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ABSTRACT

Palindromic Units (PU or REP) were defined as DNA
sequences of 40 nucleotides highly repeated on the
genome of Escherichia coli and other
Enterobacteriaceae. PU are found in clusters of up to
six occurrences always localized in extragenic regions.
By sorting the DNA sequences of the known PU
containing regions into different classes, we show here
for the first time that, besides the PU themselves, each
PU clusters contains a number of other conserved
sequence motifs. Seven such motifs were identified
with the present list of PU regions. Remarkably, each
PU cluster is exclusively composed of a mosaic
combination of PU and of these other sequence motifs.
We demonstrate directly by hybridization experiments
that one of these motifs (called L) is indeed present at
a large number of copies on the Escherichia coli
chromosome and that its distribution follows the same
species specificity as PU sequences themselves. We
propose that the mosaic pattern of motif combination
in PU clusters reveals a new type of bacterial genetic
element which we propose to call BIME for Bacterial
Interspersed Mosaic Element. The Escherichia coil
genome contains about 500 BIME.

INTRODUCTION
A Palindromic Unit (PU) was originally defined in 1982 as a
palindromic DNA element present several times in four intergenic
regions of bacterial operons (1). Two years later, an extensive
search revealed that a large number of intergenic sequences in
Escherichia coli and in Salmonella enteritica serotype
Typhimurium were homologous to PU DNA, so that PU
amounted to almost 1% of the genomic DNA (2,3). A number
of laboratories kept the name PU family for these sequences (2,4),
while others called them REP for Repetitive Extragenic
Palindromes (5,6). It was latter shown that the consensus
sequence from Escherichia coli PU (3 and upper part in fig. 1),
differs slightly from that of Salmonella enteritica serotype
Typhimurium PU (abbreviated Salmonella PU) (3); in particular,
Salmonella PU contain an additional G between the positions 11

and 12 of the consensus shown in figure 1. The existence of these
species-specific sequence variations was confirmed by
hybridization experiments (7).
Because of its palindromic nature, part of the PU sequence

(32 out of the 40 nucleotides of the consensus) could adopt a
'stem and loop' structure (nucleotides 4-35 in fig. 1), and
evidences for the formation of this secondary structure at the level
ofRNA was obtained from in vitro studies (6). The fact that the
palindrome is not perfect has an important consequence: the PU
can be oriented and we distinguish the right end and the left end
of PU (see details in fig. 1). PU are found in clusters, from one
to six occurrences, always outside structural genes. Within a
cluster, it is remarkable that successive PU rigorously alternate
in orientation (fig. 1).
Except for the PU themselves, no other sequences common

to PU clusters have been described. Indeed, various alignements
of all known PU clusters did not reveal other conserved
sequences. In the present paper, we perform a detailed analysis
of the DNA sequences corresponding to the present list of PU
clusters and show that they can be sorted into classes which
disclose a number of new conserved sequence motifs in addition
to PU themselves. Moreover, each PU cluster is exclusively
composed of PU and of these conserved motifs. We demonstrate
directly by hybridization experiments that one of these motifs
(called L) is indeed present at a large number of copies on the
Escherichia coli chromosome and that its distribution follows the
same species specificity as PU sequences themselves. We propose
that the mosaic pattern of motifs combination in PU clusters
reveals a new type of bacterial genetic element, a Bacterial
Interspersed Mosaic Element (abbreviated as BIME).

MATERIALS AND METHODS
Collection of Escherichia coli PU clusters
We defined a PU cluster as a DNA sequence that contains at
least one occurrence of a typical PU sequence. In order to collect
the sequence of most of the known Escherichia coli PU clusters,
we used two different computer programs: PROBE3 (15) and
FASTN (16). Both programs were used to search Genbank with
different probes (release 58.0; 24.600.000 bases in 21.248
sequences).
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The PROBE3 program was used to search the databank for
sequences similar to two complementary probes SI and S'1. Both
sub-sequences of SI and SI' correspond to the most conserved
parts of the PU consensus sequence (fig. 1). Sequence SI is
described as 5'-GCC2GATGCGR(0,20)TTATC8GGCCTA-
CR-3' where R stand for purine, Y for pyrimidine, 2 for T or
G, 8 for A or C and (0,20) means that both sub-sequences of
each probe are separated by at most 20 bases (15). Sequences
were kept only if they had at least 81 % residues matching the
5'-subsequence of SI and 78% residues matching the
3'-subsequence of SI (Search A in Table I). The requirement
in the search for S'1 was 78% matches with 3'-subsequence and
81% matches with 5'-subsequence (Search B in Table I). A third
set of sequences was obtained using program FASTN. In this
case, we searched the sequence databank for sequences
homologous to the string: 5'-GCCGGATGCGGCGTAAACG-
CCTTATCCGGCCTAC-3' (called S2). This string is
homologous to the PU consensus sequence (fig. 1). The matches
with a similarity score higher than 66 (16) were collected (search
C in table I).
About 30% of the sequences we obtained from these three

computer searches did not originate from Escherichia coli and
were subsequently discarded. Finally we added some Escherichia
coli PU sequences screened by eye (search E in table I).
The compilation of the computer and eye searches defined a

set of 94 PU clusters with 172 PU occurrences, called the initial
PU cluster set. The details of these sequences are given in table
I. We added in Table 1 19 recently described PU clusters which
have not been subjected to the multiple sequence alignment
analysis (see below).

'Multiple sequence alignment' procedure
In order to align sets of sequences we used an iterative procedure.
At each step three successive tasks were performed: (i) all the
sequences were independently aligned with a profile (17),
providing pairwise alignments of the sequences with the profile,
(ii) a multiple alignement of the sequences was built from the
pairwise alignments of the profile with each sequence, (iii) a new
profile was derived from this multiple alignment. This procedure
was stopped when the new profile was the same as the one of
the previous step. The initial profile was either derived from an
alignment made by hand or was one sequence chosen at random
in the set to be aligned. Pairwise alignments of a sequence with
a profile was performed using a standard dynamic programming
procedure (18). CONSALI, a C program running under UNIX,
performs that task and is available upon request.

Sequence Variation Pattern and consensus sequence
In order to characterize the multiple alignments, we defined the
Sequence Variation Pattern: it is basically a histogram of bases
and gap frequencies at each position. We defined the gap
frequency at position i (GFi) as 100.Ai/T, where Ai is the
number of gaps in the ii column of the alignment and T the total
number of sequences. We defined the effective frequency of base
B at position i (denoted EFiB, B being either A, T, G or C) as
100.NiB/(T-A4) where NiB is the number of base B in the ith
column. Positions where the gap frequency was higher than 60%
were not taken into account in the Sequence Variation Pattern.
The Sequence Variation Pattern is then defined as both the
histogram of the bases of which effective frequency is higher
than 25% and the histogram of gap frequencies.We defined the
consensus sequences as the bases present in the Sequence

Table I. Compilation of known BIME.
For each PU cluster, we have presented, from left to right: its name; the type
of search by which it was detected (searches A, B, C or E; see Materials and
Methods); the number of the left external segments which is referred in fig. 2
(LES); the coordinates of the palindromic part of the PU, < ... »> means a
PU in the orientation shown in fig. 1. Each BIME can be described by a specific
combination of segments (column BIME structure). For clarity, the PU sequences
are indicated by a ' < ' or a ' > ' according to their orientation (' > ' means a
PU in the orientation shown in fig. 1). For exanple, the cobination 'B>L<s> '
defines the corresponding BIME as being composed of three PU and of three
motifs located outside a PU (one B, one L, and one s); the order of the segments,
from left to right, corresponds to their order at the DNA level, from 5' to 3'.
The segments presented between [ ] means that they exhibit only a slight homology
with the corresponding consensus; between 0 is indicated the name of the BIME
if several different BIME are present in the same PU cluster referred in the first
column as well as the name of some internal segments which are discussed in
the text. The PU* have been described in (8).
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Variation Pattern. The homogeneity of a given position i was
defined as the highest effective frequency at that position and
denoted it Hi (Hi = max EFj).

'Similarity matrix analysis'
We looked for subsets of similar sequences in larger sets using
a procedure of clustering, running on a matrix of similarity
scores. First, sequences were ranked in an arbitrary order and
numbered accordingly. Secondly, a similarity matrix of these
sequences was defined as a nx n array of which the element in
row i and column j, denoted sc(i,j), contains the similarity score
of sequence i and sequence j. A global score could be computed
from that matrix according to the form: GSC = Ej
li-il sc(i,j). Thirdly, since the GSC value decreases when the
ranking corresponds to clusters of similar sequences, we wrote
a program (ORDONMAT6) designed at minimizing the GSC
value.

This program permutes the numbers of the sequences at
random, then evaluates the GSC value of the permutated matrix,
if the new GSC value is lower than the previous one the program
keeps the new numbering, otherwise it reject it. The program
stops when a given number of consecutive permutations did not
not lead to a lower GSC value. This number of unsuccessful trials
is given as a parameter to the program. This procedure does not
guarantee to find a numbering of the sequences leading to a global
minimum for GSC values, but we ran it using different random
changes and found the same sequence clusters.

Hybridization experiments
The hybridization reactions were performed as described (7). The
two following Escherichia coli strains have been used (7): K12
C600: thrl, leuB6, thil, supE44, tonA34, lacYl and CI-1. The
CL synthetic probe has the following sequence: 5'-AAAB(T or
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Fig. 16 Structure of a PU cluster. Within the box is shown the PU consensus sequence previously determined in (3). The arrows indicate the positions which exhibit

a dyad symmetry. As shown below the consensus, the PU is symbolized by a grey rectangle with an included triangle which indicates the orientation of the PU

according to the sequences not inluded the symmetry (nucleotides -3, 11-12, 27-28 and 36-40). The same PU symbol is used in the other figures. Below

the box is indicated a schematic representation of a PU cluster. The external segments are flanked by a single PU. The right external segments which are sequences

flanking a the right end of a PU, and the left segments which are sequences flanking the left end of a PU. The internal segmnents are located between two PU.

The right internal segments are sequences located to the right ends of two adjacent PU and the left internal segments are sequences located to the left ends of two

adjacent PU.

524454544644888452633217882 6770837655161 237587387664537276654S2316378 23 1 111 5322
9092013S7*43167514E1997735673988206454109527328164217663014297097245850935436152320608465

20 0

49 - 9
42 0955580 08.---
50 oS9SSSo-o# --. -

40 -558500000--
53 -SSSSooo*o---
46 -550350005- -0
47 -05350$---

44 -00050- $ - -
0

43 -55005--Os- --o0 -

A 86- oo -------S

047-

234

3: - . 500--

2i*2lsee iiaiymti o n emns h arxaayi
wa1sdt7ru h eune nst o iiaiy h eune romt
prora ha been fe-ihte-iiaiymarxo-helf-xena emns
Thpoga ha to-tr-0-nucesu--dmchne eoe tpg(e
Maeral an_Mtods.Nmesaoetemti nntergtclm
corsodt2eunenmeI o ae fsmlct,smlrt crsls
thn5%aentpotd7-ersnssoe ewe 0 n 6,aosoe
bten66%ad8%3 # sore bewen8%-n9%an- $sorseqa
to10% Vetclbr0hwtetogop fsmlrt AadB.Ec emn
isidnife by. a nubrwihi.rfre.ntbe. clm E)

C)BTGCAAATTCAATA(A or T)ATTGCA(A or G)(A or T)(A

or G)(A or T)TCA-3' (B=:A,T,G or C). The sequence of the

R and of the C2 probes is given in (7).

RESULTS AND DISCUSSION

We made a compilation of available sequences of Escherichia

coli PU clusters, i.e; sequence regions containing at least one

PU (Materials and Methods). This yielded a collection of 94

clusters, called initial PU cluster set, including 172 PU (table

I). In order to analyze the PU surrounding sequences, we divided

each PU cluster in segments designated according to their

positions with respect to the PU themselves. We then compared

the lengths and sequences of segments with similar positions.

Segments located at each end of a PU cluster were called

external segments: they are flanked by a single PU. Because PU

sequences are oriented, we distinguished the right external

segments which are sequences flanking the right end of a PU,

and the left external segments which are sequences flanking the

left end of a PU cluster (figure 1).

Segments located between two PU were called internal

segments. Because of the strict alternance in PU orientations

within a cluster (see Introduction), we distinguished the right

internal segments as sequences located between the right ends

of two adjacent PU and the left internal segments as sequences

located between the left ends of two adjacent PU.

Conserved motifs around PU

Two e-xternal motifs: A and B. Our PU cluster collection included

51 right external segments and 89 left external segments. In order

to detect a possible sequence homogeneity amnong these segments,

we looked for sets of similar sequences by a procedure called

'similarity matrix analysis' (Materials and Methods). We found

two sets of similar sequences for the left external segments:

groups A and B (fig. 2) which constitute 56% of the total left

external segments. By contrast, no such sets were detected for

the right external segments (data not shown).

In order to evaluate the sequence homogeneity among the two

sets of similar left external segments, we performed a 'multiple
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sequence alignment' with each of them. In both cases an
homogeneity, averaging 55% for A and 60% for B (fig. 3A and
3B) was found along most of the analyzed regions.

This led us to define two conserved motifs (A and B, fig.2)
corresponding to the consensus sequence of each set.
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Fig. 3. Sequence Variation Patterns of the left external segments. The Sequence
Variation Pattern (SVP), characteristic of a sequence alignment analysis, is a

histogram of bases (EFi) and gap frequencies (GFi) at each position i; the definitions
of EFi and of GFi are given in Materials and Methods. Below the histogram
is shown a schematic representation of the PU (see fig. 1) which is flanking the
external segment. Histogram A is the A SVP (28 sequences); histogram B is
the B SVP (18 sequences). These histogram have been computed from multiple
sequence alignment with a gap penalty of 2.0 +3.01 (see Materials and Methods).
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Five internal motifs: S, L, s, 1 and r. Our PU cluster collection
contained 51 right internal segments and 28 left internal segments.
The size distribution of the right internal segments presents

two modes (fig. 4A). About 50% of the segments have a size
ranging from 32 to 34 nucleotides (centered at 33); they were

called L (for Long sequences). The L set exhibited a high
sequence homogeneity, averaging 80% (fig. SB). The other
segments have a size comprised between 11 and 14 nucleotides
(centered at 12); they were called S (for Short sequences). The
S sequences presented a high level of size homogeneity (see their
sharp mode of distibution in figure 4A), and a limited sequence
homogeneity, averaging 50% (figure SA).
The size distribution of the left internal set presents three modes

(fig. 4B). 8 out of the 28 left internal segments have a size of
8 or 9 nucleotides; they were called (for long sequences). The
set exhibited a significant sequence homogeneity, averaging 68%

(fig. SC). 11 out of the 28 segments are composed of a single
nucleotide: cytosine in 60% of the cases; they were called s (for
short sequences). A third mode, much more heterogeneous in
size, can be defined with the 5 larger segments; they have a size
ranging from 18 to 31 nucleotides; they were called r. The r set
did not reveal any sequence homogeneity (data not shown).
By eye inspection, we found some homologies between the

r sequences and between the A and the B external consensus
sequences (fig. 6). Each r sequence could be divided in two parts;
the right part exhibits homologies with the part of the A consensus
which is just flanked by a PU; the left part exhibits homologies
with the part of the B consensus which is just flanked by a PU
(fig. 6).

In conclusion, the sorting of internal segments in five sets based
on size and sequence led us to define five motifs. Four of them
(L, S, 1, and s) have sharply defined sizes; among these, three
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Fig. 4. Size distribution of the internal segments. The diagrams indicate the number of sequences present in each set (see text) as a function of their size. Diagram
A: size distribution of the right internal segments; diagram B: size distribution of the left internal segments. Below the diagrams are boxed the symbols used to
show the distribution of the the different segments described in the text.
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The gap penalty used in the multiple alignment were 2 + 1.5 1 and 3 + 2 1 respectively for S and L segments and for s and I segments.
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Fig. 6. The r segment can be obtained by recombination between the A and B
segments. The r segments have been aligned with the A consensus (upper part
of the figure) and with the B consensus (mkile part of the figure). The underlined
positions are identical to the corresponding consensus. The small vertical arrows
indicate an insertion on the left of the nucleotide toward the arrow is pointed.
In the lower part of the fig. is boxed a model for the fomlation of the r segment
by a recombination between a A and a B segment (A' 'B).

have a strict consensus sequence (L, S, and 1) while the consensus
sequence of the fourth is loose. In the case of the fifth motif (r),
length and sequence are variable, but r can be considered at least
formally as a combination between the A and B motifs. This
suggests the hypothesis that they are indeed generated by
recombination between A and B motifs (lower part of fig.6).

Species-specific hybridization of an L motif probe
We designed a synthetic probe according to the L motif consensus
(named CL; Materials and Methods). Many fragments of the total
Escherichia coli DNA cleaved with Hinfl, strongly reacted with
the CL probe (fig.7A). This pattern was similar to that obtained
with a PU specific probe (C2 probe) both in intensity and in
number of fragments (fig.7A) (7). We used, as a negative control,
a synthetic probe with a random primary sequence ( R probe)(7).
Since this probe hybridized poorly (fig. 7A), we concluded that
we detected a specific cross-hybridization between CL and
Escherichia coli genomic DNA. This result confirms that the L
motif corresponds to a repetitive DNA with a high level of
sequence homogeneity along the genome.

In order to see whether the L motif was present in other
bacteria, we performed a Southern experiment with the genomic
DNA of ten different bacteria (fig. 7B). Only Escherichia coli
and Shigella sonnei genomic DNA exhibited a significant cross-
hybridization with the CL probe (compare lanes 1 and 10 with
lanes 2 to 9 in fig. 7B). Even Salmonella enteritica serotype
Typhimurium, which is closely related to Escherichia coli, did
not cross-react with the CL probe (lane 9, fig. 7B). These results
clearly showed that the presence ofL sequences, as reflected by
multiple cross-hybridization with the CL probe, is bacterial
species-specific. It is interesting to note that PU species-specificity
correlates well with that of the L sequences: Escherichia coli and
Shigella sonnei possess the same type ofPU sequence, different
from the type present in other Enterobacteriaceae (Introduction
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Fig. 7. Southern hybridization of CL probe with genomic DNA of enterobacteria. The hybridization experiments were performed as described in Materials and
Methods. Fig. 7A. The total genomic DNA of Escherichia coli C600 (500 fmoles) was hybridized with either R or C2 or CL as indicated above each lane. The
lanes called MW (for Molecular Weight) contain the HindlII digest of lambda DNA; the size of the fragments is indicated on the figure. Fig. 7B. Each lane contain
100 fmoles of total genomic DNA of the following bacteria. Lane 1: Escherichia coli CI-I; lane 2: Yersiniapseudotuberculosis P105; lane 3: Cedecea davisae CIP80.34;
lane 4: Klebsiella pneunoniae K2; lane 5: Enterobacter cloacae (a gift of the 'Centre Hospitalier de Villeneuve St Georges, France'); lane 6: Enterobacter aerogenes
ATCC 3048; lane 7: Citrobacterfreundii CDC 22-76; lane 8: Levinea malonatica CDC 1066-71; lane 9: Salmonella enteritica serotype Typhimurium LT2; lane
10: Shigella sonnei S60-80. When no collection is indicated, the strains were from the Unite des Enterobacteries, Institut Pasteur, Paris, France. CDC, Center for
Disease Control, Atlanta, Georgia, CIP: Collection Institut Pasteur.

and 7). In this respect, it would be interesting to know whether
other types of L sequences existed in other bacteria.

PU clusters are a mosaic combination of 8 sequence motifs:
the BIME
The above results show that PU clusters are a combination of
a limited number of sequence motifs. The total number of motifs
detected so far is eight: the PU sequence itself and 7 PU
surrounding motifs (A, B, S, L, s, and r). All these motifs,
except r, are homogeneous in size and/or in sequence (see above).
The r motif appears to be formed by one part of a A sequence
and by one part of a B sequence.
There are two remarkable properties of these motif

combinations. Firstly, all the PU clusters, from the initial
collection, are a mosaic combination of these and only these eight
motifs. Furthermore, after the identification of these motifs, we
found 19 new PU clusters in subsequent publications (earmarked
d in Table I); all were combinations of these eight motifs.
Secondly, we searched in an Escherichia coli sequence data base
for the longer of the motifs located outside a PU (A, B and L):
they were always found associated with at least one PU, showing
that they are characteristic of PU clusters (unpublished data).
Because PU clusters appear to be mosaic combinations of the

same eight sequence motifs, we propose to call them BIME for
Bacterial Interspersed Mosaic Element. Our present total
collection of BIME amounts to 113 with 236 PU sequences (table
I), corresponding to 20% of the total Escherichia coli genomic
sequence; it can be extrapolated that this genome contains about
500 BIME. If we estimate that the Escherichia coli genome is
composed of 3000 genes, about one extragenic region in six
contains a BIME.

Some BIME are a direct repetition of a PU doublet

The mode of combination of the eight motifs generates a great
diversity of BIME structures (Table I). The 113 BIME include
from a single motif (one PU) to complex structures, such as in
ECOARAABD (symbolyzed as S < s> S < s> S < s > S < s
where the PU sequences are indicated by a ' < ' or a ' > '
according to their orientation; see table I). Remarkably, the
diversity in BIME motif combinations can be accounted for by
a simple rule: within a BIME, all the occurrences of the same
type of internal segment (left or right) consist in the same motif;
in other words, all the right internal segments are either S or

L; all the left internal segments are either s or 1 or r. Furthermore,
BIME appear to be composed by an array of direct repetitions
since the homogeneity of any motif is higher within a BIME than
between BIME (some examples are shown in figure 8).
From further inspection of the different types of direct repetions

present in BIME, we inferred that each BIME can be described
as an array of a PU doublet repeats. Some examples are shown
in figure 8; as illustrated by the alignment presented, they are
all composed by a repetition of a PU doublet.
These observations could be explained by a localized

amplification of a PU doublet. A shematic representation of this
hypothesis is presented in fig.9. If all the BIME were initially
formed by a repetition of a PU doublet, BIME with an odd
number of PU (about 50% of the known BIME) could be
explained, for example, by deletion of an odd number of PU
from the initial structure.

Interestingly, the localized amplification events appear to
operate sometimes on sequences just flanking a BIME. Indeed,
some BIME are located just at the boundary of a DNA region
which exhibits direct repetitions. This is the case in the BIME
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araA GATTT CGTCG---CTMG-TAGTCGCATCAGGTGTG T
AACGCCTGATGCGGC-CTGACGCGTCTTATCAGGCCTACA CGCTGCGATTT TGTAGGCCGGATAAGCAAAGCGCATCCGGCATT C
AACGCCTGATGCGACGCTGGCGCGTCTTATCAGGCCTACG CGTTCCGATTT TGTAGGCCGGATAAGCAAAGCGCATCCGGCATT C
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Fig. 9. Hypothesis for BIME associated localized amplification. The hypothesis predicts that a PU doublet (see text), schematically represented at the top of the
figure, can undergo multiple rounds of amplification, leading to amplified BIME structures, as shown at the bottom of the figure. During the amplification process,
the joint segments between the PU doublet repeats constitute new sequences which are described as left internal segments in the text. At least one of the motifs
present in the left internal segments (the r motif) can simply be explained by a recombination between a A and a B sequence (as shown in the fig.6).
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flanking region of ECOTGPRO, oftRNATYR1 and ofMIRNA
(table I). The presence of this type of directly repeated DNA
is quite exceptional in Eschenichia coli. This association suggests
that the presence of a PU doublet is able to stimulate the formation
of amplified DNA not only at BIME but also in its immediate
vicinity (for a review on amplification see 19).

It is interesting that one of the two proteins known to interact
specifically with a BIME motif, DNA pol I (20), is believed to
be involved in some amplification processes (21). Thus, a specific
BIME-DNA pol I interaction could favour the formation of
localized amplified sequences at or near BIME.

BIME functions
The abundance of PU suggested that they may serve one (or
several) physiologically important function(s). Their sequence
homogeneity could indicate at least a common feature in the role
of all PU. There are numerous processes where PU were shown
to play a part. This include transcription termination (8), mRNA
stabilization (9, 10), control of translation (11), genomic
rearrangements (2,12) and nucleoid folding (3, 13, 14).

Since PU sequences are part of BIME, a larger genetic element
which includes other sequence motifs, the question is raised of
the particular role of each motif in each of these functions. We
suggest that BIME could belong to several functional classes
depending on the nature of the motifs. For example, as the PU
portion of BIME has been shown to specifically interact with
DNA pol I and gyrase (see 'Introduction'), some of these classes
could lead to the formation of different nucleoprotein complexes.
The newly defined motifs have not all been tested for their
capacity to bind proteins. It will be interesting to see if the L
motif, which is highly conserved, has affinity for a new protein.
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