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A database search revealed extensive sequence similarity between Streptomyces lividans plasmid p1J101 and
Streptomyces plasmid pSB24.2, which is a deletion derivative of Streptomyces cyanogenus plasmid pSB24.1. The
high degree of relatedness between the two plasmids allowed the construction of a genetic map of pSB24.2,
consisting of putative transfer and replication loci. Two pSB24.2 loci, namely, the cis-acting locus for transfer
(clt) and the transfer-associated korB gene, were shown to be capable of complementing the plJ101 clt and korB
functions, respectively, a result that is consistent with the notion that pIJ101 and the parental plasmid pSB24.1
encode highly similar, if not identical, conjugation systems.

The conjugative plasmid pIJ101 is one of the most exten-
sively studied of the Streptomyces extrachromosomal elements.
Originally purified from Streptomyces lividans 1SP5434 (14),
plJ101 (Fig. 1A) is an 8,830-bp (11), circular, high-copy-num-
ber plasmid which possesses a broad host range among acti-
nomycete bacteria (14). To produce copies of itself, pIJ101
uses rolling-circle replication (RCR) (6), a process that in-
volves the 456-amino-acid Rep protein encoded by the rep
gene of plJ101 (11), a double-strand origin (DSO) of replica-
tion where Rep-mediated single-stranded nicking and initia-
tion of first-strand synthesis occurs, and a likely single-strand
origin (SSO) termed sti, where second-strand synthesis is nor-
mally initiated (4). Certain motifs present within its Rep pro-
tein, along with conserved sequences present at the site of Rep
nicking, have allowed for the classification of pIJ101 as a mem-
ber of the pIJ101-pJV1 family of RCR plasmids (20), which is
comprised mostly of Streptomyces replicons (13). The DSO of
plJ101, which has been mapped (3) to a 517-bp region that
includes the likely nicking site (20) as well as other sequences
required for plasmid replication and copy number control (3),
is located between the rep gene and orf56, a small open reading
frame (ORF) of undetermined function (11). The s/ locus of
pIJ101 (4) includes sequences that may form an extensive
secondary structure and may contain consensus SSO hex-
anucleotide base positions (28).

The efficient transfer of pIJ101 is dependent on both the tra
gene (12, 14), which encodes a trans-acting membrane protein
with an as yet undetermined function (16), and a cis-acting
transfer locus (clf), which appears to represent a site or se-
quence that participates in some unknown manner in the trans-
fer event (17). The clt locus was originally subcloned on a
142-bp fragment of pIJ101 that spans the 3’ end of the korB
gene, although sequences essential for cl/t function may be
present only downstream of the korB ORF (17). Although its
exact sequence determinants remain to be elucidated, clt does
not appear to resemble cis-acting transfer sequences found on
other bacterial plasmids (27), including the only other Strepto-
myces plasmid clt function so far identified (19).

The korB gene encodes a repressor protein that binds within
its own promoter region as well as that of kilB (21, 22), a gene
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that is involved in, although not absolutely required for, pIJ101
transfer (12). The ability of the KorB protein to repress or
override kilB is essential, since the unregulated expression of
the kilB gene on plJ101 is lethal in Streptomyces (12). Like kilB,
the genes spdA and spdB contribute to plasmid transfer in an as
yet undetermined ancillary manner (11, 12), while similar to
korB control, the plJ101 korA gene codes for a repressor (21)
that appears to negatively regulate the expression of both korA
and a transcript that includes fra, spdA, and spdB (8).

pSB24.1 is a conjugative plasmid isolated from Streptomyces
cyanogenus (2), a species notable for its production of the
antitumor agent landomycin A (26). Upon introduction of
pSB24.1 into S. lividans, a stable, transfer-defective, deletion
derivative designated pSB24.2 forms (Fig. 1B), which has a
reported size of 3,706 bp (2). The deduced Rep protein of
pSB24.2 (9) and potential site of Rep-mediated nicking (5)
show homology to those of the other members of the plJ101-
pJV1 family of RCR plasmids (13). Here we show that a
database search for sequences showing homology to the plJ101
clt region (and thus plasmids that may share the same transfer
mechanism as pIJ101) subsequently revealed extensive similar-
ity between both transfer and replication loci of pIJ101 and
corresponding previously unidentified loci on pSB24.2. We
further show that the clt and korB functions encoded by
pSB24.2 can complement their pIJ101 counterparts. These re-
sults support the hypothesis that pIJ101 and pSB24.1 share the
same conjugation system and that plJ101-like conjugative plas-
mids may be dispersed throughout at least a portion of the
Streptomyces genus.

p1J101 and pSB24.2 show extensive sequence similarity. By
using the BLASTN algorithm (1) and the 142-bp clt" region of
plasmid plJ101 (Fig. 2) as a query sequence, a database search
revealed only one other highly similar sequence, which be-
longed to Streptomyces plasmid pSB24.2. Subsequent BLASTN
alignment of the entire plJ101 and pSB24.2 sequences re-
vealed extensive similarity between them (i.e., approximately
77% of the pSB24.2 sequence aligned to plJ101 with 89%
identity and 1% gaps by this method) and allowed the identi-
fication of putative transfer and replication loci on pSB24.2
(Fig. 1B) as detailed below. To resolve discrepancies arising
through probable errors, both strands of the korB-clt region of
pSB24.2 were sequenced by using relevant primers and an ABI
Prism dye terminator cycle sequencing ready reaction kit (PE
Applied Biosystems, Inc., Foster City, Calif.), followed by anal-
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FIG. 1. Physical and genetic maps of plJ101 (A) and pSB24.2 (B). Filled
arrows represent ORFs which were determined from the published pIJ101 (11)
or pSB24.2 (2) sequence or from the pSB24.2 sequence reported here. Genetic
functions were determined for either pIJ101 genes (12, 14) or loci (solid bars
with no arrows) (4, 17) as described previously. Small pIJ101 ORFs of undeter-
mined genetic function (i.e., orf56, orf66, orf79, and orf85) are indicated. Certain
pSB24.2 genetic functions (i.e., korB and clt) were determined here; other ge-
netic functions (i.e., DSO and SSO) or small ORFs of unknown function (i.e.,
orf56) were assigned based on their similarity to corresponding pIJ101 sequences
or in the case of the rep gene on the similarity of the deduced Rep protein to Rep
proteins of other Streptomyces plasmids (9, 13).

ysis of reactions on a model 310 genetic analyzer (PE Applied
Biosystems, Inc.).

The alignment of the revised korB-clt sequence of pSB24.2
with the corresponding region of plJ101 revealed several fea-
tures (Fig. 2). The 240-bp korB ORFs of the two plasmids are
97.5% identical, and the putative 80-amino-acid pSB24.2 KorB
protein is identical to the pIJ101 KorB protein (11), with the
exception of a histidine residue in place of a glutamine at
amino acid position 3 and a lysine residue instead of a glutamic
acid at position 30. The latter amino acid position is within the
possible DNA binding domain of the mature plJ101 KorB
repressor protein (11, 24), although not at one of the most
conserved positions of this motif (15). A comparison of the
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FIG. 2. Alignment of the korB-clt regions of plasmids pIJ101 and pSB24.2.
The revised korB-clt sequence of pSB24.2 is shown, aligned with the previously
described korB-clt region of plJ101 (11). One-letter amino acid designations are
shown above (for pIJ101) or below (for pSB24.2) the corresponding korB ORF.
Amino acid differences between the pIJ101 KorB protein and the deduced KorB
protein of pSB24.2 are in bold. Putative —35 and —10 promoter determinants for
the pIJ101 korB gene, which are based on previous transcriptional mapping (22),
are indicated. Inverted repeats on both sequences are designated by arrows. The
142-bp region of pIJ101 that is known to contain clt activity (17) and that was
used as a query sequence here for database searches is indicated.

promoter region of the pIJ101 korB gene (which was identified
following the demonstration that transcription initiates at the
A residue of the start codon) (22) with the region immediately
upstream of the pSB24.2 korB gene revealed that pSB24.2
contains an identical potential —10 but not a completely con-
served possible —35 promoter determinant. Also within this
region of pSB24.2 are inverted repeat sequences that are iden-
tical to those found in the plJ101 korB promoter which were
shown previously to be important for the autoregulation of
korB gene expression (25). Downstream of the korB ORFs on
both plasmids, there is complete conservation of sequences in
the immediate vicinity of the Mlul restriction site, a location at



4682 NOTES

which the insertion of DNA into pIJ101 was previously shown
to eliminate clt function (17).

The alignment of the two plasmids’ sequences also revealed
that pSB24.2 contains an additional transfer-related sequence:
in this case, a partial copy of a putative kilB ORF (Fig. 1B).
The partial kilB ORF of pSB24.2 aligns with the 147-codon
kilB ORF of pIJ101 (11) beginning one base prior to codon 42,
extends to the end of the ORF, and is 95 and 75% identical at
the respective nucleotide and deduced amino acid levels to the
corresponding portion of the plJ101 kilB gene (data not
shown).

While sequences related to plJ101 and other Streptomyces
plasmids were previously identified for both the deduced Rep
protein of pSB24.2 (9, 13), as well as for its putative site of
single-stranded nicking (5), our analysis here identifies addi-
tional potential replication determinants (i.e., DSO and SSO
sequences) present within the published pSB24.2 nucleotide
sequence (2). The 480-bp region immediately 5’ to the pSB24.2
rep gene (designated DSO in Fig. 1B) aligned with 79% iden-
tity and 7% gaps (data not shown) to the corresponding 517-bp
region of pIJ101 shown previously to contain all essential cis-
acting sequences necessary for plasmid replication and copy
number control (3). Included within this region of pSB24.2 is a
stretch of 224 bp that is 100% identical to pIJ101 and includes
the putative nicking site at the end proximal to the rep gene.
The extended similarity between the pIJ101 DSO and the
corresponding region of pSB24.2 may indicate that essential
replication sequences, besides the site of Rep-mediated nick-
ing, have remained conserved between the two plasmids.

Between its putative DSO region and partial kilB gene,
pSB24.2 also contains a copy of orf56 (Fig. 1B) that is 99%
identical at the nucleotide level and 96% identical at the de-
duced amino acid level (data not shown) to orf56 of plJ101
(11). The significance, however, of this sequence conservation
for orf56, an ORF that has been shown to be dispensable for
plJ101 replication (29) and copy number regulation (3), re-
mains unknown.

While DSO regions within families of RCR plasmids display
some sequence similarity, SSO sequences are typically not well
conserved, although they generally show the potential for an
extensive secondary structure (13). In pI1J101, the SSO locus
has been termed sti and appears to confer a strong incompat-
ibility phenotype on plJ101, such that Sti~ plasmids cannot
coexist with Sti* plasmids (4). The st locus (Fig. 1A) has been
mapped to a point within roughly 200 bp (4) upstream of the
korB promoter (22). A 485-bp region of pSB24.2 located up-
stream of its korB gene was found to align with 90% identity
and 1% gaps (data not shown) to a 491-bp region of pIJ101
that contains the pIJ101 st locus and extends from the korB
promoter to a point within the small overlapping ORFs of
unknown function (11), orf79 and orf85 (Fig. 1A). Within this
region of pIJ101 exists a previously identified (28) potential
stem-and-loop motif that contains five of six bases of the con-
sensus hexanucleotide sequence 5" TAGCGT 3’ (Fig. 3A),
which is present in many SSOs (13). A nearly identical motif
including the same hexanucleotide sequence was also found
within the corresponding region of pSB24.2 (Fig. 3B). Because
of the close similarity between the sequences located upstream
of korB on the two plasmids, we have tentatively identified this
region of pSB24.2 as the SSO (Fig. 1B); however, the exact
determinants required for the efficient conversion of single-
strand plasmid intermediates into double-stranded molecules
as well as their potential to elicit strong incompatibility effects
similar to the pIJ101 s#i locus remain to be determined.

The 1,311-bp rep gene (2) of pSB24.2 (Fig. 1B) and the
1,356-bp rep gene (11) of plJ101 (Fig. 1A) were also very
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FIG. 3. Potential stem-and-loop motifs within the SSO (i.e., sti) region of
plasmid pIJ101 (A) and the SSO region of pSB24.2 (B). The pIJ101 structure was
previously identified (28), while the pSB24.2 structure corresponds to base po-
sitions 3330 to 3405 of the published sequence (2). Hexanucleotide sequences
that show similarity to the consensus sequence 5" TAGCGT 3’ found in many
SSO determinants (13) are indicated in bold.

similar (43% identity at the nucleotide level and 68% identity
at the amino acid level) (data not shown); however, as noted
previously (10), the pIJ101 rep gene possesses striking homol-
ogy (i.e., 92 and 95% identity at the nucleotide and deduced
amino acid levels, respectively) to the rep gene of another
well-studied Streptomyces conjugative plasmid, namely, pSN22
from Streptomyces nigrifaciens. This high degree of relatedness
between the rep genes of plJ101 and pSN22 is interesting,
given that in all other respects pSN22 appears to be less related
to plJ101 than does the pSB24.2 plasmid; pSN22, for example,
shows overall less similarity to the DSO region of pI1J101 than
does pSB24.2 (data not shown), may have SSO determinants
very different from those of pIJ101 (23), and also is unrelated
to pIJ101 in its transfer region (10).

Possible physical derivation of pSB24.2 from the parental
plasmid pSB24.1. The genetic organization and nucleotide se-
quence of plasmid pSB24.2 thus strongly resemble the corre-
sponding region of plJ101 that extends from the clt locus
clockwise to 3" sequences within the kilB gene (Fig. 1A). It
therefore seems reasonable to speculate that the parental plas-
mid pSB24.1 may be organized similarly to pIJ101 throughout
and that upon passage through S. lividans, pSB24.1, for reasons
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description® Source or reference
S. lividans
TK23 spc-1 7
TK23.42 TK23 tra and korA genes of plJ101 chromosomally integrated 17
Escherichia coli DH10B  F~ mcrA A(mrr-hsdRMS-mcrBC) $80dlacZAM15 AlacX74 deoR recAl endAl Gibco BRL
araD139 A(ara lew)7697 galU galK N~ rpsL nupG
Plasmids
pGSP149 plJ350 derivative with pSP72 at the PstI site 17
pGSP263 plJ101 CIt* derivative of pGSP149 17
pGSP290 KilB" derivative of pSP72 containing the 1.0-kb PstI-Ball region of pIJ101 This study
cloned as a blunt-end fragment in the EcoRV site (kilB is transcribed towards
the T7 promoter)
pGSP312 pSP72 derivative containing the 142-bp Clt* region of pSB24.2 cloned as a This study
BamHI fragment in the BamHI site
pGSP313 plJ350 derivative containing pGSP312 at the PstI site This study
pGSP317 Derivative of pHYG1 with pGSP290 at the PstI site (p1J101 rep gene is This study
transcribed towards the SP6 promoter)
pGSP321 KorB™ derivative of pGSP317 containing the 0.3-kb SpeI-Mlul region of pIJ101 This study
cloned as a blunt-end fragment in the Pvull site (korB is transcribed towards
the SP6 promoter)
pGSP322 KorB™ derivative of pGSP317 containing the 0.4-kb Fspl-Mlul region of pSB24.2 This study
cloned as a blunt-end fragment in the Pvull site (korB is transcribed towards
the SP6 promoter)
pHYG1 Conjugally deficient Hyg" derivative of pIJ101 lacking all transfer functions 12
plJ101 Conjugative S. lividans plasmid 14
plJ350 Conjugally deficient Tsr" derivative of plJ101 lacking all transfer functions 14
pSB24.2 Conjugally deficient Clt" KorB™ deletion derivative of S. cyanogenus plasmid 2; obtained from the Russian
pSB24.1 National Collection of
Industrial Microorganisms
pSB24.202 Tsr* derivative of pSB24.2 with the 1.0-kb #sr gene (7) cloned as an Xhol This study
fragment at the Xhol site (tsr gene transcribed away from korB)
pSP72 Ap'" E. coli cloning vector Promega Biotech

“ Hyg", Tsr*, and Ap' indicate hygromycin, thiostrepton, and ampicillin resistance, respectively.

unknown, undergoes a spontaneous deletion of sequences (in-
cluding its transfer-essential #ra gene) that correspond to the
portion of pIJ101 extending from within kilB clockwise to just
beyond the kor4 gene (Fig. 1A); such a deletion would thereby
result in the formation of the transfer-defective pSB24.2 de-
rivative (Fig. 1B).

pSB24.2 encodes a functional clt locus that complements the
pIJ101 cit locus. Our interest in conjugation in Streptomyces
prompted us to examine whether pSB24.2 encodes a functional
clt locus, and if so, whether this pSB24.2 locus can complement
the clt function of the closely related pIJ101 plasmid. Such
complementation could potentially allow for the subsequent
identification of conserved functional sequences that are im-
portant for clt activity. To test these possibilities, we used a
previously described mating system (16, 17) involving an S.
lividans donor strain (TK23.42), which contains chromosoma-
lly integrated copies of the plJ101 #ra and kor4 genes, and an

S. lividans recipient strain (TK23) containing pHYG1 (12), a
transfer-defective, hygromycin-resistant pIJ101 derivative.
TK23.42 was transformed with pSB24.202 (Table 1), a thio-
strepton-resistant derivative of pSB24.2, and plasmid-contain-
ing spores of this strain were mixed with TK23(pHYG1) re-
cipient spores, plated on nonselective MY (malt extract-yeast
extract) agar (17), and then quantified following mating for
donor, recipient, and transconjugant cell types as described
previously (17).

As shown in Table 2, pSB24.202 transferred at a frequency
(28%) that was nearly identical to that seen for a Clt" pIJ101
derivative (i.e., pGSP263 at 29%) and that was 35-fold higher
than the transfer frequency (0.80%) observed for pGSP149, a
plJ101-derived plasmid that lacks c/t. This result strongly sug-
gested that a clt function present on pSB24.2 can function in
conjunction with the pIJ101 fra gene to promote the efficient
transfer of pSB24.2. To show directly that the suspected

TABLE 2. Transfer frequencies of pSB24.2 Clt* derivatives from S. lividans TK23.42¢

Plasmid

Avg no. of:

Transfer
Donor (relevant genotype) Recipient Donors Recipients Transconjugants frequency” (%)
pGSP263 (clt* [plJ101]) pHYG1 3.8 X 10° 2.1 x 107 1.1 x 10° 29
pGSP149 (clt) pHYGI1 9.0 X 10* 1.1 X 107 7.2 X 10? 0.80
pSB24.202 (clt* [pSB24.2]) pHYG1 9.7 X 10° 3.9 x 107 2.7 X 10° 28
pGSP313 (clt* [pSB24.2]) pHYG1 2.6 X 10° 2.6 X 107 6.3 x 10* 24

“ Matings were performed and quantified as described previously (17). Numbers represent the averages obtained from four independent mating assays.
b Transfer frequency is calculated as the ratio of transconjugants to donors expressed as a percentage.
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pSB24.2 clt region can complement the pI1J101 clt function, the
142-bp CIt* region of plJ101 present on pGSP263 was re-
placed with the equivalent 142-bp sequence of pSB24.2 (Fig.
2), which had been PCR amplified with Pfu DNA polymerase
(Stratagene, La Jolla, Calif.) and relevant primers prior to
cloning, and the transfer frequency of the resulting plasmid
(pGSP313) was then tested as before. As with pSB24.202, the
transfer of pGSP313 from strain TK23.42 also occurred at a
frequency (24%) comparable to that of pGSP263.

The pSB24.2 korB gene can complement the plJ101 korB
function. We also examined whether the pSB24.2 korB gene
could functionally substitute for its pIJ101 counterpart to over-
ride the lethal effects of unregulated kilB gene expression in
Streptomyces. When 100 ng of plasmid pGSP317, a pHYG1
derivative containing the unregulated plJ101 kilB gene, was
used to transform S. /ividans TK23 according to the method of
Hopwood et al. (7), a relatively low number of slow-growing
transformants were observed after 4 days (i.e., an average of
2.8 X 107 transformants with a diameter of 1 mm or less was
obtained in three independent assays). These transformants
eventually grew to normal size and were therefore likely to be
equivalent to similar transformants obtained previously (12) in
which incoming plasmids carrying the unregulated kilB gene
had subsequently deleted their kilB sequences. When TK23
was transformed with an equimolar amount of plasmid
pGSP322, which is a derivative of pGSP317 containing the
pSB24.2 korB gene, an average of 1.0 X 10° faster-growing
transformants (i.e., with a diameter of greater than or equal to
2 mm after 4 days) was obtained in three independent assays;
such numbers and growth phenotypes were similar to the re-
sults seen (i.e., an average of 1.8 X 10° faster-growing trans-
formants) when TK23 was transformed with an equimolar
amount of plasmid pGSP321, a pGSP317 derivative containing
the plJ101 korB gene.

Results here demonstrating that two important conjugation
functions (i.e., clt and korB) have been conserved between
plasmids pIJ101 and pSB24.2 are consistent with the hypoth-
esis that pIJ101 and the parental plasmid pSB24.1 most likely
encode the same conjugation system. Given the high degree of
overall sequence relatedness between plJ101 and pSB24.2,
plasmids pIJ101 and pSB24.1 (along with its deletion deriva-
tive pSB24.2) may also encode highly similar, if not identical,
replication systems. The possibility, however, that pIJ101 and
pSB24.1 instead represent separate replicons possessing the
same conjugation system is intriguing, as we are unaware of
any example from other bacterial conjugation systems in which
specific cis-acting transfer sequences (e.g., oriT sequences) (27)
encoded by distinct replicons are functionally interchangeable.

The hosts of plJ101 and pSB24.1 (i.e., S. lividans and S.
cyanogenus, respectively) have 99.8% similarity in their 16S
rRNA gene sequences, indicating that they are closely related
species (18). Our results are therefore consistent with the no-
tion that conjugative plJ101-like plasmids may be dispersed
throughout at least a portion of the Streptomyces genus. Such
dispersal has the potential to be even more widespread, how-
ever, given the extremely high, albeit limited, degree of relat-
edness between plJ101 and pSN22, two plasmids that are de-
rived from species (ie., S. [lividans and S. nigrifaciens,
respectively) that have only 95.7% homology in their 16S
rRNA genes and thus fall into different phylogenetic clusters
(18).

Nucleotide sequence accession number. The revised
pSB24.2 korB-clt sequence determined in this study has been
deposited in the GenBank database under accession no.
AF133709.
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