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The dnaA gene region of Streptococcus pneumoniae was cloned and
sequenced. A tRNA gene, seven ORFs and three DnaA box clusters were
identified. The order of the genes and intergene regions found was tRNAArg-
orf1-DnaA box cluster 3-htrA-spo0J-DnaA box cluster 2-dnaA-DnaA box cluster
1-dnaN-orfX-orfY. Five ORFs are homologous to known bacterial genes. The
tRNAArg gene and orf1, also called orfL, have already been described in
pneumococci and have been reported to be preceded by the competence
regulation locus comCDE. In Escherichia coli, htrA encodes a serine protease. In
Bacillus subtilis, spo0J plays a role in sporulation and partition. dnaA encodes
an initiator replication protein, very well conserved in several bacteria and
dnaN encodes the β subunit of DNA polymerase III in E. coli. The function of
orfX is unknown. The N-terminal part of another reading frame, orfY, revealed
high homology with a GTP-binding protein. DnaA box clusters were found
upstream and downstream from dnaA. The presence of two such clusters
suggests that the chromosomal origin of S. pneumoniae is located within this
region. The position of dnaA, and therefore the putative origin of replication,
were localized on the physical map of S. pneumoniae.
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INTRODUCTION

The DnaA protein is the essential initiator of chromo-
some replication in eubacteria. It recognizes the rep-
lication origin by binding to 9 bp sequences known as
DnaA boxes with the consensus sequence TTAT-
(C}A)CACA (Ogasawara et al., 1990; Ogasawara &
Yoshikawa, 1992; Fujita et al., 1990, 1992; Schaper &
Messer, 1995). The interaction of the DnaA protein with
the DnaA box plays a central role in the initiation of
chromosome replication. Different organization around
dnaA genes has been reported in several species (Zweiger
& Shapiro, 1994; Richter & Messer, 1995). However, at
least six genes, rnpA, rpmH, dnaA, dnaN, recF and
gyrB, are conserved in Escherichia coli and Bacillus
subtilis (Ogasawara et al., 1985). Even Mycoplasma

.................................................................................................................................................

Abbreviation: SD, Shine–Dalgarno.

The GenBank accession number for the sequence reported in this paper is
AF000658.

capricolum, a species with a genome size of approxi-
mately 700 kb, has at least two conserved genes
dnaA :rpmH and dnaN (Ogasawara & Yoshikawa,
1992). DnaA boxes are located near dnaA in several
bacteria or elsewhere in bacteria such as E. coli or
Synechococcus sp. (Liu & Tsinoremas, 1996).

Streptococcus pneumoniae is a pathogenic bacterium
responsible for a high level of mortality in patients of all
ages. Therefore, it is important to know how its
replication is regulated. We have constructed a physical
map of the S. pneumoniae chromosome showing that it
is circular and 2±2 Mb in size (Gasc et al., 1991).
However, the origin of replication has not yet been
determined. The aim of this work was to clone and
sequence the dnaA gene and the neighbouring genes in
this bacterium. The dnaA region was localized on the
physical map of the chromosome. The sequence of
approximately 6000 bp around the dnaA gene is pre-
sented showing seven ORFs, including dnaA and the
tRNAArg gene. A comparison of the predicted amino
acid sequences from these ORFs with known gene
products from other species is given. Several DnaA
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boxes were identified downstream and upstream from
dnaA, defining a putative replication origin.

METHODS

Bacterial strains, growth conditions and DNA preparation.
The pneumococcal strain used in this study is a derivative of
R6, called 801 (Lefe' vre et al., 1979). The culture media have

Table 1. Primers used to sequence the insert
.....................................................................................................................................................................................................................................

The primers in the upper part are localized on one strand; the primers in the lower part are on the
complementary strand. T45, B39 and B40 were synthesized using fragment A containing part of the
dnaA gene. T31 and T70 were synthesized using the sequence of a λ Zap clone determined from T3
or T7 universal primers.

Primer Sequence (5«–3«) Localization

T31 GGG GAA TCC CTG CTG AAT CGT AAA 127

T32 CCT TAT CTG GTG TTT TTT CAT C 456

T33 CAC AAT TTC AAA AGA GTT ATC CA 670

T33a CAG TAA TTC AAA CAT ATG GAG GC 750

T34 GGC TGT TAA CAA AGT AAA AGA TGC TG 965

T35 CTT TCT CTG ATA TTG CTG TCG CC 1222

T36 CCT GCA AAT GAT GCT ATC 1581

T37 GCT TTG GGA ATC CAG ATG G 1644

T38 CGG GAA AGA AGA AAC TAC CTC 1898

T39 CAA GAG ATG ATG GTC CCA GTC C 2265

T40 CAA CGG ATT ATG AAG AAG AT 2541

T41 CTA TCT AAA AAA GGC AG 2691

T42 CTT GCT ATC TAT GGT AAA ATA TC 2924

T43 ACA AGG TGA AGA AGC TAC AA 3250

T44 AAC GCT ATT GGA AAT GAA ATT C 3482

T45 AAC AGA TTG TCC TAA CGA GTG ATC G 3723

T46 GCC CGT CAA GTA GCC ATG TA 4163

T47 CCA CAG ATT TCA CAG ACT C 4439

T48 GGT TCG ATC CTT CTT GAA G 4723

T49 GCC GTT CTC TAC GCG AAT TTT CA 5120

T50 GGT TAC TGG TGA AGA TTT G 5463

T51 GGT AAA AAG GCT AAT CGT TGG 5771

T70 AAT AGT CGC AAA TGG GTA G 6096

T71 CAT ATC GCC CCA TCA TGA CAA C 5867

T72 GTA AAT GGA CGA ACA GCT GAG 5579

T73 GTT GGA ATC AAG CGA TCT G 5279

B36 GGG TAA TTT CTG ATT TGC CAC TGG 4849

B37 GTA ATA TTT AAT GCT TGT AG 4559

B38 CCC CCA AAT TCC TTC CC 4239

B39 AAT ACA TGG CTA CTT GAC GGG CC 4184

B40 CGT GAC AAG CCT CTC CTC GAG CCC 3790

B41 AGT CTT ACC AAG GCC TGG 3472

B42 GTG GGG TGT TAT TTC AGC G 3214

B43 CAC AGG TTG GGG ATA AAA GAA GA 2873

B44 GCT GTT TCT TTT GTT TTT TCT 2616

B45 GGG TGA ATC GGC CTC TAC GAG 2371

B46 CAC ATC TTT TCT CTT ATG TAA AGC 2002

B47 GAA TAT TGA GTC TTC TGA TGT CGC 1710

B48 CAT ATT CAG AAC CTA ACG GGC 1353

B49 CAG TAT CAT CAT TCC CAA AGA CGC 1053

B50 GCC TCC ATA TGT TTG AAT TAC TG 772

B51 GGT ATC GCA GAG TAT TCC AAA ACG 540

been described elsewhere (Claverys et al., 1980). Cultures were
incubated at 37 °C without aeration. Preparation of DNA and
transformation procedures have been described previously
(Martin et al., 1985; Gasc et al., 1995).

Determination of the nucleotide sequence. The fragments
used are described in the text. The PCR fragments were
obtained using the Tub polymerase from Amersham by 25
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Fig. 1. Position of the dnaA region in the physical map of the
S. pneumoniae R6 chromosome. The outer circle represents SmaI
fragments, the middle circle ApaI fragments and the inner circle
SacII fragments. Spaces between fragments indicate contiguity
has not been established.

cycles of 30 s at 94 °C, 2 min at 56 °C and 1 min at 72 °C
following the manufacturer’s recommendations. The frag-
ments were purified using the Wizard Purification Kit
(Promega). Sequencing was done using the Circumvent
Thermal Cycle Sequencing Kit (Biolabs) or performed at Euro
Sequence Genes Services, Evry, France, on an ABI377 Se-
quencer using the PRISM Dye Terminator Cycle Sequencing
Ready Reaction Kit with AmpliTaq DNA polymerase (Ap-
plied Biosystems). Oligonucleotide primers and their positions
are listed in Table 1.

Electrophoresis and hybridization. outhern blot hybrid-
izations (Southern, 1975) were performed essentially as
described by Sambrook et al. (1989). Field inversion gel
electrophoresis has been described by Kauc et al. (1989).
Fragments were labelled by the Megaprime Labelling Kit
(Amersham).

Table 2. Genes of the insert

Gene Localization Size of the Putative promoter Putative SD

of the gene protein (aa) sequence*

Consensus TTGACA TnTGnTATAAT UAAGGAGGUG

tRNAArg 72–1

orf1 or orfL 594–115

htrA 765–1955 397 gTGtaA TaaGtTATAAT GGAGG (5)

spo0J 2016–2771 252 TTGACA aagctTtacAT GTG (7)

dnaA 2987–4345 453 TgGAaA TaTGgTAaAAT AAGGAGG (8)

dnaN 4507–5640 378 TTcACA acTat ATctT AAGGAG (5)

orfX 5707–5899 64 TTGAgc TaTGaTATAAT AAGGAG (6)

orfY 5986–6098 Not known TTagCA TgTGtTATAAT GGAG (10)

insert end

*The number of nucleotides between the SD sequence and the initiation codon is indicated in
parentheses.

RESULTS AND DISCUSSION

Cloning and sequencing of the dnaA region

Degenerate oligonucleotide primers were deduced from
two highly conserved regions of the DnaA protein
(foreward primer 5« GARGARTTYTTYCAYACN-
TTYAAY; reverse primer 5« ACWGTHGTRTGRT-
CYCTWCCWCC). PCR using the degenerate primers
and chromosomal DNA of S. pneumoniae was carried
out as described previously (Richter & Messer, 1995). A
PCR fragment of 531 bp (fragment A) was obtained and
sequenced. The deduced amino acid sequence showed a
high degree of homology to the corresponding region of
known DnaA proteins, suggesting that this fragment
belongs to the pneumococcal dnaA gene. Fragment A,
labelled with [α-$#P]dATP, was hybridized to SmaI,
ApaI and SacII fragments of the S. pneumoniae chromo-
some, separated by field inversion gel electrophoresis.
Fig. 1 shows the position of the dnaA gene on the
previously published physical map of S. pneumoniae
(Gasc et al., 1991).

To clone the region around the dnaA gene, we screened
a S. pneumoniae DNA λ Zap (Short et al., 1988) library
constructed by B. Martin (this laboratory) for the
presence of fragment A. We selected a clone (λ ZapA)
that hybridized with fragment A. To determine the size
of the cloned fragment, λ ZapA DNA was digested with
BamHI and SmaI which cut the polylinker on both sides
of the fragment. A 6 kb fragment was obtained. To
localize fragment A on the 6 kb fragment, we generated
PCR products using the universal primers T3 or T7 and
one of the three primers T45, B39 or B40 (Table 1)
synthesized using the pneumococcal fragment A se-
quence. The localization of fragment A on the insert
indicated that it carries sequences both downstream and
upstream from the dnaA gene.

To determine the start point of the pneumococcal DNA
sequence at both ends of the insert, we sequenced the
PCR products prepared as described above. We syn-
thesized new oligonucleotides (T31 and T70, Table 1)
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Fig. 2. Sequence alignment of four DnaA proteins from E. coli,
P. putida, B. subtilis and S. pneumoniae. The alignment was
done using PCGENE. Division in domains I–IV was defined
according to Yoshikawa & Ogasawara (1991). The ATP-binding
site and DNA-binding domain are shown. Asterisks indicate
identical amino acids ; dots indicate similar amino acids.

based on pneumococcal DNA sequences. The next step
was PCR amplification of pneumococcal DNA from
strain 801 using T31 and B39 primers to generate a 4 kb
fragment. Another PCR amplification using T45 and
T70 generated a 2±2 kb fragment. The PCR sequences
were then determined.

Sequence analysis

Putative ORF, promoter and Shine–Dalgarno (SD) sequences.
Amino acid sequences were deduced from the nucleotide
sequences. We found seven putative ORFs on the λ

ZapA insert (Table 2). A comparison with database

sequences revealed some homologies. The S. pneu-
moniae genes were named according to their similarity
to known genes. In the 6 kb fragment, six putative
promoters were defined using the criteria proposed for
S. pneumoniae by Sabelnikov et al. (1995) (Table 2). The
prokaryotic mRNA ribosome-binding site (RBS) usually
contains part or all of the SD sequence UAAGGAGGU
(Shine & Dalgarno, 1974) and the spacing between the
SD sequence and the initiation codon varies from 5 to
10 nt, as usually observed (Singer et al., 1981; Chen et
al., 1994). According to these criteria, six putative SD
sequences were proposed (Table 2).

dnaA gene. The complete sequence of the DnaA protein
is known for several bacteria. The size of the DnaA
proteins varies from 437 to 656 aa. The length of the S.
pneumoniae deduced DnaA protein is 453 aa (Table 2,
Fig. 2).

The amino acid sequences of four DnaA proteins were
compared (Fig. 2). The level of identity between S.
pneumoniae DnaA and that of B. subtilis, another
Gram-positive bacterium, is the highest (38±8%). The
level of identity with the DnaA proteins of Pseudomonas
putida and E. coli is 33±3 and 32±5%, respectively. DnaA
proteins were divided into four domains with different
degrees of conservation (Fujita et al., 1992). These
domains are conserved in S. pneumoniae. The N-
terminal domain I, with moderate conservation, is
followed by domain II, variable in sequence and length.
The highly conserved domain III contains an ATP-
binding site. The C-terminal domain IV, the DNA-
binding domain (Yoshikawa & Ogasawara, 1991; Roth
& Messer, 1995) is also highly conserved. A TTG codon
was identified near the ribosome-binding site and it
seems the best candidate to be the start codon. The
secondary structure was also conserved compared to the
DnaA protein predicted by Schaper & Messer (1997).
DnaA from S. pneumoniae could therefore be included
among the other proteins of the DnaA family.

The unusual initiation codon, TTG, has also been found
in E. coli and in B. subtilis (Ogasawara et al., 1994)
where it is the third most frequent initiation codon after
ATG and GTG. It is noteworthy that it has been
recently reported that the start codon for dnaA genes in
Mycobacterium smegmatis, M. leprae and M. tubercu-
losis is also TTG (Salazar et al., 1996).

DnaA boxes. The DnaA protein binds specifically to the
DnaA box TTAT(C}A)CACA and closely related se-
quences (Yoshikawa & Ogasawara, 1991; Fuller et al.,
1984; Schaefer & Messer, 1991; Fujita et al., 1992).
Interaction of DnaA with the DnaA boxes of the origin
forms the initiation complex. DnaA boxes have been
identified in the intragenic region flanking dnaA in most
bacteria studied. In S. pneumoniae we found six DnaA
boxes upstream (cluster 2) and three downstream
(cluster 1) of dnaA. This seems to be a common feature
of the chromosomal origins in Gram-positive bacteria
(Ogasawara et al., 1985; Fujita et al., 1989, 1990). Four
other DnaA boxes were localized upstream from htrA in
a non-translatable region (cluster 3). All putative DnaA
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Table 3. DnaA box localization in the insert
.................................................................................................................................................

Cluster 3 is localized upstream from the htrA gene. Clusters 2
and 1 are upstream and downstream from dnaA, respectively.
* refers to DnaA boxes on the complementary strand.
Consensus sequences were TTATC}ACACA on one strand and
TGTGG}TATAA on the complementary strand. Lower case
letters indicate a deviation from these consensus sequences.

Position DnaA box sequence Cluster

631 TTATtCACA 3

686 TTATCCACA 3

698* TGTGTAaAA 3

711* TGTGTtTAA 3

2755 TTATCaACA 2

2806 TTATCCACt 2

2858 TTATCCcCA 2

2870* TGTGGATAA 2

2892* TGTGGATtA 2

2913* TGTGGAaAA 2

4351* TGTGGATAA 1

4380 TTATCCACA 1

4435 TTtTCCACA 1

boxes are listed in Table 3. In B. subtilis a DnaA box
region is also located about 3 kb upstream from dnaA.
Another common feature of bacterial replication origins
are AT-rich regions adjacent to DnaA boxes. These
regions have been identified. This argues for the
localization of the replication origin of S. pneumoniae
near any one of the three clusters of DnaA boxes.

Gene organization around dnaA

Fig. 3 shows the genes and their organization in the 6 kb
fragment containing the dnaA gene. The first nucleotides
on the left of this insert (1–71) are identical to a
pneumococcal sequence reported by Pestova et al. (1996)
who designated it as a tRNAArg gene. Only the last 2 nt
of the gene are missing. This gene is followed by orfL,
also named orf1. Interestingly orfL and tRNAArg are
preceded by the competence locus comCDE (Pestova et
al., 1996; Cheng et al., 1997).

The gene immediately to the right of orfL is a gene
homologous to htrA of E. coli encoding a serine protease
(Lipinska et al., 1989; Skorko-Glonek et al., 1995). The
active site of this protease contains a serine residue, a
histidine residue and an aspartate residue. The hom-
ology is especially striking around the active site (Bass et
al., 1996).

Between htrA and dnaA, separated by 216 bp, where
DnaA boxes are found, a gene homologous to spo0J
(Mysliwiec et al., 1991) has been identified. The identity
between spo0J of B. subtilis and S. pneumoniae is
42±9%. This gene is required for the initiation of
sporulation and for normal chromosome partitioning
during vegetative growth in B. subtilis (Mysliwiec et al.,

(a)

t orf1 htrA spo0J dnaA dnaN orfXY

600040002000

Cluster 1Cluster 2Cluster 3

(b)
50 100 150

Box 1 Box 2 Box 4
Box 3

Cluster 3

Cluster 2
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Box 1 Box 2 Box 3

50 100 150

Box 1 Box 2 Box 3 Box 4
Box 5

Box 6

.................................................................................................................................................

Fig. 3. Gene organization of the dnaA region of S. pneumoniae
strain R801. (a) Schematic representation of the ORFs deduced
from the nucleotide sequence. The arrows indicate the 5«–3«
direction. The open triangle (t) represents the tRNAArg gene.
Boxes (on the second line) between arrows indicate non-
translatable regions containing clusters of multiple repeats of
DnaA boxes. (b) Clusters of DnaA boxes. White arrows refer to
consensus sequences TTAT(A/C)CACA or TGTG(G/T)ATAA; black
arrows refer to DnaA box sequences that differ by one base
from the consensus.

1991; Ireton et al., 1994; Lin et al., 1997; Glaser et al.,
1997). It is likely that the spo0J product of S. pneu-
moniae, being a non-sporulating bacterium, is required
for accurate chromosome partitioning. In B. subtilis,
spo0J is also upstream from dnaA but separated by 10
genes representing about 10 kb. Another divergence is
the direction of translation. In S. pneumoniae dnaA and
spo0J have the same orientation, whereas they are
opposite in B. subtilis.

A gene homologous to dnaN has been found down-
stream from dnaA and DnaA box cluster 1. The identity
between dnaN of B. subtilis and S. pneumoniae is
42±3%. The gene encodes the β subunit of PolIII, a
component of the core enzyme. This organization of
dnaA, DnaA boxes and dnaN has been reported for
several bacteria and the replication origin is often
located upstream from this gene.

No significant homology was found by searching the
databases with the amino acid sequence of the orfX
product. For orfY only a part of the sequence is known.
The N-terminal sequence of its product is highly
homologous to the corresponding part of a putative
GTP-binding protein of B. subtilis called YyaF. In this
organism the corresponding gene is localized upstream
from spo0J and separated by about 5±7 kb containing
three unknown proteins.
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Conclusions

In this study we have sequenced 6 kb of the S.
pneumoniae genome that includes the dnaA gene. We
have found that this gene is surrounded by several DNA
boxes and is adjacent to the dnaN gene. As this
organization is conserved in several bacteria (B. subtilis,
Streptomyces coelicolor, P. putida and M. capricolum),
we suggest that the origin of replication of the pneu-
mococcal chromosome is also in this region. Another
argument for this proposal is that AT-rich regions have
been observed in this fragment. Computer analysis
shows that there are 14 sequences of 20–33 nt containing
more than 90% AT. They are dispersed in the fragment
with a tendency to occur near DNA boxes. This is a
common feature of a replication origin and might
participate in the destabilization of the DNA helix.

However, organization around dnaA is different in some
bacteria such as Synechococcus sp., where dnaA and
dnaN are not adjacent (Richter & Messer, 1995). The
replication origin has been located near 11 DNA boxes
upstream from dnaN (Liu & Tsinoremas, 1996).

The organization of the genes around dnaA in Strepto-
coccus pneumoniae shares some similarities with that of
other bacteria but is itself unique.

Several genes were identified in this cloned fragment by
their homology with known genes. A serine protease
encoded by htrA has not been described previously in S.
pneumoniae. Several reports suggest that serine pro-
teases are important components of the pathogenic
mechanisms of other intracellular micro-organisms
(Johnson et al., 1991; Braun Breton & Pereia da Silva,
1993; Cameron et al., 1994). It is quite possible that this
serine protease is involved in S. pneumoniae virulence.

The occurrence of spo0J in a non-sporulating bacterium
such as S. pneumoniae suggests that the function of this
gene, reported to act either in sporulation or in septation
in Bacillus subtilis, is primarily involved in the latter in
S. pneumoniae. The proximity of the competence
operon to the putative origin is noteworthy but its
significance is unknown.

Localization of the putative origin of replication in the
physical and genetic map of the chromosome will be
useful for further studies on the molecular genetics of
this pathogenic bacterium.
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