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Unmodified bacteriophage T5 is able to to grow normally on bacterial hosts
carrying three different Escherichia coli restriction systems, EcoK, EcoPI, and
EcoRI. Under the same conditions, the plating efficiency of bacteriophage X is
less than 10'9. At least in the case of EcoRI, this lack of in vivo restriction is not
due to lack of restriction sites on the T5 DNA molecule. These observations
suggest that bacteriophage T5 specifies one or more restriction protection systems.
Mutants (ris) of T5 have been isolated which confer sensitivity to EcoRI restric-
tion but not to EcoK or EcoPI. The mutations are located in the pre-early region
of the genetic map but are too far apart to be alleles of a single gene. Comple-
mentation studies show that the ris mutants can be helped to grow on the EcoRI-
restricting host by coinfection with T5+. This result provides evidence for a
restriction protection function but does not necessarily show that the ris mutants
are defective in such a system.

The phenomenon of host-controlled restric-
tion and modification has been elucidated using
bacteriophage X and Escherichia coli as a model
system (1, 4). Restriction endonucleases recog-
nize specific sequences on the DNA and cause
cleavage of the molecule (16, 27). In the case of
class II restriction enzymes (e.g. EcoRI), the site
ofrecognition and the site of cleavage is identical
(7) so that the sites can be located on the genome
by physical (23) as well as genetical means (18).
Class I restriction enzymes (e.g. EcQK and
EcoPI) act by a different mechanism, since the
site of cleavage is not the same as the site of
recognition and they have different cofactor re-
quirements (9, 17). In both cases, DNA not
containing restriction recognition sites is insen-
sitive to restriction in vivo and in vitro (18).
We investigated the in vivo restriction of bac-

teriophage T5 for both class I (EcoK and EcoPI)
and class II (EcoRI) restriction systems and
found, surprisingly, that T5 is insensitive to
these systems individually or in combination. T5
DNA does not contain unusual bases (25), and
it seems very unlikely that a DNA molecule of
molecular weight 77 x 10O would contain no
recognition sites for any of these three enzymes.
In the case of EcoRI it is known that T5 DNA
has six sites sensitive to EcoRI in vitro (5, 20).
A likely hypothesis is that T5 specifies one or

more restriction protection systems such as have
been found in bacteriophages T3, T7, and Mu 1
(6, 11, 22, 24). To test this possibility we isolated
mutants of bacteriophage T5 sensitive to EcoRI,

EcoK, and EcoPI restriction systems. This com-
munication describes the genetic properties of
mutants sensitive to the EcoRI restriction sys-
tem.

Recently we have found that the EcoRI-sen-
sitive phenotype of the ris mutants is due not to
a defective restriction protection system but to
the creation by mutation of new EcoRI sites
located in the pre-early region of the DNA mol-
ecule, where EcoRI sites do not naturally occur.

MATERIALS AND MErHODS
Media. L-broth contained 1% Difco tryptone broth,

1% NaCl, and 0.5% yeast extract, and for use with
bacteriophage T5 it was supplemented with 1 mM
CaCl2. L-agar was made by the addition of 1.2% Difco
agar to L-broth.

Bacterial and bacteriophage strains. E. coli
strains are described in Table 1. Mutants of bacterio-
phage T5 (8, 13) were obtained from N. Kleckner or
D. McCorquodale.

Transformation. Plasmid DNA was extracted and
purified by the method of Smith et al. (21). Plasmids
were transferred from one strain to another by trans-
formation (15) followed by selection for resistance to
ampicillin or immunity to colicin El (ColEl).

Mutagenesis. E. coli W3350 was grown in L-broth
+ 1 mM CaCl2 to a density of 3 x 108 cells per ml. The
culture was concentrated 10-fold by centrifugation and
suspension in 10 mM Tris-hydrochloride (pH 7.4)-10
mM MgCl2-1 mM CaCl2 and infected with bacterio-
phage T5+ at a multiplicity of infection of 10. After 20
min at room temperature, the culture was centrifuged,
suspended in L-broth + 1 mM CaCl2, and shaken at
37°C for 10 min. The bacteria were then centrifuged
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TABLE 1. Strains of E. coli
Strain Relevant genotype Source or reference

W3350 hsdR+ hsdMW supo gal H. Echols
803 hsdR- hsdMC metB supE N. Murray
ED8655 hsdR- hsdMW metB supE N. Murray
NTP13 (1100) ColEl, EcoRI R+, EcoRI M+/endA thi N. Murray
NTP14 (1100) ColEl, EcoRI R+, EcoRI M+ ampR/endA N. Murray

thi
NTP13 R-M+ (1100) ColEl, EcoRI R-, EcoRI M+/endA thi Yoshimori et al. (26)
NTP14 (W3350) ColEl, EcoRI R+, EcoRI M+ ampR/hsdR+ J. Davison'

hsdM+ supo
NTP14 (ED8655) ColEl, EcoRI R+, EcoRI M+ amprihsdR- J. Davison'

hsdM+ supE
ColEl (ED8655) ColE1/hsdR+ hsdMA supE J. Davison'
NTP13 R-M+ (ED8655) ColEl, EcoRI R-, EcoRI M+/hsdR- hsdMW J. Davison'

supE
W3350 (PI) hsdR+ hsdM+ supe (EcoPI R+, EcoPI M+) J. Davison
NTP14 (W33501PI]) ColEl, EcoRI R+, EcoRI M+/hsdR+ hsdMi J. Davison'

supo (EcoPI R+, EcoPI M+)
JD197 (ABhcFrex+) Xrex+ Pastrana and Davison (19)
JD197 (XBhcl7rex-) Xrex- Pastrana and Davison (19)

aStrains were constructed in this laboratory by transformation using purified plasmid DNA obtained from
other strains listed.

and suspended in 100 mM sodium citrate buffer (pH
5.5) containing N-methyl-N'-nitro-N-nitrosoguanidine
(Sigma Chemical Co.) at a concentration of 1 mg/nal.
After 30 min at 37°C, the culture was washed, sus-

pended in L-broth + 1 mM CaCl2, and shaken at 37°C
until lysis.

Isolation of EcoRI-sensitive mutants of bacte-
riophage T5. Isolated plaques of mutagenized T5+,
growing on W3350, were transferred to bacterial lawns
of W3350 and NTP14(W3350) (carrying the CoIEl
type plasmid coding for EcoRI restriction and modi-
fication). Those plaques able to grow on W3350 but
not on NTP14(W3350) were repurified by two sequen-
tial single-plaque isolations on W3350 and investigated
as possible restriction-sensitive mutants.

Genetic mapping. ED8655 was grown to a density
of 3 x 105 cells per ml and infected with each mutant
of bacteriophage T5 at a multiplicity of infection of 5
phage per cell. After adsorption for 20 min at room
temperature, the culture was diluted 20-fold into L-
broth + 10 mM CaCl2 and shaken at 37°C until lysis.
The number of wild-type recombinants was measured
by plating on a strain on which neither parent alone
is able to grow.

RESULTS

Restriction insensitivity of bacterio-
phage T5. The results given in Table 2 show
the relative plating abilities of unmodified A'
and T5+ phages on various restricting hosts. It
is clear that whereas bacteriophage A is sensitive
to all the EcoK, EcoPI, and EcoRI restriction
systems, T5 is virtually insensitive even to the
three systems in combination. It is unlikely that
the T5 DNA molecule (77 x 106 daltons) com-

pletely lacks restriction sites for all three restric-
tion systems, and in the case of EcoRI it is
known that T5 DNA has six EcoRI cleavage

TABLE 2. Efficiency ofplating of bacteriophage
T5+ on various restricting hostse

Efficiency of plat-
ing of bacterio-

Host Restriction system phage

A T5

ED8655 None 1.0 1.0
NTP14 (ED8655) EcoRI 3 x 10_ 7 x 10'
ED8655 (PI) EcoPI 1 x 10-4 9 X 10-1
W3350 EcoK 2 x 10-3 9 x 10-l
NTP14 (W3350) EcoRI, EcoK 3 x 10-" 7 x 10-'
W3350 (PI) EcoK, EcoPI 1 x i0-8 9 x 10-'
NTP14 (W3350 EcoK, EcoPI, <10-i 5 x 10-'

[PI]) EcoRi
" Bacteriophage grown on a host lacking a restriction-mod-

ification system were plated on hosts carrying combinations
of the EcoRI, EcoPI, and EcoK systems.

sites (5, 20). It therefore seemed more probable
that restriction insensitivity results from protec-
tion caused by a T5 coded gene product, and to
identify such a protection system a search was
made for a mutant in this hypothetical gene.
T6ris mutants are sensitive to in vivo

restriction by EcoRI. After mutagenesis, mu-
tants (ris) were isolated that were unable to
grow on strains carrying the plasmids NTP13 or
NTP14, which are ColEl-type plasmids speci-
fying the EcoRI restriction-modification system
(21). The properties of three independent ris
mutants are shown in Table 3. The mutants
make plaques ofnormal size on hosts lacking the
EcoRI system but, on restricting hosts, tiny
plaques and normal-sized plaques are found at
a 10-2 and 10-' frequency, respectively. This
behavior of forming plaques of two different
sizes contrasts with the classical behavior of
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TABLE 3. Effect ofEcoRI restriction on T5ris
mutants

Plating on host carrying EcoRI restriction sys-
tema

Phage R+M+ R+M+
None R-M+ (tiny (normal

plaques) plaques)
A 1.0 7x 10' 3x 10-4
T5 1.0 1.2 7 x 10'
T5risl 1.0 7 x 10-' 6 x 10-3 4 x 10-5
T5ris2 1.0 1.0 2 x 10-2 1 x 10-4
T5ris3 1.0 6 x 10-1 5 x 10-2 5 x 10-4
a The results given represent the plating ability of

T5+ and its mutants on strains carrying (i) no restric-
tion system [ED8655 or ColEl (ED8655)]; (ii) a mu-
tant of NTP13 that lacks EcoRI restriction but not
EcoRI modification [NTP13 R-M+ (ED8655)]; (iii)
and (iv) the complete EcoRI restriction modification
system carried by plasmid NTP13 or NTP14 [NTP13
(1100) or NTP14 (ED8655)].

bacteriophage X, which forms only normal
plaques at low efficiency on the restricting host.
The properties of large-plaque "revertants" of
T5ris mutants are described in the accompany-
ing paper (3).
Evidence that the EcoRI restriction system is

responsible for the low plating efficiency of ris
mutants is provided by the observation (Table
3) that ris mutants form plaques with normal
efficiency on a strain carrying a mutant of plas-
mid NTP13 which lacks the EcoRI restriction
endonuclease but which is not defective for mod-
ification (26). The ris mutants are not tempera-
ture sensitive or suppressible by supE.
T5ris mutants are insensitive to in vivo

restriction by EcoK and EcoPI. To test
whether ris mutants had also acquired sensitiv-
ity to in vivo restriction by EcoK and EcoPI, the
mutants were grown on a host lacking the ap-
propriate restriction-modification system and
were then tested for their ability to form plaques
on the restricting host. The results (Table 4)
demonstrate that ris mutants are not sensitive
to EcoK and EcoPI restriction, showing that
they are not defective in a generalized restriction
protection system.

Sensitivity to the Xrex product of bacte-
riophage A. It was found that one of the three
mutants (risl) was also unable to grow on a
strain lysogenic for bacteriophage A (Table 5).
To investigate the X gene responsible for the
inhibition, T5risl was tested for its ability to
grow on a cryptic A lysogen, in which the rex
gene product is the only gene ofA expressed, and
on an isogenic control strain in which the rex
gene is inactivated by mutation (19). These ex-
periments showed that the inhibition of T5 is
due to the rex gene product of bacteriophage A.
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Mutants (Ir) of bacteriophage T5 that are un-
able to grow on a A lysogen have been described
previously (10) and map within the Al gene
located in the pre-early region of the T5 genetic
map. The mechanism by which A product in-
hibits the growth of T51r mutants is not known.
To ascertain whether the risl mutation was

responsible for both the EcoRI- and the A-sen-
sitive phenotypes, revertants were studied that
had been selected for insensitivity to either
EcoRI or to Arex product. Of 21 independent
Arex-insensitive revertants, 5 had simultane-
ously become insensitive to EcoRI. Similarly,
among 21 revertants selected for insensitivity to
EcoRI, 11 were able to grow on A lysogens.
These results show that the risl mutation is
responsible for both phenotypes and that re-
vertants can acquire insensitivity to each inde-
pendently. It is likely that those revertants that
simultaneously become insensitive to both
EcoRI and A are true back mutations at the
same site as the original mutation. Two new
mutants, isolated as unable to grow on a A lyso-
gen, were not EcoRI sensitive (Table 5), showing
that the two effects are not normally correlated.
Genetic mapping of ris mutations. Bacte-

riophage T5 is unusual in that, although it has
a single DNA molecule, it behaves genetically as
though it has four linkage groups which recom-

TABLE 4. Effect ofK and PI restriction on T5ris
mutantsa

Plating on host carrying restriction system:
Phage

None K PI

A 1.0 2 x 10-3 1 X 10-4
T5+ 1.0 8X 10- 9X 10-'
T5risl 1.0 7 x 10'1 1.0
T5ris2 1.0 6 x 10-' 7 x 10-'
T5ris3 1.0 7 x 10-1 1.0

aBacteriophage grown on a host carrying no restric-
tion system were plated on bacteria containing the
EcoK (W3350) or EcoPI (ED8655[PI]) restriction sys-
tem.

TABLE 5. Growth of T5ris mutants on lysogens of
bacteriophage A'
Plating ability on bacterial host:

Phage
0 (A) EcoRI (A)

T5+ 1.0 1.0 0.73
T5risl 1.0 3 x 10-6 7 x 10-7
T5ris2 1.0 1.0 5 x 10-5
T5ris3 1.0 1.0 8 x 10-4
T51r 1.0 3 x 10-6 3 x 10-6
a Bacteriophage were plated on W3350, W3350 (A),

and NTP14 (W3350[A]). T51r is a newly isolated mu-
tant that is unable to grow on a X lysogen but is
insensitive to EcoRI restriction (data not shown).
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bine maximally with each other (8). Preliminary
data showed that the ris mutations belong to
the A linkage group since they show maximal
recombination with members of linkage groups
B, C, and D. The A linkage group has only two
known essential genes, Al and A2, and genetic
recombination studies between mutants in these
genes and the ris mutants gave the genetic map
shown in Fig. 1. The recombination frequencies
given in Fig. 1 are highly reproducible between
different experiments but tend to be nonadditive
over long distances. A similar phenomenon can
be seen in the data for the genetic map of Hen-
drickson and McCorquodale (8).
The risl mutation (which also confers sensi-

tivity to A rex product) is closely linked to the
Alam27 mutation. This is in agreement with
previous observations (10) that certain Al gene
mutations show a A-sensitive phenotype. The
A-sensitive mutants isolated in this laboratory
showed close linkage to both Alam27 and to
risl (Davison and Brunel, unpublished data).
Although the risl, ris2, and ris3 mutations are

located within the A linkage group, they are not
closely linked within this linkage group. The fact
that the A2am231 mutation is located between
risl and ris3 makes it impossible that the ris
mutations are different alleles of the same gene.
In the accompanying communications, it will be
shown that the ris mutations are in fact new
EcoRI-sensitive sites located in the pre-early
region of the DNA molecule (3; Brunel and
Davison, J. Mol. Biol., in press).
Another pre-early gene, A3, is responsible for

the inability to grow on a host harboring the
colicinogenic factor ColIb. Mutants in this gene
allow T5 to grow on this host (13). The precise
mapping of such mutants is difficult, since wild-
type recombinants cannot be specifically se-
lected. When crossed with Alam27, A2am231,
ris2, and ris3, the mutant A3hl2 gave 34, 2, 2,
and 21 wild-type recombinants, respectively,

among 720 progeny tested for each cross. These
limited data suggest the tentative location of
A3hl2 between A2am231 and ris2. This assign-
ment is consistent with the results of Beckman
et al. (2).
Protection of ris mutants by T5+. If, as

suggested, T5+ specifies a restriction protection
function, it may be expected that this could
prevent restriction of the ris mutants in trans
during mixed infection. To test this point the
yield of T5ris progeny was measured after in-
fecting an EcoRI restricting host and also after
coinfection of the same host by both T5+ and
T5ris. Under these conditions, an increase in the
yield of ris progeny in the coinfection would
indicate that T5+ was able to protect the ris
mutant from EcoRI restriction. In the experi-
ment the mutant T5 Alam27 was used as the
wild-type helper, since the Alam27 mutation is
suppressed on the supE EcoRI host used for
complementation. Scoring the progeny is thus
facilitated, because the helper can be removed
by plating on a supo host. Moreover, recombi-
nation between Alam27 and risl is low, due to
close linkage.
The results of such an experiment are given

in Table 6. The assays on ED8655, W3350, and
NTP14(W3350) represent total phage, ris phage
plus wild-type recombinants, and wild-type re-
combinants, respectively. It is clear that the
presence of the suppressed Alam27 mutant al-
lows the ris mutant to grow on the restricting
host, whereas it cannot do so in the absence of
helper. In view of the fact that the ris mutations
represent new EcoRI sites (3), the explanation
of this complementation result is not clear, but
a possible explanation will be given in the next
section.

DISCUSSION
The observation that bacteriophage T5 is in-

sensitive in vivo to three different restriction

Al
risl am27

A2 IA3\
am231 \h12) r is2

I I I l
2.5 8.2 4.8

9.6 13.2

11.6

19.2

9.2

17. 6

FIG. 1. Genetic mapping of T5ris mutants. Genetic crosses between the various mutants were performed as
described in the text. The figures given represent percentage of recombination and were calculated as twice
the ratio between the number ofplaque-forming phages on NTP14(W3350) and ED8655.

ris3

12.8
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TABLE 6. Complementation of T5ris by T5,a

Plaque-forming ability when

Complemen- assayed on:
Infection by tation on 8

5U~D EcoRI

risl sup+ 6 x 109 6 x 109 1 x 105
Alam27 sup+ 4 x 109 3 x 104 2 x 104
risl + Alam27 sup+ 3 x109 4 x 108 1 x 107
risl sup+, EcoRI 4 x 106 4 x 106 4 x 104
Alam27 sup+, EcoRI 2 x 109 8 x 103 8 x 103
risl + Alam27 sup+, EcoRI 3 x 109 2 x 10W 4 x 107

Complementation tests were carried out by infection of
NTP14 (ED8655) (amp+, EcoRI), at a density of 3 x 109 cells
per ml, with T5 Alam27 (multiplicity of infection = 5) and
T5ris (multiplicity of infection - 1). On this host T5 Alam27
behaves as wild type, but T5risl is restricted. As a control the
same experiment was carried out on ED8655, on which both
mutants grow normally. Progeny phage were assayed on
ED8655 (8UP+, no restriction), W3350 (sup0, no restriction)
and NTP14 (W3350) (sup0, RI restriction), respectively.

systems of E. coli (EcoK, EcoPI, and EcoRI)
suggests that it may have evolved one or more
restriction protection mechanisms. This is sup-
ported by the knowledge that the DNA contains
only the four usual bases (25) and, at least in the
case of EcoRI, carries six cleavage sites (5, 20).
Restriction protection functions have been de-
scribed for bacteriophages T3, T7, and Mu I (6,
11, 22, 24).
We have attempted to isolate mutants of T5

defective in the hypothetical restriction protec-
tion system, and, as a first approach to this
problem, have isolated ris mutants that are un-
able to grow on EcoRI restricting hosts. The
mutants remain insensitive to EcoK and EcoPI
restriction, indicating that they are not defective
in a general protection system which confers
insensitivity to all restriction systems. The map
location of the ris mutants shows that they are
too widely spaced to lie within a single cistron,
though all lie within the pre-early linkage group
A. One of the mutations, risl, lies within a
previously recognized essential gene, Al, since it
is closely linked to the Alam27 mutation and
exhibits the sensitivity to Xrex gene product
characteristic of certain Al gene mutants (10).
These observations are consistent with the

finding that the ris mutations represent new
EcoRI cleavage sites located in the terminally
redundant ends of the molecule (4; Brunel and
Davison, in press). The new EcoRI sites gener-
ated by the ris mutations presumably result
from a base change in a sequence already resem-
bling the 6-base pair EcoRI cleavage site (7). In
the case of the risl mutant, the base change has
resulted in a second phenotype, sensitivity to
Xrex gene product, probably caused by an amino
acid change in the Al protein. The two pheno-
types can revert together or separately. This is

best explained by suggesting that when they
revert together the original base sequence is
restored. In contrast, revertants to Xrex insensi-
tivity alone probably result from a pseudo-re-
version inducing a compensatory amino acid
change elsewhere in the Al protein but not
changing the new EcoRI site. Similarly, the
EcoRI - insensitive, Xrex - sensitive revertants
may be caused by a change in one of the other
base pairs in the EcoRI cleavage site.
The complementation data that show that

T5+ can protect T5ris from EcoRI restriction
are difficult to explain in light of the knowledge
that the ris mutants create new restriction sites
located in the terminally redundant, pre-early
region of the DNA molecule. The most probable
explanation is that infection is not highly syn-
chronous, so that in some cases the ris mutant
enters a cell that has already been infected by
TV and in which the protection function has
already been expressed. Alternatively, the com-
plementation may be due to protection of the ris
mutation located at the other end of the DNA
molecule, followed by marker rescue by recom-
bination, which is very efficient in T5. More
evidence is needed to test the validity of these
hypotheses, but the fact that the ris EcoRI sites
can escape restriction and appear in the progeny
on coinfection with T5V provides strong evidence
that T5 specifies a restriction protection func-
tion.
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