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Integration of bacteriophage P2 into the Escherichia coli genome involves recombination between two
attachment sites, atzP and a#tB, one on the phage and one on the host genome, respectively. At least 10 different
attB sites have been identified over the years. In E. coli C, one site, called locl, is preferred, being occupied
before any of the others. In E. coli K-12, no such preference is seen (reviewed in L. E. Bertani and E. W. Six,
p. 73-143, in R. Calendar, ed., The Bacteriophages, vol. 2, 1988). The DNA sequence of locI has been
determined, and it shows a core sequence of 27 nucleotides identical to attP (A. Yu, L. E. Bertani, and E.
Haggérd-Ljungquist, Gene 80:1-12, 1989). By inverse polymerase chain reactions, the prophage-host junctions
of DNA extracted from P2 lysogenic strains have been amplified, cloned, and sequenced. By combining the aftL
and attR sequences, the attB sequences of locations II, III, and H have been deduced. The core sequence of
location II had 20 matches to the 27-nucleotide core sequence of attP; the sequences of locations III and H had
17 matches. Thus, the P2 integrase accepts at least up to 37% mismatches within the core sequence. The E. coli
K-12 strains examined all contain a 639-nucleotide-long cryptic remnant of P2 at a site with a sequence similar
to that of locI but that may have a different map position. The P2 remnant consists of the C-terminal part of
gene D, all of gene ogr, and a#tR. Locations II, III, and H have been located on Kohara’s physical map to

positions 3670, 1570 to 1575, and 2085, respectively.

P2 is a temperate phage that forms stable lysogens in
several enterobacteria, including Escherichia coli C and
K-12 (for a review, see reference 10). In the lysogenic stage,
P2 has always been found as an integrated prophage. The
integration occurs according to Campell’s model by site-
specific recombination between a bacterial attachment site,
attB, and the attachment site of P2, a##P, giving rise to two
phage-host junctions, aftL and attR. At least 10 different
attB sites have been defined (Table 1). In E. coli C, one site,
locl, is preferred, being occupied before any of the others
(6). However, in E. coli K-12, no such preference has been
noted, and locations H and II are occupied with about equal
probability (19). The DNA sequence of loc has been deter-
mined. It consists of 27 nucleotides (nt) identical to the
so-called core sequence of P2 aztP (40). If locI is replaced
with the homologous chromosomal segment of K-12 by
transduction, the resulting strain, although mostly C, be-
comes like K-12 in respect to site preference; i.e., the phage
will attach to one of several sites with roughly equal proba-
bilities (35). There is also evidence for genetic changes in the
phage which modify the site preference (33). Such variant
phages, called saf, are produced from a prophage established
in location II. DNA sequence analysis has shown that one
saf mutant has a base replacement within the aztP core
sequence (40). In order to clarify the site preference pattern
and sequence requirements for the site-specific recombina-
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tion, we have determined the core sequences of alternative
attB sites.

MATERIALS AND METHODS

Biological materials. For bacteria and plasmids used in this
work, see Table 2.

Biochemical and recombinant DNA procedures. Generally,
standard techniques according to reference 23 were used.
The enzymes were obtained from Promega unless otherwise
stated, and they were used as recommended by the manu-
facturer. The oligonucleotides were obtained from Scandi-
navian Gene Synthesis AB (Koping, Sweden).

(i) Extraction of bacterial DNA. Bacterial DNA was ex-
tracted as previously described (22).

TABLE 1. Known P2 attachment sites in E. coli®

Attachment
site(s)

Map location

Between histidine operon and metG at about
48/100°; found only in E. coli C

) § SO Between metE and rha at about 88/100; found
in E. coli C and K-12

H.orreeeeeeenns Between shid and his at about 44/100; found
in E. coli K-12

|1 ) SRR Between #rp and TerC at about 32/100; found

in E. coli C and possibly K-12
Weakly linked to #rp and metE at about 85/100
..Not precisely located
Not precisely located

“ The data are taken from references 9, 18, and 39.
 One-hundred-minute map of E. coli C (39) or E. coli K-12 (4).
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TABLE 2. Bacterial strains and plasmids used

Strain or . Origin or
plasmid Pertinent features ref egr ence
Bacteria
Derivatives of
E. coli C
C-la F~, prototrophic 31
C-77 F* (P2)III 33
C-1094 F~ T1 orp-1 (P2)11 11
C-1215 F~ rha-1 metE4 his-4 (P2l c 11
ts4)I1
Derivatives of
E. coli K-12
C-600r m™ F~ thi-1 thr-1 leuB6 lacY! tonA21 2,29
supE44
K-207 F~ his shid aroD pro arg xyl 11
(P21 cts37)H
LG102 HfrH zhi (P2)I1 11
Plasmid pUC18 General cloning and sequencing 26
vector

(ii) Enzymatic amplification of phage-host junctions by
inverse PCR. The inverse polymerase chain reaction (PCR)
was performed essentially as described in reference 32.
DNA isolated from P2 lysogenic strains was cleaved with
Sau3Al (for amplification of attL) or Alul (for attR), and the
fragments were ligated at a concentration of about 10 ng/ul
to circularize them (Fig. 1). About 1 ng of ligated DNA was
then amplified by using the GeneAmp kit from Perkin-Elmer.
The reaction mixture, including 20 pmol of the pertinent
primers [i.e., 72.5-1 and 73.5-r for attL and 70.9-1 and 71.5-r
for attR (Fig. 2a)], was subjected to 30 repeated cycles of 30
s at 94°C, 30 s at 50°C, and 2 min at 70°C in a Perkin-Elmer
Cetus Thermocycler (model PCR1000).
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a)

S°=AGCT. . 31nt . . ACAGAAGATGATGAGTGATG. . 68nt . . GOCAGCATGOOGCACATGOGC. . 223nt . . TRGTCAATGIGTGGRACGTGACCAG
Alul

70.9-1 7.5-r 72.0-r

CTTTTATTTCAATTTAT ALK TTTCAACGGTAC

attP? core SeqUence

AATGOGGGTTTGAGOGGCATAAA. . 40nt . . AC ACTCTOGECC. .219nt . .OGTCTGAAX

A..36nt. .GAIC'-3"
SauR

72.4-1 72.5-1 13.5-r

b)

S *~CCARTACTACACCGAAGCCG. . 323nt . .55nt . . TCAGOGAAAC XT-3"
locI-r attB core seqence locI-1

—
core-1

FIG. 2. DNA sequence of the P2 attP region (note that this
represents the phage structure in which the ogr gene is located to the
left of aztP and the int gene is located to the right of a#tP) (a) and the
E. coli C attB region of locI (b). The locations and directions of
primers and pertinent restriction sites are indicated. The 27-nt-long
core sequences are indicated by bold letters.

(iii) Enzymatic amplification by PCR of the cryptic P2
integrated into locI of E. coli K-12 (locI-K). Bacteria were
grown, and the DNA was extracted as described before (22).
About 25 pg of bacterial DNA was amplified by using 20
pmol of the primers locI-l and locI-r (Fig. 2b) as described
above.

(iv) Enzymatic amplification by PCR of the a#tB region of
locll, locIII, and locH. Strain C-600 r"m* was grown, and
the DNA was extracted as described before (22). About 25
ug of bacterial DNA was amplified by using 20 pmol of the
respective 1 and r primers of locll, locIll, and locH (Fig. 3),
as described above.

(v) Cloning of PCR-amplified DNA. Unless otherwise
stated, the PCR reactions gave only one detectable DNA

Sau3Al Sau3Al Alul Alul
D . — w /= i I iR wzbzzs
E. coli gene int gene D gene ogr E. coli

Cleavage with Cleavage with
Sau3Al and ligation Alul and ligation
gene int gene ogr
a4  /
4 /
atiL Sau3A Alul atiR
E. coli E. coli

FIG. 1. Amplification of phage-host junctions by inverse PCR. The top line shows the ends of the prophage map and the junctions to the
host chromosome. Note that the map is not drawn in scale. Only the restriction sites used for generation of the circles containing the attL
and atrR fragments are indicated. P2 DNA is symbolized by open boxes, and host DNA is symbolized by hatched boxes. The locations and
orientations of the primers are indicated by short arrows. For a complete P2 map, see reference 16.
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a) locII

J. BACTERIOL.

attL 5°-GATCTCAATA TCAAGCCAGG CCAGAAAGTT GTATTTGATG TGGATGTTGA GCACGGTCCG TTGCCCATCA

-150
CAATGTTAAT GCATGGTAAT
-100 locII-r

GGCAAAAGTG AACTTAGTGA ATAATGAACT GACACAACCG

=50

CTATTTATCG CCGCGAAAAA TAAATCGCCC G TGGAAGGGAG ATT
attR 5 -AAA ARATAARGCCC G TGTAAGTGAC ATTGCGATTC GCGTTTGGTG GCTCATTCTC TACGACATTA
11

=10 9

attL and attR core sequences

GATGTTGCCC CIGCAGAGTA TGGAAAGTTT TCTTTTGGCG AGGGCCAGTT TACTTTTAAT GGTGATGGTA GTTCATTGTC

51 Pstl

TAACCTGGAT ATTGAAGGCA AAGTCGAAGA TATTGTTCTG CAATTATCAC CAATGAACAA AGTAACGGCA AAAAGTTTTA
1

CCATTGATTC TCTGGCGCGA TTAGAAGAAA AGAAATTTC

251

b) loecIll
attL 5°-GATCCATC TCGTTCCGCT TGTTCTTCGA TGGTT

T TAATCAGATT AACATTATCA ATCACGGG

locII-1

CCCA GCAGGTTGAA GTTACGGCGT

-100 locIII-r

TCTTCCATGC TGAAGGCACT GCCTTTATTC AACAACGGAA ATTCCAGCAG TACAGGGCCA G CGTAAGGGAG ATT
-50 attR 5 -AAA AAATAAGCCC G TGTAAGGGAT ATAAAGCGAA

=10 (] 11
attL and attR core sequences

CGTGTTTTTT TGTTTTTGGT TCCATGTCAC TCACTCTTTT TTGAATATCC ATCCCTGGGG GGCTTTTATC GTCTTTGCTT

101

TACCGCCAGG GCGTCGGCCT CAAGTATAAA GCAGATAAAA ACAAARACAC CATTGCGCAG GCAATGGTGT TTAATCGTCA
151

TTGAGGACTG ATGGTTATGA ATTACTTTTC AGCGGGGCGT TTTCTGCCGG TTGGGTTATT TACTACGCTG GATTTGTCAC

TTCGGTAACT ATTTTGCGCT GGTTAGAAAT TTTATGGTCC AGTCCAAGAA
301

AACTCCTCAA TCCTGTAG
351

c) locH

ATTTCATTTT
locIII-1

attL 5°-GATCCG TGCGTTTTTC AGACGGACTC TGTCGACAAT ATGGTTTCCC CGTTCAGCGG CAAACCCAIG TCCCTGCCCT

-150

-100

ACATTTTCTC ATTTGTACTC CAGGTTTCCG GCAGTTTCAT GAGAATCAGA CCATTCGCCG

locH-r -50

TTGCATCGGA AATAAAGCTG T TGTAAGGGAG ATT

attR 5°-ARA AAATAAGCCC G TGTAAGGGCG TTCATAAATT TCCTGACACA GTGTTTCTGT TTCGCGACAA AGAGAGGAGC

=10 4] 11
attL and attR core sequences

51

AGTACCATTC CGGATCCGGC TTATGATTTT CCGGGGCATG ATGTACTTCT GTCAGCCCGC AGAGGGAGAT ACGAA

locH-1

BamHI 101

FIG. 3. DNA sequences of attL and attR sites and flanking E. coli sequences from locations II (a), III (b), and H (c). The core sequences
are underlined and indicated by bold letters. The central nucleotide of the core sequence has been numbered 0, and the numbers below the
sequences indicate distances in nucleotides from the centers of the core sequences. The primers used for PCR reactions are indicated by the

arrows below the sequences.

fragment when products were analyzed by agarose gel
electrophoresis. After phenol extraction and ethanol precip-
itation, the 5’ ends of the amplified DNA were phosphory-
lated with T4 polynucleotide kinase. After heat inactivation
of the kinase and ethanol precipitation, the DNA was ligated
with plasmid pUC18 (26), which had been cleaved with Smal
and treated with alkaline phosphatase. The ligated DNA was
transformed into strain C-la, and ampicillin-resistant colo-
nies were isolated. To isolate clones containing P2 DNA, the
colonies were hybridized against 3?P-labeled probes which
differed from those used in the PCR reaction, i.e., 72.4-1 for
attL, 72.0-r for attR and core-l, and 70.9-1 and 72.0-r for the
isolation of the cryptic P2 in locI-K (Fig. 2). Several clones
from each PCR reaction were kept for the sequence analysis.

(vi) DNA sequence analysis. The DNA sequence was
determined by using the dideoxynucleotide method (30) on
the fragments cloned in pUC18 with [a->**S]dATP (Amer-
sham), T7 Sequenase, the forward or reverse primer of M13,
or P2 primer 72.0-r or 72.4-1. After dideoxy sequencing, the
products were separated on urea-acrylamide sequencing
gels. The gels were subsequently dried and autoradio-
graphed.

(vii) Localization of attachment sites on the physical map of
E. coli. Specialized transducing A phages carrying identified,
overlapping E. coli chromosomal fragments have been ob-
tained from Y. Kohara (20). Pertinent clones were first
tested for the presence of sequences from the respective

location by PCR, using primers located to the right and left
of the respective core region (Fig. 3). The conditions were as
described above except that only 20 repeated cycles were
used. The A clones showing a positive reaction with PCR and
the clones on either side on the physical map were grown up,
the phage particles were isolated with Lambda Sorb
(Promega), and the phage DNA was extracted with phenol.
To verify that the positive clones contained sequences from
the appropriate site, they were analyzed by PCR as de-
scribed above and by dot blot hybridization using >?P-labeled
probes from the appropriate location. To screen the whole
collection of transducing \ phages for the presence of locl,
The Escherichia coli Gene Mapping Membrane was obtained
from Kakara Shuzo Co., Ltd., and the membrane was
hybridized to the **P-labeled probes as recommended by the
manufacturer.

Nucleotide sequence accession numbers. The EMBL and
GenBank accession numbers for the sequences in this paper
are Z11491 (attB of locH), Z11492 (attB of locll), and Z11493
(attB of locIII).

RESULTS

Isolation and determination of host DNA sequences flanking
attL in lysogens having the P2 prophage integrated in location
IL, III, or H. The amplification of DNA flanking a region of
known sequence is possible by inverse PCR (27, 32, 37). The
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attpP wt TTTTATTTCAATTTATTGTACGT

attB, locl

attB, locIl
attB, loclII TTaTtcaaCAAcggRaatTcCag

attB, locH ETcagaccattcEchtgcatc

AAAAAATAAGCCCGTGTAAGGGAGATT
accagagatAgggctTatgcata AARAAAATAAGCCCGTGTAAGGGAGATT

caaccgcTattTaTcgccgcgaa AAAtAAatcGCCCGTGGAAGtGACATT

PHAGE P2 ATTACHMENT SITES ON E. COLI CHROMOSOME 4089

TAGGGTGTCACCAGTAGGGGCTTTCAACGG

acacagGctAaggaggtGGttceTggtaca

gcGatTcgCgttt ggtGGetcaTtctCtac

cAgtAcaggGCCaGCGTAAGGGAtATa iAchaaggtgtt\:Ttg:GttTTngtt_c_:c
ggAAAtaAAGCtgtTGTAAGGGCGLTe ataaaTtTCctgAcacaGtGtTTctgttte

FIG. 4. Comparison of phage and bacterial azt sequences. The DNA sequences of attP and attB of locI are from reference 40, and the
others are deduced from the sequences in Fig. 3. The core region is indicated by bold letters, and nucleotides identical to those in the aztP
sequence are indicated by capital letters. Nucleotides outside the core region of a#¢B from location I, III, or H that are identical to a¢tB of
locl are underlined. Note that a shift of 1 nt had to be introduced on the right side of the core region of locII to get the homology of the TG-rich

region.

principle is that the DNA is digested with a restriction
enzyme and the fragments obtained are circularized before
amplification by using primers synthesized from the known
DNA sequence in the opposite orientations to those nor-
mally employed for PCR. DNA was extracted from P2
lysogenic strains known to carry P2 in location II [C-1094,
referred to here as C(P2)II; C-1215, referred to here as
C(P2c)II; and LG102, referred to here as K(P2)II], location
III [C-77, referred to here as C(P2)III], and location H
[K-207, referred to here as K(P2)H]. For a full description of
the strains, see Table 2. To amplify the prophage host
junction containing attL, the DNA was first cleaved with
Sau3Al, which cuts 393 nt to the right of the a#tP core
sequence, i.e., within the P2 int gene, and after ligation, the
pertinent region was amplified by using primers 72.5-1 and
73.5-r, which are located in a back-to-back orientation within
the coding part of the int gene (Fig. 1 and 2a). The PCR
reaction gave several bands, which were cloned into pUC18
without separation of the individual fragments. After colony
hybridization against primer 72.4-1, which was not used for
the PCR reaction, the clones containing P2 DNA could be
isolated and sequenced.

In all three strains containing P2 integrated in location II,
a fragment which contained P2 DNA, the attL core se-
quence, and 167 nt of flanking host DNA was cloned (Fig.
3a). The only difference found between the strains was that
C(P2c)I1, as opposed to C(P2)II and K(P2)II, had a T instead
of a G at position +3 of the attL core sequence. Whether this
difference in strain C(P2c)II is due to a strain difference or a
mismatch repair during integration is not known. It should
be noted that the saf mutation has a G residue replacing the
T at position +3 in the a#zP core sequence (40). Amplifica-
tion of the prophage-host junction fragment from C(P2)III
gave a fragment containing P2 DNA, attL, and 125 nt of
flanking host DNA (Fig. 3b), and amplification of the pro-
phage-host junction from K(P2)H gave a fragment containing
P2 DNA, attL, and 153 nt of flanking host DNA (Fig. 3c).

Isolation and sequence determination of host DNA se-
quences flanking a#tR in lysogens having the P2 prophage
integrated in location IL, III, or H. As there is no Sau3Al site
in the known DNA sequence to the left of attP, the DNA
from the respective lysogen was cleaved instead with Alul
before ligation (Fig. 1). Alul cleaves 417 nt to the left of the
attP core sequence (Fig. 2a). After ligation, the prophage-
host junction circles containing atzR were amplified by using
primers 70.9-1 and 71.5-r (Fig. 2a). The PCR reaction yielded
only one fragment each from strains C(P2)II, C(P2c)II, and
C(P2)I11, while strain K(P2)II gave two different fragments.
Strain K(P2)H also gave two different fragments, one of
which was the same size as a fragment obtained from strain
K(P2)II. The amplified DNA was cloned, hybridized against

primer 72.0-r (which was not used for the PCR amplification)
(Fig. 2), and sequenced.

Strain C(P2)II gave only one type of insert in all isolates.
This contained P2 DNA, a#tR, and more than 360 nt of
flanking host sequences (Fig. 3a). Strain K(P2)II, however,
gave isolates which had the flanking host sequences found in
locI of E. coli C. Strain C(P2)III gave only one type of insert
in all isolates, which contained P2 DNA, a#tR, and about 440
nt of flanking host sequences (Fig. 3b). Strain K(P2)H gave
two types of inserts, one type containing P2 DNA, attR, and
the 120 nt of flanking host sequences shown in Fig. 3c and
the other containing the same flanking host sequences as locI
of E. coli C, i.e., like strain K(P2)II.

Sequence comparison of the attB core sequences with the
attP core sequence. By aligning the a#tL and attR sequences,
as shown in Fig. 3, the host a#tB sequences of locations II,
III, and H can be constructed and compared with those of
locI and attP (40), presuming that the mismatches originate
from the aztB core region. As can be seen in Fig. 4, locII has
20 nt identical to the a#tP core sequence, and loclII and locH
have 17 nt identical to the a#tP core sequence. Thus, the P2
integrase will accept at least up to 37% mismatches within
the 27-nt-long core sequence. There are no detectable se-
quence similarities outside the core regions between the attP
and attB sequences, but a comparison of the attB regions
shows that locI and locH have a region of 23 nt with 50%
identity on the left side of the core region and that locations
I, 11, III, and H seem to have a homologous TG-rich region
(Fig. 4) on the right side of the core region.

To ensure that no mismatch repair had occurred during
integrative recombination, the attB regions of locll, loclil,
and locH were amplified from the nonlysogenic strain
C-600r~m™, a commonly used K-12 strain (2, 29), by using
the primers shown in Fig. 3. The amplified fragments were
cloned into pUC18 and sequenced. In locIl of strain
C-600r m™, the mismatched T at position +7 was found to
be replaced by a C, which also is a mismatch compared with
attP and probably reflects a difference between the strains
used. In locIl and loclll, the attB core sequences were
identical to those deduced from the a#tL and attR sequences.
Thus, no mismatch repair has occurred in the lysogens
studied, besides possibly in strain C(P2c)II, as described
above.

P2 has been found integrated in location H in E. coli K-12
strains but so far never in E. coli C (Table 1). To test whether
locH is present in E. coli C, primers on either side of the core
sequence of locH, i.e., locH-r and locH-1 (Fig. 3), were used
to amplify DNA from an E. coli C strain (C-1a) and a K-12
strain (C-600r m™). The expected DNA fragment of 190 nt
was found only with DNA from the K-12 strain. Thus, E. coli
C seems to lack locH. P2 has been found in location III in E.
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C locI attL 5’-ATGCATAAAAAAATAAGCCCGTGTAAGGGAGATT

J. BACTERIOL.

P2 wild type 5 -GTGGGATAARACTGCAACGGGGCGTTGCGGAGTTCTCTATCAGCCTAGCTACCGGTCGGGCAGATATTTACACGGAAACACCGGTCAAA

K-12 locI-K

C

5 *-ATGCATAAAAAAATAAGCCCGTGTAGCAGAGTIC--C
* *

G
*

P2 wild type GTGTCTGGCTTTAAGCGCGTCATAGACGAGCAGGACTGGACAATCACTAAGGTGACACATTTTCTGAATAATAGCGGCTTCACGACGTCCT

A

K-12 locI-K

_35 *
End gene D

P2 wild type TAGAGCTTGAGGTCAGGCTTTCTGATGTGGAGTACCAAACAGAAGATGATGAGTGATGTTTTTGTTTTATCTGTTTGTTTTGTAAGGATAA
A A

~

K-12 locI-K G--—-G

A A G——=

Gene ogr MetPheHisCysProLeuCysGlnHisAlaAlaHisAlaArgThr

P2 wild type ATTAACTAAAATGGCACCATCAACAAAACCGGAAGAGGTGCTCGCGATGTTTCATTGTCCTTTATGCCAGCATGCCGCACATGCGCGTACA

K-12 locI-K

SerArgTyrIleThrAspThrThrLysGluArgTyrHisGlnCysGlnAsnValAsnCysSerAlaThrPheIleThrTyrGluServValG
P2 wild type AGTCGCTATATCACTGACACGACAAAAGAGCGTTATCATCAGTGCCAGAACGTGAATTGCAGCGCCACGTTCATCACTTATGAGTCGGTAC

K-12 locI-K --C C
* *

T
*

1nArgTyrIleValLysProGlyGluValHisAlaValArgProHisProLeuProSerGlyGlnGlnIleMet TrpMetEND
P2 wild type AGCGATACATCGTGAAGCCGGGAGAAGTCCACGCCGTAAGGCCGCACCCGTTGCCATCAGGGCAGCAAATTATGTGGATGTAATTACAAAC

K-12 locI-K T T
*

A4 A5
*

P2 wild type AGAAAGCCCCTCAGTCGAGGGGCTTTTTTGTCGATGTGGTCAATGTGTGGACGTGACCAGAAATAAATCCTTTTATTTCAATTTATTGTAC

K-12 locI-K --G

C locI attR AAAAAATAAGCCCGTGTAAGGGAGATTACACAG-3"
P2 wild type GTAAAAAATAAGCCCGTGTAAGGGAGATTTAGGGT-3’
K-12 locI-K --ARAAAATAAGCCCGTGTAAGGGAGATTACACAG-3°

. T-G-~--ACG—

FIG. 5. DNA sequence of the cryptic P2 integrated into locI compared with the P2 wild-type sequence and a#tL and attR of locI in E. coli
C. The arzL and attR sequences of locl are given on the top row at the start and the end of the sequence. The P2 wild-type sequence
(containing part of gene D [10], all of gene ogr [14], and a#¢P) is shown above the cryptic P2 sequence found in locI of E. coli K-12 (indicated
as K-12 locI-K). Only nucleotides that differ from the P2 wild-type sequence are shown. The stars indicate that the base substitutions are silent
mutations. The promoter and amino acid sequence of the ogr gene are also indicated above the sequence. Nucleotides identical to the core

sequence of locl are underlined.

coli C strains and possibly also in K-12 strains (Table 1).
When primers on either side of loclll, i.e., locIII-r and
locIII-I, were used to amplify DNA from a K-12 and a C
strain, the expected fragment of 435 nt was found with DNA
from both strains. Hence, locllI is present in E. coli K-12 as
well as in C strains (data not shown).

E. coli K-12 has a cryptic P2 integrated into locI-K. One
possible interpretation of the fact that the right prophage-
host junction of locl is found in strains K(P2)II and K(P2)H
is that these strains carry a defective P2 prophage integrated
into a site similar in DNA sequence to locI of E. coli C. Since
it is not known whether these sites are at the same map
location, this E. coli K-12 site is referred to as locI-K. To test
this possibility, two primers from either side of a#tB of locl,
i.e., locI-r and locI-1 (Fig. 2b), were used to amplify location
I from the control strain C-1a, which should give a fragment
of 445 nt containing a#tB, and from strains K-40 [the nonly-
sogenic parent of strain K(P2)H], K(P2)II, and C-600r m™.
Strain C-la gave a fragment of about 450 nt as expected,
while the K-12 strains gave a fragment of about 1,000 nt (data
not shown). The PCR-amplified fragments from the strains
were inserted into pUCI18 and sequenced. The amplified
C-1a fragment contained the expected a#B region, while the
fragments from strains K-40, K(P2)II, and C-600r m™ con-
tained a piece of P2 DNA, including the C-terminal part of
the D gene, all of the ogr gene, and a#R of locI (Fig. 5). As
can be seen in Fig. 5, it seems as if there has been a
recombination event between a#tL and a region within the D
gene which has 14 nt identical to the 27-nt core sequence of
attL. There are some differences between the P2 wild-type

sequence and the sequence of the cryptic P2 in locI-K. There
are 21 base substitutions, of which 6 are within the coding
part of the ogr gene. However, only one of these will give
rise to a new amino acid in the Ogr polypeptide (Fig. 5).

Location of the attachment sites in the physical map of E.
coli. Kohara et al. (20) have compiled a physical map of the
E. coli genome by assembling a collection of specialized
transducing A phages carrying identified, overlapping E. coli
chromosomal fragments.

Location II has been mapped between metE and rha, i.e.,
86.3 and 88.6 min, respectively (4), which should correspond
to A clones 541 to 552 in Kohara’s miniset. An initial
screening of these clones by PCR with primers on either side
of the core sequence (Fig. 2a) gave the expected 358-nt-long
fragment only with clones 547 and 548 (data not shown).
Therefore, phage stocks of A clones 546 to 549 were made,
and the DNA was extracted and analyzed by dot blot
hybridization against **P-labeled probe locII-r. As can be
seen in Fig. 6, only clones 547 and 548 hybridized against
this probe. Thus, the P2 attachment site II should be located
within the overlap of clones 547 and 548, i.e., between
positions 3654 and 3672. This region contains several PstI
sites, all located around position 3670. As a PszI site is
located only 50 nt from the core sequence of locll, its
location must be around position 3670.

Location III has been located between #rp and the termi-
nus on the map of E. coli C (18, 39). On the genetic map of
E. coli K-12 (4), this should be between 28 and 34.25 min,
which should correspond to A clones 254 to 305 in the
miniset. The initial screening of these clones by PCR with
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FIG. 6. Locations of loclI (a), locIII (b), and locH (c) on the physical map of E. coli (20). The format of the restriction map shows, from
the top row, BamH]I, Hindlll, EcoRl, EcoRV, Bgll, Kpnl, Pstl, and Pvull. The results of dot blot analyses are shown to the right of the maps.

primers on either side of the core sequence (Fig. 3a) gave the
expected 435-nt-long fragment only with clones 277, 278, and
279 (data not shown). Therefore, phage stocks of A clones
276 to 280 were made, and the DNA was extracted and
analyzed by dot blot hybridization against **P-labeled probe
locIII-r. As can be seen in Fig. 6, only clones 277, 278, and
279 hybridized against this probe. Thus, the P2 attachment
site II should be located within the overlap of clones 277,
278, and 279, i.e., between position 1570 and 1575.
Location H has been located between shid and his, which
are at about 43.4 and 44 min, respectively (4), and this should

correspond to a region covered by A clones 344 to 350. The
initial screening of these clones by PCR with primers on
either side of the core sequence (Fig. 3a) gave the expected
190-nt-long fragment only with clones 348 and 349 (data not
shown). Phage stocks were therefore made of \ clones 347 to
350, and the extracted DNA was analyzed by dot blot
hybridization against the **P-labeled probe locH-r. As can be
seen in Fig. 6, only clones 348 and 349 hybridized against
this probe. Thus, locH should be located within the overlap
of these clones, i.e., between positions 2080 and 2090. Since
this region contains only one BamHI site and since locH has
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a BamHI site 60 nt from the core sequence, locH must be at
about 2085.

Location I in E. coli C has been located between genes his
and metG. In E. coli K-12, this region has given controversial
mapping results (4), but the metG gene has recently been
located between positions 2202.6 and 2204.8 on the physical
map (15). Thus, the cryptic P2 prophage located in locI-K is
expected to be found between positions 2100 and 2202, which
is covered by A clones 350 to 360. However, these clones
contain no material amplifiable by primers on either side of
the core sequence of locI or by primers from the cryptic P2
and either side of the cryptic prophage. Plaque hybridizations
against *?P-labeled locI-r and locl-l primers were also nega-
tive. To test whether locI has been translocated to another
part of the genome in E. coli W3110, from which the collec-
tion of transducing A phages were obtained (20), a membrane
containing the whole collection of transducing \ phages was
hybridized to the *?P-labeled locI-r, locl-1, and core-l. How-
ever, no positive signals could be detected.

DISCUSSION

Core sequence in alternative attachment sites. The core
sequence defined as the 27-nt-long sequence identical in P2
attP and the chromosomal a#B in locl shows a number of
mismatches when compared with alternative a#B sites of E.
coli K-12. There are only nine conserved bases, and the
consensus core sequence is 5'----A----GC----G-AAG-G---T-
3'. The core sequence shows no symmetry, and as the
sequenced aztL and attR regions show variations up to the
conserved AAG sequence, the point of crossover is likely to
be located here. The P2 integrase belongs to the Int family of
site-specific recombinases (3). This group of proteins show a
large diversity of sequences, but they seem to share the same
features in strand cleavage and exchange reactions. Three
members of this family have been studied in detail, i.e., the
A Int, P1 Cre, and yeast 2pm circle FLP proteins, and they
have been shown to nick their substrates at specific positions
to create 3’ protein-bound termini and 5’ overhangs with a
free hydroxyl group. The overlap regions are at least 6 nt
long, i.e., 7 nt for Int (24, 38), 6 nt for Cre (17), and 8 nt for
FLP (1). Our data suggest that one of the strand exchange
points is within or at the edges of the conserved AAG
sequence, but as locII has nonhomologies at both sides of
the AAG sequence, the overlap region in P2 might be shorter
than 6 nt, or else integration into locll involves overlap
region mismatch. However, it should be noted that locII and
locH are occupied with about equal probability in E. coli
K-12 (19), and in the case of phage A, sequence homology
between recombining a#t sites within the overlap region is
required for effective recombination (5).

Presence of a cryptic P2 in locI-K of E. coli K-12. The E. coli
K-12 strains used in these studies contain a cryptic P2 in
locI-K. This suggests that an ancestor of E. coli K-12 was
lysogenized by P2 and that an imprecise excision event which
removed most of the phage DNA then occurred, leaving only
part of gene D, all of gene ogr, and a#R in the chromosome
(Fig. 5). This unequal recombination event would have in-
volved a#tL. and a region within the D gene. Indeed, gene D
offers 14 matches to the 27-nt core sequence in the region
where the recombination is presumed to have occurred. Even
though the ogr gene has accumulated six base substitutions,
only one changes an amino acid in the polypeptide (Ala-57 to
a Val). Since the ogr gene has a promoter located in the
spacer region between genes D and ogr (14, 28), the ogr gene
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is probably expressed. In fact, an ogr activity has been
observed in E. coli B and K-12 strains (34).

That a cryptic P2 is present in loc/-K explains why P2
cannot stably integrate into this site. The P2 int transcript
which is initiated at the Pc promoter, located to the right of
the C repressor gene, proceeds across the a#tP core sequence.
In the phage structure, it is terminated after the attP se-
quence, while in the prophage structure, it proceeds into the
host chromosome. Therefore, it has been hypothesized that a
shorter half-life of the int transcript of the prophage leads to a
very low int gene expression in the prophage compared with
the unintegrated phage (40). Integration of P2 into locI-K,
however, generates a normal inf transcriptional stop signal, as
in the phage structure, because of the presence of the cryptic
P2, and the expression of the int gene will be as high as with
an unintegrated phage. As a consequence, the structure
would be unstable, which would explain why it has been
impossible to establish a stable P2 prophage in locI-K. It is
known that double lysogens with two P2 prophages in tandem
at the same bacterial attachment site segregate single lysogens
at a high frequency unless the int gene in the center of the
structure is inactivated by a mutation (7, 13).

When prophage P2 occupies site H in E. coli K-12, it
occasionally generates P2 int-dependent deletions that in-
clude genes sbc, his, gnd, rfb, udk, and dcd and reach into
the mglP locus (25, 35, 36). The mglIP locus is located at kb
2247 on the physical map (20), and metG has recently been
located between kb 2202.6 and 2204.8 (15). Location I in E.
coli C has been located between his and metG, but as the
gene order on the physical map is his-metG-mglP, it is hard
to explain the phenotype of the eductants, presuming that
they have arisen from a recombination event between P2 in
locH and the cryptic P2 in locI-K. One possibility is that the
gene orders in the strains used were different. This region
has given controversial mapping results, and it is possible
that the length and orientation of part of this region are not
the same in all strains (4). Alternatively, the mglP locus is
not physically lost in the eductants, but its expression is
altered. In fact, it has been observed that the expression of
metG is altered in the P2 eductants (12). Our attempt to
locate loclJK in this region on the physical map of K-12 has
failed. In fact, the restriction map of E. coli C around locl
does not match the K-12 map in the region between his (kb
2100) and metG (kb 2203) (8). Thus, it is possible that some
E. coli K-12 strains lack the region corresponding to locl.
Differences in this region in E. coli C and K-12 strains have
been noted. Strain C contains the ribitol-arabitol genes
between metG and his, while K-12 contains the galacticol
genes, and these genes are mutually exclusive when ex-
changed between E. coli C and K-12 (21).
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