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ABSTRACT

We report the discovery of a group of highly conserved
DNA sequences located, in those cases studied, within
intergenic regions of the chromosome of the Gram
positive Streptococcus pneumoniae. The S.
pneumoniae genome contains about 25 of these
elements called BOX. From 5’ to 3’, BOX elements are
composed of three subunits (boxA, boxB, and boxC)
which are 59, 45 and 50 nucleotides long, respectively.
BOX elements containing one, two and four copies of
boxB have been observed; boxB alone was also
detected in one instance. These elements are unrelated
to the two most thoroughly documented families of
repetitive DNA sequences present in the genomes of
enterobacteria. BOX sequences have the potential to
form stable stem-loop structures and one of these, at
least, is transcribed. Most of these elements are located
in the immediate vicinity of genes whose product has
been implicated at some stage in the process of genetic
transformation or in virulence of S. pneumoniae. This
location raises the intriguing possibility that BOX
sequences are regulatory elements shared by several
coordinately controlled genes, including competence-
specific and virulence-related genes.

INTRODUCTION

Highly conserved, repeated DNA sequences constitute an
important fraction of eukaryotic genomes. By comparison, the
amount of repetitive DNA in prokaryotic genomes appears
considerably lower although significant. The Palindromic Units
(PU) (1), also called Repetitive Extragenic Palindromes (REP)
(2), constitute the best characterized family of bacterial repetitive
sequences. PU are present in about 500—1000 copies in the
chromosome of Escherichia coli and of Salmonella typhimurium

(1, 2). PU sequences consist of a 35—40 bp inverted repeat and
are found in clusters in which successive copies (up to six) are
arranged in alternate orientation. A second family of repetitive
elements, called IRU (Intergenic Repeat Units) (3) or ERIC
(Enterobacterial Repetitive Intergenic Consensus) (4), has been
described. IRU are 124 —127 bp long and are present in about
30—50 copies in E.coli and 150 copies in S. typhimurium (3,
4). Although they resemble PU by several features, the nucleotide
sequence is entirely different and IRU, contrary to PU, appear
to occur singly. Both the PU and the IRU families are similarly
located in non-coding, probably transcribed, regions of the
chromosome and include a potential stem-loop structure.

Several roles have been reported for individual examples of
PU elements. Binding of gyrase (5), of DNA polymerase I (6),
and of an unidentified complex of five proteins (6) to DNA
containing PU sequences supported the notion that these elements
are involved in nucleoid folding (5, 2, 7). Effects on gene
expression through stabilization of upstream mRNA (8, 9), on
translational coupling (10), and on transcription termination (11)
were also documented. Since no single function has been
identified that could account for the conservation of PU
sequences, the question of whether they have a specific function
or represent a form of ‘selfish’ DNA propagating by gene
conversion (12) was raised and is still open. Recently, it has been
shown that each PU cluster contains, besides the PU themselves,
a number of other conserved sequence motifs with a mosaic
pattern of motif combination, hence the name of Bacterial
Interspersed Mosaic Element (BIME) (13). It was suggested that
BIME could belong to several functional classes depending on
the nature of these other motifs (ie specific functions could be
associated with specific motif combinations).

Apart from transposons and insertion sequences, to date none
of the reports of repetitive sequences in prokaryotes concern
Gram positive bacteria (7, 14). In a recent study of the distribution
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of PU (REP) and IRU (ERIC) sequences in eubacteria, specific
probes were shown to hybridize preferentially to genomic DNA
from Gram negative enteric bacteria and related species, but
several species of Gram positive bacteria, including Streptococcus
pneumoniae, failed to yield hybridization signals (14).

In this paper we present the first description of a highly
conserved DNA element located, in those cases studied, within
intergenic regions of the chromosome of S. pneumoniae. We
discuss the possibility that this element has been recruited to play
a regulatory role for several coordinately controlled genes.

RESULTS AND DISCUSSION
A repeated sequence in the genome of S. pneumoniae

In the course of the study of a cloned 6 kb Bcll fragment carrying
the mmsA gene of S. pneumoniae which is involved in DNA
repair and recombination, it was observed that this fragment
hybridizes with a number of fragments from a total chromosomal
digest, in addition to those fragments which cover the mmsA
region itself (Martin, Humbert and Claverys, unpublished data).
The region responsible for these multiple hybridizations was
mapped to a Hpal-Pvull 340 bp fragment located ca 1.5 kb
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Figure 1. Hybridization of S.pneumoniae strain R800 (33) genomic DNA with
the BOX-mmsA fragment probe (A) or the boxB consensus oligonucleotide probe
(B). 1 ug EcoRI (E) or PstI (P) digested chromosomal DNA, electrophoresed
on 1% agarose gels, was transfered (34) on Biodyne B (PALL Industrie s.a.)
membranes. (A): The Hpal-Pvull 340 bp mmsA fragment probe was uniformly
digoxigenin-labeled according to the manufacturer (Boehringer Mannheim) and
used at 10 ng/ml in the hybridization solution. Hybridization was performed in
5XSSC-50% formamide-0.1% N-lauroylsarcosine-0.02% SDS-5% blocking
reagent (Boerhinger Mannheim) at 30°C for 18 hrs. Membranes were washed
at room temperature twice for 5 min with 2xSSC-0.1% SDS, then twice for
15 min with 0.1xSSC-0.1% SDS. Digoxigenin nonradioactive detection was
performed as recommended by the supplier (Boerhinger Mannheim). (B): 2.5
pmol of the 22-base boxB oligonucleotide [sequence as follows:
5'-TAT(C/T)T/C)ACA(A/G)(C/T)(C/G)TCAAAA(C/T)AGTG-3'] was end-
labeled with 2.5 U T4 polynucleotide kinase (Bethesda Research Laboratory) and
2.5 pmol [«->?PJATP (5000 Ci/mmol; Amersham) as described by Maniatis et
al. (34). Hybridization was performed in 6XxSSC-10XDenhardt’s reagent
(34)-0.1% SDS-1% blocking reagent (Boerhinger Mannheim) at 40°C for 20
hrs. Membranes were washed at room temperature twice for 5 min. with
6XSSC-0.1% SDS. Autoradiograms were exposed on Trimax (3M) film with
an intensifying screen at —75°C for 45 hrs. In both (A) and (B), membranes
were prehybridized for 1.5 hrs at the hybridization temperature.

dowstream from the mmsA gene. When used as a probe, this
340 bp fragment hybridized to ca 25 different chromosomal
fragments (Fig. 1A).

DNA sequencing of this 340 bp fragment revealed the presence
of four direct repeats of a 45 bp segment (boxB in Fig. 2). A
computer search of the EMBL DNA sequence database (release
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Figure 2. Schematic diagram (not to scale) showing the organization of BOX
sequences and their position relative to identified flanking genes or orfs and their
transcriptional signals. BoxA, boxB, and boxC are indicated by black-, open-,
and shaded-rectangles, respectively. Each copy of boxB at the same locus is
numbered (below the line) for identification in Fig. 3. Leftside and rightside BOX
elements in the asp$ fragment are referred to in Fig. 3 as I and I, respectively.
Coding or putative coding regions and their direction of transcription are denoted
by open rectangles with an arrow. Vertical bars with an open circle on top denote
a proposed rho-independent terminator. The lyt4 promoter is indicated by a vertical
bar with an open square. Distances between coding regions, elements, and
transcription initiation and termination proposed signals are indicated in bp above
each line.
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Figure 3. Alignment of BOX sequences. Sequences of boxA (top), boxB (middle),
and boxC (bottom) which are presented separately for convenience are directly
adjacent at each locus. Sequences are labelled as in Fig. 2 and in Table 1.
Nucleotides are shown in lower case where they do not match the consensus.
The consensus (cons.) is based on the nucleotides present in at least 50% of the

sequences. Nucleotides present in all sequences are boxed. The Asull site is
underlined in the consensus.



17; all entries) using the FASTA program (15) (with a word size
of 6) identified a unique sequence that showed a high degree of
similarity to this 45 bp repeat. This sequence is located on the
lytA fragment of S. pneumoniae, immediately upstream of the lytA
gene. A similar sequence was further identified in the center of
a 150 bp region of high homology between hexB and comA
upstream regions. Comparison of DNA sequences surrounding
the 45 bp repeats in the mmsA fragment with that in hexB and
comA revealed that both 5’ (boxA, 59 bp) and 3’ (boxC, 50 bp)
flanking regions were also highly conserved. The whole element
(including some combination of boxA, boxB, and/or boxC) was
named BOX. A region of the comA fragment has been reported
to hybridize to 6 to 10 different fragments of the S. pneumoniae
chromosome (16). The multiple hybridizing sequence (MHS) was
tentatively located to the left of the Asull site upstream of the comA
gene (17). Our observations suggest that this MHS is indeed BOX
and that it is located immediately to the right of this Asull site
which is part of boxA (see Fig. 3).

A DNA sequence containing four direct repeats of 45 bp was
also detected in the course of the sequencing of the neud gene
(Camara and Boulnois, unpublished data) which encodes one of
the two neuraminidase genes (18). Direct sequence comparison
revealed that the mmsA fragment and the neud fragment were in
fact overlapping (Fig. 2). Similar sequences were further identified
on a cloned fragment possibly containing a penicillin-resistance
determinant (Guenzi and Hakenbeck, unpublished results). This
fragment, aspS, harbors two copies of BOX that are ca 2.5 kb
apart, each of them containing a tandem repeat of boxB (Fig. 2).
Finally, a BOX element was also identified 386bp downstream
of the ply gene (Walker, Mitchell and Boulnois, unpublished data)
which encodes pneumolysin (19). The organization of BOX
sequences and their position relative to the flanking genes are
shown in Fig. 2.

Definition of the consensus and number of BOX elements

The existence of BOX elements containing either boxB alone (lytA
locus) or a variable number of tandem repeats of boxB (mmsA
and aspS fragments) suggest that boxB is the basic element around
which the modular structure of BOX is organized. The alignment
of all BOX sequences (Fig. 3) revealed a very high degree of
sequence similarity for each subunit (above 90% for the entire
BOX element, Table 1). The consensus BOX element is
constituted, from 5’ to 3’, of three subunits, boxA (59 bp), boxB
(45 bp), and boxC (50 bp), and is thus 154 bp long.

A 22-base oligonucleotide based on the consensus for boxB
was used as a probe in hybridization experiments. The hybridizing
sequences were found distributed on about 25 fragments of the
S. pneumoniae chromosome (Fig. 1B), in agreement with results
obtained with the shortest mmsA fragment probe (Fig. 1A).

Potential secondary structure of BOX sequences

Examination of the consensus 154-bp BOX element revealed
several inverted repeat sequences that could lead to formation
of a hairpin in DNA or a stable stem-loop in a putative RNA
transcript of this molecule. The proposed secondary structure for
the consensus BOX element is shown in Fig. 4. A stem-loop
structure could be formed between boxA and boxC for all BOX
elements. The structure of the central part of the element varies
depending on the number of repeats, two or four, of boxB (data
not shown). AG values for these putative stem-loop structures
are shown in Table 1. Significantly, in several cases where BOXs
differ from the consensus, a compensating base change is seen
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in the complementary arm of the predicted stem-loop (see Fig. 4),
implying that maintenance of the secondary structure is important.
For example, of the eleven nucleotides in the com4 BOX that
depart from the consensus, four maintain the consensus structure
(Fig. 4) and five increase helix stability, by addition of one
(bottom of helix VI) or three (top of helix II) base pairs. In both
aspS BOX elements, a single nucleotide change results in the
presence of two additional base pairs at the top of helix V. Also
possibly significant is the fact that all the sequences show a high

Table 1. Location and properties of BOX sequences

Locus Accession Position  Percent Free References
(min.) number  (bp) identity energy

comA (1) M36180 344—496 92.9 —-430 (@37

hexB (10—11') M29686 201-353 90.9 -244 (22)

iytA 21-24') MI13812 38-84 - - (38)
mmsA (24—26") X63602 3-291 93.8 -71.1 a

aspSI (0—6") - 93.5(—12bp)—476 b

aspSII (0-6") - 95.5 =513 b

ply - 92.2 (—38bp)—244 ¢

‘Where known, the map location in minutes (min.) of the locus is indicated. For
convenience, the circular chromosomal map of S. pneumoniae (29) has been
arbitrarily divided in 60 min., with the 0/60 position at the top and a clockwise
increase. The percentage of identity to the consensus (as defined in Fig. 3) was
calculated from the sequences in Fig. 3. The deletion in aspSI and ply BOX
elements which are indicated between parentheses, were not taken into account
in this calculation. Free energy (AG) values (kcal mol ™ 1) were calculated using
the estimations of Turner et al. (36). Reference a: Martin, Humbert and Claverys
(unpublished data); b: Guenzi and Hakenbeck (unpublished data); reference c:
Walker, Mitchell and Boulnois (unpublished data).
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Figure 4. Predicted stem-loop structure of the consensus BOX sequence (as defined
in Fig. 3) containing a single copy of boxB. AG=—42.9 kcal mol~!. Secondary
structure predictions were performed using the Zucker program (35) with the
energies of Turner et al. (36). Arrows mark the location of compensating base
changes maintaining the structure in the indicated sequence. Helices are numbered
I to VI for reference. Straight lines separate boxA from boxB and boxC.
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percentage (above 70%) of pyrimidines (or purines depending
on the strand considered) in the single-stranded loop regions.

BOX elements and flanking genes

The location of BOXSs relative to neighboring genes is shown in
Fig. 2. BOXs are located outside these genes, a not unexpected
situation because of the constraints they would impose on protein
structure, as pointed out for other highly repeated sequences (4).
Comparison of the orientation of BOX elements on the ply and
aspS fragments (Fig. 2) reveals that BOX can have either
orientation with respect to flanking orfs. This implies that, if BOX
acts at the mRNA level, what is important for BOX function (if
any) is secondary structure rather than primary sequence.

In the lytA locus where transcripts have been mapped (20),
BOX is located between the promoter and the structural gene.
This is the only case in which the exact location of the
transcription start point is known. Although the evidence is
indirect, it is likely that the BOX element upstream of the comA
gene is also transcribed: the spacing between the 3’ end of the
BOX element and the start codon of comA is 17 bp only which
strongly suggests that the comA promoter is located either within
or upstream of the BOX element. In addition, insertion of
heterologous DNA at the Asull site within boxA (Fig. 3) confers
a Com~ phenotype (16), which could mean that signals
important for comA gene expression are located upstream of the
BOX element.

BOX, a regulatory element for coordinately controlled genes?

In search for a possible specific function of BOX elements, we
noticed that several BOX elements are located in the vicinity of
genes whose function is related to the process of genetic
transformation. These include the comA, hexB, and possibly
mmsA genes. The comA gene controls competence for genetic
transformation (16). Competence is a transitory cell state
accompanied by a global shift of protein synthesis to the
production of a few competence-specific proteins (21). The hexB
gene encodes an essential component of the Hex mismatch repair
system (22) which eliminates base pair mismatches arising in
heteroduplex DNA during transformation (23). Expression of the
mmsA gene during competence is also not unlikely since this gene
is involved in recombination.

Most of the other identified BOX elements are located close
to genes possibly involved in the virulence of S. pneumoniae.
These include the neud gene which encodes neuraminidase, a
putative pneumococcal virulence factor (18) and the ply gene
which encodes pneumolysin, another putative virulence factor
(19). Finally, the lyt4 gene function could be related to both
transformation and virulence. First, it is known that cells
developing competence exhibit increased susceptibility to lysis
in certain buffers (24). This may result from increased Iyt4 gene
expression at the onset of competence. Second, inactivation of
the lytA gene has been reported to severely reduce virulence of
pneumococcus (25).

The locations of BOX elements in the immediate vicinity of
genes involved in competence or in virulence raises the intriguing
possibility of a regulatory connection between transformation and
virulence. It is worth mentioning that the development of
competence for genetic transformation can be modulated by
changes in growth conditions such as temperature (26), or the
initial pH of the culture (27), or magnesium and calcium
concentrations (26). Although the possible regulation of virulence
of S. pneumoniae is not documented, expression of virulence

determinants of several pathogenic bacteria is known to be
controlled by environmental signals, including temperature, pH,
and calcium (28). This leads us to speculate that BOX elements
could be involved in coordinated expression of competence-
specific and virulence-related genes. Both transformation and
virulence would then be viewed as a global response of S.
pneumoniae to changing environmental conditions.

If BOX elements have such a regulatory function, their modular
organization with a variable number of boxB subunits
immediately suggest the possibility that a protein binds to this
subunit and that modulation of binding depends on the number
of repeats of boxB. Should binding occur at the DNA level, the
observed bias in base composition of the single stranded regions
(see above) could constitute an important feature of BOX
elements. Demonstration of the involvement of BOX elements
in regulation of specific genes obviously requires deletion of some
of these elements to study how it affects gene expression.

Relation to other repeated DNA sequences in bacteria

BOX sequences are the first group of highly conserved repetitive
DNA elements found in a Gram positive bacterium. Although
the nucleotide sequence is entirely different, several characteristic
of BOX are similar to those of the IRU (ERIC) and of the PU
(REP) elements of enterobacteria (see INTRODUCTION). With
respect to their size and estimated number of copies, BOX
sequences are more similar to IRU than to PU. However, unlike
IRU, they have a modular structure. Noncoding repetitive DNA
is likely to be kept to a minimum in S. pnewmoniae given its
small genome size as compared to that of E.coli (2270 kb [29]
and 4700 kb [30], respectively). Unless BOX sequences maintain
themselves as ‘selfish® DNA, a functional role of BOX as
regulatory elements would explain their persistence and sequence
conservation in S. pneumoniae. One may speculate that BOX
represents a case of evolution of a repetitive DNA element
recruited for a specific function.

Finally, it would be interesting to see if BOX elements are
widespread among streptococcal species, as are IRU and PU in
enterobacteria. BOXs could then be used as a phylogenetic index
for oral streptococci, a group of bacteria the taxonomy of which
is far from being well established (31, 32).
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