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Abstract

The chromosomal replication origins (oriC) of gram positive, acid-fast actinomycetes have been investigated in streptomycetes
and mycobacteria. A 1339 bp DNA fragment of the putative oriC region from the rifamycin SV producer Amycolatopsis mediter-
ranei U32 was cloned by PCR amplification employing primers designed based on the conserved flanking genes of dnaA4 and dnaN.
The 884 bp sequence of the intergenic region between dnad and dnaN genes consists of 19 DnaA-boxes and two 13-mer AT-rich
sequences, which is similar to the oriC structure of Streptomyces lividans. A mini-chromosome constructed by cloning the putative
U32 oriC DNA fragment into an Escherichia coli plasmid was able to replicate autonomously, but was unstable, in A. mediterranei
U32 with an estimated copy number of two per cell. Although efficient replication of the mini-chromosome in U32 requires the com-
plete set of DnaA-boxes and AT-rich regions, only one of the AT-rich sequences together with part of the DnaA-boxes is sufficient,
suggesting the presence of combinatorial alternatives for a functional oriC region of A. mediterranei U32. Phylogenetic analysis

based on definite oriC sequences among eubacteria reflects well the relationship between these species.
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Chromosomal replication origins (oriC) of Esche-
richia coli and other bacteria have been extensively
investigated. Their locations are conserved within clo-
sely related bacteria, for example, between the gidA
and mioC genes in enterobacteria [1,2] or between the
dnaA and dnaN genes in actinomycetes [3,4]. The oriC
regions usually contain both AT-rich sequences varying
in length from 13 (e.g., E. coli [5] and Pseudomonas [6))
to 27 bp (e.g., Bacillus subtilis [7]) and several 9-mer
DnaA protein recognition sequences (DnaA-boxes) [8].
It has been shown that the DnaA protein binds to the
DnaA-boxes and initiates chromosomal replication at
the AT-rich sequences, and then, double-strand DNA
is unwound and the replication fork formed [9]. Both
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the in vivo genetic analysis and the in vitro biochemical
studies about the interaction between the DnaA protein
and the oriC region of E. coli have demonstrated
that the oriC region is essential for chromosomal
replication [5].

Actinomycetes are important among gram-positive
prokaryotes for the pharmaceutical industry. Studies
on the oriC regions of actinomycetes have been focusing
on streptomycetes, which are the major sources of anti-
biotics [3,10], and mycobacteria, which are pathogens of
some contagious diseases, e.g., tuberculosis [11]. The
Streptomyces lividans oriC region contains two clusters
of 19 DnaA-boxes and short but distributed AT-rich se-
quences [10], while the oriCs of mycobacteria consist of
3 or 5 DnaA-boxes and a single 11 nucleotide AT-rich
sequence [4].

Amycolatopsis mediterranei U32 is a producer of rifa-
mycin SV that has been widely used clinically in the
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treatment of tuberculosis, leprosy, and AIDS-related
mycobacterial infection [12]. Due to their rare aerial hy-
phae and mycelium tending to lyse caused by their spe-
cial cell wall structure, Amycolatopsis is morphologically
and structurally different from Streptomyces and Myco-
bacterium [13], and it has been known to be genetically
difficult for manipulation [14]. Thus, it will be interesting
and important to study the differences and similarities of
the oriC regions between Amycolatopsis and other acti-
nomycetes’ genera with respect to their structures and
functions. In this study, we cloned and sequenced the
oriC region of A. mediterranei U32. Characterization
of the replication and inheritance property of a plasmid
containing the oriC region in A. mediterranei U32
proved its function as a chromosomal replication origin.
Finally, alternative reduced oriC regions sufficient for
chromosomal DNA replication were identified.

Materials and methods

Bacterial strains, plasmids, culture conditions, and DNA manipula-
tion. Escherichia coli strain DH5a and plasmid pUCI18 were used as
cloning host and plasmid. Culturing, transforming, and preparing
plasmid DNA from E. coli and Southern blotting followed Sambrook
and Russell [15]. 4. mediterranei U32 (lab stock) were grown in Bennet
broth as described previously [16]. Electrocompetent A. mediterranei
was prepared and electroporation was carried out according to Ding et
al. [17]. The transformants were selected and counted at 28 °C for 7
days on Bennet agar plates containing 30 pg/ml apramycin. An E. coli-
Amycolatopsis shuttle plasmid pULVK2A, kindly provided by
Professor J.F. Martin [18], was used as a positive control in transfor-
mation experiments. Chromosomal DNA from A4. mediterranei U32
was prepared as described by Hopwood et al. [19].

Cloning, sequencing, and analyzing the oriC region of A. mediter-
ranei. Intergenic region between dnaA and dnaN was cloned by a pair
of primers Pl: 5-CGAATTCCGCCAGATCGCCATGTAC-3' and
P2: 5-CGAATTCCGAGACCTCGTAGTCGAA-3', which were de-
signed by the conserved sequence in dnaAd and dnaN [3,20]. Amplifi-
cation reaction mixtures contained the following in a 20 pl volume:
10 mM KCl, 16 mM (NH,4),SOy4, 2 mM MgSOy, 20 mM Tris-HCI, pH
8.8, 0.1% Triton X-100, 1 mg/ml BSA, 10% DMSO, and oligonucle-
otides at a final concentration of 1 uM. And 1.5 U high fidelity pfu
polymerase (Sangon, Shanghai) was added. The following reaction
conditions were used: 3 min heating at 95 °C followed by 30 cycles of
1 min at 94 °C, 45 s at 60 °C, and 1 min at 72 °C. DNA sequencing was
performed in an Applied Biosystems 3730x/ DNA Analyzer (Applied
Biosystems Corp.). Oligonucleotide primers used in this study were
synthesized in an ABI 3900 Synthesizer (Applied Biosystems Corp.). In
order to detect putative DnaA-boxes, according to the 9-mer consen-
sus sequence of DnaA-boxes of S. lividans, TTGTCCACA [10], find
pattern set of GCG software package (the Apache Group) for finding
conserved motifs in DNA sequences was used.

Determination of plasmid copy number. Amycolatopsis mediterranei
U32 harboring the plasmid pTYQ9 which contains the oriC fragment
was cultured, total chromosomal and plasmid DNA was isolated and
digested by an appropriate DNA restriction enzyme, separated by
electrophoresis, transferred to a nylon membrane, and hybridized by
the 3?P-labeled 884 bp oriC DNA as a probe. Comparing the intensities
of the chromosomal DNA band with that of the plasmid DNA band
on an autoradiography film by adopting image analysis software
AlphaEaseFC (Alpha Innotech corp.) can help estimate the copy
number of the plasmid in the cell.

Analysis of the phylogenetic relationship based on the oriC sequence.
Based on the present information about prokaryotes’ oriC, only those
with defined boundary between two characteristic genes (dna4 and
dnaN in some cases while gid4 and mioC in other cases) were retrieved
from the NCBI GenBank database. The close vicinity nucleotides of
these two characteristic genes were chosen as the boundaries of the
oriC sequences. The 16S rDNA gene sequences from corresponding
species were also retrieved from the GenBank database. Phylogenetic
trees of either sequences were constructed based on the parsimony
methodology (Phylip software on an internet server at Institut Pasteur,
France) employing the corresponding sequence from the evolutionarily
primitive eubacterial genus Thermus as the outgroup.

Results

The 884 bp dnaAldnaN intergenic DNA fragment
cloned from A. mediterranei U32 chromosome has all
the sequence characteristics of bacterial oriC

In order to clone the oriC region of A. mediterranei
U32, we assumed that it was situated between the dnaA4
and dnaN genes, which is the case among all the actino-
mycetes known so far [10,11]. A pair of oligonucleotide
primers (Materials and methods) designed based on the
conserved sequences of the dnad and dnaN genes was
used to PCR-amplify the chromosomal DNA of A.
mediterranei U32, and a single 1.3 kb amplified DNA
fragment was obtained and cloned into the EcoRI site
of pUCI8 for further sequencing analysis. This
1339 bp cloned fragment contained an 884 bp intergenic
region between the dnaA and dnaN genes (Fig. 1). With-
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Fig. 1. DNA sequences and characterization of the spacer between the
dnaA and dnaN genes of A. mediterranei U32. The predicted 19 DnaA
boxes interspersing the 884 bp spacer are numbered and oriented by
dash (backward) or solid (forward) arrows. Two AT-rich 13-mer
sequences are indicated by underlines.
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in this intergenic region, there were 19 DnaA-boxes
with 9-mer consensus sequences, 5'-(T/C)TG(T/C)(C/
G)C(A/C) CA-3, and two 13-mer AT-rich sequences,
AAAATTGTTTGTA and AACAAAACAAAAA
(Fig. 1), which is similar to the structure of oriC of
S. lividans [10]. These sequence characteristics suggested
that the cloned 884 bp region contained the oriC of
A. mediterranei U32.

Autonomous replication and unstable inheritance in
A. mediterranei U32 of a plasmid containing the cloned
oriC fragment proved its biological function

To investigate the replication activity of the cloned
884 bp DNA fragment, an E. coli plasmid/Amycolatop-
sis mini-chromosome, pTYQ9Y, was constructed by clon-
ing the A. mediterranei U32 884 bp chromosomal
fragment into an E. coli plasmid pTYQ2, a pUCIS8
derivative containing the apramycin-resistant gene. This
plasmid was introduced into U32 by electroporation.
Transformation efficiency detected by selecting apramy-
cin-resistant colonies was 2.2 x 10*/ug DNA. Although
no plasmid DNA could be detected by direct agarose
gel electrophoresis of the samples prepared from indi-
vidual clones of the pTYQ9 transformants, apramycin-
resistant transformants were obtained by introducing
the same DNA preparation samples into electrocompe-
tent E. coli DH5a cells. Plasmid DNAs of these E. coli
transformants were digested with the restriction en-
zymes EcoR1 or Pstl and were analyzed by agarose gel
electrophoresis. The correct pTYQ9 DNA band pattern
as expected (Fig. 2) suggested that no visible structural
alterations occurred on pTYQ9 during its replication
in strain U32.

Quantitation of the Southern blotting image employ-
ing the 884 bp probe against the total DNA prepara-
tions of U32 and the U32 carrying pTYQ9 indicated
that there were only two copies of the oriC-containing
mini-chromosome pTYQ9 in one cell of A. mediterranei
U32 (Fig. 3).

The inheritance of pTYQY in A. mediterranei U32
was unstable. After 48 h incubation in Bennet broth
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Fig. 2. Determination of the structure of plasmid pTYQ9 recovered
from A. mediterranei U32. DNA was prepared from the strain U32
containing plasmid pTYQ9 and introduced into E. coli DHS5oa.
Individual apramycin-resistant colonies were picked, plasmid DNA
from them was digested by restriction enzymes EcoRI (lanes 2, 3, 4,
and 5) and PstI (lanes 7, 8, 9, and 10) and electrophoresed in 0.8%
agarose gel at 130V for 0.5 h. MBI 1 kb ladder (M), lanes 1 and 6
show plasmid pTYQ9 as control.
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Fig. 3. Southern blot analysis of chromosomal oriC and plasmid
carrying the oriC in A. mediterranei U32. Total DNA of strain U32
containing plasmid pTYQ9 was digested by EcoRI and electrophore-
sed in 0.8% agarose gel at 130V for 1 h. The DNA in gel was
transferred to nylon membrane and hybridized with **P-labeled 884 bp
oriC fragment as probe. The EcoRI-digested DNA bands correspond-
ing to the chromosome and plasmid are shown.
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Fig. 4. Inheritance of plasmid pTYQ9 containing oriC in A. mediter-
ranei U32. Amycolatopsis mediterranei U32 harboring the plasmid
pTYQY was inoculated into Bennet broth without apramycin at 37 °C.
At time points of 6, 12, 24, and 48 h, cells were harvested, diluted, and
plated on Bennet agar with or without apramycin. Colonies from agar
in the presence and absence of apramycin were counted and the ratio
represented the stability (%) of inheritance of the plasmid.

without apramycin, about 60% of the cell population
had lost the plasmid (Fig. 4).

Certain combinatorial alternatives of the cloned oriC
region are sufficient for DNA replication in A.
mediterranei U32, indicated by the serial deletion analysis

To determine the essential functional unit within the
884 bp oriC region of A. mediterranei U32 for primary
DNA replication, serial deletions were made on the re-
gion and the resulting DNA fragments were cloned into
the EcoRI site of pTYQ2 to generate a series of plas-
mids/mini-chromosomes, pTYQI4, pTYQI135, pTYQI6,
and pTYQI17 (Fig. 5). These plasmids were introduced
into U32 cells by electroporation, and the number of
apramycin-resistant transformants was counted to mea-
sure the efficiency of replication of the plasmids in U32.

As shown in Fig. 5, plasmid pTYQI14, a shorter deriv-
ative of pTYQ9, which contained almost the complete
set of DnaA-boxes except the Ist one and the two AT-
rich regions but deleted all the flanking regions in the
vicinity to dnaA and dnaN, had high transformation effi-
ciency as that of pTYQ9 (145 and 220 transformants/pg
DNA, respectively). Both plasmid pTYQ16 containing
the region between the Ist and the 17th DnaA-box,
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Fig. 5. Identification of the essential regions for replication employing
the plasmids containing different lengths of the oriC in A. mediterranei
U32. The oligonucleotides used for PCR amplifying different lengths of
oriC include: T1 (5'-GGAATTCTAGCACATCCCTTACCTTC-3'),
T2 (5-GGAATTCTGTACGCGCGCTTCGCCAA-3'), T3 (5'-GGA
ATTCAGTTTCCCCATGGTGGGCA-3'), T4 (5'-GGAATTCCTAA
GAGCAGTAGCAGTAA-3), T5 (5-GGAATTCCTACCTCGGC
CTCCCCTTG-3'), and T6 (5-GGAATTCGCGCGCATCCTTTCG
ACGA-3'). The PCR-amplified products from the pairs of primers
T1+T6, T2+ T5, T3+ T4, T1 + T4, and T3 + T6 were treated with
EcoRI and ligated into plasmid pTYQ?2 to obtain plasmids pTYQ?9,
pTYQI14, pTYQLS, pTYQI16, and pTYQI17, respectively. The trans-
formation frequency (TF) in strain U32 of these plasmids is shown.
The numbers under the bar are start and end nucleotides of the oriC
fragment.

including AT-rich region-1, and plasmid pTYQ17 con-
taining the region between the 4th DnaA-box and the
18th/19th DnaA-box pair including AT-rich region-2,
showed a lower transformation frequency (26 and 47
transformants/ug DNA, respectively) than the above
two plasmids. No apramycin-resistant transformant
could be obtained when plasmid pTYQI15 was intro-
duced into strain U32, which contained the common re-
gion of plasmids pTYQI16 and pTYQI17 (no AT-rich
region and with DnaA-boxes from the 4th to the
17th). It thus suggested that although alternative combi-
nation of one AT-rich region plus a few DnaA-boxes
was sufficient for DNA replication in 4. mediterranei
U32, efficient chromosomal DNA replication required
the complete set of DnaA-boxes and two AT-rich
regions.

Phylogenetic relationship among eubacteria based on their
oriC sequences with clear boundaries matches well with
that based on the 16S rDNA sequence analysis

The known oriC sequences of eubacteria can be cat-
egorized into three groups based on the differences of
sequence boundaries of these fragments. In the first
group, oriC is located between dnaA and dnaN. Actino-
mycetes as well as the evolutionarily primitive eubacte-
rial genus Thermus bear the same feature [3.4,21].
Similarly, the oriCs of the second group are located be-
tween gidA and mioC. The gram-negative facultative
anaerobic enteric bacteria, such as Escherichia, Enterb-
acter, Erwinia, Shigella, Samonella, Yersinia, and Kleb-

siella, as well as the related genus Vibrio, belong to this
group [1,2,22]. The characteristics of the third group
oriC are very different from those of the other two. It
is separated by dnad which is composed of the up-
stream and the downstream regions of dnaA (but up-
stream of dnaN). This kind of oriC has been
recognized in some gram-positive genera, such as Bacil-
lus and Mycoplasma [7,23]. Due to the limited informa-
tion available, it is still difficult to define the
boundaries of the oriC sequences of the third group.
Therefore, only the oriC sequences of the first two
groups with unambiguous boundaries were used for
phylogenetic analysis. We chose the evolutionarily
primitive eubacterial genus Thermus as the outer group
and the oriC sequence-based parsimony phylogenetic
tree (Fig. 6A) was compared to that of the 16S rRNA
gene-based tree (Fig. 6B). It is obvious that these two
phylogenetic trees illustrated very similar trends of evo-
lution. In particular, both the trees presented two iden-
tical clusters of species. For the sake of illustration,
they are designated Groups I and II (Fig. 6). Group
I contains the genera of the Enterobacteriaceae family
and Vibrio, while Group II mainly contains species of
high GC-content actinomycetes, including the genera
of Mpycobacterium, Streptomyces, and Amycolatopsis.
The clustering of these two groups matches well with
the characteristic differences in the flanking genes of
their respective oriC sequences.

Discussion

Chromosomal replication origin is a cis-acting repli-
cator, which controls the initiation of chromosome rep-
lication via binding a trans-acting protein, DnaA, that
unwinds the multiple DnaA-boxes and AT-rich se-
quences [24]. The structure and function of oriC from
various bacteria were investigated [6,8,10]. In this re-
port, we showed that A. mediterranei U32 bore the char-
acteristic ~ structure of dnad-DnaA-boxes/AT-rich
sequences-dnaN in its oriC region, with a lower
G + C% feature of other oriC sequences [10,11].

The consensus sequence of 19 DnaA-boxes of the
A. mediterranei oriC region is (T/G)TG(T/C)(C/G)
C(A/C)CA. Tt is similar to (T/C)(T/C)(G/A/C)TCC
ACA, the DnaA-box motif of S. lividans; but shows
more variability at positions 1 and 5. Similar to the
9-mer sequence character of the DnaA-boxes of S.
lividans, the third nucleotide, G, and the eighth nucleo-
tide, C, are highly conservative (Table 1). The third
nucleotide G/C reflects high G + C content of actinomy-
cetes [24], whereas the nucleotide of the same site is gen-
erally A in other eubacteria [5,7]. Compared with the
compositions of DnaA-boxes from three actinomycetes
(A. mediterranei, S. lividans, and Mycobacterium leprae),
the consensus sequences of three genera are similar, but
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Fig. 6. Comparison of the phylogenetic tree based on the sequences of oriC and the tree based 16S rRNA gene. The tree was drawn by Phylip 3.6a
with the parsimony method. The oriC sequences of strains are obtained from the NCBI GenBank database. (A) The phylogenetic tree based on oriC
sequences and (B) the phylogenetic tree based on 16S rRNA genes. S: Shigella; E: Escherichia; K: Klebsiella; En: Enterobacter; Sa: Salmonella;
Er: Erwinia; Y: Yersinia; P: Photorhabdus; V: Vibrio; M: Mycobacterium; St. Streptomyces; A: Amycolatopsis; T: Thermus.

Table 1

The frequency of nucleotide usage of the 9-mer consensus sequences in the 19 DnaA-boxes of 4. mediterranei U32

Nucleotide The position no. of DnaA-boxes

1 2 3 4 5 6 7 8 9
A 11 0 0 0 11 0 79 5 89
T 63 89 0 79 0 5 0 0 0
G 5 11 95 0 16 11 0 5
C 21 0 5 21 73 84 21 95 5

The bold numbers are the highest frequency of used-nucleotides.

the number and composition of the DnaA-boxes are di-
verse (Table 2).

After binding at the DnaA-boxes by the DnaA pro-
tein, unwinding at the AT-rich sequences is a crucial step
for the initiation of chromosomal replication. The AT-
rich regions exist in the oriC region of prokaryotes [24]
and eukaryotes widely [25], and do not share consensus
sequences [5,7,10]. A hybrid origin with the main part
from oriC of E. coli and the AT-rich region from B. sub-
tilis could be unwound by E. coli DnaA [26] suggests that
the structures vs. sequences of the oriC are important for
the initiation of replication. Our data show that efficient
chromosomal DNA replication of A. mediterranei U32

required the full 19 DnaA-boxes and two AT-rich re-
gions. However, one of the AT-rich sequences and part
of the DnaA-boxes are sufficient for chromosomal
DNA replication in 4. mediterranei U32, suggesting the
presence of alternative combination of oriC elements
for the initiation of chromosomal replication.

Unstable inheritance of the plasmid containing the
A. mediterranei oriC region is not unique. Similar phe-
nomena have also been observed in other actinomycete
species [27]. The low copy number and unstability of
the oriC plasmids could be caused by competing for
limited DnaA proteins by the same replicon of
chromosome [27].
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Table 2
Comparison of the conservation of nucleotides in DnaA-boxes of oriC among A. mediterranei, S. lividans, and M. leprae
The number of base of DnaA-box 1 2 3 4 5 6 7 8 9 Number of Length of
DnaA-boxes oriC (bp)
nt in consensus sequence T T G T C C A C A
Conservation (%)
A. mediterranei 63 89 95 79 73 84 79 95 89 19 884
S. lividans 74 79 53 95 89 100 95 100 68 19 934
M. leprae 100 100 50 100 100 75 100 75 100 4 521

Note. The GenBank Accession Nos. are AY606113, AF077942, and Z70722, respectively.

Although oriC is an essential functional element for
cell duplication, Yoshikawa and Ogasawara [§8] sug-
gested that the sequences of oriC regions were conserved
only among closely related organisms. Our phylogenetic
analysis employing oriC sequences with well-defined
boundaries(dnaA—dnaN and gidA-mioC) indicated that
the phylogenetic relationship among remote relative
genera is comparable with that based on the 16S rRNA
gene sequences (Fig. 6). Thus, these oriC sequences of-
fered one more functional molecular marker, which
can be used for general phylogenetic analysis. Of course,
another group of oriC with B. subtilis kind of character-
istics was not included in this study due to its ambiguous
boundaries. It suggests that further detailed analysis of
this kind of oriC is of great importance.

Our data also indicated that phylogenetically, A. med-
iterranei is closer to S. lividans than to M. leprae based on
either oriC sequences or 16S rRNA sequences. This is con-
sistent with the phylogenetic analysis of other studies [28].

Studying the characterization of the chromosomal
origin of replication can help us to learn about the
mechanism of the initiation of replication, and also help
us to construct a genetic manipulation system in plas-
midless strains by mini-chromosome containing oriC re-
gion [23]. On the other hand, as an important functional
unit, the change of nucleotides in this region could re-
flect the phylogenic relationship between bacterial
strains. The tree based on oriC sequences from Gen-
Bank gave the consensus result of the 16S rRNA gene
among closely related organisms (Fig. 6).
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