (S.Makovets & 

N.E.Murray, unpublished). Some preliminary data suggest that the stability of HsdR 

is not affected during RA. Apparently, the regulation of EcoR 1241 is based on some 

other mechanisms that might have similarity or even a common step with C1pXP-

dependent regulation of type TA and lB systems. The finding that representatives of 

all four families can show RA implies that regulatory pathways preventing breakage 

of unmodified resident DNA by endonucleases might be a common characteristic of 

type I R-M systems. 
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Summary 

Efficient acquisition of genes that encode a restriction 
and modification (R-M) system with specificities dif-
ferent from any already present in the recipient bacter-
ium requires the sequential production of the new 
modification enzyme followed by the restriction activ-
ity in order that the chromosome of the recipient bac-
terium is protected against attack by the restriction 
endonuclease. We show that CIpX and CIpP, the com-
ponents of CIpXP protease, are necessary for the effi-
cient transmission of the genes encoding EcoKI and 
EcoAl, representatives of two families of type I R-M 
systems, thus implicating CIpXP in the modulation 
of restriction activity. Loss of CIpX imposed a bigger 
barrier than loss of CIpP, consistent with a dual role 
for CIpX, possibly as a chaperone and as a component 
of the CIpXP protease. Transmission of genes speci-
fying EcoKI was more dependent on CIpX and CIpP 
than transmission of the genes for EcoAl. Sensitivity 
to absence of the protease was also influenced by 
the mode of gene transfer; conjugative transfer and 
transformation were more dependent on CIpXP than 
transduction. In the absence of either CIpX or CIpP 
transfer of the EcoKl genes by P1-mediated transduc-
tion was impaired, transfer of the EcoAl genes was 
not. 

Introduction 

There are two regions within the chromosome of Escheri-
chia coliwhere effective recombinational replacement pro-
duces hypervariable, or polymorphic, loci (Milkman, 1997). 
One includes the 0-antigen gene complex at 45 min (see 
Hobbs and Reeves, 1994) and the other includes the 
restriction and modification (R-M) genes at 98.5 mm 

(see Barcus and Murray, 1995). In E. co/i and Salmonella 
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enterica, the latter region is already known to specify as 
many as 16 alternative type I R-M systems, each confer-
ring a different sequence specificity. The efficient acquisi-
tion of R-M genes conferring specificities different from 
that of the recipient requires the sequential production of 
the new modification and restriction activities, and the con-
sequent protection of the recipient chromosome against 
attack by the restriction endonuclease. Failure to modify 
the targets in the recipient chromosome, before the produc-
tion of the restriction enzyme, would result in cell death. 
This paper identifies two genes of E. co/i K-12 that are 
essential for the efficient transmission of chromosomal 
genes encoding type I R-M systems; the products of 
these genes may modulate restriction activity. 

At least three families of type I R-M systems are 
encoded by alleles within the hypervariable locus in E. 
co/i (Barcus et at., 1995), although members of only two 
of these (IA and IB) have been well documented. In this 
paper, the transmission of genes representing both of 
these families is investigated. 

Three genes, hsd (for host specificity of DNA) R, M and 
S, encode the subunits of each type I R-M system. All 
three subunits combine to make a large oligomeric protein 
that, in response to the pattern of adenine methylation 
within specific DNA sequences, functions to maintain the 
methylation pattern of the resident DNA and to cut foreign 
DNA that is devoid of methylated bases within the specific 
target sequences. HsdS confers sequence specificity to 
both the modification and restriction activities. For EcoKI, 
the R-M system found in E. co//K-12, the stoichiometry 
of the subunits is 2HsdR, 2HsdM and 1 HsdS (Dryden et 
al., 1997), commonly abbreviated to R2M2S1, and this com-
plex coexists in vivo with a smaller one, M2S1, endowed 
with only modification activity (Dryden et al., 1993). A simi-
lar relationship is expected for EcoAl. 

The hsd genes of E. co/i K-12 have two promoters (Loe-

nen et al., 1987), one (pmod) for the transcription of hsdM 
and S and the consequent production of the modification 
enzyme, the other (pres) for transcription of hsdRto provide 
HsdR(R), which on association with the modification 
enzyme generates the restriction endonuclease (R2M2S1). 
Experiments have failed to find evidence that transcrip-
tional control of the hsd genes accounts for the sequential 
production of the modification and restriction activities. Tran-
scription from pres is unaffected by the modification pheno-
type of the bacteria (Loenen eta/., 1987) and transcription 
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from pmod and pres occurs simultaneously after conjuga-
tive transfer to a modification-deficient recipient (Prakash-
Cheng et al., 1993). Other experiments have shown a 
lag of many generations before transconjugants become 
restriction proficient, despite transcription of the hsd genes 
(Prakash-Cheng and Ryu, 1993). Post-translational con-
trol, possibly at the level of subunit assembly, could be a 
critical factor in causing a delay in the production of the 
restriction enzyme, and Dryden et al. (1997) have used 
their data from an in vitro assembly pathway as the basis 
of such a mechanism. In the assembly pathway they pro-
pose, both inactive intermediates in the assembly pathway 
and the HsdR polypeptide could be susceptible to pro-
teases. A mutation isolated in E. co/i C, which results 
in cell death after the acquisition of hsd genes (Prakash-
Cheng et al., 1993), has identified a gene, hsdC, the pro-
duct of which is a candidate for influencing the assembly 
pathway of EcoKl (Dryden et al., 1997). 

In this paper, we screen E. co/i K-12 mutants deficient 
in proteases for their ability to acquire R—M genes. We 
include those mutants currently shown to lack ATP-depen-
dent proteases (c!pP, A, X, 0, Y, hf/A and Ion) and a 
mutant now known to have low amounts of the protease 
encoded by hf/B; this gene, also known as ftsH, is an 
essential gene and it is therefore impossible to use null 
mutations (see Kihara et al., 1997; Shotland et al., 1997). 
We find that the products of both c/pP and c/pX affect 
the efficient transmission of hsd genes by conjugation, 
transformation and transduction, although they do not 
affect members of the two families in the same way. 

Results 

Do proteases affect the introduction of type I R—M 
genes by conjugation? 

The allelic hsd genes that encode EcoKl and EcoAl, the 
best studied representatives of two families of type I R—M 
systems, can be transferred by conjugation to recipients 
lacking appropriate modification of their DNA without any 
detectable killing of the potentially vulnerable cells. E. co/i 
C is a natural isolate of E. co/i that lacks hsd genes and is 
commonly used as a restriction- and modification-deficient 
(r m) strain. A derivative of E. coliC (hsdC) has been 
isolated that, unlike the wild type, dies after the receipt 
of the hsd genes encoding either EcoKI (Prakash-Cheng 
et al., 1993) or EcoAl (Kulik and Bickle, 1996). 

It has been suggested that when hsd genes enter a reci-
pient cell proteases could contribute to a post-transcrip-
tional mechanism for ensuring the sequential production 
of the modification methylase before the restriction endo-
nuclease (Kulik and Bickle, 1996; Dryden et a/., 1997; J. 
Ryu, personal communication). As a test of this idea, a 
series of r< MK recipients of E. co/i K-12 was made in 
which each strain was defective in a structural component  

of a known protease, and these strains were monitored for 
the efficiency with which they acquired F' plasmids carry-
ing functional hsd genes. The donors of the F' plasmids 
were recA to prevent recombination between the F' and 
the donor chromosome as recombination could in some 
cases result in early conjugative transfer of the wild-type 
allele of the protease gene to the recipient. Pairs of F' 
plasmids, one hsdRFMS  and the other hsdRM'S', 
were used for both the EcoKI and EcoAl systems. The 
titres of recipients and of conjugants acquiring a selectable 
plasmid marker (Tcr  or  Cmr,  see Tables 1 and 2) were 
determined after 2.5 h. When the plasmid conferred an 
r' phenotype, the titres of both conjugants and recipients 
that survived conjugation were severely depressed for two 
of the eight E. co/i K-12 mutants, cIpX and c/pP, as well as 
for the hsdC strain used as a positive control (see Table 1 
for EcoKi and Table 2 for EcoAl). For both families of sys-
tems, therefore, c/pPand c/pXare implicated as relevant 
to the sequential establishment of the modification and 
restriction activities. 

In the case of c/pP, c/pXand hsdC, in which the muta-
tions imposed a barrier to the acquisition of the drug resis-
tance marker present on the F', a sample of transconjugants 
was tested for restriction and modification. Similar checks 
were made on progeny from the c/p and hsdC control 
experiments. For EcoKI, r< '  derivatives were rare among 
the survivors of either the cIpX recipient (2 out of 100) or 
the hsdC strain (0 out of 57). In contrast, half (10 out of 
20) of the c/pPtransconjugants were rK1  and all the trans-
conjugants tested from the negative control experiments 
(NM840 and JR300 gyrA) were restriction proficient. The 
presence of the F' plasmid in the rK  m< transconjugants 
was confirmed by their sensitivity to the male-specific 
phage, M13, and by their ability to transfer Tcr  by conjuga-
tion. The rK MK_  transconjugants behaved as if they had 
mutations in the hsd genes of the F' plasmid; they could 
transfer an F', but the plasmid no longer conferred an 
rK phenotype to the recipient cell. The barrier against 
the EcoAl system was less effective, irrespective of the 
genotype of the recipient, and most (19 out of 20) of the con-
jugants displayed the rA '  phenotype. Therefore, the titres 
of Tcr  conjugants (Table 2) closely reflect the titres of rA ' 
conjugants. In contrast, for c/pP, c/pXand hsdC, the titres 
of Tc conjugants overestimate the titres of r<' conjugants; 
the corrected figures are given in the penultimate column 
(Table 1). 

The low titre of recipients obtained when c/pX, c/pP and 
hsdC strains receive an hsd", rather than an hsdR M'S' 
plasmid, is consistent with cell death after the premature 
production of the restriction enzyme (Table 1). The kinetics 
of the killing effect, following transfer of the hsdk ' plasmid to 
various recipient strains is shown in Fig. 1A. No killing was 
detected if the F' plasmid had a defect in hsdR (Fig. 113). 

The products of c/pXand c/pP together make a complex 
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Table 1. Conjugative transfer of hsdk  genes to r m recipients. 

Donor strains 

JC9935 F' rK  m8 	 JC9935 F' rK mK  

Titre of recipients' 	Titre of Tc' (Cm') 	Titre of recipients ) 	Titre of Tc' (Cm') 	Titre of Tc' (Cm') 	Relative frequency 
after conjugation 	conjugants6 " 	after confugration 	conjugants 	r m conjugants 	(%) of survival of 

Recipient strains 	 (ml ) 	 (MI-1) 	 (ml r) 	 (ml ) 	 (ml 1) 	 recipients" 

NM840 (C600 ihsdgyrA) 2.1 x 108  2.1 x 108  2.1 x 108  2.1 x 108  2.1 x108  100.0 
NM840c/pP 1.6x108  1.6x108  1.8x105  7.4x104  3.7x104  0.11 

NM840c/pX 1.4x108  1.4x108  3.5x104  4.8x103  9.6 x 101  0.03 

NM840 c/pA 1.6x108  1.6x108  1.6x108  1.4x108  NT 100.0 

NM840 cipO 9.9x107  9.8x 107 9.7x 107 9.7x 107  NT 98.0 
NM840 cipY 6.9 x 107 6.8. 1  o 8.5 x 107 8.5 x 107 NT 123.2 

NM840 Ion 5.2x 107 4.5x 107  6.7x 107  4.8x 107  NT 128.8 

NM840 hf/A 7.1 x107  3.2x107  1.0x108  9.5x107  NT 140.8 

NM840 hf/B 6.2x107  2.5x 107 6.2x 107  4.4x 107 NT 100.0 
JR300 gyrA (E. co/iC) 1.5x108  1.5x108  1.5x108  1.5x108  1.5x108  100.0 
NM820 (E. co//C hsdC) 2.0x108  2.0x108  2.6x104  4.8x103  <8.4x101  0.01 

F' rK m 	(Fl 01-202) and F' r 	(Fbi -201) are derivatives of Fbi - i 02 and Fbi -101 respectively (Prakash-Cheng etal., 1993), 

with miniTn5-Cm insertions (de Lorenzo et al., 1990). The former includes hsdkR M S the latter hsdkR M S 
Nalidixic acid was used to select against the donor, with the exception of NM820 in which kanamycin was used. 
Tetracycline was used to select for transconjugants. When the recipient was Tc' (NM840 Ion, NM840 hf/A and NM840 hf/B) chioramphenicol 

was used. 
Frequency (%) with which recipient cells survived conjugation with the donor of F'101-201 is expressed relative to that for F'101-202 (the ratio 

of the titre of recipient cells after conjugation with JC9935 F'101-201 to the titre of recipient cells after conjugation with JC9935 F'101-202 as a 
percentage). 
NT, Conjugants have not been tested for restriction modification. 

that functions as a protease, CIpX itself is a chaperone 
(Levchenko et al., 1995; Gottesman, 1996); either or both 
activities could be relevant to the delayed production of 
the restriction enzyme after transcription of the hsd genes. 

The finding that the effect of clpX is more severe than 

that of clpP supports a dual role for CIpX. 

Table 2. Conjugative transfer of hsdA  genes to r m recipients. 

Does the CIpXP complex affect the acquisition of hsd 

genes by transformation? 

Bacteria were made competent in the uptake of DNA and 
scored for the efficiency of uptake of plasmid DNA carry-
ing hsd genes (Table 3). In each series of experiments, 

Donor strains 

JC9935 F' rAmA 	 JC9935 F' r8m8 e 

Titre of recipienfs' 	Titre of Tc' (Cm') 	Titre of recipientsb 	Titre of Tc' (Cm') 	Relative frequency 
after conjugation 	conjugan tSb,, 	after confugration 	conjugants 	 (%) of survival of 

Recipient strains 	 (ml .1) 	 (MI-1) 	 ( MI -1 ) 	 (ml 1) 	 recipients's 

NM840 (C600 ihsd gyrA) 6.0 xl 	7 5.9.107 6.0 xl 	7  6.0 xi 0 100.0 
NM840 c/pP 3.3x107  3.1 x107  6.2x105  1.6x105  1.9 

NM840 c/pX 5.1 x107  4.0x107  1.3x105  2.8x104  0.3 
NM840 c/pA 1.4x108  1.1 x108  1.5x108  1.0x108  107.1 

NM840 c/pQ 9.9x107  9.3x107  9.7x107  8.4x107  98.0 
NM840 cipY 5.5x107  3.8x107  4.8x107  4.8x107  87.3 

NM840 /on 3.8x 107  3.8x107  4.3x 107  3.2x 107  113.2 

NM840 NO 4.3x107  4.2x10' 4.9x107  4.6x107  114.0 

NM840 hf/B 5.1 x107  3.3x10' 4.2x 107  3.9x 107  82.4 

JR300 gyrA (E. co/iC) 1.7x 108  1.7x 108  lOx 108  7.1 x107  58.8 

NM820 (E. coliC hsdC) 1.8x 108  1.7x 108  9.1 x 106  5.5x 106  5.1 

F' rA MA'  (F'101-302) and F' rmA (F'101-301) are derivatives of F'101 (Low, 1972) in which EcoKl genes were replaced by hsd ARMS 
and hSdAR M S respectively. Both plasm ids have zjj::Tn 10 and miniTn5-Cm insertions as described in Experimental procedures. 

Nalidixic acid was used to select against the donor, with the exception of NM820 in which kanamycin was used. 
Tetracycline was used to select for transconjugants. When the recipient was Ic' (NM840 /on, NM840 NO and NM840 hflB) chioramphenicol 

was used. 
Frequency (%) with which recipient cells survived conjugation with the donor of F'101-301 is expressed relative to that for F'101-302 (the ratio 

of the titre of recipient cells after conjugation with JC9935 F'101-301 to the titre of recipient cells after conjugation with JC9935 F'101-302 as a 
percentage). 
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Fig. 1. Conjugative transfer of (A) hsdkR M S and (B) hsd,1-R M' S' genes to NM840 (0), NM840 c/pP (•), NM840 c/pX (I 1) and NM820 
E. co//C hsdC (U). Cultures of donor (JC9935 F'101-201 and JC9935 F'101-202) and recipient bacteria, grown to mid-log phase, were mixed 
at a ratio of 10:1 incubated at 37°C and samples were plated at 30 min intervals on media selective for recipients (nalidixic acid for NM840, 
NM840 c/pP and NM840 c/pX and kanamycin for NM820). 

a marker plasmid was mixed with the test plasmid. The 
marker was pBRK, a derivative of pBR322 in which the 
b/a gene had been inactivated by the insertion of the kan 
gene from Tn903 at the Pstl site. The test plasmid was a 
Tcs Apr derivative of pBR322 including hsd genes, either 
R MS or RMSt The ratios of Apn/Tcr  transfor-
mants were monitored; ratios lower than those obtained 
for c/p or hsdCI  bacteria indicated a reduced efficiency 
in the recovery of the plasmid carrying the hsd genes. Sig-
nificant variations were obtained only for plasmids including 
hsdR, M and S1 . The c/pP, clpX and hsdC mutations 
depressed the recovery of hsd' plasmids by transforma-
tion, although the effect on the plasmid encoding the 
EcoAl system was smaller than that on the one encoding 
EcoKl. For EcoKl particularly, the hsdC strain had a 
bigger barrier than either cIpX or c/pP derivatives of E. 
co/i K-i 2. No transformant of the hsdC strain was obtained 
for the hsd plasmid carrying the EcoKl genes, whereas 
among the Apr  transformants of c/pX and c/pP strains 
appreciable numbers (20% and 70%, respectively) were 
rK 

The effect of clpP and clpX on the transfer of hsd 
genes by P1 transduction 

The efficiency of co-transduction of hsdwith dnaC, a closely 
linked marker, was assessed for hsdRMS (rm) and 
hsdRMS (r-m-'- ) donors. The dnaC325mutation con-
fers a temperature-sensitive lethal phenotype. P1 lysates 
made on hsdK  and hsdA  donors were used to transduce 
rm dnaC recipient strains. DnaC transductants were 
selected at 42°C and scored for the acquisition of hsd 
genes and the loss of Tn 10, a marker for Tcr  on the oppo-
site side of dnaC from the hsd deletion (Tables 4 and 5). 
The hsdC mutation in E. co/iC has been shown to prevent 
the co-transduction of the hsd genes encoding EcoDl, 
like EcoKl a member of the type IA family, but not if the 
donor is hsdRMS0  (O'Neill et al., 1997), and for this 
reason the experiment using an hsdC host was omitted 
for EcoKl. The effect of c/pXon EcoKI (Table 4) resembled 
that of hsdC on the acquisition of EcoDI (O'Neill et a/., 
1997); c/pP has a smaller effect than either c/pX or hsdC. 
A very different result was obtained for the type lB 

Table 3. The effect of c/pp and clpXon uptake 
of hsd genes by transformation. Ratio of transformants with hsd plasmids to control plasmid 

Recipient phsdRMSK  phsdMSK  PhSdRMSA  phsdMS4  
strains (phsd) (phsdR ) (pFFP30) (pFFP31) 

NM840 (C600 ihsdgyrA) 3.0 10.9 9.5 6.9 
NM840 c/pP 6.7x10 2 6.6 1.7 5.6 
NM840 c/pX 6.6x10 3  10.3 2.3 7.3 
JR300 (E. coliC) 2.4 6.8 4.3 5.8 
NM820 (E. co//C hsdC) <10 4 ° 5.3 6.0xlO 	1 8.7 

a. No transformants isolated. 
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Table 4. The effect of c/pP and c/pX on uptake of hsdk  genes by Fl transduction. 

Donor strains 

C600 (hsdK R M S dnaC ) 
	

5K (hSdKR MS dnaC) 

Sample 	dnaC' -hsd 	dnaC-Tn 10 	Sample 	dnaC -hsdM S 	dnaC -Tn 10 
Recipient strains 	 size 	linkage 	 linkage 	 size 	linkage 	 linkage 

NK125 (NM840 dnaCzjj::TnlO) 	50 	0.32 	 0.90 	 50 	0.42 	 1.00 
NK125 c/pP 	 100 	0.09 	 0.96 	 100 	0.31 	 0.96 
NK125 c/pX 	 100 	0.00 	 0.94 	 50 	0.46 	 0.98 

representative; none of the three mutations had a demon-
strable effect on the acquisition of the hsd genes of EcoAl 
(Table 5). In the tests based on either conjugation or trans-
formation the barrier to the transmission of the hsd genes 
encoding EcoAl was weaker than that against EcoKl, 
nevertheless it was demonstrable even for clpP. 

Do clpP and clpX affect the level of restriction? 

It has been shown that increasing the number of copies of 
hsdR relative to hsdM and S decreases the efficiency of 
plating (e.o.p.) of unmodified phage X (Webb et al., 1996). 
It seems probable that increasing the number of copies 
of hsdR increases the concentration of the restriction 
endonuclease (R2M2S1) relative to that of the modification 
methylase (M2S1). If the CIpXP protease normally modu-
lates the level of restriction endonuclease, perhaps by 
attacking HsdR, then in its absence the balance between 
the levels of the endonuclease and the modification 
enzyme might be shifted in favour of the endonuclease. 

The effect of the c/pP and clpX mutations on the restric-
tion of unmodified phage X was assessed. Restriction by 
both EcoKl and EcoAl was increased in the absence of 
either ClpX or CIpP (Table 6). This is consistent with an 
elevated level of the active endonuclease in cells lacking 
the CIpXP protease. Similar elevated levels of restriction 
were also detected for clpP and clpX derivatives of 
A131 157, a strain of E. co/i K-12 that already shows high  

levels of restriction because it lacks a cryptic prophage 
(Rac) including a gene that alleviates restriction (see 
Webb et a/., 1996). Elevated levels of restriction were 
not found for hsd-'K  derivatives of the hsdC E. coli C 
(data not shown). Kulik and Bickle (1996) report that 
they fail to detect a change in restriction by EcoAl in an 
r 	derivative of an hsdC derivative of E. ccli C. This 
apparent difference between E. coliC and E. coliK-12 is 
not explicable at the present time. 

Do clpP and clpX affect the loss of hsd genes? 

Some type II R-M systems have been shown to stabilize 
the maintenance of the plasmid that encodes them (Kula-
kauskas et al., 1995; Naito et al., 1995). It has been 
argued that when R-M genes are lost and the restriction 
and modification enzymes cease to be made, the cells 
eventually lose the capacity to modify the many target 
sequences within their chromosomes and hence lose the 
capacity to protect themselves against residual restriction 
enzyme. Unmodified target sequences will elicit restriction 
and the cell will be killed. Some R-M systems therefore 
have been considered as 'plasmid addiction systems' 
(Naito et al., 1995). EcoKl, however, does not behave 
in this way; genes encoding EcoKl are readily lost and 
replaced (O'Neill et al., 1997). Nevertheless, if CIpXP 
affects the establishment and severity of the restriction-
proficient phenotype, it might be anticipated that it could 

Table 5. The effect of c/pP and c/pX on uptake of hsdA  genes by Fl transduction 

Donor strains 

WA2899(hsdARMS dnaC) NM863(hsdAR MS dnaC) 

Sample 	dnaC-hsd dnaC-Tn1O Sample dnaC-hsdM S dnaC-Tn1O 
Recipient strains size linkage linkage size linkage linkage 

NK125 (NM840 dnaCzjj::TnlO) 60 0.48 0.83 50 0.54 0.90 
NK125 c/pP 100 0.63 0.88 49 0.51 0.81 
NK125 c/pX 100 0.65 0.80 49 0.63 0.84 
NM824 (E. co/iC dnaCzjj::TnlO) 48 0.31 0.75 48 0.33a 0.83 
NM822 (E. co//C hsdC dnaC zjj::Tn 10) 50 0.42a  0.90 48 0.42e 0.90 

a. Lower frequencies of co-transduction were observed in similar transduction experiments between E. co/i K-12 and E. co/i C (O'Neill et a/., 
1997). 
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Table 6. The effect of c/pP and clpX on expression of restriction 
activity. 

Efficiency of plating (e.o.p.)a 

Strains 	 Xvir.0 	 Xvir.K 

EcoKi systemb 

C600 gyrA (1.43 it 0.02)x10 	' 0.75±0.05 
C600 gyrA c/pP (2.03 it 0.85)x 10 5  0.86 ± 0.29 
C600 gyrA c/pX (1.27 it 0.24)x10 5  0.95±0.21 

EcoAl system" 
WA2899 (1.25± 0.11)x10 2 1.00+0.25 
WA2899 c/pP (2.89 - 	0.32)x 10 0.87 ± 0.08 
WA2899 c/pX (1.84 + 0.17) x 103 0.904 0.10 

The data represented are based on three independent experi-
ments. 

E.o.p. was calculated relative to NM840 XhsdRM derivative of 
C600 gyrA. 
C. E.o.p. was calculated relative to NM863, hSdARMS derivative 
of WA2899. 

including wild-type and mutant c/p genes. Four Xc/p 
phages (cIpPX', c/pP'X, c/pPX and c/pPX 
were used to lysogenize the rmClp derivatives of E. 
co/i K-12 and the hsdCrecAF  derivative of E. co/IC. Integra-
tion was dependent on homologous recombination as the 
phages were mt -. The lysogens were used as recipients 
for conjugative transfer of the F' plasmids that included 
the hsd genes from E. co/i K-12. The expected comple-
mentation of known c/p mutations (c/pP X' + c/pP I X 
was recognized by the efficient acquisition of F' plasmids 
encoding functional EcoKl. Tests on lysogenic derivatives 
of the hsdC strain were consistent with a defect in c/pX 
but not c/pP; both Xc/pPX t  and Xc/pPX , but neither 
Xc/pP' X nor Xc/pP - X ,complemented the hsdC lesion. 
These results agree with experiments carried out using 
multicopy plasmids as vectors for the c/p genes (J. Ryu, 
personal communication). 

affect the relative stabilities of the restriction enzyme 
(R2M2S1) and the modification component (M2S1). If this 
were so, in the absence of CIpXP the loss of hsd genes, 
like the loss of type II R—M genes, could lead to 'pro-
grammed cell death'. 

The fate of c/pP and c/pXcells after the loss of functional 
hsd genes by Fl transduction was assessed. Donor 
strains with deletions in hsd and a closely linked, select-
able marker (zjj::TnlO or dnaC") were used. Tcr,  or 
DnaCt transductants were selected and scored for their 
restriction phenotype. If CIpXP was needed to prevent 
cell death, r m transductants of c/p recipients would 
be rare. A donor (NK231) with a deletion of hsdM and 
S was used for the EcoKl system and the frequency 
of rm transductants was unaffected by mutations in 
either c/pP or c/pX; the frequencies were 0.24, 0.22 
and 0.24, respectively, for c/pP (NK115), c/pX (NK116) 
and c/pt  (NK31). In the experiment for the EcoAl sys-
tem the donor (NM789) had a deletion in hsdS. The fre-
quency of rm transductants was unaffected by either 
of the c/p mutations; the frequencies of co-transduction 
were 0.26, 0.22 and 0.24 for c/pP (NK219), c/pX 
(NK220) and c/p' (NM858) respectively. These data 
show that the c/p mutations do not impede the loss of 
functional R—M genes for either EcoKl or EcoAl, despite 
the fact that the deletion in each donor strain left the 
hsdR gene functional. Even in the absence of CIpXF, the 
residual EcoKl and EcoAl do not lead to cell death when 
the coding sequences for the modification enzymes are 
lost. 

Does the hsdC derivative of E. coli C have a defect 
inclpX orclpP? 

Complementation tests were carried out using X phages 

Discussion 

A sequential production of the modification and restriction 
enzymes is imperative when the genes encoding these 
activities are transferred to a recipient that lacks the appro-
priate protective modification of susceptible target sequ-
ences within its genome. For type II systems, in which 
the modification and restriction activities reside in different 
enzymes rather than both sharing a common component, 
there is evidence for the existence of regulatory genes, 
candidates for the transcriptional control of gene expres-
sion (Ives et a/., 1992; Tao and Blumenthal, 1992). There 
is no evidence for transcriptional control of expression of 
genes for type I and type Ill systems, regardless of whether 
they are encoded by plasmid, phage or chromosomal 
genes. Nevertheless, their transmission is efficient. One 
exception, where transmission was not detected, is the 
chromosomally encoded type III system, StyLTI (do 
Backer and Colson, 1991). Consistent with resistance to 
transmission, and presumably therefore to change of spe-
cificity, no allelic diversity has been detected for the locus 
including the genes specifying StyLTI. This contrasts with 
the hsd genes encoding the type IA system StyLTIII; 
these hsd genes are alleles of those specifying EcoKl 
and EcoAl. 

The role of proteases as an alternative mechanism for 
the control of gene expression is currently becoming well 
documented in both prokaryotes and eukaryotes. Early 
lines of evidence for this type of post-transcriptional con-
trol were provided from studies of the developmental path-
ways of phages (see, for example, Gottesman et a/., 1981). 
Recent biochemical experiments have shown that the CII 
regulatory protein of X is degraded by the essential host 
protease FtsH, alias HfIB (Kihara et al., 1997; Shotland et 
a/., 1997), and that the Mu repressor is a target for the 
CIpXP protease (Laachouch et a/., 1996). The complex, 
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hetero-oligomeric type I and type Ill R—M systems offer 
specific targets that would enable proteases to elicit tem-
poral control of the two activities. The simplest model 
would require that one subunit of a complex restriction 
endonuclease, a subunit essential for restriction but not 
modification, is the target for proteolysis. The association 
of this subunit with the component essential for modifica-
tion - the Mod subunit of a type Ill enzyme or M2S1  com-

plex of a type I system - would protect the sensitive 
subunit - Res for a type Ill system and HsdR or A for a 

type I - from proteolysis. 
Redaschi and Bickle (1996) used Western blots to moni-

tor the production of the Res subunit of the type Ill systems 

EcoPl I and EcoPi 51. They detected very little Res in the 
absence of Mod and suggested that the Mod subunit may 
regulate the amount of Res by protecting it from degrada-
tion by proteases. Some mechanism of control for type I 
systems was anticipated from early observations that the 
genes encoding the modification component of a type lB 
system, EcoAl, could not be transferred to a recipient con-

taining a plasmid expressing the hsdR gene (Fuller-Pace 

etal., 1985; Suri and Bickle, 1985). More recently, it has 
been demonstrated that the efficient establishment of the 
genes encoding a type IA system (Prakash-Cheng et al., 

1993) or a type lB system (Kulik and Bickle, 1996) in a 
new host is dependent on the product of the hsdC gene 

of E. coli, whereas the plasmid-encoded genes for a mem-
ber of the IC family are efficiently transferred even to an 

hsdC recipient (Kulik and Bickle, 1996). Our experiments 
identify both polypeptides of the CIpXP protease as neces-
sary for the efficient acquisition of the genes encoding 

either EcoKl or EcoAl. A simple explanation of this result 
is that the CIpXP protease, or a component of this com-
plex, competes with the methylase (M2S1) for interaction 

with HsdR, thereby delaying the production of the complex 

with endonuclease activity. 
The clpX and P alleles used in our experiments are well-

characterized null mutations. Our data show that CtpX and 
ClpP are both relevant to the transmission of hsd genes 

for members of both the type IA and lB families of R—M 
systems but that the c!pX mutation imposes a stronger 

barrier than clpP, implicating a dual role for CIpX, possibly 
as a chaperone and as a component of the CIpXP protease. 
Although efficient transmission of the hsdk  and hsdA  

genes to other strains requires CIpX and CIpP, the hsd 

genes for EcoKl are more dependent than those for 

EcoAl. Furthermore, the strength of the barrier imposed 

by cip mutations is influenced by the mode of transmis-
sion: conjugation and transformation being more sensitive 
than P1 transduction. The relevance of the mode of gene 
transfer and the difference between families is accentuated 
by the P1 transduction experiments. In the case of EcoAl, 

no barrier was detectable even for a c!pX recipient (Table 

5). Our data, particularly for transformation (see Table 3) 
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indicate a difference between the phenotype of the c!pX 

mutation in E. co!i K-12 and the phenotype of the hsdC 

mutation in the recA derivative of JR302 (NM820). The 
difference may reflect an additional mutation or the differ-
ent genetic backgrounds. Genetic analysis of JR302 is hin-
dered by the fact that JR302 is a hybrid of E. coliC and E. 

co!i K-i 2. 
The hsdA  genes may be more amenable to transfer 

because the modification component of this system is 
active on unmethylated target sequences (Suri and Bickle, 
1985), whereas that of EcoKl has a very strong preference 

for hemimethylated DNA (Dryden etal., 1993). The rele-
vance of the mode of gene transfer is not known, but it is 
possible that cells receiving DNA from P1 capsids are 
less sensitive to restriction, less vulnerable to DNA degra-
dation, or both. It is known that the Dar function of P1 pro-
tects the donor DNA from restriction enzymes present in 

the recipient cell (lida etal., 1987). The same, or another, 
function could provide some protection against a restric-

tion activity encoded by donor genes. 
The current thinking about ATP-dependent proteases, 

including CIpXP, is one in which a structural component 
of the protease has intrinsic chaperone activity and it has 
been suggested that the initial steps in energy-dependent 
protein degradation may be similar to those of chaperone-
dependent protein folding. Gottesman etal. (1997) have 
proposed a general model for handling misfolded proteins 

in vivo in which either swift refolding of proteins with func-
tional potential is achieved or irreversibly denatured and 
damaged proteins are rapidly degraded. If this model is 
applied to type I R—M systems, on the assumption that 
HsdR subunits are the substrate for the CIpXP protease, 
a failure to stabilize an inactive polypeptide would lead to 
loss of restriction potential. In fact, our experiments show 
that restriction is enhanced in a c!pXbacterium, consistent 
with increased levels of functional EcoKI (R2M2S1). This 

result implies that CIpX chaperone activity is not essential 
for endonuclease activity, rather that CIpX may play the 
opposite role of inducing a change from the functional 
form of HsdR to one that becomes a substrate for degra-
dation by the CIpXP protease. This role could be one in 
which HsdR is destabilized, making it a substrate for pro-
tease activity, or one in which HsdR is either prevented 
from interaction with or made unsuitable for interaction 
with the modification methylase. Association of HsdR with 
the methylase could block access of CIpX to its target 
sequence. Precedence for explanations of this sort have 
been provided recently for the MuA transposase in which 
target sequences for CIpX and MuA overlap (Levchenko 

et al., 1997). Although potential target sequences in the 
HsdR polypeptide can be identified, it is premature to 
speculate. It remains to be determined whether HsdR itself 
is a substrate for the CIpXP protease, but the identification 
of CIpXP as a host factor facilitating the transmission of type 
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Table 7. Bacterial strains. 
Strain Relevant genotype or phenotype Source or origin 

F. col/ K-12 
AB1 157 r, 	MK '  rac-0 De Witt and 

Adelberg (1962) 
C600 r <  MK Appleyard (1954) 
5K C600 hsdR514 Hubacek and Glover 

(1970) 
JC9935 AB1 157 recA 13 sup' A. J. Clark 
KL719 F 101 (hsdKRMS) Low (1968) 
NM477 C600 LlhsdMS Gough and Murray (1983) 
NM654 C600 .thsdRM Loenen etal. (1987) 
NM789 ..thsdSA  Thorpe etal. (1997) 
TPC48 dnaC325 zjj::Tn 10 Masters et al. (1989) 
WA2552 hsdR (rA  m 	) Arber and Wauters- 

Willems( 1970) 
WA2899 C600 rK  m <  r 	mA Fuller-Pace etal. (1985) 
XL1 -Blue recA 1 endA 1 gyrA96 (NaIr)  thi hsdRl7 (rK m 	) Bullock etal. (1987) 

supE44 re/Al !acF [Tn 10 (Tcr)  proAB 
/acI!acZM15] 

SG20252 MC4100 !on-100 zba-3000::Tn 10 Trisler and Gottesman 
(1984) 

SG21 173 MC4100 ic!pA::kan Gottesman (1990) 
5G22007 MC4100 tc1pP1::cat Maurizi etal. (1990) 
SG22080 MC4100 ic!pXl::kan Gottesman etal. (1993) 
SG22129 MC4100 Ac!pPl::catic!pXl::kan S. Gottesman 
SG22192 MC4100 iclpQ::cat W.-F.Wu and 

S.Gottesman 
SG22193 MC4100 Ltc!pY::cat W.-F.Wu and 

S.Gottesman 
MA156 hf!A150Tn10 M. A. Hoyt 
WA8304 hf!A 150 hf!B29 zgj25::Tn 10 Banuett etal. (1986) 
NK31 C600 gyrA96 C600xP1(XL1-Blue) 
NM840 C600 gyrA96 ,JhsdRM (rK  MK ) NK31 x P1 (N M654) 
NM858 WA2899 dnaC325 zjj::Tn 10 WA2899 x P1 (TPC48) 
NM863 WA2899 hsdR NM858 x P1 (WA2552) 
NK1 21 NM840 ztc!pPl::cat NM840 x P1 (SG22007) 
NK1 23 NM840 ic!pXl::kan NM840 x P1 (SG22080) 
NK152 NM840 Ion- lOOzba-3000::TnlO NM840xP1(SG20252) 
NK188 NM840 ic!pA::kan NM840xP1(5G21173) 
NK1 90 NM840 .tc!pQ ::cat NM840 x P1 (5G221 92) 
NK191 NM840 ic!pY::cat NM840xP1(SG22193) 
NK228 NM840::Tn 10 hf/AlSO NM840 x P1 (MA1 56) 
NK229 NM840 hflB29 zgj25::Tn 10 NM840xP1(WA8304) 
NK1 13 AB1 157 ic!pPl::cat AB1 157x P1 (SG22007) 
NK1 14 AB1 157 ic!pXl::kan AB1 157x P1 (SG22080) 
NK1 15 C600 gyrA96tc1pP1::cat NK31 xPl (SG22007) 
NK1 16 C600 gyrA96.tc!pX1::kan NK31 xPl(SG22080) 
NK125 NM840 dnaC325 zjj::Tn 10 NM840 x P1 (TPC48) 
NK122 NK125 ic!pPl::cat NK125xP1(SG22007) 
NK124 NK125 ic!pXl::kan NK125XP1(5G22080) 
NK167 NM840 hSdARM'S 	zjj::Tn 10 NK125xP1(WA2899) 
NK170 NM840 hsdRM'S 	zjj::Tn 10 NK125xP1(NM863) 
NK21 9 NM858 ic!pPl::cat NM858 x P1 (SG22007) 
NK220 NM858 /.tc!pXl::kan NM858 x P1 (SG22080) 
NK231 NM477 gyrA96 zjj::Tn 10 NM477 gyrAx P1 (TPC48) 
NK233 WA2899 tc!pP1::cat WA2899 x P1 (SG22007) 
N K234 WA2899 ic!pXl::kan WA2899 x P1 (5G22080) 

E. co!/ C 
JR300 wild type r°m° Prakash-Cheng et al. 

(1993) 
JR302 JR300 recA hsdC Km' Prakash-Cheng et al. 

(1993) 
NK38 JR300 gyrA96 JR300xP1(XL1 -Blue) 
NM820 JR302 recA O'Neill etal. (1997) 
NM822 NM820 hsdK R M'S' dnaC325 zjj::Tn 10 hsdC O'Neill etal. (1997) 
NM824 JR300 hsdK R MS 	dnaC325zjj::TnlO O'Neill etal. (1997) 

Where Tn 10 is linked to hf/AlSO 
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I R-M genes enables investigation of the role of CIpX and 

CIpP in the sequential control of the modification and 

restriction activities at a molecular level. 

Experimental procedures 

Bacterial strains 

These are listed in Table 7. 

Plasmids 

F'101-201 and F'101-202, respectively, are hsdK 1  and 
hsdR Cmr  derivatives of F'101-101 and F'101-102 (Pra- 
kash-Cheng et al., 1993). Chloramphenicol resistance, con-
ferred by miniTn5-Cm, was transposed from the mobilizable 
vector pUT/Cm as described by de Lorenzo et al. (1990). 

F' plasmids with hsdA'  genes (F'101-301) and an hsdR 
derivative (F'101-302) were isolated following the conjugative 
transferofF'101 (Low, 1972)toNKl67(rA mA ) and NKl7O 

(rA mA ) respectively, recipient strains with a Tc1  marker 
(zjj::TnlO) linked to the chromosomal hsdA  genes. Fbi 
includes a chromosomal segment of the E. coil K-12 genome 
that spans hsd and zjj::TnlO. Recombinant derivatives in 
which the hSdK genes on the F' had been replaced by the 
hsdA  genes were detected by transfer of the F' plasmids to 
the recA strain JC9935. Ic1  Sm1  conjugants were tested for 
restriction and modification by the EcoAl system and for 
their ability to co-transfer tet and the hsdA genes. MiniTn5-
Cm derivatives of the new plasmids were selected as 
described above. 

Other plasmids were derivatives of pBR322. One pair 
(phsd and phsdR) includes the hsd genes of E. co!iK-12 
differing only by a missense mutation in hsdR (O'Neill et al., 
1997). Similarly, pFFP30 includes the three functional hsd 
genes encoding EcoAl, and pFFP31 lacks the hsdR gene 
(Fuller-Pace etal., 1985). pBRK has a kan gene inserted at 
the Pstl site in the b!a gene, thereby conferring an Aps  Km1  
phenotype. pWPC16 includes c!pX and c!pP::cat (Maurizi 
etal., 1990). 

Phages 

Xvir was used as a test phage for restriction and modifica-
tion systems. Other phages were the following c!p derivatives 
of the X vector NM1 151 (Murray, 1983). The kc!pPX 
(xNM1357) includes a 6.2kb BamHl fragment from the 
Kohara phage 148 (Kohara etal., 1987), a c!pX::kan deriva-
tive (xNM1361) has the homologous BamHl fragment from 
NM840cIpX, and a c!pP::cat derivative (XNM1359) was made 
by inserting the H/ndlll-BamHl fragment from pWPC16 (Maur-
izi etal., 1990); this kc!pP X phage, like pWPC1 6, has a dele-
tion that extends from within the fig gene, upstream of c/pP 
into bolA, leaving c!pXas the only functional gene within the 
cloned DNA fragment. Xc!pP::cat c/pX::kan (XNM1362) was 
made in vivo by excision of the prophage from the c!pP::cat 
c!pX::kan double mutant (SG22129) lysogenic for Xc!pP::cat 
(XNM 1359). 

© 1998 Blackwell Science Ltd, Molecular Microbiology, 28, 25-35 
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Microbial methods 

Media and general methods have been described (Murray et 
al., 1977). P1 transductions were carried out according to 
Miller (1992) and conjugation experiments followed the proce-
dures described by Prakash-Cheng etal. (1993). Cells were 
made competent in the uptake of DNA by electroporation 
using a Gene Pulser (Bio-Rad). Some lysogens could be 
selected as Cm1  or Km' colonies; if not they were selected 
as immune colonies at 32°C, using kb2 imm 21cI and h82  
b522 1mm21 Cl  phages for selection. 
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ABSTRACT 	CIpXP-dependent proteolysis has been im- 
plicated in the delayed detection of restriction activity after 
the acquisition of the genes (hsdR, hsdM, and hsdS) that specify 
EcoKl and EcoAl, representatives of two families of type I 
restriction and modification (R-M) systems. Modification, 
once established, has been assumed to provide adequate 
protection against a resident restriction system. However, 
unmodified targets may be generated in the DNA of an hsd 
bacterium as the result of replication errors or recombination-
dependent repair. We show that CIpXP-dependent regulation 
of the endonuclease activity enables bacteria that acquire 
unmodified chromosomal target sequences to survive. In such 
bacteria, HsdR, the polypeptide of the R-M complex essential 
for restriction but not modification, is degraded in the pres-
ence of CIpXP. A mutation that blocks only the modification 
activity of EcoKl, leaving the cell with '600 unmodified 
targets, is not lethal provided that CIpXP is present. Our data 
support a model in which the HsdR component of a type I 
restriction endonuclease becomes a substrate for proteolysis 
after the endonuclease has bound to unmodified target se-
quences, but before completion of the pathway that would 
result in DNA breakage. 

Within a bacterium that has a classical restriction and modi-
fication (R-M) system, the nucleotide sequences that define 
the targets for attack by the resident restriction endonuclease 
are concealed by the modification of appropriate bases within 
them. For some systems this modification is achieved by the 
methylation of specific adenine residues, and for others it is 
achieved by methylation of cytosine residues. The restriction 
endonuclease has the potential to attack DNA from different 
strains of the same species because foreign DNA generally 
lacks the protective imprint of the relevant methyltransferase 
(for reviews see refs. 1 and 2). Restriction of the host cell's 
newly synthesized DNA normally is avoided, because the 
unmethylated strand of each target sequence produced by 
DNA replication is methylated before the next round of 
replication. If, however, resident DNA were to acquire un-
modified target sequences, would it, like foreign DNA, become 
a substrate for restriction? In this paper we show that in 
situations where the modification of the host DNA by a type 
I R-M system fails, an alternative level of protection impairs 
the endonuclease activity of the restriction system and the 
bacteria survive. 

A type I R-M system is encoded by three genes: hsdR, hsdM, 
and hsdS. The three polypeptides, HsdR, HsdM, and HsdS, 
often designated R, M, and S, assemble to give an enzyme 
(R2M2S1 ) that modifies hemimethylated DNA and restricts 
unmethylated DNA. A smaller complex (M2S1) has only the 
methyltransferase activity. The S subunit confers target spec- 
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ificity; hence, both complexes and both activities respond to 
the same nucleotide sequence. 

Type I systems of enteric bacteria have been divided into 
discrete families by tests for cross-hybridization between genes 
and cross-reactivity with antibodies raised against the arche-
typal member of each family (3-5). Four families of distantly 
related systems have been identified (types IA, lB. IC, and ID), 
and where complementation tests have been done they indi-
cate that enzymes in the same family can interchange subunits, 
but those from different families cannot (6, 7). 

No transcriptional regulation of type I R-M genes has been 
detected; yet these genes are transferred readily to recipient 
bacteria devoid of the relevant modification activity (8-10). It 
is presumed that the cells survive the acquisition of the new 
R-M system because they become restriction proficient only 
after the modification activity is established. Experiments in 
support of this identify a lag of 15 generations before the cells 
become restriction-proficient after the acquisition of hsd genes 
by conjugation (II). The CIpXP protease was shown to be 
essential for the effective acquisition of genes specifying type 
IA and TB systems, and for this reason proteolysis has been 
implicated in the delayed expression of restriction activity (10). 

The acquisition of a new specificity system is not the only 
situation in which a temporary loss of restriction proficiency 
has been detected. A well documented example, referred to as 
restriction alleviation (RA), occurs in response to treatments 
that damage DNA (12-14). UV light, nalidixic acid, and 
2-aminopurine (2-AP) have been shown to induce restriction 
alleviation. It is possible that the temporary loss of restriction 
proficiency associated with the establishment of a new speci-
ficity is an example of RA. If this is so, C1pXP would be 
required for the alleviation of restriction in response to DNA 
damage. We have tested this hypothesis and show CIpXP to be 
a common requirement for RA in response to the various 
agents that damage DNA. This led us to identify steps in the 
molecular pathway that protect bacteria against the potentially 
lethal effects of restriction after DNA damage in a cell with a 
resident type I system or after the acquisition of a type I system 
capable of attacking the resident DNA. 

MATERIALS AND METHODS 

Bacterial Strains, Phages, Plasmids, and General Micro-
bial Methods. Bacterial strains are listed in Table 1. Inte-
gration-deficient, AhsdcI857 phages were used to transfer 
hsd alleles to bacterial chromosomes: ANM1367 includes 
hsdzRM(F269G)S; ANM1376, hsdMS; ANM1394, 
hsdM(F269G)S; and ANM1384, hsdR(A619V) (17). JC9935 
was used as the donor of the following derivatives of F'lOI: 
F'101-102, hSdKRMS (Ii); F'101-301, lzsdj 1isd (10); 

Abbreviations: R-M. restriction and modification; RA. restriction 
alleviation; 2-AP, 2-aminopurine; DSB, double-strand break; EOP, 
efficiency of plating. 
*To whom reprint requests should be addressed. E-mail: Noreen. 

Murray@ecl.ac.uk. 
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Table 1. E. coli K-12 strains 

Strain 	Relevant genotype 	Source or origin 

C600 See ref. 10 
5K /zsdR514 See ref. 10 
CB5 I dam-3 Boyd 
JC9935 recAI3 See ref. 10 
LE451 rac-O recA srl::Tn]O Ref. 15 
NM477 z(Ls(IMS)5 See ref. 10 
NM659 recA::cat This laboratory 
NM679 (hsdRMS) Ref. 16 
NM799 hsdR(A619V) Refs. 17 and 18 
NM802 AhsdR4 This laboratory 
SG22007 &IpP::cat Ref. 19 
SG22080 tXclpX::kun Ref. 20 
SG22129 clpP::cat A clpX::kan S. Gottesman 
RH6972 dnaQ::miniTnlO (moW) R. F. Leach 
RS2 topAlO Ref. 21 
TPC48 zjj::TnIO dnaCls See ref. 10 
NK31 gyrA96 Ref. 10 
NK167 IsscIhsdj Ref. 10 
NK300 rac-O recAsrU LB451 X P1(C600) 
NK301 rac-0gyrA96 NK300 X P1(NK31) 
NK302 dam NK30I X Pl(CB51) 
NK303 LXcIpP NK301 >< Pl(SG22007) 
NK304 5.clpX NK301 X Pl(SG22080) 
NK308 trecA NK30I >< Pl(NM659) 
NK309 zjj::TnlO doaC" NK30I >< P1(TPC48) 
NK310 hsdR NK301 X P1(5K) 
NK3II (hsdRMS) NK309 X P1(NM679) 
NK312 (hsdRMS) Lc1pX NK3I 1 >< P1(SG22080) 
NK315 dain zXclpX NK302 X P1(SG22080) 
NK320 &lpX NK300 >< P1(SG22080) 
NK323 &lpXzrccA NK304 X P1(NM659) 
NK324 (hsdRMS) &lpX zrecA NK312 >< P1(NM659) 
NK325 hsdR Z5c/pX NK310 >< P1(SG22080) 
NK326 mutD NK30I >( PI(RH6972) 
NK327 moW LtclpX NK326 X P1(SG22080) 
NK329 iopAJO &lpP &lpX RS2 X P1(SG22129) 
NK351 hsdR(A619V) NK309 X P1(NM799) 
NK352 LX(liscIMS)5 NK309 )< P1(NM477) 
NK354 hsdhsd NK309 X P1(NK167) 
NK355 hsdIisd. 	zXclpX NK354 >< Pi(SG22080) 
NK378 zI,sdR hsdM(F269G) NM802 X ANM 1367 
NK379 AhsdR NK309 )< P1(NM802) 
NK380 XhsdR &lpX NK379 X P1(SG22080) 
NK382 zhsdR hsdM(F269G) NK309 X P1(NK378) 
NK383 ShsdR hsdM(F269G) &ecA NK382 >< P1(NM659) 
NK384 5.hsdR hsdM(F269G) LXc1pX NK382 X P1(SG22080) 
NK386 hsdM(F269G) NK301 >< .kNM1394 
NK386 /zsdR(A6I9V)/msdM(F269G) NK386 >< ANM1384 

Affiliations: C. Boyd, Medical Research Council, Human Genetics 
Unit, University of Edinburgh; S. Gottesman, National Cancer Insti-
tute, Bethesda, MD; D. R. F. Leach, Institute of Cell and Molecular 
Biology, University of Edinburgh. 

and F'101-103, zjj::TnlO hsdKR.'MS)5. F101-103 was 
selected after plasmid— chromosome allele exchange, as de-
scribed for F'101-301 (10). pNK3 was made by transferring 
the HindIlI-SrnaI fragment containing hsdR from pBg3 (22) 
to pACYC184 (23) digested with HindlII and A'rul. Media 
and general methods were as described previously (10). 

Restriction Alleviation. 2-AP (400 ,irg/ml) was added to 
midlogarithmic cultures grown at 37°C in LB medium. Inten-
sive aeration was provided before and during the treatment. 
After 1 h, the cells were washed, resuspended in fresh broth, 
and tested for restriction. UV-induced RA was measured as 
described in ref. 24, and RA in response to nalidixic acid was 
measured as described by (13). 

Analysis of Proteins. Polypeptides were separated by elec-
trophoresis through SDS/polyacrylamide gels (25). Western 

Proc. Nati. Acad. Sci. USA 96 (1999) 

blots used rabbit antisera against EcoKI or EcoAl and the 
chemiluminescence detection system (POD) of Boehringer 
Mannheim. 

The stability of proteins was monitored after pulse-labeling 
with [35S]methionine. Bacteria were grown at 37°C with in-
tensive aeration to an GD500  of 0.2-0.3 in minimal medium 
supplemented with thiamin and all amino acids except methi-
onine and cysteine. Chloramphenicol (20 [kg/ml) maintained 
the presence of pNK3. Each culture was divided, and 2-AP 
(400 rg/ml) was added to one aliquot. After 1.5 h, a 1-mm 
pulse of [35S]methionine (25 j.LCi/ml) was given. Labeling was 
stopped by diluting each culture with an equal volume of 
prewarmed LB supplemented with L-methionine (15 jiM) or 
with L-methionine and 2-AP (400 j.tg/ml). Intensive aeration 
was maintained, and samples were taken at appropriate inter-
vals. Bacteria were collected by centrifugation, resuspended in 
SDS sample buffer, and boiled for 5 mm, and samples were 
applied to SDS/polyacrylamide gels for the separation of 
polypeptides by electrophoresis. 

RESULTS 

CIpXP Is Necessary for RA. A simple quantitative test for 
restriction relies on the fact that most unmodified A phages are 
killed when they infect Escherichia co/i K-12; the phage 
genome is a substrate for EcoKI, the resident restriction 
system. The titer of an unmodified phage lysate (AD) on a 
restricting host relative to that on a nonrestricting derivative is 
referred to as the efficiency of plating (EOP). Therefore, the 
inverse of EOP quantifies restriction. RA is detected as a 
temporary reduction in restriction (hence, an increased EOP) 
after treatment of genetically restriction-proficient cells with 
agents that damage DNA. 

We examined RA for Clp and Clp strains in response to 
each of three treatments; UV light, nalidixic acid, and 2-AP 
For each treatment, ClpX was essential for efficient RA (Fig. 
1). A clpP strain was tested for RA in response to 2-AP, an( 
it also was deficient in RA (data not shown). The results 
support our hypothesis that RA, in response to agents thai 
damage DNA, and the delayed expression of restriction activ-
ity after the acquisition of hsd genes by an hsd recipient are 
both the outcome of a common C1pXP-dependent process. Rd 
for the EcoAI system in response to 2-AP also was shown to 
be dependent on C1pX (data not shown). 

"Constitutive" RA. Restriction is alleviated in dam strain,  
(26). It is known that the Dam-methylase identifies the pa-
rental DNA strand during mismatch repair, and in dan 
mutants mismatch repair leads to double-strand breaks 
(DSBs) (27). This alleviation of restriction in dam strains led 
us to question whether other mutations that impair the effi-
ciency or fidelity of DNA replication might induce RA. If such 
a phenotype occurred, would it be dependent on CIpXP? Wi; 
tested topA, nuitD, and dam strains. 

Mutants deficient in topoisomerase I, like wild-type cells 
treated with nalidixic acid, have problems in DNA replication 
DSBs may occur when the replication forks stall (28). In 

Fin. 1. Restriction of unmodified phage A hyclp (NK30I, NK30( 
for nalidixic acid) and clpX (NK304, NK320 for nalidixic acid) 
bacteria. Only clp+  cells show restriction alleviation. 
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contrast, a rnutD mutation enhances the error rate of DNA 
polymerase III (29) and the increased frequency of mismatches 
may mimic the effect of 2-AP, an analogue of adenine that 
causes base pair transitions. 

Restriction by darn, topA, or rnutD strains was at least 
100-fold less efficient than restriction by wild-type E. coli K-12 
(Fig. 2). If this poor restriction is the result of constitutive 
expression of RA activated in response to either DNA damage 
er mismatches, then a mutation in cIj,X or cipP should restore 
restriction. Consistent with this prediction, the efficiency of 
restriction was enhanced by approximately 100-fold in the 
absence of CIpXP protease (Fig. 2). 

CIpXP-Deficient, Restriction-Proficient Bacteria Die Dur-
ing Prolonged Exposure to 2-AP. After prolonged treatment 
with 2-AP (3-4 h at 400 kg/ml), clp (NK303 and NK304) but 
not clp (NK30I) bacteria become filamentous, a phenotype 
characteristic of the SOS response. 2-AP does not normally 
activate the SOS response but, in the absence of CIpXP, it 
could induce a chain of events that leads to DNA damage. The 
relevance of a RecA-dependent repair pathway is supported by 
the observation that recA clpX double mutants (NK323) are 
supersensitive to 2-AP and do not survive low concentrations 
(40 g/ml) of 2-AP in the medium. In contrast, a recA c!p 
/tsd strain (NK308) is no more sensitive to 2-AP than its rec 
counterpart (NK30II); recA strains resemble rec in their RA 
response to 2-AP. 

Is CIpXP needed in the presence of 2-AP to prevent DNA 
damage by the resident restriction endonuclease? We made 
the c!pX bacteria deficient in restriction both by deleting the 
/tsd genes (NK312) and by including a mutation in I,sdR 

the gene essential for restriction. The restriction-
deficient bacteria were not sensitive to 2-AP. Similarly, the 
hypersensitivity of the recA clpX strain was relieved by inac-
tivation of the endonuclease activity. We suggest that during 
prolonged treatment with 2-AP, the C1pXP-dependent path-
way is essential to prevent EcoKI from causing DNA damage 
and consequent cell death. 

RA Induced by 2-AP Is Associated with a Deficiency of 
HsdR. RA is not correlated with a loss of modification activity 
(14, 30). It could, therefore, be the result of a deficiency in 
HsdR and the consequent depletion of EcoKI (R2M2S1 ), but 
not the modification enzyme (M2S1 ). 

The HsdR and HsdM subunits were monitored by Western 
blots after the addition of 2-AP to both cip and clpX bacteria 
(Fig. 3). After a lag of 20 mm, a reduction in the concentration 
of HsdR, but not HsdM, was detected. This deficiency of HsdR 
was found only in c1p cells in response to 2-AP. RA, there-
fore, correlated with a C1pX-dependent reduction in the 
concentration of HsdR, the polypeptide essential for restric-
tion, but not modification. 

HsdR Is Degraded in c1p Cells Treated with 2-AP. The very 
low concentration of HsdR detected in Clp 5  cells after a 
period of growth in the presence of 2-AP (Fig. 3) is consistent 

FIG. 2. Restriction of unmodified phage A by darn (NK302). mutD 
and topA (RS2) strains and their cipX derivatives (NK315. 

NK327. and NK329). It is known that topA strains accumulate 
compensatory mutations in gyrA or gyrB (21), but the top.410 strain 
(RS2) is not known to have a compensatory mutation (21), and the 
topA mutation itself correlates with impaired restriction (G. P. Davies, 
personal communication). 
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FIG. 3. Assays for HsdR and HsdM polypeptides after treatment 
with 2-AP. (a) cip bacteria (NK301). (b) cipX bacteria (NK304). In 
the absence of 2-AP (data not shown), the assays for clp and cipX 
bacteria were indistinguishable from those seen in h. EcoKI polyclonal 
antibody, used in these Western blots, fails to detect HsdS, but detects 
HsdR and HsdM and some other E. coil proteins. 

with the degradation of HsdR in the presence of CIpXP, but 
it could he argued that CIpXP in some way affects the synthesis 
rather than the degradation of HsdR. 

We therefore assayed the stability of HsdR in c1p and cipX 
cells in response to treatment with 2-AP. The preferred 
experiment was to rely on the chromosomal hsdR gene, but the 
signal generated from a single copy of hsdR was weak com-
pared with those generated by other proteins. Gene dosage was 
increased by cloning hsdR in pACYC 184, a low-copy-number 
vector. cip hsd (NK301) and cIpX Iisd (NK304) bacteria 
transformed with the IisdR plasmid (pNK3) were treated with 
2-AP for 90 min to allow the establishment of RA before they 
were pulse-labeled with [35S]methionine. HsdR was unstable 
in Clp but not ClpX cells after 2-AP treatment (Fig. 4). In 
the absence of 2-AP (data not shown) the HsdR polypeptide 
was stable in c1p and clpX cells for at least 180 mm. 

These results are consistent with 2-AP as the activator of a 
RA pathway in which HsdR is susceptible to C1pXP-dependent 
proteolysis. 

Functional EcoKI Is Obligatory for the Loss of HsdR That 
Is Characteristic of RA. Is active EcoKI necessary to generate 
the signal that leads to CIpXP-dependent degradation of 
HsdR? To answer this question we tested whether 2-AP-
induced depletion of HsdR occurs in restriction-deficient 
mutants. One of the mutants tested has a missense mutation 
in hsdR (NK351), and the other (NK352) has a wild-type hsdR 
gene, but hsdM and hsdS are deleted so that HsdR cannot form 
an EcoKI complex. 

HsdR was not depleted in either mutant in response to 2-AP 
(Fig. 5a). This finding implies that a functional endonuclease 
is required for induction of the pathway that leads to degra-
dation of HsdR. If the products of restriction by a type I 
enzyme are the stimulus for RA, the endonuclease activity of 
one R-M system should induce RA for a different system. We 
tested whether a functional type lB system (EcoAI), for which 
RA is regulated in a CIpXP-dependent manner, induced 
degradation of the HsdR polypeptide of the inactive type IA 
system, EcoKI. 

We transferred F'/?SdARMS (F'101-301) to the three 
strains used in the previous experiment (Fig. 5a): 
I?sdKRMS, hsd KRMS, and hsd KR(MS). The 
transconjugants, both untreated and treated with 2-AP, were 
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FIG. 4. The stability of HsdR in vivo after treatment with 2-AP. Labeled polypeptides separated by electrophoresis through SDS-polyacrylarnide 
gels (6'%) were detected by auloradiography. An extract from a strain lacking HsdR (NK311/pACYCI84) was analyzed in the first track. Samples 
from cip and clpX bacteria containing pNK3 were taken at the time intervals indicated after pulse labeling. 

assayed for EcoAl- and EcoKl-depcndcnt restriction in vivo 
and for the presence of HsdR polypeptides. 2-AP caused RA 
of functional R-M systems, and HsdR from any restriction-
proficient complex was lost (Fig. Sb). However, for the non-
functional EcoKI complex, RK remains even in the presence of 
functional EcoAl. These data require that the stimulus for RA 
is family-specific and therefore is not simply the product of 
restriction. 
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Mutations Predicted to Confer a Restriction-Proficient, 
Modification-Deficient (rnr) Phenotype Cause Restriction 
Alleviation. It is logical to expect that a mutation conferring an 
r F m  phenotype would be lethal. We chose to investigate a 
mutation in hsdM (F269G) that abolishes methyltransferase 
activity but has no effect on the binding of the cofactor 
S-adenosylmethionine and therefore is predicted to leave a 
functional endonuclease (31). This hsdM mutation was trans-
ferred from a Alisd phage (ANM1367) to the chromosome of 
an hsdR strain. The presence of hsdM(F269G) (NK378) was 
associated with the anticipated m phenotype. We tested the 
naive prediction that the acquisition of an F' with a functional 
hsdR gene would generate r' In transconjugants and these 
would die. However, we found no difference between the 
survival of the recipients upon acquisition of F'hsdR and the 
survival of recipients receiving the control F' lacking an hsdR 
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FIG. 5. Hsd subunits were monitored, after treatment with 2-AP, 
using antibodies raised against the relevant R-M complex. HsdR is 
degraded only when it is a part of a functional complex. (a) Degra-
dation of HsdR is prevented by a tflisseflSe niutation in hsdR (track 5) 
or by the absence of HsdM and S (track 8). (b) The presence of 
functional EcoAl has no effect on the degradation of the HsdR subunit 
of EcoKI (Upper), even though the HsdR subunit of EcoAl itself is 
degraded (Lower, lanes 2, 5, and 8). The control tracks for EcoAl 
contain a mixture of polypeptides in which HsdM and HsdS are present 
in molar excess to give strong signals with antibody. 
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FIG. 6. The survival of bAR FM  (F269G)S cells was assessed 
after the conjugative transfer of hsdR -1  to bAR M S recipients. (a) 
The experiment using F'101-103 (hsdR). (6) The control experiment 
with F'1 01-102 (hsdM-'S F).  Data are plotted for the following recip-
ients: NK379, hsdR (A); NK380, hsdR clpX (7); NK382, hARM (0); 
NK384, hsdRM clpX (.); and NK383, hsdRM recA (.).The data show 
that /,vdRM (F269G)S cells survive only if the recipient is ClpX. 
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allele (Fig. 6). We extended our experiment to include a recA 
recipient in which DSBs would not be repaired; transfer of the 
hsdR allele still occurred efficiently (Fig. 6). 

The EOP of AU on the /tsdRMS (F'IisdR) transconju-
gants was 10 in contrast to 5 x iO when the F'/isdR was 
transferred to an ItsdRMS recipient (the EOP of AX was 
1 in both cases). The low level of restriction by the m 
transconjugants is consistent with induction of the RA re-
sponse. Therefore, the conjugation experiments were ex-
tended to include cIpX recipients. In the absence of CIpX, 
transfer of the F'hsdR to the hsdRMS recipient was 
lethal, consistent with the presence of functional restriction 
endonuclease (Fig. 6). Our hypothesis predicts that the 
transconjugant bacteria can survive in the presence of CIpXP 
because of the activation of the RA pathway. If this suggestion 
is correct, /zsdR+MS*  bacteria would be deficient in HsdR. 

We chose to use chromosomal genes in preference to a 
plasmid-borne hsdR to test this prediction. We transferred the 
hsdM(F269G) mutation to the chromosome of NK30I, an hsd 
strain. The /isdM recombinants were recognized by their m 
phenotype and could not be transduced to give cIpX derivatives 
(data not shown). These derivatives restricted A.0 with an effi-
ciency indicative of RA (EOP = 10 1). Consistent with the 
induction of RA, HsdR was missing in the hsdM(F269G) strain 
that encodes a functional restriction enzyme and present in a 
derivative with a missense mutation in hsdR (Fig. 7). Importantly, 
when /isdM(F269G) was replaced with the wild-type allele (see 
legend to Fig. 7), HsdR was restored. Therefore, the loss of HsdR 
is a consequence of the hsdM mutation. Our experiments with the 
modification-deficient mutant show that E. coli has an extraor-
dinary capacity to protect itself against potential DNA damage 
elicited by a resident type I R-M system. 

DISCUSSION 
The diagnostic feature of RA is an r phenotype despite a 
restriction-proficient genotype (hsd). The r phenotype that 
persists for many generations in a transconjugant after the 
acquisition of functional hsd genes by an hsd recipient (11,32) 
may he viewed as an example of RA. In this case, the establish-
ment of hsd+  genes in a naive bacterium depends on the CIpXP 
protease (10). We now have shown that RA in response to a 
variety of stimuli, including external agents and mutations that 
affect the fidelity of DNA replication, also requires CIpXP. In two 
quite different situations the presence of subunits of EcoKI was 
monitored after the induction of RA. In the first, the bacteria 
were treated with 2-AP, and in the second, a mutation in hsdM 
(F269G) was introduced that blocks only the methyltransferase 
activity of EcoKI (31). In both these examples of CIpXP-
dependent RA, a negligible level of HsdR remained. We propose 
a general pathway for RA in which C1pXP is necessary for the 
degradation of HsdR and the consequent r phenotype. Accord-
ing to this scheme, unmodified chromosomal DNA targets would 

6 EcoKI 
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Fin. 7. The effect of hsdM (F269G) on the level of HsdR. The 
mutation hsdM (F269G) destroys only the modification activity of 
EcoKI. The level of HsdR was monitored by Western blots by using 
antibody against EcoKI. Lanes 1-6 include extracts of strains. Lanes: 
I, NK30I (hsd): 2, NK386 [an hsdM (F269G) derivative of NK30I]; 
3, an hsdl derivative of NK386; 4, an hsdR(A619V) derivative of 
NK386 (NK388) in which alleles of hsd genes were replaced by using 
Ahsd phages that included only hsdMS or hsdR, respectively; 5, NM802 
(an IzsdR deletion strain); and 6, NK352 (an hsdMS deletion strain). 
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be a signal for the cell to protect its own DNA from restriction. 
We believe that all the stimuli for RA examined by us rely on the 
presence of unmodified target sequences. 

A particularly severe stimulus is provided by the mutation in 
ItsdM (F269G) that results in a modification-deficient, restric-
tion-proficient EcoKI complex (Fig. 6a). For this mutant to 
survive, despite an unmodified chromosome, restriction alle-
viation must be extraordinarily effective. A more common 
stimulus is DNA damage that elicits RecA-dependent repair. 
UV irradiation and mutations in darn can cause DSBs (26, 33); 
nalidixic acid and mutations in topA are likely to generate 
DSBs by stalling replication. Damage by UV light also leads to 
lesions in one strand that are repaired postreplicatively (34). 
RecA-dependent repair relies on homologous recombination. 
If homologous recombination involves two segments of hemi-
methylated DNA, the annealing of unmethylated strands or 
DNA synthesis may generate a localized region of unmethyl-
ated DNA. In contrast, both 2-AP and rnutD increase the 
frequency of base pair transitions (29,35). Some mutations will 
generate new target sequences, all of which will be unmodified. 

Our experiments have shown a C1pXP-dependent loss of 
HsdR in response to 2-AP. It seems likely that the CIpXP 
protease itself degrades HsdR, rather than being necessary to 
maintain or activate another protease. The only protease-
deficient mutants found to affect the transmission of the genes 
encoding EcoKI were clpX and clpP (10). Our experiments also 
show that HsdR is lost only in cells in which HsdR could 
produce functional EcoKI. Thus, in the absence of HsdM and 
HsdS, wild-type HsdR is not degraded; likewise, in the pres-
ence of HsdM and HsdS, a missense mutation in hsdR prevents 
degradation of the nonfunctional polypeptide. The require-
ment for unmodified targets and functional EcoKI might 
suggest that DNA breakage initiates the RA response. We 
argue that DSBs are not involved in the initiation of RA. One 
reason for doubting this idea is our observation that a 
recAclp+lzsd+ bacterium is no more sensitive to 2-AP than its 
reck counterpart. This finding is not consistent with the 
creation of DSBs in response to 2-AP. Second, we tested 
whether active EcoAI, a member of the type lB family of 
enzymes is sufficient to induce loss of the HsdR subunit of 
EcoKI in response to treatment with 2-AP. It is not, although 
it is susceptible to CIpXP-dependent RA. If DSBs are the 
signal for RA, those made by EcoAI do not provide a signal 
for degradation of the HsdR subunit of EcoKI. Finally, even 
in the absence of RecA we readily made strains in which EcoKI 
is defective in methyltransferase activity (Fig. 6). Because 
DSBs cannot be repaired in a recA strain (36), it would appear 
that in this hsdRM(F269G) 	bacterium DSBs are avoided, 
despite the presence of 600 unmodified targets and the 
coding potential for restriction-proficient, modification-
deficient EcoKI. We conclude that CIpXP-dependent degra-
dation of HsdR is able to prevent cutting of the bacterial 
chromosome. In the absence of C1pXP, however, even rec 
cells fail to survive because EcoKI cuts their chromosomes. 

If DSBs are not the stimulus for RA, why does a missense 
mutation in hsdR prevent degradation of HsdR? The amino 
acid substitution (A619V) is associated with a defect in the 
hydrolysis of ATP and probably, therefore, with the ATP-
dependent translocation of DNA that precedes the generation 
of DSBs (18). The missense mutation does not prevent either 
the binding of EcoKI to its target sequence or the associated 
ATP-dependent conformational change that is a prerequisite 
for the restriction pathway (18, 37). Other missense mutations 
in HsdR also prevent degradation of HsdR (V.A.D. and 
N.E.M., unpublished observations); therefore, it seems prob-
able that the functional defect, rather than the amino acid 
substitution per se, determines whether the enzyme is a sub-
strate for CIpXP. We conclude that HsdR is recognized only 
after the EcoKI complex has embarked on its restriction 
pathway. It remains to be determined what renders the HsdR 
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subunits susceptible to proteolysis. Nevertheless, the present 
experiments promote the concept of a remarkably specific 
control mechanism, effective only once the relevant restriction 
pathway has been initiated, but able to act before any damage 
is inflicted on unmodified chromosomal DNA. 

The RA response can protect the bacterial chromosome 
from restriction in the complete absence of modification, but 
the alleviation is not entirely complete when analyzed by 
infection with A.0 (EOP = 10-'). These facts raise two new, but 
probably related, problems. First, why does phage DNA en-
tering the cell show some susceptibility to restriction whereas 
the resident bacterial chromosome does not? Second, why do 
unmodified targets on the chromosome, but not those on 
incoming phage DNA, stimulate the RA response? At present, 
it should be borne in mind that the two substrates differ in their 
location and their association with other proteins. 

Our current experiments document the disappearance of 
HsdR under conditions of RA, and we interpret this as 
CIpXP-dependent degradation of HsdR. Initial but unsuccess-
ful attempts to detect degradation in vitro used purified HsdR, 
or EcoKI, as substrate. The in vivo experiments indicate that 
the substrate is unlikely to be protein alone but, rather, a 
functional protein-DNA complex. 

The role of C1pXP in the disassembly and degradation of the 
Mu transposase already is known to he complex. MuB appar-
ently protects the MuA-DNA complex from recognition by 
CIpX and, hence, from disassembly and potential degradation 
by the protease activity of CIpP (38). These authors suggested 
"that a protein-complex architecture that uses overlapping 
sequences for subunit interactions and for targeting a protein 
for remodeling or destruction provides a useful design for this 
type of regulation." By analogy we would suggest that some 
step in the ATP-dependent DNA transloeation by EcoKI leads 
to the exposure of the target sequence for C1pX. 

Our investigation of the relevance of CIpXP to RA has been 
confined to the type IA and lB families of R-M systems. There 
is evidence for Dam-mediated RA of a type III system (26). 
Members of the type IC and ID families are susceptible to RA in 
response to 2-AP (unpublished results), but transmission of the 
plasmid-borne type lChsd genes by conjugation is not dependent 
on CIpXP (10, 32). Although the assembly pathway of the R2M2S, 
complex may provide a lag in the production of the endonuclease 
after plasmid transfer (39), it would not prevent the cutting of 
unmodified targets created in cells in which functional endonu-
clease is already assembled. It is not known whether RA can 
involve other proteases or other mechanisms, but RA is found for 
some methylation-dependent restriction systems (24), where 
DNA damage would not generate target sequences. RA has not 
been detected for any type II system; rather, RA appears to he 
characteristic of complex R-M systems. 

Our experiments demonstrate that control of the restriction 
activity of EcoKI is extraordinarily sensitive, it not only copes with 
the acquisition of hsd genes conferring new specificities and the 
production of unmodified targets created by repair and mutation, 
but clp cells also survive a mutation that destroys the modifi-
cation activity of the R-M complex. A similar control system 
could permit the efficient phase variation of type I R-M systems, 
a phenomenon recently documented for Mycoplasma pulmonis 
(40). Molecular mechanisms of the sophisticated interactions that 
mediate the proteolytic control remain to he determined. 
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