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INTRODUCTION restriction systems that specifically cleave DNA carrying

The phenomenon of restriction and modification (R-M) of
bacterial viruses was first described some 40 years ago (15,
125) and received a molecular explanation 10 years later:
restriction was due to an endonucleolytic cleavage of foreign
DNA (2, 3, 51). We now know that there are two different
types of restriction systems: those in which cellular DNA is
protected from restriction by modification methylation of
adenosyl or cytosyl residues within the sequences recog-
nized by the restriction enzymes (the classical R-M systems)
and those which cleave only DNA that carries specific
modifications. A large body of knowledge concerning DNA
restriction has accumulated and has been the subject of
many excellent reviews (5, 18, 19, 24, 57, 100, 102, 120, 124,
131-133, 157, 168, 169, 214, 219).

The purpose of this review is to describe the exciting
developments in our understanding of the biology of DNA
restriction during the last 10 years. We will begin by discuss-
ing recent findings with the classical type I, II, and III R-M
systems. We will continue with the rediscovery of a group of
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certain modifications; host cell DNA in this case avoids
restriction because it is not modified. Finally, we will discuss
the ways in which bacteriophages avoid the effects of the
R-M systems of their hosts. The major characteristics of the
different kinds of R-M systems are set out in Table 1.

TYPE I R-M SYSTEMS

The type I R-M systems are the most complex so far
discovered. The main enzyme is a three-subunit protein
containing the products of the hsdS, hsdM, and hsdR genes
(hsd for host specificity for DNA). This enzyme is multifunc-
tional, catalyzing both restriction and modification reac-
tions, and is also a restriction-dependent ATPase and a DNA
topoisomerase (reviewed in reference 19). A second enzyme
containing the products of the fsdS and hsdM genes can also
be isolated. This enzyme is a monofunctional modification
methylase, which may have no physiological role under
normal conditions since the three-subunit enzyme is also an
efficient modification methylase. Type I systems have so far
only been found in members of the family Enterobacteri-
aceae, with the exception of an early report of a member in
Haemophilus influenzae (65), which may actually be a type
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TABLE 1. Distinguishing features of different types of restriction enzymes

Type Structural features Cofactors DNA cleavage

I Multifunctional, multisubunit, three struc- Mgz*, ATP, AdoMet Cut randomly, far from asymmetri-
tural genes cal recognition sites

II Simple, separate enzymes for restriction Mgt Cut at fixed positions within sym-
and modification, two structural genes metrical recognition sites

IS Like type II (three structural genes in one Mg** Cut at fixed distance from asymmet-
case) rical recognition sites

111 Multisubunit, multifunctional, two struc- Mg?*, ATP As type IIS

tural genes
Several subunits and genes, no modifica-
tion enzymes

Mcr/Mrr

Cut DNA with modified C and A
residues

Mg?*, GTP (McrBC)

III system (the distinction between types I and III was first
made in 1978 [88]).

Type I Systems Form Families of Related Enzymes

The major finding of the last few years has been that the
enterobacterial type I systems are grouped in genetically
related families, a fact that has important consequences for
the understanding of the biology of these systems. Early
studies had showed that many of the chromosomally coded
type I R-M systems could genetically complement each
other; indeed, complementation was the tool that allowed
the number and function of the Asd genes to be defined (25).
By chance, all of the R-M systems from Escherichia coli and
Salmonella spp. that were investigated in the early days
were from the same family and thus gave genetic comple-
mentation. The first hint that different families might exist
came from a comparison of genes for different systems by
DNA hybridization and from an immunochemical compari-
son of different enzymes by using hybridization probes and
antisera specific for the EcoKI enzyme of E. coli K-12 (135).
It was found that for all except one of the systems investi-
gated there was considerable homology among the structural
genes and that two of the three subunits of the enzymes were
immunologically cross-reactive (no antisera were available
for the third subunit). It was proposed that EcoAl, the
exceptional nonhomologous enzyme, should be considered
the first member of a new family of type I R-M systems (135).

What are the reasons for considering EcoAl to be a type I
system? First, it is allelic to the other type I systems in the
sense that the structural genes have the same chromosomal
location (6, 40); second, the enzymes have a typical type I
subunit structure, genetic organization, cofactor require-
ments, reaction mechanism, and recognition sequence (59,
190, 192). Finally, EcoAl is the first member of a new family,
since two other members were identified later: EcoEI and
Cfr1l (40, 59).

A third family of type I systems that has no homology with
the other two families and which will not complement them
has since been found (63, 150, 155, 179). The first member of
this family to be investigated was SryR124I, coded by a
Salmonella conjugative plasmid. Most members of the fam-
ily are plasmid coded (for a possibly trivial exception, see
reference 119), and thus they cannot be said to be allelic to
the other two families. However, in all other features they
are typical type I systems. It has been proposed that the
three type I families be called type IA with EcoKI as the
prototype, type IB (the EcoAl family), and type IC
(SzyR124I and relatives) (19). All of the characterized type I
R-M systems, together with their recognition sequences, are
shown in Table 2.

Structure of hsd Genes

The structural genes for all three families of type I systems
have now been characterized at the molecular level by DNA
sequencing or DNA hybridization analysis (38, 40, 59, 60,
62, 64, 67, 86, 119, 122, 135, 154, 174). Several generalities
emerge from a comparison of these sequences. First, all of
the genes are arranged into two contiguous transcription
units, with AsdM and hsdS forming an operon and hsdR
being transcribed from its own promoter; the order of the
two transcriptional units is different for different families
(Fig. 1). Second, with one important exception (see below),
there is no sequence homology between different families,
apart from a few short amino acid sequence motifs common
to DNA adenine methylases and to ATP-binding proteins.
Third, within a given family the hsdM and hsdR genes are
largely homologous throughout their length. Fourth, the
hsdS genes contain two regions of high homology (three for
the type IB family [86]) separating two extensive regions of
nonhomology. There is good evidence (see the next section)
for all three families that the regions of nonhomology code
two protein domains, each of which recognizes one-half of

TABLE 2. Specificities of type I restriction enzymes

Recognition

Enzyme sequence” Reference(s)
Type 1A
EcoBI TGA(Ng)TGCT 115, 164, 183
EcoKl1 AAC(Ng)GTGC 85
EcoDIl TTA(N,)GTCY 138
StySBI GAG(Ng)RTAYG 137
StySPI AAC(Ng)GTRC 137
StySQl AAC(Ng)RTAYG 136
StySJI® GAG(Ng)GTRC 62
Type IB
EcoAl GAG(N,)GTCA 97, 192
EcoEIl GAG(N,)ATGC 39
CfrAl GCA(Ng)GTGG 86
Type IC
EcoDXX1 TCA(N,)RTTC 67, 149
StyR1241 GAA(Ng)RTCG 156
StyR124/31 GAA(N,)RTCG 156
EcoRD2? GAA(Ng)RTTC 67
EcoRD3? GAA(N,)RTTC 67
EcoDR2? TCA(Ng)RTCG 67
EcoDR3? TCA(N,)RTCG 67

2 N, any nucleotide; R, either purine; Y, either pyrimidine. The subscript
number within the parentheses indicates the number of residues in the
nonspecific spacer.

b These R-M systems are artificial hybrids generated in the laboratory.
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Type IA/B hsdR | hsdM | hsdS
Type IC hsdM | hsdS hsdR
Type IC-prr hsdM | hsdS | prrC hsdR

FIG. 1. Genetic organization of the hsd region of the different
families of type I R-M systems. The arrows delineate the transcrip-
tional units. The genes hsdS, hsdM, and hsdR encode the three
subunits of type I restriction enzymes. The prrC gene encodes an
RNA-based restriction system (see text). Not drawn to scale.

the split recognition sequences that are characteristic of type
I R-M systems (Table 2). The conserved regions of the hsdS
genes are thought to be responsible for protein-protein
interactions with the hsdM and hsdR gene products, al-
though there is no hard evidence for this. For the type IC
family (see below), there is evidence that the central con-
served region of the hsdS gene products also determines, in
part, the DNA recognition properties of the enzymes.

Evolution of DNA Sequence Recognition by Recombination
between hsdS Genes

Type I R-M systems are the only examples known to date
of proteins that recognize specific DNA sequences and that
can change their sequence specificities by well-understood
natural processes. The first of these to be discovered was in
the type IA family, when an attempt to transduce the
structural genes for SzySPI into cells containing the StySBI
genes resulted in a new specificity, which was called SzySQI
(30). It was then shown, first by electron-microscopic het-
eroduplex analysis and later by DNA sequencing, that
StySQI was the result of a recombination event within the
central conserved region of the hsdS genes of StySPI and
StySBI (58, 60). The DNA sequences recognized by the two
parents and by the recombinant are shown in Table 2 (136,
137). It is clear that the StySQI recognition sequence is a
hybrid between those of the two parents: the 5’ end of the
sequence is the same as the 5’ half of the SzySPI sequence,
and the 3’ end of the sequence is identical to that of the 3’
half of the StySBI sequence.

The picture that emerges from these results is that the
recombination event that created the StySQI hsdS gene
reassorted two protein domains, each of which recognizes
one-half of the split recognition sequence. This idea is
strengthened by the following results. If the model is correct,
the reciprocal recombinant, that is, with 5’ sequences from
the StySBI hsdS gene and 3’ sequences from the StySPI
hsdS gene, should have a predictable hybrid recognition
sequence. This recombinant was made and proved to have
the predicted recognition sequence (SzySJI in Table 2) (62).
Strong support for the hypothesis also comes from studies
with the type IB enzyme EcoEIl (Table 2). This enzyme
recognizes GAG as the 5' part of its recognition sequence, as
do EcoAl itself and the type IA enzyme SzySBI (Table 2).
The region of the AsdsS genes corresponding to the 5’ variable
domains of EcoEI and SzySBI shows considerable homolo-
gy—about 50% on the amino acid sequence level—even
though they belong to different families (38). The conclusion
is inescapable that a conserved DNA-binding domain that
recognizes GAG is present in both families. In principle,
there are three possible explanations for this result: (i) the
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sequences were present in an ancestor common to both
families; (ii) they represent the result of convergent evolu-
tion; or (iii) the sequence has passed from one family to the
other by horizontal gene transfer.

The second example of spontaneous change in DNA
specificity concerns the two type IC enzymes StyR124I and
StyR124/31. StyR1241 is coded by an IncFIV conjugative
drug resistance plasmid (74). At a low frequency, the
StyR1241 specificity is lost and is replaced by a new speci-
ficity, called SzyR124/31. Cells expressing StyR124/31 can
switch back to expressing SzyR1241, with a concomitant loss
of the StyR124/31 specificity. The system thus switches back
and forth between two alternative specificities (63).

The DNA sequences recognized by the two systems are
shown in Table 2. They differ only in the length of the
nonspecific spacer separating the two half-sites of the se-
quence: StyR1241 requires a 6-bp spacer, whereas
StyR124/31 requires a 7-bp spacer. In terms of enzymatic
recognition of DNA, this is not a trivial difference. The extra
base pair in the StyR124/31 spacer moves the two half-sites
3.4 A (0.34 nm) further apart and rotates them by 36° with
respect to the StyR124I sequence. The difference between
the two enzymes was determined by sequencing the struc-
tural genes. The two sequences were identical except at one
position in the middle of the hsdS genes, where a 12-bp
in-frame sequence was directly repeated twice in the
StyR1241 gene and three times in the SzyR124/31 gene (154).
The mechanism of the switch in specificity was immediately
clear: unequal crossing over between the two repeats of the
StyR1241 hsdS gene would generate one copy of the gene
with three repeats and a second copy with one repeat. A
similar mechanism could reduce the number of repeats from
three back to two again. This result led to the hypothesis that
the region of the protein that contains the repeated se-
quences forms a spacer separating two DNA-binding do-
mains, each of which binds to one-half of the recognition
sequence. The extra four amino acids in the spacer of the
StyR124/31 protein would increase the physical distance
between the DNA-binding domains sufficiently (6 A [0.6 nm)
if a-helical) that they could no longer bind a recognition
sequence with 6 bp separating the two halves but could make
productive interactions with a sequence containing a 7-bp
spacer.

This hypothesis gained support from results of mutagene-
sis experiments examining the region of the repeats (66).
Single-amino-acid replacements within the repeats had no
effect on either activity or specificity, indicating that the
exact amino acid sequence in this region of the protein is not
crucial for its function. Changes in the length of the repeated
region had profound effects on both activity and specificity.
For example, variants with one or four copies of the re-
peated sequences were very inefficient restriction enzymes,
107 to 10~ ° times less effective than the wild-type enzymes,
which explains why these variants were not found naturally.
They were, on the other hand, efficient modification en-
zymes: the variant with one repeat methylated the SzyR1241
sequence, and the enzyme with four repeats methylated both
StyR1241 and SzyR124/31 sequences, as though its long
protein spacer was flexible enough to be floppy. These
differences between restriction and modification are interest-
ing and may indicate that the region of the spacer serves a
double function, determining the length of the nonspecific
spacer in the recognition sequence on the one hand and
mediating protein-protein interactions between HsdS and
HsdR on the other.

Another enzyme in the type IC family is EcoDXXI, which
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recognizes a DNA sequence completely different from that
recognized by StyR124I or StyR124/31 (Table 2). DNA
heteroduplex analysis of the structural genes of EcoDXXI
and StyR1241 showed that the overall structure was the same
as in the type IA family: homology throughout the region
except within the AsdS genes, where two long blocks of
nonhomology were found. A limited DNA sequence analysis
of the central region of the 4sdS gene showed that EcoDXXI
was very similar to StyR124/3I; in particular, the three
copies of the 12-bp repeated sequence were identical (67).
All possible hybrids between the SzyR124I and EcoDXXI
hsdS genes were constructed with one-half of each hybrid
derived from one system, one-half from the other system,
and either two or three copies of the 12-bp repeat in the
middle. All of these hybrids were active in both restriction
and modification, and the sequences that they recognized
were determined. The results clearly demonstrate the corre-
lation between protein structure and target site specificity.
As with the type IA systems, the amino terminus of the
protein recognizes the trinucleotide half of the recognition
sequence, the central part of the protein determines the
number of nucleotides in the nonspecific spacer, and the
carboxyl terminus recognizes the other half of the recogni-
tion sequence (Table 2) (67).

Mutations Affecting Modification Activity

A crucial difference between eukaryotic and all prokary-
otic DNA methyltransferases but one concerns the DNA
substrate. The mammalian enzymes methylate the cytosine
in mainly CG sequences to 5-methylcytosine (5-meC), but
they do it efficiently only if the cytosine in the opposite
strand already bears a methyl residue. The result is that CG
sequences that are methylated perpetuate their methylated
state following DNA replication whereas nonmethylated CG
sequences normally remain nonmethylated. Methylation is
correlated with gene inactivation, and it is thought that DNA
methylation is one of the primary control processes in
development: as yet undetected enzymes would inactivate a
gene by de novo methylation of CG sequences, and the
maintenance methylases, which require a hemimethylated
substrate, would then ensure that the gene remained inacti-
vated during further cell divisions (reviewed in reference
170). Most prokaryotic DNA methylases behave quite dif-
ferently. They show no marked preference for hemimethy-
lated over nonmethylated DNA and therefore have the
properties expected for the postulated de novo eukaryotic
enzyme. The type IA enzymes are an exception to this rule
in that both the modification enzymes and the multifunc-
tional restriction enzymes are bona fide maintenance meth-
ylases, methylating hemimethylated substrates much more
efficiently than they methylate nonmethylated ones (31, 191,
205). Mutations in the type IA system EcoK that give it the
properties expected of a de novo methylase have now been
selected (90). The mutations are all loosely clustered within
the hsdM gene, indicating that it is the HsdM polypeptide
that senses the methylation state of the recognition site.
Thus, elements of both HsdS and HsdM must interact
directly with the recognition site, and it will be interesting to
determine whether these interactions are simultaneous or
sequential. Some of these mutations are also defective in
restriction, but the molecular basis for the deficiency is not
yet known (90).
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TYPE II R-M SYSTEMS

The type II systems are the simplest of the R-M systems,
with separate restriction and modification enzymes and no
special cofactor requirements other than Mg** (Table 1).
The fact that the restriction enzymes recognize and cleave
simple sequences in DNA at fixed positions has made them
indispensable in many if not most branches of molecular
biology. These useful properties of type II enzymes have
stimulated many laboratories to screen thousands of taxo-
nomically diverse bacteria for enzymes with new specifici-
ties. As a result, we know of hundreds of enzymes, most of
which, apart from their DNA recognition properties, have
not been further characterized.

Evolutionary Aspects

So far, the structural genes from over 50 type II R-M
systems have been sequenced (213). Surprisingly, no signif-
icant amino acid sequence homologies could be found be-
tween cognate pairs of endonucleases and methyltrans-
ferases. Although they recognize the same DNA sequence,
even their target recognition domains (TRDs) are different
(35, 114). Therefore, for type II enzymes, the endonucleases
and methyltransferases are the products of independent
evolution. One can envisage a scenario in which the meth-
yltransferases first evolved primarily as enzymes, like the
dam methylase of E. coli (reviewed in reference 12), with
important functions in the regulation of gene expression,
DNA repair, or replication, and then provided a genetic
background with a methylated genome in which restriction
endonucleases could evolve.

Not only do endonucleases have no homology with their
cognate methyltransferases, but also there are no (with a few
exceptions) homologies between different type II restriction
endonucleases (35, 114). Even isoschizomers, that is, endo-
nucleases from different bacterial species that recognize the
same sequence and cut it at the same position, such as BsuRI
and NgoPIl, are very different (92, 189). It can be concluded
that endonucleases have not evolved from a single primitive
precursor and have acquired different sequence specificities
by mutating the TRD. They must be of different evolutionary
origin. The few cases in which more or less marked homol-
ogy between isoschizomeric enzymes has been described are
the enzyme pairs EcoRI and Rsrl (185), BsuBI and PstI
(217), BsuFI and Mspl (87), TthHBSI and Tagql (11), FnuDI
and NgoPIl, and Cfr9I and Xmal (214). However, it should
be pointed out that EcoRI is coded by a conjugative plasmid
(218) and that the EcoRI-RsrI pair may therefore be the
result of horizontal gene transfer.

In contrast to the endonucleases, methyltransferases
share many amino acid sequence similarities. This is espe-
cially true for the family of 5-meC transferases, which
includes one eukaryotic enzyme (16, 112, 114, 152). Several
groups have described a common building plan for these
enzymes, with a pattern of highly conserved amino acid
sequence motifs alternating with variable sequence elements
(94, 114, 152). The TRD is part of the largest variable region,
which is always located close to the center of the primary
sequence (94, 114, 207, 211).

Studies of the 5-meC methyltransferases coded by the
Bacillus phages SPB, SPR, $3T, pll,, and H2, which meth-
ylate several different DNA sequences, have contributed
much to our understanding of the functional domains in
these enzymes. Each DNA sequence is recognized by a
different TRD. These TRDs have been identified, and the
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feasibility of engineering new combinations to create en-
zymes with novel specificities has been demonstrated (9, 13,
111, 201, 202, 211). In addition to functional TDRs, the
phages H2 and pl11, have silent TRDs in their methyltrans-
ferases which can be experimentally activated by mutation
(110). It is not understood how such silent domains are
maintained, how multispecific methyltransferases originated
evolutionarily, or whether modules, perhaps even complete
methyltransferase genes, can be exchanged by horizontal
gene transfer between phage and cellular genomes (exchange
of complete genes between phages has been demonstrated
[143, 198]). It is thought that it is the presence of restriction
systems in their hosts that selects for the methyltransferase
genes and drives their evolution (110), even though not all of
the required restriction specificities have so far been dem-
onstrated in Bacillus strains.

Homologous segments are also found in the family of the
N°®meA methyltransferases, and consensus motifs have been
defined. In general, the homologies are less extensive than
for the 5-meC methylases and the degree of conservation is
not as high (35, 68, 112, 113, 139, 182). The N*meC methyl-
transferases are (with the possible exception of Mval) more
similar to the N°meA methyltransferases than to the 5-meC
methyltransferases (27, 95, 197). This is perhaps not surpris-
ing since methylation of an exocyclic amino group (the N* of
cytosine or the N® of adenosine) is mechanistically very
different from the methylation of a ring carbon to 5-meC.
Lauster (112) has developed a model for the evolution of
type II methyltransferases by gene duplication and subse-
quent divergent evolution of the duplicated segments.

Control of Expression of Type II RM Genes

The expression of genes coding for methyltransferases and
endonucleases must be tightly regulated. It is essential that
the methyltransferase completely modify the cellular ge-
nome at all times to protect it from the lethal action of the
endonuclease. This regulation is especially important when
R-M genes first enter a cell, on conjugative plasmids for
example, but it can also be important during changes in the
physiology of the cell (e.g., entry into the stationary phase,
starvation associated with a deficiency of methyl donors,
and other stresses).

For at least some type II R-M systems, this regulation
seems to be achieved by the product of an additional open
reading frame (ORF) tightly linked to the R-M gene cluster.
Tao et al. (195, 196) have sequenced this ORF in the Pvull
gene cluster and shown that its mutation leads to a restric-
tionless phenotype even though the structural gene for the
endonuclease is intact. The defect can be complemented by
a wild-type copy of the ORF in trans. They have proposed
that the proteins coded by these ORFs should be known as
C proteins (e.g., PvulIC), where C stands for controller.
Brooks and coworkers (27, 140) have similarly shown that an
OREF in the BamHI system has regulatory functions. Disrup-
tion of the BamHIC gene leads to both a decrease in
restriction and an increase in modification methylase activity
(82). The predicted amino acid sequences of these C proteins
have some homology with DNA-binding proteins of the
helix-turn-helix class (72), indicating that they may function
as transcriptional repressors or activators.

Of the type II R-M systems for which the gene organiza-
tion and sequence are known, nine systems have an ORF in
addition to the R and M structural genes (213). Five of these
systems were compared with each other, and for four of
them (BamHI, EcoRV, Pvull, and Smal) the ORFs were
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remarkably similar, especially in the region of the putative
helix-turn-helix motif (195, 196). Since there is no homology
between the corresponding four endonucleases and the
homology between the four methyltransferases (all being
either N*meC or N°meA methyltransferases) is also lower
than for the C proteins, Tao et al. (196) concluded that the
evolution of the C gene family could have been independent
of the R and M genes. It is interesting that the BsuRI ORF
that has no homology with the other four is from an R-M
system that specifies 5-meC (196). Other possible regulatory
mechanisms for the expression of type II R-M systems have
been proposed (75, 180, 199, 212).

One problem with studies on regulation is that they are
almost always done with cloned genes examined in heterol-
ogous hosts, in which regulation need not necessarily be the
same as in the original strain. Although this was probably not
critical for the study with the Pvull gene cluster in E. coli,
because Pvull originally comes from Proteus vulgaris,
which is also a member of the Enterobacteriacae, it was
definitely a factor in the work with the BamHI genes. BamHI
comes from the gram-positive sporeformer Bacillus
amyloliquifaciens, a close relative of B. subtilis. It was found
that the regulation in the gram-negative E. coli was distinctly
different from that in B. subtilis (27).

Cytosine Can Be Methylated on Either C-5 Or N*:
Consequences for Mutagenesis

All the early examples of DNA modification that had been
studied were due either to methylation of the extracyclic
amino group of adenosine to N°meA or to methylation of a
ring carbon of cytosine to 5-meC. In 1983 Janulaitis et al.
discovered that the Bcnl methylase from Bacillus centro-
sporus methylated the extracyclic amino group of cytosine
to N*meC (84). N*meC has since been shown to be the
product of many modification methylases (32, 33, 54, 56).

It was proposed that N*meC rather than 5-meC was an
adaptation to thermophilia, which would avoid the hyper-
mutability associated with 5-meC (54). Deamination of
5-meC is a highly temperature-dependent reaction which
produces thymine, resulting in G - C-to-A - T transition mu-
tations on DNA replication. N*meC (as well as C) also
undergoes spontaneous deamination, but the product is
uridine, which is subject to correction by uridine-specific
DNA repair pathways (49): 5-meC has long been known as a
hot spot for spontaneous mutation, even at mesophilic
temperatures (37, 49, 208). An initial screening of thermo-
philic bacteria showed that about half of the strains tested
contained N*meC in their DNA (54). However, by using
improved methods the same authors could also demonstrate
the presence of N*meC in the DNA of many mesophilic
species (56), as has also been noted by others (32).

The recognition sequences for common 5-meC methyl-
transferases in the genomes of prokaryotes and eukaryotes
and some of their viruses (for example, CCWGG in E. coli or
CpG in mammalian cells) are often statistically underrepre-
sented (55, 104, 175). This is generally explained by the fact
that 5-meC is a hot spot for mutation, leading, when the
mutations are phenotypically neutral, to loss of the methyl-
atable sequences during evolution. However, it is also
possible that some methylatable sequences were counterse-
lected to avoid the consequences of their potential methyl-
ation on regulatory processes (104); in some phages the
recognition sites for adenine methylases are also underrep-
resented, even though N®meA is not thought to be mutagenic
(127, 175).
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FIG. 2. Deamination of 5-meC in DNA is mutagenic if the lesion
is not repaired. The specific example shown is part of the E. coli
Dcm methylase site. Dcm methylates the inner C in the sequence
CCWGG, where the symbol W denotes either A or T.

The magnitude of the mutation burden due to the deami-
nation of 5-meC will depend on the efficiency with which the
T - G mispair in DNA is detected and repaired by using the
G-containing strand as the template (Fig. 2). Repair systems
with precisely this specificity have been found in both
prokaryotic (77, 117, 118, 182a, 220) and eukaryotic (28, 210)
cells. In E. coli the repair pathway is known as very short
patch repair and is due to the product of the vsp gene, which
is located just downstream of the dcm methylase gene
(182a). Recent results from the laboratory of G. Wilson
(quoted in reference 143a) indicate that ORFs with homology
to vsp are found in the vicinity of the genes encoding the
Alul, BsuRI, and Hpall 5-meC transferases, suggesting that
very short patch-type repair may be widespread.

Type II Restriction Endonucleases That Require Two
Recognition Sites for Cleavage

EcoRII was the first type II restriction endonuclease that
was shown to require at least two recognition sites for
endonucleolytic cleavage (99). The enzyme must bind to an
activator site (which does not necessarily have to be cleaved
or even be cleavable) before it will cut a cleavage site. The
maximum distance between two sites in a DNA molecule
which allows efficient cleavage by EcoRII is about 1 kb
(146).

Figure 3A shows the cleavage susceptibility of EcoRII
sites located on DNA molecules of different lengths and
separated by different distances. Figure 3B shows an inter-
pretation of these results in terms of a kinetic model. The
enzyme first binds reversibly to a single site on a DNA
molecule. Cleavage can occur only if a second specific
DNA-binding site on the enzyme is occupied before the
enzyme dissociates from the first DNA molecule. The prob-
ability of having both specific binding sites simultaneously
occupied will depend both on the concentration of EcoRII
sites and on the size of the DNA molecules carrying those
sites: rapidly diffusing oligonucleotides will be more effec-
tive at eliciting cleavage than will slowly diffusing longer
DNA molecules. Very long DNA molecules diffuse so
slowly that the only possibility for cleavage is for the enzyme
to simultaneously bind to two sites on the same DNA
molecule. The kinetics of this reaction will depend on the
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FIG. 3. DNA cleavage by EcoRII. Solid lines represent DNA
molecules, open boxes represent EcoRII sites, and stippled ovals
represent EcoRII enzyme molecules. (A) Single EcoRII sites in long
DNA molecules or sites separated by large distances are not
cleaved. Cleavage of such molecules can be stimulated by the
addition of high concentrations of sites on small DNA molecules.
(B) A possible mechanism for cleavage by EcoRII. See the text for
details.

distance between the sites: sites that are too far apart are
effectively unlinked, whereas sites that are too close to-
gether should not allow cleavage, because the DNA between
them cannot form a loop. It was recently shown that Nael
can also bind simultaneously to several sites on a DNA
molecule to form loops visible by electron microscopy (200).

Several authors have pointed out that the requirement of
EcoRII and Nael for simultaneous binding to two recogni-
tion sites before they will act is similar to that of enzymes
responsible for site-specific recombination and for transpo-
sition (17, 102, 200). Future investigations will show whether
these restriction endonucleases execute other biological
functions besides restriction of foreign DNA. For instance, a
requirement for two unmodified sites for cleavage makes it
less likely that the enzyme will suicidally restrict the rare
unmodified sites in chromosomal DNA that may arise by
DNA repair or by incomplete methylation.

Most probably, the group of type II enzymes requiring two
recognition sites for cleavage is not limited to EcoRII and
Nael. For EcoRII and Nael the cleavage of resistant recog-
nition sites is stimulated by adding oligonucleotides contain-
ing recognition sites or a second DNA species with a high
density of recognition sites (36, 99, 145). Similar stimulation
has also been found for the restriction enzymes AfuBI,
BspMI, Cfr91, Eco571, Hpall, Ksp6321, Narl, Sacll, and
SauBMKI (144, 167, 167a), which may, therefore, also
require two sites for cleavage. However, not all enzymes
that cleave certain sites inefficiently have the same mecha-
nism. The enzymes Eael and EciXI, for instance, which also
cleave certain substrates poorly, are actually inhibited by
addition of site-containing oligonucleotides (166).

The fact that some restriction sites in natural DNA mole-
cules are inefficiently cleaved can have certain practical
consequences. For example, the methylation status of DNA
is often assessed by digestion with pairs of enzymes that
recognize the same DNA sequence but have different sensi-
tivities to methylation: one member of the pair will cleave
the methylated sequence, whereas the other will not (141). In
these experiments, if the methylation-sensitive enzyme has



440 BICKLE AND KRUGER

resistant sites, these may be interpreted as methylated when
in fact they are not. In these cases it may be helpful to use
oligonucleotide stimulation of cleavage to ensure complete
digestion of nonmethylated sites (167). In some experiments,
in which ligation follows cleavage, for example, the presence
of the cleaved stimulatory oligonucleotides may be a hin-
drance. For EcoRII (146) and Nael (36a) this problem can be
circumvented by the use of chemically modified oligonucle-
otides which stimulate cleavage of DNA but are themselves
resistant to digestion.

What Is the Function of Type IIS Enzymes?

Some class II R-M systems recognize asymmetrical 4- to
7-bp DNA sequences and cut the DNA at a fixed distance (1
to 20 bp) outside this recognition sequence. These enzymes
have been called type IIS to distinguish them from the
majority of type II enzymes, which recognize symmetrical
DNA sequences (for a review, see reference 194). All of the
type IIS enzymes known were discovered by screening cell
extracts for endonuclease activity; it is therefore not clear
whether their biological function is the same as that of the
more classical enzymes. The separation of the domains for
DNA sequence recognition and DNA cleavage makes IIS
enzymes interesting objects for studies of DNA-protein
recognition (22). The genes coding several of these systems
have been cloned and sequenced (213).

For classical type II R-M systems, the methylatable nu-
cleotides are on both strands of the DNA, symmetrically
disposed about the central axis of symmetry of the recogni-
tion site. The question of how the nonsymmetrical recogni-
tion sequences of type IIS systems are modified following
DNA replication, which is necessary to avoid suicidal re-
striction of the cellular DNA, is of great interest. For most of
the type IIS systems, this point has not been yet been
investigated. The best-understood example is FokI, in which
the methyltransferase contains two independent N°meA
transferase domains, each specific for one of the two strands
of the DNA (93, 109, 123, 187). Modification in the Hgal
system is accomplished by two independent 5-meC methy-
lases, each specific for one strand of the DNA (188). It has
even been reported that some type IIS systems may methy-
late cytosine in one strand and adenosine in the other (J.
Bitinaite, quoted in reference 194). However, for Mboll it
has been shown that only one strand becomes methylated
(22, 128), and at least one other type IIS enzyme (RleAl) has
neither A nor C residues in one strand of its recognition
sequence and can therefore be methylated only in one strand
(204). One of several ways in which this last class of systems
might survive without lethal restriction of host cell DNA
would be by a mechanism similar to that of the type III
enzymes, which also modify only one strand of their recog-
nition sequence (see below).

TYPE III R-M SYSTEMS

Type III R-M systems constitute the smallest group of
restriction systems, with only four known members, EcoP1,
EcoP15, Hinflll, and StyLTI. EcoPl and EcoP15 are coded
by the P1 prophage and the related p15B plasmid of E. coli,
respectively. HinflIl is produced by Haemophilus influenzae
Rf (with an isoschizomer in strain Re [147]) and is the only
type III system so far found outside the family Enterobac-
teriaceae (88). StyLTI is coded by the chromosome of most
Salmonella strains (29) and has only recently been shown to
be a type III system (42-44).
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The following properties are shared by all type III R-M
systems. (i) The restriction enzymes contain two subunits,
one of which, the mod gene product, can function alone as a
modification methylase. The second subunit, the res gene
product, has no enzymatic activity when not complexed with
Mod (not shown for HinfIII). (ii) Restriction requires ATP,
which is not hydrolyzed, and the reaction is stimulated by
S-adenosylmethionine (AdoMet) (not shown for SzyLTI).
(iii) the recognition sequences are asymmetrical and, when
modified, have a single N°meA in one strand of the DNA
only, whereas the other strand has no modifications (8, 42,
70, 130, 148).

Genetics of Type III Systems

The only type III systems to be well characterized genet-
ically are EcoPl and EcoP15. These two systems comple-
ment each other: mutational defects in one system can be
complemented by wild-type alleles from the other (6). Trans-
poson mutagenesis, studies with the purified enzymes, and
DNA heteroduplex and sequence analysis showed that,
contrary to some earlier reports, there are only two struc-
tural genes in these systems, with a structure reminiscent of
that found within a family of type I R-M systems; that is, the
res gene is highly conserved over its whole length whereas
the mod gene is a mosaic of conserved and nonconserved
regions (69, 81). The res gene is necessary only for restric-
tion, whereas the mod gene product provides DNA recogni-
tion for both restriction and modification as well as cata-
lyzing modification. It is therefore a functional analog of the
hsdS and hsdM gene products of type I R-M systems.

The mod genes can be divided into three roughly equal
parts, the amino- and carboxy-terminal thirds of the gene,
which are highly conserved between EcoP1 and EcoP15, and
the central third, which is completely different in the two
genes (80). Several lines of evidence support the idea that the
central region of the gene codes the domain of the protein
that recognizes DNA sequences. First, there does not seem
to be enough amino acid sequence variation in the conserved
regions to allow them to recognize different DNA sequences.
Second, replacing a conserved region from one gene with the
equivalent region from the other did not change the speci-
ficity (52). The conserved regions of the Mod proteins are
most probably involved in protein-protein interactions with
the Res subunit. A similar function has also been suggested
for the conserved regions of the type I hsdS gene products
(58, 64).

The structures of some unusual EcoP1 mod mutants have
been eclucidated recently. These are the clear-plaque c2
mutants of phage P1 (176, 177). The phenotype of these
mutant phages is Mod™ Res*. They cannot establish them-
selves as lysogens, because restriction in the absence of
modification destroys the host cell chromosome. Since all
infected cells are killed, regardless of whether they give rise
to a productive infection, the plaques obtained are clear
(171). The reason that the lytic cycle can succeed is that
restriction activity is normally expressed only late after
infection, when a lytically infected cell has already produced
mature phage particles (7). Two independent c2 alleles were
sequenced, and both mutations were found to be in the mod
gene and changed two different threonine codons within the
variable region to isoleucine codons (80). Both c2 mutant
proteins were purified. As expected from the in vivo pheno-
type, they had no methylase activity and their primary defect
was that they failed to bind the methyl donor, AdoMet (162).
Other mutations in the nonconserved regions of the mod
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gene have also been constructed, and they encode mutants
with phenotypes similar to those of the ¢2 mutants (162).
One of these mutants also had the interesting property that,
unlike the wild-type enzyme, it was no longer subject to
inhibition by high concentrations of AdoMet (163). All' of
these results are consistent with the idea that the variable
region of the mod gene contains a DNA-binding domain and
is also at least partially responsible for binding AdoMet
(162).

DNA Recognition by Type III Enzymes: Different Sequence
Requirements for Restriction and Modification

All of the type III enzymes recognize asymmetrical DNA
sequences, and modified DNA bears methyl groups in one
strand of the DNA only (8, 42, 70, 130, 148). For example,
EcoP15 recognizes CAGCAG, the second adenosyl is meth-
ylated in modified DNA (130), and no methyl groups are
found in the complementary strand (70). It was early recog-
nized that the asymmetrical methylation of modified DNA
posed a conceptual problem with no immediately obvious
solution (8): when a modified recognition site is replicated,
the single methyl group is inherited by one daughter DNA
molecule, which remains completely modified, whereas the
same site in the other daughter molecule is completely
unmodified and ought to be subject to restriction, which
would be lethal for the cell (most other R-M systems
methylate residues in both strands of the DNA, and each
daughter molecule inherits one of the parental methyl
groups; hemimethylated recognition sites of this type are
resistant to restriction).

A solution to this problem followed the fortuitous obser-
vation that phage T3 DNA is restricted by EcoP15 whereas
the DNA of its close relative, T7, is not. This was not due to

a lack of EcoP1S5 sites in the T7 genome: phage T7 DNA has
36 sites for EcoP15 (50), which, strikingly, all have the same
orientation along the DNA; that is, all of the CAGCAG
sequences are in one strand of the DNA and all of the
CTGCTG complementary sequences are in the other strand
(175). The T3 genome has not been entirely sequenced, but
the sequenced portions contain both orientations of the
EcoP1S5 site (101). These observations led to the hypothesis
that restriction requires two recognition sites that have to be
in inverse orientation; sites in direct orientation would not be
subject to restriction but could still be modified (Fig. 4A).
This prediction was tested by using phage M13 constructs
with different constellations of EcoP15 sites in both direct
and inverse orientations. It was shown that any combination
of sites (or a single site) could be modified, whereas only
sites in inverse orientation were restricted (129). In other
words, the EcoP15 endonuclease recognition site is symmet-
rical and is interrupted at the center of symmetry by a
nonspecific spacer of variable length.

Figure 4B shows the biological consequences of this
model: all of the unmodified sites in freshly replicated DNA
molecules are necessarily in direct orientation and thus are
not subject to restriction. The model explains many early
observations concerning type III restriction that at the time
of publication were unexplainable. For example, density-
labeled P1-modified phage A DNA was grown for one cycle
on a non-Pl-modifying host and phages of intermediate
density containing DNA with one P1-modified parental DNA
strand and one unmodified newly synthesized DNA strand
were isolated. These phages were totally resistant to EcoP1
restriction (4). A similar in vivo experiment with heterodu-
plex A DNA containing one EcoP1 modified and one unmod-
ified strand gave the same result (73).
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StyLTI System

The chromosomally encoded StyLTI system was difficult
to characterize, largely because it proved impossible to
transfer the structural genes from one strain to another by
conjugation or by cloning chromosomal DNA. Conjugation
resulted in extensive DNA breakdown and cell death in the
recipients as a result of uncontrolled expression of restric-
tion before the chromosome of the recipients could be
modified (43). The structural genes were finally cloned in a
two-step procedure, involving first cloning of the modifica-
tion functions and then cloning of the restriction functions
into these modifying hosts on a second, compatible vector
(44). This is unusual behavior for an R-M system; the
structural genes for many (but not all) restriction systems
can be transferred between strains without notable killing,
indicating that the expression of restriction is closely con-
trolled.

Most recently, the StyLTI structural genes have been
sequenced (41). The amino acid sequences of the StyLTI Res
and Mod proteins show a good deal of homology with the
EcoP1 and EcoP15 proteins. In the Mod gene products, the
homology is highest in the amino- and carboxy-terminal
thirds of the protein and very weak in the central third
(where several large gaps must be introduced to find any
homology at all). This mosaic pattern of homologies
strengthens the ideas about the functions of the various
domains of the protein that were presented above: the
central section most probably codes DNA recognition func-
tions while the amino and carboxy termini would mediate
protein-protein interactions. Homologies between the
StyLTI and EcoP1 Res proteins are generally weaker than
those found in the Mod proteins (the EcoP1S5 res gene has not
been sequenced). An exception is a region of about 50 amino
acids in the middle of the proteins, which is very highly
conserved between the two proteins and may well be in-
volved in interactions with the Mod subunit.

RESTRICTION SYSTEMS SPECIFIC FOR
MODIFIED DNA

Dpnl and Dpnll

The first restriction enzyme that was shown to require a
methylated substrate was Dpnl from Streptococcus pneumo-
niae, which cleaves the sequence GATC only if the A is
methylated. Other strains of S. pneumoniae have the com-
plementary specificity and produce Dpnll, which recognizes
and cleaves the same sequence only if it is not methylated
(106, 107). The Dpnl and Dpnll pair of enzymes (together
with the methyltransferases associated with DpnlII) present
one of the clearest arguments in support of the idea that the
main function of R-M systems is to protect cells from viral
infection. Phages produced in S. pneumoniae strains that
produce Dpnll have methylated genomes and are efficiently
restricted in strains that produce Dpnl. Conversely, phages
produced in the latter strains have nonmethylated genomes
and are efficiently restricted in DpnlIl producers. However,
S. pneumoniae is naturally transformable with high effi-
ciency, and homologous transforming DNA is only weakly
restricted in either type of strain independently of its meth-
ylation status (108). This is because during transformation of
S. pneumoniae the donor DNA is taken up in single-stranded
form, and neither Dpnl nor Dpnll is active against single-
stranded DNA. Moreover, integration of the donor DNA
into the chromosome involves the transient formation of a
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heteroduplex between the donor DNA and the recipient
DNA; neither enzyme will cleave a hemimethylated recog-
nition site. Dpnll-expressing cells also favor transformation
by expressing two modification methylases. One of these is
a typical modification methylase, specific for double-
stranded DNA, but the second enzyme is unusual in that it is
very active on single-stranded DNA (34). Since transforma-
tion is thought to be important in the population biology of
highly transformable organisms—sS. pneumoniae can switch
its specificity between Dpnl and Dpnll by transformation,
for example (107)—it is intriguing that the R-M systems of S.
pneumoniae have evolved to have a maximum effect on
phage infection with virtually no effect on homologous,
transforming DNA. Methyl-dependent restriction has also
been demonstrated in other bacterial species, for instance, in
Streptomyces species (126).

Rediscovery of Methyl-Directed Restriction in E. coli

Methylation-dependent restriction enzymes have been re-
discovered in E. coli in recent years. The classical restriction
enzymes operate by recognizing and destroying DNA that
does not carry strain-specific modification. The new en-
zymes recognize and cut DNA carrying the DNA modifica-
tion signature of other strains and, in consequence, are not
accompanied by the equivalent of a classical modification
enzyme. Three such systems have now been found in E. coli:
McrA, McrBC, and Mrr (76, 142, 161, 206). The McrBC
system is the most thoroughly studied of these.

Ironically, McrBC was the first restriction system to be
described in E. coli, as early as 1952 (125). This is because
most phage research in those days involved the T-even
phages and McrBC is active against variants of T-even
phages that have nonglycosylated hydroxymethylcytosine
(hmC) in their DNA. It was later shown that two indepen-
dent restriction systems were active against these phage
variants, and they were named RglA and RgIB (for restricts
glucoseless DNA [reviewed in reference 168]). Because
T-even phages were the only source of hmC-containing
DNA likely to be found in E. coli, the Rgl systems were
considered to be a defense mechanism specific for T-even
phages (100, 168). The Rgl systems were rediscovered in the
late 1980s in the course of cloning experiments, when it
became apparent that SmeC-containing DNA from many
sources, including higher plants and animals, was restricted
in E. coli and that the Rgl systems were responsible for the
restriction (20, 142, 159, 161, 209, 215, 216). It has been
formally proposed that the Mcr nomenclature (for methyl-
cytosine restricting) is more appropriate for general use but
that Rgl is still useful for discussions of T-even phage biology
(158; this reference also contains a brief review of the Mcr
and Mirr systems). RglA corresponds to McrA, and RglB
corresponds to McrBC.

McrBC

The mcrBC (rgiB) locus in E. coli K-12 is adjacent to the
hsd genes that code the classical type I EcoK restriction
system. Interestingly, the gene coding the Mrr system (an-
other methyl-dependent restriction enzyme [see below]) is
just on the other side of the Asd genes (76), so that genes for
three independent restriction systems are clustered in this
small region of the genome, which has, in consequence, been
dubbed the immigration control region (89, 160). There are
conflicting reports in the literature concerning the organiza-
tion of the mcrBC locus. However, a consensus seems to
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have arisen that it contains two genes, mcrB and mcrC,
organized as an operon and encoding at least three polypep-
tides. The products of both genes are necessary for most
restriction reactions (47, 48, 96, 105, 151, 172, 173, 221, 222).

McrBC restricts DNA containing 5-meC, N*meC, and
hmC in specific sequence contexts (21, 142, 161, 168). The
recognition sequences have not yet been fully defined, but it
seems clear that they all include R-mC, where ‘““m’’ is one of
the three cytosine modifications and R is either purine (161).
Investigations of the enzymology of McrBC have begun, and
some fascinating results have emerged. The purified enzyme
contains two of the polypeptides encoded by the operon and
has an absolute requirement for GTP, the only known
DNase with this property. ATP, a cofactor for many nu-
cleases, is a competitive inhibitor of the reaction (193). Work
with the purified enzyme has shed further light on the DNA
sequence requirements of the enzyme, but much work
remains to be done. The enzyme seems to require pairs of
R-mC sequences separated by 40 to 80 bp of DNA, and it is
necessary only that a single strand of the DNA be methyl-
ated (193).

McrA

McrA (RglA) is coded by the el4 genetic element of many
strains of E. coli K-12 (160). The el4 element is most
probably a defective prophage: it can excise from the chro-
mosome as a nonreplicating circle following UV irradiation
and is then eliminated from the cells by dilution during cell
division (26). The mcr4 locus has been mapped and se-
quenced (79, 165) and appears to code for a single polypep-
tide. The sequence specificity of McrA appears to be more
restricted than that of McrBC, in that only DNAs methylated
by the Hpall and SssI methylases (both cytosine methy-
lases) have so far been shown to be substrates for the
enzyme (79, 151, 161).

Mrr

The Mrr system was discovered as an activity that re-
stricted DNA methylated by the Hhall or PstI modification
enzyme (76). Both of these enzymes methylate adenosyl
residues to N°meA, but it was later shown that some
sequences containing 5-meC were also restricted by Mrr,
and this has been referred to as McrF restriction (89, 206).
The mrr locus maps next to the Asd locus on the other side
from mcrBC (174). The locus has been sequenced and shown
to contain a single ORF (206).

In summary, the existence of the methyl-dependent re-
striction systems reinforces the view that the purpose of
restriction is to prevent successful phage infection. E. coli
K-12, for example, expends considerable metabolic energy
maintaining at least four independent restriction systems
containing at least eight polypeptides in readiness for a
situation that most cells never encounter: invasion by for-
eign DNA. Despite the apparent uselessness of these restric-
tion systems for most cells, they have not been eliminated
during evolution, indicating that the selective advantage of
restriction in natural populations may be much higher than
one would have predicted from laboratory experiments.

PHAGE ANTIRESTRICTION

Recent Developments

In this section we will describe results published since our
last review on phage antirestriction mechanisms (100). A
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TABLE 3. Examples of phage antirestriction mechanisms

Mechanism

Example®

Virus-coded inhibitors of re-
striction enzymes

Virus-coded DNA-modifying
enzymes

Incorporation of unusual nu-
cleotides into DNA

Coinjection of DNA and in-
hibitory internal head pro-
teins

Counterselection of relevant
restriction sites in phage
genomes

Strand-biased asymmetrical
recognition sequences

Hydrolysis of restriction en-
zyme cofactors

Ocr protein of phages T3 and
T7, Bacillus phages ¢N2rH
and ¢1rH

Methylases with the same
specificity as host R-M sys-
tems in some Bacillus
phages, phage-specific mod-
ification [N°-(1-acetimi-
do)adenine for phage Mu]

Several unusual nucleotides
in various Bacillus phages

DarA and DarB proteins of
phage P1

In coliphage T7 and in the
Bacillus phages ¢1, $29,
and SPO1

EcoP1S5 sites in the T7 ge-
nome

AdoMet hydrolase of phage
T3

2 For references, see text and reference 100.

survey of the most important of these mechanisms is shown
in Table 3. A large number of papers dealing with the
influence of unusual bases in natural or artificial substrates
on the reaction mechanism of endonucleases and methyl-
transferases have appeared. Studies concerning the influ-
ence of the naturally modified bases N°meA, 5-meC, and
N*meC in different positions of restriction enzyme recogni-
tion sequences have been recently reviewed (91).

The significance of counterselection of restriction enzyme
recognition sites in phage genomes has been shown by
further studies. For instance, two broad-host-range phages
with very large genomes (pseudomonas phage $ST1 and
streptomycete phage FP22) have been shown to have no
sites for some of the restriction enzymes found in their hosts
and very few sites for other enzymes (61, 71).

In the genome of coliphage T7, the recognition sites for the
chromosomally encoded E. coli methylases Dam (GATC)
and Dcm (CCWGG) appear only six and two times, respec-
tively (50). Schroeder et al. (175) calculated the expected
frequencies of the tetra- and pentanucleotides by Markov
chain analysis on the basis of the observed occurrences of
the subsequences GAT, ATC, and AT (for the Dam se-
quence) and CCWG, CWGG, and CWG (for the Dcm
sequence) in the T7 genome. From these calculations,
GATC and CCWGG are expected to occur 114 and 56 times,
respectively, in the absence of counterselection. This shows
that selection was directed against these particular se-
quences (and not against subsets of the sequences which
could be involved in different selection processes), indicat-
ing that their presence was disadvantageous for the repro-
duction of the virus (175). In independent studies, selection
against Dam sites and restriction enzyme recognition sites in
the genomes of other phages of members of the Enterobac-
teriaceae has been demonstrated (127, 178).
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In some cases, a few recognition sites for certain restric-
tion enzymes can be tolerated in phage genomes because
they do not lead to restriction. The very few EcoRII sites in
the T7 and T3 genomes are not restricted, because the
enzyme requires at least two sites in relatively close prox-
imity for restriction and the distance between the EcoRII
sites in the T3 and T7 genomes is too great for the enzyme to
function (99). For enzymes that recognize asymmetrical
sequences, the distance between sites may not be the only
criterion for avoiding restriction. As discussed above for the
type III enzymes, some enzymes can be sensitive to the
orientation of cleavage sites. The 36 EcoP1S5 sites in the
phage T7 genome all have the same orientation, making the
DNA refractory to EcoP15 cleavage (129, 175). On the other
hand, restriction sites may be overrepresented in phage
genomes. An example is the sequence AGACC, recognized
by EcoP1, which occurs 126 times in the phage T7 genome
(distributed on both DNA strands). The EcoP1 recognition
sequence fortuitously overlaps the site recognized by the T7
DNA primase, an enzyme essential for T7 DNA replication.
This overlap is most probably the reason for the high
frequency of EcoP1 sites in the T7 genome and explains why
T7 DNA replication is severely depressed in P1-lysogenic
cells (175).

An efficient mechanism for antirestriction has been devel-
oped by phages T3 and T7, whose 0.3 gene codes a specific
inhibition protein, Ocr (100). The Ocr protein binds to type I
restriction enzymes and blocks both the endonuclease and
methylase activities (10, 23, 103, 184). It is inactive against
type II enzymes, both endonucleases and methylases (10). In
early studies, an inhibition of the type III EcoP1 restriction
was demonstrated in vivo but could not be shown in vitro
with the purified restriction enzyme (100). More recent
studies involving a different experimental approach failed to
confirm the in vivo EcoP1 inhibition (134). The T3 (but not
T7) 0.3 gene product has, in addition to its Ocr activity, a
second enzymatic activity: the protein is an AdoMet hydro-
lase (186). As a result, the T3 protein not only blocks type I
restriction enzymes but also has markedly inhibitory effects
on type III restriction enzymes, which are stimulated by
AdoMet (98).

Several phages of B. subtilis, such as SPB, SPR, 3T and
pll, protect themselves from host restriction systems by
phage-coded DNA methyltransferases (100). These enzymes
are often multispecific; that is, they recognize several unre-
lated DNA sequences. The modular (and sometimes cryptic)
structure of these enzymes has been worked out over the last
few years by the group of Trautner and Noyer-Weidner (13,
110, 111, 202, 203, 211). These results are discussed in more
detail in the section on type II cytosine methyltransferases.

Recently, a DNA methyltransferase gene has been dem-
onstrated on the genome of the Lactococcus lactis phage
$50 (78). Unlike the Bacillus phage methyltransferase genes,
which are unrelated to host cell genes, the $50 gene has
clearly been picked up recently from a plasmid of its host:
some 1.3 kb of DNA sequence with homologies to other
methyltransferase genes is identical between the phage and
the plasmid (78).

Phage \ has an antirestriction mechanism called Ral that is
specific for type IA R-M systems. Ral reduces restriction,
but its primary effect is to stimulate the modification of
completely unmodified DNA (100), a reaction that for type
IA R-M systems is normally very inefficient. The ral gene
has now been cloned and the antirestriction mechanism has
been examined in more detail (121, 223). These studies
confirm that the main action of Ral is on modification and
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that modification by both the three-subunit restriction en-
zyme and the two-subunit modification enzyme are stimu-
lated; the results are consistent with the formation of a
Ral-enzyme complex with altered methylation properties. In
fact, the properties of the putative complex are very similar
to those of the hAsdM mutants described above, which
convert EcoK from a maintenance to a de novo methylase
(90), and it is tempting to speculate that Ral interacts with
HsdM. Previous studies had indicated that Ral might interact
with the Rho transcription termination factor, and it was
suggested that Rho might participate directly in restriction
(45), but the present results fail to confirm this notion (121).

Finally, it should be noted that some E. coli conjugative
plasmids in incompatibility groups I and N have also been
shown to code antirestriction functions. These functions are
active only against type I R-M systems and are coded by
genes (called ard) located close to the origin of conjugative
transfer, where they are expressed in the recipient bacteria
very early in the conjugation process (14, 14a, 46, 53, 165a).

““Nature Red in Tooth and Claw”’: The Case of Phage T4

The coevolution of bacterial defenses and phage attack
strategies is perhaps most clearly seen with E. coli and the
T-even family of virulent phages, which includes T2, T4, and
T6. A plausible case can be made for the evolutionary
scenario outlined in Fig. 5. Originally, the T-even phages
would have had a genome composed of normal DNA and
would have been subject to restriction by the classical R-M
systems of their hosts. The evolution of a hmC-containing
phage genome resistant to classical restriction can be seen as
a response to the presence of these classical R-M systems.
The evolutionary pressure that led to the development of the
Mcr (Rgl) restriction systems specific for DNA with modified
cytosines was surely challenge by phages such as the T-even
phages with modified cytosines in their genomes. The most
recent stage in this scenario is the acquisition by the phages
of the ability to glycosylate their DNA, rendering them
resistant to all known restriction systems of E. coli.

The struggle between host and phage is not confined to
DNA restriction. Certain strains of E. coli have a restriction
system specific for T-even phages that operates on the RNA
level. This enzyme, the prrC gene product, is present but has
no activity in uninfected cells. The activity is unmasked on
infection with a T-even phage and proceeds to make a
specific cleavage in the anticodon of the host-encoded
tRNA™*. This inactivates protein synthesis and thus pre-
vents phage multiplication. Phage T4 encodes two enzymes,
polynucleotide kinase and RNA ligase, whose only known
function in the T4 life cycle is to repair the damage caused by
the anticodon nuclease (83, 116). A surprising finding was
that the prrC gene is inserted into an hsd operon encoding an
active type I R-M system (Fig. 1) (119). Moreover, the PrrC
protein can be immunoprecipitated with anti-Hsd serum,
indicating that it is physically complexed with the restriction
enzyme. Both DNA- and RNA-based restriction systems are
thus tightly integrated at both the genetic and the protein
levels (1).

CONCLUDING REMARKS

It seems clear that the main role of restriction is to protect
against phage infection; the wide variety of mechanisms
developed by phages to counteract restriction attests to the
importance of restriction for phages. This is particularly
clear for the R-M systems of S. pneumoniae, which restrict
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FIG. 5. Evolutionary interactions between T-even phages and
their hosts. The idea here is that the phage evolves DNA modifica-
tions to avoid host restriction. The host then responds by evolving
new enzymatic systems that recognize and restrict the modified
DNA. See the text for details.

phages severely, whereas beneficial transformation is hardly
affected. Other roles for restriction in the cellular economy
are more difficult to document. For example, restriction may
facilitate recombination by generating recombinogenic dou-
ble-stranded breaks in homologous incoming DNA (181),
and it has been suggested that type I R-M systems would be
particularly effective in this role (153).

It should not be forgotten that a small fraction of invading
DNA molecules evade restriction and become modified.
Thus, although restriction provides a barrier to genetic
mobility, the barrier is leaky, allowing the possibility of a
low rate of evolution by horizontal gene transfer.
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