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Table 1. Conjugative transter of hsdx genes to r' m recipients.

Donor strains

JC9935 F' re mg'?® JC9935 F' re'my '@
Titre of recipients”  Titre of T¢' (Cm")  Titre of recipients®  Titre of T¢" (Cm")  Titre of Tc' (Cm')  Relative frequency
after conjugation conjugants®*® after confugration  conjugants®® r*m* conjugants (%) of survival of
Recipient strains (mt " (ml ) (ml' Y (m (mt") recipients®
NM840 (C600 Ahsd gyrd)  2.1x 108 2.1x10° 2.1x10° 2.1x 108 2.1x 108 100.0
NM840 clpP 1.6x10° 1.6x10° 1.8x10° 7.4x10% 3.7x 10" 0.1
NMB840 clipX 1.4x10° 1.4x10° 3.5x10* 4.8%x10° 9.6x10" 0.03
NM840 cipA 1.6x10° 1.6x10° 1.6x10° 1.4x10% NT 100.0
NM840 clpQ 9.9x107 9.8x107 9.7x 107 9.7x107 NT 98.0
NM840 clpY 6.9x107 6.8x 10" 8.5x107 8.5x107 NT 123.2
NMB840 lon 5.2x107 45%107 6.7x107 4.8x10" NT 128.8
NM840 hfiA 7.1x107 3.2x107 1.0x10° 9.5x107 NT 140.8
NMB840 hfiB 6.2x107 25x107 6.2x107 4.4x107 NT 100.0
JR300 gyrA (E. coli C) 1.5x 108 1.5x10° 1.5x10° 1.5x10° 1.5%10°8 100.0
NM820 (E. coli C hsdC) 2.0x108 2.0x108 2.6x10" 4.8x10° <8.4x10" 0.01

a. F' re my" (F'101-202) and F’ ri' my* (F'101-201) are derivatives of F'101-102 and F'101-101, respectively (Prakash-Cheng et al., 1993),
with miniTn5-Cm insertions (de Lorenzo et al., 1990). The former includes hsdxR M *S' the latter hsdcR*M™S".

b. Nalidixic acid was used to select against the donor, with the exception of NM820 in which kanamycin was used.

¢. Tetracycline was used to select for transconjugants. When the recipient was Tc" (NM840 Jon, NM840 hflA and NM840 hfiB) chloramphenicol
was used.

d. Frequency (%) with which recipient cells survived conjugation with the donor of F'101-201 is expressed relative to that for F'101-202 (the ratio
of the titre of recipient cells after conjugation with JC9935 F'101-201 to the titre of recipient cells after conjugation with JC9935 F’101-202 as a
percentage).

NT, Conjugants have not been tested for restriction modification.

that functions as a protease, ClpX itself is a chaperone Does the CIpXP complex affect the acquisition of hsd
(Levchenko ef al., 1995; Gottesman, 1996); either or both genes by transformation?

activities could be relevant to the delayed production of

the restriction enzyme after transcription of the hsd genes. Bacteria were made competent in the uptake of DNA and
The finding that the effect of cipX is more severe than scored for the efficiency of uptake of plasmid DNA carry-
that of clpP supports a dual role for ClpX. - ing hsd genes (Table 3). In each series of experiments,

Table 2. Conjugative transfer of hsd, genes to r™m™ recipients.

Donor strains

JCO935 F' ra ma*? JC9935 F' ra*ma™?
Titre of recipients® Titre of Tc" (Cm") Titre of recipients® Titre of Tc" (Cm") Relative frequency
after conjugation conjugants®® after confugration conjugants®® (%) of survival of
Recipient strains (mt™") (mi™") (mi=" (mt Y recipients®
NMB840 (C600 Ahsd gyrA) 6.0x10" 5.9x107 6.0x107 6.0x107 100.0
NM840 clpP 3.3x107 3.1x107 6.2x10° 1.6x10° 19
NM840 clpX 5.1x107 4.0x107 1.3x10° 2.8x10° 03
NM840 clpA 1.4x10° 1.1x108 1.5% 108 1.0x108 107.1
NM840 clpQ 9.9%x 107 9.3x107 9.7x10” 8.4x107 98.0
NMB840 clpY 55%107 3.8x107 4.8x107 4.8x107 87.3
NM840 Jon 3.8x107 3.8x107 4.3%107 3.2x10” 113.2
NMB840 hilA 4.3x107 4.2x107 4.9%x107 4.6%x107 114.0
NMB840 hfiB 51107 3.3x107 4.2x107 3.9%107 82.4
JR300 gyrA (E. coli C) 1.7x10° 1.7x10° 1.0x10° 7.1%x107 58.8
NM820 (E. coli C hsdC) 1.8%x10° 1.7x108 9.1x10° 55x10° 5.1

a.F'ramat (F'101-302) and F' rafmat (F'101-301) are derivatives of F'101 (Low, 1972) in which EcoKl genes were replaced by hsdaR M* S
and hsdaR"M'S ' respectively. Both plasmids have zj::Tn 10 and miniTn5-Cm insertions as described in Experimental procedures.

b. Nalidixic acid was used to select against the donor, with the exception of NM820 in which kanamycin was used.

c. Tetracycline was used to select for transconjugants. When the recipient was Tc" (NM840 fon, NM840 hffA and NMB840 hfiB) chioramphenicol
was used.

d. Frequency (%) with which recipient cells survived conjugation with the donor of F'101-301 is expressed relative to that for F'101-302 (the ratio
of the titre of recipient cells after conjugation with JC9935 F'101-301 to the titre of recipient cells after conjugation with JC9935 F'101-302 as a
percentage).
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Fig. 1. Conjugative transfer of (A) hsdxR*M*S* and (B) hsdkR~M'S' genes to NM840 (O}, NM840 cipP (®), NM840 cipX (I1) and NM820
E. coli G hsdC (B). Cultures of donor (JC9935 F’101-201 and JC9935 F'101-202) and recipient bacteria, grown to mid-log phase, were mixed
at a ratio of 10:1 incubated at 37°C and samples were plated at 30 min intervals on media selective for recipients (nalidixic acid for NM840,

NMB840 cipP and NM840 cipX and kanamycin for NM820).

a marker plasmid was mixed with the test plasmid. The
marker was pBRK, a derivative of pBR322 in which the
bla gene had been inactivated by the insertion of the kan
gene from Tn903 at the Pstl site. The test plasmid was a
Tc® Ap' derivative of pBR322 including hsd genes, either
RT™M*S™ or R"M*S*. The ratios of Ap'/Tc¢" transfor-
mants were monitored; ratios lower than those obtained
for cip™ or hsdC™* bacteria indicated a reduced efficiency
in the recovery of the plasmid carrying the hsd genes. Sig-
nificant variations were obtained only for plasmids including
hsdR*, M* and S§*. The clpP, clpX and hsdC mutations
depressed the recovery of hsd™ plasmids by transforma-
tion, although the effect on the plasmid encoding the
EcoAl system was smaller than that on the one encoding
EcoKl. For EcoKl particularly, the hsdC strain had a
bigger barrier than either clpX or clpP derivatives of E.
coliK-12. No transformant of the hsdC strain was obtained
for the hsd plasmid carrying the EcoKl genes, whereas
among the Ap’ transformants of clpX and clpP strains

appreciable numbers (20% and 70%, respectively) were

I'K+.

The effect of clpP and clpX on the transfer of hsd
genes by P1 transduction

The efficiency of co-transduction of hsdwith dnaC, a closely
linked marker, was assessed for hsdR*M*S* (r*m*) and
hsdR™M™S™ (r_m*) donors. The dnaC325 mutation con-
fers a temperature-sensitive lethal phenotype. P1 lysates
made on hsdy and hsda donors were used to transduce
r"m~ dnaC recipient strains. DnaC* transductants were
selected at 42°C and scored for the acquisition of hsd
genes and the loss of Tn 10, a marker for Tc" on the oppo-
site side of dnaC from the hsd deletion (Tables 4 and 5).
The hsdC mutation in E. coli C has been shown to prevent
the co-transduction of the hsd* genes encoding EcoDl,
like EcoKl a member of the type IA family, but not if the
donor is hsdR™M*Sp* (O'Neill et al., 1997), and for this
reason the experiment using an hsdC host was omitted
for EcoKl. The effect of clpX on EcoKl (Table 4) resembled
that of hsdC on the acquisition of EcoDl (O'Neill et al.,
1997); ¢lpP has a smaller effect than either clpX or hsdC.
A very ditferent result was obtained for the type 1B

Table 3. The effect of cipP and clpX on uptake
of hsd genes by transformation.

Ratio of transformants with hsd plasmids to control plasmid

Recipient phsdRMSx phsdMSk phsdRMS, phsdMS,
strains (phsd ') (phsdR ™) (pFFP30) (pFFP31)
NM840 (C600 Ahsd gyrA) 3.0 10.9 9.5 6.9
NM840 cipP 6.7x10°%2 6.6 1.7 5.6
NM840 clpX 6.6x107° 10.3 2.3 7.3
JR300 (E. coli C) 2.4 6.8 4.3 5.8
"NM820 (E. coli C hsdC) <i0*2 53 6.0x10"" 8.7

a. No transformants isolated.
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Table 4. The effect of clpP and clpX on uptake of hsdx genes by P1 transduction.

Donor strains

C600 (hsdkR'M*'S" dnaC') 5K (hsdxR" M 'S™* dnaC*')

Sample dnaC'~hsd' dnaC*~Tn10° Sample dnaC*~hsdM*'S'* dnaC'-Tn10°
Recipient strains size linkage linkage size linkage linkage
NK125 (NM840 dnaC zjj::Tn10) 50 0.32 0.90 50 0.42 1.00
NK125 cipP 100 0.09 0.96 100 0.31 0.96
NK125 cipX 100 0.00 0.94 50 0.46 0.98

representative; none of the three mutations had a demon-
strable effect on the acquisition of the hsd genes of EcoAl
(Table 5). In the tests based on either conjugation or trans-
formation the barrier to the transmission of the hsd genes
encoding EcoAl was weaker than that against EcoKiI,
nevertheless it was demonstrable even for clpP.

Do clpP and cipX affect the level of restriction?

It has been shown that increasing the number of copies of
hsdR relative to hsdM and S decreases the efficiency of
plating (e.o.p.) of unmodified phage X\ (Webb et al., 1996).
It seems probable that increasing the number of copies
of hsdR increases the concentration of the restriction
endonuclease (R:M,S+) relative to that of the modification
methylase (M,S;). If the ClpXP protease normally modu-
lates the level of restriction endonuclease, perhaps by
attacking HsdR, then in its absence the balance between
the levels of the endonuclease and the modification
enzyme might be shifted in favour of the endonuclease.
The effect of the clpP and clpX mutations on the restric-
tion of unmodified phage A was assessed. Restriction by
both EcoK! and EcoAl was increased in the absence of
either ClpX or ClpP (Table 6). This is consistent with an
elevated level of the active endonuclease in cells lacking
the ClpXP protease. Similar elevated levels of restriction
were also detected for clpP and clpX derivatives of
AB1157, a strain of E. coli K-12 that already shows high

levels of restriction because it lacks a cryptic prophage
(Rac) including a gene that alleviates restriction (see
Webb et al.,, 1996). Elevated levels of restriction were
not found for hsd*k derivatives of the hsdC~ E. coli C
(data not shown). Kulik and Bickle (1996) report that
they fail to detect a change in restriction by EcoAl in an
rat derivative of an hsdC derivative of E. coli C. This
apparent difference between E. coli C and E. coliK-12 is
not explicable at the present time.

Do clpP and clpX affect the loss of hsd genes?

Some type Il R—M systems have been shown to stabilize
the maintenance of the plasmid that encodes them (Kula-
kauskas et al,, 1995; Naito et al., 1995). It has been
argued that when R—M genes are lost and the restriction
and modification enzymes cease to be made, the cells
eventually lose the capacity to modify the many target
sequences within their chromosomes and hence lose the
capacity to protect themselves against residual restriction
enzyme. Unmodified target sequences will elicit restriction
and the cell will be killed. Some R—M systems therefore
have been considered as ‘plasmid addiction systems’
(Naito et al., 1995). EcoKl, however, does not behave
in this way; genes encoding EcoKi are readily lost and
replaced (O'Neill et al,, 1997). Nevertheless, if ClpXP
affects the establishment and severity of the restriction-
proficient phenotype, it might be anticipated that it could

Table 5. The effect of clpP and clpX on uptake of hsd, genes by P1 transduction.

Donor strains

WA2899 (hsdaR "M ' S* dnaC’)

NM863 (hsdaR M*'S ' dnaC')

Sample dnaC'~hsd® dnaC'-Tn10° Sample dnaC"—hsdM'S"* dnaC'-Tn10°
Recipient strains size linkage linkage size linkage linkage
NK125 (NM840 dnaC zjj::Tn10) 60 0.48 0.83 50 0.54 0.90
NK125 clpP 100 0.63 0.88 49 0.51 0.81
NK125 cipX 100 0.65 0.80 49 0.63 0.84
NM824 (E. coli C dnaC zjj::Tn10) 48 0.31°7 0.75 48 0.33% 0.83
NM822 (E. coli C hsdC dnaC zjj::Tn10) 50 0.42° 0.90 48 0.42% 0.90

a. Lower frequencies of co-transduction were observed in similar transduction experiments between E. coli K-12 and E. coli C (O'Neill et al.,

1997).
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Table 6. The effect of clpP and cipX on expression of restriction
activity.

Efficiency of plating (e.0.p.)?

Strains Avir.0 avir K
EcoKl system®
C600 gyrA (143~ 0.02)x10 * 0.75:+0.05
C600 gyrA clpP (2.07+0.85)x10°° 0.86 + 0.29
C600 gyrA clipX (1.27 +0.24)x107° 0.95 + 0.21
EcoAl system®
WA2899 (1.25+0.11)x10 2 1.00+0.25
WA2899 clpP (2.89+0.32)x10 ° 0.87 +0.08
WA2899 clpX (1.84 = 017)x10 2 0.90+0.10

a. The data represented are based on three independent experi-
ments.

b. E.o.p. was calculated relative to NM840 AhsdRM derivative of
C600 gyrA.

c. E.o.p. was calculated relative to NM863, hsdaA M* S derivative
of WA2899.

affect the relative stabilities of the restriction enzyme
(Rz2M5S;) and the modification component (M,S5). If this
were so, in the absence of CIpXP the loss of hsd genes,
like the loss of type Il R—M genes, could lead to ‘pro-
grammed cell death’.

The fate of clpP and cipX cells after the loss of functional
hsd genes by P1 transduction was assessed. Donor
strains with deletions in hsd and a closely linked, select-
able marker (zj:Tn10 or dnaC?%) were used. Tc', or
DnaC™, transductants were selected and scored for their
restriction phenotype. If CIpXP was needed to prevent
cell death, r'm~ transductants of clp™ recipients would
be rare. A donor (NK231) with a deletion of hsdM and
S was used for the EcoKl system and the frequency
of r’m~ transductants was unaffected by mutations in
either clpP or clpX; the frequencies were 0.24, 0.22
and 0.24, respectively, for clpP (NK115), clpX (NK116)
and clp™ (NK31). In the experiment for the EcoAl sys-
tem the donor (NM789) had a deletion in hsdS. The fre-
quency of rrm™ transductants was unaffected by either
of the clp mutations; the frequencies of co-transduction
were 0.26, 0.22 and 0.24 for clpP (NK219), clpX
(NK220) and clp™ (NM858) respectively. These data
show that the cip mutations do not impede the loss of
functional R—M genes for either EcoKl or EcoAl, despite
the fact that the deletion in each donor strain left the
hsdR gene functional. Even in the absence of ClpXP, the
residual EcoKl and EcoAl do not lead to cell death when
the coding sequences for the modification enzymes are
lost.

Does the hsdC derivative of E. coli C have a defect
in clpX orclpP? )

Complementation tests were carried out using \ phages

including wild-type and mutant clp genes. Four \cip
phages (clpP*X", clpP'X ", clpP X" and cipP X )
were used to lysogenize the rm~Clp™~ derivatives of £.
coliK-12 and the hsdCrecA" derivative of E. coliC. Integra-
tion was dependent on homologous recombination as the
phages were int~. The lysogens were used as recipients
for conjugative transfer of the F’ plasmids that included
the hsd genes from E. coli K—12. The expected comple-
mentation of known clp mutations (clpP~ X" + clpP ' X )
was recognized by the efficient acquisition of F' plasmids
encoding functional EcoKl. Tests on lysogenic derivatives
of the hsdC strain were consistent with a defect in cipX
but not clpP; both AcipP*X* and NclpP~ X, but neither
AClpP* X ™ nor AclpP~ X ~, complemented the hsdC lesion.
These results agree with experiments carried out using
multicopy plasmids as vectors for the clp genes (J. Ryu,
personal communication).

Discussion

A sequential production of the modification and restriction
enzymes is imperative when the genes encoding these
activities are transferred to a recipient that lacks the appro-
priate protective modification of susceptible target sequ-
ences within its genome. For type Il systems, in which
the modification and restriction activities reside in different
enzymes rather than both sharing a common component,
there is evidence for the existence of regulatory genes,
candidates for the transcriptional control of gene expres-
sion (lves et al., 1992; Tac and Blumenthal, 1992). There
is no evidence for transcriptional control of expression of
genes for type | and type Il systems, regardless of whether
they are encoded by plasmid, phage or chromosomal
genes. Nevertheless, their transmission is efficient. One
exception, where transmission was not detected, is the
chromosomally encoded type Il system, StyLTl (de
Backer and Colson, 1991). Consistent with resistance to
transmission, and presumably therefore to change of spe-
cificity, no allelic diversity has been detected for the locus
including the genes specifying StyLTI. This contrasts with
the hsd genes encoding the type |A system StyLTill;
these hsd genes are alleles of those specifying EcoKl
and EcoAl.

The role of proteases as an alternative mechanism for
the control of gene expression is currently becoming well
documented in both prokaryotes and eukaryotes. Early
lines of evidence for this type of post-transcriptional con-
trol were provided from studies of the developmental path-
ways of phages (see, for example, Gottesman et al., 1981).
Recent biochemical experiments have shown that the Cl|
regulatory protein of X is degraded by the essential host
protease FtsH, alias HfIB (Kihara et al., 1997; Shotland et
al., 1997), and that the Mu repressor is a target for the
CipXP protease (Laachouch et al., 1996). The complex,
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hetero-oligomeric type | and type Il R—M systems offer
specific targets that would enable proteases to elicit tem-
poral control of the two activities. The simplest model
would require that one subunit of a complex restriction
endonuclease, a subunit essential for restriction but not
modification, is the target for proteolysis. The association
of this subunit with the component essential for modifica-
tion — the Mod subunit of a type Il enzyme or M,S; com-
plex of a type | system — would protect the sensitive
subunit — Res for a type il system and HsdR or R for a
type | — from proteolysis.

Redaschi and Bickle (1996) used Western blots to moni-
tor the production of the Res subunit of the type Il systems
EcoP1l and EcoP15!. They detected very little Res in the
absence of Mod and suggested that the Mod subunit may
regulate the amount of Res by protecting it from degrada-
tion by proteases. Some mechanism of control for type |
systems was anticipated from early observations that the
genes encoding the modification component of a type IB
system, EcoAl, could not be transferred to a recipient con-
taining a plasmid expressing the hsdR gene (Fuller-Pace
et al., 1985; Suri and Bickle, 1985). More recently, it has
been demonstrated that the efficient establishment of the
genes encoding a type A system (Prakash-Cheng et al.,
1993) or a type IB system (Kulik and Bickle, 1996) in a
new host is dependent on the product of the hsdC gene
of E. coli, whereas the plasmid-encoded genes for a mem-
ber of the IC family are efficiently transferred even to an
hsdC "~ recipient (Kulik and Bickle, 1996). Our experiments
identify both polypeptides of the ClpXP protease as neces-
sary for the efficient acquisition of the genes encoding
either EcoKl or EcoAl. A simple explanation of this result
is that the CIpXP protease, or a component of this com-
plex, competes with the methylase (M,S;) for interaction
with HsdR, thereby delaying the production of the complex
with endonuclease activity.

The cipXand P alleles used in our experiments are well-
characterized null mutations. Our data show that ClpX and
ClpP are both relevant to the transmission of hsd genes
for members of both the type IA and IB families of R~M
systems but that the clpX mutation imposes a stronger
barrier than clpP, implicating a dual role for ClpX, possibly
as a chaperone and as a component of the CIpXP protease.
Although efficient transmission of the hsdk and hsda
genes to other strains requires CipX and CipP, the hsd
genes for EcoKl are more dependent than those for
EcoAl. Furthermore, the strength of the barrier imposed
by clp mutations is influenced by the mode of transmis-
sion: conjugation and transformation being more sensitive
than P1 transduction. The relevance of the mode of gene
transfer and the ditference between families is accentuated
by the P1 transduction experiments. In the case of EcoAl,
no barrier was detectable even for a clpX recipient (Table
5). Our data, particularly for transformation (see Table 3)
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indicate a difference between the phenotype of the clpX
mutation in E. coli K-12 and the phenotype of the hsdC
mutation in the recA* derivative of JR302 (NM820). The
difference may reflect an additional mutation or the differ-
ent genetic backgrounds. Genetic analysis of JR302 is hin-
dered by the fact that JR302 is a hybrid of £. coliC and E.
coli K-12.

The hsd, genes may be more amenable to transfer
because the modification component of this system is
active on unmethylated target sequences (Suri and Bickle,
1985), whereas that of £coKl has a very strong preference
for hemimethylated DNA (Dryden et al., 1993). The rele-
vance of the mode of gene transfer is not known, but it is
possible that cells receiving DNA from P1 capsids are
less sensitive to restriction, less vuinerable to DNA degra-
dation, or both. It is known that the Dar function of P1 pro-
tects the donor DNA from restriction enzymes present in
the recipient cell (lida et al., 1987). The same, or another,
function could provide some protection against a restric-
tion activity encoded by donor genes.

The current thinking about ATP-dependent proteases,
including CIpXP, is one in which a structural component
of the protease has intrinsic chaperone activity and it has
been suggested that the initial steps in energy-dependent
protein degradation may be similar to those of chaperone-
dependent protein folding. Gottesman et al. (1997) have
proposed a general model for handling misfolded proteins
in vivo in which either swift refolding of proteins with func-
tional potential is achieved or irreversibly denatured and
damaged proteins are rapidly degraded. If this model is
applied to type | R—M systems, on the assumption that
HsdR subunits are the substrate for the CIpXP protease,
a failure to stabilize an inactive polypeptide would lead to
loss of restriction potential. In fact, our experiments show
that restriction is enhanced in a clpX bacterium, consistent
with increased levels of functional EcoKl (RaM,S;). This
result implies that ClpX chaperone activity is not essential
for endonuclease activity, rather that ClpX may play the
opposite role of inducing a change from the functional
form of HsdR to one that becomes a substrate for degra-
dation by the CIpXP protease. This role could be one in
which HsdR is destabilized, making it a substrate for pro-
tease activity, or one in which HsdR is either prevented
from interaction with or made unsuitable for interaction
with the modification methylase. Association of HsdR with
the methylase could block access of ClpX to its target
sequence. Precedence for explanations of this sort have
been provided recently for the MuA transposase in which
target sequences for ClpX and MuA overlap {Levchenko
et al., 1997). Although potential target sequences in the
HsdR polypeptide can be identified, it is premature to
speculate. It remains to be determined whether HsdR itself
is a substrate for the ClpXP protease, but the identification
of CIpXP as a host factor facilitating the transmission of type
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Table 7. Bacterial strains.

Strain Relevant genotype or phenotype Source or origin
E. coliK-12
AB1157 r«'my* rac-0 De Witt and
Adelberg (1962)
C600 g Appleyard (1954)
5K C600 hsdR514 Hubacek and Glover
(1970)
JC9935 AB1157 recA13 sup® A. J. Clark
KL719 F' 101 (hsdxR'M*S") Low (1968)
NM477 C600 AhsdMS Gough and Murray (1983)
NM654 C600 AhsdRM Loenen et al. (1987)
NM789 AhsdS, Thorpe et al. (1997)
TPC48 dnaC325 zjj::Tn10 Masters et al. (1989)
WA2552  hsdR (ra ma*) Arber and Wauters-
Willems( 1970)
WA2899  CB600 rx mk ra*ma’ Fuller-Pace et al. (1985)
XL1-Blue recAt endA1 gyrA96 (Nal') thi hsdR17 (rx mk™) Bullock ef al. (1987)
supEd44 relA1 lacF' [Tn10(Tc') proAB
lact9AlacZM15)
SG20252 MC4100 lon-100 zba-3000::Tn10 Trisler and Gottesman
(1984)
SG21173  MC4100 AcipA::kan Gottesman (1990)
SG22007 MC4100 AcipP1:cat Maurizi et al. (1990)
SG22080 MC4100 AcipX1::kan Gottesman et al. (1993)
S$G22129 MC4100 AclpP1::cat AcipX1::kan S. Gottesman
SG22192  MC4100 AclpQ::cat W.-F.Wu and
S.Gottesman
SG22193 MC4100 AclpY::cat W.-F.Wu and
S.Gottesman
MA156 hflA150 Tn10* M. A. Hoyt
WAB8304 hflA150 hfiB29 zgj25:Tn10 Banuett et al. (1986)
NK31 C600 gyrA96 C600x P1(XL1-Blue)
NM840 C600 gyrA96 AhsdRM (rx my¢ ™) NK31 x P1(NM654)
NM858 WA2899 dnaC325 zjj::Tn10 WA2899x P1(TPC48)
NM863 WA2899 hsdR NM858 x P1(WA2552)
NK121 NM840 AclpP1::cat NM840 x P1(SG22007)
NK123 NM840 AclpX1::kan NM840 x P1(SG22080)
NK152 NM840 lon-100 zba-3000::Tn10 NMB840 x P1(8G20252)
NK188 NM840 AcipA::kan NM840 x P1(SG21173)
NK190 NM840 AclpQ::cat NM840x P1(5G22192)
NK191 NM840 AclpY::cat NM840 x P1({SG22193)
NK228 NM840::Tn10 hflA150* NM840 x P1({MA156)
NK229 NM840 hflB29 zgj25::Tn10 NM840 x P1(WAB304)
NK113 AB1157 AclpP1::cat AB1157 xP1(8G22007)
NK114 AB1157 AclpX1::kan AB1157 x P1(SG22080)
NK115 C600 gyrA96 AclpP1::cat NK31xP1(SG22007)
NK116 C600 gyrA96 AcipXt.:kan NK31 x P1(SG22080)
NK125 NM840 dnaC325 zjj:Tn10 NM840 x P1(TPC48)
NK122 NK125 dcipP1::cat NK125x P1(8G22007)
NK124 NK125 AclpXT::kan NK125x P1(SG22080)
NK167 NM840 hsd,R*M*S* zjj:Tn10 NK125xP1(WA2899)
NK170 NM840 hsd,R " M™S* zjj:Tn10 NK125x P1{NM863)
NK219 NM858 AcipP1::cat NMB858 x P1(8G22007)
NK220 NMB858 AclpX1::kan NM858 x P1(SG22080)
NK231 NM477 gyrA96 zjj:Tn10 NM477 gyrAx P1(TPC48)
NK233 WA2899 AclpP1:.cat WA2899 % P1(5G22007)
NK234 WA2899 AclpX1::kan WA2899x P1(SG22080)
E. coliC
JR300 wild type r’'m° Prakash-Cheng et al.
(1993)
JR302 JR300 recA hsdC Km' Prakash-Cheng et al.
(1993)
NK38 JR300 gyrA96 JR300 x P1(XL1-Blue)
NM820 JR302 recA” O'Neill et al. (1997)

NM822 NM820 hsdxR M'S' dnaC325 zjj:Tn10 hsdC  O'Neill et al. (1997)
NM824 JR300 hsdxR M*S' dnaC325 zjj:Tn10 O'Neill ef al. (1997)

*Where Tn10is linked to hflA150.
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I R—M genes enables investigation of the role of CipX and
ClpP in the sequential controf of the modification and
restriction activities at a molecular level.

Experimental procedures
Bacterial strains

These are listed in Table 7.

Plasmids

F’101-201 and F’'101-202, respectively, are hsdk® and
hsdR~ Cm' derivatives of F'101-101 and F’101-102 (Pra-
kash-Cheng et al., 1993). Chloramphenicol resistance, con-
ferred by miniTn5-Cm, was transposed from the mobilizable
vector pUT/Cm as described by de Lorenzo et al. (1990).

F' plasmids with hsda™ genes (F'101-301) and an hsdR~
derivative (F'101-302) were isolated following the conjugative
transfer of F'101 (Low, 1972) to NK167 (ra"ma*) and NK170
(ra”ma™) respectively, recipient strains with a Tc¢" marker
(zjj=Tn10) linked to the chromosomal hsd, genes. F'101
includes a chromosomal segment of the E. coli K-12 genome
that spans hsd and zjj::Tn10. Recombinant derivatives in
which the hsdk genes on the F’ had been replaced by the
hsda genes were detected by transfer of the F’ plasmids to
the recA strain JC9935. T¢" Sm' conjugants were tested for
restriction and modification by the EcoAl system and for
their ability to co-transfer tet and the hsda genes. MiniTn5-
Cm derivatives of the new plasmids were selected as
described above.

Other plasmids were derivatives of pBR322. One pair
(phsd* and phsdR ™) includes the hsd genes of E. coli K-12
differing only by a missense mutation in hsdR (O’Neill et al.,
1997). Similarly, pFFP30 includes the three functional hsd
genes encoding EcoAl, and pFFP31 lacks the hsdR gene
(Fuller-Pace et al., 1985). pBRK has a kan gene inserted at
the Psti site in the bla gene, thereby conferring an Ap*Km'
phenotype. pWPC16 includes clpX™* and clpP::cat (Maurizi
et al., 1990).

Phages

Avir was used as a test phage for restriction and modifica-
tion systems. Other phages were the following cip derivatives
of the A vector NM1151 (Murray, 1983). The AclpPtX™"
(ANM1357) includes a 6.2kb BamHI| fragment from the
Kohara phage 148 (Kohara et al., 1987), a clpX::kan deriva-
tive (\NM1361) has the homologous BamH! fragment from
NM840cipX, and a clpP::cat derivative (\NM1359) was made
by inserting the Hindlll—BamH| fragment from pWPC16 (Maur-
izi et al., 1990); this A\clpP ™ X+ phage, like pWPC16, has a dele-
tion that extends from within the tig gene, upstream of cipf
into bolA, leaving clpX as the only functional gene within the
cloned DNA fragment. AclpP::cat clpX::kan (\NM1362) was
made in vivo by excision of the prophage from the clpP::caf
clpX::kan double mutant (SG22129) lysogenic for NclpP::cat
(ANM1359).
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Microbial methods

Media and general methods have been described (Murray et
al.,, 1977). P1 transductions were carried out according to
Miller (1992) and conjugation experiments followed the proce-
dures described by Prakash-Cheng et al. (1993). Cells were
made competent in the uptake of DNA by electroporation
using a Gene Pulser (Bio-Rad). Some lysogens could be
selected as Cm" or Km' colonies; if not they were selected
as immune colonies at 32°C, using Ab2 imm?®'c/~ and h®2
b522 imm?' ¢/~ phages for selection.
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