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Integration of Bacteriophage Mx8 into the Myxococcus xanthus

Chromosome Causes a Structural Alteration at the
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Mx8 is a generalized transducing phage that infects Myxococcus xanthus cells. This phage is lysogenized in
M. xanthus cells by the integration of its DNA into the host chromosome through site-specific recombination.
Here, we characterize the mechanism of Mx8 integration into the M. xanthus chromosome. The Mx8 attachment
site, attP, the M. xanthus chromosome attachment site, a##zB, and two phage-host junctions, atfL and a#fR, were
cloned and sequenced. Sequence alignments of attP, attB, attL, and attR sites revealed a 29-bp segment that is
absolutely conserved in all four sequences. The intP gene of Mx8 was found to encode a basic protein that has
533 amino acids and that carries two domains conserved in site-specific recombinases of the integrase family.
Surprisingly, the attP site was located within the coding sequence of the intP gene. Hence, the integration of
MxS8 into the M. xanthus chromosome results in the conversion of the infP gene to a new gene designated infR.
As a result of this conversion, the 112-residue C-terminal sequence of the intP protein is replaced with a
13-residue sequence. A 3-base deletion within the C-terminal region had no effect on Mx8 integration into the
chromosome, while a frameshift mutation with the addition of 1 base at the same site blocked integration
activity. This result indicates that the C-terminal region is required for the enzymatic function of the intP product.

Myxococcus xanthus is a unique gram-negative bacterium liv-
ing in soil. M. xanthus cells can undergo multicellular develop-
ment involving cell-to-cell interactions (for a review, see ref-
erence 8). Upon nutritional starvation on a solid surface, cells
aggregate to form mounds called fruiting bodies within which
rod-shaped cells are converted into spherical or ovoid myxo-
spores.

Several bacteriophages that infect M. xanthus cells are
known (17). Myxophage Mx8 is a generalized transducing
phage of M. xanthus (22). Purified phage particles have 56-kb
linear double-stranded DNA molecules with an average termi-
nal redundancy of 4.3 kb (31). Restriction analyses showed that
Mx8 phage DNA is circularly permuted (see Fig. 1A). This
phage can be lysogenized in M. xanthus cells by integrating its
DNA into the host chromosome through site-specific recom-
bination between the a#tP site on the phage DNA and the a#B
site on the host chromosome (4, 25). This recombination sys-
tem has been used to introduce recombinant plasmids into the
M. xanthus chromosome, since various plasmids containing a
fragment of Mx8 DNA have been shown to stably integrate
into the chromosomal a#B site (15, 29, 31). In spite of the
effectiveness and wide utilization of the Mx8 a#tP-mediated
integration of plasmids, the integration mechanism is not well
understood at present.

To reveal the mechanism of MxS site-specific recombination
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in M. xanthus, we analyzed the intP-attP region of Mx8 phage.
Comparison of attP, attB, attL, and attR sequences revealed a
29-bp segment that is absolutely conserved. The Mx8 intP gene
was shown to encode a basic protein with 533 amino acids that
carries two domains similar in structure to those of site-specific
recombinases of the integrase family. We also demonstrated
that the Mx8 a#tP site is located within the coding sequence of
the Mx8 intP gene.

MATERIALS AND METHODS

Bacteria, phage, and plasmids. M. xanthus DZF1 sglA (16) was used. Esche-
richia coli IM83 A(lac-proAB) rpsL thi ara 80 dlacZAM15 (39) was used as a
host for transformation and P1 transduction. E. coli IM109 recA1 A(lac-proAB)
endA1 gyrA96 thi hsdR17 supE44 relAI/F’ traD36 proAB lacl9ZAM15 (39) was
also used to construct various plasmids and to generate single-stranded DNA
with phage M13 K07 (38). E. coli LE329 (DE3) (28) was used as a host for T7
promoter-mediated gene expression (32). Plc/r/00 Cm was used to introduce
various plasmids into M. xanthus cells from E. coli cells (30). pHSG399 (34),
pUC19 (39), pUC118 (38), pUC119 (38), pPlinc (36), pMC1403 (6), and
pET11a (32) were used as vectors for cloning and sequencing. pNT001 was
constructed by replacing the 3.4-kb NspV-Ball segment of pMC1403 DNA with
a BglII linker. pNTO002 is a derivative of pNT001 and was obtained by altering the
multicloning site to GAATTCCCGGGGATCCGTCGATCGACCTGCAGAT
CCC instead of GAATTCCCGGGGATCCC as in pMC1403. The last three nu-
cleotides, CCC, of the pNT002 cloning site correspond to the eighth codon of the
lacZ gene.

Culture conditions. M. xanthus cells were grown in Casitone-yeast extract
(CYE) medium (16) at 30°C. Solid medium contained 1.5% Bacto Agar (Difco).
Kanamycin sulfate (40 pg/ml) was added for the selection of kanamycin-resistant
(Km") M. xanthus cells.

E. coli cells were grown in Luria broth or 2X YT medium (26) at 37°C.
Ampicillin (100 wg/ml), chloramphenicol (25 pg/ml), tetracycline (6 ng/ml), and
kanamycin sulfate (50 wg/ml) were added when necessary.

DNA manipulation and sequencing. Preparation of the chromosomal DNA
and plasmid DNA, transformation, Southern hybridization, and other methods
of DNA manipulation were performed as described previously (26). The DNA
sequences were determined by the dideoxy chain termination method (27) in
both strands, with overlapping fragments being used and single-stranded DNA
being used as a template. An Applied Biosystems 373A DNA sequencing system
was used according to the instructions of the manufacturer.
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Cloning of the attP-intP, attL, attR, and attB regions. A 2.9-kb Smal fragment
of the Mx8 genomic DNA attP-intP region was cloned into the Smal site of
pHSG399 to give pMP001. An integrative plasmid, pMP002 (see Fig. 2A), was
constructed by ligating the 2.9-kb Smal fragment and a 1.3-kb DNA fragment
containing the Km" gene from TnJ into the Smal site of pPlinc, a vector carrying
the P1 phage incompatibility region (Plinc), to allow the P1 transduction.
pMP002 was introduced from E. coli into M. xanthus cells by P1 transduction (30)
to give its integration into the chromosomal a#tB site of M. xanthus.

To clone the attL and attR sites, the chromosomal DNA of pMP002-integrated
M. xanthus cells was isolated, digested with EcoRI or BamHI, and self-ligated (9).
The ligation mixture was used to transform E. coli JIM109 cells for ampicillin
resistance. pMP003, a 10.5-kb plasmid containing the a#tL region, and pMP004,
an 11.2-kb plasmid containing the a#fR region, were isolated from the EcoRI- and
BamHI-digested chromosome DNA, respectively.

To clone the attB site, a 2.6-kb BamHI-Kpnl fragment located near the attB
site on the chromosome was isolated from pMP003 DNA, treated with DNA
polymerase I Klenow fragment (Klenow enzyme), and inserted into the Hincll
site of pUC19. A 6.3-kb BamHI fragment containing the Plinc and Km" genes
was inserted into the BamHI site of the resulting plasmid to give pMP005 (see
Fig. 2C). pMP005 was introduced into M. xanthus DZF1 by P1 transduction, and
Km" colonies were isolated. From the Km" M. xanthus cells, the chromosomal
DNA was isolated, digested with BamHI, self-ligated, and used to transform E.
coli IM109 cells for ampicillin resistance. pMP006, a 7.1-kb plasmid containing
the 4.4-kb BamHI fragment carrying the M. xanthus attB site (see Fig. 2A), was
obtained.

Construction of deletion and frameshift mutations in the intP gene and assay
of their integration ability. To construct plasmids with deletions from the left
end of the Mx8 sequence (pMP007 through pMPO012 [see Fig. 5]), pMP001 DNA
was first digested at the unique BamHI site in the vector and then digested
completely or partially at various restriction sites within the insert. After treat-
ment with the Klenow enzyme, the resulting fragments were ligated with the Km"
DNA fragment. For deletions from the right end of the Mx8 sequence (pMP013
through pMP016), pMP001 DNA was digested at the KpnI site in the vector and
at various restriction sites in the insert, treated with the Klenow enzyme, and
religated. To generate frameshift mutations (pMPO017 through pMP021),
pMP001 DNA was digested with an appropriate restriction enzyme, treated with
the Klenow enzyme, and self-ligated. The DNA junctions produced in various
deletion and frameshift mutations were confirmed by either restriction enzyme
analyses or DNA sequencing. All plasmids contained the Km" gene at the left
end of Mx8 DNA in the same direction as that of the intP gene (see Fig. 5). All
the plasmids carrying the mutations described above were converted into the
pMPO002 configuration as described earlier, yielding pMP007 to pMP021.

The final plasmids were transferred from E. coli to M. xanthus cells by P1
transduction to test their ability to integrate into the M. xanthus chromosome via
site-specific recombination.

Construction of intP-lacZ fusion genes and (-galactosidase assay in M. xan-
thus. Two types of intP-lacZ fusion genes were constructed (6). In the case of the
construction of plasmids pMP022 to pMP027, 5'-end-truncated fragments of
various sizes (see Fig. 6 [thin lines from pMP022 to pMP027]) were first gener-
ated by digesting pMP001 DNA with various restriction enzymes, and then the
fragments were treated with the Klenow enzyme and digested with Stul. The
isolated fragments were then inserted at the Smal site of pNT002 so that the intP
gene was fused at the glutamic acid residue at position 65 with the lacZ gene in
the same reading frame. In other constructions (pMP028 to pMP030), the fusion
was carried out downstream of the a#tP site. For this purpose, the NotI site in the
intP gene of pMP001 DNA (see Fig. 6) was first converted to an Nael site with
the Klenow enzyme. Subsequently, the 2.66-kb Smal-Nael fragments of the
resulting plasmid were inserted into the Smal site of pNT001 to create the
intP-lacZ fusion (see Fig. 6 [pMP028, -029, and -030]). In both constructions,
pMPO001 derivatives with frameshift mutations were also used. In all constructs
(pMP022 to pMP030), a 7.8-kb EcoRI fragment containing the Plinc region, the
Tc" gene of pPBR322, and a part of the M. xanthus lonD coding sequence (37) was
inserted into the EcoRI site of the pNT001 and pNT002 derivatives carrying the
intP-lacZ fusion genes. The lonD gene was used for the integration site for all the
constructs described above. Since the plasmids lack the intP function, they are
integrated into the lonD locus on the M. xanthus chromosome by homologous
recombination after being introduced by P1 transduction. The chromosome
structure of each integrant was confirmed by Southern hybridization analysis.
The B-galactosidase activity of M. xanthus cells carrying intP-lacZ fusion genes
was measured with o-nitrophenyl-B-p-galactopyranoside being used as the sub-
strate and was expressed as nanomoles of o-nitrophenol per minute per milli-
gram of protein as described previously (21).

Expression of intP and intR genes in E. coli. The intP and intR genes were
inserted into a T7 expression vector, pET11a, and overexpressed in E. coli cells
(32). At first, the sequence corresponding to the N-terminal region of the intP
and intR genes was amplified by PCR with pMP001 DNA being used as the
template. PCR was carried out with a forward primer (5'-CTCATATGGGTA
ACGTCTATC-3") containing an ATG initiation codon at the Ndel site to re-
place putative initiation codon GTG of the intP and intR genes and a reverse
primer (5'-CTGGATCCACGCGTCAGCACACC-3') corresponding to the se-
quence around the Miul site of the intP and intR genes. This primer also creates
a BamHI site downstream of the Mlul site. The PCR product was digested with
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FIG. 1. (A) Circular restriction map of the 51.7-kb Mx8 genome (31). (B)
Restriction map of the 12.6-kb EcoRI fragment. Only Smal sites located within
the 5.6-kb Xhol fragment are indicated. (C) Restriction map of the 2.9-kb Smal
fragment. The open bar on the map indicates the location of the attP site. The
arrow below the map represents the intP coding region and its orientation.

BamHI and inserted into the Smal-BamHI site of pUC19 to give pMP031. To
generate expression plasmids with the entire intP and intR genes, pMP031 DNA
was digested with Miul and BamHI and ligated with 1.4- and 1.2-kb MluI-BamHI
fragments containing the sequences corresponding to the C-terminal regions of
the intP and intR genes to give pMP032 and pMPO033, respectively. The Ndel-
BamHI fragments of pMP032 and pMP033 DNA were then inserted at the
Ndel-BamHLI sites of pET11a to give pMP034 and pMP035, respectively.

For the expression of intP and intR genes, E. coli LE329 (DE3) cells harboring
pMP034 or pMP035 were grown to an Ag,, of 0.5 and treated with 0.4 mM
isopropyl-B-p-thiogalactopyranoside (IPTG) for 30 min at 37°C to induce T7
RNA polymerase expression. Rifampin (final concentration, 200 pg/ml) was
added into the culture, and incubation was continued for an additional 30 min.
Then, 10 uCi of [**S]methionine was added to 2 ml of the cultures, and the cells
were labeled for 10 min. Protein patterns were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 17.5% gel. Pro-
teins were visualized by both staining with Coomassie brilliant blue and autora-
diography.

Materials. Restriction enzymes, the DNA polymerase I Klenow fragment,
oligonucleotide linkers, the DNA ligation kit, and the nick translation kit were
purchased from either New England Biolabs, Takara Shuzo, or Nippon Gene.
[«->?P]dCTP and [**S]methionine were from ICN Biomedicals.

Nucleotide sequence accession numbers. The entire nucleotide sequence data
for attB, attL, intP-attP, and attR described in this paper will appear in the GSDB,
DDBJ, EMBL, and NCBI nucleotide sequence databases under accession num-
bers D26557, D26558, D26559, and D26560, respectively.

RESULTS

Localization of the Mx8 attachment site. Previously, it was
reported that plasmids containing the 12.6-kb EcoRI fragment
(Fig. 1B) of Mx8 DNA could integrate into a unique site on the
M. xanthus chromosome via site-specific recombination (29,
31). Later, the internal 2.9-kb Smal fragment (Fig. 1C) was
identified as a fragment which is still capable of integrating
itself into the M. xanthus chromosome (15).

Hence, we constructed an integrative plasmid, pMP002, by
using the 2.9-kb Smal fragment for in situ cloning of the a#tL
and attR sites (Fig. 2A). This plasmid was introduced into M.
xanthus DZF1 cells from E. coli cells by P1 transduction (30).
Many kanamycin-resistant transductants were obtained. These
transductants were likely to be produced by site-specific re-
combination between the a#tP site on pMP002 and the a#¢B site
on the M. xanthus chromosome as shown in Fig. 2B. Chromo-
somal DNAs of a few independent transductants were isolated
and subjected to Southern hybridization analysis with pUC19
DNA being used as a probe. The results indicated that in all
cases, one copy of pMP002 DNA was integrated into the
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FIG. 2. Schematic diagram of cloning of the Mx8 attL, attR, and attB sites. (A)

oMP004

Structures of pMP002 and M. xanthus chromosome DNA around the attB site.

Hatched line, the 2.9-kb Smal fragment of Mx8 containing the aftP site (thick hatched bar) and the intP gene; bold line, M. xanthus chromosomal DNA with the atB
site (open bar); thin line, the vector sequence. (B) Structure of the M. xanthus chromosome with pMP002 integration. The a#tL and a#R sites are indicated by bars.
(C) Structures of pMP003, pMP004, and pMP005. pMP005 was used for cloning of the a#tB site. Only the relevant sites are shown for Kpnl. Restriction sites in

parentheses were treated with the Klenow enzyme.

unique site, attB, on the M. xanthus chromosome (data not
shown). Furthermore, the approximate locations of the EcoRI
and BamHI sites adjacent to the a#tB site on the chromosome
were deduced (Fig. 2B).

Isolation of attP, attL, attR, and attB sites and identification
of the core sequence. To clone the attl. and attR sites, the
chromosomal DNA from one pMP002-integrated M. xanthus
strain was digested with EcoRI or BamHI. Since both the
origin and the ampicillin-resistant gene in the plasmids used
are derived from pUC9 and flanked by a BamHI site and an

EcoRI site (Fig. 2B), self-ligation of the chromosomal DNA
digests either by EcoRI or BamHI generates ampicillin-resis-
tant plasmids containing either attL (by EcoRI digestion) or
attR (by BamHI digestion), thus generating pMP003 and
pMP004, respectively. Approximately 50 ampicillin-resistant
colonies were obtained for each digestion.

In the case of EcoRI digestion, pMP003, a 10.5-kb plasmid
containing a 6.5-kb a#fL host-phage junction region, was ob-
tained (Fig. 2C). In the case of BamHI digestion, pMP004, an
11.2-kb plasmid containing a 3.6-kb a#tR region, was obtained.
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attl, gaagggcecggaaccttgegatteegggeccttottaiTGGCGAGGAGTACEGEACTTGAACCCGTRCTCCTGEGCTCCTT
attR ARAACCCCAGCAAGTCCGAGAACTTGCT GT AGGAGTACGGGACTTGAACCCGThgectccggegtgac
attB

gaagggcccggaaccttgegattecgggeccttettaBTGGCGAGGAGTACGGGACTTGAACCCGTgoctacggegtgac

FIG. 3. (A) Restriction maps around the attP, attL, attR, and attB sites. Restriction sites in the 2.9-kb Smal fragment for attP and intP, the 3.6-kb BamHI-Smal
fragment for attL, the 3.6-kb Smal-BamHI fragment for a#tR and intR, and the 4.4-kb BamHI fragment for a#tB are shown. The location of the 29-bp core sequence
is shown by an open bar on the map. The locations and orientations of the intP and intR genes are shown by arrows. (B) Alignment of the a#tP, attL, attR, and attB
sequences. The 29-bp core sequences are boxed. Chromosomal DNA sequences are indicated by lowercase letters.
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CCCGEEEATGGAGCCAGACGGCCGCGCTTGTCGAGCGCGACACGGCACAGTGGCCCAAGGCAGAGTTGGTGG TGCCGTGACGACGCCACCGCGCCCCATGC TTTCGCTGACGGCGCTCCG

CCTCCTGGTGGAGCGCCCGCACTCGCCGCTGGAGTTGGGCGCCGCGCTGGGACTCCAGCGCCGCTCTACGGAGCGACTGC TGGCGCAACTCCGCGAGACAGGTGTTGAGGTGGAGCAGAC
Aorl
GCAGGACGTCGCTGACGCGCGGCGEGGTTACGCTGAGCGTCAGCCGGGCCGCAGCEGCTTCGCGCGCTTGGCCTCAAGTAGTCGCAGTACCCGACTTGACAGCACCCGGTCTCCGGGTGCAG

GTTGGCAAGTACGCAGTACCTGGACCGGCAGCACACGGTGAGCGGCCAGGACACACGACAACTTCGAGGTTCGCCGTGCCCGCCCAACTCAAGACAGCAACGAGTCGAGACGCTGGGCAC
MunI
GGCGATALL;LLLuquuuxLL1uATACALLLu1LLuuACTCGTGGACTGCAiIIQCAATCAAGGTTGCGATTGCGTTGTGTTGCGTAAAAACACTGCGAGCAAACTCCCGTCACTCGGG
Sall
AGAGTCGGTGTTATTGCGCTTGAG;QﬁagTACCGTGTGTCCTCGCGTGTCCGAGTCAAGGAAAATTGCATCGCGCGTATTGAATTTAGATGCGTGTTTCATTTATGTTTCTGATGCGGGC
Sphl
TCAGATGAGGACTTGGAGCCTGCGTCCAGCCCCACTGCGTGTGCATCGGCCCATGTGE:IEQAGTGGGGTGTCAGTCTGCCGTGTTACCTGACAGGGCGTACAGGCGTGGTGCAACGGGG

GCAGTCATCGTGAGTGAGATTGACATTGACGTGGAGGCCATCGTCGAAAGAGTCOTCCGGCGGGTGCTGGGCACCACCGCGCAGAAGACGEACGAGGTGC TCACTCAGACTGAGGCGGCA
SacII
GCCCTCGCAAGTGTCAGCACATCCACCATTCGCAACTCGCAGGCGCAGGGACTCCTEACGEC TGEGCATCATGGTCGCGTCAAGAAGTCGGAGTTGGAGGCGTTTC TCECGTCGCCACEE
Bgll
GCGAAGGCTACGCCCGAAGAGGAGGCCGACGCGAAGGCAGCGECCATCCTGGCGCGEAAGGCAGGGCGGCGCCGTGGGTAACGTCTATCGCAAGAAGGCCACTCGCTACTTGTGGATGTG
RBS intP M 6 ¥ V Y R K K A T R Y L W M W
SacII

GTGGTTCGACGCTGCGEGCGCECEGCAGTACGCGAGCACGGGCGAAGAAGACGAAGTGAAGGCGCGCGCCETCCTGAAGGCGACCGAGAAGCGCGTGGLCGCGGAGAAGGACCAGGGACT
W F D AA G AR QY A S TG EEUDTEUVI KA AR AUVILI KA ATEI KT RV A AEIKTDUGQG L
Stur
CGGCGCGTCCGGTCCCGTCACCGTCGAGGCCTACGCCGCCAAGTGGATGGAL GCGTCACGCTGCGCTCGGTCATGGATGACCGCTCCCGGATGCAGCACCACGTGCTGCCCTCGTT
G A S G P V T V E A Y A AK WMEGRUV TULUR S V M DDR S RMOQHUHHV L P S L
Mlul

GGGCGACAAGGAACTCGGTGTGCTGACGCGTCGGCACGTGCTCGCACTGGTGCGCGAAGTGCGCGCAAAGGGCCTGGCGCCGCGAACGGTGCGCCACGTCTACGCCCTGGTGCGGACGAT
6 D K EL GG V L TR RURUHV LALVIREUVRAIKTGTLAZPUZ RTU VIRIHEVY Y AL YV RTM
AorI Sacll
GCTGAGTGACGCGETGGTGGACGGGCTGCTGGAGCGCTCGCCCTETGACTTGCGCGAGCGCCGCGGGGAGATTCCGGCCATTCGGGATGC TGACCCTCGATGGCGGGACTCGGCCGTCTA
L s DAV VD GLULEZRSZPCDILZ REU RIT RTGETIUZPATIU RTUDADU®PRWIR RDSMAUVY
PstI
CTCGCGGGCCGAGGTCGTCGCACTGATTACGGATGAGCGCATCCCCCTTGAGCGGCGCGTGCTCTACGCCGTGGCCTTCGTCGGAGCGGTGCGCATC Al GTCAGCCCTGCAGGT
S R A E YV V A LTITUDEI RTIU®PTULETRIT RUVYVILJYAUVAVF V GGAVRIGEASATLOYV
Domain 1 SacIl
CCGGGACTGGGACGGCACCGTCAACCCCTTGGGGARGCTCTGGGTGACGAAGACCTTCAACCACAAGGTAGGAGAGGTCTACGAGACCACGAAGACGGACACGCCGCGGCAGATGCCAGT
R D WD G T V NP L 6 KL WV T KTV FWRNUHBRIXKV G EV Y ETTXK TDTPIRQMP V

CCACCCCTGGTTGAGCACGATGCTTGCCAGTTGGCTCGCCTACGGCTGGGCGCEGATGTACGCCCGGACGCCGCGCCAGGATGACCTGATTC TCCCGAGCCCCACCGGGATGCACCAGCG
H P WL S TMULAS WILAY G WAURMYAWRTU®PIRQ@D DL I L P S P TG MB Q@ R
SphI
GCCCCAGGGAGTCCTCCGTCGCCTGCATGCCGACCTGGACCTCCTGEGETTCAGGCGGAGACGGACTCACGATGCTCGCCGGACGTTCATCAGCCTGGCTCGTGCCGACGGTGCCGACAR
P 9 6 VL R RL H ADU ELDPL LGV F RRRIP RTHDARU®RTUF I 8 L A RADG A D K
Sall Domain 2
ATACCTACTCCAGTGGGTCACCCACGGCAGGCGCTCCGACATGGTCGACGCCTACACGACGCCGCCETGGGATCCCCTC TGTAGCGAAGTGGCGAAGTTGAAGCTCGAACTGCCCAAGCA

Y L L Q WV T HGRRSDMYVDATYTTTPTZPWEDATLTCETRTETV VA AT KTELTEKTELTETLTZPZEKQ

Ncol .y L. L. - —
GGAGGAGGARACCATGGCCTGCCGAGTGCCAAGC TG TGACAGCGGTGTGACAGCGGACGCTGGAAAAGAAAAACCCCAGCAAGTCCEAGAAC TTGCTGEGGCAGEGETEacaacaacTAC
EEETMACRVYPSCDSGVTADA AGTEKTET KT PO OV RETLIA AGA AT GV VA AT RS T
- - BglI

— —— —
GGGACTTGZEECCGEACTCCTGGGCTCCTTCTACGCCAATCCGCGCCAGTTGCCAACAAAATCTGAGGGCTTAGACGCGGAGTCCQQQAAACTGGQACGGACTGGCGCAGTTGACTGGCA
6 L E P V L L 6 8 F Y A NPURGQTULUPTK S EGULUDA ATESAI KTULARTGA AV D WH

[ -t

- —— e c——
CAAGCCCGTGACAGCGCCCCATCCGCTTGCCGTGGTGCGTCAGCAGATGGGGGTCCTCAAGTCCGGCGCCGGACGTGAGCGCARGGTGCTGGCGTCCCAACTCGTGGACGCCTCCCTGAT

K P V T A P H P L AV VRQQMG6 YV L K S GG A G REUZRIKU VLA ASQULUV DA ASTULM
Notl
GGCCCTGGAGCGGCTTGLGGCCGCCCTGCACCGCACCCATGCCGCCGATGACCGATGGTCCGACTGCCCGGCCTGCCECGCCETGGCGGACGGCGAGAGCCCTTCCGC TACCTGAGTCTC

A L E R L A A AL HRTMHAADUDRWSDOCUPACTRA AV ADGTE S P S A T *
salr Nrul
ACCCGCAGTCACCGTICGACCCACCCAGCCAGAGGAGTCCTCCATGICGCGAAAGCCGCGCAGCACTACCCGTCCGCCCGAAGATAGCCCCGATACGCTCCCCGACCGCTTCCCGCTCATG
Smal
GTCCACCGCATCCCGGG
Ncol - - [ - p—
GAGGAGGAAAQQAIEGCCTGCCGAGTGCCAAGCTGTGACAGCGGTGTGACAGCGGACGCTGGAQAAEAAAAACCCCAGCAAGTCCGAGAACTTGCTGGGGCAGGGETGGCGAGGAGTACG

E E E T M A CR YV P S8 C D S 6 V T ADAGTI KTEI KUPOQQVRETULAGA ATGV AIR S5 T

" —
GGACTTGAACCCGIYGGCCTCCGGCETGACAGGCCEGCETTCTAACCAACTGAACTAACTCCCCACATCGGTACATCAGTGGGCGGAACAGGGATTGAACCTGTGACCATCGCCTTGTAAG
G L E P V A 35S G V T G R R S N Q L N *

4007

FIG. 4. (A) Nucleotide sequence of the 2,897-bp Smal fragment of Mx8 and the deduced amino acid sequence of the intP gene. (B) Nucleotide sequence around
the attR site and deduced amino acid sequence of the infR C-terminal region. A putative ribosome-binding site (RBS), direct and inverted repeats (arrows), attP and
attR core sequences (boxes), relevant restriction sites (underlines), and A-clusters (underlines) are indicated. The amino acid sequences of domains 1 and 2 of the IntP
protein, conserved in site-specific recombinases of the Int family (Fig. 9), are also indicated.

From the

and pMP004 DNA, the recombination sites in a#tP, attL, and

restriction enzyme analyses of pMP002, pMP003, 0.4-kb Sall-Smal fragment of pMP004 DNA, respectively (Fig.

attR were located within the 0.6-kb Sall fragment of pMP002 3B).

DNA, the 0.7-kb Sall fragment of pMP003 DNA, and the

3A). These fragments were subcloned and sequenced (Fig.

Next, we also cloned the attB region by integrating pMP005
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FIG. 5. Integration ability of pMP002 and its derivative plasmids into the M.
xanthus chromosomal attB site. At the top, a restriction map of the 2.9-kb Smal
fragment of Mx8 is shown together with the attP core sequence (open bar). A
long arrow represents the coding sequence and orientation of the intP gene. Solid
lines below the map indicate DNA portions present in various plasmids. Crosses
on the line indicate the mutations constructed by modifying various restriction
sites. Integration of these plasmids into the a#B site was determined by the
formation of M. xanthus Km" colonies after P1 transduction. +, high frequency;
*+, low frequency; —, no transduction.

(Fig. 2C), which contained the 2.6-kb BamHI-Kpnl fragment
of pMP003 DNA, as well as Plinc and Km" DNA, into the M.
xanthus chromosome via homologous recombination. By reli-
gating the BamHI digest of the pMPO005-integrated M. xanthus
chromosomal DNA, we obtained pMP006, which carried the
4.4-kb BamHI fragment (Fig. 2A) encompassing the a#tB site.
The restriction enzyme analyses of pMP006 DNA indicated
that the a#tB site was located within the 0.6-kb Sall-Smal frag-
ment (Fig. 3A). The 0.6-kb Sall-Smal fragment was subcloned
and sequenced (Fig. 3B).

Figure 3B shows the alignment of the a#P, attL, attR, and
attB sequences. Each sequence was found to contain an iden-
tical 29-bp sequence designated as the core sequence. Site-
specific recombination between the phage attP and host a#tB
sites is considered to occur within the core sequence on the
basis of the sequences flanking the core sequence in attL, attR,
attB, and attP, as in the case of N phage integration (4). The
29-bp MxS8 attP core sequence was located near the right end of
the 2.9-kb Smal fragment of Mx8 DNA (Fig. 1C).

Nucleotide sequence of Mx8 intP-attP region. Since pMP002
carrying the 2.9-kb Smal fragment of Mx8 DNA was inserted
into the chromosomal a#tB site of M. xanthus at a high fre-
quency, the Smal fragment is considered to bear all informa-
tion required for site-specific recombination. Hence, the entire
nucleotide sequence of the 2,897-bp Smal fragment of Mx8
was determined (Fig. 4A). Analysis of the sequence revealed a
long open reading frame (ORF), tentatively designated the
intP gene, whose sequence shows significant homology to those
of several phage and plasmid site-specific recombinases be-
longing to the integrase family (see Fig. 9). As shown later,
translation of the intP gene was postulated to start with the
GTG codon at position 1154 and end with the TGA codon at
position 2753. A purine-rich Shine-Dalgarno-like sequence
(AAGGCAGQG) separated by 8 bp from the initiation codon
was found. Thus, the intP gene was deduced to encode a
protein with 533 amino acids and a calculated molecular
weight of 59,400. The calculated isoelectric point of the IntP
protein is 9.9. The codon usage in the intP gene is similar to
that in other M. xanthus genes, and the codon used in ORF has
a high G+C content at the third position (12). There is another
OREF with 268 amino acid residues from the GTG codon at
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position 355 to the TAA termination codon at position 1159
whose sequence does not show any significant homology to
those of known proteins as determined by a search with the
BLAST program.

To our surprise, the attP core sequence described above was
located within the intP coding sequence. Thus, the integration
of Mx8 phage or its derivative plasmids into the a#tB site of the
host chromosome results in a replacement of the C-terminal
112-amino-acid segment of the intP gene from the attP site
(Fig. 4A) with the C-terminal 13-amino-acid segment from the
attR site (Fig. 4B). The new ORF, designated the intR gene,
now encodes a protein with 434 amino acids and a calculated
molecular weight of 48,863. The calculated isoelectric point of
the IntR protein is 10.1.

The neighboring region of the Mx8 attP sequence contains
several direct and inverted repeats, located asymmetrically,
like the a#tP region of various temperate phages (7, 23, 35)
(Fig. 4A). The 29-bp attP core sequence overlaps with 11-bp
inverted repeats (Fig. 4A). These sequences might be impor-
tant for the integration of the phage DNA and could present
recognition sites for integrase and another DNA-binding pro-
tein(s) (7, 23, 24, 35). In addition, A-cluster sequences, known
to cause a structural change in DNA (13), were found at
nucleotide positions 2344 to 2353 and 2455 to 2461. They
might also play important roles in the recombination event.

Analysis of integration with deletion and frameshift muta-
tions of the intP gene. The finding that the a#tP core sequence
is located within the coding region of the intP gene raises an
interesting question about the role of convertible C-terminal
segments for IntP and IntR proteins. To determine whether
the entire region of the intP gene is necessary for the site-
specific integration of Mx8 into the a#tB site on the M. xanthus
chromosome, we carried out deletion and frameshift analysis
of the DNA segment in pMP002. All the mutants used are
shown in Fig. 5. It was found that the plasmids from pMP007
through pMP010 carrying deletions at the region upstream of
the intP gene were able to integrate themselves at the M.
xanthus chromosomal attB site, since many Km" colonies were
obtained, while pMP011 and pMP012 were not able to inte-
grate (Fig. 5). In the case of the deletions at the downstream
region of the 29-bp core sequence, pMP013 and pMP014 could

— Smal
|- 20r1
|- Mun1
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FIG. 6. Expression of intP-lacZ fusion genes during vegetative growth of M.
xanthus. Two types of intP-lacZ fusion genes together with various lengths of the
upstream control sequence of Mx8 were constructed and introduced into a
Pl-transducing phage as described in the text. These plasmids were then intro-
duced into M. xanthus cells by P1 transduction. In these experiments, the entire
plasmid DNA was integrated into the lonD locus (37) on the M. xanthus chro-
mosome by single homologous recombination. At the top, a restriction map of
the 2.9-kb Smal fragment of Mx8 is shown. A long arrow represents the coding
sequence and orientation of the intP gene. In the various plasmids, a thin line and
a bold arrow represent the Mx8 sequence and the E. coli lacZ gene, respectively.
Crosses on the line indicate the mutations constructed by modifying various
restriction sites. In these plasmids, the Km" gene is located at the left end of the
Mx8 sequence in the rightward direction. The B-galactosidase activities of M.
xanthus cells carrying the intP-lacZ protein fusion gene were determined and are
indicated in nanomoles of o-nitrophenol per minute per milligram of protein.
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FIG. 7. Expression of intP and intR genes in E. coli. E. coli LE329 (DE3) cells
carrying pET11a (lanes 1 and 2), pMP034 (lanes 3 and 4), and pMP035 (lanes 5
and 6) were treated (lanes 1, 3, and 5) or not (lanes 2, 4, and 6) with IPTG and
then were treated with rifampin. The cells were then labeled with [*S]methi-
onine. Total cellular proteins were analyzed by SDS-PAGE. (A) Coomassie
brilliant blue staining. (B) Autoradiogram. The locations of molecular mass
markers (in kilodaltons) are indicated on the left. The locations of the IntP and
IntR proteins are indicated on the right.

not integrate into the M. xanthus chromosome, while pMP015
and pMPO016 could. These results indicate that the minimum
DNA region required for Mx8 site-specific integration is lo-
cated within the 2.0-kb SphlI-Sall segment which contains the
entire intP gene together with the attP site (Fig. 5). This finding
could be explained by any of three possibilities: the DNA
sequence after the attP core sequence was required (i) for the
attP function, (ii) for encoding the IntP protein, or (iii) for
both. In fact, it is known that the 240-bp attP sequence is
required in cis for integration of the \ phage into the E. coli
chromosome (35).

Hence, we constructed a number of frameshift mutations
within the 2.0-kb Sphl-Sall fragment to test these possibilities.
pMPO017, pMPO018, pMP019, pMP020, and pMP021 carried a
4-bp deletion at the Bgll site (position 1123 in Fig. 4A), a 4-bp
insertion at the Ncol site (position 2292 in Fig. 4A), a 3-bp
deletion at the BglI site (position 2486 in Fig. 4A), a replace-
ment of AAC by TGCA at the Bgll site (position 2486 in Fig.
4A), and a 4-bp insertion at the NotI site (position 2657 in
Fig. 4A), respectively (Fig. 5). pMP019 and pMPO017 could
integrate themselves into the M. xanthus chromosomal a#tB
site at a normal and a reduced frequency, respectively, while
pMPO018, pMP020, and pMP021 could not.

These results indicate that the entire intP region, including
the C-terminal segment after the aftP core sequence, is indis-
pensable for Mx8 site-specific integration into the M. xanthus
chromosome. Especially telling is the finding that the 3-base
deletion at the BgllI site (position 2486) did not abolish the
integration activity while the introduction of a frameshift with
the addition of a base at the same point blocked the activity.
This result strongly supports our prediction. In addition, some
of the sequence upstream beyond the putative translation ini-
tiation site was found to also be necessary for integration. This
sequence is likely to be required for the expression of the intP
gene.

Expression of the intP-lacZ fusion gene in M. xanthus. That
pMPO016 carrying a 4-bp deletion at the Bgll site (position
1123) still had an integration activity suggests that the trans-
lation initiation site of the intP gene is located downstream of
the Bg/l site. To determine the initiation site of the intP ORF
and to verify the requirement for the upstream regions, a series
of intP-lacZ protein fusion genes were constructed (Fig. 6).
Plasmids pMP022 through pMP027 carried intP-lacZ fusion
genes in which the intP gene was fused at the 65th codon to the
E. coli lacZ gene together with various lengths of the upstream
region as described in Materials and Methods. These plasmids
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were integrated into the lonD locus (37) on the M. xanthus
chromosome by homologous recombination.

M. xanthus cells carrying pMP022 expressed about 200 U of
B-galactosidase activity per mg of protein (Fig. 6), indicating
that the Mx8 intP gene is expressed during vegetative growth of
M. xanthus and that the initiation codon of the intP gene is
located upstream of the Stul site (position 1347). The frame-
shift mutation at the Bg/I site in pPM023 did not affect B-ga-
lactosidase expression, while the frameshift mutation at the
Sacll site (position 1299) in pPM024 did, indicating that the
initiation codon of the intP gene is located between the Bgll
and Sacll sites. Within this region, there are the following four
possible initiation codons: GTG at position 1154, ATG at
position 1196, GTG at position 1256, and GTG at position
1295 (Fig. 4A). However, we tentatively assigned the GTG
codon at base 1154 as the initiation codon for the intP gene,
because it accompanies a putative purine-rich Shine-Dalgarno-
like sequence as indicated in Fig. 4A (underlined). M. xanthus
cells carrying pMP025 produced B-galactosidase (30 U/mg of
protein) while those carrying pMP026 or pMP027 did not,
suggesting that the 0.35-kb SphlI-Bgll upstream fragment is also
required for expression of the intP gene.

To confirm that translation of the intP gene continues be-
yond the attP core sequence, another type of intP-lacZ protein
fusion gene was constructed (Fig. 6). Plasmids pMPO028S,
pMP029, and pMP030 carried the intP-lacZ fusion gene in
which the intP gene was fused to the lacZ gene at the 503th
codon at the NorI site near the C-terminal region of the intP
gene as described in Materials and Methods. These plasmids
were also integrated into the lonD locus on the M. xanthus
chromosome. As shown in Fig. 6, M. xanthus cells carrying
pMP028 produced B-galactosidase at about 120 U/mg of pro-
tein. On the other hand, frameshift mutations at the Mlul and
Ncol sites (positions 1466 and 2292, respectively) in pMP029
and pMP030 abolished B-galactosidase expression. These re-
sults clearly demonstrate that intP translation continues be-
yond the attP site.

Expression of intP and intR genes in E. coli. To demonstrate
that the intP and intR gene products have different molecular
weights, both intP and intR were expressed in E. coli with a T7
expression system (32). After an Ndel site was created at the
initiation codons of the intP and intR genes, their coding se-
quences were inserted into a T7 expression vector, pET11a, to
give pMP034 and pMP035, respectively, as described in Mate-
rials and Methods.

The E. coli LE329 (DE3) cells harboring pMP034 and
pMPO035 were grown in the presence and absence of IPTG.

M. xanthus
chromosome
Site-specific
recombination
P Mx8 W’"&
afiL attR

FIG. 8. Schematic illustration for the integration of Mx8 phage by site-spe-
cific recombination.
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FIG. 9. Alignment of the amino acid sequences of two conserved domains among the site-specific recombinases of the integrase family. Amino acid residues
identical in more than 11 proteins in this alignment are printed in reverse type. Accession numbers for international nucleotide sequence databases are indicated. A
consensus sequence is shown at the bottom, with three completely conserved amino acids being indicated with asterisks. “h” represents hydrophobic amino acid

residues.

The cells were then labeled with [**S]methionine in the pres-
ence of rifampin as described in Materials and Methods. The
total cellular proteins were then analyzed by SDS-PAGE (Fig.
7). Proteins which were induced in the presence of IPTG are
even visible in the protein patterns produced by staining with
Coomassie brilliant blue (lanes 3 and 5 in Fig. 7A). These
protein bands are clearly detected by autoradiography (lanes 3
and 5 in Fig. 7B). The major band, which has a molecular mass
of 57 kDa and which is the product of intP, was observed for
cells harboring pMP034. On the other hand, the major product
from pMPO035 has an apparent molecular mass of 47 kDa and
is the product of intR. These molecular masses agree well with
the calculated molecular masses of IntP (59 kDa) and IntR (49
kDa).

DISCUSSION

In the present study, the DNA sequences of attP, attL, attR,
and attB required for site-specific recombination of myxophage
Mx8 were determined, and it was found that they share a 29-bp
core sequence. We also identified the intP gene of Mx8, which
encodes a basic protein with 533 amino acids. The striking
feature of the Mx8 integration system is that the Mx8 a#P site
is located within the intP coding sequence. Thus, integration of
Mx8 into the M. xanthus chromosomal attB site results in a
replacement of the 112-amino-acid C-terminal segment of the
intP gene with a sequence consisting of 13 residues to create
the intR gene. E. coli cells harboring the intP™ plasmid,
pMPO034, produced a 57-kDa protein, while those with the
intR™ plasmid, pMPO035, produced a 47-kDa protein. Conver-
sion of the intP gene into the infR gene by Mx8 integration into
the M. xanthus chromosome is shown schematically in Fig. 8.

There are a number of site-specific inversion systems in
which one of recombination sites is located within the coding
sequence of the target genes. In Mu and P1 phages, the inver-
sion of the G and C DNA segments controls the alternative
expression of S genes for Mu and 19 genes for P1 with different
C-terminal segments, which determines the host specificity of

both phages (3, 14, 18). In the shufflon of plasmid R64, the
multiple inversion of four DNA segments selects one of seven
different pill” genes with different C-terminal segments, which
determines recipient specificity in liquid mating of R64 (19,
20). In H and type 1 fimbria systems, the inversion of a DNA
segment changes the direction of a promoter located within the
invertible DNA segment to turn on or turn off the expression
of target genes (1, 40).

Various temperate phages and integrative plasmids are in-
tegrated into and excised from the chromosomal a#B sites of
host cells. The atB sites are often found within tRNA genes
and intergenic spaces (5). When an a#B site is located within a
host gene, the 3’ end of the gene is duplicated in the lysog-
enized phage to preserve the structure of the host gene. For
example, retrophage $R73 is integrated into the selenocystyl-
tRNA gene of the host chromosome (33), and the 29-bp se-
quence present in the a#tP site of $R73 is identical to the 29-bp
sequence in the tRNA gene.

In both inversion and integration-resolution systems, site-
specific recombination genes are usually located near the re-
combination sites. In H inversion, the hin gene is located
within the invertible H segment (40). It should be noted that in
all the site-specific recombination systems known so far, the
recombination sites are always located outside the coding se-
quence of the recombinase genes. To our knowledge, the Mx8
integration system is the first example in which the recombi-
nation site is located within the coding sequence of the site-
specific recombinase gene.

Two major groups of site-specific recombinases are known.
One group is the Din family, including Hin, Gin, Cin, and Pin
invertases and resolvases of Tn3, Tn2/, Tn501, and Tnl000
(10). Another group is the Int family, including various Int
proteins of phages (\, P22, 186, P2, P4, $80, ¢11, FRATI,
HP1, L54, R73, and DLP12) and integrative plasmids (pSAM2,
pSE211, and pVS1), resolvases of the E. coli chromosome
(XerC), F and P1 plasmids (ResD and Cre, respectively) and
various transposons (Tn554, Tn2603, and Tn4430), and inver-
tases of the E. coli chromosome (FimB and FimE) and bacte-
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rial and yeast plasmids (Rci and Flp, respectively) (Fig. 9).
Although site-specific recombinases in the Int family are di-
versely differentiated during evolution, they share two con-
served domains (2). Figure 9 shows the alignment of amino
acid sequences of two conserved domains among various site-
specific recombinases from the Int family. The alignment in-
dicates that the Mx8 IntP (or IntR) protein belongs to the Int
family. The constant region of the IntP protein shows the
highest similarity to the Int protein of mycobacteriophage
FRAT1 (23% identity over 317 amino acids) (11). In all site-
specific recombinases in the Int family, three amino acids (R in
domain 1 and R and Y in domain 2) are completely conserved
(Fig. 9). The conserved tyrosine residue in domain 2 is known
to make a phosphodiester bond with the 3" end of the recom-
bining DNA strand as a reaction intermediate. The Mx8 IntP
protein carries an additional C-terminal domain with about
100 amino acids compared with other Int proteins. A 3-base
deletion within the C-terminal region had no effect on Mx8
integration into the chromosome, while a frameshift mutation
by the addition of 1 base at the same side blocked integration
activity. This result indicates that the C-terminal region is
required for the enzymatic function of the intP product.

In the DNA sequence shown in Fig. 4, there is another ORF
starting with the GTG codon at position 355 and ending with
the TAA codon at position 1159 and overlapping the intP-intR
gene by 5 nucleotides. Whether this ORF functions as an xis
gene remains to be determined.
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