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The biology of restriction and anti-restriction

Mark R Tock and David TF Dryden

The phenomena of prokaryotic restriction and modification,
as well as anti-restriction, were first discovered five

decades ago but have yielded only gradually to rigorous
analysis. Work presented at the 5" New England Biolabs
Meeting on Restriction-Modification (available on REBASE,
http://www.rebase.com) and several recently published
genetic, biochemical and biophysical analyses indicate that
these fields continue to contribute significantly to basic
science. Recently, there have been several studies that have
shed light on the still developing field of restriction-modification
and on the newly re-emerging field of anti-restriction.
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Introduction

Bacterial restriction-modification (R-M) systems function
as prokaryotic immune systems that attack foreign DNA
entering the cell [1]. Typically, R-M systems have
enzymes responsible for two opposing activities: a restric-
tion endonuclease (REase) that recognizes a specific
DNA sequence for cleavage and a cognate methyltrans-
ferase (MTase) that confers protection from cleavage by
methylation of adenine or cytosine bases within the same
recognition sequence. REases recognize ‘non-self” DNA
(Figure 1), such as that of phage and plasmids, by its lack
of characteristic modification within specific recognition
sites [2]. Foreign DNA is then inactivated by endonu-
cleolytic cleavage. Generally, methylation of a specific
cytosine or adenine within the recognition sequence
confers protection from restriction. Host DNA is normally
methylated by the MTase following replication, whereas
invading non-self DNA is not. However, the ability of
phage and some plasmids to acquire host modification and
to escape restriction suggests that the R-M barrier is
imperfect, and highlights an evolutionary arms race
between bacterial genomes (R-M systems) and parasitic
DNA molecules (anti-restriction systems) [3].

The prevalence of R-M enzymes among eubacteria and
archaea [4°°] indicates that they might have more than
one role. Possibilities include defence against newly
encountered phage [1], the acquisition of beneficial
genetic code at low energetic cost [5], or the propagation
of selfish genetic elements [6].

In this review, we will describe how R-M systems are
classified into four major groups according to their subunit
composition, recognition site, cofactor requirement and
cleavage position [7°°], Table 1, and the various anti-restric-
tion systems deployed by bacterial parasites, Table 2.

Restriction-modification systems

Type | restriction-modification enzymes

Type I R-M enzymes are hetero-oligomeric complexes
that typically contain two REase subunits (R) that are
required for DNA cleavage, one specificity subunit (S)
that specifies the DNA sequence recognized, and two
M'Tase subunits (M) that catalyse the methylation reac-
tion [8,9]. Depending upon the methylation status of
DNA, this complex can function as either an REase or
an MTase. Unmethylated DNA is targeted for restriction,
hemi-methylated molecules are targeted for further
methylation, and fully methylated DNA is immune to
restriction [10] (Figure 1). The MTases use S-adenosyl
methionine (SAM) to methylate the N°® position of ade-
nine within bipartite, asymmetrical, target sequences
[11]. The restriction reaction requires SAM, ATP and
Mg**. Cleavage occurs at a site that is distant from the
recognition sequence and it is preceded by ATP-depen-
dent DNA translocation during which the REases remain
attached to their recognition site [12-15,16°°,17-19].
Cleavage is prompted by stalled translocation; for exam-
ple, when two translocating enzymes collide, each cuts
one strand of the duplex [18].

Type I R-M systems are widely spread in prokaryotes,
with the discovery of approximately 600 putative
enzymes to date. An example is EcoKI, which was dis-
covered because of its ability to limit phage propagation
by factors of between 10® and 10® [19]. On the basis of
genetic complementation and molecular evidence, four
families of Type I R-M enzymes have been determined
(IA-ID) [20]; a fifth family, Type IE R-M, was recently
proposed [21].

Type |l restriction-modification enzymes

T'ype I R-M enzymes are an ever-expanding collection of
over 3650 different R-M systems. The MTases share
several conserved amino acid motifs, but the REase pro-
teins contain such dissimilar amino acid sequences and
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The function of R-M systems, as illustrated by Type | R-M enzymes. These enzymes recognize the methylation state of their specific target
sequence. Fully methylated DNA (shown as two green circles on the target sequence on the host DNA) is recognized to be part of the bacterial
genome. Hemimethylated DNA (a single green circle on host DNA target sequence) is recognized as newly replicated bacterial DNA, and the
MTase (M) modifies the other strand by methylation using the cofactor SAM. However, invading DNA, for example a phage genome, generally
lacks specific modification (red circles on the target sequence of phage DNA) and is recognized to be foreign by the REase (R) and cleaved
into harmless fragments.

Restriction is usually Mg®*-dependent and the MTase
requires SAM as a methyl donor. The REase and MTase
recognize the same DNA sequence, which is typically a 4-

different behaviours that they are classified into 11 over-
lapping subclasses [2,7°°]. Most, but not all, type II R-M
systems contain separate REase and MTase enzymes.

Table 1

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

Type | Type Il Type Il Type IV
Example R-M system EcoKI EcoRlI EcoP1l EcoMcrBC
Genes hsdR, hsdM, hsdS ecorlR, ecorlM mod, res mcrB, mcrC

Subunits

Three different

subunits (R, M and S)
combine to form RyM,S;
and M,S;

Two different
subunits (R and M)
combine to form R, or M4

Two different subunits
(mod and res) combine
to form mod,res,

Two different subunits
are present, McrB
and McrC

Enzyme activities

REase, MTase and ATPase

REase or MTase

REase, MTase
and ATPase

REase and GTPase

Co-factors required for ~ ATP, SAM, Mg?* Mg?* ATP, Mg?* (SAM) GTP, Mg?*

DNA cleavage

Co-factors required for SAM SAM SAM No methylation

methylation

Recognition sequence Asymmetric and Mostly symmetric, Asymmetric, Bipartite and
bipartite, e.g. e.g. EcoRl, e.g. EcoP1l, methylated, e.g.
EcoKl, 5’AAC(Ng)GTGC 5'GAATTC 5'AGACC EcoMcrBC,

5'RmC(Nao_4000RMC

Cleavage site

Variable locations 1000 bp
from recognition site

Fixed location at or near
the recognition site

Fixed location 25-27 bp
from recognition site

Between methylated
bases at multiple sites

DNA translocation

Yes

No

Yes

Yes

& A full description of R-M classifications is given in [7°°].

www.sciencedirect.com

Current Opinion in Microbiology 2005, 8:466-472



468 Host-microbe interactions: viruses

Table 2

Examples of anti-restriction strategies employed by phage and plasmids.

Anti-restriction strategy Example

Changes in DNA sequence
Loss of R-M recognition sites

EcoRll sites in phage T7 and T3 genomes.

IncP plasmids are remarkably deficient in restriction sites
for Type Il enzymes.

Strand-biased asymmetrical recognition sequences
Incorporation of unusual bases into phage genomes
Phage-encoded DNA-modifying enzymes

Transient occlusion of restriction sites
Co-injection of proteins

EcoP15I sites in the phage T7 genome.
Many B. subtilis phage replace thymine with 5-hydroxymethyluracil.
MTases encoded by many B. subtilis phage, Mu phage and T-even phage.

DarA and DarB proteins of phage P1 coat phage DNA.

ArdC protein encoded by the IncW pSa protects the incoming
T-strand during conjugation.

Subversion of R-M activities
Stimulation of R-M system MTase
Depletion of intracellular co-factors

Inhibition of R-M enzymes
Phage-encoded proteins
Plasmid-encoded proteins

Product of the \ phage ral gene stimulates Type | R-M enzymes to act as MTases.
SAM hydrolase from phage T3 depletes concentrations of intracellular SAM.

Ocr proteins of phage T3 and T7 inhibit Type | R-M enzymes.
ArdA and ArdB proteins inhibit Type | and in some cases Type Il R-M enzymes.

8 base pair (bp) palindrome. All Type II REases cleave
within or adjacent to this specific DNA sequence to
generate a defined restriction pattern of products that have
both a 5-PO,4 and a 3’-OH termini [2]. Some Type 11
REases are active as homodimers, with each monomer
cutting one strand in a co-ordinated fashion to generate
double-strand breaks. Other T'ype II REases are able to act
as monomers or tetramers, and there is evidence that many
Type II REases must bind to two or more copies of their
recognition site before the DNAis cleaved [22,23°°]. Type
IT MTases generally act as monomers to modify a specific
base of their recognition sequence on each strand of the
duplex. Methylation of a cytosine occurs at either the N* or
the C° position, and methylation of adenine occurs at the
N©° position [24].

It is known that the expression of some Type II R-M
systems is controlled by repressor-like proteins known as
C-proteins. For example, a C-protein has been demon-
strated to activate expression of the Pvull restriction gene
[25], and the structure of the C-protein from the AhdI
R-M system was recently solved [26°].

Type lll restriction-modification enzymes

Type III R-M enzymes are less complex but share many
similarities with Type I R-M enzymes [8]. They are
hetero-oligomers that consist of a ‘mod’ subunit, which
is required for substrate recognition and modification, and
a restriction subunit (res), which is only active when
associated in a res,mod, complex [27]. Modification
requires SAM and restriction is dependent on the pre-
sence of both Mg** and ATP. For cleavage to occur, a
Type III R-M enzyme must interact with two inversely
oriented copies of its 5-6 bp asymmetric recognition
sequence [28]. As with Type I R-M enzymes, cleavage
is preceded by DNA translocation during which two

res;mod, complexes maintain contact with their recogni-
tion sequence [8,29]. Stalled DNA translocation and/or
collision of res,mod, complexes initiates cleavage by each
monomer at a point that is 25-27 bases from the recogni-
tion site; one DNA strand is cut by each complex. In all
known cases, Type III mod subunits are able to act
independently of their cognate res subunits and can
methylate the N° position of adenine on only one strand
to produce a hemi-methylated DNA molecule. Since
only completely unmethylated DNA is cut by Type 111
REases, this methylation confers protection.

To date, Type III R-M systems have been identified
almost exclusively in phage and in Gram-negative bac-
teria, with the best studied examples being EcoP1I and
EcoP15I [30]. Type III R-M enzymes are encoded by
contiguous genes that have a high degree of sequence
similarity between different systems. Appoximately 130
different putative Type III R-M systems have been
identified throughout the prokaryotic genomes that have
been sequenced, which suggests that these systems might
be widely spread in these organisms.

Type IV restriction-modification enzymes

Type IV R-M enzymes are REases that will only cleave
DNA substrates that have been modified, for example
bases that have been methylated, hydroxymethylated and
glucosyl-hydroxymethylated. This group contains 227
putative enzymes. The best studied example within this
group, McrBC from E. co/i K12 [31], shows homology to
the AAA™ motor proteins such as the DnaA and RuvB
proteins that are involved in DNA replication. McrBC
requires Mg** for activity and is the only known nuclease
to use GTP for cleavage and for translocation of DNA
[32]. This enzyme detects two copies of a dinucleotide
sequence, consisting of a purine followed by a cytosine
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methylated at either the N* or the C* position, which are
separated by between 40 and 3000 nucleotides, and
preferentially cuts 30 bp away from one of the sites
[33]. As in Type I R-M systems, McrBC remains bound
to its recognition sites during translocation, the stalling of
which initiates cleavage.

Anti-restriction strategies

The detection of phage that have acquired modification
for protection from the host and the apparent promiscuity
of conjugational plasmids begs the question of how they
evade destruction by bacterial R-M systems. Although
evidence suggests that R-M systems are an imperfect
barrier to invasion by foreign DNA, it is clear that
phage and plasmids employ additional strategies to avoid
restriction [3,30,34] (‘Table 2). Mechanisms that involve
modification of the phage genome, transient occlusion of
restriction sites, subversion of host R-M activities, and
direct inhibition of restriction enzymes are reviewed
below.

DNA sequence alteration

Changes to the DNA sequence that remove recognition
sites from phage and plasmid genomes enable them to
evade restriction [3,30]. In some cases, a reduction in the
number of recognition sites is sufficient to enable phage
to avoid cleavage. For example, EcoRII must bind to two
copies of its target sequence before cleavage can occur,
but the distance between EcoRII sites in the phage T3
and phage T7 genomes is so large that the DNA of these
phage is resistant to cleavage [22,30]. It seems highly
probable that phage have lost restriction sites as a result of
counter selection imposed by host R-M systems.

The phage T7 genome contains another feature that
enables it to avoid restriction by Type III R-M enzymes:
all of the EcoP1I sites in phage T7 DNA are in the same
orientation rather than in the head to head formation that
is required for cleavage [28].

Some phage also incorporate unusual bases within their
DNA as protection against restriction in hosts that carry
appropriate R-M systems. For example, many B. subtilis
phage replace thymine with 5-hydroxymethyluracil [35],
and T-even phage genomes contain the unusual base
hydroxymethylcytosine [3]. The product of the mom gene
protects phage Mu by converting adenine within Type 1
and Type II recognition sites into N6-(1-acetamido)
adenine [4°°]. To avoid restriction, several phage gen-
omes encode MTases that modify and protect phage
DNA within the bacterial host. For example, SPB phage
encodes an MTase that modifies bases within B. subtilis
BsuRI recognition sites [35].

Transient occlusion of restriction sites
Transient occlusion of restriction sites by phage- and
plasmid-encoded DNA-binding proteins enables these

DNA molecules to gain modification to protect them
from the host. Phage P1 accessory proteins encoded by
its darA and darB genes are present within the phage
head. These accessory proteins, DarA and DarB, are co-
injected with the DNA into the bacteria and occlude
T'ype IA and Type IB restriction sites by binding to the
phage DNA. In this way, P1 DNA avoids restriction by
Type I R-M enzymes [36]. An interesting parallel can be
drawn between these accessory proteins and the ArdC
protein encoded by the IncW plasmid pSa that protects
the incoming T-strand during bacterial conjugation [34].
This type of co-transport of anti-restriction protein and
DNA is known as Type IV secretion [37], an important
pathway in the movement of bacterial virulence effectors
into human cells.

Subversion of restriction-modification activities
Bacterial R-M activities can be subverted by way of two
routes: by stimulation of host MTases to modify phage
DNA or by destruction of REase cofactors. An example of
the first method is in phage N Ral protein, which alleviates
restriction by stimulating the activity of Type IA M'Tases
[38]. The hybrid phage, N\ reverse, also encodes an ana-
logous Ral function known as Lar, which both alleviates
restriction and enhances modification by the EcoKI Type
IA system [20].

As Type I and Type III R-M enzymes require SAM for
activity, reduction of the intracellular concentration of this
cofactor was found to provide a second method by which to
alleviate restriction. This second route has been adopted
by phage T3, which encodes a SAM hydrolase that
destroys intracellular SAM soon after infection [39]. This
does notinhibit Type I and Type III R-M enzymes already
bound to SAM, but does prevent newly synthesized
enzymes from acquiring its cofactor. SAM hydrolase has
also been shown to improve the chances of phage survival
in cells that contain the Type III EcoP1 system [40].

Inhibition of Type I restriction-modification enzymes

Inhibition of T'ype I R-M enzymes by direct interaction is
the mechanism employed by the most extensively stu-
died anti-restriction protein — the gene 0.3 protein of
phage T'7 (also known as the overcome classical restric-
tion [Ocr] protein). The first product to be expressed by
phage 'T'7 as it enters a bacterium is Ocr [40,41]. It blocks
the DNA binding site of resident Type I R-M enzymes,
which enables the phage to propagate [42]. However, Ocr
is inactive against T'ype II R-M enzymes. Bioinformatics
searches reveal the presence of one Ocr homologue in the
Yersinia phage ®A1122A [43]. As shown in Figure 2, the
active Ocr dimer has similar dimensions to those of DNA.
By mimicking the size, shape and electrical charge of
24 bp of bent B-form DNA, Ocr prevents DNA from
binding to the Type I EcoKI R,M,S; complex. The
binding of Ocr inhibits both the restriction and the
modification ability of this enzyme as the affinity of
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Figure 2
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DNA mimicry by the phage T7 anti-restriction protein Ocr (shown in a blue ribbon cartoon form; protein database code: 1S7Z). (a) For each
monomer of Ocr a superposition of the phosphate groups of a 12 bp B-DNA complex (protein database code: 1BNA) was made onto 12 carboxyl
groups of Ocr, with a deviation of only 1.9 A between phosphate and carboxyl groups (the position of the pairs of amino acid side-chains and
phosphates used in the fit are labelled). The phosphorus atoms are coloured yellow and oxygen atoms of the phosphate groups are coloured purple.
The 12 carboxyl groups are coloured red (oxygen) and black (carbon). The sugar backbones of the DNA dimer chains are coloured in two

shades of green, and the base pairs are omitted for clarity. In (b) the view is rotated by 90° with respect to panel (a) and is coloured as in (a).

The twofold axis lies in the plane of the paper. The vectors describing the direction of the fitted DNA on both halves of the dimer are drawn

as black lines. Their intersection gives a bend angle of 33.6°. Reprinted from [44] with permission.

EcoKI is at least 50-fold greater for Ocr than for DNA
[44]. The only inhibitor anti-restriction protein of which
the structure is known is Ocr. Clearly, this protein has
potential as a tool for mapping the structure of Type |
R-M enzymes for which there is currently no published
atomic structure (see Update).

Conjugative plasmids and transposons, such as IncN plas-
mids and the Tn916 transposon, encode anti-restriction
proteins to allow them to escape restriction. Two such
families of proteins often carried on the same plasmid are
the ArdA (alleviation of restriction of DNA A) and ArdB
systems, which are among the first proteins to be expressed
by an immigrant plasmid as it enters a recipient cell during
conjugation [34]. These proteins transiently block REases,
allowing the plasmid to acquire protective modification.
Although, the exact mechanism by which this is done is not
clear, there is some evidence to suggest that some ArdA
proteins target both the REase and MTase of Type I R-M

systems [45]. The mechanisms by which some ArdA and all
ArdB proteins inhibit Type II R-M enzymes remain
unclear. ArdA and ArdB proteins, like Ocr, are highly acidic
with a net negative charge. They have a putative anti-
restriction motif [46,47]. Combined with secondary struc-
ture predictions that identify broad similarities between
Ard proteins and Ocr, this suggests that Ard proteins might
also mimic aspects of the DNA structure.

Intriguingly, the IncP plasmid-encoded ArdB homologue
KlcA lacks a putative anti-restriction motif [48], which
suggests that this might not always be required for anti-
restriction activity. The plasmid-encoded MerR-like pro-
teins involved in bacterial tolerance of heavy metals do
contain the putative anti-restriction motif, but it is dis-
rupted upon binding of heavy metals leading to a loss of
anti-restriction activity [49]. The significance of this
observation is not entirely clear given that the primary
function of these proteins is probably not anti-restriction.
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Unknown methods of restriction evasion

The mechanisms used by several phage to evade restric-
tion remain unresolved. The availability of genome
sequences, such as that recently completed for phage
"T'5 [50], are likely to reveal the presence of potential anti-
restriction mechanisms. The DNA molecule of phage T'5
is insensitive to cleavage by Type I, II and III R-M
enzymes [51,52]. In the cases of the Type II EcoRV and
Type II EcoRIT R-M systems this is not owing to a lack of
restriction sites, but is because of the inability of EcoRII
and EcoRV MTases to modify wild-type T'5 DNA 7z vivo
[52]. This suggests that phage T5 encodes an anti-restric-
tion mechanism that prevents Type Il REasesand M Tases
from connecting with the DNA. The method of inhibition
of the Type I and III R-M systems is not known, but the
phage T'5 genome sequence encodes a putative clp pro-
tease — an enzyme shown to be involved in alleviation of
restriction by some Type I R-M enzymes [53°]. Intrigu-
ingly, Mu phage also encodes a clp protein that is impli-
cated in the degradation of the Mu repressor [54]. This
might suggest that phage-encoded anti-restriction pro-
teases have a dual role. Phage T'5, as well as other instances
reviewed by Kruger and Bickle [3], still require analysis.

Conclusions

Bacteria have clearly evolved R-M systems as a defence
against invading selfish DNA molecules. The importance
of these systems is confirmed by their wide distribution
and huge diversity. These systems are a leaky barrier that
allows some foreign DNA to enter the cell; however, this
might represent a mechanism by which bacteria acquire
new genes. Knowledge of this mechanism is important as
it should enhance our understanding of horizontal gene
transfer associated with the spread of antibiotic resistance
genes within the bacterial fauna.

In response to R-M systems, phage and conjugational
plasmids have evolved several anti-restriction measures
to ensure their survival. Among these, anti-restriction pro-
teins, especially the DNA-mimic Ocr, that directly interact
with R-M enzymes to cause inhibition have huge potential
as models of protein—nucleic acid and protein—protein
interactions and in the production of therapeutic or diag-
nostic agents. The study of additional anti-restriction pro-
teins mightevenreveal inhibitors suitable foruse in treating
bacterial pathogens that are currently resistant to genetic
manipulation. Plasmid-encoded proteins that have broad
similarities to Ocr might be ideal candidates for such work.

Update

Kim ez a/. [55] have recently published the structure of a
sequence specificity subunit from a putative Type I R-M
system. The structure confirms all of the predictions
made about the structures of these subunits and their
relationship with the other subunits and with the DNA
substrate (reviewed in [9]).

Acknowledgements

We would like to acknowledge the following funding bodies for supporting
our work on R-M and anti-restriction systems: the Biotechnology and
Biological Sciences Research Council (BBSRC), the Engineering and
Physical Sciences Research Council (EPSRC), the Medical Research
Council (MRC), the Leverhulme Trust and the Darwin Trust. We also
thank Noreen Murray and Malcolm Walkinshaw for many fruitful
discussions about R-M and anti-restriction.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

e of special interest
ee Of outstanding interest

1. Bertani G, Weigle JJ: Host controlled variation in bacterial
viruses. J Bacteriol 1953, 65:113-121.

2. Pingoud A, Jeltsch A: Structure and function of Type Il restriction
endonucleases. Nucleic Acids Res 2000, 29:3705-3727.

3. Kruger DH, Bickle TA: Bacteriophage survival: multiple
mechanisms for avoiding the deoxyribonucleic acid restriction
systems of their hosts. Microbiol Rev 1983, 47:345-360.

4. Roberts RJ, Vincze T, Posfai J, Macelis D: REBASE — restriction

ee enzymes and DNA methyltransferases. Nucleic Acids Res 2005,
33:D230-D232.

This is a database of information concerning all aspects of R-M systems.

5. Smith GR: Mechanism and control of homologous
recombination in Escherichia coli. Annu Rev Genet 1987,
21:179-201.

6. Naito T, Kusano K, Kobayashi I: Selfish behaviour of restriction-
modification systems. Science 1995, 267:897-899.

7. Roberts RJ, Belfort M, Bestor T, Bhagwat AS, Bickle TA,

ee Bitinaite J, Blumenthal RM, Degtyarev SKH, Dryden DTF, Dybvig K
et al.: A nomenclature for restriction enzymes, DNA
methyltransferases, homing endonucleases and their genes.
Nucleic Acids Res 2003, 31:1805-1812.

A detailed article that defines R-M systems.

8. Dryden DTF, Murray NE, Rao DN: Nucleoside triphosphate-
dependent restriction enzymes. Nucleic Acids Res 2001,
29:3728-3741.

9. Murray NE: Type | restriction systems: sophisticated molecular
machines (a legacy of Bertani and Weigle). Microbiol Mol Biol
Rev 2000, 264:412-434.

10. Vovis GF, Horiuchi K, Zinder ND: Kinetics of methylation of DNA
by a restriction endonuclease from Escherichia coli B. Proc
Natl Acad Sci USA 1974, 71:3810-3813.

11. Kan NC, Lautenberger JA, Edgell MH, Hutchison CA. 3rd:
The nucleotide sequence recognised by the Escherichia coli
K12 restriction and modification enzymes. J Mol Biol 1979,
130:191-209.

12. Dryden DTF: Reeling in the bases. Nature Struct Mol Biol 2004,
11:804-806.

13. Powell LM, Dryden DTF, Willcock DF, Pain RH, Murray NE: DNA
recognition by the EcoKl methyltransferase. The influence of
DNA methylation and the cofactor S-adenosyl-I-methionine.
J Mol Biol 1993, 234:60-71.

14. Powell LM, Dryden DTF, Murray NE: Sequence-specific DNA
binding by EcoKlI, a type IA DNA restriction enzyme. J Mol Biol
1998, 283:963-976.

15. Firman K, Szczelkun MD: Measuring motion on DNA by the type
| restriction endonuclease EcoR124l using triplex
displacement. EMBO J 2001, 19:2094-2102.

16. Seidel R, van Noort J, van der Scheer C, Bloom JG, Dekker NH,

ee Dutta CF, Blundell A, Robinson T, Firman K, Dekker C: Real-time
observation of DNA translocation by the Type I restriction-
modification enzyme EcoR124l. Nature Struct Mol Biol 2004,
11:838-843.

www.sciencedirect.com

Current Opinion in Microbiology 2005, 8:466-472



472 Host-microbe interactions: viruses

The first application of single molecule force and kinetic measurements
(as opposed to many previous single-molecule imaging experiments) to
the study of DNA translocation by R-M enzymes.

17.

18.

19.

20.

21.

22.

23.

van Noort J, van der Heijden T, Dutta CF, Firman K, Dekker C:
Initiation of translocation by Type | restriction-modification
enzymes is associated with a short DNA extrusion. Nucleic
Acids Res 2004, 32:6540-6547.

Janscak P, MacWilliams MP, Sandmeier U, Nagaraja V, Bickle TA:
DNA translocation blockage, a general mechanism of
cleavage site selection by Type | restriction enzymes. EMBO J
1999, 18:2638-2647.

Webb JL, King G, Ternent D, Titheradge AJ, Murray NE:
Restriction by EcoKl is enhanced by co-operative interactions
between target sequences and is dependent on DEAD box
motifs. EMBO J 1996, 15:2003-2009.

Murray NE: Fred Griffith review lecture. Immigration control of
DNA in bacteria: self versus non-self. Microbiology 2001,
148:3-20.

Chin V, Valinluck V, Magaki S, Ryu J: KpnBl is the prototype of a
new family (IE) of bacterial type | restriction-modification
system. Nucleic Acids Res 2004, 32:e138.

Kruger DH, Barcak GJ, Reuter M, Smith HO: EcoRIl can be
activated to cleave refractory DNA recognition sites.
Nucleic Acids Res 1988, 16:3997-4008.

Halford SE, Marko JF: How do site-specific DNA-binding proteins
find their targets? Nucleic Acids Res 2004, 32:3040-3052.

A clear review of the problems of target-sequence location encountered
by R-M enzymes when they bind to large DNA molecules.

24,

25.

26.

Sistla S, Rao DN: S-adenosyl-I-methionine-dependent
restriction enzymes. Crit Rev Biochem Mol Biol 2004, 39:1-19.

Knowle D, Lintner RE, Touma YM, Blumenthal RM: Nature of the
promoter activated by C.Pvull, an unusual regulatory protein
conserved among restriction-modification systems.

J Bacteriol 2005, 187:488-497.

McGeehan JE, Streeter SD, Papapanagiotou I, Fox GC, Kneale
GG: High-resolution crystal structure of the restriction-
modification controller protein C.Ahdl from Aeromonas
hydrophilia. J Mol Biol 2005, 346:689-701.

The first reported structure of a C protein for Type Il R-M systems.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Janscak P, Sandmeier U, Szczelkun MD, Bickle TA: Subunit
assembly and mode of DNA cleavage of the type lll restriction
endonucleases EcoP1l and EcoP15l. J Mol Biol 2001,
306:417-431.

Meisel A, Bickle TA, Kruger DH, Schroeder C: Type lll restriction
enzymes need two inversely oriented recognition sites for
DNA cleavage. Nature 1992, 355:467-469.

Reich S, Gossl |, Reuter M, Rabe JP, Kruger DH: Scanning force
microscopy of DNA translocation by the type Ill restriction
enzyme EcoP15l. J Mol Biol 2004, 341:337-343.

Bickle TA, Kruger DH: Biology of DNA restriction. Microbiol Rev
1993, 57:434-450.

Stewart FJ, Panne D, Bickle TA, Raleigh EA: Methyl-specific DNA
binding by McrBC, a modification-dependent restriction
enzyme. J Mol Biol 2000, 298:611-622.

Pieper U, Brinkman T, Kruger T, Noyer-Weidner, Pingoud A:
Characterisation of the interaction between the restriction
endonuclease McrBC from E. coli and its cofactor GTP.

J Mol Biol 1997, 272:190-199.

Sutherland E, Coe L, Raleigh EA: McrBC: a multi-subunit
GTP-dependent restriction endonuclease. J Mol Biol 1992,
225:327-348.

Wilkins BM: Plasmid promiscuity: meeting the challenge
of DNA immigration control. Environ Microbiol 2002, 4:495-500.

Warren RA: Modified bases in bacteriophage DNAs.
Annu Rev Microbiol 1980, 34:137-158.

lida S, Streiff MB, Bickle TA, Arber W: Two DNA anti-restriction
systems of bacteriophage P1, darA, and darB:

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

characterization of darA-phages. Virology 1987,
157:156-166.

Ding Z, Atmakuri K, Christie PJ: The outs and ins of bacterial
type IV secretion substrates. Trends Microbiol 2003, 11:527-535.

Zabeau M, Friedman S, Van Montagu M, Schell J: The ral
gene of phage lambda. I: Identification of a non-essential
gene that modulates restriction and modification in E. coli.
Mol Gen Genet 1980, 179:63-73.

Studier FW, Movva NR: SAMase gene of bacteriophage T3 is
responsible for overcoming host restriction. J Viro/ 1976,
19:136-145.

Kruger DH, Schroeder C, Santibanez-Koref M, Reuter M:
Avoidance of DNA methylation. A virus-encoded methylase
inhibitor and evidence for counter selection of methylase
recognition sites in viral genomes. Cell Biophys 1989, 15:87-95.

Studier FW: Analysis of bacteriophage T7 early RNAs and
proteins on slab gels. J Mol Biol 1973, 79:237-242.

Bandyopadhyay PK, Studier FW, Hamilton DL, Yuan R: Inhibition
of the type I restriction-modification enzymes EcoB and EcoK
by the gene 0.3 protein of bacteriophage T7. J Mol Biol 1985,
182:567-578.

Garcia E, Elliott JM, Ramanculov E, Chain PS, Chu MC, Molineux
IJ: The genome sequence of Yersinia pestis bacteriophage
phiA1122 reveals an intimate history with the coliphage T3 and
T7 genomes. J Bacteriol 2003, 185:5248-5262.

Walkinshaw MD, Taylor P, Sturrock SS, Atanasiu C, Berge T,
Henderson RM, Edwardson JM, Dryden DTF: Structure of ocr
from bacteriophage T7, a protein that mimics B-form DNA.
Mol Cell 2002, 9:187-194.

Zavilgelsky GB, Rastorguev SM: Antirestriction activity of ArdA
encoded by the Incl1 transmissive plasmid R64. Mol Biol (Mosc)
2004, 38:901-906.

Belogurov AA, Delver EP: A motif conserved among the Type |
restriction-modification enzymes and antirestriction proteins:
a possible basis for mechanism of action of plasmid-encoded
antirestriction functions. Nucleic Acids Res 1995, 23:785-787.

Rastorguev SM, Zavilgelsky GB: Role of ‘““anti-restriction” motif
in functional activity of anti-restriction protein ArdA pKM101
(IncN). Genetika 2003, 39:286-292.

Larsen MH, Figurski DH: Structure, expression, and regulation
of the kilc operon of promiscuous IncP alpha plasmids.
J Bacteriol 1994, 176:5022-5032.

Brown NL, Stoyanov JV, Kidd SP, Hobman JL: The MerR family of
transcriptional regulators. FEMS Reviews 2003, 27:145-163.

Wang J, Jiang Y, Vincent M, Sun Y, Yu H, Wang J, Bao Q, Kong H,
Hu S: Complete genome sequence of bacteriophage T5.
Virology 2005, 332:45-65.

Davison J, Brunel F: Restriction insensitivity in bacteriophage
T5 I. Genetic characterization of mutants sensitive to EcoRI
restriction. J Viro/ 1979, 29:11-16.

Chernov AP, Kaliman AV: Various characteristics of the anti-
restriction mechanism in bacteriophage T5. Mol Gen Mikrobiol
Virusol 1987, 1:14-19.

Makovets S, Powell LM, Titheradge AJ, Blakely GW, Murray NE: Is
modification sufficient to protect a bacterial chromosome
from a resident restriction endonuclease? Mol Microbiol 2004,
51:135-147.

The control of restriction by Type | R-M systems in vivo is shown to rely
upon proteolysis. The presence of possible proteases in phage genomes
might provide an anti-restriction mechanism for these phage.

54.

55.

Mhammedi-Alaoui A, Pato M, Gamma MJ, Toussaint A: A new
component of bacteriophage Mu replicative transposition
machinery: the E. coli ClpX protein. Mol Microbiol 1994,
11:1109-1116.

Kim J-S, De Giovanni A, Jancarik J, Adams PD, Yokota H, Kim R:
Crystal structure of DNA sequence specificity subunit of a
Type | restriction-modification enzyme and its functional
implications. Proc Nat/ Acad Sci USA 2005, 102:3248-3253.

Current Opinion in Microbiology 2005, 8:466-472

www.sciencedirect.com



	The biology of restriction and anti-restriction
	Introduction
	Restriction-modification systems
	Type I restriction-modification enzymes
	Type II restriction-modification enzymes
	Type III restriction-modification enzymes
	Type IV restriction-modification enzymes

	Anti-restriction strategies
	DNA sequence alteration
	Transient occlusion of restriction sites
	Subversion of restriction-modification activities
	Inhibition of Type I restriction-modification enzymes
	Unknown methods of restriction evasion

	Conclusions
	Update
	Acknowledgements
	References and recommended reading


