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Preface

Postreplicative methylation of bacterial DNA has long
been known to be the molecutar basis of ** modification,™
which protects DNA against destruction by restriction
endonucleases. More recently, another function of DNA
methylation was found in Escherichia coli, where methy-
lation is involved during DNA replication in the recogni-
tion of old and newly synthesized strands. The intensive
search for new restriction enzymes during the 1970s
yielded an enormous arsenal of such enzymes and re-
vealed the ubiquitous distribution of restriction/modifi-
cation systems in the bacterial kingdom without provid-
ing much information on the corresponding modifica-
tion methyltransferases. However, it is obvious that
DNA methyltransferases represent an ideal class of en-
zymes to those interested in protein/DNA interactions;
these enzymes are at least as interesting as the restriction
enzymes, with which they share the capacity to recognize
and interact with specific sequences of DNA.

In recent years the interest in DNA methylation has
been greatly stimulated by two discoveries: the correla-
tion between gene expression and hypomethylation in
eukaryotes and the convertability of DNA into its Z
form through cytosine methylation. In fact, studies on
DNA methylation are now being intensively performed
in many laboratories. A description of the state of the
art of DNA methylation has been the topic of two con-
gresses: The Cologne Spring Meeting in 1981 organized
by WALTER DOERFLER and an EMBO Workshop at
Nethybridge in 1982 organized by ROGER ADAMS.

Due to the expansion of this field, it is no longer
feasible for a review book to be encyclopedic in dealing
with DNA methylation. However, this volume does con-
tain a number of topical reviews which will, hopefully,
be of broad interest. I wish to thank the contributors
of the volume for their cooperation and the members
of the staff of Springer-Verlag for their patient and me-
ticulous editing of articles. I am grateful to my colleague
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DRr. URSULA GUNTHERT for many suggestions and dis
cussions during the editing of this volume.

Berlin, January 1984 THOMAS A. TRAUTNER
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Bacterial DNA Modification
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1 Introduction

As first proposed by ARBER (1965), DNA restriction/modification systems
(R/M systems) are mediated by endonucleases and DNA methylases that
recognize the same DNA sequences. The endonuclease recognizes its spe-
cific sequence as a signal to cleave the DNA unless the sequence has been
previously methylated by the modification enzyme. Chromosomal DNA
from cells harboring the R/M system is normally methylated, and 1s thus
not a substrate for the restriction enzyme. Foreign DNA lacking the spe-
cific methylation pattern and introduced into the cell by phage infection.
conjugation, or transformation is the only known natuial substrate for re-
striction. R/M systems can therefore be considered primiive prokaryotic
analogues of the eukaryotic immune system.

A vast body of literature on the genetics and biochemistry of R'M
systems has accumulated since they were first investigated 20 years ago
(ArBER and Dussorx 1962), and it is now clear that R/M systems can be
conveniently classified into three types (Boyer 1971; Kauc and PIEKARO-
wicz 1978; NATHANS and SMITH 1975).

The most complicated of these are the type-I systems, which are me-
diated by complex, multifunctional -enzymes and which were the first pro-
teins shown to recognize specnﬁc DNA sequences. The rastriciion enzymes
FeoK and EcoB from the Fscherichia coli strains K12 and B are the two
prototypes, and are still the only ones to have been studied in detail.

Mn.rohmlo’vj Department Blonntrum, University of Basel, Klmgelbcrgstrasse 70.
CH-4000 Dusc!

Current Topics in Mi-robiology and Immunology, Voi. 108
© Springer-Verlag Berlin « Heideiber, 1984
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The enzymes contain three nonidentical subunits coded by three contigu-
ous genes on the E. coli chromosome. They require Mg*2, ATP, and
S-adenosylmethionine (AdoMet) for enzymatic activity and can function
as restriction endonucleases (cleaving the DNA far from their recognition
sequence), ATPases, or, as detailed later, modification methylases.

The type-Il R/M systems include all those enzymes that have simple
cofactor requirements (Mg*2? for restriction, AdoMet for modification)
and simple subunit structures, and in which the restriction enzymes cut
thec DNA at, or close to, the sequences that they recognize. In the cases
that have been investigated, separate enzymes catalyze restriction and
modification. The type- -1 restriction enzymes are those that have found
such wide application in recent years inymolecular genetics.

Type-111 R/M systems have been characterized more recently than the
others, and represent an intermediate level of complexity. The restriction
enzymes contain two nonidentical subunits and require ATP and Mg*?
for activity. AdoMet is not required for the endonuclease activity, as it
is by type-I enzymes, although it stimulates the reaction. In the presence
of both AdoMet and ATP, restriction and modification methylation are
competing reactions. A separate modification enzyme which consists of
the smaller of the two subunits of the restriction enzyme has also been
isolated. Detailed reviews on restriction enzymes have recently been pub-
lished (BICKLE 1982; MODRICH 1979: NATHANS and SMITH 1975; YUAN
1981; MobricH and ROBERTS 1982). Here we will restrict ourselves to
modification methylases, with emphasis on type-I systems: =

2 Various Modification Methylases

Modification methylases methylate specific residues within their recogni-
tion sequences at either the *N position of adenine or the *C position of
cytosine, depending on the system. They use AdoMet as the methyl donor
and, once methylated, the DNA is resistant to cleavage by the corre-
sponding restriction enzyme.

Although type-I restriction enzymes can modify appropriate substrate
DNAs, separate modification methylases can be isolated. The modifica-
tion enzymes from E. coli B (LAUTENBERGER and LINN 1972a) and E. coli
K12 (this paper) have been characterized. They both contain two non-
identical subunits which are the same as two of the three subunits of the
corresponding restriction enzymes.

The few type-II modification enzymes that have been characterized
have proved to be relatively simple enzymes. One of them is discussed in
detail elsewhere in this volume (U. GUNTHERT and T.A. TRAUTNER). In
general, they require only a substrate DNA and AdoMet for activity (Du-
GAICZYK et al. 1974; RuBiN and MopricH 1977). Although both the re-
striction enzymes and the modification -methylases recognize the same
DNA sequences. they seem to be physically and genetically unrelated.
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A modification enzyme lacking endonuclease activity was isolated
from the type-III EcoP1 system as early as 1972 (BRoOcCkEs et al. 1972).
Detailed studies on the type-III modification methylases, however, have
only been done recently in this laboratory (HADI et al. 1983; ImA et al.
1983). The modification methylase consists of one of the two subunits of
the restriction enzyme, this subunit being responsible for recognition of
the specific DNA sequences in both the restriction and the modification
reactions. Unlike most modification methylases, this one requires Mg™?
as well as AdoMet for methylation. In contrast to modification by the
restriction enzyme, ATP does not stimulate the reaction.

3 Features of Modification Sequences

A general feature of most recognition sequences for restriction and modi-
fication enzymes is that they have methylatable residues in both strands
of the DNA. This is extremely important physiologically because DNA
in which only one strand carries the specific methylation (hemimethylated
DNA) is resistant to cleavage by the corresponding restriction enzyme.
Since hemimethylated DNA is the normal product of DNA replication or
repair, this feature of the reaction provides the mechanism whereby cells
avoid restricting their own chromosomal DNA. For the type-l enzymes
EcoK and EcoB, hemimethylated DNA is by far the preferred substrate
for methylation, the reaction rate with this substrate being more than 100
times faster than with completely nonmodified DNA (Vevis et al. 1974;
BURCKHARDT et al. 1981). In contrast, the type-II EcoRI methylase shows
no preference for hemimethylated over nonmethylated sites (RUBIN and
MobRrICH 1977).

Some interesting exceptions can be found to the rule that fully modi-
fied R/M recognition sites are methylated in both strands of the DNA.
All three of the type-II enzymes knpwn at present methylate adenosyl
residues in one strand of the DNA only. Two of the recognition se-
quences have no adenosyl residues in the other strand, and while the
other — that of HinfIIl — has adenosyl residues in both strands, only one -
strand is methylated (BAcHI et al. 1979; HADI et al. 1979; PIEKAROWICZ
et al. 1981). In cells carrying these R/M systems, DNA replication gener-
ates one daughter DNA molecule containing the parental modification
and a second daughter with the corresponding recognition site completely
unmodified. These unmodified sites ought to be targets for restriction and
we do not yet understand how cells containing type-IIl R/M systems
avoid restricting their own chromosomal DNA.

Some of the type-II R/M recognition sequences are asymmetric and
are most likely only methylatable in one strand. Mboll is one such exani-
ple. The recognition sequence of this enzyme is 5-GAAGA-3’ in one
strand and 5-TCTTC-3" in the other: one strand contains no cytosines
and the other no adenosines (BRowN etal. 1980). Unless the Mboll
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modification methylase is capable of methylating both adenosyl and
cytosyl residues, a property that has not yet, been found for any DNA
methylase, only one strand can be methylated in modlﬁed DNA (BACHI
et al. 1979). :

4 Type-1 Modification Methylases

4.1 Genetic Organizaiian
! Y

The type-I R/M systems of E. coli K12 and B are fully specified by three
contiguous genes mapping at 98.5 min on the E. coli K12 chromosome
(SAIN and MURRAY 1980; BACHMANN and Low 1980). Genetic, physical,
and immunochemical studies have revealed that these two systems are al-
lelic and that they also share homology with several R/M systems from
cifferent Salmonella species (BOYER and ROULLAND-DUSSOIX 1969; BULLAS
etal. 1980; HuBaceEK and GLOVER 1970; MURRAY et al. 1982). Recent
studies have shown that another system which, in physiological studies,
behaves as though it were type I (LARK and ARBER 1970) — the EcoA sys-
tem of E coli 15T~ (ARBER and WAUTERS-WILLEMS 1970) — in fact shows
no homology on the. DNA level with the classical type-I systems. More-
over, antibodies- s prepared against EcoK do not cross-react with extracts
from cells expressing . EcoA. (MURRAY et al. 1982).
* The. three.genes invelved: in the E. coli K12 and B R/M systems are
called hsdR, hsdM, -and ksdS -(hsd, for “host specificity for DNA™).
Strains- carrying mutations-in the *AsdR gene are defective in restriction,
those with mutated 4sdS genes lack both restriction and modification, and
hsdM mutants can be isolated ‘only in strains that already carry a muta-
tion in one of the other.two.genes. These phenotypes, together ‘with the
results. of comp]ementatxon ‘analysis, led o the suggestion ‘that all three
gene products are necessary for restriction, while the AsdM and hsdS gene
products suffice for modification (Boyer-and RouLLAND-DUssolx 1969;
HUBACEK and Gwvmt 1970). The hsdS gene product would be responslble
for recognizing the spec;f ic sequences in DNA in both restriction and
modification, the fisdM gene produci would: catalyze modxﬁcauon, and"
both hsdM 'and hsqR would be required for restriction. -

The hsd locus of E. coli K12 has been cloned in bacteriophage 4 and .
a deletion analysis of this cloped -DNA has revealed the gene order to
be hsdR-hsdM-hsdS. All three gemes are transcribed in the same direction
but from two promoters, otie of them'yupstream of hsdR and the other
between hsdR and hsdM (SAIN and MuUrrAY- 1980). This organization of
the hsd lccus into two transcriptional Ninits allows the genes which code
for the subunits of the modification enzyme to be transcribed indepen

dently of the hsdR gene, and this may be of consxderable physxologlcal'
mpoﬂanoe
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4.2 Enzyme Structure

Before the discovery that the type-I restriction enzymes, which contain the
products of all three hsd genes, had modification activity (Vovis et al.
1974), it was predicted that the type-I modification methylases ought to
contain the products of the hsdS and hsdM genes only. Such an enzyme
was isolated 10 years ago from E. coli B (LAUTENBERGER and LINN
1972a). The enzyme contained two nonidentical subunits with molecular
weights of 60000 and 55000 which comigrated on polyacrylamide-SDS
gels with the two smaller subunits of the EcoB restriction enzyme (LAu-
TENBERGER and LINN 1972b). The stoichiometry of the subunits in the en-
zyme was variable and changed upon storage. However, freshly purified
enzyme had equimolar amounts of the two subunits.

Quite recently we isolated a modification methylase from an E. coli
K12 strain in which the /hsd genes are transcribed from the strong bacte-
riophage A promoter, P, (MURRAY et al. 1982). This enzyme also contains
the #sdM and S gene products in equimolar amounts. Its rcaction charac-

teristics will be described in the next section.

4.3 Kinetics of Methylation

We have compared the methylation properties of the EcoK restriction en-
zyme with those of the modification methylase described in the preceding
section. With unmodified DNA, the restriction enzyme is considerably less
effective than the methylase and is partially inhibited by the presence of
ATP. The methylase is unaffected by the presence of ATP (Fig. 1). For
both enzymes the overall reaction i3 of the first order, indicating that the
rate-limiting step follows the formation of the enzyme-DNA complex. The
ﬁrst-order rate constanis “Were 6 x107%s~! for the methylase and
2x107"%s™! for the restricion enzyme (without ATP). The apparent
m}ubntlon by ATP eof the reaction-with thesrestriction enzyme may be due
to the fact that ATP stimulates a conforfiational change in the enzyme,
which was shown tch-ﬁmlt in-the release of AdoMet bound to it (BICKLE
et al. 1978). Results similar 1o these have been obtained for EcoB and the
B-specific mcthﬂase (HABE!&LM\ etal. 1972; LAUTENBERGER and LINN
1972a). i ==
The kinetics of mbdaﬁcatlon of hemimethylated pBR322 DNA (pre-
pared by hybndmng modified with nonmodified DNA) is shown in
Fig. 2. The reaction ‘is"now much faster with both enzymes; (the time
scale of Fig. 2 is minutes, whereas that of Fig. 1 is hours). For the restric-
tion enzyme, the results are similar.to those previously reported for EcoB
_.and EcoK (Vovis et al. 1974; BURCKHARDT et al. 1981). The prinipal dif-
fefence is that the stimulation of the reaction by ATP and Mg*? reported
earlier is now seen to be composed of about a 1.6-fold stimulation by
Mg'? and a further twofold stimulation by ATP. The modification en-
zvme is shightly -more efficient than the restriction enzyme and is unaf-
fected by the presence of ATP. For both enzymes, the reaction is again
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[3H ]~ methyl groups / pBR 322

-—]

0 20 30

a Hours b Hours,

Fig. 1a, b. Methylation of vamodified DNA, a by the EcoK restriction enzyme, b by the
modification enzyme. The reactic ns contained 100 mM 4-(2-hydroxyethyl)-1-piperazine-ethane-
sulphonic acid, pH 6.7; 0,25 mM EDTA; 14 mM 2-mereaptoethanol and 3.6 uM *H-AdoMet
(Amersham, 74 Ci/mmol). When present, Mg*? was at a concentration of 6.6 mM and ATP
at1 mM. The DNA was pBR322, linearized by cleavage with Sa/l, and was used at a concentra-
tion of 7.7 pg/ml. The plasmid pBR322 has two EcoK recognition sites. Incubations were
at 37°C. Samples were removed -at-the indicated times, the reaction stopped by the addition
of phenol, and the DNA separated frem low-molecular-weight radioactive material by gel
filtrationthrough small B})—Gel A 0.5 M columns. The DNA-containing fractions were counted
ift Instagel (Packard) with an efficiency of 50%. o—, modified DNA, +ATP; a———a,
nonmodxﬁed DNA, +ATP; 0o—o, nonmodified DNA, — “ATP
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Fig. 2a, b. Methylation: of heteroduplex DNA, a by the EcoK restriction enzyme; b by the
modification enzyme. The reaction copditions-were the same as those described in Fig. 1,
except that the reaction mixtures were prbh&m to 37° for 10 min before adding enzyme,
and the DNA concentration was 15 pg/ml, The DNA was prepared by heating equal emounts
of modified and nonmodified Sa/l-linearized pBR322 DNA in a heat-sealed glass capillary
at 100° C to melt the'DNA; then reannealing was done by allowing the temperature ta drop
to 55° C over 90 min. The DNA should contain 50% heteroduplex molecules and 25% each
of homoduplex modified and nonmodified molecules. The latter are essentially not methylated
in the 40 min that this experiment takes (see Fig. 1). a—-a, + ATP, + MgCl,; o—o,
— ATP, + MgCl,; o—un, — ATP, — MgCl,
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of the first order and the first-order rate constants are 2x 107 3s™' for

«the methylase apd: 3 x 1073 87! for, ‘the restriction: enzyme in the presence\ ]

.»-ei ‘both Mg” and ATP.
) A comparison of the rate constants for the modlﬁamon of nonmodi-
fied versus hemimethylated DNA shows that the restriction enzyme meth-

ylates the latter some 150 times faster than the former while the corre- -

sponding figure for the methylase is 35 times. Under all incubation condi-
tions the methylase is more efficient than the restriction enzyme, especially
with nonmodified DNA

5 Physiological Implications

The most obvious question that arises from these studies on type-I R/M
systems is: Why should there be a separate modification methylase when
the restriction enzyme present in the same cells is itself an efficient modifi-
cation methylase? One.-trivial possibility would be that the methylases are
artifacts of the purification procedure. If this were so, it is difficult to see
why the hsdS and hsdM genes, which are the structural genes for the sub-
units of the methylase, should be organized as a single transcriptional
unit, while the hsdR gene is transcribed from a separate promoter (SAIN
and MURRAY 1980). This arrangement could allow an independent regula-
-'tion of  the . production of the restriction and modification enzymes;
- whether such a regulation occurs is not known.

It might be argued. that most bacterial cells are never challenged by
foreign DNA, and thus never -use the endonuclease activity of their re-
striction enzymies. A relatively dow level of restriction activity may there-
fore suffice to provide protection to the cells. On the other hand, modifi-
cation activity is contmually required, because DNA rephcatlon and re-
pair are constantly generating hemimethylated DNA that must be modi-
fied before the next round of replication creates unmodified sites that
would be a target for restriction. The relative amounts of restriction and
modification enzyme have never been quantitated in E. coli strains K12
or B. The avallabxhty of antibodies means that such a quantitation is now
feasible, and it would be interesting to see whether there is an excess of
the modification enzyme.

Very recently, we have purified the enzymes involved in the EcoA re-
striction-modification system. As expected from the earlier studies (MUR-
RAY et al. 1982) described above, these enzymes show some interesting dif-
ferences from the classic type-I enzymes. For the present argument the
most important difference is that the basic enzyme is a modification meth-
ylase containing two subunits of approximately the same molecular
weights as the classic type-1 4sdS and hsdM gene products. A protein of
about the same molecular weight as a classic AsdR subunit can be purified
separately. This protein has no - detectable enzymatic activity by itself;
however, when added to the modification methylase in the presence of a
substrate DNA the methylase is converted to a restriction endonuclease

4
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(Surt and BICKLE, unpublished result.). Thus, cells carrying the EcoA re-
striction-modification system always contain a modification methylase and
probably assemble an active restriction endonuclease only when the cell
is challenged by foreign DNA.

The concentrations of the different cofactors, in particular that of
ATP, may play a crucial role in regulating restriction and modification
in vivo. The restriction enzyme shows an absolute requirecment for ATP
in the restriction reaction and is stimulated by it in the modification reac-
tion (with hemimethylated substrates). The modification enzyme, on the
other hand, is unaffected by the presence of ATP This may ensure that
newly replicated or repaired DNA is efficiently metnylated even when
ATP levels in the cell are low. It is worth noting that one¢ condition in
which ATP concentrations are expected to be low is following restriction,
when the restriction enzyme has transformed itself into a potent ATP
hydrolase.

Ackaowledgmenr. Work from this l:boratory was supported by grants from the Swiss Na-
uonal Science Foundation.
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