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INTRODUCTION



Large scale genome-sequencing projects, run over the last fifteen years by
different laboratories, made possible to elucidate the complete nucleotide
sequence of one or more strains of over 300 bacterial species. The
availability of wholly-sequenced genomes also stimulated investigations
aimed to understand the functional organization of the bacterial
chromosomes, and reconstruct how they have been remodeled in evolution
by processes of gain and loss of genetic material (Frank et al., 2002; Achaz
et al., 2003; Audit et al., 2003; Rocha and Danchin, 2003; Chain et al.,
2004; Rocha, 2006). In prokaryotes, approximately 90% of the DNA is
codogenic. A significant fraction of intergenic DNA, which separate ORFs
(open reading frames), is composed by repetitive DNA sequences. In many
species, repetitive DNA significantly contribute to the genetic landscape,
and changes in the distribution of members of repeated DNA families
among strains are routinely exploited for diagnostic purposes (van Belkum
etal., 1999).

The main class of repetitive DNA sequences, located in prokaryotic
genomes, is represented by IS (insertion sequences), genetic mobile elements
feature by long terminal inverted repeats (TIRs) ranging in size from 10 to 40
bp. The ISs vary in size from 750 to 2500 bp and are capable to codify for a
transposase, necessary for their transposition. The IS integration often
determine a target site duplication; accordingly insertion site analyses show that
ISs are always flanked by short direct repeats (DR), ranging in size from 2 to 14
bp. The ISs are able to provoke different types of genetic arrangements, like

deletions and inversions, which determine assembly of genes with specialized
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functions in clusters. Moreover ISs may be involved in activation or inhibition
of genetic expression (Mabhillon et al., 1999).

Prokaryotic genomes contain different classes of repetitive DNA
sequences which have a more shorter size (40-300 bp) than ISs. Some
laboratories are interested, in the past, in characterizing these sequences,
defining their genomic organization and asking themselves on possible
functional roles that these sequences may have. The biological effects caused
by DNA repeats are different. Knowledge on the function of sequence repeats
derive mostly from analyses carried out on the short (40 bp) palindromic
repeats, found in E. coli and other enterobacteriaceae, called REPs. REPs can
work both as DNA and RNA elements. As DNA elements. REPs are targets for
the DNA gyrase (Yang and Ames, 1988), and may act by alleviating torsional
stresses accumulated in the chromosome by transcriptionally induced positive
supercoiling. REPs may also act as determinants of segmental RNA stability,
by protecting from degradation the upstream segments of mRNAs in which
they are embedded (Higgins et al., 1988).

In the last few years it has been identificated, in a great number of
vertebrate and invertebrate genomes, mobile DNA sequences called MITEs
(Miniature Inverted-repeat Transposable Elements; Feschotte et al., 2002).
MITEs are transposable elements non autonomous, i.e. are inable to codify for a
transposase but have in cis sequences necessary for their transposition. MITES
are <600 bp long and are featured by TIRs. It is noted that RUP (repeat unit of
pneumococcus) elements, located in the genome of S. pneumoniae, are an

example of MITEs in prokaryotes. The mobilization of these elements may be
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mediate by the transposase codified by 1S630-Spnl (Oggioni and Claverys,
1999). Another example of MITEs is represented by NEMIS (Neisseria
Miniature Insertion Sequences) repeat family, which has been well analyzed
and characterized in the laboratory where | have spend my period of doctorate.
NEMIS elements are short DNA elements of 108-158 bp featured by 26-27 bp
long TIRs and represented 2% of N. meningitidis genome. NEMIS elements are
frequently inserted at 5° or 3’ of coding regions and are co-transcribed with
genes. At RNA level, these elements fold into stem-loop structures (SLSs) and
the hairpins formed by TIRs of NEMISs are processed by ribonuclease 1l
(RNaselll). This interaction regulate the expression of genes, which are flanked
by NEMIS repeats, at the post-trascriptional level (Mazzone et al., 2001; De
Gregorio et al., 2002, 2003).

In the last few years, we have been interested in defining the
organization and the possible role of abundant families of small sequence
repeats punctuating the chromosomes of Yersiniae. On the basis of in vitro and
in vivo assays, we reached the conclusion that most members of the Y.
enterocolitica ERIC (Enterobacterial Repetitive Intergenic  Consensus
Sequence) and YPAL (Yersinia palindromic elements) families function as cis-
acting RNA regulatory sequences, controlling at the post-transcriptional level
the rate of expression of neighbouring genes (De Gregorio et al., 2005; 2006).
The folding into SLSs is crucial for the functioning of all these sequences as
RNA control elements. On the base of these results, we thought of interest to
investigate on the occurrence of families of intergenic prokaryotic sequences

able to fold into SLSs in a systematic fashion. To this end, wide-genome
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analyses have been carried out in a representative set of 40 prokaryotic
genomes (Petrillo et al., 2006). Populations of isolated SLSs have been
subsequently screened by a combination of criteria, pruning procedures leading
to the identification of SLS subsets which share similarities in sequence and a
predicted secondary structure (Cozzuto et al., 2007). Most of these sequences
appear to be members of repeated DNA families. Some correspond to already
known families, but a number of them represents novel ones (Cozzuto et al.,
2007).

This study provides information on structural organization, patterns of
chromosomal interspersion, folding aptitudes and evolutionarily relatedness of
the predominant SLS types identified in the prokaryotic genomes analyzed.
Results integrate data emerging from earlier surveys on repetitive sequences
carried out on bacterial chromosomes and add knowledge to the field in many
respects. The functional roles that specific SLS-containing repeats may play in

different genomes are also discussed.



AIM OF THE THESIS
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In the present study, | have analyzed and characterized 27 repeated DNA
families able to fold, at RNA level, into SLSs. The analyzed SLS-containing
sequences are been searched by bioinformatic analyses carryed out with a
systematic manner in 40 wholly-sequenced bacterial genomes, constituting a
representative sample of the prokaryotic world in terms of evolutionary
distance, genome complexity and GC content.

Some families are repetitive DNA elements already described in
literature, others are novel. On the base of SLS size and folding type, we have
distinct SLS-containing repeats in two main groups: type-1 and type-Il. SLSs
formed by type-I elements vary in size from 40 to 60 bp. On the base of their
structural organization these elements are been subdivided in two subtypes:
type-1A and type-1B. Type-lA are capable to fold into a single hairpin, while
type-1B elements, in virtue of their dimeric organization, may form a secondary
structure featuring two hairpins. Type-11 group include an heterogeneous set of
SLS-containing repeats, varying in size from “50 to 300 bp long. On the base
of their potentially formed secondary structure, type-11 elements are been
distinct in type-11A and type-11B. The folding of type-11A elements is directed
by TIRs complementarity and therefore these repeats fold into stable canonical
SLSs. In contrast, the two type-11B elements, BruRS and EFAR, are able to fold
into a peculiar secondary structure featured by two SLSs connected by a 15-20
bp spacer.

On the base either of literature data either of our results obteined by

experimental analyses, carry out on two repetitive DNA families, ERIC and
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YPAL, we belive that the folding into SLSs is essential for the functional role
that these elements assumed as modulators of RNA decay.

Hairpins formed by transcripts ERIC+, according to their orientations and their
relative position in mRNA, may increase or decrease the degradation of
trancripts ERIC+ from degradative machinery of bacterial RNAs, known as
degradosome. Similarly hairpins formed by mRNA YPAL+ are processed by
RNase Ill. The cleavage may modulate tournover of transcripts YPAL+, and
expression levels of homologous trancripts YPAL+ and YPAL- in different Y.
enterocolitica strains are in fact quite different.

In contrast to ERICs and YPALs, EFAR sequences lack TIRs. The secondary
structure of EFAR sequences are featured by a short SLS1 and a long SLS2
separated by a 20 bp long unfolded segment. Through in silico analyses, the
identification of EFAR sequences corrisponding only to the short SLS
corroborate the hypothesis that EFAR repeats derived from the fusion of

indipendent SLSs.
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MATERIALS AND METHODS
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Genomic sequence data

Complete genomic sequences and their annotations about CDS, rRNA and
tRNA were downloaded from the online repository made available at The
Institute for Genomic Research (TIGR). Automatic annotations have been

stored into a SQL database (SLS-DB), for further analysis.

Constraints established for SLS identification

SLS identification was performed by using the program rnamotif of the package
RNAMOTIF, version 2.1.2 (Macke et al., 2001) according to the following
rules:

-GU pairing in the stem was allowed

-the minimal stem length was 12 bp

-loop length could vary from 5 to 100 nt

-1 bulged or 1 mispaired base, at least two matches away from the ends of the
stem, was allowed.

As a consequence of the constraints imposed, the smallest SLS that could be
found is 29 bp.

The Gibbs free energy (dG) of each SLS containing region was calculated by
calling the built-in function efn2 of rnamotif. The minimum free energy with no
constraint for SLS formation was obtained by running the program mfold
developed by Zuker and coworkers (Mathews et al.,, 1999) on the SLS

sequences.
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Refinement of the initial clustering

Out of the SLSs previously identified in 40 bacterial genomes (Petrillo et al.,
2006) only those predicted to fold with a free energy <-5 Kcal/mol were
selected to look for sequence repeat families (Cozzuto et al., 2007).

For each genome, selected SLSs were clustered according to a procedure based
on BLAST and MCL programs (Altschul et al., 1990, Enright et al., 2002). In
order to identify all family members of each cluster, a pipeline was developed,
based on cycles of alignment by PCMA and search on the genome by HMMER

package tools (Bateman et al., 1999).

Aptitude to form a stable secondary structure

SLS ability to fold into a reliable secondary structure was analyzed by using
RANDFOLD (Bonnet et al., 2004), which compares the predicted minimum
folding energy (MFE) of a sequence with those of a large number of random
shuffles of the same sequence. Conserved secondary structures were predicted

by RNAz analyses (Washietl et al., 2005).
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RESULTS
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A systematic analysis of a representative set of bacterial genomes produced a
large collection of sequences, potentially able to fold into high stability SLSs
(Petrillo et al., 2006). Some of these SLSs were shown to have strong similarity
with each other, and a pipeline combining sequence clustering and Hidden
Markov Model (HMM) based searches, was developed. This strategy led to the
definition of 92 families of SLS-containing sequences exhibiting sequence
similarity. One third of the families had no shared secondary structure, and has
been detected mostly because of the incidental presence of SLSs within large
repeated sequences. Some of the structured families were found within CDSs,
where the formation of secondary structures in the RNA is expected to be
limited by the translation machinery. Others resulted from the recurrence, in the
genomes of Pasteurella multocida, Haemophilus influenzae and Neisseria
meningitidis, of short oligonucleotides called DUS (for DNA uptake sequence)
located at close distances in head-to-head orientation. All such families were
not analyzed in this study. The SLS-containing sequences analyzed here are
mostly located in the intergenic space. Consequently, except for those located at
the boundary of genes, the folding of such sequences as RNA elements is
presumably unaffected by translating ribosomes.

On the basis of SLS size and folding aptitude, SLS-containing
sequences may be sorted into two main categories or sequence types (Table I).
Type-I elements have the potential to form secondary structures consisting of
10-20 bp double-stranded stems, which delimit single-stranded loops ranging
between 4-15 nt. On the basis of their genomic organization, the elements

belonging to this group can be further subdivided into type-lIA and type-IB
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subtypes, with type-lA repeats typically scattered along the chromosome as
single units, and type-IB frequently organized as dimers. Elements of type-IB
families may often be found in larger arrays of up to 7 to 10 copies.

Type Il elements are longer than type I, and their termini can be
delimited by the duplication of bases at the insertion site. On the basis of their
folding characteristics, these sequences have been sorted into two main subsets.
Type-11A elements fold into the canonical one hairpin structure, while type-11B
elements fold into more complex, two hairpin, structures.

Properties of type-1 and type-1l elements are discussed below.

Type-I elements, group A

Consensus sequence and predicted secondary structure of type IA elements are
shown in Fig. 1. Except for REP 2 (Parkhill et al., 2000), all these elements
have not been previously described. Pae-4 and Myt-1 define moderately
abundant (40 to 60 units) DNA families, accounting for "0,05% of the whole
DNA of P. aeruginosa and M. tuberculosis, respectively. Homology searches
revealed that Pae-4 elements are restricted to the P. aeruginosa genome, while
small Myt-1 families, including only 21 and 9 intact members, have been found
in the sequenced M. avium paratuberculosis and M. smegmatis MC2 strains,
respectively. Pae-4 family members feature 12-13 bp long stems, which result
from the adjoining of an outer AT-rich and an inner GC-rich segment, separated
by 4 nt loops (Fig. 1), and can be viewed as a sequence-specific variant of short
SLSs over-represented in the genomes of all low-GC firmicutes, which are

characterized by terminal A, and T, runs (Petrillo et al., 2006). Myt-1 elements
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feature stems ranging in size from 20 to 26 bp, and loops varying in size from
18 to 8 nt (Fig. 1). The abundance of the two Myt-1 sequence types is
comparable. Myt-1 are distributed throughout the M. tuberculosis genome, and
differ from already known repetitive sequences characterized in tubercle bacilli,
as they are not components of the mosaic RLEP nor of REPLEP repeats (Cole
et al.,, 2001), and do not exhibit relatedness to MIRUs, small intergenic
sequences clustered at a few chromosomal sites extensively exploited as strain-
specific markers in M. tuberculosis (Supply et al., 2000).

Bhal-1 and Clot-1 elements feature SLSs embedded in relatively
conserved unstructured regions (Fig. 1). The REP 2 elements are internal to the
homonymous 154 bp long sequence previously annotated in the genome of the

Z2491 N. meningitidis strain (Parkhill at al., 2000).

Type-I elements, group B

This group includes elements which have been extensively characterized at the
experimental level, such as the E. coli REPs (Higgins et al., 1988), and
elements annotated, but not functionally analyzed, such as the P. putida REP
(Aranda-Olmedo et al., 2002), the E. coli BoxC (Bachellier et al., 1999), the N.
meningitidis dRS3 (Parkhill et al., 2000) and the R. conorii RPE6 (Ogata et al.,
2001) sequences, and two novel families emerging in this study, Bor-1 and Pae-
1, found in the chromosomes of Bordetellae and Pseudomonas aeruginosa,
respectively. For clarity, in this study the abundant sequence repeats already

described in E. coli, Salmonellae and P. putida as REPs have been renamed
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EPU and PPU, for Enterobacterial and Pseudomonas palindromic units,
respectively.

Bor-1 elements contribute to “0.1% of the genome in all Bordetella
species analyzed. In contrast, Pae-1 are species-specific units which make up
"0.07% of the P. aeruginosa chromosome. Homology searches failed to identify
Pae-1 units in the genomes of other Pseudomonaceae. Consensus sequences and
predicted secondary structures of type IB elements are shown in Fig. 2.
Compensatory nucleotide changes at specific positions do not interfere with the
base pairing of complementary segments, and allow sorting members of most
type-1B element families into two to three predominant sequence subtypes (Fig.
2). The Hofnung's lab nomenclature referring to Z and Y repeats has been
conserved for EPU sequences (Bachellier et al., 1999). For the other repeats, the
predominant sequence subtypes are referred to as a and b (Fig. 2). PPU repeats
are extremely heterogeneous, nearly half of them fitting altogether the a (35%)
and b (11%) consensus sequences reported in Fig. 2, the remaining elements
the minor c to h variants (not shown).

A relevant fraction of type-IB elements is organized as dimers, i.e.
repeats reiterated at a "10-100 bp distance. This configuration creates the
opportunity for dimers to fold, rather than as two separate hairpins, as an
alternative, larger SLS in which the stem results from the pairing of the two
individual units (Fig. 2).

In a fraction of the dimers, units are separated by one or a few specific spacer
sequences. In other instances, the spacer varies both in length and base

composition. In the same genome, different classes of dimers may coexist (Fig.
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3). The dimerized elements belong to the same or different sequence subtype.
Bor-1 and RPEG6 repeat families feature both classes of dimers. In contrast, all
EPU dimers result from the combination of Y and either Z1 or Z2 subtype
elements (Fig. 3). PPU, BoxC and Pae-1 dimers are also exclusively formed by
units of different subtypes. Dimers may be formed by units in either head-to-
head (convergent elements) or tail-to-tail (divergent elements) configuration.
According to the nomenclature in use (Bachellier et al., 1999) the distal end (or
head) of EPU features the tetranucleotide CTAC, not engaged in base pairing
(Fig. 2), and the convergently oriented Y and Z1 units, and the divergently
oriented Y and Z2 units make up the known EPU dimers described as BIME-1
and BIME-2 repeats, respectively (Espeli and Boccard, 1997). Dimers formed
by either convergent or divergent Pae-1 and PPU, which also feature the CTAC
tetranucleotide at one terminus, have been identified.

Within each species, a fraction of type-IB elements are clustered as
arrays. Single repeats, reiterated in tandem in a head-to-tail configuration, and
dimers, are found clustered at different loci. Pae-1 dimers are invariably
reiterated together with a variable (20 to 120 bp) amount of flanking DNA. In
clusters formed by elements of the EPU and Bor-1 families, in contrast, just the
sequence of the repeat is duplicated. Yet, flanking DNA is reiterated with EPU
sequences at three loci in the E. coli K 12 chromosome
(http://www.pasteur.fr/recherche/unites/pmtg/repet/index.html), suggesting that
repeats of the same type may undergo different patterns of amplification.

The relative abundance of single, dimeric and clustered elements varies widely

among type-IB repeat families (Fig. 3). Single units constitute a minor fraction
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of the EPU family, most family members being found as dimers (44%) and
clusters (41%). In contrast, PPU elements are never found in clusters, and the
repeat family is formed by only single (25%) and dimeric (75%) repeats. R.
conorii RPE6 and N. meningitidis dRS3 repeats are, but for a few changes in
the loop region, identical (Fig. 2). However, the two repeat families exhibit a
quite different genomic organization. RPE6 are found as single units or dimers
featuring a few alternative spacer sequences (Fig. 3). In contrast, about 90% of
dRS3 elements are found interleaved with >30 different RSs (repeat sequences),
the most frequently ones being RSs 13, 14, 17, 25 and 26, in the large
composite intergenic regions called NIMEs (Parkhill et al., 2000). Actually,
NIMEs can be viewed as a scrambled collection of dRS3 dimers, featuring
specific repeats as spacers. Taking into account the relatedness to RPE6, dRS3
are larger than the units annotated in the genome of the Z2491 N. meningitidis
strain (Parkhill et al., 2000), and the sizes of their flanking repeats accordingly

reduced.

Type-11 elements, group A

Type-11A elements typically feature a long base paired region, interrupted by
one or more internal loops or bulges, closed by 15-18 bp TIRs. This structure is
almost invariably framed by target site duplications (TSDs) of variable length,
indicative of their origin as mobile sequences. Members of most type-1l1A
families characteristically retain the same termini, but often vary at the closed
end of the stem loop, resulting in different sizes because of deletion/insertions

of specific internal segments. Most type-lI1A repeats have been extensively
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analyzed (Oggioni and Claverys, 1999; Mazzone et al., 2001; Brugger et al.,
2002; Mrazek et al., 2002; Claverie and Ogata, 2003; Okstad et al., 2004; De
Gregorio et al., 2005; De Gregorio et al., 2006; Knutsen et al., 2006).

In our study, we have identified three novel type-l11A-like elements:
Sal-1, Cod-1, and Clop-1. Sal-1 repeats feature 15 bp long stems, and range in
size from 151 to 212 bp, length heterogeneity being due to the presence/absence
of a 61 bp long central DNA segment (Fig. 4). In this figure is reported the
folding of 119 bp long Sal-1 consensus sequence because of no base
conservation in all Sal-1 members at right terminus. Sal-1 repeats are restricted
to the genus Salmonella, with the largest (20 members) Sal-1 family found in S.
typhimurium LT2 strain. The alignment of homologous chromosomal regions
carrying a member of the Sal-1 family in S. typhimurium, but lacking it in S.
typhi, led to delimit the ends of Sal-I elements, and establish that their insertion
induces the formation of 3 bp long TSDs, which match the consensus sequence
TWA (data not shown).

Cod-1 and Clop-1 do not feature TSDs, and are restricted to the
genomes of C. diphteriae and C. perfringens, respectively. Cod-1 elements
consist of a 95 bp SLS featuring a 19-20 bp long stem. Careful manual analysis
of Clop-1 family revealed that, in addition to the previously reported 26
elements, which measure 67 bp, a larger number (33 elements) may be
observed which include additional segments bringing the total size to 199-265
bp. The insertion consists of two conserved 66 and 55 bp segments, separated
by two alternative DNA tracts (lowercase residues in brackets in Fig. 5

measuring 78 bp (11 elements) or 12 bp (22 elements). These insertion modules
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are unable to fold into a secondary structure and disrupt the overall Clop-1

structure.

Type-11 elements, group B
This repeat subset includes only two sequence types, Bru-RS and EFAR, both
predicted to fold as a complex structure, which includes two long, base paired
structures of different sequence, joined by an unstructured connector (Fig. 6).
Interestingly, these structures tend to have short inverted repeats at the very
ends, which are not part of the predicted structure. Such terminal repeats have
previously been noted in the original description of the Bru-RS family (Halling
and Bricker, 1994). Bru-RS elements come in two 65% homologous variants,
Bru-RS1 and Bru-RS2, which measure 103 and 105 bp, respectively. Some
Bru-RS2 feature 42 bp DNA insertions (see large Bru-RS2 in Fig. 7). The Bru-
RS elements found in the genome of most Brucella species are homogeneously
distributed on the two chromosomes, two-thirds being located on chromosome |
("2,1 Mb), and the rest on chromosome Il (1.1 Mb). Although Brucellae share
sequence identity over 94% (Chain et al. 2005), the genome of B. melitensis
16M strain contains an unusual number of BRU-RS elements, about two times
higher than in the other species. This excess is mostly concentrated in
chromosome I, and consists of a selective over-representation of the BRU-RS2
subtype; BRU-RS1 elements show only a minimal increase.

EFAR repeats are predicted to fold into a complex secondary
structures, which results from the combination of a stable short SLS with a long

double-stranded region. The identification in silico of EFAR units spanning just
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the short SLS supports the notion that EFAR derive from the fusion of

independent SLSs (Venditti et al., 2007).

Organization and characterization of three SLS families

During the period of doctorate | were interested at study of organization and at
possible functional role of two type-l11A families, ERIC and YPAL located in
Yersiniae and previously described in literature, and one of type IIB family,
EFAR sequences, a novel class of DNA repetitive sequences, identificated by
our systematic analysis in the E. faecalis V583 chromosome. Structural and
functional features of these families are summarized below.

ERIC elements comes in three different size (De Gregorio et al., 2005).
Unit-length ERICs are 127 bp; shorter elements measure ~70 bp, lacking a 50-
bp-long internal segment and larger elements are interrupted at specific sites by
three different types of DNA insertions (Fig. 9A). In contrast both YPALSs and
EFARs have a modular organization, being made by a combination of 9 and 16
modules respectively (De Gregorio et al., 2006, Venditti et al., 2007). Thus they
vary in size from 130 to 210 bp and from 42 to 650 bp respectively (Fig. 9B
and 9C).

ERICs and YPALs are more similar than EFARs, because they may fold, at
RNA level, in stable canonical SLS (Fig. 6 and Fig. 10). All these families
partly resemble MITEs, small noncodogenic sequences, which also fold into
secondary structures. MITEs feature long TIRs, and their mobilization is
mediated by transposases encoded by ISs featuring similar TIRs (Oggioni and

Claverys, 1999; Brugger et al, 2002; De Gregorio et al., 2003). ERICs feature
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long TIRs and can fold as RNA into single hairpin structures. YPAL repeats do
not feature long TIRs, but their preferential insertion into regions of dyad
symmetry contributes to stabilize their ends by forming longer complementary
tracts at their termini. Intriguingly many YPAL targets overlap rho-independent
transcriptional terminator-like sequences. This conclusion was supported both
by the presence of runs of thymidines immediately next to palindromes targeted
by YPAL and by the finding that most tergets were found located next to the
stop codon of annotated ORFs in sequenced Yersinia genomes. (De Gregorio et
al., 2006). From the alignment of DNA regions from the wholly sequenced Y.
enterocolitica 8081 and Y. pestis CO92 strains, we could establish that insertion
of ERIC elements leads to duplication of the dinucleotide TA while the
genomic spread of YPALS, occurred via transposition, was supported by the
presence at their termini of TSD which vary in both sequence and size (from 3
to 26 bp). In contrast, EFAR lack TIRs and seem to transpose by an unusual
cut-and-paste process. Most EFAR elements measure 170 bp, and can fold into
peculiar L-shaped structures in which a short SLS1 and a long SLS2 are
separated by 20 nt single stranded region. Homologous chromosomal regions
lacking or containing EFAR sequences were identified by PCR among 20 E.
faecalis clinical isolates of different genotypes (Venditti et al., 2007). Like
YPAL elements, sequencing of a representative set of ‘empty’ sites revealed
that 24-37 bp long sequences, unrelated to each other but all able to fold into
SLSs, functioned as targets for the integration of EFAR. In the process, most of
the SLSs had been deleted, but part of the targeted stems had been retained at

EFAR termini.
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Interspersion analyses with coding regions revealed that most elements
of the three DNA repetitive families analyzed tend to be inserted closely
downstream from the stop codon of flanking genes. The proximity to coding
regions suggests that most ERICs, YPALSs and EFARs are co-transcribed with
flanking genes. To this end experimental procedures were setting up for ERIC
and YPAL repeats. Whole in silico surveys surprisingly revealed a privileged
orientation of ERIC sequences relative to their position in the mRNA. ERICs
which either overlap or are located next to stop codons are preferentially
inserted in the same (or B) orientation. In contrast, ERICs located far apart from
open reading frames are inserted in the opposite (or A) orientation. The
expression of genes cotranscribed with A- and B-oriented ERICs has been
monitored in vivo (De Gregorio et al. 2005). In mRNAs spanning B-oriented
ERICs, upstream gene transcripts accumulated at lower levels than downstream
gene transcripts. This difference was abolished by treating cells with
chloramphenicol. We hypothesize that folding of B-oriented elements is
impeded by translating ribosomes. Consequently, upstream RNA degradation is
triggered by the unmasking of a site for the RNase E located in the right-hand
TIR of ERICs (Fig. 11). A-oriented ERICs may act in contrast as upstream
RNA stabilizers or may have other functions. The hypothesis that ERICs act as
regulatory RNA elements is supported by analyses carried out in Yersinia
strains which either lack ERIC sequences or carry alternatively oriented ERICs
at specific loci. Similarly to ERICs, YPAL RNAs fold into stable hairpins
which may modulate mRNA decay. Accordingly, we found that YPAL-positive

transcripts accumulate in Yersinia enterocolitica cells at significantly higher
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levels than homologous transcripts lacking YPAL sequences in their 3’

untranslated region (De Gregorio et al., 2006).
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DISCUSSION
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In addition to transposons and insertion sequences, different classes of
repetitive DNA are present in prokaryotic genomes. Many of these are able to
fold into SLSs and their functional role is unknown or partially note. In this
study we have interested in the search of repeated DNA sequences in bacterial
chromosomes. By our analyses we have observed that the number of predicted
SLSs is significantly higher in prokaryotic genomes existing in nature than in
random sequences of comparable GC content (Petrillo et al., 2006). This
implies that the ability of a variety of sequences to fold into secondary
structures, either at the DNA or RNA level, is positively selected in prokaryotic
genomes, and may have functional significance. Some SLSs-containing
sequences resulted to be members of repeated DNA families (Cozzuto et al.,
2007). Some of them have been extensively analyzed experimentally, while
others have been only reported, or are completely novel. The identification of
repeated palindromic sequences is typically biased by the chosen screening
constraints. In our studies, limiting the search to SLSs, featuring stems of
defined minimal lengths and mismatches (Cozzuto et al., 2007), prevented the
identification of a small number of palindromic sequences such as the E. coli 29
bp repeats (Bachellier et al., 1999), and some of the RPEs found in R. conorii
(Ogata et al., 2001). Likewise, previous searches (Tobes and Ramos, 2005) for
abundant intergenic repeats yielded several families reported in this study, but
failed to identify the abundant family of Bor-1 elements in Bordetellae. The
observed objects vary extensively in size and number, but remarkably may be
assigned to a restricted number of sequence classes. According to the features

of their secondary structure, the repeats may be grouped into type-I and type-1I
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elements. The size of the conserved stem-loop contained in both type-I and
type-11 elements falls in a few, narrow length windows. Type-1 elements feature
stem loops measuring either 30 to 40, or "60 nt. The stem-loops in type-I1l
elements are more heterogeneous in length, but most of them fall into discrete
size classes (see Table I). A tighter classification may take into account the
relatedness exhibited by specific repeats. dRS3 and RPE6 are likely related by
descent (see Fig. 2). The identification of variants of one single type of repeat
in the genome of microrganisms as distant as N. meningitidis and R. conorii
mirably illustrates how the lateral gene transfer may have contributed to the
reshaping of bacterial chromosomes during evolution. It is plausible to
hypothesize that dRS3 elements evolved from repeats imported from
Rickettsiae, and not viceversa, as Neisseriae are prone to acquire exogenous
DNA by transformation. The event must have occurred prior to Neisseriae
speciation, since dRS3 are also found in the genomes of N. gonhorroeae and N.
lactamica species. BLAST analyses failed to identify sequences homologous to
other R. conorii repeats in Neisseriae or to other bacterial species.

EPU, PPU and Pae-1 repeats, although exhibiting poor homology to
each other, intriguingly share the same tetranucleotide CTAC (or GTAG, on the
opposite strand), at one terminus (Fig 2). We speculate that these elements are
members of a large super-family of repeats spread in gamma-proteobacteria,
and that DNA-binding proteins, able to recognize the terminal CTAC/GTAG
sequences, may account for their spreading, and/or provide them a role. EPUs
have been shown to interact with the DNA gyrase, but CTAC/GTAG sequences

are not targeted by the enzyme (Espeli and Boccard, 1997). The hypothesis that
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these elements form a superfamily gains support from the identification in the
genomes of several Pseudomonaceae and Xanthomonaceae (Tobes and Pareja,
2005; Feil et al., 2005, P.P. Di Nocera, unpublished results) of type-IB
elements, which are predominantly organized as dimers, and similarly feature
CTAC/GTAG sequences at their termini. Bor-1 elements partly recall EPU and
Pae-1 at the sequence level, but lack terminal CTAC/GTAG residues. It is
difficult therefore to assess whether they are species-specific variants of the
supposed superfamily, or represent a type of repeats arisen independently in
Bordetellae.

A significant fraction of type-IB elements is organized as dimers.
Given the limited extent of base-pairing within monomers, the SLSs which
have been pinned down by our searches are predominantly hairpins formed by
the base-pairing elements forming the dimer. It is intriguing to note that most
dimers result from the association of allelic repeats (Fig. 2). We do not have an
answer for this finding, but dimers made up by sequence variants cannot fold
into perfect stem-loop structures, and this may plausibly preserve them from
being erased from the chromosome. As several dimers are located at the 3' end
of transcriptional units, and are thus plausibly transcribed, the bulged hairpins
formed by allelic units would be protected from cleavage by RNAselll, an
endoribonuclease known to recognize perfect stem-loop structures.
The presence of conserved spacers suggests that some type-l1 dimers are
privilegedly expanded sequences. The spacer of the EPU dimers known as
BIME-1 binds IHF, a pleiotropic protein responsible for bending DNA. It had

been proposed that IHF may assist EPU-gyrase interactions (Boccard and
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Prentki, 1993), but the hypothesis had been ruled out by experiments in which
EPUs containing or lacking the IHF site, were compared as topological
insulators in vivo (Moulin et al., 2005). Plausibly, IHF has (or had) a role in the
transposition of BIME-1, which are framed by target site duplications as typical
mobile DNA sequences do, and analogous DNA-binding proteins may interact
with the spacers of other conserved dimers.

Type Il elements were sorted into two main groups according to their
secondary structures. This classification probably underlies their different
evolutionary origin. Type-11A elements are plausibly all deletion-derivatives of
large, codogenic ISs. These progenitor elements, with the possible exception of
RUPs (Oggioni and Claverys, 1999), are likely extinct, but enzymes encoded
by unrelated ISs, able to recognize the TIRs, allow some type-I1A elements to
transpose. Type-11B elements, by contrast, plausibly derive from the adjoining
of two independent SLSs. This hypothesis, supported by the identification of
genomic intervals spanning single EFAR-SLS modules in E. faecalis (Venditti
et al., 2007), is validated by the identification of homologous EFAR repeats in
E. faecium which result from the assembly of alternative, independent SLS
modules (De Gregorio, Silvestro and Di Nocera, in preparation).

The pattern of the genomic distribution of SLS elements may provide
hints on the functional role that distinct palindromic repeats may play. Known
elements are frequently located at short distance from the stop (<30 bp) or the
start (<50 bp) codon of flanking ORFs, or both. This implies that many SLS are
transcribed, and may fold into secondary structures at the RNA level. The same

picture can be drawn by looking at the interspersion pattern of a palindromic
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element subset previously undescribed with coding sequences (Fig. 8A). It has
been shown that RNA hairpins formed in the 5’- or the 3’-untranslated region
may protect mMRNAs from degradation, or enhance the process upon cleavage
by specific endoribonucleases (De Gregorio et al., 2003; Rouquette-Loughlin,
2004; De Gregorio et al., 2006). The presence of ribosomes may affect the
formation of RNA hairpins. In Y. enterocolitica, we have observed that several
ERIC elements are located between genes transcribed unidirectionally. The
distance from the stop codon of the upstream ORF determines whether these
elements fold into a secondary structure, and this ultimately influences the
relative stability of upstream and downstream mRNA segments (De Gregorio et
al., 2005). Similarly YPALs are frequently located at the 3’ ends of Yersinia
genes and often between genes transcribed in a convergent manner. By in vivo
and in vitro assays we have showed that YPALs may impede the degradosome
and they might also stimulate degradation of some mRNAs in which they are
embedded (De Gregorio et al., 2006).

Several Bru-RS and Pae-1 repeats are at close distance from the stop
codons of upstream ORFs (Fig. 8A). The stop codons are actually provided by
the termini of the elements, which feature TAG triplets, in 25/51 cases for Bru-
RS, and 13/44 cases for Pae-1. A ribosome temporarily stalled at the stop codon
may interfere with the folding of either one of the two SLSs featured by Bru-
RS. This may have relevance in view of the hypothesis, supported by assays
carried out with EFAR repeats, that transcripts spanning type-11B elements may
be processed at the SLSs junction (De Gregorio, Silvestro and Di Nocera, in

preparation). In the case of Pae-1 elements, which are mostly organized as
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dimers, the ribosome, by interfering with the folding of one repeat, may force
both repeats to fold into a single, large SLS which may have regulatory
function (Fig. 8B).

Future investigations will provide a more articulate knowledge of the
structure, folding properties, and pattern of interspersion of palindromic
sequence repeats present in the prokaryotic world. Available informations
alredy let to design experiments aimed to assess the function of specific SLS-
containing repeats, and thus possibly predict the role of a larger number of
structurally related sequences scattered, in the same chromosomal environment,

as single-copy units.
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Table 1. Families of SLS-containing repeated
sequences. The size of repeats, TIRs and TSDs are
in bp. Repeats may fold into simple (s) or complex
(c) structure (column A)
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Figure 1. Type-I4 elementz. The conserved secondary structures and the consensus
sequences of the five type-TI4 elements are shown.
Complementary bases contributing to the stem of each element are highlighted.
Lowercase letters refer to complementary TIE residues present in family members

subsets.
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Figure 2. Type-IE elements. The conserved secondary structures and the consensus sequences
of type-TB elements are shown Highlighting and lowercase letters are as in the legend to Fig 1
According to TUB codes Y=C or T, R=4 or &; H=4, Cor T, E=Gor T; M=4 or C; 5=G or C;
W=4 or T; N=any nucleotide. Dashes were introduced to maximize homologies among
families units. The terminal CTAC residues in EPTT, PP and Pae-1 repeats are in boldface
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Figure 3. Type-IB dimeric elements. A) Spacer sequences separating members of type-
IE element families arranged as dimers. The relative amount of each spacer type 15 shown,
BE) relative amount of type-IB elements found as single units, dimers or arranged in
clusters.
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Figure 4. Sequence and secondary structure of Sal-1repeats. TIRs are highlighted
Lowercase letters denote the 61 bp long DNA segment inserted in a subset of
elements.
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Figure 3. Sequence and secondary structure of Cod-1 and Clop-1 repeats. TIR
residues are highlighted Unit-length Clop-linclude the TIEs and the underlined
residues.  Additional body segments may be in turn interrupted by alternative
segments of foreign DA (bracketed residues; see Text)
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Figure 7. Bru-R51 and Bru-R32 sequence alignment. Homology is highlighted by
dotz. The sequence and the site of insertion of a 42 bp long DINA segment interrupting
Bru-E52 repeats are shown The number of Bru-R31 and Bru-E32 elements found in
the two chromesomes of different Brucellae 15 diagrammed. Bm, B. melitensiz strain
1604, Ba 1, B. abortus strain 2308; Ba 2, B. abortus biovar 1 stramm 9-941, Bs, B suis
stramn 1330,
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Figure 8. (4) Interspersion with annotated ORFs of a subset of repeated DINA
families analyzed in this study. Most elements of diagrammed tamilies are close
to (<30 bp) from the stop codon of flanking OFFs.

(B) & ribosome temporarily stalled at the stop codon may interfere with the
folding of either one of the two 5153 of both dimeric type-IB and type TIB
elements This situation, in the case of type-IB elements may provoke the
formation of a single large 313, in which one monomer fold to each other,
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Figure 9. Structural organization of ERIC, YPAL and EF AR repeats. (4) Bozed arrows mark the
TIE: of ERICs. Triangles matk type 1-to-type 3 insertions interrupting ERICs. In the bottom of
patiel & 15 reported the consensus sequence of the 127-bp unit-length ERICs. TIE residues are in
capital letters. Underlined residues mark sequences conserved in the internally rearranged 70-bp-
long ERICs. The integration sites of type 1-to-type 3 insertions are dencted by asterisks The
consensus sequences of the three types of intervening sequences found to interrupt ERICs are
shown.

(B) The nine modules labeled A to I found in YPAL elements are shown. Numbers to the left (1 to
2) denote YPAL subfamilies. The length in bp of the elements of each subfamily iz given in
parenthesis The consensus sequence content of the nine modules is shown at the bottom Two
versions of the module I (Ta and Ib) are reported. Uppercase residues denote sequence 1dentity.

() The A-F modules, the sites of integration of primary insertions 1-5, and secondary insertions
a—¢ of EFAR repeats are shown; 3a and 2b are inserted at the same site. Beside the cartoon iz
reported consensus sequences of EFAR modules and insertions. Sequence relatedness is
highlighted. Dashes hawve been introduced to mazimize homologies. Undetrlined residues mark the
sites of integration of secondary insertions Numbers to the right denote the size in bp of each
i sertion.
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Figure 10. Secondary structure of ERIC and YPAL repeats. (4) Predicted ENA foldings and
relative caleulated free energies at 37°C of unit-length ERIC consensus sequences inserted in A
and B orientations is reported. Non-Watson-Crick base pairings are highlighted by dots. The
hypothesized cleavage site for ElTase E, present in B-oriented EEICs, 15 boxed.

{B) Hairpin structures formed by arepresentative 167 bp long YP AL element inserted in the
mENA in the two possible & and B orientations are shown, GU pairing 15 ighlighted by dots.
The Gibbs free energy of each hairpin iz indicated
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Figure 11. Ribosomes interfere with folding of ERIC-positive BITA. In mBIA-
spanning B-oriented elements that are iserted close to the translational stop codeon,
the translating ribosome covers most of the ERIC left-hand TIE, unmasking the
EMase E site (sketched as a triangle) located in the ERIC right-hand TIE.
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Genome-wide analyses carried out in silico revealed thal the DNA repeats called enterobacterial repetitive
intergenic consensus sequences ( ERICs), which are present in several Enterobacteriaceae, are overrepresented
in yersinine. From the alignment of DNA regions from the wholly sequenced Yersinia enterocolitica 8081 and
Yersinig pestis CO92 strains, we could establish that ERICs are miniature mobile elements whose insertion
leads to duplication of the dinucleotide TA. ERICs Feature long terminal inverted repeats (TIRs) and can fold
as RNA into hairpin structures, The proximity to coding regions suggests that most Y. enterocolition ERICs are
cotranscribed with flanking genes. Fl which either overlap or are located next to stop codons are
preferentially inserted in the same (or B) orientation. In contrast, ERICs located far apart from open reading
frames are inserted in the opposite (or A) orientation. The expression of genes cotranscribed with A- and
B-oriented ERICs has been monitored in vivo. In mRNAs spanning B-oriented ERICs, upstream gene tran-
seripts accumulated at lower levels than downstream gene transeripts. This difference was abolished by
treating cells with chloramphenicol. We hypothesize that folding of B-oriented elements is impeded by trans-
lating ribosomes. Consequently, upstream RNA degradation is trigzered by the unmasking of a site for the RNase
E located in the right-hand TIR of ERIC. A-oriented ERICs may act in contrast as upstream RNA stabilizers or may
have other functions. The hypothesis that ERICs act as regulatory RNA elements is supported by analyses carried

out in Yersinia strains which either lack ERIC sequences or carry alternatively oriented ERICs at specific loci.

Transposable elements (TEs) are widely distnbuted i pro-
karyotic and eukaryotic genomes. TEs are broadly divided into
two classes according to their transposition intermediates.
Class | elements transpose by means of an RNA intermediate
and feature either long terminal direct repeats or a poly(A)
tract at one end. Class 2 elements transpose by means of a
DNA intermediate, and most have terminal mverted repeats
(TIRs). Integration of most TEs frequently determines the
duplication of target sites of fixed lengths (20).

DNA repeats which recall class 2 elements in terms of the
presence of TIRs but have no coding capacity are found i
many organisms. These nonautonomous mobile elements are
commonly referred to as MITEs (miniature mverted transpos-
able elements). First recognized as a predominant sequence
type in plants, MITEs have been subsequently identified
many invertebrate and vertebrate genomes (14). A few MITE
families have been characterized in archaeal genomes (5, 34)
and in eubacteria. Sirgptococcus prewmoniae contains ~ 100
copies of a 107-bp-long miniature insertion sequence called the
repeat unit of pneumococcus (RUP) (29). The 106- to 158-bp-
long DINA elements known as Correia or neisseria miniature
insertion sequences (NEMIS) make up | to 2% of the genome
in pathogenic neisseriae (6, 10, 22, 24). RUP and NEMIS
feature similar TIRs, and both induce the duplication of the
TA dinucleotide upon genomic insertion. Most NEMIS are

* Corresponding author, Mailing address: Dipartimento i Biologia
e Patologia Cellulare e Molecolare, Facolta di Medicina, Universith
Federico 11, Via 8. Pansini 3, 80131 Napoli, ltaly. Phone: 0039-51-
7462059, Fax: 0030-§1-7703265, E-mail: dinocera@unina.it,
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cotranscribed with neighbormg genes, and NEMIS-positve
mRNAs fold into hairpins formed by NEMIS termini, which
are targeted by RNase 111 (9, 11). Genome-wide analyses car-
ried out in silico predict that the expression levels of 80 to 100
Neisseria meningitidis genes may be tuned by RNase [11-depen-
dent processing at NEMIS RNA hairpins (10, 11).

The 127-bp-long elements known either as intergenic repeat
units (38) or as enterobacterial repetitive intergenic consensus
sequences (ERICs) (17) structurally recall NEMIS and RUP
repeats. ERIC families are made up by 20 to 30 elements in
both Escherichia coli and Salmonella enterica serovar Typhi-
murium. [n this report, we show that ERICs, as anticipated by
early genomic analyses by Bachellier and coworkers (3), are
overrepresented in yersiniae. In silico analyses performed on
the wholly sequenced Yeminia pestis CO92 (12, 30) and Yersinia
enterocolitica 8081 (www.sanger.ac.uk/Projects/Y_enterocolitica)
strains establish that ERICs constitute a major DNA family in
yersiniae. ERICs are (or have been) mobile DNA sequences
which also belong to the MITE superfamily. Most of the 247
elements found in Y. enterocolitica are inserted at close dis-
tance from flanking coding regions, and it is likely that many
are transcribed into mRNA. In this paper, we show that, ac-
cording to their orientations and relative positions within the
mRNA, transcribed ERICs may impede or accelerate the de-
cay of specific mRNA segments.

MATERIALS AND METHODS
Bacterial straing and growth conditions. The 1° enterce strain Yelol
(serogroup O8) was kindly provided by Ida Luzzi at the Istinno Superiore di
Sanity, Rome. The ¥, enferccalitica strains Ye2d (serogroup O8) and Yell
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TABLE 1. Oligonucieotides used to monitor ERIC-positive RNAs*

Sequence

Primer

e TTCGTGACGGTTGCTAGTCCTGOCA

CCCOAACTCGCCAAAATAGGGATTC
COATAAAGAACTGTGTACGCAGCAG
GOATACAACCGACATTCAGGCACAC

fieBf Atttaggts AACTATCAGGTGCGTATICATGATG
cheBrev....... atacgacteactatagga GOTTCGTTTTGTGCAATGGTATAAG

Atttagatgacactatagaa TGGTAGACGATTTTTCOACCATGOG
Aaatacpacteactatages TCGGCATGTTCCAGTCAGAAACCAC

AtnagigacactatagaaGCTAACCAGCTATTGAAAGATGCTC
Aaatacgacteactatapsp GAATATACAGCTTAATGGCAGCACG

AlltaggigacactalagnaATTGAAACTTTGCCACTGTTACGCC
Jaatiegacteactatapeg ATACTCACGACGACAACATCGGUAD

* The oligomckotides used as primers in RNA extension assays are listed at
the tap, The pairs of 45-mers shown at the bottom have been used to abtain by
PCR DNA amplimers In which copies of the bacteriophage T7 promoter {un-
derlined residues) direet the synthesis of antisense RNA probes (Fig. 61, Upper-
case residues mark V. enferccolitica sequences.

(serogroup 0%} and the ¥7 knsfensenis 547 strain were provided by Francesca
Berlutti at the Istiwto di Igiene of the University La Sapienza, Rome. Yersmia
cells were grown in LE broth at 28°C. When needed, exponentially growing
Yel61 cells were exposed either for 12 min to rifampin {final concentration, 200
ng/ml) or for 30 min to chloramphenicol {final ion, 50 pg/ml) before
harvesting,

RNA analyses. Total bacterial RNA was purified on an RNeasy column { OLA-
GEN). Transcripts spanning the chelW’ {open reading (rame [ORF] YE2576),
{rpF (ORF YE2213), uncE (ORF YE4221), and [pd4 (ORF YEOT0Z) genes were
monitored by RNA extension analyses s reported previously (9) by using as
primers the pexcheW, pex.trpB, pexuncE, and pexlpdA oligomucleotides, re
spectively. The sequences of the four primers are reported in Table 1. Reverse
transeriptase-PCR {RT-PCR) analyses were carried out by reverse transeribing
200 nanograms of total ¥. enterccolifica RNA by random priming. The resulting
DNA was amplified by using pairs of gene-specific oligonucleotides (Table 2),
The melting temperature (7,,) of each oligomer (Table 2) was determined by
using the Oligo 4.0 primer analysis software {33). In several instances, RT-PCR.
coamplifications were carried out with alternative paies of primers. One oligo-
nucleotide of each pair had been *P end labeled at the 5 terminus with the
polynucleotide kinase, Comparable yields of amplimers were obtained by label-
ing cither forward or reverse cistron-specifie primers, To adequately monitor
sene-specific RNA levels by RT-PCR, the cDNA was amplified under nonsat-
rating cycling conditions, and ad hoc low-cycle-number (6 to 12 cycles) PCR
analyses were performed for cach set of coamplified genes. Amplimers were
electrophoresed onte 6% polyacrylamide 8 M urea gels and quantitated by
phosphorimagery.

For RNase protection assays, uniformly *P-labeled RNA probes were ob-
tained by transcribing in vitro linear DNA templates as described previously (9).
Templates were obtained by PCR amplification of Yelo1 DNA with the 45-mers
shown in Table 1. Within each pair, one oligomer included the sequence of the
T7 RNA polymerase promoter in the 3' region. Twenty micrograms of total
RNA were mived with *P-labeled antisense RNA probes in 30 pl of hybridiza-
tion buffer (75% formamice, 20 mM Tris [pH 7.5], 1 mM EDTA, 0.4 M NaCl,
0.1% socium dodecyl sullate}, Samples were incubated al 95°C for § min, cooled
down slowly, and kept at 45°C for 16 b, After 3 60-min incubration at 33°C with
RNase T, (2 pg/ml), samples were treated with proteinase K (50 pg/ml) for 15
min at 37°C, extracted once with phenol, precipitated with ethanol, resuspended
in 80% formamide, and lvaded onto 6% polyacrylamide 8 M urea gels,

Computer analysis, &, colf ERIC sequences were used as queries in BLAST
searches (2) to fetch homologous DNA segments from the genomes of the
Y. pesris COO2 (30) and KIM (12) strains and from Y. enrerocoliica 8081 (www
sangeracukProjects/Y enterocolitica). Speciesspecific queries allowed the
identification of Yersints ERICS evolutionarily distant from £ col homologs.
Retricved DNA sequences were aligned with the CLUSTAL W program (41).
Consensus sequendes from multiple alignments of ERIC family members were
established with the program CONS of the EMBOSS package. Secondary strue-
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wre modeling was done using the Mulfold program (www.bioinfo.rpiedu
fappleations/mfold), which predicts RNA secondary structune by free-energy
minimization {(45).

RESULTS

Genomic and structoral organization of ERICs in yersiniae.
The genus Yersinia includes 11 species, 3 of which are patho-
genic to humans (4). The enteropathogens Y. psendotubercu-
losis and Y. enterocolitica are widely found in the environment.
In contrast, Y. pestis s a highly virulent blood-borne pathogen
which is transmitted by fleas and which rapidly evolved from
Y. pseudotuberculosis (1, 44). In silico analyses carried out on
wholly sequenced strains showed that Yersinia chromosomes
are peppered by ERIC repeats, By looking only at elements
carrying both TIRs (Fig. 1), we found 247 and 167 ERICs in
the genomes of the Y. enterocolitica 8081 and Y. pestis CO92
strains, respectively (Table 3). About 90% of the elements are
scattered throughout the chromosome of either species as sin-
gle-copy insertions. The remaining 10% is made up by clusters
in which two to five elements are organized in head-to-tail
configuration, On the whole, 235 and 151 ERIC-positive sites
were identified in Y. enterocolitica 8081 and Y. pestis CO92
strains, respectively {Table 3). In contrast, the Y. pestis CO92
strain contains several moderately abundant families of inser-
tion sequences (18s) (63 copies of 11541, 44 capies of 15760,
8 copies of 181661, and 21 copies of [5283; see reference 7),
while we found only 3 copies of [S1541 in the Y. enterocolitica
8081 genome by BLAST analyses (not shown).

Unit-sized BERICs are 127 bp in length (Fig. 1). Shorter
elements measure ~70 bp, and all lack a 50-bp-long internal
segment. Larger elements are interrupted at specific sites by
three different types of DNA insertions (Fig. 1). Type | and
type 2 insertions have been found also in some E. eali ERICs (37),
while type 3 insertions seem to be present only i versiniae.

Y. pestis and Y. enterocclitica genomes both measure ~4.6
Mb. However, extensive genetic remodeling makes Y. pestis a
species evolutionarily distant from other yersmine (44). Y. pestis
ERICs are fewer and exhibit more size heterogeneity than
Y. enterocolitica elements (Fig. 1A). The Y. pestis CO92 and
the Y. enterocolitica 8081 chromosomes share only 37 syntenic
regions carrying ERIC repeats. Elements have the same size
only in one-third of the cases. In the other mstances, unit-
length elements found in ¥. pestis are replaced by either
shorter or insertion-tagged ERICs in Y. enterocolitica, and vice
versa (not shown ), plausibly as a result of recombination events
between ERIC family members.

The insertion of ERIC induces a 2-bp targei site duplica-
tion. Several syntenic regions identified n Y. enterocolitica and
Y. pestis carty an ERIC element in the former species only,
ERICs termmate at either side with the dnucleotide TA. At
many ¥, pestis empty sites, ERIC is replaced by one copy of the
dinuecleatide (Fig. 2). The duplication of the dinuclectide TA is a
hallmark of eukaryotic MITEs and is a feature shared by known
cubacterial MITEs (24, 29). TA empty sites have been identified
both m ¥, enterocolitica and in Y. pestis (Table 3). This indicates
that the mobilization of ERICs still oceurred ater the speciation
of yersiniae mto ¥, enterocolitica and Y. pseudotuberculosis, from
which ¥, pestis eventually derived (1, 44).

Differences in the distributions of FRICs between the Y.
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TABLE 2. Oligonucleotides used for PCR and RT-FCR analyses
Primer®
Gene Direet Reveme
Sequence T, (C) Sequence T, 0
cheW CGAAACGGTAGGACAAGAATTCCTG 50,1 GGAACAATAACGCCGCGTAAGTTAG 59.2
ched TCATTTTACCATTGAACGCCGTAAT 517 CAGAAATACCTGGAACCTTGCGATA 515
ched AGGCATTGTTGTGATTCTACAAAGC 557 ACGACTCCATCATCAGCCGTAACAC 60.2
fplC TTGAACGCTATGTTTTGGATAATGG 56.3 CAATCTTTTGGGGATCTTTAATGCC 581
tpB ATCCCTATTTTGGCGAGTTCGGGGG 56.2 CAGAGCGGTTGGACGCCCAGCATAG 56.0
pholl CATATTTCCGGCCAGTTCAATGCAG 62.3 CTTTTTATCACCCTCGATGACGCGC 63.5
phel GITATAGCTTGTCGOGUTOGGCAGCA 63.9 TTCTGCTGTGGTOCOUTAAACAGGU 4.8
phoT’ AGGTATCGCCATTCGTCCAGATGTG 62.0
cheY TGGTAGACGATTTTTCGACCATGCG 62.8 TCGGCATOTTCCAGTCAGAAACCAC 63.0
cheB AACTATCAGGTGCGTATTCATGATG 64.2 GCTTCGTTTTGTGCAATGGTATAAG 66.2
cheB AATTACCGTGAAGGAAGCAGAAGAC 66.2
glgd CGTATGTTCTGAGCTATTCCCGTTG 8.1 AGCAAAGGTATCAATCTCCCTGACC 57.9
glad TACGGCATGGAGGGGTTGCTACAAG 0.5 AAGCCATACAACTGTGTTAGCCCAC 515
2lsC GTAGCCACGGTATGACCATGAACTC 57.7 GCAGCAGTAATGTGGAATCAATGGT 582
glelC GATAAAAACGCTTGCTGTCTTCITC 55.0
mank GCAATATGCCAAAGACCGGGTCATG 64.0 TTCGGACTTCCAGTTCAATACCGCG 63.9
manY ATTTCATCGTTGCCTGTATCGCOGG 63.7 ACCAAAGTACAGGUGACGAGGGGAC 64.1
manY CAGCCGAGCGCGATCATTTCTAAGG 635.5
panl GCTAACCAGCTATTGAAAGATGCTC 549 GAATATACAGCTTAATGGCAGCACG 56.3
panC ATTGAAACTTTGCCACTGTTACGCC 50.5 ATACTCACGACGACAACATCGGCAC 610
pst8 TGCGGCAAAAGGTGTAGACTGGAGC 64.2 AATCTGAGTTTTCCAGGCAGCACGG 63.3
pstC ATAAGCCGACAATCAAAGCACCGAG 61.4 CCACAGGAAAGCCCAACCAAATTTC 62.5
argh TGGCAGTCTGATGAACGTAAATGCC 61.1 CATTCACTTTAACCACCATGCCGTC 0.4
argH TCAGGCGGCAGATCAGCGTTTTAAG 64.2 GITGCTGTTCGGCCGTCGTTAAAAC 63.4

# In some instances, the kevel of cistron-specific transcripts was monitored by using novel primers,

pestis COY2 and Y. enterocolitica 8081 genomes reflect species-
specific, rather than strain-specific, variations. The Y. pestis
strains CO92 (30) and KIM (12) belong to different biovars,
have been responsible for the spreads of different plague epi-
demics, and show a remarkable amount of genome rearrange-
ment (12). However, 155/157 ERIC-positive sites found in the
(€092 strain are perfectly conserved, as revealed by BLAST
analyses, in the KIM strain, and the remaining two sites vary
only m terms of the number of tandemly inserfed elements.
ERICs are cotranscribed with flanking genes. Genome-wide
surveys revealed that 137 BRICs are inserted at close distance
(=50 bp) from either the start or the stop codons of Y. entero-
colitica 8081 ORFs (not shown). This suggests that most ele-
ments are cotranscribed with flanking genes into mRNAs,
To mvestigate the issue, we first checked that ERIC-positive
regions found m the 8081 stram were conserved i the ¥,
enterocoliica Yel61 strain. Subsequently, the corresponding
ERIC-positive mRNAs synthesized in this strain were moni-
tored by primer extension analyses (Fig. 3). The major prod-
ucts of extension of both jpd4 and unck transcripts extended
beyond ERIC (Fig. 3). In contrast, extension products of both
cheW and trpB transcripts were found to terminate at multiple
sites within ERIC sequences (Fig. 3). The same pattern was
obtained with different RNA preparations and reverse tran-
seriptase batches. The multiple extension products detected

63

may denote cleavage of cheW and rpll mRNAs at BRIC se-
quences,

ERICs flanking the jpd4 and uncE genes are both inserted
in the same orientation, which from here on we will arbitrarily
refer to as the A orientation. In contrast, elements flanking the
cheW and (rpB genes are inserted in the alternative B orienta-
tion. About 110 ERICs are found, within a =350+ to +45-bp
distance range, downstream from the stop codons of annotated
ORFs in the 8081 strain (Fig. 4). Curiously, most ERICs which
either overlap or are inserted next to ((- to +6-bp distance
range) stop codons are B-oriented elements. In contrast,
ERICs located at larger distances from ORFs are predomi-
nantly A-oriented elements (Fig. 4). The orientation depen-
dence rule works for elements located between unidirection-
ally transcribed ORFs as for elements separating convergently
transcribed ORFs, A privileged orientation relative to the dis-
tance from translational stop codons was similarly displayed by
ERICs found in the ¥. pestis CO92 strain {not shown).

To investigate the functional significance of these ohserva-
tions, several pairs of ¥. enterocolitica genes transcribed in the
same direction, but separated by either A- or B-onented
ERICs, were selected for comparative RNA quantitations, El-
ements analyzed measured all 127 bp and exhibited 94% se-
quence similarity. Total RNA from Yel61 cells was reverse
transeribed into ¢DNA, and the latter was subsequently am-
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Y.enterocolitica ¥.pestis

50 1e@ 158 Zé@ 50 100 150
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TATACCCTAAATAATTCGAGTTGCAGGaaggeg
gcaanngagnga*atcccgatgagetta*caca
agtaagtgattcggg*tganngagngcagecaa
<cacaCATGCAGCTTGAAGTATGACGGGTATA

type-1 cooatcggtcggnoaccgatttgaacageatttatge
tagcccgeagggtgagectcanngatgaggetcatta

type-2 canatcngtcgggagoagatttgaacgctgcttgeag
cggectegeagaggegaggeccatggacgggccgagta
type-3 ttattttaoggtcaacg
FIG. 1. ERIC elements in yersiniae, (A) BRIC-sized classes in ¥
enteroeolitica 8081 and Y. pestis CO92 strains. The number of elements
carrying both TIRs found and their sizes in base pairs are indicated.
(B) Structural organization of ERICs, Boxed arrows mark the TIRs,
Triangles mark type l-to-type 3 insertions interrupting ERIC se-
quences. () The consensus sequence of the 127-bp unit-length ERICs
iz shown in the A orlentation. TIR residues are in capital letters,
Undetlined residues mark sequences conserved in the internally rear-
ranged 70-bp-leng BRICs. The integration sites of type 1to-type 3
insertions are denoted by ssterisks. (D) The consensus sequences of
the three types of intervening sequences found to interrupt ERICs are
shown,

plified by using different sets of primers. As evidenced by the
detection of large mRNA segments, elements selected are
cotranscribed with flanking genes (Fig. 5A). To monitor the
relative abundances of RNA species corresponding to up-
stream and downstream cistrons, the cDNA was coamplified
with pairs of cistron-specific oligomers (Table 2) under non-
saturating cyeling conditions (Fig. 5B). Radiolabeled am-
plimers were separated electrophoretically, and their amounts
were quantitated by phosphorimagery. Data obtained with al-
ternative sets of primers were fairly comparable, ruling out tech-

TABIE 3. ERIC elements in wholly sequenced Y. enterorobitica
8081 and ¥, pestiy COU2 strains

No, i
ERIC element ar
copy no. Y. enterocolitica Y. pastic

8081 cof
Copy no. 247 167
ERICH sites 235 151
Single-copy inserts 225 148
Type I insertions 13 11
Type II insertions 12 2
Type I1I insertions 5 35
TA empty sites 23 3
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TATACCC. .. .GGGTATA

Ye 2818909 ctaccccattcggttctatt tgcacgcattggtctaagee 2819075

R LA L5 L ————— L Y T ——— 2163326

TATACCC. .. .GGGTATA

Ye 4131834 tggcgtggoggtgttatttt tgttttgttgaaattgaatt 4131202

Yp 4129158 - mommm oo [ JE— S 4129117

FIG. 2. Filled and empty BRIC sites. Homelogous DNA regions
from the ¥, enterseolitica 8081 (Ye) and Y. peniz CO92 (Vp) strains are
aligned. Numbers refer to genome residues; dashes denote sequence
identities, The duplication of the TA target site at ERIC termini is
highlighted.

nical artifacts. By looking at transcriptional units spanning B-
oriented ERICs, we found that downstream gene transcripts
accumulated ~4-fold more abundantly than upstream gene tran-
scripts. In contrast, except for the gleC-glzd barrier, the levels of
eene transeripts flanking A-oriented ERICs were comparable
(Fig. 5C). Differences in the downstreamfupstream gene tran-
script ratios measured at intercistronic barriers carrying A-ori-
ented (panf panc) and B-oriented (cheY-ches) ERICs were con-
firmed by RNase protection experiments and magnified when de
novo RNA synthesis was blocke d by treating Yersinda cells with
rifampin (Fig. 6). Both pan# and panC transcripts, which are
quite abundant in steady-state RN As, were no longer detected
after exposure of Y. enteracolitica cells to rifampin (Fig. 6B,
compare lanes 20 and 21). By contrast, the difference in the
steady-state levels of chel and che? transcripts made it still
possible to detect ckeY RNA sequences in rifampin-treated
cells (Fig. 6A, compare lanes 9 and 10).

Data signal that the segmental stabilities of RNAs span-
ning A-oriented and B-oriented elements were substantially
different.

Heterogeneity of ERIC-positive loci among yersiniae. The
conse rvation of ERIC sequences in Y. enteracolitica was mon-
itored by PCR-driven surveys. The Ye 161 and Ye24 strains and
the sequenced 8081 strain all belong to the 08 serogroup. It is
therefore not surprising that 24/24 ERIC-positive loci analyzed
(including those shown in Fig, 5) were conserved in the three
strains (data not shown). In contrast, genetic variations at
specific loci spanning ERIC sequences found in the 8081 strain
were identified in Ye25, a serogroup Q9 Y. enterocolitica strain,
as well as in the YkSS47 strain of the apathogenic Yersinia
Forstensenii species and exploited for comparative RNA analy-
ses. In Yelél, ched and cheW genes are separated by a B-
oriented BRIC, and chel transcripts are ~5-fold more abun-
dant than ched transcripts. The difference is abolished in
YkSS47 cells (Fig. 7). Sequence analysis showed that the
YkSS847 ched-cheW region did not experience the insertion of
ERIC DNA. In Yel6l, a7¢8 and argH genes are separated by
aB-oriented ERIC inserted imme diately downstream from the
argf stop codon. In Ye25, in contrast, the two genes are sep-
arated by an A-oriented ERIC inserted 10 bp downstream
from the argB stop codon. Changes in the position and the
orientation of BRIC are associated with significant differences
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FIG, 2, Primer extension analyses of ERIC-positive transeripts, Primers that had been P labeled at the 5 end and were complementary to
Ipdd, uncE, cheW, and tpB transeripts were hybridized to total RNA (5 pg) derived from the V. enterocolitica Yel61 strain, Annealed primer
moieties were extended in the presence of nucleoside triphosphates by avian myeloblastosis virus reverse transcriptase. Reaction products were
electrophoresed on 6% polyacrylamide-8 M urea gels. Major reaction produets labeled “a™ to “I" are marked by arrows. Numbers to the left of
cach autoradiogram refer to the size in nucleotides of coclectrophoresed DINA malecular size markers. In the diagrams at the bottom are sketehed
the organizations of the ERIC-positive regions analyzed. The direction of transeription of the genes analyzed is indica ted by dotted arrows. Primers
are denoted by arrows; lines labeled *a™ to “1” denote the extended produets. Numbers indicate the distances in base pairs separating ERICs from

cither the stop ot the start codons of neighboring ORFs.

in the argH-argh transcript ratios (Fig. 7). Finally, the ERIC
which separates pand and pand genes in Yelsl is missing in
the YkSS47 strain. This correlates with a threefold decrease in
the level of the pan transcripts (Fig. 7).

B-orientation

30
ERIC number

A-orientation

5@
30
10
20 40 60

ERIC number

FIG. 4. Asymmetry in the orientations of ERICs, The distances in
base pairs separating B-oriented and A-oriented ERICs from flanking
upstream ORFs in the Y. enterorclitica 8081 strain are indicated.

bp from upstream ORFs
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Translating ribosomes and RNA folding. Data shown inFig. 5
to 7 support the notion that the relative abundance of the
mRNA segments flanking BRIC sequences may be influenced
by the orientation of ERICs. The high downstream/upstream
transcript ratio measured at intercistronic barriers spanning
B-oriented elements may correlate with the activity of pro-
moter sequences directing the synthesis of transcripts toward
downstream genes. In A-oriented ERIC, the hypothetical pro-
moter would also direct the synthesis of transcripts toward
upstream ge nes, causing transcriptional collisions and allowing
for the formation of antisense RNA. It is difficult to envisage
how this may be advantageous to the organism. Moreover, it is
left unexplained why B-oriented ¢lements tend to be inserted
50 close to stop codons. We rather believe that transcribed
ERICs may act as modulators of RNA decay and that A- and
B-oriented elements may function in different ways. According
to this hypothesis, the high downstreamfupstream gene tran-
script ratios measured at intercistronic barriers carrving B-
oriented BRICs may be the result of processing events pro-
moted by ERIC repeats which enhance upstream RNA
degradation.

The orientation-dependent mode of action suggests that a
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trpC 2 (B) 54 trpB
phoT 6 (B) 36 phol
cheB -3 (B) 66 cheY

glgC 11 (A) 13 glga
manX 16 (A) 74 manY
panB 36 (A) 11 panC
pstS 42 (A) 17 pstC

FIG. 5. RT-PCR analyses of ERIC-positive transcripts. Total RNA (200 nanograms) detived from the Yel6l strain had been reverse
transeribed by using a mixture of random hexamers as primers. The cDNA obtained had been amplified by PCR with cistron-specific oligomers.
One oligonucleotide of each pair of primers was **P end labeled to allow amplimer detection by zutoradiography. Reaction products were run on
6% polyacrylamide-8 M urea gels. (A) Transeripts spanning ERIC sequences and ched-cheW (lane 1), cheB-chel (lane 2), manX-manY (lane 3),
panB-panC (lane 4), trpC B (lane 5), and patS-pat C (lane 6) genes were detected by using external primers 1 and 4 under standard PCR cyeling
conditions (20 to 22 eyeles). Amplimerswere detected only when RINA samples were incubated with reverse transcriptass (+ lanes) prior to PCR,
(B) Total cDNA from the Yel61 strain had been amplified by using pairs of ORF-specific primers for a limited number of PCR cycles (6 to 12),
Amplimers were quantitated by phosphorimaging, In the example reported, amplimers 1 and 2 correspond to the ched and cheW genes,
respectively (C) The listed genes fanking ERIC repeats have been analyzed as deseribed above. Distances in base pairs separating ERIC termini
from stop and start codons of flanking ORFs are indicated, The orientation of the ERIC (A or B) is given in parenthesis, The number of transcripts
corresponding to downstream (dw) and upstream (up) genes for each pair is expressed ag a ratio, RT-PCR analyses were routinely repeated three
to four times on two independent RNA preparations, Standard deviations are indicated, For each ORF analyzed (with the YE number assigned
by the Sanger Centre shown in parentheses), the hypothesized function, system, andfor product(s) are as follows: for ched (YE2577), chemotaxis
protein CheA; for cheW (YE2576), chemotaxds protein CheW, fortip C (YE2212), tryptophan biosynthesis bifunctional protein; for trpB [ YE2213),
tryptophan synthase subunit B; for phoT (YE4198), high-afiinity P-specific transport and cytoplasmic ATP-binding protein; for phol7 [ YE4196),
P uptake, high-affinity P-specific transport system, and regulatory gene; for cheB (YE2571), glutamate methylesterase; for chel (YE2570),
chemotaxiz protein CheY; forgleC (YE4011), glucose-1-phosphate adenylyltransferase; for glgd (YE4010), glyeogen synthase, for manX [ YE1TT7),
mannose phosphotransferase system and BIIAB component; for manY (YE1776), mannose phosphotransferase system and EIIC component; for
panB (YEO720), ketopantoate hydroxymethyltransferase; for panC (YEOT19), pantoate-beta-alamine ligase; for parS [YE4201), phosphate-binding
periplasmic protein; and for pstC’ (YE4200), phosphate transport system permease.

sequence must be crucial for upstream RN A instability. RN As
corresponding to A-oriented and B-oriented ERICs may fold
int secondary structures which have similar shapes and com-
parable caleulated free energies (Fig. 8A; see references 17
and 38). The formation of RNA hairpins is preserved in the
majority of elements by compensatory mutations and is unaf-
fected in shorter as well as larger ERICs, because both type 1
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and type 2 insertions feature self-complementary regions (Fig.
1D; see also reference 37). However, the left-hand TIRs of
ERICs, which are inserted close to stop codons, are covered by
terminating ribosomes, a translating ribosome protecting at
least 30 residues of the mRNA (40). It is noteworthy that an
AU-rich sequence (AAUUAUUUA; Fig. 8A) would not be
base paired in B-oriented elements because of steric hindrance
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FIG. 6, RNase protection of ERIC-positive transcripts. Uniformly *P-labeled antisense RNA probes, complementary to the coding regions of
the ¥, enterocolitica cheB-ched and panB-panC genes, were transcribed in vitro by the T7 RNA polymerase. In the diagram, RNA probes are
sketched (not to scale) below the gene depictions. Thicker segments mark complementarity to mRNA. Probes were hybridized to 20 pg of total
RNA from Yelfl cells untreated or exposed to rifampin (final concentration, 200 pg/ml) for 12 min before cell harvesting, RNase Ty-resistant
RNA hybrids were electrophoresed on 6% polyacrylamide-& M urea gels. Reaction produats sorresponding to che¥, cheB, pand, and pan8 RNAs
are marked by arrows, (A) Analysis of cheB-cheY RNAs. Lanes: unrsacted input probes (1, cheY; 5, cheB); probes hybridized separately to total RNA
from Yel61 cellsuntreated (2, chel; 6, cheB) or exposed for 12 min to rifampin (3, cheY; 7, cheB) ot hybridized to E. coll tRNA (4, ch2Y; 8, cheF). Probes
were hybridized together to total RNA from Yel61 cells untreated (9) or exposed for 12 min to rifampin (10) or hybridized to E. coll tRNA (11).
(B) Analysis of panB-panC RNAs. Lanes: unreacted input prebes (12, panC) 16, panB); probes hybridized separately to total RNA from Yelsl eells
untreated (14, panC; 18, panB) or exposed for 12 min to rifampin (15, panc; 19, panB) or hybridized to E. coli tRNA (13, panC; 17, panB). Probes were
hybridized together to total RNA from Yel6l cells untreated (20) or exposed for 12 min to rifampin (21) or hybridized to E. col tRNA (22).

caused by ribosomes. Unfolded AU-rich sequences represent
preferred cleavage sites for RNase B (13, 19, 21, 26). The
enzyme, which is conserved both in ¥, enterocolitica and Y.
pestis (ORFs YE1627 and YPO1590, respectively), is the major
endoribonuclease responsible for the mRNA decay in bacteria
(8) and is associated in E. colf with the 3'-5 exoribonucleases
polynucleotide phosphorylase and RNase II in the molecu-
lar machine known as degradosome (8, 32). The mRNA
degradation by 3'-5" exonucleases subsequent to RNase E-me-
diated cleavage may explain the high downstream/upstream
transcript ratios measured at specific ERIC-positive intercis-
tronic barriers (Fig. 5 to 7).

Experimental support to this hypothesis is provided by data
shown in Fig, 8B. Cleavage of ERIC-positive mRNAs should
be favored by the occupancy of the left-hand ERIC TIR by
translating ribosomes. Moreover, uncoupling transcription and
translation should alter the downstream/upstream gene tran-
script ratio in BRIC-positive: mRNAs spanning B-oriented
BRICs only. ERICs located downstream from the ched and
pan® genes are inserted in the B and A orientations, respec-
tively (Fig. 5). Treatment of Yel61 cells with chloramphenicol
significantly altered the chel¥<hed transeript ratio, as we mea-
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sured a fourfold increase in the amount of che RNA but no
effect on the panC-pand transeript ratio (Fig. 8B; see refer-
ences 23 and 39).

It is noteworthy that the predominant extension products
corresponding to the “e” and “1” bands in Fig. 3 nicely match
in size RNA species generated by cleavage of chel¥ and irp 8
transcripts, respectively, at the AU-rich site within the up-
stream B-oriented BRICS.

A-oriented ERICs are found far from stop codons and there-
fore can fold into RNA hairpins. These elements may therefore
act in a way opposite from that of to Boriented ERICs and
function as upstream RNA stabilizers (see Discussion).

DISCUSSION

Origin and evolution of ERIC sequences. ERIC repeats are
present in several bacterial species as low-copy-number farni-
lies, and PCR finge rprinting vsing ERIC primers is widely used
for diagnestic purposes (43). In contrast, ERICs are a major
genome component in pathogenic yersiniae, accounting for
~0.7% and ~0.45% of the total DNA contents of Y. entero-
colitica and Y. pestis, respectively. In either species, elements
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FIG. 7. Comparison of lood carrying or missing ERIC sequences in
different Yersinia strains. ERIC elements are depicted as gray boxes,
and numbers within refer to element sizes. Numbers above boxes
signal the distances in base paits separating BRIC from flanking
ORFs. Total RNAs detfved from Y. enterccolitica strains Yel6l and
Ye2d and from ¥, Jotstengenti strain YkS847 were analyzed by RT-PCR
ag desetibed for Fig, 5. At the empty genomic sites identified in the
genome of the Yk3347 strain, ERIC sequences are replaced by the
dinucleotide TA,

are scattered throughout the chromosome mostly as single-
copy insertions. The genomic spread of ERICs occurred most
probably by transposition. As unambiguously set by the com-
parison of empty and filled chromosomal sites, ERICs specif-
ically duplicate the dinucleotide TA upon genomic insertion
(Fig. 2). This is a hallmark of miniature transposable elements
originating from me mbers of the IS630-Tel-mariner TE super-
family known as MITEs. The mobilization of BRICS, initially
fostered by large codogenic progenitor ISs, also might have
been eventually mediated, as has been previously suggested for
enkaryotic MITEs (15, 18, 31, 36), by ISs whose transposases
were able to recognize ERIC termini. ERICs are plausibly no
longer mobile inyersiniae, as we could identify in silico neither
bona fide ERIC progenitors nor potential cross-mobilizing
TEs either in the sequenced Y. enterocolitica and Y. pesiis
strains or in the genome of the ¥. pseudotubercudosis TP32593
strain, whose sequence has been recently determined (7). Data
reported in this work support the notion that yersiniae learned
during evolution to exploit the genomic spread of BRICs for
functional purposes.

ERICs as modulators of RNA decay. In yersiniae, BRICs are
frequently inserted next to codogenic regions, and most are
plausibly transcribed into mRNAs. The ability of BRIC RNA
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to fold into relatively robust, low-free-energy RNA hairpins
(Fig. 8A} is a feature previously noted {17, 38).

Whole in silico surveys surprisingly revealed a privileged
orientation of ERIC sequences relative to their position in the
mRNA. Tn the V. enterocolitica 8081 strain, 56/60 elements
which either overlap or are located 6 bp or less from the stop
codon of annotated ORFs are inserted in the same orientation
(B-oriented ERICs). By contrast, 45/47 elements located more
distantly from stop codons (distance range, +7 to +35) are
inserted in the opposite orientation (A-oriented ERICs). This
peculiar organization must convey a selective advantage in
evolution for functional purposes.

The preferential location next to stop codons implies that
RNA hairpins formed by B-oriented ERICS are remadelled by
terminating ribosomes (Fig. 8C). We hypothesize that inhibit-
ing secondary structure formation unmasks a potential target
site for RNase B, which is located in the right-hand TIR of
these elements. In turn, the endonucleolytic cleavage activates
the degradation of upstream RNA segments by polynuelectide
phosphorylase and RNase I, the two 3'-5" exoribonucleases
associated with the RNase E in the degradosome (8, 32).

Translation should not interfere with the formation of RNA
secondary structures in A-oriented ERICs. By folding into
stable RNA hairpins, these repeats should be able to slow
down the degradation of upstream RN A segments by impeding
the passage of 3'-5" exonucleases. These repeats may thus work
analogously to the shorter intergenic sequences known as
REPs, which are found in £. coli (16). The element found at
the glgC-glg4 intercistronic barrier seems to work this way (Fig.
3). A similar conclusion can be reached for the element found
between pand and panC cistrons (Fig. 7). However, in other
transcriptional units spanning A-oriented elements, upstream
and downstream transeripts accumulated at similar levels (Fig.
5). We do not have an explanation for such discrepancies.
Plavsibly, several A-oriented ERICs cannot function as up-
stream RNA stabilizers because they are overridden by dom-
inant instability determinants located in the mRNA. Such a
phenomenon has been documented for different E. coli REPs
(25, 27, 28). Similarly, the degradation of 5’ flanking RNA
prompted by B-oriented ERICs may be impaired by mRNA
stability determinants. The efficacy by which ERICs modulate
RNA decay may vary not only because of the intrinsic stabili-
ties of neighboring mRNA segments but also because of se-
quence heterogeneity among ERICs. Thus, conclusions on the
abilities of members of the ERIC family to function as RNA
control elements can be drawn in many instances only by in-
tegrating sequence data with functional RNA analyses.

In spite of the smaller size of their family, Y. pestis ERICs
also can be largely sorted into A-oriented and B-oriented ele-
ments according to their distances from upstream ORFs.
Whether the BRIC-dependent modulation of RNA decay
works in this species, which rapidly evolved as an arthropod-
adapted pathogen, remains to be established.

In the Y. enterocolitica 8081 strain, 30 elements are inserted
relatively far from ORF stop codons but close (=50-bp dis-
tance ) to ORF start codons. These repeats may either stabilize
downstream RNA sequences ({pd4 and wuncE transcripts in
Fig. 3) or interfere with mRNA translation. Some ERICs,
alternatively, could function as DNA, rather than as RNA,
elements. However, deleting an ERIC from the promoter re-
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5. (C) Ribosomes interfere with folding of ERIC-positive RNA, In mRNAspanning B-oriented elements that are inserted close to the
translational stop codon, the translating tibosome covers most of the ERIC left-hand TIR, unmasking the RNase E site (sketched as a

triangle) located in the ERIC right-hand TIR.

gion of the Y. enteracolitica cpd8 gene had no effect on cpd &
expression (42). By contrast, the ERIC found in the promoter
of the Y. enterocolitica ybt4 yersiniabactin regulator may mod-
ulate yersiniabactin activity, as putative binding sites for the
YbtA transcriptional regulator and the TATACCC motif
found in ERIC TIRs coincide (33).

The numbers, the structural organizations, and the chromo-
somal distributions of BRICs and neisserial NEMIS sequences
are similar. It is curious to note that members of these two
MITE families, spread in evolutionarily distant gram-negative
bacteria, independently evolved into substrates for the major
cellular endoribonucleases. We would not be surprised to karn
that bacterial MITEs yet to be discovered may have similarly
evolved into cis-acting sequences regulating mRINA metabolism,
Whether MITE-like repeats found in eukaryotes may similarly
work as RNA regulatory elements remains to be established.
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Abstract

Background: Prediction of secondary structures in the expressed sequences of bacterial genomes
allows to investigate spontanecus felding of the corresponding RMNA. This is particularly relevant
in untranslated mRMNA regions, where base pairing is less affected by interactions with the
translation machinery. Relatively large stem-loops significantly contribute to the formation of more
complex secondary structures, often important for the activity of sequence elements controlling
gene expressicn.

Results: Systematic analysis of the distribution of stem-loop structures (5LSs) in 40 whelly-
sequenced bacterial genomes is presented. SL5s were searched as stems measuring at least 12 bp,
berdering loops 5 to 100 nt in length. G-U pairing in the stems was allowed. 5L3s found in natural
genomes are constantly more numerous and stable than those expected w randomly form in
sequences of comparable size and compesition. The large majority of SLSs fall within protein-coding
regions but enrichment of specific, non randem, SLS sub-populations of higher stability was
observed within the intergenic regions of the chromosomes of several species. In low-GC
firmicutes, mest higher stability intergenic 5LSs resemble canenical rho-independent transcriptional
terminators, but very frequently feature ar the 5'-end an additional A-rich stretch complementary
to the 3" uridines. In all species, a clearly biased SLS distribution was abserved within the intergenic
space, with mest concentrating at the 3'-end side of flanking CDSs. Seme intergenic 5LS regions
are members of novel repeated sequence families.

Conclusion: In depth analysis of 5LS features and distribution in 40 different bacterial genomes
showed the presence of nen random populations of such structures in all species. Many of these
structures are plausibly transcribed, and might be involved in the control of transcription
termination, or might serve as RNA elements which can enhance either the stability or the
turnover of cotranseribed mRMNAs. Three previously undescribed families of repeated sequences
were found in Yersinioe, Bordetelloe and Enterococci.
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Background

The tremendous flow of information generated by large
scale genome-sequencing provided, as far as the prokary-
otic world is concerned, the complete DNA sequence of
over 200 bacterial strains, and more are becoming availa-
ble every month, Most annotation work has been directed
to the assessment of the protein repertoire encoded by a
given microbe, aiming to the genome-scale reconstruction
of bacterial metabolism [1], the identification of gene sets
unique to pathogenic microorganisms [2,3] or the devel-
opment of new vaccines [4]. The availability of massive
amount of sequence data also stimulated in depth evalu-
ation of the organization of the bacterial chromosome [5-
9]. The basic organization of the genetic material (DNA
curvature and stacking energy, base and oligo skews, etc;
see tef. [10]), and the presence of simple or more complex
sequence repeats [11,12| have also been analyzed for
maost sequenced bacterial genomes.

Information associated to the folding of specific, single
stranded sequence regions into secondary structures is rel-
atively ill-defined in prokaryotes. Prediction of RNA sec-
ondary structures may show different and even
contrasting results, depending on the methodologies and
the genomic regions evaluated |13-15].

In bacteria, protein coding sequences may be regarded as
able to be transcribed and to form predictable secondary
structures, although in many instances the spontaneous
folding of the corresponding mRNA may be affected by
interactions with the translation machinery. Stem-loop-
structures (SLSs) in RNA may in tum control transcrip-
tion, as in the attenuation mechanism [16], or influence
translation, as SECIS elements do for the insertion of
selenocysteine at stop codons [17]. Secondary structure
prediction is very effective for relatively small RNA with
defined ends, especially when corroborated by phyloge-
netic data, but it is more ambiguous in larger RNAs, where
SLSs, especially those containing short stems, are easily
formed, or lost, when a sliding window is used to tenta-
tively delimit the boundaries of a folding domain.

Longer stems significantly contribute to the formation of
complex secondary structures where they affect RNA sta-
bility and functionality. Many non coding RNA structures
are known to fold around a stem which delimits either a
small, simple, single-strand loop or a larger, highly struc-
tured sequence. Examples are found in self-splicing
introns (18], riboswitches [19], transcribed intergenic
repeats such as E.coli BIME, Yersinia ERIC and Neisseria
NEMIS sequences. In these cases the stem is often essen-
tial to the attainment of the correct secondary structure
and may be directly recognized by ribonucleases [20-23].
Some predicted SLSs might also form in DNA and affect
its conformation: base pairing of single stranded DNA is
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known to play a role in recombination, replication and
transcription |24-26].

Here we present a systematic analysis of SLS distribution
in prokaryolic genomes. Sequences able to fold into stem-
loop structures featuring relatively large (12 or more bp)
stems have been searched and analyzed in 40 wholly-
sequenced bacterial chromosomes. $L8s found in
searched bacterial genomes are more numerous and more
stable than those randomly expected to form in sequences
of comparable size and composition, The enrichment of
specific SLS sub-populations may be observed within

selected intergenic regions (IGRs),

Results

Identification of stem-loop structures (SLSs)

A relatively large number of completely sequenced bacte-
rial genomes is currently available, from different species
of medical, industrial or purely scientific interest. While
for some species only one or two strains have been
sequenced, for others, such as E. coli and Salmonellae, mul-
tiple variant strains have been sequenced, leading to over-
representation of these sequences in available databases.
For the present study, we selected a set of 40 genomes
from different bacterial species (Table 1), constituting a
representative sample of the prokaryotic world in terms of
evolutionary distance, genome complexity and GC con-
tent.

Genomes of bacteria listed in Table 1 were analyzed o
identify all the single-strand sequence regions able to fold
into SLSs featuring double-stranded stem regions measur-
ing at least 12 bp, and loops 5 to 100 nt long, GU base-
pairs within the stem were allowed, Similarly allowed was
a single mismatch or bulge located at least two matches
away from the ends of the stem. These settings were cho-
sen in order to identify both short ‘canonical’ stem-loop
structures (i.e. with simple loops) and larger ones contain-
ing 'highly structured loops'. The number of SLSs found in
each bacterial genome, grouped according to the SLS posi-
tion, relatively to the boundaries of known and predicted
genes annotated in the TIGR database, is reported in Fig.
1. SLSs are classified according to the following categories:
a) coding, entirely contained within a coding sequence,
located either on the sense or the antisense strand; b)
intergenic, entirely located between coding sequences; ¢)
end-spanning, spanning one of the ends of a coding
sequence. The number of $L8s ranges from the slightly
more than 20.000, in Mycoplasmae and other small
genomes, o about 200,000, in large genomes as those fea-
tured by Bordetellae and Pseudomonaceae.

The large majority of SLSs falls within, or spans the ends
of, genic regions; only about 10% of SLSs were found in
IGRs. This distribution is not surprising as it reflects the
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Table |: Bacterial species analyzed in this study are numbered | to 40. The strains used for in silico analyses, the size of their genomes
in base pairs and their relative GC content are shown. Representative species chosen for comparative analyses are labeled a through
tov.

Division Species Strain Genome size GC%
low-GC Firmicutes Bacillus anthradis Ames I a 5227193 354
Bacillus halodurans C-125 2 4202353 43,6
Bacillus subiilis 168 3 4214810 435
Clostridium perfringens 13 4 3031430 185
Clostridium tetani E88 5 b 1799250 187
Enterococeus faecalis V583 6 ¢ 3218031 370
Lactobacillus johnsonii NCC533 7 1992676 34.6
Listeria innocua CLIPI1262 B 3011208 373
Listeria monocytogenes EGD-e 9 d 1944528 39
Staphylococas aureus MW2 10 2820462 n7
Streptococets pretmoniae TIGR4 I e 2160837 396
Streptococas pyogenes SF370 12 1852442 384
Mollicutes Mycoplosma genitaliim G-37 13 f 580074 3le
Mycoplasina paemmonioe MI12% 14 g 816394 399
Ureaplasma urealyticunt serowar 3 15 751719 254
high-GC Firmicutes Corynebacterium diphtheriae NCTCI3129 13 2468635 535
Mycohacterium leproe TN 17 3268203 57.7
Mycobacterium tuberailosis H37Ry 18 h 4411529 65.5
Chlamydiae Chlamydia pneumoniae AR3I9 1% i 1229853 405
Chiomydia trachomatis serovar D 0 1042519 41.2
Spirochactae Treponema pellidurm Michals 2 1138012 527
a-Protecbacteria Brucello melitensis leM 2k 3294931 57.1
Rickettsia conorii Malish 7 1 1268755 324
Rickettsia prowazekii Madrid E 4| 1111523 89
f-Protecbacteria Bordetefla bronchiseptica RB50 5 m 5339179 68.1
Bordetella parapertussis 12822 26 4773551 68.1
Bordetefla pertussis Tohama | 27 4086189 67.7
Neisseria meningitidis MC58 8 n 2272351 514
1-Protecbacteria Buchnera APS 29 640681 262
Escherichia coff K12 MG 1655 0 o 4639221 4.8
Haemophilus influenzae KWW20 Rd il p 1830138 380
Pasteurella multocida PM70 2 2257487 403
Peetidomonas seruginosa PAOI KT | 6264403 b4
Pseudomonas putida KT2440 34 6181863 615
Salmonelia typhi CT-18 B or 4809037 520
Salmonella gyphimurium LT2 SGSCl41 K[ 4857432 5212
Vibria cholerae MNI16961 7 4033464 47.2
Yersinia pestis con |8 ot 4653728 47.5
e-Protecbacteria Campylobacter jejuni NCTCI 1168 3% 1641481 305
Helicobacter pylori 26695 40 v | 667867 388

high fraction (87-90%) of sequences annotated as coding  tion of SLSs found in non-coding sequences exceeds 20%.
in most tested genomes. In some species, however, the A slightly lower number of intergenic SLSs was found in
number of $LSs found in the IGRs was noticeably higher,  the P. putida genome.

In B. anthracis, C. perfringens and N. meningitidis, the frac-
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SLSs in bacterial genomes. The number of SLSs found in the 40 bacterial genomes listed in Table | is reported. SLS located
completely within intergenic or coding regions are labeled as such ("sense” and "anti-sense” indicates the coding and non-cod-
ing strand, respectively); those spanning the border of coding/nen-coding regions are marked as "end spanning”.
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SLSs in naturally occurring and reshuffled genomes

Fig, 2A reports the number of SLSs found, as a function of
genome size, in the subset of 22 genomes labeled a tovin
Table 1. As also shown in Fig, 1, larger genomes contain
more SLSs than smaller ones, and a rough linear corre-
spondence between genome size and SLS abundance may
be observed (Fig. 2A). The same search, done on random
sequences of the same length and GC content as the orig-
inal genomes, produces a lower number of SLSs, linearly
correlated with genome size, with the only exception of
Clostridium tetani and Rickettsia genomes (Fig. 2A). As
expected, for a given random genome, the number of SLSs
perfectly correlates with the sequence length, when
smaller fragments are tested (data not shown).

The attitude of a sequence to randomly give rise to stem-
loop structures is expected to depend on a number of fea-
tures, such as base composition and word frequencies.
Moving away from the equally-split 25% frequency of
each base, or 50% GC content, sequence complexity is
reduced, and this facilitates the formation of complemen-
tary structures, This is easily seen in Fig. 2B, where SLSs
found in naturally occurring genomes are plotted against
GC content, after sequence length normalization. The
dotted line represents SLSs found in random sequences of
different GC content, all 1 Mbase long, produced by ten
uns of the reshuffle tool. Variations are always within a
very small (about 1%) range. As expected, random
sequences stochastically give rise to a number of SLSs,
which regularly grows from a minimum, for a 50% GC
content, to larger numbers as GC content either decreases
or increases (Fig. 2B).

Natrally occurring genomes feature a larger number of
$LSs. With the only exception of C. tetani, the number of
predicted SLSs is always higher, by several standard devia-
tions, than in random sequences of comparable GC con-
tent, which is statistically significant for P < 0.0001 or
lower. This indicates that some non-random component
of the nawral genome sequence is responsible for the
larger number of §1.8s, which cannot be reproduced in the
shuffled sequences. Reduced complexity of the sequence
may be due 1o consistently repeating patterns in the natu-
ral sequence, such as the tendency to prefer the use of spe-
cific di- or tri-nucleotides, or higher order words, which
are not conserved in the shuffled genomes, or constraints
imposed by the presence of coding regions. To test these
effects, SLS found in natural genomes were compared to
those found in randomized genomes, produced by shuf-
{ling while keeping constant the frequency of words of
size ranging between 2 and 13 nucleotides. Shuffling
genomes by only preserving word frequencies does not
take into account the constraints imposed by the presence
of coding regions. For this reason an alternative method
(DS, double shuffle) for shuffling the natural genomes
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was devised, where for non-coding regions, dinucleotide
frequencies are preserved, whereas for coding regions
dinucleotide frequencies, encoded protein, and codon
usage are all preserved, as described in reference [15].
Each randomization was repeated ten times, with very
small changes in the number of SLSs found (typically
<1%). The results, for three genomes of different GC con-
tent, are reported in Fig 3, where SLSs are classified
according to their stability (dG} and loop size. Progres-
sively larger SLSs numbers are obtained by keeping the fre-
quency of 2- to 4-nt words constant. For larger word sizes
the trend appears to slow down, and subsequent increases
only give rise to marginally higher numbers. Natural
genomes also contain more SLSs than sequences pro-
duced according to the second, more complex, model,
which distinguishes between coding and non-coding
genomic regions. The differences, also in this case, are typ-
ically above four standard deviations, significant for P <
0.0001 or lower. SLS numbers obtained with this method
are similar to those from genomes randomized by pre-
serving 4- or 5-nt words. Interestingly, preserving larger k-
lets ranging from 6 1o 13, produces even higher numbers
than the random genomes obtained by preserving codon
usage.

Specific SLS subsets are selectively enriched in the natural
genomes. The largest differences are observed with higher
stability structures where the random component is
expected w be lower. SLSs including the smallest loops
{shorter than 20 bases) also appear to be more frequent in
natural genomes, possibly including specific classes of
RNA structures (Fig. 3).

Identification of specific SLS groups

From the previous data, it emerges that in most species the
pool of predicted SLSs shows a bias towards energy levels
and genome localization, which is highly indicative of the
inclusion of non-random SLS sub-populations. As folding
of SLSs containing larger 'loops' might produce alternative
structures, possibly excluding the expected stem, mini-
mum energy structures were predicted both freely and by
imposing a constraint for SLS formation (see Methods).
Most higher stability (dC < -10 KCal/mol) SLS-containing
regions, when minimum energy structures are predicted
by imposing no constraint for SLS formation, produce
results within 5 KCal/mol of the SLS based structure {60
to 80% in practically all species, not shown). This indi-
cates that, for these higher stability regions, the SLS con-
taining structure is expected to be either the optimal or a
close suboptimal structure, The relative frequency of these
regions, within coding and non-coding genomic areas,
was determined in the 40 bacterial genomes listed in
Table 1. The results, reported in Fig. 4, were normalized to
genome length and total SLS genomic frequency. Only
SLSs entirely located within coding and intergenic regions
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Figure 2

SLSs in natural genomes and comparable random sequences. SLSs found in natural bacterial genomes (filled circles)
and random sequences of the same base composition (empty circles) are plotted against genome size in panel A. Filled and
empty circles are connected for clarity. The same SLSs, normalized according to genome size, are plotted as a function of the
GC content in panel B. The grey curve was obtained by determining the number of SLSs in a | Mbase random sequence of the
indicated GC3%. Each point is the average of 10 sequences, bars indicate standard deviations. Pre-filtering of SLSs was not per-
formed. In both panels letters indicate bacterial species as listed in Table |.
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were counted. An evident enrichment in intergenic SLSs
can be observed in the genomes of all the low-GC firmi-
cutes (a bracket in Fig. 4) and in a few proto-bacteria (b-
e). In both H. influenzae and P. multocida (d and e,
respectively, in Fig. 4), the SLS enrichment reflects the
genomic over-representation of the decameric sequence,
known as DUS (for DNA Uptake Sequence), which plays
a role in transformation [27]. Most of the >~1000 DUS
repeats found in either species are localized in intergenic
spaces, and several are located next to each other in
inverted orientation [27,28]. We assessed that this frac-
tion of DUS repeats accounts for the formation of higher
stability SLSs (not shown). The abundance of intergenic
$18sin the R. conorii and N. meningitidis genomes (b and
¢, respectively, in Fig, 4), correlates to the presence of spe-
cies-specific palindromic repeats [29,30]. In contrast, the
enrichment in intergenic $L8s in low-GC firmicutes can-
not be explained by the presence of large repeated DNA
families. In these genomes higher stability SLSs range in
size from 30 to 50 nt, and show heterogeneity in both
stem and loop lengths (not shown).

AT-rich terminator-like seq es in low=-GC firmicutes
The analysis of higher stability, intergenic SLSs found in
low-GC firmicutes revealed that these elements are mostly

AT-rich, and frequently found close 1o the stop codon of

genes located upstream. Typical rtho-independent tran-
scriptional terminators are relatively short $LSs, in which
GC-rich stems made by 6 to & bp pairs are flanked on the
3" side by a stretch of 4 or more Ts [31-33]. To test the
potential for $18s from low-GC firmicutes to act as termi-
nators, the distribution of As and Us at their termini was
analyzed. Most (65 to 75%) of the higher stability SLSs
located immediately downstream from annotated CDSs
feature four Ts at their 3' border (Fig. 5, panel A, grey
bars). The number of $LSs exhibiting the same features
drops to 20%, or less, in other bacteria (Fig. 5, panels A
and B). Interestingly, in low-CGC firmicutes more than
50% of the SLSs featuring four Ts at the 3' border carry
also four As at the 5' border (Fig. 5, panel A, black bars).
Again, 8LS8s with identical features are 5- to 10- times less
abundant in other bacteria (Fig. 5, panels A and B). The
concomitant presence in low-GC firmicutes of 4As and
4Ts respectively at the 5' and 3' SLS termini is not merely
due to the high AT content of their genome, but rather
appears to be the result of some functional selection. In
fact, very low numbers of SLSs with the inverted organiza-
tion, namely camrying 5' 4Ts and 3' 4As, were found (see
Fig. 5).

Distribution of intergenic SLSs

The relative positions of higher stability SLSs within the
IGRs were analyzed in all the species listed in Table 1.
Based on the orentation of flanking CDSs, IGRs were
combined (Fig. 6) to form three intergenic spaces {IGS):
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a) uni-IGS, between CDSs transcribed unidirectionally,
i.e. along the same orientation; b} conv-1G8, between con-
vergently transcribed CDSs; ¢) div-IGS, between diver-
gently transcribed CDSs. SLSs falling within each
intergenic space are accordingly referred to as uni-, conv-
and div-SLSs. In all species uni-SLSs are the largest
(around 60%) SLS fraction, but no enrichment is
observed, as their number reflects the length of the uni-
IGS. In contrast conv-8LSs, which represent 20 to 30% of
total intergenic SLSs, are concentrated in a much smaller
space, as the corresponding conv-IGS covers 8 to 12% of
the overall intergenic space in practically all tested species.
Conversely, div-IGS, which covers 25-35% of the inter-
genic space, only hosts about 10% of SLSs. A corollary of
this distribution is that SLSs tend to favour, as a preferen-
tial location, the 3'- over the 5'-end of flanking CDSs. To
test this hypothesis also on the uni-SLSs, a representative
set of these regions were further sub-divided into three
sub-regions corresponding to the two 50 base spans
named left and right, respectively close to 3'- and 5-ends
of the flanking CDSs, and the remaining, variable length,
intermediate subregion, named center. Short IGRs, which
could not be split into appropriate subregions, were not
included in the analysis. Similarly a small number of
extremely long regions, which might derive from inaccu-
rale genome annotation, were not used. The number of
SLSs found in the described subregions (Fig, 7) shows that
also the uni-SLSs clearly favour the 3'-end location: in the
vast majority of species SLSs found within left subregions
outnumber by 2- to 4-fold those found in the equally long
right subregions.

SLSs spanning repetitive DNA elements

Some intergenic SLSs may coincide with, or be a modular
component of repeated DNA families. The clustering of
intergenic SLS at the 3"-end of genes opens the possibility
that this relative enrichment may be related to a func-
tional role, not necessarily connected to termination, A
search for DNA repeats, known from literature to cluster
at the 3"end of coding regions, revealed that REPs (repet-
itive extragenic palindromic sequences) found in E. coli
[34] and P. putida |35] are a component of the selected
population of 3-end clustered SLS. By using SLSs as
BLAST query sequences, we could identify repeated, previ-
ously undescribed DNA elements in various species (Fig.
8A). The Bor repeats are short SLSs ranging in size from 26
10 30 bp over-represented in Bordetellae. The 30-mer is
found in numbers ranging from 42 to 75 in different Bor-
detella species, whereas the smaller 26 bp core is much
more abundant (Fig. 8B). Bor are found dose to coding
regions, and share some similarity with the E. coli REPs
(Fig. 84). Novel DNAsequence elements, larger than REPs
were found in Y. pestis and E. faecalis (Ype and Efa ele-
ments, respectively: Fig, 8A). Members of both DNA fam-
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SLSs in B. anthracis, E. coli, and M. tuberculosis. In the six panels, bars represent SLSs found in B. anthracis, E. coli, and M.
tuberculosis genomes and in randomized genomes produced from them. Bars | to |3 refer to randomly shuffled genomes pre-
serving the frequency of | to 13 nucleotide words, respectively. Bar U (Unshuffled) refers to the natural genome, while bar DS
(Double Shuffle) refers to the genome shuffled preserving information about coding regions (see Results and Methods). In each
column, stacked bars are used to separate SLSs of different dG (top panels) or loop size (bottom panels), as indicated. Only

SLSs with dG < -5 KCal/mole were selected. Pre-filtering of SLSs was not performed. Standard deviations are always lower than

1% and are not reported in the figure.

ilies tend also to be preferentially inserted close to the 3™
end of annotated CDSs.

Discussion

The ability of a DNA or an RNA segment to fold into a
stem-loop structure derives from the presence of comple-
mentary bases, and such segments stochastically occur in
every large sequence, no matter the origin, even randomly
generated, provided that some level of balanced distribu-
tion of nucleotides within single strand is guaranteed.
This is certainly true in bacterial genome sequences, where
oligonucleotide distribution reveals compositional sym-
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metries in a variety of complete genomes [36,37]. The
problem of evaluating the relevance of a particular motif
in terms of the likelihood of generating it by chance in a
given sequence has been extensively faced (see for exam-
ple the work by Robin and coworkers [38] for the proba-
bility of finding a motif composed of two 'boxes'
separated by a variable distance). Here we chose an 'exper-
imental' approach, based on randomized genomes pro-
duced by reshuffling the natural one, with two types of
constraints: preservation of a variety of k-let frequencies
and a more complex model where genic and intergenic
regions are separately shuffled with conservation of ami-
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Figure 4

Species-specific enrichment in intergenic SLSs. The regional enrichment of higher stability SLSs (dG < -10 KCal/mole)
completely located within coding (sense and anti-sense) and intergenic regions has been menitored in the 40 bacterial genomes
listed in Table |. Enrichment is expressed as the ratio of the SLS frequencies within each region to average SLS frequencies in
the total genome. Letters a to e signal enrichments in intergenic SLSs observed in specific genomes (see Results).
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Figure 5

Distribution of A- and T-runs at SLS termini . Intergenic SLSs from the indicated genomes with a dG <-10 KCal/mole and
a loop length < 30 nt, located 20 bp or less from the stop codons of CDSs (large grey bars) were screened for the presence of
either A- or T-tetramers or both tetramer types at the 5" and 3’ borders. Border is defined here as the 10 nt long region
including, in each SLS, the first 5 nt of the stem and the 5 nt located immediately outside of the stem, either at the §' or the 3'
side (see inset in panel A). A) For each analyzed species, the four bars respectively indicate the number of SLSs containing 5'T-
, 5'A-,3'T-and 3A'-runs of at least four identical residues. The black portions of the bars indicate the contemporary presence of
both 5'As and 3'Ts. The height of the light grey regions in the background represents the total number of SLSs in the analyzed
pools. B) The fraction of SLSs carrying 3'T-runs (grey bars) or both 5'A- and 3'T-runs (black bars) in the analyzed genomes is

shown,
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Figure 6

Classes of intergenic SLSs. Based on the orientation of flanking CDSs, higher stability intergenic SLSs (dG < -10 KCal/mole)
have been sorted into three categories, as indicated at the bottom (see Results). The width of each stacked bar denotes the
fraction of SLSs belonging to the three categories. The thickness of the bars is proportional to the cumulative sizes of IGRs
{lengths below 25000 bp are not to scale, but are represented by a minimal bar width). Lines above bars represent the inter-
genic space, split by vertical dashes in three segments respectively corresponding, left to right, to the cumulative lengths of
IGRs flanked by unidirectionally, divergently and convergently transcribed CDSs, According to the parameters adopted, no
conv-IGS was found in the genome of M. genitalium (see row |13). Only IGRs ranging from 29 to 500 bp were taken into
account, since smaller regions can not contain the shortest detectable SLSs, and bigger ones might derive from inaccurate
genome annotation. Bacterial genomes are numbered | through to 40 as in Table |.
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Figure 7

Subsets of uni-SLSs. SLSs located between unidirectionally transcribed CDSs have been subdivided into three categories,
relatively to their distance from flanking CDSs as indicated at the bottom. The position of the dotted lines across bars denotes
the averaged amount of intergenic space occupied by the three categories of SLSs analyzed. The uni-IGS minimum size was
raised to 129 bp, since shorter IGSs cannot be assigned to any of the three categories. SLSs were selected as in Fig. 6.
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A

species repeat size (bp) abundance described in
E.coli REP 35-40 hundreds  reference 34
P.putida REP 35-40 hundreds  reference 35
B.bronchiseptica Bor 26-30 hundreds  this paper
E.faecalis Efa 165-180 tens this paper
Y.pestis Ype 130-160 tens this paper
B

Bor (26 bp)  GTGCCTGTCCCCGCNGGGACAGGCAC
Bor (30 bp) GTGTGCCTGTCCCCGENGGGACAGGCACAC

REP ATTGCCTGATG-CGCTACGCTTATCAGGCCTACR

30 mer 26 mer

B.bronchiseptica 75 225

B.parapertussis 50 198

B.pertussis 42 131
Figure 8

SLSs and sequence repeats. A) Repeated DNA families spanning SLSs identified in different prokaryotic species are listed.
B) The consensus sequence of the Bordetefla Bor repeats is shown at the top. Sequence identities with the Ecoli REP z| sub-
type are highlighted. N, any nucleotide: R, purine. The relative abundance of the 26- and 30-bp long members of the Bor family
in sequenced Bordetella genomes is reported.
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noacid sequence and codon usage. SLSs found in naw-
rally occurring genomes clearly outnumber those
expected from the result of similar analysis in their rand-
omized counterparts (Figs. 2 and 3). Itappears that natu-
ral genomes somehow tend to favour the formation of
specific sets of stem-loop structures, typically the more
stable ones. These sets significantly contribute to the
higher SLS numbers observed in naturally occurring
genomes, compared to their random counterparts. The
phenomenon has been observed in bacterial genomes
which widely differ in terms of size, GC content, evolu-
tionary relatedness. Data are in agreement with literature
reports, showing that, in large-scale analyses of prokaryo-
tic mRNA populations, coding regions had a significant
bias toward more local secondary structure potential than
expected [15].

The evolutionary pressure promoting the potential forma-
tion of stem-loop structures at genome-wide level may
serve different functional purposes. At the DNA level,
stem-loop structures may play a role in replication, tran-
scription, and recombination. However, as the vast major-
ity of prokaryotic genomes is composed of expressed,
protein-coding, regions, the contribution to mRNA sec-
ondary structure formation should be taken into account
for most SLSs, espedially those including G-U pairs. Most
$LSs fall within coding regions (Fig. 1), in agreement with
their size, which typically exceeds those of non-coding
regions by a factor of ten. Still, when evaluating their sig-
nificance, ribosome coverage and formation of secondary
structures  within - protein-coding regions should be
regarded as alternative, ribosomes being expected to pre-
vent the formation of most low stability mRNA structures,
Higher stability structures may however result in transla-
tional pausing, possibly used in repulatory mechanisms
such as attenuation [16]. In specific instances, coding SLSs
correspond  either to remnants of transposon-like
sequences [30], or to regions encoding repetitive protein
domains, such as those found in the mycobacterial PE
genes or in anchored cell-wall proteins conserved in sev-
eral microorganisms (not shown).

Although less numerous, SLSs tend to be more frequent
within the much smaller IGRs, where a typical bias
towards energy levels and genome localization may be
observed, highly indicative of specific, non-random, SLS
subpopulations. All the analyzed low-GC firmicutes fea-
ture a marked enrichment in higher stability intergenic
818s. Both structure and genomic location suggest that
mostof these sequences may function as rho-independent
transcriptional terminators. The finding is not surprising
per se, since the transcriptional factor rho is not essential in
Bacillus subtilis and Staphylococcus atireus, and other Gram-
positive bacteria with a low GC-content lack a rho
homolog [39,40]. However, SLSs found in low-GC firmi-
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cutes are atypical as transcriptional terminators, as most
of them carry, in addition to the canonical 3' U-rich tract,
a complementary A-rich tract at the 5-end (Fig. 5). This
arrangement is known not to impair termination as, for
example, in the £ coli thr operon attenuator, the termina-
tor features a GC-rich stem-loop flanked by 2 Us at the 3'-
, and 6 As at the 5'-end, and site-directed mutagenesis has
shown that upstream adenines are neither essential, nor
detrimental to transcription termination [41]. The 4A/4T
containing SLSs found in low-GC firmicutes, when
located at a short distance from convergently transcribed
genes, may function as bi-directional terminators [42].
Alternatively, these AU-rich SLSs may serve additional
functions, such as mRNA stabilization, as point mutations
in transcription terminators are known to affect the stabil-
ity of upstream RNA segments |43,44].

Bacteria other than low-GC firmicutes do not feature sim-
ilar AT-rich terminator-like structures, still the distribu-
tion of SLSs within IGRs is clearly non random, When the
{requency of $LSs is analyzed according to the type of IGR,
all bacteria show a strong preference for SLSs within con-
vergent, i.e. flanking the 3'-end of CDSs, rather than diver-
gent IGRs (Fig. 6). Furthermore within unidirectional
1GRs, higher stability intergenic SLSs are also preferen-
tially found within the 50 bp tract immediately following
the stop codon of the neighbouring CDS (Fig. 7). This dis-
tribution strongly favours the notion that most higher sta-
bility intergenic SLSs are transcribed, and may therefore
function at the RNA level. Although termination is the
expected role for a large fraction of them, especially in
bacteria where rho dependent termination is not relevant,
their number and the observed sequence feawres leave
open the possibility of additional roles, such as RNA sta-
bilization, translational regulation by riboswitches and
attenuators [19,16]. Alternatively these SLS may be tar-
geted by specific nucleases and rapidly degraded, thus
functioning as RNA instability determinants. Finally, it
must be recalled that some intergenic SLSs may be tran-
scribed independently of the flanking genes. In recent
years several groups provided support to the notion that
prokaryotic intergenic sequences encode a variety of
small, non-coding {nc) RNAs fulfilling diverse functions
|reviewed [45]]. It will be of interest to assess whether
selected intergenic SLSs may lead to the identification of
novel nc-RNAs in RNA populations.

Some SLSs show strong similarity with each other, and
may be grouped into families of repetitive sequences.
Here we describe Bor sequences (Fig. 8), a set of palindro-
mic elements, over-represented in all Borderellae, which
recall in length and sequence the E. coli REP sequences.
Bor containing RNA may fold into hairpins similar to REP
RNA, and possibly play an analogous role, i.e. the stabili-
zation of the cotranscribed mRNA |34]. The larger Ype and
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Efa elements (Fig, 8) are members of less numerous DNA
families spread in the genomes of Y. pestis and E. faecalis,
respectively. These sequences are similar in size and abun-
dance to other intergenic repeats, such as NEMIS in N.
meningitidis |22| and ERIC in Yersiniae |23], which are
cotranscribed with flanking genes and may fold into sim-
ilarly organized RNA hairpins. Preliminary data indicate
that both Ype and Efa RNA elements may indeed enhance
the stability of cotranscribed mRNA sequences | De Grego-
rio E, Silvestro G and Di Nocera PP, unpublished results].
Quantitatively, members of these families only account
fora small fraction of intergenic SLSs. As revealed by a pre-
liminary BLAST analyses (not shown), further substantial
similarities may be detected within the identified SLSs.
Each of these families may therefore be extended, by
including more elements sharing sequence similarity, but
not initially found because of the presence of defective, or
less pronounced, secondary structures. Further work will
be necessary to eventually obtain a systematic classifica-
tion of bacterial DNA families spanning, or coinciding
with SLSs.

Conclusion

An in-depth analysis of SLS features and distribution was
carried out in 40 different bacterial species. Data suggest
that an evolutionary pressure preserved specific non ran-
dom populations of higher stability SLSs in most of the
analyzed genomes. Many of these sequences are plausibly
transcribed, and may be invelved in transcriptional and/
or post-transcriptional control. Specific SLS containing
sequences are members of three previously undescribed
families of repeated sequences found in Yersiniae, Borde-
tellae and Enterococei.,

Methods

Genomic sequence data

Complete genomic sequences and their annotations
about CDS, rRNA and t(RNA were downloaded from the
online repository made available at The Instimte for
Genomic Research (TIGR). Automatic annotations have
been stored into a SQL database (SLS-DB), for further
analysis. PostgreSQL has been used as the SQL Database
Management System [46], according to techniques previ-
ously described [47,48).

SLS identification

SLS identification was performed by using the program
mamotif of the package RNAMOTIF, version 2.1.2 [49]
according to the following rules:

-GU pairing in the stem was allowed

-the minimal stem length was 12 bp

-loop length could vary from 5 to 100 nt
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-1 bulged or 1 mispaired base, at least two matches away
from the ends of the stem, was allowed.

As a consequence of the constraints imposed, the smallest
SLS that could be found is 29 bp. Due 1o the allowance for
GU pairing, mamotif had to be run on both strands of the
input sequence. Completely overlapping SLSs were dis-
carded by 6 runs of the miprune tool, also from the
RNAMOTIF package.

The Gibbs free energy (dG) of each SLS containing region
was calcolated by calling the built-in function efn? of
mamotif. The minimum free energy with no constraint for
SLS formation was obtained by running the program
mfold developed by Zuker and coworkers [50] on the SLS
SQ{IUEHCES.

SLS pre-filtering
When two or more SLSs where found overlapping, only
the most stable one was counted.

Intergenic regions

Intergenic regions (IGRs) were derived, stored and anno-
tated into the SLS-DB, according to the ORF collection
provided by TIGR. For some tests, IGRs of size ranging
from 29 to 500 bp were selected (see also legend to Figure
6).

Shuffled genomes

The program Shufflet [51] was used to generate random
sequences and to shuffle bacterial genomes by preserving
k-lets of different lengths. In order to shuffle sequences
with k-let higher than 6, Shuffler was compiled by setting
the variable MAXORDER to 15. An alternative shuftling
method (referred to as DS in Fig, 3), was used to take into
account the information about protein coding sequences.
Basically coding regions were shuffled by using the pro-
gram Dicodonshuffle [ 15], while Shuffler set to k-let = 2 was
used for non coding regions.

Abbreviations
bp, base pair

nt, nucleotide
Mb, megabase
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YPALs (Yersinia pafindromic sequences) are miniature DNA insertions scattered along the chromosomes of
yersiniae. The spread of these intergenic repeats likely occurred via transposition, as suggested by the presence
of target site duplications at their termini and the identification of syntenic chromosomal regions which differ
in the presence/absence of YPAL DNA among Yersinia strains. YPALs tend to be inserted closely downstream
from the stop codon of flanking genes, and many YPAL targets overlap rho-independent transcriptional
terminator-like sequences. This peculiar pattern of insertion supports the hypothesis that most of these repeats
are cotranscribed with upstream sequences into mRNAs, YPAL RNAs fold into stable hairpins which may
modulate mRNA decay. Accordingly, we found that YPAL-positive transcripts accumulate in Yersinia entero-
colitica cells at significantly higher levels than homologous transeripts lacking YPAL sequences in their 3’

untranslated region.

Bacterial nsertion sequences ([5s) are mobile genetic ele-
ments ranging in size from 800 to 2,500 bp which are widely
distributed among bacteria (21, 5). Typically, [Ss encode a
transposase which mediates their movement and feature
terminal inverted repeats (TIRs) 10 to 50 bp long, which
serve as recognition sites for the transposase. Most [8s gen-
erate short direct repeats (larget site duplications [TSDs])
al the point of insertion. For each element, the length of the
TSD is fixed and ranges from 2 to 13 bp. Differences in the
structural organization, coding capacity, and transposition
properties make it possible to sort 15s into approximately 20
major subfamilies (21).

In recent vears, it has emerged that small IS-like sequences
called MITEs (for miniature ransposable elements) may be a
relevant genome component in several eukaryotic species (16,
20). These elements characteristically measure 150 to 400 bp,
carty long TIRs, and are flanked by TSDs of variable lengths.
MITEs likely represent deletion derivatives of longer, auton-
omous [5s, which have been mobilized by tranposases encoded
by partly related mobile donor elements (20). Several MITE
families have also been identified in archaeabacteria (5). Three
families of MITEs have been deseribed for eubacteria. RUP
{repeat unit of pneumococcus) elements are spread i ~100
copies in the genome of the Streptococeus prewmoniae 4 strain,
and it has been proposed that their mobilization is mediated by
the [8630-Spn1 element (24). NEMIS (Neisseria miniature in-
sertion sequences) are 108- to 158-bp-long repeats which make
up ~2% of the Neisseria meningitidis genome, In contrast to
RUP elements, which are mostly interspersed with other re-
peated DNA sequences, NEMIS sequences are frequently lo-
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cated next to Neisseria genes and are transcribed into mRNAs,
Hairpins formed by the pairing of NEMIS TIRs are targeted
by RNase [1l, and this interaction regulates sets of N. menin-
gitidis genes at the postiranscriptional level (12, 13).

A different type of eubacterial MITE is represented by
ERIC (enterobacterial repetitive intergenic consensus) se-
quences, These elements, which measure 69 to 127 bp, are
moderately abundant (20 to 25 copies) in the genomes of
several enterobacteria (19) but are overrepresented in the ge-
nomes of yersiniae (15). In Yersinia species, most ERIC se-
quences are inserted immediately downstream from open
reading frames (ORFs) and hence are cotranseribed into
mRNAs with upstream genes. ERIC RNA may fold into ro-
bust RNA hairpins, and changes in their relative position and
orientation within the mRNA molecule have been shown to
differently influence the processing rate of neighboring RNA
segments (15).

In this paper we report on the genomic and functional or-
ganization of a novel family of repeated DNA sequences
present in yersmiae. The YPAL (Yeninia palindromic elements)
sequences share properties with both ERIC and NEMIS se-
quences and represent a novel example of MITEs which can
play a role as RNA elements i posttranscriptional control.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Yerinia enterocalitica strains used in
this work and growth conditions have been described previously (15). The Esch
erichia colt strains W3110 and HTT15 (W3110 me-T40ATal ) are described in
the work of Takiff et al. (28). The strains SKS006 (thr e pDK39 Cm® mb-300),
SKS003 (thr leu prp-7 mb-500), and SK5695 (thr lew me-I) are described in
reference 2,

RNA analyses. Total bacterial RNA was purified on RNeasy columns (QLAGEN),
YPAL-positive transcripts were monitored by Northern analyses by using as
probes radiolabeled DNA segments 300 to 400 bp in kength resulting from the
amplification of ¥. ene ca strain Yel61 DNA with pairs of genespecific
aligonucleotices. Processed YPAL BNA species were detected by high-resolu
tion Noghern analyses as described previously (14), Reverse transeription (RT)-
PCR analyses were carried out by reverse transcribing 200 nanograms of total 1.
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TABLE 1. Primers used in this work

Primer unction Naue Sequence (5 10 3')
RT-PCR TRNA for GOGCTTAACGTGGGAACTGC
tIRNA rev TCAGTCITTGTCCAGGGGGC
1047 far TATGGTGGCGGTCTTCCTGG
1047 rev TITCGGATCGTTAGGCACGC
686-A for ACTTATTCTGTCGGGCGCTG
B56-A rev TAACCGTCTTACCTTCCGCC
Northern probe A08-A for CATTTGCCCGTTTCCAGATC
408-A rev ACGCGGATCCGATCAAATAC
686-B for TGTGGTGACTGGTGAGATGG
656-B rev CGGTTTTCTTGCTCTGCTAC
ypal for TGAGGTTAATGACAAAGTGCCCGTA
ypal rev TCAGACTGCTGACAAACCTCAAGGA
Ypald3 for TAATACGACTCACTATAGGGAGAACCCGCGAAATGCGGGTTGAGG
Ypalds rev ATTTAGGTGACACTATAGAATACACCCGCATTTCGCGGGTTCAGA
YPAL antisense RNA template 408-B for ATTTAGGTGACACTATAGAATACACCTTGTCATTAGATGGGGACCC
408-B rev TAATACGACTCACTATAGGGAGAAAAATGATAAGCCGCAACGCTAG
686-C for ATTTAGGTGACACTATAGAATACGCGAAGGCCGAGTTGTTGAAGAG
656-C rev TAATACGACTCACTATAGGGAGATTAGAGGAGGGCTATCCOGTGGG
YPAL sense RNA template 406-C for TAATACGACTCACTATAGGGAGACAGTGCCTGUATATACCTTTACC
406-C rev ATTTAGGTGACACTATAGAATACCACAGCAAACTGACCAAAGAATA
H5-1D for TAATACGACTCACTATAGGGAGACAGTGCCTGGATATACCTTTACC
408-D rev ATTTAGGTGACACTATAGAATACGCCGAAATCCTGTCCTCTTTCGA

enterocolitica RNA by random priming, The resulting ¢DNAs were amplified by
using pairs of gene-specilic oligenucleotides. One oligonuck within cach
pair had been previously #p end labeled at the 57 terminus with polynuclectide
kinase, To adequately monitor gene-specific RNA levels by RTPCR, ¢DNAs
were amplified under ing cycling conditions, and low-cwle (14 w18
cyckes) PCR analyses were performed for each set of amplified genes. As an
internal control, a 140-nuckeotice (nt)-long amplified segment of 165 tRNA from
T, enterocolitica was wsed, rRNA primers were added to the PCRs two to four
cycks before the amplification of the ORFspecific mRNAs was completed.
Amplified DNA fragments were separated using 6% polyacrylamice- M urea
2els and quant

DNA segments from the genomes of the same strain and the Yersinia pestis CO92
strain (26},

Consensis sequences from multiple alignments of YPAL family members
were establshed with the program CONS of the EMBOSS package. Secondary
structure modeling was done using the Mulfold program (www.bioinfo,rpiedu
(applxations/mfold), which predicts RNA secondary structure by free energy
minintization {30).

RESULTS
Orsanizati

The uniformly “PJabeled RNAs vsed a5 probes in the RNase p
assays were obtained by transcribing in vitro linear DNA templates as deseribed
previcusly (12). DNA wmnplates were obtained by PCR amplification of DNA
cerived from the ¥. enterocolition strain Yel61. One of the two primers included
i its 5 end region the sequence of the T7 RNA polymerase promoter {see
underined residues in Table 1), Twenty micrograms of total RNA derived from
Y. enterccolition cells was mixed with “P-labeled antisense RNA probes in 30 pl
of hybridi buffer (75% fi ide, 20 mM Tris, pH 7.5, 1 mM EDTA, 04
M NaCl, 0.1% sodium dodecyl sulfate), Samples were incubated at 95°C for 5
min, cooked down slowly, and kept at 45°C for 16 b, After 3 60-min incubation at
33°C with RNase T1 (2 pg/m1), samples were treated with proteinase K (50 ug/ml)
for 15 min 1 37°C, extracted once with phenol, precipitated with ethanol, wsus
pended in $0% formamice, and loaded ono 6% polyserylamide-§ M vnea gek.

To obtain the YPAL-positive RNA control electrophoresed in lane 3 of Fig
6B, the YPAL 45 clement and Nanking sequences were amplified by using a
primer including the 17 RNA polymerase promoter,

In vitro RNA cleavage assays. Uniformly “P-labeled RNAs were obtained by
transcribing in Vitro linear DNA templates with T7T RNA polymerase in the
presence of radiolabeled [“P|UTP. Templates were oblained by PCR amplifi
cation of Yersnia DNA with pairs of 50-mers, one of which inchuded the TT RNA
polymerase promoter in its 5’ end region. The T7 promoter sequence allowed the
in vitro synthesis of RNA sul for p ing sssuys. Degradation assays
with whole bacterial cell extracts were carried out essentially as described pre-
viously (11).

Oligonueleotides. Sequences of all PCR primers used in this study are re-
ported in Table 1,

Computer analyses. A YPAL element found next to ERIC sequences in
the sequenced 8081 strain of ¥ enterocolitica (www sanger.acuk/Projects
7Y _enterocolitica) was used as a query in BLAST searches to fetch homologous

oY

b of YPAL repeats. During analyses aimed at the
characterization of the family of ERIC repeats in Y. entero-
colitica, we fortuitously encountered a palindromic mtergenic
sequence located next to an ERIC element. As revealed by
BLAST searches, the latter was found to be a member of an
abundant DNA family spread thronghout the chromosomes of
both ¥. enteracolitica and Y. pestis. A member of this family had
been earlier called YPAL (3), and we will keep the acronym
for clarity. The palindromic nature of YPAL repeats is high-
lighted in Fig. 1. As RNA sequences, ie., allowing for the
formation of GU base pairs, YPALs can fold, regardless of
their orientation, into stable, low-free-energy branched hair-
pins (Fig. 1). YPALs are present in ~100 copies in sequenced
Yersinia genomes (Fig. 2) and feature a modular organization.
Complete repeats include the same external modules (A and H
modules in Fig. 2) but a different set of internal modules. Right
different YPAL subfamilies could be distinguished by se-
quence alignments, The highest numbers of repeats belong to
subfamilies 2 and 8. The size of subfamily 2, which mcludes
clements measuring 167 bp, is similar in Y. enterocolitica and Y.
pestis. In contrast, the size of subfamily 8, made by 130-bp-long
repeats, is much reduced in ¥, pestis. The 98-bp-long module |,
defining the members of the subfamily 8, comes in two se-
quence variants (la and Ib), neither of which bears significant
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FIG. 1. 3econdary structure of YPAL repeats, Hairpin structures formed by a representative YPAL element inserted in the mRNA in the two
possible A and B otientations are shown, GU pairing is highlighted by dots. The Gibbs free energy of each hairpin isindicated. Secondaty structure
modeling was done using the Mulfold program. The element analyzed is the 167-bp-long YPAL 45 element (see the text),

sequence homology to the bodies of other YPALs (Fig. 2).
Interestingly, modules Ia and Ib were found in 2/3 and 1/3 of
the elements identified in the Y. enterocolitica 8081 strain,
respectively. In contrast, members of YPAL subfamily 8 iden-
tified in the Y. pestis CO92 strain all feature module Ta.

In the chromosome of ¥. enteracolitica strain 8081, six mem-
bers of subfamily 2 are interrupted at the same position be-
tween modules B and F (Fig. 2) by the insertion of 1,376 bp of
foreign DNA. Homology searches run at the IS finder site
(http:/fwww-is.biotoul fr) enable d us to establish that the inter-
vening DNA sequence is ISYen/, a low-copy-number IS found
exclusively in the ¥, enterocolitica species (27). The two addi-
tional members of the IS Yen! family resident in the chromo-
some of ¥, enterocolitica strain 8081 are not associated with
YPAL DNA. The insertion of ISYen! is not accompanied by
the duplication of target site sequences.

YPALs are miniature mobile DNA elements. YPAL repeats
show the typical structure of miniature DNA insertion se-
quences. The hypothesis that their genomic spread occurred
via transposition was supported by the presence of TSDs at the
termini of most ele ments (Fig. 3). In contrast to the majority of
1Ss, whose insertion is accompanied by the generation of TSDs
of fixed length, most (85%) YPALs are flanked by TSDs of

Iv

variable size (Fig. 3). The length of the duplicated segment
ranged from 3 to 26 bp, with the most frequently found TSDs
measuring 18 or 20 bp (Fig. 3B). YPAL targets do not exhibit
sequence homologies. However, it is remarkable that they
span, or are located next to, regions of dvad symmetry. Intrigu-
ingly, YPAL target sites often correspond to the DNA coun-
terpart of rho-independent transcription terminators, the
RNA structures responsible for the detachment of the tran-
scribing RNA polymerase from the DNA template. This con-
clusion was supported both by the presence of runs of thymi-
dines immediately next to palindromes targeted by YPAL (Fig.
3A) and by the finding that most targets were found located 20
to 50 bp downstream from the stop codon of annotated ORFs
in sequenced Yersivrn genomes.

The notion that YPALs are mobile DNA elements was di-
rectly supported by in silico analyses. The chromosomal distri-
bution of YPALs varies significantly between ¥. pestis and ¥.
enteracolitica, and only a few syntenic YPAL-positive regions
are shared by the two species. This is not surprising, since ¥.
pests and Y. enteracolitica are evolutionarily distant. In con-
trast, V. pesits and Yersinia pseudotuberculosis are evolutionarily
closer, Y. pestis being regarded as a clone that evolved from
Y. pseudotubercutosis only 1,500 to 20,000 years ago (1). Com-
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A TGAGGTTAATGACARA

B GTGCCCGTAACGGTGARMACAGGCAGAT CGTAAAGACGLCGT

C ABACCCNTCCCTGRGG

D CTTCTTTTGTTARAACAAGCATCCTTGTA
E 66CTCaAGECGEGCCGT

F recntee

* Ye Yp
1 @Al B Jcl o Jleff[ 6 Ju] 1+
2 (167 [ ] 66 62
3 () 4 -
4 (149 3 -
5 (190) [ ] 5 8
6 () 7
7 (165) 3
8 (130 : | : 30 10

20 bp
—

G CGCGGACGLTTTACTCTTCTACCTGNCTTCACCTTGCAAGATCGAGTTHTCAGAGG

H TTTGTCAGCAGTCTGA

1Q TGAGTGAAGGGtEtACCECACCaghGaLaCTCCGtcACTTACGTCGCTACGACCCcaaCGECACGaTTCCCCtEcat TCGAC
Ib aGACTGgchG0ggACtGCACCgatGGGLgCTCChacgACTTACGTCGLTACGACCCatt(GGCACatTTCC CgcttaTCaAl

FIG, 2., Btructural organization of YPAL elements, The nine modules labeled A to [ found in YPAL elements are shown, Numbers to the left
{1 to 8) denote YPAL subfamilies. The length in bp of the elements of sach subfamily is given in parenthesis. The number of elsments within esch
subfamily found in the Y. enterocoditica 8081 (Ye) and the Y. pestis CO92 (Yp) strains is reported. The consensus sequence content of the nine
modules derived from the comparison of Y. enterccdlitica YPAL repeats is shown at the bottom. Two versions of the module I (Ia and Ib) are
reported. Uppercase residues denote sequence identity. An arrow marks the site of insertion of ISVend.

parisons of the genomes of the V. pestis CO92 and V. pseudo-
tuberculosis TP32953 strains led to the identification of homol-
agous chromesomal regions which carry YPAL DNA only in
one of the two species (Fig. 4). The finding of a single copy of
the TSD at the empty chromosomal sites (Fig. 4) corroborated
the notion that target site duplication is induced upon inser-
tion, ruling out the formal possibility that YPALs could pref-
erentially integrate between preexisting tandem duplications.
Empty and filled YPAL chromosomal sites also were subse-
quently identified among different laboratory strains of Y. en-
terocolitica by DNA sequence analyses (data not shown).

Changes in the distribution of YPAL sequences among Yer-
sine strains might also reflect the loss of YPAL DNA from
specific sites, prompted either by specific recombination be-
tween the flanking TSDs or by replicational slippage between
the TSDs.

YPAL elements transcribed into RNA. All the YPAL se-
quences found in the ¥. enterocolitica chromosome are located
within intergenic regions. Remarkably, most elements (70 re-
peats) are inserted close to the stop codons of flanking ORFs.
This suggests that YPALs may be cotranseribed along with
upstream coding sequences and that their ability to fold into
RNA hairpins may have functional significance.

To address this issue, total RNA from V. enterocolitica strain
161 was analyzed by Northern blotting. We monitored two
members of YPAL subfamily 2 (repeats 45 and 9) located 89
bp and 56 bp downstream from the stop codon of the IMP
dehydrogenase/GMP reductase gene encoded by ORF YE636

IgL

and the pyrophosphatase gene encoded by ORF YB408, re-
spectively (Fig. 5A). The ORF YE686 probe detected a major
mRNA species measuring ~1,380 nt, which plausibly spans
both ORF YE6386 and the flanking YPAL 45 element. Two
transeripts corresponding to ORF YE408, measuring ~650
and ~850 nt, were detected by the ORF YBE408 probe. The
sizes of the bands are in accord with the hypothesis that the
850-nt-long transcript spans both ORF YE408 and the flanking
YPAL 9 element and that the 650-nt-long RNA species may
originate with the removal of YPAL sequences from the tran-
script (Fig, SA).

Northern data were complemented by RNase protection
experiments (Fig. 5B). When YE686 transcripts were moni-
tored, a predominant RNA species, corresponding to the ac-
cumulation in ¥. enterocalitica cells of transcripts e ncompass-
ing both ORF YE686 and the flanking YPAL 45 element, was
protected (Fig. 5B, lane 3). In contrast, when YE408 tran-
scripts were monitored, two bands of protection were de tected
(Fig. 5B, lane 6). The size of the protected species is in accord
with the hypothesis that two predominant mRNA segments
spanning ORF YB408 accumulate within Y. enteracolitica cells,
ome of which encompasses the flanking YPAL ¢ element. From
the relative intensities of the bands, it could be inferred that
the latter RNA species is two to three times more abundant
than the 400-nt-long RNA species lacking YPAL sequences.

Processing of YPAL-positive transcripts. Both the Northern
and RNase protection experiments suggest that YPAL se-
quences may be cleaved off from YPAL-positive transcripts in
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FIG. 3. YPAL target sites. (A) Some of the TSDs induced by the insertion of YPALs in the chromosome of the ¥. enterocolitica 8081 strain,
a8 well as flanking T-rich segments, are shown. Base changes at TSDs are in lowercase letters. Arrows mark YPAL sequences and their
otientations, Reglons of dyad symmetry are underlined, ORFs flanking YPAL sequences are indicated, The distance in bp separating YPAL
termini from either the start or the stop codon of each ORF iz shown. (B) Length variation of TSDs fanking YPAL elements in the Y. enterocolitica

2081 strain,

viw, This hypothesis was confirmed by in vitro RNA degrada-
tion assays. A DNA fragment spanning the 3’ end region of
ORF YE408 and the flanking YPAL 9, the 167-nt-long ele-
ment belonging to the abundant subfamily 2 already analyzed
in Fig. 5, was used as a template to synthesize in vitro-radio-
labeled YPAL positive RNAs of known length. By using the
Mulfold program, we checked that foreign sequences present
in the RNA synthesized in vitro did not interfere with the
formation of the YPAL RNA hairpins shown in Fig. 1. Chal-
lenging the RNA obtained (408-A RNA) with Y. enterocalitica
whole-cell extracts resulted in the accumulation of three major
RNA species (Fig. 6A, lane 2). Bands a to ¢ had the size
expected for RNA moieties generated by cleavages occurring
at the boundaries of YPAL 9 sequences. Results were corrob-
orated by experiments carried out with a substrate similar to
the 408-A RNA but lacking 161 nt at the 3" end (408-B RNA)
(Fig. 6A, lane 4). By using this shortened RNA substrate, we

were able to detect the same a and b bands derived from the
processing of the 405-A RNA. The faintness of the RNA
species labeled d, easily detectable only upon prolonged expo-
sure of the autoradiogram, plavsibly reflects its intrinsic insta-
bility as an RNA segment. The same cleavage pattern was
obtained by challenging the 408-B RNA probe with whole-cell
extracts derived from the wild-type E. coli W3110 strain (Fig.
6A, lane 5). The 408-B RNA was therefore challenged with
whole cellular extracts derived from E. coli strains harboring
mutant alleles for different ribonucleases.

The E. coli W3110 (Fig. 6A, lane 5) and RNase IIl-negative
HT115 (lane 6) strains are isogenic. The strain SK5006 {lane
7), which carries a temperature-sensitive allele of the mb gene,
encoding RNase II, was grown at 32°C in order to serve as a
control for the isogenic SK5003 strain (lanes 8 and 9), which in
addition carries the inactive prp-7 allele of the polynucleotide
phosphorylase gene, and the SK5695 strain (lanes 10 and 11),

Ypt 3197680 clcgatcgcttaacGAGGCGCTACGGCGC(TYZ GAGGCGCTACGGCGCCTtttttgtatctat 3197917
PECEEERELEE TR et IRRRRRARARANY]
Yp 3332241 acgatcgcttaacGAGGCGCTACGGCACCT  ——---mmmmmmmmm- tttttgtatctat 3332295

Yp 4169710 ccgtacouaucggaGCCTGCATAAGCAGGCYZ GCCTGCATAAGCAGGCtcctgataagacca 4169954
FECEERREEEEREE R e RNRARRARRART
Ypt 4362321 ccgtacaoaacggaGCCTGCATAAGCAGGE  -----------m-mn tcctgataagacca 4362382

¥p 0509553 tactgacgacAGCAGCCCTTTGCGGCTGCTY 8 AGCAGCCCTTTGTGGCTGCTEt tttattgt Bsesret
(RN RN AR A A RAR AR AR RRRRNNRY
Ypt 0736863 tactgacgacAGCAGCCCTTTGCGGLCTGLT  ~--mmmmmmmmmmmm oo tttttattgt 0736018

FIG. 4. Filled and empty YPATL sites. Homologous DNA regions from the V. prendotuberculosis TP32953 (Ypt) (9) and ¥ pestis COG2 (Yp) (14)
straing are aligned, Numbets refer to genome residues. Capital letters denote TSDs induced by the insertion of YPAL DNA. Y2 and Y8 are

members of YPAL subfamilies 2 and 8, respectively,
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FIG. 5. Analysis of YPAL-positive transcriptional units. (A} Ten micrograms of total RNA from Yel61 cells was separated on a 1% agarose
gel, blotted onto nitrocellulose, and probed with amplimers spanning the IMP dehydrogenase/GMP reductase (ORF YE686) and the pyrophos-
phatase (ORF YE408) genes, respectively. The positions of 163 and 238 rRNA are indicated. Major hybridization bands are indicated by arrows.
The mRNA species dstected and the corresponding chromosomal regions are drawn at the bottom. (B) RNass protection of YPAL-positive
transcripts. In the disgram shown, the RNA probes and protected RNA species are drawn as thick and dotted lines, respectively, T1 RNase-
resistant RINA hybrids were electrophoresed on 695 polyacrylamide-8 M urea gels. Protected RNA species are marked by arrows. Lanes: ORF 636
and ORF 408 RNA probes unreacted (lanes 1 and 4) or hybridized to 50 ug of tRNA from E. coli (lanes 2 and 5) or to 20 pg of total RNA from

the Y. enterocolitica Yel61 strain (lanes 3 and 6).

which carries the re-! temperature-sensitive allele of the
RNase E gene. Significant alteration of the cleavage pattern
was observed only with extracts derived from HT115 cells,
suggesting that RNase I1T may play a role in the processing of
YPAL-positive mRN As.

Short YPAL-specific RNA moieties matching in size the b
band in Fig. 6A were identified in vivo (Fig. 6B, lane 1) and
may originate from cleavage of YPAL-positive transcripts.
RNA species detected in vitro and in vivo measure ~200 nt,
thus exceeding in length canonical YPAL repeats, such as
YPAL 9, analyzed in Fig. 6A, which measure 167 bp. Highly
structured RNA also can run abnormally in denaturing gels.
To rule out technical artifacts, an RNA species of known
length made by the 167 nt of the YPAL 45 element, the 34 at
of the two flanking TSDs, and an additional 30 nt was used as
a control in Northern experiments (Fig. 6B, lanes 2 and 3).

Similarly, by using a 130-bp-long YPAL subfamily 8 repeat
as a probe in Northern analyses, a ~160-nt RNA species was
detected in vivo (data not shown). Discrepancies between the
sizes of YPAL elements and the lengths of the hypothetical
RNA cleavage products may suggest that YPAL sequences are
not targeted per se and that additional base pairing provided
by complementary sequences generated at the site of YPAL
insertion is require d for endonucleolytic cleavage by RNase TIT
to occur. The hypothesis was reinforced by the finding that in
vitro, the cleavage products shown in Fig. 6A were no longer
detected when a shorter RNA substrate carrying the 167 res-
idues of the YPAL 9 element but lacking flanking TSDs was
used as a substrate (data not shown).

Stability of YPAL-positive RNAs in vive. As shown by both
Northern and RNase protection data, YPALs are tran-

Jo

scribed into mRNAs. To investigate the role that these se-
quences may play as RNA elements in vivo, we first identi-
fied, by means of PCR analyses, Yersiara strains which lack
YPAL sequences at specific loci (not shown). Subse quently,
the levels of homologous mRNAs were measured in “filled”
and “empty” strains by quantitative RT-PCR analyses. Total
RNA from Y. enteracolitica cells was reverse transcribed into
¢DNA and amplified under nonsaturating cycling conditions
to ensure that the yield of amplified products was propor-
tional to the amount of cellular RNA targeted by PCR. Y.
enterocolitica 168 tRNA sequences were used as an internal
control. The 165 rRNA primers were added to the PCRs
two to four cycles before the amplification of the ORF-
specific mRNAs was completed (see Materials and Meth-
ods). Instrain Yel61, ORFs YE686 and YE1047 are flanked
3 by YPALs 45 and 41, respectively. In contrast, in strain
Ye25, the corresponding intergenic sequences both lack
YPAL DNA. The levels of transcripts corresponding to ei-
ther ORF were found to be ~10-fold higher in strain Yelél
than in strain Ye25 (Fig. 7). As for the YHE686 transcripts
(Fig. 5B), RNase protection experiments indicated that
most transcripts spanning the YE1047 ORF retained in their
3" end sequences corresponding to YPAL 41 (data not
shown).

These data support the hypothesis that the presence of
YPAL sequences at the 3’ end may increase mRNA stability.
The simplest interpretation is that YPAL RNAs may act as
stabilizers by forming RNA hairpins able to counteract the
progression of the 3'-5" exonucleases present in the degrado-
some (8).
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FIG. 6. (A) Processing of YPAL-positive RNA in vitro, The radiolabeled 408-A RNA spanning the element YPAL 9 was incubated for 5 min
at 37°C either alone (lane 1) or with 0.5 g of 8100 cellular Iysates from the V. enterveckitica strain Yel61 (lane 2). The shorter 408-B RNA was
incubated for 5 min at 37°C either alone (lane 3) or with 0.5 pg of 3100 cellular Iysates from strain Yel61 (lane 4) or E. cokt strain W3110 (lane
5), HT115 (lane 6), SK5006 (lane 7), SK5003 (lanes 8, 9), or SK5695 (lanes 10, 11). All strains were grown at 32°C; extracts in lanes 9 and 11 were
derived from SK5003 and SE5695 cells grown to early logarithmic phase at 32°C and shifted to 44°C for 45 min before harvesting to inactivate
RNazes 1T and B, encoded by the mb-500 and me-! alleles, respeatively. Reaction products were separated on 6% polyacrylamide-8 M urea gels.
The RNA substrates and the corresponding processed RNA species a to d are sketehed at the bottom. (B) Identifieation of processed YPAL RNA
species in vivo. Total RNA (20 pg) from the Yel61 strain was separated on 6% polyacrylamide-8 M ures gels and transferred to nitroesllulose
(lanes 1 and 2). A T7-driven transcript spanning YPAL 45 and flanking TSDs (filled boxes in the diagram at the bottom) and containing in addition
7ot at the 5" end and 23 nt at the 3" end was electrophoresed in lane 3 as a contral. The flters were hybridized to 2 DNA segment spanning the
TPAL 9 element. The ~200-nt-long YPAL RNA identified in vivo, the size of the YPAL RNA synthesized in vitro, and the positions of the
coelectrophoresed DNA molecular weight markers are shown,

DISCUSSION

We describe in this report the structural and functional
characteristics of a relatively abundant set of sequences spread
in Yersinia genomes. YPAL elements vary in size and sequence
composition and can be sorted into several subfamilies. Sub-
family 1 includes the largest repeat type, present in one copy in
both V. enterocolitica and Y. pestis. Members of subfamilies 2 to
7 differ from this prototype sequence in the lack of one or more
body segments. Elements belonging to subfamily 8 share the
terminal A and H repeats with other YPALs but feature a

I+

different body. Taking into account only complete elements,
ie., those including both A and H terminal modules, the
YPAL family found in the sequenced 8081 strain of Y. entera-
colitica is composed of >100 members. The family size is
smaller in the sequenced CO92 strain of ¥. pestis, and this
corre lates primarily with the reduced size of subfamily 8 in this
species. The coexistence of subfamilies is typical of DNA re-
peats spread in a stepwise manner by bursts of transposition,
and YPALS represent indeed a novel class of miniature ISs or
MITBs. The mobile nature of YPAL sequences is directly
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fragment (see also Materials and Methods) and are expressed in arbitrary units. Black and gray bars denote the amounts of YEG686- and
TE1047-specific mRNA in the YPAL-positive strain Yel6l and the YPAL-negative strain Ye23, respectively, The ORF YES86 hasbeen deseribed
in the legend to Fig. 5. The ORF YE1047 encodes a serine hydroxymethyltransferase. Arrows denote PCR primers.

supported by the finding of homologous chromosomal regions
carrying or lacking YPAL DNA in different yersiniae. The
identification of empty chromosomal sites in both ¥, pestis and
Y. pseudotuberculosis genomes allows us to conclude that trans-
position of YPAL still occurred after the speciation of Y.
psendotuberculosis into Y. pestis. As documented by the iden-
tification of empty and filled YPAL chromosomal sites among
laboratory strains, the mobilization of YPAL sequences is still
active in Y. emterocolitica.

All MITE families identified so far in eubacteria induce the
duplication of the dinuclectide TA vpon genomic insertion
(15,22, 24). In contrast, the TSDs which flank YPATs vary in
both sequence and size (Fig. 3 and 4). Most YPAL targets
overlap or coincide with palindromic sequences. This finding is
not novel, since 1830 (25), IS1397 (29), IS203 (18), and 18621
(10) similarly tend to insert into regions of dyad symmetry. The
notion that many YPAL targets may coincide with rho-inde-
pendent transcriptional te rminators also is not unprecedented,
since Y. pestis IS1547 (23) and Mycoplasmu fermentans 181630
(6) have also been found inserted at rho-independent tran-
scriptional terminators.

MITEs are mobilized by transposases encoded by ancestral
IS5 as well as by evolutionarily unrelated elements (5, 16, 20,
24). Distinct ISs may have played a role in the mobilization of
YPALs. The conclusion stems primarily from the observation
that target sequences were not always found duplicated at
YPAL termini. The original targets may have been altered by
mutation. However, two IS families are known to insert at
transcriptional terminators. IS154] does not induce TSDs (23),
whereas 187630 produces TSDs, ranging from 9 to 22 bp in
length (6). Tt is possible that multiple endonucleases mobilize
YPAL insertion and some produce TSDs while others do not.

YPALs are frequently located at the 3" ends of Yersinia
genes and often between genes transcribed in a convergent
manner. Because some YPAL-positive transcripts accumulate
in Y. enterocolitica at levels 8 to 10 times higher than those of
homelogous, YPAL-negative transcripts (Fig. 7), the element
may impede the degradosome. In this respect, YPAL may
function analogously to the intergenic REP sequences found in
enterobacteriaceae (17). YPAL elements might also stimulate
degradation of some mRNAs in which they are embedded.
Because RNase III cleavage occurs near several YPAL hair-
pins (Fig. 6), stabilization or degradation of RNA may depend
on context (4, 7, 12). Future work is needed to define the role
of TSD sequences in RNA cleavage/stabilization.

YPALs are not restricted to Yersinia. A dozen 170-bp-long
YPAL elements were found by BLAST analyses in the plant
pathogen Eminin carotovora. Yersiz and Ewwinie elements
are 70% homologous. YPALs may thus be an ancient compo-
nent of the gamma-proteobacteria that were eliminated from
most bacterial species.

Sequence repeats closely resembling YPALs have been
identified by in silico surveys for several microorganisms (G.
Silvestro and P. P. Di Nocera, unpublishe d data). Interestingly,
many of these sequences may similarly function in posttran-
scriptional control as cis-acting elements according to the pat-
tern of interspersion with coding segments.
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The structural organization of Enterococcus faecalis repeats {EFAR} is described,
palindromic DNA sequences identified in the genome of the Enterococcus fascalis
Y583 strain by in silice analyses. EFAR are a novel type of miniature insertion
sequences, which vary in size from 42 to 650bp. Length heterogeneity results from
the variable assembly of 16 different sequence types. Most elements measure
170bp, and can fold into peculiar L-shaped structures resulting from the folding of
two independent stem-loop structures {SLSs}. Homelogous chromosomal regions
ladking or containing EFAR sequences were identified by PCR among 20 E. fazcalis
clinical isolates of different genotypes. Sequencing of a representative set of ‘empty’
sites revealed that 24-37 bp-long sequences, unrelated to each other but all able to
fold into SLSs, functioned as targets for the integration of EFAR. [n the process,
most of the SLS had been deleted, but part of the targeted stems had been retained
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Introduction

Enterococci are nonspore-forming Gram-positive micro-
organisms normally considered commensal of the gastro-
intestinal tracts of humans and animals, and are commonly
found in soil, sewage, water and foed, frequently through
fecal contamination. [n recent years, Emterococc have
received growing attention as opportunistic pathogens of
dinical significance because they are capable of cansing
serious diseases {Murray, 2000; Malani et al., 2002}, Enter-
acoccus faecalfs is responsible for severe sepsis and endocar-
ditis, and is an important etiological agent of nosocomial
infections. The intrinsic antibiotic resistance, the tolerance
of adverse environmental conditions, the promiscuity in
acquisition and dissemination of genetically mobile anti-
biotic resistance elements are all factors that present serious
challenges to the treatment of enterococcal infections.
Multilocus sequence typing allowed recently to identify
two clonal complexes of B fagcalis, CC2 and CC9, respon-
sible for outbreaks and life-threatening infections, mostly in
the hospital environment {Ruiz-Garbajosa et al,, 2006} In
turn, CC2 indudes the BVE {Bla™, ¥an' endocarditis;
Nallapareddy et af., 2005} complex to which belongs the
wholly sequenced V583 strain {Fanlsen er al, 2003} BVE
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dones are rarely found among E faecalis isolates. Progres-
sion towards hospital adaptation is likely a multi-step
cumulative process where genetic exchange or mutation
may lead to epidemic, rather than to clonal population
structures {see Fell & Spratt, 2001} Not surprisingly, a
prominent feature of the Y583 genome is the extraordinary
abundance {c. 25%} of probable mobile and/or foreign DNA
including a plethora of insertion elements {IS}, multiple
transposons, integrated phage regions and plasmid genes
{Paulsen et al., 2003).

Herein is reported the organization of a family of
repeated [PNA sequences identified in the ¥583 genome by
means of bioinformatic approaches (Petrillo et al, 2006},
which was called EFAR {for Enteracoccus faecalis repeat).
These elements partly resemble miniature insertion trans-
posable elements or MITEs, small noncodogenic sequences,
which alse fold into secondary structures. MITEs feature
long terminal inverted repeats {TIRs}, and their mobiliza-
tion is mediated by transposases encoded by [Ss featuring
similar TIRs {Oggioni & Claverys, 1999; Brugger et al, 2002;
De Gregorio er al, 2003a,b, 2005}, EFAR lack TIRs, and
seem to transpose by an unusual cut-and-paste process. [t is
demonstrated, by means of in sifice and i vivo data, that
EFAR have a highly modular structure. Changes in the
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organization of the EFAR family among clinical isolates can
be easily detectable, making EFAR repeats suitable probes
to investigate the epidemiology and population structure of
E faecalis.

Materials and methods

Bacterial isolates and growth conditions

Twenty clinical isolates of E. faecalis collected from different
patients in the Neapolitan area were induded in the study
(Zarrilli et al., 2005). Relevant background and character-
istics of the isolates are detailed in Table 1. All isolates were
grown in blood-agar plates at 37 °C and stored at —70°C in
brain heart infusion (BHT) broth plus 1046 glycerol. Bacteria
were identified by conventional methods (Gram stain,
catalase test) and by biochemical tests using API 20 Strep
(bioMérieux, France). All isolates were further identified as
E. faecalis by amplification and sequence analysis of the 165
TRNA gene performed as previously described (Angeletti
et al., 2001).

PCR analyses

Genomic DNA was purified from cultures of E. faecalis
grown at 37 °C in BHI broth by phenol—chloroform extrac-
tions as described (Sambrook et al., 1989). EFAR sequences
were amplified by standard protocols using 10 ng of geno-
mic DNA and 160ng of the for (5~ GAGCGTGGGA
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CAAAAATCAC-3) and rev (5'-GAGGTCGGGACAGAA
CCGTT-3") primers. One aligonucleotide of the pair had
been **P-end-labelled at the 5 terminus with the polynu-
cleotide kinase. Amplimers were electrophoresed on 6%
acrylamide-urea gels and detected by autoradiography.
Amplimers labeled as IX-XV in Fig. 2 were gel-purified and
reamplified with the for and rev EFAR primers. Amplimers
were then purified from 1.4% agarose gels, and their
nucleotide sequence determined by the dye-terminator
method. Specific chromasomal segments of the E. faecalis
genome were amplified by PCR using pairs of oligonucleo-
tides complementary to coding regions flanking EFAR
elements in the V583 genome at the concentrations de-
scribed above, The amplimers were electrophoresed on 1.4%
agarose gels along with a commercial DNA ladder (Ladder
100 plus, MBI) as molecular weight marker. Sequences of
the PCR primers used are available upon request.

Slot-blot analyses

0.25, 0.5 and 1 pg of DNA from specific E. faecalis isolates
were loaded onto a Hybond filter and cross-linked by UV
treatment as described (Carlomagno et al., 1988). The filter
was hybridized to a **P-radiolabeled PCR product spanning a
unit length EFAR repeat. Radioactivity signals were quanti-
tated by phosphorimagery. Signals resulting from hybridiza-
tion to cold probe DNA loaded on the filter were used to
estimate the relative abundance o f[EFAR DNA in each isolate.

Table 1. Enterococcus faecalis solates by source of isolation, resistance phenatype, PFGE tyne'

Isolate Clinical source Monthfyear of solation
67 Endacarditic 12/1987
72 Branchial aspirate 12/1987
75 Urine 121987
81 Urine 121987
23 Urine 1211588
183 Bronchial aspirate 141990
308 Wound swab 12/1589
412 uring 61997
413 Urine 61991
565 Wound swab 1111992
617 Urine 12/1892
921 Wound swab 4/1995
1070 Endocarditis 21997
1146 Blood 5/1998
1185 Bronchial aspirate 141999
1226 Endocarditis 71999
1318 Endocarditis 11/2000
1340 Urine 52007
1342 Endocarditis 62001
1423 Urine 22003

Resistance phenotype
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* hs designated in Zarrilli of af, (2005).

Bla, resistant to betalactams; VR, vancomiycin resistance; HLAR, high-level aminoglyceside resistance.
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(C) GAGCATGGGACAAAAATCACTTTGOATTTTIGCTCCACGCTCAAAAACTGATAAACGGCGGGAACAGAAG CAACTCCTTCGGAACT

F A {— B
AAGCCGAACT  CTCCAAAAATTAAAGAACA  ATTTTCGGAAATTCCTTCTTATT TCTCGGAGTTAAACACTTCTGTCCCGACCTC
o C =] } D i F g 1t F |
Size (bp)
1 -~ ACTACGLGOTTGCTTCOATCTCAACAACTTCTAAGAGCTACAGCT -CTAAGAGTTGARGG- - -~ - - 58
i} CACATACACTCOGTTTCGTTCGCATCAATTTCTAAGCATGGAACATGCT - AGART TGAAGGA - —--- 61
e CAGAGCTCCGATCTCATCAATCTCTCAAGTGATARATCACTAAGAATTGAAGRACTTGE 59
2 ---TACAAGGATAARACTGTGACGAG- CCTTTGGCGAGAAAACAAT 42
o CTTTTGAAGGCT - GTACTGTGACGAGACGCATGTCGAGARAAACAT 45
3b -GTTGAGAAT CACGAAGAACGTAGTGATTCGATGATGAACA - -ATACCTACTTGGT - 53
5 -GCTGAGAMACACTATTTGCAAAGCAAATAGATGTTAATCA - - GTACCTACTTGGT - 53
ﬂ CGATG--TTTCACTGTGAA - GCA - TGAACAGATGA - AATCATCGTACCTACTTGGTG 52
4 CCGGGTAGGTATCATGCAMCATCAACTCGTACCTCGTTGTGTTTTATGACA 51
3a GACTTTCTCACACAAGTGTTCGGCGTATCTTAATCCTTCCAAGT 44
£ ACATCTGCGATTACTCGATGTATTTCAGCCTTTGAGAGTG 48

Fig. 1. Structure and arganization of ERAR repeats. {a) Secondary structures formed by a consensus 170 bp-kang EFAR sequence in the "sense’ and
‘antisense’ arientation. SLS1 and SLS2 are shawn, The Gibbs free energies areindicated. GU pairing is arked by dats, () Madular organization of ERAR
repeats. The A-F modules, the sites of integration of primary insertions 1-5, and secondary insertions a—e are shown; 32 and 3b are inserted at the same
site. {c) Consensus sequences of ERAR madules and insertions. Sequence relatedness i highlighted. Dashes have been introduced to maxirmize
harmakgies. Underlined residues mark the sites of integration of secondary insertions. Nurmbers ta the right denate the size in bp of each insertion.

Results

Structure and modular organization of EFAR
repeats

The interest was in developing systematic searches for
prokaryotic sequences able to fold into stem-loop structures
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{5L8s; see Petrille et al, 2006} SLSs were searched as stems
measuring at least 12 bp, bordering loops 5-100 0t in length.
G-U pairing in the stems was allowed. In silico analyses of
the chromosome of the E. faecalis V583 strain (Paulsen ef al.,
2003} led to the identification of a novel dass of repetitive
sequences that was called EFAR in this study. The EFAR
family includes 53 members, which vary in size from 42 to
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Fig. 2. Germrmic arganization of EFAR sequences. {a) Modules and insertions defining the 10 {1=) EFAR subtypes identified in the V583 genome are
shown. The nurmber af elements within gach subtype is given in the column to the right. {b) GhA derived from 14 isolates of Enferecocous faecalis was
amplified with the aligumiers far and rev complermentary ta the ERAR A and F radules. The PCR praducts were resolved on 2 6% palyacrylamide-8 M
urea gel, and detected by autaradiography. Armplirmers labeled VIISXY were excised fram the gel and rearnplified using the same prirers. The cold PCR
praducts abtained were purified and subjected to sequence analysis. Lanes: 1 {isal. 75), 2 fisal. 617), 3{ial. 1146), 4 fisal. 5O5), 5 {isal. 413), & {isal.
1226), THisal, 412}, Biisal. 93), 9 fisol. 1185), 104isl, 921 114{isal. 67), 12 fisnl. 1379), 13{isol, 13400, 14 fisol 1342). {c) Modules and insertians inthe

EFAR subtypes labeled in {b).

650bp {see Table 2} and exhibit 56-95% sequence homol-
ogy. The most abundant repeats measure 170bp. These
unit-length elements can fold into L-shaped structures of
relatively low free energy, in which a short SLS1 and a long
SLS2 are separated by a 20 nt single stranded region {Fig.
la}. The folding of EFAR is peculiar, since elements of
comparable size found in other prokaryotes have been
shown to potentially fold into single SLSs {see De Gregorio
et al, 2003a, b, 2005, 2006}, Thirty-five of the EFAR family
members listed in Table 2 are at a distance of 30bp or less
from the stop codon of adjacent ORFs. Thus, it is plausible
that most EFAR are cotranscribed along with flanking
coding sequences.

EFAR have a peculiar modular composition. The presence
at specific sites of five DNA sequences {primary insertions
1-5} brought us to subdivide unit-length repeats into the six
A-F modules shown in Fig. 1b. Primary insertions may in
turn be interrupted by other DNA {secondary insertions o—¢
in Fig. 1b}. Interestingly, insertions 1, & and v are 68-70%
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homologous to each other. The same holds true for inser-
tions 2 and &, as for insertions 3b, 5 and P {Fig. 1c). Taking
into account the presence/absence of all modules and
insertions, 10 different element subtypes {Fig. 2a} could be
defined. One third of the repeats located in the V583 strain
were found ladking one or more modules. Subtype X
repeats keep the terminal A and F modules, subtype X
repeats just sequences spanning the A module. Of these,
some are heterogenecus in size and deady represent dele-
tion derivatives of larger EFAR repeats, others measure
42-44bp, and span just the segment that encodes SLS1 {see
Fig. la}. This supports the hypothesis that EFAR may have
originated, assuggested from secondary structure data, from
the fusion of independent I'NA sequences.

EFAR families in the E faecalis population

To validate knowledge on the structure of the EFAR family
emerging from in sifico analyses, PCR analyses on 14 clinical
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Table 2, EFARs identdied in the V583 strain and flanking ORFs*

ORF  EFAR ORF ORF EFAR  ORF

a9 1 + 90 1943 -~ 29~ 1845
167 - 2 ~ 168 1980 — 30 — 1982
253 - 3 +«— 255 2052 + 3 +— 2055
401 4 402 2148 32 . 2149
G672 + 5 — B3 2150 — 33 - 2151
47 - B —+ T48 21374 +~— 34 ~ 2376
781 - 7 = 78 23718 ~ 35 — 2379
809 + 8 810 2480 - 36 . 2481
81 - 9 - 812 2495 ~ 37 — 4%
822 — 10 ~— @24 2504 ~— 38 — 2505
897 + 11 899 2583 — 38 —~ 2585
Ll — 12 ~ 922 3585 +~ 40 ~— 25897
958 + 13 960 2664 41 “ 2665
1031 — 14 ~— 1032 688 — 42 - 2700
1104 —~ 15 = 1105 2706 — 43 — 2708
M6 = 16+ M7 2918 44 . 2819
1123 — 17 — 1124 3081 ~ 45 — 3082
1197 —= 18 — 1198 3080 — 46 - 3091
1313 - 19 = 1314 3133 47 * 3134
13917 - 20 — 1392 3144 -~ 48 — 3145
1400 — 21 — 1402 3206 — 49 — 320
1709 v 22 . 1710 3213 - 50 3214
1728 + 23 . 1736 3277~ 51 - 3278
1780 — 24 — 1791 3281 +~ 52 +— 328
1809 ~ 25 «~ 1810 3283 ~ 53 — 3284
1811 — 26 ~— 1812 3292 — 54 +— 3293
904 - 27 ~ 1906 331 «~ 55 —~ 3303
1923 + 28 ~— 1925

" As designated by Paulsen et al, (2003).
Arrowes denate ORF orentation,

isolates of E faecalis were performed. Since most EFAR
elements carry both A and F modules, aligomers comple-
mentary to either module were used as primers to monitor
the distribution of EFAR repeats among the different E.
faecalis isolates by PCR. Using unlabeled primers, in several
isolates the 170 bp-long EFAR sequences were the predomi-
nant amplimers detected. When PCR experiments were
performed with 32-P-end labelled primers, a mare complex
scenario was obtained. A representative electrophoretic
profile obtained by this kind of experiment is shown in Fig.
2h. While major patterns of amplification could be distin-
guished, most clones exhibited a unique PCR pattern. To
validate data, several amplimers were gel-purified and ream-
plified with the same oligonucleotides. The reaction pro-
ducts were electrophoresed onto 1.4% agarose gels, purified
and their sequence determined (Fig. 2). Some amplimers
were identical to the EFAR subtypes VIl and IX present also
in the V383 genome. In contrast, because of changes in the
organization of EFAR modules and insertions, other PCR
products resulted to be sequence variants not found in the
V583 genome. The degree of variability is illustrated by the
comparison of subtypes XIT and XIII. While similar in size,
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the two novel subtypes differ for the presence/absence of
insertion 1, and for the alternative presence of insertions 3a
and 3b. Moreover, the E module and insertion 5 are partly
duplicated in subtype XII {see brackets in Fig. 2c). Several
isolates were found to contain unit-length EFARs either
selectively decorated by insertion 5 (subtype XIV), or
specifically devoided of the B module (subtype XV}, Sub-
type XV resulted in as abundant as subtype VIII in several
isolates (lanes 3-6, 9-11}. EFARs carrying just the terminal
A and F modules (subtype IX repeats) were detected in
several isolates, and in some resulted in apparently more
abundant than 170 bp-long repeats (see lanes 12-14).

Genomic conservation of EFAR” lod

Next, the extent of conservation of EFAR' loci in the
population was assessed. To this end, 12/22 chromosomal
regions marked in the V383 strain by the presence of 170 bp-
long EFAR sequences were monitored by PCR in 20 E
faecalis isolates of different genotypes (Table 1). Genomic
DNAs were amplified using oligomers complementary to
DNA segments flanking EFAR repeats, located 300-700 bp
in the V383 genome, For all tested sites, a PCR product was
obtained. The size of the PCR products allowed to easily
classify regions analyzed as either ‘filled’ or ‘empty’ (ie.
containing or lacking EFAR sequences) sites. PCR results are
summarized in Fig. 3a. Data revealed a poor conservation of
EFAR™ regions on the whole. Only 2/12 elements were
retained in all the isolates: EFAR 16, located between the
genes encoding the phenylalanyl-tRNA synthetase (ORF
1116) and an ABC transporter permease (ORF 1117), and
EFAR 31, located between ftsK (ORF 2052) and the gene
encoding a pyridine nucleotide-dissulphide oxidoreductase
(ORF 2055).

Conservation at other loci varied from 80% to 70% (see
loci defined by EFARs 43, 47 and 22) down to 15-10% (see
loci defined by EFAR 10 and 29, respectively). In 11/16 filled
regions containing EFAR 43, amplification yielded a PCR
product larger than expected. As revealed by sequence
analysis of the amplimer derived from the isolate 617, size
increase is due to a type 1 insertion. The nature of the
sequences inserted into EFAR 52 in the 412 and 595 isolates
was not investigated.

In view of the results emerging from PCR surveys, the
amount of EFAR DNA in each isolate was determined by
slot-blot hybridization (Fig. 3b), and shown to vary from a
minimum of ¢. 10 copies, as in isolates 183 and 1070, to a
maximum of ¢. 30-35 copies, as in isolates 67 and 413.

No correlation could be drawn between the relative
abundance and genomic conservation of EFAR repeats.
Thus, for example, isolates 921 and 1185, which resulted to
be EFAR™ at all of the loci tested, had less EFAR DNA than
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isolates 67, 413 and 1226, which in contrast seemed lacking
EFAR sequences at several of the loci analyzed.

Analysis of EFAR empty sites

Cm the basis of the sizes of the amplification products, it was
postulated that EFAR sequences are missing at several
expected chromosomal regions. The analysis ofthe sequence
content of 10 different empty sites {marked in Fig. 3a by
asterighs} confirmed the ladk of EFAR sequences {Fig,. 4a).
Sequence data unexpectedly revealed the presence, at the site
of EFAR. insertions, of short SLSs ranging in size from 24 to
37bp. These alternative sequence elements did notbelongto
specific DNA families, as they exhibited poor homology to
each other. Furthermore, no related sequences were identi-
fled in the V583 genome by bLasT searches. The alternative
presence of EFAR and shorter SLSs at the same genomic sites
may be interpreted in two different ways. According to one
view, EFAR sequences may have been excised from the
genome, and replaced at each site by a small SLS {Fig. 4b).
A different view suggests, in contrast, that each of the small
SLSs functioned as entry sites for the genomic integration of
an EFAR repeat In support of the latter hypothesis, the
sequence analysis of the same empty sites from different
isclates showed the same alternative SLS in all the specific
EFAR regions analyzed.

(a) EFAR loci
E1 4% 47 43 16 29 17 11 31 13 12 W

| #
#3905

#0617 EAES
#1146 * =
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It is worth noting that sequences at the edges of the
alternative SLSs coincided with base-paired regions found at
filled sites at the termini of EFAR repeats {highlighted
residues in Fig. 4a}. This finding can be rationalized by
hypothesizing that the enzyme{s} mediating the insertion of
EFAR might leave behind part of the AT-rich stems of
targeted SLSs upon cleavage.

Discussion

EFAR are relatively large palindromic repeats exhibiting a
highly modular structure. Unit-length sequences measure
170bp and can fold into characteristic L-shaped structures
where two distinct hairpins, SLS1 and SLS2, are connected
bya 20ntlong single-stranded region. The identification of
elements carrying just sequences spanning SLS1 supports
the hypothesis that EFAR may result from the combination
of independent sequence types having the ability to fold inte
SLSs.

None of the mobile DNA sequences found in the
E. faecalis V583 strain (Paulsen et al, 2003} is related, as
shown by eLasT homology searches, to EFAR. All the inter-
genic regions of V983 were compared by the sEQusToraL
program of the eveces package. Surprisingly, EFAR male up
the only family of small { < 300bp} DNA sequences spread

in the genome of enterococcl.

Fig. 3. {2) Analses of EFARY laci, The
canservation of EFAR sequences anvong clinical
imlates as assessed by PCR s shown. Nurnbers
ta the top refer to chramasormal boci defined by
unit-length ERARS identified in the WS83 strain
{see Table 2), nursbers to the left denote
Enterococcus faecalis isolares. White and grey
boxes denote erapty and filled sites, respectively.
Dark grey boxes mark filed sites with a size
larger than expected. Asterisks rmark amplimers
selected for sequence analysis. {b) The genamic
abundance of ERAR sequences in the 20

E. faecalis solates analyzed in f3) was evaluated
by skat-tikat bybridization. 0.25, 0.5and 1 g
af DA frarm each isalate Janes 1 ta 3,
respectively) were laded oo a Hybond filer,
and hybridized to 8 *2P-radialabeled EFAR DhLA
prabe {see ‘Materials and methords)

FEMS Microbiol Lett 271 {26073 193 241
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(a) TAACGAGAAAAT AAAABAAG -------------- EFAR 43 -----------—-- CTTTAACTAATTAAACAATT
1342 TAACGAGAAAATAAAAAAAG GGCACCAAGTTTCACGAAATTCGTGAGACTTGGTGCC CTTTAACTAATTAAACAATT

TGTATAGATGAGATGCAAAG -------------- EFAR 52 —---------——-- TTTTCTATTTTCCAGTGGCG
1226 TGTATAGATGAGATGCGAAG TCTGGTATAAAAACCATTTAGGGTTTTTATACCAGGC TTTTCTATTTTCCAGTGGCG
GGCACTGCTACAGTTCTAAT —-—---—------—- EFAR 12 »inobnesumns ATTTCAGCTTATTCATGCTA
1423  GGCACTGCTACAGTTCTAAT  AAAAMAGTTTGACGTTAACACGTCAAACT I ATTTCAGCTTATTCATGCTA
AAAATGAGCCAAAAAAAGAA  ----------—- EFAR 22 ---------- TTCTTTTTATTCCTTAGTGC
0617 AAAATGAGCCAAAAAA*GAA GGAACTATCAGTCAAAT CACTGATAGTTCC TTCTTTTTATTCCTTAGTGC
CAATTCTTGGGCATTAAAMA ---------- EFAR 18 ---------- TTTTTAACTTAAATGTAACC
2081 CAATTCTTGGGCATTAAAAA AACAACATTTCCTGTACAGGAAATGTTGT TTTTTAACTTAAATGTAACC
ATTAAGCATTCAAAAGAGAG @ ---------- EFAR 49 --------- CTCTCTTTTTTTATTTAGTC
1340 ATTAAGCATTCAAAAGAGAG GAGATAGCATTAGCTAAAATGCTACCTC CTCTCTTTTTTTATTTAGTC
ATTGGAATGGGTTAAAAAMA - EFAR 27 --------- TTTTACGTTCATGTTAGTTG
1146 ATTGGAATGGGTTAAAAAAA GAGCCAATCTGCTCAGCAGATTGGCTC TTTTACGTTCATGTTAGTTG
AACTTTAAAATAAAACTCAA  —--e-e-ee EFAR 29 -------- TTTTTAGCTAAAAAATTGAT
0183 AACTTTAAAATAAAAATCAA AAAACACACGAATATITCGTGTGTT TTTTTAGCTAAAAAATTGAT
AAATTTAAATGATTAGGTAT -=------ EFAR 13 --=----- AGACCTAATAACATGTAAGA
0412 AAATTTAAATGATTAGGT ** CGOGCACAATCAATAATTGTGCCCG **ACCTAATAACATGTAAGA
GACAAGCAAAATAARAAGAT  —------- EFAR 47 ------- TCTTTTTTTTTCTGT CCAAA
1340 GACAAGCAAAAT AAAAAGAT GGGCTAAGTTTTGTTACTTAGTCC TC**TTTTTTTCTGTCCAAA
{b) ﬂ
EFAR element Alternative SLS

N\

Fig. 4. Analyses of ervpty EFAR sites, {2) Alignrrents of homotogaus CNA regions cortaining an ERAR repeat in the Y583 strain {top sequences) and
lacking it inthe indicated Enterococcus fecalis isolates {battom sequences). Regions of dyad symmetry are underlined. Asterisks have been introduced
to maxirmize hamakgies, {b) ERAR and alterrative SLSs are sketched not in scale. Black baxes mark regions of base pairing faund at the terini of both

types of elements, and correspond ta the bases highlighted in ().

EFAR may be interrupted by different types of insertions.
All these repeats are inserted in a sequence-specific manner,
and most are homelogous to each other {Fig. 1c}. EFAR
nsertions seem to have strictly coevolved with EFAR
elements, as no homologous sequences were identified out-
side the mapped EFAR™ loci in the V583 genome. However,
it cannot be formally ruled out that imsertions rather
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represent remnants of larger repeats measuring 560-600bp
{see EFAR subfamilies -] in Fig. 2}, Size heterogeneity of
EFAR. repeats is correlated to the presence/absence of both
nsertions and modules. [nterestingly, most of the clinical
isolates analyzed in Fig. 3 exhibited quite distinct different
EFAR-PCR patterns. Changes in the distribution of repeti-
tive sequences among bacterial strains are menitored using
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PCR primers, which hybridize to the conserved ERIC
repeats (Versalovic et al., 1991). A major bias in this type of
analyses is data reproducibility, the degeneracy of the
primers allowing the detection of amplification patterns
also in species lacking FRIC DNA (see Gillings & Holley,
1997). EFAR spread in the genomes of enterococei likely by
transpaosition, and empty and filled homologous chromoso-
mal regions can he distinguished among clinical isolates
{Fig. 3). The genomic integration of mobile elements is
frequently associated to the generation of target site duplica-
tions (TSDs) ranging in size from 2 to 13 bp at the point of
insertion. TSDs are not found at the termini of EFAR
repeats, and the mechanism of integration of EFAR seems
to be indeed rather unusual. The analysis of a representative
set of empty sites (Fig. 4a) unequivocally showed that EFAR
target sites coincided with 25-40 bp-long DNA regions able
to fold into SLSs, which featured AT-rich complementary
tracts at their ends. This type of SLS is overrepresented in the
genomes of low-GC firmicutes, and may serve multiple
functions (Petrillo et al., 2006). Several ISs tend to insert
into regions of dyad symmetry (Odaert et al., 1998; Calcutt
et al, 1999; Hu et al,, 2001; Choi et al,, 2003), and rho-
independent transcriptional terminator-like sequences are
privileged sites of integration for the small (130-170bp}
YPAL repeats in Yersiniae (De Gregorio et al., 2006). Inter-
estingly, YPAL induce the duplication of 8-25bp of target
sequences, and this results in the formation of long com-
plementary terminal regions {De Gregorio et al, 2006). In
contrast, the integration of EFAR was accompanied by the
deletion of most of the target. Yet, EFAR were similarly
flanked by base-paired residues provided by the targeted SLS
(Fig. 4). Complementary termini are crucial for the recogni-
tion of SLSs formed by YPAL RNAs by the RNAselIl (De
Gregorio et al, 2006), and may plausibly be important for
the mobilization of EFAR.

The isolates of E. faecalis analyzed in this work feature
distinet PFGE patterns (Table 1) and exhibit differences in
the organization, or the interspersion of EFAR sequences
{Figs 2 and 3). PCR assays similar to those reported in Fig, 2
revealed that isolates with identical PFGE types showed
close or identical EFAR profiles (R. Zarrilli, E. De Gregorio
and PP. Di Nocera, in preparation). Thus, changes in the
structural organization of the EFAR family may be an
additional tool to investigate the epidemiology and popula-
tion structure of E. faecalis. The standardization of PCR and
electrophoresis conditions should enable different labs to
easily obtain validated EFAR-PCR profiles for genotype
analysis.
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Abstract

Background

Analysis of non-coding sequences in several bacterial genomes brought to the identification of families
of repeated sequences, able to fold as secondary structures. These sequences have often been claimed to
be transcribed and fulfill a functional role. A previous systematic analysis of a representative set of 40
bacterial genomes produced a large collection of sequences, potentially able to fold as stem-loop
structures (SL.S). Computational analysis of these sequences was carried out by searching for families of

repetitive nucleic acid elements sharing a common secondary structure.

Results

The initial clustering procedure identified clusters of similar sequences in 29 genomes, corresponding to
about 1% of the whole population, SLSs selected in this way have a substantially higher aptitude to fold
into a stable secondary structure than the initial SLS set. Regrouping of the selected sequences by
sequence similarily, strand reciprocity and genomic location allowed to remove redundancies. HMM
analysis was used to define a final set of 92 families. 25 of them include all well-known SIS containing
repeats and some families reported in literature, but not analyzed in detail. The remaining 67 families
have not been previously described. Two thirds of the families share a common predicted secondary

structure and are located within intergenic regions.

Conclusions

Systematic analysis of 40 bacterial genomes revealed a large number of repeated sequence families,
including known and novel ones. Their predicted structure and genomic location suggest that even in
compact bacterial genomes, a relatively large fraction of the genome consists of non-protein-coding

sequences, possibly functioning at RNA level.
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Background

The availability of a massive amount of sequence data stimulated in-depth analyses on the organization
of bacterial genomes [1-6]. Although less prominent than in eukaryolic genomes, sequence repeals are
found in most bacterial species. According to their sizes, sequence repeats may be roughly classified
into two main classes. Large repeats (0.8-2kb) are mostly insertion sequences (IS), and encode proteins
mediating their genomic mobility. The terminal inverted repeats (TIRs) and the nature of their gene
products allow sorting ISs into specific classes [7,8]. Smaller repeats (50-300 bp) make up a much less
defined and more variegate set of genomic sequences. Some of them contain palindromic sequences,
demonstrated or proposed to be structured as stem-loops able to function as regulatory elements at DNA
or RNA level. For example, E. coli PU-BIMLE elements have been shown to interact with the DNA
gyrase [9] and the integration host factor protein [10], but also to function as mRNA stabilizers [11] and
transcriptional altenuators [12]. Similarly, palindromic sequence repeals have been shown to function as
mRNA stability determinants in Neisseriae [13-15] and Yersiniae [16,17).

Following these observations, and given the current availability of a large number of sequenced
bacterial genomes, a systematic analysis of stem-loop containing repeated sequences appeared of
interest. In a previous article [18], high stability stem-loop structures (SLS) were studied within a
representative set of bacterial genomes and some of them were shown to have strong similarity with
each other. Here we extend this study to detect all families of SL.S-containing sequences in the same
bacterial set. To this aim, a pipeline, combining sequence clustering and Hidden Markov Model (IHIMM)
based searches, was developed. This strategy led to the definition of a large number of sequence

families, sharing sequence similarity and, in most cases, a common predicted secondary structure.
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Results

Identification of initial SLS clusters

In a previous work a large number of SLSs were identified within 40 bacterial genomes [18]. For each
bacterial species, SLSs obtained from this study and predicted to fold with a free energy lower than -5
Kcal/mol were selected. In order to avoid obvious structured repeated sequences, SI.Ss were filtered to
eliminate those falling within either mature RNA species (tRNAs, rRNAs) or known ISs. An all-against-
all BLAST comparison was performed on the selected SI.Ss for the creation of a distance matrix, where
distance 1s reported as the E-value of the found matches. Since SLSs are strand-specific, BLAST was
run without searching for the complementary strand. Links between overlapping SLSs were cut, by
eliminating the corresponding matches from the matrix. The resulting matrix was then fed to a Markov
Clustering algorithm (MCL) based tool [19] to produce a set of clusters. This clustering step was
performed by using stringent parameters (see Materials and Methods) in order to favour the selection of
more homogeneous clusters.

To avoid repeated analyses on the same genomic sequence, overlapping clustered SLSs were
subsequently joined into larger SLS-containing regions (SCRs). Clusters composed of at least 7 SCRs
were selected and are reported in Table 1. Of the 40 analyzed genomes, 29 contain at least one cluster.
The procedure led to the identification of 523 clusters, which together contain 28,904 SLSs,
corresponding to 12,254 non-overlapping SCRs. No clusters were identified for the remaining 11
genomes: L. innocua, L. monocytogenes, S. pyogenes, C. pneumoniae, C. trachomatis, U. urealyticum,
R. prowazekii, T. pallidum, Buchnera, C. jejuni and H. pylori.

The clusters identified in each positive genome range between 1 and 75, for a total of 8 to over 4,000
clustered SCRs per genome. All together, clustered SLSs correspond to about 1,3% of the originally
selected population of over 2 million SLSs. In order to evaluate the quality of the described clustering
procedure, grouped SCRs were aligned by using the PCMA multiple alignment tool [20], and the
resulting alignments were evaluated by ALISTAT [21]. Over 80% of the clusters showed an average
identity better than 60%. The established consensus was larger than 90 bp for the about half of them,

while the others produced consensus sequences between 27 and 90 bp (not shown).

Clustered SLSs show high ability to form a stable secondary structure
SLS ability to fold into a reliable secondary structure was analyzed by using RANDFOLD [22], which
compares the predicted minimum folding energy (MFE) of a sequence with those of a large number of

random shuffles of the same sequence. Results are expressed as a p-value, representing the probability
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of the predicted MFE being truly different from the others. In this test, sequences were shuffled by
preserving dinucleotide frequencies, as proposed by Workman and Krogh [23].

Tor each genome, the test was performed on clustered SLSs, as well as on SLSs randomly picked from
the initial population and random sequences of equal size extracted from the same genome. The results
are reported in Figure 1, where sequences are assigned to specific “folding aptitude” classes, according
to the p-value calculated by RANDFOLD. Most clustered sequences (panel A) show a non-random
probability of folding below 0.01 (dark grey bars), and, very often, also below 0.001 (black bars),
whereas only about 20% of the original SLS population reach these p-values (Figure 1, panel B). Only
for M. leprae, L. johnsonii, M. genitalium and M. pneumoniae, the two SLS populations do not show
statistically different folding aptitudes. A very small fraction (less than 5%) of control sequences

showed a non-random folding probability higher than 0.1% (light grey bars in Figure 1, panel C).

Evaluation and refinement of the initial clustering

Various grouping procedures were used to combine the initial 523 clusters, according to sequence
similarity, strand reciprocity and position on the genome. The results are reported in Table 2.

In order to group clusters sharing sequence similarity, the clustered SCRs were re-clustered by using the
above described BLAST-MCL based procedure, under less stringent conditions. The initial 523 clusters
could be associated into 301 new clusters, most of them characterized by a larger number of elements
(see column ‘sequence’ in Table 2). Within each new cluster, overlapping SCRs were fused as described
above,

The ability to form SLSs is generally shared by the two complementary strands of a given DNA
sequence, the only exceplion being sequences where GU pairing is essential to form a stem-loop
satisfying the minimum requirements. A number of clusters should therefore be composed of elements
from the opposite strands of the same genomic region. Such clusters were identified, again by using the
BLAST-MCL procedure, this time allowing BLAST searches also on the complementary strand. About
two thirds of the clusters could be paired in this way, thus reducing the total number to 205 ‘unrelated”
clusters (see column ‘strand’ in Table 2).

A third refinement was directed to connect clusters, which might represent different parts of a larger
DNA repeal. For this reason, paired clusters, whose elements resulted to be overlapping or located at
short distance (< 150 bp), were identified and joined within one group. This led to a further reduction to
137 cluster groups (see column ‘location” in Table 2).

The resulting set was pruned by comparing SCRs from each cluster against the IS sequences collected in
the ISfinder database [8] by using BLAST, in order to remove insertion sequences, possibly missed in

the initial filtering. Similarly rRNA- and tRNA-related clusters were removed by evaluating the
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genomic localization of their elements, relative to genes encoding stable RNAs. These tests revealed that
28 cluster groups were related to insertion sequences, mainly not known at the time of the initial
filtering, and 11 cluster groups were composed of sequence elements contained within rRNA precursors,
These 39 cluster groups, reported in the columns ‘IS and ‘rRNA’ of Table 2, were flagged and not used
for further analysis.

The whole procedure above described led to the identification of 98 candidate S1.S-containing repeated

DNA families.

Characterization of families expanded by Hidden Markov Model searches

The candidate families were identified starting from small SLS sequences, which may be contained
within regions of sequence similarity larger than the originally detected SLSs. In addition, genomic
sequences may exist which, although similar, do not contain a SLS able to match the threshold used in
the original search. For these reasons, a combined iterative procedure, based on HMM genome searches,
was developed and applied to each family. In the procedure, a HMM built on the alignment of all family
members is used to scan the parental genome and the detected sequences are aligned to the model.
Alignments are extended by attaching neighboring sequences in order to define larger models, when
possible. Multiple cycles of alignment, elongation, model building and genome search were performed
until the borders of the repeated sequence were reached (see Material and Methods).

A final, manual refinement was performed to combine essentially identical models. At the end of this
procedure 92 models were obtained, which define the families reported in Table 3, where the length of
the model and the number of detected sequences, both covering the entire model or part of it, are
idicated. 67 models range in size between 31 and 200 bp, while the rest are larger, but only two extend
over 1 Kb.

BLAST comparison of all family elements, against the consensus sequences for DNA repeats described
in literature, revealed that 25 families are already known, corresponding to essentially all previously
identified SI.S-containing families. For each of them, size and copy number are reported in Table 3,
along with the corresponding values derived from literature data.

The remaining 67 families are not described as such in literature. Their sizes range from 31 to over
2,000 bp for a number of elements varying between 9 and 164. Nine of these families (Bhal-2, Clot-2,
Clot-3, Myt-5 Sal-2, Myt-11, Nem-4, Pam-1, Hin-1) contain known DNA sequence motifs, such as
CRISPR [34], MIRU [35] and DUS [36]: the combination of two or more specific elements, matching
these motifs, generates larger, SLS-containing repeated sequences, not previously described. Sixteen
families are made up of sequences contained within larger sequence blocks, either coding for abundant

protein motifs or located with larger, ill-defined redundant intergenic sequences. Forty-two families

6
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appear to be unrelated to previously described sequence elements.

Secondary structure analyses

Three different approaches were used (o evaluate the aptitude of sequences from the detected families Lo
fold into a common secondary structure (results are reported in Table 4):

1) ability to form conserved secondary structures, evaluated, for each family, by RN Az [37] analysis of
the alignment of six representative sequences to the family HMM (column “conserved structure™);

2) presence of aligned SI.Ss and agreement with the structure predicted by RNAz (column “conserved
SLS position™);

3) probability of non-random folding for SLSs contained within each family, calculated by using
RANDFOLD [22] (column “SLS folding aptitude™).

Only families with either a predicted conserved secondary structure or aligned SLSs are reported. Of
the 92 described families, 57 generate a common secondary structure, when analyzed by RNAz. For
most (47) of them, marked as “s”, the predicted structure contains a stem-loop compatible with the
original search. In all but Cod-2, the position of the originally found SLSs is in agreement with the
structure predicted by RNAz. These SLSs tend to be positive also to the RANDFOLD test: in 36 of the
47 families, most members contain SI.Ss, able to fold into a non-random secondary structure (P <=
0.005). For ten of the 57 families, indicated by “¢”, a more complex common structure is predicted by
RNAz, not including a stem-loop compatible with the original search. Most of them, accordingly, do not
feature aligned SLSs. Yet, the presence of aligned SLSs in three families (Lac-1, REPLEP, BoxC) may
be seen as an indication for SLS-containing alternative folding.

RNAz failed to predict a common structure for 35 of the 92 families: for most of these families (29 out
of 35) no aligned SLSs are available, indicating the absence of commeon secondary structures. Aligned
SLSs are present in 6 families (Myg-1, Myp-1, Myp-4, Eco-1, Pae-3, RPE-6), which score negative at
the RNAz test: for all but RPE-6, aligned SLSs show a low folding aptitude (see Table 4).

Genomic localization
Genomic localization of the families is reported in Table 3 where, in column “type”, families are

classified, according to the position of the vast majority of their members, relative to annotated coding
sequences. 41 families are intergenic (I), 30 genic (G) and 7 tend to span the borders between coding
and non coding sequences, and are therefore indicated as border spanning (S).

For 14 families no clear predominance of genic or intergenic sequences was observed, and therefore the
family was not assigned to a class.

Genomic localization of the families predicted to fold in a secondary structure is reported in Table 4; for
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all families, genomic localization, correlated with the predicted ability of the family members to fold
into a common, stable secondary structure, is summarized in Table 5. For most intergenic families a
secondary structure is predicted (31 out of 41). Genic families, in contrast, are predominantly not
structured: only about one third (9 out of 30) have a structure predicted by RNAz and only for 5 of them
aligned SLSs support its existence. Border spanning and unclassified sequence families feature a

predicted secondary structure with frequencies similar to intergenic ones.

Characterization of specific families

The described procedure led to the identification of a large number of families of repeated bacterial
sequences, some already known, other previously undescribed. For many of them, a number of tests
showed the polential folding of the majority of their members into a shared secondary structure. Four
such families are reported in Figure 2, where the predicted secondary structure is shown along with the
aligned, originally found, SLSs. One of them, the ERIC family from E. coli, had previously been
described, while the other three are new. ERIC, as anticipated from literature reports [31,32], is
predicted to fold into a single, long stem-loop structure. Sta-1 folds into a simple, shorter SLS. Pae-1
and Lfa-1 families feature more complex structures, composed of a pair of adjacent SLSs. The structures
predicted for these four families may be predicted on both strands, with complementary sequences
generally, but not necessarily, folding into corresponding stems. For Pae-1, the prediction of different
structures on the two strands indicates the likely presence of multiple foldings of comparable stability,
which, on each strand, are alternatively selected as the best one, because of minor base pair differences.
For some of the identified families, secondary structure predictions, although supported by high RNAz
scores, are nol consistent with the originally found SLSs. Generally this stems from the prediction, by
RNAz, of structures not including SLSs fitting with the original SLS definition. PU-BIME and dRS3,
shown in Figure 3, are examples of such families: in PU-BIME the stem includes a five base internal
loop. while in dRS3 the 8 bp stem is too short. Both cases are not compatible with the original search
(see Materials and Methods).

Finally, for about one third of the 92 identified families, it is unlikely that a RNA secondary structure
may play a relevant role, as shown by the absence of either a common predicted structure or alignment

of originally found SL.Ss. An example of such families is Myt-10, reported in Figure 3.
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Discussion

In a previous study, a systematic analysis of putative SLSs found in bacterial genomes showed that they
tend to be more abundant and stable than SLSs randomly formed in shuffled sequences of comparable
size and base composition [18]. This observation led to the hypothesis that, along with SLSs
stochastically formed because of sequence composition, a sizeable quota is possibly the result of
selective pressure, due to the need to preserve a biological function. SLS-containing secondary
structures are known to play a relevant role in several aspects of gene expression and its regulation.
Structured RNAs are a functional component of enzymes like RNAse P [38], or contribute to the
formation of regulatory cis-acting regions such as riboswitches [39], thermosensors [40], transeriptional
attenuators and terminators [41,42]. Palindromic RNA sequence repeats may also influence mRNA
stability [11].

In this work, we describe a systematic procedure to identify and classify families of repeated sequences,
characterized by a shared secondary structure, in the genomes of a representative set of bacteria, most of
which of medical interest. To this aim, SLSs were first clustered by sequence similarity and
subsequently evaluated for their potential to form secondary structures. In most analyzed genomes, a
fraction of SLSs could be grouped into clusters, containing at least 7 non-overlapping SL.Ss. No clusters
were found in 11 of the 40 analyzed genomes.

Clustering by sequence similarity selected 523 clusters corresponding to just above 28000 SLSs, about
1% of the whole SLS population: this figure may vary quite a lot in specific species, being sensibly
larger, up to 6%, in N. meningitidis, and substantially lower in B. subtilis and P. multocida, where less
than 0.1% of the SLSs fall within clusters. Clustering ended up by selecting a subsel of SLSs different
from the original population and characterized by a much higher probability of non-random folding (see
Figure 1), indicating that selection based on sequence similarity was very effective in enriching for
structured regions.

Various refinement steps produced the final set of 137 clusters, reported in Table 2. Although mature
rRNA and (RNA genes were initially masked within the searched genomic sequences, some clusters
were identified, which correspond to unmasked parts of ribosomal RNA precursor genes (Table 2).
Similarly, some clusters correspond to SLSs contained within ISs, which escaped the initial filtering for
various reasons. Removal of these two subsets and other redundancies reduced the number of identified
families to 92.

Notwithstanding the starting population of SLS-containing sequences, within these families regions

sharing primary structure similarity, but not a common SLS, might, in principle, still be found, and 35
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families with no recognizable shared secondary structure, were indeed identified. Most of these
sequences are, not surprisingly, found within coding regions, where the formation of secondary
structures is expected to be limited by the translation machinery. However, some of these families
coincide with intergenic sequence repeats, such as the §. puewmoniae BOX and P. putida REP

sequences unable to form structures compatible with the originally searched ones.

Families sharing common secondary structures

Most identified families, 57 out of 92, are predicted by RNAz to share a common secondary structure.
This group includes well-known intergenic families, such as the E. coli PU-BIME and ERIC repeats,
and their homologues in other species, as well as a number of less known families, most of which
described in isolated reports, but not characterized in detail (see Table 3). Practically all intergenic
repeats, previously shown or predicted to fold into a RNA secondary structure, have been found. The
only exceptions are the S. pneumoniae RUP and the R. conorii RPE-6 repeats, which, although
1dentified by the pipeline, do not fall into this group, because RNAz could not predict a shared
secondary structure better than the defined threshold.

For known families, the sequence boundaries, as predicted by the pipeline, are essentially coincident
with those previously reported in literature. Specific discrepancies were found only in two families. In
the N. meningitidis NEMIS elements, the present search identified the central 46 bp core, but failed to
extend the similarity to either the partial 108 or the complete 158 bp repeats described by Mazzone et al.
[13]. Similarly, for the S. pneumoniae RUP family, only 63 bases were detected out of the complete 108
bp elements [26].

Known and novel families

In well characterized genomes, such as those of enterobacteria, practically all known families have been
detected, along with a few new ones. In E. coli, the known PU-BIME, ERIC and BoxC families were
recognized and feature shared secondary structures, while the only new one identified, the Eco-1 family,
is predicted as unable to fold. PU-BIME repeats were also detected in S. fyphi as two related variants (a
full size and a shorter one, only the former predicted to fold) and in S. typhimurium, along with two
novel families, Sal-1 and Sal-2 (Table 3). For both of them RNAz could predict a shared secondary
structure of the complex Lype.

As expected, ERIC sequences were detected not only in E. coli, but also in Y. pestis and V. cholerae
[16,31]: Y. pestis repeats are predicted to fold with a structure closely similar to the E. coli elements. In
contrast, ERIC sequences detected in V. cholerae are not predicted to fold, being 20 bp shorter than both

E. coli and Y. pestis homologues, because of selective erosion of their TIRs. Yersiniae ERIC sequences

10
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have been shown to regulate the level of expression of neighboring genes by folding into RNA harpins
[16]). V. cholerae ERIC, being unable to fold, may thus not function as RNA stability determinants.

Most potentially structured new families have been found in species less analyzed experimentally or
whose genome was more recently sequenced, such as pseudomonaceae, bordetellae, mycobacteria.

For both novel and known families, the predicted common secondary structure is often a stem-loop (see
Sta-1 and ERIC in Figure 2). In a fraction of cases, however, RNAz analysis proposes different
structures. Some families feature a double hairpin (see EFA-1 and Pae-1 in Figure 2) and others feature

a complex structure containing a SLS (not shown).

Genomic localization

Genomic localization highlights the preferential tendency of repeated sequences with a predicted
common secondary structure to lye within intergenic regions; this is true for both known and novel ones.
In contrast, families found within coding sequences (CDSs) of genomes are often not structured. This is
in agreement with the results of RANDFOLD analysis: most (19 out of 27) intergenic families with
aligned SI.8s (Table 4) are enriched in highly structured S1.Ss, while this is true for only one genic
family, Myp-2. These observations support the overall hypothesis that many of these sequence families
fold in a secondary structure at the RNA level, particularly those located in intergenic regions, where the
translation machinery is not expected to interfere with secondary structure formation.

Three novel intergenic structured families, Hin-1 in I, influenzae, Nem-4 in N. meningitidis and Pam-1
in P. multocida are composed of similar sequences, characterized by the repetition of short, abundant
oligonucleotides, known as DUS [36]. The recurrence, at specific short distances, of this basic
oligonucleotide module, shorter than the searched pattern, produces a conserved SLS larger than the
required threshold. It is possible that these sequences function as transcriptional terminators, and it has
been recently reported that terminator hairpins are indeed frequently formed by closely spaced,
complementary instances of exogenous DNA uptake signal sequences [43].

Some novel structured families are located within CDSs. They often contain repetitive motifs of one or a
few coding regions, such as Lac-1 in Ljohnsonii, Pae-3 in P. aeruginosa and Efa-2 in E. faecalis.
Interestingly, the Cod-2 family defines a very small repeat, found within various CDSs, encoding
different peptides in different frames. Cod-2 repeats resemble repetitive sequence elements found by
Claverie and coworkers in protein coding genes of R. conorii [44]. Five genic families found in M.
preumoniae are part of large (1.5-5.4 kb), possibly mobile repeated DNA sequences having coding
capacity [45].

About one third of the identified families are found to be “unstructured”. These sequences were not the

object of the original search; a possible explanation of their detection 1s the incidental presence of SLSs
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within large repeated sequences. Most such families fall within CDSs (see Table 4, and Myt-10 in
Figure 3 as an example). Ten of them are contributed by only two genomes: M. tuberculosis and M.
preumoniae, Other unstructured families are clustered within the same CDS (Bor-3 and Bor-6 in B.
bronchiseptica) or are dispersed within multiple CDSs, sharing a common protein domain (Bor-4 and

Bor-5 in B. bronchiseptica, Pae-2 and Ppu-3 in P. aeruginosa and P. putida, respectively).
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Conclusions

A systematic analysis of 40 baclerial genomes is presented, aimed to identify repeated sequence
families, sharing a common secondary structure. This procedure identified practically all already
described families meeting these constraints, as well as a larger number of novel, undescribed nucleic
acid repeats.

About two thirds of the families shared a conserved secondary structure, often a stem-loop based one.
Interestingly, these families are mostly composed by elements located within intergenic regions. This
localization reflects the hypothesis that RNA folding, within these regions, is more likely to occur, not
being affected by the translation machinery.

The identification of repetitive sequence families, able to fold into secondary structures and
preferentially located within intergenic regions, reinforces the notion that also in prokaryotic genomes,
typically more compact than eukaryotic ones, a relatively large fraction, not coding for proteins, is likely

to play a biological role, by encoding functional RNAs.
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Materials and Methods

Selection of SLS clusters

SLSs previously identified in 40 bacterial genomes by Petrillo at al. [18] were taken as the starting
population. Only SI.Ss predicted to fold with a free energy <=-5 Kcal/mol were used for the present
study.

For each genome, selected SLSs were clustered according to a procedure, based on BLAST and MCL
programs [46,19]. An all-against-all BLAST comparison was performed on the SLS population, to
create an E-value based distance matrix. The BLAST result matrix was pruned by removing hits linking
overlapping SLSs, and subsequently fed to MCL to produce a set of clusters. BLAST was performed
with an E-value cut-off of 1E-4 and only on the sequence top strand. MCL was run by setting the
inflation parameter (I) equal to 4. The alignments of clustered elements were produced by PCMA [20]

used with default parameters.

Aptitude to form a stable secondary structure

The aptitude of SLSs and control sequences to form a stable secondary structure was tested by running
RANDFOLD [22]. The ‘-d’ option was used, in order to preserve dinucleotide frequencies.
RANDFOLD was set to shuffle each sequence 1,000 times. In the tests reported in Figure 1, all
clustered SLSs (panel A) were compared (o a number of SLSs representing the 5% of initial SLS
population (panel B) and to a number of genomic sequences having the same size of clustered SLSs,
randomly extracted from the corresponding genomes (panel C). Control sequences analyzed in panels B

and C, were selected three times, in order to evaluate average and standard deviations.

Cluster refinement

The regrouping procedures summarized in Table 2 were made as follows:

. Regrouping by sequence was made by using the BLAST-MCL procedure (see above) on all
SCRs, but in a less stringent way, i.e. setting parameter ‘I’ to 1.4.

. Regrouping by strand was performed by using the BLAST-MCL procedure, but allowing
searches on the complementary strand and setting parameter ‘[’ to 1.4,

. Regrouping by location was obtained by merging clusters in which SCRs were partially
overlapping, or within a distance of 150 bp, according to their genomic coordinates.

For each regrouping procedure, groups of clusters, sharing at least 50% of the elements, were fused into

a larger one,
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Identification of families by cycles of HMM searches

In order to identify all family members of each clusler, a procedure was developed, based on cycles of
alignment by PCMA and search on the genome by HMMER package tools [21]. First, SCRs of clusters
regrouped by sequence (see Table 2) were aligned by PCMA with option ‘ave_grp id” set to 50. The
procedure can be summarized as it follows:

1. The alignment is used to build a HMM by HMMBUILD and HMMCALIBRATE, with the
default options.

2. The produced HMM is used to search new elements within the genome, by using
HMMSEARCH., E-value cut-off was set to 1E-10. Independent searches are run on each genomic
sequence strand.

3. Identified sequences are extracted and aligned to their parental HMM by HMMALIGN. Pairs of
overlapping sequences on the opposite strands are avoided by discarding the one with the worse score
and E-value.

4, The aligned sequences are extended by 10% of the length of the parental HMM. Only the
extensions are aligned by PCMA.

5. The alignment of the extended sequences is then used for the construction of a new model,
returning Lo step 1.

The loop ends when one of the following criteria is met:

. The detecled sequences, which cover the entire model, are less than 7;

. The new model is shorter in terms of length than the previous one.

. The alignment does not extend the HMM any further (within a tolerance of 3 bp).

. The alignment contains a number of gaps higher than 30% of the aligned bases.

. The extreme wvalue distribution, derived from the model calibration, is in the range

Average Score + 3*Standard Deviation, derived from HMMBUILD.

The HMM and the final alignment are used as definition of the family.

Secondary structure analyses

SLSs contained in sequences of each family were analyzed by RANDFOLD as described above and
taken as positive if their p-value is < 0.005. Families were divided in four categories, according to the
fraction of sequences containing at least one positive SLS (“+++7 if 90% or above; ‘++” if 70-90%; ‘+ if

50-70%; - if less than 50%).

Representative sequences of the families shown in Figures 2 and 3 were chosen in the following way:
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° All sequences able to cover the entire model are sorted by the E-value determined by
HMMSEARCH.

. Six sequences are picked from this population by selecting the best model-fitting one and five (if
available) more with progressively increasing of the E-value.

Sequences were aligned to corresponding HMM by using HMMALIGN and the resulting alignments
were analyzed by RNAz (version 0.1.1) [37]. For RNAz analysis, alignments with length <=200 bp
were used as a single block, while alignments with length >200 bp were screened in sliding windows
(length 120 and slide 40), according to Washietl et al. [47].

RNAz was used with standard parameters. All alignments with RNAz classification score P > 0.5 were
considered. Overlapping hits. i.e. resulting from hits in overlapping windows, were analyzed again by

using larger sliding windows able to contain structures obtained with different hits.
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List of abbreviations used

bp. base pair

CDS, coding sequence

CRISPR, clustered regularly interspaced short palindromic repeats
DUS, DNA uptake sequence

HMM, Hidden Markov Model

IS, inserlion sequence

MCL, Markov Clustering algorithm

MFE, minimum folding energy

MIRU, mycobacterial interspersed repeated unit
nt, nucleotide

SCR. SLS-containing region

SLS, stem-loop-structure

TIR, terminal inverted repeat
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Figure Legends

Figure 1. Fraction of sequence elements positive to RANDFOLD test. RANDFOLD test was run
onto groups of clustered SLSs (panel A), total SL.Ss (panel B) and random sequences (panel C) from
the 29 genomes listed in Table 1. The fraction of elements scoring positive with the indicated

probability is diagrammed. Standard deviation bars are shown in panels B and C.

Figure 2, Alignment of ERIC, Pae-1, Sta-1 and Efa-1 family members. (A) A representative set
elements from each family was aligned by using the HMM model as a guide. In each panel, one row
corresponds to one family member (indicated on the right with its genomic position). Within each row,
sequence conservation is indicated by increasing gray levels and gaps by dotted spaces; overlapping
SLSs are reported as red and blue lines, the red ones indicating SLSs used to define the original HMM
model for the family, the blue all the others. Darker colors indicate the SLS folding aptitude, i.e.
positivity to RANDFOLD for P<=0.005. Common secondary structures, predicted by RNAz, are
reported at the bottom, just above the ruler in nucleotides: green triangles indicate stems produced by
pairing complementary regions on the same strand as the identified SLSs, while brown triangles indicate
the same from the opposite strand. The boxed regions highlight areas where aligned SI.Ss and predicted

structures are in agreement. (B) Graphic representation of the RNAz predicted secondary structures,

Figure 3. Alignment of PU-BIME, dRS3 and Myt-10 family members. Panels A and B legends are

as in Figure 2.

Table 1. Sequence-based clustering of SLSs. BLAST-MCL based clustering of SLSs from bacterial
genomes described in Petrillo et al. [18]: only species featuring at least one cluster, with a minimum of 7
elements, are listed. For each species, the number of SLSs within the starting populations, the number of
clusters and the number of clustered SI.Ss are reported. The number of SLS-containing regions (SCRs),

obtained by fusing overlapping clustered SLSs, is also reported.
Table 2. Regrouping of SLS clusters. Clusters reported in Table 1 were tested for sequence similarity,
strand reciprocity and relative genomic position of their elements, and grouped accordingly. The number

of clustered groups is reported in columns marked “Grouped by”. The number of groups, whose

elements are part of ISs or rRNA genes, is shown in the last two columns,
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Table 3. Families of SLS-containing repeated sequences. The final set of 92 families of repeated
sequences is reported, grouped by species. For each family, the length of the model and the number of
sequences fitting the model are given. The number of complete sequences, i.e. covering the model from
end to end, is also reported in parenthesis. Previously described sequence families have been named in
column “Family”, according to the current literature; for each of them, the number and typical size of its
members are also provided, together with references. For novel families, a systematic name was built by
fusing a shortened species name o a progressive number. In the column “type”, I, G and S indicate the
prevalent genomic location of the members of each families within intergenic, genic or border-spanning
sequences. For some families, small previously described sequence motifs contribute to the formation of
a substantially larger model; for others, their members are frequently located within larger previously

described sequences. In both these cases, the fact is reported in column “notes™.

Table 4. Secondary structure prediction analysis of families. Prediction scores of consensus
secondary structure, calculated by RNAz, is reported for each family in column “P”; the type of
predicted structure is indicated in column “conserved structure”, where "s" indicates a stem-loop based
structure, while "c¢" indicates a more complex structure where a stem-loop compatible with the original
search is not present. For each family, the aligned localization of the original SL.Ss is indicated by ‘+" in
column “conserved SLS position”; when SLS alignment is not in agreement with the RNAz prediction,
a ' is added to the ‘+" symbol. The column marked “SLS folding aptitude™ reports the behavior of
family elements in the RANDFOLD test: the number of ‘+" symbols describes the percent of positive
elements ("+++" if 90% or above; “+4 if 70-90%; *+ if 50-70%; *-" if less than 50%). The localization
of family members, as already described in Table 3, is also reported.

Table 5. Correlation of structural properties of the described SLS families to genomic location.
“Sec. Struct. +/-7 indicates the presence or absence of a conserved secondary structure, as predicted by

RNAz; “SLS +/-” indicates the presence or absence of aligned SLSs; “Total” means the sum of rows or

columns.
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Tables

A g Clustered Clustered
Divisien Species 5LSs Clusters SLas SCRs
low=-GC Firmicutes Bacillus anthracis 65,220 4 105 38

Bacillus halodurans 55,624 3 182 93
Bacillus subrtilis 56,622 2 32 is6
Clostridium periringens 35,027 & 1492 81
Clostridium tetani 29,833 14 178 123
Enterococcus fagcalis 40,841 7 317 142
Lactobacillus johnsonii 25, 668 3 173 26
Staphylococcus aursus 32,372 11 275 144
Streptecoccus pneumoniae 25,085 28 825 386
Molllcutes Mycoplasma genitalium 8,953 1 21 8
Mycoplasma pneumcnias 13,926 20 372 165
high=GC Firmicutes Corynebacterium diphtherias 54,254 9 282 120
Mycchacterium lepras 83,094 29 1,721 537
Mycohacterium tuberculosis 170,502 59 2,182 636
o-Protechacteria EBrucella melitensis 69,899 11 399 219
Rickettsia conorili 14,533 19 797 383
prProtechacteria Bordstella brenchissptica 214,459 26 2,00% 470
Bordetella parapertussis 188,237 30 1,513 518
Bordetella pertussis 158,592 52 Te2l2 4,602
Neisseria meningitidis 56,605 44 3,595 991
y-Protechacteria Escherichia coli 86,339 12 1,152 431
Haemophilus influenzae 25,0585 k} 39 25
Pasteurella multocida 31,209 1 24 8
Psesudomonas asrugincsa 206,492 9 526 129
Pseudomonas putida 175,088 75 3,640 1,352
Saimonella typhi a0, 027 8 177 116
Salmonella typhimurium 91,844 7 157 94
Vibrie chelerae 45,824 7 250 122
Yerzinia pestis 78,372 20 G00 279
TOTAL 2,230, 206 523 28,904 12,254
Table 1
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Grouped by

Lecated within

Species Clusters
sequence strand location Is rRNA
anthracis 4 3 2 2
B. haledurans B [ 4 3 1
B, subtilis 2 2 1 1 1
C. perfringens 3 2 1 1
C. tetani 14 13 10 b 3
fascalis T 5 3 3 1
L. Johnsonii 3 3 2 2 1
5. aureus 11 7 5 4
5. pneumoniae 28 22 13 9 &
M. genitalium 1 1 1 1
M. pnsumonias 20 20 18 12
¢. diphtheriae 9 7 5 4 1
leprae 29 18 11 5
M. tuberculosis 59 36 21 15 3
E. melitensis 11 T 5 4
R. conorii 15 6 4 4
B. bronchiseptica 26 ] 5 4
B, parapsrtussis 30 18 10 5 4
B. pertussis 52 28 16 4 3
N. meningitidis 44 9 7 [
E. coli 12 ) & & 2
#. influsnzas 3 1 1 1
B. multocida 1 1 1 1
F. asruginosa 9 5 4 4
F. putida 75 35 26 14 4 2
typhi 8 4 3 3 2
5. Ltyphimurium T & 4 4 1
V. choleras 7 T E q 2
Y. pestis 20 15 11 5 z
Total 523 301 205 137 28 11
Table 2
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Species Family This work Literature Type Notes
size copies size copies ref.
B. anthracis Bant-1 T2 104 (29} I
Berl 167 31 {21) 147 12 [24] 1
B. halodurans Bhal-1 74 36 (32) I
Bhal-2 76 50 (41) I contains CRISPR repsats
C. perfringens Clop-1 93 44 (28) I
Clot-1 74 19 (16) 1
C. tetani Clet-2 31 34 (33 contains CRISPR rapeats
Clot=-3 90 24 (1T I contains CRISPR repeats
B, faecalis Efa-1 143 65 (18) 1
Efa-2 292 11 (%) G
L. jehnsonii Lac-1 231 34 (&) G
sta-1 105 25 (25) !
5. AUEGHE Sta-2 460 9 (8 K]
sta-3 136 29 (15) !
Sta-4 99 46 (27) I
BOX a4 205 (105) 100-200 127 [25] I
5. pneumonias RUP 63 110 (99) 108 54 [26] I
Stre-1 45 241 (225) G
B. melithensis Bru-R3 118 222 (69) 103-105 35-40 [27] I
Rpe-4 100 97 (T4) 95 94 [28] I
R. comorii Rpe-5 115 45 (35) 115 55 [28] I
Rpe-6 108 123 (74) 136 168 [28]
Rpe—7 123 186 144) 99 223 [28]
M. genitalium Myg-1 259 10 (T) I
Myp-1 143 25 (18) G part of REPMP1l repeat
Myp-2 158 42 (16} G part of REPMP4 repeat
Myp-3 558 11 (8) G part of REPMP5S repeat
Myp-4 364 g (M G part of REPMP5S repeat
Myp-5 426 g (8 G part of REPMPS repeat
H. pneumonias Myp-6 4é8 11 (11) G part of REPMP2/3 repeat
Myp-8 674 S (9 G part of REPMP2/3 repeat
Myp=9 226 9 {9 G part of REPMP2/3 repeat
Myp-10 330 12 (12 G part of REPMP2/3 repeat
Myp=7 131 42 (22) G
Cod-1 140 17 (16} I
€. diphtheriae Cod-2 32 43 (38) G
Cod-3 170 23 (20}
Cod-5 74 35 129 I
Myt -1 72 75 (70}
Myt-2 115 T (223) G located within PE genes
Myt-3 a1 81 (7T G lecated within PE genes
Myt -4 a3 1%6 (68) G leocated within PE genes
M. tuberculosis Myt-5 71 41 (2) G contains CRISFR repeats
Myt=7 136 278 (68) G located within PE genas
Myt-8 92 33 (25)
Myt-9 &7 53 (15)
Myt-10 154 62 (59) G located within PE genes
Myt-11 65 56 (21) contains MIRU rapeats
REPLEP T40 29 (%) 400-880 15 [29] I
M. leprae RLEP 641 38 (30)  601-1075 37 [29] 3
Myl-1 in T4 3 part of LEPREP repeat
Myl-2 1979 9 M 3 part of LEPREP repeat

Table 3 (part 1)
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This work Literature

Species Family Type Notes
size copies size copies ref.
Bor-1 117 196 (92) bk
Bor-2 167 17 (6) I
B. bronchiseptica Sog3 13 %4 132) e
Bor-4 81 164 {114} <]
Bor-5 112 135(101) G
Bor-6 147 37 (31) G
B. pertussis Bor-1 93 128 (78) I
ATR 2086 14 (% 183 T [30] I
Heam-2 341 11 (N
Hem-3 127 10 {9 G
N. meningitidis Nem-4 36 412¢362) I contains DUS repeats
dR33 33 755(708) 20 770 [30] I
NEMIZ 46 262 (81) 106-158 250 [13] I
Rep2 65 22 (18)  59-154 26 [30] I
F. multocida pam-1 155 12 (12) 5 contains DUS repeats
BoxC S0 22 (120 56 32 [31]
B i Eco-1 734 L) ] G
ERIC 140 19 (19) 127 21 [32] 3
PU-BIME 108 301159} 40 485 [31]
H. Influenzae Hin-1 31 53 (51) I contains DUS repeats
Fae-1 84 133 (61) I
P. seruginosa Pae-2 287 65 (24) G
Pas-3 220 16 (13) G
Pae-{ 52 41 (35)
Ppu-1 617 38 (28) I
Ppu-2 2056 10 (8) 8
P, puLids Ppu-3 251 27 (23) G
Ppu-4 81 11 (24) T
Fpu-9 124 57 (31) I
REP 39 588(496) 30 404 [33] 1
5. typhi PU-BIME 43 146¢124) 40 100 (3L I
FU-BIME* 80 59 (37) 40 »100 [31]
FU-EIME 78 142 (54) 40 82 [31]
§. typhimurium sal-1 115 27 (17 I
Sal-2 130 33 (3 G contains CRISPR repeats
i dholaras ERIC 103 97 (66) 127 80 [31] I
Vie-1 184 14 () I
ERIC 115 241(128)  69-127 147 [16] I
Yy pAStis YPAL 168 101 (68) 169 30 1171 1
TPAL* 136 26 (13) 130 10 171 I

Table 3 (part 2)
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X i Conserved Conserved SLS SLS foldin
fpecien Fauily 2 structure position aptitude 4 Type
_ B, anthracis Ecrl 0.99 3 + + 1
Ehal-1 .98 k3 + 4 1
B, halodurans Bhal-3 0,99 = _ 2,
C. perfringens Clop=1 Q.96 = - + 1
C. tetani Clot-1 Q.95 s + ++ I
Efa-1 Q.85 5 - +++ 1
By fagcatls Efa-2 1,00 s - - [
L. johnsonid Lac-1 Q.37 ¢ +° - G
Sta-1 0,84 s + +4+ 1
£, aureus sta-2 1.00 2 . s 5
Sta-3 0.97 a + + 1
B, melithensis Bru-RS .98 2 * + I
Rpe-4 0.73 ) O - 1
B Rpe-5 1.00 ] . + I
Ri conorii Rpe-6 0.45 = A '
Rpe-1 0,99 s + o+
M, genitalium Myg-1 0.08 - - = I
Myp-1 0.00 - - - G
Myp-2 0.55 3 * ++ G
Myp—3 0.89 ] + £ G
M, preumoniae Myp-4 0.0% - . . G
Hyp-5 0.74 3 + - G
Myp-6 0,55 e - [
Hyp-7 0. 67 3 + = G
Cod-1 0.%7 8 - +++ 1
¢, diphtheriae Cod-2 0.98 5 - G
Cod=3 0. 9% 5 + +4r
Myt-1 a.74 3 + ++4
Mo, tuberculosis Mﬁ-a 0.90 = =~ S5
REPLEP 1.00 c + = 1
ELEP 1.00 £ + ++ s
M LepEan Hyl-1 0.61 s ' ++ s
Myl-2 0,97 5 = + p
Bor-1 0,86 s + ++ 1
B, brenchiseptica Bor-2 1.00 s + . 1
B, pertussis Bor-1 0.93 3 v + 1
AR 1.00 8 + = 1
Nem-2 0.93 s + +
Hem-4 0.93 3 . e 1
N, meningitidiz dns3 0,98 o _ 1
HEMIS 1.00 3 + + I
Repi 0.3%8 3 + + 1
P, multocids Pam-1 Q.96 g * +4d 5
BoxC 0.99 o . -
Ego-1 0.18 - +* = k]
Eyconlt ERIC 0.94 Fl + ++ s
PU-BIME 0,94 3 * +
B, inrluenzae Hin=1 0.96 5 + + 1
Pas-1 0.37 3 . ++ 1
P, asruginosa Pau-3 0.26 - +* - G
Fag-4 0.93 a2 + +4
Fpu-1 0.97 = - + 1
Ppu-2 1.00 ) - e s
P, putida Ppu—4 0,45 5 - - 1
Ppu-3 0.54 3 . - 1
PU-BIME Q.97 € Y I
S bppnd PUS-BIME 0.28 s s :
PU-EIME 0.98 8 - -
&, cyphimuriom Zal-1 .94 e 3 I
sal-2 1.00 c ? s
ERIC 0.90 3 + = I
¥, pestis YPAL 1.00 s + e 1
YPAL® 0. 96 & - I
Table 4
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Structural data Sec. Sec.

Struct. + Struct. - Total

SLS SLS sLS SLS
Genomic location + - + -
Genic 5 4 4 17 30
Border spanning 7 0 0 0 9
Intergenic 25 B 1 ] 41
Others 9 1 1 3 14
Total 46 11 6 29 92

Table 5
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Eric (E. coli)
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PU-BIME (S. typhi dRS3 (N. meningitidis)
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Figure 3 PU-BIME dRS3 (B)
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