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INT 

A physical map of the linear chromosome of 
three strains of Streptomyces ambofaciens has 
recently been constructed (Leblond et al., 1996). 
The DNA sequences of the chromosome ends are 
inversely repeated over 210 kb in strain 
DSM40697, an unusually long distance. The 5’ 
ends of the chromosome are covalently asso- 

ciated with proteins. This kind of structure has 
been called an “invertron” by Sakaguchi (1990) 
and seems to be typical of Streptomyces genomes 
(Lezhava et al,, 1995; Lin et al., 1993; Pandza et 
al., 1997 ; Redenbach et al, 1996). Two different 
replication mechanisms have been demonstrated 
for invertrons. (1) Replication of 
srrbtilis, by a bacteriophage-encoded DNA poly- 
merase, is primed at both ends by the terminal 
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proteins; it proceeds over the whole length of the 
phage DNA, resulting in semi-conservative repli- 
cation without formation of Okazaki fragments 
(reviewed in Salas, 1991). (2) The linear plasmid 
pSLA2 of Streptomyces rochei has a functional 
centrally located, bidirectional replication origin; 
most of pSLA2 is replicated bidirectionally from 
the central origin. Protein-primed DNA synthesis 
contributes only about 280 nucleotides at the end 
of the lagging strands (Chang and Cohen, 1994). 

The chromosome replication origins (oriC) of 
Streptomyces lividans 66 and Streptomyces coeli- 
color A3(2) were mapped close to the middle of 
the chromosome associated with dnaA and gyrB 
genes (Musialowski et al., 1994). In the latter 
species, gene dosage experiments indicated that 
oriC is active during vegetative growth (Calcutt 
and Schmidt, 1992; Musialowski et al., 1994; 
Zakrzewska-Czerwinska and Schrempf, 1992). 
Here we show that S. ambofaciens also has an 
oriC locus near the middle of the chromosome 
and that replication proceeds from this locus by a 
bidirectional mechanism. 

M A T E R I A L S  A N D  M E T H O D S  

Bacterial strains 

yeast extract malt extract (YEME) medium and 
transformed according to Hopwood et al. (1985). 

DNA purification, Southern analysis 

Plasmid extractions were performed according to 
Sambrook et al. (1989) for E. coli. For Strepto- 
myces, plasmid extractions and subsequent purifica- 
tions by caesium chloride-ethidium bromide gra- 
dients were carded out according to Hopwood et al. 
(1985) and Sambrook et al. (1989), respectively. 
Genomic DNA extractions and restriction analyses 
were carried out as previously described (Demuyter 
et al., 1988 ; Leblond et al., 1996). Restriction 
enzymes and molecular biology reagents were pur- 
chased from New England Biolabs (USA) and 
Boehringer Mannheim (Mannheim, Germany). 

For Southern transfers, "Hybond-N" membranes 
(Amersham, UK) and either the "Vacugene" system 
(LKB, Sweden) or the Smith and Summers method 
(1980) were used. For colony transfers, "Qiabrane" 
membranes (Qiagen, Germany) were used according 
to the instructions of the supplier. DNA (purified or 
in agarose) was labelled with digoxigenin (Dig)- 
labelled dUTP, and specific hybrids were detected 
using the "DIG DNA" labelling and detection kit 
(Boehringer Mannheim). Alternatively, probes were 
labelled with 32p according to Demuyter et al., 
(1988) using the "Multiprime" labelling system 
(Amersham). Hybridizations were performed at 
68°C corresponding to a stringency consistent with 
the detection of 100 % homologues. 

S. ambofaciens DSM40697 (HOtter, 1967), 
S. ambofaciens ATCC 15154 (Pinnert-Sindico et al., 
1955), and S. lividans TK21 (Hopwood et al., 1985) 
were the Streptomyces strains used in this work. 
Escherichia coli HB 101 (Boyer and Roulland-Dus- 
soix, 1969; Boehringer Mannheim, Germany) and 
E. coli GM33 (Yanish-Perron et al., 1985; Stratagene, 
USA) were used as hosts for the cloning experiments. 

Media, culture conditions and transformation 

E. coli  cells were grown in Luria-Bertani 
medium, according to Sambrook et al. (1989) and 
transformed by electroporation (Biorad, Hercules, 
Calif., USA). Streptomyces were grown at 30°C in 

Gene bank preparation 

An S. ambofaciens cosmid gene library was con- 
structed using the "Packagene" kit (Promega, USA). 
DNA was partially Pstl-digested, ligated into the Pstl 
site of pHC79 (Hohn and Collins, 1980; Boehringer 
Mannheim) and introduced into E. coli HB 101. 

Cloning of oriC from S. ambofaciens 

The non-replicating 1.1-kb Bcll fragment of plas- 
mid plJ702 (Hopwood et al., 1985) containing the 
thiostrepton resistance gene (tsr) was purified from 
an agarose gel using the Geneclean TM procedure (Bio 
101, La Jolla, CA, USA) and ligated to Be/l-digested 

ATCC = 
D S M  = 
kb = 

American Type Culture Collection. 

Deutsche Sammlung yon Mikroorganismen. 
kilobase. 

Mb = megabase .  

PFGE = pulsed-field gel electrophoresis.  
Y E M E  = yeas t  extract malt extract. 
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DNA of pNSA2001, a cosmid harbouring the 
S. ambofaciens oriC region. Plasmid pNSA2001 was 
isolated from E. coli GM33 [Dam-] to allow cleavage 
with Bcfl restriction. The ligatior, mixture was intro- 
duced by transformation into S. lividans TK21 proto- 
plasts, and thiostrepton-resistant colonies were 
selected (50 ~tg/ml; Hopwood et al., 1985). 

PFGE and gene dosage analysis 

Pulsed-field gel electrophoresis (PFGE) experi- 
ments were carried out according to Leblond et al. 
(1993). Electrophoresis was performed in a contour- 
clamped homogeneous electric fields system (CHEF, 
Biorad; Chu et al., 1986). Gene dosage experiments 
were carried out at different growth times. After 
growth of S. ambofaciens DSM40697 in YEME 
medium (Hopwood et al., 1985) growth curves were 
calculated, followed by measuring of the DNA con- 
centrations as described by Burton (1956). For each 
Asel fragment, the intensity was measured from a 
densitometric reading using the "GelDoc 1000" 
system and the Molecular Analyst TM software (Bio- 
rad), and was expressed relative to its molecular 
weight. 

RESULTS 

Cloning of the gyrAB-dnaA region of the 
S. ambofaciens DSM40697 

A gene library was constructed from partially 
Pstl-digested S. ambofaciens DSM40697 ligated 
to pHC79 and propagated into E. coli HB 101. 
Among 2,000 recombinant clones, 11 hybridized 
to the gyrB probe pLST182 (Thiara and Cund- 
liffe, 1993). Two cosmids, pNSA2001 and 
pNSA2002, overlapping only by a 1.7-kb Pstl 
fragment, were selected for further analysis 
(fig. 1). The 1.7-kb Pstl fragment hybridizing to 
pLST 182 was sequenced partially from both ends 
(389 and 264 nucleotides, Genbank accession 
numbers AF004299 and AF004298, respec- 
tively). The amino acid sequences deduced from 
the right and left ends resemble, respectively, 
GyrA and GyrB proteins of S. coelicolor A3(2) 
(Calcutt, 1994), closely related to S. wnbofaciens. 
Both genes read in the same direction. Hybridiza- 
tion with the 1. l-kb pFF91 l-derived S. lividans 
dnaA (Musialowski et al., 1994) probe located 
this gene to a 4.4-kb BamHl fragment upstream 
of the gyrAB sequences in pNSA2001 (fig. 1). 

Isolation of or/C of So ambofaciens on a 2.7-kb 
self-rep|icating DNA fragment 

Since oriC of S. ambofaciens was expected 
to be close to dnaA, within pNSA2001, we 
undertook the subcloning of pNSA2001 recom 
binant cosmid (inserted DNA circa 35 kb) with 
Bcll in order to isolate the DNA fragment con- 
ferr ing autonomous repl ica t ion.  Plasmid 
pNSA2001 BclI fragments were ligated to 
the I . l -kb  Bcll tsr (thiostrepton resistance) 
f ragment  (see "Mater ia l s  and methods") .  
The iigation mixture was introduced into 
S. lividans TK21. Forty thiostrepton-resistant 
clones were isolated, and for two of them the 
extrachromosomal content was studied by cae- 
sium-chloride gradient analysis. Both of them 
contained pNSA2004, a 3.8-kb circular mole- 
cule consisting of a 2.7-kb Bcl| fragment from 
pNSA2001 and the 1.1-kb Bcll tsr fragment. 
The 2.7-kb fragment is wholly ~ontained within 
the 4.4 k b - B a m H l  f ragment ,  as shown by 
hybridization of pNSA2004 DNA onto BamHl- 
digested DNA of pNSA2001 (fig. 1). In addi- 
tion, the former fragment hybridized to the 
dnaA probe pFF911 (Musialowski et al., 1994) 
and to pUOR2, which contains oriC of S. livi- 
dans (Zakrzewska-Czerwinska and Schrempf, 
! 992). Furthermore, plJ702 tsr DNA (1.1-kb 
Bcll fragment) was used as a probe onto South- 
ern blots of total DNA of one of the S. lividans 
TK21 tsr-resistant transfornmnts digested with 
restriction enzymes cutting once in the tsr 
sequence but not in the 2.7-kb insert. For two 
such enzymes (EcoRV and Clal), only a DNA 
fragment whose size corresponded to the linear- 
ized extrachromosomal form of the plasmid 
(3.8 kb) was revealed by the probe. No other 
fragment that could have corresponded to inte- 
grated forms of the plaslnid was observed (data 
not shown). This result ruled out apparent 
autonomous replication by integration-excision 
process. 

Time-course gene dosage in S. ambofaciens 

The chromosomal localization of oriC was 
determined by probing of S. ambofaciens DNA 
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Fig, 1. Restriction map of the oriC region of S. ambofaciens DSM40697. 

Cosmids pNSA2001 and pNSA2002 are partially represented. Sizes are in kilobases. The 2.7-kb 
Bcll fragment (flanked by the arrows) containing oriC and dnaA is totally included in the 4.4-kb 
BamHl fragment, but was not precisely mapped. 

separated by PFGE with labelled pNSA2001. 
The locus oriC mapped to the Asel-C fragment, 
1,050 kb, (Asel-C", 1,100 kb, in strain ATCC 
15154; fig. 2) and a 460-kb BfrI fragment which 
overlaps Asel-C and -H by approximately 345 kb 
and 125 kb, respectively (Berger et al., 1996). 
Gene dosage experiments were carried out in 
order to test the functionality of oriC. Aliquots 
of an S. ambofaciens DSM40697 culture were 
taken at different times of the growth curve and 
analys~ by PFGE (fig. 3). The relative intensity 
of each DNA band was measured from densito- 
metric readings (see "Materials and methods"). 
The relative intensities of AseI-C containing oriC 
and of the neighbouring fragments AseI-H and 
Asel-I was significantly higher than the relative 
intensities of the other fragments during expo- 
nential growth phase (fig. 3). The decrease in rel- 
ative intensity of the restriction fragments corre- 
sponding to the higher masses (Asel A and B) 
was interpreted as random degradation during 
DNA preparation (Leblond et al., 1990). To 
account for this degradation, ratios were calcu- 
lated between DNA fragments of the same size 
range, assuming an equivalent degradation. The 
intensity ratios AseI-CID (D corresponding to 
one chromosomal extremity; fig. 2) and C/E 
were 2.4 and 2.3 at 20 h of growth, respectively. 

Similarly, ratios H/J and l/J were 1.6 at 20 h. 
In contrast, the ratios C/D, C/E, H/J and l/J 
decreased to 1.0, 1.1, 1.0 and 0.9 at 148 h, 
respectively (fig. 3). The overrepresentation of 
fragments Asel-C, -H and -I is always observed 
when DNA is prepared during the exponential 
growth phase. Our early PFGE analysis of the 
S. ambofaciens genome concluded that doublets 
were present (Leblond et al., 1990), while map- 
ping experiments showed that they were single 
bands. Thus, these data support the hypothesis of 
reinitiations of the chromosomal replication at 
this point during rapid growth. 

Bidirectional processing of oriC was demon- 
strated taking advantage of the restriction poly- 
morphism between the two strains DSM40697 
and ATCC 15154 (Leblond et al., 1996). In strain 
ATCC 15154, fragment AseI-N" replaces frag- 
ment B of strain DSM40697 (fig. 2). The inten- 
sity ratios AseI-N"IL" and M"/L" were 1.5 and 
2.0 at 20 h of growth, respectively. The unbal- 
anced position of oriC relative to N" and M" (N" 
and M" are distant from oriC by at least 750 and 
280 kb, respectively; fig. 2) could explain the 
slightly fainter overrepresentation of N" relative 
to that of M". Fragments Asel-J" (280 kb) and K" 
(260 kb) comigrated in this experiment and were 
left out. 
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Fig. 2. Genetic organization of the chromosome of S. ambofaciens. 

AseI restriction maps of S. ambofaciens strains DSM40697 (outer circle) and ATCC 15154 (inner 
circle) according to Leblond et al. (1996). The dotted arrow delimits the localization of oriC. The trans- 
criptional orientation of the rrn operons according to Berger et al. (1996) is symbolized by a black flag. 

Overrepresentation of the terminal fragments 
at the onset of the stationary phase 

In S. ambofaciens, the densitometric analysis 
revealed an overrepresentation of the fragments 
corresponding to the extremities of the chromoso- 
mal DNA between 36 and 60 h. At 60 h, the 
ratios D/C and D/E were 1.4 and 1.2, respectively 
(fig. 3). Similarly, the ratio G/F was 1.2 at 60 h. 
This phenomenon is reproducibly observed, 
although the values vary with the experiment. 
This indicated a noticeable overrepresentation of 
fragments D and G, corresponding to the ends of 
the chromosomal DNA (fig. 2). 

DISCUSSION 

A locus exhibiting an oriC-like organization 
similar to oriC from S. lividans 66 and S. coeli- 

color A3(2) was isolated from S. ambofaciens 
DSM40697 (Calcutt and Schmidt, 1992; Zakr- 
zewka-Czerwinska and Schrempf, 1992). The 
localization of the gyrAB genes close to oriC 
observed in Streptomyces was also reported in 
several other bacteria such as B. subtilis, Staphy- 
lococcus aureus, Borrelia burgdorferi and Myco- 
plasma pneumoniae, but it was different in/~. coli 
(Reece and Maxwell, 1991). 

The localization of oriC was previously 
reported in S. coelicolor (Kieser et al., 1992) and 
S. lividans (Leblond et al., 1993) to map approx- 
imately to the middle of the linear 8Mb chromo- 
somal DNA as in S. ambofaciens (Berger et al., 
1996) but not in S. rimosus (34 to 44 % from one 
end, Pandza et aL, 1997). 

Several lines of evidence showed that oriC 
functiolis bidirectionally in S. ambofaciens during 
the exponential phase. First, a 2.7-kb fragment 
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Fig. 3. PFGE gene dosage experiments during growth. 

Growth curve (A) and DNA concentration measurements (B) of S. ambofaciens DSM40697 
are described in "Materials and methods". Vertical lines in A indicate times (h) when PFGE ana- 
lysis was carried out. PFGE running conditions were 0.85 % agarose gel, 200 V for 24 h with 
ramped pulse times from 40 to 160 s. Nomenclature of fragments, A-J, is according to Leblond 
et al. (1996). Densitometric readings were carried out using "GelDoc 1000" and Molecular 
Analyst TM (Biorad). 
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showed autonomous replication in S. l ividans 
TK21 and hybridized to both dnaA and or iC 
(from S. lividans). Secondly, PFGE time-course 
experiments showed that when mycelia were har- 
vested from rapidly growing cultures, the regions 
flanking the oriC locus were overrepresented. 
This data strongly suggested that reinitiation of 
replication takes place at this locus during expo- 
nential growth. A similar strategy based on gene 
dosage experiments led Musialowski et al. (1994) 
to the same conclusion for the centrally located 
oriC locus of the S. coelicolor chromosome. Our 
approach consitutes a rapid and simple way to 
initiate the study of the replication mechanisms 
and could be applied in other organisms. 

In addition, the cloning of the rrn genes was 
recently achieved in S. ambofaciens DSM40697 
(Berger et al., 1996). These experiments enabled 
the precise positioning of the rrn loci relative to 
the physical map and the determination of their 
transcriptional orientation. For five of six of them 
it was found to be divergent from oriC (fig. 2). 
Considering that highly expressed genes are usu- 
ally transcribed in the direction of the migration 
of the replication forks (Brewer, 1988), alto- 
gether, these results show that the linear chromo- 
some of S. ambofaciens would be essentially rep- 
licated by a bidirectional replication mechanism 
from oriC towards the extremities. 

Furthermore, at the onset of the stationary 
phase, a slight overrepresentation of the terminal 
fragments (flanking the ends of the chromo- 
some) was noticed. Overrepresentation could be 
interpreted as reinitiation of replication in the 
terminal regions. DNA replication might be 
initiated either from the chromosomal ends and 
require the terminal proteins as primers, or from 
subterminal loci by a bidirectional mechanism. 
Secondly, overrepresentation of a DNA frag- 
ment might reveal its relative resistance to DNA 
degradation. DNA degradation could happen in 
vivo during the transition phase or during DNA 
preparation. These data could support the exis- 
tence of a "racket frame" structure (Sakaguchi, 
1990) keeping the terminal regions including 
terminal inverted repeats associated. This struc- 
ture might be related to the high structural 
instability occurring in the terminal regions of 

the linear chromosomal DNA in S. ambofaciens 
(Fischer et al., 1997). 
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R~plication de rADN chromosomique linEaire 
de Streptomyces ambofaciens ~ partir de rorigine 

de replication oriC localisre au milieu 
du chromosome: raise en Evidence par dosage 

de g~nes en PFGE 

L 'o r ig ine  de repl icat ion pr inc ipale  du chromo-  
some de Streptomyces ambofaciens a 6td isolEe sur 
un fragment d'ADN de 2,7 kb BclI ta partir d'un cos- 
mide recombinant contenant les genes dnaA et 
gyrAB. Ce cosmide a 6tE localis6 dans une region 
situEe approximativement au milieu de I'ADN chro- 
mosomique lindaire de 8 Mb. L'analyse de 
l'intensit6 relative des fragments de restriction 
sEpards par ElectrophorEse en champs pulses en 
fonction du temps de croissance montre que les 
sequences proches d'oriC sont sur-reprdsentdes en 
phase exponentielle de croissance. Ce rdsultat 
indique que cette origine de replication est active. 
Par ailleurs, h l'entrEe de la phase stationnaire de 
croissance, les regions terminales de I'ADN chro- 
mosomique prEsentent une ldgEre sur-reprEsentation 
par rapport au reste du chromosome. 

Mots-clds"  S treptomyces  ambofaciens,  or iC ; 
ADN linEaire, REplication, PFGE. 
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