Chapter 1

Introduction

1.1 Restriction-modification systems

Restriction-modification (R-M) systems acts as ampive form of immune
defence in bacteria, allowing them to differentidtetween foreign and host
DNA. If the host bacterial DNA is modified (metlaykd), cleavage by the
corresponding restriction endonuclease (ENaseyasemted, whereas foreign
bacteriophage DNA that has invaded the cell isextitip restriction. Adenine is
methylated at the Nposition, while cytosines are methylated at tieo€ N*
position. The methylation sites are in the majaoge of B-form DNA.

There are four well classified R-M systems: Typdl,llll and IV (for general
reviews see Murray, 2002 and Gormley, 2001). A eabummarising the
characteristics of each is shown in table 1.1. Ayiwid system often called Type
| %, exemplified by Ahdl, shares characteristicsTgpe | and Type Il R-M
systems (Market al, 2003). A nomenclature has been proposed to tfaRsM
systems (Robertst al, 2003), which is catalogued in REBASE (Rob&tsal,
2005). In addition to protection of host bacteBNA, R-M systems may have a
role in protecting species identity, by preventintggration of foreign DNA by

horizontal gene transfer (Jeltsch, 2003).

R-M systems are either found on transferable elésnesuch as plasmids and
bacteriophages, or are connected to genes thatieqroteins involved in DNA
mobility, such as transposases, integrases andtases (Kobayashi, 2001;
Nadereret al, 2002). Loss of an R-M system from a bacteridllleads to cell
death through attack by ENases (Naito et al., 1996)s on this premise that
Type Il R-M systems are said to behave as moblfeskselements (Kobayasket
al., 2001).



Table 1

Characteristics and organization of the genetic determinants of different classes of R-M systems®,

Type | Typell Type I Type IV
Example R-M system Ecokl EcoRI EczoP11 EcoMcrBC
Genes hsdf, hsaM, hsdS ecorifl, ecoriM mod, res ma8, manl
Subunits Thres differant Two differant Two differant subunits Two differant subunits
subunits (R, M and 5) subunits (R and M) jmod and res) combine are present, MorB
combine to form ReMzS, combina to form Re or M4 to form moderess and MorC
and Mz5,
Enzyme activities REase, MTase and ATPase REase or MTase RE=se, MTasa REase and GTPas=
and ATPase
Co-factors required for  ATP, SAM, Mg™ Mg™* ATP, Mg™ [SaM) GTP, Mg™
DMA cleavage
Co-factors required for SaNM SAM SAM Mo methylation
methylation
Recognition sequence Asymimatric and Maosthy symnm stric, Azyrnmetric, Eipartita and
bipartits, 2.g. =.9. EzoRl, ag. EcoP1il, methylated, ag.
EcoKl, 5AACGINIGTGC SGAATTC SAGACC EcoMorBC,
5 RmC{MNag yoea)RC

Cleavage site

Warizble locations 1000 bp
from recognition sits

Fixad location st or near
the recognition site

Fixed locstion 25-27 bp
from recognition site

Batwssan mathylatad
basas at multipls sites

DMA translocation

Yes

Mo

Yes

Yes

“ A ful description of R-M classifications is given in [T,

Table 1.1: A summary of the four Types of R-M sygms Reproduced from
Tock and Dryden, 2005.



1.2 Regulation of R-M enzymes

It is important to regulate MTase and ENase exprasa bacteria to prevent
cell death. Failure to ensure that MTase activigcpdes ENase activity could
lead to restriction of the host DNA. The mechanisosd so far are discussed

below.

1.2.1 Restriction Alleviation (RA)
There are two main Types of RA, general and famigeific. General RA

occurs only in Type | R-M systems when the systenmactive during a period
of cell stress, allowing other cellular mechanissisch as DNA repair or the
establishment of modification upon arrival of a n&M system, to occur
(Prasacet al, 2005; Prakash-Chergg al, 1993). Family-specific RA in Type
IA and Type IB R-M systems occurs by ClpXP-depengenteolysis of the R
subunit (Makovetset al, 1998). Regulatory control in Type IC R-M systems
occurs by the dissociation of a subunit, R, from BNase-active Rtomplex, to

form a restriction-deficient Reomplex (Makovetst al, 2004).

1.2.1.1 Proteolytic control by ClpXP

Type IA and Type IB R-M systems have been linkedh® ClpXP genes. The
restriction endonuclease complex undergoes pratsoiyp an ATP-dependent
process (Mavovetst al, 1998 and 1999; O’'Neit al, 2001; Doroninzet al,
2001). The ClpXP protease is a complex of two pnsteClpX, a hexameric-ring
ATPase, which recognises and unfolds the subgtratein, and ClpP, a barrel-
shaped peptidase that causes degradation of ttemp(Gottesman, 1999).

1.2.1.2 DNA condensation

Non-specific DNA-binding ligands and DNA condeneatialso appear to
alleviate restriction in Type | R-M systems, anglatment of DNA substrates in
such a way caused a decrease in the endonucleasty ad EcoKl (Keatchet
al., 2004). Foreign DNA that is essentially “naked”’edonot include such

barriers that would prevent R-M enzymes carryingtbair function.



1.2.2 Phase variation

A number of Type Il R-M systems are implicatedaictivating and inactivating
genes comprising a R-M system by phase variatioa Hdlle et al, 2000;

Saunderset al, 2000; de Vrieset al, 2002; Seibet al, 2002). The
methyltransferase (MTase) gene dflaemophilus influenzaestrain Rd
(HI1058/HI1056) contains the tetranucleotide repe&-AGTC-3'. Phase
variation becomes higher as the number of theseatepncreases (Srikharga
al., 2005). High phase variation rates have been gadd in infections by.

influenzae

1.2.3 Controller (C) Proteins
An R-M transcriptional control mechanism has beéentified that relies on

temporal regulation of R gene transcription by &pot protein, allowing
sufficient time for methylation of the host DNA ¢acur prior to ENase activity.
Fifty one controller, or C, proteins have so faebedentified in Type Il R-M
systemsge.g.in BamHI (Brookset al, 1995), Pvull (Tacet al, 1991), Eco72I
(Rimselieneet al, 1995) and EcoRV (Nakayana al, 1998). C.Esp136l has
been found to act both as an activator (C and ) a1 an inhibitor (M) of
transcription (Cesnavicienet al, 2003). Another C-protein, C.EcoO109I, that
regulates its own expression and that of the cegBalase, causes bending of its

target recognition sequence by 54 + 4° (I€ital, 2002).

1.2.4 Methylation of promoter region

The MTase and/or ENase genes of the LlaJl, CfrBl &soll R-M systems are
under transcriptional control that is dependentruffte methylation status of

their recognition sites within the promoter rege)n(

The LlaJl R-M system encodes two MTases, M1.Lladd aM2.LlaJl. The
promoter region for the entire LlaJl operon corgaiwo recognition sites, both
of which were found to be required for full repriess of transcription.
Methylation of the internal cytosines within thecognition sequences 5'-
GACGA-3’ and 5’-GCGTC-3’ by M1.LlaJl was required tacilitate the binding
4



of the second MTase M2.LlaJl (O'Driscadt al, 2005). Following binding of
M2.LlaJl, transcription of the LlaJl operon is tachoff.

In the CfrBl R-M system, cytosine modifications llyCfrBl cause a decrease in
the promoter activity of M.CfrBI, whilst also in@sing the transcription of the
R.CfrBI gene (Beletskayet al, 2000).

The N-terminus of M.Ssoll frorBhigella sonneis predicted to contain a helix-
turn-helix (HTH) motif involved in DNA-binding. Th&Tase has been shown to
inhibit its own synthesis whilst also activatingpeassion of the corresponding
ENase by binding to the —10 promoter sequence &sMI and the —10 and —35
sequences of R.Ssoll. DNasel footprinting of a DM&gment containing the
promoter region demonstrated a 48 to 52 bp prale@gion, and a Kof 1.5 x
10® M was obtained by EMSA (Karyagired al, 1997).

1.3 Anti-restriction proteins

A number of inhibitor proteins of R-M systems amown. These include the
Stp protein encoded by bacteriophage T4, whichbitdithe Type IC system
EcoPrrl (Penneret al, 1995); the Dar (defence against restriction)tgino
encoded by bacteriophage P1 (ligaal, 1987); and ocr (overcome classical
restriction) protein encoded by T3 and T7 bactévage (Studier, 1975).

1.3.1 overcome classical restriction (ocr) protein

Bacteriophages T3 and T7 enter the host cell abtribe their genes prior to
internalisation (Moffatt and Studier, 1988). Thestf gene to be transcribed is
ocr, the product of the 0.3 gene. ocr inhibits Typ&M systems by binding to
this DNA binding site (Bandyopadhyagt al, 1985). ocr is dimeric in solution
(M, = 27 kDa), and both the ellipsoid model and thestad structure show that
one dimer would cover approximately 25 bp of B-D#tanasiuet al, 2001;
Blackstocket al, 2001; Walkinshawet al, 2002). The carboxyl groups on the
surface of ocr are arranged to mimic the positibprosphate groups of bent
DNA, as shown in figure 1.1 (Blackstoekal, 2001). A model of ocr aligned
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Figure 1.1: Superposition of two, 12 bp B-DNA molecules on thecr dimer.
(A) Stereo view of the ocr dimer. A least squatiesff phosphate groups of the
B-DNA complex (pdb code 1BNA) onto twelve carbogybups of ocr produced
an rms fit of 1.9 A. In yellow, the phosphorus g and in purple, oxygen
atoms of the phosphate groups. In red, oxygen atantsin black, carbon atoms
of the twelve carboxyl groups. The sugar backbafethe DNA dimer are in
two shades of green. The base pairs are omittesirfgslicity. (B) The two-fold
axis lies in the plane of the paper. The vectorscdeing the direction of the
fitted DNA on both halves of the dimer are drawn ladack lines. Their
intersection gives a bend angle of 33.6°. Reprodiucem Blackstocket al,
2001).



with EcoKI recognition sequence suggests that miecs the DNA flanking the
recognition sequence (which is typically 12-13 bR)is could explain how ocr
is able to inhibit many Type | R-M systems withfdient recognition sequences.
Fluorescence spectroscopy has shown that one dihwar binds tightly to both
the MiS; and the MS, MTase, while two ocr dimers appear to bind to the R
subunit of EcoKl and the R.EcoKIl ENase. Weak bigdiccurs with the free M
subunit (Atanasiet al, 2002).

This type of mimicry by carboxyl groups is also ptl by the UGI protein,
which inhibits uracil glycosylase ddacillus subtilis thus inhibiting its action
and protecting the PBS2 phage DNA (Putnetral, 1999). The C-terminal-
helix of Dinl contains a negatively charged surface has been found to mimic
single-stranded DNA. This allows it to interact wiRecA, and prevent the
interaction of RecA with ssDNA. This in turn inhibithe SOS response
coli due to DNA damage (Voloshat al, 2001).

1.3.2 ArdA

The IncB plasmid R16 encodes the anti-restrictioaotgin ArdA, which is
thought to compete for DNA binding with a conservextif in Type | S
subunits. It has been found to inhibit the ENags#eviae of the Type IA EcoKI
system (Thomast al, 2003). A feature common to a number of ArdA enos$
is the invariant motif LL-D/E-E (Belogurogt al, 1992 and 1995). In addition,
they are all highly acidic, negatively charged ngfated proteins, which like ocr,

may mimic DNA.

1.4 Base flipping and base stacking

Methylation of DNA by Type | MTases occurs at th&position of adenine and
has been found to require base flipping of the mdemto the active site before
methylation occurs. This was first discovered ftie tC5-cytosine MTase
M.Hhal, and a mechanism has been proposed (Sdrah, 1998). Following
binding of M.EcoR124l to its recognition sequenttee sequence around the
adenines to be methylated undergo structural disto{Mernaghet al, 1996).
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Preferential binding has been shown for a mismatd¢he base pair compared to
the wild-type AT base pair found within the recdgm site, suggesting base
flipping is taking place. Since the strength of WE base pair is weaker than the
AT base pair and will present less of an enerdwditier to base flipping. It has
been proposed that base flipping is correlated bathding of the DNA substrate
(Suet al, 2005).

1.5 Evolution of R-M systems

It has been found that cleavage of a DNA substrgtthe Type Il R-M system
EcoP15I is performed once, even if the cleavagedymb still contains a
recognition site, whereas secondary cleavage ewents been shown to occur in
Type | R-M systems with more than one recognitiba gresent (Raghavendea
al., 2003; Szczelkuret al, 1997). However, if EcoPI51 is incubated in the
presence of exonuclease Ill, the pUC19 supercoll®dA substrate was
completely cleaved and up to four cycles of catalygcurred. This suggests
functional cooperation between an ENase and anuekemse (Raghavended
al., 2003).

EcoRIl may be evolving recombination activities (ke et al, 2002). Limited
proteolysis of EcoRlIl found two domains, of whidtetC-terminal domain was
found to have restriction activity differing frorhd wild-type enzyme in that it
only required one copy of the 5-CCWGG recognitisite for DNA cleavage
rather than two (Krugeet al, 1995). Even when two recognition sites were
present, cleavage by the EcoRII-C enzyme was grdhsn the wild-type
enzyme. In the presence of the N-terminal domé&ika@RIl (EcoRII-N), the
wild-type enzyme cleaved the second recognitiam with a decreased rate even
though EcoRII-N binds with one order of magnituéssl than the wild-Type
enzyme. This indicates there are two DNA-bindingiges in the intact wild-

type EcoRlI.

EcoRIl and Nael - another Type IIE ENase - share #ame domain
organisation. EcoRII-N is similar to the Topo domaif Nael and EcoRII-C is
8



similar to the Endo domain of Nael. The crystalctiure of Nael suggests an
evolutionary link between ENases and topoisomeragesBLAST local
alignment shows that there is a putative ten amaicid region close to the N-
terminus of Nael that matches the consensus foadhiee site of DNA ligase I.
It is therefore suggested that Nael could be grdupihin the topoisomerase

and recombinase protein families gtaal, 1995).

E. coliK-12 contains four chromosomally-encoded restiiceénzymes, the most
studied of which is EcoKIl. The methylation-deperdeestriction enzyme
McrBC, a member of the AAA (ATPases_ssociated with various cellular
activities) family of proteins, is also present hist bacterium. However, unlike
EcoKl, there is no associated MTase. It forms rimgghe presence of GTP or
GDP (Pannet al, 2001).

1.5.1 Evolution of new specificities

One natural method of creating new specificities thought to be gene
rearrangement of the S (specifity) subunit. A dingfmechanism of the S genes
of Type | Lactococcus lactifR-M systems has been demonstrated, in which the
pAH33 plasmid (6159 bp), which only contains thgene of the LIaDPC220 R-

M system, was shown to change the specificity efglasmid pAH82 containing
the entire R-M system. During a co-integration ¢veésy homologous
recombination, chimeras of the S subunit were farfnem the interchanging of
the N- and C-termini of the S gene to produce ngpelcificities (O’Sullivaret

al., 2000).

1.6 Design of new specificities

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

specificity of recognition sequences in the presewnd foreign DNA and

likewise, a decrease in the absence of invading ONAinenet al, 2000). A

comparison of the Type Il R-M systems PspGlI, Ssmil EcoRIl has shown

similarities in amino acid sequence and the DNAuseges that the proteins

recognise (Pingouet al, 2003). This suggests that the DNA-binding domains
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are similar. This observation differs from Type IMRsystems, where there is
little similarity in the TRDs (target recognitiorohains) that are responsible for

recognition of the target DNA sequence.

The MTase M.Haelll methylates the central cytosofeits recognition site
GGCC. In addition, it methylates many non-canonseduences, botim vivo

and in vitro. Therefore, DNA MTases may not only methylate #fec
sequences, but may also methylate numerous sites DNA substrate, albeit
with lower efficiency. In evolutionary terms, metagng other sites could

present an advantage and help evolve new speeifi¢iCoheret al, 2002).

Mutant MTases of M.Haelll have also been formed oy vitro
compartmentalisation (IVC). This method is basedeproducing the conditions
whereby genes, RNA, and the encoded proteins aeid pinoducts are kept
together as they would be in the cell, therebyitigkgenotype and phenotype
(Tawfik et al, 1998).

This in vitro evolution method produced mutants that methylatexl DNA
sequences AGCC, CGCC and GGCC, as opposed to timnical GGCC
sequence. To date, no R-M system has been foamdsthapable of methylating
the sequence AGCC. IVC has also been used to mmacti@nges in mutated
recognition sequences of M.Hhal (Lekal, 2002).

Zinc finger proteins are able to bind DNA by formicontacts with an alpha-
helix and the major groove of the DNA backbone.yrban therefore be used as
a basis for the design of DNA-binding proteins withw specificities. One such
hybrid enzyme has been formed by the fusion of rec finger to the Fokl
cleavage domain. The DNA sequence that was cleaasdletermined firstly by
digestion of DNA with a number of Type Il ENases, followed mciubation
with the hybrid enzyme. A smaller 300 bp sequenas isolated from this assay
and end labelled witfP. The cleavage products were analysed by dengturin
polyacrylamide gel electrophoresis and maps ofglsegnition site and cleavage
site 5'-GAG GGA TGT-3' was determined (Kehal, 1996).
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Prior to the solved crystal structure of EcoRV,d@am mutagenesis was used to
engineer EcoRV to alter its specificity such thatvould recognise a sequence of
up to 10 bp, rather than the wild-type 6 bp seqag@ATATC). This approach
identified a number of mutants that either preférAdr-flanked or GC-flanked
cleavage sites (Laniet al, 1998). A more rational approach based on thealrys
structure of EcoRV (Hortoat al, 1998) was used to mutate amino acid contacts
that were in close proximity to DNA surrounding thanonical 6 bp region
(Lys104 and Alal81). However, it was not possibl@lter the specificity (Lanio

et al, 2000). This could be due to the fact that thestalystructures do not
represent the ground state, because when theyswaked in M§" they lacked

ENase activity.

1.7 Type | R-M systems

Type | R-M systems are hetero-oligomeric enzymeodad by three Hsd (host
specificity of DNA) genes. The ENase is compose@lbthree subunits (HsdS
for DNA recognition, HsdM for DNA modification andisdR for cleavage -
Janscaket al, 1996), while the MTase is composed of the M &ndubunits.
The R subunit is absolutely required for restrictend is transcribed from its
own promoter (Re9 and from read-through from the M-S promoter (Kudnd
Bickle, 1996). The M and S gene products are tmipesd from a separate
promoter (Riop) to form the MTase (Pricet al, 1989). The MTase requires S-
adenosylmethionine (SAM), while the ENase also ireguMd* and ATP for
activity. All Type | R-M systems methylate adeniaée the N position (for
reviews, see Raet al, 2000; Murray, 2002).

Early work divided the Type | R-M system into thrémmilies, based on
complementation and cross-hybridisation assaysc(Bat al, 1995; Bickle and
Kruger, 1993; Sharpet al, 1992). There are now four classes of Type | R-M
systems, although a fifth sub-type, Type IE, cdirgissolely of the KpnBl R-M

system, has been proposed (Jurenaite-Urbanavigemé, 2001; Chinet al,
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2004). There are two different gene orders withyjpd'| R-M systems (Wilsoat
al., 1991):

R-M-S Type IA and 1B
M-S-R Type IC and ID

DNA sequence alignment of a number of S subunissdm@wn the presence of
two variable regions that form TRDs, each recoggisine half of the bipartite
DNA recognition motif, and two conserved regionatthare believed to interact
with M. A circular arrangement of the S subunit bagn suggested, in which the
N-and C-termini are brought close together as shawfigure 1.2 (Kneale,
1994). Circular permutations of the sequence ofNthand C-terminal conserved
regions of the S subunit has confirmed this cincuteodel for the Type IB
enzyme EcoAl (Janscak and Bickle, 1998). Figuresh@ws the recently solved
crystal structures of the S subunits froWethanococcus jannaschiand
Methanococcus genitaliuKim et al, 2005; Calisteet al, 2005).

Both structures show that the N- and C-terminii areclose proximity, as
predicted and although the primary structure oftil@ TRDs are quite different,
they adopt almost identical secondary and tersémycture. They also show that

the conserved domains interact to form an alph&dledoiled coil.

The DNA recognition sequence of Type | R-M systasnasymmetric, made of
two half-sites, each recognised by a TRD within $heubunit. Typically each of
these half-sites is 3-5 bp in length, separated bgn-specific spacer region (5 —
8 bp).

12



Figure 1.2: Circular model for the subunit/domain gructure of Type |
enzymes.In this example, EcoR124l is shown, displaying @p@roximate two-
fold symmetrical disposition of subunits and theeration of the enzyme bound

to the DNA.
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Figure 1.3: Crystal structures of the S subunits of(A) Methanococcus
jannaschii and (B) Methanocuccus genitaliumReproduced from Kinet al,
2005, and Calistet al, 2005. In both structures, two very conservedores)
the central (CR1/CCR) and C-terminal/distal (CR2R)Cform coiled-coil
structures containing a high proportion of hydrdphaesidues between the two
helical coils. The two globular domains in botls&sa contain the variable target
recognition domains (TRDs) responsible for DNA mguition. The N- and C-
termini lie in close proximity and are found withiilRD1.
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1.7.1 Type 1A
Type IA R-M systems are typically chromosomally-eded. Both R subunits of

the Type IA EcoKl bind with equal affinity to the Tse, whereas both R
subunits of the Type IB EcoAl, and the second Rusitbof the Type IC
EcoR124l, bind weakly (Janscak al, 1998; Mernagtet al, 1998; Drydenret
al., 1997; Suriet al, 1994). Cleavage of circularised DNA by EcoKI @msftwo
recognition sites, and atomic force microscopy (ARMs shown this to also be
the case for linear DNA (Ellist al, 1998). In the presence of ATP, a smaller
footprint is observed for the ENase R.EcoKI (Powekl, 1998).

When compared to Type Il MTases, EcoKl shares tieatgst homology with
M.Hhal, suggesting that it could interact with DNAa two loops and a beta-
strand. Alignment with Hhal shows these secondamyctires would occur
between amino acids 84 and 121 of the N-terminaDTd&® EcoKl. Random
mutagenesis was employed to identify amino acidseclto DNA, and three
substitutions - T57P, F107S and G141V - prevengsttiction and modification
(O'Neil et al, 1998). When the amino acid sequence of S sulitooKI is
aligned with that oMethanocuccus genitaliuthese residues appear within beta
4, beta 8 and between alpha helix 1b and alpha Retespectively. All three
regions are found within TRD1. It has been pointedl that members of the
same family which share a common trinucleotide inigdrepeat within the
recognition site have very similar identity withitheir TRDs, e.g. EcoKI
recognises the sequence 5-AAC(EYGC and StySPI recognises 5'-
AAC(N)sGTRC. The N-terminal TRDs that recognise the 5-AA€quence
have 90% identity (Fuller-Pae al, 1986).

1.7.2 Type IB
As has been mentioned for the Type IA enzymes Eaoid StySPI, enzymes

with the same trinucleotide repeat share high aratid identity. In the case of
the Type IB family members EcoAl and EcoEl, thegagnise the same GAG
trinucleotide as the Type IA family member, StyUTIThese three S subunits
possess almost 50% identity, suggesting that thetichl amino acids within the
TRD are critical to DNA recognition (Cowagt al, 1989).
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Identifying important amino acids conferring ENassivity is another area of
interest. It has been found that alanine subsiitgtiat positions Asp61, Glu76
and Lys78 of EcoAl stop DNA cleavage without affegt ATPase or
translocation activity (Janscadt al, 1999). To determine if EcoAl adopts a
similar arrangement to the circular model propos$ed EcoR124l (Kneale,
1994), circularly permutated mutants of the S sitbafrfEcOAI were created and
mixed with the M subunit to reconstitute the MT43anscalet al, 1998). In
vitro methylation showed the reconstituted enzyme tadiwe, suggesting that

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

1.7.3 Type IC
There are three known members of the Type IC fantilg plasmid-encoded

EcoR124l/1l and EcoDXXI, and the chromosomally-eshed Ecoprrl (Tyndalét
al., 1994). However, it is possible that the NgoAV Rayistem ofNeisseria
gonorrhoeaebelongs to this family. While the M and R suburgte similar to
those of EcoR124l, the S subunit shows little hagy! In addition, the genome
organisation is very different, with the M and Sheg being separated by open
reading frame (ORF) 2, and the DNA sequence fortwee putative S genes is
coded for by two separate ORFs. Homology with EcG@RI1and EcoDXXI
suggests that the first S gene encodes an activeipi(Piekarowiczt al, 2001).

It has been found that the Hsd loci of Type IC Rsydtems are flanked by DNA
homologous to the phage P1 genome (Tyneladll, 1997). This suggests that at
some stage the Hsd region was inserted into a éfhpge. Domain shuffling of
the S subunit then gives rise to the different gjp#ees. Close to the Hsd loci is
a phage P1 packagingg0 site. This could allow movement to another stian
P1-mediated transduction. However, in the EcoR1@dis there is an insertion
sequence (1S) 1 site that has removed the majafritye P1 sequence (Tyndati
al., 1997).

Like EcoR124I1, EcoDXXI is encoded on a large coafive plasmid (Skrzypek

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

to a transcription-translation start signal, cadecdor a protein which confers
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DNA binding, recognising the symmetrical sequen€&SAYNsRTTC and
TCA(N)sTGA respectively, as opposed to the wild-type rexdtign sequence
TCA(N);RTTC. If both the 3" and 5’ halves were co-expegssvith the M,
wild-type DNA recognition was restored (MacWilliaras al, 1996; Meisteret
al., 1993). Like EcoR124l, EcoDXXI contains TAEL repedn the central

conserved domain of S.

1.7.4 Type ID
Type ID genes are chromosomally-linked, as compardg/pe IC genes that are

normally located on plasmids. Efficiency of plati(l@OP) studies identified the
first member of this family, th&almonella entericaserovar BlegdangseB)-
linked R-M system, that was later confirmed as saod renamed StySBLI
(Bullaset al, 1980; Titheradget al, 1996). Two further members, KpnAl from
Klebsiella oxytocaM5al (previously calle&lebsiella pneumonigeand EcoR9lI
from E. coli, were identified by hybridisation assays and latenfirmed by
complementation assays (Baraisal, 1995; Leeet al, 1997; Titheradget al,
2001). Like all Type | R-M systems, two genes - Mi& - encode the MTase,

while an additional R gene is required for the ENas

1.7.5 Type IE
Recently, a Type IE family has been proposed. Twil Rystems have been

discovered irKlebsiella pneumoniaehowever, KpnAl has been classified as a
Type ID (Leeet al, 1997), whereas KpnBIl in strain GM236 has beassified

as a Type IE. In KpnBI, the R and M genes are sapdrby at least 2 kbp (Chin
et al, 2004). Based on comparison with Type IA, 1B, i&ldD systems, it was
shown that KpnBI does not share the typically gretltan 70% homology to be

classed within one of these families, hence itselipclassification.

1.8 Type Il R-M systems

As of September 2005, REBASE listed 3672 Type |b&&s, as compared to 67
Type |, 10 Type Il and 3 Type IV ENases (Rob@tsl, 2005). The majority of

Type Il systems contain separate ENases and MTlaseare dependent on l?/fg
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and SAM, respectively. Unlike Type | R-M systemsey are encoded by only
two genes - R and M - which form an B M; ENase or MTase, respectively.
Furthermore, DNA cleavage takes place at or clos#éstrecognition sitee.g.
EcoRV, cleaves between the middle T and A basdstivit sequence GATATC.
Prior to cleavage, EcoRV induces a bend in the @XApproximately 60 A (Cal
et al, 1996; Hortonet al, 2000), shown in figure 1.4. The Kigcofactor
requirement of EcCoRV is critical in determining wiher it binds to specific or
non-specific DNA. In the absence of fgspecific binding is observed even
though the binding constant for both specific amoh-specific DNA was the
same (Erskinet al, 1998). Type Il enzymes have been classified raitg to
properties specific to each subgroup, as showabtetl.2 (Robertst al, 2003).
EcoRIl may be an evolutionary intermediate betweenENase that is site-
specific and other enzymes such as recombinasestizdve two DNA binding
sites (Muckeet al, 2002).

1.9 Type lll R-M systems

Like the Type | R-M systems, Type lll R-M systenesjuire ATP and Mg for
cleavage of DNA, and SAM is necessary for MTasavityt In the case of
EcoP15I, the addition of ATP helps to discriminbttween specific and non-
specific DNA (Ahmad and Rao, 1994). Substitutionthv2-aminopurine in the
DNA substrate, together with fluorescence spectigchave shown that there
is a structural distortion at both adenines upooFA®&I| binding to its recognition
sequence (5-CAGCAG-3’), suggesting that base itigps occurring (Reddegt
al., 2000). All members of this family require modé#ton and restriction genes

and when expressed, form aVR complex (Janscadt al.,2001).

The cofactor requirements and number of recogngites for EcoP1l, a Type Il
R-M system, has been investigated (Peakraairal, 2003). Two sites are
required for cleavage, although only one of thetss s actually cut to produce
full-length linear DNA. No difference in the cleay@pattern was found between
circular and catenane DNA. Cleavage assays sughdébtdé SAM was not
necessary for activity if Navas present.
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Figure 1.4: Crystal structures of specific enzyme—NA complexes of BamHlI
and EcoRV. The separate DNA configuration with either Bamdil ECORV
removed is shown in (3) and (4), respectively. kmlBamHI, EcoRYV induces a
50° kink at the centre base pair. Reproduced froaeBet al, 2005.

Subtypes Defining feature Examples Recognition sequence
A Asymmetric recognition sequence Fokl GGATG (9/13)
Acil CCGC (-3/-1)
B Cleaves both sides of target on both strands Begl (10/12) CGANNNNNNTGC (12/10)
C Symmetric or asymmetric target. R and M functions in one polypeptide Gsul CTGGAG (16/14)
HaelV (7/13) GAYNNNNNRTC (14/9)
Begl (10/12) CGANNNNNNTGC (12/10)
E Two targets; one cleaved, one an effector EcoRII leowee
Nael ceelase
F Two targets, both cleaved coordinately Sl GGCCNNNNINGGCC
SgrAl CRICCGGYG
G Symmetric or asymmetric target. Affected by AdoMet Bsgl GTGCAG (16/14)
Eco571 CTGAAG (16/14)
H Symmetric or asymmetric target. Similar to Type I gene structure Begl (10/12) CGANNNNNNTGC (12/10)
Ahdl GACNNNINNGTC
M Subtype IIP or IIA. Require methylated target Dpnl Gmé AlTC
P Symmetric target and cleavage sites EcoRI claarTc
PpuMI relaweey
BslI CCNNNNNINNGG
S Asymmetric target and cleavage sites Fokl GGATG (9/13)
Mmel TCCRAC (20/18)
T Symmetric or asymmetric target. R genes are heterodimers BpulOI CCTNAGC (-5/-2)F
Bsll CCNNNNNINNGG

“Note that not all subtypes are mutually exclusive. E.g. BslI is of subtype P and T.
bThe abbreviation indicates double strand cleavage as shown below:
s’colTNa ge

3’ee antlce

Table 1.2: Classification of Type Il R-M systems.Taken from Robertst al,
2003.
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Concentration-dependent rates for both MTase andsEMNactivity have been
observed in the Type Ill ENase Pstll. The MTase is said to have a fast rate of
activity. DNA cleavage occurs at a slow rate witlR@acomplex, but if the R
ENase is in equilibrium with the;Romplex, DNA cleavage occurs at a fast rate
whilst methylation occurs slowly (Sears and Szaze]kk005). This information
may be of interest in relation to the EcoRIg4ENase that was shown to exist
as a R complex while still having ENase activity. The ogaition sites for the
ENase have to be in a head to head orientationalétivage occurring 25-26 bp
downstream of the top strand (Seetrsil, 2005).

1.10 Type IV R-M systems

The Type IV family was first established followinige identification of Eco571
(Janulaitiset al, 1992). Since then other members, including BseMthich
consists of two convergent genes recognising thntapecleotide sequence 5’-
CTCAG(Nhoig, EcoKMcrBC consisting of three collinear genes,d an
BspLulllll from Bacillus sp. LU1l, have been identified (Jurenaite-
Urbanavicieneet al, 2001; Pannet al, 2001; Lepikhowet al, 2001). They are
all characterised by a single gene encoding bo¢hENase and MTase, and
cleavage occurs at a defined distance from thegretion site (30 bp in the case
of EcoKMcrBC). Both SAM and M, but not ATP, are required for cleavage

(Panneet al, 2001; Jurenaite-Urbanavicieaeal, 2001).

1.11 Discovery of new R-M systems

Until recently, discovery of R-M systems in bactenas relied on classical phage
assays (Arbeet al, 1969). Briefly, a recognition site within phag®&RB is only
cleaved if it is not modified or methylated by hddiTases. Restriction is
measured by an EOP equal to approximatel¥ 10 10°. Any surviving
bacteriophages that have been methylated will laveEOP of about 1.0. A
plasmid transformation method has now been devd|opkich allowsE. colito
be screened for the presence of R-M systems (Kasasi al, 2003). This
approach does not require the bacterial strainetsusceptible to phage and in
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addition, it is not affected by anti-restriction chanisms such as the ocr protein
or MTases encoded in the phage genome (Kregat, 1983).

An in vitro approach to search for novel R-M systems usind@atgerm-based
assay has been developed. It is based on thehseffabile gene theory to
identify genes in the related genomesPgfococcus horikoshiand Pyoroccus
abyssi Candidate genes were cloned to remove their oanslational signal so
that they were instead under the control of a diamslation signal. Followingp
vitro transcription, the mRNA is translated into wheatgdased, cell-free
protein and tested for ENase activity. This appno@entified a novel enzyme,
Pabl (Ishikaweet al, 2005).

Another new method involves searching for mutatioosurring at a higher rate
than background in the DNA sequences of completzahial strains (Zhengt
al., 2004). The largest groups found by this meth@edhgpothetical genes, the
outer membrane protein family, and R-M systemsimilar approach based on
the predicted protein sequence of open readingdsaspecifically for SAM-
dependent MTases has also been developed éatz 2003).

1.11.1 The LlaJl novel R-M system

A novel R-M system, LlaJl fromhactococcus lactishas been discovered within

a naturally occurring plasmid. It has been showbedranscriptionally regulated
by the pNP40 plasmid, which encodes the whole efsystem. So far, nineteen
new R-M systems have been found, mainly within ipidsencoded lactococci,
some of which share features of both Type | andeT§f R-M systems (see
table 1.2). For example, Llal, like Type Il enzymesquires a single gene for
expression of its MTase. However, three genes eeeled for expression of the
ENase, like the multi-subunit Type | R-M systemsS@livan et al, 1995). On
the other hand, the LlaGl operon encodes a singigppptide containing both
MTase and ENase activities.

Boucher (2001) identified thred.. lactis plasmids possessing defence
mechanisms against phage. The theta replicatiadonme®@f these plasmids were
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associated with two additional coding regions, afiewhich encodes the S
subunit of a Type | R-M system. When introducea int lactis IL1403, the S
subunit of pSRQ800 and pSRQ900 conferred weak tamsis against phage
P008. These results indicate that both S subunitsable to complement the
chromosomally-encoded Type | R-M systentidactis L1403 (Bourgeoit al.
1992). Supplementing the plasmid-free strainLoflactis MG1614 with the
plasmid-encoded LlaAl R-M system reduces bacteagghinfection during milk
fermentation (Gabst al, 2003).

1.11.2 The Bfil novel R-M system

The Type Il R-M system Bfil does not require theggnce of metal ions to

function. It represents an evolutionary fusion @MNA recognition domain and a
phosphodiesterase domain from the phospholipaseperiamily (Zarembaet
al., 2004).

1.11.3 The Alol novel R-M system

The recently discovered Alol R-M system frokeinetobacter IwoffKs 4-8 is

thought to have evolved from the gene fusion oEBlase and the M and S genes
of a Type | system. Unlike Type | R-M systems, uhge only requires Mg,
and modification requires &a Both the M subunit and the C-terminal and
conserved central region of the S subunit shareolmgy with the M and S
subunits of Type | R-M systems. However, the N-ietm contains a unique
ENase motif DXEXK (Cesnavicienet al, 2001).

1.11.4 The Yenl novel R-M system

The Yenl R-M system iYersinia enterocoliticaD:8 1B shares over 40% amino

acid identity with the Pstl isoschizomers, Pstl &ulil, and like other Type I
enzymes, cleaves at a specific recognition sequéhctonenkoet al, 2003).
Like the Type IV R-M systems a single polypeptidgamisation contains both
the MTase and ENase.
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Figure 1.5: A model for the crystal structure of tte S subunit from
Methanocuccus genitaliumin complex with DNA. Reproduced from Calistet
al., 2005. To form this model a 20mer B-DNA dupleasapositioned alongside
the S subunit.
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1.12 EcoR124l

EcoR124l was originally found on the conjugativeagmhid R124 (Hedges,
1972). EcoR124l recognises the DNA sequence G&CG (Glover and

Firman 1982). The wild-type MTase is composed af W subunits and a single
S subunit to form an M6 complex (Tayloet al, 1992). The MTase methylates

the N’ of the second adenine within the recognition sagee

1.12.1 The S subunit
The S subunit has been found to be insoluble urdessxpressed with the M
subunit (Pateét al, 1992; Taylor, 1992). To allow further charactation of the

S subunit, thirteen fragments of the S gene wemmdd by PCR (Smitlet al,
1998). Two - S3 and S11 - were found to be soliflsolution. As shown in
figure 1.6, S3 (residues 1-215) contains the centmaserved region and the N-
terminal TRD of S. The TRD recognises the 5-GAA thie symmetrical
sequence GAANITC. Sedimentation equilibrium has shown S3 to teas a
dimer in solution, and may adopt the same circatarformation as the full-
length S subunit (Smitkt al, 2001). This system is based on the N-terminal
domain of EcoR124l, it will be designated EcoR124I[There are similarities
between EcoR12¢t+ and the Ahdl system, which also forms an S dinner lzas

a symmetrical recognition sequence (Magksl, 2004).

S11 (residues 141-215) contains the central coademfomain, which is
responsible for interaction with M. This conserwegion contains two TAEL
repeats. Increasing the number of these repeatstivo in EcoR124I to three, as
in the case of EcoR124ll, increases the lengthhefdpacer region within the
recognition site from 6 bp to 7bp (Prie¢ al, 1989; Gubleret al, 1991 and
1992). In the case of the S subunitMéthanoccus genitaliuyrthe coiled-coil
has a length of 22-28 A. Therefore if each turranfDNA helix is 3.4 A, the
coiled-coil region represents a N spacer lengt®8fbp, common to all type | R-
M systems (Calistaet al, 2005). The likely orientation of the DNA andeth

HsdS subunit is shown in figure 1.5.
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TRD1 TRD2

141 215 404
EcoR124| I S S S
1 141 215
S3 1 I |
S11 141 215
|

Figure 1.6: The S subunit of EcoR124l with the S3ral S11 fragments
produced by PCR cloning.The variable (V1 and V2) and conserved amino acid
domains are shown. The N-terminal V1 region (TREognises GAA and the
C-terminal V2 region (TRDZ2) recognises RTCG.
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1.12.2 The M subunit

Unlike the S subunit, M can be expressed in higekl&inE. coliand is soluble
in solution (Patelet al, 1992; Taylor, 1992). The M subunit is required f
MTase activity in complex with the S subunit andchtains a SAM binding

region.

1.12.3 The R subunit

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

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

dependent processes (Gorbaleayal, 1991).

Region X, which occurs before the DEAD-box motiftbé Type | R-M systems,
shares similarities with the P-D...(D/E)-X-K motif dod in many Type Il
ENasese.g. EcoRI and EcoRV (Pingouet al, 1997). The proline residue is
absent in the Type | consensus sequence. Howewation studies on Type |
ENases have suggested that it is not critical tviac (Chenget al, 1994,
Lagunaviciuset al, 1997). The interaction of the R subunit with MoR124I
stabilises DNA binding (Mernagét al, 1998a). It has also been shown that the
R subunit is capable of ATPase activity and weala&Nactivity (Zinkevictet

al., 1997).

1.12.4 The EcoR124l| and EcoR1gAMTases
The MTase M.EcoR124l consists of two M subunitssheaf 58 kDa, and a
single subunit of S (46 kDa), to form a trimeriagadex M,S; (M, ~ 162 kDa).

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

any nucleotide. Methylation of either of the twaget adenines reduces the
binding affinity of the MTase, but increases thteraf DNA methylation at the
other site (Tayloret al, 1993). S3/M recognises the symmetrical recogmiti
sequence GAA(NNTC. Exonuclease lll footprinting of S3/M has shothat a
29 bp region is protected, whereas DNase | fodipgnof the wild-type MTase
identified a protected region spanning 23 bp (Sreithl, 2001; Mernaglet al,
1996).
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1.12.5 The R.EcoR124| ENase
The ENase is formed by the addition of the R subienthe MTase. Binding of

the first R subunit has been shown to be very giravhile the binding of the
second R subunit is much weaker (Jansta, 1998; Mernagtet al, 1998). It
has been reported that with one R subunit boueda stoichiometry of MSRy,

no cleavage is observed, although the complex fstilttions as an ATPase.
Only with the addition of a second R subunit does ENase (M5 R;) can
cleave DNA (Janscalet al, 1998). R.EcoR124l preferentially cleaves DNA
substrates - both supercoiled and linear - comtgiivo recognition sites as
opposed to one (Janscekal, 1999). The current hypothesis for DNA cleavage
suggests that a translocation blockage is requirais can either be caused by
the collision of two translocating ENases, or by gnesence of a physical barrier
such as a Holliday junction (Jansaatkal, 1999). The two motor subunits of the
R2 wild-type ENase work independently. The édmplex has a translocation
rate of 550 + 30 bp’s while the rate of the Reomplex was twice this (Seidel
al., 2004).

1.12.6 DNA binding
The M subunit is required for effective DNA bindingf the S subunit of
M.EcoR124l (Mernaghet al, 1997). The binding affinity of M.EcoR124I for

hemi-methylated DNA decreases 30-fold, whilst thethylation rate increases

by a factor of 100-200, compared to the unmethglatequence (Taylcet al,
1993). It has been shown that the lysine residug¥/KK261 and K327 located
in the C-terminal variable domain, and the residd96, K203 and K210
located in the conserved regions are protected I Dinding (Tayloret al,
1996).

Small angle x-ray scattering (SAXS) has shown thate is a decrease in both
the radius of gyration (from 56 A to 40 A), andlie maximum dimension of the
MTase (from 180 A to 112 A), which is independehthe methylation status of
the DNA (Tayloret al, 1994). This may be due to rotation of the M stitsuto
make non-specific contacts with the DNA, while Besubunit acts as a hinge.
CD spectroscopy shows a large conformational chamdbe DNA, whilst the
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MTase shows no change in secondary structure.sligigests local unwinding of
the DNA helix allowing base flipping to occur (Taylet al, 1994). Recent
results for M.EcoKIl (Suet al, 2005) suggest DNA bending might also be

correlated with base flipping.

1.13 Aims of the project

The work presented in this thesis continues theadberisation of the engineered
EcoR124{ system (Smith, 2000). The first requirement oS thioject was to
ensure that there was a reliable expression anfication method for the whole
EcoR124{ system. To date, the solution stoichiometry ofM3hd S3/M/R
has not been conclusively determined. Therefor@rsadation equilibrium and
velocity experiments in conjunction with dynamight scattering were to be
investigated. Prior to the start of this projedtld structural information was
available on either the wild-type EcoR124l1 systems the engineered
EcoR124)r. Therefore, small angle neutron scattering expemiss would be
used to produce a low-resolution model for theelagtystem and to determine if
there is a structural change upon DNA binding. Heevesedimentation velocity
experiments could first be used to detect this ghaio confirm the activity of
the MTase and ENase requires the development abppate enzyme assays.
Once such assays were developed, it would alsof baterest to determine
whether methylation by S3/M could be inhibited hg tocr protein. The results
of the experiments are presented in Chapters 3-thisfthesis, and the main

conclusions and significance are summarised in @hap
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