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The hsd (Host Specificity) Genes of E. coli K12

Bela Sain* and Noreen E. Murray **

Department of Molecular Biology, University of Edinburgh, Edinburgh, Scotland

Summary. The Asd genes of E. coli K12 have been
cloned in phage 2 by a combination of in vitro and
in vivo techniques. Three genes, whose products are
required for K-specific restriction and modification,
have been identified by complementation tests as
hsdR, M, and S. The order of these closely linked
genes was established as R, M, S by analysis of the
DNA of genetically characterised deletion derivatives
of ihsd phages. The three genes are transcribed in
the same direction but not necessarily as a single
operon. Genetic evidence identifies two promoters,
one from which transcription of hsdM and S is initiat-
ed and a second for the hsdR gene.

The hsdR gene codes for a polypeptide of molecu-
lar weight ~130000; hsdM for one of 62-65000 and
the /1sdS gene was associated with two polypeptides
of approximately 50000. Circumstantial evidence sug-
gest that one of these two polypeptides may be a
degradation, or processed, derivative of the other.
The hsdS polypeptide of E. coli B has a slightly higher
mobility in an SDS-polyacrylamide gel than does that
of E. coli K12. e

A probe comprising most of the AsdR gene and
all of the hsdM and S genes of E. coli K12 shares
extensive homology with the DNA of E. coli B but
none with that of E. coli C.
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1. Introduction
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Some strains of E. coli distinguish the DNA even
g of other E. coli strains from their own. Foreign DNA
is degraded. This biological phenomenon of restric-
g tion resides in endonucleases produced by strains
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which protect their own DNA by methylation, i.e.
modification, (Arber 1971). The restriction endonu-
cleases of the E. coli host specificity systems deter-
mined by chromosomal genes, in contrast to many
other restriction enzymes, do not break DNA at spe-
cific targets (Horiuchi and Zinder 1972; Murray et al.
1973 a). Nevertheless, these systems retain sequence
specificity in that modification is the methylation of
a specific DNA sequence (Ravetch et al. 1978 ; Lau-
tenberger et al. 1978 ; Sommer and Schaller 1979 ; Kan
et al. 1979; K. Ineichen and T.A. Bickle, personal
communication). Only when this site is present, but
unmodified, is the DNA susceptible to restriction
(Kihnlein and Arber 1972; Smith et al. 1972; Murray
et al. 1973b).

Elegant genetic experiments demonstrated three
genes whose products were all required for restriction
(Hubacek and Glover 1970). Both the E. coli B and
K restriction endonucleases comprise three different
polypeptides (Eskin and Linn 1972; Meselson et al
1972). The B restriction endonuclease was also shown
to methylate B recognition sequences, more particu-
larly when one of the two DNA strands was already
methylated (Vovis et al. 1974). However, an enzyme
purified as a B-specific methylase lacked the largest
of the three polypeptides (Lautenberger and-Linn
1972). Furthermore, only two of the three Asd genes
are essential for an active methylase in vivo since a
Ahsd phage carrying only the M and S genes provides
K-specific modification in a strain lacking all compo-
nents of the Asd system (Borck et al. 1976).

Information relevant to DNA sequence-specificity
resides within the subunit determined by the /sdS
gene (Boyer and Roulland-Dussoix 1969; Arber and
Linn 1969 ; Hubacek and Glover 1970). Thus a hybrid
protein having polypeptides determined by the /sisdM
and R genes of E. coli B and the hsdS gene of E.
coli X has K-specificity.

We have isolated Ahisd phages with the aim of
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facilitating detailed genetic and biochemical analyses
of the hsd genes and their products. Previously, in
the absence of selective systems or close flanking
markers, even genetic mapping of the host specificity
region was difficult. The Ahsd phages, and their deletion
derivatives described in this paper readily permitted
ordering of the hsd genes. Genetic evidence for two
promoters was obtained even though the three close-
ly-linked genes were shown to be transcribed in the
same direction. Polypeptides, whose molecular
weights are similar to those reported for the three
subunits of the K-restriction endonuclease (Meselson
et al. 1972), were identified as products of the hsd
genes.

2. Materials and Methods

a) Phages and Phage Vectors. The vectors, ihsd phages and all
derivatives made for the experiments described in this paper are
listed in Table 1. 1*, or Aimm?", were used as heteroimmune helper
phages to integrate Ahsd phages into the E. coli chromosome;
h8%ed” gam210c[K H54nin5shnA6° as a donor of shni6°, h8°
at'imm” to make a c¢I* nin* derivative of the lhsd phage 651;
AtrpcI85T7srl 24°ninSsrl 15° to make the cI857 derivative of 651;
570BR (Klein and Murray 1979) as a donor of shamil® and
h8trpA6 NamTam53P{-cIPE**nin5Sam7 (NM 770) as a donor of hy-
brid immunity Sem7(Wilson and Murray 1979).

b) Bacterial Strains and Plasmids. Bacterial strains are listed in
Table 2. The plasmid vector was pBR322 (Bolivar et al. 1977).

¢) Media and Microbial Methods. Media and general methods
are described elsewhere (Murray et al. 1977). Deletion mutants
of Ahsd phages were selected by their increased resistance to chelat-

Table 1. Phage and Phage Vectors

ing agents (Parkinson and Huskey 1971). Sodium pyrophosphate
(pH 7.0) was added to BBL trypticase agar to a concentration
of 5 mM. Dilysogens were isolated following mixed infection with
a Ahsd phage and a heteroimmune helper. The restriction pheno-
types of the dilysogens were determined from the relative efficien-
cies with which Avir. C, Avir. K and Avir. B plated on them, and
the modification phenotypes by taking Avir from the area of lysis
resulting from Avir. C and testing the efficiencies of plating on
C, K and B strains. Dilysogens were cured of the Ahsd prophage
and restoration of the original phenotype was confirmed. Comple-
mentation in lytic infection was tested following multiple rounds
of infection of hsd mutants with ihsd phages. Modification was
assessed from the relative efficiencies of plating of the 1hsd phages
on C, K, and B strains.

d) Preparation of DNA. Phages were prepared and purified as
described by Wilson et al. (1977). Purified phage were dialysed
against 10 mM Tris.HC! (pH 7.8), 1 mM EDTA, the DNA ex-
tracted by phenol (Kaiser and Hogness 1960) and dialysed against
the same buffer. Plasmid DNA was purified from cleared bacterial
lysates by banding in CsCl/ethidium bromide gradients {Clewell
and Helinski 1969). Bacterial DNA was purified by a modified
version of the Marmur procedure (Marmur 1961) essentially as
described by Kaiser and Murray (1979).

e) Biochemicals and Reagents. These were as in Wilson and Murray
(1979).

f) Restriction and Ligation. Restriction endonucleases were either
purified by standard methods or purchased from New England
Biolabs. T4 DNA ligase was purified by Sandra Bruce (Murray
et al. 1979). All restriction digests were made in 10 mM Tris. HCl
(pH 7.5), 10 mM MgCl,, 10 mM 2-mercaptoethanol 50 mM NaCl
with the exception of EcoR!l and BamHI where 100 mM NacCl
was used. The conditions for ligase reactions were as in Wilson
et al. (1977).

g) Gel Electrophoresis of DNA Fragments. DNA fragments were
separated in 1% (w/v) agarose gels in 0.04 M-Tris.acetate, pH 8.2
(Sharp et al. 1973). Small DNA fragments were separated in a

Stock number Genotype Origin and use
631 MacZ cIVKHS54 nin5S Sam7 Vector (Murray et al. 1977)
642 AhsdMS cI857 nin5 Made from AsdR DNA in vector 5692 (Borck et al. 1976)
651 AhsdMS cIVKHS54 nin5 Sam7 Made from CR63 DNA in vector 631 (Borck et al. 1976)
655 AhsdMS cI857 nin$ Derivative of 651 used to make dilysogens
781 AsupE cI857 nin§ Vector (Murray et al. 1977)
954 AhsdM S cIVKH54 shn6° Derivative of 651
1011 AhsdM cIVKH54 shn6° Deletion derivative of 954 generated by Hindl1II
1013 AhsdMSyclVKH54 shn6° Sy derivative of 1011
1017° AhsdMS cI* nin™* Derivative of 651 used for the isolation of deletions
1019 AhsdMS ¢I857 nin$ Spi~ extension of 655
1048 AhsdMS cI857 nin5 Made from CR63 DNA in vector 781
1049 AhsdM cI857 nin5 hsd fragment from 1011 in vector 781 in reverse orientation
1050 AhsdRMS cI857 nin5 Spi~ extension of 642 )
1051 AhsdMS imm?!' ninS Derivative of 1048 used to make dilysogens of Hfr90
1052 AEam hsdMS imm?** nin$ Derivative of 1051
1064 Asbam1° hsdM S imm** nin5 Derivative of 1052
1065 Asbam1° hsdS imm?*! nin$ Deletion derivative of 1064 generated by BamHI
1072 AhsdM imm?! Derivative of 1049 used to make dilysogens of Hfr90
1073 AhsdRMS imm*3* nin5 Derivative of 1050 used to make dilysogens of Hfr90
1074 AhsdM Nam Pé ¢l P§** nins Sam7 Derivative of 1072; used in infection experiments
1075 AhsdS Nam P} cI P23* nin5 Sam7 Derivative of 1065; used in infection experiments
1076 AhsdMS Nam P} cI PE** ninS Sam7 Derivative of 1051 ; used in infection experiments

V4,5, 6,7, 9 and 10; in vivo generated deletions of 1017

* The A DNA of this vector is indistinguishable from 781
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Table 2. Bacterial Strains
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Syrain Relevant features Source or reference Use

C-la E. coli C strain Bertani and Weigle (1953) Source of DNA; isdR™ M~ S~ strain

B E. coli B strain F.W. Studier Source of hsdSy DNA

CR63 Appleyard et al. (1956) Source of hsdSx DNA

C600 supE tonA Appleyard (1954) Host for 4

QR47 supE Weil and Signer (1968) A crosses

504 sup® Weigle (1966) Nonpermissive 2 host

ED8654 hsdR supE supF Murray et al. (1977) Complementation tests; transfection host

aroN785 sup® groN Georgopoulos (1971) Permissive for hybrid immunity phages

2roN785 supF supF groN D. Piolli Permissive for hybrid immunity Sam?7

S1359 sup® uvrA Jaskunas et al. (1975) Infection of u.v. irradiated cells

$159 (zimm*** supF) supF imm*3* uprA4 Murray and Wilson (1979) Infection of w.v. irradiated cells

600 (P2) P2 lysogen R. Thomas Selection of Spi~ phages

803 supE hsdS Wood (1966) Complementation tests

HB10] hsdS recA Boyer and Roulland-Dussoix ~ Complementation tests; transformation host
(1969)

WA960 hsdSy Wood (1966) Source of B specificity

WA2710* hsdR hsdM hsdSg W. Arber Complementation tests

SKRI Eco RI restricting Murray and Murray (1974) Measuring in vivo restriction by Eco Rl

H{r90 hsdM mutation VIII Hubacek and Glover (1970) Complementation tests

NM148 thr nal* Recipient to make competent AsdM strain

NM474 nal"hsdM Hfr90 by NM148 Transformation competent complementation host

Unless stated otherwise, all strains are E. coli K derivatives
* This strain carries the double mutation B7.1 (Glover 1970)

10% polyacrylamide gel (Maniatis et al. 1975b) using pBR322
DNA digested with Haelll for marker fragments.

h) Transfection and Transformation. ED8654 and HB101 weré made
competent in the uptake of DNA by the CaCl, shock method
of Lederberg and Cohen (1974).

i) Labelling of DNA, Hybridization and Autoradiography. Labelled
probes were made by nick translation as decribed by Maniatis
et al. (1975a) except that the unlabelled deoxynucleotide triphos-
phate concentration was 10 uM each and the DNAse 1 concentra-
tion was 10-50 ng/ml, depending on the activity of the enzyme.
DNA was transferred to nitrocellulose filters from agarose gels
(Southern 1975) from plaques (Benton and Davis 1977) and from
colonies (Grunstein and Hogness 1975). The filters were processed
in the conventional way and were pretreated with Denhardt (1966)
solution before hybridization. The hybridization was achieved by
overnight incubation at 37° in 5 x SSC, 40% formamide and Den-
hardt components. Positive hybridization was detected by autoradi-
ography, at —70° C, using presenitized X-ray film and a phospho-
tungstate intensifying screen.

1) Analysis of Polypeptides. Protein synthesis was detected by pulse-
labelling after phage infection of ultraviolet irradiated cells (Jaskun-
as et al. 1975) and samples were analysed on gradient SDS poly-
acrylamide gels (see Wilson and Murray 1979).

3. Results
a) Construction and Isolation of 2hsd Phages

Populations of A transducing derivatives of E. coli
K12 were made by inserting into vector chromosomes
fragments of bacterial DNA generated by EcoRl1. Ahsd
phages were readily selected from these transducing
phages since only they protected their DNA against

degradation by K-specific restriction after propaga-
tion in a non-modifying host (Borck et al. 1976).
Phages 642 and 651 (see Table 1) have been de-
scribed by Borck et al. (1976); since phage 642 was
derived from the DNA of an AsdR™ strain, other
7hsd phages (e.g. 1048) were isolated with the aim
of obtaining wild-type /sd genes inserted into A vectors
in each of the two alternative orientations.

E. coli strain C has no component of the K host
specificity system (Glover 1970), but lysogens in
which /hsd phages were integrated via a helper phage
into the attachment site of the E. coli C chromosome
provided K-specific modification of Avir phages repli-
cated in them. This was true for Aisd phages irrespec-
tive of the orientation of the bacterial DNA fragment.
Expression of the modification (hsdM) and specificity
(hsdS) genes from a prophage in E. coli C is consistent
with the inclusion of a promoter from which these
genes are transcribed (Borck et al. 1976) even when
the major / promoters are repressed. Neither these
lysogens, nor lysogens made in an AsdR™ K strain
were able to restrict unmodified phages. This suggests
that fragmentation of E. coli K DNA with EcoRI
has either interrupted the hsdR gene or separated it
from the hsdM and S genes.

b) Preliminary Characterisation of AhsdMS DNA

A fragment of approximately 11 kilobase pairs (kb)
was identified when the DNA from each of three
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Fig. 1. Electrophoretic analysis of digests of DNA. The source of DNA is indicated at the head of each track and the enzyme used
to digest the DNA is given. at the foot of the track. The abbreviation RI is used for EcoRI and HIII for HindIIl. The sizes of
some important fragments are given in kilobase pairs (kb). The 7.4 kb fragment in track 4 and the 5.6 kb fragment in track / are
diagnostic of the orientation of the bacterial DNA (see Fig.2). The 1.8, 3.8, and 5.6 kb fragments common to tracks j and k are
bacterial DNA. The vector DNA of phages 1048 and 651 are different (see Fig. 2). The largest fragment in each track represents
cohered left and right terminal fragments of ZADNA

#642
#1048
18 56 18 34 04 37 43
R H H X HHH H
] Ll 1 ] r 1
74
651 Fig. 2. Orientation of the bacterial DNA in Ahsd
# R 5.6 H 1'8H 38 R 1'8X 55 H 43 phages and the origin of pRH plasmids. The left

arm of the 4 vector (~ 20 kb) contains neither
-—56 — EcoRI nor HindIlI targets and is not shown. The
plasmid vector is pBR322 and fragments are

R R inserted between the EcoRI and HindlI targets or.
. e H in the case of pRH3, at the HindIII site. Distances
H between adjacent restriction targets are expressed
pRH HH pRH2 R:EcoR1 in kb. The distances of 7.4 afld 5.6 1.(b bgtw.een the
H=Hind @ Xho target and the nearer HindIII site within the
pRH3 X = Xho insert identify the orientation

independently isolated Ahsd phages No. 642, 1048, a convenient reference point close to the inserted bac-
and 651, see Table 1) was digested with EcoRI (Fig. 1, terial DNA. Two targets for HindIIl were located
tracks ¢, d, and e). For the DNA of phage 651 the within the bacterial DNA (Figs. 1 and 2) and since
bacterial insert was more readily separated from the these targets are positioned asymmetrically, double
right arm of the vector following digestion with Xhol digests with HindIII and Xhol differentiated the orien-
and EcoRI (Fig. 1, track g). Xhol cuts only the vector tation of the bacterial fragment. The bacterial DNA
DNA, and this but once; therefore its target provides in the AhsdM S phages 642 and 1048 is in the alterna-
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live orientation to that in phage 651 (Figs. 1 and 2,
data for 642 not shown).

¢ Further Cloning and Restriction Mapping
of the hsd Region

A more detailed restriction analysis was undertaken
with the aims of charting targets in the bacterial DNA
prior to sequence-studies and of cloning the entire
hsd region on the assumption that hsdR is close to
the hsdM and S genes.

The three fragments of bacterial DNA obtained
after digestion of hsdMS with EcoRl and Hindlll
were transferred to plasmid pBR322. The resulting
plasmids (see Fig. 2) were analysed directly by diges-
tion with restriction enzymes and were also used to
make radioactively labelled probes for the identifica-
tion of overlapping DNA fragments in digests of
E. coli DNA. The results of this type of analysis sug-
gested digestion with Bg/Il as an alternative means
of isolating the hsd region.

A single Bgl/ll target was identified in pRH3 (see
Fig. 2). This is the only Bg/ll site in the bacterial
DNA of phage 651 and is approximately 400 base
pairs from the left HindIII site. Labelled probes made
by nick-translation of pRH1 and pRH2 DNAs (see
Fig. 2), when hybridized to E.coli K DNA frag-
mented with Bglll and transferred to nitrocellulose
filters after fractionation by electrophoresis through
an agarose gel, identified two fragments of 8 and
10 kb respectively (data not shown). Even the smaller
of these two fragments is large enough to code for
three polypeptides of the sizes identified in the K-
restriction endonuclease (Meselson et al. 1972) and
each includes DNA extending beyond the EcoRI frag-
ment originally isolated in 2hsdM S (see Fig. 4). These
two Bglll fragments were therefore cloned. The cohe-
sive ends of DNA fragments generated by either Bam-
HI or Bglll have the same nucleotide sequence. Frag-
ments of E. coli K (CR63) DNA resulting from diges-
tion with Bgl/lI were joined to pBR322 digested with
BamHI and 800 of the resulting Ap" Tc* transformants
of HB101 were screened for hydribization to 2 and
ZhsdMS DNAs. One colony hybridized to both
probes, identifying bacterial DNA that cross-hybrid-
ized to . DNA (see Kaiser and Murray 1979). Among
5 colonies that hybridized to 2hsdMS DNA, but not
to 2 DNA, were plasmids that included both of the
predicted Bg/ll fragments. This was verified indirectly
since neither BamHI1 nor Bglll recognizes the se-
quence generated by fusion of the heterologous cohe-
sive ends. One plasmid, pBg3, included the DNA
present in pRH1 and the others, e.g. pBg4 and pBg6,
that present in pRH2. The structures of the plasmids

RR
57y 20
R R
99
pBg3 pBg6

Fig. 3. The structures of the pBg plasmids. The heavy line represents
vector DNA, solid circles the BamHI-Bg/I1l joints. R indicates
an EcoRI target, H a Hindlll target. Numbers outside the circle
indicate the lengths (in kb) between EcoRI targets and those within
the lengths between HindIll targets. pBg4 is similar to pBgé but
the bacterial fragment is in the opposite orientation

EcoRlI ~6 120 ] 11.3(1hsd MS) lol 43 I
Hind @ ~12 I8l 39 | 85

8gll | 8.3(pBg3) | 9.9 (pBg4 or6) |
Bam HI | 31 | 76 Jal

Hpal . | a3 |15}

Sal] |.o} 04 |

Fig. 4. Restriction targets within the Asd region of E. coli K. The
distances between targets are indicated in kb. The fragment of
bacterial DNA in phage 651 (2hsdMS) is indicated and also those
within the pBg plamids. Fragments overlapping the cloned DNA
were identified by hybridization to digests of E. coli DNA

deduced following digestion with EcoRI and Hind1Il
are shown in Fig. 3. The small (0.2 kb) EcoRI frag-
ment present in pBg3 was implied from partial diges-
tion products of around 2.2 and 0.7 kb and was identi-
fied when complete digestion products were separated
through a polyacrylamide gel (data not shown).

A more detailed restriction map of the hsd region
of E. coli K (Fig. 4) was constructed on the basis
of analysis of digests of plasmid and Ahsd DNAs
and of overlapping DNA fragments detected by cross-
hybridization of labelled plasmid probes to various
digests of E. coli K DNA (see also section f and
Table 4).

d) Genetic Analysis of the hsd Region .
The gene order within the hsd region was deduced
by testing for functional genes in various plasmid
derivatives and in 1hisd phages and their deletion de-
rivatives. E. coli hsd mutants were transformed with
plasmid DNAs and the restriction and modification
phenotypes of the transformants determined. The hisd
genes within A phages were detected either following
lysogenization of hsd~ strains in the presence of a
helper phage or following lytic infection. In the
former case the properties of the lysogenic bacteria
were determined. Absence of complementation could
indicate the absence of the gene in question or merely
the absence of the appropriate promoter sequence.
In lytic infection by Ahsd phages the incorporated
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bacterial genes are transcribed from the 1 promoters
and modification of the resulting phage is a measure
of the modification phenotype of the infected cells.

i) Neither pBg Plasmid Includes a Functional hsdS
Gene. The pBg plasmids were recovered by transfor-
mation of the hsdR*hsdS~ strain HB10l and the
transformants were checked for their ability to restrict
unmodified Avir. All were restriction deficient (rg)
and hence neither Bg/II fragment includes a function-
al hsdS gene.

ii) Location of the hsdR Gene by Analysis of Plasmids.
The pBg plasmids (pBg3 and 4 or 6) do not contain
the entire hsd region probably because the AsdS gene
is cut by Bgl/ll; either Bg/ll fragment could carry
hsdR and/or hsdM. Transformants of the AsdR™ M™*

~S* strain ED8654 were isolated and those derived
from pBg3, but not pBg4 nor pBg6, were restriction
proficient (r{). Part of the AsdR gene is therefore
within the 2.0 kb and not the 0.9 kb flanking EcoRI
fragment (Fig. 4).

iii) Location of hsdR Gene by in vivo extension of
the ‘hsdMS Phage. ihsdMS phages having the in-
serted bacterial DNA in each of the alternative orien-
tation (642 and 655, a ¢I857 derivative of 651, see
Table 1 or Fig.2) were integrated into the E. coli
chromosome via rec-mediated crossing-over between
the homologous bacterial DNA sequences. The lyso-
gens were induced and those rare phages that had
excised aberrantly and in so doing lost the Agam gene
were selected by their ability to form plaques on E.
coli lysogenic for phage P2 (Zissler et al. 1971). Such
phages (Spi~) were then tested for their efficiency
of plaque formation on E. coli carrying the EcoRI
restriction system. Phages that had acquired addition-
al EcoRI targets, and presumably, therefore, adjacent
chromosomal DNA sequences, were detected by their
increased sensitivity to restriction (Murray and Mur-
ray 1974). DNA was made from these phages and
a derivative of phage 655 (1019) was found to include
EcoRlI fragments of 0.9 and 4.3 kb while that derived
from 642 (1050) included EcoRI fragments of 2.0
and 0.2 kb (see Figs. 3 and 4). Each of these phages
was integrated by helper phage into the chromosome
of an' E. coli C strain and into that of an AsdR~
K strain, ED8654. Lysogens of the former phage re-
mained rg m¢, but those of the latter phage, Ahsd RMS
1050), were rg mg .

These results confirm the location of the hsdR
gene deduced from analysis of the pBg plasmids and
furthermore they require that all three genes are ex-
pressed from the repressed Ahsd RM S prophage. Lyso-
gens i.e. 2hisd RMS (1050) of the AsdR strain ED8654
restricted unmodified Avir less well than lysogens of

the E. coli C strain. This is consistent with interference
in complementation by defective polypeptides in the
hsdR strain.

iv) Isolation and Characterization of Deletions. Plas-
mids carrying parts of the Asd region have been de-
scribed (See Figs. 2 and 3). Deletion mutants of AAsd
phages were made in vitro and in vivo. The former
were generated by cutting out the DNA between
either the two BamHI or the two HindIII targets
(see Fig. 4). For both experiments, targets in the vec-
tor were first removed by appropriate crosses (see
Table 1) and DNA from the resulting phages digested
to completion with the appropriate enzymes. Ahsd
phages having deletions generated in vivo were isolat-
ed as phages with an enhanced resistance to chelating
agents. The sensitivity of this selection was increased
by first making a derivative of the AAsdMS phage
(651) which had a nearly normal DNA content (1017,
see Table 1). The phenotypes of the deletion mutants
were tested; also phage DNA was prepared and the
extent of the deletions determined with respect to
targets for restriction enzymes. The results of all the
genetic analyses are summarised in Table 3 and
Fig. Sa and unequivocally establish the order of genes
within the Asd region as AsdR, M, and S.

Genetic evidence (section 3a) identifies a promot-
er for the M and S genes in AhsdMS phages. All
deletion phages that lack a functional M gene fail
to express the hsdS gene in the prophage, but do
so in the lytic state. Three of these deletions, those
in phages 1065, 47 and 410, are confined to the
bacterial DNA (Fig. 5a). It is concluded that these
deletions remove a promoter from which transcrip-
tion of the M and S genes can be initiated. Tran-
scription of the AsdR gene therefore requires a differ-
ent promoter and this could be accomplished either
by divergent transcription from an overlapping con-
trol region, or by transcription in the same direction
from a second, separate control region. The latter
alternative predicts transcription of all three Asd genes
in phage 1050 from the early 4 promoter Py whereas
with the former only the AsdM and S genes would
be transcribed from P, while AsdR would be tran-
scribed late from Pgor Pg. To distinguish these alter-
natives the direction of transcription of the Asd region
with respect to 4 promoters was determined. The pro-
teins specified by the bacterial DNA in Ahsd phages
were examined by labelling with 3°S-methionine fol-
lowing infection of UV-irradiated host cells.

e) Analysis of Polypeptides Coded by Ahsd Phages

Separation of the labelled polypeptides by electro-
phoresis through SDS polyacrylamide gels revealed
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Table 3. Complementation for hsd functions
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plasmid or phage

Bacterial hosts

C-la

hsdR"M~S~

Tx my

ED8654

hsdR™
rgmg

HB101
hsdS~

x

or 803 Hfr90
hsdM~

mg T mg

a) Plasmid

pBg3
pBgdor 6

b) Prophage
642, 655, 1017 -
1048 -
1049 -
1065 -
1050 +
V4,9 -
V5 -
ve, 7,10 -

¢) Phage (lytic)

1048

1049

1065

1017

V4,9

%)

ve6,7,10

1 ++ 110+ +

+

P+ + 0

++

++++++++

L+ 41+ +

+ +

+ 2
+a

|
+++

+@

L+ 4

I+
T

+/-

+
L+ 41+ 4

+/-

— and + indicate the restriction and modification phenotypes
+/— indicates partial complementation

Gaps in the Table indicate that tests were not made.

s eI*imm?' derivatives of 1048 and 1049 and a cftimm*3* derivative of 1050, were used and A* as
helper to make dilysogens. Curing of the dilysogens resulted in loss of the rimy phenotype. Phages
1048 and 1049, but not 1065, complemented the modification lesion in the hsdR™ hsdM™'* hsdSy
strain, WA2710. Phage 1048 but not 1049 provides both K and B specific modification

DNA Genes
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11048651 MS X
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Fig. 5. a Analysis of deletion mutants. The bacterial DNA present
in a phage._or plasmid, is indicated by a solid line. The ends
of in vivo delctions are located between restriction targets; the
distances are not to scale. The distances between EcoRI targets
and the lengths of the deletions are indicated in kb. The functional
hsd genes in phages or plasmids are listed to the right. X refers
to a polypeptide identified in experiments described in Section
3e. This polypeptide has not been shown to affect the host specifici-
ty phenotype but is encoded by an adjacent gene. b A map drawn
to scale indicates the probable locations of the hsd genes. This
map uses the data presented in Section 3e. The lengths of the
genes are calculated on the assumption that the molecular weights
of the polypeptides are 130000 for hsdR, 63000 for hsdM, 50000
for hsdS, and 16000 for protein X. The mean molecular weight
for an amino acid is assumed to be 110. The change in molecular
weight of the isdR fusion polypeptide from 150000 to 80000 (see
Fig. 6) when the DNA between the BamH1 sites was deleted places
at least 1.5 kb of the /iisdR coding sequence between the BumHI
sites. The map assumes that the second polypeptide of MW close
to 50000 is a degradation product of the hsdS polypeptide. * Genet-
ic evidence for AsdS is obtained only in the lytic phase when a
promoter may be used
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five polypeptides induced by the bacterial DNA in
Ahsd phages. These polypeptides were detected by la-
belling early after infection with AhsdRMS 1050
(Fig. 6, track b) and four of the five were detected
early after infection with phage 1048 (Fig. 6, track
c), the fifth being replaced by a new polypeptide (data
for phage 642 not shown but identical to that for
1048). In contrast, detection of polypeptides other
than those encoded by the vector required late label-
ling following infection with 1hsdMS phages having
bacterial DNA in the alternative orientation (Fig. 7,
e.g. tracks ¢ and f).

Polypeptides transcribed from the early A promot-
er, P, are shown in Fig. 6. Infection with AhsdMS
(1048, track ¢) induces five polypeptides not found
in cells infected with Apold (track a) and each of
them can be associated with inserted bacterial DNA.
The largest polypeptide MW 150000, (seen also in
tracks d, f, h and i) has a mobility less than that
of the AJ protein (see Fig. 7, tracks k and [/ vs ¢
to j). This polypeptide behaves as expected if it is
coded by most of the distal portion of hsdR fused
to the proximal part of the vector gene, red. Hence,
when the DNA between the BamHI sites (see Figs. 4
or 5) is deleted, the fusion polypeptide is replaced
by a smaller one (MW ~80000) (Fig. 6, 1065, track
e and 1075 track g) and when the bacterial DNA
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fusion “peptide
(~150.000)

fusion peptide
{~80.000)

Fig. 6. Radioautographic analysis of the 3°S-labelled polypeptides
following electrophoresis through a 7%-15% gradient polyacryl-
amide gel containing sodium dodecyl sulfate. The polypeptides
were labelled early (3 to 10 min) after infection. The approximate
molecular weights are estimated relative to known polypeptides
and from other gels in which labelled bacteriophage T7 polypep-
tides and T4 DNA ligase were included: Track (a), S159 infected
with Apold; (b) S159 infected with 2hsd RMS=1050; (¢) S159 in-
fected with 2hsdMS=1048; (d) S159 infected with AhsdM = 1049:
(e) S 159, infected with ihsdS=1065; (/) S 159 (Aimm*>*supF), in-
fected with JhsdM S NamP{ cIP#3* =1076; (g) S 159 (Aimm*3*sup F).
infected with AhsdS NamP} cIP2*=1075; (h) S 159 (Aimm***supF).
infected with AhsdM NamP{cIPE**=1074; (i) as in (f). Note the
Spi~ phage 1050 is deleted for phage functions present in 1043
and consistently shows some synthesis of late proteins under stan-
dard conditions for labelling early proteins

content is extended to include the entire AsdR gene
(1050), the large fusion polypeptide is replaced by
the product of the hsdR gene, a polypeptide slightly
smaller than the J protein (Fig. 6 track b and see
Fig. 7 track m). A molecular weight of ~ 130000 is
in good agreement with the figure reported in the
literature for the ssdR polypeptide of the B restriction
endonuclease (Eskin and Linn 1972). As predicted.
reversing the orientation of the EcoRI fragment in
the AhsdMS phage, leads to loss of the large fusion
polypeptide irrespective of the time of labelling
(Fig. 7, tracks ¢ to j show late labelling, data not
shown for early labelling).

Deletion of the DNA between the two BamHI
targets not only changes the size of the large fusion
polypeptide but is associated with the loss of a promi-
nent polypeptide of MW 62-65000. The mobility of
this fragment exceeds that of the product of T7 gene 8.
MW, 65000 (Hausmann 1976), but is slower than
that of T4 DNA ligase, MW ~ 59000 (Wilson and
Murray 1979) (gels with these markers are not shown).
The K restriction enzyme includes a polypeptide of
MW ~ 62000 (Meselson et al. 1972) and our genetic
analysis identifies a polypeptide of this size as that
encoded by AsdM and shown to affect both restriction
and modification (Hubacek and Glover 1970). This
polypeptide appears to be unstable under some condi-
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fusion p
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Fig. 7. Radioautographic analysis of the 33S-labelled polypeptides following electrophoresis through a 7%-15% gradient polyacryamide
gel containing sodium dodecyl sulfate. The polypeptides were labelled late (15-25 min) after infection in tracks ¢-j and early (3-10 min)

in tracks k to n. Track (a) S159, no phage (b) S159, ipold: (c)

S159, shsdMS,954; (d) S159, 2hsdM, 1011; (e) S159, rhsdM Sy,

1013: () S 159, AhsdM S V4 (indistinguishable from 1017); (g) S 159, 2hsdV5 (h) S 159, 2hsdV6; (i) S 159, AhsdSV10; (j) S 159, ihsdM S V3*;
(k) S159, ihsdMS 1048; (/) S159, ihsdM 1049; (m) S159, ihsdRMS 1050; (n) S159 (zimm***supF), jhsdMS NamP{ cIPg** 1074,
*I'3 is not described in this paper; it retains the hsdM and S genes but has lost the phage genes through red to close to N. The

presence of extra polypeptides and the apparent deficiency of the

hsdM polypeptide following infection with this ral~ (Debrouwere

et al. 1980) phage have not been investigated. The deletions 3, 4, 5, 6. and 10 were all derived from 1017 (see Table 1)

tions and on occasions has been detected as a doublet
of bands.

Examination of a number of gels provided evi-
dence for two polypeptides having mobilities con-
sistent with molecular weights close to 50000. These
polypeptides were not very prominent (Fig. 6, track
h. and ¢ vs d) and they migrated close to other polypep-
tides; therefore alternative phages (see Wilson and
Murray 1979) were used in which rightwards tran-
scription from the A promoters was blocked while
unmoderated transcription from the leftwards 2 pro-
moter was maintained. Under these conditions the
l.\\'o bands are readily identified (Fig. 6, tracks f and
1) and both are missing when the lhsd phage has
the 1.8 kb HindIl] fragment deleted (Fig. 6, track
h). One, or both, of these polypeptides is the product
of the hsdS gene.

The fifth polypeptide (MW less than 20000) iden-

tified as polypeptide X in Fig. 6, is also missing when
the 1.8 kb HindIIl fragment is deleted (tracks d &
h). This polypeptide has been shown to be absent
following infection with deletion derivatives 5 and
9 (data not shown but see Fig. 5 for characterization
of deletions). There is no evidence that polypeptide
X is relevant to host specificity since the modification
phenotype of the deletion 9 derivative is unchanged
(Table 3).

Effective expression of the bacterial genes in the
+hsdRMS phage (1050) is from P, and the direction
of transcription is from /sdR through M to S (see
Fig. 5b). Hence, in addition to the promoter between
the R and M genes a second one upstream of hsdR
is required.

Polypeptides characteristic of the K-restriction en-
zyme have been correlated with each of the three
hsd genes. There remains, however, the complexity
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that two polypeptides are apparently associated with A E.coli A b
the hsdS gene. It is difficult, though perhaps not im- 651 K B C K B C 65 in
possible, to find the coding capacity for both polypep- e B
tides in the absence of overlapping genes (see Fig. 5b). D
Labelling early after infection (see, for example, B ar
tracks m and n in Fig. 7) shows a marked preponder- 13(K)— (Kl in
ance of the smaller polypeptide while labelling late 9(B)— in
after infection (Fig. 7, tracks ¢, f, i, and j) an excess in
of the larger polypeptide. This could imply more effi- 5(B)— 4
cient processing, or degradation, early after infection. A - re
If processing occurs, then in the absence of the hsdM Rl Tk
polypeptide (Fig. 6, track g) the hsdS polypeptide is '
either not processed at all or, following processing,
it is degraded. Alternatively, if there are two distinct 4.
. species of polypeptides with similar molecular ' A .
weights, the absence of one in track g requires that we TLBK Pc
the BamHI deletion (3.1 kb) which removes the M for
gene fuses the sisd R gene to the previously unidentified rel
gene while leaving the hsdS gene intact. This deletion EcoRI Hind TIL of
is probably not large enough since the mobility of Fig. 8. Analysis of E. coli DNA fragments that cross-hybridize gel
the fusion product implies that at least 1.5 kb of the to a AhsdMS probe. The DNA fragments were separated by electro- co!
| hsdR gene is deleted and the hsdM gene itself would p?&:;esi§h12;;§ghhl“/o agadrotse get 1;26 lolt)ltilr dtrack; ar;hdigésts tity
1 ini O & LnS age use 0 make € laoelic roDeE. € S1Z¢s .
E require more than the remaining 1.6 kb. of the DNA fr:gmints that cross-hybridize to tk‘l)e hsd genes are wil
: given in kb — EcoRI fragments to the left, HindIll fragments to est
1‘ the right. K or B identifies the E. coli strain from which the the
| f) Comparative Studies of E. coli B and C Strains DNA fragments were isolated. The sizes of other fragments that be
i cross-hyt{ridize to the 2 vector DNA (Kaiser and Murray, 1979 sug
f Preliminary evidence for homology between the hsd 2 "ot gven - tio
i‘ regions of E. coli K and B was obtained from a act
ii : genetic experiment. A Ahsd phage having the Sx gene AhsdM Sy phage (1013, see Table 1) are shown in
L deleted (1011, Table 1) rescued the B-specificity gene Fig. 7 (track e). The mobilities of both the hsdM and  hyg
b from the hsd region of a strain conferring B specificity. hsdS polypeptides are slightly greater than the M and  ing
! AhsdM Sg recombinants were selected after growth in S polypeptides determined by the 1hsd¢ phage. ma
L a C strain on infection of an rg host. However, differ- Clones including the Asd genes were used as probes
. ences between the DNA of the Asd regions were de-  to detect homologous sequences in the DNA of E. coli  to,
’ tected since the bacterial DNA in the AhsdM Sy phage B and C strains. An experiment using a AhsdM S phage  for
N included no HindIII targets but an extra target for is shown in Fig. 8. In this experiment additional ho-  in
; - EcoRI (data not shown). mologies between the vector and the E. coli chromo-  thi
‘ The polypeptides labelled after infection with a somes were detected (see Kaiser and Murray 1979) ty
an
Table 4. Homologous DNA sequences identified in E. coli strains del
Probe E. coli DNA Tr.
thi
EcoRI HindIll up
j is
K B C K B C tia
E AhsdMS 11.3 9;5 - 12; 1.8; 3.9 19 - res
e pRH3 113 9 - 1.8 19 - ud
! 1 ‘ pBg3 11.3;2;6° 5:2 5 12; 1.8 19 6 of
1 ] pBg4 (or 6) 11.3;4.3;0.9 9 5 1.8;3.9; 5.5 19 7.5 o
% The sizes of the DNA. frag'ments that cross-hybridize to the E. cof’i K12 hsd genes and thejr flanking ?er:
L DNA sequences are given in kb; EcoRI fragments to the left, HindIll fragments to the right. K, B
i ‘ ‘ or C identifies the E. coli strain from which the DNA was isolated. Fragment sizes are approximate . the
: except those italicized which have been analysed in A or plasmid derivatives . av;
* The small (0.2 kb) fragment identified in pBg3 DNA is too small to be detected in this experiment of
|
b
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but, the dbsence of homology in the C strain is strik-

Data from experlments using different plasmid probes
are summarized in Table 4. Both of the HindIII sites
in the region of the hsdS gene of E. coli K are missing
in E. coli B and a new EcoRI site appears. This is
in agrcement with the analysis of the DNA of the
;hsdM Sy phage. While no evidence exists for even
remnants of the hsd genes in E. coli C there is much
cross hybridization between the K and B hsd genes.

4. Discussion

Polypeptides of sizes in keeping with those reported
for purified K-restriction endonuclease have been cor-
related with each of the three hsd genes. The smallest
of the three polypeptides is the product of the hsdS
gene. The three hsdK genes in an E. coli C strain
confer a K-specificity phenotype. While the the iden-
tity of the three polypeptides encoded by the hsd genes
with those in K-restriction endonuclease has not been
established directly, we prefer this interpretation to
the alternative that the smallest polypeptide might
be the rho protein (Debrouwere et al. 1980). The latter
suggestion was made to accommodate the anti-restric-
tion role of the / gene ral via its property of counter-
acting the host rho protein.

The apparent variability in the mobility of the
hsdS polypeptide and hence the possibility of process-
ing, or degradation perhaps by a phage product, re-
mains to be investigated.

A fourth polypeptide, X, encoded by DNA close
to, and downstream of hsdS, is not a prerequisite
for functional expression of the hsdM and S genes
in E. coli C. Currently, no information implicates
this gene product in the phenomenon of host-specifici-
ty but a regulatory role is not ruled out.

2hsdM S phages include a promoter for the iisdM
and S genes. This promoter is removed by all those
deletions so far shown to inactivate the hsdM gene.
Transcription of the three hsd genes is from hsdR
through M and S; hence a second promoter located
upstream of hsdR, and present in the 2isd RM S phage
is identified. This organization could allow differen-
tial control in the production of modification and
restriction activities. Only the hsdM and S polypep-
tides are essential for the methylase. The possibility
of a sequential expression of modification and restric-
tion complexes may now be investigated. However,
on the assumption that restriction and modification
result from the same polypeptide complex and that
the preferred activity is dictated by the nature of the
available DNA substrate (Vovis et al. 1974), control
of this sort would only be advantageous when hsd
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genes are transferred to a different bacterlal strain.

catlon activity determmed by this phage is expressed
before its associated restriction enzyme (Arber 1974).
Experiments involving conjugational transfer of the
genetic determinants for K-specific restriction and
modification have suggested a similar sequential con-
trol (Glover and Colson 1969).

Preliminary cross-hybridization studies did not de-
tect even the remnants of Asd genes in E. coli C but,
as expected, demonstrated much homology between
the allelic K and B regions. It seems probable that
the M and R genes will share extensive homology
and divergence in the S gene should reflect the differ-
ent specificty of sequence recognition. The extent of
the homology retained in the S genes will be revealed
by sequence analysis. Other E. coli strains and even
closely related species of bacteria may have similar
host specificity systems. Indeed, on the basis of genet-
ic tests, Bullas et al. (1980) have identified several
allelic host specificity systems in Salmonella strains.
The cloned hsd genes provide probes to screen for
the homologous DNA predicted in allelic ssd genes.
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