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Streptomycetes differ from other prokaryotic organisms in their mycelial life
cycle and in possessing a large, linear, GC-rich chromosome. To deduce
structural features of the Streptomyces origin of chromosomal replication, the
oriC sequences of three Streptomyces species (S. antibioticus, S. chrysomallus
and S. lividans) were compared. In Streptomyces, the oriC region contains 19
DnaA boxes whose location, orientation and spacing are conserved. The
consensus sequence of the DnaA box identified within Streptomyces oriC is
(T/CY(TICY(G/AIC)TCCACA (preferred bases underlined). The interactions of DnaA
with DNA fragments containing single, two or three DnaA boxes were studied
using surface plasmon resonance. The dissociation constant (K,) for specific
binding of individual DnaA boxes varied between 12 and 78 nM. Streptomyces
oriC does not contain the three AT-rich 13-mer direct repeats present in the 5’
part of the Escherichia coli oriC region. However, short AT-rich sequences are
distributed among the DnaA boxes of Streptomyces oriC. Repeated attempts
to unwind Streptomyces oriC have been unsuccessful. It remains to be
elucidated whether DnaA interacts with putative accessory proteins which
help in unwinding Streptomyces oriC.
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INTRODUCTION

Streptomycetes are Gram-positive soil bacteria that
grow as substrate mycelia differentiating to aerial
mycelia and spores upon depletion of nutrients (Kiitzner,
1981). These bacteria differ from other prokaryotes not
only in their mycelial life cycle but also in possessing a
large (6-8 Mb), GC-rich chromosome, which has been
found in linear form (Leblond et al., 1993; Lin et al.,
1993; Lezhava et al., 1995).

Abbreviations: BD, binding domain; GST, glutathione S-transferase.

The GenBank accession numbers for the sequences reported in this paper
are AF026792 (Streptomyces antibioticus), AF027658 (Streptomyces chryso-
mallus) and M86491 (Streptomyces lividans).

In bacteria, chromosome replication is initiated at the
replication origin, 07iC, and the process is highly
regulated (for review, see Kornberg & Baker, 1992;
Messer & Weigel, 1996). The structure of the oriC
region has been analysed within Gram-negative and
Gram-positive bacteria. The sequences of oriC regions
are conserved only among closely related organisms
(Yoshikawa & Ogasawara, 1991). Sequence analyses
have revealed that the origins of various eubacteria
contain short, conserved sequences which are essential
for oriC function: non-palindromic 9 bp sequences, so-
called DnaA boxes and AT-rich regions (Yoshikawa &
Ogasawara, 1991; Messer & Weigel, 1996). These
conserved sequences are separated by spacer regions
which vary in nucleotide composition and length. A
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Fig. 1. Comparison of the genetic organization of the oriC region of different bacteria. DnaA boxes are indicated by

arrows. References: Escherichia coli, von Meyenburg

& Hansen (1987); Coxiella burnetii, Shuan et al. (1994);

Pseudomonas putida, Smith et al. (1991); Caulobacter crescentus, Marczyriski & Shapiro (1992); Mycoplasma capricolum,
Fujita et al. (1992); Spiroplasma citri, Ye et al. (1994); Bacillus subtilis, Yoshikawa & Wake (1993); Micrococcus luteus,
Fujita et al. (1990); Mycobacterium leprae, Mycobacterium smegmatis, Mycobacterium tuberculosis, Salazar et al. (1996);
Streptomyces coelicolor, Calcutt & Schmidt (1992); Streptomyces lividans, Zakrzewska-Czerwiriska & Schrempf (1992),

Zakrzewska-Czerwiriska et al. (1994).

cluster of four or more DnaA boxes is an indication of a
functional chromosomal origin. A putative o7iC region
from Coxiella burnetii contains only two DnaA boxes

(Fig. 1) (Shuan et al., 1994). However, it remains to be
elucidated whether this region is able to promote
autonomous replication. In Bacillus subtilis, two DnaA
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box clusters are arranged upstream and downstream of
the dnaA gene and act together as a replication origin
(Fig. 1) (Yoshikawa & Wake, 1993). DnaA is the key
protein in the initiation of DNA replication in bacteria
(Kornberg & Baker, 1992; Skarstad & Boye, 1994;
Messer & Weigel, 1996) and binds specifically to the
DnaA box. The interaction of DnaA with its chromo-
somal origin is best understood in Escherichia coli. Five
DnaA boxes are present within the E. coli oriC region.
Binding of 10-20 DnaA monomers promotes a local
unwinding of the AT-rich region (Bramhill & Kornberg,
1988; Messer & Weigel, 1996). The unwound region
provides the entry site for the DnaB/DnaC helicase
complex, followed by other proteins required to form a
replication fork (Kornberg & Baker, 1992).

Most eubacteria contain a block of genes, dnaA-dnaN-
recF-gyrB, encoding DnaA, the g-subunit of the DNA
polymerase Il holoenzyme, a product for recombination
and the g-subunit of DNA gyrase, respectively (Messer
& Weigel, 1996). Within many bacteria, including B.
subtilis (Yoshikawa & Wake, 1993), Micrococcus luteus
(Fujita et al., 1990), Mycobacterium spp. (Salazar et al.,
1996), Mycoplasma capricolum (Fujita et al., 1992) and
Pseudomonas putida (Smith et al., 1991), the o7iC region
is situated close to dnaA (Fig. 1). However, within some
bacteria the arrangement is different. The E. coli dnaA
region is located about 40 kb away from o7iC. In
Coxiella burnetii, dnaA is absent within the putative
oriC region (Fig. 1) (Shuan et al., 1994). The Caulobacter
crescentus oriC is situated between hemE (encoding
uroporphyrinogen decarboxylase) and rpsT (encoding a
homologue of the ribosomal protein §20) and 2 kb away
from dnaA which is separated (150 kb) from the dnaN-
recF-gyrB region (Marczynski & Shapiro, 1992; Rizzio
et al., 1993; Zweiger & Shapiro, 1994). Sequences
resembling other eubacterial o7iC regions have not been
detected in the vicinity of the dnaA genes of Sino-
rhizobium meliloti (Margolin et al., 1995), Synechocystis
sp- (Richter & Messer, 1995) and Prochlorococcus
marinus (Richter et al., 1998).

As in several other bacteria, the oriC region of Strepto-
myces lividans was identified as an autonomously
replicating minichromosome (Zakrzewska-Czerwinska
& Schrempf, 1992; Zakrzewska-Czerwinska et al.,
1995). It is situated between dnaA and dnaN and
corresponds to the sequenced o7iC region (Calcutt &
Schmidt, 1992) of the closely related strain S. coelicolor
A3(2). Recent discoveries suggest that the chromosome
of S. coelicolor A3(2) replicates bi-directionally (Musi-
alowski et al., 1994) from the centrally located oriC
(Radenbach et al., 1996) and its linear form is assumed
to be patched up at the ends by protein-primed
replication (Chen, 1996).

In this paper we have compared the characteristics of S.
lividans oriC with cloned oriC regions from S. anti-
bioticus and S. chrysomallus, and we have determined
interactions of individual DnaA boxes with S. lividans
DnaA.

METHODS

Bacterial strains, culture conditions and transformation.
Streptomyces and E. coli strains used here are listed in Table
1. E. coli strains were grown in Luria—Bertani medium
(Sambrook ez al., 1989). Streptomyces strains were cultivated
on agar plates containing complete medium until sporulation
occurred (Hopwood et al., 1985). Spores were used to
inoculate YEME liquid medium (Hopwood et al., 1985).
Propagation and transformation of E. coli and Streptomyces
strains were carried out as described by Hopwood et al. (1985)
and Sambrook et al. (1989). Streptomyces spp. were selected
for resistance to 10 pg thiostrepton ml™'.

Plasmids and DNA library. Plasmids are listed in Table 1. The
S. chrysomallus genomic library in cosmid pV34 contains
32-34 kb DNA fragments obtained by partial Sax3A digestion
of chromosomal DNA and cloned in the BamHI site of the
vector (Pahl et al., 1992).

Chemicals, enzymes and oligonucleotides. Standard chemi-
cals were obtained from Sigma or Serva. Restriction enzymes
were supplied by Boehringer Mannheim, MBI Fermentas or
Gibco-BRL. Oligonucleotides used for sequencing and PCR
were chemically synthesized (MWG). For BIAcore studies, 5
biotin-end-labelled oligonucleotides and their non-biotinyl-
ated complementary oligonucleotides were annealed by
mixing equimolar amounts in 50 mM Tris/HCl, pH 75,
100 mM NaCl, 0:1 mM EDTA, heating to 85 °C and slowly
cooling the samples to room temperature.

DNA isolation and manipulation. Total DNA was isolated
from Streptomyces strains as described by Hopwood et al.
(1985). Plasmid purification was done using a kit according to
the manufacturer’s protocols (Qiagen). The methods for the
purification of DNA fragments, colony and Southern hybrid-
ization, and preparation of DNA probes have been described
by Sambrook et al. (1989).

DNA sequence determination and computer analysis. DNA
sequencing was performed using the dideoxy chain-termin-
ation method (Sanger et al., 1977) with Sequenase (USB) and
[«-**S]ATP (Amersham). The nucleotide sequence was de-
termined on both strands. Computer analysis was done using
the GCG package programs for ORF identification and
sequence alignment.

PCR. Comparison of the amino acid sequences of DnaA and
DnaN allowed selection of highly conserved motifs at the C
terminus of DnaA (FGGRDH) and the N terminus of DnaN
(MKIRVER). Taking into account the known Streptomyces
codon usage, two degenerate primers were deduced. The
nucleotide sequences of the primers are as follows: p,,,,, 5’
CGCGGATCCTTCGGSGGSCGSGACCAC 3 poms 5
AACTGCAGSCGCTCSACSCGGATCTTCAT 3’ S=Gor
C). Each of them was tailed by a motif for a restriction site.
PCR was done with 2:5U Dynazyme II DNA polymerase
(Finnzymes) in 50 pl of the recommended buffer and was
performed for 40 cycles (10 cycles of 1 min at 95 °C, 1 min at
50 °C and 1-5 min at 72 °C, and 30 cycles of 1 min at 95 °C,
1 min at 55 °C and 1-5 min at 72 °C). Approximately 300 ng
genomic DNA from S. antibioticus ETH 7451 was used for
PCR. The amplified products were analysed on a 1% agarose
gel, purified with the QIAquick PCR purification kit (Qiagen),
digested with restriction enzymes (BamHI, Pstl) and then
cloned in pU0O9090.

Isolation of oriC fragments using affinity chromatography.
The DNA-binding domain (BD) of S. lividans DnaA was fused
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Table 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Genotype and/or relevant characteristic*

Reference

E. coli WM2121
S. antibioticus
S. chrysomallus
S. lividans TK21

Strains

E. coli AG115 lacX74 galU galK araD139 strA hsdR17 ¥’ lacl® lacZ::Tn5
E. coli DH5« supE44 hsdR17 recAl endAl gyrA96 thi-1 relAl

E. coli TG1 supE bsdAS thi Allac—proAB) ¥’ [traD36 proAB* lacl®

lacZAM15)
ara Allac—pro) fis::Km recAS56 rpsL sriC300::Tn10 thi
ETH 7451
ATCC 11523
SLP2~ SLP3~ derivative of S. lividans 66

Plasmids

pBR322 Ap*, Tc"

pUC18 Ap

pUK21 Km"

pUO2090 pUK21 derivative containing 1-5 kb Am*

pBluescript Il SK(+)  pUC derivative (pMB1 replicon)

pLEX3BT tac promoter, Ap"

pGEX-3X-6His GST gene fusion vector, Ap*

pUSA1 pUO9090 derivative containing 934 bp BamHI-Ps¢l fragment of
the 07iC region of S. antibioticus

pBSC1 pBR322 derivative containing 42 kb BamHI fragment of the S.
chrysomallus dnaA region

pBSC2 pBluescript II SK(+) derivative containing 1228 bp Sacl-BamHI
fragment of the oriC region of S. chrysomallus

pBSL1 pBluescript I SK(+) derivative containing 1092 bp SphI-Bglll
fragment of the oriC region of S. lividans

pGDnaA(BD) pGEX-3X-6His derivative containing 432 bp Xholl-Xholl-Sphl
fragment encoding the DNA BD of S. lividans DnaA

pLEXDnaAé6xHis pLEXBT derivative containing the entire S. lividans dnaA gene

and (CACCAT), encoding six histydyl residues at the 3’ end of

Mattern (1992)
Sambrook et al. (1989)
Sambrook et al. (1989)

Koch et al. (1988)
Novella et al. (1992)

Hopwood et al. (1985)

Bolivar et al. (1977)
Yanisch-Perron et al. (1985)
Vieira & Messing (1991)
M. C. Martin (unpublished)
Short et al. (1988)
Diederich et al. (1994)
Majka et al. (1997a)

This study

This study

This study

Zakrzewska-Czerwinska et al. (1995)

Majka et al. (1997a)

Maijka et al. (1997b)

dnaA gene

* ATCC, American Type Culture Collection, Rockville, MD, USA. Am, apramycin; Ap, ampicillin; Km, kanamycin; Tc, tetracyclin.

to the C terminus of glutathione S-transferase (GST) as
described previously (Majka et al., 1997a). Plasmid pGEX-
DnaA(BD), encoding the fusion protein GST-DnaA(BD), was
transformed into E. coli AG115. Cells were grown for 3 h at
37 °C to an ODy;, of 0'6 in the presence of 100 pg ampicillin
ml™ and then induced with 0:5 mM IPTG for 15 h. After
centrifugation (5000 g, 4 °C, 10 min), cells were resuspended
in lysis buffer (50 mM Tris/HCl, 100 mM NaCl, 1 mM
EDTA, 1 mM PMSF, pH 8:0) and degraded by sonification
(five times, 30s each). After centrifugation (30000 g, 4 °C,
60 min), the crude extract was treated with 25 ug DNasel ml™!
(37 °C, 30 min). The GST-DnaA(BD) fusion bound directly
from the bacterial extract to the glutathione-Sepharose beads.
The column was then washed with 10 bed volumes of lysis
buffer. The DNA, digested with restriction endonuclease, was
loaded onto the glutathione-Sepharose-GST-DnaA(BD) in
‘low’ salt buffer (20 mM Tris/HCI, 100 mM NaCl, pH 8-0).
After 1h incubation at room temperature, the column was
washed with three column volumes of ‘medium’ salt buffer
(20 mM Tris/HCI, 500 mM NaCl, pH 8:0) to remove DNA
that did not tightly associate with the GST-DnaA (BD) beads.
DNA that remained bound to the beads was then eluted with
‘high’ salt buffer (20 mM Tris/HCI, 2000 mM NaCl, pH 8-0),
followed by 2-propanol precipitation. The DNA was re-

suspended in TE buffer (10 mM Tris/HCl, 1 mM EDTA,
pH 8) and analysed on an agarose gel.

Purification of S. lividans DnaA. S. lividans DnaA was
overexpressed in E. coli WM2121 as a His-tagged protein and
then purified on a Ni**-NTA-agarose column (Qiagen) as
described previously (Majka et al., 1997b).

Surface plasmon resonance. The biotinylated double-
stranded oligonucleotides were immobilized on a streptavidin-
coated SM 5A chip of the BlAcore apparatus. Usually,
100-250 RU (resonance units) of DNA was immobilized.
DNA loosely attached to the surface of the chip was removed
with 0-05 % SDS. To exclude the effects of mass transfer on the
kinetics of protein-DNA interactions, the measurements were
performed at various protein concentrations (17-4-174 nM)
and at three different flow rates (2, 5§ and 10 ul min™). The
calculated kinetic constants did not differ significantly. Thus,
the subsequent measurements were performed at a continuous
flow of 2 pl HBS buffer min~! (HBS buffer: 10 mM HEPES,
pH 74, 150 mM NaCl, 34 mM EDTA, 0-005% BIAcore
surfactant P20). At the end of each cycle, bound DnaA was
removed by washing with 0:05% SDS. The BlAevaluation
version 2.1 program (Pharmacia Biosensor) was utilized for
data analysis.
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RESULTS AND DISCUSSION

Cloning of the oriC regions of S. antibioticus and S.
chrysomalius

Comparisons of the deduced amino acid sequences of
DnaA and DnaN from several bacteria, including S.
lividans, showed two highly conserved motifs in the
respective C- and N-terminal regions. Two correspond-
ing degenerate primers were deduced and used to
amplify a DNA fragment (~ 900 bp) from total S. anti-
bioticus DNA. The fragment was cloned into pUO9090
to yield plasmid pUSA1 (Table 1). Hybridization with
totally digested chromosomal DNA proved that the
cloned fragment was derived from S. antibioticus (data
not shown).

To isolate the oriC region of S. chrysomallus, a library
of its genomic DNA in the cosmid vector pV34 (Pahl et
al., 1992) was hybridized with a 1-2 kb BamHI-Sphl
fragment encoding the C terminus of S. lividans DnaA
(Zakrzewska-Czerwinska et al., 1994). From 12000
colonies, eight positive clones were obtained. Within
each of the cosmids a 4-2 kb BamHI fragment hybridized
with the dnaA probe and cloning of this BamHI
fragment in pBR322 gave pBSCl. Sequence analysis
allowed the identification of the 3’ end of dnaA and the
5" end of dnaN. A 1:2kb BamHI-Sacl fragment of
pBSC1 containing the intergenic region between dnaA
and dnaN (putative oriC region) was subcloned into
pBluescript II SK(+), resulting in pBSC2. Hybrid-
izations with three selected probes from the oriC region
indicated a moderate homology among the cloned oriC
regions (data not shown).

Comparisons of the oriC regions

The nucleotide sequence of the cloned putative oriC
fragments was determined on both strands and subjected
to computer analysis. The overall GC content of the
analysed regions of S. antibioticus and S. chrysomallus
is about 65% and 63 %, respectively (Table 2), and is
thus, as in the S. lividans oriC region, approximately
10% lower than the mean GC content of known
Streptomyces genes. The oriC regions of S. antibioticus
and S. chrysomallus were flanked by dnaA and dnaN
which are separated by 909 and 921 bp, respectively. A
search for DnaA box motifs whose sequences differ up
to 2 nt from the preferred sequence (TTGTCCACA)
(Zakrzewska-Czerwinska & Schrempf, 1992) allowed
identification of 19 putative DnaA boxes in each

analysed oriC region (Fig. 2). Previously, 17 DnaA boxes
had been identified within the 07:C region of S. coelicolor
A3(2) and S. lividans (Zakrzewska-Czerwinska &
Schrempf, 1992); the 9th and 13th DnaA boxes had not
been found (Fig. 2). The position and orientation of each
of the 19 deduced DnaA boxes are identical in S.
antibioticus, S. chrysomallus and S. lividans (Fig. 2).
Only the distance between DnaA boxes 9 and 10 in §.
antibioticus is shorter (2 bp) than in S. chrysomallus and
S. lividans (12 bp). Alteration of the spacing between
DnaA boxes inactivates replication activity of the E. coli
origin. It is interesting that only mutants with an
insertion or deletion of 10 bp (close to a full helical turn)
between the DnaA boxes R2 and R3, or R3 and R4
retain a functional oriC (Woelker & Messer, 1993). In
contrast, point mutations in the DnaA boxes of E. coli
oriC sequence have a comparatively slight effect on
replication (Langer et al., 1996). Thus, the location of
the DnaA boxes with respect to the helix axis is
apparently important. The short stretches of DNA
flanking the individual boxes are more variable (about
60 % identical) in the corresponding regions between the
three Streptomyces species.

The 57 DnaA boxes were used to determine the
consensus sequence (T/C)(T/C)(G/AC)TCCACA (pre-
ferred bases in bold) (Table 3). The consensus sequence
of the Streptomyces DnaA box is more variable than in
other bacteria, similar to Mycobacterium (Salazar et al.,
1996). As in other organisms, bases in positions 4 and 6
of the Streptomyces DnaA boxes were found to be
highly conserved. C-5, A-7 and C-8 were also well
conserved, in contrast to the third position which is the
most variable.

Following the interaction of DnaA with DnaA boxes, a
local unwinding occurs at specific AT-rich sequences,
characteristic for a replication origin (Bramhill &
Kornberg, 1988; Gille & Messer, 1991; Hsu et al., 1994).
The partially unwound oriC then presumably provides
the entry site for the replicative helicase. In E. coli, three
AT-rich 13-mer direct repeats are localized in the 5 part
of the 07iC region close to the first DnaA box. B. subtilis
DnaA-mediated unwinding occurs in an AT-rich 27-mer
adjacent to the DnaA boxes that are located downstream
of dnaA (Moriya et al., 1994; Krause et al., 1997). None
of the three Streptomyces oriC regions contains the AT-
rich repeats adjacent to clusters of DnaA boxes. How-
ever, each of the Streptomyces regions contains five

Table 2. Characteristics of the Streptomyces dnaA-dnaN intergenic region (oriC region)

Species No. of DnaA GC content Length of oriC Sequence similarities in the
boxes (mol%) region (bp) oriC region (%)
1 2 3
1. S. antibioticus 19 652 909 100 60 59
2. S. chrysomallus 19 63:0 921 60 100 63
3. 8. lividans 19 632 934 59 63 100

1285



D. JAKIMOWICZ and OTHERS

"35udNbBs SNSUISUOD "“UOD) !SUePIAY *S “|'S !SnjjewosAiyd s Y-S !SNdoIgrue s “e's “Neup Jo pud

LS 8y a1edipui saxuanbas ayy 4o pus ay} 1e saxoq Aa.6 duep sy ‘yeup jo pua g Yyl a1edipul saxuanbas ayl o Lels ay) 1e saxoq Aa.b 1ybi| ay] "pjoq ul ase suoibai
You-1V "s1919| [euded Ul UMoys aJe saxuanbas a3yl 4O 934y} JO OM] UJ [ed13USp] die YdIYm saseg "slop AQ pajedipul ale sdeo ‘(smole pue saxoq dejq) paiedipul

aJe $dX0q yeu(q 3y} JO suoneiluao pue suoiisod ayj (Do) uoibas djuabiajul yeup—yeup sadAwoldadls syl jo

DIOWD 29— -0 DAL JALOYD DD IALOALD WO VALOIUL D DODIOHOIL O IWOIDVIND

909¥D ED3IS) DD6LOILHID DD IOLOILD W ¥OLOIALD H99IoeaL HL IWIDOWI96D

5B 530006®D DAL OO HYD HIDDOEHOLD W YDLODML S D ODIHOILDHL DVODEYIOVD

eD oW obebe eboe 6OLOVO HIDOILOOID W YOLOOHULD D99I9HALOL BwooovIowd
006 198

YL 0K 20~L0 ¥ IR IWI0D 0D [Rr e r LRI PR RN AOVO OW VD DOSLIIVOLD

W1 OEDDBB 1D W I IOVIDD Db fmigenskaidiiloesenbug o0y DWW ¥ 969LIIVD0D

YO DN D0R LD ¥ IS IOV1DD DoeEeEieRtdiitonrtenn o0y DWW YD 9DOLIIVOLD

VI D D0910 VI IOVIND Db pepemieiiihoertenh @il oo69 0vb 63 H09100Y¥OLD
0sL ¢ ¢ ToL

8T LT

I9IDI-0-2 I92LOVYOWD 96D LOOI9D0 W 99D LIN ¥ ¥ L1999 L0 FEaRel iz 1000

19 LD 93030 DHALOYVIWD D99 I0OD99D WO DO ION Y ¥ 1999 LokasiaseoldoM 200

I9 1D 19390 JSELOVYOWD 959 IOODOED WO 999 10N V ¥ 1999 LIOKEEeaNsoMon 100

I9 120 156363 D O0L OWYOYD HED IODDEDD WO D99 IO ¥ ¥ 1999 O Dk BERahaM 000
009 1SS

I
2T
20 ~— == DD OOIND WO VIOV -09 OB REIF AR V-- VDD

[S 9!

W YOOIV B Dlspeloki R Alloe 23370639
YO YO0I680 9 DjslermlohiRARO] ¥60316069
Lakenlol 2815 0OvD 01D 1 pliklilietens]

920 eD9H LOVD
D20 9eD LOYD
200 ooeebby

[ENE)

I ¥D- SOLALLY
WER JOLOLIO
YR 20LOLIO
¥ JOL RLLO

09 ¥ 20090 I -2099-090
93 6o¢ 56530 D2093R D
29 Y0 3009® b exp 393096
B9 ¥ 0or9OD D B 990 3eD

LB -0D0~09
120 003ebo
b 00300
169 665 5600

209-22LE0 D 999-00-090 IODDINWIDIAL
D 9200153 D 9Oe DIV EE 1999300000
66 95e001200 99 06RIHD 9099¥IDIIL
095666603 9996008090 199e¥H3ID0L

0ST T0T

saouanbas apnoapnu jo juswublyy -z B4

~= ====D0---D D--OY--VID -0--0O¥--- ---D9---~¥ -DOSYYOIVO IVOVDI-HO9D ¥V--909990-
Emmmes eedbodbben Heooyorydn 6ooboyobe Hobooeobey BODOYYOIVD OWOVIIDOOD ¥ORHIHDODE
EEESEREEIEN 500 119 D0Dboybbyoo eDeedoybob ebogsbeoby 00DOVWDOWD OYOYIOIDOHD S30HEsDHed
o SR e T L] i TR T e pRrEmes 5003369006 ybbepoeeoe
186 T06
OYODDII0WOL LOVODIALOD LID-290-¥O DD099--DIL 92099010 SRR IEIRRDOO D99IOVYOIL IIDIAIVYDD D-I9VLIOVD
BYODD00¥D L LOWHDRILDD ID0BJ9D0YD D009965301 009901 Rotahtohdon ) 09995YYDOL 13DDILYWDD Obeoybeoys
OVWODDDOWDL IOV9H000693 103Borebon 5DIDO0EHDL HODEDOLIEMERSHIRN00 999 1OWYDDL 1ODBIIYYDD BODOVLIOYD
HYDOIDIWOL LOWHDODIOD IDDOD90'YD 0002986900 5D *99 01O ReRGEMERN09 999IOWYD L IDDDIIYYOD DIDOYLIOYD
T08 —_— ISt
YYD Y010 S ozl el deele]
OVDOYIVIDD
VOVOOIO OeJer35) orfecte]
Y3 VOOLO OeJRon) e senle]
9T
OLIODI-99L OOWVIIVIVD IODDOYYYOL SYOSIDI9ID WOLALODI-D WOVY-DIWYD 99DILO ks
DLID93IVO9L 29D66DOVOYD I9I°DYY YOI OYDIIDI9ID ¥OI6LD206D HovbIDOYYD 99)1IOikeke)
HLIHDIIVOL DOYYIOVIYD IDIDDVYYOL HYDHO0I900 ¥IIOLIODED WOWYODIWYD 9D90OIOmeks]
91I1990e9ED HOYYOINOVD IDDOOWYYOL HYDOIHDOID ¥DIIOIDIOD YOWVEDINYD 99011OimEm)

T0S

F1L1v9009L0 DOLOOVILOD YIIDOVIIVD O-DV-VOLOHD
BL1Y99391D DOD1L99YIOL9D ¥OP99¥DIVD Ienbbvorono
PIIVOD9915 BOHLOOYOLHD VYID9DYIIVD DIDYIWDO0D
plevDon91D DD2BOHYILD WOOROPDIVD D6HWOVDHLDD
ToE
14
- YY9990LL ¥O- 000D -~ ~=-I8L099-D -~INDIIIOL D90--0-IKD 9--HD0009~ --1IDDOD~~- -DI-DDHI-D
36y0099011L WO 90009083 31669075000 SLWEDDLISL 0909363003 930HHOEIDD ** IDDHOIED D3IDIDODDDD
eebyooool WO 00099 ebe 9309109930 BELWNDILIOL 09086D20YD 9e319o0009e ebioes)yDbe ©9393931066
53yvooobil ¥ 06629635 62335625960 6Faw@aLIOe 3966006byn 066096096 Hoebooboh Booesnnbin
T0Z TST
T

=09--LLLDD --9999-99) D0IIO0D--0 DL-IW~OO¥D ID-0D90D-- ~-DJ===—== =—m====c=m mmmmmomm e emoo

3800011100 D29999600) DebbHIDIPD HobbyeHOWD 1960080000 ebOEHD

6593311133 °6099e009R 6)D1D600ED SILOOWHHIYD I9DI0090D ErEmTTIIET e z T
2096eb6100 1392998990 DDIIDOOHE6 HI3D33006e 19500090966 Hoyn30303e 6665530606 HHoe3003103 50690boobogm
s T

1286



Initiation of replication of the Streptomyces chromosome

Table 3. Frequency of nucleotide usage in Streptomyces DnaA boxes

Nucleotide No. of times used in position no.:*

1 2 3 4 5 6 7 8 9
A 1 0 9 1 2 1 55 0 41
C 1 10 13 5 51 56 2 57 6
G 5 1 32 0 4 0 0 0 7
T 40 46 3 51 0 0 0 0 3
Consensus
Streptomyces spp. T/C T/C *G, T C C A C A
Mycobacterium spp. T/C T G/A T C C A/C C A
E. coli (a)t T T AT T N C A C A
E. coli (b)t T T/C A/T T A/C C A C/A A
E. coli (c)t T/C T/C A, T A/C C A/G *C, A

* Numbers/letters in bold indicate the preferred sequence.

1 Consensus sequences for the E. coli DnaA box were determined by three different methods: (a)
binding constants measurements (Schaper & Messer, 1995); (b) DNasel footprinting analysis (Fuller et
al., 1984); (c) in vivo analysis of the effects of DnaA on transcription termination (Schaefer & Messer,

1991).

Fig. 3. DNA-binding assay - selective binding of an oriC-
containing DNA fragment using GST-DnaA(BD) beads. Plasmid
DNA (1ug) digested with Sall was bound to the beads.
Fragments were analysed by agarose gel electrophoresis. Lanes:
1, 3, 5, DNA loaded on the affinity column; 2, 4, 6, DNA
specifically bound to the fusion protein and released from the
beads by washing with ‘high’ salt buffer. The analysed DNA
fragments were from S. antibioticus (lanes 1, 2), S. chrysomallus
(3, 4) and S. lividans (5, 6). Lanes M, standard size markers
(Boehringer VI).

short AT-rich sequences that are located close to the 5’
end of the first DnaA box (positions 191-199), between
the 1st and 2nd boxes (230-245), between the 2nd and
3rd boxes (269-282), between the 6th and 7th boxes
(371-378) and following the 16th box in the 3’ flanking
sequence (678—684) (Fig. 3). Repeated attempts to
determine DnaA-mediated unwinding of o7iC, using
permanganate footprinting, have been unsuccessful
(data not presented). S. lividans DnaA differs from the

corresponding E. coli protein in its acquisition of an
additional stretch of 120 predominantly acidic amino
acids in domain II (Majka et al., 1997b). It remains to be
elucidated whether the acidic domain II interacts with
putative accessory basic proteins which help in the
unwinding of oriC.

The S. chrysomallus minichromosome replicates in S.
lividans. However, similar to the minichromosomes of
S. lividans, B. subtilis and Mycobacterium tuberculosis,
it is unstable and present only in low copy numbers.
This apparent incompatibility could be caused by the
competition of the same replicons for DnaA. Thus, as in
B. subtilis (Moriya et al., 1994), the initiation of
Streptomyces oriC replication appears to be tightly
controlled.

Interaction of DnaA with DnaA boxes

To test whether the previously characterized S. lividans
DnaA protein binds to the cloned Streptomyces oriC
fragments, a recently described DNA-binding assay was
performed (Majka et al., 1997a). The fusion protein,
consisting of the BD of DnaA and GST, was fixed to
glutathione-Sepharose beads and its specific interactions
with the cloned o7iC fragments were tested (Fig. 3). Each
of the cloned DNA fragments of S. antibioticus and S.
chrysomallus, as well the previously characterized oriC
of S. lividans (control), was selectively bound to the
GST-DnaA(BD) fusion protein.

His-tagged S. lividans DnaA (Majka et al., 1997b) was
investigated for its binding properties with respect to
various DnaA boxes. To evaluate the interactions of
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Table 4. Kinetic rate constants for the binding of DnaA to DnaA boxes

TTGTGCGATATAGTTCTCCGA

Nonsense box

DnaA box* Sequence (5'-3")t Kinetic constants}
k, (M's) k(s K, (nM)§

Lynan = Goric GAGACACTTGTCCACACAACTTG 12x10% 14x10° 12
24nan GAGACACTGGGGACAACAACTTG - - -
2onic GTTTTTTCCGTCCACACCTTGGG 50x10° 39x10° 78
4, GTGGATTCGTGGACGAAGAAATG - - -
Soric GTGGATTATCTCCACAAGAAATG 63x10° 2:0x107 32
10,,:c CACCAGCTTCTCCACATGCCTGT - - -
126 GTTGGGCTGTGGGAAACGTGGT - - -
17 ic AACGAGGTTATCCACGGTATCCA - - -

* The numbering of DnaA boxes is derived from the oriC region according to Fig. 3; the promoter
region of the S. lividans dnaA gene contains two DnaA boxes: 1,,,, and 2, , (Zakrzewska-Czerwiriska

et al., 1994).

1Bold letters indicate the region of specific recognition (DnaA box).

$—, non-specific binding (K, > 200 nM).
Ky = koﬂ/ k'on'

DnaA with individual DnaA boxes, as well as possible
effects of adjacent DnaA boxes, surface plasmon res-
onance (for review, see Bondeson et al., 1993; Malm-
qvist, 1993) was used. The major advantage of this
technique is that protein-DNA interactions can be
monitored in real time. Association and dissociation
constants are subsequently recorded in the same ex-
periment. A gel retardation assay is hampered by the
need for recording a rapid reaction with a small number
of data points. A technical difficulty is the lag time from
loading of the sample onto the gel to the separation of
free and bound reactants (Bondeson et al., 1993). In
contrast to surface plasmon resonance, gel retardation
assays do not provide a real-time picture of the
association events.

Oligonucleotides containing single DnaA boxes were
synthesized (Table 4) and constructed in such a way that
the DnaA box was flanked either on one side (4,
Soric> Lanaa/6orics 2anaa) OF O both sides (251405 104pic,
12505 17 ric) by corresponding sequences from oriC or
from the dnaA promoter. As a control for non-specific
binding, a duplex oligonucleotide with a scrambled
consensus sequence was included (Table 4). The oligo-
nucleotides were then treated with varying concen-
trations of DnaA. The kinetic parameters for the binding
of DnaA to the DnaA box were deduced from senso-
grams (Fig. 4 and by similar experiments) using the
BlAevaluation version 2.1 program. The shape of the
sensograms for the scrambled oligonucleotide was not
dependent on DnaA concentration {data not shown).
The curves obtained for the scrambled oligonucleotide
were subtracted from the curves obtained for the
oligonucleotide containing the DnaA box.

All sensograms were monophasic and could therefore be
assumed to follow a pseudo-first-order kinetic model.

2500
2200
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1300 F
1000
700
400
100
-200
-500

Relative response (RU)

—

1 | IS N NN NS S NN TR NS S

P} 1 L
200 400 600 800 1000 1200 1400 1600
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TYT Y1 "rvrr

]
1800

(=]

Fig. 4. Plasmon surface resonance studies. Sensograms obtained
at different concentrations of DnaA interacting with a DNA
fragment containing DnaA box 14,.4/6.ic- The biotinylated
double-stranded oligonucieotide was immobilized on a
streptavidin-coated chip of the BlAcore apparatus, as described
in Methods. From bottom to top, the concentration of DnaA
was 17-4, 433, 87, 108 and 174 nM, respectively.

The apparent k., and k., rate constants were de-
termined from the association and dissociation curves,
respectively. k., and k,, were calculated by fitting the
data to the equations R = Rge*t®™% and R =
R,y[1—e ®onCthod¢~t] where R, is the initial response,
R, is the response at equilibrium and C is the molar
concentration of protein in solution (BIAevaluation
software handbook, 1996 ; BIAcore). Since the response
is directly proportional to the concentration of com-
plexes formed, the response value (R) may be used
without conversion. The kg, and &k, values obtained at
different protein concentrations did not vary signifi-
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cantly. The equilibrium dissociation constant, Ky, was
calculated as the ratio between dissociation and as-
sociation rate constants (R /R.,) (Table 4).

Only three of the eight individual DnaA boxes analysed
(2orics Sopic and 14, 4 /6,ric) €xhibited specific binding of
DnaA; the Ky varied between 12 and 78 nM (Table 4).
Similar values were obtained by mobility shift assay
(data not shown). The DnaA box with the ‘perfect’
sequence (TTGTCCACA) showed the highest affinity to
DnaA (12 nM). DnaA boxes 24,45 4orics 12pic and
17ric» Which differ from the consensus at highly
conserved positions (4, 7 and 9), were not recognized
specifically by DnaA, i.e. the Ky was >200 nM. DnaA
box 10,,,c was not bound specifically by DnaA, despite
the fact that its sequence differs by one base from the
consensus at the most variable third position. Different
techniques were employed to define the consensus
sequence of the E. coli DnaA box (Table 3). Having
determined the equilibrium binding constant by gel
retardation, the consensus sequence TT(A/T)-
TNCCACA was stringently defined (Schaper & Messer,
1995). It corroborates the fact that the DnaA box 10,
(C is at the third position instead of A or T) was not
specifically recognized by DnaA.

Future studies are planned to elucidate the initiation of
replication of Streptomyces oriC, which is more com-
plex than the corresponding process in E. coli.
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