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Abstract ¢C31, ¢BT1, R4, and TG1 are temperate bac-
teriophages with broad host specificity for species of the
genus Streptomyces. They form lysogens by integrating
site-specifically into diverse attB sites located within indi-
vidual structural genes that map to the conserved core
region of streptomycete linear chromosomes. The target
genes containing the ¢C31, ¢BT1, R4, and TG1 aB sites
encode a pirin-like protein, an integral membrane protein,
an acyl-CoA synthetase, and an aminotransferase, respec-
tively. These genes are highly conserved within the genus
Streptomyces, and somewhat conserved within other acti-
nomycetes. In each case, integration is mediated by a large
serine recombinase that catalyzes unidirectional recombi-
nation between the bacteriophage aftP and chromosomal
attB sites. The unidirectional nature of the integration
mechanism has been exploited in genetic engineering to
produce stable recombinants of streptomycetes, other acti-
nomycetes, eucaryotes, and archaea. The ¢C31 attachment/
integration (Att/Int) system has been the most widely used,
and it has been coupled with the ¢BT1 Att/Int system to
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Introduction

Streptomyces species are best known for their propensity to
produce secondary metabolites for use as antibiotics, antitu-
mor agents, immunomodulators, anthelmintic agents, and
insect control agents. More recently they have become an
important source of genetic tools applicable to a variety of
biological systems. This stems from fundamental work on
actinomycete bacteriophages (actinophages), particularly
on ¢C31, a temperate phage for Streptomyces species.
Among the temperate actinophages, there are two distinct
mechanisms for integration: the coliphage A-like tyrosine
recombinases that integrate into tRNA genes [1, 28, 99];
and the serine recombinases (used by ¢C31 and others dis-
cussed here) that integrate into diverse, unrelated structural
genes. ¢C31 was first developed as a means to insert
cloned DNA into streptomycete genomes, but the unique
nature of the Att/Int system rendered it desirable for univer-
sal use in diverse cellular systems, including eukaryotes
and archaea. The universal utility derives from the unidirec-
tionality [90, 96], and subsequent stability, imparted by the
serine recombinase mechanism. ¢C31 is one of several
streptomycete temperate phages that have integration
mechanisms catalyzed by large serine recombinases. In all
cases, the pairs of artP and a#tB sites share little sequence
identities, and the integration and excision mechanisms
differ from those of temperate actinophages that utilize
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tyrosine recombinases. In the present review, I describe the
discovery and development of ¢C31 and other streptomy-
cete temperate phages that utilize large serine recombin-
ases, and discuss their applications for stable cloning and
expression of genes in streptomycetes and other actinomy-
cetes. The integration systems employing ¢C31, R4, and
other serine recombinases have also been used to engineer
human cells (e.g., see [32, 45, 56, 60, 80, 104]), and ¢C31
Int has been applied broadly in other eucaryotes, including
lower mammals, Drosophila melanogaster, Xenopus laevis,
zebrafish, Asian tiger mosquito, Arabidopsis thaliana,
Nicotiana tabacum, and Schizosaccharomyces pombe (e.g.,
see [4, 17, 25, 39, 41, 53, 57, 63, 64, 74, 83, 94, 95, 102,
105]), and in the methanogenic archaean Methanosarcina
acetivorans [16, 34], but the details of these studies are
beyond the scope of this review. Also, readers are referred
to excellent reviews on the molecular mechanisms of inte-
gration catalyzed by tyrosine and serine recombinases
which are not reviewed here [18, 33, 89, 90].

Temperate bacteriophages that utilize large serine
recombinases

At least four temperate bacteriophages that utilize large ser-
ine recombinases have been isolated on different Strepro-
myces species. The best studied phages are ¢C31, R4, TG1,
and ¢BT1 (see below). Temperate phages utilizing large
serine recombinases have been described from other Gram-
positive microorganisms, including Mycobacterium and
Lactococcus species [29, 33]. A hallmark of these bacterio-
phages is that the large serine recombinases require no
additional phage or host functions for site-specific integra-
tion, and that integration is unidirectional in the absence of
additional factors [33, 89]. Recombination between attP
and attB sites generates hybrid a#fL and attR sites which are
generally not substrates for excision by Int alone. The excision
process has been studied in detail with the mycobacteriophage
Bxbl1 [29]. In this case excision requires a phage-encoded
protein called recombination directionality factor (RDF).
Although there is no homolog of the mycobacteriophage
RDF in the ¢C31 genome, an RDF has recently been char-
acterized that binds to ¢C31 Int to change its specificity
from insertion to excision [46]. A key feature of the Strep-
tomyces phage integration systems is that each has a unique
attB site, and the individual a#tB sites are located in
unrelated genes (Table 1).

Bacteriophage ¢C31
¢C31 is a temperate bacteriophage originally described by

Lomovskaya and colleagues [61, 62] that displays broad
host specificity for Streptomyces species (but not for other
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Table 1 Genes that contain primary bacteriophage attB sites and their
gene products in S. roseosporus

Phage Target Gene product Annotation
gene
size (nt)
¢C31 948 ZP_04709706 Pirin-like protein
¢BT1 246 ZP_06586584 Integral membrane protein
R4 1,644 ZP_04712391 Acyl-CoA synthetase
TG1 1,209 ZP 04710111 Aminotransferase
| |
: R4  ¢BT1 ¢C31 TG1 :
Sav L - | At ! 9.2 Mb
1 ‘\ | n |
1\ | n |
Sco R — ‘ = | 8.6 Mb
: oriC :
! 6.5 Mb !

Fig. 1 Genetic map locations of the a#fB sites for bacteriophages R4,
¢BT1, ¢C31, and TG in S. avermitilis (Sav) and S. coelicolor (Sco)
relative to oriC. All four sites reside in the 6.5-Mb core regions that
contain genes highly conserved across Streptomyces sp. [13, 21, 42,
49]

actinomycetes) [47, 100]. As with many other streptomy-
cete bacteriophages, the ¢C31 host range within streptomy-
cetes is limited primarily by type II restriction
endonuclease barriers [24, 36, 37, 100]. The biology of ¢
C31 and its interaction with streptomycete hosts has been
widely studied, but most of these studies are beyond the
scope of this review.

¢C31 integrates via a large serine recombinase into an
attB site located in a pirin-like gene (Table 1) located about
85 and 92 kb to the right of the oriC in S. avermitilis and S.
coelicolor, respectively (Fig. 1). This lies in the center of an
approximately 6.5-Mb region of the linear chromosomes
that contain mainly highly conserved genes dedicated to
primary metabolism, stress responses, macromolecule bio-
synthesis, and developmental biology including sporulation
[13, 21, 42, 49]. (The S. coelicolor orientation [13] has
been reversed to line up with the S. avermitilis genome in
Fig. 1). The mechanism of integration of ¢C31 into strepto-
mycete chromosomes has been characterized [51, 52, 59,
69, 70, 85, 86, 96] and reviewed [18, 33, 89, 90], and the ¢
C31 genome sequence is known [88]. The minimal aztP
and attB sites comprise 39 and 34 bp, respectively [32], and
they share a 3-bp common sequence at the site of conserva-
tive crossing-over [51].

BLASTP analysis with ¢C31 Int was carried out in
October 2011, and five full-length hits were obtained
(Table 2). Two of the hits were to actinophages TG1 and ¢
BT1 Int proteins, and three were to proteins encoded by
Kitasatospora setae, Streptomyces violaceusniger, and
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T?ble 2 Homology relation- BLASTP subject Amino acid identities (%) with BLASTP query

ships between streptomycete . .

. ; (amino acids)

bacteriophage large serine ¢C31 Int TG1 Int ¢BT1 Int

recombinases or integrases (Int)

determined by BLASTP ¢C31 CAA07153 (605) 605/605 (100) 305/614 (49.7) 157/614 (25.6)
TG1 BAF03600 (619) 305/621 (49.1) 619/619 (100) 164/639 (25.7)
¢BT1 CAD80152 (594) 162/629 (25.8) 160/642 (24.9) 594/594 (100)

K. setae BAJ29918 (571)

S. violaceusniger

ZP_07610497 (595)

S. zinciresistens

ZP_08805684 (574)

312/587 (53.2)
221/601 (36.8)

262/579 (45.3)

282/610 (35.8)
222/620 (35.8)

263/588 (44.7)

166/612 (27.1)
169/631 (26.8)

151/631 (25.6)

Streptomyces zinciresistens. The Int homolog encoded by
K. setae shows highest sequence similarity to ¢C31 Int
(53.2%), and its gene maps to a region central to the linear
chromosome (about 4.59 Mb into the 8.78-Mb genome)
located just downstream of a truncated pirin-like gene. Just
downstream of the int homolog is a gene that encodes a
potential Xis function that shows 37.7% amino acid iden-
tity to the gp3 protein encoded by ¢pC31 ([46]; see below).
Further downstream of these genes is a large portion of the
pirin-like gene missing in the truncated gene upstream of
int that may have been generated by an integration event.
Adjacent to the downstream truncated pirin-like gene is a
complete pirin homolog which may contain the target for
pSET152 integration [20]. BLASTP analysis with ¢C31
gpll, a DNA polymerase that has homologs encoded by
the streptomycete phages ¢BT1 [30] and phiSASDI [101],
and by many mycobacterial phages, revealed no homolog
in K. setae. BLASTP analysis of S. violaceusniger and
S. zinciresistens also revealed no homologs to ¢C31 gp3 or
gpll. In summary, there is no evidence for complete pro-
phage insertions in the vicinity of the inf homologs in
K. setae, S. violaceusniger, or S. zinciresistens.

Recent studies have characterized protein gp3 encoded
by ¢C31 as the RDF or Xis protein required for excision of
integrated ¢C31. Protein gp3 binds directly to Int in 1:1
stoichiometry and changes the recombinational specificity
from a#tP and attB to attL and a#tR [46]. The gp3-Int com-
plex also catalyzes recombination between two attL or two
attR sites. These findings should further extend the utility
of the ¢C31 integration (and now excision) system for
genetic engineering applications [91].

A number of cloning vectors employing ¢)C31 have been
developed [47], and those employing only the att/int func-
tions coupled with oriT from RP4 for conjugation from
E. coli were developed by Bierman et al. [14]. Notably,
pSET152, which lacks replication functions for streptomy-
cetes, has gained wide acceptance as an insertion vector to
generate stable recombinants. More recently, bacterial arti-
ficial chromosome (BAC) vectors containing ¢C31 att/int
and oriT functions have been used to stably insert large sec-

ondary metabolite gene clusters into the chromosomes of
heterologous hosts [2, 8, 9, 71, 82]. pSET152 and other ¢
C31-based conjugal insertion vectors have utility in many
streptomycetes and other actinomycetes. The frequencies of
transconjugant formation range from 1.6 x 107* to
1.4 x 1072 in many Streptomyces species (Table 3). In
some cases where the recipient host restricts modified
DNA, conjugation requires the use of an E. coli host defec-
tive in Dam/Dcm methylation. The generally high transcon-
jugant frequencies in streptomycetes can be attributed to
three factors: (1) conjugation bypasses type II restriction
enzyme barriers [8, 14, 67]; (2) the ¢C31 attB site is
located in a gene encoding a pirin-like protein that is widely
distributed within Streptomyces sp. [23] (Tables 4, 5); and
(3) ¢C31 integration is generally very efficient. In addition
to the primary attB site, Streptomyces sp. can have pseudo-
antB sites for ¢C31 integration. The frequency of transcon-
jugant formation in S. coelicolor dropped from 1.5 x 1072
to 5 x 107° when the primary arB site was deleted
(Table 3), and the insertions mapped to three pseudo-attB
sites that showed some sequence homology to authentic
attB sites [23].

Some other actinomycetes are recipients for transconju-
gation, protoplast transformation, or electroporation
with pSET152 or other ¢C31-based integration vectors
(Table 3). In some cases transconjugant frequencies in non-
streptomycetes were high (e.g., in Actinoplanes teichomy-
ceticus and Nonomuraea sp. 40027), but in other cases they
were very low. For instance, in Saccharopolyspora spinosa,
which lacks a pirin-like gene, transconjugants were
obtained at a frequency of 1077, and integrations occurred
in two pseudo-a#B sites [67]. In Saccharopolyspora eryth-
raea, which also lacks a pirin-like gene [81] and is nor-
mally a poor recipient for conjugation, insertion of a
portable streptomycete attB site converted it into a high fre-
quency recipient for the integration of transgenes [84]. In
Mycobacterium smegmatis, Mycobacterium bovis, and
Mycobacterium tuberculosis, low frequencies of recombi-
nants were obtained by electroporation with pIJ8600 [77].
Mycobacterium smegmatis MC*-155 has a pirin-like gene,
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Table 3 Actinomycete host
range of ¢C31-based vectors

# Transconjugants per recipient
cell unless reported otherwise

b ND not determined, NO none
observed, NR not reported

¢ Low frequency of recombi-
nants obtained by electropora-
tion

4.8.5 x 10* CFU/ug DNA by
electroporation

¢ Plasmid introduced by proto-
plast transformation

Strain Vector Insertion site Transconjugant References
frequency® (x 107°)
Amycolatopsis japonicum pSET152 attB? 2.4 [92]
A. japonicum pSET152 - <0.01 [15]
A. teichomyceticus pSET152 attB 610 [35]
Arthrobacter aurescens pTOL1 NDY 1 [100]
Kitasatospora setae pSET152 attB 0.1 [20]
Micromonospora aurantiaca pTOL1 ND 1 [100]
M. griseorubida pSET152 - NOP [98]
M. griseorubida pSET152 strep-attB NR® [98]
M. rosaria pSET152 pseudo-attB?  NR (low) [5]
Micromonospora sp. 40027 pSET152 pseudo-artB?  NR [54]
Mycobacterium smegmatis plJ8600 pseudo-attB?  Low® [77]
Nonomuraea sp. ATCC 39727 pSET152 attB ~100 [65, 93]
Pseudonocardia autotrophica pSET152 attB? NR [43]
Rhodococcus equi pSET152 attB High? [40]
S. albus G pTO1 attB 50 [100]
S. ambofaciens pSET152 attB 1,400 [48]
S. antibioticus ATTC 23879 pTOl attB 300 [100]
S. aureofaciens VKPM AC 755 pTOl attB 50 [100]
S. avermitilis pSET152 attB NR%¢ [49, 55]
S. bambergiensis ATCC 13879  pTOl attB 1 [100]
S. clavuligerus pSET152 attB NR [97]
S. coelicolor pSET152 attB 210 [15]
S. coelicolor pSET152 attB 150 [23]
S. coelicolor (AattB) pSET152 pseudo-attB 0.5 [23]
S. diastatochromogenes pSET152 attB 16 [15]
S. fradiae (tyl) pSET152 attB 10,000 [14]
S. fradiae (A54145) pStreptoBACV  antB NR (high) [2]
S. griseus Kr.15 pTOl1 attB 20 [100]
S. hygroscopicus ATCC 21705  pTOl attB 100 [100]
S. hygroscopicus ATCC 10976  pTOl attB 20 [100]
S. lividans pSET152 attB 530 [15]
S. lividans TK64 pTOl attB 100 [100]
S. pristinaespiralis pSET152 attB 136 [44]
S. purpureus ATCC 21405 pTOl attB 10 [100]
S. rimosus ATCC 23955 pTO1 attB 10 [100]
S. roseosporus pStreptoBAC 'V antB NR (high) [22]
S. toyocaensis pOJ436 attB 20 [66]
S. venezuelae ATCC 10595 pTO1 attB 20 [100]
S. virginiae ATCC 13161 pTOl1 attB 200 [100]
S. viridochromogenes Tu 494 pTO1 attB 30 [100]
Sacc. erythraea pSET152 pseudo-attB NR (low) [84]
Sacc. erythraea pSET152 strep-attB NR (high) [84]
Sacc. spinosa pOJ436 pseudo-attB 0.01 [67]

but the recombinant analyzed by Murry et al. [77] localized
the insertion in a pseudo-attB site. Mycobacterium tubercu-
losis and M. bovis do not have pirin-like genes, and inser-

tions were in pseudo-a#tB sites.
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BLASTP and BLASTN surveys of ten streptomycetes
identified pirin-like genes in each case. In typical strepto-
mycete orthologs, the ratio of the number of mutations
causing non-synonymous amino acid substitutions (dN) to
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Table 4 Homologs n strepto- Strain Homolog to target gene (% nt identity)*
mycetes and other actinomy-
cetes to genes containing C31 BT1 R4 TGl GlnA
bacteriophage a#tB sites and
gInA from S. roseosporus Streptomyces albus 85.4 84.0 80.9 71.3 91.3
S. avermitilis 84.4 89.0 81.0 78.5 914
S. clavuligerus 85.4 86.1 83.2° 76.9 92.1
S. coelicolor 84.7 86.2 80.3 79.8 89.1
S. flavogriseus 88.4 83.5 85.7 76.8 93.9
S. ghanaensis 85.3 85.1 82.3 79.2 90.6
S. griseofiavus 85.2 81.9 82.1 783 90.6
S. griseus 95.7 99.2 92.0 91.0 98.1
a_ ﬁucleotifie Searcl;les were car- S. viridochromogenes 85.0 88.8 81.2 78.4 90.7
ried out using search parameters
adjusted to a word size of 16, S. sp. SPB78 83.6 83.5 79.7 79.9 922
match/mismatch scores of 2, —3, Streptomyces ave 86.3 86.7 82.8 79.6 92.0
and gap costs of 2 for existence Amycolatopsis mediterranei - 72.1 78.5 70.5 79.4
and 2 for extension, using the . L
’ tenulis diphil 72. 4 73.7 75.4 2.1
BLAST server (http://blast. Ca em,.t ispora acidiphila 6 65 3 i 5 8
ncbi.nlm.nih.gov/Blast.cgi) Frankia Sp. EANlpec 70.0 - 64.4 65.5 772
b BLASTN aligned only Micromonospora aurantiaca 78.1 - 63.4° 74.6 80.3
67-75% of these nt sequences, Mycobacterium smegmatis 71.7 - 71.9 70.9 78.1
w.hereas BLASTP (Table 5) Rhodococcus erythropolis 69.8 - 69.7 67.3 713
aligned 95-100% of the aa oh — 4
sequences Saccharomonospora viridis - 71.0 73.7 64.9 75.5
® Frankia sp. EAN1pec and Saccharopolyspora erythraea - 62.3 76.4 68.6 80.8
M. aurantiaca were excluded in Salinispora arenicola - - - 71.7 78.8
the calculation because of th? Streptosporangium roseum 74.8 - 77.2 69.6 81.3
lack of full-length sequence in Non-streptomycete ave 72.8 67.7 74.4¢ 69.9 79.1

the BLASTN analysis

the number causing synonymous amino acid substitutions
(dS) is about 0.4-0.9 ([10]; this report). The dN/AS ratios
for paralogs tend to be about 1.0 or higher. Because of the
high G+C content of streptomycete genes, dN/dS ratios for
orthologs translate into a situation where the percent
change in amino acid identities diverges at nearly the same
rate as the percent change in nucleotide identities. Inspec-
tion of the amino acid and nucleotide identities for the
pirin-like homologues in the ten streptomycetes indicates
that both are drifting at about the same rates; the
dN/dS ratio calculated for the average of all ten was 0.4. By
comparison, the dN/dS ratio calculated for the average of
ten glnA genes (Tables 4, 5) was also 0.4. Thus it appears
that the pirin-like genes are orthologs. Inspection of sev-
eral pirin-like gene sequences indicated that the actual
45-nucleotide a#tB sequence is present in all cases, and that
it is generally even more conserved than the overall gene
sequence. For instance, the S. avermitilis attB shared 93.3%
nucleotide identities with the S. roseosporus attB, whereas
the complete genes showed 84.4% nucleotide identities
(Table 4). Likewise, the S. griseus attB showed 100%
nucleotide identities to S. roseosporus attB and their genes
shared 95.7% identities. It is clear from these data that the
presence of ¢pC31 attB sites can be surveyed efficiently by

initially doing BLASTP analysis, followed by confirmation
at the gene and a?B site level using BLASTN.

A BLASTP survey of ten non-streptomycete actinomy-
cetes genomes identified ¢C31 a#tB potential targets in six
strains. In all cases, pirin-like genes were present, and attB
sites were confirmed in the two strains examined in detail.
In Frankia sp. EANlpec, the attB site showed 84.4%
nucleotide identities with the S. roseosporus attB, and the
M. smegmatis attB showed 73.3% identities. The average
dN/dS for the six pirin homologs was 0.6, suggesting that
most or all are orthologs to the S. roseosporus pirin-like
gene. For comparison, the g/nA genes from the non-strepto-
mycetes have diverged from the glnA gene of S. roseospo-
rus at an average dN/dS ratio of 0.9.

Notably, a pirin-like gene was absent from S. erythraea,
and the closest homolog encoded a protein with only 31.7%
amino acid identity to the pirin-like protein of S. roseospo-
rus (Table 5). The combined genetic and bioinformatic data
indicate that ¢C31-based vectors are widely applicable for
streptomycetes, and suggest that they may be useful in cer-
tain other actinomycetes. The potential utility can be deter-
mined a priori by genome sequencing to determine if a
pirin-like gene is present. If a ¢C31 attB site is not present,
then a portable a#tB site might be inserted to increase the
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Table S Homologs in strepto-
mycetes and other actinomy-
cetes to proteins encoded by
genes containing bacteriophage

attB sites and GInA from
S. roseosporus

Protein searches were carried
out using the BLAST server
(http://blast.ncbi.nlm.nih.gov/
Blast.cgi)

4 Closest match, 31.7%

® This calculation does not
include Frankia sp. EAN1pec
for which no BLASTN hit was
obtained

¢ Frankia sp. EAN1pec and

M. aurantiaca were excluded in
the calculation because of the
lack of full-length sequence in

Strain Homolog to target protein (% aa identity)
¢C31 ¢BTI R4 TGl GlnA

Streptomyces albus 89.2 80.0 78.0 72.7 92.3
S. avermitilis 85.7 84.4 80.5 75.4 91.7
S. clavuligerus 88.6 89.6 77.7 70.3 95.1
S. coelicolor 87.3 83.5 80.3 74.2 89.3
S. flavogriseus 90.8 83.1 87.2 73.3 96.8
S. ghanaensis 86.7 759 80.0 74.7 90.6
S. griseofiavus 87.9 74.4 80.5 71.4 91.0
S. griseus 96.5 100 92.1 90.5 99.1
S. viridochromogenes 88.3 79.7 80.0 73.5 94.5
S. sp. SPB78 84.1 83.1 76.1 80.2 92.1
Streptomyces ave 88.5 83.4 81.3 75.6 93.3
Amycolatopsis mediterranei - 61.3 68.5 58.7 70.0
Catenulispora acidiphila 69.8 46.9 63.8 71.9 77.2
Frankia sp. EAN1pec 72.0 51.9 40.6 43.2 69.6
Micromonospora aurantiaca 70.7 - 68.2 67.4 73.4
Mycobacterium smegmatis 65.4 - 60.3 55.4 69.1
Rhodococcus erythropolis 68.8 - 65.2 55.2 70.0
Saccharomonospora viridis - 59.0 68.7 58.5 70.7
Saccharopolyspora erythraea -4 49.4 67.0 58.9 74.7
Salinispora arenicola - - - 71.7 72.8
Streptosporangium roseum 66.4 - 68.2 59.4 71.9
Non-streptomycete ave 68.9 54.2° 66.0° 60.0 71.9

the BLASTN analysis. See foot-
note c in Table 4

efficiency of genetic manipulations, as demonstrated in
S. erythraea [84] and Micromonospora griseorubida [98].
This concept has already been generalized to engineer
eucaryotes (e.g., see [18, 56, 60, 74, 103]) and archaea [16,
34], and should be applicable to any organism that is ame-
nable to genetic manipulation.

Bacteriophage ¢BT1

¢BT1 is a temperate phage related to ¢C31 [30]. Like ¢
C31, it integrates via a large serine recombinase, and its
73-nucleotide attP and atB sites are quite different from each
other. However, they have core 12-nucleotide sequences
nearly identical to each other (11 of 12 identities) where
crossing-over occurs. Importantly, ¢BT1 integrates into a
gene annotated to encode an integral membrane protein
unrelated to the pirin-like gene for ¢C31 integration
(Table 1). The ¢BT1 Int is distantly related to ¢C31 Int,
showing only 26% amino acid identities in reciprocol
BLASTP analyses (Table 2). It has similar low sequence
identities to the three other proteins that gave significant
hits to ¢C31 Int, and had no other significant hits (Table 2).
In S. coelicolor and S. avermitilis, the ¢BT1 antB site is
located about 1 Mb to the left of oriC, and within the
6.5 Mb core region (Fig. 1). The mechanism of insertion
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was studied in vitro where it was shown that the minimal
attB and artP sites comprise 36 and 48 bp, respectively
[106]. The integration process was very efficient with attB
and artP substrates, but was also measurable with astL and
attR sequences, implying that Int might excise ¢BT1 in
vivo at some frequency in the absence of other factors. Fur-
ther mechanistic studies have been reported recently [107].
Although no studies have been carried out to characterize
an Xis or RDF protein, BLASTP analysis with the 244-aa
gp3 RDF from ¢C31 gave a top hit of 84.8% amino acid
identities to a 247-aa gp3 protein from ¢BT1 (this report).
It is likely that this protein serves an Xis or RDF function
for ¢BT1. If so, it could extend the potential utility of the ¢
BT1 integration system.

Gregory etal. [30] constructed vectors derived from
pSET152 by replacing the ¢C31 att/int with ¢BT1 att/int,
and by exchanging antibiotic resistance genes. They
showed that the ¢BTl-based vectors conjugated from
E. coli into S. coelicolor and integrated at frequencies
comparable to those of pSET152 (3.5 x 10~ per recipi-
ent). Importantly, they demonstrated that an S. lividans
transconjugant containing a ¢BT1-based vector inserted in
the chromosome was an efficient recipient for conjugal
transfer of pSET152. Since the ¢)C31 and ¢BT1 systems
are compatible, they can be used to add genes sequentially
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to genetically engineer S. lividans, and other streptomy-
cetes. Gregory etal. [30] investigated conjugation into
other streptomycetes, and recovered transconjugants from
S. avermitilis, S. cinnamonensis, S. fradiae, S. lincolnensis,
S. nogalater, S. roseosporus, and S. venezuelae. ¢pBT]1-
based vectors also function efficiently in the rapamycin-
producing Streptomyces hygroscopicus [31, 50], where it
was shown that insertions are neutral under the prevailing
fermentation conditions (i.e., they cause no reduction in
rapamycin production). This property is important for the
genetic engineering of industrial production strains.

The ¢BT1 Att/Int system can also be used in conjugal
BAC vectors for site-specific insertion in Streptomyces
chromosomes. Liu etal. [58] developed a ¢BT1-based
BAC and used it to clone and express the meridomycin bio-
synthetic gene cluster in S. lividans. Alexander et al. [2]
modified a BAC vector to accommodate the engineering of
lipopeptide biosynthetic genes in E. coli followed by conju-
gal transfer and insertion into the ¢BT1 atB site in S. fra-
diae strains. This system was coupled with the use of ¢
C31-based vectors to set up an ectopic transcomplementa-
tion system that allows lipopeptide biosynthetic genes to be
expressed from three different locations in the chromosome
to facilitate combinatorial biosynthesis [2, 3, 12, 79]. They
also demonstrated that insertions into ¢BT1 and ¢C31 a#B
sites are neutral with respect to antibiotic production in
S. fradiae, and that the complete set of A54145 biosyn-
thetic genes can be expressed more efficiently from either
attB site than from the native locus which is located in a
potentially unstable subteleomeric region containing IS and
transposase sequences [11, 72]. This approach might be
applied to other streptomycetes where antibiotic biosyn-
thetic genes are located in unstable subteleomeric regions
of linear chromosomes. The compatibility of the two inte-
gration systems presents possibilities for doubling and tri-
pling of complete secondary metabolite gene clusters for
heterologous expression and strain improvement in strepto-
mycetes [8, 9].

The apparent broad host specificity of the ¢BT1 Att/Int
system is supported by recent genome sequencing studies.
The integral membrane protein gene containing the a#tB
site for S. roseosporus has apparent orthologs in all ten
Streptomyces surveyed by BLASTN and BLASTP analyses
(Tables 4, 5). Although the average dN/dS ratio for all ten
was 0.8, BLASTN analysis of the S. griseus and S. ghana-
ensis genomes using the original 73-nucleotide attB site
described by Gregory etal. [30] picked up full-length
sequences with 92 and 96% identities to attB in the target
genes. The attB sites are located in a highly conserved
region in the first one-third of the gene.

Of the ten non-streptomycete actinomycetes surveyed,
only four have homologous genes encoding integral mem-
brane proteins. These include Amycolatopsis mediterranei

and S. erythraea, both of which lack ¢C31 a#tB sites. The
average dN/dS ratio for the four genes is 1.0, suggesting
that one or more may have been under selection to evolve a
paralogous function. A closer inspection of the attB regions
in these four genes indicated that the A. mediterranei and S.
viridis attB sequences, which have only 1 mismatch in the
12-nucleotide crossover region, are more highly conserved
than those of S. erythraea and C. acidiphila, which have
four and five mismatches in the crossover region, respec-
tively. The lower amino acid sequence homologies relative
to the S. roseosporus target gene product observed with the
last two strains also suggests that the corresponding genes
are paralogs to the streptomycete genes, and that purifying
selection [10] to maintain the usually highly conserved attB
region is relaxed in both cases.

The biological data and bioinformatic analyses indicate
that ¢BT1-based vectors should have broad applicability
for engineering of streptomycetes; bioinformatic data also
suggest limited potential utility in other actinomycetes. As
demonstrated with the ¢C31 integration system, a portable
¢BT1 antB site could be inserted into non-streptomycete
chromosomes for genetic engineering purposes. A portable
¢BT1 att site has been used to demonstrate that ¢BT1 Int
functions efficiently in vertebrate cells and Schizosaccharo-
myces pombe. Morover, this system has been used in con-
junction with Cre to build a transgenic human—Chinese
hamster hybrid cell line containing 400 kb of contiguous
transgenic DNA [105].

Bacteriophage R4

R4 is a broad-host-range streptomycete temperate bacterio-
phage isolated from soil on Streptomyces albus J1074, a
mutant of S. albus G defective in Sall restriction and modi-
fication [19]. Like many other Streptomyces bacterio-
phages, its host range is limited primarily by type II
restriction enzyme barriers [19, 24, 36, 37]. R4 integrates
site-specifically into the chromosome of Streptomyces
parvulus (and presumably in other streptomycetes) to
establish lysogeny [87]. Matsuura et al. [68] demonstrated
that integration is catalyzed by a large serine recombinase
that recognizes attP and attB sites for integration, but not
attL and attR sites for excision. The 50-nucleotide attB site
contains a 12-nucleotide common core that is also found in
the attP site, and serves as the region for site-specific
recombination [80]. The 50-nucleotide attB site was used to
carry out BLASTN analysis in S. roseosporus, and a highly
conserved 41-nucleotide segment containing the 12-nucleo-
tide common core was located in a gene that encodes an
acyl-CoA synthetase (Table 1). This gene and its product
were used to carry out BLASTN and BLASTP analyses
against ten Streptomyces and ten other actinomycete
genomic sequences: highly conserved apparent orthologs
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(average dN/dS = 0.6) were observed in all ten Streptomyces
species (Tables 4, 5). The acyl-CoA synthetase apparent
orthologs containing attB sites in S. coelicolor and S. aver-
mitilis mapped to similar locations within the 6.5-Mb core
regions of the linear chromosomes (Fig. 1). Homologs were
also observed in nine of ten other actinomycetes, but these
appear to be a mixture of orthologs and paralogs. The aver-
age dN/dS ratio for seven of the gene/protein pairs (exclud-
ing Frankia sp. EAN1pec and M. aurantiaca) was 0.9. The
50-nucleotide R4 a#tB sites were compared for four of the
strains. C. acidiphila, S. erythraea, and S. viridis have
authentic a#tB sites showing 94, 96, and 92% nucleotide
identities, respectively, to the S. roseosporus attB site. Fur-
thermore, the same strains had 12, 12, and 11 nucleotide
identities to the 12-nucleotide crossing-over region. On the
other hand, Frankia sp. EANI1pec, which encodes an acyl-
CoA synthetase homolog that shows only 40.6 amino acid
identities to the S. roseosporus counterpart, has a 50-nucle-
otide artB site that is only 54% identical to the a#tB of
S. roseosporus, and it has only 6 of the conserved 12 nucleo-
tides for crossing-over. This gene appears to be a paralog to
the streptomycete R4 target genes, and probably would not
serve as an efficient target for R4 integration.

Although R4 has not been used widely as a general tool
for insertion of genes in actinomycetes, it has been shown
to be a useful tool for engineering human cells (e.g., see
[56, 60, 80]).

Bacteriophage TG1

TG1 is a temperate bacteriophage isolated on Streptomyces
cattleya, the thienamycin producer [26]. It has a broad host
range for Streptomyces species, but did not form plaques on
S. coelicolor or S. lividans [26, 27]. Analysis of multiple
lysogens indicated that it inserted into a single a#tB site in
S. cattleya [26]. TG1 was developed as a bifunctional vec-
tor that could be engineered in E. coli, transfected into a
streptomycete host, then transduced into other streptomy-
cete hosts where it formed relatively stable lysogens [27].
TG1 was recently shown to integrate site-specifically by
a large serine recombinase mechanism [75, 76]. BLASTP
analysis with TG1 Int gave significant hits only to ¢C31 Int
(49.7%) and to the four other proteins identified in
BLASTP analyses with ¢C31 and ¢BTI integrases
(Table 2). In vitro studies demonstrated that the TG1 Int
does not require host factors for insertion, and that it does
not catalyze excision [76]. The minimal a#tP and a#tB sites
were shown to comprise 43 and 39 nucleotides, respec-
tively, and share a common dinucleotide (TT) at the site for
crossing-over [76]. Recent studies have demonstrated that
TGI Int can drive efficient integration of aftB-containing
circular plasmid DNA into E. coli containing an attP
sequence inserted into the chromosome by EZ-Tn5 transpo-
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sition [38], a technique that might be applicable to other
bacteria and other serine integrases.

The TG1 attB site is located in a dapC-like gene which
may encode an N-succinylaminopimelate aminotransferase
[75]. However, TGI1 lysogens of S. avermitilis did not
require lysine or diaminopimelate for growth, suggesting
that the dapC annotation may be incorrect, and that the
gene may encode an aminotransferase with a different func-
tion. The TG1 a#B site in the dapC-like gene is located
about 230 kb to the right of oriC in both S. coelicolor and
S. avermitilis, or about 140 kb to the right of the ¢C31 attB
site (Fig. 1). Apparent orthologs of the dapC-like gene were
observed in all ten streptomycetes (average dN/dS = 0.70)
(Tables 4, 5). Homologs of the dapC-like gene were
observed in all ten other actinomycetes surveyed, but
some of these are likely to be paralogs. For instance, the
dN/dS ratios for Frankia sp. EAN1pec and M. smegmatis
are 1.4 and 1.2, respectively. The bioinformatic data
suggest that the TG1 integration system may be directly
applicable to many streptomycetes and possibly to some other
actinomycetes.

Uses of site-specific insertion for genetic engineering
in actinomycetes

Streptomycete phage site-specific integration systems have
been used for a number of applications that require stable
insertion of one or more genes into the chromosome. Indus-
trial applications include strain improvement for early to
late-stage process development, heterologous expression of
cryptic secondary metabolite biosynthetic gene clusters for
drug discovery, and combinatorial biosynthesis to generate
novel derivatives of known secondary metabolites [6-9,
12]. For strain improvement, site-specific insertion can be
used to: (1) increase gene dosage to address rate-limiting
primary or secondary metabolic steps; (2) change promot-
ers to improve the expression of regulatory and other genes;
(3) alter the metabolic capability of cells by adding new
functions; (4) and duplicate or triplicate complete second-
ary metabolite gene clusters [9]. For the discovery of novel
drug candidates from cryptic secondary metabolite gene
clusters discovered in genome sequencing projects, candi-
date gene clusters can be: (1) cloned in BAC vectors that
replicate in E. coli; (2) transferred by conjugation from
E. coli into streptomycete expression hosts, including those
derived from industrial production strains; and (3) stably
inserted at appropriate attB sites. Transconjugants can then
be fermented in several media and screened for the expres-
sion of novel secondary metabolites. This process and the
properties of key streptomycete expression hosts are dis-
cussed in more detail elsewhere [8, 9]. The use of site-spe-
cific integration vectors for combinatorial biosynthesis has
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the advantage that different genes or sets of genes can be
engineered separately, and then different combinations of
the engineered genes can be brought together in an expres-
sion host [7, 8, 12]. Recent examples that demonstrate the
power of this approach are the engineering and expression
of separate nonribosomal peptide synthetase (NRPS) multi-
enzymes, or other genes encoding amino acid modifying
enzymes, by insertion into the S. fradiae chromosome at the
¢C31 and ¢BT1 artB sites to generate a large array of
novel lipopeptide antibiotics with tridecapeptide structures
derived from A54145 and daptomycin [2, 3, 79]. These
site-specific integration systems can also be used in combi-
nation with other insertion systems, such as IS717 [22, 73,
78].

Discussion

The bacteriophage ¢C31 Att/Int system has made a large
impact on the development of robust genetic engineering
tools for the industrially important Streptomyces and other
actinomycetes. This work was initiated in Russia by the
Lomoskaya laboratory, and further developed in Russia and
in the UK by the Keith Chater and Margaret Smith labora-
tories. The work on the fundamental biology of ¢C31 pro-
vided a rich starting point for the seminal work of Kustoss,
Rao, and colleagues at Eli Lilly and Company, who devel-
oped the Att/Int system into a widely useful set of cloning
vectors for Streptomyces species [14, 51, 52]. These and
their derivatives have been applied to strain improvement,
combinatorial biosynthesis, and whole pathway heterolo-
gous expression. In addition to the important applications
in the native actinomycetes, the unidirectional serine
recombinase systems have impacted the broader field of
biotechnology, providing a robust methodology for the
engineering of eucaryotic cells.

¢C31 is just one of several streptomycete temperate
phages described in the literature, most of which are poorly
characterized. R4, TG1, and ¢BT1 have been studied in
some detail; as with ¢C31, all three have broad host ranges
within Streptomyces species, and integrate by unidirec-
tional serine recombinases. Importantly, they integrate into
different genes that are highly conserved in Streptomyces
species. This represents an interesting evolutionary strategy
to have the potential to lysogenize any species of the genus
Streptomyces, rather than limit the host range to one or a
subset of streptomycetes by inserting into genes not con-
served across the species. The host range is thus maxi-
mized, and limited primarily by host type II restriction
barriers.

For applications in streptomycetes, the broad host speci-
ficity and conservation of genes containing a#tB sites for
these integration systems enables sequential addition of

genes for combinatorial biosynthesis, strain development,
and other applications. The host restriction barriers are
often easily overcome by using conjugal transfer from
E. coli [14, 67], a process that transfers linear concatemers
of single-strand DNA which are not susceptible to host-
encoded type II restriction endonuclease cleavage [8]. The
different artB genes or sequences can also be used as porta-
ble integration sites in other actinomycetes that lack attB
sites. It is conceivable that four or more different a#B sites
could be cloned contiguously, then inserted into an actino-
mycete of interest at a site that is neutral for secondary
metabolite production. This would provide a target for
sequential addition of any number of genes for a variety
purposes. This approach has already been applied to mam-
malian cells [56, 60, 74, 103]. In principle, this concept
could be applied to other eubacteria, archaea, plants, mam-
mals, and other eucaryotes. The applications are limited
only by our current knowledge of bacteriophages that
employ large serine integrases. There are undoubtedly
many more temperate bacteriophages for streptomycetes
and other actinomycetes that use this mechanism. Broad-
host-range temperate bacteriophages are readily isolated on
Streptomyces strains, and Streptomyces griseofuscus is par-
ticularly useful for bacteriophage isolations because it is
non-restricting for bacteriophage plaque formation [24],
and has been used to isolate temperate bacteriophages from
soil [36, 37].

Although several large serine recombinase systems have
already been discovered, it is not known if the best ones
have been identified. There exists an untapped wealth of
additional temperate actinophages yet to be discovered, and
these can be isolated inexpensively from soil.

References

1. Alexander DC, Devlin DJ, Hewitt DD, Horan AC, Hosted TJ
(2003) Development of a Micromonospora carbonacea var.
africana ATCC 39149 bacteriophage pMLP1 integrase for
site-specific integration in Micromonospora spp. Microbiology
149:2442-2453

2. Alexander DC, Rock J, He X, Miao V, Brian P, Baltz RH (2010)
Development of a genetic system for combinatorial biosynthesis
of lipopeptides in Streptomyces fradiae and heterologous expres-
sion of the A54145 biosynthetic gene cluster. Appl Environ
Microbiol 76:6877-6887

3. Alexander DC, Rock J, Gu J-Q, Mascio C, Chu M, Brian P, Baltz
RH (2011) Production of novel lipopeptide antibiotics related to
A54145 by Streptomyces fradiae mutants blocked in biosynthesis
of modified amino acids and assignment of IptJ, IptK and IptL
gene functions. J Antibiot 64:79-87

4. Allen BG, Weeks DL (2009) Bacteriophage ¢C31 integrase
mediated transgenesis in Xenopus laevis for protein expression at
endogenous levels. Methods Mol Biol 518:113-122

5. Anzai Y, lizaka Y, Li W, Idemoto N, Tsukada S-I, Koike K,
Kinoshita K, Kato F (2009) Production of rosamicin derivatives
in Micromonospora rosaria by introduction of D-mycinose

@ Springer



670

J Ind Microbiol Biotechnol (2012) 39:661-672

(o]

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

biosynthetic gene with ¢C31-derived integration vector
pSET152. J Ind Microbiol Biotechnol 36:1013-1021
. Baltz RH (2008) Renaissance in antibacterial discovery from
actinomycetes. Curr Opin Pharmacol 8:1-7
. Baltz RH (2009) Biosynthesis and genetic engineering of lipo-
peptides in Streptomyces rosesporus. Methods Enzymol
458:511-531
. Baltz RH (2010) Streptomyces and Saccharopolyspora hosts for
heterologous expression of secondary metabolite gene clusters.
J Ind Microbiol Biotechnol 37:759-772
. Baltz RH (2011) Strain improvement in actinomycetes in the post
genomic era. J Ind Microbiol Biotechnol 38:657-666
Baltz RH (2011) Function of MbtH homologs in nonribosomal
peptide biosynthesis and applications in secondary metabolite
discovery. J Ind Microbiol Biotechnol 38:1747-1760
Baltz RH, McHenney MA, Hosted TJ (1997) Genetics of lipo-
peptide antibiotic biosynthesis in Streptomyces fradiae A54145
and Streptomyces roseosporus A21978. In: Baltz RH, Hegeman
GD, Skatrud PL (eds) Developments in industrial microbiology.
Society for Industrial Microbiology, Fairfax, pp 93-98
Baltz RH, Nguyen KT, Alexander DC (2010) Genetic engineering
of acidic lipopeptide antibiotics. In: Baltz RH, Davies JE, Demain
AL (eds) Manual of industrial microbiology and biotechnology.
American Society for Microbiology, Washington, pp 391-410
Bentley SD, Chater KF, Cerdefio-Tarraga AM, Challis GL,
Thomson NR, James KD, Harris DE, Quail MA, Kieser H,
Harper D, Bateman A, Brown S, Chandra G, Chen CW, Collins
M, Cronin A, Fraser A, Goble A, Hidalgo J, Hornsby T, Howarth
S, Huang CH, Kieser T, Larke L, Murphy L, Oliver K, O’Neil S,
Rabbinowitsch E, Rajandream MA, Rutherford K, Rutter S,
Seeger K, Saunders D, Sharp S, Squares R, Squares S, Taylor K,
Warren T, Wietzorrek A, Woodward J, Barrell BG, Parkhill J,
Hopwood DA (2002) Complete genome sequence of the model
actinomycete Streptomyces coelicolor A3(2). Nature 417:141-147
Bierman M, Logan R, O’Brien K, Seno ET, Rao RN, Schoner BE
(1992) Plasmid cloning vectors for the conjugal transfer of DNA
from Escherichia coli to Streptomyces spp. Gene 116:43-49
Blaesing F, Miihlenweg A, Vierling S, Zieglin G, Pelzer S, Lanka
E (2005) Introduction of DNA into actinomycetes by bacterial
conjugation from E. coli—an evaluation of various transfer sys-
tems. J Biotechnol 120:146-161
Bose A, Metcalf WW (2008) Distinct regulators control the
expression of methanol methyltransferase isozymes in Methano-
sarcina acetivorans C2A. Mol Microbiol 67:649-661
Boy AL, Zhai Z, Habring-Miiller A, Kussler-Schneider Y,
Kaspar P, Lohmann I (2010) Vectors for efficient and high-
throughput construction of fluorescent drosophila reporters using
the PhiC31 site-specific integration system. Genesis 48:452-456
Brown WRA, Lee NCO, Xu Z, Smith MCM (2011) Serine recom-
binases as tools for genome engineering. Methods 53:372-379
Chater KF, Carter AT (1979) A new, broad host-range, temperate
bacteriophage (R4) of Streptomyces and its interaction with some
restriction-modification systems. J Gen Microbiol 115:431-442
Choi S-U, Lee C-K, Hwang Y-I, Kinoshita H, Nihira T (2004)
Intergeneric conjugal transfer of plasmid DNA from Escherichai
coli to Kitasatospora setae, a bafilomycin B, producer. Arch
Microbiol 181:294-298
Choulet F, Aigle B, Gallois A, Mangenot S, Gerbaud C, Truong
C, Francou F-X, Fourrier C, Guérineau M, Decaris B, Barge V,
Pernodet J-L, Leblond P (2006) Evolution of the terminal regions
of the Streptomyces linear chromosome. Mol Biol Evol 23:2361—
2369
Coéffet-Le Gal M-F, Thurson L, Rich P, Miao V, Baltz RH
(2006) Complementation of daptomycin dptA and dptD deletion
mutations in-trans and production of hybrid lipopeptide antibiot-
ics. Microbiology 152:2993-3001

@ Springer

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Combes P, Till R, Bee S, Smith MCM (2002) The Streptomyces
genome contains multiple pseudo-a#B sites for the ¢C31-encod-
ed site-specific recombination system. J Bacteriol 184:5746—
5752

Cox KL, Baltz RH (1984) Restriction of bacteriophage plaque
formation in Streptomyces spp. J Bacteriol 159:499-504
Dafhnis-Calas F, Xu Z, Haines S, Malla SK, Smith MCM, Brown
WRA (2005) Iterative in vivo assembly of large and complex
transgenes by combining activities of ¢C31 integrase and Cre
recombinase. Nucleic Acids Res 33:e189

Foor F, Roberts GP, Morin N, Snyder L, Hwang M, Gibbons PH,
Paradisio MJ, Stotish RL, Ruby CL, Wolanski B, Streiker SL
(1985) Isolation and characterization of the Streptomyces cat-
tleya temperate phage TG1. Gene 39:11-16

Foor F, Morin N (1990) Construction of a shuttle vector consist-
ing of the Escherichia coli plasmid pACYC177 inserted into the
Streptomyces cattleya phage TG1. Gene 94:109-113

Gabriel K, Schmid H, Schmidt U, Rausch H (1995) The actino-
phage RP3 DNA integrates site-specifically into the putative
tRNAAE(AGG) gene of Streptomyces rimosus. Nucleic Acids Res
23:58-63

Ghosh P, Bibb LA, Hatfull GF (2008) Two-step site selection for
serine-integrase-mediated excision: DNA-directed integrase con-
formation and central dinucleotide proofreading. Proc Natl Acad
Sci U S A 105:3238-3243

Gregory MA, Till R, Smith MCM (2003) Integration site for
Streptomyces phage $BT1 and development of site-specific inte-
grating vectors. J Bacteriol 185:5320-5323

Gregory MA, Hong H, Lill RE, Gaisser S, Petkovic H, Low L,
Sheehan LS, Carletti I, Ready SJ, Ward MJ, Kaja AL, Challis IR,
Leadlay PF, Martin CJ, Wilkinson B, Sheridan RM (2006) Rap-
amycin biosynthesis: elucidation of gene product function. Org
Biomol Chem 4:3565-3568

Groth AC, Olivares EC, Thyagarajan B, Calos MP (2000) A
phage integrase directs efficient site-specific integration in human
cells. Proc Natl Acad Sci U S A 97:5995-6000

Groth AC, Calos MP (2004) Phage integrases: biology and appli-
cations. J Mol Biol 335:667-678

Guss AM, Rother M, Zhang JK, Kulkarni G, Metcalf WW (2008)
New methods for tightly regulated gene expression and highly
efficient chromosomal integration of cloned genes in Methano-
sarcina species. Archaea 2:193-203

Ha HS, Yi H, Choi SU (2008) Application of conjugation using
¢C31 att/int system for Actinoplanes teichomyceticus, a pro-
ducer of teicoplanin. Biotechnol Lett 30:1233-1238

Hahn DR, McHenney MA, Baltz RH (1990) Characterization of
FP22, a large streptomycete bacteriophage with DNA insensitive
to cleavage by many restriction enzymes. J Gen Microbiol
136:2395-2404

Hahn DR, McHenney MA, Baltz RH (1991) Properties of the
streptomycete temperate bacteriophage FP43. J Bacteriol
173:3770-3775

Hirano N, Muroi T, Kihara Y, Kobayashi R, Takahashi H, Haruki
M (2011) Site-specific recombination system based on actino-
phage TG integrase for gene integration into bacterial genomes.
Appl Microbiol Biotechnol 89:1877-1884

Hollis RP, Stoll SM, Schlimenti CR, Lin J, Chen-Tsai Y, Calos
MP (2003) Phage integrases for the construction and manipula-
tion of transgenic mammals. Reprod Biol Endocrinol 1:79

Hong Y, Hondalus MK (2008) Site-specific integration of Strep-
tomyces ¢$C31 integrase-based vectors in the chromosome of
Rhodococcus equi. FEMS Microbiol Lett 287:63-68

Huang J, Zhou W, Dong W, Watson AM, Hong Y (2009) From
the cover: directed, efficient, and versatile modifications of the
Drosophila genome by genomic engineering. Proc Natl Acad Sci
U S A 106:8284-8289



J Ind Microbiol Biotechnol (2012) 39:661-672

671

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Ikeda H, Ishikawas J, Hanamoto A, Shinose M, Kikuchi H, Shiba
T, Sakaki Y, Hattori M, Omura S (2003) Complete genome
sequence of and comparative analysis of the industrial microor-
ganism Streptomyces avermitilis. Nat Biotechnol 21:526-531
Jeon H-G, Seo J, Lee M-J, Han K, Kim E-S (2011) Analysis and
functional expression of NPP pathway-specific regulatory genes
in Pseudonocardia autotropica. JInd Microbiol Biotechnol
38:573-579

JinZ,Jin X, Jin Q (2010) Conjugal transferring of resistance gene
ptr for improvement of pristinomycin-producing Streptomyces
pristinaespiralis. Appl Biochem Biotechnol 160:1853-1864
Keravala A, Groth AC, Jarrahian S, Thyagarajan B, Hoyt JJ,
Kirby PJ, Calos MP (2006) A diversity of serine integrases medi-
ate site-specific recombination in mammalian cells. Mol Genet
Genomics 276:135-146

Khaleel T, Younger E, McEwan AR, Varghese AS, Smith MC
(2011) A phage protein that binds ¢C31 integrase to switch its
directionality. Mol Microbiol 80:1450-1463

Kieser T, Bibb MJ, Buttner MJ, Chater KF, Hopwood DA (2000)
Practical Streptomyces genetics. The John Innes Foundation,
Norwich

Kim M-K, Ha H-S, Choi S-U (2008) Conjugal transfer using the
bacteriophage ¢C31 att/int system and properties of the attB site
in Streptomyces ambofaciens. Biotechnol Lett 30:695-699
Komatsu M, Uchiyama T, Omura S, Cane D, Ikeda H (2010)
Genome-minimized Streptomyces host for the heterologous
expression of secondary metabolism. Proc Natl Acad Sci USA
107:2646-2651

Kuscer E, Coates N, Challis I, Gregory M, Wilkinson B, Sheridan
R, Petrovi¢ H (2007) Roles of rapH and rapG in positive regula-
tion of rapamycin biosynthesis in Streptomyces hygroscopicus.
J Bacteriol 189:4756-4763

Kustoss S, Rao RN (1991) Analysis of the integration function of
the streptomycete bacteriophage ¢C31. J Mol Biol 222:897-908
Kuhstoss S, Richardson MA, Rao RN (1991) Plasmid cloning
vectors that integrate site-specifically in Strepromyces spp. Gene
97:143-146

Labbé GMC, Nimmo DD, Alphey L (2010) piggybac- and
PhiC31-mediated genetic transformation of the Asian tiger mos-
quito, Aedes albopictus (Skuse). PLoS Negl Trop Dis 4:e788

Li X, Zhou X, Deng Z (2003) Vector systems allowing efficient
autonomous integrative gene cloning in Micromonospora sp.
strain 40027. Appl Environ Microbiol 69:3144-3151

LiL, GuolJ, ChenZ, Song Y, LiJ (2010) Overexpression of ribo-
some recycling factor causes increased production of avermectin
in Streptomyces avermitilis strains. J Ind Microbiol Biotechnol
37:673-679

Lieu PT, Machleidt T, Thyagarajan B, Fontes A, Frey E, Fuerste-
nau-Sharp M, Thompson DV, Swamilingiah GM, Derebail SS,
Piper D, Chesnut JD (2009) Generation of site-specific retarget-
ing platform cell lines for drug discovery using phiC31 and R4
integrases. J Biomol Screen 14:1207-1215

Lister JA (2010) Transgene excision in zebrafish using ¢C31
integrase. Genesis 48:137-143

Liu H, Jiang H, Haltli B, Kulowski K, Muszynska E, Feng X,
Summers M, Young M, Graziani E, Koehn F, Carter GT, He M
(2009) Rapid cloning and heterologous expression of the merida-
mycin biosynthetic gene cluster using a versatile Escherichia
coli-Streptomyces artificial chromosome vector, pSBAC. J Nat
Prod 72:389-395

Liu S, Ma J, Wang W, Zhang M, Xin Q, Peng S, Li R, Zhu H
(2010) Mutational analysis of highly conserved residues in the
phage phiC31 integrase reveals key amino acids necessary for the
DNA recombination. PloS One 5:¢8863

Liu Y, Lakshmipathy U, Ozjenc A, Thyagarajan B, Lieu P, Fon-
tes A, Xue H, Scheyhing K, MacArthur C, Chesnut JD (2010)

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

hESC engineering by integrase-mediated chromosomal target-
ing. Methods Mol Biol 584:229-268

Lomovskaya ND, Mkrtumian N, Gostimskaya NL, Danilenko
VN (1972) Characterization of temperate actinophage ¢C31 iso-
lated from Streptomyces coelicolor A3(2). J Virol 9:258-262
Lomovskaya ND, Chater KF, Mkrtumian N (1980) Genetics and
molecular biology of Streptomyces bacteriophages. Microbiol
Rev 44:206-229

Lu J, Maddison LA, Chen W (2011) ¢C31 integrase induces
efficient site-specific excision in zebrafish. Transgenic Res
20:183-189

Lutz KA, Azhagiri AK, Tungsuchat-Huang T, Maliga P (2007) A
guide to choosing vectors for transformation of the plastid
genome of higher plants. Plant Physiol 145:1201-1210
Marcone GL, Foulston L, Binda E, Marinelli F, Bibb M,
Beltrametti F (2010) Methods for the genetic manipulation
of Nonomuraea sp. ATCC 39727. J Ind Microbiol Biotechnol
37:1097-1103

Matsushima P, Baltz RH (1996) A gene cloning system for
‘Streptomyces toyocaensis’. Microbiology 142:261-267
Matsushima P, Broughton MC, Turner JR, Baltz RH (1994) Con-
jugal transfer of cosmid DNA from Escherichia coli to Sacchar-
opolyspora spinosa: effects of chromosomal insertions on
macrolide A83543 production. Gene 146:39-45

Matsuura M, Noguchi T, Yamaguchi D, Aida T, Asayama M,
Takahashi H, Shirai M (1996) The sre gene (ORF469) encodes a
site-specific recombinase responsible for integration of the R4
phage genome. J Bacteriol 178:3374-3376

McEwan AR, Rowley PA, Smith MCM (2009) DNA binding and
synapsis by the large C-terminal domain of ¢C31 integrase.
Nucleic Acids Res 37:4764-4773

McEwan AR, Raab A, Kelly SM, Feldmann J, Smith MCM
(2011) Zinc is essential for high-affinity DNA binding and
recombinase activity of ¢C31 integrase. Nucleic Acids Res
39:6137-6147

Miao V, Coéffet-LeGal M-F, Brian P, Brost R, Penn J, Whiting
A, Martin S, Ford R, Parr I, Bouchard M, Silva CJ, Wrigley SK,
Baltz RH (2005) Daptomycin biosynthesis in Streptomyces ros-
eosporus: cloning and analysis of the gene cluster and revision of
peptide stereochemistry. Microbiology 151:1507-1523

Miao V, Brost R, Chapple J, She K, Coéffet-Le Gal M-F, Baltz
RH (2006) The lipopeptide antibiotic A54145 biosynthetic gene
cluster from Streptomyces fradiae. J Ind Microbiol Biotechnol
33:129-140

Miao V, Coéffet-Le Gal M-F, Nguyen K, Brian P, Penn J, Whit-
ing A, Steele J, Kau D, Martin S, Ford R, Gibson T, Bouchard M,
Wrigley SK, Baltz RH (2006) Genetic engineering in Streptomy-
ces roseoporus to produce hybrid lipopeptide antibiotics. Chem
Biol 13:269-276

Monetti C, Nishino K, Biechele S, Zhang P, Baba T, Woltjen K,
Nagy A (2011) PhiC31 integrase facilitates genetic approaches
combining multiple recombinases. Methods 53:380-385

Morita K, Yamamoto T, Fusada N, Komatsu M, Ikeda H, Hirano
N, Takahashi H (2009) The site-specific recombination system of
actinophage TG1. FEMS Microbiol Lett 297:234-240

Morita K, Yamamoto T, Fusada N, Komatsu M, Ikeda H, Hirano
N, Takahashi H (2009) In vitro characterization of the site-spe-
cific recombination system based on actinophage TG integrase.
Mol Genet Genomics 282:607-616

Murry J, Sassetti CM, Moreira J, Lane J, Rubin EJ (2005) A new
site-specific integration system for mycobacteria. Tuberculosis
85:317-323

Nguyen K, Ritz D, Gu J-Q, Alexander D, Chu M, Miao V, Brian
P, Baltz RH (2006) Combinatorial biosynthesis of lipopeptide
antibiotics related to daptomycin. Proc Natl Acad Sci USA
103:17462-17467

@ Springer



672

J Ind Microbiol Biotechnol (2012) 39:661-672

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Nguyen K, He X, Alexander DC, Li C, Gu J-Q, Mascio C, Van
Praagh A, Morton L, Chu M, Silverman JA, Brian P, Baltz RH
(2010) Genetically engineered lipopeptide antibiotics related to
A54145 and daptomycin with improved properties. Antimicrob
Agents Chemother 54:1404-1413

Olivares EC, Hollis RP, Calos MP (2001) Phage R4 mediates
site-specific integration in human cells. Gene 278:167-176
Oliynyk M, Samborskyy M, Lester JB, Mironenko T, Scott N,
Dickens S, Haydock SF, Leadlay PF (2007) Complete genome
sequence of the erythromycin-producing bacterium Saccharopo-
lyspora erythraea NRRL23338. Nat Biotechnol 25:447-453
Penn J, Li X, Whiting A, Latif M, Gibson T, Silva CJ, Brian P,
Davies J, Miao V, Wrigley SK, Baltz RH (2006) Heterologous
production of daptomycin in Streptomyces lividans. J Ind Micro-
biol Biotechnol 33:121-128

Pfeiffer BD, Ngo TT, Hibberd KL, Murphy C, Jenett A, Truman
JW, Rubin GM (2010) Refinement of tools for targeted gene
expression in Drosophila. Genetics 186:735-755

Rodriguez E, Hu Z, Ou S, Volchegursky Y, Hutchinson CR,
McDaniel R (2003) Rapid engineering of polyketide everproduc-
tion by gene transfer to industrially optimized strains. J Ind
Microbiol Biotechnol 30:480-488

Rowley PA, Smith MC (2008) Role of N-terminal domain of ¢
C31 integrase in attB-attP synapsis. J Bacteriol 190:6918-6921
Rowley PA, Smith MC, Younger E, Smith MC (2008) A motif in
the C-terminal domain of the ¢C31 integrase controls the direc-
tionality of recombination. Nucleic Acids Res 36:3879-3891
Shirai M, Nara H, Sato A, Aida T, Takahashi H (1991) Site-spe-
cific integration of the actinophage R4 genome into the chromo-
some of Streptomyces parvulus upon lysogenization. J Bacteriol
173:4237-4239

Smith MCM, Burns RN, Wilson SE, Gregory MA (1999) The
complete genomic sequence of the Streptomyces temperate phage
¢C31: evolutionary relationships to other viruses. Nucleic Acids
Res 27:2145-2155

Smith MCM, Thorpe HM (2002) Diversity of serine recombinas-
es. Mol Microbiol 44:299-307

Smith MCM, Brown WRA, McEwan AR, Rowley PA (2010)
Site-specific recombination by ¢C31 integrase and other serine
recombinases. Biochem Soc Trans 38:388-394

Stark WM (2011) Cutting out the ¢C31 prophage. Mol Microbiol
80:1417-1419

Stegmann E, Pelzer S, Wilken K, Wohlleben W (2001) Develop-
ment of three different gene cloning systems for genetic investigation
of the new species Amycolatopsis japonicum MG417-CF17,
the ethylenediaminedisuccinic acid producer. J Biotechnol
92:195-204

Stinchi S, Azimonti S, Donadio S, Sosio M (2003) A gene trans-
fer system for the glycopeptides producer Nonomuraea sp.
ATCC39727. FEMS Microbiol Lett 225:53-57

Thomason LC, Calendar R, Ow DW (2001) Gene insertion and
replacement in Schizosaccharomyces pombe mediated by the
Streptomyces bacteriophage ¢C31 site-specific recombination
system. Mol Genet Genomics 265:1031-1038

@ Springer

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Thomson JG, Chan R, Thilmony R, Yau Y-Y, Ow DW (2010)
PhiC31 recombination system demonstrates heritable germinal
transmission of site-specific excision from the Arabidopsis
genome. BMC Biotechnol 10:17

Thorpe HM, Smith MCM (1998) In vitro site-specific integration
of bacteriophage DNA catalyzed by a recombinase of the resol-
vase/invertase family. Proc Natl Acad Sci U S A 95:5505-5510

Trepanier NK, Jensen SE, Alexander DC, Leskiw BK (2002) The
positive activator of cephamycin C and clavulanic acid produc-
tion in Streptomyces clavuligerus is mistranslated in a bldA
mutant. Microbiology 148:643-656

Tsukada S-I, Anzai Y, Li S, Kinoshito K, Sherman D, Kato F
(2010) Gene targeting for O-methyltransferase genes, mycE and
mycF, on the chromosome of Micromonospora griseorubida pro-
ducing mycinamycin with a disruption cassette containing the
bacteriophage ¢C31 attB attachment site. FEMS Microbiol Lett
304:148-156

Van Mellaert L, Mei L, Lammertyn E, Schacht S, Anné J (1998)
Site-specific integration of bacteriophage VWB genome into
Streptomyces venezuelae and construction of a VWB-based inte-
grative vector. Microbiology 144:3351-3358

Voeykova T, Emelyanova L, Tabakov V, Mkrtumyan N (1998)
Transfer of plasmid pTO1 from Escherichia coli to various rep-
resentatives of the order Actinomycetales by intergeneric conju-
gation. FEMS Microbiol Lett 162:47-52

Wang S, Qiao X, Liu X, Zhang X, Wang C, Zhao X, Chen Z,
Wen Y, Song Y (2010) Complete genome sequence analysis of
the temperate bacteriophage phiSASD1 of Streptomyces avermi-
tilis. Virology 403:78-84

Wang Y, Yau Y-Y, Perkins-Balding D, Thomson JG (2011)
Recombinase technology: applications and possibilities. Plant
Cell Rep 30:267-285

Yamaguchi S, Kazuki Y, Nakayama Y, Nanba E, Oshimura M,
Ohbayashi T (2011) A method for producing transgenic cells
using a multi-integrase system on a human artificial chromosome
vector. PLoS One 6:¢17267

Ye L, Chang JC, Lin C, Qi Z, Yu J, Kan YW (2010) Generation
of induced pluripotent stem cells using site-specific integration
with phage integrase. Proc Natl Acad Sci U S A 107:19467—
19472

Xu Z, Lee NCO, Dafhnis-Calas F, Malla S, Smith MCM, Brown
WRA (2007) Site-specific recombination in Schizosaccharomy-
ces pombe and systematic assembly of a 400 kb transgene array
in mammalian cells using the integrase of Streptomyces phage ¢
BT1. Nucleic Acids Res 36:¢9

Zhang L, Ou X, Zhao G, Ding X (2008) Highly efficient in vitro
site-specific recombination system based on the Streptomyces
phage ¢BT1 integrase. J Bacteriol 190:6392-6397

Zhang L, Wang L, Wang J, Ou X, Zhao G, Ding X (2010) DNA
cleavage is independent of synapsis during phage ¢BT1 integr-
ase-mediated site-specific recombination. J Mol Cell Biol 2:264—
275



	Streptomyces temperate bacteriophage integration systems for stable genetic engineering of actinomycetes (and other organisms)
	Abstract
	Introduction
	Temperate bacteriophages that utilize large serine recombinases
	Bacteriophage  straightphi C31
	Bacteriophage  straightphi BT1
	Bacteriophage R4
	Bacteriophage TG1

	Uses of site-specific insertion for genetic engineering in actinomycetes
	Discussion
	References


