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Regulation of endonuclease activity by proteolysis prevents
breakage of unmodified bacterial chromosomes by type I

restriction enzymes
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ABSTRACT ClpXP-dependent proteolysis has been im-
plicated in the delayed detection of restriction activity after
the acquisition of the genes (2sdR, hsdM, and hsdS) that specify
EcoKI and EcoAl, representatives of two families of type I
restriction and modification (R-M) systems. Modification,
once established, has been assumed to provide adequate
protection against a resident restriction system. However,
unmodified targets may be generated in the DNA of an hsd*
bacterium as the result of replication errors or recombination-
dependent repair. We show that ClpXP-dependent regulation
of the endonuclease activity enables bacteria that acquire
unmodified chromosomal target sequences to survive. In such
bacteria, HsdR, the polypeptide of the R-M complex essential
for restriction but not modification, is degraded in the pres-
ence of CIpXP. A mutation that blocks only the modification
activity of EcoKI, leaving the cell with ~600 unmodified
targets, is not lethal provided that ClpXP is present. Qur data
support a model in which the HsdR component of a type I
restriction endonuclease becomes a substrate for proteolysis
after the endonuclease has hound to unmodified target se-
quences, but before completion of the pathway that would
result in DNA breakage.

Within a bacterium that has a classical restriction and modi-
fication (R-M) system, the nucleotide sequences that define
the targets for attack by the resident restriction endonuclease
are concealed by the modification of appropriate bases within
them. For some systems this modification is achieved by the
methylation of specific adenine residues, and for others it is
achieved by methylation of cytosine residues. The restriction
endonuclease has the potential to attack DNA from different
strains of the same species because foreign DNA generally
lacks the protective imprint of the relevant methyltransferase
(for reviews see refs. 1 and 2). Restriction of the host cell’s
newly synthesized DNA normally is avoided, because the
unmethylated strand of each target sequence produced by
DNA replication is methylated before the next round of
replication. If, however, resident DNA were to acquire un-
modified target sequences, would it, like foreign DNA, become
a substrate for restriction? In this paper we show that in
situations where the modification of the host DNA by a type
I R-M system fails, an alternative level of protection impairs
the endonuclease activity of the restriction system and the
bacteria survive.

A type I R-M system is encoded by three genes: hsdR, hsdM,
and hsdS. The three polypeptides, HsdR, HsdM, and HsdS,
often designated R, M, and S, assemble to give an enzyme
(RoM,S,) that modifies hemimethylated DNA and restricts
unmethylated DNA. A smaller complex (M,S,) has only the
methyltransferase activity. The S subunit confers target spec-
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ificity; hence, both complexes and both activities respond to
the same nucleotide sequence.

Type 1 systems of enteric bacteria have been divided into
discrete families by tests for cross-hybridization between genes
and cross-reactivity with antibodies raised against the arche-
typal member of each family (3-5). Four families of distantly
related systems have been identified (types IA, IB, IC, and ID),
and where complementation tests have been done they indi-
cate that enzymes in the same family can interchange subunits,
but those from different families cannot (6, 7).

No transcriptional regulation of type I R-M genes has been
detected; yet these genes are transferred readily to recipient
bacteria devoid of the relevant modification activity (8-10). It
is presumed that the cells survive the acquisition of the new
R-M system because they become restriction proficient only
after the modification activity is established. Experiments in
support of this identify a lag of ~15 generations before the cells
become restriction-proficient after the acquisition of ssd genes
by conjugation (11). The ClpXP protease was shown to be
essential for the effective acquisition of genes specifying type
IA and IB systems, and for this reason proteolysis has been
implicated in the delayed expression of restriction activity (10).

The acquisition of a new specificity system is not the only
situation in which a temporary loss of restriction proficiency
has been detected. A well documented example, referred to as
restriction alleviation (RA), occurs in response to treatments
that damage DNA (12-14). UV light, nalidixic acid, and
2-aminopurine (2-AP) have been shown to induce restriction
alleviation. It is possible that the temporary loss of restriction
proficiency associated with the establishment of a new speci-
ficity is an example of RA. If this is so, ClpXP would be
required for the alleviation of restriction in response to DNA
damage. We have tested this hypothesis and show ClpXP to be
a common requirement for RA in response to the various
agents that damage DNA. This led us to identify steps in the
molecular pathway that protect bacteria against the potentially
lethal effects of restriction after DNA damage in a cell with a
resident type I system or after the acquisition of a type I system
capable of attacking the resident DNA.

MATERIALS AND METHODS

Bacterial Strains, Phages, Plasmids, and General Micro-
bial Methods. Bacterial strains are listed in Table 1. Inte-
gration-deficient, AisdcI857 phages were used to transfer
hsd alleles to bacterial chromosomes: ANM1367 includes
hsd ARM(F269G)S*; ANM1376, hsdM*S*; ANM1394,
hsdM(F269G)S™; and ANM1384, isdR(A619V) (17). JC9935
was used as the donor of the following derivatives of F'101:
F'101-102, hsdxR~M*S* (11); F'101-301, hsdy hsdx (10);

Abbreviations: R-M, restriction and modification; RA, restriction
alleviation; 2-AP, 2-aminopurine; DSB, double-strand break; EOP,
efficiency of plating.
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