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The chromosomal replication origin of the plasmidless derivative (TK21) from Streptomyces lividans 66 has
been cloned as an autonomously replicating minichromosome (pSOR1) by using the thiostrepton resistance gene
as a selectable marker. pSORi could be recovered as a closed circular plasmid which shows high segregational
instability. pSOR1 was shown to replicate in Streptomyces coelicolor A3(2) and in S. lividans 66 and hybridized
with DNA from several different Streptomyces strains. Physical mapping revealed that oriC is located on a 330-kb
AseI fragment of the S. coelicolor A3(2) chromosome. DNA sequence analyses showed that the cloned
chromosomal oriC region contains numerous DnaA boxes which are arranged in two clusters. The preferred
sequence identified in the oriC region ofEscherichia coli and several other bacteria is TTATCCACA. In contrast,
in S. lividans, which has a high GC content, the preferred sequence for DnaA boxes appears to be TTGTCCACA.

Streptomyces spp. are gram-positive bacteria which form
long unseptated substrate hyphae containing many mole-
cules of chromosomal DNA (11). During vegetative growth
of substrate mycelia, replication of the Streptomyces chro-
mosomes is not coordinated with cell division. Septum
formation occurs after depletion of nutrients in aerial myce-
lia in which spores are formed. However, in unicellular
bacteria such as the model organisms Escherichia coli and
Salmonella typhimurium, initiation of chromosomal replica-
tion is coupled with cell division (21). In order to understand
the regulation of replication at different stages during the
developmental cycle, it is necessary to characterize the
replication origin(s) of the Streptomyces chromosome and its
interaction with regulatory proteins required for initiation of
new rounds of replication.

Bacterial chromosomal replication has been best studied
in E. coli. DNA replication is initiated at a fixed site on the
chromosome (21, 28). This origin of replication (oniC) has
been cloned by using an ampicillin resistance gene (23). The
minimal requirement which allows autonomous replication
in E. coli and contains several highly conserved regions is
245 bp: (i) five 9-bp repeats (called DnaA boxes or R sites)
with a consensus sequence 5'-TTAT(C/A)CA(C/A)A-3', (ii)
three 13-bp AT-rich direct repeats with the consensus se-
quence 5'-GATCTNT1JNT11T-3', and (iii) 11 GATC sites. In
vitro replication studies suggest the following cascade for
initiation (4, 5): 20 to 40 DnaA protein molecules interact, in
the presence of ATP, with each other and with DnaA boxes
located in the onC region (initial complex). This causes
melting of the three AT-rich 13-mers and local unwinding of
the DNA strands (open complex) and thereby allows two
DnaB helicases and two DnaC molecules to enter the helix.
These events also require the proteins HU, SSB, and DNA
gyrase. Priming by DnaG primase can then occur.
Chromosomal replication origins have been cloned from

gram-negative bacteria, including several members of the
family Enterobacteriaceae (Enterobacter aerogenes, Er-
winia carotovora, Klebsiella pneumoniae, and Salmonella
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typhimunum [29, 30]), Vibrio harveyi (29) Pseudomonas
aeruginosa (24), and Pseudomonas putida (24). Recently,
Ogasawara et al. (13) cloned an autonomously replicating
sequence from the origin region of the gram-positive bacte-
rium Bacillus subtilis. Also, a putative oriC region has been
cloned from Micrococcus luteus (7), which is a gram-positive
bacterium with high GC content.
Here we report the cloning of the oniC region as autono-

mous replicon from a plasmid-free derivative of the gram-
positive bacterium Streptomyces lividans 66. Sequence anal-
ysis allowed comparative studies of the oriC regions present
in chromosomal DNAs of various G+C contents.
(A short report of this work was presented at the Interna-

tional Symposium on Biology of Actinomycetes, August
1991, in Madison, Wis.)

MATERIALS AND METHODS

Bacterial strains and plasmids. Streptomyces and E. coli
strains, plasmids, and their origins are listed in Table 1.

Culture conditions and transformation. Propagation and
transformation of E. coli and Streptomyces strains have been
described earlier (9, 15). Streptomyces transformants were
selected for resistance to 10 ,ug of thiostrepton per ml.
DNA isolation and manipulations. Chromosomal DNA was

isolated from Streptomyces strains as described, elsewhere
(9). Plasmid DNA was isolated by an alkaline method (1)
with modifications described by Zotchev et al. (27). Methods
for purification of DNA fragments, Southern hybridization,
and preparation of DNA probes have been described previ-
ously (15).
PCR. The polymerase chain reaction (PCR) was per-

formed with a Trio-Thermoblock (Biometra) apparatus. The
reaction mixture (50 ,ul) contained 25 ,uM primers, 1 ,ug of
DNA, all four deoxynucleoside triphosphates at 0.2 mM
each, 50 mM KCI, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl2,
0.01% gelatin, and 2.5 U of Taq DNA polymerase (14). The
reaction mixture was overlaid with mineral oil and subjected
to 30 cycles consisting of a 1-min denaturation period at
95°C, a 1-min annealing period at 55°C, and a 3-min exten-
sion period at 72°C. Two oligonucleotides, Pi (5'-CCGCATA
TGAAGTATTfCGCC-3') and P2 (5'-CCTCGACCTCGATT
CGTCA-3'), containing homologous sequences to opposite
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Genotype and/or relevant characteristicsa Source or reference

Strains
E. coli
HB101 supE44 hsdS20 (rB- mB-) recA13 ara-14 proA2 lacYl galK2 rpsL20xyl-5 mtl-l 3
JM109 recAl supE44 endA1 hsdR17gyrA96 relA1 thiA(lac-proAB) F'[traD36 proAB' 22

lacIq lacZ&M15]
S. albus ISP 5313 (ATCC 3004) M. Goodfellow
S. coelicolor A3(2) M110 hisAl uraAl strAl D. A. Hopwood
S. coelicolor ISP 5233 (ATCC 23899) M. Goodfellow
S. coriofaciens Muller ISP 5485 (ATCC 14155) M. Goodfellow
S. fradiae PCM 2330 (ATCC 10745) M. Goodfellow
S. griseus ISP 5236 (ATCC 3478) M. Goodfellow
S. lividans TK21 SLP2- SLP3- derivative of S. lividans 66 D. A. Hopwood
S. rimosus ISP 5260 (ATCC 10970) S. Rowiiiski

Plasmids
pBR322 Ampr Tetr 2
pUC18 Ampr 22
pSOR1 Minichromosome containing oriC of S. lividans TK21, Tsrr This study
pBOR10 pBR322 derivative containing EcoRI-SphI-BclI fragment of pSOR1 This study
pBOR11 pBR322 derivative containing BclI-BglII-EcoRI fragment of pSOR1 This study
pUOR1 pUC18 derivative containing SphI-SphI fragment of pBOR10 (including 187-bp This study

BamHI-SphI fragment of pBR322)
pUOR2 pUC18 derivative containing SphI-EcoRI fragment of pBOR10 This study
pUOR3 pUC18 derivative containing EcoRI-BglII fragment of pBOR11 This study
pUOR4 pUC18 derivative containing BglII-SalI fragment of pBOR11 This study

aATCC, American Type Culture Collection, Rockville, Md.; ISP, International Streptomyces Project; PCM, Polish Collection of Microorganisms, Wroclaw,
Poland.

strands of the 1.1-kb BclI fragment carrying the thiostrepton
resistance gene (tsrr) (9, 20), were used as primers to amplify
the S. lividans oriC region.
DNA sequence determination and oligonucleotide synthesis.

DNA fragments to be sequenced were cloned into pUC18.
DNA sequencing was performed by using the dideoxy-chain
termination method (16) with Sequenase (United States
Biochemical Co.) and a-35S-ATP (Amersham Corp.). Nucle-
otide sequences were determined for both strands. DNA
sequence data were analyzed by using the Genmon program
(Gesellschaft fur Biotechnologische Forschung). Oligonucle-
otides used for sequencing and PCR were chemically syn-
thesized in a Pharmacia synthesizer.
PFGE. Agarose-embedded blocks containing Streptomy-

ces mycelia were prepared according to the method of
Schwartz and Cantor (19) with special modifications for
Streptomyces spp. (8). After lysis of the mycelia within the
agar blocks, DNA was digested with 10 U of AseI at 37°C
overnight. Pulsed-field gel electrophoresis (PFGE) was per-
formed in 0.8% agarose at 200 V with a pulse time of 80 s in
the hexagonal-array CHEF-DRII (Bio-Rad) apparatus.

Nucleotide sequence accession number. The nucleotide
sequence presented in this paper has been deposited in
GenBank under accession number M86491.

RESULTS

Cloning of the S. lividans TK21 origin region. In order to
clone any chromosomal replication origin, high-molecular-
weight DNA of S. lividans TK21 (a plasmid-free derivative
of S. lividans 66) was cleaved with BclI and ligated to a
1.1-kb BclI fragment containing the thiostrepton resistance
(Tsrr) gene from the vector pIJ702 (9, 20). The ligation
mixture was used to transform S. lividans TK21 protoplasts,
and after regeneration Tsrr colonies were selected. Three
independent transformants were identified. All of them were

examined for the presence of closed circular plasmid mole-
cules. Although S. lividans TK21 is not a rec mutant strain
(suitable rec mutant strains are not yet available for strepto-
mycetes), plasmid DNA could be isolated from each of three
transformants. Especially in the absence of selective pres-
sure, these plasmids showed segregational instability in S.
lividans TK21. Thus, only small quantities of the plasmid
could be obtained as closed circular DNA molecules. By
using hybridization studies (including the rRNA operon as
an internal standard [25, 26]), the copy number could be
estimated as approximately 0.6 per chromosome of the
vegetative mycelium as an average. BclI cleaved all three
plasmids into two fragments (2.6 kb and the 1.1-kb tsrr
fragment). Since hybridization studies indicated that these
plasmids were identical, one of them (pSOR1) was analyzed
further.

Also, the wild-type S. lividans 66 and M110, a derivative
of Streptomyces coelicolor A3(2), were successfully trans-
formed by pSOR1 which could be reisolated as closed
circular molecules.

Since pSOR1 was unstable and present in low copy
number, PCR was used to amplify the cloned origin region
by choosing two oligonucleotides complementary to the
opposite strands of the 1.1-kb BclI fragment coding for the
Tsrr gene. Primers were oriented so that DNA synthesis by
Taq polymerase proceeded across the oriC region. Amplified
DNA was used to construct a restriction map of the S.
lividans TK21 onC region (Fig. 1).

Subcloning and sequencing of the oriC region. Since mis-
takes could not be excluded during the amplification pro-
cess, the PCR-amplified DNA was used as a probe to
recover the oriC region directly from chromosomal DNA.
On the basis of the restriction map (Fig. 1), it appeared most
suitable to cleave chromosomal DNA of S. lividans TK21 to
completion with the two enzymes BclI and EcoRI. Frag-
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EcoR

Ava:

tsrr

Pvu I
Pvu I Sal I

FIG. 1. Restriction map of pSOR1 containing the origin of repli-
cation (oriC) of S. lividans TK21. Arrows indicate the locations and
orientations of primers (Pi and P2) used for amplification (PCR) of
the oriC region.

ments of about 1.3 kb in size were recovered from the gel
and cloned into EcoRI-BamHI-cleaved pBR322. Among the
plasmids isolated from 150 ampicillin-resistant transfor-
mants, pBOR10 and pBOR11 (Table 1) hybridized with the
labelled PCR probe. The restriction maps of the cloned
inserts of both plasmids were identical to that obtained
initially.
Because of the cloning strategy employed, the possible

loss of a small internal EcoRI fragment within the cloned
plasmid could not be excluded. Therefore, the region around
the EcoRI site (292 bp) was amplified from chromosomal
DNA by using primers (P6 and p7; Fig. 2). Its analysis
verified the presence of only one EcoRI site.

For further sequencing, a SphI-SphI (including a 187-bp
BamHI-SphI fragment of pBR322) or SphI-EcoRI fragment
from pBOR10 and an EcoRI-BglII or BglII-SalI fragment
from pBOR11 were subcloned into pUC18 (Table 1). Figure
2 presents the nucleotide sequence of S. lividans oriC region.
A search was made for special features within the DNA
sequence which may provide signals for initiation of DNA
replication. One region (250 to 850; Fig. 2) is AT rich (54%)
and contains numerous repeats of 9 nucleotides. The se-

quence of these nucleotides is similar to DnaA boxes present
within other chromosomal replication origins of many bac-
teria. These have been compared (Tables 2 and 3), and thus
a preferred sequence, TTGTCCACA, could be identified.

GCAAGATCCGCAACCTGATGGCCGAGCGG_GCTCGATCTACAACCAGGTGACCGAGCTGA 60

CCAACCGCATCAAGAACGG_TGACGACCGACCCCACCGGTCACGAAGGCGCCTCCGGGAC 120

CCCGGGGGCzCCTTTCCCA2GCCCCTGGGZAACCCCAGGCTGTCCCCCCGGATGCCCCTC 180
Aval

GCATGCCCCCTCGCACGTC-CCGCGTCT5FACCGGCTCGIACGGCTGTCCTGTCCGCTGT 240
SphlI

TCGAATCCCCGCCGGGTTACGGCC CCTAC! ATTCGGCCAG 300

CCTTGGGGAgTGGGAAGTT_GTCCCGAT CAjG.CAGCCTGG.TGAGGGATCATC 360

AGGGCAGGTCAGGTCCCTG2GGA6C QAGTGGAC QAG 420

AAI4IK GCTGTGC CATTC QCACAACCCACAGGCTGAACGGGGTT 480

GTTCCCCAGCGATCACCAG CTCCA cG GTATT CGGCAC CGTGACGCGC 540

CCTGTCACC§CGTCGAGTGAAAGCCGTCACACCGGGCTGCCTGGTTGGGCRGTGG

GTGGGTAAAGCTGGGGACG.CGCTGGGGAGAAGTCGCCTCTCCCTGTGC&CGGTGTGTGC
AGAACTTTCTGiTCTC Q C g ATACGCCC GTCCC GCTCCGCCCACAGGACCE

T----ATTCCTGCTCTGACCTGGGCAAAC AGTTCCTTCCGCCCT

ACTACTACT_ACGACTAGAGAGAGAGCGGP TGTCGACGTCCE TTAQ

TCGGCCTCT£.GGGCCCGAC-CGCGCCTCGGC,ACGACTTGA.CCCCGAACGG-CACCTACTGTC

AGTGGGGTGCGTCAGACTG.QTCCCCGGTG,TTCTGCCCCTrCACAGCGGCGfzGCGACACCGG

TCAGACGACfzAAGGCGAAGsAGGGCGAGCAGCGCCGGCA_&CAGCAGGAGGCGGCAACAGT
^ ~~~~~~p7

600

660

720

780

840

900

960

1020

GAAGATCCGGGTGGAACGCGACGTACTCGCGGAGGCAGTGGCCTGGGCGGCTCGCAGCCT 1080

CCCGGCCCGTCCGCCGGCGCCGGTCCTCG_GGGCCTGCTGCTGAAGGCCGAGGAGGGCAG 1140

CTGAGCCTG2CCAGCTTCGRCTACGAGGTCTCGGCGCGGGTGTCGGTGGAGGCCGAGATC 1200

GAGGAGGAGgGCACGGTCCZCGTCTCCGGCCGTCTGCTC§CCGACATCT£CCGCGCCCTG 1260

CCCAACCGGCCGGTGGAGATCT 1320
BgtlI

FIG. 2. Nucleotide sequence of a 1,283-bp fragment of pSOR1 carrying the onC region of S. lividans TK21. DnaA boxes are indicated by
boldface letters and are boxed. AT-rich regions are underlined. The oligonucleotides (p3, P4 P5, P6, P7, and P8) used for sequencing and PCR
are indicated by arrows.
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TABLE 2. List of S. lividans DnaA boxes

Sequence No. of mismatches

TCCTCCACA .......... ................ 2
CCGTCCACA ........ .................. 2
CTGTCCACA ........ .................. 1
TCGTCCACG ........ .................. 2
ATCTCCACA .------------------------- 2
TTGTCCACA.0---- °
TGATCCACA ........ .................. 2
TTGTCCACG ........ .................. 1
TTCTCCACA ........ .................. 1
CTGTCCACT .------------------------- 2
TTTCCCACA ........ .................. 2
TTCTCCACA ........ .................. 1
TTGTCCACC ........ .................. 1
TTGTCCACG .------------------------- 1
TTATCCACG ........ .................. 2
GTATCCACA ........ .................. 2
TTGTCAACA ........ .................. 1

Seventeen of the DnaA boxes diverged up to 2 nucleotides
from the preferred sequence. In addition, three boxes with
3-nucleotide changes are present (205 to 213, 479 to 487, and
645 to 653; Fig. 2). These are not listed in the Table 2, since
so far all presentations of oniC regions from other bacteria
compare only boxes with differences from a consensus
sequence by 2 nucleotides at a maximum. The AT-rich
region is flanked by GC sequences.

Hybridization of the oriC region with total chromosomal
DNA derived from various Streptomyces strains. High-molec-
ular-weight DNA from M110, a derivative of S. coelicolor
A3(2) and closely related to S. lividans 66 (9), was prepared
in agar blocks and digested with AseI, since this enzyme
recognizes relatively few sites within GC-rich DNA. Frag-
ments were separated by PFGE. Only one chromosomal
fragment of 330 kb hybridized to the cloned origin sequence
(Fig. 3).

In order to test whether rRNA operons are localized near
oriC, as in E. coli, hybridization with the cloned S. lividans
rRNA operon (rnC, 16S-23S-5S rDNA present as a 7.2-kb
SalI fragment [25]) was performed (Fig. 3). The ribosomal
probe hybridized to six AseI fragments but not to the
fragment containing oriC.
To test whether other Streptomyces strains also contain a

region homologous to oriC, the EcoRI-SphI fragment of
pSOR1 was used as a probe. Since DNA of S. lividans 66
DNA and its derivatives cannot be analyzed by PFGE (18),
its EcoRI-SphI fragments were analyzed in comparison with
those obtained after cleavage of DNA isolated from Strep-
tomyces albus, S. coelicolor A3(2), S. coelicolor Muller,
Streptomyces coriofaciens, Streptomyces fradiae, Strepto-
myces griseus, and Streptomyces rimosus. Southern analy-

TABLE 3. Frequency of nucleotide usage in S. lividans
nonomers (DnaA boxes)

No. of times useda in position no.:
Nucleotide

1 2 3 4 5 6 7 8 9

A 1 0 3 0 0 1 17 0 11
C 3 3 4 1 17 16 0 17 1
G 1 1 9 0 0 0 0 0 4
T 12 13 1 16 0 0 0 0 1

Numbers in boldface indicate the preferred sequence.

M A B A B

FIG. 3. Southern blot analysis ofAsel PFGE restriction patterns
of S. coelicolor M110 DNA. The ethidium bromide-stained patterns
are shown on the left. The blot was hybridized with the 7.2-kb Sall
fragment-containing rRNA operon of S. lividans TK21 (lanes A) or
with the 0.6-kb EcoRI-SphI fragment-containing onC region of S.
lividans TK21 (lanes B). Lane M, Saccharomyces cerevisiae chro-
mosomes used as size standards (1,900, 1,640, 1,120, 1,100, 945,
915, 915, 815, 785, 745, 680, 610, 55, 450, 375, 295, and 225 kb).

sis revealed the presence of only one hybridizing DNA
fragment in each of the strains tested (data not shown).

DISCUSSION

The oriC region of the chromosomal DNA of S. lividans
TK21 has been cloned as an autonomously replicating mini-
chromosome (pSOR1) by using the thiostrepton resistance
gene as a selectable marker. The low copy number of pSOR1
might reflect its incompatibility with the origin in the resident
chromosome and possible competition for limited amounts
of DnaA protein molecules required for initiation of replica-
tion. Furthermore, it will be interesting to analyze its segre-
gation to spores.

In contrast to the high overall G+C content of Streptomy-
ces DNA (69 to 73%), the oriC region (-600 bp) is relatively
A+T rich (54% G+C). This region contains several stop
codons and does not appear to encode a protein in any
possible reading frame from each strand. Interestingly, the
AT-rich region contains numerous boxes (Tables 2 and 3)
which share a high degree of similarity with the consensus
sequence characteristic for the DnaA boxes found in the
chromosomal origin regions identified within several enter-
obacteria: P. aeruginosa (24), P. putida (24), B. subtilis (12,
13), and also putative oriC M. luteus (7).
Comparison of the sequences of more than 90 naturally

occurring DnaA boxes located in the oriC regions and in the
promoter and/or termination regions of the dnaA gene shows
that the fourth T, seventh A, and eighth C are highly
conserved (Table 4). Interestingly, the third position in
high-G+C organisms (M. luteus and S. lividans) is substi-
tuted by G (Table 4). As originally suggested by Fujita et al.
(7), this change may be due to the high G+C pressure
exerted during the course of evolution. Thus, the preferred
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TABLE 4. Percent usage of nucleotides at individual positions
of DnaA boxes

G+C Sequenceb

(%)a (% usage)

70-72 T(66) T(71) G(66) T(97) C(93) C(100) A(100) C(97) A(78)
45-65 T(81) T(86) A(77) T(100) C(79) C(81) A(100) C(98) A(93)

a G+C content of 70 to 72%, M. luteus and S. lividans; 45 to 65%, E. coli,
B. subtilis, P. aeruginosa, and P. putida.

b Highly conserved nucleotides (>95%) are marked by boldface letters.

sequence of a DnaA box in high-G+C organisms seems to be
TTGTCCACA, in contrast to the TTATCCACA of other
bacteria. Also, the third position is the most variable (Table
4). Recently, Schaefer and Messer (17) showed that this
position has less effect on the binding affinity of DnaA
protein than other positions.

Within the origins of the enterobacteria B. subtilis and P.
putida, AT-rich repeated sequences are located adjacent to
the region carrying DnaA boxes (5, 24). In contrast, the S.
lividans oriC does not contain obvious AT-rich repeats.
Shorter AT-rich sequences are distributed among the DnaA
boxes (Fig. 2).
GATC repeats which can be modified by methylation are

characteristic for origins of enterobacteria (28). However,
these are not highly abundant within the origin sequences of
S. lividans and many other bacteria (13, 24). Until now, little
has been known about methylation processes in Bacillus,
Pseudomonas, and Streptomyces species.

Concomitantly, Calcutt and Schmidt (6) cloned and se-
quenced a 5-kb fragment of S. coelicolor A3(2) DNA includ-
ing the dnaA and dnaN genes. The downstream (1 to 83, Fig.
2) and upstream (1019 to 1283, Fig. 2) sequences of the S.
lividans oriC region agree completely with sequences encod-
ing C-terminal and N-terminal ends of S. coelicolor dnaA
and dnaN proteins (6), respectively. The sequence of the
AT-rich segment found among both of these genes is identi-
cal to the oriC sequence of S. lividans described in this

A

K->IIImioC

B

X > s _ = ZnaAZ =. X~-
oriC I oriC II

C

-nc aA

D

dnaA7

E
Et h {L danI-CA0-

lOObp

FIG. 4. Comparison of the relative locations of DnaA boxes in
origin regions derived from E. coli (13) (A), B. subtilis (13) (B), P.
putida (13) (C), S. lividans (D), and the putative oniC region of M.
luteus (7) (E). Noncoding regions ( ) are in scale with the
reference size unit; sizes of the mioC and dnaA genes are reduced.
Solid arrows represent the consensus TT(A/G)TCCACA sequence,
and open arrows represent 1- or 2-base variations from the consen-
sus sequence.

paper. In most microorganisms the oniC region is located
close to the dnaA and dnaN genes (12).
As shown in Fig. 4, the origin regions of B. subtilis (12), P.

putida (24), and S. lividans are directly linked to the dnaA
gene. In contrast, the E. coli oniC region is located 45 kbp
away from it (21). Interestingly, the B. subtilis oniC region is
composed of two DnaA box regions separated by the dnaA
gene which are both required for a functional origin (13). The
organization of the five DnaA boxes of E. coli is similar to
that in P. putida in which two of the DnaA boxes resemble
the R1 and R4 sites in E. coli oriC (24). Seventeen DnaA
boxes present in the oriC region of S. lividans seem to be
arranged in two clusters. This higher complexity appears to
be similar to the relative location of the 11 DnaA boxes
identified also downstream of the dnaA gene ofM. luteus (7).
However, its origin region has not yet been isolated as an
autonomously replicating sequence.
Our physical mapping revealed that the replication origin

is located on a 330-kb chromosomal AseI fragment which is
in the 8-o'clock region of the genetic map of the S. coelicolor
A3(2) chromosome (10) and is present in one copy in all
Streptomyces DNA tested.
The following data support the conclusion that the cloned

region within pSOR1 contains the chromosomal replication
origin and very likely not that one from any integrated,
cryptic plasmid or phage DNA: it (i) enables autonomous
replication, (ii) is segregationally unstable, (iii) contains
numerous DnaA boxes and AT-rich regions, (iv) is located
among sequences which agree completely with those encod-
ing part of dnaA and dnaN for S. coelicolor A3(2), and (v) is
present within the DNA of all Streptomyces strains tested
and can be localized on the physical map of the S. coelicolor
A3(2) chromosome.

ACKNOWLEDGMENTS

We thank A. Gaszewska-Mastalarz for help during the initial
cloning procedure, B. von der Haar and J. Schnellmann for the help
with computer programs, D. Muller for photographic work, H. Lill
for synthesizing oligonucleotides, and M. Goodfellow and D. A.
Hopwood for providing Streptomyces strains. We are grateful to W.
Messer for critical reading of the manuscript and suggestions. We
also thank M. Calcutt and F. Schmidt for comparing the sequence
from the dnaA-dnaN region of S. coelicolor A3(2) with our data.

J.Z.C. thanks the Alexander von Humboldt Foundation for a
postdoctoral fellowship. Financial support was provided by the
MWK, Hannover, Germany.

REFERENCES
1. Birnboim, H. C. 1983. A rapid alkaline extraction method for

isolation of plasmid DNA. Methods Enzymol. 100:243-255.
2. Bolivar, F., R. L. Rodriguez, P. J. Greene, M. C. Betlach, H. L.

Heyneker, H. W. Boyer, J. H. Corsa, and S. Falkow. 1977.
Construction and characterization of new cloning vehicles. II. A
multipurpose cloning system. Gene 2:95-113.

3. Boyer, H. W., and D. Roulland-Dussoix. 1969. A complementa-
tion analysis of the restriction and modification of DNA in
Escherichia coli. J. Mol. Biol. 41:459-472.

4. Bramhill, D., and A. Kornberg. 1988. Duplex opening by dnaA
protein at novel sequences in initiation of replication at the
origin of the E. coli chromosome. Cell 52:743-755.

5. Bramhill, D., and A. Kornberg. 1988. A model for initiation at
origins of DNA replication. Cell 54:915-918.

6. Calcutt, M. J., and F. J. Schmidt. Submitted for publication.
7. Fujita, M. Q., H. Yoshikawa, and N. Ogasarawa. 1990. Structure

of the dnaA region of Micrococcus luteus: conservation and
variations among eubacteria. Gene 93:73-78.

8. Hetterich, G., D. Muller, W. Mers, and H. Schrempf. Submitted
for publication.

J. BACTERIOL.



REPLICATION OF THE STREPTOMYCES CHROMOSOME 2693

9. Hopwood, D. A., M. J. Bibb, K. F. Chater, T. Kieser, C. J.
Bruton, H. M. Kieser, D. J. Lydiate, C. P. Smith, J. M. Ward,
and H. Schrempf. 1985. Genetic manipulation of Streptomyces:
a laboratory manual. The John Innes Institute, Norwich, United
Kingdom.

10. Kieser, H. (John Innes Institute, Norwich, United Kingdom).
1991. Personal communication.

11. Kutzner, H. J. 1981. The family Streptomycetaceae, p. 2028-
2090. In M. P. Starr, H. Stolp, H. G. Truper, A. Balows, and H.
Schegel (ed.), The prokaryotes: a handbook on habitats, isola-
tion and identification of bacteria, vol. II. Springer-Verlag KG,
Berlin.

12. Ogasawara, N., M. Q. Fujita, S. Moriya, T. Fukuoka, M.
Hirano, and H. Yoskikawa. 1990. Comparative anatomy of oriC
of eubacteria, p. 287-295. In K. Drlica and M. Riley (ed.), The
bacterial chromosome. American Society for Microbiology,
Washington, D.C.

13. Ogasawara, N., S. Moriya, and M. Yoshikawa. 1991. Initiation of
chromosome replication: structure and function of oriC and
DnaA protein in eubacteria. Res. Microbiol. 142:851-859.

14. Saiki, R. K. 1990. Amplification of genomic DNA, p. 13-20. In
M. A. Inns, D. H. Gelfand, J. J. Sninsky, and T. J. White (ed.),
PCR protocols: a guide to methods and applications. Academic
Press, Inc., San Diego, Calif.

15. Sambrook, J., T. Maniatis, and E. F. Fritsch. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

16. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

17. Schaefer, C., and W. Messer. 1991. DnaA protein/DNA interac-
tion. Modulation of the recognition sequence. Mol. Gen. Genet.
226:34-40.

18. Schrempf, H., P. Dyson, W. Dittrich, M. Betzler, C. Habiger, B.
Maharo, V. Bronneke, A. Kessler, and H. Duvel. 1988. Genetic
instability in Streptomyces, p. 145-150. In Y. Okami, T. Beppu,
and H. Ogawara (ed.), Biology of actinomycetes '88. Japan
Scientific Societies Press, Tokyo.

19. Schwartz, D. C., and C. R. Cantor. 1984. Separation of yeast
chromosome-sized DNAs by pulsed field gradient gel electro-
phoresis. Cell 37:67-75.

20. Thompson, C. J., T. Kieser, J. M. Ward, and D. A. Hopwood.
1982. Physical analysis of antibiotic-resistance genes from
Streptomyces and their use in vector construction. Gene 20:51-
62.

21. von Meyenburg, K., and F. G. Hansen. 1987. Regulation of
chromosome replication, p. 1555-1577. In F. C. Neidhardt, J. L.
Ingraham, K. B. Low, B. Magasanik, M. Schaechter, and H. E.
Umbarger (ed.), Escherichia coli and Salmonella typhimurium:
cellular and molecular biology. American Society for Microbi-
ology, Washington, D.C.

22. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide se-
quences of the M13mpl8 and pUC18 vectors. Gene 33:103-119.

23. Yasuda, S., and Y. Hirota. 1977. Cloning and mapping of the
replication origin of Escherichia coli. Proc. Natl. Acad. Sci.
USA 74:5458-5462.

24. Yee, T. W., and D. W. Smith. 1990. Pseudomonas chromosomal
replication origins: a bacterial class distinct from Escherichia
coli-type origins. Proc. Natl. Acad. Sci. USA 87:1278-1282.

25. Zakrzewska-Czerwiuiska, J. 1989. Organisation of the ribosomal
RNA genes in Streptomyces strains. Ph.D. thesis. Ludwik
Hirszfeld Institute, Wroclaw, Poland.

26. Zakrzewska-Czerwiiiska, J., A. Gaszewska, and M. Mordarski.
1990. pS10147-2, a 3.7 kb multi-copy plasmid isolated from
Streptomyces coelicolor. FEMS Microbiol. Lett. 71:271-276.

27. Zotchev, S., L. I. Soldatova, and A. V. Orekhov. Submitted for
publication.

28. Zyskind, J. W. 1990. Priming and growth rate regulation rate
regulation: questions concerning initiation of DNA replication
in Escherichia coli, p. 269-278. In K. Drlica and M. Riley (ed.),
The bacterial chromosome. American Society for Microbiology,
Washington, D.C.

29. Zyskind, J. W., J. M. Cleary, W. S. A. Brusilow, N. E. Harding,
and D. W. Smith. 1983. Chromosomal replication origin from
the marine bacterium Vibrio harveyi functions in Escherichia
coli: oniC consensus sequence. Proc. Natl. Acad. Sci. USA
80:1164-1168.

30. Zyskind, J. W., L. T. Deen, and D. W. Smith. 1979. Isolation
and mapping of plasmids containing the Salmonella typhimu-
rium origin of DNA replication. Proc. Natl. Acad. Sci. USA
76:3097-3101.

VOL. 174, 1992


