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The sre Gene (ORF469) Encodes a Site-Specific Recombinase
Responsible for Integration of the R4 Phage Genome

MANABU MATSUURA,' TAKAHIKO NOGUCHL"' DAISUKE YAMAGUCHL'
TOKUJIRO AIDA,' MUNEHIKO ASAYAMA,' HIDEO TAKAHASHI,?
AND MAKOTO SHIRAI'*

Division of Biotechnology, School of Agriculture, Ibaraki University, Ami, Inashiki, Ibaraki 300-03,*
and Institute of Molecular and Cellular Biosciences, The University of Tokyo,
Bunkyo-ku, Tokyo 113,* Japan

Received 27 December 1995/Accepted 3 April 1996

The sre gene (ORF469) of the R4 phage encodes a protein similar to the resolvase-DNA invertase family
proteins. Insertional gene disruption of sre prevented a lysogen from entering the lytic cycle, implying that Sre
protein is a site-specific recombinase needed for excision of the R4 prophage genome (M. Matsuura, T.
Noguchi, T. Aida, M. Asayama, H. Takahashi, and M. Shirai, J. Gen. Appl. Microbiol. 41:53-61, 1995). To
determine whether this sre gene is also necessary for the integration reaction, we studied its function by
integration plasmid analysis. When deletions, frameshifts, and site-directed mutations that caused an amino
acid substitution of Ser-17 for Ala were introduced into the sre structural gene, transformation efficiency of
Streptomyces parvulus 2297 with these plasmid DNAs was severely reduced. However, an adenine insertion just
before the possible initiation codon of the sre gene did not significantly decrease the efficiency. These data
suggest that the Sre protein is a site-specific recombinase responsible for integration of the R4 phage genome.

Streptomyces strains are important organisms because they
produce a variety of useful secondary metabolites, for example,
antibiotics, antitumor reagents, and immunosuppressors (3).
R4 is an actinophage that has been studied in depth from the
viewpoint of its practical application (12-17). To improve the
genetic engineering of Streptomyces strains, site-specific recom-
bination of this R4 phage has been studied (11, 21). Our data
suggested that the ORF469 gene (sre) (DDBJ accession no.
D38173), which was found adjacent to the a#P recombination
site of the R4 phage genome, is essential for excision of the
prophage genome and probably encodes a site-specific recom-
binase responsible for the excisive recombination (11). The
protein encoded by ORF469 falls not into the integrase family
but into the resolvase-DNA invertase family and is highly sim-
ilar to Tn2501 resolvase and SpoIVCA of Bacillus subtilis (11).
The ORF469 protein and SpolVCA have additional C-termi-
nal halves consisting of about 300 amino acids that typical
resolvases do not have, and this kind of recombinase has been
also found in Anabaena spp. (XisF) (2, 20). In this study, we
showed that the protein encoded by the ORF469 gene (sre) is
a site-specific recombinase responsible for integration of the
R4 phage genome into the Streptomyces parvulus 2297 chro-
mosome.

Construction of integration plasmids. To introduce a thio-
strepton resistance gene (fsr) (6) as a selection marker into an
integration plasmid, a 1.1-kb Bc/lI fragment from pIJ702 con-
taining the fsr gene was inserted by blunt-end ligation into the
Smal site of pAT95 (the Smal site was in the multicloning site
of the pUCIS8 vector), which contains a 13-kb Bcll fragment
carrying the ORF469 gene and the a#P recombination site
from the R4 phage genome (11), to generate pAT96L (data
not shown). A 5.6-kb EcoRI-Scal fragment carrying tsr,
ORF469 (sre), and attP was isolated from pAT96L and in-
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serted between the Smal and EcoRI sites of pUC118 to create
pAT97 (8.8 kb) (Fig. 1A). To delete the 4.5-kb fragment of the
subcloned phage DNA from the upstream region, pAT97 was
linearized by PstI and Xbal digestion (both sites in the multi-
cloning site of pUC118) and then unidirectionally deleted with
exonuclease III and mung bean nuclease (19). Deleted inserts
of four clones (pAT97D1, pAT97D2, pAT97D3, and pAT97D4)
are shown in Fig. 1C. Plasmids pATD-M and pATD-S, which
contain the defective ORF469 gene, were constructed by de-
letion of a 0.7-kb Mlul fragment and a 1.6-kb Sp/I fragment
from pAT97D4, respectively (Fig. 1C).

Plasmid pAT98 (6.0 kb) for a site-directed mutation of
ORF469 was constructed by ligating a 1.9-kb HindIII-Kpnl
fragment carrying ORF469 (sre) and a#tP from pAT97D4 into
the HindIII and Kpnl sites of BluescriptIIKS+ and then ligat-
ing a 1.1-kb EcoRI-HindIII fragment carrying tsr from pTSR-1
into the EcoRI-HindIII sites (Fig. 1B). Plasmid pTSR-1 was
constructed by inserting a 1.1-kb tsr Bcll fragment of pl1J702
into the BamHI site of pUC118.

Plasmids pMFS1, pMFS2, pMFS3, and pMAS2 were de-
rived from pAT98. Each has a site-directed mutation in the
ORF469 gene (sre) (Table 1). These mutations were intro-
duced as described by Kunkel (10) by using the site-directed
mutation kit Mutan-K (Takara, Kyoto, Japan) according to its
instruction manual. A single-stranded DNA of M13HS0.5 was
used as a template. M13HS0.5 was constructed by inserting a
0.5-kb HindIII-Sall fragment of pATD2 carrying the ORF469
gene (11) between the HindIII and Sall sites of M13mp18. The
0.5-kb fragment contains a 5’ end of the ORF469 structural
gene. FS1 primer (25-mer; CTCTGCGGGTGAATGAATCG
AGGGG), FS2 primer (25-mer; CTGCGGGTGATGAAATC
GAGGGGGQG), FS3 primer (24-mer; GCCTCGGCATGAGA
GGTGGGGCAG), and AAS2 primer (25-mer; CTACGTCC
GAATCGCCCTGGACCGC) (the inserted or changed bases
are in boldface) were used for the mutations in pMFSI,
pMEFES2, pMFS3, and pMAS2, respectively. After confirmation
of the mutated sequences, 0.5-kb HindIII-Sall fragments of
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FIG. 1. Construction of integration plasmids and effect of deletion on trans-
formation efficiency. (A and B) Integration plasmids pAT97 and pAT98, respec-
tively. Thick horizontal lines show two exogenous DNA fragments that were
inserted into pUC118 (A) or pBlueScript II KS+ (B). The sre gene is indicated
by unfilled arrow boxes. Solid upward triangles indicate the positions of the attP
recombination site. The thiostrepton resistance gene (tsr) is shown by horizontal
arrows. Thin horizontal lines indicate short DNA sequences derived from the
multicloning sites of cloning vectors, and dotted lines indicate parts of cloning
vectors. Lengths of the inserted fragments are presented in kilobases. (C) Effects
of deletion on transformation efficiency. R4 phage-derived fragments of the
plasmids are represented by thin horizontal lines, and the dotted vertical line
indicates the position of the attP recombination site. Symbols for the restriction
endonucleases are as follows: E, EcoRI; H, HindIIIL; K, Kpnl; M, Mlul; S, Spll;
Sl, Sall; Sa, Sacl; and Sc*, Scal cleavage site of the phage DNA fragment ligated
with Smal cleavage site of vector. ND, none detected.

each clone were used to replace a 0.2-kb HindIII-Sall fragment
of pAT98.

Integration plasmid analysis. We predicted that the putative
ORF469 protein (Sre) was required for site-specific integration
of the R4 phage genome into the S. parvulus 2297 chromosome
as well as the excision of a prophage genome for the following
reasons. (i) The predicted amino acid sequence showed ho-
mology to those of the other bacterial site-specific recombi-
nases, i.e., TnpR of Tn2501 and SpoIVCA of B. subtilis (11).
(ii) The results of the gene disruption study suggested that the
protein (Sre) was a site-specific recombinase required for ex-
cision of the R4 prophage genome from a lysogen chromosome
(11). (iii) It is likely that the reversible site-specific recombi-
nation is catalyzed by a site-specific recombinase. As the size of
bacteriophage genomes is limited, it would be an advantageous
strategy to use a site-specific recombinase in both integrative
and excisive reactions. In fact, the Int protein of phage \ acts as
a site-specific recombinase in both types of reactions (1, 8, 18).

To test this notion, we analyzed the integration function of
ORF469 with plasmids which do not replicate in Streptomyces
cells. Two such integration plasmids, pAT97 and pAT9S, are
shown in Fig. 1. If ORF469 encodes a recombinase responsible
for the R4 integrative reaction, these plasmids should be inte-
grated into the host chromosome and transform it into being
thiostrepton resistant. However, if it does not facilitate recom-
bination, S. parvulus 2297 should not be transformed. Proto-
plasts were prepared and S. parvulus 2297 was transformed as
described previously (7).

It was suggested that the 4.5-kb Scal-Bcll fragment of
pAT97 facilitates recombination between an integration plas-
mid and a host chromosome. When we used pAT97, S. parvu-
Ius 2297 was transformed at an efficiency of 1 X 10* CFU/ug of
DNA, whereas it was transformed at an efficiency of 6.5 X 10*
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CFU/ng of DNA with plJ702, which is a multicopy plasmid
replicating in Streptomyces cells (Fig. 1C). On the other hand,
we did not detect any thiostrepton transformants with pTSR-1,
which does not have an R4 phage-derived DNA fragment.
These data suggested that the 4.5-kb Scal-Bcll fragment of the
R4 phage genome facilitates integrative recombination.

We then showed that the ORF469 structural gene is neces-
sary for the efficient transformation of S. parvulus 2297. To
locate the region essential for the efficient transformation of S.
parvulus 2297 with integration plasmids, deletions were intro-
duced into the 4.5-kb Scal-Bcll fragment. Plasmids pAT97D1,
pATI97D2, pAT97D3, and pAT97D4 were constructed as a
unidirectional deletion series carrying R4 phage-derived in-
serts of 3.2, 2.8, 2.4, and 2.2 kb, respectively (Fig. 1C). The fact
that S. parvulus 2297 was transformed as efficiently with these
four plasmids as it was with pAT97 showed that there is no
important function in the deleted upstream region. In
pAT97DA4, there is only 31 bp remaining upstream of the attP
core region. On the other hand, pATD-M and pATD-S, which
are derivatives of pAT97D4 (with additional deleted regions)
that contain the ORF469 structural gene, did not transform S.
parvulus 2297 (Fig. 1C). These data support the notion that the
ORF469 gene encodes a site-specific recombinase responsible
for integration of the R4 phage genome into the host chromo-
some.

To confirm that these integration plasmids were actually
integrated into the chromosomes of S. parvulus site specifically,
genomic DNAs from three thiostrepton-resistant transfor-
mants (two pAT97 derivatives and one pAT97D4 derivative)
were Southern hybridized with an a#B fragment as a probe
(21). Furthermore, two plasmid-chromosome junction frag-
ments (attL and attR) were subcloned from the thiostrepton
transformants of pAT97 and pAT97D4, respectively, and se-
quenced. These analyses confirmed the integration of the plas-
mids and their site specificity (data not shown). Thus, the
transformation efficiency with the integration plasmids indi-
cates the efficiency of the integrative site-specific recombina-
tion between the plasmids and the host chromosome.

We showed that the protein encoded by the ORF469 gene
was required for site-specific integration by using plasmids with
site-directed frameshifts. The ORF469 genes in pMFSI,
pMFS2, and pMFS3 have an adenine inserted at various po-
sitions (Table 1). In pMFS1 and pMFS2, it was inserted just
before and after the putative initiation codon of the ORF469
gene, respectively. In pMFS3, it was inserted just after the
second methionine codon (Met-43), which was another candi-
date initiation codon of the gene (11). S. parvulus 2297 was
transformed with pMFS1 at an efficiency about one-fifth of
that with pAT98, which had the wild-type sequence of the
ORF469 gene (Table 1). On the other hand, pMFS2 and

TABLE 1. Effect of site-directed mutation on
transformation efficiency

o a
Mutation’ Relative transformation

Plasmid efficiency (%)

Met-1 ATG Ser-17 AGC Met-43 ATG

pAT98 100
PMFS1  AATG 18
pMFS2  ATGA <03
pMFS3 ATGA <03
pMAS2 GCcC <03

“ Only mutated regions are depicted. Inserted and substituted nucleotides are
underlined.
® Actual transformation efficiency with pAT98, 3.5 X 10> CFU/pg of DNA.
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PMFS3 did not transform S. parvulus 2297 (Table 1). These
data supported the notion that the protein encoded by the
ORF469 gene is a site-specific recombinase responsible for the
integrative reaction, because only insertions causing frame-
shifts in the ORF469 structural gene (FS2 and FS3) markedly
reduced the efficiency. We considered that the moderate re-
duction with pMFS1 might have resulted from a lowered tran-
scription or translation rate due to the insertion.

The concept that the ORF469 protein is a member of the
resolvase-DNA invertase family was supported by the results
of an experiment using a plasmid with a site-directed mutation
that caused an amino acid substitution. Plasmid pMAS?2 has
base substitutions causing an amino acid substitution at posi-
tion 17 from Ser to Ala (Table 1). This position corresponds to
the Ser residue that is thought to be an active center of re-
solvases and DNA invertases (5, 11). Although we cannot rule
out the possibility of a conformational change of the protein
due to the substitution that affects its activity, the fact that we
could not detect any thiostrepton transformants with pMAS2
suggested that the ORF469 protein is a resolvase-related site-
specific recombinase.

The results of these integration plasmid analyses and our
published data showed that the ORF469 gene is essential for
site-specific integration and excision between the R4 phage
genome and the S. parvulus 2297 chromosome. Primarily, we
showed here that the protein encoded by the gene was a site-
specific recombinase responsible for the integrative reaction.
On the basis of these findings, we named the ORF469 gene sre
(for site-specific recombinase).

Stability of the integrated plasmids. The data obtained from
the integration plasmid analysis showed that sre was essential
and sufficient for site-specific integration of the R4 phage ge-
nome except for the a#P recombination site. On the other
hand, our earlier data suggested that sre was essential for the
site-specific excision of the R4 prophage genome. If the fac-
tor(s) encoded by the integrated plasmids is also essential and
sufficient for the site-specific excision, the stability of these
plasmids should be reduced under conditions without selective
pressure. To determine whether the integrated plasmids could
be efficiently excised, we measured their stability by a replica
plating experiment from minus thiostrepton to plus thiostrep-
ton. The spores of transformants with pAT97 and pAT97D4
were isolated from a sporulating agar culture and spread on YS
plates (11) without thiostrepton. After 10 days, these master
plates were replicated onto YS agar plates with thiostrepton
and cultured. Loss of thiostrepton resistance was not observed
with either transformant (frequencies of loss, <6.1 X 10~* and
<9.6 X 10~* for pAT97 and pAT97D4, respectively), implying
that these plasmids did not have all the elements required for
site-specific excision.
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