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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.
*To whom reprint requests should be addressed. E-mail: Noreen.
Murray@ed.ac.uk.
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Table 1. E. coli K-12 strains

Strain Relevant genotype Source or origin
C600 hsdg See ref. 10
5K hsdR514 See ref. 10
CBs1 dam-3 C. Boyd
JC9935 recAI3 See ref. 10
LE451 rac-0 recA srl::Tnl0 Ref. 15
NM477 A(hsdMS)5 See ref. 10
NM659 ArecA::cat This laboratory
NM679 A(hsdRMS) Ref. 16
NM799 hsdR(A619V) Refs. 17 and 18
NMS802 AhsdR4 This laboratory
SG22007  AcipP::cat Ref. 19
SG22080  AclpX:kan Ref. 20
SG22129  AcipP::cat A clpX::kan S. Gottesman
RH6972 dnaQ::miniTnl0 (mutD) D. R. F. Leach
RS2 topA10 Ref. 21
TPC48 zjj::Tnl0 dnaC® See ref. 10
NK31 gyrA96 Ref. 10
NK167 hsdghsd} Ref. 10
NK300 rac-0 recA*srl* LB451 X P1(C600)
NK301 rac-0 gyrA96 NK300 X P1(NK31)
NK302 dam NK301 X P1(CB51)
NK303 AclpP NK301 X P1(SG22007)
NK304 AclpX NK301 X P1(SG22080)
NK308 ArecA NK301 X P1{NM659)
NK309 zjj::Tnl0 dnaC® NK301 X P1(TPCA48)
NK310 hsdR NK301 X P1(5K)
NK311 A(hsdRMS) NK309 X P1{NM679)
NK312 A(hsdRMS) AclpX NK311 X P1(SG22080)
NK315 dam AclpX NK302 X P1(SG22080)
NK320 AclpX NK300 X P1(SG22080)
NK323 AclpX ArecA NK304 X P1{(NM659)
NK324 A(hsdRMS) AclpX ArecA NK312 X P1{NM659)
NK325 hsdR AclpX NK310 X P1(SG22080)
NK326 mutD NK301 X P1{RH6972)
NK327 mutD AclpX NK326 X P1(SG22080)
NK329 topA10 AclpP AclpX RS2 x P1(8§G22129)
NK351 hsdR(A619V) NK309 X P1{NM799)
NK352 A(hsdMS)5 NK309 X P1{(NM477)
NK354 hsdghsd} NK309 X P1(NK167)
NK355 hsdghsd} AclpX NK354 X P1(SG22080)
NK378 AhsdR hsdM(F269G) NMS802 X ANM1367
NK379 AhsdR NK309 X P1{NM802)
NK380 AhsdR AclpX NK379 X P1(SG22080)
NK382 AhsdR hsdM(F269G) NK309 X P1{NK378)
NK383 AhsdR hsdM(F269G) ArecA  NK382 X P1(NM659)
NK384 AhsdR hsdM(F269G) AclpX ~ NK382 X P1(SG22080)
NK386 hsdM(F269G) NK301 X ANM1394
NK388 hsdR(A619V)hsdM(F269G) NK386 X ANM1384

Affiliations: C. Boyd, Medical Research Council, Human Genetics

Unit, University of Edinburgh; S. Gottesman, National Cancer Insti-
tute, Bethesda, MD; D. R. F. Leach, Institute of Cell and Molecular
Biology, University of Edinburgh.

and F'101-103, zjj::Tnl0 hsdgR*A(MS)5. F'101-103 was
selected after plasmid—chromosome allele exchange, as de-
scribed for F'101-301 (10). pNK3 was made by transferring
the HindIII-Smal fragment containing isdR from pBg3 (22)
to pACYC184 (23) digested with HindIll and Nrul. Media
and general methods were as described previously (10).

Restriction Alleviation. 2-AP (400 pg/ml) was added to
midlogarithmic cultures grown at 37°C in LB medium. Inten-
sive aeration was provided before and during the treatment.
After 1 h, the cells were washed, resuspended in fresh broth,
and tested for restriction. UV-induced RA was measured as
described in ref. 24, and RA in response to nalidixic acid was
measured as described by (13).

Analysis of Proteins. Polypeptides were separated by elec-
trophoresis through SDS/polyacrylamide gels (25). Western
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blots used rabbit antisera against EcoKI or EcoAl and the
chemiluminescence detection system (POD) of Boehringer
Mannheim.

The stability of proteins was monitored after pulse-labeling
with [?S]methionine. Bacteria were grown at 37°C with in-
tensive aeration to an ODggo of 0.2-0.3 in minimal medium
supplemented with thiamin and all amino acids except methi-
onine and cysteine. Chloramphenicol (20 pg/ml) maintained
the presence of pNK3. Each culture was divided, and 2-AP
(400 pg/ml)y was added to one aliquot. After 1.5 h, a 1-min
pulse of [**S]methionine (25 nCi/ml) was given. Labeling was
stopped by diluting each culture with an equal volume of
prewarmed LB supplemented with L-methionine (15 pM) or
with L-methionine and 2-AP (400 pg/ml). Intensive aeration
was maintained, and samples were taken at appropriate inter-
vals. Bacteria were collected by centrifugation, resuspended in
SDS sample buffer, and boiled for 5 min, and samples were
applied to SDS/polyacrylamide gels for the separation of
polypeptides by electrophoresis.

RESULTS

CIpXP Is Necessary for RA. A simple quantitative test for
restriction relies on the fact that most unmodified A phages are
killed when they infect Escherichia coli K-12; the phage
genome is a substrate for EcoKI, the resident restriction
system. The titer of an unmodified phage lysate (A.0) on a
restricting host relative to that on a nonrestricting derivative is
referred to as the efficiency of plating (EOP). Therefore, the
inverse of EOP quantifies restriction. RA is detected as a
temporary reduction in restriction (hence, an increased EOP)
after treatment of genetically restriction-proficient cells with
agents that damage DNA.

We examined RA for Clp* and Clp~ strains in response to
each of three treatments; UV light, nalidixic acid, and 2-AP.
For each treatment, ClpX was essential for efficient RA (Fig.
1). A clpP strain was tested for RA in response to 2-AP, and
it also was deficient in RA (data not shown). The results
support our hypothesis that RA, in response to agents that
damage DNA, and the delayed expression of restriction activ-
ity after the acquisition of 4sd™ genes by an isd~ recipient are
both the outcome of a common ClpXP-dependent process. RA
for the EcoAl system in response to 2-AP also was shown to
be dependent on ClpX (data not shown).

“Constitutive” RA. Restriction is alleviated in dam strains
(26). It is known that the Dam-methylase identifies the pa-
rental DNA strand during mismatch repair, and in dam
mutants mismatch repair leads to double-strand breaks
(DSBs) (27). This alleviation of restriction in dam strains led
us to question whether other mutations that impair the effi-
ciency or fidelity of DNA replication might induce RA. If such
a phenotype occurred, would it be dependent on ClpXP? We
tested topA, mutD, and dam strains.

Mutants deficient in topoisomerase I, like wild-type cells
treated with nalidixic acid, have problems in DNA replication;
DSBs may occur when the replication forks stall (28). In

Restriction
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Fi1G. 1. Restriction of unmodified phage A by clp™ (NK301, NK300
for nalidixic acid) and clpX (NK304, NK320 for nalidixic acid)
bacteria. Only clp™ cells show restriction alleviation.
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contrast, a mutD mutation enhances the error rate of DNA
polymerase I1I (29) and the increased frequency of mismatches
may mimic the effect of 2-AP, an analogue of adenine that
causes base pair transitions.

Restriction by dam, topA, or mutD strains was at least
100-fold less efficient than restriction by wild-type E. coli K-12
(Fig. 2). If this poor restriction is the result of constitutive
expression of RA activated in response to either DNA damage
or mismatches, then a mutation in clpX or clpP should restore
restriction. Consistent with this prediction, the efficiency of
restriction was enhanced by approximately 100-fold in the
absence of ClpXP protease (Fig. 2).

ClpXP-Deficient, Restriction-Proficient Bacteria Die Dur-
ing Prolonged Exposure to 2-AP. After prolonged treatment
with 2-AP (3—4 h at 400 pg/ml), clp~ (NK303 and NK304) but
not clp™ (NK301) bacteria become filamentous, a phenotype
characteristic of the SOS response. 2-AP does not normally
activate the SOS response but, in the absence of ClpXP, it
could induce a chain of events that leads to DNA damage. The
relevance of a RecA-dependent repair pathway is supported by
the observation that recA clpX double mutants (NK323) are
supersensitive to 2-AP and do not survive low concentrations
(40 pg/ml) of 2-AP in the medium. In contrast, a recA clp™
hsd™ strain (NK308) is no more sensitive to 2-AP than its rec™
counterpart (NK301); recA strains resemble rec* in their RA
response to 2-AP.

Is ClpXP needed in the presence of 2-AP to prevent DNA
damage by the resident restriction endonuclease? We made
the clpX bacteria deficient in restriction both by deleting the
hsd genes (NK312) and by including a mutation in AsdR
(NK325), the gene essential for restriction. The restriction-
deficient bacteria were not sensitive to 2-AP. Similarly, the
hypersensitivity of the recA clpX strain was relieved by inac-
tivation of the endonuclease activity. We suggest that during
prolonged treatment with 2-AP, the ClpXP-dependent path-
way is essential to prevent EcoKI from causing DNA damage
and consequent cell death.

RA Induced by 2-AP Is Associated with a Deficiency of
HsdR. RA is not correlated with a loss of modification activity
(14, 30). It could, therefore, be the result of a deficiency in
HsdR and the consequent depletion of EcoKI (RaM>,S,), but
not the modification enzyme (M,S,).

The HsdR and HsdM subunits were monitored by Western
blots after the addition of 2-AP to both clp™ and clpX bacteria
(Fig. 3). After a lag of 20 min, a reduction in the concentration
of HsdR, but not HsdM, was detected. This deficiency of HsdR
was found only in clp™ cells in response to 2-AP. RA, there-
fore, correlated with a ClpX-dependent reduction in the
concentration of HsdR, the polypeptide essential for restric-
tion, but not modification.

HsdR Is Degraded in clp™ Cells Treated with 2-AP. The very
low concentration of HsdR detected in Clp™ cells after a
period of growth in the presence of 2-AP (Fig. 3) is consistent

Restriction

F1G.2. Restriction of unmodified phage A by dam (NK302), mutD
(NK326), and fopA (RS2) strains and their clpX derivatives (NK315,
NK327, and NK329). It is known that fopA strains accumulate
compensatory mutations in gyr4 or gyrB (21), but the fopAI10 strain
(RS2) is not known to have a compensatory mutation (21), and the
topA mutation itself correlates with impaired restriction (G. P. Davies,
personal communication).
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F1G. 3. Assays for HsdR and HsdM polypeptides after treatment
with 2-AP. (@) clp* bacteria (NK301). (b) clpX bacteria (NK304). In
the absence of 2-AP (data not shown), the assays for clp™ and clpX
bacteria were indistinguishable from those seen in b. EcoKI polyclonal
antibody, used in these Western blots, fails to detect HsdS, but detects
HsdR and HsdM and some other E. coli proteins.

with the degradation of HsdR in the presence of ClpXP, but
it could be argued that ClpXP in some way affects the synthesis
rather than the degradation of HsdR.

We therefore assayed the stability of HsdR in clp™ and cIpX
cells in response to treatment with 2-AP. The preferred
experiment was to rely on the chromosomal /sdR gene, but the
signal generated from a single copy of hsdR was weak com-
pared with those generated by other proteins. Gene dosage was
increased by cloning AsdR in pACYC184, a low-copy-number
vector. clp™ hsd* (NK301) and clpX hsd™ (NK304) bacteria
transformed with the AsdR™ plasmid (pNK3) were treated with
2-AP for 90 min to allow the establishment of RA before they
were pulse-labeled with [?*S]methionine. HsdR was unstable
in Clp* but not ClpX~ cells after 2-AP treatment (Fig. 4). In
the absence of 2-AP (data not shown) the HsdR polypeptide
was stable in clp* and clpX cells for at least 180 min.

These results are consistent with 2-AP as the activator of a
R A pathway in which HsdR is susceptible to ClpXP-dependent
proteolysis.

Functional EcoKI Is Obligatory for the Loss of HsdR That
Is Characteristic of RA. Is active EcoKI necessary to generate
the signal that leads to ClpXP-dependent degradation of
HsdR? To answer this question we tested whether 2-AP-
induced depletion of HsdR occurs in restriction-deficient
mutants. One of the mutants tested has a missense mutation
in isdR (NK351), and the other (NK352) has a wild-type ssdR
gene, but ~sdM and hsdS are deleted so that HsdR cannot form
an EcoKI complex.

HsdR was not depleted in either mutant in response to 2-AP
(Fig. 5a). This finding implies that a functional endonuclease
is required for induction of the pathway that leads to degra-
dation of HsdR. If the products of restriction by a type 1
enzyme are the stimulus for RA, the endonuclease activity of
one R-M system should induce RA for a different system. We
tested whether a functional type IB system (EcoAl), for which
RA is regulated in a ClpXP-dependent manner, induced
degradation of the HsdR polypeptide of the inactive type TA
system, EcoKI.

We transferred F'hsdAR™M*S™ (F'101-301) to the three
strains used in the previous experiment (Fig. 5a):
hsdxR*M*S*, hsdgxkR™"M™*S*, and hsdgxkR*A(MS). The
transconjugants, both untreated and treated with 2-AP, were






